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ABSTRACT

Carbon monoxide and volatile organic compounds (VOCSs) are serious air pollutants that may
give rise to deleterious health and environmental effects. Such compounds are commonly
found in the atmosphere at ground level in all urban and industrial centers. Total catalytic
combustion has been considered as an effective and viable approach in controlling
environmental emission; however some problems such as the non-availability of catalysts
with low cost, high activity and stability in prevailing conditions remain. Hence, this thesis
aims at developing economic combustion catalysts such as transition metals oxides (TMOs),
using an elaborated Pulsed Spray Evaporation Chemical Vapor Deposition (PSE-CVD)
approach and improved understanding of their behavior.

Catalysts based on TMOs were successfully synthesized by PSE-CVD. Comprehensive
characterization techniques, e.g. X-ray diffraction (XRD), Raman spectroscopy, Fourier
transformed infrared spectroscopy (FTIR), Scanning electron microscopy (SEM), Helium ion
microscopy (HIM), Energy dispersive spectroscopy (EDS), X-Ray photoelectron
spectroscopy (XPS) and Ultra-Violet Visible spectroscopy (UV-Vis) as well as temperature-
programmed reduction/re-oxidation (TPR/TPO) techniques were used to characterize the
obtained films. To assess their functionality, the catalytic performance of the prepared
catalysts was investigated for the conversion of some representative volatile organic

compounds which may be contained in exhaust stream of industrial processes.

One important conclusion that can be drawn based on the results presented is that TMOs are
active catalysts with real potential mainly in processes relevant to air pollution control.
Aiming for eventual commercial applications of some very active TMOs catalysts,
fundamental studies concerning various aspects of TMOs catalysis have been carried out
throughout this thesis. The investigations have been performed using TMO-based catalysts
deposited on supports, with grid mesh of stainless steel as the common used substrates. Five
main types of TMO-based catalysts were prepared, including single oxides such as Co30y,
Mn30,4, a-Fe;03, CuO and mixed oxides (Co-Fe oxides). Several reactions with direct
relevance to air-pollution control were studied, i.e. oxidation of carbon monoxide (CO),
propene (CsHg), n-butene (n-C4Hsg), dimethyl ether (C;HgO) and n-butanol (n-C4HgO) in the
presence of argon and oxygen. The catalytic performance of the chosen oxides was compared

to reference results from the literature.
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Different aspects of these reactions were studied: (i) the effect of solvent and deposition
temperature on the catalyst morphology, (ii) the effect of the deposition condition (substrate
temperature), the thermal properties, the morphology and the doping on the catalyst
performance. In our preliminary results, we briefly describe the controlled synthesis of Co304
spinel using Co(acac)s as precursor; in this investigation, special attention was focused on the
role played by solvents, deposition temperature and pressure on the thin film growth and
morphology. As application, the performance of the deposited Cos;O0, samples was tested
towards CO and C3Hg conversion (Publication 1). As interesting materials, a-Fe,O3, CuO and
Mn3O,4 were also prepared. Thin films of a-Fe,O3 were selectively synthesized, and the effect
of the deposition temperature and lattice oxygen on the catalytic combustion of C3Hg and CO
was studied (Publications 2 and 3).

In the same logic, copper oxide was prepared and found to be catalytically active towards CO
and C3Hg oxidation (Publication 4). Besides the activity, the thermal properties of the catalyst
were investigated, and a detailed study of the synthesis of the catalytically active Mn3;O,
spinel and its thermal stability were performed. The obtained Mn3O,4 exhibited high thermal

stability and good catalytic performance in the combustion of CO and C3Hg (Publication 5).

Based on the results obtained with Co304 and a-Fe;O3, we have prepared a mixed oxide of
cobalt and iron (Co-Fe-O). Cobalt ferrite with spinel structure has presented technologically
interesting solid-solution phases. In fact the combination of Fe and Co at different ratios has
improved the physico-chemical properties and the catalytic performance of the materials. It
was noticed that the composition played a significant role concerning the film morphology,
band gap energy and the redox properties with consequence for the catalytic behavior of the
material. For example, just small amounts of cobalt in cobalt ferrite mixed oxides were
sufficient to enhance the performance in the CO oxidation (Manuscript 1) and the deep

oxidation of olefins (such as for n-butene and propene) and DME (Manuscript 2).

In the framework of a cooperation project with Moroccan partners with the topic “Catalytic
application of natural clay”, we have compared the catalytic performance of Moroccan natural

clays with Co304 and a-Fe,O3 towards the conversion of n-butanol (Publication 6).
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Major parts of this work have been published in the literature [1-6]. Therefore, the present
work is limited to a brief presentation of the experimental procedures and a summary of the
obtained results and main findings of the attached publications.

1 INTRODUCTION

In the last two decades, the rapid growth in population, industrialization and transportation
have caused an ever-increasing demand for energy [7]. The need to satisfy the population’s
demand has created other problems such as pollution. Over the years, we have met our energy
needs by exploiting two main sources: natural gas and crude oil. However, this is not a recipe
for the successful and continuous increase of energy needs. As the most used source of
energy, fossil fuels are responsible for high emissions of VOCs, exhaust streams and

polynuclear aromatics associated with the combustion systems used to produce energy [8].

VOC:s are considered as an important class of air pollutants [8]. It is a widely ranging class of
chemicals commonly occurring in many commercial waste streams, and has been linked to
the increase in photo-chemical smog, the depletion in atmospheric ozone, the production of
ground-level ozone, as well as the noxious effects on human health [8].

The significance of abatement technologies for the reduction of emissions has increased in
importance with the introduction of legislation to control their release to the environment.
Various techniques have been proposed, one of these being heterogeneous catalytic oxidation.
It has the advantage over the more common thermal oxidation process, since it requires little
or no supplementary fuel and is therefore a less expensive process. Catalytic oxidation is less
expensive only for relatively dilute streams of VOCs-containing gases and exhaust stream.
For more concentrated gas streams, thermal oxidizers, which are less capital-intensive, may
be less costly to operate if the VOC content is highly enough to be thermally self-sustaining.
However, relatively dilute VOC-containing effluent streams are by far the most prevalent and,

consequently, catalytic oxidation is an important process.

However, the characteristics of the catalyst selected for this process are of vital importance for
successful process operation, and associated problems such as deactivation must be overcome
if heterogeneous catalytic oxidation is to be useful commercially. Catalysts currently in use
include noble metals, notably gold, platinum and palladium, and those based on metal oxides.
Irrespective of the type of catalyst, the prime characteristics required are activity and
selectivity as well as stability for combustion. On one hand, noble metals offer high catalytic

performance at low temperature, but they are generally costly, thermally unstable and are

1
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easily deactivated due to the trend of particle agglomeration and thus decrease of the surface
area [9]. On the other hand transition metal oxides (TMOs) are very cheap and show also
comparable activity with precious metals; moreover they possess good thermal properties.
Therefore special attention has been focused on different kinds of transition metal oxides and

their mixed oxides [10].

As an intended contribution to the heterogeneous catalysis and catalyst synthesis, the present
PhD study was proposed and developed. The aim is to achieve clean materials for green
sustainable chemistry, which strives to reduce environmental emissions and associated risks,
hazards and costs. A series of active and low-cost transition metal oxides were prepared, by
means of pulsed spray evaporation chemical vapor deposition (PSE-CVD). The synthesized
samples were comprehensively characterized in terms of growth, structure, morphology,
optical, thermal and redox properties. Their catalytic performance was tested against the deep
oxidation of real fuels and exhausts gases such as propene (CzHg), n-butene (n-C,Hg),
dimethyl ether (C,HsO), carbon monoxide (CO) and n-butanol (n-C4HgO).

In this work, the synthesis of a number of catalysts for the total oxidation of compounds that
may be classified as VOCs, biofuel and Carbon monoxide are reported, and the important
features of the catalyst highlighted using oxygen as oxidant. The following discussion is not
intended to be an exhaustive account of all possible catalysts, but should provide an overview
of the current state of research in this area, with the aim of identifying the types of catalysts
that are likely to be of use in the future, and the obstacles that must be overcome to produce a
commercially viable catalyst. The development of a catalyst that may be used for the
combustion of all classes of compounds under the general term VOC presents a major

challenge for future research.

The structure of the thesis is as follows: Part 1 is a theoretical background and research
motivation. Part 2 reports briefly the comprehensive presentation of preparation methods as
well as all sample characterization techniques used in this thesis (XRD, Raman, FTIR,
SEM/HIM, UV/Vis, TPO/TPR, XPS and EDS). Part 3 gives a summary of the obtained
results while the last Part 4 gives general conclusions of the most relevant results presented in

the form of journal articles.
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1.1 Research motivation and theoretical background

1.1.1 Atmospheric pollution and consequences

Air is essential for the survival of human beings as well as the whole environment. No life is
possible without air. Therefore, the lack of clean air can lead to severe health problems and
even to death. Today, some disturbances are observed on the ozone layer, on human, plant,
and animal health which are caused by the release of substances into the air by human
activities. Smog, soot, acid rain, the greenhouse effect, and "holes"” in the ozone layer are
generally discussed as the main types of pollution [8]. Each of these problems has serious
implications for our health and well-being as well as for the whole environment. Research
during the past 20-30 years confirms that air pollution contributes to morbidity and mortality
[11,12]. Whereas some effects may be related to short-term exposure [13], others have to be
considered contributions of long-term exposure [14,15]. Despite decades of efforts to fight
against air pollution, humankind seems to lose the battle of clean air. Today, more than a
billion people live in communities that do not meet air quality standards given by the World
Health Organization [8]. Consequently, once considered as an urban phenomenon in industrial
countries, air pollution has spread worldwide, also as a result of further industrialization.
Among the different types of air pollution, great attention should be paid to the release of
particles into the air from burning fuel for energy. A good example of these particularly small
parts of matter release into the atmosphere is diesel smoke, contributing to “black carbon”
pollution. However, the major sources of air pollution are the exhaust gases from fuels
burning in automobiles and industries [16]. The release of noxious gases like carbon
monoxide, nitrogen oxides (NOy), sulfur oxides (SOx), VOCs and chemical vapors contributes
to further chemical reactions once they are in the atmosphere and may be responsible of

serious damage in the human health and environment [17].

Thousands of people in the world die each year due to heart and lung diseases that result from
air pollution [18]. In fact, associations with acute exposure to particulate air pollution are
responsible of various morbidity health endpoints, including increased health care visits for
respiratory illness, exacerbations of asthma, increased incidence and duration of respiratory
symptoms, and declines in measures of lung function [19]. Therefore it is very urgent to
reduce emission and many investigations are currently made by scientists for that purpose. As
an example, catalytic combustion is developed as viable approach and numerous
investigations on the development of clean materials such as catalyst are one of the main

research topics today.
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1.1.2 Catalysis and catalytic combustion

The words catalysis, catalysts and catalytic combustion are commonly used in the field of
chemistry, chemical engineering, materials science and biology. Catalysis is a key technology
in chemical industry and plays a vital role in our modern society [20]. Most of the products
and chemicals used in our daily life are produced by the use of catalysis at one stage or
another [20]. Catalysts are widely used in the pharmaceutical industry, in the production of
fuels and plastics, and in solving air and water pollution problems [20]. Because most aspects
of modern living is dependent on catalysis, it has become a topic that is well worth studying
and understanding [21,22] and a significant investigation is devoted to its improvement. In

fact, what is catalysis?

It was in 1836 that the field of catalysis was introduced for the first time, when J. J. Berzelius
defined the phenomenon of catalysis in order to explain different transformation reactions
[23]. Few years later, W. Ostwald proposed in 1895 a definition for a catalytic material
(Nobel Prize 1909) that is still valid today. According to Ostwald, "A catalyst is a substance,
which affects the rate of a chemical reaction without being part of its end products.” [24].
From the Ostwald definition of catalyst, catalysis can be defined as an increase in the rate of a
chemical reaction due to the participation of a chemical substance. This chemical substance
called catalyst is usually used in small amounts relative to the reactants; it modifies and
increases the rate of the reaction without being consumed in the process. A chemical process
which uses a catalyst to speed desired oxidation reactions of a fuel and reduces the formation
of undesired products is called catalytic combustion. This chemical reaction involves breaking
of bonds between atoms and the formation of new ones [25]. The process is associated with
transformation of energy and the energy diagram, illustrating the progress of a reaction
A+B—C is presented schematically in Figure 1.1. The activation energy E, to be surmounted

can be determined from the Arrhenius equation (1.1):

k=A e‘% (1.1)

where k is the rate constant of chemical reactions, T is the temperature, A is the pre-
exponential factor and R is the universal gas constant. Accordingly not all molecular
encounters will be successful, but only a fraction e*R". An increase of the reaction rate can
be achieved by either increasing the temperature or by lowering the activation energy E, [25].
The latter is provided by the catalyst which, through the formation of intermediate compounds

with the molecules involved in the reaction, enables an alternate reaction path as presented in
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E, non catalyzed reaction

Energy

E, catalyzed reation

‘AE

adsorprtion
reaction

desorption

I

Reaction progress
Figure 1.1: Comparison of the E, barriers of a reaction with and without a catalyst. A
substantial energy barrier has to be overcome in the non-catalyzed reaction and,
therefore, has a slower rate. The catalyst lowers the energy barrier but does not
affect the actual energies of the reactants or products. Adapted from [25].
Figure 1.1, which is associated with smaller activation barriers and hence a higher overall
reaction rate. In the last step the product molecules are released from the catalyst which now

is available for the next reaction cycle.

Catalysis can be divided into two categories: homogeneous and heterogeneous catalysis.
Homogeneous catalysis is a sequence of reactions that involve a catalyst in the same phase as
the reactants, while heterogeneous catalysis reaction involves a catalyst and reactants in
different phases. Phase here refers to solid, liquid, or gas. This thesis deals with
heterogeneous catalysis operated in a flow reactor (at atmospheric pressure), where the
reactants (gas) and the catalyst (solid) are in different phases. Usually the catalyst is a solid
and the reactants are either gases or liquids [26]. Heterogeneous catalysts are often composed
of metals and metal oxides. The initial step in heterogeneous catalysis is usually the
adsorption of reactants. In technical reactions mostly the interaction of molecules with the
surface of a solid is decisive [25]. The principle of the heterogeneous catalysis is depicted
schematically in Figure 1.2. The atoms in the surface layer of a solid have fewer neighbors
than those in the bulk and are hence chemically unsaturated and may form new bonds (=
chemisorption) with suitable molecules impinging from the adjacent gas or liquid phase [25].
By this step, existing bonds will be modified or may even be broken (= dissociative

chemisorption). The surface species formed may jump from one site to neighboring ones, then
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dn. Reactor die dn:
R~ =
i: reactants  j: produits

Steady-state reaction rate:

dnj = r = f(pi, pj. T. catalyst)

Figure 1.2: Principle of heterogeneous catalysis adapted from G. Ertl [25].

may react with others and the formed produced molecules eventually leave the surface (=
desorption). If operated in a flow reactor as in the present work, the catalyst can in this way
continuously operate without being consumed. A good example of the heterogeneous
catalysis application is removal of toxic substances from automotive exhaust. Most modern
cars are equipped with a catalytic converter removing most of the toxic exhaust gases from
the processes in a combustion engine. The catalytic converter used in most combustion
gasoline engines consists of precious metal particles called Three Way Catalyst (TWC)
[27,28]; however in general, most industrially important reactions are catalyzed by the

surfaces of solids mainly metals and metal oxides.

1.1.3 Catalysts for catalytic combustion

Among the catalysts used in heterogeneous catalysis, most are noble metal particles and metal
oxides, mainly transition metal oxides generally coated on a support. Different kinds of
support or carrier including y-Al,Os3, SiO,, stainless steel, carbon or zeolithes are used and the
catalytically active components, typically in a low concentration, are deposited, preferably in
a highly dispersed state. This support often presents no catalytic activity on the reaction
sequence. However, to improve the efficiency of some catalysts by chemical means, other
components, including those with catalytic activity, are added as chemical promoters or
additives [29-32]. Nano subunits and surfactants have been also used to improve the catalyst’s

effectiveness by modifying the shape or morphology [33-34].

In general, precious metals are well-known catalysts with high performance widely used for

control exhaust gas emissions such as VOCs, hydrocarbons (HCs) and CO [35-37]. Of the
6
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precious metals, Au, Pt, Rh and Pd are the most used due to their higher specific activities in
the catalytic combustion of exhaust stream and hydrocarbons at low temperature [37].
However these metals show a high tendency to poisoning [38], selectivity to some oxidation
reactions [39], high cost, relative low thermal stability as well as their limited availability,
encouraging the scientific community to develop new catalysts such as transition metal oxides
(TMOs).

Metal oxides in general and specially transition metal oxides are presented as an alternatives
to noble metals catalysts for complete oxidation due to their low cost and better stability
[40,41]. They present sufficient activity, although they are typically less active than precious
metals at low temperatures. However, at high temperatures the activities are similar [42]. In
addition, some combinations of oxides may have high catalytic performance and high thermal
stability compared to single components [43,44]. The need for catalytic materials that remain
stable and active over long periods at high operation temperatures presents a challenge. A
huge spectrum of transition metal oxides with spinel and perovskites structure exists and is
very attractive due to their capacity to release oxygen with high mobility, required in the
catalytic combustion reaction with oxides catalyst [43]. Today the large majority of catalysts
used in modern chemical industry are oxides of transition metals, owed to their ability to take
part in the exchange of electrons, as well as in the oxygen exchange. Moreover these materials
offer doping strategies to improve their stability and properties [45-47]. Because of the
interesting and attractive characteristics listed above, TMOs have been the main focus in this
thesis.

The most active metal oxide catalysts for complete oxidation of a variety of oxidation
reactions are the oxides of Co, Fe, Cu Mn, Cr, V, Ni and Ag [48-52]. Among these oxides
mentioned in the literature, a few seem particularly promising. As example, cobalt oxide is
known to be an effective catalyst for total oxidation reactions [53,54]. CuO is a well-known
component of oxidation catalysts [55] and high interest is also devoted to Fe,O3 for catalytic
and gas-sensing applications, regarding their high thermal stability and environmentally-
friendly nature [56]. CuO-based catalysts show comparable activity to noble metal catalysts
for CO oxidation [57] and exhibit, together with Co304, and Mn3O4, a good ability to
maintain oxidative capacity of organic air pollutants [58]. In general Cu-, Co-, Mn- and Fe-
based oxides have been found to be active for both CO and VOCs [57].

Surprisingly, in spite of significant work devoted to the preparation and application of the

metal oxides catalysts listed above, these materials were scarcely used for the complete and
7
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low-temperature oxidation of real fuel including: olefins, dimethyl ether (DME) and biofuels.
More importantly, the relationship between the synthesis approach and the performance of the
prepared materials in the catalytic combustion processes is not well understood on a
fundamental level. In fact, controlled synthesis of precise structures of active metal oxides
with ordered morphologies on solid surfaces is one of the most important issues in designing
high-performance heterogeneous catalysts [48]. Materials with the above-mentioned
characteristics have been recently reported to possess better mechanical strength and enable a
lower pressure drop which permits higher reactant gas velocities than fine powder catalysts
[56]. In addition, it is known that the surface morphology and bulk composition of the films
depend upon the preparation methods and conditions which may affect the films' properties
[45]. Therefore, the choice of the synthesis approach, capable to produce pure and
catalytically active thin films with good reproducibility by an easy control of the structure,
phase, morphology and composition remains an uphill task. In this thesis, thin films of TMOs
were synthesized, systematically characterized and used as catalysts for the complete
combustion of representative fuels in a home-made flow reactor operating at atmospheric

pressure. Details about the flow reactor characteristic will be given in the experimental part.

Firstly PSE-CVD was used for the tailored synthesis of TMOs such as: Co30, a-Fe,O3, CuO,
Mn3;0,4 and Co-Fe mixed oxides. Many aspects of the synthesis approach were optimized to
produce thin films with specific phase, structure, morphology and composition. Secondly, the
performance of the deposited materials was tested for the complete oxidation of real fuel such
as CO, C3Hs, n-C4Hg, C,HgO and n-C4H100, in a home-made fixed-bed quartz flow reactor
under plug-flow conditions. An attempt was made to understand the fascinating and
indispensable phenomenon of catalysis as well as to answer some questions related to the type
of reaction process involved in the catalytic oxidation in relation with the properties of the
prepared catalysts materials. Particularly the influence of the redox properties, the film
morphology and the environment of the surface of the deposited thin films were correlated
with the catalytic behavior, and the mechanisms of the catalytic oxidation of the fuels over the

prepared oxides were proposed.



2 EXPERIMENTAL

Developments of highly active thin film catalysts impose the improvement of the quality of
existing techniques and the development of new ones. Achieving these goals required the
development of a controlled preparation approach capable to achieve the growth of materials
with excellent quality at low costs. In order to overcome these requirements, Pulsed Spray
Evaporation-chemical vapor Deposition (CVD) was employed in this thesis for the synthesis
of functional transition metals oxides catalysts with variable structures. To understand the
relationship between the growth, the structure and the catalytic properties, systematic
characterization techniques such as X-ray diffraction (XRD), Raman spectroscopy, Fourier
Transformed Infrared (FTIR) spectroscopy, Scanning Electron Microscopy (SEM), Helium
lon Microscopy (HIM), Energy Dispersive Spectroscopy (EDS), X-Ray Photoelectron
Spectroscopy (XPS) and Ultra-Violet Visible spectroscopy (UV-Vis) as well as Temperature-
Programmed Reduction/re-Oxidation (TPR /TPO) were systematically applied. In-situ
emission and absorption FTIR were performed as useful techniques to explore catalytic
performance of functional materials. In the following chapter the experimental procedures as

well as the analytical techniques are introduced and briefly explained.

2.1 Chemical vapor deposition process

Chemical vapor deposition may be defined as the deposition of a solid on a heated surface
from a chemical reaction in the vapor phase. It belongs to the vapor-transfer processes: that is
the deposition species are atoms or molecules or a combination of these. Besides CVD,
various physical-vapor-deposition processes (PVD) such as evaporation, sputtering,
molecular-beam epitaxy, and ion plating are known. In many respects, CVD competes
directly with the PVD processes, but it is also used in conjunction with them, and many of the
new processes are actually combinations of two systems such as plasma-enhanced CVD or

activated sputtering.

CVD is well known for the production of coatings of uniform thickness, great purity, and high
density, with the possibility to reach high deposition rates [59,60]. The CVD approach can
also be used for the production of powders, and even single crystals [64]. It allows numerous
advantages over the PVD technique. CVD offers relatively low processing costs, since in
most cases, the processes do not require high vacuum or strong electric power. CVD enables
the uniform coverage of complex-shaped components. Overall, materials deposited by this

technique find application in several domains such as microelectronics, optoelectronics,
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protective and optical coatings as well as catalysis. The CVD approach is complex and can
differ in its specific characteristics. In general, CVD always involves a series of gas-phase and
surface reactions that usually follow a common reaction scheme. The principal steps of a

typical CVD process can be summarized as follows:

%

% evaporation of the reactant species (precursors),

X/
°e

transport of the gaseous species into the reaction chamber,

X/
°e

gas-phase reactions leading to reactive intermediates and gaseous by-products,

*

transport of the reactants through the boundary layer to the surface of the substrate,

¢+ adsorption of the gaseous reactants onto the substrate and heterogeneous reaction at
the interface, producing the deposit and by-product species,

% diffusion of the deposit to nucleation sites on the surface,

++ desorption and transport of by-products away from the reaction zone.

In this process, the large part of the deposition involves chemical reactions. They can occur in

the gas phase to form intermediate species, which then react further, either in the gas phase or

at the interface with the substrate. It is worth mentioning that the deposition parameters such

as temperature and pressure will play key roles in the deposition process. After the brief

description of the general principles of CVD, the characteristics of the CVD technique used

for the deposition of thin films will be exposed.

2.1.1 Pulsed spray evaporation CVD reactor and systems

Pulsed spray evaporation CVD (PSE-CVD) is a variant of the conventional CVD method. In
this approach, the precursors are dissolved in an organic solvent and directly injected into the
reactor through a spray nozzle. It is, to a few minor differences, similar to the pulsed injection
MOCVD (PICVD) deposition process, generally used for the deposition of metal oxides [61].
This deposition method is based on a concept elaborated by Sénateur et al. [62], who patented
the process in 1993. The innovation of this technique is the method of precursor delivery,
which relies on the sequential injection of micro amounts of a volatile metal-organic precursor
solution into an evaporator. The solution is injected through a high-speed micro-electrovalve
with the aid of a pressurized inert gas. Evaporation takes place instantly due to the small
amounts injected (a few pL) and to the vacuum and temperature conditions residing in the
evaporator. The vapors of the precursor are then transported by a gas flow to the substrate,
which is maintained at the desired temperature. This method offers distinct advantages over

conventional CVD precursor delivery sources, like using a bubbler or sublimator [61,63]:

10
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% the instantaneous evaporation allows the use of less stable precursors since they are

only heated for a short time, insufficient for a chemical degradation to occur,

X/
°e

the precision of the micro-dosing and the possibility to easily change the injection
parameters enables the precise control of the vapor pressure, growth rate, and improve

the reproducibility of the film properties,

X/
°e

the thickness can be easily controlled by the number of drops injected,

X/
°e

the use of several injectors allows the production of multilayered structures of
different compositions.
This variant of the CVD process was largely applied for the deposition of common metal
oxides, like spinel cobalt oxide [64,65] or yttrium-stabilized zirconia [66], to more complex
high-temperature superconductor structures [61] and multilayered compounds [67]. It was
noticed that the presence of the organic solvent in the reaction zone may be a disturbance for
the deposition reaction but its effect can be countered with a higher flow of oxygen [63,65].
The following parameters can be adjusted, once the precursor and solvent for the reaction
have been determined:

%+ precursor concentration,

¢ injection pulse frequency,
% injection pulse opening time,
% evaporation temperature,
%+ vector gas flow velocity,

% total pressure,

¢+ substrate temperature.
The main difference is the pulsed method of injection of the precursor solution, which leads to
a high vapor pressure. This can induce a high supersaturating ratio, resulting in an easier
nucleation of the film. In this study, the depositions were performed in a home-made vertical
cold-wall type rector as schematically shown in Figure 2.1. The reactor was equipped with a
pulsed-spray evaporator (PSE) system for the delivery of the liquid feedstocks. Metal
acetylacetonate precursors were dissolved in the selected solvent with a desired ratio and kept
at room temperature under atmospheric pressure during the deposition process. The f-
acetylacetonate precursors were selected considering their stability and solubility in the
solvent used in this investigation (ethanol, tetrahydrofuran (THF), and toluene). The optimal
use of the PSE delivery was achieved with a valve opening time varying from 2-2.5 ms and a
frequency fixed at 4 Hz. The evaporation of the injected feedstock takes place under vacuum
at the evaporation temperature of the precursor in the 30 cm-long evaporation chamber zone

11
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Figure 2.1: Schematics of a typical deposition setup for pulsed spray evaporation CVD [5].

heated with an external electric heater. The resulting vapor was transported to the deposition
zone with N,/O, gas flow rate controlled by mass flow controllers. The deposition zone was
composed by a flat resistive heater perpendicular to the gas flow direction. A thermocouple
located at the surface of the flat heater serves to measure the substrate or deposition
temperature during the process. The total pressure inside the reactor was varied between 10
and 50 mbar. It is worth mentioning that the evaporation and decomposition temperature, the
N./O, flow rates, the deposition temperature and the total pressure inside of the reactor were

optimized in order to obtain uniform films.

2.1.2 Thin film preparation
A) Chemicals and reagents

All chemicals were used as delivered without further purification. The solvents utilized in the
experiments were ethanol (technical solution), tetrahydrofuran (HiPersolv CHROMANORM
for HPLC, purity 99.9 % from PROLABO), toluene (AnalaR NORMAPUR, purity ~99.9 %
supplied by PROLABO). The diketonates precursors used in this study were cobalt(111)2,4-
pentadionate (Ci5H21C00g, purity=98%), mangenese(ll1)2,2,6,6-tetramethyl-3,5-heptane-
dionate (Cz3H37MnOg, purity = 99% from ABGC GmbH & Co.KG.) and Fe(lll) acetyl-
acetonate anhydrous (C1s5H21FeOg purity=99% from MERCK). For the oxidation reactions the
following fuels were used: carbon monoxide (CO), propene (CsHg), n-butene (n-C4Hsg),

dimethyl ether (C,H¢O), and n-butanol (n-C4HgO).
12
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B) Selection of the precursors
Two factors were determinant for the choice of the precursor: the precursor stability and
solubility.

« Precursor stability: In order to avoid oxidation states variation in the liquid
feedstock, the precursors were used in their high oxidation state. In this study for example, the
Co(l11) precursor was preferred to Co(ll) for the CozO4 spinel synthesis [1], and Fe(lll) was
preferred to Fe(l1) for the hematite thin film synthesis [2].

«» Precursor solubility: The solubility of the precursor salts was examined by a series of
pretests. For this, amounts of salt were weighed in the solvent and were stirred at room
temperature up to 5 hours. If this did not result in a homogeneous solution free of residuals
the temperature was raised to 50 °C and stirring was continued for another 2 hours.
Afterwards the precursors were assessed to either have a too low solubility or to be

sufficiently soluble and thus to be suitable for the CVD process.

C) Substrates used
For all experiments in this study, five different types of substrates were used: 18 x 18 mm thin
glasses (cover glass), 76x26x1 mm microscope slides (thick glass), 4x7 mm chips of silicon
wafer, planar stainless steel and grid mesh of stainless steel. Just before coating, these
substrates were cleaned in a laboratory ultrasonic bath with ethanol. Grid mesh of stainless
steel was used here as support due to its flexibility to be loaded in any form of reactor, and the
narrow pores (micron-retention 36-45 pum) capable to retain even very small size catalysts.
More importantly, grid mesh of stainless steel exhibits no catalytic activity, thus enabling the
real evaluation of the catalytic performance of the deposited thin films. Substrates before and

after coating and SEM micrograph of Co30,4 thin film are presented in Figure 2.2.

(A) (A (A%)

Figure 2.2: Nop-coated (A), Co304-coated (A”) grids mesh of stainless steel and Co30,4-coated
(A). Non-coated planar stainless steel, thin glass (B) and Co304-coated ((B’).

SEM micrograph of Co304-coated grid mesh (C) and Co3O4 film morphology.
13
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The deposition conditions are given in Table 2.1.

Table 2.1 Experimental Deposition conditions

Deposition Parameters

Precursors Co(acac)s, Cu(acac),, Fe(acac)s, Mn(acac)s
Solvent EtOH, THF, toluene

Concentration of precursor 5mM

Frequency 4 Hz

Opening time 2-2.5ms

Evaporation temperature 180-220 °C

Transportation temperature 200-240 °C

Substrate temperature 250-500 °C

System pressure 10-40 mbar

N2 (SLM) / O, (SLM) 0.16-0.2 sIm / 0.5-1.0 sIm

Substrates Glass, silicon, planar, or grid mesh steal

2.2 Thin film characterization techniques

To better understand the behavior of functional materials, comprehensive and systematic
characterization techniques need to be performed. Many of these methods, with the exception
of the more recently developed Helium lon Microscopy (HIM) used here, are standard tools in
material characterization. It is important to mention that HIM imaging and XPS analysis were
performed in cooperation with the Physical department at the University Bielefeld. A
comprehensive and systematic characterization is thus expected to be performed, prior to and
in connection with testing the materials for their catalytic performance. The following
analysis techniques which were used for the thin film characterization are shortly described in
this part in order to explain their contribution in the understanding of the properties of the

functional materials synthetized in this thesis.
2.2.1 Structure characterization

In order to characterize the structure of the TMOs thin films prepared in this study, the

following approaches were employed.
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% Gravimetric analysis
The thicknesses of the samples were determined by the gravimetric method. For this purpose,
the samples were weighed, before and after the deposition, using a microbalance (METTLER
ME 30) with a precision of 0.005 mg. It is necessary for this calculation to know the exact
composition and the nature of the crystalline phase of the deposited material. With the
assumption that the films are dense and homogeneous, the thickness d can be calculated with
the following equation (2.1):

A 2.1
g=Am 21)
Ap
Am: mass difference before and after the deposition

A: surface of the sample

p. density of the phase.

% X-ray diffraction
X-ray diffraction (XRD) is a fundamental analysis technique for material science. This non-
destructive technique yields information about the nature of the crystalline phases of the films
which were deposited. The principle of XRD analysis is the diffraction of monochromatic X-
rays by the crystalline lattice, as illustrated in Figure 2.2. When the radiation beam interacts
with a set of planes in a crystal, it will be diffracted only if the geometry of the crystal fulfills
specific conditions, defined by Bragg's law. The interplanar distances depend on the
crystalline lattice of the material, and can be calculated by the following relation (2.2):
1 K K

dhkl ~ a2 2T (2.2)

where h, k, | are the Miller indices defining the plane, and a, b, ¢ the dimensions of the

primitive unit cell used for representing the crystalline lattice (see Figure 2.3).

Bragg‘s Law P A7

n)\=2dsm9,/ ~
)
. . 4

C H

Figure 2.3 Graphic illustration of Bragg’s Law [68].
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The XRD analysis results in a list of the refraction angles with their respective signal
intensity. By comparing the obtained signals to the XRD database, it is possible to identify the
crystalline phases present in the composition of the film. Complementary information like
size of the particles and lattice strain can be derived from the width of the peaks. For this
purpose, the Scherrer equation [69] gives an approximation of the particle size, based on the
full-width at half-maximum of the signal:

kA

d= fS.cos8 (23)

d: particle size,

k: constant value equal to 2@ in the original article, where particles are assumed to be

cubic, and refined in further work for other shapes. In the absence of precise information

about the particles' shape, k = 0.9 is considered as a good approximation [70],

A: wavelength of the radiation,

p: full-width at half-maximum of the considered refraction signal,

. diffraction angle.
All diffraction spectra were recorded at room temperature, using a Phillips X Pert Pro MRD
(PW3830) instrument equipped with a Cu Ko ( A = 0.154056 nm) radiation source and
operated at 40 kV and 30 mA. Data were recorded in the 20 range from 20° to 80°, with a step
size of 0.05°.

% Raman spectroscopy

Raman spectroscopy is a widely employed and powerful characterization technique used to
gain insights into the crystal structure. A Raman spectrum is obtained by exposure of a
sample to a monochromatic source of exciting photons and measurement of the frequencies of
the scattered light. In contrast to IR spectra, Raman spectra can be measured in the UV-
Visible region where the excitation as well as Raman lines appear. According to classical
theory, Raman scattering can be explained as follows: The electric field strength (E) of the
electromagnetic wave (laser beam) fluctuates with time (t) as shown by the following
equation (2.4):

E=Eqcos 27yt (2.4)

where Ej is the vibrational amplitude and vy is the frequency of the laser. Although Raman
spectra are normally observed for vibrational and rotational transitions, it is possible to

observe Raman spectra of electronic transitions between ground states and low energy excited
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Figure 2.4 On the top the schematics of the home-made Raman spectrometer and at the
bottom picture of the setup of the visible laser pathway from [71].
states. The observed actives Raman modes provide information about the purity of the
deposited films. A home-built Raman spectrometer with spectral resolution of 4 cm™ has been
used in this study to identify the metal-oxygen vibration modes in the prepared samples
following the procedure outlined by Vannier [71]. It enables in this investigation the
confirmation of the hematite phase of the obtained oxide from [2]. An argon-ion laser
(SPECTRA-PHYSICS, BEAMLOK 2080) was chosen as excitation source and configured
for using only the monochromatic 514.5 nm line. A spectrometer consisting of a
SHAMROCK SR-303i spectrograph and an iDUS CCD camera served as detection unit. A
beam-splitter (SEMROCK LPDO01-514RU-25) was used for selectively reflecting the
excitation line down on the sample, and filtering out the Rayleigh signal from the radiations
emitted by the measured sample. The Rayleigh signal is further filtered through a holographic
notch rejection filter positioned in the vertical optical path collecting the signal to the

spectrometer. Figure 2.4 above presents a schematic view and picture of the setup.
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% Fourier transformed infrared (FTIR) spectroscopy

FTIR is a technique used to evaluate qualitative and quantitative features of IR-active
molecules in organic or inorganic solid, liquid or gas samples. It is a rapid and relatively
inexpensive method for the analysis of solids that are crystalline, microcrystalline,
amorphous, or films. FTIR technique can also provide information about the “light elements”
(e.g., H and C) in inorganic or organic substances. FTIR is based on the interaction of IR
radiation with the material, resulting in an excitation of selected vibrational modes depending
on the material and the wavelength used to excite the sample. In FTIR, IR radiation is passed
through a sample. Some of the infrared radiation is absorbed by the sample and some of it is
passed through (transmitted). The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. Like a fingerprint no two unique
molecular structures produce the same infrared spectrum. This makes infrared spectroscopy
useful for several types of analysis. The principle of this technique is based on the Michelson
interferometer illustrated in Figure 2.5. The beam from the source passes through a beam
splitter which conducts half the beam to a moving mirror and reflects the remaining half to a
stationary mirror. The two beams are reflected from their respective mirrors and recombined
either constructively or destructively at the beam splitter depending on the moving mirror
position. A moving mirror inside the apparatus alters the distribution of infrared light that
passes through the interferometer. The signal directly recorded, called an “interferogram”,
represents light output as a function of mirror position [72]. The interferogram is transformed
into IR absorption spectrum that is recognizable with absorption intensity or % transmittance
plotted against the wavelength or wavenumber as following (2.4):

1 I 2.4
A= logm? =—log, T = _logma ( )

The ratio of radiant power transmitted by the sample (I) relative to the radiant power of
incident light on the sample (lp) results in quantity of Transmittance, (T). Absorbance (A) is
the logarithm to the base 10 of the reciprocal of the transmittance (T). The infrared (IR)
absorption frequencies of oxides and organic compounds were interpreted by comparison with

IR absorption spectra in databases.

In this thesis a FTIR with spectral resolution of 4 cm™ was used for two purposes: the analysis
of the prepared TMOs chemical structure and for the monitoring of the exhaust gas
composition during the catalytic combustion tests. The study of the chemical structure of the

oxides was systematically evaluated in ambient air with emission-FTIR spectroscopy using a

18



Experimental

*hkkhkhkkhkhkhkhhkhhkhkkhhkhhhkhhkhkihkhrhkkhhhkihkhrhkhhhkihkhrhkhhhkiikhihkhhhkihkhihkhhhkkihhihkihhkiihiixkx

[ -stationary miror

f«,

Beam source

. . Moving miror
Beam splitter Y: &

Beam input

Figure 2.5 Diagram of the Michelson interferometer adapted from [72]

home-made emission cell, whereas the exhaust gas during the catalytic test was detected using
a home-made transmission-FTIR cell. Both emission and transmission FTIR cells were
attached to a FTIR spectrometer (THERMO NICOLET-5700) with absorption range between
4000 cm™ and 500 cm™.

2.2.2 Morphology and chemical composition

The morphology and chemical composition at the surface of the functional materials play an
important role in the catalytic properties of the materials. In fact, heterogeneous catalysis
refers to a chemical reaction occurring on the surface of a solid catalyst. Therefore, size and
shape of the catalysts control the reaction efficiency. In this investigation, two different
methods of morphology inspection were performed to probe the film morphology in deep:
Scanning Electron Microscopy (SEM) and Helium lon Microscopy (HIM). With the
involvement of a focused beam of helium ions, HIM exhibits superior resolution and
outstanding performance on insulating samples [73,74]. For the composition analysis, both
Energy Dispersive Spectrometry (EDS) and X-ray Photoelectron Spectroscopy (XPS) were
performed. EDS provides composition information in the bulk of the films, while XPS gives
the chemical composition and ionic states at the surface of the materials (M2p, O1s and C1s
core shell (M = Metal, O = lattice and adsorbed Oxygen and C = Carbon). These results
would help further understanding the surface and bulk details of the obtained films.

A) Morphology

% Scanning electron microscopy (SEM)
The SEM uses a focused beam of high-energy electrons to generate a variety of signals at the
surface of solid specimens which are measured as signals. The signals that derive from
electron-sample interactions reveal information about the sample including external
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morphology (texture), chemical composition, crystalline structure and orientation of materials
making up the sample. Areas ranging from approximately 1 to 5 cm microns in width can be
imaged in a scanning mode using conventional SEM. As an advantage, the SEM is equipped
with an EDX analyzer for quantitative and qualitative chemical analysis. The model used here
was with an EDAX photonic system (Figure 2.6). Here an electron beam with significant
amounts of the kinetic energy is generated by a field emission gun and its energy is dissipated
as a variety of signals produced by electron-sample interactions when the incident electrons
are decelerated in the solid sample. These signals include secondary electrons that produce
SEM images. The path of the beam describes a raster which is correlated to a raster of gray
level pixels on a screen. As a consequence the magnification is simply computed by the ratio
of the image width of the output medium divided by the field width of the scanned area.

Incident beam

Scan deflectors Scan
generator Scan deflectors
I T A
.
A
B Signal amplifier
SPECIMEN = CRT DISPLAY
I o
-

Figure 2.6 On the top the schematic representation [75] and at the bottom picture of the SEM
setup imaging of samples with a relative humidity of up to 100% under low-
vacuum conditions.
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+«+ Helium lon microscopy (HIM)
In order to get high resolution images from any scanning beam microscope one must be able
to produce a sufficiently small probe, have a small interaction volume in the substrate and
have an abundance of information-rich particles to collect and create the image [76]. The
Orion helium ion source enables this new generation microscope to achieve these
requirements. This technique was employed here because it offers higher resolution and better
contrast than SEM [73]. In fact, the helium ion microscope operates somewhat like a typical
focused ion beam system. There is a source, which produces a stream of helium ions, a
column which accelerates, collimates, focuses and scans the beam, and a vacuum chamber
that contains the sample to be imaged. A variety of detectors provide the flexibility of
generating images. The Orion helium ion microscope uses a beam of helium ions as the
imaging particles. Since ions can be focused into a smaller probe size and have less sample
interaction than electrons, the HIM can generate higher resolution images with more material
contrast so that more details can be seen. The helium ion beam was operated at 35 kV
acceleration voltages at a current of 0.8 pA. A 5 um aperture at Spot Control 4 was used. The
working distance was 9 mm at a sample tilt of 0°. The secondary electrons were collected by
an EVERHART-THORNLEY detector at 500 V grid voltages. The samples were plasma-

cleaned in the HIM load-lock for 8 minutes before measurement.

Source.

Imaging Gas.
Extractor.
Focus.

lon Beam.

Aperture .

Scanning
Deflectors.

Display

31—7 Final

l Lens.
L

=
Electron Detector C:&*j lon Detector
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Transmission Detector

Figure 2.7 Left schematic representations [76] of the HIM and right picture of HIM set-up
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B) Chemical composition

s Energy dispersive X-ray spectroscopy
To evaluate the chemical composition of the TMOs samples prepared in this work, Energy
Dispersive Spectroscopy (EDS) analysis was performed. EDS is a complementary experiment
to SEM; it uses the X-ray produced by inelastic collisions of the incident electrons with
electrons in discrete orbitals (shells) of atoms in the sample as schematically represented in
Figure 2.8. As the excited electrons return to lower energy states, they yield X-rays that are of
a fixed wavelength (that is related to the difference in energy levels of electrons in different
shells for a given element). Thus, characteristic X-rays are produced for each element in a
mineral that is "excited" by the electron beam. All elements from atomic number 4 (Be) to 92
(U) can be detected in principle, though not all instruments are equipped for 'light' elements
(Z < 10) [75]. EDS analysis is considered to be "non-destructive"; that is, X-rays generated by
electron interactions do not lead to volume loss of the sample, so it is possible to analyze the
same materials repeatedly. Qualitative analysis involves the identification of the lines in the
spectrum and is fairly straightforward owing to the simplicity of X-ray spectra. Quantitative
analysis (determination of the concentrations of the elements present) entails measuring line
intensities for each element in the sample and for the same elements in calibration standards
of known composition. By scanning the beam in a television-like raster and displaying the

intensity of a selected X-ray line, element distribution images or 'maps' can be produced.

