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Preparation of noble metal-free porous CuO–
ceria and zirconia mixed oxide catalysts using the
ammonia driven deposition precipitation method
for toluene combustion†

Wouter Van Hoey, a Anna Rokicińska, b Marek Dębosz, b

Izabela Majewska, a Piotr Kuśtrowski b and Pegie Cool *a

Cu-containing CexZr1�xO2 noble metal-free mixed metal oxide catalysts were obtained using a non-

disclosed synthesis protocol that involves a soft template assisted hydrothermal approach for the

synthesis of various CexZr1�xO2 supports and the subsequent deposition of Cu with a water-based

ammonia driven deposition precipitation (ADP) method. As shown using N2-sorption, X-ray diffraction

(XRD), Raman spectroscopy, UV-vis diffuse reflectance spectroscopy (UV-vis-DR) and scanning electron

microscopy (SEM), varying the ratio between Ce and Zr resulted in different crystal structures, going

from purely cubic CeO2 to tetragonal Ce0.25Zr0.75O2 and finally to ZrO2 with co-existing tetragonal and

monoclinic crystal phases. Additionally, the introduction of zirconium to the CeO2 crystal lattice induced

the formation of mesopores, yielding a larger available surface for ADP deposition of Cu. The addition of

different Cu loadings had an impact on both structural and optical properties of the catalysts, as well as

on their reducibility, which was examined via H2-temperature programmed reduction (H2-TPR). During

testing of the catalytic performance in the combustion of toluene as a model reaction for aromatic VOC

combustion, all catalysts showed extremely high selectivity towards H2O and CO2 and were more active

than CuO-modified commercially available CeO2 and ZrO2 supports. The best performance was

obtained over the Cu–Ce0.75Zr0.25O2 catalysts whereby the different loadings of Cu yielded nearly identi-

cal results. The high activity of these catalysts can be attributed to the successful ADP deposition and

the increased amount of oxygen vacancies due to structural defects induced by the incorporation of

smaller Zr4+ cations into the cubic crystal structure of ceria. The presence of oxygen vacancies was ana-

lyzed using X-ray photoelectron spectroscopy (XPS).

1. Introduction

Volatile organic compounds (VOCs), which by definition are
organic compounds with a boiling point r250 1C at atmo-
spheric pressure, are amongst the major contributors to global
air pollution. VOCs are emitted from a wide variety of sources
and play an important role in aerosol, photochemical smog and
ground-level ozone formation, hence contributing to global
climate change.1,2 Besides their impact on the environment,
VOCs also pose a threat towards human health, since many
VOCs are carcinogenic, mutagenic and teratogenic.3 Due to

their toxic nature, strict regulations regarding VOC emissions
have been implemented. More specifically, the European Union
and its member states agreed on a new National Emissions
Reduction Commitments (NEC) Directive (2016/2284/EU),
which is designed to reduce the health impacts of air pollution,
in comparison to 2005, by at least 50% by 2030. In order to
reach this ambitious target, efficient techniques for VOC elim-
ination from polluted air, including adsorption, membrane
separation, thermal oxidation, and (photo)catalytic combus-
tion, have attracted extensive research.4 From these methods,
catalytic combustion is believed to be the most promising due
to its low cost, low operational temperature (200–500 1C) and
limited formation of by-products.5

At present, noble metal based catalysts are considered to be
the most efficient for VOC abatement.6 In particular, Pt (e.g. Pt–
Co3O4,7 Pt/Ce–Al2O3,8 Pt/Eu2O3–CeO2

9) and Pd (e.g. Pd–CeO2,10

Pd–SiO2,11 Pd–Al2O3
12) based catalysts exhibit very high cataly-

tic activity at relatively low temperatures. However, the high
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cost of these materials and the fact that they are prone to
deactivation caused by poisoning13 or sintering,1 has led
scientific research towards exploring cheaper and more easily
accessible transition metal oxide based catalysts. Recent exam-
ples of interesting noble-metal-free catalysts include: Ni-doped
a-MnO2,14 CuO–CeO2-nanorod,15 CuMn2O4 spinel16 and
CoCe0.75Zr0.25–Ni foam monolith.17

Among the interesting catalysts regarding the VOC abate-
ment, ceria-based materials have gained a lot of scientific
attention.18 This interest comes from the fact that ceria and
its related materials are omnipresent in research concerning
oxidative catalytic processes, such as automotive three-way-
catalysis,19,20 water–gas shift reaction21,22 and the preferential
oxidation of CO (CO-PROX),23,24 due to their high redox activity
and exceptional oxygen storage capacity (OSC). The latter is
caused by the presence of lattice defects in the crystal structure,
which induce oxygen mobility. As a result, besides Langmuir–
Hinshelwood (L–H) and Eley–Rideal (E–R), the Mars–van Kre-
velen (MVK) mechanism, whereby lattice oxygen is involved,
can also be activated in oxidation reactions.18,25

According to the literature, the OSC of the widely used ceria
can be enhanced significantly by incorporating zirconium ions
in the CeO2 crystal lattice. The smaller size of a Zr4+ cation
(ionic radii of 0.84 Å compared to 0.97 Å for Ce4+) modifies the
cubic fluorite structure of CeO2, which results in an enhanced
OSC and oxygen mobility, improving the redox properties of the
material.26,27 Moreover, the addition of zirconia also improves
the thermal stability of ceria.27,28

In order to further enhance the catalytic performance of Ce/
Zr-oxide based materials in the VOC combustion, transition
metal oxides, such as CuO,29,30 MnOx

31,32 and Co2O3,33 can be
added. To date, X–Ce–Zr (X = Cu, Co, Mn) ternary mixed oxide
catalysts have already gained tremendous attention regarding
other applications, due to their excellent thermal stability and
superior redox properties.34 On top of that, it is well known
from the literature that the combination of transition metals
with Ce/Zr oxides greatly improves the catalytic oxidation of
VOCs, due to their enhanced redox properties and enhanced
oxygen mobility.32 Zhang et al. recently reported that upon
deposition on TiO2 nanoparticles the multi-metal combination
of CuCeZr shows the highest toluene removal efficiency and
selectivity towards CO2, followed by MnCeZr, NiCeZr, CoCeZr
and FeCeZr, respectively.35 Moreover, it was proven that the
oxidation process of toluene is dominated by lattice oxygen
present in CuO species dispersed on CuCeZrOx catalysts.36

Furthermore, apart from its relatively low price and high
reusability with a recycled yield up to 99%, Cu is known to
have a strong synergistic effect with CeO2.37,38 As a result,
Cu–Ce–Zr mixed oxide catalysts have attracted significant
scientific interest for the abatement of VOCs. However, it is
known that the catalytic activity of transition metal
supported ceria-based catalysts strongly depends on transition
metal dispersion and its interaction with the support material,
which are often determined by the selection of synthesis
parameters.37,39 Therefore, the presented study reports for the
first time in the literature the deposition of Cu onto CexZr1�xO2

catalysts using the ammonia driven deposition precipitation
(ADP) method.

