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ABSTRACT: The activation of lattice oxygen at low temperatures
is essential for heterogeneous catalytic oxidation, but exactly how
this is achieved by adjusting the coordination structure of atomic
sites is still elusive. Herein, the Cu1O3−CeO2 catalyst with highly
dispersed unsaturated Cu1−O3 coordination was creatively
engineered, which remarkably enhanced the low-temperature
oxidation of CO (a typical model reaction) from 12% to 90% at
66 °C compared to conventional CuCeOx catalyst. The
preservation of atomic coordination-deficient Cu sites enables the
transfer of electron cloud density from Cu atoms to O atoms,
hence, facilitating the activation of lattice oxygen. Further electron
transfer from O atom to Cu species results in charge back-donation
to form sufficient Cu+ and metal per-oxy species, contributing to
weaken O−O bonds. We determined that the increasing number of electron donors induced by unsaturated atomic Cu1−O3
coordination is an efficient strategy to develop highly active and stable catalysts for lattice oxygen activation. The catalyst synthesis
strategies and oxygen activation mechanism demonstrated in this work provide a generalizable platform for the future design of well-
defined functional catalysts for low-temperature oxidation reactions.
KEYWORDS: Lattice oxygen activation, Charge back-donation, Coordination-unsaturated sites, Electronic structure,
Low-temperature oxidation

■ INTRODUCTION
The efficiency of catalytic reactions is primarily determined by
the electronic configuration of the active sites.1−3 These
electronic configurations can be precisely modulated by
optimizing the metal/metal-oxide support interfacial inter-
actions, which in-turn can affect the coordination environ-
ments of metal centers, ultimately regulating electronic
reconfigurations of the active site centers for a better charge
transfer.4 In addition to the inherent electronic properties of
catalysts, several other key aspects such as strong bonding for
improved metal−support interactions and synergistic effects
between individual components of composite materials for
enhanced interfacial effect should also be considered.5−7 For
instance, the electronic configuration of the metal doped
metal-oxide catalyst can be regulated to transfer charge and
control the ratio of redox pairs efficiently.8,9 Meanwhile, the
activated lattice oxygen species can directly engage in the
reaction during heterogeneous catalytic oxidation. Lattice
oxygen is sequestered within the catalyst’s crystal structure
by adjacent atoms or ions, hindering direct interaction with the
reactant molecules. Beyond that, lattice oxygen activation often
requires overcoming a high energy barrier. Reasonable control
of lattice oxygen activity on metal oxide surfaces remains a

great challenge. Through the appropriate modulation of the
electronic structure of catalyst, the activation of lattice oxygen
can be effectively promoted.10−12 The activation capacity of
lattice oxygen species can be modulated by adjusting the
unoccupied d-band center, s-band filling, and d-band fill-
ing.13,14 These modifications can effectively promote lattice
oxygen migration and oxygen vacancy formation by reducing
the formation energy. In addition, restructuring the electronic
structure of catalyst to regulate the formation of unique
coordination structures for the active center will promote
electron transfer efficiency, and weaken the oxygen bond
strength of the metal lattice to improve the reactivity of lattice
oxygen species.15,16 The manipulation of these factors for
enhanced catalytic activity presents significant opportunities
for future research.
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In the last few decades, the copper−ceria catalysts have been
extensively explored for various catalytic reactions.17−20

However, the majority of these studies focused on ceria as
support and copper nanoparticles as supported active sites;
whereas, the core atomic structure of the active site in the
copper−ceria catalyst has remained largely unexplored. The
unique Cu/CeO2 electronic and chemical properties have been
well established by several reports. It is generally accepted that
the strong metal−support interactions through the formation
of bonds between the Cu−[O]−Ce interfaces significantly
enhances the catalytic activity.21 Wang et al. reported that
except for the Cu−[Ox]−Ce (x = 0.7−3.2) structure, the
highly dispersed CuOx (x = 0.2−0.5) cluster was the crucial
active species.22 Moreover, the CuOx clusters were easily
reduced to Cu(I) species when they were subjected to CO.23

Another study indicated that the CO catalytic oxidation
efficiency of the isolated Cu(I)/(II) sites were ten times higher
than that of CuO clusters.24 Similarly, in another report, it was
proposed that a higher concentration of oxygen vacancies on
the catalyst surface provided additional bonding sites for
Cu+;25 whereas, a parallel study suggested that Cu3+/Cu2+−
O−Ce redox centers remained equally active as those in
CuxCe1−xO2 solid solutions rather than Cu+ or Cu2+ during
CO oxidation.26−28 The Yu and Chen groups found that
different coordination copper species with various coordina-
tion states displayed different catalytic activity based on the
strong or weak metal−support bonding to achieve a different
CO oxidation activity.29,30 The results indicated an urgent
necessity to comprehensively investigate the correlation
between the coordination structures of active sites and their
catalytic behaviors for the development of effective copper−
ceria catalysts.