La

kicked-out ..
electron

Figure 2.8 Sketch of atomic energy levels and X-ray photon generation [75].

% X-Ray photoelectron spectroscopy (XPS)
XPS is the most widely used surface analysis technique because of its relative simplicity in

use and data interpretation [77]. The information XPS provides about surface layers or thin
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film structures is of value in many industrial applications. Here, the XPS technique was used
to determine the elemental chemical composition and the electronic states in the TMO surface
by irradiating a specimen with monochromatic X-ray radiation and analyzing the emitted
photoelectrons. The fundamental experiment in XPS involves exposing the specimen to be
studied to a flux of nearly mono-energetic radiation with mean energy /v, and then observing
the resultant emission of photoelectrons, whose kinetic energies (KE) will be described most
simply by the photoelectric equation [77]:

KE = hv — (BE + ¢), (2.5)

in which, KE is the photoelectron kinetic energy, BE is the binding energy and ¢ is the work
function of the spectrometer. In this figure CL represent the core level, VB the valence band,

FL the Fermi level, and VL the valence level

A

KE

Ep

BE

Figure 2.9: XPS fundamental principles reproduced from [77].

Its characterization capabilities are due in large parts to the fundamental principle that each
element has an unique atomic structure allowing X-rays that are characteristic of an element'’s
atomic structure to be identified uniquely from one another [77]. The principle is
schematically represented in the Figure 2.9. To stimulate the emission of characteristic X-rays
from a specimen, a high energy beam of charged particles such as electrons or protons or a X-
ray beam, is focused into the sample being studied. The incident beam may excite an electron
in an inner shell, ejecting it from the shell while creating an electron hole where the electron
was. An electron from an outer higher energy shell then fills the hole, and the difference in
energy between the higher and lower energy shell may be released in the form of an X- ray.
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electron energy
analyzer
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Figure 2.10 Left: Schematic diagram of the XPS apparatus [77], illustrating the depth
profiling of a multilayer sample and right the picture of the model available in
the Physical Department at the Bielefeld University.

The number and energy of the X-rays emitted from a specimen can be measured by an

energy-dispersive spectrometer.

In this thesis, except for Manganese-Oxides samples the chemical composition both in the
bulk and on the surface of the entire samples were determined by the means of XPS
MULTIPROBE, OMICRON nano-technology presented in Figure 2.10. XPS was performed
in a multi-technique UHV instrument using a monochromated Al Ka X-ray source (1486.7
eV, 250 W). The sample was under an angle of 13° from the surface normal to the electron
detector. The chamber pressure was 5.10™° mbar. CasaXPS was used for the analysis of the

XP spectra, and a Shirley background subtraction procedure was employed.

2.2.3 Optical properties: UV-Vis spectroscopy

The optical properties of functional materials are one of the important characteristics for the
evaluation of its optical and photo-catalytic activity [78]. This technique was used here for the
evaluation of the bang gap energy of the prepared oxides. UV-Vis absorption is a method in
which the outer electrons of atoms or molecules absorb radiation and undergo transitions to
higher energy levels. The operating principle is based on the Lambert-Beer’s law. The
absorbance A, is related to the incident light intensity lo, and transmitted light intensity I,

concentration of a solution sample c, path length of the sample I, absorption coefficient «, and

molar absorptivity, &, by the following equation (2.6):
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A=log l/ly = ¢lc = ac (2.6)

The absorption coefficient is wavelength-dependent, and a plot of a as a function of
wavelength 4 is the spectrum of interest. The spectrum is often characteristic of a given
sample and reflects the fundamental electronic properties of the samples [79]. For solid
samples as it is the case in this work, concentration, ¢, has no meaning and similar expression
can be derived in terms of the thickness of the sample. The solid sample needs to be thin
enough to avoid saturation of the absorption. In this procedure, the spectrum obtained can be
analyzed to acquire the energy band gap of the semiconductor nano-materials by the mean of
Tauc’s equation (2.7):

ahv = A(hv - Eg)" (2.7)

where a represent the absorption coefficient, hv is the photon energy, A is the refractive index
constant, Eg is the direct band gap energy and n is a constant relaying on the nature of the
transition (1/2 for direct allowed transitions). Eq is estimated from the interception point of the

extrapolated linear fit to the experimental data of (aAv)? vs hv.

The spectrometer used in this work was a SHIMADZU UV-2501 PC. The measured samples
were deposited on thin glass, and a non-coated thin glass sample was used as reference.

Measurements were done in the range from 200 to 900 nm.

2.2.4 Thermal properties

The thermal stability and the reducibility of the entire samples prepared in this study were
investigated using a home-made emission cell attached to a FTIR spectrometer (Thermo
Nicolet 5700) as schematically represented in Figure 2.11. The thermal stability was analyzed

in atmospheric air.

s Thermal stability
In order to determine the stability limit of the prepared samples, the thermal stability was
investigated. The thermal stability of active catalysts is an important issue since it might be
the factor limiting the performance. The FTIR emission can be used to reveal the catalyst
deactivation due to crystalline phase transition during operation and to investigate its kinetics.
In this test, the temperature of the catalyst was increased from 100 °C to 900 °C with a ramp
of 5 °C min™. The typical features of the characteristics bands of the TMOs disappear
progressively with increasing temperature, indicating the gradual loss of its crystallinity. The

sample gradually releases its lattice oxygen, permitting an accurate determination of the limit
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of the lattice stability. The catalytic tests were performed within the obtained thermal stability

temperature.

% Redox properties
The redox properties of the deposited samples were investigated by Temperature-
Programmed Oxidation and Reduction (TPO/TPR) using emission FTIR as an in situ
monitoring technique. TPO and TPR are widely used thermo-analytical techniques for the
characterization of chemical interaction between gaseous reactants and solid substances.
These methods allow the characterization of the redox properties of materials by delivering
spectra containing information about the mechanism and the kinetics. The TPO/TPR test was
performed using also a temperature range of 5°C/min in an atmosphere of argon containing
5vol% of hydrogen (TPR) and 5vol% of oxygen (TPO). This method has been successfully
used before to characterize the thermal properties of the deposited oxide thin films [5,80-83]
for example, the reduction of Co304 to CoO has been clearly demonstrated [83]. TPR was
carried out with ~350 nm thick films. The TPR/TPO profiles of the samples are obtained by
integrating the specific emission bands characteristic of the M-O-M (M = transition metals)
stretching vibration mode. The decrease of the relative intensity indicates the consecutive loss

of the TMOs structure upon reduction/oxidation.

Interferometer + detector

[ <— KBr

1; ﬁ Sample

T B\

\
Thermocouple ——> Heating plate  Cooling water

Heat controller

Figure 2.11 Schematic diagrams of the emission FTIR for in situ characterization of the
catalysts.

2.2.5 Molecular beam mass spectrophotometer (MBMS)

Mass spectrometry (MS) describes a powerful analytical technique employed in analytical

chemistry. This technique enables the determination of the structure of molecules and the
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composition of complex mixtures. It is generally used for flame diagnostics [85] as a
constantly evolving technology [86,87]. Experimental developments related primarily to the
analysis and evaluation in a reaction mixture of C, H, N, O-containing species. In this work, a
Molecular Beam Mass Spectrometer (MBMS) was used for the monitoring of the gas phase in
the CVD process. The principle of the MS is based on the ionization, mass separation and

detection:

lonization — =e————)  Mass separation — =) Detection

The system used in this work contains a two-stage ion subtraction by Wiley and McLaren [84]
and a repeller. The ionization process of the molecules is followed by mass analysis, i.e. the
separation of the molecular fragments in terms of the mass-charge ratio along a time (Time of
Flight, TOF). Figure 2.12 shows the schematic structure and picture of the system used in
Bielefeld. A detailed description can be found elsewhere [88].

First stage

chamber ‘ Ionisation
| chamber

Turbo pump

Gas —
mixture

Thermocouple
Heatingwire

Figure 2.12 Left: Schematic representation [88] and right picture of the structure of the
MBMS system present at the University of Bielefeld.

2.2.6 Catalytic performance investigation

The performance of the entire samples synthesized in this study was tested against the
catalytic oxidation of CO, C3Hs n-C4Hg, DME and n-C4H;00 at atmospheric pressure in a
fixed-bed quartz reactor (30 cm long and 9.0 mm inner diameter). The experiments were
performed in a home-made flow reactor, as shown in Figure 2.13. The exhaust gas was

analyzed using a home-made KBr transmission cell that was attached to an FTIR spectrometer
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(NICOLET 5700, Germany). In this work, the FTIR spectrometer was used in the spectral
range of 400-4000 cm™ with a spectral resolution of 0.04 cm™. The catalyst supported on
stainless steel grid mesh, SPW 40, 80 x 400, micron-retention 36-45 um was loaded inside the
catalytic reactor. Flow rates of Ar, O, and fuel gases were controlled by MKS mass-flow
controllers, whereas the temperature inside the reactor was increased with a ramp of 5°C/min
using a HT60 controller (HORST, Germany). The temperature of the mesh inside the reactor
was recorded using K-thermocouples and a digital thermometer GREISINGER GMH3250.
The experimental conditions for the catalytic tests, listed in Table 2.2, correspond to a total

flow rate (Fuel + O, + Ar) of 15 sccm and a total pressure of 1 atm.

To evaluate the consumption of the fuel and the products of the reactions, the exhaust gas was
quantitatively analyzed during the temperature-programmed reaction. The catalytic
performance was evaluated referring to Tig, Tso and Tgp Which are defined as the temperature
at which 10%, 50% and 90% respectively of the fuel is oxidized during the temperature-

programmed reaction.

Temperature

Fuel O, Ar recorder
l l l <+<—— Thermocouple
MFC

Heat controller

KBr

Figure 2.13 Schematic representation Home-made flow reactor used for catalytic test [2].
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Table 2.2: Experimental conditions for the catalytic tests.

Flow rate (15 ml/min)
System (%)

Fuel inlet 0O, Ar
CO/O,/Ar 1 10 89
C3He/Oo/Ar 1 10 89
n-C4Hs/ O,/Ar 1 10 89
C2HeO/ Oy/Ar 1 10 89
n-C4H100 /O,/Ar 1 10 89
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3 RESULTS

In this chapter, results discussed have been described in details in the publications; just some
examples to illustrate the work are given here with discussion following those in the papers,

and some of the most relevant results are also reproduced from the publications.

3.1 PSE-CVD of Co050, starting from p-diketonate precursor in different
solvent system

Co30,4 is known as promising material due to its extensive application in lithium-ion batteries,
gas sensing, data storage, electrochromic devices and catalysis [89-91]. Co30O4 is very
attractive in the application of oxidation reactions because of the presence of mobile oxygen,
i.e. unsupported CozQO, is an active catalyst in air pollution control for the abatement of CO
[92], NOy [93] and VVOCs from effluent streams [94]. Most efforts to synthesize Co3O, spinel
by different variants of CVD techniques involved several precursors, solvents and suitable
deposition temperatures. Among the precursors used, metal-organic precursors are the most
preferred since they are either commercially available or can be easily prepared in the
laboratory. For all metal organic compounds (MOC), cobalt B-diketonates serve as non-toxic,
volatile and inexpensive precursors. In the family of B-diketonates, cobalt acetylacetonates are
the easiest to be prepared, requiring no special atmosphere or environment [95]. However, the
combination of this precursor with appropriate solvent required special attention. In fact, the
solvent used to dissolve the precursor molecule has been shown to influence the chemistry of
the CVD process [67]. It was already noticed by Sénateur et al [67] that its presence in the
reaction zone may need a higher flow of oxygen for the deposition of metal oxides. Also
Borgharkar et al. [96] demonstrated an improvement in the deposition rate for the CVD of
copper, using the reduction of copper B-diketonates with hydrogen and alcoholic solvents.
The enhancement of the growth rate was then shown to depend on the gas phase pKa value of
the alcohol used. Recent investigations reported the use of cobalt(ll)acetylacetonate
(Co(acac),) for the synthesis of Co3O4 [97]. However, this precursor shows instability in
several solvents, and the selection of alcohol as solvent presents a particularly complicated
effect on the formed cobalt phase [97]. In contrast to other solvents, alcohols exhibit certain
reactivity with cobalt acetylacetonate under deposition conditions. This reactivity could lead
to the formation of carbide phases at low temperature in the absence of oxygen [98]. It
becomes clear that the type and nature of precursor and solvents may influence the CVD of
metal oxides. Therefore, the synthesis of Co3zO, starting from the most stable cobalt

acetylacetonate precursor in different solvent system is of great interest.
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In this investigation, two precursors (Co(acac), and Co(acac)sz), and three different kind of
solvents were used for the synthesis of Co3O4 in a temperature range between 350-500 °C and
a pressure of 10-40 mbar. The starting point of this study was the selection of the most stable
precursor. The appropriate selected precursor was then dissolved in solvents to form liquid
feedstock. During the preparation, special attention was paid to the effect of solvent and

substrate temperature on the as-prepared thin films.

3.1.1 Effect of aging on the stability and UV-Vis spectrum of the liquid

feedstock
Co(acac), and Co(acac)s were respectively dissolved in ethanol to obtain a concentration of 5

mM (green and pink) solution. 10 mL of each solution was stored in a closed atmosphere for
three days. The evolution of the color of the solutions was filmed and is presented in Figure
3.1. For the Co(acac),/EtOH solution (A, C and E), the pink color transforms gradually into
dark green, while no color changed was observed for Co(acac)s/EtOH solution (B, D and F).
The investigation of the UV-Vis spectra revealed a progressive broadening of the optical
absorption band peaking at 590 nm after three days for the liquid feedstock composed of
Co(acac),/EtOH. However no change was noticed in the UV-Vis spectra for Co(acac)s/EtOH
solution, as shown in Figure 3.2. The absorption peak is characteristic of an octahedral Co(lll)
species [99], which indicates that Co(acac); is more stable than Co(acac), and thus more
suitable for the CVD processes with liquid-feedstock’s. It is worth noting that Co(acac)s has
been reported by Atakan et al. [100] to be thermally more stable than Co(acac),. Therefore
only Co(acac)s was used as precursor for the rest of the investigation.

24h 48h 72h

Figure 3.1 Evolution of the coloration of EtOH solution of Co(acac), (A, C, and E) and
Co(acac)sz (B, D and F) adapted from [1].
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Figure 3.2 UV-Vis spectra of the EtOH solution of Co(acac), and Co(acac); respectively in
EtOH adapted from [1].

3.1.2 Co030, thin film growth and structural characterization

0,

s Effect of the deposition temperature on the obtained phase

The growth of cobalt oxide thin films was made in a cold-wall CVD reactor. The description
of the experiment was given in the experimental part (see Figure 2.1). The metal organic
precursors Co(acac)s complex was dissolved in ethanol (EtOH) as well as in toluene (C;Hs)
and tetrahydrofuran (THF) to a concentration of 5 mM and used as liquid feedstock. The films
were obtained at deposition temperatures of 350 °C and 450 °C and presented different XRD
patterns for the two deposition temperatures. The EtOH, toluene and THF precursor solution
leads to the growth of films starting at a temperature of 350 °C, with Co30,4 as the dominant
crystalline phase in the entire investigated temperature range of 350-500 °C. The highest
growth rate was obtained with THF at 350 °C, whereas weak and complete diffraction peak
corresponding to Coz0O,4 can be observed at 450 °C (see Publication 1). A clear identification
of the spinel cobalt oxide thin layer by XRD was obtained for the grown film at 450 °C with a
thickness of about 300 nm over silicon and glass substrates independently of the solvent. The
positions of the diffraction peaks fit well to the cubic spinel-type structure of polycrystalline
Co30,4 (JCPDS No. 74-1656). No peaks associated to other crystalline forms related with the
starting precursor Co(acac)s could be detected in the pattern, indicating that the product is of

high purity and crystallinity.
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«» Effect of the solvents on the growth and film morphology
This investigation was performed to explore the behavior of different solvents with different
physical properties on the growth and morphology of the Co3;0, thin films. A rapid solubility
of Co(acac)z in THF and toluene in contrast of relative slow solubility in EtOH was observed.
The precursor thus crystallizes upon prolonged use, which leads to the blockage of the spray
nozzle and limits its usefulness as pulsed spray of the liquid feedstock. Hence, THF and
toluene in which Co(acac); dissolves freely, were found to be suitable solvent in this
investigation. The results indicate that the growth rate varies slightly depending on the

solvents and a maximum value of ~3 nm min™* was obtained with THF.

Besides the general effect of the temperature and solvent on the growth rate and composition,
it was demonstrated that the morphology of the deposited Co3O4 was also be influenced by
the choice of the solvents. As displayed in Figure 3.3, the morphology of the deposited films
indicates compact and geometrical particles, which differ with the substrates temperature (Ts)
and solvents. The coverage of the surface was homogeneous with THF and toluene, and was

consisted of well-connected micrometer sized agglomerates, whereas films were less defined

." J -
J\““ *»Nf

h

Figure 3.3 SEM micrographs of Co3O,4 obtain respectively at 350 and 450 °C (a, d) with
EtOH; (b, e) with toluene; (c, f) with THF [1].
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with EtOH. Films deposited at 350 and 450 °C using EtOH as solvent were randomly oriented
with poorly crystallized grains. When THF and toluene were employed, the obtained films
were well crystallized and present better defined facets. The Co3O,4 crystallites showed
trigonal pyramidal shape for films deposited at 350/450 °C with THF and toluene. In the
explored temperature range, the increase of the growth rate as a function of the deposition
temperature and the nature of the solvent has been explained in terms of variation of the
surface diffusion with temperature and the co-adsorbed solvent. With EtOH at Ts = 350/450
°C, due to its reducing tendency, the nucleation density becomes higher, giving rise to a fine-
grained thin layer with low crystallinity. However, the surface diffusion was increased at the
same Ts with THF/toluene, the chemical nature of which does not exhibit the reducing
tendency. Consequently, the nucleation density was decreased, which could result in larger
and well-crystallized particles. The temperature and the nature of the solvent were proven to

dominate the film growth and affect its morphology.

To understand the phenomena responsible for the film morphology variation, an investigation
of the CVD process with mass spectrometry was performed (see supplement information
publication 1). Electron impact with energy of 25 eV was used as the ionization source to
perform the experimental investigation. In addition to the fragments generated by the high
electron energy, some products, such as C,H, and CH3O become detectable. At high
temperatures, pyrolysis as well as oxidation of the solvent were observed by giving more
water (m/e = 18), carbon dioxide (m/e = 44), furan (m/e = 68) and other products, which
reveals the occurrence of the gas phase reaction. These may affect the kinetics of the film

growth during the grow process.

3.1.3 Catalytic performance of Co;0, towards CO and propene combustion

In the present work, Co3O, spinel type catalyst is tested against the oxidation of C3Hg and CO.
With the deposition process optimized and properties analyzed using Co(acac)s as precursor,
it was interesting to evaluate the catalytic performance of the prepared Co3;O, thin film. In this
work, no particular enhancement of the specific surface area and porosity can be noticed in
the sample obtained with THF and toluene as solvent. Thus the analysis of the catalytic
activity was simplified by choosing the sample prepared at 350 °C with THF as solvent. The
as-synthesized catalyst was shown to be active for the conversion of propene and carbon
monoxide to carbon dioxides. As illustrated in Figure 3.4, starting at around 230 °C, the total
conversion of the investigated compounds to CO, was obtained at around 380 °C for C3Hs
and 350 °C for CO, which gives an obvious temperature shift relative to the non-coated mesh.
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This result shows that Co30, is active for total oxidation of CO and CsHs. The excellent
catalytic performance towards the oxidation of CO and CsHg was attributed to the surface
oxygen (lattice and adsorbed) and to the abundance of active Co®*" cations and oxygen
vacancies generally present at the film surface of the transition metal oxides. For example,
Co** cations and oxygen vacancy acted as the active site for CO oxidation and were key
parameters governing the conversion rate of CO in the catalytic process [101,102]. In fact, in
the presence of CO, C3Hs and O, CO and CsHs can be adsorbed on the Co** sites of C0304
and react with the weakly bound surface oxygen species such as bridged Co**-0,-Co*",
leading to the production of CO,, and the resulting oxygen vacancy is subsequently filled by

reaction with O, [103] through Mark van-Krevelen mechanism.
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Figure 3.4 Light-off curve of C3Hg and CO conversion over CozO4[1].

Summary

In summary, the nature of the solvent was proven to influence the growth rate and even the
morphology of the films. The fastest deposition rates were obtained with the precursor
dissolved in toluene or THF. The importance of the selection of the solvent, precursor and the
deposition temperature was clearly demonstrated with Co(acac)s which exhibited a better
stability in the selected solvent than Co(acac),. This allows the growth of CozO,4 in a
controllable way under different conditions, making the one-pot synthesis of TMO materials

by PSE-CVD possible. The PSE-CVD process comes with multiple advantages, making it an
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attractive alternative to conventional techniques. Systematic investigation of the PSE-CVD of

Co30, starting from different precursors and solvents system allowed evidencing that:

R/
A X4

Co(acac)s is more stable than Co(acac), in EtOH as solvent, indicating how important
is the choice of the precursor in the PSE-CVD of TMOs. Therefore, only transition
metals with stable oxidation state in the solvent system will be utilized in the rest of
this study.

Nonalcoholic solvents such as THF and toluene are preferable than EtOH for the fast
growth of TMOs with complex and fine crystal shape.

Some products and intermediates such as H,CO, C,H, and *CH3O are observed during
the decomposition of the liquid feedstock in the gas phase. Therefore, it is suggested
that the adsorption of these species at the surface of the substrate play a crucial role
during the film morphology formation.

Deposition conditions such as the substrate temperatures plays significant role and
should be carefully optimized in the metals oxides prepared with the PSE-CVD
process.
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3.2 PSE-CVD of catalytically active a-Fe,O; thin films for the
deep oxidation of C3Hg

The design and fabrication of solid nano-materials is one of the core issues in heterogeneous
catalysis to achieve desired performance. Traditionally, a major approach is to reduce the size
of the catalyst particles for maximizing the number of active sites. In recent years, the rapid
advancement in materials science has enabled the fabrication of catalyst particles with tunable
morphologies. Consequently, both size modulation and morphology control of catalyst
particles at the nanometer level can be achieved independently or synergistically to optimize
their catalytic performance. Both the size and the shape of the catalyst particles at nanometer
level can alter their reaction performance tremendously, not only accelerating the reaction rate
but also mediating the product selectivity [104,105]. Heterogeneous catalysis refers to a
chemical reaction occurring on the surface of a solid catalyst particle. Therefore, the surface
atomic configurations that are determined by the size and morphology of the catalyst particle
control the reaction efficiency [106]. Based on this principle, fabrication of catalytic materials
with tunable size and shape at the nanometer level has now advanced to the top priorities in
heterogeneous catalysis. In particular, morphological control of catalyst nanoparticles can
selectively expose reactive crystal planes, and hence drastically promote their reaction
efficiency. However, to tune their morphology, most catalysts including Fe,O3; nanomaterial,
have been prepared only in the presence of complex structure-directing substances such as
capping agents or surfactants [56]. The shape was then readily controlled by mediating the
relative growth rates of different crystal planes, realizing an anisotropic growth pattern.
However, surfactants which were used to maintain the specific shapes may in part remain and
their effect on the catalytic properties may be questionable in interpreting the catalytic
properties. Therefore, more facile and efficient routes to prepare Fe,O; nanomaterial with
tunable shape and without the presence of surfactants are highly expected.

In this study, we report a facile synthesis (PSE-CVD) route which was used with good
reproducibility to prepare catalytically active a-Fe,O3 thin films with complex geometrical
shapes without any surfactants or capping agents. Our strategy is based on the preparation

method, the choice of the solvent, the precursor and the deposition conditions.

3.2.1 Growth and characterization
Thin films of a-Fe,O3 were prepared and the characterization of the crystalline structure and
the purity of the deposited thin films were performed using XRD. The XRD patterns of all the

samples present peaks were matching well with the cubic spinel-type structure of Fe,Os;
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(JCPDS No. 39-0238), giving evidence to the existence of the Fe,O3 phase. By increasing the
deposition temperature from 350 °C to 450 °C, the crystallinity of the deposited films
improves (see Publication 2). In the investigated deposition temperature range, the absence of
peaks corresponding to other iron oxide structures such as FeO or Fe;O4 indicates the high

purity of the deposited films.

Since XRD cannot differentiate the a-, - and ¥-Fe,O3 phases, Raman spectroscopy was used
to identify the phase of the prepared Fe,Os; oxide. According to the Raman results, the
presence of peaks associated with the ¥- and B-phase or magnetite (Fe3O4) can be definitively

ruled out. All samples exhibit similar spectral signatures characteristic of a-Fe,O3 (See
Publication 2), supporting the conclusion that the hematite (a-phase) was observed as the
unique phase. The Raman spectrum definitively identified the prepared phase as a-Fe,O3 and

further attests the purity of the films.

% Composition and ionic states
Energy-dispersive X-ray Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS)
were used to determine the chemical composition and the ionic state of the synthesized a-
Fe,O3 thin films (see Publication 2). The EDS results have indicated that the films were
mainly composed by Fe and O. The atom ratios of O/Fe were about 60/40 for all samples in
the investigated temperature range. No variation of the bulk composition was observed with
the increase of the deposition temperature. The ratios correspond well with the values

calculated from the formula of hematite and are in good agreement with the literature [107].

The XPS results shows binding energies of Fe 2ps, and Fe 2py,; observed at 710.94 and
724.02 eV, respectively, which are characteristic of the Fe** state in the a-Fe;O3 thin film
[107,108]. The spectra of the O1s core-shell have been deconvoluted by means of four
contributions with binding energies ranging from 529.0 to 536.0 eV. The lowest binding
energy located at 530 eV corresponds to the main lattice oxygen (Oyatice) CONtribution and is
attributed to the oxygen present in the form of oxide (O?). The other three bands expanded
until 535.87 eV can be assigned to adsorbed oxygen (Oagsorbed), iNCluding OH", C-O, O-C=0)
and some moisture from air (H,O). The obtained positions of all components are in reasonable
accordance with the reported values in the literature [109,110]. Also C1s signal showing large
amount of carbon resolved into three components corresponding to adventitious carbon, C-0O,
and O—C=0 moieties respectively was observed. The XPS results experiment was carried out

to obtain information of the species involved in the catalytic reaction, therefore will enable the
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understanding of the catalytic reaction that occur at the surface of the prepared a-Fe,Os.

% Thin films morphology inspection by SEM and HIM
Quantitative description of the morphology of rough surfaces and interfaces of thin films has
been a challenge for many years [111], largely because of the complexity and variation of the
surface topography and the lack of universal technology to address this issue. Many
approaches have been proposed to describe the surface topography at micro- and nano-scales.
The surface morphology of thin film is usually treated as gray scale images in which the
brightness of the image pixels is correlated to the surface relief. Two-dimensional signals (i.e.
images with two dimensions of space, x and y, and gray levels) representing the relief of the
surfaces can easily be constructed. Construction and analysis of these gray scale images of
thin films are, however, not yet fully recognized. Numerous approaches and techniques have
been proposed to characterize thin film surface textures [112]. In this thesis the well-known
SEM and HIM were used to probe the thin film morphology of the hematite thin films
samples. Figure 3.5 shows the surface morphology of the a-Fe,O3 thin films revealed by the
scanning electron microscopy (SEM). The film morphology obtained at 350 °C is composed
of small grains embedded in the matrix, with an average crystalline size of ~50 nm. At 400
°C, the film presents a uniform densely packed microstructure with grains in octahedral
shape. It is well structured and composed of stacked shaped crystals superimposed on each
other with precise orientation. At 450 °C, the film exhibits needle-like structures, each of

which could result from the incorporation and agglomeration of small individual particles.

The possibility to focus the helium ion beam into a smaller probe size, providing a much
smaller interaction volume at the sample surface than for typical electron microscopy
motivates its usage in this study, since it was possible to obtain superior resolution and depth
of field. HIM images of the synthesized a-Fe,Oj3 thin films present a morphology that varies
with the deposition temperature. As shown in Figure 3.6, the films are composed of ordered
pallets with arrangement and orientation depending on the substrate temperatures from 350 to
400 °C. However, the film obtained at 450 °C is composed of continuous grains with poor
structural shape in contrast to those observed at lower temperatures. This method enables us
to probe the microstructure of the samples more in depth than the commonly used SEM. In
general, the increase of the substrate temperatures from 350 to 450 °C gives rise to significant
changes of a-Fe,O3 morphology. The films produced at 350 and 400 °C show fine geometric
crystal structures. The grain size of the sample obtained at 350 °C was estimated to be 34 nm,
which was much smaller than those prepared at 400 °C (56 nm) and 450 °C (60 nm). As the
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small grain size typically exhibits high specific surface area, the observation of temperature-

dependent grain size might influences the physicochemical properties, and finally the catalytic

performance.

HIM

RN T 7 o

Figure 3.6 HIM images of a-Fe,0O3 thin films coated on stainless steel adapted from [2].
41



Results

R R R R R R R R R R R R R R R R R R AR R R AR AR R R R R R R AR R R R R AR R R R R R AR R A R R R R R R R R R R R R R R R AR R R R R AR R R R R R R R R R R R

3.2.2 Thermal properties

% Thermal stability
Thermal stability is one of the most important catalyst properties, because the catalytic tests
have to be performed within the catalyst stability limit. The limit of the a-Fe,O; lattice
stability was found to be ~550 °C. One important conclusion is that, the lattice stability of the
entire films was independent of the preparation condition such as the deposition temperature.

The obtained thermal stability temperature was in line with early reported values [113].

% Temperature-programmed reduction (TPR)
TPR is a widely used tool for the characterization of metal oxides, mixed metal oxides, and
metal oxides dispersed on a support. The TPR method yields quantitative information of the
reducibility of the oxide’s surface, as well as the heterogeneity of the reducible surface. It is
important to perform such experiment since it can provide information about the materials
properties. The reducibility of a-Fe,O3 was investigated with emission FTIR as an in-situ
monitoring technique. Figure 3.7 shows the TPR profiles of the samples obtained by
integrating the two specific emission bands characteristic of the Fe-O-Fe stretching vibration
mode of Fe,O3. As shown in Figure 3.7, complete reduction was observed at 306 °C, 345 °C
and 375 ° C for samples prepared at 350 °C, 400 °C and 450 °C, respectively. Sample a-
Fe,03-350 °C exhibits the lowest temperature, and progressive shifts of the reduction towards
higher temperatures are observed for a-Fe;O3 400°c and a-Fe;03 450°c. The presence of anionic
vacancies at higher temperatures was reported to be responsible for the lower reducibility in
some metal oxides [114]. This effect could also occur in the current case for the films

prepared at the higher temperatures.

Relative Intensity (a.u.)

0  a-Fe2033500C
A a-Fe203400C
0  o-Fe:0:450C
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Figure 3.7 TPR profiles obtained for a-Fe,Oj3 thin films, showing variation of the reduction

properties in function of deposition temperature [2].
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3.2.3 Catalytic performance

Since the samples show different morphology, oxygen states distribution (Oagsorbed @Nd O attice)
and reducibility, the catalytic test was performed for all samples to investigate these effects on
the catalytic performance. To analyze the catalytic behavior after re-oxidation as a
prerequisite for application in consecutive cycles, the catalytic conversion of C3Hg was carried
out before and after pre-treatment of the catalyst under oxygen flow. This was done because
the observed large amount of adventitious carbon, C-O, and O—C=0 for the samples prepared
at 400 and 450 °C would be expected to limit their performance. The presence of these
carbonaceous species on the surface might lead to the formation of a barrier layer between the
gas phase and the active solid phase on the catalyst surface, and thus reduce the interaction of
gaseous oxygen with the surface. The catalytic tests on fresh samples were performed over
catalysts prepared at 350 °C and 450 °C which present the lowest and the highest
concentration of carbonaceous species, respectively. In addition, all pre-treated samples were
used twice in the catalytic test to assess the reproducibility. Figure 3.8 displays the light-off
pre-treated samples (Figure 3.8Db).
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Figure 3.8 C3Hg conversion over a-Fe,O3 coated and non-coated mesh. C3Hg oxidation result
obtained with fresh samples (a) and pre-treated samples (b), reproduced from [2].
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With fresh samples, the sample a-Fe,O3 350oc With lower adsorbed species presents the best
catalytic performance towards CsHg combustion than a-Fe,O3 450oc. Starting at 100 °C, pre-
treated samples exhibit no effect on the catalytic conversion of C3Hg up to 225 °C. For each
sample, the conversion begins at around 250 °C. Temperatures for 10%, 50% and 90% CsHs
conversion are presented in Table 3.1 for fresh and pre-treated samples. The film prepared at
350°C is the most active one regarding the conversion profile as a function of temperature;
followed by the films obtained at 400 °C and 450 °C, respectively. The experiments were
repeated several times and the results were reproducible (Figure 3.8b). Especially, the surface
morphology and composition were found to remain the same by measuring the samples before
and after the catalytic tests with XPS as shown in the supplement part of Publication 2.
Together with the reproducibility results in Figure 3.8b, it can be predicted that the catalytic
properties are not largely affected, which is also supported by the morphology and
composition results. This observation further confirms that the adsorbed oxygen at the surface
of the catalysts does not play a major role in the conversion of C3Hs. In total, a-Fe,Os3 is
active, reusable, and reproducible and no deactivation was observed after several times of use.
It is worth to mention that, no trace of carbon monoxide was observed with the entire a-Fe,O3
samples, indicating that hematite can be efficiently use for CO conversion to CO,. Moreover,
a-Fe;O3 presents competitive activity to that reported for supported noble metals as evident
from Table 3.1. Table 3.1 presents an overview of the catalytic performance of the as-
prepared a-Fe,O3; and selected catalysts in the literature. Special attention is devoted to the
comparison of the catalytic performance with noble metals and transition metals oxides. As
crucial factors, the weights of the catalyst and the weight hourly space velocity (WHSV) have
been taken in account. Even though the experimental conditions are somewhat different, it can
be seen from the table that a-Fe,O3 exhibit excellent catalytic performance compared to some
of the selected catalysts in the literature. As an example, with only 20 mg of a-Fe;O3
deposited at 350 °C, the oxidation of 50 % of propene was reached at a low temperature of
331 °C, whereas that of 200 mg Au/Al,O3, and La; 7Sro3Cu04S,» was obtained at 365 °C and
419 °C respectively.

To clearly identify the phenomenon governing the difference in activity between the three
catalysts, a correlation between the catalytic behavior and the a-Fe,O3 characterization results
was made. The XPS results revealed the presence of both adsorbed and lattice oxygen. The
Oadsorbed/ OLattice ratio of a-Fe,03-350 °C was the lowest for the three samples. The catalytic

tests over fresh and pre-treated samples reveal the negligible role of the adsorbed oxygen,
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suggesting that the lattice oxygen plays a key role in the reaction sequence. This was
corroborated by the TPR experiments. Based on these and the XPS results, the possible
oxidation mechanism of CsHg over the as-prepared catalysts has been discussed.

Table 3.1 Overview of the catalytic performance of the as-prepared a-Fe,O; and some

catalysts in the literature; adapted from ESI [2].

Material V{ﬁ;g? t Gas composition (mgﬁ\rﬁ) Ilco:)b 2;58; 2—98:; Ref.
a-Fe,03350 °C 260 313 350
a-Fe,03400 °C 20 1% C3Hg/10% O, in Ar 45000 295 355 400 This
a-Fe,03450 °C 302 380 435 work
Co30, 41.5 2% C3Hg/20%0, in Ar 73000 293 327 356 [115]
C0304 12 2% C3Hg/20%0, in Ar 75000 325 354 385 [80]
Cup.72C0,2504 40 13% C3Hg/52%0; in N, 15000 230 275 >400 [116]
AU/AlLLO; 200 1.5% C3Hg/4% O, in He 22500 288 349 410 [117]
AU/AlLLO; 200 1% C3Hg/9% O, in He 219512 - 365 - [118]
Ag/Al,O3 50 3% C3Hg/10% O, in N, 12000 - - 420 [119]
Lay 7Sr55CUO,So 200 0.1% C3Hg/5% O, in N, 30000 368 419 500 | [120]
Non-coated mesh - 1% C3He/10% O, in Ar - 381 550 680 VIS:SK

Note: * WHSV is weight hourly space velocity; ° Ty, Tso and T refer to the temperatures at which 10%, 50%
and 90% propene is converted, respectively.

For the catalytic oxidation of hydrocarbons, two mechanisms have been widely accepted: a
suprafacial mechanism, which involves interaction of surface oxygen with reactants, and an
intrafacial one. This Mars van Krevelen mechanism (MvK) involves migration of bulk
oxygen to the surface, where it participates in the reaction with the reactant, and replacement
of bulk oxygen by oxygen from the gas phase [121]. Investigations have pointed out that this
mechanism is active in the combustion of hydrocarbons over transition metal oxide catalysts
[122]. Also, catalytic combustion of C3Hg over Co3zO4 has been reported by Liotta et al [123].
to proceed according to the Mars van Krevelen mechanism. It is thus plausible that CsHg
combustion over a-Fe,O3 follows an intrafacial mechanism, which involves a redox cycle and

is related to the mobility of the lattice oxygen.

In addition to the role played by the lattice oxygen in the catalytic performance, the
differences observed in the catalytic properties may be also explained in correlation with the
film morphology. In fact, it is well known that the sizes, shapes, and structures of catalyst

materials are closely related to the catalytic performance [124]. Exposed planes containing
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more iron atoms could provide more active sites for catalytic reactions and consequently
higher catalytic performance. The catalytic performance can benefit from the exposed plate-
like structures which could adsorb abundant gaseous molecules on the surface of the sample

as an opportunity for their participation in the reaction sequence.

Further studies in which the effect of the preparation temperature, which is associated with the
catalytic activities of different a-Fe,O3 thin films, will assist in the understanding of other
catalyst nano-crystals and thus offer great opportunities to explore the dependence of a
material's properties on the morphology and structure. The results highlight the validity of the
PSE-CVD approach for the tailored synthesis of materials with specific morphology and good

catalytic performance.

Summary

Thin films of hematite were successfully prepared via a PSE-CVD process. The obtained thin

film was systematically characterized in terms of structure, composition, thermal stability,

reducibility and catalytic properties. The study enables the following observations:
% The substrate temperature plays an important role on the crystalline shape evolution,
therefore, determines the film morphology.
%+ The obtained a-Fe,O3 was found to be thermally stable up to 550 °C, attesting the
stable status of hematite.

% The thin films of a-Fe,O3; exhibited good catalytic performance towards catalytic
combustion of C3Hg. Moreover, no trace of CO commonly observed in the catalytic
oxidation of some volatile organic compounds by metal oxides was observed.

% The a-Fe,03 maintained its activity and stability upon several consecutive heating and
cooling cycles.

Here we show that the good performance for catalytic abatement of VOCs can be achieved

with a-Fe,O3 thin film, prepared in the absence of any dopants, surfactant or capping agents.

More importantly, the activity of the prominent catalytic behavior of the a-Fe,O3 catalyst is

due to the concerted functions between the surface chemical composition, reducibility and

film morphology. The lattice oxygen detected by XPS, the reduction property and the fine
crystalline shape of samples prepared at low temperature played important roles in the

catalytic oxidation process of C3Hs.
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3.3 PSE-CVD of catalytically active CuO thin film catalyst for CO and
C;Hg oxidation

Cupric oxide (CuO) is a p-type semiconductor has been widely investigated for various
applications such as solar energy conversion [125], electrochromic devices [126], biosensors
[127], photocatalysis and catalysis [129,130]. Thanks to the non-toxicity of CuO and
abundant availability of its constituents, CuO is an advantageous and promising material for
diverse applications. In this work we provide an introduction of PSE-CVD to synthesize
copper oxide under well-controlled conditions. Deposition pressures were optimized to obtain
good growth rates. The deposited films were comprehensively characterized regarding
structure, morphology, and thermal stability, very important in the comprehension of the
films’ properties. The catalytic performance of the grown copper oxide was investigated for
the deep oxidation of C3He.

3.3.1 Growth and phase dependence on deposition condition

To obtain fast and homogeneous deposition of CuO, the growth Kinetics was investigated
under variable pressure. At the pressure of 6 mbar, the CuO thin films were grown at a rate of
0.5 nm min™. This growth rate increased linearly with the pressure to reach 1.84 nm min™ at
24 mbar. However, further increase of the deposition pressure to 50 mbar seems not to
influence the growth rate, as shown in Figure 3.10. The relatively low growth rate at lower
pressure may result from the lower concentration of oxygen and precursor adsorbed or
residing on the substrate. When the pressure reaches 24 mbar, the adsorption of the oxygen
and precursor becomes saturated, which would lead to a similar growth rate with further
increase of the deposition pressure. As 24 mbar gives a relatively high growth rate, all the
characterization and tests in the following analysis were carried out with the samples obtained
at 24 mbar.

The X-ray diffraction pattern of the deposited thin film is displayed in Figure 3.11. The
substrate temperature was varied from 200 °C to 300 °C. Only Cu,0O was formed for substrate
temperatures of 200-250 °C; a mixture of Cu,O and CuO was observed at 275 °C, and a
unique phase of CuO was formed at 300 °C with well-defined diffraction peaks. The lattice
parameters of CuO are a = 4.6883 A, b = 3.4229 A, ¢ = 5.1319 A, which are in good

agreement with the reported values in the literature [131].
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Figure 3.10 Growth kinetics of copper oxide as a function of deposition pressure [4].
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Figure 3.11 XRD pattern of copper oxide film showing phase dependence deposition
temperature [4].

Starting from a liquid feedstock consisting of Cu(acac), dissolved in ethanol, the formation
pathway of CuO during the PSE-CVD process can be illustrated with the combination of

adsorption, dissociation and oxidation, as presented in Figure 3.12.
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Figure 3.12 Formation pathway of CuO in the PSE-CVD process with Cu(acac); as precursor
reproduced from [4].

3.3.2 Catalytic performance

The catalytic performance of the CuO was evaluated for the complete oxidation of C3Hg. The
background effect of the mesh on the combustion process was examined by carrying out the
oxidation of CzHg respectively on non-coated mesh under the same gas inlet conditions.
Figure 3.13 compares the conversion temperature of C3Hg production over CuO films and
non-coated mesh. The conversion plots show clearly that CuO favors the total oxidation of
CO and CsHg at lower temperatures relative to the non-coated mesh. In the presence of CuO,
the consumption of propene became observable at about 190 °C and complete conversion was
reached within 310 °C, while these two values shift towards higher temperatures for the
reaction on non-coated mesh. With CuO, no trace of CO was detected in the oxidation
process. However, a significant amount of CO was formed in the reaction without catalyst,
which can be assigned to the partial oxidation reaction. In the two cases, CO, was observed to
be the final product. The temperatures T1g, Tso and Tgg, corresponding to the C3Hg conversion
during the temperature-programmed reaction, were selected to compare the catalytic
performance of the deposited CuO as well as some representatives catalysts available in the
literature (Table 3.2) toward CsHg oxidation. CuO as shown in Table 3.2 exhibits excellent
catalytic performance with Tso = 272 °C; this temperature is close to that of Cug7,C022804
(275 °C) and Au/BaO/A,03 (290 °C), indicating that CuO features competitive activity to
Co-Cu mixed oxides as well as to alkali-doped noble metals for the combustion of CgHs.
Based on the value of Tso, the performance is the following: CuO > Cug72C0,2804 >
AU/Rb,0/A;03 > Au/Rb,0/A;03> Au/A;03 = Au/MgO/A,03 > La; 7Sr3Cu04Sy, > > non-

coated mesh.

