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Summary of Thesis
The design of metal oxide and novel supported precious metal catalysts were investigated
for the control of volatile organic pollutants, by method of total oxidation. CeO 2 based
metal oxide catalysts were prepared by a precipitation method to assess the influence of
cerium precursor on resultant catalyst characteristics. The precipitate formation was
related to varying physiochemical properties of the catalyst, which was then associated to
the catalytic activity for the total oxidation of model VOCs. Catalytic activity for propane
and naphthalene total oxidation was shown to improve when a CeO 2.H2O precipitate was
formed. The investigation of catalyst testing conditions was also carried out.
Following this, the improvement of catalytic activity was investigated by producing mixed
metal oxide catalysts containing CeO2. CeFeOx mixed metal oxide catalysts were prepared
and the impact of cerium precursor, in addition to the ratio of the metals, was assessed for
propane and naphthalene total oxidation. Concurrent trends were identified when using
the different cerium precursors; however, the production of the mixed metal oxide system
showed limited activity compared to the single metal oxide catalysts. The addition of
dopants to a CeZrOx based catalyst was also investigated, to assess the impact on the total
oxidation of propane and naphthalene VOCs. The addition of small quantities of transition
metal dopants improved activity for both VOCs, with Fe and Cu dopants presenting the best
activity.
The preparation of precious metal catalysts, supported on a novel silica support were
investigated for the simultaneous total oxidation of a VOC mixture, commonly used to
simulate ‘cold start pollutants’ in engines. The increased concentration of Pt nanoparticles
on the catalyst surface were correlated with enhanced oxidation for propene, toluene and
CO pollutants.
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Abstract
The preparation and analysis of cerium oxide (CeO2) based metal oxide catalysts, and novel
supported precious metal catalysts were investigated for the total oxidation of volatile
organic compounds (VOCs). The influence of the cerium precursor on the physiochemical
properties of the resulting CeO2 catalyst was determined, and how these properties were
then related to the catalytic performance for propane and naphthalene total oxidation. The
synthesis method was optimised to further understand the impact of precipitate formation
and how this resulted in the characteristics observed. Catalysts that formed the hydrated
CeO2.H2O precipitate were shown to be more active for the total oxidation of VOCs. The
application of ‘real world’ testing conditions was used to assess the catalytic activity under
conditions required for industrial uses, with these conditions inhibiting catalyst
performance.
The addition of iron (Fe), a cheap and abundant metal, to the CeO 2 catalysts was carried
out to determine the impact on catalytic activity. Similar effects of the cerium precursor
were observed in the mixed metal oxide catalysts for propane and naphthalene total
oxidation. The mixture of Ce and Fe species was overall shown to inhibit the catalytic
activity for the oxidation of both VOCs. For propane, this was a result of the supressed
reducibility of Fe2O3 by Ce addition; whereas for naphthalene, the addition of Fe species
inhibited CeO2 catalytic activity. Propane and naphthalene total oxidation were also
assessed over a range of doped ceria-zirconia (CeZrOx) catalysts, using small quantities of
abundant transition metals as dopants. The incorporation of copper (Cu) and Fe increased
catalytic activity for the total oxidation of both VOCs, with enhanced surface area,
increased oxygen mobility and decreased residual sodium (Na) species attributed to the
improved activity measured.
Precious metal catalysts, containing mono or bimetallic gold (Au) and platinum (Pt)
nanoparticles, supported on a novel porous silica structure, were investigated for the
simultaneous total oxidation of three model VOCs, commonly used to simulate ‘cold start
pollutants’ in engines. Pt nanoparticles were identified as the active catalyst component,
with Au species inhibiting activity. The order of metal deposition was found to be
influential, with depositing Au and Pt sequentially resulting in surface enrichment of either
metal nanoparticle. In the case of depositing Au first, this enriched the surface with Pt
nanoparticles leading to improved catalytic activity.
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1. Introduction
1.1 Catalysis introduction
Catalysis as an unknown concept has been utilised for thousands of years in various
processes, including fermentation. However, the first definition of the chemical process
involved was identified by Berzelius in 1836 as a catalytic force that drove the reaction [1].
The term ‘catalytic force’ was used to provide a general description of the process but did
not provide an explanation on the understanding of the effect the catalyst had in a reaction.
An explanation was later provided by Ostwald, who defined catalysis as the acceleration of
a reaction by a foreign body [2]. This explanation is commonly accepted, resulting in a
modern-day interpretation of the definition to be a substance which increases the rate of
reaction, without being consumed in the process.
It is important to note that a catalyst does not alter the thermodynamic equilibrium of a
reaction, just enable the rate of reaction to be increased. In keeping with the conservation
of the thermodynamics, the energy of the initial and final states cannot change. In contrast,
the increase to the rate constant is a result of the reduction of the activation energy (E a)
for a given reaction [3]. This occurs as the catalyst provides different pathways for the
reaction to proceed, with the new pathways being more energetically favourable when
compared to the un-catalysed reaction.

Ea (No catalyst)
Ea (Catalyst)

Figure 1: Energy level diagram depicting the differences in activation energy (Ea) with and
without the use of a catalyst.
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The development of catalysis as a discipline can be defined by certain periods of time which
saw the demand grow, as a result of viable industrial processes. Some of the most
influential periods included the demand for bulk chemicals during WW1, which saw the
growth of catalysis in industrial processes. This was followed by the dominating role of the
petrochemical industry and the use of catalysts for the synthesis of fuels and polymers.
Environmental catalysis emerged in the 1970s as a result of increased environmental
awareness, paving the way for the use of catalysis in most modern day industrial processes
[4]. It is thought that over 90% of industrial chemicals are made using catalysis, with the
total value of those chemicals being $900 billion per year in 1991 [5].
There are three main class of catalysts, these being: homogeneous, heterogeneous and
biological catalysts. Enzymes can be used as biological catalysts, which are very active for
specific reactions. However, these catalysts suffer from poor stability and, upon variation
of reaction conditions, can deactivate very quickly. Homogeneous catalysts are catalysts
which are in the same state as the reactants. For example, if the reactants are in the liquid
phase then the catalyst will also be in the liquid phase. Heterogeneous catalysts are in a
different phase to the reactants, with many industrial examples of heterogeneous catalysis
relating to gas phase reactions using solid catalysts. It has been stated that heterogeneous
catalysts make up 80% of industrial catalytic processes [6].
For a catalyst to be effective, factors such as activity, selectivity and stability should be
considered. Catalytic activity can be defined by the promotion of a reaction by the catalyst,
with a more active catalyst displaying an increased rate of reaction in terms of product
produced per volume of catalyst in the reactor. The term selectivity refers to the
production of desired product from consumed reactants [7]. A combination of these two
factors can be important when assessing the effectiveness of a catalyst for certain
situations. For example, a highly selective catalyst that has low activity would not be
efficient for producing large quantities of cheap chemicals, whereas, a highly selective
catalyst would be beneficial for producing products which are not the most
thermodynamically stable. Stability of a catalyst is key for commercial use, as it refers to
how long a catalyst will maintain its activity before deactivating [8]. A catalyst with slightly
lower activity but higher stability can sometimes be more economically beneficial for a
commercial process.
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1.2 Volatile Organic Compounds (VOCs)
A Volatile Organic Compound (VOC) can be defined in various ways. The 2004/42/CE EU
directive states that a VOC is defined as ‘any organic compound that has a boiling point less
than or equal to 250°C, measured at standard pressure’ [9]. In comparison to this, the US
Environmental Protection Agency (EPA) identifies a VOC as ‘any compound of carbon,
excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates,
and ammonium carbonate, which participates in atmospheric photochemical reactions’
[10]. As a result of the poor quantitative definition of a VOC, a more general interpretation
can be used. This being that, an organic compound is considered a VOC if it can be identified
by these characteristics: having a vapour pressure greater than 10 Pa at 25°C, having a
boiling point equal to or less than 260°C at standard atmospheric pressure and containing
15 or less carbon atoms [11]. The broad and varying definition of a VOC enables the division
of compounds into sub-categories, which can be linked by certain chemical properties, such
as Semi-Volatile Organic Compounds (SVOCs) or Very Volatile Organic Compounds
(VVOCs).
The source of a VOC can be divided into two main categories; these being, biogenic and
anthropogenic sources. Biogenic, also known as natural sources, mostly originate from
areas of vegetation, soils, oceans and volcanic activity. The emission of these types of VOCs
are associated with plant metabolism, regulating plant growth and are dominant in the
troposphere, strongly affecting the climate [12,13]. It has been stated that of all VOCs
emitted into the atmosphere, biogenic VOCs can account for 90% of global emissions [14].
Of the varying biogenic VOCs, isoprene is noted as representing a large portion of global
VOC emissions in the atmosphere [15]. As biogenic VOCs are emitted naturally and can vary
depending on conditions, it is difficult to limit their impact on the environment.
Anthropogenic VOCs originate from man-made activities, which can be at either large
industrial scale or on a small domestic scale. Solvents in house-hold products, such as paints
and adhesives, are attributed with domestic VOC emissions, in addition to gas cooking
equipment and building materials [16]. Emission of VOCs at an industrial scale can be linked
to the manufacture of pharmaceutical products and biomass burning from agricultural
practices. However, the largest proportion of anthropogenic VOCs emitted are from the
burning or production of fossil fuels [17]. Discussed in Section 1.3, VOCs can cause an array
of issues relating to environmental degradation and human health. VOCs emitted from
anthropogenic sources have been targeted by numerous legislations worldwide in order to
3

reduce the quantity in the atmosphere. This is being achieved by developing various
technologies, including research and improvement of catalytic technologies, and
implementing ‘green’ processes.

1.3 Environmental impact of VOCs
Ozone (O3) concentrations in the atmosphere are dependent on the emission of VOCs. O 3
in the stratosphere (ozone layer) is naturally occurring and protects the earth’s surface
from harmful solar UV radiation. Certain types of VOCs, such as aromatic and chlorinated
VOCs, are able to deplete this layer allowing an increased amount of UV radiation to enter
the atmosphere [18]. This can lead to adverse health effects, with increased UV exposure
linked to skin cancer. In addition to the depletion of the ozone layer, VOCs are key
precursors to the formation of tropospheric (ground-level) O3. The combination of VOCs
and NOx species, released into the atmosphere, causes the formation of tropospheric
ozone following the mechanism:

Figure 2: Mechanism for the formation of tropospheric O3 from the reaction between VOC and NOx species.

Tropospheric ozone is one of several important air pollutants which can severely affect
human health and vegetation. An increase in respiratory disease, cardiovascular disease
and cancer have been associated with increased exposure to ozone [19,20]. Furthermore,
negative effects on vegetation can be highlighted, with a decrease in crop yield and quality
[21]. Models have been used to indicate that the increasing emission of VOCs and NO x
4

would result in an increase in ozone concentration, thus leading to more detrimental health
effects [22]. The issue of ozone is also two-fold, in that increased VOC emission can deplete
stratospheric ozone, allowing more UV radiation to enter the atmosphere, whilst the
mechanism for tropospheric ozone can depend on the intensity of the UV radiation, leading
to a higher concentration [23,24].
As previously mentioned, the emission of VOCs into the atmosphere can result in an
indirect negative effect on human health through the production of tropospheric ozone.
However, it is of concern that certain VOCs can have a direct negative effect on human
health. Exposure to VOCs present in an indoor setting have been linked with reduced lung
function in young people, which supports further epidemiological studies relating the
prevalence of asthma in children with increased concentration of indoor VOCs [25].
Furthermore, even at low concentrations, many VOCs can have carcinogenic or mutagenic
effects with prolonged exposure [26].
Another indirect effect of VOC emissions on the environment is the impact it has on climate
change. The term climate change is defined by the long-term change in global or regional
climate by natural or anthropogenic activity. Recently, it has been attributed to the change
in the global climate from anthropogenic activity, termed global warming, that has seen an
increase in the earth’s surface temperature from the emission of greenhouse gases.
Greenhouse gases are compounds that absorb infrared radiation, thus enforcing the
greenhouse effect of heating the earth’s surface [27]. This is a natural process which is kept
in balance; however, emission of anthropogenic greenhouse gases can further enhance this
process, therefore resulting in global warming. Global warming can have detrimental
effects on the way humans live as it can cause more frequent severe weather occurrences,
rising sea levels and affect food supplies [28]. Many VOCs have been classified as
contributing to the greenhouse effect, making the emission of these compounds important
to control [29]. A way to identify how harmful a VOC can be is to look at its global warming
potential (GWP). This is a measure of the direct and indirect effect a VOC has on the
atmosphere by encompassing its time-integrated radiative force upon release of a set
quantity, compared with CO2. CO2 is used as a reference compound, as it is largely
responsible for the natural greenhouse effect. Some aliphatic and aromatic VOCs have
been shown to have GWPs of up to ten times that of the of the reference [30,31], with
halogenated VOCs presenting GWPs over a thousand times higher.
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Secondary Organic Aerosols (SOA) can be formed from aromatic VOC precursors, most
commonly associated with fuel combustion, when reacted with atmospheric oxidants such
as hydroxyl radicals, NOx and ozone [32,33]. The oxidation products of aromatic VOCs lead
to larger molecular weight compounds, which lowers their vapour pressure. These
compounds can then form SOAs, either by partitioning into a particulate phase through
condensation, or undergo nucleation to create new aerosols [34]. These SOAs can influence
the production of particulate matter, such as soot and PM2.5, and account for a large
portion of the organic species in these systems [35]. Increases in biogenic SOAs can also be
linked to increased anthropogenic emissions, leading to further issues caused by
particulate formation [36]. Exposure to particulate matter from SOAs can lead to a
multitude of health conditions, including respiratory problems, increased likelihood of a
stroke and increased mortality for diseases such as cancer [20,37–39].
As discussed, VOC emission from anthropogenic activities cause an abundance of direct
and indirect issues that negatively impact human health and the environment. In response
to these problems, global legislations, such as The Montreal Protocol, Kyoto Protocol and
Gothenburg Protocol, were adopted to reduce the emission of pollutants. More recently,
legislation has gone further, with agreements like The Paris Agreement 2015 and EURO 7
regulations, targeting the reduction of pollutants associated with fossil fuel use. Ways to
avoid and abate these emissions are constantly being improved upon, with advancement
of technologies and implementing ‘greener’ processes, including further development of
catalytic processes.

1.3.1 Propane and naphthalene as model aliphatic and polyaromatic VOCs
As mentioned in Section 1.2, VOCs can be divided into sub-categories to better identify
their characteristics. Short chain alkanes are categorised as aliphatic VOCs, with propane
often studied as a model compound for aliphatic VOCs due to its simplistic nature.
Furthermore, it is well established that short chain alkanes are less reactive, making them
difficult to remove from the atmosphere, therefore making propane an excellent model
compound to study [40].
Aliphatic VOC emissions are predominantly generated by the petroleum refining and
petrochemical industries [41]. Additionally, alkane emissions can be strongly associated
with vehicle exhaust emissions, accounting for approximately 40% of all chemicals
measured [42]. The increased use of liquified petroleum gas (LPG) as a fuel has led to an
6

increase in propane emissions specifically [43]. LPG is made from a mixture of alkanes,
usually consisting of a ratio of propane and butane and is thought to be more economically
viable compared with standard petrol [44].
Whilst propane itself is a non-toxic VOC, emission of the compound can result in negative
effects for the environment and human health. The emission of propane can result in the
formation of tropospheric ozone from the reaction with NOx, as mentioned in Section 1.3.
In addition to this, previous studies have shown propane to have a global warming potential
(GWP) of 9.5 [30]. Furthermore, short chain alkanes like propane have been identified as
difficult to remove from the atmosphere owing to their chemical stability [45], causing
concern for longevity in the atmosphere. This fact also makes propane an excellent model
compound to assess the removal of VOCs by catalytic methods.
Naphthalene is the simplest polyaromatic hydrocarbon (PAH) and is another compound
that can be used as an appropriate and contrasting model compound. Naphthalene can be
categorised as an aromatic VOC, with emission sources linked to several combustion
processes such as coal, diesel and biomass burning [46]. It can also be found from domestic
sources, including fumigants and cigarette smoke [47]. In contrast to propane, it is a known
carcinogenic compound with severe health impacts [48]. Prolonged exposure can lead to
liver and kidney damage, nasal tumours, and cancer [47,49]. In addition to the direct
impacts, naphthalene emission can contribute to the indirect environmental effects
mentioned throughout Section 1.3.

1.3.2 Carbon monoxide, propene, and toluene as a model VOC mixture for vehicle
emissions
The release of pollutants from vehicle emissions is becoming increasingly regulated with
the introduction of new legislation, such as EURO 7, which will replace the current EURO 6
regulations. This legislation aims to reduce the emission of VOCs, NOx and particulate
matter from vehicle exhausts. To do this, new technologies are required to remove
pollutants simultaneously. The combination of carbon monoxide (CO) and unburnt
hydrocarbons, emitted during cold start in engines, have been targeted in previous
research [50,51]. Of the unburnt hydrocarbons emitted, aromatic VOCs such as toluene
and lighter hydrocarbons such as propane, ethene and propene have been shown to be the
most abundant [52]. Therefore, the use of CO, propene and toluene is an excellent model
for assessing VOC emission from vehicle exhausts.
7

Although not classified as a VOC, CO emissions can have detrimental effects for human
health. CO is mainly emitted from petrol engines, compared to diesel engines, in addition
to unburnt hydrocarbons and NOx species [53]. Prolonged exposure of CO can lead to a
range of health issues, including myocardial injury due to lack of oxygen, impaired
neurodevelopment and tissue hypoxia, leading to severe damage of critical organs [54–56].
Toluene and propene have been identified as highly polluting compounds due to their high
Photochemical Ozone Creativity Potential (POCP) [57,58]. Furthermore, toluene is a toxic
VOC, with inhalation of low concentrations linked to decreased brain function and adverse
nervous system issues [59].

1.4 Methods to remove VOCs
As discussed in Section 1.3, VOC emissions can result in negative impacts for human health
and the environment. This has led to a plethora of technologies invented to abate these
emissions. Technologies can be categorised into two main types, those being recovery
methods or destructive methods. Recovery methods focus on the removal of VOCs from
waste streams and recycle them into useful products. Whereas destructive methods
completely remove VOCs, mainly by converting them into CO2 and H2O.

1.4.1 Recovery methods
Absorption technologies are a commonly used method to recover high value VOCs by
scrubbing contaminated air streams with a liquid solvent [60]. This process results in
soluble VOCs absorbing into a suitable solvent which can then be recovered by further
processing. It is stated that this method benefits from a removal efficiency of 90-98%, in
addition to being simple to operate with the use of either traditional or rotating pack beds
[61,62]. However, absorption technologies suffer from requiring post treatment of the
absorbent to recycle VOCs, which leads to high operation costs [63]. Another disadvantage
of this method is that it is inefficient when dealing with dilute concentrations of VOCs in
waste streams, as it requires larger quantities of absorbent to acquire an effective contact
time between the solvent and VOC [64].
To overcome the disadvantages of absorption technologies, such as ineffectiveness for
dilute VOC concentrations, adsorption technologies can be used. Adsorption methods use
porous materials to adsorb VOCs from dilute waste streams, which can then be recovered
or destroyed by further processing [63]. Materials including activated carbon, zeolites, silica
gels and synthetic polymers have been used as suitable adsorbent materials, due to their
8

high surface areas and developed pore structures [65]. Similarly to absorption methods,
the choice of material is very important to effectively remove selected VOCs from waste
streams. The main advantages of adsorption technologies are the low operating cost,
reusability of materials and high removal efficiency, which can be over 90% [66]. Despite
this, adsorption methods offer similar issues to the ones noted for absorption methods.
Post processing of materials to recover trapped VOCs can lead to increased operation costs.
Furthermore, species present in waste streams, like water vapour, have been shown to
deactivate adsorbents as a result of competition for the binding sites as well as blocking
pores [63,66].
Another new technology has emerged in recent years for the removal of VOCs. Membrane
separation techniques have been researched as viable alternatives to absorption and
adsorption methods. This technology involves the use of semi-permeable materials that
allow diffusion of VOCs from waste streams into solvents [67]. Silicone rubber, polymers
and zeolites are all types of membranes that have been identified as applicable materials
for this process [68,69]. Though in early development, these materials show good VOC
removal efficiency for a range of compounds. However, membrane materials are expensive
to produce and there is limited use with low VOC concentration waste streams [60,67].

1.4.2 Destructive methods
The simplest destructive method used in industry is thermal oxidation or incineration of
VOCs from waste streams. This method uses temperatures around 900-1000°C to convert
VOCs to CO2 and H2O [64]. A key benefit of this process is that it works for a wide range of
VOCs, able to remove broad ranging mixtures at medium to high concentration [70].
Conversely, the use of such high temperatures can lead to high operation costs and the
production of secondary pollutants like NOx, dioxins and dibenzofurans which then result
in more environmental and health problems, as mentioned previously [60,71]. To combat
these issues, other technologies have been developed which involve the oxidation of VOCs
but avoid harsh operating conditions.
Catalytic oxidation is a process similar to thermal oxidation but incorporates the use of a
catalytic material to improve operational conditions. As mentioned in Section 1.1, catalysts
lower the activation energy for the reaction, resulting in the requirement of much lower
temperatures for VOC oxidation [64]. This leads to lower operating costs from lower
temperatures and less harmful by-products like NOx being produced. Catalytic oxidation
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also provides the benefit of flexibility as a broad range of materials with different
advantages are available to suit most conditions [63,72]. Furthermore, this method is
suitable for low concentrations of VOCs, with a high removal efficiency, and does not
require further complex post processing, compared with recovery methods [60]. With a
broad range of catalysts available, research into the most applicable materials for VOC
oxidation is extensive and explored in Section 1.5.

1.5 Catalytic VOC total oxidation
As mentioned in Section 1.4.2, catalytic oxidation is a desirable option for VOC abatement.
With a wide variety of catalysts to suit many applications, this area has been extensively
researched to improve understanding and develop new materials. Catalysts for VOC
oxidation can be separated into two distinct categories; these being supported metal
catalysts and metal oxide catalysts.

1.5.1 Supported metal catalysts
Supported metal catalysts mainly consist of precious metals deposited onto a metal oxide
support. Precious metals such as Au, Pt, Pd, Rh and Ru are widely used for VOC oxidation
due to their impressive catalytic activity and durability [73]. Of the precious metals used,
Pt and Pd have been identified as highly active metals for VOC total oxidation [74,75].
Supported Pd catalysts have been used for the oxidation of aromatic VOCs such as toluene
and benzene [76,77], as well as the oxidation of methane [78]. Features such as particle
size and Pd oxidation state have been established as important factors to understand
catalytic activity for these catalysts. Pt catalysts have shown significant low temperature
activity compared with other noble metals for VOC oxidation [79]. Research carried out by
Ordonez et al. showed that Pt/ɣ-Al2O3 catalysts were able to fully oxidise toluene, benzene
and hexane under 200°C [80]. Furthermore, Pt dispersion on Al2O3 was identified as an
important factor for the oxidation of propene and CO by Haneda et al. [81]. Au is another
precious metal that has been extensively investigated for VOC oxidation. Initially thought
to be an inactive compound, when deposited on a metal oxide support, Au catalysts show
good activity for the oxidation of various VOCs [82]. A key factor affecting the catalytic
activity of supported Au catalysts are the interaction of Au nanoparticles with the support
[18,83,84].
Catalyst supports play an important role in determining the catalytic activity for supported
metal catalysts, usually being divided into two types: active and inert supports [73]. Active
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supports consist of metal oxides that have certain catalytic activity towards the oxidation
reaction. Examples of some active supports are CeO2, ZrO2, Fe2O3, TiO2, Co3O4 and CuO
[85,86]. In contrast, materials such as SiO2, Al2O3 and Carbon can be used as inert supports
for VOC oxidation [81,87]. Both types of supports have different advantages and can impact
catalytic activity, with factors such as support surface area, metal nanoparticle dispersion
and metal-support interactions being important for VOC total oxidation. For inert supports,
the activity is highly correlated to the active component of the metal nanoparticle.
Whereas with active supports, the activity can be governed by the metal nanoparticle, the
reaction of the VOC on the support and how the support interacts with the metal
nanoparticle [88]. Development of mixed supports, where an active metal oxide is
deposited onto an inert support or mixed with it, which are then loaded with precious
metal nanoparticles, have shown increased catalytic activity, as well as nanoparticle
stability, for VOC oxidation reactions [89–91]. The improved activity can occur from a
synergetic effect between the active sites on the metal oxide and dispersed precious metal
nanoparticles.
The use of multiple precious metals on supported catalysts have been researched more
recently. Bimetallic catalysts, using precious metal combinations such as AuPd, AuPt, and
PtPd have been found to be more active than their monometallic counterparts for VOC
oxidation [92,93]. The alloying of Pt and Pd nanoparticles can result in changes to the coordination environment, by affecting the electronic and geometric structure of the
nanoparticles, in addition to manipulating adsorption sites, which then impacts
fundamental catalytic processes [94]. Hosseini et al. synthesised AuPd bimetallic catalysts
with varied core-shell structures for the oxidation of toluene and propene VOCs [95]. It was
found that the order of deposition greatly affected the catalytic activity for both VOCs, with
a Au core and Pd shell resulting in the most active catalyst. AuPt supported catalysts have
been less commonly reported compared to the widely researched AuPd bimetallic system.
However, supported AuPt catalysts have shown good activity for the total oxidation of soot
and CO [96,97]. It has been proposed that surface enrichment can occur on this catalyst
system under different conditions, which can impact the alloying of the two metals [97,98].

1.5.2 Metal oxide catalysts
Metal oxide catalysts have been well researched recently as an alternative material to
supported precious metal catalysts. This is due to the cheap and abundant nature of metal
oxides when compared to elements such as Pt or Pd [82,99]. The limited cost of production
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as well as versatility provided by the wide range of metals used are enticing factors to
consider for catalyst uses [100]. In addition, metal oxide catalysts have shown increased
resistance to poisons in waste streams [101], making them beneficial for industrial uses.
However, metal oxide catalysts generally exhibit lower catalytic activity when compared to
supported metal catalysts [101]. Research has therefore focused on the optimisation of
metal oxide catalysts to produce materials that are equivalent or superior to supported
precious metal catalysts in activity, selectivity and stability.
Of the many metal oxides available, cerium(IV) oxide (CeO2) is commonly known as an
effective oxidation catalyst. Cerium is the most abundant rare earth metal [82], making it a
suitable candidate for use in catalysis. CeO2 exhibits a cubic structure, represented by the
Fm3m space group, with a face centred cubic (FCC) unit cell [102]. Defect formation can
occur in crystalline CeO2 materials, these being either intrinsic or extrinsic. Intrinsic defects
can occur in both stoichiometric and non-stoichiometric CeO2 and are defined as either
Schottky or Frenkel type defects. Schottky defects are formed when oppositely charged
ions leave the cubic lattice, producing vacancies [103]. Whereas Frenkel type defects occur
when a lattice ion is displaced into an interstitial site creating a vacancy in the original
lattice position [103,104]. Extrinsic defects are promoted in the CeO2 structure by the
addition of dopants such as aliovalent ions [105,106]. Oxygen defect formation is
associated with CeO2 materials, where oxygen ions are removed from the lattice and the
charge neutrality is maintained by the reduction of the Ce4+ ion to Ce3+. Previous literature

- Ce

-O

Figure 3: Representation of the CeO2 unit cell.
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has discussed the importance of this mechanism for improving oxygen mobility through
the CeO2 lattice [107], which can then facilitate oxidation reactions. In addition to defect
formation, CeO2 boasts impressive redox properties from the facile cycle between
Ce4+↔Ce3+. The facile reducibility of CeO2 enables it to act as an oxygen reservoir, relating
to the high oxygen storage capacity (OSC) linked with these materials.
These characteristics have been utilised for the improvement of catalysts for oxidation
reactions. Most prominently, CeO2 was used as a promoter in the commercial three-way
catalyst [108], where its OSC was exploited to ensure better control of the oxygen:fuel
ratio, allowing for improved conversion of CO and hydrocarbons. CeO2 has been shown as
an efficient oxidation catalyst for aromatic VOCs, such as toluene, benzene and
naphthalene [109]. In particular, naphthalene total oxidation has been shown to be the
most effective over CeO2 catalysts compared with other metal oxide catalysts [110]. García
et al. also found that by varying the preparation method, the CeO2 catalyst exhibited better
activity compared to a supported 0.5% Pt/γ-Al2O3 catalyst [48]. Furthermore, research by
Ndifor et al. has expanded upon this work and shown that high surface area CeO2, with a
large quantity of oxygen defects, was responsible for the activity measured for naphthalene
total oxidation [46].
Transition metals have also been utilised as functional catalysts for VOC abatement. The
different properties of the transition metals provides a wide variety of options to help
specifically tailor catalyst design towards a certain VOC. Therefore, many different
transition metal oxide catalysts are recorded in the literature for a range of VOC oxidation
reactions. Metal oxide catalysts, such as cobalt oxide (Co3O4), copper oxide (CuO), iron
oxide (Fe2O3), nickel oxide (NiO) and manganese oxide (Mn2O3), have all been widely
regarded as good alternative catalysts for VOC total oxidation. Co3O4 has shown
remarkable activity for the total oxidation of propane [111]. Research by Marin et al.
showed that a Co3O4 catalyst prepared by supercritical antisolvent preparation presented
higher activity for propane total oxidation when compared with a commercial 5% Pt/Al2O3
catalyst [112].
The use of Fe2O3 as an alternative oxidation catalyst has been discussed in the literature.
Research carried out by Solsona et al. has shown that Fe2O3 presented good catalytic
activity for propane and toluene total oxidation [113], when prepared by different
methods. Whilst it was suggested that the activity for propane total oxidation using Fe 2O3
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was lower compared to other metal oxide catalysts like Co3O4, the Fe2O3 catalyst provides
many advantages as it is an extremely cheap and abundant material whilst having non-toxic
properties [113]. Another advantage of Fe2O3 is the high thermal stability of the material
[114], resulting in limited deactivation from thermal sintering when reactions occur at
elevated temperatures. Fe2O3 has also shown good activity for other VOCs, including the
total oxidation of acetone, methanol and toluene [115,116]. Metal oxides such as Fe2O3,
Co3O4 and Mn2O3 also present structure dependent activity as they can form spinel
structures, having mixed valence ions in the crystalline lattice, which has been shown to
improve catalytic activity for the total oxidation of VOCs [117]. Kim et al. tested a set of
manganese oxide catalysts with different valence states for the total oxidation of toluene
and found that the Mn3O4 catalyst was the most active, correlating to the improved oxygen
mobility from the structure [118].
Whilst initial research on the application of metal oxides as catalysts for VOC oxidation
showed promise, the materials are limited by process conditions. As metal oxide catalysts
generally present lower activity compared with precious metal catalysts [101], harsher
reaction conditions are required to promote activity. This results in slightly higher reaction
temperatures, which can then lead to deactivation of metal oxides by sintering. Many
approaches have been taken to overcome these issues, with examples of using metal
oxides, like iron oxide, with higher thermal stability [113,114]. However, the most
promising method of improving catalyst stability in addition to activity at low temperatures
is the preparation of mixed metal oxide catalysts.

