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ABSTRACT: Single-atom catalysts (SACs) consist of a low coverage of isolated
metal atoms dispersed on a metal substrate, called single-atom alloys (SAAs), or
alternatively single metal atoms coordinated to oxygen atoms on an oxide support.
We present the synthesis of a new type of Co1Cu SAC centers on a Cu2O(111)
support by means of a site-selective atomic layer deposition technique. Isolated
metallic Co atoms selectively coordinate to the native oxygen vacancy sites (Cu sites)
of the reconstructed Cu2O(111) surface, forming a Co1Cu SAA with no direct Co−
Ox bonds. The centers, here referred to as Co1Cu hybrid SACs, are found to stabilize
the active Cu+ sites of the low-cost Cu2O catalyst that otherwise is prone to
deactivation under reaction conditions. The stability of the Cu2O(111) surface was
investigated by synchrotron radiation-based ambient-pressure X-ray photoelectron
spectroscopy under reducing CO environment. The structure and reduction reaction
are modeled by density functional theory calculations, in good agreement with
experimental results.

■ INTRODUCTION

Copper-based catalysts have attracted extensive attention as
future replacement of noble metal catalysts due to abundant
copper reserves and their promising application in several
heterogeneous catalytic reactions.1−9 Cu2O catalysts have been
successfully deployed in reactions of CO oxidation,1,2 N2O
activation,3 propylene epoxidation,4,5 water−gas shift reac-
tion,6 photocatalytic water splitting,7 methanol synthesis,8 and
CO2 reduction.

9 However, deactivation is a persistent problem
for copper-based catalysts. Deactivation often proceeds
through complete oxidation to copper(II) oxide or reduction
to metallic copper nanoparticles, both results in the loss of
active Cu+ sites.5,10−15 Insufficient stability has hindered
further development of industrial applications and thus needs
to be addressed.
Single-atom catalysts (SACs) have recently become a topic

at the forefront of catalytic research, in particular due to their
excellent catalytic properties combined with a maximized
utilization of metal.16 The SAC concept was proposed in the
synthesis of single-atom Pt on a metal-oxide support and have
since been followed by a series of powder single-atom catalyst
studies.17,18 However, a fundamental description of the
catalytic mechanisms underpinning the properties of SAC
remains elusive, mainly because of the material complexity of
applied catalysts and limitations of current experimental
techniques.16,19 Model studies of SACs, realized by deposition
of atomically dispersed metal atoms on well-defined single

crystals, have been fervently deployed to investigate and
predict structure-function relationships.20−23 Traditional phys-
ical vapor deposition (PVD) methods are frequently used in
the metal deposition process.24 The model systems are often
studied with surface-sensitive techniques, such as X-ray
photoelectron spectroscopy (XPS) or scanning tunneling
microscopy (STM), that allow extraction of catalytic
information at an atomic level. An emerging branch of SACs,
which was first proposed in surface science model studies, is
single-atom alloys (SAAs).25,26 Preparation of SAAs systems
generally proceeds through deposition of a low coverage of
metal atoms on a single crystalline metal support. The
adsorbed metal atoms remain isolated through strong metal−
support interactions.27,28 Owing to their unique electronic and
geometric structures, SAA catalysts have demonstrated
superior catalytic properties for many reactions, including
selective hydrogenation, methanol reforming, and resistance to
deactivation via coke formation.20,29−31 However, is it possible
to synthesize a single-atom alloy directly on a metal-oxide
support with similar qualities as on a metal support?
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Realization of such a system would bridge the gap between
SAAs and traditional SACs and may provide a new venue for
understanding heterogeneous catalysis.
In this paper, we use an atomic layer deposition (ALD)

