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Introduction

An environmentally adaptive gold single-atom
catalyst with variable valence statest

Meiliang Ma, Wen Liu,f Xiaojuan Hu,* Ying Jiang, Wentao Yuan,
Zhong-Kang Han2* and Yong Wang

Single-atom catalysts revolutionize catalysis by maximizing atomic efficiency and enhancing reaction
specificity, offering high activity and selectivity with minimal material usage, which is crucial for
sustainable processes. However, the unique properties that distinguish single-atom catalysts from other
forms, including bulk and nanoparticle catalysts, as well as the physical mechanisms behind their high
activity and selectivity, remain unclear, limiting their broader application. Here, through first-principles
calculations, we have identified an environmentally adaptive gold single-atom catalyst on a CeO5(111)
surface capable of adjusting its valence state in response to different environmental conditions. This
adaptability enables the catalyst to simultaneously maintain high stability and activity. In a CO gas
atmosphere, numerous oxygen vacancies form on the CeO,(111) surface, where Au single atoms stably
adsorb, exhibiting a negative oxidation state that deactivates the catalyst. In an O, atmosphere, these
vacancies are filled, causing the Au single atoms to adsorb onto lattice oxygen and become oxidized to
a positive oxidation state, thereby reactivating the catalyst. Under CO oxidation reaction conditions, the
Au single atoms oscillate between these positive and negative oxidation states, effectively facilitating the
CO oxidation process. These findings provide new insights into the unique properties and high
performance of single-atom catalysts, contributing to a better understanding and utilization of these
catalysts in various applications.

high-resolution scanning tunneling microscopy, found that
isolated Pd atoms on a Cu surface significantly reduced the

Since Zhang et al." successfully prepared Pt single-atom catalysts
supported on FeO, using a co-precipitation method in 2011,
single-atom catalysts (SACs) have gained significant attention.
These catalysts feature isolated single atoms as active centers,
uniformly dispersed and anchored on various supports.”> Due to
their exceptional properties, such as high activity and selectivity,
SACs are widely applied in diverse catalytic reactions including
CO oxidation,"*”” CO, reduction,®"® and water-gas shift
reactions.'®’ For example, Liu et al.>® employed a straightfor-
ward photochemical method to prepare a stable Pd/TiO, SAC at
room temperature, which demonstrated high activity and sta-
bility in hydrogenation reactions. Xie et al.>° reported an atom-
ically dispersed Co and N co-doped carbon (Co-N-C) catalyst
that exhibited oxygen reduction reaction activity comparable to
an Fe-N-C catalyst but with four-fold greater durability. More-
over, Kyriakou et al.,*® through desorption measurements and
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energy barriers for hydrogen adsorption and desorption, facilitating
selective hydrogenation of styrene and acetylene, which is not
achievable with pure Cu or Pd metals. While these studies have
advanced our understanding of SACs, key mechanistic aspects—
particularly those involving dynamic interactions between single
atoms, supports, and reaction environments—have not yet been
fully resolved.

First-principles calculations are crucial for elucidating the
reaction mechanisms of SACs. For example, Tong et al.>" used
density functional theory (DFT) to investigate the efficient
oxygen reduction reaction (ORR) mechanism of a bimetallic
SAC consisting of Cu and Zn on a nitrogen-doped carbon
support. They found that the influence of Zn on the Cu’s
d-orbital electron distribution facilitates the stretching and
cleavage of O-O bonds at the Cu active site, thus accelerating
the rate-determining step involving OOH*. Similarly, DFT stu-
dies by Riley et al.** proposed a mechanism for the selective
hydrogenation of alkynes catalyzed by ceria, which involves the
heterolytic dissociation of H, at oxygen vacancies on CeO,(111),
facilitated by a suppressed Lewis pair composed of spatially
separated O and Ce sites. Based on this mechanism, they
suggested using Ni-doped ceria to generate oxygen vacancies,
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a principle that was confirmed experimentally to enhance
activity in the selective hydrogenation of acetylene. However,
SACs are inherently complex systems. To stabilize single atoms,
substrates that can be reduced, such as CeO,, are typically used.
This can lead to multiple oxidation states of the single atoms,
the presence of oxygen vacancies, and redox processes involving
substrate metal atoms. For example, in the Au-CeO, SAC, Au
atoms can exist in different oxidation states and CeO, is redu-
cible, exhibiting oxygen vacancies along with transformations
between Ce*" and Ce®" ions. These dynamic interactions com-
plicate the precise control and mechanistic interpretation of SAC
behavior under operando conditions. For instance, theoretical
calculations by Camellone et al.** suggested that, in a CO atmo-
sphere, Au atoms positioned above the oxygen vacancies of ceria
adopt a negative charge state, thus losing the ability to activate
CO further. In contrast, experimental X-ray photoelectron
spectroscopy (XPS) studies by Guo et al.** reported that single
Au atoms exhibit a high oxidation state with notable activity, a
finding that conflicts with theoretical results. This high oxida-
tion state is not explained by Au doping at Ce sites, as calcula-
tions indicate that such doping is energetically unfavorable.>*°
Such discrepancies highlight the need for deeper insights into
how environmental adaptability governs SAC performance.