The ADP method, which was first implemented by Guo
et al.40 and further optimized by Xin et al.41 for the improved
deposition of Cu onto SBA-15, involves the selective adsorption
of a copper tetra-ammonia complex followed by its deposition
during drying. Upon drying, the Cu complex is deposited on the
support material, followed by a thermal activation step, form-
ing a chemical bond between the Cu-sites and the support
surface. Consequently, the ADP method ensures a strong metal-
support interaction, high degree of metal dispersion and high
stability of the deposited CuO sites.41 Furthermore, ADP is an
aqueous based deposition method, hence environmentally
friendly and easy for up-scaling.

Due to the valuable characteristics of the ADP method, it has
already been successfully applied for Cu deposition onto TiO2

and Al2O3 supports.42,43 However, its application for Cu deposi-
tion onto CexZr1�xO2 catalysts is yet to be reported. Therefore,
the aim of the presented study is to analyze the influence of the
ADP deposition of Cu onto multiple CexZr1�xO2 (x = 0; 0.25; 0.5;
0.75; 1) supports by studying the resulting properties of the
active catalyst phase and the catalytic performance in toluene
combustion. Two different Cu loadings are examined, namely
10 and 12.5 wt%. These loadings are deliberately selected as a
10 wt% Cu loading is proven to be effective for VOC combustion
and 12.5 wt% is the highest attainable Cu loading that ensures
a strong metal support interaction with the utilized supports
without a significant loss of the active element upon ADP
synthesis.5

2. Experimental

Used chemicals: NH4OH (25%); CeCl3�7H2O, 99%, Merck;
ZrCl4, 98%, Sigma-Aldrich; Cu(NO3)2�3H2O, 499%, Merck; N-
hexadecyl-N,N,N-trimethylammonium bromide, CTAB, 499%,
Acros; cerium(IV) oxide powder o5 micrometer (99.9% trace
metals basis) Sigma-Aldrich; ZrO2 J.P. Pharma-Chem
Industries.

2.1. Catalyst preparation

Porous CexZr1�xO2 supports, with x equal to 0, 0.25, 0.5, 0.75 or
1, were designed using a template-based approach. 6.0 g CTAB
was dissolved in 50 mL of deionized water at 30 1C to speed up
the process. To this solution a second solution containing
50 mL of deionized water and either only ZrCl4 (98%, Sigma-
Aldrich) or CeCl3�7H2O (99%, Merck) or a mixture of both metal
salt precursors in amounts relative to the desired ratio between
Zr and Ce was added under vigorous stirring in a dropwise
fashion. After the addition the temperature was raised to 50 1C
and the resulting mixture was stirred for 30 min. Subsequently,
a solution containing 20 mL 25% NH4OH diluted with 20 mL
deionized water was added dropwise. The resulting mixture was
stirred overnight at 50 1C and then transferred to a Teflon-lined
stainless steel autoclave pressure vessel, where it was kept at
100 1C for 24 h, as advised by Dou et al.44 Next, the obtained

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

4:
01

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00324a


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 6983–6995 |  6985

slurry was filtered, washed with distilled water and dried at
room temperature. Finally, the obtained powder was calcined at
450 1C for 5 h at 1 1C min�1.

After the successful synthesis of the desired supports, Cu
was deposited using the ammonia driven deposition precipita-
tion approach, whereby, typically 1 g of support was suspended
in an appropriate amount of 0.03 M copper nitrate solution to
obtain the desired theoretical loading of 10 wt% or 12.5 wt%.
Then, ammonia (NH4OH, 28–30% Acros) was added into the
mixture to gain a molar Cu/NH3 ratio of 1/6. Subsequently, the
obtained solution was stirred for 48 h at room temperature,
followed by filtration and washing with a sufficient amount of
deionized water. After drying at room temperature the obtained
solid was calcined at 550 1C for 6 h at a heating rate of 1 1C min�1.
The final samples were referred to as yCu–CexZr1�xO2, where y
represents the desired wt% of Cu.

Finally, commercial zirconia and ceria were used as refer-
ence supports, onto which 10 wt% of Cu was deposited accord-
ing to the same ADP synthesis protocol as described above.

2.2. Catalyst characterization

2.2.1. XRD. In order to determine the crystallographic
structure of the materials, X-ray diffraction (XRD) measure-
ments were performed using an X-ray diffractometer (Bruker
D8 Advance eco) equipped with CuKa radiation (l =
0.15406 nm). The XRD patterns were recorded with a speed of
0.041 s�1 in the 2y range of 51 to 801.

2.2.2. EDXRF. Energy dispersive X-ray fluorescence
(EDXRF) analysis was used for a more thorough analysis of
the chemical composition of the synthesized materials. These
measurements were performed using a Thermo Scientific ARL
QUANTX EDXRF C10020 X-ray fluorescence spectrometer with
a Rh anode and a Si(Li) detector. All spectra were processed
using the UniQuant ED tool.

2.2.3. N2-sorption. Information about the total BET speci-
fic surface area and the pore size distribution of the catalysts
was obtained using N2-adsorption–desorption. The measure-
ments were performed at a temperature of �196 1C using a
Quantachrome Quadrasorb SI surface area and pore size analy-
zer. Before any N2-sorption measurement, the samples were
degassed under vacuum during 16 h at a temperature of 200 1C
by using an AS-6 degasser.