Herein, a variety of catalysts were carefully synthesized with
distinct bonding types between Cu and Ce atoms, resulting in
different coordination of Cu sites. In depth experimental
studies coupled with DFT calculations demonstrated that the
atomic dispersed Cu atoms with an unsaturated coordination
state lead to varying degrees of charge transfer, which
subsequently modifies the metal active sites for the improved
adsorption and transformation efficiency. Furthermore, the
formation of unsaturated coordination Cu1−O3 results in
sufficient surface-activated lattice oxygens adjacent to Cu sites,
which actively engages in the reaction with reduced free
energy. The creation of highly scattered and unsaturated Cu
coordination sites along with elucidating their critical functions
should yield valuable insights for the rational design of
coordination-regulated engineering and the synthesis of highly
active catalysts for heterogeneous oxidation.

■ EXPERIMENTAL SECTION

Catalyst Preparation
The CeO2 was prepared by a hydrothermal method, and the Cu-
CeO2 catalyst was synthesized using a one-pot method. The Cu/
CeO2 catalyst was prepared through a general impregnation method.
The CuCeOx catalyst was synthesized by calcining mixtures of
Ce(OH)3 and Cu(OH)2 precursors via mechanical grinding.
Additional details for catalyst preparation are provided in the
Supporting Information.
Characterizations and Theoretical Calculations
The catalysts were characterized by X-ray diffraction (XRD),
inductively coupled plasma optical emission spectrometry (ICP-
OES), high-resolution transmission electron microscopy (HR-TEM),
energy dispersive spectroscopy (EDS) mapping, X-ray photoelectron
spectroscopy (XPS), ultraviolet−visible spectroscopy spectra (UV−

Figure 1. Schematic illustration for synthesizing the copper−ceria catalysts.
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Vis), X-ray absorption fine structure spectra (XAFS), electron
paramagnetic resonance (EPR), Raman spectroscopy, temperature-
programmed desorption of oxygen (O2-TPD), temperature-pro-
grammed reduction of CO (CO-TPR), temperature-programmed
reduction of hydrogen (H2-TPR), temperature-programmed desorp-
tion of CO (CO-TPD), in situ diffuse reflectance infrared Fourier
transform spectroscopy of CO adsorption (CO−DRIFTS), in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), operando near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS), and 18O isotopic labeling experiment. The
Vienna Ab-initio Simulation Package (VASP) was employed to
perform all the density functional theory (DFT) calculations within
the generalized gradient approximation (GGA) using the Perdew,
Burke, and 0 (PBE) formulation. The detailed procedures are
described in the Supporting Information.

■ RESULTS AND DISCUSSION

Structural and Surface Characteristics
Three different processes were employed to synthesize site-
specific copper−ceria catalysts, including in situ doping
(denoted as Cu1O3−CeO2), impregnation (denoted as
Cu1O4/CeO2), and calcination of hydroxide precursor
mixtures (denoted as CuCeOx) (Figure 1). The crystalline
structures of the prepared catalysts were determined by
powder X-ray diffraction (XRD). Figure S1 indicates that all
obtained catalysts, even after Cu doping, maintain the
crystalline phase of the fluorite CeO2 structure (PDF#34-
0349). Meanwhile, an additional weaker diffraction peak is
observed in the Cu1O4/CeO2 catalyst, which can be assigned
to the CuO crystalline phase (PDF#45-0937). However, CuO
characteristic peaks are observed in the CuCeOx catalyst
obviously. The actual Cu content of catalysts (≈3.2−3.3 wt %)
was identified by inductively coupled plasma optical emission
spectrometry (ICP-OES), as shown in Table S1.
The high-resolution transmission electron microscopy (HR-

TEM) images show that the copper−ceria catalysts possess
three different morphologies. The Cu1O3−CeO2 nanocubes

with an average size of 10−20 nm show interplanar lattice
fringes of 0.308 and 0.312 nm, assigned to the {111} plane of
fluorite CeO2 (Figures S2a,b and 2a). The narrowing of the
interplanar lattice fringes of the {111} plane compared to
Cu1O4/CeO2 and pure CeO2 is attributed to the lattice
distortion caused by doping effects (Figures 2b and S3b). The
Cu1O4/CeO2 catalyst presents a coexistence of nanoparticles
and nanorods, and the support maintains the lattice fringe of
the original {111} plane of CeO2 (Figures 2b, S2c,d).
Furthermore, apart from clear CeO2 lattice fringes, CuO
lattice fringes belonging to {002} plane with 0.247 nm are also
observed over the CuCeOx ultrasmall particles (Figure S4c).
The corresponding energy dispersive spectroscopy (EDS)
mapping confirms the homogeneous spatial distribution of Cu
and Ce in the Cu1O3−CeO2 catalyst, which indicates that the
Cu species is well-dispersed and successfully incorporated
(Figure S5a). However, large particles of CuO are observed in
Figure S 4d.
The valence states of Cu in three catalysts were verified by

Cu LMM and Cu 2p X-ray photoelectron spectroscopy (XPS).
The Cu 2p spectra can be deconvoluted to Cu 2p1/2 and Cu
2p3/2 regions (Figure S6).

