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Abstract

Ammonia has been proposed as a potential carbon-free energy source. However, a highly active catalyst

is required for ammonia oxidation to promote the combustion rate. In this study, the single-atom

copper catalyst loaded on the reconstructed cerium dioxide (100) surface with the pocket-like structure

(Cu1/CeO4-t-p) is constructed for ammonia oxidation, and the catalytic process is investigated using

the density functional theory calculations corrected by on-site Coulomb interactions (DFT+U). The

adsorptions of ammonia and oxygen, the dissociation of ammonia and the oxidation of the dissociated

ammonia species are systematically examined.

Key words: ammonia oxidation, reconstructed cerium dioxide (100) surface, single-atom copper catalyst,

density functional theory.

1. Introduction

Cerium dioxide (CeO2) has been widely used in many important

catalytic reactions like CO oxidation [1] and water-gas shift

reaction [2]. It is generally believed that the excellent catalytic

performance of CeO2 is related to the highly localized 4f orbital

of the Ce elements and the remarkable activity of the lattice

oxygen [3]. Among the various low-index surfaces of cerium

dioxide, experimental studies have shown that the CeO2(100)

surface has higher reactivity and oxygen storage capacity than

its (110) and (111) counterparts [4, 5]. Notably, CeO2(100) is

a common polar surface with high surface energy, which often

undergoes the reconstruction to increase the surface stability.

The scanning tunneling microscopy (STM) and high-resolution

transmission electron microscopy (HRTEM) studies have revealed

that the exposed (100) surface at CeO2 nanocubes is not fully

cerium or oxygen terminated [6]. The theoretical work conducted

by Capdevila-Cortada et al. [7] showed that the CeO2(100) surface

with CeO4 termination (CeO4-t) has lower surface energy than the

oxygen (O-t) or cerium termination (Ce-t). Zhou et al. [8] have

proposed a series of more stable reconstructed CeO4-t CeO2(100)

surfaces with pocket-like structure, and they also showed that

these surfaces have superior affinity toward the adsorption and

dispersion of single metal atoms.

Ammonia has been proposed as a potential carbon-free energy

source due to its high energy density and zero carbon dioxide

emission [9]. However, compared with common fossil fuels, the

application of ammonia as fuel faces the challenges like high

ignition temperature, low combustion rate and the emission of

NOx [10, 11]. Therefore, it is essential to design the catalysts for

ammonia oxidation with high efficiency. At the same time, recent

progresses in single-atom catalysts have drawn great attention.

Various copper single-atom catalysts have been prepared and

applied in many catalytic processes due to their high reactivity

and selectivity [12]. Moreover, several CeO2 supported single-

atom copper catalysts have also been reported. For example,

Rabee et al. [13] prepared the CeO2 supported single-atom Cu

catalysts modified by Fe for the reverse water gas shift reaction;

Huang et al. [14] developed the single-atom Cu catalysts at

CeO2 for electrocatalytic reduction of CO2. Considering the high

reactivity of CeO2(100), we expected that the excellent ammonia

oxidation activity could be achieved by loading atomic copper on

the CeO2(100) surface.

In the present work, we conducted the density functional theory

calculations corrected by on-site Coulomb interactions (DFT+U)

to systematically investigate the catalytic processes of ammonia

oxidation on the single-atom copper modified reconstructed
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Figure 1. Top view of (a) CeO4-t (b) CeO4-t-p (c) Cu1/CeO4-

t-p CeO2(100) surfaces. Red: O; light grey: Ce; orange: Cu; blue

dashed circle: CeO4 unit.

CeO2(100) surface. Detailed characteristics of the adsorptions and

reactions within the possible ammonia oxidation pathways were

carefully studied. It has been generally found that the localized

4f electron and the oxygen storage capacity of CeO2 are both

favorably involved in the reaction processes.

