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Abstract

The catalytic oxidation of CO on Cu-embedded hexagonal boron nitride (h-BN) sheet is investigated using the first-
principles method based on density functional theory. Cu atom embeds into the boron monovacancy with high
stability and lower formation energy. There is about 0.48e charge transfer from Cu to the hexagonal boron nitride
(h-BN) sheet according to the Hirshfeld charge population analysis and the adsorption energy is -5.90eV. The strong
adsorption on the surface defect is accompanied by charge transfer to and from the adsorbate. The reaction proceeds
via a two-step mechanism of CO + O — OOCO — CO; + O and CO + O — CO». The energy barriers of the former
are 0.47 and 0.26eV respectively, while the latter is a process with energetic drop. The high activity of Cu-
embedded hexagonal boron nitride(h-BN) may be attributed to the electronic resonance among electronic states of
CO, 0y, and the Cu atom, particularly among Cu-3d, CO-27*, and O2-2x* orbitals. This good catalytic activity
opens a new avenue to fabricate catalyst of low-dimensional material for CO oxidation with lower cost and higher
activity.
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Introduction

Catalytic oxidation of CO has been extensively studied because of its importance for CO removal which is a major
global environmental concern. This phenomenon has gained prominence for its intrinsic scientific research and
immense technological applications.[1,2]

Particularly, these applications include air purification and pollution control devices such as gas mask and car
exhaust catalytic converters, hydrogen purification for polymer electrolyte fuel cells and carbon monoxide gas
sensors. [3-7] Noble metals such as Pt, Pd, Ru, Rh, and Au are good catalysts for CO oxidation and have been the
subject of many studies.[8-14] Recently, due to the increasing price of noble metals and high reaction temperatures
special attention has been paid to low cost, high activity and non-noble metal low-temperature CO oxidation.

Many different catalysts have been prepared and tested for low-temperature CO oxidation. [15-19]. The recent
progress is rather encouraging low-dimensional materials such as single-layered graphite or graphene. Graphene has
been the subject of intensive research [20-24] due to considerable promise for the fabrication of nanoscale
devices.[25-27] Moreover the huge surface to volume ratio is advantageous for graphene as a support for
heterogeneous catalytic reaction. Hexagonal boron-nitride (h-BN) has a similar structure to graphene but in contrast
displays unique properties. Indeed h-BN is an electrical insulator with a wide band gap (~4.6eV) due to a higher
electronegativity of nitrogen and it also exhibits high thermal stability and chemical inertness.[28, 29].

Experimentally, single layer graphene-like h-BN nanosheets have been produced on a SiO, substrate in the Zettl
group.[30] On the theoretical side, Jin et al. and Meyer et al. have respectively fabricated free-standing h-BN single
layers by controlled energetic electron beam irradiation through a sputter process.[31,32] These have contributed in
opening a new avenue to design advanced catalyst based on h-BN.
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Atomic defects in h-BN have also been characterized and compared to those observed in graphene
membranes.[32,33] Azevedo et al. studied defects in h-BN monolayer [34,35] however, the formation energy for a
single boron (B) vacancy defect (VVB) was predicted to be higher than that of a single nitrogen (N) vacancy defect
(VN), which contrasts with recent experimental findings.[31,32] Ajun and co-workers performed a density
functional theory (DFT) calculation which showed that VB monovacancy has lower formation energy and are more
stable in comparison with VN monovacancy in an N-rich environment indicating that the VB defect is preferably
formed in an h-BN monolayer. [36] Very recently, Zhao et al reported a theoretical calculation of CO oxidation on
Fe-embedded h-BN sheet where the Fe atom embeds on the boron monovacancy and the results show that Fe can be
constrained at boron vacancy site with a high diffusion barrier (3.70eV) and effectively activate the adsorbed O
molecule, thereby exhibiting similar catalytic behavior as compared to the Fe-embedded on the graphene system.
[37]

For these reasons, we examined in this paper first principles computation to explore the catalytic performance of
non-noble metal Cu-embedded h-BN on a single boron vacancy defect for CO oxidation. Our results show that Cu-
embedded h-BN sheet can serve as a good candidate for efficient catalyst for CO oxidation and it also exhibited
similar catalytic behavior as compared to the Cu-embedded graphene system with slightly lower energy barrier.[38]
However until now there is no catalytic study of CO oxidation of Cu-embedded on h-BN sheet, where Cu atom
embeds into the boron monovacancy. Thus pursuing high activity CO oxidation with low dimensional material and
further understanding the mechanism is of great interest and importance.

