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ABSTRACT

Boosting the efficiency of heterogeneous single-atom catalysts (SACs) by adjusting the microenvi-
ronment of the active atom has recently attracted enormous attention. However, it remains largely
unknown whether the atomic spin could be utilized to enhance the catalytic activity. We explore
such a possibility by investigating the thermochemical 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. Interest-
ingly, in contrast to the conventional notion of thermal catalytic reaction, lowering the temperature
of metal support is predicted to result in a reduced reaction barrier. As a proof of concept, CO
oxidation catalyzed by the Co@CoPc/Au(111) composite is scrutinized 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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INTRODUCTION

For thermal catalytic reactions, one of the most im-
portant 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. Re-
cently, interests in heterogeneous single-atom catalysis
have grown rapidly.1–3 This is not only because the atom-
ically dispersed metal centers maximize the atom utiliza-
tion efficiency,4–6 but also due to the remarkable catalytic
activity and selectivity which have been demonstrated in
experiments.7–9

It has been discovered that the spin states of metal
atoms may have critical influence on the performance
of single-atom catalysts (SACs).6,10–12 For instance, Liu
et al. have reported that the intermediate-spin FeN5

species exhibits the highest activity and reusability
among all the atomically dispersed Fe-N-C catalysts for
the selective oxidation of C–H bond.13 Moreover, Gong
et al. have shown that, for the photocatalytic reduc-
tion of CO2 to HCOOH, the covalent organic framework
COF-367-CoIII with the embedded cobalt ions in the

S = 1/2 state exhibits much higher activity and selec-
tivity than the COF-367-CoII with S = 0 cobalt ions.8 It
is thus appealing to design practical schemes to enhance
the catalytic performance by exploiting the spin degrees
of freedom of SACs.

Various strategies have been proposed to optimize
the atomic microenvironment of SACs,14 e.g. by uti-
lizing the synergistic effects of neighboring atoms,15,16

designing coordination ligands,17 tuning metal-support
interaction,5,18 forming hydrogen bonding with sur-
rounding atoms,19 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 envi-
ronment 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
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the metal, provided that the temperature of metal sup-
port is low enough to suppress the thermal fluctuations
of the free electrons. Such a spin-screening phenomenon
is referred to as the Kondo effect,20 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 tun-
neling spectroscopy.21 Extensive works have been carried
out to fine-tune the strength of Kondo screening by ad-
justing the microenvironment of the TM adatom.22–25

However, the thermochemical change associated with the
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 pos-
sibility 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.

RESULTS AND DISCUSSION

A new approach to heterogeneous catalysis: Re-
action on a rink. Figure 1 depicts the free energy pro-
file 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 ran-
domized by the strong thermal fluctuations. As a result,
the averaged spin-screening effect is expected to be neg-
ligibly 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 spon-
taneously.

From the above analysis, lowering the temperature of
metal support (Ts) will result in a reduction of the activa-
tion barrier associated with the heterogeneous catalytic
reaction, if the spin-screening effect presents only in the
transition state (TS) 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.23–25

A reduced barrier height usually means enhanced ki-
netics. Thus, with Ts being much lower than the tem-
perature of reactant species (Tr), the accelerated hetero-
geneous 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 Ts = Tr, the activation free
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FIG. 1. Schematic illustration of the proposed ROAR ap-
proach to heterogeneous single-atom catalysis. The horizontal
line segments indicate the relative free energies of the com-
posite reaction system (reactant species and metal support)
in the initial state (IS), transition state (TS), and final state
(FS). The solid arrows represent the electronic spins on the
SAC and in the metal support. With the temperature of
metal support (Ts) being much lower than that of the reactant
species (Tr), Kondo states form at the SAC/metal interface
in the TS due to the spin-screening effect; see the main text
for details. This leads to a reduction in the activation barrier
(∆∆rG ), and hence accelerates the catalytic reaction.

energy in a ROAR with Ts � Tr is reduced by a cer-
tain amount, as indicated by ∆∆rG in Figure 1. This
is because the screening of the local spin is an exother-
mic process, which originates from the nonlocal electron
correlation effect.

Since the spin-screening does not affect directly the
atomic structure or charge state of the reactant species,
the rate coefficient will remain largely unchanged upon
the variation of Ts. Therefore, by the Arrhenius formula
the ROAR will give rise to a speedup factor γ for the
reaction rate r as follows,

γ ≡ rROAR

r
' exp

(
−∆∆rG

RTr

)
, (1)

where R is the gas constant. Obviously, the accelera-
tion of reaction is more prominent with a more negative
∆∆rG or a lower Tr. Meanwhile, with the spins of free
electrons aligning in the opposite direction to the local
spin on the SAC, the spin configuration of the compos-
ite reaction system becomes more ordered, indicating a
decrease in the total entropy.

