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Comparative Study of Strategies for Enhancing the Performance of Co3O4/Al2O3 Catalysts for
Lean Methane Combustion
Reprinted from: Catalysts 2020, 10, 757, doi:10.3390/catal10070757 . . . . . . . . . . . . . . . . . . 173

Xiaoli Li, Junfeng Zhang, Min Zhang, Wei Zhang, Meng Zhang and Hongjuan Xie et al.
The Support Effects on the Direct Conversion of Syngas to Higher Alcohol Synthesis over
Copper-Based Catalysts
Reprinted from: Catalysts 2019, 9, 199, doi:10.3390/catal9020199 . . . . . . . . . . . . . . . . . . . 191

v



Yuyao Ma, Yuxia Ma, Min Liu, Yang Chen, Xun Hu and Zhengmao Ye et al.
Study on Nanofibrous Catalysts Prepared by Electrospinning for Methane Partial Oxidation
Reprinted from: Catalysts 2019, 9, 479, doi:10.3390/catal9050479 . . . . . . . . . . . . . . . . . . . 209

Liting Xu, Qilei Yang, Lihua Hu, Dong Wang, Yue Peng and Zheru Shao et al.
Insights over Titanium Modified FeMgOx Catalysts for Selective Catalytic Reduction of NOx

with NH3: Influence of Precursors and Crystalline Structures
Reprinted from: Catalysts 2019, 9, 560, doi:10.3390/catal9060560 . . . . . . . . . . . . . . . . . . . 223

Cong Wang, Xinyu Mao, Jennifer D. Lee, Tzia Ming Onn, Yu-Hao Yeh and Christopher B.
Murray et al.
A Characterization Study of Reactive Sites in ALD-Synthesized WOx/ZrO2 Catalysts
Reprinted from: Catalysts 2018, 8, 292, doi:10.3390/catal8070292 . . . . . . . . . . . . . . . . . . . 239

Ruby Phul, Mohammad Perwez, Jahangeer Ahmed, Meryam Sardar, Saad M. Alshehri and
Norah Alhokbany et al.
Efficient Multifunctional Catalytic and Sensing Properties of Synthesized Ruthenium
Oxide Nanoparticles
Reprinted from: Catalysts 2020, 10, 780, doi:10.3390/catal10070780 . . . . . . . . . . . . . . . . . . 255

Euaggelia Skliri, Ioannis Vamvasakis, Ioannis T. Papadas, Stelios A. Choulis and Gerasimos
S. Armatas
Mesoporous Composite Networks of Linked MnFe2O4 and ZnFe2O4 Nanoparticles as Efficient
Photocatalysts for the Reduction of Cr(VI)
Reprinted from: Catalysts 2021, 11, 199, doi:10.3390/catal11020199 . . . . . . . . . . . . . . . . . . 267

Baburajeev Chumadathil Pookunoth, Shilpa Eshwar Rao, Suresha Nayakanahundi
Deveshegowda, Prashant Kashinath Metri, Kashifa Fazl-Ur-Rahman and Ganga Periyasamy
et al.
Development of a New Arylamination Reaction Catalyzed by Polymer Bound
1,3-(Bisbenzimidazolyl) Benzene Co(II) Complex and Generation of Bioactive
Adamanate Amines
Reprinted from: Catalysts 2020, 10, 1315, doi:10.3390/catal10111315 . . . . . . . . . . . . . . . . . 283

vi



About the Editors

Michalis Konsolakis

Dr. Konsolakis Michalis is a Full Professor of “Heterogeneous Catalysis & Surface Science”at the

School of Production Engineering & Management of the Technical University of Crete, Greece. His

research activities are mainly focused in the areas of heterogeneous catalysis and surface science,

with particular emphasis on structure–property relationships. Recently, he has focused on the

rational design and nano-engineering of metal oxide catalysts by means of advanced synthetic

and promotional routes. His published work includes >100 articles in international peer-reviewed

journals and >150 articles in conference proceedings. He is a member of the Editorial Board of several

international journals in the fields of materials and surface science, also serving as a regular reviewer

for >100 scientific journals and research funding agencies.

Vassilis Stathopoulos

Dr. Stathopoulos Vassilis is a Full Professor of “Ceramic, Porous and Catalytic Materials”at

the Department of Agricultural Development, Agrofood and Management of Natural Resources,

National and Kapodistrial University of Athens. His research activities mainly focus in the areas

of heterogeneous catalysis, porous materials and surface engineering. His published work includes

>95 articles in international peer-reviewed journals. He is a member of several Editorial Boards in the

field of materials and surface science, also serving as a regular reviewer for several scientific journals

and research funding agencies.

vii





catalysts

Editorial

Rational Design of Non-Precious Metal Oxide Catalysts by
Means of Advanced Synthetic and Promotional Routes

Michalis Konsolakis 1,* and Vassilis N. Stathopoulos 2

Citation: Konsolakis, M.;

Stathopoulos, V.N. Rational Design of

Non-Precious Metal Oxide Catalysts

by Means of Advanced Synthetic and

Promotional Routes. Catalysts 2021,

11, 895. https://doi.org/10.3390/

catal11080895

Received: 22 July 2021

Accepted: 23 July 2021

Published: 24 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Production Engineering and Management, Technical University of Crete, 73100 Chania, Greece
2 General Department, National and Kapodistrian University of Athens, Psachna Campus Evia,

34100 Psachna, Greece; vasta@uoa.gr
* Correspondence: mkonsol@pem.tuc.gr; Tel.: +30-28210-37682

1. Background

Catalysis is an indispensable part of our society, involved in numerous energy and
environmental applications, such as the production of value-added chemicals/fuels, hy-
drocarbons processing, fuel cells applications, abatement of hazardous pollutants, among
others. Although, noble metals (NMs)-based catalysts are traditionally employed in vari-
ous processes, due to their peculiar characteristics and enhanced reactivity, their scarcity
and consequently high cost renders them disincentive for practical applications. In this
perspective, the rational design and development of earth-abundant NMs-free metal oxides
of adequate activity, selectivity and durability constitutes one of the main research pillars
in heterogeneous catalysis [1–6]. Towards this direction, however, one crucial question
must be answered: Is it possible to fine-tune the local surface chemistry/structure of a
single, binary or multicomponent metal oxide in order to be highly efficient-like NMs-in
a specific process? Thanks to the huge research progress so far achieved in the fields of
(nano) materials synthesis, catalyst tailoring/promotion and surface science, the answer to
the aforementioned question is certainly yes.

In specific, the catalytic performance of metal oxides, such as transition metals (TMs)-
based mixed metal oxides, spinels, perovskites, hexaaluminates and hydrotalcites can
be considerably improved by tailoring the local surface chemistry/structure (e.g., work
function, reducibility, oxygen vacancies) and interfacial interactions. The latter can be
accomplished by the employment of state-of-the-art nano-synthesis routes towards en-
gineering particle’s size and shape (e.g., nanocubes, nanorods) in conjunction to the use
of appropriate modifiers (e.g., alkali, graphene oxide) and special pretreatment protocols.
This holistic approach can exert a profound influence not only to the surface reactivity of
metal sites in its own right, but also to metal-support interfacial activity, offering highly
active and stable materials for real-life energy and environmental applications, such as
the CO oxidation [7–12], N2O decomposition [13–15], CO2 hydrogenation to value-added
products [16–20], degradation of organic contaminants [21–33], etc.

2. This Special Issue

In light of the above aspects, the present Special Issue is mainly focused on the fabri-
cation and fine-tuning of NMs-free metal oxide catalysts by means of advanced synthetic
and/or promotional routes. It consists of fourteen high quality papers, involving: a com-
prehensive review article on the recent advances on the rational design and fine-tuning of
ceria-based metal oxide catalysts [5]; two articles on the ceria nanoparticles morphological
effects on N2O decomposition [14] and CO oxidation [10] over ceria-based binary oxides;
two articles on NO decomposition over K-promoted Co-Mn-Al mixed oxides [34,35]; one
article on the effect of ceria synthesis methods on the carbon pathways in dry reforming of
methane (DRM) over Ni/CeO2 catalysts [36]; one article on the impact of synthesis proce-
dure and aliovalent doping in Co-Al spinel-type oxides for lean methane combustion [37];

1



Catalysts 2021, 11, 895

one article on the support effect on the direct conversion of syngas to higher alcohols
over copper-based oxides [38]; one article on nanofibrous Ni/Al2O3 catalysts prepared by
electrospinning for methane partial oxidation [39]; one article on the influence of precur-
sor compounds on the selective catalytic reduction (SCR) of NOx by NH3 over FeMgOx
oxides [40]; one article on the synthesis and active sites determination of ZrO2-supported
WOx solid acid catalysts [41]; one article on the synthesis and electrocatalytic performance
of RuO2 nanoparticles [42]; one article on the fabrication and photocatalytic performance of
mesoporous frameworks of ZnFe2O4 (ZFO) and MnFe2O4 (MFO) nanoparticles [43]; and
one article on the synthesis of polymer supported catalysts for arylamination reaction [44].

Contribution Highlights

The comprehensive review of M. Konsolakis and M. Lykaki [5] addresses the latest
experimental and theoretical advances in the field of the rational design of metal oxide cat-
alysts exemplified by CuOx/CeO2 binary system. In particular, it summarizes the general
optimization framework that could be followed to fine-tune metal oxide sites and their sur-
rounding environment by means of appropriate synthetic and promotional/modification
routes. It was clearly revealed that the modulation of size, shape and electronic state at
nanoscale can exert a profound influence not only to the reactivity of metal sites in its own
right, but also to metal-support interfacial activity, offering cost-effective and highly active
materials for real-life energy and environmental applications.

In view of above aspects, the impact of ceria morphology (nanorods, nanocubes,
nanopolyhedra) on the physicochemical properties and the catalytic performance of ceria-
based transition metal catalysts was explored by M. Konsolakis and co-workers [10,14]. It
was shown that Co3O4/CeO2 of rod-like morphology exhibited the optimum N2O decom-
position performance as compared to other distinct morphologies, due to its abundance
in Co2+ active sites and Ce3+ species in conjunction to its improved reducibility, oxygen
kinetics and surface area [14]. Similar conclusions were derived for Fe2O3/CeO2 catalysts
for CO oxidation [10]; the rod-shaped sample exhibited the optimum catalytic perfor-
mance, due to its improved reducibility and abundance in Fe2+ species [10]. These findings
unambiguously revealed the key role of support morphology towards determining the
redox properties and in turn the catalytic performance of reactions following a redox-type
mechanism [5,10,14].

Lucie Obalová and co-workers [34,35] systematically explored the impact of prepa-
ration parameters and alkali doping on the direct NO decomposition of K-promoted
Co-Mn-Al mixed oxides. It was shown that preparation procedure notably affects the
physicochemical properties and alkali distribution/stability with great consequences in
NO decomposition. Specifically, it was revealed that the presence of potassium promoter
notably improves the basicity and reducibility of the catalysts, positively affecting the
catalytic activity. However, the calcination time/temperature notably affects the textural
characteristics and alkali metal valorization process. The best catalytic performance was
achieved for a potassium loading of ca. 1.0 wt.% at a calcination temperature of 700–800 ◦C.
These results clearly revealed the importance of pretreatment conditions in conjunction to
surface promotion towards the development of highly active metal oxides.

A.M. Efstathiou and co-workers [36] elegantly designed and conducted transient
and isotopic studies to gain insight into the impact of CeO2 preparation method on the
carbon pathways in the dry reforming of methane (DRM) of Ni/CeO2 catalysts. Among the
different preparation methods explored, precipitation led to the lowest amount of carbon
deposition. By means of various transient and isotopic studies, it was shown that a large
pool of oxygen over precipitated catalysts contributed to the gasification of carbon formed
in DRM towards the formation of CO, thus offering an important path for carbon removal.

The impact of different synthetic/modification routes towards enhancing the lean
methane combustion of Co3O4/Al2O3 spinel-type oxides was investigated by Rubén López-
Fonseca and co-workers [37]. Three different strategies for enhancing the performance of
alumina-supported catalysts were examined: (i) surface protection of the alumina with
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magnesia prior to the deposition of the cobalt precursor, (ii) coprecipitation of cobalt along
with nickel and (iii) surface protection of alumina with ceria. The optimum performance
was obtained by the addition of ceria to alumina prior to the deposition of cobalt, which
was attributed to the abundance of Co3+ species and oxygen vacancies due to the insertion
of Ce4+ ions into the spinel lattice.

X. Li et al. [38] reported on the impact of support nature (SiO2, Al2O3) and alkali
promotion (K) on the synthesis of higher alcohols from CO hydrogenation over Cu-based
catalysts. Significant differences on CO conversion and product’s selectivity were revealed,
attributed to support- and alkali-induced effects on redox and electronic properties.

D. Dong and co-workers [39] investigated nanofibrous Ni/Al2O3 catalysts prepared by
electrospinning for methane partial oxidation. The impact of different synthesis parameters,
such as metal precursor, metal content and calcination temperature were explored. It was
shown that by appropriately adjusting the aforementioned parameters highly active and
stable catalysts can be obtained.

In a similar manner, L. Xu et al. [40] explored the influence of precursor compounds
on the selective catalytic reduction (SCR) of NOx with NH3 over Ti-modified FeMgOx
oxides. The key role of precursors towards determining the surface acidity and redox
properties and in turn the catalytic performance, was clearly demonstrated. The catalysts
derived from FeSO4 and Mg(NO3)2 precursors exhibited enhanced catalytic activity in the
temperature range of ca. 200–400 ◦C, offering complete NOx conversion.

R.J. Gorte and co-workers [41] explored thoroughly the reactive sites in WOx/ZrO2
catalysts prepared by atomic layer deposition (ALD). By a comparison with a WOx/ZrO2
catalyst prepared via conventional impregnation and by employing surface and microscopy
techniques three types of catalytic sites were identified, with their concentration varied
with the number of ALD cycles. Dehydrogenation sites are associated with ZrO2, Brønsted-
acid sites with monolayer WOx clusters, while oxidation sites are associated with the WOx
coverage. Such surface chemistry differentiation with the preparation process notably
affects acid catalyzed reactions, such as 2-propanol catalytic dehydration.

R. Phul et al. [42] reported on a simple wet chemical route to synthesize ultrafine
RuO2 nanoparticles at controlled temperature as electrocatalysts for oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR). These RuO2 nanoparticles exhibited
enhanced bifunctional electrocatalytic performance under different conditions (air, N2
and O2 atmosphere), showing excellent potential for electrocatalytic applications. In
addition, RuO2 nanoparticles showed efficient sensing properties rendering them as active
nonenzymatic electrochemical sensors for the selective detection of H2O2.

The group of G.S. Armatas [43] reported on the preparation of high-surface-area dual
component mesoporous frameworks of spinel ferrite ZnFe2O4 (ZFO) and MnFe2O4 (MFO)
nanoparticles with improved photochemical activity. These mesoporous nanomaterials
were synthesized via a polymer-assisted method that allowed the efficient co-assembly of
the spinel ferrite colloidal nanoparticles and amphiphilic block-copolymer aggregates. The
MFO-ZFO composite materials exhibit excellent performance for photocatalytic reduction
of Cr(VI) in aqueous solutions with coexisting organic pollutants (such as phenol, citric
acid and EDTA), under UV-vis light irradiation. The enhanced photocatalytic activity of
dual component MFO-ZFO mesoporous networks is originated from the combined effect
of accessible pore structure, which permits facile diffusion of reactants and products and
suitable electronic band structure, which efficiently separates and transports the charge
carriers through the ZFO/MFO interface.

B. Chumadathil Pookunoth et al. [44] reported on the immobilization of a
1,3-bis(benzimidazolyl) benzeneCo(II) complex on divinylbenzene cross-linked chloromethy-
lated polystyrene, as an inexpensive polymer matrix. This particular system was tested
on the arylamination reaction and showed robustness in the preparation of bioactive
adamantanyl-tethered-biphenylamines. Such transition metal-catalyzed cross-coupling
reactions between aryl halides and primary/secondary amines to obtain aminated aryl
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compounds are of particular importance due to the wide field of arylamines applications
in the chemicals and pharmaceuticals.

In summary, the aforementioned special issue highlights through the fourteen novel
contributions the ongoing importance of the rational design of metal oxide catalysts by
means of appropriate synthesis and/or modification routes. It was clearly revealed that
the fine-tuning of size, shape and electronic state through appropriate synthetic methods,
special pretreatment protocols and surface/structural modification can exert a profound
influence on metal’s sites reactivity/stability, offering highly active and stable composites
for real-life applications.

We are very pleased to serve as Guest Editors on this thematic issue involving fourteen
high quality studies. In this regard, we would like to express our gratitude to editorial staff
of Catalysts, particularly to Assistant Editor, Mrs. Adela Liao, for her efforts and continuous
support. Moreover, we are most appreciative to all authors for their contributions and hard
work in revising them as well as to all reviewers for their valuable recommendations that
assisted authors to upgrade their work to meet high standards of Catalysts. We hope that
this special issue will be a valuable resource for researchers, students and practitioners,
to promote and advance research and applications in the field of the rational design and
fabrication of cost-efficient and highly active nano-structured catalysts for energy and
environmental applications.
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Abstract: Catalysis is an indispensable part of our society, massively involved in numerous energy and
environmental applications. Although, noble metals (NMs)-based catalysts are routinely employed
in catalysis, their limited resources and high cost hinder the widespread practical application.
In this regard, the development of NMs-free metal oxides (MOs) with improved catalytic activity,
selectivity and durability is currently one of the main research pillars in the area of heterogeneous
catalysis. The present review, involving our recent efforts in the field, aims to provide the latest
advances—mainly in the last 10 years—on the rational design of MOs, i.e., the general optimization
framework followed to fine-tune non-precious metal oxide sites and their surrounding environment
by means of appropriate synthetic and promotional/modification routes, exemplified by CuOx/CeO2

binary system. The fine-tuning of size, shape and electronic/chemical state (e.g., through advanced
synthetic routes, special pretreatment protocols, alkali promotion, chemical/structural modification
by reduced graphene oxide (rGO)) can exert a profound influence not only to the reactivity of
metal sites in its own right, but also to metal-support interfacial activity, offering highly active and
stable materials for real-life energy and environmental applications. The main implications of size-,
shape- and electronic/chemical-adjustment on the catalytic performance of CuOx/CeO2 binary system
during some of the most relevant applications in heterogeneous catalysis, such as CO oxidation, N2O
decomposition, preferential oxidation of CO (CO-PROX), water gas shift reaction (WGSR), and CO2

hydrogenation to value-added products, are thoroughly discussed. It is clearly revealed that the
rational design and tailoring of NMs-free metal oxides can lead to extremely active composites, with
comparable or even superior reactivity than that of NMs-based catalysts. The obtained conclusions
could provide rationales and design principles towards the development of cost-effective, highly active
NMs-free MOs, paving also the way for the decrease of noble metals content in NMs-based catalysts.

Keywords: copper-ceria; rational design; size; shape; electronic/chemical functionalization; CO
oxidation; N2O decomposition; preferential oxidation of CO (CO-PROX); water gas shift reaction
(WGSR); CO2 hydrogenation

1. Introduction

The fast growth rate of population in the last decades has led to an unprecedented increase in energy
demands. However, the main energy sources fulfilling global demands originate from fossil fuels,
rising significant concerns in relation to sources availability and environmental degradation. To this
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end, the development of emerging energy technologies towards the production of environmentally
friendly fuels besides the establishment of cost-effective environmental technologies for climate change
mitigation has become a main priority in the scientific and industrial community. Clean and reliable
energy supply in conjunction with environmental protection by means of highly- and cost-effective
technologies is one of the most significant concerns of the 21st century [1–4].

In view of the above aspects, heterogeneous catalysis is expected to have a key role in the near
future towards sustainable development. Heterogeneous catalysis has received considerable attention
from both the scientific and industrial community, as it is a field of diverse applications, including the
petrochemical industry with the production of high quality chemicals and fuels, the fields of energy
conversion and storage, as well as the remediation of the environment through the abatement of
hazardous substances, signifying its pivotal role in the world economy [1,3,5–7].

Several types of catalysts have been employed for energy and environmental applications, which
can be generally classified into: Noble metal (NMs)-based catalysts and NMs-free metal oxides (MOs),
such as bare oxides, mixed metal oxides (MMOs), perovskites, zeolites, hexaaluminates, hydrotalcites,
spinels, among others. Among these, NMs-based catalysts have been traditionally used in numerous
processes, such as CO oxidation [8–11], nitrous oxide (N2O) decomposition [12–17], water-gas shift
reaction [18–20], carbon dioxide (CO2) hydrogenation [21–25], etc., exhibiting high activity and
selectivity. However, their scarcity and extremely high cost render mandatory the development of
highly active, stable and selective catalysts that will be of low cost, nonetheless [26,27].

On the other hand, metal oxides (MOs) prepared from earth-abundant, and inexpensive transition
metals have attracted considerable attention as alternatives to rare and expensive NMs, due to their
particular features, such as enhanced redox properties, thermal stability and catalytic performance
in conjunction to their lower cost [2,3,5,28–43]. The latter is clearly manifested in Figure 1, which
schematically depicts the cost of noble metals in comparison with copper (a typical transition metal
massively involved in MOs) for the past five-year period. It is evident that the price of noble metals is
larger than that of copper by about four orders of magnitude.
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Mixed metal oxides (MMOs) appropriately prepared by admixing two or more single metal
oxides in a specific proportion, have lately gained particular attention, since they exhibit unique
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structural and surface properties, which are completely different from that of parent oxides. Amongst
the numerous MOs, transition metal-based oxides have attracted particular attention, due to their
peculiar chemisorption capacity, linked to partially filled d-shells [44,45]. For instance, Cu-based
oxides can catalyze a variety of reactions following a redox-type mechanism (e.g., photocatalysis),
due to the wide range of Cu oxidation states (mainly Cu0, CuI, CuII), which enables reactivity in
multi-electron pathways. On the other hand, reducible oxides, such as ceria, not only provide the
basis of active phase dispersion, but could have a profound influence on the intrinsic catalytic activity,
through metal-support interactions, as will be further discussed in the sequence. In particular, ceria
or cerium oxide (CeO2) has attracted considerable attention, due to its unique properties, including
enhanced thermal stability, high oxygen storage capacity (OSC) and oxygen mobility, as well as superior
reducibility driven by the formation of surface/structural defects (e.g., oxygen vacancies) through
the rapid interplay between the two oxidation states of cerium (Ce3+/Ce4+) [2,6,38,46–48]. Besides
bare ceria’s exceptional properties, its combination with transition metals leads to improved catalytic
performance, due to the synergy between the metal phase and the support, related to electronic,
geometric and bifunctional interactions [40,49–54]. In this regard, the combination of CuOx and CeO2

oxides towards the formation of CuOx/CeO2 binary oxides, offers catalytic activities comparable or
even better to NMs-based catalysts in various applications, such as CO oxidation, N2O decomposition,
preferential oxidation of CO (CO-PROX), as lately reviewed [40].

The peculiar reactivity of CuOx/CeO2 system arises not only from the distinct characteristics of
individual CuOx and CeO2 phases, but mainly from their synergistic interactions. More specifically,
the synergistic effects between the different counterparts of MOs can offer unique characteristics (e.g.,
improved reducibility, abundant structural defects, etc.), reflected then on the catalytic activity [40,55–60].
Various interrelated factors are usually considered under the term “synergy”, involving among others:

(i) The superior interfacial reactivity as compared to the reactivity of individual particles;
(ii) The presence of defects (e.g., oxygen vacancies);
(iii) The enhanced reducibility of MOs as compared to single ones;
(iv) The interplay between interfacial redox pairs (e.g., Cu2+/Cu+ and Ce3+/Ce4+).

In view of the above, very recently, the modulation of metal-support interactions as a tool
to enhance the catalytic performance was thoroughly reviewed, disclosing that up to fifteen-fold
productivity enhancement can be achieved in reactions related to C1 chemistry by controlling
metal-support interactions [61]. However, it is well established today—thanks to the rapid development
of sophisticated characterization techniques—that various interrelated factors, such as the composition,
the size, the shape, and the electronic state of MOs different counterparts can exert a profound influence
on the local surface chemistry and metal-support interactions, and in turn, on the catalytic activity of
these multifunctional materials [6,48,51,52,62–74]. In view of this fact, the fine-tuning of MOs towards
the development of catalytic materials with the desired cost, activity, selectivity and stability could
be considered the “Holy Grail” in the field of catalyst manufacturing. Size, shape, porous, redox
and electronic adjustment by means of appropriate synthetic and promotional/modification routes
can provide the vehicle to substantially modify not only the reactivity of metal sites in its own right,
but also the interfacial activity, offering highly active and stable materials for real-life energy and
environmental applications (Figure 2).
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In light of the aforementioned issues, the present review article aims to gain insight into the
particular effect of each adjusted parameter on MOs physicochemical characteristics and in turn, on
their catalytic performance, towards revealing rigorous structure-property relationships. The basic
principles of MOs fine-tuning by modulating the size, shape and electronic/chemical state by means of
appropriate synthetic/modification routes will be initially presented. The implications of size, shape
and electronic/chemical effects in catalysis will be next exemplified on the basis of state-of-the-art
catalytic applications of CuOx/CeO2 binary oxide, involving CO oxidation, N2O decomposition,
preferential oxidation of CO (CO-PROX), water gas shift reaction (WGSR), and CO2 hydrogenation
to value-added chemicals/fuels. It should be noted here that the scope of the present article is not to
provide a complete survey in relation to the fundamental understanding and practical applications of
CuOx/CeO2 system, which can be found in various comprehensive reviews [40,49,75–77]. Herein, the
CuOx/CeO2 system is used as an excellent benchmark to reveal how we can adjust the local surface
chemistry and in turn, the catalytic activity of MOs. The obtained conclusions can provide rationales
and design principles towards the development of cost-effective, highly active NMs-free MOs of
various compositions, paving also the way for the decrease of noble metals content in NMs-based
catalysts. The term “CuOx” instead of CuO is used throughout the text to denote the differentiation
of Cu oxidation state depending on synthesis procedure and reaction environment, as discussed in
the sequence.

2. Fine-Tuning of Metal Oxides (MOs)

Heterogeneous catalysis traditionally refers to a chemical reaction on the surface of a solid catalyst,
involving adsorption and activation of reactant(s) on specific active sites, chemical transformation of
adsorbed species and products desorption. Thanks to the rapid development of both in situ and ex situ
characterization techniques, it is well acknowledged that the elementary reaction steps are strongly
dependent on several parameters involving the size, the shape, the electronic state of individual
particles, as well as on their interfacial interactions. Hence, the macroscopic catalytic behavior can
be considered as the outcome of interactions between reactants, intermediates and products with the
micro(nano)scopic coordination environment of surface atoms, involving geometric arrangements,
electronic confinement, and interfacial effects, among others. In view of this fact, the modulation of the
above-mentioned parameters can profoundly affect the local surface structure and chemistry with great
implications in catalysis. It should be mentioned, however, that due to the interplay between structural
and chemical factors, it is quite challenging to disclose the fundamental origin of catalytic performance.
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Thus, it is of vital importance to establish reliable structure-property relationships, unveiling the
particular role of each factor. The latter could lead to rational design instead of trial-and-error methods
by utilizing the fundamental knowledge at the nanoscale.

Moreover, taking into account that the majority of MOs consists of at least two different counterparts,
this triggers unique opportunities towards designing various MOs of the same composition, but of
different reactivity by adjusting the above-mentioned parameters either in one or both counterparts.
For instance, by modulating the size, morphology and electronic/chemical state of ceria carrier
in CuOx/CeO2 composites, a different extent of metal-support interactions can be attained with
implications in catalysis. In a similar manner, the co-adjustment of the shape of both CuOx and CeO2

could lead to different synergistic interactions, providing CuOx/CeO2 systems of peculiar reactivity.
The proposed adjusting approach on the way to fine-tune MOs is schematically illustrated in Figure 3,
clearly revealing the unique opportunities in the field of materials synthesis and engineering towards
the development of low-cost and highly-effective composites.
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Figure 3. Indicative pathways towards the fine-tuning of a binary metal oxide of the general formula
AB by adjusting the size (S), morphology (M), electronic (E) and chemical (C) state of one or both of the
individual counterparts A and B. For instance, CuOx (A)/CeO2 (B) binary oxides of different reactivity
can be obtained by combining the morphology engineering of CeO2 {denoted as M (B)} with the size
engineering of CuOx {denoted as (S (A)} or by combining both the size and morphology engineering
of both counterparts {S(A) + M(A) + S(B) + M (B)}. The scheme is just indicative of the different
approaches that can be followed to adjust the local surface chemistry of MOs, without exhausting the
margins of all possible combinations.

In the following, the basic principles of size, shape, and electronic/chemical effects are provided in
separate sections. It should be stressed, however, that this district presentation does not also mean a
district effect of each factor in catalysis. Almost all parameters are interrelated; thus, the discrete role
of each one in the catalytic activity of MOs cannot be easily disclosed, as further discussed below.
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2.1. Size Effects

The rapid development of nanotechnology in the last years enables the fabrication of MOs with
tunable size and shape at the nanometer scale. Nowadays, it has been both experimentally and
theoretically revealed that the surface, structural and electronic properties of nanoparticles (NPs)
differ essentially from the corresponding bulk properties. In general, by decreasing the particle size
of metal oxide particles down to few nanometers (e.g., <10 nm), a dramatic increase in activity can
be generally obtained, attributed to “size effects”. This size-dependent reactivity can be ascribed to
different contributions, namely: (i) Quantum size effects, (ii) presence of low coordinated atoms into
NPs surface, (iii) electronic state of the surface, (iv) strong interparticle interactions. Hereinafter, the
particular effect of every contribution is shortly presented for the sake of following discussions in
relation to the fine-tuning of MOs. For additional reading, several comprehensive articles in this topical
area are recommended [40,52,62,66,70,71,74,78].

In particular, by decreasing the size of a material down to nanometer scale, the surface-to-volume
ratio is largely increased, resulting in an increased population of surface sites, being the active sites in
catalysis. Besides the modulation of the fraction of atoms on the topmost surface layer, the number of
atoms at corners and edges, being considered more active than those at planes, is considerably increased
by decreasing the size. More specifically, size decrease leads to a high density of under-coordinated
atoms with exceptional adsorption and catalytic properties [52,62,70,79–83]. Typically, surface sites
with low coordination number (CN) demonstrate stronger adsorption ability as compared to those
of high CN [66,70,84]; linear relationships between the adsorption energy of various adsorbates and
the coordination number have been found for several transition metals, including among others
non-precious metals, such as Cu, Ni, and Co [85,86]. Thus, from the geometrical point of view, size
decrease has a direct effect on both the number and type of active surface sites reflected then on
catalytic activity.

Aside from the “geometric size effects”, the electronic state of surface atoms can undergo substantial
modifications upon decreasing the particle size down to nanometer scale. In particular, when a bulk
material with a continuous electron band is subjected to size decrease down to the nanoscale, the
so-called quantum effect or confinement effect is taking place, arising from the presence of discrete
electronic states as in the case of molecules [62,70,74,78,87]. For instance, it has been reported that a
higher electron density, with a d band close to the Fermi level, can be obtained for Au NPs smaller
than ca. 2 nm as compared to bigger ones, with great implications in CO oxidation [88–91].

Recently, thanks to the introduction of new generation sophisticated characterization techniques
(e.g., high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),
extended X-ray absorption fine structure (EXAFS)) and computational methods (e.g., DFT calculations),
an indirect size effect linked to the metal-support interactions is clearly revealed. More specifically, even
small perturbations between metal nanoparticles and oxide carriers, due to charge transfer between
particles, local electric fields, morphological changes, “ligand” effect, etc., can induce a substantial
modification in catalytic activity [40,50,55,92–95]. To more accurately describe these phenomena, the
term Electronic Metal Support Interactions (EMSI) has recently been proposed by Campbell [96] in
contrast to classical Strong Metal Support Interactions (SMSI). In view of this concept, tiny metal
clusters composed of a few or even single atoms could play a dominant role in catalysis, despite the fact
that they do not account for more than a few percent of the total metal content [40,50]. In view of this
fact, it has been shown that by controlling metal (Ni, Pd, Pt) nanocrystal size, the length of metal-ceria
interface is appropriately adjusted with significant implications in CO oxidation; normalized reaction
rates were dramatically increased with decreasing the size, due to the increased boundary length
(Figure 4).
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Figure 4. The calculated number of sites with a particular geometry (surface and perimeter or corner
atoms in contact with the support) as a function of diameter and the turnover frequency (TOF) at 80 ◦C
for ceria-based metals (Ni, Pd, Pt). Reproduced with permission from Reference [52]. Copyright© 2013,
American Association for the Advancement of Science (AAAS).

As an additional implication of size-dependent behavior, the significant effect of particle size on
structural defects of reducible carriers (such as ceria) should be mentioned. In fact, a close relationship
between the crystal size of ceria and the concentration of oxygen vacancies has been revealed; the large
surface-to-volume ratio in conjunction to the exposure of under-coordinated sites can facilitate the
formation of oxygen vacancies and the Ce3+ fraction in non-stoichiometric CeO2-δ NPs [71,97–103].
Moreover, an inverse correlation between the lattice parameters of CeO2 NPs and particle sizes has
been established (Figure 5a), attributed to the increase of Ce3+ and oxygen vacancies concentration [71].
A similar trend was recorded between the surface-to-bulk oxygen ratio and particle size (Figure 5b).

Closing this part concerning the size effects, it should be noted, that although particle size decrease
has, in general, a positive catalytic effect, there is a variation in relation to size-activity relationships
depending on catalyst type and reaction environment. For instance, a positive size effect could be
obtained if the rate determining step (rds) involves the bond cleavage of a reactant molecule on surface
atoms with low coordination number. However, if the same under-coordinated atoms strongly bind
dissociated species (e.g., oxygen atoms), this could lead to the poisoning of catalyst surface, and thus,
to the negative size effect. In particular, in reactions with no structure sensitivity, the activity remains
unaffected by changes in the particle size, while it could decrease with decreasing particle size, referred
as negative particle size effect or antipathetic structure sensitivity, or increase as the particle size
decreases, referred as positive particle size effect or sympathetic structure sensitivity [79]. Moreover,
the activity may reach a maximum when small particles exhibit a negative effect, and larger particles
show a positive one [79].
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Figure 5. (a) Lattice expansion of ceria as a function of size and (b) the inverse relationship of surface
oxygen to bulk oxygen (TPR) and the correlation of surface oxygen ratio with the theoretical surface to
volume ratio. Adapted from Reference [71]. Copyright© 2010, Royal Society of Chemistry.

2.2. Shape Effects

Nanostructured catalysts possess unique properties originating from nanoscale phenomena linked
mainly to size effects, commented above, and shape effects. The latter refers to the modification of catalytic
activity through the preferential exposure of specific crystallographic facets on the reaction environment,
also termed as morphology-dependent nanocatalysis [51,65,66,70,82,104–106]. In particular, the catalytic
cycle and hence the reaction efficiency, is determined on reactants adsorption/activation and products
desorption processes, being strongly influenced by the surface planes of catalysts particles. In this regard,
the simultaneous modulation of size and shape at the nanometer scale can determine the number and the
nature of exposed sites, and thus, the catalytic performance. This particular topic is an essential issue
within the field of nanocatalysis, aiming to the control of a specific chemical reaction through co-adjusting
these parameters at the nanometer scale.

Thanks to the latest advances in materials science, nanostructured catalysts with well-defined
crystal facets can be fabricated by precisely controlling nanocrystals nucleation and growth
rate [48,63,66,67,78,105]. The obtained crystal morphology is the result of several synthesis parameters,
involving temperature, pressure, concentration, and pH, among others. Several reviews have
been devoted to the subject [6,38,67,82,97,105,107,108]. Various structures with similar or different
dimensions in all directions, such as nanospheres, nanocubes, nanowires, nanorods, nanosheets, etc.,
could be obtained.
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The shape control of ceria and its implications in catalysis is most probably the most extensively
investigated system among metal oxides in heterogeneous catalysis [2,6,38,48,51,64,65,73,82,97,104,
107,109–112]. The growth rate mechanism of ceria nanocrystals can be affected by various parameters,
such as the basicity or polarity of the solvent [113,114], the aging temperature [115,116], the precursor
compound [117,118], and the impregnation medium [119]. Regulation of nanocrystals nucleation and
growth processes results in specific shapes, such as rods and cubes [48,67]. Moreover, by altering the
physicochemical conditions during the synthesis procedure (e.g., by the usage of a capping agent),
blocking of certain facets or continuous growth of others may occur.

There are several synthetic approaches for the preparation of ceria nanoparticles, including
precipitation [119–121], thermal decomposition [121,122], template or surfactant-assisted method [123–126],
microwave-assisted synthesis [127–129], the alcohothermal [124,130] or hydrothermal [121,124,131–135]
method, microemulsion[133,136,137], solutioncombustion[138,139], sol-gel [140–142], sonochemical [143,144],
etc. However, not all methods lead to particles of well-ordered size and shape with uniform dispersion on
the catalyst surface [145]. Among the different methods, the hydrothermal one has attracted considerable
attention, due to the simplicity of the precursor compounds used, the short reaction time, the homogeneity
in morphology, as well as the acquisition of various nanostructures, such as rods, polyhedra, cubes,
wires [107,117,121,124,131,134,135,146–159]. Ceria nanocrystals have three low-index lattice facets of different
activity and stability, namely, {100}, {110}, {111} [48,106], as shown in Figure 6.
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Figure 6. Structural models of CeO2 (a) unit cell, (b) (111), (c) (100), and (d) (110) surfaces without
structural optimizations. Reproduced with permission from Reference [106]. Copyright© 2014, Royal
Society of Chemistry.

The selective exposure of ceria reactive facets can strongly affect the redox properties of ceria
and in turn, its intrinsic characteristics as an active phase or supporting carrier. Popular ceria shapes,
mainly, involve nanorods (NR), nanocubes (NC) and nanopolyhedra (NP). Ceria nanorods, mostly,
expose the {110} and {100} facets, whereas, nanocubes and nanopolyhedra preferentially expose the
{100} and {111} facets, respectively [48,51,106]. By means of both experimental [82,104,109,146,160,161]
and theoretical [112,162–166] studies, it was shown that the energy formation of anionic vacancies
is dependent on the exposed facets, following the order: {111} > {100} > {110}. In this regard, the
reactivity of ceria NR is, in general, increased upon increasing the fraction of {110} and {100} facets [65].

In view of the above, it has been clearly revealed that the activity and selectivity are strongly
affected by the exposed crystal planes. For instance, the formation rate of ammonia on Fe crystals
follows the sequence: {111} >> {100} > {110} [167]. Similar morphology-dependent effects have been
demonstrated for several noble metal [105,168] and metal oxide [51] catalyzed processes.
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Very recently, we showed that among ceria nanoparticles of different morphology (nanocubes,
nanorods and nanopolyhedra), as shown in Figure 7a, ceria nanorods with {100} and {110} crystal planes,
exhibited the optimum redox properties in terms of loosely bound oxygen species population [115,121].
Figure 7b depicts the H2 temperature-programmed reduction (H2-TPR) profiles of ceria nanocubes,
nanopolyhedra and nanorods, where two main peaks at ca. 550 and 800 ◦C can be identified, ascribed to
the reduction of surface (Os) and bulk (Ob) oxygen, respectively. Notably, the surface-to-bulk (Os/Ob) ratio
is strongly dependent on ceria morphology following the order: NC (0.71) < NP (0.94) < NR (1.13). It is
also worth mentioning that the onset reduction temperature follows the reverse order, i.e.,: NC (589 ◦C)
> NP (555 ◦C) > NR (545 ◦C), implying the lower temperature reduction of {110} and {100} surfaces as
compared to {111}.
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Figure 7. (a) TEM images and (b) H2-TPR profiles for ceria nanoparticles of different morphology,
i.e., nanorods, nanopolyhedra and nanocubes; (c) CO oxidation performance (T50) of ceria nanoparticles
as a function of ceria redox properties expressed in terms of surface-to-bulk (Os/Ob) TPR ratio and
ID/IF2g Raman ratio [115].
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More recently, we explored the impact of ceria exposed facets on structural defects by means
of in situ Raman spectroscopy following a novel approach involving sequential spectra acquisition
under alternating oxidizing and reducing atmospheres [115]. The in situ Raman measurements
perfectly corroborated the aforementioned arguments in relation to the impact of crystal planes on the
reducibility; the relative abundance of defects and oxygen vacancies exhibited by the ID/IF2g ratio, as
well as the relative reducibility expressed by the detachment of O atoms and the partial Ce4+→ Ce3+

reduction, follow the same trend, i.e., NR > NP > NC.
These results unambiguously indicate that CeO2-nanorods exhibit the highest concentration of

weakly bound oxygen species, linked to enhanced reducibility and oxygen mobility. Interestingly,
an almost linear relationship is revealed between the redox properties, expressed either as Os/Ob or
ID/IF2g ratio, and the CO oxidation performance, in terms of half-conversion temperature (T50), of ceria
nanoparticles (Figure 7c), clearly demonstrating the implications of shape modulation in catalysis.

2.3. Electronic Effects

Besides modulating the local surface structure of MOs by size and shape effects, described above,
the fine-tuning of electronic structure by appropriate promoters can be considered as an additional
modulating tool. Promoters hold a key role in heterogeneous catalysis towards optimizing the catalytic
activity, selectivity and stability by modifying the physicochemical features of MOs, and can be
classified into two general categories: Structural promoters and electronic promoters. The first category
mainly involves the doping of supporting carrier to enhance its structural characteristics and in turn,
the stabilization of active phase (e.g., incorporation of rare earth dopants into three-way catalysts [5]).
On the other hand, electronic promoters can modify catalysts surface chemistry either directly or
indirectly. The former mainly includes the electrostatic interactions between the reactant molecules and
the local electric field of promoters. The latter denotes the promoter-induced modifications on metal
Fermi level, which is then reflected on the chemisorptive bond strength of reactants and intermediates
with great consequences in catalysis. In particular, “promoter effect” is related to the changes in
the work function (Φ) of the catalysts surface upon promoter addition, accompanied by substantial
modification of its chemisorption properties. The vast majority of electronic promotion over metal
oxide catalysts refers to alkali modifiers. It has been well documented that alkali addition can drastically
enhance the activity and selectivity of numerous catalytic systems, involving among others Pt-, Pd-,
Rh-, Cu-, Fe-based catalysts, in various energy and environmental related reactions (e.g., [169–174]).
Various comprehensive studies have been devoted to the role of promoters in heterogeneous catalysis,
to which the reader can refer for further reading [175–177].

Figures 8 and 9 depict the “promoter effect” in the case of alkali-doped Co3O4 oxides during the
N2O decomposition [178,179]. A close relationship between the catalytic performance (in terms of
half-conversion temperature, T50) and the work function (Φ) was disclosed revealing the electronic
nature of alkali promotion; electropositive modifiers (such as alkalis) can decrease the work function of
the catalyst surface, thus, activating the adsorption/decomposition of electron-acceptor molecules (such
as N2O) [178]. However, at high alkali coverages, depolarization occurs, due to the strengthening of the
alkali-alkali bond at the expense of the alkali-surface bond, resulting in a work function increase [180].
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Figure 9. (a) The half-conversion temperature of N2O (T50), (b) apparent activation energy (Ea) and
(c) work function changes (∆Φ) as a function of potassium loading (ΘK) introduced from K2CO3

and (c insert) KOH precursor. Reproduced with permission from Reference [179]. Copyright© 2008,
Springer Nature.
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In this point, it should be mentioned that, depending on the support nature and crystal planes,
alkali adsorption may lead to surface reconstruction. This surface reconstruction can be explained by
taking into account the structural/electronic perturbations induced by the formation of the alkali-surface
bond [181]. As mentioned previously, the crystallographic orientation of the support plays an important
role in the diffusion rate of the adsorbed species, as well as in their in-between interaction, resulting in
different structural stabilization [181]. For instance, potassium promoter was shown to stabilize certain
iron facets in K-promoted iron catalysts, by inducing changes in the crystal growth rate, thus, enabling
the formation of small particles with abundance in active facets and affecting the activity and selectivity
of the overall system [182]. As shown in Figure 10, by increasing the K/Fe surface atomic ratio, the
crystal facets become more stable and the surface energy is decreased [182]. This clearly manifests
the pivotal role of alkali addition towards co-adjusting the structural and electronic properties of the
catalyst surface, and in turn, the catalytic performance.
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Figure 10. Surface energy variation versus the surface atomic ratio of K to Fe. Reproduced with
permission from Reference [182]. Copyright© 2011, John Wiley and Sons.

Besides the alkali-induced modifications on the chemisorption properties, significant alterations
on the surface oxygen mobility have been demonstrated; alkali addition could facilitate suprafacial
recombination of oxygen towards molecular oxygen desorption, thus, liberating active sites [40]. Both
the electronic and redox modifications induced by alkali addition can exert remarkable effects on
catalytic activity and selectivity, demonstrating the key role of “promoter effect” as an additional
adjusting parameter in catalysis.

It should be noted here, as mentioned in the case of size and shape effects, that the promoter
effect is not always positive. The latter strongly depends on reactants type (electron donor or electron
acceptor adsorbates) and the work function changes (increase or decrease) induced by the promoter
(electropositive or electronegative). Thus, besides the structure-sensitivity, commented above, the
electronic-sensitivity of a given reaction should always be taken into account, when attempting to
co-adjust the size, shape and electronic state. Although, this is not an easy task, it could be an effective
approach towards designing cost-effective and highly active composites, as revealed in the sequence.
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2.4. Chemical Modifiers

Besides the extensive use of alkalis or alkaline earths as promoters, numerous other chemical
substances can be employed to modulate the local surface chemistry/structure and in turn, the activity,
selectivity and long-term stability of parent catalyst (e.g., [74]). In this regard, metal alloys (e.g., Au-Ni
alloys as reforming catalysts [183], Pt-Sn alloys for ethanol oxidation [184]) are extensively employed in
catalysis towards obtaining highly active and cost-effective catalytic formulations. Several mechanisms
are considered responsible for the enhanced performance of bimetallic systems, involving mainly
structural (strain effects) and electronic (charge-transfer effects) modifications that can be induced by
the interaction between the different counterparts. The latter substantially modifies the binding energy
of adsorbates and the path of chemical reactions with major consequences in catalysis [50,74].

In a similar manner, chemical substances with unique physico-chemical properties, such as
carbon-based materials, have lately received considerable attention as chemical modifiers or supporting
carriers [62,185]. Various carbon materials, such as carbon nanotubes (CNTs), reduced graphene oxide
(rGO), ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon nitride
(g-C3N4), have received particular attention in catalysis after the significant progress in controlled
synthesis and the fundamental understanding of their properties. In general, nanocarbons (NCs)
possess unique physical (large surface area, specific morphology, appropriate pore structure) and
chemical (electronic structure, surface acidity/basicity) properties arising from their nanoscale confined
structures [185].

The combination of metal nanoparticles (NPs) with carbon materials by means of various synthetic
approaches can exert significant modifications on the structural and electronic surrounding of NPs
with subsequent implications in catalysis [62,185]. As for example, confined Fe NPs in CNTs exhibit
an almost twice yield to C5+ hydrocarbons as compared to Fe particles during the syngas conversion
to liquid hydrocarbons [186]. The latter was mainly ascribed to the modified structural and redox
properties of confined Fe NPs within CNTs [62]. Moreover, the application of graphene in catalysis
allows the fabrication of multifunctional materials with distinct heterostructures, which offer quite
different properties as compared to individual materials [185,187,188]. In general, carbon materials with
exceptional structural and electronic characteristics can be effectively employed either as supporting
materials or chemical modifiers, offering unique opportunities towards modulating the intrinsic
reactivity of MOs. For instance, it has been found that the homogeneous distribution of copper atoms
on the surface of rGO in combination with the outstanding electronic properties of rGO lead to high
electrocatalytic activity, due to the synergy between the two components [189].

Metal-organic frameworks (MOFs) are another type of supporting carriers/chemical modifiers
consisting of inorganic metal ions or clusters that are bridged with organic ligands in order for one or
more dimensional configurations to be formed [190]. These materials exhibit unique properties, such
as high surface area and porosity, while their complex network consisting of various channels allows
passage in small molecules [191]. The fabrication of MOF-based MOs composites is of great interest, as
it results in the development of materials with tunable properties and functionality. Metal nanoparticles
regarded as the active centers can be stabilized by MOFs through confinement effects [192]. As for
example, Cu, Ni, and Pd nanoparticles encapsulated by MOFs exhibited high catalytic efficiency,
ascribed mainly to the synergistic effects of nanoconfinement and electron-donation offered by MOF
framework [193–198]. Furthermore, by changing the MOFs functional groups, products distribution
may differ, as a consequence of variations induced in the chemical environment of the catalytically
active sites [199].

2.5. Pretreatment Effects

Besides the advances that can be induced by adjusting the size, shape and electronic state of
MOs, special pretreatment protocols or activation procedures could be applied to further adjust
the local surface chemistry of MOs (e.g., [200,201]). In particular, the local surface chemistry of the
MOs can be further tailored by appropriate pretreatment protocols, including thermal or chemical
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pretreatment. According to the pretreatment protocol followed, different properties get affected,
resulting in diversified catalytic behavior. By way of illustration, it has been reported that defect
engineering by a low-pressure thermal process instead of atmospheric pressure activation, could
notably increase the concentration of oxygen vacancy defects and in turn, the CO oxidation activity of
ceria nanoparticles, offering an additional tool towards the fine-tuning of MOs [200]. Moreover, it has
been documented that the pretreatment protocol (oxidation or reduction) induces significant effects on
the local surface structure of cobalt-ceria oxides affecting the dehydroxylation process in ammonia
synthesis [202]. In a similar manner, oxidative pretreatment of cobalt-ceria catalysts resulted in an
impoverishment of catalyst surface in cobalt species, due to the preferential existence of cerium species
on the outer surface, whereas, cobalt and cerium species are uniformly distributed on the catalyst
surface through the reduction pretreatment, which gives rise to the formation of oxygen vacancies [33].
In addition, a strong interaction between gold and ceria has been observed after O2 pretreatment, due
to the electron transfer from Au0 to ceria, giving rise to oxygen vacancy formation, lattice oxygen
migration, as well as to the formation of Auδ+-CO and surface bicarbonate species, favoring, thus, the
adsorption of CO and the desorption of CO2 [203]. In terms of T100, CO oxidation performance showed
the following order: O2 pretreatment (74 ◦C) < N2 pretreatment (142 ◦C) < 10% CO/Ar pretreatment
(169 ◦C) [203]. In view of the above short discussion, the pretreatment conditions can affect the
facilitation with which certain active species are formed on the catalyst surface, the oxygen mobility or
the formation of oxygen defects, with great implications in the catalytic performance.

3. Implications of MOs Fine-Tuning in Catalysis Exemplified by CuOx/CeO2 Binary System

In this section, the implications of metal oxides fine-tuning by means of the above-described
size, shape and electronic/chemical effects are presented, on the basis of the CuOx/CeO2 binary oxide
system. This particular catalytic system is selected as representative MOs, taking into account the
tremendous fundamental and practical attention lately devoted to the copper-containing cerium oxide
materials. More specifically, the abundant availability of copper and ceria and consequently, their lower
cost (about four orders of magnitude, Figure 1) render CuOx/CeO2 composites strongly competitive.
Moreover, their excellent reactivity—linked to peculiar metal-support interactions—in conjunction
to their remarkable resistance to various substances, such as carbon dioxide, water and sulfur is of
particular fundamental and practical importance [57,76,204]. Remarkably, copper-containing ceria
catalysts appropriately adjusted by the aforementioned routes demonstrated catalytic activity similar or
even better than NMs-based catalysts in various applications, such as CO oxidation, the decomposition
of N2O and the water-gas shift reaction, among others [115,124,159,205–216].

For instance, the inverse CeOx/Cu(111) system exhibits superior CO oxidation performance
at a relatively low-temperature range (50–100 ◦C), in which the noble metals do not function well,
exhibiting activity values of about one order of magnitude higher than those measured on Pt(100),
Pt(111), and Rh(111) [217–219]. The latter has been mainly attributed, on the basis of the most
conceptual experimental and theoretical studies, to the existence of Ce3+ at the metal-oxide interface
which binds O atoms weaker as compared to bulk Ce3+ [217,220].

In light of the above aspects, in this section, the main implications of size, shape and
electronic/chemical effects on the catalytic performance of CuOx/CeO2 system during some of the most
relevant applications in heterogeneous catalysis will be discussed. It should be stressed that it is not
the aim of this section to provide an extended overview of CuOx/CeO2 catalytic applications, which
can be found in several comprehensive reviews [3,49,57,75,76,221]. It mainly aims to provide a general
optimization framework towards the development of highly active and cost-effective MOs, paving
also the way for the decrease of precious metal content in NMs-based catalysts.

3.1. CO Oxidation

CO oxidation is probably the most studied reaction in heterogeneous catalysis, due to its
practical and fundamental importance. The catalytic elimination of CO is of great importance in
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various applications involving, among others, automotive exhaust emissions control and fuel cell
systems. More importantly, CO oxidation can serve as a prototype reaction to gain insight into the
structure-property relationships.

Regarding, at first, the CO oxidation activity of individual CuOx phase, it has been clearly revealed
that it is strongly dependent on oxidation state, size and morphology. In particular, the following
activity order: Cu2O > metastable cluster CuO > CuO has been revealed, closely related to the ability
to release lattice oxygen [222,223]. On the other hand, the exposed crystal planes of CuOx phase
drastically affect the CO oxidation; truncated octahedral Cu2O with {332} facets displayed better
activity than low index {111} and {100} planes [224]. Similarly, CuO with exposed {011} planes is more
active that close-packed {111} planes [225]. In view of this fact, it has been found that the CO oxidation
activity of CuO mesoporous nanosheets with high-index facets is about 35 times higher than that of
the commercial sample [226]. In general, surface vacancies, originated from coordinately unsaturated
surface Cu atoms, can easily activate oxygen species towards their reaction with the reducing agent [3].

In a similar manner, theoretical and experimental studies have shown that the energy of
anionic vacancies formation over bare ceria follows the order: {111} > {100} > {110}, as previously
analyzed [82,104,109,112,146,160–166]. Moreover, a large increase in oxygen vacancies concentration
has been found for ceria crystal size lower than ca. 10 nm [98], revealing the interrelation between
size and shape effects. In this regard, we recently showed that ceria nanorods with {100} and {110}
exposed facets demonstrated the optimum CO oxidation activity amongst ceria samples of different
morphology; a close relationship between crystal planes-oxygen exchange kinetics-CO oxidation
activity was disclosed [115].

In view of the above aspects, it could be argued that by adjusting the shape and size of individual
counterparts of MOs (CuOx and CeOx in the case of CuOx/CeO2 mixed oxides), significant modifications
in their redox and catalytic properties can be obtained. However, in view of the fact that “the whole is
more than the sum of its part”, the majority of catalytic studies in heterogeneous catalysis is based
on CuOx/CeO2 mixed oxide than on individual oxides [52,227,228]. The underlying mechanism of
this synergistic effect linked to metal-support interactions is the subject of numerous theoretical and
experimental studies in catalysis. The latest advances in the field of CuOx-CeO2 interactions and their
implications in catalysis have been recently reviewed by one of us [40]. In general, the superiority of
binary oxides can be ascribed to various interrelated phenomena, involving among others: (i) Electronic
perturbations between nanoparticles, (ii) redox interplay between interfacial sites, (iii) facilitation
of the formation of structural defects, (iv) improved reducibility and oxygen mobility, (v) unique
reactivity of interfacial sites [40]. However, all of these factors are closely related with the intrinsic and
extrinsic characteristics of individual oxides, triggering unique opportunities towards the development
of highly active MOs by engineering the size and shape of individual oxides and in turn, the interfacial
reactivity . Moreover, chemical or electronic effects induced by aliovalent doping can exert a profound
influence on the catalytic performance, offering an additional tool towards the rational design of MOs
(Figure 2). In the sequence, the optimization of CO oxidation activity of CuOx/CeO2 catalysts by means
of the above-mentioned approaches is presented, as an indicative example of MOs rational design.

Recently, we thoroughly explored the impact of ceria nanoparticles shape effects on the CO
oxidation activity of CuOx/CeO2 catalysts. The results clearly revealed the significant role of morphology
in the CO oxidation activity, following the order: Nanorods (NR) > nanopolyhedra (NP) > nanocubes
(NC), Figure 11. However, more importantly, CuO incorporation to different ceria carriers boosted the
catalytic performance, without affecting the order observed for bare CeO2 (Figure 11), demonstrating
the crucial role of support.
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However, it should be noted that similar or even better catalytic activities can be obtained by 
different morphologies (e.g., [124,211,212]). In this regard, it was recently shown that sub-nanometer 
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which is considered to be the reason of the enhanced reactivity of CuOx/CeO2-NS samples [124]. 

Figure 11. CO conversion as a function of temperature for bare CeO2 and CuOx/CeO2 samples of
different morphology (NR, NC and NP, as indicated in each curve). Reaction conditions: 2000 ppm CO,
1 vol.% O2, GHSV = 39,000 h−1 [115].

The CuOx/CeO2-NR sample exhibited a half-conversion temperature (T50) of ca. 70 ◦C, which is much
lower to that required for a typical noble metal oxidation catalyst, such as Pt/Al2O3 (T50 = 230 ◦C), as shown
in Figure 12. Based on a thorough in situ and ex situ characterization study, a perfect relationship between
the CO oxidation performance and the following parameters was disclosed: (i) Relative population of
Cu+/Ce3+ redox pairs, (ii) abundance of loosely bound oxygen species, expressed in terms of surface-to-bulk
oxygen reducibility, (iii) relative concentration of oxygen vacancies, evidenced by the ID/IF2g Raman ratio
(Figure 7c) [115]. Similar conclusions in relation to the key role of ceria morphology in the CO oxidation
activity have been reported by several groups [117,134,154,158,210,212,229–231], most of these revealing
the superiority of nanorods.

However, it should be noted that similar or even better catalytic activities can be obtained by
different morphologies (e.g., [124,211,212]). In this regard, it was recently shown that sub-nanometer
copper oxide clusters (1 wt.% Cu loading) deposited on ceria nanospheres (NS) exhibited superior
performance as compared to that deposited on nanorods (T100 = 122 ◦C vs. 194 ◦C) [124]. Extensive
characterization investigations revealed that the copper species in nanorods samples existed in both
Cu-[Ox]-Ce and CuOx clusters, while CuOx clusters dominated in nanospheres. Among these species,
only CuOx clusters could be easily reduced to Cu(I) when they were subjected to interaction with CO,
which is considered to be the reason of the enhanced reactivity of CuOx/CeO2-NS samples [124].
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Figure 12. A comparison between bare ceria, copper-ceria and a noble metal catalyst, in terms of
half-conversion temperature (T50) for the oxidation of CO. Reaction conditions: 2000 ppm CO, 1 vol.%
O2, GHSV = 39,000 h−1.

So far, numerous synthesis routes and different precursors have been employed to adjust the
structural and morphological characteristics of CuOx/CeO2 composites, mostly summarized by Prasad
and Rattan [76]. For instance, it has been found that the use of Ce(III) instead of Ce(IV) precursors can
lead to CuOx/CeO2 catalysts with superior reducibility and CO oxidation activity [232]. In particular,
it was experimentally shown that Ce(III)-derived samples contained a higher amount of Cu+ species,
through the redox equilibrium Cu2+ + Ce3+↔ Cu+ + Ce4+, which are responsible for their enhanced
oxidation performance [232]. Moreover, CuOx/CeO2 samples prepared from copper acetate precursor
demonstrated better CO oxidation performance as compared to those prepared from nitrate, chloride
and sulfate precursors [233]. Avgouropoulos and co-workers [234,235] recently employed a novel
hydrothermal method for the synthesis of atomically dispersed CuOx/CeO2 catalysts, offering high
CO oxidation performance. By means of various complementary techniques, it was shown that
the catalytic activity is mainly related to the nature of highly dispersed copper species rather than
the structural/textural characteristics. In a similar manner, Elias et al. [236] reported on the facile
synthesis of phase-pure, monodisperse ~3 nm Cu0.1Ce0.9O2-x crystallites via solution-based pyrolysis
of heterobimetallic Schiff complexes. An increase of CO oxidation activity by one and three orders
of magnitude compared to ceria nanoparticles (3 nm) and microparticles (5 µm), respectively, was
attained (Figure 13).
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(Sigma-Aldrich). (A) “Light off” curves and (B) area-normalized Arrhenius plots, measured in 1.0% CO,
2.5% O2 balanced in He at a flow rate of 1300 mL min−1 gcat

−1 for 20 mg catalyst loadings. Reproduced
with permission from Reference [236]. Copyright© 2014, American Chemical Society.

Besides the engineering of shape and size, porous structure engineering could exert a significant
influence on the CO oxidation activity of CuOx/CeO2 catalysts [123,213]. As for example, three-dimensional
CuOx-doped CeO2 prepared by a hard template method exhibited complete CO conversion at temperatures
as low as 50 ◦C, due to their improved textural and redox properties [213].

Regarding the influence of CuOx/CeO2 composition on the CO oxidation activity, most of the
studies revealed an optimum Cu/(Cu+Ce) atomic ratio in the range of 15–30% [212,231,232,237,238].
Within this specific range, the optimum physicochemical characteristics and interfacial interactions can
be achieved, reflected then on catalytic activity.

Apart from the above-described approaches that have been put forward to improve the CO
oxidation performance of CuOx/CeO2 oxides, the addition of aliovalent elements as structural/surface
promoters should be mentioned. In view of this fact, it has been found that the modification of
ceria support by Mn [239] or Sn [240] can drastically modify the dispersion of CuOx and the redox
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interplay between Cu species and support, thus, enhancing the CO oxidation performance. Very
recently, the tuning of the interfacial properties of CuOx/CeO2 by In2O3 doping was also explored [241].
It was found that the CO oxidation performance of In2O3-CuOx/CeO2 sample greatly exceeds that of
parent oxide, offering complete CO conversion at temperatures as low as 100 ◦C [241]. By means of
complementary characterization studies and density functional theory calculations, it was proved that
In2O3 could modify the geometric structure of CuOx particles by reducing their size. The latter results
in more metal-support interfacial sites and abundant defects. Moreover, the interaction between In and
Cu could modify the electronic state of Cu atoms towards the stabilization of partially reduced Cu
sites at the interface [241].

Recently, copper-ceria nanosheets were synthesized by using graphene oxide as a sacrificial
template, in an attempt to increase the concentration of active interfacial sites [242]. The copper-ceria
interaction was further adjusted by appropriate pretreatment, with the catalyst calcined at 600 ◦C
exhibiting complete CO conversion at 90 ◦C, due to the high concentration in active copper species
and oxygen vacancies [242]. Moreover, a sword-like copper-ceria composite derived by a Ce-based
MOF with 5 wt.% Cu loading, exhibited superior CO conversion performance (T100 = 100 ◦C) in
comparison to other irregular-shaped catalysts, due to the good interfacial contact, which resulted in the
abundance of Cu+ active species and oxygen vacancies [191]. Very recently, triple-shelled CuOx/CeO2

hollow nanospheres were synthesized by MOFs, exhibiting high CO conversion performance
(T100 = 130 ◦C) [243]. This was mainly ascribed to the porous structure of the triple-shelled morphology,
offering an enhanced synergistic interaction between copper and ceria [243].

Table 1 summarizes, at a glance, indicative attempts followed to adjust the interfacial properties
and in turn, the CO oxidation performance of CuOx/CeO2 binary oxides. It is evident that extremely
active composites can be obtained by adjusting the shape, size and electronic/chemical state by
means of appropriate synthetic and/or promotional routes. It is of worth pointing out the superiority
of finely-tuned CuOx/CeO2 samples as compared to noble metal-based catalysts, offering unique
opportunities towards the rational design of highly active metal oxide catalysts. Moreover, as
further guidance, it would be of particular importance to explore the combining effect of different
adjusted parameters (e.g., CuOx/CeO2 nanorods co-doped with main-group elements) towards
further optimization.

26



C
at

al
ys

ts
20

20
,1

0,
16

0

Ta
bl

e
1.

In
di

ca
ti

ve
st

ud
ie

s
to

w
ar

ds
ad

ju
st

in
g

th
e

C
O

ox
id

at
io

n
pe

rf
or

m
an

ce
of

C
uO

x/
C

eO
2

ox
id

es
.

R
ea

ct
io

n
C

on
di

ti
on

s
A

dj
us

te
d

Pa
ra

m
et

er
(E

m
pl

oy
ed

M
et

ho
d)

O
pt

im
um

Sy
st

em
T

50
(◦

C
)

R
ef

er
en

ce

0.
2%

C
O

+
1.

0%
O

2;
W

H
SV

=
75

,0
00

m
L

g−
1

h−
1 ;

G
H

SV
=

39
,0

00
h−

1

sh
ap

e/
si

ze
(h

yd
ro

th
er

m
al

sy
nt

he
si

s)
8.

5
w

t.%
C

u/
C

eO
2-

na
no

ro
ds

72
[1

15
]

1.
0%

C
O

+
15

.0
%

O
2;

W
H

SV
=

72
00

m
L

g−
1

h−
1

sh
ap

e/
si

ze
(h

yd
ro

th
er

m
al

sy
nt

he
si

s)
15

w
t.%

C
u/

C
eO

2-
na

no
ro

ds
C

eO
2

(1
5

nm
),

C
uO

(6
.0

nm
)

50
[2

10
]

1.
0%

C
O

+
20

.0
%

O
2;

W
H

SV
=

80
,0

00
m

L
g−

1
h−

1
sh

ap
e/

si
ze

(a
lc

ot
he

rm
al

m
et

ho
d)

1.
0

w
t.%

C
u/

C
eO

2-
na

no
sp

he
re

s
(~

13
0–

15
0

nm
sp

he
re

s
co

m
pr

is
ed

of
2–

5
nm

na
no

pa
rt

ic
le

s)
85

[1
24

]

1.
0%

C
O

+
2.

5%
O

2;
W

H
SV

=
78

,0
00

m
L

g−
1

h−
1

si
ze

/s
tr

uc
tu

re
(s

ol
ut

io
n-

ba
se

d
py

ro
ly

si
s

of
he

te
ro

bi
m

et
al

lic
Sc

hi
ff

co
m

pl
ex

es
)

C
u 0

.1
C

e 0
.9

O
2-

x
m

on
od

is
pe

rs
e

na
no

pa
rt

ic
le

s
(~

3.
0

nm
)

15
0

[2
36

]

1.
0%

C
O

+
10

.0
%

O
2;

W
H

SV
=

60
,0

00
m

L
g−

1
h−

1
si

ze
/s

tr
uc

tu
re

(t
he

rm
ol

yt
ic

de
co

m
po

si
ti

on
in

th
e

pr
es

en
ce

of
ca

pp
in

g
ag

en
t)

9.
0

at
.%

C
u/

C
eO

2
C

eO
2

(3
.3

nm
)

85
[2

11
]

1.
0%

C
O

,a
ir

ba
la

nc
e;

W
H

SV
=

30
,0

00
m

L
g−

1
h−

1
si

ze
/s

tr
uc

tu
re

(h
yd

ro
th

er
m

al
tr

ea
tm

en
t)

C
u/

C
eO

2-
na

no
sp

he
re

s
(C

u/
(C

u+
C

e)
=

0.
33

,s
ph

er
ic

al
pa

rt
ic

le
s

of
30

0–
40

0
nm

di
am

et
er

co
m

po
se

d
of

na
no

pa
rt

ic
le

s
of

ca
.1

0
nm

)
70

[2
12

]

0.
24

%
C

O
+

15
.0

%
O

2;
W

H
SV

=
60

,0
00

m
L

g−
1

h−
1

si
ze

/s
tr

uc
tu

re
(h

ar
d

te
m

pl
at

e
m

et
ho

d)
10

m
ol

.%
C

u/
C

eO
2-

m
ic

ro
sp

he
re

s
15

0
[1

23
]

1.
0%

C
O

,a
ir

ba
la

nc
e;

W
H

SV
=

10
,0

00
m

L
g−

1
h−

1
si

ze
/s

tr
uc

tu
re

(h
ar

d
te

m
pl

at
e

m
et

ho
d)

th
re

e-
di

m
en

si
on

al
(3

D
)

C
u/

C
eO

2
((

C
u/

C
u+

C
e)

=
0.

2)
34

[2
13

]

1.
0%

C
O

+
21

.0
%

O
2;

W
H

SV
=

60
,0

00
m

L·g
−1
·h−

1
sh

ap
e

(t
he

rm
al

an
ne

al
in

g
of

C
eM

O
F

pr
ec

ur
so

rs
)

8.
0

w
t.%

C
u/

C
eO

2-
tr

ip
le

-s
he

lle
d

ho
llo

w
na

no
sp

he
re

s
11

0
[2

43
]

1.
0%

C
O

,a
ir

ba
la

nc
e;

W
H

SV
=

52
,0

00
m

L
g−

1
h−

1
el

ec
tr

on
ic

/c
he

m
ic

al
st

at
e

(d
op

in
g

by
ur

ea
co

m
bu

st
io

n
m

et
ho

d)
5.

0
w

t.%
C

u/
C

e 0
.9

M
n 0

.1
O

2
12

0
[2

39
]

2.
4%

C
O

+
1.

2%
O

2;
W

H
SV

=
32

,0
00

m
L

g−
1

h−
1

el
ec

tr
on

ic
/c

he
m

ic
al

st
at

e
(d

op
in

g
by

co
m

bu
st

io
n

m
et

ho
d)

6.
0

w
t.%

C
u/

C
e 0

.7
Sn

0.
3O

2
80

[2
40

]

1.
0%

C
O

+
20

.0
%

O
2;

W
H

SV
=

60
,0

00
m

L
g−

1
h−

1
el

ec
tr

on
ic

/c
he

m
ic

al
st

at
e

(d
op

in
g

by
w

et
ne

ss
co

-i
m

pr
eg

na
ti

on
m

et
ho

d)
In

2O
3-

C
uO

x/
C

eO
2

1.
25

w
t.%

In
,5

.0
w

t.%
C

u
73

[2
41

]

1.
0%

C
O

+
1.

0%
O

2;
G

H
SV

=
96

00
h−

1
-

1.
0

w
t.%

Pt
/C

eO
2

70
[2

44
]

1.
0%

C
O

+
20

.0
%

O
2;

W
H

SV
=

60
,0

00
m

L
g−

1
h−

1
-

3.
0

w
t.%

Pd
/C

eO
2

12
0

[2
41

]

0.
95

%
C

O
+

1.
75

%
O

2;
W

H
SV

=
12

,0
00

m
L

g−
1

h−
1

-
0.

2
w

t.%
Pd

/C
eO

2
18

0
[2

45
]

W
H

SV
:W

ei
gh

th
ou

rl
y

sp
ac

e
ve

lo
ci

ty
[=

]m
L

g−
1

h−
1 ;G

H
SV

:G
as

ho
ur

ly
sp

ac
e

ve
lo

ci
ty

[=
]h
−1

.

27



Catalysts 2020, 10, 160

3.2. N2O Decomposition

Nitrous oxide (N2O) has been lately recognized as one of the most potent greenhouse gases and
ozone depleting substances [246]. In view of this fact, the catalytic abatement of N2O has received
particular attention as one of the most promising remediation methods. Although noble metals
exhibit satisfactory activity, their high cost and sensitivity to various substances (e.g., O2, H2O) hinder
widespread applications. Hence, as previously stated, noble metal-free composites have gained
particular attention as potential candidates. The recent advances in the field of N2O decomposition
over metal oxides have been recently reviewed by Konsolakis [246]. It was clearly revealed that MOs
could be effectively applied for N2O decomposition, demonstrating comparable or even better catalytic
performance compared to NMs-based catalysts. More interestingly, and in line with the aim and scope
of the present article, it was shown that very active and stable MOs could be obtained by adjusting
their size, shape and electronic state through appropriate synthesis and promotional routes [246].

Herein, we shortly present the main approaches lately followed to improve the deN2O performance
of MOs, exemplified by the CuOx/CeO2 system. Table 2 presents indicative studies towards this
direction, involving our recent advances in the field [215,247]. It is of worth noticing the comparable
or even superior deN2O performance of finely-tuned CuOx/CeO2 samples as compared to noble
metal-based catalysts (Table 2).

Recently, we explored the impact of synthesis procedure (impregnation, co-precipitation and
exotemplating methods) on the deN2O performance of CuOx/CeO2 mixed oxides [247]. Co-precipitation
method resulted in the optimum performance, offering complete N2O conversion at ca. 550 ◦C. On the
basis of characterization results (XPS, TPR, micro-Raman), the superiority of precipitated samples was
ascribed to their enhanced reducibility and the facilitation of Ce4+/Ce3+ and Cu2+/Cu+ redox cycles.
In an attempt to further improve the deN2O performance of CuOx/CeO2 samples, very recently, we
explored the potential to further adjust the local surface chemistry and metal-support interactions by
means of electronic (alkali) promotion. Notably, the results showed that by co-adjusting the synthesis
procedure and the electronic state, highly active deN2O catalysts could be obtained; the sample with a
Cs content of 1.0 at Cs/nm2 offers a half-conversion temperature (T50) about 200 ◦C lower as compared
to the commercial sample (Figure 14) [215]. The superiority of Cs-doped samples was ascribed to the
electronic effect of alkali doping towards stabilizing partially reduced Cu+/Ce3+ pairs, which play a
pivotal role in the deN2O process [215,246].
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Figure 14. Optimization of deN2O performance of CuOx/CeO2 mixed oxides by co-adjusting synthesis 
parameters (co-precipitation method) and electronic state (alkali addition). For comparison, the 
corresponding performance of CuOx supported on commercial ceria is included. Reaction conditions: 
0.1% N2O balanced with He; WHSV = 90,000 mL g−1 h−1 [215]. 

The effect of ceria morphology (nanorods, nanocubes, nanopolyhedra) on the deN2O 
performance of CuOx/CeO2 composites was extensively investigated by Pintar and co-workers [146]. 
Copper clusters located on {100} and {110} planes—preferentially exposed on ceria nanorods—exhibit 
a normalized activity ca. 20% higher compared to {111} planes of polyhedra (Figure 15). In terms of 
conversion performance, the 4.0 wt.% CuOx/Ceria-nanorods exhibited a half-conversion temperature 
(T50) of about 430 °C compared to 440 °C and 470 °C of nanopolyhedra and nanocubes, respectively. 
On the basis of a thorough characterization study, it was disclosed that the oxygen mobility and the 
regeneration of active Cu phase are easier on ceria nanorods, which in turn, facilitates the deN2O 
activity through oxygen desorption and replenishment of active sites [146]. In a similar manner, CuOx 
supported on CeO2 nanospheres exhibited high deN2O performance (T50 = 380 °C, Table 2), ascribed 
mainly to the high population of CuOx clusters on the high surface area CeO2 nanospheres [205]. 
These findings clearly demonstrate the significant advances that can be achieved in the deN2O 
process by engineering the size and shape of metal oxide composites. 

Figure 14. Optimization of deN2O performance of CuOx/CeO2 mixed oxides by co-adjusting synthesis
parameters (co-precipitation method) and electronic state (alkali addition). For comparison, the
corresponding performance of CuOx supported on commercial ceria is included. Reaction conditions:
0.1% N2O balanced with He; WHSV = 90,000 mL g−1 h−1 [215].

The effect of ceria morphology (nanorods, nanocubes, nanopolyhedra) on the deN2O performance
of CuOx/CeO2 composites was extensively investigated by Pintar and co-workers [146]. Copper clusters
located on {100} and {110} planes—preferentially exposed on ceria nanorods—exhibit a normalized
activity ca. 20% higher compared to {111} planes of polyhedra (Figure 15). In terms of conversion
performance, the 4.0 wt.% CuOx/Ceria-nanorods exhibited a half-conversion temperature (T50) of about
430 ◦C compared to 440 ◦C and 470 ◦C of nanopolyhedra and nanocubes, respectively. On the basis of
a thorough characterization study, it was disclosed that the oxygen mobility and the regeneration of
active Cu phase are easier on ceria nanorods, which in turn, facilitates the deN2O activity through
oxygen desorption and replenishment of active sites [146]. In a similar manner, CuOx supported on
CeO2 nanospheres exhibited high deN2O performance (T50 = 380 ◦C, Table 2), ascribed mainly to the
high population of CuOx clusters on the high surface area CeO2 nanospheres [205]. These findings
clearly demonstrate the significant advances that can be achieved in the deN2O process by engineering
the size and shape of metal oxide composites.
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Figure 15. The activity of nanoshaped CuOx/CeO2 catalysts measured at T = 375 °C. Adapted from 
Reference [146]. Copyright© 2015, American Chemical Society. 
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The copper-ceria binary oxides are amongst the most widely investigated catalytic systems in 
the preferential oxidation of carbon monoxide (CO-PROX), a reaction used for the production of 
highly purified hydrogen and the removal of CO. CuOx/CeO2 catalysts have gained particular 
attention in CO-PROX process, due to their superior performance, which is mainly ascribed to the 
peculiar properties of copper-ceria interface [40]. 

In the light of the above-mentioned size, shape and electronic/chemical effects, numerous efforts 
have been put forward towards optimizing the CO-PROX performance. Indicative approaches 
followed to fine-tune the CO-PROX performance are summarized in Table 3, and further discussed 
below. 
  

Figure 15. The activity of nanoshaped CuOx/CeO2 catalysts measured at T = 375 ◦C. Adapted from
Reference [146]. Copyright© 2015, American Chemical Society.

3.3. Preferential Oxidation of CO (CO-PROX)

The copper-ceria binary oxides are amongst the most widely investigated catalytic systems in the
preferential oxidation of carbon monoxide (CO-PROX), a reaction used for the production of highly
purified hydrogen and the removal of CO. CuOx/CeO2 catalysts have gained particular attention
in CO-PROX process, due to their superior performance, which is mainly ascribed to the peculiar
properties of copper-ceria interface [40].

In the light of the above-mentioned size, shape and electronic/chemical effects, numerous efforts
have been put forward towards optimizing the CO-PROX performance. Indicative approaches followed
to fine-tune the CO-PROX performance are summarized in Table 3, and further discussed below.
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Several copper-ceria catalytic systems of various copper loadings have been synthesized by different
methods, with the optimum Cu loading varying between 5 and 10 wt.% [250,252–254,265]. A further
increase in Cu content from 10 to 15 wt.% has been reported to reduce the catalytic activity, due to the
large CuOx agglomerates on the catalyst surface [252]. It was revealed, by means of both ex situ and in
situ characterization studies, that the desired CO oxidation process is related to partially reduced Cu+

species, whereas, highly reduced copper species not strongly associated with CeO2 favor the undesired
H2 oxidation [40,250,265–267]. In view of this fact, extensive research efforts have been put forward to
control the two competitive oxidation processes by appropriately adjusting the geometric and electronic
interactions between copper and ceria through the above-described fine-tuning approaches.

Regarding the shape effect, different copper-ceria nanostructures (rods, cubes, spheres, octahedra,
spindle or multi-shelled morphologies) have been synthesized and studied for the CO-PROX reaction.
It was revealed that the shape-controlled synthesis of ceria nanoparticles has a profound influence
on the CO-PROX activity and selectivity. In particular, it was found that rod-shaped and polyhedral
copper-ceria systems exhibited higher CO conversion performance (T50 = 68 ◦C) at low-temperatures,
as compared to plates (T50 = 71 ◦C) and cubes (T50 = 89 ◦C) [157]. The latter was mainly attributed
to the smaller CuOx clusters subjected to a strong interaction with the ceria carrier, which, in turn,
facilitates the formation of Cu+ sites and oxygen vacancies [157]. More importantly, a close relationship
between measurable physicochemical parameters, such as the amount of Cu+ species and the A584/A454

Raman ratio (related to oxygen vacancies) with the catalytic performance was obtained (Figure 16); rod-
and polyhedral-shaped samples exhibited the highest values on Cu+ species and oxygen vacancies,
demonstrating, also, the optimum CO-PROX performance [157].

Catalysts 2019, 9, x FOR PEER REVIEW 29 of 57 

Several copper-ceria catalytic systems of various copper loadings have been synthesized by 
different methods, with the optimum Cu loading varying between 5 and 10 wt.% [250,252–254,265]. 
A further increase in Cu content from 10 to 15 wt.% has been reported to reduce the catalytic activity, 
due to the large CuOx agglomerates on the catalyst surface [252]. It was revealed, by means of both 
ex situ and in situ characterization studies, that the desired CO oxidation process is related to partially 
reduced Cu+ species, whereas, highly reduced copper species not strongly associated with CeO2 favor 
the undesired H2 oxidation [40,250,265–267]. In view of this fact, extensive research efforts have been 
put forward to control the two competitive oxidation processes by appropriately adjusting the 
geometric and electronic interactions between copper and ceria through the above-described fine-
tuning approaches. 

Regarding the shape effect, different copper-ceria nanostructures (rods, cubes, spheres, 
octahedra, spindle or multi-shelled morphologies) have been synthesized and studied for the CO-
PROX reaction. It was revealed that the shape-controlled synthesis of ceria nanoparticles has a 
profound influence on the CO-PROX activity and selectivity. In particular, it was found that rod-
shaped and polyhedral copper-ceria systems exhibited higher CO conversion performance (T50 = 68 
°C) at low-temperatures, as compared to plates (T50 = 71 °C) and cubes (T50 = 89 °C) [157]. The latter 
was mainly attributed to the smaller CuOx clusters subjected to a strong interaction with the ceria 
carrier, which, in turn, facilitates the formation of Cu+ sites and oxygen vacancies [157]. More 
importantly, a close relationship between measurable physicochemical parameters, such as the 
amount of Cu+ species and the A584/A454 Raman ratio (related to oxygen vacancies) with the catalytic 
performance was obtained (Figure 16); rod- and polyhedral-shaped samples exhibited the highest 
values on Cu+ species and oxygen vacancies, demonstrating, also, the optimum CO-PROX 
performance [157]. 

 

Figure 16. (a) TOF (60 ◦C)/T50% values versus Cu+ content and (b) TOF (60 ◦C)/T50% values versus
A584/A454 ratios for CuO/CeO2 catalysts with different morphologies. Adapted from Reference [157].
Copyright© 2016, Royal Society of Chemistry.

33



Catalysts 2020, 10, 160

In this point, it should be mentioned that in relation to which ceria shape is the most active or
selective for the CO-PROX process, inconclusive results are acquired, due to the different reaction
conditions applied (see Table 3) in conjunction to the complexity of CO-PROX process, which is
affected to a different extent by the various interrelated parameters (e.g., reducibility, metal dispersion,
oxygen vacancies, oxidation state, metal-support interactions). Under this perspective, it was
reported that copper-ceria nanocubes exhibited higher CO2 selectivity than copper-ceria nanorods or
nanospheres, due to the difficulty of nanocubes to fully reduce the copper oxide species under CO-PROX
conditions [133,268], while, at the same time, exhibiting lower CO conversion than nanorods [268]
and nanospheres [133]. In a similar manner, CuOx/CeO2 spheres and spindles, exposing {111} and
{002} facets, showed the highest CO conversion (T50 = 69 and 74 ◦C, respectively), as well as a wide
temperature window for total CO conversion (95–195 ◦C for spheres and 115–215 ◦C for spindles),
in comparison with octahedrons, cubes and rods [116]. Interestingly, in different shaped ceria
nanostructures, a close relationship is found between the concentration of oxygen vacancies and the
amount of reduced copper species (Figure 17), clearly revealing the key role of exposed facets towards
adjusting the catalytic performance. These findings were further substantiated by DFT calculations
(Figure 18), showing the high population of oxygen vacancies at the intersection of {111} and {002}
facets in opposition to CeO2 {111} surface [116].
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In an attempt to optimize the CO-PROX performance through size and shape engineering single-
and multi-shelled copper-ceria hollow microspheres were synthesized [260,269]. By tuning the number
of shells, the catalytic activity was notably improved, with the triple-shelled structure (Figure 19)
exhibiting the highest activity and selectivity (100% CO conversion and 91% CO2 selectivity at 95 ◦C),
as well as a wide temperature window for complete CO conversion (95–195 ◦C) [260]. The increase
in the number of shells enhances the electronic and geometric interaction between copper and ceria,
offering a high population of exposed active sites and an increased space inside the catalyst which
facilitates reactants accessibility [260].
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Taking into account the pivotal role of nanoparticles crystallite size/shape and their consequent
effect on metal-support interactions, different preparation routes have been investigated for the
synthesis of copper-ceria composites, such as the hydrothermal method, the template-assisted method,
the solid-state preparation method, sol-gel, co-precipitation, freeze-drying, deposition-precipitation,
etc. [250,251,253–255,257,262,270]. For instance, template-assisted synthesis resulted in small ceria
crystallite sizes (ca. 5.6 nm), and thus, in a high population of copper-ceria interfacial sites with
implications in Cu oxidation state and CO-PROX activity [257]. Moreover, the precursor compounds
or the template agent used during the synthesis procedure can affect the pore size and volume or
the reducibility of the materials [255,271]. Interestingly, ethanol washing during the preparation of
CuOx/CeO2 oxides leads to decreased particle sizes, as it affects the dehydration process between
precursors particles, resulting in decreased adsorbed water and improved dispersion [272]. Very
recently, a novel ultrasound-assisted precipitation method was employed to adjust the defective
structure of CeO2 and in turn, the CO-RPOX activity [273]. By means of characterization techniques
and theoretical calculations, it was shown that only two-electron defects on ceria surface (i.e., defects
adsorbing oxygen to form peroxides instead of superoxide species which are formed on one-electron
defects) were responsible for the formation of Cu+ and Ce3+ species, which were intimately involved
in the CO adsorption and oxygen activation processes [273]. In particular, the adsorption of O2 on
two-electron defects resulted in peroxides formation, followed by Cu ions incorporation towards
the development of Cu-O-Ce structure. Meanwhile, the two additional electrons in the two-electron
defects facilitate the electronic re-dispersion in Cu-O-Ce structure, leading to the creation of Cu+ (CO
adsorption sites) and Ce3+ (oxygen activation sites).

