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ABSTRACT: Adding a two-dimensional (2D) overlayer on a metal surface is a promising
route for activating reactants confined in the interfacial space. However, an atomistic
understanding of the role played by undercoordinated sites of the 2D overlayer in the
activation of molecules in this nanoscaled confined space is yet to be developed. In this paper,
we study CO dissociation as a prototypical reaction to investigate CO activation in the
confined space enclosed by Rh(111) and a monolayer of hexagonal boron nitride (h-BN). The
effect of the space size (i.e., the distance between h-BN and the metal surface), the type of
undercoordinated sites, and the size of the defect are explicitly studied by density functional
theory with dispersion correction. The following temperature-programmed X-ray photo-
electron spectroscopy measurement suggests that a small portion of the CO dissociated during
the desorption, leaving the residual atomic oxygen incorporated into the h-BN lattice, which
validates the theoretical prediction. The combination of theory and experiment calls for further
attention to be paid to the role of undercoordinated sites in the 2D overlayers in confined
systems forming potential new catalytic environments.

wo-dimensional (2D) materials such as graphene and toward O, dissociation between anatase TiO, and B-doped

hexagonal boron nitride (h-BN) have attracted tremen- graphene using hybrid density functional.’® Datteo et al.
dous interest because of their unique and tunable electronic reported a prominent cover effect of defective graphene on the
and physical properties.' ' Both graphene and h-BN can be dissociation of water that is constrained between the TiO,
epitaxially grown on different transition metals,"' ™" providing surface and the graphene overlayer.”” Xiao et al. showed that
a well-defined interfacial confined space between the 2D modulating the chemical potential of reactants through
monolayer and the metal substrate. For substrates with a good confined space provides an effective route to enhance the
lattice match with the 2D material, such as Ni(111), h-BN or catalytic activity.”**” A general review of the chemistry and
graphene can form a 1 X 1 epitaxial overlayer on the metal catalysis under the confinement has been given in recent
surface.'””” When the lattice mismatch between the substrate comprehensive surveys by Fu and Bao.***'
and 2D material is large enough, corrugation of these Although there have been several efforts to model catalysis
overlayers is then induced to compensate for the strain in in the confined SPace,25,28,29,33,36,38,39 a rigorous understanding
the 2D layer, leading to a Morié-type superstructure, which is of how the reactants are activated in the confined space is yet

»21-23
also known as “nanomesh”.

to be developed. Far less discussed is the role of under-
It has also been shown that the interfacial confined space

coordinated sites in the 2D overlayer and the size of confined
between the 2D overlayer and met'fal surface can be used to space on the chemical transformation in the 2D/metal systems.
capture .:md confine molecules in an ordered manner. Therefore, this paper focuses on the overlayer-assisted CO
Intercalation of atoms and IZIiOIZegcules’ such o };I’ O, Hy O, dissociation between the Rh(111) surface and the h-BN
CO, and HZO’ n grap he?ne and h-BN ) systems has overlayer by density functional theory (DFT) as a prototypical
been studied both experimentally and theoretically. Interest- reaction to understand CO activation in the confined space,
ingly, recent studies have shown that chemical reactions can especially when associated with undercoordinated sites in the

take place n ,thls interfacial confined space with alter?d activity 2D overlayer. CO activation itself is also a critical and often the
and selectivity as compared to those of the individual

components. For example, Fu and co-workers reported a
lower CO oxidation barrier in the confined space of both Received: August 30, 2020
graphene/Pt(111) and h-BN/Pt(111) as compared to that of Accepted:  October 13, 2020
the bare Pt(111) surface.’* Zhou et al. showed both Published: October 26, 2020
theoretically and experimentally that the graphene-covered