The catalytic oxidation of hydrocarbons employing metal oxides catalysts can proceed with
the Mars-van Krevelen mechanism, and the C-H bond activation is related to the rate of
oxidation for hydrocarbons [116]. In the current case, a redox mechanism consisting of three

49



Results

R R R R R R R R R R R R R R R R R R AR R R AR AR R R R R R R AR R R R R AR R R R R R AR R A R R R R R R R R R R R R R R R AR R R R R AR R R R R R R R R R R R

steps: firstly, the reaction of CsHg with the trapped or lattice oxygen leading to CuO
reduction; secondly the release of oxygen from the Cu,O on the surface, and finally the re-
oxidation of Cu,O by means of oxygen are involved. It is well known that the performance of
copper oxides catalysts in the combustion process of hydrocarbons and CO were associated
with the reducibility of the catalysts [132,133]. It might be applicable to the CuO obtained

with PSE-CVD. However, further confirmations still remains.
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Figure 3.13 Light-off curves of CO and C3Hg conversion with CuO-coated and non-coated
mesh [4].
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Table 3.2 Comparison of the catalytic performance; reproduced from ESI [4].
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Material Gas composition (r\:]vll_ési\:]j) -(El((’:; -(25(0:; -(Egé: Ref.
CuO 1% C3He/10% O, in Ar 75000 229 | 272 301 | This work
Co0304 2% C3Hg/20%0; in Ar 73000 293 | 327 356 [115]
Cup.72C02.2804 13% C3Hg/52%0, in N, 15000 230 | 275 | >400 [116]
AU/A03 1.5% C3Hg/4% O, in He 22500 288 | 349 410 [117]
Au/A;O3 1% C3He/9% O, in He 219512 - 365 -
AUu/Rb,0O/A,05 1% C3He/9% O, in He 257143 - 307 - [118]
Au/MgO/A,03 1% C3He/9% O, in He 214286 - 359 -
Lay 75705CUOsSo2 | 0.1% C3Hg/5% Oy in N 30000 | 368 | 419 | 500 | [120]
Non-coated mesh | 1% C3He/10% O, in Ar 75000 398 | 517 | 629 | Thiswork

Note: * WHSV is weight hourly space velocity; *T1o, Tso and T refer to the temperatures at which 10%, 50%
and 90% propene is converted, respectively.

Summary

PSE-CVD, which is a facile approach to achieve a tailored control over film composition and

microstructure, has been used to deposit thin films of CuO. With XRD, emission FTIR, HIM

and UV-Vis spectroscopy, the structure, morphology, band gap energy and thermal stability

of the obtained thin film were systematically characterized.

%+ The structure study indicates that CuO was formed as the unique phase at 300 °C.

¢ The obtained CuO samples were found to be thermally stable up to 450 °C and exhibit

a band gap energy of 1.81 + 0.05 eV.

% The catalytic tests indicate that the as-deposited CuO is a very active catalyst in the

oxidation of propene, with a performance comparable to that of supported noble

metals.
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3.4 PSE-CVD of Mn;O, and investigation of its catalytic
properties and thermal stability

Manganese oxides are of great importance in catalysis, electrochemistry, ion-exchange
materials, magnetite, batteries, and catalysis among other areas [134,135]. In the recent past,
controlled synthesis of MnOx nano-materials has attracted considerable attention from both
academia and industry [136,137]. Considering the availability and toxicity, Mn3zO, has
captured great attention besides its unique physicochemical properties [138]. In view of these
considerations, the synthesis of MnzO, thin films with the PSE-CVD process and an attempt
to understand the physicochemical properties have been undertaken in the present work.
Among the catalyst properties, the catalytic activity and the thermal stability are crucial in the
catalytic oxidation, therefore require special attention in the design or selection of metal oxide
catalysts. Growth Kkinetics with respect to the effect of the substrate temperature was
optimized. The deposited films were comprehensively characterized and an analysis of the
thermal properties, such as the stability and redox behavior, were investigated. Catalytic
performance of the obtained samples was explored for the deep oxidation of CO and propene

(C3Hp) in a fixed-bed quartz reactor under atmospheric pressure.

3.4.1 Growth and characterization

The films obtained within the preparation temperature range of 350-500 °C were analyzed by
XRD, to confirm the nature of the obtained phase. The XRD signature of all the prepared
Mn30, films have been observed in the patterns, which have been perfectly attributed to the
crystallographic planes of the tetragonal Mn3O, (JCPDS No. 24-0734) structure (see
Publication 5). As already noticed for all TMOs (Co304, Fe;Os, and CuO) successfully
prepared in this thesis, no characteristic peaks of impurity phases or other MnOy phases were
detected in the XRD patterns, indicating the high purity of the final films. Moreover, the

strong and sharp reflection peaks suggest that the as-prepared samples were well crystallized.

+ Chemical composition and average oxidation states
To characterize the surface composition of the Mn3O, films, ex situ XPS was used as
indicated in Figure 3.14. It can be observed that the Mn 2p peak consists of two main spin-
orbital lines. The Mn 2ps/, peak is centered at 641.38 eV and the Mn 2py, peak at 653.13 eV,
with a splitting of 11.75 eV, which is in good agreement with literature values [80,139].
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Figure 3.14 XPS analysis of the Mn3zO, samples: fitted Mn 2p1/2 and Mn 2p3/2
photoelectron peaks (a) and O 1s photoelectron peaks (b) [5].
The Mn 2p spectrum was deconvoluted as two pairs of doublets: 641.16 and 643.03 eV,
652.71 and 654.58 eV, corresponding to Mn** 2ps;, and Mn?* 2pz,, Mn** 2p1;, and Mn?* 2pyj,,
respectively. The calculated ratio of Mn®*/Mn®" in Figure 3.14a is around 1:2, which is in line
with a previously reported value [140]. An asymmetric two-band structure is observed in the
O1s spectra Figure 3.14b. It is resolved into two components, corresponding to the binding
energies of 530.14 and 532.12 eV, respectively. The first peak is characteristic of the lattice
oxygen of Mn3O,4, and the second peak is assigned to the physisorbed, chemisorbed, or
dissociated oxygen or hydroxyl species in poor electrical contact with the surface [141,142].
On the basis of the XPS results, the O/Mn ratio is calculated to be 1.38. This ratio is slightly
different than the value of 1.33 estimated from EDS studies, which is due to the strong

contribution of the surface oxygen in the XPS measurement.

%+ Determination of Mn3O, lattice stability limit
The lattice stability was evaluated by integrating the intensity of the characteristic peaks of
the spinel as a function of the temperature which reflects the phase transformation. As
depicted in Figure 3.15, the two bands centered at around 513 and 609 cm™ were clearly seen
at temperatures below 800 °C. These bands disappeared with further increase of the
temperature, indicating that the as-prepared Mn3QOy is thermally stable up to 800 °C. This limit
could be associated with the oxidation of Mn?* ions under air condition [143]. Compared to
other active transition metal oxides (Co3zO4, CuO and a-Fe,0O3) synthesized by PSE-CVD in
this thesis, Mn3O, thin films shows the highest potential for high-temperature catalytic

application.
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Figure 3.15 Thermal stability of the Mn3O, film obtained on planar stainless steel with a
thickness of 300 nm [5].

3.4.2 Catalytic performance

The catalytic performance was investigated with respect to the total oxidation of CO and C3Hg
at atmospheric pressure. The full comparison of the reactants and products is given in Figure
3.16 and 3.17. The oxidation of CO over Mn3;O,4 becomes observable at 190 °C, and complete
conversion occurs at 343°C with a temperatures shift to 280 and 820 °C for an experiment
without Mn3Q,. In this work, the temperature at 50 % (Tso) of CO conversion was observed at
271 °C demonstrating that Mn3zO,4 prepared by PSE-CVD in the present work is highly active
in the deep oxidation of CO, compared to the CO oxidation over manganese oxides (MnOsy,
and Mn,03) prepared by precipitation [144], with T,s at 298 °C which is higher than the value
(250 °C) obtained with MnzO, in the present work. The abundance of adsorbed oxygen,

revealed in the XPS results, can play a key role in the oxidation process.

It is also observed that the conversion of C3Hg on Mn3O,4 becomes detectable at 220 °C, and
conversion of C3Hg approaches 100% at 433 °C. However, the oxidation of C3Hg on the non-
coated mesh starts at ~ 290 °C, and a temperature as high as 821 °C (Figure 3.17) is required
for complete conversion of CsHs. More importantly, at low CzHg conversions the main
product is CO;, but a trace of CO peaking at 769 °C (Figure 3.17b) is formed on non-coated
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mesh, which results from partial oxidation. However, except CO, and water, no other

byproducts were detected in the presence of Mn3O,, indicating that Mn3O, is effective to

reduce CO emission.
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Figure 3.16 Catalytic test of CO oxidation with Mn30O, (a) and a non-coated mesh (b). The

WHSV is 75.000 mL/gcat-h for the reaction with MnzOy4 [5].
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Figure 3.17 Catalytic test of C3Hg oxidation with Mn3O,4 (a) and non-coated mesh (b). The

WHSV is 75.000 mL/gcat-h for the reaction with Mn3Oy, [5].
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The catalytic oxidation of CO and C3Hg over Mn30,4 follows likely the Mars-van Krevelen
(MvK) mechanism which involves reversible reduction-reoxidation steps of the lattice oxygen
atoms. As reported, trapped oxygen is apparently released with the increase of the
temperature, and Mn3Oy tends to be reduced through the subsurface oxidation of CO or C3Hg
with the lattice or surface oxygen. Subsequently, the reduced metal oxide site is re-oxidized
by the atmospheric O,. According to the redox results, Mn3;O, is easier to be reoxidized than
to be reduced, demonstrating that the reduction step could play a crucial role in the kinetics of

the catalytic oxidation process.

Summary
Pure and fine thin film of hausmanite phase was deposited using PSE-CVD. The obtained
samples were characterized in terms of structural, chemical composition. Moreover, the
thermal properties were investigated with a newly developed in situ emission FTIR
spectroscopy.

% According to the XRD, the entire prepared samples were tetragonal MnzO,,
irrespective of the substrate temperature within the range of 350-500 °C.

% The catalytic tests indicate that the use of Mn3O4 can initiate CO and CsHg oxidation
at lower temperatures, with higher selectivity toward CO, which may help prevent CO
production during the oxidation of C3Hs.

% Mnz0,4 shows a high thermal stability up to 800 °C, high reducibility, and re-oxidative

regeneration at low temperatures.
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3.5 Active cobalt ferrite for low temperature catalytic combustion

Thin films based on spinel ferrites present numerous applications, including gas sensors
[145], photocatalysis [146], adsorption technologies [147] and high-frequency transformer
technology [148]. In the field of heterogeneous catalysis, spinel ferrites are effective catalysts
for several industrial processes such as decomposition of alcohols and hydrogen peroxide,
oxidation of CO [149], aerobic oxidation of monoterpenic alkenes [150] and cyclohexane
[151]. Among the transition metal oxides, cobalt ferrite owns an inverse cubic structure and
has been widely investigated due to its high Curie temperature, high coercivity, excellent
chemical stability and mechanical hardness [152]. Although cobalt ferrite exhibits attractive
catalytic performance, the related studies concerning its catalytic application in the removal of
VOCs [153] and deep oxidation of fuels [154] are scarce. Moreover, to the best of our
knowledge, no reports correlate the redox properties of such materials with their band gap
energies. The present work is devoted to synthesize Co-Fe-O thin films by PSE-CVD, the
systematic characterization of their properties and finally their potential application as catalyst
for low-temperature CO, CsHg, n-C4Hg and C,HgO oxidation by. The obtained samples were
characterized in terms of structure, composition, morphology, optical and redox properties
using X-ray Diffraction (XRD), Raman and X-ray Photoelectron Spectroscopy (XPS), Helium
lon Microscopy (HIM), Ultra-Violet Visible spectroscopy (UV-Vis) and in-situ emission
FTIR. The effect of iron substitution by cobalt in the structure on the optical and redox
properties was investigated. The catalytic performance of the Co-Fe oxides was discussed
with respect to the participation of surface and lattice oxygen in the oxidation process.
According to XPS and temperature-programmed reduction/oxidation (TPR/TPQO) results, a
suprafacial mechanism was the dominant mechanism for CO oxidation to CO,; while C3Hg, n-
C4Hg and C;HgO were oxidized through an intrafacial process (Mark-van-Krevelen) .

3.5.1 Growth and characterization

For the preparation of the cobalt ferrite thin films, cobalt acetylacetonate (Co(acac)sz) and iron
acetylacetonate (Fe(acac)s) were weighed in the adequate molar ratios Co/Fe, dissolved in
tetrahydrofuran and kept at respective concentrations of 5 mM. The single phase of
CoxFes <Oy of the respective stoichiometric relation was obtained by adjusting the molar ratio
of the two metallic elements. After the synthesis, the structure of the deposited crystalline
phases were analyzed using XRD and the phase were identified by referring to the powder
XRD database (JCPDS-ICDD). Well-defined diffraction peaks presenting the same

orientations as the CoFe,O, inverse spinel (JCPDS Nr. 03-0864) were observed (see
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Manuscript 1). According to the XRD result, a decrease of the lattice constant with the
increases Co population in the matrix of CO-Fe-O was observed (see table 1 manuscript 1).
The cationic distribution have been reported for similar composition as in this work to be
[Co* Fe* Co*]rsite[Fe* C0* C0**0-4iteOa, [Co* Fe® 1ite[CO% Fe* C0*0u5iteO, and
[Co* Fe* rsite[Fe** C0?*]ositeOs FOr Co2.01Feq 904, CorgFer 04 and CogoFe, 10, respectively.
The observed decrease of the lattice constant with increasing Co content can be associated to
this changing distribution. In fact, when the amount of cobalt increases, the cell parameter
decreases and there is a gradual evolution toward a normal spinel structure as observed in our
XRD patterns. This is due to the fact that the diamagnetic Co®" cations replace the Fe3*
cations in the octahedral position and the octahedral preference of the Co?*cations becomes

less dominant.

A home-made Raman spectrometer, with spectral resolution of 4 cm™, was also used to
confirm the phases of the obtained oxides. No other diffraction peaks corresponding to the
formation of impurity phases were detected (see Manuscript 1), revealing the high purity of

the synthesized thin films.

%+ Chemical composition
To identify the species involved in the catalytic oxidation ex-situ XPS was used to investigate
the surface composition and chemical species of the cobalt ferrite thin films. XPS spectra of
Fe 2p, Co 2p, and Ols are presented in Figure 3.18. The Fe 2py,; and Fe2ps, spectra are
visible in Figure 3.18a. The signals at 710.6 and 723.3 eV with the separation of 12.7 eV and
a small satellite structure at ~734 eV have been reported to indicate the presence of Fe3*
[155]. Figure 3.18a shows the binding energies (BE) of Co2ps, and Co2p;,, observed at
780.07 and 795.57 eV, respectively, corresponding to a normal spin-orbital splitting of Co2p
[156]. The two satellites peaks with BE of 786.25 and 802.56 eV can be assigned to Co®" ions
in octahedral and tetrahedral sites, respectively [155]. The occupation of Co®" in both the
octahedral and tetrahedral sites in cobalt ferrite spinel has been reported previously by
Nakagomi et al. [157] and Zhou et al. [158], which agree well with the present results. The
high-spin Co** could allow for significant charge-transfer character between the cobalt 3d7

band structures with that of the neighboring O% lattice anions [159].

The core-level O1ls spectra of the prepared film were recorded and the result is shown in
Figure 2(c). The O1s spectra for all samples were deconvoluted in three peaks in the BE range
of 530-533 eV. The peak at ~530 could be assigned to the lattice oxygen species O%. The two

species at higher BE are generally assigned to “adsorbed oxygen” [158]. The highest peak at
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Figure 3.18 XPS spectra of the Co-Fe-O samples: (a) Fe2p; (b) Co2p; (c) O1s; reproduced
from M1.

~531.4 eV is explained to be hydroxyl species (OH") or defective oxygen [160], whereas the
peak at 533.2 eV probably comes from carbonate species, COs* or defects in the structure. In
general lattice and adsorbed oxygen are observed for of all samples. Both O,* and O species
are strongly electrophilic reactants, which play a crucial rule in the degradation of the carbon
skeleton [161]. For CO conversion over oxides, electrophilic oxygen species such as lattice
and adsorbed oxygen are generally responsible for the total oxidation [162,163]. Thus, these
0,% or O detected by XPS measurement at the surface of Co-Fe-O oxides is expected to

participate in the total oxidation of CO.

% Optical properties
It has been demonstrated that metal oxides with low band gap energy (Eg) can exhibit good
catalytic performance [81,164]. The UV-Vis absorption spectra of Co-Fe-O samples were
recorded and Eg was evaluated (see Figure 3.19). Typical UV-Vis spectra of the thin films are
displayed in Figure 3.19a. Results for CoggFe, 104, Co1gFe1,04 and Co,1Fep 90,4 thin films
have been calculated from the linear fit are 1.60, 1.90, and 2.09 eV, respectively. The Eg
increases upon Fe substitution with Co. In this investigation, the increase of the grain size and
the structural modification of the materials seem to be applicable to our deposited films. In
addition, XRD revealed that the variation of the cobalt content in the matrix of the Co-Fe-O

has modified the structural and cationic distribution and the lattice constant was decreased in
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Figure 3.19 Optical absorption spectra (a) and Tauc’s plot (b) resulting in an optical Eg for
the different Co-Fe-O composites; reproduced from M1.

the material. This band structure perturbation together with the increases of the particles grain
sized and cationic distribution might influence the band gap. This approach is consolidated by
Nakagomi et al. who studied the influence of cobalt population on the structural properties of
CoyFesxO4 [157]. These observations and concepts also seem useful with respect to the
present composite oxides and their electronic, optical and photo-catalytic as well as catalytic
applications. The obtained results highlight the validity of the PSE-CVD approach for the
tailored synthesis of materials with specific control of the energy band gap.

% Redox behavior
To correlate the film composition and catalytic performance, the reduction (TPR) and re-
oxidation (TPO) of the synthesized cobalt ferrite was evaluated with in-situ emission FTIR
spectroscopy by integrating the intensity of the characteristic bands of the spinel as a function
of the temperature, which reflects the loss or recovery of the spinel structure. The typical
feature of the integrated IR band intensity of Fe-Co-O as a function of the temperature in the
TPR is presented in Figure 3.20. As the temperature increases, a progressive red shift of the
two observed bands at around 530 cm™ and 628 cm™ (Figure 3.20c) is observed. The
reducibility order for the three samples is: Co,1Feg 904 < CoygFe; 204 < CoggFe104. Figures
3.20b and 3.20d display the TPO profiles and the total recovery of the inverse spinel structure
in the oxidation step, respectively. Co,.1Fep9O4 (low lattice oxygen mobility) shows a high
reduction and oxidation temperature, followed by Co;gFe;,0O4, whereas the sample
CopgFe;104, with low cobalt content is reduced and re-oxidized at low temperature. It should
be mentioned that the reduction and oxidation are notably shifted to higher temperatures,
indicating that the increases of the Co content in the Co-Fe oxide can give rise to a significant
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Figure 3.20 Redox behaviors of the selected Co-Fe-O oxides; (a) TPR, (b) TPO, (c)
progressive loss of the spinel structure and (d) recover of Co-Fe-O IR
vibration; reproduced from M1.

changes of its structure and thereby make it more difficult to be reduced. This weak reduction
might be due to the generation of more intimate Fe-Co interactions in the cobalt ferrite
structure. The presence of anionic vacancies in the lattice of Mn-doped [114] and Ce-doped
Co30, [80] has been reported to also increase the reducibility temperature. In this study, this
kind of vacancies can also be generated upon cobalt insertion and make the corresponding
material less reducible. Nevertheless, since the samples with low cobalt content are reduced
and re-oxidized at mild temperature consistently, it is expected that the lattice oxygen
diffusion in CoggFe, 104 and CojgFe; .04 might become easier than Co,1Feq90O4 for CO

oxidation if the process follows a redox mechanism.

3.5.2 Catalytic performance in the total oxidation of CO, C3;Hg, n-C4Hg and
C,HsO

The catalytic performance was investigated with respect to the total oxidation of CO, propene,
n-butene and dimethyl ether at atmospheric pressure over the prepared cobalt ferrite referring
to the non-coated mesh. The catalytic effect of the mesh has been excluded by the observation
that no significant difference between the oxidation over non-coated mesh and in a blank
system.
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% CO catalytic oxidation
CO oxidation was investigated at atmospheric pressure over all samples. The results were thus
compared with those obtained with pure a-Fe,O3 from previous work [3] and a blank sample
of non-coated mesh, as shown in Figure 3.21. Single a-Fe,O3 become active in CO oxidation
at around 230 °C and achieves complete CO conversion to CO, above 400 °C. Co-Fe-O
composites exhibit lower temperatures for the initiation of CO oxidation than the single a-
Fe,O3. The complete CO oxidation over CoggFe; 104, CoygFe; 204 and Co,.1Fep9O,4 occurs at
255, 275 and 325 °C, respectively. The results indicate that cobalt ferrites are more
catalytically active than single a-Fe,O3. The performance order is the following: a-Fe,O3 <
Co,1Fep 904 < CopgFe; 04 < CopgFes104. The catalytic performance decreases with the
increase of the Co content in the matrix of Co-Fe-O. The sample with low Co content
(CooggFe2104) exhibits the highest catalytic performance. An attempt to explain such behavior
is made with respect to the redox property and the chemical composition as well as the ionic

state at the surface the material.

The TPR and TPO result shows that Co-Fe-O samples were reduced at higher temperature,
increasing the Co content. Generally for Coz0,, Co®*-Co* ion pairs are known to be very
active in low-temperature CO oxidation [165]. Therefore, the presence in Co-Fe-O
composites of both Co** and Co** together with Fe** in the O- and T-sites should enable a
decrease of the reduction temperature and an improvement of the catalytic performance of CO
conversion to CO, over samples with higher Co content (Co,.1Fey9O4 and Co;gFe;204),
which have the following cationic distribution in the O-site ([Co*Fe®* C0**o.itO4).
Surprisingly, the opposite behaviour is observed with CoggFe, 10, (the most active sample) in
which only Fe** and Co®" are present in the O-site: [Fe**C0*]o.iOa. It is thus suggested that
the CO oxidation over Co-Fe-O catalyst does not proceed through a redox mechanism even if
CopgFe, 104 presents the lowest reduction temperature. This hypothesis is strongly supported
by the fact that CO oxidation of Co,.1Fey 90, is initiated at ~200 °C while the reduction (Fig.
3.20a) started at ~280 °C. Since the formation of carbonates on the cobalt surface has been
suggested by Thormaéhlen et al. to play an important role in the low-temperature oxidation of
carbon monoxide [166], therefore, the earlier initiation of the reaction at low temperature can
be assigned to the surface-adsorbed oxygen revealed by XPS analysis. It is thus proposed that
CO oxidation over Co-Fe-O follows a suprafacial mechanism where CO molecules react with

adsorbed oxygen, mainly as Cos* and OH", to form COs.
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Figure 3.22 Light-off curves of CO conversion with the Co-Fe-O samples, a-Fe,O3 and non-
coated mesh. The results obtained over a-Fe;O3 [3]; reproduced from ML1.

% Catalytic performance of C3Hg, n-C4Hg and C,HgO over Cobalt ferrite and non-
coated mesh

The catalytic performance was investigated with respect to the total oxidation of propene, n-
butene and DME at atmospheric pressure over cobalt ferrite (Co,.1Fep90,4) referring to the
non-coated mesh. The catalytic effect of the mesh has been excluded by the observation that
no significant difference between the oxidation over non-coated mesh and in a blank system.
Figure 3.22 depicts the outlet profiles as a function of the temperature during the oxidation.
The results show that the cobalt ferrite films favor the complete conversion of the reactant
gases at much lower temperatures relative to the non-coated mesh. Besides the reactant gas,
CO, was detected as the unique product in the oxidation processes over cobalt ferrite, while
additional CO was observed in the reaction on non-coated mesh. Tso and Tgo, corresponding
to respective 50% and 90% conversion of the reactant gas, are used as parameters to compare
the performance of the deposited samples. With cobalt ferrite, Tso and Tgo Of propene
oxidation are 348 and 382 °C. These values shifted, respectively, to 578 and 691 °C for the
experiment carried out with non-coated mesh (see Figures. 3.22a and 3.22b). Compared to the
reaction over Co3O4 with E; of 158.32 kJ/mol [80], the introduction of iron tends to initiate
the oxidation of propene with lower Ea, which makes the cobalt ferrite more suitable for the
catalytic applications. Figure 3.22c and 3.22d compare the results of n-C4Hg oxidation with
and without cobalt ferrite. Tsg and Tgg of n-C4Hg oxidation over cobalt ferrite were observed
at 358 and 402 °C, whereas these values shifted by respective 100 and 135 °C towards higher
temperatures over non-coated mesh. It has been reported that a small quantity of 1,3-
butadiene was selectively formed in the oxidation of n-C4Hg at temperature higher than
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350 °C over MnMoOg4-based catalysts with the C-H activation [167]. It should be noted that
1,3-butadiene was not detected in the present work such low temperature could result in
negligible formation of 1,3-butadiene. Moreover, the insertion of Co in the ferrites could lead

to scarce 1,3-butadiene.

For DME, cobalt ferrite also exhibits much better performance than the non-coated mesh, as
revealed in Figure 3.22e and 3.22f. Tso and T of the reaction over cobalt ferrite are 356 and
409 °C. These values are observed to be 613 and 682 °C for the reaction without cobalt
ferrite, respectively. According to Liu et al. [168], the reaction network for DME conversion
consists of four pathways giving rise to CH3;OH, HCHO, HCOOCH; and CO,. Low
selectivity of CH3OH and HCOOCHj; was reported [168]. HCHO was not detected, which

could be resulted either from the low concentration or its fast conversion to COy.

The good catalytic performance of cobalt ferrite could be correlated with the Oagsorbeg ON the
surface, and attractive redox properties. It is widely accepted that the catalytic performance of
ferrite-type catalysts depend on its oxygen mobility since the reaction follows Mars-van
Krevelen mechanism [169]. The abundance of Oagsorbed COuld participate in the catalytic
oxidation process, as proposed by Veleva and Trifiro [167]. The good reducibility and re-
oxidability tend to enable the catalytic reactions at relatively low temperatures by involving
various cations distributed in the octahedral and tetrahedral sites. Moreover, the slightly low
band gap energy of cobalt ferrite could also indicate that the migration of Ojaice OF 0% from

the bulk to the surface becomes easier and leads to good reducibility.
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Figure 3.22 Outlet profiles of C3Hg, n-C4Hg and DME oxidation over cobalt ferrite-coated
and non-coated meshes. Reproduced from M2.
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4 SUMMARY AND OUTLOOK

The present work reports the synthesis of functional transition metals oxides and investigation
of their performance in catalytic combustion. This is an interesting topic which accounts the
selective synthesis and systematic characterization of transition metal oxides (clean materials
for emission control) and the investigation of their catalytic performance towards complete

combustion of some representative fuels.

The general conclusion from this thesis is that the transition metal oxides (Co30,, Fe;Os3,
CuO, Mn30,4 and CoFe,0,) catalysts were selectively synthesized using a dedicated pulsed
spray evaporation chemical vapor deposition (PSE-CVD) approach, systematically
characterized and tested as catalysts for the complete oxidation of carbon monoxide (CO),
volatile organic compounds (C3Hg, n-C4Hg), DME and biofuel (n-C4H100). In this work, we
show that the competitive performance for catalytic oxidation of selected fuels can be
achieved with the deposited thin films obtained with PSE-CVD.

The PSE-CVD approach was used for the preparation of the TMOs catalysts. As a promising
method to prepare catalytically active films, with its relatively low cost and simplicity, PSE-
CVD has enabled the control of the thickness and morphology of the samples. Also, PSE-
CVD was found to be particularly suitable for the selected precursors used in this study and
was adapted for systematic synthesis of single-phase and mixed oxides on a number of

relevant substrates.

The combined and systematic utilization of a number of adequate characterization techniques
in terms of structure (XRD, Raman and FT-IR), morphology (SEM and HIM), composition
(EDS and XPS), thermal stability, redox (TPO/TPR) and catalytic behavior have shed some
light on the performance of the prepared catalysts and allowed a better understanding of the

related catalytic processes.

Structure characterization using XRD was performed to identify the phase of the obtained
film, and the obtained results were compared to the phase present in the XRD database.
Raman spectroscopy was performed either to confirm the obtained phase or to distinguish the
prepared films as in the case of Fe,O3 which could be present in different phases (a, B or y)
that cannot be distinguish by XRD. Emission FITR analysis was employed to visualize the

metal-oxygen vibration band of the grown oxides.
The morphology was inspected by the means of SEM and HIM. The latter technique was
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employed for the first time to the microstructure of the as-prepared TMOs thin films.

For the chemical composition analysis, both EDS and XPS were applied. EDS provides
composition information in the bulk of the film, while XPS gives the chemical composition
and ionic states at the surface of the materials (M2p (M = metal), O1s core shell and C1s core
shell). These results have provided further understanding of the surface and bulk details of the
obtained films what may be very important for the comprehension of the -catalytic
performance of the prepared materials. It is worth to mention that in spite of the care taken to
optimize film growth, a typical deposition result of TMOs involve 30-40% of carbon,
potentially as contamination. Carbon might be contamination products arising from the metal
organic precursor decomposition. Nevertheless, the high-carbon content of the films still
makes them useful and active in the respective catalyze processes. To avoid such high carbon
ratio in the deposition, different (more refined) precursors or a more involved atomic layer

deposition like process could be used, at the costs of a less facile process, however.

As important properties for metal oxide catalyst, the thermal properties were investigated.
This experiment was performed to study the thermal stability and the redox properties of the
prepared catalyst. TPO/TPR have provided information about the lattice oxygen mobility
crucial in the catalytic oxidation. The thermal stability enables us to obtain the limit of the
lattice stability of the prepared catalyst and the catalytic tests were performed within these

stability limits.

Finally, the catalytic tests were made using flexible mesh grids as substrates on which the
functional oxide were grown. Such structured catalytic beds were easily applied to the
reactors shapes use in this study. The results show that the obtained samples exhibited high
performance towards the deep oxidation of CO, C3Hg and n-C4H;00 which served as
representatives of VOCs and carbon monoxide. For all samples the complete oxidation of the
fuel was obtained at relatively low temperature (T <400 °C). Two different mechanisms were
assumed to govern the catalytic oxidation in this study because they are consistent with the
experimental results. The first one relies on the alternate reduction and oxidation of the oxide
surface, favored by the bulk oxygen migration towards the surface, and replenishment of bulk
oxygen by gas-phase oxygen. This suggests that the intrafacial mechanism (Mars van
Krevelen) showed the dominant contribution to the complete oxidation of propene, n-butene
and DME as well as n-butanol. For CO, the oxidation could follow a suprafacial mechanism
in which the participation of adsorbed oxygen, mainly COs* and OH" at the surface of the

films were effectively crucial in the oxidation process.
66



Summary and Outlook

R R R R R R R R R R R R R R R R R R AR R R AR AR R R R R R R AR R R R R AR R R R R R AR R A R R R R R R R R R R R R R R R AR R R R R AR R R R R R R R R R R R

The catalysts prepared and tested in this thesis present competitive activity to that reported for
supported precious metals and confirm the status of TMOs as potential, viable and cheaper
clean materials capable to replace noble metals generally used for catalytic combustion. The
obtained performance was made possible by the selectively control of the film phase,
morphology and chemical composition which are very sensitive to the deposition conditions
and presented as key factors in the catalytic performance. The results obtained within this
work highlight the validity of the PSE-CVD approach for the tailored synthesis of materials

with specific morphology and good catalytic performance.

Further studies on the depositions conditions of catalytic activities of TMOs thin films will
assist in understanding other catalyst nano-crystals and will offer great opportunities to
explore the dependence of a material’s properties on the composition, morphology and
structure. Also the formulation of other binary mixed oxide such as Cu-Fe-O, Fe-Mn-O and
ternary oxides like Co-Fe-Mn-O, Cu-Co-Fe-O and Co-Cu-Mn-O could be a potential
technologically interesting solid-solution phases. The versatility of such composites might
offer tunable structural composition, high thermal stability and might improve the physico-
chemical properties and the catalytic performance of the materials. For such investigations,
the use of inorganic precursors will be preferable in order to avoid carbone contamination

observed with metal organic precursors in the present work.
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Cobalt(11) acetylacetonate (Co(acac);) was used as a precursor to
grow pure Co;0O4 with pulsed-spray evaporation chemical vapor
deposition (PSE-CVD). The effect of solvent and substrate
temperature on the growth kinetics and morphology of the films
was investigated. The obtained spinel exhibited good catalytic
performance.

Among transition metal oxides, Co30, exhibits interesting electrical,
magnetic, optical and catalytic properties.! In the last decade, the
catalytic activity of Co3O4 and Co-based spinels has substantially
increased the interest towards their technological application.? The
promising ability of Co3Oy4 to exchange its lattice oxygen with the
atmosphere sustains its high potential application in air pollution
control via the oxidative abatement of CO® and organic pollutants
from exhaust streams.”*

Several methods have been reported previously to obtain Co;Oy4
thin films, including sol-gel,’ spray pyrolysis,® atomic layer
deposition,” sputtering® and chemical vapor deposition (CVD).>!!
Among these techniques, pulsed-spray evaporation CVD (PSE-
CVD) is considered a promising method to prepare pure films due to
its low cost, simplicity, high throughput and easy control of the
thickness and morphology of the samples. Particularly, PSE-CVD is
suitable for precursors with limited thermal stability and well
adapted for systematic synthesis of single-phase spinel or perovskite
oxides with tailored composition on various relevant substrates.

Most efforts to grow Coz04 spinel by CVD involved several
precursors (Table S1, ESIt). Metal-organic compounds (MOC) used
as precursors are either commercially available or can be easily
prepared in the laboratory. Of all the MOC, cobalt B-diketonates
serve as non-toxic (environmentally friendly), volatile and inexpen-
sive precursors. In the family of B-diketonates, cobalt acetylaceto-
nates are the easiest to prepare, requiring no special atmosphere or
environment.'> Recent investigations reported the use of cobalt(i)
acetylacetonate (Co(acac),) for the synthesis of Co;04.'*'* However,
this precursor shows instability in several solvents, and the selection
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of alcohol presents a particularly complicated effect on the formed
cobalt phase." In contrast to other solvents, alcohols exhibit certain
reactivity with cobalt acetylacetonate under deposition conditions.
This reactivity could lead to the formation of carbide phases at low
temperature in the absence of oxygen.'> Therefore, an alternative
may be needed.

The present work is focused on the controlled synthesis of Co3;04
spinel by PSE-CVD using cobalt(1i1) acetylacetonate (Co(acac)s) as
precursor and the investigation of the effect of solvent and substrate
temperature (75) on the growth kinetics and film morphology.
Moreover, the catalytic performance of the sample obtained with
tetrahydrofuran (THF) as the solvent was tested in terms of total
oxidation of CO and propene (C3Hg) in a flow reactor.

Special attention has been paid to the effect of aging on the
stability and the ultraviolet-visible (UV-vis) absorption spectrum of
the ethanol (EtOH) solution containing Co(acac), and Co(acac)s,
respectively. The solutions were stored in a closed atmosphere for
several days and the results are shown in Fig. 1. For Co(acac),/EtOH
solution (A, C and E), the pink color transforms gradually into dark
green, and a broad optical absorption band peaking at 590 nm is
observed progressively after three days. However, neither color nor
UV-vis spectra are changed for Co(acac)y/EtOH solution (B, D and
F). The absorption peak is characteristic of an octahedral Co(111)
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Fig. 1 UV-vis spectra of EtOH solution of Co(acac), (A, C and E)
Co(acac); (B, D and F).
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species,'® which indicates that Co(acac); is more stable than

Co(acac), and thus more suitable for the CVD processes with
liquid-based feedstocks. Moreover, Co(acac); was reported to be
more thermally stable than Co(acac),.'” Even though studies on the
development of CVD precursors (Co™ p-diketonates) have been
reported,'®° systematic and extensive investigation of the Co;O4
thin film synthesis starting from Co(acac); in several solvents system
remains desirable. The Co(acac); precursor-solvent system was
analyzed systematically with respect to the deposition results. The
growth of cobalt oxide thin films was carried out in a cold-wall CVD
reactor which is equipped with a home-built PSE unit for the
precursor delivery. The description of the experimental setup can be
found elsewhere.'® Further details of the experimental conditions are
available (Table S2, ESI¥).

The optimization of the Co304 growth was achieved using
Co(acac); in EtOH as liquid feedstock. The thickness of the obtained
films was estimated gravimetrically using a microbalance (Mettler
ME30, digital resolution of 1 pg). The optimal growth rate, ~1.6 nm
min~! at 20 mbar and a substrate temperature of 350 to 500 °C, was
obtained using an O, flow rate of 0.5 SLM (standard liter per
minute). In order to determine the effect of the agent in the synthesis
of pure Co;0,, different types of solvents were employed: EtOH
(polar protic solvent), THF (polar aprotic solvent) and toluene (non
polar solvent). The results indicate that the growth rate varies slightly
depending on the solvents and a maximum value of ~3 nm min'
was obtained with THF. With the investigation of the gas phase at
lower temperatures (160-250 °C) using molecular beam mass
spectroscopy, the product pool is proven to be quite stable for a
specific solvent with and without Co(acac)s, as shown in Figs. S1-S3,
ESIf. However, the composition of the gas mixtures may evolve with
oxidation reactions at higher temperatures (see Fig. S4, ESIT) and
would vary the deposition process. The discussion of the detailed gas
phase reaction is beyond of the current work and will be explained in
a forthcoming study.

For characterization purposes, films were deposited on silicon,
glass and stainless steel. The obtained films were subjected to XRD
and SEM analyses, and the results are depicted in Fig. 2 and 3,
respectively. As shown in Fig. 2, the films obtained at 7; =
350/450 °C present different XRD patterns depending on both the
deposition temperature and the nature of the solvent. The positions
of the diffraction peaks fit well with the cubic spinel-type structure
of Co30, (JCPDS Nr. 74-1656). No peaks associated to other
crystalline forms could be detected, indicating that the obtained
samples are of high purity and crystallinity.

The effect of T, on the growth of the film was evaluated. The
absence of some reflection planes is observed at 7y = 350 °C. The
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Fig. 3 SEM micrographs of Co;0, obtain respectively at 350 and 450 °C
(a, d) with ethanol; (b, e) with toluene; (c, f) with THF.

films grown at high temperature seem closer to a polycrystalline
structure. However, all peaks fit well with the reference at 450 °C and
no enhanced orientation can be claimed. EtOH, toluene and THF
lead to the growth of films starting at a temperature of 350 °C, and
Co030; is the crystalline phase in the investigated 7, range (350—
500 °C). A clear identification of the spinel layer by XRD was
obtained for the grown films at 350/450 °C with a thickness of
~300 nm over glass and silicon independent of the solvent.
Increasing temperature from 350 to 450 °C, the particles size
increases by a few nanometers whereas the lattice parameter
remains quite constant (see Table 1).

The behavior of different solvents with different physical proper-
ties (Table S3, ESIT) on the growth and morphology of the Coz0,
thin films was also investigated. Compared to a relatively slow
solubility in EtOH, Co(acac); was observed to dissolve rapidly in
both THF and toluene. Prolonged use of the precursor in the EtOH
system causes crystallization of the precursor, which clogs of the
spray nozzle and consequently limits its efficiency in the deposition
experiments.

Besides the general effect of temperature and solvent on the
growth rate and composition, it is demonstrated that the morphol-
ogy of the formed Co;04 can also be influenced by the choice of the
solvents. As displayed in Fig. 3, the morphology of the deposited
films indicates compact and geometrical particles, which differ with
T, and solvents. The coverage of the surface is homogeneous with
THF and toluene as solvents, consisting of connected micrometer-
sized agglomerates, whereas films are less defined with EtOH. Films
deposited at 350 and 450 °C using EtOH as solvent, were randomly
oriented with poorly crystallized grains. When THF and toluene

Table 1 Growth kinetics as a function of solvent and T's
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Fig. 2 XRD Patterns of the investigated Co;O; spinels.

Solvents 7 (°C) Growth (nm minfl) alA Particle size (nm)
EtOH 350 1.55 8.10056  30.4
450 1.52 8.10306 40.0
Toluene 350 1.91 8.08985 39.5
450 2.17 8.09642 42.2
THF 350 2.16 8.09233  39.8
450 2.89 8.08985 59.0
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were employed, the obtained films are randomly oriented, well
crystallized and present better defined facets. The Co;0, crystallites
showed trigonal pyramidal shape for films deposit at 350/450 °C with
THF and toluene. In the explored temperature range, the increase of
the growth rate as a function of the deposition temperature and the
nature of the solvent can be explained in terms of variation of the
surface diffusion with temperature and the co-adsorbed solvent.
With EtOH at T = 350/450 °C, due to its reducing tendency (related
to hydrogen from the alcohol function), the nucleation density
becomes higher, giving rise to a fine-grained thin layer with low
crystallinity. However, the surface diffusion was increased at the
same 7, with THF/toluene, the chemical nature of which does not
exhibit the reducing tendency. Consequently, the nucleation density
was decreased, which could result in larger and well-crystallized
particles. The temperature and the nature of the solvent dominate the
film growth and affect its morphology. Various factors should be
considered in understanding these complex processes, such as the
solvent boiling point, vapour pressure, solubility, and polarity which
have also considerable impact on the morphology of the final film.*

Although the mechanisms involved in the development of the film
morphology and the resultant microstructure are still speculative, the
roles played by the 7} and solvent on the film morphology have been
demonstrated. Such an influence could be caused by the reaction
kinetics affecting the competitive nucleation and growth rates. For
example, the inhomogeneous nucleation and rapid growth rates
combined with low solubility of EtOH are responsible for non-
effective dissolution, which could result in the formation of the
observed amorphous morphology. On the other hand, a more
homogeneous nucleation and slower growth combined with an
effective separation of the particles in THF and toluene could lead to
the fine particulate morphology.

