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ABSTRACT

Taking the CO oxidation as a probe, we investigated the electronic structure and reactivity of
Pt atoms stabilized by vacancy defects on hexagonal boron nitride (h-BN) by first-principles-
based calculations. As a joint effect of the high reactivity of both a single Pt atom and a boron
vacancy defect (PtBV), the Pt-N interaction is -4.40 eV and is already strong enough to prohibit
the diffusion and aggregation of the stabilized Pt atom. Facilitated by the upshifted Pt-d states
originated from the Pt-N interaction, the barriers for CO oxidation through the Langmuir—
Hinshelwood mechanism for formation and dissociation of peroxide-like intermediate and the
regeneration are as low as 0.38, 0.10 and 0.04 eV, respectively, suggesting the superiority of

PtBV as a catalyst for low temperature CO oxidation.
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1. INTRODUCTION

The catalytic oxidation of carbon monoxide (CO) has attracted extensive attentions for several
decades, not only for its important role in emission control of environmental-harmful pollutants,
including CO, from combustion, industrial chemical processes and etc, but also for its simple
stoichiometry as well as industrial significance, as a prototype catalytic reaction in surface
chemistry that plays an essential role in evaluating activity, selectivity and durability of a catalyst.
Deposited nanoparticles (NPs) of transition metals (TMs), including Pt'>, Pd,*° Rh ®7, Au®*”’
and etc, can catalyze CO oxidation, but these TMs are expensive and their affinity to CO are
stronger than that to O,. As a result, high operating temperature is always required to keep them
efficient.’” Scientists have been working continuously to develop efficient catalysts for low
temperature CO oxidation."*™*®

As the reactivity of a TM atom is determined by the energy levels of TM-d states that are
sensitive to the local coordination environments, unsaturated TM atoms at edge and corner of
NPs are the reaction sites and the catalytic performance depends more strongly on the
morphology than the size of TM NPs.*** In this sense, downsizing the size of NPs to sub-nano
scale or even single atom to achieve a high density of active sites while keeping or even
promoting the catalytic performance is highly desired and will lead to a highly efficient usage of
the precious TMs.'® As the size of NPs goes down, the profits of the TM-support interaction to
the catalytic performance can be multifold in principle, which not only alters the spacial and
energetic distribution of TM states that are essential for activation of the adsorbates, *** but also
strongly impacts the free energy of the assembly of TM atoms that set the durability, the atomic

24-27

stacking and the morphology of the TM NPs. In this sense, a careful screening of the metal-

support interactions would be vital to rationalize the design of mono-dispersed ultrafine TM NPs
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or single TM atoms as efficient catalyst for a specific reaction. Combining the highly active
monodispersed TM atoms and suitable support materials, several single-atom catalysts have been
found efficient for CO oxidation, such as Pt/FeO,,* PUALO;”° AulFeOy* Pd/CeO,,*
Ir/Fe(OH),,** Ag/MnO,,** Pt/Graphene® * and etc. More recently, Au, Cu, Fe, Pt atoms
embedded graphene have also been predicted to be highly effective for CO catalytic oxidation
theoretically. %%’

Hexagonal boron nitride (4-BN), which has similar planner structure like graphene but with
different chemical and physical properties, has drawn considerable attention in recent years.”**'
Due to the different electronegativity of B and N, #-BN is more ionic, leading the interaction and
charge transfer with deposited TM atoms to be different from those on graphene. There are
various defects, such as vacancies and boundaries, exist in the as synthesized #-BN sheets and
are ready to anchor TM NPs. These defects could be created by controlled electron beam
irradiation due to the knock-on effect of the incident electrons.** As the threshold beam energy
for knock-on of B is smaller than that of N, B vacancies (BVs) can be formed more easily during
electron beam bombardment. Therefore, all the edge-terminating atoms around the vacancies

