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Abstract

Single-atom catalysts embedded in N-doped graphene have attracted great interest
recently, but the hexagonal boron nitride (h-BN) is much less explored as a support. Using
first principles density function theory and molecular dynamics, here we investigate the
stability of Pt, Au, and Ru single atoms anchored at B and N vacancies on h-BN. We find
that Pt and Ru single atoms are much more stable than Au on h-BN. We further examine
propane dehydrogenation on these single-atom catalysts and find that Pt; at the B vacancy
in h-BN and Ru; at the N vacancy in h-BN show excellent activity for propane
dehydrogenation, as evidenced by low energy barriers for both dehydrogenation steps. Our
work suggests that Pt and Ru single atoms anchored at vacancy sites in h-BN could be

promising for propane dehydrogenation.
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Introduction

Single atom catalysis has attracted great interest in heterogeneous catalysis in the past
decade.'! Doped graphene is a widely used substrate to support metal single atoms due to
the excellent metal-support interaction,?! high specific surface area,’® and high electron
conductivity.*] For example, it was found that the FeN center and the N-group in graphene
can enhance oxygen reduction reaction,”®! while Co single atoms on N-doped graphene

show high activity and stability in hydrogen evolution reaction.!!

As two prototypical 2D materials, graphene and hexagonal boron nitride (h-BN)
share many properties. Hence, h-BN can be a potential candidate for anchoring single
atoms, especially at high temperatures due to its high thermal stability. In fact, Hermans
and co-workers reported that boron nitride itselfis an excellent catalyst for alkane oxidative
dehydrogenation with a high propene selectivity.”#l Moreover, Uosaki et al. found that the
interface between Au(111) and boron nitride nanosheet can promote oxygen reduction
reaction.’] Researchers also were able to resolve defect sites in boron nitride.!'”) Dai and
coworkers synthesized ultrathin h-BN sheets with plenty of vacancies sites and found that
the h-BN supported Pt nanoparticles have higher activity for CO oxidation than silica-

supported Pt.l!-12]

Although h-BN-supported single atoms have not been reported experimentally,
researchers have computationally examined them for catalytic reactions, such as CO
oxidation.l*'"®) More interestingly, Zhao and Chen predicted that h-BN-supported Mo
single atom is a potential catalyst for electrocatalytic N> reduction,'”! while Deng et al.
suggested that Co embedded in h-BN may be promising for oxygen reduction reaction.?"]

One thing to note is that these studies focused on only the B vacancy, but N vacancy has

been observed experimentally in h-BN as well.?!]

Recently the h-BN nanosheets have also been explored as a support for Pt

nanoparticles'??! and Pt/Cu nanoclusters®¥ for direct dehydrogenation of propane on a



benchtop scale. Oxide-supported Pt nanoparticles are used commercially in direct
dehydrogenation of propane!>* which has been subject to a plethora of experimental studies.
It has been shown that Pt exists as nanoclusters of 15 — 25 atoms on the oxide support.[?!
Owing to its high surface area and good thermal stability, y-Al,O3 is the most commonly
used support for Pt nanoparticles, but its acid sites can contribute to coke formation.®!
Therefore, alloying elements such as Sn have been used to form intermetallic nanoparticles
with Pt to avoid coking.[*¥) Moreover, Pt single atoms have been observed together with

(23] prompting the speculation that they might be able to

larger clusters on oxide support,
catalyze propane dehydrogenation (PDH).[** Indeed, recent studies have demonstrated the
excellent performance of Pt single atoms for PDH, either as single-atom alloys on oxides!?”!

or isolated atoms anchored in dealuminated zeolite.[*®]

