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Chapter 1

Introduction and scope

Heterogeneous catalysts

Heterogeneous catalysts play a pivotal role in modern chemical processes, offering
numerous advantages over other catalytic technologies, such as ease of separation,
reusability, and enhanced stability.! Since the development of the Haber-Bosch pro-
cess for ammonia synthesis, 2 heterogeneous catalysts became an essential compo-
nent in various industrial applications, including petrochemical refining, environmental
protection, and the synthesis of fine chemicals.?

The development of heterogeneous catalysts continues, with ongoing research fo-
cused on the dynamic nature of catalytic surfaces and understanding the mechanisms
of reactions at the molecular level. This knowledge is essential for designing next-
generation catalysts to meet the demands of the future circular chemical industry and
ensure sustainable development.

CO/CO; utilization concepts

The rising levels of COz in the atmosphere are a significant cause of global climate
change, highlighting the need for effective strategies to reduce emissions and find
ways to recycle CO2.4-% CO2 hydrogenation is a promising approach to storing renew-
able energy (H2) while mitigating CO2 emissions and producing valuable chemicals.”
9 In particular, the catalytic CO2 hydrogenation to CHa (synthetic natural gas, SNG)
has gained significant attention from both academia and industry researchers because
SNG can be easily transported with the existing infrastructure to various available
markets.0.11

The catalytic conversion of CO:2 into alcohols, such as methanol and ethanol, holds
significant potential for transforming CO: into valuable chemical building blocks.12-14
Specifically, methanol is one of the top five chemicals produced globally each year,
serving as a primary raw material for the chemical industry. It is widely used in meth-
anol-to-olefins (MTO) and methanol-to-hydrocarbons (MTH) processes. Additionally,
methanol can be utilized directly in fuel cells and has proven to be an excellent fuel
blend for internal combustion engines. Cu—ZnO-based catalysts remain the key in-
dustrial methanol synthesis catalysts from syngas.'®'® While structure-activity rela-
tionships have been established for these catalysts, the structure of active sites and
the exact mechanism remain a topic of heated discussions and research. In contrast,
the design of the catalyst structure has shifted towards the synthesis of specific inter-
faces, which have been shown to enhance methanol production from CO2.1"'8 Imple-
mentation of reducible oxides such as In203, CeO2, Gaz0s3 offers alternatives to
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conventional Cu-ZnO-based catalysts with enhanced activity and methanol selectiv-
ity due to the unique structure of active sites, metal-support interactions, and oxygen
vacancy formation. %21

Another alternative approach is the Fischer-Tropsch (FT) process, where CO: is con-
verted into valuable hydrocarbons, such as synthetic fuels and chemicals.?22® The
conventional FT process involves the catalytic conversion of syngas, a mixture of car-
bon monoxide (CO) and hydrogen (H:), into long-chain hydrocarbons. Two promising
strategies for the direct synthesis of C2+ hydrocarbons and fuels from CO:z include the
combination of the reverse water-gas shift (RWGS; converting CO2 to CO) with FT
synthesis and the pairing of high-temperature methanol synthesis with MTH over bi-
functional or multifunctional catalysts.?*

Another emerging pathway of COz2 utilization is fixing COz as valuable solid carbon
products, such as carbon nanofibers or nanotubes (CNFs or CNTs), to achieve net-
negative CO2 emissions.?> The molten salt method uses external voltage, high tem-
perature, and the exothermic reaction of alkali metal oxides with CO2, which ensures
high ion conductivity for the electrochemical reduction of carbonates to solid carbon.
The direct conversion of CO:z to solid carbon over Ga-In liquid metal (LM) alloy has
produced 319 pymol - h™' of carbon at 200 °C, enabling CO2 utilization without Hz. 26
The electrochemical-thermochemical (EC-TC) tandem approach combines two strat-
egies within one process: electro-reduction of CO2 to CO and CO carbonization in the
TC step.?” All three methods for converting COz to solid carbon involve using catalysts
to activate and transform CO.. The development and design of nhew-generation cata-
lysts for CO:2 to solid carbon transformation require further optimization to enhance
their activity and stability.

Overall, for CO2 valorization to become a widely applied technology, further develop-
ment of active catalysts and efficient processes is crucial for sustainable transition and
remains one of the main focuses in both academia and industry.

Supported catalysts for CO, hydrogenation

Supported catalysts for CO2 hydrogenation can be classified based on the nature of
the support material and the active phase. Common supports include amorphous and
crystalline inorganic oxides and carbon materials, while active phases often consist of
transition metals, metal oxides, or metal sulfides. The choice of support and active
phase significantly influences the catalyst's performance.

Irreducible oxide supports, such as SiO2 and Al2Os, are commonly used in the synthe-
sis of supported catalysts due to their thermal stability, low cost and high surface
area.?-3'" Recently reducible oxides (CeOz, In203, and TiO2) have attracted particular
interest due to their unique redox properties, ability to form oxygen vacancies, promi-
nent metal-support interaction (MSI), and enhanced dispersion of active metal parti-
cles.32-39
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As for the active phase, noble metals (Ru, Rh, and Pd) have been extensively inves-
tigated as active metals for CO/CO2 hydrogenation, with excellent catalytic perfor-
mance reported for Ru-based catalysts.35404" However, the high loading of noble met-
als and their high price makes it challenging for practical applications. Transition base
metals (mainly Ni, Co, and Fe) have acquired considerable attention for their potential
in CO/CO2 methanation due to decent activity and lower price.?-35:39:42-53

The catalytic performance of supported metal catalysts in CO/CO: hydrogenation usu-
ally depends on active metal dispersion, the structure of active sites, the morphology
of active sites, metal-support interactions (MSI), etc.?4-58 However, challenges such
as catalyst deactivation, sintering, and active metal encapsulation into support’s grow-
ing overlayer remain critical issues that must be addressed to improve catalyst effi-
ciency and stability. The future of supported heterogeneous catalysis likely lies in de-
veloping more sustainable and efficient catalysts. This includes exploring new materi-
als, enhancing catalyst stability, and improving the understanding of catalytic mecha-
nisms at the atomic level.

Nanosized catalysts: New trend in heterogeneous
catalysts?

Nanosized catalysts (particles ranging from 1 to 100 nm) have attracted extensive
attention in academia and industry. The unique properties of nanocatalysts, including
a high fraction of surface atoms, size-dependent electronic characteristics, and in-
creased surface reactivity, result in significant improvement of the catalytic perfor-
mance in comparison with conventional catalysts.59-62 By controlling the size, shape,
and composition of nanocatalysts, their optimization for specific processes can be
achieved, leading to improved selectivity for desired products. Furthermore, analyzing
the structure-activity relationship of nanocatalysts using advanced in-situ and oper-
ando spectroscopy can enable the design of catalysts with optimal performance.

Extremely small cluster catalysts, consisting of few metal atoms or even single atoms,
showed distinctly different catalytic properties than corresponding metal nanoparticle
catalysts. In the case of the CO2 hydrogenation reaction, it is suggested that CH4 can
only be formed on metal nanoparticles, while single-atom or small-cluster catalysts
produce mainly CO.2°63-66 This is because single-site or small cluster catalysts do not
provide sufficiently large ensembles of surface atoms for low-barrier C-O dissociation.

A limited number of recent studies have addressed tailoring the catalytic selectivity of
supported metal catalysts by tuning the chemical state of the active metal via metal-
support interaction or stabilization of isolated metal sites via special synthesis meth-
0ds.17:31,34.67.68 |t was suggested the chemical/ionic nature of the smaller particle has
a significant impact on catalytic selectivity rather than the size of the very small metal
nanoparticles/cluster.



Although significant research has been conducted on the structure-activity relation-
ships in CO/CO2 hydrogenation over heterogeneous catalysts, our understanding of
these catalysts at sub-nano scales remains limited. One of the main challenges is
synthesizing comparable catalysts with varying chemical compositions and particle
sizes.

Recent research has focused on developing novel synthesis methods to create cata-
lysts with tailored properties. Conventional catalyst synthesis involves impregnation
or coprecipitation methods to load active metal on a support. However, the synthesis
of well-defined catalysts using classical methods is complex due to the poor control
over the particle and the phase formation during the process.® Moreover, these meth-
ods are limited by the relatively low active metal loading that can be achieved.

Spray pyrolysis (SP) is a versatile process to synthesize powder particles and thin
films with various structures (Figure 1.1). It enables the production of nanomaterials
that are difficult to create using other methods, as the morphology of these materials
is controlled by forming metastable phases rather than dominating thermodynamic
factors. Consequently, SP is particularly effective for producing mixed metal oxides,
metal powders, composite particles, and semiconductor thin films.”°

Flame-spray pyrolysis (FSP) has emerged as a versatile and scalable technique for
the synthesis of nanomaterials.”*72 This method leverages high-temperature combus-
tion processes to produce a wide range of metal and metal oxide nanoparticles with
tailored properties. The significance of FSP lies in its ability to generate high-purity,
uniform nanoparticles rapidly and efficiently, making it a useful method in the field of
nanotechnology. Additionally, FSP offers flexibility in terms of precursor selection, en-
abling the synthesis of a diverse array of materials.

For example, Dreyer et al. have investigated the influence of support of one-step FSP-
synthesized 5 wt.%Ru-based catalysts for CO2 methanation.”® Among four catalysts
Ru/Ce0O2, Ru/MnOx, Ru/Al203, and Ru/Zn0O, the Ru/CeO:2 catalyst demonstrated the
highest catalytic performance, attributed to optimal CO adsorption, achieving high CO
coverage, but still maintaining a sufficient amount of active sites for Hz dissociation. In
contrast, Ru/Al203 catalysts exhibited the highest CO coverage and a lower amount
of accessible sites for Hz dissociation, resulting in lower activity in CO2 hydrogenation.
NiO and CeO: supports were prepared by FSP and further impregnated with Ce- and
Ni-containing precursors, respectively, to achieve catalysts with high Ni content (80
wt.%). Impregnation of Ce onto FSP-derived NiO hinders the sintering of Ni during
reductive pretreatment, ensuring the formation of small Ni nanoparticles and superior
activity in CO2 methanation. The impregnation of Ni onto FSP CeO: resulted in an
inhomogeneous distribution of Ni and the formation of large Ni nanoparticles during
reductive pretreatment, and therefore lower activity in CO2methanation.” Using a two-
nozzle spray pyrolysis approach, Galler and co-workers recently prepared a series of
Co/TiO2, Co/SiO2, and Co/Ti-SiO2 catalysts with identical Co particle size.”® They
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found that the Co/TiO2 catalysts had a higher CO2 activity and CH4 selectivity than
FSP-derived Co-SiOa.

Hollow Sphere
" Dense Sphere

Thin Film

il

\
' Nanostructures Designed by
: Spray Pyrolysis

o e O olr

Nanocomposite Core-shell

Yolk-shell

Multiroom Hollow

Figure 1.1. Different nanostructures designed by spray pyrolysis. Reprinted with per-
mission from J. S. Cho et al. Nano Energy, 2016, 26, 466—-478. Copyright © 2016,
Elsevier

Furthermore, Schubert et al. demonstrated that efficient Co-Al2O3 catalysts with very
low Pt promoter (0.03 wt.% Pt) can be prepared by double flame spray pyrolysis to
convert CO: into CH4 due to enhanced reducibility of Co by Pt addition.”® The series
of 20 wt.%Co-Al203 with Pt, ZrOx, SmOx promoters were synthesized using the double
FSP with identical structure and morphology (the same size distribution and Co dis-
persion) to define the influence of promoters in COx hydrogenation.”” ZrO». and Pt-
containing catalysts outperformed SmOx-Co-Al203 in CO2 hydrogenation. Enhanced
CHgs selectivity over Pt-Co-Al2O3 was attributed to the facilitated H2 absorption and
dissociation, while for ZrO2-Co-Al203 — with enhanced CO: adsorption capacity due to
oxide sites of zirconia with medium basicity. A set of 1 wt.% Rh/Al203 catalysts, pre-
pared by using two-nozzle FSP with K and Ba promoters, was tested in CO2 hydro-
genation.”® Ba-doped catalysts demonstrated a highly selective conversion of CO2 to
CHg4 at temperatures below 500 °C, with the maximum yield around 400 °C. In con-
trast, K-doped catalysts did not produce any CHgs; instead, all CO2 was converted di-
rectly to CO from 300 °C to 800 °C.

Besides CO2 methanation, FSP-derived catalysts have attracted interest for CO2 hy-
drogenation to methanol. FSP provides broad possibilities for versatile catalyst syn-
thesis for methanol production, enabling precise control over the particle formation
and metal-support interfaces. Jensen et al. demonstrated that flame-made
Cu/ZnO/Al203 catalysts with a relatively high specific surface area (>100 m?/gcat) and
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various compositions may be obtained, indicating versatility and broad spectra for the
FSP application in catalyst synthesis.”® Copéret and co-workers have prepared a se-
ries of Cu/ZrO2 catalysts with only the varied Cu particle size by using a two-nozzle
spray pyrolysis approach.8® A smaller Cu particle size catalyst possesses a higher
CHsOH activity and selectivity. The efficient Cu/ZrO2 catalysts with high Cu loadings
(up to 80 wt.%) can be prepared by flame spray pyrolysis to convert CO2 into metha-
nol.8' Zhu et al. showed that FSP-made Cu/ZnO-CeO: catalysts with high Cu loading
(~40 wt.%) displayed a substantially higher CH3OH selectivity than binary FSP-de-
rived Cu/CeO2 and Cu/Zn0O, and commercially available Cu—ZnO catalysts due to syn-
ergistic Cu—CeO2 and Cu—ZnO interactions.®? FSP-derived Cu-SiO2 demonstrated a
methanol selectivity of 79% at a CO:2 of 5.2%.83 A slightly distorted Cu—O-Si structure
in the FSP-prepared catalyst was considered to enrich the Cu* species, which could
stabilize and facilitate the hydrogenation of the *CO intermediate to methanol via an
RWGS + CO hydrogenation pathway.

Along with Cu-based catalysts for methanol synthesis, In203 is considered a promising
catalyst for CO2 hydrogenation to methanol because it can be used in a broader tem-
perature range than conventional Cu-Zn catalysts. Various promoters (suck as Al, Cr;
Ni, ZrOz) in combination with In20s were systematically investigated in CO2-to-metha-
nol through FSP synthesis.?4-86 In situ IR spectroscopy suggested that adsorbed
CO2*— HCOO* — CH30O* — methanol mechanism is dominant for all In203 -based
catalysts independent on the promoter. The synergy between Co, Ni, Cu, Pd and In203
was probed by using a one-step FSP synthesis in a CO2-to-methanol reaction.?®° The
highest CH3OH rate (~0.25 gmeon/ (geat -h), 250 °C, and 30 bar) is obtained for a 6
wt.% NiO-In203 catalyst and was assigned to facilitate hydrogenation of adsorbed CO-
on oxygen vacancy of In20s and formation of Ni single atoms and clusters. Flame-
synthesized Pd-In20s3-ZrO2 catalysts demonstrated remarkable methanol production
due to improved metal utilization, unique catalyst architecture, and enhanced oxygen
vacancy formation.®” Scott et al. have investigated a series of impregnated Ni/SiO:
catalysts on FSP-derived SiO2 in CO2 reforming of CH4 (CH4+ CO2— 2H2+ 2CO). 8
The silica properties were altered by varying injection rates during FSP synthesis, re-
sulting in different particle sizes of the support. As the surface area of silica increased,
the dispersion of nickel improved, leading to enhanced catalyst performance.

FSP and double FSP enable the control and separation of the particle formation pro-
cess of different catalyst components. They can be used to evaluate the effects of
active metals, support materials, dopants, promoters, particle size distribution, and
porosity. The development of efficient catalysts requires not only well-established syn-
thesis methods but also a detailed understanding of structure-activity relationships.
Recent advances in spectroscopy and electronic structure calculations have provided
tools for studying catalytic materials at the molecular level.



Recent advances in CO, hydrogenation

Catalyst characterization employed on as-prepared catalysts and their evolution under
pretreatment and reaction conditions is critical to establishing structure-activity rela-
tionships. Conventional ex-situ techniques typically focus on analyzing the state of the
catalyst pre- and post-reduction, and post-reaction, rather than studying its state dur-
ing the ongoing catalytic reaction.®® However, catalyst exposure during chamber-to-
chamber transfer may change (re-oxidize) the active metals and even introduce un-
desirable impurities, which interfere with detecting potential active sites. However, the
ex-situ characterizations provide extensive information about the structure of the cat-
alysts, the study of dynamic changes in the catalyst's structure under actual reduc-
tion/reaction conditions is necessary to identify the actual active sites and establish
the reaction mechanism. By employing various in-situ characterization techniques
(Figure 1.2), we can gain valuable insights into catalyst evolution and reaction inter-
mediates associated with active sites.%%-°" Combining knowledge about active site
structure and reaction mechanism with kinetics analysis enables the design of new
catalysts and the optimization of existing ones to meet industrial challenges.

