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ABSTRACT  

The mechanism of catalytic oxidation of carbon monoxide and epoxidation of ethylene by 

molecular oxygen adsorbed on the carbon-doped hexagonal boron nitride (h-BN) is investigated 

theoretically. The energy profiles and the dependence of the activation barriers on the distance 

between the doped carbon atom are analyzed. It is shown that the considered oxidation and 

epoxidation reactions can occur not only on the B atom sites in the close vicinity to the C dopant 

but also at relatively large distances from the C dopant. Therefore, CB/h-BN possesses many active 

sites and it is possible to achieve a wide activation area (~5.0 Å from the doped C) of the catalyst 

at the small concentration of C. The results of calculations demonstrate that the reaction 

intermediates along these reaction pathways are slightly destabilized with an increase in the 

distance from the doped C atom; however, the reaction barriers remain mainly intact. Therefore, 

C doping of h-BN is a highly promising way for catalytic functionalization of the inert h-BN based 

materials for oxidation and epoxidation reactions by molecular oxygen.  

 

KEYWORDS: carbon monoxide oxidation, ethylene epoxidation, carbon-doped hexagonal 

boron nitride catalyst, distance effects 
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I. Introduction 

Heterogeneous catalysts for activation and dissociation of molecular oxygen play an 

important role in a wide range of industrial applications, such as combustion, selective oxidation, 

electrochemical reactions in fuel cells, etc.1,2 Considerable efforts have been made for the design 

of effective catalysts for chemical reactions with molecular oxygen. Most of the industrially used 

catalysts for these reactions are based on platinum-group metals (PGMs) which can considerably 

promote the oxidation processes.3,4 Despite the high efficiency of PGMs catalysts, their low 

abundance, and the high market value strongly limit their industrial applications.4 Therefore, the 

development of new effective PGMs free and low-cost catalysts for molecular oxygen activation 

is highly demanding.5,6 

Two-dimensional (2D) metal-free materials such as graphene can be of potential interest 

for catalytic applications because of the wide surface area and valuable physical and chemical 

properties. However, pure graphene is inactive due to its delocalized uniform charge distribution.7 

To activate its catalytic performance, various dopants or vacancy defects should be incorporated 

into the surface. Theoretical and experimental studies have suggested that the inclusion of single 

transition metal or non-metal heteroatoms (N, P, S, B etc.) into graphene enables the electronic 

structure and electron distribution to achieve high catalytic activity.8-10 Thus, it has been 

established that graphene doped with N and B atoms becomes an active catalyst for reactions of 

aerobic oxidation.11  

Hexagonal boron nitride (h-BN) monolayer is a 2D material with a geometry structure 

similar to graphene, but contrary to graphene possessing insulating properties with a wide bandgap 

and high thermal stability.12 For many years, h-BN has been considered to be an inactive catalyst. 

However, recently it was demonstrated that h-BN can be functionalized by atomic doping, defect 
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formation and metal supports to reveal its unusual catalytic properties.12-23 That is, the induced 

defect states in the forbidden zone of h-BN promote the interaction and activation of the adsorbed 

O2 with the catalyst.12 Recently, we have shown that the h-BN nanosheets deposited on the 

Au(111) support possess superior electrocatalytic activity for oxygen reduction reaction (ORR)16,24 

and hydrogen evolution reaction (HER).19 In the case of the HER, we have achieved the catalytic 

activity of BN/Au similar to that known for Pt surface, which is accepted as one of the best 

catalysts. Though these BN-based materials considered above enhance the potential for the 

development of efficient metal-free catalysts, there are still serious limitations: the catalytically 

active sites are restricted to their dopant atoms or the small areas in the close vicinity of the dopant 

hetero-atoms.  

For activation of the adsorbed O2, catalysts should meet, at least, two requirements: (i) the 

adsorption energy should be neither too low in order to keep the activated O2 bonded to the surface, 

nor too high in order to let reaction products depart from the surface after the reaction; (ii) the 

surface area where O2 can be adsorbed in the activated form should be large enough to increase 

the efficiency of the O2 involved reaction. So far, PGMs based catalysts have been accepted as 

suitable and effective catalysts for achieving these two requirements in various reactions.25,26 The 

studies on 2D catalysts possessing wide areas with active sites which are comparable with the 

surface area of the whole 2D sheets have been limited. The predictive theoretical design of novel 

catalysts can overcome this limitation.  