2. Computational methods and models

All the spin-polarized DFT+U calculations were carried out using

Vienna ab initio Simulation Package (VASP) [15]. Electronic

exchange and correlation were treated within the generalized

gradient approximation (GGA) by using Perdew-Burke-Ernzerhof

(PBE) functional [16]. The project-augmented wave method [17]

with an energy cutoff of 450 eV was employed to describe the

interaction between atomic cores and electrons.

Throughout all the calculations, the on-site Coulomb

interaction correction with an effective U of 5.0 eV for Ce 4f

orbitals was applied to describe the localized electronic states,

which was consistent with our previous study [8]. The transition

states (TS) were located by a constrained optimization method

[18] and were verified when (i) all forces on the relaxed atoms

vanish and (ii) the total energy is a maximum along the reaction

coordination, but it is a minimum with respect to the rest

of the degrees of freedom. All the calculations of structural

optimization and transition states optimization were converged

until the Hellman-Feynman forces on each ion were less than 0.05

eV/Å.

The lattice parameter of CeO2 unit cell was optimized using a

Γ-centered 5×5×5 k-point mesh, and the result of a = b = c =

5.486 Å was obtained, which was consistent with the experimental

value [19] of a = b = c = 5.411 Å. For model construction, we

first built the CeO4-t surface (Figure 1a) from the p(4 × 4) slab

cell. The clean CeO4-t-p surface (Figure 1b) was then built by

adjusting the positions of the surface O2c on the CeO4-t surface

according to our previous study [8].

The model of single-atom copper catalyst (Cu1/CeO4-t-p, see

Figure 1c) was further built by adding a copper atom into the

position between two surface O2c of the clean CeO4-t-p surface.

The CeO4-t-p and the Cu1/CeO4-t-p surfaces were simulated

with slabs containing 9 atomic layers. To prevent the interactions

between the slabs, the vacuum layer of about 12 Å was set between

neighboring slabs. It needs to be mentioned that the thermal

stability of the single-atom Cu catalyst built in this way is also

an important issue, which will be in-depth studied in our future

work.

Figure 2. Calculated spin charges (top view, in blue) and Bader

charges of (a) CeO2-t-p and (b) Cu1/CeO2-t-p surfaces.

The adsorption energy (Eads) of adsorbates (NH3 and O2) on

the reconstructed CeO2(100) surfaces was defined as:

Eads = −(Emol/slab − Eslab − Emol)

where Emol/slab is the calculated energy of the surface slab with

adsorbates, Eslab is the calculated energy of the clean surface slab,

and Emol is the calculated energy of the isolated molecule. The

oxygen vacancy formation energy (Evac) was defined as:

Evac = Eslab/vac + 0.5EO2
− Eslab

where Eslab is the calculated energy of the clean surface slab,

Eslab/vac is the calculated energy of the surface slab with a single

oxygen vacancy, and EO2
is the calculated energy of a single O2

molecule.

3. Results and discussion

3.1 Electronic structure of CeO4-t-p and

Cu1/CeO4-t-p surface

To learn the effect of single-atom copper modification on the CeO4-

t-p surface, we performed the electronic structure calculation.

Figure 2 shows the calculated spin charge densities and Bader

charges of the CeO4-t-p and Cu1/CeO4-t-p surfaces.

The existence of a localized electron at the surface CeO4 unit

was clarified by the typical charge distribution of a 4f electron,

and the Bader charge analysis also showed that the Ce of this

CeO4 unit was reduced to Ce3+. In addition, the Bader charge

of the anchored single Cu was calculated to be 0.488 |e|, which

is close to that of Cu in the bulk Cu2O (0.539 |e|). These results

indicated that the oxidation state of Cu is +1 and the lost electron

of Cu transfers to one surface Ce.

3.2 Formation of oxygen vacancies on Cu1/CeO4-t-p

surfaces

The superior oxygen storage capacity of CeO2 is closely related to

the formation of oxygen vacancies and we systematically calculated

the vacancy formation energies (Evac) of the lattice oxygen with

different coordination numbers, and the results are showed in

Figure 3.