31−33 Specifically, the peaks centered
around 932.5 and 952.1 eV are assigned to the Cu+ species;
whereas, the peaks of 934.3 and 954.0 eV can be assigned to
the Cu2+ species. It is worth noting that the ratio of Cu+
species decreases with the sequence Cu1O3−CeO2 > Cu1O4/
CeO2 > CuCeOx. Furthermore, the higher proportion of Cu+
species (571.2 eV) over the Cu1O3−CeO2 (Cu+/(Cu+ + Cu2+)
= 62%) sample as evidenced by Cu LMM, consistent with Cu
2p results, confirms a change in the structure resulting from the
replacement of atomic Ce by Cu ions (Figure 2d).34−36

The chemical state of the Cu species over the CeO2 support
was further verified by ultraviolet−visible spectroscopy (UV−
Vis) spectra of the catalysts (Figure 2e). A weak and broad
absorption at ∼720 nm is assigned to the 2Eg → 2T2g spin-
allowed d-d transitions of the Cu (II) in the Cu species,37

Figure 2. (a, b) Corresponding HR-TEM images of Cu1O3−CeO2 and Cu1O4/CeO2 catalysts. (c) XANES spectra, (d) Cu LMM XPS, and (e)
UV−Vis absorption spectra of prepared catalysts. (f) EXAFS spectra of Cu1O3−CeO2 and Cu1O4/CeO2 catalysts.
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which can be observed in all Cu-containing samples. Here,
CuCeOx was observed to exhibit obvious peaks of Cu2+. An
additional peak (253 nm) corresponding to CuOx over
Cu1O4/CeO2 and CuCeOx catalyst can also be observed.38−41

We determined that the aggregated CuOx is more challenging
in converting to Cu2O species than the dispersed CuO species
under the same conditions. Meanwhile, a new peak located at
450 nm due to the emergence of Cu2O is also observed in both
Cu1O3−CeO2 and Cu1O4/CeO2 catalysts, confirming the
existence of Cu+ sites in these two catalysts.42

The X-ray absorption fine structure (XAFS) spectra were
subsequently adopted to detect the coordination states of Cu
atoms. The Cu K-edge of the X-ray absorption near-edge
structure (XANES) plots for the CuCe catalysts with the edge
energy of 8980−8985 eV was located between reference
samples of Cu2O and CuO, indicating the Cu species are
maintained in mixed valence state between Cu(I) and Cu(II),
as shown in Figure 2c. When the absorption edge is closer to
the higher energy region, its valence state is higher.43,44 The
average valence state of the Cu species for three catalysts is
increased with the sequence of Cu(I) < Cu1O3−CeO2 <
Cu1O4/CeO2 < CuCeOx < Cu(II), and the Cu K-edge in
CuCeOx is almost overlapped with that in CuO, which is
consistent with the XPS and UV−Vis results. This phenom-
enon can be attributed to the dispersion and coordination
structures of the catalysts’ active sites. The representative
catalysts were further analyzed by extended X-ray absorption
fine structure (EXAFS) to probe their bonding types. As
displayed in Figures 2f and S7, the only apparent peak around
1.93 Å can be detected and ascribed to the scattering path of

the Cu−O bond in Cu1O3−CeO2, without chemically bonded
Cu−Cu, which proves that the Cu species exist in a well-
dispersed atomic form. The additional smaller peak at 2.98 Å,
assigned to the Cu−Cu scattering at the second shell of
Cu1O4/CeO2 is evidently attributed to the formation of CuO
particles, in accordance with the XRD results. Moreover, the
peak of CuCeOx at the second shell demonstrated the presence
of CuO particles. The EXAFS fitting curves reveal that the
unsaturated coordination Cu1−O3 configuration existed in
Cu1O3−CeO2, while the Cu1−O4 configuration existed in
Cu1O4/CeO2 and CuCeOx. The corresponding Cu−O bond
coordination numbers (CN) of Cu1O3−CeO2, Cu1O4/CeO2
and CuCeOx are about 3.2, 3.7 and 3.8, respectively (Table
S2). Combined with the above results, this study focused on
the represented Cu1O3−CeO2 and Cu1O4/CeO2 catalysts for
an in-depth exploration. To confirm the rationality of the
coordination structure for Cu1O3−CeO2 and Cu1O4/CeO2
catalysts, we calculated the surface potential energies by
theoretical calculations (Figure S8). The results indicate that
the formation of Cu1O3−CeO22 exhibits the lowest surface
potential energy, confirming the congruence of the local
structures with the EAXFS findings.
The Ce 3d XPS spectra can be deconvoluted into ten peaks,

as shown in Figure S9. The four peaks (u′, u0, v′, and v0) are
assigned to the surface Ce3+ species.45,46 The stronger intensity
of Ce3+ peaks verifies that a substantial amount of oxygen
vacancies is introduced into CeO2 during the incorporation of
copper species. The calculated Ce3+/(Ce3+ + Ce4+) ratio of
catalysts follows the order of Cu1O3−CeO2 > Cu1O4/CeO2 >
CuCeOx > CeO2. It has been reported that the transition metal

