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Although cerium oxide (CeO2) is widely used as a catalyst support, its limited defect sites and surface

oxygen vacancy/mobility should be improved. The incorporation of zirconium (Zr) in the cerium (Ce) lattice

is shown to increase the number of oxygen vacancies and improve catalytic activity. Using a fixed surface

density (SD) of copper (∼2.3 Cu atoms per nm2) as a surface species, the role of the support (CeyZr1−yO2 (y

= 1.0, 0.9, 0.6, 0.5, and 0.0)) and defect site effects in the CO oxidation reaction was investigated.

Spectroscopic (e.g., Raman, XRD, XPS) and microscopic (e.g., SEM-EDX, HR-TEM) characterization

techniques were applied to evaluate the defect sites, crystallite size, lattice parameters, chemical

composition, oxidation states of elements and microstructure of the catalysts. The CO oxidation reaction

with varied CO:O2 ratios (1 : 5, 1 : 1, and 1 : 0.5 (stoichiometric)) was used as a model reaction to describe

the relationship between the structure and the catalytic performance of each catalyst. Based on the

characterization results of CeyZr1−yO2 materials, the addition of Zr causes physical and chemical changes to

the overall material. The inclusion of Zr into the structure of CeO2 decreased the overall lattice parameter

of the catalyst and increased the number of defect sites. The prepared catalysts were able to reach

complete CO conversion (∼100%) at low temperature conditions (<200 °C), each showing varied reaction

activity. The difference in CO oxidation activity was then analyzed and related to the structure, wherein Cu

loading, surface oxygen vacancies, reduction–oxidation ability, CuOx–support interaction and oxygen

mobility in the catalyst were the crucial descriptors.

1. Introduction

Carbon monoxide (CO) is a dangerous pollutant present in air

that can be toxic to humans even at very low concentration

levels over 50 ppm, while its lethality quickly increases with

increasing concentration past 200 ppm.1,2 Due to its toxicity,

the catalytic oxidation of CO has been of great interest to a

variety of industries for applications including CO gas

sensors, filtration in air-purification devices such as

respirators, and automotive pollution control systems.3 The

role of CO in syngas makeup raises continuous concern about

CO pollutants available due to biomass-derived processes

becoming increasingly more favorable in the recent decades

for providing fuel and energy needs.4 Due to varying

concentrations in which CO exists as a pollutant and in

reactions, effective oxidation of CO is necessary under varying

temperatures and reactant compositions. As such, the need to

control CO emissions has become increasingly more apparent

throughout the years.

In recent decades, cerium oxide (CeO2), commonly

referred to as ceria, has been widely studied in heterogeneous

catalysis due to its high oxygen storage capacity (OSC) and

propagation of the Ce3+ and Ce4+ redox cycle, helping to

avoid catalyst deactivation over time.5–7 It has a face-centered

cubic (FCC) structure, and its highly organized lattice

network allows for the presence of oxygen vacancies

produced by the propagation of redox processes, leading to

increased O2 adsorption used during CO oxidation.8,9 In

addition to CO oxidation, CeO2-based supports have been
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applied in a range of fields, including ethanol steam
reforming (ESR) for hydrogen production, NO reduction by
CO for the removal of NOx pollutants, and reverse water gas
shift (RWGS) for the production of syngases.5,10,11

Although CeO2 has been widely employed in various
catalytic reactions, it has been reported that pure CeO2 has a
low number of oxygen defect sites and low thermal stability,
resulting in limited active sites (or OSC) and low specific
surface area (SSA) at higher calcination treatment
temperatures.5,12–14 To modify the physicochemical
properties of CeO2, a secondary metal species (e.g., zirconium
(Zr), tin (Sn), titanium (Ti), lanthanum (La)) has been
incorporated into the lattice to form CeyM1−yO2 solid
solutions.5,15–17 Among CeyM1−yO2 materials, Zr-doped CeO2-
based catalysts (CeyZr1−yO2) have been extensively studied
and used in automotive catalytic converters.18–21 Compared
to CeO2, CeyZr1−yO2 has showed a higher OSC, SSA and
oxygen mobility under similar treatment conditions.22–27 The
incorporation of Zr4+ in the Ce4+ lattice can change the
structure due to the smaller ionic radius of Zr4+ (0.84 Å)
compared to that of Ce4+ (0.97 Å), leading to an overall
decrease in the lattice parameter of CeyZr1−yO2.

22–24,28 X. Yao
et al. reported that CuOx/CeyZr1−yOy showed relatively better
catalytic performance for NO reduction by CO compared to
CuOx/CeySn1−yOx and CuOx/CeyTi1−yOx, which can be
attributed to the gradient of electronegativity between
primary and secondary support metals.5 Since Zr (1.33) has a
lower electronegativity compared to Sn (1.96) and Ti (1.54) in
the Ce (1.12)-based solid solution, Cu2+ is more likely to gain
electrons and become Cu+ in the CuOx/CeyZr1−yOx catalyst.
Surface Cu species exist in various oxidation states due to
direct interaction with the support lattice.5 As indicated by
the redox equilibrium, Cu2+ + Ce3+ ↔ Cu+ + Ce4+, the
presence of Cu2+ (or Cu+) could affect the amounts of oxygen
vacancies and defect sites due to the change of Ce oxidation
state (+3 or +4).5,8 J. Chen et al. studied the effect of the Ce/Zr
ratio on the catalytic activity for CH4 combustion reaction and
redox properties.28 The authors reported that Ni/Ce0.83Zr0.17O2

showed the highest catalytic performance as compared to
CeO2, Ce0.17Zr0.83O2 and ZrO2 supported Ni catalysts due to its
high OSC, which increases the defect sites, improving the
mobility of oxygen species. P. Biswas and D. Kunzru
investigated the ethanol steam reforming (ESR) reaction over
a series of CeyZr1−yO2 (y = 0, 0.26, 0.59, 0.84 and 1) supported
Ni catalysts and concluded that high reducibility and high
OSC of catalysts are related to the high catalytic activity and
hydrogen selectivity.11

It has been reported that platinum group metals (PGMs)
have shown high catalytic performance for the CO oxidation
reaction. Due to their high cost, however, research has been
focused on studying alternative highly active non-PGM
catalysts.11,29–31 L. Zhou et al. studied the effect of TMs (e.g.,
Cu, Co, Ni, Mn, and Fe) on CO oxidation over the TMxCeO2−x

catalyst and reported that CuxCeO2−x showed the highest
catalytic activity.30 The authors concluded that the electronic
structure and oxygen vacancies are responsible for the higher

catalytic activity. It has been reported that TMs increase the
catalytic activity due to the formation of surface defects, and
the selection of surface TM species is highly dependent on
the oxygen vacancy formation energy, Evf, of the metal.29

Among several TMs, Cu has been shown to have a lower Evf,
leading to increased catalytic activity for the CO oxidation
reaction.32,33 The addition of a surface species and a
secondary metal on the CeO2 lattice is seen to increase the
OSC, catalytic activity, and oxygen vacancies.34,35