The experimental findings of Pt single atoms for PDH have inspired many recent
computational studies in exploring Pt single atoms for PDH beyond the oxide supports.
Density function theory calculations predicted that single atom Pt on N-doped graphene
enhances the Pt’s activity in direct dehydrogenation of propane.?”! On the other hand, using
Pt single atoms can maximize atomic efficiency'!l and boost turnover.*” In addition to Pt
3 Au,B2-31 and RubP*¥! are also popular single-atom systems. When combined with a
thermally stable support such as h-BN, these SACs may offer attractive advantages for
dehydrogenation of propane, especially in anti-coking and in improving the turnover
frequency per Pt atom, as coke formation*® is a known problem for the conventional
Pt/alumina catalyst where Pt exists as nanoclusters of 15 — 25 atoms.>! Answering these
questions computationally can help guide the experimental discovery of h-BN-supported
single atoms for PDH. Hence, herein we investigate from first principles the stability of
these single atoms anchored on both N and B vacancies on h-BN and their activity for
propane dehydrogenation. Below we first present the stability results of SACs on h-BN,
and then show their PDH energetics. We further explain the trend from the analyses of

partial charges, d-band center, and density of states.



Results and Discussion
Static stability of Pt, Au, and Ru single atoms on h-BN

Since stability is a critical factor for assessing a catalyst, we first examine the stability of
Pt, Au, and Ru single atoms on B/N vacancy sites of the h-BN support. Their optimized
structures are shown in Figure 1. One can see that the single atom is slightly above the
plane of h-BN. Judging from the distances of the single atoms to their first coordination
shell and their height above the h-BN plane (Table 1), one can conclude that on the B
vacancy Ru has the closest interaction with h-BN and Au the least; on the N vacancy, Au
still has the least interaction. The anchoring energies of the single atoms indeed confirm
this interaction trend (Figure 2): Ru has the strongest binding at the B vacancy and Pt the
strongest at the N vacancy, while Au has the weakest binding at both vacancies. In addition,

Ru’s binding at the N vacancy is also very strong and only slightly weaker than that of Pt.
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Figure 1. DFT-optimized structures of Pt, Au and Ru single atoms anchored on B vacancy (top) and N
vacancy (bottom) on h-BN.




Table 1. The average M-N (rm-N) distance at the B vacancy and M-B (rm-s) distance at the N
vacancy and the height (h) of the single atom M above the h-BN plane in the DFT optimized
structures (h was calculated by the height of single atom minus the lowest atom in the substrate).

M BV NV
I'™M-N (A) h (A) I'M-B (A) h (A)
Pt 1.97 1.89 2.02 1.81
Au 2.06 2.08 2.27 2.00
Ru 1.92 1.77 2.01 1.91
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Figure 2. Anchoring energy of Pt, Au and Ru single atoms at the B and N vacancies on h-BN.

Dynamic stability of Pt, Au, and Ru single atoms on h-BN

To further examine the dynamic stability of the anchored single atoms, FPMD simulations

were carried out at 1000 K to monitor the interaction between the single atoms and h-BN

vacancies. As shown in Figure 3, both Ru and Pt single atoms are more stable at both types

of vacancy sites on h-BN than their Au counterparts: the M-B or M-N distances vary within

the range of 1.9 to 2.1 A for Ru and Pt. Au is more stable on the B vacancy than on the N

vacancy where the Au-B bond length varies a great deal, from 2.2 to 2.8 A. The Au-N

bond-length at the B vacancy varies from 2.0 to 2.3 A. In addition, we find that adsorption

of C3Hs negligibly impact the stability of the single atoms on the vacancy sites (Figure S2

in SI).
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Figure 3. Changes in average bond lengths of the single atom (Pt/Au/Ru) to its three nearest N or B atoms
on h-BN with time: (a) single atom at the B vacancy; (b) single atom at the N vacancy.