Figure 3. (a) EPR spectra and calculated oxygen vacancy formation energy of Cu1O3−CeO2 and Cu1O4/CeO2 catalysts; color code: Ce (Green),
O (red), and Cu (blue); black dotted line indicates the oxygen vacancy sites. (b) Raman spectra of prepared catalysts. (c) O 1s spectra and (d) O2-
TPD profiles of prepared catalysts.
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doped CeO2 can result in the formation of oxygen vacancies,
which was further verified by the electron paramagnetic
resonance (EPR) results.46,47 The EPR of the Cu1O3−CeO2
catalyst shows a strong signal of trapped electrons in oxygen
vacancies (g = 2.003; Figure 3a). Additionally, Raman
spectroscopy was used to monitor the concentration of oxygen
vacancies in the samples (Figure 3b). The relative peak
intensity ratio (ID/IF2g) between the defect-induced (D) mode
peak (∼605 cm−1) and F2g symmetry mode peak (∼459 cm−1)
pose positive relationship to the concentration of oxygen
vacancy in CeO2.

48 The ID/IF2g value increases from 0.07 to
0.25 with the introduction of Cu, indicating an increasing of
charge-compensating oxygen vacancies. Moreover, the Cu1O4/
CeO2 also exhibits an increased number of oxygen vacancies,
which may due to the electron transfer from the Cu species to
the CeO2 support.49 Density functional theory (DFT)
simulations were performed to calculate the formation energy
(Ef) of the oxygen vacancy on the Cu1O3−CeO2 and Cu1O4/
CeO2 catalyst surface (Figure 3a). Both Cu1O3−CeO2 and
Cu1O4/CeO2 can create oxygen vacancies spontaneously at the
sites near the Cu species. Cu1O3−CeO2 possesses a relatively
lower oxygen vacancy formation energy (−0.597 eV) as lattice
oxygen near the unsaturated coordination of the Cu species
can be activated efficiently.
The O 1s peaks located at 533.4, 531.2, and 528.9 eV are

ascribed to the adsorbed H2O molecules, surface adsorbed
oxygen and lattice oxygen, respectively (Figure 3c).50−52 The
Olatt among all oxygen species of Cu1O3−CeO2 with a ratio of
55% is higher than those of Cu1O4/CeO2 (49%) and CuCeOx
(46%). The adsorption capability of catalysts toward O2
molecules was further evaluated by the temperature-

programmed desorption of oxygen (O2-TPD) (Figure 3d).
Only Cu1O3−CeO2 exhibits a significantly high oxygen release
process from physically adsorbed oxygen below 200 °C
compared to the Cu1O4/CeO2 and CuCeOx catalysts, proving
that it has better oxygen adsorption capacity. Meanwhile, no
desorption peaks can be detected at high temperatures over the
Cu1O3−CeO2 catalyst, indicating its excellent Olatt transferring
and activating ability. A negative peak below 200 °C for Cu−
Ce catalysts is observed due to the desorption of CO from
CeO2, as shown in the temperature-programmed reduction of
CO (CO-TPR) patterns (Figure S10).53 A strong CO
consumption peak of Cu1O3−CeO2, Cu1O4/CeO2 and
CuCeOx catalysts were detected at around 254, 272, and
321 °C, respectively, attributing to the oxidation of CO by
surface lattice oxygen of Cu−Ce catalysts. Here, we propose
that atomically dispersed Cu species embedded in the CeO2
lattice interstice can cause lattice distortion and lead to
induction of more surface defects. We suppose that the strong
electron-donating property of the Cu particles alters the
structural reactivity, resulting in a higher ability to activate and
dissociate Olatt and molecular oxygen.
Catalytic Performance and Properties

The activity of the prepared catalysts was assessed by
employing temperature-programmed CO oxidation as the
model reaction. As shown in Figure 4a, the catalytic activity of
the pure CeO2 support is negligible, which confirms that the
Cu species as active sites play a vital role in CO oxidation at
low temperatures. Both Cu1O3−CeO2 and Cu1O4/CeO2
catalysts exhibit CO oxidation reactivity even at room
temperature. Moreover, the T50 (the temperature of 50% CO
conversion) turns out to be 48 and 63 °C for the Cu1O3−

