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Abstract: The rational design of highly efficient, noble metal-free metal oxides is one of the main
research priorities in the area of catalysis. To this end, the fine tuning of ceria-based mixed oxides
by means of aliovalent metal doping has currently received particular attention due to the peculiar
metal-ceria synergistic interactions. Herein, we report on the synthesis, characterization and catalytic
evaluation of ZnO-doped ceria nanorods (NR). In particular, a series of bare CeO, and ZnO oxides
along with CeO,/ZnO mixed oxides of different Zn/Ce atomic ratios (0.2, 0.4, 0.6) were prepared
by the hydrothermal method. All prepared samples were characterized by X-ray diffraction (XRD),
N, physisorption, temperature-programmed reduction (TPR), scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDS) and transmission electron microscopy (TEM).
The CO oxidation reaction was employed as a probe reaction to gain insight into structure-property
relationships. The results clearly showed the superiority of mixed oxides as compared to bare ones,
which could be ascribed to a synergistic ZnO-CeO interaction towards an improved reducibility and
oxygen mobility. A close correlation between the catalytic activity and oxygen storage capacity (OSC)
was disclosed. Comparison with relevant literature studies verifies the role of OSC as a key activity
descriptor for reactions following a redox-type mechanism.

Keywords: CeO,/ZnO mixed oxides; zinc oxide; ceria nanorods; oxygen storage capacity;
CO oxidation

1. Introduction

Cerium oxide or ceria (CeO5) is considered one of the most promising metal oxides for numerous
catalytic applications, such as catalytic oxidation of CO [1-3], NO reduction [4-6], water—gas shift
reaction [7-10], reforming reactions [11,12] and soot combustion [13-15]. In particular, CeO, has
attracted extensive interest due to its abundant oxygen vacancies, interchangeability between Ce>* and
Ce** oxidation states and high oxygen storage capacity (OSC) [16-18]. During the past few decades,
nanotechnology has made remarkable progress toward the development of ceria nanocomposites
with distinct physical and chemical properties, greatly expanding their potential applications in
energy and environmental catalysis [19,20]. In this perspective, we recently showed that among ceria
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nanocomposites of different shape, ceria nanorods possess enhanced reducibility that is linked to their
high population in intrinsic defects and oxygen vacancies. The latter is considered responsible for their
superior CO oxidation performance [21].

More importantly, ceria-based mixed oxides have recently gained increasing attention in the
fields of materials science and heterogeneous catalysis, due to their unique surface, structural and
electronic properties, which are completely different to those of parent counterparts. The combination
of various transition metals with CeO, nanoparticles leads to enhanced surface and redox properties
due to the “synergistic” interactions between the oxide phases. Accordingly, various CeOy-based
transition metals (M/CeO;, M = Mn, Fe, Co, Ni, Cu) have been widely employed in heterogeneous
catalysis [22,23].

Among the different transition metal oxides, zinc oxide (ZnO) is a wide and direct band
gap semiconductor, which has been used in many fields, due to its low cost and environmental
sustainability [24-26]. Zinc is not a critical raw material, thus no direct impact on the environmental
resources is considered. Moreover, it is abundant in the steel industry as one of the main recovered
products in the metal scrap recycling process [27]. In view of this fact, the potential of a low-cost metal,
able to further enhance the catalytic performance of CeO, is of particular importance both from an
environmental and economic point of view.

Although CeO,-ZnO composites have been extensively used in photocatalysis [28-32], only a few
studies have been devoted to their catalytic applications. Xie et al. [33] reported on the enhanced CO
oxidation activity of CeO,—ZnO composites, which is ascribed to the synergistic interaction between ZnO
hollow microspheres and commercial CeO, powders. In a similar manner, the synergistic interaction
between ZnO and CeO, is considered responsible for the enhanced CO oxidation performance of
three-dimensional ordered macroporous CeO;-ZnO [34].