Another approach in the direction of catalysts functionalization that has attracted considerable
attention in recent years is the preparation of inverse catalytic systems. In particular, the co-existence
of Cu+ and Cu2+ ions was observed in star-shaped inverse CeO2/CuOx catalysts which exhibited
high catalytic activity [274]. Moreover, the alteration of Ce/Cu molar ratio and/or the pH value in
the inverse CeO2/CuOx catalysts notably affects the morphology and the particle size, which in turn,
favor the contact interface between ceria and copper, and thus, the CO oxidation at the expense of
H2 oxidation in PROX process [44]. In addition, a multi-step synthetic approach has been applied
for a high concentration of oxygen vacancies to be successfully anchored at the interfaces of the
inverse CeO2/CuOx system, leading to outstanding CO-PROX activity (~100% CO conversion at a
wide temperature window 120–210 ◦C) and adequate stability [275].
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The doping effect on the CO-PROX performance has also been studied in the inverse copper-ceria
catalysts [276,277]. It was reported that doping ceria with transition metals (e.g., Fe, Co, Ni) induces
changes in the ceria lattice and in the formation of oxygen vacancies [276]. The doping element affects
the reducibility of the CeO2/CuOx catalysts, while promoting the formation of Ce3+ ions and oxygen
vacancies, with the NiO-doped CeO2/CuOx catalyst exhibiting the highest activity (T50 = 68 ◦C) and
the widest temperature window for total CO conversion (115–155 ◦C) [276]. In the inverse copper-ceria
catalysts, it has also been found that the presence of Zn improves the CO-PROX performance, as it has
the ability to hinder the CuO reduction to highly reduced copper sites which provide the active sites
for the H2 oxidation [277].

By applying appropriate pretreatment protocols, the CO-PROX performance may also be greatly
affected. In particular, the pretreatment of copper-ceria catalysts in an oxidative or reductive atmosphere
affects the amount and dispersion of the active species, and consequently, the catalytic performance [262].
The pretreatment with hydrogen led to a breakage of the Cu-[Ox]-Ce structure, which resulted in enhanced
catalytic performance, indicating the significance of the highly dispersed CuOx clusters in the CO-PROX
process [262]. Furthermore, the pretreatment in an acidic or a basic environment affects the interaction
between the two oxide phases. For instance, the pretreatment of ceria spheres in a basic solvent (2M
NaOH), followed by etching in an ionic liquid for the acquisition of ceria nanocubes, resulted in the best
catalytic activity at temperatures lower than 150 ◦C, due to the strong interaction between the highly
dispersed CuOx clusters and ceria support [263]. An acidic treatment with nitric acid in nanorod-shaped
CuOx/CeO2 catalysts has also been performed by Avgouropoulos and co-workers [264]. It was found that
a highly acidic environment (pH < 4) led to an enrichment of catalysts surface in Cu+ species and to high
concentrations of oxygen vacancies and Ce3+ species, while facilitating the formation of surface hydroxyls
that are considered responsible for controlling the interfacial interactions in the copper-ceria binary
system [264]. All the above-mentioned characteristics in conjunction with the better copper dispersion
and the improved reducibility of the highly acidic catalysts resulted in enhanced catalytic performance
(T50 ' 84 ◦C) [264]. The same group has also investigated the pretreatment effect of employing ammonia
solutions in copper-ceria nanorods [278]. It was revealed that the textural and structural properties of
the modified catalysts remained almost unaffected after treatment, whereas, increasing the Cu:NH3 ratio
to 1:4 resulted in higher reducibility and gave rise to Cu+ and surface lattice oxygen species, leading,
thus, to improved catalytic performance [278]. As shown in Figure 20, close relationships between the
half-conversion temperature (T50) and the main Raman peak shift or the concentration of Ce3+ and oxygen
vacancies were observed [278].
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Another adjusted parameter that can exert a profound influence on the catalytic performance is
the electronic promotion mainly induced by alkali modifiers, as it may affect the chemisorption ability
of active sites, as well as the copper-ceria interactions. In that context, it was found that the presence of
K+ ions in CuOx/CeO2 catalysts has a beneficial effect on CO-PROX process in the presence of both
CO2 and H2O, since a proper K+ content was proved to alleviate the CO2 and H2O adsorption on the
reaction sites and thus, enhancing the catalytic performance [279]. Potassium has also been found to
stabilize Cu+ active species by affecting Cu-Ce interactions [280].

An additional engineering approach towards enhancing the CO-PROX reactivity of CuOx/CeO2

oxides involves the employment of chemical substances of specific architecture and textural properties,
such as the carbon-based materials (rGO, CNTs, etc.). These materials favor the dispersion of copper
and ceria, while affecting the reducibility and the population of oxygen vacancies, thus, resulting in
enhanced catalytic performance at low-temperatures [256,281–284]. As for example, the introduction
of rGO resulted in abundant Ce3+ species and oxygen vacancies, offering high catalytic activity at
temperatures below 135 ◦C and good resistance to CO2 and H2O [283].

Interestingly, by combining electronic (alkali promotion) and chemical modification (carbon
nanotubes), highly active multifunctional composites can be obtained. In copper-ceria catalysts
supported on carbon nanotubes (CNTs) with a specific alkali/Cu atomic ratio, i.e., 0.68, the nature
of the alkali metal (Li, Na, K, Cs) has been shown to affect the dispersion of ceria over CNTs and
the copper-ceria interaction [261]. K-promoted CuOx/CeO2 oxides combined with CNTs exhibited
high catalytic activity (T50 ' 109 ◦C as compared to 175 ◦C of un-promoted catalyst), attributed to the
K-induced modification on redox/electronic properties [261].

3.4. Water-Gas Shift Reaction (WGSR)

The water-gas shift reaction (WGSR) plays a key role in the production of pure hydrogen, through
the chemical equilibrium: CO + H2O↔ CO2 + H2. Among the different catalytic systems, copper-ceria
oxides have gained particular attention, due to their low cost and adequate catalytic performance.
Moreover, significant efforts have been put forward towards optimizing the low-temperature WGS
activity by means of the above discussed methodologies. Regarding CuOx/CeO2 catalyzed WGSR, two
main reaction mechanisms have been proposed, namely, the redox and the associative mechanism.
The first one involves the oxidation of adsorbed CO by oxygen originated by H2O dissociation.
The second one involves the reaction of CO with surface hydroxyl groups towards the formation and
subsequent decomposition of various intermediate species, such as formates [161,285].

A thorough study concerning the nature of active species and the role of copper-ceria interface for
the low-temperature WGSR has been recently performed by Chen et al. [285]. It was revealed that the
activity of copper-ceria catalysts is intrinsically related with the Cu+ species present at the interfacial
perimeter, with the CO molecule being adsorbed on the Cu+ sites, while water being dissociatively
activated on the oxygen vacancies of ceria [285,286]. In a similar manner, Flytzani-Stephanopoulos
and co-workers [287] have earlier shown that strongly bound Cu-[Ox]-Ce species, probably associated
with oxygen vacancies of ceria, are the active species for the low-temperature WGSR, whereas, the
weakly bound copper oxide clusters and CuOx nanoparticles act as spectators.

Although the distinct role of copper and ceria and their interaction is not well determined, it is
generally accepted that the activation of H2O, linked to copper-ceria interface and oxygen vacancies, is
the rate-determining step [285]. Therefore, particular attention has been paid to modulate the interfacial
reactivity via the above discussed adjusting approaches. Indicative studies towards modulating the
WGSR performance are summarized in Table 4, and further discussed below.
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The preparation method can affect various characteristics, such as the specific surface area, the total
pore volume, the dispersion of the active phase or the crystallite size [206,291]. For instance, copper-ceria
catalyst prepared by a hard template method showed higher WGSR activity as compared to the one
prepared by co-precipitation (62 vs. 54% CO conversion at 450 ◦C), due to its larger surface area and
higher CuOx dispersion, while they both exhibited a similar amount of acidic surface sites [291]. Among
CuOx/CeO2 catalysts synthesized by different precipitation methods, the catalysts prepared by stepwise
precipitation showed the highest CO conversion, due to their higher reducibility and oxygen defects [208].
Precipitation was also found to give catalysts with higher WGSR activity, namely, 91.7% CO conversion at
200 ◦C, in comparison with the hydrothermal (82%) or sol-gel methods (64.5%), due to their abundance in
oxygen vacancies, associated with the small CuOx crystals and large pore volume [206].

The precipitating agent used could also exert a significant impact on the physicochemical properties of
CuOx/CeO2 catalysts, with the great implication in the catalytic behavior [207,292]. By employing ammonia
water instead of ammonium and potassium carbonate, the WGSR activity is notably enhanced (91.7% CO
conversion at 200 ◦C in contrast to 78.3% and 46.2%, respectively), due to the better dispersion of copper
species and the stronger copper-ceria interactions [207]. Moreover, the copper precursor compound (nitrate
or ammonium ions) and the preparation temperature can notably affect the WGSR activity [292].

Recently, it was found that the dispersion of differently formed copper structures (particles,
clusters, layers) on ceria of rod-like morphology is dependent on copper loading, with low copper
loadings (1–15 mol.%) exhibiting monolayers and/or bilayers of copper, while a further increase in
copper loading up to 28 mol.% results in faceted copper particles and multi-layers of copper [286].
At copper loadings up to 15 mol.%, a linear relationship between the CO conversion and the copper
content was observed (Figure 21), indicating that the number of the active interfacial sites (Cu+-Vo-Ce3+)
is significantly increased along with Cu content up to 15 mol.% [286].
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The morphological features of both copper and ceria counterparts notably affect the WGSR activity.
In a comprehensive study by Zhang et al. [293], it was reported that Cu cubes exhibit high WGSR
activity in contrast to Cu octahedra with the Cu–Cu suboxide (CuxO, x ≥ 10) interface of Cu(100)
surface being the active sites. In a similar manner, it was shown that ceria nanoshapes (rods, cubes,
octahedra) exhibit different behavior during interaction with CO and H2O, due to their diverse defect
chemistry [294]. Upon CO exposure, ceria nanocubes, exposing {100} planes, favor the formation of
oxygen defects at the expense of the existing anti-Frenkel defects, while in nanorods and nanooctahedra
(exposing mainly {111} planes) both types of defects are formed [294]. By combining Raman and
FTIR results, it was revealed that H2-reduced ceria rods and octahedra could be further reduced in
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CO, resulting in the formation of both defects. In contrast, cubes cannot be further reduced by CO;
thus, oxygen is available to form carbonates and bicarbonates by converting Frenkel defects to oxygen
vacancies [294]. These findings clearly revealed the key role of both copper and ceria nanoshape
on the defect chemistry of individual counterparts. It should be noted, however, that in the binary
copper-ceria system, where multifaceted interactions are taking place, the relationships between shape
effects and catalytic activity can be rather complex, leading to inconsistent conclusions [119,136,159].

Very recently, Yan et al. [288] reported on a novel structural design approach towards optimizing
the WGS activity of CuOx/CeO2 system. In particular, inverse copper-ceria catalysts of high efficiency
were developed through the fabrication of highly stable bulk-nano interfaces under reaction conditions.
Nano-sized ceria particles (2–3 nm) were stabilized on bulk copper resulting in abundant ceria-copper
interfaces [288]. This inverse catalyst showed outstanding WGS conversion (T100 = 350 ◦C), due
to the high amount of interfacial sites and the strong copper-ceria interaction, which facilitated the
dissociation of water and the oxidation of CO [288].

The doping approach has also been employed to enhance the WGSR activity of CuOx/CeO2

system [209,295]. For instance, copper-ceria catalysts doped with 2 wt.% yttrium have shown excellent
WGSR activity and high thermal stability, as yttrium favored the oxygen vacancy formation on
ceria [209]. Recently, Wang et al. [295] performed DFT calculations in order to theoretically investigate
the alkali effect on the WGSR activity of Cu(111) and Cu(110) surfaces. It was found that potassium
enhances the WGSR activity as it favors the dissociation of H2O and induces stronger promotion on the
(111) surface. With regard to other alkali metals (Na, Rb, Cs), the promoting effect on the dissociation
of water differentiates with their electronegativities which induce changes in the work function, i.e., the
lower the work function, the stronger the promoting effect of the alkali [295].

Finally, the WGSR activity and the sintering resistance of the CuOx/CeO2 catalysts can be
further enhanced by improving the metal-support interactions through appropriate pretreatment
protocols [290,296]. As for example, the treatment of CuOx/CeO2 catalyst in a gas mixture of 20CO2/2H2

led to highly active catalysts, due to the electron enrichment of copper atoms via electronic metal-support
interactions [290]. Moreover, ceria pretreatment in different atmosphere (air, vacuum or H2) affected
the WGSR performance of CuOx/CeO2 catalysts, with the H2-pretreated samples exhibiting the highest
conversion performance, due to the strong synergism between the two oxide phases, the small CuOx

particle size, and the high concentration in oxygen vacancies [296].

3.5. CO2 Hydrogenation

The hydrogenation of carbon dioxide to value-added chemicals, such as methanol, has received
considerable attention, in terms of environmental protection and sustainable energy. The significant
role of copper-ceria interfacial sites in the CO2 hydrogenation process has been confirmed by both
theoretical and experimental studies [40,297,298]. In particular, metal-oxide interface plays a key role
in CO2 hydrogenation process, as it could provide the active sites for reactants adsorption, while these
interfacial sites may stabilize the key intermediates [299]. In view of this fact, copper-ceria catalysts have
shown higher selectivity in methanol than their zirconia-supported counterparts, as the copper-ceria
interface favored the dispersion of copper and the oxygen vacancy formation, while the interaction
between copper and ceria led to a decrease in copper particle size [300]. The interfaces between the
defective CeO2-x and the highly dispersed Cu+/Cu0 species are considered the active sites for methanol
synthesis in the case of CuOx/CeO2 system [301]. Furthermore, the different metal-support interactions
between the two catalysts resulted in different reaction intermediates, namely, carbonates for the
CuOx/CeO2 catalysts and bicarbonates for the zirconia-supported ones, thus, resulting in different
selectivity, with the copper-zirconia composites being highly selective in CO [300].

In view of the above aspects, the fine-tuning of the metal-support interface could lead to highly
active and selective catalysts. Indicative studies towards adjusting the CO2 conversion to methanol
under similar reaction conditions are summarized in Table 5, and further discussed below.
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The activity and selectivity of the CuOx/CeO2 catalysts for methanol synthesis are greatly affected
by the support morphology. Copper-ceria nanorods exposing {100} and {110} crystal planes exhibited
the highest methanol yield (Table 5) as compared to nanocubes and nanoparticles, due to the strong
interaction between the two oxide phases and the high copper dispersion [131]. Copper-ceria nanorods
were also found to be more active than nanocubes, while exhibiting similar conversion performance
with the nanoparticles, for carbonate (diethyl) hydrogenation [147].

In a similar manner, CuOx/CeO2 catalysts led, mainly, to the production of CO at atmospheric
pressures through the RWGS reaction, with the nanorod-shaped catalyst exhibiting higher CO2

conversion (~50% at 450 ◦C) as compared to nanospheres (~40% at 450 ◦C), revealing the structure
dependence of the RWGS [137]. The active intermediates are preferably formed on the {110} ceria
exposed surface of the rod-like morphology, resulting in high catalytic performance [137].

Copper-ceria nanorods of various copper loadings were also investigated in the hydrogenation
of carbonate to methanol, with the catalysts of ca. 20 wt.% Cu content exhibiting superior catalytic
performance [306]. The copper content can significantly affect the mole fraction of Ce3+ and Cu+

species (Figure 22), and in turn, the methanol yield [306].
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In addition, a space-confined synthetic approach was applied for the synthesis of highly dispersed
copper-ceria catalysts for RWGS, offering 100% CO selectivity at 300 ◦C and ambient pressure [307].
The enhanced catalytic performance was ascribed to the abundance in interfaces formed among the
highly dispersed copper nanoparticles and the Ce3+ species, thus, favoring H2 spillover [307].

The controlled synthesis of multicomponent systems could also be an effective approach for highly
active and selective hydrogenation catalysts (e.g., [302–305,308]). For instance, the ternary composite
consisting of Cu, ZnO, CeOx, supported on SBA-15 exhibited high catalytic activity for methanol
synthesis (Table 5), due to the peculiar synergistic effects between the different counterparts [302].
Copper was considered to be the active site for hydrogen activation, while ZnO and CeOx oxides
facilitated the CO2 adsorption and hydrogen spillover on the interfacial sites [302]. In a similar
manner, the introduction of alumina to ceria carrier (Cu/AlCe) led to highly active composites (Table 5),
mainly ascribed to the high copper dispersion [303]. Interestingly, highly active and selective CO2

hydrogenation catalysts can be obtained by co-adjusting the composition, structure and shape, in line
with the fine-tuning methodology herein proposed (Figures 2 and 3). In this perspective, bimetallic
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composites (Cu-Ni) incorporated into ceria nanoparticles of specific morphology (e.g., nanotubes,
nanorods) could lead to highly active composites for the CO2 hydrogenation to methanol (Table 5).
The enhanced catalytic performance of Cu-Ni/CeO2 nanoshaped catalysts was mainly interpreted on
the basis of the synergistic interaction between Cu and Ni as well as of that between the ceria carrier
and Cu-Ni alloy [304,305]. Similarly, the bimetallic Cu-Fe/CeO2 catalyst has shown enhanced stability
in the high-temperature RWGS due mainly to the fact that iron oxide clusters (FeOx) highly dispersed
over ceria act as textural promoters [308]. Finally, copper nanocrystals encapsulated in Zr-based MOFs
demonstrated high activity and selectivity for CO2 hydrogenation to methanol, outperforming the
benchmark Cu/ZnO/Al2O3 catalyst [197].

4. Outlook and Challenges

In the present review, the copper-ceria binary system has been employed as a reference system to
reveal the different approaches that can be followed to modulate the local surface chemistry, and in
turn, the catalytic performance of metal oxides (MOs), by means of size, shape and electronic/chemical
functionalization. More importantly, the fine-tuning of the above-mentioned parameters can affect
not only the reactivity of metal sites in its own right, but also the interfacial activity (e.g., through the
formation of oxygen vacancies, facilitation of redox interplay between the different counterparts, etc.)
offering a synergistic contribution towards the development of NMs-free highly active and selective
composites for several energy and environmental applications.

For instance, the employment of appropriate synthetic routes, such as the hydrothermal method,
leads to the development of nanoparticles with specific morphologies, exposing distinct crystal facets
of different coordination environments, with great implications in catalysis. Moreover, particles
size/shape engineering strongly affects the interfacial reactivity through both geometric and electronic
interactions, offering metal oxide systems with the desired properties. In addition, special pretreatment
protocols or activation procedures can notably affect the metal dispersion and the population of oxygen
defects, with great consequences in the catalytic efficiency. In view of the above, the fine tuning of
metal oxides by combining bulk and nano effects or by adjusting the coordination environment could
lead to highly efficient catalysts.

Besides the modulation of local surface chemistry by means of size and shape engineering, the
electronic/chemical modification (e.g., alkali promotion, incorporation of rGO or g-C3N4, employment
of MOFs) can be adopted as an additional functionalization tool to regulate the electronic environment
and the oxygen exchange kinetics of MOs.

In view of the above aspects, highly active composites, with a comparable or even better
performance than that of NMs, have been developed for various processes, such as CO oxidation,
N2O decomposition, preferential oxidation of CO, among others. As for example, the combination of
precipitation method with alkali promotion can lead to highly active and oxygen-tolerant CuOx/CeO2

catalysts for N2O decomposition. On the other hand, the modulation of ceria support morphology
(nanorods) by the hydrothermal method resulted in CuOx/CeO2 composites with superior CO oxidation
performance, even better to that of Pt-based catalysts. More importantly, the co-adjustment of different
parameters (e.g., the shape of individual counterparts along with the electronic state of metal entities)
could lead not only to distinct reactivity of each counterpart, but also to different synergistic interactions,
offering mixed metal oxides of unique features. Hence, metal oxides appropriately adjusted by means
of suitable synthetic and electronic/chemical modification routes could provide the materials platform
for real-life energy and environmental applications.

Another approach towards the fine-tuning of metal oxides could be the employment of
computational studies (e.g., DFT calculations) prior to the synthesis of the catalysts, providing,
thus, the required feedback that would lead to the focused functionalization of specific parameters.
This combinatorial theoretical and experimental approach could result in specific composites with
predefined characteristics, while it would save precious time during experimental trials.
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Last, but not least, the conclusions drawn from the present survey can provide the design principles
for the development of low-loading NMs-based catalysts, paving the way for the decrease of noble
metals content in energy and environmental applications in which their use is inevitable. In any case,
the fundamental understanding of structure-property relationships is a prerequisite factor towards the
rational design of efficient and inexpensive catalytic composites.

Author Contributions: M.L. contributed to paper writing; M.K. contributed to the conception, design and writing
of the paper; All authors contributed to the discussion, read and approved the final version of the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research has been co-financed by the European Union and Greek national funds through the Operational
Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH–CREATE–INNOVATE
(project code: T1EDK-00094).

Acknowledgments: The authors would like to express their sincere gratitude to the anonymous reviewers for
their constructive remarks that greatly contributed to improving the content and the scientific impact of this
review article. The authors also would like to thank the editors for their efforts during the review process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yao, X.; Tang, C.; Gao, F.; Dong, L. Research progress on the catalytic elimination of atmospheric molecular
contaminants over supported metal-oxide catalysts. Catal. Sci. Technol. 2014, 4, 2814–2829. [CrossRef]

2. Melchionna, M.; Fornasiero, P. The role of ceria-based nanostructured materials in energy applications.
Mater. Today 2014, 17, 349–357. [CrossRef]

3. Fang, Y.; Guo, Y. Copper-based non-precious metal heterogeneous catalysts for environmental remediation.
Chin. J. Catal. 2018, 39, 566–582. [CrossRef]

4. Yuan, C.; Wu, H.B.; Xie, Y.; Lou, X.W. Mixed Transition-Metal Oxides: Design, Synthesis, and Energy-Related
Applications. Angew. Chem. Int. Ed. 2014, 53, 1488–1504. [CrossRef]

5. Montini, T.; Melchionna, M.; Monai, M.; Fornasiero, P. Fundamentals and Catalytic Applications of
CeO2-Based Materials. Chem. Rev. 2016, 116, 5987–6041. [CrossRef] [PubMed]

6. Wu, K.; Sun, L.-D.; Yan, C.-H. Recent Progress in Well-Controlled Synthesis of Ceria-Based Nanocatalysts
towards Enhanced Catalytic Performance. Adv. Energy Mater. 2016, 6, 1600501. [CrossRef]

7. Rodriguez, J.A.; Liu, P.; Graciani, J.; Senanayake, S.D.; Grinter, D.C.; Stacchiola, D.; Hrbek, J.; Fernández-Sanz, J.
Inverse Oxide/Metal Catalysts in Fundamental Studies and Practical Applications: A Perspective of Recent
Developments. J. Phys. Chem. Lett. 2016, 7, 2627–2639. [CrossRef] [PubMed]

8. Spezzati, G.; Benavidez, A.D.; DeLaRiva, A.T.; Su, Y.; Hofmann, J.P.; Asahina, S.; Olivier, E.J.; Neethling, J.H.;
Miller, J.T.; Datye, A.K.; et al. CO oxidation by Pd supported on CeO2 (100) and CeO2 (111) facets. Appl. Catal.
B Environ. 2019, 243, 36–46. [CrossRef]

9. Morfin, F.; Nguyen, T.-S.; Rousset, J.-L.; Piccolo, L. Synergy between hydrogen and ceria in Pt-catalyzed
CO oxidation: An investigation on Pt–CeO2 catalysts synthesized by solution combustion. Appl. Catal. B
Environ. 2016, 197, 2–13. [CrossRef]

10. Gatla, S.; Aubert, D.; Flaud, V.; Grosjean, R.; Lunkenbein, T.; Mathon, O.; Pascarelli, S.; Kaper, H. Facile
synthesis of high-surface area platinum-doped ceria for low temperature CO oxidation. Catal. Today 2019,
333, 105–112. [CrossRef]

11. Gatla, S.; Aubert, D.; Agostini, G.; Mathon, O.; Pascarelli, S.; Lunkenbein, T.; Willinger, M.G.; Kaper, H.
Room-Temperature CO Oxidation Catalyst: Low-Temperature Metal-Support Interaction between Platinum
Nanoparticles and Nanosized Ceria. ACS Catal. 2016, 6, 6151–6155. [CrossRef]

12. Parres-Esclapez, S.; Such-Basañez, I.; Illán-Gómez, M.J.; Salinas-Martínez de Lecea, C.; Bueno-López, A.
Study by isotopic gases and in situ spectroscopies (DRIFTS, XPS and Raman) of the N2O decomposition
mechanism on Rh/CeO2 and Rh/γ-Al2O3 catalysts. J. Catal. 2010, 276, 390–401. [CrossRef]

13. Zhu, H.; Li, Y.; Zheng, X. In-situ DRIFTS study of CeO2 supported Rh catalysts for N2O decomposition.
Appl. Catal. A Gen. 2019, 571, 89–95. [CrossRef]

14. Zheng, J.; Meyer, S.; Köhler, K. Abatement of nitrous oxide by ruthenium catalysts: Influence of the support.
Appl. Catal. A Gen. 2015, 505, 44–51. [CrossRef]

45



Catalysts 2020, 10, 160

15. Pachatouridou, E.; Papista, E.; Iliopoulou, E.F.; Delimitis, A.; Goula, G.; Yentekakis, I.V.; Marnellos, G.E.;
Konsolakis, M. Nitrous oxide decomposition over Al2O3 supported noble metals (Pt, Pd, Ir): Effect of metal
loading and feed composition. J. Environ. Chem. Eng. 2015, 3, 815–821. [CrossRef]

16. Pachatouridou, E.; Papista, E.; Delimitis, A.; Vasiliades, M.A.; Efstathiou, A.M.; Amiridis, M.D.; Alexeev, O.S.;
Bloom, D.; Marnellos, G.E.; Konsolakis, M.; et al. N2O decomposition over ceria-promoted Ir/Al2O3 catalysts:
The role of ceria. Appl. Catal. B Environ. 2016, 187, 259–268. [CrossRef]

17. Carabineiro, S.A.C.; Papista, E.; Marnellos, G.E.; Tavares, P.B.; Maldonado-Hódar, F.J.; Konsolakis, M.
Catalytic decomposition of N2O on inorganic oxides: Effect of doping with Au nanoparticles. Mol. Catal.
2017, 436, 78–89. [CrossRef]

18. Vecchietti, J.; Bonivardi, A.; Xu, W.; Stacchiola, D.; Delgado, J.J.; Calatayud, M.; Collins, S.E. Understanding
the Role of Oxygen Vacancies in the Water Gas Shift Reaction on Ceria-Supported Platinum Catalysts.
ACS Catal. 2014, 4, 2088–2096. [CrossRef]

19. Pierre, D.; Deng, W.; Flytzani-Stephanopoulos, M. The Importance of Strongly Bound Pt-CeOx Species for the
Water-gas Shift Reaction: Catalyst Activity and Stability Evaluation. Top. Catal. 2007, 46, 363–373. [CrossRef]

20. Mei, Z.; Li, Y.; Fan, M.; Zhao, L.; Zhao, J. Effect of the interactions between Pt species and ceria on Pt/ceria
catalysts for water gas shift: The XPS studies. Chem. Eng. J. 2015, 259, 293–302. [CrossRef]

21. Ting, K.W.; Toyao, T.; Siddiki, S.M.A.H.; Shimizu, K.-I. Low-Temperature Hydrogenation of CO2 to Methanol
over Heterogeneous TiO2-Supported Re Catalysts. ACS Catal. 2019, 9, 3685–3693. [CrossRef]

22. Wang, F.; He, S.; Chen, H.; Wang, B.; Zheng, L.; Wei, M.; Evans, D.G.; Duan, X. Active Site Dependent Reaction
Mechanism over Ru/CeO2 Catalyst toward CO2 Methanation. J. Am. Chem. Soc. 2016, 138, 6298–6305.
[CrossRef] [PubMed]

23. Sakpal, T.; Lefferts, L. Structure-dependent activity of CeO2 supported Ru catalysts for CO2 methanation.
J. Catal. 2018, 367, 171–180. [CrossRef]

24. Vourros, A.; Garagounis, I.; Kyriakou, V.; Carabineiro, S.A.C.; Maldonado-Hódar, F.J.; Marnellos, G.E.;
Konsolakis, M. Carbon dioxide hydrogenation over supported Au nanoparticles: Effect of the support.
J. CO2 Util. 2017, 19, 247–256. [CrossRef]

25. Kyriakou, V.; Vourros, A.; Garagounis, I.; Carabineiro, S.A.C.; Maldonado-Hódar, F.J.; Marnellos, G.E.;
Konsolakis, M. Highly active and stable TiO2-supported Au nanoparticles for CO2 reduction. Catal. Commun.
2017, 98, 52–56. [CrossRef]

26. Zhou, Y.; Wang, Z.; Liu, C. Perspective on CO oxidation over Pd-based catalysts. Catal. Sci. Technol. 2015, 5,
69–81. [CrossRef]

27. Carter, J.H.; Hutchings, G.J. Recent Advances in the Gold-Catalysed Low-Temperature Water–Gas Shift
Reaction. Catalysts 2018, 8, 627. [CrossRef]

28. Konsolakis, M.; Carabineiro, S.A.C.; Marnellos, G.E.; Asad, M.F.; Soares, O.S.G.P.; Pereira, M.F.R.; Órfão, J.J.M.;
Figueiredo, J.L. Effect of cobalt loading on the solid state properties and ethyl acetate oxidation performance
of cobalt-cerium mixed oxides. J. Colloid Interface Sci. 2017, 496, 141–149. [CrossRef]

29. Konsolakis, M.; Carabineiro, S.A.C.; Marnellos, G.E.; Asad, M.F.; Soares, O.S.G.P.; Pereira, M.F.R.; Órfão, J.J.M.;
Figueiredo, J.L. Volatile organic compounds abatement over copper-based catalysts: Effect of support.
Inorganica Chim. Acta 2017, 455, 473–482. [CrossRef]

30. Konsolakis, M.; Carabineiro, S.A.C.; Tavares, P.B.; Figueiredo, J.L. Redox properties and VOC oxidation
activity of Cu catalysts supported on Ce1-xSmxOδ mixed oxides. J. Hazard. Mater. 2013, 261, 512–521.
[CrossRef]

31. Konsolakis, M.; Ioakeimidis, Z. Surface/structure functionalization of copper-based catalysts by metal-support
and/or metal-metal interactions. Appl. Surf. Sci. 2014, 320, 244–255. [CrossRef]

32. Konsolakis, M.; Ioakimidis, Z.; Kraia, T.; Marnellos, G.E. Hydrogen Production by Ethanol Steam Reforming
(ESR) over CeO2 Supported Transition Metal (Fe, Co, Ni, Cu) Catalysts: Insight into the Structure-Activity
Relationship. Catalysts 2016, 6, 39. [CrossRef]

33. Konsolakis, M.; Sgourakis, M.; Carabineiro, S.A.C. Surface and redox properties of cobalt-ceria binary oxides:
On the effect of Co content and pretreatment conditions. Appl. Surf. Sci. 2015, 341, 48–54. [CrossRef]

34. Kraia, T.; Kaklidis, N.; Konsolakis, M.; Marnellos, G.E. Hydrogen production by H2S decomposition over
ceria supported transition metal (Co, Ni, Fe and Cu) catalysts. Int. J. Hydrogen Energy 2019, 44, 9753–9762.
[CrossRef]

46



Catalysts 2020, 10, 160

35. Lykaki, M.; Papista, E.; Kaklidis, N.; Carabineiro, S.A.C.; Konsolakis, M. Ceria Nanoparticles’ Morphological
Effects on the N2O Decomposition Performance of Co3O4/CeO2 Mixed Oxides. Catalysts 2019, 9, 233.
[CrossRef]

36. Lykaki, M.; Stefa, S.; Carabineiro, S.A.C.; Pandis, P.K.; Stathopoulos, V.N.; Konsolakis, M. Facet-Dependent
Reactivity of Fe2O3/CeO2 Nanocomposites: Effect of Ceria Morphology on CO Oxidation. Catalysts 2019, 9,
371. [CrossRef]

37. Aneggi, E.; Boaro, M.; Colussi, S.; de Leitenburg, C.; Trovarelli, A. Chapter 289—Ceria-Based Materials in
Catalysis: Historical Perspective and Future Trends. Handb. Phys. Chem. Rare Earths 2016, 50, 209–242.
[CrossRef]

38. Tang, W.-X.; Gao, P.-X. Nanostructured cerium oxide: preparation, characterization, and application in
energy and environmental catalysis. MRS Commun. 2016, 6, 311–329. [CrossRef]

39. Su, X.; Yang, X.; Zhao, B.; Huang, Y. Designing of highly selective and high-temperature endurable RWGS
heterogeneous catalysts: recent advances and the future directions. J. Energy Chem. 2017, 26, 854–867.
[CrossRef]

40. Konsolakis, M. The role of Copper–Ceria interactions in catalysis science: Recent theoretical and experimental
advances. Appl. Catal. B Environ. 2016, 198, 49–66. [CrossRef]

41. Carabineiro, S.A.C.; Chen, X.; Konsolakis, M.; Psarras, A.C.; Tavares, P.B.; Órfão, J.J.M.; Pereira, M.F.R.;
Figueiredo, J.L. Catalytic oxidation of toluene on Ce-Co and La-Co mixed oxides synthesized by exotemplating
and evaporation methods. Catal. Today 2015, 244, 161–171. [CrossRef]

42. Carabineiro, S.A.C.; Konsolakis, M.; Marnellos, G.E.N.; Asad, M.F.; Soares, O.S.G.P.; Tavares, P.B.;
Pereira, M.F.R.; De Melo Órfão, J.J.; Figueiredo, J.L. Ethyl Acetate Abatement on Copper Catalysts Supported
on Ceria Doped with Rare Earth Oxides. Molecules 2016, 21, 644. [CrossRef]

43. Díez-Ramírez, J.; Sánchez, P.; Kyriakou, V.; Zafeiratos, S.; Marnellos, G.E.; Konsolakis, M.; Dorado, F. Effect
of support nature on the cobalt-catalyzed CO2 hydrogenation. J. CO2 Util. 2017, 21, 562–571. [CrossRef]

44. Zeng, S.; Zhang, W.; Guo, S.; Su, H. Inverse rod-like CeO2 supported on CuO prepared by hydrothermal
method for preferential oxidation of carbon monoxide. Catal. Commun. 2012, 23, 62–66. [CrossRef]

45. Rodriguez, J.A.; Liu, P.; Hrbek, J.; Evans, J.; Pérez, M. Water Gas Shift Reaction on Cu and Au Nanoparticles
Supported on CeO2(111) and ZnO(0001): Intrinsic Activity and Importance of Support Interactions.
Angew. Chem. Int. Ed. 2007, 46, 1329–1332. [CrossRef] [PubMed]

46. Ranga Rao, G.; Mishra, B.G. Structural, redox and catalytic chemistry of ceria based materials. Bull. Catal.
Soc. India 2003, 2, 122–134.

47. Rodriguez, J.A.; Grinter, D.C.; Liu, Z.; Palomino, R.M.; Senanayake, S.D. Ceria-based model catalysts:
fundamental studies on the importance of the metal-ceria interface in CO oxidation, the water-gas shift, CO2

hydrogenation, and methane and alcohol reforming. Chem. Soc. Rev. 2017, 46, 1824–1841. [CrossRef]
48. Zhang, D.; Du, X.; Shi, L.; Gao, R. Shape-controlled synthesis and catalytic application of ceria nanomaterials.

Dalton Trans. 2012, 41, 14455–14475. [CrossRef]
49. Dong, L.; Yao, X.; Chen, Y. Interactions among supported copper-based catalyst components and their effects

on performance: A review. Chin. J. Catal. 2013, 34, 851–864. [CrossRef]
50. Pacchioni, G. Electronic interactions and charge transfers of metal atoms and clusters on oxide surfaces.

Phys. Chem. Chem. Phys. 2013, 15, 1737–1757. [CrossRef]
51. Zhou, Y.; Li, Y.; Shen, W. Shape Engineering of Oxide Nanoparticles for Heterogeneous Catalysis. Chem. Asian

J. 2016, 11, 1470–1488. [CrossRef] [PubMed]
52. Cargnello, M.; Doan-Nguyen, V.V.T.; Gordon, T.R.; Diaz, R.E.; Stach, E.A.; Gorte, R.J.; Fornasiero, P.;

Murray, C.B. Control of Metal Nanocrystal Size Reveals Metal-Support Interface Role for Ceria Catalysts.
Science 2013, 341, 771–773. [CrossRef] [PubMed]

53. Mistry, H.; Behafarid, F.; Reske, R.; Varela, A.S.; Strasser, P.; Roldan Cuenya, B. Tuning Catalytic Selectivity at
the Mesoscale via Interparticle Interactions. ACS Catal. 2016, 6, 1075–1080. [CrossRef]

54. Ahmadi, M.; Mistry, H.; Roldan Cuenya, B. Tailoring the Catalytic Properties of Metal Nanoparticles via
Support Interactions. J. Phys. Chem. Lett. 2016, 7, 3519–3533. [CrossRef] [PubMed]

55. Hermes, E.D.; Jenness, G.R.; Schmidt, J.R. Decoupling the electronic, geometric and interfacial contributions
to support effects in heterogeneous catalysis. Mol. Simul. 2015, 41, 123–133. [CrossRef]

56. Uzunoglu, A.; Zhang, H.; Andreescu, S.; Stanciu, L.A. CeO2–MOx (M: Zr, Ti, Cu) mixed metal oxides with
enhanced oxygen storage capacity. J. Mater. Sci. 2015, 50, 3750–3762. [CrossRef]

47



Catalysts 2020, 10, 160

57. Tang, X.; Zhang, B.; Li, Y.; Xu, Y.; Xin, Q.; Shen, W. CuO/CeO2 catalysts: Redox features and catalytic
behaviors. Appl. Catal. A Gen. 2005, 288, 116–125. [CrossRef]

58. Lu, Z.; Yang, Z.; He, B.; Castleton, C.; Hermansson, K. Cu-doped ceria: Oxygen vacancy formation made
easy. Chem. Phys. Lett. 2011, 510, 60–66. [CrossRef]

59. Wang, X.; Rodriguez, J.A.; Hanson, J.C.; Gamarra, D.; Martínez-Arias, A.; Fernández-García, M. Unusual
Physical and Chemical Properties of Cu in Ce1-xCuxO2 oxides. J. Phys. Chem. B 2005, 109, 19595–19603.
[CrossRef]

60. Beckers, J.; Rothenberg, G. Redox properties of doped and supported copper-ceria catalysts. Dalton Trans.
2008, 6573–6578. [CrossRef]

61. Van Deelen, T.W.; Hernández Mejía, C.; De Jong, K.P. Control of metal-support interactions in heterogeneous
catalysts to enhance activity and selectivity. Nat. Catal. 2019, 2, 955–970. [CrossRef]

62. Yang, F.; Deng, D.; Pan, X.; Fu, Q.; Bao, X. Understanding nano effects in catalysis. Natl. Sci. Rev. 2015, 2,
183–201. [CrossRef]

63. Dinh, C.T.; Nguyen, T.D.; Kleitz, F.; Do, T.O. Chapter 10—Shape-Controlled Synthesis of Metal Oxide
Nanocrystals. In Book Controlled Nanofabrication: Advances and Applications, 1st ed.; Lui, R.-S., Ed.; Pan
Stanford Publishing Pte. Ltd.: Singapore, 2012; pp. 327–367. ISBN 978-981-4316-87-3.

64. Aneggi, E.; Wiater, D.; De Leitenburg, C.; Llorca, J.; Trovarelli, A. Shape-Dependent Activity of Ceria in Soot
Combustion. ACS Catal. 2014, 4, 172–181. [CrossRef]

65. Ta, N.; Liu, J.; Shen, W. Tuning the shape of ceria nanomaterials for catalytic applications. Chin. J. Catal. 2013,
34, 838–850. [CrossRef]

66. Li, Y.; Shen, W. Morphology-dependent nanocatalysts: Rod-shaped oxides. Chem. Soc. Rev. 2014, 43,
1543–1574. [CrossRef]

67. Zhou, K.; Li, Y. Catalysis Based on Nanocrystals with Well-Defined Facets. Angew. Chem. Int. Ed. 2012, 51,
602–613. [CrossRef]

68. Liu, L.; Corma, A. Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to Nanoclusters and
Nanoparticles. Chem. Rev. 2018, 118, 4981–5079. [CrossRef]

69. Capdevila-Cortada, M.; Vilé, G.; Teschner, D.; Pérez-Ramírez, J.; López, N. Reactivity descriptors for ceria in
catalysis. Appl. Catal. B Environ. 2016, 197, 299–312. [CrossRef]

70. Cao, S.; Tao, F.; Tang, Y.; Li, Y.; Yu, J. Size- and shape-dependent catalytic performances of oxidation and
reduction reactions on nanocatalysts. Chem. Soc. Rev. 2016, 45, 4747–4765. [CrossRef]

71. Xu, J.; Harmer, J.; Li, G.; Chapman, T.; Collier, P.; Longworth, S.; Tsang, S.C. Size dependent oxygen buffering
capacity of ceria nanocrystals. Chem. Commun. 2010, 46, 1887–1889. [CrossRef]

72. Puigdollers, A.R.; Schlexer, P.; Tosoni, S.; Pacchioni, G. Increasing Oxide Reducibility: The Role of Metal/Oxide
Interfaces in the Formation of Oxygen Vacancies. ACS Catal. 2017, 7, 6493–6513. [CrossRef]

73. Sayle, T.X.T.; Caddeo, F.; Zhang, X.; Sakthivel, T.; Das, S.; Seal, S.; Ptasinska, S.; Sayle, D.C. Structure-Activity
Map of Ceria Nanoparticles, Nanocubes, and Mesoporous Architectures. Chem. Mater. 2016, 28, 7287–7295.
[CrossRef]

74. Roldan Cuenya, B. Synthesis and catalytic properties of metal nanoparticles: Size, shape, support, composition,
and oxidation state effects. Thin Solid Films 2010, 518, 3127–3150. [CrossRef]

75. Martínez-Arias, A.; Gamarra, D.; Hungría, A.B.; Fernández-García, M.; Munuera, G.; Hornés, A.; Bera, P.;
Conesa, J.C.; Cámara, A.L. Characterization of Active Sites/Entities and Redox/Catalytic Correlations in
Copper-Ceria-Based Catalysts for Preferential Oxidation of CO in H2-Rich Streams. Catalysts 2013, 3, 378–400.
[CrossRef]

76. Prasad, R.; Rattan, G. Preparation Methods and Applications of CuO-CeO2 Catalysts: A Short Review.
Bull. Chem. React. Eng. Catal. 2010, 5, 7–30. [CrossRef]

77. Beckers, J.; Rothenberg, G. Sustainable selective oxidations using ceria-based materials. Green Chem. 2010,
12, 939–948. [CrossRef]

78. Philippot, K.; Serp, P. Chapter 1—Concepts in Nanocatalysis. In Book Nanomaterials in Catalysis, 1st ed.;
Serp, P., Philippot, K., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA.: Weinheim, Germany, 2013; pp. 1–54.
[CrossRef]

79. Che, M.; Bennett, C.O. The Influence of Particle Size on the Catalytic Properties of Supported Metals.
Adv. Catal. 1989, 36, 55–172. [CrossRef]

48



Catalysts 2020, 10, 160

80. Hvolbæk, B.; Janssens, T.V.W.; Clausen, B.S.; Falsig, H.; Christensen, C.H.; Nørskov, J.K. Catalytic activity of
Au nanoparticles. Nano Today 2007, 2, 14–18. [CrossRef]

81. Tao, F.; Dag, S.; Wang, L.-W.; Liu, Z.; Butcher, D.R.; Bluhm, H.; Salmeron, M.; Somorjai, G.A. Break-Up of
Stepped Platinum Catalyst Surfaces by High CO Coverage. Science 2010, 327, 850–853. [CrossRef]

82. Qiao, Z.-A.; Wu, Z.; Dai, S. Shape-Controlled Ceria-Based Nanostructures for Catalysis Applications.
ChemSusChem 2013, 6, 1821–1833. [CrossRef]

83. Vinod, C.P. Surface science as a tool for probing nanocatalysis phenomena. Catal. Today 2010, 154, 113–117.
[CrossRef]

84. Somorjai, G.A.; Li, Y. Introduction to Surface Chemistry and Catalysis, 2nd ed.; John Wiley & Sons: Hoboken, NJ,
USA, 2010; ISBN 978-0-470-50823-7.

85. Calle-Vallejo, F.; Loffreda, D.; Koper, M.T.M.; Sautet, P. Introducing structural sensitivity into
adsorption-energy scaling relations by means of coordination numbers. Nat. Chem. 2015, 7, 403–410.
[CrossRef] [PubMed]

86. Brodersen, S.H.; Grønbjerg, U.; Hvolbæk, B.; Schiøtz, J. Understanding the catalytic activity of gold
nanoparticles through multi-scale simulations. J. Catal. 2011, 284, 34–41. [CrossRef]

87. Hamid, S.B.A.; Schlögl, R. The Impact of Nanoscience in Heterogeneous Catalysis. In Book Nano-Micro
Interface Bridging Micro Nano Worlds, 2nd ed.; Van de Voorde, M., Werner, M., Fecht, H.-J., Eds.; Wiley-VCH
Verlag GmbH & Co. KGaA.: Hoboken, NJ, USA, 2015; Volume 2, pp. 405–430. [CrossRef]

88. Cleveland, C.L.; Landman, U.; Schaaff, T.G.; Shafigullin, M.N.; Stephens, P.W.; Whetten, R.L. Structural
Evolution of Smaller Gold Nanocrystals: The Truncated Decahedral Motif. Phys. Rev. Lett. 1997, 79,
1873–1876. [CrossRef]

89. Chen, M.; Goodman, D.W. Catalytically active gold on ordered titania supports. Chem. Soc. Rev. 2008, 37,
1860–1870. [CrossRef]

90. Van Bokhoven, J.A.; Louis, C.; Miller, J.T.; Tromp, M.; Safonova, O.V.; Glatzel, P. Activation of Oxygen
on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray
Spectroscopy. Angew. Chem. Int. Ed. 2006, 45, 4651–4654. [CrossRef]

91. Walsh, M.J.; Yoshida, K.; Kuwabara, A.; Pay, M.L.; Gai, P.L.; Boyes, E.D. On the Structural Origin of the
Catalytic Properties of Inherently Strained Ultrasmall Decahedral Gold Nanoparticles. Nano Lett. 2012, 12,
2027–2031. [CrossRef]

92. Senanayake, S.D.; Rodriguez, J.A.; Stacchiola, D. Electronic Metal-Support Interactions and the Production
of Hydrogen Through the Water-Gas Shift Reaction and Ethanol Steam Reforming: Fundamental Studies
with Well-Defined Model Catalysts. Top. Catal. 2013, 56, 1488–1498. [CrossRef]

93. Hu, P.; Huang, Z.; Amghouz, Z.; Makkee, M.; Xu, F.; Kapteijn, F.; Dikhtiarenko, A.; Chen, Y.; Gu, X.; Tang, X.
Electronic Metal-Support Interactions in Single-Atom Catalysts. Angew. Chem. Int. Ed. 2014, 53, 3418–3421.
[CrossRef]

94. Han, Z.-K.; Zhang, L.; Liu, M.; Ganduglia-Pirovano, M.V.; Gao, Y. The Structure of Oxygen Vacancies in the
Near-Surface of Reduced CeO2 (111) Under Strain. Front. Chem. 2019, 7, 436. [CrossRef]

95. Murugan, B.; Ramaswamy, A.V. Defect-Site Promoted Surface Reorganization in Nanocrystalline Ceria for
the Low-Temperature Activation of Ethylbenzene. J. Am. Chem. Soc. 2007, 129, 3062–3063. [CrossRef]
[PubMed]

96. Campbell, C.T. Catalyst–support interactions: Electronic perturbations. Nat. Chem. 2012, 4, 597–598. [CrossRef]
[PubMed]

97. Sun, C.; Li, H.; Chen, L. Nanostructured ceria-based materials: Synthesis, properties, and applications.
Energy Environ. Sci. 2012, 5, 8475–8505. [CrossRef]

98. Zhou, X.-D.; Huebner, W. Size-induced lattice relaxation in CeO2 nanoparticles. Appl. Phys. Lett. 2001, 79,
3512–3514. [CrossRef]

99. Dutta, P.; Pal, S.; Seehra, M.S.; Shi, Y.; Eyring, E.M.; Ernst, R.D. Concentration of Ce3+ and Oxygen Vacancies
in Cerium Oxide Nanoparticles. Chem. Mater. 2006, 18, 5144–5146. [CrossRef]

100. Hailstone, R.K.; DiFrancesco, A.G.; Leong, J.G.; Allston, T.D.; Reed, K.J. A Study of Lattice Expansion in CeO2

Nanoparticles by Transmission Electron Microscopy. J. Phys. Chem. C 2009, 113, 15155–15159. [CrossRef]
101. Migani, A.; Vayssilov, G.N.; Bromley, S.T.; Illas, F.; Neyman, K.M. Dramatic reduction of the oxygen

vacancy formation energy in ceria particles: a possible key to their remarkable reactivity at the nanoscale.
J. Mater. Chem. 2010, 20, 10535–10546. [CrossRef]

49



Catalysts 2020, 10, 160

102. Bruix, A.; Neyman, K.M. Modeling Ceria-Based Nanomaterials for Catalysis and Related Applications.
Catal. Lett. 2016, 146, 2053–2080. [CrossRef]

103. Sk, M.A.; Kozlov, S.M.; Lim, K.H.; Migani, A.; Neyman, K.M. Oxygen vacancies in self-assemblies of ceria
nanoparticles. J. Mater. Chem. A 2014, 2, 18329–18338. [CrossRef]

104. Trovarelli, A.; Llorca, J. Ceria Catalysts at Nanoscale: How Do Crystal Shapes Shape Catalysis? ACS Catal.
2017, 7, 4716–4735. [CrossRef]

105. Li, Y.; Liu, Q.; Shen, W. Morphology-dependent nanocatalysis: metal particles. Dalt. Trans. 2011, 40,
5811–5826. [CrossRef] [PubMed]

106. Huang, W.; Gao, Y. Morphology-dependent surface chemistry and catalysis of CeO2 nanocrystals. Catal. Sci.
Technol. 2014, 4, 3772–3784. [CrossRef]

107. Datta, S.; Torrente-Murciano, L. Nanostructured faceted ceria as oxidation catalyst. Curr. Opin. Chem. Eng.
2018, 20, 99–106. [CrossRef]

108. Munnik, P.; De Jongh, P.E.; De Jong, K.P. Recent Developments in the Synthesis of Supported Catalysts.
Chem. Rev. 2015, 115, 6687–6718. [CrossRef]

109. Vilé, G.; Colussi, S.; Krumeich, F.; Trovarelli, A.; Pérez-Ramírez, J. Opposite Face Sensitivity of CeO2 in
Hydrogenation and Oxidation Catalysis. Angew. Chem. Int. Ed. 2014, 53, 12069–12072. [CrossRef]

110. Yuan, Q.; Duan, H.-H.; Li, L.-L.; Sun, L.-D.; Zhang, Y.-W.; Yan, C.-H. Controlled synthesis and assembly of
ceria-based nanomaterials. J. Colloid Interface Sci. 2009, 335, 151–167. [CrossRef]

111. Mullins, D.R. The surface chemistry of cerium oxide. Surf. Sci. Rep. 2015, 70, 42–85. [CrossRef]
112. Paier, J.; Penschke, C.; Sauer, J. Oxygen Defects and Surface Chemistry of Ceria: Quantum Chemical Studies

Compared to Experiment. Chem. Rev. 2013, 113, 3949–3985. [CrossRef]
113. Yang, W.; Wang, X.; Song, S.; Zhang, H. Syntheses and Applications of Noble-Metal-free CeO2-Based

Mixed-Oxide Nanocatalysts. Chem 2019, 5, 1743–1774. [CrossRef]
114. Castanet, U.; Feral-Martin, C.; Demourgues, A.; Neale, R.L.; Sayle, D.C.; Caddeo, F.; Flitcroft, J.M.; Caygill, R.;

Pointon, B.J.; Molinari, M.; et al. Controlling the {111}/{110} Surface Ratio of Cuboidal Ceria Nanoparticles.
ACS Appl. Mater. Interfaces 2019, 11, 11384–11390. [CrossRef]

115. Lykaki, M.; Pachatouridou, E.; Carabineiro, S.A.C.; Iliopoulou, E.; Andriopoulou, C.; Kallithrakas-Kontos, N.;
Boghosian, S.; Konsolakis, M. Ceria nanoparticles shape effects on the structural defects and surface chemistry:
Implications in CO oxidation by Cu/CeO2 catalysts. Appl. Catal. B Environ. 2018, 230, 18–28. [CrossRef]

116. Xie, Y.; Wu, J.; Jing, G.; Zhang, H.; Zeng, S.; Tian, X.; Zou, X.; Wen, J.; Su, H.; Zhong, C.-J.; et al. Structural
origin of high catalytic activity for preferential CO oxidation over CuO/CeO2 nanocatalysts with different
shapes. Appl. Catal. B Environ. 2018, 239, 665–676. [CrossRef]

117. He, H.; Yang, P.; Li, J.; Shi, R.; Chen, L.; Zhang, A.; Zhu, Y. Controllable synthesis, characterization, and
CO oxidation activity of CeO2 nanostructures with various morphologies. Ceram. Int. 2016, 42, 7810–7818.
[CrossRef]

118. Chang, H.; Ma, L.; Yang, S.; Li, J.; Chen, L.; Wang, W.; Hao, J. Comparison of preparation methods for ceria
catalyst and the effect of surface and bulk sulfates on its activity toward NH3-SCR. J. Hazard. Mater. 2013,
262, 782–788. [CrossRef] [PubMed]

119. Gawade, P.; Mirkelamoglu, B.; Ozkan, U.S. The Role of Support Morphology and Impregnation Medium on
the Water Gas Shift Activity of Ceria-Supported Copper Catalysts. J. Phys. Chem. C 2010, 114, 18173–18181.
[CrossRef]

120. Liu, Y.H.; Zuo, J.C.; Ren, X.F.; Yong, L. Synthesis and character of cerium oxide (CeO2) nanoparticles by the
precipitation method. Metalurgija 2014, 53, 463–465.

121. Lykaki, M.; Pachatouridou, E.; Iliopoulou, E.; Carabineiro, S.A.C.; Konsolakis, M. Impact of the synthesis
parameters on the solid state properties and the CO oxidation performance of ceria nanoparticles. RSC Adv.
2017, 7, 6160–6169. [CrossRef]

122. Shang, H.; Zhang, X.; Xu, J.; Han, Y. Effects of preparation methods on the activity of CuO/CeO2 catalysts for
CO oxidation. Front. Chem. Sci. Eng. 2017, 11, 603–612. [CrossRef]

123. Zhou, L.; Li, X.; Yao, Z.; Chen, Z.; Hong, M.; Zhu, R.; Liang, Y.; Zhao, J. Transition-Metal Doped Ceria
Microspheres with Nanoporous Structures for CO Oxidation. Sci. Rep. 2016, 6, 23900. [CrossRef]

124. Wang, W.-W.; Yu, W.-Z.; Du, P.-P.; Xu, H.; Jin, Z.; Si, R.; Ma, C.; Shi, S.; Jia, C.-J.; Yan, C.-H. Crystal Plane
Effect of Ceria on Supported Copper Oxide Cluster Catalyst for CO Oxidation: Importance of Metal-Support
Interaction. ACS Catal. 2017, 7, 1313–1329. [CrossRef]

50



Catalysts 2020, 10, 160

125. Nakagawa, K.; Ohshima, T.; Tezuka, Y.; Katayama, M.; Katoh, M.; Sugiyama, S. Morphological effects of
CeO2 nanostructures for catalytic soot combustion of CuO/CeO2. Catal. Today 2015, 246, 67–71. [CrossRef]

126. Chaudhary, S.; Sharma, P.; Kumar, R.; Mehta, S.K. Nanoscale surface designing of Cerium oxide nanoparticles
for controlling growth, stability, optical and thermal properties. Ceram. Int. 2015, 41, 10995–11003. [CrossRef]

127. Miyazaki, H.; Kato, J.-I.; Sakamoto, N.; Wakiya, N.; Ota, T.; Suzuki, H. Synthesis of CeO2 nanoparticles by
rapid thermal decomposition using microwave heating. Adv. Appl. Ceram. 2010, 109, 123–127. [CrossRef]

128. Yang, H.; Huang, C.; Tang, A.; Zhang, X.; Yang, W. Microwave-assisted synthesis of ceria nanoparticles.
Mater. Res. Bull. 2005, 40, 1690–1695. [CrossRef]

129. Zawadzki, M. Preparation and characterization of ceria nanoparticles by microwave-assisted solvothermal
process. J. Alloys Compd. 2008, 454, 347–351. [CrossRef]

130. Zhang, Y.-W.; Si, R.; Liao, C.-S.; Yan, C.-H.; Xiao, C.-X.; Kou, Y. Facile Alcohothermal Synthesis, Size-Dependent
Ultraviolet Absorption, and Enhanced CO Conversion Activity of Ceria Nanocrystals. J. Phys. Chem. B 2003,
107, 10159–10167. [CrossRef]

131. Ouyang, B.; Tan, W.; Liu, B. Morphology effect of nanostructure ceria on the Cu/CeO2 catalysts for synthesis
of methanol from CO2 hydrogenation. Catal. Commun. 2017, 95, 36–39. [CrossRef]

132. Mai, H.-X.; Sun, L.-D.; Zhang, Y.-W.; Si, R.; Feng, W.; Zhang, H.-P.; Liu, H.-C.; Yan, C.-H. Shape-Selective
Synthesis and Oxygen Storage Behavior of Ceria Nanopolyhedra, Nanorods, and Nanocubes. J. Phys.
Chem. B 2005, 109, 24380–24385. [CrossRef]

133. Gamarra, D.; López Cámara, A.; Monte, M.; Rasmussen, S.B.; Chinchilla, L.E.; Hungría, A.B.; Munuera, G.;
Gyorffy, N.; Schay, Z.; Cortés Corberán, V.; et al. Preferential oxidation of CO in excess H2 over CuO/CeO2

catalysts: Characterization and performance as a function of the exposed face present in the CeO2 support.
Appl. Catal. B Environ. 2013, 130–131, 224–238. [CrossRef]

134. Piumetti, M.; Bensaid, S.; Andana, T.; Dosa, M.; Novara, C.; Giorgis, F.; Russo, N.; Fino, D. Nanostructured
Ceria-Based Materials: Effect of the Hydrothermal Synthesis Conditions on the Structural Properties and
Catalytic Activity. Catalysts 2017, 7, 174. [CrossRef]

135. Araiza, D.G.; Gómez-Cortés, A.; Díaz, G. Partial oxidation of methanol over copper supported on nanoshaped
ceria for hydrogen production. Catal. Today 2017, 282, 185–194. [CrossRef]

136. Yao, S.Y.; Xu, W.Q.; Johnston-Peck, A.C.; Zhao, F.Z.; Liu, Z.Y.; Luo, S.; Senanayake, S.D.; Martínez-Arias, A.;
Liu, W.J.; Rodriguez, J.A. Morphological effects of the nanostructured ceria support on the activity and
stability of CuO/CeO2 catalysts for the water-gas shift reaction. Phys. Chem. Chem. Phys. 2014, 16,
17183–17195. [CrossRef] [PubMed]

137. Lin, L.; Yao, S.; Liu, Z.; Zhang, F.; Li, N.; Vovchok, D.; Martínez-Arias, A.; Castañeda, R.; Lin, J.;
Senanayake, S.D.; et al. In Situ Characterization of Cu/CeO2 Nanocatalysts for CO2 Hydrogenation:
Morphological Effects of Nanostructured Ceria on the Catalytic Activity. J. Phys. Chem. C 2018, 122,
12934–12943. [CrossRef]

138. Andana, T.; Piumetti, M.; Bensaid, S.; Veyre, L.; Thieuleux, C.; Russo, N.; Fino, D.; Quadrelli, E.A.; Pirone, R.
CuO nanoparticles supported by ceria for NOx-assisted soot oxidation: insight into catalytic activity and
sintering. Appl. Catal. B Environ. 2017, 216, 41–58. [CrossRef]

139. Miceli, P.; Bensaid, S.; Russo, N.; Fino, D. Effect of the morphological and surface properties of CeO2-based
catalysts on the soot oxidation activity. Chem. Eng. J. 2015, 278, 190–198. [CrossRef]

140. Liu, J.; Li, Y.; Zhang, J.; He, D. Glycerol carbonylation with CO2 to glycerol carbonate over CeO2 catalyst and
the influence of CeO2 preparation methods and reaction parameters. Appl. Catal. A Gen. 2016, 513, 9–18.
[CrossRef]

141. He, H.-W.; Wu, X.-Q.; Ren, W.; Shi, P.; Yao, X.; Song, Z.-T. Synthesis of crystalline cerium dioxide hydrosol by
a sol-gel method. Ceram. Int. 2012, 38S, S501–S504. [CrossRef]

142. Phonthammachai, N.; Rumruangwong, M.; Gulari, E.; Jamieson, A.M.; Jitkarnka, S.; Wongkasemjit, S.
Synthesis and rheological properties of mesoporous nanocrystalline CeO2 via sol-gel process. Colloids Surf.
A Physicochem. Eng. Asp. 2004, 247, 61–68. [CrossRef]

143. Pinjari, D.V.; Pandit, A.B. Room temperature synthesis of crystalline CeO2 nanopowder: Advantage of
sonochemical method over conventional method. Ultrason. Sonochem. 2011, 18, 1118–1123. [CrossRef]

144. Yin, L.; Wang, Y.; Pang, G.; Koltypin, Y.; Gedanken, A. Sonochemical Synthesis of Cerium Oxide
Nanoparticles—Effect of Additives and Quantum Size Effect. J. Colloid Interface Sci. 2002, 246, 78–84.
[CrossRef]

51



Catalysts 2020, 10, 160

145. Roldan Cuenya, B.; Behafarid, F. Nanocatalysis: size- and shape-dependent chemisorption and catalytic
reactivity. Surf. Sci. Rep. 2015, 70, 135–187. [CrossRef]
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205. Zabilskiy, M.; Djinović, P.; Erjavec, B.; Dražić, G.; Pintar, A. Small CuO clusters on CeO2 nanospheres as
active species for catalytic N2O decomposition. Appl. Catal. B Environ. 2015, 163, 113–122. [CrossRef]

206. Li, L.; Zhan, Y.; Zheng, Q.; Zheng, Y.; Chen, C.; She, Y.; Lin, X.; Wei, K. Water-Gas Shift Reaction over
CuO/CeO2 Catalysts: Effect of the Thermal Stability and Oxygen Vacancies of CeO2 Supports Previously
Prepared by Different Methods. Catal. Lett. 2009, 130, 532–540. [CrossRef]

207. Li, L.; Song, L.; Wang, H.; Chen, C.; She, Y.; Zhan, Y.; Lin, X.; Zheng, Q. Water-gas shift reaction over
CuO/CeO2 catalysts: Effect of CeO2 supports previously prepared by precipitation with different precipitants.
Int. J. Hydrogen Energy 2011, 36, 8839–8849. [CrossRef]

208. Li, L.; Song, L.; Chen, C.; Zhang, Y.; Zhan, Y.; Lin, X.; Zheng, Q.; Wang, H.; Ma, H.; Ding, L.; et al. Modified
precipitation processes and optimized copper content of CuO-CeO2 catalysts for water-gas shift reaction.
Int. J. Hydrogen Energy 2014, 39, 19570–19582. [CrossRef]

209. She, Y.; Li, L.; Zhan, Y.; Lin, X.; Zheng, Q.; Wei, K. Effect of yttrium addition on water-gas shift reaction over
CuO/CeO2 catalysts. J. Rare Earths 2009, 27, 411–417. [CrossRef]

210. Dong, F.; Meng, Y.; Han, W.; Zhao, H.; Tang, Z. Morphology effects on surface chemical properties and lattice
defects of Cu/CeO2 catalysts applied for low-temperature CO oxidation. Sci. Rep. 2019, 9, 12056. [CrossRef]
[PubMed]

54



Catalysts 2020, 10, 160

211. Fotopoulos, A.; Arvanitidis, J.; Christofilos, D.; Papaggelis, K.; Kalyva, M.; Triantafyllidis, K.; Niarchos, D.;
Boukos, N.; Basina, G.; Tzitzios, V. One Pot Synthesis and Characterization of Ultra Fine CeO2 and Cu/CeO2

Nanoparticles. Application for Low Temperature CO Oxidation. J. Nanosci. Nanotechnol. 2011, 11, 8593–8598.
[CrossRef]

212. Qin, J.; Lu, J.; Cao, M.; Hu, C. Synthesis of porous CuO-CeO2 nanospheres with an enhanced low-temperature
CO oxidation activity. Nanoscale 2010, 2, 2739–2743. [CrossRef] [PubMed]

213. Su, Y.; Dai, L.; Zhang, Q.; Li, Y.; Peng, J.; Wu, R.; Han, W.; Tang, Z.; Wang, Y. Fabrication of Cu-Doped CeO2

Catalysts with Different Dimension Pore Structures for CO Catalytic Oxidation. Catal. Surv. Asia 2016, 20,
231–240. [CrossRef]

214. Zhou, H.; Huang, Z.; Sun, C.; Qin, F.; Xiong, D.; Shen, W.; Xu, H. Catalytic decomposition of N2O over
CuxCe1-xOy mixed oxides. Appl. Catal. B Environ. 2012, 125, 492–498. [CrossRef]

215. Lykaki, M.; Papista, E.; Carabineiro, S.A.C.; Tavares, P.B.; Konsolakis, M. Optimization of N2O decomposition
activity of CuO-CeO2 mixed oxides by means of synthesis procedure and alkali (Cs) promotion.
Catal. Sci. Technol. 2018, 8, 2312–2322. [CrossRef]

216. Liu, Z.; He, C.; Chen, B.; Liu, H. CuO-CeO2 mixed oxide catalyst for the catalytic decomposition of N2O in
the presence of oxygen. Catal. Today 2017, 297, 78–83. [CrossRef]

217. Yang, F.; Graciani, J.; Evans, J.; Liu, P.; Hrbek, J.; Sanz, J.F.; Rodriguez, J.A. CO oxidation on Inverse
CeOx/Cu(111) Catalysts: High Catalytic Activity and Ceria-Promoted Dissociation of O2. J. Am. Chem. Soc.
2011, 133, 3444–3451. [CrossRef]

218. Berlowitz, P.J.; Peden, C.H.F.; Wayne Goodman, D. Kinetics of carbon monoxide oxidation on single-crystal
palladium, platinum, and iridium. J. Phys. Chem. 1988, 92, 5213–5221. [CrossRef]

219. Rodriguez, J.A.; Wayne Goodman, D. High-pressure catalytic reactions over single-crystal metal surfaces.
Surf. Sci. Rep. 1991, 14, 1–107. [CrossRef]

220. Gamarra, D.; Belver, C.; Fernández-García, M.; Martínez-Arias, A. Selective CO Oxidation in Excess H2 over
Copper-Ceria Catalysts: Identification of Active Entities/Species. J. Am. Chem. Soc. 2007, 129, 12064–12065.
[CrossRef] [PubMed]

221. Senanayake, S.D.; Stacchiola, D.; Rodriguez, J.A. Unique Properties of Ceria Nanoparticles Supported
on Metals: Novel Inverse Ceria/Copper Catalysts for CO Oxidation and the Water-Gas Shift Reaction.
Acc. Chem. Res. 2013, 46, 1702–1711. [CrossRef] [PubMed]

222. Pillai, U.R.; Deevi, S. Room temperature oxidation of carbon monoxide over copper oxide catalyst. Appl. Catal.
B Environ. 2006, 64, 146–151. [CrossRef]

223. Zhao, D.; Tu, C.-M.; Hu, X.-J.; Zhang, N. Notable in situ surface transformation of Cu2O nanomaterials leads
to dramatic activity enhancement for CO oxidation. RSC Adv. 2017, 7, 37596–37603. [CrossRef]

224. Wang, X.; Liu, C.; Zheng, B.; Jiang, Y.; Zhang, L.; Xie, Z.; Zheng, L. Controlled synthesis of concave Cu2O
microcrystals enclosed by {hhl} high-index facets and enhanced catalytic activity. J. Mater. Chem. A 2013, 1,
282–287. [CrossRef]

225. Zhou, K.; Wang, R.; Xu, B.; Li, Y. Synthesis, characterization and catalytic properties of CuO nanocrystals
with various shapes. Nanotechnology 2006, 17, 3939–3943. [CrossRef]

226. Huang, H.; Zhang, L.; Wu, K.; Yu, Q.; Chen, R.; Yang, H.; Peng, X.; Ye, Z. Hetero-metal cation control of
CuO nanostructures and their high catalytic performance for CO oxidation. Nanoscale 2012, 4, 7832–7841.
[CrossRef]

227. Jia, A.-P.; Jiang, S.-Y.; Lu, J.-Q.; Luo, M.-F. Study of Catalytic Activity at the CuO−CeO2 Interface for CO
Oxidation. J. Phys. Chem. C 2010, 114, 21605–21610. [CrossRef]

228. Vayssilov, G.N.; Lykhach, Y.; Migani, A.; Staudt, T.; Petrova, G.P.; Tsud, N.; Skála, T.; Bruix, A.; Illas, F.;
Prince, K.C.; et al. Support nanostructure boosts oxygen transfer to catalytically active platinum nanoparticles.
Nat. Mater. 2011, 10, 310–315. [CrossRef] [PubMed]

229. Hossain, S.T.; Almesned, Y.; Zhang, K.; Zell, E.T.; Bernard, D.T.; Balaz, S.; Wang, R. Support structure effect
on CO oxidation: A comparative study on SiO2 nanospheres and CeO2 nanorods supported CuOx catalysts.
Appl. Surf. Sci. 2018, 428, 598–608. [CrossRef]

230. Yao, S.; Mudiyanselage, K.; Xu, W.; Johnston-Peck, A.C.; Hanson, J.C.; Wu, T.; Stacchiola, D.; Rodriguez, J.A.;
Zhao, H.; Beyer, K.A.; et al. Unraveling the Dynamic Nature of a CuO/CeO2 Catalyst for CO Oxidation
in Operando: A Combined Study of XANES (Fluorescence) and Drifts. ACS Catal. 2014, 4, 1650–1661.
[CrossRef]

55



Catalysts 2020, 10, 160

231. Hossain, S.T.; Azeeva, E.; Zhang, K.; Zell, E.T.; Bernard, D.T.; Balaz, S.; Wang, R. A comparative study of
CO oxidation over Cu-O-Ce solid solutions and CuO/CeO2 nanorods catalysts. Appl. Surf. Sci. 2018, 455,
132–143. [CrossRef]

232. Qi, L.; Yu, Q.; Dai, Y.; Tang, C.; Liu, L.; Zhang, H.; Gao, F.; Dong, L.; Chen, Y. Influence of cerium precursors
on the structure and reducibility of mesoporous CuO-CeO2 catalysts for CO oxidation. Appl. Catal. B Environ.
2012, 119–120, 308–320. [CrossRef]

233. Sun, S.; Mao, D.; Yu, J.; Yang, Z.; Lu, G.; Ma, Z. Low-temperature CO oxidation on CuO/CeO2 catalysts: the
significant effect of copper precursor and calcination temperature. Catal. Sci. Technol. 2015, 5, 3166–3181.
[CrossRef]

234. Kappis, K.; Papadopoulos, C.; Papavasiliou, J.; Vakros, J.; Georgiou, Y.; Deligiannakis, Y.; Avgouropoulos, G.
Tuning the Catalytic Properties of Copper-Promoted Nanoceria via a Hydrothermal Method. Catalysts 2019,
9, 138. [CrossRef]

235. Papadopoulos, C.; Kappis, K.; Papavasiliou, J.; Vakros, J.; Kuśmierz, M.; Gac, W.; Georgiou, Y.;
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Abstract: Ceria has been widely studied either as catalyst itself or support of various active phases in
many catalytic reactions, due to its unique redox and surface properties in conjunction to its lower
cost, compared to noble metal-based catalytic systems. The rational design of catalytic materials,
through appropriate tailoring of the particles’ shape and size, in order to acquire highly efficient
nanocatalysts, is of major significance. Iron is considered to be one of the cheapest transition metals
while its interaction with ceria support and their shape-dependent catalytic activity has not been fully
investigated. In this work, we report on ceria nanostructures morphological effects (cubes, polyhedra,
rods) on the textural, structural, surface, redox properties and, consequently, on the CO oxidation
performance of the iron-ceria mixed oxides (Fe2O3/CeO2). A full characterization study involving N2

adsorption at –196 ◦C, X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), temperature programmed
reduction (TPR), and X-ray photoelectron spectroscopy (XPS) was performed. The results clearly
revealed the key role of support morphology on the physicochemical properties and the catalytic
behavior of the iron-ceria binary system, with the rod-shaped sample exhibiting the highest catalytic
performance, both in terms of conversion and specific activity, due to its improved reducibility and
oxygen mobility, along with its abundance in Fe2+ species.

Keywords: ceria morphology; facet dependence; Fe2O3/CeO2 mixed oxides; CO oxidation

1. Introduction

Ceria (CeO2), or cerium oxide, has been extensively used in a variety of catalytic applications such
as oxidation processes, steam reforming, water-gas shift reaction, reduction of NOx, among others [1–3].
Ceria’s unique properties, such as improved thermal stability, high oxygen storage capacity (OSC), and
oxygen mobility render it an exceptional component for ceria-based catalytic materials [2,4–6]. Actually,
its ability to switch between the oxidation states Ce3+ and Ce4+, supplemented by the formation of
surface defects, such as oxygen vacancies, is accounted for its enhanced redox properties [2,3,7,8]. Such
a behavior is identified in other oxide systems such as manganese oxides [9–11] and perovskites [12,13],
but ceria still remains one of the best redox materials [14].
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Recent studies [14–23] have focused on the synthesis of nanostructured materials with well-defined
morphology. By tailoring particles’ shape and size, certain crystal facets can be exposed, leading to
different structural and redox properties, hence, resulting in improved catalytic activity [8,15,17,19].
In fact, it has been shown that the anionic vacancies energy formation strongly depends on the exposed
facets, following the order: {111} > {100} > {110}.

In addition, as the crystallite size decreases, materials in the nanoscale exhibit a plethora of oxygen
defects and enhanced catalytic performance [7]. It has been revealed that there is a strong dependence
between support morphology and catalytic activity, a fact showing the significance of the fine-tuning
of ceria with predefined textural and structural characteristics [17,18,21,22].

Several reports [22,24–29] have shown that the introduction of transition metal oxides into the ceria
lattice improves the catalytic performance of the mixed oxides compared to bare ones because of the
“synergistic” effect induced by the interactions between the oxide phases, a phenomenon that has not
been fully comprehended. In this regard, it is of great importance to develop cost-effective and highly
efficient catalysts based on iron oxide (Fe2O3), which is considered to be one of the cheapest metal
oxides [30]. Among the various catalytic systems, iron-ceria mixed oxides have been studied in several
catalytic reactions, such as oxidation processes [30–34], reduction processes [35,36], decomposition
reactions [37,38], soot combustion [39,40], etc.

However, the Fe2O3/CeO2 binary system has not been extensively investigated in relation to the
support shape dependence of catalytic activity, which is a highly engaging topic. To fully address
this, most of the studies concern the effect of iron content [39,41], calcination temperature [42], or the
distribution of iron ions in solid solutions [43] of Fe-doped CeO2 catalysts. Moreover, others have
focused on the improvement of OSC and oxygen mobility of iron-doped ceria catalysts [44]. In a similar
manner, Bao et al. [31] investigated the oxidation of CO in Fe2O3/CeO2 catalysts from the perspective
of solid solution formation and surface oxygen vacancies.

Only a few studies have focused on the Fe2O3/CeO2 system from the perspective of ceria
shape effect. For instance, Torrente-Murciano et al. [45] have shown that the control of support
morphology in the hydrogenation of CO2 to hydrocarbons leads to the exposure of different crystal
facets, resulting in enhanced metal-support interactions, a fact corroborated by the reducibility studies.
The structure-dependent catalytic performance of iron-ceria nanorods and nanopolyhedra for NO
reduction has been studied, and this dependence was mainly attributed to the exposed facets of
ceria nanoshapes, along with the synergistic effect between iron and ceria [35]. Furthermore, the
support role on the decomposition of sulfuric acid has been studied through the development of a
series of supported iron oxide-based catalysts [37]. Also, Sudarsanam et al. [40] studied the role of
support morphology in copper-ceria and iron-ceria nanorods for diesel soot combustion, and revealed
an abundance in oxygen vacancies in both catalytic systems, with copper-ceria nanorods, however,
exhibiting the best catalytic performance, which was ascribed to the high reducibility of ceria and the
large amount of acid sites.

Despite the various studies regarding the iron-ceria mixed oxides, there is still plenty of room
to elaborate on the morphology dependence of catalytic activity. In the present work, three different
ceria nanostructures (nanorods (NR), nanopolyhedra (NP), nanocubes (NC)) were hydrothermally
synthesized and used as supports for the iron oxide phase (Fe2O3/CeO2). For comparison purposes,
two additional samples were investigated: bare iron oxide sample prepared by thermal decomposition
(Fe2O3-D) and iron-ceria mixed oxide prepared by a physical mixture of Fe2O3-D and CeO2-NR
(Fe2O3-D + CeO2-NR). Several characterization techniques, namely N2 adsorption at –196 ◦C
(Brunauer–Emmett–Teller (BET) method), X-ray diffraction (XRD), transmission electron microscopy
(TEM), temperature programmed reduction using H2 (H2-TPR), and X-ray photoelectron spectroscopy
(XPS), have been employed in order to gain insight into the effect of support morphology on the
textural, structural, redox, surface properties and, consequently, on the catalytic performance of the
iron-ceria binary system. The oxidation of CO was employed as probe reaction in order to disclose
structure–activity relationships.

62



Catalysts 2019, 9, 371

2. Results and Discussion

2.1. Textural and Structural Characteristics (BET/XRD)

The main textural/structural characteristics of bare ceria and Fe2O3/CeO2 samples are summarized
in Table 1. On the basis of the BET surface area, the following order was obtained for the bare ceria
samples: CeO2-NP (87.9 m2/g) > CeO2-NR (79.3 m2/g) > CeO2-NC (37.3 m2/g). A decrease in the
surface area was observed by the addition of iron into the ceria support, with the Fe2O3/CeO2-NR
sample exhibiting the highest BET surface area (68.6 m2/g), accompanied by Fe2O3/CeO2-NP (64.2 m2/g)
and Fe2O3/CeO2-NC (32.2 m2/g).

Table 1. Textural/structural characteristics of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples.

Sample

BET Analysis XRD Analysis

BET Surface
Area (m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

Crystallite Size (nm), DXRD
1

CeO2 Fe2O3

CeO2-NR 79.3 0.48 24.2 15.0 -
CeO2-NP 87.9 0.17 7.9 11.0 -
CeO2-NC 37.3 0.26 27.4 27.0 -

Fe2O3/CeO2-NR 68.6 0.19 11.3 9.7 7.2
Fe2O3/CeO2-NP 64.2 0.12 7.6 8.5 16.5
Fe2O3/CeO2-NC 32.2 0.19 23.3 16.8 52.3

Fe2O3-D 27.0 0.15 22.3 - 23.3
1 Calculated applying the Williamson–Hall plot after Rietveld refinement of diffractograms.

Figure 1a shows the Barrett–Joyner–Halenda (BJH) desorption pore size distribution (PSD) of
as-prepared samples. The corresponding adsorption–desorption isotherms are depicted in Figure 1b.
In all cases, maxima at pore diameters higher than 3 nm are obtained, implying the presence of
mesopores which can be further corroborated by the existence of adsorption–desorption isotherms
of type IV with hysteresis loop at a relative pressure above 0.5 (Figure 1b) [33,35,46,47]. As observed
in Table 1 and Figure 1a, the incorporation of iron into the ceria lattice results in a decrease in pore
volume and average pore diameter, with the sample of rod-like morphology exhibiting the highest
reduction percentages (60% and 53%, respectively), while nanocubes and nanopolyhedra show a much
lower percentage decrease, namely 27% and 29% in pore volume and 15% and 3.8% in average pore
diameter, respectively.
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The obtained order in BET surface can be mainly interpreted on the basis of the different pore
volume and pore size distribution of ceria and iron-ceria samples. In particular, CeO2-NR and CeO2-NP
possess a pore volume of 0.48 and 0.17 cm3/g, respectively, exhibiting, however, a completely different
pore size distribution (mean pore size at 24.2 and 7.9 nm, respectively, Figure 1a). On the other
hand, CeO2-NC exhibits an intermediate pore volume (0.26 cm3/g) along with a higher mean pore
size (27.4 nm). These differences in pore volume and pore size distribution, linked to different ceria
morphologies, can be mainly accounted for the observed variations in BET surface area. Moreover, it is
worth noticing that the BET surface area follows, in general, the reverse order of the crystallite size of
both CeO2 and Fe2O3 phases (Table 1), i.e., the larger the crystallite size the lower the BET surface area.

The XRD patterns of all samples are demonstrated in Figure 2. The main peaks can be indexed to
(111), (200), (220), (311), (222), (400), (331), (420), (422), (511), and (440) planes which are attributed to
ceria face-centered cubic fluorite structure (Fm3m symmetry, no. 225) [48–50]. In the Fe2O3-D sample,
the peaks observed correspond to (012), (104), (110), (006), (113), (202), (024), (116), (018), (122), (214),
(300), (208), (119), (220), (036), (312), (134), (226), (042), (232), (324), and (410) planes of the hematite
phase [51]. There are two very small peaks at 2θ values ~35.96 and 54.26◦ in Fe2O3/CeO2 samples
which correspond to the hematite (Fe2O3) phase (JCPDS card 33-0664) [40,52]. However, the peak at 2θ
41.03◦ present in the Fe2O3-D sample, which is attributed to the hematite phase [40], is not observed in
the mixed oxides. The peaks are characteristic of the cerianite and hematite phases in accordance with
the nominal composition of the mixed oxides (Table 1). By applying the Williamson–Hall plot after
Rietveld refinement of diffractograms, the average crystallite sizes of cerianite and hematite phases
were calculated (Table 1). In particular, the CeO2 crystallite size is 27.0, 15.0, and 11.0 nm for CeO2-NC,
CeO2-NR, and CeO2-NP, respectively, following the same order in Fe2O3/CeO2 samples, i.e., 16.8,
9.7, and 8.5 nm for Fe2O3/CeO2-NC, Fe2O3/CeO2-NR, and Fe2O3/CeO2-NP, respectively. Taking into
account the crystallite size of iron oxide phase, the following order was obtained: Fe2O3/CeO2-NC
(52.3 nm) > Fe2O3/CeO2-NP (16.5 nm) > Fe2O3/CeO2-NR (7.2 nm). The lower crystallite size of ceria in
Fe2O3/CeO2 samples as compared to bare ceria samples should be mentioned. The addition of iron
ions through the wet impregnation method and the subsequent calcination of iron-ceria composites
could be considered responsible for the decrease of ceria crystallite size. In a similar manner, the
high dispersibility of the iron-ceria mixed oxides and/or the formation of solid solutions have been
considered as contributing factors to this decrease in ceria crystallite size [53–57].
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Figure 2. XRD patterns of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples.