In-situ UV-Vis In-situ XPS In-situ XAS In-situ TEM

i[:mysboz‘” HzJ =) @ :>[ Products ];

Intermediates

In-situ Raman In-situ XRD In-situ FTIR In-situ ESR

Figure 1.2. Various in-situ techniques and their design components to study the cat-
alyst evolution and reaction progress during CO2 hydrogenation. Reprinted with per-
mission from R. Singh, L. Wang, and J. Huang, Chempluschem, 2024, vol. 89, no. 9.
Copyright © 2016, Elsevier

X-ray diffraction (XRD) is commonly used to identify the crystal phases of catalysts
and their changes during pretreatment and/or reduction related to long-range perio-
dicity in material. Utilizing XRD enables the estimation of volume-average particle
size, unit cell parameters, and the phases of components under reaction conditions.
However, the XRD technique is limited to analyzing only crystalline samples and na-
noparticles above 2 nm. In turn, the pair distribution function (PDF) analysis uses the
whole measured spectrum, containing Bragg and diffuse components, to extract the
total scattering structure function.®? The information derived from total scattering gives
us a probability of finding two atoms at a given separation distance. Refinement of
PDF data allows us to find information about local structure, including bond length,
geometry, unit cell, disorder in the material, coordination number.?3% The synchro-
tron-based element-specific X-ray absorption spectroscopy (XAS), which includes the
X-ray absorption near-edge structure (XANES) spectrum and the extended X-ray ab-
sorption fine structure (EXAFS) spectrum, enables the analysis of oxidation states and
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local structure of the selected element under pretreatment/reaction conditions. Quasi-
in situ X-ray photoelectron spectroscopy (XPS) and near ambient pressure XPS (NAP-
XPS) are powerful tools for the exploration of the interaction of the catalytic surface
with gases during pretreatment and the ongoing reaction while also monitoring their
chemical composition and oxidation states.?5-% Infrared spectroscopy (IR) studies en-
able the identification of surface species, whether those are reaction intermediates or
spectator species.?’-*® However, the analysis of surface species can be challenging
due to the gas-phase rotovibrational spectrum of CO and/or the overlap of IR bands
of spectator and reaction intermediate species.?-193 Despite the challenges, IR spec-
troscopy remains a powerful tool for the investigation of active site structure and reac-
tion mechanisms.%

Nuzzo et al demonstrated that XAS and XPS techniques should be employed for sin-
gle-atom catalyst characterization.'® Operando XRD and XAS spectroscopy in com-
bination with operando IR coupled with (isotopic) transient experiments revealed the
decreased methanation activity and the related higher CO selectivity on small nano-
particles was linked to lower availability of step edges that are active for CO dissocia-
tion.2? In situ XRD and XPS studies in combination with PDF analysis and TEM study
of samples revealed metal-support interaction and synergism of redox properties of
the Ni and ceria-zirconia facilitate CO and CO2 hydrogenation.’® A combination of
XRD, XAS, NAP-XPS, transmission electron microscopy (TEM), and IR provides in-
sight into the active sites at the interface between cobalt and ceria-zirconia involved
in CO2 methanation.'%¢ By implementing in situ XRD with XAS, XPS, and IR spectros-
copy, Rodriguez and co-authors showed that cobalt—ceria interface is less active in Hz
dissociation, resulting in a lower CO2 hydrogenation. %7

By combining in situ DRIFTS, in situ Raman, in situ XPS and in situ XAS spectrosco-
pies with extensive ex situ characterization, Wang et al. showed that the cobalt spe-
cies in Co—0O-SiOn provides a nearly optimum structure for hindering the side reac-
tions and facilitating methanol formation from spectroscopically identified *CHsO inter-
mediates.'”

By combining well-defined synthesis strategies (such as FSP) with advanced spec-
troscopy and electronic structure calculations, new generation catalysts or optimiza-
tion of existing ones with desired properties can be developed.

Scope of thesis

This work aims to elucidate the structure-activity relationships of transition-metal-
based catalysts for CO/CO2 hydrogenation processes. The combination of relatively
cheap and active transition metals with reducible oxide supports (such as CeO2 and
TiOz2) has gained particular interest in the last decades due to enhanced active metal
dispersion and peculiar structural properties (such as metal-support interaction, stabi-
lization of isolated active metal centers, etc.). As such, we aim to develop synthetic
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procedures that will allow us to derive structure-activity relations and probe support
effects for Co/Ni-based methanation catalysts.

Conventional and advanced synthesis methods such as flame-spray pyrolysis (FSP)
are employed to prepare CeO2- and TiO2-supported catalysts with Co or Ni as nano-
particles, clusters, and single atoms. By thoroughly investigating the structure of the
catalysts and their evolution during catalyst activation, structure-activity relationships
in CO2 hydrogenation are established.

Chapter 2 explores how the Co content in one-step FSP-derived Co-CeO: catalysts
influences catalytic performance in CO2 hydrogenation. We have prepared a set of
catalysts with a Co content varying from 1 mol.% to 30 mol.%. The combination of
advanced spectroscopy with catalytic experiments revealed that Co nanoparticles are
active in CH4 formation, while Co-O-Ce interfaces/small clusters are apt to CO pro-
duction.

This approach is broadened in Chapter 3, where the results of the previous chapter
are compared to a conventionally prepared Co/CeO:2 by wet impregnation in which
cobalt is impregnated on FSP-derived cerium dioxide. Using in situ spectroscopic
techniques, the high activity of the reduced catalysts towards methane was linked to
the formation of Co nanoparticles and oxygen vacancies formation caused by partial
reduction of CeO2. Additionally, the activity and stability of Co/CeO: catalysts were
tested in CO/CO2 hydrogenation.

Chapter 4 demonstrates that FSP-derived Ni-CeOz2 catalysts do require the formation
of Ni nanoparticles to hydrogenate CO2 to CHg efficiently, similar to one-step FSP-
derived Co-CeO: catalysts. A reduced catalyst with 1 mol.% Ni prepared by one-step
flame spray pyrolysis remains highly dispersed and displays higher activity in convert-
ing CO2 to CO. FSP-derived Ni-CeO: catalysts display enhanced activity in CO2 hy-
drogenation than Ni nanoparticles impregnated on a commercial CeO: support. The
Ni nanoparticles formed during reduction are more stable than isolated Ni centers un-
der reaction conditions in FSP-made catalysts. The higher stability of Ni nanoparticles
in FSP-made catalysts can be linked to extensive Hz dissociation and spillover in such
materials.

Chapter 5 explores how the Co content and size of one-step flame-synthesized Co-
TiOz2 catalysts influence catalytic performance in CO2 hydrogenation. A set of catalysts
with varying Co content was prepared from 2.5 mol.% to 40 mol.%. The Co content
profoundly affects activity and product selectivity in CO2 hydrogenation. One-step
FSP-made Co-TiO: displays higher activity than Co impregnated on FSP-derived
TiO2, linked to a difference in TiO2 morphology and its different metal-support interac-
tion with cobalt.

The last chapter summarizes the key findings of this work and provides an outlook.
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Chapter 2

Flame Synthesized Co-CeO, Catalysts for CO,
methanation

Abstract

Flame synthesis (flame spray pyrolysis, FSP) was used to prepare a set of Co-CeO2
catalysts with varying Co content to evaluate the impact of the location and structure
of Co relative to nanosized CeO: particles on the CO2 methanation activity. All FSP
samples contain small CeO2 nanoparticles of ~8 nm with a higher surface area than
conventional CeO2 with a nearly constant amount (3.8 mol.%) of Co?* ions in strong
interaction with CeO2. These firmly bound Co ions cannot be reduced in Hz at 500
°C. Catalysts containing 5 mol.% or more Co also contain segregated CoO and
Co304 particles, which are partially reduced to metallic Co upon reduction at 300 °C
for 4 h. The highest Co-weight-normalized activity at 200 °C was 3.9 + 0.2
mmolcoz/molco/s (CH4 selectivity 85%) for reduced 10 mol.% Co-CeO2, with a Co
reduction degree of ~50% and ~4-5 nm Co metal nanoparticles. The sample with the
lowest Co content of 2.5 mol.% had a Co reduction degree of 10%, the resulting very
small Co clusters being primarily active in CO formation (CO selectivity 79%). The
small amount of CHsOH among the reaction products at low Co content was linked
to CO2 hydrogenation on oxygen vacancies assisted by Hz dissociation on very small
Co clusters. Catalysts containing more and larger Co nanoparticles mainly yield CHa,
small amounts of CO and no CHsOH. The outstanding CO2 methanation activity of
FSP-prepared Co-CeO:2 catalysts is linked to the synergy between relatively small
metallic Co nanoparticles and Co?*-O-Ce sites, involving oxygen vacancies.
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Introduction

Carbon dioxide (COz2) is a greenhouse gas, anthropogenically released in the
atmosphere, causing climate change and acidification of the oceans. Mitigation of the
net flow of COz2 into the atmosphere can be achieved by (i) reducing CO2 emissions,
(i) CO2 capture and storage, and (iii) utilization of (captured) CO2.-® CO:2
hydrogenation with H2 obtained from renewable energy sources into fuels and
chemicals is a promising approach to close carbon cycles. Converting CO2 to
methane (CH4) is a viable technology for reusing CO2 by temporarily storing hydrogen
(H2) in a widely used energy carrier.#5> CH4 can be used directly in existing natural
gas infrastructure in many countries.® The chemical transformation of CO2 can be
done via electrocatalytic’, photocatalytic® and thermocatalytic reduction of CO2° The
latter approach is the most developed for sustainable CH4 production from CO2and
renewable energy. Catalyst design approaches can help improve the performance of
heterogeneous catalysts for hydrogenating CO: into CHa.

Catalysts based on first-row transition metals have gained particular interest due to
their abundance and lower cost than noble metals. Cu is the metal of choice in the
heterogeneous hydrogenation of CO2 to CH3OH. 191" Nickel-based catalysts are most
extensively considered as catalysts for CO2 methanation.'>-'# Iron-based catalysts
are promising for the direct Fischer-Tropsch synthesis from CO2/H2 mixtures.'® Co
can be used to hydrogenate CO- to hydrocarbons'® or higher alcohols.'” Given their
high activity in Fischer-Tropsch synthesis from CO/H2 mixtures,'®2"! indirect CO2
utilization by the reverse water-gas shift (rWGS) reaction followed by FTS is the
preferred way for CO2z-based FTS. Given its high activity towards C-O bond scission,
it is worthwhile exploring using Co for CO2 methanation. A recent review mentioned
that Co-based catalysts perform better at lower reaction temperatures than Ni-based
catalysts.??

The support plays a critical role in the formation of active sites in heterogeneous
catalysts.?3 Interactions between Co and reducible oxide supports (e.g., CeO2 and
TiOz2) are particularly interesting. Fu et al. demonstrated that the combination of the
Co0-Ce02 and CoO-Co interfaces is very active in the water-gas shift (WGS)
reaction.2* Wang et al. showed that metallic Co nanoparticles are active in CO2
hydrogenation to CO and CHa. In contrast, Co-O-SiOn structures close to metallic Co
can catalyze CO: hydrogenation to CHsOH in catalysts with strong Co-silica
interactions.?> Another study of CO2 hydrogenation concluded that CoO on TiO2
results in higher CO2 conversion and Co2+ selectivity caused by H-assisted CO:2
dissociation compared to conventional Co metal nanoparticles on TiO2.'® Parastaev
et al. showed that small Co clusters dispersed on the surface of CoO nanoparticles,
which are stabilized by a Ce0O2-ZrO2 support, are much more active in COz2
methanation than metallic Co particles.?® The use of reducible supports is a promising
approach to promote CO2 conversion by metal phases due to their unique redox
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properties and enhanced metal-support interactions.?” However, the exact role of
these metal-support interactions in these catalysts has not yet been entirely resolved.

This study deals with a series of Co—CeO:2 catalysts prepared by one-step flame
spray pyrolysis (FSP) to study the impact of Co—CeO: structure on CO2 methanation.
The catalytic activity determined at 200 — 300 °C and atmospheric pressure showed
that catalysts with a low Co content mainly produced CO at a low CO conversion,
while samples with a high Co content presented CH4 formation at much higher CO
conversion. The as-prepared and reduced catalysts were extensively characterized
by N2 physisorption, transmission electron microscopy (TEM), X-ray diffraction
(XRD), H2-TPR, X-ray photoelectron spectroscopy (NAP-XPS), and X-ray absorption
spectroscopy (XAS). Structural changes of the catalysts during reductive
pretreatment were monitored by in situ synchrotron XRD in combination with PDF
analysis. Partial reduction of the CeO2 surface was observed for all Co-containing
CeO2 samples, indicating a higher abundance of surface oxygen vacancies than the
FSP-prepared CeO:2 support. The high activity and CH4 selectivity of catalysts with a
Co content >5 mol.% is due to the formation of Co metal nanoparticles during
reduction. On the other hand, samples with a lower Co content are hardly reduced,
with only a very small amount of metallic Co in the form of clusters.

Experimental Section

Materials

Co (Il) acetylacetonate (Co (CsH70z2)s, 97%, Sigma-Aldrich), glacial acetic acid (99%
Sigma-Aldrich) and 2-ethylhexanoic acid (99% Fisher Scientific), cerium (lll) acetate
hydrate (Ce (CH3COz2)3-1H20, 98%, TCI Europe NV) were used as received without
further purification.

Catalyst Preparation

Flame Spray Pyrolysis

CeO:2 and Co-CeO2 samples were prepared by flame spray pyrolysis (FSP) in a
Tethis NPS10 apparatus. The Tethis NPS10 apparatus was placed in a standard
chemical laboratory fume hood modified to comply with EN 14172, EN 1822, and ISO
45H standards (modifications realized by Interflow). The air inflow of the fume hood
was kept at a minimum of 0.7 m/s using active control systems. The exhaust flow to
the (external) ventilation was equipped with HEPA H14 and ULPA U17 filters. The
experiments were conducted after assessing all safety aspects, including those re-
lated to working with nanomaterials, in a risk-inventory and evaluation (RI&E) proce-
dure, as required by the Dutch labor law. Appropriate amounts of Co(CsH702)3 and
Ce(CHs3CO2)3-H20 were dissolved in an equivolumetric solvent mixture of acetic acid
and 2-ethylhexanoic acid. The Co and Ce concentrations were 0.15 M. This solution

was stirred at 80 °C for approximately 1 h until the metal precursors were completely
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dissolved. The precursor solution was fed using a syringe pump (injection rate of
5 mL/min) through a nozzle to obtain a fine spray in the center of the flame. The
pressure drop at the capillary tip was kept at 2.5 bar by adjusting the orifice gap area
at the nozzle. The flame was maintained by a feed of 1.5 L/min methane and 3.0
L/min oxygen. Solid samples were collected on a glass microfiber filter (Whatman)
using a membrane vacuum pump. The as-prepared CeO2 and Co—CeO2 catalysts
are denoted as CeFSP and xCoFSP, where x stands for the molar Co content
(mol.%) with respect to the support (Co/(Co+Ce)).

Catalyst Characterization

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

The elemental composition (Co and Ce) of the as-prepared catalysts was determined
by ICP-OES analysis (Spectro CIROS CCD Spectrometer). Prior to the analytical
measurements, the catalysts were dissolved in 5 mL of concentrated sulfuric acid
(H2S04) at 200 °C under stirring for at least 30 min, followed by dilution in water.

N: Physisorption

The textural properties of the as-prepared catalysts were determined by N2
physisorption at a temperature of —196 °C using a Micrometrics TriStar Il 3020
instrument. Prior to the physisorption measurements, the samples were heated to
160 °C in a N2z flow for 4 h. The specific surface area (SSA) was determined by the
Brunauer — Emmett — Teller (BET) method.

X-ray diffraction (XRD)

X-ray powder diffraction patterns were collected at the ID31 beamline of the
European Synchrotron Radiation Facility (ESRF, Grenoble, France). The
measurements were performed with an incident X-ray energy of 68 keV using a 0.5
mm x 0.5 mm (H x V) X-ray beam in transmission mode using a DECTRIS Pilatus 3X
CdTe 2M detector. These measurements were done at room temperature. The
samples were sealed in Kapton tubes (Goodfellow, 3 mm o.d., 0.03 mm wall
thickness). Beeswax (Alfa) was used to seal the two ends of the tube. Detector
broadening was calibrated using a CeO: reference obtained from NIST. The
diffraction patterns, specifically the presence of CeO2 and Co304 phases, were
analyzed by Rietveld refinement using the GSAS software.

In situ synchrotron X-ray diffraction patterns were collected at the ID15A beamline of
the ESRF. The measurements were carried out in transmission mode using an
incident X-ray energy of 100 keV. A Pilatus3X CdTe 2M detector was used to collect
the scattered signal. About 20 mg of sieved catalyst (125-250 um) was loaded into a
quartz capillary (2 mm o.d. wall thickness 0.1 mm) and retained between two glass
wool layers. The capillary was sealed with PTFE ferrules in a home-built Clausen-
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type flow cell. The sample was heated using a gas blower (Cyberstar). The
temperature was measured by a thin (0.25 mm) K-type thermocouple placed inside
the catalyst bed. Typically, the temperature was raised from 50 °C to 300 °C at arate
of 8.5 °C/min in a flow of 50 mL/min of a mixture of 20 vol.% H: in Ar, followed by an
isothermal dwell of 0.5 h at 300 °C. Then, the system was cooled to 250 °C in the
same mixture. After reaching this temperature, the reduction mixture was replaced
by a reaction mixture of 5 vol.% CO2 and 20 vol.% H2 balanced by Ar fed at a 50
mL/min flow rate for 0.5 h. The detector distance, energy, and tilt were calibrated
using a standard CeO:2 powder obtained from NIST. The CeO:2 phase in these XRD
data was analyzed by Rietveld refinement using the GSAS software. PDF data up to
q = 28 A~ were reduced from the XRD data using the pdfgetX3.22 Real-space
refinements were carried out using the PDFgui software.?® To this end, the PDF is
described using the G(r) formalism, which reflects the probability of finding a pair of
atoms separated by a distance r with an integrated intensity dependent on the pair
multiplicity and the scattering factors of the elements involved. G(r) was
experimentally determined by the Fourier transform of the total scattering function
F(Q), corresponding to the coherent scattering coming from the sample (Bragg peaks
and diffuse scattering) after normalization.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS)

UV-Vis DRS spectra were collected at room temperature with a Shimadzu UV-
2401PC spectrometer equipped with an integrating sphere coated with BaSO4
reference. Samples were diluted with BaSO4 (30 mg sample mixed with 120 mg
BaSOa).

Transmission Electron Microscopy (TEM)

The morphology and particle size distribution of as-prepared and reduced catalysts
were investigated by TEM using an FEI Titan Cryo-TEM instrument operating at an
acceleration voltage of 300 kV. An appropriate amount of finely ground material was
ultrasonically dispersed in analytical-grade absolute ethanol before deposition on
holey Cu TEM grids.

Scanning transmission electron microscopy combined with energy dispersive X-ray
analysis (STEM-EDX) was performed to determine the nanoscale distribution of
elements in the samples. These measurements were performed on a FEI-cubed Cs-
corrected Titan instrument operating at an acceleration voltage of 300 kV. The Co-
CeO2 samples were reduced at 300 °C in a flow of 20 vol.% Hz in He for 4 h, followed
by passivation at room temperature in a flow of 2 vol.% Oz in He for 1 h. The
passivated samples were crushed and sonicated in analytical-grade absolute
ethanol, before deposition on holey Cu TEM grids.
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Temperature-Programmed Reduction (H2-TPR)

The reducibility of the samples was evaluated by H2-TPR with a Micromeritics
AutoChem Il instrument. Typically, ca. 100 mg sample was loaded into a quartz U-
tube between two quartz wool layers. Before H2-TPR, the sample was treated at 350
°C for 1 hin a 50 mL/min flow of 5 vol.% O in He. TPR profiles were recorded while
heating the sample from 40 to 700 °C at a rate of 10 °C/min in a 50 mL/min flow of 4
vol.% Hz in He. The Hz consumption was measured by a thermal conductivity
detector (TCD), which was calibrated using a AgO reference.

CO and H: Chemisorption

CO and H: chemisorption measurements were performed with a Micromeritics
ASAP2010C instrument. Typically, about 100 mg sample was loaded into a quartz
U-tube between two quartz wool layers. Before chemisorption measurements, the
catalyst was reduced in a Hz flow at 300 °C by heating to this temperature at a rate
of 10°C/min, followed by an isothermal dwell of 4 h. After evacuation at 320 °C for 1
h, CO and H2z adsorption isotherms(double) were recorded at 35 °C and 150 °C,
respectively.