In light of the above aspects, the present work aims for a first time at investigating
the impact of ZnO as modifier for ceria nanorods (NR), in an attempt to further adjusting
their surface/redox properties. To this end, a series of pure CeO, and ZnO along with
Ce0,/ZnO mixed oxides of different Zn:Ce atomic ratios (0.2, 0.4, 0.6) were prepared by the
hydrothermal method. The as-prepared materials were thoroughly characterized by X-ray diffraction
(XRD), N, adsorption at —196 °C (Brunauer-Emmett-Teller (BET) method), scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy
(TEM) and H; temperature-programmed reduction (H,—-TPR). The oxidation of CO was used as a
probe reaction to disclose structure-activity relationships.

2. Materials and Methods

2.1. Materials Synthesis

All of the chemicals used in this work were of analytical reagent grade. Ce(NOj3);-6H,O
(purity >99.0%, Fluka, Bucharest, Romania), Zn(CH3COO),-2H,0 (purity >99%, Sigma-Aldrich,
St. Louis, MO, USA) were used as precursors for the preparation of ceria-zinc materials. HO,CCO,H
(purity >99%, Sigma-Aldrich, St. Louis, MO, USA), NaOH (purity >98%, Honeywell Fluka,
Seelze, Germany) and absolute ethanol (purity 99.8%, ACROS Organics, Geel, Belgium) were also
employed during the synthesis procedure.

Bare ceria nanorods were initially prepared by the hydrothermal method, as described in detail in
our previous work [21]. CeO,/ZnO mixed oxides of different Zn:Ce ratios (0.2, 0.4, 0.6) were prepared
by a modified hydrothermal method. In particular, 0.38 g HO,CCO,H, 0.64 g Zn(CH3COO),-2H,0
and a certain quantity of CeO, nanorods (2.42, 1.21, 0.81 g for Zn/Ce = 0.2, 0.4 and 0.6, respectively),
were dispersed in 40 mL of double deionized water under stirring for 20 min. Then, the suspension
obtained was transferred to a plastic bottle and aged at 70 °C for 1 h. The precipitate was recovered by
centrifugation, washed with double deionized water and ethanol, dried at room temperature overnight,
and calcined at 500 °C for 2 h under air flow (heating ramp 5 °C/min). For comparison purposes, a pure
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zinc oxide sample was also prepared by the same method. The as-prepared materials are denoted as
Ce0,/ZnO-x, where x refers to Zn:Ce atomic ratio.

For comparison purposes, a mechanical mixture (CeO,+Zn0-0.4) was synthesized in agate
by hand, by physically mixing ceria nanorods and ZnO, with the same composition as the
Ce0,/Zn0O-0.4 sample.

2.2. Materials Characterization

The textural characteristics of the investigated samples were assessed by N, adsorption-desorption
isotherms at —196 °C (Nova 2200e Quantachrome flow apparatus, Boynton Beach, FL, USA). The
structural properties were determined by X-ray diffraction (XRD) in a Rigaku diffractometer (model
RINT 2000, Tokyo, Japan). Morphological/surface analysis was performed by scanning electron
microscopy (SEM, JEOL JSM-6390LV, JEOL Ltd., Akishima, Tokyo, Japan) operating at 20 keV, equipped
with an energy dispersive X-ray spectrometry (EDS) system and transmission electron microscopy
(TEM) on a JEM-2100 instrument (JEOL, Tokyo, Japan). Redox properties were determined by
means of Hy temperature-programmed reduction (H,—TPR). More details about the aforementioned
characterization studies and the corresponding apparatus can be found elsewhere [2,35].

2.3. Catalytic Evaluation Studies

Catalytic experiments were carried out in a fixed-bed reactor (12.95 mm i.d.) loaded with 100 mg
of catalyst. Feed composition was 0.2 vol.% of CO and 1 vol.% O; balanced with He. The total feed
stream was 80 cm® min~!, corresponding to a gas hourly space velocity (GHSV) of 40,000 h=!.

All samples were pretreated with 10 °C min~! up to 490 °C (30 min) under 20 vol.% O; in He.
Then, the temperature was leveled off to 25 °C, followed by He purging to remove any physisorbed
species. Catalytic activity measurements were carried out up to 500 °C. Both reactants and products
were analyzed by gas chromatography equipped with thermal conductivity detectors (TCD) and two
capillary columns (Molecular Sieve 5X and PoraPlot Q).