Recently, we found that substitutional doping of C atom into a position of B atom in 2D h-

BN sheet (CB@h-BN) generates n-type semiconducting material with noticeable catalytic activity 

for the O2 activation over the large area extended far from the doped C impurity.27 Although 

pristine h-BN monolayer is inert for O2 adsorption and activation, the C-doped CB@h-BN sheet 
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can trap and activate O2 even far from the C defect. It was found that the catalytically active area 

in CB@h-BN highly depends on the energy gap between the highest occupied defect level of the 

doped C atom and the bottom of the conduction band of the h-BN monolayer. In particular, in the 

case of O2 activation, the defect states should be delocalized and position themselves near the 

bottom of the conduction band to activate the atoms of the h-BN monolayer, which are far from C 

dopant. Note that it has been reported that usual DFT functionals tend to give wide activation area 

by the erroneous electron delocalization due to the lack of long-range exchange effects. Janesko 

suggested that in a C-doped H-edged BN nanoribbon model, the long-range exchange effects by 

the long-range correction for exchange functionals narrow the O2 activation area.28 However, it 

has also been shown that even with the use of the long-range corrected functionals, the large area 

within the distances of ~5.0 Å from the doped C atom remains active. It is also possible that the 

effect induced by C atoms can be further enhanced by the increase in the concentration of doped 

C atoms. Therefore, carbon doping can trigger functionalization of the large surface area for 

oxygen adsorption and activation in comparison with other hetero-atoms dopants.  

In this study, we aim to investigate the dependence of the activation barriers for typical 

oxidation reactions as a function of the distance between the doped C atom and the reaction sites.  

The reactions of CO oxidation and C2H4 epoxidation by molecular oxygen were chosen as model 

reactions due to their industrial and fundamental importance. By analyzing the energy profiles and 

the dependence of the activation barriers on the distance between reaction sites and the doped 

carbon atom, it is demonstrated that the considered oxidation and epoxidation reactions can occur 

not only on the sites directly connected to the C dopant but also at the relatively long distances 

from the dopant. Therefore, the C-doped h-BN monolayer can serve as a good catalyst for 

oxidation reactions by molecular oxygen. 
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II. Computational Details 

Calculations are carried out using density functional theory (DFT) with the Wu-Cohen 

(WC) generalized-gradient-approximation (GGA) exchange-correlation functional29 as 

implemented in the PWSCF (Plane-Wave Self-Consistent Field) program of Quantum ESPRESSO 

package.30 It has been reported that the WC functional correctly reproduces the lattice constants, 

crystal structures, and surface energies of solids with layered structures such as graphite or h-BN 

with the weal interaction between layers.14 A plane-wave basis set is used with Troullier-Martins 

norm-conserving pseudopotentials. All the calculations are performed using the spin-polarized 

electronic structures and periodic boundary conditions for all systems. The energy cutoff of 80 Ry 

is chosen to make sure the convergence in total energies and forces. The lattice of bulk h-BN was 

optimized using the Monkhorst-Pack 10×10×4 k-point mesh for Brillouin zone sampling. The 

calculated lattice parameters a = b = 2.504 Å, and c = 6.656 Å are in excellent agreement with the 

experimental ones:31 a = b = 2.524 ± 0.020 Å and c = 6.684 ± 0.020 Å. A climbing image nudged 

elastic band (CI-NEB) method is adopted to search transition states and minimum energy 

pathways.32 The atoms in molecules method (AIM) is used for the charge analysis.33 The electron 

density difference is illustrated by VESTA.34 The h-BN surface is represented by the one-layer 

slab containing 6×6 unit cells. The periodically replicated slabs are separated by the vacuum region 

of 15 Å in the (001) direction. Only the Γpoint is used for sampling the Brillouin zone due to the 

large size of the supercell. The adsorption energies were calculated by the equation, Ead = Etot – 

EC@h-BN – EO2 – Emol, where Etot, EC@h-BN, EO2, Emol indicate the electronic energy of the whole 

system, the C-doped monolayer C@h-BN, the isolated oxygen molecule, and the reactant 

CO/C2H4 molecules, respectively. The rate constant k was calculated using Eyring equation, k = 

kBT/h exp(-ΔG/RT), with transmission coefficient = 1, where kB is Boltzmann constant, h is Planck 
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constant; ΔG is a change in Gibbs free energy, R is the universal gas constant and T is temperature. 

