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A B S T R A C T   

Copper-ceria mixed oxides are widely considered promising catalysts for oxidation reactions, especially when the 
participation of lattice oxygen is required. However, the mechanistic understanding of these catalytic systems is 
still incomplete, due to their considerable complexity. In fact, copper doping of ceria results in the formation of a 
significant number of different interacting sites in continuous evolution during the catalytic processes. In the 
present study, pure and Cu-doped ceria samples were deeply investigated through combined spectroscopic 
techniques, i.e. XPS, EPR, and in situ FTIR and Raman spectroscopy. Through this systematic approach, the 
copper sites and lattice defects responsible for the enhanced CO oxidation activity of doped ceria were eluci
dated. Superficial Cu+ species and small Cu0 clusters promote the adsorption of CO at low temperature, while 
isolated Cu2+ monomers and dimers well-dispersed in the ceria matrix foster lattice oxygen mobility, involving 
the sub-surface in the redox phenomena. Consequently, the structure of Cu-doped ceria undergoes substantial 
modifications throughout CO oxidation in the absence of O2, with the formation of oxygen vacancy clusters. 
Anyway, these changes are reversible, and structural reorganization in the presence of O2 can occur even at room 
temperature. The excellent performance of Cu-doped ceria eventually stems from the effective cooperation 
among the different catalytic sites in the mixed oxide.   

1. Introduction 

Cerium oxide is a well-known heterogeneous catalyst fruitfully 
employed in various applications. Thanks to its peculiar redox proper
ties, this material is able to effectively promote different reactions, such 
as the abatement of gaseous pollutants or particulate matter, the pref
erential oxidation of CO, the water gas shift reaction, methane dry 
reforming, as well as several photocatalytic or electrocatalytic processes 
[1–11]. The properties of ceria-based catalysts can be finely tuned not 
only by optimizing the synthesis procedure but also by selecting proper 
dopants, in order to maximize the final performances [12]. Indeed, the 
incorporation of foreign elements in ceria fluorite structure can foster 
the formation of different kinds of lattice defects and promote the 
overall redox properties of the catalytic system [13–16]. 

In particular, ceria-copper catalysts have exhibited great potential as 
effective alternatives to the widely used supported noble metals, 

concurrently being much less expensive and more easily available 
[16–22]. However, despite the great interest aroused by Cu-Ce mixed 
oxides, their full mechanistic understanding has not been achieved yet, 
because of the considerable complexity of these systems. The strong 
interactions between ceria and copper leads to the formation of a highly 
variable structure, in which a considerable number of different inter
acting sites is in continuous transformation during the catalysis [5, 
23–25]. For instance, the simultaneous presence of Cu0, Cu+ and Cu2+

species in a CuO/CeO2 catalyst during CO preferential oxidation was 
reported by Davó-Quiñonero et al. [21]. Both copper sites and lattice 
defects are directly involved in the redox phenomena and strongly 
promote oxygen mobility across ceria framework [14,26]. This is 
extremely beneficial for those reactions occurring through a Mars-van 
Krevelen (MvK) type mechanism, in which lattice O2- ions act as the 
primary oxygen source, creating oxygen vacancies which are subse
quently refilled by gaseous O2 [16,21,23]. Such a behavior enables the 
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use of doped ceria for catalyzing oxidation reactions in O2 deficiency, e. 
g. in the three way catalysts for gasoline-fueled vehicles; in the latter 
case, an improved lattice mobility allows to draw more oxygen from the 
sub-surface and bulk of the catalyst when it is not available in the gas 
phase [27]. The structural flexibility of ceria-copper mixed oxides is also 
coupled to an almost full reversibility, resulting in long-term stability 
under reaction conditions [24,26,28,29]. 

Promising performances have been recently exhibited by well- 
defined Cu-doped ceria nanostructures prepared through hydrother
mal synthesis [13,16,27,30,31]: indeed, the surface planes exposed by 
catalyst particles strongly affect phenomena such as the adsorption and 
activation of reactants, directly influencing the reaction efficiency [32]. 
In previous studies, the basic physico-chemical properties and the cat
alytic activity of such Cu-doped ceria-based materials have been inves
tigated, and their defect chemistry has been thoroughly explored via in 
situ Raman spectroscopy, following the structural evolution during CO 
and soot oxidation [15,24]. Tests performed in different conditions 
allowed to unveil some unexpected mechanisms, such as the dissociative 
adsorption of CO in the presence of O2, the formation of clusters of 
oxygen vacancies in reducing conditions, or the deactivation of reactive 
oxygen species at the catalyst surface by excessively concentrated oxy
gen vacancies during soot oxidation. However, little information was 
obtained about the role of copper sites during the catalysis. Hence, in the 
present work, novel in situ Raman analyses were combined with other 
spectroscopic techniques, such as high-resolution XPS, EPR, and in situ 
FTIR, with the aim of finally finding out which kinds of copper sites 
allow to boost ceria oxidizing activity. Thanks to this comprehensive 
approach, four different Cu species were detected in 5 at% Cu-doped 
ceria nanoparticles, and the effects of these sites on the catalyst activ
ity and defectiveness were discussed. 

2. Materials and methods 

Pure (Ce100) and Cu-doped (Ce95Cu5) ceria was prepared through a 
hydrothermal synthesis procedure [15,30]. The 5 at% Cu loading was 
chosen with the aim of creating a Ce-Cu solid solution and to avoid the 
segregation of big CuO particles. Ce(NO3)3⋅6H2O and Cu(NO3)2⋅3H2O 
(both provided by Sigma-Aldrich) were employed as metal precursors. 
In detail, a total of 20 mmol of nitrates (of which 19 mmol of cerium 
nitrate and 1 mmol of copper nitrate for the Ce95Cu5 sample) were 
dissolved in 10 mL of deionized water. This solution was then added 
dropwise to a second solution prepared by dissolving 48 g of NaOH 
(Sigma-Aldrich) in 70 mL of deionized water. After stirring at room 
temperature (RT) for 1 h, the thus obtained mixture was heated at 
180 ◦C for 24 h in an autoclave. Subsequently, the sludgy precipitate was 
rinsed several times with ethanol and deionized water, in order to 
remove Na traces, and then it was dried at 70 ◦C overnight. Finally, the 
solid powder was gently crushed in a mortar and calcined in air at 550 ◦C 
for 4 h. 