In this study, we conducted a detailed examination of the
thermodynamic and kinetic behaviors of single-atom Au catalysts
under CO, O,, and CO oxidation reaction conditions using first-
principles calculations. We discovered an environmentally adap-
tive gold SAC on the CeO,(111) surface, which uniquely adjusts its
valence state in response to varying environmental conditions.
Furthermore, by contrasting the performance of the single-atom
Au, catalyst with larger Au, and Au,, catalyst systems, we under-
scored the distinctive ability of single-atom catalysts to efficiently
modulate their valence states, enabling them to maintain both
high stability and activity simultaneously.

Computational details

All electronic structure calculations were performed using density
functional theory. Valence electron densities were expanded using
plane-wave basis sets, and the projected augmented-wave (PAW)
method®” was used to describe the interactions between the core
and the valence electrons. We conducted these calculations using
the Vienna ab initio simulation package (VASP 5.4.4).*® The spin-
polarized Kohn-Sham calculations were based on the generalized
gradient approximation, employing the Perdew-Burke-Ernzerhof
(PBE)*® exchange-correlation functional. Additionally, the
Hubbard-type on-site Coulomb interaction term (PBE+U), accord-
ing to Dudarev’s approximation, was applied to the f-electrons of
Ce atoms*>*" with a Hubbard U value set at 5.0 eV to describe the
localization of excess charges in Ce 4f states, consistent with
studies recommending U values in the range of 4.5-6.0 eV.****
In all these calculations, we applied the projector augmented-
wave** method and an energy cut-off of 400 eV.

The CeO, support was modeled using a 4 x 4 supercell
comprising a nine-layer slab with a 15 A vacuum space to avoid
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interactions between periodic images. The bottom three layers
(O-Ce-0) were fixed at their bulk positions, while the remain-
ing layers were allowed to relax during geometry optimization.
The force convergence criterion was set at 0.05 eV A
A gamma-centered 1 x 1 x 1 k-point mesh was used for the
Brillouin zone integration. Testing a 2 x 2 x 1 k-point mesh for
the (4 x 4) CeO, supercell revealed only minor variations
(approximately 10 meV) in CO adsorption energy, confirming
the convergence of our gamma-point calculations. The transi-
tion states were located using the climbing-image nudged
elastic band*>*® and dimer methods.*” The adsorption energies
were calculated using the following equation:

Eaa = Emol/surf - (Esurf + Emol) (1)

where Enoysure 1S the total energy of the surface with the
adsorbed molecules, Eq,,¢ is the energy of the substrate, and
Enq is the energy of the isolated molecules in the gas phase.