IR Spectroscopy

IR spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with
a DTGS detector. The experiments were performed in situ by using a home-built
environmental transmission IR cell. Self-supporting pellets were made by pressing
~10 mg sample in a disc with a diameter of 13 mm. Each spectrum was collected by
averaging 32 scans with a resolution of 2 cm-"in the 4000 — 1000 cm -~ range.

For CO IR spectroscopy, the sample was first reduced in a flow of 20 vol.% H2 in He
at 300 °C (rate 10 °C/min) for 4 h. After outgassing at 300 °C in vacuum and cooling
to 50 °C, IR spectra were recorded as a function of the CO partial pressure in the 0
— 10 mbar range. CO IR measurements were also carried out at liquid N2
temperatures. For these measurements, the same reduction procedure was
followed. After outgassing, the sample was cooled by liquid N2. The sample
temperature was approximately -168 °C. IR spectra were recorded as a function of
CO partial pressure in the 0 — 10 mbar range. As-prepared samples were also
investigated by CO IR spectroscopy at liquid N2 temperature. For this purpose, the
samples were evacuated at 50 °C for 1 h, before cooling to liquid N2 temperature.
CO:2 IR spectra were recorded at 50 °C after a similar pretreatment procedure as
described for the CO IR spectroscopy measurement. The CO2 IR spectra were
obtained as a function of CO2 partial pressure in the 0 — 10 mbar range. All spectra
were background subtracted, and the intensity was normalized to the weight of the
pellet.
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X-ray Photoelectron Spectroscopy (XPS)

The surface chemical properties of the as-prepared catalysts were studied with a K-
Alpha XPS instrument (Thermo Scientific) equipped with an aluminum anode (Al Ka
= 1486.68 eV) monochromatized X-ray source. Finely ground samples were placed
on double-sided carbon tape. All spectra were acquired using a flood gun to
compensate for surface charging. A pass energy of 40 eV was used for region scans
with a step size of 0.1 eV and a dwell time of 0.5 s. The spectra were analyzed using
the CasaXPS software (version 3.2.23). Energy calibration was performed using the
same procedure described in the NAP-XPS description.

Near-Ambient Pressure X-ray Photoelectron Spectroscopy
(NAP-XPS)

XPS spectra were recorded in situ during the reduction of the as-prepared catalysts
using a SPECS NAP-XPS system. Core-line spectra were acquired using
monochromatized Al Ka radiation (1486.6 eV) generated by an Al anode (SPECS
XR-50) operated at 50 W. The differential pumping system of the electron analyzer
(SPECS Phoibos NAP-150) allows for normal emission XPS measurements in the
presence of gases (up to ~20 mbar). The catalyst powder was pelletized into a disc
of 12 mm, which was fixed onto a stainless-steel sample holder. Reduction was
performed in a flow of 1 mL/min Hz and 2 mL/min Ar. High-purity gases (99.999%)
were used. The total pressure in the NAP reaction cell was kept at 3 mbar using an
electronic back-pressure regulator. A typical experiment consisted of heating the
sample in the reduction mixture to 550 °C while recording XPS spectra during
isothermal dwells at 50 °C intervals. The total acquisition time of the XPS spectra,
which included a survey scan and O 1s, C 1s, Ce 3d, and Co 2ps;2 spectra, was
approximately 2-3 h. A pass energy of 40 eV was used with a dwell time of 0.5 s and
a step size of 0.1 eV. The U” (Ce**) component of the Ce 3d line with a characteristic
position of 916.7 eV was used to correct the binding energies of the Co 2ps2 and Ce
3d regions.303! A standard procedure involving Shirley background subtraction and
atomic sensitivity factors was applied for data processing. Spectral lines were fitted
with the CasaXPS software (version 3.2.23) using a symmetric pseudo-Voigt function
GL (30). The main metallic component of Co was fitted with the asymmetric LA
(1.2,5,5) line shape. The Ce 3d line was fitted according to a model described in the
literature.32:33

Quasi in situ X-ray Photoelectron Spectroscopy (XPS)

The surface chemical properties of the reduced and deactivated catalysts were
studied using a Kratos AXIS Ultra 600 equipped with a monochromatic X-ray source
(Al Ka = 1486.68 eV). Self-supporting pellets were made by pressing approximately
40 mg of a sample in a disk with a diameter of 13 mm. Pretreatment of catalysts was
carried out in a high-temperature reaction cell (Kratos, WX-530), allowing vacuum
sample transfer into the analysis chamber. The samples were reduced in 20 vol.%
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Hz in Ar at a flow rate of 50 mL/min at 300 °C for 4 h at 10 °C/min and ambient
pressure. Then, the sample was cooled to 100 °C in the pretreatment mixture, and
the reaction cell was evacuated to a pressure below 10-® mbar. Then, the sample
was transferred to the XPS analysis chamber. A pass energy of 40 eV was typically
used for region scans with a step size of 0.1 eV and a dwell time of 0.5 s. Energy
calibration and fitting of Ce 3d and Co2p were performed using the same procedure
described in the XPS section.

X-ray Absorption Spectroscopy (XAS)

Extended X-ray absorption fine structure (EXAFS) measurements at the Co K-edge
(7.7 keV) were carried out in fluorescence mode at the BL22 beamline of ALBA
(Spain). The Cos04 and CoO references were measured in transmission mode.
Energy calibration was done with a Co foil (Eo = 7.709 KeV). Energy selection was
achieved with a Si (111) monochromator. The EXAFS data was background-
subtracted and normalized. These operations and further EXAFS fitting analysis
were carried out using the Demeter package (Athena/Artemis software).3435
Scattering paths were calculated using the FEFF6 code based on Co304, Co metal,
and CeO:2 crystal structures. A Co-O-Ce single scattering path was modeled by
substituting a Co atom with Ce in the Co3Oa4 structure. The energy shift (Eo), the
distance change (AR), the coordination number (CN), and the Debye — Waller factor
(0?) were fitted. The amplitude reduction factors (So?) were determined from fitting of
EXAFS data of the Co foil. The amplitude reduction factors were fixed during the
fitting of other parameters. Fourier-transformed EXAFS is plotted as k3-weighted data
without phase correction.

Catalytic Activity Measurements

CO: hydrogenation

The catalytic performance of CeO2 and Co-CeO2 samples in CO2 hydrogenation was
carried out in a down-flow stainless-steel reactor with an internal diameter of 4 mm.
The reaction pressure was atmospheric, and the temperature varied in the 200 — 300
°C range. The samples were pressed, crushed, and sieved to a fraction of 125 — 250
pm. Typically, the reactor was filled with 50 mg catalyst diluted with 200 mg of SiC of
the same sieve fraction. Before the reaction, the catalyst was reduced in a flow of
100 mL/min of 20 vol.% H: in He whilst heating from room temperature to 300 °C at
a rate of 10 °C/min, followed by an isothermal dwell for 4 h. The reduced catalyst was
cooled to the initial reaction temperature of 200 °C in the same flow. The reaction
was started by replacing the reduction gas mixture with a flow of 50 mL/min of 60
vol.% Hz, 15 vol.% COz2, and 25 vol.% Ar (COz2:H2 ratio = 1:4). The temperature was
increased in steps of 25 °C using a rate of 5 °C/min. At each isothermal dwell of 160
min, the effluent gas was sampled and analyzed by an online gas chromatograph
(Shimadzu, GC-2014) equipped with RT-Q-Bond (FID) and Shincarbon ST 80/100
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(TCD) analysis stions. CO2 conversion, carbon product selectivity, and product
formation rates were calculated as follows:

F(CO)out + F(CH ) out + F(CH30H) gy + XF (CHy) a
F(CO)out + F(CO)our + F(CH ) our + F(CH30H) gyt + xF(CeHy ), .

X(C0,) = )

F(product) ,,;

S(product) =
F(CO) gyt + F(CHY) gyt + F(CH30H) gy + xF (C, H,

(2)
)out

where CxHyrepresents hydrocarbons with more than one carbon atom formed during
the reaction. F stands for the volumetric flow rate determined from the concentration
measured by gas chromatography. Ar was used as an internal standard. The FID
and TCD response factors were determined using gas calibration mixtures.

The reaction rate (rcoz in molco2-molco™ -s-') was calculated and normalized to the
Co content in the following manner:

X (€C0Op) * F(CO)in

Tcoz = e * Vi, 3

where F (COy)i, is the known CO2 volumetric flow rate at the reactor inlet and Vi is
the molar volume of an ideal gas at standard temperature and pressure. The rates of
CHa4 and CO were calculated similarly.

The influence of the H2/CO:2 ratio on the CO2 hydrogenation performance was
evaluated for the 5CoFSP catalyst. For these activity measurements, 50 mg catalyst
was mixed with 200 mg SiC of the same fraction. The same reaction setup as for the
other CO2 hydrogenation activity measurements was employed. The reaction was
started by replacing the reducing gas mixture with a flow of 50 mL/min of 18.8 vol.%
CO2, 56.2 vol.% Hz, and 25 vol.% Ar for a H2/CO2 ratio of 3, while a flow of 50 mL/min
of 25 vol.% COz2, 50 vol.% Hz, and 25 vol.% Ar was used for a H2/COz ratio of 2. The
influence of the total reaction pressure was evaluated for the 5CoFSP catalyst (50
mg of catalysts and 200 mg of SiC of the same sieve fraction) in the same reactor
used for CO2 hydrogenation at 1 bar. The reaction was started by replacing the
reducing gas mixture with a flow of 50 mL/min (18.8 vol.% CO2, 56.2 vol.% Hz, and
25 vol.% Ar for a H2/CO:z ratio of 3), followed by increasing the total pressure in the
reactor to 10 bar using a back-pressure regulator.

Results

Catalyst Characterization

CoFSP and CeFSP samples were prepared by flame spray pyrolysis. The most im-
portant physicochemical properties of the CoFSP samples are listed in Table 2.1.
The Co content of the samples determined by ICP-OES elemental analysis agrees
reasonably with the targeted values. Synchrotron XRD patterns of the as-prepared
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CoFSP samples are shown in Figure 2.1a. The dominant crystalline phase is fluorite
CeOz. At a Co content of 10 mol.% and higher, additional diffraction lines belong to
Co304 (Figure 2.1b). The CeO: lattice parameter (aceo2) and CeO: particle size were
estimated by Rietveld refinement (Table 2.1). The CeO: lattice parameter was
smaller for the CoFSP samples containing less than 10 mol.% Co than for the CeO:2
reference sample prepared by flame spray pyrolysis. This can be attributed to the
substitution of some Ce cations in the CeOQ: lattice with smaller Co cations.?¢ The
CeO: lattice parameter of the other samples containing more Co is similar to the one
determined for CeFSP. The average CeO: particle size determined from the XRD
data is around 9 nm. There is no clear correlation between the average CeO: particle
size and the Co content. The specific surface areas, determined by N2 physisorption
vary in the 110-180 m?/g range decrease with increasing Co content. For the samples
containing Co304, the Rietveld refinement showed that the Co304 particle size in-
creased from 3.9 nm for 10CoFSP, 5.5 nm for 20CoFSP to 6.6 nm for 30CoFSP.

UV-Vis spectra of CeFSP and as-prepared CoFSP catalysts (Figure 2.1¢) are char-
acterized by bands in the 260 — 280 nm range, which can be assigned to Ce02.3"
The formation of Co doped in CeO: in samples containing less than 10 mol.% can
be judged from the broad band in the 400 — 600 nm range (Figure 2.1c).3 The sam-
ples containing 10 mol.% Co and more showed bands in 400 — 480 and 700 — 760
nm ranges characteristic of Co3O4. These bands represent ligand-to-metal O% - Co?*
and O2-- Co3* charge transfer, respectively.®

Table 2.1. Physicochemical properties of as-prepared CoFSP and CeFSP samples.

Catalyst Cc:) . SgETb dCeozC dCoBOét aCe(ZZ dCeOﬁ Colo/Ceo .
(mol.%) (m?/g) (nm) (nm) (A) (nm) (at.%/at. %)
CeFSP 0 181 | °F - 5411 | )¢ -
1CoFSP | 0.9 166 | 1o1* - 5410 | %0F 0.01
25COFSP | 2.3 166 | O°F ; 5403 | %°F 0.04
5COFSP | 4.6 155 | OnF ; 5404 | 42F 0.06
10CoFSP | 95 1g | 99F | 395 | 5410 | O0F 0.11
20CoFSP | 18 151 1%'_% £ | s | O0F 0.23
30CoFSP | 27 97 Sre | 80% | 5411 | O9F 0.35

a — determined from ICP analysis, b -determined by N> physisorption on as-prepared
samples, ¢ — determined by Rietveld refinement of synchrotron XRD on as-prepared
samples, d — determined by TEM for as-prepared samples, e — determined by XPS
for as-prepared samples

Representative TEM images (Figure A1) show that the samples contain octahedrally
shaped particles, irrespective of the Co content. The average particle size is in the 4
— 6 nm range without a noticeable trend with the Co content.*® Due to the poor
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contrast, no clear Co-oxide particles could be distinguished. STEM-EDX maps of
some of the as-prepared CoFSP samples in Figure 2.2 reflect the nanoscale distri-
bution of Co. At the lowest Co content (2.5CoF SP), the maps suggest a homogene-
ous distribution of Co in the CeO:2 particles. At higher Co content (5CoFSP), some
Co-containing particles become visible. These particles are even more evident in the
10CoF SP sample with an average size of ~4 nm.
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Figure 2.1. Synchrotron XRD patterns (A = 0.182 A) of (a) CoFSP and CeFSP with
(b) a zoom in the g = 2.0 - 3.6 A -' region, highlighting the Cos04 (220) diffraction line
(c) UV-Vis spectra of CeFSP, CoFSP, and the Co304 reference.

XPS and CO IR spectroscopy were used to probe the surface composition of the as-
prepared samples. Deconvoluted XP spectra are shown in Figure A2. The XP spec-
tra of 1CoFSP, 2.5CoFSP, and 5CoF SP catalysts can be fitted by a single Co?* com-
ponent, as reflected by the single Co 2ps2 peak at a binding energy of 781.0 eV and
the accompanying satellite at 786.5 eV. At Co contents above 5 mol.%, the spectra
can be fit by a 2ps;2 contribution of Co3* at 778.8 eV and two Co?* contributions at
780.6 eV and 782.4 eV.#' The Co®* fraction for these samples is ~45%, which is lower
than the expected Co8* fraction in CosO4. This means that these samples also con-
tain Co?* ions in the CeO: lattice (Co-CeO2 solid solution) or Co0O.4? The surface
Co/Ce ratios determined by XPS increase with the Co content and are slightly higher
than the bulk values, suggesting that most Co is located in the surface region. The
presence of Co?* was also evident from the CO IR spectra recorded at liquid N2 tem-
perature (Figure A3). In addition to narrow bands at 2150 — 2155 cm" related to CO
adsorption on Ce**, 4345 the CO IR spectra of the CoFSP samples contain a sharp
band at 2090 — 2100 cm™' due to CO adsorption on Co2*.4647 A band due to CO
adsorption on Co®*, which is expected at 2180 cm~' 46, was not observed in these
CO IR spectra.

STEM-EDX, XRD, XPS, and UV-Vis results indicate that all CoF SP catalysts contain
highly dispersed Co?* at the CeO: surface as CoO or doped into the CeOz2 surface.
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At a Co content of 10 mol.% and above, Co-oxide particles are formed, which are
most likely Co3Oa. Figure 2.3a shows the amount of Co?* and Co3* as a function of
the Co content. The amount of Co?* does not vary substantially, increasing to ca. 4.6
mol.% for 5CoFSP and then plateauing at values ~3 mol.% for 10CoFSP, 20CoFSP,
and 30CoFSP. Highly dispersed Co?* ions in the CeO: surface likely represent this
nearly constant amount of Co?*. In contrast, the amount of Co%* increases strongly
with Co content, indicative of the agglomeration of Co at higher content as Co30a.

5CoFSP 2.5CoFSP

10CoFSP

Figure 2.2. STEM-EDX images: (left) HAADF-STEM images and corresponding
EDX elemental maps of mixed Co and Ce (in the middle), Ce (right), Co (right) for
as-prepared CoFSP catalyst.

Normalized XANES spectra at the Co K-edge are presented in Figure 2.3b. The
edge energy of the samples containing 10 mol.% and more Co is 7722.0 eV, similar
to the edge energy of the Co304 reference. Thus, these samples contain a significant
amount of Co304. The edge energy of the samples containing less Co is 7714.7 eV,
significantly lower than that of CoO (7716.6 eV). We speculate that this is due to the
different electronic states of Co?* ions substituting for Ce#* in CeO2 and Co?* in CoO.
To determine the amount of Co in the lattice and in Co304, we employed linear com-
bination fitting of the XANES spectra. For this purpose, we prepared a 1CoFSP sam-
ple with a Co content of 1 mol.% and used its XANES spectrum as the reference for
isolated Co in CeOz2. The bulk Co304 powder was used as the reference for Co30a4.
The results in Figure 2.3¢c show that the amount of Co3Oa4 is small in the samples
with 5 mol.% or less Co and strongly increases for samples containing more Co. The
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amount of isolated Co?* ions increases with Co content until a Co content of 5 mol.%
and then levels off at slightly lower values, in good agreement with the XPS analysis.

