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Abstract

Hexagonal boron nitride (h-BN) has been widely applied in catalysis. Nevertheless, most
research has focused on using h-BN as a substrate to anchor active transition metals,
without probing the intrinsic activity of h-BN vacancies. In this work, we investigated the
stability and catalytic activity of different h-BN vacancies. We found that B-terminated
vacancies are more likely to be exposed under static conditions. The Ny, BN, and BN3
vacancies show intermediate reaction energies for CHy activation. Although the B-N pair
over the BN, vacancy model has the lowest barrier for CHy activation, the negative reaction
energy could lead to a high potential for surface poisoning. Interestingly, the unsaturated
B-B pair over Ny is a promising site for C-H bond activation. Further COHP analysis
implies that the high C-H bond homolytic cleavage activity of the B-B pair arises from its
relatively weak interaction, which can promote H insertion.

Keywords: h-BN; CHj activation; vacancy; DFT; COHP

1. Introduction

Since their first successful synthesis by Balmain in 1842 [1], boron nitride materials
have gradually been brought to the attention of the public. Boron nitride materials exist
primarily in three crystalline forms: the hexagonal, cubic, and wurtzite forms [2]. Among
these, hexagonal boron nitride (h-BN) is the most stable form under normal conditions [2].
Additionally, with the flourishing research on two-dimensional materials [3-5], h-BN has
been extensively studied in recent decades [6]. Like graphene, hexagonal boron nitride
(h-BN) possesses a layered structure characterized by sp?-hybridized B-N covalent bonds,
which grant h-BN excellent thermal conductivity along the layers. Moreover, h-BN exhibits
remarkable thermal stability, remaining stable at temperatures up to 1000 °C [7]. Such high
stability makes h-BN a promising candidate for catalytic applications.

Pristine boron nitride (BN) is chemically inert owing to its high stability. A common
strategy for functionalizing h-BN involves creating vacancy sites on its surface [8-10].
Dr. Jin’s group fabricated defective h-BN via energetic electron irradiation, and by com-
bining high-resolution transmission electron microscopy (HRTEM) with exit-wave (EW)
reconstruction, they successfully resolved the N-edge vacancy sites [11]. In contrast to
Prof. Jin’s finding, Ovidiu Cretu’s group observed the B-terminated vacancy on h-BN
at a high temperature by high-resolution electron energy loss spectroscopy (EELS) map-
ping [12]. As for the catalytic application of h-BN, researchers have used the vacancy
sites as the anchoring points for the active phase for the CO oxidation reaction [13,14] or
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synthesized h-BN coating Pt/ Al,O3 core—shell structures. The vacancy over the h-BN can
selectively allow small reactant molecules to pass through [15]. In addition, numerous
computational studies have been carried out to probe the reaction over single-atom-doped
BN [16-20]. All these studies focus on the auxiliary role of BN vacancy for chemical reac-
tions while seldom discussing the catalytic effect of the vacancies themselves. Previous
studies have demonstrated that defect-regulated B-N frustrated Lewis pair (FLP) sites in
h-BN can activate small molecules such as H; via heterolytic bond cleavage [21]. However,
whether h-BN vacancy can promote methane C-H bond activation through alternative
mechanisms remains largely unexplored. In this work, we reveal that unsaturated B-B
pairs exposed at B-terminated vacancies can activate methane via a homolytic C-H cleav-
age mechanism, which is fundamentally different from the previously reported FLP-type
activation pathways.

Herein, this study focuses on both N-terminated vacancy (V.) and B-terminated
vacancy in h-BN. A series of h-BN vacancies with different sizes were constructed, including
the mono N vacancy (Ny), mono B vacancy (By), BN V., BN, V., BN3 V., NB; V¢, NB3 V.
and B3N3 V., which are shown in Figure 1. Among these vacancy structures, the BN, BN,
BN3, and B3Nj3 vacancies have been investigated in a previous study [21] for hydrogenation
reactions using a 6 x 6 lateral unit cell, which differs from the computational model
employed in this work. The stability of these vacancies was first analyzed, then we utilized
CHy activation as the probe reaction to investigate the activity of different vacancies. The
homolytic activation and heterolytic activation were both studied in different terminations
followed by a deeper analysis of the electronic effect.
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Figure 1. Atomic structures of different h-BN vacancy configurations: mono Ny, mono By, BN,
BNj, BN3, NBy, NB; and B3Nj3 vacancies. Blue and pink spheres represent nitrogen and boron
atoms, respectively.