In the present work, we consider chemical transformations between the species adsorbed on the 

surface. Therefore, translational degrees of freedom, giving the major contribution to the entropic 

term of free energy are frozen. In this case, we can approximate ΔG by the value of activation 

energy Ea without considerable loss in accuracy.  
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III. Results and Discussions 

Adsorption sites of O2, CO, and C2H4 molecules on the C-doped h-BN surface 

 

Figure 1. Computational model for the C-doped h-BN monolayer. The B sites in red circle was 

chosen as active sites for oxygen molecule. The C, B, N atoms are shown in black, gray and blue, 

respectively.  

 

Let us consider the adsorption of O2, CO, and C2H4 molecules on the h-BN monolayer 

doped with the C atom into B position, CB@h-BN. To obtain the most stable structures of CO and 

C2H4 molecules on the CB@h-BN, a large number of initial configurations were considered at 

multiple possible reaction sites, followed by the full optimization of the total system. A similar 

approach has been successfully used in our previous work.18 As O2 molecule only adsorbs on the 

B sites,18 we considered three different adsorption sites, BS, BM, BL (Figure 1) with the distances 

from the C atom of 2.49, 4.98, and 6.62 Å, respectively. We would like to note that the BL site is 

expected to be less active because, as mentioned in Sec. I, the activation area should be limited to 
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the distance of ~5 Å from the doped C atom due to the long-range exchange effects.28 In our 

previous study,18 we have performed a theoretical analysis of a single atom substitutional doping 

of C to B and N positions in h-BN and found out that such doping does not affect the planar 

geometry structure of the h-BN sheet. However, C doping considerably affects the electronic 

structure of the h-BN monolayer, resulting in the appearance of defect levels in the forbidden zone. 

It was found that the occupied 2p state of the doped C atom at the bottom of the conduction band 

of h-BN  considerably affects the chemical properties of the doped sheet, promoting O2 

adsorption and activation in the surface area extending from the doped C atom.  

Figure 2 shows the most stable optimized structures of O2, CO, and C2H4 molecules 

adsorbed in the vicinity of CB impurity in the h-BN monolayer. CO molecule weakly adsorbs on 

top of the C site with the adsorption energy of -0.19 eV (-4.4 kcal/mol), while it has a very small 

interaction with the B site atoms with the adsorption energy of -0.08 eV (-1.8 kcal/mol). The C-C 

bond length between CO and the CB@h-BN is 2.44 Å, and the CO distance hardly changes from 

that of the isolated CO molecule, indicating no electron transfer between CO and the surface. 

Similar to the CO adsorption, C2H4 weakly adsorbs the doped C atom site of the CB@h-BN surface 

with the adsorption energy of -0.15 eV (-3.4 kcal/mol), while no interaction was found with the 

other sites. In a contrast to the cases of CO and C2H4 adsorption, the O2 molecule adsorbs not only 

at the doped C site but also at the B sites located relatively far from the doped C atom. A detailed 

investigation on the adsorption of O2 molecule on CB@h-BN has been reported in our previous 

study:18 O2 molecule can bind on top of B atom (top site) or bridge two nearest B atoms (bridge 

site) on CB@h-BN. The adsorption energies of the O2 molecule on the top of BS, BM, and BL sites 

are -1.46, -0.98, and -0.85 eV (i.e., -34, -23, and -20 kcal/mol), respectively. The adsorption of O2 

molecule at bridge sites is slightly weaker than the top ones and is accompanied by structural 
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deformation of CB@h-BN. It has been shown that the adsorption energy of the O2 molecule on 

CB@h-BN highly depends on the distance between the adsorption sites and the doped C atom site. 

As increasing this distance, the absolute value of the O2 adsorption energy gradually decreases. 

Single point calculations using a short-range hybrid HSE06 functional were carried out to confirm 

the distance dependence on the adsorption energies of O2 molecule. As a result, we found that the 

HSE06 functional gives slightly smaller adsorption energies (-1.37 at BS, -0.83 at BM, and -0.66 

eV BL sites) if compared to those of the Wu-Cohen functional due to the lack of the long-range 

correction. Adsorption of the second O2 molecule was also considered to clarify the effect of the 

doped carbon on the catalytic activity of h-BN surface. No interaction was found between the 

second O2 and O2/CB@h-BN due to the considerable electron transfer between CB@h-BN and the 

first O2. Note that these adsorption energies are much larger than those of the CO and C2H4 

molecules. After O2 adsorption, two main pathways have been proposed for the oxidation 

reaction:14 In one pathway, the preliminary dissociation of the adsorbed O2 molecule, which leads 

to the oxidation of the reactant molecule using the dissociated O atoms. In another pathway, the 

reactant molecule directly interacts with the activated O2 molecule. In this study, we take into 

consideration both of these pathways.  
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Figure 2. Optimized structures of CO, C2H4 and O2 molecules adsorbed on the CB@h-BN 

monolayer. The corresponding adsorption energies are shown below each structure. Only part of 

the CB@h-BN monolayer is shown. The interatomic distances are given in Å. The dashed circle in 

red indicates the position of doped C atom. 
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CO oxidation reaction mechanism on the C-doped h-BN 