2.2. Morphological Characteristics (TEM, SEM-EDS)

Transmission electron microscopy analyses were performed so as to further investigate the
morphological features of the various ceria nanostructures. The TEM images of bare ceria samples as
well as those of iron-ceria mixed oxides are presented in Figures 3a–c and 3d–f, respectively. CeO2-NR
displays ceria in the rod-like morphology (Figure 3a) with 25–200 nm in length. Nanopolyhedra of
irregular shapes and cubes are shown in Figure 3b and c, respectively. As it can be observed by the
TEM images of iron-ceria mixed oxides (Figure 3d–f), the support morphology remains unaffected
by the addition of iron to the ceria carrier. Scanning electron microscopy analyses along with energy
dispersive X-ray spectrometry (EDS) were performed in addition to obtain the elemental mapping
images of the Fe2O3/CeO2 samples (Figure 4). The SEM images of Fe2O3/CeO2-NR, Fe2O3/CeO2-NP,
and Fe2O3/CeO2-NC are depicted in Figure 4a,e,i, respectively, while the corresponding elemental
mapping images are shown in Figure 4b–d, Figure 4f–h, and Figure 4j–l, respectively. As it is obvious
from SEM-EDS analysis, there is a uniform distribution of all elements (Ce, Fe, O) in the iron-ceria
mixed oxides. Noteworthy, the Fe2O3/CeO2-NR sample (Figure 4b–c) exhibits a higher amount of
cerium than compared to iron, while iron-ceria nanopolyhedra (Figure 4f–g) and iron-ceria nanocubes
(Figure 4j–k) exhibit a larger population in iron. To further gain insight into the surface elemental
composition of the iron-ceria samples, XPS analysis was performed in addition, which corroborated
the above findings (see below).
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Figure 4. SEM-EDS elemental mapping images of the samples: (a–d) Fe2O3/CeO2-NR,
(e–h) Fe2O3/CeO2-NP, (i-l) Fe2O3/CeO2-NC.

2.3. Redox Properties (H2-TPR)

The effect of support morphology on the reducibility of the samples was investigated by TPR
experiments. The reduction profiles of bare ceria samples are depicted in Figure 5 and they include two
broad peaks centered at 526–551 ◦C and 789–813 ◦C, which are attributed to the surface oxygen (Os) and
bulk oxygen (Ob) ceria reduction, respectively [58,59]. As observed in Figure 5, in ceria nanocubes, the
Os peak is smaller in comparison with ceria nanorods and nanopolyhedra due to the smaller amount
of easily reducible oxygen available in the cubic sample, a fact closely related to the exposed crystal
facets, as it has been reported in previous studies [45,60]. In Table 2, the hydrogen consumption that
corresponds to ceria surface and bulk oxygen reduction is presented. Regarding the ratio of surface to
bulk oxygen for the bare ceria samples, the following order is obtained: CeO2-NR (1.13) > CeO2-NP
(0.94) > CeO2-NC (0.71), indicating the higher reducibility of the rod-shaped sample which possesses
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the largest population of weakly bound oxygen species. It is of note that the catalytic conversion
follows the same trend with the surface-to-bulk ratio, signifying the interrelationship between the
reducibility and the catalytic performance, as will be further discussed in the sequence.
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Table 2. Redox properties of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples.

Sample H2 consumption (mmol H2/g) a
Os/Ob Ratio Peak Temperature (◦C)

Os Peak Ob Peak Total Os Peak Ob Peak

CeO2-NR 0.59 0.52 1.11 1.13 545 788
CeO2-NP 0.48 0.51 0.99 0.94 555 804
CeO2-NC 0.41 0.58 0.99 0.71 589 809

H2 Consumption
(mmol H2/g) a

H2 Excess
(mmol H2/g) b Peak α Peak β Peak γ Peak δ

Fe2O3/CeO2-NR 3.42 1.42 390 465 588 759
Fe2O3/CeO2-NP 2.93 0.93 384 - 581 759
Fe2O3/CeO2-NC 2.47 0.47 377 469 599 759
Fe2O3-D 17.59 - 379 - 638 -
a Estimated by the area of the corresponding TPR peaks, which is calibrated against a known amount of CuO
standard sample. b Estimated by the subtraction of H2 amount required for Fe2O3 reduction in 7.5 wt.% Fe2O3/CeO2
samples (~2 mmol/g) from the total H2 consumption.

Figure 5 also shows the reduction profiles of Fe2O3/CeO2 samples, as well as that of bare Fe2O3-D
material. The main TPR peaks accompanied by the corresponding H2 consumption (mmol H2/g) are
presented in Table 2. The Fe2O3-D sample exhibits a sharp peak at 379 ◦C along with a broader peak at
~638 ◦C, consisting of two overlapping bands, which are ascribed to the stepwise reduction of hematite
to magnetite and magnetite to metallic iron, respectively, i.e., Fe2O3→ Fe3O4 and Fe3O4→ Fe0 [44,58].
However, the number of steps (two or three) involved in the reduction of pure iron oxide has not
been fully clarified [61], as it is considered to be dependent on the amount ratio of hydrogen to water
present in the reduction process, an issue addressed by Zielinski et al. [62]. It should be also mentioned
that the reduction of FeO (wustite) to Fe0 cannot be easily observed because of the metastable nature
of FeO as well as its disproportion to Fe3O4 and metallic iron (4FeO→ Fe3O4 + Fe) at a temperature
below 619 ◦C [38].
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The Fe2O3/CeO2-NC and Fe2O3/CeO2-NR samples exhibit four reduction peaks in the range
of ~377–390 ◦C (peak α), 465–469 ◦C (peak β), 588–599 ◦C (peak γ), and 759 ◦C (peak δ), whereas
Fe2O3/CeO2-NP shows three reduction peaks centered at ~384 ◦C (peak α), 581 ◦C (peak γ), and
759 ◦C (peak δ), as the second and third peaks could have been merged, therefore justifying the
absence of peak β [63]. The peaks at 465–469 ◦C (peak β) and 759 ◦C (peak δ) are attributed to the
ceria surface oxygen and bulk oxygen reduction, respectively, while the peaks at ~377–390 ◦C (peak
α) and 581–599 ◦C (peak γ) are ascribed to the iron species reduction, namely Fe2O3 → Fe3O4 and
Fe3O4→ Fe0, respectively [40,44]. In particular, the two aforementioned peaks could be referring to
dispersed and clustered Fe2O3, accordingly [64]. Interestingly, the high-temperature peak δ (759 ◦C)
that corresponds to ceria bulk oxygen reduction remains unaffected by the addition of iron, which can
be attributed to the preferred existence of iron at the outermost shell of the nanoparticles [50]. It should
also be noted that the addition of iron to ceria supports results into a downward shift of surface ceria
TPR peaks, implying the pronounced effect of iron-ceria interactions on the reducibility [35,38].

According to the hydrogen consumed (Table 2), iron-ceria nanorods exhibit the highest value
of H2 consumption (3.42 mmol H2/g) followed by nanopolyhedra (2.93 mmol H2/g) and nanocubes
(2.47 mmol H2/g) perfectly matched to the catalytic conversion order (see below). It is also worth
noticing that the amount of H2 required for the reduction of Fe2O3/CeO2 samples always surpasses the
theoretical amount of H2 for the complete reduction of Fe2O3 to Fe (~2 mmol H2/g, on the basis of a Fe
nominal loading of 7.5 wt.%). The latter reveals the facilitation of ceria capping oxygen reduction in
the presence of iron, further corroborating the above findings and the synergistic function of metal
and support. The H2 excess uptake (mmol/g, Table 2), reflecting the extent of ceria oxygen reduction,
follows the sequence Fe2O3/CeO2-NR (1.42) > Fe2O3/CeO2-NP (0.93) > Fe2O3/CeO2-NC (0.47), in line
to supports’ reducibility.

2.4. Surface Properties (XPS)

In order to further investigate the impact of support morphology on the chemical composition and
oxidation state of the samples, XPS analysis was performed. The Ce 3d XPS spectra of the samples are
shown in Figure 6a. The Ce3d core level spectra were deconvoluted into eight components consisting
of three pairs of spin-orbit doublets of Ce4+ and two peaks corresponding to Ce3+ [44,59,65]. In
particular, the Ce 3d3/2 spin-obit components represented by the u lines include three characteristic
peaks labeled as u (900.7 eV), u′′ (907.6 eV), and u′′′ (916.4 eV). The Ce 3d5/2 spin-orbit components
represented by the v lines, contain three peaks labeled as v (882.2 eV), v′′ (888.8 eV), and v′′′ (898.2 eV).
The aforementioned three pairs of peaks are ascribed to Ce4+ while the two lines denoted as u’ (902.1 eV)
and v’ (883.8 eV) are attributed to Ce3+. The proportion of Ce3+ ions with regard to the total cerium is
calculated from the area ratio of the sum of the Ce3+ species to that of the total cerium species [66].
Table 3 summarizes the results derived by XPS analysis for all the samples. Bare ceria supports show
similar amounts of the Ce3+ species between 23.3 and 25.3%. With regard to the iron-ceria samples, the
population of Ce3+ ions is slightly higher than bare ceria samples, varying between 25.3 and 28.5%,
without, however, exhibiting significant alterations between the samples of different morphology. In a
similar manner, it has been shown that the relative amount of reduced Ce3+ species is similar among
CuO/CeO2 samples of different morphology [67,68].
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Fe2O3/CeO2 samples.

Figure 6b shows the O 1s XPS spectra of the samples, which consist of two peaks. In general, the
peak at lower binding energy (529.4 eV) corresponds to lattice oxygen (OI) of the metal oxide phases,
such as O2−, whereas the peak at higher binding energy (531.5 eV) is ascribed to chemisorbed oxygen
(OII) including adsorbed oxygen (O−/O2

2−), adsorbed water, hydroxyl (OH−), and carbonate (CO3
2−)

species [40,69,70]. Upon iron addition, a slight shift in the OI band (Figure 5b) to higher binding energy
occurs, which can be attributed to the electronegative effect of iron on the environment surrounding
the cerium-oxygen bond [40,44]. As can be observed from Table 3, the following order, in terms of
OI/OII ratio, is obtained for bare ceria samples: CeO2-NR (2.13) > CeO2-NP (2.04) > CeO2-NC (1.99),
which is well-correlated with the catalytic performance order (see below). The latter indicates the key
role of lattice oxygen on the CO oxidation, as discussed in the sequence. Interestingly, exactly the
same trend is obtained for iron-ceria samples, i.e., Fe2O3/CeO2-NR (2.52) > Fe2O3/CeO2-NP (2.25) >

Fe2O3/CeO2-NC (1.84) (Table 3), indicating the key role of support on the OI/OII ratio. These results,
in conjunction to TPR studies, demonstrate that the samples with the rod-like morphology exhibit
the highest concentration of easily reduced oxygen species, offering the optimum reducibility and
oxygen kinetics.

Figure 6c shows the Fe 2p XPS spectra of Fe2O3-D and Fe2O3/CeO2 samples. All samples exhibit
two main peaks around 710.8 eV and 724.1 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, as
well as two satellite peaks at 717.9 and 732.6 eV which indicate the existence of Fe3+, in agreement with
the XRD results (Figure 2) [40]. However, it is worth noticing that the peak observed at 709.6-710.5 eV
could be assigned to Fe2+ species [71], which is suggested to be formed by the interaction between
the two oxide phases, through an interfacial redox process: xFe2O3 + (2 − y)CeO2−x → xFe2O3 − y +

(2 − y)CeO2 [72–74]. Taking into account the Fe2+ (%) amount (Table 3), calculated by curve fitting
including the satellite peaks (Figure 6c), the following order is obtained for the Fe2O3/CeO2 samples of
different morphology: Fe2O3/CeO2-NR (14.4) > Fe2O3/CeO2-NP (13.3) > Fe2O3/CeO2-NC (13.1), which
again coincides with the catalytic conversion order as described in the sequence and it is indicative
of the interfacial interaction between the two oxide phases [72]. It should be pointed out that the
aforementioned Fe2+ (%) amount order is in full compliance with the order of Os/Ob ratio and the
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reducibility of the mixed oxides (Table 2), disclosing the interrelationship between electronic and redox
properties induced by iron-ceria interactions.

The surface atomic ratio Fe/(Fe + Ce) of the Fe2O3/CeO2 samples is presented in Table 3. Obviously,
the surface atomic ratio of the rod-shaped sample is near to the nominal one (0.2), indicating a
uniform distribution of iron and cerium species over the entire sample. However, nanopolyhedra and
nanocubes exhibit higher values of surface atomic ratio than the nominal composition, namely 0.34
and 0.43, respectively, indicating an enrichment of the catalyst’s surface in iron species or equally an
impoverishment of catalyst’s surface to cerium species. These results further corroborate the SEM-EDS
analysis (Figure 4), as previously discussed.

Table 3. XPS results of bare CeO2 and Fe2O3/CeO2 samples.

Sample Fe2+ (%) Ce3+ (%) OI/OII Fe/(Fe + Ce)

CeO2-NR - 24.3 2.13 -
CeO2-NP - 25.3 2.04 -
CeO2-NC - 23.3 1.99 -

Fe2O3/CeO2-NR 14.4 25.3 2.52 0.28
Fe2O3/CeO2-NP 13.3 26.5 2.25 0.34
Fe2O3/CeO2-NC 13.1 28.5 1.84 0.43

2.5. Catalytic Evaluation Studies

In order to gain insight into the morphological effect of ceria support on the catalytic performance
of the Fe2O3/CeO2 binary system, the oxidation of CO was investigated, as a model reaction. Figure 7
shows the CO conversion as a function of temperature of bare ceria carriers of different morphology as
well as of the corresponding Fe2O3/CeO2 samples. For comparison purposes, the catalytic performance
of bare Fe2O3 as well as of a mechanical mixture of Fe2O3-D + CeO2-NR (see experimental section) was
investigated in parallel to reveal the individual or synergistic effect of catalyst’s counterparts. Bare ceria
carriers demonstrate inferior performance with, however, significant alterations between the samples
of different morphology. In particular, in terms of half-conversion temperature (T50), the following
trend is obtained for bare ceria samples: CeO2-NR (307 ◦C) > CeO2-NP (323 ◦C) > CeO2-NC (369 ◦C).
Notably, the incorporation of iron into the ceria lattice clearly enhances the catalytic performance
without, however, affecting the CO conversion order of bare ceria carriers: Fe2O3/CeO2-NR (166 ◦C) >

Fe2O3/CeO2-NP (182 ◦C) > Fe2O3/CeO2-NC (219 ◦C) > Fe2O3-D + CeO2-NR (272 ◦C) > Fe2O3-D (277 ◦C).
It is also worth noticing that the preparation method significantly affects the catalytic performance.
Specifically, the hydrothermal method, which results in the development of ceria nanoparticles of
different morphology, in conjunction to the addition of iron through the wet impregnation method,
leads to highly active iron-ceria composites, as compared to the iron-ceria mixed oxide prepared by
mechanical mixing (Fe2O3-D + CeO2-NR, green line in Figure 7). More specifically, the conversion
profile of Fe2O3/CeO2-NR has been shifted by more than 100 ◦C to lower temperatures as compared
to that of bare Fe2O3-D, CeO2-NR, and Fe2O3-D + CeO2-NR mechanical mixture, clearly revealing
the synergistic interaction between CeO2 and Fe2O3 induced by the preparation procedure followed.
At this point it should be noted that a stable conversion performance (~80%) was attained at 200 ◦C
during a short term (24 h) stability experiment over the most active Fe2O3/CeO2-NR sample (not shown
for brevity).
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To more closely gain insight into the intrinsic reactivity of as-prepared samples, the reaction
rate under differential conditions (Gas Hourly Space Velocity (GHSV) = 40,000 h−1, mcat = 100 mg,
XCO < 15%) was obtained in the form of Arrhenius plots (Figure 8), and the corresponding activation
energies (Ea) are summarized in Table 4. The superiority of Fe2O3/CeO2 samples as compared to bare
CeO2 and Fe2O3 at a given temperature is again obvious (Figure 8), clearly revealing the synergistic
iron-ceria interactions. Moreover, the same activity order to the CO conversion performance (Figure 7)
is obtained, further validating the aforementioned structure–activity relationships. In relation to
the activation energies, the bare nanorod sample (CeO2-NR) exhibits the lowest activation energy
(44.2 kJ·mol−1), followed by nanopolyhedra (46.7 kJ·mol−1) and nanocubes (49.8 kJ·mol−1), a trend
identical to their CO conversion performance. A similar trend is shown for the mixed oxides, with
Fe2O3/CeO2-NR showing the lowest activation energy among Fe2O3 supported samples, followed by
the Fe2O3/CeO2-NP and Fe2O3/CeO2-NC samples. On the other hand, the bare Fe2O3 sample exhibits a
much higher activation energy (63.3 kJ mol−1) compared to bare ceria and iron-ceria samples, indicating
a higher energy barrier for CO oxidation over Fe2O3. In view of this fact, the higher activation energy of
iron supported ceria samples (53.5–58.6 kJ mol−1) compared to bare ceria samples (44.2–49.8 kJ mol−1)
can receive a consistent explanation. However, it is worth noticing that iron-ceria catalysts demonstrate
the highest activity (Figure 8, Table 4), despite their higher Ea, implying a more facile reaction path
most probably induced by the iron-ceria interfacial sites. These findings clearly reveal the pivotal
role of ceria support morphology in conjunction with iron-ceria interface towards determining the
activation energy and the catalytic activity of Fe2O3/CeO2 samples.
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Table 4. Activation Energies (Ea) for the CO oxidation reaction over bare CeO2 and Fe2O3/CeO2 samples.

Sample Ea (kJ mol−1) (± 0.1) R2 (from Fitting Procedure)

CeO2-NR 44.2 0.9943
46.7 0.9906

CeO2-NC 49.8 0.9916
Fe2O3/CeO2-NR 53.5 0.9875
Fe2O3/CeO2-NP 55.7 0.9853
Fe2O3/CeO2-NC 58.6 0.9959

Fe2O3-D 63.3 0.9995
Fe2O3-D + CeO2-NR 48.1 0.9983

The enhanced textural properties (BET surface area and pore volume) of the Fe2O3/CeO2-NR
sample in comparison with the Fe2O3/CeO2-NP and Fe2O3/CeO2-NC samples should be also mentioned,
which could be further accounted for its enhanced CO conversion performance. In order to further
elucidate the relationship between CO oxidation activity and the aforementioned textural properties, the
specific activity, normalized both per unit of catalyst mass (nmol g−1 s−1) and surface area (nmol m−2 s−1)
was calculated under differential reaction conditions (XCO < 15%, T = 125 ◦C, GHSV = 40,000 h−1). These
specific parameters can reflect more accurately the impact of intrinsic properties of the Fe2O3/CeO2

mixed oxides on the catalytic performance. The results are summarized in Table 5. It is evident that
Fe2O3/CeO2-NR exhibits the best catalytic performance (both in terms of conversion and specific
activity) as compared to the other two iron-ceria polymorphs, revealing the pivotal role of the exposed
crystal planes and the redox characteristics, rather than that of textural characteristics, on the CO
oxidation performance. Similar conclusions have been already drawn in our previous work on CO
oxidation over CuO/CeO2 mixed oxides [18].
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Table 5. CO conversion and specific activity of Fe2O3/CeO2 samples at 125 ◦C. Reaction conditions:
2000 ppm CO, 1 vol.% O2, GHSV = 40,000 h−1.

Sample CO Conversion (%)
Specific Activity

r (nmol g−1 s−1) r (nmol m−2 s−1)

Fe2O3/CeO2-NC 2.40 26 0.80
Fe2O3/CeO2-NP 4.46 48 0.75
Fe2O3/CeO2-NR 11.69 126 1.84

Summarizing, the nanorod-shaped sample (Fe2O3/CeO2-NR) exhibits the best catalytic
performance, followed by nanopolyhedra (Fe2O3/CeO2-NP) and nanocubes (Fe2O3/CeO2-NC).
The same order, however much inferior, is observed for the bare ceria samples as well, demonstrating
the fundamental role of support morphology. This enhanced catalytic behavior of the nanorod sample
can be mainly attributed, on the basis of the present findings, to its improved reducibility and oxygen
mobility, enforced by the strong interaction between ceria nanorods and iron species, along with the
abundance of ceria nanorods in oxygen vacancies. The latter has been clearly established by in situ
Raman spectroscopy, revealing the following trend in the relative abundance of structural defects:
CeO2-NR > CeO2-NP > CeO2-NC [18].

More specifically, the oxidation of CO over ceria-based materials follows a Mars-van Krevelen-type
of mechanism, in which the reaction includes alternating reduction/oxidation steps that result in the
formation of surface oxygen vacancies, which is considered to be a reactivity descriptor on doped
ceria surfaces [75], and their subsequent refill by gas phase oxygen [31]. In view of this fact, it has
been shown that there is a close relationship between the fundamental steps of the above mentioned
mechanism and the oxygen species of ceria’s {111} crystal plane [75] and this could also be the case for
the nanorod sample, which shows abundance in lattice oxygen (Table 3) and easily reduced (Table 2)
species. The aforementioned mechanism reveals the significance of the support’s redox properties,
as the synergism observed in the Fe2O3/CeO2 samples is mainly due to the Ce4+/Ce3+ and Fe3+/Fe2+

redox couples [50]. In a similar manner, Luo et al. [74] have shown that high ratios of Fe2+/Fe3+ and
Ce3+/Ce4+ favor the conversion of CO in the inverse CeO2-Fe2O3 catalysts. In general, the Fe2+/Fe3+

pairs are considered catalytic centers for the oxidation of CO as the coexistence of Fe2+/Fe3+ and
Ce4+/Ce3+ pairs facilitate the electron transfer between the mixed sites Fe2+-Ce4+ and/or Fe3+-Ce3+,
leading to enhanced CO oxidation activity [74,76], while the presence of Fe2+ and Ce3+ ions is related to
the formation of oxygen vacancies [74]. Moreover, Chen et al. [77] have shown by DFT computational
studies of CO oxidation over iron-modified ceria {111} surfaces that the CO molecule is adsorbed to the
iron adatom which is then oxidized by the lattice oxygen, resulting in the desorption of CO2 and the
formation of oxygen vacancies, which is considered to be the rate-determining step.

In conclusion, the enhanced catalytic behavior of the Fe2O3/CeO2 sample of rod-like morphology
could be mainly attributed to its superior reducibility and oxygen kinetics, closely related to the
abundance in weakly bound oxygen species (Table 2) and Fe2+ ions (Table 3). In view of this fact, the
above statements regarding structure–function relationships can be further corroborated by the perfect
relationship between the catalytic performance and the surface-to-bulk ratio (Os/Ob) (Figure 9), as it
has been similarly reported by our group [18] for CO oxidation in copper-ceria samples. Furthermore,
it is worth pointing out that the CO oxidation performance follows the same order, namely nanorods >

nanopolyhedra > nanocubes, regardless of the active phase used, as the above mentioned trend was
also observed in CuO/CeO2 nanoparticles of the same morphology, clearly reflecting the key role of
support morphology on the catalytic behavior [18].
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3. Materials and Methods

3.1. Materials Synthesis

In the present work, all chemicals were of analytical reagent grade. Ce(NO3)3·6H2O (purity≥ 99.0%,
Fluka, Bucharest, Romania) and Fe(NO3)3·9H2O (≥ 98%, Sigma-Aldrich, St. Louis, MO, USA) were
the precursors used for the synthesis of bare ceria and iron-ceria samples. NaOH (purity ≥ 98%,
Sigma-Aldrich, St. Louis, MO, USA) and absolute ethanol (≥ 98%, Honeywell, Charlotte, North
Carolina, USA) were also used during preparation procedures. Firstly, the bare ceria samples were
prepared by the hydrothermal method as thoroughly described in our previous work [18]. In brief,
appropriate amounts of Ce(NO3)3·6H2O and NaOH were dissolved in double deionized water, mixed
under vigorous stirring for 1 h and aged for 24 h, at 90 ◦C for ceria nanorods and nanopolyhedra and
at 180 ◦C for ceria nanocubes. Subsequently, centrifugation was used for the recovery of the solid
products which were extensively washed with double deionized water until pH 7 for the removal
of any co-precipitated salts, as well as absolute ethanol in order to avoid the agglomeration of the
nanoparticles. Finally, the resulting precipitate was dried at 90 ◦C for 12 h and calcined at 500 ◦C for
2 h under air flow (heating ramp 5 ◦C/min). The bare ceria samples are denoted as CeO2-NX, where
NX corresponds to NR–nanorods, NP–nanopolyhedra, and NC–nanocubes.

The Fe2O3/CeO2-NX mixed catalysts were prepared by the wet impregnation method, employing
an aqueous solution of Fe(NO3)3·9H2O, in order to obtain an atomic ratio Fe/(Fe+Ce) of 0.2, which
corresponds to a Fe loading of 7.5 wt.%. This particular ratio was dictated from our previous studies
over a series of MOx/CeO2 catalysts where the M/(M + Ce) atomic content is always kept constant
to 0.2 [18,78]. Moreover, relevant literature studies over FeOx/CeO2 catalysts revealed that optimum
redox/surface properties can be obtained at similar metal contents, e.g., [40,50]. Heating of the resulting
suspensions under stirring until water evaporation, drying at 90 ◦C for 12 h, and final calcination at
500 ◦C for 2 h under air flow (heating ramp 5 ◦C/min) occurred.

For comparison purposes, two additional samples were synthesized. A bare iron oxide sample
denoted as Fe2O3-D was prepared by thermal decomposition of Fe(NO3)3·9H2O at 500 ◦C for 2 h,
and an iron-ceria mixed oxide was prepared as a physical mixture of 7.5 wt.% Fe2O3-D and 92.5 wt.%
CeO2-NR, as it was mixed in agate by hand.
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3.2. Materials Characterization

The porosity of the materials was evaluated by the N2-adsorption isotherms at –196 ◦C, using
an ASAP 2010 (Micromeritics, Norcross, GA, USA) apparatus (from ReQuimTe Analyses Laboratory,
Universidade Nova de Lisboa, Portugal). Samples were previously degassed at 300 ◦C for 6 h.
The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) equation [79].

Structural characterization was carried out by means of XRD in a PAN’alytical X’Pert
MPD (PANanalytical, Almelo, Netherlands) equipped with a X’Celerator detector and secondary
monochromator (Cu Kα λ = 0.154 nm, 50 kV, 40 mA; data recorded at a 0.017◦ step size, 100 s/step) in
University of Trás-os-Montes e Alto Douro. The collected spectra were analyzed by Rietveld refinement
using PowderCell software (by Werner Kraus and Gert Nolze, http://www.ccp14.ac.uk), allowing the
determination of crystallite sizes by means of the Williamson–Hall plot.

The samples were imaged by TEM. The analyses were performed on a Leo 906E apparatus
(Austin, TX, USA), at 120 kV in University of Trás-os-Montes e Alto Douro. Samples were prepared
ultrasonically dispersion and a 400 mesh formvar/carbon copper grid (Agar Scientific, Essex, UK) was
dipped into the solution for the TEM analysis.

The surface morphology was also investigated 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. The powders were placed on double-sided adhesive
tape and sputtered with Au for 39 seconds in order to create a coating with a thickness of 10 nm,
approximately. The specimens were observed under two different detection modes: secondary and
backscattered electrons.

The redox properties were assessed by TPR experiments in an AMI-200 Catalyst Characterization
Instrument (Altamira Instruments, Pittsburgh, PA, USA), employing H2 as a reducing agent. In a
typical H2-TPR experiment, 50 mg of the sample (grain size 180–355 µm) was heated up to 1100 ◦C
(10 ◦C/min), under H2 flow (1.5 cm3) balanced with He (29 cm3). The amount of H2 consumed
(mmol g−1) was calculated by taking into account the integrated area of TPR peaks, calibrated against
a known amount of CuO standard sample [80,81].

The surface composition and the chemical state of each element were determined by XPS analyses,
performed on a VG Scientific ESCALAB 200A spectrometer using Al Kα radiation (1486.6 eV) in
CEMUP. The charge effect was corrected using the C1s peak as a reference (binding energy of 285 eV).
The CASAXPS software (http://www.casaxps.com/) was used for data analysis.

3.3. Catalytic Evaluation Studies

Catalytic oxidation of CO was performed in a quartz fixed-bed tubular microreactor (12.95 mm
i.d.) at atmospheric pressure, loaded with 0.10 g of catalyst. The reaction stream consisted of 2000 ppm
of CO and 1 vol.% O2 balanced with He in a total feed stream of 80 mL min−1 which was controlled
by EL-Flow Bronkhorst Mass Flow controllers (Bronkhorst High-Tech B.V., Ruurlo, Netherlands)
and homogenized by a mixing chamber. The catalyst temperature was recorded using a K-Type
thermocouple placed in the catalyst bed and the gas hour space velocity (GHSV) of the feed stream
was 40,000 h−1.

Prior to catalytic experiments, all samples were treated under a 20 cm3/min flow of 20 vol.% O2 in
He heating up to 480 ◦C with 10 degrees/min. Samples remained at 480 ◦C for 30 min and then the
temperature was decreased to 25 ◦C with the same rate. Final purge with He flow was carried out in
order to remove physiosorbed species.

Catalytic evaluation measurements were carried out every 20 degrees up to 500 ◦C. CO and
CO2 in the effluent gas were analyzed by gas chromatography (GC) using a fast response micro GC
Varian CP-4900 equipped with 2 fully equipped channels with separated TCD detectors, injectors and
2 capillary columns (Molecular Sieve 5X and PoraPlot Q), all provided from Varian B.V., Middelburg,
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Netherlands. The conversion of CO (XCO) was calculated from the difference in CO concentration
between the inlet and outlet gas streams, according to the equation:

XCO(%) =
[CO]in − [CO]out

[CO]in
× 100 (1)

The specific reaction rate (r, mol m−2 s−1) of the CO conversion was also estimated under
differential reaction conditions (XCO < 15%, T=125oC, W/F = 0.075 g s cm−3) using the following
formula:

r
(
mol m−2 s−1

)
=

XCO × [CO]in × F
(

cm3

min

)

100× 60
(

s
min

)
×Vm

(
cm3

mol

)
×mcat(g) × SBET

(
m2

g

) (2)

where F and Vm are the total flow rate and gas molar volume, respectively, at standard ambient
temperature and pressure conditions (298 K and 1 bar), mcat is the catalyst’s mass, and SBET is the
surface area.

4. Conclusions

In the present work, ceria nanostructures of different morphology (cubes, polyhedra, rods) were
synthesized by the hydrothermal method and used as carriers for the iron oxide phase. The bare
ceria samples, as well as the iron-ceria mixed oxides, were catalytically evaluated in the oxidation
of CO. Regarding the CO conversion performance, the same trend was observed in both bare ceria
and Fe2O3/CeO2 mixed oxides, namely nanorods > nanopolyhedra > nanocubes, demonstrating the
crucial role of support morphology, with iron addition, however, significantly enhancing the catalytic
behavior. In terms of half-conversion temperature (T50), iron-ceria nanorods (Fe2O3/CeO2-NR) exhibit
the best catalytic performance (T50 = 166 ◦C), attributed mainly to their enhanced reducibility and
oxygen kinetics linked to their abundance in loosely bound oxygen species, their highest amount in
lattice oxygen, and their largest amount of Fe2+. The present findings demonstrate that the co-doping
of cheap and abundant transition metals (such as iron) on a reducible carrier (such as ceria), along with
the fine-tuning of their morphology, should be considered as a novel approach towards developing
highly active, noble metal-free, catalysts.
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Abstract: Ceria-based oxides have been widely explored recently in the direct decomposition of
N2O (deN2O) due to their unique redox/surface properties and lower cost as compared to noble
metal-based catalysts. Cobalt oxide dispersed on ceria is among the most active mixed oxides with its
efficiency strongly affected by counterpart features, such as particle size and morphology. In this work,
the morphological effect of ceria nanostructures (nanorods (NR), nanocubes (NC), nanopolyhedra
(NP)) on the solid-state properties and the deN2O performance of the Co3O4/CeO2 binary system is
investigated. Several characterization methods involving N2 adsorption at −196 ◦C, X-ray diffraction
(XRD), temperature programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM) were carried out to disclose structure–property relationships.
The results revealed the importance of support morphology on the physicochemical properties
and the N2O conversion performance of bare ceria samples, following the order nanorods (NR) >
nanopolyhedra (NP) > nanocubes (NC). More importantly, Co3O4 impregnation to different carriers
towards the formation of Co3O4/CeO2 mixed oxides greatly enhanced the deN2O performance as
compared to bare ceria samples, without, however, affecting the conversion sequence, implying the
pivotal role of ceria support. The Co3O4/CeO2 sample with the rod-like morphology exhibited the
best deN2O performance (100% N2O conversion at 500 ◦C) due to its abundance in Co2+ active sites
and Ce3+ species in conjunction to its improved reducibility, oxygen kinetics and surface area.

Keywords: ceria nanoparticles; morphological effects; Co3O4/CeO2 mixed oxides, deN2O process

1. Introduction

Nitrous oxide (N2O) is one of the most significant greenhouse gases contributing to the depletion
of the ozone layer. N2O has a much higher global warming potential (GWP) compared to CO2

(310 times higher) and a long atmospheric lifetime (114 years). The emissions of N2O are derived by
both natural and anthropogenic sources. The main anthropogenic sources for N2O emissions involve
agriculture (use of fertilizers), chemical industry (adipic and nitric acid production), the combustion of
fossil fuels, as well as biomass burning, etc. [1–4].

The abatement of N2O emissions is of paramount importance and the direct catalytic
decomposition of nitrous oxide to molecular nitrogen and oxygen (deN2O process) is considered to be
a highly efficient remediation method. Thus far, several catalytic systems, such as supported noble
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metals [5–7], perovskites [8–10], hexaaluminates [11–14], spinels [15–18], zeolites [19–22] and mixed
oxides [23–27], have been used for N2O decomposition. Although noble metals exhibit satisfactory
activity for the deN2O process, their high cost and the deterioration of their catalytic efficiency from
gases present in the exhaust gas stream (e.g., O2) act as inhibiting factors for practical applications [1,28].
Hence, research efforts have focused on the development of noble metal-free mixed oxides of high
activity, stability and low cost, as recently reviewed [1].

Among the different transition metal oxides, cobalt spinel shows unique physicochemical
characteristics, such as thermal stability and high reducibility, making it an excellent candidate for the
deN2O process [15,23,29,30]. However, the high cost of cobalt renders mandatory its dispersion to high
surface area supports like ceria, magnesia, etc. [31,32]. Among the various supports investigated, ceria
exhibits unique redox properties associated with its high oxygen storage capacity (OSC), rendering this
material highly effective in many catalytic processes [23,33–35]. Furthermore, the synergistic effects
induced by strong metal–ceria interactions, in nanoscale, can modify the surface chemistry of the
materials through geometric or/and electronic perturbations, leading to improved redox properties
and catalytic activity [36–40].

However, the catalytic efficiency of transition metal oxides, involving ceria-based mixed
oxides, can be considerably affected by the different counterpart characteristics, such as particle
size and morphology. In this regard, engineering the particle size and shape (e.g., nanorods and
nanocubes) through the employment of advanced nano-synthesis paths has lately received particular
attention [33,41–43]. Interestingly, the support morphology greatly affects the redox properties, oxygen
mobility and, subsequently, the catalytic activity of the mixed oxides. For instance, Lin et al. [44]
prepared Co3O4/CeO2 catalysts with three different support morphologies, namely polyhedra,
nanorods and hexagonal shapes, with polyhedra exhibiting the highest catalytic activity for ammonia
synthesis. In a similar manner, by tailoring the support morphology, CuO/CeO2 nanoshaped materials
of enhanced reducibility and deN2O performance can be obtained [45]. Andrade-Martínez et al. [46]
investigated the catalytic reduction of N2O over CuO/SiO2 catalysts, revealing the key role of the
spherical ordered mesoporous support, along with its functionalization through copper addition, on the
improved catalytic activity and stability, making this material comparable to noble metal-reported
systems. Different support morphologies (rods, plates and cubes) have also been employed for the
low temperature CH2Br2 oxidation revealing the superiority of cobalt-ceria nanorods in the catalytic
performance [47]. Moreover, cobalt oxide supported on ceria of different morphology (nanoparticles,
nanorods and nanocubes) has been investigated for the catalytic oxidation of toluene with the
nanoparticles exhibiting the highest catalytic activity due to the synergism at the interface between the
two oxide phases, which leads to an improved reducibility [48]. Very recently, the influence of support
morphology (nanorods, nanocubes and nanopolyhedra) on the surface and structural properties of
CuO/CeO2 mixed oxide has been thoroughly explored through both in situ and ex situ characterization
techniques. The results disclosed the significance of the ceria morphology on the reducibility and
oxygen kinetics, revealing the order nanorods > nanopolyhedra > nanocubes [49].

In this work, ceria structures of various morphologies (nanopolyhedra, nanorods and nanocubes)
were hydrothermally prepared, and then cobalt was impregnated into the above ceria supports.
Thepurpose of this work was to explore the impact of support morphology on the surface chemistry
and the deN2O performance of Co3O4/CeO2 mixed oxides. The results clearly revealed that support
morphology can exert a profound influence on the N2O decomposition, paving the way toward the
rational design of highly efficient deN2O catalysts.

2. Results and Discussion

2.1. Textural/Structural Analysis (BET and XRD)

The main textural and structural characteristics of bare ceria samples and Co3O4/CeO2 mixed
oxides (hereinafter denoted as Co/CeO2) are summarized in Table 1. According to the BET surface area,
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the following order is acquired: CeO2-NP (88 m2 g−1) > CeO2-NR (79 m2 g−1) > CeO2-NC (37 m2 g−1).
The addition of cobalt into CeO2 decreases the surface area, without, however, significantly affecting
the order obtained for bare ceria samples. The Co/CeO2-NR sample exhibits the highest value
(72 m2 g−1) succeeded by Co/CeO2-NP (71 m2 g−1) and Co/CeO2-NC (28 m2 g−1). Regarding the
average pore diameter and pore volume, they both decreased upon the addition of Co to ceria nanorods
and nanocubes. However, concerning ceria nanopolyhedra, the addition of cobalt leads to a small
increase in the average pore diameter, whereas the pore volume is not significantly affected (Table 1).

Table 1. The textural and structural properties of bare CeO2 and Co/CeO2 samples.

Sample

BET Analysis XRD Analysis

BET Surface
Area (m2 g−1)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

Crystallite Size (nm), DXRD
1

CeO2 Co3O4

CeO2-NC 37 0.26 27.4 27 ± 1 -
CeO2-NR 79 0.48 24.2 15 ± 1 -
CeO2-NP 88 0.17 7.9 11 ± 1 -

Co/CeO2-NC 28 0.15 22.6 24 ± 1 19 ± 1
Co/CeO2-NR 72 0.31 17.4 14 ± 1 16 ± 1
Co/CeO2-NP 71 0.17 9.8 11 ± 1 15 ± 1

1 Calculated applying the Williamson–Hall plot after the Rietveld refinement of diffractograms.

Figure 1a shows the Barret-Joyner-Halenda (BJH) desorption pore size distributions (PSD) of
bare ceria and Co/CeO2 catalysts. According to the pore size distribution, all the samples have their
maxima at a pore diameter more than 3 nm, designating the presence of mesopores [50]. It is obvious
that bare ceria samples with the nanocube (CeO2-NC) and nanorod morphology (CeO2-NR) exhibit
similar particle size distributions, whereas in ceria nanopolyhedra (CeO2-NP), a narrower PSD is
observed. Noteworthily, PSD remains practically unaffected by the addition of cobalt in all cases.
As it can be observed in Figure 1b which shows the adsorption–desorption isotherms, all samples
demonstrate type IV isotherms with a hysteresis loop at a relative pressure > 0.5, further corroborating
the mesoporous structure of the materials [51,52].

The XRD patterns of the samples are shown in Figure 2. The main peaks can be indexed to
(111), (200), (220), (311), (222), (400), (331), (420), (422), (511) and (440) planes which are attributed to
ceria face-centered cubic fluorite structure (Fm3m symmetry, no. 225) [53,54]. There are three small
peaks at 2θ values of approx. 36, 44 and 64o which are typical of Co3O4 [33]. These three diffraction
peaks correspond to the (311), (400) and (440) planes of Co3O4, respectively. The average crystallite
diameter of the oxide phases (CeO2 and Co3O4) was assessed by an XRD analysis by means of the
Williamson–Hall plot (Table 1). The CeO2 crystallite size measurements showed 24, 14 and 11 nm for
Co/CeO2-NC, Co/CeO2-NR and Co/CeO2-NP, respectively. As it is obvious from Table 1, there is
a small decrease in the ceria crystallite size for nanocubes and nanorods, whereas no changes were
observed for nanopolyhedra, indicating that the structural characteristics of ceria supports do not get
significantly affected upon cobalt addition, as it will be further corroborated by a TEM analysis (see
below). In a similar manner, the BET analysis (Table 1) indicates no significant modifications on the
pore characteristics of ceria nanopolyhedra upon cobalt addition, which could be ascribed to their
irregular morphology. It should be also noted that the samples with nanocube morphology exhibit the
smallest BET surface area and the largest CeO2 and Co3O4 crystallite sizes in comparison to nanorods
and nanopolyhedra. As for the crystallite size of cobalt oxide phase, the following sequence was
obtained: Co/CeO2-NC (19 nm) > Co/CeO2-NR (16 nm) > Co/CeO2-NP (15 nm), which perfectly
matches the order obtained for CeO2.
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Figure 2. The XRD patterns of the CeO2 and Co/CeO2 samples.

2.2. Morphological Characterization (TEM)

Transmission electron microscopy (TEM) has been applied so as to examine the morphological
differences among the materials. Figure 3a–c shows the TEM images of ceria supports. The CeO2-NR
sample (Figure 3a) exhibits a rod-shaped morphology with the length varying between 25 and
200 nm. Figure 3b and c demonstrates mainly irregular-shaped nanopolyhedra and cubes, respectively.
Figure 3d–f illustrates the images derived by TEM analysis for the Co/CeO2 mixed oxides. Evidently,
the morphology is not affected by cobalt addition to the ceria carrier.

Catalysts 2019, 9, x FOR PEER REVIEW 6 of 20 

 

Figure 3. The transmission electron microscopy images of CeO2 (a–c) and Co/CeO2 (d–f) samples: (a) 
CeO2-NR, (b) CeO2-NP, (c) CeO2-NC, (d) Co/CeO2-NR, (e) Co/CeO2-NP and (f) Co/CeO2-NC. 

2.3. Redox Properties (H2-temperature programmed reduction (TPR)) 

H2-TPR experiments took place to investigate the ceria shape effect on the redox properties of 
as-prepared samples. Figure 4a shows the TPR profiles of bare ceria samples, consisting of two wide-
ranging peaks which are centred at 526–551 °C and 789–813 °C. These peaks are attributed to ceria 
surface oxygen (Os) and bulk oxygen (Ob) reduction, respectively [33,49,55]. In Table 2, the hydrogen 
consumption corresponding to surface oxygen as well as to bulk oxygen reduction is presented. 
Based on the ratio of surface-to-bulk oxygen (Os/Ob), the following order was acquired: CeO2-NR 
(1.13) > CeO2-NP (0.94) > CeO2-NC (0.71). This indicates the superior reducibility of the rod-shaped 
sample as it exhibits the highest amount of loosely bound oxygen species. The latter is expected to 
notably affect the deN2O process, where the desorption of adsorbed oxygen species mainly 
determines the reaction rate (vide infra). 

The reduction profiles of the Co/CeO2 samples as well as the one of a Co3O4 reference are shown 
in Figure 4b. Table 2 summarizes the main TPR peaks along with the hydrogen consumption (mmol 
H2 g−1). Pure Co3O4 shows two reduction peaks (a and b) in much lower temperatures than those of 
bare ceria samples, namely 305 °C and 415 °C. They are ascribed to the stepwise reduction of Co3O4 
→ CoO → Co, respectively [44,56–58]. 

Table 2. The redox properties of the bare CeO2 and Co/CeO2 samples. 

Sample 
H2 consumption (mmol H2 g−1) a Os/Ob 

Ratio 
Peak Temperature (°C) 

Os Peak Ob Peak Total Os Peak Ob Peak 
CeO2-NP 0.48 0.51 0.99 0.94 555 804 
CeO2-NR 0.59 0.52 1.11 1.13 545 788 
CeO2-NC 0.41 0.58 0.99 0.71 589 809 
 Peaks a+b CeO2 Peak Total  Peak a Peak b 
Co/CeO2-NP 2.40 0.61 3.01  333 388 
Co/CeO2-NR 2.37 0.62 2.99  318 388 
Co/CeO2-NC 2.05 0.32 2.37  335 405 

a Estimated by the area of the corresponding temperature programmed reduction (TPR) peaks, which is 
calibrated against a known amount of CuO standard sample. 
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2.3. Redox Properties (H2-Temperature Programmed Reduction (TPR))

H2-TPR experiments took place to investigate the ceria shape effect on the redox properties
of as-prepared samples. Figure 4a shows the TPR profiles of bare ceria samples, consisting of two
wide-ranging peaks which are centred at 526–551 ◦C and 789–813 ◦C. These peaks are attributed to ceria
surface oxygen (Os) and bulk oxygen (Ob) reduction, respectively [33,49,55]. In Table 2, the hydrogen
consumption corresponding to surface oxygen as well as to bulk oxygen reduction is presented. Based
on the ratio of surface-to-bulk oxygen (Os/Ob), the following order was acquired: CeO2-NR (1.13) >
CeO2-NP (0.94) > CeO2-NC (0.71). This indicates the superior reducibility of the rod-shaped sample as
it exhibits the highest amount of loosely bound oxygen species. The latter is expected to notably affect
the deN2O process, where the desorption of adsorbed oxygen species mainly determines the reaction
rate (vide infra).

Table 2. The redox properties of the bare CeO2 and Co/CeO2 samples.

Sample H2 Consumption (mmol H2 g−1) a
Os/Ob Ratio Peak Temperature (◦C)

Os Peak Ob Peak Total Os Peak Ob Peak

CeO2-NP 0.48 0.51 0.99 0.94 555 804
CeO2-NR 0.59 0.52 1.11 1.13 545 788
CeO2-NC 0.41 0.58 0.99 0.71 589 809

Peaks a+b CeO2 Peak Total Peak a Peak b

Co/CeO2-NP 2.40 0.61 3.01 333 388
Co/CeO2-NR 2.37 0.62 2.99 318 388
Co/CeO2-NC 2.05 0.32 2.37 335 405

a Estimated by the area of the corresponding temperature programmed reduction (TPR) peaks, which is calibrated
against a known amount of CuO standard sample.

The reduction profiles of the Co/CeO2 samples as well as the one of a Co3O4 reference are
shown in Figure 4b. Table 2 summarizes the main TPR peaks along with the hydrogen consumption
(mmol H2 g−1). Pure Co3O4 shows two reduction peaks (a and b) in much lower temperatures than
those of bare ceria samples, namely 305 ◦C and 415 ◦C. They are ascribed to the stepwise reduction of
Co3O4 → CoO→ Co, respectively [44,56–58].

On the other hand, Co/CeO2 samples exhibit two main peaks at the temperature range of
318–335 ◦C (peak a) and 388–405 ◦C (peak b), ascribed to the reduction of Co3+ to Co2+ and Co2+ to
Co0, respectively [33,59,60]. Obviously, the cobalt addition facilitates the reduction of ceria surface
oxygen, shifting the peaks centered at 526–551 ◦C to a lower temperature (comparison of Figure 4a,b).
They also exhibit a broad peak above 800 ◦C, attributed to the ceria subsurface oxygen reduction,
while the capping oxygen reduction overlaps with the reduction of CoO [33,56,61]. Apparently,
the reduction of the mixed oxides takes place in lower temperatures compared to the bare ceria
samples, demonstrating the beneficial effect of cobalt on the surface oxygen reduction of ceria. In fact,
the interaction between the two oxide phases could be considered responsible for the improved
reducibility and oxygen mobility, as thoroughly discussed in previous studies [48,49,62]. According
to the consumption of hydrogen in the low-temperature range (Table 2), which could be related to
the cobalt species reduction along with the ceria surface oxygen reduction, the Co/CeO2-NP and
Co/CeO2-NR samples exhibit a similar H2 uptake (about 2.40 mmol H2 g−1) while the sample of
nanocube morphology exhibits a much lower value (2.05 mmol H2 g−1). This trend is well-matched to
the catalytic results (vide infra), revealing the key role of redox ability on the deN2O process.

Moreover, the Co/CeO2-NR sample exhibits the lowest reduction temperature (peak at 318 ◦C)
in comparison with the other samples (peak ca. 335 ◦C), indicating the facilitation of Co3+ species
reduction over ceria nanorods. Noteworthily, the theoretical amount of hydrogen for the complete
reduction of Co3O4 to Co (approx. 1.76 mmol H2 g−1, based on a 7.8 wt. % nominal loading of Co) is
always surpassed by the hydrogen amount required for the reduction of Co/CeO2 samples (Table 2).
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The latter reveals the facilitation of ceria capping oxygen reduction in the presence of cobalt, further
corroborating the above findings.
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2.4. Surface Analysis (X-ray Photoelectron Spectroscopy (XPS))

An XPS analysis was performed in order to investigate the effect of ceria morphology on the
elemental chemical states and surface composition of Co/CeO2 mixed oxides. Figure 5a shows the
Ce3d XPS spectra of ceria nanoparticles of different morphology and the corresponding Co/CeO2

samples, which can be deconvoluted into eight components [63–65], with the assignment of the
characteristic peaks having been thoroughly described in our previous work [49]. In brief, the three
pairs of peaks labeled as u, v; u”, v”; and u”’, v”’ are ascribed to Ce4+, whereas the residual u’ and v’
peaks are ascribed to Ce3+ species.

The corresponding O 1s spectra of the samples are depicted in Figure 5b. The low binding energy
peak at 529.3 eV is attributed to the lattice oxygen (OI) of Co3O4 and CeO2 phases, and the high
binding energy peak at 531.3 eV corresponds to the chemisorbed oxygen (OII) such as adsorbed oxygen
(O−/O2

2−) and water, carbonate as well as hydroxyl species [23,56].
The proportion of Ce3+ (%) as well as the OII/OI ratio for all samples is summarized in Table 3.

Bare ceria supports exhibit a similar amount of Ce3+ ranging from 23.3 to 25.3%. Regarding, the
cobalt-ceria samples, the population of Ce3+ species is slightly higher, varying between 26.1 and
28.5%. In particular, the Co/CeO2-NR sample exhibits the highest amount (28.5%) followed by
Co/CeO2-NP (26.7%) and Co/CeO2-NC (26.1%), indicating the abundance of the nanorod samples
in oxygen vacancies. Interestingly, the relative ratio of adsorbed to lattice oxygen (OII/OI) and the
Ce3+ (%) follow the same order, namely, Co/CeO2-NR (0.60) > Co/CeO2-NP (0.53) > Co/CeO2-NC
(0.51), perfectly matched to the order obtained for the catalytic performance, as it will be discussed in
the sequence. It should be also noted that Co addition to CeO2-NR enhances both the population of
reduced Ce3+ species and the OII/OI ratio, revealing the synergistic interactions between cerium and
cobalt oxides toward the formation of highly reducible composites, in agreement with the TPR results.

Table 3. The XPS results of bare CeO2 and Co/CeO2 samples.

Sample Co2+/Co3+ Ce3+ (%) OII/OI

CeO2-NC - 23.3 0.50
CeO2-NR - 24.3 0.47
CeO2-NP - 25.3 0.49

Co/CeO2-NC 1.06 26.1 0.51
Co/CeO2-NR 1.32 28.5 0.60
Co/CeO2-NP 0.94 26.7 0.53

Figure 6 depicts the Co 2p XPS spectra of Co/CeO2 samples along with the spectrum obtained
for the Co3O4 reference sample for comparison purposes. The samples exhibit two major peaks
of Co2p3/2 (780 eV) and Co2p1/2 (795 eV). According to peaks’ positions and shapes, the structure
of the cobalt spinel is formed [23,66,67]. The Co2+/Co3+ ratio of Co/CeO2 samples derived by the
deconvolution of the Co2p1/2 and Co2p3/2 peaks is included in Table 3. The nanorod sample, which
offers the best deN2O performance (vide infra), exhibits the highest Co2+/Co3+ ratio (1.32), followed by
nanocubes (1.06) and nanopolyhedra (0.94). In view of this fact, it has been reported that samples with
a high Co2+/Co3+ ratio exhibit better deN2O performance [3,20,22,43,59], further corroborating the
present findings.
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2.5. Catalytic Evaluation Studies

The impact of ceria morphology on the catalytic decomposition of N2O under oxygen deficient
and oxygen excess conditions was next examined. Figure 7a,b shows the N2O conversion profiles
as a temperature function for bare ceria as well as Co/CeO2 samples in the absence and presence of
oxygen, respectively. The Co/CeO2-NR sample exhibits the best catalytic performance, both in the
absence and presence of oxygen in the gas stream. Apparently, the addition of cobalt in the ceria lattice
enormously enhances the catalytic efficiency without, however, affecting the catalytic order of bare
ceria samples, suggesting the pivotal role of ceria morphology on the deN2O performance. In terms
of the half-conversion temperature (T50), the following order is obtained for the mixed oxides in the
absence of oxygen: Co/CeO2-NR (449 ◦C) > Co/CeO2-NP (458 ◦C) > Co/CeO2-NC (464 ◦C). The same
trend is observed in the presence of oxygen as well, although in slightly higher temperatures, due to
its competitive sorption on the catalyst surface. In this point, it should be noted that the un-catalyzed
reaction shows nearly zero N2O conversion in the temperature range investigated, as previously
reported [29,46,68].
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The above findings can be well-interpreted by taking into account a redox-type mechanism for
the decomposition of N2O over cobalt spinel oxides [4,23,24,30,59,69–73]:

Co2+ + N2O→ Co3+-O− + N2 (1)

Co3+-O− + N2O→ Co3+-O2
− + N2 (2)

Co3+-O2
− → Co2+ + O2 (3)

In this mechanistic sequence, N2O is initially chemisorbed on the Co2+ sites (Equation (1))
which are considered as the active centres for initiating the N2O dissociative adsorption. Then,
the regeneration of the active sites is taking place through the Co3+/Co2+ redox cycle, involving the
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combination of O− into O2
− (Equation (2)) and the desorption of molecular oxygen (Equation (3)),

which finally leads to the regeneration of those sites [69].
However, in the case of Co3O4/CeO2 mixed oxides, the excellent redox characteristics of ceria,

such as oxygen storage capacity and oxygen mobility, can be further accounted for the regeneration of
active sites through the following steps [69]:

Co3+-O− + Ce3+-Ovac → Co2+ + Ce4+-O− (4)

2Ce4+-O− ↔ Ce4+-O2
2−-Ce4+ (5)

Ce4+-O− + N2O→ Ce3+-Ovac + N2 + O2 (6)

Based on the above mechanistic scheme, the superiority of the Co/CeO2 sample with a rod-like
morphology can receive a consistent explanation. More specifically, nanorod-shaped ceria with (110)
and (100) reactive planes exhibit enhanced oxygen kinetics and reducibility as it has the highest
population of loosely bound oxygen species (Table 2), which is a decisive factor in terms of deN2O
activity. In other words, the high amount of weakly bound oxygen species present in the Co3O4/CeO2

samples of rod-like morphology, linked directly to oxygen vacancy formation and oxygen mobility,
could be considered responsible for the formation and the consequent regeneration of active sites.
In this regard, a perfect interrelation between the catalytic performance (in terms of the half-conversion
temperature, T50) and the redox properties (in terms of the ratio of surface oxygen to bulk oxygen,
Os/Ob) is disclosed, as illustrated in Figure 8. This clearly justifies the key role of redox properties on
the deN2O process. In a similar manner, Liu et al. [28] have pointed out that the synergistic interaction
between the two oxide phases in a CuO–CeO2 mixed oxide enhances the reducibility and consequently
the deN2O efficiency as the surface-adsorbed oxygen species is easily desorbed and the active sites’
regeneration is enabled.
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More interestingly, the deN2O performance of CeO2 as well as the Co3O4/CeO2 samples totally
coincides, indicating the significance of the ceria carrier. However, the superiority of the mixed oxides
in comparison to the bare ceria samples is evident, reflecting the synergistic interactions between
cobalt and cerium oxides. The latter is manifested by the improved redox properties (in terms of H2

consumption and TPR onset temperature) of Co3O4/CeO2 mixed oxides as compared to bare ceria
(Table 2). In a similar manner, the incorporation of cobalt into the ceria lattice increases both the
amount of the adsorbed oxygen species (O−/O2

2−) and Ce3+ (Table 3), related with the surface oxygen
reduction and the abundance in oxygen vacancies (Ovac).

Moreover, ceria nanorods facilitate the reduction of Co3+ to Co2+ active sites (Table 3), further
contributing to the superior catalytic performance of the Co/CeO2-NR sample. Along the same
line, it has been recently reported that ceria nanorods stabilize the partial oxidation state of Co in
CoOX/CeO2 catalysts via the facilitation of oxygen transfer at the metal-support interface [74]. It should
be, therefore, deduced that ceria nanorods with the exposed (110) and (100) facets show the highest
surface-to-bulk oxygen ratio resulting in improved reducibility and oxygen kinetics while exhibiting
the highest amount of weakly bound oxygen species which is a decisive factor in the deN2O process.
Upon cobalt addition, the nanorod sample exhibits in addition the highest population in Ce3+/Co2+

redox pairs, indicative of abundant oxygen vacancies, which, along with its enhanced reducibility,
leads to a superior deN2O performance.

In this point, the enhanced textural characteristics (BET area and pore volume) of Co/CeO2-NR
as compared to Co/CeO2-NC should be also mentioned, which could be further accounted for its
enhanced deN2O performance. Thus, by taking into account the specific activity normalized per unit of
surface area (nmol m−2 s−1) instead of mass unit (nmol g−1 s−1), an inferior performance is observed
for Co/CeO2-NR compared to Co/CeO2-NC (Table 4). On the other hand, Co3O4/CeO2-NR exhibits
a superior deN2O performance (both in terms of conversion and specific activity) as compared to
Co3O4/CeO2-NP despite their similar structural (crystallite size) and textural (surface area) properties
(Table 1). The latter clearly reveals the importance of exposed facets and redox properties on the
deN2O process, as it has been similarly reported by Zabilskiy et al. [45] for CuO/CeO2 nanostructures
of different morphology. Therefore, on the basis of the present findings, it can be deduced that the
enhanced N2O conversion performance of Co3O4/CeO2-NR mixed oxides could be attributed to a
compromise between redox and textural characteristics.

Table 4. The N2O conversion and specific activity of Co/CeO2 samples at 420 ◦C: The reaction
conditions are 1000 ppm N2O, 0 or 2 vol. % O2 and GHSV = 40,000 h−1.

Sample

N2O Conversion (%) Specific Activity

O2 Absence O2 Presence O2 Absence O2 Presence

r (nmol g−1 s−1) r (nmol m−2 s−1) r (nmol g−1 s−1) r (nmol m−2 s−1)

Co/CeO2-NC 16.2 8.6 166 5.9 88 3.1
Co/CeO2-NP 20.2 10.7 207 2.9 109 1.5
Co/CeO2-NR 25 14 256 3.6 143 2.0

3. Materials and Methods

3.1. Materials Synthesis

In the present work, the chemicals that were used were of analytical reagent grade.
Ce(NO3)3·6H2O (Fluka, Bucharest, Romania, purity ≥99.0%) and Co(NO3)2·6H2O (Sigma-Aldrich,
Taufkirchen, Germany, purity ≥98%) were employed as precursor compounds for the preparation
of bare ceria as well as Co/CeO2 mixed oxides. Also, NaOH (Sigma-Aldrich, Taufkirchen, Germany,
purity ≥98%) and ethanol (ACROS Organics, Geel, Belgium, purity 99.8%,) were used during
materials synthesis. Initially, the hydrothermal method was applied for the preparation of bare ceria
nanoparticles, as described in detail in our previous work [49]. In brief, ceria nanorods (CeO2-NR) were
synthesized by dissolving NaOH (36.7 M) in double deionized water and then adding an appropriate
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amount of an aqueous solution of Ce(NO3)3·6H2O (0.13 M) under vigorous stirring. Next, the transfer
of the final slurry into a Teflon bottle and its aging at 90 ◦C for 24 h occurred. For the synthesis of
ceria nanopolyhedra (CeO2-NP), a similar procedure was followed, employing, however, a lower
amount of NaOH (6 M). In order to synthesize ceria nanocubes (CeO2-NC), the same procedure as
the one described above for the synthesis of ceria nanorods was followed, with the obtained slurry to
be aged at 180 ◦C instead of 90 ◦C. In all cases, centrifugation was used for the recovery of the solid
products that were thoroughly washed with double deionized water until a neutral pH was reached
and finally washed with ethanol so as to avoid the nanoparticles’ agglomeration. Afterwards, drying
of the precipitate at 90 ◦C for 12 h followed by calcination at 500 ◦C for 2 h under air flow (heating
ramp 5 ◦C/min) was carried out.

The Co/CeO2-NX catalysts where NX stands for NP: nanopolyhedra, NR: nanorods and NC:
nanocubes were prepared by wet impregnation, employing an aqueous solution of Co(NO3)2·6H2O,
in order to achieve an atomic ratio Co/(Co+Ce) of 0.2 which corresponds to 7.8 wt. % of Co loading.
Heating under stirring of the obtained suspensions until complete water evaporation occurred,
followed by drying at 90 ◦C for 12 h and final calcination at 500 ◦C for 2 h under air flow (heating
ramp 5 ◦C/min).

3.2. Materials Characterization

The porosity of the materials was evaluated by the N2-adsorption isotherms at −196 ◦C, using
an ASAP 2010 (Micromeritics, Norcross, GA, USA) apparatus (from ReQuimTe Analyses Laboratory,
Universidade Nova de Lisboa, Lisboa, Portugal). The samples were previously degassed at 300 ◦C for
6 h. The specific surface area was calculated by the Brunauer–Emmett–Teller (BET) equation [75].

Structural characterization was carried out by means of X-ray diffraction (XRD) in a PAN’alytical
X’Pert MPD equipped with a X’Celerator detector and secondary monochromator (Cu Kα λ = 0.154 nm,
50 kV, 40 mA; data recorded at a 0.017º step size, 100 s/step) in the University of Trás-os-Montes e
Alto Douro. The collected spectra were analyzed by Rietveld refinement using PowderCell software,
allowing the determination of crystallite sizes by means of the Williamson–Hall plot.

The redox properties were assessed by Temperature Programmed Reduction (TPR) experiments
in an AMI-200 Catalyst Characterization Instrument (Altamira Instruments, Pittsburgh, PA, USA),
employing H2 as a reducing agent. In a typical H2-TPR experiment, 50 mg of the sample (grain size
180–355 µm) was heated up to 1100 ◦C (10 ◦C/min) under H2 flow (1.5 cm3) balanced with He (29 cm3).
The amount of H2 consumed (mmol g−1) was calculated by taking into account the integrated area of
TPR peaks, calibrated against a known amount of CuO standard sample [76,77].

The surface composition and the chemical state of each element were determined by X-ray
photoelectron spectroscopy (XPS) analyses, performed on a VG Scientific ESCALAB 200A spectrometer
using Al Kα radiation (1486.6 eV) in CEMUP. The charge effect was corrected using the C1s’ peak as a
reference (binding energy of 285 eV). The CASAXPS software was used for data analysis.

The samples were imaged by transmission electron microscopy (TEM). The analyses were
performed on a Leo 906E apparatus (Austin, TX, USA), at 120 kV in the University of Trás-os-Montes e
Alto Douro. The samples were prepared by ultrasonic dispersion, and a 400 mesh formvar/carbon
copper grid (Agar Scientific, Essex, UK) was dipped into the solution for the TEM analysis.

3.3. Catalytic Performance Evaluation

The catalytic studies for the N2O decomposition took place in a quartz fixed-bed U-shaped reactor
(0.8 cm i.d.) with 100 mg of catalyst loading (grain size 180–355 µm). The feed gas (1000 ppm N2O and
0 or 2 vol. % O2) total flow rate was 150 cm3/min which corresponds to a Gas Hour Space Velocity
(GHSV) of 40,000 h−1. The analysis of the gases was performed by a gas chromatograph (SHIMADZU
14B). The apparatus is equipped with a TCD detector and two separation columns (Molecular Sieve
5A for O2, N2 measurements and Porapack QS for N2O measurement). Prior to the catalytic activity
measurements, the materials under consideration were subjected to further processing under He
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flow (100 cm3/min) at 400 ◦C. In order to minimize the external and internal diffusion limitations,
preliminary experiments concerning the influence of particle size and W/F ratio on deN2O catalytic
performance were carried out. Based on these experiments, a catalyst particle size in the range of
180–355 µm was selected, in addition to a W/F ratio of 0.04 g s cm−3. The conversion of N2O (XN2O)
was calculated from the difference in N2O concentration between the inlet and outlet gas streams,
according to the equation

XN2O(%) =
[N2O]in − [N2O]out

[N2O]in
× 100 (7)

The specific reaction rate (r, mol m−2 s−1) of the N2O decomposition was also estimated using
the following formula:

r
(

mol m−2 s−1
)

=
XN2O × [N2O]in × F

(
cm3

min

)

100× 60
( s

min
)
×Vm

(
cm3

mol

)
×mcat(g)× SBET

(
m2

g

) (8)

where F and Vm are the total flow rate and gas molar volume, respectively, at standard ambient
temperature and pressure conditions (298 K and 1 bar), mcat is the catalyst’s mass and SBET is the
surface area.

4. Conclusions

In this work, three different ceria nanoshaped materials (nanorods, nanocubes and nanopolyhedra)
were hydrothermally synthesized and used as supports for the cobalt oxide phase. Both single CeO2

and Co/CeO2 mixed oxides were catalytically assessed during the decomposition of N2O in the
presence and absence of oxygen. For bare ceria samples, the following deN2O order was obtained:
CeO2-NR (nanorods) > CeO2-NP (nanopolyhedra) > CeO2-NC (nanocubes). Most importantly, cobalt
addition to the CeO2 carriers greatly enhances the N2O decomposition, not affecting at all the order
obtained for the bare ceria supports and clearly reflecting the key role of support. The present results
clearly reveal the key role of support morphology on the textural, structural and redox properties,
reflected then on the catalytic performance of Co3O4/CeO2 mixed oxides. Among the different samples
investigated, the cobalt-ceria nanorods (Co/CeO2-NR) exposing {100} and {110} facets showed the best
deN2O performance, ascribed mainly to their abundance in Co2+ active sites in conjunction to their
enhanced redox and textural properties.
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Abstract: Direct decomposition of nitric oxide (NO) proceeds over Co–Mn–Al mixed oxides promoted
by potassium. In this study, answers to the following questions have been searched: Do the properties
of the K-promoted Co–Mn–Al catalysts prepared by different methods differ from each other?
The K-precipitated Co–Mn–Al oxide catalysts were prepared by the precipitation of metal nitrates
with a solution of K2CO3/KOH, followed by the washing of the precipitate to different degrees of
residual K amounts, and by cthe alcination of the precursors at 500 ◦C. The properties of the prepared
catalysts were compared with those of the best catalyst prepared by the K-impregnation of a wet
cake of Co–Mn–Al oxide precursors. The solids were characterized by chemical analysis, DTG, XRD,
N2 physisorption, FTIR, temperature programmed reduction (H2-TPR), temperature programmed
CO2 desorption (CO2-TPD), X-ray photoelectron spectrometry (XPS), and the species-resolved thermal
alkali desorption method (SR-TAD). The washing of the K-precipitated cake resulted in decreasing
the K amount in the solid, which affected the basicity, reducibility, and non-linearly catalytic activity
in NO decomposition. The highest activity was found at ca 8 wt.% of K, while that of the best
K-impregnated wet cake catalyst was at about 2 wt.% of K. The optimization of the cake washing
conditions led to a higher catalytic activity.

Keywords: NO decomposition; Co–Mn–Al mixed oxides; catalyst preparation; potassium promoter

1. Introduction

Nitric oxide (NO) is considered a harmful gas, as it negatively affects the environment by attenuating
the ozone layer and contributing to the formation of acid rain and smog [1]. NO is formed by natural
processes and anthropogenic activity. This paper is focused on studies of the catalytic processes devoted
to the removal of nitrogen oxide from stationary exhaust sources. In principle, primary or secondary
methods can be used for NOx emissions abatement. Primary methods aim to prevent NOx formation
during combustion processes. Secondary methods reduce the concentration of the already formed
NOx. The most commonly used secondary methods include selective non-catalytic reduction (SNCR)
and selective catalytic reduction (SCR) [2,3]. The SNCR proceeds without the presence of a catalyst,
but requires high reaction temperatures (above 850 ◦C) to meet the high efficiency of the process.
Such conditions can be achieved in laboratories, but it is not easy to meet them at real industrial
conditions, because there are many factors influencing them, and, thus, it is difficult to maintain the
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SNCR process constant [4]. On the other hand, SCR proceeds at much lower temperatures (200–450 ◦C)
but needs the presence of a catalyst. The disadvantage of the SCR method is the need to use a reducing
agent, most often ammonia and urea [5]. The use of a reducing agent increases operating costs, and the
process may be accompanied by unwanted emissions of unreacted reducing agents or other reaction
by-products. Moreover, in the case of ammonia storage, strict safety measures are required.

The direct decomposition of nitric oxide has been studied and described in some publications [6].
Apart from metals (Pt, Pd, Ag, Rh, Ni, Cu, Mo, Co, Au), metal oxides like Co3O4, Fe2O3, NiO,
CuO, and ZrO2; lanthanides; perovskites; and mixed oxides were also studied for direct NO
decomposition [7–10]. A Co3O4 catalyst alkalized by a small amount of Li, Na, K, Rb, or Cs showed
higher NO conversion than non-promoted Co3O4. Alkali metals were added by the impregnation
method, and from all investigated promoters, potassium showed the best results [11].

Alkali metals are often used in the preparation of heterogeneous catalysts for their ability to
modify structural and/or the electronic properties of metal oxides [12,13]. It is known [14] that
potassium adsorption on metal surfaces results in the dominant lowering of the surface potential on
sites adjacent to a potassium atom and a small, but still significant, lowering of the potential on sites
located further away.

As shown in [5], the method of catalyst preparation affects its activity and stability. Pacultova et al. [15]
found out that potassium modified Co–Mn–Al mixed oxide catalysts prepared from hydrotalcite-like
precursors could efficiently catalyze the decomposition reaction, as it proceeds successfully in the
temperature region of 600–700 ◦C. The durability of the activity of the catalyst can be influenced by stability
of potassium in the catalysts at the applied reaction conditions. The co-precipitation of metal nitrates by a
Na2CO3/NaOH water solution and subsequent impregnation of the resulting wet cake by KNO3 solution
(the K-impregnation of wet cake is labeled as BP) led to a higher activity and stability of the catalyst than
the other examined methods, like the impregnation of the calcined Co–Mn–Al precursor with a solution
of KNO3 or the calcination of corresponding metal nitrates. A rather complicated preparation procedure
is main disadvantage of the preparation method consisting in metal salt co-precipitation by solutions of
Na compounds and following the impregnation of a cake with K salts.

In the paper of Yongzhao Wang et al. [16], cobalt–cerium mixed oxides modified by K were
prepared by the co-precipitation of a metal nitrates solution with an aqueous solution of K2CO3 and/or
KOH, and the catalysts were used in a deN2O process.

We believe that the incorporation of potassium into the structure of catalyst particles would affect
catalytic activity and stability in direct NO decomposition. The main objective of our study was the
enhancement of the NO catalytic decomposition rate through the optimization of the preparation
methods. Results obtained in this study have confirmed that the precipitation of Co, Mn, and Al nitrates
with a K2CO3/KOH solution is a promising preparation method that provides a uniform distribution
of the promoter (potassium) in the catalyst particles, appropriate catalyst basicity, and reducibility and
slightly higher catalytic activity in direct NO decomposition.

2. Results

In this chapter, the authors describe the experimental results obtained with the Co–Mn–Al mixed
oxide catalysts containing variable concentrations of potassium prepared by the gradual washing
of precipitates of Co, Mn, and Al nitrate solutions with a K2CO3/KOH solution, and they compare
them with the catalyst prepared by the K-impregnated wet cake Co–Mn–Al mixed oxide catalyst.
The precursors and the catalysts were characterized by chemical analysis, differential thermogravimetry
(DTG), XRD, N2 physisorption, FTIR, H2-TPR, CO2-TPD, XPS, and the thermal alkali desorption
method (SR-TAD), and their catalytic activity was evaluated in direct decomposition of NO.

2.1. Properties of the Dried Samples

Samples of dried Co–Mn–Al catalyst precursors modified with various amount of potassium were
prepared by washing the precipitates. The process of precursor washing and filtration is described in
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detail in Supplementary Table S1. The wet cake of the catalyst precursor obtained by precipitation was
gradually washed with demineralized water to obtain five samples with decreasing concentrations of
potassium. One fifth of the original cake was removed and left to dry, and the remaining part of the
cake was washed with 200 ml of water and filtered again. The procedure was repeated four times
to obtain samples “1” to “5” with a gradual decrease of K concentration. In addition to potassium,
small amounts of Na was found in the filtrates, most likely originating from the initial compounds
used for catalyst preparation.

2.1.1. Phase Composition

X-ray diffraction is the main technique for the investigation of bulk structure, which is very
important, as many of the catalyst characteristics depend on it. XRD measurements were used to
characterize the dried catalysts precursors. The diffraction patterns of the precipitated samples dried
at 60 ◦C confirmed the presence of a hydrotalcite-like compound (H) with peak maxima at 13.3,
27.0, 40.2, 41.3, 45.6, 70.9, and 72.9◦ (ICDD PDF-2 card No. 01-070-2151) and manganese carbonate
(rhodochrosite R) with peaks maxima at 28.1, 36.6, 43.8, 48.4, 53.0, 58.4, 60.7, and 80.6◦ (ICDD PDF-2
card No. 00-007-0268) (Supplementary data, Figure S1). The gradual washing of the precursors and
therefore, the decreasing K concentration, led to the continuous crystallization of the hydrotalcite-like
compounds, manifesting itself in higher peaks of hydrotalcite. A slightly lower intensity of the basal
(003) and (006) diffraction patterns (detected in the range of 2Theta from 10 to 30◦) in comparison with
non-basal patterns can indicate a lower concentration of preferably orientated layered double hydroxide
(LDH) crystals. Apart from hydrotalcite, a K compound (KNO3) at 2Theta 21.95, 34.07, 37.7, 39.55,
48.12, and 54.5 (◦) was detected in two samples (“1” and “2”) with the highest K concentration. Though
K2CO3/KOH was used as the precipitant, KNO3 was formed during precipitation in the solution by the
recombination of ions (metal nitrates were used for catalyst preparation). A decreasing concentration
of K in the samples led to the gradual diminution of peaks characteristic for K components in the
diffractogram. Nevertheless, a small part of the most intensive peak at 2Theta = 54.5 (◦) remained
preserved, except for the “5” sample, in which a very low concentration of K was determined.

2.1.2. TG and DTG Measurements

Themogravimetry (TG) and differential thermogravimetry (DTG) measurements of the dried
“1”–“5” samples showed (Table 1) three areas of maximum weight decrease manifesting in the ranges
of 113–136, 193–213, and 448–558 ◦C. With decreasing K concentration in the mixed transition metal
precursors, the position of the peaks shifted slightly to lower temperatures.

The weight change between 193–213 ◦C was the most significant (ca 13.5–18%). A somewhat
smaller weight decrease (9.5–13.9%) was observed in the stage appearing at the lowest temperatures
(113–136 ◦C). The weight loss in the high temperature region (438–558 ◦C) was the smallest and varied
from 1.5 to 3.7%.

Table 1. Results of thermogravimetry (TG) and differential thermogravimetry (DTG) measurements of
the dried samples.

Sample DTG_1
Tmax, ◦C

DTG_2
Tmax, ◦C

DTG_3
Tmax, ◦C

∆TG_1
%

∆TG_2
%

∆TG_3
%

“1” 113 201 558 −9.5 −17.4 −3.7
“2” 131 206 Nd a −11.9 −14.8 −2.7
“3” 132 201 438 −11.6 −14.0 −3.2
“4” 136 213 445 −13.9 −18.4 −1.5
“5” 136 193 448 −13.7 −13.5 −3.6

a Not detected.
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To identify the processes taking place in various temperature regions during the temperature
treatment of catalyst precursors, an analysis of effluents by mass spectroscopy was carried out during
calcination. Three selected precursors differing in K concentration were calcined in helium (0.1 g,
temperature ramp 20 K min−1), and the results are shown in Figure 1. Desorption of H2O was finished
at ca 500 ◦C, with temperature maxima at ca 187 and 250 ◦C.

The decomposition of nitrates in the catalysts proceeds in two steps, manifesting as a presence of
NO and NO2 in the gas phase. A higher concentration of NO than NO2 was observed for the catalysts
with a K concentration higher than 1 wt.%. Carbonates present in the precursors were decomposed
in three stages, the first one (at ca 140 ◦C) being of lowest intensity. The course of the two following
regions (at ca 250 and 400 ◦C) changed in dependence on K concentration: With a lower K concentration,
the temperature maxima shifted slightly to higher temperatures. It is very likely that oxyhydroxides
decompose first, and K2CO3, which remains in the catalysts as a residue of the precipitating agent,
decomposes at about 400 ◦C. The positions of all temperature peak maxima are summarized in Table 2.
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“3”, and “5” samples in helium (0.2 g of sample, 20 K min−1).

Table 2. Positions of the temperature peak maxima (◦C) observed during calcination of the selected
precursors in helium.

Sample H2O NO2 NO CO2

“1” 184; 269 126; 242; 293 287; 702 144; 249; 297; 535
“3” 164; 245 139; 274; 400 272; 520 136; 289; 366; 668
“5” 95; 187; 245 106; 281; 400 242 148; 229; 290; 400; 628

It can be concluded that the first peak in the DTG measurements can be ascribed to the removal
of water, the second one to the decomposition of carbonates and nitrates present in the metal
oxyhydroxides, and the third one to the decomposition of carbonates and nitrates present in the
precipitates as compounds.

2.2. Properties of the Calcined Precursors

2.2.1. Chemical Composition

The chemical compositions of the catalysts calcined for 4 h at 500 ◦C are shown in Table 3.
Potassium concentration gradually decreased due to washing from 18.9 to 0.6 wt.%. All catalysts,
except the one with the highest K concentration, showed molar ratios closely approaching that of the
average formula Co:Mn:Al = 4:1.4:1.3. However, the molar ratio of K to Co decreased from the value
of 4 for sample “1” to 0.1 for sample “5”. The molar ratio of the K-impregnated wet cake catalyst (BP)
approached that of the sample “3”.
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Table 3. Composition of the samples calcined 4 h at 500 ◦C determined by chemical analysis and molar
ratios of the metals.

Sample Wt.% Molar Ratio

K Co Mn Al Co:Mn:Al:K

“1” 18.90 28.2 6.0 3.0 4:0.9:0.9:4.0
“2” 8.20 40.0 8.8 4.0 4:1.3:1.2:1.7
“3” 2.39 45.4 10.2 4.7 4:1.5:1.5:0.5
“4” 0.92 46.8 10.2 4.7 4:1.6:1.5:0.2
“5” 0.60 45.6 9.9 4.4 4:0.9:1.4:0.1
BP 2.10 48.9 11.2 5.1 4:0.9:1.5:0.4

2.2.2. Phase Composition

The XRD patterns (Figure 2) of the precursors calcined for 4 h at 500 ◦C exhibited a Co3O4

spinel-like structure (labelled as S), which was dominant in all examined samples. Diffraction positions
at 21.9, 36.3, 42.7, 52.3, 65.4, 69.8, and 77.2◦ and the intensity of the peaks are in agreement with
the data published for this system (ICDD PDF-2 card No 01-074-1656). Traces of cryptomelane
KMn8O16 (ICDD PDF-2 card No 00-006-0547), labelled as C in the diffractograms overlay, seemed to
be present in all calcined samples, especially in those having higher K concentration (the “1”, “2”,
and “3” samples). Qiuhua Zhang et al. [17] identified cryptomelane in the calcined precursor formed
by a reaction of KMnO4 and maleic acid at moderate temperatures (300–600 ◦C). At temperatures
above 600 ◦C, cryptomelane usually transforms into bixbyite (Mn2O3), but in the prepared samples,
such compound was not detected. Except for the above mentioned phases, the peaks at 27.26, 39.17,
48.0, and 54.65 appeared in diffractograms that were ascribed to potassium nitrate (KNO3) in trigonal
crystallographic modification (ICDD PDF-2 card No 01-078-7937). A somewhat lower concentration of
the orthorhombic modification of KNO3 was registered at 24.3, 31.55, 34.29, 38.0, 45.79, 50.37, 61.25,
63.91, 79.37, and 81.71◦ (ICDD PDF-2 card No 01-074-2055) in samples “1” and “2”, which were washed
only partly. It is also obvious from diffractograms that the examined samples with a higher stage of
washing showed better crystallinity than those only partly washed.
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Figure 2. Diffraction patterns of the calcined K-precipitated Co–Mn–Al precursors containing
various amounts of potassium. S—spinel, N—KNO3 trigonal, �—KNO3 orthorhombic, C—KMn8O16

cryptomelane.
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The effect of potassium concentration in the Co–Mn–Al oxides on spinel lattice parameter a and
spinel coherent domains Ld can be seen in Table 4 and Figure 3, respectively. The crystallite size of
the spinel was calculated using Scherrer‘s formula from the following diffraction lines (220), (311),
(400), (511), and (440). The calculated value was corrected to the instrumental broadening (NIST SRM
660b). Recently, Kovanda et al. [18] described the behavior of potassium non-modified Co–Mn–Al
mixed oxides during calcination. They found out that the decomposition of Co–Mn–Al layered double
hydroxides above 200–260 ◦C proceeds with the formation of nanocrystalline spinels, and spinels
are the only phases present up to 900 ◦C. At a temperature of about 500 ◦C, the segregation of the
Co-rich spinel was observed, while the incorporation of manganese into the spinel lattice proceeded
during its further recrystallization, and this process was accompanied by a lattice parameter decrease.
The presence of potassium in Co–Mn–Al oxides could also affect the lattice parameter a of the spinel:
One can imagine that in case of no potassium or just a small amount of it in the oxides, manganese
enters into the spinel lattice during calcination and decreases the lattice parameter due to the partial
distortion of the Co3O4 lattice. With an increasing amount of potassium in the sample, more manganese
is bonded to potassium, and, therefore, manganese cannot enter the Co spinel lattice, which is why the
spinel lattice parameter a could return to the values characteristic of the Co3O4 phase [19]. However, it
is obvious from Table 4 that the presence of the increasing amount of potassium in the K-precipitated
Co–Mn–Al oxides caused only small changes (±0.001 nm, less than 0.2 rel.%) in the lattice parameter of
the spinel.

The dimension of the spinel coherent domain Ld appears to decrease from 9 to 6 nm when the K
concentration increases to 2.4 wt.%. With a further increase of K concentration in the solids, the spinel
coherent domain started increasing and reached the value of 9 nm at a K concentration equal to 18.9
wt.% (Figure 3). The course of the dependence seems to correspond to the changes in spinel lattice
parameter, but the differences among Ld parameters were very small—the observation of the minimum
in the dependence could be coincidental.
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Figure 3. Dependence of spinel coherent domain Ld on concentration of K in the K-precipitated
Co–Mn–Al mixed oxides catalysts.