method, which is more suitable in scaled-up industrial
applications than PVD methods, to selectively deposit the
transition metal cobalt on oxygen vacancy sites of the
reconstructed Cu2O(111)-(√3 × √3)R30° surface. Selective
deposition at vacancies allows for formation of an ordered
surface at minimal occupancy, while maintaining high exposure
of the desirable Cu+ active catalytic centers. The ALD
technique relies on precursor-governed self-limiting growth
to synthesize new materials.32 Isolated cobalt atoms with a
density up to 0.29 ML (1 ML is here defined as one cobalt
atom per Cu2O(111)-(√3 × √3)R30° surface unit cell) were
readily obtained by ALD growth, as confirmed by atomic
resolution STM. The stability of the active Cu+ sites was
investigated in-situ using ambient-pressure XPS (APXPS) at
reducing CO conditions. The APXPS results demonstrate a
remarkable stabilization of the Cu+ surface sites by the cobalt
atoms. The cobalt bonding geometry was determined through
density-functional theory (DFT) and XPS analysis, revealing a
metallic state of the single cobalt atoms. The isolated cobalt
atoms coordinate to surface copper sites and are not involved
in direct bonding with the oxygen atoms of the substrate. The
Co1Cu center has the characters of SAAs but differs from
traditional SAAs, where a metal is used as a support; therefore,
we here label it as a Co1Cu hybrid single-atom catalyst
(HSAC).20

■ EXPERIMENTAL SECTION
STM Experiments. The Cu2O(111) surface was cleaned by cycles

of sputtering (1 × 10−5 mbar Ar, 0.5 kV) and annealing in 1 × 10−6

mbar O2 followed by a final annealing step in UHV. All the annealing
steps were performed at 823−873 K for a duration of at least 10 min.
The cleanliness and surface crystallinity of the Cu2O(111) single
crystal was confirmed by STM and low energy electron diffraction
(LEED), exhibiting a well-ordered (√3 × √3)R30° reconstruction.
The STM study was carried out under UHV condition using an
Omicron VT-STM operated in constant current imaging mode with
electrochemically etched tungsten tips. The Cu2O(111) single crystal
sample was purchased from the Surface Preparation Laboratory (the
Netherlands).
After preparation of a clean sample, atomically dispersed cobalt

atoms were selectively grown on the reconstructed Cu2O(111)-(√3
× √3)R30° surface by ALD using cobaltocene (CoCp2) and oxygen
as precursors. The CoCp2 powder (Acros Organics, 98%) was further
purified by annealing at 373 K under vacuum for several hours to
remove residual contaminants in the precursor. In the first half-cycle
of the ALD process, the clean Cu2O(111) was exposed to CoCp2 at
room temperature with a precision leak valve. In the second half-cycle,
the sample was exposed to 1 × 10−6 mbar O2 at 473 K to remove the
Cp ligands coordinated to cobalt. STM was conducted after the ALD
growth. One monolayer (ML) is defined as one cobalt atom per
Cu2O(111)-(√3 × √3)R30° surface unit cell.
Ambient Pressure XPS. The APXPS experiments were

conducted at the two APXPS endstations of the HIPPIE and the
SPECIES beamlines at the MAX IV laboratory in Lund, Sweden.33−35

The endstations have analysis chambers equipped with ambient
pressure electron energy analyzers (Scienta-Omicron HiPP-3 and
Specs PHOIBOS 150 NAP, respectively). After confirming the
cleanliness of the sample by LEED and XPS, cobalt ALD synthesis
was performed in the preparation chambers under conditions similar
to the process established in the STM experiments. Subsequently, the
sample was transferred to the ambient pressure cell for in-situ XPS
studies at mbar pressures of reducing CO gas. The Co 2p, Cu 2p, and

Cu LMM spectra were all collected at 1100 eV photon energy, and
the O 1s spectra were collected at 750 eV. Fitting of XPS lines was
performed by the Fit-XPS software (developed by David L. Adams,
University of Århus, Denmark). The spectra were normalized to the
background intensity on the low-binding energy side of the core level.

Computational Details. The DFT calculations were performed
with the Vienna Ab-initio Simulation Package (VASP) version
5.4.36−38 The Standard Projector-Augmented-Wave core-potentials,
as well as the revised Perdew−Burke−Ernzerhof exchange−
correlation functional, and a plane wave cutoff of 500 eV were used
in the calculations.39−41 All periodic slab calculations were carried out
using a vacuum spacing of at least 14 Å. The (√3 × √3) slab
contained six relaxed layers and three layers fixed to the Cu2O bulk
positions in total corresponding to three sandwiched Cu2O layers. A 2
× 2 × 1 Monkhorst−Pack k-point mesh was used. The surface model
used in the calculations was based on previous structures of the (√3
× √3)R30° reconstruction of Cu2O(111) that also has been verified
by LEED and atomic resolution STM analysis.42−45 The characteristic
(√3 × √3)R30° reconstruction of the Cu2O(111) surface was
generated by removing one-third of the unsaturated surface oxygen
atoms, corresponding to one oxygen vacancy per surface unit cell. A
second type of surface reconstruction with both 1/3 ML oxygen
vacancies and 1 ML monolayer copper vacancies was also considered.
Spin-polarized calculations were conducted for all surfaces, and the
convergence of the electronic energy and forces were set to 10−5 eV
and 0.03 eV/Å, respectively. The transition states (TSs) were located
by the climbing image nudged elastic band (CI-NEB) algorithm.46