Although CeO2 supported TMOx catalysts have been
studied extensively; to understand the support effect (or
interaction between surface species and support), fixing the
surface density (SD, number of surface metal atoms per nm2)
should be considered. In the present work, a series of CuOx/
CeyZr1−yO2 catalysts (CeO2 : ZrO2 = 90 : 10, 60 : 40, and 50 : 50
by weight percent) were prepared with a fixed Cu SD. The
fixed SD of Cu on the supports allows for the number of
copper atoms per given area of support (∼2.3 Cu atoms per
nm2) to be similar for each catalyst. This allows for studying
the direct effect of the CeO2/ZrO2 ratio on the catalytic activity.
To measure the catalytic performance of the synthesized
catalysts, CO oxidation as a model reaction was performed:
CO + ½ O2 → CO2. A variety of spectroscopic and microscopic
characterization techniques, such as ICP, BET, Raman, XRD,
SEM-EDX and TEM, were employed to determine the
molecular structure of the supports and supported catalysts.
It was found that the incorporation of Zr into the Ce lattice
increases the defect sites. However, the catalytic performance
was not proportional to the increase in defect sites. It was also
observed that increasing the O2 feed concentration hinders
the activity of the catalysts, with oxygen vacancies playing a
larger role under leaner O2 feed conditions.

2. Experimental section
2.1 Materials and catalyst preparation

CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) materials were provided
by Daiichi Kigenso Kagaku Kogyo (DKK). The preparation of
the catalysts involved proprietary company methods using a
combination of hydrolysis and co-precipitation methods for
formation of various CeO2 : ZrO2 mixed-oxide ratios (9 : 1, 6 :
4, 5 : 5 by weight percent). The precursors used for synthesis
of the mixed-oxide catalysts were a combination of cerium(IV)
hydroxide (Ce(OH)4) and zirconium(IV) oxychloride (ZrOCl2).

Copper(II) acetylacetonate (Cu(acac)2, Cu(C5H7O2)2,
≥99.9% trace metals basis) was purchased from Sigma-
Aldrich. The CuOx/CeyZr1−yO2 (SD = ∼2.3 Cu atoms per nm2)
samples were synthesized by a one-pot chemical vapor
deposition (OP-CVD) method as shown in Fig. 1. The OP-CVD
method followed three steps for catalyst synthesis: (I) pre-
mixing: CeyZr1−yO2 and Cu(acac)2 were added to a mortar and
mixed for 15 min. The mixed powder was transferred to an
aluminum oxide boat (Sigma-Aldrich), and then the sample
was transported into a tubular furnace (Lindberg/Blue M
Tube Furnace, model number TF55030A-1). (II) Dispersion:
the transported sample was treated at 155 °C for 2 hours
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under flowing N2 gas (Airgas, ultra-high-purity N2) at a rate of
20 mL min−1. Dispersion temperature conditions were
selected using a programmed-TGA method in which the 10%
weight loss region of the precursor was determined. (III)
Calcination: following the dispersion, air (Airgas, dry air:
20% O2 and 80% N2) flowing at a rate of about 25 mL min−1

was used to calcine the sample at 500 °C for 4 hours. The
synthesized CuOx/CeyZr1−yO2 catalyst was left to cool
overnight at room temperature and sieved (500 μm,
Fieldmaster) to ensure a uniform particle size.

2.2 Catalyst characterization

For the X-ray diffraction (XRD) analysis, the CeyZr1−yO2

catalysts underwent synchrotron X-ray diffraction (S-XRD) (λ =
0.1665 Å) measurement. The processing of the data for
conversion from two-dimensional (2D) high energy scattering
patterns to one-dimensional (1D) data was done using
Dioptas software. The CuOx/CeyZr1−yO2 supported catalysts
underwent lab scale XRD using an X'Pert powder
diffractometer (PANalytical) with a Cu-Kα radiation source (λ
= 1.5406 Å) operating at 40 kV and 30 mA. The measurement
was performed with a diffraction angle 2θ range of 20°–80° at
a scanning speed of 1.33° min−1. The Raman spectra of the
CeyZr1−yO2 and CuOx/CeyZr1−yO2 catalysts were obtained with
visible (532 nm, Horiba Xplora Plus Raman microscope) and
UV (325 nm, Renishaw inVia™ Raman microscope) excitation
at room temperature and ambient pressure. The obtained
spectra were displayed within a Raman shift (cm−1) range of
100 to 2000 cm−1, with spectral acquisition scanning
parameters set to 10 accumulations at 10 s per scan. The
elemental compositions and associated oxidation states were
determined by testing the catalysts using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) with
monochromatic Al-Kα radiation (hν = 1486.6 eV). The
obtained data were analyzed for XPS fitting using Origin
software with a Tougaard method baseline and Voigt method
curve fitting. N2 adsorption–desorption isotherm curves were
obtained at 77 K (−196 °C) using a Micromeritics ASAP 2020
instrument. Prior to the N2 adsorption–desorption
procedures, the samples were degassed at 300 °C for 4 hours
for removal of any impurities or moisture. The specific
surface areas (SSAs) were calculated by the multipoint

Brunauer–Emmett–Teller (BET) method. The pore size
distribution and the average pore volume of the catalysts
were determined by the Barrett, Joyner, and Halenda (BJH)
method. Scanning electron microscopy coupled with energy
dispersive X-ray (SEM-EDX) analysis was carried out on an
EmCrafts Cube II scanning electron microscope (voltage 10
kV). Samples were attached to a specimen holder with carbon
tape and coated with platinum. The microstructure of the
synthesized catalysts was investigated using transmission
electron microscopy (TEM; JEOL, HEM-2100F). The samples
were thoroughly dispersed in ethyl alcohol (∼1.5 mg ml−1)
and then mounted on a Ni grid. This sample-mounted Ni
grid was further dried under ambient conditions and then
used for the measurement. Inductively coupled plasma-
optical emission spectrometry (ICP-OES, Optima 5300DV,
PerkinElmer) was used to determine the Cu loading. Prior to
the ICP-OES measurement, 0.02 g of the sample was
dissolved in 10 mL of nitric acid (70% HNO3) using a
microwave digestion system (ETHOS TC, Milestone).