43,44
must be N.™

The existence of these defects over #-BN provides a new platform for fabrication
of finely dispersed TM NPs or single-atom catalysts.45 Though Cu, Co, Ru, Fe and Au atoms
embedded in A-BN were proposed to be effective for CO oxidation, the important role of

interfacial interaction hasn't been explained in detail.**

Inspired by previous works and to rational the design of single-atom catalysts, we investigated
the electronic structure and predicted the catalytic performance in CO oxidation of Pt atoms
stabilized by BV on h-BN by first-principles-based calculations. We showed that, due to the

interfacial Pt-N interaction, not only the Pt atoms are effectively stabilized from further diffusion

Page 4 of 22



Page 5 of 22

RSC Advances

and aggregation, but also some Pt-d states are upshifted to the Er so that PtBV exhibits
unexpected reactivity. Facilitated by these upshifted Pt-d states that eventually satisfy the
requirements for O, activation and subsequent reactions among coadsorbates, the CO oxidation
over PtBV prefers to proceed through the Langmuir-Hinshelwood mechanism and the calculated
barriers are among the lowest values ever reported, suggesting the superiority of PtBV as catalyst
for low temperature CO oxidation. The rest of the paper is organized as the following: the
theoretical methods and computational details are described in Section 2, the results are

presented and discussed in Section 3 and concluded in Section 4.
2. THEORETICAL METHODS

The first-principles-based calculations were carried out using Perdew-Burke-Ernzerhof
functional within the formulation of general gradient approximation in combination with DFT
semicore pseudopotentials as implemented in the DMol® package.®® A hexagonal 5 x 5
supercell of h-BN was used to mimic the h-BN support and the Pt/h-BN composites, it contains
only a single layer of h-BN. The thickness of the supercell was set to be larger than 20 A to
avoid interaction among neighboring images. The structures of h-BN support and the Pt/h-BN

composites were firstly relaxed with empirical potentials® >®

and were then fully relaxed within
the ab-initio scheme until the residue forces were smaller than 1 x 102 eV/A. The transition
states (TSs) were located through the synchronous method with conjugated gradient refinements
and verified with frequency analysis.56 All the calculations were performed with a real-space
global orbital cutoff radius of 4.6 A and a convergence criterion of 2 x 10* eV on the total
energy. A I'-centered 4 x 4 x 1 Monkhorst-Pack k-point grid was used for structural relaxation

and TSs location, while a 20 x 20 x 1 grid was used for electronic structure analysis.”’ The

amount of charge transfer was evaluated within the Hirshfeld scheme.”® With the above setup,
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the bulk lattice parameter of face-center-cubic Pt and h-BN was reproduced as 3.98 and 2.52 A,

2960 Test calculations with a 9 x 9 h-BN supercell gave essentially the same results.

respectively.
The binding energy (£5) of Pt atom onto h-BN was calculated as the energy difference between
the Pt/h-BN composites and the clean h-BN plus a freestanding Pt atom, following Eqn (1).
Ep = Epepy - (Epe + Epn) (D
The adsorption energies (E,;) of CO, O,, O and CO, were calculated as the energy difference
between the absorbed PtBN and the gas adsorbate plus the bare PtBN, following Eqn (2).

Ead = Eadsorbate+PtBN - (EPtBN + Eadsorbate) (2)

3. RESULTS AND DISCUSSIONS

We first investigated the deposition of monodispersed Pt atoms onto pristine h-BN (PBN) and
found Pt atoms bind weakly with PBN. The E,s for Pt deposition on top of a N atom(AtopN), a
B atom (AtopB) and on top of the center of a 3B3N ring(Hol) are -0.67, -0.70 and -0.67 eV,
respectively. We also considered the Pt atomic deposition in the middle of adjacent B and N
atoms, but the Pt atom will diffuse to AtopB during structure relaxation. In the most plausible
deposition structure, the Pt atom stands above a B atom and there is a charge transfer of 0.11 |e|
to the surface. Stabilization of single TM atoms whose surface free energy is extremely large
under realistic reaction condition is one of the key problems in fabrication of practical single

atom catalysts.26’ 27

The small differences among the Ey, at various deposition sites(0.03 eV), the
low atomic diffusion barrier (0.03 eV) and the small charge transfer (0.11 |e|) suggest that PBN
cannot stabilize monodispersed Pt atoms. To minimize the surface free energy, Pt atoms will
diffuse to form large NPs as the amount of Pt deposition increases. This problem can be partially
solved if there are defects on the support surface that can form mature interaction with the TM

