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Abstract

Boosting the efficiency of heterogeneous single-atom catalysts (SACs) by adjusting
the microenvironment of the active atom has recently attracted enormous attention.
However, it remains largely unknown whether the atomic spin could be utilized to en-
hance the catalytic activity. We explore such a possibility by investigating the thermo-
chemical effect of Kondo screening of a local atomic spin by free electrons in the metal
support. Inspired by the exothermicity of Kondo spin-screening, a novel approach to
heterogeneous catalysis — reaction on a rink (ROAR) — is proposed. Interestingly, in
contrast to the conventional notion of thermal catalytic reaction, lowering the tem-
perature of metal support is predicted to result in a reduced reaction barrier. As a
proof of concept, CO oxidation catalyzed by the Co@QCoPc¢/Au(111) composite is scru-
tinized and the efficacy of ROAR is demonstrated. This work accentuates the potential

usefulness of the spin degrees of freedom to heterogeneous single-atom catalysis.
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1 Introduction

For thermal catalytic reactions, one of the most important goals is to reduce the energy
barrier of the rate-determining step, so that the reaction gets substantially accelerated and
may occur under mild conditions. Recently, interests in heterogeneous single-atom catalysis
have grown rapidly.' This is not only because the atomically dispersed metal centers max-
imize the atom utilization efficiency,* % but also due to the remarkable catalytic activity and
selectivity which have been demonstrated in experiments.”*

It has been discovered that the spin states of metal atoms may have critical influence on
the performance of single-atom catalysts (SACs).%1%12 For instance, Liu et al. have reported
that the intermediate-spin FeNj species exhibits the highest activity and reusability among
all the atomically dispersed Fe-N-C catalysts for the selective oxidation of C-H bond.!® Sun
et al. have found that one of the low-spin FeN,-3N isomers gives rise to a higher catalytic
activity for oxygen reduction reaction than the pristine high-spin FeN,.'* Moreover, Gong
et al. have shown that, for the photocatalytic reduction of CO5 to HCOOH, the covalent
organic framework COF-367-Co'™ with the embedded cobalt ions in the S = 1/2 state
exhibits much higher activity and selectivity than the COF-367-Co!! with S = 0 cobalt
ions.® It is thus appealing to design practical schemes to enhance the catalytic performance
by exploiting the spin degrees of freedom of SACs.

In recent years, Gracia et al.'®'® have explored the quantum spin exchange interaction
(QSEI) between the electrons in the catalytic species and those in the reactant molecule and
analyzed its nontrivial impact on the catalytic reactions. Physical and chemical means have
been employed to modulate the QSEI, 16:1920 Jeading to enhanced electrocatalytic activity of
certain magnetic materials, such as CoFe;04'? and magnetized Cos_,Fe,0,/Co(Fe)O,H,.%*
Apart from this, various strategies have been proposed to optimize the atomic microenviron-
ment of SACs,?! e.g. by utilizing the synergistic effects of neighboring atoms,?? 2 designing
coordination ligands,?® tuning metal-support interaction,®?® forming hydrogen bonding with

surrounding atoms,?” etc. Despite the enormous efforts made, attempts to tune the spin-spin



interaction between an SAC and its microenvironment have remained rather scarce. Some
interesting questions can be raised, among which a fundamental one is: can the surrounding
environment influence the local spin state of an SAC, and if so, can such influence be utilized
to enhance the catalytic activity?

It is well-known that when a magnetic transition metal (TM) atom is adsorbed onto a
metal support, the local spin moment on the TM adatom due to the spin-unpaired d-electrons
can be screened by the itinerant electrons in the metal, provided that the temperature of
metal support is low enough to suppress the thermal fluctuations of the free electrons. Such
a phenomenon is referred to as the Kondo effect,?® which results in the formation of strongly
correlated electronic states at the TM adatom/metal interface, as has been affirmed by the
conspicuous zero-bias resonant peaks in the scanning tunneling spectroscopy.?® Extensive
works have been carried out to fine-tune the strength of Kondo screening by adjusting the

30734 However, the thermochemical change associated

microenvironment of the TM adatom.
with the antiferromagnetic Kondo spin-screening phenomenon and its implication to the
chemical reactions catalyzed by the TM adatom are largely unexplored.