2.2.4. SEM. Scanning electron microscopy (SEM) micro-
graphs were recorded using an Apreo 2S Thermo Fisher Scien-
tific scanning electron microscope at an accelerating voltage of
10 and 20 kV. All samples were placed on a metallic SEM stub
with conductive carbon type and coated with a 10 nm gold layer
in a vacuum coater (Safematic CCU-010 HV).

2.2.5. H2-TPR. Temperature-programmed reduction with
hydrogen (H2-TPR) was carried out on 50 � 0.1 mg of a sample,
which was then heated from 100 1C to 900 1C in a flowing
mixture of 5 vol% H2 in Ar (total flow rate of 27 mL min�1) at a
heating rate of 10 1C min�1. A thermal conductivity detector
(TCD) placed directly after a cold trap (�40 � 3 1C) was used to
determine the amount of hydrogen consumed during the

reduction reaction. The TCD signal was calibrated to the
reduction of CuO as a reference material.

2.2.6. Raman spectroscopy. The Raman spectra were
recorded using a Horiba xPlora plus Raman spectrometer
equipped with a 532 nm laser.

2.2.7. UV-vis-DR spectroscopy. UV-vis diffuse reflectance
spectroscopy measurements were performed on a Nicolet Evo-
lution 500 UV-vis spectrophotometer equipped with a deuter-
ium lamp, a mercury lamp and a diffuse reflectance DR
accessory. The spectra were recorded in the range of 200–
800 nm at a scan speed of 120 nm min�1. Dried KBr was used
as a reference material and also to dilute the samples to 2 wt%.
The resulting absorption data were obtained after Kubelka–
Munk conversion of the measured reflectance spectra. To do so,
the Kubelka–Munk function, as given in eqn (1), was utilized,
whereby R(l), K(l), and S(l) represent the reflectance, the
absorption coefficient, and the scattering coefficient, respec-
tively.

F Rð Þ ¼ 1� Rð Þ2

2R
¼ K

S
(1)

2.2.8. XPS. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed with a Prevac photoelectron spectro-
meter equipped with a hemispherical VG SCIENTA R3000
analyzer. The spectra were recorded using an Al Ka source
(E = 1486.6 eV) and a low energy electron flood gun FS40A-PS to
compensate charge on the surface of nonconductive samples.
The pressure in the analysis chamber during the measurements
was equal to 5 � 10�9 mbar. The peaks were recorded with a
constant pass energy of 100 eV. The scale of the binding energy
value was adjusted by the C 1s reference peak at 284.6 eV. The
composition and chemical state of the sample surface were
investigated on the basis of the areas and binding energies of
Cu 2p, Ce 3d, Zr 3d and O 1s photoelectron peaks. Fitting of
the high resolution spectra was carried out using Casa XPS
software.

2.3. Catalytic tests

The catalytic activity of all samples was tested for total oxida-
tion of toluene. Additionally, 10 wt% Cu was deposited onto
commercial ZrO2 and CeO2 to serve as a benchmark during the
catalytic tests. A fixed bed microreactor system with 8.0 mm
diameter was used. The analysis of released products of the
reaction was controlled using a Bruker 450 gas chromatograph
equipped with two capillary columns (Porapak S and Chromo-
sorb WAW-DMCS), two flame ionization detectors, a thermal
conductivity detector and a methanizer. The catalytic reaction
temperature was monitored using a thermocouple inserted into
the catalytic bed. 100 mg of powder catalyst was placed on
quartz wool in a quartz flow microreactor, then degassed at
500 1C for 30 min in air at a flow rate of 100 mL min�1. After
that, the reactor was cooled to 100 1C and dosing the toluene
concentration of 1000 ppm (diluted by air stream) began
through a saturated scrubber filled with a liquid reagent while
keeping the vapor pressure. The catalytic results were collected
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at 100, 150, 200, 225, 250, 275, 300, 325, 350, 400, 450 and
500 1C. Each step was maintained for about 70 min and then
the reactor was heated to higher temperature at a heating ramp
of 10 1C min�1.

3. Results and discussion
3.1. Structural and textural properties of the CexZr1�xO2

supports

In order to highlight the influence of the catalyst composition
on the ADP Cu deposition, various CexZr1�xO2 supports were
utilized for the deposition of both 10 and 12.5 wt% of Cu. The
usage of different support compositions should lead to varying
structural and textural catalyst properties, potentially influen-
cing the distribution of Cu species. To reveal this, N2 adsorp-
tion–desorption measurements were performed to gain insight
into the porosity and total BET specific surface area of the
materials. All obtained isotherms are depicted in Fig. 1 and 2,

and the information concerning the corresponding textural
parameters is presented in Table 1.

From Fig. 1, it is clear that a different type of isotherm can
be ascribed to the monometallic CeO2 and ZrO2 supports
compared to the Ce/Zr mixed oxides. In the case of pure ceria
and zirconia, on the one hand, the shape of the adsorption
isotherm corresponds with a type II adsorption isotherm,
according to the I.U.P.A.C. classification. This type of isotherm
represents an unrestricted monolayer–multilayer adsorption,
which typically corresponds to non-porous or macroporous
materials. For the pure CeO2 support, a steep increase in the
adsorbed volume can be noticed near a relative pressure of
0.90. This indicates the presence of interparticle porosity,
which is confirmed by the presence of a type H1 hysteresis
loop. Unlike CeO2, the adsorption isotherm of ZrO2 shows an
increase in adsorbed volume at lower relative pressures in
combination with a type H3 hysteresis loop, indicating the
presence of intraparticle porosity. As a result, the obtained
specific BET surface area of ZrO2 is significantly higher. In the
case of the CexZr1�xO2 mixed oxide supports, on the other
hand, a type IV(a) isotherm, resembling mesoporous materials,
can be assigned. The presence of mesopores is confirmed, on
the one hand, by the pore size distribution, determined using
the BJH method and presented in Fig. S1 of the ESI,† and,
on the other hand, by the fact that a clear capillary condensa-
tion is observed between a relative pressure of 0.40 and 0.90.
The resulting hysteresis loop in this relative pressure region can
be classified as type H4, which is attributed to slit-shaped
pores. As a result, it is clear that the bimetallic combination
of cerium and zirconium induces mesoporosity.