1.5.3 Mixed metal oxide catalysts
Mixed metal oxide catalysts have been the focus of recent research due to the limitations
of both supported precious metal catalysts and single metal oxide catalysts. Benefits of
improved stability, activity and use of cost effective materials have been reported
throughout the literature for these catalysts [99,101]. Mixed metal catalysts encompass a
wide variety of different mixing methods, with direct mixing of two or more metal oxides
the most common. However, other methods such as doping small quantities of metals into
bulk metal oxide catalysts and mixtures of metals deposited onto supports are also
employed, creating a diverse range of catalytic possibilities.
Mixing of CeO2 based catalysts is widely reported in the literature with many metals
utilised. The well-known combination of CeO2 and zirconia (ZrO2) is well researched for use
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as an effective oxidation catalyst. Although monometallic ZrO2 has been used as a catalyst
or catalyst support previously, incorporation into the cubic CeO 2 structure has been
employed to produce highly active mixed catalysts with enhanced resistance to thermal
sintering [119]. It has been reported that Zr can be inserted into the CeO2 structure in high
quantities, creating a defective structure which promotes oxygen mobility [120]. This has
resulted in improved catalytic activity for the total oxidation of naphthalene and
chlorinated VOCs, compared to the standard CeO2 catalyst [121–123]. The most wellknown examples of CeZrOx materials are in the development of the three-way catalyst for
hydrocarbon and CO oxidation. The promotional effect of CeO2 was beneficial for the threeway catalyst, but it suffered from thermal instability, with sintering occurring at elevated
temperatures [108]. When Zr was introduced into the CeO2 structure, the thermal stability
was increased as well as the OSC of the system, leading to enhanced performance [119].
Transition metal oxides have also been mixed with CeO2 to produce active oxidation
catalysts. The incorporation of aliovalent ions into the cubic lattice can create extrinsic
defect structures that promote oxygen mobility [106]. Due to the charge and size
differences of the transition metal ions, incorporation into the cubic CeO 2 structure can
occur by different mechanisms. In the case of doping with trivalent cations like Fe 3+,
incorporation can occur by an interstitial method, where three Ce4+ ions are substituted
with four M3+ ions to maintain charge neutrality, with the extra trivalent cation occupying
an interstitial site [124]. Whereas another method follows the direct substitution of Ce 4+
for M3+, with charge neutrality maintained by the formation of oxygen defects [124]. A
selection of CeFeOx catalysts have been developed by multiple synthesis methods , showing
promise for improved catalytic activity and stability. In particular, CeFeOx mixed catalysts
have shown good activity for the oxidation of soot, with the formation of Fe-O-Ce solid
solutions facilitating oxygen defect formation, which was suggested to be crucial for the
enhanced activity measured [125,126]. In addition to this, CeFeOx mixed catalysts have
presented appreciable activity for the total oxidation of aliphatic VOCs, such as propane
and methane [127,128]. CeFeOx catalysts prepared by Laguna et al. exhibited reduced Ce
crystallite size, which was suggested to be linked with the ability of Fe species to limit
sintering of Ce species [129], supporting the improved stability of the mixed oxide catalysts.
The substitution of CeO2 in the cubic structure has also been carried out using other
abundant transition metals, such as Mn, Co and Cu. For CeCuO x mixed catalysts, the
incorporation of Cu into the system can create a complementary redox cycle between Cu +
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↔ Cu2+ and Ce4+ ↔ Ce3+ species which promotes the catalyst reducibility [130]. These
types of catalysts have shown good catalytic activity for toluene, benzene and CO total
oxidation [130–132]. As Co3O4 is regarded as the most effective metal oxide catalyst for
propane total oxidation, many variations of CeCoOx catalysts have been developed to try
and further improve upon the catalytic activity. CeCoOx catalysts prepared by a sol-gel and
citric acid method exhibited impressive catalytic activity for propane total oxidation, which
was related to the increased oxygen mobility, reducibility and higher proportion of Co 3+ on
the surface of the mixed catalysts [133,134].
In addition to mixing metal oxides in large ratios, doping small quantities of metal oxides
into CeO2 based materials have also been tested in order to enhance catalytic activity.
Doping small quantities of metals allows for increased activity with insignificant additional
cost when compared to using large quantities of materials. Furthermore, with low loadings
used, limited phase segregation can be observed, leading to better catalyst performance
where bulk inactive species are not present [135]. Work by Aranda et al. shows a good
example of this, where small quantities of Cu were doped into CeO2 for the total oxidation
of naphthalene [136]. The activity was significantly increased at low loadings of 3.6 at.%,
where an increased amount of surface defects were formed, but at higher loadings inactive
CuO species were present which negatively impacted catalytic activity.

1.6 Oxidation mechanisms
Three main mechanisms are reported for oxidation reactions in the literature, these being
the Mars-van Krevelen, Langmuir-Hinshelwood and Eley-Rideal. The Mars-van Krevelen
mechanism is mainly associated with oxidation reactions occurring over metal oxide
catalysts [101]. The reaction pathway follows an initial adsorption stage of the VOC on the
catalyst surface. This is then oxidised on the catalyst surface by lattice oxygen from the
metal oxide catalyst, forming the reaction products. Finally, product desorption occurs
from the catalyst surface and the lattice oxygen is replenished by gaseous or bulk oxygen
species [82]. As this mechanism involves a reduction of the catalyst surface, followed by reoxidation, it is commonly referred to as a redox mechanism and has been suggested for the
total oxidation of both propane and naphthalene VOCs over metal oxide catalysts
[110,121,137].
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a)

b)

c)
Figure 4: a) Mars-van Krevelen, b) Langmuir-Hinshelwood and c) Eley-Rideal oxidation mechanisms for
VOC total oxidation.

The Langmuir-Hinshelwood mechanism occurs by a different pathway. In this mechanism,
both reactants are firstly adsorbed to the catalyst surface on adjacent active sites. In the
case of VOC total oxidation, these reactants being the VOC and oxygen molecules.
Following this, the oxidation reaction occurs on the surface of the catalyst, with product
desorption as the final step [138]. It has been suggested that this mechanism occurs for
VOC total oxidation over supported precious metal catalysts, with research proposing this
mechanism for propene and toluene oxidation over supported Pd or Pd/Au catalysts
[95,139]. The Langmuir-Hinshelwood model involves competitive adsorption of both VOC
and oxygen on the catalyst surface, where the controlling step is suggested to rely on the
surface reaction of the two compounds [86].
Finally, a slightly different mechanism to the Langmuir-Hinshelwood was proposed, called
the Eley-Rideal. In this model, the reaction occurs by adsorbed oxygen on the catalyst
surface reacting directly with an organic molecule in the gas phase, with no adsorption of
the VOC occurring [140]. The controlling step in this model is suggested to be the reaction
between the adsorbed oxygen and gaseous molecule [86]. This mechanism is less
commonly applied but has been suggested for the total oxidation of CO over a Pd oxide
surface [141].
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1.7 Project outline
The main objective of this thesis is the preparation of active, selective and stable
heterogeneous catalysts for the total oxidation of a variety of volatile organic compounds.
The main focus of this project will be on the use of cheap and abundant metal oxides for
catalyst synthesis, with a further outlook on the preparation of novel supported catalysts
for industrial application. The systems to be investigated throughout this thesis will relate
to the use of CeO2 based metal oxide catalysts for the total oxidation of propane and
naphthalene VOCs. In addition, precious metal catalysts deposited onto a novel silica
support will be studied for the total oxidation of a VOC mixture consisting of propene,
toluene and CO.
The preparation of catalysts by simple and reproducible methods is advantageous for
catalyst design, with the ability to alter minor variables to improve catalytic activity. The
use of different catalyst precursors for a widely studied metal oxide catalyst will be
investigated in Chapter 3, looking at how this small change can impact on the
physiochemical properties of the resulting catalyst and how this relates to catalytic activity
for VOC total oxidation. Following this, Chapter 4 will expand upon the work carried out in
Chapter 3 and apply it to a mixed metal oxide system, using cheap and abundant materials.
The influence of precursor and mixture of metals will be assessed on their contribution
towards catalytic activity in this system.
The impact of minor changes to the catalyst synthesis method will again be investigated in
Chapter 5, but with the use of small dopant quantities into a well-studied mixed metal
system as the focus. Different metal dopants will be studied and the effect on the catalyst
properties correlated to catalytic activity for propane and naphthalene total oxidation.
Finally, Chapter 6 will aim to investigate precious metal catalysts supported on UVM-7, a
novel silica support, for the simultaneous total oxidation of propene, toluene and CO. This
work can be used to model VOC oxidation over these catalysts for industrial processes such
as cold start in engines.
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2. Experimental
2.1 List of chemicals
Substance

Supplier

Purity

Helium

BOC

99.99%

Nitrogen

BOC

>99.99%

Oxygen

BOC

>99.99%

5000 ppm Propane in synthetic air

BOC

95%

1000 ppm Propene, 1000 ppm CO

BOC

99%

Naphthalene

Merck

99%

(NH4)2Ce(NO3)6

Acros Organics

99%

Ce(NO3)6.6H2O

Merck

99%

Fe(NO3)3.9H2O

Merck

>98%

Na2CO3 Anhydrous

Fisher Scientific

>99.8%

Co(NO3)2.6H2O

Merck

>98%

Cu(NO3)2.2.5H2O

Merck

98%

ZrO(NO3)2.xH2O

Merck

99%

NaOH Anhydrous

Merck

>98%

and 100 ppm Toluene in 6% O2/N2

2.2 Catalyst preparation
2.2.1 Wet impregnation
The wet impregnation method was utilised to synthesise supported metal catalysts. In a
standard synthesis, Fe(NO3)3.9H2O was dissolved in deionised water (50 mL). To this
solution, an appropriate amount of CeO2 powder, prepared by co-precipitation (Section
2.2.2.2), was added to obtain the required loading. This mixture was heated to 80°C and
stirred until a slurry was formed. The slurry was then dried at 110°C for 16 h, followed by
calcination in static air at 500°C for 3 h, with a ramp rate of 5°C min-1.

2.2.2 Co-precipitation
2.2.2.1 Co-precipitation using an auto-titrator
The co-precipitation method was carried out using a Metrohm Titrando auto-titrator, fitted
with two Dosino dosing units that were connected to a thermostatically water heated,
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jacketed vessel (Figure 1). The Dosino dosing units were used to control the addition of
metal nitrate solution and precipitating agent used for each synthesis. These units were
computer controlled and allowed careful adjustments over the flow rate of solutions being
added to the heated vessel, to regulate pH. An electrochemical probe was used to monitor
pH and temperature. This set-up afforded complete control over factors such as: pH, aging
time, addition of precursor solutions and temperature.

Figure 1: Schematic of Metrohm Titrando auto-titrator apparatus.

2.2.2.2 Precipitation of CeO2 catalysts
(NH4)2Ce(NO3)6 and Ce(NO3)3.6H2O were used as CeIV and CeIII sources respectively with
Na2CO3 or NaOH as the precipitating agent. In a typical synthesis, 100 mL of nitrate solution
(0.25 M) was added to a solution of Na2CO3 or NaOH (1 M) in a thermostatically water
heated, jacketed vessel. Addition rate of the CeIV or CeIII nitrate solution was maintained
constant, whilst addition of precipitating agent was automatically varied to maintain a
constant pH of 9. The precipitate formed was then held at 80°C for 1 h before being
collected by filtration, and washed with 2 L of hot deionised water.
The precipitates were dried at 110°C for 16 h. Dried catalyst precursors, prior to calcination,
were denoted as d-CeO2 (IV) and d-CeO2 (III). Samples denoted as CeO2 (IV) and CeO2 (III)
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were final catalysts, prepared by calcination of the precursors in static air at 500°C for 3 h,
with a ramp rate of 5°C min-1.
2.2.2.3 Co-precipitation of CeFeOx catalysts
(NH4)2Ce(NO3)6 and Ce(NO3)3.6H2O were used as CeIV and CeIII sources respectively, with
Fe(NO3)3.9H2O used as the Fe source and Na2CO3 as the precipitating agent. The Ce:Fe
ratios investigated were 25:75, 50:50, 75:25, with single metal oxides of CeO 2 and Fe2O3
produced as standards. In a typical synthesis, 100 mL of pre-mixed Ce:Fe nitrate solution
(0.25 M) was added to a solution of Na2CO3 (1 M) in a thermostatically water heated
jacketed vessel. Addition rate of the mixed nitrate solution was maintained constant, whilst
addition of Na2CO3 solution was automatically varied to maintain a constant pH of 9. The
precipitate formed was then held at 80°C for 1 h, before being collected by filtration and
washed with 2 L of hot deionised water. The precipitates were dried at 110°C for 16 h, with
the final catalysts prepared by calcination in static air at 500°C for 3 h, with a ramp rate of
5°C min-1. Samples prepared using the CeIV precursor were denoted CeFeOx (IV), whereas
the catalysts prepared using the CeIII precursor were denoted CeFeOx (III).
2.2.2.4 Co-precipitation of CeZrMOx catalysts
In a typical synthesis, metal nitrate solutions (0.25M) were prepared with (NH 4)2Ce(NO3)6
used as the Ce source, ZrO(NO3)2.xH2O as the Zr source and Fe(NO3)3.9H2O, Co(NO3)2.6H2O,
Cu(NO3)2.2.5H2O used as the Fe, Co and Cu sources respectively. 100 mL solutions were
prepared with a Ce:Zr:M ratio (M = Fe, Co, Cu) of 90:10:1 and were added to a solution of
Na2CO3 (1 M) in a thermostatically water heated jacketed vessel. Addition rate of the
nitrate solution was maintained constant, whilst addition of Na2CO3 solution was
automatically varied to maintain a constant pH of 9. The precipitate formed was then held
at 80°C for 1 h before being collected by filtration and washed with 2 L of hot deionised
water. The precipitates were dried at 110°C for 16 h, with the final catalysts prepared by
calcination in static air at 500°C for 3 h, with a ramp rate of 5°C min -1.

2.2.3 Preparation of Pt-Au/40%ZrO2/UVM-7-C catalysts
Catalysts were supplied by the Instituto de Carboquímica and used as provided, without
any further treatment.
For the preparation of the UVM-7-C support, the synthesis was based on the atrane route
[1] with a molar ratio composition of 2 Si(OC2H5)4 : 7 (HOCH2CH2)3N.HCl : 0.52
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CH3(CH2)15N(Br)(CH3)3 : 180 H2O. In a typical synthesis, corresponding amounts of
Si(OC2H5)4 and (HOCH2CH2)3N.HCl were mixed under continuous stirring at 140°C until a
homogeneous dispersion was achieved. The temperature was then decreased to 120°C and
the CH3(CH2)15N(Br)(CH3)3 added. The resulting gel was cooled to 80°C and deionised water
was added. The mixture was aged at room temperature for 16 h under continuous stirring.
The resulting mesostructured powder was separated by filtration and washed extensively
with deionised water and ethanol. The filtered powder was dried for 16 h at 60°C. To
prepare the final porous material, the template was removed by calcination at 550°C for 6
h under static air, with a ramp rate of 5°C min-1.
The 40% ZrO2/UVM-7-C support was prepared by a standard wet impregnation synthesis
method. 1.48 g of ZrO(NO₃)₂.xH₂O was dissolved in 30 mL of deionized water under
vigorous stirring. Impregnation of the calcined UVM-7-C support (0.6 g) was carried out by
stirring the sample for 13 h in the nitrate solution. The mixture was dried overnight at 110°C
and the resulting material was calcined in air at 550°C for 4 h, with a ramp rate of 1°C min-1.
The single and bimetallic Pt/Au supported catalysts were prepared by a colloidal deposition
method. For the synthesis of Au/Pt colloids, fresh aqueous solutions of (HOCH2)4PCl (0.0675
M) and NaOH (0.2 M) were prepared by adding 1.5 mL of NaOH and 1 mL of (HOCH2)4PCl
to 45.5 mL of deionized water. Whilst stirring, an appropriate amount of aqueous
KAuCl₄/PtCl₄ solution was then added under vigorous stirring at 60°C. After the reduction
step, the hydrosols were stirred for 30 min and the desired amount of support was added
(acidified to pH 2 by H2SO4) to obtain the required metal loading. After 2 h the slurry was
filtered, with the catalyst washed thoroughly with deionised water and dried at 120°C
overnight in static air. The material was then calcined in air at 400°C for 2 h, with a ramp
rate of 5°C min-1. For the bimetallic catalysts, the required amount of aqueous KAuCl₄/PtCl₄
solutions were added simultaneously. Whereas, for the catalysts prepared by different
loading order, the aqueous KAuCl₄/PtCl₄ solutions were added consecutively with the
drying and calcination process occurring between each metal loading.
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2.3 Characterisation techniques
2.3.1 Thermogravimetric Analysis (TGA)
TGA is a technique which measures change in mass as a function of time or temperature,
in a controlled environment [2]. This is done by incrementally increasing the temperature
of a sample under a desired atmosphere, whilst the changes in mass are determined by an
analytical balance. Mass loss corresponds to the decomposition of the sample by methods
such as loss of volatile compounds or water. Mass loss can be plotted against temperature
to illustrate thermal transition periods, which provide quantitative information on sample
composition. This can be used to determine appropriate calcination conditions to form the
required catalyst sample and identify decomposition products to deduce the
decomposition pathway.
Analysis was carried out using a Perkin Elmer TGA 4000. Approximately 30 mg of sample
was placed into ceramic crucibles and loaded into the instrument. Samples were then
heated to 700°C at a rate of 5°C min-1, under a flow of synthetic air (50 mL min−1). Mass
losses were recorded as changes in mg and converted into a percentage loss of the total
mass of sample.
2.3.1.1 Thermogravimetric – Differential Thermal Analysis (TG-DTA)
TG-DTA is a simultaneous technique which combines TG analysis (see Section 2.3.1) with
differential thermal analysis (DTA). DTA measures the temperature difference between the
sample and a reference material, detecting changes of enthalpy or heat capacity [3,4]. The
combination of these techniques allows for more detailed analysis of decomposition
pathways which can then provide more information on the possible decomposition
products.
Thermogravimetric - differential thermal analysis (TG-DTA) were performed using a
Setaram Labsys 1600 instrument. Approximately 30 mg of sample was loaded into an
alumina crucible and heated to 700°C at a rate of 5°C min−1, in a flow of synthetic air (50
mL min−1). For all TGA runs, blank runs were subtracted from the relevant data to account
for buoyancy effects.
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2.3.2 Powder X-ray Diffraction (XRD)

Figure 2: X-ray diffraction in a crystalline sample. Reproduced with permission from [5].

XRD is a technique used for the analysis of crystalline samples. It can provide information
on structural parameters, such as: phases present in the sample, crystallite size, lattice
strain and crystal defects [6]. The analysis of constructive interference, arising from
diffracted X-ray radiation, is used to produce a diffraction pattern. Crystalline compounds
produce a characteristic fingerprint from XRD, which can be compared to the International
Centre for Diffraction Data (ICDD) database, to identify the crystalline phases. In addition,
information such as the d-spacing can be acquired from the diffraction pattern. This
method requires the sample to have long range order, such as a repeating unit cell, to form
constructive interference. Therefore, it is not possible to produce a defined diffraction
pattern for amorphous samples.
A monochromatic X-ray source is used to produce X-ray radiation which interacts with a
crystalline sample, creating either constructive or destructive interference. Destructive
interference arises from out of phase radiation which cancels out diffracted radiation.
Constructive interference is a result of satisfying Bragg’s law (Equation 1), causing the
incident X-ray radiation to be in phase [5]. When X-ray radiation interacts with the sample,
a cone of diffracted x-rays is produced for each angle. Each cone varies in intensity
depending on the occurrence of the phase in the sample and the nature of the phase. A
detector, moving in an arc over the sample, is used to determine the data and extract a
pattern which can then be compared to the ICDD database.
Equation 1: Bragg’s law

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝛳
Where:
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d = Lattice spacing
ϴ = Diffraction angle
n = Integer
λ = Wavelength of the X-ray
Calculation of the crystallite size for a given phase can be done using the Scherrer equation
(Equation 2). This equation relates the crystallite size to the line broadening [7]. The
equation has certain limitations, such as not taking into account particle size distribution
and structural disorder which can lead to errors in the calculation [8].
Equation 2: Scherrer equation

𝜏 =

𝐾𝜆
𝛽𝑐𝑜𝑠𝛳

Where:
τ = Mean crystallite size
λ = Wavelength of X-ray
K = Shape factor constant
β = Peak broadening measured from the FWHM
ϴ = Bragg angle
Powder X-ray diffraction (XRD) analysis was performed using a Panalytical X’Pert
diffractometer, equipped with a Cu X-ray source operating at 40 kV and 40 mA. Patterns
were attained over the 2θ range 5 - 80°, resulting in a total run time of 40 min. Entries from
the International Centre for Diffraction Data (ICDD) database were used to acquire phase
identification by comparison with experimental patterns. Application of the Scherrer
equation was used to calculate crystallite size, with an average calculated from the four
most intense peaks for CeO2 based samples.
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2.3.3 Laser Raman Spectroscopy

Figure 3: Different forms of elastic and inelastic scattering from excitement by electromagnetic radiation.
Image reproduced from [9], with permission from the Royal Society of Chemistry.

In laser Raman spectroscopy a sample is irradiated by electromagnetic radiation, resulting
in the scattering of radiation. This radiation can be scattered elastically or inelastically, with
the former being known as Rayleigh scattering, and the latter known as the Raman effect
[10]. In elastic scattering energy is conserved, with excitation to a virtual energy level and
relaxation to the same ground vibrational energy level. Whereas during inelastic scattering,
a change in vibrational energy level is observed upon relaxation. If the frequency of the
incident radiation is higher than the scattered radiation then stokes scattering occurs;
however, if the frequency of the incident radiation is lower than the scattered radiation
then anti-stokes scattering is observed [11]. As stokes scattering involves a transition from
lower to higher vibrational energy levels, they are more intense and are measured in
Raman spectroscopy. For a molecule to be Raman active, there must be a change in
polarizability during vibration [12]. Irradiating a sample with a laser can result in the Raman
effect. The measurement of the change in frequency of scattered light allows for the
calculation of the vibrational energy levels, which can then provide information on the
molecular structure that are characteristic to each sample.
Raman spectroscopy was carried out using a Renishaw inVia confocal Raman microscope
equipped with an Ar+ visible green laser, with an emission wavelength of 514 nm. Catalyst
samples were placed onto a steel plate and spectra were collected in a reflective mode by
a highly sensitive charge couple device (CCD) detector. Typically, 10 accumulations were
used in each scan, with a laser exposure of 10 s and power of 10%.

2.3.4 Brunauer-Emmett-Teller Surface Area Analysis (BET)
Brunauer-Emmett-Teller (BET) analysis is a commonly used technique to determine the
surface area of catalysts. The BET method is an extension of the Langmuir kinetic theory,
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incorporating the idea of multilayer adsorption [13]. It utilises data acquired from a
sorption isotherm, of the volume of molecules adsorbed relative to pressure, and converts
this to a BET plot. Information from this plot can then be used in the BET equation (Equation
3) to determine the surface area [14].
Equation 3: BET equation

𝑃
𝑃 𝐶−1
1
=( )
+
𝑉(𝑃0 − 𝑃)
𝑃0 𝑉𝑚 𝐶
𝑉𝑚 𝐶
Where:
P = Equilibrium pressure
P0 = Saturation pressure
V = Adsorbed volume
Vm = Monolayer volume
C = BET Constant
The BET equation is used in the linear form so a value of the BET monolayer capacity (V m)
can be derived. This can then be used to calculate the surface area using Equation 4.
Equation 4: Surface area calculation

𝑆𝐵𝐸𝑇 =

𝑉𝑚 𝑁𝐴 𝜎
𝑚𝑣

Where:
SBET = BET Surface area
Vm = Monolayer Volume
σ = Cross-sectional area of N2 molecule (0.162 nm2)
NA = Avogadro’s Constant
m = Sample mass
ν = Molar volume of gas
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The shape of sorption isotherms can be defined by the pore structure and surfaceadsorbate interactions of the material investigated. These have been classified into six
sorption isotherms (Figure 4) with varying characteristics. Type I, II and IV isotherms are
commonly assessed by BET theory due to the inflection point (B, Figure 4) usually referred
to as the point at which a monolayer is formed [15]. The C constant associated with BET
analysis is generally accepted as a useful indicator of how valid the BET method is for
certain isotherms. A low C constant can be linked to isotherms III and V resulting in the BET
method being insufficient [14].

Figure 4: Classification of sorption isotherms. Reproduced with permission from [15].

BET surface area analysis was obtained using a Quantachrome Quadrasorb Evo Analyser.
Catalyst samples (0.150 g) were degassed under vacuum for 16 h at 120°C prior to analysis.
Surface areas of the samples were determined from 20-point adsorption-desorption
isotherms using N2 as the adsorbate gas, measured at −196°C. The data were treated using
the Brunauer–Emmett–Teller (BET) method.
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2.3.5 Temperature Programmed Reduction (TPR)
Temperature programmed reduction (TPR) is a technique which investigates the
reducibility of a sample and the types of reducible species present. To achieve this, a
reducible atmosphere, such as dilute H2, is employed whilst linear heating of the sample is
applied. H2 in the feed is consumed by reacting with oxygen species in the sample, resulting
in the sample being reduced. In this way, reducibility can also be somewhat linked to the
oxygen mobility in the sample. The change in H2 concentration is analysed by a thermal
conductivity detector (TCD), which is presented as a peak in the TPR profile. Each peak can
then be associated with a certain reduction process of the material which can be used to
assess oxidation state [16]. H2 consumption can also be quantified by the peak area
following a calibration using a known sample, such as CuO [17].
TPR was performed using a Quantachrome ChemBET TPD/R/O, fitted with a thermal
conductivity detector (TCD) to monitor H2 uptake. Samples were pre-treated under a flow
of He for 1 h at 120°C. Reduction profiles were attained by analysing approximately 50 mg
of catalyst under a flow of 10% H2/Ar (50 mL min−1), over the temperature range 50 to
700°C, with a heating rate of 10°C min−1. H2 consumption was calculated by calibration
against a CuO standard.
2.3.5.1 Temperature Programmed Reduction - Temperature Programmed Oxidation Cycles
(TPR-TPO)
TPR-TPO cycles incorporate the TPR method (see Section 2.3.5), with the addition of a
temperature programmed oxidation (TPO) experiment run in succession. During the TPO
experiment, the sample is in the reduced state and is introduced to a dilute oxidising
atmosphere whilst being heated by a pre-determined temperature programme. Peaks in
the TPO profile, arising from changes in O2 concentration detected by a TCD, can be
associated with the re-oxidation of the sample. This type of experiment can be used to
assess redox properties of samples, such as: the ease and degree of reduction/oxidation,
the dynamic oxygen storage capacity and the ability to complete the redox cycle [18].
TPR-TPO cycles were performed using a Quantachrome ChemBET TPD/R/O, fitted with a
TCD. Samples were pre-treated under a flow of He for 1 h at 120°C. Reduction profiles were
attained by analysing approximately 50 mg of catalyst under a flow of 10% H 2/Ar (50 mL
min-1), over the temperature range 50 to 700°C, with a heating rate of 10°C min−1. Once the
TPR cycle was complete, the catalyst sample was left to cool under flowing He. Oxidation
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profiles were then attained by analysing the sample under a flow of 10% O 2/He at 50 mL
min-1, over the temperature range 50 to 700°C, with a heating rate of 10°C min−1.

2.3.6 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used for the
analysis of elemental composition and determination of surface oxidation state. This
technique is underpinned by the photoelectric effect; a process in which, when a sample is
irradiated with X-ray radiation, an electron is emitted from the sample with a certain kinetic
energy [19]. The kinetic energy of the emitted electron can be measured and related to the
binding energy using Equation 5.
Equation 5: The Photoelectric effect

𝐸𝑘 = ℎ𝑣 − 𝐸𝑏 − 𝜑
Where:
Ek = Kinetic energy
h = The Planck constant
v = Frequency of exciting electrons
Eb = Binding energy
ϕ = Work function of the spectrometer
The binding energy is characteristic of each element and can change depending on the
chemical environment of the ejected electron, or the orbital from which it was ejected. This
then allows for the identification and quantification of surface species present on the
sample. It is also possible to assess the oxidation state of the elements. As a result of an
electron in an oxidised element having a greater coulombic interaction with the core, this
will lead to an increased binding energy which can be used to calculate the oxidation state.
XPS is commonly referred to as a surface sensitive technique due to the short mean free
path of electrons through solid materials, resulting in analysis depths of a few nanometres
[20].
X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis Ultra DLD
system, spectra were collected using a monochromatic Al Kα X-ray source operating at 140
W (10 mA and 14 kV). Data were collected with pass energies of 160 eV for survey spectra
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and 20 eV for the high-resolution scans, with step sizes of 1 eV and 0.1 eV respectively. The
system was operated in the Hybrid mode, using a combination of magnetic immersion and
electrostatic lenses and acquired over an area approximately 300 x 700 µm2. A magnetically
confined charge compensation system was used to minimize charging of the sample
surface, with all spectra taken at a 90° angle. A base pressure of ca. 1x10-9 Torr was
maintained during collection of the spectra. Data were analysed using CasaXPS v2.3.24 [21]
after subtraction of a Shirley background and using modified Wagner sensitivity factors as
supplied by the manufacturer .

2.3.7 Scanning Electron Microscopy – Energy Dispersive X-ray Spectroscopy (SEMEDX)
Electron microscopy techniques such as SEM or TEM are useful methods to determine
topology, morphology and elemental composition of a sample. SEM uses an incident
electron beam that interacts with the sample, resulting in the emission of electrons from
the sample that can be analysed to form an image. Two main types of electrons can be
detected, these being secondary electrons (SE) or backscattered electrons (BSE) [22].
Secondary electrons are emitted by inelastic processes and tend to be of low energy, only
escaping from <10 nm below the surface. These can be used to determine topology of a
sample. Backscattered electrons are detected as a result of incident electrons being
elastically scattered by the sample. There is a strong relationship between atomic number
and the intensity of the scattering that occurs, which allows elemental composition to be
analysed. The scattering interactions and depth of analysis can depend of many factors,
one of which being the application of varying accelerating voltage of the incident electrons,
usually being between 1-40 kV [23].
EDX is a technique that can be used in collaboration with SEM. This technique analyses the
emission of X-rays from the sample, when bombarded with high energy incident electrons.
X-rays are emitted from the sample by relaxation of an outer electron to fill a hole left by
the removal of a core electron. EDX can be used to quantitively and qualitatively analyse
the elements present in the sample to gain information on the elemental composition [24].
Scanning electron microscopy (SEM) was performed using a Tescan MAIA3 field emission
gun scanning electron microscope (FEG-SEM) fitted with secondary and backscattered
electron detectors. Energy-dispersive X-ray (EDX) analysis was performed using an Oxford
Instruments X-ray MaxN 80 detector. EDX analysis was performed using the Point and ID
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function on the Oxford Aztec software. A minimum of 3 areas were analysed across
multiple particles and averaged to produce atomic % (at.%). Catalysts loaded onto carbon
tape were sputter coated with 15 nm Au/Pd to prevent charging.

2.3.8 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is another electron microscopy technique used to
analyse samples at the nanometre scale, providing information such as morphological,
compositional and crystallographic properties of catalytic materials [7]. The acquisition of
TEM images occurs from high energy monochromatic electrons passing through an ultrathin sample. Depending on the density of the sample, electrons pass through the sample
to a detector, whilst others are scattered. The detected electrons are converted to an
image where the different contrast represents the differences in charge density present in
the sample.

Figure 5: Schematic of electron microscope used for TEM and SEM-EDX analysis. Reproduced with
permission from [7].

Crystallographic properties of the sample can be deduced by TEM analysis, usually in the
form of selected area electron diffraction (SAED). Emitted electrons can be diffracted by
the sample, producing diffraction patterns of either spots or rings depending on the
crystallinity of the sample. These diffraction patterns can then be analysed to determine
lattice spacing and planes present [7].

42

Transmission electron microscopy (TEM) was performed using a JEOL JEM 2100 operating
at 200 kV. Samples were prepared by dry dispersion over a 300 mesh copper grid coated
with holey carbon film.

2.3.9 CO-Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
Diffuse reflectance infrared Fourier Transform spectroscopy (DRIFTS) is an infrared (IR)
technique that can be used to identify surface adsorption sites of catalytic materials. IR
spectroscopy works on the basis that molecules possess discrete vibrational and rotational
energy levels, which are related to their structure. Photons are absorbed by a molecule
with the same energy as the incident photons, causing the adsorption of IR radiation to
reveal structural information about the sample. Similarly to Raman spectroscopy,
molecules must be IR active to observe the vibrations. For a sample to be IR active, the
vibration of the molecule must result in a change in the dipole moment. Therefore, highly
symmetrical diatomic molecules, such as N2 or H2, exhibit no change in the dipole moment
so are IR inactive.
A Fourier transform is a mathematical operation that has greatly increased the power of IR
spectroscopy. Standard IR spectrometers use one wavelength of light sequentially and
measure the absorbance/reflectance at a given wavelength, whereas Fourier Transform
spectrometers allow the measurement of multiple wavelengths simultaneously. The use of
a Michelson interferometer, in which a configuration of mirrors enables each wavelength
to be transmitted and blocked, obtains IR spectra over a wide spectral range [25]. This
occurs due to wave interference which is modulated by a moving mirror. The use of Fourier
Transform provides a better signal-to-noise ratio due to low interference occurring over
multiple scans. CO is used as an effective probe molecule in DRIFTS analysis due to the
sensitive interaction with metal nanoparticles, allowing for information on adsorption sites
and metal species to be gathered [26].
CO-DRIFTS measurements were obtained on a Bruker Tensor 27 spectrometer, fitted with
a mercury cadmium telluride detector and ZnSe windows. Samples were loaded into the
Praying Mantis high temperature (HVC-DRP-4) in situ cell before pre-treatment with N2. A
background was obtained using KBr and measurements were recorded every minute at
room temperature. 1% CO/N2 was then flowed over the sample at 50 mL min-1 until CO
adsorption bands were maintained constant. Once this occurred, the gas feed was changed

43

to purge with N2 and measurements were made until no change in subsequent spectra
were observed.

2.4 Catalyst testing
2.4.1 Propane total oxidation
2.4.1.1 Reactor set-up

Figure 6: Reactor schematic for equipment used in propane total oxidation reactions.