With the deposition process optimized and properties analyzed
using Co(acac); as the precursor, it is interesting to compare catalytic
performance with that of previous systems using Co3;Oy4. In this
work, no particular enhancement of the specific surface area and
porosity can be noticed in all cases, which enables us to simplify the
analysis of the catalytic activity. To assess the catalytic activity,
oxidation of CO and C3;Hg was performed over CozO4 (12 mg,
coated on mesh of stainless steel, SPW 40, 80 x 400) prepared using
Co(acac)s/THF at 350 °C. The total flow rate was kept at 15 ml
min~! with 1% fuel/10% O, dilute in Ar. A reflectron time-of-flight
mass spectrometer (RTOFMS) was used for the analysis of the
exhaust gas. The obtained Co;0; catalysts exhibited excellent activity
(see Fig. 4). Starting at around 230 °C, the total conversion of the
investigated compounds to CO, is obtained at around 380 °C for
C3Hg and 350 °C for CO, which gives an obvious temperature shift
relative to the non-coated mesh. This result shows that Co30y is very
active for total oxidation of CO, in line with the literature'® (see
Table S3 ESIt). The excellent catalytic activity towards the oxidation
of CO is attributed to the abundance of active Co®" cations and
oxygen vacancies on film surface. According to the assumption of
Xie et al** and Hu et al.,”> Co**cations and oxygen vacancies acted
as the active sites for CO oxidation and were key parameters
governing the conversion rate of CO in the catalytic process. In fact,
in the presence of CO and O,, CO can be adsorbed on the Co* sites
of Co30,4 and react with the weakly bound surface oxygen species
such as bridged Co**—0, —Co?", leading to the production of CO»,
and the resulting oxygen vacancy is subsequently filled by reaction
with 0,.
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Fig. 4 Conversion of C3Hg and CO over Co304.

Below 200 °C, Co304 exhibits no effect on the catalytic oxidation
of C3Hg, but increasing the temperature, we obtained 90%
conversion at 380 °C, which is in excellent agreement with our
recent work,>* and presents competitive activity to that reported for
noble metals (Table S3 ESIf).>>%

The catalytic activity of CozO, was explained in terms of
formation of surface oxygen vacancies which are relevant to the
C;Hg oxidation in the presence of gaseous oxygen. The surface lattice
oxygen and adsorbed oxygen generally present on the transition
metal oxides suggest that the C3Hg oxidation preferentially takes
place on the surface lattice oxygen and adsorbed oxygen sites.
Moreover, the presence of electrons in the neighbourhood of holes is
necessary for the fission of the C=C bond in alkenes.”’

In summary, Co(acac); in both toluene and THF have been found
to be suitable combinations for the deposition of pure Co3z0y spinel
by PSE-CVD at a total pressure of 20 mbar. The morphology and
growth rate have been found to be dependent on the solvent and
substrate temperature. The obtained Co;0, exhibits promising
catalytic performance for the complete conversion of C;Hg as well
as CO to CO,, comparable to noble metals.
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Table S1: List of solvents and temperature range used for Co304 preparation

Precursor Temperature (°C) | Preparation techniques Solvents Reference
Co(acac), 230-440 PSE-CVD EtOH !
Co(acac), 490-560 MOCVD EtOH/chloroform 2
Co,(CO)q 600, 650 PE-CVD 1-Hexene 3
Co(hfac),-2H,0-tetraglyme 65-180 MOCVD CH.Cl, 4

350-500 CVD - °
Co(tmhd), 5
350-540 MOCVD Monoglyme
CoCl, 300 Spray pyrolysis Distilled water 9
Co(CH3CO,),-4H,0 600 Sol-gel 2-Methoxyethanol 10
Co(NO,), 400-480 Spray pyrolysis - 1
Co(acac); 360-540 MOCVD Toluene 12

Note: PSE-CVD: pulsed spray chemical vapor deposition
MOCVD: metal organic vapor deposition
PE-CVD: pulsed evaporation
acac: acetylacetonate (2, 4-pentanedionate)
hfac: hexafluoroacetylacetonate (1,1,1,5,5,5-Hexafluoro-2,4-pentanedione)
tmhd: tetramethylheptanedionate (2,2 6,6-tetramethyl-3,5-heptanedionate)

Table S2: Experimental conditions for the preparation of Co30,

Precursor Co(acac)s

Solvent EtOH; toluene or THF
Concentration of precursor 5mM

Frequency and opening time 4 Hz,~2ms

Evaporation temperature 220 °C

Vaporizer temperature 240 °C

Substrate temperature range 350 °C; 400 °C; 450 °C and 500 °C
System pressure (mbar) 20

N, (SLM) 0.16

0, (SLM) 05

Substrates Glass, silicon, planar or mesh of stainless steel
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Table S3: Physical properties of the solvents

Physicals properties Ethanol Toluene THF
Boiling point (°C)? 78.35 110.65 68.85
Density (g mI™)® 0.790 0.866 0.880
Vapor pressure (bar, at 220 °C) 46.57*° 10.53° 27.36°
AyapH® (kd/mol)® 42+2 37+3 32.16
Dipole moment (D, 20 °C)"® 1.69 0.31 1.75
Hydrogen bonding® 194 2.0 8.0

Note: *data is from NIST chemistry webbook;" ® data is from Koenhen and Smolders;** © vapor pressure of THF is from Dortmund data bank.*®

Table S4: Comparison with other results

H a b

Catalyst V\(/r:g;] t Gas composition (';:?V:]irs_tf) -(rfé) (nc];réivh_l) Reference
C030, thin film 12 1% CO/ 10% O, /89% Ar 15 350 75000 This work
Co030, bulk 50 1% CO/ 8% O, in He 37 350 44400 16
CeO, 100 2% CO/ 2% O, in N, 100 374 60000
AlLO; 100 2% CO/ 2% O, in N, 100 394 60000 o
CeAlO; 100 2% CO/ 2% O, in N, 100 465 60000
Pt/H,S04,/Zr0, 50 3.5% CO/ 4% O, in N, 100 290 120000 1
C030, thin film 12 1% C3He/10% O, /89% Ar 15 380 75000 This work
C050, thin film 12 2% C3Hel 20%0, /78% Ar 15 385 75000 1
Au/A,0;4 200 1.5% C3Hg/ 4% O, in He 75 410 22500 20
Ag/ALO;, 50 3% C3He/ 10% O, in N, 10 420 12000 2
Lay.7Sr0.3CU04S0.2 200 0.1% C3Hel 5% O,/ in He 100 500 30000 2

Note:  ?Tqorefers to the temperature at which 90% of the fuel is converted; ® GHSV is gas hourly space velocity.
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Notes to the figures: Electron impact with an energy of 25 eV was used as the ionization source to perform the
experimental investigation. In addition to the fragments generated by the high electron energy, some products,
such as C,H; in Fig. S1 and CH30 in Fig. S3 become detectable. At high temperatures (THF as an example, see
Fig. S4), pyrolysis as well as oxidation of the solvent are observed by giving more water (m/e = 18), carbon
dioxide (m/e = 44), furan (m/e = 68) and other products, which reveals the occurrence of the gas phase reaction.
This is also the case for ethanol and toluene (not shown here). These may affect the kinetics of film growth and
morphology.
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Selective synthesis of a-Fe,03 thin films and effect of
the deposition temperature and lattice oxygen on the
catalytic combustion of propenet

Patrick Mountapmbeme Kouotou,® Zhen-Yu Tian,*® Henning Vieker,” André Beyer,”
Armin Golzhauser® and Katharina Kohse-Hoinghaus®

Pulsed spray evaporation chemical vapour deposition (PSE-CVD), an elaborate CVD process, was employed
to synthesize thin films of a-Fe, 05 for the catalytic combustion of propene. According to X-ray diffraction
and Raman spectroscopy, the alpha structure type was presented as the unique phase. a-Fe;O3 with fine
crystalline structure was revealed by scanning electron microscopy, and probed in depth for the first time
by helium ion microscopy. Energy dispersive X-ray microscopy and X-ray photoelectron spectroscopy
displayed an overview of the chemical composition of the samples. In situ emission FTIR spectroscopy
was used for the accurate determination of the thermal stability of the samples at around 500 °C, and
temperature-programmed reduction was performed to correlate the catalytic performance and
reduction properties of the obtained a-Fe,O3 thin films. The results showed that the increase of the
deposition temperature leads to significant changes of film morphology, chemical composition and
reduction properties, with a direct consequence on the catalytic performance. a-Fe,O3 prepared at a
low temperature (350 °C) exhibited high activity towards the deep oxidation of propene, which was
attributed to its good reducibility and the plate-like structures. The alternate reduction and oxidation of
the oxide surface (favored by the bulk oxygen migration towards the surface) and replenishment of
bulk oxygen by gas-phase oxygen suggest that the oxidation of propene may proceed according to the
Mars van Krevelen mechanism. The morphology and surface composition of the prepared samples
remain the same before and after the catalytic test, demonstrating very good stability and
reproducibility. We thus conclude that o-Fe,Os effective in propene conversion can be selectively
synthesized with PSE-CVD.

Catalytic combustion is one of the most promising abatement
technologies for VOCs regarding its flexibility and energy saving.!

Volatile organic compounds (VOCs) which are emitted from
transportation and industrial activities are considered as an
important class of air pollution.* VOCs are widespread chemicals
commonly occurring in many commercial waste streams, and
they have been linked to the increase in photo-chemical smog,
the depletion in atmospheric ozone, the production of ground-
level ozone, as well as the noxious effects on human health.?

“Department of Chemistry, Bielefeld University, UniversititsstrafSe 25, D-33615
Bielefeld, Germany. E-mail: zhenyu.tian@uni-bielefeld.de; Fax: +49-521 1066027;
Tel: +49-521 106 2199

*Department of Physics, Bielefeld University, UniversitiitsstrafSe 25, D-33615 Bielefeld,
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1 Electronic supplementary information (ESI) available: Experimental conditions
(Table ESI 1), comparison of the catalytic performance (Table ESI 2), a brief
description of the PSE-CVD reactor, XPS spectra of C 1s core-shell present on
a-Fe,0; (Fig. ESI 1), surface morphology before and after catalytic tests (Fig. ESI
2), surface composition before and after catalytic tests (Fig. ESIL. 3), scheme of
the PSE-CVD reactor (Fig. ESI 4) and setup for the catalyst test (Fig. ESI 5). See
DOI: 10.1039/c3ta11354j

This journal is © The Royal Society of Chemistry 2013

It presents the advantages of being operationally easy and allows
unprecedentedly efficient reaction by specific ensembles of
surface sites dependent on the crystal structures. Typical
combustion catalysts are mainly noble metals such as Pt and Pd
supported on alumina or other ceramic materials.** However, due
to noble metal's limited resources, high cost, low thermal stability
and tendency to poisoning,® transition metal oxides (TMOs)
become suitable alternatives regarding their high thermal stability
and low price.® Thus, substantial efforts are currently made to
develop TMO catalysts with a competitive activity.>™°

Among TMOs extensively used, iron oxides have attracted
considerable attention because of their interesting properties:
they promise high stability at low cost and are environmentally
benign and relatively non-toxic.'* Hematite (a-Fe,Os), as the
most stable iron oxide, features some unique properties: it is an
n-type semiconductor, and it is magnetic and corrosion-resis-
tant.”> These properties have driven a«-Fe,O; in numerous
promising applications, such as gas sensors," catalysts/photo-
catalysts,"'*** and magnetic storage media.*
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One of the prerequisites to achieve the above-listed proper-
ties relies on the synthesis of inorganic nanomaterials with
ordered morphologies.'” Controlled synthesis of precise struc-
tures of active metal oxides on solid surfaces is one of the most
important issues in designing high-performance heterogeneous
catalysts. For instance, complex structures using nano-parti-
cles™® or surfactants as building blocks may be required for the
synthesis of nano-devices for catalytic application. Such ordered
structures often possess better mechanical strength and enable
a lower pressure drop. They may thus permit higher reactant gas
velocities than fine powder catalysts.'® Moreover, the surface
morphology and bulk composition of the films depend upon
the deposition methods and conditions,**** which may affect
the films' properties. Thus a thin film of high purity and fine
crystals is needed.

Preparation of catalysts with tunable morphology is an active
research field. With respect to a-Fe,Oj; thin films, several tech-
niques have been employed for their synthesis including the
hydro-thermal processes,” aerosol-assisted CVD,* sol-gel
methods,* thermolysis,” and atomic layer deposition.***”
However, it remains a considerable challenge to selectively
synthesize o-Fe,O; thin films with a finely ordered crystal
structure without using nano-subunits or surfactants as
building blocks. Until now, most Fe,O; nanomaterials have
been synthesized in the presence of complicated structure-
directing agents like surfactants to maintain specific
shapes.”?>**?! Although the shapes were easily controlled,
surfactants which were used to maintain the specific shapes
may in part remain and their effect on the catalytic properties
may be questionable in interpreting the catalytic properties.
Therefore, more facile and efficient routes to prepare Fe,O;
nanomaterials with tunable morphology and without the pres-
ence of surfactants are highly expected.’® Herein, we report a
facile synthesis route to prepare ao-Fe,O; thin films with
complex geometrical structures and without any surfactants or
capping agents. A pulsed spray evaporation chemical vapour
deposition (PSE-CVD) approach was used for the preparation of
the samples. PSE-CVD is considered as a promising method to
prepare pure films regarding its relatively low cost, simplicity,
high throughput and easy control of the thickness and
morphology of the samples. It is particularly suitable for
precursors with limited thermal stability and well adapted for
systematic synthesis of single-phase/doped metals,* spinels®***
or perovskites*® with tailored composition on a number of
relevant substrates.

Thin films of a-Fe,O; were thus synthesized at different
deposition temperatures. A flexible mesh grid of stainless steel,
which can be easily coated and rolled to adapt to different
technical environments, was used as the substrate. All charac-
terizations of the material detailed below were performed with
stainless steel substrate, with the exception of X-ray diffraction
(XRD) where silicon wafer had to be used under the same
deposition conditions. The material properties of the obtained
films were comprehensively characterized. Thermal properties
of the catalysts were evaluated using in situ emission FTIR
spectroscopy. The catalytic performance of the obtained
a-Fe,0; films towards the complete oxidation of propene was
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investigated and special attention was focused on the effect of
the substrate temperature on the film morphology, surface
chemical composition as well as the reduction property and the
catalytic performance.

Results and discussion
Structure

XRD analysis was performed to investigate the crystalline
structure and the purity of the deposited thin films. The XRD
patterns of the thin films coated on silicon wafer at different
substrate temperatures (Ts) are presented in Fig. 1. All peaks fit
well with the cubic spinel-type structure of Fe,O; (JCPDS no. 39-
0238), giving evidence to the existence of the Fe,O; phase. The
presence of one strongest peak at 260 = 33.16° indicates that the
(222) plane is the preferred growth direction. Successful depo-
sition started at about 350 °C. By increasing the deposition
temperature from 350 °C to 450 °C, the crystallinity of the
deposited films improves as noticed by the sharpness of the
peak corresponding to the (222) plane and the occurrence of
the peak corresponding to the (211) plane. In the investigated
deposition temperature range, the absence of peaks corre-
sponding to other iron oxide structures such as FeO or Fe;O,
indicates the high purity of the deposited films. The preparation
of single-phase iron oxide from Fe(acac); was reported to be
temperature-sensitive and it was hard to synthesize pure
Fe,0;.***” However, in this study, Fe,O3; was observed to be the
unique phase in the Ts range of 350-450 °C.

Since XRD cannot differentiate between the o- and y-Fe,O5
phases, Raman spectroscopy was used to identify the phase of
the prepared Fe,O; oxide. As shown in Fig. 2, all samples exhibit
similar spectral signatures, supporting the interpretation that
the hematite (o phase) was observed. The bands at 226 and
492 cm™ ! are ascribed to the A,z mode, whereas those observed
at 246,295, 412, 609 and 656 cm ™' correspond to the E, mode of
a-Fe,0;. According to these results, the presence of peaks
associated with maghemite (y-phase) or magnetite (Fe;0,) can
be definitively ruled out. Table 1 presents all observed peaks
and assignments for different modes. The values related to the
deposited a-Fe,O; films are consistent with the previously
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Fig. 1 XRD patterns of Fe,O5 thin films coated on silicon.
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Fig. 2 Raman spectra of a-Fe,03 thin films coated on stainless steel.

Table 1 Observed Raman active modes for iron oxide phases

Oxides Structures Raman shift (em ™) Assignment

Hematite® a-Fe,05 226 and 492 Ay
246, 295, 412, E,
609 and 656

Hematite” a-Fe, 05 229 and 500 A
249, 295, 414, E,
615 and 660

Maghemiteb v-Fe, 05 700 A
511 E,
365 Tag

Magnetiteb Fe;0, 672 A
554 E,
310 Tag

“ Frequency of the Raman shifts from this work. ? Assignment from ref.
24, 25 and 36.

reported data of hematite.®**° The strongest peak observed at
1319 cm ™' is the characteristic band assigned to a two-magnon
scattering feature resulting from the interaction of two mag-
nons created on antiparallel close spin sites.***> The Raman
spectrum has identified the prepared phase as «-Fe,O; and
further attests the purity of the films.

Morphology

Fig. 3 shows the surface morphology of the a-Fe,O; thin films.
The scanning electron microscopy (SEM) images are displayed
in Fig. 3a-f. The film morphology obtained at 350 °C is
composed of small grains embedded in the matrix, with an
average crystalline size of ~50 nm. At 400 °C, the film presents a
uniform densely packed microstructure with grains (~60 nm) in
octahedral shape. It is well structured and composed of pallet
shaped crystals superimposed on each other with precise
orientation. At 450 °C, the film exhibits needle-like structures,
each of which could result from the incorporation and
agglomeration of small individual particles.

Helium ion microscopy (HIM), a newly developed imaging
technique similar to SEM, was also used in this study, relying on
a Carl Zeiss Orion Plus® instrument. With the involvement of a
focused beam of helium ions, HIM exhibits superior resolution
and outstanding performance on insulating samples.**** The

This journal is © The Royal Society of Chemistry 2013
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helium ion beam can be focused into a smaller probe size and
provides a much smaller interaction volume at the sample
surface than for typical electron microscopy. Thus it is possible to
obtain superior resolution and depth of field. The HIM images of
the synthesized o-Fe,Oj; thin films present a morphology that
varies with the Ts. As shown in Fig. 3g-1, the films are composed
of ordered pallets with arrangement and orientation depending
on the Ts from 350 to 400 °C. However, the film obtained at
450 °C is composed of continuous grains with poor structural
shape in contrast to those observed at lower temperatures. This
method enables us to probe the microstructure of the samples
more in depth than the commonly used SEM. In general, the
increase of the Ts from 350 °C to 450 °C gives rise to significant
changes of a-Fe,O; morphology. The films produced at 350 and
400 °C show fine geometric crystal structures. The grain size of
the sample obtained at 350 °C is estimated to be 34 nm, which is
much smaller than those prepared at 400 °C (56 nm) and 450 °C
(60 nm). As the small grain size typically exhibits high specific
surface area, the observation of temperature-dependent grain
size may influence the physicochemical properties, and finally
the catalytic performance.

Composition and ionic states

In order to determine the chemical composition of the
synthesized a-Fe,O; thin films, energy-dispersive X-ray spec-
troscopy (EDS) was performed. As shown in Fig. 4, only Fe and O
peaks were observed. The atom ratios of O/Fe were about 60/40
for all samples in the investigated temperature range. No vari-
ation of the bulk composition was observed with the increase of
the Ts. The ratios correspond well with the values calculated
from the formula of hematite and are in good agreement with
the literature.” The EDS analysis has confirmed the bulk
composition of a-Fe,0; samples.

A study of the catalyst surface by X-ray photoelectron spec-
troscopy (XPS) was carried out to obtain information of the
species involved in the catalytic reaction. The results are
depicted in Fig. 5. Fig. 5a shows the binding energies of Fe 2pj/,
and Fe 2p,,, observed at 710.94 and 724.02 eV, respectively,
which are characteristic of the Fe*" state in the o-Fe,O; thin
film.***” The energy difference between the Fe 2p;, binding
energy at 710.94 eV and that of the corresponding satellite peak
is 8.2 eV, proving the presence of Fe**.?2 The spectra of the O 1s
core-shell, as displayed in Fig. 5b, have been deconvoluted by
means of four contributions with binding energies ranging
from 529.0 to 536.0 eV. The lowest binding energy located at
~530 eV corresponds to the main lattice oxygen (Oy) contribu-
tion and is attributed to the oxygen present in the form of oxide
(O*7). The other three bands expanded until 535.87 eV can be
assigned to adsorbed oxygen (O,4s), including OH ™, C-0, O-C=
O and some moisture from air (H,0). The obtained positions of
all components are in reasonable accordance with the reported
values in the literature.**** As can be seen from Fig. 5b, the
intensity and the position of adsorbed oxygen are very sensitive
to the Ts, while the peaks corresponding to the lattice oxygen are
approximately at the same position with similar intensity for all
the investigated deposition temperatures. It is generally

J. Mater. Chem. A, 2013, 1, 10495-10504 | 10497


http://dx.doi.org/10.1039/c3ta11354j

Published on 09 July 2013. Downloaded by Universitat Bielefeld on 13/08/2013 12:32:18.

View Article Online

Fig.3 SEM images of a-Fe,Os3 thin films coated on stainless steel at: (a and d) 350 °C, (b and e) 400 °C and (c and f) 450 °C, and high vacuum HIM images of a-Fe,05
thin films coated on stainless steel at: (g and j) 350 °C, (h and k) 400 °C and (i and I) 450 °C.
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Fig. 4 EDS map of thin films of a-Fe,O3 with atomic percentage.

accepted that the catalytic combustion could occur upon the
lattice and/or the adsorbed oxygen. Thus the observed differ-
ences of the adsorbed and lattice oxygen among samples
synthesized at different deposition temperatures are expected
to play significant roles in the catalytic reaction.

Temperature-programmed reduction

The reducibility of a-Fe,O; was investigated by temperature-
programmed reduction (TPR) with emission FTIR as an in situ
monitoring technique. This method has been successfully used

10498 | J. Mater. Chem. A, 2013, 1, 10495-10504

to characterize the thermal properties of CVD-deposited oxide
thin films before;******> for example, the reduction of Co;0, to
CoO has been clearly demonstrated in ref. 52. TPR was carried
out with ~350 nm thick a-Fe,O; films. Fig. 6 shows the TPR
profiles of the samples obtained by integrating the two specific
emission bands characteristic of the Fe-O-Fe stretching vibra-
tion mode of the Fe,O;. The decrease of the relative intensity
indicates the consecutive loss of the a-Fe,O;3 structure upon
reduction. As shown in Fig. 6, complete reduction was observed
at 306 °C, 345 °C and 375 °C for samples prepared at 350 °C,
400 °C and 450 °C, respectively. Above 375 °C, a plateau of
complete reduction was observed for all samples; respective
data points are shown up to 400 °C to illustrate the trends of the
reduction process more clearly. Sample a-Fe,03-350 °C exhibits
the lowest temperature, and progressive shifts of the reduction
towards higher temperatures are observed for o-Fe,05-400 °C
and a-Fe,0;-450 °C. Wyrwalski et al. have reported that the
presence of anionic vacancies at higher temperatures was
responsible for the lower reducibility in some metal oxides.*
This could also occur in the current case for the films prepared
at higher temperatures.

Thermal stability

In order to determine the stability limit of the prepared a-Fe,O3,
in situ emission-FTIR spectroscopy was performed. As all
samples exhibit similar behavior, only the sample obtained at
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Fig. 5 XPS spectra of Fe 2p core-shell (a) and O 1s core-shell (b) of a-Fe,03 thin
films. Thin and thick lines are fitted and experimental results, respectively.
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Fig.6 TPR profiles of a-Fe, 053 thin films as a function of deposition temperature.

450 °C is presented as a representative. The thermal stability
was analyzed in atmospheric air. In this test, the temperature of
the catalyst was increased from 100 °C to 800 °C with a ramp of
5°C min~". As shown in Fig. 7, typical features of the a-Fe,O;
spinels with characteristics bands at 421 and 515 cm™* disap-
pear progressively with increasing temperature, indicating the
gradual loss of its crystallinity. The sample gradually releases its
lattice oxygen permitting an accurate determination of the limit
of the lattice stability at ~550 °C. Above 550 °C, the plot shows a
plateau which reflects the total loss of the a-Fe,O; phase. The
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Fig.7 Thermal stability of 430 nm a-Fe,03 deposited on a stainless steel mesh at
400 °C.

obtained thermal stability temperature is in line with early
reported values.*»* Thus, the catalytic tests were performed
within this stability limit.

Catalytic performance

To investigate the catalytic performance of the prepared films,
stainless steel mesh grid (stainless steel, SPW 40, 80 x 400,
micron-retention 36-45 pum) substrates were coated with
a-Fe,0;. Since the samples presented different morphology,
oxygen states distribution (0,45 and O;) and reducibility, the
catalytic test was performed for all samples to investigate these
effects on the catalytic properties. To analyze the catalytic
behavior after re-oxidation as a prerequisite for application in
consecutive cycles, the catalytic conversion of C3H was carried
out both before and after pre-treatment of the catalyst under
oxygen flow. This was done because the observed large amount
of adventitious carbon, C-O, and O-C=0 type moieties for the
samples prepared at 400 and 450 °C (Fig. ESI 11) would be
expected to limit their performance. The presence of these
carbonaceous species on the surface might lead to the forma-
tion of a barrier layer between the gas phase and the active solid
phase on the catalyst surface, and thus reduce the interaction of
gaseous oxygen with the surface. Bhargava et al.*® reported that
such intervening barrier layer, termed as the “native” surface
film, was responsible for protecting the iron oxides from surface
reactions. Consequently, the catalytic behavior of the prepared
catalyst was compared with fresh samples and pre-treated
samples under identical starting conditions. The catalytic tests
on fresh samples were performed over catalysts prepared at
350 °C and 450 °C which present the lowest and the highest
concentration of carbonaceous species, respectively. In addi-
tion, all pre-treated samples were used twice in the catalytic test
to assess the reproducibility. Fig. 8 displays the light-off curves
of C3;He conversion obtained with a-Fe,O; fresh samples
(Fig. 8a) and with «-Fe,O; pre-treated samples (Fig. 8b). With
fresh samples, CAT;5 -c with lower adsorbed species presents
better performance than CAT,s0 -c. Starting at 100 °C, pre-
treated samples exhibit no effect on the catalytic conversion of
C3Hg up to 225 °C. For each sample, the conversion begins at
around 250 °C. Temperatures for 10%, 50% and 90% C;Hg
conversion are presented in Table 2 for fresh and pre-treated
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Fig. 8 Light-off-curves of C3Hg conversion over a-Fe,O3 coated on the mesh of
stainless steel and non-coated mesh.

samples. The film prepared at 350 °C is the most active one
regarding the conversion profile as a function of temperature;
followed by the films obtained at 400 °C and 450 °C, respec-
tively. The experiments were repeated several times and the
results were reproducible (Fig. 8b). Especially, the surface
morphology and composition were detected to remain the same
by measuring the samples before and after the catalytic tests
with HIM/XPS (see Fig. ESI 2 and 37). This observation further
confirms that the adsorbed oxygen at the surface of the catalysts
does not play a major role in the conversion of propene. a-Fe,03
presents competitive activity to that reported for supported
noble metals®**” as evident from Table ESI 2.} The table
includes some recent examples for propene conversion given in
the literature which were carefully selected to present approxi-
mately comparable conditions, if possible, with respect to
weight hourly space velocity (WHSV) and weight of the catalyst
sample. More details regarding the comparison can be found in
the ESLT In total, a-Fe,O; is active, reusable, and reproducible
and no deactivation was observed after several times of use
(Fig. 8b).
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To identify clearly the phenomenon governing the difference
in activity between the three catalytic films in Fig. 8 and Table 2,
a correlation between the catalytic behavior and the a-Fe,0;
characterization results was made. The XPS results revealed the
presence of both adsorbed and lattice oxygen. The O,q44/Oy, ratio
of CAT3;50 - Was the lowest for the three samples. The catalytic
tests over fresh and pre-treated samples reveal the negligible
role of the adsorbed oxygen, suggesting that the lattice oxygen
plays a key role in the reaction sequence. This is corroborated by
the TPR experiments. Based on these and the XPS results, the
possible oxidation mechanism of C;Hs over the as-prepared
catalysts can be discussed.

For the catalytic oxidation of hydrocarbons, two mechanisms
have been widely accepted: a suprafacial mechanism, which
involves interaction of surface oxygen with reactants, and an
intrafacial mechanism. This Mars van Krevelen mechanism
involves migration of bulk oxygen to the surface, where it
participates in the reaction with the reactant, and replacement
of bulk oxygen by oxygen from the gas phase.®® Numerous
investigations have pointed out that this mechanism is active in
the combustion of hydrocarbon over transition metal oxide
catalysts.”* In particular, Sciré et al®* and Morales et al *
studied catalytic combustion of VOCs over pure Fe,0;, Au/Ag/
Cu-supported Fe,Oz;, and Mn,Oj;, respectively. Both groups
adopted a Mars van Krevelen type reaction mechanism to
account for the reaction sequence. Also, catalytic combustion of
C;H, over Coz0, has been reported by Liotta et al.®* to proceed
according to the Mars van Krevelen mechanism. From the
comparison of the results regarding fresh and pre-treated
samples, it is thus plausible that C;Hs combustion over a-Fe,O3
follows an intrafacial mechanism, which involves a redox cycle
and is related to the mobility of the lattice oxygen. The oxygen
mobility associated with the catalyst reducibility is an impor-
tant step in the mechanism. It is worth mentioning that the
lower the reducibility temperature, the higher the mobility of
lattice oxygen. Thus, a relationship between catalytic activity
and reducibility may be established when the -catalyst
undergoes a redox cycle.*® Considering the TPR results, it can be
concluded that the mobility of the lattice oxygen in the samples
is in the following order: CAT350 oc > CAT400 o.c > CATy50 oc. SO it
is reasonable that the CAT3s4 - exhibits the highest catalytic
activity due to its better reducibility. For the CAT,¢, -c and the
CAT,50 -c samples, their catalytic behavior also follows the
reducibility order.

The catalytic oxidation of C;Hg by a-Fe,O; can be broken
down into several steps as follows: C;Hg adsorption on the

Table 2 XPS peak deconvolution result in percentage, O,q4s/O ratio, T1o, Tso and Tog of a-Fe,05 at different 7,7

T1O (OC’) TSO (OC) T90 (OC)
0-C=0,
oy (%) OH™ (%) C=0 (%) H,0 (%) Oaas/OL FS PS FS PS FS PS
CAT350 - 46.52 25.87 22.76 — 1.05 264 260 326 315 405 350
CAT400 °c 31.19 23.69 41.20 3.92 2.21 — 295 — 355 — 400
CAT,50 oc 27.31 25.47 43.82 3.41 2.66 326 302 405 380 470 435

“ Note: CAT refers to a-Fe,03; FS is fresh samples; PS is pre-treated samples.
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catalyst surface, reduction of the catalyst accompanied by
releasing the oxygen atom, and finally, the re-oxidation of the
reduced iron cations by oxygen from the gas phase into Fe,0;.
Therefore, the redox tendency of a-Fe,O; plays an important
role, which is related to the surface densities of the iron atoms
in the prepared o-Fe,O; thin films.* The increased diffusion
rate of oxygen in the lattice causes an increase of the catalytic
activity. Again, a-Fe,O; thin films prepared in this work present
competitive performance to that reported for supported noble
metals (see Table ESI 21t).7”

In addition to the role played by the lattice oxygen in the
catalytic performance, the differences observed in the catalytic
properties may be also explained in correlation with the film
morphology and preparation temperature. The a-Fe,O; thin
films can favor the exposition of some reactive crystal planes,
and hence promote their reaction efficiency. In fact, it is well-
known that the sizes, shapes, and structures of catalyst mate-
rials are closely related to the catalytic performance.***
However, very little is known about the morphology-preparation
temperature dependence of the catalytic activity of a-Fe,O;
nano-crystals. In this investigation, the SEM/HIM results indi-
cated that T was the principal factor controlling the film
morphology, since only Ts was varied during the preparation
process. The morphology variation with T, was important in the
catalytic activity of a-Fe,O;. Therefore, we discuss the catalytic
activity of a-Fe,O; thin films further in light of the different
geometric structures imposed by the T variation. It can be seen
that all the three o-Fe,O; samples show good reactivity
compared to the test without catalyst. In detail, sample
CAT;50 -¢ achieved a conversion of 90% at 350 °C, which is the
most efficient catalyst of the three samples. Samples CAT 400
and CAT,so -c gave 90% conversion at 400 °C and 435 °C. The
different reactivity of the three samples may also be a result of
the crystallization, morphology and structure of a-Fe,Os. It has
been reported that a-Fe,O; nanocatalysts showed apparent
shape-dependent properties in CO and VOCs oxidation and the
exposed facets have greatly modulated the reaction effi-
ciency.***” Such morphology-dependent catalytic behavior of a-
Fe,0; has been further verified in liquid-phase reactions® and
photocatalysis.® The a-Fe,O; in the present work also exhibits a
morphology-dependent catalytic performance. The ordered
octahedral fine crystalline grains obtained at both 350 and
400 °C present better performance than the sample prepared at
450 °C with poor crystal structure. Three different planes exist
in the hematite crystal structure on which the densities of active
sites such as the iron atoms are different.”” Exposed planes
containing more iron atoms could provide more active sites for
catalytic reactions and consequently higher catalytic perfor-
mance. The catalytic performance can benefit from the exposed
plate-like structures which could adsorb abundant gaseous
molecules on the surface of the sample as an opportunity for
their participation in the reaction sequence.

The grain size of a catalyst is one of the most important
factors that determine the performance. In general, the smaller
the grain size, the larger the specific surface area. As indicated
by the SEM and HIM analysis, the grain size was found to be
significantly dependent on the deposition temperature. The
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increase of the preparation temperature leads to an increase of
the grain size. It is thus assumed that CAT;s, ¢ with the
smallest grain size (~34 nm) possesses the largest specific
surface area. This argument is consistent with the experimental
observation that CAT;sq - presents the best performance.

Regarding the results obtained in this study, in addition to
the fact that the shape of the metal oxides, through preferential
exposure of reactive crystal planes, affects the catalytic reactivity
as significantly as the traditionally considered parameters such
as particle size and surface area,'” the observed catalytic
performance of the iron oxide can also be related to the film
morphology. Further studies on the preparation temperature-
associated catalytic activities of different a-Fe,O; thin films will
assist in the understanding of other catalyst nano-crystals and
thus offer great opportunities to explore the dependence of a
material's properties on the morphology and structure. The
results highlight the validity of the PSE-CVD approach for the
tailored synthesis of materials with specific morphology and
good catalytic performance.

Experimental
Preparation of a-Fe,O; thin films

The growth of a-Fe,O; inverse spinel thin films was performed
in a cold-wall stagnation point-flow CVD reactor, which is
equipped with a homemade PSE unit for the delivery of liquid
precursor feedstock. More details about the experimental setup
are presented in Fig. ESI 4.1 Fe(acac); dissolved in THF was used
as the feedstock at a concentration of 5 mM. Fe(acac); was
purchased from STREM Chemicals and was used as received.
Metal acetylacetonates were selected in this study as precursors
because of their stability and high solubility in THF.** The PSE
delivery was achieved with a valve opening time of 2.5 ms and a
frequency of 4 Hz. The evaporation of the injected feedstock
takes place at 220 °C in the tubular vertical 30 cm long evapo-
ration chamber, where a complete evaporation of the precursors
in addition to THF takes place. The resulting vapour was
transported to the deposition chamber with N,/O, flow rates of
0.16/1.0 standard liter per minute (SLM). Stainless steel plates,
steel mesh and silicon were used as substrates. The deposition
temperature was varied (350-450 °C), while the total pressure in
the reactor was kept constant at 25 mbar. The experimental
condition for the preparation is summarized in Table ESI 1.}

Characterizations

The identification of the crystalline phase of the grown films
was performed using several techniques, including X-ray
diffraction (XRD), Raman scattering spectroscopy and energy
dispersive spectroscopy (EDS). The XRD (PHILIPS X'Pert Pro
MDR diffractometer with a PW 3830 X-ray generator) was
carried out under ambient conditions. The crystalline phases
were identified by referring to the powder XRD database (JCPDS-
ICDD) and the crystallite sizes were calculated using the value of
full width at half maximum (FWHM) for the highest intensity
diffraction peak, by means of the following well known Debye-
Scherrer equation:”*7>
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where 4 is the wavelength, § is the full width at half maximum
(FWHM) of the peak and 6 is Bragg's angle of the XRD peak. The
thickness of the obtained films was estimated gravimetrically
using a microbalance (Mettler ME 30, digital resolution of 1 ug).
A home-built Raman spectrometer with respective spectral
resolutions of 2 and 4 ecm ™" was used to confirm the hematite
spinel structure of the obtained oxides. Details related to the
Raman measurements have been reported elsewhere.” The film
composition (%) was determined by energy dispersive spec-
troscopy (EDS, S-450 Hitachi) and X-ray photoelectron spec-
troscopy (XPS, Multiprobe, Omicron Nanotechnology). XPS was
done in a multi-technique UHV instrument using a mono-
chromatic Al Ka X-ray source (1486.7 eV, 250 W) and a hemi-
spherical electron energy analyzer (Sphera) in the constant
analyzer energy mode. The sample was at an angle of 13° from
the surface normal to the electron detector. The chamber
pressure was 5 x 10~ '° mbar. CasaXPS was used for the analysis
of the XP spectra, and a Shirley background subtraction
procedure was employed. The peak shape was Gaussian-Lor-
entzian with 50% for O 1s and 30% for C 1s. The microstructure
was examined using scanning electron microscopy (SEM, S-450
Hitachi) and helium ion microscopy (HIM, Carl Zeiss Orion
Plus®). The helium ion beam was operated at 35 kV accelera-
tion voltage at a current of 0.8 pA. We used a 5 um Aperture at
Spot Control 4. The working distance was 9 mm at a sample tilt
of 0°. Secondary electrons were collected by an Everhart-
Thornley detector at 500 V grid voltage. The samples were
plasma-cleaned in the HIM Load-Lock for 8 minutes before
measurement. The thermal stability was measured by means of
an emission-FTIR spectrometer (Thermo Nicolet 5700). To
illustrate the reduction properties of the a-Fe,O; films grown on
stainless steel substrates, a temperature-programmed reduc-
tion (TPR) was performed in the temperature range of 100-
500 °C with a temperature ramp of 3 °C min*, under an argon
flow of 0.05 L min~ " containing 5 vol% of H,. During the TPR
analyses, the IR emission spectra were recorded continuously
and characteristic bands were integrated versus temperature to
discuss the redox properties. With this technique, the sensi-
tivity limited by detecting tiny changes in the dynamically
renewed gas in the conventional method is substantially
improved.®

Catalytic test

The catalytic performance for C;Hs combustion was carried out
over a-Fe,O; in a quartz reactor. The catalytic tests were per-
formed on the fresh samples and pretreated ones. The samples
were treated by a flow of 10% O, stream diluted in Ar at 300 °C
for 1 hour. The experimental setup is shown in Fig. ESI 5.7 The
total flow rate was kept at 15 ml min~" with 1% of C;Hg and
10% of O, diluted in Ar. The weight hourly space velocity
(WHSV) was controlled at 45 000 ml g, * h™'. The gas flow
rates were controlled by MKS mass-flow controllers, whereas the
temperature inside the reactor was raised with a ramp of 3 °C
min~" using a HT60 controller (Horst). The temperature of the

10502 | J. Mater. Chem. A, 2013, 1, 10495-10504

View Article Online

mesh inside the reactor was recorded using a K-thermocouple
and a digital thermometer (Greisinger GMH3250). The exhaust
gases were analyzed using a homemade KBr transmission-FTIR
cell coupled to a commercial FTIR spectrometer with a sensi-
tivity of 0.1% (Thermo Nicolet 5700) in the wavelength range of
400-4000 cm™*. This technique has been used to detect reac-
tants, products and stable intermediates. Details of the data
treatment were described elsewhere.® Blank experiments were
performed using a reactor filled with a non-coated mesh of
stainless steel.

Conclusions

Thin films of a-Fe,O; were synthesized via a PSE-CVD process.
The obtained thin film was systematically characterized in
terms of structure, composition, thermal stability, reducibility
and catalytic properties. The substrate temperature was found
to play an important role in the crystalline shape evolution and,
therefore, determined the film morphology. The obtained
a-Fe,0; was shown to be thermally stable up to 500 °C, attesting
to the most stable status of hematite. The thin film of a-Fe,O;
exhibited good catalytic performance towards catalytic
combustion of C3;He. Moreover, no trace of carbon monoxide
commonly observed in the catalytic oxidation of some volatile
organic compounds by metal oxides was observed. The a-Fe,0;
catalyst maintained its activity and stability upon several
consecutive heating and cooling cycles. The lattice oxygen
detected by XPS, the reduction property and the fine crystalline
shape of samples prepared at low temperature played important
roles in the catalytic oxidation process of C;Hs. Here we show
that good performance for catalytic abatement of VOCs can be
achieved with a-Fe,Oj3 thin films with complex shapes, prepared
in the absence of any dopants, surfactants or capping agents.
The activity of the prominent catalytic behavior of the a-Fe,03
catalyst is due to the concerted functions between the surface
chemical composition, reducibility and film morphology.
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Table ESI 1 Experimental conditions for the preparation of a-Fe,O;

Precursor Fe(acac);
Solvent Tetrahydrofuran
Concentration of precursor 5 mM
Frequency 4 Hz
Opening time 2 ms
Evaporation temperature 220 °C
Transportation temperature 220 °C

Substrate temperature

350 °C; 400 °C and 450 °C

Deposition pressure (mbar) 25
N, (SLM) 0.16
0, (SLM) 10
Substrates Silicon, planar and mesh of

stainless steel
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Table ESI 2 Overview of the catalytic performance of the as-prepared a-Fe,O3; and some catalysts in the

literature
Material Vzggl;t Gas composition (HVKI—;S]\;”]) ;1:)]((’:; ;FOS((’:; ;1:)9(0:; Ref.
a-Fe,03350 °C 260 313 350
a-Fe, 03400 °C 20 1% C3He/10% O; in Ar 45000 295 355 400 This
work
a-Fe,03;450 °C 302 380 435
Co304 12 1% C3Hg/10% O, in Ar 75000 306 347 396 [1]
Co0304 41.5 2% C3Hg/ 20%0; in Ar 73000 293 327 356 [2]
Co304 12 2% C3Hg/ 20%0, in Ar 75000 325 354 385 [3]
Co0,.66Mny 3404 12 2% C3Hg/ 20%0, in Ar 75000 277 321 356 [3]
Cu9.72C02.2804 40 13% C5He/ 52%0; in N, 15000 230 275 >400 [4]
Au/AlL0; 200 1.5% Cs;Hg/ 4% O, in He 22500 288 349 410 [5]
Au/AlL0; 200 1% C3H¢/ 9% O, in He 219512 - 365 - [6]
Au/BaO/Al,03 200 1% C3H¢/ 9% O, in He 250000 - 290 - [6]
Au/Rb,0/Al1,0; 200 1% C3H¢/ 9% O, in He 257143 - 307 - [6]
Au/Li,O/Al,04 200 1% C3H¢/ 9% O, in He 225000 - 327 - [6]
Au/MgO/Al,04 200 1% C3H¢/ 9% O, in He 214286 - 359 - [6]
Ag/Al,O, 50 3% C3Hg/ 10% O, in N, 12000 - - 420 [7]
La; 7St3Cu04Sy » 200 0.1% C;3;H¢/ 5% O, in N, 30000 368 419 500 [8]
Non-coated mesh - 1% C3He/10% O, in Ar - 381 550 680 \:52;]5(

Note: “ WHSV is weight hourly space velocity; b T1o, Tso and Ty refer to the temperatures at which 10%, 50% and 90%
propene is converted, respectively.