Next, we focus on the possible reaction pathways for CO and C2H4 oxidation reactions 

catalyzed by CB@h-BN. There are many studies devoted to the detailed investigation of the 

different aspects of CO oxidation reaction.35-43 The mechanism of CO oxidation is generally 

classified into two types: Langmuir-Hinshelwood (LH) mechanism, in which CO and O2 co-adsorb 

on the catalytic surface and react with each other, and Eley-Rideal (ER) mechanism, in which gas 

CO molecules react with the adsorbed O2 molecule directly. In our previous study,14 we found the 

CO oxidation on h-BN surface proceeds with the support of gold cluster in either the ER 

mechanism or a self-promotion mechanism following the bimolecular LH mechanism. As the O2 

adsorption on CB@h-BN is much stronger than the CO adsorption, we focus on the CO oxidation 

reaction mechanism by an activated O2 molecule on CB@h-BN. After the O2 adsorption and 

activation, there are two possible pathways for the catalytic oxidation on CB@h-BN: (i) CO 

molecule reacts with atomic oxygen, which is generated by the preliminary dissociation of 

adsorbed O2; (ii) CO molecule attacks the activated adsorbed O2.  

It has been found that the barrier of O2 dissociation on the CB@h-BN surface is about 1.83 

eV which is too high to break O−O bond without additional reactions. Therefore, CO oxidation is 

supposed to follow the second pathway, i.e., the direct reaction of CO with O2 activated on the 

CB@h-BN surface.  

The results of calculations demonstrate that O2 adsorbs on top of the BS site (B atom nearest 

to the C impurity) as well as bridges two BS sites with the adsorption energies of -1.47 eV and -

1.39 eV, respectively. We have found that adsorbed O2 molecule can react with the coming CO in 

three possible scenarios: (1) a carbonate-like (CO3) intermediate is formed by the insertion of CO 

molecule to the O-O bond of O2 at the bridge site; (2) a peroxide-like OCOO intermediate is 



 13 

produced by attaching the adsorbed O2 with CO at the B sites of the surface; and (3) the first CO2 

molecule is formed by the direct reaction of gas CO and adsorbing O2 molecules. 

According to the results of our calculations, the formation of the carbonate-like 

intermediate from the reaction of CO and adsorbed O2 along the pathway (1) is very slow due to 

the high activation barrier of 1.25 eV (28.8 kcal/mol). The high barrier mainly comes from the O-

O bond breaking during the CO insertion. On the other hand, the peroxide-like OCOO intermediate 

INT2 in the pathway (2) is exothermically formed through TS1-2 with a considerably lower 

activation barrier, 0.24 eV (5.5 kcal/mol), as shown in Figure 3. The lowering of the activation 

barrier can be a result of a strong interaction between CO and O2 molecules.44 The co-adsorption 

of CO molecule elongates the O-O bond of O2 molecule to 1.49 Å. Furthermore, the OCOO 

intermediate is easily decomposed into CO2 molecule through TS2-3 in Figure 3 with the low 

activation barrier of 0.25 eV (5.7 kcal/mol), while the residual O atom strongly adsorbs the surface 

(INT3 in Figure 3) with the adsorption energy of -4.37 eV (-100.8 kcal/mol). The energy pathway 

through the OCOO intermediate is called the “self-promoting pathway”, because the co-adsorption 

of CO facilitates the O-O bond breaking. For pathway (3), the adsorbed O2 reacts with gas CO 

molecule to form the first CO2 through TS'1 with a relatively low activation energy, 0.29 eV (6.7 

kcal/mol), while the residual O atom forms INT3 adsorption structure on the CB@h-BN surface. 