2. Results and Discussion
2.1. Formation Energy of Different h-BN Vacancies

The stability of the active site is of vital importance for a catalyst. Therefore, we first
investigated the normalized formation energy based on the number of atoms removed
from the surface. As shown in Figure 2, the mono B/N vacancy normalized formation
energies are larger than those of the larger vacancies. In the B-rich condition, the mono
N vacancy forms more easily, while in the N-rich condition, the mono B vacancy forms
more easily. Interestingly, we also observe a general trend that with the increase in the
vacancy size (number of atoms removed), the normalized formation energy decreases.
Also, the formation energy of the BN, vacancy is lower than that of the NB, vacancy in
both the B-rich condition and N-rich condition, although they have the same vacancy size.
The same is true of the comparison between the BN3 and NB; vacancy. For both B-rich
and N-rich scenarios, the BN3 vacancy formation energies are always lower than those
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of the NBj3 vacancy. This phenomenon suggests that for a medium-sized vacancy, the
B edge is thermodynamically favorable as both BN, and BN3 have more B termination
than N termination (Figure 1). As for the mono vacancy, the B, formation energy is only
slightly lower than Ny in N-rich conditions. This finding also implies that the B-terminated
vacancies tend to be exposed. The phenomenon is consistent with previous computational
results showing that N, forms slightly more easily [22] and that triangle-shaped BN3
vacancies have been directly observed using high-resolution STEM-EELS experiments [12].
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Figure 2. Normalized formation energies of different h-BN vacancy structures under B-rich and
N-rich conditions. Orange and green bars represent B-rich and N-rich conditions, respectively.

For the B-rich vacancies, both Ny and BN, V. exhibit a total magnetic moment of
1 uB. As shown in Table S1, the magnetic moments remain essentially unchanged upon
adsorption of CHj and H species, indicating that the spin state of the defective surface is
preserved during the CHy activation process. Furthermore, calculations with constrained
total magnetic moments were performed to examine alternative spin configurations. As
shown in Table S2, the lowest-energy configurations correspond to magnetic moments of
1 uB for Ny and BNj V. and 0 uB for BN3 V., confirming that the spin states used in the
reaction pathway calculations correspond to the most stable magnetic configurations.

2.2. Activity of h-BN Vacancies

In recent years, a number of researchers have used H binding strength as a quick
descriptor for screening catalytic surface activity in various reactions such as CH, acti-
vation [23], HER [24] and HOR [25] reactions. Therefore, we applied the H, dissociation
energy as the descriptor for screening the activity of the B/N termination in the defective
h-BN. As we can see in Figure 3, the pristine boron nitride is inert toward H, dissociation.
As for each defective site, the unsaturated N is always more reactive than unsaturated B.
Especially for the BN, vacancy, the H; dissociation energy on the unsaturated N over the
BN, vacancy has already reached 3.03 eV, indicating that the unsaturated N site over the
BN, vacancy is highly active. In the h-BN system, the H; dissociation energy exhibits a
positive correlation with the activation barrier for methane C-H bond cleavage (Figure S3).

We further examine the CHy activation reaction over our defective h-BN models.
CHy, activation [26,27] is an endothermic reaction, and activating light alkanes has been
a critical challenge over recent decades [28]. We also calculated the physical adsorption
energies of CHy on both defective and pristine h-BN surfaces, as shown in Figure S2. The
adsorption energies range from 0 to approximately —0.15 eV, indicating weak physical