Catalyst performance for the total oxidation of propane was assessed using a continuousflow fixed bed microreactor. Catalysts samples were secured in a ¼ inch stainless steel tube
between two plugs of quartz wool. A premixed cylinder of 5000 ppm propane in synthetic
air was used, with the gas flow regulated at 50 mL min−1 by electronic mass flow controllers
(MFCs). The powders were packed un-pelleted to a constant volume of 0.0667 mL, to
achieve a gas hourly space velocity (GHSV) of 45000 h−1. The catalyst activity was measured
over the temperature range 200–600°C, with the temperature maintained and controlled
by a K-type thermocouple placed into the catalyst bed. The reactor temperature was
increased incrementally and allowed to stabilise before analysing the reactor effluent.
The reaction effluent was analysed by an online gas chromatograph (Agilent 7890B) with
two detectors in series. A thermal conductivity detector (TCD) was used to analyse O2 and
N2. In addition, a flame ionisation detector (FID) equipped with a methaniser was used to
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analyse CO, CO2 and hydrocarbons. Separation was achieved using Haysep Q (80–100
mesh, 1.8 m x 3.2 mm) and MolSieve 13 X (80–100 mesh, 2 m x 3.2 mm) packed columns,
with a series/by-pass valve configuration. Analyses were performed at each temperature
until steady-state was attained and three consistent sets of analytical data were obtained.
For catalyst testing involving water vapour in the feed, a water saturator was attached
downstream of the MFC port and held at a constant temperature to produce a water
saturation of 5%.
2.4.1.2 Product analysis
Products analysed using the online gas chromatography (GC) system were separated using
different columns and a series of valve operations. Three six-port valves were used, with
valve operations occurring at set times to control gas flow through the columns to the
detectors. A schematic of the valve operation system is shown below:

Figure 7: GC schematic for an example of valve operations used in propane total oxidation reactions.

The analysis of CO, CO2 and hydrocarbons by the FID was achieved by initial combustion
through the methaniser, which converted the products to methane using a Ni catalyst
under a H2 stream. This was done to obtain a signal for the CO and CO2 products, which
couldn’t be analysed by the FID alone. Propane conversion was calculated from comparing
the concentration obtained at each temperature against the concentration measured in
the initial blank run, where the reaction gas was passed through a bypass.
Equation 6: Calculation of propane conversion.

𝑃𝑟𝑜𝑝𝑎𝑛𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝑃𝑟𝑜𝑝𝑎𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
𝑃𝑟𝑜𝑝𝑎𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛
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Selectivity to CO2 was calculated by comparing the concentration of CO2 at each
temperature to the sum of all the products obtained at each temperature:
Equation 7: Calculation of selectivity to CO2 for propane total oxidation.

𝐶𝑂2 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
=

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑂2 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

Carbon balance was measured by comparing the total amount of carbon in the initial blank
run to the total amount of carbon measured at each temperature:
Equation 8: Calculation of carbon balance for propane total oxidation.

𝐶𝑎𝑟𝑏𝑜𝑛 𝐵𝑎𝑙𝑎𝑛𝑐𝑒
=

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛

2.4.2 Naphthalene total oxidation
2.4.2.1 Reactor set-up

Figure 8: Reactor schematic for equipment used in naphthalene total oxidation reactions.
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Naphthalene total oxidation was evaluated using a second continuous flow fixed bed
reactor. A fixed volume (0.0667 mL) of un-pelleted catalyst powders were packed between
plugs of quartz wool in a ¼ inch stainless steel tube. A GHSV of 45000 h−1 was achieved by
using a total gas flow of 50 mL min−1. 200 ppm of naphthalene was generated by subliming
naphthalene in a thermostatically controlled heater at 35°C under a He flow (40 mL min−1).
O2 (10 mL min−1) was then added before reaching the reactor to provide the total flow. The
gas flow was passed through the reactor tube containing the catalyst, which was heated in
a clam-shell furnace. The activity was measured over a temperature range of 100–350°C,
at 25°C intervals, with the temperature monitored using a K-type thermocouple placed in
the catalyst bed.
The reaction effluent was analysed using an Agilent 7890B GC (columns: HP-5, 30 m x 0.32
mm x 0.25 μm and Haysep Q, 80–100 mesh, 3 m x 3.2 mm), fitted with 2 FIDs, one of which
was fitted with a methaniser. Four analyses were undertaken at each temperature after a
period of stabilisation. The reaction temperature was then increased incrementally and
after appropriate stabilisation time to attain steady-state, the analysis procedure was
repeated.
2.4.2.2 Product analysis
Products analysed using the online gas chromatography (GC) system were separated using
different columns and a series of valve operations. One ten-port valve and one six-port
valve were used, with valve operations occurring at set times to control gas flow through
the columns to the different detectors.
In the GC system, gaseous products were split using valve operations, with one FID used to
analyse hydrocarbon products, and the other, fitted with a methaniser, used to analyse CO
and CO2. Naphthalene conversion was calculated by comparing concentration at each
temperature to those measured in the initial blank run, where the reaction mixture was
flowed through a bypass.
Equation 9: Calculation of naphthalene conversion.

𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛

However, naphthalene conversion has been shown to fluctuate due to the strong
adsorption to the catalyst surface, resulting in misleading conclusions for catalytic activity
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[27]. Therefore, CO2 yield was used as a more appropriate method to assess catalytic total
oxidation activity. This was calculated by comparing the concentration of CO2 at a given
temperature to the expected concentration of CO2 determined from the full conversion of
naphthalene present in the initial blank run [28]:
Equation 10: Calculation of CO2 yield for naphthalene total oxidation.

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑
=

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑂2 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐶𝑂2 𝑓𝑟𝑜𝑚 𝑓𝑢𝑙𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑛𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒

2.4.3 Toluene, propene and CO simultaneous total oxidation
Vent

FTIR

1000 ppm CO, 1000 ppm
Propene, 100 ppm
Toluene in 6% O2/N2
Figure 9: Reactor schematic for equipment used in simultaneous CO, propene and toluene total oxidation
reactions.

The simultaneous total oxidation of propene, toluene and CO was performed using a fixed
bed flow reactor. Un-pelleted powder catalysts were packed between plugs of quartz wool
into a ½ inch quartz tube. Catalysts were pre-treated for 1 h at 100°C, under flowing N2 at
50 mL min-1. Once pre-treated, the reaction mixture of 1000 ppm propene, 1000 ppm CO
and 100 ppm toluene in 6% O2/N2 was passed through the bypass loop until stabilised, to
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acquire a background measurement. The reaction mixture was then passed through the
catalyst bed at 50 mL min-1 to achieve a GHSV of 45000 h-1. Catalyst activity was measured
over the temperature range 100-500°C at 50°C intervals, with a K-type thermocouple used
to monitor the temperature in the catalyst bed. The effluent analysis was recorded by a
Gasmet DX-4000 FT-IR spectrometer, with measurements taken every second and the
software package Calcmet was used to convert FT-IR data into concentration values.
The conversion of propene, toluene and CO to CO2 was determined by comparing the
recorded ppm values of CO2 to the sum of the ppm values for all compounds using carbon
equivalents:
Equation 11: Calculation of CO2 yield for the simultaneous total oxidation of CO, propene and toluene.

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑 =

𝑝𝑝𝑚 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑡𝑎𝑢𝑟𝑒
𝑝𝑝𝑚 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑒𝑞𝑢𝑖𝑙𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
× 100
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3. Comparison of cerium (III) & (IV) precursors for the
synthesis of CeO2 catalysts for propane and naphthalene
total oxidation
3.1 Introduction
Volatile organic compounds (VOCs) have been associated with various issues affecting the
environment and human health [1]. As mentioned in Chapter 1.3, VOCs emitted into the
atmosphere can react with NOx species to form ground level ozone, which has been linked
with respiratory and cardiovascular issues in humans [2–4]. Furthermore, some VOCs are
known to be toxic, further threatening human health [5]. VOCs have also been shown to
affect the environment by contributing to ozone depletion and climate change effects,
caused by the emission of greenhouse gases [6–8]. By definition, VOCs are wide ranging in
chemical nature and can be categorised into many types of compounds. Short chain alkane
VOCs, such as propane, are known to be difficult to remove from the atmosphere as a result
of difficult C-H bond activation [9], hence propane is an excellent model compound to
study. Propane as a VOC has been continuously studied throughout the literature because
of its use in industry, where the increasing use of liquid petroleum gas (LPG) as a transport
fuel has been linked to rising propane emissions [10]. Polyaromatic hydrocarbons (PAHs)
are another type of VOC, where emissions have been linked with health issues due to their
toxic or carcinogenic nature [11]. Naphthalene, the simplest PAH, is present in many
combustion processes, and can be used as another appropriate and contrasting model
compound to study the removal of VOCs from waste streams [12].
VOC abatement techniques can be achieved in many ways, such as destructive techniques
like thermal and catalytic oxidation or by recovery methods such as adsorption and
absorption processes [13,14]. Of the methods mentioned, catalytic oxidation has been
identified as a more efficient way to remove VOCs from the atmosphere. This process is
less complex when compared with adsorption and absorption techniques, where recovery
of VOCs and replacement of material used can become expensive [13]. In addition,
compared to thermal oxidation, catalytic oxidation is less energy intensive, whilst also
having the benefit of producing more environmentally benign products compared with
toxic by-products often created by thermal oxidation [15]. However, a slight drawback for
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catalytic oxidation is the dependence on the conditions used. Previous literature has shown
that catalyst deactivation can occur when poison compounds, such as water vapour or
sulphur, are present in waste streams [16,17]. This issue further highlights the importance
of research in this area.
Supported noble metal catalysts containing Pd and Pt have been widely reported as active
catalysts for VOC oxidation [5,18]. More recently, there has been a driving force to move
towards the use of metal oxide catalysts. Metal oxide catalysts have the advantage of being
less expensive, more abundant and less susceptible to poisons when compared to precious
metal catalysts [19,20]. Moreover, some metal oxide catalysts have shown similar, or even
improved activity when compared with precious metal catalysts for VOC oxidation [21,22].
Of the metal oxide catalysts reported in the literature, cerium(IV) oxide (CeO2) is widely
regarded as an effective oxidation catalyst. CeO2 catalysts have shown remarkable redox
properties from the facile shift between Ce4+↔Ce3+ in the redox cycle [23]. In addition,
CeO2 exhibits a high oxygen storage capacity (OSC) and can form oxygen defects, which
enable enhanced oxygen mobility through the lattice [24–26]. Intrinsic defects present in
CeO2 catalysts occur by two predominant pathways, either from the displacement of ions
in the lattice to an interstitial site, or by oppositely charged ions leaving the lattice sites.
These are referred to as Frenkel and Schottky defects respectively [27]. Extrinsic defects
can also be promoted in CeO2 catalysts by the addition of impurities, such as the addition
of aliovalent ions to the lattice [28]. These characteristics have made CeO2 catalysts the
preferred choice for various oxidation reactions [26,29–31]. Studies on the morphology of
CeO2 catalysts have also been carried out to selectively control the exposed facets, which
has led to improved surface interactions and catalytic activity for various oxidation
reactions [25,32,33]. The structure and transformation of cerium precursors to form CeO2
have been studied in the literature, but few consider the catalytic uses for these materials
and only focus on the different characteristics of the final CeO 2 materials [34]. Recent
research on the influence of the cerium precursor when producing CeO2 catalysts have
mainly been studied in the context of mixed metal oxides [35–37], but single oxide CeO2
has rarely been investigated.
The use of different synthesis routes for catalyst preparation can drastically influence the
activity trends for various reactions [38]. Altering factors, such as preparation method and
calcination conditions, have resulted in varied catalyst characteristics, which can improve
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activity [29]. Using precipitation as a synthesis method allows for the careful control of
synthesis parameters like pH, aging time, solution concentrations, addition rate and
precipitating agent. However, the influence of the metal precursor can sometimes be
overlooked. To this effect, precipitation methods can be utilised as a reproducible
procedure to compare slight changes to the preparation method, and how these impact
the final catalyst characteristics.
In this work, CeO2 catalysts were prepared by a co-precipitation method, using either
(NH4)2Ce(NO3)6 or Ce(NO3)3 as the precursor cerium source. The precipitate formation and
resulting catalyst characteristics were compared for each precursor. Catalysts were
characterised by Thermal gravimetric – Differential thermal analysis (TG-DTA), Powder Xray diffraction (XRD), Laser Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
Temperature programmed reduction (TPR), Electron microscopy (TEM/SEM-EDX), and
Brunauer-Emmett-Teller (BET) surface area analysis. Catalysts were evaluated for the
oxidation of model VOCs, focusing on the impact the cerium precursor had on catalytic
activity and how this was related to the structure, redox properties, and surface state of
the CeO2 catalysts. Testing conditions for VOC total oxidation were also evaluated, by
including water vapour, a known catalyst poison, to the feed.
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3.2 Effect of cerium precursor
3.2.1 Precursor characterisation

Figure 1: XRD patterns for the CeIV and Ce III precipitate precursors prior to calcination

Dried catalyst precipitate precursors, denoted as d-CeO2 (IV) or (III), were analysed using
powder XRD (Figure 1), with significant differences shown between the two precipitates.
The d-CeO2 (IV) sample showed a structure representative of a cubic fluorite CeO2 phase
with low crystallinity, exhibiting broad reflections around 29°, 33°, 47° and 57°,
corresponding to (111), (200), (220) and (311) lattice planes, respectively [39]. Whereas the
d-CeO2 (III) sample predominantly exhibited reflections representative of an orthorhombic
Ce2(OH)2(CO3)2.H2O structure [40], with other additional reflections identified as hexagonal
Ce(OH)(CO3) [39]. Hence, under these synthesis conditions, the CeIV and CeIII precursors
followed two different chemical precipitation mechanisms.
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a)

b)

Figure 2: TG-DTA of the precipitated catalyst precursors: a) d-CeO2 (IV) and b) d-CeO2 (III). Samples heated
under flowing air from 50 to 750 °C at 5 °C min−1.

Thermal decomposition of the precipitates was analysed using TG-DTA (Figures 2a and 2b).
Around 7% mass loss was observed from the d-CeO2 (IV) sample (Figure 2a) over the
temperature range of 100-700°C. In comparison, the d-CeO2 (III) sample showed a mass
loss of 23% over the same temperature range, with a small decrease around 70°C, followed
by a sharp decrease between 250-300°C. These mass loss stages were associated with the
evolution of H2O species and decomposition of carbonate species from the dried sample
respectively; confirming conclusions drawn from XRD analysis (Figure 1), that the
precipitate formed from the CeIII precursor was a Ce(CO3)x(OH)y type species [41].
Moreover, the endothermic peak around 250°C (Figure 2b), characterised by DTA, was
attributed to the liberation of CO2 from the decomposition of carbonate species [42]. The
broad endothermic peak observed between 50-250°C, in the d-CeO2 (IV) sample, can be
attributed to the evolution of H2O.
Previous work carried out by Hirano et al. looked at the precipitation mechanism of
different CeIV and CeIII precursors using urea, prepared by a hydrothermal synthesis [43,44].
They discovered that when using the CeIV precursor, hydrated [Ce(OH)(H2O)n]4+ ions were
formed as a result of the ability to undergo strong hydration from the lower basicity and
higher charge of the Ce4+ ion. This caused hydrated CeO2 nanoparticles (CeO2.nH2O) to
precipitate before the carbonate could react to form the Ce(CO3)x(OH)y type species.
Further evidence of hydrated CeO2 nanoparticle formation, from the hydrolysis of
ammonium cerium nitrate in aqueous solution without the addition of a base, has also been
documented by Pettinger et al. [45]. Data acquired by TG-DTA and XRD analysis for the dCeO2 (IV) sample is in good agreement with these conclusions drawn from the literature.
56

Furthermore, this effect was not observed when using different Ce III precursors, and the
products formed were the carbonates, either Ce2O(CO3)2.H2O or Ce(OH)CO3 [43].
Based on the assumption that stoichiometric CeO2 was the final product, the theoretical
mass losses were calculated for each thermal decomposition, using bulk precipitate phases
identified from XRD.
Ce2(OH)2(CO3)2.H2O

2CeO2

CeO2.nH2O

CeO2

For the CeIII precursor, the theoretical mass loss was calculated to be 24% which is in good
agreement with the 23% experimental loss identified by TG-DTA analysis. From the XRD
data, when using the CeIV precursor, the formation of hydrated CeO2 particles in solution
was the only product formed. Therefore, a mass loss of 7% equated to 0.67 H2O.

3.2.2 Catalyst characterisation
Table 1: Physiochemical properties of the calcined CeO2 (IV) and CeO2 (III) catalysts.

Catalyst

Surface

Position of

Average

Lattice

A590/A463 FWHM

Area /

Ce (111)

Crystallite

Parameter

m2 g-1

reflection / °

Size / nm

/ nm

CeO2 (IV)

81

28.56

8.7

0.5409

0.018

17.8

CeO2 (III)

19

28.57

9.3

0.5408

0.019

17.6

A summary of the physiochemical properties of the two calcined CeO2 catalysts is
presented in Table 1. The catalyst surface areas, analysed by the BET method, were
significantly different for the two catalysts. The CeO2 (IV) catalyst displayed a surface area
roughly four times larger than CeO2 (III) (81 m2g-1 vs 19 m2g-1, Table 1). The adsorptiondesorption isotherms for the two catalysts (Figures 3a and 3b), indicated diverse pore
structures. Both plots represented a type IV isotherm, indicative of a mesoporous type
structure, with the CeO2 (IV) catalyst having a H2 hysteresis loop [46]. This type of
hysteresis is indicative of capillary condensation in disordered and ill-defined pore
structures, suggesting a higher porosity, which would be consistent with the higher surface
area shown for this catalyst. In contrast, the CeO2 (III) catalyst showed a H3 hysteresis loop
which is related to the formation of non-rigid, plate-like particles that form a disordered
pore structure with slit-shaped pores [46]. In addition, hysteresis of this kind is linked with
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the incomplete filling of macropores, suggesting a higher concentration of macropores in
this catalyst [47]. It could be postulated that the liberation of CO2 from the d-CeO2 (III)
precipitate, upon calcination, resulted in these larger pore structures identified by the
adsorption-desorption isotherm. Furthermore, the low surface area of the CeO 2 (III)
catalyst could be linked to the inaccessibility of these pores created by the calcination of
the Ce(OH)x(CO3)y precipitate. Previous studies have also shown a relationship between the
different hysteresis loops obtained and varying surface area for CeO2 catalysts [48].

a)

b)

Figure 3: N2 Adsorption–desorption isotherms of a) CeO2 (IV) and b) CeO2 (III) catalysts.

SEM images (Figures 4a and 4b) indicated different morphologies of the catalysts.
Information obtained by this technique helps to rationalise the surface area and
adsorption-desorption isotherm data previously discussed. The CeO2 (III) catalyst displayed
clumped aggregates with platelet or needle-like structures, which is representative of the
H3 hysteresis loop; whereas, the CeO2 (IV) catalyst formed large, well-defined particles.
From the XRD and TG-DTA characterisation of the precipitates formed during the synthesis,
it can be suggested that the formation of the Ce2(OH)2(CO3)2.H2O type species ensures the
transformation to these type of non-rigid aggregates identified for CeO2 (III). In contrast,
forming the CeO2.nH2O precipitate leads to the formation of well-defined structures shown
for CeO2 (IV).
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Figure 4: SEM images of the a) CeO2 (IV) and b) CeO2 (III) catalysts. Inset shows magnification of platelet
morphology.

TEM images (Figure 5a-f) expand upon conclusions drawn from the SEM data. Differences
in large scale microstructure morphology were apparent between the CeO2 (IV) and CeO2
(III) catalysts (Figures 5a and 5d), which was identified by SEM analysis. However, the small
scale nanostructure morphology appeared similar (Figures 5b and 5e). Both CeO2 (IV) and
CeO2 (III) samples showed agglomerated, small facetted CeO2 nanoparticles of 8-10 nm,
consistent with the crystallite size determined by XRD (Table 1). The interplanar distances
measured on the CeO2 (IV) and CeO2 (III) catalysts (Figures 5c and 5f) were 0.31 nm which
is representative of the (111) lattice planes, indicating their preferential exposure.
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Figure 5: TEM images of a-c) CeO2 (IV) and d-f) CeO2 (III) catalysts. Inset shows selected
area electron diffraction patterns of a) CeO2 (IV) and d) CeO2 (III)

Data acquired from XRD analysis of the calcined catalysts (Figure 6) indicated a similar bulk
structure for both catalysts. XRD patterns of the catalysts only showed the cubic fluorite
structure of CeO2, with lattice parameters of both catalysts within experimental error
(Table 1). The similar lattice parameters illustrate that both CeO2 (IV) and CeO2 (III) had
little distortions to the cubic lattice. This cubic fluorite structure is also consistent with the
structure identified by selected area electron diffraction (SAED) analysis (Figures 5a and
5d). The crystallite sizes were calculated using the Scherrer equation by taking an average
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of the values obtained by analysing the peak widths of the 4 dominant (111), (200), (220),
and (311) reflections. The sizes calculated were similar for both catalysts, with the CeO2 (IV)
catalyst having a slightly smaller crystallite size on average (8.7 nm verses 9.3 nm, Table 1).
However, the average crystallite sizes calculated were within the experimental error (±1.2
nm), hence little significant difference was identified. Crystallite sizes determined by this
method are also in agreement with TEM data. Previous literature has shown an inverse
relationship between particle size and catalyst surface area [49]. This relationship usually
relates decreasing particle size to increasing surface area, but this was not reciprocated by
the data presented in Table 1. Both catalysts had a similar particle size but largely varying
surface areas, which complements ideas drawn from the adsorption-desorption isotherms
suggesting that the diverse pore structures caused the different surface areas observed.

Figure 6: XRD patterns of the calcined CeO2 (IV) and CeO2 (III) catalysts.

It is well established in the literature that CeO2 catalysts exhibit an intense Raman band
around 460 cm-1, relating to the F2g vibrational mode, which corresponds to the
symmetrical stretching of the Ce-O8 local structure [50]. Other weaker bands are also active
for these materials, such as a band around 600 cm-1, which is commonly associated with
the presence of intrinsic defect sites [51]. These types of defects are thought to be either
Frenkel or Schottky defects, which can allow for more facile oxygen mobility throughout
the lattice [24]. It has been previously established that the ratio of the defect band and F2g
vibrational band can be used to estimate the concentration of defect sites in the material,
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which can then be used to understand the redox properties and oxygen mobility through
the lattice of CeO2 catalysts [52]. This factor is especially important for propane and
naphthalene total oxidation as it is proposed these reactions take place via a Mars-van
Krevelen mechanism over metal oxide catalysts [19]. The Raman spectra shown in Figure 7
matches that of the cubic fluorite CeO2 structure, consistent with that determined by XRD.
The intense band at 463 cm-1 showed the F2g vibrational mode, and a small band around
590 cm-1 indicated the presence of defect species. The ratio of bands at 590 cm -1 and 463
cm-1 (A590/A463, Table 1) were very similar for both catalysts, implying the bulk defect
concentrations of both catalysts, detectable by Laser Raman spectroscopy, were similar.
Furthermore, the full width half maximum (FWHM) of the F2g vibrational band has also
been related to the concentration of defects within the material [52,53]. However, this
measurement can also be influenced by the crystallinity and crystallite size of CeO2, usually
identified by XRD analysis [54]. Table 1 shows the FWHM of both catalysts being very
similar, further endorsing the similarities in bulk defect concentration and crystallite size
identified.

Figure 7: Laser Raman spectra of the CeO2 (IV) and CeO2 (III) catalysts. Inset shows magnification
of the defect band around 590 cm-1.

TPR profiles of the catalysts (Figure 8) only showed one main reduction peak over the
temperature range analysed. This peak occurred at 478°C for CeO2 (III) and 498°C for CeO2
(IV). From previous literature, it is known that CeO2 has two main types of reduction
features, these being the reduction of surface species and the reduction of bulk species
[55]. Bulk reduction has been shown to occur at temperatures above 700°C, whilst surface
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reduction occurs around 500°C [56], therefore, the reduction peak present in the TPR
profiles were related to the surface reduction of these materials. H2 consumption
normalised for surface area and mass are shown in Table 2 for both catalysts. The CeO2 (III)
catalyst displayed a higher H2 consumption normalised for surface area compared with
CeO2 (IV). Whilst both catalysts exhibited good redox ability, the combination of the lower
reduction temperature and higher H2 consumption per surface area suggests the CeO2 (III)
catalyst had a more facile surface reduction, with reduction occurring to a greater extent.
These differences in redox properties, could possibly arise as a result of different structures
produced by the varying precipitation mechanisms and subsequent transformation into the
CeO2 catalysts.

Figure 8: TPR profiles of the CeO2 (IV) and CeO2 (III) catalysts. Conditions: 10% H2/Ar, 30
mL min−1, 50–700 °C at 10 °C min−1.

Table 2: Mass and surface area normalised H2 consumption for the CeO2 (IV) and CeO2 (III) catalysts,
determined from TPR-TPO cycles.

Catalyst

CeO2 (IV)

CeO2 (III)

TPR Cycle

H2 Consumption per surface

H2 Consumption per mass

area /μmol m-2

/μmol g-1

1

0.435

35.20

2

0.145

11.73

1

4.575

86.93

2

0.464

8.81
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The dynamic oxygen storage capacity (OSC) of the catalysts were assessed by performing
TPR-TPO cycles. Data in Table 2 shows that upon re-oxidising and then reducing the
catalysts, the H2 consumption for the CeO2 (III) catalyst decreased significantly. The H2
consumption per surface area showed a decrease by a factor of 10 for the CeO2 (III) catalyst,
whilst the decrease was only 3-fold for the CeO2 (IV) catalyst. As the oxidation of propane
and naphthalene is proposed to occur via a Mars-van Krevelen mechanism [19], which is
influenced by the redox ability of the catalyst, it can be suggested that the re-oxidation of
the catalyst is also an important factor [55]. As the re-oxidation step is not taken into
account under the 1st TPR conditions, it may not be entirely representative of the redox
properties of the catalyst under reaction conditions. However, previous research has also
shown a correlation between decreased surface area and low surface reducibility of CeO 2
catalysts, which could have occurred to a greater extent for CeO2 (III), as a result of sintering
at higher treatment temperatures [56,57]. Therefore, only tentative conclusions can be
drawn from these data.

Figure 9: XPS spectra of Ce 3d region for the CeO2 (IV) and CeO2 (III) catalysts. Fitted peaks refer to Ce3+ (blue)
and Ce4+ (red) states

Figure 9 details the core-level Ce 3d photoelectron spectra for both CeO2 (III) and CeO2 (IV)
catalysts. It is understood in the literature that a large number of final states arise from
photoemission of CeO2, causing the Ce 3d XPS spectra to be difficult to analyse. However,
it is generally accepted a total of 10 peaks are present for CeO2, relating to the Ce 3d5/2 and
Ce 3d3/2 splitting of mixed III/IV states [58]. These peaks are divided into Ce3+ oxidation
states denoted as v0, v’, u0, u’ and Ce4+ oxidation states denoted as v, v’’, v’’’, u, u’’, u’’’ [59].
It is proposed in the literature that the higher concentration of Ce3+ surface species directly
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relates to an increased amount of surface defect sites, which have been shown to affect
catalytic activity [33,52,55,60]. The ratio of surface Ce3+ to Ce4+ was calculated using the
sum of the integrated peak areas of each relative fitting for the two oxidation states (Table
3). The CeO2 (IV) catalyst showed a higher concentration of reduced Ce3+ species, which is
initially counterintuitive when using the (NH4)2Ce(NO3)6 precursor with cerium in the 4+
oxidation state. The higher concentration of Ce3+ species identified suggests an initially
more reduced surface for the CeO2 (IV) catalyst which could explain the lower H2
consumption measured by TPR analysis.
Table 3: XPS and EDX analysis derived surface elemental composition for the CeO 2 catalysts.

Catalyst

XPS Ce:O:Na Ratio

Oβ/Oα Ratio

Ce3+/Ce4+ Ratio

EDX Ce:O:Na Ratio

CeO2 (IV)

29:68:3

0.438

0.155

30:68:2

CeO2 (III)

22:67:11

0.289

0.086

34:59:7

From the O 1s core-level XPS spectra (Figure 10), two distinct oxygen species can be
extracted, which were ascribed as Oβ (531 eV) and Oα (529 eV) states, reported to be
characteristic of defect oxygen and lattice oxygen species respectively [52,61]. Labelling of
the Oβ region has little consensus in the literature as it has been proposed that this region
could also relate to the presence of hydroxyl or carbonate oxygen species [52].
Furthermore, other researchers have linked this region to the appearance of low coordination oxide ions [61,62]. As a result, the species represented by the Oβ region have
been referred to as surface oxygen defect sites, with the fitting around 532-533 eV (orange
curve, Figure 10) tentatively attributed to the presence of OH species [63,64]. The ratio of
Oβ/Oα (Table 3) indicated the CeO2 (IV) catalyst had an increased concentration of surface
oxygen defect sites compared to the CeO2 (III) catalyst. These data are consistent with the
higher quantity of Ce3+ determined by XPS analysis of the Ce 3d region for this catalyst. The
surface oxygen defect concentration trend differs to that of the bulk defect concentration,
analysed by Laser Raman spectroscopy, suggesting the different defect concentrations
were highly localised on the catalyst surface, due to the surface sensitivity of XPS. It is noted
in the literature that the presence of surface oxygen defect sites are important for VOC
oxidation reactions as they produce active oxygen species that can participate in the
reaction [55,60,65]. Previous studies have shown that these active oxygen species can
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facilitate the facile breaking of C-H bonds which then correlates to improved catalytic
activity [66,67].

Figure 10: XPS spectra of O 1s region for the CeO2 (IV) and CeO2 (III) catalysts. Fitting shows the Oα (red), Oβ
(blue) oxygen species as described in the main text, with orange and green fittings referring to the
overlapping hydroxyl and Na Auger peaks.

In addition to using XPS analysis to identify cerium and surface oxygen species, it was also
used to identify other surface species that could be present. Alkali metals, such as Na,
present from the synthesis process utilising Na2CO3, have been proposed to deactivate
metal oxide catalysts for certain oxidation reactions [68]. From the XPS data (Table 3), the
surface content of Na was increased on CeO2 (III) compared with CeO2 (IV). This is also
evidenced by the appearance of the Na Auger signal (green curve, Figure 10) in the O 1s
spectra for CeO2 (III). Moreover, EDX images (Figure 11a and 11b) showed that both
catalysts exhibited Na homogeneously distributed throughout the catalyst. Quantification
by both XPS and EDX analysis were consistent (Table 3), with the CeO2 (III) catalyst showing
increased Na content.
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a)

b)

Figure 11: SEM images and corresponding Na Kα EDX mapping of the a) CeO2 (IV) and b)
CeO2 (III) catalysts

3.2.3 Catalyst testing

a)

b)

Figure 12: Catalyst activity for a) propane and b) naphthalene total oxidation: (Circle) CeO2 (IV) and
(Triangle) CeO2 (III). Conditions: 5000 ppm propane in air, GHSV = 45000 h-1. 200 ppm naphthalene in 20%
O2/He, GHSV = 45000 h-1.

The catalyst performance for the total oxidation of propane and naphthalene are shown in
Figures 12a and 12b respectively, for the CeO2 (IV) and CeO2 (III) catalysts. The main
reaction product detected for both reactions was CO2. For propane oxidation, the carbon
balance of both catalysts was >98%. Selectivity to CO2 was >99% across the temperature
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range for CeO2 (IV), whilst at 550°C it was 96% for CeO2 (III) due to the formation of
propene. It is clear in both reactions that the CeO2 (IV) catalyst was more active for propane
and naphthalene total oxidation. Contrary to the reaction data in Figure 12a, data shown
in Table 4 indicates that, when normalised for surface area, CeO2 (III) was more active for
propane total oxidation. No significant difference was evident for surface normalised
activity with regard to naphthalene total oxidation (Table 5). Whilst the surface normalised
activity is discussed when understanding the characteristics responsible for the catalytic
activity noted in both reactions throughout this section; it should be recognised that, as a
result of the very different conversions obtained by the different catalysts, these data
should be used tentatively.
Table 4: Mass and surface area normalised catalytic activity of the CeO 2 (IV) and CeO2 (III) catalysts for
propane total oxidation.

Catalyst

Propane

Surface Area Normalised

Mass Normalised

Conversion / %

Propane Oxidationa

Propane Oxidationa

/mol s-1 m-2

/mol s-1 g-1

CeO2 (IV)

45

3.78x10-3

3.06x10-1

CeO2 (III)

6

7.10x10-3

1.35x10-1

a – Measured at 500°C

From the bulk characterisation techniques, such as XRD and Laser Raman spectroscopy,
both catalysts exhibited the common cubic fluorite CeO2 structure. In addition, the lattice
parameter, average crystallite size and bulk defect concentration calculated using these
characterisation methods showed little significant difference. Whilst changes in large-scale
morphology were identified by TEM (Figure 5c and 5f) and SEM, the small-scale
nanomorphology for both catalysts were similar, with the (111) lattice plane preferentially
exposed for both catalysts. Therefore, it can be concluded that no significant differences in
bulk structure could be distinguished for both CeO2 (IV) and CeO2 (III).
Table 5: Mass and surface area normalised catalytic activity of the CeO2 (IV) and CeO2 (III) catalysts for
naphthalene total oxidation.