This pathway is called the “direct pathway” because the CO molecule directly reacts with the 

absorbed O2. The low activation energies in the pathways (2) and (3) suggest that the first CO2 

molecule is formed in the self-promoting and direct pathways on the CB@h-BN surface.  
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Figure 3. (a) Energy profiles of CO oxidation at BS site of CB@BN monolayer via the self-

promoting pathway (solid line) and the direct pathway (dashed line). (b) microkinetic simulation 

for self-promoting pathway and the direct pathway at 300 K. The corresponding geometries for 

energy profiles are also shown in (c) and (d), respectively. The overlapped geometries were only 

shown in (c). Only part of the h-BN monolayer is shown.   
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Similar to the formation of the first CO2 molecule, the formation of the second CO2 

molecule from INT3 (see Figure 3) has two possible pathways: (i) the residual O atom in INT3 

reacts with CO to produce OCO at the B sites of the surface; and (ii) the second CO2 molecule is 

formed by the direct reaction of gas CO molecule with the residual O atom in INT3. The energy 

barriers for these two possible paths are similar, 0.18 eV (4.2 kcal/mol) and 0.10 eV (2.3 kcal/mol) 

and therefore these paths are competitive. As INT3 is a quite stable structure giving the small 

activation barriers for the second CO2 formation, this result indicates that the first CO2 formation 

is the rate-determining step. Microkinetic simulations45 were performed to compare the self-

promoting pathway and the direct pathway as shown in Figure 3(b). The following steps were 

considered for (a) the self-promoting pathways: O2* + CO (g) ↔ O2-CO*; O2-CO* + CO (g) ↔ 

CO2 (g) + OCO*; OCO* ↔ CO2 (g); (b) the direct pathways, O2* + CO (g) ↔ CO2 (g) + O*; O* 

+ CO (g) ↔ CO2 (g), where the * indicates CB@h-BN surface and g indicates gas phase. The initial 

concentration of CO/O2 was set to 2:1 at 300 K. It was shown that the consumption rate of CO and 

O2 is larger for the self-promoting pathway, though CO2 can be generated through both the self-

promoting and direct pathways as the reaction rate is fast enough. The amount of the generated 

CO2 is similar at the initial stage of these two pathways, while it becomes slightly higher for the 

self-promoting pathway if compared with the direct one as the reaction proceeds further.  

In summary, the results of calculations suggest that CO oxidation on CB@h-BN surface 

proceeds in the following steps (here asterisk * denotes CB@h-BN surface): 

(1) O2 + * → O2*, 

(2) CO + O2* →  OCOO* or CO + O2* →  CO2 + O* (rate-determining step), 

(3) OCOO* →  CO2 + O*, 
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(4) CO + O* →  OCO* or CO + O* →  CO2 + *, 

(5) OCO* →  CO2 + *. 
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Distance effects of CO oxidation on the C-doped h-BN surface 

 

Figure 4. The distance effect on the reaction pathways for catalytic CO oxidation in the case of 

(a) the self-promoting pathway; (b) the direct pathway a. The black, blue and red lines indicate 

reaction pathways calculated at the BS, BM, and BL sites, respectively.  

 

We also explore how the energetics of the rate-determining step of the first CO2 formation 

depends on the distance from the doped C atom on the CB@h-BN surface. As was mentioned 

above, we have considered three different reaction sites BS, BM, and BL with distances from the 

doped C atom of 2.49, 4.98, and 6.62 Å, respectively. Figures 4a and 4b demonstrate the energy 

profiles for CO oxidation calculated at the different reaction sites for the self-promoting and the 

direct pathways, respectively. As it is seen from Figure 4, the energy profiles are slightly shifting 

up with an increase in the distance between the reaction site and the doped C atom. The energies 

of the intermediates and transition states are increasing by ~0.53 eV (12 kcal/mol) from BS site to 

BM site and by ~0.66 eV (15 kcal/mol) from BS site to BL, while the energy barriers for transitions 

from INT1 to INT2 and INT2 to INT3 are hardly affected by the distance effects. In the case of the 

self-promoting pathway, the activation energies of the CO2 formation are calculated as 0.25, 0.32, 

and 0.25 eV for the BS, BM, and BL sites, respectively. Although the activation energy calculated 
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for the reaction at the BM site is a little higher, it is low enough to be overcome at room temperature. 

Table 1 presents the dependence of the calculated rate constants on temperature. For self-

promoting pathways, the predicted rate constants are evaluated as 108~1010 s-1 for kINT1-TS1-2 and 

107~108 s-1 for kINT2-TS2-3
 at 300K, indicating all the BS, BM and BL sites are active. The rate constant, 

kINT1-TS1-2 at the BM site (kINT1-TS1-2@BM) is 100 and 15 times larger than those at BS (kINT1-TS1-

2@BS) and BL (kINT1-TS1-2@BL) sites, respectively. At 600K, the rate constants ratio of kINT1-TS1-