Chemical bonding of Pt, Au, and Ru single atoms on h-BN

To gain a deeper insight into the nature of the chemical bond between the Pt/Au/Ru single
atom and the local environment on h-BN, we analyzed the crystal orbital Hamilton
population (COHP) for one M-N bond at the B vacancy and one M-B bond at the N vacancy,
which partitions the orbital overlapping between two atoms into bonding and antibonding
states. The negative -COHP value refers to antibonding states while positive value refers
to bonding states. As can be seen in Figure 4, both Au-B and Au-N bonds have the most
antibonding population below and near the Fermi level, consistent with the weakest binding
of Au with h-BN among the three metals. The integrated crystal orbital Hamilton
population (ICOHP) up to the Fermi level provides a quantitative measure of the bonding
vs antibonding population: the more negative the ICOHP value, the stronger the bonding.
Indeed, one can see the overall correlation between the ICOHP values and the anchoring
energy of the single atoms on h-BN (Figure 5). If we compare just Au at By and Au at Ny,
then the correlation is not good. We think that this is mainly due to the very weak
interaction between Au and the defected BN. In other words, because the interaction of Au
with h-BN is very weak at both By and Ny, variation in ICOHP is not significant enough

to differentiate the two sites.
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Figure 4. Crystal orbital Hamilton population (COHP) analysis of the single atom metal and adjacent N/B
atom (Er denoting the energy of the Fermi level): (a) at the B vacancy; (b) at the N vacancy.
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Figure 5. Correlation of the Pt/Au/Ru single-atom (M) anchoring energy on the B vacancy (By) and N
vacancy (Nv) of h-BN with the corresponding integrated crystal orbital Hamilton population (ICOHP) of
the M-N and M-B bonds.

We further examined the partial atomic charges of the Pt/Au/Ru single atoms by
Bader analysis®*” and found that they are positively charged at the B vacancy but negatively
charged at the N vacancy. This is consistent with the electronegativity trend: at the B
vacancy, the metal atom is coordinated by the more electronegative N atoms, so loses some

of its electrons; at the N vacancy, the metal atom is coordinated by the less electronegative



B atoms and gains some electrons. Moreover, Pt is most negative at the N vacancy site,

while Ru is most positive at the B vacancy site.
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Figure 6. Bader charges of the Pt, Au and Ru single atoms anchored at the B vacancy (Bv) and N vacancy
(Nv) sites of h-BN.

Propane dehydrogenation activity of the single atom on h-BN

To explore the potential of the Mi-h-BN for catalysis, we chose propane dehydrogenation
as a test reaction. Figure 7 shows the energetic profiles and the corresponding key
structures during the reaction pathways. The reaction can be divided into three key steps:
1. C-H activation at the center carbon; ii. Second dehydrogenation at a terminal carbon; iii.
Desorption of H, and C3Hs. For M anchored at the B vacancy (Figure 7a), Pt is the most
active; for M anchored at the N vacancy (Figure 7c¢), Ru is the most active, for both
dehydrogenation steps. We note that the first dehydrogenation step of propane has a barrier
of 0.51 eV at Pt;-By-h-BN; for comparison, the barrier is 0.70 eV on Pt(111)P¥ and 0.81
eV on Rui-Nvy-h-BN. In addition, the intermediate states and transition states are similar
on Pt;-Bv-h-BN (Figure 7b) and Rui-Nv-h-BN (Figure 7d): CsHg adsorbs on Mi; then C-
H cleaves at TSI, leading to CH3CHCH3 and H co-adsorbed on M;i; next, second C-H
cleaves at TS2, leading to CHoCHCHj3 (propene) and 2H co-adsorbed on M;; then, 2H



desorbs as H», followed by propene desorption. Figures S3 and S4 show more detailed
structural comparison of TSI for Mi-By-h-BN and M;i-Nv-h-BN. Because propane
dehydrogenation usually takes place at high temperatures about 900 K,?* desorption steps
should not be a main concern here. But Au single atom is unlikely to survive such high

temperature, considering its anchoring energy and stability (Figures 2 and 3).
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Figure 7. Propane dehydrogenation energy profile and the corresponding structures along the pathway: (a)
energy profiles for M;-By-h-BN; (b) structures for Pt;-By-h-BN; (c) energy profiles for M;-Ny-h-BN; (d)
structures for Ru;-Ny-h-BN.