https:/ /doi.org/10.3390/ catal16040321


https://doi.org/10.3390/catal16040321

Catalysts 2026, 16, 321

40f13

adsorption. These results suggest that CHy can readily approach the surface prior to
C-H bond activation without being strongly bound. The thermodynamic screening of
the first C-H bond activation step was performed prior to the transition-state search. An
intermediate reaction energy (AE) is considered desirable, because a highly positive AE
would make the reaction thermodynamically unfavorable, whereas an excessively negative
AE would lead to overly stable final states that may hinder subsequent reaction steps.
Multiple possible final-state configurations were examined for each BN vacancy model. In
Figure 4, the optimized structures of the final states for CHy activation on various h-BN
vacancies are displayed, highlighting the different adsorption configurations of the CHj3
and H fragments. For the Ny and By, the final states correspond to CH3 and H fragments
bound to the B-terminated and N-terminated sites, respectively. For the BN and B3N3
vacancies, four configurations were considered: (i) both CHs and H adsorbed on B sites;
(ii) both fragments on N sites; (iii) CH3 on N and H on B; and (iv) CHs on B and H on
N. For the BN, vacancy, which exposes four unsaturated B atoms and one unsaturated N
atom, four configurations were evaluated: (i) CH; and H adsorbed on adjacent B-B sites;
(ii) CH3 on N and H on B; (iii) CH3 on B and H on N; and (iv) CH3 and H adsorbed on
non-adjacent B atoms. For the BN3 vacancy, which has purely B-terminated edges, two
configurations were considered: (i) adsorption of CH3 and H on adjacent B-B sites and
(ii) adsorption on non-adjacent B atoms. For the NB; vacancy, three configurations were
examined: (i) both CH3; and H adsorbed on N sites; (ii)) CH3 on N and H on B; and (iii) CH3s
on B and H on N. Finally, for the NB; vacancy, the configuration with CH3 and H adsorbed
on an adjacent N-N pair was considered.
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Figure 3. H; dissociation energies at various defective h-BN vacancy sites and pristine BN. Orange
and green bars represent H; dissociation occurring on surface unsaturated N and B sites, respectively.

In Figure 5, the calculated reaction energies for CH4 C-H bond cleavage for different
h-BN vacancies are summarized. The unsaturated N sites exhibit very strong reactivity
toward CHj and H adsorption, resulting in highly negative reaction energies. In contrast,
the B sites are less reactive, and the reaction energies become more positive when both
CHj3 and H fragments bind to B atoms. In addition, the CHj radical preferentially adsorbs
at B sites, whereas the H atom is more favorably stabilized at N sites. By screening all
vacancy models, we find that the Ny and BN, vacancies exhibit intermediate reaction
energies for C—H bond activation (between 0 and —2 eV), which are considered favorable
for catalytic reactions. We also observe that for the BN3 vacancy, although the distant B-B
pair cannot stabilize the final state of CHz and H adsorption, the adjacent B-B pair can still
stabilize the dissociation products. Therefore, the BN3 vacancy was also included in the

https:/ /doi.org/10.3390/ catal16040321


https://doi.org/10.3390/catal16040321

Catalysts 2026, 16, 321

50f13

subsequent transition-state barrier calculations. The B3N3 vacancy exposes three boron and
three nitrogen atoms, creating multiple potential active sites for methane activation. As
shown in Figure 5, CHy dissociation on N-exposed sites of the B3Nz vacancy exhibits highly
exothermic reaction energies. Although such strong exothermicity suggests that methane
activation can occur readily, the excessively strong binding of reaction intermediates may
hinder product desorption and limit catalytic turnover. Therefore, compared with smaller
vacancies, the BsN3 vacancy is less favorable for efficient methane activation due to the
overbinding of intermediates.

Position of CH, Position of H

BN BN, BN, NB, NB; B;N;

CH3-N H-N CH,-B H-B (A) CHy-N H-N CHy-N H-N CH,-N H-N
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Figure 4. Optimized structures of the final states for CHy activation at different h-BN vacancy sites.
The dissociated CHj fragment is marked in blue, while the dissociated H fragment is highlighted
in yellow.
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Figure 5. Calculated reaction energies for CH; C-H bond cleavage for different h-BN vacancy defects,
including mono Ny, mono By, BN, BNy, BN3, NB,, NB3, and B3N3 vacancies.