2@BM/ kINT1-TS1-2@BS, and kINT1-TS1-2@BM/ kINT1-TS1-2@BL decrease 10, 3.8 times, respectively. A 

similar trend was also found for kINT2-TS2-3. This indicates that the activities of the sites significantly 

depend on the temperature in the self-promoting pathways, and the effect of distance from the 

active site to C dopant on the reaction activity becomes smaller. The rate constants (kINT1-TS1') of 

the direct pathways are slightly smaller than those of the self-promoting pathways. BS, BM, and BL 

sites possess similar reaction rates independent of temperature for the direct pathways in contrast 

to those for the self-promoting pathways. Therefore, this result indicates that the activities of the 

BS, BM and BL sites have very different temperature-dependence for the self-promoting pathways, 

though they give similar temperature-dependence for the direct pathways: the activation energies 

are 0.29, 0.30, and 0.30 eV for the BS, BM and BL sites, respectively.  

 

Table 1. The rate constants at different temperatures for CO oxidation pathways in Figure 4. 
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Figure 5. The electron density difference, ρ = ρ(TS1-2) − ρ(OCOO) − ρ(CB@h-BN), for the co-

adsorption of CO2 molecule and O atom on CB@h-BN surface in TS1-2 configuration calculated 

for the (a) BS, (b) BM, and (c) BL adsorption sites. The electron accumulation and depletion are 

illustrated in yellow and green, respectively. The isosurface plot is shown at +0.005 and −0.005 

e/Å3.  

 

Figure 5 demonstrates the electron density difference, ρ = ρ(TS1-2) − ρ(OCOO) − ρ(CB@h-

BN), calculated for the co-adsorption of CO2 molecule and O atom on CB@h-BN surface in TS1-2 

at the different adsorption sites BS, BM, and BL. Figure 5 shows that the electron loss from the 

surface mainly comes from the doped C and N atoms near the active sites. The distance between 

the doped C atom and the active site does not affect the electron transfer from the p state of the 

doped C atom. 
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C2H4 epoxidation reaction mechanism on the C-doped h-BN surface 

Similar to the case of CO oxidation, the C2H4 epoxidation is also examined from the 

comparison of adsorption of C2H4 and O2 molecules. The optimized structures and adsorption 

energies of O2 and C2H4 adsorbed at the BS site of CB@h-BN are shown in Figure 2. It was shown 

that O2 molecule binds much stronger than the C2H4 molecule, and there is no co-adsorption of O2 

and C2H4 on CB@h-BN. Therefore, the O2 adsorption is consequently the first step of the C2H4 

epoxidation. As discussed for the CO oxidation, O2 molecule adsorbs on top and bridge BS sites 

with similar adsorption energies. In both cases the adsorbed O2 can react with the C2H4 molecule 

along two possible pathways: (1) OC2H4O intermediate is formed by inserting C2H4 molecule into 

the O-O bond of the adsorbed O2 at the bridge site, (2) OOC2H4 intermediate is formed by attaching 

C2H4 and the adsorbed O2 molecule forming the bond between C and O atoms at the B sites of the 

surface.  

Figure 6 shows the energy profile calculated for the C2H4 oxidation reaction along with 

the geometries of intermediates and transition states. As was mentioned above, the first step of the 

reaction is the adsorption of O2 molecule (INT0). After the O2 adsorption, C2H4 molecule attacks 

the adsorbed O2 to form the OOC2H4 intermediate at the top site or inserts into the O-O bond to 

form the OC2H4O intermediate. The barrier for the insertion of C2H4 into the O-O bond is 1.83 eV 

(42.2 kcal/mol), which is much higher than that of the reaction from the OOC2H4 intermediate 

(INT2), 0.39 eV (9.0 kcal/mol). The interaction between C2H4 and adsorbed O2 molecule elongates 

the O-O bond to accelerate the O2 dissociation. From INT2 O2-C2H4/CB@h-BN, the C2H4O and 

CH3CHO formation pathways are explored based on the experimental finding that ethylene is 

oxidized to be either ethylene oxide or acetaldehyde intermediate 46 The activation barrier for the 

CH3CHO formation pathway is calculated to be 0.96 eV (22 kcal/mol), which is higher than the 
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one of the C2H4O formation pathway. The calculated rate constant ratio of (kTS2-3 for C2H4O)/(kTS2-

3 for CH3CHO) is 1.6×104 at 300 K. Therefore, C2H4O is predicted to be formed, and the residual 