The main goal of this work is to investigate the possibility of utilizing the local spin
moment on the SAC and the Kondo correlation effect to enhance further the reactivity. To

this end, we propose a novel approach to heterogeneous single-atom catalysis by harnessing

the evolution of Kondo spin-screening interaction during the reaction process.

2 Theory

Figure 1 depicts the free energy profile of a prototypical heterogeneous reaction with an
SAC loaded on a metal support. If the metal support has the same temperature as the
reactant species, which is high enough to activate the thermal catalytic reaction, the spin
orientations of the metal’s free electrons are randomized by the strong thermal fluctuations.

As a result, the averaged spin-screening effect is expected to be negligibly small. In contrast,



if the temperature of metal support is low enough so that the thermal fluctuations of free
electrons are largely suppressed, and meanwhile the magnetic orbital of the SAC couples
strongly to the metallic states, the Kondo spin-screening will occur spontaneously.

-

“~ 7‘(;
reaction system R S

O T =T

22 —
&g A % ¥
o N L AAG - > 10\./ver.ed
5 : | activation
2 | metal support - &D) barrier
ot 2 rE AR '
o s

< 17 Kondo spin-screening

A T, & T,

IS TS FS

Reaction Coordinate

Figure 1: Schematic illustration of the proposed ROAR approach to heterogeneous single-
atom catalysis. The horizontal line segments indicate the relative free energies of the com-
posite reaction system (gaseous reactant species and metal support) in the initial state (IS),
transition state (TS), and final state (F'S). The solid arrows represent the electronic spins
on the SAC and in the metal support. With the temperature of metal support (7;) being
much lower than that of the reactant species (7}), Kondo states form at the SAC/metal
interface in the T'S due to the spin-screening effect; see the main text for details. This leads
to a reduction in the activation barrier (AA,G7), and hence could potentially accelerates
the catalytic reaction.

From the above analysis, lowering the temperature of metal support (T}) will result in
a reduction of the activation barrier associated with the heterogeneous catalytic reaction,
if the spin-screening effect presents only in the transition state (T'S) but not in the initial
state (IS). An ideal scenario is that the local spin moment on the SAC is appreciable in the
TS but absent in the IS; see Figure 1. Such a scenario may be realized by a rational design
of the SAC and its microenvironment. Experimentally, it has been shown that the Kondo
spin-screening can be switched on and off by chemical doping.3! 33

A reduced barrier height usually means enhanced kinetics. Thus, the heterogeneous

reaction could be effectively accelerated by tuning 75 to be much lower than the temperature



of reactant species (T}), the accelerated heterogeneous reaction is reminiscent of skating on
an ice rink. Therefore, we term the new approach to heterogeneous catalysis as “reaction on
a rink” (ROAR).

Compared to the conventional situation of Ty = T}, the activation free energy in a ROAR
with T, < T, is reduced by a certain amount, denoted by AA,G* in Figurel. With the
spins of free electrons aligning in an opposite direction to the local spin on the SAC, the spin
configuration of the composite reaction system becomes more ordered, indicating a decrease
in the entropy. Nevertheless, the screening of the local spin is an exothermic process because
of the nonlocal electron correlation effect, and thus the formation of Kondo spin-screening
is overall exergonic, i.e., AA,GT < 0.

By implementing the ROAR approach, the heterogeneous reaction system is far away
from thermal equilibrium because of the appreciable temperature gradient across the gas-
solid interface. Since the temperature of the gaseous reactant species (7;) is kept unchanged,
the thermodynamic state and kinetic behavior of the gaseous species remain largely intact.
At a greatly lowered substrate temperature (7;), while the emerging Kondo spin-screening
does not affect directly the atomic structure or charge state of the reactant species, it will

give rise to a speedup factor v, for the reaction rate as follows,

AArG*) , (1)

Vi = exp (_—RTr

where R is the gas constant. Here, we have assumed that the rate-determining step (RDS)
is kinetically driven by the thermal energy of gaseous reactant species.