Ni has a rate of hydrogen evolution comparable to that of bare

Pt.*® Ferrighi et al. theoretically predicted an enhanced activity
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Figure 1. (a) Top view and (b) side view of computational models for CO adsorbed between h-BN and Rh(111). Rh, B, C, N, and O are illustrated
as green, pink, gray, blue, and red spheres, respectively. The interfacial confined space available for the reaction is defined as the height of h-BN
above the Rh surface, z. The black solid lines highlight the computational supercell.

rate-limiting step in many important chemical processes, such
as the methanation reaction and the Fischer—Tropsch
synthesis."”*> Combining DFT and temperature-programmed
X-ray photoelectron spectroscopy (TPXPS), we show that the
confinement effect essentially associated with undercoordi-
nated sites in the 2D overlayer is the key for the CO activation
between the Rh(111) and h-BN overlayer.

We used a simplified p(3 X 3) model in which the h-BN
plane has been placed relative to a commensurate four-layer
Rh(111) lattice. This model allows for a fast computational
screening of possible interesting chemistry and is a suitable
model for the case in which CO is adsorbed between the #-BN
overlayer and the surface where the overlayer retains its
flatness.”> The h-BN/Rh(111) nanomesh is characterized by
“pores” that are ~2 nm in diameter that interact strongly with
the Rh surface and an elevated network of “wires” that interact
weakly with the metal. To account for the corrugation effect
that is present in reality, we investigate how the nanoscopic
chemical environment changes with the distance between the
h-BN overlayer and the Rh surface by fixing the height of 1-BN
above the metal surface in the z-direction (see Figure 1).
Because “pores” account for the majority of the nanomesh, the
arrangement of Rh, B, and N atoms in the “pore” region was
adapted to model the interface, where the N and B atoms are
aligned at top and FCC sites, respectively.** The bottom two
Rh(111) layers were kept frozen, while the rest of the atoms in
the system were free to relax. Using this atomic alignment, the
calculated equilibrium distance between the h-BN overlayer
and the Rh(111) surface without CO is 2.2 A, which is in good
agreement with previous reports.44

We define the adsorption energy of CO between the h-BN
and Rh surface at a given distance z between them comprising
the confined space as follows:

Eyg(2) = Ecor(2) = Ejpnyra(2) = Eco

(1)

where Eco:(z) is the energy of the confined system with
intercalated CO at confinement space height z, E;, gy/pn(2) is
the energy of the unintercalated confined system at the same
space height, and Eco is the reference energy of a CO
molecule. Note that compared to previous studies,”® where the
adsorption energy was referenced to the unintercalated

9401

graphene/h-BN on metal, the CO adsorption energy in our
definition excludes the change of interaction energy between
the h-BN overlayer and metal surface due to the z being
different from that of the reference state. Our definition of
adsorption energy reflects the real-time CO binding strength in
the given confined space, while Andersen’s formalism of
adsorption energy is referenced to the uninterlaced graphene/
h-BN at the lowest energy height and better describes the
thermodynamics of overall adsorption/desorption. Thus, the
adsorption energy defined herein is expected to be stronger
than Andersen’s formalism.

First, we studied CO adsorption and dissociation under the
cover of the pristine h-BN overlayer on the Rh(111) surface. It
is worth noting that CO does not chemically adsorb on top of
a free-standing or Rh-supported pristine - BN monolayer (see
Figure S1). In Figure S2, we show the calculated CO
adsorption energy for two adsorption sites: fcc and top site
for different confinement environments, i.e., different distances
z between the overlayer and the surface (see Figure 1). Using
the scheme of Mason et al,” we obtain the correct site
preference for CO adsorption on Rh(111) when the h-BN
overlayer is far from the surface. The CO adsorption energy on
the top site (—1.86 eV) is 0.1 eV stronger than on the fcc site
(—1.75 eV). The DFT-calculated equilibrium heights of the h-
BN overlayer on the Rh(111) surface with CO adsorption on
the top and fcc sites are 5.85 and S5.5S A, respectively. At the
equilibrium height distance of 5.5 A, the CO adsorption energy
on the fcc site in the confined space is calculated to be —1.85
eV, which is 0.1 eV stronger than that on the uncovered
Rh(111) surface. On the contrary, the h-BN overlayer has a
weaker effect on the CO adsorption on the top site, where ESj.
only changes from —1.85 to —1.90 eV. The preference of the
CO adsorption energy on the top over the fcc site decreases
from 0.1 to 0.05 eV after adding the h-BN overlayer. To
confirm the intrinsic change of CO adsorption in the space
confined by h-BN and Rh described above, we calculated the
CO stretching frequency. We find a red shift from 2000.2 to
1990.60 cm™" for the top site and a red shift from 1752.7 to
1741.3 cm™ for the fcc site after adding the h-BN overlayer,
which is consistent with the enhancement in the CO
adsorption energy. A similar ~17 cm™' red shift in the CO