As for the Ny and BN3 vacancies (Figure 6), owing to their pure B termination, they
can activate CHy by homolytic cleavage on the adjacent B-B pair. As for the BN, V., it can
activate CHy by homolysis on its unsaturated B-N pair or heterolysis on its unsaturated
B -B pair. Owing to the very negative reaction energy of CHy heterolysis activation over
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N, Homolysis

BNy V,, the barrier is as low as 0.50 eV (Figure 7), which is much lower than the homolysis
over the adjacent B-B pair of the Ny, BN V. and BN, V.. The high activity of the B-N pair
over the BN, vacancy can be attributed to the frustrated Lewis acid-base pair, which is
commonly active for the C-H bond activation reaction [29,30]. However, the reaction energy
is still as negative as —1.92 eV, which has the tendency to poison the surface. Interestingly,
we found that the adjacent unsaturated B-B pair over Ny, BN, V. and BN3 V. can activate
the C-H bond by homolytic cleavage. Moreover, the reaction energy of homolytic cleavage
is between —0.5 eV and —1 eV, which is a promising value for C-H activation, especially
the B-B pair over Ny; the C-H activation barrier is only 1.07 eV, making it an excellent active
site for C-H bond cleavage. The calculated activation barriers for CHy dissociation at the
defective h-BN sites are 0.50 eV for the B-N pair in BN, V. and 1.07 eV for the B-B pair in Ny.
These values are comparable to those reported for precious metal catalysts, such as Pt [31]
(~1.15 eV) and Ru [32] (~0.4-0.7 eV). This comparison highlights the remarkable catalytic
potential of defective h-BN for methane activation, even in the absence of metal components.
Such metal-free catalytic activity could significantly reduce reliance on expensive noble
metals, lowering catalytic costs while offering promising opportunities for alkane activation
and subsequent transformation.

BN, V. Heterolysis

TS Fs N /7 IS TS

o et

\

ot

Figure 6. Optimized structures along the CHj activation pathways at Ny, NB; V., and NB3 V.
sites, including the initial state (IS), transition state (TS), and final state (FS) for both homolytic and
heterolytic C-H bond cleavage.

2.3. Intrinsic Nature of the Unsaturated B-B Pair

To gain deeper insight into the role of the unsaturated B-B pair, we further examined
the structures of the original vacancy surfaces and the transition states of CH; homolytic
cleavage on these vacancies. As shown in Figure 8, the B-B distance on the pristine Ny
vacancy is 2.27 A, which is significantly longer than those in the BN, (2.01 A) and BNj
(1.97 A) vacancies. A similar trend is observed in the transition states for CHy dissociation.
The B-B distance in the transition state on the Ny vacancy (2.65 A) remains larger than
that on the BN, (2.42 A) and BNj3 (2.19 A) vacancies. The larger separation between the
unsaturated B atoms facilitates the insertion of hydrogen during the C-H bond cleavage
process, which contributes to the lower activation barrier observed on the Ny vacancy.
Furthermore, the B-H bond length in the transition state on the Ny vacancy (1.28 A)is
shorter than those on BN (1.35 A) and BNj3 (1.31 A) vacancies. This indicates a stronger
interaction between hydrogen and the unsaturated boron sites on the Ny vacancy. This
observation is consistent with the more negative H; dissociation energy on the unsaturated
B sites of N, compared with those of BN, and BN3 vacancies, as shown in Figure 3.
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Figure 7. Reaction energy profiles for CHy cleavage at Ny, BN, V¢, and BN3 V. sites. The energy
changes along the reaction coordinate from the initial state (IS) through the transition state (TS) to the
final state (FS) are shown for both homolytic and heterolytic C—-H bond cleavage pathways.
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Figure 8. Optimized structures of the clean vacancy surfaces (top) for Ny, BN, V, and BN3 V. sites
and the corresponding transition-state structures for CHy homolytic C-H bond cleavage (bottom).