The table ESI 2 presents an overview of the catalytic performance of the as-prepared a-Fe,O3; and
selected catalysts in the literature. Special attention is devoted to the comparison of the catalytic
performance with noble metals and transition metals oxides. As crucial factors, the weights of the
catalyst and the WHSV have been taken in account. Even though the experimental conditions are
somewhat different, it can be seen from the table that both groups give similar results with the
respect to the oxidation of propene. As pointed out in our recent work, Co304 and Co-based mixed
oxide are very active. Up to now, only few studies involved iron oxide, especially hematite, for

propene conversion. As mentioned in the introduction, iron compounds are abundantly available
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and have attractive consideration attention because of their properties such as high thermodynamic
stability and low cost; also, they are environmentally friendly. Therefore, a-Fe,O; presents
significant advantages over others transition metal oxides. In summary, as demonstrated here,
hematite investigated in the present study can be successfully synthesized and is very active for

VOCs conversion.

Carbon species analysis

Cis
,f"l

ptY W

i 00

Relative Intensity (a.u.)

292 290 288 286 284 282
Binding energy (eV)

Fig. ESI 1 XPS spectra of Cls core shell present on a-Fe,Os. Thin and thick lines are fitted and

experimental results, respectively.

Figure ESI 1 shows the Cls signal, in which three observed peaks are resolved into three
components corresponding to adventitious carbon, C—O, and O—C=0 moieties, respectively.
The observed peaks confirmed the presence of a large amount amoung of carbonaceous species
at the surface of the as-prepared a-Fe,Os3, which are in excellent agreement with results of the

oxygen signals.
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Morphology inspection of hematite sample prepared at 350 °C and 450°C, befor and after the

catalytic test

Before tests After tests

Tcesieration V
sk

Blarker
105pA

450 °C

Fig. ESI 2 High magnification HIM images of hematite preapared at 350 °C and 450 °C before and after the

catalytic tests.
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Comparaison of XPS results of hematite samples before and after the catalytic test

Relative intensity (a.u.)

Relative intensity (a.u.)

Before tests

740 735 730 725 720 715 710 705 700
Binding Energy (eV)

2l C_OIO_\C=00!U‘O'53H_ OLQC'.N‘Q 2.
3 P
o s
3 h{_ult
g 2
£ 2
=
2 ®
5 2
& K-
%}
o
740 7 7w 725 F20 T 710 705 700 538 55!6 554 5:‘;2 5:';0 5;'33 526 292
Binding Energy (eV) o
Binding energy (eV)
After tests
24 El
Fe2p,, ofs —] 8
. s 2
250 G 2 g
3 &
5 £
£ g
© E=1
450 °C = B
= x
[T}
o

540 538 536 534 532 530 528 526
Binding energy (eV)

288 286 284 282 280
Binding Energy (eV)

292 290

Fig. ESI 3 XPS spectra of of hematite preapared at 350 °C and 450 °C before and after the catalytic

tests. The high noise in the “after tests” measurements was due to a substantially lower X-ray source

intensity.

As can be seen from Figs. ESI 2 and 3, the fim morphology and surface composition remain quite

similar for the samples before and after the catalytic test. Together with the reproducibility results

in Fig. 8b, it can be predicted that the catalytic properties are not largely affected, which is also

supported by the present morphology and compostion results.
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Brief description of the PSE-CVD rector

The growth of a-Fe;O; thin films was performed in a cold-wall stagnation point-flow CVD

reactor, which is associated with a homemade PSE unit for the control delivery of liquid

precursor feedstock. The reactor consists of three detachable parts: the evaporation zone (part

I), carrier and transport gas zone (Part II) located above the cold-wall CVD chamber in which a

flat heater (part III) is placed over the ceramic blocks. All parts were heated separately, and

their temperatures were controlled by a temperature control unit (HT-60, Horst).

N2 Oz 7
i +- Feedstock
MFC
Pressure controller
«———— Pulse-spray nozzle

i Evaporation zone
— — (T,}x220°C
e o e )
Heat controller | JP— Transport zone
(T))=220°C — Zone li
Exhaust 7]

Substrate heater

Rotary pump Ceramic block

Liquid N, trap

Fig. ESI 4 PSE-CVD reactor used for the synthesis of hematite.
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Flow reactor use for the catalytic test

Temperature

Ar O, recorder
l l . ThEIMO cOUple
MFC

<+ Controlled Heating
band

Coated mesh

Fig. ESI 5 Schematic representation of the flow-reactor used for catalytic test.
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» PSE-CVD was applied to prepare pure hematite thin films.

» The structure, thermal and optical property of hematite was characterized.

» Hematite was thermally stable up to 500 °C and exhibited a band gap of 2.16 eV.

» Hematite showed competitive performance with reported catalysts for CO oxidation.

» A redox reaction mechanism was proposed based on the lattice and adsorbed oxygen.
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ARTICLE INFO ABSTRACT

Available online 14 June 2013 Catalytically active thin films of hematite («-Fe,03) were synthesized by pulsed-spray evaporation chemical
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1. Introduction

In the last two decades, huge amounts of carbon monoxide (CO)
were globally emitted (1.09 billion tons in 2000), mainly from transpor-
tation, power plants as well as industrial and domestic activities [1]. CO
is a precursor gas of ground-level ozone, which can trigger serious respi-
ratory problems [2]. On average, an exposure of CO at 50 ppm or greater
is dangerous to human beings and animals. It is thus urgent to reduce
CO emissions. One of the efficient methods of waste gas purification
from CO and organic matter (CHy, CtH,O,) consists of their catalytic ox-
idation to non-toxic compounds, specifically carbon dioxide and water.
Regarding the high price of noble metals on the one hand and the re-
markable progress in active oxide syntheses on the other, catalytic oxi-
dation of CO over oxides has captured increasing attention, and
considerable effort has been devoted to the synthesis of transition
metal oxides (TMOs) for such purposes [3-8].

Among these TMOs, hematite (a-Fe;03) has been extensively
studied because of its excellent chemical stability, natural abundance
and low cost. It has a wide range of applications, such as for catalysts
[9,10], magnetic materials [11], gas sensors [12] and lithium-ion bat-
teries [13]. In addition, as an important precursor, a-Fe;03 can be

* Corresponding author. Tel.: +49 521 106 2199; fax: +49 521 106 6027.
E-mail address: zhenyu.tian@uni-bielefeld.de (Z.-Y. Tian).

0257-8972/% - see front matter © 2013 Elsevier B.V. All rights reserved.
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converted into other functional materials such as maghemite
(7y-Fe;03) and magnetite (Fes04) [14].

Inspired by this diverse applicability of a-Fe,03, numerous ap-
proaches were employed for its synthesis, including hydrothermal
methods [15], spray pyrolysis [16], magnetron sputtering [17], elec-
trochemical deposition [18] and other techniques [19-24]. Chemical
vapor deposition (CVD) has been found to be quite suitable for the
preparation of metal oxide thin films. Especially, pulsed spray evapo-
ration (PSE) CVD is considered as a promising method to prepare
pure films given its relatively low cost and simplicity, high through-
put and easy control of the thickness and morphology of the samples.
It is particularly suitable for precursors with limited thermal stability
and well adapted for systematic synthesis of single-phase/doped
metals [25,26], spinels [27] or perovskites [28] with tailored composi-
tion and morphology on a number of relevant substrates.

The present work aims to report the facile synthesis and the
comprehensive characterization of pure a-Fe,03 at low temperature
(energy saving conditions) using a more elaborated CVD approach
and the investigation of its catalytic performance towards CO conver-
sion to CO,. The structure, chemical composition, morphology and
optical properties of the prepared samples were investigated system-
atically with several dedicated characterization techniques. The cata-
lytic property of the deposited thin film was investigated for the total
oxidation reaction of CO in a tubular quartz flow reactor.
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2. Material and methods
2.1. Preparation of a-Fe,03 thin films

The growth of a-Fe,03 thin films was performed in a cold-wall
stagnation point-flow CVD reactor, which is associated with a PSE
unit for the controlled delivery of liquid precursor feedstock. A sche-
matic representation of the setup is displayed in Fig. 1. The reactor
consists of three zones: the evaporation zone (Zone [), the 30 cm
long transportation zone (Zone II) and the deposition zone featured
with a flat heater (Zone III). In the deposition process, commercially
available iron acetylacetonate (Fe(acac)s, Merck, 99%) was used as
precursor and dissolved in tetrahydrofuran (THF, Prolabo HPCL 99%)
to provide 5 mM concentration of liquid feedstock. The liquid feed-
stock was injected with a pulse frequency of 4 Hz and pulse width
of 2.5 ms. The resulting spray passed through Zone I, giving rise to
precursor vapor, which was then transported with a mixture of N,
and O (flow rates of 0.5 and 1.0 standard liter per minute, SLM, re-
spectively) into Zone II. Finally, the deposition occurred on several
types of heated substrates, including glass, silicon, planar stainless
steel and gird mesh at 300 °C in Zone III. These substrates were se-
lected to meet the requirements of the different characterization
techniques. The temperatures were controlled by a heating controller
(HT-60, Horst). Zones I and Il were kept at 220 °C and the pressure
was kept at 30 mbar during the deposition process. The thickness of
the obtained films, which can be easily varied by adapting with differ-
ent deposition parameters, was estimated gravimetrically using a mi-
crobalance (Mettler ME 30, digital resolution of 1 pg).

2.2. Characterization

The obtained films were characterized in terms of structure, mor-
phology, chemical composition, optical property with X-ray diffraction
(XRD), emission Fourier transform infrared (FTIR) and Raman spectros-
copy, Scanning electron microscopy (SEM), Helium ion microscopy
(HIM), Energy dispersive spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS) and Ultraviolet-Visible (UV-Vis) spectrometry.
The XRD analysis (Philips X'Pert Pro MDR diffractometer with PW
3830 X-ray generator) was carried out under ambient conditions. The
crystalline phase was identified by referring to the powder XRD data-
base (JCPDS-ICDD). A Raman spectrometer with a spectral resolution
of 4 cm™! was used to confirm the hematite structure of the sample.
The chemical composition of the film was determined using EDS
(S-450 Hitachi) and XPS (Multiprobe, Omicron Nanotechnology). The
microstructure was examined using SEM (S-450 Hitachi) and HIM

N2 Q2 N
1 *— Feedstock
Zone |
Pressure controller ™ Pulse-spray nozzle —
Evaporation zone
— (T,)=220°C
Transport zone
(T)=220"C — Zone I
Exhaust
Substrate heater
a0 { (T=300°C L Zonel
Rotary pump Ceramic block
Liquid N, trap

Fig. 1. Schematic PSE-CVD setup used for the preparation of c-Fe;05 thin films.

(Zeiss, Orion plus). The optical property was evaluated using a UV-Vis
spectrophotometer (Shimadzu UV-2501PC).

2.3. Catalytic test

The catalytic performance of the obtained a-Fe,03 for CO conver-
sion was investigated in a fixed-bed quartz reactor. Details of the
setup were described in our recent work [29]. 20 mg of the catalyst
supported on grid mesh of stainless steel (SPW 40, 80 x 400) was lo-
cated inside the reactor. The total flow rate was kept at 15 ml min™!
with 1% of CO and 10% O, diluted in Ar, corresponding to the weight
hourly space velocity (WHSV) at 45,000 ml g~ ', h™'. The gas flow
rates were controlled by mass-flow controllers (MKS). The tempera-
ture of the reactor was raised with a ramp of 3 °C/min (Horst
HT60 controller) and the temperature of the mesh inside the reactor
was recorded using a K-thermocouple and a digital thermometer
(Greisinger GMH3250). The exhaust gases were analyzed using a
homemade KBr transmission cell equipped in an FTIR spectrometer
(Nicolet FTIR 5700) over the wavelength range of 400-4000 cm™ .
Details about the data treatment were described elsewhere [29].

3. Results and discussion
3.1. Characterization of the structure

Fig. 2 presents the XRD pattern of a representative sample film
(~300 nm) deposited at 300 °C. The diffraction peaks can be indexed
to the inverse spinel phase of Fe,O5; (JCPDS 39-0238). No evidence of
impurity phases such as FeO and Fe304 was observed, indicating that
pure Fe,05 products were obtained under the selected conditions. It is
worth mentioning that negligible deposition was observed when the
substrate temperature was lower than 300 °C. Emission FTIR analysis
was employed to determine the nature of vibrational bands and func-
tional groups of the prepared sample. As presented in Fig. 3, two strong
peaks at 420 and 515 cm™~ ! were observed, which can be attributed to
the Fe— O-Fe stretching vibration mode of Fe,0s3, in good agreement
with the reported values [30].

Although XRD and emission FTIR confirmed that the obtained thin
film was Fe,03, they couldn't differentiate the four Fe,03 phases. In
this work, Raman spectroscopy was used to identify Fe,O3; phases.
As shown in Fig. 4, the spectrum is indicative of the a-Fe,03 phase
exhibiting peaks at 225 and 491 cm™ ! due to the A; vibrational
mode and at 245, 294, 411, 612 and 660 cm~' corresponding to the
E, vibrational mode. The observed peak values matched well with
previously reported Raman data for hematite [31,32]. The Raman
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Fig. 2. XRD pattern of a representative a-Fe,05 thin film.
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Fig. 3. Emission FTIR spectrum of a representative a-Fe,03 thin film.

analysis reveals that a-Fe,03 is the unique phase, which further clar-
ifies the results obtained with XRD and FTIR.

Several CVD approaches have been used to prepare a-Fe,03 previ-
ously [33-36]. However, in these cases, stringent conditions such as spe-
cific deposition temperatures and precursor vapor pressures were
needed. For example, Tahir et al. [34] used Fe(CO)s, which is not envi-
ronmentally friendly, as the precursor in atmospheric-pressure CVD be-
cause it has a relatively high vapor pressure. Also, numerous works
reported that a further post-annealing step at high temperature was re-
quired to increase the crystallinity of the iron oxide films [9,35,37]. In the
present work, Fe(acac); not only permits the deposition of pure o-Fe,03
thin films by PSE-CVD but also allows the desired films to be obtained at
relative low temperature (300 °C). The results highlight the validity of
the PSE-CVD approach for the synthesis of single-phase materials at
low temperature with easy control of deposition parameters.

3.2. Morphology and chemical composition

In this investigation, two different methods of morphology inspec-
tion, namely SEM and HIM, were utilized to probe the film morphol-
ogy. In HIM, a finely focused beam of helium ions with a diameter
down to 0.35 nm is scanned over the sample, and the secondary elec-
trons (SE) generated by the He™ impact are detected. In SE imaging,
the topology of the sample produces more contrast as more electrons
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Fig. 4. Raman spectrum of a representative a-Fe,05 thin film.

are ejected when the He™ beam hits the sample at glancing incidence.
Since the SE energy is very low, it leads to a higher surface sensitivity
than typical electron microscopy. Fig. 5 shows representative SEM
and HIM images of the hematite with different magnifications. The
SEM images in Fig. 5(a-c) clearly reveal that the film is composed of
a large quantity of plate-like geometric structures. It is also observed
from HIM images in Fig. 5(d-f) that the a-Fe,03; sample exhibits
mainly nano-plate structures with random orientations. According
to Ma et al. [38], such a morphology often possesses better mechani-
cal strength and has a lower pressure drop, which allows for higher
reactant gas velocities than fine powder catalysts. The observed mor-
phology may thus be related with the catalytic performance of the de-
posited a-Fe,0s.

EDS was performed to determine the chemical composition of
a-Fe,03 thin film. As shown in Fig. 6, only Fe and O peaks were ob-
served. The atomic ratio of O/Fe was about 1.5 for the sample. This
ratio corresponds well with the value calculated from the formula of
hematite.

XPS results for the prepared a-Fe,03 thin film are shown in Fig. 7.
The binding energies of Fe 2p;, and Fe 2p;,, were determined to be
711.03 and 725.2 eV, respectively, which is characteristic of the Fe* "
state in a-Fe,03 [39,40]. The binding energies of O 1s were observed
to be 530.3 and 532.4 eV, corresponding to lattice oxygen (Or) and
adsorbed oxygen (0O.qs), respectively. Based on the XPS results, the
atomic ratio of O/Fe was estimated to be 1.5, which is consistent with
the XRD, FTIR, Raman and EDS analysis.

3.3. Optical properties

A correlation between catalytic performance and band gap ener-
gies of metal oxides has been reported by Jibril [41]. According to
the author, metal oxides with a low energy band gap generally exhibit
good catalytic performance [41]. A recent study by Tian et al. [25] on
structure sensitivity of propene oxidation over Co-based spinel oxides
confirmed the observation of Jibril [41]. The optical absorption spec-
trum and the Tauc plot showing the estimated band gap energy for
the hematite thin films were investigated and the results are
presented in Fig. 8. The absorption gradually decreases as the wave-
length extends towards the visible region. From 400 to 600 nm, the
absorption decreases significantly and becomes linear into the red re-
gion. The optical band gap energy from the optical absorption spec-
trum was estimated from the Tauc plot which uses the relationship
between the incident photon energy (hv) and the absorption coeffi-
cient (a):

ahv = A(hv—Eg) "

Here, A is a constant related to the refractive index, Eg is the band
gap depending on the crystal structure and phase composition, and
n = 1/2 for an allowed direct transitions. The band gap energy is es-
timated from the intercept of the extrapolated linear fit to the exper-
imental data. The band gap energy was determined to be 2.16 +
0.05 eV, which is consistent with previously reported data [39,42].
With a narrow band gap, the lattice oxygen mobility increases, and
the migration of 0>~ from the bulk to the surface becomes easier, fa-
voring the catalyst's reducibility. It is therefore expected that the
lower energy band gap obtained in this study for a-Fe,03 will en-
hance its catalytic performance.

3.4. Catalytic properties

Catalytic oxidation of CO has attracted wide attention due to its appli-
cations in the purification of automotive exhaust. In this work, the cata-
lytic performance was investigated for CO oxidation over a-Fe,03 thin
film. As a reference, the reaction was firstly performed on non-coated
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Fig. 5. SEM (a-c) and HIM (d-f) images at different magnifications of a-Fe,05 thin films coated on stainless steel mesh at 300 °C.
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Fig. 6. EDX spectrum of a representative a-Fe,05 thin film.

0.35

stainless steel mesh in the temperature range of 180 °C to 950 °C. An
identical mesh coated with 20 mg a-Fe,03 was then tested under the
same inlet gas conditions, but raising the temperature only to 500 °C,
the stability limit of a-Fe,Os. In the presence of a-Fe,0s, the conversion
of CO started at ~220 °C and complete conversion occurred at 398 °C,
while these values were shifted to ~300 and 930 °C on non-coated
mesh, respectively, revealing the better catalytic performance of the de-
posited thin films. A systematic study was carried out by Walker et al.
[43] to evaluate the possible application of iron catalysts for automotive
emission control. Unsupported Fe,0s; and several supported catalysts
were investigated in CO oxidation [43]. The authors reported the follow-
ing order of activity in CO oxidation: Fe,03/Al,03 > Fe,03/TiO, =~ Fe,
03 > FeSbO, > FePO, > Fe;(Mo0,)s. The temperature at 10% and 50%
of CO conversion, T;p and Tsp, was found to be 327 and 398 °C with
Fe,03 as the catalyst [43]. In the present study, a-Fe,05 thin films with
plate-like structure obtained by PSE-CVD enabled the conversion of CO
to CO, at Ty and Tsp at 260 and 320 °C, respectively. As shown in
Fig. 9, the second run of the catalytic test gave quite similar values for
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Fig. 7. XPS spectra showing Fe 2p (a) and O 1s signals (b) of a representative a-Fe,03
thin film.

T10 and Tsp. This result confirms the good performance of the prepared
catalyst, also with respect to the literature [4,8,27,43-47]. Table 1 pre-
sents the comparison of CO conversion results over a-Fe,O3 thin films
obtained in this study with other reported data. It should be mentioned
that the reusability of the obtained a-Fe,0s films and reproducibility of
their catalytic performance in this work are satisfactory within experi-
mental uncertainty (see Fig. 9). By comparing the XRD spectra measured
before and after the catalytic test, the catalytic oxidation of CO under
oxygen-rich condition is confirmed to have no obvious effect on the cat-
alyst structure.

Two mechanisms can be involved in CO oxidation over hematite,
namely the Eley-Rideal (ER) and the Langmuir-Hinshelwood (LH)
mechanisms. The ER mechanism where an adsorbed species reacts
with a gas-phase species has been discussed by Halim et al. [5] and
Wagloehner et al. [48]. Bergermayer and Schweiger [49], in an ab
initio thermodynamic study of Fe,0s, discussed the LH mechanism
where both reacting species must first adsorb, followed by the con-
version reaction. In 2007, Kandalam et al. [50] discussed both mecha-
nisms for the oxidation of CO on various Fe,O3; surfaces. They
suggested that a CO molecule first adsorbs onto hematite, weakening
an Fe— O bond near the crystal surface and then, a second CO mole-
cule adsorbs and forms CO, by breaking the weakened Fe— O bond
[50]. As proposed by Grenfell et al. [51], hematite films are composed
of a bulk and surface region on which active adsorption sites exist.
Part of these sites could be occupied by trapped oxygen atoms,
which can originate either via dissociation of adsorbed oxygen during
the oxidation reaction or via diffusion from the lattice to the surface
[50-52]. Due to the confinement of the adsorbed species to the active
sites, the migration process across the surface is not favored for CO
oxidation on hematite [51,52]. In addition, the number of surface
iron atoms, with which the adsorbed O, can interact has been
reported to play a significant role [51,53].
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Fig. 8. Optical absorption spectrum (a) and Tauc's plot (b) resulting in an optical band
gap of 2.16 eV for the a-Fe,05 thin films (b).

It is known that three different planes exist in the hematite crystal
structure on which the densities of the iron atoms are different [54].
According to Liu et al. [54], a catalyst with exposed planes containing
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Fig. 9. CO conversion profiles over stainless steel grid meshes coated with a-Fe;03
films at a WHSV of 45,000 gz¢ h~!. Two samples (S1 and S2) prepared at the same
conditions were tested. 1st Run and 2nd Run are the catalytic tests performed for the
first and second time, respectively. The performance for non-coated mesh is included
as a reference.
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Table 1

Comparison of the catalytic performance.
Catalyst Weight Gas composition Flow rate T Tdo WHSV® Ref.

(mg) (ml min~") (°0) (°0) (mlg="h™")
a-Fe,03 thin film 20 1% C0O/10% 0,/89% Ar 15 320 366 45,000 This work®
319 364 This work?
321 376 This work®

Fe,053 50 3.44% C0/20.6 0,4/85.96 He 1000 300 330 1,200,000 [4]
Fe,05 1000 2.5% C0O/1.7% 0,/0.5% H,/He 1000 367 397 60,000 [43]
Fe,03/TiO, 1000 2.5% C0O/1.7% 0,/0.5% Hy/He 1000 333 412 60,000 [43]
Fe,03/Al,03 1000 2.5% CO/1.7% 0,/0.5% H,/He 1000 327 377 60,000 [43]
Co304 thin film 12 1% CO/10% 0,/89% Ar 15 335 350 75,000 [27]
Co304 bulk 50 1% CO/8% 0O, in He 37 - 350 44,400 [8]
Ce0O, 100 2% C0O/2% O3 in Ny 100 - 374 60,000 [44]
Al,03 100 2% C0O/2% O, in Ny 100 - 394 60,000 [44]
CeAlO; 100 2% C0O/2% 0y in Ny 100 - 465 60,000 [44]
Pt/H,S04/Zr0O, 50 3.5% CO/4% O, in N, 100 - 290 120,000 [45]
Pt/Al,03 2/200 1% CO/1.38% O, in N, - 333 430 90,000 [46]
Au/SiO, 100 1% CO/99% dry air 200 337 423 12,000 [47]

Note: *Tso and Teg refer to the temperatures at which 50% and 90% CO were converted, respectively; "WHSV is weight hourly space velocity; “"°These results are obtained in the first

run with sample 1, the second run with sample 1 and first run with sample 2, respectively.

more Fe atoms could provide more active sites for catalytic reactions
and consequently exhibit high catalytic activity. Based on the XPS re-
sults that confirmed the presence of iron and oxygenated species such
as adsorbed oxygen at the catalyst surface, and the detailed kinetic
data in the literature [48], the most probable mechanism in this in-
vestigation seems to be the ER mechanism which proceeds with
three steps: O, adsorption, removal of the adsorbed oxygen by gas-
eous CO and desorption of CO,. Different reactive anion intermediates
such as O~ or Oz can result from the O, adsorption process,
depending on how the O, approaches the surface e.g. sideways, per-
pendicularly or obliquely [49-51]. During desorption of CO,, an active
site occupied by an adsorbed oxygen atom can be formed for further
reaction. Also, the catalytic performance can benefit from the exposed
plate-like structures of a-Fe;,O3 which present availability for abun-
dant gaseous species at the surface as an opportunity for their partic-
ipation in the catalytic reaction sequence.

4. Summary and conclusion

The PSE-CVD method was applied to prepare a-Fe,05 thin films.
The obtained samples were characterized in terms of structure, mor-
phology, chemical composition, optical and catalytic properties with
XRD, FTIR, Raman, EDS, SEM/HIM, XPS and UV-Vis spectroscopy.
The obtained product was pure a-Fe,03 at the stated deposition con-
ditions. The structural analysis showed the deposited films to be con-
stituted of randomly oriented plate-like elements with dimensions in
the 100 nm regime. The optical properties of the thin films were in-
vestigated and the band gap energy of a-Fe,05 was determined to
be 2.16 4+ 0.05 eV. Catalytic tests indicate that a-Fe,03 thin film can
initiate CO oxidation at lower temperature than non-coated sub-
strates and that it is competitive with some materials from recent lit-
erature. Regarding plausible catalytic conversion mechanisms, it is
assumed that the detection of both lattice and adsorbed oxygen at
the surface of the catalyst by XPS may be consistent with the Eley-
Rideal mechanism.
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Copper oxide thin films were controllably synthesized by pulsed-spray evaporation chemical vapor deposition
(PSE-CVD). The growth kinetics was investigated by considering the pressure effect. X-ray diffraction,
in situ emission Fourier transform infrared spectroscopy, Helium ion microscopy (HIM) and ultraviolet-visible
(UV-Vis) spectroscopy were employed to investigate the physicochemical properties of the deposited thin
films. A pure phase CuO was confirmed by the structural investigations. The growth rate exhibited a linear
increase when the deposition pressure was lower than 24 mbar, while further increase of the pressure to
50 mbar was observed to have a negligible effect on the growth rate. The optical bandgap energy was estimated

tobe 1.81 £ 0.05 eV. The catalytic performance of copper oxide was evaluated for the deep oxidation of propene
with online FTIR as the monitoring technique. The catalytic tests show that CuO films prepared on flexible
substrates such as stainless steel mesh exhibit advantages for the catalytic oxidation of propene.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cupric oxide (CuO) is a semiconducting compound and has been
widely exploited for a broad field of applications including semi-
conducting sensors [1], catalytic combustion [2-5], diodes [6] and
lithium-copper oxide electrochemical cells [7]. In recent years, CuO
has attracted considerable interest because of its high solar absorp-
tance and low thermal emittance [8]. Its suitable optical properties
(bandgap of 1.2-1.9 eV) make it a promising semiconductor for
solar cell production [9]. It is reported to possess unusual antiferro-
magnetic properties [10]. Among the available transition metal ox-
ides, CuO is unique as it has square planar coordination of copper
by oxygen in the monoclinic structure. Transition metal oxides,
such as Co304 and Mns0y4, are effective catalysts for the oxidative
destruction of volatile organic compounds (VOCs) [11]. However,
not much is known concerning the abatement of VOCs with CuO
[12-14]. As CuO is non-toxic and its constituents are abundantly
available, the synthesis of CuO is considered an important topic of re-
search for catalytic processes.

CuO has been prepared by various strategies, including precipita-
tion [15], sol-gel [12,16,17], wet impregnation [4], chelating method
[2], electrospinning [18], activated reactive evaporation [19], thermal
oxidation [20,21], pulsed laser deposition [22] and molecular beam

* Corresponding author at: Institute of Engineering Thermophysics, Chinese Academy
of Sciences, Beijing 100190, China. Tel.: +49 521 106 2199; fax: 449 521 106 6027.
E-mail address: zhenyu.tian@uni-bielefeld.de (Z.-Y. Tian).

0257-8972/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.surfcoat.2013.06.047

epitaxy [23]. Until now, only a few reports are available regarding syn-
thesis of CuO thin films by chemical vapor deposition (CVD) [24-27].
Compared to other methods, CVD is very attractive due to its low cost
and the facile deposition process to control thickness and morphology
of thin films on different substrates. In our recent work, pulsed spray
evaporation (PSE) chemical vapor deposition (CVD) has been success-
fully involved to prepare spinels [11]. It exhibits excellent potential to
synthesize active oxides such as CuO.

The present work is to provide an introduction of PSE-CVD to syn-
thesize copper oxide under well-controlled conditions. Deposition
pressures were optimized to obtain good growth rates. The deposited
films were comprehensively characterized regarding structure, mor-
phology, bandgap energy and thermal stability. The catalytic perfor-
mance of the grown copper oxide on mesh of stainless steel was
investigated for the deep oxidation of CsHg.

2. Materials and methods

Copper oxide thin films were synthesized in a cold-wall stagnation
point-flow CVD reactor employing a PSE unit for the delivery of the
precursor liquid feedstock [11,28]. The experimental setup is shown
in Fig. 1. Copper acetylacetonate (Cu(acac),) was dissolved with a
concentration of 2.5 mM in ethanol solution. The PSE delivery of the
feedstock was achieved with a frequency of 4 Hz and a valve opening
time of 7.0 ms. The feedstock, with a feeding rate of 0.83 mL/min, was
injected as a fine spray into a 30-cm long evaporation chamber kept
at 180 °C. The resulting vapor was transported to the deposition
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Fig. 1. Schematic diagram of the pulsed-spray evaporation chemical vapor deposition
apparatus.

chamber kept at 200 °C, with N, and O, flow rates of 0.5 and 1.0
standard liter per minute (SLM), respectively. The total pressure
in the reactor during deposition was 6-50 mbar. During the de-
position process, planar glass, silicon, stainless steel and mesh of
stainless steel substrates were heated to 300 °C using a flat resis-
tive heater. The growth rate was estimated gravimetrically by mea-
suring the weight change of the substrates with a microbalance
(Mettler ME30).

The phase of the deposited films was identified by X-ray diffrac-
tion (XRD) using a Phillips X'Pert Pro MRD equipped with a Cu Kot
(A = 0.154056 nm) radiation source and operated at 40 kV and
30 mA. Data were recorded in the 260 range from 20° to 80°, with a
step size of 0.05°. The thermal properties of the copper oxide films
were also studied with emission FTIR spectroscopy under ambient
atmosphere using a temperature-programmed mode. Helium ion
microscopy (HIM) was used to examine the surface morphology of
the obtained films. HIM was performed with a Carl Zeiss Orion
Plus® instrument. The helium ion beam was operated at an accelera-
tion voltage of 35 kV with a current between 0.3 and 1.7 pA and a
10-um aperture at Spot Control 4 to 5. Secondary electrons were
collected by an Everhart-Thornley detector at 500 V grid voltage.
The optical bandgap energies of the deposited samples were
assessed using a Shimadzu UV-2501 PC UV-Vis spectrometer at
room temperature.

The catalytic performance of the copper oxide films was investi-
gated in a continuous-flow fixed-bed reactor at atmospheric pressure.
The reactor was a quartz glass tube with 0.9 cm in diameter and
30 c¢m in length. The experimental setup has been described in detail
elsewhere [29], and only a brief description is given here. A feed of
argon gas containing 1% of C3Hg and 10% of O, was introduced into
a tubular reactor at a total flow rate of 15 mL/min. The weight hourly
space velocity (WHSV) of the feed gas was 90,000 mL/ga - h. Flow
rates of gases were controlled by MKS mass-flow controllers, and
the temperature of the reactor was raised with a ramp of 3 °C/min
using an HT60 controller (Horst). The temperature of the mesh
(with 10 mg coating or without coating) inside the reactor was mea-
sured with a K-type thermocouple and recorded by a digital ther-
mometer (Greisinger GMH3250). The analysis of VOCs and products
was conducted by online FTIR, and details of the data treatment are
given in our recent work [11].

3. Results and discussion
3.1. Growth and structure

To obtain fast and homogeneous deposition of CuO, the growth
kinetics was investigated by considering the effect of the deposition
pressure. At 6 mbar, the CuO thin films were grown at a rate of
0.51 nm/min. This growth rate increased linearly with the pressure
to reach 1.84 nm/min at 24 mbar. However, further increase of the
deposition pressure to 50 mbar did not affect the growth rate, as
shown in Fig. 2. The relatively low growth rate at lower pressure
may result from lower amounts of oxygen and precursor adsorbing
or residing on the substrate. The increase of the pressure may promote
full surface coverage by adsorbing increasing amounts of Cu(acac), and
0,, which could accelerate the nucleation step and result in a high
growth rate. A similar pressure effect was observed by Condorelli
et al. [27] who had investigated the kinetics of copper oxides films.
Near 24 mbar, saturation of this adsorption is observed. All character-
izations and tests in the following analysis were carried out with the
samples obtained at 24 mbar.

The X-ray diffraction pattern of the as-synthesized thin film is
displayed in Fig. 3. The well-defined diffraction peaks are observed at
26 0f 35.47°,38.78°,48.84°,53.38°,58.27° and 61.51°, which correspond
to (002), (111), (—202), (020), (202) and (— 113) orientations of CuO
in the literature (JCPDS no. 45-0937). No characteristic peaks of any
other impurities were observed in the XRD patterns, indicating the
formation of monoclinic CuO phase. The lattice parameters of CuO
determined here are a = 4.6883 A, b = 34229 A, c =5.1319 A, in
good agreement with the literature [30]. The crystallite size and the
micro-strain of CuO thin films were calculated to be 58 nm and 0.057
by applying Scherrer's formula: D = 0.9A\/3 cosf; and the equation
& = [3/2cotf to the two most intense diffraction peaks, where A =
0.154056 nm and where 3 and 6 represent the full width at half maxi-
mum (FWHM) and diffraction angle of the observed peak, respectively.

To identify the formation mechanism of CuO in the PSE-CVD pro-
cess, the substrate temperature was varied from 200 °C to 300 °C.
Only Cu,0 was formed for substrate temperatures of 200 °C-250 °C;
a mixture of CuyO and CuO was observed at 275 °C, and a unique
phase of CuO was formed at 300 °C. Thus, the formation pathway of
CuO in the current work can be illustrated with the combination of
adsorption, dissociation and oxidation, as shown in Scheme 1. Firstly,
both the evaporated Cu(acac), and O, in the gas phase adsorb on the
surface of the heated substrate, giving rise to adsorbed Cu(acac),
and O atoms. Secondly, the adsorbed Cu(acac), dissociates and the
adsorbed O atom reacts with the adsorbed ligands, producing surface
Cu and by-products, respectively. Then, the surface Cu is oxidized
to form Cu,O and finally transformed to CuO. A similar adsorption

Growth Rate (nm/min)

1 1 1

0 10 20 30 40
Pressure (mbar)

Fig. 2. Growth kinetics of copper oxide as a function of deposition pressure.
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Fig. 3. XRD patterns of copper oxide films deposited on silicon at 200 °C, 250 °C
and 300 °C.

process has been proposed previously [24,25]. However, a higher tem-
perature (350 °C) was reported before for obtaining pure CuO [24].
According to Nair et al. [31], the Gibbs free energy of the conversion of
Cu,0 to CuO is around —3.73 kcal mol~ . Moreover, Condorelli et al.
[27] reported that Cu,O could be formed at pressures lower than
6 mbar on substrates with 300 °C; pressures higher than 8 mbar
would lead to the formation of CuO. It appears thus reasonable that
CuO might be formed at 300 °C since the high oxygen pressure used
in the present work could enhance the oxidation rate.

3.2. Morphology

To provide a deeper insight into the surface morphology and spa-
tial organization of the obtained CuO thin film, HIM as a recently de-
veloped imaging technique that shares similarities with scanning
electron microscopy (SEM) [32] was employed here. In HIM, a finely
focused beam of helium ions with a diameter down to 0.35 nm is
scanned over the sample, and the secondary electrons (SE) generated
by the He™ impact are detected. In SE imaging, the topology of the
sample produces contrast as more electrons are ejected when the
He* beam hits the sample at glancing incidence. The energy of the
SE is very low, which results in a high surface sensitivity. HIM images
of a representative CuO thin film are presented in Fig. 4. A smooth
granular film with dome-top-shaped and loosely packed fine columnar
grains was observed. The average size of grains observed with HIM is
around 60 nm, which matches well with the calculation from Scherrer's
equation utilizing XRD data. The HIM micrograph clearly shows the
nanocrystalline nature of the CuO thin film prepared in the present
work. Compared to the tightly packed columnar grains obtained with
magnetron sputtering [33], the relatively loose surface structure may
involve more oxygen vacancies, which would benefit its catalytic

performance.
/ u;“'\o_ / c\c _e“p_
g;:}\o / g;o“ u\oé
Gas :> Ad

[Cu(acac)] gas [Cu(acac)] aq
+ +
[O2] gas [O2] Ad

3.3. Optical properties

Fig. 5 displays the optical absorption spectrum of the deposited
CuO thin film. As depicted in Fig. 5(a), a clear absorbance was
observed in the region of 450-800 nm, which is consistent with the
previous conclusion that CuO has a capability of absorbing light only
below wavelengths of 400 nm [34]. The direct bandgap energy of
the deposited CuO film can be calculated from the collected absorp-
tion spectra through Tauc's expression:

Alh—E,)"”

o= hv

where Eg is the bandgap of the CuO film, «is the absorption coefficient,
A is a constant relying on the refractive index and hv is the photon
energy. The corresponding plot of (chv)? as a function of hv is shown
in Fig. 5(b). The bandgap energy is estimated to be 1.81 4 0.05 eV
from extrapolation of the straight portion of this plot to the abscissa.
This value is in good agreement with literature data for CuO thin films
prepared via sol-gel techniques [17], chemical deposition [35], magne-
tron sputtering [36,37] and spray pyrolysis [38]. Table 1 compares the
bandgap energy of CuO thin films in this work with those from other
preparation methods. In the literature, CuO has been reported to exhibit
both p-type (bandgap close to 2.1 eV, [19]) and n-type (bandgap
between 1.3 and 1.5, [39]) properties. The presence of oxygen deficien-
cies in the preparation processes was proposed to play a significant role
to endow the CuO with n-type conductivity [ 16,39]. Some values for the
high bandgap of CuO were also reported, for example, 2.4 eV from reac-
tive magnetron sputtering [40] and 2.1 eV from activated reactive evap-
oration [19]. According to Marabelli et al. [41], the bandgap is supposed
to strongly depend on the sample preparation and on the measurement
technique used. For instance, treatment at higher temperature may shift
the bandgap energy to lower values [16,41]. The value reported here
seems to be indicative of considerable n-type behavior, with potentially
some contribution of p-type conductivity.

3.4. Thermal stability

A successful catalyst for high-temperature combustion should pos-
sess high thermal stability as well as high catalytic activity. To explore
the potential application of the prepared CuO film in catalytic oxidation
processes, the grown films were investigated in terms of their thermal
stability. Emission FTIR spectroscopy was employed to perform the
thermal stability test in air and at a rate of 5 °C/min. The stability was
determined by integrating the intensity of the CuO peaks as a function
of the temperature, a procedure from which the phase transformation
is evident [11]. As displayed in the insert of Fig. 6, three bands centered
at around 436, 495 and 596 cm ™! were distinguished at temperatures
below 200 °C. Ethiraj and Kang [42] reported the same bands attributed
to the A, and B, modes of CuO, with the latter two bands corresponding
to the Cu-O stretching and vibration, respectively [43]. With the
increase of the temperature to ~250 °C, another band located at

Cu + [Olag

[Cu(acac)] ag &,\%9@
| [Becla Cus0 + [O] ag
+
2[0] g l
CuO

Scheme 1. Formation pathway of CuO in the PSE-CVD process with Cu(acac), as precursor.


image of Fig.�3
image of Scheme�1

36 Z.-Y. Tian et al. / Surface & Coatings Technology 230 (2013) 33-38

Fig. 4. HIM micrographs of representative CuO thin film deposited at 300 °C.

643 cm™~! appeared. This band has been attributed to the Cu(I)-O
vibration mode in the Cu,0 phase by lordanescu et al. [21]. In the
temperature range of 250 °C-450 °C, a mixture of CuO and Cu,0
was observed. Up to a temperature of 450 °C, above which finally
only a band of Cu,0 appears, CuO is thus thermally stable.

3.5. Catalytic performance

The catalytic performance of the CuO grown on mesh of stainless
of steel was evaluated for the complete oxidation of C3Hg in a flow
reactor at atmospheric pressure. The background effect of the mesh
element on the combustion process was examined by carrying out
the oxidation of C3Hg on non-coated mesh under the same gas inlet
conditions. Fig. 7 compares the temperature-dependent conversion
of C3Hg to CO5 as the final product and the associated CO production
over CuO films and non-coated mesh. The conversion plots show clearly
that CuO enables the total oxidation of CzHg at lower temperatures rel-
ative to the non-coated mesh. In the presence of CuO, the consumption
of propene became observable at about 190 °C and complete
conversion was reached within 310 °C, while these two values are
observed to shift by ~160 °C and ~440 °C, respectively, toward higher
temperatures for the reaction on non-coated mesh. With CuO, no
trace of CO was detected in the oxidation process. However, a signifi-
cant amount of CO was formed in the reaction without catalyst, which

F 3 )
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o
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o
w

0.0 A 1 s 1 . 1 N I .
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Fig. 5. UV-Vis absorption spectra (a) and (ahv)? versus hv of CuO films (b).

Table 1

Comparison of the bandgap energy (Eg) of CuO prepared with different methods.
Preparation method Eg (eV) Ref.
PSE-CVD 1.81 This work
Sol-gel 1.72-1.79 [17]
Sol-gel 1.46-1.64 [16]
Activated reactive evaporation 2.1 [19]
Reactive magnetron sputtering 24 [40]
Reactive magnetron sputtering 1.71-2.11 [36]
Chemical deposition 1.73 [35]
Chemical deposition 1.75 [31]
Spray pyrolysis 1.45-1.76 [38]
Radio frequency magnetron sputtering 1.96 [37]
Thermal oxidation 1.4-15 [20]

can be assigned to the partial oxidation reaction. It is worth noting
that the catalytic oxidation of C3Hg under O,-rich conditions is tested
to have no obvious effect on the catalyst structure by comparing the
XRD spectra obtained before and after the catalytic tests.

The temperatures T, Tsp and Tgo, corresponding to the 10%, 50% and
90% C3Hg conversion, respectively, during the temperature-programmed
reaction, were selected to compare the catalytic performance of the
deposited CuO to that of other catalysts available in the literature
for C3Hg oxidation. Table 2 summarizes the results and Tsg is plotted
in Fig. 8. As expected, all reactions with catalysts exhibit much higher
activity than without catalyst. Compared to other active catalysts
such as perovskites [44], Co304 [11,29,45] and Co-Mn binary oxides
[11], CuO shows better performance for C3Hg oxidation, with a Tsq
of 272 °C. In contrast, Tsg is observed to be 321 °C-354 °C for the
reaction with Cos304/Co-Mn mixed oxides with different WHSV.
La; 7Srp3Cu04Sy 5 is also less active with Tsy determined as 419 °C
[44]. Tso for CuO in the present work is similar to that of Cug72C022804
(275 °C) and Au/BaO/A,03 (290 °C) [46-48], indicating that the
as-prepared CuO features competitive activity to Co-Cu mixed ox-
ides as well as to alkali-doped noble metals for the combustion of
C3He. Based on the magnitude of Tsq, the activity was found in an
order of CuO > Cug72C0,25804 > Au/Ba0/A,03 > Au/Rb,0/A,05 >
Au/Rb20/A203 ZC02'55M[]0_3404 > CO304 > AU/A203 = AU/MgO/
A,03 >La; ;Srg3Cu04Sp» > > non-coated mesh.