Catalyst

CeO2 (IV)

Naphthalene

Surface Area Normalised

Mass Normalised

Conversion

Naphthalene Oxidationa

Naphthalene Oxidationa

/%

/mol s-1 m-2

/mol s-1 g-1

25

7.54x10-5

6.11x10-3
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CeO2 (III)

2

7.19x10-5

1.37x10-3

a – Measured at 150°C

The resulting surface areas, from the calcination of the different precipitate precursors,
were very influential when understanding the catalytic activity for both propane and
naphthalene total oxidation. It has been well documented by various researchers that the
high surface area of CeO2 is a key factor for improved catalytic activity for naphthalene total
oxidation [29,69,70]. The data obtained for naphthalene total oxidation was concurrent
with conclusions presented by other researchers, with the high surface area CeO 2 (IV)
catalyst being more active compared with CeO2 (III). Furthermore, when normalised for
surface area, the activity was similar for both catalysts, suggesting the most significant
parameter affecting naphthalene total oxidation was the catalyst surface area. The CeO2
(IV) catalyst, with higher surface area, was also more active for propane total oxidation as
shown in Figure 12a. Previous literature has suggested the increased surface area of CeO2
catalysts results in a higher quantity of accessible active sites for propane oxidation, which
then results in improved catalytic activity [71,72]. When assessing the surface normalised
activity for propane total oxidation, the CeO2 (III) catalyst showed significantly higher
activity than CeO2 (IV). This suggests the decreased surface area significantly limited the
overall activity of the CeO2 (III) catalyst under the reaction conditions but it was not the
only factor that influenced catalytic activity. In fact, the mass normalised activity shows
that CeO2 (IV) was roughly 2 times more active but has a surface area 4 times higher than
CeO2 (III), further contributing to the idea that the relationship between catalytic activity
and surface area was not direct for propane total oxidation.
Redox properties of CeO2 catalysts are known to be important for oxidation reactions that
occur via a Mars-van Krevelen mechanism [11,73,74]. It has been stated in the literature
that there is a relationship between more facile reducibility of metal oxide catalysts and
improved catalytic activity for propane total oxidation [11]. As discussed, the ability to
easily remove active oxygen from the catalyst surface facilitates C-H bond activation, which
is known to be the rate determining step for propane oxidation [75]. The CeO2 (IV) catalyst
performed much better for propane total oxidation, initially suggesting that the redox
properties were not a significant factor for these catalysts. However, CeO 2 (III) had an
increased surface normalised activity which corresponds with the improved redox
properties of this catalyst. This may suggest the enhanced redox behaviour of the CeO2 (III)
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catalyst became insignificant as a consequence of the low total surface area when
compared with the CeO2 (IV) catalyst. The low surface area of the catalyst could also inhibit
the re-oxidation step of the reaction which would help rationalise results from the TPR-TPO
data. Similarly to the lower surface area correlating with less surface reduction [56], this
could also be the case as less accessible surface sites would be available for re-oxidation.
In contrast, the naphthalene total oxidation data showed the surface normalised activity
data as comparable, with the CeO2 (IV) catalyst performing much better in Figure 12b. This
implies characteristics other than redox properties were of greater importance for this
reaction, which is in good agreement with conclusions drawn by Garcia et al. on the
correlation between redox properties and the oxidation of propane and naphthalene using
various metal oxides [11].
XPS analysis showed that the CeO2 (IV) catalyst contained a higher proportion of surface
oxygen defect sites compared to the CeO2 (III) catalyst (Oβ/Oα, Table 3). A correlation
between the amount of surface oxygen defects and improved catalytic activity for propane
total oxidation has been shown in previous research [19], and is consistent with the CeO2
catalysts prepared from the different precursors in the present work. As discussed
previously, it is suggested that these surface defect sites promote active oxygen species
that facilitate more facile C-H bond cleavage, which improves catalytic activity [67]. For
naphthalene oxidation, the CeO2 (IV) catalyst with a higher quantity of surface oxygen
defect sites was also more active, in agreement with other studies that have shown a
correlation between activity and surface defect concentration [33]. However, from the
surface normalised activity data, this factor seemed to have a much less significant
contribution than the catalyst surface areas.
Alkali metals, such as Na, have been shown to poison metal oxide catalysts when used for
propane total oxidation, as demonstrated by Tang et al. [76]. This occurs by the Na
inhibiting the oxygen mobility of the catalyst, which then supresses oxygen desorption at
lower temperatures, in addition to accumulating high amounts of surface carbonate
species at higher temperatures. The relationship between Na poisoning and the impact of
poor oxygen mobility is confirmed in further research for propane total oxidation [77]. The
CeO2 (III) catalyst displayed a higher concentration of bulk and surface Na, as identified by
EDX and XPS analysis, whilst performing much worse for propane total oxidation which is
consistent with trends discussed in the literature.
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Whilst factors such as redox properties and surface oxygen defect concentration of the final
catalyst were identified to have some impact on the overall catalytic activity of the CeO 2
catalysts for the total oxidation of propane and naphthalene, it is clear that the most
significant influence was the catalyst surface area. Nevertheless, it is important to highlight
how these characteristics were determined by the difference in catalyst precursor used, as
the relatively subtle change of cerium precursor contributed to the significant differences
shown in catalyst performance.
Different precipitation products were formed when using either the Ce IV or CeIII precursors,
as shown from the TG-DTA and XRD analysis, but on calcination they formed similar bulk
cubic fluorite CeO2 structures. Forming the CeO2.nH2O precipitate resulted in a greatly
increased surface area of the resulting CeO2 (IV) catalyst. This effect has been shown in
previous research when synthesising Sm-doped CeO2 mixed oxide catalysts [78]. Moreover,
previous research has drawn similar conclusions, with the CeIV precursor or the CeO2.H2O
precipitate resulting in the largest surface area [35,79]. Decomposition of the CeO2.H2O
precipitate to CeO2 is likely to be topotactic, with very little alteration to the crystal
structure from the removal of H2O or -OH species. In contrast, the structure of the
orthorhombic Ce2(OH)2(CO3)2.H2O precipitate, identified by XRD analysis, differed
significantly to the cubic fluorite structure of CeO2, and decomposition occurs via an
intermediate oxycarbonate species [42,80]. This phase transformation mechanism will
likely be disruptive and result in the decreased surface area shown by the CeO2 (III) catalyst.
Furthermore, transformation of the Ce2(OH)2(CO3)2.H2O precipitate to the cubic CeO2
structure must contain an oxidation step as cerium is in the Ce3+ oxidation state. Research
conducted by Spiridigliozzi et al. suggested that under prolonged hydrothermal conditions,
the initially formed metastable Ce(OH)(CO3) precipitate can oxidise in solution, as well as
undergo structural changes [81]. However, XRD data (Figure 1) provided evidence for the
formation of the Ce2(OH)2(CO3)2.H2O precipitate, suggesting that decomposition of the
precipitate by thermal treatment induced the oxidation from Ce3+ to Ce4+. Previous studies
have confirmed this theory as it has been stated the thermal decomposition of the
Ce(OH)(CO3).H2O species results in a combination of endothermic decomposition from
dehydration and decarbonation, in addition to an exothermic reaction from the oxidation
of Ce3+ to Ce4+ [42]. This exothermic oxidation step could enhance the driving force to form
the thermodynamically stable CeO2 structure with the increased Ce4+ surface concentration
observed for the low activity CeO2 (III) catalyst.
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3.2.4 Catalyst stability

Figure 13: Time on line stability analysis of CeO2 (IV) (Circle) and CeO2 (III) (Triangle) for
propane total oxidation. Conditions: 5000 ppm propane in air, GHSV = 45000 h -1, 550 °C,
36 hrs.

In addition to catalytic activity, catalyst stability is also another important factor to assess
the application of the catalyst. Catalyst stability of CeO2 (IV) and CeO2 (III) were assessed
by time on line reactions for the total oxidation of propane (Figure 13). The CeO 2 (III)
catalyst rapidly deactivated over a 12 h period. This deactivation continued more slowly
until the final analysis at 36 h, where the propane conversion decreased to 25 %. In
contrast, CeO2 (IV) showed a much less significant deactivation over a 21 h period, with
propane conversion decreasing from 81 % to 74 %. The selectivity to CO 2 was >99% for
CeO2 (IV), whereas selectivity dropped from 98% to 94% for the CeO 2 (III) catalyst, due to
propene formation, over the time on line analysis. The large deactivation observed for the
CeO2 (III) catalyst could have occurred as a result of the limited re-oxidation inferred from
the TPR-TPO data, which could be a direct result of the lower surface area of the catalyst.
Moreover, CeO2 catalysts have been shown to rapidly sinter at high temperatures resulting
in the reduction of surface area [49], which could again factor into the deactivation of both
CeO2 catalysts. These data further supports the need to carefully consider catalyst
precursors, as the subtle change of cerium oxidation state resulted in a more stable and
active catalyst.
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3.3 Impact of a mixture of CeIV and CeIII precursors
3.3.1 Catalyst characterisation

Figure 14: XRD patterns of the dried precipitates for the CeIV, CeIII and mixed precursors.

In addition to comparing both CeIII and CeIV precursors individually, a combination of both
precursors was used in a 1:1 ratio to synthesise a CeO2 catalyst, denoted as CeO2 (III+IV).
This catalyst was prepared to further determine the characteristics shown when using the
different precursors and if these characteristics displayed a linear relationship upon
changing concentration of precursor. When a mixture of both precursors was used during
the synthesis procedure, a mixture of the low crystallinity CeO 2.H2O and
Ce2(OH)2(CO3)2.H2O precipitates could be identified by XRD analysis (Figure 14). These data
further supports the notion that the precipitation mechanism is directly controlled by the
oxidation state of the precursor used during this synthesis method, as discussed previously
[43,44].

73

a)

b)

Figure 15: Bulk structures of the CeO2 (IV), CeO2 (III) and CeO2 (III+IV) catalysts, determined by a) XRD
patterns and b) Laser Raman spectra

The thermal decomposition of d-CeO2 (III+IV) produced similar results as the d-CeO2 (IV)
and d-CeO2 (III) precipitates, forming a bulk cubic fluorite CeO2 structure, identified by XRD
and Laser Raman analysis of the calcined CeO2 (III+IV) catalyst (Figure 15a and 15b).
Furthermore, the average crystallite size was also similar to the CeIV and CeIII precursor
CeO2 catalysts (Table 6). However, a contraction of the cubic lattice could be identified from
the lattice parameter of the mixed CeO2 (III+IV) catalyst, when compared with CeO2 (IV)
and CeO2 (III). Lattice contraction has been correlated with decreasing crystallite size from
the increasing pressure between the crystallite and the external atmosphere [82], but this
relationship was not observed in the data (Table 6). Therefore, this lattice contraction could
occur from the lower crystallinity seen in the XRD pattern (Figure 15a) or it could suggest
the formation of bulk defects throughout the cubic structure. However, the effect of
defects on the lattice parameter is difficult to evaluate as previous studies have shown
competing lattice expansion, from the increased concentration and size of Ce 3+ ions, and
lattice contraction occurs simultaneously [83]. The bulk defect concentration (A590/A463,
Table 6), determined by Laser Raman spectroscopy, supports the presence of bulk defects
in the CeO2 (III+IV) catalyst as a larger concentration was observed when compared with
CeO2 (III) and CeO2 (IV). Furthermore, as the FWHM of the F2g band and crystallites size
showed no significant difference compared to CeO2 (IV) and CeO2 (III), this supports the
differences noted in the A590/A463 ratio as a direct result of defects in the bulk structure.
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Table 6: Physiochemical properties of the calcined CeO2 (IV), CeO2 (III) and CeO2 (III+IV) catalysts.

Catalyst

Surface Position of Ce

Average

Lattice

A590/A463 FWHM

Area /

(111)

Crystallite

Parameter

m2g-1

reflection / °

Size / nm

/ nm

CeO2 (IV)

81

28.56

8.7

0.5409

0.018

17.8

CeO2 (III)

19

28.57

9.3

0.5408

0.019

17.6

CeO2 (III + IV)

42

28.87

8.4

0.5352

0.051

17.6

It can be shown in Table 6 that the CeO2 (III+IV) catalysts displayed an increased surface
area compared with the CeO2 (III) catalyst but was lower compared to the CeO2 (IV)
catalyst. A linear relationship between surface area and precursor used was deduced from
this data (Figure 16), concurring with conclusions made previously for the CeO2 (IV) and
CeO2 (III) catalysts (Section 3.2.3).

Figure 16: Relationship between catalyst precursor and surface area, measured by BET
analysis.
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Figure 17: TPR profiles of the calcined CeO2 (IV), CeO2 (III) and CeO2 (III+IV) catalysts.
Conditions: 10% H2/Ar, 30 mL min−1, 50–700 °C at 10 °C min−1.

A comparison of TPR profiles for the mixed and singular cerium precursors are shown in
Figure 17. Similarly to CeO2 (IV) and CeO2 (III), the CeO2 (III+IV) catalyst exhibited good
redox properties with only one reduction peak noted at 475°C, relating to the reduction of
CeO2 surface species [56]. This peak occurred at a similar temperature to the CeO2 (III)
reduction peak, suggesting a more facile reduction of the catalyst surface. When taking into
account the surface normalised H2 consumption (Table 7), the CeO2 (III+IV) displayed a
value closer to the CeO2 (IV) catalyst which then implies the reduction of the surface was
more facile but occurred to a lesser extent. As mentioned previously, the initial TPR analysis
does not factor in the re-oxidation step of the catalyst under reaction conditions and was
inferred to be limited by the lower surface area for CeO2 (III), hence this measurement may
not be entirely representative of the catalyst under operating conditions.
Table 7: Mass and surface area normalised H2 consumption for the CeO2 (IV), CeO2 (III) and CeO2 (III+IV)
catalysts. Determined by TPR analysis.

Catalyst

H2 Consumption per surface area

H2 Consumption per mass

/μmol m-2

/μmol g-1

CeO2 (IV)

0.435

35.20

CeO2 (III)

4.575

86.93

CeO2 (III+IV)

0.442

18.57
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Comparisons from XPS analysis of the Ce 3d and O 1s regions, shown in Table 8, indicated
the CeO2 (III+IV) catalyst had a larger quantity of surface oxygen defect sites compared with
both CeO2 (IV) and CeO2 (III). However, a lower concentration of Ce3+ surface species was
also highlighted, which was not consistent with trends noted for CeO2 (IV), where the
surface defects were thought to be induced by the loss of oxygen resulting in the creation
of Ce3+ species, to maintain charge neutrality [33,52]. Therefore, other oxide surface
species, such as hydroxyl or low co-ordination oxygen species, could also contribute to the
Oβ region as discussed in the literature [62–64]. Surface Na concentration was also
determined by XPS analysis (Table 8) and showed a high quantity of residual Na. This was
also noted for the CeO2 (III) catalyst and could suggest the formation of the Ce(CO3)x(OH)y
type precipitate results in higher Na retention.
Table 8: Surface composition of the CeO2 (IV), CeO2 (III) and CeO2 (III+IV) catalysts, determined by XPS
analysis.

Catalyst

XPS Ce:O:Na Ratio

Oβ/Oα Ratio

Ce3+/Ce4+ Ratio

CeO2 (IV)

29:68:3

0.438

0.155

CeO2 (III)

22:67:11

0.289

0.086

CeO2 (III+IV)

25:62:13

0.567

0.114

3.3.2 Catalyst testing

a)

b)

Figure 18: Catalyst activity for a) propane and b) naphthalene total oxidation: (Circle) CeO 2 (IV), (Triangle)
CeO2 (III), (Star) CeO2 (III+IV). Conditions: 5000 ppm propane in air, GHSV = 45000 h -1. 200 ppm naphthalene
in 20% O2/He, GHSV = 45000 h-1.

A comparison between CeO2 (IV), CeO2 (III) and the CeO2 (III+IV) mixed catalyst for the total
oxidation of propane and naphthalene is shown in Figures 18a and 18b. For both reactions
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the main product detected was CO2, with the CeO2 (III+IV) catalyst presenting a carbon
balance >99% across the temperature range for propane total oxidation. Moreover,
selectivity to CO2 was 100% but decreased to 98% from 450°C due to the formation of
propene. For both propane and naphthalene total oxidation, the CeO2 (III+IV) catalyst was
more active than CeO2 (III) but less active than CeO2 (IV). Calculations of the surface
normalised activity (Tables 9 and 10) showed a different trend to the reaction data
presented in Figures 18a and 18b, indicating the CeO2 (III+IV) catalyst to be less active for
both reactions.
Table 9: Mass and surface area normalised catalytic activity of the CeO 2 (IV), CeO2 (III) and CeO2 (III+IV)
catalysts for propane total oxidation.

Catalyst

Propane

Surface Area Normalised

Mass Normalised

Conversion / %

Propane Oxidationa

Propane Oxidationa

/mol s-1 m-2

/mol s-1 g-1

CeO2 (IV)

45

3.78x10-3

3.06x10-1

CeO2 (III)

6

7.10x10-3

1.35x10-1

CeO2 (III+IV)

9

1.63x10-3

6.83x10-2

a – Measured at 500°C

As discussed in Section 3.2.3, the surface area of the calcined CeO 2 (IV) and CeO2 (III)
catalysts was found to be a very influential characteristic; responsible for the reaction data
highlighted in Figure 12a and 12b for both naphthalene and propane total oxidation, which
was in good agreement with previous studies [29,71,72]. This was also apparent for CeO2
(III+IV) as the catalyst had a higher surface area and performed better than CeO 2 (III), but
performed worse than CeO2 (IV) for both reactions. However, this factor was not linear for
both reactions, suggesting other factors also contributed to the activity trends.
Table 10: Mass and surface area normalised catalytic activity of the CeO 2 (IV), CeO2 (III) and CeO2 (III+IV)
catalysts for naphthalene total oxidation

Catalyst

Naphthalene

Surface Area Normalised

Mass Normalised

Conversion

Naphthalene Oxidationb

Naphthalene Oxidationb

/%

/mol s-1 m-2

/mol s-1 g-1

CeO2 (IV)

25

7.54x10-5

6.11x10-3

CeO2 (III)

2

7.19x10-5

1.37x10-3

CeO2 (III+IV)

4

3.62x10-5

1.52x10-3

a – Measured at 150°C
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It is interesting to note that the surface normalised activity trends differ for the CeO 2 (III+IV)
catalyst, especially regarding naphthalene total oxidation. Previous research has discussed
a direct correlation between surface area and catalytic activity for naphthalene total
oxidation [11,70], as well as the importance of oxygen mobility through the catalyst [84]. It
has been proposed that the rate determining step of naphthalene total oxidation over
CeZrOx type catalysts was the re-oxidation of the catalyst [85], which further highlights the
importance of improved oxygen mobility improving activity. Laser Raman analysis indicated
the CeO2 (III+IV) catalyst as having more bulk defects, which have been observed to
promote oxygen mobility [24,52]. However, the surface normalised activity was lower for
this catalyst which contradicts previous discussions showing this factor to directly influence
catalytic activity. A potential reason for this reduced catalytic activity could relate to the
increased surface Na concentration, analysed by XPS. As mentioned, increased Na can
poison metal oxide catalysts by inhibiting oxygen mobility [77], therefore resulting in the
poor surface normalised activity shown for naphthalene total oxidation.
Whilst XPS analysis showed the CeO2 (III+IV) catalyst to have an increased number of
surface oxygen defect sites, this did not directly correlate to improved catalytic activity for
both propane and naphthalene total oxidation. Further supporting claims made earlier
about the smaller contribution of this factor compared with the catalyst surface areas.
Another rationale behind the inconsistent contribution of this factor could again relate to
the suppression of oxygen mobility by the increased amount of surface Na species. Similarly
to the surface defect site factor, inconsistent trends were shown for the redox properties
of CeO2 (III+IV) compared with CeO2 (III) and CeO2 (IV), therefore making it difficult to draw
any significant conclusions. The more facile surface reduction of CeO2 (III+IV) would support
easier cleavage of the C-H bond, known to be the rate determining step for propane total
oxidation. However, this factor had little correlation when comparing surface normalised
activity.
As discussed in Section 3.2.3, the importance of the cerium precursor on final catalyst
characteristics, affecting catalytic activity, have been further expanded upon. Data from
the CeO2 (III+IV) catalyst reinforces conclusions made regarding the creation of a higher
surface area catalyst when forming the CeO2.H2O precipitate. This factor was again shown
to be very influential for controlling catalytic activity for propane and naphthalene total
oxidation, but was found to not have linear behaviour. Furthermore, the impact of Na as a
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catalyst poison was also suggested to be a limiting factor for this catalyst, which is in good
agreement with the literature.

3.4 Formation of a CeO2.H2O precipitate using a CeIII precursor
3.4.1 Catalyst characterisation
The synthesis of a CeO2 catalyst using the CeIII precursor and a NaOH precipitating agent
was carried out to assess the impact of the resulting precipitate formed, and how that then
influenced catalyst characteristics and the catalytic activity for propane and naphthalene
total oxidation. It was postulated that the removal of carbonate species from the
precipitation mechanism would favour the creation of the hydrated CeO 2.H2O
nanoparticles, allowing for a more direct comparison of the precipitate formation for the
final catalyst characteristics. As can be seen in Figure 19, the dried d-CeO2 (III) NaOH
precipitate formed the cubic fluorite CeO2 structure similar to d-CeO2 (IV), with a much
greater crystallinity.

Figure 19: Comparison of XRD patterns for the dried precipitates resulting from the synthesis
using the CeIV and CeIII precursors and either Na2CO3 or NaOH as precipitating agent.

Upon calcination of the precipitate, the final CeO2 (III) NaOH catalyst displayed an increased
surface area compared with CeO2 (III) (Table 11), further confirming previous conclusions
drawn regarding the formation of the CeO2.H2O precipitate (Section 3.2.3 and Section
3.3.1). Furthermore, as with the calcination of the other precursors, only the cubic fluorite
CeO2 structure was produced, as shown by Laser Raman spectroscopy and XRD analysis
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(Figures 20a and 20b). The crystallite size, determined by XRD analysis, differed from the
CeO2 (IV) and CeO2 (III) catalysts as CeO2 (III) NaOH demonstrated a much higher crystallite
size of 18.9 nm. This factor could also contribute to the lower surface area of CeO 2 (III)
NaOH compared with CeO2 (IV) as previous literature has shown an inverse relationship
between particle size and surface area [49]. The increased crystallite size may have
occurred from sintering of the already highly crystalline CeO2.H2O precipitate formed
(Figure 19).
Table 11: Physiochemical properties of the calcined CeO2 (IV), CeO2 (III) and CeO2 (III) NaOH catalysts.

Catalyst

Surface

Position of

Average

Lattice

Area /

Ce (111)

Crystallite

Parameter /

m2g-1

reflection /

Size / nm

nm

A590/A463

FWHM

°
CeO2 (IV)

81

28.56

8.7

0.5409

0.018

17.8

CeO2 (III)

19

28.57

9.3

0.5408

0.019

17.6

CeO2 (III)

55

28.90

18.9

0.5347

0.028

13.6

NaOH

A decrease in the lattice parameter for the CeO2 (III) NaOH catalyst is seen in Table 11,
which suggests the contraction of the cubic lattice. As mentioned for the CeO 2 (III+IV)
catalyst (Section 3.3.1), this contraction could be induced by defect formation in the bulk
structure, which may facilitate oxygen mobility, but was difficult to establish as a result of
competing factors, such as varying crystallite size [83]. The bulk defect concentration
determined by Laser Raman analysis (Table 11, A590/A463) for CeO2 (III) NaOH was larger
compared with CeO2 (IV) and CeO2 (III), which does support the formation of bulk defects.
However, as discussed previously, the FWHM of the F2g band also differs which has been
linked to changes in defect concentration and inversely related to crystallite size [53,54,86].
Therefore, it was difficult to accurately quantify the presence of these defects due to the
competing factors.
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a)

b)

Figure 20: Bulk structures of the CeO2 (IV), CeO2 (III) and CeO2 (III) NaOH catalysts, determined by a) XRD
patterns and b) Laser Raman Spectra.

The surface species of the CeO2 (III) NaOH catalyst, identified by XPS analysis, were similar
to the surface species of CeO2 (IV). As shown in Table 12, the surface oxygen defect site
concentration was slightly increased compared with the same measurement for the CeO 2
(IV) catalyst. Furthermore, this was complimented by a minor increase in the Ce 3+ surface
concentration, implying these defects were a direct result of maintaining charge neutrality
on the CeO2 (III) NaOH catalyst surface. Finally, a comparison of the surface Na content of
the CeO2 catalysts (Table 12) indicated CeO2 (III) NaOH had no quantifiable Na present on
the surface. This result provides evidence to suggest that the formation of the
Ce2(OH)2(CO3)2.H2O precipitate favoured the retention of Na during catalyst synthesis as
shown for CeO2 (III) and CeO2 (III+IV) in previous discussions (Section 3.3.1).
Table 12: Surface composition of the CeO2 (IV), CeO2 (III) and CeO2 (III) NaOH catalysts, determined by XPS
analysis.

Catalyst

XPS Ce:O:Na Ratio

Oβ/Oα Ratio

Ce3+/Ce4+ Ratio

CeO2 (IV)

29:68:3

0.438

0.155

CeO2 (III)

22:67:11

0.289

0.086

CeO2 (III) NaOH

30:70:0

0.490

0.169
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Figure 21: TPR profiles of the CeO2 (IV), CeO2 (III) and CeO2 (III) NaOH catalysts.

The TPR profile of the CeO2 (III) NaOH catalyst (Figure 21) indicated slightly worse redox
properties compared with CeO2 (IV) and CeO2 (III). The reduction of the cerium surface
species occurred at 517°C for CeO2 (III) NaOH, suggesting less facile reduction, as a result
of the increased reduction temperature. Moreover, the surface normalised H2
consumption for CeO2 (III) NaOH was comparable to CeO2 (IV), which was shown to be
much lower than CeO2 (III) (Table 13). As stated previously, this could correlate to the more
reduced surface of the catalyst as demonstrated by the increased Ce3+ species in the XPS
analysis. It can also be concluded that, although the CeIII precursor was used, the formation
of the CeO2.H2O precipitate from synthesis using NaOH resulted in inferior redox properties
compared with the formation of the Ce2(OH)2(CO3)2.H2O precipitate. This may indicate that
the redox properties of these catalysts are inherently linked to the structure formed by the
decomposition of the Ce2(OH)2(CO3)2.H2O precipitate and not by the precursor oxidation
state.
Table 13: Mass and surface area normalised H2 consumption of the CeO2 (IV), CeO2 (III) and CeO2 (III) NaOH
catalysts, determined from TPR analysis.

Catalyst

H2 Consumption per surface area

H2 Consumption per mass

/μmol m-2

/μmol g-1

CeO2 (IV)

0.435

35.20

CeO2 (III)

4.575

86.93

CeO2 (III) NaOH

0.451

24.80
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3.4.2 Catalyst testing

a)

b)

Figure 22: Catalyst activity for a) propane and b) naphthalene total oxidation: (Circle) CeO 2 (IV), (Triangle)
CeO2 (III), (Star) CeO2 (III) NaOH. Conditions: 5000 ppm propane in air, GHSV = 45000 h -1. 200 ppm
naphthalene in 20% O2/He, GHSV = 45000 h-1.

Figures 22a and 22b show the catalyst performance for propane and naphthalene total
oxidation using the CeO2 (III) NaOH, CeO2 (IV) and CeO2 (III) catalysts. CO2 was the main
product identified during both reactions, with CeO2 (III) NaOH achieving a carbon balance
of >96% for propane total oxidation. Selectivity of the CeO2 (III) NaOH catalyst was >98%
across the temperature range due to forming small quantities of propene. For propane
total oxidation, CeO2 (III) NaOH was more active at lower temperatures compared to CeO2
(IV) and CeO2 (III), but showed similar activity to the CeO2 (IV) catalyst upon increasing
temperature. Whereas for naphthalene total oxidation, the activity of CeO2 (III) NaOH was
similar to CeO2 (IV) across the whole temperature range. When normalised for surface area,
the catalytic activity of CeO2 (III) NaOH for propane total oxidation was calculated to be less
than CeO2 (III), but greater than CeO2 (IV) (Table 14). Whereas, regarding naphthalene total
oxidation, the surface normalised activity was greater for CeO2 (III) NaOH (Table 15).
Table 14: Mass and surface area normalised catalytic activity of the CeO 2 (IV), CeO2 (III) and CeO2 (III) NaOH
catalysts for propane total oxidation.

Catalyst

Propane

Surface Area

Mass Normalised

Conversion / %

Normalised Propane

Propane Oxidationa

Oxidationa /mol s-1 m-2

/mol s-1 g-1

CeO2 (IV)

45

3.78x10-3

3.06x10-1

CeO2 (III)

6

7.10x10-3

1.35x10-1

CeO2 (III) NaOH

43

5.32x10-3

2.93x10-1
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a – Measured at 500°C

As previously discussed (Sections 3.2.2 and 3.3.2), catalyst surface area was shown to affect
catalytic activity for both reactions. However, from data presented for the CeO 2 (III) NaOH
catalyst, the contribution of this factor was not linear for either propane or naphthalene
total oxidation. CeO2 (III) NaOH performed better than the higher surface area CeO 2 (IV)
catalyst for propane total oxidation and equivalently for naphthalene total oxidation,
further contributing to the idea that multiple factors affected the activity trends discussed
throughout this chapter.
Table 15: Mass and surface area normalised catalytic activity of the CeO 2 (IV), CeO2 (III) and CeO2 (III) NaOH
catalysts for naphthalene total oxidation.

Catalyst

Naphthalene

Surface Area Normalised

Mass Normalised

Conversion

Naphthalene Oxidationb

Naphthalene

/%

/mol s-1 m-2

Oxidationb /mol s-1 g-1

CeO2 (IV)

25

7.54x10-5

6.11x10-3

CeO2 (III)

2

7.19x10-5

1.37x10-3

CeO2 (III) NaOH

26

1.44x10-4

7.90x10-3

a – Measured at 150°C

Redox properties of the catalyst, as well as increased surface oxygen defects, have been
linked to improved propane oxidation [11,15,73], with both factors relating to the more
facile cleavage of the C-H bond, known to be the rate determining step for propane total
oxidation. It can be argued that these were limiting factors for the CeO2 catalysts as shown
by a direct comparison between the CeO2 (IV) and CeO2 (III) NaOH catalysts. Both catalysts
displayed similar redox and surface defect parameters (Tables 12 and 13) and
demonstrated equivalent propane conversions at higher temperatures. The slightly
improved performance of CeO2 (III) NaOH at lower temperatures could correspond to the
improved oxygen mobility inferred by increased bulk defects and the reduced surface
concentration of Na species [52,77]. These factors may also contribute to differences in the
surface normalised activity for the catalysts (Table 14). The improved surface normalised
activity of CeO2 (III) was previously thought to relate to the improved redox properties of
the catalyst; however, this does not directly correlate with CeO2 (III) NaOH suggesting an
influence of other factors.
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In contrast to propane total oxidation, little correlation between redox properties and
catalytic activity for naphthalene total oxidation has been shown in the literature [11],
which compliments data in Figure 22b. Catalyst surface areas have been continuously
mentioned throughout this chapter, and in the literature, as a significant factor influencing
naphthalene oxidation [33,69,70]. However, this parameter was not found to have a
directly linear effect. The CeO2 (III) NaOH catalyst performed equivalently to the CeO2 (IV)
catalyst, whilst displaying a lower surface area, and demonstrated improved surface
normalised activity compared to both catalysts. This improved activity can be associated
with the enhanced oxygen mobility of CeO2 (III) NaOH. As stated, Laser Raman analysis
indicated increased bulk defects which are known to promote oxygen mobility through the
lattice [24,52]. Furthermore, the low levels of surface Na, identified by XPS analysis, also
supports improved oxygen mobility as this factor has been related to the suppression of
oxygen mobility in previous research [76,77]. These conclusions are in good agreement
with previous studies on the relationship between improved naphthalene oxidation and
enhanced oxygen mobility [84].
The data presented in this section compliments earlier conclusions on the significance of
the CeO2.H2O precipitate for forming higher surface area catalysts. Despite previous
sections suggesting the catalyst surface area to be the most influential factor when
determining catalytic activity for propane and naphthalene total oxidation, this was not so
apparent for these data. Whilst this factor was still significant, evidence of other factors
impacting catalytic activity were also illustrated. Moreover, characteristics such as redox
properties and Na content could be linked to precipitate formation from the differing
cerium precursors, which further demonstrates the importance of the precursors used and
the precipitate formation mechanism.
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3.5 Influence of reaction conditions for CeO2 (IV) and CeO2 (III)
catalysts
As mentioned, the importance of the reaction conditions used for oxidation catalysts has
become important due to the application of these materials for industrial use. Other
compounds present in waste streams have been shown to compete with VOCs on the
catalyst surface, with certain compounds deactivating the catalysts used [5,16]. Water
vapour (H2O) is a prominent compound found in waste streams where VOC removal is
required [87,88]. Hence, it is necessary to determine the affect water vapour had on the
catalytic activity when using the CeO2 catalysts prepared using different cerium precursors.

a)

b)

Figure 23: Catalyst activity of a) CeO2 (IV) (Circle) and b) CeO2 (III) (Triangle) for naphthalene total oxidation
under dry and wet conditions. Dry conditions (dotted line), wet conditions (solid line). Dry conditions: 200
ppm naphthalene in 20% O2/He, GHSV = 45000 h-1. Wet conditions: 200 ppm naphthalene in 20% O2/He, 5%
water vapour saturation, GHSV = 45000 h-1.