For the simulation of the density of states (DOS), the hybrid HF-
DFT PBE0 functional was employed in the self-consistent field
calculations.47

■ RESULTS AND DISCUSSION

The formation of the most stable Cu2O(111)-(√3 ×
√3)R30° reconstructed surface was confirmed by STM and
LEED, as shown in Figures 1b and S1. The results are in good
agreement with our previous studies of the Cu2O(111) surface;
further details are provided in the Supporting Information
(Tables S1−S3).42,45 The reconstruction of the Cu2O(111)
surface is attributed to the removal of one-third of the under-
coordinated surface oxygen atoms (Figure 1b, black dashed
circle) with the formation of one oxygen vacancy per surface
unit cell. The oxygen vacancy sites appear as protrusions in the
STM images (e.g., Figure 1b).
ALD synthesis of the Co1Cu HSAC was performed by

alternately exposing the clean Cu2O surface to precursors of
CoCp2 at 298 K and 1 × 10−6 mbar O2 at 473 K, as illustrated
in the schematic description in Figure 1a. Figure 1c shows a
STM image of the Cu2O(111) surface after deposition of 0.059
ML CoCp2 at 298 K. No clusters or nanoparticles were
observed in the analysis. The protrusions, assigned to cobalt
containing species, are located at the Cu2O(111) oxygen defect
positions with an average apparent height of ∼0.27 nm (see
Supporting Information Figure S2c). The results indicate
dissociative adsorption resulting in formation of CoCp*
species at oxygen vacancy sites (copper sites), as shown in
the schematic model in Figure 1a. A dissociative adsorption
mechanism is not surprising as it has been reported in other
ALD studies using metallocenes.48,49 The unsymmetrical shape
of the protrusions is likely due to STM tip interactions with the
Cp ligands of CoCp* species (see Figures 1c and S2a). The
STM analysis also shows protrusions of lower apparent heights
(Figure 1c, indicated by black arrows) than protrusions
assigned to CoCp*. The lower protrusions are assigned to
adsorbed Cp ligand fragments (Cp*) from the dissociative
CoCp2 adsorption process. The apparent height (∼0.14 nm)
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of the Cp* protrusions is close to what is expected from the
geometrical height (∼0.11 nm).49

After the following oxidation preparation step at 1 × 10−6

mbar O2 and 473 K, the shapes of the Co containing
protrusions become round and better defined (Figure 1d,e).
The apparent height decreases from 0.27 to 0.21 nm (Figure
S3c). Protrusions assigned to Cp* are no longer observed in
the STM images, demonstrating their removal in the oxidation
step. Annealing in 1 × 10−6 mbar O2 at 473 K did not show a
significant change in the coverage of protrusions assigned to
Co-containing species (Figure 1c−e). The reduction in
apparent height combined with more distinct STM imaging
conditions indicates removal of the Co-coordinated Cp
ligands. Figure 1f,g shows preparations with a higher density
of protrusions (0.29 ML); additional STM images are shown

in Figure S4. Registry analysis reveals that the Co-containing
protrusions are predominantly located at the positions for the
O vacancy site in the surface unit cell (inset to Figure 1e). The
Cu2O(111) surface structure appears slightly distorted after
cobalt deposition. The reconstruction may be tentatively
attributed to a strong substrate interaction between cobalt and
copper at the adsorption site.
Synchrotron radiation XPS was employed to determine the