With an Arrhenius expression for evaluation of the light-off
profiles in the region where less than 15% of propene conversion
was achieved, apparent activation energies (E,ppa) were derived fol-
lowing [29]. Fig. 8 includes the comparison of these E,,, obtained in
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Fig. 6. Thermal stability of CuO with the emission FTIR spectroscopy. For example, spectra
A,Band Cwere measured at 150 °C, 253 °Cand 460 °C, respectively; integrated intensities
from these spectra are plotted versus temperature, indicated by the arrows labelled
A, B and C. Peaks from CuO are seen at 436, 495 and 596 cm™ . The peak at 643 cm™ ',
which is characteristic for Cu,0, is the only feature remaining above 450 °C.
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Fig. 8. Tso and apparent activation energy (E,pp,) in the deep oxidation of CsHg with
different systems: ¢ CuO and non-coated mesh in this work; ? La; 7Sro3Cu04So> [44];
€ Au/AL,05 [46]; ¢ Co304 and Co, 65Mng 3404 [11]; € Co304 [29];F Co304 [45].

this work with our recent investigations of C3Hg oxidation with
Co30,4 and Co-Mn mixed oxides. The reaction with CuO shows a rel-
atively low activation energy (109.5 k] mol~1). It increases to ~115
and ~130 k] mol~! for propene oxidation with Co, gsMng 3404 and
Co304, respectively. The non-catalyzed reaction gives an E,pp, of
139.0 kJ mol~!, which is higher than that with CuO.

According to Doornkamp and Ponec [49], the catalytic oxidation
of hydrocarbons employing metal oxide catalysts such as CuO can
proceed with the Mars-van Krevelen mechanism, and the C-H bond
activation is related to the rate of oxidation for hydrocarbons. In the
current case, a redox mechanism consisting of two steps, namely
the reaction of C3Hg with the trapped or lattice oxygen, leading to
CuO reduction and release of oxygen and formation of Cu,0O on the
surface, and the re-oxidation of Cu,O with oxygen to CuO can be
assumed. It is well known that the performance of CuO catalysts in
the combustion process of hydrocarbons and CO is associated with
the reducibility of the catalysts [50-52]. This finding might be appli-
cable to the CuO obtained with PSE-CVD, but further confirmation
will be needed. Moreover, the catalytic activity could also benefit
from the formation of oxygen-vacant sites in the redox mechanism,
the importance of which was pointed out previously by Noller and
Vinek [53], and the presence of which was confirmed in our previous
work with PSE-CVD [11].

4. Conclusion

CuO thin films were prepared from Cu(acac), by PSE-CVD, which
is a facile approach to achieve a tailored control over film composition

Table 2

Comparison of the catalytic performance.
Material Gas composition WHSV (ml g=' h= )¢ Tyo (°C)° Ts0 (°C)° Too (°C)? Ref.
Cu0 1% C3Hg/10% O, in Ar 75000 229 272 301 This work
Co304 1% C3Hg/10% O, in Ar 75000 306 347 396 [45]
Co304 2% C3Hg/20%0- in Ar 73000 293 327 356 [29]
Co304 2% C3Hg/20%0; in Ar 75000 325 354 385 [11]
C0.66Mng 3404 2% C3He/20%0, in Ar 75000 277 321 356 [11]
Cu.72€02.2804 13% C3He/52%0, in N; 15000 230 275 >400 (48]
Au/A;05 1.5% C3He/4% O, in He 22500 288 349 410 [46]
Au/A,05 1% C3Hg/9% O, in He 219512 - 365 - [47]
Au/Ba0/A,05 1% C3Hg/9% O, in He 250000 - 290 - [47]
Au/Rb,0/A,03 1% C3Hg/9% O, in He 257143 - 307 - [47]
Au/Li,0/A,05 1% C3Hg/9% O, in He 225000 - 327 - [47]
Au/MgO/A;05 1% C3Hg/9% O, in He 214286 — 359 — [47]
La; 7S1p3Cu04Sp 2 0.1% C3Hg/5% O, in Ny 30000 368 419 500 [44]
Non-coated mesh 1% C3Hg/10% O, in Ar 75000 398 517 629 This work

@ WHSV is weight hourly space velocity.  Tyo, Tso and Toq refer to the temperatures at which 10%, 50% and 90% propene is converted, respectively.
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and microstructure. With XRD, emission FTIR, HIM and UV-Vis spec-
troscopy, the structure, morphology, bandgap energy and thermal
stability of the obtained thin film were comprehensively character-
ized. The structure study indicates that CuO was formed as the unique
phase at 300 °C. The obtained CuO samples are thermally stable up to
450 °C and exhibit a bandgap of 1.81 £ 0.05 eV. The catalytic tests
indicate that the as-deposited CuO is a very active catalyst in the
oxidation of propene, with a performance comparable to that of
supported noble metals. Compared to the reaction on non-coated
substrate and on other transition metal oxides, the increased catalytic
activity is attributed to the decrease of the activation energy with CuO.
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Tetragonal hausmannite (Mn30,4) was synthesized by pulsed-spray evaporation chemical
vapor deposition (PSE-CVD) at moderate temperatures. The thermal properties of the
obtained Mn3O, thin films were evaluated with a newly developed in situ emission FTIR
method. The performance of Mn3O, grown on flexible stainless steel mesh substrates
was investigated toward the oxidation of CO and CsHs. X-ray diffraction (XRD)
patterns, FTIR, and Raman spectroscopy reveal that only the single-phase tetragonal
Mn3O, spinel structure was obtained within the temperature range of 350-500 °C. The
as-deposited MnzO, is thermally stable up to 800 °C, and its reduction plays a
determinant role in the catalytic process. Compared to conventional powder catalysts, the
combination of PSE-CVD, in situ emission FTIR, and the flexible substrate provides a
novel tool for catalyst synthesis and the evaluation of the thermal properties and catalytic

performance.
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ABSTRACT: Tetragonal hausmannite (Mn;O,) was synthe-
sized by pulsed-spray evaporation chemical vapor deposition
(PSE-CVD) at moderate temperatures. The thermal properties
of the obtained Mn;0, thin films were evaluated with a newly

developed in situ emission FTIR method. The performance of o

Mn;0, grown on flexible stainless steel mesh substrates was
investigated toward the oxidation of CO and C;Hg X-ray
diffraction (XRD) patterns, FTIR, and Raman spectroscopy
reveal that only the single-phase tetragonal Mn;O, spinel
structure was obtained within the temperature range of 350—
500 °C. The as-deposited Mn;0O, is thermally stable up to 800
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°C, and its reduction plays a determinant role in the catalytic process. Compared to conventional powder catalysts, the
combination of PSE-CVD, in situ emission FTIR, and the flexible substrate provides a novel tool for catalyst synthesis and the

evaluation of the thermal properties and catalytic performance.

1. INTRODUCTION

Transition metal oxides have been widely used in industrial
applications as electrochemical, catalysis, magnetic cooling,
optical, and recording devices.' > Among the transition metal
oxides, Co;0, Mn;0, Fe,0; and CuO were identified as
highly promising catalysts with good performances.*> Consid-
ering the availability and toxicity, Mn;O, has captured a great
deal of attention besides its unique physicochemical proper-
ties.”® Mn,0, is known as a model spinel compound with
tetragonal distortion, leading to the elongation of the cell along
the c-axis (a = b = 5.76 A, ¢ = 9.46 A”) where Mn?** ions occupy
the tetrahedral sites and Mn>* the octahedral sites. Mn;0, has
been implemented as a catalyst for the oxidation of methane
and carbon monoxide (CO)'®'! and for the abatement of
volatile organic compounds and waste gases.'>~'*

Mn;0, is commonly obtained by the high-temperature
calcinations (>800 °C) of manganese powders or manganese
oxides with a higher valence of Mn, hydroxides, and
hydroxyoxides or oxysalts of Mn.'*™'” Several attempts, i.e.,
solution-based methods relying on the precipitation of oxalate'®
or nitrate,'® sol—gel with Mn(acac),,"® ultrasonic-assisted route
with MnCl,-4H,0,”° and atomic layer deposition with
Mn(tmhd);*' have been performed to obtain Mn;O, at
moderate and low temperatures. It is worth mentioning that the
literature cites only scarce attempts to investigate the
comprehensive physicochemical properties including especially
the thermal stability and redox behavior of Mn;0, films*" that
are highly relevant for catalytic applications. It is well-known
that metal oxides such as spinel”>*> and perovskite oxides”* can
be easily prepared using pulsed-spray evaporation chemical

-4 ACS Publications  © 2013 American Chemical Society
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vapor deposition (PSE-CVD). With this method, the formation
of solid film proceeds with liquid feedstock injection into an
evaporation chamber, followed by the transportation and
deposition on substrates. Compared to the above-mentioned
methods, PSE-CVD shows many competitive advantages such
as low cost, simplicity, high throughput, and accurate control of
the thickness and morphology of the film. Moreover, PSE-CVD
allows the use of a wide range of precursors and deposition of
single-phase films with tailored composition on various kinds of
supports. This deposition process is particularly useful to
provide a catalytic activity to the inner walls of microreactors.
In this contribution, flexible substrates such as mesh grids were
coated with the catalytic thin films, which provide a catalytic
bed that can be easily applied to any reactor shapes. This is
particularly valuable as a model to evaluate the bulk
contribution to the catalytic oxidation reactions.

In view of these considerations, the synthesis of Mn;0O, thin
films with the PSE-CVD process and an attempt to understand
the physicochemical properties have been undertaken in the
present work. Growth kinetics with respect to the effect of the
substrate temperature was optimized. The deposited films were
comprehensively characterized by X-ray diffraction (XRD),
FTIR, Raman, scanning electron microscopy (SEM), energy-
dispersive spectrometry (EDS), and X-ray photoelectron
spectroscopy (XPS). Thermal properties, such as the stability
and redox behavior, were monitored with the in situ emission
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FTIR technique. Catalytic performance of the obtained samples
was explored for the deep oxidation of CO and propene
(C3Hg) in a fixed-bed quartz reactor under atmospheric
pressure.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The Mn;O, CVD was
performed in a cold-wall stagnation point-flow reactor employ-
ing a PSE unit for the delivery of the precursor liquid
feedstock.”*** Mn(tmhd), was dissolved to a concentration of
S mM in ethanol solution. The PSE delivery of the feedstock
was achieved using a four-pinholes injector (Bosch) with a
frequency of 4 Hz and an opening time of 2.5 ms. The
feedstock was injected as a fine spray into a 30 cm long
evaporation chamber kept at 180 °C. The resulting vapor was
transported to the deposition chamber kept at 200 °C, with
N,/O, flow rates of 0.5/1.0 (11 mbar) slm. During the
deposition process, planar glass, silicon, stainless steel, and
mesh grid (stainless steel, SPW 40, 80 X 400, micrometer-
retention 36—4S5 pm) substrates were heated to 350—500 °C
using a flat resistive heater. The corresponding schematic
diagram of the deposition process and typical deposition
conditions are shown in Figure 1 and Table 1, respectively.

Pressure recorder

Pressure sensor

/

Heat band

Heat controller

Thermocouple

Substrate

Heating plate
(350 - 500 °C)

Pump

Figure 1. Schematic diagram of the pulsed-spray evaporation chemical
vapor deposition apparatus.

2.2. Physicochemical Characterization. The deposited
films obtained at different substrate temperatures were
characterized by XRD using a Phillips XPert Pro MRD
equipped with a Cu Ka (4 = 0.154056 nm) radiation source
and operated at 40 kV and 30 mA. The crystalline phases were
monitored by referring to the powder XRD database (JCPDS).
An FTIR spectrometer (Nicolet FTIR 5700) and a home-built
Raman spectrometer,”® both with spectral resolution of 4 cm™,
were used to confirm the phases of the oxides. The morphology
and composition of the deposited films were ascertained using
SEM and EDS. The chemical states of the constituent elements
were identified by XPS, using a Thermo Fisher Scientific
apparatus with an Al Ka line radiation source.

To investigate the thermal properties of the obtained films, a
newly developed emission FTIR spectroscopy was adopted as
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Table 1. Experimental Conditions for the Preparation of
Mn;0,

precursor Mn(tmhd),
solvent ethanol
concentration S mM
delivery rate 0.83 mL min~"
substrates glass, silicon, planar/mesh of stainless steel
frequency and opening time 4 Hz, ~2 m/s
evaporation temperature 180 °C
transportation temperature 200 °C
substrate temperature 350—500 °C
system pressure (mbar) 11

carrier gas (N,) (slm) 02

0, (slm) 1.0

an in situ analysis tool under temperature-programmed mode
with a ramp of 5 °C/min.”” A thermal emission (caused by gray
body radiation) can be generated by heating a stainless steel
sample with coated thin film. For spinels, these thermal
emissions are superposed with characteristic bands, in the mid-
infrared 500—700 cm™! range. With emission FTIR, the
changes of the materials’ structures can be monitored by the
integration of the intensity of their characteristic IR bands. In
contrast to methods that rely on the detection of the tiny
composition changes in the dynamically renewed gas, the
emission FTIR relies on the in situ solid state analysis of the
catalyst which enables a reliable characterization of samples
with surfaces as small as 1 cm?.

2.3. Catalytic Test. The performance of the Mn;O, film
prepared at 400 °C was tested against the catalytic oxidation of
CO and C;Hg at atmospheric pressure in a fixed-bed quartz
reactor (9.0 mm inner diameter). The experimental setup is
described in detail elsewhere,”* and a brief description is given
here. A feed of argon gas containing 1% of CO or C;Hg and
10% of O, was introduced into a tubular reactor at a gas hourly
space velocity (GHSV) of 75000 mL/g.h. A flexible mesh
grid was used as a structured catalytic bed. Flow rates of gases
were controlled by MKS mass-flow controllers, whereas the
temperature of the reactor was raised with a ramp of 5 °C/min
using an HT60 controller (Horst). The temperature of the
mesh inside the reactor was recorded using K-thermocouples
and a digital thermometer (Greisinger GMH3250). The
exhaust gas was analyzed by online FTIR, and details of the
data treatment were described elsewhere.””

3. RESULTS AND DISCUSSION

3.1. Phase Identification. The obtained films within the
deposition temperature range 350—500 °C were analyzed by
XRD, FTIR, and Raman spectroscopy. Figure 2 shows the XRD
patterns of the Mn;O, films grown on silicon. For all the
prepared samples, diffraction peaks located at 29.0S, 31.04,
32.5, 36.08, 36.5, 44.3, S1.1, 53.91, S8.5, 60.1, and 64.7° are
observed in the patterns, which can be perfectly attributed to
(112), (200), (103), (211), (202), (220), (105), (312), (321),
(224), and (400) crystallographic planes of the tetragonal
Mn;0, (JCPDS Nr. 24-0734) structure. No characteristic peaks
of impurity phases or other MnO, phases are detected in the
XRD patterns, indicating the high purity of the final films. The
strong and sharp reflection peaks suggest that the as-prepared
samples are well crystallized.

The crystallite size and microstrain of Mn;O, thin films
synthesized at different temperatures were estimated by

dx.doi.org/10.1021/jp312444s | J. Phys. Chem. C 2013, 117, 6218—6224
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Figure 2. XRD patterns, crystalline sizes, and microstrains of Mn;0, films (thickness of ~300 nm, corresponding to JCPDS card No.

deposited on silicon at different substrate temperatures.

34-0734)

applying Scherrer’s formula D = 0.94/f cosf and equation € =
B/2 cot 6 to the two most intense diffraction peaks, where 4 =
0.154056 nm, and f and O represent the full width at half-
maximum (fwhm) and diffraction angle of the observed peak,
respectively. As presented in Figure 2, with an increase of the
deposition temperature from 350 to 500 °C, the average
crystallite size increased from 21 to 33 nm, while the
microstrain decreased from 0.104% to 0.078%. The larger
crystallite size at higher deposition temperature could result
from the faster growth of the crystallites, which is in agreement
with the observed tendency of growth rate as a function of
deposition temperature (see Table S1 in the Supporting
Information (SI)). The decrease of the microstrain from 350 to
450 °C might be correlated with a decrease of the grain
boundary density due to the increase in the crystallite size with
increasing temperature. The strain may result from the
presence of native imperfections such as vacancies and site
disorders during the deposition process. It should be noted that
the microstrain of the samples prepared at 400 °C is relatively
smaller than that deposited at 350 °C. A further increase of the
deposition temperature to 450 and 500 °C was not so sensitive
to the decrease of microstrain. On the basis of this
consideration the deposition at 400 °C was judged suitable
for the synthesis of Mn;O, thin film.

The lattice parameter and distortion parameter (D,) of the
Mn,0, films are listed in Table S1 (see SI). The distortion
variation is defined as the ratio of ¢/a. In general, all films have
the lattice constants a = b equal to 0.576 nm and D,, = 1.64—
1.65, demonstrating that the lattice constant and D, are not
sensitive to the substrate temperature within the temperature
range of 350—500 °C. Comparison of the lattice constants and
D, with literature values for bulk Mn;O, obtained by one-pot
synthesis,”® plasma-assisted molecular beam epitaxy,”® and
calcination®® methods shows good agreement.

FTIR emission and Raman spectroscopy were also used to
confirm the phase of hausmannite Mn;O,. As shown in Figure
3, the IR and Raman spectra of the as-prepared Mn;0, films
reveal that the substrate temperature has a minor effect on the
peaks. The FTIR spectra indicate two characteristic emission
bands with maxima at 613 and 509 cm™", which are assigned to
the coupling between Mn—O stretching modes of tetrahedral
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Figure 3. Effect of the growth temperature on the emission FTIR and
Raman spectra.

and octahedral sites.>”** Three strong peaks located at around
658, 368, and 319 cm™ are observed in the Raman scattering
spectra, which are consistent with the reported Ay Ty and E,
active modes of Mn;0,.>>** The strong peak at 658 cm™ is
characteristic of hausmannite with a spinel structure, corre-
sponding to the Mn—O stretching vibration of divalent
manganese ions in the tetrahedral coordination. These
observations confirm that no secondary phase was formed,
which further supports the XRD result. On the basis of the
structural studies, Mn;O, can be easily grown, irrespective of
the substrate temperature in the 350—500 °C range. Deposition
at 400 °C was indicated to be representative and was used for
the following characterization and tests.

3.2. Microstructural Studies. SEM inspection was carried
out to examine the morphology of the as-prepared samples.
Figure 4 shows the representative micrographs recorded for the
Mn;0, spinels deposited on a mesh grid. The substrates are
composed of a woven structure (Figure 4a), and the coating is
homogeneous (Figure 4b). The surface area is estimated to be
3.65 m*/g (see SI). The high-magnification micrograph of the
grown films (Figure 4c) exhibits grain sizes of 25 nm, which
agrees with the crystallite size obtained by XRD measurement.

dx.doi.org/10.1021/jp312444s | J. Phys. Chem. C 2013, 117, 6218—6224



The Journal of Physical Chemistry C

Figure 4. Typical SEM images of Mn;0, thin film obtained at 400 °C on a mesh grid.

Figure 4c also reveals the presence of some spherical particles,
which could be due to Ostwald ripening.>> EDS analysis (see
Figure S1 in the SI) of the samples shows that the average
O:Mn ratio is close to 4:3, which confirms the formation of
Mn;0, products in the deposition process.

Ex situ XPS was also used to characterize the surface
composition of the Mn;0, films, as indicated in Figure 5. The

b e 11.75 eV

a
(@) : Mn2p3z2
Mn2p12 2%

655

650

645

640

Binding Energy (eV)
Lattice O

530
Binding Energy (eV)

Figure 5. XPS analysis of the Mn;O, samples: fitted Mn 2p, , and Mn
2p5/, photoelectron peaks (a) and O, photoelectron peaks (b).

measurement was performed with reference to the C 1s binding
energy (284.7 eV) as an internal standard. Elemental analysis
was achieved with the same procedure as in our recent work.””
It can be observed that the Mn 2p peak consists of two main
spin—orbital lines. The Mn 2p;,, peak is centered at 641.38 eV
and the Mn 2p, ), peak at 653.13 eV, with a splitting of 11.75
eV, which is in good harmony with literature values.””**"** The
Mn 2p spectrum was deconvoluted as two pairs of doublets:
641.16 and 643.03 eV, 652.71 and 654.58 eV, corresponding to
Mn** 2p,, and Mn®" 2p,,, Mn** 2p,, and Mn®" 2p, ),
respectively. The calculated ratio of Mn*":Mn>* in Figure 6(a)
is around 1:2, which is in good agreement with a previously
reported value.*” An asymmetric two-band structure is observed
in the O 1s spectra. It is resolved into two components,
corresponding to the binding energies of 530.14 and 532.12 eV,
respectively. The first peak is characteristic of the lattice oxygen
of Mn;0,, and the second peak is assigned to the physisorbed,
chemisorbed, or dissociated oxygen or hydroxyl species in poor
electrical contact with the surface.*”*' On the basis of the XPS
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Figure 6. Thermal stability of the Mn;O, film obtained on planar
stainless steel with a thickness of 300 nm.

results, the O/Mn ratio is calculated to be 1.38. This ratio is a
little larger than that estimated from EDS studies, which is due
to the strong contribution of the surface oxygen in the XPS
measurement.

3.3. Thermal and Redox Properties. To explore their
potential application in catalytic oxidation processes, the grown
films were investigated in terms of thermal stability. As the
results are quite similar, only the sample prepared at 400 °C is
shown here as a representative. Emission FTIR spectroscopy
was employed to perform the thermal stability test in air and at
a rate of 5 °C/min. The lattice stability is determined by
integrating the intensity of the characteristic peaks of the spinel
as a function of the temperature which reflects the phase
transformation.”” As depicted in Figure 6, the two bands
centered at around 513 and 609 cm™ were clearly seen at
temperatures below 800 °C. These bands disappeared with
further increase of the temperature, indicating that the as-
prepared Mn;0, is thermally stable up to 800 °C. This limit
could be associated with the oxidation of Mn®* ions under air
condition.*” Compared to other active transition metal oxides
such as CuO,* Co0;0,” and Fe,03,*** the Mn;0, film

dx.doi.org/10.1021/jp312444s | J. Phys. Chem. C 2013, 117, 6218—6224
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synthesized by PSE-CVD shows the highest potential for high-
temperature catalytic applications.

The temperature-programmed reduction (TPR) and reox-
idation (TPO) were carried out with emission FTIR as an in
situ monitoring technique, using 5% of H, or O, in Ar (0.05 L/
min). Figure 7a summarizes the redox behavior of the Mn;0,
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Figure 7. Redox behavior of the Mn;O, film obtained on planar
stainless steel with a thickness of 300 nm.

spinel. The integrated intensity of the typical feature of the
Mn;0, IR bands as a function of temperature in the TPR
process is presented in Figure 7a. With the increase of the
temperature (Figure 7b), the two bands tend to show a
continuous redshift, and a weak band at around 711 cm™! is
visible, consistent with the reduction scheme: Mn;0, + H, —
3MnO + H,0.* Figure 7c presents the TPO profile of Mn;0,,
and Figure 7d demonstrates the recovery of the spinel structure
in the reoxidation process. The results reveal that the reduction
occurs at 315 °C, and the complete reduction happens at 350
°C. The reoxidation initiates at ~206 °C, and the films are
completely recovered at 285 °C, indicating that the reduction
step may play a limiting role in the catalytic oxidation process.
Compared to the active Co;0, reported in our recent work,””
Mn;O, is less reducible but is advantageously easier to
reoxidize/recover. According to the magnitude of T, at
which 50% of the catalyst is reduced or reoxidized, Mn;O, is
expected to be an active catalyst at lower temperature.

3.4. Catalytic Performance. As Mn;0, films deposited at
different temperatures showed a quite similar thermal stability,
the catalytic properties were studied only for the sample
prepared at relatively low temperature (400 °C). The catalytic
performance was investigated with respect to the total oxidation
of CO and C;Hj at atmospheric pressure in comparison with
that of the noncoated mesh, as summarized in Figure 8. The
full comparison of the reactants and products is given in Figures
S3 and S4 in the SL It is worth noting that the catalytic
oxidation of CO and C;Hg under oxygen-rich conditions is
observed to have no obvious effect on the catalyst or surface
ionic states by checking the obtained XRD and XPS spectra
before and after the catalytic tests.

The results of CO oxidation with and without Mn;0, are
presented in Figure 8a. In the presence of Mn;O, the
conversion of CO becomes observable at 190 °C, and complete
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Figure 8. Catalytic test of CO (a) and C;H, (b) oxidation with Mn;0,
at a GHSV of 75 000 mL/g_,-h. Deep oxidation of CO and C;H4 was
performed on noncoated mesh as a reference.

conversion occurs at 343 °C. These temperatures shifted,
respectively, to 280 and 820 °C (see Figure S3, SI) for
experiment without Mn;O,. In contrast, CO oxidation over
manganese oxides (MnO,, MnO,, and Mn,0;) prepared by
precipitation, as reported by Iablokov et al,'® was found to
present T, (temperature at 25% of CO conversion) at 298 °C
over MnO,,"® which is higher than the value (250 °C) obtained
with Mn;0, in the present work. Moreover, some other active
metal oxides such as Co;0,*"* Ce0,* and ALO,* were
reported to have Ty (90% CO conversion) at 350, 374, and
394 °C, respectively, demonstrating that the obtained Mn;0, in
the present work is highly active in the deep oxidation of CO.

More reliable comparison of the catalytic performance of
Mn;0, with other manganese oxides reported in the literature
was based on the reaction rate values corresponding to T,
(50% CO conversion). In this work, Ts, is observed at 271 °C
with a reaction rate of 4.17 ymolco/g-s. This rate is in good
agreement with the literature values reported for those using
Mn,0,°°">* and MnO,.*> However, Ty, is situated at about
130—170 °C lower temperatures than those reported before.
The abundance of adsorbed oxygen, revealed in the XPS
results, can play a key role in the oxidation process.
Furthermore, the application of an Arrhenius equation at a
low conversion range (<5%) allows the extraction of apparent
activation energy values of E, = 63.0 and 84.7 kJ/mol using
light-off curves obtained in the presence and absence of Mn;0,
catalyst, respectively.

Figure 8b compares the outlet profiles of C;Hy in the
oxidation of C;Hg with Mn;O, and that of blank experiment
carried out with noncoated mesh. The Mn;0O, sample exhibits
much higher activity than the planar steel mesh without
catalyst. It is observed that the conversion of C;Hg on Mn;0,
becomes detectable at 220 °C, and conversion of C;Hj
approaches 100% at 433 °C. However, the oxidation of C;Hy
on noncoated mesh starts at around 290 °C, and a temperature
as high as 821 °C (see Figure S4, SI) is required for complete
conversion of C;Hy. Note that at low C;Hg conversions the

dx.doi.org/10.1021/jp312444s | J. Phys. Chem. C 2013, 117, 6218—6224
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main product is CO,, but a trace of CO peaking at 769 °C
(Figure S4, SI) is formed on noncoated mesh, which results
from partial oxidation. However, except CO, and water, no
other byproducts were detected in the presence of Mn;O,,
indicating that Mn;0, is effective to reduce CO emission.

The obtained value of T, (347 °C) in this work for the
reaction with pure Mn;O, was found to be quite similar to the
T, values reported for C;Hg oxidation with other systems, such
as Mn;0,,'> Co—Mn mixed oxides in our recent work,”” and
alkali-doped Au/ALQ; catalysts.>* Of interest, the relatively low
E, (62.8 kJ/mol) is obtained in this study as compared to those
reported in the literature (80.3,12 114.59,%” and 61—67 kJ/
mol**). It should be noted that without Mn;O, coating 50%
C;Hj conversion is reached at 606 °C with an activation energy
of 109.1 kJ/mol.

The catalytic oxidation of CO and C;Hg over Mn;0, follows
likely the Mars—van Krevelen (MvK) mechanism which
involves reversible reduction—reoxidation steps of the lattice
oxygen atoms. As reported, trapped oxygen is apparently
released with the increase of the temperature, and Mn;0, tends
to be reduced through the subsurface oxidation of CO or C;Hy
with the lattice or surface oxygen. Subsequently, the reduced
metal oxide site is reoxidized by the atmospheric O,. According
to the redox results, Mn;0, is easier to be reoxidized than to be
reduced, demonstrating that the reduction step could play a
crucial role in the kinetics of the catalytic oxidation process.
The performance of manganese catalysts in the oxidation
process of volatile organic compounds has also been reported
to be associated with their reducibility.*>*® Moreover, the
surface oxygen revealed by the XPS results can also contribute
to the activity of Mn;0,.

4. CONCLUSIONS

In summary, PSE-CVD was utilized to synthesize hausmannite
(Mn;0,). The as-prepared samples were characterized in terms
of thermal properties with a newly developed in situ emission
FTIR spectroscopy. It was found that all obtained samples were
tetragonal Mn;O,, irrespective of the substrate temperature
within the range of 350—500 °C. The catalytic tests indicate
that the use of Mn;O, can initiate CO and C;H, oxidation at
lower temperatures, with higher selectivity toward CO, which
may help prevent CO production during the oxidation of C;H,.
Compared to our recent study of Co—Mn mixed oxides,
Mn;0, shows a high thermal stability up to 800 °C, high
reducibility, and reoxidative regeneration at low temperatures.
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Section 1: Characterization

Table S1 Characteristics of Mn3O4 thin films

Ts? | Growth Rate b D¢ d E,°
co) | (mminy | 2OM | Doty |8 (eV)
350 0.75 0576032 | 164 | 21 | 0.104% | 3.05
400 0.79 0576930 | 1.64 | 25 | 0.086% | 3.03
450 0.81 0.576203 | 1.64 | 27 | 0.083% | 3.0
500 0.84 0.575502 | 1.65 | 33 | 0.078% | 2.82

Note:  Ts is the substrate temperature; ° D, is the distortion parameter, defining as lattice ratio c/a; ° D is the
crystallite size; is the micro-strain of the sample; © Eg is the bandgap energy.

The temperature dependence of the growth rate was investigated gravimetrically using a
microbalance (Mettler ME30). The manganese oxide thin films were grown at a rate of 0.75 nm/min
at 350 °C, and this growth rate increased slightly with the temperature to reach 0.84 nm/min at
500 °C. With increasing temperature, the crystallite size increased from 21 to 33 nm, while the
micro-strain decreased from 0.104% to 0.078%. The lattice, distortion parameters and bandgap

energy are not sensitive to the deposition temperature.
Estimation of specific surface area:

For each mesh substrate with a diameter of 6 cm, the surface area consists of three parts, top,
side and inside area. The top surface area can be calculated as 7*0.03*0.03*2*1.414 (two sides and
stretch of the mesh). The side area is estimated to be 7*0.06*(0.00004+0.0000006), considering the
thickness of mesh as ~40 um and 300 nm thickness of deposition on both sides). The inside area is
calculated as 0.00004*0.053*2*(0.053*1.414/0.000036+0.053/0.000045), in which 0.053 is obtained
by assuming that the mesh is in square shape so that the numbers of the mesh line could be deduced.
In the catalytic test process, two meshes with total mass of 12 mg were used. The final specific

surface area is estimated to be 3.65 m?/g.
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Fig. S1 The effect of substrate temperature on the EDS of Mn3O,.
Figure S1 displays the Energy dispersive spectroscopy (EDS) of the MnzO4 films. The
elemental analysis was used to calculate the deposited amount of MnzO,. Three energy peaks at 5.90
and 6.49 KeV are characteristic peaks of metal manganese, which are in good agreement with
previous results [K. Usha, C.K. Mahadevan, Arch. Phys. Res. 2 (2011) 75-80]. EDS analysis of the

samples shows that the average O:Mn ratio is close to 4:3, which confirms the formation of

stoichiometric Mn3O;4 thin film.
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Fig. S2 UV-Vis absorption spectra (a) and (ahv)* versus hv of MnsO, films (b) at different

temperatures.



The UV-Visible absorption spectra of the Mn3O, films deposited at different temperatures were
measured to estimate the optical band gap energy by using a Shimadzu UV-2501 PC UV-Visible
spectrometer. Figure S2 shows typical spectra of Mn3O4 films grown on planar glass. The direct band
gap energy of the deposited Mn3O,4 films can be calculated from the collected absorption spectra
through Tauc’s equation:

ahv =A (hv - Eg)",
where « is the absorption coefficient, 4v is the photon energy, A is a constant relying on the refractive
index, Eq is the band gap depending on the crystal structure and phase composition, and n = 1/2 for
an allowed direct transitions. Plots of (a/v)® versus hv for MnsO, films are shown in Fig. S2(b). The
extrapolation of the line to the abscissas at (a4v)? = 0 gives the band gap energy for each sample. The
Eg values for different film compositions are listed in Table 2. For substrate temperatures of 350 to
500 °C, the band gap was observed to be 3.05 to 2.82 eV. These values, assigned to the O*-Mn?*
charge transfer, are in good agreement with literature data [H.Y. Xu, S.L. Xu, H. Wang, H. Yan, J.
Electrochem. Soc. 152 (2005) C803-C807]. These results show that, the band gap is not sensitive to

the temperature, which is in accordance with the structural results.

Section 2: Catalytic test results
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Fig. S3 Catalytic test of CO oxidation with Mn3O, (a) and a non-coated mesh (b). The GHSV is
75,000 mL/gcq-h for the reaction with Mn3O,.
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Fig. S4 Catalytic test of C3Hg oxidation with Mn3O,4 (a) and non-coated mesh (b). The GHSV is
75,000 mL/gcqh for the reaction with MnzO,.

Section 3: Temperature profiles
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Fig. S5 Temperature profiles inside the coated meshes (Y-axis) as a function of the heating
temperature outside of the flow reactor (X-axis): propene oxidation over Co3z04 (2 sccm
CsHe/ 18 sccm O,/ 480 sccm Ar) (a) and over Mnz04 (0.3 sccm C3Hg/ 3 scem O,/ 11.7 sccm
Ar) (b).
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Structure-activity relation of spinel-type Co-Fe oxides
for low-temperature CO oxidation
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A. El Kasmi,® A. Beyer,” A. Golzhauser,” and K. Kohse-Hginghaus®

A series of cobalt ferrite thin films was prepared via Pulsed Spray Evaporation Chemical Vapour
Deposition (PSE-CVD). The samples were comprehensively characterised in terms of structure,
surface, morphology, optical and redox properties. Both X-ray diffraction (XRD) and Raman
analysis show that all samples exhibited an inverse spinel structure. X-ray photoelectron
spectroscopy (XPS) results indicate that the films were mainly composed of Co, Fe and O species,
and an increase of the Co:Fe ratio with Fe substitution by Co was observed. Helium ion microscopy
(HIM) images show film morphology depending on the Co:Fe ratio. The investigation of the
optical property using ultra-violet visible spectroscopy reveals that the increase of the Co content
results in an increase of the band gap energy. In-situ emission FTIR spectroscopy was used to
evaluate the redox properties of the samples, and a shift of the redox temperature to higher values
was observed upon increase of the Co content. The effect of Fe substitution by Co in the mixed
oxide systems on their catalytic performance for CO oxidation was investigated. Co-Fe oxides
exhibit substantially better catalytic performance than the single o-Fe:Os. The catalytic
performance of the Co-Fe oxides towards CO oxidation was discussed with respect to the
participation of surface and lattice oxygen in the oxidation process. According to XPS and
temperature-programmed reduction/oxidation (TPR/TPO) results, a suprafacial mechanism where
CO molecules react with surface-adsorbed oxygen functions to form CO:2 was proposed as the

dominant mechanism.

Introduction

Catalytic oxidation has been recognized as one of the most
efficient techniques for CO abatement [1]. Catalytic low-
temperature combustion of CO is continuously developed as an
important research topic in environmental emission control [2-
4]. The advantages of this process include extensive applications
in numerous fields such as automotive exhaust emission control
[5], CO sensors [6], as well as traceable CO removal in enclosed
atmospheres [7,8].

Currently, metal (e.g., Au) nanoparticles dispersed on solid
supports and transition metal oxides (TMOs) have been found to
be active catalysts for CO oxidation [9-11]. Although noble
metals present high catalytic performance towards CO oxidation,
they are generally costly, and easily deactivated due to the trend
of particle agglomeration which causes the decrease of the
surface area [2]. TMOs are relatively cheap and can be easily
synthesized, possess high thermal stability [12] and may show
comparable activity with precious metals. Therefore, special
attention has been focused on TMOs with different structures
[3,13]. Among the investigated TMOs, high interest has been
devoted to iron oxides because of their abundant availability and
attractive properties such as high thermodynamic stability
[14,15], low cost, and environmentally friendly nature [16].
Several studies have shown the effectiveness of iron oxides and
their composites towards the oxidation of CO [17-20]. However,
compared to some catalytically active TMOs such as C0304 for
CO oxidation [21-23], good performance of iron oxide is mainly
observed at relatively high temperature.

This journal is © The Royal Society of Chemistry 2013

Cobalt ferrite oxide (Co-Fe-O) with a spinel structure could
thus be a potentially interesting material with combined
properties. Because of the versatility of mixed-oxide spinels,
which offer tuneable composition, structural stability and a
possibility for bifunctional redox or acid/base behaviour [24],
such combination could improve the physicochemical properties
and the catalytic performance. Different cations with more than
one oxidation state can be accommodated and distributed
between the available octahedral and tetrahedral sites [25], to
endow such interesting and tuneable properties. For instance,
CoFe204 adopts an inverse spinel arrangement and is
thermodynamically stable at around 900 °C [24,26-28]. The
contrasting site occupation between iron and cobalt in the cobalt
ferrite composite is expected to create a significant modification
of its properties and activity.

Cobalt ferrite spinels have been intensively investigated as
catalysts for various reactions [24,29,30]. A single cobalt ferrite
with a composition of Co2.1Feo.sO4 (identical with one of the
materials discussed in this article) has also recently been used as
catalyst for DME, propene and n-butene oxidation [31]. Because
it showed interesting catalytic behaviour against these
compounds, it was used in this work to study the influence of the
composition in a more systematic fashion. We have thus taken
Fe203 as the starting material to improve its properties by Co
addition. In fact, the activity of CosOa4 in the low- temperature
conversion of CO has been systematically investigated and its
high activity was reported to be due to the Co?*-Co®" ion pairs
[32,33]. In most cases, CO oxidation over Coz04 follows a redox
mechanism where Co%* is reduced to Co?* after CO adsorption

J. Name., 2013, 00, 1-3 | 1



[32]. To improve the catalytic activity of a-Fe20s, the aim here
was to tailor the Co:Fe ratio and to deposit oxide composites in
which both Co?" and Co®* are present with Fe3* in the same
phase.

The synthesis of Co-Fe-O thin films with varied
composition for low-temperature CO oxidation was performed
by Pulsed Spray Evaporation Chemical VVapour deposition (PSE-
CVD) and their properties were systematically characterized.
PSE-CVD is a synthesis approach which offers distinct
advantages over conventional CVD and is considered as a
promising method to prepare pure films regarding its relatively
low cost, simplicity and high throughput [34]. The PSE precursor
delivery system is advantageous as it allows using less stable
precursors with good control of the process and thus permits to
improve the reproducibility of the film properties [34]. It is well
adapted to the deposition of metal oxides with tailored
composition [35,36] to systematically study their properties. The
obtained samples were characterised in terms of structure,
composition, morphology, optical and redox properties using X-
ray Diffraction (XRD), Raman and X-ray Photoelectron
Spectroscopy (XPS), Helium lon Microscopy (HIM), Ultra-
Violet Visible spectroscopy (UV-Vis) and in-situ emission
FTIR. It should be mentioned that part of this information is also
provided in [31] for the composition Co21Fe0.904. Upon
variation of the cobalt content, the effect of the cobalt insertion
in the iron oxide matrix on the optical and redox properties and
the catalytic performance was investigated here and an attempt
was made to correlate the observed effects with the characterized
properties of the deposited thin films.

Experimental

The preparation and characterization procedures followed up on those
presented in [31]. However, some detail is necessary to understand the
correlations between physicochemical characteristics and catalyst
behaviour addressed here, and a more in-depth analysis is given in the
present paper.

Catalyst preparation

The Co-Fe-O thin films were prepared using a cold-wall
stagnation-point flow CVD reactor, associated with a PSE
system for the delivery of liquid precursor feedstock [20,31]. The
PSE delivery was achieved with a valve opening time of 2.5 ms
and a frequency of 4 Hz. Firstly, cobalt acetylacetonate
(Co(acac)s) and iron acetylacetonate (Fe(acac)s) were weighed
in the adequate molar ratios Co/Fe, dissolved in tetrahydrofuran
(THF) and kept at respective concentrations of 5 mM. The single
phase of CoxFes-xO4 of the respective stoichiometric relation was
obtained by adjusting the volume molar ratio of the two metallic
elements (Co%vol:Fe%vol=10:90, 30:70 and 50:50). The value
x was calculated from the Co/Fe ratio obtained by XPS. The
liquid delivery permits to overcome the inherent contrast
between the sticking probabilities of different precursors in the
dual-source strategy for the growth of multi-component films.
The evaporation of the injected feedstock took place at 220 °C.
The resulting vapour was transported to the deposition chamber
with N2/Oz flow rates of 0.16/1.0 standard litres per minute
(SLM). Stainless steel and bare glass were used as substrates,
heated with a flat resistive heater. After optimization, the
substrate temperature was fixed at 400 °C and the total pressure
in the reactor was kept at 30 mbar during the deposition. The
thickness of the obtained films was estimated gravimetrically
using a microbalance, with resolution of 1 pg.

2| J. Name., 2012, 00, 1-3

Characterization

A Philips X’Pert Pro MDR diffractometer with PW3830 X-ray
generator was used to record the XRD patterns. The crystalline phases
were identified by referring to the powder XRD database (JCPDS-
ICDD), and the crystallite sizes were calculated using the Scherrer
equation. Raman spectra were obtained with a home-made Raman
spectrometer [37]. The surface microstructure was examined with a
Carl Zeiss Orion Plus® helium ion microscope (HIM). The helium
ion beam was operated at 35 kV acceleration voltage at a current of
0.5 pA. A5 um aperture at a setting of "spot control 4" was used. The
working distance was 9 mm, and the sample tilt 0°. The samples were
plasma-cleaned in the HIM load lock for 8 min before measurement.
The chemical composition was determined by UHV-XPS
(Multiprobe, Omicron Nanotechnology, base pressure about 10°
mbar), using a monochromated Al Ka X-ray source (1486.7 eV, 280
W) under an angle of 13° from the surface normal to the electron
detector. CasaXPS was used to analyse the spectra with Shirley
backgrounds and Scofield cross-sections. The evaluation of the Co
and Fe spectra is not straightforward since an Auger peak from one
metal overlays the 2p peak of the other metal. To overcome this effect,
reference samples of cobalt and iron oxide were measured to calculate
the 2p to Auger area ratio. With this, the areas used for the elemental
composition were corrected (see details in the ESI).