2.3 Catalytic activity test

The CO oxidation reaction was carried out in a quartz packed
bed reactor (inner diameter (ID) = 7 mm, outer diameter
(OD) = 9.6 mm) and 40 mg of the catalyst was used. The total
flow rate was kept consistent between various activity tests to
achieve a gas hourly space velocity (GHSV) value of 75 000 ml
h−1 gcat

−1. The sample was pretreated with flowing He (30 mL
min−1, Airgas, ultra-high purity) at 500 °C (ramping rate of 5
°C min−1 from room temperature) for 30 min. Following the
pretreatment procedure, the temperature was cooled to room
temperature and the gas composition was switched to the
desired reactant compositions. The total flow rate was 50 mL
min−1 and the feed gases were varied with different CO-to-O2

ratios: (I) 20 mL min−1 CO (Airgas, 10% CO with balance He),
10 mL min−1 O2 (Airgas, ultra-high purity), and 20 mL min−1

He (Airgas, ultra-high-purity) for the 1 : 5 CO-to-O2 ratio, (II)
20 mL min−1 CO, 2 mL min−1 O2, and 28 mL min−1 He for
the 1 : 1 CO-to-O2 ratio, and (III) 40 mL min−1 CO, 2 mL
min−1 O2, and 8 mL min−1 He for the 1 : 0.5 CO-to-O2 ratio
(stoichiometric). The reactants and products were analyzed
by using an online gas chromatograph (GC, Trace 1300 gas
chromatograph, Thermo Scientific) containing a capillary

Fig. 1 Scheme of the synthesis of copper oxide (CuOx) on CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) supports.
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column (Carboxen® 1010 PLOT) equipped with a thermal
conductivity detector (TCD).

3. Results
3.1 Characterization of structural properties

To determine the surface morphology and the elemental
distribution of the CuOx/CeyZr1−yO2 catalysts, SEM-EDX mapping
was performed (Fig. 2). The surface of the CuOx/CeO2 catalyst is
relatively smooth compared to other samples (Fig. 2(a)). As the
Zr loading increased, the surface of the catalyst became rougher,
and more clusters were observed (Fig. 2(b–e)). Furthermore, with
the increase in Zr loading, the grain size of CuOx/Ce0.6Zr0.4O2,
CuOx/Ce0.5Zr0.5O2, and CuOx/ZrO2 became smaller, and the

surface morphology of the catalysts seemed to resemble more
closely that of CuOx/ZrO2. The elemental mapping results show
that copper oxides were well dispersed uniformly for each of the
synthesized samples.

The TEM results demonstrate that the CuOx species
were present on the surface of the respective supports as
shown in Fig. 3. Low-magnification TEM images of the
catalysts are presented in Fig. 3(a–e), where particle
overlap was observed. To investigate the microstructural
characteristics of the catalyst materials, high-magnification
TEM images (Fig. 3(a′–e′)) were collected. The presence of
constituent species (CeO2, CuOx, and ZrO2) in each
catalyst was confirmed based on the interplanar distance
corresponding to the catalyst's composition. A consistent

Fig. 2 SEM-EDX analysis images of (a) CuOx/CeO2, (b) CuOx/Ce0.9Zr0.1O2, (c) CuOx/Ce0.6Zr0.4O2, (d) CuOx/Ce0.5Zr0.5O2, and (e) CuOx/ZrO2.
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lattice spacing of ∼0.309 nm, corresponding to the (111)
plane of CeO2, was observed in both CuOx/CeO2 and
CuOx/CZ catalysts.36 Although the lattice spacing of CeO2

is expected to be influenced by Zr contents, no noticeable
expansion or contraction of the CeO2 lattice was observed
in the HR-TEM results. Different types of the dispersed

CuOx species were identified, revealing the presence of
CuO (Cu2+) and Cu2O (Cu1+) in CuOx/CeO2, CuOx/CZ and
CuOx/ZrO2 catalysts, with corresponding lattice spacing of
0.240–0.265 and 0.209–0.220 nm, respectively.37,38 Lattice

fringes for ZrO2 (0.290–0.298 nm) were detected in all Zr-
containing catalysts except for CuOx/Ce0.9Zr0.1O2, where the
higher CeO2 content likely obscured the ZrO2 fringe
patterns.39,40 Additionally, the SAED pattern seen in
Fig. 3(a″) indicates a highly crystalline lattice (dotted
pattern) structure for the CeO2-based catalyst.41 However,
with increasing Zr content in the support, the SAED
patterns (Fig. 3(b″–e″)) appeared hazy, corroborating the
increasing disorder in the catalyst structure.41

N2 adsorption and desorption allow for the calculation of
the SSA and pore size distribution (or pore volume) of a
material. The determined SSA for each of the CeyZr1−yO2

supports (Table 1) shows a decreasing SSA with an increase
in Zr content, while bulk ZrO2 contains a higher SSA than
that of CeyZr1−yO2. In the case of the CuOx/CeyZr1−yO2

supported catalysts' SSA, a similar trend can also be observed.
Since the synthesized samples' SSAs were similar to those of
the supports, a minimal change is expected in the surface area
following the dispersion and calcination of CuOx on the
support. Based on the pore diameter distributions and the type
IV isotherm curves, it was determined that the synthesized
catalysts had a mesoporous structure (Fig. 4(a) and (b)).42 It is
worth noting that Ce0.9Zr0.1O2 shows a very different N2

adsorption–desorption type with a higher pore diameter
compared to other CeyZ1−yO2 samples. Even if the Ce0.9Zr0.1O2

composition (Ce : Zr molar ratio = 1 : 0.16) is similar to CeO2,
the results were not comparable. Furthermore, although the
CuOx/Ce0.9Zr0.1O2 sample's SSA value is similar to that of CuOx/
Ce0.6Zr0.4O2 and CuOx/Ce0.5Zr0.5O2, its physical properties could
be different.

ICP-OES characterization was used to identify the atomic
composition of each of the samples and confirm the
deposition of Cu on each of the samples. The target SD of Cu
for each of the samples was fixed at a value of 2.3 Cu atoms
per nm2 based on a 3.0 wt% Cu loading basis on pure CeO2

support. The SD value was initially fixed using the equation:

SD atoms per nm2
� �

¼

WCu

100
gð Þ × 6:02 × 1023 atoms per molð Þ ×

1
MCu

mol g−1
� �

SSAsupp m2 g−1ð Þ × 1 −
WCu

100

� �

gð Þ × 1018 nm2 m−2ð Þ

(1)

where WCu is the weight loading percent of Cu, MCu is the
molar mass of Cu (63.5 g mol−1), and SSAsupp is the SSA of
the respective support material (Table 1). The SDs of the
synthesized catalysts were confirmed using the equation:

Fig. 3 High-resolution TEM (HR-TEM) images of the synthesized
catalysts: (a–a″) CuOx/CeO2, (b–b″) CuOx/Ce0.9Zr0.1O2, (c–c″) CuOx/
Ce0.6Zr0.4O2, (d–d″) CuOx/Ce0.5Zr0.5O2, and (e–e″) CuOx/ZrO2. High-
magnification images (a′–e′) indicate lattice spacing of metal species (in
nm).

Table 1 Specific surface area (SSA) for CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5,
0.0) supports and CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) catalysts

Sample
(support)

SBET
(m2 g−1)

Molar ratio
(Ce : Zr)

Sample
(supported)

SBET
(m2 g−1)

CeO2 125.7 1 : 0 CuOx/CeO2 115.1
Ce0.9Zr0.1O2 71.2 1 : 0.16 CuOx/Ce0.9Zr0.1O2 70.6
Ce0.6Zr0.4O2 57.1 1 : 0.92 CuOx/Ce0.6Zr0.4O2 55.2
Ce0.5Zr0.5O2 53.2 0.72 : 1 CuOx/Ce0.5Zr0.5O2 50.0
ZrO2 108.2 0 : 1 CuOx/ZrO2 101.4
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SD atoms per nm2� �

¼

WCu

100
gð Þ × 6:02 × 1023 atoms per molð Þ ×

1
MCu

mol g−1
� �

SSAsynth m2 g−1ð Þ × 1018 nm2 m−2ð Þ

(2)
where SSAsyth is the SSA of the synthesized catalyst (Table 1).