Based on Eq. (1), it is obvious that the speedup is more prominent with a more negative
AA.G*. The speedup gained via the ROAR is somewhat analogous to that achieved by
harnessing the QSEIL *"!® since in both mechanisms the acceleration of the RDS originates
from the reduced activation barrier due to generalized spin-exchange interactions.'®'7 Nev-

ertheless, a notable difference is that the QSEI involved in most of the previous works is



ferromagnetic, while the Kondo spin-screening is antiferromagnetic in the ROAR.

By lowering the temperature of metal support from 7} to 7§, the change in the vibrational
entropy of adsorbed reactant species will also contribute to AA,G*. In favorable situations,
the variation of vibrational entropy could further enhance the speedup by ROAR.

To verify the practical feasibility of ROAR, in the following we propose theoretically a
heterogeneous reaction which may be accelerated by the Kondo spin-screening effect. The
reaction mechanism is scrutinized by carrying out first-principles-based calculations; see

Section 3 for details.

A potential candidate of ROAR — CO oxidation catalyzed by Co@QCoPc/Au(111).
CO oxidation has been studied extensively in the field of heterogeneous catalysis.?* " In
particular, the use of single-atom and single-cluster catalysts has allowed CO oxidation to
occur under low temperatures.®*° For instance, the reaction temperature of T, = 200 K or
even lower has been realized with dual-metal (Fe-Co) single sites dispersed on an N-doped
carbon support,’ FeO, atomic layers deposited on a Pt/SiO, sample,3® and Aug clusters
bound to oxygen-vacancy F-center defects on an Mg(001) surface.3’

Recently, we have successfully used cobalt phthalocyanine (CoPc) molecules as molds
to regularize the local spin states of Co atoms dispersed on an Au(111) surface.®® It was
found that a Co atom captured by a CoPc molecular mold locates either beneath or above
an isoindole unit of the Pc ring, depending on how the composite system is prepared. In
particular, when Co atoms are dispersed onto a self-assembled CoPc superlattice on an
Au(111) surface, most of the Co atoms are located above the CoPc superlattice layer by
chemisorption, and these exposed Co adatoms are potentially active SAC for CO oxidation.
Moreover, the CoPc superlattice may serve as a heat insulator, which helps to keep Ty much
lower than T, during the reaction process and hence facilitates the realization of ROAR. In
the following, we demonstrate that the catalytic activity of Co@CoPc/Au(111) toward CO

oxidation could be further enhanced by utilizing the ROAR approach.



3 Computational Methods

A combined density functional theory (DFT)%+4% and hierarchical equations of motion (HEOM)*3:44
approach is employed to carry out the first-principles-based calculations. The DFT+HEOM
approach has been successfully applied to describe the Kondo spin-screening effect in mag-

netic atom adsorbed on the metal support. 394546

Density functional calculation.

The Perdew-Burke-Ernzerholf (PBE) generalized gradient approximation implemented
in the Vienna ab initio simulation package®” is employed, with the DFT-D3 method of
Grimme?®® used to improve the description of van der Waals interactions. We choose not
to invoke the Hubbard-U correction,*® because previous studies have indicated that the
calculation results for the CoQCoPc/Au(111) composite agree better with the experimental
measurement (d /dV spectra) in the absence of the Hubbard-U correction.?%*® The projected
augmented wave method is adopted with the energy cutoff of 400 eV. A vacuum space of 16 A
is adopted in the z-direction to avoid the artificial interaction between mirror images of the
composite system. For geometry optimizations, a slab model including three layers of Au
atoms is used to represent the Au(111) support, with each layer containing 56 Au atoms.
The bottom two Au layers are fixed to preserve the structure of the bulk gold substrate,
while all the other atoms are fully relaxed until the residual force on every atom is less than
0.026V/A.3946 The convergence criterion for energy is set to 1 x 1075 eV. Because of the
large size of supercell, the I'-point approximation is adopted.