2.2.3. Textural Properties

The porous structure of the K-precipitated catalysts was characterized by the adsorption/desorption
of nitrogen at −196 ◦C, and the results are summarized in Table 4. The surface area of the catalysts SBET

with a concentration of potassium lower than 2.4 wt.% was about 100 m2 g−1. A higher concentration
of potassium in the samples caused a diminution of surface area; the smallest surface was exhibited
by the catalyst with 18.9 wt.% K (SBET < 1 m2 g−1). Accordingly, total pore volume increased with
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the decreasing K concentration in the solids from 266 to 435 mm3
liq/g. The volume of micropores

was small in all cases (less than 5% of total pore volume). The experimental data document that the
concentration of potassium in the catalyst higher than 8 wt.% had a negative effect on the porous
structure of metal oxides. The phenomenon is likely connected with the collapsing of smaller pores
and coalescence of larger pores.

Table 4. Characteristic physical–chemical data of the samples calcined 4 h at 500 ◦C.

Sample SBET
(m2/g)

Smeso
(m2/g)

V tot
(mm3

liq/g)
Vmicro

(mm3
liq/g)

Ld
(nm)

a
(nm)

“1” <1 – – – 9 0.81056 ± 7 × 10−5

“2” 58 32 266 13 8 0.81187 ± 17 × 10−5

“3” 110 69 401 22 7 0.81109 ± 5 × 10−5

“4” 105 66 435 21 8 0.81209 ± 4 × 10−5

“5” 102 66 435 21 9 0.81153 ± 4 × 10−5

BP 94 Nd. * 460 64 9 0.81015 ± 4 × 10−5

* Not determined.

The adsorption–desorption isotherms of nitrogen (Figure S2 in Supplementary data) obtained
over calcined catalysts confirm that there was not a large difference in pore size distribution among the
catalysts with a potassium concentration lower than 2.4 wt.%.

2.2.4. Reducibility

The reducibility of the catalysts with different contents of potassium was studied by H2-TPR in
the temperature range of 25–900 ◦C. The H2-TPR patterns of the K-precipitated catalysts are depicted
in Figure 4. The catalysts were reduced in two main temperature regions, 200–500 ◦C and >500 ◦C.
The low-temperature reduction peak represents the reduction of CoIII → CoII → Co0 in the Co3O4-like
phase and the reduction of MnIV to MnIII oxides. The reduction of MnIII→MnII can take place in both
temperature regions [19]. The reduction of the K containing compounds, like cryptomelane KMn8O16

or others, also cannot be excluded in the low temperature region since the reduction of those species
proceeds at temperatures between 200–450 ◦C [20–23]. In literature, the high temperature peak was
ascribed to the reduction of Co and Mn ions surrounded by Al ions in the spinel-like phase [24] and
to the reduction of MnIII. The effect of K amount on reducibility in the fresh samples, calcined at
500 ◦C, is shown in Figure 4. The modification of the Co–Mn–Al mixed oxide by potassium caused
significant changes in the obtained reduction profiles. With an increasing K content, a shift to lower
temperatures accompanied by the broadening of the peak was observed. A new low temperature peak
appeared as a shoulder at around 300 ◦C. The catalyst with the highest concentration of K (sample “1”)
was completely reduced in the temperature region 200–500 ◦C, while all the other catalysts showed a
high-temperature reduction peak with a maximum between 614 and 755 ◦C. The temperature 755 ◦C
was determined for the catalyst with the lowest K concentration. The position of the temperature peak
maximum shifted to lower temperatures with increasing K concentration, reaching the value of 614 ◦C
for sample “2”. Thus, the positions of Tmax of the reduction peaks in H2-TPR (Table 5) reflected the
concentration of K in the catalysts: Increasing the concentration of K (except the highest concentration
18.9 wt.%) led to the easier reduction of the metal mixed oxides. The reduction profile of the catalyst
prepared by modified by impregnation of wet cake (BP) was similar as that of the sample “5”.
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Figure 4. H2-TPR profiles of the samples with different amount of K, calcined for 4 h at 500 ◦C.

Table 5. Positions of the peak maxima in TPR curves and consumptions of hydrogen and CO2 in
H2-TPR and CO2-TPD measurements, respectively.

Sample H2-TPR
Tmax, ◦C

H2-TPR a

mmol g−1
CO2-TPD
Tmax, ◦C

CO2-TPD a

mmol g−1

“1” 376; 438 b 18.24 - 0.03
“2” 290; 614 12.62 120; 275; 444 0.18
“3” 362; 709 6.61 101; 203; 350 0.16
“4” 368; 726 6.29 101; 202 0.09
“5” 371; 756 5.67 101; 202 0.10
BP 375; 755 6.82 105; 277; 630 0.16

a in the range of 25–650 ◦C, b shoulder.

2.2.5. Basicity

Catalyst basicity is an important factor influencing the chemical reactivity of NO because of the
acidic nature of the NO molecule [25]. In the CO2-TPD profiles of mixed oxides catalysts, several
types of basic sites can be recognized. Weak basic sites are attributed to –OH groups occurring on
the surface of the catalyst, medium sites consist of oxygen bonded to metal as Me2+-O2− or Me3+-O2−
pairs, and strong basic sites are assigned to isolated O2− anions [26]. Individual peaks below 140 ◦C
can be ascribed to weak basic sites, the peaks appearing in the range of 140–220 ◦C can be assigned to
medium basic sites, and the peaks above 270 ◦C can be assigned to strong basic sites.

TPD-CO2 measurements were performed with the aim to find differences in basicity of the fresh
catalysts calcined at 500 ◦C. The effect of potassium content on the amount of basic sites is shown in
Figure 5, where the course of CO2 desorption was recorded on a mass spectrometer (mass contributions
m/z = 16 were collected). To avoid damaging the mass spectrometer detector, the temperature rise
was finished at about 650 ◦C. The CO2-TPD profiles of the examined samples represent all types of
basic sites—weak, medium, and strong—but a strict separation was not possible—even more than
three types of sites can be noticeable in some cases. The catalyst with the lowest concentration of K
(sample “5”) contained weak and medium basic sites with some amount of very strong basic sites
with a temperature maximum at 600 ◦C. The “4” catalyst, having a slightly higher concentration of K
(0.9 wt.%) than sample “5”, exhibited very similar profiles of CO2 desorption. A further increase in K
concentration (2.4 wt.%) led to a higher amount of medium basic sites with a maximum desorption
at 220 ◦C (Table 5), but stronger basic sites corresponding to CO2 desorption at about 350 ◦C also
appeared in the catalyst. An even higher concentration of potassium in the catalyst (8.2 wt.%) resulted
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in a substantial increase of the amount of medium and stronger basic sites desorbing at 275 and 444 ◦C,
respectively. The catalyst with very a high concentration of potassium (18.9 wt.%) exhibited quite
different CO2 desorption profiles: Weak and medium basic sites completely disappeared, and only
very strong basic sites remained. The BP catalyst prepared by the K-impregnation of wet cake method
(2.1 wt.% K) exhibited a similar amount of basic sites in the range of 25–650 ◦C as sample “3”, having
2.4 wt.% K (Table 5). However, the CO2 desorption course of the BP catalyst differed slightly from
those of the other catalysts (Figure 5), as it showed a higher amount of stronger and very strong basic
sites characterized by CO2 desorption at Tmax of about 277 and 630 ◦C, respectively.
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Figure 5. CO2-TPD desorption profiles (in A) of the catalysts (calcined for 4 h at 500 °C) containing 
various amounts of K. 
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2.2.6. FTIR

Fourier transform infrared spectroscopy (FTIR) can identify various kinds of molecular bonds
present in solid samples. The FTIR data of both the examined dried Co–Mn–Al–K hydrotalcite-like
precursors and their calcined analogs are shown in Figure 6. In the FTIR spectra of the dried samples,
a band at 1355 cm−1 dominated, which is ascribed, according to literature [27], to characteristic CO3

antisymmetric stretching mode vibration. Its presence in the spectra, together with the presence of
the OH stretching mode band at 3435 cm−1 (not shown) confirms the formation of hydrotalcite-like
compounds during precipitation. In all dried samples, there was also the vibration at 860 cm−1,
which corresponds, according to literature, also to the K2CO3 out-of-plane bending mode [27]. In the
case of sample “1”, a band at 822 cm−1 corresponded to KNO3 and/or Al(NO3)3 out-of-plane bending
mode. A very wide band appeared at 738 cm−1, which can indicate a metal-to-oxygen bond of very
small particles. The band can be ascribed to Al–O vibrations in AlOOH, which could be also formed
during metal nitrates precipitation. In the region below 600 cm−1, other metal–oxygen bonds also
occurred that cannot be ascribed with certainty.

The FTIR spectra of the calcined samples show unique bands at 657 cm−1 and approximately
552 cm−1. Both bands can indicate the presence of Co3O4, MnO2, Mn3O4 [28], or cryptomelane [29].
Potter et al. [29] attributed a band at 550 cm−1 unambiguously to cryptomelane. Though Co3O4 shows
the closest IR spectrum to those of analyzed samples, the presence of cryptomelane cannot be excluded.
Samples “1” and “2”, with the highest concentration of K, also exhibited KNO3 vibrations. By comparing
the spectra with references, the presence of other substances in the catalysts was excluded. KNO3 bands
split into pairs 824 and 1372 cm−1 and pairs 833 and 1347 cm−1, respectively, the first pair being more
tightly bound, i.e., worse washed out. This splitting of the bands could be explained by the different
structure of KNO3 (calcite—trigonal and aragonite—orthorhombic). The aragonite structure arises from
the violation of symmetry (for example by adsorption, change of environment, or recrystallization),
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thereby increasing the intensity of the originally inactive vibrations [30]. The calcined BP catalyst
prepared by bulk promotion exhibits, in principle, the same IR spectrum as the K-precipitated catalyst
having nearly the same K concentration (sample “3”). However, it showed slightly higher amount of
nitrates (bands at about 1350 and 830 cm−1).
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Figure 6. FTIR data of the dried and calcined K-precipitated Co–Mn–Al–K mixed oxides and K-
impregnated wet cake catalyst (BP) catalyst. Curves from top to bottom: Samples “1,” “2,” …., ”5.” 
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2.2.7. Surface Composition

The surface compositions in the near-surface region and chemical state of the elements of the fresh
K-precipitated catalysts were determined by XPS. As the catalytic measurements proceeded at reaction
temperatures 650–700 ◦C, the catalysts were calcined at 700 ◦C, and, therefore, the properties of the
catalysts’ surfaces calcined at 700 ◦C were examined. The surface concentrations of the elements were
determined from the intensities (peak areas) divided by the corresponding response factor [31]. Carbon
tape used for fixing of the samples to the holder manifested itself in a relatively high concentration of C
(28–35 at. %) (Table 6). Nevertheless, the calibration of the spectra was carried out according to carbon
(284.8 eV). In the fresh K-precipitated samples calcined at 700 ◦C, 44 at. % of O, 8.7 at. % of Co, 3.3 at. %
of Mn, 7.2 at. % of Al, and 3.3 at. % of K—in average—were determined (Table 7). The gradual
washing of the precursor with distilled water resulted in a progressive decrease of K concentration
and, at the same time, in the enhancement of other metal elements in the catalysts. In all catalysts,
manganese occurred in a higher oxidation state, very likely as Mn+4, most likely MnO2. Aluminum
looked very similar in all samples and was probably Al2O3, though the position of the peak is shifted
slightly in comparison with published data. In all samples, potassium occurred in an identical form,
very likely bounded to metal oxide (KMnO4, KMn8O16, KCoO2, or a similar compound).

The deconvolution of oxygen spectra revealed two peaks (Table 6) with binding energies of about
529.8 and 531.5 eV. The first one at 529.8 eV can be ascribed to metal oxide (lattice oxygen O2−), and the
second at 531.5 eV can be ascribed to the adsorbed surface oxygen bound to metal oxides as O2

−, O−,
or OH− species.

In contrast to the K-precipitated catalysts, the K-impregnated wet cake (BP) catalyst calcined
at 700 ◦C exhibited 54 at. % of O, 13.7 at. % of Co, 6.1 at. % of Mn, 8.1 at. % of Al, 5.2 at. % of K,
and 12.5 at. % of C (Table 6). It is obvious that the surface Co concentration of the BP catalyst was the
highest of all examined catalysts, and the K concentration was the second highest. The distinctions are
certainly a result of different preparation procedures of the examined catalysts.
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Table 6. Concentration of elements [at. %] in both the BP catalyst and the K-precipitated catalysts
calcined at 700 ◦C and the relative quantum of two forms of oxygen in the decomposed of O 1s peak.

Sample Co 2p
At. %

Mn 2p
At. %

Al 2p
At. %

C 1s
At. %

K 2p
At. %

O 1s
At. %

O 1s
eV (rel. %)

O 1s
eV (rel. %)

“1” 6.8 2.4 5.1 28.7 10.1 46.9 529.7 (45.8) 531.5 (54.2)
“2” 9.5 2.9 6.2 34.8 3.6 43.1 529.7 (63.5) 531.5 (36.5)
“3” 9.1 4.0 7.0 34.1 2.4 43.5 529.7 (67.8) 531.5 (32.2)
“4” 9.0 3.5 8.6 35.9 0.5 42.7 529.8 (56.7) 531.4 (43.3)
“5” 9.1 3.7 9.2 32.5 0.1 45.3 529.9 (59.1) 531.5 (40.8)
BP 13.7 6.1 8.1 12.5 5.2 54.4 530.0 (84.5) 531.7 (15.5)

The surface and bulk concentrations of the main catalyst components (in wt.%) are summarized
in Table 7. A comparison of both groups of values indicates that the surface of the catalyst prepared
by calcination of the non-washed K-precipitated catalyst precursor was substantially enriched by
aluminum (2.5 times) and only slightly enriched by manganese and potassium (in both cases 1.2 times)
at the expense of cobalt, which was reduced 0.8 times. The gradual washing of the precipitates by
water led to the further enrichment of the catalyst surface by aluminum (3.3 times) at the expense of
potassium. Manganese and cobalt surface concentrations practically did not change with the washing
of the precipitates. Potassium concentration on the surface and in the bulk also practically did not
differ with washing, which indicates the relatively high stability of potassium in the K-precipitated
catalyst at calcination temperatures around 700 ◦C.

Somewhat different relation of surface and bulk composition can be observed for the BP catalyst.
The surface concentration of K was more than four times higher than the bulk, while the surface
concentration of cobalt was about two thirds of the bulk. Additionally in this sample, surface is
enriched by aluminum. The data indicates that the addition of KNO3 to the wet cake of Co–Mn–Al
hydrotalcite-like led to the preferential adsorption of K to Co.

Table 7. Surface concentrations of active components in the calcined catalysts obtained by X-ray
photoelectron spectrometry (XPS) in wt.% (in parenthesis there are concentrations of metals in wt.%
determined by chemical analysis).

Sample K Co Mn Al O

“1” 22.1 (18.9) 21.8 (28.2) 7.2 (6.0) 7.6 (3.0) 41.3 (43.9)
“2” 8.2 (8.2) 32.6 (40.0) 9.2 (8.8) 9.7 (4.0) 40.2 (39.0)
“3” 5.5 (2.4) 30.8 (45.4) 12.8 (10.2) 10.9 (4.7) 40.1 (37.3)
“4” 1.1 (0.9) 32.1 (46.8) 11.6 (10.2) 14.0 (4.7) 41.3 (37.4)
“5” 0.3 (0.6) 31.2 (45.6) 11.9 (9.9) 14.4 (4.4) 42.1 (39.5)
BP 8.3 (2.1) 33.1 (48.9) 13.9 (11.2) 9.0 (5.1) 35.7 (32.7)

2.2.8. Species-Resolved Thermal Alkali Desorption (SR-TAD)

The stability of alkali metals on the catalyst surface was studied by species resolved thermal alkali
desorption (SR-TAD). The results of two selected samples prepared by two different methods of K
promotion and calcined at 700 ◦C were compared (Figure 7). Since desorption of K atoms was more
significant than the potassium desorption in the form of ions, only desorption of alkali metal atoms
(atom fluxes) during heating was observed.
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Figure 7. Atomic K desorption flux as a function of temperature during heating. Black line: K-
precipitated sample “2,” red line: BP catalyst, both calcined prior to measurements at 700 °C/4 h. 
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Figure 7. Atomic K desorption flux as a function of temperature during heating. Black line:
K-precipitated sample “2”, red line: BP catalyst, both calcined prior to measurements at 700 ◦C/4 h.

It is obvious from the temperature-dependent changes of atomic fluxes (Figure 9) that potassium
desorption already occurs at temperatures higher than 450 ◦C, what means that the desorption of alkali
metals is possible at the temperatures used for calcinations and during NO direct decomposition testing.
The same non-monotonic curves in the desorption signal with rising temperature were observed
for both samples, which indicates that the potassium promoter leaves the surface through a single
energy barrier, and the distribution of the promoter on the catalysts surface here was homogenous [32].
Since the dependence was the same for both differently prepared samples, the resulting potassium
surface state should be the same in both samples.

Interestingly, the K atomic desorption flux profiles were different for heating and cooling periods
(not shown) for both samples. A slightly higher desorption flux during cooling was observed.
A higher signal during cooling than during heating means that some potassium was segregated on the
catalyst surface during heating. Different flux profiles obtained during heating and cooling point to
potassium migration processes which took place during the measurement—diffusion inside the bulk,
agglomeration on the surface, and thermal desorption [33]. These processes probably also take place
during the catalytic reaction.

2.2.9. Activity of the Catalysts in Decomposition of NO

The effect of potassium amount on the catalytic activity of K promoted Co–Mn–Al mixed oxides
in direct NO decomposition was studied over the catalysts prepared by coprecipitation of metal
nitrates with a K2CO3/KOH solution and compared with the activity of the catalyst prepared by the
K-impregnation of wet cake. Catalytic activity was determined over the catalysts calcined for 4 h at
700 ◦C. We found that activity of all samples slightly increased with the increasing time-on-stream.
After 13 h, the activity reached stable values. In this initial period of catalyst testing, potassium was
likely migrating from the interior of the catalyst grains to their surface. The steady state NO conversions
obtained over the catalysts with various K concentrations at 650 and 700 ◦C are depicted in Figure 8
in comparison with that of the catalyst BP prepared by the K-impregnation of wet cake [19]. The
highest conversion of NO (ca 61%) was observed at 700 ◦C in the presence of the catalyst containing
about 8 wt.% K prepared by the coprecipitation of metal nitrates with a K2CO3/KOH solution. Lower
and higher K content led to the decrease of NO conversion, and, for K content lower than 0.6 wt.%,
NO catalytic decomposition was not observed at all. The promotional effect of K has already been well
described in the case of N2O catalytic decomposition over K-promoted Co–Mn–Al mixed oxides [34].
Potassium, due to its low ionization potential, enables the charge transfer to the transition metal
cations, inducing an electric field gradient at the surface generated by the resulting dipole and the
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modification of the density of states characteristics. When K content was higher than the optimal
amount, depolarization occurred, leading to the decrease of NO conversion.
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Figure 8. Dependence of nitric oxide (NO) conversion in direct NO decomposition over K-precipitated
Co–Mn–Al oxide (circles) and K-impregnated wet cake (BP—triangles) Co–Mn–Al oxide catalysts on
the concentration of potassium for two reaction temperatures. Reaction conditions: 1000 ppm NO
balanced by N2, T = 650 or 700 ◦C, WHSV = 6000 mL g−1 h−1.

2.2.10. Effect of O2 and CO2 in the Reactant on Catalytic Activity

As flue gases from power plants contain some amount of other constituents, not only NO, the effect
of oxygen or CO2 in the reactant on catalytic activity was studied with the most active sample “2” at
reaction temperature 700 ◦C. The concentration of both components varied gradually from 1 to 10 molar
%. The obtained results are depicted in Figure 9. The effect of both added reaction components was
similar: The highest decrease in activity was observed after the addition of their lowest concentration
(1 mol %)—however, the effect on initial catalytic activity decrease differed: The presence of O2 caused
a slower decrease in activity than CO2. However, higher concentrations of O2 or CO2 (about 4 mol %)
showed a nearly identical decrease in catalytic activity. Very likely, the adsorption of both components
either blocked adsorption of NO or slowed down desorption of N2 and O2.

Figure 9. Dependence of NO conversion in direct decomposition at 650 ◦C on the amount of O2 or
CO2 in the reaction mixture for sample “2” having 8.2 wt.% of K. Reaction conditions: 1000 ppm NO
balanced by N2, T = 700 ◦C, WHSV = 6 000 mL g−1 h−1.
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3. Discussion

In this paper, a method of the preparation of the potassium promoted Co–Mn–Al mixed oxide
catalyst (K-precipitated) was examined. An alternative method of the preparation of potassium
promoted Co–Mn–Al mixed oxide consists of the precipitation of metal nitrates with potassium
salts (K2CO3/KOH) and of the consecutive gradual washing of the precipitate to obtain a specific
concentration of K in the calcined catalyst. The application of the preparation procedure led to the
catalysts with various concentration of potassium whose physical–chemical properties were studied.
Their properties were compared with those of the catalyst prepared by the K-impregnation wet
cake method.

As shown in the XRD profiles of the calcined catalysts, both kinds of catalysts with similar K
content, the K-precipitated sample “3” and BP, contained identical crystallographic phases of the
compounds (Figure 2). However, the dimension of coherent domain of spinel (Ld) was somewhat
higher for the BP catalyst (9.3 nm) than for the K-precipitated catalyst with a corresponding K amount
(6.6 nm)—see Table 4. This finding reflects a slightly lower surface area and a higher total volume of
pores and of micropores of the BP catalyst.

FTIR measurements proved that the BP catalyst comprises more nitrates than the K-precipitated
catalyst of corresponding composition (Figure 6). It could not cohere with a slightly lower concentration
of potassium in the BP catalyst (2.1 wt.%) than the compared catalyst (2.4 wt.%). The phenomenon had
to correspond with the way of KNO3 addition: In the case of the BP catalyst, KNO3 was likely deposited
on the surface of the primary precipitated particles, while, in the case of the washed K-precipitated
catalysts, KNO3 was included in the structure of the hydrotalcite-like compound formed during the
precipitation of metal nitrates with a solution of K2CO3/KOH.

The presence of nitrates was reflected in the basicity of the BP catalyst (Figure 5, Table 5),
which exhibited a lower amount of stronger basic sites (Tmax of CO2 desorption > 220 ◦C) than the
K-precipitated Co–Mn–Al oxide catalyst, with 2.4 wt.% K. Nitrates in the BP catalyst contributed to a
higher degree of acidity of the catalyst surface and, thus, to lower basicity.

H2-TPR did not show any significant difference in the reducibility of both kinds of the compared
catalysts. The catalyst with ca 8 wt.% of K exhibited the lowest Tmax temperatures in the TPR curves of
all samples, thus indicating the easiest reducibility of the transition metals mixed oxides. The reduction
profile of the catalyst prepared by K-impregnation of wet cake (BP) was similar to that of sample “5”,
which had a three times lower concentration of potassium and therefore documented the lower redox
properties of the BP catalyst.

A comparison of the XPS and chemical analysis data for the K-precipitated and BP catalysts led to
the following statement: The K-precipitation method of Co–Mn–Al catalysts made uniform distribution
of potassium in the catalyst particles possible, while the K-impregnated wet cake method caused
the significant enrichment of the catalyst surface by potassium at the expense of cobalt. That is why
the optimum concentration of potassium (determined by chemical analysis), which was necessary to
obtain the highest NO conversion, was lower [19] in the case of BP preparation method (about 2 wt.%)
than in the case of the K-precipitation method (about 8 wt.%).

The catalytic activity of the K-precipitated Co–Mn–Al oxide catalysts in direct decomposition of
NO varied with the concentration of K in the solids. It went through maximum at about 8 wt.% K in
the solid and decreased when lower and higher K concentrations were present in the catalysts than
this optimum value (Figure 8). The BP catalyst exhibited a slightly lower catalytic activity, caused,
very likely, by a slightly lower surface area of the catalyst or lower amount of basic sites on the catalyst
surface, which substantially affected the sorption of NO on the catalyst surface and/or a slightly lower
reducibility of the catalyst.

In Figure 10, the dependence of NO conversions on number of K atoms per nm2 of the catalyst
is depicted. The optimum number of K atoms on the surface is around 10 atoms per nm2. With a
decrease of this number, the conversion of NO sharply decreased, and, at the value of 1 atom per
nm2 conversion of NO approached zero. On the other hand, the decrease in NO conversion with an
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increasing number of atoms per nm2 was not so sharp, and, for that reason, a slightly higher number
of K atoms per nm2 in the case of K concentration fluctuation is better than vice versa.
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Figure 10. Dependence of NO conversion at 700 ◦C on the number of K atoms per nm2 in Co–Mn–Al
oxide catalysts. Circles—K-precipitated Co–Mn–Al oxide catalysts, triangles—K-impregnated wet cake
Co–Mn–Al oxide (BP) catalyst.

4. Materials and Methods

4.1. Preparation of Catalysts

Co–Mn–Al mixed oxides modified by K were prepared by the co-precipitation of the 210 mL
solution of 40 g Co(NO3)2·6H2O, 8.7 g Mn(NO3)2·H2O, and 12.9 g Al(NO3)3·9H2O with the 225 mL
aqueous solution of 14.5 g K2CO3 and 29.7 g KOH. The solutions were dosed to a vessel equipped
with a magnetic Triga stirrer (500 revolutions min−1), in which 100 mL of water were mixed with such
an amount of KOH that the solution maintained a pH = 10. The rate of dosing of each solution was ca
1.9 mL/min, the pH of precipitation 10 ± 0.1, and the temperature was 22 ◦C. The resulting suspension
was mixed for 60 min at laboratory temperature.

Then, the suspension was filtered off, and the precipitate was washed with ca 200 mL of water
after removing ca one fifth of the precipitate to obtain different levels of K concentration in the samples.
The washed samples were dried for 12 h at 60 ◦C and calcined at 500 ◦C. Numbers “1” to “5” labeled
the prepared catalysts, with sample “1” having the highest concentration of K and sample “5” having
the lowest.

For comparison, a catalyst prepared by the co-precipitation of transition metal nitrates by
Na2CO3/NaOH solution and the subsequent impregnation of the resulting wet cake by a solution of
KNO3 (K-impregnated wet cake method) was labeled, after drying and calcination, as BP.

4.2. Characterization of the Samples

The content of metals in the prepared catalysts was determined by atomic emission spectroscopy
with microwave plasma using an Avio 500 MP-AES (Perkin-Elmer, Chichester, UK) after the dissolution
of the samples in diluted (2%) hydrochloric acid.

Phase composition and microstructural properties were determined using an X-ray powder
diffraction (XRD) technique. XRD patterns were obtained using a Rigaku SmartLab diffractometer
(Rigaku, Tokyo, Japan) equipped with a D/teX Ultra 250 detector. The source of X-ray irradiation
was a Co tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at 40 kV and 40 mA. Incident
and diffracted beam optics were equipped with 5◦ Soller slits; incident slits were set up to irradiate a
10 × 10 mm area of the sample (automatic divergence slits) constantly. The slits on the diffracted beam
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were set up to a fixed value of 8 and 14 mm. The powder samples were gently grinded using an agate
mortar before analysis, pressed using microscope glass in a rotational sample holder, and measured
in reflection mode (Bragg–Brentano geometry). The samples were rotated (30 rpm) during the
measurement to eliminate the preferred orientation effect. The XRD patterns were collected in a 2θ
range 5◦–90◦ with a step size of 0.01◦ and speed of 0.5 deg.min−1. The measured XRD patterns were
evaluated using the PDXL 2 software (version 2.4.2.0) and compared with the PDF-2 database issued
by ICDD, released in 2015. Nitrogen physisorption on catalyst powders (grain size 0.16–0.32 mm) was
performed using an ASAP 2020 Micromeritics instrument (Norcross, Atlanta, GA, USA) after degassing
at 105 ◦C for 24 h at 1 Pa vacuum. The adsorption–desorption isotherms of nitrogen at 77 K were
evaluated by the standard Brunauer–Emmett–Teller (BET) procedure [35] for the p/p0 range = 0.05–0.25
to calculate the specific surface area SBET. Mesopore surface areas, Smeso, and micropore volume, Vmicro,
were determined by the t-plot method [36]. The total pore volume, Vtotal, was determined from the
nitrogen adsorption isotherm at maximum p/p0 (∼0.995). The pore-size distribution (pore radius 100–102

nm) was evaluated from the adsorption branch of the nitrogen adsorption–desorption isotherm by the
Barrett–Joyner–Halenda (BJH) method [37], assuming a cylindrical pore geometry. The Lecloux–Pirard
standard isotherm [38] was used for the t–plot and for the pore–size distribution evaluation.

Temperature programmed reduction (H2-TPR) measurements were performed with a H2/N2

mixture (10 mol % H2), flow rate 50 mL min−1 and a linear temperature increase of 20 ◦C min−1 up to
900 ◦C. Changes in H2 concentration were detected with a catharometer. A reduction of grained CuO
(0.160–0.315 mm) was performed to calculate the absolute values of the hydrogen consumed during
reduction of the samples.

The temperature-programmed desorption of CO2 (CO2-TPD) was carried out to examine basic
properties of the catalysts surface. The measurements were accomplished with a 0.050 g sample in the
temperature range of 20–900 ◦C, with helium as a carrier gas and CO2 as the adsorbing gas. Prior to
the CO2–TPD measurement, the sample was heated in helium from 25 to 500 ◦C with a temperature
ramp of 20 ◦C min−1; then, the sample was cooled in helium to 25 ◦C. Ten doses of CO2, 840 µL each,
were applied to the catalyst sample at 30 ◦C before flushing with He for 1 h and heating at a rate of
20 ◦C min−1. The composition of the gases evolved during the experiments was determined by a mass
spectrometer (Balzers, Pfeiffer Vacuum, Asslar, Germany). The following mass contributions m/z were
collected: 2–H2 and 44-CO2. The spectrometer was calibrated by dosing the known amount of CO2

into the carrier gas (He) in every experiment. The H2-TPR and CO2–TPD experiments were evaluated
using OriginPro 8.0 software with an accuracy of ±5%.

The thermal decomposition of dried materials was conducted by heating the 10 mg of samples
to 700 ◦C at a rate of 2 ◦C/min, using a NETZSCH TG 209 F1 Libra (Selb, Germany) recording
microbalances in a stream of inert gas (Ar) at a flow rate 50 mL/min. The sample was heated in the
oven, the output of which was regulated by a programmable digital temperature controller. The flow
of carrier gas was controlled by electronic mass flowmeters.

A Nicolet Model 360 Avatar FT-IR spectrometer (Analytical Instruments Brokers LLC, Golden
Valley, MN, U.S.A.) was used in an attenuated total reflection (ATR) mode to obtain the spectra from
catalysts between 360 and 4000 cm−1 (resolution 1.93 cm−1, 300 scans, 1 s per scan) when the powder
was pressed against ZnSe crystal (working range between 508 and 4000 cm−1). All spectra were
obtained at laboratory temperature (~22 ◦C) and atmospheric pressure.

The thermal stability of the alkali metal promoters was investigated by the species resolved
thermal alkali desorption (SR-TAD) method. The experiments were carried out in a vacuum apparatus
with a background pressure of 10−7 kPa. The samples in the form of wafers (13 mm diameter, 200 mg
weight) were heated at the rate of 5 ◦C min−1 from room temperature up to 650 ◦C in a stepwise
voltage-controlled mode. Then, they were cooled down at the same rate. The desorption flux of
potassium atoms was determined by means of a surface ionization detector, consisting of a platinum
wire heated by a current of 2.2 A, to approximately 1000 ◦C, with a positive potential of +120 V
causing the ionization of the desorbed atoms and their acceleration towards the collector. During the
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measurements, the samples were biased with a positive potential +5 V to quench the thermal emission
of electrons. In this way, the possibility of the reneutralization of ions by thermal electrons outside
the surface was effectively eliminated. The resulting positive current was directly measured with a
Keithley 6512 digital electrometer.

Superficial elemental analyses were performed by XPS (X-ray photoelectron spectrometry ESCA
3400, Kratos, Manchester, UK) at a base pressure better than 5 × 10−7 Pa, using the polychromatic
Mg X-ray source (Mg Kα, 1253.4 eV). The composition of the elements was determined without any
annealing. For the spectra, the Shirley background was subtracted, and the elemental compositions of
layers were calculated from the corresponding areas.

The catalytic decomposition of NO to N2 and O2 was performed in an integral fixed bed stainless
steel reactor of 5 mm internal diameter (650 ◦C or 700 ◦C, 0.5 g, 49 mL min−1). To some catalytic
runs, oxygen (0–10 mol%) was added to an inlet gas composed of 1000 ppm NO in N2. The catalysts
(fraction 0.16–0.316 mm) pre-calcined at 700 ◦C were activated in 50 mL of N2 + O2 min−1 (101325 Pa,
20 ◦C) for 1 h at 650 ◦C. Then, the NO catalytic decomposition at 650 ◦C was measured at least for
15 h. After this period, when a stable performance was observed, the temperature dependence of
conversion was launched with cooling rate of 5 ◦C min−1, and the catalysts activity was measured
for 3 h at each temperature (640 ◦C, 620 ◦C, 600 ◦C, 580 ◦C, and 560 ◦C). After the conversion curve
measurement, the reactor was heated back to 650 ◦C in order to check the stability of the catalyst.
In case the performance was stable, the catalyst was heated to 700 ◦C, and the steady state conversion
at 700 ◦C was measured. When the oxygen was added to the inlet mixture, it took 1 h at minimum
to achieve steady state performance. Infrared analyzers for the online analysis of NO (Ultramat 6,
Siemens, Karlsruhe, Germany) and N2O (Sick) were used. During all measurements, no N2O and
no NO2 were detected, as proven by the low-temperature NO2/NO catalytic convertor (TESO Ltd.).
The activity of the catalysts was determined as conversions of NO from the relation XNO = (cNO

0 −
cNO)/cNO

0, where XNO is NO conversions, cNO
0 is the initial NO concentration, and cNO is the NO

concentration at reactor outlet.

5. Conclusions

The investigated process of the K promoted Co–Mn–Al catalyst preparation consisting of the
precipitation of transition metal nitrates with a solution of K2CO3/KOH is simpler than the other
possible ways of preparation, e.g., the K-impregnation of wet cake method. When using the examined
process of preparation, it is possible to obtain a catalyst with a desired K concentration in the solids
without any additional preparation steps. The concentration of potassium affected catalytic activity of
the K-precipitated catalysts in direct NO decomposition, the highest being at ca 8 wt.% of K, while that of
the K-impregnated wet cake samples was about 2 wt.%. We believe that the incorporation of potassium
into the catalyst particle structure positively influences catalyst stability, as the potassium inside the
catalyst particles serves as its reservoir when it desorbs from the surface during catalytic reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/7/592/s1,
Figure S1: Diffraction patterns of the dried K-precipitated Co-Mn-Al compounds containing various amounts of
potassium. H – hydrotalcite-like compounds, R – rhodochrosite, K – KNO3, Figure S2: Adsorption-desorption
isotherms of nitrogen for K-precipitated Co-Mn-Al mixed oxides containing various amounts of potassium in wt.
%: curve 2 – 8.20, curve 3 – 2.39, curve 4 – 0.92, curve 5 – 0.60, Table S1: Details of the preparation method and
concentration of K and Na (mg/L) in filtrate and washing waters.
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Abstract: Fundamental research on direct NO decomposition is still needed for the design of a
sufficiently active, stable and selective catalyst. Co-based mixed oxides promoted by alkali metals
are promising catalysts for direct NO decomposition, but which parameters play the key role in
NO decomposition over mixed oxide catalysts? How do applied preparation conditions affect
the obtained catalyst’s properties? Co4MnAlOx mixed oxides promoted by potassium calcined
at various conditions were tested for direct NO decomposition with the aim to determine their
activity, stability and selectivity. The catalysts were prepared by co-precipitation of the corresponding
nitrates and subsequently promoted by KNO3. The catalysts were characterized by atomic absorption
spectrometry (AAS)/inductive coupled plasma (ICP), X-ray photoelectron spectrometry (XPS), XRD,
N2 physisorption, temperature programmed desorption of CO2 (TPD-CO2), temperature programmed
reduction by hydrogen (TPR-H2), species-resolved thermal alkali desorption (SR-TAD), work function
measurement and STEM. The preparation procedure affects physico-chemical properties of the
catalysts, especially those that are associated with the potassium promoter presence. The addition of
K is essential for catalytic activity, as it substantially affects the catalyst reducibility and basicity—key
properties of a deNO catalyst. However, SR-TAD revealed that potassium migration, redistribution
and volatilization are strongly dependent on the catalyst calcination temperature—higher calcination
temperature leads to potassium stabilization. It also caused the formation of new phases and thus
affected the main properties—SBET, crystallinity and residual potassium amount.

Keywords: nitric oxide; catalytic decomposition; potassium promoter; cobalt-based mixed oxide

1. Introduction

Nitrogen oxides (NOx) are produced by anthropogenic activities, mainly by combustion of
fossil fuels in automotive engines and power plants. NO accounts for more than 95% of these
nitrogen oxides emissions [1]. Nowadays, there are two types of technologies that help to reduce NO
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emissions—selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). However,
in both these processes, a reducing agent (ammonia, urea) has to be used. NO can also be decomposed
directly to N2 and O2. The disadvantage of this simple method is that the reaction takes place at high
temperature (>1100 ◦C) due to the high value of activation energy (~335 kJ/mol) [2]. High activation
energy of NO decomposition can be decreased by the presence of a suitable catalyst.

Many catalysts for direct NO decomposition have been tested; however, none of them have been
sufficiently stable, active and selective at economically feasible temperatures yet. The studied catalysts
are mainly based on precious metals (Pt, Pd, Rh) [3–5], zeolites [6–8] or single [9,10] and mixed oxide
catalysts [11–13]. The results suggest that further increase in catalytic activity would be difficult to
achieve with metals or alloys alone or simple metal oxides. A more active system requires the presence
of different kind of active sites necessary for each individual step of the NO decomposition reaction,
such as NO adsorption, surface reaction of intermediates and oxygen and nitrogen desorption [14,15].
These can be obtained for example in mixed oxides systems.

Co-based mixed oxides promoted by alkali metals were used as catalysts for various reactions
and they showed interesting results in NO decomposition [9,11]. From previous studies, it is known
that alkali metals volatilize from transition metal oxides at temperatures higher than 500 ◦C [16–18],
which could affect long-term stability of the catalyst [11]. The above mentioned results imply that the
stability of alkali metal promoters has to be improved for viable application of these catalysts.

The literature showed that the alkali promoter stability could be improved by modifications of the
preparation procedure. One possibility is changing the way of introducing an alkali metal into the catalyst
(changing the catalyst bulk structure) during synthesis. The calcination procedure of catalyst precursors
is another very important optimizing parameter, since calcination conditions (e.g., temperature, time)
strongly influence the stability of alkali metal-containing catalysts. The advantage of high temperature
calcination of K/Co-Al mixed oxide regarding N2O decomposition was published by Cheng [19].
The rearrangement of the surface alkali metal species depending on the calcination temperature leading
to different stability of the obtained catalytic system was also reported elsewhere [18,20].

For a tailored synthesis of an active catalyst, understanding the reaction mechanism is also
important. Although several works have been devoted to the study of the NOx decomposition
mechanism [2,21–23], details of the mechanisms and the exact nature of active sites, especially for
NO catalytic decomposition on mixed oxides, are still a matter of debate, as well as the relationship
between the method of preparation, physico-chemical properties and catalytic performance. The NO
molecule can adsorb either dissociatively or molecularly depending on the type of active metal and on
the conditions of adsorption; moreover, chemisorption of the reactants can cause adsorbate-induced
reconstruction of the surface [2]. Dissociation of NO on the surface often depends on surface
temperature, surface coverage, crystal plane and the concentration of surface defects [3]. Tsujimoto [24]
along with Hong et al. [25] have recently demonstrated that control of the surface basicity of the catalyst
is also important in terms of enhancing NO decomposition activity. An active catalyst should allow
easy desorption of oxygen atoms from the catalyst surface, which is a very important reaction step.
Moreover, catalysts with appreciable activity for direct NO decomposition should provide stronger
adsorption of nitrogen compared to that of oxygen [26].

The above studies motivated us to prepare the Co–Mn–Al mixed oxide catalyst promoted by
potassium to study its deNO catalytic properties more systematically. The bulk promotion method was
used for modifying the catalyst by potassium, since it is supposed that incorporation of the promoter
into the structure improves the promoter activity and stability [27]. The main objective was the
enhancement of NO catalytic decomposition activity and stability through optimizing the conditions
(calcination temperature and time) of the preparation method and the content of the alkali promoter.

The addition of potassium was proven to be important for catalyst activity. There is an optimal
amount of K responsible for the formation of surface basic sites. The sufficient amount and right
type of basic sites play a key role in direct NO decomposition, as well as optimal catalyst reducibility.
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The SR-TAD measurements clearly showed that potassium migration, redistribution and finally
volatilization are directly linked to the catalyst calcination temperature.

2. Results

2.1. Characterization of Catalysts

2.1.1. Chemical Composition

The results of chemical analysis of selected fresh catalysts promoted by different amount of
potassium, calcined at four different temperatures (500, 600, 700 and 800 ◦C) and for two different time
periods (4 and 12 h) are summarized in Table 1. The calculated molar ratio is close to the values set
during preparation Co:Mn:Al = 4:1:1.

Table 1. Physicochemical properties of selected prepared catalysts.

Sample * Co
(wt.%)

Mn
(wt.%)

Al
(wt.%)

Co:Mn:Al
(Molar Ratio)

K(II)/500/4 52.8 11.2 5.1 4.0:0.9:0.8
K(II)/600/4 49.7 11.9 5.4 4.0:1.0:1.0
K(II)/700/4 51.5 11.4 5.4 4.0:1.0:0.9
K(II)/800/4 45.1 12.0 5.6 4.0:1.1:1.1
K(I)/500/12 48.1 11.7 5.3 4.0:1.0:1.0
K(II)/500/12 44.2 11.3 5.1 4.0:1.1:1.0
K(III)/500/12 46.9 11.0 5.5 4.0:1.0:1.0
K(IV)/500/12 51.0 10.5 5.4 4.0:0.9:0.9

K(0)/600/4 51.0 16.0 6.4 4.0:1.3:1.1

* Sample denotation: K(x)/y/z, where x means K content in wt.%, y means calcination temperature (◦C) and z means
calcination time (h). For details, see Section 4.1.

Chemical analysis was also focused on the content of potassium, since its loss due to thermal
vaporization was expected [28] (Table 2). A decrease of K concentration was observed with increasing
calcination temperature and calcination time. While the increase in temperature from 500 to 600 ◦C
caused almost no decrease in K amount, 20% of K weight was lost during calcination at 700 and
800 ◦C (4 h). The prolonged calcination time also caused a small drop in K amount (see samples
K(II)/500/4 and K(II)/500/12). It is important to notice that simply comparing the potassium content in
wt.% is not possible because of the associated oxygen release from the catalysts during calcination at
high temperatures.

Table 2. Selected experimental parameters (K content, specific surface area, particle size and unit cell
parameter) for the investigated fresh and used catalysts.

Sample Kfresh
(wt.%)

Kused
(wt.%)

SBET fresh
(m2/g)

SBET used
(m2/g)

Lc fresh
(nm)

afresh
(nm)

K(II)/500/4 2.1 1.8 94 33 9 0.81163 ± 0.00004
K(II)/600/4 2.0 2.0 72 23 12 0.81075 ± 0.00007
K(II)/700/4 2.0 1.8 50 21 16 0.81485 ± 0.00004
K(II)/800/4 1.6 1.4 23 16 28 0.81512 ± 0.00004
K(I)/500/12 0.7 0.6 73 42 10 0.81079 ± 0.00010
K(II)/500/12 1.9 1.8 87 32 13 0.81085 ± 0.00011
K(III)/500/12 2.4 2.5 73 44 12 0.81051 ± 0.00005
K(IV)/500/12 3.1 2.7 69 40 13 0.81051 ± 0.00005

K(0)/600/4 0 0 49 12 13 0.81210 ± 0.00008

A small loss of K (12.5%) was also observed during the catalytic tests, which corresponds to the
results published in our previous work [11]. However, this trend was surprisingly not confirmed for all
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sets of the catalysts (not shown), which can be caused by a non-homogenous distribution of potassium
in the samples (caused by its bulk and surface migration and/or vaporization) and the complexity of
potassium content determination.

2.1.2. Textural Properties

The surface area of all catalysts was examined using N2 physisorption (one point Brunauer–Emmett–
Teller (BET) method) and selected results are summarized in Table 2. The specific surface areas varied
from 16 to 94 m2/g and from 12 to 44 m2/g for fresh and used catalysts, respectively. Specific surface area
decreased with rising calcination temperature and calcination time as well. A decrease in surface area
of about 20 m2/g was observed for each 100 ◦C jump in the temperature used for calcination. A sharp
decrease of surface area was also observed after catalytic measurements.

Pore size distributions of the selected samples reflecting the effect of K amount, calcination time
and calcination temperature are shown in Figure 1. The catalysts calcined at 500 ◦C showed unimodal
pore size distribution with a maximum around 30 nm. Longer calcination time did not affect pore
size distribution of the catalysts (Figure 1a). Lower potassium amount caused a slight shift of pore
sizes to higher values (Figure 1b). The same trend is visible in Figure 1c: After calcination at higher
temperatures accompanied by a decrease in K amount, the pore size shifted to higher values along with
the creation of new pores with diameters higher than 60 nm. The trend corresponds to the decrease in
surface area after calcination at higher temperatures and is probably connected with the collapse of
smaller pores and coalescence of the larger ones.

Figure 1. Pore size distribution of selected catalysts: (a) Effect of calcination time for samples K(II)/500/z,
(b) effect of K amount for samples K(x)/500/12 and (c) effect of calcination temperature for samples
K(III)/y/12.

2.1.3. Phase Composition

Spinel-type mixed oxide phase was detected in all samples by X-ray powder diffraction analysis
(Figures S1–S3 in Supplementary Materials). Very small diffraction line at about 38◦ present in the
samples calcined at lower temperatures can be ascribed to Mn2O3 (PDF-2 card No. 01-071-0636; see
Supplementary Materials, Figures S1–S3) or can simply be an artifact of the measurement, K-beta line
of the main spinel diffraction. Intensities of diffraction lines depend on the position of atoms in the
spinel unit cell, while the position depends on the shape and size of the unit cell [29]. The ratio between
spinel diffraction lines (111)/(220) and (220)/(444) is a measure of the occupancy of the tetrahedral cation
sites [30,31]. In our case lattice parameter a (Figure 2a), mean coherent domain size corresponding to
crystallinity (Figure 2b), and (220)/(440) intensities ratio I (Figure 2c) increased with rising calcination
temperature. All these parameters reflect the continuous process of gradual thermal crystallization of
the spinel, i.e., continuous conversion of disordered material into well X-ray diffracting oxides.
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Figure 2. Effect of calcination temperature on (a) spinel lattice parameter a, (b) coherent domain size Lc

and (c) I (220)/(440) intensities ratio.

The thermal behavior of a Co–Mn–Al mixed oxide system unmodified by potassium was previously
described by Kovanda et al. [30]. They found that after decomposition of layered double hydroxides
above 200–260 ◦C, nanocrystalline spinels are formed and spinels are the only phases present up to
900 ◦C. However, at temperatures of about 500 ◦C the segregation of Co rich spinel was observed, while
the incorporation of manganese into the spinel lattice proceeded during its further recrystallization
with increasing temperature accompanied by a lattice parameter increase, approaching the value
typical for Co3O4 (samples calcined at 500 ◦C) and the value typical for Co2MnO4 (samples calcined at
800 ◦C).

After careful inspection of the cell parameter changes, it was found out that Lc and a did not
depend on the K amount for samples calcined at 500 and 600 ◦C, while for samples calcined at 700
and especially at 800 ◦C, the obvious dependence on potassium concentration could be observed
(Figure 3a,b).

Figure 3. Dependence of (a) spinel lattice parameter a on K amount and (b) crystallinity Lc on K amount.
The numbers in the legend mean the calcination temperature.

With increasing calcination temperature and/or higher amount of potassium, in addition to the
spinel phase, a new phase containing potassium was also detected (Figures S1–S3 in Supplementary
Materials). The nature and stoichiometry of the new phase depended on the temperature as well as on the
potassium amount. Two different phases containing potassium were observed (Table 3)—cryptomelane
KMn8O16 (molar ratio K/Mn = 0.13; PDF-2, card No. 00-006-0547), which was clearly distinguishable
(marked as A) and another potassium manganese oxide phase (marked as B), which could be identified
as K2Mn4O8 (PDF-2, card No. 00-016-0205) or K1,39Mn3O6 (PDF-2, card No. 01-080-7317), both
having higher potassium/manganese molar ratio than cryptomelane (K/Mn = 0.5). The results of X-ray
diffraction (XRD) K-phase determination are shown in Table 3. Cryptomelane (A) was present in all
samples calcined at 500 ◦C and decomposed during calcination at above 600 ◦C, forming the potassium
manganese oxide phase (B). For the samples calcined at 600 ◦C, the type of present phase depended on
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the K content: For lower potassium amount cryptomelane was formed while for potassium amount
higher that 1 wt.%, the potassium manganese oxide phase was formed. The phase transformation
depending on temperature for samples containing approximately 2 wt.% of potassium is illustrated
in Figure S1 in the Supplementary Materials; the phase changes depending on potassium amount
for samples calcined at 600 and 800 ◦C are illustrated in Figures S2 and S3, respectively. Longer
calcination time did not affect the type of K-containing phase, only its degree of crystallinity (not
shown). The changes observed for samples calcined below the catalytic reaction temperature (650
and/or 700 ◦C) are in accordance with previous findings (Figures S1 and S2), since after the catalytic
reaction, the potassium phase in A form was not present and only type B phases were observed in all
tested samples (not shown).

Table 3. K-containing phases detected by XRD in Co–Mn–Al mixed oxide with different K-content and
calcined at different temperatures (fresh samples).

Calcination Temperature y (◦C)
Sample

K(I)/y/4 K(II)/y/4 K(III)/y/4 K(IV)/y/4

500 A A A A
600 A A B n.d.
700 B B B B
800 B B B B

A—KMn8O16 (cryptomelane), B—K2Mn4O8 or K1,39Mn3O6, n.d.—not determined.

Based on the XRD findings described above, it can be concluded that potassium is bonded mainly
to manganese. When there is not any potassium present in the sample or only a small amount, with
increasing calcination temperature manganese enters the spinel lattice as can be inferred from the
changes in lattice parameter, similarly as in a K-free Co4MnAlOx spinel [28]. On the other hand, when
a higher amount of potassium is present, more manganese is bonded to potassium and cannot enter
the spinel lattice at higher calcination temperatures and for that reason, the lattice parameters returned
to the values characteristic of the Co3O4 phase.

2.1.4. Surface Composition

The surface composition in the near-surface region and the chemical state of the elements over
three selected samples was examined using X-ray photoelectron spectrometry (XPS). The following
samples were chosen in order to elucidate the effect of potassium presence as well as the effect of
calcination temperature:

(i) Sample without K,
(ii) Fresh sample modified by potassium calcined at 500 ◦C,
(iii) Used sample modified by potassium, which means that its structure corresponds to the sample

calcined at 700 ◦C and can be changed somehow by catalytic reaction intermediates.

The surface concentrations of elements were determined (Table 4) from the intensities (peak areas)
divided by the corresponding response factor [32]. Carbon correction was done for all samples. Apart from
the main elements—Co, Mn, Al, K and Na–the elements O and C were also determined. The K(0)/670/4
catalyst contains 4.18 at. % of Na on the surface. It remained in the catalyst after incomplete washing of the
precipitate by distilled water. The catalyst K(II)/500/12 prepared by bulk promotion of the precipitate with
K salt contains no Na and the finding indicates that the rest of sodium in the precipitate was interchanged
with potassium during the bulk promotion procedure. The concentrations of oxygen and carbon on the
surface were disregarded, and the atomic concentrations of metals were converted into weight percentages
to compare them with the values obtained from inductive coupled plasma (ICP) analysis (Table 5).
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Table 4. Surface concentrations determined using X-ray photoelectron spectrometry (XPS) data
evaluation in at. %.

Sample Co Mn Al O C K Na

(at. %) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %)

K(0)/670/4 9.08 4.55 7.66 44.41 30.12 0 4.18
K(II)/500/12 9.37 4.07 8.25 44.26 30.99 3.07 0

K(II)/500/12_used 8.81 4.17 8.54 45.59 27.1 5.79 0

Table 5. Comparison of bulk (from inductive coupled plasma (ICP)) and surface (from XPS) catalysts
composition in wt.%.

Sample Co (wt.%) Mn (wt.%) Al (wt.%) K (wt.%) Na (wt.%)

Bulk Surface Bulk Surface Bulk Surface Bulk Surface Surface

K0/670/4 52.0 49.2 11.7 23.0 5.4 19.0 0.0 0 n.d.
KII/500/12 45.6 49.4 11.0 0.0 4.4 19.9 2.5 10.7 0

KII/500/12_used 44.0 43.1 10.1 19.0 5.0 19.1 1.9 18.8 0

As one can see from Table 5, the values of bulk and surface concentrations are not the same.
The following relations between surface and bulk concentrations can be seen (Table 6): Compared to bulk
content, surface of the catalysts shows identical concentration of cobalt, nearly twice as high concentration
of manganese and substantially higher concentrations of aluminum and potassium (when it is present).
The findings indicate that the catalyst particles contain equal cobalt concentration throughout the whole
volume, which is not changed during catalyst use. The surface of the non-promoted catalyst is enriched by
Al and Mn. The fresh K-promoted catalyst shows four times higher K concentration on the surface than in
the bulk and it means that K introduced by the bulk promotion method is located preferentially on the
catalyst surface. The K, Mn and Al surface enrichment was also observed in our previous works [33,34].

Table 6. Ratio of weight percentages of surface and bulk concentrations of the metals.

Sample
Surface/Bulk (Weight Ratio)

Co Mn Al K

K(0)/670/4 0.9 2.0 3.5 0
K(II)/500/12 1.1 1.8 4.5 4.3

K(II)/500/12_used 1.0 1.9 3.8 9.9

After the catalytic tests, further enrichment of the catalyst surface by K proceeds. The finding
confirms gradual diffusion of K from the bulk of the catalyst due to its movement from lower parts of
the catalyst particles to the surface during the tests at high reaction temperatures (>650 ◦C) and also
subsequent volatilization since chemical analysis showed reduced concentration of K in the catalyst
after catalytic tests.

Co 2p, Mn 2p, Al 2p, O 1s, K 2p and C 1s photoelectron spectra are presented in Figure S4 in
Supplementary Materials for the K(0)/670/4, K(II)/500/12 and K(II)/500/12_used catalysts. In all samples,
the deconvolution of the Co 2p3/2 region showed two peaks, main and satellite, with maxima at binding
energy (BE) 780.5 and 786.4 eV.

Distinction between Co3+ and Co2+ is very difficult, as the difference between corresponding
peaks is very small (Co3+: 779.19-779.81 eV, Co2+: 781.13 – 781.49 eV [35–40]). For identifying the
cobalt chemical state, the energy separation of 2p3/2 to 2p1/2 and satellite structure of Co 2p spectra
were used leading to the conclusion that both Co2+ and Co3+ chemical states are present. The shift
of binding energies of Co 2p3/2 electrons towards higher values compared to Co3O4 (BE = 779.5 eV)
could be related to the presence of other components (Al, Mn) [33].
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Relative percentage of the Co 2p3/2 satellite peak (Table 7) correlates with Co2+. Therefore,
K(II)/500/12_used catalyst spectrum indicated the highest and K(0)/670/4 the lowest amount of Co2+.
Manganese Mn 2p3/2 spectra showed one maximum at 641.9 eV indicating higher oxidation states. As
the peak was quite broad, the catalysts consist of a mixture of at least two manganese states with BE
corresponding to Mn3O4 and MnO2 [41]. Based on our previous research, Mn 2p3/2 was fitted by two
peaks corresponding to Mn3+ (641.4–641.7 eV) and Mn4+ (642.6–642.9 eV) [33]. The data showed that
K(II)/500/12_used catalyst contained higher amount of Mn4+ than the others. Aluminum in all samples
occurred in the form of Al3+.

Table 7. Binding energies and relative percentage (in parentheses) of fitted areas.

Sample
Co 2p3/2 Co 2p3/2 sat. Mn 2p3/2 Mn 2p3/2 O 1s O 1s O 1s

eV (%) eV (%) eV (%) eV (%) eV (%) eV (%) eV (%)

K(0)/670/4 780.5 (82) 786.4 (18) 641.4 (57) 642.6 (43) 529.9 (66) 531.4 (27) 532.7 (7)
K(II)/500/12 780.5 (70) 786.3 (24) 641.7 (58) 642.9 (42) 529.8 (57) 531.3 (33) 532.7 (10)

K(II)/500/12_used 780.5 (76) 786.4 (30) 641.4 (47) 642.6 (53) 529.7 (53) 531.2 (28) 532.8 (19)

Oxygen spectra were composed of three peaks at 529.91–529.61 (metal oxides), 531.42–531.13 (C–O
single bond, –OH group) and 532.76–532.67 (C=O double bond) eV. Approximately 50–60 relelative
% of oxygen signal is formed by oxygen bonded to metals, but particular metal oxides were not
possible to distinguish from the spectra. The rest of oxygen is bonded to carbon. For the samples
containing potassium (both fresh and after catalytic tests) a change in the shape of the peaks can be
seen. The changes indicate a slightly different oxidation state of metals.

Analysis of potassium in the fresh sample shows one state (BE 292.7 eV for K 2p3/2); for the used
sample, potassium shows two states (BE 292.7 and 294.8 eV for K 2p3/2). The common state for both
fresh and used samples is a K–Mn–O phase, while additional state of potassium in the used sample
(BE 294.8 eV) can be ascribed to K oxidized slightly during the catalytic reaction.

Obtained results indicate that K is affecting the oxidation state of Mn and Co in spite of the finding
that K is associated only with Mn in the potassium manganese oxide phase (XRD). The more K on the
surface, the more Co2+ was found on the surface at the expense of Co3+, indicating that the presence of
K causes the reduction of surface Co3+ to Co2+. Conversely, in the case of Mn, the proportion of Mn4+

at the expense of Mn3+ increases with increasing K content on the surface, i.e., the presence of K causes
oxidation of surface Mn3+ to Mn4+. This can be explained as follows: Since the amount of potassium
located in the catalyst in the potassium manganese oxide phase was not determined, there can still be
some amorphous potassium present in the vicinity of cobalt, which can influence the Co oxidation
state. No potassium phases were found out via high-resolution transmission electron microscopy
(HRTEM) imaging, which suggests that some potassium was present as amorphous species. Moreover,
the catalyst consists of a mixed spinel oxide where both manganese and cobalt can be in different
oxidation states. In case the state of manganese is changed e.g., by interaction with potassium, it
will also cause a change in the cobalt oxidation state in the mixed oxide to maintain the neutrality
and/or phase parameters. It is known [28] that potassium adsorption on metal surfaces results in
substantial lowering of the surface potential on sites adjacent to a potassium atom, and a small, but
still significant, lowering of the potential on sites located further away. The long-range effect is caused
by a cumulative effect of all potassium atoms on the surface. The promotional effect of K has been
already well described in the case of N2O catalytic decomposition over K-promoted Co–Mn–Al mixed
oxides [42]. Potassium, due to its low ionization potential, enables the charge transfer to the transition
metal cations inducing an electric field gradient at the surface generated by the resulting dipole and
modification of the density of states characteristics.
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2.1.5. Reducibility

Reducibility of prepared catalysts was studied by temperature programmed reduction by hydrogen
(TPR-H2). The TPR patterns of the selected fresh and used non-promoted and K-promoted catalysts
are depicted in Figure 4. The non-promoted catalyst was reduced in two main temperature regions,
200–600 ◦C and >600 ◦C. The maximum temperature used during TPR-H2 was 600 ◦C in order to
avoid alkali vaporization and damage of the temperature conductivity detector (TCD)—for that
reason only low temperature peaks can be visible and discussed. Both reduction maxima consist of
overlapping peaks corresponding to the co-effect of several reducible species. The low-temperature
peak represents the reduction of CoIII → CoII → Co0 in the Co3O4-like phase and the reduction of
MnIV to MnIII oxides. MnIII→MnII reduction can takes place in both temperature regions [43]. In the
K-promoted samples (Figure 4b,c), the reduction of K containing phases in the low temperature
region also cannot be excluded since the reduction of those species proceeds at temperatures between
200–450 ◦C [44–46]. The high temperature peak was attributed in the literature to the reduction of Co
and Mn ions surrounded by Al ions in a spinel-like phase [47] and to the reduction of MnIII.

Figure 4. TPR-H2 results of (a) non-promoted samples calcined at 500–800 ◦C, (b) fresh (dashed lines)
and used potassium non-promoted and promoted samples calcined at 600 ◦C and (c) fresh samples
calcined at 800 ◦C containing different amount of K.

For non-promoted samples, the different calcination temperature affected the position of the main
low-temperature peak and showed different behavior compared to the promoted samples. While
in both cases the low temperature peak shifted a little to higher temperatures for all samples due to
the catalytic reaction, the peak increased after the catalytic reaction for non-promoted samples, in
contrast to K-promoted samples where the peak area and especially the area of the low-temperature
peak decreased after catalytic testing (Figure 4b).

The effect of the K amount for fresh samples calcined at 800 ◦C is shown in Figure 4c and for used
samples calcined at 500 ◦C it is shown in Figure S5 in Supplementary Materials. The term “used samples”
means that they underwent NO catalytic decomposition tests, i.e., in a state corresponding to calcination
at 700 ◦C and influenced by the course of NO decomposition reaction as well. The modification of the
Co–Mn–Al mixed oxide by potassium caused significant changes in the obtained reduction profiles.
With increasing K content, a shift to lower temperatures accompanied by the broadening and subsequent
splitting of the peak into two was observed (Figure 4c). New low temperature maximum appeared at
around 300 ◦C. However, the trend of the new low temperature maximum differs depending on the
calcination temperature. For used samples (corresponding to calcination temperature 700 ◦C), the peak
shifted to lower temperatures with increasing amount of potassium. In the case of samples calcined at
800 ◦C, the peak shifted to lower temperatures at first and then moved back to higher temperatures.
The maxima of the main peak shifted to lower temperatures with increasing K amount (Figure S6 in
Supplementary Materials) regardless of the used calcination temperature.

The effect of calcination temperature on catalysts reducibility while maintaining the same K
amount was also observed. With increasing calcination temperature, the low-temperature peak shifted
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to higher temperatures, and started dividing into two with low temperature maximum at around
300 ◦C (Figure S7). A different situation was observed for the samples containing the lowest amount of
K (K(I)series), where no apparent changes related to calcination temperature were observed (Figure S8).

2.1.6. Basicity

Catalyst basicity is an important factor influencing chemical reactivity towards NO because of the
acidic nature of the NO molecule [48]. In the temperature programmed desorption of CO2 (TPD-CO2)
profile, several types of basic sites in mixed oxides were reported. Weak basic sites represent –OH
groups on the surface of the catalyst, medium sites consist of oxygen in Me2+−O2−, Me3+−O2− pairs and
strong basic sites correspond to the isolated O2− anions [49]. However, strict separation of individual
peaks above 140 ◦C reflecting the presence of medium (140–220 ◦C) or strong (>270 ◦C) basic sites is
not common in the literature.

TPD-CO2 measurements were performed with the aim to find differences in basicity of the
prepared catalysts. Since the catalytic activity achieved at a steady state is closer to the state of the
used sample (sample after catalytic reaction) than to the sample in the fresh state, the amount and type
of basic sites were mainly studied on the used samples. The comparison of the TPD-CO2 profile of
fresh and used catalysts is shown in Figure 5a. The effect of calcination temperature and potassium
content on the amount of basic sites is shown in Figure 5b,c.

Figure 5. Temperature programmed reduction (TPD) CO2 results: (a) Fresh (dashed line) and
used (full line) samples calcined at 600 or 800 ◦C for 4 h, (b) effect of calcination temperature over
K(II)/y/4_used samples calcined at different temperatures and (c) effect of K amount over used samples
(K(x)/500/12_used) calcined at 500 ◦C for 12 h.

In the TPD profiles of our samples, the presence of all types of basic sites was clear or observable
but in line with literature results, making a strict distinction was also not possible in our case; even
more than three types of sites could be visible in some cases. The sample without the K promoter
contains only weak basic sites (Figure 5b), and their amount is much lower than on fresh K-promoted
samples. The amount of basic sites changed after the catalytic reaction. The used samples also had a
lower amount of medium and strong basic sites in comparison with fresh samples and the type of
sites has also changed—the temperature maxima of medium and strong basic sites are lower for the
used samples. The most noticeable difference can be seen for the K(II)/600/4 fresh sample containing
significant amount of weak basic sites, which disappeared after calcination at a higher temperature and
also after the catalytic reaction. This can be explained by the fact that samples calcined at temperatures
lower than the reaction temperature were re-calcined during the catalytic tests, so the changes reflect
not only reaction-induced changes (the presence of intermediates and reaction products on the surface)
but also temperature-induced structural changes observed by XRD and TPR-H2.

It was found out for all measured samples that the amount of medium and strong basic sites
expressed as area under TPD-CO2 curve from the given temperature up to the end of desorption
(600 ◦C) was linearly dependent on the total amount of basic sites (Figure 6a). The CO2 consumption
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decreased with increasing calcination temperature (Figure 6b) and increased with increasing amount
of potassium (Figure 6c). From Figure 6c it can be deduced that potassium (0–3.1 wt.%) linearly
influenced the amount of basic sites determined in the temperature range higher than 250–400 ◦C (the
intercept of the regression line is almost zero), which is in agreement with our previous work [34].

Figure 6. TPD CO2 results: (a) Dependence of the amount of medium and strong basic sites on the
total amount of basic sites in temperature range of 0–600 ◦C, (b) dependence of the amount of basic
sites on the calcination temperature and (c) dependence of the amount of basic sites on the potassium
amount. Numbers in legend mean temperature region from which the amount of sites was calculated.

2.1.7. Phase Composition and Surface Elementary Mapping—TEM and STEM-EDS Analyses

Places with diffraction patterns typical for Co3O4 and Mn3O4 mixed oxides together with places
with amorphous structure (no orderly lattice planes) were identified in the HRTEM images with
FFT (fast Fourier transform; S9). This may suggest that some of the constituent elements form an
amorphous phase. The results are in agreement with Co and Mn chemical states on the catalysts’
surface determined by the XPS measurements and the presence of spinel phase found via XRD.

Scanning transmission microscopy using energy-dispersive X-Ray (EDS) analysis was used for 2D
atomic resolution chemical mapping of selected samples. Figure 7 shows results of scanning-transmission
electron microscopy (STEM) combined with energy-dispersive X-Ray (EDS) analysis for the K(II)600/4
fresh (a) and K(II)/600/4_used (b) samples. It is obvious that independently of the catalyst state, K is
distributed non-homogenously and correlates with the presence of Mn, while the dispersion of cobalt
and aluminum is different and more uniform. This indicates that potassium is preferentially bonded to
manganese. However, the lack of identified potassium phases in TEM images may suggest that potassium
is mainly present in amorphous form (potassium oxide) and/or is non-homogeneously distributed over
the surface. This finding correlates with XRD results, where the only potassium containing phase was the
K–Mn–O phase (not K–Co–O phase) of the amorphous character, present only in low amounts and thus
difficult to detect by XRD.

Figure 7. STEM-energy-dispersive X-Ray (EDS) analysis of K(II)/600/4 fresh (a) and used (b).

No significant difference was observed between the fresh and used sample.
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Particle size measurements of fresh and used samples (Figure 8) showed that after the catalytic
reaction, the particles get larger, which is consistent with the results of XRD measurements.

Figure 8. Particle size distribution in fresh and used K(II)/600/4 sample.

2.1.8. Work Function

Since it was previously found that catalytic activity correlates with electronic properties of the
catalyst surface for oxidation–reduction reactions [50], the influence of potassium doping on work
function (WF) was examined for K(IV) series. Potassium, due to its low ionization potential, transfers
charge to the catalyst and by formation of the Kδ+1−Osurf

δ-ı surface dipoles modifies the catalyst work
function. According to previous studies [42], the lower the work function of the catalyst, the easier
is the oxygen release and thus a correlation of electronic properties, reactivity and reducibility can
be expected.

The measurement of WF was done at different conditions (in air or vacuum at room temperature
or at 150 ◦C). Since the WF value is very sensitive to the actual surface state, the measurement is
strongly influenced by external conditions, so it is more suitable to compare the magnitude of changes
in the WF value for the same conditions. In all cases only very small changes of WF were observed
for our samples (Table S10). The WF values in vacuum at room temperature are indicative of partial
cleaning of the surface. The decrease of WF from 500 to 800 ◦C shows a decrease in stability of the
weakly adsorbed surface water. Since the K desorption starts before the surface is completely cleaned,
it may be inferred that at these temperatures, a surface that is partially covered with water is taking
part in the reaction.

Relatively low values of work function indicate the appropriate redox properties of tested catalysts,
however a direct correlation of WF values and catalytic activity was not found in contrast to N2O
decomposition [42]. This could mean that redox properties are important but are not the only factor
influencing catalytic activity.

2.1.9. Species-Resolved Thermal Alkali Desorption

The stability of potassium on the catalyst surface was studied by species-resolved thermal alkali
desorption (SR-TAD). Samples calcined at different temperatures (600–800 ◦C) containing two different
amounts of potassium were tested. The maximum SR-TAD measurement temperatures are different
for each sample, since the used experimental set up did not allow fixing the temperature to a constant
value. The desorption flux of potassium during heating up to 650 ◦C was dominated by atoms in
comparison to ions. This is in line with the obtained relatively low work function values, which means
that the electron exchange process is easy. During the thermal desorption experiment the K-surface
bond is broken and the obtained desorption parameters (flux intensity, activation energy, Arrhenius
pre-exponential factor) describe not only the potassium surface stability but also contain information
about its surface state, including dispersion [51]. From the temperature-dependent changes of atomic
fluxes, it is obvious that potassium desorption from fresh samples can be measured in vacuum already
at temperatures of 400 ◦C and higher. For that reason, desorption of potassium from the catalyst is
possible at the temperatures used for calcination and during NO direct decomposition testing.

In the case of samples with lower amount of K (K(II) samples), non-monotonic curves of the
desorption signal dependent on temperature were observed for used samples, while fresh samples
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showed a monotonic increase. The exponential components of the signal were always dominant.
This indicates that the potassium promoter predominantly leaves the surface through a single energy
barrier. The local maxima, which appeared at lower temperatures, represent loosely-bonded potassium,
and indicate its non-homogenous distribution on the catalysts surface [52]. Redistribution of potassium
species upon thermal treatment can thus be identified. There are three different K species in the
K(II)/800/4 used sample, which were not present in the fresh samples. Very low measured desorption
flux intensities indicate that only small amounts of these species are present. Formation of different K
species can be connected with a chemical reaction, e.g., formation of nitrates or due to other reason,
e.g., formation of K2O or clusters of K. First peak could belong to the K–K bond e.g., from K2O, third
peak could be KNO3 due to a reaction of K with NO. The origin of the second peak was unknown.
The second peak was missing for K(II)/600/4 used. However, since no deactivation was observed in
long term catalytic experiments (Section 2.2. Direct NO decomposition), the new K species were not
significant for the catalytic reaction.

For K(IV) samples calcined at 500 and 600 ◦C only the third peak of loosely bonded potassium
species was present, probably representing KNO3 species (Figure 9b). The samples calcined at higher
temperatures were characterized only by a monotonic increase of signal, which means that loosely
bonded potassium species were already removed from the surface. However, the intensities were an
order of magnitude higher and were shifted to somewhat higher temperatures than for K(II) samples
(Figure 9a). In this case the KNO3 species were probably residuals from the catalyst’s synthesis, which
did not decompose during calcination below 600 ◦C [53].

Figure 9. Atomic K desorption flux as a function of temperature for (a) K(II)/600/4 and K(II)/800/4 fresh
and used samples and (b) used K(II)/800/4 and K(IV)/y/12 samples.

It is interesting that the variance between K atomic desorption flux as a function of the temperature
obtained during heating and during cooling was different for different samples (not shown). Higher
desorption flux during heating than during cooling was observed for K(IV)/500/4 and K(IV)/600/4;
higher desorption flux during cooling was observed for K(IV)/700/4, K(IV)/800/4 and K(II)/700/4; almost
the same flux during cooling and heating was found for K(II)/600/4 and crossing of the lines during
heating and cooling was visible for K(II)/800/4 and for used samples. If the signal during heating is
higher than during cooling it means that some potassium was already lost during the heating period
while when the dependence was the opposite it means that potassium was being accumulated and
segregated on the surface during heating. The K(IV)/500/4 and K(IV)/600/4 had the highest amount
of potassium and were calcined at the lowest temperatures. For that reason, the observed process
of potassium loss was more pronounced for these samples than for samples with lower amounts of
potassium or samples already used in the reaction. Based on the different flux profiles obtained during
the heating and cooling processes it could be concluded that potassium migration takes place during
SR-TAD measurement via three processes: Diffusion inside the bulk, agglomeration on the surface and
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thermal desorption [54]. These processes also probably take place during the stabilization period of the
catalytic reaction, which for this type of catalyst requires 10–20 h (see Section 2.2.1 Long term stability).

The desorption activation energies for fresh and used samples determined from the linear parts of
the corresponding Arrhenius plots during cooling, assuming first order kinetics, are given in Table 8.
The activation energies of desorption correspond to the strength of a surface chemical bond, which
breaks during the desorption process and can be used as a parameter for the evaluation of K surface
stability [52]. The obtained values of Ea clearly showed that the activation energy was decreasing with
rising calcination temperature and only a very small difference was detected for fresh and used samples
(Table 8). Different activation energies revealed changes in the potassium surface state. The attribution
of the observed particular activation energies to specific potassium states could be done based on the
reference data published in [18], where Ea ~2–2.5 eV was found to be characteristic for potassium
located on cobalt spinel oxide, while Ea ~1.4–1.8 was attributed to potassium placed on aluminum
oxide support. In our case, the decrease of activation energies caused by the increase of catalyst
calcination temperature could be connected to potassium migration.

Table 8. Activation energies of K desorption for selected samples.

Sample Activation Energy (eV)

K(IV)/500/12 2.7
K(IV)/600/12 2.6
K(IV)/700/12 2.3
K(IV)/800/12 2.2
K(II)/600/4 2.3
K(II)/700/4 2.3
K(II)/800/4 1.9

K(II)/600/4 used 2.1
K(II)/800/4 used 1.8

2.2. Direct NO Decomposition

Direct NO decomposition was studied over all samples described in Section 4.1 Catalyst preration.
Two types of measurements, given in Section 4.3 Catalyst measurements were performed.

2.2.1. Long Term Stability

The effect of calcination temperature, calcination time and potassium amount on the long term stability
of K-promoted Co–Mn–Al mixed oxides in direct NO decomposition was studied. Time dependences of
NO conversion over K-promoted Co–Mn–Al mixed oxides calcined at 500, 600, 700 or 800 ◦C are depicted
in Figure 10a. Time dependences of NO conversion over K-promoted Co–Mn–Al mixed oxides with
different amount of potassium promoter are depicted in Figure 10b. Time dependences of NO conversion
over K-promoted Co–Mn–Al mixed oxides calcined at 500 ◦C for 4 h or 12 h are depicted in Figure 10c.
All promoted samples showed similar trends. A stable performance was achieved after a 20 h period and
was maintained until the end of the catalytic test—for 80 h.

During the catalytic tests, the specific surface area decreased and potassium volatilization took
place. For that reason, it was supposed that longer calcination time could shorten the stabilization
period of NO decomposition. However, the sample calcined for 12 h showed similar stabilization period
(time as well as trend). It means that processes that take place during calcination differ from processes
taking place during the stabilization period of NO catalytic decomposition and the latter processes are
connected with reaction itself—in other words with the adsorption/desorption processes, the surface
coverage by reactants or reaction intermediates or the reaction-induced surface reconstruction, rather
than with strictly physical processes.

136



Catalysts 2019, 9, 593

Figure 10. Long-term stability of (a) K(II)/y/4, (b) K(x)/500/12 and (c) K(II)/500/z and K(0)/600/4 in direct
NO catalytic decomposition. Conditions: 1000 ppm NO balanced by N2, T = 650 ◦C, Gas Hourly Space
Velocity (GHSV) = 6 l g−1 h−1.

In previous studies it was proposed that the stabilization period is connected with alkali metal
vaporization [11], which surely takes place within the time on stream. However, it is interesting that
the stabilization process in all cases consists of two parts. The first one is characterized by a fast drop
in NO conversion and takes place up to 10 h. Then the conversion drop tends to slow down and lasts
for the next 10 h. Since the samples were calcined and some potassium already vaporized during
calcination it seems peculiar that the rate of potassium loss followed the fast trend in activity drop
(first region) and it seemed that besides alkali vaporization there could be another reason, especially
for the first part of the stabilization process of NO catalytic decomposition.

2.2.2. Catalytic Activity

The effect of calcination temperature, calcination time and potassium amount on the catalytic
activity of K-promoted Co–Mn–Al mixed oxide in direct NO decomposition was studied in order to
define the most suitable conditions at which the most active and stable catalyst can be prepared.

Temperature dependences of NO conversion over K(II) samples calcined for different time periods
and at different temperatures are depicted in Figure 11a. The effect of calcination time on catalytic
activity was not observed. In Figure 11a, there is moreover a comparison of obtained steady state
conversions for K(II)/500/4 sample when different procedures of catalytic measurement were applied.
Surprisingly, similar conversions were obtained in case when the sample was heated as well as in case
when the sample was stabilized first at 650 ◦C and then was cooled down. For comparison, the NO
conversions over the samples from the same set K(II) calcined at different temperatures are also shown
in Figure 11a. No significant differences in conversions were found out for these catalysts. Since a
change in the K–Mn–O phase of used samples was observed using XRD, it can be concluded that the
effect of K on NO conversion is independent on the form of the K–Mn–O phase in which potassium
was incorporated. Gradual crystallization of the spinel up to 800 ◦C (visible from characterizations)
did not affect the catalytic activity.

A different situation was observed for the samples containing a lower amount of potassium
(K(I) series, around 0.7 wt.% K, Figure 11 b). The activity measured via a heating process was lower
than activity measured via a standard cooling process. Moreover, the samples calcined at higher
temperatures always exhibited higher activity than the samples calcined at lower temperatures.

The temperature dependence of NO conversion over K-promoted samples containing various
amount of K promoter is shown on Figure 11c. The obtained conversions were different; however, the
dependence on K content was not linear. Deeper insight into the observed phenomenon is given in
Section 3.
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Figure 11. Temperature dependence of the NO conversion (a) the effect of calcination temperature and
time, K(II)/y/z catalysts, (b) effect of different procedures of catalytic measurement, K(I)/y/z catalysts and the
(c) effect of K content, K(x)/500/12 catalysts. Conditions: 1000 ppm NO balanced by N2, GHSV = 6 l g−1 h−1.

3. Discussion

The aim of the work was to correlate physico-chemical properties of catalyst samples with
their catalytic activity and stability and to define appropriate conditions for catalyst preparation and
parameters influencing de-NO activity. The determination of appropriate preparation conditions is
necessary for further optimization of the catalyst. The defined properties can help avoiding phase
transformation processes during the catalytic reaction and allow making presumptions about the
alkali metal amount in the calcined sample and determining the appropriate way of catalyst testing
to compare samples, which are truly comparable, and not only apparently so (which are actually in
different states).

Catalytic activity is often affected by the specific surface area of the catalysts. In our case, no
dependence of the catalytic activity on surface area was found out. The samples containing a similar
amount of K had similar activity regardless of the specific surface area determined both for the fresh
and the used catalysts (Figure 12a).

Figure 12. Dependence of NO conversion at 650 ◦C on (a) the surface area of fresh and used K promoted
Co–Mn–Al mixed oxides containing similar amount of K (2 wt.%), (b) K amount and (c) calcination
temperature. Conditions: 1000 ppm NO balanced by N2, GHSV = 6 l g−1 h−1.

The most evident parameter influencing catalytic activity was the K amount; however, the effect
of the K amount was not so straightforward. While NO conversions over catalysts with K amount
higher than 1 wt.% had similar values, the sample K(I)/500/12 (0.7 wt.% K) was significantly less
active. For this reason, the dependence of NO conversion on the K amount determined via atomic
absorption spectrometry (AAS) in fresh samples was depicted for all tested samples regardless of time
and temperature used for calcination to elucidate the effect of K amount on the resulting catalytic
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activity (Figure 12b). It is obvious that NO conversion reached a maximum at around 2–3 wt.% K
and with further K increase, a gradual decrease of NO was observed. Haneda et al. [22] reported that
NO decomposition takes place at the interface between the alkali metal and mixed oxide and that an
optimal K/Co ratio for the reaction exists. Their results showed a similar trend as our results—initial
increase of activity with increasing potassium amount followed by a plateau.

A very interesting feature was observed when the conversion of NO was plotted versus the
calcination temperature (Figure 12c). For samples containing more than 1 wt.% K, the conversion of
NO did not depend on the calcination temperature up to 700 ◦C and a small decrease was observed for
samples calcined at 800 ◦C. This was especially noticeable for the samples containing higher amounts
of potassium. The fully opposite trend was observed for samples containing below 1 wt.% K—the
conversion increased monotonously with rising temperature and samples calcined at 800 ◦C reached
the same conversion as samples containing a higher amount of potassium. The redistribution of
potassium on the catalyst surface due to thermal treatment probably took place and the process was
sensitive to potassium amount. This is in accordance with the TAD results, where thermally induced
processes of potassium diffusion, migration and desorption were confirmed.

NO conversion is not dependent only on the weight percentage of potassium in the sample, but
also depends on the normalized potassium loading expressed as number of potassium atoms per m2

surface area. NO conversion sharply increased at first and after reaching a critical amount of potassium
loading (2 K atoms/nm2), NO conversion slowly decreased with increasing normalized potassium
loading (Figure 13).

Figure 13. The dependence of NO conversion at 650 ◦C on normalized potassium loading.

The potassium promoter enhances additional catalyst basicity, thus the effect of K amount on
activity should also be related to basic properties of the catalysts. A close correlation of the amount
of desorbed CO2 and the NO decomposition activity on Co3O4 mixed oxides was published by
Haneda [55], where the activity of supported alkaline earth metal oxide catalysts was not related
only to the number of basic sites, but also to the strength of basic sites, irrespective of the type of
alkaline earth elements. Hong [56] claimed that the addition of alkaline earth components increased
the number of basic sites together with their basicity and also correlated NO decomposition activity
with the catalyst basicity. Palomares [57] studied multifunctional catalysts/storage materials based on
mixed oxides derived from modified layered double hydroxides and concluded that the role of cobalt
sites is to oxidize NO to NO2. The formed NO2 was quickly adsorbed on the basic sites of the catalyst
to form nitrites and nitrates on the catalyst surface [57]; the addition of sodium increased the alkalinity
of the system resulting in a higher storage capacity of NOx as nitrates. For that reason, alkali metals
are often present in NOx storage/reduction catalysts.

In Figure 6c the results of TPD CO2 are given also for the samples without potassium, which are
not active in NO decomposition (“zero point”). It is evident that when the area of peaks above 250
and 300 ◦C were taken into account, the “zero point” suited the trend, while in other cases (below and
above these temperatures) the zero point did not match the shown dependences. Therefore, it was
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assumed that basic sites having temperature maxima between 250 and 400 ◦C could play an important
role in NO catalytic decomposition. Simultaneously, the most active samples were those with basic
sites characterized by the maximum in TPD spectra at about 430 ◦C (Figure 14a). The type of sites
seems to be more important than their amount if a minimal critical amount of potassium (and thus
basic sites) was ensured. A minimal critical amount of potassium, >1 wt.% K, could be estimated from
Figure 14b where NO conversion remained constant after a certain amount of basic sites.

Figure 14. (a) The dependence of NO conversion on the temperature maximum of the main peak
acquired from TPD CO2 results, (b) the dependence of NO conversion on the temperature maximum of
the main peak acquired from TPR-H2 and (c) the dependence of the NO conversion on the amount of
basic sites.

The catalyst’s activity was also connected with its reducibility—the optimal temperature (370–400 ◦C)
of the main reduction peak was necessary for achieving the best catalytic performance (Figure 14c). It
means that the optimal strength of the transition metal–oxygen bond is necessary for achieving a high
activity for NO decomposition. Since the temperature of the maxima of the main peak shifted to lower
temperatures with increasing K amount (Figure S6 in Supplementary Materials), the optimum K amount
ensuring desired reducibility is essential. Nevertheless, the reducibility is not the only factor influencing
catalyst activity, since the work function did not correlate directly with catalyst activity.