A comparison between dry and wet conditions, where the addition of 5% water was
included in the gas feed, was assessed for both naphthalene (Figures 23a and 23b) and
propane (Figures 24a and 24b) total oxidation using the CeO2 (IV) and CeO2 (III) catalysts.
For naphthalene total oxidation, saturation of the gas feed with 5% water resulted in both
CeO2 catalysts being much less active compared to the dry conditions. Despite the
decreased activity, the original trend was maintained with the CeO2 (IV) catalyst
demonstrating better activity overall, compared to CeO2 (III). This data is in good
agreement with previous research, where the addition of water vapour was found to hinder
the oxidation of other aromatic VOCs such as toluene [5]. It was proposed that the addition
of water vapour created competition for adsorption sites with the VOC, leading to surface
active sites being blocked by water species [89,90]. Under the wet conditions stated, the
CeO2 (IV) catalyst seemed to show deactivation at higher temperatures. Whilst the CO2
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yield was shown to stagnate (Figure 23a), naphthalene conversion continued to increase
over the temperature range, suggesting the deactivation occurred due to a change in the
oxidation mechanism by the addition of water vapour. As stated in previous studies,
naphthalene conversion can provide inconsistent results due to naphthalene adsorption on
the catalyst surface [11] but it is still a useful indicator of reaction progress. It is possible
that, due to the competitive adsorption of water vapour, naphthalene adsorption to the
catalyst surface was weakened leading to a partial oxidation mechanism [11,91].

a)

b)

Figure 24: Catalyst activity of a) CeO2 (IV) (Circle) and b) CeO2 (III) (Triangle) for propane total oxidation
under dry and wet conditions. Dry conditions (dotted line), wet conditions (solid line). Dry conditions: 5000
ppm propane in air, GHSV = 45000 h-1. Wet conditions: 5000 ppm propane in air, 5% water vapour
saturation, GHSV = 45000 h-1.

Activity trends shown for propane total oxidation mirrored that of naphthalene total
oxidation, with both catalysts exhibiting a lower activity under the wet conditions (Figure
24a and 24b). In contrast, this effect occurred to a lesser extent compared with
naphthalene total oxidation. Research conducted by Marécot et al. reported the inhibition
of propane and propene oxidation over Pt and Pd catalysts by the addition of water vapour
[92]. The suppression of catalytic activity for these catalysts was thought to occur as a result
of decreased active surface sites available. Furthermore, the supression of catalytic activity
for propane total oxidation over metal oxide catalysts has also been identified in previous
research [67]. Inhibiton of propane oxidation was proposed to occur from competitive
adsorption between water and propane on the catalyst surface, which led to fewer active
sites available.

3.6 Conclusions
A CeIV or CeIII precursor was used to synthesise CeO2 catalysts, which were then assessed
for the total oxidation of propane and naphthalene VOCs. The influence of the cerium
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precursor on the resulting catalyst characteristics was assessed and how those
characteristics then determined catalytic activity for the oxidation reactions. The CeO 2
catalyst prepared using the CeIV precursor displayed enhanced performance for both
propane and naphthalene total oxidation.
The catalytic activity for both propane and naphthalene total oxidation was related to
factors such as bulk and surface defect concentrations, redox properties, presence of Na
species, but the most significant factor was determined to be the final catalyst surface
areas. Catalyst characteristics responsible for the activity trends were linked to the
different precipitates formed when using the different precursors in the synthesis
procedure. The formation of a CeO2.H2O precipitate resulted in higher surface area
catalysts; whereas, the formation of a Ce2(OH)2(CO3)2.H2O precipitate led to increased
residual Na retention and improved redox properties, possibly as a result of the different
structure of the final calcined catalyst.
When water vapour was introduced into the VOC feed, catalysts prepared using either the
CeIV or CeIII precursor exhibited poorer catalytic performance compared to the dry
conditions used. The observed decrease in catalytic activity was proposed to occur from
less active sites being available during both reactions, from competitive adsorption of
water and VOC species.
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4. Ceria-Iron mixed oxides for the total oxidation of propane
and naphthalene VOCs: Effect of molar ratios and cerium
precursor
4.1 Introduction
As previously mentioned (Chapter 3), CeO2 can be used as an effective catalyst for the
oxidation of VOCs. Nevertheless, metal oxide catalysts such as CeO2 can suffer from poor
activity and stability, when compared to supported metal catalysts [1]. Mixed metal oxide
catalysts have been identified as a possible alternative to improve catalytic activity whilst
maintaining the benefits of low cost and deactivation resistance. The combination of
different metal oxides has been established at improving catalytic activity for a range of
oxidation reactions when compared with the single oxide counterparts [2–4].
The use of metal oxides that are cheap and abundant, such as iron oxide (Fe 2O3), provide
further benefit for catalytic systems. Hence, iron oxide has been studied and found to be a
suitable alternative oxidation catalyst [5,6]. The mixture of metals such as Co, Cu and Zr
with CeO2 have shown synergetic effects which enhance catalytic activity [7–10]. For
CeZrOx catalysts, the synergetic effect is thought to increase catalytic activity by promoting
lattice defects, enabling more facile oxygen mobility [11]. Whilst for materials like CeCuOx,
the mixture of the two metals promotes the reducibility of the catalyst by forming
complementary redox cycles, as well as promoting oxygen vacancies [12]. Cerium-Iron
oxide (CeFeOx) catalysts have demonstrated impressive activity for a range of catalytic
reactions, including N2O decomposition and CO, methane, and soot oxidation [13–16] but
are rarely studied for VOC oxidation.
In the previous chapter it was shown that the use of different cerium precursors can affect
the physiochemical properties of the resultant catalyst, which then leads to different
catalytic activity. This idea can be brought into consideration when preparing mixed metal
oxides involving CeO2. Previous research by Guillen-Hurtado et al. showed that using either
a CeIII or CeIV precursor could influence the physio-chemical features of CeZrOx catalysts,
which resulted in the improved oxidation of NO to NO2 [17]. Additionally, work carried out
by Qi et al. on mixed CeCuOx catalysts indicated the importance of the cerium precursor
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for facilitating the creation of more active Cu+ species, which enhanced CO oxidation
activity [18].
In this work a range of CeFeOx mixed oxide catalysts were prepared using either a CeIV or
CeIII precursor as the cerium source. Catalysts were characterised by Thermal gravimetric
analysis (TGA), Powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Temperature programmed reduction (TPR), Electron microscopy (SEM-EDX), and BrunauerEmmett-Teller (BET) surface area analysis. Catalysts were evaluated for the total oxidation
of propane and naphthalene VOCs, focusing on the influence of the cerium precursor and
Ce:Fe ratio on the catalytic activity.

4.2 Effect of molar ratios and cerium precursor
4.2.1 Precursor characterisation

a)

b)

Figure 1: TGA Profiles for a) CeFeOx (IV) and b) CeFeOx (III) set of catalysts. Legend refers to catalysts
analysed. Samples heated in flowing air from 50-700 °C with a heating rate of 5 °C min-1.

The TGA profiles (Figures 1a and 1b) show different mass loss trends for the Ce IV and CeIII
precursors with increasing amount of Fe incorporation. As mentioned previously in Chapter
3, the CeIV precursor formed a CeO2.H2O precipitate when synthesised using Na2CO3. The
CeFeOx (IV) range of catalysts, prepared using the CeIV precursor, displayed one mass loss
event from 50-350°C, with a total mass loss between 6-9%, implying the formation of
hydrated or hydroxylated CeFeOx particles in solution, which is in good agreement with
work in Chapter 3 on the formation of CeO2 (IV) [19]. The CeFeOx (III) range of catalysts
showed decreasing mass loss when Fe content was increased. It was previously confirmed
in Chapter 3 that catalyst synthesis using the CeIII precursor resulted in a
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Ce2(OH)2(CO3)2.H2O precipitate, which was identified by the sharp mass loss event around
300°C, relating to the decomposition of carbonate species [20,21]. It is understood that
the precipitation of Fe3+ ions in solution is very complex and depends on many factors such
as pH, counter ions present, and temperature of the synthesis. Hydroxylation of Fe 3+ ions
occurs upon addition of a base above pH 3, resulting in the formation of thermodynamically
unstable ferrihydrite, which then transforms to either α-Fe2O3 or α-FeOOH depending on
pH [22]. Furthermore, research carried out by Blanco-Andujar et al. on the precipitation of
a mixture of Fe2+ and Fe3+ species by Na2CO3 found that α-FeOOH and Fe3O4 particles were
preferentially formed under the conditions used, with no carbonate containing iron species
identified at pH 9 [23]. From the TGA data, it can be suggested that the precipitation of Fe3+
species with Na2CO3 formed hydrated α-Fe2O3 or α-FeOOH particles. Hence, upon
increasing Fe content of the CeFeOx (III) catalysts, the mass loss decreased due to less
carbonate content in the precipitates.

4.2.2 Catalyst characterisation

a)

b)

Figure 2: XRD patterns of the calcined a) CeFeOx (IV) and b) CeFeOx (III) catalysts.

XRD patterns, shown in Figures 2a and 2b, indicated slight differences between the
catalysts prepared by the varying cerium precursors. For the CeFeOx (IV) range of catalysts
(Figure 2a) all mixed catalysts presented the cubic fluorite bulk structure that was also
identified for CeO2 (IV), with predominant reflections around 28°, 33°, 47° and 57°
representing the (111), (200), (220) and (311) planes respectively [24]. As Fe content
increased, the crystallinity of the mixed catalysts decreased, as identified by the broadening
of the reflections relating to the cubic fluorite structure. In addition to line broadening, a
slight shift to higher 2ϴ values was identified, which has previously been related to the
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incorporation of Fe into the cubic lattice by substitution of Ce 4+ cations [25]. The structure
of the Fe2O3 catalyst was identified to be pure hematite α-Fe2O3, with the predominant
reflections around 24°, 33°, 35°, 41°, 49°, 54°, 57°, 62° and 64° representing the (012), (104),
(110), (113), (024), (116), (018), (214) and (300) planes [26]. Some of these reflections were
also observed in the Ce25Fe75Ox (IV) catalyst, suggesting bulk phase segregation of the CeO2
and α-Fe2O3 structures occurred, in addition to incorporation of Fe ions into the cubic
structure. A similar trend was established for the CeFeOx (III) range of catalysts, where line
broadening of the reflections relating to the cubic CeO2 structure occurred as Fe content
increased. However, reflections relating to the α-Fe2O3 structure could not be clearly
distinguished in the mixed catalysts, suggesting the formation of CeFeO x solid solutions as
opposed to phase segregation seen in the Ce25Fe75Ox (IV) catalyst. A very small reflection
at 35.69° could be observed in the XRD patterns for the Ce25Fe75Ox (III) and Ce50Fe50Ox (III)
catalysts which may relate to the α-Fe2O3 structure, but the low resolution of the data
made this difficult to confirm.
The average crystallite sizes of CeO2 species are shown in Table 1. For both CeIV and CeIII
precursors, the mixed CeFeOx catalysts displayed decreased crystallite sizes, compared
with the CeO2 catalysts, which was in good agreement with previous literature, suggesting
the addition of Fe to the CeO2 structure inhibited crystal growth [15,27]. The mixed CeFeOx
(IV) catalysts prepared using the CeIV precursor showed slightly smaller crystallite sizes
compared to the catalysts prepared by the CeIII precursor. Nonetheless, there was no linear
relationship between decreasing crystallite size and increasing Fe content for any of the
mixed catalysts. Due to the absence of reflections relating to Fe 2O3 nanoparticles in the
mixed catalysts, the average crystallite size could only be analysed for the Ce 25Fe75Ox (IV)
catalyst and was similar to that measured for the Fe2O3 catalyst (Error = ±3.8 nm).
Table 1: Physiochemical properties of the CeFeO x (IV) and (III) catalysts, determined by XRD and BET surface
area analysis.

Catalyst

Surface

Position of

Average

Average

Lattice

Area /

Ce (111)

CeO2

Fe2O3

Parameter

m2 g-1

reflection / °

Crystallite

Crystallite

from CeO2

Size / nm

Size / nm

(111) / nm

CeO2 (IV)

81

28.56

8.7

-

0.5409

Ce25Fe75Ox (IV)

68

28.92

3.7

28.0

0.5343
100

Ce50Fe50Ox (IV)

113

29.05

2.9

-

0.5320

Ce75Fe25Ox (IV)

88

28.82

3.2

-

0.5374

Fe2O3

37

-

-

27.3

-

CeO2 (III)

19

28.57

9.3

-

0.5408

Ce25Fe75Ox (III)

92

28.71

5.7

-

0.5381

Ce50Fe50Ox (III)

45

28.64

7.2

-

0.5395

Ce75Fe25Ox (III)

49

28.60

7.4

-

0.5402

In addition to crystallite size, the lattice parameter of the CeFeO x catalysts are also
displayed in Table 1. This parameter was calculated using the (111) CeO 2 plane so
correlated to the cubic CeO2 structure identified for all mixed catalysts. As discussed in
Chapter 3, a comparison of the CeO2 (IV) and CeO2 (III) catalysts showed little difference in
the lattice parameter, corresponding to no significant defects or disruption to the cubic
structure, when prepared from the different precursors. For the CeFeO x (IV) range of mixed
catalysts, a contraction in the lattice was identified. This contraction reached a maximum
for the Ce50Fe50Ox (IV) catalyst but upon increasing Fe content the lattice contraction effect
was not as extensive. Previous studies have shown that when aliovalent metals are
incorporated into CeO2 materials, a contraction of the lattice occurs due to the smaller
cation size [28]. This effect has been demonstrated for CeFeOx materials by the substitution
of larger Ce4+ ions with smaller Fe3+ cations [29]. It has also been suggested that the
substitution of aliovalent ions, and subsequent lattice contraction, can form bulk defects in
the structure, which then facilitate improved oxygen mobility [12,30]. As shown by the
Ce25Fe75Ox (IV) catalyst, the lattice contraction was not linear for increasing Fe content,
which can be rationalised by the phase segregation shown in the XRD pattern. This has also
been suggested in previous research, where the segregation of Fe2O3 from the cubic
structure results in lattice expansion [31,32].
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Figure 3: Relationship between Ce content and lattice parameter, determined from
XRD analysis, for the CeFeOx (III) catalysts.

A similar trend was established for the CeFeOx (III) range of mixed catalysts, but with lattice
contraction linearly increasing with Fe content (Figure 3). This linear change suggested that
the use of a CeIII precursor facilitated the formation of Ce-Fe solid solutions more easily. It
can also be noted that the variation of lattice parameter was less significant compared to
the CeFeOx (IV) catalysts, with maximum difference of 0.0027 nm. There is limited
consensus in the literature on the solubility limit of Fe in the CeO 2 cubic structure, with
maximum Fe content of 10-30 at.% reported [33]. However, the XRD data in Table 1
suggested the solubility limit was over 50 at.% for catalysts prepared by this method, due
to the absence of reflections representing Fe2O3 as well as a linear decrease in the lattice
parameter. It was difficult to extensively evaluate the differences in the lattice parameter
for each set of CeFeOx catalysts as previous research has shown a direct dependence of
lattice parameter with changing crystallite size [34]. Furthermore, competing expansion
effects have also been identified as a result of defect formation, followed by the creation
of more Ce3+ species, known to be larger than Ce4+ ions [35]. For CeFeOx materials, it has
been suggested in the literature that the substitution mechanism could occur via two ways;
the first being vacancy compensation where trivalent Fe ions replace Ce 4+ and the
formation of oxygen defects maintains charge neutrality or the second, where the charge
is maintained by a Fe3+ ion occupying an interstitial site [27]. These different mechanisms
would again invoke conflicting effects on the cubic lattice structure. Therefore, as a result
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of the competing expansion and contraction effects, only tentative conclusions can be
inferred from this data, however, it is evident that incorporation of Fe into the cubic CeO2
structure occurred to varied extent.
Surface areas for the CeFeOx (IV) and CeFeOx (III) catalysts (Table 1) indicated a general
trend of increased surface area for the mixed metal catalysts compared to the single metal
CeO2 and Fe2O3 catalysts. As discussed in Chapter 3, the formation of the CeO 2.H2O
precipitate facilitated the creation of higher surface area catalysts [36,37], which was also
shown for the CeFeOx (IV) catalysts. Furthermore, the CeFeOx (IV) mixed catalysts
demonstrated a smaller crystallite size compared with the CeFeOx (III) range. This could
also account for the increased surface area of these catalysts, as the inverse relationship
between surface area and crystallite size is well documented in the literature [38]. The
improved surface area of the mixed CeFeOx catalysts was in good agreement with previous
literature on the formation of CeFeOx solid solutions [39,40]. The Ce25Fe75Ox (IV) catalyst
presented a lower surface area compared to CeO2 (IV), which was most likely a result of
the phase segregation of Fe2O3 in the catalyst, as identified by XRD analysis.

a)

b)

d)

c)

e)

Figure 4: SEM images of a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV), c) Ce75Fe25Ox (IV), d) CeO2 (IV) and e) Fe2O3
catalysts.

SEM images of the CeFeOx (IV) catalysts (Figures 4a-e) indicated a similar morphology for
the single and mixed metal oxides containing cerium. Well defined particles were formed
when the CeIV precursor was used which was in good agreement with data from Chapter 3.
The Fe2O3 catalyst displayed a more spherical morphology with a sponge-like texture,
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however this spherical texture was not observed for the mixed CeFeOx (IV) catalysts. Some
contrast could be identified in the backscattered SEM images of the mixed CeFeO x (IV)
catalysts, suggesting segregation of the CeO2 and Fe2O3 components. This occurred to a
greater extent as the concentration of Fe was increased. These data contradicted
conclusions drawn from the XRD analysis, which suggested only the Ce25Fe75Ox (IV) catalyst
displayed evidence of phase segregation. This has previously been discussed in the
literature, where encapsulated Fe2O3 species were observed by high resolution TEM but
were undetectable during XRD analysis [41]. Further evidence of phase segregation was
identified by EDX analysis (Figures 5a-c). Both Ce25Fe75Ox (IV) and Ce50Fe50Ox (IV) displayed
areas of high Fe concentration, whilst a more homogeneous distribution of the Ce and Fe
species was identified for the Ce75Fe25Ox (IV) catalyst.

104

a)

b)

c)

Figure 5: Ce Mα and Fe Lα EDX mapping of a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV)
and c) Ce75Fe25Ox (IV) catalysts.

SEM images of the CeFeOx (III) catalysts (Figure 6a-e) displayed a different morphology
compared with the catalysts synthesised using the CeIV precursor. This was also shown for
the CeO2 (III) catalyst in Chapter 3, where a platelet type morphology was identified and
was thought to occur as a result of the different precipitates formed. For the mixed CeFeOx
(III) catalysts two types of morphology were observed. The Ce25Fe75Ox (III) catalyst
presented more well defined particles, similar to the structures observed when using the
CeIV precursor. However, the Ce50Fe50Ox (III) and Ce75Fe25Ox (III) catalysts displayed more
platelet-like morphology, similar to CeO2 (III). These data support previous conclusions in
Chapter 3, where it was proposed that formation of either the CeO2.H2O or
Ce2(OH)2(CO3)2.H2O precipitate resulted in the different morphologies identified.
Furthermore, as suggested by the TGA data, the Fe species likely formed hydroxylated
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precipitates, rather than carbonated precipitates, which further suggests the presence of
carbonate containing precipitates led to the synthesis of the platelet morphology observed.

a)

b)

d)

c)

e)

Figure 6: SEM images of a) Ce25Fe75Ox (III), b) Ce50Fe50Ox (III), c) Ce75Fe25Ox (III), d) CeO2 (III) and e) Fe2O3
catalysts.

Similarly to the CeFeOx (IV) range of mixed metal oxides, the mixed CeFeOx (III) catalysts
showed some contrast differences in the backscattered SEM images (Figures 6a and 6b).
Both Ce25Fe75Ox (III) and Ce50Fe50Ox (III) displayed areas of contrast which suggested
segregation of the Fe2O3 and CeO2 species. This was also established by EDX analysis, with
Ce25Fe75Ox (III) and Ce50Fe50Ox (III) showing segregation of Fe and Ce species, whereas the
Ce75Fe25Ox (III) catalyst displayed a more homogeneous distribution (Figures 7a-c). As with
the CeFeOx (IV) mixed catalysts, these data were also in contrast to XRD analysis suggesting
better incorporation of Fe into the cubic CeO2 structure for the CeFeOx (III) catalysts. As
mentioned previously, the solubility limit for Fe into the CeO2 structure has been suggested
to be limited to 10-30% in the literature. SEM-EDX analysis of the mixed CeFeOx catalysts
dismisses earlier suggestions of an increased solubility limit for these catalysts, when only
assessed by XRD analysis.
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a)

b)

c)

Figure 7: Ce Lα and Fe Kα EDX mapping of a) Ce25Fe75Ox (III), b) Ce50Fe50Ox (III)
and c) Ce75Fe25Ox (III) catalysts.

EDX analysis was also used to quantify the Ce:Fe ratio of the mixed catalysts (Table 2). The
CeFeOx (IV) range of mixed catalysts showed similar ratios to those expected from the
preparation method. Alternatively, the CeFeOx (III) mixed catalysts showed slight deviation
from the expected ratios. Due to the slight limitation of the SEM-EDX analysis, where only
a snapshot of the material was used to obtain results, these minor variations could be a
result of poor mixing in the overall catalysts.
Table 2: Elemental composition of the CeFeOx (IV) and (III) catalysts, determined by EDX analysis.

Catalyst

EDX Ce:Fe Ratio

EDX Ce:Fe:Na Ratio

CeO2 (IV)

N/A

94:0:6

Ce25Fe75Ox (IV)

24:76

24:74:2
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Ce50Fe50Ox (IV)

51:49

51:49:0

Ce75Fe25Ox (IV)

76:24

76:23:1

Fe2O3

N/A

0:100:0

CeO2 (III)

N/A

83:0:17

Ce25Fe75Ox (III)

30:70

28:65:7

Ce50Fe50Ox (III)

51:49

44:39:17

Ce75Fe25Ox (III)

81:19

67:16:16

In addition to the Ce and Fe concentration, the Na concentration was also measured. As
previously discussed in Chapter 3, Na is a known catalyst poison for propane total oxidation
[42]. It was proposed that residual Na inhibits oxygen mobility of the catalyst by supressing
oxygen desorption at low temperatures [43]. Figures 8a-f indicated residual Na was
homogeneously distributed on all the mixed catalysts for both precursors. However, when
quantified in Table 2, the catalysts prepared using the CeIV precursor had much less Na
present. Only trace amounts of Na were observed for Ce50Fe50Ox (IV) and Ce75Fe25Ox (IV),
whereas; for the Ce50Fe50Ox (III) and Ce75Fe25Ox (III) catalysts, much higher quantities were
measured. Na concentration of the CeO2 catalysts was previously discussed in Chapter 3
and found a similar relationship for the retention of Na when using the different precursors.
EDX data further supports these conclusions, where it was theorised that the formation of
a carbonate containing precipitate facilitated the retention of more Na species. The
Ce25Fe75Ox (III) catalyst presented the lowest Na concentration of the mixed catalysts
prepared using the CeIII precursor, which could again relate to the formation of the
precipitate with less carbonate species. This relationship was also noticed for Fe 2O3 where
a trace amount of Na was measured and the absence of carbonate containing precipitate
was confirmed by TGA.
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a)

d)

b)

e)

c)

f)

Figure 8: Na Kα EDX mapping of a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV), c) Ce75Fe25Ox (IV),
and d) Ce25Fe75Ox (III), e) Ce50Fe50Ox (III), f) Ce75Fe25Ox (III) catalysts.

Determination of catalyst surface species was carried out by XPS analysis. As discussed in
Chapter 3, the Ce 3d region presented ten peaks that required fitting, relating to the mixed
Ce3+ and Ce4+ species [44,45]. These were all observed for both ranges of mixed CeFeOx
catalysts as displayed in Figure 9a-f and fitted as shown in Chapter 3. The Ce3+/Ce4+ ratio
was also assessed from the Ce 3d spectra and is shown in Table 3. For the CeFeOx (IV)
catalysts, the incorporation of Fe into the catalyst increased the surface Ce3+ concentration,
which suggested the formation of surface defect sites [46,47]. This was in good agreement
with previous studies on the incorporation of aliovalent metals into the CeO 2 structure
[12,48,49]. The increased concentration of surface Ce3+ species occurred simultaneously
with decreasing Fe content, which may indicate phase separation on the catalyst surface at
higher Fe loadings. This trend also aligned with the evidence of bulk segregation,
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determined by XRD and EDX analysis. A similar trend was established for the CeFeOx (III)
range of mixed oxide catalysts. However, the increase in Ce3+ surface species did not occur
linearly with decreasing Fe content, where Ce50Fe50Ox (III) presented the lowest Ce3+
concentration.

a)

d)

b)

e)

c)

f)

Figure 9: XPS spectra of the Ce 3d region for a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV), c) Ce75Fe25Ox
(IV), and d) Ce25Fe75Ox (III), e) Ce50Fe50Ox (III), f) Ce75Fe25Ox (III) catalysts. Fitted peaks refer to Ce3+
(blue) and Ce4+ (red) oxidation states.
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Table 3: Surface elemental composition of the CeFeOx (IV) and (III) catalysts, determined by XPS analysis.

Catalyst

Oβ/Oα Ratio

Ce3+/Ce4+ Ratio

XPS Ce:Fe:Na

XPS Ce :Fe

Ratio

Ratio

CeO2 (IV)

0.438

0.155

93:0:7

N/A

Ce25Fe75Ox (IV)

0.436

0.175

43:47:10

48:52

Ce50Fe50Ox (IV)

0.455

0.211

59:41:0

59:41

Ce75Fe25Ox (IV)

0.615

0.221

80:20:0

80:20

Fe2O3

0.375

N/A

100:0

N/A

CeO2 (III)

0.289

0.089

70:0:30

N/A

Ce25Fe75Ox (III)

0.421

0.134

29:52:19

36:64

Ce50Fe50Ox (III)

0.469

0.095

33:33:34

50:50

Ce75Fe25Ox (III)

0.440

0.134

53:18:29

75:25

Figure 10: XPS spectrum of the Fe 2p region for the Fe2O3 catalyst.

Figure 10 shows the Fe 2p region of the Fe2O3 catalyst, analysed by XPS. The doublet peaks
at 710.8 eV and 724.3 eV are due to the Fe 2p3/2 and 2p1/2 splitting respectively, commonly
associated with the Fe2O3 material [40]. The smaller peaks identified at 718.8 eV and 732.6
eV are due to shake up satellite features, relating to the presence of Fe3+ species [13]. XPS
analysis of the Fe 2p region (Figure 11a-f) for the mixed CeFeOx catalysts was more complex.
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Doublet peaks were identified around 710.8 eV and 724.4 eV for all the mixed catalysts,
which were again representative of the Fe 2p3/2 (Red fittings) and 2p1/2 (Blue fittings)
splitting respectively [40]. Furthermore, satellite peaks relating to Fe3+ species were also
present around 718.6 eV and 732.8 eV for all mixed catalysts. The doublet peaks at binding
energies of 710.8 eV and 724.4 eV, relating to Fe species in the Fe3+ oxidation state, were in
good agreement with the bulk structure of Fe2O3 identified by XRD analysis. In addition to
the Fe 2p3/2 and 2p1/2 fittings, all catalysts showed overlapping CeO2 Auger peaks (green
fitting) [48]. The overlapping CeO2 Auger peaks made it difficult to establish the presence
of other Fe species on the catalyst surface, such as Fe2+ species created by defect formation.
Therefore, it can only be assumed the Fe species present on the surface were in the Fe 3+
oxidation state, from peak fittings at the observed binding energies [13,48,50]. The Ce:Fe
surface ratios shown in Table 3 indicated similar results to the bulk ratios identified by EDX
analysis in Table 2. However, the Ce25Fe75Ox (IV) catalyst showed a significantly higher
surface concentration of Ce, compared with the bulk EDX analysis. This difference suggested
CeO2 enrichment of the catalyst surface, which also supports the proposed phase
segregation identified by bulk analysis techniques.
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a)

d)

b)

e)

c)

f)

Figure 11: XPS spectra of the Fe 2p region for a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV), c) Ce75Fe25Ox
(IV), and d) Ce25Fe75Ox (III), e) Ce50Fe50Ox (III), f) Ce75Fe25Ox (III) catalysts. Fitted peaks refer to Fe
2p3/2 (red), Fe 2p1/2 (blue) states and ceria Auger peak (green).

XPS analysis of the O 1s region was carried out for all the mixed CeFeO x catalysts (Figures
12a-g). As stated in Chapter 3, the fitting of the O 1s spectra is disputed in the literature
[47,51]. For consistency throughout this work, the distinct peaks present around 531 eV
and 529 eV for all mixed catalysts were assigned fittings, which were ascribed to defective
oxygen species (Oβ, Blue fitting) and lattice oxygen species (Oα, Red fitting) respectively
[47,52]. Furthermore, the fitting at 532-533 eV (Orange fitting) was tentatively attributed
to the presence of hydroxyl surface species, as previously discussed in Chapter 3 [53,54].
The Oβ/ Oα ratio (Table 3) indicated different trends in the concentration of surface oxygen
defect sites for the CeFeOx catalysts. For the CeFeOx (IV) catalysts, the surface oxygen defect
site concentration was increased for Ce75Fe25Ox (IV), whereas similar results to CeO2 (IV)
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were observed for the Ce25Fe75Ox (IV) and Ce50Fe50Ox (IV) catalysts. This increase for
Ce75Fe25Ox (IV) was consistent with the increased Ce3+ surface concentration, as proposed
in previous studies [46,47]. In contrast, the increased Ce3+ surface concentration
determined for Ce25Fe75Ox (IV) and Ce50Fe50Ox (IV) was not directly proportional to the
surface oxygen defect concentration as no significant increase was observed, suggesting the
surface defect species may not have been associated with the Ce3+ species but rather other
surface structures developed on these catalysts, possibly from segregation of Fe and Ce
species [55]. The CeFeOx (III) catalysts showed an increased oxygen defect concentration
compared to the CeO2 (III) and Fe2O3 catalysts, however; no significant differences were
observed when only comparing the mixed CeFeOx (III) catalysts. The enhanced defective
surface of the CeFeOx (III) catalysts was proposed to be directly related to the increased
surface Ce3+ species for Ce25Fe75Ox (III) and Ce75Fe25Ox (III). This relationship was not
observed for the Ce50Fe50Ox (III) catalyst, implying the formation of these surface defect
sites were possibly related to another surface species.
As previously discussed, Na is a known catalyst poison and was shown to be present in
several catalysts from EDX analysis. XPS analysis also showed good agreement with EDX
analysis, indicating the presence of surface Na species for the CeFeOx catalysts (Table 3).
For the CeFeOx (IV) set of catalysts, only Ce25Fe75Ox (IV) displayed Na present from XPS
analysis, which was also confirmed by the absence of the Na Auger peak in the O 1s region
for Ce50Fe50Ox (IV) and Ce75Fe25Ox (IV) (Figures 12b and 12c). In comparison, the CeFeOx (III)
range of mixed catalysts displayed significantly increased concentrations of surface Na
species. The relationship between Na content and Ce precursor used, correlated with
previous conclusions in Chapter 3, which found synthesis using the Ce III precursor, and
formation of the corresponding carbonate containing precipitate, resulted in a much higher
retention of Na in the bulk and on the surface of the catalysts. However, no relationship
between varying Fe content and Na retention was observed.
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a)

d)

b)

e)

c)

f)

g)

Figure 12: XPS spectra of the O 1s region for a) Ce25Fe75Ox (IV), b) Ce50Fe50Ox (IV), c) Ce75Fe25Ox (IV),
and d) Ce25Fe75Ox (III), e) Ce50Fe50Ox (III), f) Ce75Fe25Ox (III), g) Fe2O3 catalysts. Fitted peaks refer to
Oα (red), Oβ (blue) and hydroxyl (orange) species with overlapping Na Auger peak (green) as
discussed in the main text.

Redox properties of the catalysts were assessed by TPR analysis. It was previously discussed
in Chapter 3 that CeO2 based materials show two main reduction features, that of the
surface and of the bulk, occurring consecutively around 500°C and 800°C [12,56]. As shown
in Figures 13a and 13b, CeO2 (III) and CeO2 (IV) only displayed one reduction peak around
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478°C and 498°C respectively, which was related to the surface reduction of CeO 2.
Alternatively, the TPR profile of Fe2O3 was more complex with a low temperature peak,
centred around 362°C, and a much broader peak ranging from 400-700°C where the
analysis was stopped. The reduction profile of Fe2O3 has been discussed in the literature
and is thought to occur stepwise, where the low temperature peak was related to the
reduction of Fe2O3 to Fe3O4 [57]. Following this, the broad peak observed is thought to
encompass the reduction of multiple processes, which include the reduction of Fe 3O4 to
FeO and then reduction to metallic Fe [57,58]. However, it is stated that the formation of
the metastable FeO species is not always observed, as disproportionation can occur to form
the Fe3O4 species and metallic Fe [16]. Temperatures of the predominant reduction peaks
for all catalysts can be identified in Table 4.
Table 4: Reduction temperatures of the Fe and Ce species for the mixed CeFeO x (IV) and (III) catalysts,
derived from TPR analysis.

