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Synopsis

The CO.-mediated oxidative dehydrogenation of ethane (CO,-ODHE) is one of the promising
alternative routes for simultaneous conversion of ethane and the greenhouse gas (GHG) CO: into
high-demand monomers: ethylene and CO [1,2]. It has been extensively investigated on oxide
catalysts with those based on Cr, V and Ga exhibiting high yields and selectivity for ethylene but
those deactivate rapidly [3—12]. The reaction follows a Mars van Krevelen mechanism where the
oxide is partially reduced upon ethane activation and subsequently re-oxidized upon CO.-
activation [13]. Thus, suitable redox properties as well as Lewis acidity of metal oxides are some
essential properties governing catalytic performance [13-15]. The lower stability of these
materials is linked to their failure to act as multifunctional catalysts that can prevent carbon build-
up via the dissociation of CO2 while co-activating ethane. Promoters such as Fe-based oxides
have been studied to enhance the COz-activation functionality and stability of the oxides [5].

A Density Functional Theory (DFT) study suggested that bimetallic alloys can have superior
activity for COz-activation compared to their monometallic counterparts [16]. Therefore, bimetallic
alloys in conjunction with metal oxides may serve as stable bifunctional CO,-ODHE catalysts with
enhanced COz-activation ability. Improved COs-activation can boost the re-oxidation rate of the
metal oxide via a spillover-type mechanism and aid in coke removal via the reverse Boudouard
reaction [5,11]. Recent studies have already demonstrated this experimentally with a series of
supported FexNiy catalysts prepared via impregnation which, depending on Fe : Ni ratio and
support, can promote either the CO,-ODHE or the competing ethane dry-reforming (DRE)
reactions with enhanced CO.-activation [17,18,18-20]. However, composition and crystallite size
uniformity are difficult to attain via impregnation as Ni and Fe oxide phases present in parallel
make it challenging to extract the influence of the FexNiy alloy metallic composition [21]. This work
aims to synthesize catalytically active metal oxide overlayers of a comparable pore structure,
anchor FexNiy nano-alloys of uniform composition with Fe and Ni in close proximity and investigate
the combined effect of the overlayer support’s acidity/reducibility and alloy composition on the

catalytic performance under CO,-ODHE conditions.

The close proximity of Fe and Ni in the alloy is introduced by the use of oxidic Ni-ferrite spinel
structures as precursors of the alloy which is formed upon their reduction in H, atmosphere and
was found to exist as a mixture of a bcc and an fcc phases depending on Fe : Ni ratio. A higher

Fe content in the alloy increases the fraction of the bcc phase as confirmed via H>-TPR studies



in in situ XRD. In situ XRD temperature-programmed CO.-activation studies also revealed that
CO:; is only able to react with the bcc phase of the alloy which is re-oxidised into the oxidic Ni-
ferrite spinel while the fcc phase is stable against re-oxidation.

While they deactivate rapidly due to a limited re-oxidation and coking caused by insufficient CO--
activation, the bare metal oxide overlayers exhibit an initial activity that reduces with a decrease
of the surface acid site strength until a minimum is reached and then slightly increases with
increasing basicity under CO,-ODHE conditions. Their catalytic stability increases with weakening
of the acid site strength. Decreasing the overlayer acidity enhances the CO,-ODHE/DD (DD :
direct dehydrogenation) activity resulting in increased ethylene and decreased CO selectivity.
Spent catalyst analysis revealed the formation of surface carbonaceous deposits suspected to
cause catalyst deactivation. Increasing the concentration of CO; in the feed results in improved
and sustained COz-activation which enhances the reverse Boudouard reaction and improves the
catalyst stability by reducing carbon deposition while reducing ethylene and increasing CO

selectivity.

Deposition of the FexNiy nano-alloys of Fe : Ni atomic ratios of 1, 3 and 5 on the reducible and
acidic CrOx@AIOs3 results in an alloy composition-dependent catalyst performance, while the
alloys are essentially inactive over the less acidic and unreducible ZrO,@AIl,Os. This clearly
confirms a bifunctional character of these materials and reveals that their catalytic performance
depends on both the overlayer reducibility/acidity and the metallic composition of the alloy. Over
CrOx@AILO3, the alloy enhances the COs-activation functionality with increasing Ni-content
boosting the overall activity and stability of the catalyst. However, with increasing Ni-content, the
CO selectivity increases while ethylene selectivity reduces due to the suppressed CO,-ODHE/DD
activity and promotion of the competing DRE reaction. The target CO,-ODHE/DD reaction activity
is maximal at an overall Fe : Ni atomic ratio of 5, about 10% at a ratio of 3 and completely
suppressed at a ratio of 1. Spent catalyst analysis revealed formation of surface carbonaceous
deposits and that the bcc phase of the alloy is re-oxidised into the Ni-ferrite oxidic spinel phase
while the fcc phase of the alloy is stable against re-oxidation during the reaction. Increased CO-

concentration in the feed has similar effects as described for the bare overlayers.

Deposition the FesNi; and FesNiz nano-alloys on GaO@Al,Os, VO@AI>03, SmO,@AI,O3z and
TiOx@AILO; revealed that despite the alloy composition, a predominant DRE activity is observed
over the highly acidic and reducible VO@AI,O3. While CrOx@Al.O3 and GaOx@Al.O3 show a



similar performance when tested bare, the addition of the FesNi; and FesNii alloys on the
GaOx@AIO3 overlayer results in a high CO>-ODHE/DD activity with stability decreasing with
increasing Fe-content. Over TiOx@AI>Os, the FesNii nano-alloy exhibits a similar behaviour as
over GaOx@AIl>Oz while higher iron contents resulted in an inactive catalyst. Over SmOx@AI>03
no alloy composition yields appreciable catalytic activity. The CO,-ODHE/DD behaviour of
FesNii/GaOx@AlLOs is in stark contrast to the high DRE activity over FesNii/CrOx@AIlO3
emphasising that a specific alloy composition exists for each overlayer to yield a stable and
dominating CO,-ODHE/DD or DRE activity. For a high and stable CO,-ODHE/DD activity, the
optimum in atomic Fe : Ni ratio was found to be between the 3 and 5 at intermediate-intermittent
overlayer acidity. In addition to improving stability, increased CO, concentration in the feed was
found to significantly accelerate an observed active site re-construction during reaction which

results in formation of more CO,-ODHE/DD sites.
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heated at 1 °C /min in 1 vol.-% CO>/N2 to 700 °C. For clarity, only the data above 225 °C during
the temperature-programmed CO3-activation experiment is shown (right of the white dividing line).
The white arrow shows the narrowing of the diffraction at a 1/d of 0.49 A"* due to CO»-activation.
(b): Corresponding selected diffraction patterns (bottom: freshly reduced at 500 °C; top: under
exposure to 1 vol.-% CO,/N; at different temperatures) and calculated diffraction patterns for bcc
NiFe (blue), fcc NiFe (red) and NiFe,O4 (magenta). Experimental (black) and calculated patterns

are stacked together per reaction stage for clarity. (c): The associated CO evolution as a function
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1 Introduction

1 Introduction

The development of reactions able to valorise alternative feedstocks, instead of the dwindling
classic fossil resources, into high-demand chemicals is expected to play a key role in the transition
towards a sustainable future. It is thus crucial that these reactions are economical and
environmentally benign. Within this transition, catalysis research, which aims to innovatively
develop stable catalysts that can effectively accelerate and steer reactions to desired products,
plays a central role [22]. Unconventional light-alkane sources like shale, stranded and associated
gas are deemed candidates to become the backbone of the future global chemical economy
[23,24]. This is due to their estimated abundance, accessibility, and intrinsic lower carbon footprint
than crude oil. Depending on the source, they may contain up to 15 vol.-% of a mixture of ethane
(C2Hs), propane (CsHg) and butane (CsH1o) with C;Hs as the second most abundant compound
succeeding methane [1]. Especially with the discovery of large global shale gas reserves, the
C2Hs component is underutilized because it is available in surplus exceeding the demand, in spite
of its affordability [25,26]. These light-alkanes contain C-C bonds that can be dehydrogenated to
form value-added light olefins such as ethylene and propylene. Hence, their efficient conversion
to such olefins would add value and potentially reduce flaring activities [24,27].

Ethylene and propylene are valuable building blocks among other light olefins with an annual
market value beyond 250 billion USD [19,28]. This is due to their wide-range of applications in
the manufacturing processes of chemical products such as plastics, synthetic lubricants,
plasticizers, fibres, etc. Polyethylene makes up to 60% of the total use of the ethylene monomer.
The world ethylene production capacity is expected to reach 290 Mt in 2030 with a growth rate of
4% pa [28-30]. Currently, routes such as thermal steam cracking (SC), catalytic direct
dehydrogenation (DD), oil refinery upgrading, etc. are devoted to the industrial conversion of light-
alkanes and crude oil derivatives to olefins [28,31,32]. SC of naphtha and C;Hs is the most
dominant process, producing > 80% of the total global ethylene [28]. Unfortunately, these routes
suffer from thermodynamic limitations of conversion and selectivity, high-energy demands, CO:
and NOy emissions, expensive noble metal usage, catalyst deactivation and heat transfer issues
due to coking, over-oxidation and cracking [1,14,33]. Alternatively, light olefins can be produced
from non-petroleum sources via the oxidative coupling of methane (OCM), methanol-to-olefins
(MTO) and a modified Fischer-Tropsch synthesis (FTS) [34—-37]. OCM and MTO are associated
with high CO, emissions (6-10 CO; t/olefin t) whereas the modified FTS is not industrially

employed and requires large CAPEX investments.



1 Introduction

Another issue of tantamount importance, necessitating research to increase societal
sustainability, is the development of efficient technologies for the mitigation of emissions of
anthropogenic greenhouse gases (GHGs). Probably the most prominent of these gases is COx,
showing a global climate change potential and ocean acidification effects [38—40]. CO2 capturing
and sequestration (CCS) from point sources (i.e. power plants, exhaust stack gas, etc.) has been
the focus of intense research in the past with significant progress achieved as 40 Mt pa global
capture capacity was reached in 2020 [41-45]. However, this is still not enough and comes with
additional transportation and storage costs, despite efforts to increase the capacity to 5.64 Gt pa
by 2050 [45]. Research efforts focusing on the development of technology for the direct capture
of CO, from air to address decentralized emissions are also gaining momentum [46—49].
However, the strong reliance of this technology on the availability of excess, clean and cheap
(renewable) energy makes its viability challenging. To date, interest has somewhat shifted to the
development of CO, capture and utilization (CCU) technology to compensate the cost of capturing
by forming value-added products instead of storage [47]. These processes encompass "recycling"
CO; as a feedstock in novel or adapted processes (in)directly to value-added chemicals or fuels
[41,50].

Currently, only six large-scale chemical processes utilizing CO, have found industrial application:
(1) calcined soda production by the Solvay method, (2) production of urea (112 Mt CO pa), (3)
methanol synthesis (2 Mt CO; pa), (4) production of salicylic acid (30 kt CO, pa), (5) production
of cyclic carbonates (40 kt CO: pa) and (6) CO2-enhanced oil recovery (EOR, 70-80 Mt CO- pa)
[51-53]. The latter is not a true utilization process but rather a CCS technique with added benefits.
CO; is also used for cooling, fire suppression, metal fabrication and in the food and beverage
industry. However, all these applications together with CCS are dwarfed by the global CO,
emissions which were still increasing by 40 Gt/pa in 2020 [45,54]. Therefore, supplementary
processes capable of converting large volumes of CO; to value-added commaodity products are
still sought. A wide-range of promising catalytic, electrochemical, biological, mineralization,
photocatalytic and synthetic approaches have been proposed or are investigated [47,50,55-57].
Direct CO»-hydrogenation to methanol, hydrocarbons or substitute natural gas, methane/ethane
Dry Reforming (DRM/E) and ethane (light-alkane) CO,-mediated Oxidative Dehydrogenation
(CO,-ODHE) represent some of the thermo-catalytic approaches [14,19,22,28,50,58,59].
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CO,-ODHE forms the core of the present work and it stands out due to its potential to co-activate
C2He in tandem with CO- to the monomers, ethylene and CO, without the requirement of green
hydrogen [14,27]. Thermodynamically, the reaction is feasible at temperatures greater than 550
°C, while still limited in conversion [60]. The major competing reactions are DRE and DD, with
both also being thermodynamically feasible at these temperatures. Therefore, the promotion of
CO,-ODHE over competing reactions can only be achieved kinetically using catalysts designed
to present the necessary active sites. Catalysts must be able to activate C,Hs by cleaving the C-
H bond but preserving the C-C bond while dissociating/activating CO to regenerate active
surface/lattice oxygen (O*) species. Metal oxides with specific Lewis acid-base/redox properties
are the most explored for this purpose [1,5,61]. The key challenges for catalyst systems in the
CO,-ODHE include:

1. The difficult activation/dissociation of the thermodynamically stable CO, molecule. This is
important as it maintains the redox mechanism by replenishing the O* species which
activate C,Hs and maintain catalyst stability by removing carbon deposits [14,19,28].

2. The requirement of a finely balanced oxidation activity by the catalyst, which should be
enough to activate the C,Hg via H-abstraction (C-H bond cleavage) but not too strong to
trigger DRE (C-C cleavage) and over-oxidation forming syngas and COy products
respectively.

3. The reaction shares the temperature window of thermodynamic feasibility with DRE, DD,
over-oxidation, etc. Therefore, the chosen catalyst must kinetically suppress the

competing reactions to achieve high selectivity.

As a result, new systems such as the multifunctional bimetallic FexNiy, nano-alloys and Mo.C-
based catalysts are starting to surface in the field [1,18,19,60,62—65]. Chen et al. [19] were the
first to explore supported FexNiy nano-alloys and their work has shown that a Ni-rich composition
(overall Fe : Ni atomic ratio of 0.33) of the nano-alloy favours DRE whereas the Fe-rich
composition (overall Fe : Ni atomic ratio of 3), CO,-ODHE. This suggests that by fine-tuning the
FexNiy nano-alloy composition, the dominating pathway of the catalytic conversion of CO, and
C2Hs can be manipulated. In the FesNi» sample, Fe was observed to partially segregate resulting
in a Ni-rich alloy phase and a Ni-FeOy interface. This interface is potentially responsible for the
observed CO,-ODHE activity [62]. A Density Functional Theory (DFT) study by Han et al. [16]
suggests that the energy barrier for CO, dissociation in COz-involving reactions should be lower

on certain bimetallic alloy surfaces compared to their monometallic counterparts. The role of the
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alloy in the CO,-ODHE is therefore to enhance CO»-activation which is hard to achieve on metal
oxides exclusively. When enhanced, CO; activation can help keep the oxidic phase stable and
active by replenishing the O* species necessary for the continuous redox mechanism. In a more
recent study, Chen et al. [18] also proposed that anchoring the FesNi; nano-alloy on a reducible
metal oxide support further enhances the CO»-ODHE activity. It is worth noting that the supported
FexNiy nano-alloys used in the above-mentioned studies were deposited onto the supports via co-
impregnation. Co-impregnation tends to yield catalysts with Ni and Fe oxide phases present in

parallel with non-uniformity in crystallite sizes and composition in each crystallite [21].

In the present work, the effect of the physicochemical properties of both the supported FexNiy
nano-alloys (metallic composition) and the metal oxide overlayer support (overall and Lewis
surface acid site strength and reducibility) on the simultaneous catalytic conversion of CO, and
C:Hs is presented. A novel approach was used to synthesize supports comprising of a highly
dispersed overlayer of a metal oxide (CrOyx, GaOx, SmOy, TiOx, VOx and ZrOy) coated onto a
common y-Al,O3 carrier. The obtained supports show different chemical properties (overall and
Lewis surface acid site strength and reducibility) which are characteristic of the metal oxide
overlayer while maintaining the physical properties (BET surface area, pore volume and diameter)
of the y-Al,Oz carrier. Although the surface dispersed overlayers offer these advantages, it is
noteworthy that they will perform differently compared to their bulk counterparts due to the
differences in certain chemical properties affecting active sites as reported in literature [66—70].
Furthermore, oxidic FexNiy nanoparticles were used as precursors of the supported nano-alloys
and were prepared separately via a surfactant-free solvothermal route before immobilization onto
the various metal oxide overlayer supports. This helped attain crystallites of uniform size (approx.
10 nm) and target composition enabling the formation of the corresponding FexNiy hano-alloys
with close intimacy of metals compared to the common impregnation techniques. Additionally,
this technique allowed a detailed in situ characterisation to capture the evolution of the supported
oxidic FexNiy nanoparticles into the corresponding supported FexNiy nano-alloys during reduction
unravelling the microstructural phases. This also allowed understanding of the behaviour of the
materials in the presence of CO, without the co-reactant (CzHg) as well as the interaction of the

supported nano-alloys with CO, and the effect of crystal space group on COz-activation ability.
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2.1 Ethylene and other light olefin formation processes

Ethylene is a widely used chemical monomer in the petrochemical industry which is converted
into a broad spectrum of derivatives. These are ultimately converted into products such as plastics
and synthetic fibres with high economic value. The plethora of ethylene products are ultimately
utilized in the packaging, transportation and construction industries as well as many other

consumer and industrial markets (see Figure 2.1).
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Figure 2.1:Some feedstocks mostly used in thermal cracking for ethylene production, ethylene derivatives
and their major applications. Inspired by [71-73].

The packaging industry accounts for more than 50% of ethylene consumption globally [73]. Just
like any olefin, this is mainly due to its high reactivity emanating from the carbon-carbon double
bond compared to saturated hydrocarbons. Ethylene is converted to more chemical products than
any other intermediate due to its properties, affordability and technical factors [71]. Ethylene
conversion reactions yield fewer by-products than other olefins. Hence, its demand keeps
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increasing steadily (4 - 5%) every year as a result of the increasing global population and the rise
in living standards [72,74]. Its current commercial production processes are dominated by thermal
steam cracking (SC) and fluid catalytic cracking (FCC) over H-ZSM-5 zeolite-containing catalysts
[73]. Recently other promising alternative processes such as the modified Fischer Tropsch
synthesis, methanol to olefins, oxidative coupling of methane, direct catalytic dehydrogenation,

and oxidative dehydrogenation, have received increased attention in research.

2.1.1 Thermal stream cracking (SC)

Thermal steam cracking (SC) is currently the prevalent and most economically viable process for
large-scale ethylene and propylene production. It is highly endothermic and consequently,
operates at elevated temperatures in the range of 700 - 950 °C [75]. The operation temperature
varies depending on the hydrocarbon feedstock. The process entails reacting diluted steam with
pre-heated hydrocarbon feedstocks from fossil fuel derivatives (crude oil, naphtha, gasoil and

condensates, natural gas, etc.) in a tubular reactor suspended in a gas-fired furnace [76,77].

Initiation:
CH3CH3z — CH3™ + CH5’

Propagation:
CH3CH3 + CH3" — CH4 + CH3CHy'
CH3CH2" — CH=CH, + H’
H* + CH3CH3; — H, + CH3CHy’

Termination:
2CH3CH," — CH3CH,CH,CH3
CH3CH>" + H — CH3CHs3

Disproportionation:
CH>=CH; + CH3CH2" — CH3CH>CH,CH>’
2CH3CH2CH,CH,;" — CH3CH2CH>=CH> + CH3CH>CH>CHs
CH,=CH; + CH3" — CHsCH2CHy'
2CH3CH2CH;" — CH3CH>=CH; + CH3CH.CHj5

Figure 2.2: Thermal steam cracking radical-promoted reaction mechanism using C;Hs as the feedstock.
Adopted from [78].
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This thermochemical reaction occurs with short residence times through the uncatalyzed radical-
promoted chain reaction mechanism involving initiation, propagation and termination steps as
shown in Figure 2.2 describing the mechanism for a C;Hs feedstock. The initiation step involves
the formation of free radicals via the homolysis of the C-C or C-H bonds. In the propagation step,
the produced radicals abstract hydrogen atoms from the alkane molecules forming shorter
alkanes and more alkyl radicals which then undergo -cleavage to form the corresponding olefins,
other non-radicals and shorter alkyl radicals. Thus, this process involves dehydrogenation and
hydrogen transfer from hydrogen-rich hydrocarbons and cracking of hydrogen-deficient higher
molecular hydrocarbons. Both these reactions account for the chain shortening, isomerization
and cyclization reactions taking place in the system with other undesired secondary reactions
resulting in a variety of products. Despite the secondary reactions, light olefins are the primary
products of SC [7,8]. The formation of non-radical products results in the termination of the
reaction since the products have no further reactivity with respect to chain initiation. Reaction
conditions such as cracking temperature, residence time, hydrocarbon-to-steam ratio and
pressure can be optimized to control ethylene selectivity depending on the hydrocarbon feedstock
[34]. Traditionally, the residence time ranges from a fraction of a second to a few seconds [75].
The energy required during the reaction is generated by fuel combustion within the furnace. Crude
oil derivatives are the major feedstocks for the process globally, but C,Hes extracted from shale
gas is becoming a more attractive alternative feedstock due to affordability and abundance
[76,79]. However, upgrading from liquid- to C,Hs-based SC technology may present complications
in the integrated downstream processing units since different reactor effluents will form [80]. This
gaseous feedstock may also require a new separation technology which comes at a cost offsetting
the affordability of C,Hs. Direct SC, through which the cost can be reduced by up to 200 USD/t of
ethylene by skipping the traditional refining step, is also gaining interest and becoming
competitive. Exxon Mobil has already commissioned a world-scale SC facility in 2014 producing
1 Mt of ethylene per annum directly from crude oil. Sabic and Saudi Aramco also announced a

joint venture to leverage on this cost-efficient crude-to-olefins route [81].

Due to the elevated operation temperatures and high endothermicity, SC is generally the most
energy-intensive process in the petrochemical industry accounting for about 8% of the sector’s
energy demand. The energy cost is responsible for about 70% of the production cost.
Consequently, the process accounts for a CO; global emission of more than 300 Mt pa and a
significant amount of NOx emissions [37,82]. Furthermore, a widely distributed spectrum of by-

products such as CO, H;, CH4, CoH2, Css, etc. are formed during the process which makes
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separation and purification difficult. The use of C;Hs as a feedstock results in less by-products
formed. Intense coke formation on the inner surface of the reactor is also a great problem during
SC since it influences the pressure drop, ethylene selectivity and heat transfer in the reactor.
Thus, stopping the operation for decoking of the reactor is a common practice in SC plants and
represents an additional topic for research and development of the technology [83]. These
drawbacks fuel the search for sustainable alternative routes for commercial production of

ethylene.

2.1.2 Catalytic cracking

Catalytic cracking is another route for the formation of light olefins. This process forms products
similar to SC but proceeds at moderate temperatures (450 - 560 °C) in the presence of a
heterogenous catalyst which helps to improve the process efficiency. Typical examples of
catalytic cracking are fluid catalytic cracking (FCC), hydrocracking and deep catalytic cracking
(DCC). FCC is primarily used for large-scale production of gasoline with high octane number over
the zeolite Y in most oil refineries, with light olefins forming as secondary products from gasoline
and distillate fuels in the fluidized bed reactor [34]. Thus, obtaining high light olefin selectivity is
still a challenge in FCC. Although many other acidic solid catalysts have been tested, zeolites are
the best performing materials for these cracking processes. Zeolite Y serves as the main
component in several FCC process catalyst systems utilized industrially. These catalyst systems
include the rare earth-exchanged HY (REHY), rare earth-exchanged Y (REY), H-form of ultra-
stable Y (HUSY) and rare earth-exchanged H-form USY. Recently, the zeolite ZSM-5 is utilized
as a co-component to maximize the selectivity towards light olefins while maintaining high
gasoline yield during high severity FCC [84,85]. This high severity FCC process operates at
temperatures above 550 °C at short contact times and high catalyst to oil ratios. During FCC, light
olefins form through the B-cracking of long chain paraffins, olefin side chains of alkyl aromatics
and naphthalenes. To increase the yield of light olefins, catalysts additives, such as dealuminated
zeolites and ZSM-5, can help minimize the hydrogen transfer reaction to preserve olefins,
maintain good throughput and gasoline quality [85]. Coking and formation of undesired products

in low concentrations are typical during FCC and usually require sophisticated separations.
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2.1.3 Modified Fischer-Tropsch synthesis (FTS)

The commercial CO hydrogenation (FTS) over transition metal catalysts such as Fe and Co for
production of linear alkanes, terminal olefins and oxygenates has also been proposed to serve as
an alternative for the production of light olefins. The product distribution depends strongly on
reaction temperature. For instance, at low-temperature, high-molecular weight linear alkanes
dominate whereas terminal olefins are dominant in the high-temperature mode. However, FTS
plants are expensive to build mainly due to the air separation unit required for formation of the
syngas (CO and H. mixture) feed via gasification of carbonaceous resources like coal, natural
gas or biomass. For instance, the largest FTS- plant, Shell's PEARL GTL, producing 140 000
barrels of products per day and an additional 120 000 barrels of natural gas liquids and C;He,
required investments of about 18 - 19 billion USD. The air separation unit technology alone
accounted for about 70% of the total cost of the plant [86]. Nonetheless, syngas production from
methane is less expensive and associated with a higher carbon efficiency than from biomass and
coal which is H>-deficient and requires supplementation via the water gas shift (WGS) reaction.
The WGS reaction has a negative impact on the overall carbon efficiency since it is associated
with high carbon emissions [87]. Furthermore, the value and viability of the FTS process is heavily
challenged and dictated by both crude oil and natural gas price fluctuations since it serves as an
alternative for fuel production in regions without crude oil [80].

Research on this topic has been ongoing since the 1950s but the interest also fluctuates with the
oil prices [88]. The research mostly focuses on the development of chemical promoters and
supports for Fe-, Co-, Ni-, Mo- or Rh-based catalysts to enhance light olefin selectivity. Despite
the number of publications, the process is still not commercialized due to high methane production
with low light olefin selectivity and mechanical or chemical instability of the proposed catalysts.
Fe-based catalysts are more attractive as they tend to lower methane production owing to the
presence of active sites for C-C coupling and methane formation which are tuneable by
modification with promoters, mixing with other oxides and use of different supports [88,89]. Fe-
based catalysts also allow the direct conversion of a CO-rich syngas due to their higher water gas
shift (WGS) activity. These materials can also withstand contaminants typically present in coal or
biomass-based syngas. For instance, Torres Galvis et al. [89] observed a lower methane
production with higher light olefin selectivity over Na/S-promoted Fe-based catalysts. This was
attributed to a promoted termination via B-hydride abstraction and restricted termination of chain

growth via hydrogenation caused by selective blockage of hydrogenation sites by sulphur. A
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review by de Jong et al. [88] shows that Fe-based catalysts in bimetallic systems or mixed with
oxides of Ti, V, Mo, W, Zn or Mn as well as with alkali metal promoters on supports like SiO, y-

Al,Os, TiO; and zeolites, are the most promising demonstrating high light olefin selectivity with
lower methane yield. However, challenges such as extensive carbon deposition, catalyst

reproducibility, complexity and stability still hinder commercialization.

2.1.4 Methanol-to-olefins (MTO)

A syngas mixture can alternatively be used to produce methanol, which can in turn be used to
catalytically form a wide-range of commodity chemicals, including high-purity light olefins via the
MTO process. This process, which leverages on active acid sites to convert methanol to
hydrocarbons, was first introduced by ExxonMobil in the 1970s and later patented by both
ExxonMobil and UOP/Hydro [80,90-92]. ExxonMobil uses the zeolite Socony Mobil-5 (ZSM-5) as
the catalyst whereas silico-alumino phosphate-34 (SAPO-34) is used in the UOP/Hydro process.
Research and development has resulted in an improved carbon selectivity (75-80%) towards
ethylene and propylene on a shape selective SAPO-34 material at lower acidity. Furthermore, by
tuning the process conditions, ethylene to propylene ratios in the range of 0.5 to 1.5 can be
obtained and the light olefin yield can be increased by integration of the MTO and an olefin-
cracking process [93]. China has already commissioned an MTO plant based on coal (coal-to-
olefins; CTO) with a production capacity of 15.5 Mt pa However, the CO, emissions of CTO plants
are estimated to be about 7 - 10 t/t of olefin which is significantly higher than the 1 t/t in SC.
Another major drawback associated with the MTO process generally is the rapid catalyst
deactivation as a result of coke deposition still being a major topic for research in the field [80].

10
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2.1.5 Oxidative coupling of methane (OCM)

Instead of the indirect MTO and modified FTS pathways which rely on the formation of syngas to
form light olefins, oxidative coupling of methane (OCM) can be used. OCM has the potential to
directly activate methane (natural gas) to light olefins and valuable higher hydrocarbons avoiding
the need to initially produce syngas. OCM stems from the pioneering work of Keller and Bhasin
in 1982 and has resulted in substantial research activity since [36,80,94]. Despite having been
the topic of interest for about 38 years with promising results, the process is still not
commercialized due to the lack of an effective, stable and coke-resistant catalyst and remains a
topic of research. In OCM, methane reacts with oxygen in the presence of a catalyst via
intermediate C-C coupling steps to form C;Hs and H>O. Subsequently, the formed C;H¢ further
reacts with the oxidant to form ethylene and H.O. Some literature report the involvement of

gaseous radicals where C;Hg or ethylene forms via C-C coupling of two ‘CHs or -‘CH; radicals

respectively resulting from C-H bond cleavage by oxidized catalyst sites [80,95,96]. Undesired
deep oxidation may also occur from unselective gas-phase radical reactions forming COy,
especially in the presence of oxygen at high temperatures (600 - 900 °C). The major challenges
of this reaction are the high exothermicity of reactions occurring, which may require novel reactor
designs before commercialization, and the low ethylene yields [36,97]. To prevent the undesired
deep oxidation, a softer oxidant such as CO;, which does not promote intense unselective radical
reactions, can be utilized [98]. This would make CO,-mediated OCM (CO,-OCM) a powerful multi-
purpose process as it serves as a simultaneous CO; and CHg utilization route, co-activating them
into high-demand intermediates such as ethylene. Mechanistically, CO,-OCM would proceed in
four steps, viz [36]:

Cleavage of the C-H bond of methane molecules on the solid surface
b. Dissociation of CO, into CO and O surface species which are ultimately incorporated into
the lattice of the metal oxide (lattice oxygens)

c. Recombination of ‘CHz or ‘CH> radicals

d. Oxidative/radical dehydrogenation of the primary product C,He to ethylene

Although not commercialized, catalyst development for CO,-OCM has been a subject of research
for some time and several potential materials as well as properties playing key roles to influence
catalytic performance have been identified. In general, strong basic metal oxides such as early

lanthanides-based oxides, basic monophasic oxides loaded with group 1 or 2 elements (e.g.

11
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Li/MgO, Ba/MgO, and Sr/La;Os) and transition metal oxides with group 1 cations
(Na2WO4/Mn/SiOz) and chloride promoters have been identified as potential catalysts for O2/CO.-
OCM reactions [36,99-103]. The reaction has proven to depend strongly on physicochemical
properties such as basicity, nature of promoter, surface area, reaction temperature, metallic

compositions, etc.

2.1.6 Direct catalytic dehydrogenation

Another direct and commercial route for the production of light olefins, primarily propylene (ca. 14
Mt/year), is the catalytic dehydrogenation (DD) of saturated light alkane feedstocks [104]. DD has
been industrially applied since the 1930s [105]. This process is an on-purpose route and therefore
allows the formation of the target olefin product in very high selectivity, outperforming even the
SC process. Tedious product separation is unnecessary. However, the formation of coke deposits
which tend to deactivate the catalyst cannot be avoided in DD. Frequent catalyst regeneration,
either cyclic or continuous, is necessary to maintain activity. These regeneration approaches have
led to two major industrial processes currently operational at commercial scale. These are the

Catofin (Lummus) and the Oleflex (UOP-Universal Oil Products) processes [77].

The Catofin process was pioneered by CBI Lummus and originates from the Houdry Catadiene
process which was used exclusively in the dehydrogenation of isobutane to isobutene, a
precursor for the methyl tertiary butyl ether (MTBE) production [106]. Due to environmental
concerns, the use of MTBE as an octane enhancer was phased-out, resulting in the revamp of
Catofin plants for the dehydrogenation of propane. The Catofin process is also used for the
dehydrogenation of n-butane to butadiene and butylene. A total of 14 Catofin plants have been
licensed for production of propylene and 15 for isobutylene. The process operates at 575 °C under
a lower pressure between 0.2 - 1.0 bar in multiple (5 - 8) parallel adiabatic fixed-bed reactors
which continuously alternate between the dehydrogenation, coked catalyst regeneration and
purging process steps. CrO,/Al;Os with a Na or K promoter serves as the catalyst for this process
and usually has a lifespan of about 2 - 3 years which is achieved by gradually increasing the
temperature to counteract the progressive loss of activity over time. Catalyst deactivation due to
coking and thermal sintering of the Al>O3 support, resulting in the loss of the surface area, are the

major drawbacks associated with the Catofin process [77,107].

12



2 Literature Overview

Comparatively, the Oleflex process by UOP (Honeywell) encompasses a fluidized bed reactor
system (usually 3 or 4 adiabatic radial flow reactors) consisting of catalyst regeneration and
product recovery units loaded with a Pt - Sn catalyst also supported on Al,Os with a Na or K
promoter. The catalyst flows through the system and is regenerated in the last reactor which is
connected to the continuous catalyst regeneration (CCR) unit that burns off coke and re-disperses
Pt on the support material. Regeneration of Pt before re-dispersion is achieved by treatment with
a chlorine-air mixture. The regenerated catalyst is then cycled back into the first reactor with an
entire cycle taking about 5 - 10 days to be completed. The Oleflex process operates at 525 - 705
°C and a pressure between 1 - 3 bar and is utilized for the dehydrogenation of propane and
isobutane [108]. In addition to coking and thermal sintering of the Pt nanopatrticles, catalyst
attrition due to the fluidized bed is an issue leading to catalyst deactivation. The Oleflex catalyst
has a lifetime of 1 - 3 years [104]. To reduce deactivation due to coking, techniques such as
addition of hydrogen diluent have been developed. This increases the catalyst lifetime to a few
days. However, it also causes a small decrease of the thermodynamic driving force [108]. Another
major drawback associated with this process is the use of the noble metal Pt and the associated

material costs.

Overall, DD processes suffer from two major drawbacks: (1) the endothermicity-induced
thermodynamic limitation of the conversion of the alkane that necessitates high energy inputs and
(2) the rapid catalyst deactivation which is mostly a result of coking. Thermodynamic limitations
increase with decreasing carbon number of the saturated alkane. Thus, DD of C,He is more
difficult than that of propane and higher hydrocarbons. Dehydrogenation of higher alkanes results
in the formation of olefins with allylic hydrogens. H-abstraction from allylic positions has a greater
susceptibility towards the formation of coke precursors due to its low bond dissociation energy

relative to saturated substrates [36,109].

2.1.7 Oxidative dehydrogenation of light alkanes

Oxidative dehydrogenation (ODH) is generally described as a partial oxidation reaction in which
H>, that is otherwise evolved as the dehydrogenation product, is further oxidized to H,O by atomic
oxygen (O*) species [33]. Although not yet commercialized, this route garnered research interest
in the last two decades as a potential alternative for on-purpose activation of light alkanes to

olefins using O, as oxidant (i.e. O.-ODH, see Equation 2.1 for O»-ODHE). Due to the presence of
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02, O>-ODH is exothermic and therefore can be operated at a lower temperature range (300 -

600 °C) with lower thermodynamic restrictions than the on-purpose DD route [9,14,28].

CoHs + Oz <> CoHa + Ho0 AH,s o = — 149 kJ /mol Equation 2.1

The presence of an oxidant also offers an increased equilibrium constant of the reaction by
scavenging the dissociated hydrogen species. Thus, ethylene/olefin production is
thermodynamically favoured due to the high enthalpy of formation of water which also removes
the thermodynamic constraints typically associated with the DD. This offers advantages such as
reduced external heat input which may result in less coke build-up and improved catalyst stability.
O is an inexpensive oxidant with low environmental impact. However, supressing the undesired
over-oxidation of the saturated light alkanes forming COx (CO and CO. as well as H>O) products
under O»-ODH conditions is a major challenge. Overoxidation occurs via the oxygen insertion in
the C-H bond of the alkane reactant during the primary activation step or via oxygen addition to
the alkene product. This reaction is highly likely due to the strong oxidation ability of O, and its
suppression is still a topic of research with some considerable progress [9,110]. For instance, Lu
et al. [111] and Hermans et al. [112] recently reported an SBA-15-supported boron oxide and a
hexagonal boron nitride catalysts with 73.3% (14.8% propane conversion at 450 °C) and 79%
(14% propane conversion at 490 °C) propylene selectivity, respectively. Even with this progress,
there are still concerns about the need to remove excess heat of reaction and the flammability of

the reaction atmosphere due to the presence of O, which may hinder practical implementation.

To counter the overoxidation challenge and increase olefin selectivity, the use of soft oxidants or
Hz-acceptors such as CO,, N2O, S;, SO,, halogens/halides, etc. is considered an attractive
alternative [113-118]. These soft oxidants are considered to have the potential to positively shift
reaction equilibria, act as cocatalysts/promoters and possess competitive adsorption abilities. SO,
can potentially form by-products such as COS and CS, which are toxic and corrosive [119].
Despite its thermodynamic feasibility, S, tends to compel operation of the process at higher
temperatures (648 - 800 °C) to avoid formation of S-polymorphs, but thermal cracking cannot

easily be avoided at such high temperatures [117].

Since the work of Krylov et al. [120], CO- is considered as prime candidate for a mild oxidant

since it is less hazardous than N.O and SO- and it has the highest heat capacity [5,121]. Despite
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its endothermicity (see Equation 2.2 for CO,-ODHE), which makes it less thermodynamically

favourable relative to the exothermic O,-ODH, CO,-ODH is still more favourable than DD.

CoHg + CO, «» CoHs + CO + H20 AH;5°C = 134 kJ/mol Equation 2.2

CO; can shift the reaction equilibrium towards olefin formation by acting as an acceptor for the H;
product, consuming it via the reverse water gas shift reaction (RWGS) [5]. In fact, depending on
the catalyst material, there are two proposed pathways through which CO,-ODH can occur: (a)
DD to form the olefin and H; followed by the RWGS reaction between the Hz-acceptor (CO2) and
H. (see Equation 2.3 and Equation 2.4) and; (b) selective ODH which forms the final products
(especially H,O) directly on the catalyst surface without the formation of H, (see Equation 2.2)
[13]. In the former, CO, acts as the Hz-acceptor and consumes the H, product directly on the
surface of a suitable catalyst whereas in the latter CO, provides the suitable catalyst with reactive
oxygen species which in turn facilitate the dehydrogenation of the light alkane into the olefin and
H>0. Related mechanistic details will be discussed in section 2.3. These pathways may also occur
concurrently [115].

C2H6 Ad C2H4 + H2 AH;S oc = 137 k]/m()l Equation 2.3

CO, + H, < CO + H,O AHys o = 41k /mol Equation 2.4

CO; is also able to react with carbon deposits on a catalyst through the reverse Boudouard
gasification reaction (see Equation 2.5). Thus, CO, may help reduce coke formation, which is
believed to be prevalent and to play a key role in catalyst deactivation at high reaction
temperatures, thereby removing the decoking step necessary for DD [8,122]. Suzuki et al. [9]
showed that Ga,Os/TiO, catalysts tested for ODHE at 650 °C tend to form more and unreactive
carbon deposits in the absence than in the presence of CO,. Furthermore, addition of CO, proved
to keep the catalyst active slightly longer though this effect was even enhanced upon addition of
both CO, and steam. Using a pulsed reaction technique, CO; was also found to aid in the rapid
desorption of the target ethylene product accounting for the typically observed increased
selectivity [9,123]. CO; has also proven to exhibit some promoting effects during ODH. For
instance, Wang et al. [124] has shown that CO; adsorbates that are either formed during or added
to the reaction increased the selectivity towards ethylene from 75% to 83.8% on a Li*/MgO

catalyst at 650 °C. The enhanced selectivity was ascribed to CO;’s ability to poison active sites
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on the catalyst surface that react with alkyl radicals in secondary reactions to form undesired
products. Suzuki et al. [11] also observed an enhanced C;Hs conversion from 9.6% to 19.6% over
Ga»03 and 10.4% to 12.1% over Cr.O3 during ODHE in the presence of CO, compared to in its
absence. The use of CO, as an oxidant in ODHE also makes it an eco-friendly process as it
serves as an alternative vehicle for the large volume utilization of this greenhouse gas (GHG)

thereby contributing to a future circular carbon economy [36].