We also analyzed Co K-edge EXAFS data to determine the local structure around
the Co atoms. The real-space fits are provided in Figure 2.3d, while the fit parame-
ters of the k3-weighted EXAFS are listed in Table S1. The 1CoFSP, 2.5CoFSP and
5CoFSP samples contain Co — O (~1.95 A) and Co — O — Ce (~3.21 A) shells with
coordination numbers (CNs) of 3.6 and 3.2 for 1CoFSP, 5.2 and 2.1 for 2.5CoFSP,
4.0 and 4.1 for 5CoFSP, respectively. These distances and coordination numbers
are in reasonable agreement with the proposed structure of Co substituted for Ce**
in CeOz2 48, |t is also seen that an increase of the Co content from 2.5 mol.% to 30
mol.% results in a decrease of the CNs of the Co — O shell from 5.4 to 4.0 and the
Co — O — Ce shell from 3.2 to 1.8, while the CN of the Co — O — Co shell(~2.67 A)
and Co — O — Co shell(~3.21 A) increase from 0.45 to 2.7 and from 1.3 to 4.9, re-
spectively. Trend-wise, these structural changes agree with the growing contribution
of Co304, which contains Co in tetrahedral and distorted octahedral coordination,
next to the presence of Co in the CeO: lattice.
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Figure 2.3. (a) Deconvolution results of Co 2ps2 for as-prepared CoFSP catalysts
(dark grey round- the difference between total Co?* and Co?*, arising from Co304;
orange round — Co%*; dark grey triangle — the estimated amount of Co?* from C030a.
(b) Normalized XANES spectra at the Co K-edge of the as-prepared CoFSP catalysts
with a Co304 reference (black) and CoO (beige). (c) Amount of isolated Co?* and
Co304 as a function of the Co content, following from linear combination fitting of
XANES spectra. (d) Co K-edge k3-weighted R-space plots of the as-prepared
CoFSP catalysts with the dashed lines indicating the uncorrected distances of the Co
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Reduction of CeFSP and CoFSP

Next, we studied the reduction behavior of these samples. Reducing Co ions strongly
interacting with CeO2 requires higher temperatures than Co in Co-oxides. The reduc-
tion of Co304 will also depend on other aspects, such as the Co-oxide dispersion and
their interaction with the CeOz2 support.*%5° Figure 2.4a shows the weight-normalized
H2-TPR profiles for the CoFSP and CeFSP samples. Typically, the reduction of
Co304 proceeds in two steps: (i) the reduction of Cos04to CoO and (ii) the reduction
of CoO to Co.59-52 While the surface of CeO: can already be reduced at relatively low
temperatures in the presence of metals that can activate Hz, bulk reduction of CeO:
occurs at temperatures above 700 °C.5354 CeFSP exhibits a single reduction feature
at 580 °C, attributed to the reduction of surface Ce** to Ce?*.55 56-58 Al CoFSP cata-
lysts exhibit a low-temperature peak at 200 °C, which is due to the reduction of sur-
face-adsorbed oxygen species.5%8 The H2-TPR profiles of 1CoFSP and 2.5CoFSP
are characterized by a main reduction peak at 350 °C. The broad reduction peak at
350 °C can be assigned to the reduction of CoO in strong interaction with CeO:2 or
Coin a Co-CeO: solid solution.?® This interpretation is consistent with the XAS, XRD,
and XPS findings, indicating the predominance of Co?* species at low Co content.
Increasing the Co content from 1 mol.% to 2.5 mol.% shifts the main reduction peak
to lower temperatures. This suggests Co in 1CoFSP is more difficult to reduce and
might be due to the reduction of Co in Co—O—Ce interface, typically observed at 400
— 600 °C.%8 At a Co content of 5 mol.% and above, the H>-TPR profiles show two
peaks at 300 °C and 425 °C, owing to the reduction Co304 to CoO and CoO to Co,
respectively.59-52 The corresponding Hz2 consumption and estimated CeO: reduction
degree are shown in Table 2.2. The excess of consumed H: is defined as the differ-
ence between the total H2 consumed and H: required to reduce CoO/Co0304+ com-
pletely. This excess is substantial for all catalysts and varies slightly with the Co con-
tent (Figure 2.4b). Thus, the formation of metallic Co facilitates hydrogen spillover
and partial reduction of the CeO2 surface.

Table 2.2. Catalyst reducibility of CeFSP and CoFSP catalysts determined by Ho-
TPR.

1Co | 2.5Co | 5Co | 10Co | 20Co | 30Co

Catalyst CeFSP | rsp | FSP | FsP | FsP | FSP | FSP

Hz2 (mmol/g)? 059 | 078 | 066 |1.12| 145 | 211 | 2.89

Excess H2 consumed (mmol/g)® - 061 | 052 |044 | 033 | 0.54 | 0.39

a —determined from H2-TPR in 100 — 650 °C range, b - estimated from the difference
between total H2 consumption and Hz required to fully reduce CoO/Co0304 during Hz-
TPR.

To facilitate the assignment of the reduction peaks in the H2-TPR profiles, we inves-
tigated the reduction of the 5CoFSP and 20CoFSP samples by in situ NAP-XPS. The
total pressure in these NAP-XPS measurements was 3 mbar, which is significantly
lower than in the H2-TPR measurements. Figure 2.4c shows the deconvoluted Co
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2p32 and Ce 3d spectra of 20CoFSP obtained during a H2-TPR treatment in NAP-
XPS. The corresponding results for 5CoFSP are shown in Figure A4. The most sig-
nificant changes in the XP spectra occurred in the 200 — 400 °C range. Figure 2.4d
plots the Co speciation (fractions of Co3*, Co?*, and Co?) and the Ce3* fraction as a
function of the reduction temperature for both samples. The contribution of Ce?* in-
creased gradually to ~30% between 200 and 400 °C, already before the observation
of Co®. The Co°fraction increased to ~19% (representing an amount of ~1 mol.% Co)
for 5CoFSP and 80% (representing ~14 mol.% Co) for 20CoFSP, confirming the sub-
stantial difference in Co reduction degree. The 20CoFSP sample showed the con-
ventional reduction behavior where CosO4 first transformed to CoO in the 200 — 250
°C range, followed by Co® formation at higher temperatures.
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Figure 2.4. (a) Weight-normalized TPR profiles of CeFSP support and CoFSP cata-
lysts (conditions: 4 vol.% Hz, 50 mL/min). (b) Amount of H2 consumed during TPR
experiments (grey — excess Hy; light orange — Hz required for complete CoO reduc-
tion; light blue — Hz required for complete Co304 reduction. (c) Deconvoluted Co 2ps2
(left) and Ce 3d (right) spectra obtained during H2-TPR of 20CoF SP followed by NAP-
XPS (conditions: 33.3 vol.% H2in Ar, 3 mbar, 200 — 500 °C). (d) Co®%* (light blue), Co?*
(orange), Co®(green) and Ce3* (grey) contributions for 20CoFSP and 5CoFSP (con-
ditions: 33.3 vol.% Hzin Ar, 3 mbar, 200 — 500 °C; spectra in Figure 2.4c and A4).

Based on the XPS analysis after reduction at 500 °C, we determined that the reduced
samples contain almost the same amount of Co?, i.e., 3.7 mol.% for 5CoFSP and
3.8 mol.% for 20CoFSP. Likely, these species are highly dispersed Co?* ions in
strong interaction with the CeO:2 support, which cannot be reduced at 500 °C. The
high reduction degree of the CeO2 surface observed when the samples are reduced
above 400 °C, aligning with the formation of Co?, supports the notion of H spillover
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from metallic Co to CeO2, which implies the formation of oxygen vacancies.?' Based
on this data, we can attribute the broad feature above 300 °C in the TPR profile of
5CoFSP and 20CoF SP to the reduction of Co?* to metallic Co and partial reduction
of CeOz.

Overall, the H2-TPR and NAP-XPS results showed a similar reduction degree of
CeOg, independent of the Co content of the CoFSP samples. Significant reduction of
the CeO: surface goes together with the formation of metallic Co at temperatures in
the 350 — 400 °C range. H2 dissociation is easier on the samples containing more
than 5 mol.% Co. Samples with a low Co content contain a relatively large fraction of
Co?* ions in strong interaction with CeO2, which cannot be reduced at 500 °C. The
amount of such stable Co?* species is nearly the same in all samples, ca. 3.8 mol.%.

Catalytic Activity Measurements

As mentioned above, the catalytic performance of the reduced CeFSP and CoFSP
samples in CO2 hydrogenation was evaluated after reduction at 300 °C. The CO:
hydrogenation reaction was carried out at atmospheric pressure and in the 200 — 300
°C temperature range (Figure A5.1). The catalytic results will be discussed first, fol-
lowed by a detailed study of the catalyst surface structures obtained after reduction
at 300 °C. While CeFSP and 1CoFSP were not active in CO2 hydrogenation, the
reduced CoFSP catalysts containing more Co hydrogenated CO2 to CO and CHa4
(Figure 2.5). Small amounts of CH3OH, C2Hs, and CsHs were also observed at low
reaction temperatures. The 2.5CoFSP catalyst shows a high selectivity towards CO
(~79%) and the highest CH3OH selectivity of ~4% at 200 °C at a low COz conversion
of 0.2%. The COz2 conversion rate and the CH4 selectivity increase with the Co con-
tent. The 5CoFSP sample also produced a small amount of CH3sOH, while only CO
and CHs4 were observed for the other samples with a higher Co content. The
30CoFSP sample achieved a CHs selectivity of 92% at a CO2 conversion of 4.8% at
200 °C. Increasing the reaction temperature also led to a higher CO conversion rate
and CHa selectivity (Figure A5.1), in line with suggestions that CO2 methanation fol-
lows the CO2 — CO — CH4 pathway.6263

The influence of the H2/CO: ratio on the catalytic performance was evaluated for the
5CoFSP catalyst reduced at 300 °C and atmospheric pressure (Figure A5.2). The
CO:2 conversion and CHjs selectivity increase with increasing H2/COz2 ratio. The high-
est CH3OH selectivity of ~2% at 200 °C (CO:2 conversion 0.7%) was found for a
H2/CO: ratio of 4. Figure A5.3 reports the impact of the reaction pressure on the
catalytic performance of 5CoFSP at a H2/CO:2 ratio of 3. The CO2 conversion and
CHas selectivity decrease from 2.9% to 1.2% and 58% to 10%, respectively, when the
pressure is increased from 1 to 10 bar. At higher pressure, the CO selectivity was
much higher at 85%. accompanied by an increase in the CH3OH selectivity from 0.8%
at 1 bar to 2% at 10 bar.
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Figure 2.5. Catalytic activity and product distribution of the CoFSP catalysts reduced
at 300 °C in COz2 hydrogenation at 200 °C. The reaction rate was normalized to the
total Co content (conditions: 200 °C, 1 bar, 50 mg of sample, 15 vol.% COz2, 60 vol.%
Hz, 25 vol.% Ar, 50 mL/min, 1 bar).

Figure 2.5 shows Co-normalized reaction rates obtained at 200 °C and differential
conditions (COz2 conversion below 10%) as a function of the Co content. The highest
reaction rate of 3.9 = 0.2 x 10-3 molcoz-molco™ -s*! was obtained with the 10CoFSP
catalyst. Normalizing the reaction rates to the number of metallic Co sites is chal-
lenging due to hydrogen spillover to the CeO2 support. Several mechanistic studies
emphasized that CO: hydrogenation to CH4 requires sufficiently large metallic nano-
particles exposing step-edge sites for C-O bond dissociation in the CO intermediate
26,64 As small metallic Co clusters lack such sites, a high selectivity to CO has been
reported for catalysts with very high Co dispersion.426566 For Co-CeO2 catalysts, Co—
O-Ce interfaces are also considered to be selective for the rWGS reaction.26%66 On
the other hand, the work of Parastaev showed that very small Co clusters stabilized
on CoO can catalyze CO2 methanation with high reaction rates.?6 The catalysts under
study here contain (i) isolated Co?* in the CeO2 surface, which cannot be reduced at
300 °C and likely catalyze the conversion of CO2 to CO and (ii) Co metal nanoparti-
cles, whose amount and size increase with Co content, resulting in an increasing
CO2 methanation activity. The 2.5CoFSP sample with the lowest Co content shows
the highest CO formation rate and the lowest CH4 formation rate, which is due to the
predominance of Co?* in this sample. We speculate that such highly dispersed Co —
O - Ce species catalyze CO formation, while a very small amount of metallic Co is
responsible for CH4 formation. CH4 formation may occur on very small Co clusters in
close contact with Co?* sites in a configuration resembling that of Co-CoO interfaces
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suggested by Parastaev et al. 26 or on a small number of larger Co particles. The
former Co%-Co2*-O-Ce sites might also play a role in the hydrogenation of CO: to
CH3OH. With increasing Co content, the reduced catalysts contain an increasing
amount of metallic Co nanoparticles at a nearly constant amount of Co2*. While it is
likely that the rate of CO formation on the latter sites does not very much with the Co
content, CO will be further converted to CH4 on the metallic Co nanoparticles. The
metallic Co nanoparticles provide sites for the conventional hydrogenation of CO: to
CH4 via CO intermediate. Moreover, CH3OH will likely be decomposed on metallic
Co, which provides a reasonable explanation for the absence of CHsOH among the
reaction products for the other catalysts. While the CO formation rate decreases with
an increasing amount of metallic Co, the CH4 formation rate goes through a maxi-
mum for the 10CoFSP sample. We speculate that this is due to the increasing size
of Co nanoparticles, although we cannot exclude a role of the interface between Co
nanoparticles and CeO:z in CO2 methanation. This interface of Co nanoparticles with
the support will decrease with increasing Co nanoparticle size. To understand the
structure sensitivity of this set of catalysts, we investigated their structure after reduc-
tion at 300 °C.

Structure characterization reduced catalysts

The Co particle size in the reduced and passivated CoFSP catalysts was estimated
from HAADF-STEM-EDX maps (Figure 2.6). At low Co content (2.5CoFSP), Co re-
mains highly dispersed on CeO:, similar to the EDX maps of the as-prepared
2.5CoFSP (Figure 2.2). Increasing the Co content to 5 mol.% led to some Co clusters
with a size of ~1.5 nm. The average Co particle sizes were ~4.5 nm and ~6.5 nm for
reduced 10CoFSP and 20CoFSP, respectively. The EDX maps indicate that all the
catalysts also contained highly dispersed Co.

We employed quasi-in situ XPS to study the surface composition and reduction de-
gree of the reduced CoFSP samples. The samples were reduced in the reactor
chamber of a Kratos XPS system. The reduction was carried out at 300 °C for 4 h at
atmospheric pressure in a flow of 20 vol.% H:z in He. The resulting Co 2ps2 and Ce
3d XP spectra and their fits are shown in Figure 2.7a, and the fit results are given in
Table 2.3. The fraction of metallic Co in the reduced samples was 9% for 2.5CoFSP,
14% for 5CoFSP, 52% for 10CoFSP, and 74% for 20CoFSP. The amount of highly
dispersed Co?* in the reduced samples was nearly constant, i.e., ~4 mol.%, (Figure
2.7b). The contribution of metallic Co increased with Co content, indicating that seg-
regated CoO and Co304 particles in the as-prepared samples are easier to reduce
than Co incorporated into CeOs. If we assume that XPS can probe all Co, the amount
of reduced Co atoms increased from 0.2 mol.% for 2.5CoFSP to 13.5 mol.% for
20CoFSP. Deconvolution of the Ce 3d XP spectra shows that reduction led to an
increase of the Ce3* fraction from ~8% in the as-prepared samples to ~33% in the
reduced catalysts. The XPS Co/Ce surface ratios in the reduced CoFSP catalysts
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were lower compared to the corresponding ratios in the as-prepared catalysts (Table
2.1 and Table 2.3). This points to sintering of Co species during the reduction step,
considering that the encapsulation of Co by CeOz2 is not likely to occur at the low
reduction temperature used.

10CoFSP300

X .
5CoFSP300 s _ 1 -
e =

Figure 2.6. STEM-EDX images: (top) HAADF-STEM images and corresponding
EDX elemental maps of Co and Ce and (bottom) Co for reduced and passivated
CoFSP catalyst.

H2 chemisorption measurements show that the reduced catalysts with a Co content
5 mol.% and above chemisorb Hz irreversibly (Table 2.3, Figure 2.7c, Figure A6).
The 1CoFSP and 2.5CoF SP catalysts do not chemisorb Hz at 150 °C, which is likely
due to the very small amount of metallic Co. The amount of chemisorbed H: in-
creased with the Co content, reaching the highest value for 10CoF SP. The theoretical
amount of chemisorbed H2 was estimated based on the Co particle sizes estimated
from STEM-EDX maps and assuming a spherical particle shape, a H/Co adsorption
stoichiometry of unity, and the Co reduction degrees determined by quasi-in situ
XPS. The dispersion of a small amount of Co particles in 2.5CoFSP was assumed to
be 100%. The resulting theoretical estimates of 0.013 mmol/g for 5CoFSP, 0.033
mmol/g for 10CoFSP, and 0.065 mmol/g 20CoFSP are substantially lower than the
experimental Hz2 chemisorption values of 0.36 mmol/g for 5CoFSP, 0.38 mmol/g for
10CoF SP and 0.35 mmol/g for 20CoF SP. The difference is caused by hydrogen spill-
over to CeO2 in supported metal nanoparticle catalysts.7-68

CO chemisorption revealed strong CO chemisorption on the reduced CoFSP cata-
lysts and CeFSP (Table 2.3, Figure 2.7c, Figure A7). The amount of irreversibly
chemisorbed CO on CeFSP indicates the presence of oxygen vacancies upon re-
duction.®®70 As the H2 chemisorption data show that more oxygen vacancies are
formed in the presence of Co, a significant fraction of CO chemisorbed on the re-
duced Co-containing catalysts is likely due to oxygen vacancies. At a Co content of
2.5 mol.% and higher, the amount of chemisorbed CO increases strongly. Although
part of the chemisorbed CO is on metallic Co 7173, it is clear that CO chemisorption
data cannot be used to determine the number of metallic Co sites.
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Table 2.3. Physicochemical properties of reduced at 300 °C CoFSP and CeFSP
samples.

Catalvst Ce 1Co 2.5Co 5Co 10Co 20Co 30Co
Y FSP FSP FSP FSP FSP FSP FSP
dco (Nnm)? n.a. n.a. 1.5 4.5 6.5 n.a.
(mchfI/g)b 0.00 0.00 0.00 0.36 0.38 0.35 0.35
Theoretical
H2 - - 0.007 0.013 0.033 0.065 -
(mmol/g)°
(0]
(mmol/g)® 0.06 0.02 0.16 0.23 0.21 0.24 0.28
Co
reduction - - 0.09 0.14 0.52 0.74 -
degree®
Ce’ (%)° - - 35 32 33 32 -
Col/Ce
(at.%/at.%)° - - 0.01 0.02 0.03 0.07 -

a — Co patrticle size determined by STEM-EDX on reduced at 300 °C and passivated
CoFSP catalysts; b — determined by H, chemisorption at 150 °C on pre-reduced
samples at 300 °C; c - estimated assuming a spherical shape of the Co particles and
a H/Co adsorption stoichiometry of 1, the Co reduction degree, derived from XPS of
reduced CoFSP catalysts, and STEM-EDX-derived Co patrticle sizes; d — determined
by CO chemisorption at 35 °C on pre-reduced samples at 300 °C; e — Co reduction
degree Co%(Co%+Co?*) and Ce?* fraction determined by quasi-in situ XPS on sam-
ples reduced at 300 C.