Results and discussion
Deactivation of the Au single atom in the CO atmosphere

To determine the most stable configuration of the Au,; atom on
the CeO,(111) surface, different high-symmetry adsorption
sites were considered (Fig. S1, ESIt). The most energetically
favorable configuration was found when the Au atom adsorbed
at the bridge site of surface oxygen, with an adsorption energy
of —1.41 eV, aligning with previous literature.>® This configu-
ration also exhibited a +1 oxidation state for the Au atom,
corroborated by spin charge density analysis which revealed the
presence of one Ce®* ion, indicating electron transfer from Au
to the substrate (Fig. S2, ESIf). In the CO atmosphere, the
exceptional oxygen buffering capacity of CeO, enables CO
oxidation through interaction with lattice oxygen, forming
CO, and creating an oxygen vacancy. The Au atom strongly
interacts with this newly formed vacancy, positioning itself
above it as shown in Fig. 1a. The Au atom is positioned
1.21 A above the oxygen vacancy, with an Au-Ce bond length
of 3.12 A, aligning with reported results.?® Calculations indicate
that while aggregation of negatively charged Au atoms into
clusters is thermodynamically feasible, a high kinetic barrier
(approximately 1.2 eV) effectively prevents such aggregation
under typical experimental conditions. Bader charge analysis
reveals a net charge of —0.29 e for the Au atom, classifying it as
Au’~. We also tested other charge calculation methods, which
showed a minimal effect on the charge distribution trends.
Differential charge density analysis (Fig. 1b) shows electron
accumulation at the Au atom, confirming the negatively
charged nature of Au’". The removal of one lattice oxygen
results in the generation of two excess electrons localized at
the cerium site, which reduce two Ce*" to Ce*" ions. For Au,
adsorbed on the CeO,(111) system with one oxygen vacancy
[Au; @Ce0,(111)-Oy], the presence of one Ce*" ion was observed
from the spin charge density analysis, indicating an oxidation
state of —1 for Au. Additionally, we assessed the impact of Ce**
ions positioning on the energy of various structures during
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Fig. 1 Configuration and electronic structure analysis of Au;@CeO5(111)-Oy.
(a) System configuration and Bader charge of the Au; atom. (b) Differential
charge density between Au; and CeO,(111)-Oy, and an isosurface displayed at
0.01 e A=3 (c) System configuration with adsorbed CO and Bader charge of
the Au; atom. (d) Differential charge density between CO and the
Au;@Ce0,(111)-Oy system, and an isosurface displayed at 0.01 e A=>.

these processes, finding that the position of Ce*" does not
affect the overall reaction energy (Fig. S2-S5, ESIY).

We positioned a CO molecule above the Au atom to evaluate
the CO adsorption capacity of Au’~, resulting in the configu-
ration shown in Fig. 1c. The Au-C bond length measures 2.27 A,
and the C-O bond length remains at 1.15 A, identical to that in
a free CO molecule. The adsorption energy of CO on Au’~ is
approximately zero, which is significantly higher than the
—2.54 eV calculated for CO adsorption on an Au atom on the
stoichiometric CeO,(111) surface. This indicates that Au’"
possesses negligible CO adsorption capacity. Although the
thermodynamic energy for CO to displace the Au atom is about
1.36 eV lower than that of the Au atom remaining at the
vacancy, a substantial kinetic barrier of around 1 eV hinders
this displacement, particularly at lower temperatures, suggesting
that CO is unlikely to displace the Au atom from the vacancy site
under typical reaction conditions. Bader charge analysis of this
configuration shows a net charge of —0.28 e on the Au atom,
nearly unchanged from the pre-adsorption state, confirming the
persistence of the Au’~ state. The differential charge density
(Fig. 1d) illustrates minimal charge transfer between the CO
molecule and Au;@Ce0,(111)-Oy. This minimal charge transfer
and the Bader charge analysis collectively demonstrate that
Au’", in the presence of an oxygen vacancy, lacks the capacity
to adsorb and activate CO. This finding is consistent with
previous calculations.>® However, experimental evidence sug-
gests the existence of high-valence-states and highly active Au
single atoms,** which contradicts these theoretical calculations.
We propose that the discrepancy may arise from the interactions
of the Au;@Ce0,(111)-Oy system with oxygen molecules.