chemical state of the Co-containing species at the Cu2O(111)
surface. Co 2p and O 1s spectra (Figure 2) were collected
before and after an identical CoCp2 exposure as in the STM
studies in Figure 1f,g. Analysis of the O 1s from the clean
Cu2O(111) surface shows two distinct components. The main
peak is assigned to oxygen atoms residing at bulk lattice
positions and the shoulder on the low binding energy side to
surface oxygen atoms, as indicated in the atomic model in
Figure 2d.50,51 The Co 2p3/2 peak position was observed at a
binding energy of 780.6 eV (Figure 2a). This is a shift of ∼+1.3
eV compared to Co 2p3/2 for powder cobaltocene (779.3
eV),52,53 suggesting a distinctly different interaction between
the adsorbed CoCp* species and the Cu2O support compared
to Co−Cp bonds in cobaltocene. Careful inspection of the O
1s intensity shows a slight decrease following deposition
(Figure 2b). This intensity decrease can be traced to adsorbate
screening of the O 1s photoemission signal. The Co 2p3/2 peak
shifts 1.0 eV towards lower binding energy (779.6 eV) after
oxidation at 1 × 10−6 mbar O2 and 473 K. The integrated
intensity of the Co 2p remains the same, but a noticeable
difference in the Co 2p line shape is observed (Figure 2a). The
line shape after oxidation resembles metallic Co54,55 and
satellite features at ∼786 eV or ∼789 eV, characteristic for Co
oxides, is absent from the spectrum.55−57 An increase in the O
1s intensity at the expected position for a Co−Ox component
(∼529.5 eV) is also not observed (Figure 2c).54,58 As such
increase in O 1s intensity is not observed (blue dotted curve in
Figure 2c), it can be concluded that CoOx is not formed. In
addition, C 1s analysis demonstrates the removal of Cp ligands
from CoCp* species after annealing in O2 (further details are
provided in Figure S5 of the Supporting Information). Taken
together, the Co 2p3/2 peak is assigned to metallic Co at a
binding energy shift ∼+1.1 eV with respect to metallic bulk Co
(at ∼778.5 eV).54,59,60 Similar core-level shifts are not rare in
transition metal alloys, for example, AuCu3 results in Au 4f
shifts of ∼1 eV61 and Cu0.8Pd0.2 in a Pd 3d shift of ∼0.7 eV.62

Co will donate charge to Cu in a CoCu alloy.63 A similar ALD
study of single-atom Co catalysts found no signs of Co−Ox
bond formation even after treatment under oxidizing
conditions.64 Metal cluster size will also influence core level
positions, as shown in a study by Wang et al. where a gradual
increase in Pd 3d binding energy was observed as core−shell
PdNi alloy islands and films were converted into atomically
dispersed Pd.65 The above shifts are similar to the shift
observed for Co1 in the present study and suggest formation of
a Co1Cu alloy. The STM and XPS results allow us to suggest
the oxygen vacancies inherent to the Cu2O(111)-(√3 ×
√3)R30° surface as adsorption sites in the formation of
Co1Cu HSAC.
DFT simulations were conducted to determine favorable

adsorption sites and to describe bonding geometry at the
experimentally investigated reaction steps of the ALD process.
CoCp* and Co1 were released at four locations in the unit cell:
(a) under-coordinated oxygen site, (b) under-coordinated
copper site, (c) oxygen vacancy site, and (d) copper site in the

Figure 1. (a) Schematic illustration of ALD synthesis of Co1Cu
hybrid single-atom catalyst on a reconstructed Cu2O(111)-(√3 ×
√3)R30° surface. (b) STM image of the clean Cu2O surface
(scanning parameters: −2.3 V, 0.12 nA) and its corresponding atomic
structure model. The (√3 × √3)R30° unit cell is indicated by
dashed black rhombuses. (c) STM images (−2.6 V, 0.14 nA) of the
Cu2O(111) surface after adsorption of 0.059 ML CoCp2 at 298 K and
(d,e) STM images (−2.8 V, 0.16 nA) after annealing the surface
shown in (c) under 1 × 10−6 mbar O2 at 473 K. The dashed white
lines in the insets of (c,e) serve as guides to the eye and are aligned
along the oxygen vacancies of Cu2O(111). (f,g) STM images (−2.5 V,
0.14 nA) of Cu2O(111) after adsorption of 0.29 ML CoCp2 at 298 K
followed by annealing in 1 × 10−6 mbar O2 at 473 K.
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vicinity of the oxygen vacancy (Table 1). The electronic
CoCp* adsorption energies (Table 1) were determined as (a)