As indicated in Table 2, all samples had comparable SDs
of ∼2.0 Cu atoms per nm2, indicating controllable Cu
precursor adsorption and its dispersion onto each support
with varied Cu loadings (e.g., 1.0–3.0 wt%). These results also
provide that CeO2, CeyZr1−yO2, and ZrO2 are effective support
materials for Cu species' dispersion using the current
synthesis method.

Raman spectroscopy is a powerful analytical tool that
provides information about molecular vibrations by

measuring the inelastic scattering of light. Visible (532 nm)
Raman spectroscopy was used to analyze the CeyZr1−yO2-
based support and CuOx/CeyZr1−yO2 materials and the
collected spectra are presented in Fig. S1.† For comparison,
CeO2 and ZrO2 Raman spectra were also collected. Please
note that the CeO2 and CeyZr1−yO2 spectra were normalized
with respect to the F2g band to better distinguish the
formation and relative intensity change of other peaks (Fig.
S1(a)†). Bulk ZrO2 contains peaks at 107, 183, 335, 384, 480,
561, and 615 cm−1 Raman shift, representing the monoclinic

Fig. 4 N2 adsorption and desorption plots for (a) CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) supports and (b) CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5,
0.0) catalysts. BJH pore size distribution for (c) CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) and (d) CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) catalysts.

Table 2 ICP-OES results with a comparison of desired and actual surface densities of catalysts

Sample
Theoretical Cu loading
(wt%)

Actual Cu loadinga

(wt%)
Theoretical SD
(Cu atoms per nm2)

Actual SDb

(Cu atoms per nm2)

CuOx/CeO2 3.0 2.6 2.3 2.1
CuOx/Ce0.9Zr0.1O2 1.7 1.4 2.3 1.9
CuOx/Ce0.6Zr0.4O2 1.4 1.1 2.3 1.9
CuOx/Ce0.5Zr0.5O2 1.3 1.0 2.3 1.8
CuOx/ZrO2 2.6 2.1 2.3 2.0

a ICP results. b Applying the SSA of the synthesized catalysts from Table 1.

(2)
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phase of zirconia.43 For CeO2, Ce0.9Zr0.1O2, Ce0.6Zr0.4O2 and
Ce0.5Zr0.5O2, their Raman spectra show a high-intensity peak
at ∼463 cm−1, which is ascribed to the F2g vibration due to
the fluorite-type lattice structure of the varying CeO2-based
samples.44–48 As the Zr content increased, the F2g peak was
slightly shifted to a higher Raman shift (or blue shift) from
463 cm−1 to 467 cm−1. Since Zr4+ has a smaller ionic radius
than Ce4+, the Zr–O bonding is shorter and stronger than
Ce–O bonding, causing contraction in the structure and
resulting in a blue shift.43 In addition to a peak shift, Ce0.6-
Zr0.4O2 and Ce0.5Zr0.5O2 show a relatively broadened F2g peak
shape compared to CeO2 and Ce0.9Zr0.1O2 peaks due to the
contribution of the 480 cm−1 Zr peak. Moreover, the presence
of a peak at 141 cm−1 and 144 cm−1 in the bulk support as
well as CuOx/Ce0.6Zr0.4O2 and CuOx/Ce0.5Zr0.5O2 (Fig. S1(b)†),
respectively, indicates a transition of the ZrO2 structure from
monoclinic (m) to tetragonal (t) due to the incorporation of a
larger amount of Zr in the CeO2 lattice.49,50 This is followed
by a broad peak in the 500–620 cm−1 range, indicating the
changes of extrinsic (Dex) and intrinsic (Din) defect sites.

51–53

It was reported that intensity variations of Dex and Din are
caused by the addition of dopants and changing of the
inherent structure of the material, respectively.51–53 This
result confirms the increasing of defect sites with increasing
Zr loading on the CeO2 structure. In the case of the CuOx/
support samples, the Raman spectra are similar to that of the
bulk support ones, indicating a well-dispersed Cu surface
species on the respective supports. Please note that CuOx

Raman peaks, which appear around the 150, 290–350, and
∼600 cm−1 regions in general, were either not observed or
were overlapped by the defect region of the supports.54–58

The defect regions, especially for CuOx/CeO2 and CuOx/Ce0.9-
Zr0.1O2, exhibit an increase in intensity following the addition
of Cu, indicating an increase in defect regions within the
structure of the catalyst.53 Additionally, compared to bulk
CeO2, the CuOx/CeO2 sample shows the F2g peak's broadness
as well as a shift to a lower wavenumber, while other CuOx/
support samples show similar results to their support

spectra. This is likely a result of the changes in the CeO2

lattice due to thermal treatment of the support during CuOx/
CeO2 synthesis, caused by expansion of the CeO2

structure.59–62

UV (325 nm) Raman spectroscopy is a particularly useful
characterization technique for studying defect sites in
catalysts, and the collected data are shown in Fig. 5.63 The
UV Raman data shown in Fig. 5(a) indicate the presence of
the F2g band of CeO2 within the CeyZr1−yO2 samples at
around 461–467 cm−1. The defects in the CeO2 structure are
indicated with peaks at <∼600 cm−1 in both bulk CeO2 and
Ce0.9Zr0.1O2 supports. The CeO2 defect region can be seen to
increase as the Zr ratio increased as well as the
disappearance of the F2g band (e.g., Ce0.5Zr0.5O2).

64,65 The
spectra also show a second-order longitudinal optical band
(2LO) of CeO2 at ∼1200 cm−1 following a similar trend to the
defect peaks as they also experienced a blue shift with
increased amounts of Zr in the ratio. The blue shifts in the
F2g band as well as increasing of the defect sites with
increasing Zr ratio clearly indicate a structural change.66,67

Similar to the visible Raman spectra, the absence of CuOx

related peaks, as shown in Fig. 5(b), of the CuOx/support
samples indicates a well-dispersed Cu surface species on the
respective supports.