On the Cu1/CeO4-t-p surface, the O2c (2-fold coordination O)

gave very small Evac of 1.04 eV, while the O3c (3-fold coordination

O) gave larger Evac of 1.85 eV. Compared with the Evac of O2c

and O3c on CeO4-t surface (1.27 and 2.06 eV, respectively) and
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Figure 3. Calculated spin charge density (top view, in blue and

yellow) and the vacancy formation energies of the Cu1/CeO4-t-p

surface with one oxygen vacancy at (a) O2c or (b) O3c site. V

represents the oxygen vacancy.

the Evac of O2c on O-t surface (2.01 eV) [20], both the Evac

of O2c and O3c on the Cu1/CeO4-t-p surface became smaller.

Therefore, it indicates that these surface oxygens are easier to

remove. Experimental studies showed that ammonia oxidation

on metal oxide catalysts usually follows the Mars–van Krevelen

mechanism [21]. Thus, small Evac values also suggested high

catalytic activities of the Cu1/CeO4-t-p surface.

Moreover, Figure 3 shows the calculated spin charge densities

of the Cu1/CeO4-t-p surface with the oxygen vacancy at different

sites. One can see the existence of three localized electrons at three

different Ce of the surface CeO4 units.

3.3 Oxygen adsorption

The Cu and Ce sites of the surface are the possible locations for the

adsorption of oxygen (O2). The adsorption structures and energies

of one oxygen molecule on the CeO4-t-p and Cu1/CeO4-t-p

surfaces are shown in Figure 4a–4c.

The calculated results showed that the oxygen prefers to adsorb

on the Ce site of Cu1/CeO4-t-p with the adsorption energy of 1.10

eV, while the adsorption energy on the Cu site is far less than the

Ce site, only 0.32 eV. Interestingly, the O2 adsorption on the Ce

site of CeO4-t-p is also weak with the adsorption energy of 0.26

eV.

Compared with the adsorption structure of oxygen on the

Cu1/CeO4-t-p surface, the oxygen molecule adsorbed on the

CeO4-t-p surface is farther away from the Ce site. We also found

that the bond length of the adsorbed oxygen on the Ce site of the

Cu1/CeO4-t-p surface is 1.340 Å. The increased O–O bond length

indicates that the oxygen is activated after adsorption.

To clarify the effect on oxygen adsorption after the loading of

the single Cu atom, we performed the electronic structure analysis.

Figure 4d shows the spin charge density of the surface after oxygen

adsorption on the Ce site of Cu1/CeO4-t-p. The result showed that

the localized electron at the Ce of the surface CeO4 unit transfers

to the adsorbed oxygen molecule.

The Bader charge of the whole oxygen molecule is about

–0.65 |e|, which indicates that the adsorbed species can actually

be taken as an O−
2 species. The formation of O−

2 will also enhance

the electrostatic interaction between it and the Ce4+ below, which

can rationalize the strong adsorption of oxygen on the Ce site of

Cu1/CeO4-t-p.

Figure 4. Calculated structures (side view) and adsorption

energies of one oxygen molecule adsorbed on (a) the Ce site of

CeO4-t-p, (b) the Ce site of Cu1/CeO4-t-p, (c) the Cu site of

Cu1/CeO4-t-p. (d) is the calculated spin charge density (side view,

in yellow) and Bader charges of (b). (e) and (f) are the calculated

structures (side and top views) of the two oxygen molecules co-

adsorbed on Cu1/CeO4-t-p.

It needs to be mentioned that several experimental and

theoretical studies reported that the absorbed oxygen is not

detected on the unreduced cerium dioxide [22], which is consistent

with the above calculated results.

The co-adsorption of two oxygen molecules on two different

surface Ce sites was also considered (Figure 4e and 4f). The

adsorption energy of the second oxygen molecule on the Ce site is

rather small (about 0.52 eV), clearly due to the fact that no more

localized electron can transfer to it.