Catalyst

CeO2 Reduction

Fe2O3 Reduction

Fe3O4 Reduction

Temperature / °C

Temperature / °C

Temperature / °C

CeO2 (IV)

498

-

-

Ce25Fe75Ox (IV)

-

403

560

Ce50Fe50Ox (IV)

376

376

543

Ce75Fe25Ox (IV)

377

377

497

Fe2O3

-

362

590

CeO2 (III)

478

-

-

Ce25Fe75Ox (III)

464

400

700

Ce50Fe50Ox (III)

416

416

700

Ce75Fe25Ox (III)

403

403

625

TPR profiles for the mixed CeFeOx catalysts (Figure 13a and 13b) differed when prepared
using either the CeIV or CeIII precursor. For the Ce25Fe75Ox (IV) catalyst, a similar profile to
the standard Fe2O3 profile was observed, with a low temperature peak at 403°C and broad
high temperature peak centred around 560°C. It has been shown in previous studies that
the intensity of the low temperature peak in mixed CeFeOx catalysts increased with
increasing Fe content, suggesting this peak was related to the reduction of Fe 2O3 species
[59]. The presence of surface Fe2O3 species is in good agreement with XRD, EDX and XPS
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data confirming the segregation of the CeO2 and Fe2O3 in the catalyst bulk and surface. It
was difficult to assess the extent of CeO2 reduction for this catalyst due to the predominant
high temperature reduction peak, but this broad peak was shifted to lower temperatures
compared with Fe2O3, suggesting improved reducibility of the Fe3O4 species from the
interaction with CeO2 species. The Ce50Fe50Ox (IV) catalyst also exhibited a singular low
temperature peak and broad high temperature peak, reminiscent of the Fe 2O3 profile.
However, it was unclear whether the peak around 376°C was solely related to Fe2O3
reduction, as previous studies have suggested the overlap of this peak with the improved
reduction of surface Ce4+ species, which occurs from the interaction of Ce-O-Fe species
[55]. However, the broad high temperature peak present was thought to be related to the
reduction of Fe3O4 species, suggesting segregation of Fe and Ce species, also noted by EDX
analysis. The Ce75Fe25Ox (IV) catalyst displayed two reduction peaks at 377°C and 497°C.
Similarly to the Ce50Fe50Ox (IV) catalyst, the low temperature peak was thought to be the
reduction of a combination of surface Ce4+ and Fe3+ species. Whereas, the high
temperature peak was more likely related to the reduction of Fe 3O4 species or bulk CeO2
reduction. For all mixed CeFeOx (IV) catalysts, the low temperature reduction of Fe2O3 to
Fe3O4 was supressed as this peak was shifted to slightly higher temperatures compared
with the TPR profile of Fe2O3. This effect has been demonstrated for supported CeO2/Fe2O3
catalysts, where segregated CeO2 species increased the temperature required to reduce
Fe2O3 [13]. In contrast, the surface Ce4+ reduction was shifted to lower temperatures
suggesting the mixing of Ce and Fe species facilitated reduction of the CeO2 species, which
has been suggested in the literature [33,55]. In addition, the mixed CeFeOx (IV) catalysts
seemed to promote the reduction of Fe3O4 species, as observed from the peak shift to
lower temperatures.
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a)

b)

Figure 13: TPR profiles of the a) CeFeOx (IV) and b) CeFeOx (III) catalysts. Conditions: 10% H2/Ar, 30 ml min-1,
50-700 °C at 10 °C min-1.

The TPR profiles for the CeFeOx (III) catalysts were very different to the TPR profiles for the
catalysts using the CeIV precursor. The Ce25Fe75Ox (III) catalyst displayed reduction features
of both Fe2O3 and CeO2, occurring around 400°C and 700°C for the Fe species and 464°C for
the surface CeO2 reduction [33]. This again suggested the phase segregation of these
species on the catalyst surface, which was in good agreement with prior XPS and EDX
analysis. For the Ce50Fe50Ox (III) catalyst, a broad peak at 416°C was observed, with the
beginning of another peak occurring at 700°C. The peak identified at 416°C seemed to be a
combination of the reduction peaks relating to Fe2O3 and surface CeO2 [55]. The shift of the
CeO2 reduction peak to lower temperatures suggested that the incorporation of Fe species
improved surface CeO2 reduction [13,33]. Although Fe incorporation seemed to improve
CeO2 reduction, the reduction of Fe2O3 species was slightly inhibited as identified by the
peak shift to higher temperatures for Ce25Fe75Ox (III). The Ce75Fe25Ox (III) catalyst displayed
a low temperature peak at 403°C, which was thought to resemble the combination of Fe2O3
and CeO2 reduction, possibly from the formation of Ce-O-Fe solid solutions. In contrast to
the CeFeOx (IV) catalysts, the use of the CeIII precursor did not significantly improve the
reducibility of the high temperature peak, thought to relate to Fe3O4 or bulk CeO2
reduction.
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4.2.3 Catalyst testing

a)

b)

Figure 14: Catalyst activity for the total oxidation of propane using the a) CeFeO x (IV) and b) CeFeOx (III) range
of catalysts. Legend refers to catalysts analysed. Conditions: 5000 ppm propane in air, 50 ml min-1, GHSV =
45000 h-1.

Performance of the CeFeOx (IV) and CeFeOx (III) catalysts for the total oxidation of propane
are shown in Figures 14a and 14b. The main reaction product detected was CO2 for all
catalysts. The CeO2 (IV) catalyst presented >99% selectivity to CO2 over the temperature
range, whilst at 550°C it decreased to 96% for CeO2 (III) due to propene formation. All Fe
containing catalysts showed propene formation alongside CO2, with Fe2O3 having the
lowest selectivity of 85% at 250°C which steadily increased to 100% at 500°C. For the
CeFeOx (IV) range of mixed catalysts, propene was formed at temperatures between 200400°C with selectivity to CO2 increasing to 100% at 450°C. The lowest CO2 selectivity
measured for the Ce25Fe75Ox (IV), Ce50Fe50Ox (IV) and Ce75Fe25Ox (IV) catalysts were 90%,
88% and 94% respectively. The CeFeOx (III) set of catalysts also showed propene formation
but this occurred to a lesser extent and was observed from 300-600°C. The Ce25Fe75Ox (III),
Ce50Fe50Ox (III) and Ce75Fe25Ox (III) catalysts presented CO2 selectivity of 93%, 94% and 95%
respectively. From Figures 14a and 14b, the catalysts synthesised using the CeIV precursor
were more active for propane total oxidation, which was in good agreement with the
results obtained in Chapter 3, regarding the impact of cerium precursor. The mixed CeFeOx
(IV) catalysts all presented improved conversion compared with the single oxides; however,
Fe2O3 was shown to be more active when compared with the CeFeOx (III) mixed oxides.
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Table 5: Mass and surface area normalised catalytic activity for the total oxidation of propane using the
CeFeOx (IV) and CeFeOx (III) catalysts.

Catalyst

Propane

Surface Area Normalised

Mass Normalised

Conversion /

Propane Oxidationa /

Propane Oxidationa

%

mol s-1 m-2

/ mol s-1 g-1

CeO2 (IV)

3

2.52x10-4

2.04x10-2

Ce25Fe75Ox (IV)

63

8.64x10-3

5.88x10-1

Ce50Fe50Ox (IV)

53

4.30x10-3

4.85x10-1

Ce75Fe25Ox (IV)

51

4.67x10-3

4.11x10-1

Fe2O3

39

1.45x10-2

5.36x10-1

CeO2 (III)

0.2

2.37x10-4

4.50x10-3

Ce25Fe75Ox (III)

21

2.97x10-3

2.73x10-1

Ce50Fe50Ox (III)

3

1.18x10-3

5.37x10-2

Ce75Fe25Ox (III)

4

1.59x10-3

7.86x10-2

a – Measured at 375°C

The surface area and mass normalised activity shown in Table 5 also indicated that the
catalysts prepared using the CeIV precursor were more active for propane total oxidation.
However, unlike the reaction data in Figure 14a, the surface normalised activity for Fe 2O3
was much higher when compared with the mixed catalysts.
For the CeFeOx (IV) set of catalysts, few trends could be established relating the reaction
data to the characteristics of the catalysts. As discussed in Chapter 3, catalyst surface area
has been identified to affect catalytic activity for propane total oxidation, as the increased
surface area creates more accessible active sites [60–62]. However, for this data set, no
correlation between surface area and activity was identified, with the Ce 25Fe75Ox (IV)
catalyst being the most active and having the lowest surface area of the mixed oxides.
Furthermore, the surface oxygen defect concentration obtained by XPS analysis also
showed little correlation to the catalyst performance, which was in contrast with previous
research [63,64]. It is well documented that the redox properties of metal oxide catalysts
are influential for propane total oxidation [5,9,65,66]. It is proposed that more facile
reduction relates to increased active oxygen species, able to break the C-H bond of propane
more easily [67], which is known to be the rate determining step of the reaction [68].
Previous research by García et al. has shown that CeO2 presented the lowest activity when
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compared with other metal oxides, such as Fe2O3, for the total oxidation of propane, which
was rationalised by the improved redox properties of the other metal oxide catalysts [65].
The surface normalised activity data in Table 5 is in good agreement with this conclusion,
as the Fe2O3 catalyst was more active than all the mixed catalysts. Moreover TPR data
suggested that, although the reduction of surface CeO2 and Fe3O4 species were slightly
improved in the mixed oxide catalysts, the reduction of Fe2O3 species was inhibited as the
reduction peak was shifted to higher temperatures. This implies that the presence of Fe2O3
species was important for propane total oxidation. This conclusion is also supported by the
surface normalised data, as the Ce25Fe75Ox (IV) catalyst presented the highest surface
normalised activity of the mixed oxides and showed excessive phase segregation, where
Fe2O3 species were observed by XRD analysis. Therefore, catalytic activity of these catalysts
was significantly linked to the presence of Fe2O3 for propane total oxidation. Although the
CeFeOx (IV) mixed oxide catalysts showed worse surface normalised activity compared to
the Fe2O3 catalyst, selectivity to CO2 was improved upon addition of Ce. This improved
selectivity could have occurred as a result of the increased active oxygen species,
determined by XPS analysis, resulting in deeper oxidation.
The activity trends for the CeFeOx (III) catalysts significantly differed when compared to the
CeFeOx (IV) catalysts (Figure 14b). The Fe2O3 catalyst was more active compared with all
the CeFeOx (III) mixed oxides, which further supports the conclusions drawn from the
CeFeOx (IV) data set, as the presence of extensive Fe2O3 segregation was not clearly
identified by XRD analysis for any of the CeFeOx (III) mixed catalysts. As shown by the SEMEDX analysis, some segregation of Fe and Ce species was identified for the Ce 25Fe75Ox (III)
catalyst, which could explain the improved surface normalised activity (Table 5). Another
factor to explain the poor activity of these catalysts could be the residual Na identified by
EDX and XPS analysis. When compared with Ce50Fe50Ox (III) and Ce75Fe25Ox (III), the
Ce25Fe75Ox (III) catalyst presented much lower Na concentration whilst presenting
improved activity for propane total oxidation. As previously discussed, Na is a known
catalyst poison for propane total oxidation as it inhibits the oxygen mobility of the metal
oxide catalysts [42,43]. It is also important to note that similar trends were observed in
Chapter 3 between the different cerium precursors used, where Na retention was thought
to be linked to the different precipitates formed by the Ce IV and CeIII precursors. For the
reaction data of the mixed CeFeOx (III) catalysts in Figure 14b, a linear relationship between
catalyst surface area and conversion was established (Figure 15). This is in good agreement
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with previous statements discussing the impact of catalyst surface area on propane total
oxidation [61,62]. In contrast, no trend was observed between the surface oxygen defect
site concentration and reaction data, suggesting this factor was insignificant for both sets
of mixed oxide catalysts.

Figure 15: Relationship between surface area and propane conversion for the mixed
CeFeOx (III) oxide catalysts.

Catalyst performance for the total oxidation of naphthalene using the CeFeO x (IV) and
CeFeOx (III) catalysts is shown in Figures 16a and 16b. The main reaction product obtained
for all catalysts was CO2. As shown in Figure 16a, CeO2 (IV) was the most active catalyst for
naphthalene total oxidation of the CeFeOx (IV) range of catalysts. Alternatively for the
CeFeOx (III) catalysts, the Ce25Fe75Ox (III) catalyst was the most active. As identified in
Chapter 3, the catalysts prepared using the CeIV precursor were more active in general for
the total oxidation of naphthalene.
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a)

b)

Figure 16: Catalyst activity for naphthalene total oxidation using the a) CeFeOx (IV) and b) CeFeOx (III) range of
catalysts. Legend refers to catalysts analysed. Conditions: 200 ppm naphthalene in 20% O2/He, 50 ml min-1,
GHSV = 45000 h-1.
Table 6: Mass and surface area normalised catalytic activity for the total oxidation of naphthalene using the
CeFeOx (IV) and CeFeOx (III) catalysts.

Catalyst

Naphthalene

Surface Area Normalised

Mass Normalised

Conversion /

Naphthalene Oxidationa

Naphthalene Oxidationa

%

/ mol s-1 m-2

/ mol s-1 g-1

CeO2 (IV)

77

2.32x10-4

1.88x10-2

Ce25Fe75Ox (IV)

33

1.81x10-4

1.23x10-2

Ce50Fe50Ox (IV)

49

1.59x10-4

1.79x10-2

Ce75Fe25Ox (IV)

61

2.23x10-4

1.97x10-2

Fe2O3

12

1.79x10-4

6.59x10-3

CeO2 (III)

4

1.44x10-4

2.73x10-3

Ce25Fe75Ox (III)

56

1.95x10-4

1.79x10-2

Ce50Fe50Ox (III)

4

4.99x10-5

2.27x10-3

Ce75Fe25Ox (III)

8

1.46x10-4

5.85x10-3

a – Measured at 210°C

For the CeFeOx (IV) set of catalysts, a linear relationship was observed between the
increasing concentration of Ce present in the catalyst and improved catalytic activity
(Figure 17). Research by García et al. has shown that, unlike propane total oxidation, CeO2
was the most active metal oxide tested for naphthalene total oxidation [65]. This was
thought to occur due to the weaker surface adsorption of naphthalene on CeO 2. The data
obtained for the CeFeOx (IV) catalysts are in good agreement with these conclusions, as
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increased Ce content related to improved catalytic activity. It should be noted that the
surface normalised activity (Table 6) also followed this trend, apart from the Ce50Fe50Ox (IV)
catalyst. This catalyst displayed a slightly decreased surface normalised activity compared
with the linear relationship established for the other catalysts, which could have occurred
as a result of the much higher surface area obtained for this catalyst, possibly due to the
formation of a Ce-O-Fe solid solution.

Figure 17: Relationship between Ce concentration and CO2 yield at 210°C for the total
oxidation of naphthalene using the CeFeOx (IV) range of catalysts.

The CeFeOx (III) set of catalysts displayed a contrasting trend for naphthalene total
oxidation. No trend was established for the varying concentration of Ce in the mixed
catalysts suggesting other factors were more important for this set of catalysts. As
previously mentioned in Chapter 3, catalyst surface area has been linked to improved
activity for naphthalene oxidation [69–71]. Data in Figure 16b was in good agreement with
this research as the Ce25Fe75Ox (III) exhibited the largest surface area and displayed the best
activity for the mixed CeFeOx (III) catalysts. However, this factor was not linear for the data
set implying other characteristics were also relevant. The residual Na present on the
CeFeOx (III) catalysts could also inhibit naphthalene total oxidation. As Na has been shown
to supress oxygen mobility of the catalyst [43], this factor could limit the re-oxidation of
the catalyst in the redox cycle, which has been proposed as the rate determining step for
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naphthalene oxidation using CeZrOx catalysts [72]. This factor can help rationalise the lower
activity of the Ce50Fe50Ox (III) and Ce75Fe25Ox (III) catalysts as they presented much higher
Na concentrations, as determined by EDX and XPS analysis. The surface normalised activity
data showed no significant trends related to the varying catalyst characteristics responsible
for the catalytic activity, however; it should be recognised that, as a result of the very low
conversions obtained by some of the catalysts, these data should be used tentatively. As
for the redox properties and surface oxygen defect sites of the catalysts, no substantial
trends could be identified from these characteristics for naphthalene total oxidation, which
was in good agreement with previous studies [64,65].

4.3 Comparison of preparation method for Ce25Fe75Ox (IV)
4.3.1 Catalyst characterisation
To further understand the influence of Fe2O3 segregation of the most active mixed catalyst
(Ce25Fe75Ox (IV)), a Fe/CeO2 catalyst was prepared using the 25:75 Ce:Fe ratio. A wet
impregnation method was utilised to deposit Fe species onto the CeO2 support, forming
segregated Fe and Ce oxide species which could then be compared against the mixed
Ce25Fe75Ox (IV) catalyst prepared by co-precipitation. This catalyst was then assessed for
propane total oxidation to understand whether the incorporation of Fe into CeO2 provided
a promotional effect to Fe2O3 or if activity was directly influenced by the Fe species on the
catalyst surface.
Table 7: Physiochemical properties of the Ce25Fe75Ox (IV) and Fe/CeO2 (IV) catalysts, determined by XRD and
BET surface area analysis.

Catalyst

Surface

Position of

Average

Average

Lattice

Area /

Ce (111)

CeO2

Fe2O3

Parameter

m2g-1

reflection / °

Crystallite

Crystallite

from CeO2

Size / nm

Size / nm

(111) / nm

Fe/CeO2 (IV)

43

28.73

8.2

22.1

0.5378

Ce25Fe75Ox (IV)

68

28.92

3.7

28.0

0.5343

The Fe/CeO2 (IV) catalyst presented lower surface area compared to the mixed Ce 25Fe75Ox
(IV) catalyst (Table 7), which was thought to occur from surface loading of Fe species
blocking pores on the CeO2 material [73]. The bulk structure of Fe/CeO2 (IV), assessed by
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XRD analysis (Figure 18), showed features of both CeO2 and Fe2O3. Peaks around 28°, 33°,
47° and 57° represented the (111), (200), (220) and (311) CeO2 planes respectively, whilst
smaller peaks at 35.78° and 54.19° were representative of the hematite Fe 2O3 structure
[24,26]. The average CeO2 crystallite size was much smaller for the catalyst prepared by coprecipitation (Table 7). This was previously discussed to result from reduced sintering of
CeO2 from good interaction of Fe and Ce in the bulk structure, as shown in the literature
[58,59]. Therefore, the larger CeO2 crystallite size for Fe/CeO2 (IV) suggests that limited
mixing in the bulk structure occurred, which was expected from the preparation method
used. However, a slight deviation from the lattice parameter of CeO2 (IV) was observed for
the Fe/CeO2 (IV) catalyst, which was previously mentioned to occur from doping of smaller
aliovalent metal ions into the bulk cubic structure [28]. This factor suggested that although
Fe was deposited onto the CeO2 (IV) surface from the preparation method used, some
interaction in the bulk structure still occurred.

Figure 18: XRD patterns of the calcined CeO2 (IV), Fe2O3 and Fe/CeO2 (IV) catalysts.

The redox properties of the Fe/CeO2 (IV) catalyst showed some similarities to the CeFeOx
(IV) range of mixed oxides. Three distinct peaks were present in the TPR profile (Figure 19)
which were thought to relate to the reduction of both Fe2O3 and CeO2 surface species. The
low temperature peak at 387°C was thought to relate to the reduction of Fe 2O3 to Fe3O4,
with the peaks at 471°C and 572°C representing CeO2 surface reduction and Fe3O4
reduction respectively. As shown for the CeFeOx (IV) catalysts prepared by co-precipitation,
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the reduction of Fe2O3 was shifted to higher temperatures suggesting less facile reducibility
of this species when CeO2 was present. This was also observed for Fe/CeO2 (IV), in addition
to a shift to lower temperatures for the Fe3O4 reduction feature. These data suggested that
no matter how Fe2O3 was incorporated on the CeO2 structure, the presence of CeO2
supressed the low temperature reduction of Fe2O3.

Figure 19: TPR profile of the Fe/CeO2 (IV) catalyst. Conditions: 50-700 °C, 10% H2/Ar, 30
ml min-1.

The surface composition of the catalyst was assessed by XPS analysis. As shown in Table 8,
the Ce:Fe surface ratio was much lower than expected for Fe/CeO 2, suggesting limited Fe
loading on the surface by the preparation method used. However, this ratio was similar to
that obtained for the Ce25Fe75Ox (IV) catalyst, allowing for a more direct comparison of the
catalyst surface. It could also be postulated from XRD data that some Fe was present in the
bulk rather than the surface, causing a lower Fe concentration to be determined on the
surface. When compared to Ce25Fe75Ox (IV), an increased concentration of surface oxygen
defects were observed on the Fe/CeO2 (IV) catalyst. In contrast, a similar Ce3+ concentration
was observed, suggesting the oxygen defect sites analysed were possibly related to
different surface species such as the segregated Fe surface species [55].
Table 8: Surface elemental composition of the Fe/CeO2 (IV) catalyst, determined by XPS analysis.

Catalyst

Oβ/Oα Ratio

Ce3+/Ce4+ Ratio

XPS Ce :Fe Ratio

Fe/CeO2 (IV)

0.500

0.171

58:42
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Ce25Fe75Ox (IV)

0.436

0.175

48:52

4.3.2 Catalyst testing
The catalyst performance for propane total oxidation using the Fe/CeO 2 (IV), Ce25Fe75Ox
(IV) and single oxide catalysts is shown in Figure 20. For all catalysts CO 2 was the main
product detected. For the Fe/CeO2 (IV) catalyst, selectivity to CO2 was decreased from 300
to 450°C, achieving 93% due to the formation of propene. Outside of this temperature
range the selectivity to CO2 was 100%. It was clear that the Ce25Fe75Ox (IV) catalyst
remained the most active, with Fe/CeO2 (IV) performing worse than Fe2O3.

Figure 20: Catalyst activity for propane total oxidation using the mixed and
supported CeFeOx (Ce:Fe Ratio = 25:75) catalysts. Legend refers to catalysts
analysed. Conditions: 5000 ppm propane in air, 50 ml min -1, GHSV = 45000 h-1.

Surface area and mass normalised data in Table 9 showed that the Fe/CeO 2 (IV) catalyst
also displayed lower surface normalised activity compared with the mixed Ce 25Fe75Ox (IV)
catalyst. As discussed previously, the impressive performance of the Ce25Fe75Ox (IV) catalyst
was thought to be related to the formation of Fe2O3 active surface species in addition to
increased surface area when compared with the single oxide Fe 2O3 catalyst. This was
supported by the increased surface normalised activity of Fe 2O3 and previous literature
demonstrating improved activity of this catalyst compared to CeO2 [65]. The data for the
Fe/CeO2 (IV) catalyst further enhances the idea that the CeO2 material suppressed the
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activity of the Fe2O3 species, whether it is used as a support or mixed into the bulk
structure. This was proposed to happen as a result of CeO2 mixing inhibiting the reduction
of Fe2O3 species, as shown by TPR analysis. This was also shown in Figure 19 for the Fe/CeO2
(IV) catalyst, suggesting that this suppression does not only occur from mixing of the
materials, but also when CeO2 is used as a support.
Table 9: Mass and surface area normalised catalytic activity of the mixed and supported CeFeO x (Ce:Fe ratio
= 25:75) catalysts.

Catalyst

Propane

Surface Area Normalised

Mass Normalised

Conversion / %

Propane Oxidationa /

Propane Oxidationa /

mol s-1 m-2

mol s-1 g-1

Fe/CeO2 (IV)

22

4.10x10-3

1.76x10-1

Ce25Fe75Ox (IV)

63

8.64x10-3

5.88x10-1

CeO2 (IV)

3

2.52x10-4

2.04x10-2

Fe2O3

39

1.45x10-2

5.36x10-1

a – Measured at 375°C

4.4 Conclusions
A range of CeFeOx catalysts were prepared using either a CeIII or CeIV precursor and assessed
for the total oxidation of propane and naphthalene. The influence of the cerium precursor
on the formation of the mixed CeFeOx catalysts was found to have a similar impact as
discussed in Chapter 3, with the catalysts prepared using the CeIV precursor more active in
general for propane and naphthalene total oxidation. Furthermore, the effect of cerium
precursor on precipitate formation, Na retention, resulting catalyst morphology and
surface area showed similar trends for the mixed CeFeOx oxides when compared to the
single CeO2 (IV) and CeO2 (III) oxides.
The catalytic activity for propane total oxidation was linked to the formation of more active
Fe2O3 species, increased catalyst surface area and less residual Na species, with the
Ce25Fe75Ox (IV) catalyst showing the best performance. However, when normalised for
surface area, the standard Fe2O3 catalyst presented the highest activity. More effective
propane total oxidation was proposed to occur over the active Fe 2O3 species due to more
facile reducibility of the material, with the addition of CeO2 species supressing this
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reduction. It was noted that although the addition of Ce species resulted in lower catalytic
activity, the selectivity to CO2 was improved. Comparison between the preparation method
used, either co-precipitation or wet impregnation, to create the best performing mixed
oxide catalyst had minor influence on the catalytic activity of the Fe species, with both
methods producing a less active catalyst when compared to the standard Fe2O3 catalyst.
An opposite effect was identified for naphthalene total oxidation, with increased Ce
concentration responsible for improved catalytic activity. CeO2 (IV) was found to be the
most active catalyst for naphthalene total oxidation using the CeIV precursor. However, the
Ce25Fe75Ox (III) catalyst displayed the highest catalytic activity for the catalysts prepared
using the CeIII precursor. This was thought to be related to the increased surface area and
decreased residual Na on the catalyst. Overall, the mixed CeFeOx catalysts prepared by
either cerium precursor demonstrated insufficient catalytic activity for the total oxidation
of propane or naphthalene when compared with the single metal oxides.
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5. The modification of CeZrOx catalysts by the addition of
transition metal dopants for propane and naphthalene total
oxidation.
5.1 Introduction
As mentioned previously (Chapters 3 and 4), VOCs present concerns for human health and
the environment due to the numerous adverse effects presented by this group of
compounds [1,2]. Of the many VOCs, propane and naphthalene are excellent models for
aliphatic and polyaromatic VOCs respectively. Short chain aliphatic VOCs are known to be
difficult to remove from the atmosphere, with propane regularly studied as a suitable
model compound for aliphatic VOC removal [3–5]. Whereas naphthalene, the simplest
polyaromatic compound, has been studied as a suitable model for polyaromatic VOCs,
which are carcinogenic in nature [6,7].
Catalytic oxidation has been identified as an effective method for VOC removal from dilute
waste streams, as a result of the lower energy requirements and production of more
environmentally benign products compared with standard thermal oxidation [8,9]. As
discussed in Chapter 3, CeO2 has been established as an effective oxidation catalyst. The
beneficial characteristics relating to the redox properties, oxygen storage capacity (OSC)
and oxygen mobility of CeO2 have made it a prominent choice of catalyst for various
oxidation reactions [10–12]. However, as with many metal oxide catalysts, CeO2 can exhibit
poor thermal stability and worse catalytic activity compared to supported metal catalysts.
Methods to improve the activity and stability of metal oxide catalysts have resulted in the
development of mixed metal oxide catalysts, where two or more metals are incorporated
into the final catalyst [13–15]. The incorporation of ZrO2 into the CeO2 structure has shown
good activity for many oxidation reactions [16–18]. In particular, the replacement of CeO2
with CeZrOx has been prevalent in the three-way catalyst, due to promotion of OSC and
thermal stability of these catalysts [19]. The dissolution of ZrO2 into the cubic fluorite CeO2
structure has been shown to affect the catalyst properties, increasing the oxygen mobility
which then improves catalytic activity for VOC oxidation [18,20]. Furthermore, the
preparation of CeZrOx catalysts have been shown to improve catalyst stability as the
incorporation of ZrO2 into the lattice can reduce sintering of CeO2 crystallites [21]. Whilst
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the use of mixed metal oxide catalysts have displayed improved catalytic activity, other
methods; such as doping small amounts of metal into metal oxide catalysts, have also
established improved catalytic activity for VOC oxidation [22–24]. Doping transition metals
into CeZrOx catalysts has previously shown improved catalytic activity for soot oxidation
and light hydrocarbon oxidation [25,26]. Therefore, the improvement of these frequently
used catalysts, using small quantities of cheap and abundant transition metals, provides a
promising area of research.
Previous research shows the incorporation of small amounts of ZrO 2 into the CeO2 lattice
results in the best activity for propane and naphthalene oxidation [27,28]. Hence, in this
work, the preparation of a Ce90Zr10Ox catalyst was carried out and compared to doped
Ce90Zr10M1Ox catalysts for the total oxidation of propane and naphthalene VOCs. Cu, Co
and Fe transition metals were chosen due to the cheap and abundant nature of the
materials. Catalysts were prepared by co-precipitation and characterised by using Powder
X-Ray Diffraction (XRD), Temperature Programmed Reduction (TPR), Scanning Electron
Microscopy-Energy-Dispersive

X-Ray

analysis

(SEM-EDX),

X-Ray

Photoelectron

Spectroscopy (XPS), Laser Raman Spectroscopy, and Brunauer-Emmett-Teller (BET) surface
area analysis.

5.2 Results
5.2.1 Catalyst characterisation
Table 1: Physiochemical properties of the calcined Ce90Zr10M1Ox catalysts.

Catalyst

Surface

Position of

Average

Lattice

Area /

Ce (111)

Ce

Parameter

m2 g-1

reflection

crystallite

/ nm

/°

size / nm

A600/A463

FWHM

Ce90Zr10Ox

34

28.61

6.7

0.5400

0.053

24.9

Ce90Zr10Fe1Ox

63

28.63

6.4

0.5396

0.077

34.5

Ce90Zr10Cu1Ox

49

28.61

7.5

0.5399

0.129

24.2

Ce90Zr10Co1Ox

40

28.59

8.6

0.5404

0.093

20.1
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XRD patterns shown in Figure 1 indicate similar bulk structures for all catalysts. Only
patterns representing the cubic fluorite CeO2 structure were measured for all catalysts,
with dominant reflections around 29°, 33°, 48° and 57°, corresponding to (111), (200), (220)
and (311) lattice planes, respectively [29]. The absence of any reflections relating to ZrO2
or transition metal species implies the dopant metals were highly dispersed within the
cubic CeO2 structure. Evidence of transition metal incorporation into the bulk structure
could be determined by the changes seen in the lattice parameter (Table 1). When Fe was
incorporated into the Ce90Zr10Ox structure, contraction of the lattice parameter occurred,
which was expected due to the smaller ionic radius compared with Ce4+ [30]. This effect
was also observed for the Ce90Zr10Cu1Ox catalyst, but to a lesser extent. It has previously
been proposed that Cu incorporation into the cubic CeO2 structure can occur by a
substitution mechanism, where similar sized Cu+ ions replace Ce4+ ions and charge
neutrality is maintained by the formation of oxygen vacancies [31]. The Ce90Zr10Co1Ox
catalyst presented a larger lattice parameter, although the ionic radius of Co is smaller than
Ce4+ [32]. This was unexpected and suggests the incorporation of Zr and Co into the cubic
CeO2 structure occurred by another mechanism, possibly as a result of an interstitial
substitution [33]. On the other hand, the lattice expansion of the cubic structure could be
related to the formation of more Ce3+ species as this has been shown to affect the CeO2
lattice parameter in previous literature [34].

Figure 1: XRD patterns of the calcined Ce90Zr10M1Ox catalysts.

Ce crystallite sizes, determined by the Scherrer equation (Table 1), showed slight variation
with the addition of transition metals. The incorporation of Cu and Co resulted in a larger
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crystallite size, whereas; the crystallite size was similar (error = ±0.3 nm) with the addition
of Fe into the preparation method. The surface area (Table 1) of all doped catalysts
increased with addition of dopants. An inverse relationship between crystallite size and
surface area has been demonstrated for cerium oxide based catalysts in previous literature
[35], and was mostly observed for the doped Ce90Zr10M1Ox catalysts. However, this trend
was not consistent for the Ce90Zr10Ox catalyst, suggesting the change in surface area was
also affected by other factors, possibly relating to differing porosity or surface impurities
of the catalysts [36].

Figure 2: Laser Raman spectra of the calcined Ce90Zr10M1Ox catalysts.