As shown in Fig. 6(a) and (b), the CuOx/support samples
exhibit the same diffraction peaks as their bulk support
counterparts. For comparison purposes, the lab-scale XRD 2θ
values were used for labeling throughout the study for
structure identification. It should be noted that there are no
apparent CuOx-related diffraction 2θ values that correspond
to 36°, 38°, 44.6°, 57.7°, and 68.5° (Fig. 6(b)), indicating that
the CuOx surface species was well dispersed on the
synthesized catalysts. This result also provided a minimal
deviation in the lattice structure of CuOx/support materials
when compared to the respective supports.68–71 The CeO2

sample showed diffraction peaks at about 28.5°, 33°, 47.5°,
56.4° and 58° with crystal planes corresponding to the (111),
(200), (220), (311) and (222) planes, respectively, indicating a

Fig. 5 UV (λ = 325 nm) Raman spectroscopy of (a) CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) supports and (b) CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5,
0.0) catalysts.
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face-centered cubic (FCC) structure.72–74 Both the bulk ZrO2

and the CuOx/ZrO2 catalyst contain a multiphase structure:
monoclinic zirconia (m-ZrO2) at 24°, 28°, 31.5°, 35.1°, 40.7°,
50.2° and tetragonal phase of zirconia (t-ZrO2) at 30.2°, 34.5°,
45°, 49.4°, 60°.75–79 In the case of the CeyZr1−yO2 and CuOx/
CeyZr1−yO2 samples, CeO2 related peaks were slightly shifted
to a higher angle, while those of both Ce0.9Zr0.1O2-based
samples were closest to that of CeO2-based samples due to
the least amount of Ce replacement by Zr in the total ratio. A
small shoulder appears at ∼30.2°, indicating the presence of
t-ZrO2 in the Ce0.9Zr0.1O2 support and CuOx/Ce0.9Zr0.1O2

catalyst. Compared to CeO2 and Ce0.9Zr0.1O2-based samples,
the diffraction peaks of Ce0.6Zr0.4O2 and CuOx/Ce0.6Zr0.4O2

samples were broader, resulting in decreasing crystallite size
(Table 3). In addition to peak broadness, the intensities of
CeO2 peaks decreased, while t-ZrO2 peaks' intensities were
increased. The t-ZrO2 phase becomes more prominent at higher
Zr loading as seen with both Ce0.5Zr0.5O2 and CuOx/Ce0.5Zr0.5O2

samples' XRD patterns. Compared to the Ce0.6Zr0.4O2-based
samples, Ce0.5Zr0.5O2-based samples do not show the peak
splitting of CeO2 (200) in addition to disappearance of the (220)
and (311) planes of CeO2. Crystallite size and lattice parameter
calculations were from the measured XRD data and using eqn
(3) and (4) (see the ESI†). No notable trend of crystallite size can
be observed with the change of Ce : Zr ratios as they generally
remain in the 10.1–14.1 nm range. However, the lattice

parameters were decreased with increasing Zr content in Cey-
Zr1−yO2 samples due to the smaller size of the Zr cation than
that of the Ce one.

The XPS plots of the associated species in CuOx/CeyZr1−yO2

(y = 1.0, 0.9, 0.6, 0.5, 0.0) are presented in Fig. 7. The
core level Ce 3d spectrum was observed in the 870–930
eV range (Fig. 7(a–e)) and consisted of Ce 3d3/2 and Ce
3d5/2 bands. The Ce 3d spectra observed for CuOx/CeO2,
CuOx/Ce0.9Zr0.1O2, CuOx/Ce0.6Zr0.4O2 and CuOx/Ce0.5Zr0.5O2

were deconvoluted into a total of 10 peaks. The peaks (in
blue) observed at ∼880.1, ∼882.5, ∼899.2, and ∼903.5 eV
correspond to Ce3+ species.80–83 The peaks (in red)
observed at ∼882.4, ∼888.9, ∼898.3, ∼900.7, ∼907.5, and
∼916.7 eV are attributed to the Ce4+ species.80–83 The
content of Ce3+ (relative to Ce4+) was obtained by
comparison of their respective peak areas determined by
using eqn (3):

% Ce3þ
� �

¼
Ce3þ½ �

Ce3þ½ � þ Ce4þ½ �
(3)

where [Ce3+] and [Ce4+] are the cumulative peak areas of
Ce3+ and Ce4+, respectively.82 As shown in Table 4, the %
[Ce3+] values in the CuOx/CZ samples (0.16–0.19) were
slightly higher than in the CuOx/CeO2 sample (0.13),
although there was minimal variation with changing Zr
concentration. The presence of Cu is confirmed in all
CuOx/CeyZr1−yO2 catalysts with the presence of Cu 2p
bands in the 920–960 eV range. The deconvoluted Cu 2p
spectra are presented in Fig. 7(a′–e′). At a glance, the
peaks at ∼933.9, ∼941.2 and ∼953.9 eV are assigned to
Cu2+ species, while the peaks at ∼932.3 and ∼952.2 eV
correspond to Cu1+ species.81,84 To determine the
percentage of dominant Cu oxidation state on the catalyst
surface, a relative area calculation was performed using
eqn (4) and the obtained values are provided in Table 4.

% Cu1þ� �

¼
Cu1þ½ �

Cu1þ½ � þ Cu2þ½ �
(4)

In eqn (4) [Cu1+] and [Cu2+] are the cumulative peak areas of
Cu1+ and Cu2+, respectively. A decrease in Cu1+ content was

Fig. 6 (a) S-XRD spectra of CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) supports (λ = 0.1665 Å) and (b) XRD spectra of CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6,
0.5, 0.0) catalysts (λ = 1.54 Å).

Table 3 Lattice parameter and crystallite size of bulk supports and
synthesized catalysts

Sample
FWHM
(°)

Lattice parameter
(Å)

Crystallite size
(nm)

CeO2 0.074 5.41 11.6
Ce0.9Zr0.1O2 0.071 5.41 12.1
Ce0.6Zr0.4O2 0.076 5.27 11.3
Ce0.5Zr0.5O2 0.062 5.25 13.9
ZrO2 0.080 4.93 10.7
CuOx/CeO2 0.828 5.41 12.3
CuOx/Ce0.9Zr0.1O2 0.816 5.41 12.2
CuOx/Ce0.6Zr0.4O2 0.977 5.26 11.1
CuOx/Ce0.5Zr0.5O2 0.724 5.26 14.1
CuOx/ZrO2 0.955 4.93 10.1
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observed in CuOx/CeO2, CuOx/CZ, and CuOx/ZrO2 catalysts with
increasing Zr concentration, confirming the relationship
between Cu oxidation state and the Ce : Zr ratio. Furthermore,
the presence of oxygen was observed in all samples with sharp

O 1s spectra in the range of 526–535 eV. Fig. 7(a″–e″) show the
deconvoluted peaks in the O 1s spectrum of samples. The peak
that appears at ∼528.8 eV represents the lattice oxygen (O′)
bound to metal species, while the peak at ∼530.1 eV is

Fig. 7 XPS results for CuOx/CeyZr1−yO2 (y = 1, 0.9, 0.6, 0.5, 0) showing deconvolution over (a–e) Ce 3d, (a′–e′) Cu 2p, (a″–e″) O 1s, and (a‴–e‴) Zr 3d
spectra.
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attributed to loss of oxygen species or creation of oxygen
vacancies (defect sites) (O″).80,85 The area ratio of oxygen-
related peaks (O″/O′) provides insights into the presence of
oxygen vacancies in the catalyst. Similar to the % [Ce3+] results,
the CuOx/CZ catalysts (0.83–1.08) exhibited a higher O″/O′ ratio
than CuOx/CeO2 (0.52), indicating a higher presence of oxygen
vacancies. The Zr 3d spectra were observed for CuOx/CZ and
CuOx/ZrO2 samples in the 178–188 eV range, as shown in
Fig. 7(a‴–e‴). The peaks at ∼181.7 and ∼184.1 eV for Zr4+ were
attributed to Zr 3d5/2 and Zr 3d3/2, respectively.