The actual copper content in the Ce95Cu5 sample was determined 
through inductively coupled plasma-mass spectrometry (ICP-MS) using 
a Thermo Scientific iCAP RQ ICP-MS apparatus. The catalyst powder 
was dissolved in a 1 M sulfuric acid + 0.5 M ascorbic acid aqueous so
lution, stirring at RT overnight. 

X-ray diffraction (XRD) was carried out in a Philips X’Pert PW3040 
diffractometer, using Cu Kα radiation (λ = 1.5418 × 10− 10 m). The 
average crystallite size was estimated through the Scherrer’s equation, 
using a LaB6 calibration standard to correct the instrumental peak 
broadening. 

The average properties of pores and the specific surface area (SSA) 
were studied via nitrogen physisorption, carried out in a Micromeritics 
Tristar II 3020, using the Barrett-Joyner-Halenda (BJH) and the Bru
nauer–Emmett–Teller (BET) methods. The catalyst powder was pre
treated at 200 ◦C for 2 h in N2 flow prior to the analysis. 

The morphology of the two samples was investigated through field 
emission scanning electron microscopy (FESEM), using a Zeiss Merlin 

equipped with a Gemini-II column. For better images, the solid powder 
was previously coated with a 5-nm-thick Pt layer via sputter deposition. 
In addition, high resolution transmission electron microscopy (HRTEM) 
images were collected using a Thermo Scientific Talos F200X micro
scope operated at 200 kV, equipped with a detector for energy dispersive 
X-ray spectroscopy (EDX). The sample powder was suspended in high- 
purity 2-propanol and subsequently drop-casted on the lacey carbon 
film of a gold support grid. The elemental distribution was investigated 
by acquiring EDX maps in scanning-transmission electron microscopy 
(STEM) mode. 

X-ray photoelectron spectroscopy (XPS) analysis, of the catalyst 
powder, was carried out by using a PHI 5000 Versa Probe instrument, 
equipped with a monochromatic Al k-alpha X-ray source (1486.6 eV), 
while the obtained data were elaborated with Casa XPS Version 2.3.18 
software. Longer acquisition times were used to detect the high resolu
tion (HR) Cu 2p core-level spectrum, due to the low abundance of this 
element in the catalyst. The binding energy of the high resolution 
spectra was referred to the C 1s peak at 284.8 eV to compensate the 
surface charging effect. 

EPR spectra have been recorded with a Continuous Wave (CW) 
Bruker EMX spectrometer operating at X-band (9.5 GHz), equipped with 
a cylindrical cavity at 100 kHz field modulation. The spectra have been 
recorded both at RT and in a bath of liquid nitrogen (− 196 ◦C). 

Temperature programmed reduction with hydrogen (H2-TPR) was 
carried out in an Altamira Ami-300Lite instrument equipped with a 
thermal conductivity detector (TCD). The sample powder (50 mg) was 
pretreated in He at 550 ◦C for 30 min, than it was heated from 50◦ to 
900◦C under a flow of 5% H2 in Ar using a 10 ◦C min-1 ramp. 

A Renishaw InVia Raman microscope was employed to collect 
Raman spectra of the samples in backscattering configuration, using a 
514.5 nm excitation wavelength and a 5x objective. The RT Raman 
spectra were obtained averaging several spectra acquired in different 
regions of each sample, each one collected with a total exposure time of 
225 s. After spectral deconvolution (with a procedure reported in [15]), 
the defect abundance of the catalysts was compared by calculating the 
ratio between the areas of the defect-induced bands (D1, D2 and D3 
bands, located between 500 and 650 cm-1) and the main F2g peak of 
ceria (located around 465 cm-1). The behavior of defects in the presence 
of CO was investigated through in situ Raman measurements, performed 
using a Linkam TS1500 cell. A small catalyst tablet, obtained by pressing 
the powder at 4 ton, was placed in the Linkam cell and kept in the 
desired atmosphere by flowing 45 mL min-1 of gas. 

Fourier transform infrared (FTIR) spectra were collected in trans
mission mode in a Bruker Invenio S spectrometer equipped with a 
mercury-cadmium-telluride detector. Catalyst powder was pressed into 
a self-supporting wafer (with a 10 – 20 mg cm-2 density) and then 
inserted in a suitable quartz cell with KBr optical windows. Before each 
analysis, the sample was outgassed in high vacuum (5 ×10-4 mbar) at 
400 ◦C for 30 min; in some cases, this pretreatment was followed by the 
exposure of the sample to CO (20 mbar) at 400 ◦C for 60 min. FTIR 
spectra were then acquired at RT with a resolution of 2 cm-1. In situ 
measurements were carried out to investigate the interaction between 
the catalyst surface and CO or methanol molecules, by admitting 
increasing quantities of these species in the IR cell, up to a pressure of 10 
mbar, acquiring a spectrum for each step of pressure. 