CO,+ C < 2CO AH,s o = 172 kJ /mol Equation 2.5

The main challenge in the presence of CO: is that, instead of the desired selective cleavage of
the C-H bond via CO,-ODH, both the C-H and C-C bonds can be cleaved via DR (see Equation
2.6 for DRE) which is thermodynamically feasible at the same temperature range [60]. This
reaction is also a useful CO; utilization route which results in the formation of the slightly H»-
defficient value-added synthesis gas.

CzHe + 2CO2 > 3CO + 4H; AHy5.c = 429.7 kj /mol Equation 2.6

Extensive thermodynamic studies from our group and others show that more reactions are
feasible at the same temperature range [1,13,20,60,65,117]. For instance, when C;Hg and CO;
react together, the prospect of side reactions such as the non-selective oxidation of C;Hs (see
Equation 2.7), CzHs cracking (see Equation 2.8), disproportionation (see Equation 2.9) and coke
formation (see Equation 2.10 and Equation 2.11), present even more drawbacks regarding olefin

selectivity [13].

C,Hs + 5CO, <> 7CO + 3H,0 AHys o = 421 kj /mol Equation 2.7
CzHg + Hz <> 2CHy AHyg.c = —64.9 kj /mol Equation 2.8
2C,Hg <> 2C3Hs + CHa AHyg.c = —113 kJ /mol Equation 2.9
C,Hs < 2C + 3H» AH,< o = 84.7 kj /mol Equation 2.10
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C2H4 > 2C + 2H2 AH;S oc = —523 k]/mOI Equation 211

CO; is also chemically and thermodynamically stable and thus difficult to activate. On the other
hand, light alkane activation is also a challenging task requiring high energy input due their low
intrinsic reactivity [36,109]. The olefin products are intrinsically more reactive with enhanced
directed bonding onto several catalytic surfaces compared to the feed materials, especially the
alkanes, which interact mainly via dispersion forces [105]. These factors make the development
of suitable catalysts for the process challenging. However, the key to simultaneous conversion of
CO; and the alkane lies in the cleavage of the C=0 bond in CO; along with the competitive
cleavage of the C—H (CO,-ODH) or both C-H and C-C (DR) bonds in the respective alkane
[19,62,63,125].
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2.2 Overview of CO2 capture and utilization technologies

Fossil fuel reserves such as crude oil, coal and natural gas, exploited for energy generation and
chemical production, have allowed a faster development of our society since the end of the 19"
century [126]. There was a steep increase in the exploitation of these raw materials in the middle
of the 20" century owing to the industrial revolution which resulted in advancement of technology

and rapid population and global economic growth (see Figure 2.3).
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Figure 2.3: Global fossil fuel consumption since 1800 in terawatt-hour (TWh). Data sourced from [126].

However, fossil fuel reserves are diminishing and their utilization is directly linked to catastrophic
climate change due to the emission of GHGs, largely CO, [127]. Based the stoichiometry of
combustion, 1 t of fossil fuel yields 3.5 t of CO,. Although 33% of the yearly emitted CO; (33.4 Gt
in 2019) is fixated by plants via photosynthesis, 22% is absorbed by oceans causing palpable
acidification and the remainder ultimately accumulates in the atmosphere [40,128]. The current
atmospheric CO; level of 415 ppm has never been reached, at least in the past traceable 650 000
years and is largely a consequence of anthropogenic emissions [43]. High atmospheric CO- levels
have increased the global surface temperature by 1.5 °C compared to before industrial revolution
(see Figure 2.4) [129]. As long as emissions continue, unavoidable climate transitions will occur,

and may proceed beyond a point of no return (above the “2 °C scenario”).
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Figure 2.4: The global surface temperature increase and variation of CO, concentration in the atmosphere
since 1880. CO; data sourced from [129] and temperature data from [127].

Since the Paris Agreement of 2015 almost all countries are committing to efforts to limit the global
temperature increase to below 2 °C by mitigating the net CO, emissions and levels [130]. This
will greatly reduce the associated effects and risks of climate change, especially if today’s CO-
emissions can be halved by 2030 [131]. Some of the ways to achieve this goal already
implemented or proposed are CO, capture and storage (CCS), use of natural/shale gas over coal
and replacement of some sources of emissions, especially in the energy sector, with renewable
(e.g. wind, and solar) or nuclear energy sources [132]. According to IEA’s 2020 global energy
review, about 29% of the global electricity was already acquired from renewables, 10% from

nuclear and 23% from natural gas in 2020, thus significantly reducing reliance on coal [128,133].

CCS entails capturing CO; directly from air or from localized point sources using pre-/post-
combustion capture technologies with subsequent transportation and geological storage. Pre-
/post-combustion capture from emission sources is currently more feasible because industrial and
power plant flue gases typically consist of 3 - 35% CO, which allow efficient capture [134]. CO-
point sources are localized industries emitting CO; as a by-product of fermentation, transportation,
cement, steel, paper and chemical production plants, refineries, steam crackers and primarily
(c.a. 33 - 40%) power plants [2].
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The post-combustion capture approach, which entails capturing CO, from the source right before
its discharge into the atmosphere, is more efficient as it can be easily blended into existing and
new source infrastructure. The methods used for this are based on biological (photosynthesis,
algae or bacteria), physical (physical adsorption, cryogenic condensation or membrane
separation) and chemical (adsorption, absorption or chemical looping combustion) systems.
Effective commercial methods rely on the use of amine solvents or cold methanol [135]. Typical
examples of commercial post-combustion CCS facilities are the Anchant Energy and Lafarge
Holcim CCS projects [45]. The pre-combustion capture approach involves separation of CO,,
which is formed as a co-product during processes such as natural gas reforming or gasification.
During natural gas reforming for example, the CO, formed via the water-gas-shift reaction is
separated directly during the process by means of membranes, adsorption, absorption or
cryogenic processes. The choice of the separation method depends on conditions such as CO;

partial pressure, process temperature and other by-products [43].

To achieve the goals set out in the Paris agreement, reduction of emissions alone will not suffice.
There is a consensus that up to 30 Gt of negative emissions need to be achieved annually
[46,130]. This can be achieved through the direct air capture (DAC) technology which captures
CO; from air at an additional energy cost followed by storage, enabling the reduction of CO, from
historic emissions. Unlike the technology localized at emission points, this approach offers the
prospect of capturing CO, anywhere, also addressing emissions from mobile sources such as
vehicles contributing about 16% of CO, emissions. The major drawbacks of this technology are
its questionable energy efficiency and the low CO, atmospheric concentration (c.a. 415 ppm)
which may thermodynamically impair the capture process especially at large scale. Nonetheless,
several technology suppliers such as Climeworks, Global Thermostat and Carbon Engineering
have developed first plants demonstrating economic viability [49,136,137]. The Carbon
Engineering technology uses two connected chemical loops. CO; is captured in the first loop and
then transferred to the second loop where it reacts with Ca?* ions to form CaCOj3 [48]. Climeworks

relies on a temperature-vacuum swing adsorption process [46].

Currently, there are 26 operating, 34 pilot and 3 under development commercial CCS facilities
globally. The operational facilities are able to capture about 40 Mt of CO, annually from natural
gas processing, refineries, chemical production, iron-and steel production and fertiliser industries.
Since more facilities are currently under construction, the Global Institute of CCS projects a

capacity increase to about 5.6 Gt in 2050 [45]. However, CO- capture technologies, especially
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DAC, require additional energy and thus may lead to indirect emissions. Hence, this approach is
only feasible if “free” excess energy from a renewable noncarbon-based energy source such as
solar, wind or geothermal energy is utilized [136].For this reason, Climeworks recently partnered
with Carbfix, a carbon storage company, and ON Power, the Icelandic geothermal energy
provider, to build the new geothermal energy powered DAC plant (Orca) [138]. This plant which
is currently under construction aims to scale-up the yearly carbon removal and storage in Iceland
to 4 kt. In another joint venture with Norsk e-Fuel AS, Climeworks is building the first European
plant for generation of renewable fuels from CO, and water via the power-to-liquid (PTL)
technology using 100% renewable wind power [139]. The CCS technology efficiency also relies
strongly on the availability of suitable and reachable geological formations for storage such as
underground reservoirs which are limited and located far from capture points. This means a
distributed network of CO: pipelines would need to be established for appropriate transportation
of the captured CO: to this storage facilities [132].

While the technology for CCS is quite advanced in terms of cost and the energy penalty, to fully
compensate for the associated transportation and storage costs, the captured CO- from CCS can
be utilized as non-fossil carbon source (carbon capture and utilization, CCU) to produce value-
added chemicals, fuels and materials [134]. Utilization of CO, can be both with and without
conversion. Without conversion, it is for example used in EOR and EGR (enhanced gas recovery)
where the gas is injected into an oil or gas reservoir in its supercritical form to enhance production
[140,141]. EOR uses about 70 - 80 Mt of CO; annually. CO; is also used for fire extinguishing,
foaming, beverage carbonation, food processing, welding, as dry ice, propellant, a solvent for
decaffeination of coffee and drinking-water abstraction, a cleaning agent in textile and electronics
industries and for stimulating plant growth in artificial greenhouses [47,141]. However, in most of

these, the CO: is still ultimately released into the atmosphere.

CO; represents a thermodynamically stable form of carbon and this presents challenges in its
utilization through conversion due to the need for a high-energy input to overcome the activation
energy barrier. The use of highly reactive co-reactants (e.g. hydrogen, akenes, epoxides,
ammonia, etc.) and catalysts are ways to provide an alternative pathway with a lower activation
energy barrier resulting in CO- activation at temperatures as low as 190 °C (see Figure 2.5)
[36,41,140]. To impose a reduction in the overall CO, emissions and minimize indirect emissions,
the use of co-reactants such as H, in CCU processes should be avoided except if procured from

cheap renewable sources [132].
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Figure 2.5: Energy level changes associated with CO» conversion reactions with high-energy co-reactants
in the presence/absence of a catalyst. Adapted from [140].

Commercially operated processes such as the synthesis of urea, salicylic acid, methanol,
formaldehyde, poly- and cyclic carbonates and fine chemicals represent examples of CO;
utilization routes by conversion (see Figure 2.6) [40,41,140]. However, these only account for
about 132 Mt of CO, annually. For emphasis, China’s CO; emissions owing to only the coal,
natural gas and oil combustion sectors was estimated at 9301 Mt in 2017 alone, about 71 times
higher [128]. Urea synthesis is by far the largest consumer of CO; (112 Mt pa). To have a
significant impact on the global CO, balance, any route for the utilization of CO, by conversion
into value-added products must not only be net CO, negative but also operate at a global scale

and form commodity products in large quantities.

Research is now focused on identifying and developing additional reaction pathways to utilize
more CO,. There are many potential CCU routes under development in catalysis, mineralization,
biology, photocatalysis and photosynthetic processes [47]. In heterogeneous catalysis, the in-
/direct CO> hydrogenation to fuels, such as the AIR TO FUELS system by Carbon Engineering in
Canada and INERATEC in Germany, and DR of CO; with methane by BASF SE and Linde in
Germany are already in advanced stages of development and close to commercialization
[137,142]. Provided there is an environmentally benign source of hydrogen and cheap renewable

energy, the RWGS reaction also represents one of the crucial reactions that can convert CO; into
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CO, a component of syngas (CO + Hy), for further conversion into valuable chemicals and fuels.

For this, several potentially effective catalysts have already been identified [143-145].
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Figure 2.6: Commercially operational and possible CCU pathways and the corresponding products.
Adapted from [140].

2.3 Common catalysts for CO2-ODHE and their catalytic properties

Despite not being commercialized, a variety of catalysts with different physicochemical properties
for the CO,-ODHE have been studied and reported [10,19,28,63,120,121,123,124,146-148]. As
a selective oxidation reaction, activation of the C,Hs or light alkane C-H bond is one of the main
steps of the reaction and is considered to be rate determining [14,148]. In the presence of COx,
its dissociation to avail the oxygen species required for the oxidation of the evolved H; is also
crucial [5]. There is a consensus in literature, that this reaction requires a bifunctional catalyst
system which can provide separate sites for dissociation CO, to CO and reactive oxygen species
(O*) while co-activating the C,He to ethylene and H,O [1,18,62,63,116,149].

Reducible transition and main group metal oxides represent some of the most suitable catalysts
for CO,-ODHE and have been extensively explored in literature [5,7,14,27,28,63]. This was

demonstrated by the work of Suzuki et al. [11] in which different metal oxides presented promising

23



2 Literature Overview

activity (up to 19.6% C,He conversion) in the order: Ga203 > Cr,03 > V205 > TiO2 > Mn304 >
In203 > ZnO > La,03 > (CeOy, ZrO,, Nb,Os, Fes04) (see Figure 2.7). The selectivity towards
ethylene via dehydrogenation in the presence of CO, was also above 85% for most studied
oxides. Oxides such as MgO, CaO, SiO., MoOs, SnO2, Al203, Ta20s, TI203 did not exhibit any
activity. Transition metal oxides are generally employed due to their intrinsic ability to exist at
different oxidation states. For example, the vanadium lattice cation can exist in the +3, +4 and +5
oxidation states allowing it to easily undergo redox cycles. This imposes different Lewis acid-base
and electron transfer properties, making them potential catalysts for CO.-ODHE and other
heterogeneous partial oxidation reactions [14]. Oxides based on other transition metals like Ni
and Co have also been reported [79,150].
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Figure 2.7: Ethylene yields of different metal oxides tested for 30 min TOS under CO»-ODHE conditions
(650 °C; C2Hg : CO, =5 : 25 mL/min ; SV = 9000 mL-ht-gca!) as observed by [11].

Metal oxides contain lattice and surface reactive oxygen species (O*) which are responsible for
the activation of the light alkane [14,148]. These oxygen species (O*) may be electrophilic (O,
0,7, O) or nucleophilic (O%). Itis believed that nucleophilic O are found within the lattice of metal
oxides and are responsible for the C-H bond scission during ODH [148]. Electrophilic (02, O2%,
O’) oxygen species are highly mobile and reactive surface species which result in both C-C and
C-H bond scission associated with overoxidation or DRE. Since these latter oxygen species are

involved in the side reactions, it is important to preclude the re-adsorption of the olefin onto the
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catalyst surface. The nature (nucleophilicity or electrophilicity) and location (surface or lattice) of
the oxygen species (O*) also vary with the oxidation state (electronegativity) of the lattice-metal
cation [148].

CO,-ODHE catalysed by metal oxides generally follows a Mars-van-Krevelen (MvK) mechanism
(see Figure 2.8), similar to the mechanism reported for O,-ODHE [14,151-153]. This involves
activation of a surface adsorbed C;Hg by nucleophilic lattice oxygen species (0%) donated by the
metal oxide to form ethylene and H>O as a by-product. The metal oxide is left in a locally/partially
reduced state with an oxygen vacancy. This vacancy is subsequently replenished by the surface-
adsorbed CO; which dissociates into CO and oxygen species (O*) re-oxidizing the reduced metal
oxide catalyst back to its original active state. While the MvK mechanism is preeminent on
catalytically active reducible high valent metal oxides, there tends to be variations over different

catalytic materials and some of which will be summarized in the catalyst-specific sections below.

The C;Hs C-H bond activation is effected by the nucleophilic lattice oxygen species (0%) via a
dehydrogenation reaction which results in the corresponding ethylene and H,O. This suggests
that the rate of reaction depends on the concentration of oxygen sites in the catalyst. In turn, the
concentration of oxygen sites is affected by the rate of re-oxidation of the oxide surface which
relates to the ability of the surface to activate CO,. Thus, variation of the nature of the metal oxide,
namely acid-base and redox properties, is an efficient approach to control the re-oxidation rate
and catalytic activity during CO,-ODHE [13].
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Figure 2.8: Simplified graphical illustration of the general MvK mechanism in place during CO»-ODHE over
metal oxide (MOy) catalysts. Inspired by [153].
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In the O»,-ODHE, the C-H bond activation may occur via either a homolytic or heterolytic bond
cleavage route [105,154,155]. The homolytic cleavage route proceeds via the involvement of
single unpaired electrons and higher energy barriers than when paired electrons are involved.
This route is mostly triggered thermally via C-H bond polarization or by (alkyl) radicals formed on
the active catalyst surface where they react or get desorbed into gas-phase to react. Free radicals
react depending on their concentration and temperature. In gas-phase they recombine into
undesired products. On the catalyst surface they are more likely to undergo B-hydride elimination
to form the corresponding olefin product. Radicals may also react with the mobile electrophilic
surface oxygen species forming non-selective oxidation products. While the understanding of the
nature of the active sites responsible for it is limited, this radical C-H activation mechanism is

typical on rare-earth and alkali metal oxides [154—-156].

The heterolytic C-H cleavage mechanism proceeds via a simultaneous electron-pair transfer on
redox metal oxides. Typically, this is achieved by a nucleophilic lattice oxygen at a basic site of
the redox metal oxide catalyst, which abstracts a hydrogen atom from the alkane. It is still not
clear whether electrophilic lattice metal cations are also capable of facilitating this cleavage. This
mechanism is typical on oxides based on V and Mo [105,155].
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2.3.1 Cr-based catalysts

Supported Cr-based oxide catalysts represent some of the predominantly explored and best
performing materials for CO,-ODH of light alkanes, perhaps due to their DD activity as
demonstrated by the commercial Catofin and Catadien catalysts [31]. These materials often
represent superior catalysts compared to V, Co, Fe, Ni and Mn based oxide catalysts, but their
performance also depends strongly on other properties such as the support and promotion
modifiers used [122]. Generally, supported Cr-based oxide catalysts exhibit high initial (short-
term) activity as well as high selectivity to the olefin and CO [13,157].

Cr-based catalysts exist in the form of interconvertible Cr'"" and Cr"' redox centres taking part in
CO,-ODH and DD [7,158-161]. Cr"' centres, which have a tetrahedral geometry and are
coordinatively unsaturated, have been identified as active sites for activation of C>He, reducing
them in the process [122,162]. The bulky coordinatively saturated Cr'" centres with a stable
octahedral geometry in Cr,Os3 clusters are less active if not completely inactive [161]. During CO»-
ODH, the soft oxidant, CO, helps with the regeneration of the CrV' species, which facilitates the
dehydrogenation of the alkane, by reacting with the inactive Cr'"" species through a re-oxidation
step. Thus, the mechanism on these catalysts involves the redox cycle between the Cr'' and Cr"!
centres in which the reduction step is faster than the re-oxidation (see Figure 2.9) as concluded
by Mimura et al. [7,163].
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Figure 2.9: Simplified graphical illustration of the redox cycle based CO,-ODHE mechanism over Cr based
catalysts as suggested by Mimura et al. and Gomez et al. [1,7].
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It cannot be said with absolute certainty that the identity of the high valent state Cr species is
actually CrV' since it could possibly be Cr¥ with a distorted tetrahedral/five-coordinate geometry or
an octahedral symmetry with a tetragonal distortion, especially on zeolite materials [164-166].
Moreover, the topic of whether Cr'"" or Cr¥! species are involved in C;Hs dehydrogenation during
CO,-ODH of light alkanes is still controversial. Some literature suggest that surface Cr'' species
are the actual sites responsible for the dehydrogenation of the light alkane [5]. Other studies on
CO2-ODH of ethylbenzene claim that the redox cycle involves the participation of the Cr'/Cr"
redox pair instead [167]. Whichever surface species represents the active site, a redox cycle plays
a crucial role in the catalytic performance of the Cr-based catalysts. Based on this, it should be
conceivable that the initial oxidation state of Cr plays a paramount role on the catalytic activity,

stability and reaction pathway followed (DD accompanied by RWGS or direct CO,-ODH).

Active research on Cr-based catalysts is focused on the understanding of material
physicochemical properties such as the nature of support, oxide type (CrOs, Cr,03, CrOy, etc.),
Cr coverage and dispersion, and interaction with promoters which are added to influence the initial
Cr oxidation state. For instance, on ZrO; and Al,Os, amorphous CrO, comprising 65% and 35%
poly-/mono-nuclear Cr¥' species, respectively, with the balance being Cr'" were formed as
reported by Mamontov et al. [13]. Inactive and crystalline a-Cr,Os; phase as well as lower
concentrations of Cr'! formed on CeO.. As a result, an increase in activity with CrV' content in the
order; CrO,/ZrO, > CrO,/Al,03 > CrO,/CeO; was concluded. Besides the fraction of Cr species,
the performance also proved to depend on the support properties (Lewis acidity and oxygen
mobility) that enable overall bifunctionality and help co-activate CO,. When the support is acidic
and unable to activate CO, (CrO,/Al.O3), the DD and subsequent RWGS pathway was observed.
However, direct CO,-ODH with less CO-forming routes was observed on the Lewis basic
CrOx/ZrO; while increased parallel CO-forming routes were observed on CrO,/CeO,. This
bifunctional character also influences the catalyst stability since enhanced CO; activation can also
induce the reverse Boudouard reaction for coke mitigation. ZrO, demonstrated superior
performance as a support for Cr-based catalysts during CO,-ODHE compared to Al.Os; and MgO
in a study by Deng et.al. [6], probably due to its high relative basicity.

Mimura et al. [8] also showed that, depending on the SiO»/Al,O3 ratio in H-ZSM-5, different Cr
species can be formed which influence CO»-ODHE differently. Si-rich H-ZSM-5 with Si/Al of 1900
forms reducible and active Cr¥V' responsible for the high catalytic activity towards CO.-ODHE

with CzHs conversion of 68.2% whereas Al-rich H-ZSM-5 with Si/Al below 90 result in a low activity
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(C2He conversion < 18.5%) [7,8]. A study by Wang et al. [168], which revealed the following order
of activity Cr203/SiO2 > Cr203/ZrO2 > Cr.03/Al203 > Cr203/TiO2, also corroborates that the nature
of support can influence the distribution, structure and fraction of active surface Cr-oxide species
formed, which in turn influence the overall catalytic performance during CO,-ODHE. Their results
also suggest that on a Si-rich carrier, a larger fraction of highly active Cr species is formed.

Cr content on the support can also influence the catalytic performance. Shen et al. [164] prepared
supported Cr-oxides of varying Cr content (1 - 20 wt.-%) on SiO.. The activity increased with Cr
loading until a maximum C;Hs conversion of 31% was reached at a 5 wt.-% Cr and then decreased
with a further increase of Cr concentration. This was ascribed to the dispersion, which increased
until 5 wt.-% Cr followed by crystallization of the Cr-oxide species to a-Cr.O3 at higher loadings.
CO; conversion remained lower (2.7% at 5 wt.-% Cr loading) than C,Hes conversion, suggesting
a DD pathway, possibly due to a lack of Lewis basicity. Ji et al. [161] also reported an increase of
activity with Cr loading until an optimum of 5 wt.-% (C2Hs /CO; conversion of 67%/17.3% after 30
min on stream) on a highly stable Cr/SBA-15/Al,0s/FeCrAl monolithic catalyst. Due to the
properties of the monolithic porous mixed-oxide support, the material exhibited enhanced CO-
conversion which helped keep the catalyst active even after 1130 h time on stream (TOS) by
preventing coking. Wang et al. [10] also report similar observations except their optimum Cr
loading was 8 wt.-%.

The problem with most Cr-based catalysts is that they tend to have a short lifetime, especially
when they exhibit high initial activity and ethylene formation rates [169]. This is due to the high
temperature (550 - 750 °C) at which the reaction takes place, leading to deactivation through
coking [1,169,170]. Coke formation via decomposition of ethylene, which is very reactive and
polymerizes easily, is thermodynamically more favourable than via C;Hs decomposition [13].
Under such circumstances, only bifunctional catalysts with the ability to activate both C,Hg and
CO; may promote the reverse Boudouard reaction supressing deactivation through coke
formation. Most Cr-oxide catalysts, especially in the absence of enhancement promoters or
supports with a high density of basic sites, can dehydrogenate C;Hs efficiently but not activate
CO,. As elaborated above and demonstrated for CrO,/ZrO, and monolithic Cr/SBA-
15/Al,03/FeCrAl, bifunctional catalysts with higher Lewis-base site density supports or other
catalytic/support properties that enhance CO, activation tend to be more stable than those with
inactive or acidic supports like Al,O3 [13,161]. Modification of Cr-based catalysts with promoters

such as Ni, Fe, Co, Mn and sulphates forming oxide composites also proved to enhance CO;
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activation and perhaps reduce coking as well as increase activity and selectivity towards ethylene
[5,159,171]. Deng et al. prepared Cr,03/ZrO, nano-composites modified with either Ni, Fe, Mn or
Co oxide and investigated the effect of the modifiers on catalytic activity and ethylene selectivity
in the CO,-ODHE [171]. Based on their observations, modification by Fe, Co or Mn oxide
introduces varying degrees of weak acidity, formation of additional surface oxygen species and
increases the CrV'//Cr'" ratio which in turn decreases the activity slightly but increases ethylene
selectivity significantly (Fe > Co > Mn). It was concluded that the Ni oxide modifier markedly
improved conversion, but mainly promoted the dry reforming and cracking side reactions forming
CO and CHa respectively. In addition to increasing the Cr¥/Cr'" ratio, incorporation of the Ni oxide
modifier induced partial phase transformation of a part of the tetragonal ZrO- within the nano-
composite into the monoclinic phase. The monoclinic phase is believed to provide stronger sites
for CO; adsorption. CO2- and NH3-TPD proved the existence of more and stronger sites for CO;
activation and acid-base pairs in the nano-composite when the Ni oxide modifier was added which
in turn resulted in a high CO; conversion and enhanced CO and CH4 forming routes. A follow-up
study by the same group [5] on Fe-Cr/ZrO, prepared via different routes (co-precipitation and co-
precipitation/impregnation) demonstrated that the catalytic performance, can also be influenced
by the catalyst synthesis method. When prepared by co-precipitation, the catalyst is prone to
deactivation via coke deposition caused by the relatively low CO, conversion despite the high
initial  C,He conversion and ethylene selectivity. When synthesized via co-
precipitation/impregnation, the catalyst exhibits a high stability against coke deposition and
remains active through the entire experiment. As previously mentioned, the mechanism of this
reaction varies over different materials. On Fe-Cr/ZrO,, the suggested mechanism (see Figure
2.10) involves activation of C,Hs over Cr'" species forming ethylene and H atoms which either
recombine to form H. or react with lattice O species from the iron oxide to form H.O, reducing Fe""
to Fe'" and an oxygen vacancy (o). CO- dissociation occurs at the active site denoted [ ] forming
CO and active O* species which subsequently replenish the oxygen vacancy (lattice oxygen) and
regenerate the iron oxide phase. The Fe component is mainly responsible for promotion of the
catalyst by enhancing CO, activation through the RWGS reaction while the Cr component

activates CyHg via DD.
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Figure 2.10: Mechanism of CO,-ODHE over Fe-Cr/ZrO; [5].

Most Cr catalysts deactivate via coking. The higher the density of basic sites on the catalyst
surface, the higher the stability of the catalysts in the presence of CO, due to enhanced CO;

activation [22]. In addition, deactivation via sintering of Cr species to crystalline a-Cr.Oz is a

challenge [170]. Another challenge associated with Cr-based catalysts is the toxicity associated
with Cr which requires vigilance during catalyst preparation, use and disposal causing reluctance

in commercial implementation despite the progress in research.

2.3.2 Ga-based catalysts

Ga-based oxides, which are environmentally benign compared to Cr-based materials, also exhibit
catalytic activity for this reaction. In the study by Suzuki et al. [172], Ga,03 was the most effective
catalyst for CO,-ODHE when compared to other oxides, yielding 19% ethylene with a selectivity
of 94.5% at 650 °C (see Figure 2.7). Ethylene yield was found to halve in the absence of CO
demonstrating the importance of the oxidant in enhancing the performance of ODH catalysts.
Unlike transition metal oxide-based catalysts, Ga which is a main group metal usually exist in the
3+ oxidation state and is nonreducible, especially in the Ga>Os form which is amphoteric [1,173].
When anchored on supports like TiO,, ZrO,, Al.Os, SiO, and MgO, Ga-based catalysts are
proposed to operate in a two-step CO,-ODHE reaction pathway [1,174]. This involves the DD of
the light alkane to corresponding olefin and H, on acid sites followed by the RWGS reaction in

which H: reacts with CO..
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Similar to the Cr-based catalysts, Ga loading, nature of support and overall catalyst acidity due to
the amphoteric nature of Ga-oxide, and promotion additives influence the catalytic performance
of reported catalysts. For instance, due to the difference in the nature of supports (acid-base
properties) and surface area, Ga>Oz on TiO; proved to exhibit a superior catalytic performance
(C2He conversion = 29%, ethylene selectivity = 71% and 20% yield) than on ZrO2, ZnO, Al:O3,
SiOz, La;0O3 and MgO in CO,-ODHE at 650 °C [174]. TiO2, ZrO2 and ZnO were considered
amphoteric resulting in a higher concentration of weak acid sites on Ga-oxide. Differences in the
catalytic performance amongst them were associated with the difference in surface area.
However, the difference in performance of Ga-oxide on TiO, with weak acidic sites, Al,O3 with
strong acid sites and La,O3 with basic sites was ascribed to the nature of support (acid-base
properties). The selectivity towards methane on TiO, was 28% suggesting a considerable
cracking activity. Furthermore, a significant reduction in ethylene yield down to 2% was observed
within 3 h TOS due to coking. The same study also showed that increasing the surface area of
an unsupported Ga;Os consisting predominantly of weak acid sites from 1 m?g to 50 m?/g
improved the ethylene yield from 3% to 25%. Similar observations were also reported by Yue et
al. [175] when Ga,0Os was anchored on various supports and tested for CO,-ODH of propane
(CO,-ODHP) at 600 °C. On ZrO;, Al,Oz and TiO,, Ga,O3 showed a higher propane conversion of
39%, 33% and 23%, respectively, compared to SiO, and MgO due to the presence of medium to
strong surface acid sites in the former. CO, was found to enhance the activity of Ga,O3 on TiO;
achieving a propane conversion of 32% while on Al,Os and ZrO, the activity was suppressed
resulting in propane conversions of 26% and 30%. The overall difference in behaviour of Ga>Os
on the various supports was ascribed to its varying interaction with these support materials. Lastly,
CO; was found to easily remove the adsorbed H, formed from the RWGS reaction but to fail to

replace propane adsorbed on basic sites.

Baiker et al. [176] observed an increase of the catalytic performance of GaOy on TiO, with
increasing Ga loading up to 10 wt.-% (ethylene selectivity of 38% at a C,Hg conversion of 57%;
temperature of 700 °C). The TiO. support alone showed no activity. The catalysts with a Ga
loading beyond 8 wt.-% tended to exhibit pronounced cracking and more coking also ascribed to
a decreased overall acid site population coupled with the presence of more strong acid sites.
Thus, Ga-based catalysts are effective for CO, activation, but since they are amphoteric, they
may bind the alkane strongly in the presence of strong acid sites inducing the hydrogenolytic C—
C cleavage (cracking) which ultimately leads to methane and coke formation. Tuning the acid-

base sites of these materials is crucial for the modulation of their catalytic performance, especially
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stability, in CO»-ODHE [176,177]. It is important to note that CO, is also acidic and may modify
the acid-base properties of catalyst materials upon surface adsorption. Modification of the acid-
base properties of Ga-oxide by the addition of the basic promoter potassium was reported by
Michorczyk et al. [177]. A decrease in propane conversion from 33% to 19% during CO.-ODHP
due to a reduction of the surface area after modification was observed. Interestingly, a significant
decrease in propane conversion (from 19% to 1.3%) and propylene selectivity (from 92% to 67%),
with increasing K/Ga ratio from 0.03 to 0.1 was observed. This implies that acid sites in GazO3
are active sites for propane activation and potassium, as a basic promoter, especially when
provided in excess, blocks these acid sites thereby reducing activity. Shen et al. [178] also
reported that when anchored on a HZSM-5 with a high Si/Al ratio of 97, Ga>Os; showed an initial
C2Hs conversion of 24% which levelled to 15% at 94% ethylene selectivity after 10 h TOS and
remained active resisting further deactivation for 70 h TOS. This behaviour was attributed to
reduced catalyst acidity at Si/Al ratios above 90 which suppressed undesired side reactions and
enhanced stability compared to a bulk B-Ga,0Os3 catalyst. Similar conclusions were drawn when
Ga-oxide on HZSM-5 with different Si/Al ratios were tested for DD of propane [179]. Ga.0s3
immobilized on a mesoporous (M)-HZSM-5 with Si/Al ratio of 240 also proved to withstand 30 h
TOS without significant deactivation during CO,-ODHP showing the best propylene yield of 22%,
compared to zeolites with lower Si/Al ratios [180]. Despite this progress, deactivation of Ga-based
catalysts due to coke formation is a major challenge still hindering their large-scale use for CO»-
ODH.

Based on density functional theory studies by Vlachos et al. [181] on Ga-modified y-Al.Oz (110)

surfaces, dehydrogenation of C;Hs on Ga-based catalysts occurs via a heterolytic C—H bond
dissociation which is facilitated by the lattice oxygen species. This forms a surface proton and a
metal-carbanion intermediate which further undergoes (3-hydride elimination into the respective
olefin. However, unlike in the redox mechanism, the lattice oxygen species is not lost to form
oxygen an vacancy and the metal oxide is not partially reduced. Thus, it is conceivable that in
the presence of CO,, Ga-based materials are known to undergo ODH via the alkane heterolytic
dissociation and CO; activation via the reverse water gas shift (RWGS) reaction facilitated by

hydrogen especially because these materials are redox inactive [175,182,183].
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2.3.3 V-based metal oxide catalysts

Just as the Cr-based catalysts, V-based catalysts also represent a class of catalysts that have
been extensively studied for ODH of most of the light alkanes with both O, and CO, as oxidants
due to their reducibility, high valence state of the metal and tuneable acid-base/redox properties
[184]. These catalysts typically exhibit very high activity for ODHE [67,185,186]. The catalytic
performance depends strongly on the structure of the VO species exposed on the surface of the
catalyst. The most important structures of the VO species are monomeric VO, species, dimeric
or oligomeric chain- or sheet-like vanadate structures, poly-vanadates and 3D V.Os species of
nano- or micro-structural range which form at higher V-loadings. Previous research has shown
that the support, promoter, amount of the VOy precursor loaded as well as the synthesis method
employed can significantly influence and determine the ultimate type and nature of the surface
VOy species formed and thus the catalytic performance [66—70]. For instance, VOPO, supported
on TiO; exhibits a higher selectivity towards the target ethylene product than the bulk VO, and
(VO)2P207 under O,-ODHE conditions [66]. The use of a Nb promoter in VOy -Nb/La-yAl,Os has
also proven to be crucial for the improvement of ethylene selectivity by enhancing surface VO
species isolation, thereby minimising the formation of V,0s crystallites which are undesirable for
the ODHE activity [67].

Just as the Cr-based catalysts, the redox properties due to the V!V and V" couple drive the ODH
activity of V-based catalysts which proceeds via the MvK mechanism [66]. The acidity of the
materials also plays a significant role. Both these properties vary in the different possible surface
VOy species which are influenced by the support, promoter additives, synthesis method and V-
loading [66—70]. Generally, high ethylene selectivity is typically achieved at low alkane

conversion, thus alkene productivity is usually far from that required for industrial application.

2.3.4 Other common catalysts

Other materials explored in literature for the CO,-ODH of light alkanes include oxides based on
In, Co, mixed metals and alkali and alkaline earth metals. In-based catalysts garnered
considerable research interest, especially for CO,-ODHP, mainly due to the presumed similarity
in chemistry and catalytic performance of In,Oz and Ga,Os3 [182]. Perhaps due to this similarity,
CO,-ODH tends to also proceed in a two-step pathway on In-based catalysts, via the DD followed
by the RWGS. For instance, Zhuang et al. [187] tested the potential of In,Os-MOy (M = Al, Zn, Zr,
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Ti, Fe, Mg, Si and Ce) binary oxide systems as CO,-ODHP catalysts at 600 °C. In,O3-Al.O3 with
20 mol.-% In loading was found to be most effective exhibiting 77% propylene selectivity at 29%
propane conversion with no major deactivation over the tested 20 h period. In,03-CeO; was the
most inactive despite its reported excellent performance in the RWGS reaction [144]. The
performance of In.Os-Al:O3 was attributed to its ability to easily form highly dispersed
nanoparticles with surface stabilized metallic In® species upon in situ reduction. Based on TPR
analysis, it was suggested that the redox mechanism is probably not applicable during CO.-ODHP
over these materials. Further studies by the same group revealed that the creation of highly
dispersed metallic surface In° species is important for the DD activity of In,Os-Al.O3 [188].
Temperature-programmed reaction of CO; and H. showed that the metal centres In® and In®* in
the catalyst cannot be easily re-oxidized by CO.. It was suggested that the reaction proceeds via
the DD coupled with the RWGS. In.O3; immobilized on Al,Os still proved more effective for CO»-
ODHP with a balanced CO; and propane conversion and high propylene selectivity than on ZrO;
and SiO; in a study by Chen et al. [189]. This was also attributed to high dispersion of In.O3 on
Al,O3 allowing the formation of stable surface In® and the balanced acid-base properties of this
support. In contrast, on ZrO,, the high density of basic sites compared to the acid sites overly
enhanced CO; over propane conversion which resulted in a reduced propylene selectivity despite
the high dispersion of In,Os. Thus, just as the Ga-based catalysts, the acid-base properties of the
overall catalyst influenced by the support, dispersion and modifiers play a crucial role in
modulation of CO,-ODH performance of In-based catalysts.

Mixed oxides, in which each influence the physicochemical properties and thus the performance
of the overall catalyst under CO»-ODHE, have also been extensively explored. For instance,
mixed oxides based on Ni-Nb-O in which the Nb cations fill cationic vacancies and/or partially
substitute Ni atoms and form a Nb-rich amorphous phase in the parent NiO are also known for
their high activity and ethylene selectivity, especially during O,-ODHE at low temperatures
[28,190-194]. The high ethylene selectivity is attributed to reduced electrophilic oxygen species
resulting from Nb addition, but this also reduces the activity. In 2016, Martin et al. [28] showed
that despite the parent Ni-Nb-O displaying better performance, promotion by Cr resulted in higher
activity than Mo and W promoters during O,-ODHE due to a high surface Nb content. Ethylene
selectivity over all catalysts increased upon addition of CO; during the reaction while activity
dropped. Among the modified catalysts, Ni-Nb-Cr-O still proved more active with a slight drop of
C2Hs conversion from 25% to 21% and a significant increase in ethylene selectivity from 63% to

84% upon addition of CO». This is ascribed to the ability of CO- to limit oxygen diffusion over the
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catalyst bed and thus reduce overoxidation, while poisoning some C;He-activation sites. Another
example of mixed oxide catalysts is the Cr.Oz anchored on mixed TiO2-ZrO2 supports in varying
ratios (see Figure 2.11) reported by Haghighi et al. [195]. When tested under CO,-ODHE
conditions the catalyst with the support containing 75 wt.-% TiO, (25 wt.-% ZrO) exhibited the
best C,Hs conversion of 48% and ethylene yield of 46% at 700 °C. The different performances of
the materials were ascribed to differences in textural and crystal structures for the various TiO; :
ZrO; ratios. The catalyst with the support containing 75 wt.-% TiO, (25 wt.-% ZrO;) displayed
small particles of uniform morphology and a high surface area allowing a high dispersion of the

active phase and thus enhanced catalytic performance.

Oxidative Dehydrogenation of Ethane to Ethylene by Carbon Dioxide
_Ethylene

Ethane o

Lr0 (%) O, (%) 2r0,(%) Water *

(H ]
5 0 100
= L sy I am
5 50, 50
+ Carbon 9-;?* 75 Carloon°

Dioxide 100 Monoxide o T
A 15.0kve x158K "2boonm %

100 -

Min: 17.9 nm

Max: 57.8 nm

- Average = 37.8 nm
Standard deviation: 9.5

[o]
o

[0)]
o
s

B
o
L

Frequency (%)

N
o
L

4 X180K '388nm
0-10 20-30 4050  60-70 80-90
Particle size (nm)

Figure 2.11: Summary of the different Cr/TiO,-ZrO; catalyst compositions and morphology and particle size
distribution of the catalyst with 75 wt.-% TiO (25 wt.-% ZrO>) [195].