86,87

3.2 Catalytic activity testing

Fig. 8 displays the effect of the supports and CO :O2 feed
ratios (e.g., oxygen-rich and stoichiometric conditions) on
the CO conversion as a function of temperature. It is

evident that CuOx/CeO2 and CuOx/Ce0.9Zr014O2 show a
higher catalytic performance than other samples under
different CO :O2 ratios based on its T20, T50, and T90 values
(Fig. 9(a–c) and Table S1†). For instance, the CuOx/CeO2

and CuOx/Ce0.9Zr0.1O2 catalysts achieved a T20 of 51.8 °C
and 69.3 °C, respectively, under CO :O2 (1 : 5) conditions,
while CuOx/Ce0.6Zr0.4O2 (93.6 °C), CuOx/Ce0.5Zr0.5O2 (127.6
°C), and CuOx/ZrO2 (141.5 °C) catalysts show higher T20
temperatures under the same reaction conditions. In
addition to the support effect, it was also observed that CO :
O2 ratios affect the CO oxidation over the tested catalysts.
In the case of CuOx/CeO2 and CuOx/Ce0.9Zr0.1O2 catalysts,
their catalytic performance was slightly decreased
(increasing T20, T50 and T90 temperatures) with decreasing
O2/CO ratio (CO :O2 = 1 : 1 and 1 : 0.5) (Fig. S2 and Table
S1†). However, the opposite trend can be seen with the
CuOx/Ce0.6Zr0.4O2 and CuOx/Ce0.5Zr0.5O2 catalysts, as their
catalytic performance shows an increase with decreasing O2/
CO ratios (Fig. 9(d)). A similar trend was also observed with
the CuOx/ZrO2 catalyst. The CuOx/Ce0.6Zr0.4O2 and CuOx/
Ce0.5Zr0.5O2 catalysts achieved their lowest T20 values (88.8
°C and 92.2 °C, respectively) under stoichiometric (lean O2)
feed conditions. Interestingly, under stoichiometric
conditions, 100% CO conversion was not achieved as shown
in Fig. 8(c), indicating a possible competition between the
filling in of oxygen vacancies and the propagation of the

Table 4 Ce3+ area percent, ratio of oxygen vacancies to oxygen in the
lattice (O″/O′), and Cu1+ area percent

Sample % [Ce3+] % [Cu1+] O″/O′

CuOx/CeO2 0.13 0.84 0.52
CuOx/Ce0.9Zr0.1O2 0.19 0.65 1.08
CuOx/Ce0.6Zr0.4O2 0.16 0.41 0.95
CuOx/Ce0.5Zr0.5O2 0.19 0.19 0.83
CuOx/ZrO2 — 0.14 —

Fig. 8 CO oxidation tests over CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) catalysts with CO :O2 feed ratios of (a) 1 : 5, (b) 1 : 1, and (c) 1 : 0.5
(stoichiometric conditions).
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reaction. In short, for each flow condition, a consistent
trend is observed in the sample activity: CuOx/CeO2 >

CuOx/Ce0.9Zr0.1O2 > CuOx/Ce0.6Zr0.4O2 > CuOx/Ce0.5Zr0.5O2

> CuOx/ZrO2.

4. Discussion
4.1 The effect on CeO2 structure with Zr loading

The incorporation of Zr into the CeO2 lattice influences the
overall structure of the material. The lattice parameters
(Table 3) calculated from the XRD plot have a downward
trend with increasing Zr loading, indicating that Zr has been
successfully incorporated into the catalyst support structure.
The downward trend of the overall lattice parameter for each
support as the Zr percentage increases was due to the
replacement of Ce4+ by a smaller ionic radius Zr4+.22–24,28,43

The diffraction peaks of Ce0.5Zr0.5O2 have the relatively
highest angle shift as compared to CeO2 among the
diffraction patterns of all different ratio samples due to the
highest amount of Ce replacement by Zr in the catalyst
structure (Fig. 6(a)). The higher angle shift of the Zr-
containing CeyZr1−yO2 samples indicates a contraction of the
lattice of the material due to increased loading of
Zr.22–24,88–90 The appearance of a shoulder near both 5° and
50° in the Ce0.6Zr0.4O2 respective support and supported
catalyst diffraction patterns indicates a transitional state in
the ZrO2 structure to a combination of monoclinic and

tetragonal phases of CeO2 and ZrO2 based on loading
ratio.91–94 Additionally, the appearance of a peak at 34.5°
corresponding to t-ZrO2 in the Ce0.6Zr0.4O2 and Ce0.5Zr0.5O2

catalysts indicates a shift in the lattice structure of the CeO2-
based catalysts. The UV Raman data (Fig. 5) also indicate a
shift in the F2g and 2LO peaks of the samples with increasing
Zr loading, which indicates the integration of ZrO2 into the
CeO2 structure.90,95,96 The decrease in the F2g as well as the
2LO band intensity with increasing Zr content can indicate a
shift from a CeO2-dominant structure to a modified CeO2

structure caused by the contraction of the lattice following
the addition of Zr.90,92,95,96 Focusing on the F2g band on the
visible Raman plot (Fig. S1(a)†), it is noted that it shifts closer
to the right (blue shift) near the 480 cm−1 peak of m-ZrO2

with increasing Zr ratio, confirming a decrease in bond
length because of the stronger bond strength of Zr4+

compared to Ce4+.97 The reduced bond length further
supports the shrink in overall size as indicated by the
calculated lattice parameters of the samples (Table 3).88–90

The broad defect band between 500 cm−1 and 620 cm−1 is an
indication of increased amounts of extrinsic and intrinsic
defect sites on the support, affected by both increasing Zr
loading and the addition of a CuOx dopant (Fig. S1(b)†).51–53

For both the bulk and the supported Ce0.5Zr0.5O2 samples,
the peaks in the defect range are of higher intensities
compared to that of Ce0.6Zr0.4O2 and Ce0.9Zr0.1O2, indicating
that there is an increase in defect sites within the CeyZr1−yO2

Fig. 9 T20, T50, and T90 for CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) catalysts; CO :O2 feed ratios of (a) 1 : 5, (b) 1 : 1, and (c) 1 : 0.5
(stoichiometric conditions). (d) ΔT for CuOx/CeyZr1−yO2 catalysts, where ΔT = TT20,T50,T90 at CO:O2=1:0.5 − TT20,T50,T90 at CO:O2=1:5.
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catalyst supports at higher Zr loadings. The change in ID/IF2g

ratios (Fig. 10(a)) from the UV Raman spectra of the catalysts
further indicates that the ratio increases with increasing Zr
loading while remaining generally the same between bulk
and synthesized catalysts. The intensity of the defects
increases while the intensity of the F2g peak decreases,
indicating increased amounts of defects in the samples with
increased Zr loading and the defect peak becoming
dominant. The distinction between extrinsic and intrinsic
defects is less clear than in the visible Raman spectra, but
the overall presence of defects can be determined by
comparison of the loss in ceria's F2g character of the material
with increasing defects due to increased addition of Zr into
the CeO2 lattice.