CO oxidation was chosen as probe reaction to evaluate the catalyst 
activity, performing tests in isothermal mode. In brief, a fixed bed 
containing 100 mg of catalyst was inserted in a U-shaped quartz reactor 
placed in a furnace. During the test, the catalyst was kept under a 50 mL 
min-1 flow of a mixture of 1000 ppm of CO and 10% of O2 in N2.and the 
reactor outlet concentration of CO and CO2 was measured employing an 
ABB Uras 14 continuous gas analyzer. Starting from 50 ◦C, the tem
perature was increased by 25 or 50 ◦C step by step, each time waiting for 
the establishment of a steady state (i.e. constant gas composition at the 
reactor outlet) before raising the temperature. Prior to the test, the 
catalytic bed was pre-treated at 100 ◦C for 30 min flowing a 50 mL min-1 
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flow of air. 

3. Results and discussion 

3.1. Structural and textural properties of the catalysts 

The structural properties of pure and Cu-doped ceria were investi
gated via XRD. The diffractograms of both samples were characterized 
by the typical reflections of CeO2 fluorite structure (Fig. S1), while peaks 
related to copper-based segregated phases were not detected [17,18]. 
The latter observation suggests that most Cu ions are well-dispersed and 
directly incorporated in ceria lattice. As visible in Table 1, this is re
flected on a lower average crystallite size for the doped sample. 

The lower dimension of crystals and particles in the Ce95Cu5 sample 
is also responsible for its quite higher specific surface area and pore 
volume (Table 1), and it was confirmed via electron microscopy. 
Furthermore, Cu addition caused a remarkable change of the catalyst 
morphology. As clearly displayed by the FESEM and TEM micrographs 
in Fig. 1, pure ceria mainly consists of well-defined nanocubes, with 
variable dimensions ranging from 20 to 400 nm; instead, the Ce95Cu5 
sample is made of faceted nano-polyhedra, exhibiting a more rounded 
shape and a lower dimension between 5 and 30 nm. The analysis of the 
fringes in HRTEM images revealed that the nanoparticles of both the 
samples are single crystals, independently on their particular 
morphology; furthermore, they are all characterized by the typical ceria 
fluorite structure, in agreement with XRD and with previous studies 
[24]. No particles exhibiting a different crystal structure were found 
while analyzing the Ce95Cu5 sample, suggesting that segregated copper 
domains (such as CuO nanoparticles) are absent. This indication was 
confirmed by collecting STEM-EDX maps on the mixed oxide (one of 
them is reported in Fig. 1): the elemental microanalysis indeed evi
denced that Cu is homogenously distributed across the Ce95Cu5 sample, 
while no Cu aggregates were detected. 

a The average crystallite size (DC) was estimated using XRD data b 

The specific surface area (SSA), the total pore volume (Vp) and the 
average pore diameter (Dp) were measured through N2-physisorption. 

3.2. Chemical properties of the catalysts 

The composition and oxidation state of the catalyst surface was 
examined through XPS, whose main results are reported in Table 2. In 
the O 1s XPS spectra (Fig. S2 A), two distinct peaks were identified. The 
main peak around 528.8 eV can be ascribed to lattice oxygen (Oβ), while 
the less intense peak at 531.0 eV is related to the presence of various 
capping oxygen species (Oα) [33,34]. The two samples exhibit a very 
similar relative abundance of Oα and Oβ. 

The deconvolution of Ce 3d XPS spectra (Fig. S2 B), performed with a 
procedure adapted from [35], allowed to quantify the amount of 
reduced cerium. In detail, two sets of signals can be identified con
cerning the Ce 3d core level: five “v” peaks are related to Ce 3d5/2 level, 
while five “u” peaks correspond to the Ce 3d3/2 state. Among them, four 
features (v◦, v’, u◦ and u’) can be ascribed to Ce3+ ions, while the other 
six components can be referred to the 4+ oxidation state [36]. As can be 
seen in Table 2, the Ce95Cu5 catalyst exhibits a slightly higher quantity 

of Ce3+ ions at its surface with respect to pure ceria. The higher degree of 
reduction of the material is due to the charge transfer between Cu and 
neighboring Ce4+ ions occurring upon Cu incorporation in ceria lattice 
[14,37]. 

Furthermore, XPS detected the presence of 5.6 at% of copper in the 
Ce95Cu5 catalyst (with respect to the total amount of Ce + Cu ions), 
which is rather similar to the nominal copper loading (5 at%) and to the 
actual copper loading measured via ICP-MS (4.5 at%). This suggests that 
Cu ions are well distributed in the ceria matrix, whereas the preferential 
massive segregation of copper on the ceria surface can be ruled out. The 
high resolution XPS spectrum of Cu 2p doublet (Fig. S3 A) was charac
terized by a main peak at 932.4 eV and by a much weaker feature 
around 952.0 eV, which corresponds to Cu 2p1/2 component; at the 
same time, satellite peaks, which would mark the presence of Cu2+

species, were absent in the spectrum [38]. Moreover, a Cu LMM Auger 
peak located at 916.6 eV in the kinetic energy scale was detected (Fig. S3 
B), and this feature can be attributed to Cu+ species [39]. The combi
nation of these two results reveals that surface copper is mainly in the 
Cu+ state [40], while eventual Cu2+ or Cu0 sites are too few to be 
effectively detected by XPS. Cu+ species at ceria surface are believed to 
be good active sites for CO adsorption and oxidation [16,41,42]. 