To further understand the electronic interaction between the unsaturated B-B pairs,
crystal orbital Hamilton population (COHP) analysis was performed. COHP analysis
decomposes the bonding and antibonding contributions between specific atomic pairs,
where bonding states stabilize the interaction and antibonding states weaken it. As shown
by the -COHP curves in Figure 9, both the BN, V. and BN3 V. sites exhibit pronounced
bonding peaks below the Fermi level. These occupied bonding states indicate stronger B-B
interactions in these vacancy configurations, which could make structural rearrangement
during hydrogen insertion less favorable.
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Figure 9. COHP analysis for the B-B interaction at the Ny, BN, V., and BN3 V. sites.

The integrated COHP (ICOHP) values further quantify the interaction strength be-
tween the B atoms. More negative ICOHP values correspond to stronger bonding interac-
tions between atom pairs. As listed in Table 1, the ICOHP value of the B-B pair in the Ny
vacancy is less negative than those of the BN, V. and BNj3 V., sites, indicating relatively
weaker B-B interactions in the Ny configuration. Combined with the larger B-B distance
observed in the Ny vacancy (Figure 8), this weaker interaction may facilitate structural
flexibility during methane activation. These results suggest that the unsaturated B-B pair
on the Ny vacancy provides a more favorable geometric and electronic environment for
CHy activation.

Table 1. ICOHP value over Ny, BN, V., and BN3 V..

Vacancy ICOHP
Ny —1.03

BN, V. —2.30

BN3 V. —2.47

To further examine the electronic redistribution during the reaction, charge density dif-
ference analysis and Bader charge calculations were also performed. As shown in Figure 10,
during the homolytic activation of CHy on the Ny vacancy, both boron atoms of the unsatu-
rated B-B pair exhibit electron depletion after adsorption of the CH3 and H radicals. In
contrast, for the heterolytic activation on the BN; V. vacancy with an unsaturated B-N
pair, electron accumulation occurs at the nitrogen atom bonded to hydrogen, while the
boron atom interacting with the CH3 fragment shows electron depletion. In addition, the
CHj; fragment consistently gains electron density, as indicated by the yellow regions in the
charge density difference maps, while electron depletion is observed around the vacancy
region. These results indicate significant charge redistribution during CHy activation and
provide additional electronic evidence supporting the proposed homolytic and heterolytic
activation mechanisms.
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(a) N, Homolysis (b) BN, V, Heterolysis

/ H,C H

Figure 10. Charge density difference maps with corresponding Bader charge variations relative to
the clean defective surface for CHy activation on h-BN vacancies: (a) homolytic C-H cleavage on
the Ny; (b) heterolytic C-H cleavage on the BN, V; (c) homolytic C-H cleavage on the BN, V.; and
(d) homolytic C-H cleavage on the BN3 V.. Cyan and yellow regions represent electron depletion
and electron accumulation, respectively.

3. Computational Methods

Spin-polarized calculations were carried out using the Vienna Ab initio Simulation
Package (VASP) version 5.4.4 [33]. In terms of the exchange-correlation functional, Perdew,
Burke, and Ernzerhof (PBE) [34] were utilized with the projector augmented wave poten-
tials [35]. For the Van der Waals correction, D3 method [36] was used. A1 x 1 x 1 k-point
mesh sampling was chosen for the 7 x 7 h-BN lateral unit cell with a vacuum layer of ~20 A.
For single-point calculations, a5 x 5 x 1 k-point grid was adopted. To verify the reliability
of our computational setup, a k-point convergence test was performed for the pristine
7 x 7 h-BN supercell (Figure S1). The total energy differences are negligible (<0.01 eV)
upon increasing the k-point density, indicating that 1 x 1 x 1 k-point sampling is sufficient
for structural optimization, while a 5 x 5 x 1 mesh provides well-converged electronic
properties. Although the GGA functional is known to underestimate the band gap [37],
the purpose of this test is to assess numerical convergence rather than to reproduce the
experimental band gap value.

The transition states were located by the climbing-image nudged elastic band method
(CI-NEB) [38]. The convergence criterion was set as 0.05 eV /A for structural optimization
and transition-state searches. The vibrational frequencies of the transition states are shown
in Tables S3-56. The presence of one large imaginary frequency confirms that the structures
correspond to transition states.