61-63

atoms and effectively stabilize them. Recent investigation on structure of 4-BN shows that
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there are many defects, including vacancies, exist after electron-beam bombardment.** As the
threshold energy for B is smaller than that N atoms, formation of BV would be much easier and
the defect edges should be terminated by N atoms.** Therefore, BV was considered as the typical

defects over #-BN.
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Figure 1. Structure and contour plots of differential charge density (a) and charge density of
selected state (b) and DOS of PtBV (c). (B: Green; C: Brown; N: Light blue; Pt: Silver. The
contour value of the charge density is #0.005 a.u. The charge accumulation regions are in red
while the charge depletion regions are in blue.)

Due to the larger size of Pt atoms as compared with B atoms, when a Pt atom is placed above a
BV, it is 1.52 A above the basal plane of #-BN after geometry optimization. Compared with the
case of Pt atomic deposition on PBN, the charge on Pt atom at the BV (PtBV) is enhanced to
0.45 |e|. The differential charge density shows that there are significant charge accumulation
regions between the Pt atoms and the N atoms, suggesting the formed interactions are partially
covalent (Figure 1). The E, at BV (-4.40 eV) is thus enhanced by more than five folds as

compared with that on PBN (-0.70 ¢V).*> The enhanced E, of PtBV also makes the outward
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diffusion of Pt atom to its neighboring Hol site endothermic by 3.70 eV. The computed diffusion
barrier is 4.59 eV and is much higher than the Pt atomic diffusion barrier of 0.03 eV on PBN, so

the outward diffusion of BV stabilized Pt atoms is kinetically prohibited.

The projected density of states (PDOS) of Pt-sp, Pt-d and N-sp states of Pt and N atoms at BV
are plotted to highlight the origin of the enhanced E; in PtBV (Figure 1). The DOS of BV is
characterized with sharp peaks inside the bulk band gap of h-BN.* After Pt deposition, the peaks
at the Er and the sharp spikes inside the band gap corresponding to N-sp states are shifted
downwards and overlap with the Pt-sp and Pt-d states, showing the strong hybridization among
these states. This, together with the differential charge density, suggests that the stabilized Pt
atom uses its valence states to interact with the defective states of the BV. The electron density
of the hybridized state at the Er was extracted in Figure 1, which is localized on the PtBV and is
mainly contributed by the interaction between the in-plane components of Pt-d states and the N-
sp states of N atoms around the vacancy. This confirms that, some of the dangling Pt-d states are
upshifted to Er and resonance with N-sp states due to the Pt-N interaction. We compared the
DOS of PtBV and Pt(111) in Figure S1 and found that the workfunction of PtBV is 1.26 eV
smaller than that of Pt(111). The energy levels of localized d states of transition metals are
known to be vital for the activation of adsorbed reactants and subsequent reactions, while the
workfunction determines the easiness to donate electrons from frontier states. The dominant
contribution of Pt-d states at Er and the decreased workfunction suggest that the transfer of
electrons in Pt-d states to adsorbates from PtBV would be much easier than from surface atoms
on Pt(111). In this sense, PtBV may exhibit higher reactivity in activation of adsorbed CO and

0O, for CO oxidation.
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Table 1. The E,gs and the most plausible structures of various reaction species adsorption on
PtBV.

E,¢ Bonding Details

Species (eV) Bond Length

° (A)
CcO -1.92 C-0 1.16
Pt-C 1.91
0, -1.87° 0-0 1.37
Pt-O 2.11
Pt-O 2.11
0 -3.94° Pt-O 1.82
CO, -0.08 Pt-O 2.24
C-0 1.20
C-0 1.26

“ The E,q4 is calculated as the energy difference between the species adsorbed on PtBV and the
gaseous species plus the bare PtBV according to eqn 2. Due to the unpaired d-electron on Pt,
the ground state of PtBV is doublet. The adsorption of O, and O in quartet was also considered,
but was found less plausible by 0.91 and 1.02 eV, respectively, as compared with those in
doublet.