Figure 4. (a) Catalytic activity evaluation of CO oxidation over prepared catalysts. (b) H2-TPR profiles, (c) CO-TPD profiles, and (d) DRIFT
spectra of CO adsorption over prepared catalysts.
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CeO2 and Cu1O4/CeO2 catalysts, respectively. Contrastingly,
CuCeOx only achieves 48% conversion of CO even at a higher
temperature of 100 °C. Interestingly, the lowest T90 (the
temperature of 90% CO conversion) is obtained from the
Cu1O3−CeO2 catalyst at 66 °C. The catalytic performance is
not affected even if the WHSV is increased (Figure S11).
These results demonstrate that the effectiveness of these
catalysts is directly related to the atomic locations of Cu
species. Furthermore, the CO oxidation kinetics were
measured by the Arrhenius plots based on aforementioned
data. As shown in Figure S12, the Cu1O3−CeO2 catalyst
exhibits the lowest apparent activation energy (Ea; ∼ 45 kJ·
mol−1) compared to those of Cu1O4/CeO2 (∼71 kJ·mol−1)
and CuCeOx (∼91 kJ·mol−1) samples.
Redox properties of the catalysts were further determined by

the temperature-programmed reduction of hydrogen (H2-
TPR) to investigate the reason behind such differences in
apparent activation energy. As depicted in Figure 4b, the main
reduction peak of the Cu1O3−CeO2 catalyst shifts to a lower
temperature (186 °C, with a small shoulder peak at around
142 °C) in comparison to the other catalysts. The two adjacent
sharp reduction peaks at temperatures below 200 °C are
assigned to the presence of atomically dispersed copper
species.29 For Cu1O4/CeO2, the main reduction peak around
225 °C is assigned to the strong metal−support interaction
(SMSI) between Cu and the CeO2 support, leading to a rise in
the reduction temperature due to the strong bonding. A broad
reduction peak at 150−225 °C in the CuCeOx catalyst is
attributed to the highly dispersed CuOx and Cu-[Ox]-Ce solid
solution structure. The H2-TPR of CuO in Figure S13 is taken
as a reference, the CuO reduction temperature remains above
300 °C. Based on these results, it can be postulated that the
different types of binding between copper and CeO2 using
different synthetic methods result in diverse interactions, which
further lead to significant discrepancy in catalytic performance.
Notably, the synthesized Pt/CeO2 and Au/CeO2 (kept with
the same loading amount) and TM-CeO2 (other transition
metals doped CeO2) exhibit much lower performance
compared to the Cu1O3−CeO2 catalysts for CO oxidation
(Figures S14 and S15). These results further confirm that
atomically dispersed and coordination-unsaturated copper
species significantly promote the catalytic performance.
Additionally, CuO nanoparticles were detected while increas-
ing the Cu content during Cu1O3−CeO2 catalyst synthesis, but
no enhancement of the catalytic performance is observed
(Figures S16 and S17). It has been shown that just a particular
degree of doping causes the catalyst to generate stable Cu1O3
sites and promotes lattice oxygen activation near the active
sites, hence, maximizing performance. The surplus CuO on the
surface does not function as the active site in this system and
fails to entirely obscure the Cu species that have been
incorporated into the lattice. The prior active sites consist of
unsaturated coordinated Cu species with doped segments,
which are abundant and robust enough to maintain catalytic
efficiency. Therefore, we claim that the surface segregation of
Cu atoms caused by the excessive doping can lead to the
formation of CuO, but could not further enhance the catalytic
performance.
For practical applications, the stability of the catalysts is of

crucial importance. Therefore, the stability of the prepared
Cu1O3−CeO2 and Cu1O4/CeO2 samples were assessed by the
H2O resistance test between a heating and cooling cycle
(Figure S18). It is observed that the presence of water vapor

reduced the CO oxidation performance. For the feed of 3 vol
% H2O, the performance of Cu1O3−CeO2 and Cu1O4/CeO2
decreases by 18−19% and 22−23%, respectively, which may be
due to the competitive adsorption between H2O molecules and
reactants.4 Furthermore, we recorded the temperature-
programmed desorption of the CO (CO-TPD) profiles of
Cu−Ce catalysts to investigate their CO adsorption ability. As
shown in Figure 4c, the desorption peaks around 86, 99, and
166 °C correspond to the weakly chemisorbed CO on the
surface, which does not participate in the CO oxidation
reaction. The moderately adsorbed CO species shown in
Figure 4c supposedly plays an important role in CO
oxidation.54 The CO desorption temperatures for the
Cu1O3−CeO2, Cu1O4/CeO2, and CuCeOx catalysts are
determined as 127, 158, and 222 °C, respectively. The peak
position of the CO desorption for Cu1O3−CeO2 catalyst
considerably shifts to the lower temperature compared with
the desorption peaks of Cu1O4/CeO2 and CuCeOx catalysts,
indicating that the adsorption capacity of Cu1O3−CeO2 is
superb as compared to other catalysts, consistent with the
catalytic activity results. These observations verify that various
coordination structures between Cu and Ce result in diverse
absorption and activation abilities toward CO molecules on the
Cu active sites. DFT calculation on copper species also
confirms that Cu1O3−CeO2 possesses a lower CO adsorption
energy (−1.087 eV), and therefore, it tends to adsorb and
activate more CO compared with that of Cu1O4/CeO2 (Figure
S19).
In order to further understand the CO adsorption behavior

on active Cu species, we perform in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) experi-
ments at 25 °C (Figures 4d and S20). Figure S20 displays the
CO−DRIFTS spectra recorded during the adsorption process,
revealing the peaks at 2170 and 2113 cm−1 corresponding to
gaseous CO adsorption on CeO2.