The normalized vacancy formation energy (vacancy formation energy per missing
atom) is calculated as follows in Equation (1) and the chemical potentials of boron (yp) and
nitrogen (yy) are constrained by the stability condition of pristine h-BN, as expressed in
Equation (2):

E; = (E BN defect — NB defecthB — NN defectVN) /N (1)
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Epristine BN = "B pristine#B +nN pristineN (2)

Experimentally, the relative concentration of active boron and nitrogen species can
be tuned during h-BN growth by adjusting the precursor feeding rate, temperature, and
carrier gas composition [39], thereby enabling B-rich or N-rich environments. Under B-rich
conditions, the chemical potential of boron is referenced to bulk boron, i.e., g = Epyix B-
Under N-rich conditions, the chemical potential of nitrogen is referenced to nitrogen gas,
ie, yy = 1En,. The remaining chemical potential in each case is determined from the
constraint given in Equation (2).

Crystal Orbital Hamiltonian Population (COHP) analysis [40] was performed by the
Local Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER 3.2.0)
program [41,42].

4. Conclusions

The stability and catalytic activity of various h-BN vacancies were systematically
investigated. The calculations show that B-terminated vacancies, particularly the BN, and
BNj3 vacancies, are thermodynamically more stable than their N-terminated counterparts
under both B-rich and N-rich conditions, suggesting that B-terminated vacancies are more
likely to be exposed on defective h-BN surfaces. Regarding methane activation, the B-N pair
over the BN, vacancy exhibits very high reactivity toward C-H bond cleavage; however,
the excessively exothermic reaction energy indicates strong binding of intermediates, which
may lead to surface poisoning and limit catalytic turnover. In contrast, the unsaturated
B-B pair exposed at the Ny provides a more balanced reaction energetics with a moderate
reaction energy and a relatively low activation barrier for CHy activation.

Interestingly, while B-N pairs behave as frustrated Lewis pairs that activate molecules
through heterolytic pathways, our results demonstrate that unsaturated B-B pairs provide
a distinct catalytic motif that promotes homolytic methane activation. COHP analysis
further reveals that the relatively weak electronic interaction between the two B atoms
facilitates hydrogen insertion during C-H bond cleavage. These findings reveal a novel
promising catalytic principle for defective h-BN surfaces, where B-terminated vacancies
containing unsaturated B-B pairs can act as active centers for metal-free methane activation.
This work provides mechanistic insight into the intrinsic catalytic role of h-BN vacancies
and highlights their potential for metal-free alkane activation and conversion. Also, it
should be noted that the present study focuses on the elementary C-H bond activation step.
A comprehensive catalytic evaluation, including catalyst regeneration, possible surface
poisoning by intermediates, competitive adsorption, and subsequent reaction pathways,
would require the construction of a full reaction network and microkinetic analysis, which
will be explored in future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal16040321/s1, Figure S1: K-point convergence test for the
pristine 7 x 7 h-BN supercell; Figure S2: Calculated CHy adsorption energies on various h-BN
vacancies and pristine h-BN; Figure S3: Correlation between the H, dissociation Energy and methane
C-H bond activation barrier; Table S1: VASP-calculated magnetic moments (MAGMOM) of the
defective h-BN surfaces with and without adsorbates; Table S2: VASP-calculated relative energies
(eV) of the final states for CHy4 dissociation forming surface CHs- and H- species on Ny, BN, V., and
BNj3 V. defects under different total magnetic moments (NUPDOWN values); Table S3: Calculated
vibrational frequencies (cm 1) for the transition state of CHy homolytic C-H bond activation on the
Ny; Table S4: Calculated vibrational frequencies (cm™1) for the transition state of CH, homolytic
C-H bond activation on the BN, V; Table S5: Calculated vibrational frequencies (em™1) for the

https:/ /doi.org/10.3390/ catal16040321


https://www.mdpi.com/article/10.3390/catal16040321/s1
https://www.mdpi.com/article/10.3390/catal16040321/s1
https://doi.org/10.3390/catal16040321

Catalysts 2026, 16, 321 11 of 13

transition state of CHy heterolytic C-H bond activation on the BN, V; Table S6: Calculated vibrational
frequencies (cm™1) for the transition state of CHy homolytic C-H bond activation on the BN3 V..
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