We then investigated the adsorption of reaction species to deduce the thermodynamics of the
reaction (Table 1 and Figure 2). For CO oxidation over PtBV, the possible reaction species are
0, CO, O and CO,. As h-BN is chemically inert, O,, CO and CO, are only physisorbed on PBN.
In accordance with the upshift of Pt-d states, the calculated E,q for CO on PtBV is -1.92 eV and
is stronger than that over compact Pt surfaces.”” In this configuration, the CO lies in the reverse
direction of one of the Pt-N bonds and the Pt-C distance is 1.91 A, suggesting a typical chemical
bond is formed. The E,q of O, is -1.87 eV, corresponding to O, lying parallel to the h-BN surface
immediately on top of Pt atom with the Pt-O distances are both 2.11 A. Both CO and O, interact
strongly with PtBV, indicating that both of them can be readily adsorbed onto the PtBV at

moderate temperatures. As for O atom, it prefers to stand 1.82 Aon top of the Pt atom with the
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Pt-O direction vertical to the h-BN support and the corresponding E, is -3.94 eV. The
enhancement of O E, can be understood as the result of removing of repulsive interaction
among negative charge absorbed O atoms as compared with the case of O,. This phenomenon is
widely observed in coverage dependent O adsorption on surfaces of transition metals and
alloys.®* % We also considered the dissociation adsorption of Oy, but found that the adsorption of
2 O atoms is less plausible as compared with that of O, by 0.38 eV and the barrier for O,
dissociation is 0.92 eV. As the coadsorbed O or CO will further enlarge this barrier, the
dissociative adsorption of O, less likely to take place. The E,q of CO; is enhanced moderately to
-0.17 eV over PtBV. Due to the interaction with the Pt atom, the nearest Pt-C and Pt-O distances

are 2.17 and 2.24 A, respectively, and the £ O-C-O angle is distorted to 145.6° as compared with

180° before adsorption.
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Figure 2. The most plausible adsorption structures and contour plots of differential charge
density (left panel), and the corresponding DOS curves (right panel) for CO, O,, O and CO,
adsorption on PtBV. (C: Brown; Pt: Silver; N: Light blue; B: Green; O: Red. For the contour
plots, the charge accumulation regions are rendered in red while the charge deplete regions are
shown in blue. The contour value of the differential charge density is +0.005 a.u. The DOS

curves of adsorbed species are in red, those of Pt-sp and Pt-d are in blue and grey, respectively.
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The DOS curves are aligned by the calculated energy levels of highest occupied states of free
species.)

The DOS curves of adsorbates and the contour plots of differential charge density were
analyzed to understand mechanism of enhanced adsorption. Due to the formation of Pt-C and Pt-
O bonds, the shape and distribution of DOS peaks corresponding to frontier states of CO, O, and
CO; change significantly. The CO and O, 5c¢ states are shifted to lower energy, their 2z states
and the = antibonding states of CO; are split into parts and partially downshifted to below the Er
to resonance strongly the Pt-d and Pt-sp states, showing the hybridization and charge transfer
among them. Accordingly, there are large charge depletion regions between C-O, O-O and O=C-
O indicating that there are charge transfer to the 2x states of CO and O, and the = antibonding
states of CO,, and these adsorbates are thus activated. This is further supported by the elongation
of the C-O distances in CO and CO; and the O-O distance in O, after adsorption to 1.16, 1.26
and 1.37 A, respectively. The DOS curve of O-sp for O adsorption is similar to that of O,
suggesting the effectiveness of PtBV for O, activation. The amounts of charge transfer to CO, O,,
O and CO; after adsorption are 0.06, 0.29, 0.32 and 0.25 |e|, respectively. As the charge transfer
is always to the adsorbents, there are charge depletion regions on the Pt atom. Charge
accumulation regions can be observed between Pt-C, Pt-O for CO, O, and CO, adsorption,
indicating that the newly formed Pt-C and Pt-O bonds are partially covalent.