Reactivation of Au single atoms in the O, atmosphere

In the Mars-van Krevelen (MvK) mechanism, the catalyst under-
goes reduction by forming oxygen vacancies during the initial
oxidation step. For subsequent oxidation reactions, dissociatively
adsorbed oxygen is needed to fill these vacancies and reoxidize the
catalyst. To determine if the Au;@CeO,(111)-Oy catalyst follows
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this mechanism for CO oxidation in an oxygen atmosphere and
thus reactivates the deactivated Au;@CeO,(111)-Oy, we evaluated
the potential for molecular oxygen to fill the surface oxygen
vacancies. This process would transition the Au®~ state to Au®",
thereby restoring the catalyst’s ability to oxidize CO effectively.
As shown in Fig. 2a, molecular oxygen from the atmosphere
overcomes a low energy barrier (0.34 eV) to fill the oxygen vacancy
beneath the deactivated Au’~ atom (Fig. S6, ESIf), with an
adsorption energy of —1.39 eV. Additionally, our calculations
indicate that CO does not occupy the oxygen vacancy, further
supporting the proposed mechanism (Fig. S7, ESIT). One oxygen
atom from the O, molecule occupies the vacancy, while the other
forms a bond with lattice oxygen, resulting in an O-O bond length
of 1.48 A, which is longer than the 1.23 A bond length in a free O,
molecule. Bader charge analysis indicates that the Au atom
acquires a +1 e charge, suggesting substantial charge transfer
between the Au atom and the substrate, induced by the adsorbed
O,. Differential charge density analysis (Fig. 2b) confirms this
significant charge transfer. This transformation reactivates the
Au;@Ce0,(111)-Oy catalyst for CO oxidation. To confirm the
catalytic capability of the reactivated Au;@CeO,(111)-Oy-O, struc-
ture, we calculated the adsorption of a CO molecule and identified
the most stable configuration, as shown in Fig. 2c. After CO
adsorption, the bond length between the original peroxide oxygen
and the Au atom elongates from 2.07 A to 3.18 A, while the bond
length between the Au atom and the lattice oxygen shortens from
2.05 A to 1.96 A. The bond length between C and Au measures
1.87 A, and the C-O bond length extends slightly to 1.15 A from
1.14 A in a free CO molecule. The adsorption energy of CO on this
activated structure is —1.68 eV. Bader charge analysis shows a
+0.73 e charge on the Au atom, indicating that in both structures
(Fig. 2a and c), Au is positively charged and thus catalytically active
for CO oxidation. Differential charge density analysis (Fig. 2d)
demonstrates obvious charge transfer between the CO molecule
and the Au;@Ce0,(111)-Oy-0O, catalyst, confirming the catalyst’s
capability to oxidize CO effectively. Additionally, our calculations
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Fig. 2 Configuration and electronic structure analysis of Au;@CeO,(111)-
Oy—0s,. (a) Configuration of Au;@Ce0O,(111)-Oy—0O, and Bader charge of
the Au; atom. (b) Differential charge density between Au; and CeO,(111)-
0Oy-0,, and an isosurface displayed at 0.01 e A=>. (c) Configuration of
Au1@Ce05(111)-Oy—0O, with the adsorbed CO molecule and Bader charge
of the Au; atom. (d) Differential charge density between CO and the
Au;@Ce0,(111)-Oy—0; system, and an isosurface displayed at 0.01 e A=>.
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indicate that the attempt to adsorb a second CO molecule on
Au;@Ce0,(111) leads to an increased distance of 3.44 A from the
Au atom, which is significantly larger than the typical CO adsorp-
tion distance (Fig. S8, ESIt). This suggests that further CO
adsorption is energetically unfavorable in this configuration.

Through analyses including the Bader charge and differential
charge density, we have shown that the Au’~ state on an oxygen
vacancy lacks the capacity to adsorb and activate CO, consistent
with previous findings.*® However, the introduction of molecular
oxygen into the oxygen vacancy transforms Au’” into Au’’,
effectively reactivating the Au;@CeO,(111)-Oy catalyst for CO
oxidation. This reactivation mechanism conforms to the MvK
mechanism and offers new insights into the behavior of the
Au;@Ce0,(111) SAC.

Valence state oscillations of the environmentally adaptive gold
single-atom catalyst under CO oxidation reaction conditions

To further elucidate the deactivation and reactivation mechan-
isms of the Au;@CeO,(111) catalyst, we primarily focused on
Au atoms adsorbed on three specific sites: the bridge site of
surface oxygen (Bo), the top site of the surface oxygen vacancy
(Oy), and the site where the oxygen vacancy is filled by an O,
molecule (Oy-0,) (Fig. 3(a)). We conducted a projected density
of states (PDOS) analysis of Au atoms at these three distinct
sites (Fig. 3b).