https://dx.doi.org/10.1021/acs.jpclett.0c02652
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Figure 2. (a) Calculated CO adsorption energy on the FCC site as a function of the z distance between the Rh(111) surface and pristine h-BN
(dashed black line), the BN sheet with a single N vacancy (red), and the BN sheet with a single B vacancy (blue). (b and c) Charge density

difference of CO adsorbed under N-SV and B-SV for z = 4.65 A, defined as Ap = Pensco-rn P

N — Peo.gy- The isosurface is set to 0.007 e/A3

where cyan and yellow represent electron depletion and accumulation, respectively.

stretching frequency has also been observed experimentally in
previous studies by Fu et al. on graphene/Pt(111) and h-BN/
Pt(111).>*** We notice that a weaker CO adsorption energy is
reported in the confined space as compared to the uncovered
metal surface in the studies mentioned above, which is due to a
different choice of reference states as discussed in the
definition of adsorption energy.”® Xiao et al. used confinement
energy E_, to describe the adsorption energy difference on a
cluster when encapsulated in the nanotube and when
supported on the out sphere of the nanotube. A consistent
positive E_ was found. However, the observation may not be
directly compared to our results, because the quantum
confinement effect on few-atom clusters may not be appliable
to extended surfaces.”®

Notably, when the distance between the h-BN overlayer and
the surface is <5.5 A, the top site becomes unstable and the
CO molecule exhibits a spontaneous change in site to the
nearby fcc site. Therefore, we chose the fcc site as the initial
adsorption geometry for our study of the CO dissociation
process. This choice also allows for a study of a wider range of
z of the h-BN above the surface. However, we expect our
findings to be applicable to other binding sites, e.g., the top
site.

We next examined h-BN-assisted CO dissociation between
the pristine h-BN overlayer and Rh(111), where the
dissociated C atom remains on the Rh(111) surface and the
O atom settles on the h-BN overlayer separately. Figure S2
shows the calculated reaction barriers for overlayer-assisted
CO dissociation at the FCC site and its dependence on the
distance between the pristine h-BN overlayer and Rh surface.
We find prohibitively high CO dissociation barriers for all z
values. At the equilibrium height (z = 5.5 A), the calculated
CO dissociation barrier for the overlayer-assisted mechanism is
4.5 eV (see Figure S3), which is significantly higher than the
conventional CO dissociation barrier on the uncovered
Rh(111) surface (~3.2 eV),***” shown as the red dashed
line in Figure S2. Although the CO dissociation barrier
decreases with confinement space (smaller z values), we find
that the dissociation barrier is always higher than the CO
adsorption energy; in other words, the decrease in the
activation energy is not sufficient to make the dissociation
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process feasible before the desorption of CO from the Rh(111)
surface. Hence, we conclude that a pristine h-BN overlayer can
hardly activate dissociation in the confined space. Notably, it is
well accepted that the conventional CO dissociation on
transitional metal surfaces is unlikely to occur before CO
desorption on Rh(111).*