The redox properties of the Co-Fe-O composites coated on
stainless steel substrates were evaluated by Temperature-Programmed
Reduction (TPR); this was followed by re-Oxidation (TPO). Both
analyses were performed from 100 to 500 °C with a ramp of 3 °C/min,
under an argon flow of 0.05 L/min containing 5 vol.% of Hz (TPR) or
Oz (TPO), respectively. Emission FTIR spectra were recorded
continuously during the TPR/TPO analyses and characteristic bands
were integrated versus temperature. This technique allowed for
substantial improvement of the sensitivity towards dynamic changes
in the gas composition. UV-Vis spectra were recorded (UV-2501PC,
SHIMADZU) to determine the optical properties.

Catalytic tests

The catalytic performance of the Co-Fe-O composites was evaluated
using a 30 cm long quartz plug-flow reactor with a diameter of 0.9
cm. 20 mg catalyst (supported on grid mesh of stainless steel) were
used. The reaction gas mixture consisted of 1% CO and 10% O:
diluted in argon with a total flow rate of 15 mL/min, corresponding to
a weight hourly space velocity (WHSV) of 45000 mL g*cat h. The
flow rates of gases were controlled by MKS mass flow controllers,
and the temperature of the reactor was raised with a ramp of 3 °C/min
using a HT60 controller (Horst). The temperature of the mesh inside
of the reactor was recorded using K-type thermocouples and a digital
thermometer (GMH3250, Greisinger). The composition of the
effluent gas was detected in the wavelength range of 400-4000 cm*
with an online FTIR spectrometer equipped with a KBr transmission
cell. Details of data treatment can be found in [38]. It should be noted
that it was not the aim here to maximize surface area, but to investigate
the effect of Co addition on the properties of Fe2O3 under well-defined
conditions. The CVD synthesis approach offers, in principle, to coat
structures with larger surface area by e.g., using washcoats or porous
structures as templates.

Results and discussion

Structure

The structural investigation of the deposited thin films with a
thickness of ~250 nm was performed using XRD and Raman
spectroscopy, as shown in Fig. 1. The XRD patterns of the cubic Fd3m
spinel Cos04 [35] and hexagonal 1a3 hematite (a-Fe203) [20] from our
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Fig. 1 (a) XRD patterns of Co-Fe-O oxides, pure Co304 [35] and a-Fe,03 [20]; (b) Raman spectra of the deposited Co-Fe-O films. The

sample Co,1Feq 904 is reproduced from [31].

recent work are presented as references. The deposited Co-Fe-O films
exhibit a cubic Fd3m inverse spinel structure like the reference
CoFe204 inverse spinel (JCPDS Nr. 03-0864) and no extra diffraction
peaks associated with the formation of other phases were detected.
Starting from hematite (a-Fe20s), a non-spinel with hexagonal
structure, Fe substitution by Co induces a structure transformation to
an inverse spinel structure even at very low Co content. A decrease of
the lattice constant from 8.39 to 8.21 A (Table 1) was noted with
increasing the cobalt content, which is visualized by the peak shift of
diffraction peaks towards higher angles. The calculated values of the
lattice constants vary from those of the reference materials CoFe204
(8.4 A) and Co304 (8.1 A). Hematite has an hexagonal close-packed
structure with all Fe®* ions in O-sites whereas C0sO4 has a normal
spinel structure in which tetrahedral sites (T-sites) are occupied by
Co* ions and octahedral sites (O-site) by Co% ions: [Co*]r-
sie[C0%*C0%*JositeOa. In contrast, CoFe20s4 has an inverse spinel
structure in which Fe3*, Co®" and Co?* ions are distributed in both T-
and O-sites. A systematic analysis of a series of Co-Fe-O with similar
compositions has been reported by Le Trong et al. using Mdssbauer
spectroscopy [39]. Following their analysis, we assigned the
following distribution to our oxides upon increasing the Co content,
ie. [Co?*Fe3*Co**]1site[Fe** Co?*Co**JossiteOa, [Co*Fe**]r-
sie[ CO?*Fe®*C0%*JositeQs, and [Co*Fe*]rsie[Fe® Co?*]osieQs for
Coz2.01F€0.904, CorgFe1r204 and CoooFe2104, respectively. The
observed decrease of the lattice constant with increasing Co content
can be associated to this changing distribution. In fact, according to
Le Trong et al. [39], when the amount of cobalt increases, the cell
parameter decreases and there is a gradual evolution toward a normal
spinel structure as observed in our XRD patterns. This is due to the
fact that the diamagnetic Co®* cations replace the Fe®* cations in the
octahedral position and the octahedral preference of the Co?*cations
becomes less dominant.

The particle size was evaluated by XRD analysis with the
Scherrer equation. Increasing cobalt content tends to sharpen the
peaks progressively. The Scherrer line-broadening analysis on the
(331) plane reveals that the volume-averaged crystallite size increases
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from 20 to 35 nm upon cobalt insertion. The agglomeration of small
grain sizes to form larger particles may be one reason for the increase
of the particle size.

Further structure information was obtained from Raman spectra
of the deposited thin films, recorded at room temperature, and
presented in Fig. 1b. Five Raman-active modes are observed: the
modes at ~609 and ~682 cm™ are related to the T-site mode; other
peaks at ~233, ~287 and ~480 cm correspond to the O-site mode
[40]. These assignments are in excellent agreement with the
previously reported results for the Co-Fe-O system [24,41,42]. Thus,
pure-phase Co-Fe-O spinel can be easily synthesized with PSE-CVD
through the accurate adjustment of the feedstock composition.

Chemical composition

Ex-situ XPS was used to investigate the surface composition and
chemical species of the cobalt ferrite thin films. Despite the
presence of both metals and oxygen, carbon is found on all
samples. Carbon and oxygen can be contamination products
arising from the precursor decomposition and from ambient air.
Therefore, the Fe/Co ratio was used to calculate the chemical
compositions and the results are listed in Table 1. Details
regarding XPS measurement and evaluation are collected in the
ESI: Table ESI 1, Fig. ESI 1 and Fig. ESI 2.

High-resolution XPS spectra of Fe2p, Co2p, and O1s are
shown in Fig. 2. To compare the metal spectra to the literature,
the overlaying Auger peaks were directly subtracted from the
data. It is worth mentioning that even for clear spectra, the
identification and fitting of chemical species is not unique. This
Auger correction gives an additional source of error whereas it is
the best route in this study (see the original data in Fig. ESI 2).
The Fe2p spectra are visible in Fig. 2a. The signals at 710.6 and
723.3 eV with the separation of 12.7 eV and a small satellite
structure at ~734 eV have been reported to indicate the presence
of Fe® [43]. Inspection of the measured Co2p peak (Fig. 2b)
shows that it is composed of the main doublet with peaks at
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around 780 and 795 eV, indicating the presence of oxidized
species. Only the 2pu2 parts of the spectra were fitted as it is less
affected by the Auger correction. Here, the species interpretation
according to Gautier et al [44] was used. The main peak consists
of two species, one at ~795.2 eV for Co®* and one at ~796.4 eV
for Co?*. A broad satellite peak at 802.8 eV is assigned to
originate from Co?*.

As shown in Fig. 2c, the O1s spectra for all samples were
deconvoluted in three peaks in the BE range of 530-533 eV. The
lower peak (~530 eV) could be assigned to the lattice oxygen
species O%. The two species at higher BE are generally assigned
to “adsorbed oxygen” [45]. The peak at ~531.4 eV is explained
to be the hydroxyl species (OH") or defective oxygen [46],
whereas the peak at 533.2 eV probably comes from carbonate
species, COs% or defects in the structure. From the XPS spectra
of all samples, lattice and adsorbed oxygen are observed. Both
0O2% and O species are strongly electrophilic reactants, which
can attack an organic molecule in the region of its highest
electron density, and therefore result in the oxidation of the
carbon skeleton [19]. For CO conversion over oxides,
electrophilic oxygen species such as lattice and adsorbed oxygen
are generally responsible for the total oxidation [10,47]. Thus,
these electrophilic oxygen species (02> or O°) present at the
surface of Co-Fe-O oxides are expected to benefit the total
oxidation of CO.

Morphology

The surface morphology of the thin films was studied with HIM and
a few representative micrographs of the obtained films are shown in
Fig. 3 (additional images can be found in Fig. ESI 3). The images
revealed significant differences between the samples of different
composition whereas sample Co1sFe1204 (Fig. 3b, 3e and 3h) shows

4| J. Name., 2012, 00, 1-3

Fig. 3 High magnification HIM images of Co-Fe-O thin films coated on
stainless steel at 400 °C, (a,d,g) CoggFe; 104, (b,e,h) CosgFe; .04 and (c,f,i)
COz,1F€0,gO4.

better defined crystals with a pyramidal shape embedded in a matrix
consisting of small cubic grains. The sample Coz.1Feo.904 (Fig. 3c, 3f
and 3i) shows films composed of large grains which exhibit a
cauliflower structure; these films show apparent open porosity, thus
no particular defined geometry is observed due to the complete loss
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of the crystallinity. By increasing the Co content, the grain size
apparently becomes larger due to the agglomeration of small grains
with average values of about 20-35 nm. HIM images confirm visually
that the increase of grain size upon Co addition is in accord with the
estimation by XRD analysis. The grain size of Coo.0Fe2104 films is
the smallest, followed by Co1sFe1.204 and Coz1Feo.s0s. Usually, the
smaller the grain size, the larger the specific surface area [47,48].
Therefore, the difference in grain size may influence the
physicochemical properties as well as the catalytic performance.

Optical properties

The controlled variation of the band gap energy (Eg) in catalyst
materials could be used as a tool to reflect their performance. It
has been demonstrated that metal oxides with low Eg can exhibit
good catalytic performance [49,50]. To explore relationships
between optical properties and the catalytic performance of Co-
Fe-O, the UV-Vis absorption spectra were recorded and Eg was
evaluated. It is worth mentioning that, to the best of our
knowledge, the variation of the band gap energies and redox
properties have not yet been correlated systematically.

Typical UV-Vis spectra of the thin films are display in Fig. 4a.
The collected absorption spectra were then used to evaluate the direct
Egy from the Tauc equation: akv = A(hv - Eg)", where « represents the
absorption coefficient, hv is the photon energy, A is the refractive
index constant and n is a constant associated with the nature of the
transition (1/2 for direct allowed transitions). Eg is estimated from the
intercept of the extrapolated linear fit to the experimental data of
(ahv)? vs. hv, see Fig. 4b. Results for CoooFe2104, Co1sFe1204 and
Co02.1Fe0.904 thin films calculated from the linear fit are 1.60, 1.90 and
2.09 eV, respectively. These values are larger than that of 1.44 eV
reported by Rai et al. [51] and smaller than 2.61 eV by Ravindra et al.
[52] for similar cobalt ferrites. It is important to note that Eg increases
upon Fe substitution with Co. Several factors could influence the Eg
of semiconductors: defects, charged impurities, disorder at the grain
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boundaries, cationic distribution as well as three-dimensional
quantum size effects. These influences have not been discussed in
detail for our materials in the literature. The only pertinent studies
reported the effect of grain size evolution and distribution on the
optical properties of pure V20s thin films prepared by pulsed-laser
deposition [53]. The decreases of Eq and changes in the spectral
characteristics were attributed to the increase of the grain size, random
grain distribution and the structural modification of the material [53].
This last assumption seems to be more applicable to our deposited
films because the insertion of the cobalt in the matrix of the iron oxide
is expected to create some structural disorder in the material and a
perturbation of the band structure which can influence the band gap.
The UV-Vis spectra of PSE-CVD-deposited Fe20s thin films exhibit
one absorption band corresponding to an optical band gap energy of
2.16 eV [20] which is assigned to the ligand-metal charge transfer O%
—TFe3*. The combination of two transition metals with variable
oxidation states has caused a structural modification and perturbation
of the band structure which is responsible for the shift of the optical
band gap of the Co-Fe-O materials to lower values, which would also
enable their application to photo-catalysis. The increase of the optical
band gap of the deposited films with increasing the cobalt content can
logically be associated to the structural modification arising with the
cationic re-distribution in both the O- and T-sites which is in line with
the XRD and XPS results. This approach is consolidated by Auvergne
etal. [54] who reported that the band shift in oxides is due to Coulomb
interaction between species which occurs as a result of doping. These
observations and concepts also seem useful with respect to the present
composite oxides and their electronic, optical and catalytic
applications. It is well known that materials with narrow energy band
gaps offer higher electron mobility, and the correlation of the electron
availability and mobility with the redox activity of a respective
catalyst has been reported [55]. According to Zaki et al. [55], the
electron availability and mobility of lattice and surface oxygen species
determine the redox activity of their catalysts. It is therefore crucial to
investigate the influence of the optical band gap of the prepared
sample in their redox properties.

Redox properties

To investigate the redox properties of the mixed oxides, TPR and TPO
were carried out with emission FTIR as an in-situ monitoring
technique, using 5% of Hz or Oz in Ar (0.05 L/min). Figure 5 displays
the redox behaviour of the samples. The typical feature of the
integrated IR band intensity of Fe-Co-O as a function of the
temperature in the TPR is presented in Fig. 5a. As the temperature
increases, a progressive red shift of the two bands at around 530 cm*
and 628 cm™ (Fig. 5c) is observed. The complete reduction is
characterized by a plateau at 300 °C. Figures 5b and 5d display the
TPO profiles and the total recovery of the inverse spinel structure in
the oxidation step, respectively. The reducibility and the re-oxidation
order for the three samples is: Co021Fe090s4 < CoigFe1204 <
CoogFe2104. The reduction and oxidation temperatures are notably
shifted to higher values, indicating that the increase of the Co content
can give rise to unexpected changes of the Co-Fe-O structure and
thereby make it more difficult to be reduced. The presence of anionic
vacancies in the lattice of Mn-doped [38] and Ce-doped C0304 [56]
has been reported to also increase the reducibility temperature. In this
study, this kind of vacancies can also be generated upon cobalt
insertion and make the corresponding material less reducible. The
sample Coz.1Feo 904 shows a high reduction and oxidation temperature
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Table 1 Characteristics of Co-Fe-O thin films

Composition D a Eqy Trer Trro Tio Tso Too
(nm) A (eV) ) °C) Q) (°C) (°C)
Coo.9Fe2104 20 8.39 1.60 295 309 170 205 230
CouwsFe1204 33 8.36 1.90 300 338 210 232 250
Co021Fe0.904 35 8.21 2.09 317 350 215 260 300
a-Fe203 [20] - - 2.16 - - 262 325 384

D is the particle size; Ttpr and T+po refer to the temperature of complete reduction and re-oxidation, respectively; T1o, Tso and T Stand for the
temperatures corresponding to 10%, 50% and 90% CO conversion, respectively.

(low lattice oxygen mobility), followed by CoisFe1204, whereas the
sample CoogFe2104, with low cobalt content, is reduced and re-
oxidized at low temperature (high lattice oxygen mobility).

Taking also the optical properties into consideration,
Coo.9Fe2.104 and Co1.sFe1.204 samples might allow high electron
mobility due to their narrow Eg, with the knowledge that the
reduction/oxidation of oxide material can proceed with electron
transfer [57,58]. Consistently, the redox behaviour of samples
with low Co content (low Eg) can be explained in terms of easy
migration of the O% to the surface due to the high electron
mobility during the electron transfer process. It is thus reasonable
to correlate the redox properties (lattice oxygen mobility) of the
Co-Fe-0O in this study also with the band gap energy (electron
mobility) variation. Optical and redox properties can predict the
behaviour of the catalytic activity if the redox mechanism is
dominant in the CO oxidation to CO..
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Fig. 5 Redox behaviour of the selected Co-Fe-O oxides: (a) TPR; (b) TPO;
(c) progressive loss of the spinel structure and (d) recover of Co-Fe-O IR
vibration. The sample Co,1Fe 90, is reproduced from [31].
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Catalytic performance

To evaluate the catalytic performance of the prepared cobalt
ferrite mixed oxides, the oxidation of CO was investigated at
atmospheric pressure over all samples. The results were thus
compared with that obtained with pure a-Fe20s from previous
work [20] and a blank sample of non-coated mesh, as shown in
Fig. 6. Single a-Fe203 becomes active in CO oxidation at around
230 °C and achieves complete CO conversion to CO2 above 450
°C. Co-Fe-O composites exhibit lower temperatures for the
initiation of CO oxidation than single a-Fe203. The complete CO
oxidation over Coo.9Fe2.104, Co1.sFe1204 and Coz.1Feo.904 occurs
at 255, 275 and 325 °C, respectively. The catalytic performance
of various catalysts can be more easily compared by Tso (the
reaction temperature corresponding to a 50% CO conversion), as
presented in Table 1. The Tso for single a-Fe20s is 350 °C. Tso
sharply decreases to ~232 °C for CoigFe1204 and further
decreases to 205 °C for Coo.sFe210a4. Tso thus increases with the
further substitution of Fe by Co in the Co-Fe composites. Only a
small amount of Co is sufficient to shift the oxidation
temperature of CO toward lower values. These results indicate
that cobalt ferrite oxides are more catalytically active than the
pure o-Fe20s3 single oxide. The performance order is the
following: a-Fe203 < Co2.1Fe0.904 < Co1.8Fe1.204 < C0o.9Fe2.10a.
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Fig. 6 Light-off curves of CO conversion with the Co-Fe-O samples and o-
Fe,O3 as well as non-coated mesh. The results obtained over a-Fe,O5 [20].

To understand the difference observed in the catalytic
performance upon Co addition, a study of the phenomena that govern
the catalytic oxidation on the surface is needed. From a viewpoint of
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oxygen species participating in the catalysis, adsorbed (and/or
surface) oxygen and lattice oxygen are supposed to contribute to the
suprafacial and intrafacial processes, respectively. XPS results
revealed the presence of cations (Co%*, Co?* and Fe®*) and anions (0%,
OH- as well as CO3?) in the Co-Fe-O structure. The activity of Co-
Fe-O composites should be dominated by the exposed fraction of the
active species of the Co-Fe-O composite. We will therefore now
discuss how either the redox properties or the adsorbed oxygen at the
surface of Co-Fe-O may be involved in the CO catalytic oxidation
process in this work.

It is generally accepted that CO oxidation over oxides follows a
Mars van Krevelen-type mechanism [59,60], where the reactions
involves alternate reduction and oxidation of the oxide surface with
formation of surface oxygen vacancies (as the key step) and their
replenishment by gas-phase oxygen. Thus, the density of surface
oxygen vacancies in the solid oxide plays an important role in their
catalytic activity in CO oxidation. Nevertheless, according to Tascon
et al. [61] the CO oxidation reaction over mixed oxides may also
follow a suprafacial mechanism in which lattice oxygen is not
involved as presented in the following mechanism [62]:

02 (g) + & — Oz (ads); Oz (ads) + & — 2 O (ads) (E1)
CO (g) — CO (ads) (E2)
CO (ads) + 2 O (ads) — COs? (ads) (E3)
COs? (ads) — CO2 (ads) + O (ads) + e° (E4)
CO2 (ads) — COz (g) (E5)

In the present study, XPS analyses indicate the presence of both
Ovattice and Oadsorbed Species (Fig. 2¢). As mentioned above, a
shoulder of Oadsorbed at high BE is identified to be hydroxyl
groups, mainly Fe-OH and Co-OH and COs* [63]. The catalyst
with low Co content tended to have a larger amount of surface
adsorbed oxygen in comparison with the sample with high Co
content. It is therefore suggested that the adsorbed oxygenated
species, mainly Cos> and OH-, could effectively participate in
the oxidation of CO.

The TPR/TPO experiment reveals that the Co-Fe-O redox
reaction is shifted to higher temperatures increasing the Co
content. In an ideal state the reduction of Fe2Os requires higher
temperature than that of CosOa4. The Co?*-Co®* ion pairs are
known to be very active in low-temperature CO oxidation [33]
over cobalt oxide; this higher activity is strongly dependent on
the reduction of Co® to Co?* after CO adsorption [32,64].
Therefore, the presence in Co-Fe-O composites of both Co?* and
Co® together with Fe®* in the O- and T-sites should enable a
decrease of the reduction temperature, accompanied with an
improvement of the catalytic performance of CO over samples
with higher Co content (Co21Fe0.90s and CoisFe1204), which
have the following cationic distribution in the O-site
([Co?**Fe®*Co%*]ositeOas). Surprisingly, the opposite behaviour is
observed with CoosFe2104 (the most active sample) in which
only Fe®" and Co?* are present in the O-site: [Fe3*C02*]o-siteOa.
A similar behaviour has been observed by Yu Yao [33] with
CoAl204 spinel in which Co was stabilized as Co?*, causing its
inactivity in the CO oxidation through a redox mechanism. It can
therefore be suggested here that the CO oxidation over Co-Fe-O
catalyst does not proceed through a redox mechanism even if
CoogFe2104 presents the lowest reduction temperature. This
hypothesis is strongly supported by the fact that CO oxidation of
Co2.1Fe0.904 is initiated at ~200 °C while the reduction (Fig. 5a)
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started at ~280 °C. The earlier initiation of the reaction at low
temperature can be assigned to the surface-adsorbed oxygen
revealed by XPS analysis. Summarizing these observations, it is
thus proposed that CO oxidation over Co-Fe-O follows a
suprafacial mechanism where CO molecules react with adsorbed
oxygen, mainly as COs* and OH-, to form CO.. This is in
excellent agreement with the results reported in the literature for
the same material [30,65].

In this investigation, the results demonstrate that the
combination of Fe and Co in the same phase intrinsically
improves the redox properties and the catalytic performance of
Co-Fe-O vs. Fe:03 in CO oxidation and causes the shift of the
optical band gap toward lower values. It is therefore likely that
the controlled variation of the band gap energy (Eg) in catalyst
materials could be used as a tool to reflect their redox properties.
The sample possessing narrow Eg enables high mobility of
electrons in the materials and consequently, the migration of O
from the bulk to the surface which occurs through electron
transfer, will become easier as confirmed by the reduction of the
catalyst with low Eg at low temperature.

In spite of the interesting observations in this study
regarding the close interaction of the optical and redox properties
and the consequent influence on the catalytic potential regarding
the redox mechanism, we would still like to emphasize that the
catalytic activity is mainly due to a surface mechanism in which
mainly COs? and OH- functions are involved.

Conclusions

Cobalt-iron mixed oxide thin films were prepared by Pulse Spray
Evaporation Chemical Vapour Deposition and their properties
were systematically characterized. The results show that the
Co:Fe ratio in Co-Fe-O thin films strongly influences their
physicochemical properties. In particular, the variation of the
cobalt amount in the Co-Fe-O structure plays a decisive role in
controlling both the band gap energies and the redox properties
of Co-Fe-O films. Co-Fe mixed oxides exhibit better
performance than pure a-Fe:Os. The performance of Fe-Co
mixed oxide catalysts for the CO oxidation reaction was
significantly affected by the adsorbed oxygen species and the
cobalt content. The XPS and TPR analyses suggest that the
suprafacial mechanism is dominant in the CO oxidation over Co-
Fe-O catalysts.
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Table ESI 1: Estimated composition at the surface of the Co-Fe thin films.

Cls Ols Co2p Fe2p ColFe Co Fe
CoogFe2104 | 43% 49% 3% 6% 0.43 0.9 2.1
CoisFe1r204 | 37% 51% 7% 5% 1.47 1.8 1.2
Coz21Feo 904 | 35% 49% 11% 5% 2.23 2.1 0.9

Details about the XPS analysis

The surface composition was determined by the means of X-ray photoelectron spectroscopy (XPS). XPS
was done in a multi technique ultra-high vacuum instrument (Multiprobe, Omicron Nanotechnology) using a
monochromated Al Ko X-ray source (1486.7 eV, 280 W) and a hemi-spherical electron energy analyzer
(Sphera) in constant analyzer energy mode (25 eV) and a step size of 0.05 eV. The sample was located under
an angle of 13° from the surface normal to the electron detector. The base pressure of the chamber is 2x10-10
mbar. CasaXPS was used to analyze the spectra, and a Shirley background subtraction procedure was
employed. The elemental composition was calculated using the area of the Fe2p, Co2p, C1s and O1s peaks
with the according Scofield cross-sections. The peak areas of the Fe2p and Co2p signals were corrected for
Auger LMM peaks that each metal has in the 2p-area of the other metal. In both cases, mainly the 2ps, parts

of the spectra are affected. To do the correction, 2 sputter-cleaned metal oxide samples made by PSE-CVD
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were measured as references. The intensity correction of the peak area was done according to the following

formula:
A(Fe — 2p) M(Fe) — K(Co)M(Co) A(Co— 20 = M(CO) — K(Fe)M(Fe)
— f— o — =
P) = T (K(COK(Fe)) (€0 =20) = = K (COK (Fe))
Definitions:
A = Area
K =[A(LMM) / A(2p)] (Correction factor)
Measured Areas:
M(Fe) = A(Fe-2p+Co-LMM)
M(Co) = A(Co-2p+Fe-LMM)
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Fig. ESI 1 Pure iron oxide (a, b) and cobalt oxide (c, d) reference sample.

Area ratio K (Fe) = A(Fe-LMM) / A(Fe-2p) = 14.3/84.8 =0.148
Area ratio K (Co) = A(Co-LMM) / A(Co-2p) =41.1/206.8 = 0.210
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Fig. ESI 2 The original XPS spectra of Fe2p and Co2p with the corresponding Shirley backgrounds.
In addition, the subtraction of the Auger signals was done to obtain less-disturbed iron and cobalt spectra.
This was done with CasaXPS by subtracting the LMM references from the 2p data (see Fig 2a and 2b in the
main text).
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Fig ESI 3 Additional HIM micrographs.
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Zhen-Yu Tian™*", Patrick Mountapmbeme Kouotou®, Achraf El Kasmi®, Patrick Hervé Tchoua

Ngamou®, Katharina Kohse-H6inghaus®, Henning Viekerb, André Beyerb, Armin Golzhiuser®

“ Department of Chemistry, Bielefeld University, UniversitdtsstrafSe 25, D-33615 Bielefeld, Germany
b Department of Physics, Bielefeld University, Universititsstrafe 25, D-33615 Bielefeld, Germany
¢ Present address. Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beisihuanxi 11, 100190

Beijing, China
Abstract: This work reports the facile synthesis of cobalt ferrite catalysts by pulsed spray
evaporation chemical vapor deposition (PSE-CVD) for low-temperature oxidation of dimethyl ether
and olefin exhaust emission. To better understand the structure-performance relationship, the
prepared thin films were comprehensively characterized in terms of phases, surfaces, and redox
properties. A well-crystallized inverse spinel structure was revealed by both XRD and Raman
analyses. Helium ilon microscopy (HIM) images show that the obtained films have cauliflower
structure with apparent open porosity. The catalytic performance of the as-prepared cobalt ferrite was
evaluated with a fixed-bed quartz reactor-FTIR system. The results indicate that the cobalt ferrites
were very active for the total oxidation of propene, n-butene, and DME at low temperature and no
CO was observed during the oxidation processes. The attractive performance of cobalt ferrite
catalysts is attributed to a redox mechanism which involves the synergistic effect of the morphology,

reducibility, and lattice oxygen mobility.

Keywords: Catalytic oxidation; Olefins; Dimethyl ether; Cobalt ferrite; Chemical vapor deposition.
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1. Introduction

Catalytic combustion is generally known as one of the most efficient and promising technologies
for the abatement of volatile organic compounds (VOCs) and deep oxidation of different fuels and
exhaust emissions. Typical combustion catalysts involve noble metals such as Au, Pt, and Pd [1].
However, the use of such noble metals suffers from high cost, tendency to poisoning and low thermal
stability. In recent years, transition metal oxides, especially binary oxides with bifunctional
properties, have become suitable alternatives as catalysts for deep oxidation applications.

Among the transition metal oxides, cobalt ferrite has been widely investigated due to its high
Curie temperature, high coercivity, excellent chemical stability and mechanical hardness [2]. Thin
films of cobalt ferrite have covered a wide range of potential applications in high-density magnetic
recording media, microwave devices, magnetic fluids, gas-sensing materials, catalytic materials as
well as micro-electromechanical system devices [3,4]. Although cobalt ferrite exhibits attractive
catalytic performance, the related studies concerning its catalytic application in the removal of VOCs
[4] and deep oxidation of fuels [5] are scarce.

It has been reported that the properties of ferrites were governed by the choice of the cations
and their distribution between tetrahedral and octahedral sites of the spinel lattice [6]. As the
synthesis process can directly affect the properties, it is important to involve suitable methods. Many
efforts have been made to prepare cobalt ferrite thin films, including sol-gel, pulsed laser deposition
[2], multiple spin-coating [7], vacuum evaporation, sputtering, and chemical vapor deposition (CVD)
[5]. Compared to other strategies that usually suffer from high cost of the precursors or organic
solvents and their inherent toxicity, CVD with metal acetylacetonates and alcohols captures great
attention. Recently, the application of pulsed spray evaporation (PSE) CVD has become a promising

technique in synthesizing thin films of spinels [8,9] with the advantages of low cost, tailored

3



composition, and easy control of the thickness and morphology of the samples. PSE-CVD allows
using a wide range of precursors and facile deposition of single-phase films with tailored
composition on flexible substrates, which is very useful as a model to evaluate the surface
contribution to the catalytic oxidation reactions. Thus, PSE-CVD exhibits the potential to prepare
cobalt ferrite films as catalysts.

This work reports for the first time the catalytic performance of cobalt ferrite prepared by PSE-
CVD towards the deep oxidation of olefins and DME. Several characterization techniques with
respect to structure, surface, and thermal properties were used to reveal the structure-activity
relationship. The catalytic performance of the prepared cobalt ferrite films towards low-temperature
deep oxidation of olefins and DME was investigated in a fixed-bed quartz reactor under plug-flow

conditions at atmospheric pressure.

2. Experimental

2.1 Catalyst preparation

Cobalt ferrite thin films were prepared using a cold-wall stagnation point-flow CVD reactor,
which is associated with a PSE system for the delivery of liquid precursor feedstock [8]. The details
of the experimental setup can be found elsewhere [8], and only a brief description is given here.
Cobalt acetylacetonate (Co(acac);) and iron acetylacetonate (Fe(acac)s) were dissolved with
respective concentrations of 5x10™ mol/L in tetrahydrofuran and then blended with a molar ratio of
Co:Fe = 1:1 to obtain single-phase films. The PSE delivery was achieved with a frequency of 4 Hz
and a valve opening time of 2.5 ms. The feedstock, with a feeding rate of 0.8 mL/min, was injected
as a fine spray into the evaporation chamber kept at 220 °C. The resulting vapor was transported to

the deposition chamber kept at 220 °C, with N,/O, flow rates of 0.16/1.0 standard liter per minute



(SLM), respectively. During the deposition process, bare glass, stainless steel, and mesh grid
(stainless steel, SPW 40, 80400, micron-retention 36-45 pm) were used as substrates and heated with
a flat resistive heater. After optimization, the substrate temperature was fixed at 400 °C and the total
pressure in the reactor was kept at 30 mbar. Flow rates of gases were controlled by mass-flow
controllers (MKS). The thickness of the obtained films with an uncertainty of + 2% was estimated
gravimetrically using a microbalance (Mettler ME 30). The experimental conditions are summarized

in Table S1 in the Supplemental Material (SM).

2.2 Characterization

X-ray diffraction (XRD) analysis was carried out with a Phillips X Pert Pro MRD (PW3830)
instrument using Cu Ka (A = 0.154056 nm) radiation and operated at 40 kV and 30 mA. Data were
recorded in the 20 range from 20° to 80°, with a step size of 0.05°. The crystalline phase was
monitored by referring to the powder XRD database (JCPDS-ICDD). A home-made Raman
spectrometer, with spectral resolution of 4 cm™, was also used to confirm the phases of the obtained
oxides. An Omicron Multiprobe X-ray photoelectron spectrometer (XPS) with an Al Ko source was
employed. Helium ion microscopy (HIM, Carl Zeiss Orion Plus®) was used to ascertain the
morphology of the deposited films. To investigate the catalyst’s redox properties, emission Fourier
transform infrared (FTIR) spectroscopy was used in temperature-programmed mode with a ramp of
3 °C/min using 5% of H,/O; mixture in Ar (0.05 L/min). The detailed description of the XPS and

HIM procedures can be found in the Supplemental Material.

2.3 Surface activity
The catalytic performance of cobalt ferrite films was investigated with a continuous-flow fixed-

bed reactor (30 cm in length, 0.9 cm inner diameter) at atmosphere pressure. A feed of Ar gas



containing 1% of fuel and 10% of O, was introduced into a tubular reactor at a total flow rate of 15
mL/min, corresponding to a weight hourly space velocity (WHSV) of 45000 ml gy h™'. The
temperature of the reactor was raised with a ramp of 3 °C/min using a temperature controller (Horst
HT60). The temperature of the mesh (with 20 mg coating or without coating) inside the reactor was
recorded using K-thermocouples and a digital thermometer (Greisinger GMH3250). The analysis of
VOCs and products was conducted by online FTIR spectroscopy with an uncertainty of = 5%, and

details of the data treatment are given in our recent work [8].

3 Results and discussion

3.1 Phase identification

The phase of the deposited cobalt ferrite thin films with a thickness of ~300 nm was analyzed
using XRD and Raman scattering spectroscopy, as displayed in Figs. 1 and 2, respectively. XRD
patterns of Co3O4 (JCPDS Nr. 74-1656) and CoFe,O4 (JCPDS Nr. 03-0864) are shown as references
(Fig. 1). The well-defined diffraction peaks are observed at 20 of 30.73°, 36.27°, 44.15°, 58.44°, and
64.09°, which can be assigned to (220), (331), (440), (511), and (440) orientations of the cobalt
ferrite. Moreover, two weak peaks observed at 38.04° and 54.67° can be attributed to (222) and
(422) crystallographic planes. No other diffraction peaks corresponding to the formation of impurity
phases were detected, revealing the high purity of the synthesized thin films. The cell parameter is
determined to be a = 8.388 A. The crystallite size (D) and the micro-strain (g) were determined to be
35 nm and 0.05% from the XRD patterns by using the Scherrer line broadening analysis D =
0.90/BcosO and € =p/2cotB on the (311) plane, where A is the wavelength of the X-ray radiation and P
is the diffraction broadening of the peak at half height for Bragg’s angle 6.

Figure 2 shows the Raman spectrum of a cobalt ferrite film recorded at room temperature. Five



well-defined peaks are located at 233, 287, 480, 609, and 682 cm’™’, whose positions and widths are
in good agreement with previous reports for the spinel of cobalt ferrite [10]. In the frequency range
of 200-700 cm™, the normal spinel structure of cobalt ferrite possesses two sets of Raman-active
modes depicted as Ty and Oy,. The high-frequency bands at 682 and 609 cm™, corresponding to the
T4—site mode, are attributed to the tetrahedral sub-lattice. The low-frequency bands at 480, 287, and
233 cm™ are related to the Oy-site mode, reflecting the local lattice effect in the octahedral sub-lattice
[11]. It is worth mentioning that the band peaking at 521 cm™ could result from the plasma peaks of
the laser or the Raman peak of the stainless steel substrate. These measurements indicate that all

samples are single-phase cobalt ferrite, which further confirm the XRD results.

3.2 Composition

To identify the species involved in the catalytic oxidation, the actual surface composition of the
prepared cobalt ferrite was determined by ex-situ XPS analysis. Details regarding the elemental
compositions and ratios are collected in Table S2 (see SM). A certain amount of carbon was formed
on the surface, which could be a result of contamination by precursor decomposition products during
the synthesis processes. In addition, oxygen and carbon are known to adsorb from air. Based on the
Co/Fe ratio, the prepared cobalt ferrite can be depicted as Co, 1Feg 9Os.

The spectra of Co 2p, Fe 2p, and O 1s are presented in Fig. 3. The interpretation of the Co and
Fe spectra is not straightforward as an Auger peak from the other respective metal overlays mainly
the 2ps, part. Figure 3a shows the spectra of Co 2ps, and Co 2p;, with peaks at binding energies
(BE) observed at 780.1 and 795.6 eV, respectively, corresponding to a normal spin-orbital splitting of
Co 2p [12]. The strong satellite peak at a BE of 803.2 eV is indicative of the presence of Co®" ions,
whereas the satellite at 786.3 eV is overlaid due to the Fe LMM line [13]. According to Gautier et al.

[14], the Co 2p1/2 part was deconvoluted to 75% Co®" and 25% Co’". Figure 3b displays the Fe 2p
7



spectrum with the Fe 2ps, peak at 711.3 eV and a doublet splitting of AE = 13.0 eV. In addition, a
satellite structure at 734 eV was observed. These BEs are due to the contributions from Fe’” ions and
are consistent with those reported for spin orbit components of Fe'* [12,15]. The oxygen O ls
spectrum of the prepared film is shown in Fig. 3c. The deconvolution shows a dominant peak at
529.8 eV, which is attributed to the lattice oxygen (Opr,). The other two components can be
attributed to adsorbed oxygenates (O,qs) [13]. The peak at 531.1 eV is assigned to the possible
defects and contaminations such as chemisorbed or dissociated oxygen, hydroxyl species, under-
coordinated lattice oxygen, CoO/Fe,Os3 surface phases, or species intrinsic to the surface of the spinel
[16]. The other peak at 533.3 eV probably results from the carbonate species CO3”". O,gs has been
reported to have a positive effect on the total oxidation of hydrocarbons [8,17], and the presence of
O.4s 1s expected to affect the physicochemical property of the synthesized cobalt ferrite films and

their catalytic applications.

3.3 Morphology

To obtain information on the surface morphology and spatial organization of the synthesized
cobalt ferrite thin films, micrographs were measured by HIM. As a recently developed imaging
technique, HIM provides deep insight into the surface structure based on secondary electrons (SE); it
thus resembles scanning electron microscopy. In HIM, a finely focused beam of helium ions with a
diameter down to 0.35 nm is scanned over the sample, and the SE generated by the He" impact are
detected. In SE imaging, the topology of the sample produces contrast as more electrons are ejected
when the helium ion beam hits the sample at glancing incidence. Since the energy of the SE is very
low, it leads to a higher surface sensitivity than typical electron microscopy. Figure 4 depicts the

representative HIM micrographs of cobalt ferrite films with different magnifications (see full-



resolution images in SM). A good homogeneity is observed. The films are composed of small grains
and exhibit a cauliflower structure. Compared to our recent work on Fe,Os [18], the obtained films in
this work exhibit more open porosity, which could result from the competitive growth between
cobalt and iron oxides during the preparation. The cauliflower structure with open porosity is

expected to hold more oxygen and thus improve the catalytic performance.

3.4 Redox behavior

To correlate the film composition and catalytic performance, the reducibility and re-oxidibility
of the synthesized cobalt ferrite was evaluated with in-situ emission FTIR spectroscopy by
integrating the intensity of the characteristic bands of the spinel as a function of the temperature
which reflects the loss or recovery of the spinel structure. Figure 5 presents the temperature-
programmed reduction (TPR) and re-oxidation (TPO) profiles. The typical behavior of the integrated
IR band intensity of cobalt ferrite as a function of the temperature in the TPR process is shown in
Fig. 5a. With the increase of the temperature (Fig. 5b), the two bands peaking at 531 cm™ and 625
cm™ exhibit a progressive red shift. The reduction occurs at around 278 °C and the samples are
completely reduced at 318 °C, corresponding to Co>” — Co>"/Co and Fe*" — Fe*"/Fe [19]. Figures
5c and 5d show the TPO profile and the recovery of the inverse spinel structure in the re-oxidation
process. The re-oxidation initiates at around 306 °C and is accomplished at 352 °C, demonstrating
that the re-oxidation step may play a key role in the catalytic process. Compared to the reported
redox behavior of Co3;04 [8] and Fe,O3 [18], cobalt ferrite exhibits a much better re-oxidability than
Co304 and a better reducibility than Fe,O3. According to our recent work on Co-Zn [20] and Co-Mn
[8] binary oxides, Zn or Mn doping may lead to an insertion of hydrogen atoms into the lattice

during deposition, which could refine the mobility of the oxygen atoms and make the samples less



reducible than Co;04. Moreover, the substitution of Co>* by Fe*' in the octahedral site could also
contribute to the better redox property of cobalt ferrites. Since both the complete reduction and re-
oxidation occur at relatively low temperature, cobalt ferrite is expected to be an active catalyst for

low-temperature oxidation of different exhaust gases or fuels.

3.5 Catalytic performance

The catalytic performance was investigated with respect to the total oxidation of propene,
n-butene, and DME at atmospheric pressure over the prepared cobalt ferrite referring to the non-
coated mesh. The catalytic effect of the mesh has been excluded by the observation that no
significant difference occurred between the oxidation over non-coated mesh and in a blank system,
in accordance with previous conclusions [9]. Figure 6 compares the light-off curves under the same
inlet conditions. In the presence of cobalt ferrite, the oxidation becomes detectable at around 250 °C
for all three reactant gases; complete conversion occurs at 400, 425, and 446 °C for propene, n-
butene, and DME, respectively. The reproducibility of the catalytic results and reusability of the
cobalt ferrite catalysts were evaluated by carrying out tests over a series of samples with several
runs. The results are reproducible and the prepared samples exhibit good reusability within the
experimental uncertainty (see SM). Up to 400 °C, the conversion is negligible for the oxidation over
non-coated mesh, demonstrating that cobalt ferrite is active towards the oxidation of the selected
reactants. It is worth noting that the catalytic oxidation under oxygen-rich conditions is observed to
have no obvious effect on the catalyst or surface ionic states by performing XRD and XPS analyses
before and after the catalytic tests.

Figure 7 depicts the outlet profiles as a function of the temperature during the oxidation. The

results show that the cobalt ferrite films favor the complete conversion of the reactant gases at much
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lower temperatures relative to the non-coated mesh. Besides the reactant gas, CO, was detected as
the unique product in the oxidation processes over cobalt ferrite, while additional CO was observed
in the reaction on non-coated mesh. Tsy and Ty, corresponding to 50% and 90% conversion of the
reactant gas, respectively, are used as parameters to compare the performance of the deposited
samples. With cobalt ferrite, Tsy and Ty of propene oxidation are 348 and 382 °C, which are quite
close to values obtained with other active catalysts such as alkali-doped Au/Al,O; [21] and Co-Mn
oxides in our recent work [8]. These values are lower than those reported by Ivanova et al. [22] who
obtained 355 and 410 °C by using 200 mg of 2% Au/Al,0O; catalyst in propene oxidation. Moreover,
Tgo in this work is lower than that measured with Ag/Al,O; (410 °C) [23] and La; 7Sry3CuO4S)2
(420 °C) [24], indicating that the prepared cobalt ferrites exhibit competitive activity. Tso and Tog
shifted to 578 and 691 °C, respectively, for the experiment carried out with non-coated mesh (see
Figs. 7a and 7b). With the light-off curves obtained with and without cobalt ferrite, application of the
Arrhenius equation at less than 5% conversion allows extraction of apparent activation energy values
of £, = 116.25 and 119.86 kJ/mol, respectively. Compared to the reaction over Co304 with E, =
158.32 kJ/mol [8], the introduction of iron tends to initiate the oxidation of propene with lower E,,
which makes cobalt ferrite more suitable for the catalytic applications.