As shown in Figure 7, the first C-H cleavage and the corresponding activation energy at
TS1 are key to propane dehydrogenation. Overall, E. at TS1 follows the Bell-Evans—
Polanyi (BEP) principle: the more favorable the reaction energy (AE) is, the lower the
activation energy. The only exception is Aui-Nvy-h-BN where E, is the greatest (~1.6 eV)
despite a slightly positive AE (~0.25 eV). To understand this exception of Aui-Nvy-h-BN,



we have compared its d-band center with others (Figure 8). One can see that there is a large
down shift in the d-band center of Au; in Aui-Nv-h-BN at TS1 (Figure 8b), meaning that
Au; becomes much less reactive during the C-H cleavage process, which we think is the

reason for its greatest E..
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Figure 8. The center of the d-band of the metal single atom in the C3Hg-adsorbed state (C3Hs*) and at the
transition of the first C-H cleavage (TS1): (a) Pti-Bv-h-BN; (b) M;-Ny-h-BN.

3.5 Further considerations for experimental relevance

Although Pt; at the B vacancy and Ru; at the N vacancy of h-BN show great promise for
PDH, factors such as sintering, coke formation, and desorption of propylene may
negatively impact their experimental realization. Computationally, the sintering question
can be addressed by examining the relative stability of metal clusters vs a single atom on
defected h-BN, while the susceptibility to coke formation can be addressed by investigating
the kinetics of further dehydrogenation tendencies and subsequent formation of aromatic
compounds. The importance of propylene desorption is best addressed by microkinetic

analysis of the whole PDH pathways. Further studies are warranted.

Conclusions
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We have investigated the stability and propane dehydrogenation reactivity of Pt, Au and
Ru singles atoms anchored at vacancy sites of h-BN from first principles DFT calculations.
We found that the stability of Au single atom is much lower than that of Pt or Ru. The
stability has been correlated to the integrated crystal orbital Hamilton population value,
while Bader analysis showed opposite charges on the single atom for B vacancy vs N
vacancy as the anchoring site. From the minimum-energy paths of propane
dehydrogenation on these single-atom catalysts, we found that Pt; at the B vacancy in h-
BN and Ru; at the N vacancy in h-BN have the lowest barriers for both dehydrogenation
steps. Hence, we predict that Pt and Ru single atoms anchored at vacancy sites in h-BN are

promising catalysts for propane dehydrogenation.
Computational Methods

First principles density function theory (DFT) calculations were carried out via
Vienna Ab initio Simulation Package (VASP).’®! Spin-polarized calculations were
performed with the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation

1.[40

functional.l*®) The electron-ion interaction was described by projector augmented wave

(411 The cutoff energy of the plane wave basis set was 400 eV. The Brillouin zone

potentials.
sampling was carried out by using a 3x3x1 k-point mesh for a single layer h-BN with a
4x4 lateral unit cell. A vacuum layer ~20 A along the c-direction was used in our slab
models. For density of states calculation, a 5x5x1 k-point mesh was utilized. Convergence
criterion was 0.05 eV/A for both geometry optimization and transition state search. All

atoms were relaxed during geometry optimization.

Single atom anchoring energy was calculated following Essc = Etptar — Esa —
E,, where E;,:,; denotes the total energy of h-BN-supported single atom, E, the energy
of a gas-phase single atom, and E,, the energy of h-BN surface with a B or N vacancy. The
climbing-image nudged elastic band (CI-NEB) method*?) was used to search for the
transition states. The coordinates for the six SACs explored and the key transitions states

are provided in the Supporting Information (SI).
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First principles molecular dynamic (FPMD) simulations were performed in 10 ps
timescale at constant 1000 K with the NVT ensemble and a time step of 1 fs. The energy
drifts of the systems are shown in Figure S1 of SI. Analysis of crystal orbital Hamiltonian
populations was carried out using the Local orbital Basis Suite towards Electronic-
Structure Reconstruction (LOBSTER) program (version 3.2.0),[43-* which uses as input

the charge density and wavefunction files from VASP calculations.
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