In general, NO direct catalytic decomposition proceeds via the following steps [58]: NO adsorption,
reactions of adsorbed NO on the surface leading to formation of NOx species, decomposition of surface
NOx species and desorption of N2 and O2. The surface ionic NOx species are commonly mentioned
reaction intermediates of NO decomposition. Haneda [22,58] proposed that over alkali metal doped
Co3O4 catalysts, NO2

− species probably react with another NO adspecies resulting in the formation of
N2Ox intermediates, which decompose very fast into gaseous N2 and adsorbed oxygen species. In the
literature, it was most often considered that oxygen desorption is the rate determining step; however,
some other steps like the attack of second NO molecule on the oxygen vacancy, NO2 formation,
N2O formation and decomposition were also considered by different authors [59,60]. Anyway, the
suggestion that the formation of N2 is directly caused from the collision of two activated nitrogen
atoms and that formation of O2 is combined by the two adsorbed oxygen atoms is valid across a lot of
different studies [60].

The active catalytic material has to ensure different functionalities according to the NO decomposition
mechanism. The role of transition metals is to oxidize NO to NO2 [61], while the formed NO2 is adsorbed
on the basic sites of the catalyst to form nitrites and nitrates. Here the charge neutrality for the formation
of NO2

− or NO3
− species can be retained by oxidation of Mex+ cation to form Mex+1, where Me is Co

or Mn. In order to close the catalytic cycle via oxygen desorption, the presence of transition metal with
appropriate redox properties is again important.
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Our results show that potassium presence in Co–Mn–Al mixed oxide influences not only basic
properties connected to NO adsorption and NOx storage, but also redox properties, which are necessary
for the activation of NO molecule and oxygen desorption.

4. Materials and Methods

4.1. Catalyst Preparation

The Co–Mn–Al layered double hydroxide precursor with the Co:Mn:Al molar ratio of 4:1:1
was prepared by coprecipitation of corresponding nitrates in an alkaline Na2CO3/NaOH solution.
The precipitate was filtered off, washed with water, dried and calcined at 500, 600, 670, 700 or 800 ◦C
for 4 or 12 h in static air.

Samples modified with potassium promoter were prepared by the bulk promotion method.
The washed precipitate of Co–Mn–Al layered double hydroxide precursor was dispersed in an aqueous
KNO3 solution of different concentrations and the dried filtration cake was calcined in air at 500–800 ◦C
for 4 or 12 h and denoted as K(x)/y/z, where x means modification by different K amounts (the same
sample group means that sample was modified by the same amount of K before calcination), y means
calcination temperature (◦C) and z means calcination time (h).

The catalytic activity was measured for 24 samples (K(II)/500/4, K(II)/600/4, K(II)/700/4, K(II)/800/4,
K(I)/500/12, K(II)/500/12, K(III)/500/12, K(IV)/500/12, K(I)/600/4, K(I)/800/4, K(II)/700/12, K(III)/700/12,
K(IV)/700/12, K(III)/800/12, K(IV)/800/12, K(III)/600/12, K(IV)/600/12, K(I)/700/12, K(0)/800/4, K(0)/700/4,
K(0)/600/4, K(0)/670/4, K(V)/700/4 and K(V)/800/4), the characterization was done only for selected samples.

4.2. Catalyst Characterization

Chemical composition of the laboratory prepared catalysts was determined by atomic absorption
spectrometry (AAS) or inductive coupled plasma (ICP) spectrometry. K, Co, Mn and Al were analyzed
using AAS on a ContrAA 700 atomic absorption spectrometer (Analytik Jena AG, Jena, Germany)
using flame atomization technique. Approximately 50 mg of the sample in powder form was weighed
in teflon vessels of a SK-15 rotor of a microwave digestion system (Milestone Ethos Up, Sorisole,
Italy). Nitric (2 mL) and hydrochloric (6 mL) acids were added (both p.a. (proanalysis) purity, Penta
chemicals, Prague, Czech Republic) to form aqua regia and vessels were closed. The digestion program
has three steps with power output set to maximum (1800 W, not applied full time): (1) 10-min ramp
from laboratory temperature to 220 ◦C; (2) 15 min hold at 220 ◦C and (3) 30 min cooling. After cooling,
vessels were opened, the sample solutions transferred into 50 mL volumetric flasks, washings were
added to the sample and the flasks were filled up to 50 mL with deionized water. With each batch of
digestions one blank digestion was performed. For each element different wavelength and flame type
was applied: 766.49 nm and C2H2/Air for K, 240.73 nm and C2H2/Air for Co, 279.48 nm and C2H2/Air
for Mn and 396.15 nm and C2H2/N2O for Al.

For ICP measurements the Agilent 725 ICP OES Spectrometer (Agilent Technologies, Mulgrave,
Australia) was used. 0.1 g of sample in powder form was dissolved in aqua regia and transferred
to a 250 mL volumetric flask. Metals (K, Co, Mn, Al) were analyzed on an emission spectrometer
with inductively coupled plasma using the calibration curve method with standard solutions by the
Merck company.

Phase composition and microstructural properties were determined using the X-ray powder
diffraction (XRD) technique. XRD patterns were obtained using Rigaku SmartLab powder diffractometer
(Rigaku, Tokyo, Japan) with a D/teX Ultra 250detector. The source of X-ray irradiation was Co tube
(CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at 40 kV and 40 mA. Incident and diffracted
beam optics were equipped with 5◦ Soller slits; incident slits were set up to irradiate a 10 × 10 mm
area of the sample (automatic divergence slits) constantly. Slits on the diffracted beam were set up
to a fixed value of 8 and 14 mm. The powder samples were gently grinded using agate mortar
before analysis and pressed using microscope glass in a rotational sample holder and measured in the
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reflection mode (Bragg–Brentano geometry). The samples rotated (30 rpm) during the measurement
to eliminate the preferred orientation effect. The XRD patterns were collected in a 2θ range 5–90◦
with a step size of 0.01◦ and speed of 0.5◦ min−1. Measured XRD patterns were evaluated using the
PDXL 2 software (version 2.4.2.0) and compared with the PDF-2database, release 2015.XRD patterns
were analyzed using the LeBail method (software PDXL2) to refine lattice parameters of the spinel
like phase. Background of the patterns was determined using B-Spline function, peak shapes were
modeled with a pseudo-Voigt function accounting for a peak asymmetry due to axial divergence.
Mean coherent domain corresponding to spinel crystallite size was calculated using the Scherrer’s
formula with correction to the instrumental broadening. Mean coherent domain corresponding to
spinel crystallite size was calculated using Scherrer’s formula from spinel hkl reflections (220), (211),
(400), (511) and (440). The calculated value was corrected to the instrumental broadening using silicon
standard (NIST SRM 640d).

Superficial elemental analyses were performed by XPS (X-ray Photoelectron Spectrometer ESCA
3400, Kratos, Manchester, England; base pressure better than 5·10−7 Pa), using a polychromatic Mg
X-ray source (Mg Kα, 1253.4 eV). Powder for the XPS measurement was impressed into a carbon tape
(double sided adhesive carbon tape, SPI Supplies). The carbon tape was completely covered by the
powder; therefore, only a very low signal originated from the carbon tape itself. Composition of the
powder was determined without any annealing (Ar+ ion gun, 0.5 kV, 10 mA, 90 s). For all spectra, the
Shirley background was subtracted and elemental compositions of layers were calculated from the
areas of Co 2p, Mn 2p, Al 2p, O 1s, C 1s, Na and K 2p. The carbon correction was done by setting the
position of C 1s peak to 284.8 eV.

The electron microscope Tecnai G2 20 X-TWIN FEI Company, equipped with: A LaB6 gun,
HAADF detector and an EDS spectrometer (energy dispersive X-Ray spectroscopy) (FEI company,
Eindhoven, The Netherlands) was used to display the prepared catalysts. Microscopic studies of the
catalysts were carried out at an accelerating voltage of the electron beam equal to 200 kV. The elements
mapping was carried out in the STEM mode by collecting point by point the EDS spectrum of each of
the corresponding pixels in the map. The collected maps were presented in the form of a matrix of
pixels with the color mapped significant element and the intensity corresponding to the percentage
of the element. Before STEM measurement, the catalysts were grinded in an agate mortar to a fine
powder. The resulting powders were mixed with 99.8% ethanol (POCH) to form a slurry, which was
subsequently inserted into an ultrasonic homogenizer for 20 s. Then, the slurry containing the catalyst
was pipetted and supported on a 200 mesh copper grid covered with Lacey Formvar and stabilized
with carbon (Ted Pella Company, Redding, USA) and left on the filter paper until the ethanol has
evaporated. Subsequently, the samples deposited on the grid were inserted into a holder and placed
into the electron microscope.

N2 physisorption at −196 ◦C was performed on AutoChem II (Micromeritics, Atlanta, GA, USA)
and the one point BET method was used for specific surface area evaluation. Before analysis, each
sample was degassed for one hour at 450 ◦C in He flow of 50 mL/min. After degassing, the mixture
of 30 mol. % N2 and 70 mol. % He was applied to the sample that was immersed in liquid nitrogen.
The amount of N2 adsorbed at liquid nitrogen temperature was used to calculate the surface area.

Nitrogen physisorption measurements were also carried out on the 3Flex adsorption apparatus
(Micromeritics, Atlanta, GA, USA). The nitrogen adsorption–desorption isotherms were measured at
77 K after 120 h degassing of the samples at 350 ◦C. The specific surface area, SBET, was calculated
according to the classical Brunauer–Emmett–Teller (BET) theory for the p/p0 range = 0.05–0.30. Pore-size
distribution was calculated from the adsorption branch of the nitrogen adsorption–desorption isotherm
using the Barret–Joyner–Halenda (BJH) method, the empirical Broekhoff–De Boer standard isotherm
and assuming cylindrical pore geometry.

The temperature programmed reduction by hydrogen (TPR-H2) was carried out on Autochem II
2920 (Micromeritics, Atlanta, GA, USA) with a sample amount 0.07 g. Prior to the TPR experiments,
the samples were outgassed in the flow of pure argon (50 mL/min) at 600 ◦C for 60 min, cooled down
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to 30 ◦C in the same atmosphere and afterwards the TPR runs were performed in the flow of 10 mol.%
H2/Ar (50 mL/min) with a heating rate 20 ◦C/min in the temperature range of 30–600 ◦C. After reaching
600 ◦C, the temperature was kept constant for 20 min. A cold trap (−78 ◦C) was applied to eliminate
the water evolved during experiments.

Temperature programmed desorption of CO2 (TPD-CO2) was carried out on Autochem II 2920
(Micromeritics, Atlanta, GA, USA) connected on-line to a mass spectrometer (Prevac). A sample
amount of 0.07 g was used. The procedure involved the activation of the samples in flowing He
(50 mL/min) at 600 ◦C (1 h), cooling to 28 ◦C (adsorption temperature), and adsorbing CO2 from a
stream of He-CO2 (50 %; 1 h). The flow rate of the gas mixture was 50 mL/min. To remove physically
adsorbed CO2, the samples were purified for 110 min in the helium stream (50 mL/min) at 28 ◦C and
subsequent desorption (TPD-CO2) was carried out in the temperature range of 28–600◦C (20 ◦C/min)
under helium flow (50 mL/min).

Thermal stability of alkali metal promoters was investigated by the species resolved thermal
alkali desorption (SR-TAD) method. The experiments were carried out in a vacuum apparatus with
a background pressure of 10−7 kPa. The samples in the form of wafers (10 mm diameter, 100 mg
weight) were heated up from room temperature to 650 ◦C in a stepwise mode at the rate of 5 ◦C min−1.
The desorption flux of potassium atoms was determined by means of a surface ionization detector,
whereas the flux of ions was determined with an ion collector. During the measurements, the samples
were biased with a positive potential (+10 and +100 V for atoms and ions, respectively) to quench
the thermal emission of electrons and additionally, in the case of ions, to accelerate them towards
the collector. In this way, the possibility of reneutralization of ions by thermal electrons outside of
the surface is effectively eliminated. In all measurements, the resulting positive current was directly
measured with a Keithley 6512 digital electrometer (Cleveland, USA).

The redox properties of the catalysts were investigated by work function measurement using the
Kelvin Probe (KP) method. The experiments were carried out in a vacuum apparatus with a background
pressure of 10−7 kPa. The samples in the form of wafers (10 mm diameter, 100 mg weight) were
measured first at room temperature and pressure, then at room temperature and vacuum, then heated
to 400 ◦C at the rate of 20 ◦C min−1 and then after 30 min left to cool down to 150 ◦C and measured at
this temperature, and after cooling down to room temperature measured again. For the measurements
a KP 6500 (McAllister Technical Services, Coeur d’Alene, Idaho, USA) reference electrode with a work
function φref = 4.1 eV was used. The work function of a sample was evaluated based on 20 independent
values of contact potential difference between the sample and the reference electrode.

Characterization of the catalysts was done for fresh samples but in some cases also for samples
used in catalytic tests, since some changes of the physico-chemical properties induced by the NO
decomposition reaction as well as resulting from long term high temperature exposition were expected.

4.3. Catalytic Measurements

Catalytic NO decomposition was performed in an integral fixed bed stainless steel reactor of 6 mm
internal diameter. The catalyst bed contained 0.5 g of the sample with a particle size of 0.16–0.315 mm.
Total flow was kept at 49 mL min−1 (20 ◦C, atmospheric pressure). An infrared spectrometer Ultramat
6 (Siemens, Karlsruhe, Germany ) was used for NO online analysis. The low-temperature NO2/NO
converter (TESO Ltd., Prague, Czech Republic) was connected at the bypassed line before the NO
analyzer and the gas for analysis was periodically switched through the convertor in order to analyze
the sum of NOx and thus control the amount of NO2. The presence of N2O species was controlled on
an FTIR spectrometer Antaris IGS (Nicolet, Prague, Czech Republic). The measurement error of NO
conversion was determined by repeated measurements as ±5% (absolute error).

The typical procedure was as follows: After catalyst activation (heating in N2, then 1 h in N2 at
650 ◦C), the NO catalytic decomposition at 650 ◦C was measured for 50 h to reach steady state. After
this period, when stable performance was achieved, the temperature dependence of NO conversion
was determined with cooling rate of 5 ◦C min−1 and the catalysts activity was measured for 3 h at each
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temperature (640 ◦C, 620 ◦C, 600 ◦C, 580 ◦C and 560 ◦C). After the conversion curve measurement,
the reactor was heated back to 650 ◦C and catalysts stability after 80 h was evaluated. In case the
performance was stable, the catalyst was heated to 700 ◦C and steady state NO conversion at 700 ◦C
was measured. In order to elucidate phases evolution in the studied K/Co–Mn–Al system and to
choose the best calcination temperature related to catalytic activity as well as to catalyst stability, the
calcination temperatures of 500 and 600 ◦C were also applied.

For two selected samples (K(II)/500/4, K(II)/600/4), the catalytic activity measurement was
performed not only by the procedure given above but it was also adjusted as follows: After catalyst
activation (heating in N2, then 1 h in N2 at 650 ◦C), the NO catalytic decomposition at 500 ◦C was
measured until reaching stable performance. After that the temperature was raised to 560 ◦C and the
measurement was performed until reaching stable performance. The same step was repeated for 600
and 650 ◦C. For the rest of the samples calcined at 500 or 600 ◦C measured by the described typical
procedure, it is necessary to keep in mind that they were actually re-calcined to 650 ◦C during the
activation and measurement of NO catalytic decomposition at 650 ◦C.

5. Conclusions

From the results obtained in this work, we can conclude that Co-Mn-Al oxides promoted by
potassium are active in direct NO decomposition. The activity is given by the diversity of active surface
sites. The presence of potassium improves catalysts’ basicity and reducibility, both factors influencing
the catalytic deNO activity.

The calcination temperature affects the specific surface area, pore size, reducibility, basicity, the
alkali metal volatilization process, the amount of residual potassium (after volatilization) and phase
composition of the catalyst. XRD measurements showed that the presence of alkali metal influenced the
position of atoms in the spinel unit cell as well as the shape and size of the unit cell. The calcination time
affects the specific surface area, amount of residual potassium and catalyst crystallinity. The type of the
potassium-containing phase is temperature dependent; however, if a sufficient amount of potassium
promoter is present at the surface, the surface state of K does not influence NO conversion. The best
catalytic performance was achieved for catalysts containing more than 1 wt.% of K. The calcination
temperatures of 700 and 800 ◦C were found to be the best for direct NO decomposition regarding
achieved activity as well as potassium promoter stability.

The schematic diagram of the catalyst changes taking place during preparation and NO catalytic
decomposition is given in Figure 15.

Figure 15. The schematic diagram of the potassium modified Co–Mn–Al mixed oxide catalyst changes
during preparation and NO catalytic decomposition.
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The resulting potassium phases differ according to the applied potassium amount and the
temperature used for calcination, which are subject to subsequent changes (diffusion, migration,
redistribution, volatilization) during the catalytic process. However, if the minimal critical amount of
potassium is reached (>1 wt.% K), a stable and active catalyst is obtained.
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K(II)/y/4., Figure S8: TPR H2—effect of calcination temperature for samples K(I)/y/z., Table S9: Work function of
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Abstract: The present work discusses the effect of CeO2 synthesis method (thermal decomposition
(TD), precipitation (PT), hydrothermal (HT), and sol-gel (SG)) on the carbon pathways of dry reforming
of methane with carbon dioxide (DRM) applied at 750 ◦C over 5 wt% Ni/CeO2. In particular, specific
transient and isotopic experiments (use of 13CO, 13CO2, and 18O2) were designed and conducted in an
attempt at providing insights about the effect of support’s preparation method on the concentration
(mg gcat

−1), reactivity towards oxygen, and transient evolution rates (µmol gcat
−1 s−1) of the inactive

carbon formed under (i) CH4/He (methane decomposition), (ii) CO/He (reverse Boudouard reaction),
and (iii) the copresence of the two (CH4/CO/He, use of 13CO). Moreover, important information
regarding the relative contribution of CH4 and CO2 activation routes towards carbon formation under
DRM reaction conditions was derived by using isotopically labelled 13CO2 in the feed gas stream.
Of interest was also the amount, and the transient rate, of carbon removal via the participation of
support’s labile active oxygen species.

Keywords: DRM; nickel; cerium dioxide; transient experiments; lattice oxygen; isotopes

1. Introduction

Nowadays, a great academic and research interest is seen aimed at exploring the gradual replacement
of conventional fossil fuels towards energy production through the utilization of alternative and renewable
energy sources such as Natural Gas (NG) and Bio-Gas (BG). The driving force behind it are the findings
of NG reservoirs rich in CO2 (>40 vol%) [1–3] and renewable bio-gas [4,5], which can be used in the
development of technologies, such as the dry reforming of methane (DRM: CH4 + CO2→ 2CO + 2H2,
∆H0 = +261 kJ mol−1), as more environmentally friendly processes in many aspects [6]. The latter is
enforced as it uses two major greenhouse gases (CH4 and CO2), while at the same time produces a
favorable H2/CO gas ratio (~1) for the Fischer–Tropsch [7,8] synthesis towards liquid fuels, but also for
other processes in the production of chemicals (DME, MeOH, ammonia) [9,10]. In addition, the low
operational cost of DRM in comparison with the already used steam methane reforming (SMR) and partial
oxidation of methane (POM) technologies, makes its use very attractive [11–14]. However, the main
obstacle for the development of an industrial DRM technology is the catalyst’s deactivation due to carbon
accumulation, especially over Ni-supported [15] solids, which are mainly used due to their low cost and
wide availability. The formation of inactive carbon, in the form of filaments, graphite, and whiskers,
mainly is derived from the CH4 decomposition (CH4→ C-s + 2H2, ∆H0 = +75 kJ mol−1) and Boudouard
reaction (2CO→ C-s + CO2, ∆H0 = −172 kJ mol−1). Thus, the design of a suitable Ni-based catalyst
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supported on reducible metal oxides emerged (e.g., use of CeO2, Zr4+-, Pr3+-, Ti4+-doped CeO2, La2O3,
Nb2O5) [16–25] since the latter supports possess oxygen storage capacity (OSC), oxygen vacancies, and
high oxygen mobility, leading to carbon gasification rates that significantly reduce carbon accumulation
rates, but also provide high thermal stability for the supported Ni catalysts [26,27]. The Ce-based materials
owe their advantages against non-reducible metal oxides to the undergoing of fast change in the Ce4+↔
Ce3+ oxidation state (redox behavior), leading to an oxygen release, and vice versa to an oxygen storage,
in the ceria-based stable crystal structure [28,29].

Several studies reveal the effect of preparation method of CeO2 nanoparticles for use in a wide
variety of applications, and they argue that such solids form different surface defects by exhibiting
more surface atoms than their bulk counterparts [30–36]. Such nanoparticles could have various
morphological and structural differences (nanorods, nanowires, nano-cubes, etc.) with different surface
area, pore volume, and mean pore diameter, thus the synthesis method seems to play an important
role [37–41].

In spite of recent efforts to develop suitable CeO2-supported Ni catalysts exhibiting high DRM
catalytic activity and carbon resistance [42], fundamental understanding of the effect of support
synthesis method on the contribution of the carbon deposition and removal routes has not been
reported yet, to the best of our knowledge. The synthesis of CeO2 via different methods [43,44] could
lead to several variations in its physicochemical properties, but also to the metal surface when ceria
is used as support. The latter is well demonstrated as due to the existence of strong metal support
interactions (SMSI) between Ni particles and CeO2 [45,46].

Transient methods (step-gas switches, use of isotopes, and temperature programmed oxidation
or hydrogenation) performed over supported metal catalysts provided important information about
the carbon paths in the DRM reaction, and relationships between the catalytic activity and coke
formation. Furthermore, rival reaction mechanisms and rate determined steps (RDS) under DRM
reaction conditions (working catalyst surface) can be elucidated. For example, Schuurman and
Mirodatos [47] suggested that on Ni/SiO2 catalyst the RDS is the recombination of atomic C (derived
from CH4 dissociation) and atomic O (derived from CO2 dissociation) over the Ni surface. On the
other hand, Slagtern et al. [48] observed that on Ni/La2O3 catalyst, CH4 is activated on Ni as opposed
to CO2, which is activated on La2O3 support (or metal-support interface) towards carbonate-like
species formation. Advanced kinetic and mechanistic studies to elucidate the carbon paths in DRM
with the use of isotopes (C18O2, 13CH4, 13CO2) were recently performed to a large extent by our
group [17–20,46], but also in some other works [47,49–51]. In these works, the significant participation
of lattice oxygen of reducible metal oxide supports (e.g., doped ceria-based materials) towards removal
of carbon to form CO was proved experimentally by 18O transient isotopic experiments followed by
DRM reaction. Also, the quantification of origin of carbon (CH4 vs. CO2 activation route) was probed
as a function of reaction T and catalyst composition.

The present work aims to address the effect of CeO2 support synthesis method on the carbon
pathways in the dry reforming of methane over 5 wt% Ni/CeO2 catalysts, where this is reported for the
first time to our knowledge. Of particular interest was to investigate differences on (i) the concentration
of inactive carbon and its reactivity towards oxygen, (ii) the relative contribution of CH4 and CO2

activation routes to the total carbon formation on the catalytic surface via methane decomposition
and Boudouard reactions, and (iii) the participation of labile support’s lattice oxygen towards carbon
removal, and to what extent. For this purpose, various transient and isotopic experiments followed by
temperature programmed oxidation (TPO) were performed.

2. Results

2.1. Catalysts Surface Texture and Structural Properties

The BET specific surface area (SSA, m2 g−1), mean pore diameter (dp, nm), and the specific pore
volume (Vp, cm3 g−1) of the four CeO2 solid supports prepared by different methods, namely: Thermal
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decomposition (TD), precipitation (PT), hydrothermal (HT), and sol-gel (SG), are given in Table S1
(Electronic Supplementary Information, ESI). The SSA was found to be in the 5.6–50 m2 g−1 range,
the dp in the 6.7–22.5 nm range, and the Vp in the 0.029–0.203 cm3 g−1 range. The CeO2-HT solid
exhibited the largest value of SSA and VP (50 m2 g−1, 0.203 cm3 g−1), and a pore size of dp = 15.8 nm,
as opposed to CeO2-PT (5.6 m2 g−1, 0.032 cm3 g−1) with the largest pore size (22.5 nm). The powder
XRD diffractograms of 5 wt% Ni supported on the various CeO2 solid supports are given in Figure S1.
The CeO2 support exhibits the cubic structure [46], and after using the Scherrer equation and the CeO2

(111) diffraction line, the mean primary crystal size (dC, nm) of support was estimated. Similarly, after
using the NiO (111) diffraction line, the particle size (dNiO, nm) of NiO was also estimated. The latter
value was then used to estimate the particle size (dNi, nm) of Ni0 via Equation (3), and the obtained
results are reported in Table S1. There was not any shift of the NiO (111) 2θ diffraction peak (see
Figure S1B) among the different samples, however, variations of the mean Ni particle size (8.4–20.8 nm)
and the mean primary crystal size of ceria support (11.5–43.1 nm) were observed (Table S1). The latter
results find good support by the literature as will be discussed in Section 3.1.

2.2. H2 Temperature-Programmed Desorption (H2-TPD)

Figure 1 presents H2-TPD traces of the 5 wt% Ni supported on the various CeO2 solids. It is
clearly seen that the CeO2 preparation method resulted in drastic changes of the H2 desorption
kinetic features in terms of strength of hydrogen binding states (TM, peak maximum temperature)
and their corresponding surface coverage (area under a given desorption peak). Thus, the different
preparation method of CeO2 support followed by the same Ni deposition method (wet impregnation)
led to differences in the heterogeneity of the Ni surface (e.g., distribution of strength of hydrogen
chemisorption sites on surface Ni). In the low-temperature range of 50–200 ◦C, the amount of H2

desorbed (µmol g−1) was significantly larger for CeO2-HT (23.8 µmol g−1) compared to the other three
ceria-supported Ni catalysts (CeO2-PT, -TD, and -SG), where similar amounts were found (8.8, 8.0, and
6.2 µmol g−1, respectively). In the high-temperature range of 200–500 oC, the amount of H2 desorbed
follows a different order: Ni/CeO2-TD (25.3 µmol g−1) > Ni/CeO2-PT (17.3 µmol g−1) > Ni/CeO2-HT
(17 µmol g−1) > Ni/CeO2-SG (8.5 µmol g−1). Of interest is the fact that all ceria-supported Ni catalysts
present three main desorption peaks. However, shoulders to these main desorption peaks appear at
different temperatures. For example, the Ni/CeO2-TD presents three main desorption peaks centered
at 57, 222, and 354 ◦C with shoulder at the falling part of the 3rd peak (Figure 1a), Ni/CeO2-PT at 57,
303, and 393 ◦C with clear shoulders at the falling part of the 1st peak, the rising part of 2nd peak, and
the falling part of 3rd peak (Figure 1b). Ni/CeO2-HT presents the three main desorption peaks centered
at 95, 258, and 362 ◦C with shoulders at the falling part of 3nd peak (Figure 1c), whereas Ni/CeO2-SG
at 79, 157, and 383 ◦C with shoulders at the low-T side of 3nd peak (Figure 1d).
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catalysts prepared by (a) Thermal Decomposition (TD), (b) Precipitation (PT), (c) Hydrothermal (HT),
and (d) Sol Gel (SG) method; FHe = 50 NmL min−1; β = 30 ◦C min−1; W = 0.3 g.
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The Ni dispersion (DNi, %) of the given solids was estimated based on the total amount of H2

desorbed (Figure 1), and results are presented in Table S1 (ESI). The lowest dispersion of Ni was found
when CeO2-SG was used as support (3.4%), followed by the CeO2-PT (6.1%), CeO2-TD (7.8%), and the
CeO2-HT (9.6%, highest dispersion). Thus, the Ni particle size (dNi, nm) estimated via Equation (4) was
found to be: 10.1, 12.4, 15.9, and 28.5 nm for the CeO2-HT, -TD, -PT, and -SG, respectively. The latter
results were supported by those obtained from the powder XRD analyses (Section 2.1, Figure S1 and
Table S1) and the HR-TEM (Section 2.3), but also with those reported previously [20].

2.3. Transmission Electron Microscopy (TEM) Studies

HR-TEM images obtained over the fresh 5 wt% Ni/CeO2-HT (the support was prepared by the
hydrothermal method, HT) calcined in air for 4 h at 750 ◦C are given in Figure S2 (ESI). It is seen that
dispersed Ni nanoparticles of ~8–12 nm in size were observed, in good agreement with the H2-TPD
and powder XRD results.

2.4. Scanning Electron Microscopy (SEM) Studies

SEM images obtained over the fresh CeO2-supported Ni solids are presented in Figure S3 (ESI).
The secondary particle size (agglomerates) of the catalyst’s support was in the range of 10–50 nm,
where different porous structures were derived after using the four different CeO2 synthesis methods.

2.5. Catalytic Performance Studies in DRM

Figure 2A presents catalytic performance results in terms of specific integral rate (mol gcat
−1 min−1)

of CH4 conversion and H2/CO gas product ratio obtained after 30 min of DRM at 750 ◦C over the 5 wt%
Ni supported on differently prepared CeO2 solids. The Ni/CeO2-HT presented the highest catalytic
activity (5.5 mmol gcat

−1 min−1), while Ni/CeO2-SG the lowest activity (2.0 mmol gcat
−1 min−1), thus

a significant difference by a factor of ~2.9 existed between these two catalysts. On the other hand,
the H2/CO gas product ratio did not follow the activity differences shown in Figure 2A (compare
Figure 2A,B) since the most active Ni/CeO2-HT exhibited a value of ~1.2 (similar to -TD and -PT) and
the least active Ni/CeO2-SG presented a value of ~1.1. These results clearly demonstrated that the
series of four catalysts presented different orders in terms of H2 and CO reaction selectivity. It should
be noted that all four catalytic systems presented XCH4 (%) and XCO2 (%) larger than 80% (81–94%),
with H2-yields larger than 45% (48–59%) and H2/CO gas product ratio close to the desired value of ~1,
tested at the same GHSV (30,000 h−1) (see Table S2).
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Figure 2. (A) Specific integral rates of CH4 conversion (mmol gcat
−1 min−1) and H2/CO gas product

ratio obtained after 30 min of DRM at 750 ◦C (GHSV ~30,000 h−1) over the four catalysts; (B) Stability
test in terms of integral rate of CH4 conversion conducted over 50 h of TOS on 5 wt% Ni/CeO2-PT
catalyst; GHSV ~30,000 h−1.

Figure 2B presents the stability test (up to 50 h on TOS) for the 5 wt% Ni/CeO2-PT catalyst, which
exhibited the least amount of accumulated carbon (mg gcat

−1) after 12 h on TOS among the series of
catalysts. It was clearly seen that after up to ~12 h on TOS, the catalyst’s activity remained practically
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constant, while a drop by ~17.5% in the integral rate of methane conversion occurred after 50 h on TOS
(see also Table S3). Similar results were also observed for the other three catalyst compositions (not
reported). The comparative activity behavior based on 30-min on TOS shown in Figure 2A is thus very
representative for the true effect of ceria support synthesis method.

It’s worth mentioning that regarding the CO2 conversion (%), this was found to be lower than
that of CH4 for all catalytic systems except in the case of Ni/CeO2-SG. The latter result was similar to
that obtained over other CeO2-supported Ni catalysts [17,50], and is mainly attributed to the effect of
reverse water-gas shift (RWGS) side reaction. It will be shown in the following Section 2.6, that the four
catalysts, for their activity performance depicted in Figure 2A, also exhibited significantly different
amounts of carbon accumulation due to their different CeO2 support preparation method.

2.6. Characterization of Carbon Formed under Different Reaction Conditions

2.6.1. Dry Reforming of Methane (12CO2/12CH4) at Steady-State Reaction Conditions

Transient response curves of CO2 obtained during temperature-programmed oxidation (TPO) of
carbon deposited over the four Ni/CeO2 catalysts after 12 h in DRM (20 vol% CH4/20 vol% CO2/60
vol% He) at 750 ◦C are presented in Figure 3A. The Ni/CeO2-PT led to a lower carbon accumulation,
ca. ~3.8 times (30.7 vs. 116.1 mg C gcat

−1) compared to the Ni/CeO2-HT catalyst, with the other two
catalysts, Ni/CeO2-TD and Ni/CeO2-SG showing a decrease by 1.8 and 1.4 times (66.2 and 80.4 mg
C gcat

−1), respectively. In the case of Ni/CeO2-TD and Ni/CeO2-PT catalysts, a main peak starting at
450 ◦C and ending at 750 ◦C with peak maximum at ~630 ◦C was observed, whereas in the case of
Ni/CeO2-HT, a wider main peak was observed, which was centered at ~670 ◦C. As opposed to the
latter behavior, the Ni/CeO2-SG (Figure 3Ad) presented likely several types of carbon, since it started
reacting with oxygen at ~500 ◦C with a shoulder at 600 ◦C and a main peak at 700 ◦C, but a clear sharp
peak at 750 ◦C was also observed; the latter might have also been the result of a hot spot in the catalytic
bed formed at these high temperatures given the large exotherm of carbon oxidation to CO2.
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Figure 3. Transient response curves of CO2 concentration obtained during TPO of carbon formed
after (A) 12 h of DRM (20% CH4/20% CO2/He; 50 NmL min−1; GHSV ~30,000 h−1) at 750 ◦C over
5 wt% Ni/CeO2 prepared by (a) Thermal decomposition (TD), (b) Precipitation (PT), (c) Hydrothermal
(HT), and (d) Sol-Gel (SG) method; (B) TPO trace of carbon formed after 50 h in DRM over the 5 wt%
Ni/CeO2-PT catalyst.

The Ni/CeO2-PT catalyst, which led to the lowest amount of carbon deposition, was also tested for
longer time-on-stream (ca. 50 h, see Figure 2B, Table S3), and the TPO trace recorded is presented in
Figure 3B. The amount of carbon deposition was increased when the TOS increased from 12 h to 50 h,
ca. 147.1 vs. 30.7 mg C g−1

cat (see also Table S3). These results will be discussed below in relation to a
synergy observed for carbon accumulation between CH4 and CO presence in the same gas mixture
compared to the CH4 decomposition and Boudouard reaction contribution alone.
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2.6.2. Isotopically Labelled Dry Reforming of Methane (13CO2/12CH4)

Figure 4 presents 13CO2 and 12CO2 transient response curves recorded during TPO of the carbon
formed after 30 min in isotopically labelled DRM (5 vol% 13CO2/5 vol% 12CH4/45 vol% Ar/45 vol% He)
at 750 ◦C over the Ni/CeO2-TD, Ni/CeO2-HT, and Ni/CeO2-SG catalysts. It’s worth mentioning that
the Ni/CeO2-PT, where the support was prepared by the precipitation method (CeO2-PT), exhibited
non-measurable amounts of carbon, and neither 12CO nor 13CO signals were recorded in the MS.
The TPO traces of 13CO2 and 12CO2 were different in shape among the three catalytic systems, and
this was largely attributed to the different carbon oxidation kinetics influenced by the type of carbon
deposited, and its reactivity towards oxygen. The 13CO2-TPO trace originated from the 13CO2 activation
route during DRM, while that of 12CO2-TPO from the 12CH4 activation route. Furthermore, the three
catalysts presented different amounts of carbon formed via the two activation routes but also a different
total amount of carbon, which was estimated by integrating the respective TPO traces. The contribution
of each reactant (CH4 vs. CO2) to the carbon formation under DRM reaction conditions was estimated
based on the ratio of 12CO2/13CO2 (TPO traces). It was shown that in all three catalytic systems,
CH4 decomposition is the dominant route, but to a different extent. More precisely, the Ni/CeO2-TD
(Figure 4A) and Ni/CeO2-HT (Figure 4B) presented 12C/13C = 1.6 and 1.8, respectively, as opposed to
the Ni/CeO2-SG catalyst (Figure 4C), where CH4 decomposition contributed in a significantly higher
extent (12C/13C = 4.7). In addition, the total amount of carbon was found to be larger in the case
of Ni/CeO2-HT (29.5 µmol g−1) compared to Ni/CeO2-SG and Ni/CeO2-TD (28.1 and 11.1 µmol g−1,
respectively). The latter results agree with those presented in Section 2.6.1, where the feed gas stream
(5 vs. 20 vol% of reactants) and the TOS (30 min vs. 12 h) were much different.
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Figure 4. Temperature-programmed oxidation (TPO) of carbon to 12CO2 and 13CO2 formed after
30 min in 5 vol% 13CO2/5 vol% 12CH4/45 vol% Ar/45 vol% He (50 NmL min−1; GHSV ~30,000 h−1) at
750 ◦C over (A) 5 wt% Ni/CeO2-TD, (B) 5 wt% Ni/CeO2-HT, and (C) 5 wt% Ni/CeO2-SG.
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2.6.3. Transient Methane Decomposition (CH4/He) Reaction

Figure 5 shows transient evolution rates of CH4 consumption and H2 and CO gas formation
(the only gaseous reaction products observed), obtained during the step gas switch He→ 20 vol%
CH4/1% Ar/He (30 min) made at 750 ◦C over the four 5 wt% Ni supported on CeO2 carriers prepared
by different synthesis methods. The differences in the initial transient rate values, but also their shapes,
are apparent. It should be mentioned at this point that the latter rates appeared very small when the
reaction was performed over the supports alone. The different kinetics of CH4 decomposition, over
each of the four catalytic surfaces presented in Figure 5A, led also to different H2 transient formation
rates (Figure 5B), similar in shape with those of CH4 consumption (Figure 5A). On the other hand, the
rate of CO formation was the result of carbon removal by the support’s lattice oxygen, which followed
largely different kinetics (compare Figure 5B,C). In particular, the H2 transient rates in the case of
Ni/CeO2-TD and Ni/CeO2-PT passed through a maximum a short time after the switch (<10 s), as
opposed to Ni/CeO2-HT and Ni/CeO2-SG, which passed through a maximum after 25 s in CH4/Ar/He
feed gas stream. Also, the latter catalyst presented only a slight decrease in the reaction rates after
maximum rate was achieved (practically a plateau in the rate is obtained (Figure 5Ad,Bd,Cd). It has
been discussed that these transient features reflect the Ni metal surface’s ability to decompose methane
over the remaining empty sites with time on stream, leading to carbon structure dependent deposition
with different kinetics [18,20].
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Figure 5. Transient rates (µmol g−1s−1) of CH4 consumption (A), H2 (B), and CO (C) formation, as a
function of time after the gas switch He→ 20 vol% CH4/1% Ar/He (50 NmL min−1; GHSV ~30,000 h−1)
at 750 ◦C. (D) Transient response curves of CO2 concentration obtained during TPO of carbon formed
after 30 min of methane decomposition (20% CH4/1% Ar/He) at 750 ◦C over 5 wt% Ni/CeO2 prepared
by (a) Thermal decomposition (TD), (b) Precipitation (PT), (c) Hydrothermal (HT), and (d) Sol-Gel
(SG) method.

The carbon accumulated over the ceria-supported Ni catalytic surface can diffuse towards the
Ni-support interface, where it was gasified to form CO(g) by the support’s labile lattice oxygen, and
this chemical process was likely responsible for the delay in the peak maximum, as shown in Figure 5C.
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However, lattice oxygen diffusion towards carbon formed on Ni and/or Ni-ceria support interface can
also be considered, as discussed in Section 3.2. The H- and C-material balances close within less than
5% (Table 1). In particular, the amount of CH4 decomposed was found to be the same (7.8 mmol g−1) for
Ni/CeO2-PT and Ni/CeO2-HT, an amount which increases by about 1.3 and 1.6 times for Ni/CeO2-SG
and Ni/CeO2-TD, ca. 10 and 12.2 mmol g−1, respectively. On the other hand, the amount of CO formed
was found to be 0.9 mmol gcat

−1 in the cases of Ni/CeO2-PT and Ni/CeO2-HT, but slightly lower in
the case of Ni/CeO2-TD and Ni/CeO2-SG, ca. 0.8 and 0.6 mmol gcat

−1, respectively. The amount of
H2 produced was lower in the case of Ni/CeO2 -HT (14.9 mmol gcat

−1) compared to Ni/CeO2-PT
(16.4 mmol gcat

−1), Ni/CeO2-SG (22 mmol gcat
−1), and Ni/CeO2-TD (26.4 mmol gcat

−1). Of interest is the
amount of labile oxygen of the ceria support contributing to the gasification of carbon towards CO(g),
which could be quantified by estimating the ratio between the CO production and CH4 consumption,
as shown in Table 1. This ratio was found to be the same (0.12) for the Ni/CeO2-PT and Ni/CeO2-HT
catalysts, but significantly lower in the case of Ni/CeO2-TD (0.07) and Ni/CeO2-SG (0.06), showing
clearly the lower contribution of OL (active labile oxygen) towards CO(g).

Table 1. Quantity of CH4 consumed, H2 and CO formed (mmol g−1), and molar ratio of CO/CH4

obtained after 30 min of methane decomposition (20% CH4/He) conducted at 750 ◦C. Also shown
is the amount of carbon deposited (mmol g−1), which was obtained after TPO following 30 min of
methane decomposition.

Catalyst
(5 wt% Ni)

CH4 Consumption
(mmol g−1)

H2 Production
(mmol g−1)

CO Production
(mmol g−1) CO/CH4

Carbon Deposition
(mmol g−1)

CeO2 -TD 12.2 26.4 0.8 0.07 12.1
CeO2 -PT 7.8 16.4 0.9 0.12 8.3
CeO2 -HT 7.8 14.9 0.9 0.12 6.8
CeO2 -SG 10 22 0.6 0.06 10.7

Following the 30 min CH4 decomposition performed at 750 ◦C over the Ni/CeO2 catalysts,
temperature-programmed oxidation was performed to estimate the amount of carbon and its reactivity
towards oxygen. The TPO traces in terms of CO2 concentration (mol%) are depicted in Figure 5D,
and the amount of carbon deposited (mmol g−1) is reported in Table 1. The latter results were in
harmony with the amount of CH4 consumed and H2 produced, as reported above. However, it should
be mentioned at this point that these values did not agree with the results regarding the amount of
carbon deposited during DRM, where Ni/CeO2-HT was found to accumulate more carbon. As it will
be discussed in the following sections, we argue that the carbon formation rate, and that of carbon
removal towards CO formation, are largely influenced when both CH4 and CO2 (or CO) are present
over the ceria-supported Ni catalyst surface to be compared to the case when CH4, CO2, or CO is
only present.

2.6.4. Transient Carbon Monoxide Dissociation (CO/He) Reaction

The transient rates of CO(g) consumption obtained during the step-gas switch He→ 20 vol%
CO/1 vol% Ar/He (750 ◦C, 30 min) over the four catalysts are presented in Figure 6A. It was clearly
shown that during the reverse Boudouard reaction, two peak maxima were present, as opposed to the
case of CH4 decomposition reaction (Figure 5A). The first very sharp peak was formed immediately
(tmax ~5 s) after the switch from inert He to CO/Ar/He, followed by a fast decay, while the second
peak appeared at tmax ~20 s and was followed by a slower rate of CO consumption. Thus, the kinetics
involved in both the initial very sharp and the slower transient rates of carbon monoxide dissociation
are strongly affected by differences in the four catalytic surfaces.
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Figure 6. Transient rates (µmol g−1s−1) of (A) CO consumption as a function of time after the gas switch
He→ 20 vol% CO/1 vol% Ar/He (50 NmL min−1; GHSV ~30,000 h−1) at 750 ◦C. (B) Transient response
curves of CO2 concentration obtained during TPO of carbon formed after 30 min of CO dissociation at
750 ◦C over 5 wt% Ni/CeO2 prepared by (a) Thermal decomposition (TD), (b) Precipitation (PT), (c)
Hydrothermal (HT), and (d) Sol-Gel (SG) method.

Figure 6B presents the TPO traces obtained after the reaction with 20 vol% CO/1 vol% Ar/He
(30 min) at 750 ◦C. The four catalytic surfaces showed one main peak centered at ~600 ◦C with shoulders,
revealing likely the existence of different carbon structures, oxidized with different kinetics. Table 2
presents the amount of carbon deposited during the 30 min reaction with CO/Ar/He. The largest
amount of carbon deposited was found to be on the Ni/CeO2-PT (2.7 mmol g−1) followed by the
Ni/CeO2-TD (1.1 mmol g−1), Ni/CeO2-HT (0.8 mmol g−1), and Ni/CeO2-SG (0.6 mmol g−1) catalysts.
The C-material balance closes within less than 5% in all cases (Table 2).

Table 2. Quantity of CO consumption and CO2 formation (mmol g−1) obtained after 30 min 20% CO/He
at 750 ◦C. Also shown is the amount of carbon deposition (mmol g−1) obtained after TPO following
30 min of CO disproportionation.

Catalyst
(5 wt% Ni)

CO Consumption
(mmol g−1)

CO2 Production
(mmol g−1)

Carbon Deposition
(mmol g−1)

CeO2 - TD 1.9 1.0 1.2
CeO2 - PT 4.9 2.2 2.7
CeO2 - HT 1.7 0.8 0.8
CeO2 - SG 1.1 - 0.6

2.6.5. Isotopically Labelled Competitive (13CO/12CH4) Reaction towards Carbon Formation

Figure 7 presents CO (C,D) and CO2 (A,B) concentration (mol%) profiles obtained after
temperature-programmed oxidation (TPO) following a 20-min treatment of the Ni/CeO2-TD (a),
Ni/CeO2-PT (b), Ni/CeO2-HT (c), and Ni/CeO2-SG (d) catalysts with 2.5 vol% 12CH4/2.5 vol% 13CO/2
vol% Kr/Ar/He gas mixture at 750 ◦C. The amount of deposited carbon, but also its reactivity towards
oxygen (shape and position of TPO trace), were clearly different among the four catalysts. It was
shown that all catalytic systems exhibited differences in the shape of 12CO2/12CO and 13CO2/13CO
response curves as the result of the oxidation of carbon originated from the 12CH4 decomposition and
13CO dissociation routes, respectively. Moreover, the amount of carbon derived from each route is
different (area under the TPO trace), and the contribution of each route to the formation of carbon is
estimated by considering the 12C/13C ratio. It is illustrated that in all cases, except Ni/CeO2-TD (0.97),
CH4 decomposition was dominant but to a different extent. In particular, Ni/CeO2-PT showed a ratio
of 12C/13C = 1.06, Ni/CeO2-HT 12C/13C = 1.61, and the Ni/CeO2-SG a ratio of 12C/13C = 1.5 (Table 3).
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2.7. Participation of Support’s Lattice Oxygen under DRM Conditions 

Figure 7. Temperature-programmed oxidation (TPO) of carbon to 12C- and 13C-containing CO2 (A,B)
and CO (C,D) formed after 20 min in 2.5 vol% 13CO/2.5 vol% 12CH4/2 vol% Kr/Ar/He (50 NmL min−1;
GHSV ~30,000 h−1) at 750 ◦C over 5 wt% Ni/CeO2 prepared by (a) Thermal decomposition (TD),
(b) Precipitation (PT), (c) Hydrothermal (HT), and (d) Sol-gel (SG) method.

Table 3. Quantity of 12CO, 13CO, 12CO2, and 13CO2 (mmol g−1) formed during TPO following 20 min
of reaction with 2.5 vol% 13CO/2.5 vol% 12CH4/2 vol% Kr/Ar/He at 750 ◦C over all the Ni/CeO2 catalysts.
Also shown is the total amount of “carbon” (mmol g−1), and the ratio 12C to 13C in the products.

Catalyst
5 wt%

Ni/CeO2

12CO
Production
(mmol g−1)

13CO
Production
(mmol g−1)

12CO2
Production
(mmol g−1)

13CO2
Production
(mmol g−1)

12C/13C
Carbon

Deposition
(mmol g−1)

CeO2-TD 0.14 0.23 2.6 2.6 0.97 5.6
CeO2-PT 0.14 0.18 2.6 2.4 1.06 5.3

CeO2-HT 0.16 0.23 5.2 3.1 1.61 8.7
CeO2-SG 0.39 0.25 3.5 2.4 1.50 6.5

In addition, the largest amount of carbon was deposited over the Ni/CeO2-HT catalyst, ca. 1.6,
1.5, and 1.3 times higher compared to Ni/CeO2-PT, Ni/CeO2-TD, and Ni/CeO2-SG (8.7 vs. 5.3, 5.6,
and 6.5 mmol g−1, respectively). Furthermore, multiple peaks/shoulders appeared in the TPO traces,
showing that at least two kinds of carbon were formed after CH4/CO gas treatment of the four catalysts,
but to a different extent. More precisely, the Ni/CeO2-HT (c) and Ni/CeO2-SG (d), which revealed the
highest amount of carbon deposition during DRM and CH4/CO gas treatments, reveal reaction of
carbon with oxygen in the range 300–800 ◦C as opposed to Ni/CeO2-TD (a) and Ni/CeO2-PT (b), where
carbon oxidation occurs in the 500–800 ◦C range (more strongly bound carbon species but of lower
amount). The latter results are in harmony with the results obtained under DRM reaction conditions
(see Sections 2.6.1 and 2.6.2), and these will be discussed next in relation to the competitive contribution
of CH4 decomposition and CO dissociation towards carbon formation and removal rates.
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2.7. Participation of Support’s Lattice Oxygen under DRM Conditions

Figure 8A shows the transient evolution rate of 18O2 consumption estimated upon the 10 min
isotopic exchange of the 16O ceria lattice oxygen (surface and bulk) with gaseous 18O2, and that due
mainly to the oxidation of Ni to Ni18O (less to the exchange of 16O with 18O2 in Ni16Ox, see Section 4.5)
at the step-gas switch Ar→ 2 vol% 18O2/2 vol% Kr/Ar at 750 ◦C. It is seen that the ceria-supported Ni
catalysts show similar 18O2 consumption rates during the 10 min exchange, except the Ni/CeO2-PT,
but all four catalysts showed a similar exchangeable amount of 16O which was found to be between
10.2–12.4 mmol O g−1 (within less than 20%), as shown in Table S6. It should be noted that the
maximum amount of 18O consumed, and which is related to Ni oxidation, was 0.85 mmol g-1. The latter
illustrates that both the initial rates of 16O/18O exchanged, but also the surface and bulk mobility of
16O species that were exchanged with 18O2 were influenced by the CeO2 synthesis method and Ni
particles size only, to a small extent.
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contribution of the available amount of 18O to the carbon gasification, the highest value was found to 
result from the Ni/CeO2-HT (0.57), followed by Ni/CeO2-TD (0.48), Ni/CeO2-SG (0.32), and Ni/CeO2-
PT (0.31). The latter results (shown also in Table S6) will be discussed in the next section regarding 
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after the gas switch: Ar→ 2% 18O2/2% Kr/Ar, (B) C18O formation obtained during the switch from Ar
→ 20% CH4/20% CO2/2% Kr/Ar/He (t) over 5 wt% Ni/CeO2 prepared by (a) Thermal decomposition
(TD), (b) Precipitation (PT), (c) Hydrothermal (HT), and (d) Sol-Gel (SG) method. Wcat = 0.02 g.

Figure 8B presents the transient rates of C18O(g) formation over the four ceria-supported Ni
catalysts obtained during the step-gas switch Ar→ 20 vol% CH4/20 vol% CO2/2 vol% Kr/Ar at 750 ◦C,
following the 10 min 16O/18O exchange (Figure 8A). It was observed that all four catalysts present
similar shapes of the transient rate of C18O(g) formation, however, they differ on their time delays
and quantity (area under the transient curve). In particular, the Ni/CeO2-TD and Ni/CeO2-HT exhibit
similar time delays (~5 s), followed by the Ni/CeO2-PT (~10 s) and Ni/CeO2-SG (~15 s). In addition,
the amount of C18O(g) produced over the four catalysts, after subtracting the equivalent amount
of 18O stored in the Ni during the 18O2 gas treatment (0.85 mmol g−1), was found to be 1.05 times
larger for Ni/CeO2-HT (6.5 mmol g−1) compared to Ni/CeO2-TD (5.9 mmol g−1), 1.85 times larger
compared to Ni/CeO2-PT (3.5 mmol g−1), and 1.96 times larger compared to Ni/CeO2-SG (3.3 mmol g−1).
Considering the ratio of equivalent 18O in C18O (Figure 8B) to 18O exchanged (Figure 8A) as the
contribution of the available amount of 18O to the carbon gasification, the highest value was found to
result from the Ni/CeO2-HT (0.57), followed by Ni/CeO2-TD (0.48), Ni/CeO2-SG (0.32), and Ni/CeO2-PT
(0.31). The latter results (shown also in Table S6) will be discussed in the next section regarding the
importance of participation of support’s lattice oxygen to the carbon gasification rate.

3. Discussion

3.1. Structural Properties and Catalytic Performance of Ni Supported on CeO2 Solids

The 5 wt% Ni supported on CeO2 carriers prepared by different preparation methods exhibited
largely different catalytic activity under DRM (20 vol% CO2/20 vol% CH4/He, 750 ◦C) (Figure 2) and
structural and morphological differences were apparent among them. The high conversions achieved
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in our work, are close to the calculated equilibrium values for the used feed gas composition at
1 atm total pressure [52]. The 5 wt% Ni/CeO2-HT catalyst with the largest surface area (~50 m2 g−1)
consisted of smaller ceria mean primary crystallite size (~11.5 nm), smaller Ni mean particle size
(~8.4 nm), and 11.5% Ni dispersion (Table S1, Figure 9). On the other hand, the 5 wt% Ni/CeO2-SG
with smaller surface area (~14.5 m2 g−1), consisted of larger ceria primary crystallite size (~43.1 nm)
and Ni mean particle size (~20.8 nm; Ni dispersion 4.7%). The latter results are in good agreement
with the literature [17,19,20,44,46,53–56]. The structural heterogeneity of the CeO2 surface had strong
effect on the deposition of Ni species. In fact, it was reported [45] that NiO (10 wt%) deposited on
ceria nanoparticles of cubic shape was homogeneously dispersed. Yahi et al. [43] used three different
preparation methods (microemulsion, sol-gel, and autocombustion) to synthesize CeO2, on which
15 wt% of Ni was deposited. They clearly showed, via XRD and TPR studies, that NiO could be present
with good crystallization in different phases (i.e., monoclinic and cubic phase for the auto-combustion
and sol-gel, and cubic only phase for the microemulsion), which depended on the different preparation
method of the ceria support. The authors [43] also reported different pore volume, surface area, and
particle size by changing the preparation method, results of which are in good agreement with the
present work. Xu et al. [55] prepared three Ni/Al2O3 catalytic systems of the same nominal composition
by varying the preparation method, namely: Impregnation, water-in-oil-microemulsion, and sol-gel.
By using XRD, TEM, and TPR, they showed crystalline structural differences, both for the support
and Ni, which led to similar catalytic performance, but differences in the coking resistant, and thus in
catalyst stability, as seen also in the present work. They argued that the latter differences might be
due to strong metal–support interactions leading to differences on Ni particles size and dispersion.
The latter results are in good agreement with those reported by other research groups [44,45,57], where
a non-conventional synthesis method, namely the precipitation ionic exchange, led to cubic phases
of CeO2 and NiO (verified via FEG-SEM and XRD). In a recent study, Lykaki et al. [28] showed that
the hydrothermal method (among other research works which are well reported there-in) led to well
defined ceria nanorods of high specific surface area and with improved redox properties.
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The H2-TPD traces (Figure 1) obtained over the four catalytic systems suggest large differences in
the electronic structure of the Ni supported metal surfaces (distribution of binding strength between H
and surface Ni atoms (ENi-H, kcal mol−1)). The electronic structure of Ni surface (different faces and
defects), as well shown in the literature, influenced the rates of carbon formation and diffusion on the
Ni surface and towards the support during both CH4 decomposition and Boudouard reaction [58–65].
The morphological differences presented in the CeO2 carrier through SEM images (Figure S3) seem to
play a role for the induced differences in the electronic structure of the Ni surface (Figure 1), as reported
also in previous publications [27,46]. HR-TEM (Figure S2) also suggested different morphologies
for the Ni nanoparticles for the given Ni/CeO2-HT catalyst, where ceria preparation method also
influenced the mean Ni particle size as illustrated in Figure 9. The amount of carbon measured after
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12 h of DRM (Figure 9, Table S5), and the transient results of CH4 and CO decomposition reactions
(Figures 5–8), tend therefore to suggest that the different morphology of ceria, as the result of different
preparation method applied, induced Ni morphological/surface structural differences, thus surface
nickel electronic modifications. These in turn govern the DRM activity behavior and carbon deposition
rate of the various ceria-supported Ni catalysts [58].

Based on the CH4-activity results reported in Figure 2 and the Ni dispersion values over the
same catalysts (Table S1), it appears that Ni/CeO2-HT contained a smaller number of active sites than
Ni/CeO2-SG catalyst. On the other hand, the former catalyst produced more carbon (larger carbon
accumulation rates) under DRM reaction conditions (Figures 3 and 9), whereas the opposite was
seen under transient methane decomposition reaction conditions (Figure 5); the initial rates of CH4

dissociation to H2 and the deposited amount of carbon (Figure 5D) were higher on Ni/CeO2-HT than
Ni/CeO2-SG catalysts (Table 1). As illustrated in Figure 9, there seemed to be no clear relationship
between dCeO2 and dNi and the amount of carbon deposition for at least 12 h after DRM. As is discussed
below, the carbon formation and removal rates during DRM cannot be influenced only by the Ni metal
and ceria support particle size in a clear monotonic way. The Ni-C strength, diffusion of carbon species
on the Ni surface, and oxygen diffusion from the ceria support that the Ni phase and Ni-ceria interface
(where carbon is formed) should all influence carbon deposition rate [46].

A possible explanation on the above results regarding carbon deposition on Ni/CeO2 as influenced
differently by the DRM, CO/He, and CH4/He reaction conditions seems to be the competition of CH4

and CO for the same Ni catalytic active sites, even though under DRM higher energy barriers are
needed during the first and second steps of CH4 dissociation (CH4→ CH3 + H and CH3→ CH2 + H),
and carbon dimer formation (C2, carbon dimer is the first crucial step for inactive carbon formation).
It was reported that both CH4 and CO preferentially dissociate on Ni(111) surface, with the former to
also favorably dissociate on Ni(100) and Ni(110) surfaces to a similar extent [66–74].

The main focus of this work was the effect of preparation method of CeO2 used as support
of Ni (5 wt% Ni/CeO2) on the carbon deposition rates of the main routes (CH4 decomposition and
reverse Boudouard reaction), and on carbon removal rate (participation of support’s OL). It was
shown that the preparation method influenced the Ni particle size and its morphology, and in turn its
surface electronic structure, thus its catalytic performance for the DRM reaction at 750 ◦C. The various
temperature-programmed and step-gas concentration transient experiments (including the use of
isotopes) provided important information for the better understanding of the carbon pathways during
DRM, to be discussed next.

3.2. Rates of Carbon Deposition and Removal under DRM Reaction Conditions

As mentioned in the Introduction section, supported Ni catalysts suffer from large amounts
of carbon deposition under DRM reaction conditions. The amount of carbon deposited over the
catalytic surface should be considered as the net rate between carbon formation (CH4 decomposition
and Boudouard reaction) and the carbon removal (e.g., participation of support’s lattice oxygen).
The carbon removal rate via the participation of lattice oxygen was probed by the transient response
curves depicted in Figure 8B after partially exchanging active ceria support lattice 16OL with 18OL.
The carbon removal rate by this chemical step can be written to a first approximation as shown by the
following Equation (1):

RC18O (t) = k θOL(t) θC(t) (1)

where k is an effective rate constant for the reaction step (2), θOL is the surface coverage of support
lattice oxygen able to participate in reaction step (2), and θC is the surface coverage of carbon formed
during DRM. In Equation (1), k might be considered as an average reactivity of more than one kind of
carbon, whilst θOL (t) is also determined by the rate of surface OL diffusion towards carbon. These two
important kinetic parameters describing the rate of carbon gasification via Equation (1) are likely to
depend on the Ni particle size/morphology as well as CeO2 primary particle size.
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C-s + 18O-L→ C18O(g) + s + Vo (2)

For reaction step (2), s is a catalytic site at the metal-support interface, the support or both, and
VO is a surface oxygen vacancy of ceria support.

Initial carbon formation rates (recorded over a clean catalyst surface) and total amount of
carbon accumulated during 30 min treatment of the catalysts were measured by performing transient
experiments at 750 ◦C with 20 vol% of CH4 reactant in the feed (Figure 5), similar to DRM conditions,
and by the reverse Boudouard reaction or the CO dissociation alone (Figure 6), using 20 vol% CO
(similar composition obtained in the DRM depicted in Figure 2). In addition, the individual amount of
carbon derived from each route (CH4 vs. CO) when both gases were present in the feed stream was
also estimated for probing any synergy effects on the accumulation of carbon (Figure 7).

It is clearly shown that both the initial rate of carbon formation (Figures 5A and 6A) and the total
amount of carbon formed (Table S5) over the four catalytic surfaces was at least 10 times larger in
the case of CH4 decomposition compared to the reverse Boudouard reaction. This result is in very
good agreement with the TPO results obtained following the isotopic DRM reaction (13CO2/12CH4/He,
Figure 4) and the isotopic 13CO/12CH4/He experiment (Figure 7), which both quantified the origin of
carbon accumulation. Thus, the first conclusion is that CH4 activation route was dominant and the one
controlling the rate of carbon formation, however, the competition of CH4 and CO activation for same
catalytic sites, as clearly demonstrated, should be highly considered. In particular, the Ni/CeO2-HT
catalyst (CeO2 prepared by the hydrothermal method) led to a smaller (~1.8 times) initial rate of carbon
formation via CH4 decomposition (Figure 5A) and CO dissociation (~3.5 times, Figure 6A) compared
to the Ni/CeO2-TD and Ni/CeO2-PT catalysts, respectively. At this point it would be of interest to
mention the effect of DRM reaction temperature on the origin of carbon deposition (CH4 vs. CO2

activation route). Vasiliades et al. [17,20] reported similar 12CH4/13CO2/He isotopic DRM experiments
as those reported in Section 2.6.2 (Figure 4) at 550 and 750 ◦C over 5 wt% Ni/Ce1−xMxO2 (M = Zr4+,
Pr3+) catalysts, the support of which (including pure CeO2) was prepared by the citrate sol-gel method.
It was illustrated that at the low-T of 550 ◦C, a higher contribution to carbon deposition was obtained
via the CO2 activation route (reverse Boudouard reaction: 2 CO→ CO2 + C) as opposed to the reaction
T of 750 ◦C.

A careful comparison could be also made on the transient rates of CO formation during the
CH4/He treatment (Figure 5C), where the Ni/CeO2-HT catalyst revealed significantly larger initial rate
(~1.5 times) of its labile oxygen towards carbon gasification to CO(g) compared to the Ni/CeO2-PT
and Ni/CeO2-TD catalysts, and even larger (~3 times) in the case of Ni/CeO2-SG catalyst. The latter
results are in a good agreement with the experimental findings shown in Figure 8B, where gasification
of the formed carbon towards C18O(g) formation under DRM reaction conditions takes place by the
participation of support’s 18OL. The amount of available labile oxygen for 16O/18O isotopic exchange
was found to be similar for the four supported Ni catalysts, a fact that suggests that morphological
differences in their metal and support do not influence this specific process at 750 ◦C.

Considering the transient rates of C18O(g) obtained over the four catalytic systems (Figure 8B), it
was apparent that Ni/CeO2-HT catalyst had activated a higher amount of lattice 18O (11.4 mmol g−1) by
a factor of ~1.1 compared to Ni/CeO2-SG (10.2 mmol g−1, Table S6). Given the fact that the amount of
carbon accumulated during DRM after 12 h was ~1.5 times larger in the case of Ni/CeO2-HT compared
to Ni/CeO2-SG (see Section 2.6.1), it might be suggested that the effective rate constant k (Equation (1))
must be considered larger in the former than the latter catalyst. This result is important since it can
prove that during DRM, the rate of carbon deposition on Ni/CeO2-HT must be considered larger
than on Ni/CeO2-SG, a result in harmony with the transient CH4 decomposition studies described
in Section 2.6.3 (Figure 5A). Moreover, considering the integral rates of CH4 conversion reported in
Figure 2A, the carbon deposited by CH4 during the 2 min transient shown in Figure 8B (end of rate of
carbon removal by 18O lattice oxygen) could be estimated. Then, the ratio of the amount of carbon
removed by 18O lattice oxygen as C18O (see Figure 8B, Table S6) to the amount of carbon deposited via
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CH4 decomposition could be estimated. This ratio was found to follow the order: CeO2-HT > CeO2-TD
> CeO2-SG > CeO2-PT. The implication of this is that the reason that Ni/CeO2-HT experienced the
largest amount of carbon accumulation after 12 h in DRM (see Table S5), ~3.8 times larger than that
of Ni/CeO2-PT, should not be considered to be due to its inferior ability compared to the other ceria
supports to provide mobile lattice oxygen for carbon gasification, at least for the first 30 min of TOS.
It was suggested that carbon deposition and removal rates could change with longer time-on-stream
as Ni surface and ceria support start to accommodate carbon deposits. Thus, deep understanding of
the carbon accumulation with TOS and the intrinsic reasons for this is required for the given DRM
ceria-supported Ni catalytic system.

It is noteworthy to be mentioned at this point that the differences in the delays of C18O(g) that
appeared during the switch from the inert gas to the DRM feed gas among the different catalysts
(Figure 8B) were due to the different transient kinetics of reduction of the initially oxidized Ni surface
(after 16O/18O exchange), as previously reported [46,75].

The temperature-programmed oxidation profiles of the carbon accumulation over a reduced metal
surface after CH4 decomposition or CO disproportionation alone or in the presence of both carbon
sources illustrated that the co-presence of CH4 and CO largely enhances the rate of carbon deposition.

4. Materials and Methods

4.1. Catalysts Synthesis

4.1.1. Cerium Dioxide (CeO2) Supports

Sol-Gel Method

The CeO2-SG metal oxide support was prepared using the modified citrate sol-gel method. The Ce
metal precursor of Ce(NO3)3.6H2O (Sigma Aldrich, > 99% purity) was diluted in a beaker containing
100 mL solution of 1:1 (v/v) ratio of deionized H2O and propanol-1. Citric acid (CA) was added for the
creation of 1:1.5 Mtot:CA, where Mtot refers to the total molar concentration of metal ions in the solution,
and similarly, the CA (molar concentration of citric acid). The pH of the solution was continuously
adjusted (pH ~2.0) by adding HNO3 (5M), with the solution to be under stirring at 70 ◦C. The resulting
gel-like yellowish material was dried at 120 ◦C for 12 h, prior to its thermal heating with 1 ◦C min−1

under static air from room T to 500 ◦C. The sample was then kept at 500 ◦C for 6 h and its temperature
was further increased to 750 ◦C (β = 5 ◦C min−1) and kept for additional 4 h before cooled down to
room T.

Thermal Decomposition Method

The CeO2-TD metal oxide support was prepared using the thermal decomposition method. An
appropriate amount of Ce(NO3)3.6H2O was dried in static air at 120 ◦C for 12 h, and after being cooled
down to room T, its temperature was increased with 1 ◦C min−1 to 500 ◦C, where it was kept for 6 h.
The temperature of the resulting material was then further increased to 750 ◦C (β = 5 ◦C min−1), where
it was kept for additional 4 h before cooled down to room T.

Hydrothermal Method

The CeO2-HT metal oxide support was prepared using the hydrothermal method. During this
method, 40 M NaOH (pH ~12.5) and 0.13 M Ce(NO3)3·6H2O aqueous solutions were mixed (75 mL:175 mL),
under vigorous stirring until a purplish milky slurry was formed. The milky slurry with total volume of
250 mL was kept under continuous stirring for 1 h and then transferred in a 1 L Teflon bottle and heated
for 48 h at 90 ◦C. The reaction product was then cooled down to room temperature and the solid product
was collected by filtration. The collected solid was rinsed with deionized water until pH neutralization to
remove any co-precipitate salts. Drying and calcination procedures were performed as described in the
thermal decomposition method.
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Precipitation Method

The CeO2-PT metal oxide support was prepared using the precipitation method. In the latter
method, ammonia solution (25% v/v) as precipitation agent was added dropwise at room temperature
and under continuous stirring in a 0.5 M aqueous solution of Ce(NO3)3·6H2O until pH reached the
value of 10, conditions that were controlled for 3 h. The resulting solution was then filtered, and the
precipitate material was dried and calcined as described in the thermal decomposition method.

4.1.2. Wetness Impregnation of CeO2 Supports with Ni (5 wt% Ni/CeO2)

The resulting CeO2 supports from the various synthesis procedures were grinded prior to Ni
metal deposition. A given amount of each of the oxidic ceria support was diluted in an aqueous
solution of Ni(NO3)2·6H2O (Sigma-Aldrich, >99% purity) so as to be impregnated with 5 wt% Ni
nominal loading. The resulting slurry was dried overnight at 120 ◦C, followed by cooling to room T.
The temperature of the solid was then increased under static air to 750 ◦C, where it was kept for 4 h.
The resulting material was named “fresh catalyst”, and prior to any catalytic measurements it was in
situ reduced in pure H2 gas (1 bar, 50 NmL min−1) at 700 ◦C for 2 h.

4.2. Catalysts Characterization

4.2.1. Powder X-ray Diffraction (XRD)

Powder X-ray diffractograms of the calcined CeO2-supported Ni catalysts were recorded by using
a Shimadzu 6000 Series diffractometer (CuKa radiation, λ = 0.15418 nm, Kyoto, Japan) in the 20–80◦ 2θ
range (2◦ min−1, 0.02◦ increment). By using the Scherrer equation [17], the lattice parameter (α, Å),
the mean primary crystallite size (dc, nm) of the ceria pseudo-cubic structure, and the mean crystal
size of NiO were estimated. The latter was used to estimate the Ni mean particle size (dNi, nm) as of
Equation (3), after the assumption that Ni and NiO preserve the same particle geometrical shape:

d (Ni, nm) = d (NiO, nm) × 0.847. (3)

4.2.2. Surface Texture (BET/BJH)

The BET specific surface area (SSA, m2 g−1), the total pore volume (Vp, cm3 g−1), and the mean
pore size (dp, nm) of the CeO2-supported nickel catalysts and their supports alone were determined
based on N2 adsorption/desorption isotherms measured at 77 K with a Micromeritics Gemini 2360
surface area and pore size analyzer (Norcross, Georgia, United States). Prior to any measurements, the
sample was degassed in N2 gas flow at 300 ◦C for 4 h.

4.2.3. H2 Temperature-Programmed Desorption (TPD)

The effect of Ni supported on different CeO2 supports on the hydrogen chemisorption and
desorption behavior was investigated by using the H2-TPD technique. A 0.3 g sample was first reduced
in situ in hydrogen gas at 700 ◦C for 2 h prior to He-purge and increase of its temperature to 750 ◦C,
until H2 signal reached its background value (desorption of any spilled-over hydrogen on the support).
The reactor was then cooled down to room temperature and a switch from He to 0.5 vol% H2/He
(30 min) gas mixture was performed. The catalyst was then purged for 10 min in He flow, and the
temperature was subsequently increased to 750 ◦C (TPD, β = 30 ◦C min−1, 50 NmL min−1). The H2

(m/z = 2) signal was continuously monitored with online mass spectrometer (MS, Balzers, Omnistar
1–200 amu, Pfeiffer Vacuum, Asslar, Germany), and the MS signal was converted into concentration
(ppm) by using a certified standard gas mixture (0.95 vol% H2/He). The Ni dispersion (DNi, %) was
estimated after assuming an H2 chemisorption stoichiometry of H/Nis = 1, where the Ni mean primary
particle size (dNi, nm) was estimated by using the following Equation (4) [76]:

dNi (nm) = 0.97/DNi. (4)
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4.2.4. Transmission Electron Microscopy (TEM)

The fresh 5 wt% Ni/CeO2-HT supported Ni catalyst was characterized with a JEOL (JEM-2100)
high-resolution transmission electron microscopy system (HR-TEM) (Tokyo, Japan), operated at 200 kV
(resolution point 0.23 nm, lattice 0.14 nm). Selected specimens were prepared by dispersion of the
powdered catalyst in water, and spread onto a carbon-coated copper grid (200 mesh), while images
were recorded by means of films (Kodak SO-163).

4.2.5. Scanning Electron Microscopy (SEM)

The morphology of the fresh CeO2-supported Ni solids was characterized by using scanning
electron microscope (SEM, JEOL JSM-6610 LV, Tokyo, Japan), equipped with a BRUKER type QUANTAX
200 energy dispersive spectrometer (EDS). The effect of different method of synthesis of the CeO2

was studied using secondary electron images (SEI). EDS analysis was performed for determining the
chemical composition of the solids.

4.3. Catalytic Performance of CeO2-Supported Ni in DRM

Catalytic measurements were performed using a Micro-activity reactor system (MA-REF from PID
Eng & Tech, Madrid, Spain) equipped with a tubular quartz reactor (i.d. = 6 mm), and the experimental
apparatus used was described elsewhere [20]. The catalytic bed was prepared by grinding (grain
powder size less than 106 µm) and mixing an appropriate amount of Ni/CeO2 catalyst with SiC
(1 cat:1 SiC (w/w)) in order to achieve a gas hourly space velocity (GHSV) of ~30,000 h−1. Due to the
differences in the ceria solid powder prepared by the four different methods, the amount of catalyst
for each Ni/CeO2 was varied (Wcat = 0.072–0.167), while the total gas flow rate was kept the same
(50 NmL min−1). The catalytic performance of the solids was examined at 750 ◦C for 30 min with a
DRM feed gas composition of 20 vol% CH4/20 vol% CO2/60 vol% He. The conversions of CH4 and
CO2 (XCH4 and XCO2, %) were calculated by using Equation (5). The effluent gas stream from the
micro-reactor was analyzed through online MS and infrared gas analyzers (Horiba, VA-3000, Kyoto,
Japan) for H2 (m/z = 2), CH4 (m/z = 15) and CO, CO2, respectively. Calibration of the signals from the
MS and IR gas analyzers was made by using certified calibration gas mixtures (1.06 vol% CO/1.02 vol%
CH4/0.95 vol% H2/He and 2.55 vol% CO2/He). The product yields (YH2 and YCO, %) were estimated
via Equations (6) and (7):

XY(%) =
Fin

Y − Fout
Y

Fin
Y

× 100 (5)

YH2(%) =
Fout

H2

2Fin
CH4

× 100 (6)

YCO(%) =
Fout

CO

Fin
CH4
− Fin

CO

× 100 (7)

where, Fin and Fout are the molar flow rates (mol s−1) of reactant Y (CH4 or CO2) and product (H2

or CO) at the inlet and outlet of the reactor, respectively. The Fout was estimated based on the total
volume flow rate at the outlet of the reactor (measured at 1 bar and room T), and the mole fraction of
the component measured by the above-mentioned gas analysis system.

4.4. Characterization of Carbon Formed under Different Reaction Conditions

4.4.1. Dry Reforming of Methane (12CO2/12CH4) Reaction

The reactivity of carbon towards oxygen and its amount (mg C gcat
−1 or wt%) accumulated after

12 h of DRM at 750 ◦C over the catalysts investigated in this work were estimated by performing
temperature-programmed oxidation (TPO) experiments following DRM. A purge with He (20 min)
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was applied after the 12 h DRM reaction with the reactor’s temperature to increase to 800 ◦C until no
MS signals was identified for CH4, CO2, H2, and CO. The catalyst’s temperature was then decreased to
100 ◦C followed by a feed gas switched from He to 10 vol% O2/He (50 NmL min−1). The catalyst’s
temperature was subsequently increased to 800 ◦C with a heating ramp of 30 ◦C min−1 (TPO). During
the latter switch, the signals of CO (m/z = 28) and CO2 (m/z = 44) were continuously monitored with
the MS and CO/CO2 infrared gas analyzer, and then converted into mol% based on certified calibration
gas mixtures (1.06 vol% CO/He and 2.55 vol% CO2/He).

4.4.2. Isotopically Labelled Dry Reforming of Methane (13CO2/12CH4) Reaction

Isotopically labelled DRM mixture (5 vol% 13CO2/5 vol% 12CH4/45 vol% Ar/45 vol% He; 50 NmL min−1;
GHSV ~30,000 h−1) was used for 30 min at 750 ◦C, followed by TPO, in order to investigate the relative
contribution of CH4 and CO2 activation routes towards carbon accumulation (µmol g−1 and mg gcat

−1)
over the examined ceria-supported Ni catalytic systems. The 12C-containing TPO traces referred to the
CH4 activation route contribution on the amount of carbon, whereas the 13C-containing TPO traces
referred to the CO2 activation route. More precisely, after 30 min in DRM, a He purge was performed
for 10 min prior to the temperature increase to 800 ◦C (until no MS signals for CO and CO2 were
observed). The reactor was then cooled down to 200 ◦C, and the feed gas was switched from He to
10 vol% O2/He (50 NmL min−1), followed by TPO to 800 ◦C (β = 30 ◦C min−1). The signals for 12CO,
13CO, 12CO2, and 13CO2 (m/z = 28, 29, 44, and 45, respectively) were continuously monitored by MS
and their quantification (mol%) was made by using certified gas mixtures (1.06 vol% 12CO/He, 10 vol%
13CO/Ar, 2.55 vol% 12CO2/He, and 10 vol% 13CO2/Ar).

4.4.3. Methane Decomposition (CH4/He) Reaction

The reduced CeO2-supported Ni catalysts were exposed to 20% CH4/He for 30 min in order to
measure the initial rate of CH4 decomposition and its subsequent rate evolution, which is one of
the main routes of inactive carbon formation under DRM conditions. The transient responses of H2

(m/z = 2), CH4 (m/z = 15), and CO (m/z = 28) were followed during the step-gas switch He→ 20%
CH4/He (750 ◦C, 30 min, 50 NmL min−1; GHSV ~30,000 h−1) by online MS. The latter switch was
followed by a 10 min He purge, while the temperature was increased to 800 ◦C (until background values
were reached for the CO and CO2 MS signals). The catalyst was then cooled down to 200 ◦C and the
feed was switched from He to 10 vol% O2/He (50 NmL min−1) to perform a TPO run (β = 30 ◦C min−1).
The transient evolution of CO (m/z = 28) and CO2 (m/z = 44) was continuously monitored with MS,
and their quantification was made using certified calibration gas mixtures (1.06 vol% CO/1.02 vol%
CH4/0.95 vol% H2/He and 2.55 vol% CO2/He).

4.4.4. Carbon Monoxide Dissociation (CO/He) Reaction

The second main route of inactive carbon formation during DRM, that of reverse Boudouard
reaction, was investigated by performing over the 5 wt% Ni/CeO2 catalysts the step-gas switch He→
20% CO/He (750 ◦C, 30 min, 50 NmL min−1; GHSV ~30,000 h−1), where the evolution of CO (m/z = 28)
and CO2 (m/z = 44) were continuously monitored with MS. The latter gas switch was followed by a He
purge (10 min) and temperature increase to 800 ◦C, where the catalyst was kept at this temperature
until the CO and CO2 MS signals reached their respective background value. The reactor’s temperature
was then decreased to 200 ◦C, where a switch to 10 vol% O2/He (50 NmL min−1) gas mixture was
made for a TPO run to 800 ◦C (β = 30 ◦C min−1). During TPO, the mass numbers (m/z) of 28 and 44
were followed by MS, and quantification was made by considering certified calibration gas mixtures
(1.06 vol% CO/He and 2.55 vol% CO2/He).
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4.4.5. Isotopically Labelled Competitive (13CO/12CH4) Reaction towards Carbon Formation

The relative contribution of the two main routes towards inactive carbon accumulation under
DRM reaction conditions (CH4 decomposition and reverse Boudouard reaction) was investigated
by exposing the catalysts over an isotopically labelled mixture consisting of 2.5 vol% 13CO/2.5 vol%
12CH4/2 vol% Kr/Ar/He (50 NmL min−1; GHSV ~30,000 h−1) at 750 ◦C for 20 min. The gas-flow was
then switched to He for a 10 min purge and the temperature was increased to 800 ◦C until the 12CO,
13CO, 12CO2, and 13CO2 MS signals reached their respective background value. The catalyst was then
cooled in He flow to 200 ◦C and a switch to 10 vol% O2/He (50 NmL min−1) gas mixture was made for a
TPO run (increase T to 800 ◦C, β = 30 ◦C min−1). The effluent gas stream was continuously monitored
by MS for 12CO, 13CO, 12CO2, and 13CO2 (m/z = 28, 29, 44, and 45, respectively), and quantification of
the MS signals was made by using the previously mentioned (Section 4.4.2) calibration gas mixtures.
It’s worth mentioning that the 12C-containing TPO traces refer to the 12CH4 contribution on the amount
of carbon accumulation, whereas the 13C-containing TPO traces refer to the 13CO route.

4.5. Participation of Support’s Lattice Oxygen in DRM Reaction Conditions

The partial 16O/18O isotopic exchange of ceria support’s lattice 16O was performed over pre-reduced
Ni/CeO2 catalysts (Wcat = 0.02 g) at 750 ◦C for 10 min prior to the dry reforming of methane reaction.
This designed experiment probes for the extent of contribution of support’s lattice oxygen in the
carbon-path under DRM conditions [18,19]. More precisely, after 2 h reduction of catalyst with pure H2

(1 bar) at 700 ◦C, the feed was switched to Ar for 10 min with subsequent increase of the temperature
to 750 ◦C, until no H2 (m/z = 2), 16O2 (m/z = 32), and 16O18O (m/z = 34) MS signals were recorded.
The exchange of support lattice oxygen and the oxidation of Ni/NiOx to Ni18O with 18O2(g) was then
made by exposing the catalyst to 2 vol% 18O2/2 vol% Kr/Ar/He (10 min, 50 NmL min−1). During the
exchange process, the signals of 16O2, 16O18O, 18O2, and Kr (m/z = 32, 34, 36, and 84, respectively)
were recorded continuously with online MS, which then converted into concentration (mol%) by using
appropriate material balances [18] from which the amount of oxygen exchanged (mol 16O g−1) can be
estimated. A 10 min He purge then followed, and the feed gas was then switched to 20 vol% CH4/20
vol% CO2/He (50 NmL min−1). During the latter DRM reaction step, the MS signals of 30, 44, 46, 48,
and 84 (C18O, C16O2, C16O18O, C18O2, and Kr, respectively) were continuously monitored, and then
converted into concentration (mol%) by using appropriate calibration gases. It was assumed same
sensitivities for the C16O and C18O (m/z = 30) gases. The contribution of C18O2 (m/z = 48) and C16O18O
(m/z = 46) to the m/z=30 were carefully subtracted from the m/z = 30 (C18O) signal recorded by using a
standard C16O2/He gas mixture and considering the same contribution of m/z = 44 to m/z = 28 for
the m/z = 48 and m/z = 46 to m/z = 30. The formation of C18O(g) during DRM, following the oxygen
16O/18O isotopic exchange step, is clearly described in our previous publications [20,46], where 18OL of
support can react with carbon formed on the catalyst surface.

5. Conclusions

The main conclusions derived from the present work are as follows:

(a) The 5 wt% Ni supported on CeO2 carriers prepared by four different methods exhibited obvious
structural and morphological differences, which led to large differences in catalytic activity under
DRM reaction conditions at 750 ◦C.

(b) The Ni/CeO2-PT (ceria was prepared by the precipitation method) exhibited the lowest amount of
carbon formation among the four catalytic systems. A notable reduction of carbon deposition by
~3.8, 1.8, and 1.4 times was observed after 12 h in DRM (20 vol% CH4, CO2/CH4 = 1) compared to
Ni/CeO2-HT, Ni/CeO2-TD, and Ni/CeO2-SG, respectively. This precipitation route might lead
also to lower carbon deposits in DRM for other CeO2-based supported Ni catalysts in attempting
to develop low-carbon resistant DRM catalytic systems in the future.
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(c) Based on various transient and other isotopic experiments, it was shown that a large pool of
oxygen contributes to the gasification of carbon formed in DRM towards the formation of CO,
thus offering an important path for carbon removal from the catalyst during DRM.

(d) The origin of carbon deposition was found to be largely determined by the CH4 activation route
in all four catalytic systems but to a different extent.