To check the crystallographic structure of the involved
supports, X-ray diffraction patterns were collected, which are
shown in Fig. 3. For pure ceria, eight diffraction peaks are
observed at 2y = 28.51, 33.01, 47.41, 56.31, 59.11, 69.41, 76.81 and
78.91. These peaks can be attributed to the (111), (200), (220),
(311), (222), (400), (331) and (420) reflections of the cubic
fluorite phase of ceria, respectively. In the case of Ce0.75Zr0.25O2,
a similar diffraction pattern is found, which implies that theFig. 1 N2-sorption isotherms of the CexZr1�xO2 supports.

Fig. 2 N2-sorption isotherms of the CexZr1�xO2 supports after ADP deposition of 10 wt% Cu (A) and 12.5 wt% Cu (B).
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cubic crystal phase is retained. However, the incorporation of
25% Zr causes a slight shift of the diffraction peaks towards
higher Bragg angles. This shift can be explained by the replace-
ment of Ce4+ cations (ionic radius of 0.97 Å) with smaller Zr4+

(ionic radius of 0.84 Å), which modifies the cubic fluorite
structure of CeO2.26,27 Moreover, the incorporation of Zr also
results in peak broadening, which can be ascribed to the
formation of smaller crystallite sizes.45 The average crystallite
size (D) can be estimated by using the well-established Scherrer
equation (see eqn (2)), whereby K represents the shape con-
stant, l is the wavelength of the utilised Cu-Ka radiation
(0.15406 nm), b is the full width at half maximum of the
corresponding diffraction peak expressed in radians, and y
refers to the Bragg angle in radians.

D ¼ K � l
b � cos y (2)

when the diffraction peaks corresponding to the (111), (200)
and (220) reflections are taken into consideration, the average
size of CeO2 crystallites for the CeO2 and Ce0.75Zr0.25O2 support
is estimated to be 11.7 and 9.2 nm, respectively, proving the
formation of smaller crystallites upon the addition of Zr. Note
that these obtained values are merely used for relative compar-
ison, since morphological effects and disorder to reflection

widths are not taken into account. Further peak broadening
in combination with a shift towards higher Bragg angles is
observed for Ce0.50Zr0.50O2. However, unlike for CeO2 and
Ce0.75Zr0.25O2, it can be noticed that the peaks corresponding
with the (220), (311) and (222) reflections are distorted. Hence,
it is inferred that a homogeneous ceria–zirconia mixed oxide
was not obtained, but that mixed oxides with varying Ce/Zr
ratios co-exist.

Looking at the diffractogram of Ce0.25Zr0.75O2, the peaks
corresponding to the (400), (331) and (420) reflections are no
longer detected. This is caused by the presence of a signifi-
cantly higher amount of Zr compared to Ce, resulting in the fact
that the cubic crystal structure is not retained. To understand
this it is important to highlight that apart from a cubic crystal
structure, zirconia is known to have two other polymorphs,
namely, tetragonal and the thermodynamically stable mono-
clinic crystal phase. The significant diffraction peaks of
Ce0.25Zr0.75O2 can be ascribed to a tetragonal crystal structure,
implying that Ce is incorporated into a zirconia lattice. Accord-
ing to Yu et al. the presence of lower amounts of cerium in a Ce/
Zr mixed oxide stabilizes the tetragonal structure of zirconia.45

However, since a broad signal between 381 and 451 and a
shoulder between 601 and 651 are found, the presence of a
monoclinic ZrO2 crystal phase cannot be excluded. Finally, in
the case of ZrO2, both diffraction peaks corresponding with a
monoclinic and tetragonal crystal phase are observed. A cubic
crystal structure is not obtained, as it is typically only formed at
temperatures exceeding 2370 1C.46

To support the information derived from the XRD patterns,
Raman spectroscopy measurements were performed, which are
presented in the ESI.† Additionally, SEM micrographs, which
offer an excellent visual examination of the structures formed
during the synthesis of the CexZr1�xO2 supports are also pre-
sented in the ESI.†

3.2. Characterization of Cu-containing catalysts

3.2.1. Structural and textural properties. After the synth-
esis of the support materials, both 10 wt% and 12.5 wt% of Cu
was deposited using the ADP method. These two different
loadings were deliberately selected, because a 10 wt% Cu
loading is proven to be effective for VOC combustion and
12.5 wt% is the highest attainable Cu loading that ensures a
strong metal support interaction with the utilized supports

Table 1 Textural parameters of the studied materials determined by N2-sorption measurements

Theoretical Cu-loading N.A. 10 wt% 12.5 wt%

Support material
BET surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

BET surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

BET surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

CeO2 55 0.147 41 0.107 34 0.089
Ce0.75Zr0.25O2 75 0.112 44 0.118 44 0.117
Ce0.50Zr0.50O2 109 0.139 28 0.096 29 0.082
Ce0.25Zr0.75O2 113 0.132 32 0.082 30 0.086
ZrO2 118 0.250 60 0.180 58 0.188
CeO2-commercial 2 0.004 4.5 0.047 — —
ZrO2-commercial 0.3 0.001 6 0.055 — —

Fig. 3 XRD patterns of the CexZr1�xO2 supports.
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without a significant loss of the active element upon ADP
synthesis.5

In order to verify the deposited amount of Cu on the surface
of the CexZr1�xO2 supports, X-ray fluorescence analysis was
performed. The collected XRF results are presented in Table 2.
From these results it can be noticed that the detected contents
of Cu on the CeO2 support are in both cases very close to the
desired amounts. As N2-adsorption–desorption data proved,
CeO2 is the support with the lowest available surface area,
which mainly possesses interparticle porosity. Due to the
absence of mesoporosity, Cu can only be deposited on the
surface of the material. Hence why the detected amounts of Cu
validate the utilized deposition protocol. Furthermore, when
the XRF data are analyzed in more detail, it can be noted that
typically a lower amount of Cu is detected upon an increasing
amount of zirconium. This can be correlated to the total
specific surface area of the supports, which is represented in
Table 1. More specifically, when the zirconium content
increases for the CexZr1�xO2 supports, a higher surface area
is obtained. Due to the increasing porosity and the fact that
XRF is considered to be a rather surface technique, it is believed
that higher amounts of Cu are potentially situated deeper
within the pores and are therefore covered from the interaction
volume of the X-rays.