The chemical properties of the two catalysts were further investi
gated via EPR. The EPR spectrum of pure ceria (Fig. S4) is characterized 
by a single low-intensity signal at around 345 mT, which could be due to 
the presence of some impurities or to electrons trapped near the surface 
of Ce3+/Ce4+ redox pairs [43]. Ce3+ is a paramagnetic ion with one 
unpaired electron in the 4 f orbital, however due to unfavorable relax
ation times, it is usually EPR silent at T > 4 K. On the contrary, a distinct 
EPR signal due to the presence of Cu2+ species is observed in the 
Ce95Cu5 sample (Fig. 2 A). The spectrum can be interpreted as the su
perposition of monomeric Cu2+ centers (S=1/2) and ferromagnetically 
coupled Cu2+ dimers (S=1) [14,44–46]. The dimer spectrum is char
acterized by a complex powder pattern featuring, for each fine transi
tion, seven hyperfine lines with relative intensities 1:2:3:4:3:2:1, 
resulting from the coupling of the total electron spin to the Cu 
magnetically active nuclei (natural abundance 63Cu 69.15%, 65Cu 
30.85%, both I = 3/2). The half-field peaks, observed at approximately 
160 mT, can be attributed to a double quantum transition (Δms = ± 2) of 
the coupled-spin system (see the inset in Fig. 2 A) [47,48]. The spectrum 
assigned to the isolated ionic Cu2+ species (i.e. isolated monomers) is 
characterized by four narrow and structured lines around 330 mT (g⊥=
2.045) while the corresponding g// region (g// = 2.221) is less defined 
and structured. The presence of these isolated Cu species is indicative of 
the formation of a solid solution between ceria and copper [44]. 

Being oxygen a paramagnetic molecule, in the presence of other 
paramagnetic species we can observe an interaction among the para
magnetic surface species and molecular oxygen, resulting in the 
quenching of the EPR signal. If the EPR active species are in the bulk of 
the sample, no interaction with oxygen is observed and the EPR signal is 
not affected by the presence of molecular oxygen. In this case, experi
ments carried out on the Ce95Cu5 catalyst in the presence of molecular 
oxygen (S=1) showed no change in the spectral linewidth of both iso
lated monomers and ferromagnetically coupled dimers, indicating that 
these species are located in the bulk of the sample and are not affected by 
spin-spin interactions. This observation confirms the good dispersion of 
copper inside the ceria framework, and is consistent with the failure to 
detect Cu2+ in the surface of the Ce95Cu5 catalyst. In fact, the absence of 
the typical Cu2+ satellite in the Cu 2p XPS spectrum of this sample 
(Fig. S3 A) is probably due to the too low abundance (below XPS 
sensitivity) of this oxidation state in the most superficial layers of the 
catalyst particles. 

EPR spectra were also collected after treating the Ce95Cu5 catalyst 
with different gases at high temperature. In Fig. 2B the spectra obtained 
after a thermal treatment in presence of N2 (Fig. 2B_b) and O2 
(Fig. 2B_c), performed at 400 ◦C for 30 min, are shown. The thermal 
treatment in the presence of molecular nitrogen leads to a reduced 

Table 1 
Structural properties of the Ce100 and Ce95Cu5 catalysts (in line with those of 
analogous hydrothermally-synthesized samples reported in [30]).  

Catalyst DCa 

(nm) 
SSAb 

(m2 g-1) 
Vpb 

(cm3 g-1) 
Dpb 

(nm) 

Ce100  144  7  0.05  30 
Ce95Cu5  20  39  0.14  11  

a The average crystallite size (DC) was estimated using XRD data. 
b The specific surface area (SSA), the total pore volume (Vp) and the average 

pore diameter (Dp) were measured through N2-physisorption. 
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intensity of the Cu2+ signals, indicating a partial reduction of the Cu2+

species in line with other characterization techniques (XPS and FTIR). 
On the contrary, in the presence of molecular oxygen, the intensity of 
Cu2+ EPR signal increases, indicating the oxidation of EPR silent Cu+

species at the surface. 
The material reducibility, which is a key aspect in the case of 

oxidation catalysts [49], was further evaluated through H2-TPR, whose 
profiles are reported in Fig. 3. The reduction of pure ceria occurs in two 
steps, corresponding to the two peaks in the TPR curve: the surface is 
reduced around 550 – 600 ◦C, while the oxide bulk is reduced at higher 
temperatures, above 700 ◦C [13,50]. Two analogous peaks can be 
observed for Ce95Cu5 as well, albeit at lower temperatures (i.e. around 
440 ◦C and 850 ◦C); this means that both the surface and the bulk of the 
mixed oxide can reduce more easily with respect to pristine ceria. 
Moreover, an additional low temperature peak at about 250 ◦C is linked 

to the reduction of copper species, which also involves the simultaneous 
reduction of Ce4+ ions strongly interacting with Cu sites. As a whole, Cu 
doping does not only promote ceria reducibility in terms of lower tem
perature required, but it also increases the quantity of Ce ions partici
pating in the redox cycle. In fact, the specific hydrogen consumption 
during TPR (reported in Table S1) is significantly higher for the doped 
sample (+23% compared to pure ceria), especially when the surface 
reduction is considered. This enhanced redox behavior can be expected 
to boost the MvK mechanism, thereby improving the oxidizing activity 
of the catalyst. 

3.3. Investigation of defect sites 

Raman spectroscopy is a widely employed technique to study the 
defect sites in ceria-based materials, thanks to its high sensitivity to 
lattice distortion [51]. The Raman spectra collected at RT on the Ce100 
and Ce95Cu5 catalysts are displayed in Fig. 4. The spectrum of Ce100 is 
dominated by a prominent sharp F2g peak at about 465 cm-1, which 
arises from the symmetric stretching of Ce – O bonds in ceria fluorite 
structure [24,51]. A further Raman component (D1) can be found at 
598 cm-1, and it can be ascribed to the presence of intrinsic anionic 
Frenkel sites, involving the displacement of O2- ions in interstitial po
sition [15,52]. 

Upon Cu addition, no features directly related to the presence of 
copper oxide appear in the Raman spectrum [18,53], confirming the 

Fig. 1. FESEM images of the Ce100 (A) and Ce95Cu5 (B) catalysts. Bright field image of Ce100 (C) and HRTEM images of Ce95Cu5 (D, E). EDX map collected in 
STEM mode on the Ce95Cu5 sample: high-angle annular dark-field image of the investigated area (F) and distribution of Ce (G), O (H) and Cu (I). 