We noticed that in the most plausible adsorption configurations of CO and O,, the Pt atom is
not fully coordinated in a distorted octahedral. This implies that bi-molecular adsorption may
take place over PtBV. As the adsorption of CO is preferred by 0.05 eV over O, the coadsorption
of 2 O is not stable in existence of trace amount of CO. The coadsorption of 2 CO and one CO

with one O, were investigated. The coadsorption of one CO and one O, is an exothermic process

11
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and the corresponding E,q is -3.04 eV, which not only overwhelms the coadsorption 2 CO (-2.92
eV), but is also stronger than the individual adsorption of either CO and O,. In this sense, there
is no CO poisoning problem over PtBV and the CO oxidation may initiate with the coadsorption

of CO and O, on the same Pt atom stabilized by BV.

In general, CO oxidation can take place through 2 mechanisms, namely the Langmuir-
Hinshelwood (LH) and the Eley- Rideal (ER) mechanism, depending on the detailed nature of
the catalyst.® The ER mechanism initiates with the direct reaction of one gaseous reactant (such
as CO) with the another activated reactant at the reaction center (such as adsorbed O atom and
activated O,.). In the typical CO oxidation initiated with reaction between gaseous CO and
activated O, the formation or dissociation of COs-like intermediate may set the overall reaction
rate, because the gaseous CO is not activated for the formation of the COs-like intermediate,
which is always too stable for subsequent reactions. Different from the ER mechanism, the CO
oxidation following LH mechanism starts with the interaction between the coadsorbed CO and
O, molecules for formation of a peroxide-like O-C-O-O intermediate. As the coadsorbed CO and
O, are partially negatively charged and repulsive to each other, the formation of the peroxide
becomes demanding and sets the rate of the whole process. Because the coadsorption of CO and
O, is preferred over PtBV and satisfies the requirements for initiation of CO oxidation through
LH mechanism, which is also the CO oxidation mechanism over Au, Cu and Pt atoms embedded
in graphene and h-BN and on Au clusters deposited over MgO and TiO,, we focused on CO

235, 49, 67
8, 33-35, 49, 67 The most

oxidation over PtBV with reaction between coadsorbed CO and O,.
plausible adsorption structure of CO and O,, together with the atomic structures at various states

along the minimum-energy path (MEP) following the LH mechanism are shown in Figure 3,

with the corresponding structural parameters listed in Table 2.

12
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Table 2. Structural Parameters for Various States along the MEP for the CO Oxidation over
PtBV through LH Mechanism.

States dc-,o ¢ dC-,Pt ¢ dC-Ql ¢ dc-92 ¢ d01-’02 ¢ dOl:Pt ¢ dOZ:Pt “ Z O-C-Olb £ o-c-ozb
A) A A A (A) (A) (A) ©) @)
LH-IS1 1.16 1.95 3.08 -- 1.29 2.14 -- 113.2 --
LH-TS1 1.17 2.02 1.96 -- 1.35 2.10 -- 113.7 --
LH-MS1 1.21 2.06 1.39 -- 1.48 2.07 -- 120.8 --
LH-TS2 1.22 2.11 1.32 -- 1.75 1.99 -- 123.8 --
LH-FS1 1.18 4.23 1.18 -- 3.23 1.82 -- 178.1 --
LH-IS2 1.14 3.97 -- 3.10 - -- 1.82 - 95.7
LH-TS3 1.14 3.01 -- 2.86 -- -- 1.84 -- 102.5
LH-FS2 1.20 2.17 -- 1.26 -- -- 2.24 -- 145.6

“ The distance between specific atoms. Please see Figure 3 and the context for the nomination of

atoms.