The adsorption energy F,qs of molecules is defined as
Fags = Emol/s — Ema — E, (2>

where Epol/s, Emol and E are the energies of the composite adsorption system, an isolated
gas molecule, and a clean Au(111) support, respectively.

The reaction pathway connecting the initial state (IS), transition state (T'S) and final



state (F'S) is searched by using the climbing image nudged elastic band method,®! and the TS
is settled with the force reduced below 0.05 eV / A. When the ROAR is implemented, the entire
heterogeneous reaction system, including the gaseous molecules, the solid substrate, and the
chemical species adsorbed on the substrate surface, is in a nonequilibrium state. To assess the
speedup factor 7, , we consider the scenario that the reaction process reaches a steady state
with a constant thermal gradient being preserved across the gas and solid phases.®? The metal
support is usually a good heat conductor, and we further assume the gas molecules above the
surface are subject to frequent intermolecular collisions. The bulk solid and gas phases are
thus supposed to hold the constant temperatures 7y and 7T, respectively. Consequently, the
temperature gradient exists mostly at the solid/gas interface. To simplify the calculation,
for the CO oxidation catalyzed by Co@QCoPc/Au(111), the composite CoQCoPc/Au(111)
is supposed to have a low temperature T, while the adsorbed reactant and transition-state
species are considered to have the high temperature 7T,. The contribution of vibrational
entropy to the change of free energy barrier AA.G™ is evaluated by taking into account such
a temperature gradient; see Note S1 for details.

Anderson impurity model. A single-orbital AIM5? is adopted to represent the mag-
netic d orbital on the Co atom (the impurity) and the s orbitals in the gold support (the

reservoir). The total Hamiltonian is comprised of three parts:

Hani = Himp + Hg + Hyyp, (3)

where Hiy,, and Hg are the Hamiltonian of the magnetic impurity and the gold support,
respectively; and Hyyt, describes the s-d hybridization.
For CO oxidation catalyzed by the Co@CoPc/Au(111) composite, both the IS and TS

involve a primary magnetic orbital. The magnetic impurity is described by

Himp = Ed(fm + fli) + UﬁTTAli. (4)



Here, i, = di.d,, where di (d,) creates (annihilates) a spin-o electron (¢ =1 or |) on the
magnetic d orbital of energy €4; and U is the on-site electron-electron Coulomb repulsion
energy. The substrate is modeled by a reservoir of noninteracting electrons, i.e., Hy =
S €xlh éro, Where ¢ (éro) is the creation (annihilation) operator for a spin-o electron
on the kth metallic state. The impurity-reservoir hybridization has the form of Hyy, =
Y oor th éLUcZ(, + H.c., with ¢, being the coupling strength between the magnetic orbital and
the kth reservoir state.

The influence of electron reservoir on the magnetic impurity is fully characterized by the

hybridization function, which assumes a Lorentzian form of Ag(w) = 7>, [tx]?0(w — €) =

TsW2

ooz e Here, I'sis the s-d hybridization strength, and € (W) is the band center (width)

of the electron reservoir. The energetic parameters of the AIM are extracted from the results
of DFT calculations?*465* (in units of eV): ¢4 = —0.6, U = 1.48, Ty = 0.14, Qg = 0, and
Ws = 5.5. In particular, I'y is extracted from the Green’s function of the magnetic d orbital
of the Co atom. Details are given in the Note S2.

Hierarchical equations of motion method. The HEOM method for fermionic envi-
ronments**°® implemented in the HEOM-QUICK program®* is employed to quantitatively
characterize the Kondo spin-screening effect in the single-orbital AIM. To ensure a high
accuracy for the AIM with a low Tj, a recently developed Fano spectrum decomposition

scheme %57

is adopted to accurately unravel the reservoir correlation functions. The HEOM
calculations are carried out with the truncation tier set to L = 4.
The hybridization free energy in the TS is computed by using the thermodynamic integral

formula:°®

Lda
Gt = | 5 (Hunhy. )

where (---) denotes the expectation value taken at the stationary state of the impurity-

reservoir composite with Hyy, scaled by A. Details are given in the Note S3 and Tables