Na,WO./Mn/SiO,, which is also effective for OCM, was decorated with different loadings of Co
and studied for CO»-ODHE at a temperature of 750 °C [196—199]. Upon increasing the loading of
Co by steps of 2 wt.-% from 2 to 12 wt.-%, C,;Hes conversion decreased while CO, conversions
increased with stabilization reached from 4 wt.-% Co loading. At the Co loadings of 4-12 wt.-%,
approximately 93% ethylene selectivity, 56% C,Hs and 15% CO, conversions were obtained with
an CyHs : CO : H product ratio of 1 : 1 : 1 which is balanced and suitable for potential use in

hydroformylation to propanal. This ratio was with a lower CO fraction for Co loadings below 2
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wt.-%. The effect of Co was attributed to its ability to inhibit aggregation of Na and W at the catalyst
surface. Furthermore, it was concluded that during the reaction, Co oxides in the catalysts reduce
to metallic Co which are considered active sites for CO and H. formation via the competing
reforming of C;Hg with COo.

Other mixed metal oxide catalysts reported for CO,-ODHE include the coke-resistant Fe on MgO-
ZrO, which doubled in activity at 70% ethylene selectivity upon modification of the support with
NiO [153]. The enhanced performance of the Fe/NiO-MgO-ZrO, was ascribed the formation of an
Fe-oxide-Ni interface which facilitates C;Hgs-activation. The spent catalyst also consisted of more
surface Fe?* species than “as-prepared” suggesting that a redox cycle involving Fe occurs during
the reaction (see Figure 2.12), just as suggested for the Fe-Cr/ZrO- highlighted in section 2.3.1
above. Fe-based catalysts or addition of Fe to underperforming catalysts can support the redox
properties necessary to better activate both the CO, and C;Hg and facilitate the MvK mechanism
keeping the catalyst stable during CO,-ODHE. However, it seems these redox properties depend

on the interaction of Fe with the support or promoting metal such as Ni or Cr.
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Figure 2.12: Redox mechanism for the activation of CO2 and C,Hg during CO,-ODHE at 600 °C on carbon
resistant Fe/NiO-MgO-ZrO; catalyst [153].

2.3.5 Catalysts based on Mo-carbides

Instead of oxidising the active metals, the electronic, redox and catalytic properties can be
influenced by alloying with carbon (carburization) forming metal carbides [1]. Recently, a novel

class of carbides based on Mo are starting to garner interest for CO; activation reactions and
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specifically CO,-ODHE, pioneered in the work of Solymosi and Nemeth [147]. An unsupported
and SiOz-supported Mo.C (M0.C/SiO,) catalyst was studied in the CO,-ODHE at 600 °C. The
Mo,C/SiO; achieved up to 87% ethylene selectivity at an C,Hs conversion of 15 - 16% within the
tested 4 h TOS, outperforming the less active and selective Mo,C. The C;Hs conversion increased
(6 - 60%) with temperature (527 - 690 °C) enhancing the DRE resulting in a reduced ethylene
selectivity. This shows Mo.C-based system’s ability to either cleave both the C-C and C-H (DR)
or only the C-H (ODH) bonds depending on the reaction conditions. FTIR results obtained upon
adsorption of CzHs and CO- separately on this material revealed the formation of a surface-
adsorbed ethylidyne and a partially oxidised Mo.C surface (Mo-oxycarbide MoOyC,). This MoO,Cy
surface was suggested as the active/intermediate phase for the selective CO»-ODHE. Thus,
mechanistically, Mo.C first activates CO; to form CO while it is partially oxidised into a transient
surface MoO,Cy phase which reverts to Mo.C by reacting with CoHe to form ethylene and H-O.
However, the formation of the adsorbed ethylidyne, a likely transition state for ethylene formation,
also suggests that DD on the Mo.C surface cannot be ruled out. This implies the prospect of a
DD followed by RWGS reaction mechanistic pathway, which is typical on non-redox catalysts as
explained in sections above, cannot be ignored. Similarly, in a study focusing on CO,-ODHP, XPS
and mass spectrometric analysis further corroborated the partial oxidation of Mo,C into MoO,Cy
and formation of CO, respectively [64]. The notion that no catalyst oxidation was observed in the
presence of both CO, and propane verified that the surface MoO,Cy phase formed upon CO;
activation is transient and quickly re-carburizes to Mo,C upon propane activation during CO»-
ODHP.

Despite most studies focusing on the bulk form, Mo-carbide-based catalysts are effective for CO-
activation or C=0 scission even in the presence of H, a stronger reducing agent than light
alkanes. This is due to their fast oxygen mobility. Thus, they also exhibit promising activity (close
to thermodynamic equilibrium), stability and high CO selectivity during RWGS reaction,
outperforming noble metal- (Pt and Pd) based catalysts at 300 - 600 °C [143,145,200,201]. Mo.C
also show activity for DRM or DRE [141,202]. These systems have a dual functionality for C=0

bond scission (CO; activation) and H- dissociation or light alkane C-H/C-C bond cleavage.

In addition to reaction temperature as observed in the abovementioned studies, the type of
support, gas admixtures and ad-metals can influence the catalytic performance of Mo-carbides.
Chen et al. [63] reported a Mo,C catalyst which improved in CO,-ODHE activity when supported

on the typically Lewis acidic y-Al2Oz with the activity diminishing on a CeO: support, known for its
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good redox properties. The unsupported bulk Mo,C exhibited C,Hs (CO2) conversion of 2% (1%),
while supported on y-Al20s a CO2 conversion to 1.8% was reported, with a decrease in CO

selectivity (from 47% to 36%) whereas on CeO, conversions diminished. The materials were
tested at 600 °C in an equimolar CO; : C;Hs feed ratio. These observations clearly demonstrate
the significant influence the support has on the performance of these catalysts. However, for all
catalysts, the activity declined significantly within 150 mins TOS, potentially due to Mo.C oxidation
(especially on CeO, with enhanced C=0 bond scission ability) or due to the high ethylene binding
energy of Mo2C leading to its decomposition to coke. 5 vol.-% H, admixture in the feed helped
stabilize the catalyst (500 h TOS) with only slight deactivation. This was related to hydrogen’s
ability, as a stronger reducing agent, to remove the inactive oxide species and restore the active
carbidic phase completing the catalytic cycle as previously observed in the RWGS reaction
[143,202]. The addition of H; to the feed also greatly improved CO, conversion/activation (from
1.8% to 8.8%) as well as CO selectivity to 73.4% ascribed to the promotion of the RWGS reaction
in addition to CO,-ODHE.

Clearly, Mo-carbide can efficiently activate CO2 which may result in its excessive oxidation and
subsequent catalyst deactivation depending on the reducing power of the co-reactant (Hz vs light
alkane). Thus, a way to improve its performance in the CO,-ODHE may be to add another active
component such as a metal oxide with good redox properties in tandem to enhance C:Hg
activation. A recent study from our research group explored the feasibility of several supports as
tandem partners for Mo-carbide nanoparticles and the effect of catalyst preparation method as

well as H; admixture on the catalytic performance in CO,-ODHE at 600 °C [65].

The need for the formation of the active transient MoOxC, phase and subsequent oxygen removal
suggests that the oxygen binding energy (OBE) of transition metal carbides also plays a role in
their ability to activate CO.. Mo-carbides are considered candidates for CO. activation because
they have a stronger affinity for oxygen (and carbon) which enables them to spontaneously cleave
the C-O bond [63,203]. However, relative to other transition metal carbides such as TiC, Mo-
carbides have a lower OBE [141]. This means, Mo-carbides can easily form the MoOxCy via
oxidation and revert to a MoCy phase via reduction. Additionally, the transition metal to carbon
ratio (M : C) is another general descriptor for the performance of transition metal carbides and
gives an indication of their surface reactivity [204,205]. Besides the metcar systems such as
MosCi2, transition metal carbides with an M : C greater than 1 (Mo-C and FesC) are considered

more reactive. However, this descriptor is quite impractical for Mo-carbide systems as there exist
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different stable compositions: Mo,C, MoC and the metcar (MosCi2). Theoretical studies on
orthorhombic -Mo,C (001) and cubic 6-MoC (001) surfaces attest that the crystal structure and
Mo : C ratio serve as descriptors of the chemical activity of Mo-carbide systems [203,206]. The
reactivity of the surface increases with Mo : C (from 3-MoC (001) to B-Mo.C (001)), due to a
decrease in the positive charge on Mo centres and structural changes that maximize the number

of exposed Mo atoms.

2.3.6 Bimetallic alloy catalysts based on FexNiy

The catalytic performance, electronic and structural properties of transition metal-based catalyst
systems can be improved, modified or supressed by alloying with other metals into multimetallic
systems [1]. Often, the resulting alloys are distinct from their individual parent monometallic
counterparts offering opportunities to tailor-make supported novel catalysts with enhanced
activity, selectivity and stability [207,208]. Theoretical studies by Han et al. [16] predict the
prospect of bimetallic alloys as superior catalysts for CO. dissociation compared to their
monometallic counterparts. Based on their DFT calculations, bimetallic alloy surfaces have a
lower activation energy for CO. activation than the monometallics. It was found that the degree of
CO; activation varies over the different types of surfaces. Reaction energies showed a linear
Brgnsted-Evans-Polanyi (BEP) relation with the activation energy of CO, dissociation, while the
sum of adsorption energies of CO and O showed a linear scaling relationship with the adsorption
energy of the CO2°" chemisorbed transition state as well as the reaction energy of CO;
dissociation. By using these relations, a map of the variation of CO- dissociation activation energy
over various bimetallic alloy surfaces was developed (see Figure 2.13). It is clear from their results
that bimetallic alloy combinations of abundantly available non-noble metals with a lower predicted
activation energy barrier for CO- dissociation consist of Fe, Ni and Co. Several studies have since
then emerged demonstrating experimental verifications of these predictions in various CO»-

involving reactions.
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Figure 2.13: DFT estimated variation of activation energy for CO; dissociation over different pure metals
and bimetallic alloy combinations [16]. The grey squares represent unpreferred bimetallic alloys due to
surface segregation of solute atoms.

The group of Chen [19] tested CeO,-supported CosPt, CosMo, NisMo and FesNi alloys and their
monometallic counterparts for the conversion of CO. with C2Hs at 600 °C, a temperature at which
CO,-ODHE and DRE compete. Flow reactor studies show enhanced stability for alloys compared
to their corresponding monometallic counterparts. Furthermore, FesNi/CeO; proved to promote
C-H bond cleavage with 31% ethylene selectivity at 9.1% C;Hs and 10.8% CO, conversions
whereas other alloys promoted cleavage of both C-H and C-C bonds with greater than 98% CO
selectivity. This renders FesNi/CeO, a promising CO,-ODHE catalyst. The observations were
supported by DFT calculations which showed different reaction pathways on mixed FeNiy (111)
and Pt-terminated CoPt (111) surfaces. The catalytic effect of metallic composition over the
FexNi/CeO; catalysts was further investigated in a follow up study by the same group [1,62]. The
Fe-poor FeiNis/CeO; and FeiNii/CeO, as well as monometallic Ni/CeO; exhibited high (> 98%)
CO selectivity supporting DRE. This is not surprising as Ni-based systems are widely known for
their DR activity with rapid deactivation due to severe coking and sintering [209]. Conversely, the
Fe-rich systems exhibited a high (> 66%) ethylene selectivity formed via CO,-ODHE with
FesNii/CeO; considered as the optimal content reaching up to 78% ethylene selectivity, calculated
as the yield of ethylene over C;Hs conversion [1,62]. During the reaction, part of the Fe phase in
the Fe-rich FesNii/CeO:, is reported to partially segregate from the alloy leaving it Ni-rich with an

fce structure and an oxidised highly dispersed amorphous FeOy overlayer at the perimeter of the
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alloy forming an Ni-FeOy interface was suggested. ADF-STEM imaging show that this FeOy
overlayer also extends to the surface of the CeO; support particles. The interface is identified as
a potential active site for the selective cleavage of the C,Hg C-H bond via CO»-ODHE. Under the
same conditions, the Fe-poor fcc-alloy in FeiNis/CeO. did not show significant segregation
suggesting that Ni-CeOy interfacial sites are the potential active sites for DR in Ni-based catalysts
on reducible supports [210]. Overall, the metallic composition strongly influences ethylene and
CO selectivity and this implies that by changing the Fe : Ni ratio in the alloy, we can control which
of the parallel DRE and CO,-ODHE reactions is promoted (See Figure 2.14).
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Figure 2.14: Dependence of ethylene and CO selectivity as reaction pathway followed over FeyNiy/CeO;
catalysts reported by Chen et al. [62]. Reaction scheme inspired by [1].

Similar studies were performed under the same reaction conditions for the conversion of CO; with
propane and n-butane instead of C;He to evaluate the performance of FesNii/CeO, compared to
other bimetallic systems [1,17,20,211]. For the conversion of CO; with propane, NizPt:/CeO; was
identified as the most active and stable DR catalyst with up to 96% CO selectivity at 12% and
39% propane and CO- conversion respectively [1,17]. In the presence of n-butane (1 :2: 17 n-
butane : CO- : Ar ratio), the Fe;1Niz/CeO; was found to promote the DR pathway, just as previously
reported for C,Hs, with up to 91% CO selectivity at 59% and 31% CO, and n-butane conversions
respectively [211]. The previously reported FesNii/CeO; proved promising for CO»,-ODHP as well
exhibiting up to 58% propylene selectivity with great stability at 3% and 4% propane and CO
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conversions. Similarly, this catalyst also showed some appreciable activity for CO,-ODH of butane
(CO,-ODHB) achieving up to 21% of 1,3-butadiene selectivity at 19% and 12% CO, and n-butane
conversions, respectively [211]. Similar conclusions as drawn for CO,-ODHE in terms of the active
sites facilitating the catalytic performance were also drawn for conversion of CO, with propane or
butane over FesNi1/CeO: [1,17,20,211]. The olefin selectivity over this material seems to decrease

with increasing paraffin chain number.

Different supports can also influence the performance of these bimetallic Fe.Niy-based catalysts
during conversion of CO- with light alkanes [18,211]. For C2Hs, FesNii was supported on reducible
(Ce0O2) and non-reducible (SiO, and ZrO;) supports at different loadings [18]. FesNii/CeO
outperformed all other compositions exhibiting high stability with up to 80% ethylene selectivity at
4% (7%) C2He (CO2) conversion with FesNii/SiO- barely active for either DRE or CO,-ODHE and
FesNii/ZrO, promoting DRE as well as displaying severe deactivation within 13 h TOS. The
performance of FesNii/CeO; was again linked to the formation of the Ni-FeO,/CeOx interfacial
sites which is potentially only possible on a reducible support while the performance of
FesNii/ZrO; is ascribed to the formation of Ni-ZrO; interfacial sites on the non-reducible support.
The CeO: is also beneficial as due to its reducibility and oxygen mobility, it can release reactive
surface/lattice oxygen species and subsequently ‘recover’ them by inducing direct C=0 scission.
Interestingly, a 4-fold increase of the FesNii loading on to the CeO; support results in the formation
of FexNiy-CeOy sites which selectively promote DRE. All lower loadings result in sparsely and
evenly dispersed nanoparticles which selectively promoted CO.-ODHE. The authors conclude
that the high loading sample forms larger nanoparticles which do not form sufficient FeOy at the
perimeter of the Ni-rich alloy. For n-butane, similar conclusions were drawn with the supports,
Ce0O; and Ce0;-ZrO,, demonstrating CO,-ODHB promotion owing to their good reducibility and
oxygen mobility necessary for efficient CO; activation during the reaction [211]. It is proposed that
the role of the support is to assist in the formation of the active interfacial sites and to mediate the

activation of the CO; during the reaction.

The segregation behaviour of Fe from FeyNiy alloy via oxidation by CO, has previously been
proposed during DRM over highly active and stable Fe;:Nis nanoparticles supported on a MgxAl,O,
matrix [212]. In this regard, Fe in the Fe1Nis/Mg.Al,O; is partially oxidized to FeO segregates from
the fcc alloy leaving it Ni-richer and migrates to the surface/perimeter where it settles in the form
of small domains with a thickness of a few layers (overlayer islands). At the surface, FeO switches

in the redox cycle Fe?"O/Fe® when it reacts with carbon deposits preventing the typical
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deactivation via coking and gets reduced back into metallic Fe. The metallic form re-alloys or gets
re-incorporated into the Ni-rich fcc alloy phase (see Figure 2.15). This supports the DRE
behaviour observed in the study by Chen et al. [19] presented above over Ni-rich FeyNiy alloys
and experimentally corroborates the suitability of the Fe,Niy bimetallic alloys for the activation of
CO:; as theoretically predicted by Han et al. [16].

CH,+COS22H,+2CO
CH,52H,+C

CO,+Fe—CO+FeO C+FeO—CO+Fe
) Realloying ® :

Figure 2.15: Graphical representation of the highly active and stable Ni-rich Fe1Nis/MgxAl,O; re-alloying and
dealloying mechanism for cooperative methane-activation and coke removal via COz-activation during
DRM. Figure taken from [212].

In the presence of the H, reducing agent instead of C;Hs, this Ni-FeOy interface, formed via the
same segregation behaviour and accurately captured using ADF-STEM imaging with elemental
mapping of the spent catalyst (see Figure 2.16), was also reported to be potentially responsible
for the high RWGS activity and stability of the Fe-rich FexNiy alloy in the FegNis/ZrO, catalyst [125].
In this instance, the Ni-FeOy interface possesses a weak interaction with the surface adsorbed
CO product and this allows for its fast desorption from the surface before it can be further

hydrogenated to CH4 via the competing undesired methanation reaction.

Figure 2.16: ADF-STEM image (e) and the corresponding individual (f) and (g) and combined (h) elemental
maps of Ni (green) and Fe (red) for the RWGS spent FegNis/ZrO, catalyst reported by [125].
These studies clearly demonstrate the catalyst design opportunity of two transition metals in

intimate contact within bimetallic systems. The type of active sites formed depend on the types of

metals combined to form the alloy, the metallic composition of the alloy, the type or nature of the
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support to which the alloy is anchored and the dispersion/particle size (influenced by loading).
The resulting different active sites lead to significant differences in the mechanism or pathway
through which the reactions proceed and thus to variations in product selectivity. Even with the
progress achieved thus far, numerous degrees of freedom remain unstudied, potentially holding
the key to improve the performance of these materials. In the FexNiy-based alloy catalysts
specifically, Fe is more easily oxidized by CO; (into amorphous FeOy, Fe,03, Fes0, or a mixture
of all) than Ni [21,125]. The degree of oxidation, types of oxides formed and coverage of oxide
species increases with the Fe content in the alloy [21]. This determines the types of the active
sites formed in the catalyst which influence its behaviour during the reaction. Since this strongly
emphasizes the importance of the composition, it also signifies that the uniformity of the
composition in the alloy nanoparticles plays a very crucial role. To understand the optimal
composition necessary, it is important to synthesize these materials with controlled and uniform
composition [21]. This is a difficult task with the conventionally used (co-)impregnation synthesis

methods.

2.4 The FexNiy alloy system - structure and properties

Substitutional bimetallic FexNiy alloys exhibit several interesting (magnetic and catalytic)
properties which makes them desirable for application in different fields [213]. As detailed for the
catalytic properties in section 2.3.6, the characteristics of these noble-metal-free alloy materials
are highly dependent on the metallic composition or atomic ratio and distribution (composition
uniformity) of the Fe and Ni elements. Thus, these materials are also categorized or classified
according to their compositions. FexNiy alloys with 50 - 80 at.-% of Ni are termed permalloys and
are known for their high magnetic permeability, low coercivity and energy loss as well as high
magnetic saturation and Curie temperature [214-217]. They are mostly utilized in magnetic
resonance imaging (MRI), electromagnetic microwave absorption and shielding, magnetic
refrigeration systems, sensors and recording devices [213,218-221]. The other class is known as
Invar alloys which comprise of 30 - 40 at.-% of Ni and exhibit a thermal expansion coefficient of
almost zero, unusual magnetic and thermoelastic properties and are also widely used
[217,222,223]. Under a suitable atmosphere, these materials can adopt different phase
configurations or crystal structures and magnetic properties depending strongly on the metallic
composition and temperature (see Figure 2.17) [215,217,218,223]. Depending on these factors,
the materials can exist as the y austenitic solid solution with a face-centred cubic structure or the

a or d solid solutions both with a body-centred cubic (bcc) crystal structure. Co-existence of the
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solid solutions with the bcc and fcc phases is also possible especially below 70 at.-% of Ni.
However, the variation of phase compositions with temperature and Fe : Ni atomic ratio is still not
fully understood [223,224]. The a phase is formed by destabilization of the y phase via the
formation of the so called “y-loop”. The y phase is stabilized by thermal excitations of the high-
spin state instigated by the moment-volume instabilities. The excitation energies associated with
the moment volume instabilities and the occupation of the electronic bands are influenced by

alloying, so that the y-region closes or opens depending on the valence electron number [225].
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Figure 2.17: FeyxNiy equilibrium phase diagram showing possible temperature-dependent phase and
magnetic transitions [223].

For FexNiy alloys with Ni contents greater than 30 at.-%, the austenitic solid solutions (usually fcc
phase) stable at elevated temperatures are also stable at room temperature under any condition

of cooling. This is due to the efficacy of Ni in depressing the y to a phase transformation. Despite
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the stability of phases at lower temperatures (below 300 °C) with varying atomic compositions,
the phase transition boundaries have only been estimated via theoretical means and
extrapolation. This is mainly due to the slow atomic diffusion kinetics at lower temperatures posing
experimental difficulty. Fe, usually the host, adopts these different phases upon alloying with other
metals (Ni in this regard) whose atomic sizes do not exceed + 15% of the atomic size of Fe [225].
This is mainly because the solubility of alloying is limited by the elastic deformation energy which

varies with the atomic size.

Since the properties of these materials depend on composition and uniformity of composition
which in turn affect the crystal structure, it is expected that the different possible phases also
influence some of their properties. This has been demonstrated already for maximum
magnetization and coercivity of FegsNizz samples of different shapes and phase (fcc and bcc)
configurations [224]. It is also likely that the different phase configurations influence the catalytic

performances beyond the reported effect of atomic compaosition.

2.5 Bimetallic-derived heterogeneous catalyst preparation methods

2.5.1 Conventional synthesis methods

Typically, immobilization of highly dispersed catalytically active bimetallic particles or their
precursors onto support materials is achieved by using the wet or incipient wetness co-
impregnation and sequential-impregnation techniques [17,18,21,209,226,227]. Wet co-
impregnation entails suspension of the support in an excess volume of a diluted aqueous or
organic solution containing two target metal precursors. The precursor solution is typically formed
by dissolving metal precursor salts in the form of nitrates, chlorides, alkoxides, acetates,
sulphates, etc., in solvents such as water, methanol, ethanol, etc. An excess volume of the
solution relative to the pore volume of the support is used and this helps to attain a high dispersion
of the precursor both in and outside the pores of the support. This method mainly relies on the
diffusion of the bimetallic precursor and its adsorption on the support which may be
improved/influenced by using different solvents or tuning the pH of the solution. Wet impregnation
is most suitable for precursors with facile precursor-support interaction. However, nanoparticles

with a relatively wide size distribution are typically obtained [227,228].
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Incipient wetness co-impregnation leverages on capillary forces to draw the precursor solution
into the pores of the support until its pore volume is filled, the state of incipient wetness (see
Figure 4.1.) The volume of the precursor supplied is equal or below the pore volume of the
support. Thus, this method is suitable for precursors with low affinity for adsorption on the chosen
support since the metallic precursor species are forced into the pores. Typically, resulting active
site clusters formed via this technique are highly distributed within the pores of the support and
have sizes smaller than the pore diameter [227]. The main disadvantage of this technigue is that
the dispersion of larger concentrations of the precursor are challenging to attain in a single step
and often multiple impregnation steps are required for this purpose. This is mainly because the
maximum volume of the precursor to be impregnated is dictated by the pore volume which is often

small and restricts the formation of higher precursor concentrations due to solubility limitations.

Instead of co-impregnation, sequential impregnation involves successive addition of the second
metal precursor to a support already containing the first precursor. This can be done using either
the wet or incipient wetness impregnation approaches. A combination can also be used. The main
disadvantage of this route is the prospect of forming nanoparticles with non-uniform composition
which is often necessary for attaining synergy in bimetallic systems [21]. Unlike incipient wetness
impregnation (IWI), another advantage of wet impregnation is that since a larger volume of the
solution is used independent of the pore-volume of the support, larger concentrations of the

precursor can be easily dispersed onto the support in a single step.

For all these approaches, some post-treatment steps are necessary for the removal of the
solvents. Typically, this is achieved by evaporation, filtration or drying. During drying, redistribution
of the metal precursor is achieved depending on its interaction with the support. The heating rate
and the drying temperature can influence the redistribution of the precursor and ultimately the
size of the clusters formed. A high temperature calcination in air/inert gases sometimes followed
by a reduction step is applied for the decomposition of the salts into immobilized nanoparticles of
the target active phase. All these methods can be controlled, depending on the support-type,
precursor salts, solvents as well as pre- or post-treatments like drying and calcination conditions,
to form metallic clusters/nanoparticles with varying dispersion and synergy influencing the

catalytic activity [229].

Another common method is precipitation. An insoluble solid is formed from a metal precursor

solution when a precipitating agent (precipitant) is added. Supersaturation occurs when the
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concentration of the precursor exceeds its solubility and this can be induced by temperature or
pH changes, solvent mixing or evaporation [229,230]. The chemical nature of the solvent and
precipitant determines the reaction through which the precipitate is formed and its chemical
nature. Hydroxides or carbonates as precipitants tend to undergo ion exchange reactions with the
precursor to yield precipitates that are hydroxides or carbonates in nature. During the process,
the principles of nucleation and growth determine the size and dispersion of the resulting particles
in the precipitate. For instance, an initial rapid nucleation of crystallites followed by growth without
the formation of new nuclei can yield small monodisperse nanopatrticles [229]. Depending on their
size and attraction forces, which determine particle aggregation, the particles formed may remain
dispersed in the suspension or settle down. The particles formed via this approach are separated
from the solution by centrifugation or filtration and drying, often followed by calcination and
reduction. This method can also be carried out in the presence of a support to which the particles
formed adhere to immediately (precipitation-deposition) [231]. For bimetallic systems (oxides or
alloys), co-precipitation which involves the simultaneous use of two different metal precursors to

form the precipitate is a commonly described synthesis approach [232,233].

Despite their economic viability, these methods often yield particles with compositional
heterogeneity which may impair efficient catalytic performance and make structure performance
studies challenging [209]. Other methods such as the colloidal based reverse micro-emulsion and
sol-gel synthesis can also be used to enhance size and composition homogeneity. However, they
often require the use of structure directing agents/surfactants which cap particle surfaces and are
difficult to completely remove, potentially affecting the catalytic performance of the synthesized
material [209,234].

2.5.2 Surfactant-free solvothermal synthesis

The solvothermal synthesis method broadly involves the use of a solvent under moderate to high
pressures and temperatures for the decomposition of precursors such as metal acetates and
alkoxides to form nanopatrticles, ceramics or polymers directly from the solution in a closed
system. The operation temperatures can range from 100 °C to 1000 °C while the pressure ranges
from 1 to 10 000 bar [235]. There are several ways in which the solvothermal synthesis can be
performed. The most typical is when water is used as the solvent which is known as hydrothermal
synthesis [235,236]. Most hydrothermal syntheses are used in combination with co-precipitation

in one-pot approaches where a precipitant is used in addition to the solvent to further enhance
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the kinetics [237]. Microwave introduction can also be used to enhance the kinetics for

nanoparticle formation with the pH playing a key role during the synthesis [238].

Other solvothermal routes involve the use of substances such as ethylene glycol which serve as
both a reducing agent and solvent in the presence of surfactants to prevent particle agglomeration
[3,4]. Since stabilization agents are difficult to remove, recently the use of solvents such as benzyl
alcohol, hexanol or benzylamine alone or with additional solvents such as ammonia has been
studied [236,239,240]. This route is typically chosen because it is non-agueous, surfactant-free,
economical and simple for a scale-up and controlled synthesis of monodisperse nanopatrticles of
tuneable size and shape, in comparison to the typical impregnation, precipitation and reverse
micelle routes. The use of alcohols as solvents allows operation at relatively low temperatures
(<250 °C). Benzyl alcohol and hexanol have proven to act as both the solvents and ligands during
the synthesis preventing agglomeration while affording monodisperse nanoparticles. This
synthesis can also be used for the preparation of nanoparticles of bimetallic oxides such as
ferrites, which can further serve as alloy precursors, using alcohol soluble metal precursors such
as metal acetylacetonates or acetates [60,236]. Unlike impregnation which typically results in non-
uniformity in composition per individual particle due to formation of separate mixed oxide
crystallites as well as non-uniform particle sizes, this route is suitable for producing nanoalloys of

uniform composition [21].

Parameters such as synthesis temperature and pressure, reaction time, solvent used (benzyl
alcohol or hexanol), amount of ammonia added, precursor and reaction volume have proven to
influence the crystallinity and crystal structure of the formed crystallites, particle size distribution,
shape and bimetallic composition [4,236,239,241]. For instance, the use of hexanol as a solvent
prevents reduction of Ni?* to Ni° resulting in facile formation of NiFe,O, with accurate target
composition [236]. The precursor solubility is another parameter that determines the success of
this synthesis [235]. This method offers the possibility to control the crystal growth and the option
to easily form large quantities (for laboratory synthesis approaches) of well-defined nanoparticles

in a relatively short time.

2.6 Catalyst deactivation

One of the main challenges associated with the use of heterogeneous catalysts is that they are

prone to undergoing some physical or chemical changes which may cause loss of activity with
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time on stream. Often, the loss of catalytic activity also influences the products selectivity. This
necessitates measures for catalyst replacements or regeneration from time to time. Some
materials such as the Fe-based catalysts used for ammonia synthesis and Ni-based catalysts for
methanation can remain active for periods as long as 5 to 10 years while others (e.g. Zeolites in
fluid catalytic cracking) can only operate for seconds [242—246]. Catalysts operational for short
periods are maintained by frequent re-activation or replacement. This mainly depends on the
nature of the catalyst material and the reaction. The loss of activity proceeds via several
mechanisms which are either due to the catalyst's normal working conditions (inherent) or
exposure to impure feed/harsh conditions (operational) typical in industry [247]. Understanding of
deactivation mechanisms plays a central role at the heart of catalyst development as it helps in
the design of materials able to withstand deactivation. The most typical of these mechanisms
encompass poisoning, fouling, attrition, thermal degradation, vapour formation, vapour-solid and

soli-solid reactions (see Table 2.1) [244].

Table 2.1: Summary of catalyst deactivation mechanisms. Adapted from [244].

Mechanism Type Description
o : Blockage of catalytic active sites due to strong
Poisoning Chemical : : :
chemisorption of species on the catalyst surface
) ) Physical deposition of species from fluid phase
Fouling Mechanical )
onto the available catalyst surface
Vapour-solid and solid-solid Sl Reaction of fluid, support, or promoter with catalyst
emica
reactions to produce an inactive phase
) ) Reaction of gas with catalyst to produce volatile
Vapour formation Chemical
compounds
Loss of catalytic material due to abrasion
Attrition/crushing Mechanical Loss of internal surface area due to mechanical-
induced crushing of the catalyst particle
_ S Thermally induced loss of catalytic surface area,
Thermal degradation/sintering Thermal

support area, and active phase-support reactions

Some of these processes have also been reported to be potentially responsible for deactivation
catalysts during the CO,-ODHE process. For instance, Cr-based catalysts under CO»-ODHE tend
to deactivate by forming «-Cr.O3 crystallites and loss of surface area through sintering. Fouling
of active sites by coke deposits is also typical on Cr-, Ga-, and V-based catalysts [9,11,13,248—

250]. Mo-carbides tend to deactivate through excessive oxidation of the active molybdenum
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oxycarbide (MoO«Cy) or carbide phase [65,251]. Ga-based materials as well as metal oxides with
strong Lewis acid sites tend to exhibit pronounced cracking and coking which result in their
deactivation during CO.-ODH [176,249,250].

2.6.1 Thermal degradation

Thermal degradation causes a decrease of surface area and the number of available catalytically
active sites. Since it is thermally induced, it can occur at any stage of the catalyst’s life from
preparation (i.e. calcination and activation) to during the CO>-ODHE reaction or during catalyst
regeneration [252].

Sintering, which entails loss of surface area of the catalytically active phase via growth of
nanoparticles/crystallites, is the most typical. This process is often driven by the effects of surface
diffusion (surface energy) which in turn depend on the nature and pore structural properties of the
support material (surface area, porosity and surface texture), crystallite size and temperature.
Very small nanoparticles have high surface energies and it is the need to minimise this surface
energy that drives sintering [244,245,253]. Sintering can occur when atoms (Ostwald ripening) or
whole crystallites (coalescence) highly dispersed on a support migrate, collide and grow together

into larger entities (See Figure 2.18).

The specific temperature at which sintering can occur is related to the melting point (Tmeting) Of the
solid material. Atomic migration usually occurs at temperatures lower than particle migration.
Approximations for the atomic (Hittig) and particle (Tamman) migration temperatures can be

calculated using Equation 2.12 and Equation 2.13 , respectively.

THﬁttig =03 Tmelting Equation 2.12

T Equation 2.13

Tamman

=05-T

melting
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Figure 2.18: Graphical illustration of particle growth through sintering: (a) particle coalescence and (b)
Ostwald ripening. Adapted from [244,245,252,254].

2.6.2 Fouling

Fouling occurs when the catalytically active phase surface is covered by deposits. The deposits
may be originating from the catalytic reaction or originate from foreign species, even dust. The

loss of catalytic activity originates from the physical blockage of active sites [252].

Carbon deposition or coking is a form of deactivation by fouling that is often reported for CO.-
ODHE catalysts, especially on catalyst materials with stronger Lewis acid sites such as metal
oxides based on Ga and In as well as those supported on Al.Os. The type of carbon deposited on
these catalysts can be graphitic or amorphous mainly depending on the degree of deposition and
reaction temperature [5,9,11,174,187,255]. However, at optimal CO; activation, this carbon

depositions can be supressed via the reverse Boudouard reaction.

2.6.3 Poisoning

Poisoning occurs when impurities, which are not directly involved in the reaction of interest,
reactants or products chemisorb onto the catalyst surface resulting in blockage of available active
sites. This limits accessibility to these sites for reactants and intermediates and may also have

spatial and electronic influence on the adsorption efficacy of available neighbouring sites. The
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poison may be selective or non-selective towards the active sites to which it binds. Selective
poisons have an exclusive affinity for the catalytically active sites on the surface of the catalyst.
However, non-selective poisons tend to adsorb on the whole catalyst surface blocking even sites
that may not be necessarily relevant for the reaction of interest. Feed components and desired
products can also bind to and limit site accessibility for other feed reactants/products via
competitive adsorption. Some poisons bind to sites temporarily while others may bind
permanently, thereby inducing irreversible modification of the catalytically active phase. [244—
246,252]

54



3 Scope of the thesis

3 Scope of the thesis

As previously discussed, the primary drawback associated with the promising metal oxide
catalysts is their rapid loss of the CO,-ODHE activity. A higher stability can be achieved at
improved CO. conversions. This require that a catalyst is bifunctional availing sites for
conversion/dissociation of the thermodynamically stable CO; in addition to the C-H bond cleavage
effected by metal oxides. When its conversion is enhanced, CO; can aid in reducing or mitigating
carbon deposition which causes catalyst deactivation. These are attested by literature
demonstrating that, due to its high CO, conversion via the RWGS pathway, an Fe-Cr/ZrO; catalyst
prepared by coprecipitation of Cr and Zr precursors and subsequent impregnation of the Fe
precursor exhibited better stability than when the Cr, Fe and Zr precursors were coprecipitated
altogether [3,5]. The high CO; conversion was speculated to aid in decoking the catalyst via the
reverse Boudouard reaction resulting in improved catalyst stability. The CO;-activation via RWGS
was identified to occur over the iron oxide component in a redox mechanism while, in tandem,
the Cr-oxide component activated C,Hs via the DD reaction. This demonstrates the need for
bifunctional character of CO,-ODHE catalysts.

Additionally, given that the CO»-ODHE reaction can proceed through the redox (MvK) mechanism,
it is conceivable that the rapid loss of activity may also be due to an insufficient replenishment of
oxygen vacancies generated upon C-H bond cleavage. This is also possible at a lower CO»-
activation functionality impairing re-oxidation. The redox character of the metal oxide is also
essential as upon C-H bond cleavage by the nucleophilic lattice oxygen, the oxygen vacancy
generated can be replenished at ease. This is if the catalyst allows facile re-oxidation by the
oxygen species from CO; dissociation. In principle, the nature of the lattice oxygen species and
thus the redox character is also interconnected with the acid-base properties as both these
properties influence the metal-oxygen bond strength and vary in different metal oxides [15].
Several studies have highlighted that on reducible metal oxide catalysts, C-H bond activation
proceeds via direct ODHE (MvK) and on unreducible oxides via heterolytic dissociative adsorption
for alkane activation followed by RWGS [14,15,250]. In both cases, strong acidity induces
cracking which may cause coke formation. However, surface acid sites are deemed essential for
the ethane activation ability of metal oxides [1,13,175,177,249]. On the other hand, surface

basicity of metal oxides is suggested to play a role in the activation of both C;Hs and CO, [249].
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Several studies have also explored addition of promoters for bifunctionality with impregnated
FexNiy alloys amongst those promising (depending on composition and support) potentially
because they are among alloys theoretically predicted to harbour good CO;-activation ability
[1,2,5,16-20,62,209,211,226]. However, composition and crystallite size uniformity are difficult to
attain via impregnation as Ni and Fe oxide phases present in parallel make it challenging to
understand influence of the FexNiy alloy composition. To the best of our knowledge no study has
focused on the influence of the composition of Fe,Niy alloys with uniform composition and particle
size supported on metal oxides in the form of overlayers with different reducibility and acidity but

a constant pore structure during CO,-ODHE.

This work aims to investigate the combined effects of both the supported FexNiy, nano-alloy
metallic composition as well as the catalytically active metal oxide overlayer support’s overall and
Lewis acid site strength and reducibility on the catalytic performance (i.e. activity, stability and
selectivity towards CO,-ODHE or any competing pathway products) during the simultaneous

catalytic conversion of C;Hs and CO..

Novel approaches were undertaken to synthesize the two catalyst components and to combine
them into the overall catalyst to overcome foreseeable challenges likely. Oxides of Cr, Ga, Sm,
Ti, V and Zr, selected based on their reported wide range of characteristic acidity, were
synthesized in the form of amorphous overlayers highly dispersed on a common y-Al,Os carrier
[256—258]. This approach forms supports with chemical properties guided by the metal oxide
while maintaining the structural properties (BET surface area, pore volume, etc.) of the y-Al,O3
carrier, allowing the decoupling of the catalytic influence of the physical structure. Incipient
wetness impregnation (IWI) of the oxide precursors to a thermally pre-treated y-Al.O3 carrier was
employed to synthesize these overlayer supports [257,259]. The metal loading, crystal structure,
structural properties, nature of the chemical species, reducibility, strength of the Lewis acid sites
and the overall acid site strength of these metal oxide overlayers were probed using SEM-EDX,
offine  XRD, N-physisorption, Raman spectroscopy, conventional H,-TPR, DR-UV/Vis of

adsorbed alizarin and TPD of adsorbed NHs, respectively.

Secondly, oxidic FexNiy nanoparticles in the form of (NixFeix)Fe 04 or a mixture of Ni(OH). and
(NixFe1)Fe,O4 were used as precursors of the target FexNiy nano-alloys and were prepared
separately via a surfactant free solvothermal decomposition route adopted from Wolf et al.