The surface characterization results obtained from XPS
measurements were analyzed. While UV Raman, a bulk
technique, confirmed the increase in defect sites with
increasing Zr content, the surface characteristics from XPS
provided further insights. In this context, Ce3+, Cu1+ and O″
are indicative of the chemistry over the surface of the
catalysts. The CuOx/CeO2 sample also exhibited the highest
% [Cu1+] and lowest % [Ce3+] among the prepared catalysts.
As indicated by the O″/O′ ratio in Table 4, the inclusion of Zr
led to an increase in defect sites. However, the redox
equilibrium varied for each catalyst. The generation of Cu1+

species (from Cu2+) is driven by the higher electronegativity
of Cu compared to Ce, facilitating electron acceptance to

attain redox mechanism: Ce3+ + Cu2+ ↔ Cu1+ + Ce4+. The
defect sites and oxygen mobility also contribute towards the
generation of Ce3+ and Cu1+. The authors hypothesize that
the availability of % [Cu1+] is crucial for oxidation reactions
to maximize redox properties.

4.2 The role of oxygen vacancies on activity

As shown by the CO conversion data (Fig. 8), CuOx/CeO2 has
the highest performance in oxygen-rich environments due to
the innate redox capabilities of Ce3+ and Ce4+ that increase
its oxygen mobility.5–7,12–14 With initial fixed SDs of 2.3 Cu
atoms per nm2, all the synthesized CuOx/CeyZr1−yO2 samples
have comparable resulting SDs within the range of ∼2.0 Cu
atoms per nm2, with the highest resulting SD samples being
the catalysts with the highest Ce loading. The slightly higher
resulting actual SD values of CuOx/CeO2 and CuOx/Ce0.9Zr0.1-
O2 can be due to the higher SSA of the respective bulk
supports compared to the other supports, except for bulk
ZrO2 also resulting in an increased overall activity.75 As
shown in Fig. 10(b–d), when normalized by the number of
Cu atoms, the highest activity (mol s−1 per Cu atom), which
was obtained at low CO conversion (<20% CO conversion), is
achieved by the CuOx/CeO2 and CuOx/Ce0.9Zr0.1O2 catalysts.
Please note that the near doubling in activity of the catalysts
shown in Fig. 10(d) under stoichiometric feed ratios of
reactants can be explained by the increase of CO

Fig. 10 (a) Ratios of the peak intensities of the defect region (ID) and the F2g mode (IF2g). Activity plots (mol s−1 per Cu atom) for CO oxidation tests
for CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0) catalysts; the activity plots were calculated for CuOx/CeyZr1−yO2 catalysts undergoing CO oxidation
with CO :O2 feed ratios of (b) 1 : 5, (c) 1 : 1, and (d) 1 : 0.5 (stoichiometric conditions) and data displayed up to T50.
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concentration during excess O2 feed conditions from 4% to
8% to keep the space velocity of the reaction consistent. The
relatively low catalytic performance of the CuOx/ZrO2 catalyst
can be attributed to the lower inherent OSC of ZrO2 and lack
of a redox cycle compared to that of CeO2-based
materials.21–24 Additionally, an improvement in the
performance of Zr-based catalysts can be seen with
increasing Ce loading due to improved acid–base support
properties compared to that of a pure ZrO2 support.

21–24 This
allows for the proceeding of the reaction with ample
optimized interactions with the support. The catalysts
achieved a lower final conversion value of ∼97% at
stoichiometric feed ratios (seen in Fig. 8(c)) due to the
competition between O2 and CO reactants in the feed and
filling in of produced vacancies in the lattice, resulting in O2

becoming the limiting reactant.34,35,98 As such, both CuOx/
CeO2 and CuOx/Ce0.9Zr0.1O2 catalysts obtained the highest
relative conversions under low temperature conditions with
varied feed conditions.

To further account for the difference in catalytic activity
between the catalysts with a relatively constant number of Cu
active sites, the role of oxygen vacancies within the structures
of each catalyst during the reaction must be considered. As
shown by the CO oxidation activity tests at various excess O2-
feed conditions, oxygen vacancies seem to have less of a role
as increasingly excess O2 reactants can lead to the vacancies
becoming filled in by the excess oxygen in the reactant
stream.9,13,14,21,35,96,98 The catalytic ability of the synthesized
catalysts is therefore dependent on the nature of the support
and the SSA of the catalyst as well as availability of active
sites. In this case, pure CuOx/CeO2 has a significantly larger
surface area compared to the other supports, resulting in
more active copper sites even under similar SD conditions
(Tables 1 and 2), leading to better overall conversion at lower
temperatures. In contrast, increasing content of Zr in the
support leads to a shift in the CO conversion temperatures to
the higher temperatures, indicating an increase in the
relative T20, T50 and T90 (Fig. 9 and S2†). It could be
hypothesized that as the Zr content increases, the catalyst's
performance decreases due to a lower surface area and the
high rate of the oxygen vacancies refilling during the reaction
in the presence of O2 reactants.29,35,75 Although the oxygen
vacancies in the catalysts increase with higher Zr
concentrations in the CeyZr1−yO2 catalyst, these vacancies
could serve as (1) adsorption sites for reactants and (2)
catalytic activity sites. In the case of low SSA catalysts,
however, especially in oxygen-rich conditions, the high
kinetics of the filling of these vacancies by O2 leads to a slow
regeneration rate, resulting in reducing the number of active
sites available for CO oxidation. Consequently, CO conversion
in high-Zr-ratio CuOx/CeyZr1−yO2 catalysts (e.g., CuOx/Ce0.6-
Zr0.4O2 and CuOx/Ce0.5Zr0.5O2) results in lower catalytic
performance.21,35,96,98 The combination of the lower SSA and
the reduction of active sites on the catalyst can explain why
the activity of Zr-promoted supported catalysts is lower
compared to that of CuOx/CeO2. As a result, the oxygen defect

sites in CeyZr1−yO2 supported catalysts may not be as efficient
as desired, depending on the reactant feed ratios (O2 lean or
O2 rich) of the reaction in which they are used. To increase
the efficiency of the catalytic reaction, it is important to
create a catalyst that satisfies both high SSA and abundant
OSC.