? The angle among O-C-O. This angle is 120° in CO5* and is 180° in free CO,.
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Figure 3. Top views (Top panel) and side views (Bottom panel) of local configurations of the

adsorbates on the PtBV at various states along the MEP via the LH mechanism, including the

initial states (LH-IS1 and LH-I1S2), transition states (LH-TS1, LH-TS2 and LH-TS3),

intermediate states (LH-MS1 and LH-FS1) and the final state (LH-FS2). (C: Brown; N: Light

Blue; B: Green; O: Red; Pt: Silver.)
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Though CO and O, gain electrons from PtBV in the coadsorbed configuration (LH-IS1), the
Hirshfeld charge on the C atom of CO is +0.10|e| while that on O1 atom of O, is -0.10 |e|. This
drives the O1 of O, to move toward C atom of CO to reach the transition state (LH-TS1) that
connects LH-IS1 to LH-MSI1 on the MEP. During this endothermic process, both the structures
of CO and O, are distorted for formation of C-Ol interaction. The O1-O2 distance in O, is
stretched from 1.29 A in LH-IS1 to 1.35 A in LH-TS1, while the C-O distance is elongated from
1.16 A after adsorption to 1.17 A. Asa result, the C-O1 distance decreases from 3.08 A in LH-
IS1 to 1.96 A in LH-TS1. The energy barrier for the formation of LH-MS1 is 0.38 eV and a
peroxide-like 02-O1-C-O complex is thus formed. Because the C-O1 interaction is mature in
LH-MSI, the O1-02 distance is further elongated to 1.48 A. The 0-O distance of this length
scale has been only be observed in peroxide, showing the instability of LH-MS1 and the easiness
for scission of the O-O bond to take place. The formation of LH-MSI is exothermic by 0.45 eV
as compared with LH-TS1 and the localized charge is balanced with the formation of C-Ol1
bond,. As a consequence of the instable peroxide bond, LH-MSI1 dissociates by breaking the O1-
02 bond and forms a physisorbed CO, and an O atom adsorbed on PtBV (LH-FSI). Driven by
the strong exothermic formation of the C=0O bond, the barrier for the formation of physisorbed
CO; from LH-MSI1 is only 0.10 eV. The tendency to strengthen the C-O1 interaction and weaken
the O1-O2 and Pt-C interaction is apparent at the transition state (LH-TS2), where the O1-O2
distance is already as long as 1.75 A, the Pt-C distance has reached 2.11 A, while the C-O1
distance is shortened from 1.39 A to 1.32 A. This suggests that the dissociation of LH-MS1 is a
spontaneous process and is ready to take place at low temperatures. As the E,g of CO; is only at

the level of -0.10 eV, the desorption of CO; in LH-FS1 can also be considered barrierless.

14
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The subsequent reaction takes place between a gaseous CO molecule and the adsorbed O atom
over PtBV for the regeneration of Pt atom as available reaction center. A configuration of the CO
molecule stands more than 3.0 A away from the adsorbed atomic O on PtBV was selected as the
initial state (LH-IS2). The final state was set to the configuration that CO, adsorbed on PtBV
(LH-FS2). While the gaseous CO approaches to PtBV, the C atom of CO gets partially positively
charged and interacts electrostatically with the remnant O atom to reach LH-TS3. Within LH-
TS3, the Pt-C distance is decreased from 3.97 A in LH-IS2 to 3.01 A and the C-O2 distance is
also decreased from 3.10 to 2.86 1&, showing that due to the formation of interaction between CO
and O atom, the CO molecule is pushed to the PtBV in this endothermic process. Because of the
high reactivity of the adsorbed O atom and the strong exothermic formation of CO,, the reaction
barrier for formation of LH-FS2 is as low as 0.04 eV and the reaction is exothermic by 1.81 eV
with respect to LH-IS2. The low barrier for formation of LH-FS3 and the small E,4 (-0.08 eV) of
CO; indicate that the regeneration of PtBV as the available reaction center for subsequent CO

oxidation is also a spontaneous process even at low temperatures.