h-BN sheets are normally prepared in experiments through
electron beam irradiation,*”*® chemical vapor deposition,
etc.”* Various defects with different sizes can be produced
due to the radiation damage, the misalignment of the random
nucleation centers, as evidenced by scanning tunneling
microscopy (STM),”*> and high-resolution transmission
electron microscopy.*”** Despite their abundant presence,
the role of these vacancies in the chemistry in the confined
space is not well understood. In this paper, our investigation
starts with a simple vacancy model, i.e,, a single vacancy. There
are two possible single-vacancy geometries: N single vacancy
(N-SV) and B single vacancy (B-SV). In the single-vacancy
model, one N or one B atom is removed from the h-BN Ilattice,
resulting in a local atomic arrangement with three under-
coordinated B or N atoms, respectively. As illustrated in Figure
1, CO dissociation at the FCC site under N-SV and B-SV is
studied for different h-BN heights, where CO is placed directly
below the undercoordinated B or N atom. To make a fair
comparison, for the B-SV model, B and N atoms are switched
with each other and CO remains at the FCC adsorption site
with an undercoordinated N atom on top. Such a change in the
B and N arrangement causes a change in the van der Waals
interaction of only <0.02 eV between the h-BN sheet and
Rh(111) surface at a height of 4.65 A.

Figure 2 shows how the presence of N-SV significantly
enhances CO binding in the confined space, resulting in an
equilibrium height z of 4.65 A between h-BN and the surface
that is downshifted compared to a z of 5.5 A for the system
with pristine #-BN. The C—O bond length of the CO under N-
SV is also elongated from 1.19 to 1.31 A as compared to the
one on the uncovered surface, which could be a sign of the
activation of the C—O bond. Such enhancement in CO
binding is a consequence of the interaction between the O
atom and the undercoordinated B atom. A Bader charge
analysis of the system at the equilibrium z of 4.65 A suggests a

https://dx.doi.org/10.1021/acs.jpclett.0c02652
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Figure 3. (a) Calculated h-BN-assisted CO dissociation barriers as a function of distance z between the Rh(111) surface and a h-BN sheet with a N
(red) or B (blue) single vacancy. For comparison, the dissociation barriers under a pristine 4#-BN sheet are also shown with empty circles. (b)
Minimal energy path of N-SV h-BN-assisted CO dissociation at the equilibrium z of 4.65 A (boxed point in panel a), with a side view of the
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Figure 4. (a) Calculated dissociation energetics of confined CO between Rh(111) and undercoordinated B atom of the N single vacancy (N-SV),
the double vacancy (DV), and the N-terminated zigzag edge (N-ZZE) of the h-BN overlayer at a z of 4.65 A. (b and c) Top views and side views of
the corresponding transition states of CO dissociation between Rh(111) and the N-terminated zigzag edge (N-ZZE) and the double vacancy (DV),
respectively. The transition state of N-SV model is given in Figure 3b.

charge transfer of 0.75e from the undercoordinated B atom
above the CO is distributed to the adsorbed CO molecule
(Apo = 0.6e, and Apc = 0.15e). The presence of the charge
transfer is visualized in Figure 2b, which shows the calculated
differential charge density in real space, defined as
Ap = Pensco-rn — Pen — Peo-ry: OR the contrary, CO
adsorption under B-SV is much weaker than N-SV and
exhibits a trend similar to that of the pristine h-BN. A Bader
charge analysis of this system shows that there is almost no
charge transferred from B-SV in the h-BN to the adsorbed CO,
which is also evidenced by the differential charge density plot
in Figure 2¢c. We hence conclude that the presence of the right
type of vacancy can result in a more preferential CO chemistry
in the confined space as compared to the uncovered Rh
surface.