3.4 Ammonia adsorption

The adsorption of ammonia is a crucial step of the ammonia

oxidation. Figure 5 illustrates the calculated adsorption structures

of ammonia on the CeO4-t-p and Cu1/CeO4-t-p surface.

The calculated adsorption energy of ammonia on the Ce site

of the CeO4-t-p surface is 0.72 eV and the distance between Ce

and N is about 2.736 Å (Figure 5a). After the single-atom copper

was loaded (Figure 5b), the adsorption energy and structure of

ammonia had no significant change, which indicates that the

single-atom copper has little effect on the adsorption of ammonia.

The Cu site of Cu1/CeO4-t-p is another possible adsorption

site of ammonia. There are two main adsorption structures of

ammonia on the Cu sites: (1) ammonia adsorbed on the top of

Cu (Figure 5c); (2) ammonia adsorbed on the side position of

Cu, in which the two N–H groups of the ammonia molecule can

form hydrogen bonds with the two lattice oxygens on the surface

(Figure 5d and 5e). The distances between N in ammonia and Cu

atoms in these two adsorption structures are around 2.25 Å. It can

be seen that the adsorption structure with the tilted ammonia has

a higher adsorption energy, suggesting that the hydrogen bonding

is favorable for the adsorption of ammonia on the surface Cu site.

However, the adsorption energies of both structures are still rather
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Figure 5. Calculated adsorption energies and structures of

ammonia on the (a) Ce site of CeO4-t-p, (b) Ce site of Cu1/CeO4-

t-p, (c) top of the Cu site of Cu1/CeO4-t-p, (d) tilt position of the

Cu site of Cu1/CeO4-t-p, (e) is the top view of (d), and (f) the

side view of the co-adsorption structure of ammonia and oxygen.

Blue: N, white: H.

Figure 6. Calculated structures (top: side view; bottom: top

view) of ammonia dissociation. (a, b) the ammonia dissociation

to O3c and O2c to form NH2 species, respectively. (c, d) the

NH2 species dissociation to O3c and O2c to form NH species,

respectively.

small, indicating that the adsorption of ammonia molecules on the

Cu site is weak. Therefore, ammonia is still more likely to adsorb

on the Ce sites of the surface.

The co-adsorption of ammonia and oxygen was also considered,

and Figure 5f illustrates the calculated adsorption energy and

structure. The overall adsorption energy of ammonia and oxygen is

1.90 eV, which is larger than the adsorption energy of two oxygen

molecules (1.62 eV). It indicates that the ammonia can adsorb on

another Ce site after the adsorption of oxygen, i.e., the ammonia

and the oxygen can adsorb on two different Ce sites simultaneously.

3.5 Ammonia dissociation

The dissociation of ammonia is the first step for its activation.

In Figure 6, we illustrated the calculated structures of the

Figure 7. Calculated transition states (top and side views) and

activation energies of (a) dissociation of ammonia to O3c and (b)

hydrogen migration.

dissociation of ammonia on the Cu1/CeO4-t-p surface. The results

showed that the dissociation of hydrogen from the ammonia to the

O2c (Figure 6a) is exothermic by 0.30 eV, whereas the dissociation

to O3c (Figure 6b) is endothermic by 0.18 eV, suggesting that

the dissociation of hydrogen from the ammonia to O2c is more

favorable.

Following the hydrogen dissociation to the O2c, there can form

a hydrogen bond with another neighboring O2c with a length of

about 1.8 Å. The formation of hydrogen bond can help increase

the stability. While after the hydrogen dissociation to the O3c,

though it will also form a hydrogen bond with the adjacent O2c,

the length of the hydrogen bond is longer (∼2.2 Å). Moreover, the

dissociated hydrogen is electrostatically repulsed with the adjacent

Ce, which is unfavorable for the stability of the system. In fact,

after the hydrogen dissociates to the O3c, the distance between the

corresponding O3c and the nearby Ce also increases significantly,

causing destruction of the CeO4 unit (Figure 6a).