Table 2 
Relative abundance of the surface species in the two catalysts obtained via XPS 
(in line with those of analogous hydrothermally-synthesized samples reported in 
[30]).  

Catalyst Oxygen species (%) Cerium species (%) 

Oα Oβ Ce3+ Ce4+

Ce100  33.2  66.8  22.5  77.5 
Ce95Cu5  33.5  66.5  24.3  75.7  
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absence of significant copper segregation. Nevertheless, both the ceria 
F2g peak and the defect-related band are subjected to significant 
changes. The main peak of the Ce95Cu5 sample is broader and 
red-shifted to 459 cm-1, as a result of structural distortion due to Cu 
insertion in ceria lattice. At the same time, the defect band (D band) 
gains intensity and two new components appear beside the D1 peak 
linked to Frenkel pairs (595 cm-1), as depicted in the inset of Fig. 4. A D2 
signal at 625 cm-1 has been previously assigned to oxidized substitu
tional sites not containing oxygen vacancies [24,54]. Moreover, a less 
intense D3 component located at 552 cm-1 is usually attributed to oxy
gen vacancies (OV), such as those accompanying Ce3+ ions or other 
aliovalent cations inserted in ceria lattice [55]. The presence of this 
feature in Cu-doped ceria may result from Cu incorporation and from the 
conspicuous quantity of reduced cerium pointed out by XPS. However, a 
previous study carried out on analogous materials revealed that the D3 
component is only visible in certain conditions, suggesting its assign
ment to clusters of oxygen vacancies [24]. In detail, in situ Raman 
measurements detected an intense and broad D3 band at high temper
ature in reducing conditions (400 ◦C, 1000 ppm CO/N2); unexpectedly, 
the latter component promptly disappeared when the sample was cooled 
down or when CO was removed from the atmosphere, despite the 

absence of gaseous O2 able to refill the vacancies. Nevertheless, a 
structural reorganization from OV clusters to isolated OV can account for 
this behavior, supporting the attribution of the D3 defect band to clus
tered vacancies. In the Ce95Cu5 sample, the formation of oxygen va
cancy clusters may be associated with the presence of the Cu2+ dimers 
detected via EPR. 

Defect abundance can be evaluated by considering the ratios be
tween the areas of the defect peaks and the one of the F2g component 
[56,57], which are reported in Table 3. The total amount of defects in 
the ceria lattice (proportional to the D/F2g) remarkably increases upon 
Cu doping, due to both the rise of the intrinsic Frenkel sites and the 
generation of new extrinsic sites (i.e. substitutional sites and oxygen 
vacancies). The higher defectiveness of the Ce95Cu5 sample, which is 
linked to the good Cu incorporation, contributes to the superior catalytic 

Fig. 2. Complete EPR spectrum of the Ce95Cu5 sample acquired at − 196 ◦C after outgassing the powder (A); in the inset, the half-field transition region is magnified. 
EPR spectra collected at − 196 ◦C after treating the Ce95Cu5 catalyst in different ways (B): after outgassing the sample (a), after thermal treatment in N2 at 400 ◦C for 
30 min (b), and after thermal treatment in O2 at 400 ◦C for 30 min (c). 

Fig. 3. H2-TPR profiles of the two catalysts.  

Fig. 4. Raman spectra of the two catalysts collected at RT, normalized to the 
F2g peak intensity. In the inset, the defect band is magnified, highlighting the 
different deconvolved peaks (thin lines). 
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activity of this sample towards CO oxidation [24,31]. 
Further insights into the distribution of oxygen vacancies were pro

vided by in situ FTIR measurements. Actually, the FTIR analysis of 
methanol adsorption has proved to be a valuable technique for the 
investigation of the outermost surface of ceria-based materials and of its 
active sites [58–62]. Hence, methanol was used as probe molecule 
during dedicated FTIR tests. After an outgassing pretreatment of the 
catalyst at high temperature, methanol vapor was gradually admitted to 
the FTIR cell; the spectra collected while increasing step by step the 
partial pressure are presented in Fig. 5 A and B (full spectra in Fig. S5). 
In general, a higher quantity of adsorption sites was found for Ce95Cu5, 
due to the higher surface area of this sample. For both the catalysts, 
three main ν(C–O) stretching modes progressively appeared in the FTIR 
spectra, signaling the formation of different methoxy species as a result 
of methanol dissociative adsorption over ceria surface. All these com
ponents exhibited a gradual blue-shift linked to the increasing coverage 
of the adsorption sites. In detail, the peak at 1106 cm-1 is ascribed to 
methoxy groups on-top of Ce4+ cations (type I) [59,60], while the two 
bands at around 1050 cm-1 and 1075 cm-1 are related to two types of 

bridging methoxy (type II and II’) forming on different surface planes (i. 
e. (110) and (100) planes, respectively) [61]. A shoulder around 
1015 cm-1, attributed to triple-bridging methoxy (type III), was barely 
detected in the FTIR spectra of Ce95Cu5 acquired at low methanol 
dosing. A weak component at 1034 cm-1 (a sharp peak for Ce100, a 
shoulder for Ce95Cu5) also appeared at high pressure, deriving from 
methanol physisorbed on the surface [61]. Interestingly, in the 
intermediate-pressure spectra of both the samples no peaks are present 
in the 1030 – 1035 cm-1 region., which would have been assigned to 
bridge methoxy in proximity of an oxygen vacancy [60,61]. The absence 
of such a signal may therefore mean that oxygen vacancies in these 
ceria-based catalysts are not easily accessible to methanol at RT, sug
gesting that most of them might be located in the oxide bulk or at least in 
a sub-surface layer. 