S1-5S4.
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4 Results and Discussion

Figure 2: Reaction pathways for CO oxidation catalyzed by Co@QCoPc/Au(111). (a) Top
and side views of a potential SAC — Co@CoPc adsorbed on an Au(111) surface. The green
isosurface represents the spin density of 0.08 A=3. (b) Hlustration of the complete catalytic
cycles following the LH and ER mechanisms, with the corresponding potential energy profiles
for the first and second CO oxidation steps depicted at the center of the panel.

Adsorption of O, and CO on Co@CoPc/Au(111). Figure 2(a) depicts the optimized
geometric structure and spin density distribution of the Co@CoPc/Au(111) composite sys-
tem. The spin-unpaired electrons reside predominantly on the d, orbitals of the Co atom,
and the dumbbell-shaped spin density distribution is a result of strong d,—m bonding between
the Co atom and the nearby isoindole unit.

We then examine the adsorption of gaseous reactants onto an exposed Co atom and
the associated thermochemical changes, as displayed in Figure 2(b). Calculation predicts an
adsorption energy of —2.63 €V for a single O, which is lower by 0.25eV than that for a single
CO. This suggests that the Co@QCoPc-catalyzed CO oxidation could proceed by following

the Eley-Rideal (ER) mechanism. Besides, the energetically more favorable Oy adsorption

11



effectively prevents the CO poisoning of the SAC.5?

The co-adsorption of a CO onto the exposed Co atom with a pre-adsorbed O, further
stabilizes the whole composite system by 0.53 eV, and the subsequent CO oxidation occurs
via the Langmuir-Hinshelwood (LH) pathway. While the co-adsorption of CO is barrierless
in the most ideal scenario, in an actual co-adsorption process the attachment of a CO is
likely to experience a finite energy barrier (see FigureS1), depending on the position and
orientation of the CO as it approaches the Co atom.

Being a paramagnetic molecule, the adsorbed O, partially quenches the local spin moment
on the exposed Co atom. Moreover, the formation of the O—O bond has a profound influence
on the local electronic structure of the Co atom, which in turn varies significantly the strength

of Kondo spin-screening.

Reaction pathways for CO oxidation and evolution of Kondo spin-screening. The
CO oxidation catalyzed by Co@QCoPc/Au(111) could take both the ER and LH pathways.
In either pathway, each adsorbed Og oxidizes two CO molecules. The first oxidation is the
RDS, through which a C-O bond is formed between one of the O atoms in the adsorbed
Oy and a CO; see Figures 2(b). Since both the adsorption of Oy and the desorption of the
produced CO, are barrierless, the CO oxidation is reaction-controlled. The RDS in both
pathways have almost the same activation barrier heights. In the following, we will focus
on the ER pathway, which is supposed to be more favorable because of the possible steric
hindrance during the co-adsorption of CO.

Figure 3(a) depicts the energy profile of RDS in the ER pathway. Unlike the ideal scenario
of Figure 1 where the IS is spin-unpolarized, here the Co atom in both IS and TS is in the
S = 1/2 local spin state; see the analysis of projected density of states (PDOS) of the Co d
orbitals in Table S5. Nevertheless, as will be elucidated below, the TS indeed has a much
stronger spin-screening effect than the IS, which is critical to the realization of ROAR.

Kondo correlation depends crucially on the strength of hybridization (I's) between the

12
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Figure 3: Evolution of Kondo spin-screening along the ER pathway of CO oxidation. (a)
Potential energy profile of the first CO oxidation step. The green isosurfaces represent the
spin density of 0.14 A3 in the IS, TS and FS. (b) PDOS of the magnetic d orbital on the Co
atom (d,, in the IS and d,, in the TS) and the s orbitals of gold substrate, where positive
(negative) values correspond to the majority-spin (minority-spin) electrons. The inset shows
the variation of s-d hybridization strength I'y along the reaction pathway. In particular,
[y =0.02eV and 0.14€eV in the IS and TS, respectively.

magnetic d orbital and the substrate metallic states. Regarding the PDOS shown in Fig-
ure 3(b), the main peaks of the magnetic d orbital on the Co atom barely overlap those of
the gold s orbitals in the IS. In contrast, the overlap is rather conspicuous in the TS. This
indicates a much stronger s-d hybridization in the TS than in the IS (see also FigureS2),
which is further affirmed by the evolution of I'y displayed in the inset of Figure 3(b).