(e) The Ni/CeO2-HT and Ni/CeO2-PT catalysts presented similar amount of CH4 decomposed
(CH4/He reaction), which was found to increase by ~1.6 and 1.3 times for Ni/CeO2-TD and
Ni/CeO2-SG catalysts. On the other hand, the ratio between the CO formation and CH4

consumption was found to be the same for Ni/CeO2-HT and Ni/CeO2-PT but significantly lower
in the case of Ni/CeO2-TD and Ni/CeO2-SG catalysts, indicating the higher ability of the former
solids to remove deposited carbon by the participation of their ceria support lattice oxygen.

(f) During the reverse Boudouard reaction (CO/He reaction), the largest amount of carbon deposited
was found to be on Ni/CeO2-PT followed by Ni/CeO2-TD, Ni/CeO2-HT, and Ni/CeO2-SG solids.

(g) Despite the fact that on Ni/CeO2-HT a lesser amount of carbon was deposited during CH4

decomposition, during CO disproportionation compared to the other catalysts, the amount of
carbon deposition observed after 12 h in DRM (20 vol% CH4, CO2/CH4 = 1) was the largest. This
behavior could be justified by the enhancement of carbon deposition in the co-presence of CH4

and CO which occurs in a larger extent over Ni/CeO2-HT as proved experimentally.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/7/621/s1,
Figure S1: Powder X-ray diffractograms of 5 wt% Ni supported on (a) CeO2-TD, (b) CeO2-PT, (c) CeO2-HT and (d)
CeO2-SG carriers in the (A) 20–70◦ 2θ and (B) 35–45◦ 2θ region (diffraction peaks of NiO), Figure S2: Representative
HR-TEM images of the calcined (air, 750 ◦C/4 h) 5 wt% Ni/CeO2-HT catalyst. Left graph: magnification at 50 nm
unit scale; Right graph: magnification at 10 nm unit scale, Figure S3: SEM images of the fresh Ni/CeO2-SG (top
left), Ni/CeO2-PT (top right), Ni/CeO2-HT (down left) and Ni/CeO2-TD (down right), Table S1: Textural and
structural characterization of 5 wt% Ni/CeO2 (-TD, -PT, -HT and -SG) DRM fresh catalysts, Table S2: Catalytic
activity in terms of CH4, CO2 conversion (XCH4, XCO2, %), H2 Yield (%) and H2/CO gas product ratio obtained after
30 min in DRM at 750 ◦C for the four ceria supports prepared by different methods, Table S3: Catalytic stability
performance in terms of CH4, CO2 conversion (XCH4, XCO2, %), H2 Yield (%), H2/CO gas product ratio and carbon
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cat) obtained during DRM (20% CH4/20% CO2/He) at 750 ◦C over the 5 wt% Ni/CeO2-PT
solid, Table S4: Catalytic activity in terms of CH4, CO2 conversion (XCH4, XCO2, %), H2 Yield (%) and H2/CO
gas product ratio obtained after 30 min in DRM (5 vol% 13CO2/5 vol% 12CH4/He) at 750 ◦C, Table S5: Carbon
accumulation (mg C gcat

−1) estimated via TPO followed individual reactions over all catalysts at 750 ◦C; 20 vol%
CO2/20 vol% CH4/He (12 h), 5 vol% 13CO2/5 vol% 12CH4/He (30 min), 20 vol% CH4/He (30 min), 20 vol% CO/He
(30 min), 2.5 vol% 13CO/2.5 vol% 12CH4/He (20 min), Table S6: 18O consumption (mmol g−1) during 16O/18O
exchange, C18O formation (mmol g−1) during DRM following 16O/18O oxygen exchange, and C18O/18O ratio.
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Abstract: Spinel-type cobalt oxide is a highly active catalyst for oxidation reactions owing to
its remarkable redox properties, although it generally exhibits poor mechanical, textural and
structural properties. Supporting this material on a porous alumina can significantly improve these
characteristics. However, the strong cobalt–alumina interaction leads to the formation of inactive
cobalt aluminate, which limits the activity of the resulting catalysts. In this work, three different
strategies for enhancing the performance of alumina-supported catalysts are examined: (i) surface
protection of the alumina with magnesia prior to the deposition of the cobalt precursor, with the
objective of minimizing the cobalt–alumina interaction; (ii) coprecipitation of cobalt along with nickel,
with the aim of improving the redox properties of the deposited cobalt and (iii) surface protection
of alumina with ceria, to provide both a barrier effect, minimizing the cobalt–alumina interaction,
and a redox promoting effect on the deposited cobalt. Among the examined strategies, the addition
of ceria (20 wt % Ce) prior to the deposition of cobalt resulted in being highly efficient. This sample
was characterized by a notable abundance of both Co3+ and oxygen lattice species, derived from the
partial inhibition of cobalt aluminate formation and the insertion of Ce4+ cations into the spinel lattice.

Keywords: cobalt oxide; methane oxidation; modified alumina; magnesium oxide; nickel cobaltite;
ceria; lattice distortion; oxygen mobility

1. Introduction

The commercialization of vehicles driven by natural gas engines is a widely accepted strategy
to mitigate the emissions associated with transport, which is one of the largest emitting sectors of
greenhouse effect gases, due to their reduced CO2, NOx, particles and hydrocarbons emissions [1,2].
However, the consolidation of this type of vehicles in the automotive fleet requires the control of
the residual (around 1%) unburned methane (the main component of natural gas) emissions from
the engine, since this pollutant possesses a powerful greenhouse effect potential (around 25 times
that of CO2 in a 100 years period). Owing to the high chemical stability of this compound and its
low concentration in the flue gases (<1% vol.), the low-temperature catalytic oxidation appears as an
attractive solution for this purpose. In order for this treatment not to significantly increase the cost of
the engine, the selected catalyst must present a high activity with a reasonable economic investment.

Traditionally, the most commonly applied catalysts have been based on noble metals such as
palladium or platinum [3,4]. However, this type of catalyst is generally expensive, due to the high cost
of the noble metals and their relatively high metallic loading (2–4 wt %), and is prone to deactivation
by sintering [5,6]. Spinel oxides based on transition metals can be a promising catalytic system for
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the oxidation of lean methane, due to their lower cost, higher availability and relatively good activity
for the oxidation of CO and light hydrocarbons [7,8]. More specifically, bulk spinel-type cobalt oxide
(Co3O4) is regarded as a highly interesting substitute to noble metals for catalytic oxidation of trace
amounts of methane on the basis of its excellent redox properties [9–12]. However, when prepared by
conventional synthesis methodologies [13,14], the textural and structural properties of this oxide tend
to be poor. Although some routes can partially overcome this problem, they are normally too complex
and difficult to scale up to the industrial operation [15,16].

One possible alternative could be to use a porous media as a support for cobalt oxide, in order to
increase the amount of active surface area available for reaction. This generally translates into and
enhancement of the physico-chemical properties of the resulting catalyst, but the probability of the
occurrence a strong cobalt–support interaction, causing a negative effect on the redox properties of the
deposited cobalt, is high. More specifically, when the selected support is high surface gamma alumina,
this interaction provokes the formation of a cobalt aluminate phase (CoAl2O4), which is characterized
by a poor reducibility and a consequent low specific activity for oxidation reactions [17,18].

A proposed solution would be the modification of the properties of the alumina with the aim
of tuning its affinity for the Co3O4 deposited over it. This can be carried out by incorporating some
chemical promoters to the alumina before the deposition of Co3O4, or by adding the promoters after
the formation of the final Co/Al2O3 catalyst. In this sense, Liotta et al. [19] reported that adding
Ba during the sol–gel synthesis of Al2O3 decreased diffusion of the Co2+ ions into the structure of
the alumina after Co deposition. Similarly, Park et al. [20] and Park et al. [21], on different studies,
observed that adding phosphorus to Al2O3 resulted in the formation of a mixed AlPO4 phase that
partially suppressed the formation of CoAl2O4. On the other hand, Cheng et al. [22] found out that the
addition of Mn or Fe during the synthesis of a Cu-Co/Al2O3 catalyst improved the redox properties of
both active metals. In addition, El-Shobaky et al. [23] reported an increased activity for CO oxidation
of Co3O4/Al2O3 catalysts doped with small amounts of Mn and/or La.

Similarly, an attractive strategy to improve the performance of this type of catalyst could be using
magnesium as a modifier. In this sense, Riad [24] observed that alumina coated with magnesium and
prepared by coprecipitation presented better properties than bare alumina. Cobalt catalysts can also be
supported over pure magnesium oxide, which results in systems with enhanced activity due to the
magnesium–cobalt interaction, as reported by Ulla et al. [25] and Ji et al. [26].

Considering this background, in the present paper various enhancing strategies for
γ-alumina-supported cobalt catalysts were examined in order to determine their efficiency for improving
the activity of the resulting catalysts for the complete oxidation of methane under lean conditions
with respect to an unmodified reference Co/Al2O3 catalyst (Co/Al sample). The three investigated
approaches were the following:

(i) Superficial protection of alumina with magnesia prior to the deposition of cobalt (Co/Mg-Al
sample). The cobalt content was fixed at 30 wt % and the Mg/Co molar was 0.25.

(ii) Co-deposition of nickel and cobalt over alumina in order to promote the redox properties of Co3O4

(Co-Ni/Al sample). Since nickel oxide can show a significant activity of methane oxidation [27,28],
the total metallic loading was fixed at 30 wt % while using a Ni/Co molar ratio of 0.20.

(iii) Coating the alumina surface with ceria before the addition of cobalt in order to eventually serve
as both a surface protector for alumina and redox promoter for cobalt oxide (Co/Ce-Al sample).
The cobalt content was fixed at 30 wt % and the Ce/Co molar was 0.20.

2. Results

2.1. Physico-Chemical Characterization

Along with their chemical composition as determined by Wavelength dispersive X-ray
fluorescence (WDXRF), the textural properties of the synthesized catalysts in terms of the BET
(Brunauer–Emmett–Teller) surface and pore volume are listed in Table 1. Additionally, the properties of
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bare alumina and the modified supports with MgO and CeO2 are included for comparative purposes.
All supports and catalysts exhibited type IV adsorption–desorption isotherms (Figure 1) with H2
type hysteresis cycles, characteristic of mesoporous materials with a relatively broad size distribution.
The addition of ceria provoked an appreciable decrease (16%) in the surface area whereas the effect of
MgO deposition was virtually negligible. After incorporating the active metallic oxide, the surface
area decreased by around 19–32%. Hence, the specific surface area of the catalysts varied in the
93–113 m2 g−1 range while the pore volume was between 0.27 and 0.35 cm3 g−1.

Table 1. Physico-chemical properties of the supported cobalt catalysts.

Sample Co Loading,
wt %

Me Loading,
wt %

Me/Co
Molar Ratio

BET Surface,
m2 g−1

Pore Volume,
cm3 g−1

Cophase
Crystallite Size, nm

Al2O3 - - - 139 0.56 -
Mg-Al - 6.7 - 145 0.50 -
Ce-Al - 20.6 - 117 0.42 -
Co/Al 27.9 0.0 0 108 0.29 29

Co/Mg-Al 28.7 3.0 0.25 99 0.27 23
Co-Ni/Al 23.2 4.8 0.21 113 0.35 21
Co/Ce-Al 29.5 12.4 0.18 93 0.30 23

Me stands for Mg, Ni or Ce.
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Figure 1. N2 physisorption isotherms of the supported cobalt catalysts.

The pore size distributions of the supports and the cobalt catalysts are shown in Figure 2. The blank
alumina exhibited a bimodal distribution with maxima at 110 and 150 Å, while the distributions were
unimodal, centered at 110 Å, over the MgO- and CeO2 modified supports, thereby showing that the
promoter oxides were preferentially deposited on the larger pores of the alumina. On the other hand,
all cobalt catalysts exhibited unimodal distributions centered at 90 Å, thus evidencing that cobalt was
also massively located on the larger pores of the supports.
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Figure 2. Pore size distributions of the supported cobalt catalysts.

The structural characterization of the catalysts was performed by XRD. The diffractograms in
Figure 3 revealed signals of a cubic spinel phase (2θ = 19.1◦, 31.3◦, 37.0◦, 45.1◦, 59.4◦ and 65.3◦) in the
four cobalt catalysts that could be assigned to the presence of both Co3O4 (ICDD 00-042-1467) and
CoAl2O4 (ICDD 00-044-0160) formed by the interaction of the deposited cobalt with the alumina [29,30].
The relative occurrence of these two phases could not be determined since both oxides essentially
exhibit the same diffraction signals at similar positions.
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On the other hand, weak signals from a cubic phase with low crystallinity were detected at 2θ= 37.7,
45.9 and 66.9◦ that could be attributed to the gamma-alumina (ICDD 01-074-2206). Additionally,
various signals from a fluorite-like phase of CeO2 were detected at 2θ = 28.5◦, 33.3◦, 47.5◦ and 56.4◦ for
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the Co/Ce-Al catalyst. Due to the lower amount of Mg and Ni (<5 wt %), no signals attributable to
MgO and NiO were noticed over the Co/Mg-Al and the Co-Ni/Al samples, respectively.

The average crystallite size of the cobalt spinel phase was estimated from the full width half
maximum (FWHM) of the characteristic peak located at 37.1◦, assignable to the (311) crystalline plane,
by applying the Scherrer equation (Table 1). The crystallite size for the catalyst supported over bare
alumina was 29 nm, while it was slightly smaller (21–23 nm) over the modified catalysts. It must be
noted that sizes calculated from the refinement were not substantially different from those obtained
from single peak data. Furthermore, a close-up view of this signal (Figure 4) revealed a significant 2θ
shift towards lower angle values, thus denoting an enlargement of the cell size of the spinel due to the
insertion of cations of the promoters into its lattice. In this sense, the Co-Ni/Al catalyst showed the
largest growth (a0 = 8.122 Å) with respect to the catalyst supported over bare alumina (a0 = 8.096 Å).
This remarkable growth may indicate the presence of the nickel cobaltite mixed spinel (NiCo2O4) in
this sample [28,31].
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A closer inspection of the position and width of the A1g mode of the modified catalysts could
be helpful in determining a possible distortion of the Co3O4 lattice due to the insertion of cations
of the promoters. This influence was analyzed in terms of the shift and the FWHM value of this
signal (Figure 5). The shift of the A1g signal of the modified catalysts with respect to the reference
Co/Al sample ranged between 4 and 17 cm−1, with the Co-Ni/Al catalyst exhibiting the largest shift.
In addition, the FWHM for the modified catalysts was between 26 and 30 cm−1, while it was 13 cm−1

for the unmodified catalyst. These results revealed that the most marked lattice distortion occurred
over the Co-Ni/Al catalyst, in line with the results from XRD. However, the Raman spectra of this
sample did not show any detectable signals related to the presence of NiCo2O4 in contrast to what
the observed the enlargement of the cell size of the crystalline spinel phase suggested. Therefore,
the amount of nickel cobaltite present in this catalyst was probably low.
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Figure 6 shows the Co2p3/2 XPS spectra of the samples. The spectra of all catalysts were composed
of five different signals. As for the Co/Al sample the two features with the lowest binding energies,
located at 779.5 and 781.0 eV, were assigned to Co3+ and Co2+ ions, respectively, while the signal
centered at 783.2 eV was attributed to the presence of CoO in the surface of the samples [32,33].
The two signals with the highest binding energies (786.2 and 790.1 eV) were identified as the satellite
signals from Co3+ and Co2+ ions, respectively. The position of the main signal of the Co2p3/2 spectra
can be used as an indication of the predominant cobalt species on the surface of each sample. Thus,
higher binding energy values suggested a higher abundance of Co2+ cations, while lower binding
energies pointed out a favored presence of Co3+ cations. In this sense, the position of the main
signal of the unmodified catalyst was 781.1 eV, thereby evidencing a significant presence of Co2+ ions,
in line with its higher CoAl2O4 content as deduced by Raman spectroscopy. Conversely, the main
signal for the Co/Mg-Al sample was centered at 780.8 eV assignable to a slightly lower Co2+ content.
This observation was not coherent with the results from Raman spectroscopy that evidenced that
the presence of CoAl2O4 in this sample was appreciably limited. For this reason, the increased Co2+

presence was not attributed to the presence of cobalt aluminate, but rather to the probable formation of
a Co-Mg solid solution, as already reported elsewhere [34,35].

On the other hand, the main signals of the Co-Ni/Al and Co-Ce/Al catalysts exhibited a significant
shift towards lower binding energies with respect to the Co/Al sample. Thus, both catalysts displayed
their main signal centered at about 780.1 eV, thus evidencing their higher content in Co3+ cations.
Additionally, the Ni2p3/2 spectra of the Co-Ni/Al catalyst (not shown) were deconvoluted into five
signals. Hence, three main contributions at 853.7, 855.3 and 857.3 eV were attributed to the presence of
Ni2+ as NiO, Ni2+ belonging to a spinel lattice and Ni3+ cations, respectively, while the signals at 861.2
and 866.5 eV were assigned to the satellites of Ni2+ and Ni3+ cations, respectively. The relatively low
binding energy of the signal associated with the presence of Ni2+ cations in a spinel lattice (855.3 eV)
also denoted that these species were mainly a part of the NiCo2O4 spinel instead of the NiAl2O4,
for which the binding energy of that signal would be expectedly higher (ca. 856.0 eV), as shown by
other studies [36,37].
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Figure 6. Co2p3/2 XPS spectra of the supported cobalt catalysts.

The deconvolution and integration of the XPS spectra allowed for a quantitative analysis of the
composition of the surface, as shown in Table 2. Firstly, it must be noticed that the surface cobalt
loading of the Co/Al sample and particularly Co/Mg-Al sample was significantly lower than their
bulk content, which, on one hand, suggested that a notable fraction of Co species was as CoAl2O4

and, on the other hand, evidenced a marked formation of the aforementioned Co-Mg solid solution.
These results would be in agreement with the relatively low Co3+/Co2+ molar ratios of these catalysts
(0.67 and 0.94, respectively).

Table 2. Surface composition of the supported cobalt catalysts.

Catalyst Co, wt % Me, wt % Co3+/Co2+ Molar Ratio Oads/Olatt Molar Ratio

Co/Al 22.6 (27.9) - 0.67 1.41
Co/Mg-Al 13.3 (28.7) 4.4 (3.0) 0.94 1.02
Co-Ni/Al 25.4 (23.2) 8.2 (4.8) 1.21 0.94
Co/Ce-Al 32.9 (29.5) 3.2 (12.4) 1.38 0.77

The values in brackets correspond to the bulk composition. Me stands for Mg, Ni or Ce.

On the other hand, a substantial surface cobalt enrichment was noticed for the Co-Ni/Al and
Co/Ce-Al catalysts, thus pointing out that deposited cobalt was preferentially located on the external
surface and it did not tend to strongly interact with the support. This in turn was in good agreement
with the higher Co3+/Co2+ molar ratios of these samples (1.21 and 1.38, respectively). It is worth
pointing out that this higher abundance of Co3+ species at the surface was accompanied by a more
notable presence of lattice oxygen species in the Co-Ni/Al and Co/Ce-Al catalysts, as shown in Table 2.
This type of oxygen species is usually involved in the oxidation of methane by a Mars-van Krevelen
mechanism [38,39]. As revealed by our results, its abundance was optimized over the Co/Ce-Al catalyst.
It is quite reasonable to expect that the Ce3+/Ce4+ relative abundance can play a role in controlling the
activity of the Co/Ce-Al. Unfortunately, since the amount of Ce at the surface of the catalyst is very
low, a proper deconvolution of the Ce3d XPS spectrum devoted to the evaluation of the Ce3+/Ce4+

molar ratio was not possible. In this sense, we have shown elsewhere [40] that an inverse relationship
between the Ce3+/Ce4+ and the Co3+/Co2+ molar ratios, as determined by XPS, for a series of Ce-doped
bulk Co3O4 catalysts with a Ce/Co molar ratio between 0.03 and 0.14 (corresponding to 5–20 wt % Ce).
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These results could be explained in terms of the equilibrium Ce3+ + Co3+↔ Ce4+ + Co2+, established
by the requirement of charge balance within the cations of the spinel lattice. Since our XRD and Raman
measurements suggested the insertion of Ce cations into the Co3O4 lattice in the Co/Ce-Al sample,
the aforementioned effect could also be occurring in this catalyst. This would explain the higher surface
Co3+/Co2+ molar ratio among all the samples.

The redox properties of the cobalt catalysts were investigated by temperature-programmed
reduction with hydrogen (H2-TPR) and temperature-programmed reaction with methane in the
absence of oxygen (CH4-TPRe). As widely accepted, the H2-TPR profile of the base alumina-supported
Co3O4 catalyst (Figure 7) evidenced a two-step reduction process [41,42]. A first H2 uptake at low
temperatures (<550 ◦C) was associated with the reduction of Co3O4, which in turn could be subdivided
into two contributions located at around 270–310 ◦C, assignable to the reduction of Co3+ ions into Co2+,
and at 350–400 ◦C, attributable to the subsequent reduction of Co2+ into metallic cobalt. This second
H2 uptake did not take the shape of a single peak, but instead was formed of at least two different
contributions, which suggested the presence of Co2+ species with varying reducibilities. The presence
of this type of species was much more noticeable for the Co/Mg-Al catalysts, where the temperature
window for this second reduction event extended from 300 to 550 ◦C. On the other hand, the marked
H2 consumption located at high temperatures (>600 ◦C) over the four catalysts was attributed to the
reduction of cobalt aluminate [43].
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Figure 7. Temperature-programmed reduction with hydrogen (H2-TPR) profiles of the supported
cobalt catalysts.

The relative amount of each type of Co species present in the various catalysts was estimated by
deconvolution of the experimental TPR profiles. The threshold temperature of 550 ◦C was taken as a
criterion to distinguish between easily reducible cobalt species (low-temperature uptake), namely free
Co3O4 (200–450 ◦C) and some mixed cobalt-metal species (450–550 ◦C) such as cobalt-magnesium
species, and hardly reducible cobalt species (high-temperature uptake) in the form of cobalt aluminate
(>550 ◦C). The results are summarized in Table 3.
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Table 3. Characterization by H2-TPR and temperature-programmed reaction with methane in the
absence of oxygen (CH4-TPRe) of the supported cobalt catalysts.

H2-TPR CH4-TPRe

Catalyst Low-Temperature H2
Uptake, mmol gCo−1

High-Temperature H2
Uptake, mmol gCo−1

Onset Reduction
Temperature, ◦C

Low-Temperature O2
Consumption, mmol gCo−1

Co/Al 9.8 10.2 225 0.28
Co/Mg-Al 10.3 10.4 195 0.61
Co-Ni/Al 12.5 12.9 175 0.83
Co/Ce-Al 13.6 8.5 220 0.88

Firstly, it must be noticed that the H2 uptake at low temperatures, associated with species with a
high reducibility, mainly free of Co3O4, was larger for the three modified catalysts with respect to the
Co/Al sample. The increase in H2 uptake was 5% for the Co/Mg-Al, 28% for the Co-Ni/Al and 39% for
the Co/Ce-Al, thus showing that nickel and cerium were efficient redox promoters for cobalt. On one
hand, for the Co-Ni/Al catalyst, the increase in H2 uptake at a low temperature could be due to the
presence of the NiCo2O4 spinel, which possesses a higher specific H2 uptake than Co3O4. On the other
hand, for the Co/Ce-Al sample, the increase could be related to the reduction of the surface of the ceria,
which is known to occur at around 450–500 ◦C [44], and also the improved reducibility of cobalt oxide
due to the insertion of cerium cations into its lattice. Additionally, the onset reduction temperature
of the three modified catalysts was clearly lowered. The most noticeable temperature shift occurred
for the catalyst modified with nickel (50 ◦C), which could be due to the presence of nickel cobaltite,
while it was much less significant for the Co/Ce-Al catalyst (5 ◦C).

On the other hand, the H2 uptake assignable to the presence of CoAl2O4 was only lower for the
Co/Ce-Al catalyst (8.5 mmol gCo

−1) with respect to the Co/Al sample (10.2 mmol gCo
−1); while it was

notably higher (12.9 mmol gCo
−1) over the Co-Ni/Al catalyst. This could be due to ceria acting as a

physical barrier between cobalt and alumina, whereas both cobalt and nickel were directly deposited
on the alumina in the case of the Co-Ni/Al sample. Therefore, the cobalt–alumina interaction was
not apparently limited over this sample. Alternatively, given that the Co/Mg-Al catalyst showed a
comparable H2 uptake at high temperatures (10.4 mmol gCo

−1), it could be thought that such a barrier
effect could be ruled out in this catalyst as well. However, it must be noticed that a certain fraction of
this H2 uptake would probably be due to the partial reduction of a Co-MgO solid solution. Therefore,
the total H2 uptake associated with the presence of cobalt aluminate was probably lower than that of
the Co/Al sample.

As a complement of the H2-TPR analysis, the reactivity of oxygen species present in the examined
catalysts was also analyzed by temperature-programmed reaction with methane in the absence of oxygen
(CH4-TPRe). The evolution of evolved CO2, CO and H2 was monitored by mass spectrometry. In general,
the CO2 profiles evidenced a two-step reaction process, as depicted in Figure S1, Supplementary
Material. The low-temperature reaction step was attributed to the complete oxidation of methane
by lattice oxygen species associated with Co3+ ions. No CO or H2 formation was detected at
this temperature interval. The amount of CO2 evolved from the complete oxidation reaction was
barely perceptible over the Co/Al sample. Above 525–550 ◦C the methane partial oxidation occurred,
where methane reacted with low-mobility oxygen species associated with Co2+ ions, yielding significant
amounts of CO and H2 along with CO2 [14]. It must be noted that the occurrence of this second process
was not observed over the Co/Al catalyst, thus suggesting that it could only take place at temperatures
higher than 600 ◦C.

The comparatively larger formation of CO2 above 500 ◦C made the proper analysis of the obtained
results in the low-temperature range rather difficult. For this reason, Figure 8 only focuses on the
evolution of the CO2 yield between 100 and 550 ◦C. It was thus clearly evidenced that the three
investigated enhancing strategies were efficient for increasing the amount of reactive oxygen in the
resulting cobalt catalysts. More specifically, the O2 consumption at low temperatures (Table 3) increased
from 0.28 mmol gCo

−1 for the Co/Al sample up to 0.61–0.88 mmol gCo
−1 for the modified catalysts,
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with the Co/Ce-Al achieving the highest value. Note that the amount of reacted O2 was relatively
limited over the Co/Mg-Al sample in spite of its higher Me/Co molar ration (0.25). Additionally,
this low-temperature step peaked at lower temperatures with respect to the reference cobalt catalyst.
The temperature shift was as high as 67 ◦C for the Co-Ni/Al catalyst. Such remarkable improvement
could be due to the presence of NiCo2O4 in this sample, which has been already reported to be highly
reducible and active for methane oxidation elsewhere [27,45].
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Figure 8. Close up view of the CH4-TPRe profiles of the supported cobalt catalysts in the 100–550 ◦C
temperature range.

Given the notable redox behavior of the Co-Ni/Al and Co/Ce-Al catalysts, these were examined
by high angle annular dark field—scanning transmission electronic microscopy (HAADF–STEM)
coupled with electron energy loss spectroscopy (EELS) or energy dispersive X-ray spectrometry (EDX),
respectively. Elemental maps (Figure 9 and Figure S2, Supplementary Material) were generated for
certain areas in each sample to allow studying the spatial distribution of cobalt and nickel or cerium
in the bimetallic catalysts. These results evidenced that both Ni and Ce were homogenously present
over the supported nanoparticles. In the case of nickel, this probably means that it was forming nickel
cobaltite. The Co/Ce-Al sample also contained small nanoparticles of cerium species (as ceria) of
around 10–20 nm.

2.2. Catalytic Performance

Three consecutive light-off tests were carried out for each catalyst. The second and third cycles
were characterized by an identical light-off curve. Hence, the light-off curves corresponding to the
third cycle of each catalyst are shown in Figure 10. It must be noticed that all four samples presented
100% selectivity towards CO2. It was clear that the three modified catalysts resulted were remarkably
more efficient than the base Co/Al catalyst. In this sense, the corresponding T50 value (Table 4) was
lowered by 15 (Co/Mg-Al), 50 (Co-Ni/Al) and 70 ◦C (Co/Ce-Al). Note that the intrinsic activity of the
Co-free alumina supports (pure Al2O3, Mg-Al and Ce-Al) was negligible at 600 ◦C.
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Figure 9. High angle annular dark field–scanning transmission electron microscopy (HAADF–STEM)
images of the Co-Ni/Al (left) and Co/Ce-Al (right) catalysts coupled to electron energy loss spectroscopy
(EELS; Co (red) and Ni (blue)) and energy dispersive X-ray spectrometry (EDX; Co (red) and Ce (green))
elemental distribution.
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Table 4. Kinetic results of the supported cobalt catalysts.

Catalyst T50, ◦C Specific Reaction Rate at
400 ◦C, mmol gCo−1 h−1 Ea, kJ mol−1

Co/Al 550 1.2 82 ± 2
Co/Mg-Al 535 1.5 83 ± 2
Co-Ni/Al 500 2.5 84 ± 2
Co/Ce-Al 480 3.2 80 ± 2
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The apparent activation energy of the four evaluated catalysts (Table 4) were estimated by the
integral method, assuming that the reaction kinetics followed a pseudo-order one for methane and
a zeroth order for oxygen, as it is usual for the Mars–van Krevelen mechanism in the presence of
excess oxygen [46,47]. The corresponding linearized plots are depicted in Figure S2. The activation
energies were around 80–84 kJ mol−1, a value comparable to those reported in other studies for methane
oxidation over Co3O4-based catalysts [48,49]. Thus, it could be concluded that the main active species
in all four catalysts was free of Co3O4.

On the other hand, the specific reaction rates of the various catalysts were estimated by the
differential method (for methane conversions lower than 20%). In this analysis, for the sake of proper
comparison, the specific activity of the various catalysts were calculated at the same temperature
(400 ◦C) and normalized per gram of cobalt. The results are shown in Table 4. All three modified
samples achieved higher reaction rates (1.5–3.2 mmol CH4 gCo

−1 h−1) with respect to the unmodified
counterpart (1.2 mmol CH4 gCo

−1 h−1). The catalyst promoted with ceria (Co/Ce-Al), in particular,
presented the highest reaction rate, which was almost three times higher than that of the catalyst
supported over bare alumina.

In view of these results, modifying the alumina support with ceria prior to the deposition of cobalt
would be a quite promising strategy to be developed for improving the activity of cobalt catalysts.
Interestingly, when cobalt was deposited over the Ce-modified support, a dual beneficial effect was
evidenced. On one hand, ceria was found to act as a physical barrier between alumina and deposited
cobalt, limiting the cobalt–alumina interaction and the subsequent cobalt aluminate formation. On the
other hand, the interaction between cobalt and ceria led to a partial incorporation of cerium ions into
the lattice of Co3O4. Both phenomena in turn led to a larger abundance of Co3+ and therefore to a
promoted mobility of the lattice oxygen species at low temperatures with ceria loading as shown
in Figure 11.
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3. Materials and Methods

3.1. Catalyst Preparation

A commercial γ-alumina kindly provided by Saint Gobain was used as the base support.
Alternatively, the alumina was modified with MgO (Mg-Al) or CeO2 (Ce-Al), which were incorporated
by precipitation, starting with magnesium nitrate and cerium nitrate, respectively, followed by a
calcination step (600 ◦C for 4 h).
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Four alumina supported cobalt oxide catalysts, namely Co/Al, Co-Ni/Al, Co/Mg-Al and Co/Ce-Al,
were prepared following a simple precipitation route as detailed elsewhere [50]. This methodology
consisted of the precipitation of aqueous solutions of cobalt nitrate hexahydrate and eventually nickel
nitrate hexahydrate with adjusted concentrations by the drop-by-drop addition of a sodium carbonate
1.2 M solution at a constant temperature of 80 ◦C until pH 8.5 was achieved. Afterwards, the precipitates
were thoroughly washed with deionized water in order to remove the residual sodium ions that are
known to be detrimental for the activity of the resulting catalysts [40]. The washed precipitates were
dried at 110 ◦C for 16 h and then subjected to calcination at 600 ◦C for 4 h in static air. The Me/Co molar
ratio (where M = Mg, Ni or Ce) of the modified catalysts was 0.20 for the Co-Ni/Al and Co/Ce-Al
samples and 0.25 for the Co/Mg-Al catalyst, as dictated from a previous optimization for this type of
cobalt catalysts [51,52]. The total amount of active metal (Co and/or Ni) was fixed at 30 wt %.

3.2. Characterisation Techniques

Wavelength dispersive X-ray fluorescence (WDXRF) determined the composition of the
synthesized catalysts. Previously, a boron pearl glass was obtained by mixing the corresponding
catalyst with a commercial flux agent (Spectromelt A12) with a 1:20 mass ratio. This mixture was then
melted at 1200 ◦C. Measurements were performed under vacuum with PANalytical AXIOS sequential
WDXRF spectrometer equipped with a Rh tube and three different detectors (gas flow, scintillation and
Xe sealed).

Specific surface area (BET method), pore volume (BJH method) and pore size distribution (BJH
method) were estimated by low-temperature (−196 ◦C) N2 physisorption with a Micromeritics TriStar
II instrument. The samples were submitted to degassing before analysis with flowing N2 in a
Micromeritics SmartPrep sample preparation system at 300 ◦C for 10 h.

Powder X-ray diffraction (XRD) and Raman spectroscopy were used for the structural
characterization of the cobalt catalysts. XRD data were collected on an X’PERT-PRO X-ray diffractometer
using Cu Kα radiation (λ = 1.5406 Å) and a Ni filter at 40 kV and 40 mA. The patterns were collected
with the 2θ range from 10 to 80◦ with a step size of 0.026◦ and a counting time of 2.0 s. The cell size of
the Co-spinel phase was calculated by profile matching of the whole diffractogram using FullProf.2k
software. Raman measurements were performed on a Renishaw InVia Raman spectrometer using a
514 nm laser source (ion-argon laser, Modu-Laser), scanning from 150 to 1200 cm−1. For each analysis,
20 s were employed and 5 scans were accumulated

X-ray photoelectron spectroscopy (XPS) was employed for characterizing the structure and
chemical composition and the electronic structure at the surface level. The analysis was carried out with
a SPECS system coupled to a Phoibos 150 1D analyzer and a DLD (Delay−Line Detector)-monochromatic
radiation source.

The redox behavior of the cobalt catalysts was examined by temperature-programmed reduction
with hydrogen (H2-TPR) with a Micromeritics Autochem 2920 equipment with a 5%H2/Ar stream.
The samples were first conditioned at 300 ◦C for 30 min with a flowing 5% O2/He mixture. Next, they
were cooled down to 50 ◦C in an inert stream. The reduction process was conducted up to 600 ◦C
with a heating rate of 10 ◦C min−1. In addition, the reducibility of the samples was also examined by
temperature-programmed reaction with methane (CH4-TPRe) with a 5% CH4/He mixture.

Elemental maps of Co, Ni and Ce were obtained by electron energy loss spectroscopy
(EELS) or energy dispersive X-ray spectrometry (EDX), both in the scanning transmission electron
microscopy—high angle annular dark field (STEM–HAADF) mode (FEI Titan Cubed operating at 300 kV
and Philips CM200 operating at 200 kV), with a Tridiem Energy Filter (Gatan) and Super-X detector
(ChemiSTEM) as detectors, respectively. The Co-Ni/Al and Co/Ce-Al samples were characterized by
EELS-STEM and EDS-STEM, respectively.
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3.3. Catalytic Activity Determination

The catalytic performance was examined in a fixed bed reactor (Microactivity by PID Eng &
Tech S.L., Alcobendas, Madrid). A multipoint K type thermocouple was fixed to the middle of
the catalyst bed in order to control the reaction temperature. Of the catalyst 1 g (sieve fraction of
0.25–0.3 mm) diluted with 1 g of inert quartz (sieve fraction of 0.5–0.8 mm) was used. A gaseous
mixture (500 cm3 min−1) of CH4 (1 vol.%), O2 (10%) and N2 (89%) was continuously supplied at a
space velocity of around 30,000 h−1 (300 mL CH4 g−1 h−1) under atmospheric pressure.

Catalytic conversion was evaluated in the 200–600 ◦C range each 25 ◦C. The products were
analyzed with an on-line gas chromatography (Agilent Technologies 7890N) equipped with thermal
conductivity detector (TCD), using a PLOT 5A molecular sieve column (analysis of CH4, O2, N2 and
CO) and a PLOT U column (CO2 analysis). The methane conversion is referred to the yield of CO2.
Kinetic results were checked not to be controlled by both mass and heat transfer limitations, following
the criteria proposed by Eurokin [53,54] (see Table S1, Supplementary Material).

4. Conclusions

Three strategies for enhancing the behavior of alumina-supported Co3O4 catalysts for oxidation of
lean methane were compared. These approaches focused on two main objectives, namely minimizing
the formation of inactive cobalt aluminate and promoting the intrinsic activity of the deposited
cobalt oxide. Thus, our attention was focused on the surface protection of alumina with magnesia,
redox promotion of Co3O4 with nickel oxide and surface protection of alumina with ceria,
which eventually may also act as a redox promoter for Co3O4. These samples were extensively
characterized by WDXRF, BET measurements, XRD, Raman spectroscopy, XPS, H2-TPR, CH4-TPRe
and STEM-EELS/EDX.

Firstly, as for the evaluation of the influence of MgO on the catalytic behavior, magnesia was loaded
onto the alumina support prior to Co3O4 addition. The incorporation of magnesia hardly affected
the textural properties of the blank alumina support, probably due to notable surface area of this
promoter. After incorporating cobalt, deposited MgO prevented Co3O4 from reacting with the alumina,
thereby limiting the generation of inactive cobalt aluminate. On the other hand, a cobalt–magnesium
interaction was favored, thereby resulting in better redox properties of the cobalt oxide with a marked
shift of the reduction onset temperature by around 30 ◦C.

Secondly, a bimetallic cobalt-nickel catalyst supported over alumina was synthesized in order to
examine the effect of coprecipitating small amounts of nickel (5 wt %) along with the cobalt precursor.
The resulting Ni-Co catalyst exhibited good textural properties, with only a slight loss of specific
surface with respect to the bare alumina. Combined results from XRD, XPS, Raman spectroscopy
and STEM-EELS evidenced that nickel was homogeneously present on the surface and induced the
formation of trace amounts of NiCo2O4, because of the partial insertion of Ni2+ cation into the lattice
of Co3O4. The strong cobalt-nickel interaction promoted the redox properties of the resulting Ni-Co
samples. Thus, when compared with the unmodified cobalt catalyst, the reduction onset temperature
was noticeably shifted (around 50 ◦C) to lower temperatures and the specific H2 uptake in the low
temperature range increased to a considerable extent. Furthermore, the higher mobility of active
oxygen species over this sample was also evidenced by the temperature-programmed reaction with
methane in the absence of gaseous oxygen.

Finally, the cobalt addition over a cerium-coated alumina was examined. Ceria was efficiently
dispersed on the support in view of the reduced impact on the textural properties. A dual effect of ceria
on the properties of deposited cobalt was evidenced. On one hand, ceria, like magnesia, partially inhibit
the formation of undesired cobalt aluminate. More interestingly, a strong interaction between cobalt
oxide and ceria was found that ultimately resulted in the insertion of cerium atoms into the spinelic
lattice of Co3O4. Consequently, a higher abundance of Co3+ species at the cost of Co2+ was evidenced,
thereby promoting the mobility of active lattice oxygen species.
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The comparison of the catalytic behavior of the modified catalysts revealed that the most suitable
strategy was the addition of cerium to the alumina, prior to the deposition of the cobalt precursor.
The resulting optimal catalyst reduced its T50 value by 70 ◦C with respect to the reference catalyst
supported over bare alumina, and exhibited a specific reaction rate around three times higher in
comparison with the reference Co/Al catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/757/s1,
Figure S1: CH4-TPRe profiles of the supported cobalt catalysts, Figure S2: Additional HAADF-STEM images of
the Co-Ni/Al (left) and Co/Ce-Al (right) catalysts coupled to EELS (Co (red) and Ni (blue)) and EDX (Co (red) and
Ce (green)) elemental distribution, Figure S3: Pseudo-first order fit for the experimental data over the supported
cobalt catalysts, Table S1: Series of recommendations and criteria for accurate analysis of intrinsic reaction rates
(as evaluated for the Co/Ce-Al catalyst at 400 ◦C).
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Abstract: The types of supports employed profoundly influence the physicochemical properties
and performances of as-prepared catalysts in almost all catalytic systems. Herein, Cu catalysts,
with different supports (SiO2, Al2O3), were prepared by a facile impregnation method and used
for the direct synthesis of higher alcohols from CO hydrogenation. The prepared catalysts
were characterized using multiple techniques, such as X-ray diffraction (XRD), N2 sorption,
H2-temperature-programmed reduction (H2-TPR), temperature-programmed desorption of ammonia
(NH3-TPD), X-ray photoelectron spectroscopy (XPS) and in situ Fourier-transform infrared
spectroscopy (FTIR), etc. Compared to the Cu/Al2O3 catalyst, the Cu/SiO2 catalyst easily promoted
the formation of a higher amount of C1 oxygenate species on the surface, which is closely related
to the formation of higher alcohols. Simultaneously, the Cu/Al2O3 and Cu/SiO2 catalysts showed
obvious differences in the CO conversion, alcohol distribution, and CO2 selectivity, which were
probably originated from differences in the structural and physicochemical properties, such as the
types of copper species, the reduction behaviors, acidity, and electronic properties. Besides, it was
also found that the gap in performances in two kinds of catalysts with the different supports could be
narrowed by the addition of potassium because of its neutralization to surface acidy of Al2O3 and
the creation of new basic sites, as well as the alteration of electronic properties.

Keywords: CO hydrogenation; higher alcohols; support effects; Cu-based catalysts

1. Introduction

Higher alcohols are attracting considerable attentions owing to their broad applications, such
as fuels, fuel additives, and feedstock for the production of various chemicals and polymers [1–3].
With increasing concerns for environmental pollution and depletion of non-renewable petroleum
resources, there is a growing interest in the direct synthesis of oxygenates, especially higher alcohols
synthesis via syngas derived from coal, natural gas, or biomass [4]. Generally, the catalysts suitable
for higher alcohols synthesis can be divided into the following classes: (I) Rh-based catalysts [5,6],
(II) the modified Fischer–Tropsch catalysts [7,8], (III) Mo-based catalysts [9], and (IV) the modified
Cu-based catalysts for methanol synthesis [10–14]. Non-noble Cu-based catalysts, due to their
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comparable high activity, are regarded as one kind of the most promising candidates for higher
alcohols synthesis [4,13,15].

With respect to Cu-based catalysts, remarkably important advances have been made and reported
owing to the simple preparation method and full utilization of active components [2,4,10–18]. It has
been well documented that interaction between metal oxide and the support significantly improved
the dispersion of the active species [19,20], stabilized active species [12], and promoted the generation
of new inter-phases [16,17,21,22], thereby strongly influencing the catalytic performance [19–29].
Lemonidou et al. [19] compared the catalytic activities of the three Ni-Mo catalysts supported by
activated carbon (AC), Al2O3, and ZrO2, respectively. They revealed that the activity was closely
related to the dispersion of the active phase on support surface, and AC support with a higher surface
area was helpful for the exposure of more active Ni-O-Mo sites. Y. Khodakov et al. [20] found that
Cu-Co supported on Al2O3, due to relatively high metal dispersion and formation of copper cobalt
bimetallic species, exhibited much higher alcohol selectivity than that supported on other materials.
Wang et al. [21] studied the Al2O3-supported Cu-Co bimetallic catalysts for CO hydrogenation and
revealed that the employment of Al2O3 can significantly increase the interaction between cobalt
and copper particles compared with unsupported catalysts, thereby improving the selectivity of the
catalysts to higher alcohols. Lee et al. [23] investigated the effect of supports (ZnO, MgO, and Al2O3)
on the activity of Cu-Co catalysts for the hydrogenation reaction of CO and suggested that the high
surface area and strong interaction between active centers and support played a vital role in improving
alcohol formation. By comparing the Cu-Zn catalysts with and without γ-Al2O3, Choi [30] et al.
pointed out that the selectivity of higher alcohols and CO conversion over a Cu-Zn catalyst supported
on γ-Al2O3 were higher than 1.8 and 2.7 times that of a Cu-Zn catalyst without γ-Al2O3, respectively.
They further found that a refractory CuAl2O4, formed via the thermal reaction of CuO and Al3+,
was able to enhance the long-term stability by increasing the resistance to sintering of the catalyst.
Sun et al. [31] studied methanol synthesis from CO2 hydrogenation over micro-spherical SiO2 support
Cu/ZnO catalysts and found that the catalytic activity was enhanced as a result of the small Cu particle
size and uniform metal dispersion. Co-Cu bimetallic catalysts with SiO2 support have been thoroughly
investigated for higher alcohols synthesis from syngas by Han et al [32]. It suggested that CoCu
bimetallic particles covered by Cu atoms were responsible for alcohols synthesis. Ma et al. [22,33,34]
reported that the improvement of Cu dispersion was mainly ascribed to the generation of copper
phyllosilicate (Cu2SiO5(OH)2) caused by enhanced metal-support interactions, which was quite vital
for the high activity and stability in the ethanol synthesis. The above literature clearly showed that
Al2O3 and SiO2 are good support candidates to prepare the catalyst with good performance in the
synthesis of higher alcohols.

Our group has also spent considerable effort to study the Al2O3 and SiO2 supported Cu-based
catalysts for the higher alcohols synthesis from syngas [12,16,17,35]. In our latest work, we found
that the interaction between Cu and Al2O3 support on K-Cu/Al2O3 catalysts could be effectively
tuned by changing the calcination temperature, which led to the different distribution of CuO,
CuAl2O4, and CuAlO2 on the catalysts and strongly affected the reaction behaviors in the direct
synthesis of ethanol from syngas [16,17]. For the Cu catalyst with SiO2 support, the correlation of
catalyst structure evolution and ethanol selectivity during the reaction process was systematically
discussed [35]. Although we had somewhat understood the relation between copper species and
performance of the supported Cu-based catalysts, the direct comparison of Al2O3 and SiO2 supported
Cu catalysts and the effects of supports, treated at similar conditions, on the direct synthesis of higher
alcohols from CO hydrogenation had not been sufficiently discussed.

Therefore, this work was mainly to clarify the reason of difference in reaction behaviors over the
Cu catalysts supported on Al2O3 and SiO2 for CO hydrogenation into higher alcohols. Considering
that alkali addition strongly affected the selectivity towards higher alcohols [13,15,36–41], herein,
the present study also put forth effort to explore the effects of potassium addition on the structure
and performance of Al2O3 and SiO2 supported Cu catalysts. Moreover, the physicochemical
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properties of the prepared catalysts were characterized via various techniques, including X-ray
diffraction (XRD), N2 absorption-desorption, H2-temperature-programmed reduction (H2-TPR),
temperature-programmed desorption of ammonia (NH3-TPD), X-ray photoelectron spectroscopy
(XPS), and in situ Fourier-transform infrared spectroscopy (FTIR), and the characterization results
were discussed alongside with the catalytic data in detail.

2. Materials and Methods

2.1. Materials

Analytical-grade chemicals, including Cu(NO3)2·× 3H2O, NaOH, AlCl3·× 6H2O, and K2CO3,
were purchased from the Beijing Chemical Co. Ltd. (Beijing, China) and used directly without further
purification. The employed SiO2 was purchased from Aladdin Industrial Co. Ltd. (Los Angeles, US).
The γ-Al2O3, as a support was synthesized using a hydrothermal route, which was similar to the
procedure described by Yang et al. [42]. Typically, the ammonia solution (28% NH3), AlCl3·× 6H2O
solution, and NaOH solution were mixed under hydrothermal treatment. Then, the mixture was dried
and calcined to obtain the γ-Al2O3.

2.2. The Preparation of Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 Catalysts

The Al2O3 and SiO2 supports with a near Brunauer-Emmett-Teller (BET) surface area
(157–160 m2/g) were chosen in this study. The catalysts were prepared using a sequential impregnation
method. Typically, for the Cu/Al2O3 and K-Cu/Al2O3 catalysts, 6.74 g of Cu(NO3)2 × 3H2O (10 wt %
CuO) was dissolved in 20 mL of deionized water. Twenty grams of Al2O3 were added into the above
copper nitrate solution and impregnated by the ultrasonic treatment for 1 h at room temperature.
Afterward, the mixture was dried at 120 ◦C for 10 h and calcined at 900 ◦C for 5 h in air. The obtained
solid was Cu/Al2O3 catalyst. K-Cu/Al2O3 catalyst was prepared through the second impregnation of
Cu/Al2O3 in K2CO3 aqueous solution. Simply, 0.61 g of K2CO3 (4 wt % K2O loading) was dissolved
in another 10 mL of deionized water. The desired amount of the Cu/Al2O3 catalyst obtained above
was impregnated in K2CO3 aqueous solution, along with the ultrasonic treatment, for 1 h at room
temperature. Then, the resulting mixture was dried at 120 ◦C for 10 h and calcined at 500 ◦C for 5 h in
air. The Cu/SiO2 and K-Cu/SiO2 catalysts were also prepared using a method similar to one above.
For comparison, the Al2O3 and SiO2 supports were also calcined at 900 ◦C for 5 h in air and denoted
as Al2O3-900 and SiO2-900, respectively.

2.3. Catalyst Characterization

The textural properties of the as-prepared catalysts were measured with N2 absorption-desorption
at −196 ◦C on a Tristar 3000 Micromeritics (Atlanta, GA, US) instrument. The specific surface area
(SBET) was calculated by the BET method. The micropore volume was obtained from the t-plot method.
The pore size distributions were evaluated by using the density functional theory (DFT) method
applied to the nitrogen adsorption data. The measurement of textural properties is accuracy (±1%).
The experiments were repeated three times.

Powder XRD patterns of the catalysts were collected on a Rigaku MiniFlex II X-ray diffractometer
(Tokyo, Japan), using Ni-filtered Cu-Kα radiation (k = 0.15418 nm) with a scanning angle (2θ) of 10–90◦.

H2-TPR was carried out on an automatic temperature-programmed chemisorption analyzer
(TP-5080, Tianjin Xianquan Industrial Trade and Develpment Co. Ltd, Tianjin, China) equipped with
a thermal conductivity detector. The catalyst with 100 mg was pretreated at 300 ◦C under a flow of
N2 (32 mL/min) for 1 h to remove traces of water and then cooled to 50 ◦C. Subsequently, the gas
flow was switched to a 10% H2/N2 (v/v, 35 mL/min). The sample was heated to 900 ◦C at a rate of
10 ◦C/min.

NH3-TPD was carried out on a TP-5080 chemisorption instrument in order to evaluate the acidity
of the catalysts. The catalyst (100 mg) was pretreated at 400 ◦C under a flow of N2 (32 mL/min) for 1 h
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and then cooled down to 100 ◦C. After that, sample was exposed on NH3 flow for 15 min. The TPD
spectra were recorded from 100 to 600 ◦C, using a heating rate of 10 ◦C/min.

Characterizations of XPS and Auger electron spectroscopy (XAES) were conducted on an AXIS
ULTRA DLD instrument (Kratos, Manchester, UK) equipped with Al Kα (hν = 1486.6 eV). The binding
energy values were corrected for charging effects by referring to the adventitious C1s line at 284.5 eV.

In situ FTIR spectra of CO adsorption and desorption were obtained with a TENSOR-27 in the
range from 4000 to 1000 cm−1 with 4 cm−1 resolution. Before CO adsorption, all catalysts were reduced
at 400 ◦C for 0.5 h in a 10% H2/N2 (v/v, 15 mL/min). CO adsorption was taken at 400 ◦C and after
30 min of pure Ar flow at the same temperature. IR spectra were collected after evacuation for 30 min.

2.4. Catalytic Performance Evaluation

The catalyst test of CO hydrogenation was performed in a stainless fixed-bed reactor. In a typical
run, 5 mL of the prepared catalyst (30–40 meshes) was placed in the center of the reactor. The catalyst
was reduced according to the designed temperature program, i.e., from room temperature to 400 ◦C in a
10% H2/N2 (v/v, 35 mL/min) mixture at 400 ◦C for 4 h. The reaction was conducted at 400 ◦C, 10 MPa
and 5000 h–1. The flow rate of fed syngas (with CO/H2 ratio of 1 to 2.7) was controlled by a mass flow
controller, and the exit gases were measured using a wet test meter. The products were analyzed using
four chromatographs during the reaction. The organic gas products, consisting of hydrocarbons and
methanol, were detected online on GC4000A (EastWest, Beijing, China) equipped with flame ionization
detector and GDX-403 column (EastWest, Beijing, China) (3 mm, 1 m). The inorganic gas products were
detected online by thermal conductivity measurements using an EastWest GC4000A (carbon molecular
sieves column, 3 m, 3m). The H2O and methanol products in the liquid phase were detected by
thermal conductivity measurements using a GC4000A (Shimazduo, Kyoto, Japan) (GDX-401 column,
Shimazduo, Kyoto, Japan, 3 mm, 3 m). The alcohol products in the liquid phase were detected by
flame ionization measurements using a Shimazduo GC-7AG (Shimazduo, Kyoto, Japan) (Chromosorb
101, Shimazduo, Kyoto, Japan, 3 mm, 4 m).

3. Results and Discussion

3.1. Catalyst Characterization

3.1.1. XRD

The XRD patterns of Al2O3, Al2O3-900, Cu/Al2O3, K-Cu/Al2O3 catalysts (Figure 1a) and SiO2,
SiO2-900, Cu/SiO2, K-Cu/SiO2 catalysts (Figure 1b) are shown in Figure 1. No obvious changes were
observed in the XRD patterns of the supports (Al2O3 and SiO2) before and after calcination, revealing
that tuning calcination temperature did not influence the phases of the supports. In the case of the
Cu/Al2O3 and Cu/SiO2 catalysts, the XRD patterns were very different from that of the supports.
Specifically, the diffraction peaks (2θ = 31.3, 39.4, 42.6, 52.5, and 55.7◦) of the CuAlO2 phase (JCPDS
no. 39-0246) [43] and the peaks (2θ = 31.3, 36.9, 44.9, 55.7, 59.5, 65.3, 77.2, and 80.8◦) of the CuAl2O4

phase (JCPDS no. 33-0448) [16,43] appeared in the Cu/Al2O3 catalysts (as shown in Figure 1a). Unlike
the Cu/Al2O3 catalyst, the Cu/SiO2 catalyst showed the peaks (2θ = 35.7 and 38.9◦) of CuO phase
(JCPDS no. 05-661) [22,44] and the peaks (2θ = 31.4, 57.5, and 62.4◦) of copper phyllosilicate [33,34]
(as displayed in Figure 1b). In addition, potassium introduction (such as the K-Cu/Al2O3 catalyst and
the K-Cu/SiO2 catalyst) did not seemingly induce obvious changes in the diffraction peaks. These
findings clearly revealed that copper species reacted with the support to form new phases when
calcined at 900 ◦C, and the supports strongly affected the forms of copper species, but the potassium
had no obvious effect on the phases of the catalysts.
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Figure 1. X-ray diffraction (XRD) patterns of (a) Al2O3, Al2O3-900, Cu/Al2O3, K-Cu/Al2O3 catalysts
and (b) SiO2, SiO2-900, Cu/SiO2, K-Cu/SiO2 catalysts.

3.1.2. N2 Absorption-Desorption

The textural properties of the Al2O3, Al2O3-900, SiO2, SiO2-900, Cu/Al2O3, K-Cu/Al2O3 and
Cu/SiO2, K-Cu/SiO2 catalysts were listed in Table 1. In comparison of the parent Al2O3 (157 m2/g)
and SiO2 (160 m2/g), the BET surface areas of Al2O3-900 and SiO2-900 dramatically decreased to
87.0 and 25.8 m2/g, respectively, via calcination at 900 ◦C, which was strongly associated with the
collapse of porous structure during the high-temperature calcination process. In addition, when
copper species were introduced into the uncalcined supports, the surface areas of the Cu/Al2O3

and Cu/SiO2 catalysts sharply dropped to 41.6 and 6.69 m2/g, which were much smaller than that
of Al2O3-900 and SiO2-900, respectively. The decrease in surface areas was probably due to both
the formation of interfacial composite phases and copper as a sintering agent. As also shown in
Table 1, compared with the Cu/Al2O3 and K-Cu/Al2O3 catalysts, the Cu/SiO2 and K-Cu/SiO2

catalysts showed considerably lower values of the surface area (4.63–6.69 m2/g), smaller pore
volume (0.006–0.008 cm3/g), and average pore diameter (5.26–5.66 nm). When potassium was added,
the surface area, pore volume, and average pore diameter of Al2O3 supported catalysts further
decreased (from 41.6 to 40.7 m2/g, 0.20 to 0.18 cm3/g, and 19.1 to 17.8 nm, respectively). The surface
areas and pore volume of SiO2 supported catalysts also showed a decreasing trend (from 6.69 to
4.63 m2/g and 0.008 to 0.006 cm3/g, respectively), but the value of average pore diameter slightly
increased from 5.26 to 5.66 nm, which was probably related to the corrosion of potassium to SiO2.
The results indicated that the textural parameters of the samples were greatly affected by both supports
(Al2O3, SiO2) and potassium.

Table 1. Textural properties of the representative samples.

Catalyst SBET (m2/g) VPore (cm3/g) dPore (nm)

Al2O3 157 0.43 10.8
Al2O3-900 87.0 0.39 18.1
Cu/Al2O3 41.6 0.20 19.1

K-Cu/Al2O3 40.7 0.18 17.8
SiO2 160 0.54 13.7

SiO2-900 25.8 0.07 10.6
Cu/SiO2 6.69 0.008 5.26

K-Cu/SiO2 4.63 0.006 5.66
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The N2 adsorption-desorption isotherms of the Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2

catalysts were shown in Figure 2a. As observed, Cu/Al2O3 catalyst showed a type IV adsorption
isotherm [9]. When potassium was added, the shape of the isotherms of Al2O3 supported catalysts
did not change significantly. Unlike Al2O3 suppored catalysts, SiO2 supported catalysts had no N2

adsorption-desorption isotherms.
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Figure 2. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of Cu/Al2O3,
K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts.

Figure 2b presented the pore size distribution curves of the Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2,
K-Cu/SiO2 catalysts. It was clearly observed that the Cu/Al2O3 catalyst had a wide range of 10–120 Å,
while the addition of potassium, such as the K-Cu/Al2O3 catalyst, led to no obvious change in pore size
distribution. In Figure 2b, note that no pore size distribution existed in the SiO2 supported catalysts.

3.1.3. H2-TPR

The reduction behaviors of the Al2O3, SiO2, CuO, Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2,
K-Cu/SiO2 catalysts were studied by H2-TPR, and the results were presented in Figure 3. No reduction
peak was observed in the Al2O3 and SiO2, and one reduction peak at 299 ◦C was clearly detected
in the CuO phase. As displayed in Figure 3, the H2-TPR profile of Cu/Al2O3 catalyst showed three
reduction peaks at around 280, 540, and 800 ◦C, which corresponded to the reduction of CuO [45],
CuAl2O4 [16], and CuAlO2 [43], respectively. When the potassium was introduced into the catalyst,
only the reduction temperature of the CuO phase in the Cu/Al2O3 catalyst shifted towards a higher
temperature. The observed shift could be attributed to that the chemical interaction between the
copper species and alumina, which was somewhat affected by the addition of potassium, in agreement
with the observations of Tien-Thao et al. [40], who reported an increase in the reduction temperature of
copper in Co-Cu catalysts with increasing amounts of alkali additives. The above XRD results revealed
that the diffraction peaks ascribed to CuO were not observed factually for Al2O3 supported catalysts.
It was thought that CuO particles with small size were probably dispersed on Al2O3 support. From
Figure 3, four reduction peaks at 435, 540, 700, and 770 ◦C were clearly found in the Cu/SiO2 catalyst,
suggesting that four types of copper species formed on the catalyst [46]. Apparently, the addition of
potassium to the Cu/SiO2 catalyst led to no obvious change in the position of all the reduction peaks,
suggesting a weak influence of potassium on the interactions between Cu and Si. In comparison of
two kinds of the catalyst with different supports (in Figure 3), SiO2 supported catalysts (Cu/SiO2,
K-Cu/SiO2) showed a much narrower reduction temperature range than Al2O3 supported catalysts
(Cu/Al2O3, K-Cu/Al2O3). It was easily understood that the copper oxide interacted with Al2O3 or
SiO2, and different supports always led to different interactions, which implied different reaction
behaviors on these catalysts.
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3.1.4. NH3-TPD

The acidity of Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts was studied by
NH3-TPD measurements, and the results were shown in Figure 4. No NH3 desorption peak was
found over the CuO phase, revealing that the acid of the CuO phase was very weak. It was clearly
observed that the NH3-TPD profiles of the Al2O3 and Cu/Al2O3 catalysts were exactly the same.
Specifically, two peaks at 270 and 500 ◦C, ascribed to the weak acidic sites and the strong acidic
sites, respectively, were obviously observed in the Al2O3 and Cu/Al2O3 catalysts. These results
indicated that the acid stemmed mainly from the Al2O3 support. When the potassium was introduced,
the peak of weak acidic sites shifted to a lower temperature, and yet that of strong acidic sites slightly
shifted towards a higher temperature, revealing that the strength of weak acidic sites decreased and
the strength of strong acidic sites increased slightly. In comparison of the area for NH3 desorption,
it was apparent that the ammonia amounts of both weak acidic sites and strong acidic sites obviously
decreased when adding the potassium, due to the partial neutralization of the surface acidity by alkali
compounds [36,39,40]. As known, SiO2 possesses remarkably weak acidity. Therefore, the present SiO2

supported Cu catalysts (eg., Cu/SiO2, K-Cu/SiO2) showed no NH3 desorption peak, with or without
the potassium addition [47]. These findings indicated that the acid-base property of the prepared
catalysts was closely related to the support employed, such as SiO2 and Al2O3, wherein, the difference
in acid-base property easily resulted in obviously different reaction behaviors.
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Figure 4. The temperature-programmed desorption of ammonia (NH3-TPD) profiles of Al2O3, SiO2,
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3.1.5. XPS

XPS measurements of the representative catalysts were carried out in order to investigate the
chemical state of the elements at the catalyst surface and the results were shown in Figures 5–8.
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Figure 8. Al2p XPS spectra of Cu/Al2O3, K-Cu/Al2O3 and Si 2p XPS spectra of Cu/SiO2,
K-Cu/SiO2 catalysts.

The Cu2p3/2 binding energies (BEs) spectra of the catalysts were displayed in Figure 5.
For Cu/Al2O3 sample, the peak appearing at ~934.0 eV, along with the shakeup satellites (940–945
eV), suggested the presence of Cu2+ species [30]. The asymmetry of the Cu2p3/2 envelope could be
deconvoluted into two peaks centered at around 933.0 and 935.0 eV, which were ascribed to Cu2+ in
CuO and Cu2+ in CuAl2O4 respectively [16,17]. It indicated that copper oxides reacted with Al2O3

to form interfacial composite phases, consistent with the XRD results. When potassium was added
into Cu/Al2O3, the peaks of the Cu2+ species shifted to lower BEs values. In the case of the Cu/SiO2

catalyst, the peak (933.3 eV) of CuO and the peak (935.0 eV) of copper phyllosilicate [33,34,48] were
clearly observed from Figure 5. Further, the BEs values of Cu2+ species shifted to the lower position
with the addition of potassium. The results revealed that the chemical states of the Cu element were
strongly affected by the supports employed, as well as potassium addition.

The distinction between the Cu+ and Cu0 species is feasible through the examination of Cu
LMM XAES spectra. From the Cu LMM XAES of the reduced Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2,
K-Cu/SiO2 catalysts shown in Figure 6, each Cu LMM spectrum contained two peaks centered at about
914–915 eV and 917–918 eV, with respect to the Cu+ and Cu0 species [34,48]. From the deconvolution
results (inset), SiO2 supported catalysts showed a slightly higher ratio of Cu+ than Al2O3 supported
catalysts. However, it was very obvious that the potassium addition induced an increase in Cu+ species
on two kinds of catalysts, which is in agreement with the observations of Lopez et al. [41].

O1s XPS spectra of Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts were given in
Figure 7. The O1s signal of Cu/Al2O3 catalyst showed three overlapping peaks at around 530.1, 531.2,
and 532.4 eV, indicating that three oxygen compounds formed on the catalyst surface [43]. After adding
the potassium, a remarkable decrease in the BEs values was observed. However, different than the O1s
XPS patterns of Al2O3 supported catalysts, two forms of oxygen compounds with higher BEs values
were monitored over SiO2 supported catalysts. Furthermore, the BEs values did not change with the
addition of potassium. These results clearly revealed that the electronic environments of the O element
on Al2O3 and SiO2 supported catalysts were significantly different, and only the chemical states of the
O element on the Cu/Al2O3 catalyst changed, apparently, by adding potassium.

Figure 8 displayed Al2p XPS spectra of Cu/Al2O3, K-Cu/Al2O3 and Si2p XPS spectra of Cu/SiO2,
K-Cu/SiO2 catalysts. Three peaks attributed to aluminum species were obviously observed in the
Cu/Al2O3 catalyst, revealing that three forms of aluminum species were present in this catalyst, which
were related to the Al2O3, which formed CuAl2O4 and CuAlO2, respectively [43]. The BEs values of
Al2p obviously decreased when potassium was added, suggesting that the three chemical states of the
Al element were affected by potassium. It was noted that two peaks centered at 103.1 and 103.9 eV
were found on the Cu/SiO2 catalyst, indicating that the Si element possessed two chemical states in the
catalyst [34,48]. Also, adding potassium did not change the BEs values of Si2p. The results revealed
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that the addition of the potassium promoter altered the chemical states of the Al element, while it had
no influence on that of the Si element.

3.2. Catalyst Evaluation

The performances of the Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts for higher
alcohols synthesis from syngas were presented in Table 2. It was observed that the supports, such
as Al2O3 and SiO2, could profoundly influence catalytic behaviors. CO conversion of 84.6% and
total alcohol selectivity of 7.7%, wherein the percentages of methanol and C2+ alcohols were 44.0 and
56.0 wt %, respectively, were achieved over the Cu/Al2O3 catalyst corresponding to CO2 selectivity
of 23.0%. Conversely, the Cu/SiO2 catalyst showed relatively low CO conversion (18.2%) and CO2

selectivity (2.4%), but much higher total alcohol selectivity (26.7%) in spite of slight lower percentage
of C2+ alcohols (40.3 wt %). These results indicated that the supports had obvious effects on CO
conversion, CO2 selectivity, total alcohol selectivity, and alcohol distribution.

Table 2. The performances of Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts.

Samples CO
Conversion (%)

STY
(mg/mlcath)

Carbon Selectivity (%) Alcohol Distribution (wt %)

CH4 C2–5 CO2 ROH MeOH EtOH PrOH BuOH C5+OH

Cu/Al2O3 84.6 93.7 42.2 27.1 23.0 7.7 44.0 42.5 8.0 4.6 0.9
K-Cu/Al2O3 48.5 141.4 23.2 19.5 32.5 24.1 34.9 38.3 16.2 8.5 2.0

Cu/SiO2 18.2 49.5 42.3 28.3 2.4 26.7 59.8 34.6 4.5 1.1 0.1
K-Cu/SiO2 16.8 55.0 27.4 27.7 16.1 28.8 51.8 32.6 9.8 4.4 1.4

Reaction conditions: 10 MPa, 400 ◦C, 5000 h−1.

Further, one could observe from Table 2 that the potassium addition induced obviously different
reaction behaviors over the Al2O3 and SiO2 supported catalysts. Seemingly, for Al2O3 supported
catalysts, the potassium addition resulted in a dramatic decrease in CO conversion, CH4 selectivity,
and C2–5 hydrocarbons selectivity (from 84.6 to 48.5%, from 42.2 to 23.2%, and from 27.1 to 19.5%,
respectively) but an obvious increase in CO2 selectivity and total alcohol selectivity (from 23.0 to 32.5%
and from 7.7 to 24.1%, respectively). Besides, the K-CuO/Al2O3 showed a relatively lower selectivity
to methanol but a higher one to C2+ alcohols, indicating that alcohol chain-growth was enhanced.
Chain-growth probabilities (α) of alcohols were calculated, as shown in Figure 9. In the case of SiO2

supported catalysts, the change trend in the CH4 selectivity, CO2 selectivity, and alcohol chain-growth,
induced by potassium addition, was similar with that in Al2O3 supported catalysts. Whereas, different
than the Cu/Al2O3 catalyst, adding the potassium into the Cu/SiO2 catalyst did not significantly
change the values of CO conversion (~17.0%), total alcohol selectivity (~27.0%), and C2–5 hydrocarbons
selectivity (~28.0%). Conclusively, potassium introduction did not only promote the formation of CO2

and inhibit the CH4 formation, but also enhanced the carbon chain growth probability of products;
moreover, the potassium had a greater impact on the CO conversion, total alcohol selectivity, and C2–5

hydrocarbons selectivity over the Al2O3 supported catalysts than that over SiO2 supported catalysts.
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3.3. In situ FTIR 

To further obtain detailed information on the molecular events that occur on the surface of the 
catalyst, CO adsorption over reduced Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts was 
monitored using in situ FTIR. As displayed in Figure 10, there were two absorption bands in the 
region of 3200–2850 cm−1 (ν C-H) and 1650–1300 cm−1 (ν COO) observed, assigned to the adsorbed 
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3.3. In Situ FTIR

To further obtain detailed information on the molecular events that occur on the surface of the
catalyst, CO adsorption over reduced Cu/Al2O3, K-Cu/Al2O3 and Cu/SiO2, K-Cu/SiO2 catalysts
was monitored using in situ FTIR. As displayed in Figure 10, there were two absorption bands
in the region of 3200–2850 cm−1 (ν C-H) and 1650–1300 cm−1 (ν COO) observed, assigned to the
adsorbed hydrocarbons and formate species (C1 oxygenate species), respectively [49,50]. For the
Cu/Al2O3 catalyst, very weak peaks at 1650–1300 cm−1 were detected, revealing the presence of only
a trace of C1 oxygenate species on the catalyst surface, which were approved to contribute to the
formation of higher alcohols [2,41,50]. It was also noted that the peaks at around 3200–2850 cm−1,
ascribed to the hydrogenation, was strong on the Cu/Al2O3 catalyst. When potassium was added,
the band peaks of the C1 oxygenate species obviously increased, whereas the intensity of hydrocarbons
decreased. As Santos et al. [2] reported, potassium, in close vicinity to an adsorbed methyl group,
stabilized oxygenate species that were found to play an important role in the syngas to alcohol route.
Thus, the reaction shifted towards alcohols, rather than hydrocarbons, when potassium modified the
Cu/Al2O3 catalyst. When SiO2 was used as support, it was noted that the peak at 1650–1300 cm−1

ascribed to the C1 oxygenate species was enhanced on the Cu/SiO2 catalyst, which was very different
with that of Cu/Al2O3 catalyst, on which only trace amounts of the C1 oxygenate species were formed
(Figure 10); moreover, it seemed that adding potassium had no effect on the amount of C1 oxygenate
species formed. This explained why the Cu/SiO2 and K-Cu/SiO2 catalysts exhibited the similar
alcohol selectivity of ~27% (Table 2).
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3.4. Discussion

The results obtained by the test and characterizations of Cu/Al2O3 and Cu/SiO2 samples clearly
demonstrated that the physicochemical properties and catalytic performances of the Cu-based catalyst
were strongly affected by the types of supports employed (Al2O3, SiO2). In comparison to the
Cu/Al2O3 catalyst with only 7.7% of total alcohol selectivity, the Cu/SiO2 catalyst possessed a much
higher total alcohol selectivity of 26.7%. As confirmed by the FTIR result, only a trace of the C1
oxygenate species was detected on the Cu/Al2O3 catalyst, but a relatively large amount of the C1
oxygenate species existed on the surface of the Cu/SiO2 catalyst. Some authors have pointed out
that the oxygenate species played an essential role in directing the synthesis toward alcohols, rather
than hydrocarbons [39–41,50,51]. Zhang et al. [52,53] conducted a series of DFT studies to assess the
mechanism of CO hydrogenation to higher alcohols on Cu (110) [52] and Cu (211) [53], and pointed out
that the CHxO species as key intermediates for higher alcohols synthesis could give the CHx species
through the C-O cleavage, and CHx monomers subsequently combined with CO or CHO to form
alcohol. Based on the above, it was apparent that the more adsorbed C1 oxygenate species on the
Cu/SiO2 catalyst inevitably resulted in an increase in the concentration of CHx species via the C-O
cleavage, and, finally, promoted the formation of alcohol. Hence, the Cu/SiO2 catalyst with a higher
amount of the C1 oxygenate species exhibited a higher total alcohols selectivity than the Cu/Al2O3

catalyst. Further, by comparing to the Cu/SiO2 catalyst, the Cu/Al2O3 catalyst showed higher
selectivities towards C2+ alcohols. As reported [54–56], aldol condensation as one of the key steps
for carbon-chain growth of alcohol products easily proceeded on basic oxide catalysts or acid oxide
catalysts. The NH3-TPD result revealed that the surface acidity of the Cu/Al2O3 catalyst was much
stronger than that of the Cu/SiO2 catalyst. Therefore, the possibility of carbon-chain growth occurred
on the acid Cu/Al2O3 catalyst more easily. Despite that the ethanol selectivities were both 32.6 wt %
above on Al2O3 and SiO2-supported catalysts, which was probably due to high Cu+/(Cu++Cu0)
values, Cu/SiO2 with a relatively high Cu+/(Cu++Cu0) value did not give higher ethanol selectivity
than Cu/Al2O3. Our previous work [16,17] has demonstrated that the amounts of Cu+ species were
somewhat responsible for the formation of ethanol. These results suggested that the ethanol formation
was affected by many factors, such as Cu+/(Cu++Cu0) value, the physical properties, the reduction
behaviors, acidity, and electronic properties on the catalyst, which are synergetic.

In addition, CO conversion and CO2 selectivity of the Cu/Al2O3 catalyst also showed significant
differences from that of the Cu/SiO2 catalyst. As revealed by the XRD and H2-TPR results, although
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the refractory phases formed over Al2O3 or SiO2 supported Cu catalysts under 900 ◦C, the two kinds
of the catalysts with different supports presented differences in the types of copper species and the
reduction behaviors of copper species. N2 absorption-desorption results indicated that the textural
parameters of the Cu/Al2O3 and Cu/SiO2 catalysts, despite uncalcined supports with similar surface
areas (157–160 m2/g), were significantly different. Furthermore, the Cu/Al2O3 catalyst with a type
IV adsorption isotherm showed a wide pore size distribution, but the Cu/SiO2 catalyst had no N2

adsorption-desorption isotherms and pore size distribution. The NH3-TPD result suggested that
the acidity was obviously detected in the Cu/Al2O3 catalyst, but no acidity was observed in the
Cu/SiO2 catalyst. Moreover, the XPS results showed that the Cu, O elements of the Cu/Al2O3 catalyst
differed from that of the Cu/SiO2 catalyst in electronic environments. As confirmed by the FTIR
result, only a trace of C1 oxygenate species, contributing to alcohols formation, was detected on the
Cu/Al2O3 catalyst, while a relatively large amount of C1 oxygenate species existed on the surface
of the Cu/SiO2 catalyst. These characterization results indicated that the structural and chemical
properties of Cu/Al2O3 and Cu/SiO2 catalysts showed obvious differences and thus affected the
catalytic behaviors of the catalysts synergistically.

The performances of two kinds of catalysts with the support employed, such as SiO2 and Al2O3,
were also significantly affected by the potassium introduction. Doping potassium into the Al2O3 and
SiO2 supported catalysts improved the carbon chain growth probability of alcohol products. This was
probably because potassium introduction provided new basic sites for the aldol condensation of lower
alcohols to higher alcohols [40,57]. Moreover, alkali elements are known to be good promoters for
the WGS reaction (CO + H2O→ CO2 + H2) when introduced at optimum content [9,15,39,50]. As a
result, the addition of potassium to Cu/Al2O3 and Cu/SiO2 catalysts resulted in the improvement of
CO2 formation.

Additionally, according to the test results, doping potassium into Cu/Al2O3 and Cu/SiO2

catalysts induced distinct differences in the total alcohol selectivity. For Al2O3 supported catalysts,
total alcohol selectivity increased up to 24.1 from previous 7.7%, clearly, when the potassium was
added. It indicated that the presence of potassium promoted the formation of alcohols. As confirmed
by the FTIR result, by adding the K promoter, the relative amount of adsorbed C1 oxygenate species,
as intermediates in higher alcohols synthesis [41,50], increased obviously by tuning the reduction
behavior, neutralizing the surface acidity, and altering of the electronic properties, whereas the
formation of hydrocarbons (mainly CH4 and C2–5 hydrocarbons) was severely inhibited [39,50].
Anton et al. [39–41] reported that alkali (K/Cs/Rb) modified Cu-based catalysts can enhance the
stability of CHx intermediate species. Therefore, total alcohols selectivity on the K-Cu/Al2O3 catalyst
increased dramatically with potassium introduction. However, for the SiO2 supported catalyst,
the potassium addition hardly had an obvious effect on the relative amount of C1 oxygenate species,
thus the total alcohol selectivity on K-Cu/SiO2 catalyst remained almost unchanged. Due to very
weak acidity of the SiO2 supported catalyst, only CH4 selectivity decreased sharply after potassium
introduction, implying that potassium addition more preferentially inhibited CH4 formation, compared
with that of C2–5 hydrocarbons. Obviously, potassium addition could somehow modify the structural
and chemical properties of the Cu/Al2O3 catalyst and enhance the amount of C1 oxygenate species,
which narrowed the gap in performances of the two Al2O3 and SiO2 supported catalysts.

4. Conclusions

In this work, the Al2O3 and SiO2 supported Cu catalysts prepared by a facile impregnation
method were used for higher alcohols synthesis from CO hydrogenation. Based on the remarkably
different reaction behaviors over the Cu catalysts supported on Al2O3 and SiO2, some systematical
investigations were carried out to understand the main reasons. The Cu/SiO2 catalyst possessed
a higher amount of the C1 oxygenate species and showed higher total alcohols selectivity than the
Cu/Al2O3 catalyst. Compared to the very weak acidity of the SiO2 supported catalyst, the carbon
chain growth probability of alcohol products occurred on the acid Cu/Al2O3 catalyst more easily.
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Further, the Cu/Al2O3 and Cu/SiO2 catalysts showed obvious differences in the structural and
physicochemical properties, such as the types of copper species, the reduction behaviors, acidity,
and electronic properties. As a result, the CO conversion, alcohol distribution, and CO2 selectivity of
the Cu/Al2O3 catalyst were different from that of the Cu/SiO2 catalyst. Additionally, the performances
of the Cu catalysts supported on Al2O3 and SiO2 became more similar when the potassium was
introduced. Wherein, the potassium was approved to modify the structural and chemical properties of
the catalysts to some extent.
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Abstract: Electrospinning is a simple and efficient technique for fabricating fibrous catalysts.
The effects of preparation parameters on catalyst performance were investigated on fibrous Ni/Al2O3

catalysts. The catalyst prepared with H2O/C2H5OH solvent showed higher catalytic activity than
that with DMF/C2H5OH solvent because of the presence of NiO in the catalyst prepared with
DMF/C2H5OH solvent. The metal ion content of the precursor also influences catalyst properties.
In this work, the Ni/Al2O3 catalyst prepared with a solution containing the metal ion content of
30 wt % demonstrated the highest Ni dispersion and therefore the highest catalytic performance.
Additionally, the Ni dispersion decreased as calcination temperature was enhanced from 700 to
900 ◦C due to the increased Ni particle sizes, which also caused a high reduction temperature and
low catalytic activity in methane partial oxidation. Finally, the fibrous Ni/Al2O3 catalysts can achieve
high syngas yields at high reaction temperatures and high gas flow rates.

Keywords: electrospinning; fibrous catalysts; metal ion content; calcination temperature; methane
partial oxidation

1. Introduction

Electrospinning has been developed to fabricate one-dimensional materials with controllable
fiber diameters, morphologies and compositions. Electrospun nanofibers have special features, such
as hierarchically porous structure and high surface area, which have been successfully applied in
various fields such as nanocatalysts, filtration, biomedical, optical electronics and electrodes for energy
conversion or storage devices [1–5].

Ni/Al2O3 fibrous catalysts prepared by electrospinning have applied in catalytic methane
reforming [1,6,7]. Ni nanoparticles can be in situ formed on the nanofiber surface via reducing
catalyst precursor NiAl2O4. The fibrous structure of the catalysts is stable up to 1000 ◦C [6]. Moreover,
the fibrous structure has a large void fraction (about 95%), which enables operation at high gas hourly
space velocities through catalyst bed. It matches with the fast reaction of methane partial oxidation,
which can be completed within a contact time of sub-milliseconds [8,9]. Therefore, the fibrous catalysts
can produce high syngas yields [1].

Catalyst precursor solution greatly affects the electrospinning process via viscosity and
evaporation [2]. To the best of our knowledge, the effect of preparation parameters on electrospun
catalyst has not been reported previously. This study has investigated the effects of solvent, metal
ion content and calcination temperature on catalyst properties, including crystallinity, particle size,
microstructure, reducibility and catalytic performance. The preparation parameters were optimized to
achieve high performance of methane partial oxidation (POM). The effects of reaction parameters on
catalyst properties was also studied to utilize the advantages of fibrous catalysts.
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2. Experimental

2.1. Catalyst Preparation

The fibrous Ni/Al2O3 catalysts were prepared by electrospinning, and the electrospinning process
was started with preparing a spinning solution. A certain amount of polyvinyl pyrrolidone (PVP,
molecular weight = 1.3 × 106, Shanghai Dibo Chemical Technology Co., Ltd., Shanghai, China) was
dissolved in 2.0 g C2H5OH (≥99.7 wt %, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
and 8.0 g H2O to prepare a PVP solvent. Al(NO3)3·9H2O (≥99.0 wt %, Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) and Ni(NO3)2·6H2O (≥99.0 wt %, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) were dissolved in the solvent to form the catalyst with the Ni content of 30 wt % in
Ni/Al2O3, and the Ni content was same for all catalysts. The electrospinning solutions with different
metal ion contents are denoted CX (X = 10, 20, 30 and 40), where X represents the metal ion content,
defined as solute (nitrate) weight percentage in precursor solution (solute + solvent). The ratio between
solvent and solute in the C10, C20, C30 and C40 catalysts was 8.7:1, 4:1, 2.2:1 and 1.5:1, respectively.

Electrospinning was conducted on a device (Ucalery ET-2535H, Beijing, China) with a spinning
distance of 30cm driven by a applied voltage of 19 kV. The feeding rate was maintained at 0.05 mm
min−1. The sample was calcined at 800 ◦C for 1 h in air.

The effect of solvents was compared by using the catalysts with 20 wt % metal ion content. Only
H2O in the solvent was changed to DMF (≥99.5 wt %, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), and the weight ratio to distilled water was 4:1. Other preparation parameters are the same.
In addition, the catalyst prepared with a metal ion content of 30% was calcined at 700, 800 and 900 ◦C,
separately, to study the effect of calcination temperature on catalyst properties.

2.2. Catalyst Characterisation

Scanning electron microscopy (SEM) images of catalyst microstructure were acquired with a FEI
QUANTA FEG 250 microscope. Crystal sizes were measured using an X-ray diffractometer (XRD,
Bruker D8 Advance) with Cu-Kα radiation (λ = 0.15408 nm). Temperature-programmed reduction (TPR)
was conducted on a Micrometric ChemiSorb 2720 using a 10 mg of catalyst and a feeding gas of 10 vol %
H2 in Ar with a gas flow rate of 30 mL min−1. The TPR tests were operated from room temperature to
1000 ◦C at a heating rate of 10 ◦C min−1. CO-chemisorption was performed on a Micrometric ChemiSorb
2720 using a 30 mg of catalyst. First, the catalyst was reduced by the TPR process. Next, the catalyst
was cooled to room temperature for pulse chemisorption using 5 vol % CO in He.

2.3. Catalytic Reaction

The calcined catalysts were crushed into sheets about 900 µm in size to ensure the similar density
of catalyst beds. Catalytic evaluation was tested in a fixed bed quartz tube reactor (inner diameter =

6 mm) with a central K-type thermocouple. 10 mg of the catalyst was pre-reduced in situ by 10 vol % H2

in Ar at 750 ◦C for 1 h. The reactant gas of CH4, O2 and Ar with a molar ratio of 2:1:17 was introduced
into the reactor at 750 ◦C at a gas flow rate of 800 mL min−1. Reaction products were sampled by a gas
chromatography (GC, Shimadzu GC-2014).