CO conversion (Xcp) was calculated according to the equation:

[CO]I[IE:O%.CO]OM % 100 (1)

m

Xco(%) =

where [COJ;, and [CO]Joyt are the CO concentrations in the inlet and outlet gas streams, respectively.
Specific reaction rates of CO consumption, in terms of the catalyst’s mass (mol g~ s7!) or surface
area (mol m~2 s_l) were estimated under differential reaction conditions (W/F = 0.075 g s cm™3,

Xco < 15%, T = 200 °C):

mol XCO X [COLn X F(%ﬁ)
(_) - 3 @
&5/ 100 % 60(535) X Vin( £ ) X mear(g)
r( mol)_ Xco X [COJ;, x F(&2) .
m2s/ 100 x 60(%) X Vm(@> X Meat(g) X SBET<m_2)

n mol

g

where Vi, and F are gas molar volume and total flow rate, respectively, at 298 K and 1 bar, mc,; is the
mass of catalyst and Sgpr is the surface area.

3. Results and Discussion

3.1. Textural and Structural Characterization

The determination of the textural properties (surface area, pore volume, pore size) of
Ce0O,/Zn0O samples was carried out by means of nitrogen adsorption-desorption (BET) analysis.
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The results obtained are summarized in Table 1. The lowest value in BET surface area is
demonstrated by ZnO (7.05 m?/g). CeO, nanorods exhibit the highest surface area (79.31 m?/g)
followed by CeO,/Zn0-0.2 (76.22 mz/g), Ce0,/Zn0-0.4 (62.21 mz/g), CeO,/Zn0O-0.6 (56.12 m2/g) and
ZnO (7.05 m?/g). In general, ZnO addition progressively decreases the BET surface area. This is also in
agreement with the gradual increase of pore size with the increase of ZnO content, as discussed below.

Table 1. Textural characteristics of bare CeO,, ZnO and the CeO,/Zn0O samples.

S BET Analysis
ample
Surface Area (m?/g)  Pore Volume (cm3/g)  Average Pore Size (nm)

CeO, 79.31 £0.15 0.48 242
Ce0,/Zn0O-0.2 76.22 +£0.12 0.67 344
Ce0,/Zn0O-0.4 62.21 £0.11 0.65 40.6
CeO,/Zn0O-0.6 56.12 = 0.09 0.91 55.9

ZnO 7.05 +0.01 0.06 23.0

The adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH) desorption pore
size distribution (PSD) of as-prepared samples are shown in Figure 1a,b, respectively. The pore size
distribution in all samples is well within the mesopores region, which is further corroborated by the
existence of type IV isotherms (Figure 1a). As presented in Table 1 and Figure 1b, the addition of ZnO
leads to an increase in pore volume and average pore size, with the CeO,/ZnO-0.6 sample exhibiting
the highest pore size (55.9 nm) followed by CeO,/Zn0O-0.4 (40.6 nm), CeO,/ZnO-0.2 (34.4 nm),
CeO, (24.2 nm) and ZnO (23.0 nm).
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Figure 1. (a) N adsorption-desorption isotherms and (b) pore size distribution of bare CeO,, ZnO and
the CeO,/Zn0O samples.
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Figure 2 depicts the XRD patterns of CeO,, ZnO and CeO,/ZnO (Zn:Ce = 0.2, 0.4, 0.6) mixed oxide
phases. The main diffraction peaks for bare ceria at 20 = 28.5°, 33.1°, 47.5° and 56.3° correspond to (111),
(200), (220) and (311) planes, respectively. The diffraction peaks are attributed to ceria face-centered
cubic fluorite structure (Fm3m symmetry, no. 225) (JCPDS card: 01-081-0792). Similarly, the XRD
patterns of pure ZnO exhibit the typical hexagonal wurtzite structures (P63mc symmetry, no. 186)
(JCPDS card: 01-079-0208). The strong peaks at 20 = 31.7°, 34.4° and 36.2° can be attributed to (100),
(002), (101) lattice planes, respectively. For the CeO,/ZnO samples, reflection planes perfectly matched
to both indexed CeO, cubic and ZnO hexagonal structures. The XRD patterns indicate the formation
of mixed oxides with finely dispersed phases of parent oxides. When ZnO content is increased,
the intensity of ZnO reflections at (100), (002) and (101) is also increased, while the XRD profile of CeO,
remains unaffected. The sharp diffraction peaks in the XRD patterns indicate that the synthesized
catalysts are well crystallized. By applying the Scherrer equation, the average crystallite size of the
as-prepared samples was calculated and the results are presented in Table 2. The lattice parameters
are also included in Table 2. Bare CeO, exhibits a crystallite size of 13.0 nm, while pure ZnO exhibits
a much larger crystallite size (34.5 nm). For the CeO,/ZnO samples, ceria crystallite size displays a
small decrease with the addition of ZnO, while the crystallite size of ZnO is increased. In addition,
the lattice parameters of mixed oxides remain practically unaffected, as compared to the pure oxides,
revealing well-dispersed phases of the different constituent oxides.
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Figure 2. XRD patterns of CeO,, ZnO and the CeO,/ZnO samples.