To verify the practical feasibility of ROAR, in the fol-
lowing we propose theoretically a heterogeneous reaction
which may be accelerated by the Kondo spin-screening ef-
fect. The reaction mechanism is scrutinized by carrying
out first-principles-based calculations with a combined
density functional theory26,27 and hierarchical equations
of motion approach;28,29 see Methods for details.

A potential candidate of ROAR – CO oxidation
catalyzed by Co@CoPc/Au(111). CO oxidation has
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FIG. 2. Geometric structure of a potential SAC for CO oxida-
tion via ROAR. (a) Top and side views of the SAC – Co@CoPc
adsorbed on an Au(111) surface. The green isosurface repre-
sents the spin density of 0.08 Å−3. (b) Structure of the SAC
with a single O2 adsorbed onto the exposed Co atom, and
that with the co-adsorption of an O2 and a CO.

been studied extensively in the field of heterogeneous
catalysis.30–32 In particular, the use of single-atom and
single-cluster catalysts has allowed CO oxidation to oc-
cur under low temperatures.33–35 For instance, the re-
action temperature of Tr = 200 K or even lower has
been realized with dual-metal (Fe-Co) single sites dis-
persed on an N-doped carbon support,35 FeOx atomic
layers deposited on a Pt/SiO2 sample,33 and Au8 clusters
bound to oxygen-vacancy F-center defects on an Mg(001)
surface.34

Recently, we have successfully used cobalt phthalo-
cyanine (CoPc) molecules as molds to regularize the lo-
cal spin states of Co atoms dispersed on an Au(111)
surface.22 It was found that a Co atom captured by a
CoPc molecular mold locates either above or beneath an
isoindole unit of the Pc ring. In the former case, the
Co atom is exposed to the open air, and may thus act
as an SAC for CO oxidation. Moreover, CoPc molecules
could self-assemble into a superlattice layer on the gold
support.36 Such a molecular layer may serve as a heat
insulator, which helps to keep Ts much lower than Tr

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 fur-
ther enhanced by utilizing the ROAR approach.

Adsorption of O2 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 system. The spin-unpaired electrons reside
predominantly on the dπ orbitals of the Co atom, and
the dumbbell-shaped spin density distribution is a result
of strong dπ–π bonding between the Co atom and the
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FIG. 3. Evolution of Kondo spin-screening along the ER path-
way of CO oxidation. (a) Potential energy profile of the first
CO oxidation step. The green isosurfaces represent the spin
density of 0.14 Å−3 in the IS, TS and FS. (b) PDOS of the
magnetic d orbital on the Co atom (dxz in the IS and dyz in the
TS) and the s orbitals of gold substrate, where positive (neg-
ative) values correspond to the majority-spin (minority-spin)
electrons. The inset shows the variation of s-d hybridiza-
tion strength Γs along the reaction pathway. In particular,
Γs = 0.02 eV and 0.14 eV in the IS and TS, respectively.

nearby isoindole unit.
We then examine the adsorption of gaseous reactants

onto an exposed Co atom and the associated thermo-
chemical changes. The local geometries of adsorbate and
adsorbent are displayed in Figure 2(b). Calculation pre-
dicts an adsorption energy of −2.63 eV for a single O2,
which is lower by 0.25 eV than that for a single CO.
This suggests that the Co@CoPc-catalyzed CO oxida-
tion could proceed by following the Eley-Rideal (ER)
mechanism. Besides, the energetically more favorable O2

adsorption effectively prevents the CO poisoning of the
SAC.37

The co-adsorption of a CO onto the exposed Co atom
with a pre-adsorbed O2 further stabilizes the whole com-
posite system by 0.53 eV, and the subsequent CO oxi-
dation occurs via the Langmuir-Hinshelwood (LH) path-
way. 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 Figure S1), depending on the position
and orientation of the CO as it approaches the Co atom.