Two main bands were displayed in the laser Raman spectra (Figure 2), one intense band at
463 cm-1 relating to the F2g vibrational mode of CeO2, and another less intense band centred
around 600 cm-1, which was associated with the presence of extrinsic bulk defect sites [37].
The defect band around 600 cm-1 is mainly attributed to Frenkel type defects in undoped
CeO2 materials, whereby oxygen anions are positioned in interstitial sites forming vacancies
[38]. However, in doped materials, other components relating to extrinsic defects can
become present in this region [39]. Hence, deconvolution of the broad band is difficult and
can refer to multiple types of bulk defects within the catalysts. It has been previously
demonstrated in the literature that the ratio between the bands at 463 cm-1 and 600 cm-1
(A600/A463) can be used to quantify the concentration of bulk lattice defect sites in these
types of materials [29]. Table 1 shows that the incorporation of transition metals into the
Ce90Zr10Ox catalyst increased the concentration of defect sites, following the order:
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Ce90Zr10Cu1Ox > Ce90Zr10Co1Ox > Ce90Zr10Fe1Ox > Ce90Zr10Ox
These data further acknowledges conclusions drawn from the lattice parameters
determined by XRD analysis, as the substitution of large Ce4+ ions for smaller aliovalent
transition metal ions caused structural changes, resulting in the formation of oxygen
defects occurring to maintain charge neutrality [39]. As discussed in Chapter 3, the FWHM
of the F2g band has previously been related to the defect concentration in CeO 2 based
materials [40]. This showed a good correlation with the increased A600/A463 ratio calculated
for the Ce90Zr10Fe1Ox catalyst compared to the undoped Ce90Zr10Ox catalyst. Although, the
FWHM was similar to Ce90Zr10Ox for the Ce90Zr10Cu1Ox and Ce90Zr10Co1Ox catalysts, an
inverse relationship between crystallite size and FWHM has been demonstrated in the
literature [41], suggesting that the combination of these competing factors occurred for
these catalysts.

a)

b)

c)

d)

Figure 3: SEM images of a)Ce90Zr10Ox b)Ce90Zr10Fe1Ox c)Ce90Zr10Cu1Ox
d)Ce90Zr10Co1Ox catalysts.

SEM images shown in Figures 3a-d indicated varying morphologies for all catalysts. The
Ce90Zr10Ox and Ce90Zr10Fe1Ox catalysts showed well defined porous particles, whereas; the
Ce90Zr10Cu1Ox and Ce90Zr10Co1Ox catalysts displayed a cauliflower type morphology. For the
Ce90Zr10Ox and Ce90Zr10Co1Ox catalysts (Figures 3a & 3d), significant needle growth could
also be identified emanating from the main structures. EDX analysis of these needle
growths (Figures 4a and 4b) showed a large accumulation of Na, suggesting residual Na was
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not removed effectively from these catalysts. Previous research by Tang et al. has
demonstrated that alkali metals, such as Na, can act as a poison for the total oxidation of
propane [42], hence it is important to quantify the amount of residual Na present on the
catalysts. As shown by the EDX Ce:O:Na ratio (Table 3), both Ce90Zr10Ox and Ce90Zr10Co1Ox
had a much larger quantity of Na which is in agreement with the appearance of the needlelike growths shown in the SEM images. A homogeneous distribution of Ce and Zr was also
identified by EDX analysis of the catalysts (Figure 5). However, all catalysts were shown to
be Ce rich, with experimental Ce:Zr:M ratios not matching expected theoretically
synthesised ratios (Table 3).

a)

b)

Figure 4: EDX mapping of Na for a) Ce90Zr10Ox and b) Ce90Zr10Co1Ox catalysts.
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a)

a)
b)

c)

d)

Figure 5: EDX mapping of Ce and Zr elements for a)
Ce90Zr10Ox b) Ce90Zr10Fe1Ox c) Ce90Zr10Cu1Ox d) Ce90Zr10Co1Ox
catalysts.
Table 2: Reduction temperature and surface normalised H2 consumption of the reduction peaks, determined
by TPR analysis for the Ce90Zr10M1Ox catalysts.

Catalyst

TPR Peak Position

H2 Consumption per surface area

/ °C

/μmol m-2

Ce90Zr10Ox

488

0.820

Ce90Zr10Fe1Ox

482

0.555

Ce90Zr10Cu1Ox

440

0.741

Ce90Zr10Co1Ox

416

0.597

From the TPR profiles (Figure 6), only one main reduction peak was observed for all
catalysts. For the Ce90Zr10Ox catalyst, this peak occurred at 488°C and has previously been
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attributed to the bulk and surface reduction of the CeZrOx solid solution [18,43]. No
additional peaks were present relating to the reduction of the transition metal dopants,
indicating these species were limited on the catalyst surface. These data are in agreement
with the XRD data showing the incorporation of the dopants into the Ce 90Zr10Ox lattice.
Previous research has shown that the addition of aliovalent metal ions into CeZrO x allows
for more facile reduction of the catalyst, as a result of improved oxygen mobility [44]. This
trend is reciprocated by the data as the addition of the transition metals to the Ce90Zr10Ox
catalyst results in lower reduction temperatures for all catalysts (Table 2), with
Ce90Zr10Co1Ox displaying the lowest reduction temperature. These data are also supported
by the increased number of bulk defects, identified by Laser Raman spectroscopy, which
have been stated to improve oxygen mobility and reducibility [45,46]. Interestingly, the
surface normalised H2 consumption (Table 2) does not follow the same trend as the ease
of reducibility, with the undoped Ce90Zr10Ox catalyst exhibiting the highest H2 consumption.

Figure 6: Reduction profiles of Ce90Zr10M1Ox catalysts, analysed by TPR.

Core-level Ce 3d photoelectron spectra for all catalysts are shown in Figure 7a. Fitting of
these spectra was carried out as shown in previous chapters (Chapter 3, Figure 9), with
peaks divided into the Ce3+ and Ce4+ oxidation states. Peaks denoted v0, v’, u0 and u’ were
used to calculate the concentration of Ce3+ and v, v’’, v’’’, u, u’’ and u’’’ used to represent
the Ce4+ oxidation state [47]. The ratio of Ce3+/Ce4+ (Table 3) indicates slight increases in
surface Ce3+ concentration on the Ce90Zr10Fe1Ox and Ce90Zr10Co1Ox catalysts, suggesting a
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more defective surface [48]. The defective surface caused by the Ce3+ species has been
linked to the formation of surface oxygen vacancies [49], which is thought to promote more
active oxygen species [50]. The increased Ce3+ concentration shown by the XPS data could
also be used to rationalise the lower H2 consumption obtained for the Ce90Zr10Fe1Ox and
Ce90Zr10Co1Ox catalysts; as the surface would already be partially reduced, leading to
decreased oxygen species available due to more surface vacancies. All catalysts displayed
two low intensity peaks within the Zr 3d region (Figure 7b), highlighting the presence of Zr
species on the catalyst surface. Peaks at 181.5 eV and 184.0 eV represented the Zr 3d5/2
and 3d3/2 splitting for Zr4+ species respectively [51]. However, no peaks relating to the
transition metals were identified by XPS analysis. This is in contrast to EDX analysis where
some metal species could be quantified (Table 3), indicating that the metals were limited
on the catalyst surface and more likely well dispersed within the bulk of the catalyst, or
below the detection limit of the surface.

a)

b)

Figure 7: XPS spectra of the Ce90Zr10M1Ox catalysts for the a) Ce 3d region & b) Zr 3d region.

As discussed in previous chapters, oxygen surface species can influence the catalytic
activity of metal oxide catalysts, hence analysis of the O 1s region was carried out for all
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catalysts (Figure 8). Two distinct oxygen environments were extracted from the spectra,
which are ascribed as Oβ (531 eV) and Oα (529 eV) states, reported to be characteristic of
oxygen defect sites and lattice oxygen species respectively [29,52,53]. Previous chapters
(Chapter 3) have discussed the controversy on the labelling of the Oβ, hence this region has
been referred to as surface oxygen defect sites. As previously mentioned, the presence of
surface oxygen defect sites has been correlated with the formation of active oxygen species
in previous literature [50,54]. The surface oxygen defect concentration (Oβ/ Oα) shown in
Table 3 indicated that the Ce90Zr10Ox catalyst had the largest amount of surface defect sites
compared with the doped catalysts. These data are in contrast with the defect
concentrations calculated from Laser Raman spectroscopy, indicating that these defects
are highly localised on the surface of the catalyst [29]. This further supports the evidence
of the doped transition metals being well dispersed within the bulk structure rather than
located at the catalyst surface, as a result of the higher bulk defects identified in these
catalysts (A600/A463, Table 1). Furthermore, the higher concentration of surface oxygen
defect sites on the Ce90Zr10Ox catalyst was not consistent with the lower Ce3+ concentration
also obtained by XPS analysis. This effect could be a result of defects formed from Zr species
on the surface as opposed to just Ce3+ species, therefore providing the irregular trend.
Table 3: Surface compositions of Ce90Zr10M1Ox catalysts determined by XPS and EDX analysis.

Catalyst

EDX Ce:Zr:M

Oβ/Oα

Ce3+/Ce4+

Ratio

EDX

XPS

Ce:O:Na

Ce:O:Na

Ratio

Ratio

Ce90Zr10Ox

98:2:N/A

1.02

0.18

20:66:14

20:64:16

Ce90Zr10Fe1Ox

95:0.6:4.4

0.78

0.21

32:66:2

27:67:6

Ce90Zr10Cu1Ox

98:1.9:0.1

0.59

0.18

31:66:3

22:66:12

Ce90Zr10Co1Ox

99.7:0.3:0

0.79

0.19

23:67:10

20:63:17

The deconvolution of the O 1s region also revealed two other peaks, which were fitted to
species around 533 eV and 535eV. The peak around 533 eV has previously been related to
the presence of water or hydroxyl species based on values in the literature [55–57] but this
topic is highly contested so was excluded from further calculations. The fitting around 535
eV (green fitting, Figure 8) is representative of a Na Auger peak. As shown in Table 3, all
catalysts presented Na on the catalyst surface when analysed by XPS, hence the
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appearance of the Na Auger peak in the O 1s region. Similarly to EDX analysis, the Ce90Zr10Ox
and Ce90Zr10Co1Ox catalysts showed high amounts of residual Na. However, in contrast to
the EDX analysis, the Ce90Zr10Cu1Ox catalyst also showed a high amount of Na in comparison
to the Ce90Zr10Fe1Ox catalyst, suggesting that the residual Na was localised at the catalyst
surface for the Ce90Zr10Cu1Ox catalyst. As mentioned previously, Na content is important
with regards to catalytic activity for propane total oxidation, as high quantities have been
shown to poison the reaction [42].

Figure 8: XPS spectra of the O 1s region for the Ce90Zr10M1Ox catalysts. Fitted
peaks refer to Oα (red), Oβ (blue) and hydroxyl (orange) species with overlapping
Na Auger peak (green) as discussed in the main text.
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5.2.2 Catalyst testing

Figure 9: Catalyst activity for the total oxidation of propane using the Ce90Zr10M1Ox
catalysts. Conditions: 5000 ppm propane in air, GHSV = 45000 h-1. Legend refers to
different dopants used.

Catalyst performance for propane total oxidation is shown in Figure 9. For all catalysts, the
main reaction product detected was CO2 and a carbon balance of >99% was maintained for
all temperatures. The Ce90Zr10Ox, Ce90Zr10Fe1Ox and Ce90Zr10Cu1Ox catalysts presented a CO2
selectivity of 100% below 450°C, with small amounts of propene detected above 450°C,
resulting in a selectivity of >98%. The selectivity trend was the same for the Ce90Zr10Co1Ox
catalyst, however the appearance of propene occurred at 400°C. The Ce90Zr10Fe1Ox catalyst
was the most active for propane total oxidation across the temperature range (Figure 9),
with activity decreasing in the order:
Ce90Zr10Cu1Ox > Ce90Zr10Ox > Ce90Zr10Co1Ox
However, when normalised for surface area, the Ce90Zr10Fe1Ox and Ce90Zr10Cu1Ox catalysts
present similar activity (Table 4).
Table 4: Propane conversion and surface normalised catalytic activity for the Ce90Zr10M1Ox catalysts.

Catalyst

Propane

Catalyst

Active Catalyst

Propane Surface

Conversiona

Mass in

Surface in

Area Normalised

/%

Reaction / g

Reaction / m2

Activitya / mols-1m-2
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Ce90Zr10Ox

16

0.31

10.5

2.78x10-3

Ce90Zr10Fe1Ox

45

0.29

18.3

4.60x10-3

Ce90Zr10Cu1Ox

18

0.15

7.4

4.43x10-3

Ce90Zr10Co1Ox

7

0.11

4.4

2.94x10-3

a – Measured at 500°C

Previous research has highlighted the importance of oxygen defects or vacancies
contributing to the total oxidation of aliphatic VOCs using metal oxide catalysts [57–60].
The oxidation of aliphatic VOCs, such as propane, are thought to occur through a Mars-van
Krevelen type mechanism, where the VOC is adsorbed to the catalyst surface and oxidised
by lattice oxygen via a redox cycle [61,62]. Bulk defects, calculated using Laser Raman
spectroscopy, are thought to improve the catalytic activity for metal oxide catalysts by
improving oxygen mobility through the lattice [45], therefore allowing faster re-oxidation
of the surface [29,46,63,64]. Whereas surface oxygen defect sites, determined from XPS
analysis, have been linked to the production of increased active oxygen species [64], which
are able to activate C-H bonds, breaking them more easily [65,66]. The breaking of the C-H
bond is also stated to be the rate determining step for propane oxidation [67]. When
considering the data, no trends between bulk (A600/A463, Table 1) or surface oxygen defects
(Oβ/Oα, Table 3) could be associated with the results obtained for propane total oxidation,
which is in contrast to previous literature [27].
Similarly to the effect of oxygen defect sites, catalyst reducibility has also been shown as
an influential factor for propane oxidation [6,68]. The ease of reduction of the catalyst can
be associated with the ease of removal of active oxygen species from the catalyst surface.
The ability to easily remove these active oxygen species can then facilitate C-H bond
activation, which as mentioned previously, is the rate determining step for propane
oxidation. Hence, a direct relationship between these factors has been suggested in the
literature [6,69]. As with the oxygen defect concentrations, no direct link can be acquired
from this data set for improved reducibility directly relating to improved catalytic activity,
suggesting other factors were more important for influencing activity.
Previous literature has shown that the increased surface area of metal oxide catalysts
resulted in more available active sites, which then improved catalytic activity for VOC
oxidation [58,70–72]. The surface area of the Ce90Zr10M1Ox catalysts has a very influential
role on the catalytic activity for the total oxidation of propane. The Ce90Zr10Fe1Ox catalyst
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exhibited the highest catalytic activity, whilst exhibiting the largest surface area.
Furthermore, as highlighted in Table 4, the Ce90Zr10Cu1Ox catalyst had a similar activity
when normalised for surface area. This can be deduced as a linear relationship due to the
“active catalyst surface” present in the reaction which occurred due to varying density of
the catalyst samples. However, the surface normalised activity for the Ce90Zr10Ox and
Ce90Zr10Co1Ox catalysts were much lower which suggests another factor was also important
when understanding the propane total oxidation trends.
As previously mentioned, Na is a known catalyst poison for propane total oxidation [42]. It
has been indicated in previous studies that excess Na inhibits the oxygen mobility of the
catalyst and promotes the adsorption of CO2 on the surface, which then results in poor
activity for propane oxidation [73]. From this, it can be concluded that the increased Na
content on the Ce90Zr10Ox and Ce90Zr10Co1Ox catalysts, identified by XPS and EDX analysis,
was responsible for the lower catalytic activity. Another study has also proposed that
increased Na loading on the catalyst surface results in decreased amounts of oxygen
vacancies [74], which would then limit active oxygen species on the surface. This can be
identified in the XPS analysis for the Ce90Zr10Cu1Ox catalyst, as the high surface Na content
correlates with a low surface oxygen defect site concentration. This could also explain why
the surface normalised activity for propane oxidation was slightly decreased for this
catalyst, compared to Ce90Zr10Fe1Ox. Finally, the residual Na on the surface of the catalysts
poses a two-fold problem, as it could also hinder access to the active surface species
available to partake in the propane oxidation reaction.
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Figure 10: Catalyst activity for naphthalene total oxidation using the Ce90Zr10M1Ox
catalysts. Conditions: 200 ppm naphthalene in 20% O2/He, GHSV = 45000 h-1. Legend
refers to the different dopants used.

In addition to propane total oxidation, naphthalene was also used as a model VOC for
polyaromatic VOC oxidation (Figure 10). Activity trends were similar to propane total
oxidation, with the Ce90Zr10Fe1Ox and Ce90Zr10Cu1Ox catalysts being more active for
naphthalene total oxidation. However, at higher temperatures the Ce90Zr10Co1Ox catalyst
became more active than Ce90Zr10Ox and deactivation of the Ce90Zr10Fe1Ox catalyst could
be noticed. It is important to note for Ce90Zr10Fe1Ox, full conversion of naphthalene was
obtained at 350°C but CO2 yield did not increase. This suggests that by-products were
possibly formed over this catalyst at higher temperatures. By-product formation from the
total oxidation of naphthalene has been reported previously at higher temperatures for
Co/Al2O3 catalysts and most likely occurs from a partial decomposition pathway [75].
Table 5: CO2 yield and surface normalised catalytic activity for naphthalene total oxidation using the
Ce90Zr10M1Ox catalysts.

Catalyst

Naphthalene

Catalyst

Active Catalyst

Naphthalene

Conversiona /

Mass in

Surface in

Surface Area

%

Reaction / g

Reaction / m2

Normalised Activitya
/ mols-1m-2

Ce90Zr10Ox

15

0.31

10.5

1.04x10-4
150

a

Ce90Zr10Fe1Ox

61

0.29

18.3

2.42 x10-4

Ce90Zr10Cu1Ox

53

0.15

7.4

5.23 x10-4

Ce90Zr10Co1Ox

7

0.11

4.4

1.28 x10-4

Calculated at 275°C

Previous research has proposed catalyst surface area as a key factor when understanding
the catalytic activity for naphthalene total oxidation, especially using CeO2 based materials
[6,48,70,71]. The high surface area promotes naphthalene accessibility on the active
surface sites, leading to improved activity. Catalyst performance, shown in Figure 10,
presented a slight agreement with this trend as the Ce90Zr10Fe1Ox and Ce90Zr10Cu1Ox
catalysts, with higher surface areas, performed well for naphthalene oxidation. However,
a direct relationship between surface area and activity could not be deduced which was
also highlighted by the surface normalised activity shown in Table 5. Therefore, other
catalyst characteristics must have also played an important role for naphthalene total
oxidation.
As discussed for propane oxidation, naphthalene oxidation is also proposed to occur via a
Mars-van Krevelen type mechanism [76]. Consequently, in addition to surface area, catalyst
characteristics, such as lattice oxygen mobility [77] and redox properties [78] have also
been shown to promote catalytic activity for naphthalene total oxidation. The
Ce90Zr10Cu1Ox catalyst displayed the highest concentration of lattice oxygen defects (Table
1), which is thought to be indicative of oxygen mobility through the lattice [29,45], as well
as presenting the highest surface normalised catalytic activity (Table 5). Therefore, it can
be tentatively postulated that the improved oxygen mobility was an influential factor when
determining catalytic activity. Furthermore, this trend is continued with the Ce90Zr10Fe1Ox
and Ce90Zr10Ox catalysts, with Ce90Zr10Co1Ox being the only exception. It could be argued
that, similarly to the effect for propane oxidation, the high quantity of bulk Na present in
this catalyst inhibited the oxygen mobility [73], which negatively impacted the activity for
naphthalene oxidation. In contrast, no direct trends could be established from the
reducibility of the catalysts, something that has been previously noted when using metal
oxide catalysts for naphthalene oxidation [6]. Whilst it is accepted that redox properties
are important for VOC oxidation reactions, it has been postulated that the rate-determining
step for naphthalene total oxidation over CeZrOx catalysts is the re-oxidation of the catalyst
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[76] making the reducibility of the catalyst less significant. This also further supports the
importance of the oxygen mobility in the catalysts for naphthalene total oxidation.

5.3 Conclusions
A range of Ce90Zr10M1Ox (M = Fe, Cu, Co) were prepared by a co-precipitation method and
assessed for the total oxidation of propane and naphthalene VOCs. The incorporation of
small quantities of transition metals into the catalyst preparation resulted in changes to
the bulk and surface structure of the catalysts. The doped catalysts presented distortions
to the Ce90Zr10Ox lattice, creating a higher quantity of bulk oxygen defects. Furthermore,
the doped catalysts displayed higher surface areas and more facile surface reduction, but
had less surface oxygen defect sites. For propane total oxidation, a linear relationship
between surface area and catalytic activity was established, with the Ce90Zr10Fe1Ox catalyst
demonstrating the best activity. In addition, the presence of excess Na identified in the
catalyst was shown to result in poor catalytic activity, which was in agreement with
previous research. Catalyst surface area and low Na content was also shown to be
important factors with regard to naphthalene total oxidation. However, when normalised
for surface area the Ce90Zr10Cu1Ox catalyst displayed the highest activity, which was related
to the improved oxygen mobility of the catalyst as a result of the increased bulk oxygen
defects.
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6. Novel Au-Pt/ZrO2/UVM-7 catalysts for the simultaneous
total oxidation of CO, propene, and toluene pollutants.
6.1 Introduction
Volatile organic compounds (VOCs) are large contributors to air pollution because of their
inherent toxicity and ability to react with NOx species to form photochemical smog [1]. In
addition, VOCs contribute to the growing issue of climate change and have been shown to
promote adverse effects on human health [2]. The term VOC encompasses a wide variety
of compounds, including compounds such as aliphatic and aromatic hydrocarbons. Major
sources of VOC emissions can be linked to industrial combustion processes and automotive
exhaust emissions [2,3]. Of the common VOCs emitted from these processes, propene and
toluene are of particular interest due to their high Photochemical Ozone Creativity
Potential (POCP) [4]. Toluene is also known to be a highly toxic compound [5], further
highlighting the importance of removing VOCs to improve air quality. Another common
product emitted by combustion processes is carbon monoxide (CO) [6]. Although CO is not
defined as a VOC, it is known to be hazardous to human health under prolonged exposure
[7]. The mixture of VOCs and CO has been utilised in research as an effective model to
simulate emissions from vehicle engines.
The combination of chemically varying compounds, emitted from combustion processes,
can prove challenging to remove from gas streams. The concentration of these compounds
from automotive emissions are very low, making recovery methods an ineffective method
of abatement [8]. Catalytic oxidation is a viable method of completely removing low
concentrations of VOC and CO mixtures. Catalytic oxidation has the advantage of requiring
less energy compared with standard thermal oxidation, as well as producing more
environmentally benign products of CO2 and H2O [9].
Many studies have highlighted the notable catalytic activity of supported noble metals
catalysts for VOC oxidation [10–14]. In particular, supported Pt catalysts have been
extensively researched for VOC total oxidation, presenting significant activity for aliphatic
and aromatic hydrocarbons [15–17]. Whereas, supported Au catalysts have previously
shown remarkable activity for CO oxidation [15,18]. More recently studies have reported
improvements of monometallic supported catalysts for total oxidation reactions by the
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addition of a second metal to the system [19–22]. It is reported that the use of bimetallic
systems can manipulate metal dispersion, particle size, improve stability and form new
active alloyed structures, which are beneficial for catalytic activity [20,23–25]. The use of
mesoporous materials as supports for these types of catalysts has further enhanced the
catalytic oxidation of VOCs, by improving metal nanoparticle dispersion and generating
accessible pore networks for better diffusion of organic compounds [26].
With the increasing regulation around air pollutants, previous studies have used various
single compounds to model VOC abatement by catalytic oxidation. However, focus has
shifted to the simultaneous removal of a combination of VOCs with different chemical
characteristics and CO [27]. It has been shown in the literature that the combination of
different pollutants can inhibit the removal of VOCs at low temperature [28,29], requiring
catalysts with improved performance for the simultaneous removal of a range of
pollutants. In this work, a range of mono and bimetallic Pt/Au catalysts supported on a
novel porous silica support, UVM-7 modified with ZrO2, were evaluated for the
simultaneous total oxidation of toluene, propene, and CO under oxygen lean conditions.
Propene and toluene VOCs were used to model short chain alkenes and aromatic
compounds respectively. Catalysts were prepared by a colloidal deposition method and
characterised using Powder X-ray diffraction (XRD), Temperature programmed reduction
(TPR), , X-ray photoelectron spectroscopy (XPS) and diffuse reflectance infrared Fourier
transform spectroscopy (CO-DRIFTS). Electron microscopy (STEM-EDX) was carried out by
researchers at the University of Zaragoza, in collaboration with this project.

6.2 Results
6.2.1 Catalyst characterisation
Table 1: Crystallite sizes of Au and Zr species, obtained by XRD analysis.

Catalyst

Crystallite size / nm
Aua

ZrO2b

40% ZrO2/UVM-7-C

N/A

11.4

40% ZrO2/UVM-7-C 2% Au

9.9

10.0

40% ZrO2/UVM-7-C 2% Pt

N/A

11.5

40% ZrO2/UVM-7-C 2% Au-Pt

6.3

-

40% ZrO2/UVM-7-C 1% Au + 1% Pt

6.2

6.3
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40% ZrO2/UVM-7-C 1% Pt + 1% Au

9.1

14.2

a – Scherrer equation applied to the Au (111) plane.
b – Scherrer equation applied to the Zr (111) plane.

XRD patterns of the catalysts shown in Figure 1 indicate a predominantly amorphous SiO 2
structure expected from the UVM-7 support [30]. However, some crystalline tetragonal
ZrO2 species were identified around 30.33°, representing the (111) lattice plane [31]. Au
containing catalysts also exhibited a weak reflection around 38.90°, which was ascribed to
the Au (111) lattice plane [32]. Table 1 shows the crystallite sizes identified by XRD analysis.
For the support and monometallic catalysts, crystallite sizes of 10-11 nm were obtained for
ZrO2 incorporated onto the UVM-7 support. ZrO2 crystallite size decreased for the 40%
ZrO2/UVM-7-C 1% Au + 1% Pt catalyst but increased for the 40% ZrO2/UVM-7-C 1% Pt + 1%
Au. The reflection at 30.33° observed on the 40% ZrO2/UVM-7-C 2% Au-Pt catalyst was of
low intensity and could not be reliably analysed by application of the Scherrer equation.

Figure 1: XRD patterns of calcined catalysts.

Also listed in Table 1 are the Au crystallite sizes for the Au containing catalysts. The
monometallic 40% ZrO2/UVM-7-C 2% Au displayed a crystallite size of 9.9 nm, whereas the
40% ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM-7-C 1% Au + 1% Pt bimetallic catalysts
had slightly smaller crystallite sizes of 6.3 nm and 6.2 nm respectively. This trend of
decreased crystallite size for the bimetallic catalysts was not reciprocated for the 40%
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ZrO2/UVM-7-C 1% Pt + 1% Au catalyst, having a crystallite size of 9.1 nm. The data shown
highlights the importance of the preparation method, as a slight change in the order of
metal deposition affected the metal particle size, which is thought to influence catalytic
activity for certain reactions [33]. No reflections relating to bulk Pt particles could be
identified for all Pt containing catalysts using XRD analysis.

Figure 2: TPR profiles of the calcined catalysts.

TPR analysis, shown in Figure 2, displayed similar reduction profiles for each metal loaded
catalyst. For the 40% ZrO2/UVM-7-C support two weak reduction peaks are shown, one
high temperature peak around 615 °C and another broad low temperature peak around
330 °C. These peaks were attributed to the reduction of coordinatively unsaturated Zr 4+
surface species and bulk Zr4+ species, for the low temperature and high temperature peaks
respectively [34]. Two reduction peaks can also be identified for the noble metal loaded
catalysts, a large peak centred around 520 °C and a small broad peak centred around 200°C.
The addition of Au or Pt metal nanoparticles to the support resulted in a shift to lower
temperatures for the surface and bulk reduction of the Zr 4+ species, which is in good
agreement with previous literature [35–37].
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Table 2: H2 Consumption per gram of catalyst for both high temperature and low temperature peaks,
determined by TPR analysis.

Catalyst

40% ZrO2/UVM-7-C
40% ZrO2/UVM-7-C
2% Au
40% ZrO2/UVM-7-C
2% Pt
40% ZrO2/UVM-7-C
2% Au-Pt
40% ZrO2/UVM-7-C
1% Au + 1% Pt
40% ZrO2/UVM-7-C
1% Pt + 1% Au

Low

High

Low

High

Temperature

Temperature

Temperature

Temperature

Peak

Peak

H2

H2

Position / °C

Position / °C

Consumption /

Consumption /

μmol g-1

μmol g-1

329

619

4.25

2.33

236

525

5.35

28.05

200

520

2.43

38.83

205

517

2.29

33.91

204

514

1.16

29.25

207

522

2.02

38.28

Table 2 shows the H2 consumption per catalyst mass for both the low temperature and high
temperature reduction features of ZrO2. The addition of metal nanoparticles to the
ZrO2/UVM-7-C support increased the H2 consumption for the high temperature peak,
suggesting that the addition of either Au and/or Pt facilitated the reduction of bulk Zr 4+
species. In contrast, only the addition of 2% Au was shown to improve the reduction of
surface Zr4+ species, with all other catalysts presenting decreased H2 consumption for the
low temperature reduction peak.
CO-DRIFTS analysis (Figure 3) was used to identify the types of metal nanoparticles present
on the catalyst surface. Only one distinctive band could be identified at 2075 cm -1 for
catalysts 40% ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM-7-C 1% Au + 1% Pt. This band
was attributed to CO linearly adsorbed on Pt surface sites [38,39]. Thus, it can be inferred
from the presence of this band that the 40% ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM7-C 1% Au + 1% Pt catalysts had accessible Pt surface species, which could participate in
163

the oxidation reaction. Furthermore, the absence of this band from the 40% ZrO 2/UVM-7C 2% Pt and 40% ZrO2/UVM-7-C 1% Pt + 1% Au catalysts suggests there were limited Pt
surface species available. Expected bands between 2120-2191 cm-1, related to the
adsorption of CO on Au species, were not present for all Au containing catalysts which
implies weak bonding of these sites, suggesting there were limited available Au surface
species [40]. A small residual band was identified at 1626 cm-1 for the support and
monometallic catalysts, which has previously been linked to the formation of mono and
bicarbonate species on the support surface [41].

Figure 3: CO-DRIFTS spectra of the calcined catalysts.

XPS analysis (Figure 4) was used to determine metal nanoparticle species on the catalyst
surface. All Au containing catalysts displayed one pair of Lorentzian curves at 84.3 eV and
87.9 eV, which are representative of metallic Au [42]. However, deconvolution of the Au
bands for the 40% ZrO2/UVM-7-C 2% Au-Pt catalyst showed some contribution from AuI,
with bands at 85.2 eV and 88.9 eV [43]. It has been previously stated that Au nanoparticles
are resistant to oxidation, and the presence of AuI in AuPt/SiO2 catalysts suggested the
interaction of the Pt and Au nanoparticles altered the electronic properties of the Au
nanoparticles [43]. This implies strong interaction of the Pt and Au nanoparticles for the
40% ZrO2/UVM-7-C 2% Au-Pt catalyst, suggesting alloying of the metal species.
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Figure 4: XPS spectra of the Au 4f and Pt 4f regions for the supported metal
catalysts containing Au and Pt nanoparticles. Green curves represent the fitting of
Au species. Purple, red and blue curves represent the fitting of Pt 0, PtII and PtIV
species respectively.
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Figure 5: XPS spectra of the Zr 3d region for all catalysts.

For 40% ZrO2/UVM-7-C 2% Pt, 40% ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM-7-C 1% Au
+ 1% Pt catalysts, three pairs of overlapping Lorentzian curves could be fitted, representing
metallic Pt0, PtII and PtIV species. These being the Pt 4f7/2 and Pt 4f5/2 pairs at 71.5 eV and
74.9 eV, 73.1 eV and 76.4 eV, 75 eV and 78.3 eV representing metallic Pt 0, PtII and PtIV
respectively [44,45]. For the 40% ZrO2/UVM-7-C 1% Pt + 1% Au catalyst, only two pairs of
overlapping Lorentzian curves could be fitted, relating to metallic Pt 0 and PtIV species. A
slight shift to lower binding energies for the Pt species could be noticed in the bimetallic
catalysts, with an average shift of -0.5 eV for 40% ZrO2/UVM-7-C 2% Au-Pt, -0.7 eV for 40%
ZrO2/UVM-7-C 1% Au + 1% Pt and -1.3 eV for 40% ZrO2/UVM-7-C 1% Pt + 1% Au. This shift
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to lower binding energies occurred as a result of the charge transfer from the interaction
of Pt with Au nanoparticles, as shown in previous literature [46,47].
Table 3: Surface species of Pt in at Pt containing catalysts, identified by XPS analysis.