[239,241] before supporting to the metal oxide overlayers. Synthesizing them separately helped
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attain crystallites of uniform sizes and composition enabling the formation of the corresponding
FexNiy alloys with close intimacy of metals, compared to the common impregnation techniques.
Since this synthesis was adopted from literature where it was used for formation of mostly Co-
based systems, an investigation of the conditions necessary to obtain nanoparticles of 10 nm and
a fixed composition was conducted. Afterwards, these conditions were adopted to synthesize the
target nanoparticles with target overall Fe : Ni atomic ratios of 1, 3 and 5 which were supported
on the overlayers via ultrasonication. STEM, TEM, offline XRD and ICP-OES were employed for
characterization of these samples as synthesized. Additionally, in situ XRD analysis was also
employed to prove the reducibility of the synthesized supported oxidic precursor nanopatrticles
and to capture, for the first time, the composition-dependent evolution of the alloy microstructure
under temperature-programmed reduction conditions. The ability of the supported alloy
microstructures to activate CO; and their evolution during COz-activation was also studied in an

in situ XRD temperature-programmed CO»-activation experiment.

Finally, the synthesized model bifunctional catalysts as well as the bare overlayers were
evaluated for catalytic performance in a fixed-bed reactor for 24 h under an equimolar feed of CO;
and C;Hs as well as a feed with an over-stoichiometric amount of CO» with a CO, : C;Hs ratio of
5. Under both streams, the influence of the bare overlayer acidity on activity, stability and
selectivity towards likely products was studied. For the bifunctional catalysts with the alloy added
to enhance CO.-activation, the catalytic performance studies were divided into two as two batches
of the oxidic FexNiy precursors obtained from separate autoclaves resulting in minor differences
in metallic composition of the alloy were employed to support on the various overlayers. The first
batch was only supported on the strongly acidic and reducible Cr-based and the weakly acidic Zr-
based overlayer supports to study the influence of alloy composition on catalytic performance on
these very different supports under the two feed streams. This also shed some light on the
influence of the overlayer differences on the catalytic performances. Based on the conclusions
drawn in this study, two out of the three metallic compositions of the alloy were selected and
supported on the remainder of the supports to study the influence of the support per composition
on the catalytic performance in detail. For this purpose, the second batch of oxidic FexNiy
precursors with a slightly different metallic composition was employed. After exposure to catalytic
testing conditions, all the spent catalysts were passivated and characterized using offline XRD
and, for some Raman spectroscopy and TGA analysis to understand the changes that took place

on the material as a result of exposure to reaction conditions.

57



4 Experimental

4 Experimental

Table 4.1 provides a list and the details (suppliers and purity) of the chemicals used for the

preparation of all the catalyst materials used in this study. All chemicals were used as received.

Table 4.1: Summary of all chemicals used for the preparation of catalysts as well as their purity and

suppliers.
Chemical name Formula Supplier Purity
Acetone (CH3)2CO Kimix = 99.30%
Alizarin (1,2-Dihydroxy-9,10- . )
. C14HsO4 Sigma-Aldrich 2 97.00%
anthraquinone)
Ammonium hydroxide NH4OH Kimix 25.00 wt.-%
Benzyl alcohol CsHsCH20H Sigma-Aldrich 2 99.90%
n-Butanol CHsCH2CH2CH20H Sigma-Aldrich 99.80%
Chromium(lll) nitrate _ )
Cr(NOs3)3'9H20 Sigma-Aldrich = 99.90%
nonahydrate
Ethanol CHsCHs Kimix = 99.90%
Gallium(lIl) nitrate hydrate Ga(NO3)3xH20 Sigma-Aldrich 99.90%
Hydrochloric acid HCI Kimix 25.00 wt.-%
Iron(ll) acetate Fe(O2CCHs): Sigma-Aldrich = 95.00%
Nickel(ll) acetate tetrahydrate Ni(O2CCHzs)2"4H20 Sigma-Aldrich = 98.00%
Titanium(IV) oxide (85 : 15 ) _ )
) TiO2 Sigma-Aldrich -
anatase : rutile) or P25
; HO(CH2CH20)20(CH2CH2 : :
Pluronic P123 Sigma-Aldrich -
(CH3)O)70(CH2CH20)20H
n-Propanol CH3CH2CH20H Kimix -
i-Propanol (CH3)2CHOH Kimix = 99.98%
Puralox SCCa 5-150 y-Al203 SASOL 98.00%
Samarium(lll) nitrate ; :
Sm(NO3)3'6H20 Sigma-Aldrich 99.90%
hexahydrate
Samarium(lll) oxide Sm203 Sigma-Aldrich 99.90%
Tetraethoxysilane (TEOS) Si(OCH2CHs)a Sigma-Aldrich 98.00%
Titanium(IV) tetrabutoxide Ti(OCH2CH2CH2CHa)4 Sigma-Aldrich 97.00%
Vanadium(V) ; :
N ; OV(OCH(CHa)2)3 Sigma-Aldrich -
oxytriisopropoxide
Vanadium(V) oxide V205 Sigma-Aldrich 99.95%
Water H20 Deionized
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Zirconium(lV) oxide ZrO2 Sigma-Aldrich 99.00%
Zirconium(lV) tetrapropoxide Zr(OCH2CH2CHs)a Sigma-Aldrich 70 wt.-%

4.1 Synthesis of supports

4.1.1 Synthesis of metal oxide overlayers

The Lewis basicity and nucleophilicity of the metal oxide lattice/surface oxygen are expected to
be kinetically relevant physicochemical parameters of the catalysts since they control the
activation of C;Hs via H-abstraction during CO»,-ODHE. For control over this parameter and
decoupling them from influences of textural properties (surface area, pore volume and diameter),
model oxide overlayers (MOy) were prepared instead of using bulk metal oxides. An incipient
wetness impregnation (IWI) method (see Figure 4.1) reported by Wachs’s group [68], and recently
adopted by Prieto et al. [58,258,259], was employed for the synthesis of these overlayers with
similar textural properties. The method entails coating a common porous carrier with oxides of
transition, common and lanthanide metals (M = Ga, Cr, Sm, Ti, V, and Zr) in amounts equating to
a theoretical two-dimensional overlayer. Oxides from the selected metals have a wide range of
intrinsically varying Lewis acid site strength which imposes varying basicity/nucleophility of the
lattice oxygen as well as redox properties [148,258,259]. High-surface area (151 m?/g)
mesoporous y-Al,Os (Puralox SCCa 5-150, SASOL) was used as the common carrier for the
overlayers providing its textural properties and mechanical strength to the resulting MOx@ y-Al,O3

overlayers.
Metal
Nitrate/alkoxide

Porous solid | | solution

carrier y-Al,05 Monolayer of oxide

T coated on carrier
. g
Dzmﬂ & .
calcination %

Capillary action

Figure 4.1: Schematic representation of the steps during the IWI technique used for the synthesis of metal
oxide overlayers coated on the y-Al,O3 common carrier.

The metal oxide overlayers were dispersed onto the surface of the y-Al,Os carrier via IWI targeting

surface-specific metallic (M) coverages/loadings between 5 and 6.5 metal-atoms(M)/nm?. These
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coverages are sufficient to achieve a nominal monolayer saturation of MOy on the surface of the
carrier and were adopted from previous studies [68,257-259]. The y-Al>O3 carrier was sieved to
obtain 5 g of a 100 - 150 um particle size fraction which was calcined in a muffle furnace (LT5/12
Nabertherm GmbH, Germany) under static air at 450 °C for 18 h and then immediately transferred
into a 250 mL pear-shaped Schlenk flask that allowed storage under vacuum. The y-Al.Oz was
further subjected to thermal treatment at 280 °C using a heating mantle and a Schelenk setup in
the pear-shaped Schlenk flask for 3 h for the removal of surface-adsorbed water. During the
heating to and at the target temperature of 280 °C, a vacuum suction was applied. After cooling
to 25 °C, Ar gas was flowed slowly to keep the sample in an inert and dry environment. 2.3 mL of
a 2.73 M metal concentration (3.54 M for vanadium) precursor stock solution was added to the y-
Al,O3 under Ar flow. The resulting impregnated solid was dried at 70 °C for 12 h in a Memmert
oven under static air and ultimately calcined at 600 °C (heating rate: 2 °C/min) for 4 h under air
flow (flow rate: 50 mL/min). For the zirconium-based overlayer, the precursor stock solution used
for the impregnation had a lower metal concentration than required (2.23 M). In this case, the
entire impregnation procedure, including drying and calcination, was first performed using the
2.23 M stock solution and then repeated using a 0.50 M stock solution to achieve the target
nominal surface coverage. The MOy precursors used, solvents for preparation of corresponding
precursor solutions, corresponding target coverage, resulting model oxide overlayer supports
(denoted MO@AI>O3), and further synthesis information are summarized in Table 4.2 below.

Table 4.2: Target nominal overlayer coverage, precursors and solvents used for the synthesis of
MOx@AI,O3 supports.

MOx@AI O3  IWIsteps & (Mat/nm?)2 & (M wt.-%) P Precursor Solvent
CrOx@Al203 1 5.0 6.1 Cr(NOs)3'9H20 H20
GaOx@AL03 1 5.0 8.0 Ga(NO3)s'xH20 H.0
SMOx@AI203 1 5.0 15.9 Sm(NO3)3'6H20 H20
TiOx@AI203 1 5.0 6.0 Ti(OCH2CH2CH2CHa)4 n-Butanol
VOx@AI203 1 6.5 7.7 OV(OCH(CHs)2)s i-Propanol
ZrOx@AI203 2 5.0 10.3 Zr(OCH2CH2CHzs)4 n-Propanol

a Nominal overlayer surface coverage in number of metal atoms/nmZ. ® Nominal overlayer surface coverage
in weight percentage of metal loaded.
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4.1.2 Synthesis of high-surface area mesoporous silica (KIT-6)

The molar composition of the gel used for the synthesis of the Korea Advanced Institute of
Science and Technology-6 (KIT-6) mesoporous silica material, with a cubic la3d symmetry, was:
1 TEOS/1.9 HCI/0.017 P123/195 H,0/1.31 n-butanol, as adopted from the study by Kleitz et. al.
[260]. For the synthesis, 6 g of Pluronic P123 was dissolved in a mixture of 217 g deionized water
and 11.8 g of 25 wt.-% aqueous HCI by stirring. After complete dissolution, 6 g of n-butanol was
poured into the solution while stirring at 35 °C and the mixture was allowed to react for 1 h under
stirring after which, 12.9 g of TEOS was added. The resulting mixture was further stirred at 35 °C
for 24 h and subsequently subjected to a hydrothermal treatment at 100 °C for another 24 h in a
300 mL in-house PTFE-lined stainless-steel autoclave. The solid product obtained was collected
by filtration, washed twice with 200 mL of deionized water, and then dried at 80 °C for 24 h in a
Memmert oven under static air. Ultimately, the dry sample was calcined at 550 °C for 3 h in a
muffle furnace (LT5/12 Nabertherm GmbH, Germany) using a temperature ramp rate of 20 °C/min
under static air to remove the residual templating surfactant.

4.2 Synthesis of oxidic FexNiy nanoparticles via a solvothermal nonaqueous

surfactant-free method

Oxidic FexNiy nanopatrticles were synthesized through a modified nonaqueous surfactant-
free solvothermal method (see Figure 4.2) [239,261].This entails a solvothermal treatment
of a mixture of Fe and Ni acetate solutions in benzyl alcohol in the presence ammonium

hydroxide.

{Nil-xFex)Fe2o4
nanoparticles

— 3

NH,OH Autoclave
dropwise

] Hydrotherma
Fe & Ni

acetates

dissolved
in benzyl
alcohol

Treatment

Figure 4.2: Schematic representation of the surfactant-free hydrothermal treatment method used for the
synthesis of the oxidic (Ni1xFex)Fe2O4 nanoparticles.
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The synthesis conditions suitable for the formation of oxidic FexNiy nanoparticles were
investigated as well as their effect on particle size. At a target fixed Fe : Ni atomic ratio of
3, the total mass of the acetate precursors, volume of ammonium hydroxide and synthesis
temperature, were varied (samples T1.3 - 9.3 in Table 4.3).

A solid mixture of iron(ll) acetate and nickel(ll) acetate tetrahydrate at a fixed Fe : Ni atomic
ratio of 3 was dissolved in 140 mL benzyl alcohol. The solution was stirred at 500 rpm for
2 h using a magnetic stirrer to ensure complete dissolution. Subsequently, ammonium
hydroxide solution was added dropwise to the solution, resulting in a colour change from
brown to black. This solution was transferred into an autoclave (BR-1500, Berghof,
Germany) with PTFE lining and subjected to a hydrothermal treatment under stirring (500
rpm) with rapid heating to the target reaction temperature (see Table 4.3). The mixture was
allowed to react for 5 h under stirring and at a vapour pressure below 25 bar, regulated by
a pressure relief valve. After cooling the mixture to room temperature, its volume was
tripled with iso-propanol and subjected to centrifugation in an Avanti J.E centrifuge
(Beckman coulter, USA) at 25 °C and 10 000 rpm for 15 min to yield a deep dark-brown
solid. The solid was re-dispersed in 400 mL of ethanol, re-centrifuged and then washed
several times with 400 mL volumes of acetone and using centrifugation to separate the
product from the solvent. The washing step was repeated until the supernatant was
transparent, typically after 4 or 5 cycles.

Based on the synthesis conditions employed for sample T1.3 (see Table 4.3), nanoparticles
of the same patrticle size but varying composition (Fe : Ni atomic ratio of 1, 3 and 5) were
synthesized and described as TT1.1, TT1.3 and TT1.5. Due to instrument availability and
material requirements in the present study, the synthesis was repeated in a second in
house designed autoclave reactor using the same conditions as TT1.3 and TT1.5 but
adjusting for the smaller total volume and without pressure release due to the high-
pressure rating of the reaction vessel. The corresponding samples obtained using these
conditions are labelled TT1-2.3 and TT1-2.5 (see Table 4.3). Lastly, to account for the
higher water concentration in the reaction due to the higher reaction pressure and guided
by previous studies in our laboratories identifying the water quantity as crucial parameter,
the ammonium hydroxide concentration was reduced by a third yielding TT1-3.3 and TT1-
3.5 [239].

62



4 Experimental

Table 4.3: Summary of all the samples and parameters/conditions applied during the surfactant-free
synthesis route of oxidic FexNiy hanoparticles.

Sample Temperature  Acetates Target Fe : Ni  Benzyl NH4OH Synthesis
(°C) total mass (g) atomic ratio alcohol (mL) autoclave
(mL)

T1.3 200 1.93 3 140 85 Berghoff
T2.3 200 0.77 3 140 34 Berghoff
T3.3 200 0.31 3 140 13 Berghoff
T4.3 170 1.93 3 140 85 Berghoff
T5.3 170 0.77 3 140 34 Berghoff
T6.3 170 0.31 3 140 13 Berghoff
T7.3 150 1.93 3 140 85 Berghoff
T8.3 150 0.77 3 140 34 Berghoff
T9.3 150 0.31 3 140 13 Berghoff
TT1.1 210 1.93 1 140 85 Berghoff
TT1.3 210 1.93 3 140 85 Berghoff
TT1.5 210 1.93 5 140 85 Berghoff

TT1-2.3 210 1.45 3 105 64 Small

TT1-2.5 210 1.45 5 105 64 Small

TT1-3.3 210 1.45 3 105 21 Small

TT1-3.5 210 1.45 5 105 21 Small

4.3 Dispersion of oxidic FexNiy nanoparticles onto supports

The oxidic hanoparticles were anchored onto the various metal oxide overlayer supports and the
mesoporous silica (KIT-6) using an ultrasonication technique previously demonstrated in our
laboratories [239,262]. 0.21 g of the solid, corresponding to a target loading of 10 wt.-% metallic
FexNiy, was added to 500 mL of ethanol and subjected to ultra-sonication at 100% power setting
in a UBM22 ultrasonic bath (Labcon, USA) for 4 h to achieve re-dispersion of the nanoparticles in
the solvent. Subsequently, a total of 1.5 g of the support was also subjected to ultrasonication for

4 h in 300 mL ethanol during which the nanopatrticle dispersion was added dropwise. The mixture
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was allowed to further sonicate for 4 h before it was transferred to a rotary evaporator in a 1000
mL Buchi round-bottom flask, which was stirred for 1 h at 240 rpm and 60 °C, before the ethanol
was evaporated from the suspension at 460 mbar.

4.4 Material characterization

4.4.1 Diffuse reflectance ultra-violet /visible (DR-UV/Vis) spectroscopy

Diffuse reflectance ultra-violet/visible (DR-UV/Vis) spectroscopy analysis of the various
metal oxide overlayer supports, with and without the adsorbed alizarin probe molecule,
was performed at the Max-Planck-Institut fir Kohlenforschung (Mulheim an der Rubhr,
Germany). The spectra were recorded at room temperature using a double-beam UV/VIS
Lambda 365 spectrophotometer (Perkin Elmer, USA) with a tungsten-halogen and
deuterium interface. The instrument is equipped with an integrating sphere, and barium
sulfate was used as a reflectance standard. Spectra were collected at a wavelength range
of 200 - 800 nm (6.20 - 1.55 eV), taking 1 nm steps and the diffuse reflectance obtained
was converted into the proportional absorption coefficients via the Kubelka-Munk (K-M)
formalism using Equation 4.1 [256,263,264].

k  (1-Ru)?

F(Ry) = 5. 2R. Equation 4.1

Where F(R.,) is the function of reflectance proportional to the absorption coefficients, k is
the absorption coefficient, s is the scattering coefficient accounting for the internal
scattering processes in the sample and R, is the measured diffuse reflectance of the

sample across the range of the acquisition wavelength. For the analysis without the alizarin

adsorbate, the samples were analysed as prepared.

For the samples with adsorbed alizarin, the adsorbate was first deposited onto the various
MO@AI,O3 overlayer supports following a method reported by Jeong et al. [256]. 200 mg
of the MOx@AI-O3 powdered sample was first subjected to a thermal pre-treatment for
decarbonation and removal of any unwanted surface adsorbates. The sample was heated

(4 °C /min) to 600 °C under a constant air flow (flow rate: 50 mL/min) and held at the target
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temperature for 2 h. Subsequently, the sample was dehydrated at 200 °C in a 100 ml
tubular Schlenk flask under vacuum (3 mbar) for 8 h and then stored inside a glovebox
with <0.1 ppm Oz and <0.1 ppm H2O. In the glovebox, 150 mg of the sample was added
to 20 mL anhydrous ethanol, forming a suspension. 20 mL of a 0.125 mM stock solution
of alizarine in anhydrous ethanol was added. The resulting suspension was subjected to
vigorous stirring for 10 min and the solid was filtered off and further washed several times
with dry ethanol to remove the excess (unbound) alizarin until the filtrate was colourless.

The solid was collected and dried under vacuum (3 mbar) at room temperature for 12 h.

The surface-adsorbed alizarin molecules serve as a probe for the relative strength of the
Lewis acidity of the exposed MOy species on the overlayer supports. As depicted in Figure
4.3, the alizarin molecules interact with the exposed lattice metal cations of the metal oxide
(MOx@AI;O3, depicted as MxOy) via the adsorbate-to-metal charge transfer (AMCT). As a
result, the intra-molecular charge transfer (IMCT) transition energy (E;ycr) IS affected.
Evqcr is the energy required to transfer electrons from the catechol moiety to the ring
system of the adsorbed alizarin molecule and is usually the lowest energy transition. E;ycr
can be measured using DR-UV/Vis spectroscopy and is directly proportional to the relative
Lewis acid strength of the metal oxide onto which the alizarin molecule is adsorbed. That

is, a high E;ycr indicates the presence of strong Lewis acid sites.

====9 Intramolecular Charge Transfer (IMCT)

Adsorbate-to-Metal Charge Transfer

increase - IMCT transition energy increase

IMCT transition energy increase a|N,, - 28, ‘ General Acidity
scale of M,0,

Figure 4.3: Scheme illustrating interactions between an adsorbed alizarin molecule and a metal oxide
(MxOy) surface. Adapted from Jeong et al [256].
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4.4.2 Raman spectroscopy

Raman spectra were recorded under ambient conditions using a commercial WITec
Confocal Raman Microscope (WITec alpha300, Ulm, Germany) consisting of a CCD
detector and confocal microscope combined with a Raman (UHTS 300) spectrometer
which covers the Vis-NIR range. Depending on the samples, the spectra were either
collected in the range of 100 - 1100 cm™ for MO@AI.O3 samples or 85 - 1600 cm for the
oxidic spinel nanoparticles. The sample excitations were induced using a green Ar ion
laser with A = 532 nm and the laser power output was kept constant at 10 mW. The sample
exposure time was 60 s. The software used for the data analysis is WITec Suite 5. A small
sample of the powdered materials was deposited on a glass slide. Sample scanning in this
instrument is achieved by using a fitted piezoelectric scan stage. Furthermore, the
reflected laser and Rayleigh-scattered radiation during the acquisition are filtered by an
edge filter. The Raman scattering from the sample is focused into a multi-mode optical
fibre. This fibre serves as a pinhole for confocality as well as entrance slit to the UHTS 300
spectrometer.

Alternatively, an inVia Raman microscope (Renishaw, UK) with a 532 nm wavelength laser
was used. Spectra were acquired at a laser power of 20 mW and an exposure time of 60
s in the same ranges as described above. The software used for the data analysis was
WIRE 3.4 HF5925 build 2377.

4.4.3 Nitrogen physisorption analysis

Nitrogen adsorption/desorption isotherms were recorded using a Micromeritics TriStar 11 3020
instrument after degassing a sample of approximately 500 mg at 120 °C overnight using a heating
rate of 5 °C/min. The specific-surface areas were determined using the Brunauer-Emmett-Teller
(BET) method which is based on physical adsorption and was applied in the relative pressure
(P/P,) range of 0.05 - 0.30 [265]. Where necessary, the total pore volumes reported were
extrapolated to the volume of nitrogen uptake at a relative pressure (P /P,) of 0.95. The pore size
distributions and average pore diameters were derived using the Barrett-Joyner-Halenda (BJH)

model applied on the desorption branch of the isotherms [266].
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4.4.4 Ex situ X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of powdered samples were acquired in a D8 Advance
laboratory X-ray diffractometer (Bruker, Germany) equipped with a Co radiation source
(A1 = 1.788973 A) and a position-sensitive detector (LYNXEYE XE, Bruker AXS) in a
Bragg-Brentano geometry. The instrument was operated with the power setting of 35 kV
and 40 mA. The 26 range of 20 - 120 °, corresponding to a 1/d range of 0.19 - 0.97 A1,
using a step size of 0.043 ° (4.2 x 10* A'Y) and a time per step of 0.75 s, resulting in a total

scan time of 29 min and 50 s were chosen for the XRD measurements.

Phase identification was achieved by comparison of the acquired diffraction patterns with
reference patterns provided in the Powder Diffraction Files, PDF-2 (released in 2008) and
PDF-4+ (released in 2019), published by the International Centre for Diffraction Data
(ICDD) [267,268]. Quantitative analysis of identified phases was achieved via Rietveld
refinement methods implemented in the software package TOPAS 5 (Bruker AXS) [269].

4.4.5 Electron microscopy

4.45.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed with a FEI Tecnai 20 instrument
equipped with a lanthanum hexaboride field emission gun operated at 200 kV. The microscope is
also fitted with a Tridiem 863 UHS Gatan image filter system and a 2k x 2k CCD Gatan camera.
Prior to the TEM imaging, samples were prepared by re-dispersing a small amount of the
powder in ethanol to form a suspension, followed by ultrasonication for 30 min for
unsupported nanoparticles and for 1 min for all other samples. A droplet of the top
suspension was deposited onto a holey film carbon-coated copper grid and dried in air for
1h.

Both the number- (d,) and volume- (d,) based average particle sizes, as well as their
corresponding standard deviations (sd,, and sd,,) were calculated (see Equation 4.2 - Equation

4.5). A minimum of 150 particles were measured per sample using the open-source software

package ImageJ [270].
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= £V=1 n;d;
number — based average (d,) = —N Equation 4.2
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Where d; is the measured diameter of the nanoparticle i, n; is the number of nanoparticles

with the measured size d; and N represents the total number of nanoparticles measured.

4.4.5.2 Scanning transmission electron microscopy (STEM)

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
micrographs and the energy dispersive X-ray (EDX) elemental maps of selected samples
were acquired using a Cs-corrected probe in a Hitachi HD-2700 scanning transmission
electron microscope operated at 200 kV at the at Max-Planck-Institut fiur Chemische
Energiekonversion (Milheim an der Ruhr, Germany). The instrument is equipped with a
cold-field emission gun and two EDAX Octane T Ultra W EDX detectors. Powder samples
were dry-casted onto holey carbon film coated Cu grids before being introduced into the
measurement chamber. For reduced samples, reductions were performed at 500 °C for
3 h using a heating rate of 1 °C/min under a gas mixture of 10% H: in N (flow rate: 50
mL/min) prior to the analysis. The reduced samples were then transferred into a glovebox
where they were embedded into low-viscosity Spurr resins and then casted on TEM grids

for analysis.
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4.4.5.3 Scanning electron microscopy (SEM)

Scanning electron micrographs as well as energy dispersive X-ray (SEM-EDX) elemental maps
were recorded on a high-resolution field emission Nova NanoSEM 230 (FEI) equipped with high
resolution in-lens secondary, low voltage backscatter, STEM, as well as Oxford X-Max silicon drift
EDX detectors. Prior to the analysis, the dry powder samples were sprinkled on a carbon tape
that was attached to an aluminium stub. The powder that did not attach to the tape was removed
with a burst of compressed air. The same instrument was also used for low EDX elemental
mapping of selected samples. For this purpose, samples were deposited onto a holey film

carbon-coated copper grid as previously described for TEM analysis.

4.4.6 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Elemental analysis of the various materials was carried out via inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Varian ICP-OES 730 Series (Agilent) spectrometer.
The instrument is equipped with a radial torch configuration and uses scandium as an internal
standard. Prior to the analysis, the samples were acid digested using aqua-regia (3 : 1 mixture of
HCI:HNO3z molar ratio) for 24 h followed by heating to a temperature of 180 °C for 40 min at a
rate of 6.4 °C/min in a Mars 6 Microwave digester (1600 W). Where the digestion method
proved challenging, HF was added to aqua regia in a 1 : 4 molar ratio and during all the

acid digestion steps, H3BO3; was used for neutralization.

4.4.7 Temperature-programmed reduction (TPR)

Temperature-programmed reduction studies were performed in either an AutoChem 11 2920 or an
AutoChem 2950 Micrometrics instrument. A 150 mg of sample was loaded into a U-shaped quartz
reactor tube. The samples were heated to a temperature of 120 °C and held for 1 h using a
heating rate of 10 °C/min for dehydration and removal of unwanted surface adsorbed species
under 50 mL/min He flow. Thereafter, the sample was cooled to 50 °C before heating to 950
°C, with a heating rate of 5 °C/min under a constant flow of 50 mL/min 5 vol.-% H, in Ar.

The H, consumption was measured using a thermal conductivity detector (TCD).
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4.4.8 In situ X-ray diffraction (XRD)

In situ XRD was used to monitor the phase transitions of the catalyst materials under reduction
and CO; activation conditions. A commercial Anton Paar XRK-900 sample analysis reaction
chamber was used in a D8 advance (Bruker, Germany) laboratory X-ray diffractometer. The
diffractometer is equipped with a molybdenum X-ray source (Awa: 0.70932 A) and a position-
sensitive detector (Vantec, Bruker AXS). The optics and detector were set to a parallel beam
geometry to minimize peak shifts due to sample displacement. The instrument was operated at
42 - 50 kV and 35 mA.

About 200 mg of the sample was loaded onto a cylindrical plate-like ceramic holder with a
geometry allowing a maximum sample diameter of 14 mm and gas flow through the sample. For
the reduction studies, the samples were exposed to a stream of 5 vol.-% H in N2 (flow rate: 50
mL/min/g of sample) at atmospheric pressure and heated at 1 °C/min from 50 to 700 °C.
Diffraction patterns were collected throughout the heating period, every 5 minutes, scanning from
a 20 of 15 to 29.5 ° (a 1/d from 0.37 to 0.72 A') using a step size of 0.02 ° and a time per step of
0.2 s, amounting to a total scan time of about 4.07 min. To study the CO;-activation ability of the
catalysts, the samples were reduced at 500 °C for 3 h with a heating rate of 1 °C/min. The
chamber was subsequently cooled to 50 °C under N before introducing 1 vol.-% CO- in N2 (flow
rate: 100 mL/min) and heating to 750 °C at 1 °C/min.

4.4.9 Thermogravimetric analysis (TGA)

Thermogravimetric and differential thermal analyses (TGA/DTA) were performed in a Discovery
SDT 650 (TA instruments, USA) instrument. For the decomposition surface carbon deposits from
the spent catalysts, a 30 - 50 mg of a powdered sample was loaded into a 50 pL alumina crucible
and exposed to air flow (flow rate: 100 mL/min) while heating from a temperature of 50 to 1200
°C at a rate of 5 °C/min. For the temperature-programmed reduction and subsequent the
temperature-programmed CO; activation reaction experiments, the samples were exposed to
stream of 5 vol.-% H: in inert (flow rate: 100 mL/min) while heating from 50 to 500 °C at a rate
of 1 °C/min, cooled to 300 °C under inert and exposed to a stream of 1 vol.-% CO; in inert
(flow rate: 100 mL/min) for 3 h before heating to 1000 °C at a rate of 4 °C/min.
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4.5 Reactor-based catalytic testing of materials

The test unit employed in the present study (see Figure 4.4) has three feed lines which allow for
simultaneous feeding of up to three different gases sourced from a central gas reticulation system
(Ar, N2 and H;) and stand-alone gas cylinders (gas mixes, C;Hs and CO_). Two feed gas mixes
consisting of 25% C;He, 25% CO2, 45% Ar and 5% He (AFROX) and 8.3% C;Hs, 41.7% COx,
45% Ar and 5% He (AFROX) were used for catalytic testing under CO,-ODHE conditions with
CO;: CyHes feed gasratios of 1 : 1 and 5 : 1, respectively. The former feed gas ratio is above while
the latter is within the explosive range of ethane (3 — 12.4 vol-%) and was handled meticulously
for safe experimentation. The same feed gas compositions could be generated by directly
combining the individual gases whereby only Ar gas was used for dilution. The flow rates were
controlled by three Delta Smart Il mass flow controllers (Brooks Instruments); MFC-1, MFC-2,
and MFC-3. The feed gas mixture is simultaneously fed into the two testing reactors, after spitting
via two fused silica columns of equal length. The reactor outlet lines were heated to 80 °C up to
the catch pots (which were kept at room temperature) to prevent any premature water
condensation. The total feed gas flow can also be set to bypass the reactors. In this case, three
needle valves were employed to realize the same pressure drop as observed across the fused
silica capillaries. The reactors themselves were made of quartz glass tubing with a length of 150
mm and an outer (inner) diameter of 6.35 (4.00) mm. These reactors are placed horizontally
sandwiched by two stainless steel heating blocks each with two heating elements to achieve the
desired temperature measured by a thermocouple also sandwiched by the blocks. A maximum

temperature of 750 °C can be attained via this reactor set-up.

Reactor outlet gas or bypassed feed gas compositions were analysed using an Agilent
Technologies 490 Micro-GC equipped with three individual channels and dedicated TCDs (more
details on gas analysis provided later in this section). Two molecular sieve 5 A PLOT columns of
10 and 20 m lengths and a 10 m PoraPlot Q column were used to separate the products and
unreacted gas components. The 20 m molecular sieve column is operated with H, as the carrier
gas for the separation of Ar, N2, CHs and CO. The 10 m molecular sieve column uses Ar as the
carrier gas to separate He and H.. Lastly, the 10 m PoraPLOT Q column also uses H as the
carrier gas to separate CO,, C-Hs and C;Hs. Gaseous HO is qualitatively separated in the 10 m
PoraPLOT Q column as well. To select between the two reactor outlet streams for the GC-TCD

analysis, two three-way solenoid valves are installed which can be programmed via an in-house
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developed Arduino-based control unit. While the reactor outlet stream of one reactor is guided

towards the Micro-GC the outlet stream of the other is vented via the extraction system.

Gas mix- @
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l
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Figure 4.4: Piping and instrumentation diagram of the two-reactor test unit set-up used to test the activity

and selectivity of the synthesized catalyst materials.
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The reactor effluents were sampled every 5 minutes during all experiments. The software program
Varian Galaxie Chromatography Data System 1.9.3.2 was used to perform the gas
chromatographic analysis and to integrate peak areas of each gas component. The full details of
the conditions and parameters used to achieve separation of gaseous components are
summarized in Table 4.4.

Table 4.4: Summary of the different column properties and the conditions used to achieve gas separation
in each column of the micro-GC.
Analysis channel 1 2 3

Column stationary phase ~ Molecular sieve 5 A PLOT  Molecular sieve 5 A PLOT PoraPLOT Q

Column length (m) 10 20 10
Detector TCD TCD TCD
Carrier gas Ar H2 H2
Injection time (ms) 60 60 70
Injector temperature (°C) 80 80 80
Column temperature (°C) 80 70 60
Column pressure (kPa) 150 120 80
Duration (s) 270 270 270
Gasses separated in COz2, C2oHg4, C2Hs
He and Hz Ar, N2, CHsand CO
order of retention time and Hz20

The micro-GC was calibrated using two different certified calibration gas mixtures (20% CzHes,
9.7% C3H., 20% CO,, 45.5% Ar, 4.8% He; and 10.1% CO,, 15.9% CHa, 18.5% CO, 39.8% Ho,
9.9% Ar,5.8% N, both from AFROX). Response factors for each gas (except for N.) were

calculated using Ar as the internal standard (see Equation 4.6).

Ay - Var,in

f =

Equation 4.6
AAr " Uy in a

Where f,, A, and v, ;, are the response factor, peak area measured in the chromatogram and
molar gas flow rate (mol/min) of gas component x. A4, and v, ;,, are the peak area measured

from chromatogram and the molar gas flowrate (mol/min) of Ar. To calculate the molar flow rate
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Uy oue (Mol/min) of each gas component x exiting the reactor system during the CO.-ODHE and

COq-activation experiments, Equation 4.7 employing the identified calibration parameters was
used.

Ay " Varin
Ux,out = A -f f Equation 4.7
Ar  Jx

The catalytic performance of the materials during CO,-ODHE was evaluated by calculating
conversions of C;Hs and CO,. The conversions were expressed as the amount of the reacting
component (CzHg or CO2) converted relative the amount of the reactant (CzHs or CO) fed into the

reactor (see Equation 4.8).

in — Uy, out

Uy,
X, (%) = 100

Equation 4.8

Uy,in

Where X,, (%) is the conversion expressed in %, v, ;, is the reactor inlet molar flow rate of

(mol/min) and v, ,,,, is the reactor effluent molar flow rate (mol/min) of compound y (CzHs or COz).

The carbon-based selectivity towards ethylene, CO or methane was calculated as shown in
Equation 4.9.

Nz * Vz out

———-100
Zn(n ' Uout)

S,(C—%) = Equation 4.9

Where S,(C — %) is the selectivity expressed in C-%, n, is the number of carbon atoms and v, o,
is the reactor effluent molar flow rate (mol/min) of the carbon-containing compound z (ethylene,
methane or CO). The term in the denominator represents the sum of the molar flow rates
(mol/min) v,,; of all the possible carbon containing product compounds, each multiplied by the
corresponding number of carbon atoms n. Since the selectivity is carbon-based, 67 C-%
selectivity towards ethylene and 33 C-% towards CO products would represent a CO,-ODHE
pathway in the absence of any side reactions. A lower selectivity towards ethylene would indicate
that methanation or CO-forming reactions such as C>Hs dry-reforming or over-oxidation are taking
place, whereas a significantly higher ethylene selectivity would suggest that the direct

dehydrogenation (DD) pathway is proceeding in parallel. Due to unfeasible analysis at lower
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concentrations, H», was not analysed although it was often observed especially when DRE was

promoted.

The yield of ethylene was calculated as the ratio of the molar flow rate of ethylene formed to the
molar flow rate of C>He fed into the reactor (see Equation 4.10 below).

Uc2H4,0ut

Yeona(C — %) = 100

Uc2He6,in Equation 4.10

Where Y¢,44(C — %) is the yield of ethylene expressed in C-% whereas vcapsoue @aNd Veopa out

are molar flow rates (mol/min) of ethylene and the C,Hs in the feed gas, respectively.

Each reactor tube was loaded with 100 mg of the catalyst forming a packed bed held in place by
plugs of glass wool. Beyond the glass wool plugs, packings of SiC provided a preheating zone of
the feed gas as well as secured the catalyst bed in the isothermal zone of the reactor. The
catalysts were first reduced in 25 mL/min/reactor of H» at 500 °C for 3 h using a heating rate of 1
°C/min. After reduction, the temperature was increased to 600 °C using a heating rate of 5 °C/min
under inert N flow of 50 mL/min/reactor. The activity and selectivity of the active materials for the
CO,-ODHE were investigated at two different CO; : C;He ratios, i.e., 1 and 5. For both ratios, 25
mL/min/reactor of the feed gas mixture was set varying in composition: 25% C,Hsg, 25% CO,, 45%
Ar and 5% He (6.25 mL/min CzHs, 6.25 mL/min CO,, 12.5 mL/min He and/or Ar) for attaining the
CO; : CyHe target feed ratio of 1; and 8.3% CzHs, 41.7% CO2, 45% Ar and 5% He (2.2 mL/min
CzHs, 10.3 mL/min CO2, 12.5 mL/min He and/or Ar) for attaining the CO; : C;Hg target feed ratio
of 5. Blank experiments, in the absence of active material but with a packed bed of SiC were
performed at 600 - 700 °C in a quartz reactor tube which only exhibited negligible conversion. For
CO; activation experiments performed on FexNiy nano-alloys supported on KIT-6, the temperature
after reduction was decreased to 50 °C at a cooling rate of 10 °C/min. At 50 °C, 100
mL/min/reactor of 1 vol.-% CO; in Ar was fed to the reactor and the temperature was increased
to 700 °C at a heating rate of 1 °C /min.
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5 Physicochemical characterization of metal oxide overlayers

Some results reported in this chapter are part of the publication: S. Raseale, W. Marquart, K.
Jeske, G. Prieto, M. Claeys, N. Fischer, Supported FexNi, catalysts for the
co-activation of CO, and small alkanes, Faraday Discuss. 229 (2020) 208-231.
https://doi.org/10.1039/C9FD00130A.

One of the core objectives of this work was to synthesize model metal oxide overlayer support
materials (MOx@AI>O3) which exhibit comparable physical properties such as surface area, pore
volume and average pore diameter and mechanical properties imposed by a common carrier.
However, these overlayers should also exhibit different chemical properties such as relative total
and Lewis surface acid site strength as well as reducibility which are related to the corresponding
bulk metal oxides. To achieve this, overlayers of different target metal oxides were coated on the
surface of a y-Al.Osz carrier via the incipient wetness impregnation (IWI) preparation technique.
The physicochemical properties of the synthesized metal oxide overlayers were characterized in
terms of the metal content (M), overlayer coverage (8), physical/textural properties and the
relative surface Lewis acid site strength described by the intra-molecular charge transfer energy

(Ermcr) of surface-adsorbed alizarin (see Table 5.1).

Table 5.1: Physicochemical properties (chemical composition, relative surface Lewis acid site strength and
pore structural properties) of y-Al,O3; and the different MOy@AIO3 supports.