55,56 Additionally, the CO
adsorption peak for Cu1O3−CeO2 shifts to 2104 cm−1,
indicating increased CO adsorption on Cu+. To resolve peak
overlap, weaker CO adsorbed on CeO2 was removed by
purging, revealing a peak at ∼2100 cm−1 attributed to linearly
adsorbed CO on Cu+. This peak is observed in both Cu1O3−
CeO2 and Cu1O4/CeO2 (Figure 4d).23,29 However, the
intensity of the Cu+-CO signal decreases gradually as the
CeO2 surface is increasingly covered by the Cu nanoparticles.
Evidently, the CO adsorption behavior on Cu1O3−CeO2 is
much stronger than that on Cu1O4/CeO2, attributing to the
strong chemisorbed CO on Cu+ species in an electron-
deficient state induced by Cu−O coordination. The results
unambiguously confirm the atomic dispersion of Cu+ in
Cu1O3−CeO2. Interestingly, compared to the Cu1O3−CeO2
sample (2100 cm−1), a remarkable red shift of the linear-
bonded CO peak on the Cu site is observed in Cu1O4/CeO2
(2103 cm−1), indicating that electronegativity of Cu species
was enhanced in the Cu1O3−CeO2 sample. It is hypothesized
that the electron feedback from Cu to the CO 2π* antibonding
orbital was enhanced due to the electron transfer from Ce to
Cu. This transfer leads to a reduction in the bond order of CO.
An additional weak peak at 2087 cm−1, assigned to Cu particle-
CO, was also observed in the Cu1O4/CeO2 spectrum, revealing
that the adsorption behavior of CO on Cu1O4/CeO2 can be
determined by Cu+ on the interface. Moreover, the linearly
bonded CO peak was not detected in the CO-DRIFTS spectra
for CuCeOx. Furthermore, the variation trend of CO
adsorption behavior is highly consistent with that of the CO
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oxidation activity of the catalysts, suggesting that Cu atom sites
play a pivotal role in enhancing CO adsorption.
Mechanism Study
The in situ DRIFTS measurements were recorded to further
study the CO oxidation mechanism over the prepared
catalysts. As shown in Figures S21−S23, the in situ temper-
ature-programmed DRIFTS results reveal that bicarbonate
species HCO3* (1608 and 1049 cm−1), formate species
HCOO* (1550 and 1336 cm−1), and carbonate species
CO3

2−* (1442 and 1016 cm−1) are observed as intermediates
in all three catalysts. There is an obvious enhancement of
HCOO* (1550 and 1336 cm−1) and CO3

2−* (1442 and 1016
cm−1) species as the temperature increasing.23,57,58 Especially,
when the reaction temperature was increased from 25 to 60
°C, the IR absorption peak of HCO3* located at ∼1608 cm−1

shows conspicuous difference between Cu1O3−CeO2 and
Cu1O4/CeO2 (Figures S21 and S22). The CuCeOx catalyst
also exhibits similar intermediates as those of Cu1O3−CeO2
due to partial Cu species doped into the bulk phases to form
the bulk CuyCe1−yO2−x solid solution (Figure S23). The results
indicate that the formation of bicarbonate is facilitated when
Cu species penetrate into the CeO2 lattice, while Cu1O3−
CeO2 with atomic dispersion of Cu species decompose
bicarbonate more rapidly. From DFT calculations, it is
known that Cu1O3−CeO2 generates bicarbonate with the
lowest energy barrier (Figure S24). It is established that the
changes in the catalyst structure affect the formation of surface
intermediates. Moreover, the per-oxo or superoxo species
formed facilely at oxygen vacancy sites, corresponding
absorption peak of metal per-oxo complexes located at 937
cm−1 (νO−O) in Cu1O3−CeO2 spectrum.59−61 The electrons of
the lattice oxygen are activated and transfer to the adjacent
coordination-unsaturated copper species, resulting in charge
separation and formation of Cu+. Subsequently, the molecular

oxygen species is protonated to form the metal per-oxy species
M(O2) due to the proton transfer during the reaction, resulting
in the weakened O−O bonding and fast activation of the
oxygen molecules. The activated *O2

2− attacks one of the
coordination bonds of CO to form *CO2, which reacts with
the polar group OH- to form the thermally less stable HCO3*
even at room temperature.23,62,63 The desorption of inter-
mediates was promoted, making it easier for Cu+ to adsorb CO
on its surface.
To further investigate the surface mechanisms, successive in

situ DRIFTS were performed at T90 with the reaction
atmosphere switched between air and nitrogen (Figures 5a,d,
and S25). Previous studies suggested that the CO oxidation by
the CeO2-supported catalysts followed the MvK mecha-
nism.59,64−67 The Cu−Ce catalysts in this study also follow
the MvK mechanism via in situ DRIFTS under the CO + N2/
O2 conditions. The formation of the same type of
intermediates both in an atmosphere of CO + N2 or
atmosphere of CO + O2 provides powerful evidence that the
lattice oxygen is the reactive oxygen species. Provided that no
H2O peak is observed in the in situ temperature-programmed
DRIFTS, the reaction path can be derived as follows: in the
absence of O2, the intermediates accumulate when the reaction
proceeds in CO + N2 conditions; while in the presence of O2,
the intermediates accumulate rapidly and combine with the
free proton to form H2O. The production of H2O is
proportional to the production of the thermally less stable
HCO3