It needs to be noted that although the ammonia dissociation

to the O2c is more stable than O3c, the ammonia adsorbed on

the surface is relatively far away from the O2c, which makes the

direct dissociation process to be kinetically unfavorable. Thus, the

ammonia is most likely to dissociate the hydrogen first to the

adjacent O3c (Figure 6a), and then the hydrogen migrates from

the O3c to the O2c (Figure 6b).

The further dissociation of NH2 species was also considered,

and the calculated results showed that the dissociation of the

NH2 species to transfer the H to either the O2c or the O3c is

endothermic by 0.54 eV and 1.07 eV, respectively. In particular,

the process of NH2 dissociation to O3c is a highly endothermic

process, which indicates the high activation energy of the

dissociation. Therefore, the NH2 species is hard to dissociate and it

could be the main dissociated product of ammonia on the surface.
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Figure 8. Calculated structures of the oxidation of NH2 species (top: side view; bottom: top view). (a) the formation of NH2O, (b)

the dehydrogenation of NH2O, (c) hydrogen migration, (d) oxygen vacancy migration, (e) oxygen adsorption in oxygen vacancy, (f)

dissociation of the oxygen and backfill of the oxygen vacancy, (g) dissociation of HNO, (h) hydrogen migration.

The transition states of ammonia dissociation were also

obtained as shown in Figure 7. The dissociation of ammonia to

transfer the H to the O3c has an energy barrier of 0.77 eV, and

the energy barrier of the following migration of hydrogen is just

0.24 eV. It indicates that the dissociation of ammonia to form the

NH2 species is indeed not difficult. The calculated energy profiles

and the key states of ammonia dissociation are shown in Figure 7

and Figure S1.

3.6 Oxidation of dissociated ammonia species

For ammonia oxidation, the product NO has been proposed to

mainly come from the HNO intermediates [23]. On the catalyst

surface studied in this work, the dissociated ammonia species

and oxygen are adsorbed on two different Ce sites. The distance

between the two Ce sites is relatively large, about 8 Å. Thus, we

believed that the dissociated ammonia species will not directly

interact with the absorbed oxygen.

We expected that the gradual oxidation of NH2 to HNO may

undergo the Mars–van Krevelen mechanism, in which the NH2

is first oxidized by a lattice oxygen on the surface, accompanied

by the formation of an oxygen vacancy, and then the vacancy is

backfilled by the oxygen molecule.

Figure 8 shows the calculated structures of the process of

oxidation. We first considered the process that the NH2 species

interacts with a surface lattice oxygen. Although the O2c has a

lower oxygen vacancy formation energy, it is far away from the

NH2 species, and thus NH2 may first interact with the O3c, which

is located closer to it in the CeO4 unit.

The reaction between O3c of the CeO4 unit with the NH2

species is an endothermic process by 0.64 eV, accompanied with

the formation of the NH2O species and an oxygen vacancy

(Figure 8a). After its formation, the NH2O species can be

further dehydrogenated to form HNO. The dissociation process

of the hydrogen from NH2O is similar to the dissociation of

ammonia. NH2O first loses the H to the neighboring lattice oxygen

(Figure 8b), which is exothermic by 0.19 eV. After the dissociation,

the N–O bond length shortens significantly from 1.419 Å to

1.343 Å, and the Ce–O bond length between the formed NHO

species and the Ce site increases from 2.272 Å to 2.429 Å.

Similar to the dissociation of ammonia, the optimal adsorption

site for the dissociated hydrogen is the surface O2c. Our

calculations showed that the migration of hydrogen to O2c in the

pocket structure (Figure 8c) is exothermic by 0.22 eV. Then, it

can be seen that the formation of NH2O is less endothermic than
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the dissociation of NH2 and it also promotes the break of N–H

bond.

Oxygen vacancy will be backfilled by the absorbed oxygen.