Table 2. Structural characteristics of CeO,, ZnO and the CeO,/ZnO samples.

XRD Analysis
Samples Average Crystallite Size,
Phase Detected Dxgrp (nm) Lattice Parameters (nm)
CeO, ZnO
CeO, Cerium (IV) oxide  12.99 + 0.01 - a=b=c=0.5430 + 0.0001
Cerium (IV) oxide a=b=c=0.5439 + 0.0001
Ce0,/Zn0-02 Zincite 1214 £001 44412005 _ ) _ 3180 + 0.0001; ¢ = 0.5232 + 0.0001
Cerium (IV) oxide a=b=c=0.5430 + 0.0001
Ce0,/Zn0-04 Zincite 11.92£001 4465005 . _y _ 3262 4+ 0.0001; ¢ = 0.5225 + 0.0001
Cerium (IV) oxide a=b=c=0.5439 + 0.0001
Ce0,/Zn0-06 Zincite 11.56£0.01  39.32£005  _ 4 _ 03267 + 0.0001; = 0.523 = 0.0001

ZnO Zincite - 3450+ 0.05 a=b=0.3272 +0.0001; c = 0.5233 + 0.0001
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3.2. Morphological Characterization (TEM, SEM—-EDS)

The morphological features of CeO,, ZnO and CeO,/ZnO mixed oxides were characterized by
transmission electron microscopy analysis (TEM). Pure ZnO (Figure 3a) displays an irregular shape
(50-100 nm), while bare CeO, (Figure 3b) exhibits a distinct rod-like morphology (50-200 nm in length).
In Figure 3c—e, the CeO,/ZnO mixed oxides are presented. It is evident that the mixed oxides exhibit
the rod-like morphology of CeO, nanorods, while separated ZnO particles of irregular morphology are
also detected. These findings are in accordance with XRD results, implying the formation of distinct
oxide phases.

Figure 3. TEM images of (a) ZnO, (b) CeO,, (c) CeO,/Zn0-0.2, (d) CeO,/Zn0O-0.4 and (e) CeO,/ZnO-0.6.

Elemental analysis was indicatively carried out by scanning electron microscopy analysis along
with energy dispersive X-ray spectrometry (SEM-EDS) over the CeO,/ZnO-0.2 sample. The SEM
image along with the corresponding elemental analysis is shown in Figure 4. SEM-EDS analysis
implies a Zn:Ce atomic ratio of ca. 0.19, being in good agreement with the nominal Zn/Ce ratio.
The latter implies a uniform distribution of CeO, and ZnO phases on the entire material.