As derived from the N2-adsorption–desorption measure-
ments presented in Fig. 2 and Table 1, the deposition of Cu
and the additional required calcination step resulted in a shift

of the corresponding isotherms towards higher relative pres-
sures and in a significant decrease of the total specific surface
area. However, despite the isotherm shift, no changes are to be
reported for the classification of the isotherms and
hysteresis loops.

The X-ray diffractograms of the Cu-supported materials are
depicted in Fig. 4. First of all, due to an additional calcination
step involving an increased temperature of 550 1C, a higher
degree of crystallinity is obtained for all supports. This also
explains the significant decrease in surface area observed
during N2-adsorption–desorption measurements. In accor-
dance with the XRF data, the obtained XRD patterns confirm
the successful deposition of CuO on all CexZr1�xO2 supports.
More specifically, the reflections originating from the mono-
clinic CuO tenorite phase (C2/c space group, ICDD card: 00-005-
0661), namely (%111), (111), (%202), (%113), (%311), (113), (311) and
(004) can be recognized at 35.51, 38.71, 48.71, 61.61, 66.21, 68.11,
72.51 and 75.11 2y, respectively. Additionally, for the 12.5 wt%
Cu samples, the (020) and (202) reflections can be identified at
53.61 and 58.31 2y, respectively.

In the case of ZrO2 an interesting observation can be made.
When the (%111) reflection from the monoclinic crystal phase
and the (011) reflection from the tetragonal phase are analyzed
in more detail for the Cu-containing ZrO2 materials and the
pure ZrO2 support, it is observed that the diffraction peaks
corresponding to the monoclinic crystal phase gain intensity
and that those from a tetragonal structure significantly
decrease upon an increasing amount of Cu. Consequentially,
it can be stated that a higher amount of Cu stabilizes the
monoclinic crystal structure, which has been reported in recent
studies on similar materials.47

When directly comparing the diffractograms of the two
different amounts of Cu on the same support, it is clear that
a higher amount of Cu results in an increased intensity of the
CuO reflections. Furthermore, an increase in intensity of the
reflections can be noticed with an increasing amount of zirco-
nium for both the 10 wt% Cu and the 12.5 wt% Cu samples.

Table 2 Cu loadings determined by XRF for the studied materials

Support material

Theoretical loading

10 wt% Cu 12.5 wt% Cu

CeO2 9.28 12.36
Ce0.75Zr0.25O2 7.57 9.57
Ce0.50Zr0.50O2 6.41 8.70
Ce0.25Zr0.75O2 6.12 7.86
ZrO2 6.72 7.60

Fig. 4 XRD patterns of the CexZr1�xO2 supports after ADP deposition of 10 wt% Cu (A) and 12.5 wt% Cu (B).
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Utilizing the isolated (111) reflection of CuO, an estimation of
the corresponding particle sizes is made through the Scherrer
equation. The resulting values are presented in Table 3. From
this table, it can be stated that a higher particle size is obtained
after deposition of Cu on a support known to possess a lower
available surface area. This complies with the idea that larger
surface areas should enhance the dispersion of active
elements.48

In order to support the insights gained through XRD,
structural changes and interactions upon the deposition of
Cu as the active phase were also studied using Raman spectro-
scopy. The obtained spectra are presented in Fig. 5. According
to the literature, CuO has three Raman active modes, namely
one Ag vibration with an estimated position around 290 cm�1

and 2 Bg vibrations positioned around 330 and 620 cm�1.49

However, Fig. 5 indicates that the addition of Cu does not result
in the presence of characteristic CuO signals but that it leads to
a red shift of the Raman peaks in comparison to the pure
supports presented in Fig. S2 of the ESI.† Additionally, in the
case of CeO2, Ce0.75Zr0.25O2 and Ce0.50Zr0.50O2 the presence of
Cu appears to induce the formation of a weak band centered
around 270–280 cm�1, which can be attributed to the displace-
ment of oxygen atoms from their ideal positions in a fluorite
like crystal lattice.50 Moreover, for these three materials the
addition of Cu also increases the intensity of the band around
600 cm�1, which corresponds to the longitudinal optical mode

of ceria that arises due to relaxation of symmetry rules, indicat-
ing the formation of more oxygen vacancies.50

In the case of both Cu–Ce0.25Zr0.75O2 catalysts, all expected
bands corresponding to a tetragonal structure are present.
However, in the Raman spectrum of the catalyst containing
12.5 wt% Cu a weak band is observed at 165 cm�1, which can be
attributed to the presence of a monoclinic structure. A similar
observation is made for the 10Cu/ZrO2 catalyst where this band
is appearing at 176 cm�1. Lastly, when looking at the Raman
spectrum of the 12.5Cu/ZrO2 catalyst in Fig. 5B it can be noticed
that the same band referring to a monoclinic structure, which
occurs at 165 cm�1, has significantly gained in intensity, in
comparison to the 10Cu/ZrO2 catalyst. This fortifies the state-
ment that a higher loading of Cu tends to stabilize the mono-
clinic crystal phase.

3.2.2. Optical properties. After gaining insight into how the
addition of 10 and 12.5 wt% Cu influenced the porosity and
crystal structure of the catalysts, UV-vis diffuse reflectance
spectroscopy was utilized to investigate the resulting changes
in the optical properties. The resulting Kubelka–Munk trans-
formed diffuse reflectance spectra are presented in Fig. 6.

From Fig. 6 it is clear that the addition of Cu2+, yielding CuO
after calcination, strongly affects the electronic properties of
the pure supports. First of all, it is observed that the absorbance
bands of the Cu containing catalysts, with the exception of both
Cu–CeO2 catalysts, show an increased intensity when directly
compared to the bands of the corresponding pure support. This
can be attributed to the higher degree of crystallinity and the
resulting bigger particles obtained after the calcination at an
increased temperature of 550 1C, because the given absorption
spectra in Fig. 6 were obtained after Kubelka–Munk conversion
of the measured reflectance spectra, whereby the scattering
coefficient (S) is dependent on the grain size.51 Consequen-
tially, diffuse reflectance increases with an increasing particle
size. In the case of CeO2, however, it is known that the intensity

Table 3 Estimated CuO crystallite size using the Scherrer equation based
on the (111) peak of CuO