Catalyst

Pt0 / %

PtII / %

PtIV / %

40% ZrO2/UVM-7-C 2% Pt

42.3

37.9

19.8

40% ZrO2/UVM-7-C 2% Au-Pt

42.7

42.8

14.5

40% ZrO2/UVM-7-C 1% Au + 1% Pt

42.4

39.6

18.0

40% ZrO2/UVM-7-C 1% Pt + 1% Au

67.9

-

32.1

Deconvolution of the Lorentzian curves for the Pt 4f 7/2 and Pt 4f5/2 pairs indicated little
significant difference in the concentration of Pt surface species for most of the Pt
containing catalysts (Table 3). Catalysts 40% ZrO2/UVM-7-C 2% Pt, 40% ZrO2/UVM-7-C 2%
Au-Pt and 40% ZrO2/UVM-7-C 1% Au + 1% Pt showed similar concentrations of metallic Pt0,
but had slight variations in PtII and PtIV concentrations. The 40% ZrO2/UVM-7-C 1% Pt + 1%
Au catalysts showed the largest difference in Pt surface species, indicating the absence of
PtII but instead a much larger concentration of both Pt0 and PtIV species.
Table 4: Catalyst surface composition, determined by XPS analysis.

Catalyst

Zr / At.%

Pt / At.%

Au / At.%

40% ZrO2/UVM-7-C

2

-

-

40% ZrO2/UVM-7-C 2% Au

2.58

-

0.94

40% ZrO2/UVM-7-C 2% Pt

2.15

0.14

-

40% ZrO2/UVM-7-C 2% Au-Pt

2.22

0.71

0.74

40% ZrO2/UVM-7-C 1% Au + 1% Pt

2.35

0.52

0.24

40% ZrO2/UVM-7-C 1% Pt + 1% Au

2.35

0.09

0.94

Catalyst surface compositions are shown in Table 4, determined by XPS analysis. All
catalysts had a similar surface composition of Zr, ranging from 2-2.58 At.%, indicating good
interaction with the UVM-7-C support. However, when identifying supported metal surface
concentrations, variations were identified for all catalysts. For the monometallic catalysts,
a much higher surface loading of Au was seen compared with the Pt loading on the 40%
ZrO2/UVM-7-C 2% Pt catalyst. The 40% ZrO2/UVM-7-C 2% Au-Pt catalyst displayed the
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highest surface concentration of Pt and Au, with a near 1:1 ratio of Au-Pt which was in good
agreement with the theoretical ratio expected. In contrast, the catalysts with differing
orders of metal loading displayed varying surface concentrations of Au and Pt. The 40%
ZrO2/UVM-7-C 1% Au + 1% Pt catalyst showed a lower concentration of surface Au and Pt,
but had a Pt rich surface with a Au-Pt ratio of 1:2; whereas, the 40% ZrO2/UVM-7-C 1% Pt
+ 1% Au catalyst presented a much higher surface concentration of Au, similar to the
monometallic Au catalyst, with a 10:1 Au-Pt ratio. These data suggests that the metal
loaded last, during the synthesis, is deposited on the other metal, resulting in a surface
enrichment and a higher surface ratio of the latter noble metal. Previous research has
shown that, for the preparation of bimetallic catalysts with a different order of metal
loading, the surface elemental composition was largely unaffected which is in contrast to
XPS data shown in this work [19,48]. However, this could be a result of the different
preparation methods used.

a)

b)

c)

d)

e)

f)

100 nm

100 nm

Figure 6: STEM images of the calcined catalysts. a) 40%ZrO2/UVM-7-C b) 40%ZrO2/UVM-7-C 2% Au c)
40%ZrO2/UVM-7-C 2% Pt d) 40%ZrO2/UVM-7-C 2% Au-Pt e) 40%ZrO2/UVM-7-C 1% Au + 1% Pt f)
40%ZrO2/UVM-7-C 1% Pt + 1% Au.

Images (Figures 6a-f) produced from STEM analysis, carried out by researchers at the
University of Zaragoza, indicated heterogeneously distributed metal nanoparticles loaded
on the 40%ZrO2/UVM-7-C support for all catalysts. EDX analysis (Figure 7) showed a
homogeneous distribution of ZrO2 on the UVM-7-C support which is in good agreement
with conclusions drawn from XPS analysis, indicating a strong interaction between the
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metal oxide and UVM-7-C. Au and Pt nanoparticles were identified for each of the
monometallic catalysts respectively. The 40% ZrO2/UVM-7-C 2% Au catalyst (Figure 6b)
showed a large amount of Au nanoparticles with a size distribution between 2-10 nm and
mean particle size of 5.3 nm, which is in good agreement with previous XRD data. For the
40% ZrO2/UVM-7-C 2% Pt catalyst, fewer Pt nanoparticles could be identified, which was
concurrent with the surface composition identified by XPS analysis. In addition, a
combination of small and large clusters of Pt nanoparticles were identified by EDX analysis
(Figure 8), resulting in a larger particle size distribution over the range 2-20 nm with a mean
particle size of 6.7 nm.
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a)

b)

c)

d)

e)

f)

Figure 7: STEM images and corresponding EDX mapping
of Zr Lα1 for catalysts: a) 40%ZrO2/UVM-7-C b)
40%ZrO2/UVM-7-C 2% Au c) 40%ZrO2/UVM-7-C 2% Pt d)
40%ZrO2/UVM-7-C 2% Au-Pt e) 40%ZrO2/UVM-7-C 1% Au
+ 1% Pt f) 40%ZrO2/UVM-7-C 1% Pt + 1% Au.
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Table 5: Catalyst composition determined by EDX analysis.

Catalyst

Pt / At.%

Au / At.%

40% ZrO2/UVM-7-C

N/A

N/A

40% ZrO2/UVM-7-C 2% Au

N/A

2.70

40% ZrO2/UVM-7-C 2% Pt

3.20

N/A

40% ZrO2/UVM-7-C 2% Au-Pt

0.33

0.45

40% ZrO2/UVM-7-C 1% Au + 1% Pt

1.12

0.26

40% ZrO2/UVM-7-C 1% Pt + 1% Au

0.06

2.08

HAADF

Au Lα1

HAADF

Pt Lα1

Figure 8: HAADF and corresponding EDX images of 40%ZrO2/UVM-7-C
2% Au (Top) and 40%ZrO2/UVM-7-C 2% Pt (Bottom) catalysts.

Both Au and Pt nanoparticles were assigned by STEM analysis for all the bimetallic catalysts.
As shown by EDX analysis (Figure 9), all bimetallic catalysts showed Au and Pt co-located
which suggests strong Au-Pt interaction. This was consistent with conclusions drawn from
XPS analysis, regarding the strong metal nanoparticle interaction resulting in a shift to
lower binding energies for Pt species. The 40% ZrO2/UVM-7-C 2% Au-Pt catalyst only
displayed alloyed metal nanoparticles with a large size distribution range of 3-100 nm and
mean particle size of 6.5 nm. This further explains the appearance of AuI species in the XPS
data, confirming the strong electronic interaction of the alloyed Au-Pt species identified for
this catalyst. Moreover, a similar concentration of both Pt and Au was identified (Table 5)
which is comparable to the 1:1 ratio of Au and Pt obtained by XPS. For the 40% ZrO2/UVM171

7-C 1% Au + 1% Pt catalyst, a heterogeneous particle size distribution was observed with a
mean particle size of 5.9 nm. Both Au and Pt nanoparticles of >10 nm were formed,
however, smaller nanoparticles (<5 nm), that were Pt rich, were also present. Similarly to
the surface composition obtained from XPS analysis, a higher concentration of Pt was
quantified by EDX for this catalyst. In contrast, the 40% ZrO2/UVM-7-C 1% Pt + 1% Au
catalyst, with a different order of metal loading, showed a higher concentration of Au by
EDX analysis (Table 5). Again, this result is in good agreement with surface composition
obtained by XPS analysis. Furthermore, the particle size distribution of the 40% ZrO2/UVM7-C 1% Pt + 1% Au catalyst was comparable to the 40% ZrO2/UVM-7-C 1% Au + 1% Pt
catalyst, but the smaller nanoparticles (<5 nm) were predominantly Au rich and the mean
particle size was slightly larger at 7.4 nm.

a)

Au Lα1

Pt Lα1

Au Lα1

Pt Lα1

Au Lα1

Pt Lα1

200 nm

b)

20 nm

c)

20 nm
Figure 9: STEM images and corresponding EDX images of Pt and Au elements for the bimetallic catalyst: a)
40%ZrO2/UVM-7-C 2% Au-Pt b) 40%ZrO2/UVM-7-C 1% Au + 1% Pt c) 40%ZrO2/UVM-7-C 1% Pt + 1% Au.
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6.2.2 Catalyst testing
Catalytic performance for the simultaneous total oxidation of the VOC and CO mixture are
shown in Figure 10 for all catalysts. CO2 yield from all pollutants (propene, toluene and CO)
was used to assess the overall catalytic activity for the combined total oxidation. CO2 was
the only product identified during the total oxidation of the gas mixture, with all catalysts
obtaining a carbon balance >94 %. The 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalyst
presented the highest catalytic activity, with all compounds fully oxidised at 250°C. The 40%
ZrO2/UVM-7-C 2% Au-Pt catalyst also showed appreciable activity, reaching full conversion
at 250°C, but had a much lower CO2 yield at temperatures under 250°C. Interestingly, the
addition of Au to the support resulted in a negative effect on catalytic activity, with the 40%
ZrO2/UVM-7-C 2% Au catalyst being less active than the 40% ZrO2/UVM-7-C support.

Figure 10: Combined CO2 yield for the simultaneous total oxidation of toluene,
propene, and CO gas mix. Conditions: 100 ppm toluene, 1000 ppm propene, 1000
ppm CO, 6% O2/N2, WHSV = 6000 h-1. Legend refers to catalysts used.

The activity of the catalysts for the total oxidation of individual toluene, propene and CO
components in the gas mix are shown in Figure 11. The general trend of catalyst activity is
similar to the overall CO2 yield presented, with the 40% ZrO2/UVM-7-C 1% Au + 1% Pt
catalyst being the most active for all compounds. Only a slight deviation from the overall
trend can be noticed for CO oxidation and toluene oxidation, where the 40% ZrO2/UVM-7173

C 2% Au catalyst showed slightly better conversion at low temperatures for CO oxidation
and the 40% ZrO2/UVM-7-C 1% Pt + 1% Au catalyst presented lower conversion than the
support at 300°C for toluene oxidation.

Figure 11: Individual breakdown of catalyst activity for the simultaneous oxidation of propene (Left),
toluene (Middle) and CO (Right). Legend refers to catalysts used.

It is stated in the literature that the addition of a metal oxide onto a non-reducible support
can improve the catalytic activity of supported metal catalysts for CO and VOCs oxidation
[11,49,50]. The beneficial role of the metal oxide is to supply active oxygen species on the
catalyst surface, which then enhances the activity of the metal nanoparticles [51,52]. The
ability to promote active oxygen species can often be linked with surface reducibility of the
catalyst, relating to the facile mobility of oxygen species [50,53,54]. However, in this work,
no general trend was distinguished between catalyst reducibility and catalytic activity. In
fact, the TPR data showed that the 40% ZrO2/UVM-7-C 2% Au catalyst with the highest
surface H2 consumption relating to the Zr4+ bound oxygen species was the least active
catalyst, suggesting other factors were important for controlling the activity. Furthermore,
there seemed to be a negligible effect of the bulk crystallite size of the ZrO2, identified by
XRD analysis, improving the bulk oxygen mobility of the catalysts. Therefore, the influence
of the metal nanoparticle loading had the largest impact on the overall catalytic activity
compared with the reducibility of ZrO2 species.
The role of metal nanoparticles in supported precious metal catalysts are widely reported
as an important factor for VOC and CO oxidation [22,27,55,56]. From the data shown
(Figure 10), catalysts containing a high surface concentration of Au nanoparticles, as
determined by XPS and STEM, showed poor catalytic activity. Similar conclusions have been
shown in previous studies for the oxidation of toluene and propene individually, with
supported Au catalysts showing lower conversion compared with Pt or Pd counterparts
[10,37,57]. This was proposed to occur due to the differing intrinsic dissociative
chemisorption energies of oxygen for each noble metal, which is related to the role of
174

oxygen adsorption in the oxidation mechanism [15]. Supported Au catalysts have been
reported as effective catalysts for CO oxidation which is consistent with the CO oxidation
performance at low temperatures in Figure 11. However, previous literature discussing the
impact of simultaneous removal of VOCs and CO, showed that VOCs competitively bind to
the catalyst surface, blocking active sites, which negatively impacted on the rate of CO
oxidation [27,58]. Therefore, the efficiency of supported Au catalysts for CO oxidation was
decreased under the reaction conditions used.
From the previous discussion, it can be assumed that Pt was the active species for the
simultaneous total oxidation of CO, propene, and toluene. This fits well with surface
compositions determined by XPS and EDX analysis. A structure sensitive relationship has
been determined for toluene and propene oxidation using supported Pt catalysts
[15,16,59,60]. It has been shown that increased Pt particle size results in oxygen being held
on Pt atoms with a lower bond strength, facilitating improved catalytic activity for toluene
oxidation [61]. Whereas for propene oxidation, this affect is slightly less direct and can also
be somewhat related to higher concentrations of metallic Pt0 species [59]. From the XPS
data, no direct correlation between activity and Pt surface species could be identified for
these catalysts. There was negligible difference in Pt0 concentration and little significant
difference in PtII and PtIV concentrations for the most active catalysts. Furthermore, the
structure sensitive activity for VOC oxidation was also not exhibited by these catalysts, as
the 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalyst contained more smaller Pt nanoparticles (<5
nm), determined by STEM analysis, compared with the 40% ZrO2/UVM-7-C 2% Pt catalyst,
which showed lower catalytic activity. Therefore, the predominant factor determining
catalytic activity can be related to the relative concentration of Pt on the catalyst surface
in relation to the quantity of the inactive Au nanoparticles. This trend is highlighted in
Figure 12 by the linear correlation between decreasing temperature required to reach 50%
conversion (T50) and increasing relative Pt concentration. CO-DRIFTS analysis also confirms
the importance of surface Pt as the data indicated available surface Pt species for the 40%
ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalysts only. Whereas an
absence of any Pt band was shown for the 40% ZrO2/UVM-7-C 2% Pt catalyst, possibly as a
result of the low surface Pt loading, measured by XPS analysis.

175

Figure 12: Relative Pt surface concentration identified by XPS analysis vs T 50 for the
bimetallic catalysts.

The bimetallic catalysts 40% ZrO2/UVM-7-C 2% Au-Pt and 40% ZrO2/UVM-7-C 1% Au + 1%
Pt, with higher surface Pt concentrations, presented higher activity than the monometallic
Pt catalyst, implying the incorporation of Au into the preparation method improved surface
loading of Pt nanoparticles. Previous literature has stated that, in AuPt systems, Pt surface
enrichment can occur due to the stronger affinity for adsorbates, forming stable oxides on
the surface [62]. XPS data corroborated with this theory as the 40% ZrO2/UVM-7-C 1% Pt +
1% Au catalyst had a larger quantity of Pt0 species suggesting less stable Pt oxide species
were formed, resulting in little surface migration. The order of metal loading was also
significant to improve Pt loading on the surface. Depositing Pt or Au sequentially resulted
in a drastic change in catalytic activity, mainly as a result of the improved surface
concentration of Pt when it was deposited last (40% ZrO2/UVM-7-C 1% Au + 1% Pt).
However, when depositing Au and Pt simultaneously, both metal nanoparticles were
evenly distributed on the surface, as demonstrated by the formation of alloyed
nanoparticles in the STEM and XPS analysis. The formation of alloyed particles caused a 1:1
surface ratio of Au-Pt nanoparticles, which resulted in slightly lower activity compared with
the Pt rich 1:2 Au-Pt surface ratio obtained for the 40% ZrO2/UVM-7-C 1% Au + 1% Pt
catalyst. This further highlights the negative impact caused by the increased amount of
inactive Au nanoparticles on the simultaneous oxidation of CO, propene, and toluene.
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6.2.3 Catalyst stability

Figure 13: Stability test for the simultaneous total oxidation of toluene, propene and
CO using the 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalyst.

In addition to catalytic activity and selectivity, catalyst stability is another important factor
considered for many industrially relevant catalysts. Previously, modified UVM-7 catalysts
have displayed good thermal stability towards Au sintering due to the confinement
architecture of the silica structure and strong anchoring onto metal oxide, homogeneously
dispersed within the structure [63]. To assess the stability of these catalysts cycle testing
was carried out on the most active catalyst. As shown in Figure 13, the 40% ZrO2/UVM-7-C
1% Au + 1% Pt catalyst remained active for the total oxidation of toluene, propene, and CO
after three consecutive cycles. Further supporting the application of UVM-7 silica catalysts
for industrial use.

6.3 Conclusions
Monometallic and bimetallic Au-Pt catalysts were prepared using a novel ZrO2/UVM-7-C
support and assessed for the simultaneous oxidation of toluene, propene, and CO
pollutants under oxygen lean conditions. The 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalyst
was found to be the most active for the total oxidation of all three compounds, obtaining
full conversion by 250°C. The enhanced catalytic activity was related to the high relative
surface concentration of Pt nanoparticles which were shown to be the active component
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for this reaction. The order of metal nanoparticle loading was also important for the
bimetallic catalysts. Loading Pt and Au sequentially resulted in higher surface
concentrations of either active Pt nanoparticles or inactive Au nanoparticles on the catalyst
surface. Whereas simultaneous addition of metal nanoparticles resulted in alloyed
nanoparticles with a 1:1 ratio on the catalyst surface. The alloyed nanoparticles displayed
slightly lower catalytic activity as a result of the increased surface concentration of Au.
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7. Conclusions and Future Work
7.1 Conclusions
7.1.1 Thesis aim
The overall objective of this work was the design of novel catalysts for the abatement of
various atmospheric pollutants. As discussed in the Introduction, the control of VOC
pollutants is of growing importance, with many negative impacts related to their emission.
In addition, the application of more stringent restrictions upon industries, relating to the
emission of VOCs, provides further encouragement to improve abatement processes. The
use of catalytic total oxidation for controlling the emission of VOCs has been widely studied,
with industries already employing this strategy [1]. More recently, developments in the
catalysts used have been the focus of research, where cheaper and more environmentally
benign alternatives provide enticing prospects. Improvements in VOC conversion,
selectivity and catalyst stability are constantly required to enhance abatement technology,
whilst limiting costs and the impact generating these materials has on the environment.
Therefore, the synthesis of novel effective catalysts using cheap and abundant materials,
with application for industrial uses, is at the forefront of this area of research.

7.1.2 Chapter 3: Comparison of cerium (III) & (IV) precursors for the synthesis of CeO2
catalysts for propane and naphthalene total oxidation
The work conducted in Chapter 3 focused on the synthesis design for a widely regarded
effective oxidation catalyst. CeO2 catalysts were prepared by a simple and reproducible
precipitation method, where the impact of using cerium precursors with different oxidation
states was assessed. The influence of the cerium precursor was evaluated by comparing
the activity for the total oxidation of two model VOCs, propane and naphthalene, and how
this was related to the different characteristics present for the catalysts.
For both propane and naphthalene total oxidation, the final CeO 2 catalyst prepared using
the CeIV precursor was more active. It was determined that factors such as redox
properties, surface defects and poison concentration affected catalytic activity, however;
the most influential factor relating to the catalytic activity was the surface area of the final
catalyst. The increased surface area of the CeO2 (IV) catalyst was thought to be a result of
the different precipitates formed during synthesis, when using the different precursors.
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Synthesis using the CeIV precursor formed hydrated CeO2.H2O nanoparticles in solution
which was determined by TG-DTA and XRD analysis. Whereas, the CeIII precursor formed a
Ce2(OH)2(CO3)2.H2O precipitate under the same synthesis conditions. The transformation
to bulk CeO2 for the CeIV precipitate was thought to be topotactic compared to a more
disruptive transformation of the Ce2(OH)2(CO3)2.H2O precipitate, which was proposed to
result in the different surface areas measured. The analysis of the CeO2 catalysts showed
similarities in the bulk structure from XRD and Laser Raman spectroscopy. In contrast,
differences were observed in the SEM images of the particles, as well as on the catalyst
surface from XPS analysis. This was again suggested to relate to the transformation of the
different precipitates formed. The chemical properties of the two different CeO 2 catalysts
also varied as CeO2 (III) presented improved redox properties compared to CeO2 (IV).
A 50:50 mixture of the two precursors was used in the synthesis method to assess whether
the trends observed for the CeO2 (IV) and CeO2 (III) catalysts showed a linear relationship.
This was found to be true for the surface area of the catalysts, with increasing CeIV content
relating to increased catalyst surface area. However, other characteristics identified had
little direct correlation with varying precursor ratio. This was also observed for the catalytic
activity of both propane and naphthalene total oxidation as the improved surface area did
relate to improved activity but this was not directly linear. Instead, it was suggested
competing factors of increased defect concentration and Na retention led to more complex
activity trends. The increased retention of Na as a catalyst poison was proposed to inhibit
oxygen mobility of the catalyst, affecting the overall catalytic activity of CeO2 (III+IV).
A CeO2 catalyst was prepared using the CeIII precursor, but NaOH was used as the
precipitating agent to ensure the formation of the CeO2.H2O precipitate. The formation of
this precipitate using the CeIII precursor resulted in similar characteristics to the CeO2 (IV)
catalyst, supporting previous conclusions drawn from the formation and subsequent
transformation of the precipitates into the final catalysts. Of note, an increased surface
area was obtained for the CeO2 (III) NaOH catalyst, which was consistent with the proposed
transformation of the CeO2.H2O precipitate. Furthermore, it was also noticed from this
work that the formation of the CeO2.H2O precipitate resulted in limited Na retention which
was previously shown to affect catalytic activity. The CeO2 (III) NaOH catalyst showed a
similar performance to CeO2 (IV) for propane and naphthalene total oxidation, with slight
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improvement attributed to the increased bulk defect concentration measured by Laser
Raman spectroscopy.
Finally, the impact on testing conditions was assessed for the CeO2 catalysts, where water
vapour was added into the VOC feed. Both CeO2 catalysts, prepared using the different
precursors, showed suppressed activity when compared with VOC total oxidation under
dry conditions, which was in good agreement with previous literature [2,3]. The inhibition
of catalytic activity by water vapour was more pronounced for naphthalene total oxidation
compared with propane total oxidation. For both reactions it was stated that the decreased
activity was caused by competitive adsorption of VOC and water molecules on the catalyst
surface, with water blocking active surface sites. This work highlights the wider impact on
the importance of conditions used for catalyst testing, as catalytic activity was significantly
affected irrespective of the preparation conditions used.

7.1.3 Chapter 4: Ceria-Iron mixed oxides for the total oxidation of propane and
naphthalene VOCs: Effect of molar ratios and cerium precursor
Work in Chapter 4 expanded on themes addressed in Chapter 3 but in the context of mixed
metal oxide catalysts. Similar results were found for the preparation of CeFeOx mixed oxide
catalysts when synthesised using different cerium precursors, with factors such as surface
area, Na retention and catalyst morphology closely related to the precipitate formed.
Furthermore, it was shown that, in general, the catalysts prepared using the CeIV precursor
were more active for propane and naphthalene total oxidation as a result of the varied
characteristics mentioned. The importance of understanding the basic principles of catalyst
preparation can be shown here and how that can be expanded upon for more complex
systems, allowing for more productive research to be conducted.
Although the mixed CeFeOx (IV) catalysts showed good performance for propane total
oxidation, it was determined that the Fe2O3 catalyst was the most active when normalised
for surface area. These data were in good agreement with previous research on the total
oxidation of propane using metal oxide catalysts [4] and was proposed to be strongly
associated with the redox properties of the different metal oxides. TPR data suggested the
mixture of Ce and Fe oxides suppressed the low temperature reduction of Fe 2O3 species,
which were thought to be important for the reaction. The presence of bulk Fe2O3 species
was suggested to be the most significant factor relating to the catalytic activity for propane
total oxidation, however; other factors such as catalyst surface area and residual Na
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concentration were also shown to influence catalytic activity. To assess the impact of Fe2O3
segregation on the mixed catalyst, a supported Fe/CeO2 catalyst was prepared by a wet
impregnation synthesis method. It was theorised that the intimate mixing of the Ce and Fe
species by co-precipitation suppressed the low temperature reducibility of the Fe 2O3.
However, the supported Fe/CeO2 (IV) catalyst also exhibited inferior reduction of the Fe2O3
species and consequently worse catalytic activity when compared to bulk Fe2O3.
Contrasting trends were established for the total oxidation of naphthalene, with the CeO 2
(IV) catalyst achieving the best catalytic activity. This was again consistent with previous
research highlighting the impressive activity of CeO2 for naphthalene total oxidation when
compared with other metal oxide catalysts [4]. It was proposed that the improved activity
of CeO2 originated from the weaker surface interaction with naphthalene molecules. A
linear trend of increasing Fe content with decreasing activity was established for the
CeFeOx (IV) range of catalysts. Whereas, for the CeFeOx (III) range of catalysts, the catalytic
activity was related to the catalyst surface area and concentration of residual Na species.
The insufficient catalytic activity of the mixed CeFeOx catalysts further demonstrates the
challenge presented when considering more efficient ways to remove VOCs of a different
nature, where the oxidation mechanism is dependent on different rate-determining
factors.

7.1.4 Chapter 5: The modification of CeZrOx catalysts by the addition of transition
metal dopants for propane and naphthalene total oxidation.
The focus of catalyst dopants in Chapter 5 highlighted that incorporating small amounts of
metals into a CeZrOx catalyst could improve activity for the total oxidation of propane and
naphthalene VOCs. The enhanced activity for the total oxidation of propane occurred as a
result of increased catalyst surface area from the incorporation of Fe and Cu dopants, with
the Ce90Zr10Fe1Ox catalyst performing the best. However, this was not the only factor found
to be influential for catalytic activity as the residual Na concentration was also proposed to
impact activity, which was in good agreement with previous literature [5].
For the total oxidation of naphthalene, these factors were also proposed to influence
catalytic activity. The increased surface area has previously been attributed to improved
catalytic activity as a result of the improved surface coverage of naphthalene on the
catalyst [6]. However, in contrast to propane total oxidation, a direct relationship was not
identified with these catalysts but rather the surface normalised activity indicated a strong
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correlation with the bulk defects observed by Laser Raman spectroscopy. It was proposed
that the improved oxygen mobility from the bulk defects facilitated naphthalene total
oxidation, which was consistent with previous research identifying the re-oxidation of
CeZrOx catalysts as the rate determining step for naphthalene total oxidation [7]. This also
linked with the varying concentration of residual Na on the catalysts, as this has been
shown to affect oxygen mobility, hence inhibiting naphthalene oxidation. Overall, the
doping of well-known CeZrOx catalysts, which are commonly used in industrial processes
such as in three-way catalysts [1], with cheap and abundant transition metals opens up an
avenue to easily promote catalytic activity for VOC oxidation. Furthermore, this work has
emphasised the need for only small quantities of these dopants, near 1 at.%, required to
enhance catalytic activity.

7.1.5 Chapter 6: Novel Au-Pt/ZrO2/UVM-7 catalysts for the simultaneous total
oxidation of CO, propene, and toluene pollutants
Research into the simultaneous removal of VOCs, discussed in Chapter 6, is an important
and growing area of research that focuses on the more “real-world” conditions of
heterogeneous catalysis for industrial application. Many studies for VOC oxidation use
conditions where either poisons are omitted or competing compounds are excluded,
resulting in only one compound used as a model, providing limited reaction information.
Hence the use of a model mixture of VOCs, where compounds with varying functional
groups can interact differently with the catalysts used, is important when understanding
competing factors affecting catalytic activity.
The mono and bimetallic Au-Pt catalysts supported on novel ZrO2/UVM-7-C showed good
activity for the simultaneous total oxidation of propene, toluene and CO. It was found that
catalysts containing a higher concentration of surface Au nanoparticles exhibited worse
catalytic activity, with the 40% ZrO2/UVM-7-C 2% Au catalyst being the least active. This
was proposed to be caused by the lower intrinsic dissociative chemisorption energy of
oxygen associated with Au nanoparticles [8], which negatively impacted VOC oxidation.
Whilst supported Au catalysts have shown good activity for CO oxidation, this was generally
inhibited by the combination of the other pollutants. Previous literature suggested the
competitive binding of the VOCs and CO on the catalyst surface negatively influenced CO
oxidation [9], which was consistent with the Au catalysts tested in Chapter 6.
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Pt species were therefore suggested to be the active species for these catalysts. No direct
correlation between the particle size or oxidation state of Pt nanoparticles could be
determined for the simultaneous oxidation of propene, toluene and CO. Rather, catalytic
activity was more closely linked to the concentration of Pt on the surface in relation to Au.
The 40% ZrO2/UVM-7-C 2% Pt catalyst showed a limited amount of Pt nanoparticles on the
surface which was suggested to explain the worse activity of this catalyst compared with
some of the bimetallic catalysts containing inactive Au species. For the bimetallic catalysts,
a linear trend was established where increased Pt surface concentration related to
improved catalytic activity. This was influenced by the order of metal nanoparticle
deposition on the support, where sequentially adding either Au or Pt resulted in surface
enrichment of the metal added last. In contrast, the simultaneous addition of the metals
formed alloyed nanoparticles but this negatively impacted activity due to increased Au
content. In addition to the 40% ZrO2/UVM-7-C 1% Au + 1% Pt catalyst presenting the
highest activity for the simultaneous total oxidation of propene, toluene and CO, it also
showed good stability for consecutive reaction cycles.

7.2 Future Work
7.2.1 Chapter 3: Comparison of cerium (III) & (IV) precursors for the synthesis of CeO2
catalysts for propane and naphthalene total oxidation
Further work on the preparation of CeO2 catalysts using the different precursors should
consist of isolating key factors identified for improved catalytic activity. The use of Na free
precipitating agents should be considered, with (NH4)2CO3 and NH4OH prime candidates,
to eliminate residual Na content on the catalyst, which is known to affect oxygen mobility
and therefore catalytic activity. In addition, the preparation of high surface area CeO 2 was
shown to be advantageous for the total oxidation of both propane and naphthalene.
Hence, synthesis routes to produce CeO2 catalysts with high surface area, such as
previously proposed urea preparation [10], should be pursued. This would allow for better
correlation of the physiochemical properties with catalyst activity and remove any limiting
factors. For example the low surface area of CeO2 (III) was thought to limit the redox
properties of the catalyst, which impacted the activity for propane total oxidation as seen
from the surface normalised activity, so a higher surface area catalyst may negate these
effects to provide a more direct comparison with the CeO2 (IV) catalyst. Furthermore, the
mechanism of VOC oxidation, where water vapour is present in the feed, should be studied
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to understand the inhibiting nature of the water on the catalysts surface. This could be
achieved by using in-situ FTIR analysis techniques.

7.2.2 Chapter 4: Ceria-Iron mixed oxides for the total oxidation of propane and
naphthalene VOCs: Effect of molar ratios and cerium precursor
The analysis of the CeFeOx catalysts is somewhat limited, which leads to an unclear
understanding of the catalyst properties impacting activity for VOC oxidation. An improved
understanding of the species present on the catalyst surface could be studied, as the XPS
analysis conducted was not able to identify Fe species clearly, due to the overlapping Ce
Auger peak present in the spectra. Moreover, a better understanding of how the Ce and Fe
species interact with each other would provide useful information. An in-depth
characterisation, using techniques such as TEM and Mössbauer spectroscopy, would help
to identify the active Fe species present for the total oxidation of propane. Bulk analysis
was also slightly limited in this work and techniques such as Laser Raman spectroscopy
would provide more useful information. This would have to be conducted using an
enhanced Raman spectroscopy due to the difficulties with analysing Fe species by this
method.

7.2.3 Chapter 5: The modification of CeZrOx catalysts by the addition of transition
metal dopants for propane and naphthalene total oxidation.
The method of incorporating the dopants into the CeZrOx catalysts could be interesting to
expand on. Either different synthesis techniques could be pursued, where the dopant is
incorporated into the bulk structure, or where the dopants are deposited directly on the
surface to compare the effect they have on VOC total oxidation. The testing conditions
could also be further studied, with the inclusion of water vapour used, as seen in Chapter
3, or with a mixture of VOCs studied similarly to Chapter 6. However, it is clear that these
conditions could be implemented in multiple chapters to gain a better understanding of
these competing factors for more industrial catalytic uses.

7.2.4 Chapter 6: Novel Au-Pt/ZrO2/UVM-7 catalysts for the simultaneous total
oxidation of CO, propene, and toluene pollutants
The most interesting aspect of this research that could be conducted is to probe the
reaction mechanism for the simultaneous total oxidation of the propene, toluene and CO
mixture. This would be a complex task due to the competing binding of the different species
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on the catalyst surface but would provide useful information to better understand the
important catalyst characteristics. Techniques such as Temporal analysis of products (TAP)
and in-situ FTIR analysis could be used to carry out this research. In addition, to mechanistic
studies, the importance of the metal oxide loaded onto the UVM-7-C support could be
considered. A range of metal oxides have been studied for VOC oxidation, each presenting
varying characteristics that can promote or inhibit certain aspects of the catalyst. A
comparison between these and how they interact with the metal nanoparticles could
greatly improve understanding of these catalysts.
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