As described in section 2.1 and shown in Table 2, the
catalyst synthesis was based on calculations for a constant
Cu surface density (SD = ∼2.3 Cu atoms per nm2).
Table 2 confirms both the actual Cu loading (wt%) and
SD. Previous studies reported that the CO oxidation
reaction occurs at the interface between CuOx and CeO2

or CeO2–ZrO2 support.99 In this study, the highest Cu
loading was obtained in CuOx/CeO2, resulting in greater
availability of interfaces, which facilitated CO conversions
at lower temperatures. During the reaction, oxygen
mobility enhances the metal–support interaction necessary
for continuous redox properties, with oxygen vacancies
acting as driving potholes for this movement. As shown
in Fig. 5, the inclusion of ZrO2 creates oxygen vacancies
or defects in the catalyst. However, an increase in defects
does not always enhance catalytic activity, and the lower
oxygen mobility of ZrO2 compared to CeO2 may negatively
affect catalytic activity. A study by M. Piumetti et al.

reveals that an optimal balance Ce and Zr content is
necessary in the catalyst to achieve sufficient oxygen
mobility and create oxygen vacancies, both of which
positively influence CO oxidation and help attain the
required activity.100 A higher availability of oxygen vacancy
is not the sole factor contributing to an effective catalytic
reaction. As shown in Fig. 8(c) and 9(c), CuOx/Ce0.9Zr0.1O2

shows comparable activity with a stoichiometric feed ratio,
despite having a Cu loading (1.4 wt%) that is nearly half
of that in CuOx/CeO2 (2.6 wt%). This explains the positive
impact of the incorporation of ZrO2 into the CeO2

structure. With an increase in the oxygen level in the
feed, the activity of CuOx/CeO2 and CuOx/Ce0.9Zr0.1O2

improved. However, a decrease in activity was observed for
CuOx/Ce0.6Zr0.4O2, CuOx/Ce0.5Zr0.5O2, and CuOx/ZrO2

catalysts as the O2/CO2 ratio increased in the feed. This
behavior could be attributed to two main reasons:
structural and mechanistic considerations. Firstly, the
structural characterization of CuOx/Ce0.6Zr0.4O2 and CuOx/
Ce0.5Zr0.5O2 shows an increase in defects as the cerium
content decreases. This results in causing reduced oxygen
mobility and fewer surface redox-active centers. The
second factor is mechanistic, where CO oxidation
primarily occurs through the activation of metal centers
by oxygen from the feed, which subsequently adsorbs the
gas phase CO for CO2 formation.101 With increased oxygen
in the feed, the adsorption of CO at the activated site
becomes less favorable due to the higher concentration of
oxygen molecules in the vicinity. As a result, higher
temperatures are required for effective CO adsorption and
to facilitate CO2 formation. This is validated by Fig. 8 and
9, where the breakthrough and subsequent conversion
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points were observed at higher temperatures as the O2 :
CO ratio increased.

The XPS results revealing the presence of the Cu1+ and
Ce3+ species (Fig. 7 and Table 4) in the catalysts correlate
with the observed activity results. Higher values of Cu+1 and
lower values of Ce3+ tend to create a gradient that influences
the equilibrium mechanism (Ce3+ + Cu2+ ↔ Cu1+ + Ce4+)
based on the availability of these species. For example, CuOx/
CeO2 exhibits a higher concentration of surface Cu1+, which
enhances its oxidation capacity. This shift will drive the redox
equilibrium backwards upon oxidation, continuously
balancing the species throughout the reaction. Consequently,
this mechanism is proposed as a source of synergistic effect
that enhances CO oxidation performance.

The creation of bulk defects and surface oxygen vacancies
has been explained through Raman spectroscopy (Fig. 5 and
S1†) and XPS analysis (Fig. 7), respectively. Additionally, the
presence of lattice distortion was evident from HR-TEM
results. The varying electronic states of Cu (Cu1+ and Cu2+)
were clearly explained in the HR-TEM (Fig. 3) and XPS
(Fig. 7) results. The observed results provide that these
electronic states contribute to charge-transfer interaction
between Cu and the CeO2-based support's lattice at their
interface.102–104 The presence of Cu1+ can be seen in all but
the CuOx/CeO2 catalyst, which is in agreement with the
presence of a low concentration of Ce3+ as shown by the XPS
data in Fig. 7. The addition of CuOx increases the reduction–
oxidation ability of the support, which is influenced primarily
by the composition of CeyZr1−yO2. This is supported by the
inverse relationship observed between the Ce3+ and Cu1+

ratios (Table 4). During the CO oxidation reaction, this
phenomenon can assist in the adsorption of CO onto the
activated CuOx surface species, which subsequently interacts
with lattice oxygen at the metal–support interface, reducing
the surface species and creating oxygen vacancies.103,104 The
support composition plays a critical role in determining the
type and strength of metal–support interaction.103–105 An
et al. reported that the nature of surface species is key to the
effectiveness of metal–support interaction in the CO
oxidation reaction.103–105 Therefore, metal/metal oxide–
support interactions contribute towards increase of the
overall active sites for the propagation of the reaction. In this
study, the inclusion of Zr up to ∼10% constructively
contributes to CO oxidation activity. However, the CuOx/CeO2

catalyst showed superior activity among the tested samples
due to its higher metal loading, better redox properties,
favorable metal oxide–support interactions, and facilitated
oxygen mobility under varying feed conditions.

5. Conclusions

A series of CuOx/CeyZr1−yO2 (y = 1.0, 0.9, 0.6, 0.5, 0.0)
catalysts with similar SD (number of Cu atoms per nm2)
values were prepared by OP-CVD. Raman and XRD analyses
confirmed that surface CuOx species were well dispersed on
the supports. CuOx/CeO2 showed the highest catalytic activity

(mol s−1 per Cu atom) for the CO oxidation reaction, followed
by CuOx/Ce0.9Zr0.1O2. An improvement in overall CO
conversion with higher SSA was observed, even though the
number of oxygen defect sites/supports showed inverse
trends. The effective distribution and presence of CuOx over
CeyZr1−yO2 supports were confirmed from the microstructural
data obtained from HR-TEM data. The oxidation states of
associated elements in the catalysts were determined using
XPS measurements. An indirect quantification of Cu1+, Ce3+

and surface oxygen vacancies (O″) were analyzed from the
deconvolution of the XPS data. The role of oxygen vacancies
(both extrinsic and intrinsic) due to the incorporation of a Zr
promoter was studied during reaction under varying O2 feed
conditions, in which materials with the highest number of
defects performed considerably worse under excess O2 feeds.
Under the O2-rich environment, the quantity of metal centers,
surface oxygen vacancies, reduction–oxidation ability, metal
oxide–support interaction and oxygen mobility play a major
role in CO oxidation activity. To further investigate the
intrinsic differences of these catalysts and reaction
conditions, kinetic experiments for determining activation
energy (Ea), pre-exponential factors, rate-determining step
(RDS) and order of reaction shall be studied separately as an
extended scope of this research. To facilitate application in
various catalysis industries in addition to fundamental
catalysis research, modifications of commercially available
supporting materials (e.g., CeO2 and CeyZr1−yO2) should be
thought about. Specifically, synthesizing a high-SSA support
material with high surface oxygen vacant sites and improved
oxygen mobility should be taken into consideration.
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