Lnrensiry| Weight%s||Weight®s |Atomic%e
| "Conc_ Corrn. J Sigma
oK |poe3|13570 (1778 Jj0.65 63.41
[ZnK 837 Jo.9911 [6.65 Jo.67 |5.80
Mce L [05.77]0.9979 7558 Jjo.83 3078

i'I'otals | [ [100.00 |

Zn:Ce = 0.2

20kV  X5,000 5pm

Figure 4. SEM-EDS analysis of the CeO,/Zn0O-0.2 sample.
3.3. Redox Properties (Hy—~TPR)

By means of H,—-TPR experiments, the quality and quantity of the active oxygen sites of the
catalysts can be determined. Such information is important for reactions following a redox-type
mechanism, such as CO oxidation. Figure 5 shows the reduction profiles of bare and mixed oxides
in the temperature range of 100-800 °C. The CeO, sample shows a peak at 500-700 °C (peak C),
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which is ascribed to the loosely bound surface species, contrary to bulk oxygen, which is reduced at
temperatures higher than 700 °C [1,36-38]. For the pure ZnO sample, two broad peaks are found located
at 150-300 °C (peak A) and 410-530 °C (peak B) regions, which can be attributed to the reduction of
the hydroxyl species related to ZnO and the surface oxygen reduction from ZnO, respectively [39].
Additionally, in the pristine ZnO, the Zn** reduction to Zn” has been reported at 465 °C [40]. The
TPR profiles of CeO,/ZnO samples consist of the distinct peaks of both CeO, and ZnO phases. It is
worth noticing that ZnO addition to CeO, does not lead to a shift of TPR peaks, as recently found
for CeO,/TiO; [35] and Fe;O3/CeO; [2] mixed oxides. This implies the structurally independent
nature of ZnO and CeO; in the mixed oxides. The latter is in agreement with XRD and TEM results
showing distinct ZnO nanoparticles in the vicinity of CeO, nanorods without incorporation of Zn in
the nanostructure of CeO, nanorods.

Peak: A B
Zn0 '

Tl

CeOza’ZnO-ﬁ.

Ce0,/Zn0-0.4

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5. H,-TPR profiles of CeO, and the CeO,/ZnO samples.

To gain greater insight into the influence of ZnO on the reducibility of CeO,/ZnO oxides, the Hj
uptake in the temperature range of 50-700 °C was estimated by the quantification of the TPR peaks
(Table 3). Interestingly, ZnO addition results in an increase of H, uptake in the CeO,/ZnO samples,
implying a facilitation of surface oxygen species detachment. It is also of worth noticing the increase
of Hj uptake related to ceria reduction (peak C), despite the progressive decrease of ceria content.
The latter denotes the facile reduction of ceria capping oxygen upon the increase of ZnO content.
In particular, all mixed oxides exhibit a total H, consumption of ca. 1.0 mmol Hy/g, as compared to 0.59
and 0.31 mmol Hy/g of bare CeO, and ZnO, respectively. In terms of oxygen storage capacity (OSC),
the following trend is obtained: CeO,/Zn0O-0.6 (0.52 mmol O,/g) > CeO,/Zn0-0.4 (0.50 mmol O,/g)
> Ce0,/Zn0O-0.2 (0.48 mmol O,/g) > CeO, (0.29 mmol Oy/g) > ZnO (0.15 mmol O,/g). This order
coincides relatively well with the catalytic activity (see below), revealing the key role of reducibility.
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The abundance of reducible oxygen species is expected to affect the oxygen mobility and in turn the
CO oxidation process, as will be further discussed below.

Table 3. Redox features of CeO, and CeO,/ZnO samples.

H, Uptake (mmol H,/g) and OSC (mmol O,/g)

Sample
Peak A Peak B Peak C H; uptake 0OSsC
CeO, - - 0.59 0.59 0.29
Ce0,/Zn0O-0.2  0.15 0.21 0.61 0.97 0.48
Ce0,/Zn0O-04 0.15 0.23 0.63 1.01 0.50
Ce0,/Zn0O-0.6  0.16 0.25 0.63 1.04 0.52
ZnO 0.14 0.17 - 0.31 0.15