O atom on the CB@h-BN surface forms a stable intermediate (INT3). The second C2H4 molecule 

then attacks the O atoms at CB@h-BN surface to form the C2H4O/CB@h-BN (INT4 and INT'4) 

with a small reaction barrier, ~0.20 eV (4.6 kcal/mol). There are also two possibilities from INT4 

and INT'4 for the CH3CHO and C2H4O formation pathways. The C2H4O formation is endothermic 

and has the activation barriers of 1.32 eV (30 kcal/mol) and 1.89 eV (44 kcal/mol) from INT4 and 

INT'4, respectively, while the CH3CHO formation is exothermic with the lower activation barriers 

of 1.07 eV (25 kcal/mol) and 1.42 eV (33 kcal/mol), respectively. The calculated rate constant 

ratio of (kTS4-5 for C2H4O)/(kTS4-5 for CH3CHO) is 2.5×10-13 at 300 K. Therefore, the CH2CH2O 

formation is energetically favorable under the presence of O2 molecule, though the CH3CHO 

formation proceeds faster with O/CB@h-BN. Note that the ratio of the yields on CB@h-BN surface 

is C2H4O:CH3CHO is 1:1 in one catalytic cycle. 

In summary, the results of calculations suggest that the C2H4 epoxidation reaction on CB@h-

BN surface proceeds in the following steps:  

(1)  O2 + * →  O2*,  

(2)  C2H4 + O2* →  OOC2H4*, 

(3)  OOC2H4* →  C2H4O + O*, 

(4)  C2H4 + O* →  CH3CHO*. 
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Figure 6. Energy profiles for oxidation of ethylene to ethylene oxide at BS sites. Energies are 

in the unit of eV. Activation energy is written in red. The corresponding geometries are shown 

in (b) for CH2CH2O formation and (c) for CH3CHO formation, only part of the h-BN surface is 

shown. The overlapped geometries are shown in (b). 
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Distance effect on C2H4 epoxidation on the C-doped h-BN surface 

 

Figure 7. The distance effect on the energy profiles of C2H4 oxidation reaction catalyzed by 

CB@h-BN. (a) reaction pathways for CH2CH2O formation (b) reaction pathways for CH3CHO 

formation. The black, blue and red lines indicate the energy profiles for the active sites BS, BM, 

and BL, respectively. 

 

Finally, we investigate how the C2H4 epoxidation reaction proceeds on the CB@h-BN 

surface at different distances from the doped C atom. Figure 7 demonstrates the energy profiles 

for C2H4O and CH3CHO formation calculated for the different active sites BS, BM, and BL. The 

energy profiles show that the adsorption energies of the reaction intermediates tend to decrease 

relatively to INT0 with an increase in the distance between the reaction site and the doped C atom. 

For C2H4O formation in Figure 7a, the energies for each intermediate and transition state from BM 

site to BS site increased by~ 0.55 eV, and ~0.68 eV from BL site to BS site. This indicates that the 

energetics of the C2H4 epoxidation reaction on the CB@h-BN catalyst depends on the distance 

from the C defect. The calculated reaction barriers for transitions from INT1 to INT2 via TS1-2 are 

0.39, 0.46 and 0.45 eV for the BS, BM and BL sites, respectively. This finding indicates that the 

values of the reaction barriers depend weakly on the distance between the reaction site and the 

doped C atom, at least in the considered range of distances. A similar effect is also found for the 
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C2H4 oxide formation energies from INT2 to INT3 via transition state TS2-3. Thus, the activation 

energies for the C2H4 oxide formation are calculated to be 0.71, 0.64 and 0.62 eV for the BS, BM 

and BL sites, respectively. Similar to the case of CO oxidation, the temperature effect on the rate 

constants is summarized in Table 2. The corresponding transition states are shown in Figure 7. 

For the CH2CH2O formation pathways in Figure 7(a), the predicted rate constants kINT1-TS1-2 are 

evaluated as 105~106 s-1 in the process between INT1 and TS1-2 (kINT1-TS1-2) and 100 ~ 102 in the 

process between INT2 and TS2-3 (kINT2-TS2-3) at 300K, indicating the low activity of the BS, BM and 

BL sites. The rate constant at the BS site is 16 and 10 times larger than those at BM and BL sites, 

respectively. The rate constants are increasing to kINT1-TS1-2 ~109 s-1 and kINT2-TS2-3 ~107 s-1 with the 

increase in temperature to 600K. This finding indicates the enhancement of the activity of these 

sites, significantly depending on the temperature in the CH2CH2O formation pathways. For the 

CH3CHO formation pathways in Figure 7(b), the calculated reaction barriers from INT4 

(OC2H4/CB@h-BN) are 1.07, 0.82 and 0.75 eV for the BS, BM and BL sites, respectively. The 

calculated reaction rates increase from ~10-6 and ~100 s-1 at 300K to ~104 and ~106 s-1 at 600 K for 

the BS to BL sites, respectively. Therefore, the C2H4 oxidation pathway also has high temperature-

dependence, though the reactivities are relatively low. This also shows that the first C2H4O 

formation is the rate-determining step of the C2H4 epoxidation process.  