The Co speciation in the reduced catalysts was also investigated by CO IR spectros-
copy at 50 °C and liquid N2 temperature (Figure 2.8 and A8-10). The assignment of
the IR bands is shown in Table A2. The spectra recorded at 50 °C are characterized
by linear and bridged carbonyl bands in the 2060 — 2000 cm-' and 1970 — 1840 cm-!
ranges, respectively.” The narrow carbonyl band in the 2020 — 2040 cm™' range for
2.5CoF SP points to CO adsorption on very small Co clusters.267475 |t is unlikely that
atomically reduced Co is stable on CeOs.. In line with this, the spectra of 2.5CoFSP
also contain a band due to bridged carbonyls. With increasing Co content, the posi-
tion of the linear carbonyl band shifts to lower wavenumbers (2000 cm-'. This car-
bonyl band is already significantly broader at low CO coverage compared to the car-
bonyl band in 2.5CoFSP. This can be explained by CO adsorption on larger metallic
Co particles in reduced 5CoFSP, 10CoFSP and 20CoFSP. With increasing CO par-
tial pressure, the carbonyl band shifts to 2040 cm" due to lateral interactions between
adsorbed CO molecules, which is typical for metallic Co nanoparticles.”®’” The IR
spectra of the CoFSP samples also contain indications of various formate species
(formate-l at 2838, 1584, and 1565 cm-'; formate-Il at 2838, 1565, and 1359 cm™;
formate-lll at 1550, 1371 cm-") with a minor contribution of carbonate species (Figure
A8).78
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Figure 2.7. (a) Deconvolution of Co 2ps2 and Ce 3d XP spectra of 2.5CoFSP,
5CoFSP, 10CoFSP and 20CoFSP after reduction at 300 °C (conditions: 20 vol.%H:2
in Ar, 50 mL/min, 10 °C/min, 4 h). (b) Co reduction degree (Co%(Co%+Co?*)) and Ce3*
fraction derived from XP spectra in panel (a). (¢) Amount of H2 and CO chemisorbed
during chemisorption measurements on CeFSP and CoFSP samples reduced at 300
°C.

The corresponding IR spectra recorded at liquid N2 temperature are shown in Figure
A9-10. The carbonyl band for 2.5CoFSP is narrower than the carbonyl bands for the
other samples, further supporting the conclusion that this sample contains small Co
clusters. The relatively narrow band at ~1933 cm-", due to bridged carbonyls on Co
clusters, was only observed for the reduced 2.5CoFSP. Moreover, the carbonyl
bands on the small Co clusters in 2.5CoFSP are much broader in the IR spectra
recorded at liquid N2 temperature than those recorded at 50 °C. This is likely due to
lateral interactions of these carbonyls with CO adsorbed on proximate Co?* sites and
other sites. While the reduced 2.5CoFSP sample likely contains very small metallic
Co clusters, the reduced 5CoFSP, 10CoFSP, and 20CoFSP contain metallic Co na-
noparticles, as evident from the IR spectra. With increasing Co content, the band at
~2030 cm™! broadens and shifts to ~2055 cm-".

CO:2 activation was studied by CO2 IR spectroscopy at 50 °C (Figure 2.9 and A11).
All IR spectra contain a strong band due to the asymmetric stretching vibration of
gaseous CO: at ~2346 cm™'.76 The presence of significant carbonyl bands in the 2025
— 2084 cm' range implies that CO2 dissociation occurs already at 50 °C. Notably,
the carbonyl bands for 2.5CoFSP are narrower and sharper than those for the other
samples, which is in line with the CO IR spectra presented above. At a Co content of
5 mol.% and above, the spectra contain a strong carbonyl feature at 2000 cm-' due
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to CO adsorbed on Co nanoparticles. In line with the CO IR spectra above, this car-
bonyl band blue-shifted with increasing CO2 partial pressure, pointing to lateral inter-
action between CO molecules on metallic Co particles. Compared to 2.5CoFSP, the
IR spectra of 2.5CoFSP, the 5CoFSP, 10CoFSP, and 20CoF SP catalysts contained
much stronger carbonyl bands. Notably, the (bi)carbonate/formate bands are
stronger than the carbonyl bands for all CoFSP catalysts. Such formate and car-
bonate species might also be involved in CO:2 dissociation. The 2.5CoFSP sample
contains much more formate species than 5CoFSP, 10CoFSP and 20CoFSP, which
can probably be linked to the presence of Co small clusters with a high perimeter
surface with the support in the former sample. The higher intensity of the formate
bands for 2.5CoFSP together with the lower intensity of Co carbonyls may indicate
that the rWGS reaction on 2.5CoFSP involves highly dispersed Co?* species,
whereas Co nanoparticles convert CO2 to CO and CHj4 via conventional metal-cata-
lyzed reactions.

The negative band at 2090 cm-! in the COz2 IR spectra indicates that CeO2 was par-
tially reoxidized by COz in the reduced CoFSP catalysts. Moreover, a broad band
was observed in the 2110 — 2135 cm™! range for the reduced CeO2-based catalysts,
which is due to the 2F5/2 — 2F7/2 electronic transition of Ce3*.43 The appearance of
this band upon reduction evidences the partial reduction of CeOz: in the CeFSP and
CoFSP catalysts.?' Various formate (formate-I at 2838, 1584, and 1565 cm-"; for-
mate-Il at 2838, 1565 and 1359 cm-'; formate-IIl at 1550, 1371 cm') and carbonate
and bicarbonate (1635, 1425, 1222 cm-') species are also observed for all CoFSP
catalysts (Figure A11), which implies the high surface reactivity towards CO:. Earlier,
Parastaev et al. concluded that CO: activation in partially reduced Co/Ce0O2-ZrO2
catalysts takes place at sites at the interface between metallic Co and reducible com-
ponents in the catalysts, namely CoO and Ce0>.26

The structural changes of the CoFSP catalysts and the bare CeFSP support during
reduction and subsequent CO2 hydrogenation were also investigated by in situ syn-
chrotron XRD. The XRD patterns of all CoFSP catalysts can be described well by
CeO: (Figure A12). No reflections related to Co-containing phases were observed
on 2.5CoFSP and 5CoFSP, suggesting that the reduced Co particles were very
small, which is in line with the STEM-EDX maps. The 10CoFSP and 20CoFSP show
a stepwise reduction of CosO4 to Co metal following the sequence Co304 — CoO —
Co at temperatures around 175 °C and 225 °C, respectively (Figure A12). The AXRD
shows that, with increasing Co content, the contribution at q = 2.96 A" due to metallic
Co becomes stronger (Figure 2.10a). The negative features at q = 2.58 and 4.36 A-
"in the subtracted XRD patterns (AXRD) of the 10CoFSP and 20CoFSP catalysts
are due to the reduction of C030a.
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Figure 2.8. IR spectra of the CoFSP samples reduced at 300 °C after CO adsorption

at 50 °C (conditions: 1 — 10 mbar CO).
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Figure 2.9. IR spectra of the CoFSP reduced at 300 °C after CO2 adsorption at 50

°C (conditions: 1 — 10 mbar CO2).

Rietveld refinement of the XRD patterns revealed an increase in the CeOz2 unit cell
parameter during reduction for all catalysts and the CeFSP sample (Figure 2.10b),
along with a minor increase of the CeO: crystallite size from 8 nm to 12 nm (Figure
2.10c¢). In addition to gradual thermal expansion, a more abrupt expansion of the
CeOz2 unit cell parameter from 5.405 to 5.444 A was observed in the 100 — 250 °C
temperature range for all CoFSP catalysts and the CeFSP support (Figure 2.10b).
Nevertheless, the expansion of the CeFSP unit cell is more gradual, and the change
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in the unit cell parameter is less pronounced than that of the CoFSP catalysts (Figure
2.10b). The reduction of Ce** to the larger Ce®* ion and the electrostatic repulsion
between oxygen vacancies and the surrounding cations cause this abrupt increase
of the unit cell parameter.”

The G(r) derived from the PDF of CoFSP and CeFSP before and after reduction are
shown in Figure A13. The observed peaks at distances r= 3.8, 4.5, 5.4, 5.9, and 6.6
A are characteristic of the CeOz2 structure. The refined lattice parameters of as-pre-
pared CeFSP, 2.5CoFSP, 5CoFSP, and 10CoFSP catalysts are 5.408 A, 5.398 A,
5.399 A, and 5.400 A, respectively (Table A3). The decrease in the unit cell param-
eter for CoOFSP samples can be explained by shortening of the average distance
between Ce-Ce atom pairs due to Co insertion in the CeOz2 lattice, which is in good
agreement with the other characterization results.89 The change in the unit cell pa-
rameter is less pronounced for the catalysts containing more Co. The experimental
PDF curves were also fitted by a Gaussian to the expected peak at a Ce-Ce distance
of ~3.8 A in the CeO:- fluorite structure. The resulting CeO2 peaks of as-prepared
CoFSP catalysts exhibit shorter interatomic distances than the CeFSP peaks, which
supports the insertion of Co in the CeO: structure (Table A4). To identify small
changes due to Co, AG(r) was determined by subtracting G(r) of CeFSP from the
G(r) of the CoFSP catalysts (Figure A14). Following an example in literature for Ni-
Zr02-Ce02 8, the PDFs of C0304, CoO, Co, and Co doped in CeO2 were modeled.
Comparison of the experimental PDF to these models shows that the AG(r) of the
as-prepared 10CoF SP catalyst contains features of Co3O4 and Co doped in the CeO:2
lattice (r = 3.8 and 4.5 A) (Figure A14), while the AG(r) of the 2.5CoFSP and 5CoFSP
shows mostly peaks matching those of Co doped in the CeO: lattice (r = 3.8 and 4.5

A).

The direct G(r) analysis and Rietveld refinement of the PDF data of the reduced cat-
alysts show an increase in the interatomic distances, implying an expansion of the
CeO: lattice. This can be attributed to thermal expansion and the formation of Ce3*
ions. The likely random distribution of Ce3* in the reduced catalysts and the increased
thermal motion at higher temperatures can explain the broader peaks in the PDF
(Figure A13). The AG(r) of the reduced CoFSP catalysts shows features of metallic
Co (r = 2.5; 4.3 and 5.6 A) and Co doped into the CeO lattice (r = 3.8 and 4.5 A)
(Figure A14). The latter implies that not all Co?* ions were reduced under these con-
ditions, which is consistent with the quasi-in situ XPS and STEM-EDX results of the
reduced catalysts.
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Figure 2.10. (a) Synchrotron AXRD (A = 0.124 A) of CeFSP and CoFSP before and
after reductive pretreatment. AXRD difference is obtained by subtraction of the dif-
fractogram of as-prepared sample from reduced diffractogram of the same sample.
(b) Refined unit cell parameter of CeO2 for CeFSP and CoFSP during reductive pre-
treatment. (c) Refined CeO:2 particle size of CeFSP and CoFSP during pretreatment
(conditions: 20 vol.% Hz in Ar, 50 mL/min, 50 — 300 °C, 1 bar).
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Discussion

Combined XRD, XAS, and STEM-EDX data demonstrate that the introduction of Co
into CeO: first leads to the formation of highly dispersed Co?*, most likely dispersed
in the surface of CeO:2 as a solid solution (1CoFSP and 2.5CoFSP). The substitution
of Ce with Co is evident from the unit cell contraction probed by XRD. A higher Co
content led to Co-oxide particles in addition to a nearly constant amount of highly
dispersed Co?*. The presence of Co species differing in their interaction with CeO:2
led to different reduction behavior as followed from H2-TPR and NAP-XPS measure-
ments. Reduction at 500 °C led to a small amount of Co® with most (~80%) of Co
remaining as highly dispersed Co?*. On the other hand, the same reduction treatment
led to the reduction of nearly 80% of Co in 20CoFSP, resulting in the predominance
of Co metal nanoparticles. The amount of highly dispersed Co?* was found to be
nearly constant in all samples, suggesting that these species are too strongly bound
to CeO2 to be reduced under the given conditions. The presence of such uniformly
distributed Co species was confirmed by STEM-EDX maps in the as-prepared and
reduced samples. Thus, while highly dispersed Co — O — Ce species are not reduced,
the CoO and Co30s4 particles in the as-prepared CoFSP precursor result in nanome-
ter-sized Co particles upon reduction. Irrespective of the Co content, the surface of
CeO2 was found to become partially reduced, indicating the formation of oxygen va-
cancies for all CoFSP catalysts during reduction. Oxygen vacancies in CeO2 are
thought to be involved in CO2 hydrogenation, for example, by enhancing CO2 adsorp-
tion.8283 The 2.5CoFSP sample with the lowest Co content exhibited the highest CO
formation rate and the lowest CH4 formation rate, which is likely due to the small
amount of metallic Co in the form of very small clusters. We cannot exclude that the
highly dispersed Co — O — Ce species also contribute to CO formation.858485 Active
sites at the interface between small Co° clusters and Co?*-O-Ce moieties might play
a role in the hydrogenation of CO2 to CH3OH '7, which was observed for 2.5CoFSP
and 5CoFSP. With increasing Co content, the reduced catalysts contain more metal-
lic Co nanoparticles at a nearly constant amount of Co?*. The metallic Co nanoparti-
cles provide sites for Hz dissociation and conventional hydrogenation of CO2 to CH4
via CO intermediate.5286.87 These samples showed very little or no CH3OH formation,
likely because CH3OH is decomposed on metallic Co. Comparison of the Co-weight
normalized activity with literature data (Figure A15 and Table A5) shows that the
10CoF SP catalyst is more active in CO2 methanation than the most active Co/CeO2
and Co/TiOz2 catalysts reported before. It is speculated that the combination of small
Co nanoparticles with oxygen vacancies in the CeO: surface contributes to the high
activity in CO2 methanation.
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Conclusions

In this work, a set of Co-CeO2 samples with varying Co content (1 — 30 mol.%) pre-
pared by FSP was evaluated for their catalytic performance in CO2 methanation. FSP
preparation of Co-CeOz resulted in small CeO2 nanoparticles of ~8 nm with a higher
surface area than conventional CeO:. Catalysts with low Co content contain a rela-
tively large fraction of Co?* ions in strong interaction with CeOz2, which cannot be
reduced at 500 °C. The amount of such stable Co?* species is nearly the same in all
samples containing 5 mol.% Co or more, i.e., ~3.8 mol.%. Catalysts containing 5
mol.% Co or more also contain segregated Co-oxide particles as CoO and Co030a.
These particles can be partially reduced to metallic Co nanoparticles upon reduction
at 300 °C. The highest Co-weight-normalized activity of 3.9 + 0.2 mmolcoz/molco/s at
a temperature of 200 °C was found for the 10CoFSP sample. The Co reduction de-
gree of this sample is ~50%, represented by on average 4.5 nm Co nanoparticles,
with the other half of Co present as highly dispersed Co?* in strong interaction with
the CeO2 support. This sample exhibited a CH4 selectivity of 85% at 200 °C. A very
low Co reduction degree of ca. 10% in 2.5CoFSP with only very small Co clusters as
metallic phase led to the predominant formation of CO (79%) and less CH4 (17%). A
small amount of CHsOH among the reaction products is associated with the hydro-
genation of CO2 on oxygen vacancies assisted by Hz dissociation on very small Co
clusters. Catalysts containing more and larger Co nanoparticles mainly yield CHg,
small amounts of CO and no CHsOH. The outstanding CO2 methanation activity of
FSP-prepared Co-CeO:2 catalysts is linked to the synergy between relatively small
metallic Co nanoparticles and Co?*-O-Ce sites, involving oxygen vacancies.
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Appendix A

Figures.

1CoFSP
. 4.6 £ 1.8 nm

5.0 * 2.0 nm

Figure A1. TEM images of as-prepared CeFSP and CoFSP catalyst with corre-
sponding particle size estimations (scale = 2nm).
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Figure A2. Deconvolution of Co 2ps2 XP spectra of as-prepared CoFSP catalysts.
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Figure A3. IR spectra of the as-prepared CeFSP and CoFSP after CO adsorption at
liquid N2 temperature (conditions: 1 — 10 mbar CO).
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Figure A4. Deconvoluted Co 2psy2 (left) and Ce 3d (right) spectra obtained during Haz-
TPR of 5CoFSP followed by NAP-XPS (conditions: 33.3 vol.% Hzin Ar, 3 mbar, 200
—500 °C).
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Figure A5.1 Catalytic performance of CoFSP catalysts reduced at 300 °C in COz2 hy-
drogenation as a function of temperature (conditions: 200 — 300 °C, 1 bar, 50 mg of
sample, 15 vol.% COz, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).
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Figure A5.2 Catalytic performance of 5CoFSP catalysts reduced at 300 °C in CO2
hydrogenation as a function of temperature and CO2/Hz ratios (conditions: 200 — 300
°C, 1 bar, 50 mg of sample, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min (1:4);
18.8 vol.% COz, 56.2 vol.% Hz, 25 vol.% Ar, 50 mL/min (1:3); 25 vol.% COz2, 50 vol.%
Hz, 25 vol.% Ar, 50 mL/min (1:2)).
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Figure A5.3 Catalytic performance of 5CoFSP catalysts reduced at 300 °C in CO:
hydrogenation as a function of pressure (conditions: 200 and 250 °C, 1 or 10 bar, 50
mg of sample, 18.8 vol.% COz, 56.2 vol.% Hz, 25 vol.% Ar, 50 mL/min (1:3)).
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Figure A6. Hz chemisorption at 150 °C of CoFSP reduced at 300 °C for 4 h.
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Figure A7. CO chemisorption at 35 °C results of CoFSP reduced at 300 °C for 4 h.
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Figure A8. Carbonate region of the IR spectra of CoFSP catalysts reduced at 300
°C after CO adsorption at 50 °C (conditions: 0 — 10 mbar CO).
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Figure A9. IR spectra of the CeFSP and CoFSP reduced at 300 °C after CO adsorp-
tion at liquid N2 temperature (conditions: 0 — 10 mbar CO).
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Figure A10. Carbonate regions of IR spectra of the CeFSP and CoFSP reduced at
300 °C after CO adsorption at liquid N2 temperature (conditions: 0 — 10 mbar CO).
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Figure A11. Carbonate region of IR spectra of CoFSP reduced at 300 °C after CO2
adsorption at 50 °C (conditions: 0 — 10 mbar COz).

57



) J

2 -
‘&__‘. 200 “‘.‘. 200
2 2 3 0
““ 200 ‘!& 2%
-  A\RQ e AD0
E{‘\ A% ‘3 AQQ
7w 2.5CoFSP % e ' : sCoFsP
= 35 = 25 3.0 35
A
q(A")
/ ) j
3 2w
N0
3 2 EEN
‘&& 200 “',» 20
.e AR 3 A0
S AW 3 W
o 10CoFSP Q) — _ 20CoFsP
- T T T
e 25 30 15 25 3.0 35
-1 1
Q(A ) q(A )
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Figure A15. Catalytic activity of CoFSP in comparison to literature.
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Tables.

Table A1. Co K-edge EXAFS fit results of CoOFSP samples (error margins reported

in brackets).