Support 10 wt% Cu 12.5 wt% Cu

CeO2 26.3 33.7
Ce0.75Zr0.25O2 28.1 31.2
Ce0.50Zr0.50O2 20.5 17.8
Ce0.25Zr0.75O2 20.0 22.2
ZrO2 21.8 20.0

Fig. 5 Raman spectra of the CexZr1�xO2 supports after ADP deposition of 10 wt% Cu (A) and 12.5 wt% Cu (B).
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of the absorbance gradually decreases with increasing calcina-
tion temperatures due to enhanced oxygen atom effusion at
higher calcination temperatures generating more oxygen
vacancies.52 Next, for all Cu-containing catalysts, two absorp-
tion maxima related to the copper species can be recognized.
The first one is located around 385 nm and can be assigned to
the charge transfer from O2� to Cu2+, whereby the Cu-ions
occupy isolated positions on the support.47,53,54 The strongest
absorbance related to this charge transfer is found for the Cu–
Ce0.50Zr0.50O2 catalysts, suggesting the formation of aggregated
Cu species and/or bulk CuO. The second maximum is found
around 580 nm and indicates the presence of well-dispersed
Cu2+ ions, which is the result of the successful ammonia driven
deposition precipitation of CuO precursor.47

When analyzing the obtained spectra of the CeO2,
Ce0.75Zr0.25O2 and Ce0.50Zr0.50O2 supports in Fig. 6A, which
have a defined cubic crystal structure proven by XRD and
Raman spectroscopy, two bands can be identified at ca. 260
and 300 nm. These bands can be attributed to the charge
transfer transition of O2� to Ce3+ and O2� to Ce4+,
respectively.55 Upon introduction of Cu all bands experience a
red shift towards higher wavelengths. The same observation
can be made after deposition of Cu on Ce0.25Zr0.75O2 and ZrO2.
Moreover, in the case of Ce0.25Zr0.75O2, the bands corres-
ponding to the charge transfer transition of O2� to Ce3+ and
O2� to Ce4+, can also be identified. However, unlike the
catalysts that contain a cubic crystal structure, Ce0.25Zr0.75O2

is known to have a predominantly tetragonal crystal structure,
which results in the presence of a band around 300 nm,
resembling the charge transfer transition of O2� to Zr4+.56

Finally, when studying the ZrO2-based materials, two bands
are identified. The first absorption band occurs around
210 nm, which corresponds to the O2� to Zr4+ charge transfer

transition in monoclinic-ZrO2.56,57 The second band arises
around 280 nm and reveals the coexistence of tetragonal
ZrO2, matching the XRD and Raman spectroscopy data.56

Additionally, XRD provided evidence that the addition of Cu
has a stabilizing effect on the monoclinic crystal phase of ZrO2.
This is clearly supported by the UV-vis-DR data, as for both 10
and 12.5 wt% Cu–ZrO2 the absorption band of the O2� to Zr4+

charge transfer transition in monoclinic-ZrO2, which has red-
shifted to 220 nm, has significantly gained in intensity com-
pared to the pure ZrO2 support.

3.2.3. Reducibility. In order to determine the reduction
behavior of the catalysts and to understand the interaction
between CuO and the CexZr1�xO2 supports, H2-temperature
programmed reduction measurements were performed. The
recorded reduction profiles are presented in Fig. 7. From
Fig. 7A it can be derived that the reduction profiles of the Ce-
rich supports exhibit two identifiable peaks. The first peak is
situated in the range of 500 to 750 1C, and corresponds to the
reduction of surface oxygen, whereas the second peak located at
higher temperatures is assigned to the reduction of bulk
oxygen.58–60 The additional small peak for CeO2 with a max-
imum around 320 1C can also be associated with the reduction
of surface oxygen, with the slight difference that this type of
oxygen is less strongly bound to the surface. When looking at
the peaks resembling the reduction of surface oxygen, it is
observed that their maximum shifts towards higher tempera-
tures upon an increasing amount of zirconium. Furthermore,
the bimetallic combination of Ce and Zr significantly boosts the
amount of reducible oxygen sites, with Ce0.75Zr0.25O2 showing
the highest hydrogen consumption. This indicates that
Ce0.75Zr0.25O2 possesses the highest amount of reducible oxy-
gen sites, which are believed to play an important role in the
VOC combustion.

Fig. 6 UV-vis-DR spectra of the pure CexZr1�xO2 supports (A) and the corresponding 10 wt% Cu (B) and 12.5 wt% Cu (C) catalysts.
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When comparing Fig. 7A with B and C, it is clear that the
reduction peaks of the supports are located at higher tempera-
tures compared to the reduction peaks of their Cu-containing
counterparts. This indicates that the addition of Cu signifi-
cantly enhances the redox behavior of the studied CexZr1�xO2

materials. To get a better understanding of how the addition of
Cu enhances the reducibility, a more in-depth description of
the resulting reduction profiles is presented. Upon analysis of
the H2-TPR measurements of both the 10 and 12.5 wt% Cu
catalysts, varying reduction profiles containing either a single
or multiple peaks are observed. This implies that the structural
and textural differences of the CexZr1�xO2 supports impact the
resulting Cu active sites. In general, when comparing multiple
reduction peaks, the low-temperature reduction peaks typically
belong to well dispersed or smaller Cu species, whereas high-
temperature signals can be attributed to particles with a larger
size, which inhibit weaker metal–support interactions.47,61

According to the estimated CuO particle sizes presented in
Table 3, the CeO2 and Ce0.75Zr0.25O2 supports give rise to larger
CuO particles, which is believed to be caused by their lower
available surface area. As a result, and knowing that both
supports possess a clear cubic crystal structure, the corres-
ponding H2-TPR profiles exhibit one main signal, indicating a
uniform Cu distribution. More specifically, the H2-TPR profile
of 10Cu/Ce0.75Zr0.25O2 consists of one broad signal centered
around 270 1C, which can be attributed to the reduction of bulk
CuO and copper species interacting strongly with the
support.44,62 The signal of 12.5Cu/Ce0.75Zr0.25O2, on the con-
trary, is broader and more intense, indicating the presence of
more active species. Furthermore, both Cu containing CeO2

materials show similar reduction profiles, with maxima occur-
ring at a slightly lower temperature of around 260 1C. Only one
small additional peak is observed around 150 1C. This can be
explained by the presence of a low amount of smaller copper
particles in close interaction with the ceria lattice.44,62,63 For the
remaining materials containing 50% or more zirconium, X-ray
diffraction analysis indicated the co-existence of multiple

crystal structures. As a result, multiple reduction signals are
detected, which implies the formation of different active sites
and thus a non-uniform deposition of CuO particles.