When it comes to CO dissociation in the presence of a
single vacancy in the h-BN sheet on Rh(111), we find that
both B-SV and N-SV reduce the CO dissociation barrier
significantly (see Figure 3). For a given z value of the
separation between the h-BN and the surface, the N-SV is
always more reactive toward CO dissociation than the B-SV.
The decrease in the CO dissociation barrier for the N-SV
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system originates from the stronger B—O interaction, which
substantially stabilizes the transition state. We find that the CO
dissociation barriers in the N-SV and B-SV systems are
significantly smaller than those of pristine h-BN/Rh(111),
suggesting a more pronounced activity. For the optimal z value
of 4.65 A (highlighted in Figures 2 and 3), where confined CO
has the strongest binding, a barrier of only 1.0 eV is needed for
CO to dissociate for the N-SV system. This barrier is much
smaller than the CO dissociation barrier (~3.2 eV) on the
uncovered Rh(111) surface and compatible to the barrier on
the stepped Rh(211) surface (~2.0 eV).> This relatively small
CO dissociation barrier indicates that some amount of CO is
dissociated below 600 K and the dissociated O atom forms a
B—O bond in the h-BN lattice. Our analysis of the single-
vacancy systems suggests that the undercoordinated B atom in
the vicinity of a N vacancy in the h-BN overlayer is a potential
reactive center for low-temperature CO dissociation. Under-
coordinated N sites are less active than undercoordinated B
sites in terms of both adsorption energy and dissociation
barrier, due to the weaker N—O interaction than B—O
interaction. Therefore, only undercoordinated B sites are
considered in the following discussion. However, a similar size

https://dx.doi.org/10.1021/acs.jpclett.0c02652
J. Phys. Chem. Lett. 2020, 11, 9400—9407
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dependency was also found for undercoordinated N sites
(Figure S7).

The single-layer h-BN sheet has undercoordinated B atoms
in defects of different sizes during its synthesis, from a point
defect (single vacancy) to the edge of clusters. The electronic
structure and catalytic properties of undercoordinated B atoms
can depend on the size of the defect and the local chemical
environment. Here, we go beyond the single-vacancy model in
the discussion presented above and investigate h-BN-assisted
CO activation as a function of the defect size, including the
dissociation of intercalated CO below undercoordinated B
atoms of a double vacancy (DV) and an N-terminated zigzag
edge (N-ZZE), as illustrated in Figure 4. Notably, the N-ZZE
has been found to be one of the most energetically stable edges
of h-BN clusters”*> and is also a good representation of
infinite large defects. Due to the size of the simulation cell
needed for the larger defect models, we model the h-BN at a
fixed distance above the Rh surface (z = 4.65 A) and compare
these results to the N-SV vacancy model.

Figure 4 compares the CI-NEB-calculated minimum energy
paths for CO dissociation under three different defects of --BN
on the Rh surface: N-SV, DV, and N-ZZE. These three defect
models probe different types of undercoordinated B atoms as
potential reactive sites for the dissociation. We find that as the
size of the vacancy increases, the product state energies relative
to the reactant state are dramatically increased by ~3.2 eV
from N-SV to N-ZZE. In other words, the binding between the
residual O atom, originating from the dissociated CO, and the
defect of the h-BN overlayer is weakened as the vacancy
increases in size. Meanwhile, there is a much smaller upshift
(0.58 eV) of the transition state energies. The reaction
coordinates of the transition states indicate that the transition
state closely resembles the reactant state (CO adsorbed
between undercoordinated B atoms and Rh surface) when the
defect size is small and shifts away from the reactant structure
toward the product structure when the size of the defect
increases. Table 1 summarizes the binding energies of CO

Table 1. Calculated CO Binding Energies between Rh and
h-BN (ESY) and on the Vacancy of the h-BN Lattice
(ESQ@4h) "CO Dissociation Barriers (E,), and Residual O
Binding Energies (ES@9) on the Vacancy of the h-BN
Lattice of Different Vacancy Models at the h-BN Height of
4.65 A®