Chemical composition Textural properties
Sample M (o) SBET. Vp Dp Vp Eumer
(wt.-%)? (M/nm?) (m?/g)*  (cm®Qg)° (nm)?  (cm®(g Al203)¢ (V)
y-Al203 - - 151 0.50 9 0.50 2.51
CrOx@Al>03 7.5 6.2 128 0.44 11 0.49 22l
(2.54)
SMOx@AI203 18.9 6.2 123 0.33 9 0.42 2.38
TiOx@AI203 7.9 7.1 141 0.44 9 0.50 2.46
GaOx@AIl203 8.3 5.2 133 0.44 9 0.50 2.48
Zrox@AI203 11.5 5.7 144 0.43 9 0.50 2.49
VOx@AI203 9.9 8.6 111 0.40 8 0.49 2.60f

a Based on SEM-EDX analysis; ® BET mass-specific surface area; ¢ Total mass-specific pore volume and ¢ average
pore diameter acquired via the BJH formalism of the desorption branch of the corresponding N2-physisorption isotherm;
€ Total pore volume normalised by the mass of y-Al2O3 assuming the bulk oxide stoichiometry for estimation of the MOx

mass. " Obtained from the alizarin adsorbed on a MOx@AI203 support thermally pre-treated in air.
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Based on the pore-structural properties obtained from the low-temperature N> physisorption
studies of the bare y-AbOs; carrier and the MO@AI:Oz overlayer materials,
incorporation/dispersion of the MOy overlayers on the surface of the carrier y-Al>O3 results in a
reduction, by a factor below one-third, of the mass-specific surface area (Sger) and pore volume
(Vp). The reduction of surface area was by up to 26% (i.e. 151 m?/g to 111 m?/g) recorded for
VO@AI,O3, while the pore volume (V) decreased by up to 34% (i.e. 0.50 cm®/g to 0.33 cm3/g)
recorded for SmOx@AI;O3. This reduction is attributed to the increased density of the obtained
materials in comparison to y-Al,Os and pore-filling of smaller as well as pore-narrowing of larger
mesopores caused by coating the carrier with the MOy overlayers. The average pore diameter for
most of the MOx@AILLO; samples remained comparable to y-AOs (= 9 nm), while that of
CrOx@AlLO3 increased slightly to 11 nm. This is an indication of pore-plugging of the smallest
mesopores of the y-Al,O; carrier by CrOy, which decreases the smaller mesopore volume (below

5nm) in the pore size distribution (see Figure 5.1(b)).

Despite the comparable average pore diameter of the MOx@AI,O3 overlayer materials with M =
Sm, Ti and Ga, the MOy overlayer causes a reduction of both the larger and smaller mesopore
volume as well as the total mesopore volume resulting in a slightly narrower pore size distribution
compared to the bare y-AlLOs. This effect is more apparent for the SmO@AI.Oz; overlayer
material with a significantly narrowed pore size distribution compared to bare y-Al,Os. For
ZrOo@AI,Os3, a higher degree of pore-narrowing with preservation of smaller mesopores is
observed. For the VO,@AI,O3 overlayer material, pore-plugging results in a significant reduction
of the mesopores below 7 nm in diameter and the emergence of larger ones above 20 nm
attributed to surface roughness and increased particle density. When normalized by the mass of
y-Al,O3, the pore volumes of the MO@AIL,O3; samples are comparable to that of the bare y-Al,O3;
with a decrease of less than 16% for SmO@AI.O3; accounting for the volume occupied by the
dense overlayer. This also rules out any extensive mesopore-plugging by the loaded MOy

overlayers.

For all the samples, a type IV N2-physisorption isotherm with a marked H1 hysteresis loop, typical
for materials with well-defined cylindrical-like mesopore channels or agglomerates of almost
uniform spheres according to IUPAC classification, was observed (see Figure 5.1(a)) [271]. This
corroborates the sole presence of mesopores in y-Al,Oz and their preservation after coating with
the various MOy overlayers as also suggested by the pore size distributions (see Figure 5.1(b)).

This means that coating with the various overlayers does not significantly affect the type of pores
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in the final MOx@AI.O3 overlayer materials. Besides the SmOx@AI,O3 overlayer material with 200
cm®/g due to the significantly reduced total pore volume (0.33 cm®(g), the total volume of N,
adsorbed was comparable (between 250 and 265 cm?®/g) for all the MOx@AI,O3 materials. These
are all slightly reduced from 295 cm®/g observed for the bare y-Al.Os; which is appreciable. This
also correlates with the trend of the total pore volume observed for these materials (see Table
5.1) which are also comparable and lying between 0.40 and 0.44 cm?®/g, reduced from 0.50 cm®/g
for y-AlLOs.

Overall, these results suggest that the deposition of the various MOy overlayers on the surface of
the y-Al,Os3 carrier is a successful strategy to maintain comparable textural properties of the y-
Al;O3 carrier for the various targeted MO@AILO3 overlayer materials. The theoretical coverage
corresponding to the formation of a MOx monolayer coating on y-Al;O3 is about 6.5 metal atoms
(M)/nm? for VOx and 5 M/nm? for MOy with M = Cr, Sm, Ti and Zr [13,257,258,272,273]. Since 5
M/nm? is the typical theoretical monolayer coverage for most MOy in this study, this value was
also adopted for the formation of the GaOx@Al.Os overlayer material. Based on the
experimentally obtained metallic wt.-% loadings, the coverages (d) obtained for the various
MO@AI>O3 overlayer materials are above the target nominal monolayer coverages (see Table
4.2) with a deviation of < 42% (see Table 5.1). This suggests the existence of the various MOy in
the form of a nanoscale-thin overlayer (rather than monolayer) coating highly dispersed on the
surface of the y-Al.Os carrier as targeted.
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Figure 5.1: Na-physisorption isotherms (a) and pore size distributions (b) of y-Al,Os; and the various
MOx@AI,O3z supports (M = Cr, Ga, Sm, Ti, V and Zr). The legend applies to both (a) and (b). In (a) the
dashed lines represent the desorption branch of the isotherm and the solid lines the adsorption.

78



5 Physicochemical characterization of metal oxide overlayers

As in several previous literature reports [257,259,274], the presence of the MOy in the form of a
thin overlayer in all of the MO@AI.Os overlayer materials was further corroborated by the
absence of additional X-ray diffraction reflexes, in addition to those corresponding to the bulk y-
Al>O3 (see Figure 5.2). For the SmOx@AI203 overlayer material, which required a higher metal
loading to form the overlayer, a decrease in the intensity of the y-Al,Os; X-ray diffraction reflexes
is observed likely due to the masking effect of the dense amorphous SmOyx overlayer [259].
Furthermore, all the MOy overlayers only contribute a broad scattering reflection overlapping with
the y-Al,Os reflexes in the range of 0.30 - 0.47 A, which is more apparent for the ZrOx@Al,O3
overlayer material at 0.35 AL, For the ZrO@AI,O3 overlayer material, this specific feature in the
XRD pattern has also been reported in literature and was described as characteristic for
amorphous zirconia synthesized at low temperatures [275,276]. This implies that all the
synthesized MOy overlayers are either highly dispersed and amorphous in character or exist in
the form of very small crystallites (< 3 nm) that have no long-range ordering as expected for thin

surface 2D overlayers [186].
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Figure 5.2: XRD patterns of y-Al,03 and the varios MOx@AI,O3 supports (M = Ti, Cr, Zr, Ga, Sm and V).
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As part of studying their chemical properties, the near-surface sensitivity of Raman spectroscopy
was also leveraged to further investigate the structural features of the XRD-silent amorphous
MOx@AI>O3 overlayer materials. A comparison of the Raman spectra of the various overlayer
materials and their bulk metal oxide counterparts is used to gain clarity on the chemical species
present (see Figure 5.3). The y-AlOz shows no Raman scattering features in this range of 110 -
1110 cm™ due to the ionic character of the Al-O bond [277]. Therefore, all the bands observed on
the Raman spectra of the MOx@AI,O3 overlayer supports are solely associated with the vibrations
of the surface MOy overlayer's chemical species (see Figure 5.3(a)). Overall, it is evident that all
the bulk metal oxide reference samples are strong Raman scatterers with material-specific
fingerprint spectra (see Figure 5.3(b)). This is shown by the presence of bands below 770 cm™
for oxides of V, Sm, Cr, Ti and Ga which are characteristic of the bulk crystalline metal oxide
chemical species vibrational modes and are absent in the Raman spectra of the MOx@AI,O3
overlayer materials. This suggests that the bulk oxides consist of certain highly polymerized
chemical species which are representative for subsurface/bulk/crystalline phase of the materials
which are not present in the MOx@AI,O3 overlayer. For ZrO,, the bulk oxide-specific bands appear

across the entire scan range.

Contrary to the bulk crystalline ZrO,, consisting of the monoclinic crystal structure, the Raman
spectrum of the ZrOx@AI>O3 overlayer shows no distinctive bands and this is a typical fingerprint
for the amorphous phase as envisaged and corroborated by the XRD pattern (see Figure 5.2)
[276,278]. The spectra of the other MO,@AI.Oz overlayer materials show weak scattering bands
with shoulders in the range of 700 - 1110 cm™ (M = Cr, V and Sm) or 110 - 880 cm™ (M = Ti and
Ga) originating from the Raman vibrational modes of the poly- (M-O-M and O-M-O linkages) and
mono- (M=0) nuclear species. For CrOx@AIOs, these bands at 265 (usually weakest), 781
(shoulder), 861, 928 (shoulder) and 1006 cm™ are assigned to the bending and stretching modes
s (Cr-O-Cir), vas (Cr-O-Cr), vs (O-Cr-0), vs of the CrO; surface-terminating polymeric units and vs
(Cr=0), attributed to poly- and mononuclear CrV' in surface oxide species [13]. The complete
absence of other Raman bands present as fingerprint markers of crystalline Cr.0Oz (535 cm™) and
CrO3 (304 and 339 cm?) in the spectrum of the bulk Cr.O3 supports that CrOy indeed exists as a
2D overlayer [68]. VO@AI,O3 exhibits a single band, at 1030 cm, which is typical for a VOx
overlayer and is ascribed to the vibrational modes caused by the bonds of the vanadyl (V=0)

species of the surface vanadium oxide species [277,279-281].
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Figure 5.3: Visible excitation (532 nm) Raman spectra of (a) the various MOy@AI,O3 overlayer supports (M
=Ti, Cr, Zr, Ga, Sm and V) supports and (b) the corresponding bulk metal oxide reference samples. The
spectra were acquired under ambient conditions (hydrated surface samples).

In the bulk V.0s spectrum, this band appears at a lower wavenumber (998 cm?) due to
unperturbed isolated vanadyl bonds (V=0) and occurs with other bands typical for crystalline V>Os
which are not observed for the overlayer sample [277]. For GaOx@Al-O3, several weak and broad
bands attributed to the bending and stretching vibrational modes of the Ga-O bonds associated
with amorphous y-Ga,O3; were observed, consistent with the XRD results [282]. The TiOx@AI.Os
sample only exhibit a band at 166 cm™* with very weak and broad features across the range of
220 - 1000 cm™ as observed for the monolayer system in literature [68]. The band at 166 cm™ is
also often associated with the Eq mode in Ti-oxide thin films in literature (although at 143 cm™)
and this further corroborates the presence of a thin oxide overlayer in the TiOx@AI,Os sample
[283,284]. This band also occurs at 143 cm™ in the Raman spectrum of the bulk TiO; reference
suggesting that the interaction of the TiOy overlayer with the y-Al.O3 carrier causes the shift. For
SmO@AIO3, the bands observed are also different from the bulk oxide reference suggesting the

presence of different chemical species on the surface of the carrier. Furthermore, the broadening
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and shifting behaviour of the band at 127 cm™, which is associated with the Ay mode is typical for
thin layers of Sm-oxides as also observed on Sm-oxide spin-coated films where it was recorded
at 152 cm [285]. Thus, all the overlayer materials synthesized show surface chemical features
that can be related to or are also found on the surface of their corresponding bulk metals oxides
as desired for the purpose of this study. Detailed assignments of the Raman bands of the bulk
metal oxides confirming that most highly intense bands absent in the overlayers are due to layered
structure lattice vibrations and chains of chemical species can be found in Table 10.1 of the

Appendix section.
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Figure 5.4: Ho-TPR profiles of the various MOx@AI.O3 supports.

In addition to the preservation of the surface chemical species related to the surface of the
corresponding bulk oxides and maintaining comparable textural properties in the various
MOx@AI>O3 supports, the overlayer formation route also yields supports with varying chemical

properties (overall and relative Lewis surface acid site strength and reducibility). To understand
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the differences in the chemical reducibility of the various MO @AI,Oz supports, H, temperature-
programmed reduction (H2-TPR) studies were conducted (see Figure 5.4). For GaOx@Al>Os3,
SMOx@AIO3, TIOx@AIOs and ZrO«@AI203, no discernible reducibility features in the
temperature range of 100 - 500 °C, are observed, suggesting a predominant retention of the
oxidation state (stability). This is a typical behaviour for the latter three overlayers as reported by
Prieto et al. [259] and their bulk counterparts as suggested by literature in this temperature range
[286—288]. While Ga-oxides supported on Al.Os; are known to be reducible under H: in this
temperature range, some studies also report very low degrees of reduction (partial reduction)
when highly dispersed and in small crystallites [250,289]. On the other hand, CrOx@Al.O3; and
VO@AI;O3 display recognisable reduction signals with CrO,@AI.Os; being the most easily
reducible at 275 °C followed by VO@AI,O3 with a maximum H; consumption at 400 °C ascribed
to reduction of monomeric or polymeric CrOx and VOx surface species, respectively [13,259].
Previous studies revealed that bulk Cr.O3 exhibits two reduction peaks at 244 and 518 °C while
V205 show reduction features above 500 °C [290,291]. The observed shifts in reduction peaks of

the overlayers compared to the bulk metal oxides are also common in literature [13,259,290,292].

To further understand their chemical properties, the relative Lewis surface acid site strength of
the coordinatively unsaturated M** sites on the MOx@AI.O3 overlayer materials was probed by
employing DR-UV/Vis of surface-adsorbed alizarin (1,2-dihydroxyanthraquinone) as reported by
Jeong et al. [256] and Prieto et al. [258,259,272,274] (see Figure 5.5). This surface-sensitive
method entails the extrapolation of the photon energy (E;ycr) required to trigger the
intramolecular charge transfer transition of electrons from the catechol moiety to the aromatic ring
system in the surface-adsorbed alizarin molecules. The photon energy (E;ycr) IS typically the
lowest energy transition in the DR-UV/Vis spectra of metal oxides and its band in the spectra is
easy to interpret as it does not usually overlap with the bands resulting from the possible d-d
transitions in metal oxides. Thus, E;,cr an excellent descriptor of the relative electron-
withdrawing/donating strength of the coordinatively unsaturated M** sites to which alizarin is

bound on the surface of the MO @AI>O3 overlayer materials.

The DR-UV/Vis spectra of the alizarine surface-saturated uncalcined CrO,@AIl,Oz and calcined
MOx@AI>O3 (M = Ga, Sm, Ti and Zr) clearly show that these materials exhibit the characteristic
band corresponding to alizarine E; -y peaking at different values (see Figure 5.5 (a)). Difference
spectra were derived to expose the alizarine E;y-r band for the calcined VO,@AI,Os and

CrOx@AIlLO3 since it overlaps/interferes with d-d transition bands of the MO, (see Figure 5.5 (b)
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and (c)). All these spectra show a shift of the alizarine E; - band because of its interaction with

the different MOy overlayers.
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Figure 5.5: (a) DR-UV/Vis spectra of uncalcined CrOx@AI,Os and calcined MOx@AI,Os (M = Ga, Sm, Ti
and Zr) supports after saturation adsorption of alizarine. Only the energy range with apparent alizarine
IMCT bands is displayed. (b) and (c) DR-UV/Vis spectra before and after saturation adsorption of alizarine
as well as the difference spectra showing the alizarine IMCT band for the calcined VOy@AI,Os; and
CrOx@AI;Os3, respectively. (d) DR-UV/Vis spectra before and after saturation adsorption of alizarine as well
as the difference spectra showing the alizarine IMCT band for the reduced VOx@AI;Os. The black arrow
markers point to the band characteristic to surface-adsorbed alizarin probe molecules.

A lower surface alizarine energy (E;ycr) band implies that the oxide possesses relatively weak
Lewis acid sites. Overall, alizarine E;ycr band values derived from the spectra span from 2.27
and 2.38 eV, for the weakly acidic uncalcined CrO,@Al.Oz and calcined SmOy@AI-O3, to 2.6 eV
for the strongly acidic calcined VO,@AIOz (See Table 5.1). Thus, the Lewis acid sites on the
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surfaces of the uncalcined CrOy@AlLOsz; and calcined SmO.@AI,Oz; are weakly electron
withdrawing and bind the lattice oxygen weakly compared to VO@AI,Oz which should bind it
more strongly. For ZrO.@AIlL,Os; and CrO.@Al;Os, alizarin analysis was first made without
calcination, due to the unavailability of a glovebox and the calcination rig, and later with calcination
under a stream of synthetic air for decarbonation. Decarbonation is only necessary for certain
materials depending on their surface sensitivity as they tend to adsorb organics when exposed to
ambient conditions [259]. The results before and after calcination were the same for ZrOx@Al,O3
but differed for CrOx@AI,O3 confirming the need for calcination for this material. Note that both
values were adopted for clarity (see Table 5.1). Subsequently, this analysis was performed on

calcined materials for all the remaining samples.

Relying on the data for the calcined samples, the following order of relative surface Lewis acid
strength was obtained: VO,@AI,O3; > CrO@AlLO3; > y-Al,Os; > ZrOx@ALO3; > GaOx@Al;03 >
TiIOx@ALO3; > SMO@AILO3. The relative Lewis surface acid site strength on the bare y-Al,Os is
also different to all the MO @AI,Os overlayer materials. Since the VO,@AI,O3; and CrOx@Al,O3
overlayers exhibit some reducibility in the temperature range of 100 - 500 °C (see Figure 5.4), an
attempt to measure the relative surface Lewis acidity of the VO@AI>O3 sample in its reduced
state was also made (see Figure 5.5. (d)). The alizarin band was not well-resolved in the
difference spectrum obtained suggesting that a very small amount of the alizarin molecules could
be adsorbed on the surface of the sample in its reduced state. Although it is difficult to conclude
with absolute certainty, it seems there is no change in the value of E;y -y Observed for this small
band compared to the unreduced sample. Reduction does not seem to influence the
overall surface Lewis acidity of the sample but only reduced the population of the Lewis

acid sites.

Since the DR-UV/Vis of surface-adsorbed alizarin only offers information about the average
surface Lewis acid site strength, NH3-TPD analysis was also employed to further uncover the
overall surface acidity (i.e. the surface acidity as a result of both the Brgnsted and Lewis acid sites
and their distinction in terms of relative strength) (see Figure 5.6). Overall, the NHs-TPD profiles
of all the samples are characterised by three well-resolved peaks as well as an additional
overlapping shoulder-like peak observed in the temperature range of 180 - 300 °C, for
VO@AI;03, CrOx@AI,0O3; and GaOx@Al>O3, and 170 - 2 40 °C for SmOx@AI;Os, TIOx@AI-.O3 and

ZrOy@AIlLOs. These indicate the presence of three types of adsorption sites for NHs on all the
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overlayer support materials associated with three types of surface acid site populations which

differ in strength (i.e. weak, intermediate and strong acid sites).
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Figure 5.6: NH3-TPD profiles of the various MOx@AI>O3 supports.

Overall, the three main desorption peaks are observed at the lowest temperature for SmMOx@AI,O3
suggesting that this material exhibits the weakest overall surface acid site strength, correlating
well with the DR-UV/Vis of surface-adsorbed alizarin results. For GaOx@AIl,O3, TiOx@Al.O3 and
ZrOy@AIl,O3, the desorption peak at the lowest temperature corresponding to weak acid sites is
recorded at a comparable temperature value, suggesting a similarity while this peak appears at a
lower temperature for CrOx@AI.O3 and a higher temperature for VO,@AI.Os. However, the middle
and high temperature desorption peaks corresponding to the intermediate and strong acid sites,
respectively, occur at different temperatures for all the overlayer materials, suggesting that all the
overlayer materials exhibit differences in their overall surface acid site strength. Despite these
differences, a close inspection of the data suggests a stronger acidity for CrO.@Al:Os,

VOx@AILO3 and GaO@AI;Os, especially with regards to the intermediate and strong acid sites,
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which show desorption at higher temperatures than SmO,@AI;O3, TiIOx@AI,O3 and ZrO,@AI,Os.
Thus, the acid site populations in SmO@AI,Os, TIOX@ALOz; and ZrO@AIlLO3 are weaker
compared to CrOx@AlLO3, VO@AI>O3 and GaOx@AlOs. The order of acid strength based on
the intermediate acid sites is proposed as follows: VO,@AI,Os > CrO,@AIl,Os; > GaO,@Al,O3 >
Zro@AI,03 > TiIOx@AILOz > SmO@AIO3, again correlating well with the results obtained via
DR-UV/Vis except for the order of GaOx@AIl;O3 and ZrOx@Al.Os. However, this trend might be
affected by the potential of the redox materials, VOx@AI.O3 and CrO,@AIl,O3, to decompose NHs.
DR-UV/Vis studies by Prieto et al. [259,274] suggests the following ranking based on Ejpcr:
VO@AILO3 > TiIOx@AIO3 > ZrOy@Al,O3z > SmOx@AILO3, which also correlates well with our
proposed trend. Based on the study of Jeong et al. [256], the corresponding bulk oxides exhibit
the following ranking of relative theoretical Lewis acid site strength: V2Os > TiO2 > ZrO; > Gax0Os
> Cr,03 > Sm,03, which is different despite the correlation of the V-containing samples. These
differences are attributed to differences in the chemical species present on the MOx@AI;O3
overlayer materials compared to the bulk oxides as also demonstrated by the Raman spectra
(see Figure 8.3 (a)) and also probable when oxides are pre-treated in heat [256,293].
Nonetheless, since the NHs-TPD results were obtained on samples that were pre-treated under
reduction conditions, it is deemed that the order obtained via NH3s-TPD is more representative of
the chemical state of the overlayer materials under reaction conditions. Based on the cumulative
peak areas obtained from fitting the NHs-TPD results (see Figure 10.1 in the Appendix section),
the following rank is obtained in terms of the relative amount of NH; desorbed from the materials:
SMO@AILO3 > CrOx@AIl,03 > TiOx@AI,O3 > ZrOx@Al,03 > VO,@AIO3 > GaOx@AIl-O:s.
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6 Synthesis and characterization of unsupported oxide precursor nanoparticles

Some results reported in this section are part of the publication: S. Raseale, W. Marquart, K.
Jeske, G. Prieto, M. Claeys, N. Fischer, Supported FexNi, catalysts for the
co-activation of CO, and small alkanes, Faraday Discuss. 229 (2020) 208-231.
https://doi.org/10.1039/C9FDO0O0130A.

The solvothermal synthesis employed in this work, has been demonstrated in literature as a facile
way to produce crystalline and monodisperse monometallic (Co and Fe) and bimetallic (ferrites,
(MxFe1x)Fe204, with M = Ni, Mn or Co) oxide nanoparticles of a defined shape and size in the
absence of long-chain surfactant or precursor anion contaminants [236,240]. Typically, the
synthesis involves the decomposition of a metal acetylacetonate or acetate precursor dissolved
in benzyl alcohol or benzylamine via heat treatment in an open or closed system at temperatures
in the range of 100 - 200 °C. These solvents have a low reducing power, and thus, only metal
oxides form via this synthesis route. The main drawback of this route is that nanoparticles are
often synthesized at small-scale (using up to 1 g of the precursor) and require long reaction times
of up to 48 h due to the use of small autoclaves [240,261]. Studies from our lab have demonstrated
that this synthesis route can be scaled-up, using up to 3.2 g of the precursor, when a metal acetate
precursor is used and the decomposition is carried out in benzyl alcohol in the presence of
ammonium hydroxide at shorter reaction times for the formation of CosO4 nanoparticles [239,241].
This has not been demonstrated yet for the formation of bimetallic nanoparticles of
(MxFe1x)Fe,04. Since literature-reported synthesis conditions vary considerably between
bimetallic and monometallic systems, the Cos0. nanopatrticles conditions cannot be assumed to
be applicable for bimetallic systems without experimental confirmation. Especially because in
addition to particle size and shape, controlling the metallic composition becomes necessary for

bimetallic systems.

A similar study to that reported by Wolf et al. [239] was undertaken to investigate the efficacy of
the benzyl alcohol solvothermal route in yielding monodisperse inverse spinel structured Ni-ferrite
((NixFe1x)Fe204) nanoparticles with control over the metallic composition (i.e. the overall Fe : Ni
atomic ratio). For this, nine experiments were conducted through which the synthesis parameters
- synthesis temperature, total precursor mass and the volume of the precipitating agent - were
varied to understand their role in yielding monodisperse (NixFei.x)Fe>O4 nanoparticles with a

target overall Fe : Ni atomic ratio of 3 (i.e. (Nio.7sFeo25)Fe204). Since most literature report the
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synthesis of Fe-containing oxide nanoparticles to be performed in an autoclave under pressure,
this was also adopted in this work, which is a deviation from the procedure reported by Wolf et al.
[236,240]. These syntheses were performed in a Berghoff autoclave with a 1.5 L volume equipped
with a pressure relief valve which was set to a 25 bar gauge pressure.
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Figure 6.1: XRD patterns of the obtained (Nio.7sFeo25)Fe204 nanoparticles synthesized via the benzyl
alcohol solvothermal thermal route at various synthesis temperatures, total precursor masses and
ammonium hydroxide precipitating agent volumes added to a 1.5 L Berghoff autoclave. Exact synthesis
conditions are provided in Table 6.1. The reference pattern included is for the NiFe>O4 inverse spinel phase
(NiFe2O4 : PDF-4 04-018-7641) [267,268].
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The crystal structures of the obtained nanoparticles were studied by means of X-ray diffraction
(see Figure 6.1). As expected, in all the synthesized materials, a single crystalline phase material,
unambiguously indexed as a cubic structure closest to the standard Ni-ferrite (NiFe2O4) inverse
spinel, was identified. The observed clear diffractions (1/d = 0.2 - 0.7 A1) correspond to the (111),
(220), (311), (400), (422), (511) and (440) planes. The fact that no additional phases were
observed demonstrates the efficacy of the solvothermal synthesis method in yielding the Ni-ferrite
((NixFe1x)Fe204) inverse spinel even when the ferrous precursor (iron(ll) acetate) is used instead
of the typical ferric precursor (iron(lll) acetylacetonate) as the source of Fe. Typically, the ferric
precursor is used, which gets partially reduced by benzyl alcohol during the synthesis to avail the
Fe' species required to form the (MxFe:1x)Fe.O4 inverse spinel [236,240,294]. This observation
implies that just as it is possible to reduce Fe' to Fe" during this kind of synthesis, it is equally
possible to partially oxidise Fe' to Fe'' when necessary for the formation a stable ((NixFe1x)Fe20.)
inverse spinel phase under these modified solvothermal synthesis conditions. Oxidation in the
monometallic cobalt system has been previously associated with both the metal precursor and
the water present in the aqueous ammonium hydroxide solution as well as the efficiency of mixing
[239]. However, the degree of crystallinity of the ((NixFe1.x)Fe20.) inverse spinel phases obtained
varies with the different synthesis conditions applied, suggesting differences in long-range
ordering within the different samples, probably linked to differences in crystallite size.

Rietveld refinement of all the patterns reveals varying mean crystallite sizes with changing
synthesis parameters (see Table 6.1). The mean crystallite sizes obtained suggest that at the
same synthesis temperature, a high volume of ammonium hydroxide and total acetate precursor
mass Yyields larger crystallites. However, this is only valid at 170 °C to 200 °C. At the lowest
temperature of 150 °C, the crystallite size decreases with an increase in the volume of ammonium
hydroxide and total acetate precursor mass added. This behaviour is attributed to the improved
mixing kinetics of the emulsion at high temperature, which allow for particle formation even when
the acetate precursor mass is larger. This observation is also supported by the analysis of the
TEM-derived particle size distributions and the average number- and volume-based particle sizes
(see Figure 6.2 and Table 6.1, respectively). The sample T7.3 formed at 150 °C (lowest
temperature) was found to exhibit a bimodal behaviour predominantly consisting of large
structures of a thin-layered material, with a layer thickness of about 3 nm, which is mixed with
spherical nanoparticles of about 8 nm average patrticle size (see Figure 6.2. T7.3). Since these
large thin-layered structures dominated the sample, it is conceivable that they account for the

observed crystallite size of 3.3 nm from the Rietveld refinement, which stems from the layer
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thickness. The formation of these large structures at this lowest temperature is attributed to slow

crystallisation kinetics.

Table 6.1: Conditions applied in the solvothermal synthesis of the different (NixFe1.x)Fe2O4 nanoparticles
targeting overall Fe : Ni atomic ratio of 3 as well as the ICP-OES-derived compositions, Rietveld refinement
lattice parameters and crystallite sizes, and TEM-derived patrticle sizes.

Sample Temp Total 25 wt. -% ICP-OES Lattice Crystallite size
(°C) mass of NH,OH Fe : Ni parameter and
acetates volume (ML)  atomic A) (d,/d, tsd, /sd,]
(9) ratio (nm)
11.9
T1.3 200 1.93 85 3.8 8.353
[9.8/11.3 £ 2.0/2.8]
8.5
T2.3 200 0.77 34 4.7 8.355
[7.5/9.3 £ 2.1/3.4]
7.1
T3.3 200 0.31 13 3.5 8.351
[6.0/6.7 + 1.2/1.2]
11.7
T4.3 170 1.93 85 6.7 8.360
[8.3/11.4 £ 2.6/2.8]
6.0
T5.3 170 0.77 34 3.4 8.350
[8.8/12.7 £ 3.4/3.7]
2.9
T6.3 170 0.31 13 3.5 8.323
[3.5/4.1 £ 0.8/0.9]
3.3
T7.3 150 1.93 85 2.8 8.336
[6.2/9.3 + 3.4/2.1]
7.5
T8.3 150 0.77 34 6.4 8.379
[5.3/8.0 £ 2.2/2.3]
10.2
T9.3 150 0.31 13 10.9 8.355

[10.4/16.1+ 4.8/4.0]

In square baskets are the average number- (d,,) and volume- (d,,) based particle sizes obtained via TEM analysis and

their respective standard deviations (sd,, and sd,,).
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Figure 6.2:TEM images and number-based size distributions of the oxidic (NixFei-x)Fe2O4 nanoparticles
obtained via the solvothermal treatment of respective acetates in the presence of benzyl alcohol and
ammonium hydroxide at different synthesis conditions targeting an overall Fe : Ni atomic ratio of 3.

To a lesser extent, smaller fragments of this layered material were also found to be present in the
form of flat platelet-like structures within the other low-temperature samples (see T8.3 and T9.3
in Figure 6.2). This accounts for the observed wide particle size distributions for these samples.
However, no signs of the presence of any organic material (such as derivatives of benzyl alcohol
or acetates) were observed in the TEM images, implying that the washing procedure was
effective.

These observations clearly show that the synthesis temperature, metal precursor mass and
volume of ammonium hydroxide (and water) in the system play a crucial role on the particle size,
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monodispersity and morphology of the nanoparticles obtained. The combination of a high volume
of ammonium hydroxide and metal precursor mass results in larger nanoparticles/crystallites at a
given temperature = 170 °C. Additionally, the particle size distribution becomes narrower
suggesting that monodisperse nanoparticles of a defined shape (i.e. spherical) are predominantly
formed at these high temperatures (see Table 6.1and Figure 6.2). The particle size distribution
peak and average number- (d,,) and volume- (d,) based particle sizes also shift towards a larger
magnitude. The average particle sizes obtained from TEM also correlate well with the mean
crystallite sizes calculated using Rietveld refinement, except where the layered material
dominates or a wider patrticle size distribution is obtained. The narrowing of the particle size
distribution with increasing temperature is attributed to differences in growth rates. At higher
temperatures, smaller nanoparticles are presumed to grow and/or aggregate faster than larger
ones. This implies that high temperatures are necessary for the synthesis of monodisperse

nanoparticles.

The overall Fe : Ni atomic ratio (chemical composition) also varies significantly with varying
synthesis parameters and is mostly above the target of 3 suggesting a loss of Ni during the
synthesis (see Table 6.1). The samples T1.3, T3.3, T5.3, T6.3 and T7.3 lie very close to the target
ratio. Although there is no observable trend in relation to the synthesis parameters, this loss of Ni
was more pronounced at low synthesis temperatures. This is possibly due to the slow mixing
kinetics of the synthesis emulsion at low temperatures and the complexation of the divalent Ni
ions with excess ammonia, forming stable hexamine complexes (indicated by a blueish
supernatant) during the synthesis which hindered its inclusion into the ((NixFe1.x)Fe20.) inverse
spinel [295]. Additionally, at 150 °C and 170 °C, where the overall Fe : Ni atomic ratio varied
significantly, the lattice parameter obtained from XRD does not correlate with the ratio acquired
through ICP-OES analysis, especially for samples T6.3, T8.3 and T9.3 which deviated too far
from the expected trend of increasing lattice parameter with the ratio (see Figure 6.3, left).
Although slight deviations are possible, more Fe content incorporated into the ((NixFe1-x)Fe204)
inverse spinel structure by replacing Ni sites should increase the lattice parameter as
demonstrated by the data of the refence patterns obtained from the ICDD database (see Figure
6.3, right). This is because Fe'" has a slightly larger radius (77 pm) than Ni" (70 pm) [296]. For
samples T6.3 and T9.3, the lattice parameter obtained is small for the amount of Fe detected to
be present via the ICP-OES analysis (see Figure 6.3, left), potentially suggesting that part of the
Fe in these samples may not have been incorporated into the inverse spinel structure and exists

in the form of an XRD silent amorphous phase. Conversely, for sample T8.3, the lattice parameter
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is much bigger suggesting that some Ni is not incorporated into the inverse spinel structure.
However, for all the other samples, the estimated lattice parameter values are acceptable as they
lie closer to the expected linear increase and vary in the following order: T8.3 > T2.3 > T1.3 >
T3.3>T5.3 > T7.3, consistent with the ICP-OES results and suggesting that most of the Fe and
Ni in the samples are within the ((NixFe1x)Fe20.) inverse spinel structure. Thus, all the samples
synthesized at a high temperature of 200 °C are consistent with the formation of the

((NixFe1x)Fe204) inverse spinel with most Fe and Ni incorporated in the crystal structure.
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Figure 6.3: XRD Rietveld refinement-derived lattice parameter as a function of the ICP-OES-derived overall
Fe : Ni atomic ratios for the ((NixFe1-x)Fe20a4) inverse spinel materials synthesized under different conditions
targeting overall Fe : Ni atomic ratio of 3 in a 1.5 L Berghoff autoclave (Left) as well as the theoretical
relationship (Right) obtained by using XRD reference patterns of samples with different overall Fe : Ni
atomic ratios from the ICDD database. The closed circles represent the linear fit (trendline) to the data while
open circles represent real data. The XRD reference patterns used are for NiFe,O4 (PDF-00-054-0964),
(Nio.osF€0.04)Fe204 (PDF-01-076-6119), (NiosFeo1)Fe,04 (PDF-01-076-6118), NigsFe2404 (PDF-01-087-
2338), Fe252Nip.4804 (PDF- 04-021-1089) and NiosFe2604 (PDF-01-087-2335) [267,268].

Based on these observations and the further need to synthesize crystalline and monodisperse
nanopatrticles of a defined spherical shape and about 10 nm diameter while attaining the targeted
overall Fe : Ni atomic ratio, the synthesis conditions used for T1.3 were adopted for synthesizing
((NixFe1.x)Fe204) inverse spinel catalyst precursors with varying overall Fe : Ni atomic ratios (i.e.
5, 3 and 1). Since a high synthesis temperature proved important in attaining the targeted overall
Fe : Ni atomic ratio of the ((NixFe1.x)Fe20.) inverse spinel material, it was slightly increased to 210
°C.
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Figure 6.4: XRD patterns of the (NixFeix)Fe2Os nanoparticles synthesized via the benzyl alcohol
solvothermal route using the modified T1.3 conditions at 210 °C inside the Berghoff or small in-house
autoclave. The reference patterns included are for the NiFe»O, inverse spinel phase (NiFe2O4 : PDF-4 04-
018-7641) and the Ni(OH), phase (Ni(OH), : PDF-4 00-059-0463) [267,268].

X-ray diffraction analysis still confirm the presence of an inverse spinel phase in all the samples
with varying overall Fe : Ni atomic ratios (see Figure 6.4). For the sample TT1.1 with the highest
Ni content (i.e. overall atomic Fe : Ni of 1), additional diffractions which could be indexed to a
nickel hydroxide (Ni(OH).) phase are observed. The formation of an additional hydroxide phase
from the excess Ni amount is expected as Ni' occupies octahedral sites in the inverse spinel
structure within which stoichiometry limits the maximum attainable overall Fe : Ni atomic ratio to
2. However, the lattice parameter obtained via Rietveld refinement for sample TT1.1 (see Table
6.2) suggests that the inverse spinel phase in this sample contains more Fe than expected as it
is even higher than that of sample TT1.3, which contains more Fe (overall atomic Fe : Ni of 3).
Based on the phase composition obtained via Rietveld refinement, Ni seems to be equally

distributed between both phases as almost half is found in Ni(OH). and the remainder in the
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inverse spinel phase to attain a maximum overall Fe : Ni atomic ratio of 2, corresponding to the
standard inverse spinel stoichiometry (NiFe2O4). This suggests that the lattice parameter change
when there is more than the stoichiometric Ni content is not reliable also probably because part
of the Ni exists in the form of an XRD silent amorphous phase.

Overall, the Fe : Ni atomic ratios obtained via ICP-OES for the samples TT1.1, TT1.3 and TT1.5
synthesized under the same conditions and autoclave are close to the targeted overall Fe : Ni
atomic ratios (i.e.1, 3 and 5, respectively). For the samples TT1.3 and TT1.5, the lattice parameter
of the inverse spinel phase increases with an increase of the Fe content in the material as

expected due to a slight unit cell volume expansion by the larger Fe'.

Table 6.2: ICP-OES-derived compositions, Rietveld refinement phase compositions, lattice parameter and
crystallite sizes, and TEM-derived particle sizes of the (NixFei-x)Fe2O.4 nanoparticles synthesized via the
benzyl alcohol solvothermal route using the modified T1.3 conditions at 210 °C inside the Berghoff or small
in-house autoclaves.

Sample Temp  Synthesis Phase ICP-OES Lattice Crystallite size
(°C) autoclave composition  Fe : Ni parameter  [d./d,, +sd,/sd,]
(wt.- %) atomic A) (nm)
ratio
Ni(OH)z2 = 45 8.364 9.4
TT1.1 210 Berghoff 1.2
NiFe204 = 55 [10.3/12.3 + 2.6/3.6]
10.6
TT1.3 210 Berghoff NiFe204 2.5 8.347
[9.7/11.9 + 2.6/4.0]
12.1
TT1.5 210 Berghoff NiFe204 4.4 8.373
[11.2/13.8 + 3.1/4.2]
TT1-23 210 Small NiFe204 2.9 8.352 106[-]
TT1-2.5 210 Small NiFe204 3.0 8.357 11.0[-]
8.0
TT1-3.3 210 Small NiFe204 29 8.358
[9.4/11.4 + 2.4/3.4]
13.4
TT1-3.5 210 Small NiFe204 4.8 8.378

[11.1/12.8 + 2.5/3.2]

In square brackets are the average number- (d,,) and volume- (d,,) based particle sizes obtained via TEM analysis and

their respective standard deviations (sd,, and sd.,,).
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TEM analysis of the samples TT1.1, TT1.3 and TT1.5 also show that spherical nanoparticles of
10.3+£ 2.6 nm, 9.7 £ 2.6 nm and 11.2 £ 3.0 nm average particle size, respectively, were formed
(see Figure 6.5). The observed slight increase in TEM-derived average particle size with the
decrease in the Ni content also correlate well with the XRD-derived average crystallite sizes (see
Table 6.2). Thus, this approach is very effective and proves that (NixFei1.x)Fe2O4 inverse spinel
nanoparticles can be synthesized with varying overall Fe : Ni atomic ratio as desired for use as
catalyst precursors in this study. Therefore, the samples TT1.1, TT1.3 and TT1.5 were used as
catalyst precursors in this work. However, since these materials had to be used for both
characterization and immobilization on the six different overlayers (discussed in Chapter 5) to
form the overall targeted multicomponent catalysts, a single synthesis batch did not suffice. Thus,
more samples (especially TT1.3 and TT1.5) had to be synthesized by reproducing the synthesis.
Unfortunately, the Berghoff autoclave could not be used for the repeat/further syntheses due to
technical problems experienced, but an in-house small autoclave of a 300 mL inner volume was

used to reproduce these samples in a second batch, instead (i.e. samples TT1-2.3 and TT1-2.5).