 

Table 2. Temperature dependence of rate constants for oxidation of C2H4 pathways in Figure 7. 
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Figure 8. The distance dependence of electron density difference, ρ = ρ(TS1-2) −ρ(OOC2H4) 

−ρ(CB@h-BN), for the adsorption of OOC2H4 intermediate on CB@h-BN surface in TS1-2 

configuration for (a) BS, (b) BM, and (c) BL sites. The electron accumulation and loss are illustrated 

in yellow and green, respectively. The contours are illustrated at +0.005 and −0.005 electrons per 

Å3.  

 

Figure 8 demonstrates the change in the electron density of the adsorbed species in TS1-2 

induced by the interaction between OOC2H4 intermediate and CB@h-BN surface. As it is seen 

from Figure 8, the electron loss from the surface mainly comes from the doped C and N atoms 

near the active sites. A similar effect has been observed for the CO oxidation process. The distance 

between the doped C and active site does not affect the electron transfer from the p state of the 

doped C atom. Therefore, we suggest that the C-doped h-BN monolayer can be a good catalyst for 
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C2H4 epoxidation reactions due to the formation of the large catalytically active area around the C 

impurity. 

Finally, let us consider the reliability of the calculated energy profiles. The oxidation 

reaction by O2 on the h-BN surface accompanies the dissociation of O2, in which electron transfer 

proceeds from the surface to O2. However, the WC-GGA functional29 used in the present 

calculations cannot quantitatively reproduce long-range electron transfers due to the neglect of 

long-range exchange interactions. According to the study of Janesco,28 the long-range electron 

transfer from the doped C atom on the h-BN surface requires accounting for the long-range 

exchange effects that are included only in long-range corrected functionals. However, this study 

also shows that the oxidation reaction is active at distances up to ~5 Å from the doped C atom. As 

it was mentioned above, the BS and BM sites are in the activation area. This result implies that the 

energy profiles of the BS and BM sites are not so affected, though that of the BL site, which is the 

most unstable and is out of the activation area, may be destabilized. We would like to note that 

atomically thin layer of h-BN with multiple doped C has been synthesized experimentally and 

proposed for the use as a potential electronic device or metal-free catalyst material.47,48 Since the 

activation area is extended for the multiple C doping, C@h-BN monolayer is expected to be a 

promising metal-free catalyst for the oxidation reaction. It is, therefore, meaningful to 

systematically investigate the distance effects on the catalytic activity of C@h-BN for the 

oxidation reaction using O2 molecule. This catalyst shows the way to future research on 

synthesizing metal-free catalysts.  
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IV. Conclusions 

In this study, we have investigated the reactions of CO oxidation and C2H4 epoxidation by 

molecular oxygen on the C-doped hexagonal boron nitride (CB@h-BN) monolayer catalyst. 

CB@h-BN surface possesses many active sites CO oxidation and C2H4 epoxidation reaction as 

these reactions can occur at the sites located not only near but also relatively far (~ 5 Å) from the 

C dopant.  The energy profiles of the above reactions and the dependence of the activation barriers 

on the distance between the doped C atom and the reaction sites are explored. As a result, we have 

revealed the different reaction mechanisms for the CO oxidation and C2H4 epoxidation reactions: 

CO molecule co-adsorbs and then reacts with O2 molecule on CB@h-BN, while C2H4 molecule 

does not adsorb on the surface and hence directly attacks the adsorbed O2. We have also 

determined that the first CO2 and C2H4 oxidation processes are the rate-determining steps of these 

reactions. Furthermore, we have found that the reaction intermediates along these reaction 

pathways are slightly destabilized with an increase in the distance from the doped C atom. 

However, the results also show that the increase in the distance between the C doped atom and the 

reaction sites does not affect the activation barriers strongly. Therefore, C doping of the h-BN 

monolayer can functionalize a large area of at least ~ 5 Å around the doped atom to be catalytically 

active. We, therefore, suggest that the C-doped h-BN monolayer can serve as a good catalyst for 

the oxidation reactions by molecular oxygen. 
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