ER E, EGe EQ
N-SV -3.83 1.00 -3.98 -6.75
DV ~2.79 138 -2.57 ~4.99
N-ZZE -2.35 1.58 —0.55 -2.67

“Corresponding geometries of intercalated CO, CO@def, and O@def
can be found in Figures S4—S6.

between Rh and h-BN (ESP), the h-BN-assisted CO
dissociation barrier (E,), the residual O binding energy
(ES@%), and the CO binding energy (ESL @) to the defect
of the h-BN overlayer for the three vacancy models at a fixed
height of h-BN of 4.65 A above the Rh surface. Although the
lowest CO dissociation barrier is found for the N-SV system,
the fact that CO and O bind more strongly to the defect
(ESQ@%f and EQ@4) as compared to the CO binding between
Rh and h-BN suggests that N-SV can be easily poisoned by a
CO molecule or residual O atom. On the contrary, the larger
vacancies exhibit a better trade-off between the CO
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dissociation activation barrier and resistance to poisoning
and could therefore play a critical role in CO activation in the
confined space between h-BN and Rh(111).

Figure 5 shows the 2D C 1s and O 1s photoelectron spectra
of CO intercalated in h-BN/Rh(111) and adsorbed on the
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Figure S. Photoemission spectra of (a) C 1s and O 1s orbitals as a
function of temperature for CO intercalated in h-BN/Rh(111) and
(b) CO adsorbed on uncovered Rh(111).

uncovered Rh(111) surface for temperatures from 320 to 850
K. There are two distinct features of the TPXPS. First, the
most interesting finding is the O feature above 600 K. The
bindin§ energy of 532 eV suggests the formation of a B—O
bond,”® which strongly indicates that small amounts of CO are
dissociated between h-BN and Rh(111) at low temperatures
with dissociated O remaining in the h-BN overlayer. A similar
O 1s feature was also observed by Meng et al., where h-BN/
Pt(111) was exposed to a mild oxidation environment in O, or
NO,.”” Second, the completion temperature of CO desorption
is higher for the h-BN overlayer/Rh system (top, 605 K;
hollow, 575 K) than for the uncovered Rh surface (top, 480 K;
hollow, 400 K). For h-BN overlayer/Rh, we find a smaller
desorption temperature difference between the TOP site and
the FCC site (AT = 30 K for h-BN/Rh, and AT = 80 K for
Rh). Although the change in CO desorption temperature could
be due to the diffusion kinetics under confinement, it is also in
line with our calculated CO adsorption energetics as shown in
Figure S2, where the differences in the CO adsorption energy
on the TOP site and FCC site are reduced by 0.05 eV after
adding the h-BN cover.

Our calculations suggest that a h-BN-assisted CO dissoci-
ation mechanism, where CO molecules bind between an
undercoordinated B atom and the Rh(111), is feasible for
dissociation under experimental conditions. The dissociation
barriers of the three different vacancy models we explored are
all lower or comparable to the CO desorption energy. The B—
O feature in the O 1s photoelectron spectra can be explained
well by the incorporation of the residual O atom into the h-BN
defect sites. Furthermore, the fact that the B—O feature
diminishes after 800 K indicates that the observed CO
dissociation occurs at relatively larger defect sites where the
binding of O to the defect is moderate. It should be noted that
the B—O feature cannot be explained by the conventional CO
dissociation mechanism on a transition metal surface for the
following two reasons. (1) It is well accepted that the
conventional CO dissociation on transition metal surfaces is
unlikely to occur before CO desorption on Rh(111),* which
is also consistent with our DFT calculation shown in Figure S2,
where the conventional CO dissociation barrier is found to be
1.0 eV higher than the CO desorption energy (CO adsorption
energy with the opposite sign). (2) A previous TPD study of
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O/Rh(111) revealed that O desorption from a Rh(111)
surface requires a temperature hi§her than 1000 K at an O
coverage of <0.1 monolayer.”*"® Therefore, even if CO
dissociation takes place at steps of a Rh surface without the
direct assistance of h-BN, it is still unlikely that the dissociated
O atoms desorb from the Rh surface and incorporate h-BN
defect sites below 600 K. In summary, the TPXPS experiments
support not only the calculated CO adsorption and
dissociation energetics but also the finding that dissociation
of intercalated CO in the confined space between h-BN and
the Rh surface is associated with undercoordinated B atoms in
the vacancies of the h-BN overlayer.