Catalyst Path CN [#] R (A) [1] EO (eV) 02 (A2) R-factor

Co-0 3.6[04] | '98%[0'0 0.004
Co-0-Ce | 3.2[1.6] 3'2;‘2"][0'0 0.001

100FSP | —— Ssaeio0 | 33 0.014
o-Co[1] | 0.45[0.4] oo 0.003
Co-Co[2] | 1.3[0.6] 3'2:133][0'0 0.004
Co-Co[2] | 5.2[03] 1'9821[0'0 0.010
Co-0-Ce | 21[14] 2'9%][0'0 0.004

2 5CoFSP seralo | 428 0.013
Co-Co[1] | 0.9[0.3] o 0.004
Co-Co[2] | 1.0[03] 3'2;(131[0'0 0.009
Co0 | 4003 | '88%[0'0 0.004
Co-O-Ce | 4.1[1.8] 3'01%[0'0 0.002

5COFSP s7oe0 | T4 0.010
Co-Co[1] | 1.8[0.5] oo 0.002
Co-Co2] | 1.9[0.5] 3'3?%[0'0 0.004
Co-0 5203 | '8321[0'0 0.003

10CoFSP | Co-Co[1] | 2.4[0.2] 2'73%[0'0 -8.27 0.002 0.002
Co-Co[2] | 4.7[0.5] 3'28%[0'0 0.004
Co-0 42102] | '8331[0'0 0.001

20COFSP | Co-Co[1] | 2.8[0.2] 2'71'81[0'0 5.94[1.1] | 0.001 0.005
Co-Co[2] | 4.0[04 3.2?%[0.0 0.002
Co-0 4203 |’ '88%[0'0 0.001

30COFSP | Co-Co[1] | 2.7[0.4] 2'7(2)3][0'0 7.91 0.001 0.011
Co-Co[2] | 4.9[0.6] 3'2(1)51[0'0 0.002
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Table A2. Assignment of IR bands.

Wavenumber

1 Assignment Ref.
(cm”)
rotovibrational
2172; 2117 spectrum of gas- [11, [2]
phase CO
2358 COz2 gas-phase [3]
Ce
2140-2125 Ce®* CO ads
2157 Ce™ CO ads 41, 31
1580 v (CO), 1335 v Formate | (on
(CO), ~1370 6 (OCH) Ce®)
1561 v (CO), 1356 v Formate Il (on
(CO), ~1370 5 (OCH) Ce™) [61. [71, 18]
1550 v (CO), 1371 v Formate Il (on
(CO), ~1370 5 (OCH) Ce*)
. Monodentate car-
1400-1440; 1580-1585 bonate (CO3) [9], [10]
1560-1567, 1289- Bidentate carbo-
1300, 1014 — 1030; nate (COs) 4] 18], [11]
Tridentate carbo-
3+
1490, 1380, 1085 Ce nate (COs) -
1451-1500; 1342- Cet* Tridentate carbo-
1380; 1038-1065 nate (COs)
. Polydentate/ mo-
1465-1460; 1359- nodentate carbo- | [4], [5], [9], [11]
1460; 1080
nates (COs)
1220-1225; 1420- Bicarbonates [10]
1425; 1635-1640 (HCO3)
Co
2136 Co304
2125 CoO (12]
2120 Co2+ CO adsorption
2070 Co2+ CO adsorption [13]
2143-2180 Co3+ CO adsorption
2015 Co a-top CO
a-top CO on Co
2000-2057 Co nanoparticles [14], [15]
2030-2040 Co a-top CO on Co
clusters
1850-1862 Co hollow CO
1930-1970 Co bridge CO [16], [17]
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Table A3. Results of Rietveld refinement of PDF of CeFSP and CoFSP using CeO2
fluorite model (error margins are reported in brackets).

Sample a (A) (error) dCeO2 (A) Rw
CeFSP 5.40807 (0.00058) 59.9 (2.7) 0.13811
CeFSP300 5.42949 (0.00082) 67.6 (4.4) 0.147708
2.5CoFSP 5.39847 (0.00064) 52.4 (2.0) 0.147665
2.5CoFSP300 5.43021 (0.00093) 57.7 (3.1) 0.150841
5CoFSP 5.39869 (0.00056) 58.5 (2.4) 0.146947
5CoFSP300 5.42758 (0.0008) 67.1(4.1) 0.142615
10CoFSP 5.40019 (0.00061) 55.1 (2.2) 0.145461
10CoFSP300 5.43095 (0.0009) 62.5(3.8) 0.147448

Table A4. Results of direct PDF analysis of CeFSP and CoFSP.

Sample FWH]!VI (A.) Gauss Position Area (a.u.)
unction
CeFSP 0.113 3.821 2.62665
CeFSP300 0.145 3.838 2.73816
2.5CoFSP 0.113 3.813 2.65109
2.5CoFSP300 0.145 3.838 2.79109
5CoFSP 0.110 3.814 2.71007
5CoFSP300 0.145 3.837 2.83795
10CoFSP 0.111 3.815 2.60705
10CoFSP300 0.149 3.837 2.72874
Table A5. Catalytic performance in CO2 hydrogenation.
Acti-
CO2 vity*10-3
Catalyst | H2: CO2 (bZr) initial T(rfg)ct (molCO:2 Fige;\.ﬁ Ref.
(%) /molMe/ )
s)
200 1.23
225 4,72
2500 250 10.43
275 28.30
300 63.22
200 3.04
225 6.23
20 250 18.07
275 34.90
300 52.53
200 3.92
225 9.89 . .
1FOSCF? 4 1 15 250 2237 VT/';';( lezlri
275 43.49
300 65.38
200 4.52
225 10.75
ZFOS?F? 250 24.08
275 42.59
300 55.52
200 4.35
225 9.90
3F°§Ff’ 250 20.59
275 33.97
300 42.53
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Table A5. Catalytic performance in CO2 hydrogenation (continuation).

o b Cor |, Activity*10-® Ref.
Catalyst 2. initial | 1% | (molCO2/moIM | Fig. Ref.
CO> | (bar) | "o,y | (C) els) A15
5C0/Ced50 288 :13(2)2;
5C0/Ce750 588 %;'23
1 1 45 : [1] [18]
250 9.21
5C0/Ce900 300 30.68
5C0/Ce1000 238 37(56668
200 0.74
250 4.56
300 9.73
30Co 350 10.50
Mno.5Al1.504 400 10.70
450 10.60
4 1 500 10.30 (21 [19]
300 0.25
350 178
30CoAl 400 6.22
450 8.08
500 8.51
240 3.11
260 5.60
280 9.35
300 12.70
10% Co/Si 4 1 10 320 15.70 [3] [20]
340 17.80
360 19.40
380 21.10
200 2210
300 0.91
1%Coly-Al 325 2.40
350 4.05
0.2%Pt1%Col 222 ig?
y-Al 350 7.90
4 ’ 3 (28 252 4 | (1]
) .
1%Co/BaZrOs 325 10.50
350 13.70
250 3.06
0.2%Pt 275 7.33
1%Co/BaZrOs 300 11.80
325 16.90

Ce — CeOy; Zr— ZrOy; Si— SiOz; Al — Al2O:3.
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Table A5. Catalytic performance in CO2 hydrogenation (continuation).

Acti-
CO2 vity*10-3
Catalyst | Hz: CO2 (bzr) initial {535;‘ (MoICO2 FiRe/iﬁs Ref.
(%) /molMe/ 9
s)
210 0.49
225 0.63
0% 240 0.76
L 255 0.85
270 0.90
285 0.91
300 0.92
210 0.34
225 0.48
240 0.54
ég;é’r 255 0.54
270 0.56
285 0.60
300 0.70
9 1 10 0 o [5] [22]
225 0.46
240 0.70
0,
o 255 0.90
270 1.06
285 114
300 119
210 0.06
225 0.11
0% 240 0.18
e 255 0.25
270 0.34
285 0.58
300 0.74
0,
Q0% 400 12.00
02 4 30 20 [6] [22]
R 400 16.00
. 1 200 0.08
Co/Si
A 6 - 200 0.25 - 231
CoPUS: 1 200 0.46
6 200 1.08
. 200 0.59
oS 250 10.10
A 6 - 300 27.50 - [24]
oS, 200 154
Cos 250 8.99
300 26.30

Ce — CeOy; Zr— ZrOz; Si— SiOz; Al — Al,O3; Gd -Gd203
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Table A5. Catalytic performance in CO2 hydrogenation (continuation)

COs Acti-
. P P Treact vity*10'3 Ref.
Catalyst | H2: CO2 (bar) |n(|)t|al (°C) (molCOz/ | Fig. A15 Ref.
(%)
molMe/s)
. 200 1.40
%ﬁﬁ' 250 6.48
300 36.60
Co/Ti
250 3.20
(ox Sbar) 4 5 25 [9] [25]
Colsi 250 1.30
(red 5bar) :
200 1.46
10CoCZ 225 3.35
700 250 6.22
(red 4 1 5 275 9.19 [10] [26]
500 °C) 300 11.30
325 12.80
1CoCZ
300 250 14.65
2.5CoCZ
300 250 10.23
5CoCZz
200 4 1 5 250 7.37 [11] [27]
10CoCZ
20CoCZ
300 250 2.53
200 0.31
10wWt.%Co 220 0.69
ICe (55) 250 2.36
270 3.88
300 4.30
200 0.23
10wWt.%Co 220 0.41
270 3.23
300 422
4 1 10 200 007 [12] [28]
220 0.18
Co0304 250 0.38
270 0.44
300 0.44
200 0.03
220 0.40
828'? 250 237
’ 270 3.29
300 3.41

Ce - CGOQ,' Si— SiOz. CZ - CGOQ-ZI‘OQ,' Ti— TiOQ,' Si— SiOz,' Al - A/zO3,' Zr — ZI‘OQ
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Table A5. Catalytic performance in CO2 hydrogenation (continuation)

COs Acti-
. P P Treact vity*10'3 Ref.
Catalyst | H2: CO2 (bar) |n(|)t|al (°C) (molCOz/ | Fig. A15 Ref.
(%)
molMe/s)
200 0.04
Co05 320 (1)-39
o0 50 26
: 270 1.70
300 172
200 0.21
Co0.6 se5 | fos
Ce0.4 :
270 1.08
300 1.9
200 0.25 [12] (28]
220 0.54
828'2 250 0.99
: 270 1.02
300 1.02
200 0.19
Co0.8 220 0.63
a0 250 1.02
: 270 1.02
300 1.02
200 0.27
220 0.50
ggg'? 4 1 10 250 0.58
' 270 058
300 0.58
200 0.62
220 1.04
0,
18‘(’)V,t2r/" 250 2.60
270 3.77
300 4.27
200 0.42
220 1.04
0,
18‘évf'sf’ 250 3.26
270 4.07
300 4.38
200 0.05 (12] (28]
220 011
0,
18‘(’)”}'“/" 50 1 1 250 0.39
270 0.92
300 1.39
200 0.06
220 0.24
L?rig/ N 250 0.64
270 147
300 216
200 0.91
10wt.% 220 1.81
ColCe 250 363
(230) 270 4.41
300 4.38
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Table A5. Catalytic performance in CO2 hydrogenation (continuation)
Acti-
Catalyst | H2: CO2 P ir?isti);l Treact vity*10° Eizf. Ref
: (bar) ) (°C) (molCO2/ : :
(%) A15
molMe/s)
200 0.72
10wt.% 220 1.58
Co/Ce 250 3.57
(140) 270 4.39
300 4.39
1Co-Zr 340 0.02
5Co-Zr 340 0.08
10Co-Zr 340 0.10
15Co-Zr 340 0.10
50Co-Zr 4 30 0.1667 320 0.40 [13] [29]
10Co/Zr 340 0.45
10Co-Zr 280 0.01
10Co-Zr 300 0.01
220 0.11
. 240 0.11
é\g/tc/; 260 0.11
280 0.11
300 0.33
220 0.04
3Wt.% 240 0.04
Co/Ce 260 0.11
280 0.26
300 0.33
220 0.00
. 240 0.02
g\g/tc/; 260 0.09
280 0.18
300 0.24
220 0.03
. 240 0.05
g\g/tb/; 4 1 0.1 260 0.10 [14] [30]
280 0.16
300 0.21
220 0.02
10Wt.% 240 0.05
Co/Ce 260 0.10
280 0.14
300 0.18
220 0.03
129Wt.% 240 0.06
Co/Ce 260 0.10
280 0.14
300 0.16
220 0.03
15Wt.% 240 0.06
Co/Ce 260 0.10
280 0.12
300 0.13

Ce - CeOQ; Si— SiOz. CZ - CeOQ-ZI‘OQ,' Ti— TiOQ,' Si— SiOz,' Al - A/zO3,' Zr — ZI‘OQ
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Table A5. Catalytic performance in CO2 hydrogenation (continuation)

P CO: T 'tA 8%3 Ref
. PN react Vi 3 er.
Catalyst | H2: CO2 (bar) |n(|)t|al (°C) (mc))/ICOz/ Fig. A15 Ref.
(%)
molMe/s)
Co/Si
oxX
[14-17 250 0.22
nm]
Co/Al
oxX
[14-17 250 0.23
nm]
Co/Ti ox
[14-17 250 0.95
nm]
Col/Ce
ox 250 0.57
[>37nm]
Co/Si 3 20 24 [15] [31]
red 250 0.58
[14-17 ’
nm]
Co/Al
red
[14-17 250 0.27
nm]
Co/Ti
red
[14-17 250 0.75
nm]
Col/Ce
red 250 0.70
[>37nm]
220 0.84
o 240 1.53
2gmel % 260 3.73
280 8.03
300 12.66
220 0.33
o 240 1.51
2omal % 260 2.88
280 5.23
300 9.98
4 1 220 0.14 [16] [32]
o 240 0.38
33mal % 260 2.04
280 4.81
300 8.27
220 0.42
o 240 1.43
Sgmal % 260 2.82
280 4.79
300 6.51
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Table A5. Catalytic performance in CO2 hydrogenation (continuation)

co Acti-
Catalyst Hz: P i a2| Troact vity*10-3 Ref. Ref
CO2 | (bar) 8 (°C) (molCO2/ | Fig. A15 :
(%)
molMe/s)
220 0.81
66.7mol.% 240 1.58
Co/Ce 260 2.77
280 3.90
300 4.70
43wt.%Co-
Si 057 320 0.22
43wt.%Co-
Si 0 05 320 0.21
43wt.%Co-
Si1.48 2 20 25 320 0.20 [17] [33]
43wt.%Co-
Si 187 320 0.17
43wt.S°i/oCo/ 320 0.18
CoOx 320 0.31
260 0.01
(é'g’/%%gj) 4 1 1 280 0.07 [18] [34]
300 0.16
1CoCe 250 0.0013
2CoCe 5 1 14.28 250 0.0012 [19] [35]
4CoCe 250 0.0007

Ce - CeOQ; Si— SiOz. CZ - CeOQ-ZI‘OQ,' Ti— TiOQ,' Si— SiOz,' Al - A/zO3,' Zr — ZI‘OQ
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Chapter 3

CO, methanation of Co/CeO, prepared by wet-
ness impregnation of Co on flame-synthe-
sized CeO,

Abstract

A set of Co/CeO: catalysts with varying Co loading was prepared by wet impregna-
tion of Co on flame-synthesized CeO2 and compared for their structure and catalytic
performance in CO2 methanation to an earlier set of FSP-prepared Co-CeO2 compo-
sites. At low Co loading (2.5 mol.%), Co is mostly highly dispersed as Co?* ions in
strong interaction with CeOz2, which can not be reduced at 300 °C. The amount of
these highly dispersed Co?* species (~2.5 mol.%) was consistent across all catalysts.
Higher Co content (5 and 10 mol.%) led to segregated CosO4 nanoparticles (~2 — 2.5
nm), which partially reduced to metallic Co nanoparticles (2.5 — 3 nm) at 300 °C. At
low Co content, the impregnated catalysts mainly produced CO at a low CO2 conver-
sion. With increasing Co content above 5 mol.%, the Co nanoparticles obtained upon
reduction hydrogenated CO2 to CH4, with only small amounts of CO and CzHs by-
products. CO hydrogenation on these samples yielded olefins and oxygenates (86%
selectivity) with low CH4. The highest activity in CO hydrogenation (8.1 + 0.5
mmolco/molco/s at 250 °C) was obtained for 5CoWI. Despite differences in product
selectivity, all Co/CeO: catalysts deactivate under CO and CO2 hydrogenation. Char-
acterization revealed that the deactivation of Co/CeO: catalysts is accompanied by
carbon deposition on Co nanoparticles. The very small Co clusters and highly dis-
persed Co?* interacting strongly with CeOz in Co/CeQ:2 were selective for CO produc-
tion and less prone to deactivation. Finally, regeneration in artificial air could remove
the deposited carbon species and restore the initial performance of Co/CeQ2 in CO2
hydrogenation.
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Introduction

CO:2 hydrogenation to chemicals is promising for storing renewable H2."-3 Among the
various reaction products, catalytic CO2 hydrogenation to CH4 (synthetic natural gas,
SNQG) is of significant interest because SNG can be easily transported in existing
infrastructure to a large market.*5

Base transition metals have been extensively studied as active CO and CO:
hydrogenation catalysts due to their lower cost than noble metals (Ru, Rh, Pt, Pd).
Ni is widely studied for CO2 methanation.®” Co has been widely investigated for
Fischer-Tropsch (FT) synthesis, the conversion of synthesis gas to long-chain
hydrocarbons.8-10 Given its high activity, it is worthwhile exploring the use of Co as a
metal for CO2 methanation.

Nonreducible oxide supports, such as SiO2 and Al2Os, are typically used to disperse
the active phase as metal nanoparticles.”™-'7 Recently, there has been growing
interest in reducible supports, such as TiO2 and CeO2, which can improve the
catalytic performance of metal nanoparticles due to their redox properties and strong
interaction with metals.'®-25 The possibility of stabilizing several oxidation states of
Co can affect the activity and product distribution in CO2 hydrogenation.26:27 For
example, Co on reducible CeO:2 exhibits high activity and methane selectivity in CO2
hydrogenation.'9-21.27.28 H, gpillover in Co/CeO2 catalysts results in the reduction of
the CeO: surface, the resulting oxygen vacancies assisting in CO2 adsorption and
activation.2230 Generally, metallic Co is considered the active phase for CO:2
conversion to hydrocarbons.3'32 Recently, it has been mentioned that Co-oxides can
be active in CO2 hydrogenation.?233.34 |t has also been shown that increasing the
metal-support interface in Co-CeO: catalysts results in high activity in the reverse
water-gas shift (rWGS) reaction, favoring CO and minimizing CH4 formation.1935-37
Parastaev et al. showed that small Co clusters dispersed on the surface of CoO
nanoparticles, which are stabilized by a CeO2-ZrO2 support after reduction at 300 °C,
are much more active in CO2 methanation than metallic Co particles formed at higher
reduction temperatures .