The PDOS for the Au atom on Oy shows orbitals located
farther from the Fermi level, suggesting a more stable electronic
state that is less reactive with other atoms. This stability is also

(a) Bo Oy
.00
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Fig. 3 (a) Configuration of Bo, Oy and Oy—05. (b) Density of states (DOS)
for Au atom adsorption at various sites including the bridge site of surface
oxygen (Bo), the top site of the surface oxygen vacancy (Oy), and the site
with the oxygen vacancy filled by an O, molecule (Oy-0,).
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Table 1 The Bader charges and CO adsorption energies for Au atoms on
different sites

Adsorption site Bader charge/e CO adsorption energy/eV

Bo +0.55 —2.54
Oy —0.29 +0.05
0,-0, 1 —1.68

reflected in the significantly higher integrated density, indicative
of greater electron density, consistent with earlier Bader charge
and valence state analyses. Conversely, the valence electrons of the
Au atoms in the other two configurations (Oy and Oy-O,) are
closer to the Fermi level, indicating higher energy and reactivity,
therefore a greater likelihood of interacting with other atoms. As a
result, the Au’" in these configurations is catalytically active for
CO activation. The Bader charges and CO adsorption energies for
Au atoms on these different structures are collected in Table 1.

The valence changes of the Au atom in the Au;@CeO,(111)
catalyst, which lead to catalyst deactivation and reactivation, are
crucial for understanding the CO oxidation mechanisms on this
catalyst. As shown in Fig. 4, the CO oxidation mechanisms
include three steps: (I) initial CO oxidation on stoichiometric
Au;@Ce0,(111), resulting in the formation of an oxygen vacancy
and CO, release (Fig. 4(a)), (II) molecular O, adsorption at the
vacancy, leading to the formation of surface oxygen species
(Fig. 4(b)), and (III) interaction of another CO molecule with
these oxygen species, driving the formation of the second CO,
molecule (Fig. 4(c)) and regenerating the catalyst. The rate-
limiting step occurs when the second adsorbed CO molecule
reacts with surface oxygen species, requiring an activation energy
of just 0.55 eV (Fig. 4j and k), highlighting the high activity of the
Au;@Ce0,(111) catalyst toward CO oxidation. Throughout these
processes, the Au atom oscillates between negative and positive
oxidation states, where negative states contribute to high stabi-
lity and positive states contribute to high activity. Under the CO
reaction conditions, the Au atoms can adaptively change their
oxidation states in response to the adsorbed species to achieve
both high stability and activity simultaneously.

Thermodynamic analysis of Au valence states and oxygen
vacancy formation under reaction conditions

To comprehensively address the environmental adaptability of
the Au;@Ce0,(111) catalyst, we performed ab initio thermo-
dynamic analyses to systematically investigate the effects of
reaction temperature and partial pressures of CO and CO, on
the valence state of Au single atoms and the formation of
oxygen vacancies on the CeO,(111) surface (Fig. 5). Specifically,
we analysed two distinct pathways for the transition from the
initial structure (Fig. 4a) to the oxygen vacancy-containing
structure (Fig. 4f), where the Au atom shifts from a positively
charged (Au’") state to a negatively charged (Au’") state.
Pathway I corresponds to the CO oxidation process (Fig. 4a—f),
where CO reacts with lattice oxygen to form CO, and generate an
oxygen vacancy. Pathway II involves the direct formation of an
oxygen vacancy without CO oxidation. For pathway I, the Gibbs
free energy change (AG) was calculated under varying CO and CO,
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Fig. 4 Computed reaction pathway diagram of Au;@CeO,(111) catalyzed CO oxidation. (a) First CO oxidation, (b) O, adsorption at O,, and (c) second CO
oxidation. The structure represented by the red number is the transition state configuration.