As a result of electron transfer from the gold substrate to the CoPc molecule, the central
Co ion of the CoPc/Au(111) composite is spin-unpolarized; see Table S5. Consequently,

60-62

the Co ion may also adsorb CO molecules, and could thus affect the catalytic reaction

of our interest. To this end, we examine explicitly the ER pathway with a CO molecule
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adsorbed on the central Co ion of the CoPc/Au(111) composite. It is found that the surplus
CO has a rather minor influence on the energy barrier (reduced by 0.01eV) and the s-d
hybridization strength (see Figure S3). This is because of the weak physisorption of CO
at the central Co ion, which is similar to the previously reported CO adsorption onto the
CoTPP/Ag(111) composite. % Moreover, the surplus CO is about 6 A away from the catalytic

site (see Figure S4), and hence presents almost no steric hindrance to the reaction process.

Lowering of free energy barrier and acceleration of reaction rate with ROAR. We
now explore the thermochemical change due to the prominent spin-screening effect in the T'S
and its consequence on the reaction kinetics. The activation barrier of RDS is 0.67 eV under
a normal reaction condition, which allows for a low reaction temperature of 7, = 232 K.
Since the Co atom has a local spin of S = 1/2 in the TS, a single-orbital Anderson impurity
model (AIM)5? is employed to represent the SAC /metal composite, with which the magnetic
d-orbital of Co and the metallic s-bands in the gold support are designated as the impurity
and the reservoir, respectively.

The variation in activation barrier of RDS by implementing the ROAR approach can
be evaluated by tracking the free energy change associated with the establishment of the
s-d hybridization. Under the normal condition in which the metal support has a same

temperature as that of the reactant species (7;), the reaction energy barrier is expressed as

AG GTS( ) GIS( )
= [Gimp(T1) + G (1) + G3(T)]
— [Gip (1) + G (T1) + GE(T)]

= [Gimp(Tr) = Ginp (T)] + [Ghgn(T2) — G (Th)] - (6)

Here, Gimp and Gy represent the Gibbs free energies of the isolated magnetic impurity and

isolated reservoir, respectively; and Gy, denotes the free energy change before and after

14



- @_maaﬂﬂ"——x - I=0.14 eV
....... r,=0.20eV
I - =0.26eV

110 100
T, (K)

Figure 4: Lowering of activation barrier and acceleration of reaction due to Kondo spin-
screening effect in the TS. (a) AA,G* and (b) speedup factor v, versus T, with 7} set to
232 K. The scattered symbols in (a) represent the calculated data and the lines are fits to
Eq. (9). The lines in (b) are the direct results of Eq. (1).

the s-d hybridization. While Gi,,, varies as the reaction proceeds, G can be regarded as a
constant.

By implementing the ROAR, T; is varied to be much lower than 7T,, and the free energy
barrier becomes

DposnG™ = [Gimp(Th) + G (T) + GE(TY)

— [Giap(T) + G (T2) + GE(T)]
[GTS( ) GIS( )]

imp imp

[Ghyb ( ) Ghyb ( ):| (7)
Therefore, the reduction of free energy barrier by practising the ROAR is

ANGT = A GF = AGT = G5 (Ty) — Gy (Th). (8)

ROAR

15



Upon the last approximate equality of Eq. (8), we have used the fact that the s-d hybridiza-
tion is rather weak in the IS, and thus G5, (Ti) ~ G5y (T5).