The same analysis was repeated on samples subjected to a reducing 
pretreatment with CO at 400 ◦C (Fig. 5 C and D). Concerning pure ceria, 
the previous reduction does not affect the formation of bridge methoxy 
groups, but a slightly lower amount of type I methoxy species was 
detected. Instead, methanol adsorption on Ce95Cu5 is hindered by the 
surface reduction, and the abundance of on top methoxy drops as a 
consequence of the lack of Ce4+ capping ions. However, the feature of 
methoxy groups adsorbed in the vicinity of an oxygen vacancy was still 
not detected. 

Table 3 
Ratios between the area of different Raman peaks in the spectra collected at RT 
(in line with those of analogous samples reported in [15]).  

Catalyst D1/F2g D2/F2g D3/F2g D/F2g 

Ce100  0.021 - -  0.021 
Ce95Cu5  0.168 0.064 0.054  0.286  

Fig. 5. In situ FTIR spectra collected at 
RT during methanol adsorption on the 
Ce100 (A, C) and Ce95Cu5 (B, D) cata
lysts. Prior to the analysis, the samples 
were outgassed at 400 ◦C for 30 min (A, 
B), or they were outgassed, reduced in 
CO at 400 ◦C for 1 h and then outgassed 
again (C, D). During the measurements, 
an increasing quantity of methanol was 
gradually admitted to the FTIR cell by 
raising its partial pressure from 0.01 
mbar (green line) to 10 mbar (red line). 
The spectrum acquired on the clean 
sample before starting the analysis was 
subtracted from the other ones to better 
highlight the differences. The spectra 
were then normalized with respect to 
the thickness of each sample tablet.   
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3.4. Catalytic activity for CO oxidation 

CO oxidation was chosen as probe reaction to compare the oxidation 
activity of the two samples. Catalytic tests were performed in isothermal 
mode, i.e. sampling a sequence of steady states at increasing tempera
ture (so that transient CO adsorption or desorption can be ignored). The 
CO conversion curves in Fig. 6 clearly point out the promoting effect of 
Cu as a dopant. Indeed, the Ce95Cu5 sample is able to reach the 50% of 
CO conversion (T50%) at about 150 ◦C, i.e. more than 200 ◦C before 
Ce100 (T50% = 370 ◦C). Moreover, the mixed oxide achieves complete 
CO oxidation at 250 ◦C, while Ce100 requires more than 500 ◦C. 

The huge difference between the performances of Ce100 and 
Ce95Cu5 is the result of the previously discussed effects of Cu addition 
on ceria physico-chemical properties. In particular, the abundance of 
defect sites in ceria-based materials has been directly correlated with the 
CO oxidation activity [16,24,30]. The insertion of copper sites in ceria 
lattice and the consequent weakening of the Ce – O bonds is also 
responsible for an increased lattice oxygen mobility, which allows a 
continuous supply of oxygen species to the surface, ensuring a fast 
reduction-oxidation mechanism. The latter reaction pathways is also 
promoted by the coupling of the Ce3+/Ce4+ and Cu2+/Cu+ redox cycles 
[63]. Finally, the presence of Cu+ cations at the catalyst surface pro
motes CO adsorption [16,41,42], as well as molecular oxygen activation 
[64]. 

The spent Ce95Cu5 catalyst obtained after performing CO oxidation 
at 250 ◦C was cooled down in inert atmosphere and characterized to find 
out eventual changes in its properties. Concerning the catalyst structure, 
no appreciable variations could be observed: the XRD pattern of the 
spent sample is unchanged (Fig. S6), as well as the average crystallite 
size (20 nm) and the specific surface area (40 m2 g-1). HRTEM in
vestigations confirmed the presence of a solid solution, with Cu atoms 
homogeneously incorporated in the ceria lattice (Fig. S7), excluding the 
segregation of copper under operating conditions. Moreover, no evident 
change of the chemical state of superficial copper after the reaction was 
observed via XPS (again, only Cu+ could be detected, as shown in 
Fig. S8). This reversibility is in line with the excellent stability usually 
shown by hydrothermally-synthesized ceria-copper systems [16,27]. 

The interactions between the two catalysts and CO were further 
investigated through in situ spectroscopy. In detail, CO adsorption 

phenomena were monitored by collecting FTIR spectra while the sam
ples were exposed to increasing quantities of CO. No relevant changes 
were detected in the FTIR spectrum of Ce100 (see Fig. S9), indicating 
that CO does not significantly adsorb on pure ceria at RT. Instead, CO 
adsorption occurred at the surface of the Ce95Cu5 catalyst, as evidenced 
by the FTIR spectra in Fig. 7 A. Two main features appeared in the 
presence of CO, and their intensity rose while increasing CO partial 
pressure. The prominent peak at 2090 cm-1 results from adsorption of 
CO in linear configuration on superficial Cu+ cations [41,63,65,66], 
which were also previously detected by XPS. The shoulder around 
2073 cm-1 arises instead from the formation of Cu0-carbonyl [63, 
66–68], signaling the presence of a few metallic Cu sites. Manzoli et al. 
ascribed an analogous band to CO adsorbed on very small Cu0 clusters in 
close contact with a reduced cerium ion; these sites, which are stable and 
highly well-dispersed, are also suitable for oxygen activation at low 
temperature [67]. The spectral evolution in Fig. 7 A suggests that Cu0 

species at the surface of the Ce95Cu5 sample are quite scarce, since they 
are almost fully saturated by CO at low partial pressure; conversely, the 
continuously increasing intensity of the Cu+-carbonyl feature points out 
the presence of a greater amount of superficial Cu+ sites, which can be 
progressively occupied by CO molecules while the partial pressure of CO 
rises. Both Cu+ and Cu0 species were also detected in the unpretreated 
Ce95Cu5 sample (see Fig. S10), confirming that they do not simply form 
during the outgassing pretreatment at 400 ◦C. 