3. Results and Discussions

3.1. Effect of Solvent

A solvent is used to dissolve catalyst precursors and polymer, forming electrospinning solution.
During the electrospinning, the solvent needs to be evaporated before electrospun fibrous composites
reach collectors so as to retain fibrous morphology. Solvent properties affect solution viscosity and
solvent evaporation. Therefore, two common solvents, H2O/C2H5OH and DMF/C2H5OH, are employed
to investigate the solvent effect. Both catalysts had a metal ion content of 20 wt % and were calcined at
800 ◦C for 1 h.
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3.1.1. XRD

Figure 1 shows the XRD patterns of the catalysts prepared with different solvents. The catalyst
prepared with the H2O/C2H5OH solvent has no NiO diffraction peaks while the catalyst prepared with
the DMF/C2H5OH solvent shows NiO peaks, indicating Ni segregation during electrospinning.
The segregation might be caused by the solubility difference of two metal ions in the two
solvents. Ni(NO3)2·6H2O has a lower solubility in the DMF/C2H5OH than the H2O/C2H5OH, while
Al(NO3)3·9H2O has the similar solubility in the two solvents (Table 1). The lower solubility of
Ni(NO3)2·6H2O in the DMF/C2H5OH causes the segregation during drying electrospun fibrous
composites. The phase segregation also resulted in the higher crystallinity of NiAl2O4 and Al2O3.
After reduction, Ni presents in both catalysts while the catalyst prepared with the DMF/C2H5OH
solvent shows the larger Ni crystal sizes due to NiO reduction.
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at 750 ◦C for 1 h.

Table 1. Solubility of nitrates in two solvents.

Solvent (8 g/2 g) Ni(NO3)2·6H2O (g) Al(NO3)3·9H2O (g)

DMF/C2H5OH 24.5 18.5
H2O/C2H5OH 35.5 19.5

3.1.2. SEM

The morphologies of the reduced catalysts prepared with different solvents are presented in
Figure 2. The fibrous structure has high void fraction and therefore achieves fast mass transfer [10].
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Figure 2a shows the morphology of the catalyst prepared with the H2O/C2H5OH solvent, uniform Ni
particles anchored on the surface of fibrous support. As shown in Figure 2b, some large Ni particles
appeared on the catalyst surface prepared with the DMF/C2H5OH solvent, which was attributed to
NiO reduction.
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3.1.3. TPR and CO-Chemisorption

TPR was carried out on fibrous catalysts to investigate reducibility. Figure 3 shows that the TPR
profiles of the catalysts consist of two reduction peaks centered at 500 and 800 ◦C, respectively. NiO
reduction occurs at low temperatures (400–600 ◦C) while NiAl2O4 reduction takes place at temperatures
above 600 ◦C [6,11]. For the catalyst prepared with the DMF/C2H5OH solvent, the NiO reduction
peak is stronger than the catalyst prepared with the H2O/C2H5OH solvent. The H2 consumption peak
areas and reducibilities are compared in Table 2. The reducibility of the catalyst prepared with the
DMF/C2H5OH solvent is lower than that of the catalyst prepared with the H2O/C2H5OH solvent.
It might be attributed to Ni segregation because the Ni segregation causes NiO aggregation on the
fiber surface, and the formed large NiO particles cause a decrease in reducibility. In addition, the
Ni dispersion of the catalyst prepared with the DMF/C2H5OH solvent is smaller than that of the
catalyst prepared with the H2O/C2H5OH solvent (Table 2) because the large Ni particles formed by
NiO reduction decrease the Ni dispersion.Catalysts 2019, 9, x FOR PEER REVIEW 5 of 14 
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Table 2. Reducibility and Ni dispersion of Ni/Al2O3 catalysts.

Sample Peak Area Reducibility (%) Ni Dispersion (%)

DMF/C2H5OH 48.3 76.6 0.05
H2O/C2H5OH 51.6 83.4 0.27

3.1.4. Catalytic Performance

Figure 4 shows catalyst performance during methane partial oxidation at 750 ◦C and a gas flow
rate of 800 mL·min−1. The catalyst prepared with the DMF/C2H5OH solvent generated a low methane
conversion of about 10%, which degraded rapidly. According to the TPR results of the spent catalysts in
Figure 5, a substantial amount of Ni particles in the catalyst prepared with the DMF/C2H5OH solvent
were oxidized into NiO during the POM. In contrast, there is no obvious NiO reduction peak in the
catalyst prepared with the H2O/C2H5OH solvent as the fresh catalyst. Our previous study shows the
catalytic activity is mainly contributed by Ni-NiOx particles formed from NiAl2O4 reduction rather
than Ni particles formed from NiO reduction. Therefore, the catalyst prepared with the H2O/C2H5OH
solvent demonstrated a high and stable methane conversion of 30%, which is consistent with the
results of Ni dispersion in Table 2.
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3.2. Effect of Metal Ion Content

During electrospinning, electrical filed force pulls solution drop from spinneret to form a jet.
Metal ion content affects solution viscosity, electrical filed force and final ceramic fibers. Therefore,
the effect of metal ion content was investigated. All catalysts were prepared with the H2O/C2H5OH
solvent and calcined at 800 ◦C for 1 h.

3.2.1. XRD

Figure 6 exhibits the XRD patterns of the catalyst prepared with different metal ion contents.
As the metal ion content is increased, NiO phase started to present, indicating Ni segregation. It is
because Ni prefers to accumulate on the surface in NiO-Al2O3 system [12,13]. As shown in Figure 6a,
calculated using the Scherrer equation, the NiAl2O4 crystal sizes of the C10, C20, C30 and C40 catalysts
are 9.7, 8.5, 8.0 and 7.5 nm, respectively. The NiAl2O4 crystal sizes decrease as the metal ion content is
increased, which is because NiO presence dispersed NiAl2O4 phase, inhibiting NiAl2O4 growth. After
reduction, Ni peaks are observed in addition to the NiAl2O4/Al2O3 peaks.

Catalysts 2019, 9, x FOR PEER REVIEW 7 of 14 

 

 

Figure 6. XRD patterns of the catalysts with different metal ion contents: (a) Before reduction; (b) after 
reduction at 750 °C for 1 h. 

3.2.2. TPR and CO-Chemisorption 

As shown in Figure 7, for the C10 catalyst, a single NiAl2O4 reduction peak was centred at 800 
°C. When metal ion content was increased to 20 wt %, the reduction peak occurs around 400 °C, 
which is attributed to NiO reduction. The H2 consumption peak areas and reducibilities are 
summarized in Table 3. As the metal ion content is increased, the amount of reduced NiO increases, 
indicating more NiO segregated. Therefore, the reducibility of fibrous catalysts also increases. 
Furthermore, the Ni dispersion increases with metal ion content up to 30 wt %. However, the Ni 
dispersion of the C40 catalyst is reduced because of NiO aggregation [14]. Therefore, a certain amount 
of NiO can improve Ni dispersion. 

Figure 6. XRD patterns of the catalysts with different metal ion contents: (a) Before reduction; (b) after
reduction at 750 ◦C for 1 h.

3.2.2. TPR and CO-Chemisorption

As shown in Figure 7, for the C10 catalyst, a single NiAl2O4 reduction peak was centred at 800 ◦C.
When metal ion content was increased to 20 wt %, the reduction peak occurs around 400 ◦C, which is
attributed to NiO reduction. The H2 consumption peak areas and reducibilities are summarized in
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Table 3. As the metal ion content is increased, the amount of reduced NiO increases, indicating more
NiO segregated. Therefore, the reducibility of fibrous catalysts also increases. Furthermore, the Ni
dispersion increases with metal ion content up to 30 wt %. However, the Ni dispersion of the C40
catalyst is reduced because of NiO aggregation [14]. Therefore, a certain amount of NiO can improve
Ni dispersion.
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Table 3. Reducibility and Ni dispersion of Ni/Al2O3 catalysts.

Sample Peak Area Reducibility (%) Ni Dispersion (%)

C10 50.8 81.7 0.17
C20 51.6 83.4 0.27
C30 52.7 85.7 0.60
C40 57.4 95.4 0.39

3.2.3. SEM

The morphologies of reduced catalysts made from the solution prepared with different metal ion
contents are shown in Figure 8. The fiber diameter increases with the increase of metal ion content
from 50 to 300 nm due to the increased solution viscosity and metal ion loading. Ni particles present
on fiber surface after reduction. The C10 catalyst shows the largest Ni particle sizes, and Ni particle
sizes increase when metal ion content was increased from 20 to 40%. The change of Ni particle sizes
are consistent with the change of crystal sizes in Figure 6a, and the large crystal sizes generate the big
Ni particles.

3.2.4. Catalytic Performance

The fibrous catalyst prepared with different metal ion contents were tested for the POM at 750 ◦C
and a gas flow rate of 800 mL min−1 to investigate catalytic activity. As shown in Figure 9, methane
conversion improves with metal ion content up to 30 wt %, and further increasing metal ion content to
40 wt % causes a decline in CH4 conversion. The catalytic performance is consistent with Ni dispersion
in Table 3, and the higher dispersion contribute the higher catalytic performance. In addition, the Ni
particles formed by NiO are easily oxidized during the POM, which has the limited contribution to
catalytic performance [14].
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Figure 9. Methane conversion of the catalysts prepared with different metal ion contents during the
POM for 10 h at 750 ◦C and a gas flow rate of 800 mL min−1.

The morphologies of the catalysts after 10 h-POM test are shown in Figure 10, and the fibrous
structure was stable during reactions. The Ni particles on the C10 and C20 catalyst surface disappeared
after the reaction due to Ni oxidation. In contrast, the Ni particles retained for the C30 and C40 catalysts
while carbon fibers could be found.
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3.3. Effect of Calcination Temperature

Ni catalysts are formed via reducing NiAl2O4, and catalytic activity is affected by catalyst
crystallinity, which is determined by calcination temperature. To study the effect of calcination
temperature on catalytic activity, the fibrous catalysts were calcined at temperatures ranging from 700
to 900 ◦C. All catalysts were prepared with a metal ion content of 30 wt % and the H2O/C2H5OH solvent.
As shown in Figure 11a, NiAl2O4 has a low crystallinity when calcined at 700 ◦C. With the increase
of calcination temperature, the crystallinity is enhanced, resulting in the increase of crystal sizes.
Accordingly, the reduced catalysts show the increased Ni crystal sizes with calcination temperature
according to the diffraction intensity in Figure 11b. Calculated by the Scherrer equation, the Ni crystal
sizes are 7.4, 8.1 and 9.2 nm at the calcination temperatures of 700, 800 and 900 ◦C, respectively.

TPR profiles are shown in Figure 12. According to the XRD results, NiAl2O4 crystallinity enhances
with the increase of calcination temperature, resulting in the increase of reduction temperature.
As shown in Figure 11a, Ni reducibility increases slightly due to the presence of NiO with the increase
of calcination temperature. Additionally, the Ni dispersion of catalysts reduces with the increase of
calcination temperature, which is attributed to the increase of Ni crystal size [6].

The POM was conducted at 750 ◦C and a gas flow rate of 800 mL min−1, and the methane
conversions are shown in Figure 13. According to the TPR results in Figure 12, the catalysts calcined
at 700, 800 and 900 ◦C were reduced for 1 h at a reduction peak temperature of 615, 750 and 800 ◦C,
respectively, which ensures that the catalysts were pre-reduced to the same extent. The catalyst calcined
at the higher temperature showed the lower catalytic activity due to the decrease of Ni dispersion
(Table 4).
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Table 4. Reducibility and Ni dispersion of Ni/Al2O3 catalysts.

Temperature (◦C) Peak Area Reducibility (%) Ni Dispersion (%)

700 50.8 81.7 0.63
800 52.7 85.7 0.60
900 55.5 91.5 0.38

3.4. Effect of Reaction Temperature and Gas Flow Rate

The fibrous structure has high thermal stability and large void fraction, which makes it possible
to operate at high temperatures and gas flow rates. The C30 catalyst was chosen to investigate the
effect of reaction conditions on catalytic activity. Figure 14 shows that CH4 conversion increases with
reaction temperature at a gas flow rate of 1000 mL min−1, and the catalytic reaction rate increases with
gas flow rate at 750 ◦C. Under the reaction conditions of 800 ◦C and a flow rate of 1000 mL min−1, the
selectivity of H2 and CO was 97% and 87%, respectively, and the yield was 9.8 × 105 L Kg−1 h−1 and
4.4 × 105 L Kg−1 h−1, respectively. The H2 and CO yields were calculated according to H2 and CO
amounts in the product gas. Therefore, the fibrous Ni/Al2O3 catalyst can generate high syngas yields
owing to the fibrous structure.
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4. Conclusions

In this study, the effects of preparation parameters on catalyst properties were investigated on
electrospun fibrous Ni/Al2O3 catalysts. The catalyst prepared with the H2O/C2H5OH solvent mainly
consisted of NiAl2O4, while the catalyst prepared with the DMF/C2H5OH solvent formed NiO due to
Ni segregation. The catalytic performance is mainly contributed by the Ni from NiAl2O4 reduction,
and therefore the catalytic activity of the catalyst prepared with the H2O/C2H5OH solvent was higher
than that of the catalyst prepared with the DMF/C2H5OH solvent. The metal ion content affects catalyst
composition, microstructure, reducibility and dispersion and therefore catalytic performance during
the POM. The C30 catalyst had the highest catalytic performance. In addition, the higher calcination
temperature produced the larger Ni particles due to the larger crystal size of NiAl2O4, which required
a high reduction temperature. Therefore, the catalytic activity during the POM decreased with the
increase of calcination temperature. Finally, it has been confirmed that the fibrous Ni/Al2O3 catalysts
can achieve high syngas yields through the POM owing to the fibrous structure.
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Abstract: Titanium modified FeMgOx catalysts with different precursors were prepared by
coprecipitation method with microwave thermal treatment. The iron precursor is a key factor
affecting the surface active component. The catalyst using FeSO4 and Mg(NO3)2 as precursors
exhibited enhanced catalytic activity from 225 to 400 ◦C, with a maximum NOx conversion of
100%. Iron oxides existed as γ-Fe2O3 in this catalyst. They exhibited highly enriched surface active
oxygen and surface acidity, which were favorable for low-temperature selective catalytic reduction
(SCR) reaction. Besides, it showed advantage in surface area, spherical particle distribution and
pores connectivity. Amorphous iron-magnesium-titanium mixed oxides were the main phase of the
catalysts using Fe(NO3)3 as a precursor. This catalyst exhibited a narrow T90 of 200/250–350 ◦C. Side
reactions occurred after 300 ◦C producing NOx, which reduced the NOx conversion. The strong
acid sites inhibited the side reactions, and thus improved the catalytic performance above 300 ◦C.
The weak acid sites appeared below 200 ◦C, and had a great impact on the low-temperature
catalytic performance. Nevertheless, amorphous iron-magnesium-titanium mixed oxides blocked the
absorption and activation between NH3 and the surface strong acid sites, which was strengthened on
the γ-Fe2O3 surface.

Keywords: selective catalytic reduction (SCR); catalyst; precursor; NOx conversion

1. Introduction

Nitrogen oxides (NOx) mainly come from fossil fuel combustion [1–3] and have caused a series of
environmental problems such as nitric acid rain, photochemical smog, ozone layer depletion and fine
particle pollution [4–7]. As the severe NOx emission situation and the rigorous emission legislation
exhibit, many efforts have been made in NOx reduction [8]. SCR (selective catalytic reduction) of
NOx with NH3 [9–12] has been extensively proved to be the most efficient way for the removal of
NOx from stationary sources. A catalyst is critical to create an efficient SCR reaction and operating
cost [13]. Commercial catalysts, such as V2O5/TiO2, V2O5-WO3/TiO2 and V2O5-MoO3/TiO2 [8,14–18],
were constrained for further development because of several inevitable drawbacks such as high cost,
the bio-toxicity of the common vanadium compounds, etc. [19,20]. Furthermore, the commercial
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vanadium-titanium catalysts have been managed as hazardous waste. The study of novel high-efficiency
catalysts is of great significance.

Many efforts have been made on iron oxides based catalysts, such as Fe-Ti [21–23], Fe/Ce-Ti [24,25],
Fe-Ce-W [26,27], Fe-Sn-Mn [28], Ce-Fe/WMH [29], WO3/Fe2O3 [30], Fe/WO3-ZrO2 [31], Mn-Fe/TiO2 [32],
FeMnTiOx [33], etc. Iron oxides catalysts have low prices and free secondary pollution. They showed
good catalytic performance and high N2 selectivity for SCR reaction [8,34,35]. NOx conversion
of 60% was obtained over Fe2O3/TiO2 prepared by Kato in 250–450 ◦C. In Fe/WO3-ZrO2 [31],
Fe-Mn-Ce/γ-Al2O3 [36], and Fe-Er-V/TiO2-WO3-SiO2 [37], the introduce of iron enlarged the surface
area and pore volume, and meanwhile, it improved the Brönsted and Lewis acid sites. Zhu [38] studied
Co-Fe/TiO2 and Cu-Fe/TiO2 and manifested that the reactants could be easily adsorbed on Co-Fe/TiO2

because of its strong adsorption capacity, while Cu-Fe/TiO2 showed better redox ability. The redox
ability and surface acidity are the key factors that affect the catalytic performance. As far as we know,
the type of precursors is the very first factor that could have great impact on the physicochemical
properties of catalysts. It plays a decisive role on the surface active component, the surface area, the
redox ability, the surface acidity, etc. Liu [39,40] et al prepared FeTiOx via coprecipitation with Fe(NO3)3

and Ti(SO4)2 as precursors. The catalyst exhibited good NH3-SCR activities and the NOx conversion
exceeded 90% in 200–350 ◦C. They found that there was strong interaction between iron and titanium.
Ma [41] prepared Fe2(SO4)3/TiO2 by the impregnation method and found the NOx conversion was up to
98% in 350–450 ◦C. Heterogeneous agglomeration of iron oxides could be weakened and the Brönsted
acid sites could be improved by using Fe2(SO4)3 as a precursor. In our previous work [42–44], we found
that the magnesium-based catalyst showed good SCR activity and sulfur tolerance. Furthermore we
studied on titanium modified FeMgOx catalysts and found that titanium modified FeMgOx catalysts
exhibited excellent catalytic performance in SCR reaction. However, to the best of our knowledge,
the catalytic performance could be further improvement via modifying the precursors.

In this work, a series of titanium modified FeMgOx catalysts with different precursors were
studied. The objective of this paper is to investigate the effect of precursor type on the physicochemical
properties of titanium modified FeMgOx catalysts and to reveal the optimization mechanism of
catalytic performance.

2. Experimental

2.1. Catalyst Preparation

FeSO4·7H2O, FeCl2·7H2O and Fe(NO3)3·9H2O were used as iron precursors, Mg(NO3)2·6H2O and
MgSO4·7H2O (analytical pure, Tianjin Kermel Chemical Reagent Co., Ltd, Tianjin, China) were used
as magnesium precursors and NH3·H2O was used as precipitant in catalyst preparation. Titanium
modified FeMgOx catalysts were prepared via coprecipitation method with microwave thermal
treatment. A certain amount of iron precursor, magnesium precursor and TiSO4 (analytical pure,
Sinopharm Group Co., Ltd, Shanghai, China) were dissolved in 250 mL deionized water and sufficiently
stirred for 1 h. NH3·H2O was titrated into the mixed solution with continuous stirring until the pH
of the mixed solution was 9–10. Then the precipitate was filtered and washed by deionized water
several times until neutral to remove the foreign ions. The precipitate was first impregnated by 1 mol/L
Na2CO3 solution and then disposed of by microwave thermal treatment. The impregnated precipitate
was washed by deionized water to be neutral and then dried at 105 ◦C. After calcined at 400 ◦C for
5 h, the obtained sample was crushed and sieved into 40–60 mesh (0.28 nm–0.45 nm) for the test.
The catalysts prepared were denoted as Ti modified FeMgOx with label SN, SS, CN, CS, NN and NS to
represent different combination of precursors (S represents for sulfates, N represents for nitrates and C
represents for chlorides), as seen in Table 1.
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Table 1. Titanium modified FeMgOx catalysts with different precursors.

Label Catalyst Precursor

SN

Ti modified FeMgOx

FeSO4·7H2O, Mg(NO3)2·6H2O
SS FeSO4·7H2O, MgSO4·7H2O
CN FeCl2·7H2O, Mg(NO3)2·6H2O
CS FeCl2·7H2O, MgSO4·7H2O
NN Fe(NO3)3·9H2O, Mg(NO3)2·6H2O
NS Fe(NO3)3·9H2O, MgSO4·7H2O

2.2. Activity Test

NH3-SCR activity was completed in a quartz fixed-bed tube reactor at atmosphere pressure.
The simulated flue gas was provided with standard gases, including 0.1 Vol % NO, 0.1 Vol % NH3,
3.5 Vol % O2 and balanced N2. The total flow rate of simulated gas was 2 L/min and the catalyst used in
each experiment was 4 mL, thus the corresponding gas hourly space velocity (GHSV) was 30,000/h−1.
The concentration of NO and NO2 was monitored and analyzed by the MGA5 Flue Gas Analyzer
(MRU Instruments, Inc. Emission Monitoring Systems, Neckarsulm-Obereisesheim, Germany). Before
entering the flue gas analyzer, the flue gas should be washed by phosphoric acid (100% pure) to absorb
ammonia and avoid the impact of ammonia on the analyzer. Data were recorded every 25 ◦C from
100 ◦C to 400 ◦C. NOx conversion was calculated as follows:

η =
C[NOx(inlet)]−C[NOx(outlet)]

C[NOx(inlet)]
× 100% (1)

where C[NOx(inlet)] and C[NOx(outlet)] meant the concentration of NOx in the inlet and outlet of the
reactor, µL/L. NOx represented the sum of NO and NO2.

2.3. Catalyst Characterization

A Rigaku D/max 2500 PC diffractometer (50 kV × 150 mA) with Cu Kα radiation was used to
complete the X-ray Diffraction. The data of 2θ were collected from 10◦ to 90◦ by 4 ◦/min with the step
size 0.1◦.

N2-adsorption-desorption was obtained by using an ASAP2020 Surface Area and Porosity
Analyzer (Micromeritics Instrument Corp., Norcross, Georgia, USA) at −196 ◦C. The specific surface
area and the average pore diameter were calculated by the Brunauer–Emmett–Teller (BET) method, and
the specific pore volume and pore diameter distribution were calculated by Barrett–Joyner–Halenda
(BJH) method.

Microstructure of the catalysts was conducted on a Japan JSM-6700F cold field emission scanning
electron microscope. The elements on the surface of the catalysts were analyzed on an Oxford INCA X
sight energy dispersive spectrometer (Be4-U92) with 5.9 KeV, UK.

To analyze the surface atomic concentration and distinguish the chemical states of the elements,
a Thermo ESCALAB 250XI surface analyze system with Al Kα radiation (1486.6 eV, 150 W) was used
to complete X-ray Photoelectron Spectroscopy. Prior to the measurement, each sample was degassed
in vacuum to eliminate surface contamination.

Temperature-programmed Desorption of NH3 (NH3-TPD) was performed on a TP-5080 instrument
using a 100 mg sample. The sample was pretreated in flowing He at 300 ◦C for 1 h before the
measurement. Then, the sample was He-cooled to 100 ◦C, then treated with 5% NH3/Ar at a flow rate
of 30 mL/min for 0.5 h and flushed with He at 100 ◦C for 1 h. The desorption process was carried out
by heating the sample from 100 ◦C to 700 ◦C at a rate of 10 ◦C/min.
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3. Results and Discussion

3.1. Effect of Different Precursors on Catalytic Performance Over Titanium Modified FeMgOx Catalysts

The catalytic performance of titanium modified FeMgOx catalysts with different precursors is
shown in Figure 1. It was obvious that temperature had a strong effect on titanium modified FeMgOx

catalysts with different precursors at the temperature range from 100 to 400 ◦C. Generally speaking,
it was necessary to reach a certain temperature for the catalyst to exhibit good catalytic activity, while
an excessively high reaction temperature would lead to a decrease in catalytic activity due to the
secondary reaction.

Titanium modified FeMgOx catalysts with different precursors revealed excellent catalytic activity
from 100 to 400 ◦C and had wide temperature windows. Among all the catalysts, catalysts SN, SS, CN
and CS showed similar catalytic performances, which was distinctly evident with catalysts NN and
NS. When the temperature was blow 200 ◦C, catalyst NN and NS showed better catalytic activity than
other catalysts, especially catalyst NN, whose NOx conversion could exceed 50% and 90% when the
reaction temperature was close to 150 ◦C and 200 ◦C, respectively. However, when the temperature
exceeded 350 ◦C, the NOx conversion of catalysts NN and NS apparently decreased to about 50–60%
due to the oxidation and decomposition of NH3. The NOx conversion of catalysts SN, SS, CS and CN
could be stable at 90% at high temperature range. Among all the catalysts, catalyst SN with precursors
of FeSO4 and Mg(NO3)2 exhibited excellent catalytic activity and N2 selectivity in a wide temperature
range, with NOx conversion above 90% from 225 to 400 ◦C and N2 selectivity above 90% in the whole
temperature range. The NOx conversion of which approached 100% from 250 to 375 ◦C.
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3.2. X-ray Diffraction (XRD) Patterns

Figure 2 shows the XRD patterns of titanium modified FeMgOx catalysts with different precursors.
There were no diffraction peaks of magnesium or titanium in XRD patterns of all the catalysts according
to JCPDF standard; it could be inferred that magnesium and titanium existed in a highly dispersed
state or an amorphous state in the catalyst, or maybe that the crystallites formed were less than 5 nm.
There were obvious sharp diffraction peaks of the catalysts SN, SS, CN and CS at 2θ = 30.2◦, 35.5◦,
43.2◦, 53.7◦, 53.7◦ and 62.8◦, corresponding to maghemite (γ-Fe2O3) crystallite according to JCPDS
PDF#39-1346 [39,40]. It could be inferred that maghemite crystallite was the main active component in
these catalysts.

However, in catalyst NN and NS, the diffraction peaks were ascribe to amorphous oxides,
comparing with that in Figure S1. It could be concluded that the active component was directly
affected by the precursors. When Fe(NO3)3 was used as precursor, the active components of the
titanium modified FeMgOx catalysts prepared were iron-magnesium-titanium mixed oxides; however,
when FeSO4 and FeCl2 were used as precursors, the active component of the titanium modified
FeMgOx catalysts prepared was γ-Fe2O3. It was reported that γ-Fe2O3 was an octahedral structure
with vacancies and was in a metastable state with a lower activation energy, which resulted in better
denitration activity. In general, different active components led to diversity between different catalysts.
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Considering the result of the activity test, iron-magnesium-titanium mixed oxides and γ-Fe2O3 as
active components were the substantial cause of different catalytic performance. The mixed oxides
made the temperature window of the catalysts NN and NS obviously shift to a low temperature range
and was the main cause of the secondary reaction at high temperature range.
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Figure 2. Powder X-ray diffraction (XRD) patterns of titanium modified FeMgOx catalysts with
different precursors.

3.3. N2-Adsorption-Desorption

BET surface area, average pore volume and average pore diameter of titanium modified FeMgOx

catalysts with different precursors are enumerated in Table 2.

Table 2. Surface characterization of titanium modified FeMgOx catalysts with different precursors.

Catalysts SBET/m2·g−1 VBJH/cm3·g−1 Average Pore Diameter/nm

SN 55.1245 0.2291 16.2670
SS 46.6441 0.1951 18.6213
CN 58.6066 0.2413 15.5461
CS 51.8948 0.2243 19.2990
NN 181.3934 0.2279 4.3710
NS 180.4130 0.2340 4.4512

The BET surface area, BJH pore volume and average pore diameter of the catalysts SN, SS, CN
and CS were similar to each other. The BET surface area of catalyst SN, which exhibited the best
catalytic activity, was 55.1245 m2/g, the pore volume was 0.2291 cm3/g and the average pore diameter
was 16.2670 nm. Nevertheless, the BET surface area of the catalysts NN and NS using Fe(NO3)3 as a
precursor were 181.3934 m2/g and 180.4130 m2/g, respectively, which were three times larger than the
other four catalysts. The average pore diameter of the catalysts NN and NS were only 4.3710 nm and
4.4512 nm, which were almost four times smaller than the other four catalysts, but the pore volumes
were close to each other. Generally speaking, more active sites could be provided by large surface
area, pore volume and relatively small average pore diameter, which was beneficial for SCR reaction.
For the catalysts NN and NS, large surface area could provide more active sites, but the small pore
diameter would lead to the increment of diffusion resistance during the gas-solid reaction and would
be bad for the adsorption-desorption process. Appropriate surface area, pore volume and average
pore diameter in the catalyst SN could provide enough active sites and guarantee the diffusion and
mass transfer processes, which were in favor of SCR reaction.
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t-Plot microporous area and volume are enumerated in Table 3. It was obvious that the t-Plot
microporous area was much smaller than t-Plot external surface area, and the microporous volume
of all the catalysts was close to zero. It could be concluded that the t-Plot microporous area had less
contribution to the surface area, and the t-Plot external surface area was much more important to
produce large surface area. Meanwhile, mesopore (pore diameter ranging from 2 to 50 nm) was the
main pore type in titanium modified FeMgOx catalysts with different precursors, and there were
substantially fewer micropores (pore diameter less than 2 nm).

Table 3. t-Plot properties of titanium modified FeMgOx catalysts with different precursors.

Samples t-Plot Microporous
Area/m2·g−1

t-Plot External Surface
Area/m2·g−1

t-Plot Microporous
Volume/cm3·g−1

SN 0.5467 54.5777 6.5000 × 10−5

SS 5.1114 41.5327 2.5290 × 10−3

CN 4.3249 54.2817 2.0670 × 10−3

CS 6.5865 45.3083 3.3030 × 10−3

NN 2.7968 178.5966 3.5550 × 10−4

NS 3.1251 177.2879 2.54 × 10−3

Distribution characterization of pore structures over titanium modified FeMgOx catalysts with
different precursors is shown in Figure 3. In Figure 3a,b, pore diameter of all the catalysts is distributed
mainly from 2 nm to 10 nm, which also means that mesopores were the major pore type in the catalysts.
In addition, the pore diameter distribution of the catalysts NN and NS is obviously distinguished from
the other catalysts, and the intensities of the distribution peaks are a great deal stronger than other
catalysts, indicating that the pores ranging from 2 to 10 nm made a greater contribution to surface area
and pore volume.
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In Figure 3c,d, it can be seen that the cumulative pore area and the cumulative pore volume of
the catalysts SN, SS, CN and CS gently declined with pore diameter. However, the cumulative pore
area and the cumulative pore volume of the catalysts NN and NS from 2 to 10 nm declined rapidly
with pore diameter, and the cumulative pore area and the cumulative pore volume above 10 nm were
pretty small compared with that from 2 to 10 nm. The intensive distribution of pore diameter from
2 to 10 nm could provide a large surface area, but the narrow distribution of pore diameter would
lead to the hysteresis of the diffusion and mass transfer processes. For the catalyst SN, the reasonable
distribution of pore diameter could guarantee enough surface area and also the diffusion and mass
transfer processes.

The N2-adsorption-desorption isotherms of titanium modified FeMgOx catalysts are shown in
Figure 4. According to the International Union of Pure and Applied Chemistry classification, the
N2-adsorption-desorption isotherms of the catalysts SN, SS, CN and CS were classified as V-shaped
isotherms with an H3 hysteresis loop. The absorbed volume was really small when the pressure was
low. Only when the pressure was approaching the saturated vapor pressure did the absorbed volume
increase rapidly due to capillary condensation. The absorption characteristic was often observed by
the weak solid-gas interaction in mesopores on the surface of catalysts. It could be concluded from
the type of isotherm and hysteresis loop that disorderly wedge-shaped mesopores were formed by
particles accumulated loosely on the surface of the catalysts [44].
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Figure 4. N2-adsorption-desorption isotherms of titanium modified FeMgOx catalysts with different
precursors: (a) SN, (b) SS, (c) CN, (d) CS, (e) NN and (f) NS.
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However, the N2-adsorption-desorption isotherms of the catalysts NN and NS were classified
as IV-shaped isotherms with an H4 hysteresis loop. The absorbed volume gradually increased when
the pressure was low. Only when the relative pressure was about 0.5 to 0.8 did the absorbed volume
increase rapidly, and then the absorbing capacity became almost invariable, which meant there were
mainly mesopores in the catalysts and less macropores were obtained. It could be concluded from the
type of isotherm and hysteresis loop that wedge-shaped mesopores were formed by lamellar structures
accumulated tightly on the surface of the catalysts.

3.4. SEM and Energy Dispersive Spectrometer (EDS)

The SEM images of titanium modified FeMgOx catalysts are shown in Figure 5. The surface
of the catalysts SN, SS, CN and CS presented spherical particle distribution and the particles were
significantly more independent and regular. There was hardly any accumulation of particles occurring
on the surface of these catalysts, and the regular distribution of particles benefitted the formation of
intergranular pores, which were good for the mass transfer process.
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Figure 5. SEM images of titanium modified FeMgOx catalysts with different precursors: (a) SN, (b) SS,
(c) CN, (d) CS, (e) NN and (f) NS.

However, the surface of the catalysts NN and NS exhibited stratiform and nubby distribution.
There were a huge number of pyknotic fine intergranular pores on the stratiform and nubby structure.
Fine intergranular pores were favorable for large surface area and provided more active sites, but they
would resist the diffusion and mass transfer process. Meanwhile the results implied that the choice of
an iron precursor had significant influence on the surface morphology of the catalyst. The catalyst SN
exhibited regular and distributed spherical particles with good pores connectivity which were favor of
SCR reaction.

The EDS composition analysis of titanium modified FeMgOx catalysts with different precursors is
shown in Table 4.
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Table 4. EDS composition analysis data of titanium modified FeMgOx catalysts with different precursors.

Catalyst
Percentage by Weight/wt % Percentage by Atomicity/at %

Fe Mg Ti O Fe Mg Ti O

SN 59.06 1.68 4.79 34.47 30.82 2.85 3.21 63.12
SS 59.25 3.10 4.73 32.92 31.72 3.81 2.95 61.52
CN 60.66 3.64 4.60 31.10 33.16 4.57 2.93 59.34
CS 59.33 3.18 4.40 33.09 31.68 3.90 2.74 61.68
NN 68.39 2.90 5.30 23.41 41.97 4.09 3.79 50.16
NS 67.93 3.47 4.88 23.72 41.53 4.45 3.17 50.85

The catalysts prepared all consisted of iron, magnesium, titanium and oxygen, as expected.
From Table 4, it can be seen that the percentage of oxygen by atomicity of the catalysts NN and NS
was obviously lower than that of the catalysts SN, SS, CN and CS, which means that it was difficult
for oxygen atoms to enrich on the surface of the catalysts NN and NS. The percentage of oxygen by
atomicity of the catalyst SN could reach 63.12%. In general, the surface oxidation ability could be
improved by the abundant lattice oxygen on the surface of the catalyst. Strong oxidation ability could
promote NO oxidation to NO2 and then induce the rapid SCR reaction, which effectively guarantees
the catalytic performance of the catalyst. The results illustrated that using Fe(NO3)3 as a precursor was
not conductive to the enrichment of oxygen on the surface of the catalyst.

3.5. X-ray Photoelectron Spectroscopy (XPS)

An XPS test was used to better elucidate the spices, concentration and valency of different elements
on the surface of titanium modified FeMgOx catalysts with different precursors, and the element
surface concentration calculated is shown as Table 5. It can be seen that the main elements of titanium
modified FeMgOx catalysts are iron, magnesium, titanium and oxygen, which is in agreement with
EDS results.

Table 5. X-ray photoelectron spectroscopy (XPS) elementary surface concentration of titanium modified
FeMgOx catalysts with different precursors.

Catalyst Fe 2p/% Mg 1s/% O 1s/% Ti 2p/%

SN 38.88 6.92 46.85 7.35
SS 46.35 7.89 37.20 8.57
CN 45.75 9.54 37.75 6.95
CS 47.49 7.47 37.48 7.55
NN 56.74 6.43 32.92 3.91
NS 56.65 6.20 32.86 4.29

The concentration of O 1s over the catalyst SN could reach 46.85%, which illustrates that using
FeSO4 and Mg(NO3)2 as precursors was in favor of the enrichment of oxygen on the surface of the
catalyst and enhanced the surface oxidation ability.

Mg 1s and Ti 2p spectra of titanium modified FeMgOx catalysts with different precursors are
shown in Figure 6. The Mg 1s peaks at a binding energy of about 1303 eV in, and coincides exactly
with Mg2+. For the catalysts SN, SS, CN and CS, the Ti 2p3/2 peaks at 458.23 eV and the Ti 2p1/2 peaks
at 464.03 eV were attributed to Ti4+. The binding energy of Ti 2p shifted higher compared with those
of the catalysts NN and NS. The Ti 2p3/2 peaks appeared at 458.23 eV and the Ti 2p1/2 peaks appeared
at 464.03 eV.
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Figure 6. Mg 1s and Ti 2p spectra over titanium modified FeMgOx catalysts with different precursors.

The Fe 2p spectra of titanium modified FeMgOx catalysts with different precursors are shown in
Figure 7. The Fe 2p spectra consisted of three overlapping peaks, and the binding energy of the Fe
species were further analyzed by peak-fitting. The Fe 2p3/2 peaks at binding energy around 710.0 eV
and 712.0 eV, the Fe2p3/2,sat peaks at binding energy about 718.8 eV and the Fe 2p1/2 peaks at binding
energy of 724.2 eV were all ascribed to Fe3+ [21].Catalysts 2019, 9, x FOR PEER REVIEW  10 of 15 
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Figure 7. Fe 2p spectra of titanium modified FeMgOx catalysts with different precursors.

The O 1s spectra of titanium modified FeMgOx catalysts with different precursors are shown on
Figure 8. The O 1s peaks at the binding energy of about 529.8 eV and 531.5 eV were the lattice oxygen
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(denoted as Oβ) and the chemisorbed oxygen (denotes as Oα), respectively, which were both ascribed
to O2−. The intensity of the O 1s peaks of the catalysts NN and NS using Fe(NO3)3 as precursor was
apparently lower than those of the other catalysts, demonstrating that the concentration of oxygen on
the surface of the catalysts NN and NS was low. Analyzed by peak-fitting, it could be seen that the
chemisorbed oxygen, which was reported most active for the catalysts NN and NS, was significantly
poorer, and the concentration of chemisorbed oxygen of the catalyst SN could be up to 21.2% on the
surface, which was in accordance with the results above. Meanwhile, the shifting of the O 1s binding
energy means that the oxygen deficit was on the surface of the catalyst, which was in favor of the
SCR reaction.Catalysts 2019, 9, x FOR PEER REVIEW  11 of 15 
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Figure 8. O 1s spectra of titanium modified FeMgOx catalysts with different precursors.

3.6. NH3-TPD

In the SCR reaction, NH3 should have firstly adsorbed and activated on the active sites and then
reacted with NO, such as the Eley–Rideal mechanism, or reacted with both NO and adsorbed NO,
such as the Langmuir–Hinshelwood mechanism. The presence of acid sites was of great importance
for catalytic performance [45]. The surface acidity and acid species of titanium modified FeMgOx

catalysts were investigated by NH3-TPD and the results are shown in Figure 9. Usually the NH3

desorption peaks below 300 ◦C were attributed to weak acid sites, and the NH3 desorption peaks
above 300 ◦C were ascribed to strong acid sites. The NH3-TPD profiles of all the catalysts exhibited
a desorption peaks close to 170 ◦C, and the intensity of desorption peaks over the catalysts NN and
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NS was apparently stronger than that of the catalysts SN, SS, CN and CS. The desorption peaks
ascribe to strong acid sites of the catalysts SN, SS, CN and CS appeared at about 380 ◦C, while those
of the catalysts NN and NS appeared above 450 ◦C. The amount of total acidity of all the catalysts
was calculated as 1362.03 µmol/g, 883.81µmol/g, 933.96 µmol/g, 525.86 µmol/g, 1915.58 µmol/g and
1977.91 µmol/g, with the order from catalyst SN to NS. Considering the activity results, it could be
deduced that the weak acid sites that appeared at 170 ◦C had impact on the catalytic performance below
200 ◦C, and the strong acid sites that appeared at 380 ◦C made a great contribution to the catalytic
activity and inhibited the secondary reaction at a higher temperature range. However, it was difficult
for NH3 to absorb and activate on the strong acid site of the catalysts NN and NS, and appeared to
exceed 450 ◦C. The total acidity of the catalyst SN reached 1362.03 µmol/g, and the improvement of the
total acidity of the catalyst SN could provide more adsorption sites. The enhancement of strong acid
sites around 380 ◦C could inhibit the secondary reaction above 300 ◦C, which was the reason that the
catalyst SN exhibited excellent catalytic performance and had a wide temperature range.
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Figure 9. NH3-TPD profiles over titanium modified FeMgOx catalysts with different precursors.

4. Conclusions

The influence of different precursors on titanium modified FeMgOx catalysts was investigated
and characterized. The results show that the crystalline phase of the active component was directly
affected by the iron precursors. γ-Fe2O3 formed as the main crystalline phase when FeSO4 and FeCl2
were used as precursors. The main crystalline phase would be amorphous iron-magnesium-titanium
mixed oxides when Fe(NO3)3 was used as precursor. The catalyst using FeSO4 and Mg(NO3)2 as
precursors exhibited NOx conversion above 90% from 225 to 400 ◦C, while approaching 100% from 250
to 375 ◦C. The temperature window of the catalysts using Fe(NO3)3 as a precursor shifted to lower
temperature range, on which the secondary reaction occurred, leading to the decline of NOx conversion
at a high temperature. The regular spherical particle distribution and the good pores connectivity
were advantageous to the mass transfer process. The acid sites that appeared at 170 ◦C played an
important role for catalytic performance below 200 ◦C. The acid sites that appeared at 380 ◦C inhibited
the secondary reaction at high temperature range. However, it was difficult for NH3 to absorb and
activate on the strong acid sites using Fe(NO3)3 as a precursor when exceeding 450 ◦C. The total acidity
of the catalyst using FeSO4 and Mg(NO3)2 as precursors could reach 1362.03 µmol/g, and the surface
oxygen concentration was also enhanced, thereby SCR reaction was improved correspondingly.
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Abstract: A series of ZrO2-supported WOx catalysts were prepared using atomic layer
deposition (ALD) with W(CO)6, and were then compared to a WOx/ZrO2 catalyst prepared via
conventional impregnation. The types of sites present in these samples were characterized using
temperature-programmed desorption/thermogravimetric analysis (TPD-TGA) measurements with
2-propanol and 2-propanamine. Weight changes showed that the WOx catalysts grew at a rate of
8.8 × 1017 W atoms/m2 per cycle. Scanning transmission electron microscopy/energy-dispersive
spectroscopy (STEM-EDS) indicated that WOx was deposited uniformly, as did the 2-propanol
TPD-TGA results, which showed that ZrO2 was completely covered after five ALD cycles.
Furthermore, 2-propanamine TPD-TGA demonstrated the presence of three types of catalytic
sites, the concentrations of which changed with the number of ALD cycles: dehydrogenation sites
associated with ZrO2, Brønsted-acid sites associated with monolayer WOx clusters, and oxidation
sites associated with higher WOx coverages. The Brønsted sites were not formed via ALD of WOx

on SiO2. The reaction rates for 2-propanol dehydration were correlated with the concentration of
Brønsted sites. While TPD-TGA of 2-propanamine did not differentiate the strength of Brønsted-acid
sites, H–D exchange between D2O and either toluene or chlorobenzene indicated that the Brønsted
sites in tungstated zirconia were much weaker than those in H-ZSM-5 zeolites.

Keywords: solid acids; metal-oxide catalysts; tungstated zirconia; atomic layer deposition; Brønsted-
acid strength; temperature-programmed desorption/thermogravimetric analysis; H–D exchange

1. Introduction

In the 1980s, it was reported that tungstated zirconia (WOx/ZrO2) could be used as a solid acid
catalyst; however, there are still many questions and apparent contradictions regarding the nature
and strength of the acid sites in this material, as demonstrated in the recent review by Zhou et al. [1].
A major difficulty with tungstated-zirconia catalysts is that their properties depend on how they are
made. It is likely, for this reason, that some studies indicated that the structure of the underlying ZrO2,
whether amorphous or crystalline (tetragonal or monoclinic), influences the activity of the sites [2],
while other workers reported that the crystallographic structure of the zirconia is not important [3,4].
It was also suggested that the sites may be of varying strength, depending on the WOx cluster size,
with one theoretical study reporting that the Brønsted sites not only depend on cluster size, but can
also approach super-acid strength [1]. However, the observations that it is necessary to add Pt in order
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for tungstated zirconia to exhibit alkane-isomerization activity [5,6] would suggest that the sites are
less strong, in addition to tungstated zirconia being selective to ether formation in the dehydration of
alcohols [7], without forming olefins, unlike with protonic zeolites.

Most researchers prepared their tungstated-zirconia catalysts via the aqueous impregnation of
ammonium metatungstate ((NH4)10W12O41·5H2O), followed by calcination [1]. In addition to the fact
that this precursor consists of a relatively large number of tungsten atoms, the drying process itself
can result in multiple clusters coming together before decomposing upon calcination [8]. While the
WOx species may spread over the support surface during calcination, the implications of there being
so many tungsten atoms together in the initial state implies that there will likely be large clusters
on the support in all cases. This is important because mono-tungstate species are not believed to
be the active component [1]. Furthermore, the fact that the catalytic properties are a function of the
tungsten-oxide coverage and pretreatment conditions [9,10] implies that discrepancies in the results
from different studies are likely due to differences in the detailed nature of the clusters that are formed
in the catalysts.

In the presented work, we set out to investigate the catalytic sites in WOx/ZrO2 catalysts prepared
using atomic layer deposition (ALD). ALD is a self-limiting process in which WOx is deposited through
repeated, cyclic exposures of W(CO)6 and oxidants [11–13]. Because the amount of WOx deposited
per cycle in ALD is low and the deposition is uniform, ALD ensures the formation of uniform,
atomic-scale layers, which maximize the interfacial contact between WOx and ZrO2. This allows
the formation of isolated WOx species, as well as much more control over the tungsten cluster sizes
by increasing tungsten coverage. A complicating factor in the characterization is that zirconia itself
exhibits activity in the reaction of amines and alcohols, and contributes to the activity of catalysts
for some reactions. Fortunately, as demonstrated in this work, the chemistries on bare zirconia are
oftentimes distinguishable from those that occur on WOx/ZrO2 interfaces, and thus, provide additional
information on coverage and dispersion.

We also set out to test claims that tungstated-zirconia could show super-acidic properties.
The quantification of Brønsted-acid strength in solid acids is difficult, and some common measures,
such as heats of adsorption for ammonia or pyridine, were shown to be uninformative [14]. A simple
reaction that appears to depend only on the ability of the solid to protonate a weak base involves the
H–D exchange between an aromatic molecule and deuterated acid sites [15]. In our case, we examined
light-off curves for H–D exchange between D2O and either toluene (C7H8) or chlorobenzene
(C6H5Cl) [15]. Essentially, all hydroxides on solids exchange readily with D2O [14,16], meaning that
the presence of D2O ensures a high concentration of deuterated acid sites. However, the deuteration of
toluene (proton affinity = 784 kJ/mol) or chlorobenzene (proton affinity = 753 kJ/mol) requires the
formation of a carbenium ion, so that the temperature at which exchange becomes rapid should be a
reasonable measure of the acid strength. In agreement with expectations based on proton affinities,
higher temperatures are required for H–D exchange with chlorobenzene compared to that with
toluene; however, the Brønsted sites in tungstated zirconia appear to be significantly weaker than
those in H-ZSM-5.

2. Results

The ZrO2 substrate prepared for this study had an initial BET surface area of 65 m2/g. As shown
by the X-ray diffraction (XRD) pattern in Figure 1a, its phase was primarily monoclinic with a small
amount of the tetragonal phase. The WOx loadings were then determined as a function of the number
of ALD cycles by measuring the sample weights. Table 1 shows these loadings, together with BET
surface areas. In the first five ALD cycles, the sample weight increased almost linearly at 22 mg WOx/g
ZrO2 per cycle. Assuming an O:W stoichiometry of three and uniform film growth over the entire
ZrO2 surface, this corresponds to a growth rate of 0.048 nm/cycle, a value that is reasonable for the
size of the W(CO)6 precursor, but that is somewhat larger than the value reported in the literature for
the growth of WO3 films on flat surfaces (0.023 nm/cycle) for similar growth conditions [11,13]. It is
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interesting to notice that the growth rate of WOx on the 140-m2/g SiO2 support, calculated from the
amount deposited after five ALD cycles, was only 0.025 nm/cycle, implying that the substrate does
influence the initial deposition rate. Finally, it is useful to consider that deposition of 22 mg of WO3

onto the 65-m2/g ZrO2 sample corresponds to 8.8 × 1017 W atoms/m2. This is a fraction of an oxide
monolayer, which implies that, in the absence of surface migration, WOx species are likely spatially
isolated after a single ALD cycle.
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did not cause any changes in the XRD pattern (Figure 1b). Because of the decreasing surface area of 
the sample, the rate at which the weight changed decreased somewhat with the number of ALD 
cycles. After 40 ALD cycles, the WOx loading was 42 wt%, or 0.72 g WOx/g ZrO2. Assuming that the 
film was uniform with a stoichiometry and density of bulk WO3, the film thickness after 40 cycles 
was 1.5 nm, a thickness significantly greater than that of a monolayer. However, even with this 
relatively thick film, the XRD pattern (Figure 1c) showed no evidence of a well-defined crystalline 

Figure 1. XRD patterns for (a) ZrO2, (b) 5W-Zr (5 ALD cycles), and (c) 40W-Zr (40 ALD cycles).
Monoclinic phase (�); tetragonal phase (�).

Table 1. Weight gain, surface area, and calculated layer thickness for W-Zr and W-Si materials. The layer
thickness was calculated using a WO3 density of 7.16 g/cm3. The nomenclature xW-Zr is used to refer
to a sample exposed to x ALD cycles.

SAMPLE Weight Gain
(mg/g of Substrate)

Surface Area
(m2/g)

Layer Thickness
(nm)

ZrO2 0 65 0
1W-Zr 21 62 0.045
2W-Zr 47 60 0.10
3W-Zr 63 53 0.14
4W-Zr 87 47 0.19
5W-Zr 112 46 0.24
20W-Zr 430 36 0.92
40W-Zr 720 19 1.6

impW-Zr (10-wt% WOx) 111 58 -
5W-Si 120 135 0.12

After five ALD cycles, the BET surface area decreased to 46 m2/g. Some of the decrease was due
to the increase in sample mass; however, the majority of the loss in surface area per mass of sample
must be associated with the narrowing or blocking of pores. The WOx added with five ALD cycles did
not cause any changes in the XRD pattern (Figure 1b). Because of the decreasing surface area of the
sample, the rate at which the weight changed decreased somewhat with the number of ALD cycles.
After 40 ALD cycles, the WOx loading was 42 wt%, or 0.72 g WOx/g ZrO2. Assuming that the film was
uniform with a stoichiometry and density of bulk WO3, the film thickness after 40 cycles was 1.5 nm,
a thickness significantly greater than that of a monolayer. However, even with this relatively thick film,
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the XRD pattern (Figure 1c) showed no evidence of a well-defined crystalline WOx phase. The only
change in the XRD pattern with the addition of this large amount of WOx was a slightly elevated
baseline between 25 and 35 degrees 2θ, and again above 50 degrees 2θ. These broad features may
be associated with a very small fraction of mixed WOx phases. However, if large, three-dimensional,
crystalline clusters were being formed, it would have been apparent in the diffraction pattern.

Scanning transmission electron microscopy (STEM) imaging and energy-dispersive spectroscopy
(EDS) elemental mapping on the 40W-Zr sample (Figure 2) demonstrate that the WOx ALD films
deposited uniformly over the ZrO2 surface. While there were no obvious features in the image, despite
the high WOx coverage, the EDS mapping of W and Zr indicates the co-existence of W and Zr elements
in the sample. The overlap in the signals reveals their uniform distribution.
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Figure 2. BF (Bright-Field) scanning transmission electron microscopy (STEM) image and
energy-dispersive spectroscopy (EDS) elemental mapping of the 40W-Zr sample. The scale bars
represent 20 nm.

To characterize the structure of the WOx ALD films, Raman spectra of the ZrO2 support and of
the impW-Zr (10-wt% WOx) and 5W-Zr samples were measured, both of which had WOx loadings
that were close to 10 wt%. The data for ZrO2 (Figure 3a) show vibrational bands at ~347, 380, 478, 616,
and 636 cm−1, which are well known to be due to ZrO2 [17]. The spectrum for the impW-Zr sample
(Figure 3b) exhibits the same bands, but with a new, broad feature centered at ~962 cm−1, which was
previously assigned to the symmetric stretching mode of a terminal W=O bond [17]. This broad feature
may also include a contribution from a bridging W–O–Zr bond at 915 cm−1. The spectrum of the
5W-Zr sample (Figure 3c) is similar, except that the vibrational features associated with WOx relative
to those with ZrO2 are significantly more intense, despite having the same WOx loading. This is likely
due to the WOx being spread more uniformly over the ZrO2 surface in the ALD-prepared sample.

A further indication that the WOx layer was more uniform on the ALD-prepared sample is
demonstrated in Figure 4, which shows the temperature-programmed desorption/thermogravimetric
analysis (TPD-TGA) results for 2-propanol on the ZrO2, 5W-Zr, and impW-Zr samples. The TGA
data show that the initial coverages following room-temperature adsorption and 1-h evacuation were
slightly higher on the ZrO2 and impW-Zr samples (between 250 and 300 µmol/g) compared to the
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5W-Zr (200 µmol/g). However, this is almost certainly due to the lower surface area of the 5W-Zr
sample. The initial specific coverages were roughly 2.7 × 1018 molecules/m2 for each of the samples.
While some of the 2-propanol (m/e = 45) desorbed unreacted from all three samples, significant
fractions of the 2-propanol desorbed from the samples as propene (m/e = 41) and H2O due to reactions
on either Lewis- or Brønsted-acid sites [18]. Water is not shown because it tends to desorb over a broad
temperature range. What is more interesting is that the dehydration reaction occurred at very different
temperatures on ZrO2 and on WOx/ZrOx sites. On the ZrO2 and 5W-Zr samples, the dehydration
reaction occurred over narrow temperature ranges in peaks centered at 560 K on ZrO2, and 405 K
on 5W-Zr. The TPD result of impW-Zr shows similarly sized peaks at both temperatures, suggesting
that impW-Zr has regions of bare ZrO2 and regions covered by WOx. Even though the WOx loadings
were the same for 5W-Zr and impW-Zr, the distributions of WOx were clearly different, with tungsten
distributed much more uniformly on the sample prepared using ALD.
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To qualitatively assess the nature of the sites on the ZrO2 and 5W-Zr samples, FTIR measurements
were performed following adsorption of pyridine, with results shown in Figure 5. The spectrum for
ZrO2 (Figure 5a) shows only bands at 1440 and 1460 cm−1, which are characteristic of adsorption at
Lewis sites. In contrast to this, the spectrum of pyridine on the ALD-prepared 5W-Zr (Figure 5b) also
exhibits a band near 1540 cm−1, which can be assigned to adsorbed pyridinium ions, implying 5W-Zr
contains a significant concentration of Brønsted sites.
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Figure 5. FTIR spectra of pyridine adsorbed on (a) ZrO2 and (b) 5W-Zr. The samples were pretreated
with helium at 373 K before pyridine was adsorbed onto the samples at room temperature.

To quantify the concentration of the sites, TPD-TGA measurements were performed using
2-propanamine as the probe molecule. On Brønsted sites, 2-propanamine forms 2-propylammonium
which decompose during TPD to form ammonia and propylene between 573 and 650 K due to
a Hoffman Elimination reaction [19,20], allowing site concentrations to be determined from this
decomposition feature. Reaction of the amines can occur on catalytic sites other than Brønsted sites;
however, the products that are formed and the temperature range in which the reactions occur are
different and depend on the nature of the site [21]. The TPD-TGA results for the WOx/ZrO2 samples
show evidence for the presence of three different types of reactive sites, with concentrations of those
sites dependent on the WOx coverages. A summary of the three reaction pathways is illustrated in
Scheme 1.
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Figure 6a provides the TPD-TGA result for 2-propanamine with pure ZrO2. Approximately
half of the 300 µmol/g that remained on the sample after evacuation desorbed as unreacted amine
(m/e = 42, 43, 44) below 500 K. Above that temperature, most of the amine molecules reacted in a
feature centered at approximately 565 K to form H2 (m/e = 2), a mixture of acetonitrile and butenes
(m/e = 41), and ammonia (m/e = 17). The absence of a peak at m/e = 42 is particularly important for
demonstrating that the high temperature peak at m/e = 41 is not propene, the product that would be
formed on Brønsted sites. The identification of acetonitrile and propene as products was achieved
by a more complete analysis of the mass spectra and was confirmed in steady-state flow-reactor
measurements over ZrO2 at 673 K. The same products were observed in those measurements, with
the addition of small amounts of dipropylamine. Apparently, ZrO2 catalyzes the dehydrogenation of
2-propanamine to form the imine, which is unstable and reacts to form the smaller nitrile and butenes.
The reaction of adsorbed 1-propanamine on ZrO2, shown in Figure S1, was simpler, forming primarily
propionitrile and H2. However, because the products formed by 1-propanamine on sites formed by
WOx were more difficult to distinguish from those formed on ZrO2, most of our work focused on using
2-propanamine to characterize the samples. It is noteworthy that ZrO2 was previously demonstrated to
exhibit dehydrogenation chemistry under some conditions, and it is this functionality that is apparently
responsible for the amine reactions [22].

The TPD-TGA result for the 5W-Zr sample, shown in Figure 6b, differs significantly from that
obtained on ZrO2. As in the case of 2-propanol, the initial coverage was slightly lower due to the
lower specific surface area; similar to the case of ZrO2, unreacted amine desorbed from the sample
below 500 K. However, on the 5W-Zr sample, there are two distinct reaction features at ~585 K
and ~620 K, and the products formed in both peaks differ from that observed on ZrO2. The 620-K
peak is characteristic of Brønsted-acid sites. The major products are propene (m/e = 41 and 42,
in the correct ratio for propene) and ammonia (m/e = 17), and these were formed via the Hoffman
elimination at exactly the same temperature reported for the reaction of adsorbed 2-propanamine on
acidic zeolites [19]. The lower-temperature peak at ~585 K may have a small contribution from the
bare ZrO2, since the temperature is similar to the reaction temperature on ZrO2; however, the major
products formed in this case were very different. The major products determined from a complete
analysis of the mass spectra in this temperature range were acetone (m/e = 43) and ammonia. Minimal
amounts of acetonitrile and much less H2 were formed, suggesting that most of the ZrO2 was covered.
The formation of acetone implies that partial oxidation took place. The total amount of 2-propanamine
that reacted on the 5W-Z sample was ~100 µmol/g. By integrating the product peaks, we estimate that
this sample had less than 10 µmol/g of dehydrogenation sites (from the amount of H2 and nitrile that
formed), 80 µmol/g of Brønsted sites (from propene and ammonia), and 15 µmol/g of oxidation sites
(acetone). These results are summarized in Table 2.

Table 2. Reaction site densities determined from the desorption features of 2-propanamine TPD,
determined as described in the text. W/B = number of W atoms per Brønsted site.

SAMPLE
Reaction-Site Density (µmol/g)

W/B
Dehydrogenation Oxidation Brønsted

ZrO2 123 0 0 -
1W-Zr 115 0 6 15
2W-Zr 77 0 24 8.5
3W-Zr 31 4 67 4.1
4W-Zr 20 5 74 5.2
5W-Zr 6 16 80 6.0
20W-Zr 5 32 41 32
40W-Zr 1 15 12 148

impW-Zr 63 9 40 13
5W-Si 0 24 9 30
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Figure 6. TPD-TGA of 2-propanamine over (a) ZrO2, (b) 5W-Zr, (c) impW-Zr, and (d) 20W-Zr.
The desorption features correspond to hydrogen (m/e = 2), ammonia (m/e = 17), a mixture of butenes
and acetonitrile (m/e = 41), acetone (m/e = 43), propene (m/e = 41 and 42), and unreacted 2-propanamine
(m/e = 44).

TPD-TGA measurements were also performed for the impW-Zr sample (10-wt% WOx), with the
result shown in Figure 6c. This sample exhibited all three types of reaction features, with a clearly
defined H2 and acetonitrile/butene feature at 565 K, associated with ZrO2. An estimate of the site
densities gave 60 µmol/g of dehydrogenation sites, 40 µmol/g of Brønsted sites, and 10 µmol/g of
oxidation sites. Figure 6d is the TPD-TGA result obtained for 20W-Zr, the sample prepared using ALD
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which had a 30-wt% WOx loading, corresponding to a uniform film of ~1 nm. In comparison to the
near-monolayer 5W-Zr sample, the TPD trace shows more intense features associated with oxidation
sites at ~585 K, and smaller features associated with Brønsted sites at 620 K.

To understand the effect of WOx coverage, TPD-TGA measurements of 2-propanamine were
performed on samples exposed to a varying number of ALD cycles. All of the samples exhibited the
same three features in the TPD-TGA but at different concentrations. A summary of the calculated site
concentrations is reported in Table 2 and Figure 7. The concentration of accessible dehydrogenation
sites decreased dramatically with the number of ALD cycles, and essentially disappeared after five ALD
cycles. Using the deposition rate of 8.8 × 1017 W atoms/m2 per cycle reported earlier, five ALD cycles
corresponds to 4.4 × 1018 W atoms/m2, a reasonable value for an oxide monolayer. In agreement with
previous reports that individual W atoms do not form Brønsted sites, the Brønsted-site concentration
was negligible after one cycle, and increased non-linearly thereafter, converging to a maximum after
about five cycles. At higher WOx coverages, the Brønsted-site concentration decreased, implying that
contact with the ZrO2 substrate was essential for forming these sites. Confirmation of the importance
of ZrO2 came from the fact that the silica-supported sample, 5W-Si, showed a low Brønsted-site acidity.
Finally, the concentration of oxidation sites, those responsible for forming acetone, were negligible
below five ALD rounds, the point at which the dehydrogenation sites disappeared. This implies that
the oxidation sites are associated with bulk WOx that is not in contact with the ZrO2 surface. It is also
confirmed by the fact that oxidation-site density reached a maxima for 20W-Zr when multilayer WOx

was formed. However, the decrease in oxidation-site density for 40W-Zr was only due to a loss of
surface area.
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To determine the relationship between catalytic activity and the presence of Brønsted sites,
the steady-state conversion of 2-propanol was performed on a series of ALD-prepared WOx/ZrO2

catalysts at 403 K and a Weight Hourly Space Velocity (WHSV) of 0.40 h−1. Under these conditions,
pure ZrO2 was not catalytically active. As shown in Figure 8, there was no significant conversion
over catalysts prepared with one or two WOx ALD cycles. With higher WOx concentrations,
the propanol reacted to a mixture of water with dipropyl ether (~60%) and propene (40%). Conversions
were maximized after five ALD rounds, and there was a reasonable correspondence between the
concentration of Brønsted sites on these samples and the conversions. The fact that the 40W-Zr sample
showed a higher conversion than would be expected based on its Brønsted-site density suggests that
the bulk WOx also has some activity for alcohol dehydration.

As discussed in the introduction, the quantification of Brønsted-acid strength in solid acids is
difficult. Here, we measured light-off curves for H–D exchange between D2O and either toluene (C7H8)
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or chlorobenzene (C6H5Cl) on the 5W-Zr sample, and compared the results to those obtained on an
H-ZSM-5 zeolite which had a similar Brønsted-site density of 80 µmol/g. Measurements began at
room temperature, and were carried out in a steady-state reaction environment after each increment of
10 K. The results are shown in Figure 9. Firstly, on both H-ZSM-5 and 5W-Zr, the light-off temperatures
for chlorobenzene occurred at higher temperatures, roughly 60 degrees higher on H-ZSM-5 and
75 degrees higher on 5W-Zr. This is consistent with a lower barrier for the reaction of toluene due to its
significantly higher proton affinity. Secondly, the temperatures at which H–D exchange occurred were
significantly higher on the tungstated zirconia. Sorption effects and other factors can play a role in the
observed rates on solid acids [23]; however, the fact that the reaction occurred at higher temperatures
for both adsorbates suggests that tungstated zirconia has much weaker acid sites than does H-ZSM-5.Catalysts 2018, 8, x FOR PEER REVIEW  11 of 15 
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3. Discussion

In agreement with previous reports [1,17], our data here indicate that tungstated zirconia is a
complex material that can exhibit Brønsted acidity, Lewis acidity, and oxidation activity, along with
dehydrogenation activity on ZrO2 [22]. The concentrations of the various types of sites depend on
how the material is made, as shown by the differences we observed in materials synthesized via
impregnation and using ALD. This complexity almost certainly accounts for at least some of the
differences reported by the various groups who have worked on tungstated zirconia. In the presented
study, we focused on controlling the composition and structure by synthesizing catalysts using ALD
because of the uniformity that this approach provides.

The TPD results also demonstrate the power of using reactive probe molecules, rather than
simple bases like ammonia or pyridine, for characterizing the types of sites that are present on these
materials. The application of TPD in this manner is certainly not new, and 2-propanol [18] and
2-propanamine [19] were previously used to characterize site concentrations for Lewis and Brønsted
acids. However, the results demonstrate that additional information can also be obtained. For example,
the comparison of 2-propanol results for WOx/ZrO2 samples prepared via impregnation gave a strong
indication that the WOx did not uniformly cover the ZrO2. The 2-propanamine results were also able to
delineate concentrations of the various types of sites that were formed with increasing WOx coverage.

Based on our reactivity studies, the Brønsted-acid sites formed in tungstated zirconia are relatively
weak, certainly compared to the Brønsted-acid sites formed in zeolites. While site strengths may well
depend on the detailed structure and method of synthesis, it is worth noting that others reported that
WOx/ZrO2 is selective for the etherification of alcohols [7], without forming olefins as with zeolites,
which would again imply the sites are relatively weak. We suggest that the high activity sometimes
observed at low temperatures in tungstated zirconia is due to the combination of oxidation sites
and/or dehydrogenation sites, together with Brønsted sites, similar to that which was proposed for
sulfated zirconia [24]. With sulfated zirconia, the oxidation sites were shown to transform alkanes
to olefins, which were then more easily activated by the acid sites. A similar combination of sites
likely explains at least some of the catalytic properties of tungstated zirconia. The combination of sites
allows isomerization reactions to occur at low temperatures without the need for especially strong
Brønsted sites.

It is interesting that there were essentially no Brønsted sites formed after the deposition of a single
WOx ALD cycle on the ZrO2. One would expect to form isolated WOx species under these conditions,
and the lack of Brønsted sites is interesting. The fact that more than one WOx species must be present
in order to form a Brønsted site was stated by others [1], who argued that the W:Brønsted-site ratio is
about four. The value of four is indeed the approximate minimum value observed in Table 2, where
the Brønsted-site concentrations are listed as a function of the number of ALD cycles added to the
ZrO2. While this ratio suggests that a (WOx)n cluster is required for forming Brønsted sites, it is worth
noting that the ratio of four occurs after three cycles, at which point it is expected that most of the
tungsten is deposited in the first monolayer, implying that the clusters would be two-dimensional and
still in contact with ZrO2. The importance of zirconia is confirmed by the fact that we do not form
significant quantities of Brønsted sites when WOx is deposited on silica.

Finally, our H–D exchange results imply that the Brønsted sites in WOx/ZrO2 are relatively weak
compared to the sites in high-silica zeolites. The early work by Hino and Arata on the isomerization
of small alkanes at low temperatures argued that these materials are very strong Brønsted acids [25];
similarly, the calculated deprotonation energies that were reported imply that tungstated zirconia
should have much stronger sites than those present in zeolites [1]. However, the recent publication
on dodecanol etherification showed that WOx/ZrO2 was more selective than acidic zeolites for
forming ethers, and produced less olefin and oligomerization products [7], a result that would
imply weaker Brønsted sites. We suggest that the high activity reported for alkane activation at low
temperatures could be the result of a combination of oxidation sites and Brønsted sites. For example,
the low-temperature activity of sulfated zirconia was associated in part with oxidation sites which
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form olefins that then go on to react over the Brønsted sites [9]. Since the tungsten clusters on zirconia
were shown to be reducible, both in this study and previously [26], the low-temperature, isomerization
activity may be the result of a combination of acidic and oxidation sites. Similarly, the presence of Pt in
low-temperature isomerization catalysts likely leads to the formation of alkenes, which are much more
easily protonated [27,28].

Obviously, there is still much to learn about the nature and properties of the catalytic sites in
tungstated zirconia. We believe that the combination of controlled synthesis using ALD with careful
adsorption studies of the type performed here can help elucidate the nature of these sites.

4. Experimental

The ZrO2 support was prepared by titrating (0.2 mL/s) 30% aqueous NH4OH (Fischer) to a
5-wt% aqueous solution of ZrO(NO3)2•xH2O (99%, Sigma Aldrich, St. Louis, MO, USA) with vigorous
stirring. The precipitate was then dried at 333 K for 12 h before being calcined in a Muffle furnace
at 773 K for 5 h. ALD was performed in a custom-built, static system that could be evacuated by a
mechanical pump, and was described in previous studies [12,29]. In a typical ALD cycle, the evacuated
300 mg of zirconia powder was first exposed to the vapor of W(CO)6 (99%, Strem, Newburyport, MA,
USA) at 473 K for 3 min, followed by a 5-min evacuation. The samples were then exposed to air at the
same temperature for 6 min, before once again being evacuated to complete the cycle. We used the
nomenclature xW-Zr to refer to a sample exposed to x ALD cycles. For comparison purposes, a sample
with 10-wt% WOx/ZrO2 (impW-Zr) was prepared via conventional aqueous incipient wetness of
(NH4)10W12O41•5H2O (99.999%, Alfa Aesar, Haverhill, MA, USA), followed by a 4-h calcination at
773 K. To determine the effect of the support, a WOx/SiO2 sample (5W-Si) was prepared by depositing
five ALD cycles onto a stabilized SiO2 (Degussa AG, Essen, Germany, Ultrasil VN 3 SP, 140 m2/g).

The temperature-programmed desorption/thermogravimetric analysis (TPD-TGA) measurements
were performed on samples held in a system consisting of an evacuated CAHN 2000 microbalance,
equipped with an SRI quadrupole mass spectrometer (RGA100), that is described elsewhere [30].
The 50-mg samples were first heated in a vacuum to 823 K, before being cooled to room temperature
in a vacuum, and then exposed to the vapor of the probe adsorbate, either 2-propanol (99.9%, Fisher,
Hampton, NH, USA), or 1-propanamine (99+%, Alfa Aesar), or 2-propanamine (99%, Alfa Aesar). After
1 h of evacuation, the TPD and TGA measurements were obtained while ramping the temperature at
10 K/min.

Scanning transmission electron microscopy (STEM) and elemental mapping via energy-dispersive
X-ray spectroscopy (EDS) were performed with a JEOL 2010F field-emission scanning transmission
electron microscope (JEOL, Tokyo, Japan), operated at an accelerating voltage of 200 kV with a 0.7 nm
STEM probe. Infrared spectra of adsorbed pyridine were performed on a Mattson Galaxy FTIR
(Madison Instruments Inc., Middleton, WI, USA) with a diffuse-reflectance attachment (Collector II™)
in order to confirm the presence of Brønsted sites [31]. In the FTIR cell, the samples were initially
heated to 373 K in flowing He at 60 mL/min to remove any adsorbed water for 10 min. After cooling
the samples to room temperature, pyridine vapors were exposed to the sample for 10 min. The samples
were then flushed with flowing He at 60 mL/min for 10 min. Raman spectra were obtained with an
NTEGRA Spectra system (NT-MDT) with an excitation laser wavelength of 532 nm. The experiments
were carried out with a laser power of 15 mW (10% of 150 W from the natural-density filter setting) at
the samples and a collection time of 60 s. Powder X-ray Diffraction (XRD) patterns were collected from
a Rigaku Smartlab diffractometer equipped with a Cu Kα source (The Woodlands, TX, USA).

The steady-state reaction rates for various reactions (2-propanol dehydration, H–D exchange
between toluene (C7H8) and D2O, and H–D exchange between chlorobenzene (C6H5Cl) and D2O)
were measured in a flow reactor that consisted of a 200-mm long, 4.6-mm ID stainless-steel tube,
packed with 100 mg of catalyst that was held in place by two quartz-wool plugs and an inert tube from
the back end. Products were monitored using an online GC-MS (QP-5000, Shimadzu, Kyoto, Japan)
and the results were compared to reaction measurements over an H-ZSM-5 catalyst (Si/Al2 = 280;
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Zeolyst, CBV 28014, Conshohocken, PA, USA). For the dehydration of 2-propanol, the inlet flow to
the reactor was 5% 2-propanol, achieved by feeding 0.9 µL/min liquid 2-propanol with a syringe
pump (Harvard Apparatus, PHD 2000, Holliston, MA, USA) in a 5 mL/min He flow. In the H–D
exchange measurements, an equal molar fraction of 1% toluene (or chlorobenzene) and D2O were
co-fed with a syringe pump in a 20 mL/min He flow. Prior to the reaction, the catalysts were pretreated
in flowing He at 523 K for 30 min before measuring steady-state reaction rates using an online GC-MS
(QP-5000, Shimadzu). The conversions of H–D exchange were quantified via the deconvolution of
mass fragmentations from m/e 91 to 97 for toluene, and from m/e 112 to 118 for chlorobenzene.

5. Conclusions

(1) The ALD of W(CO)6 on ZrO2 allows the deposition of uniform layers of WOx, with coverages
varying from sub-monolayer to multilayer.

(2) The TPD measurements with 2-propanamine on the WOx/ZrO2 samples identified three types of
sites: dehydrogenation sites associated with uncovered ZrO2, Brønsted sites formed by monolayer
clusters of WOx, and redox sites associated with multilayers of WOx.

(3) The formation of Brønsted sites for WOx/ZrO2 requires the presence of multiple W atoms.
(4) The Brønsted sites in WOx/ZrO2 are active for alcohol dehydration, but are significantly weaker

than the Brønsted sites in an H-ZSM-5 zeolite, as shown via H–D exchange with toluene
and chlorobenzene.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/7/292/s1,
Figure S1. TPD-TGA of 1-propanamine over ZrO2. The desorption features correspond to hydrogen (m/e = 2),
unreacted 1-propanamine (m/e = 30) and propionitrile (m/e = 54). The graphic symbols represent schematic ZrO2
support (gray).
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Abstract: Ruthenium oxide is one of the most active electrocatalyst for oxygen evolution (OER) and
oxygen reduction reaction (ORR). Herein, we report simple wet chemical route to synthesize RuO2

nanoparticles at controlled temperature. The structural, morphological and surface area studies of the
synthesized nanoparticles were conducted with X-ray diffraction, electron microscopy and BETsurface
area studies. The bifunctional electrocatalytic performance of RuO2 nanoparticles was studied under
different atmospheric conditions for OER and ORR, respectively, versus reversible hydrogen electrode
(RHE) in alkaline medium. Low Tafel slopes of RuO2 nanoparticles were found to be ~47 and
~49 mV/dec for OER and ORR, respectively, in oxygen saturated 0.5 M KOH system. Moreover,
the catalytic activity of RuO2 nanoparticles was examined against the Horseradish peroxidase enzyme
(HRP) at high temperature, and the nanoparticles were applied as a sensor for the detection of H2O2

in the solution.

Keywords: ruthenium oxide; nanoparticles; electrocatalysts; sensing

1. Introduction

The present generation is largely dependent on fossil fuelsto meet the present energy
requirements—for instance, oil, coal, or natural gases. However, these energy demands fulfilled by these
products directly affect the environment. The burning of fossil fuels leads up to the emissions of carbon
dioxide gas (a greenhouse gas), which is affecting the world significantly through global warming,
change in weather patterns and several other noteworthy geographical changes [1]. In addition,
we know fossil fuels are nonrenewable resources, hence they will eventually deplete, so alternatives
must be found. Therefore, the development of efficient, inexpensive and eco-friendly sources of energy
has become a significant and crucial task for the researchers [2]. Scientists have investigated the
use of renewable resources such as solar, wind, tidal, biomass, geothermal energy etc. The major
research trend of today’s era is the water-splitting phenomena for energy generation. Water splitting
via electrocatalysis or photocatalysis is a clean, environmentally friendly and renewable source of
energy for fuel cells, batteries and hydrogen generation [3–5]. In the presence of electro/photocatalyst,
the water molecule splits into hydrogen and oxygen gas (i.e., H2O → H2 + 1/2 O2). The evolved
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hydrogen gas is used in fuel cells as a fuel which further reacts with O2 to produce an electric current.
The evolved oxygen gas participates in the combustion reaction of fuel cells to generate power.

Forthe past few decades, researchers made headway in creating robust and efficient catalysts for
the oxidation of water. Several noble metals viz. Pt, Ir, Ru and their oxide-based catalysts have been
developed for oxidation–reduction reactions [6–8]. Various other earth-abundant metal-based catalysts
such as Mn, Fe, Co, Cu and W were also reported for their role in water splitting reactions [9–13].
In a previous research era, stupendous research has been done in the fabrication of active electrode
material for oxygen evolution reactions (OERs). The main limitation with this method is that the OER
at the anode gives rise to a high energy loss. Therefore, the emphasis has been given on attaining a
high oxygen evolution rate at a low overpotential by optimizing the overall water splitting reaction.
Electrode corrosion and low current densities are also the major disadvantages of conventional anode
materials for OER [14]. Currently, ruthenium oxide has been used in the fabrication of dimensionally
stable anodes (DSA), which havebeen employed to yield chlorine [15]. In addition, it has been
used as a heterogeneous catalyst for the low temperature dehydrogenation of NH3 [16], HCl [17],
and methanol [18], respectively. Further, ruthenium oxide was reported to work as anexcellent electrode
material for OERs [19,20] and hydrogen evolution reactions (HERs) [21,22]. The metallic conductivity
of RuO2, along with IrO2,is of the order of 104 ohm−1cm−1 [23]. IrO2 shows high corrosion-resistance,
whereas RuO2 shows better OER activity [24]. Among all the other transition metal oxides, RuO2 and
IrO2 are considered as the best electrocatalytic materials for electrolysis of water in acidic as well as an
alkaline mediums [25,26].

In the past few years, nanocrystalline RuO2 particles were synthesized by thermal evaporation [27],
nanocasting [28], cryogenic decomposition of RuO4 [29] and electro-spinning [30]. Recently,
M. P. Browne et al. [31] synthesized a series of MnxOy/RuO2/Ti mixed oxide anode materials via
a thermal decomposition method for OERs in alkaline medium. They have shown that electrocatalysts
were containing different concentrations of Mn viz. 10%, 25% and 90% show almost similar or improved
OER activity as compared to pure RuO2. Gustafson et al. [32] have synthesized RuO2 nanocatalyst
for chemical and photochemical oxidation of water, which showed better catalytic performance as
reported in the literature.

Presently, the artificial enzymes, i.e., nanoenzymes, are receiving significant attention of researchers
due to their low cost, high catalytic property and thermal stability as compared to the natural enzymes.
Prototypically, Gao et al. discovered that magnetite nanoparticles exhibit intrinsic peroxidase-like
activity similar to that of a natural peroxidase enzyme [33]. H2O2 plays a vital role as an intermediate
in food, pharmaceutical, clinical, and environmental analysis [34–36]. So, the detection of H2O2 has
been done by using different nanoparticles. Besides that, H2O2 possesses a strong oxidizing property
which may lead to different types of disorders in the body [37–39]. Hence, the detection of hydrogen
peroxide is of a great practical feature.

Herein, we report the redox reaction of water (OER/ORR) happening through as-synthesized
ruthenium oxide nanoparticles in 0.5M KOH electrolytic solution at room temperature under different
atmospheres (air, N2 and O2). Further, the as-synthesized ruthenium oxide nanoparticles were also
used as a sensor for the detection of H2O2 in solution. Moreover, the synthesis of RuO2 nanoparticles
was carried out through a simple, environmentally friendly and cost-effective wet chemical method at
80 ◦C followed by annealing at 300 ◦C for 6h.

2. Results and Discussion

The powder X-ray diffractometry was used for the structural analysis of the as-synthesized
nanoparticles. Figure 1a shows the X-ray diffraction pattern of the nanocrystalline RuO2. The obtained
diffraction peaks are as follows at Bragg’s angles of 27.8◦, 34.9◦, 39.8◦, 54.0◦, 57.6◦, 59.2◦, 65.2◦, 66.7◦,
69.2◦, 73.8◦, 82.9◦ and 87.3◦ corresponds to the planes (110), (101), (200), (211), (220), (002), (310), (112),
(301), (202), (321) and (222), respectively, which were correlated to a tetragonal unit cell of ruthenium
oxide. The reflection pattern could be indexed to a pure tetragonal phase of RuO2(JCPDS No. 065-2824).
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No peaks from any impurity or other phase or metallic Ru were detected, which affirms the formation
of monophasic RuO2 nanoparticles.

The microstructure and surface texture of as-synthesized ruthenium oxide nanoparticles
wereinvestigated through SEM studies. Figure 1b shows the SEM micrograph of the as-synthesized
nanoparticles. Further analysis of the SEM micrograph depicted the highlydense and agglomerated
RuO2 nanoparticles. The nanoparticles aggregate randomly to form almost spherical shape with an
average diameter of 28 nm, which is as per the TEM analysis.
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Figure 1. (a) X-ray diffraction pattern and (b) scanning electron microscope (SEM) micrograph of
Ruthenium oxide nanoparticles.

The detailed structural analysis, shape and size distribution of RuO2 nanoparticles was done
with the help of TEM studies. The low magnification TEM micrograph is shown in Figure 2a,
which indicates the formation of tiny sized tetragonal RuO2 nanoparticles with slight agglomeration.
Figure 2a also reveals that the small-sized nanoparticles tend to form large tetragonal structures,
which are in accordance with X-ray diffraction studies. Furthermore, High Resolution Transmission
Electron Microscope (HRTEM) analysis revealed the crystal structure, phase and growth direction
of as-synthesized nanoparticles. Figure 2b shows the typical HRTEM image of ruthenium oxide
nanoparticles, which depicts the well-resolved lattice fringes with an average lattice distance of
3.210 ± 0.05 Å and 2.560 ± 0.05 Å corresponding to (110) and (101) planes, respectively, of ruthenium
oxide nanoparticles. The TEM average size distribution histogram of ruthenium oxide nanoparticles
are shown in Figure 2c, which indicates that the particle size ranges from 5 nm to 35 nm, as the various
small particles have combined to form a single massive particle. The average grain size was found to
be ~20nm by using TEM micrograph as well as a size distribution plot.
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Figure 2. (a) TEM micrograph, (b) HR-TEM image and (c) size distribution histogram of Ruthenium
oxide nanoparticles.