3.2.4. Surface composition. The surface electronic states of
the as-synthesized 12.5Cu–CexZr1�xO2 catalysts was studied by
using X-ray photoelectron spectroscopy. Fig. 8 shows XPS
spectra recorded for the catalysts doped with 12.5 wt% Cu in

Fig. 8 XPS Zr 3d, Ce 3d, Cu 2p and O 1s spectra of 12.5 wt% Cu catalysts.

Fig. 7 H2-TPR profiles of the pure CexZr1�xO2 supports (A) and the corresponding 10 wt% Cu (B) and 12.5 wt% Cu (C) catalysts.
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areas characteristic of photoelectron emission from Zr 3d, Ce
3d, Cu 2p and O 1s core levels.

In the XPS Zr 3d spectra two components at 182.4 eV and
184.8 eV, corresponding to spin–orbit splitting of 3d5/2 and
3d3/2 states (D = 2.4 eV), confirm the presence of Zr4+ ions in ZrO2

lattice.5 The emission of photoelectrons from Ce atoms is much
more complex. The obtained XPS Ce 3d spectra were fitted with 6
peaks at 883.0 eV (v), 889.3 eV (v00), 898.6 eV (v0 0 0), 901.3 eV (u), 908.0
eV (u00), and 917.1 eV (u0 0 0) assigned to Ce4+ ions (components of
3d5/2 are denoted as v, whereas 3d3/2 as u).64 Furthermore, spin–
orbit splitting between Ce 3d5/2 and Ce 3d3/2 in Ce3+ ions results in
two additional doublets at 881.9/900.5 eV and 885.4/903.3 eV. In the
XPS Cu 2p3/2 region two peaks at 933.2 eV and 935.1 eV followed by
intense satellite features, related to Cu2+ ions present in O2�

(Cuoxide) and OH� (Cuhydroxyl) species, are observed.65 The occur-
rence of various surface oxygen forms – oxide lattice (Olatt) and
hydroxyls (Oads) – is additionally confirmed in the XPS O 1s
spectrum, where photoelectron emission is found at 530.0 eV (Olatt)
and 531.7 eV (Oads).

Table 4 shows several quantitative results of XPS surface
analysis for the studied Cu-containing catalysts. Elemental
analysis indicates expected changes in the relative content of
Zr and Ce while maintaining a similar O concentration (38.1–
42.0 at%). However, attention should be paid to significant
discrepancies in the amount of Cu species deposited on the

outermost surface. The highest concentration of these centers
is achieved for the 12.5Cu/Ce0.50Zr0.50O2 material. Changing the
composition of the support to increase the content of one of the
components (CeO2 or ZrO2) leads to a decrease in the presence
of surface Cu. The discussed feature is additionally correlated
with the type of Cu forms. The higher the concentration of Cu
on the surface, the higher the Cuhydroxyl/Cuoxide ratio is
observed. At the same time, the value of the Olatt/Oads ratio
decreases. The analysis of the surface composition reveals
another interesting effect. The degree of reduction of the
CeO2 lattice increases with increasing Ce content.

3.3. Catalytic performance of Cu-containing catalysts in
toluene combustion

The catalytic performance of the synthesized Cu-supported
CexZr1�xO2 materials was tested in the catalytic total oxidation
of toluene. Toluene combustion is chosen because it serves as a
model reaction for the combustion of aromatic VOCs. The
observed toluene conversions in relation to the reaction tem-
perature are presented in Fig. 9. Hereby, it is worth mentioning
that for all synthesized catalysts only the desired reaction
products, namely CO2 and H2O, are detected, since no notice-
able signals corresponding to the formation of by-products,
such as CO or benzene, are found. This highlights the

Table 4 Surface composition of 12.5 wt% Cu catalysts determined via XPS

Catalyst

Content [at%] Atomic ratios

Zr Ce Cu O Cuhydroxyl/Cuoxide Ce3+/(Ce3+ + Ce4+) Olatt/Oads

12.5Cu/ZrO2 39.4 — 18.6 42.0 0.82 — 4.61
12.5Cu/Ce0.25Zr0.75O2 24.1 6.6 29.7 39.5 0.83 0.13 3.49
12.5Cu/Ce0.50Zr0.50O2 12.6 13.1 34.0 40.3 1.18 0.16 2.76
12.5Cu/Ce0.75Zr0.25O2 6.4 28.2 27.2 38.1 0.58 0.21 3.84
12.5Cu/CeO2 — 39.9 20.3 39.8 0.43 0.28 3.47

Fig. 9 Toluene conversions as a function of reaction temperature over the 10 wt% Cu (A) and 12.5 wt% Cu (B) CexZr1�xO2 materials.
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selectivity of all studied materials towards complete combus-
tion of toluene.

As can be seen in Fig. 9, all catalysts outperform the 10 wt%
Cu-loaded CeO2 and ZrO2 commercial supports that are used as
reference catalysts. Consequentially, it is believed that the
increased surface area due to the hydrothermal synthesis of
the supports is beneficial for the VOC combustion. On top of
that, the toluene conversion did not exceed 85% for the
commercial CeO2 material. This inferior result is also coupled
with a CO selectivity of around 4% at 300 1C. Furthermore,
when analyzing both the 10 wt% and 12.5 wt% Cu series, Cu
supported on Ce0.75Zr0.25O2 shows the best results. This is also
clearly visible in Fig. 10, which depicts a graphical representa-
tion of the temperatures where a toluene conversion of 20%
(T20), 50% (T50) and 90% (T90) is achieved over the different
catalysts. It is apparent that for both the 10 wt% Cu and
12.5 wt% Cu supported Ce0.75Zr0.25O2 catalysts, very similar
results are obtained. More specifically, in the case of 10 wt%
Cu/Ce0.75Zr0.25O2, the T20, T50 and T90 are observed at 251 1C,
273 1C and 313 1C, respectively, and for 12.5 wt% Cu similar
conversions are achieved at 252 1C, 274 1C and 313 1C. This
indicates that for these materials the presence of an increased
amount of Cu does not improve the catalytic performance and
the excess of the introduced active phase does not allow the
process to be accelerated. A similar statement can be made
when analyzing the CeO2, Ce0.50Zr0.50O2 and ZrO2 based cata-
lysts. With the exception of the T90 of CeO2, which is 5 1C higher
for 10 wt% Cu (257 1C) in comparison to 12.5 wt% Cu (261 1C),
all reported values for the T20, T50 and T90 of the corresponding
catalysts are slightly lower or equal. Only in the case of the
Ce0.25Zr0.75O2 based catalysts the presence of an increased
amount of Cu shows a significant drop in both the T50, which
drops over 6% from 307 1C to 288 1C and the T90, which drops
around 5% from 337 1C to 320 1C. This can most likely be
ascribed to the fact that a higher amount of Cu appears to