−, dominating in the Cu1O3−CeO2 catalyst. Operando
near ambient pressure XPS (NAP-XPS) measurements were
conducted to obtain detailed information on the oxidation
states of the catalyst components as well as the activation and
transformation of oxygen species during the reaction. The fresh
samples were analyzed according to the temperatures at room
temperature, T50, and T90, respectively, detected from the CO

Figure 5. In situ DRIFTS of CO oxidation under various reaction conditions at (a) 65 °C over Cu1O3−CeO2 and (d) 85 °C over Cu1O4/CeO2
catalysts. Operando Cu LMM NAP-XPS spectra of (b) Cu1O3−CeO2 and (c) Cu1O4/CeO2 catalysts obtained from the CO oxidation process.
Operando O 1s NAP-XPS spectra of (e) Cu1O3−CeO2 and (f) Cu1O4/CeO2 catalysts obtained from the CO oxidation process.
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oxidation performance. The change in valence states of the Cu
species during the CO oxidation process was detected, most
probably due to the interaction between reducible oxides and
metals and the presence of oxygen defects. Cu LMM indicates
that Cu species are all maintained in the oxidized state, which
are composed of Cu2+ evidenced by the peaks at 571.5 and
Cu+ at 569.3 eV (Figure 5b,c).34−36 When samples were
treated in the reaction gas at reaction temperatures, Ce4+ is
formed as a result of the addition of oxygen to the oxygen
vacancy according to the kröger-vink equation,68 resulting in
the rapid reduction of Cu2+ to Cu+. Subsequently, the
concentration of Cu+ species on the support’s surface
continually increases with the increasing of temperature.
Interestingly, the Cu1O3−CeO2 catalyst exhibits a stronger
electron transfer ability compared to the Cu1O4/CeO2 catalyst
with a much weaker electron transfer ability under the same
conditions.
Moreover, a higher temperature was required to initiate the

active Cu+ species of Cu1O4/CeO2. These observations
demonstrate that Cu+ in Cu−Ce catalysts is a superior site
for activating CO molecules. The operando NAP-XPS results
further confirm that the Cu−O bonds with coordination-
unsaturated sites have a stronger electron transfer ability under
the reaction atmosphere. The effect of Cu species on the

charge density of CeO2 was confirmed by a charge density
distribution analysis. As shown in Figure 6b,c, the blue and
purple isosurfaces correspond to the accumulating and
depleting electron densities, respectively. The cutoff of density
difference isosurface was equal to 0.005 eV·Å−3. The local
environment around the Cu sites leads to varying extents of
charge transfer. We observed that Cu1O3−CeO2 has a stronger
electron transfer capability compared to Cu1O4/CeO2. The Cu
atom in a coordination-unsaturated state enhances the electron
transfer to the uncoordinated O atom, which induces a shift of
the electron cloud density toward the uncoordinated oxygen
atom, resulting in facile activation of the oxygen atom in Cu1−
O3.
Subsequently, the activation and transformation of oxygen

species were investigated by operando 1s near ambient
pressure XPS (NAP-XPS) (Figures 5e and 5f). The character-
istic peaks around 528.4 and 530.4 eV were ascribed to the
lattice oxygen (Olatt) and surface adsorbed oxygen (Oads)
species, respectively.2,4,46 The peak located at 532.4 eV is
assigned to the adsorbed H2O groups on the catalyst
surface.50−52 Notably, the ratio of the Olatt species of the
Cu1O3−CeO2 catalyst gradually decreases from 70.1% (25 °C)
to 68.8% at T50 and 64.0% at T90. The Cu1O4/CeO2 catalyst
exhibits the same decreasing tendency (from 66.8% at 25 °C to

Figure 6. (a) Calculated total density of states (TDOS) and partial density of states (PDOS) of Cu1O3−CeO2 and Cu1O4/CeO2 catalysts.
Calculated charge density differences of (b) Cu1O3−CeO2 and (c) Cu1O4/CeO2 catalysts; color code: Ce (Green), O (red), and Cu (blue).
Proposed mechanisms of CO oxidation on (d) Cu1O3−CeO2 and (e) Cu1O4/CeO2 catalysts. “*” indicates initial state; “TS” indicates transition
states. The reaction energies and activation energies are indicated in eV in the potential energy diagram. Color code: Ce (green), O (red), Cu
(blue), and C (brown).
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65.4% at T50 and 64.1% at T90), indicating that the lattice
oxygen involved in the reaction is the reactive oxygen species.
We established that Cu1O3 is comparatively easier to activate
the lattice oxygen of the CeO2 support and enhance the oxygen
transport in the Cu1O3−CeO2 body phase to improve the
reaction performance.
The 18O isotopic labeling experiment was conducted to