Computation Details

Our spin-unrestricted density functional theory (DFT) calculations were performed with DMOI® [40, 41] using
generalized gradient approximation (GGA). The exchange — correlation functions were computed within a non local
density approximation with Perdew-Burke -Ernzerhof correlation (PBE). [42] DFT semicore pseudopotentials
(DSPPs) [43] core treatment was implemented for relativistic effects, which replaced core electrons by a single
effective potential. Furthermore, double numerical plus polarization (DNP) was chosen as the basis set and the
quality of orbital cutoff is fine.

A h-BN supercell (6x6) unit cell containing 72 atoms was treated to a model system where one boron atom was
substituted by a Cu atom. A vacuum space of 15A between two layers was employed which leads to a negligible
sheet to sheet interaction. For energy calculations and the transition state search (TS) the brillouin zone integration
was performed with 6x6x1 k-points sampling since the transverse dimensions of our supercell were large.
Optimizations were performed using the gradient convergence method without symmetry constraints. The minimum
energy pathway (MEP) for the CO oxidation was calculated using linear synchronous transit (LST/QST) and
nudged elastic band (NEB) tools in DMOI® code [44] which have been well validated to find TS and MEP. For
density of states DOS calculation, the Monkhorst-Pack 6x6x1 k-points sampling was used. The cut off global,
convergence in energy and force were set to 6.000 angstrom, 10%eV and 0.050eV respectively. Charge transfers
were calculated with the Hirshfeld charge analysis method. [45, 46].

Results And Discussion

Cu-Embedded on hexagonal boron nitride (h-BN) with Boron and Nitrogen defects.

We started our study by investigating the adsorption of one Cu atom on hexagonal boron nitride with N and B
vacancy defects (Vn and Vg). Here we defined adsorption as Eads = E cuvb — (Ecu + Ewn) where Ecu-vb, Ecu and Ewvp
are the total energies of one Cu atom embedded in h-BN with B vacancy, free Cu atom and h-BN with B vacancy.
Fig 1 shows the geometric and electronic properties of Cu embedded in h-BN with N and B vacancy defects. The Cu
atom is located on top of the single vacancy defect on both structures forming three bonds with nitrogen in the case
of the Boron vacancy while in the Nitrogen vacancy the Cu atom forms three bonds with Boron.

On Ve@h-BN, Cu locates at the top of the missed boron atom with an adsorption energy of -5.90 eV and the bond
length d(cu-ny is 1.83 A. While the interaction of Cu atom with VN@h-BN is much weaker than Ve@h-BN, the
adsorption energy is decreased to -2.66 eV and the distance between Cu and neighboring boron atom is elongated to
about 2.14 A. The strong adsorption on the surface defect is accompanied by charge transfer to and from the
adsorbate. According to Hirshfeld charge population analysis, on both cases, Cu atom is positively charged with
about 0.48 e or 0.15 e transferred from Cu to the Vg@h-BN or Vn@h-BN sheet. Thus, Cu is trapped more
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effectively by the vacancy defect on Vs compared to V. This result is in agreement with a theoretical work that has
shown that boron monovacancies on h-BN are more stable and also easily created than the nitrogen counterpart.[36]
This is further supported by a first principle density functional investigation on CO oxidation on Fe-embedded in
hexagonal boron nitride.[37] It is noticed that the interaction of Cu with VN@h-BN is quite similar with that Au
with VN@h-BN, thus, it is expected that Cu/Vn@h-BN is not an stable catalyst for CO oxidation. On the basis of
these we performed our calculations on CO oxidation of Cu-embedded h-BN sheet, where the Cu atom embeds into
the boron monovacancy.

Figure 1. Typical atomic configurations for Cu adsorption on (a) the boron vacancy site of h-BN sheet (b) the nitrogen
vacancy site of h-BN sheet. The blue, pink and red ball represents nitrogen, boron and copper atoms respectively.