3.4. Catalytic Evaluation Studies

In Figure 6, the conversion profiles of CO over temperature for bare ZnO, CeO, and CeO,/ZnO
mixed oxides are shown. It is evident that all mixed oxides demonstrate superior performance
as compared to bare ones. A similar performance was obtained between mixed oxides, with the
Ce0,/Zn0O-0.4 being slightly better. To gain insight into the role of preparation method and the
synergistic interaction between the different counterparts, the catalytic performance of a mechanical
mixture (CeO,+Zn0-0.4) of exactly the same composition to the optimum sample (CeO,/Zn0O-0.4)
was explored in parallel. The bare ceria nanorods (CeO;) exhibit a catalytic profile shifted by ca. 30 °C
to higher temperature than the optimum CeO,/ZnO-0.4 sample. ZnO is much less active with a profile
located ca. 170 degrees higher. More importantly, the conversion profile of the mechanical mixture
CeO,+Zn0-0.4 is shifted by ca. 100 °C to higher temperatures as compared to that of CeO,/ZnO-0.4,
revealing the beneficial interaction between CeO, and ZnO, which is induced by the preparation
method (see experimental Section 2.1).

100

—w—2Zn0
—A—CeQ,
g0 {—®—Ce0,/Zn0-0.2
—8—Ce0,/Zn0-04
2
2
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2]
(=]
1
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8
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sirm ) T T T
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Figure 6. CO conversion profiles of CeO,, ZnO and CeO,/ZnO samples.

To obtain a better understanding in relation to the intrinsic activity of investigated samples, the
specific activity, both in terms of catalyst mass (umol g~! s7!) and surface area (utmol m~2 s71), was
also estimated (Table 4). It is evident that the CeO,/ZnO-0.4 sample offers the best performance,
in terms of both conversion and mass-normalized specific activity, revealing its superior reactivity.
It should be noted, however, that in terms of area-normalized activity, both bare ceria and mixed
oxides exhibited an inferior activity as compared to bare ZnO. The latter can be attributed to the low
surface area of ZnO (7.05 m?/g), which is about one order of magnitude lower compared to bare CeO,
and CeO,/Zn0O mixed oxides. Therefore, on the basis of the present results, the enhanced catalytic
performance of CeO,/Zn0O mixed oxides can be attributed to a compromise between redox and surface
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properties. Moreover, the optimum CeO,/ZnO-0.4 sample exhibits an apparent activation energy (Ea)
of 32.1 kJ/mol, much lower than that of bare ceria (44.2 kJ/mol), ZnO (42.1 k]J/mol) and CeO,+Zn0-0.4
mechanical mixture (43.2 kJ/mol). These findings unveil the lower energy barrier for CO oxidation
over the hydrothermally prepared mixed oxides, as compared to single oxides and mechanical mixture,
demonstrating the beneficial synergistic interactions induced by synthesis procedure.

Table 4. Conversion of CO and specific rates of CeO, and CeO,/ZnO samples at 200 °C. Reaction
conditions: 0.2 vol.% CO and 1 vol.% O, in He.

Specific Rate
Sample CO Conversion (%) . £ (x100)
(umol g=1s71) (umol m~2 s-1)
CeO, 5.1 0.056 0.070
Ce0,/Zn0-0.2 5.4 0.059 0.077
Ce0,/Zn0O-0.4 6.9 0.075 0.121
Ce0,/Zn0O-0.6 6.2 0.068 0.121
ZnO 1.3 0.014 0.201

The CO oxidation process investigated here can be corroborated on the basis of a redox-type
(Mars-van Krevelen) mechanism. This particular mechanism involves CO chemisorption on Ce®*
active sites, followed by oxygen activation on oxygen vacancies [3,21,41]. CO oxidation is taking place
between the Ce®*-CO and adjacent oxygen species, followed by the regeneration of active sites and
the reoccupation of oxygen vacancies through gas phase oxygen. The proposed reaction sequence is
described in detail in our previous work [21].

In view of the above mechanistic aspects, the key role of the catalyst’s redox properties is clearly
manifested. In detail, the high oxygen storage capacity (Table 3), linked to enhanced reducibility and
oxygen exchange kinetics, can be accounted for the improved oxidation performance. Any structural
or compositional modification in ceria that can affect the ceria-oxygen or ceria-oxygen-metal bond
can eventually facilitate O; activation and in turn CO oxidation. In this regard, we recently showed
that the enhanced reducibility of CeO, nanorods, linked to their abundance in oxygen vacancies,
is the pivotal factor for their superior catalytic performance [21]. Furthermore, we demonstrated that
when a transition metal element is incorporated in the structure of ceria nanorods, even if catalytically
non-active (i.e., Ti), it can affect oxygen species coordination environment and in turn the OSC and the
catalytic performance [35].