The ICP-OES results of the sample TT1-2.5 (see Table 6.2) synthesized under the same
conditions as in the Berghoff autoclave in an attempt to reproduce TT1.5, suggest a loss of Fe
during the synthesis as an overall Fe : Ni atomic ratio of 3.0 is attained when using the small
autoclave. The main difference between these autoclaves is the inner volume and the attainable
vapour pressure limit. The Berghoff autoclave limits the vapour pressure at 25 bar during the
synthesis by use of a pressure-relief valve, while the small autoclave does not vent as it can
withstand higher vapour pressures of up to 150 bar. Yet, no significant loss of Fe occurred in the
Berghoff autoclave. This may suggest that the venting and pressure limits play a role to some
extent. When the synthesis was attempted in the small in-house autoclave using a third of the
volume of ammonium hydroxide, neither Fe nor Ni was significantly lost as attested by the ICP-
OES results of the samples TT1-3.3 and TT1-3.5 (see Table 6.2). Furthermore, the XRD patterns
of these samples (see Figure 6.4) and the lattice parameters (see Table 6.2) are comparable with
those of samples TT1.3 and TT1.5 as desired. Thus, for reproduction at a high synthesis pressure,
a smaller volume of the ammonium hydroxide solution is necessary to attain overall Fe : Ni atomic
ratios similar to those samples synthesized in the Berghoff autoclave. It is still not clear how the
loss of Fe occurred during the synthesis at high pressure and how reducing the volume of

ammonium hydroxide circumvented it.
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Figure 6.5: TEM images of (NixFe1x)Fe20. nanoparticles of varying overall Fe : Ni atomic ratios to be used
as catalysts. TT1.1, TT1.3 and TT1.5 were synthesized in the Berghoff while TT1-3.3 and TT1-3.5 were
synthesized in the in-house autoclave.
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TEM analysis of both the TT1-3.3 and TT1-3.5 samples also reveal that mostly spherical
nanoparticles comparable to those obtained in the Berghoff autoclave with 9.4 + 2.4 nm and 11.1
+ 2.5 nm average particle size, respectively, were formed (see Figure 6.5). The particle size still
increased with the decrease in Ni content. The TEM images of the samples TT1-2.3 and TT1-2.5
are shown in the Appendix section (see Figure 10.2) and also confirm formation of small spherical
nanoparticles with XRD-derived crystallite sizes of 10.4 and 11.0 nm, respectively. Overall, the
presented characterization results demonstrate that it is possible to synthesize nanopatrticles of
(NixFe1x)Fe204 inverse spinel phases with varying overall Fe : Ni atomic ratio via the solvothermal
route and that obtaining the accurate target overall Fe : Ni atomic ratio depends on the
temperature, pressure limits of the synthesis chamber and the volume of the ammonium
hydroxide solution. The stoichiometry of the standard inverse spinel phase, limits incorporation of
Ni up to an overall Fe : Ni atomic ratio of 2 and if more Ni precursor is added as in the case of

sample TT1.1, then the excess forms an additional phase identified as Ni(OH)..

To gain more insight about the properties of these samples, further characterizations were
conducted. However, since the above characterizations already revealed similarities between the
two batches of samples obtained from synthesis in different autoclaves, only the samples
obtained in the Berghoff autoclave (i.e. TT1.1, TT1.3 and TT1.5) were used for these further
characterizations. STEM-EDX mapping (see Figure 6.6) supports the presence of a majorly
(NixFe1.x)Fe204 inverse spinel phase in which both the Fe and Ni are closely associated/intimate
and homogeneously distributed in the samples TT1.3 and TT1.5 with overall Fe : Ni atomic ratio
s of 3 and 5, respectively. Neither Ni nor Fe localization/clustering is observed. For the sample
TT1.1, with the highest Ni concentration (i.e. overall Fe : Ni atomic ratio of 1), additional needle
like structures which could be identified as a Ni-rich localizations and most likely represent the

Ni(OH)., phase detected using the XRD, are observed.

100



6 Synthesis and characterization of unsupported oxide precursor nanoparticles

Figure 6.6: STEM images (left) and STEM-EDX elemental maps (right) of the TT1.1, TT1.3 and TT1.5
(NixFe1x)Fe204 inverse spinel nanoparticles of target overall Fe : Ni atomic ratio of 1, 3 and 5, respectively.
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7 Reducibility of supported oxide precursor nanoparticles, microstructure,
composition dependence and stability of resulting nano-alloy phase

configurations captured in situ

Some results reported in this section are part of the publication: S. Raseale, W. Marquart, K.
Jeske, G. Prieto, M. Claeys, N. Fischer, Supported FexNi, catalysts for the
co-activation of CO, and small alkanes, Faraday Discuss. 229 (2020) 208-231.
https://doi.org/10.1039/C9FDO0O0130A.

The prepared (NixFe1x)Fe2O4 nanoparticles of samples TT1.1, TT1.3 and TT1.5 were immobilized
via ultrasonication onto the porous metal oxide overlayers (MOx@AI;O3). To investigate their
reducibility into the respective metallic alloy phases, temperature-programmed reduction (TPR)-
type experiments were conducted in a stream of diluted H, with the temperature increased up to
700 °C and an in situ XRD set-up (Anton Paar XRK-900 cell) being used to monitor the resulting
phase changes (see Figure 7.1 for the samples anchored on CrO@AI;O3). It should be noted
that the refinement of the obtained XRD patterns for site occupancy and changes in lattice
parameter could not be achieved. This is due to the overlapping diffractions of supported
crystallites with those of the MOy overlayer carrier (y-Al.O3), the short scan times employed for
optimal temporal resolution, as well as temperature and sample related shifts in the diffraction
positions. It is also worth mentioning that due to the same reasons, the phase compositions
presented in this section may not be completely accurate but are reported as trends instead. For
both the (NixFeix)Fe-O. precursor with an inverse spinel structure and the emanating metallic
FexNiy alloy phases, the overall Fe:Ni atomic ratios previously identified were assumed in the

refinement (see Table 6.2 above).

The intensity of the reflex at a 1/d of about 0.49 A™* (marked ¢ in Figure 7.1) in sample TT1.1 (with
an overall Fe:Ni atomic ratio of 1) corresponds to metallic Ni and begins to appear at a
temperature of 185 °C due to the reduction of Ni(OH),. With increasing temperature, both the
intensities of the reflexes associated with the metallic Ni and the (NixFei1x)Fe2O4 inverse spinel

(marked o) decrease concurrently and are completely absent at about 324 °C.
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Figure 7.1: Top view of in situ XRD patterns (left) and evolution of Fe and Ni phases (right) of the samples
TT1.1, TT1.3 and TT1.5 with the overall Fe:Ni atomic ratio of 1, 3 and 5, respectively, anchored on
CrOx@AI;O3 as a function of temperature recorded during reduction in a 5 vol.-% H; in N, gas stream.
(NixFe1x)Fe204 = o; Ni(OH)2 = A; fcc Ni° = ¢; bce FexNiy = ¥; fcc FexNiy = m. The positions of the reflexes
of the respective phases are indicated in the in situ XRD pattern of sample TT1.1. For clarity reasons, only
the Rietveld refinement results of every third diffraction pattern are displayed in the phase composition
figures (right).
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Parallel to this, reflexes indexed to a mixture of the fcc (marked m) and bcc (marked ¥) phases
of the FeyNiy alloy emerge at approximately 293 °C. This mixture initially consists, predominantly,
of the bcc phase of the FexNiy alloy. With increasing temperature, its concentration decreases in
favour of the fcc phase. For emphasis, in the complete absence of an oxidic phase (from 325 °C
upwards), a bcc-to-fcc ratio of 60:40 is calculated, while a steady ratio of 44:56 is attained from
550 °C onwards.

In comparison, the Fe-rich samples, TT1.3 and TTL1.5, initially transform only into a bcc phase at
275 °C and 300 °C, respectively, as a result of the reduction of the (NixFe1.x)Fe204 inverse spinel
phase, which is completely absent in the diffraction pattern recorded at 380 °C for TT1.3 and 360
°C for TT1.5. Unlike TT1.1, this bcc phase remains as the only stable FexNiy alloy phase until full
reduction of the (NixFeix)Fe204 inverse spinel phase. Upon full reduction, the fcc alloy phase
starts to emerge in concentrations of 10 - 12 wt.-% and both the bcc and fcc alloy phases co-
exist. The fcc fraction increases gradually with temperature, slightly faster in the case of the
sample TT1.3 and reaches approximately 58 wt.-% at 700 °C. For the sample TT1.5, the bcc-to-
fcc alloy phase transformation is slower and slightly more of the bcc phase is retained at 700 °C.
This behaviour, i.e. the initial sole presence and increased stability of the bcc alloy phase with
increasing overall Fe:Ni atomic ratio correlates well with the unsupported Fe-Ni alloy binary phase
diagram reported in literature (see Figure 2.17 in section 2.4) [223,297], which also supports the
presence of an alloy phase instead of segregated Fe and Ni.
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Figure 7.2:Top view of the in situ XRD patterns of the samples TT1.1, TT1.3 and TT1.5 with overall Fe:Ni
atomic ratio of 1, 3 and 5, respectively, anchored on ZrOx@AI,Os as function of temperature recorded
during reduction in a 5 vol.-% Hz in N2 gas stream. The positions of the reflexes of the respective phases
are only indicated in the in situ XRD pattern of sample TT1.1. (NixFeix)Fe204 = o; Ni(OH), = A; fcc Ni® =

¢; bce FexNiy = ¥; fcc FexNiy = m.
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It is worth noting that the onset temperatures of these observed phase transformations do not
exactly correlate with those in the reported FexNiy alloy phase diagram. For instance, for the
sample TT1.1 with an overall Fe:Ni atomic ratio of 1 (i.e. 50 at.-% Ni), the mixture consisting of
both the a/bcc and y/fce- FexNiy alloy phases remains stable even at 700 °C, where only the single
y/fcc phase should be stable according to the Fe-Ni phase diagram. These discrepancies are
attributed to the differences in the particle/crystallize size, nature of the precursors used as well
as the chosen decomposition/reduction gas environments. The phase transformations of Fe,Niy
alloys into the bcc and fcc phase configurations as a result of the reduction of oxidic
(NixFe1x)Fe204 nanoribbons in Hz have also been observed in a study by Jing et al. [218]. Their
phase transformation onset temperatures, especially the emergence of the bcc and fcc mixture,
are close to the temperature in the present study although a full phase transformation of the
mixture into a single fcc phase at a temperature of 500 °C is reported. Lastly, in our case, no
significant sintering of the formed FexNiy, nano-alloys is observed throughout the reductive
treatment since the crystallite sizes, at 700 °C, ranged from 10.3 to 12.9 nm for the fcc phase and
slightly lower from 4.8 to 5.5 nm for the bcc phase, independent of the Fe:Ni atomic ratio.
Although, the conventional H,.TPR results of the bare CrO:@AIl,Os; overlayer suggests some
reduction of the periphery CrOy at about 275 °C (see Figure 5.4), no additional diffractions were
observed in the in situ XRD patterns corroborating its continuous presence as an XRD-silent
amorphous phase.

The reduction behaviour of the obtained oxidic FexNiy nanoparticles in these samples (TT1.1,
TT1.3 and TT1.5) into the alloy also appears to be support independent as comparable results,
especially in terms of the onset temperatures, were obtained when supported on the ZrO@AI,O3
overlayer (see Figure 7.2). STEM imaging and EDX mapping for the selected sample TT1.3
supported on ZrOy@AlO3 after reduction and passivation confirm good dispersion of the alloy
nanoparticles on the support and intimate interaction of Fe and Ni in separate nanoparticles as
desired (see Figure 7.3). Based on these results, a reduction temperature of 500 °C providing a
full reduction of the oxidic precursors into the respective FexNiy alloys and yielding different ratios

of fcc:bece alloy phases was chosen for all further studies.
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(a) (b)

SOnm |

Figure 7.3: (a) Bright- and (c) dark-field STEM images as well as STEM-EDX maps of (b) Fe and (d) Ni for
the sample TT1-3 with an overall Fe:Ni atomic ratio of 3 anchored on ZrOx@Al,Os overlayer after reduction
in a 5 vol.-% H; in N2 gas stream and then passivation in a 1 vol.-% O in N2 gas stream.

It is proposed that the FexNiy hano-alloys in the prepared model catalysts will provide catalytic
activity for the CO,-ODHE through the enhancement of the CO;-activation step. When enhanced,
COq-activation will avail reactive oxygen species which, depending on their nature, play a role in
both the removal of H, as water and in the re-oxidation of the metal oxide overlayer reduced
during C;He-activation via the MvK mechanism. Direct temperature-programmed COz-activation
experiments were performed with the FexNiy alloys by reducing the TT1.5 and TT1.1 oxidic
precursors to understand their capacity to interact and activate CO-. To eliminate the effect of the
metal oxide overlayer, the TT1.5 and TT1.1 oxidic precursors, with overall Fe:Ni atomic ratios of

5 and 1 respectively, were dispersed onto a large surface area mesoporous silica (KIT-6) support.
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The resulting materials were reduced into the respective FexNiy nano-alloys under a flow of 5 vol.-
% H. in N2 at 500 °C for 3 h using a 1 °C/min heating rate. Subsequently, the samples were cooled
to 50 °C under N2 and then exposed to a stream of 1 vol.-% CO: in N2 at increasing temperatures
up to 700 °C. In situ XRD was used to monitor the phase changes of the material as a result of
both the reduction and the exposure to CO; (see Figure 7.4 (a) and Figure 7.5 (a) for TT1.1 and
TTL1.5 respectively).

After pre-treatment in 5 vol.-% Hz in N2 at 500 °C for 3 h (reduction), neither the residual crystalline
(NixFe1x)Fe04 inverse spinel nor the hydroxide, Ni(OH),, were detected in both samples. The
resulting bimetallic microstructure for both samples still consists of a mixture of both the fcc and
bcc FexNiy alloy phases and cannot be described as pure monometallic phases following the same
trend predicted by the Fe-Ni phase diagram (see Figure 2.17 in section 2.4) and the previously
discussed in situ XRD-TPR results (see Figure 7.1 and Figure 7.2). However, the Ni-rich TT1.1
sample (see Figure 7.4 (a) and (b)) reduces into a bimetallic microstructure with crystallites
predominantly in an fcc structure (83 wt.-%,) while the Fe-rich TT1.5 sample predominantly (see
Figure 7.5 (a) and (b)) forms a bcc phase (80 wt.-%). No significant differences were observed in
the reduction behaviour of these oxidic precursor materials, especially regarding to the onset
temperature at which the phase transformation from the oxidic phase to the bimetallic phase
occurs. This corroborates the claim that the reduction of these materials occurs differently only
when the overall Fe:Ni atomic ratio varies but proceeds independent of the support material onto

which they are anchored for a given overall Fe:Ni atomic ratio.
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Figure 7.4: (a): Top view of in situ XRD patterns recorded during the reduction and the subsequent
temperature-programmed CO»-activation of TT1.1 supported on KIT-6. The reduction was performed at
500 °C for 3 h in 5 vol.-% H- in N2 (left of the white vertical dividing line). The positions of the reflexes of the
respective phases are indicated as: (NixFe1x)Fe204 = o; Ni(OH), = A ; fcc Ni® = ¢; bce FexNiy = ¥; fcc FexNiy
= m. The sample was subsequently cooled to 50 °C in N; and heated at 1 °C /min in 1 vol.-% CO/N; to 700
°C. For clarity, only the data above 225 °C during the temperature-programmed COz-activation experiment
is shown (right of the white dividing line). The white arrow shows the narrowing of the diffraction at a 1/d of
0.49 A1 due to COz-activation. (b): Corresponding selected diffraction patterns (bottom: freshly reduced at
500 °C; top: under exposure to 1 vol.-% CO/N; at different temperatures) and calculated diffraction patterns
for bcc NiFe (blue), fcc NiFe (red) and NiFe2O4 (magenta). Experimental (black) and calculated patterns
are stacked together per reaction stage for clarity. (c): The associated CO evolution as a function of
temperature during the temperature-programmed CO»-activation step measured in a parallel experiment in
the fixed-bed reactor.

Above approximately 225 °C under a stream of 1 vol.-% CO: in N, both catalysts show a partial
re-oxidation to the (NixFeix)Fe2Oa inverse spinel structure. Parallel to this, the disappearance of
the bcc phase is observed. This is clearly noticeable from the narrowing of the reflex at a 1/d of

about 0.49 A, which is more pronounced for the sample TT1.5 (see CO.-activation section in
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Figure 7.4 ((a), Right) and Figure 7.5 ((a), Right)). Rietveld refinement reveals that only the bcc
phase disappears upon re-oxidation during the temperature-programmed CO-activation (see
Figure 7.4 (b): 450 °C and Figure 7.5 (b): 500 °C and 600 °C). Thus, independent of the Fe:Ni
atomic ratio, only the bcc phase of the bimetallic FexNiy alloy is re-oxidized while the fcc fraction
in this microstructural mixture remains unaffected. Concurrent to the increasing degree of bcc
phase re-oxidation with temperature, CO is detected as the sole product in the reactor outlet (see
Figure 7.4 (c) and Figure 7.5 (c)). This detected CO reaches higher formation rates for the sample
TT1.5 in line with the larger fraction of the bcc phase compared to TT1.1. CO; is activated on the
surface of the bcc phase of the FexNiy alloy, resulting in the desorption of gaseous CO and the
incorporation of O* forming a bulk inverse spinel oxide structure (note that the CO formation rate
was measured in a separate experiment using a fixed bed reactor set-up and not in the in situ
XRD, Anton Paar XRK-900 cell, due to the unfavourable hydrodynamics in the cell resulting in
back mixing and dead volumes). Upon full depletion of the bcc allotrope, the CO formation rate
drops, even at increasing temperatures, while the fcc allotrope remains in the metallic state. This
suggests that the fcc allotrope of the FexNiy alloy is essentially inert in the temperature-
programmed COg;-activation experiment. This supports the initial hypothesis of the present study
proposing that Fe-rich FexNiy alloy systems should be better suited in reaction systems involving
COq-activation, such as CO,-ODHE. The CO formation rate also decreases slower at higher
temperatures for the Ni-rich sample compared to the Fe-rich one suggesting that the presence of

more fcc phase in the alloy stabilizes or slows the re-oxidation of the bcc phase.

A previous report has studied the CO: activation energy over bcc Fe and fcc Ni sites and has
shown that the bcc Fe sites have a significantly higher propensity for CO.-activation [298]. As
previously discussed in section 2.3.6, a theoretical study by Han et al. [16] also predicted that
several bimetallic alloy combinations are likely to represent good CO»-activation capabilities. In
their study, FexNiy alloys with Fe as the host are mapped among those alloy combinations
predicted to exhibit the lowest activation energy for CO.-activation/dissociation. The group of
Chen et al. [1,17-19,209,211,226] presented scientific evidence that FexNiy, alloys exhibit
enhanced catalytic performance in the CO»-ODH of ethane, propane or butane (CO,-ODHE/P/B)
depending on the support and the Fe:Ni atomic ratio. Although this was not discussed, it is
conceivable based on the results presented in this study, that the enhanced catalytic performance
and stability observed is a result of the CO.-activation ability of the FexNiy alloy in their catalysts.

However, no study has presented the microstructure and phase dependence of CO-activation
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over FeyNiy alloys or identified the potential FeNiy alloy allotrope responsible for the CO»-

activation.
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Figure 7.5: (a): Top view of situ XRD patterns recorded during the reduction and the temperature-
programmed COs-activation of TT1.5 supported on KIT-6. The reduction was performed at 500 °C for 3 h
in 5 vol.-% H in N2 (left of the white vertical dividing line). The positions of the reflexes of the respective
phases are indicated as: (NixFe1x)Fe.04 = o; fcc Ni° = ¢; bcc FexNiy = V; fcc FexNiy = m. The sample was
subsequently cooled to 50 °C in N2 and heated at 1 °C/min in 1 vol.-% CO2/N» to 700 °C. For clarity, only
the data above 225 °C during the temperature-programmed CO»-activation is shown (right of the white
vertical dividing line). (b): The corresponding selected diffraction patterns (bottom: freshly reduced at 500
°C; top: under exposure to 1 vol.-% CO2/N; at different temperatures) and calculated diffraction patterns for
bcc NiFe (blue), fcc NiFe (red) and NiFe2O, (magenta). The experimental (black) and calculated patterns
are stacked per reaction stage for clarity. (c): The associated CO evolution as function of temperature during
the temperature-programmed COg-activation step measured in a parallel experiment in the fixed bed
reactor.
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Interestingly, upon further increase of temperature above 525 °C and 475 °C for sample TT1.1
and TT1.5, respectively, in parallel to the drop of the CO formation rate, the re-formed
(NixFe1x)Fe,04 fraction starts to diminish and is completely absent above 600 °C in both samples.
In sample TT1.1, the oxidic phase is completely reduced into the fcc alloy at high temperatures.
In TT1.5, the reduction proceeds via the formation of a Wustite (FeO)-type structure before
yielding the fcc alloy phase at the high temperatures. While a thermal decomposition of some
spinel structures, such as Co3z04 to CoO between 900 and 1000 °C, is well described in literature,
no such behaviour was reported for these iron- and nickel-involving spinel materials, especially in
an oxidizing atmosphere [299]. It is proposed that carbon species deposited on the surface during
COg-activation act as reducing agent at the higher temperatures. However, this does not rule out
the possibility of secondary reduction by the left-over CO product due to the design of the Anton
Paar XRK reaction chamber used which has a large dead volume. This is especially supported
by the notion that this reduction behaviour was not observed when similar reactions were
performed in the fixed-bed reactor as suggested by the offline XRD results of the spent catalysts
(see Figure 7.6).
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Figure 7.6: Offline XRD patterns of spent samples of T1.1, T1.3 and T1.5 supported on KIT after a
temperature-programmed CO»-activation experiments in the fixed-bed reactor.
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Similar experiments were also performed using TGA analysis to further understand the weight
changes associated with the oxidic precursors of TT1.5 and TT1.1 supported on the large surface
area mesoporous silica (KIT-6), as a result of the treatment under reduction and the subsequent
temperature-programmed COz-activation conditions (see Figure 7.7). For reduction into the
respective FexNiy alloys, the samples were pre-treated in a 5 vol.-% H» in N> at 500 °C for 3 h
using a 1 °C/min heating rate. Subsequently, the samples were cooled to 300 °C while under N
and then exposed to a stream of 1 vol.-% CO; in N2 for 3 h at 300 °C. Afterwards, the temperature
was increased to 1000 °C using a 10 °C/min heating rate while under a stream of 1 vol.-% CO- in
Na.
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Figure 7.7: TGA/DTA analysis of the samples; (a) TT1.1 and (b) TT1.5 under reduction and the subsequent
temperature-programmed CO»-activation conditions.

113



7 Reducibility of supported oxide precursor nanoparticles, microstructure, composition
dependence and stability of resulting nano-alloy phase configurations captured in situ

Under reduction conditions, it is clear that the TT1.1 sample exhibits four stages of weight loss
whereas the TT1.5 exhibits three stages. For TT1.1, the first weight loss takes place within 378
mins at a temperature of 248 °C associated with both the dehydration of the sample and the
reduction of the Ni(OH)., phase while a single weight loss associated with dehydration of the
sample occurs within 400 mins at 274 °C for TT1.5. This first weight loss is about 3.1 wt.-% for
TT1.1 and 4.4 wt.-% for TT1.5 suggesting differences in the amount of adsorbed water due to the
difference of the oxidic precursors. Subsequently, a two-stage overlapping weight loss resulting
in further losses of 3.7 wt.-% after 474 mins (350 °C) and 2.4 wt.-% after 700 mins (500 °C) for
TT1.1 as well as 4.7 wt.-% after 498 mins (370 °C) and 2.4 wt.-% after 794 mins (500 °C) for
TTL1.5 are observed. The onset of these two-stage weight losses is attributed to the reduction of
the oxidic spinel phase into the corresponding alloy phases. The onset temperature of this spinel
reduction correlates well with a previous report by Han et al. [300]. This transition from the oxidic
phase to the alloy results in a larger weight loss and is slightly delayed for sample TT1.5 compared
with sample TT1.1 correlating well with the observations made with in situ XRD experiments. The
overlapping second part is potentially due to the reductive decomposition of the persistent residual
surfactants in the pores of the porous KIT-6 carrier especially given that it is comparable and
occurs at almost the same temperature for all samples (also see Figure 10.3 in appendix section
for sample TT1.3).

After reduction, the temperature was decreased to 300 °C under N followed by a change in the
gas atmosphere to 1 vol.-% CO: in N.. A considerable sample weight gain and an exothermic
peak are observed caused by this change in conditions. While holding at 300 °C, a very slight
weight gain (more apparent for sample TT1.5) is observed, which is attributed to re-oxidation in
both samples. Although not so apparent due to weight uncertainties/losses caused by the change
in temperature when the ramp was applied, this slight weight gain continues even when the
temperature is increased above 300 °C for sample TT1.5 and is also associated with an
exothermic peak at approximately 500 °C, attributed to re-oxidation as also witnessed in in situ
XRD studies. With a further increase of temperature above 650 °C, a weight loss associated with
the decomposition of the formed oxide is observed, consistent with the observations made during
the in situ XRD experiments, for sample TT1.5. For sample TT1.1, the continuation of this weight-
gain as well as the subsequent decomposition with increasing temperature (small hump just
before 1100 mins) is surpassed by the weight loss caused by temperature change and is not clear
to see. Similar observations to sample TT1.5 were made with the sample TT1.3, for which the re-

oxidation and subsequent decomposition hump is more intense (see Figure 10.3 in appendix
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section). The decomposition of the oxide after re-oxidation at higher temperatures is still attributed
to secondary reduction by carbon or CO due to dead volume in the TGA reaction chamber as this
was not observed in the fixed-bed reactor.

These observations clearly show that the chosen different oxidic precursors can be reduced into
the corresponding target alloys consisting of the bcc and fcc phases. Interestingly, the alloy could
be formed even from a mixed phase precursor consisting of Ni(OH), and (NixFe1-x)Fe204 through
a transition from metallic Ni and the oxidic inverse spinel. Depending on the overall Fe:Ni atomic
ratio, the fraction of these phases vary at a given temperature. Ni-rich alloys predominantly consist
of the fcc phase, which reduces with increasing Fe content in the alloy while the bcc phase
increases. The fcc phase is also stabilized by temperature, i.e. it increases with increasing
temperature. The reduction behaviour is independent of the support material as it is similar for a
given composition over the ZrO@AI;O3; and CrO@AI,O3 overlayers as well as over KIT-6. When
exposed to a stream of COy, it was revealed that only the bcc phase of the alloy is able to activate
CO; to form CO through which it is re-oxidised into the inverse spinel phase while the fcc phase
remains stable. This COz-activation was found to be composition-dependent as it is significant
over the Fe-rich alloy systems since they contain a larger faction of the bcc phase. When the bcc
phase is fully consumed, the CO.-activation functionality ceases despite the increase in
temperature as proved by XRD analyses of the spent catalysts retrieved from the fixed-bed
reactor. This suggests the further high-temperature decomposition of the oxidic inverse spinel
phase into the fcc phase of the alloy after re-oxidation observed in in situ XRD and TGA
experiments is due to back mixing and dead volume. The COz-activation happens at relatively
low temperatures below 300 °C and these results serve as experimental evidence that bimetallic
systems, especially FexNiy alloys, are future candidates of catalysts for CO;-activation. While
there are studies that made this claim, the composition-dependence of this CO;-activation as well

as the identification of the alloy microstructure responsible have not been reported before.
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model

catalysts

Some results reported in this chapter are part of the publication cited as: S. Raseale, W. Marquart,
K. Jeske, G. Prieto, M. Claeys, N. Fischer, Supported FexNi, catalysts for the
co-activation of CO, and small alkanes, Faraday Discuss. 229 (2020) 208-231.
https://doi.org/10.1039/C9FD00130A.

The ultimate goal of this study is to investigate the physicochemical properties that play a role
during CO,-ODHE over the synthesized multifunctional multicomponent (combination of metal
oxide overlayer and FeyNiy nano-alloy) catalysts. Specific focus is directed to the joint catalytic
influence of the metal oxide overlayer’s surface acidity and reducibility as well as the anchored
FexNiy nano-alloy composition. Since the target metal oxide overlayers are used in this study as
reservoirs of lattice oxygen species that support catalytic activity, which is to be improved by the
additional FexNiy nano-alloy, it is of great importance that these materials are first tested bare to
understand their catalytic role and performance. This will enable the evaluation of how the FexNiy
nano-alloys, which show good COs-activation abilities (see Chapter 7), further influence the
catalytic performance of the metal oxide overlayers. For simplicity and coherence, the overlayer-
supported Berghoff autoclave-synthesized TT1.1, TT1.3 and TT1.5 samples will be referred to as
FeiNi/MO@AI;O3, FesNii/MOx@AI>O3 and FesNii/MOx@AILOs3, respectively.

Since similar compositions of FexNiy, nano-alloy precursors were synthesized in two separate
batches obtained in different autoclaves to achieve the quantity necessary for deposition on the
overlayers, the catalytic testing campaign was divided into two. This was done to counter the
composition reproducibility challenge encountered during separate syntheses. The first batch of
FexNiy oxidic precursors, which encompass the Berghoff autoclave-synthesized TT1.1, TT1.3 and
TT1.5 samples with ICP-based Fe : Ni atomic ratios of 1.2, 2.5 and 4.4 (see Table 6.2 in Chapter
6) were anchored on CrO@AI;O3 and ZrO.@AI;Os. The supported samples were then employed
to study the effect of metallic composition of the alloy on the CO,-ODHE reaction. The second
batch of FexNiy oxidic precursors, which comprise of the small autoclave-synthesized TT1-3.3 and
TT1-3.5 samples with ICP-based Fe : Ni atomic ratios of 2.9 and 4.8 (see Table 6.2 in Chapter 6)
were anchored on the remainder of overlayers (i.e. GaOx@AI>Oz, SmMO@AI,O3, TIOX@AI,O3 and
VO@AI03).
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

8.1 Catalytic performance of bare metal oxide overlayers

The synthesized bare metal oxide overlayers were tested for CO,-ODHE activity in an equimolar
feed of CO; (6.25 mL/min) and CzHs (6.25 mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min)
at atmospheric pressure and 600 °C for 24 h, after reduction in Hz for 3 h at 500 °C (see Figure
8.1). The pre-treatment conditions are suitable for the reduction of the oxidic precursors to the
FexNiy nano-alloy as demonstrated by the reduction studies presented in Chapter 7. Under these
catalytic testing conditions, thermodynamic calculations reported by our research group identified
a thermodynamic equilibrium limit for the conversion of C;Hg of 24.4% via CO.-ODHE and 91.6%
via DRE [60,65].

The unreducible SmMOx@AI>03, TIOx@AIO3 and ZrOx@AIl>Os with the weaker total and Lewis acid
sites, amongst the studied samples, record the lowest CO; and C,He conversions (below 2% and
1%, respectively) suggesting minimal activity for both the CO,-ODHE and DRE reactions (see
Figure 8.1, top). Amongst them, SmOx@AI>O3 exhibits a 1.8% initial CO> conversion, the highest
in this group of samples, possibly due to its basic nature as this material displays the weakest
surface acid sites. TiOx@AIl-Oz only shows minor C;Hs-activation (0.6% CzHs conversion) while
ZrOy@AIl,O3 displays no activity.

In contrast, the overlayers with intermediate-to-strong total and Lewis acid sites, i.e. the
unreducible GaOx@AI:O; as well as the reducible CrO@AlLO; and VO@AI;Os;, display
considerable initial C2He conversions of 4.2, 6.3 and 5.1%, respectively. Note that the initial CoHe
conversion of VO@AIO; is taken at 1 h TOS when the first data point was collected and is
presumably higher before, considering the observed fast deactivation. The corresponding CO
conversions are 1.8, 3.6 and 5.2%. It is apparent that the activity of these materials varies with
surface acid site strength as expected, making these materials good candidates for the purpose
of this study. The initial activity decreases with the acid site strength, i.e. VOi@AI,O; >
CrOx@AI,03 > GaOx@Al;0s.
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Figure 8.1: C2Hg and CO- conversions (top), C2H4 yield and CO- : C2Hg conversion ratio (middle) as well
as CyHs and CO selectivity (bottom) obtained during the reaction of C;Hs and CO- (6.25 mL/min each)
diluted with 12.5 mL/min inert over the various MOx@AI-.O3 overlayers. Conditions: temperature = 600 °C,
pressure = 1 atm, space velocity = 15 L-h1-gcat 1, CO2 : C2Hg ratio = 1. Maximum possible carbon based
Cz2Ha and CO selectivity for a perfect CO,-ODHE system are indicated by the black solid line.
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

Conversely, in the set of overlayers with weaker total and Lewis acid sites (i.e. SmOx@AI203,
TiIOx@AIO3 and ZrOx@AIl>03), SmOx@AI>O3, with the weakest acid sites, has the highest initial
activity, but predominantly towards CO:-activation. Overall, initial activity decreases with the

overlayer acid site strength until a minimum is reached at ZrO@AI>O3 and then slightly increases

with further weakening of acidity presumably due to increasing basicity enhancing CO.-activation

(see Figure 8.2, top).

Initial C,H; and CO, conversions (%)

Initial C,H; and CO, conversions (%)
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Figure 8.2: Extrapolated initial C2Hs (diamonds) and CO- (circles) conversions as a function of decreasing
relative total (top) and Lewis (bottom) acid site strength of the various MOx@AI,O3 overlayers during the
reaction of C,Hs and CO; (6.25 mL/min each) diluted with 12.5 mL/min inert. The relative total acid strength
used is based on the trend obtained via NHs-TPD analysis while the Lewis acidity trend was obtained via
DR-UV/Vis. Test conditions: temperature = 600 °C, pressure = 1 atm, space velocity = 15 L-h?.gcai 1, CO2

: CoHg ratio = 1.
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

Except for ZrOx@AIl>O3, this relationship is the same when the relative Lewis acid site strength,

obtained via DR-UV/Vis of surface-adsorbed alizarin, is considered (see Figure 8.2, bottom).

The observed trend can be explained by the proposal by Ge et al. [249] suggesting that the
surface basicity of a metal oxide (CeO./y-Al>Oz in their case) plays a role in the activation of both
C2He and CO.. C;Hs is activated via H-abstraction which generates hydrogen atoms that further
react with CO: via hydrogenation. This explains the initial activity of TiOx@Al.Oz and
SmO@AILOz which exhibit the weakest surface acidity. On the other hand, the decrease of the
initial activity with the total and Lewis acid site strength in the order: VO,@AI,O3 > CrOy@AI>03 >
GaOx@AI:03 > ZrOx@AI.Os can be attributed to acid sites, deemed essential for the activation of
light alkanes but, when too strong, induce cracking and coke formation [1,13,175,177,249].

In addition, the activity of these materials seemingly depends on their reducibility. While the H»-
TPR results (see Figure 5.4) imply that GaOx@AI,Os3 is unreducible, there might be some reduced
Ga*® during dehydrogenation as suggested in a previous report for propane dehydrogenation over
Ga-oxide supported on SiO; [301]. Considering this possibility, it is therefore understandable that
only VO@AILO3;, CrOx@Al;O; and GaOy@Al,O; would be active while the unreducible
SmMO@ALO3, TIOX@AILO3; and ZrOx@AI;O3 are not. The general requirement of a redox property
for materials to be active in the ODH reaction also supports this proposal. Alternatively, a previous
study proposes that Ga-based systems are a special case undergoing CO,-ODH via heterolytic
dissociative adsorption for alkane activation followed by RWGS instead of the redox mechanism
[250]. This mechanism is not reliant on material reducibility as the lattice oxygen species involved

in alkane activation are not lost.

Except for VO@AI,Os, with CO, and C;Hs conversions balanced, CO, conversions for all
overlayers are lower than C>Hes conversions demonstrating that these overlayers struggle with the
activation of the oxygen source. This supports the initial proposal that this step is causing the low
stability of oxide-based catalysts in the CO,-ODH. The challenge of CO.-activation can be
overcome by adding another catalyst functionality to avail more sites for COz-activation as
demonstrated by the addition of an Fe promoter which induced a RWGS functionality to a Cr-
based DD catalyst [5]. Studies have also suggested that over certain metal oxides, CO»-activation

occurs on the same sites as C,Hg-activation and has therefore a poisoning effect [124].
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

With increasing TOS, a progressive deactivation is observed as both the C;He¢ and CO:
conversions decrease rapidly (see Figure 8.1, top). Amongst the most active materials, a major
loss of activity is measured for VO,@AIOz which after the first 4 h TOS reaches C;Hs and CO:
conversions of 1.8% and 1.3%, respectively, a more than 60% reduction compared to the initial
conversions. At 4 h TOS, CrOx@AI;O3 reaches C;Hs and CO- conversions of 3.1% and 1.3%
(51% and 64% reduction), respectively, while GaOx@Al.O; reaches 3.2% and 1.0% (24% and
44% reduction), respectively, suggesting a better stability of GaOx@Al.Os. The stability appears
to correlate with the acid site strength of the metal oxides for these three samples. This could be
rationalized with a reduced coke formation as a result of less cracking over strong acid sites. After
12 h TOS, no CO; conversion is recorded anymore, while some C;Hg activation functionality
remains. This behaviour supports that indeed an MvK type mechanism is at play over these
materials where the lack of efficient CO2-activation functionality results in a gradual deactivation
as the surface lattice oxygen species are depleted. The C;Hs-activation functionality is also
subsequently suppressed as the catalyst is reduced. The effect is also reflected in the CO, : C2Hg
conversion ratio (see Figure 8.1, middle), which is below 1 (the stoichiometric ratio expected for
a pure CO,-ODHE) and progressively decreases with TOS suggesting insufficient or lost CO;
activation ability.

A CO; : C;Hg conversion ratio greater than 1 would suggest an increased DRE activity and/or
promotion of other CO-forming routes such as the reverse Boudouard and/or overoxidation
reactions. Although the DRE reaction forms H: in addition to CO, the H, product was not
considered for the interpretation of the data as it was Values below 1 could stem from an
increased direct dehydrogenation (DD) activity and/or overoxidation reactions. For the acidic
overlayers, a progressive decrease of the CO; : CzHs conversion ratio with TOS is observed
suggesting a shift towards DD and/or overoxidation. The observed apparent correlation between
surface acidity and activity demonstrates that the surface acidity can be used to tune activity and
stability and suggests that metal oxide catalysts should possess intermediate-to-strong total and
Lewis acid sites in order to exhibit activity in the simultaneous conversion of CO, and CzHs. This
is in line with literature reports describing oxide catalysts based on Cr, V and Ga as promising for
CO,-ODHE, with a Cr-based system also used industrially for the dehydrogenation of paraffins
[9,11,174].

The selectivity of C,Hs and CO was calculated based on the total carbonaceous products (CzHa,

CH4 and CO) as detailed in section 4.4.9. Based on this, a completely CO,-ODHE selective
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catalyst can reach a maximum C3Ha selectivity of 67 C-% with a CO selectivity of 33 C-% (see
Figure 8.1, bottom). A C;Hs selectivity above this value with a lower CO selectivity implies
promotion of an additional C2Hs-forming route (DD). C;H,4 selectivity below this value with a higher
CO selectivity can be explained through the presence of CO-forming routes such as DRE,
overoxidation and/or the reverse Boudouard reaction. Since CO: is a soft oxidant, CO-formation

via overoxidation is less likely.