−1.69, (b) −2.78, (c) −2.79, and (d) −2.91 eV. Simulated
adsorbate structures, after relaxation, are shown in Table S1.
The simulations show that surface oxygen sites (a sites) are not
favorable for CoCp* adsorption, in line with experimental
results (STM and XPS). Adsorption of CoCp* at (b), (c), and
(d) sites will after relaxation result in similar adsorption
positions (see Table S1) with CoCp* residing close to the
oxygen vacancy (c site). The relatively large adsorption
energies of CoCp* indicate a strong interaction between the
cobalt species and the surface copper atoms of Cu2O(111).
The corresponding adsorption energies of Co1, after relaxation,

at the same positions as CoCp* are −1.45, −2.21, −2.39, and
−2.85 eV (Table 1). Co1 adsorbed at b and d sites will after
relaxation end up at positions near the c site, similar to what
was found for CoCp*. Adsorption configurations are shown in
Table S1. These results are in line with observations from
STM, where cobalt-containing protrusions are observed near
the oxygen vacancy sites. In its most favorable adsorption
geometry, Co coordinates to five copper atoms (Table S1).
The combined results from the DFT simulations, STM, and
XPS show that metallic single-atoms Co can be selectively
deposited at positions close to the oxygen vacancy site on the
Cu2O(111) surface.
To further our understanding of the underlying mechanism

for the selective adsorption process, we simulated the DOS
using the hybrid HF-DFT PBE0 functional. Figure 3a,b shows
that the valence electrons for the clean reconstructed
Cu2O(111)-(√3 × √3)R30° surface exhibit symmetrical
densities for spin-up and spin-down components. The charge
density is higher around the oxygen vacancy sites (Figure 3c),
providing yet another indication that sites close to the oxygen
vacancy are favorable for deposition of CoCp* species.
Formation of a Co1Cu HSAC at the vacancy site results in
formation of a hybridized state between Cu 3d, O 2p, and Co
3d near the Fermi level (see Figure 3d−f). The perturbation of
the electronic structure is a sign of a strong electronic metal−
support interaction between Co1 and Cu2O, in line with what
has been reported for other single-atom catalysis systems.66,67

The participation of magnetic Co renders the state at the
Fermi level spin-polarized. The involvement of O 2p in the
hybridization is mediated through Cu since cobalt and oxygen
are not in direct contact.
The reduction of surface Cu+ on clean and Co1Cu HSAC-

modified Cu2O(111) surfaces were evaluated through
exposure to a pure CO gas stream at increasing temperature
and pressure. The development in the Cu chemical state was

Figure 2. (a−c) Co 2p and O 1s XP spectra from a clean Cu2O(111) surface (black), after CoCp2 adsorption at 298 K (red), and after annealing in
1 × 10−6 mbar O2 at 473 K (blue). The Co coverage was 0.29 ML. The spectra were collected using photon energies of 1100 eV (Co 2p) and 750
eV (O 1s). (d) Two-component curve fit of the O 1s from the clean Cu2O(111) surface, where the red component represents oxygen atoms at
surface and the pink component represents subsurface positions.

Table 1. Simulated Adsorption Sites and Electronic
Adsorption Energies of CoCp* and Co1 Species on the
Reconstructed Cu2O(111)-(√3 × √3)R30° Surfacea

initial adsorption
sites

CoCp* adsorption energy
(eV)

Co1 adsorption energy
(eV)

a, surface oxygen −1.69 −1.45
b, surface copper −2.78 −2.21
c, oxygen vacancy −2.79 −2.39
d, surface copper −2.91 −2.85
aThe surface unit cell is indicated by the black rhombus. Four initial
adsorption sites for CoCp* and Co1 are marked as a, b, c, and d.
Adsorption of CoCp* and Co1 species at b and d sites results in
migration to positions close to the c site after relaxation.
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followed by APXPS through collection of the Cu LMM Auger
line. Additional experimental details and data analysis are
provided in the Supporting Information, Figure S6. Figure 4a
shows that the formation of metallic Cu on the clean
Cu2O(111)-(√3 × √3)R30° surface proceeds slowly at 375
K in 0.32 mbar CO. This is in contrast to Cu2O thin films
grown on Cu(111) where reduction of Cu+ is facile already at
300 K and 0.013 mbar.11 The reduction rate significantly
increases after a slight increase in temperature to 400 K (red
curve). Since no molecular O2 was supplied in the reaction
follows that CO oxidation over the Cu2O(111) catalyst occurs
through a Mars-van Krevelen mechanism. The reduction rate
of Cu2O is even faster at 425 K in 0.32 mbar CO gas (pink
curve). At the end of the experiment, the Cu2O surface was
fully reduced, resulting in complete loss of the active Cu+