For pathway II (direct oxygen vacancy generation, Fig. 5d),
the reaction is endothermic (AE = 1.13 eV) with O, as a product.
The equilibrium condition (AG = 0) requires extremely low O,
partial pressures (<1 x 10 '® mbar) at temperatures above
400 K, while at higher O, pressures (e.g;, 1 x 10" mbar),
temperatures exceeding 1274 K are needed to drive the reac-
tion. This stark contrast highlights the critical role of CO
oxidation (pathway I) in facilitating oxygen vacancy formation
under experimentally relevant conditions.
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Fig. 5 Thermodynamic analysis of the Au;@CeO,(111) catalyst under varying environmental conditions. (a) Gibbs free energy change (AG) for
CO oxidation (pathway 1) at 574 K as a function of CO and CO, partial pressures. (b) AG profiles for pathway | at 874 K, illustrating the shift of the
equilibrium toward lower CO, pressures. (c) AG analysis at 1174 K, highlighting enhanced spontaneity of oxygen vacancy formation at elevated
temperatures. (d) Thermodynamic equilibrium (AG = 0) for direct oxygen vacancy generation (pathway Il), plotted against temperature and O, partial
pressure. All contours correspond to calculated free energy landscapes.
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These thermodynamic insights elucidate how environmen-
tal parameters (temperatures and gas pressures) dynamically
regulate the valence state of Au atoms and oxygen vacancy
populations on the CeO,(111) surface. The adaptive switching
between Au®" and Au’~ states, coupled with the temperature-
and pressure-dependent vacancy formation, underpins the dual
stability and activity of the Au;@CeO,(111) catalyst during CO
oxidation.

Valence state oscillations of the supported gold cluster catalysts
under CO oxidation reaction conditions

To elucidate the unique properties of the Au;@CeO,(111)
catalyst, we analyzed the CO oxidation processes in the
Au,@Ce0,(111) and Au,,@CeO,(111) catalysts (Fig. S9-S11
and Tables S1, S2, ESIt). The stable configurations of Au, and
Au, clusters on CeO,(111) were referenced from Zhang et al.’s
literature,*® and the structure search method was not used to
determine the structure of Au clusters. Bader charge analysis
throughout the reaction processes showed that the charge
changes in gold atoms for Au;@CeO,(111) and Au,;,@Ce0,(111)
are less significant compared to those in Au;@CeO,(111). This
indicates that valence state oscillations are more pronounced in
Au;@Ce0,(111), while in the larger clusters of Au,@CeO,(111)
and Au,,@CeO,(111), the changes are less significant and dis-
tributed among all gold atoms in the cluster, resulting in less
noticeable shifts per atom. This non-adaptive behavior with
respect to environmental changes has less impact on the catalytic
activity of these larger gold clusters during CO oxidation. Conse-
quently, the reaction barriers are higher for Au,@CeO,(111) and
Au,;,@Ce0,(111), at 1.59 eV and 0.82 eV, respectively, compared to
0.55 eV for Au;@CeO,(111). In contrast, the Au;@CeO,(111)
catalyst can effectively oscillate its valence state between positive
and negative under varying atmospheric conditions, adapting its
valence to suit different reaction environments and maintaining
high activity and stability throughout the CO oxidation process.

Conclusions

This study provides a comprehensive analysis of the catalytic
activity and mechanisms of CO oxidation on Au;@CeO,(111)
catalysts, using DFT+U calculations, and compares these results
with those obtained for Au,@CeO,(111) and Au,;,@CeO,(111)
catalysts. Our findings highlight the crucial role of the valence
state of the Au atom in influencing the performance of the
catalyst. In a CO atmosphere, CO reacts with surface lattice oxygen
to form an oxygen vacancy, stabilizing the Au atom in a catalyti-
cally inactive Au’~ state. In an O, atmosphere, the deactivated Au
atom is reactivated by molecular oxygen filling the oxygen
vacancy, converting the Au’~ state to a catalytically active Au’*
state. The detailed electronic structure analysis, including density
of states calculations and Bader charge analysis, confirms that the
Au’~ state is electronically stable, while the Au®* state is active and
essential for CO oxidation. Unlike Au,@CeO,(111) and
Au,;,@CeO,(111) catalysts, where the Au valence state is less
responsive to environmental changes, the Au;@CeO,(111) catalyst
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effectively adjusts its valence state during the reaction, maintain-
ing both high activity and stability for CO oxidation. This study
advances the fundamental understanding of the unique proper-
ties of single-atom catalysis and paves the way for practical
manipulation of single-atom catalyst behaviors.
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