Adsorption of CO and Oz on Cu-Embedded h-BN sheet

Firstly, the interactions of CO and O, with Cu/Ve@h-BN sheet are investigated. For O, adsorption on Cu/\VB@h-
BN, several adsorption configurations are investigated such as end-on configuration and the parallel configuration. It
is suggested the most energetically favorable configuration is characterized by O, parallel to the h-BN surface
forming two chemical bonds with Cu atoms (side-on), and the adsorption energy is -0.55eV which is 0.21eV more
favorable than the end-on configuration. There is about 0.48 e charge transfer from the Cu/Vs@h-BN sheet to the
antibonding 2n* orbitals of Oz, which subsequently leads to the elongation of the O-O bond from 1.21 t01.33A, a
typical value for the peroxo species [38]. In comparison to Fe embedded on h-BN the O lies parallel to the h-BN
surface (end-on configuration) forming one chemical bond with Fe atom.

As for the adsorption of CO on Cu/Ve@h-BN, it is found at most stable adsorption configuration CO is tilted with
respect to the h-BN surface as shown in Fig 2a. The C-O bond length is nearly unchanged as the isolated CO
molecule C-O bond length extends from 1.13A to 1.15A and the computed adsorption energy is -0.64 eV which is
0.09eV more favorable than the case of O, adsorption. Meanwhile, there is 0.06e charge transfer from Cu/h-BN to
CO which occupies CO-2x* orbital that gave rise or subsequently lead to the increase in C-O bond length. This two
structures show similar configurations of CO and O, on Cu/graphene system.[39] And it is noteworthy to mention
that the bond distance dcu-ny Of 1.84A on Cu/Vs@h-BN system and charge transfer of 0.48e from Cu to the h-BN
sheet compares favorably with bond distance dcy-c) of 1.83A and charge transfer of 0.37e on the Cu/graphene sheet.
Also there is about 0.02e charge transfer from Cu/graphene to CO and subsequent elongation of dc.o from 1.13 to
1.15A which is same distance in the dc.o Cu/h-BN system but the charge transfer is 0.06e. While for O, the
elongation is 1.21 to 1.35A on Cu/graphene and 1.21 to 1.33A in Cu/Ve@h-BN for the different charge accumulated
on Cu atom. As discussed above, CO and O, have comparable adsorption energy on Cu/Vs@h-BN and thus, the
first adsorption of CO and O should both be considered.
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Figure 2. Top and side of views of the geometric structures of CO and O adsorbed on Cu/h-BN respectively.

Mechanisms for the Reaction between the adsorbed Oz and CO

There are two main established mechanisms for the reaction of O, with CO, mainly the Langmuir-Hinshelwood
(LH) and the Eley-Rideal (ER) mechanism. The LH involves the coadsorption of O, and CO molecules, the
formation of an intermediate state and desorption of CO, molecule. In ER mechanism, gas phase CO (O2) molecule
approaches the pre-adsorbed Oz (CO) molecule- We have studied the adsorption of CO (O,), the coadsorption
behavior of CO and O; as well as the effect of preadsorption of O, on the sequential adsorption of the CO molecule
on the Cu/Vs@h-BN system. Generally, the gas molecule adsorption ability determines the reaction pathways on the
catalyst therefore we have investigated both the Eley-Rideal (ER) and Langmuir Hinshelwood (LH) mechanisms of
CO oxidation in our study.

The small adsorption energy difference of O, and CO molecules (0.55 and 0.64 eV) on Cu/h- BN system indicates
that there is a certain probability of having either O, or CO adsorbed on Cu. Additionally, the slightly larger
adsorption energy of CO compared with the O, could cause the active site of Cu to be covered by CO if CO/O; is
injected as the reaction gas. In this case the Cu active site would be blocked which hinders the ER reaction. Instead
the coadsorption of the CO and O; on the Cu/h-BN system and the LH reaction should be favored. Hence, two
mechanisms (the ER and LH) were studied to clarify the favorable catalytic oxidation pathway of CO on the Cu/h-
BN system.