The specific surface area of as-prepared RuO2 nanoparticles was estimated by using a multipoint
BET equation that showed the linear relationship in the P/P0 range of 0.05–0.35. Figure 3a shows the
BET plot for RuO2 nanoparticles. The specific surface area was found to be 64.5 m2g−1, which agrees
with the earlier reported value [19]. The BJH (Barrett-Joyner-Halenda) model was used to determine
the pore size. The pore size distribution plot of ruthenium oxide nanoparticles (Figure 3b) gives the
pore radius value of 16 Å, which lies in the range of mesoporous materials. The pore radius was also
determined by the DA (Dubinin-Astakhov) plot, as shown in Figure 3c, and it was found to be 13.5 Å,
which is a bit smaller than the BJH results.
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The electrocatalytic activity of as-prepared nanoparticles for oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) was evaluated by cyclic voltammetry (CV), linear sweep voltammetry
(LSV) and Tafel polarization curves in 0.5M KOH electrolyte solution. The CV plots for OER (anodic
sweep) and ORR (cathodic sweep) by ruthenium oxide electrode at the scan rate of 25 mVs−1 in the
air (black), N2 (red) and saturated O2 (blue) atmosphere are shown in Figure 4a. The CV curves
show that the OER starts from the low potential value of ~1.5 V vs. RHE (reversible hydrogen
electrode). Figure 4a shows that the as-synthesized RuO2 nanoparticles generate more current in O2

saturated (17.5 mAcm−2) as compared to air (11.5 mAcm−2) and N2 (10.5 mAcm−2) atmosphere at
1.55 V vs. RHE at 25 mVs−1 for the oxygen evolution reaction. The ORR activity of ruthenium oxide
nanoparticles in alkaline medium is also shown in Figure 4a. It was observed that as-synthesized
RuO2 nanoparticles show an almost comparable ORR reaction in all the atmospheric conditions.
The LSV measurements optimized the electrocatalytic activity of ruthenium oxide nanoparticles in
0.5M KOH electrolyte at the scan rate of 25 mVs−1. Figure 4b shows the LSV curves under air, nitrogen
and O2 saturated atmospheres. It was observed that the onset potential for OER was found to be
~1.5 (O2) and ~1.61 V (air and N2) vs. RHE. Notably, the resulting current density (current/area of the
electrode) of RuO2 electrode is directly related to the amount of oxygen evolved from the electrolysis
of water. The geometric electro-active surface area of the working electrode could be estimated from
the Randles–Sevik equation [40]. The current density of RuO2 electrode at ~1.7 V versus RHE at
25 mVs−1 was found to be ~9.6 mAcm−2 (in N2), ~11.9 mAcm−2 (in air) and ~15.5 mAcm−2 (in O2).
The significance of LSV measurements is to find the onset potential, reaction kinetics and mechanism
of the reaction, i.e., to identify the number of electrons taking part in the electrochemical reaction.
Figure 4c shows the LSV curves of RuO2 nanoparticles for the oxygen reduction reaction in air, N2,
and O2 saturated 0.5M KOH at the scan rate of 25 mVs−1. From this study, we clearly observed that
the ORR activity performed significantly better in an O2-saturated system compared to other systems
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as expected. The ORR activity in air could be due to the dissolved oxygen in system. Note that very
weak ORR activity in N2 was also observed, which could be due to the presence of oxygen content
(5%) in N2. The onset potential for ORR was found to be 0.7 V vs. RHE. Choronoamperometric
(CA) measurements demonstrated the stability and the electrocatalyticactivity of the ruthenium oxide
electrode at a fixed potential (1.5V vs. RHE) in O2-saturated 0.5M KOH for 200 s. Figure 4d shows
the CA curves, which demonstrate that the material is stable, and the constant current is generated
with time. It was observed that the resulting current densities were consistent with time. The CA
experiments also showed that on turning off the potential, the water redox reaction was stopped
instantly, and therefore the current density dropped to zero. The current density obtained was directly
proportional to the amount of gas evolved during the OER. The surface area of the electrode material
used, and the Faradaic and Non-Faradaic processes were responsible for the resulting current density.
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The Tafel polarization studies determined the kinetics of the reaction, i.e., electrolysis of water.
It was observed that reaction kinetics strongly depends upon the size, surface area, morphology and
orientation of electrocatalysts [14,41]. Figure 5a,b shows the Tafel polarization plot of ruthenium oxide
nanoparticles for the water redox reactions (OER and ORR) in air, and O2, respectively. The linear
curve fitting calculated the value of Tafel slopes of ruthenium oxide nanoparticles, and it comes out to
be 76, and 47 mVdec−1 in air, and O2, respectively, for OER while for ORR, these values were found
to be 48 (air), and 49 mVdec−1 (O2) with the experimental error of ±5. The effective electro-active
catalysts for water splitting could lower the Tafel slope values to sustain the high activity, stability
and to enhance the efficiency by reducing the loss of energy during the electrochemical reactions [42].
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The comparison in the current electrocatalytic activities viz. OER/ORR of RuO2 nanoparticles with the
literature has been tabulated in Table 1.Catalysts 2020, 10, x FOR PEER REVIEW 7 of 13 
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Table 1. Comparison of OER/ORR activity of RuO2 nanoparticles with other reported literature.

Catalyst Electrolyte Scan Rate
(mVs−1)

Onset Potential
(V/RHE)

TafelSlope
(mVdec−1) Ref.

OER ORR

r-RuO2 0.1M KOH 10 1.4 - - [25]
Ru@RuO2 0.1M KOH 10 1.3 86 - [43]

1D-RuO2-CNx 0.5M KOH 10 1.42 56 - [44]
RuO2 0.05M NaOH 10 1.27 - - [45]

Mn25Ru75@450 1M NaOH 10 1.4 66 - [31]
RuO2 nanoparticles 0.5M KOH 25 1.5 47 49 Present work

The catalytic activity of as-synthesized nanoparticles depends on the concentration of H2O2, and
the reaction temperature just like that of HRP [33]. The catalytic oxidation of TMB substrate by RuO2

nanoparticles at a range of H2O2 concentration and temperature is shown in Figure 6. It was observed
that to attain maximum activity; the RuO2 nanoparticles required a very high concentration of H2O2

(1M) as compared to HRP and on further increasing the concentration of H2O2 the catalytic activity was
suppressed (Figure 6a). The effect of temperature on the catalytic activity of the RuO2 nanoparticles
was checked in the temperature range of 20–90 ◦C. Figure 6b indicates that the catalytic activity of
RuO2 nanoparticles increases with the increase in temperature till 60 ◦C and with further increase in
temperature up to 90 ◦C the activity was quenched. Whereas, HRP shows maximum activity at 30 ◦C
and it shows no activity at higher temperature, i.e., above 60 ◦C. The as-synthesized nanoparticles
showed better activity at a wide range of temperature compared to HRP catalyst. The thermal stability
of the RuO2 nanoparticles and HRP was determined by incubating the reaction mixture with TMB
substrate at 80 ◦C for 90 min, and the aliquots were taken at regular time intervals. It was found
that the catalytic activity of RuO2 nanoparticles was almost preserved until 90 min at 80 ◦C while
the HRP showed no activity in similar reaction conditions (Figure 6c). We have also analyzed the
sensitivity of RuO2 nanoparticles for the detection of H2O2 in solution. The aliquots containing different
concentration of H2O2 and colourimetric reagent were taken and analyzed via spectrophotometry.
Figure 6d shows the absorbance at 505 nm, which increases nearly linearly as the concentration of
H2O2 increased.
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Figure 6. (a) H2O2 concentration optima and (b) temperature optima plots, (c) thermal stability (at
80 ◦C for 90 min under the standard reaction conditions) and (d) sensitivity (at 505 nm for the different
concentrations of H2O2) of ruthenium oxide nanoparticles.

3. Experimental

Ruthenium (III) chloride (RuCl3.xH2O, Alfa Aesar, Haverhill, MA, USA, 99.9%), NaOH(Merck
India Ltd., Mumbai, India), hydrogen peroxide (50% w/v, Merck India Ltd.), HRP and
Tetramethylbenzidine (SRL, Mumbai, India) were used without further purification. 1.3 mmol
of RuCl3.xH2O was dissolved in 50 mL of water in a two-neck flask, followed by the dropwise addition
of 1.5M aqueous NaOH to a pH ~8. The solution was continuously stirred and refluxed at 80 ◦C
untilthe black precipitate was observed. The black precipitate was collected through centrifugation
process and repeatedly washed with double-distilled water followed by ethanol to remove the Cl- ions.
The Cl- ions present in the supernatant liquid were checked with the aqueous solution of silver nitrate.
The black precipitate was dried at 100 ◦C in the hot-air oven and grounded to form a fine powder.
Further, the black colour powder was annealed at 300 ◦C for 6 h in a high temperature furnace to
obtained black colour ruthenium oxide nanoparticles. The as-synthesized nanoparticles were further
employed to study the catalytic activity.

3.1. Physical Characterization

Powder X-ray diffraction (XRD) was performed using a RigakuUltima IV X-ray diffractometer with
Ni-filtered Cu-Kα radiation (λ = 1.5416 Å). The morphological features of synthesized ruthenium oxide
nanoparticles were determined by Zeiss EVO40 Scanning Electron Microscope (SEM) at an accelerating
voltage of 20 kV. Transmission electron microscopic (TEM) analysis was carried out on FEI Technai
G2 20 HRTEM (High Resolution Transmission Electron Microscope) with an accelerating voltage of
200 kV. The surface area and the pore size of as-synthesized nanoparticles were determined using
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Brunauer-Emmett-Teller (BET) surface area analyzer (Model: Nova 2000e, Quantachrome Instruments
Limited, Boynton Beach, FL, USA) at liquid nitrogen temperature (77K).

3.2. Electrochemical Measurements

The electrolysis of water for OER and ORR was carried out with a three-electrode electrochemical
work station (potentiostat/galvanostat, CHI 660E, Shenzhen, China) at room temperature in alkaline
medium (0.5 M KOH) to investigate the redox behaviour of the synthesized RuO2 nanoparticles.
Pt wire, Ag/AgCl and glassy carbon electrodes were used as the counter, reference, and working
electrodes in the electrochemical analyzer. The reference electrode (Ag/AgCl) was converted to the
reversible hydrogen electrode (RHE) as per the conversion equation, i.e., Nernst Equation at 25 ◦C.

ERHE = EAg/AgCl + 0.059 pH + 0.197 V

The slurry was prepared by sonicating 2.5 mg of catalysts in 0.5 mL of isopropanol with 0.1 mL of
Nafion solution for 10 min. Then a drop of the slurry was cast on the surface of glassy carbon and
dried at 60 ◦C in vacuum oven [46,47]. The loaded amount of the nanoparticles was of ~0.30 mg/cm2

on the GC electrode, and the area of the working electrode was 0.07 cm2. Freshly prepared electrodes
were used for the electrochemical measurements. Cyclic Voltammetry (CV), linear sweep voltammetry
(LSV) and Tafel measurements were done by applying redox potential versus Ag/AgCl electrode for
OER and ORR at the scan rate of 25 mV s−1 in 0.5 M KOH electrolyte at room temperature in air,
nitrogen and saturated oxygen atmosphere.

3.3. Catalytic Activity of RuO2 Nanoparticles and HRP

The catalytic activity of as-synthesized nanoparticles and HRP was checked by peroxidase
substrate Tetramethylbenzidine (TMB) [48]. In a typical procedure, 200 µL of RuO2 nanoparticles
(2 mg/mL), 1.5 mL TMB, and 5 µL H2O2 were added in 1mL of 0.02M acetate buffer (Ph~4.5) and
incubated in a water-bath at 30 ◦C for 10 min and the progress of the reaction was monitored by A
Shimadzu UV-2450 spectrophotometer. The leaching of the ions from the reaction mixture was checked
by incubating a suspension of RuO2 nanoparticles in acetate buffer (5 mg/mL, Ph~3.5) (marked as
control) for 10 min at 45 ◦C; the nanoparticles were removed from the reaction mixture, and the catalytic
activity of the reaction mixture was analyzed. No activity was found in control. In order to investigate
the effect of H2O2 concentration on the activity of as-synthesized nanoparticles, it was examined by
varying the concentrations of H2O2 (0.002–2M). The effect of change of temperature on the activity of
RuO2 nanoparticles was determined by incubating the reaction mixture from 20 to 90 ◦C. The obtained
results were compared with the activity of HRP enzyme over the same range of parameters.

3.4. Detection of H2O2

In a typical experiment, 1 mL hydrogen peroxide (50–600 µM) was added to the 1mLcolourimetric
reagent, i.e., 10 mg phenol, 10 mg of 4-aminoantipyrine, 50 mg of RuO2 nanoparticles, dissolved in
20 mL of 100 mM acetic acid buffer (pH 5.6) [49]. The test tubes containing different concentrations
of H2O2 and blank, i.e., without H2O2 were incubated in a water-bath for 10 min at 30 ◦C, and the
progress of the reaction was monitored by spectrophotometer at 505 nm.

4. Conclusions

We have successfully synthesized the ultrafine ruthenium oxide nanoparticles via a simple
co-precipitation method at 300 ◦C. The application of synthesized nanoparticles was successfully
studied, and it was concluded that RuO2 nanoparticles are an effective bifunctional and stable material
for OER and ORR reactions in the air, N2 and O2 atmosphere. Also, RuO2 nanoparticles were used as
sensors for the detection of H2O2 in a solution. The RuO2 nanoparticles have a comparable limit of
detection and linear dynamic values ranging from 600 to 10 µM of H2O2. The economically viable
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as-synthesized nanoparticles could be used as an active nonenzymatic electrochemical sensor for the
selective detection of H2O2. Further, these nanoparticles showed efficient electrocatalytic activity with
low energy loss. Tafel slopes were found to be very low and the electrode material was stable as
established by CA studies. Therefore, the ruthenium oxide nanoparticles consumed less energy during
the water redox reaction (OER and ORR) and proved to be a better electrode material for OER/ORR
reactions, showing its excellent potential for further applications in the future.
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Abstract: Semiconductor photocatalysis has recently emerged as an effective and eco-friendly ap-
proach that could meet the stringent requirements for sustainable environmental remediation. To this
end, the fabrication of novel photocatalysts with unique electrochemical properties and high catalytic
efficiency is of utmost importance and requires adequate attention. In this work, dual component
mesoporous frameworks of spinel ferrite ZnFe2O4 (ZFO) and MnFe2O4 (MFO) nanoparticles are
reported as efficient photocatalysts for detoxification of hexavalent chromium (Cr(VI)) and organic
pollutants. The as-prepared materials, which are synthesized via a polymer-templated aggregating
self-assembly method, consist of a continuous network of linked nanoparticles (ca. 6–7 nm) and
exhibit large surface area (up to 91 m2 g−1) arising from interstitial voids between the nanoparticles,
according to electron microscopy and N2 physisorption measurements. By tuning the composi-
tion, MFO-ZFO composite catalyst containing 6 wt.% MFO attains excellent photocatalytic Cr(VI)
reduction activity in the presence of phenol. In-depth studies with UV-visible absorption, electro-
chemical and photoelectrochemical measurements show that the performance enhancement of this
catalyst predominantly arises from the suitable band edge positions of constituent nanoparticles
that efficiently separates and transports the charge carriers through the interface of the ZFO/MFO
junctions. Besides, the open pore structure and large surface area of these ensembled networks also
boost the reaction kinetics. The remarkable activity and durability of the MFO-ZFO heterostructures
implies the great possibility of implementing these new nanocomposite catalysts into a realistic
Cr(VI) detoxification of contaminated wastewater.

Keywords: zinc ferrite; manganese ferrite; mesoporous materials; nanoparticles; metal oxides; electronic
band structure; photocatalysis; hexavalent chromium; organic pollutants; environmental remediation

1. Introduction

The rapid development of civilization and industrial activities has led to a large
number of pollutants being disposed into the environment either intentionally or acciden-
tally [1]. Hexavalent chromium (Cr(VI)) is a highly toxic and non-biodegradable pollutant
that is discarded in water resources as a by-product of many industrial processes, like
leather tanning, electroplating, metal finishing, and others [2–4]. Compared to trivalent
chromium (Cr(III)), Cr(VI) oxyanions are far more toxic and mobile, and therefore, difficult
to remove from water. The World Health Organization (WHO) recommended a maximum
allowable concentration of 50 µg L−1 for Cr in drinking water [5]. Moreover, as a conse-
quence of its high toxicity, Cr(VI) has also been classified as a group I human carcinogen by
the International Agency for Research on Cancer (IARC) [6]. Therefore, finding effective
ways for detoxification of Cr(VI)-contaminated solutions is undoubted of high priority in
the field of environmental and health protection.
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Over the past years, a variety of techniques has emerged for remediation of Cr(VI)
from aqueous solutions and industrial effluents, among them chemical precipitation [7],
adsorption [8], ion exchange [9], reverse osmosis, and more recently chemical reduction
with organic reducing substances or sulfate-based materials [10,11]. However, the effec-
tiveness of these techniques is accompanied by high capital and operation cost as well as
complex purification steps; for example, they need a large quantity of chemicals and usually
generate secondary wastes as by-products [10]. Recently, semiconductor photocatalysis has
been considered a viable and eco-friendly approach for the degradation of environmental
pollutants. In this context, various semiconductor materials, such as TiO2 [12], SnS2 [13],
ZnO [14], Bi2O3 [15], and CoO [16,17], have been applied to UV or visible light-induced
photocatalytic reduction of toxic Cr(VI) to less harmful Cr(III). Unlike Cr(VI), aqueous
Cr(III) can be easily precipitated as Cr(OH)3 or Cr2O3 solids in alkaline solutions [18,19].
Although many of these catalysts demonstrated remarkable Cr(VI) photoreduction activity
with good ability for wastewater remediation, their poor electron–hole separation, low
solar light absorption, and limited structural stability are still important challenges to be
overcome. In addition to heavy metals, wastewaters frequently contain recalcitrant dyes,
pesticides, and phenolic contaminants that may increase the difficulty of pollutant abate-
ment [20]. In such photocatalytic systems, the organic substances may compete with Cr(VI)
ions for absorption on the catalyst surface, resulting in the activity decrease for Cr(VI)
reduction. The absorbed organic compounds may block some of the surface-active sites of
the catalyst and inhibit light absorption. Therefore, the simultaneous redox degradation of
Cr(VI) and organic contaminants is an interesting task.

Zinc ferrite (ZnFe2O4, ZFO) is a kind of spinel-type oxide which possesses low cost,
visible light responsiveness (it has a band gap of around 1.9–2.1 eV), and excellent photo-
chemical stability [21–23]. Consequently, ZnFe2O4 based materials have been investigated
as photocatalysts for photo-Fenton-like degradation of organic dyes [24–26], and photo-
chemical hydrogen production [27,28]. Also, manganese spinel ferrite (MnFe2O4, MFO)
with good magnetic responsivity and functional surface has been widely used as an adsor-
bent for removing heavy metals from water [29]. Recently, we reported the synthesis of
mesoporous assemblies of spinel ferrite MFe2O4 (M = Zn2+, Mn2+, Ni2+, Cd2+, and Co2+)
nanoparticles (NPs) and demonstrated their functionality as catalysts in the reductive reme-
diation of Cr(VI)-contaminated solution [30]. These materials exhibited very good Cr(VI)
photoreduction performance and stability, due to their unique open porous structure and
improved charge transfer along with the NP-linked framework. In this study, we present
the first demonstration of chemically stable and robust mesoporous MFO/ZFO composite
networks as effective photocatalysts for the detoxification of Cr(VI)-containing wastewa-
ters under UV-visible light irradiation. We use a block copolymer-templated cross-linking
aggregation of colloidal NPs to assemble dual component MFO-ZFO NP linked networks
with different MFO content (i.e., 4, 6, 8, and 12 wt.%). Characterization with X-ray diffrac-
tion, high-resolution transmission electron microscopy, and N2 porosimetry confirmed
a highly porous structure consisting of connected small-sized (ca. 6–7 nm) spinel ferrite
nanoparticles. Mechanistic studies with UV-visible optical absorption, electrochemical and
photoelectrochemical measurements indicated that the enhanced reactivity of this catalytic
system arises from the suitable band edge positions of constituent NPs which promotes the
efficient separation and transport of photogenerated charges at the ZFO/MFO junctions.
Finally, a plausible mechanistic scheme for the photocatalytic reduction of Cr(VI) over
MFO-ZFO composite catalysts is proposed based on the experimental results.

2. Results and Discussion
2.1. Structure and Morphology of MFO-ZFO MNAs

Mesoporous assemblies from MnFe2O4 (MFO) and ZnFe2O4 (ZFO) spinel ferrite NPs
were prepared by cross-linking polymerization of NP colloids in the presence of a block
copolymer template. Briefly, the co-assembly of ZFO and MFO NPs with polymer template
(Pluronic P123, BASF) occurs via a solvent evaporation-induced aggregating self-assembly
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process, in which slow evaporation of solvent promotes the arrangement of NPs into
mesostructured NP/polymer composites [31]. The NP/polymer composites were then
calcined at 350 ◦C in the air to give a continuous network of assembled NPs with an open
pore structure. By tuning the ratio of the ZFO and MFO precursor NPs, we succeeded
in preparing a series of samples with different compositions. The obtained materials are
denoted as MFO-n-ZFO mesoporous nanoparticle assemblies (MNAs), where n refers to
the weight percent of the MFO component, i.e., n = 4, 6, 8, and 12 wt.%. The crystallinity
and phase purity of the resultant materials were determined by X-ray diffraction (XRD)
measurements. Figure 1a shows the XRD patterns of the single-component ZFO and MFO
MNAs and composite MFO-ZFO MNAs samples, where all the reflection peaks can be
assigned to the spinel structure of metal ferrites (ZFO and MFO). Analysis of the (311)
reflection with the Scherrer equation gives an average grain size of ~6.2–6.8 nm, which is
very close to the size of starting NPs (ca. 6–7 nm) [30], see Table 1. This suggests that the size
changes of the crystallites are limited after thermal annealing. Notably, no impurities (like
MnxOy, ZnO, or other metal oxide phases) were evident in the XRD patterns, suggesting
the phase purity of the samples.
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Table 1. Textural properties of mesoporous assemblies of ZFO and MFO NPs.

Sample Surface Area
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore Width
(nm)

Crystallite Size 1

(nm)

ZFO 105 0.15 5.8 6.2
MFO 106 0.21 6.1 6.7

MFO-4-ZFO 91 0.14 5.9 6.5
MFO-6-ZFO 68 0.09 5.8 6.3
MFO-8-ZFO 79 0.13 6.2 6.8

MFO-12-ZFO 82 0.12 6.0 6.4
1 Average crystallite size (dp) of metal ferrite NPs calculated by the Scherrer equation: dp = 0.9λ/B cos θ, where λ
is the wavelength of Cu Kα radiation (λ = 1.5406 Å) and B is the full-width half-maximum of the diffraction peal
centered at 2θ degrees.

The morphology and microstructure of the assembled materials were observed by
transmission electron microscopy (TEM), and typical results for the MFO-6-ZFO MNAs,
which is the most active catalyst of this work, are shown in Figure 1b,c. The images
reveal that the sample consists of a porous network of aggregated small NPs. As shown
in the high-resolution TEM (HRTEM) image in Figure 1c, the constituent NPs have an
average diameter of around 6–7 nm, in agreement with XRD results, and are interlinked
to a continuous structure. The direct NP-to-NP contact is advantageous to photocatalytic
processes, since it efficiently transports and separates the photogenerated charge carriers
within the assembled structure. HRTEM also gave further information on the single-
crystalline nature of the constituent NPs, showing well-defined lattice fringes throughout
the particles. The lattice fringes of 2.1 Å and 4.9 Å spacing in the NPs are indexed to the
(004) and (111) crystal plane of spinel ferrite structure, respectively. Consistent with XRD
and HRTEM analyses, the spinel structure of assembled NPs was evidenced by selected
area electron diffraction (SAED) analysis. The SAED pattern in Figure 1d shows a series of
diffuse Debye-Scherrer rings that can be readily assigned to the spinel ferrite phase of ZFO
and MFO.

The porosity of the as-prepared materials was probed with N2 physisorption mea-
surements. Figure 2 shows N2 adsorption–desorption isotherms and the corresponding
pore size distribution plots for the MFO-ZFO MNAs. The corresponding plots for the
ZFO and MFO MNAs are given in Figure S1. All the isotherms show typical type-IV
curves, according to the IUPAC classification, with a distinct H3-type hysteresis loop, being
characteristic of porous solids with slit-like mesopores. The specific surface areas and
total pore volumes of the composite materials were measured to be 68–91 m2 g−1 and
0.09–0.14 cm3 g−1, respectively, which are slightly lower than the surface area and pore
volume of single component ZFO and MFO MNAs (105–106 m2 g−1, 0.15–0.21 cm3 g−1,
see Figure S1). The pore size in these materials was derived from the adsorption branch
of isotherms using the NLDFT method (based on slit-like pores). The NLDFT analysis
indicated quite narrow size distributions of pores with an average pore diameter of ~5 to
6 nm (insets of Figure 2 and Figure S1). Table 1 summarizes the textural parameters of the
prepared catalyst.

2.2. Photocatalytic Study of MFO-ZFO MNAs

The photocatalytic Cr(VI) reduction activity of the title materials was initially assessed
in the presence of phenol (400 mg L−1) as coexistent pollutant. Figure 3a displays the
temporal concentration changes (Ct/Co) of Cr(VI) during the photocatalytic process with
different catalysts, namely, ZFO, MFO, and MFO-ZFO MNAs. All the catalytic reactions
were performed at the same dose of catalyst (500 mg L−1) dispersed in a Cr(VI) contami-
nated water (50 mg L−1), under λ > 360 nm light irradiation. The comparison shows that the
integration of MFO with the ZFO NPs has a profound effect on the Cr(VI) photoreduction
performance. As shown in Figure 3a, MFO-6-ZFO exhibits the highest reactivity among
the samples, achieving an almost complete (>99%) reduction of the Cr(VI) in 3 h. Under
identical conditions, the 4, 8, and 12 wt.% MFO loaded samples reduce the Cr(VI) by ~70%,
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~94%, and ~83%, respectively, while the single component MFO and ZFO MNAs reduce
~90% and ~88% of Cr(VI). Control experiments in the absence of catalyst or light irradiation
showed almost no changes in the initial concentration of Cr(VI) (see Figure 3a), confirming
that the reduction of Cr(VI) originated from the photoredox reactions on the catalyst under
light illumination. Assuming that the reaction rate is proportional to the concentration of
Cr(VI), the photocatalytic reaction can be expressed by the pseudo-first-order kinetics of
the Langmuir–Hinshelwood model (Equation (1)).

Ln(Ct/Co) = −kapp × t (1)

where, Co and Ct are the initial and at time t concentration of Cr(VI), respectively, and kapp
is the apparent reaction rate constant.
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Thus, analysis of the temporal evolution of Cr(VI) concentration using Equation (1)
reveals a rate constant kapp of 3.6 × 10−3 and 5.3 × 10−3 min−1 for ZFO and MFO MNAs,
respectively, and in the range of 4.3–14.4 × 10−3 min−1 for dual component MFO-ZFO
assemblies. The ln(Ct/Co) versus time plots for different catalysts are shown in Figure S2.
As shown in Figure 3b, the MFO-6-ZFO MNAs outperform the other catalysts, yielding
faster reaction kinetics with kapp value of 14.41 × 10−3 min−1, which is about 4 and 2.7 times
higher than the kapp value obtained for the ZFO and MFO MNAs, respectively. We suggest
that the high reactivity of MFO-6-ZFO is related to the open pore structure, which facilitates
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fast molecular diffusion, and the suitable electronic band structure of constituent NPs,
which efficiently separates and transports the photogenerated electron-hole pairs (see
below). Accordingly, we focused on Cr(VI) reduction reactions with this catalyst in our
further studies.
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dark. (d) Recycling study of the MFO-6-ZFO catalyst. The standard deviation of all measurements is about 3%. Reaction
conditions: 50 mg L−1 Cr(VI) solution, 500 mg L−1 catalyst, pH = 2, UV-vis light (λ > 360 nm) irradiation, 20 ◦C.

Figure 3c shows comparative results of the Cr(VI) photoreduction over MFO-6-ZFO
composite in the absence and presence of phenol (three equiv. compared to Cr(VI)). It
can be observed that, without phenol, the Cr(VI) photoreduction proceeds, but at a lower
reaction rate; MFO-6-ZFO MNAs show a ~25% Cr(VI) conversion in 2 h in pure water.
Unlike oxidation of phenol, the photo-oxidation of water to dioxygen is a sluggish re-
action that involves several uphill, multi-electron reaction steps, such as dissociation of
–OH species and formation of O–O bonds. In a previous study, we showed that water
oxidation to molecular oxygen over ZFO NP assemblies is a viable process [30]. There-
fore, phenol enables more efficient utilization of the surface-reaching holes, leading to a
significant improvement of the photo-oxidation efficiency. This study clearly suggests
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that the photocatalytic reduction of Cr(VI) and oxidation of phenol are collaborative over
the mesoporous MFO-ZFO assemblies, and this process can enhance the photoreduction
effect. To explore the possibility of MFO-6-ZFO MNAs in practical application, the Cr(VI)
photoreduction activity of MFO-6-ZFO MNAs was examined in the presence of other
pollutants, such as citric acid (CA) and ethylenediaminetetraacetic acid (EDTA). All these
experiments were made by using the same dose of catalyst (0.5 g L−1) in 50 mL of Cr(VI)
aqueous solution (50 mg L−1) containing three equiv. of organic pollutants that represent
typical concentrations in industrial wastewaters [32,33]. The results showed that the Cr(VI)
photoreduction in the presence of citric acid and EDTA is much faster than with phenol
(Figure 3c); the photocatalytic reaction with citric acid and EDTA was complete within
only ~15–20 min. Meanwhile, control experiments showed that the Cr(VI) reduction did
not proceed in the dark, again confirming that this reaction is photocatalytic in nature
(Figure 3c).The observed increased Cr(VI) reduction rate can be attributed to the fact that,
compared to phenol, citric acid and EDTA can consume the photogenerated holes more
effectively because of their favorable adsorption on the surface of catalyst, preventing
multiple holes accumulation, and thus, electron-hole recombination at the MFO-ZFO
surface. In particular, under acidic conditions (pH ~2), there are electrostatic attractions
between the positively charged ≡M–OH2

+ catalyst surface and negatively charged EDTA
(in the form of H3EDTA− (pKa1 = 1.99) and H2EDTA2− (pKa2 = 2.67)) and citric acid (in
the form of H2CA− pKa1 = 3.1) ions, which result in an increased concentration of these
species near the catalyst’s surface [34]. On the contrary, in these reaction conditions, phenol
predominately exists in its neutral molecular form (it has a pKa of about 9.88), which is
absorbed by the catalyst through weak van der Waals and hydrogen bonds.

In addition to chemical composition, morphological effects may also contribute to the
photocatalytic activity of MFO-6-ZFO MNAs. To elucidate this possibility, we prepared
random aggregates of MFO and ZFO NPs (denoted as MFO-6-ZFO RNAs) following
a similar procedure as being used for the MFO-6-ZFO MNAs, but without a template.
These two samples feature with ZFO and MFO NPs linked into a network structure
(the weight content of MFO is ca. 6%), but with different porosity. We obtained an N2
adsorption-desorption isotherm that is a type-II curve with an H3 hysteresis loop for
the MFO-6-ZFO RNAs, which is characteristic of nanoporous solids with slit-shaped
pores (Figure S3). Analysis of the adsorption data indicated a surface area of 50 m2 g−1

and a pore size of 2.9 nm. The catalytic results presented in Figure 3a show that the
photocatalytic Cr(VI) reduction efficiency of the randomly aggregated NPs (MFO-6-ZFO
RNAs) is significantly lower than that of polymer-templated analogs, giving a respective
Cr(III) conversion yield of ~54% in 3 h. Furthermore, pseudo-first-order analysis of Cr(VI)
photoreduction also reveals that the reaction proceeds at a lesser rate over the random
aggregates MFO-6-ZFO RNAs (kapp = 3.05 × 10−3 min−1) than the mesoporous MFO-6-
ZFO MNAs (kapp = 14.41 × 10−3 min−1), see Figure S4. The variance in catalytic activity
between MFO-6-ZFO RNAs and MFO-6-ZFO MNAs should be ascribed to their different
pore structures. The untemplated material contains a random distribution of interstitial
pores between the NPs (ca. 2.9 nm, according to N2 physisorption data), which may result
in slow transport kinetics of Cr(VI) ions.

The reusability of the MFO-6-ZFO MNAs catalyst was investigated by conducting
three recycling experiments in the presence of 50 mg L−1 Cr(VI) and 400 mg L−1 phenol.
The catalyst was isolated by centrifugation after completion of the reaction, washed with
water, and placed in a fresh Cr(VI)/phenol solution. As seen in Figure 3d, MFO-6-ZFO
MNAs catalyst retains its initial activity after at least three 3-h recycling tests. Moreover,
XRD and N2 porosimetry data confirmed that the crystal and porous structure of the reused
catalyst are well maintained after photocatalysis, indicating high durability, see Figure S5.

2.3. Mechanism of Photocatalytic Cr(VI) Reduction

To help explain the relationship between photochemical activity and electronic band
structure, we investigated the electronic structure of as-prepared catalysts by combining
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electrochemical impedance (EIS) and optical absorption spectroscopy. Figure 4a and
Figure S6a display the Mott–Schottky plots recorded at a frequency of 1 kHz and the
corresponding linear fits on the inverse square capacitance (1/Csc

2) versus applied potential
(E) data for the mesoporous ZFO, MFO, and MFO-ZFO catalysts. Using extrapolation
to 1/Csc

2 = 0, the flat band potential (EFB) for MFO-ZFO MNAs is seen to be located at
−0.19 V to −0.33 V versus NHE, while the EFB position of ZFO and MFO MNAs locates at
−0.17 V and −0.31 V, respectively (see Table 2). Obviously, the EFB level of the composite
materials undergoes a cathodic shift upon incorporating MFO NPs into the ZFO assembled
structure, which is consistent with the more negative EFB potential of MFO. The electron
donor density (Nd) obtained from the slope of 1/Csc2 versus E curves ranges between
9.71 × 1015 and 1.88 × 1017 cm−3 for MFO-ZFO MNAs and appears around 3.63 × 1016

and 1.12 × 1017 cm−3 for ZFO and MFO MNAs, respectively (Table 2). It is apparent that
all the Mott–Schottky plots show a positive linear slope, indicating n-type conductivity.
The optical band gap (Eg) of the prepared materials was determined from UV-vis/NIR
diffuse reflectance spectra, using Tauc plot analysis for direct band gap semiconductor (i.e.,
(αhv)2 versus energy (hv) plots), as shown in Figure 4b and Figure S6b. This analysis yields
Eg values of 2.17 eV and 1.46 eV for ZFO and MFO MNAs, respectively, and from 2.13 to
2.16 eV for MFO-ZFO MNAs samples. Table 2 summarizes the results of electrochemical
and optical absorption characteristics of ZFO, MFO, and MFO-ZFO catalysts.
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Table 2. Optical and electrochemical data (pH = 7) for ZFO, MFO, and MFO-ZFO MNAs.

Catalyst Band Gap (Eg)
(eV)

Flat-Band
Potential (EFB)
(V vs. NHE)

VB Potential
(EVB) 1

(V vs. NHE)

Donor Density
(Nd)

(cm−3)

ZFO 2.17 −0.17 2.00 3.63 × 1016

MFO 1.46 −0.31 1.15 1.10 × 1017

MFO-4-ZFO 2.16 −0.19 1.97 9.71 × 1015

MFO-6-ZFO 2.16 −0.33 1.83 1.79 × 1016

MFO-8-ZFO 2.14 −0.32 1.82 1.88 × 1016

MFO-12-ZFO 2.13 −0.30 1.83 1.46 × 1016

1 The EVB potential of the semiconductor catalysts was estimated from EFB + Eg.

Based on the measured EFB potentials and optical band gaps, the energy band diagram
for each catalyst can be obtained and is illustrated in Figure 5. Here, we assumed that the
EFB level is located very close to the CB edge of the catalysts, which is quite reasonable
for heavily doped n-type semiconductors, such as ZnFe2O4; typically, the EFB potential is
about 0.1–0.3 V lower than the CB edge level [35]. Therefore, the valence band potential
(EVB) of the catalysts can be obtained by the difference between EFB and Eg. From these
results, it is clear that the CB edge of the MFO-ZFO MNAs is aligned well above the redox
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potential of Cr(VI)/Cr(III), thus demonstrating the ability of these materials for multi-
electron reduction of Cr(VI) to Cr(III) under irradiation. Meanwhile, all the catalysts meet
the electrochemical requirement for the oxidation of organic pollutants (such as phenol);
that is, the VB position in these materials is below (more positive) the oxidation potential
of phenol. The high photocatalytic activity obtained with the MFO-6-ZFO MNAs can be
explained by the favorable alignment of band edges relative to the reduction potential of
Cr(VI) and oxidation potential of organic pollutants. Namely, MFO-6-ZFO MNAs have
a relatively high EFB potential (−0.33 V), which reflects a better reducing ability of CB
electrons, and a sufficiently deep VB potential (1.83 V), which favors the oxidation of organic
pollutants (e.g., phenol). Moreover, MFO-6-ZFO MNAs possess a relatively high electron
donor density and efficient electron transportability (see below). Taken together, these
thermodynamic and kinetic effects definitely impact the overall photocatalytic performance
of the MFO-6-ZFO MNAs catalyst.
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Figure 5. Energy band diagrams of ZFO, MFO, and MFO-ZFO MNAs catalysts. The redox potential
levels of O2/H2O (0.82 V), HCrO4

–/Cr3+ (0.94 V), and phenol (0.96 V) are also presented. All the
potentials are given versus the NHE scale at pH = 7.

Electrochemical impedance spectroscopy was also used to study the charge transfer
events at the catalyst/electrolyte interface. Figure 6a shows the Nyquist plots of MFO-6-
ZFO compared to that of single component ZFO and MFO samples. All measurements
were carried out at open circuit potential from 1 Hz to 1 MHz using an alternating current
amplitude of 10 mV in 0.5 NaSO4 solution. A Randles circuit (inset of Figure 6a) was used
to fit the impedance data and interpret the charge transfer resistance (Rct) of the catalysts.
From the fitting results, the Rct value was determined to be 17.8, 15.6, and 10.4 kΩ for ZFO,
MFO, and MFO-6-ZFO, respectively. This suggests that MFO-6-ZFO exhibits more efficient
charge transport at the interface of electrode/electrolyte, as we will show below, due to the
better electron-hole separation in the MFO/ZFO junction.

The improved charge transport properties of MFO-6-ZFO MNAs were further affirmed
using photoelectrochemical measurements. Figure 6b shows the transient photocurrent
responses of ZFO, MFO, and MFO-6-ZFO electrodes measured at a bias of 0.2 V (vs.
Ag/AgCl) under visible light (380–780 nm) irradiation and dark conditions. Apparently,
the MFO-6-ZFO composite generates the largest photocurrent as compared to ZFO and
MFO samples, indicating a better electron conductivity and a higher charge separation
efficiency. In addition, the efficient separation of photogenerated carriers in the MFO-ZFO
composite structure was also confirmed using open-circuit photovoltage (OCP) decay
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analysis. The OCP decay technique is useful for determining the lifetime of photoinduced
charge carriers of semiconducting materials. It consists of cutting off the illumination
at the equilibrium state of the electrode/solution system and monitoring the decay of
photovoltage (Voc) with time. The Voc decay rate conveys information on the transporting
lifetime of photogenerated electrons (both free and trapped electrons) within the CB of
semiconductors. The potential-dependent photoelectron lifetime (τn) could be calculated
according to the following equation [36]:

τn = −(kBT/e)(dVoc/dt)−1 (2)

where, kB is the Boltzmann’s constant, e is the electron charge, T is the temperature, and
Voc is the open-circuit voltage at time t.
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polarization curves of ZFO, MFO, and MFO-6-ZFO MNAs catalysts. In panel (a), the red lines are fit
to the data.

The OCP decay profiles for different catalysts are shown in Figure S7, and the obtained
τn versus Voc plots are shown in Figure 6c. These results demonstrate that the composite
structure of MFO-6-MFO promotes better separation of photoexcited electron-hole pairs,
exhibiting a markedly prolonged electron lifetime; based on Equation (2), the τn is calcu-
lated to be ~30, ~18 and ~10 s for MFO-6-ZFO, ZFO, and MFO, respectively. This means
that MFO-6-ZFO engages a more substantial portion of photogenerated carriers to redox
reactions, instead of losing them to recombination, which is in line with its enhanced
photocatalytic performance. In good agreement with the photoelectrochemical behaviour
of ZFO, MFO, and MFO-6-ZFO samples, the polarization curves in Figure 6d show that the
dual component MFO-ZFO structure obviously enhances the current density and reduces
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the over-potential for hydrogen evolution. For example, the MFO-6-ZFO generated a
current density of 74 µA cm−2 at −0.8 V versus Ag/AgCl, while ZFO and MFO generated
34 and 37 µA cm−2, respectively, at the same potential. It is unlikely that the increase in
current density for MFO-6-ZFO is due to the change in majority carrier density because
MFO-6-ZFO exhibits lower carrier density than single component ZFO and MFO MNAs,
as revealed by the Mott-Schottky plots analysis (see Table 2). Therefore, the difference
in current density should be attributed to the facile charge transport and separation of
photoinduced charge carriers along the composite structure.

On the basis of the above discussion, a tentative reaction mechanism for the photocat-
alytic reduction of Cr(VI) over MFO-ZFO MNAs catalysts has been proposed (Scheme 1).
Under UV-visible light irradiation, both ZFO and MFO components are excited and pro-
duce CB electrons and VB holes. The potential gradient created at the ZFO/MFO interface
promotes the electron migration from the CB of MFO to ZFO, while the photogenerated
holes transfer in the opposite direction and accumulate in the VB of MFO; MFO has more
negative EFB and EVB potentials than those of ZFO according to electrochemical and UV-
vis/NIR diffuse reflectance data (see Figure 5). The accumulated electrons on ZFO surface
can readily transfer to Cr(VI) to produce Cr(III), while the photogenerated holes moving to
the MFO surface can oxidize organic pollutants. As such, the photocatalytic performance
of dual component MFO-ZFO catalysts is significantly enhanced by the unidirectional
electron and hole flow on different components for reduction and oxidation reactions, re-
spectively. This mechanism obviously reduces the recombination between photogenerated
electrons and holes and agrees with electronic band structure characterizations obtained
from electrochemical and photoelectrochemical experiments.
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Scheme 1. Schematic illustration of the Cr(VI) photoreduction mechanism over dual component
MnFe2O4–ZnFe2O4 catalyst (MFO-ZFO MNAs).

3. Materials and Methods
3.1. Materials

Block copolymer (Pluronic P123, Mn ~5800 g mol−1), sodium dodecylbenzenesul-
fonate (NaDBS, technical grade), absolute ethanol, toluene (99.7%) and potassium dichro-
mate (K2Cr2O7 > 99.8%) were purchased from Aldrich Chemical Co. 3-aminopropanoic
acid (3-APA, 99%) and sodium hydroxide (NaOH, 98%) were obtained from Acros Organics.
Zinc (II) nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), manganese (II) nitrate tetrahydrate
(Mn(NO3)2·4H2O, 98%), iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O, 98%), phenol
(>99.5%), citric acid (>99.5%) and ethylenediaminetetraacetic acid (EDTA, >99%) were
obtained from Sigma-Aldrich (Steinheim, Germany).

3.2. Preparetion of Spinel Ferrite NPs

Spinel ferrite MFe2O4 (M = Zn, Mn) NPs were synthesized according to a previously
reported method [30,37]. For a typical synthesis of ZnFe2O4 NPs, Zn(NO3)2·6H2O (5 mmol)
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and Fe(NO3)3·9H2O (10 mmol) were added in 25 mL of deionized (DI) water at room
temperature (RT). After obtaining a clear solution, 25 mL of 0.4 M NaDBS solution and
500 mL of toluene were added, and the resulting mixture was kept under stirring overnight.
Next, 40 mL of NaOH solution (1 M) was dropwise added to the above mixture, and
the solution was stirred for another 2 h. After that, the solution was concentrated by
rotary evaporator and washed with water and ethanol several times to remove excess of
surfactant. Finally, the product was collected with centrifugation and treated under a N2
atmosphere at 350 ◦C for 12 h. MnFe2O4 NPs were synthesized using a similar procedure
as described above, but using Mn(NO3)2·4H2O as precursor.

3.3. Preparation of Colloidal Metal Ferrite NPs

The spinel ferrite surface was functionalized with 3-APA according to a previously
reported method [30]. In a typical experiment, as-prepared Mfe2O4 (M = Zn, Mn) NPs
(230 mg) were suspended in an aqueous solution of 3-APA (45 mg, 4 mL) and the pH was
adjusted to 4 with by adding a HCl aqueous solution (2 M). The mixture was then stirred at
RT until the NPs are completely transferred into the liquid phase, typically within 24 h. The
dispersion was initially assisted with sonication for about 20 min. The 3-APA-stabilized
NPs were collected with centrifugation, washed several times with water, and dispersed in
ethanol to form a stable colloidal solution (120 mg mL−1).

3.4. Preparetion of Mesoporous MFO-ZFO NP Assemblies

Mesoporous assemblies of MnFe2O4 and ZnFe2O4 NPs (denoted as MFO-n-ZFO
MNAs, where n refers to the weight percent of MFO) were prepared as follows: 1 mL
of colloidal ZFO NP solution (120 mg mL−1) and appropriate amount of MFO NP solu-
tion (120 mg mL−1) were slowly added to an ethanol solution (1 mL) of Pluronic P123
(EO70PO20EO70) block copolymer (0.2 g). The mixture was sonicated for 10 min and then
placed in an oven at 40 ◦C for about 2–3 days under static condition to form mesostructured
NP/polymer composites. The removal of template and cross-linking of NPs were carried
out by heating the dry gel product in air for 4 h at 350 ◦C, using a 0.5 ◦C min−1 heating rate.
The amount of 3-APA-capped MFO NPs used in reactions was varied between 5, 8, 11 and
17 mg to give a series of mesoporous dual component MFO-n-ZFO materials with different
MFO content, i.e., n = 4, 6, 8, and 12 wt.%, respectively. For comparison, mesoporous MFO
and ZFO NP assemblies (denoted as MFO and ZFO MNAs) were also prepared using only
MFO and ZFO NPs as starting materials. Also, random aggregates of MFO and ZFO NPs
(denoted as MFO-6-ZFO RNAs) were synthesized through a similar procedure without
adding polymer template.

3.5. Photocatalytic Experiments

The photocatalytic Cr(VI) reductions were carried out in a Pyrex glass cell (100 mL
capacity) containing 50 mL of Cr(VI) and phenol (400 mg L−1) aqueous solution and
0.5 g L−1 concentration of catalyst. A stock solution of Cr(VI) (50 mg L−1) was prepared by
dissolving K2Cr2O7 in DI water, and the pH was adjusted to the desired value with dilute
H2SO4. The reaction mixture was stirred in the dark for 30 min to establish adsorption-
desorption equilibrium between the catalyst and pollutants, and then irradiated with
UV-vis light using a 300-W Xe lamp with a 360 nm cutoff filter (Variac Cermax). All
the experiments were performed at 20 ± 2 ◦C using a water bath cooling system. The
residual concentration of Cr(VI) was analyzed using the 1,5-diphenylcarbazide (DPC)
colorimetric method on a Perkin Elmer Lambda 25 UV-vis spectrometer (Perkin Elmer
Inc., Waltham, MA, USA). The concentration (Ct/Co) of Cr(VI) in solution at different
illumination times was determined commensurate to the absorbance (At/Ao, where Ao
and At are the absorbances at initial and at the time t, respectively) of the DPC-Cr(VI)
complex at 540 nm.
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3.6. Physical Characterization

Powder X-ray diffraction (XRD) was performed on a PANalytical X’Pert Pro MPD
X-ray diffractometer (Malvern PANalytical Ltd., Almelo, The Netherlands) using Cu
Kα (λ = 1.5406 Å) radiation (45 kV, 40 mA). Diffraction patterns were obtained in Bragg–
Brentano geometry at a 2θ range of 20–80◦ using a step size (2θ) of 0.01◦ and a scanning
speed of 0.1◦/min. Transmission electron microscopy (TEM) images were obtained on a
JEOL JEM-2100 electron microscope (LaB6 filament) (JEOL Ltd., Tokyo, Japan) using an
acceleration voltage of 200 kV. Samples were prepared by drop-casting a sample dispersion
(0.5 mg mL−1 in ethanol) onto a carbon-coated copper grid. N2 physisorption measure-
ments were performed at −196 ◦C using a Quantachrome NOVA 3200e sorption analyzer
(Quantachrome Co., Boynton Beach, FL, USA). Before analysis, samples were deaerated at
110 ◦C for 12 h under vacuum (<10−5 Torr). The specific surface areas were determined
using the Brunauer–Emmett–Teller (BET) method [38] on the adsorption isotherm in the
relative pressure (P/Po) range from 0.05 to 0.22. Total pore volumes were determined from
the adsorbed amount at the P/Po = 0.98, and the pore size distributions were derived from
the adsorption branches using the nonlocal density functional theory (NLDFT) method [39].
UV-vis/near-IR diffuse reflectance spectra were obtained on a Perkin Elmer Lambda 950
spectrophotometer (Perkin Elmer Inc., Waltham, MA, USA), using BaSO4 powder as the
reflectance reference. The energy band gaps (Eg) of the samples were determined from
Tauc plots for direct allowed transition [40], i.e., (f hv)2 as a function of photon energy (hv),
where f is the Kubelka–Munk function of the reflectance (R): f (R) = (1 − R)2/(2R) [41].

3.7. Electrochemical Measurements

Mott–Schottky plots were collected with a Metrohm Autolab PGSTAT 302N poten-
tiostat (Metrohm AG, Herisau, Switzerland). A three-electrode set-up, with a Pt counter
electrode and an Ag/AgCl (3M KCl) reference electrode was used to carry out all electro-
chemical studies. The capacitance of the semiconductor/electrolyte interface was obtained
using 10 mV AC voltage amplitude at 1 kHz, in 0.5 M Na2SO4 solution (pH = 6.87). The
measured flat-band potentials were converted to the normal hydrogen electrode (NHE)
scale using the Nernst equation:

ENHE = EAg/AgCl + 0.21 + 0.059 × pH (3)

The working electrodes were prepared as follows: 1 mL of aqueous dispersion of
samples (10 mg) was sonicated in a water bath to obtain a uniform suspension. After
that, 40 µL of the suspension was placed on a fluorine-doped tin oxide (FTO, 10 Ω/sq)
substrate, which was covered with an epoxy resin to leave an effective area of 1 cm2. Then
the electrode was dried at 60 ◦C for 30 min. The donor density (Nd) of the samples was
determined according to the Mott–Schottky equation:

Nd =
2(E − EFB)·C2

SC
εεoe

(4)

where, ε is the relative dielectric constant of the material, εo is the permittivity of vacuum
(8.8542 × 10−10 F cm−1), e is the electron charge (1.602 × 10−19 C), E is the applied potential,
and Csc is the space charge capacitance of the semiconductor.

The electrochemical impedance spectroscopy, polarization, chronoamperometric and
open-circuit photovoltage decay measurements were carried out in a 0.5 M Na2SO4 solution
(pH = 6.87) using a VersaSTAT 4 electrochemical workstation (Princeton Applied Research,
Oak Ridge, TN, USA) with an air-tight three-electrode cell, consisting of the samples as
the working electrode, an Ag/AgCl (saturated KCl) as the reference electrode, and a Pt
wire as the counter electrode. For Nyquist plots, the different current output was measured
throughout a frequency range of 1 Hz to 1 MHz using a small AC perturbation of 20 mV,
under open-circuit potential conditions. The electrochemical impedance data were fitted
to an equivalent circuit model using ZView Software (Version 3.5h, Scribner Associates,
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Southern Pines, NC, USA, 2020). Polarization curves were recorded at the sweep rate of
50 mV s−1. Photochronoamperometric data were obtained at a bias voltage of 0.2 V (vs.
Ag/AgCl).

4. Conclusions

In summary, high-surface-area dual component MFO-ZFO mesoporous networks
were successfully synthesized via a polymer-assisted method that allows the co-assembly
of the spinel ferrite ZFO and MFO colloidal NPs and amphiphilic block-copolymer ag-
gregates. The resulting materials consist of small-sized (ca. 6–7 nm) MFO and ZFO NPs
that form a continuous network-like structure with high porosity. This allows for a large
surface area (ca. 68–91 m2 g−1) that is accessible for photochemical reactions, and a direct
NP-to-NP contact for efficient charge separation. As a result, the MFO-ZFO composite
materials exhibit excellent performance for photocatalytic reduction of Cr(VI) in aqueous
solutions with coexisting organic pollutants (such as phenol, citric acid, and EDTA), under
UV-vis light irradiation. Taken together, microscopic and spectroscopic characterization
techniques revealed that the enhanced photocatalytic activity of dual component MFO-ZFO
mesoporous networks is originated from the combined effect of accessible pore structure,
which permits facile diffusion of reactants and products, and suitable electronic band struc-
ture, which efficiently separates and transports the charge carriers through the ZFO/MFO
interface. Therefore, such mesoporous spinel ferrite NP-networks manifest improved
photochemical activity and demonstrate great potential for applications in photocatalysis
and environmental remediation.
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ZFO RNAs, Figure S4: Kinetic plot for the untemplated MFO-6-ZFO catalyst, Figure S5: Powder
XRD and N2 physisorption data for the reused MFO-6-ZFO catalyst, Figure S6: Mott-Schottky and
Tauc plots of the ZFO and MFO MNAs, Figure S7: Open-circuit photovoltage decay curves for ZFO,
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Abstract: We herein report the preparation and characterization of an inexpensive polymer supported
1,3-bis(benzimidazolyl)benzeneCo(II) complex [PS-Co(BBZN)Cl2] as a catalyst by using the polymer
(divinylbenzene cross-linked chloromethylated polystyrene), on which 1,3-bis(benzimidazolyl)
benzeneCo(II) complex (PS-Co(BBZN)Cl2) has been immobilized. This‘catalyst was employed to
develop arylamination reaction and robustness of the same reaction was demonstrated by synthesizing
various bioactive adamantanyl-tethered-biphenylamines. Our synthetic methodology was much
improved than reported methods due to the use of an inexpensive and recyclable catalyst.

Keywords: arylamination reactions; adamantanyl-tethered-biphenylamines; polymer-supported
catalyst; cobalt complex; Buchwald–Hartwig reaction

1. Introduction

Transition metal-catalyzed cross-coupling reactions between aryl halides and primary/secondary
amines to obtain aminated aryl compounds has been an area of interest due to the wide applications
of arylamines in the synthetics and pharmaceutical industries [1–5]. In this direction, the Buchwald–
Hartwig cross-coupling reaction was performed by using transition metal catalysts, ligands and bases
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with substrates to obtain the desired arylamine products [6–8]. The disadvantage of this reaction is
the use of expensive catalysts, which offers the chemist the opportunity to discover cheaper, reusable
catalysts to drive the arylamination reactions. Inspired by major developments in cobalt-catalyzed
arylamination reactions, we developed a complementary method to perform an arylamination reaction
using cobalt as a metal catalyst [9–11]

In addition, benzimidazole ligand coordinated metal complexes are widely used as catalysts in
arylamination reactions [12]. Since these catalysts were found to be less hydrophobic, immobilization
of such metal complexes with polymer support was observed to be stable, selective, and recyclable,
attributed to the steric, electrostatic, hydrophobic and conformational effects of the polymer
support [13]. Hence, several reports pertaining to the synthesis of arylamines using polymer-supported
transition metal complexes are found [14–16]. Specifically, chloromethylated polystyrene cross-linked
with divinyl-benzene was employed as a macromolecular support to perform the arylamination
reactions [17–22].

In medicinal chemistry, an adamantane-coupled bicyclical core structure was used as an
important pharmacophore, which was inserted in many drugs [23]. Hence, the adamantane
structure was recognized as a readily available “liphophilic bullet” for providing critical liphophilicity
to known pharmacophoric units. Given the remarkable importance of adamantane chemistry,
we recently reported the synthesis and biology of adamantyl-tethered biphenylic compounds as
potent anticancer agents [24]. In our continued efforts to synthesize newer bioactive agents [25–31],
we herein report a practical, economically feasible and efficient arylamination reaction using
polymer-supported 1,3-bis(benzimidazolyl)benzeneCo(II) complex (PS-Co(BBZN)Cl2) as a catalyst.
Interestingly, the recovered (PS-Co(BBZN)Cl2) could be reused three times without a significant loss
of activity.

2. Results

2.1. Chemistry of Catalyst Design and Method Development

We initially synthesized polymer-supported 1,3-bis(benzimidazolyl)benzeneCo(II) complex
[PS-Co(BBZN)Cl2] as shown in Scheme 1.
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Scheme 1. Schematic representation to show synthesis of PS-Co(BBZN)Cl2. 

For this, 1, 3-bis(benzimidazolyl)benzene was treated with chloromethylated polystyrene 
divinylbenzene and followed by the addition of cobalt chloride. The obtained PS-Co (BBZN)Cl2 was 
characterized by analytical techniques including CHNS, UV-Vis, FT-IR, SEM-EDX and TGA as 
presented in supporting information (Figure 1, Supplementary SI-02). Based on N% and Co% 
obtained through elemental and metal ion analysis, the complex formed on the polymer support 
was about 0.0053 moles per 1 g of the polymer support which corresponded to 7.16% of Co intake. 
This further confirmed the formation of the complex on the polymer support. 

Scheme 1. Schematic representation to show synthesis of PS-Co(BBZN)Cl2.

For this, 1, 3-bis(benzimidazolyl)benzene was treated with chloromethylated polystyrene
divinylbenzene and followed by the addition of cobalt chloride. The obtained PS-Co (BBZN)Cl2
was characterized by analytical techniques including CHNS, UV-Vis, FT-IR, SEM-EDX and TGA as
presented in supporting information (Figure 1, Supplementary SI-02). Based on N% and Co% obtained
through elemental and metal ion analysis, the complex formed on the polymer support was about
0.0053 moles per 1 g of the polymer support which corresponded to 7.16% of Co intake. This further
confirmed the formation of the complex on the polymer support.
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Figure 1. Structure of (A) PS-Co (BBZN)Cl2 and (B) unbound Co(BBZN)Cl2.

Motivated by the increased understanding of the Co-catalyzed amination reaction, we next
investigated the applicability of (PS-Co (BBZN)Cl2) in the arylamination reaction. To examine this
hypothesis, 1-(5-bromo-2-methoxyphenyl)adamantine (1a) and 4-chloro aniline (2a) were selected as
model substrates and reagents for the reaction in 1,4-dioxane media and Cs2CO3 as a base (Scheme 2).
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Scheme 2. General scheme of arylamination reaction between adamantane bromide and various
amines using PS-Co(BBZN)Cl2 as a catalyst.

Control experiments established the importance of both PS-Co(BBZN)Cl2 and ligand, as no
product was obtained (Table 1, entry 1). Gratifyingly, the substrate was transformed into the desired
product 3-(adamantan-1-yl)-N-(4-chlorophenyl)-4-methoxyaniline (3a) with 51% yield in the presence
of catalyst (PS-Co(BBZN)Cl2) (10 mol%) and ligand L3 (Table 2, entry 10). Screening of various classes
of ligands (Figure 2) to improve the yield revealed that the use of phosphine based ligand BINAP
(L3) or Xphose (L4) gave improved yields at different catalyst concentrations (Table 1, entry 10, 11, 14,
15), whereas the other ligands such as bidentate ligands (L1, L2) and N-heterocyclic carbine ligands
(L5, L6) yielded no products indicating the high role of selectivity of ligands in the forward reaction.
The most robust reaction was achieved by the use of 12 mol% of PS-Co(BBZN)Cl2 in the presence of
BINAP with an 86% yield at 10 h reaction condition (Table 1, entry 14). Further investigation revealed
that there was no considerable improvement in yield when the catalyst load was increased to 15 mol%
(Table 1, entry 18, 19) whereas the yield dropped to 69% when the reaction time was reduced to 6 h
with 15 mol% catalyst (Table 1, entry 20). Using the above better protocol, we further synthesized
ABTAs by reacting adamantine bromo compounds (1a) and various amines (Table 2). It was observed
that all amine partners productively coupled with good yields of around 70–86%.

All novel compounds exhibited spectral properties consistent with the assigned structures and
were fully characterized by their spectroscopic data (mass, elemental, 1H and 13C NMR analysis).

The majority of reactions were done by keeping time point for 16 h and when the concentration
of the catalyst was increased to 12%, the reaction was completed in 12 h and in many cases pure
product was produced with excellent yield. The above developed method tolerated the presence of
substituent in the aromatic amino-compounds. Specifically, we observed that the electron-donating
para-substituted aromatic amine partners were well-tolerated to produce corresponding products in
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good to excellent yields (Table 2, entries 1–12). However, ortho-substituted and electron-withdrawing
group bearing compounds were not productive giving lower yields (Table 2, entries 5, 11, 12, 13).

Table 1. PS-Co(BBZN)Cl2-catalyzed coupling of 1-(5-bromo-2-methoxyphenyl)adamantane with
4-Chloro aniline a.

Entry PS-Co(BBZN)Cl2 Ligand b Time Yield (%) c

1 5 mol% — 16 NR
2 5 mol% L1 16 NR
3 5 mol% L2 16 NR
4 5 mol% L3 16 NR
5 5 mol% L4 16 NR
6 5 mol% L5 16 NR
7 5 mol% L6 16 NR
8 10 mol% L1 16 NR
9 10 mol% L2 16 NR
10 10 mol% L3 16 51
11 10 mol% L4 16 42
12 10 mol% L5 16 20
13 10 mol% L6 16 26
14 12 mol% L3 10 86
15 12 mol% L4 12 78
16 12 mol% L5 16 36
17 12 mol% L6 16 41
18 15 mol% L3 10 86
19 15 mol% L4 12 79
20 15 mol% L3 6 69

a Conditions: admantane-bromo compounds (1 mmol), 4-chloro aniline (1 mmol) (PS-Co (BBZN)Cl2) (12 mol%); Cs2CO3
(3 eq); 1, 4 dioxane (10 mL); N2 atmosphere: 100 ◦C. b ligands (15 mol%): L1 = 2, 2′-bipyridine, L2 = 1,10-phenanthroline;
L3 = 2,2′-bis(diphenylphosphino)-1,1′-binaphthalene, L4 = dicyclohexyl(2-(2,4,6-trisopropylphenyl)cycohexyl)phosphine,
L5 = 2,6-bis(3-methylimidazoline-1yl)pyridine, L6 = 1,3-dimessityl-4,5-dihydro-1H-imidazole-3-ium chloride; c isolated
yield; NR = no reaction.

Table 2. PS-Co(BBZN)Cl2 composite-catalyzed coupling of various substituted halo aromatic
compounds with various substituted aromatic amines a.

Entry Amine Product b and Yield (%) c

1
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Table 2. Cont.

Entry Amine Product b and Yield (%) c
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Table 2. Cont.

Entry Amine Product b and Yield (%) c
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With the reaction conditions established we tried to investigate the scope of the new protocol
on different substituted aromatic bromo compounds by treating with various amines (Table 3).
We found that electron donating para-substituted on aromatic halo partner was tolerated well to give
corresponding products in good to excellent yields (entries 1, 2, 3 and 5), but with ortho-substituted
and electron-withdrawing group bearing aromatic bromo compounds observed a loss in yield (entries
4, 6 and 7) with no improvement in the reaction conversion on prolonged reaction.
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Table 3. Various substrates and reagents used to optimization of arylamination reaction.

Entry Aromatic Halo
Compounds Amine Product a and Yield (%)

1
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All novel compounds exhibited spectral properties consistent with the assigned structures
and were fully characterized by their spectroscopic data (mass, elemental, 1H and 13C NMR
analysis). It was found that the use of a catalyst PS-Co(BBZN)Cl2, in combination with some ligands
provided a robust catalytic system. On the basis of previous mechanistic studies in cobalt-catalyzed
C−N bond formation reactions, it was possible to propose a mechanism for the conversion of
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Initially, the catalyst makes a complex with amine to form a catalyst-amine complex A,
which undergoes an oxidative addition reaction with 1-(5-bromo-2-methoxyphenyl)adamantane
and complex B formation occurs. Complex B reacts with cesium carbonate base and undergoes
metathesis step, which gave complex C. Finally, the reductive elimination reaction complex C takes
place and thereby catalyst regeneration and the desired product formation occur in the last step
(Figure 3).

Further, we performed density-functional theory calculations using dispersion corrected CAM-B3
LYP functional and 6–31+G method [35]. All electron basis set as implemented in the Gaussian
09 package [36]. The minima nature of the structures has been confirmed based on computed real
harmonic vibrational analysis at the same level of theory. Gibbs free energy calculations for four
intermediate cobalt complexes were chosen for our mechanistic elucidation. Initially CoCl2 makes the
coordination complex with the ligand and reacts with aromatic amine and forms Co-NH bond quickly
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[intermediate (a); ∆E = −6.03 kcal/mole], which in turn gets stabilized by releasing HCl and attains a
lower energy intermediate with a ∆E of −9.62 kcal/mole. Alkyl bromide adds to the intermediate (b)
quickly and attains still lower energy of ∆E of−17.18 kcal/mole where the bindentate ligand detachment
takes place and immediate loss of HCl takes place and again attains lowest energy intermediate (d)
of ∆E = −19.62 kcal/mole, which gives the product immediately. The optimized geometries and the
energy profile diagram of intermediates (a–d) are shown in Figures 4 and 5, respectively. On the basis
of lower Gibbs free energy of intermediates across (a) to (d), we can conclude that the reaction occurs
naturally upon cobalt chloride coordination complex formation occurring with the bidentate ligands.
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2.2. Recyclability of the Catalyst

Further, the superiority of PS-Co(BBZN)Cl2 catalyst was its recyclability, which was investigated
by using the compound 1 a and 2 b as a model reaction. After each run, the catalyst was filtered off and
washed with water followed by methanol, it was then dried in an oven at 120 ◦C for 15 min and used
directly for the next reaction. The results were summarized (Table 4). We recorded that the catalyst
could be used thrice and isolated yields achieved were above 70%.

Table 4. The recycling of the catalyst a.
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Run 1 2 3

Yield b (%) 86 81 75
a Reaction conditions—1 a (1 mmol), 2 b (1 mmol), BINAP (15 mol%), (PS-Co (BBZN)Cl2) (12 mol%), CS2 CO3 (3 mmol),
1,4-dioxane (5 mL), N2 atmosphere 10 h, 100 ◦C. b Isolated yield.

3. Materials and Methods

3.1. Procedure for the Synthesis of PS-Co(BBZN)Cl2 Complex

3.1.1. Preparation of BBZN Functionalized Polymer Support

The chloromethylated polystyrene beads cross-linked with 6.5% divinylbenzene were first washed
with a mixture of THF and water in the ratio 4:1 using Soxhlet extractor for 48 h. The beads were then
vacuum dried. The chloromethylated polystyrene beads (3 g) were allowed to swell in DMF solution
of BBZN ligand (5.2 g) was added to the above suspension followed by the addition of triethylamine
(12 mL) in ethylacetate (105 mL) and was heated at 60 ◦C for 45 h in a water bath. It was cooled to room
temperature, filtered, and washed with DMF. The beads were then Soxhlet extracted with ethanol to
remove any unreacted BBZN and dried in an oven at 60 ◦C overnight.
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3.1.2. Preparation of PS-Co(BBZN)Cl2 Complex

The functionalized beads (1.0 g) were allowed to swell in 50 mL acetonitrile and toluene mixture
in the ratio 1:1 for 1 h. Then the solvent was decanted. To this, 1.426 g of CoCl2.6 H2 O dissolved
in methanol (100 mL) was added at intervals (4 times) and heated at 60 ◦C for 48 h. It was filtered,
washed with alcohol and Soxhlet extracted to remove any unreacted CoCl2.6 H2 O. It was filtered and
dried in an oven at 60 ◦C for 10 h and vacuum dried.

3.2. General Procedure for (PS-Co(BBZN)Cl2) Complex Catalyzed C−N Bond-Formation Reaction

A dried Schlenk tube was charged with substrate 1 a (320 mg, 1 mmol), 2 a (127.6 mg, 1 mmol), BINAP
(48 mg, 15 mol%), (PS-Co(BBZN)Cl2](38 mg, 12 mol%). The tube was evacuated and backfilled with N2,
and Cs2 CO3 (975 mg, 3 mmol) followed by reagent grade 1, 4-dioxane (5 mL). The reaction mixture was
heated to 100 ◦C for 10 h. After completion of reaction the mass was cooled to room temperature, filtered
off the catalyst, the solvent quenched with water and diluted with ethyl acetate (10 mL). The layers
were separated, and the aqueous layer was extracted with (5 mL) ethyl acetate. The combined organic
layer was washed with water (10 mL), dried over anhydrous sodium sulphate and the solvent was
removed in vacuum. The crude product was purified using silica gel column chromatography.

3.2.1. 3-(Adamantan-1-yl)-N-(4-chlorophenyl)-4-methoxyaniline (3 a)

Pale Yellow colored solid; mp 140–142 ◦C: 1H NMR (400 MHz,CDCl3) 7.14–7.12 (d, J = 8.0 Hz,
2 H), 6.95–6.91 (m, 2 H), 6.81–6.78 (m, 3 H), 5.46 (s, 1 H), 3.80 (s, 3 H), 2.05 (m, 9 H), 1.74 (m, 6 H);
13C NMR (100 MHz,CDCl3) 155.0, 144.2, 139.9, 134.8, 129.2, 123.6, 120.6, 119.1, 116.4, 112.6, 55.4, 40.6,
37.1, 29.1; LCMS (MM : ES + APCI) 368.4 (M + H)+; Anal.Calcd for C23 H26 ClNO: C, 75.08; H, 7.12; N,
3.81. Found: C, 75.01; H, 7.15; N, 3.88.

3.2.2. 3-(Adamantan-1-yl)-4-methoxy-N-(4-methoxyphenyl)aniline (3 b)

Brown colored solid; mp 117–119 ◦C: 1H NMR (400 MHz,CDCl3) 7.48–7.46 (d, J = 8.0 Hz, 2 H),
7.24 (m, 1 H), 6.88–6.86 (d, J = 8.0 Hz, 2 H), 6.72–6.70 (d, J = 8.0 Hz, 2 H), 5.39 (s, 1 H), 3.89 (s, 3 H),
3.83 (s, 3 H), 2.06–2.03 (m, 9 H), 1.75 (m, 6 H); 13C NMR (100 MHz, CDCl3) 153.8, 142.2, 138.9, 130.4,
128.2, 122.5, 118.1, 115.5, 111.8, 55.0, 53.7, 40.3, 36.96, 28.9; LCMS (MM : ES + APCI) 364.4 (M + H)+;
Anal.Calcd for C24 H29 NO2: C, 79.30; H, 8.04; N, 3.85. Found: C, 79.26; H, 8.11; N, 3.79.

3.2.3. 3-(Adamantan-1-yl)-4-methoxy-N-(4-(trifluoromethyl)phenyl)aniline (3 c)

Off-white colored solid; mp 124–126 ◦C: 1H NMR (400 MHz,CDCl3) 7.64–7.61 (m, 2 H), 7.45–7.39
(m, 3 H), 7.24 (s, 1 H), 6.96–6.94 (d, J = 8.0 Hz, 1 H), 5.36 (s, 1 H), 3.87 (s, 3 H), 2.13–2.04 (m, 9 H), 1.77
(m, 6 H); 13C NMR (100 MHz,CDCl3) 159.1, 145.1, 139.1, 131.8, 127.0, 125.7 (JCF = 25.7 Hz), 112.1, 55.2,
40.6, 37.2 (JCF = 7.6 Hz), 29.7, 29.1; LCMS (MM : ES + APCI) 402.2 (M + H)+; Anal.Calcd for C24 H26 F3

NO: C, 71.80; H, 6.53; N, 3.49. Found: C, 71.76; H, 6.59; N, 3.41.

3.2.4. 3-((3-(Adamantan-1-yl)-4-methoxyphenyl)amino)phenol (3 d)

Off-white colored solid; mp 98–100 ◦C; 1H NMR (400 MHz,CDCl3) 7.43 (s, 1 H), 7.08 (s, 1 H),
6.99–6.96 (m, 4 H), 6.84–6.82 (d, J = 8.0 Hz, 1 H), 5.62 (s, 1 H), 4.80(s, 1 H), 3.82 (s, 3 H), 2.05 (m, 9 H),
1.74 (m, 6 H); 13C NMR (100 MHz,CDCl3) 159.2, 154.3, 146.2, 139.9, 129.7, 121.3, 119.9, 117.7, 115.3,
112.6, 111.2, 55.4, 40.6, 37.1, 29.1; HRMS Calcd 372.1934 Found: 372.1938 (M + H)+; Anal.Calcd for C24

H29 NO2: C, 79.30; H, 8.04; N, 3.85. Found: C, 79.26; H, 8.11; N, 3.79.

3.2.5. 3-(Adamantan-1-yl)-N-(2-fluorophenyl)-4-methoxyaniline (3 e)

Yellow colored solid; mp 106–108 ◦C: 1H NMR (400 MHz, CDCl3) 7.10–7.06 (m, 1 H), 6.98–6.96
(dd, J1 = 2.7 Hz, J2 = 2.2 Hz, 2 H), 6.84–6.83 (d, J = 4.0 Hz, 1 H), 6.81 (s, 1 H), 5.50 (s, 1 H), 3.81 (s, 3 H),
2.05 (m, 9 H), 1.75 (m, 6 H); 13C NMR (100 MHz,CDCl3) 158.4, 155.4, 147.1, 139.9, 134.1, 130.3, 121.5,
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120.0, 118.8, 114.6, 112.8 (JCF = 53.4 Hz), 55.4, 40.5, 37.2, 29.0; LCMS (MM : ES + APCI) 352.4 (M + H)+;
Anal.Calcd for C23 H26 FNO: C, 78.60; H, 7.46; N, 3.99. Found: C, 78.71; H, 7.39; N, 3.91.

3.2.6. 3-(Adamantan-1-yl)-4-methoxy-N-(p-tolyl)aniline (3 f)

Off-white colored solid; mp 108–110 ◦C: 1H NMR (400 MHz,CDCl3) 7.03–7.01 (d, J = 8.0 Hz, 2 H),
6.95–6.89 (dd, J1 = 4.0 Hz, J2 = 4.0 Hz, 2 H), 6.85–6.83 (d, J = 8.0 Hz, 2 H), 6.80–6.78(d, J = 8.0 Hz, 1 H), 5.39
(s, 1 H), 3.80 (s, 3 H), 2.26 (s, 3 H), 2.05 (m, 9 H), 1.74 (m, 6 H); 13C NMR (100 MHz,CDCl3) 154.2, 142.6,
139.7, 129.8, 128.9, 119.4, 117.6, 116.3, 112.7, 55.5, 40.6, 37.1, 37.0, 29.1, 20.6; LCMS (MM : ES + APCI) 348.4
(M + H)+; Anal. Calcd for C24 H29 NO: C, 82.95; H, 8.41; N, 4.03. Found: C, 82.90; H, 8.46; N, 3.99.

3.2.7. N-(3-Adamantan-1-yl)-4-methoxyphenyl)pyridin-3-amine (3 g)

Pale yellow colored solid; mp 103–104 ◦C; 1H NMR (400 MHz, CDCl3) 8.42–8.41 (d, J = 4.0 Hz,
1 H), 7.47–7.43 (m, 2 H), 7.29–7.27 (m, 2 H), 7.23–7.22 (m, 2 H), 5.58 (s, 1 H), 3.85 (s, 3 H), 2.14–207 (m,
9 H), 1.79–1.73 (m, 6 H); 13C NMR (100 MHz, CDCl3) 161.9, 153.0, 143.7, 136.1, 126.8, 125.9, 124.0, 123.0,
121.9, 117.6, 115.1, 56.1, 40.8, 38.0, 28.6; LCMS (MM : ES + APCI) 335.4 (M + H)+; Anal. Calcd for C22

H26 N2 O: C, 79.00; H, 7.84; N, 8.38. Found: C, 79.08; H, 7.79; N, 8.33.

3.2.8. N-(3-Adamantan-1-yl)-4-methoxyphenyl)-5-methylpyridin-2-amine (3 h)

Off-white colored solid; mp 101–102 ◦C: 1H NMR (400 MHz, CDCl3); 8.42 (s, 1 H), 7.53–7.47 (m,
3 H), 7.03–7.01 (d, J = 8.0 Hz, 2 H), 5.60 (s, 1 H), 3.83 (s, 3 H), 2.30 (s, 3 H), 2.09 (m, 9 H), 1.78 (m, 6 H);
13C NMR (100 MHz, CDCl3) 160.2, 155.2, 145.0, 139.2, 128.9, 126.4, 121.4, 119.5, 117.4, 115.7, 54.8, 39.9,
36.4, 27.5, 27.0, 21.9; HRMS Calcd: 371.2094; Found: 371.2098 (M + H)+; Anal. Calcd for C23 H28 N2 O:
C, 79.27; H, 8.10; N, 8.04. Found: C, 79.32; H, 7.99; N, 8.09.

3.2.9. N-(3-Adamantan-1-yl)-4-methoxyphenyl)naphthalen-1-amine (3 i)

Pale yellow colored solid; mp 105–106 ◦C; 1H NMR (400 MHz, CDCl3) 8.09–8.07 (d, J = 8.0 Hz, 1 H),
8.03–8.01 (d, J = 8.0 Hz, 1 H), 7.96–7.94 (d, J= 8 Hz, 1 H), 7.60–7.28 (m, 6 H), 5.51 (s, 1 H), 3.83 (s, 3 H),
2.13–2.05 (m, 9 H), 1.76–1.73 (m, 6 H); 13C NMR (100 MHz,CDCl3) 153.9, 145.7, 138.3, 133.9, 132.7, 131.9,
128.7, 128.3, 128.2, 127.1, 126.9, 126.3, 125.9, 125.5, 111.4, 55.2, 40.4, 37.2, 29.2; LCMS (MM : ES + APCI)
384.4 (M + H)+; Anal.Calcd for C27 H29 NO: C, 84.55; H, 7.62; N, 3.65. Found: C, 84.61; H, 7.59; N, 3.69.

3.2.10. N-(3-Adamantan-1-yl)-4-methoxyphenyl)-1 H-inden-2-amine (3 j)

Pale yellow colored solid; mp 116–118 ◦C: 1H NMR (400 MHz, CDCl3) 7.64–7.61 (m, 2 H), 7.45–7.39
(m, 3 H), 6.96–7.94 (d, J = 8 Hz, 2 H), 6.19 (s, 1 H), 5.34 (s, 1 H), 3.83 (s, 3 H), 3.29 (s, 2 H), 2.13–2.07 (m,
9 H), 1.77 (m, 6 H); 13C NMR (100 MHz, CDCl3) 154.0, 144.4, 138.9, 132.0, 130.0, 126.0, 125.9, 120.1,
119.9, 115.5, 104.4, 55.4, 44.3, 40.8, 37.3, 29.7, 29.2; LCMS (MM : ES + APCI) 372.2 (M + H)+ Anal.Calcd
for C27 H29 NO: C, 84.06; H, 7.87; N, 3.77. Found: C, 84.11; H, 7.94; N, 3.72.

3.2.11. 4.((3-(Adamantan-1-yl)-4-methoxyphenyl)amino)phenyl)(piperidin-1-yl)methanone (3 k)

Off-white colored solid; mp 121–122 ◦C; 1H NMR (400 MHz, CDCl3) 7.65–7.62 (m, 2 H), 7.45–7.39
(m, 3 H), 6.97–6.95 (d, J = 8.0 Hz, 1 H), 5.37 (s, 1 H), 3.87 (s, 3 H), 3.47–3.39 (m, 4 H), 2.14–2.13 (m, 9 H),
2.08–2.04 (m, 3 H), 1.78 (m, 6 H), 1.45 (m, 6 H); 13C NMR (100 MHz, CDCl3) 170.4, 155.2, 145.6, 138.9,
131.8, 127.0, 125.8, 125.6, 112.5, 55.5, 46.2, 40.5, 37.2, 37.1, 29.7, 29.1, 24.4; LCMS (MM : ES + APCI) 445.2
(M + H)+; Anal.Calcd for C29 H36 N2 O2: C 78.34; H 8.16; N 6.30; Found: C 78.39; H 8.10; N 6.24.

3.2.12. 2.(4-((3-Adamantan-1-yl)-4-methoxyphenyl)amino)-2-chloro-5-methylphenyl)-2-(4-
chlorophenyl)acetonitrile (3 l)

Yellow colored solid; mp 129–132 ◦C; 1H NMR (300 MHz, CDCl3) 7.62–7.51 (m, 3 H), 7.32–7.26 (m,
2 H), 6.84–6.81 (d, J = 12.0 Hz, 2 H), 6.35–6.25 (m, 2 H), 5.66 (s, 1 H), 5.27 (s, 1 H), 3.82 (s, 3 H), 2.16–1.66
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(m, 18 H); 13C NMR (75 MHz,CDCl3) 156.0, 1139.8, 136.6, 133.3, 126.8, 125.8, 125.6, 123.3, 121.7, 117.6,
55.3, 42.5, 41.6, 41.1, 40.9, 36.9, 36.5, 36.1, 35.6, 28.5, 27.9, 18.13; HRMS Calcd: 553.1784; Found: 553.1892
(M + H)+; Anal.Calcd for C32 H32 Cl2 N2 O: C 72.31; H 6.07; N 5.27; Found: C 72.39; H 6.01; N 5.24.

Off-white colored solid; mp 118–120 ◦C; 3-(adamantan-1-yl)-4-methoxy-N-(o-tolyl)aniline (3 m):
1H NMR (400 MHz, CDCl3) 7.40 (s, 1 H), 7.36 (d, 1 H), 7.17–7.10 (m, 4 H), 6.94 (d, 1 H), 5.37 (s, 1 H),
3.87 (s, 3 H), 2.41 (s, 3 H), 2.14 (m, 6 H), 2.06 (m, 3 H), 1.77 (m, 6 H); HRMS Calcd 370.214. Found:
370.212 (M + H)+.

6-Chloro-N-(p-tolyl)-9 H-fluoren-2-amine (5 b)

Yellow colored solid; mp 131–132 ◦C 1H NMR (400 MHz, DMSO-d6); 8.10 (s, 1 H), 8.05–8.03 (d,
J = 8 Hz, 1 H), 7.76 (s, 1 H), 7.53–7.51 (d, J = 8.0 Hz, 1 H), 7.38–7.21 (m, 4 H), 7.16–7.12 (m, 2 H), 5.36 (s,
1 H), 4,37 (s, 2 H), 2.39 (s, 3 H); 13C NMR (100 MHz, DMSO-d6); 140.7, 140.5, 137.8, 135.5, 129.1, 127.8,
127.5, 127.0, 125.4, 123.2, 121.4, 119.9, 112.1, 110.6, 41.20, 23.5; HRMS Calcd 328.0863; Found: 328.0866
(M + Na)+; Anal.Calcd for C20 H16 ClN: C, 78.55; H, 5.27; N, 4.58; Found: C, 78.58; H, 5.21; N, 4.55.

N-(4-Methoxyphenyl)benzo[d]isoxazol-3-amine (5 c)

White colored solid; mp 98–100 ◦C: 1H NMR (400 MHz, DMSO-d6); 8.44–8.42 (d, J = 8.0 Hz, 1 H),
8.08–8.06 (d, J = 8.0 Hz, 1 H), 8.02–8.00 (d, J = 8.0 Hz, 1 H), 7.95–7.91 (m, J = 8.0 Hz, 2 H), 7.71–7.67 (m,
1 H), 7.26–7.24 (d, J = 8.0 Hz, 2 H), 5.32 (s, 1 H), 3.88 (s, 3 H); 13C NMR (100 MHz, DMSO-d6); 164.1,
159.7, 152.0, 147.4, 132.2, 127.2,125.6, 123.4, 121.7, 118.9, 114.4, 113.8, 55.2; HRMS Calcd 263.0791; Found:
263.0794 (M + Na+); Anal.Calcd for C14 H12 N2 O2: C, 69.99; H, 5.03; N, 11.66; Found: C, 70.05; H, 5.08;
N, 11.59.

2-(2-Chloro-4-((4-methoxyphenyl)amino)-5-methylphenyl)-2-(4-chlorophenyl)acetonitrile (5 e)

Off-white colored solid; mp 111–112 ◦C: 1H NMR (400 MHz, DMSO-d6); 7.57–7.53 (m, 3 H),
7.51–7.42 (m, 3 H), 7.35–7.31 (m, 2 H), 7.08–7.02 (m, 2 H), 5.72 (s, 1 H), 5.32 (s, 1 H), 3.83 (s, 3 H), 2.13 (s,
3 H); 13C NMR (100 MHz, DMSO-d6); 152.0, 149.8, 141.1, 140.0, 137.1, 132.4, 132.3, 132.1, 129.1, 128.6,
123.1, 120.8, 116.1, 54.99, 36.6, 17.9; HRMS Calcd 419.0688; Found: 419.0692 (M + Na+); Anal.Calcd for
C22 H18 Cl2 N2 O: C, 66.51; H, 4.57; N, 7.05; Found: C, 66.59; H, 4.52; N, 7.11.

4. Conclusions

In conclusion, we prepared PS-Co (BBZN)Cl2 catalyst and used it for the C−N bond formation
reaction. A series of adamantyl-tethered-amino biphenylic compounds were synthesized by new
protocol. Our synthetic methodology is much improved compared to existing methodologies as the
catalyst is effective, inexpensive and recyclable.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1315/s1,
SI-01: Experiment Section, SI-02: Spectral characterization Co(BBZN)Cl2, SI-03 to14: Spectral characterization of
compounds 4 a-4 l.
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