C2H4 selectivity for the weakly acidic TiOx@AIOs is constant with TOS at more than 90 C-%, at
very low conversion levels, suggesting a DD mechanism. For SmO,@AI.O; the ethylene
selectivity is below 67 C-% paralleled by an elevated CO formation at conversion ratios of CO; :
C2Hs of 3 to 6 in the initial hour TOS. Note that for this material, only the data before 4 h TOS,
where conversions are above zero, is considered. The selectivity for ZrOx@AI,O3 could not be
computed due to the low conversion levels attained resulting in very small amounts of products
making their analysis unfeasible. The three acidic overlayers with considerable activity (i.e.
GaOx@AlLO3, CrOx@AlLO3 and VO@AI;O3) show an increase of C,Ha selectivity with TOS and
decreasing C;Hs and CO; conversions, associated to the progressive loss of COz-activation
functionality. The C,Has selectivity for CrOx@AI>Oz and GaO@Al>Os is initially close to 67 C-%
(70 C-% and 66 C-%, respectively) while CO selectivity is close to 33 C-% (both at 27 C-%),
suggesting an CO,-ODHE dominant pathway. However, C;H, selectivity increases significantly
after 7 h TOS suggesting a shift towards the DD. In contrast, for VOx@AI;Os, the initial C2Ha
selectivity is about 53 C-% with 43 C-% CO selectivity. This suggests a promotion of additional
CO-forming routes, most likely DRE and the reverse Boudouard reaction as coking is expected
to be significant on strongly acidic oxides. For these three samples, the C;Hs and CO selectivity
is accompanied by some CH,4 formation, attributed to a parallel cracking mechanism, which is
initially below 6 C-% and decreases with TOS, further supporting the likelihood of coking (see
Figure 10.4 in the Appendix). Interestingly, this cracking activity is more pronounced over the
stable GaO@AI.O; with least acidity compared to other strongly acidic overlayers. This can be
explained by the fact that GaO,@Al.O3; exhibits the strongest acid sites amongst all overlayer
materials, albeit at low concentrations which are seemingly responsible for the cracking reaction
(see NHs-TPD in Figure 5.6). Note that the acidity ranking established was only based on the
intermediate acid site strength without considering the strong acid sites due to their low
concentration which would cause them to contribute less to the average acidity as observed via
DR-UV/Vis studies. The deactivation of these sites is seemingly faster, probably due to coking

which has a less significant poisoning effect on the sites responsible for C>Hs-forming routes.
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Alternatively, the CH4 formation might be due to methanation of COx which is also feasible under
these conditions especially because some H. was formed. Overall, the C2H4 selectivity increases
with reducing acidity until a maximum is reached for TIOx@AI,Os, at very low conversion levels,
and then decreases for the basic SmO@AI>,Os. The proposed CO-forming routes become more
likely with increasing acidity. It is worth noting that the COgz-activation functionality is not
completely lost for most of these materials but rather decreases significantly and reaches levels
that are difficult to quantify due to the unfeasible analysis of the very small change of CO;
concentration during the reaction. This is supported by a measurable CO selectivity, which can

only form via CO2-entailing reactions.

After 24 h TOS, the materials were exposed to a flow of N2 at 50 mL/min, cooled to 50 °C and
then passivated by exposure to a stream of 1 vol.-% O in N2 at 50 mL/min. The retrieved spent

catalysts were analysed using Raman spectroscopy and offline XRD (see Figure 8.3).
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Figure 8.3: (a) Raman spectra and (b) XRD patterns of spent MOx@AI,Os overlayer catalysts after exposure
to CO,-ODHE conditions for 24 h. The XRD patterns of the fresh MOx@AI.Os overlayers are also included.
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

All the spent MO@AI>O3 exhibiting considerable activity show very little change in their respective
diffraction patterns compared to the fresh materials after synthesis. An additional broad hump is
observed between 0.3 and 0.4 A which could be associated to the deposition of amorphous
carbon. No new reflexes suggesting sintering and crystallite formation/growth of the overlayer

materials are observed.

The Raman spectra of the spent MOx@AIO3 overlayers are characterized by two bands at 1600
cm? and 1350 cm associated with the G- and D-bands of the sp?-bond vibrations of carbon
atoms. This confirms the deposition of carbonaceous species as suggested by XRD. Interestingly,
this carbon is slightly less graphitic on GaOx@Al.O3 which displays a better stability than the other
materials with considerable activity under CO,-ODHE conditions. With an increase of acidity to
CrOx@AIl0O3 and VO,@AILO3, the carbon deposited becomes more graphitic and is paralleled, as
previously discussed, with an enhanced deactivation [302]. This is based on the ratio of the D- to
G- bands intensities (In/lc) of 0.88 for GaO@AIl.Os, which is lower than the 0.90 obtained for both
CrOx@AlLO3 and VO@AILOs (see Figure 10.5 in Appendix). It can be concluded that the
deactivation observed for the overlayer materials in the CO,-ODHE is, at least in part, associated
to carbon deposition.

To counter the loss of activity over the MOx@AI,O3 overlayers due to carbon deposition, CO»-
ODHE was also performed using a modified feed gas composition with a CO (10.4 mL/min) :
C2He (2.1 mL/min) molar ratio of 5 and an inert dilution of 50 vol.-% at atmospheric pressure and
600 °C for 24 h. [123]. The over-stoichiometric amount of CO; in the feed is expected to aid in the
removal of the carbon deposits via the reverse Boudouard reaction as demonstrated in previous
studies [9,11,146,174]. The overlayers were pre-treated in a stream of H, for 3 h at 500 °C
mimicking the reduction of the oxidic FexNiy precursors to an alloy in subsequent experiments.
Under these CO,-ODHE conditions, a thermodynamic equilibrium conversion limit of C;Hes of
61.9% for CO,-ODHE and 52.4% for DRE is calculated.

The conversions obtained under this modified feed ratio are unsuitable for direct comparison with
those from the equimolar feed as CO, conversions are significantly lower while C,Hg conversions
are higher merely due to the change of composition (see Figure 10.7 in the Appendix). Since
there is a significantly higher amount of CO; in the feed, a lower percentage of CO, converted is
expected. To circumvent this, the molar flow rates of CO, and C,Hs converted are reported to

allow for better comparison with the results obtained under the equimolar feed (see Figure 8.4).
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Figure 8.4: Converted C;Hgs and CO; flow rates obtained during CO,-ODHE under a feed with a CO; (10.4
mL/min) : CoHs (2.1 mL/min) molar ratio of 5 (top) as well as under a feed with CO» (6.25 mL/min) : CoHs
(6.25 mL/min) molar ratio of 1 (bottom) both with an inert dilution of 12.5 ml/min over the various MO @AI>O3
overlayers. Conditions: temperature = 600 °C, pressure = 1 atm and total space velocity = 15 L-h"1-gcar 1.

The overall trend of increasing initial activity (i.e. rates of Co;Hs and CO- converted) with increasing
total and Lewis acid site strength of the overlayers is still observed (see Figure 8.4, top). However,
unlike in the equimolar feed, the overlayer with the weakest acid sites, SmO@AI.Os, has
negligible activity for both CO,-ODHE and DRE just as ZrOx@Al,Os. The weakly acidic
TiOx@AIOs still displays only CoHe-activation, at a very low level with nearly no CO»-activation
functionality. The more acidic GaOx@AIl:0;, CrO@AlLO; and VO.@AILOs3, still exhibit
considerable initial rates of C2Hs conversion of up to 0.0040, 0.0060 and 0.0060 mmol/min with
corresponding rates of CO, conversion of 0.0033, 0.0042 and 0.0080 mmol/min, respectively.
Compared to the equimolar feed, an improved CO.-activation ability is observed. The initial rates

of CO, converted in the equimolar feed are nearly half the initial rates of C,Hg converted for
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

GaOx@AlLO3 and CrOx@Al,Oz while they are about equal for VO@AILOs; (see Figure 8.4,
bottom). Despite this enhancement, the absolute amount of CO, and C,Hs converted is lower in
the CO.-rich feed in the initial 6 h TOS.

With increasing TOS, a progressive deactivation which is slower than in the equimolar feed is
observed. The rate of deactivation increases with increasing acid site strength of the overlayers
as previously discussed for the equimolar feed. However, compared to the equimolar feed where
the COs-activation functionality is lost within 12 h TOS for all materials, this functionality is
sustained, albeit its rate of deactivation is still higher compared to C;He. This suggest, an
enhanced catalyst stability which might be attributed to an improved catalyst re-oxidation and the

reverse Boudouard reaction, suppressing/reducing carbon deposition.

At the start of the reaction, the C;H4 yields increase with surface acid site strength (see Figure
8.5, top). Compared to the equimolar feed (see Figure 8.1, middle) the ratios of converted CO. :
C:Hs are higher and more stable with TOS. DD of C,Hs seems supressed as evidenced by the
lower C,H4 selectivity and increased CO selectivity. It is not possible to assign this enhanced CO-
formation to a single reaction based on the data available and it could be a result of enhanced
CO,-ODHE, the reverse Boudouard reaction, catalyst re-oxidation, DRE and the RWGS.

For GaOx@AI203, the fraction of converted CO: : CzHe is closest to the theoretical value of 1 for
pure CO»-ODHE. The C;Hs and CO selectivity are also closest to the theoretical values for pure
CO,-ODHE. These parameters suggest that the enhanced CO»-activation improves the RWGS
reaction which reduces the DD activity observed in the equimolar feed resulting in an overall
improved CO»-ODHE activity. The enhanced stability of this material and the initial decrease of
CO selectivity coupled with the increase of C;H. selectivity imply that the presence of the reverse
Boudouard reaction, limiting coking, and other CO-forming routes cannot be excluded.
Interestingly, cracking, attributed to the presence of a low population of very strong acid sites, is
slightly enhanced compared to the equimolar feed for this material while it is lower for the other
bare overlayers (see Figure 10.6 in the Appendix). A similar behaviour is recorded for CrOx@Al.O3
which is however characterized by a lower degree of enhancement of the CO.-activation
functionality resulting in a ratio of converted CO; : CzHs of below 1. While TiOx@AIl,Oz shows
some performance, COz-activation functionality is much lower and the analysis of CO, converted

was unfeasible.
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Figure 8.5: CzH4 yields and converted CO; : CzHs flow rates ratios (top) as well as CoH4 and CO selectivity
(bottom) obtained during the reaction of CaHeg (2.1 mL/min) and CO; (10.4 mL/min) diluted with an inert
(12.5 mL/min) over the various MOx@AI>O3 overlayers. Conditions: temperature = 600 °C, pressure = 1
atm, space velocity = 15 L-h?-gcar 1, CO2: CzHg ratio = 5. Maximum possible carbon based C,H4 and CO
selectivity for pure CO2-ODHE are indicated by the black solid lines.

For VOx@AIO3, the ratio of converted CO; : CzHs is above 1 (almost 1.5) and stable with TOS
due to the higher degree of COz-activation. This is complemented by an overall decreased C;H,
selectivity which is below the maximum for pure CO»-ODHE with a higher CO selectivity most
likely due to DRE and the reverse Boudouard reaction. Despite these differences, the C,H. and
CO selectivity still scales with acidity as discussed for the equimolar feed, with the exclusion of
TiIOx@AI20O:s.
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These observations suggest that a higher CO; : C;Hs molar ratio in the feed results in improved
C:He conversions as well as CO.-activation ability which is also sustained, compared to the
equimolar feed. However, the overall C>H4 selectivity is reduced due to minimal DD activity which
is suppressed/surpassed by the CO-forming routes increasing CO selectivity (likely RWGS,
reverse Boudouard reaction, DRE and catalysts re-oxidation). This results in an overall dominant
CO,-ODHE activity over GaOx@Al03, CrOy@Al:O; and TiOx@AI;O; and enhanced DRE
compared to the equimolar feed. Thus, in addition to the overlayer acid site strength, the feed
composition also influences the overall reaction pathways through which the C;Hs and CO

products form making the acidity a design parameter for CO,-ODHE catalysts.

After 24 h TOS, these materials were exposed to a flow of inert N, at 50 mL/min, cooled to 50 °C
and then passivated by exposure to a stream of 1 vol.-% O in N2 at 50 mL/min. The retrieved
spent catalysts that exhibited considerable activity were analysed using Raman spectroscopy
(see Figure 8.6, bottom). Similar to the equimolar feed, the Raman spectra of the spent overlayers
in the over-stoichiometric feed are characterized by two bands at 1600 cm™ and 1350 cm
associated to the G- and D-bands of the sp?-bond vibrations of carbon atoms confirming surface
carbon deposition. This carbon deposition does not seem to exhibit a correlation with acid site
strength as well as the Ip/lg band ratio (see Figure 10.8 in Appendix) but could be least significant
on GaOy@AI,Os3, as it shows a better stability. Relying on the stability suggests that, with a further
increase or decrease of the acid site strength, carbon deposits increase. This results clearly
demonstrate that coke deposition still contributes to the loss of activity observed. While unreliable,
it is noteworthy that compared to the equimolar feed (see Figure 8.6, top), the intensity of the
Raman bands obtained under this feed is lower which could be a result of reduced carbon

deposits or experimental parameters during Raman.
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Figure 8.6: Comparison of the Raman spectra of the spent bare MO@AI,O3 overlayer catalysts after
exposure to CO2-ODHE conditions for 24 h in an equimolar (top) and the over-stoichiometric amount of
CO: (bottom) feeds. The samples from the equimolar feed were analysed in a RENISHAW spectrometer
while those from the feed with CO, : C2Hg ratio of 5 were analysed in a WITec Confocal Raman Microscope.

The results presented clearly show that the activity, selectivity and stability of metal oxides depend
strongly on the combination of the reducibility, acid site strength and the feed composition. Only
the reducible overlayers display activity while the unreducible overlayers are maostly inactive.
GaOx@AlLO3 is assumed to be a special case, partially reducible under reaction conditions
despite being unreducible under H,-TPR conditions as suggested by Saito et al. [301].
Alternatively, GaOx@AIl.Os is reported to undergo CO,-ODHE via the heterolytic dissociative
adsorption of C,Hg followed by RWGS instead of the typical redox pathway and may thus, show
activity [250].

The acid site strength influences the initial activity, selectivity and catalyst stability. Stronger acid
sites result in the highest initial activity, lowest C,Ha4 selectivity and a fast deactivation, probably

due to enhanced cracking leading to carbon deposition and limited provision of surface oxygen

129



8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

species. Under the equimolar feed, CO»-activation is limited and carbon deposition is more
prevalent. An over-stoichiometric amount of CO: in the feed improves and sustains the CO.-
activation functionality possibly due to enhanced reverse Boudouard reaction, DRE, re-oxidation
and hydrogen removal (RWGS) yielding overall performances closer to ideal CO,-ODHE (except
for VO@AI>O3). The elevated CO-activation functionality also allows sustained C:Hs-activation
and improved catalyst stability. The model catalysts still deactivate, most significantly the
reducible and strongly acidic CrOx@Al.O3; and VOx@AI-.O3, and a further enhancement of the

COg-activation might result in an overall improved catalytic performance.
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8.2 Iron-nickel nano-alloys anchored on metal oxide overlayers: Effect of the

nano-alloy metallic composition and the overlayer

It is proposed that the FexNiy nano-alloys in the formulations presented in Chapter 7 will improve
activity and stability of the overlayer materials by enhancing the catalyst’s CO;-activation ability.
This will enhance the provision of surface oxygen species both for the removal of hydrogen
yielding water and for the replenishment of the overlayer oxygen vacancies in a Mars van
Krevelen-type C:Hs-activation. These FeyNiy nano-alloys have already demonstrated CO.-
activation ability as discussed in Chapter 7. Based on those studies, the degree CO»-activation
on FeyxNiy nano-alloys is a function of crystal structure which in turn is a function of Fe : Ni atomic
ratio and reduction temperature. It remains essential to understand the efficiency of CO.-
activation under CO,-ODHE conditions, i.e. in the presence of C;Hs as a reducing agent.

The FexNiy oxidic precursors, TT1.1, TT1.3 and TT1.5, with ICP-based Fe : Ni atomic ratios of
1.2, 2.5and 4.4 (see Table 6.2 in Chapter 6) were anchored on the CrOx@Al.O3; and ZrOx@Al>O3
overlayers. CrOx@AIl>Os is reducible with strong surface acid sites and exhibits considerable initial
CO; and C;Hs activity followed by a progressive deactivation when tested bare (see Figure
8.1,top). On the other hand, ZrOx@AIOs is unreducible with weaker surface acid sites and shows
no intrinsic activity under CO.-ODHE conditions. All samples as well as the bare overlayers were
tested for CO,-ODHE under an equimolar feed of CO; (6.25 mL/min) and C;Hs CO- (6.25 mL/min)
with an inert dilution of 50 vol.-% (12.5 mL/min) at atmospheric pressure and 600 °C after
reduction in H, for 3 h at 500 °C (see Figure 8.7 and Figure 8.8). For clarity, the MOx@AI;O3-
supported TT1.1, TT1.3 and TT1.5 samples tested are presented as Fei;Nii/MO@AI;Os3,
FesNii/MOx@AI;O3 and FesNii/MOx@AIO3, on the basis of the target atomic compositions of the

alloy phase.

The presence of FexNiy nano-alloys on the ZrO.@AI.Os overlayer hardly increases the C;Hs
conversion (< 1%) but a considerable initial CO» conversion is observed with a rapid deactivation
over 2 to 3 h (see Figure 8.7, top). This behaviour is probably due to active site transformation via
re-oxidation of the reduced FexNiy nano-alloys. While the conversions are very low, the C;Ha
yields as well as the CO and C:H4 selectivity of these FexNiy/ZrO@Al.O3 catalysts could be
computed. For all FexNiy/ZrO,@AI>,O3 catalysts, the C,H, selectivity is initially between 20 and 30
C-%. While FeiNi./ZrO@Al,O3 shows no change in selectivity, samples with higher Fe-content

in the alloy show an increase in C,Hs selectivity in the first 20 h TOS to 50 and 65 C-% for
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FesNi/ZrOx@Al:0z and FesNii/ZrO@AlOs, respectively (see Figure 8.7, bottom). While the
increase in selectivity is in parallel to the decrease in CO.-activation functionality, the rates of
change are not comparable. The opposite trend is observed in terms CO selectivity with TOS.
Thus, CO-forming routes (probably DRE in parallel with the initial FexNiy nano-alloy re-oxidation)
are initially dominant over these materials. The increase of C,Hs and corresponding decrease of
CO selectivity with TOS on the Fe-rich FesNii/ZrOx@AI,Os; and FesNiil/ZrO«@AIl;O3 is probably
due to these CO-forming routes becoming less dominant while the C,Hi-forming routes (DD or
CO,-ODHE) remain stable as evidenced by the constant C;H. yields. This may suggest, the
deactivation of active sites for the CO-forming routes on the Fe-rich samples. The CO and CzH4
selectivity of FeiNii/ZrO,@AIl,Os; are not affected by the initial CO;-activation ability which is
higher than over the Fe-rich samples, suggesting constant promotion of CO-forming DRE. While
it is still not fully understood, the initial CO-activation over the Fe-rich samples is ascribed to the
re-oxidation of the alloy’s bcc phase whereas on the Ni-rich catalyst it is probably due to the
inherent ability of Ni or the fcc alloy phase to promote DR. The DR activity of the Ni-rich FexNiy
alloy was also observed in a study by Chen et al. [212] but focusing on DRM. Other studies also
support this for DR of ethane, propane and butane with Ni-support interfaces proposed to be
responsible for the activity in addition to the sites on the fcc Ni-rich FexNiy alloy [17,62,209,211].

The low C:Hs activity/high C;Ha selectivity behaviour is in stark contrast to the previously
described behaviour of FesNii/ZrO; reported by Chen et al. [18], which was characterised by a
high initial DRE activity (CO conversion > 25%) and deactivation via coking over 14 h TOS. The
differences might be due to the different preparation techniques employed for the FexNiy catalysts.
While Chen et al. [18] employed simultaneous impregnation and relied on the reduction process
to yield the alloy, the surfactant-free hydrothermal method employed here, allows to synthesize
oxidic (NixFei1x)Fe204 inverse spinel phases as alloy precursors. It also needs to be noted that
the ZrOx@AI;O3 overlayer differs in physicochemical characteristics from a bulk ZrO, which
allowed high dispersion of the proposed Ni-ZrO, DRE active sites which are prone to coking.
While it was not discussed in detail, the poor activity of an FesNi; alloy with a higher CO; than

C2Hs conversion on an inert and unreducible support (SiO,) was also observed [18].
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Figure 8.7: CoHg and CO2 conversions (top), C2H4 yield and CO,: C;Hg ratio (middle) as well as carbon
based C;H4 and CO selectivity (bottom) obtained during reaction of C2Hs (6.25 mL/min) and CO- (6.25
mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min) over the bare overlayer and the various
FexNiy/ZrOx@Al,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm, space velocity = 15 L-h-
L.gcat™t, CO2 : CaHg ratio = 1. Maximum possible C,H4 and CO selectivity for a pure CO,-ODHE are indicated
by the black solid lines.
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The deposition of the FeyNiy nano-alloys onto the acidic and reducible CrO@AlLOz has a
significant impact on activity, stability and selectivity compared to the bare overlayer and the
FexNiy/ZrOx@AIO3 catalysts presented above (see Figure 8.8). The fact that the FexNiy nano-
alloys have a strong impact on catalytic performance on this reducible support compared to the
unreducible ZrOx@AIOs; strongly suggests the presence of a bifunctional/tandem catalyst
system. In the suggested mechanism, C;Hs is activated on the reducible CrOx@Al.O3; and CO; is
dissociated on the Fe,Niy nano-alloy sites, with the generated oxygen species spilling-over to the
partially reduced CrOx@AIl-O3 to facilitate its re-oxidation. In addition to the DR sites mentioned
above, Chen et al. [209,226] also suggested that the activation of both C;Hg and CO- in the CO»-
ODHE reaction occurs on the same active site. This site is proposed to be the interface between
metallic Ni or a Ni-rich fcc alloy phase and exsoluted amorphous Fe-oxide forming on the support
under reaction conditions. The formation of either sites was found to be influenced by the support
and Fe : Ni atomic ratio. While a partial oxidation of the bcc or Fe-rich phase could be confirmed
in the present study (see Figure 8.9 (b)), the insignificant activity enhancement on
FexNiy/ZrOx@AIO3 suggests, the proposed interfacial site between metallic Ni/Ni-rich alloy and
an amorphous Fe-oxide alone cannot sustain the CO,-ODHE.

The addition of the Fe-rich FesNi; nano-alloy has only little effect on the C,Hs conversion but
increases the initial CO, conversion, probably due to re-oxidation (see Figure 8.8, top). After 5 h
TOS, the CO; conversion approaches the one of the bare overlayer. However, compared to
CrOx@AI>0O3 both the conversion ratio and the C2H4 and CO selectivity over FesNii/CrOx@Al>O3
suggest a higher contribution of CO,-ODHE and less DD (see Figure 8.8, middle and bottom).
This is supported by a stable C,Hs and CO selectivity which is closer to the CO>-ODHE optimum
of 67 C-% and 33 C-% respectively (see Figure 8.8, bottom). The catalyst follows the deactivation

trend of the bare CrO«@AI;O3 albeit without ever fully loosing activity.
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Figure 8.8: C;Hs and CO, conversions (top), C2H4 yield and CO,: CzHs ratio (middle) as well as carbon
based C;Hs and CO selectivity (bottom) obtained during reaction of C;Hg (6.25 mL/min) and CO, (6.25
mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min) over the bare overlayer and the various
FexNiy/CrOx@Al,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm, space velocity =15 L-h-
1.gcat™t, CO2 : CaHg ratio = 1. Maximum possible C,H4 and CO selectivity for a pure CO,-ODHE are indicated
by the black solid lines.
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The C;H4 yield of > 4% in the first 2 h TOS is amongst the highest reported for a FexNiy system in
the CO»-ODHE reaction. Interestingly, increasing the Ni content in the FexNiy nano-alloy catalyst
formulation both increases and stabilizes the Cz:He and CO: conversions. This effect is more
pronounced on CO; conversion resulting in a COz : C;He conversion ratio about 2.5 after 2 h TOS
which is slightly above the DRE ratio of 2. Thus, while the selectivity to C>H4 clearly drops with
increasing Ni content and the CO selectivity from CO-forming routes other than CO,-ODHE
increases, the proceeding reaction is not pure DRE. 5 to 8 C-% C;H, selectivity equating to 0.2
to 1.5 C-% C;H, yield is retained for the duration of the experiment over FesNii/CrOx@Al.O3 and
FeiNii/CrOx@AlLO3, respectively.

A potential pathway accounting for the higher CO, conversion and the CO; : C;Hs conversion
ratio as well as CO selectivity, beyond the maximum for DRE and CO»-ODHE, is the reverse
Boudouard reaction. This reaction has been previously postulated to hold the potential to counter
catalyst deactivation via coke gasification [9,11,146,174]. In a simplified reaction network of CO-
ODHE, DRE and the Boudouard reaction, approximately 20% of the CO, conversion would be
the result of the carbon gasification reaction on these Ni-rich catalysts. While no direct evidence
for the reverse Boudouard reaction is available, the stability of both conversion and product
composition of FesNii/CrOx@AI,O3 and FeiNii/CrO,@AI,Os supports the absence of a strong

deactivation mechanism.

Based on the results presented, it is clear that both the metal oxide overlayer and the Fe,Niy nano-
alloy are complementary pieces in a tandem catalytic conversion of CO; and C,;Hs via CO,-ODHE
to form C;H4 and DRE to form syngas. Depending on its chemical properties (i.e. interlinked
reducibility and surface acid site strength), the metal oxide has a significant influence on the
overall bifunctional catalyst activity while the FeyNiy nano-alloy significantly influences the activity,
reaction pathway (selectivity) and catalyst stability depending on the Fe : Ni atomic ratio. This is
demonstrated by the fact that the FexNiy, nano-alloy has a minimal effect on the overall activity,
irrespective of composition, when anchored onto the unreducible ZrO,@AI.O; with weaker acid
sites. On the reducible CrOy@AI.O3s with stronger acid sites, the alloy is able to assist the
overlayer resulting in enhanced Fe : Ni atomic ratio-dependant catalytic performance (activity,
stability and selectivity). As proposed, the role of the FeyNiy nano-alloy is seemingly to enhance
COq-activation which avails oxygen species that, possibly via a spill-over type mechanism, re-
oxidise the CrOx@AIl>Os reduced upon C;He activation. The effect of alloy composition over

CrOx@AILO3s on activity is in stark contrast to the results obtained from the temperature-
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programmed COs-activation studies on KIT-6 reported in Chapter 7. In these experiments, a
higher degree of CO;-activation is associated to an Fe-rich FesNii/KIT-6 which has a larger
fraction of the bcc phase of the FexNiy alloy after reduction. Under the CO>-ODHE conditions,
significantly enhanced COz-activation and catalyst activity and stability as well as CO formation
via DRE are observed with increasing Ni content and thus, the fcc phase in the FexNiy nano-
alloys. Therefore, the fcc phase in the FexNiy nano-alloys likely promotes CO»-activation via the
DRE pathway. This is not unexpected as Ni-based systems are known for their DR activity,
especially DRM, and probably also explains the high DRM activity and stability of the Ni-rich
FeiNis/MgxAlyO, reported by Miiller et al. [212]. As explained in the case of ZrO@Al.Oz above,
studies by Chen et al. [17,62,209,211] also support this conclusion for DR of ethane, propane and
butane. The FexNiy alloy involved in those studies is the fcc allotrope as reduced Ni-rich FexNiy
alloys can only exist in fcc phase according to the alloy equilibrium phase diagram (see Figure
2.17 in Chapter 2) and as observed in this current study [223]. On the Fe-rich samples, Chen et
al. [209,226] proposed the interface between metallic Ni or a Ni-rich fcc alloy phase and exsoluted
amorphous Fe-oxide forming on the support as the active sites for CO,-ODHE. This exsolution of
Fe behaviour was also proposed on FePd alloys for CO,-ODHE [226] and on FexNiy alloys under
RWGS [125] conditions. Whether this holds in this study is uncertain at this stage but our
observations suggest the CO,-ODHE activity emanates from enhanced COs-activation and
minimised DD activity as a result of the presence of high fractions of the alloy bcc phase in Fe-
rich samples. Thus, the crystallographic phases (fcc or bcce) of the FexNiy hano-alloys supported
on CrOy@AlLOs; overlayer play a crucial role on the reaction pathways promoted during

conversion of CO,; and CzHe.

The spent catalysts were retrieved from the fixed bed reactor after a 24 h TOS and studied with
offine XRD (see Figure 8.9). Both overlayers are unaffected while the anchored FexNiy nano-
alloys show significant crystallographic phase and size changes. In all cases, the Fe- and Ni-
containing phases are present in the form of an fcc FexNiy nano-alloy and the oxidic inverse spinel
structure (see Figure 8.9 (a) and (b)). No Ni(OH), or NiO phase is detected. The relative phase
composition reflects the trends observed for FexNi, nano-alloys anchored on KIT-6 in
temperature-programmed CO; activation studies (see Chapter 7). No bcc metallic phase of the
FexNiy nano-alloy is detected and an increasing amount of the oxidic inverse spinel structure with
increasing Fe concentration is observed. This suggests re-oxidation of the alloy as proposed
above and in literature [209,226]. However, this re-oxidation is seemingly limited to the bcc phase

of the alloy. This trend is also largely independent of the nature of the metal oxide onto which the
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FexNiy nano-alloy is anchored. It is proposed that under the applied CO»-ODHE conditions,

independent of the significant concentration of the reducing agents CO and C:Hs, the bcc phase

of the FexNiy nano-alloy re-oxidises while the fcc phase is unaffected. This possibly supports that

the DRE activity is due to this fcc phase and the CO,-ODHE activity due to the bcc phase which

deactivates with TOS upon re-oxidation. More experiments will have to be conducted to shed

more light into these relationships.
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Figure 8.9: Stacked offline XRD patterns of spent FexNiy hano-alloy catalysts, anchored onto CrOy@AIl>O3
(a) and ZrOx@AI,O3 (b) overlayers, after exposure to CO,-ODHE conditions for 24 h. Crystallographic
structural compositions of the Fe- and Ni- containing phases and the associated average crystallite sizes
of the spent FeyNiy nano-alloy catalysts anchored onto CrO@Al,O3 (c) and ZrOx@Al,Oz (d) overlayers
calculated via Rietveld refinement. The reference patterns provided correspond to graphite (PDF-4 01-073-
5918), NiFe.O4 (PDF-4 04-014-8286), fcc FeiNi1 (PDF-4 04-003-3531) and bcc Fe:Ni; (PDF-4 04-018-
7295).
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Clear differences can be observed when comparing the crystallite sizes of the different FexNiy
nano-alloy phases. While Fe1Nii/CrOx@AIl>O3 and FesNii/CrOx@Al.O3 show only a minor degree
of sintering when compared to the freshly reduced state, FesNii/CrO.@AI>Os as well as all the
FexNiy nano-alloy catalysts anchored on ZrOx@AI.Os display a significant increase in crystallite
size (see Figure 8.9 (c) and (d)). Although the increased sintering on ZrO@AIl>Oz may be
associated to a potential weaker interaction of the FexNiy nano-alloy with the overlayer due to its
unreducible nature, all the samples which underwent sintering show low C2Hg and CO- conversion
but high CzH4 selectivity. While, Chen et al. have shown for their FesNii/CeO, system that the
effect of different conversion levels in the CO,-ODHE on C;H. selectivity is small [18,62], to
confirm a causal relation between the observed selectivity and crystallite size in the spent

catalysts requires further targeted investigations.

Raman analysis was performed to investigate the presence of carbon or carbonaceous species
(see Figure 8.10 (a) as well as Figure 10.10 and Figure 10.11 in Appendix). The Raman spectra
are characterized by two bands at about 1600 cm™ and 1350 cm™ associated with the G- and D-
bands of the sp?-bond vibrations of carbon atoms confirming the deposition of carbonaceous
species. While Raman analysis is unreliable for this, the bare overlayers probably show more
carbon deposition than in the presence of FexNiy nano-alloys. For the samples with Fe,Niy nano-
alloys deposited on the CrO.@Al,O3; overlayer, the relative amount of carbon deposition
decreases with increasing Ni content correlating well with the stability trends observed during
catalytic testing. This also supports that, the loss of activity observed is at least in part due to
coking, especially for FesNii/CrOx@Al.O3 and that when CO»-activation is enhanced, deactivation
via coke formation is reduced possibly via the reverse Boudouard reaction. A higher Ip/lg ratio of
1.2 is obtained for Fe1Nii/CrO«@AI,O3 suggesting a more graphitic nature of the carbon deposited
than on FesNii/CrOx@AlO3 and FesNii/CrOx@AILO3 both with a ratio of 0.85 (Figure 10.11 in
Appendix).

For the samples on ZrO,@AI.Os, the extent of carbon deposition follows an opposite trend with
the material exhibiting the lowest CO, conversion displaying the least deposition and more
graphitic carbon (see Figure 10.10 in Appendix). This probably suggests that the increased oxide
phase observed in XRD provides activation sites for C>Hg ultimately causing carbon deposition.
This carbon is seemingly more detrimental for active sites of CO-forming routes in Fe-rich
samples. Again, it is worth mentioning that the relative amount of carbon deposits acquired via

Raman analysis is not reliable as various acquisition areas on the surface of the catalyst may
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have different contents. Furthermore, the Raman spectra of the overlayer samples were acquired
in a different instrument using different parameters making comparisons challenging.
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Figure 8.10: (a) Raman spectra of all the spent catalysts for the identification and relative quantification of
the carbon deposits as well as (b) TGA weight loss profiles of selected spent catalysts for the quantification
of the carbon deposits. The overlayer Raman analysis were done in a RENISHAW spectrometer while other
samples were analysed in a WITec Confocal Raman Microscope.

To accurately quantify the amount of carbon or carbonaceous species in these spent catalysts,
selected samples were exposed to increasing temperatures in flowing air, monitoring their weight
loss (see Figure 8.10 (b)). All samples show an initial weight loss of 1.5 to 2% below 300 °C

associated to the removal of water. At a temperature range of 300 to 400 °C CrOx@Al;Os,
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FesNii/CrOx@AlLLO3z and FesNii/CrO,@AI>Os experience a second decrease in weight of 12, 10
and 4%, respectively, probably due to carbon removal. This suggests that carbon deposition
decreases with increasing Ni content in the FexNiy nano-alloy as observed in the Raman analysis
of the spent catalysts anchored on CrO.@AIl>O3. However, FeiNii/CrO.@AI,O3 deviates as it
experiences a weight loss of about 6%, which is greater than the weight loss experienced by the
FesNii/CrOx@AlOs. The on-set temperature of this weight loss is about 600 °C, which is higher
than for all the other materials. XRD and Raman results suggest that a more polymeric or graphitic
carbon is deposited on this material probably explaining the removal at a high temperature and
the deviation in the relative amount of carbon deposition observed via Raman analysis compared
to the TGA analysis. The unreactive ZrOx@AI,O3 experiences a weight loss of only 2%, also at a
temperature range of 300 to 400 °C. While low, according to the Raman results, this is the highest
C-content amongst the ZrOx@AIl,O3; samples. Thus, the unreactive ZrO@AIl;Os-based samples
have less carbon deposition. The carbon formation mechanisms as well as the parameters
directing carbon speciation and quantity on these catalysts are complex. Influencing factors could
be the overlayer surface acid site strength, amount of metallic phase present, the level of CO-
conversion, or potentially the crystallite size as has been reported in dry reforming over Ni
catalysts [303].

Similar to the bare overlayers, the CrOx@AIO3 and ZrO@AIl,Os supported FexNiy nano-alloys
were also tested for CO,-ODHE in a feed with an over-stoichiometric amount of CO> (10.4 mL/min
with C;Hg at 2.1 mL/min) and an inert dilution of 50 vol.-% (12.5 mL/min) at atmospheric pressure
and 600 °C (see Figure 8.11 and Figure 10.9). Especially for FesNii/CrOx@Al.O3, which showed
a promising initial performance but gradual deactivation associated with carbon deposition at
equimolar feed, an over-stoichiometric amount of CO; in the feed might enhance its stability

through removal of the carbon deposits [9,11,146,174].
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Figure 8.11: Converted C,Hs and CO- flow rates obtained during CO2-ODHE under a feed with a CO» (10.4
mL/min) : CoHs (2.1 mL/min) molar ratio of 5 (top) as well as under a feed with CO» (6.25 mL/min) : CoHs
(6.25 mL/min) molar ratio of 1 (bottom) both with an inert dilution of 12.5 ml/min over the FexNiy /ZrO,@Al>O3
catalysts. Conditions: temperature = 600 °C, pressure = 1 atm and total space velocity = 15 L-h"1-gcar .

The FexNiy/ZrOx@Al,O3 catalysts retain very low levels of activity (see Figure 8.11). The rate of
C2Hs conversion is nearly unaffected by the change in feed gas composition. Interestingly, the
COg-activation seems to be reduced compared to the equimolar feed. The initial CO» conversion
followed by a rapid deactivation is not as prominent at higher CO, partial pressures. A possible
explanation could be an enhanced re-oxidation of the alloy, especially the bcc allotrope of the
alloy. The deactivation then proceeds too fast for the gas analysis to record and also causes total
loss of the CO;-activation capability with TOS.

Further information regarding the product yields and carbon-based selectivity can be found in the

Appendix (see Figure 10.9). The converted CO; : C;Hs molar flow rate ratio confirm a faster loss
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of COz-activation than CzHs activation ability with TOS compared to the equimolar feed. Seeing
that the CO selectivity suggests some CO is formed until the end of the experiment, it is presumed
that the CO.-activation is never completely lost but reaches levels where reliable gas analysis is
unfeasible. Furthermore, despite the differences in its evolution with TOS and metallic
composition, the initial carbon-based product selectivity obtained in both feeds still suggest this
low activity is predominantly as a result of CO-forming routes (i.e. alloy re-oxidation and DRE).
The CzH, yields and selectivity also suggests some CO»-ODHE and/or DD activity cannot be ruled

out.

For the FexNiy /CrO@AIl>O3 catalysts, the change in gas composition has a notable effect (Figure
8.12). Especially the samples with strong DRE activity, i.e. FeiNii/CrO@Al,O; and
FesNii/CrOx@AlLO3, are affected. The rate of C,Hs and CO, conversion is reduced by a factor of
two to three and both catalyst compositions show similar conversions. This behaviour of reduced
activity with an over-stoichiometric amount of CO: in the feed was also observed over the bare
overlayer and was attributed to the reduced concentration of the DRE limiting reactant CoHes. The
initial loss of activity is also less significant than in the equimolar feed probably due to reduced
overall activity.

Converse to the equimolar feed, FesNii/CrOx@AIl>Os retains a comparable initial activity which is
even higher than for the bare overlayer and comparable to FeiNii/CrO.@AIO; and
FesNii/CrOx@AlLO3 as well as an improved stability attributed to suppressed deactivation in the
COg-activation functionality. In contrast to the Ni-richer samples, FesNii/CrO«@AIl,O3 catalyses
the CO,ODHE reaction, comparable to the behaviour under the equimolar feed gas composition
but its enhancement of the C;H4 yield compared to the bare overlayer is strong in the presence
of higher CO, concentrations. Thermodynamically, an over-stoichiometric amount of CO; in the

feed is also supporting increased activity [60].
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Figure 8.12: Converted C,Hg and CO; flow rates obtained during CO,-ODHE under a feed with a CO, (10.4
mL/min) : CoHs (2.1 mL/min) molar ratio of 5 (top) as well as under a feed with CO» (6.25 mL/min) : CoHs
(6.25 mL/min) molar ratio of 1 (bottom) both with an inert dilution of 12.5 ml/min over the FexNiy
/ICrOx@AIlLO3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm and total space velocity = 15
L-h?t-geat .

For all the FexNiy/CrOx@AI,O3 catalysts, the stability increases with a decrease of the Fe content
as observed in the equimolar feed. The initial loss in CO»-activation, attributed to re-oxidation of
the bcc phase, is less significant for all the catalysts but is still more apparent with increasing Fe

content.
Similar to the activity, no significant difference in product composition is evident for

FeiNii/CrOx@AlLLO; and FesNii/CrO@AIOs. Both do not form any appreciable amounts of

ethylene with CO representing nearly 100% of the converted carbon. The ratio of converted CO
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to CoHe is 4, which suggests that in addition to DRE, CO is formed via an additional pathway,

probably the reverse Boudouard reaction.
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Figure 8.13: C2H4 yields and converted CO- : CzHs flow rates ratios (top) as well as C2Hs and CO selectivity
(bottom) obtained during the reaction of C2Hs (2.1 mL/min) and CO, (10.4 mL/min) diluted with an inert
(12.5 mL/min) over the FexNi,/CrOx@AI,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm,
space velocity = 15 L-h?-geat 1, CO2: CyHg ratio = 5. Maximum possible carbon based C,Hs and CO
selectivity for a pure CO,-ODHE are indicated by the black solid lines.