In situ FTIR measurements of CO adsorption were repeated on 
Ce95Cu5 previously subjected to a reducing pretreatment in CO at 
400 ◦C. As can be seen in Fig. 7 B, the peak at 2072 cm-1 gained relative 
intensity after this treatment, especially at low CO pressure, signaling an 
increase in the quantity of metallic Cu sites. However, a significant Cu+ – 
CO feature was still present, even if less intense and slightly red-shifted 
(2087 cm-1), indicating that only a partial reduction of Cu+ occurred 
during the reducing pretreatment. The retention of copper in a partially 
oxidized state may be the result of the strong interactions between 
copper and ceria, which facilitate oxygen transfer. Interestingly, FTIR 
measurements performed on the spent Ce95Cu5 catalyst revealed that 
Cu+ sites are still present after the reaction, while Cu0 clusters were no 
more clearly detected (Fig. 7 C). This result suggests that the few Cu0 

sites at the catalyst surface are oxidized to Cu+ under reaction conditions 
in abundance of O2. 

The behavior of oxygen vacancies and defects in the presence of CO 
was instead explored through a set of in situ Raman measurements. 
Briefly, the catalyst was heated at 400 ◦C in an inert flow and then 
exposed to 250 ppm of CO in N2, waiting 60 min to detect the effects of 
the reduction over time. Afterwards, the cell was flushed with air and 
then with nitrogen, before sending a higher concentration of CO/N2 for 
60 min. This procedure was repeated multiple times, raising the CO 
concentration up to 1000 ppm, then the sample was cooled down to RT 
keeping the CO/N2 atmosphere. Finally, air was admitted to the cell and 
its interaction with the catalyst was observed. 

In line with previous experiments carried out on ceria nanocubes 
[24], the Ce100 sample did not exhibit any change in its Raman spec
trum during exposure to increasing concentrations of CO (not even up to 
1800 ppm, see Fig. S11 A). Additionally, no variations were observed in 
the spectra collected at RT before and after the test, which are 
completely overlapping (Fig. S11 B). Hence, ceria structure exhibits a 
remarkable stability, regardless of the presence of CO or O2. 

Conversely, substantial changes in the defect band characterize the 
Raman spectra of the Ce95Cu5 sample, as shown in Fig. 8. Actually, the 
exposure to a low CO concentration (250 ppm) does not cause appre
ciable alterations (Fig. 8A). Anyway, CO oxidation over ceria in the 
absence of O2 always entails the formation of OV, which should directly 
reflect on a rise of the D band in the Raman spectrum. However, such a 
trend was not detected here: it can be therefore inferred that the pres
ence of few OV does not significantly contribute to the D3 band signal (i. 
e. the one around 550 cm-1 ascribed to OV). This is in line with previous 
observations and with the assignment of the D3 band to OV clusters [24]: 

Fig. 6. Light-off curves reporting the percentage of CO converted as a function 
of the temperature during CO oxidation tests (feed gas mixture containing 
1000 ppm of CO and 10% of O2 in N2, temperature increased step by step). 
Results are similar to those of analogous hydrothermally-synthesized samples 
described in [30]. 
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in fact, when the superficial oxygen consumption is low, lattice oxygen 
can be transferred to the surface and then to CO without causing 
excessive structural distortion. 

Instead, the situation changes at higher CO concentrations (Fig. 8 B, 
C and D): in these conditions, the defect band starts to vary as soon as CO 
is sent on the sample, acquiring a flatter shape as a result of an increase 
of the D3 component. The rise of the D3 intensity over time during 
exposition to CO is gradual and proceeds until a plateau is reached. 
Interestingly, by raising the CO concentration, the defect band growth 
becomes faster and, at the same time, a higher final intensity is achieved 
after 60 min (a direct comparison is displayed in Fig. 8 E). This suggests 

that different steady states are established depending on the quantity of 
CO in the gas. A higher CO concentration entails a higher oxygen de
mand at the catalyst surface: hence, the formation of OV is accelerated, 
with creation of clusters, until a maximum is reached. 

Upon flushing the sample with air and nitrogen, the spectrum reac
quires its initial shape, attesting the good flexibility and redox stability 
of the Ce95Cu5 catalyst. Nevertheless, the defect band is slightly more 
intense after each cycle of reduction and oxidation (as shown in 
Fig. 8 F). This behavior indicates that exposure to increasing concen
trations of CO is associated with the formation of more and more 
structural defects, especially of the Frenkel type (D1). This effect is likely 

Fig. 7. In situ FTIR spectra collected at RT during CO adsorption on the Ce95Cu5 catalyst after different treatments: fresh catalyst outgassed at 400 ◦C for 30 min (A); 
fresh catalyst outgassed, reduced in CO at 400 ◦C for 1 h and then outgassed again (B); spent catalyst after CO oxidation, outgassed at RT for 30 min (C). During the 
measurements, an increasing quantity of CO was gradually admitted to the FTIR cell by raising its partial pressure from 0.01 mbar (blue line) to 10 mbar (pink line). 
The spectra were normalized with respect to the thickness of the sample tablet. 

Fig. 8. Magnification of the defect band of in situ Raman spectra collected on the Ce95Cu5 sample in different conditions. Spectra acquired at 400 ◦C over time while 
flowing a mixture containing 250 ppm (A), 500 ppm (B), 750 ppm (C), or 1000 ppm (D) of CO in N2. Comparison of the spectra recorded at 400 ◦C after 60 min of 
exposure to different concentrations of CO (E). Comparison of the spectra collected at 400 ◦C while flushing the cell with pure N2 before and after exposure to 
different concentrations of CO (F). Spectra acquired at different temperatures while cooling down the sample after the test, under an atmosphere of 1000 ppm of CO 
in N2 (G). Comparison of the spectra collected at RT in different atmospheres before and after the test (H). 
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a consequence of the higher degree of stress which the structure un
dergoes upon increasing CO concentration, which generates new inter
stitial sites able to accommodate a displaced oxygen ion. 