stabilize the monoclinic crystal structure, as was observed in
the X-ray diffraction measurements.

As shown in the H2-TPR results, Ce0.75Zr0.25O2 has the
highest reducing capacity among the tested supports. This
feature is most likely induced by the presence of Zr4+ substi-
tuted into the CeO2 lattice, which thus creates smaller, more
easily reducible crystallites. Consequently, it may favor the
redox equilibrium at the phase boundary: Cu2+ + Ce3+ = Cu+ +
Ce4+, which improves the oxygen storage capacity and promotes
the surface reaction.

The most active 12.5Cu/Ce0.75Zr0.25O2 catalyst was tested in
stability runs performed at two different temperatures, namely
300 1C and 325 1C. The catalytic measurements were carried out
for 20 h in a dry atmosphere, after which 10 vol% of water vapor
was additionally introduced into the system. Under the wet
conditions, the catalytic test was continued for another 20 h.
The collected results are presented in Fig. 11 as the toluene
conversion vs. time-on-stream. In the initial period of the
reaction a slight improvement in activity is clearly visible. In
more detail, at 300 1C the toluene conversion increases from
81.2% to 82.7%, and at 325 1C from 96.3% to 97.2%. The system
itself needs around 4 to 5 hours for full stabilization. Most likely,
during this induction period the surface is reorganized towards
the formation of the previously described redox equilibrium. After
introducing a relatively high content of water vapor after 20 h, a
decrease in activity of 4.1% (up to 78.6%) at 300 1C and 0.8% (up
to 96.4%) at 325 1C is noted. However, despite the presence of a
huge excess of H2O molecules in the reaction system, the activity
of the tested catalyst is still very high.

4. Conclusions

This study reports for the first time in the literature the
successful deposition of Cu onto CexZr1�xO2 mixed metal
oxides using the water-based ammonia driven deposition pre-
cipitation (ADP) method. Five different CexZr1�xO2 (x = 0, 0.25,
0.5, 0.75, 1) mixed metal oxide supports were synthesized using

Fig. 10 Overview of temperatures at which a toluene conversion of 20%
(T20), 50% (T50) and 90% (T90) is reached over the Cu-supported
CexZr1�xO2 materials.

Fig. 11 Stability runs over the 12.5Cu/Ce0.75Zr0.25O2 catalyst at 300 1C
and 325 1C under a dry atmosphere switched after 20 h to a wet atmo-
sphere (B10 vol% H2O).
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a soft template assisted hydrothermal approach. The resulting
supports were proven to be mesoporous and highly porous,
with a much higher surface area and pore volume compared to
commercial ceria and zirconia. In order to study the influence
of the varying structural and textural properties of the different
supports on the ADP Cu deposition, both 10 wt% and 12.5 wt%
of Cu was deposited. These loadings were deliberately selected,
because a 10 wt% Cu loading is proven to be effective for VOC
combustion and 12.5 wt% is the highest attainable Cu loading
that ensures a strong metal support interaction with the
utilized supports without a significant loss of the active ele-
ment upon ADP synthesis.

By studying the characteristics of the Cu-based catalysts it
was clear that the structure of the support had an impact on the
properties of the Cu active phase that was deposited onto the
support material, causing differences in the reductive beha-
viour of the catalysts. However, for all catalysts, the presence of
Cu significantly enhanced the redox activity. The strong synergy
between Cu and the ceria–zirconia mixed metal oxide supports
obtained by using the ADP deposition method resulted in high
catalytic conversion of toluene and 100% selectivity towards
H2O and CO2. On top of that, all catalysts outperformed the
commercial CeO2 and ZrO2 reference samples onto which
10 wt% of Cu was deposited following the same ADP deposition
protocol. Cu supported on Ce0.75Zr0.25O2 yielded the best
results for the catalytic combustion of toluene with a T90 of
313 1C, which is identical for both the 10 wt% Cu and 12.5 wt%
Cu containing samples. Clearly, the catalytic activity tests high-
lighted that an increased amount of Cu up to 12.5 wt% typically
does not yield an improved catalytic performance. Finally,
stability runs at 300 1C and 325 1C in the presence of 10 vol%
of water vapor for 20 h indicated that the activity of the 12.5Cu/
Ce0.75Zr0.25O2 catalyst remains very high. Thus proving the
potential of a noble metal-free Cu/Ce0.75Zr0.25O2 catalyst,
synthesized using a water-based synthesis protocol that
involves the ADP deposition of Cu, for VOC combustion.
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funding acquisition, investigation, methodology, writing – ori-
ginal draft, writing – review & editing, supervision. P. Cool:
conceptualization, funding acquisition, investigation, metho-
dology, writing – review & editing, supervision.

Data availability

Data will be made available upon request to the corresponding
author.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

W. Van Hoey and P. Cool acknowledge financial support from
the UAntwerp BOF GOA (project ID 36083). The research was
partially carried out with the X-ray diffraction equipment
funded by the UA BOF research infrastructure (project ID
41358) and with the equipment purchased thanks to the
financial support of the European Regional Development Fund
in the framework of the Polish Innovation Economy Opera-
tional Programme (contract no. POIG.02.01.00-12-023/08)
and the Smart Growth Operational Programme (contract
no. POIR.04.02.00-00-D001/20). The financial support of the
Strategic Programme Excellence Initiative at Jagiellonian Uni-
versity, used for servicing measurement systems, is also
appreciated.

Notes and references
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