These arguments in relation to the crucial role of reducibility are clearly supported by the
direct relationship between the redox properties (OSC, mmol g~!) and the normalized reaction rate
(umol g~ s71), as shown in Figure 7. Interestingly, the key role of OSC as an activity descriptor is
further demonstrated in the present work by including in Figure 7 relevant literature data, previously
obtained with bare CeO; and CeO,/TiO, oxides [2,35]. The latter is of particular importance towards
the development of cost-effective and highly active metal oxides by appropriately adjusting their
redox features.

Thus, regarding the present findings, although bare ZnO is catalytically far less active compared
to CeO, (Figure 6), their combination results in a synergistic effect towards the formation of CeO,/ZnO
mixed oxides of improved activity. Similar synergistic interactions were previously revealed over
TiO,—doped CeO; [35], where, however, the doping element was incorporated in the nanostructure,
resulting in the formation of Ce—O-Ti active sites. Notably, in the present work, ZnQO is not incorporated
in the CeO, nanorod structure. As clearly shown by TEM images (Figure 3), ZnO nanoparticles are
in close interaction with nanorods but clearly as separate particles. This is also verified by the XRD
results (Figure 2), which indicate distinct oxide phases without the formation of solid solution. Hence,
the improved catalytic activity of CeO,/ZnO mixed oxides, which is related to the population of active
oxygen species and to the facile reduction of surface oxygen, can be attributed to the facilitation
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of ceria capping oxygen reduction by adjacent ZnO nanoparticles, which in turn leads to higher
OSC (Figure 5, Table 3). Thus, although ZnO is not incorporated in the ceria nanorods structure, it
notably contributes to surface oxygen reduction, most likely through the interfacial ZnO-CeO; sites.
The latter in combination with the abundance and lower cost of zinc compared to cerium oxide is a
very interesting aspect in terms of catalyst design.

0.14
| | CeO2 [ref. 2]
Zw 012 : CeO,[TiO, [rei.‘. 35] /.CeOEITiOE-S
= | Ce0,/ZnO [this work] e
s | .
g 010 -
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i .7 Zno
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Figure 7. Correlation of specific activity with oxygen storage capacity (OSC). Literature data are also
included. Specific rates were obtained at 200 °C under the reaction conditions: 0.2 vol.% CO and
1vol.% O, in He. The dotted line simply represents the general trend of the data. The designation of
the samples inside the figure refers to CeO, nanopolyhedra (CeO,-NP), CeO, nanocubes (CeO,-NC),
CeO,-TiO, nanoparticles prepared by precipitation (CeO,/TiO,-P), hydrothermal method in one and
two steps (CeO,/TiOy-H1 and CeO,/TiO,-H2, respectively) and Stober method (CeO,/TiO,-S).

4. Conclusions

In the present work, CeO,/ZnO mixed oxides were synthesized by a two-step hydrothermal
method. A thorough characterization study was carried out, revealing their textural, structural,
morphological and redox features. CO oxidation was employed as a probe reaction to gain insight
into the structure-activity relationships. The following order, both in terms of CO conversion and
specific activity, was obtained: CeO,/Zn0O-0.4 > CeO,/Zn0O-0.6 > CeO,/Zn0O-0.2 > CeO, > ZnO.
Despite the distinct appearance of ZnO and CeO, phases in mixed oxides and the low reactivity of
Zn0O, mixed oxides exhibit improved catalytic performance as compared to bare ones. The latter
was attributed to the synergistic CeO,—-ZnO interactions towards an improved oxygen mobility and
reducibility. Interestingly, a close relationship between the catalytic activity and the oxygen storage
capacity was disclosed. Moreover, comparison with relevant literature studies verifies the role of OSC
as a key activity descriptor for reactions following a redox-type mechanism. The present work reveals
the significance of the rational design of noble metal-free mixed oxides towards the development of
highly active materials that can be used in a variety of environmental and energy-related processes.
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