However, the adsorbed oxygen on the surface is far away from

the oxygen vacancy. Thus, before the oxygen molecule backfills

the oxygen vacancy, the migration of the oxygen vacancy first

occurs to reduce the distance between the absorbed oxygen and

the oxygen vacancy. The migration of oxygen vacancy is complex

and may involve the migration of the lattice oxygen in surface and

bulk phase. Nevertheless, the net result is the migration of oxygen

vacancy on the side of HNO species to the side of absorbed O2

(Figure 8d).

The calculated results showed that the migration of oxygen

vacancies is exothermic by 0.11 eV, indicating that oxygen

vacancies are more stable on the side of oxygen and the migration

is thermodynamically favorable. After the migration of the oxygen

vacancy to the side of Ce site with the adsorbed oxygen, the bond

length of the oxygen molecule slightly increases from 1.339 Å to

1.349 Å, and it also slightly tilted toward the oxygen vacancy.

The oxygen molecule will then adsorb in the oxygen vacancy

before it is backfilled (Figure 8e). The oxygen molecule adsorption

in the oxygen vacancy is further exothermic by 0.11 eV, and

the O–O bond length increases to 1.381 Å. The dissociation of

the oxygen molecule adsorbed in the oxygen vacancy (Figure 8f)

is strongly exothermic by 0.96 eV. When the oxygen molecule

dissociates and backfills the oxygen vacancy with one oxygen atom,

the remaining oxygen atom is adsorbed on top of the Ce sites, and

the Ce–O distance is significantly shortened to 1.922 Å.

NO is mainly produced by dehydrogenation of HNO. For this

process, we considered it to be similar to the dissociation of

ammonia described above, where the hydrogen first leaves to the

relatively closer O3c (Figure 8g), and then further migrates to the

O2c (Figure 8h).

The dehydrogenation of HNO to the neighboring O3c is

strongly exothermic by 1.13 eV. When HNO is dehydrogenated,

the N–O bond length is significantly shortened from 1.292 Å to

1.188 Å. The further migration of the hydrogen from the O3c to

the O2c is also exothermic by 0.64 eV. These results indicated

that the dehydrogenation of HNO species is thermodynamically

favorable.

The transition state of each above step was also determined

and shown in Figure 9. The calculated energy profiles and the

key states of the oxidation processes were shown in Figure S2.

The results suggested that the formation of NH2O has the highest

energy barrier during the whole process, which may be the rate-

determining step.

Conclusions

In this work, we conducted the DFT+U study to investigate the

ammonia oxidation process on the Cu1/CeO4-t-p surface. The

major conclusions are summarized as follows.

After the single-atom copper loading on the CeO4-t-p surface,

the copper atom will lose an electron and one of the Ce in the

surface CeO4 unit will store the electron and be reduced to

Ce3+. The stored electron will transfer to one oxygen molecule to

promote its adsorption on the Ce site. Both oxygen and ammonia

tend to adsorb on the Ce site of the Cu1/CeO4-t-p surface and

can co-adsorb on two different Ce sites simultaneously.

The dissociation of ammonia on the catalyst surface is assisted

by lattice oxygen. The ammonia can dissociate to leave the H

to the surface O2c with low energy barrier. This dissociation

process to form NH2 species on the catalyst surface is exothermic.

The further dissociation of NH2 species to form NH species is

endothermic and unlikely to occur.

The NH2 species can be further oxidized by a lattice oxygen to

form the NH2O species with the formation of an oxygen vacancy.

The formation of NH2O species can promote the breaking of N–H

bond to form the HNO species. The oxygen vacancy will migrate

and be backfilled by oxygen molecules adsorbed on the surface Ce

sites. So, the ammonia oxidation on this catalyst actually follows

the Mars–van Krevelen mechanism. The further dehydrogenation

of HNO species will generate NO. The formation of NH2O species

has the highest activation energy, which indicates it may be the

rate determination step of the whole process. Finally, the NO

might be able to react with other NH3 adsorbed on the surface

to form N2.
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