Despite their promising performance, the stability of Co/CeO2 catalysts in CO2
hydrogenation has only been investigated scarcely.3%-*" Deactivation of Co catalysts
in COx hydrogenation can occur due to metal sintering 42, carbon deposition 4!, active
phase transformation, e.g., oxidation of metallic Co 4344, and poisoning of the active
sites.#546 Like CO hydrogenation, their propensity to deactivation in CO:
hydrogenation has been linked to the Co particle size. 4-*° For example, small
metallic Co Co particles (4—5 nm) are easily oxidized by H20 during the FT synthesis
reaction, unlike larger particles.5°

Herein, we investigated the activity, product distribution, and stability of Co/CeO2
catalysts in CO and CO2 methanation. The preparation of the CeO2 support by flame
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spray pyrolysis (FSP) results in much smaller CeO2 crystallites than typical
(precipitated) CeO: supports. Besides the higher surface area, the small CeO:
crystallites are more reducible, resulting in stronger interactions with transition
metals, Different from the inclusion of Co in the FSP step in Chapter 2, Co was
introduced here by wetness impregnation. We investigated the influence of the Co
loading on the catalytic performance in CO and CO2 methanation. Based on earlier
works showing the benefit of a lower reduction temperature where not all Co is
reduced 38, we reduced the catalysts at a relatively low temperature of 300 °C.
Combined with catalyst characterization, we discuss the role of Co particle size and
Co-CeO:z interactions on the catalytic performance.

Experimental Section

Materials

Co(ll) acetate tetrahydrate (Co(CHsCOz2)2 - 4H20, 99%, Merck), glacial acetic acid
(99% Sigma-Aldrich) and 2-ethylhexanoic acid (99% Fisher Scientific), cerium(lIl)
acetate hydrate (Ce(CH3COz2)s-1H20, 98%, TCI Europe NV), ammonia solution (28
wt.%, Thermo Fisher) were used as received without further purification.

Catalyst Preparation

Flame Spray Pyrolysis

Flame spray pyrolysis (FSP) of CeO2 was performed in a Tethis NPS10 apparatus.
The Tethis NPS10 apparatus was placed in a standard chemical laboratory fume
hood modified to comply with EN 14172, EN 1822, and I1SO 45H standards
(modifications realized by Interflow). The air inflow of the fume hood was kept at a
minimum of 0.7 m/s using active control systems. The exhaust flow to the (external)
ventilation was equipped with HEPA H14 and ULPA U17 filters. The experiments
were conducted after assessing all safety aspects, including those related to working
with nanomaterials, in a risk-inventory and evaluation (RI&E) procedure, as required
by the Dutch labor law. Appropriate amounts of Ce(CH3COz2)3-H20 were dissolved in
a 1:1 (v/v) solvent mixture of acetic acid and 2-ethylhexanoic acid. The Ce
concentration was 0.15 M. This solution was stirred at 80 °C for approximately 1 h
until the metal precursors were completely dissolved. The precursor solution was fed
by a syringe pump with an injection rate of 5mL/min to the center of a
methane/oxygen flame to form a fine spray. The pressure drop at the capillary tip
was maintained at 2.5 bar by adjusting the orifice gap area at the nozzle. The flow
rates of methane and oxygen were respectively 1.5 L/min, and 3.0 L/min. Solid
samples were collected on a glass microfiber filter (Whatman) using a vacuum pump.
The as-prepared CeO: is denoted as CeFSP.
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Wet Impregnation

A series of catalysts with intended Co loadings of 2.5, 5, and 10 mol.% with respect
to Ce was prepared by wet impregnation. For this purpose, the desired amount of Co
(I1) acetate was dissolved in 40 ml of aqueous ammonia (28 wt.%). About 2 g of
synthesized CeFSP was added to the solution, followed by stirring for 2 h, after which
water was removed by evaporation. The catalysts were dried in air at 110°C overnight
and calcined at 350 °C for 4 h. The samples are denoted as xCoWI, where x indicates
the atomic percentage of Co with respect to Ce (100 x Co/(Co + Ce)).

Catalyst Characterization

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

The chemical composition of the as-prepared catalysts was determined by ICP-OES
analysis (Spectro CIROS CCD Spectrometer). Before the ICP-OES measurements,
the catalyst samples were dissolved in 5 mL concentrated sulfuric acid (H2SO4) at a
temperature of 200 °C under stirring for at least 30 min, followed by dilution in water.

N: Physisorption

The textural properties of the as-prepared catalysts were determined by N2
physisorption. at a temperature of -196 °C using a Micrometrics TriStar Il 3020
instrument. Prior to physisorption measurements, the samples were heated to 160
°C in a N2 flow for 4 h. The specific surface area (SSA) was determined by the
Brunauer—-Emmett—Teller (BET) method.

X-ray diffraction (XRD)

Synchrotron X-ray diffraction patterns were collected at the ID15A beamline of the
ESRF (Grenoble, France). The in situ measurements were carried out in
transmission mode using an incident X-ray energy of 100 keV (A = 0.124 A). A
Pilatus3X CdTe 2M detector was used to collect the scattered signal. About 20 mg
of sieved catalyst (125-250 um) was loaded into quartz capillaries (2 mm o.d., wall
thickness 0.1 mm) between two glass wool layers. The capillary was sealed with
PTFE ferrules in a home-built Clausen-type flow cell. The sample was heated using
a gas blower (Cyberstar). The temperature control was performed by a thin (0.25
mm) K-type thermocouple placed inside the catalyst bed. Typically, the temperature
was raised from 50 °C to 300 °C at a rate of 8.5 °C/min in a flow of 50 mL/min of 20
vol.% Hz in Ar, followed by an isothermal dwell of 0.5 h at 300 °C. Then, the system
was cooled to 250 °C in the same mixture. After reaching this temperature, the
reduction mixture was replaced by a reaction mixture consisting of 5 vol.% CO2 and
20 vol.% H2 balanced by Ar fed at a 50 mL/min flow rate for 0.5 h. The detector
distance, energy, and tilt were calibrated using a standard CeO2 powder obtained
from NIST. The CeO:2 phase in the XRD data was analyzed by Rietveld refinement
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as implemented in the GSAS software. PDF data up to q = 28 A~ were reduced using
the pdfgetX3 software [36]. Real-space refinement was performed with the PDFgui
software %2. The PDF is described using the G(r) formalism, which reflects the
probability of finding a pair of atoms separated by a distance r with an integrated
intensity dependent on the pair multiplicity and the scattering factors of the elements
involved. G(r) is experimentally determined by the Fourier transform of the total
scattering function F(Q), corresponding to the coherent scattering coming from the
sample (Bragg peaks and diffuse scattering) after normalization.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS)

UV-Vis DRS spectra were collected at room temperature with a Shimadzu UV-
2401PC spectrometer equipped with an integrating sphere coated with BaSO4 as the
standard. Samples were diluted with BaSO4 (30 mg sample mixed with 120 mg
BaSOa).

Transmission Electron Microscopy (TEM)

The morphology and particle size distributions of as-prepared and reduced catalysts
were investigated by TEM using an FEI Titan Cryo-TEM instrument operating at an
acceleration voltage of 300 kV. An appropriate amount of finely ground material was
ultrasonically dispersed in analytical-grade absolute ethanol, before deposition on
holey Cu TEM grids. Additional TEM measurements to determine the nanoscale
elemental distribution involved scanning transmission electron microscopy - energy
dispersive X-ray analysis (STEM-EDX). Measurements were carried out on a FEI-
cubed Cs-corrected Titan instrument operating at an acceleration voltage of 300 kV.
Co-CeO:: catalysts were reduced at 300 °C in a flow of 20 vol.% Hz in He for 4 h,
followed by passivation at room temperature in a flow of 2 vol.% Oz in He for 1 h. The
as-prepared and passivated samples were crushed, sonicated analytical-grade
absolute ethanol, before deposition on holey Cu TEM grids.

Temperature-Programmed Reduction (H2-TPR)

The reducibility of the samples was studied by H2-TPR with a Micromeritics
AutoChem Il instrument. Typically, about 100 mg sample was loaded into a quartz
U-tube between two quartz wool layers. Prior to H2-TPR, the sample was treated at
350 °C for 1 hin a flow of 50 mL/min of 5 vol.% O: in He. TPR profiles were recorded
under heating the sample from 40 to 700 °C at a rate of 10 °C/min in a 50 mL/min
flow of 4 vol.% Hz in He. H2 consumption was measured by a thermal conductivity
detector (TCD), which was calibrated using an AgO reference.

H: and CO Chemisorption

H> and CO chemisorption measurements were performed with a Micromeritics
ASAP2010C instrument. Typically, about 100 mg sample was loaded into a quartz
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U-tube between two quartz wool layers. Before chemisorption measurements, the
catalyst was reduced in an Hz flow at 300 °C by heating to this temperature at a rate
of 10°C/min, followed by an isothermal dwell of 4 h. After evacuation at 320 °C for 1
h, CO and Hz adsorption isotherms were recorded at 35 °C and 150 °C, respectively.

Thermogravimetric-Mass Spectrometry Analysis (TGA-MS)

TGA-MS was used to determine the amount of carbonaceous deposits retained on
the catalysts after the reaction. A Mettler Toledo TGA/DSC 1 instrument was
connected to a mass spectrometer (MS, Pfeiffer Omnistar). Around 15-25 mg of
spent catalyst was placed in an alumina crucible and pre-treated in a 50 mL/mi flow
of 20 vol.% Oz in He at 50 °C (rate 10 °C/min) for 0.5 h to remove contaminants. TG
analysis was performed from 50 °C till 950 °C in the same flow using a rate of
10°C/min.

Raman Spectroscopy

Raman spectroscopy was carried out using a WITec UHTS300 spectrometer
equipped with a WITec WMT50 confocal Raman microscope. Raman spectra of
powder samples were collected using a 532 nm laser (0.5 mW) and an acquisition
time of 30 s. The Project FIVE software (version 5.1) was used for data treatment.

IR Spectroscopy

IR spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with
a DTGS detector. The experiments were performed in situ using a home-built
environmental transmission IR cell. Self-supporting pellets were made by pressing
approximately 10 mg sample in a disc with a diameter of 13 mm. Each spectrum was
collected by averaging 32 scans with a resolution of 2 cm=" in the 4000—1000 cm-"
range.

For CO IR measurements, the sample was first reduced in a flow of 20 vol.% H2 in
He at 300 °C (rate 10 °C/min) for 4 h. After outgassing at 300 °C in vacuum and
cooling to 50 °C, IR spectra were recorded as a function of the CO partial pressure
in the 0—10 mbar range. Additional CO IR measurements were carried out at liquid
N2 temperature. For these measurements, the same reduction procedure was
followed. After outgassing, the sample was cooled by liquid N2. The sample
temperature was approximately -168 °C. IR spectra were recorded as a function of
CO partial pressure in the 0—10 mbar range. As-prepared samples were also
investigated by CO IR spectroscopy at liquid N2 temperature. For this purpose, the
samples were evacuated at 50 °C for 1 h, prior to cooling to liquid N2 temperature.
CO: IR spectra were recorded after reduction of the samples as described above. IR
spectra were obtained as a function of CO2 partial pressure in the 0—10 mbar range
at 50 °C. Operando IR spectra during CO2 methanation were recorded in a flow of 4
vol.% CO2 and 16 vol.% Hz balanced by N2 at temperatures in the 200 — 300 °C
range. Spectra were recorded first at 200 °C and then at higher temperature up to at
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300 °C at intervals of 25 °C using a rate of 5 °C/min. All IR spectra were background
subtracted, and the intensity was normalized to the weight of the pellet.

X-ray Photoelectron Spectroscopy (XPS)

The surface chemical properties of the as-prepared catalysts were studied with a K-
Alpha XPS apparatus (Thermo Scientific) equipped with an aluminum anode (Al Ka
= 1486.68 eV) monochromatized X-ray source. Finely ground samples were placed
on double-sided carbon tape. All spectra were acquired using a flood-gun to reduce
surface charging. A pass energy of 40 eV was used for region scans with a step size
of 0.1 eV and a dwell time of 0.5 s. The U” (Ce**) component of the Ce 3d line with
a characteristic position of 916.7 eV was used to correct the binding energies of the
Co 2p32 and Ce 3d regions.53%* A standard procedure involving Shirley background
subtraction and atomic sensitivity factors was applied for data processing. Spectral
lines were fitted with the CasaXPS software (version 3.2.23) using a symmetric
pseudo-Voigt function, referred to as GL (30), except for the main metallic component
of Co, which was fitted by the asymmetric LA (1.2,5,5) line shape. The Ce 3d line
was fitted according to a model described in the literature.32 33

Quasi-in situ X-ray photoelectron spectroscopy (XPS)

The surface chemical properties of the reduced and deactivated catalysts were
studied using a Kratos AXIS Ultra 600 equipped with a monochromatic X-ray source
(Al Ka = 1486.68 eV). Self-supporting pellets were made by pressing approximately
40 mg of a sample in a disk with a diameter of 13 mm. Pretreatment of catalysts were
carried out in a high-temperature reaction cell (Kratos, WX-530), allowing in vacuum
sample transfer into the analysis chamber. The samples were reduced in 20 vol.%
Hz in Ar at a flow rate of 50 mL/min at 300 °C for 4 h at a rate of 10 °C/min and
ambient pressure. Then, the sample was cooled to 100 °C in the pretreatment
mixture and the reaction cell was evacuated to a pressure below 10-¢ mbar, followed
by transfer of the sample to the XPS analysis chamber. A pass energy of 40 eV was
typically used for region scans with a step size of 0.1 eV and a dwell time of 0.5 s.
Energy calibration and fitting of Ce 3d and Co2p were performed using the same
procedure as described in the XPS description above.

Catalytic Activity Measurements

CO, hydrogenation

The catalytic performance of CeO2 and Co/CeO2 samples in CO2 hydrogenation was
evaluated in a down-flow stainless-steel reactor with an internal diameter of 4 mm.
The reaction was performed at atmosphere pressure and the temperature was varied
in the range of 200-300 °C. The samples were pressed, crushed, and sieved to a
fraction of 125-250 um. Typically, the reactor was filled with 50 mg catalyst diluted
with 200 mg of SiC. Before the reaction, the catalyst was reduced in a flow of 100
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mL/min of 20 vol.% H2 in He, whilst ramping from room temperature to 300 °C at a
rate of 10 °C/min, followed by an isothermal dwell at 300 °C for 4 h. The reduced
catalyst was cooled in the same gas mixture to the initial reaction temperature of 200
°C. The reaction was started by replacing the reduction gas mixture with a flow of 50
mL/min of 60 vol.% H2, 15 vol.% CO2 and 25 vol.% Ar. The temperature was
increased in steps of 25 °C at a rate of 5 °C/min. At each isothermal dwell of 170 min,
the effluent gas was sampled and analyzed by an online gas chromatograph
(Shimadzu, GC-2014) equipped with RT-Q-Bond (FID), and Shincarbon ST 80/100
(TCD) analysis sections. The CO2 conversion and carbon-based product selectivity
were calculated as follows:

X(CO ) =1— F(Coz)out (1)
2) =
F(Coz)out + F(Co)out + F(CH4)out + F(CHSOH)out + XF(CxHy)Out
F duct
S(product) = (product)ou: (2)

F(CO)out + F(CH)out + F(CH30H) gy + xF(C:H,) |

where CxHyrepresents hydrocarbons with more than one carbon atom formed during
the reaction. F stands for the volumetric flow rate determined from the concentration
measured by gas chromatography, using Ar as an internal standard and appropriate
FID and TCD response factors determined using gas calibration mixtures.

The reaction rate (rcoz in molco2-molco™ -s-') was calculated and normalized to the
Co loading in the following manner:

X(C0,) * F(COR)in

Tcoz = ey * Vor 3)

where F (COy)in is the known CO:2 volumetric flow rate at the reactor inlet. Vi is the
molar volume of an ideal gas at standard temperature and pressure. The rates of
CH4 and CO were calculated in a similar manner.

CO hydrogenation was performed in the same reactor used for CO2 hydrogenation.
The reaction was started by replacing the reduction gas mixture with a flow of 50
mL/min (18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.% Ar) at 1 bar. The CO conversion and
carbon-based product selectivity were calculated in a similar manner:

~ F(CO)our
F(Coz)out + F(Co)out + F(CH4)out + F(CHSOH)out + XF(CxHy)Out

X(co)=1 4)
The reaction rate (rco in molco-molCo™" -s-') was normalized by the Co loading in the
following manner:

_ X(C0) * F(CO)p
B Nco * Vm

)

Tco

where F(CO);, is the known CO volumetric flow rate at the reactor inlet. Vi is the
molar volume of an ideal gas at standard temperature and pressure. The product
selectivity and product formation rates were calculated in the same way as described
above.
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Some reaction experiments involved the hydrogenation of mixtures of CO2 and CO.
The reaction was started by replacing the reduction gas mixture with a flow of 50
mL/min (3.6 vol.% CO, 11.4 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min) at 1
bar. The total C (CO+COz2) conversion was calculated as follows:

_ F(Coz)out + F(Co)out
F(Coz)out + F(Co)out + F(CH4)out + F(CHSOH)out + XF(CxHy)

X(CO +CO,) =1 (6)

out
The product selectivity and product formation rates were calculated in the same way
as described above.

Results and discussion

Catalyst Characterization

The most important physicochemical properties of the CeFSP and CoW!I catalysts
are listed in Table 3.1. The Co loadings determined by ICP-OES analysis are close
to the intended values. The XRD patterns of as-prepared CoW!I catalysts and the
CeFSP support shown in Figure 3.1a mainly feature peaks of the fluorite structure
belonging to CeO2. Reflections due to Cos04 are only observed in the 10CoWI cata-
lyst (Figure 3.1b). Thus, Co is well dispersed in all CoWI catalysts. Rietveld refine-
ment shows that the CeO: unit cell is slightly contracted in all CowWI samples in com-
parison with the CeFSP one, which points to the partial substitution of Ce** (ionic
radius of 0.92 A) with the smaller Co2* ion (ionic radius of 0.72 A).5758 As Co is intro-
duced by incipient wetness impregnation, it is most likely that Co ends up in the sur-
face region of the CeOz crystallites. The crystallite size of CeO: estimated by Rietveld
refinement increases slightly from 9.5 nm (CeFSP) to ~10 nm for the samples con-
taining Co (Table 3.1). The specific surface area of the samples between 155 and
180 m?/g decreases with increasing Co loading. This is probably caused by Co-oxide
particles blocking some of the interparticle voids. All N2 physisorption isotherms can
be categorized as type IV with an H2 hysteresis loop due to mesopores. As XRD did
not show any peaks related to ordered mesopores, the hysteresis loop likely origi-
nates from the voids between aggregated nanocrystallites. The surface area of these
supported CeOz2 catalysts is much higher than that of typical commercial CeO2 sam-
ples, which have a typical surface area below 50 m#/g.