We also investigated the possibility for CO oxidation to proceed through mechanisms other
than the LH mechanism. As CO adsorption is more plausible than O, adsorption while
coadsorption of 1 O, and 1 CO is more plausible than that of 2 CO, the adsorbed CO promoted
O, activation mechanism may not hold for our case of PtBV.% The CO oxidation through the
direct reaction of gaseous CO with adsorbed O, (ER1) proposed by Lin et al.** over Co atoms
embedded in h-BN without, and proposed and observed by Li et al.*® and Moser et al*® over Fe
atoms embedded in graphene and Pt atoms dispersed on Al,O3 with (ER2) the formation of COs-
like intermediate were both investigated (Figure S2, S3). We found that the barriers for

formation and dissociation of the COs-like intermediate through ER2 mechanism are 0.92 and

15
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1.31 eV, respectively, while that for the formation of LH-FS1 through ER1 mechanism without
formation of COs-like intermediate is 0.90 eV. The high reaction barriers (at least 0.90 eV for
ER1 and ER2, as compared with 0.38 eV for the LH mechanism) and the low stability of the
initial state (-1.95 eV for ER1 and ER2 v.s. -3.04 eV for LH) along ER mechanism suggest that
LH mechanism is the primary mechanism for CO oxidation over PtBV. The thermodynamics

profile of the MEP for CO oxidation over PtBV is schematically summarized in Figure 4.

A -— | H
Ak ER2-TS1 ER1-TS - ER1
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Reaction path

Figure 4. Schematic energy profile corresponding to local configurations shown in Figures 3,
S2 and S3 along the MEP for CO oxidation over PtBV. All energies are given with respect to the

reference energy, i.e., the sum of energies of the clean PtBV and gaseous CO and O, molecules.

In summary, the CO oxidation over PtBV may be characterized as a two-step process: The CO
catalytic oxidation cycle is initiated through the LH mechanism, where the coadsorbed CO and
O, (LH-IS1) react to form a peroxide like complex (LH-MS1), by the dissociation of which the a
CO; molecule and an adsorbed O atom are formed (LH-FS1), and then the PtBV is regenerated
to be available by the reaction of a gaseous CO with the adsorbed O atom (LH-IS2) to form

another CO, (LH-FS2). We investigated the evolution of DOS of O, and CO states during the

16
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reaction (Figure S4) and realized that the potential high catalytic performance of PtBV can be
attributed to the compatibility of the states of PtBV and adsorbed intermediates, particularly
among the upshifted Pt-d states originated from the Pt-N interaction, and the molecular states of
CO and O, that facilitates the required charge transfer for the reaction to proceed. The
enhancement of adsorption of CO, O, and CO, and the stability of intermediates that is nearly
proportional to the upshift of Pt-d states also vigorously visualize this promotion effect resulting

from the interfacial Pt-N interaction.®®

4. CONCLUSION

We investigated the electronic structure and predicted the catalytic performance in CO oxidation
of Pt atoms stabilized by BVs on h-BN by first-principles based calculations. We showed that the
Pt atoms use Pt-d and Pt-sp states to interact with the localized defect states on BV. This
interaction is as strong as -4.40 eV, which not only prohibits the diffusion and aggregation of
stabilized Pt atoms, but also shifts some Pt-d states to stand at the Er. These upshifted dangling
Pt-d states contribute to the enhanced reactivity and catalytic performance of PtBV. Facilitated
by these upshifted Pt-d states that eventually satisfy the requirements for O, activation and
subsequent reactions among coadsorbates, the CO oxidation over PtBV prefers to proceed
through the LH mechanism and the barriers for the formation and dissociation of the O-O-C-O
intermediate and the regeneration of PtBV for subsequent reaction are 0.38, 0.10 and 0.04 eV,
respectively. These calculated barriers are among the lowest values ever reported suggesting the
superiority of PtBV as catalyst for CO oxidation. These findings highlight the possibility to
manipulate both the energy distribution of TM-d states and the easiness for donation of the TM-d
electrons to adsorbates through defect engineering of the support material, and would be helpful

for future design and implementation of high performance single-atom catalysts. These findings

17



RSC Advances Page 18 of 22

also call for development of synthetic procedures that can fabricate defects over h-BN in a well-
defined way for controlled deposition of transition metal atoms to achieve overwhelming

catalytic performance.

ASSOCIATED CONTENT

Supporting Information. Comparison of DOS of PtBV and Pt(111), local configurations of the
adsorbates on the PtBV at various states along the MEP via ER1 and ER2 mechanisms and
evolution of CO and O, DOS along the MEP via LH mechanism. This material is available free

of charge via the Internet at http://XXX.XXX.XXX.
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