Finally, the evolution of the Raman spectrum during cooling in 
reducing atmosphere is displayed in Fig. 8 G. Despite the absence of 
gaseous O2, the D3 band related to OV nearly completely faded at RT. 
Since the complete refill of the vacancies has to be ruled out, a structural 
reorganization accounts for the disappearance of the D3 signal. This 
peculiar behavior supports the assignment of the D3 band to clusters of 
OV. Indeed, when the catalyst is cooled below its light-off temperature, 
CO molecules are no longer able to remove oxygen from the surface; 
hence, the OV clusters, which only form when the oxygen demand from 
the surface is high, are gradually refilled by bulk lattice oxygen. This 
phenomenon results in a more homogeneous dispersion of OV, causing 
the disappearance of the D3 component linked to clusters. Moreover, 
this behavior evidences that lattice oxygen mobility in Ce95Cu5 is still 
high below 200 ◦C. 

The latter outcome is confirmed by the Raman spectra collected at 
RT after the test, presented in Fig. 8 H. A remarkable growth of the 
whole defect band can be observed after the different reduction/ 
oxidation cycles, pointing out the strong effect of CO oxidation on the 
oxide structure. An analogous behavior was also observed after CO 
oxidation in the presence of abundant gaseous O2 [24]: therefore, the 
structural rearrangement is not simply related to the catalyst reduction, 
but rather to the involvement of lattice oxygen in CO oxidation, which 
occurs through a MvK mechanism in the presence of O2. Interestingly, 
the defect band changes when the sample is exposed to air (Fig. 8 H), 
showing an increase of the D1 and D2 peaks. This means that oxygen can 
interact with the catalyst even at RT, refilling some of the numerous 
isolated OV formed after cluster dispersion and generating new Frenkel 
defects (D1) and oxidized substitutional sites (D2). This behavior con
firms the great lattice oxygen mobility and structural flexibility of 
Cu-doped ceria. 

In the end, the combined spectroscopic approach employed here 
allowed to thoroughly investigate how copper addition affects the 
structural, chemical and catalytic properties of ceria. The beneficial ef
fect of Cu-doping on ceria oxidizing activity stems from the synergistic 
cooperation of different sites, each one playing its own role during CO 
oxidation. In particular, four different copper species are present in the 
fresh Ce95Cu5 sample, as schematized in Fig. 9. Cu+ ions at the catalyst 
surface (i), detected via XPS and in situ FTIR spectroscopy, promote CO 
adsorption and its following oxidation. A similar function can be also 
carried out by some very small clusters of metallic Cu at the catalyst 
surface (ii), detected via in situ FTIR, which are however oxidized to Cu+

under reaction conditions at high temperature. Isolated Cu2+ monomers 
well-dispersed in the ceria matrix (iii), revealed via EPR, can foster 
oxygen transfer thanks to the coupling of the Cu2+/Cu+ and Ce4+/Ce3+

redox cycles; the latter species may occupy the oxidized D2 sites 
observed in the Ce95Cu5 Raman spectrum. EPR also evidenced the 
presence of Cu2+ dimers (iv) in the bulk or sub-surface, which are able to 
strongly weaken the bonds of neighboring O2– ions, improving the 
catalyst reducibility; in the proximity of such sites, OV clusters may form 
in sufficiently reducing conditions, as revealed by the evolution of the 
D3 band during in situ Raman measurements. Additionally, lattice ox
ygen mobility is also affected by the presence of Frenkel pairs, as 
interstitial sites may provide a path for oxygen transfer. 

4. Conclusions 

In the present work, a deep investigation of Cu-doped ceria was 
performed through complementary spectroscopic techniques (i.e. XPS, 
EPR, FTIR and Raman spectroscopy), in order to elucidate the remark
able catalytic activity of this mixed oxide towards CO oxidation. In fact, 
a 5 at% copper doping leads to a 200 ◦C lower temperature required for 
CO oxidation with respect to pure ceria. The insertion of copper into 
ceria lattice results in the formation of various sites, which can 

synergistically cooperate during catalytic redox reactions. Surface cop
per is mainly in the Cu+ form, although indications of the simultaneous 
presence of very small Cu0 clusters were also obtained; both these spe
cies can effectively interact with gaseous reactants, e.g. promoting the 
adsorption of CO and the activation of molecular oxygen. At the same 
time, Cu species well-integrated in ceria bulk and sub-surface (such as 
the isolated Cu2+ monomers and dimers detected via EPR) improve the 
lattice oxygen mobility, making the structure so flexible that it can 
change even at RT. The enhanced mobility can be attributed to the 
coupling of the Cu2+/Cu+ and Ce4+/Ce3+ redox cycles, the generation of 
oxygen vacancies or other defects, and the weakening of the Ce – O 
bonds upon Cu doping. All these effects allow to extend the quantity of 
catalyst able to actively take part in oxidation reactions, involving a sub- 
surface layer in the redox phenomena. Such a capability is responsible 
for the superior oxidizing activity of the mixed oxide and makes the 
catalyst particularly suitable for those applications in which gaseous O2 
may temporarily lack. All these outcomes also point out the need of 
systematic multi-technique investigations for the full understanding of 
complex catalytic systems. 
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[2] T. Andana, K.G. Rappé, N.C. Nelson, F. Gao, Y. Wang, Selective catalytic reduction 
of NOx with NH3 over Ce-Mn oxide and Cu-SSZ-13 composite catalysts – low 
temperature enhancement, Appl. Catal. B Environ. 316 (2022), https://doi.org/ 
10.1016/j.apcatb.2022.121522. 
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