Being a paramagnetic molecule, the adsorbed O2 par-
tially quenches the local spin moment on the exposed Co
atom. Moreover, the formation of the O–O bond has a
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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 evolu-
tion of Kondo spin-screening. The CO oxidation
catalyzed by Co@CoPc/Au(111) could take both the ER
and LH pathways. In either pathway, each adsorbed O2

oxidizes two CO molecules. The first oxidation is the
rate-determining step (RDS), through which a C–O bond
is formed between one of the O atoms in the adsorbed O2

and a CO; see Figures 3(a), S2, and S3 for details. 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, the
Co atom in the IS has about the same local spin moment
as that in the TS; see also Table S1. 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 (Γs) between the magnetic d orbital and
the substrate metallic states. Regarding the projected
density of states (PDOS) shown in Figure 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 indi-
cates a much stronger s-d hybridization in the TS than
in the IS (see also Figure S4), which is further affirmed by
the evolution of Γs displayed in the inset of Figure 3(b).

Lowering of free energy barrier and accelera-
tion of reaction rate with ROAR. We now explore
the thermochemical change due to the prominent spin-
screening effect in the TS and its consequence on the re-
action kinetics. The activation barrier of RDS is 0.67 eV
under a normal reaction condition, which allows for a low
reaction temperature of Tr = 232 K. Since the Co atom
has a local spin of S = 1/2 in the TS, a single-orbital
Anderson impurity model (AIM)38 is employed to repre-
sent the SAC/metal composite, with which the magnetic
d-orbital of Co and the metallic s-bands in the gold sup-
port are designated as the impurity and the reservoir,
respectively.

The variation in activation barrier of RDS by imple-
menting the ROAR approach can be evaluated by track-
ing the free energy change associated with the establish-
ment of the s-d hybridization. Under the normal condi-
tion in which the metal support has a same temperature
as that of the reactant species (Tr), the reaction energy
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FIG. 4. Lowering of activation barrier and acceleration of
reaction due to Kondo spin-screening effect in the TS. (a)
∆∆rG and (b) speedup factor γ versus Ts, with Tr set to
232 K. The scattered symbols in (a) represent the calculated
data and the lines are fits to Eq. (5). The lines in (b) are the
direct results of Eq. (1).

barrier is expressed as

∆rG = GTS(Tr)−GIS(Tr)

=
[
GTS

imp(Tr) +GTS
hyb(Tr) +GTS

s (Tr)
]

−
[
GIS

imp(Tr) +GIS
hyb(Tr) +GIS

s (Tr)
]

=
[
GTS

imp(Tr)−GIS
imp(Tr)

]
+
[
GTS

hyb(Tr)−GIS
hyb(Tr)

]
.

(2)

Here, Gimp and Gs represent the Gibbs free energies of
the isolated magnetic impurity and isolated reservoir, re-
spectively; and Ghyb denotes the free energy change be-
fore and after the s-d hybridization. While Gimp varies as
the reaction proceeds, Gs can be regarded as a constant.

By implementing the ROAR, Ts is varied to be much
lower than Tr, and the free energy barrier becomes

∆
ROAR

G =
[
GTS

imp(Tr) +GTS
hyb(Ts) +GTS

s (Ts)
]

−
[
GIS

imp(Tr) +GIS
hyb(Ts) +GIS

s (Ts)
]

=
[
GTS

imp(Tr)−GIS
imp(Tr)

]
+
[
GTS

hyb(Ts)−GIS
hyb(Ts)

]
. (3)

Therefore, the reduction of free energy barrier by prac-
tising the ROAR is

∆∆rG ≡ ∆ROARG −∆rG ' GTS
hyb(Ts)−GTS

hyb(Tr). (4)

Upon the last approximate equality of Eq. (4), we have
used the fact that the s-d hybridization is rather weak in
the IS, and thus GIS

hyb(Ts) ' GIS
hyb(Tr).

It is interesting to find that the variation of GTS
hyb with
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Ts fits accurately to an analytic formula of39

GTS
hyb(Ts) = ga

[
1 +

(
Ts

TK

)2 (
2

1
s − 1

)]s
+ gb. (5)

Here, ga and gb are two fitting parameters (see Table S6),
s = 0.15 is a constant, and TK is an energy scale which
characterizes the strength of Kondo correlation in the TS;
see Note S3.40

As shown in Figure 4(a), ∆∆rG becomes more nega-
tive with the lowering of Ts, which results in an increasing
speedup factor γ. Specifically, ∆∆rG reaches −0.011 eV
with Ts reduced from 232 K to 1 K, and the corresponding
reaction rate is promoted 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 Γs in
the TS could be enlarged to 0.20 eV (0.26 eV), a more
appreciable speedup of about 2.6 (3.3) times would be
achieved; see Figure 4(b). In the literature, a Γs of 0.3 eV
has been reported for the Co/Cu(100) composite.41

CONCLUSIONS

To summarize, we have proposed a novel approach to
heterogeneous catalysis – the ROAR, which aims at en-
hancing catalytic activity by exploiting the quantum cor-
relation between the local spin on the SAC and the elec-
tronic spins in the metal support. As a proof of concept,
CO oxidation catalyzed by the Co@CoPc/Au(111) com-
posite system is investigated. It is predicted that the
ROAR will lead an appreciable acceleration of reaction
rate. This work 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 tempera-
ture of environment, it may be particularly valuable in
outer space scenarios.