Figure 7c and 7d compare the results of n-C4Hg oxidation with and without cobalt ferrite. Tso
and Ty of n-C4Hg oxidation over cobalt ferrite were observed at 358 and 402 °C, which are slightly
lower than those reported with pure Co3;O4 [25]. These values shifted by 100 and 135 °C,
respectively, toward higher temperatures over non-coated mesh. It has been reported that a small
quantity of 1,3-butadiene was selectively formed in the oxidation of n-C4Hg at a
temperature >350 °C over MnMoOy-based catalysts upon C-H activation [26]. It should be noted

that 1,3-butadiene was not detected in the present work. According to Veleva and Trifiro [26], the
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initiation of n-C4Hg oxidation occurred at around 350 °C and O,g;s is responsible for the oxidation of
n-C4Hg to COy. However, n-C4Hg oxidation becomes measurable at relatively low temperature in this
study. Such low temperature could result in negligible formation of 1,3-butadiene. Moreover, the
insertion of Co into the ferrites could lead to scarce formation of 1,3-butadiene [27]. E, was
estimated to be 123.71 and 146.25 kJ/mol for the reaction with and without cobalt ferrite. Of interest,
two turning points at 360 and 480 °C are observed in the reaction on non-coated mesh. These points
correspond to the partial oxidation of n-C4Hg to CO, as can be seen from the two clear peaks in the
product profile in Fig. 7d.

For DME, cobalt ferrite also exhibits a much better performance than the non-coated mesh, as
revealed in Fig. 7e and 7f. Tso and Ty of the reaction over cobalt ferrite are 356 and 409 °C. These
values are observed to be 613 and 682 °C for the reaction without cobalt ferrite, respectively. It has
been established that the initiation of DME conversion happens at around 240 °C over Pd/Al,O;
[28], Pd/CeO; [28], ZrMo0,0g [29], Rh/Al,05/Al [30], and SnO,/MgO catalysts [31], which is quite
close to the temperature obtained in this work. According to Liu et al. [29], the reaction network for
DME conversion consists of four pathways giving rise to CH;OH, HCHO, HCOOCHj3;, and COx.
Low selectivity of CH;0H and HCOOCHj3 was reported [29]. HCHO was not detected, which could
result from either the low concentration or its fast conversion to COy. £, was calculated to be 114.31
and 168.62 kJ/mol for the reaction over cobalt-ferrite-coated and non-coated mesh. Similar to n-
C4Hg, two plateaus at around 355 and 700 °C are observed during the reaction in the absence of
cobalt ferrite, which could result from the fast conversion of HCHO to COy. Such two-stage ignition
behavior of DME has been reported and summarized for the homogeneous experiments [32].

Based on the characteristic observations, the good catalytic performance of cobalt ferrite could

be correlated with the O,y on the surface, the cauliflower morphology and attractive redox
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properties. It is widely accepted that the catalytic performance of ferrite-type catalysts depends on
their oxygen mobility, since the reaction follows the Mars-van-Krevelen mechanism [27]. The
abundance of O,qs could support the catalytic oxidation process, as proposed by Veleva and Trifird
[26]. The obtained cauliflower surface structure with open porosity is expected to hold more oxygen
and active sites and consequently could be beneficial for the catalytic reaction. The good reducibility
and re-oxidability tend to enable the catalytic reactions at relatively low temperatures by involving
various cations distributed in the octahedral and tetrahedral sites. The abundant Co”" ions revealed
by XPS could allow for significant charge-transfer character between the cobalt 3d” band structure
with that of the neighboring O lattice anions [33] and thus enhance the catalytic performance of the
cobalt ferrite. Moreover, the slightly lower bandgap energy of cobalt ferrite (see SM) could also
indicate that the migration of Oy, or 0% from the bulk to the surface becomes easier and leads to

good reducibility.

Conclusion

Thin cobalt ferrite films were synthesized from Co(acac); and Fe(acac), by pulse spray
evaporation chemical vapor deposition for low-temperature oxidation application. Structure,
morphology, and elemental distribution of the deposited films were characterized by XRD, Raman,
HIM, and XPS. Temperature-programmed reduction and re-oxidation by in-situ emission FTIR
spectroscopy were used to elucidate the redox behavior of the prepared films. The catalytic
performance of the obtained cobalt ferrite was tested against deep oxidation of olefins and dimethyl
ether. The prepared samples were confirmed to be Co,.;Fe 904 and exhibited a cauliflower structure.
The results indicate that the binary cobalt ferrite presents better redox properties than the individual

oxide films, which leads to the easy mobility of oxygen species from the bulk to the surface.
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Compared to the reactions on non-coated mesh for a specific reactant gas, the complete conversion is
achieved at much lower temperatures with cobalt ferrite, and cobalt ferrite tends to prohibit the
formation of CO. The oxygen mobility of cobalt ferrite catalysts is suggested to play a key role in
determining the catalytic performance. This facile and inexpensive preparation method and
correlation of the catalytic performance with the surface and thermal properties may be extended to
investigate catalytic potential of other binary and multiple metal oxides in the abatement of exhaust

emissions as well as unburned fuels.
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Fig. 4 HIM images of a representative cobalt ferrite film coated on stainless steel.
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Fig. 5 Redox behavior of the cobalt ferrite oxides: TPR profile (a); progressive loss of the spinel
structure (b); TPO profile (c); recovery of cobalt ferrite structure (d).
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Section 1: Details of experimental conditions

Table S1 Experimental conditions

Precursor Co(acac)s \ Fe(acac);
Solvent Tetrahydrofuran
Concentration 5mM | 5mM
Col/Fe ratio 11

Delivery rate 0.80 mL min™
Substrates Glass, stainless steel

f2 pulse width 4 Hz, 2.5 ms

Tevpr Ttrss Tsub 220, 220, 400 °C

P (mbar) 30

N,/O, (SLM) 0.16/1.0

Note: ® f is the pulse frequency; ° Tewp: Tus and Ty, refer to the temperature of evaporation, transportation and substrate.

Section 2: XPS details and surface composition

The surface composition was determined by means of X-ray photoelectron spectroscopy (XPS).
XPS was performed in a multi-technique ultra-high vacuum instrument (Multiprobe, Omicron
Nanotechnology) using a monochromated Al Ko X-ray source (1486.7 eV, 280 W) and a hemi-
spherical electron energy analyzer (Sphera) in constant analyzer energy mode (25 eV) and a step size
of 0.05 eV. The sample was located under an angle of 13° from the surface normal to the electron
detector. The base pressure of the chamber was 2x10™° mbar. CasaXPS was used to analyze the
spectra, and a Shirley background subtraction procedure was employed. The elemental composition
was calculated using the area of the Fe 2p, Co 2p, C 1s and O 1s peaks according to the Scofield
cross-sections. The peak areas of the Fe 2p and Co 2p signals were corrected for Auger LMM peaks

that each metal has in the 2p area of the other metal. In both cases, mainly the 2ps, parts of the
2



spectra are affected. For this correction, the full area of the 2p spectra (including the LMM area) was
measured and then corrected with the intensity ratio of 2p to LMM (K) of a pure cobalt or iron oxide

sample. The intensity correction of the peak area was done according to the following formula:

_ M(Fe) — K(Co)M(Co) _ M(Co) — K(Fe)M(Fe)
A(Fe = 2p) = = K COK (Fe)) A(Co=2p) = 2 R COK (Fe))
Definitions:
A = Area

K = [A(LMM) / A(2p)] (Correction factor)

Measured Areas (M):

M(Fe) = A(Fe-2p+Co-LMM)

M(Co) = A(Co-2p+Fe-LMM)

Area ratio K (Fe) = A(Fe-LMM) / A(Fe-2p) = 14.3/84.8 =0.148
Area ratio K (Co) = A(Co-LMM) / A(Co-2p) =41.1/206.8 = 0.210
The representative XPS spectrum of C 1s is displayed in Fig. S1.

Table S2 Surface composition of the prepared films

Co2p Fe 2p O1ls C1ls ColFe Co Fe 0]
11 5.0 49.0 35.0 2.23 2.1 0.9 4.0

Background
Fitted

Relative Intensity (a.u.)

Binding Energy (eV)
Fig. S1 XPS spectrum of C 1s.



Section 3: Helium lon Microscopy and full resolution images

The high-resolution HIM micrographs were measured in a Carl Zeiss Orion Plus® Helium ion
microscope. The helium ion beam was operated at 38.3 kV acceleration voltage at a current between
0.4 and 0.8 pA. A 10 um aperture at Spot Control setting of 4-5 was used. The working distance was
9 mm at a sample tilt of 0°. Secondary electrons were collected by an Everhart-Thornley detector at
500 V grid voltage. The samples were plasma-cleaned in the HIM load lock for 8 minutes before
measurement. The high-resolution HIM images with different magnifications are shown in Figs. S2

to S4.
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Fig. S2 Full-resolution HIM image, compare Fig. 4.
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Secion 4: Optical property

According to Jibril [S1] and our recent work [S2], a strong correlation exists between the
bandgap energy and the catalytic behavior of the catalysts. The direct bandgap energy of the
prepared cobalt ferrite films can be estimated from the collected absorption spectra through Tauc’s
equation:

A(hv —E )"
o=—

hv
where A is a constant related to the refractive index, Eq is the bandgap energy of the cobalt ferrite

film, n is a constant depending on the nature of the transition (1/2 for direct allowed transitions), a is
the absorption coefficient and hv is the incident photon energy. The corresponding plot of (ahv)?
versus hv is shown in Fig. S5. Eq was determined to be 2.09 eV from extrapolation of the straight
portion of this plot to the abscissa. Compared to the pure iron oxide [S3], the Ey value of cobalt
ferrite is relatively smaller, which could be due to the presence of O%-octahedral ions associated with
the surface basic sites. Moreover, the high content of Co*" and oxygen vacancies as well as the
possible chargetransfer of O*-Co*" may also contribute to the low Eg value. Therefore, the cobalt
ferrite prepared in this work with low Eq is expected to possess high electron mobility character and

exhibit good catalytic performance.
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Fig. S5 UV-Vis absorption spectra and (a/v)® versus v of cobalt ferrite films.



Section 5: Reproducibility and reusability

To test the reproducibility of the catalytic results and reusability of the cobalt ferrite catalysts,
the catalytic tests were performed over a series of samples with several runs. As shown in Fig. Sé6a,
the n-C4Hg conversion was well reproduced with the second and third cobalt ferrite sample within

3 °C. The catalytic tests of DME over the same cobalt ferrite (see Fig. S6b) reveal that the prepared

sample exhibits a good reusability.
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Fig. S6 Reproducibility and reusability: conversion profiles of n-C4sHg and DME over cobalt ferrite
films.
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The present work aims to investigate an innovative application of natural clay as a catalyst for biofuel
combustion. The mineralogical, chemical, thermal and textural characterizations of the natural clay sug-
gest an intrinsic catalytic potential without any prior treatment. The catalytic performance was studied
with respect to the combustion of n-butanol as a representative biofuel using different forms of the
natural clay: fine powder, pressed pellets and extruded honeycomb monoliths. No major difference
was found among these forms regarding texture, morphology and stability. In terms of performance, this

g?t/ ;/‘l/otriS:combtlstion clay proved competitive relative to cobalt oxide spinel, which is one of the most reactive non-noble tran-
BiofuZl sition metal oxides. The significant amount of naturally occurring transition metals such as iron and some
n-Butanol elements considered as promoters in the clay were proposed to account for the catalytic properties. A

Clay systematic investigation of the catalytic performance of the clay as a function of the equivalence ratio
Honeycomb monolith and of the total flow rate was performed using gas-phase FTIR spectroscopy. Increase of the equivalence
ratio at a fixed flow rate yielded a lower catalytic performance toward n-butanol combustion producing a
consequent fraction of carbon monoxide and ethylene. At a constant equivalence ratio of 0.6, the perfor-
mance of the clay was not affected by increasing the total inlet flow rate up to 30 sccm. These findings
may initiate the development of a new catalyst for biofuel combustion based on relatively low-cost
and abundantly available raw materials such as the natural clay investigated here.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction properties relative to ethanol, such as the higher energy density,
lower vapor pressure, lower corrosivity, and higher hydrophobicity

In the context of the energy transition to use renewable [5]. Moreover, n-butanol can be blended with diesel or gasoline at

resources, biofuels like bio-diesel and bio-alcohol have attracted
great attention in the last decade [1-4]. As an attractive alternative
and additive to conventional gasoline, n-butanol has many superior
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relatively high proportions, the use of which can reduce the amount
of unwanted CO and hydrocarbon emissions. As n-butanol is
regarded as one of the most promising biofuels in future applica-
tions, numerous investigations have focused on its combustion
chemistry. These studies have predominantly addressed the exper-
imental study [6-18] and kinetic modeling [5,8,15,16,19-23] of the
homogeneous combustion. Considerably less work has been per-
formed on its combustion involving heterogeneous catalysis. So
far, only a few reports address this issue, where supported noble
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metals [24-29] and Zrg 4Ceg 6_xMn,0, [30] were used with thermal
activation, and TiO, with photo-activation [31].

Catalytic combustion usually proceeds at much lower tempera-
tures than homogeneous combustion and is often carried out using
honeycomb-shaped monoliths with open channels. These mono-
liths are made from metal or ceramic, such as the most popular
cordierite three-way catalyst [32,33]. In recent years, clays re-
ceived significant interest [34,35] as support of transition metal
oxides [36,37] for efficient removal of contaminants from drinking
water [38] as well as a layer to improve the performance of the air
electrode for fuel cells [39,40]. Furthermore, clays served as cata-
lysts because of their chemical composition: they contain mainly
aluminosilicates and mixtures of several common minerals such
as Fe,03, MgO, K,0 etc. [41-43]. However, to the best of our
knowledge, the oxidation of biofuels, for example, n-butanol, over
natural clay has never been investigated before.

The present work is oriented to evaluate the intrinsic catalytic
performance of natural clay in terms of the catalytic combustion
of biofuels. X-ray diffraction (XRD), Scanning electron microscopy
(SEM) and Energy-dispersive spectroscopy (EDS) were used to
characterize the clay. The clay was easily extruded into honeycomb
monoliths without the need of chemicals as binder. The catalytic
behavior of the clay was studied not only for extruded monolith
but also for fine powder and pellet shapes. Moreover, the effect
of equivalence ratio (®) and total flow rate on the catalytic perfor-
mance was investigated. The objective is to evaluate the intrinsic
catalytic potential of low-cost natural clay towards biofuel
combustion.

2. Experimental
2.1. Clay samples preparation and mechanical test

Natural clay samples in three different forms, fine powder, pel-
let and extruded monolith, as shown in Fig. 1, were obtained from

(a) (b) (c)

Fig. 1. Clay in powder (a), pellet (b) and extruded monolith form (c), and SEM
micrographs obtained with the raw clay (d) and a piece from the corresponding
extruded monolith (e).

northern Morocco. Firstly, the raw clays were ground and passed
through a 180 pm sieve to obtain the fine powder. By mixing the
fine powder with an appropriate amount of water, pellets and hon-
eycomb monoliths (corning: 413 channels per square inch) were
prepared with a thick paste mold and extrusion machine, respec-
tively. The resulting samples were subsequently dried at 120 °C
for two days. The mechanical properties were determined based
on axial strength crush tests using a Shimadzu AG-IS universal ma-
chine, capable of working at a maximum pressure of 100 kN
according to the standard procedure UNE-EN ISO 604 [34].

2.2. Characterization

XRD analysis was performed at room temperature using a Phil-
lips XPert Pro MRD (PW3830) equipped with a Cu Ko (1 = 0.154056
nm) radiation and operated at 40 kV and 30 mA. Data were re-
corded in the 20 range from 5° to 80°, with a step size of 0.05°
and treated according to the Rietveld procedure using the Fullproof
program [44]. The textural properties, BET surface area and pore
size distribution of powder clay and pieces of the extruded mono-
lith were estimated by measuring N, adsorption/desorption at
—196 °C, using a Micrometritics ASAP 2020. SEM images and EDS
results were obtained with a QUANTA-200 SEM (Philips) equipped
with a Phoenix Microanalysis system.

2.3. Catalytic performance

Catalytic performance tests were carried out at atmospheric
pressure in a quartz flow reactor, as shown in Fig. 2. The inlet
gas consisted of 2 vol% of n-butanol in argon carrier flow gas con-
taining 6-20 vol% of O,. The tubular glass reactor used for these
tests has an inner diameter of 9 mm and a length of 180 mm,
and the total flow rate was adjusted in the 15-50 sccm range.
The clay samples (1 g) were loaded in the middle of the quartz
reactor with quartz wool packed at the outlet side of the catalyst
bed. As references, blank n-butanol oxidation experiments were
carried out in the empty reactor and in a reactor containing a cor-
dierite monolith (corning: 900 channels per square inch, 9 mm in
diameter and 58 mm in length). Moreover, the catalytic perfor-
mance of the clay was compared to that of Co30,4 or Fe,05 thin film
catalysts deposited on stainless steel meshes by pulsed-spray
evaporation chemical vapor deposition [45,46]. The flow rates
were controlled using MKS mass flow controllers, and the temper-
ature of the clay inside the reactor was recorded using K-thermo-
couples and a digital thermometer (Greisinger, GMH3250). The
experiments were carried out with a ramp of 5°C/min using a
HT60 controller (Horst). The gas phase composition at the outlet
was monitored by FTIR spectroscopy for n-butanol, CO, CO,, C;Hy4

Recorded
temperature

n-C4HaOH
H20

Heating plate

Heat controller "
Quadruple MS 4
\ KBr /

Fig. 2. Schematic illustration of the home-made flow reactor for the catalytic test.
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Table 1
Experimental conditions of n-butanol oxidation.

System @? Flow (sccm®) n-C4H100 (%) 0, (%) Clay (g)

A 0.6 15 20 20 1.0
B 1.0 15 2.0 12 1.0
C 2.0 15 20 6 1.0
D 0.6 15 20 20 0.0
E€ 0.6 15 2.0 20 0.0
F 0.6 15 2.0 20 0.0
G¢ 0.6 15 20 20 0.0
H 0.6 30 2.0 20 1.0
I 0.6 50 2.0 20 1.0

2 ¢ refers to the equivalence ratio.

b scem is short for standard milliliter per minute.

€ E, F and G are reactions with 10 mg Co304, 10 mg Fe,0; on mesh of stainless
steel and non-coated cordierite, respectively.

and C,H40. Quadrupole mass spectrometry (QMS) was used to
check the formation of n-butanal and butene, since some IR bands
of these species might overlap with the detected IR bands of C,H,0
and C;H4. The experimental conditions are compiled in Table 1,
where the equivalence ratio (@) is defined as the ratio of the actual
fuel/O,, ratio to the stoichiometric fuel/O, ratio. The conversion of
n-butanol is calculated as:

Conversion, pytanol % = [Mp-butanol (inlet)
- Mn—butanol (OUIet)]/Mn—butanol (inlet)],

where M,,_putanol (inlet) and M,,_putanol (OUtlet) are the number moles
of n-butanol in the inlet and outlet gases, respectively. The catalytic
performance of the studied samples was analyzed based on the
overall catalytic reaction rate, which is expressed as the ratio of
the n-butanol conversion normalized to the mass or surface area
of the catalyst:

r= Mn—butanol (inlet)
x Conversion, putano %,/ catalyst mass or surface area.

3. Results and discussion
3.1. Structural and chemical composition

The mineralogical composition of the raw clay was investigated
by XRD spectroscopy, as presented in Fig. 3a. According to the
International Centre for Diffraction Data (ICDD) database, the anal-
ysis of the diffractograms leads to the identification of phases listed

1 (a)

=

— Clay XRD pattemns
B 01-087-2096 (C) - Quartz
01-089-6216 (C) - Muscovite

01-080-0885 (C) — Kaolinite
01-077-0022 (C) - Vermiculite

00-019-1184 (I) - Albite

\JLA ,.I._.Jll_ e b

Relative Intensity (a.u.)

Table 2
Mineralogy information of the studied clay according to XRD
analysis (ICCD database PDF code of the phase identified in

parentheses).
Component Mineralogical composition
1 Quartz (01-087-2096)
2 Muscovite (01-087-2042)
3 Kaolinite (01-0800885)
4 Vermiculite (01-077-0022)
5 Albite (00-019-1184)

Table 3
Elementary analysis (wt.%) of the investigated clay with EDS.

Elements C (0] Na
Components 0.7 56.7 02 0.7 114

Mg Al Si K Ca Fe Ti
194 32 04 71 02

in Table 2. The studied clay displays a complex structural heteroge-
neity, containing quartz, muscovite, kaolinite, vermiculite as well
as albite.

The EDS complementary microanalysis, as given in Table 3, con-
firms the existence of elements constituting the phases identified
by XRD. The chemical analysis of the clay obtained here indicates
a composition that is common to soils in other parts of the world
as, for example, in the USA. [42], Spain [43], and Iran [41]. The
low Si/Al ratio in the clay agrees well with the empirical phase
composition suggested by the XRD analysis. It is worth pointing
out that the clay’s chemical composition reveals a strong potential
for intrinsic catalytic properties, related to the presence of signifi-
cant fraction of iron (7.1%) that might act as active phase. Silicon
and aluminium oxides are also of interest because they are usually
used as a catalyst support holding good structural properties at
high temperature, whereas the alkali metals might play a signifi-
cant role as electronic promoters.

3.2. Texture, morphology and stability

With N, adsoption/desorption isotherms, textural properties of
the raw clay powder and monoliths were determined. The specific
surface area (Sggr), total pore and micropore volumes were calcu-
lated to be 38.2 m?/g, 0.071, and 0.003 cm?/g for the powder versus
37.7 m?/g, 0.074, and 0.003 cm?/g for the monolith. This result con-
firms that the extrusion process does not affect the texture of the
clay. The SEM micrographs (Fig. 1d and e) demonstrate an agglom-

| (b)

- = —
z i!' I \ Troom
T | s 1 A
= [P AAA e A
‘@ = ==
c ‘ |  T200°c
oy i .
ol A LN R W
E == | ==
2 | | T | Taoo°c
D | Mt A A b
2+ =
Py v, Tsoo°c
s Mt _pp S A A A ]

L 1 1 L 1
20 30 40 60 70 80

50
2 Theta (°)

6 10 20

30 40 50

2 Theta (°)

Fig. 3. Phase identification of raw clay at room temperature by XRD analysis (a) and the effect of temperature on the XRD patterns of raw clay (b).
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erated and heterogeneous particle size distribution. An observation
at high magnification also indicates the irregular shape of the con-
stituent particles. Besides large voids, the observed smaller cavities
might be associated with macroporosity.

The axial crush test of the extruded clay monolith reveals a
mechanical resistance of 2.5 MPa. Although this value is lower than
those reported for ceramic composites [47] and carbon-coated cor-
dierite monoliths [48], it shows better performance than that for
integral-type carbon monoliths extruded with binders [49] and is
equivalent to the carbon-based monolith [50], demonstrating its
potential for practical application. It is worth noting that the
monolithic clay was extruded easily without any additives or
binders.

To illustrate the thermal stability of the clay in the catalytic pro-
cess, both pellets and extruded monoliths were studied with ther-
mogravimetric analysis combined with temperature-programmed
desorption mass spectrometry (TPDMS). The observed weight loss
behavior (not shown) is similar to that reported previously for two
other Moroccan clays [34]. Furthermore, the pellets and monoliths
were exposed to the oxidation test conditions (& = 0.6, 15 sccm) at
different temperatures for 2 h. Since the pellets and monoliths
show the same XRD pattern, only the spectra of pellet samples
are compared in Fig. 3b. And increase of the temperature up to
500 °C does not yield any notable change in the relative intensities,
which gives confidence that the clay is stable and can be used
within this temperature range.

3.3. Catalytic performance

The catalytic performance and the effect of clay forms, equiva-
lence ratio @ and total flow rate on the oxidation process of n-
butanol were investigated in this work. The gas phase composition
at the outlet was monitored with online FTIR and QMS. Fig. 4a
shows an illustrative example of selected IR spectra recorded as a
function of temperature during the light-off test with 1 g of the clay
powder and 15 sccm inlet flow and & = 0.6. The IR bands at 2820-
3050, 2240-2400, 2050-2230, 1690-1820, and 1380-1520 cm™!
are characteristic for n-butanol, CO,, CO, acetaldehyde, and ethyl-
ene, respectively [51]. Furthermore, the gas phase composition
monitored with QMS indicate negligible formation of n-butanal
and butene, in agreement with the flame study of n-butanol [11].
The existence of aldehydes was also observed in the oxidation of
n-butanol over Pt/TiO, and Pt/x%Nb-TiO, catalysts reported by
Finol et al. [28]. With the temperature increasing above 150 °C,
the fraction of n-butanol decays gradually, and CO, is observed to
be the unique carbonaceous species above 400 °C. CO, ethylene,

| CzHa

Relative Intensity (a.u.)

6o |

n-l;:tulfénol COp A{:éialdehyde
3000 2000 1000
Wavelength (cm™)

(a)

4000

and acetaldehyde are the products of the catalytic oxidation at
intermediate temperatures. According to Bouguer-Beer-Lambert’s
law, the intensities of the characteristic IR bands are proportional
to the involved numbers of moles. With the known quantity of
n-butanol, the amount of CO, was calculated according to the
carbon balance of the reaction by calibrating the intensity of CO,
when n-butanol was completely converted. The quantification of
intermediates was obtained by comparison with CO, following
the procedure given in the Supplemental Material, and the obtained
composition profiles are shown in Fig. 4b.

3.3.1. Clay form

The aforementioned procedure was used to perform a prelimin-
ary investigation of the effect of the clay shapes on the catalytic
performance. The light-off curves of n-butanol oxidation (& = 0.6,
15 sccm) obtained with 1.0g of the clay in three forms are
presented in Fig. 5. These ignition curves were used to compare
the catalytic performance on the basis of n-butanol consumption
calculated as described in Section 2.3. In general, the three forms
exhibit similar behavior since all the curves show complete oxida-
tion at around 355 °C and only slight differences were observed at
the low-temperature conversion rate. The temperatures, T1g, Tso,
and Tg corresponding to 10%, 50%, and 90% of n-butanol conver-
sion (Table S1) show that the n-butanol oxidation over pellets
tends to begin at 10-20°C (T;o) higher than over powder and
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Fig. 5. Light-off curves of n-butanol as a function of reaction temperature with clay
in powder, pellet, extruded monolith form, cobalt oxide (Co30,), iron oxide (Fe,05),
cordierite and empty tube at equivalence ratio of 0.6 and total flow rate of 15 sccm.
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Fig. 4. FTIR spectra as a function of temperature (a) and production profiles for n-butanol oxidation at equivalence ratio of 0.6 and total flow rate of 15 sccm.
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monoliths. These results permit to establish the following catalytic
performance order: monolith < powder < pellet based on Tso and
Too values. However, these differences are within the experimental
uncertainties.

The catalytic performance of this clay was also compared to that
of Co304 or Fe,03 deposited on a mesh of stainless steel tested
under similar conditions (@ = 0.6 and total flow rate of 15 sccm)
after performing blank tests with empty reactor and with cordier-
ite in order to check the existence of homogeneous reactions of
n-butanol oxidation. As seen in Fig. 5, T;o obtained with clay shifts
significantly by about 100, 110, 170, and 230 °C to higher temper-
atures for the reaction over Cos04, Fe,0s, cordierite, and in the
empty reactor, respectively. The same order is obtained for Tsg
and Tyo. The reaction without catalyst or with cordierite doesn’t
start before 360 °C, a temperature at which n-butanol is already
completely converted to CO, over the clay samples. This result
shows clearly the high efficiency of the clay as a catalyst for the
oxidation of n-butanol. Regarding the production of CO as a com-
bustion intermediate, similar levels were observed with Co30,,
Fe,03, and with the clay, while substantially higher CO concentra-
tion was found for homogeneous combustion (in the absence of
catalyst, see Fig. S1).

To evaluate the potential application of the clay as a biofuel oxi-
dation catalyst, the catalytic performance was investigated in
terms of reaction rate. For this, we use a simple expression of the
overall catalytic reaction rate that depends only on n-butanol con-
version. This is justified by the fact that the oxygen concentration
is generally larger than that of the fuel and usually remains con-
stant under operating conditions. Although the adopted reaction
rate does not provide insight into the catalytic act occurring on
the surface, it permits a useful and quick comparison of the kinetic
behavior of different samples. Hence, two types of reactions rates
were calculated in this work: (1) r,,, normalized to the mass of
the active catalyst (for clay, the active catalyst was considered as
Fe,03); (2) rs, normalized to the surface area of the active catalyst.
Table 4 presents the resulting reaction rates for Coz0g4, Fe;03, and
clay in forms of powder, pellet and monolith at 200 and 300 °C.
The r,,, and ry values obtained with both powder and monolith
are larger than those obtained with pellet, which is due to the lar-
ger surface-to-volume ratios of powder and monolith. No reaction
happens for Co30,4 and Fe,03 at 200 °C. At 300 °C, the r,,, values ob-
tained with different forms of clay are generally several times lar-
ger than those of Co304 and Fe,03, because the clay forms have a
higher conversion percentage of n-butanol. The reaction rates
based on the surface area of catalyst yield similar values for clay
and Fe,0s. This is probably due to the lower dispersion of Fe,05
on the clay area, as compared to the higher density of Fe,0s3 sites
on the stainless steel mesh. A similar explanation was given
regarding mesh covered with catalytic copper oxide nanowires in
methane oxidation [52]. Accordingly, the reaction rates indicate
that the catalytic performance of clay with respect to n-butanol
oxidation is better than that of Co3;0,4 and Fe;0s.

Table 4
Reaction rates for Co304, Fe;,03 and clay in forms of powder, pellet and monolith.

Catalysts  Reaction rate per unit mass of Reaction rate per unit surface
catalyst (x10®molg's™')  area of catalyst
(x10°8molm2s1)
200°C 300 °C 200 °C 300 °C
Powder 0.39 7.78 0.11 2.08
Pellet 0.11 6.57 0.03 1.75
Monolith  1.30 7.46 0.35 1.99
Co304 - 0.50 - 0.44
Fe,03 - 2.27 - 2.01

It is worth mentioning that the light-off profile of n-butanol
over Fe,03 obtained in this work is in agreement with literature re-
sult reported by Basifiska et al. [29]. Although the introduction of
Ru could lower that ignition temperature, the complete oxidation
of n-butanol over Ru/Fe,03; needs 450 °C [29]. Compared to Pt/Pd
and Zr-Ce-Mn catalysts permitting total conversion of n-butanol
in the temperature range of 180-230 °C [26,28,30], the natural clay
still shows potential in the catalytic removal of n-butanol.

According to the well-accepted Mars-van-Krevelen mechanism,
the catalytic oxidation reaction requires a cyclic change of the oxi-
dation state of the catalytic material. Note that Fe,03 has been re-
ported as an active catalyst for the oxidation of ethanol [53], n-
butanol [29] and toluene [54]. Based on EDS results, Fe,03 which
is one of the main components of the studied clay, and also pre-
sents in some pillared [55] and vermiculite clays [56], might play
an important role during the catalytic reaction investigated in
the present work. The use of mixtures of silica, alumina and mag-
nesia as structural stabilizers as well as Mg, K, Na and Ca as elec-
tronic promoters, is common practice in heterogeneous catalysis.
Therefore, it is not surprising that the studied clay is more active
than the catalyst based on iron oxide alone. Further evidence of
the role of these promoters is beyond the scope of this work and
will be the subject of future investigations.

3.3.2. Equivalence ratio

In the present work, the effect of @ was investigated on the n-
butanol conversion by fixing the inlet flow of n-butanol and the to-
tal flow at 15 sccm while varying the oxygen/n-butanol ratio from
10 to 3 (@ in the range of 0.6-2.0, conditions A to C in Table 1). As
summarized in Fig. 6a, the increase of @ shifts the light-off curve to
higher temperatures. For & = 0.6, the reaction begins at around
185 °C, while for & = 2.0, this temperature is about 15 °C higher.
A more profound shift (60 °C) was observed for the complete con-
version temperature. As presented in Fig. 6, CO, production profiles
coincide with the n-butanol depletion profiles, while CO, ethylene
and acetaldehyde have intermediate-like profiles. The tempera-
tures at which these intermediates are formed at maximal rates
show also a clear shift to higher values with increasing @, follow-
ing an order: Tco > Tacetaldehyde > Tethylene at fixed @. The maximal
CO formation rate was observed at 289°C (1.3 x 10*mol h™1)
for @ =0.6. This value shifts to 320°C (1.6 x 10~* mol h™!) for
@ =1.0 and to 349 °C (1.8 x 10~*mol h™!) for & =2.0. Compared
to CO, ethylene and acetaldehyde can be considered as minor prod-
ucts and the maximal production rate of acetaldehyde decreases
significantly from lean to rich conditions. It should be noted that
CO and acetaldehyde are completely depleted at 500 °C under lean
and stoichiometric conditions, while they are still formed at a rate
0f 1.9 x 107> and 3.3 x 10~® mol h™! for @ = 2, respectively, which
is a direct consequence of the oxygen deficiency under rich condi-
tions. A comprehensive comparison of the effect of @ on T and Tsq
of n-butanol conversion, maximum outlet and corresponding tem-
perature of CO, ethylene and acetaldehyde is presented in Fig. S2 in
the Supplemental Material.

3.3.3. Total flow rate

Concerning the influence of the total flow on n-butanol conver-
sion, the experiments were carried out at a fixed catalyst weight
and partial pressure of n-butanol, because high total flow rates lead
to short residence time in the catalytic bed. Fig. 6b presents the
reaction mixture containing 2% of n-butanol for flow rates 15-
50 sccm at @ = 0.6. The oxidation of n-butanol starts significantly
at 185 °C and complete conversion achieves at 320 °C for flow rates
of 15 and 30 sccm. These temperatures shift to 200 and 350 °C for a
total flow rate of 50 sccm. Ty and Tsq (see Fig. S3) also give evi-
dence that the oxidation of n-butanol with 50 sccm needs a higher
temperature. Similar behavior was exhibited by CO, production,
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Fig. 6. The effect of equivalence ratio the mole fraction of n-butanol (a), CO, (b), CO (c), C;H4 (d) and acetaldehyde (e) at a total flow rate of 15 sccm; effect of total flow rate on
the outlet profiles of n-butanol (f), CO, (g), CO (h), C;H, (i) and acetaldehyde (j) at a fixed equivalence ratio of 0.6.

whereas CO was observed as an intermediate in all cases with an
increased production at higher flow rate. Figs. 7g and S3 show
the maximal CO formation rate at 290 °C for 15-30 sccm and at

rgy (kJImMoY

o=

pctivation Ene

Fig. 7. The effect of equivalence ratio and flow rate on the apparent activation
energy for n-butanol oxidation with clay (empty square and circular symbols),

Co304 (triangle symbol), Fe,05 (star), cordierite (solid square) and without catalyst
(diamond symbol) at atmospheric pressure.

330 °C for 50 sccm. The reached maximal production rate shows
a 5-fold increase when the total flow rate was increased from 15
to 50 sccm. Ethylene is also observed to peak toward higher tem-
peratures when the total flow rate is increased. Concerning acetal-
dehyde, the maximum formation occurs at around 245 °C for 15
and 30 sccm and 270 °C for 50 sccm. The observed temperature
shifts corresponding to the peak values remain within 10% for both
ethylene and acetaldehyde, indicating that the total flow has a
small impact on the production of ethylene and acetaldehyde.

3.4. Implications

In the present work, the comparison of the overall catalytic per-
formance of the clay with that of Co304 and Fe,O5 catalyst was
made assuming a simple model based on the rate of n-butanol con-
version. The resulting apparent activation energies (Eg, see Table
S2) were estimated from the light-off curves where less than 15%
of the fuel was converted [32]. As the E,, in heterogeneous catal-
ysis may result from a complex kinetic model, no control of the
mass and heat transfer was considered for the E,,, obtained in this
work. As expected, no significant difference was observed for Egp,
values under different tested conditions, as summarized in Fig. 7.
With clay, the Egp, was 109.7 k] mol~' at & =0.6 and a total flow
rate of 15 sccm. With this value as a reference, Egp, increased by
7.9k mol~! for #=1.0 and further by 2.2 kj mol~' for & =2.0.
For a constant &, doubling the total flow rate from 15 to 30 sccm
resulted in an 11.7 k] mol~! increase of E,p,. Further increase of
the total flow to 50 sccm did not affect the apparent activation en-
ergy substantially. The light-off curves obtained with Fe,03 cata-
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lyst gave similar E,,p, values to those obtained with the clay for the
same conditions (@ = 0.6 and 15 sccm). In contrast, the values of
Eqpp extracted from ignition curves obtained with empty reactor,
cordierite and Co30,4 were significantly higher (176.5, 246.1 and
249.4 k] mol~!, respectively). Although the importance of the pro-
moters remains unclear, these results indicate that the clay used in
this work plays a significant role in the process of n-butanol oxida-
tion and Fe,0s is a good starting point to simulate the catalytic per-
formance of the clay.

The experiment indicates that an appropriate @ and total flow
rate should be considered for the application of the clay as a natu-
ral catalyst. The extruded monolith exhibits similar catalytic
behavior as the powder but presents increased practical applica-
tion. It is known that supported noble metals on ceramic monolith
leads to good catalytic performance. Recent results also show that
non-noble metal oxide catalysts might be more attractive in terms
of cost and efficiency as well as for suppressing CO formation [32].
In this sense, the studied clay may thus also present itself as a low-
cost support to deposit some transition metal oxides.

4. Conclusion

Low-cost and easily available clay was used as a promising cat-
alytic material for biofuel oxidation. Characterization data of the
clay, carried out by specific surface area measurement, XRD and
SEM revealed no significant differences when comparing the raw
powder, pressed pellets and extruded monoliths. A structure study
indicates that the clay is composed of different minerals. The cata-
lytic performance of the clay was evaluated for the deep oxidation
of n-butanol. With increasing equivalence ratio and total flow rate,
higher temperatures were required to achieve full conversion.
These conditions also led to higher CO production, while they
had less impact on the formation of ethylene and acetaldehyde.
In general, the natural clay exhibited better performance than
some active transition metal oxides, such as Cos04 and Fe,Os. In
view of the chemical composition of the studied clay mineral, the
accessible active catalytic phases are probably associated with iron
species. The better performance of the clay may benefit from the
naturally present combination of mixed oxides and metals that
are usually used as catalyst support and promoters. Our results
indicate that the studied natural clay is a promising catalyst in
the combustion of biofuels such as n-butanol, even though further
fundamental research is still needed to understand the involved
catalytic processes, particularly with respect to the nature of the
active sites and related promoters.
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Corrigendum to: Towards biofuel combustion with an easily extruded
clay as a natural catalyst [Appl. Energy 107 (2013) 149-156]
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¢ Departamento C.M., LM. y Quimica Inorgdnica, Universidad de Cddiz, Puerto Real 11510, Spain

The authors regret that the printed version of the above article
contained a number of errors. The correct and final information
follows. We would like to apologize for any inconvenience caused.

Results concerning the preparation and characterization of the
natural clay monolith used in the article were obtained in the
doctoral thesis of Sanae Harti under the direction of Prof. Tarik
Chafik, University Abdelmalek Essaadi, Tangier, Morocco, with
co-supervision by Prof. Hilario Vidal, University of Cadiz, Spain. It
was brought to our attention that information regarding these
results is incomplete and in part incorrect in the article.

The authors wish to clarify that the clay brought to the Bielefeld
University laboratories for catalytic performance investigations
and comparison with pulsed-spray chemical vapor deposition
(PSE-CVD)-made catalytic materials is identical with the clay
“FERA” in Ref. [34]. The mineralogical composition of this clay is
given in Table 2; here, the phase label of muscovite should be
corrected to muscovite (01-089-6216). Note also a typographical
error in the phase label of kaolinite which should read (01-080-
0885). This mineralogical composition of the clay matches that of
FERA in Table 1 of Ref. [34] closely.

The elemental analysis of the clay in Table 3 is erroneously
given in wt%; rather, the values reported correspond to mol%. They
are comparable to those given in Table 2 of Ref. [34] for FERA.

The clay monolith was incorrectly stated in paragraph 2.1. on p.
150 as “(corning: 413 channels per square inch)”; here, the word
“corning” should be eliminated.

The mechanical resistance of the extruded monolith is errone-
ously stated in paragraph 3.2. on p. 152 as 2.5 MPa. This resistance
is characteristic of the FERA monolith with 3 x 3 channels and
square cross section shown in Fig. 1 of Ref. [34]. Textural character-
istics were investigated by means of adsorption/desorption of N at
—196 °C, using a Micromeritics ASAP 2020C instrument at the
University of Cadiz. The experiments were performed with
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samples which were, first, subjected to heating treatment under
high vacuum at 200 °C for 4 h for both raw clay powder and pieces
from the crushed extruded monoliths. The isotherms obtained
were used to calculate the specific surface area and the porosity
using the equipment’s software. These measurements were per-
formed and processed by Sanae Harti with supervision of Dr. José
M. Gatica, University of Cadiz.

The corresponding paragraph on p. 152 should thus read:

“The axial crush test of extruded clay monoliths with square
cross section and around 14 cellscm™2 in Ref. [34] reveals a
mechanical resistance of 2.5 MPa. Although this value is lower than
those reported for ceramic composites [47] and carbon-coated
cordierite monoliths [48], it shows better performance than that
for integral-type carbon monoliths extruded with binders [49]
and is equivalent to the carbon-based monolith [50], demonstrat-
ing its potential for practical application. It is worth noting that
the monolithic clay was extruded easily without any additives or
binders. Moreover, according to previous experience working with
carbon honeycomb monoliths [49] and results demonstrated in
[57], the mechanical resistance of the clay honeycomb monoliths
studied here should improve as a consequence of their higher cell
density”.

The authors wish to report that the micrographs in Fig. 1d and
1e were obtained during Sanae Harti’s thesis in the Central Service
of Science and Technology of the University of Cadiz using its SEM
facilities. SEM images were obtained with a QUANTA-200 scanning
electron microscope (Philips) equipped with a Phoenix Microanal-
ysis System using a nominal resolution of 3 nm. Both acquisition
and interpretation of SEM images as well as EDS results were
carried out by Dr. Hilario Vidal, University of Cadiz. Note that both
micrographs show a raw clay sample at different magnification;
the result in Fig. 1e thus does not represent a piece from the
extruded monolith as erroneously reported in the caption of Fig. 1.

Further, the XRD results shown in Fig. 3a were also obtained
during Dr. Sanae Harti’s thesis in the Central Service of Science
and Technology of the University of Cadiz using its XRD facilities.
The diffractogram was registered at room temperature using a
Bruker D8-500 powder diffractometer operating with Cu Ko radia-
tion. The 2@ angle ranged from 6° to 65° with a step of 0.03°/5 s,
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from 65° to 105° with a step of 0.05° during a counting time of 7 s,
and from 105° to 145° with a step of 0.07° and a counting time of
9.5 s. The results were mainly interpreted by Dr. Gustavo A. Cifredo,
University of Cadiz.

Regarding their involvement in the corresponding experiments
and their interpretation, specified above, Drs. Hilario Vidal, José M.
Gatica, and Gustavo A. Cifredo, Departamento C.M., LM. y Quimica
Inorganica, Universidad de Cadiz, Puerto Real 11510, Spain are now
included as authors of the present article. The team at the
University of Cadiz wishes to thank the Ministry of Science and
Innovation of Spain/FEDERProgram of the EU (Project MAT2008-
00889/NAN), the Junta de Andalucia (FQM-110 group) and the
International Cooperation Spanish Agency (AECI Project A/8880/

07) for their financial support. The Central Service of Science and
Technology of the University of Cadiz is gratefully acknowledged
for use of their SEM and XRD facilities.

The conclusions of the above article are not affected.
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