centers. The activation energy for the CO oxidation reaction
over clean Cu2O(111) was estimated to be 1.09 ± 0.10 eV
(Figure S7). A drastic decrease in the reduction rate was
observed when the CO gas pressure was lowered to 0.07 mbar,
while the sample was kept at an even higher temperature of
415 K (not shown). These results suggest that both the
reaction temperature and CO pressure are critical factors to
the reduction of Cu+ sites. For Cu2O(111) modified with 0.29
ML single-atom cobalt (Figure 4a, green curve), the Cu2O
surface remained stable throughout the experiment even as the
temperature was kept at 425 K and the CO pressure increased
to 1.8 mbar. The chemical state of Co also remains stable as
detected by XPS (Figure S8).
Further insights on the origin of the increased stability of the

Cu2O(111) surface through the modification by Co1Cu HSAC
centers at oxygen vacancy sites can be obtained from DFT
calculations. Figure 4b shows that the simulated activation
barrier for the abstraction of one oxygen atom by CO* from
the clean reconstructed Cu2O(111)-(√3 × √3)R30° surface
is 1.11 eV, in close agreement with the experimental results.
After modification of the surface via Co1Cu alloying, the

Figure 3. Simulated density of states and partial charge density distribution near the Fermi level for (a−c) clean (√3 × √3)R30° reconstructed
Cu2O(111) surface and (d−f) same surface with a single cobalt atom adsorbed near the oxygen vacancy (for adsorption geometry, see Table S1d).
Iso-surface 0.0015 e/Bohr.3 The black dashed circles in the atomic models indicate the oxygen vacancy sites. The blue and red balls represent
copper and oxygen atoms, respectively.

Figure 4. (a) Reduction of clean and Co1-modified (0.29 ML)
Cu2O(111) surfaces under CO conditions. The chemical state of Cu
was followed in-situ by Cu LMM APXPS. (b) Potential energy surface
for the simulated reaction pathways for Cu2O reduction by CO over
the clean and the Co1Cu hybrid single-atom catalyst-modified
Cu2O(111) surfaces (at site d), respectively. The atomic models
depict the structures of the initial intermediate state (IS), the TS, and
the final state (FS). RDS indicates the rate-determining step. Color
codes: copper (blue), oxygen atoms at sub surface positions (pink),
surface oxygen atoms (red), cobalt (green), CO carbon atoms (gray),
and CO oxygen atoms (beige).
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calculated barrier increases to 1.31 eV offering a direct
rationalization of the increased reduction resistance of the
surface.
To summarize, the selective growth at specific sites as well as

the steric hindrance of precursors demonstrates the significant
strengths of the ALD method for precise synthesis of model
catalysts. To the best of our knowledge, the strategy to use
another metal to stabilize the active Cu+ centers in the model
catalyst has only been realized for the thin film Cu2O(111)/
Cu(111) system through deposition of Ti using traditional
PVD methods.68 In the present paper, we investigate the
modification of a single crystal surface of bulk Cu2O(111), a
surface that arguably is closer to commercial powder catalyst
than a thin-film system, by a selective ALD strategy more
suitable for commercial applications than PVD. The deposition
of isolated cobalt atoms occurs at surface vacancy sites, which
allows protection of the Cu2O surface at minimal occupancy.
Co1-stabilization of Cu2O surfaces provides a strategy to
stabilize the active Cu+ center in Cu-based catalysts. It is also
interesting to note that a Co1Cu single-atom alloy is
successfully grown on a metal oxide Cu2O(111) crystal
without direct Co−O coordination. The system extends the
traditional definition of single-atom alloy systems, as proposed
by Sykes et al.,27 where a metal surface serves as the support.