METHODS

A combined density functional theory (DFT)26,27 and
hierarchical equations of motion (HEOM)28,29 approach
is employed to carry out the first-principles-based calcu-
lations. The DFT+HEOM approach has been success-
fully applied to describe the Kondo spin-screening effect
in magnetic atom adsorbed on the metal support.22,42,43

Density functional theory calculation. The
Perdew-Burke-Ernzerholf (PBE) generalized gradient ap-
proximation implemented in the Vienna ab initio simu-
lation package44 is employed, with the DFT-D3 method
of Grimme45 used to improve the description of van
der Waals interactions. The projected augmented wave
method is adopted with the energy cutoff of 400 eV. A
vacuum space of 16 Å 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 con-
taining 56 Au atoms. All the atoms except those in the
bottom two Au layers are fully relaxed until the residual
force on every atom is less than 0.02 eV/Å. The conver-
gence criterion for energy is set to 1×10−5 eV. Because of
the large size of the supercell, the Γ-point approximation
is adopted.

The adsorption energy Eads of molecules is defined as

Eads = Emol/s − Emol − Es, (6)

where Emol/s, Emol and Es are the energies of the com-
posite adsorption system, an isolated gas molecule, and a
clean Au(111) support, respectively. The reaction path-
way connecting the initial state (IS), transition state (TS)
and final state (FS) is searched by using the climbing im-
age nudged elastic band method,46 and the TS is settled
with the force reduced below 0.05 eV/Å.
Anderson impurity model. A single-orbital AIM38

is adopted to represent the magnetic 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:

HAIM = Himp +Hs +Hhyb, (7)

where Himp and Hs are the Hamiltonian of the magnetic
impurity and the gold support, respectively; and Hhyb

describes the s-d hybridization.
For CO oxidation catalyzed by the Co@CoPc/Au(111)

composite, both the IS and TS involve a primary mag-
netic orbital. The magnetic impurity is described by

Himp = εd(n̂↑ + n̂↓) + Un̂↑n̂↓. (8)

Here, n̂σ = d̂†σd̂σ, where d̂†σ (d̂σ) creates (annihilates) a
spin-σ electron (σ =↑ or ↓) on the magnetic d orbital of
energy εd; and U is the on-site electron-electron Coulomb
repulsion energy. The substrate is modeled by a reser-

voir of noninteracting electrons, i.e., Hs =
∑
σ εk ĉ

†
kσ ĉkσ,

where ĉ†kσ (ĉkσ) is the creation (annihilation) operator
for a spin-σ electron on the kth metallic state. The
impurity-reservoir hybridization has the form of Hhyb =∑
σk tk ĉ

†
kσd̂σ + H.c., with tk being the coupling strength

between the magnetic orbital and the kth reservoir state.
The influence of electron reservoir on the magnetic im-

purity is fully characterized by the hybridization func-
tion, which assumes a Lorentzian form of ∆s(ω) ≡
π
∑
k |tk|2δ(ω − εk) =

ΓsW
2
s

(ω−Ωs)2+W 2
s

. Here, Γs is the s-

d hybridization strength, and Ωs (Ws) is the band center
(width) of the electron reservoir. The energetic param-
eters of the AIM are extracted from the results of DFT
calculations21,43,47 (in units of eV): εd = −0.6, U = 1.48,
Γs = 0.14, Ωs = 0, and Ws = 5.5. In particular, Γs is
extracted from the Green’s function of the magnetic d
orbital of the Co atom. Details are given in the Note S1.
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Hierarchical equations of motion method. The
HEOM method for fermionic environments28,48 imple-
mented in the HEOM–QUICK program29 is employed to
quantitatively characterize the Kondo spin-screening ef-
fect in the single-orbital AIM. To ensure a high accuracy
for the AIM with a low Ts, a recently developed Fano
spectrum decomposition scheme49,50 is adopted to accu-
rately 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:51

GTS
hyb =

∫ 1

0

dλ

λ
〈Hhyb〉λ , (9)

where 〈· · ·〉 denotes the expectation value taken at the

stationary state of the impurity-reservoir composite with
Hhyb scaled by λ. Details are given in the Note S2 and
Tables S2-S5.
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