FesNii/CrOx@AlLO3 in turn converts double the amount of CO, compared to C;Hs. This ratio even

increases slightly with TOS and in parallel to an overall deactivation, suggesting that the ethane

activation functionality deactivates faster. Despite this conversion ratio, suggesting DRE, the

product selectivity is close to pure CO»-ODHE, with a slightly higher CO formation. The C,H, yield

in the initial hours of the reaction surpass those obtained with an equimolar feed composition
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significantly. Throughout the experiment, FesNii/CrO@AIl,Oz sustains an C>Hs dehydrogenation
functionality and additional CO. converted is most likely stabilizing the catalyst through the
gasification of carbon deposits. The observed deactivation can either be associated to re-
oxidation of the bcc alloy phase or, more likely because of the largely unaffected product
selectivity, to the formation of carbon deposits that cannot fully be prevented by the reverse

Boudouard reaction.

Despite the efforts of testing the materials in this feed to reduce or completely mitigate carbon
deposition, the Raman analyses of the spent catalysts still confirm the presence of carbon
deposits on all the materials shown by the G- and D-bands of the sp2-bond vibrations of carbon
atoms (see Figure 8.14 as well as Figure 10.12 and Figure 10.13 in Appendix). This suggests that
although the high CO. concentration in the feed improves the stability of the materials by
enhancing the reverse Boudouard reaction, carbon deposition still occurs. Thus, despite the
probable deactivation via alloy re-oxidation, to some extent the loss of activity observed is also
due to carbon deposition, especially for FesNii/CrO@AIOs. It might be reduced but not
completely mitigated. Carbon deposition is also observed for the catalysts with a pure DRE and

reverse Boudouard activity showing very limited deactivation.
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Figure 8.14: Raman spectra of spent FexNiy/ZrO@Al>O03 and FexNiy/CrOx@AIl,O3 catalysts after testing
under a feed with an over-stoichiometric amount of CO,. All the Raman analyses were done in a WiTec
Confocal Raman Microscope.
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8.3 Effect of the metal oxide overlayer on catalytic performance of iron-nickel
nano-alloys synthesized in a different autoclave

The results presented in Section 8.2 clearly show that the addition of FexNiy nano-alloys to active
metal oxide supports can enhance their catalytic activity. They also support the proposed effect
of the Fe : Ni atomic ratio on the catalytic pathway, with FesNi; supporting the target CO,-ODHE
at minor activity improvements, while Fe1Ni; shifts the catalytic activity to the DRE with significant
enhancements in activity and stability. FesNii, while predominantly enhancing DRE still sustains
a stable yield of C;Hs. With the CO,-ODHE being the target reaction in the present study, FesNiy
and FesNi» were further studied on a library of overlayers as presented in Section 8.1 (i.e.
GaOx@AlLO3, VOx@AILO3, SmOy@AILO3 and TiOx@AIO3). The FexNiy nano-alloys obtained from
the second batch of FexNiy oxidic precursors (TT1-3.3 and TT1-3.5) with ICP-based Fe : Ni atomic
ratios of 2.9 and 4.8 (see Table 6.2 in Chapter 6), respectively, were utilized. For clarity, the tested
MOx@AI>O3-supported TT1-3.3 and TT1-3.5 will also be presented as FesNii//MO@AI,Os and
FesNii/MO@AIOs.

The GaOx@AIl;03;, VOx@AI03, SmO@AI:O; and TiOx@AlO3; supported FesNi; and FesNi;
nano-alloys were tested for CO.-ODHE in an equimolar feed of CO; (6.25 mL/min) and C;Hs (6.25
mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min) at atmospheric pressure and 600 °C (see
Figure 8.15 and Figure 8.16). The results obtained clearly show that, due to the varying acid site
strength and reducibility of the overlayers, the catalytic performance varies significantly. Note that
the acid site strength, refers to the strength of the intermediate acid sites obtained via NHs-TPD
which are predominant and represent the average acidity correlating well with the acidity

guantification obtained via DR-UV/Vis.

Overall, the FesNii/MOx@AILO3 catalysts still exhibit improved activity, compared to the bare
overlayers discussed in Section 8.1, with CO; conversion levels higher than C;He conversions
confirming an enhanced COz-activation ability introduced by the alloy (see Figure 8.15, top). Just
as shown for the bare overlayers, the catalytic activity (CO, and C,;Hgs conversions) increases with

acid site strength.
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Figure 8.15: C2Hs and CO2 conversions (top), C2H4 yield and CO: C;He ratio (middle) as well as carbon
based C;H4 and CO selectivity (bottom) obtained during reaction of C2Hs (6.25 mL/min) and CO- (6.25
mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min) over the various FesNii/MOx@AI,O3 catalysts.
Conditions: temperature = 600 °C, pressure = 1 atm, space velocity = 15 L-h-1-gca: 1, CO; : CoHg ratio = 1.
Maximum possible C;H, and CO selectivity for a pure CO,-ODHE are indicated by the black solid lines.
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On the most acidic and reducible overlayer, VO.@AI>,O3, the deposition of the FesNi; nano-alloy
results in the highest measured activity with initial CO, and C,Hs conversions of 26% and 10%,
respectively (see Figure 8.15, top). A clear deactivation, slightly stronger for CO; than for the C;He
conversion, is observed. The CO; : C;Hs conversion ratio is initially 2.5 and drops to 2 by the end
of the experiment confirming the faster loss of the CO.-activation functionality. This is
complemented by a decrease of CO selectivity (96.5 C-% initially to 81 C-% at 24 h TOS) with
increasing C2Hs selectivity (3.5 C-% initially to 19 C-% at 24 h TOS) suggesting a gradual shift
from CO-forming to a more dehydrogenation-based (i.e. CO,-ODHE/DD) pathway. Probably, the
initial high CO.-activation functionality causes an active site transformation via catalyst re-
oxidation resulting in the formation of additional active sites for a parallel C;Hs-forming route.

However, the CO-forming routes are still dominant even at the end of the experiment.

The proposed CO-forming pathways are mostly DRE coupled with some minor reverse
Boudouard reaction and/or alloy re-oxidation. The reverse Boudouard reaction and/or alloy re-
oxidation are expected to contribute more in the early hours of the reaction, when the CO; : CzHs
conversion ratio is above the stoichiometric value of DRE and slowly diminish with TOS. Stable
DRE is of great interest as its product, syngas, is vital in the petrochemical industry and could
represent a CO- utilization route. This catalytic behaviour is different from the bare overlayer
which displayed a C;H, selectivity above 50 C-% but lost activity, especially CO, conversion, very
rapidly (see Figure 8.1 in Section 8.1). Thus, although the alloy improves the activity and stability
by enhancing CO;-activation as proposed, this activity is predominantly due to promotion of CO-
forming routes resulting in a low C;Hs selectivity. While there are some differences in catalyst
stability and selectivity and their evolution with TOS, the performance of FesNii/VOx@AI,O3
resembles the performance of the FesNii nano-alloy supported on CrOx@AIOs, a carrier which
is also acidic and reducible (see Figure 8.8 in Section 8.2). A similar behaviour is observed for
the Fe-rich FesNii/VO@AILLO; catalyst (see Figure 8.16). However, the CO:-activation
functionality is even more enhanced (higher and stable CO; : C;Hs conversion ratio above 2.5)
resulting in a better catalyst stability and a much reduced shift from CO-forming to
dehydrogenation pathways with TOS. This is unlike over the CrO«@AIl,O3 overlayer where the
FesNi; nano-alloy predominantly supports the CO,-ODHE pathway with activity close to that of
the bare overlayer and a slightly improved CO»-activation functionality and stability (see Figure
8.8 in Section 8.2).
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On the unreducible GaO.@Al,O3 with intermediate acidity, the FesNi. nano-alloy exhibits lower
conversion levels compared to the strongly acidic FesNii/VOx@AI,O3; and FesNiil/CrO@AIOs.
However, the catalytic activity is significantly enhanced compared to the bare overlayer. This
effect is stronger for the CO.-activation functionality resulting in an initial CO, : C2He conversion
ratio of about 1.8. The deactivation of the catalyst with TOS is less severe compared to the bare
overlayer. This supports the proposal that enhanced CO-activation improves the stability of metal
oxides by enhancing re-oxidation during the redox mechanism or by removing carbonaceous
deposits via the reverse Boudouard reaction. Still, deactivation is observed with TOS and the loss
of the CO;-activation functionality is faster, especially in the first 4 h TOS. In stark contrast to the
behaviour on VOx@AI;O3 and CrO@AIl>Os the FesNi; alloy supported on GaOx@AlO3 primarily
supports dehydrogenation pathways. From an initial C;Hs selectivity of 35 C-%, the alkene
selectivity increases rapidly in the first 6 h TOS reaching values close to 60 C-%, followed by a
gradual monotonic increase over the full experiment. After 24 h TOS a CzH, selectivity of 74 C-%
indicates the presence of DD pathways. The observed increase in selectivity is mirrored by the
decrease in CO- conversion. It is proposed that the high initial CO»-activation causes active site
transformation resulting in the formation of additional C2Hs-forming (CO.-ODHE and/or DD) active
sites. From the observed catalytic performance, it can be hypothesized that over the GaOx@Al,O3
support, the FesNi; promotes a CO,-ODHE reaction which comprises of a consecutive DD and
RWGS. Upon deactivation of the CO; activation, i.e. the RWGS reaction, DD activity persist for
some time. The combination of the discussed effects results in a very stable C;H4 yield of

approximately 3%.

Itis interesting that the bare GaOx@AIl.Os and CrOx@AI>O3 perform similar in terms of the reaction
pathways with minor differences in stability and activity (see Figure 8.1) but significantly different
with the FesNi; nano-alloy added. This also emphasises the importance of cooperativity between
alloy composition and overlayer acidity/reducibility. The FesNi; nano-alloy on GaOx@Al;O3;
exhibits lower C;Hg and especially CO, conversion levels compared to the FesNii/GaOx@Al,O3
catalyst suggesting a reduction of activity with increasing Fe-content (see Figure 8.16, top), similar
to the observations on CrO:@AIl:Os. Furthermore, with increasing Fe-content, the material
becomes less stable as indicated by a faster loss of activity due to a low COs-activation
functionality. Higher levels of C;H4 and low CO selectivity are also attained ascribed to a DD
pathway. However, just as observed for FesNii/GaO,@Al,O3z versus FesNii/CrO.@Al>O3, this Fe-
rich FesNii/GaOx@Al-Os is also more active and stable than FesNii/CrOx@AlLOs (see Figure 8.16)

and the GaOx@AIl.O3 overlayer due to a slightly more sustained CO, conversion with TOS.
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FesNi/TiOx@AIOs exhibits a similar catalytic behaviour (i.e. CO.-ODHE activity) as
FesNii/GaOx@AlO3 although with a slightly faster deactivation and lower activity in line with its
limited reducibility and intermediate acidity. On the other hand, while FezNii/SmO@AI.O3 also
exhibits a CO,-ODHE behaviour, the activity is significantly lower, with CO2 conversion essentially
reaching 0% after 2 hours TOS. Increasing the Fe-content in the alloy over TiOx@AI.Os; and

SmO@AILO;3 reduces the activity further, rendering both essentially inactive (see Figure 8.16).

It is clear that while the Fe : Ni atomic ratio of the alloy has a significant influence on the catalytic
performance of the studied catalyst systems, the interplay between alloy and support has a
significant role guiding the reaction. This emphasizes that both the alloy and overlayer interact
together to form a bifunctional tandem catalyst in which the performance depends strongly on the
cooperativity or suitability of both the alloy composition and the overlayer reducibility/acidity. For
both the FesNii/MOx@AI,O3; and FesNii/MOx@AIO3 catalyst systems including those presented
in Section 8.2, the initial activity decreases with reducing overlayer acidity as observed for the
bare overlayers. The C;Hs4 selectivity is low when the overlayer acidity is strongest and when it is
weakest but is elevated at intermediate acidity. The CO selectivity shows an opposite trend. This
suggests the optimum overlayer acidity necessary to achieve CO»-ODHE activity is in the medium
strength for the FesNip nano-alloy. However, increasing the Fe-content in the alloy shifts the
optimum of overlayer acidity necessary slightly towards the stronger side as even
FesNii/CrOx@AlLO3; with a strongly acidic overlayer exhibits activity towards the desired CO.-
ODHE reaction.
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Figure 8.16: C,Hs and CO; conversions (top), C;H4 yield and COz: CzHs ratio (middle) as well as carbon
based C,Hs and CO selectivity (bottom) obtained during reaction of C,Hg (6.25 mL/min) and CO, (6.25
mL/min) with an inert dilution of 50 vol.-% (12.5 mL/min) over the various FesNii/MOx@AI,O3 catalysts.
Conditions: temperature = 600 °C, pressure = 1 atm, space velocity = 15 L-h"1-gca 1, CO; : CoHg ratio = 1.
Maximum possible C;H, and CO selectivity for pure CO2-ODHE are indicated by the black solid lines.

152



8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

The suspected initial re-oxidation is still attributed to the bcc phase of the alloy. Seemingly its re-
oxidation results in the formation of additional active sites with a dehydrogenation ability. The rate
of the formation of these active sites in both alloy systems is seemingly slowest on the strongly
acidic VOx@AIO3 and faster with further weakening of the overlayer acidity. Increasing the Fe-
content from FesNiy to FesNiy only slows this rate over the strongly acidic VOx@AI,Os and
accelerates the rate over the other overlayers. Thus, depending on the alloy composition and on
the overlayer acidity/reducibility, the formation of these active sites can be slowed or accelerated
resulting in the overall promotion of either the CO,-ODHE or the DRE reaction. Studies by Chen
et al. [18] have shown that indeed the support can interact differently with the alloy resulting in
active sites that can promote either DRE or CO,-ODHE for their FesNi; alloy. Their studies suggest
the occurrence of re-oxidation of the exsoluted Fe resulting in the formation of the interface
between support and Ni-FeOy or between support and metallic Ni or a Ni-rich fcc alloy. These are
considered distinct active sites for the DRE or CO»-ODHE, respectively. The dominance of either
reaction depends on the dispersion of the interfaces which in turn depends on the support. Both
our work and literature suggest the occurrence of alloy re-oxidation which influences active sites
for the overall promotion of either reaction. However, so far, no report of the existence of the alloy
in different allotropes and the effect of phase on the re-oxidation process has been reported.

The offline XRD analyses of the retrieved spent catalysts for both systems (i.e. FesNii/MOx@AI,O3
and FesNii/MO@AI;O3) show significant crystallographic phase changes of the nano-alloys while
the metal oxide overlayers remain seemingly unaffected (see Figure 8.17).In all cases, the Fe-
and Ni-containing phases are present in the form of a mixture of the fcc phase of the alloy and
the oxidic inverse spinel structure confirming re-oxidation of the bcc allotrope during the reaction.
Whether the active site formed via re-oxidation to the fully oxidised inverse spinel phase or a
partial oxide formed from the metallic bcc phase is uncertain. No sign of such a partial oxide phase
is observed in XRD. However, literature reports it to be amorphous, i.e. invisible in X-ray-
diffraction [1,2,17-20,62,63,125,209,211,226]. The formation of the oxidic inverse spinel structure
phase occurs independently of the differences in the alloy composition and the metal oxide
overlayer as the bcc phase is not detected in any sample including those exhibiting a slow re-
oxidation or active site transformation rate. On the Fes:Ni//VOx@AI>,Osz and FesNii/GaOx@Al,O3
catalysts, graphitic carbon is detected but interestingly not when the Fe-content in the alloy is

increased.
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Figure 8.17: Stacked offline XRD patterns of spent FesNii/MOx@AIO;3 (left) and FesNii/MOx@AIl»Os (right)
catalysts retrieved after a 24 h testing for CO»,-ODHE under an equimolar feed. The reference patterns
provided correspond to graphite (PDF-4 01-073-5918), NiFe>O4 (PDF-4 04-014-8286), fcc FeiNi; (PDF-4
04-003-3531) and bcc FezNi; (PDF-4 04-018-7295).

In a feed with a CO5 (10.4 mL/min) : CzHs (2.1 mL/min) molar ratio of 5, a similar overall catalytic
behaviour as in the equimolar feed is observed for the Fes;Nii/MOx@AI,O3 catalysts (see Figure
8.18 and Figure 8.19). However, just as observed for CrO@AIl.Os-supported alloys, all samples
except FesNil/TIOx@ALOs display lower levels of activity with improved COz-activation
functionality resulting in enhanced stability (Figure 8.18). FesNi/TiOx@AIl>O3; seemingly loses the
COg-activation functionality rapidly which results in a faster deactivation probably due to its high
initial activity comparable to the equimolar feed. The initial loss in the COz-activation functionality
is faster and the resulting active site transformation is clearer for all samples compared to the
equimolar feed suggesting that the increased CO; concentration in the feed accelerates the

suspected alloy re-oxidation.
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Figure 8.18: Converted C,Hs and CO- flow rates obtained during CO2-ODHE under a feed with a CO» (10.4
mL/min) : C2Hs (2.1 mL/min) molar ratio of 5 (top) as well as under a feed with CO; (6.25 mL/min) : CzHs
(6.25 mL/min) molar ratio of 1 (bottom) both with an inert dilution of 12.5 ml/min over the FesNii /MO@AI>O3
catalysts. Conditions: temperature = 600 °C, pressure = 1 atm and total space velocity = 15 L-h"1-gcar .

The accelerated loss of CO;-activation functionality is also apparent in the molar ratio of converted
CO; : CzHs which shows a rapid initial decrease followed by a gradual decrease with TOS (see
Figure 8.19, top). Thus, after re-oxidation, the materials are able to attain some stability which is
improved compared to the performance in the equimolar feed. This stability is highest on the
promising FesNii/GaOx@Al,O;. The subsequent gradual decrease is only apparent for
FesNi//VO,@AI,Oz and FesNii/GaOx@AlL,O3z as they retain significant activity after the initial

deactivation.

The formation period (initial increase) of CoHs4 and CO selectivity as well as C>H4 yields, which is

attributed to the formation of CO,-ODHE active sites via the accelerated re-oxidation, is also faster
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

in the over-stoichiometric feed (see Figure 8.19). This results in the maximum C:H, yields and
selectivity being reached faster. The elevated ratio of converted CO; to C,He and CO selectivity
above the stoichiometric maximum of CO,-ODHE indicate the presence of an additional CO-
forming route. Based on the enhanced stability of materials, this reaction is likely the reverse
Boudouard reaction which is able to reduce catalyst deactivation via coking. The C;H4 selectivity
still exhibits a trend of increasing with a weakening of the overlayer acid site strength as observed
in the equimolar feed. Interestingly, FesNii/TiOx@AIl,O3 exhibits the highest C;H, selectivity. This

selectivity can be associated to DD as the CO;-activation functionality vanishes with TOS.
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Figure 8.19: C2H4 yields and converted CO- : CzHs flow rates ratios (top) as well as C2Hs and CO selectivity
(bottom) obtained during the reaction of CaHes (2.1 mL/min) and CO; (10.4 mL/min) diluted with an inert
(12.5 mL/min) over the FesNii/MOx@AI,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm,
space velocity = 15 L-h™-geat 1, CO2: CoHg ratio = 5. Maximum possible carbon based C;Hs and CO
selectivity for pure CO,-ODHE are indicated by the black solid lines.
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8 Oxidative dehydrogenation of ethane with carbon dioxide over various model catalysts

A similar influence of an increased CO. concentration in the feed is observed over the
FesNi//MO@AI,Os catalysts (see Figure 10.14 and Figure 10.15 in the Appendix). However,
FesNii/VO@AILOz appears to be stable against active site reconstruction under these conditions
resulting in small changes in the C2Hs and CO. The XRD analyses of the spent catalysts reveal
similar crystallographic changes as observed in the equimolar feed (see Figure 10.16 in the
Appendix).
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9 Summary, conclusions and future work recommendations

The work presented seeks to create an understanding of the influence of the physicochemical
properties of bifunctional catalysts made out of FexNiy nano-alloys anchored on model metal oxide
overlayer supports on the conversion of CO2 and C:He via the CO2-ODHE. Special focus is
directed to the influence of overall and Lewis surface acid site strength and reducibility of the
model metal oxide overlayer supports as well as the metallic composition of the anchored FexNiy

nano-alloys. The study can be divided into two main parts:

1. The separate synthesis of the overlayer supports and the FexNiy nano-alloys which were
ultimately combined to form the target bifunctional model catalyst systems. The synthesis
of the model metal oxide overlayers with varying relative total and Lewis surface acid site
strength as well as reducibility but comparable pore textural properties was achieved by
using an incipient wetness impregnation route [257,259,272,274]. For the synthesis of the
FexNiy nano-alloys, nanoparticles of oxidic precursors consisting of Ni(OH). and/or Ni-
ferrite inverse spinel structure were synthesized, supported and their reducibility in H»
atmosphere was investigated. A modified surfactant-free solvothermal synthesis route
was employed and the synthesis parameters necessary to yield the oxidic precursors with
target metallic compositions and a uniform particle size (10 nm) were investigated
[239,241]. In addition to the synthesis, a major emphasis was put on characterization of
the catalysts in each of the synthesis steps as well as their evolution during and after

reduction/temperature-programmed COz-activation reaction.

2. The catalytic performance evaluation of the prepared catalysts was conducted at under
two different feed compositions at 600 °C and atmospheric pressure for 24 h in a fixed-
bed reactor. The catalytic performance evaluation is presented in the form of feed
conversions and rates of feed converted as well as C,H, yields and product selectivity
which provides understanding of activity and stability as well as the reaction pathways
promoted. Spent catalyst characterization gave insights of possible deactivation causes

and interpretation of the activity and selectivity obtained.

The catalysts preparation is also divided into two parts viz: Synthesis and characterization of
the model metal oxide overlayer supports and synthesis and characterization of the FexNiy nano-

alloys oxidic precursor nanopatrticles.
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The modified incipient wetness impregnation technique enabled synthesis of a series of model
overlayer supports comprising of either VOy, CrOx, GaOy, TiOx, ZrOx or SmOy surface metal
oxides coated at the periphery of a y-Al,Os carrier [257,259,272,274]. This technique allowed the
formation of the respective oxide overlayers with comparable pore structure properties. DR-
UV/Vis of surface-adsorbed alizarin confirmed that the materials span a broad-range of relative
average Lewis acid site strength stemming from the coordinatively unsaturated metals on the
surface. NHz-TPD revealed the existence of three different acid sites; weak, intermediate and
strong, which also vary across the different overlayers. The range of intermediate acid sites
correlate to Lewis acid sites measured by DR-UV/Vis. In addition, the metal oxides also proved
to differ regarding their reducibility, probed in H.-TPR. Raman and XRD analyses confirmed their

existence as amorphous surface chemical species.

The synthesis parameters required to yield monodisperse oxidic FexNiy, alloy precursor
nanoparticles with control of the metallic composition (i.e. the overall Fe : Ni atomic ratio) using a
modified surfactant-free benzyl alcohol solvothermal method were investigated. The results
obtained show that the combination of a high volume of ammonium hydroxide, a higher
concentration of the metal precursor and a high reaction temperature are necessary to attain
monodisperse nanoparticles of approximately 10 nm with a close to target composition. These
conditions were adopted for the synthesis of oxidic FexNiy nano-alloy precursors of overall Fe : Ni
atomic ratios of 1, 3 and 5 in the form of Ni(OH). and/or (NixFe1.x)Fe>O4 depending on composition.
The characterization of these oxidic FexNiy, nano-alloy precursors when supported on the
overlayers revealed that they evolve into a mixture of the bcc and fcc phases of the alloy under
reduction conditions. The ratio of bcc and fcc phases formed at a given temperature depends
strongly on the overall Fe : Ni atomic ratio and is largely independent of the support. With
increasing Fe content, the bce phase of the alloy becomes dominant over the fcc phase. Under a
CO; atmosphere, only the bcec phase of the alloy is re-oxidised while the fcc phase remains
metallic. A previous study suggests exsolution or segregation of Fe in an oxidic form from a
proposed alloy structure obtained via co-impregnation whereas Ni remains metallic under a CO
atmosphere [300]. Future studies should focus on further extensive in situ characterization, using
techniques such as magnetometry and X-ray absorption spectroscopy, to elucidate the process
of oxidation under a CO, atmosphere and under reaction conditions to provide further conclusions

on the nature of the active site.
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The catalytic evaluation of the bare overlayers clearly shows that while samples suffer from
severe deactivation, the activity, selectivity and stability of metal oxides depend strongly on the
combination of the acidity/reducibility and the feed composition. Only the reducible overlayers
display activity while the unreducible overlayers are mostly inactive. GaOx@AI>O3 is reported to
be partially reducible under reaction conditions despite being apparently unreducible under H,-
TPR conditions [301]. An alternative proposal states that GaOx@AIl;Os is indeed unreducible and
its activity stems from its ability to undergo CO,-ODHE via a heterolytic dissociative adsorption of
C2Hs followed by RWGS instead of the typical redox pathway [250]. Of the clearly reducible
CrOx@AlLO3 and VO @AI;O3, the easily reducible CrOx@AI.Os is more stable under reaction
conditions. Further studies with a larger library of reducible materials to clarify if the ease of
reduction indeed influences catalyst stability and selectivity are recommended. Stronger acid sites
result in the highest initial activity, lowest C2H, selectivity (promotion of DRE pathway) and a faster
deactivation due to coke deposition and limited provision of surface oxygen species. A decrease
from strong to intermediate acid sites of the overlayer results in a reduced initial activity improved
stability and increased CzHs selectivity via CO2.-ODHE/DD pathways. Overlayers with weaker acid
sites are essentially inactive except for some minor ability to activate CO,, especially at the lowest
studied acidity due to the associated basic sites. Under the equimolar feed, COz-activation is
limited and carbon deposition is more prevalent resulting in catalyst deactivation. An over-
stoichiometric amount of CO, in the feed improves and maintains the CO;-activation functionality
for an extended period due to an enhanced reverse Boudouard reaction, DRE, catalyst re-
oxidation or hydrogen removal (RWGS). This in turn improves catalyst stability and C:Hs
conversion but reduces the CyH4 selectivity. It is evident that the overlayers deactivated mostly
due to limited CO3z-activation functionality, essential for coke removal and catalyst re-oxidation,

which could be improved by increasing the CO; concentration in the feed.

The addition of the alloys to the reducible and acidic CrOx@AIl.Os results in an overall Fe : Ni
atomic ratio-dependent enhancement of the COs-activation functionality, overall activity and
stability as well as reaction pathways promoted. An Fe-rich alloy with a Fe : Ni atomic ratio of 5
only slightly improves the CO,-ODHE activity due to a slight enhancement of the COz-activation
which also improves the catalyst stability. A significantly enhanced CO»-activation functionality,
overall activity and stability as well as CO-formation via the DRE pathway is observed with
increasing Ni content in the alloy. At an Fe : Ni atomic ratio of 1 (i.e. maximum Ni content) the
CO,-ODHE/DD activity is completely supressed while about 10 C-% C,H. selectivity is sustained

at a ratio of 3. This suggests that the optimum metallic composition of the alloy to balance activity
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and a high CO,-ODHE selectivity is between an Fe : Ni atomic ratio of 3 and 5. Future studies
should explore this range in more detail to identify the optimum composition. With a higher
concentration of CO: in the feed, a further improvement of COz-activation and a slight decrease
C2Hs selectivity with increased CO selectivity is observed. This parallel CO-forming route is
presumably the reverse Boudouard reaction which is able to reduce carbon deposition and
improves catalyst stability. The FexNiy, nano-alloys have a minimal effect on the overall activity,
irrespective of overall Fe : Ni atomic ratio and feed composition, when anchored onto the
unreducible ZrOy@AlOs. Based on these observations, it is proposed that both the metal oxide
overlayer and the Fe,Niy nano-alloy are complementary pieces forming a bifunctional tandem
catalyst for conversion of CO, and C;Hg via CO.-ODHE to form C2;H, and via DRE to form syngas.
Depending on its chemical properties (i.e. interlinked reducibility and surface acid site strength),
the metal oxide has a significant influence on the overall bifunctional catalyst activity while the
FexNiy nano-alloy influences the activity, reaction pathway (selectivity) and catalyst stability
depending on the Fe : Ni atomic ratio. The analyses of the spent catalysts have shown that to
some extent, the deactivation of these materials is due to carbon deposition. However, this carbon
deposition is seemingly not detrimental when the DRE activity is dominant. The analyses of the
spent catalysts also reveal that the bcc phase of the alloy is re-oxidized into an inverse spinel
phase under reaction conditions. It is still not understood how the different fractions of the alloy
phases interact with the overlayers to results in either the DRE or CO,-ODHE activity, but it is
clear that a larger fraction of the fcc phase results in the promotion of the DRE while a larger
fraction of the bcc phase promotes CO,-ODHE in the case of the CrO,@AIl,O3 overlayer.

The catalytic performance of GaO@AlLOs-, VOX@AI;O3-, SmO@ALLOs- and TiOx@AI,O3-
supported FesNi; and FesNi; nano-alloys also emphasize the importance of cooperativity between
alloy composition and overlayer acidity/reducibility. FesNi; and FesNii supported on the strongly
acidic and reducible VO @AI>Os result in highly active and predominantly DRE promoting catalyst
systems. On the GaOx@AIl;Os; overlayer, which exhibits a similar catalytic behaviour as
CrOx@AIO3 when tested bare, the FesNi; alloy exhibits a stable CO,-ODHE activity which is in
stark contrast to the DRE activity observed over the FesNii/ CrOx@AIO3 catalyst. Increasing the
Fe-content in the alloy results in a reduced COg;-activation functionality, overall activity and
stability with some enhancement of DD, similar to the behaviour on CrOx@Al:Os.
FesNi/TiOx@AI>O3 exhibited a similar trend in selectivity compared to FesNii/GaO@AIl;Os at a
much lower conversion level. Increasing the Fe-content in the alloy renders the catalyst

essentially inactive. These observations again emphasize that both the alloy and overlayer
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interact together to form a bifunctional tandem catalyst in which the performance depends strongly
on the respective characteristics of both the alloy composition and the overlayer
reducibility/acidity. For both the FesNii/MOx@AI.O3z and FesNii/MO.@AI,O3 catalyst systems, the
initial activity decreases with reducing overlayer acidity as observed for the bare overlayers. The
C2H, selectivity is low both when the overlayer acidity is strongest and when it is weakest and is
increased when the acidity is intermediate. The CO selectivity shows an opposite trend. Future
studies should focus on the combination of metal oxides of intermediate acidity with alloys of
overall Fe : Ni atomic ratios between 3 and 5 to optimize CO,-ODHE activity, selectivity and
stability. An active site transformation which can be accelerated by increasing the CO:
concentration in the feed occurs during the reaction. Seemingly, this active site transformation is
associated with higher CO.-activation functionalities which also cause re-oxidation of the bcc
phase of the alloy during the reaction. This transformation results in the formation of active sites
with a CO,-ODHE activity. Despite this, a higher COz-concentration has a similar effect on the
catalytic behaviour of the overlayer supported alloys compared to the bare overlayers (improves
COq-activation, stability but reduces C,H, selectivity). The analysis of the spent catalysts confirms
the re-oxidation of only the bcc phase of the alloy under reaction conditions while the fcc phase
remains metallic. This probably suggests that the re-oxidation of this phase coupled with its
interaction with the fcc phase as well as the support results in the formation of active sites
responsible for either the CO,-ODHE or the DRE. Overall, it could be demonstrated, that the
FexNiy nano-alloys are suitable partners for metal oxide catalysts for the enhanced CO--activation
during simultaneous conversion of CO, and C;Hs. This means, as initially hypothesized, the alloy

is able to enhance the COz-activation functionality of the metal oxide overlayers.

While it is still uncertain at this stage what active sites are responsible for the observed DRE or
CO,-ODHE activity, it is evident they depend on the physicochemical properties of the overlayer
and the alloy. Operando studies of the materials as well as gas switching experiments using
labelled isotopic gases should be attempted to provide mechanistic understanding as well as

identify the active sites.

162



10 Appendix

10 Appendix

10.1 Supplementary figures and tables

Table 10.1: Raman Bands assignments of the bulk metal oxides used as references for overlayers

Bulk oxides

V20s:

Cr20s:

Sm203

TiO2

Gaz03

ZrO2

149 cm™ (Bsg mode, V-O-V chains, also indicates layered structure lattice)
201 cm (layered structure lattice vibration)

288 and 410 cm™ (Bending mode, V=0 bonds)

309 and 484 cm (Bending mode, V-O-V and V3-O bonds)

532 cm (Stretching mode, edge-shared oxygens of Vz-O bonds)

705 cm (Stretching mode, corner-shared oxygens of V2-O bonds)

999 cm (Ag stretching mode, terminal unshared oxygens of V=0 bonds). [304]
325, 363 and 621 cm™* (Eq symmetry modes)

562 cm (A1g symmetry mode) [305]

138 cm™ (Eq symmetry mode)

363 cm™ (Fg+ Ag symmetry mode)

440 and 574 cm™ (Ag symmetry mode) [306]

146, 197 and 640 cm™ (Eq symmetry modes)

398 cm! (Big symmetry mode)

518 cm! (A1g + B1g sSymmetry mode) [307]

163 cm™ (Bg symmetry mode), 187 and 220

cm™? (Ag symmetry modes) — Libration and translation of tetrahedra-octahedra chains
340, 367, 434and 495 cm™* (Ag symmetry modes) — Deformation of Ga2Os octahedra

648, 672 and 784 cm™ (Ag symmetry modes) — stretching and bending of GaOa tetrahedra [308]

All monoclinic bands [309]
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Figure 10.1: Fitted NHs-TPD profiles of the various MOx@AI.O3 supports.

Table 10.2: Summary of fitted NH3-TPD profiles.

Sample Desorption Temperatures (°C) Total desorption peak area
VOx@AI203 133 196 324 565 7.97
CrOx@Al203 123 165 337 633 10.33
GaOx@AI203 128 190 346 658 6.99
SMOx@AI203 97 142 286 622 11.47
ZrOx@AI203 123 167 312 625 8.64
TiOx@AI203 124 176 300 635 9.96
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Table 10.3: Summary of all the parameters obtained from Rietveld refinements of the offline XRD data for
the nanoparticles with errors included.

Sample ICP-OES Fe : Ni Lattice parameters Crystallite size
atomic ratio [Error] [Error]
A) (nm)

T2.3 4.7 8.355 8.5

[0.0021] [0.1]

T4.3 6.7 8.360 11.7

[0.0005] [0.1]

T6.3 35 8.323 2.9

[0.0037] [0.1]

T8.3 6.4 8.379 7.5

[0.0080] [0.1]

TT1.1 1.2 Ni(OH)2 = 45%, 3.123 * 4.616 [0.0004 * 0.0009] 20.5[0.5]

NiFe204 = 55%, 3.364 [0.001] 9.410.1]

TT1.5 4.4 8.373 12.1

[0.0011] [0.1]
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TT1-2.5 3.0 8.357 11.0
[0.0017] [0.1]
TT1-3.3 2.9 8.358 8.0
[0.0007] [0.1]
TT1-35 4.8 8.378 13.4
[0.0009] [0.1]

Figure 10.2:TEM images of (MyFe1.x)Fe,O4 nanoparticles of varying Fe : Ni atomic ratios in samples TT1-
2.3 and TT1-2.5 which were synthesized in the small in-house autoclave.
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Figure 10.3: TGA/DTA analysis of sample TT1.3 under reduction and the subsequent CO, activation

conditions. Note the difference in the holding time which is shorter (60 mins) compared to other reported
samples.

CH, selectivity (%)
[4)]

0 2 4 6 8 10 12 14 16 18 20 22 24
TOS (h)
-¢- CrO,@Al,0, -¢-VO,@Al,0, -e-GaO,@Al,0,
Figure 10.4: CH, selectivity obtained during reaction of CzHs (6.25 mL/min) and CO; (6.25 mL/min) with a

dilution of 50 vol.-% (12.5 mL/min) over the acidic bare overlayers. Conditions: temperature = 600 °C,
pressure = 1 atm, space velocity = 15 L-h"1-gcar 1, CO2 : CoHe ratio = 1.
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O GaOy@AI»03

— Cummulative fit peak —— Peak residual

O CrOx@AIp03 O VOy@Al203 — Peak fits

Normalised intensity (a.u.)

1800 1700

1600 1500 1400 1300 1200 1100

Raman shift (cm'1)

Figure 10.5: Fitted Raman spectra and Ip/lg ratios of selected spent MOx@AI,O3 overlayer catalysts after
exposure to CO»-ODHE conditions in the equimolar feed for 24 h.
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Figure 10.6: CH,4 selectivity obtained during reaction of CzHs (2.1 mL/min) and CO; (10.4 mL/min) with a
dilution of 50 vol.-% (12.5 mL/min) over the acidic bare overlayers. Conditions: temperature = 600 °C,
pressure = 1 atm, space velocity = 15 L-h"1-gca 1, CO2 : C2He ratio = 5.
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Figure 10.7: C2Hg and CO; conversions obtained during CO»-ODHE under a feed with C2Hg (2.1 mL/min) :
CO: (10.4 mL/min) molar ratio of 5 diluted with an inert (12.5 mL/min) over the various MOX@AI203
overlayers. Conditions: temperature = 600 °C, pressure = 1 atm and space velocity = 15 L-h"1-geat 1.
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Figure 10.8: Fitted Raman spectra and Ip/ls ratios of selected spent MOx@AIO3 overlayer catalysts after
exposure to CO,-ODHE conditions in a feed with a CO- : C2Hg ratio of 5 for 24 h.
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Figure 10.9: C,H, yields and converted CO : C,Hs flow rates ratios (top) as well as C,H4 and CO selectivity
(bottom) obtained during the reaction of C2Hs (2.1 mL/min) and CO, (10.4 mL/min) diluted with an inert
(12.5 mL/min) over the FexNiy/ZrO@AI,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm,
space velocity = 15 L-h1-gcat 1, CO2: CoHg ratio = 5. Maximum possible carbon based C;H, and CO
selectivity for pure CO,-ODHE are indicated by the black solid lines.
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Figure 10.10: Fitted Raman spectra and Ip/lg ratios of selected spent FexNiy/ZrOx@Al,O3 catalysts after
exposure to CO»-ODHE conditions in the equimolar feed for 24 h.
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Figure 10.11: Fitted Raman spectra and Ip/lg ratios of selected spent FexNiy/CrO.@Al>O3 catalysts after
exposure to CO,-ODHE conditions in the equimolar feed for 24 h.
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Figure 10.12: Fitted Raman spectra and Ip/lg ratios of selected spent FexNiy/ZrOx@Al,O3 catalysts after
exposure to CO,-ODHE conditions in a feed with a CO; : C;Hg ratio of 5 for 24 h.
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Figure 10.13: Fitted Raman spectra and Ip/lg ratios of selected spent FexNi,/CrO@Al,O3 catalysts after
exposure to CO,-ODHE conditions in a feed with a CO; : C;Hg ratio of 5 for 24 h.
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Figure 10.14: Converted C2Hs and CO- flow rates obtained during CO,-ODHE under a feed with a CO;
(10.4 mL/min) : C2Hs (2.1 mL/min) molar ratio of 5 (top) as well as under a feed with CO; (6.25 mL/min) :
CzHs (6.25 mL/min) molar ratio of 1 (bottom) both with an inert dilution of 12.5 ml/min over the FesNiy
IMOx@AI,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm and total space velocity = 15
L'h—l'gcat_l-
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Figure 10.15: C,H, yields and converted CO- : C2Hs flow rates ratios (top) as well as CoH4 and CO selectivity
(bottom) obtained during the reaction of CzHs (2.1 mL/min) and CO, (10.4 mL/min) diluted with an inert
(12.5 mL/min) over the FesNii/MOx@AI,O3 catalysts. Conditions: temperature = 600 °C, pressure = 1 atm,
space velocity = 15 L-h1-gcat 1, CO2: CoHg ratio = 5. Maximum possible carbon based C;H, and CO
selectivity for pure CO»-ODHE are indicated by the black solid lines.
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Figure 10.16: Stacked offline XRD patterns of spent FesNii/MOx@AIO3 (left) and FesNii/MOx@Al,O3 (right)
catalysts retrieved after a 24 h testing for CO,-ODHE under a feed with a CO; : CzHe ratio of 5. The
reference patterns provided correspond to graphite (PDF-4 01-073-5918), NiFe,04 (PDF-4 04-014-8286),
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