It is interesting to find that the variation of Ghyb with T} fits accurately to an analytic

1+ (§K>2 (2% - 1)

Here, g, and g, are two fitting parameters (see Table S6), s = 0.15 is a constant, and Tk is

formula of%*
S

Ghyb( 5) = Ya + Gb- (9)

an energy scale which characterizes the strength of Kondo correlation in the TS; see Note
S4.%5

As shown in Figure4(a), AA,G* becomes more negative with the lowering of Ty, which
results in an increasing speedup factor 7,.. Specifically, AA,GT reaches —0.011 eV with T}
reduced from 232K to 1K, and the emerging Kondo spin-screening leads to a speedup of
the reaction rate by about 1.7 times. Although such an acceleration may seem minute, it
is possible to enhance the efficacy of ROAR through rational design of the SAC and the
metal support. For instance, if I'y in the TS could be enlarged to 0.20eV (0.26€V), a more
appreciable speedup of about 2.6 (3.3) times would be achieved; see Figure4(b). In the
literature, a T'y of 0.3€V has been reported for the Co/Cu(100) composite. %

Admittedly, the kinetics of the overall heterogeneous catalytic reaction involves various
microscopic process and is thus susceptible to many factors. Consequently, the speedup
factor «y, alone does not guarantee a conspicuous enhancement of the apparent reaction
rate. Nevertheless, combined with some other favorable factors, the Kondo spin-screening
effect may eventually lead to an appreciable acceleration of reaction rate via ROAR.

For the CO oxidation catalyzed by Co@CoPc/Au(111), lowering 7y will not restrain
the absorption/desorption rate of gaseous species to/from the surface, because both the
adsorption of Oy and the desorption of CO, are barrierless. Meanwhile, as long as 7; is kept
constant, the thermodynamic state of gaseous reactants and their collision frequencies to the
substrate surface will remain largely unchanged.®”% Besides the Kondo spin-screening effect,

the change in vibrational entropy of the adsorbate will also alter the activation free energy.

16



Specifically, it is found that the free energy barrier of the RDS is further reduced by 0.057 eV
by including the influence of the vibration modes of the Co@CoPc/Au(111) composite from
230K to 1 K; see Table S7. Such a reduction in energy barrier is even more pronounced than
that resulted from the Kondo spin-screening effect.

It is well-known that the synergistic effect of microenvironment could further boost the
catalytic efficiency of SACs.?? 24 We have previously demonstrated that each adsorbed CoPc
molecule could uptake a maximum of four Co atoms,’ and the magnetic interactions be-
tween two Co adatoms, including the Ruderman-Kittel-Kasuya—Yosida (RKKY) interaction
mediated by the Au s-bands and the spin-superexchange interaction mediated by the delo-
calized molecular orbital on the CoPc, lead to an effective modulation of the local spin state
of Co adatom and the strength of Kondo spin-screening. During the CO oxidation, while
the superexchange channel is suppressed because the adsorbed O significantly impairs the
delocalized molecular orbital, the RKKY interaction is preserved and is expected to give
rise to an enhanced v, . Interestingly, it is found that the RKKY interaction could lower
the activation energy barrier of the RDS by as much as 0.039 eV; see Note S5, Table S8 and
Figure S5. However, the theoretical determination of the enhancement of v, by the RKKY
interaction is computationally too demanding with our present computer resources and is
thus left for future investigation. Nontheless, the ROAR approach can be made even more

favorable by exploiting the synergistic effect of the microenvironment.

5 Conclusions

To summarize, we have proposed a novel approach to heterogeneous catalysis — the ROAR,
which aims at enhancing catalytic activity by exploiting the quantum correlation between the
local spin on the SAC and the electronic spins in the metal support. As a proof of concept,
CO oxidation catalyzed by the Co@CoPc/Au(111) composite system is investigated. It is

predicted that the ROAR will lead an appreciable acceleration of reaction rate. This work

17



thus opens a new horizon for the field of heterogeneous single-atom catalysis by accentuating
the potential usefulness of the spin degrees of freedom. In practice, since the ROAR favors
an ultralow temperature of environment, it may be particularly valuable in outer space

scenarios.
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