To conclude, we have compared the CO chemistry on an
uncovered Rh(111) surface with that confined by a h-BN
overlayer. DFT calculations revealed that CO dissociation is
prohibited under a pristine #-BN overlayer on Rh(111). Using
a simple single-vacancy model, we found that undercoordi-
nated B atoms have substantially stronger CO affinity than
pristine h-BN or undercoordinated N atoms and are
responsible for the h-BN-assisted CO activation. Larger
vacancy models revealed that undercoordinated B atoms at
large size vacancies or edges have better stability and higher
resistance toward CO and O poisoning, with only a slight
change in the dissociation barrier. We further performed
TPXPS measurements showing that desorption of intercalated
CO from the confined space in the h-BN/Rh exhibits an
unusual O 1s peak after CO desorption. This feature can be
explained only by the undercoordinated B atom-assisted CO
dissociation and formation of a B—O bond in the h-BN
overlayer. Therefore, both theory and experiment suggest that
CO can be activated only with undercoordinated B atoms of
the h-BN overlayer. We also expect that a similar effect can also
be achieved by p-type doped graphene in a controlled manner.
Our findings suggest that a pristine 2D overlayer has a very
small effect in activating CO. However, vacancies, edges, or
doping of the 2D overlayer could have a strong impact on the
reactivity and selectivity of the chemical transformations in the
confined system and deserve more attention. From a practical
point of view, this study implies that increasing the
undercoordinated B sites in the 2D overlayer through proper
defect engineering could efficiently improve the activation of
CO in the confined space, which sheds light on a new strategy
of designing 2D material-covered catalytic systems for relevant
catalytic processes, such as the syngas conversion reactions.

DFT was used to calculate all energeitcs, using the Vienna
ab initio simulation package.®"°” Core electrons were described
using the projector-augmented wave method.”*** Kohn—Sham
single-electron wave functions were expanded in a plane wave
basis with a kinetic energy cutoff of 400 eV to describe the
valence electrons. A nonlocal van der Waals density functional
(vdW-DF), optB88-vdW, was chosen for better treatment of
long-range dispersion.””*® Geometries were considered opti-
mized when the force on each atom was <0.01 eV/A. All of the
transition states were calculated with the climbing-image
nudged elastic band method (CI-NEB).*”*® Bader’s atoms-in-
molecules approach was used to quantify changes in atomic
charges of CO molecules under different confinement
environments.*””

TPXPS experiments were performed at beamline 11.0.2 of
the Advanced Light Source (Berkeley, CA). The Rh(111)
single-crystal surface was cleaned by several cycles of Ar"
sputtering and annealing up to 1200 K. The surface was
considered clean when no contaminants were detected by XPS.
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The h-BN monolayer was prepared by thermal cracking of
borazine using the procedure described previously.”' The
quality of the h-BN layer was checked through the XPS N 1s
spectra.'* CO adsorption on the Rh(111) surface and CO
intercalation in the h-BN/Rh system at room temperature were
achieved according to the procedure described in ref 32.
TPXPS of CO adsorbed on Rh(111) and CO intercalated in
the h-BN/Rh system was performed by heating the system
from the back of the single crystal at a temperature increment
rate of 10 K/min while accumulating successive C and O 1s
spectra using a fixed excitation photon energy of 730 eV.
Precautions were taken to avoid beam damage by taking
spectra in only the essential energy range and by moving to a
new beam exposure spot before the onset of beam damage. All
spectra were normalized to the pre-core level background.
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