■ CONCLUSIONS
A Co1Cu hybrid single-atom catalyst was synthesized on Cu2O
using a novel ALD strategy to address the problem of
deactivation relevant to Cu2O catalysts. The isolated Co1Cu
HSAC was grown on a reconstructed Cu2O(111)-(√3 ×
√3)R30° surface at Co coverages of 0.059 and 0.29 ML. A
combination of APXPS and DFT determined Co to be in a
metallic state. The surface oxygen vacancies of the Cu2O(111)-
(√3 × √3)R30° reconstructed surface are the most favorable
adsorption sites for the single-atom Co species and results in
the formation of a hybrid spin polarized state close to the
Fermi level. The reduction of surface Cu, under CO
conditions, was evaluated for both the clean Cu2O(111)
surface and for surfaces modified by Co1Cu hybrid SAAs
through collection of ambient-pressure Auger Cu LMM
spectra. The experimental reduction barrier over the clean
Cu2O(111)-(√3 × √3)R30° surface is close to the DFT-
obtained reaction barrier. According to the DFT simulations,
cobalt stabilizes the Cu2O surface by increasing the activation
barrier of surface oxygen abstraction. APXPS confirmed the
stability of the modified surface under reaction conditions. The
presented methods and results provide new experimental and
theoretical insights that may be extended to address problems
of deactivation persistent in Cu-based catalysts. The new type
of Co1Cu HSAC obtained on a Cu2O metal-oxide support may
provide a way to bridge SAA catalysts and oxide-supported
SACs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04137.

STM images from the clean Cu2O(111) surface and
from different stages in the cobalt growth process,
simulated adsorbate structures of CoCp and Co on the
Cu2O(111) crystal, additional Cu LMM and Co 2p XPS
spectra, and description of the fitting procedure (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jonas Weissenrieder − Materials and Nano Physics, School of
Engineering Sciences, KTH Royal Institute of Technology, SE-
100 44 Stockholm, Sweden; orcid.org/0000-0003-1631-
4293; Email: jonas@kth.se

Authors
Chunlei Wang − Materials and Nano Physics, School of
Engineering Sciences, KTH Royal Institute of Technology, SE-
100 44 Stockholm, Sweden

Yuan Kong − Hefei National Laboratory for Physical Sciences
at the Microscale & Synergetic Innovation Center of
Quantum Information and Quantum Physics & CAS Center
for Excellence in Nanoscience and Department of Chemical
Physics & Key Laboratory of Surface and Interface Chemistry
and Energy Catalysis of Anhui Higher Education Institutes,
University of Science and Technology of China, Hefei 230026
Anhui, China

Markus Soldemo − Materials and Nano Physics, School of
Engineering Sciences, KTH Royal Institute of Technology, SE-
100 44 Stockholm, Sweden

Zongfang Wu − Materials and Nano Physics, School of
Engineering Sciences, KTH Royal Institute of Technology, SE-
100 44 Stockholm, Sweden

Héloise Tissot − CINaM, UMR 7325, Aix-Marseille Univ.,
CNRS, F-13288 Marseille, France

Burcu Karagoz − Center for Functional Nanomaterials,
Brookhaven National Laboratory, Upton 11973 New York,
United States

Kess Marks − Materials and Nano Physics, School of
Engineering Sciences, KTH Royal Institute of Technology, SE-
100 44 Stockholm, Sweden

Joakim Halldin Stenlid − SUNCAT Center for Interface
Science and Catalysis, SLAC National Accelerator
Laboratory, Menlo Park 94025 California, United States;
Department of Chemical Engineering, Stanford University,
Stanford 94305 California, United States; orcid.org/
0000-0003-3832-2331

Andrey Shavorskiy − MAX IV Laboratory, Lund University,
221 00 Lund, Sweden; orcid.org/0000-0002-7517-5089

Esko Kokkonen − MAX IV Laboratory, Lund University, 221
00 Lund, Sweden; orcid.org/0000-0002-3674-7486