further explain the reaction mechanism of the catalysts
(Figures S26 and S27). For the Cu1O3−CeO2 and Cu1O4/
CeO2 catalysts, the signal of C16O2 species (m/z = 44)
increased rapidly with the increasing of reaction temperature,
and the signal of this species was significantly higher than that
of C16O18O species (m/z = 46) and C18O2 species (m/z = 48),
due to the consumption of lattice oxygen species over catalysts
surface, further proving that the CO oxidation over Cu1O3−
CeO2 and Cu1O4/CeO2 catalysts followed the MvK mecha-
nism. In addition, it can be observed that Cu1O3−CeO2
catalyst possesses the higher C16O2 signal at low-temperatures
than Cu1O4/CeO2 catalyst, indicating that the atomically
dispersed unsaturated coordination site of Cu1O3−CeO2
promotes the activation of lattice oxygens and improves the
catalytic performance.
DFT calculations were conducted to simulate the approx-

imate structure of the Cu atoms on the CeO2 surface based on
the EXAFS fitting results, where the {111} plane of CeO2 is
dominantly exposed, as derived from HR-TEM results (Figures
2a and 2b). The calculated total density of states (TDOS) and
projected density of states (PDOS) reveal that the energy
levels around the Cu1O3−CeO2 Fermi level are continuous,
with no band gap (Figure 6a). The d-band center (εd, the
average position of the d-orbital of metal atom) of the Cu1O3−
CeO2 catalyst was calculated to be −1.471 eV, which is much
closer to the Fermi level (0 eV), indicating a higher electron
transport ability and an increased activation effect on the
contaminant. The higher number of electrons in the Fermi
energy level is mainly due to the presence of Cu atom, which
lead to a change in the energy level of Ce atom and an
enhancement of the Cu−O coupling.
The reaction mechanisms of CO oxidation over Cu1O3−

CeO2 and Cu1O4/CeO2 are illustrated in Figures 6d and 6e.
The results are derived from the Mars−van Krevelen (MvK)
mechanism, which is based on the analysis of in situ DRIFTS,
operando NAP-XPS data, and an 18O isotopic labeling
experiment. For Cu1O3−CeO2, the surface adsorbed CO
with a lower free energy (−1.32 eV) tends to be adsorbed on
the coordination-unsaturated site of copper, resulting in
forming a four-coordination configuration first (structure (i).
Next, the activation energies of *CO during reaction with
lattice oxygens (TS1) of Cu1O3−CeO2 and Cu1O4/CeO2 were
calculated as 0.59 and 0.82 eV, respectively. Similarly, the
lattice oxygens next to Cu1−O3 and at the interface are
activated in two catalysts. The low barrier energy of the lattice
oxygen during reaction with CO leads to the efficient
conversion under low temperature of CO oxidation reaction.
The desorption energy of physically adsorbed *CO2 on the
surface (structure (ii), is found to be 0.23 eV on Cu1O3−
CeO2. We propose that an oxygen vacancy is formed at the
interface, and a bare Cu site is exposed after the release of the
first CO2 (structure (iii), followed by the adsorption of *O2 on
oxygen vacancy (iv). CO adsorbs continuously on Cu species;
whereas, the oxygen vacancy is directly involved in the
formation of the second molecular CO2, with decreases
apparent activation energy values of 0.52 and 0.37 eV (TS2)

over Cu1O4/CeO2 and Cu1O3−CeO2 catalysts, respectively.
Finally, the catalytic oxidation cycle is completed after the
dissociation of *CO2. The rate-determining step of CO
oxidation over the prepared catalyst is determined as the
surface reaction between CO and lattice oxygen or adsorbed
oxygen.

■ CONCLUSIONS
This study employed various bonding methods to deliberately
manipulate the Cu species on the CeO2 supports, resulting in a
broad range of atomic Cu sites and, consequently, a different
range of reaction mechanisms. The incorporation of adequate
quantities of Cu into CeO2 established extensively distributed
coordination-unsaturated Cu sites. In comparison to the
traditional Cu−Ce catalyst, the Cu1O3−CeO2 catalyst
possesses a higher amount of Cu+ as a CO adsorption site
and rapidly activated lattice oxygen as reactive oxygen species.
According to in situ DRIFTS data, metal peroxides are formed
at coordination-unsaturated Cu1−O3 sites, which then attack
the reactant coordination bonds and desorb the intermediates
quickly. We propose that the atomic Cu sites with
coordination-unsaturated state leads to electron cloud density
migration from the uncoordinated Cu atoms to O atoms.
Subsequently, the transfer of electrons from O atoms to Cu
species upon activation of lattice oxygen dominates in charge
separation and promotes the generation of Cu+ and per-oxy
species, thereby enhancing the surface reaction of active
oxygen species with CO. We propose that the activation of
oxygen species and modulation of metal active centers may be
improved by constructing highly distributed coordination-
unsaturated copper sites using a doping approach, leading to
superb catalytic oxidation performance.
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