To search for the minimum-energy pathway (MEP) for CO oxidation, several coadsorption configurations via the
LH mechanism were tested. We selected the most stable co-adsorption configuration as an initial state (1S), CO is in
the gas phase and O is slightly tilted to the h-BN sheet. We find that the dissociative adsorption of Oz on Cu atom is
energetically unfavorable when O, interacts with Cu/Ve@h-BN system, thus the ER mechanism is hardly possible in
our case as a starting point. This is similar to the case of CO oxidation on Cu-embedded in a graphene system.[39]
Therefore the LH reaction of CO + O — OOCO — CO; + O was the starting point and the ER reaction of CO + O
— CO followed as a two-step process.

We examined two pathways for LH and part 2 (fig 5) is more favorable than part 1 (fig 4). Where the CO and O;
coadsorbed while tilting towards the h-BN sheet.
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Figure 4. Potential energy profile along the minimum-energy pathway for CO oxidation via CO + O, — 00CO — CO; + O

route. All energies are given with respect to the reference energy, ie the sum of the Cu-embedded h-BN sheet and individual

O, and CO molecules. The local configurations of the adsorbates on the Cu/h-BN sheet at initial state (IS), transition state
(TS), and final state (FS) along the minimum-energy pathway are shown in the inserts respectively.

152

Figure 5. Potential energy profile along the minimum-energy pathway for CO oxidation via CO + O, —» 00CO — CO; + O

route. All energies are given with respect to the reference energy, ie the sum of the Cu-embedded h-BN sheet and individual

02 and CO molecules. The local configurations of the adsorbates on the Cu/h-BN sheet at initial state (IS), transition state
(TS), and final state (FS) along the minimum-energy pathway are shown in the inserts respectively.
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Figure 6. Potential energy profile along the minimum—energy pathway for CO oxidation via the CO + O — CO; route. (ER)

All energies are given with respect to the reference energy, ie the sum of the Cu-embedded h-BN sheet and individual O atom

and CO molecule. The local configurations of the adsorbates on the Cu/h-BN sheet at initial state (IS), transition state (TS),
and final state (FS) along the minimum-energy pathway are shown in the inserts respectively.

Once CO and Oz are co adsorbed on Cu/BN system, one of the oxygen atoms O approaches C of CO and reaches
TS1. The energy barrier (E;) along MEP is estimated to be 0.47eV. Meanwhile a peroxo-type O1-02-C-O complex
is formed above Cu atom. Passing over TS1, the complex is still maintained until a metastable configuration (MS) is
reached. The bond length d(O-O) of oxygen increases from 1.33 — 1.50A in this reaction. The reaction proceeds
continuously from MS to FS with a relatively lower energy barrier of 0.26eV (TS2), where CO; is formed through
an exothermic reaction, leaving an atomic oxygen O adsorbed on the Cu/h-BN sheet.

The overall barrier in a catalytic system is of importance than a particular barrier. Therefore for this system, though
the first reaction was endothermic (0.08eV) the energy value is relatively low and as such the overall barrier is
0.47eV. We also checked whether CO oxidation with atomic oxygen O is conceivable after CO; is formed (ER
mechanism). It was found that the reaction can proceed with an energy barrier of 0.35eV and the reaction is also
exothermic.

Conclusion

In summary, we have investigated theoretically the reaction of carbon monoxide with oxygen on Cu/h-BN system,
aiming to explore the catalytic activity of Cu/h-BN system with Cu embedded on a boron vacancy site. The reaction
proceeds via LH reaction as the first reaction step with activation barrier of 0.47eV, followed by ER reaction with a
smaller energy barrier of 0.35eV. Both reactions are exothermic. The second pathway with a higher barrier of
0.64eV is also feasible since it is lower than the value for most noble-metal catalyst which is usually within the
range of 1eV and above. The catalytic activity of Cu-embedded on h-BN can be attributed to the partially occupied
Cu-3d orbital being crucial for the activity and it is localized around the vicinity of the Fermi level (Eg) due to
interaction between Cu atom and h-BN. Also the electronic resonance among the CO-2n* and O2-2n* orbitals are
strong contributory factors to the catalytic activity as well. Hence the Cu/h-BN is a good candidate for CO oxidation
with lower cost and higher activity.
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