Sarp Kaya − Koc ̧ University Tüpras ̧ Energy Center (KUTEM),
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N.; Duchoň, T.; Nemsá̌k, S.; Grinter, D. C.; Mahapatra, M.; Liu, P.;
Rodriguez, J. A.; Senanayake, S. D. Water-promoted interfacial
pathways in methane oxidation to methanol on a CeO2-Cu2O catalyst.
Science 2020, 368, 513−517.
(9) Hagman, B.; Posada-Borbón, A.; Schaefer, A.; Shipilin, M.;
Zhang, C.; Merte, L. R.; Hellman, A.; Lundgren, E.; Grönbeck, H.;
Gustafson, J. Steps control the dissociation of CO2 on Cu (100). J.
Am. Chem. Soc. 2018, 140, 12974−12979.
(10) Xu, F.; Mudiyanselage, K.; Baber, A. E.; Soldemo, M.;
Weissenrieder, J.; White, M. G.; Stacchiola, D. J. Redox-mediated
reconstruction of copper during carbon monoxide oxidation. J. Phys.
Chem. C 2014, 118, 15902−15909.
(11) Baber, A. E.; Xu, F.; Dvorak, F.; Mudiyanselage, K.; Soldemo,
M.; Weissenrieder, J.; Senanayake, S. D.; Sadowski, J. T.; Rodriguez, J.
A.; Matolín, V.; White, M. G.; Stacchiola, D. J. In Situ Imaging of
Cu2O under Reducing Conditions: Formation of Metallic Fronts by
Mass Transfer. J. Am. Chem. Soc. 2013, 135, 16781−16784.
(12) Jernigan, G. G.; Somorjai, G. A. Carbon monoxide oxidation
over three different oxidation states of copper: metallic copper, copper
(I) oxide, and copper (II) oxide-a surface science and kinetic study. J.
Catal. 1994, 147, 567−577.
(13) Huang, T.-J.; Tsai, D.-H. CO oxidation behavior of copper and
copper oxides. Catal. Lett. 2003, 87, 173−178.
(14) Bao, H.; Zhang, W.; Hua, Q.; Jiang, Z.; Yang, J.; Huang, W.
Crystal-Plane-Controlled Surface Restructuring and Catalytic Per-
formance of Oxide Nanocrystals. Angew. Chem. 2011, 123, 12502−
12506.
(15) Yu, J.; Yang, M.; Zhang, J.; Ge, Q.; Zimina, A.; Pruessmann, T.;
Zheng, L.; Grunwaldt, J.-D.; Sun, J. Stabilizing Cu+ in Cu/SiO2

Catalysts with a Shattuckite-Like Structure Boosts CO2 Hydro-
genation into Methanol. ACS Catal. 2020, 10, 14694−14706.
(16) Liu, L.; Corma, A. Metal catalysts for heterogeneous catalysis:
from single atoms to nanoclusters and nanoparticles. Chem. Rev. 2018,
118, 4981−5079.
(17) Qiao, B.; Wang, A.; Yang, X.; Allard, L. F.; Jiang, Z.; Cui, Y.;
Liu, J.; Li, J.; Zhang, T. Single-atom catalysis of CO oxidation using
Pt1/FeOx. Nat. Chem. 2011, 3, 634−641.
(18) Wang, A.; Li, J.; Zhang, T. Heterogeneous single-atom catalysis.
Nat. Rev. Chem. 2018, 2, 65−81.
(19) Ding, K.; Gulec, A.; Johnson, A. M.; Schweitzer, N. M.; Stucky,
G. D.; Marks, L. D.; Stair, P. C. Identification of active sites in CO
oxidation and water-gas shift over supported Pt catalysts. Science
2015, 350, 189−192.
(20) Hannagan, R. T.; Giannakakis, G.; Flytzani-Stephanopoulos,
M.; Sykes, E. C. H. Single-atom alloy catalysis. Chem. Rev. 2020, 120,
12044−12088.
(21) Hulva, J.; Meier, M.; Bliem, R.; Jakub, Z.; Kraushofer, F.;
Schmid, M.; Diebold, U.; Franchini, C.; Parkinson, G. S. Unraveling
CO adsorption on model single-atom catalysts. Science 2021, 371,
375−379.
(22) Zhou, X.; Shen, Q.; Yuan, K.; Yang, W.; Chen, Q.; Geng, Z.;
Zhang, J.; Shao, X.; Chen, W.; Xu, G.; Yang, x.; Wu, K. Unraveling
charge state of supported Au single-atoms during CO oxidation. J.
Am. Chem. Soc. 2018, 140, 554−557.
(23) Dvorá̌k, F.; Camellone, M. F.; Tovt, A.; Tran, N.-D.; Negreiros,
F. R.; Vorokhta, M.; Skála, T.; Matolínová, I.; Myslivecěk, J.; Matolín,
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