UV-Vis spectra of CeFSP and as-prepared CoWI catalysts (Figure 3.1c) contain
bands in the 260 — 280 nm range, which can be assigned to Ce02.5° The UV-Vis
spectra of the as-prepared 2.5CoWI and 5CoWI catalysts contain a broad band in
the 400 — 600 nm range, likely due to Co in close interaction with Ce02.90 The
10CoWI sample with the highest Co loading presents two characteristic bands in the
400 — 480 nm and 700 — 760 nm ranges due to Co304, assigned to O% — Co?* and
0% — Co® ligand to metal transfer bands, respectively.5"

Bright-field TEM was used to study the morphology and average particle size of the
as-prepared catalysts. All samples exhibit an octahedral shape, irrespective of the
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Co loading (Figure B1). The average particle sizes for the catalysts are 5.5+ 2.4 nm
for 2.5CoWI, 6.2 £ 2.5 nm for 5CoWI, and 5.7 £ 2.2 nm for 10CoWI. The poor contrast
between Co and Ce makes distinguishing the Co-containing phases from the CeFSP
support in the CoWI samples challenging.

Table 3.1. Physicochemical properties of as-prepared CeFSP and CoWI catalysts.

Catalyst Co SeeT dceo2 dcoszos aceo2 dceo2 Co/Ce
(mol.%)? | (m3%g)’ | (nm)° (nm)e (A (nm)? (at.%/at.%)°
95+
CeFSP 0 181 0.06 - 5.411 50120 -
25CoWl | 25 156 | ooF ; 5407 |55+24 | 0026
5CoWI 4.9 155 %%; - 5405 | 6.2+£25 0.048
9.7+ 35+
10CoWI 9.3 135 0.05 0.3 5.408 57122 0.082

a— determined from ICP analysis, b -determined by N» physisorption on as-prepared

samples, ¢ —lattice parameter of CeO,, determined by Rietveld refinement of syn-
chrotron XRD on as-prepared samples (acec02), d — determined by TEM for as-pre-
pared samples, e — determined by XPS for as-prepared samples
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Figure 3.1. (a) Synchrotron XRD patterns (A = 0.124 A) of CoW! and CeFSP, (b)
Synchrotron AXRD of as-prepared CoWI| (AXRD obtained by subtraction of the dif-
fractogram of as-prepared CeFSP sample from corresponding CoWI diffractograms).
(c) UV-Vis spectra of CeFSP, CoWI, and the Co304 reference.

To determine the average Co particle size in the as-prepared CoW!I catalysts, we
utilized high-angle annular dark-field scanning TEM (HAADF-STEM) combined with
energy-dispersive X-ray (EDX) mapping. Figure 3.2 presents the elemental maps of
Co and Ce in the as-prepared CoWI catalysts. In the sample with the lowest Co load-
ing (2.5CoWI), Co is mostly highly dispersed on the CeO:2 support particles. Only a
few aggregated Co particles can be observed with a size of ~1.5 nm. Co aggregation
is significant in the 5CoWI and 10CoWI catalysts, although both samples also contain
highly dispersed Co. The 10CoWI catalyst contained sufficient nanoparticles to de-
termine their average size, being 2.5 + 0.8 nm.
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5CoWI 2.5CoWI

10CoWI

Figure 3.2. STEM-EDX images: (left) HAADF-STEM images and corresponding
EDX elemental maps of (middle) Co and Ce and (right) Co for as-prepared CoWI
catalysts.

The surface of the as-prepared samples was probed by XPS and CO IR spectros-
copy. The Co 2p32 XP spectra were fitted using a literature model.82 The fitted XP
spectra are shown in Figure B2. The corresponding Co/Ce surface ratios are listed
in Table 3.1. The XP spectrum of 2.5CoWI can be fitted with one Co?* component
with a Co 2ps/2 binding energy of 781.0 eV and an accompanying satellite peak at
786.5 eV. At Co loadings of 5 mol.% and 10 mol.%, the formation of CozO4 on the
surface was evident from the 2ps;2 contribution of Co3* at 778.8 eV, along with two
Co?* contributions at 780.6 eV and 782.4 eV.83 The Co3* fractions for 5CoWi and
10CoWi of 28% and 36%, respectively, are significantly lower than the Co3* fraction
in Co304. This indicates that the surface of the samples also contains highly dis-
persed CoO or a Co-CeO:2 solid solution'®, confirming the interpretation of the UV-
Vis and STEM-EDX results. As expected, the amount of CosO4 increases with the
Co loading.

The presence of Co?* is also evident from the low-temperature CO IR spectra. In
addition to narrow bands at 2150 — 2155 cm™! due to CO adsorption on Ce** 64-66
the IR spectra of the CoW!I catalysts contain a sharp band at 2090 — 2100 cm' due
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to CO adsorption on Co02*.67:68 A band due to CO adsorption on Co?®*, expected at
2180 cm™" %7, is not observed.

Overall, the XRD, UV-Vis, XPS, STEM-EDX, and CO IR results indicate that all CoWI
catalysts contain uniformly distributed and, most likely, isolated Co?*. Some CoO
clusters and nanoparticles with a size of ca. 1 nm were visible for the 2.5CoW!I cata-
lyst. The catalysts with a higher Co loading contain more aggregated forms of Co as
CoO and Co30a4.

Metal-support interactions

To evaluate the interactions between Co and CeOz2, we compared Hz-TPR profiles of
the CoWI catalysts to that of the bare CeFSP. The weight-normalized reduction pro-
files are shown in Figure 3.3a. The Hz2-TPR profile of CeFSP is characterized by a
single reduction peak at 580 °C, attributed to the reduction of surface Ce** to Ce3*.6°
The profiles of 5CoWI and 10CoWI show two peaks at 300 °C and 425 °C, owing to
the reduction Co304 to CoO and CoO to Co, respectively.”%72 The 2.5CoWI sample
contains a low-temperature peak at 200 °C, likely due to the reduction of surface-
adsorbed oxygen species’®74, and a main reduction peak at 350 °C due to the re-
duction of CoO in strong interaction with CeO2 or Co in a Co-CeO: solid solution.”
The peak due to metallic Co formation for 2.5CoWI is very small. Overall, this inter-
pretation is consistent with the XRD and XPS findings, indicating the predominance
of Co?* species at low Co loading and a growing amount of Coz0s, which can be
reduced to metallic Co at elevated temperatures, with increasing Co loading. The
excess amount of H, i.e., the difference between the total H2 consumed and H: re-
quired to reduce CoO/Co304 completely (Figure 3.3b), stems from the reduction of
the CeO:2 surface by spillover hydrogen from metallic Co particles. This also explains
the lower onset temperature of CeOz2 surface reduction 3!. As the CeO:2 surface area
is similar for the three CoWI catalysts, the excess amount of consumed H2 does not
strongly vary with Co loading. In the following, we employed a reduction temperature
of 300 °C using a heating rate of 10 °C and a dwell of 4 h in 20 vol.% H2z in He to
partially reduce Co in the CoWI catalysts, which can benefit the CO2 hydrogenation
performance of Co supported on CeO2-containing supports.

H2 chemisorption measurements on the reduced catalysts (Table 3.2, Figure 3.3c)
indicate irreversible H2 chemisorption on all CoWl samples (Figure B3). The amount
of chemisorbed H: increases with the Co loading, reaching the highest value for
5CoWI. CO chemisorption also revealed irreversible CO chemisorption for CoW!I cat-
alysts and CeFSP (Figure B3). The observation that the CeFSP also chemisorbed
CO points to oxygen vacancies formed during the reduction.’®”” The presence of
metallic Co led to higher CO chemisorption values.”-80 Due to the involvement of the
CeO:2 support, H2 and CO chemisorption cannot be used to determine the amount of
metallic Co sites.
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The reduced and passivated catalysts were also examined using XPS depth profiling
to verify that CeOz2 did not encapsulate Co after reduction. The surface Co/Ce ratios
showed a significant decrease with every Ar etching step, indicating a higher con-
centration of Co at the surface (Figure B4). These results suggest that the reduction
treatment did not lead to a Ce-containing oxide layer on the metallic Co particles.
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Figure 3.3. (a) Weight-normalized H2-TPR profiles of CeFSP and CoW!I (conditions:
4 vol.% Hz2, 50 mL/min). (b) Quantification of H2 consumption during TPR experiments
(light grey — excess of Hz; dashed bar — the amount required for complete
Co0O+Co0304 reduction; the ratio of CoO and Cos0O4 was estimated by XPS of as-
prepared samples). (c) Amount of H2 and CO chemisorbed during chemisorption ex-
periments.

We also used quasi-in situ XPS to study the surface composition and degree of Co
and CeO:2 reduction of the reduced CoWI catalysts. The samples were reduced at
300 °C at atmospheric pressure in a flow of 20 vol.% Hz in inert for 4 h in a reaction
chamber connected to the analysis chamber of a Kratos XPS system, followed by
evacuation and transfer to the XPS analysis chamber. The resulting Co 2ps2 and Ce
3d XP spectra and their fits are shown in Figure 3.4, and the fit results are given in
Table 3.2. The fraction of metallic Co in the reduced catalysts was 52% for 5CoWI
and 79% for 10CoWI. The reduced 2.5CoWI catalyst only contained a contribution of
Co?* at a 2ps2 binding energy of 780.6 eV, indicating that the amount of metallic Co
is very low in this sample. Based on the remaining Co?* fraction and the Co loading,
the catalysts contain a nearly constant amount of Co?* after reduction, i.e., 2.5 mol.%
for 2.5CoWI, 2.4 mol.% for 5CoWI, and 2.0 mol.% for 10CoWI. This almost constant
Co?* amount likely represents highly dispersed Co?* ions in strong interaction with
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the CeO2 support. These species cannot be reduced at 300 °C, although CO IR
spectroscopy shows that the surface of reduced 2.5CoWI contains a small amount
of metallic Co clusters. The decrease in the Co?* amount at higher Co loading might
be due to the increasing surface coverage by Co metal particles. As the reduced Co
particles are small, we can assume that XPS probes nearly all Co. Thus, the amount
of metallic Co can be estimated to increase from 2.6 mol.% for 5CoWI to 7.3 mol.%
for 10CoWI. The deconvolution of the Ce 3d XP spectra showed that the presence
of Co led to a higher Ce?®* contribution of ~37% for all reduced CoW!I catalysts than
the Ce?* contribution of ~7% in the as-prepared catalysts. The XPS Co/Ce surface
ratios of the reduced catalysts are lower than those of the as-prepared catalysts (Ta-
ble 3.1 and Table 3.2). The slight decrease in the Co/Ce ratio upon reduction of the
2.5CoWI catalyst can be explained by the very low Co reduction degree. In contrast,
the reduction of 5CoWI and 10CoWI results in a substantial decrease in the Co/Ce
ratio, which aligns with the sintering of Co during Co-oxide transformation into metal-
lic Co particles.
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Figure 3.4. Deconvolution of Ce 3d (top) and Co 2ps2 (bottom) XP spectra of reduced
CoWI catalysts (reduction conditions: 20 vol.% H2 in Ar, 50 mL/min, 300 °C, 4 h).

The Co particle size in the reduced and passivated CoWI catalysts was estimated
from HAADF-STEM-EDX maps (Figure 3.5). At low Co loading (2.5CoWI), Co re-
mains highly dispersed on CeOz, with only a few Co particles visible with sizes ~2
nm. The average Co particle sizes in the reduced 5CoWI and 10CoW!I catalysts were
2.5+ 0.4 nm and 3.0 + 0.7 nm for 5CoWI| and 10CoWI, respectively. Both catalysts
also contained highly dispersed Co.

The theoretical amount of chemisorbed Hz was estimated, assuming a spherical
shape of the particles and a H/Co adsorption stoichiometry of unity and considering
for 5CoWI and 10CoWI, the Co particle sizes determined from STEM-EDX maps and
Co reduction degrees from the quasi-in situ XPS measurements. The resulting values
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of 0.03 mmol/g for 5CoWI and 0.08 mmol/g 10CoWI are substantially lower than the
experimental Hz chemisorption values, i.e., 0.32 mmol/g for 2.5CoW!I, 0.39 mmol/g
for 5CoWI and 0.37 mmol/g for 10CoWI. The difference is caused by hydrogen spill-
over from Co to CeO, typical for CeO2-supported metal catalysts.?!82
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Figure 3.5. STEM-EDX images: (left) HAADF-STEM images and corresponding
EDX elemental maps of (middle) Co and Ce and (right) Co for reduced and passiv-
ated CoWI catalysts.

The structural changes of the CoWI catalysts and the bare CeFSP support during
reduction and subsequent CO2 hydrogenation were investigated in more detail by in
situ synchrotron XRD. XRD data were recorded up to q = 14 A" and PDF data up to
q = 28 A-1. The synchrotron XRD patterns of the CoWI catalysts can be described
well by CeOz2 (Figure B5). The patterns for the 2.5CoWi and 5CoWINo catalysts did
not contain reflections due to Co-containing phases, implying that the reduced Co
particles are very small. The 10CoWI catalyst shows a stepwise reduction of C0304
to Co metal, following the sequence Co3s04 — CoO — Co, the transitions taking place
at 175 °C and 225 °C, respectively (Figure B6). Subtracted XRD patterns (AXRD
plots, referenced to the as-prepared state) emphasize that, with increasing Co
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loading, the contribution at q = 2.96 A-! due to metallic Co becomes stronger (Figure
3.6a). The negative features at q = 2.58 and 4.36 A" of the 10CoWI catalyst point to
the disappearance of the Co304 phase.

Table 3.2. H>-TPR of as-prepared catalysts and physicochemical properties of re-
duced at 300 °C CoWI and CeFSP samples.

Catalyst CeFSP 2.5CoWI 5CoWI 10CoWI
Hz (mmol/g)? 0.59 0.69 0.8 1.12
Excess H . 0.54 0.48 0.47
(mmol/g)
dco (nm)° 1.6+0.3 25+04 3.0+07
H2 (mmol/g)? 0.00 0.32 0.39 0.37
Theoretical Hz2 } 0 0.03 0.08
(mmol/g)®
CO (mmol/g)’ 0.057 0.16 0.23 0.21
Co reduction ) 0 0,52 0.79
degree?
Ce®* (%)9 - 36 36 38
Co/Ce - 0.02 0.02 0.03

(at.%/at.%)?
a - determined from H>-TPR in 100 — 650 C range, b — estimated from the difference
between total H, consumption during H>-TPR and H- required to reduce CoO and
Co304 completely, ¢ — estimated from HAADF-STEM-EDX maps of reduced and pas-
sivated catalysts (reduction treatment: 300 °C), d — determined by H, chemisorption
at 150 °C on catalysts reduced at 300 C, e — estimated assuming a spherical shape
of the Co patrticles and a H/Co adsorption stoichiometry of 1, the Co reduction de-
gree, derived from XPS of reduced CoFSP catalysts, f — determined by CO chemi-
sorption at 35°C on pre-reduced samples at 300 °C, g — Co reduction degree
Co%(Co%+Co?%*) and Ce?®* fraction determined by quasi-in situ XPS on samples re-
duced at 300 C.

Rietveld refinement of the XRD patterns revealed an increase in the CeOz2 unit cell
parameter during reduction for all catalysts and the CeFSP sample (Figure 3.6b),
along with a minor increase in the CeOz2 crystallite size from 10 nm to 12 nm (Figure
B7). In addition to gradual thermal expansion, a more abrupt increase in the CeO2
unit cell parameter from 5.405 to 5.444 A is observed in the 100 — 250 °C temperature
range for all CoWI catalysts and the CeFSP support (Figure 3.6b). The expansion
of the CeFSP unit cell is more gradual, and the change in the unit cell parameter is
less pronounced than that of the CoW!I catalysts (Figure 3.6b). The reduction of Ce**
to the larger Ce®* ion and the electrostatic repulsion between oxygen vacancies and
the surrounding cations cause this abrupt increase of the unit cell parameter.8

The G(r) derived from the PDF of CoWl and CeFSP before and after reduction are
shown in Figure B8. The observed peaks at distances r = 3.8, 4.5, 5.4, 5.9, and 6.6
A are characteristic of the CeO:2 structure. The refined lattice parameters of as-pre-
pared CeFSP 2.5CoWI, 5CoWI, and 10CoWI catalysts are 5.408 A, 5.402 A, 5.406
A, and 5.406 A, respectively (Table B1). The decrease of unit cell parameter for
2.5CoWI can be explained by shortening of the average distance between Ce-Ce
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atom pairs due to Co insertion in the CeOz: lattice, which is in good agreement with
the other characterization results.®* The change in the unit cell parameter is less pro-
nounced for the catalysts containing more Co. The experimental PDF curves were
also fitted by a Gaussian peak corresponding to the Ce-Ce distance of ~3.8 A in the
CeO: fluorite structure. The resulting CeO:2 peaks of as-prepared CoW!I catalysts ex-
hibit shorter interatomic distances than in CeFSP, which further confirms the insertion
of Co in the CeO:2 structure (Table B1). To identify small changes due to Co, we
determined AG(r) by subtracting G(r) of CeFSP from the G(r) of the CoWI catalysts
(Figure B9). Following a procedure developed for Ni-ZrO2-CeO2 samples®, the
PDFs of Co304, CoO, Co, and Co doped in CeO2 were modeled. Their comparison
indicated that the AG(r) of the as-prepared 10CoWI catalyst contains features of
Co304 (Figure B9), while the AG(r) of the 2.5CoWI and 5CoWI shows peaks that
match those of Co doped in the CeO: lattice (r = 3.8 and 4.5 A).
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Figure 3.6. (a) Synchrotron AXRD (A = 0.124 A) of CeFSP and CoWI before and
after reductive pretreatment. AXRD difference is obtained by subtraction of the dif-
fractogram of the as-prepared sample from the diffractogram of the reduced catalyst.
(b) Refined unit cell parameter of CeO2 for CeFSP and CoW!I during the reductive
treatment (conditions: 20% Hz in Ar, 50 mL/min, 50 — 300 °C, 1 bar).

The direct G(r) analysis and Rietveld refinement of the PDF data of the reduced cat-
alysts show an increase in the interatomic distances, implying an expansion of the
CeO: lattice. This can be attributed to thermal expansion and the formation of Ce3*
ions. The likely random distribution of Ce3* in the reduced catalysts and the increased
thermal motion at higher temperatures can explain the broader peaks in the PDF
(Figure B8). The AG(r) of the reduced CoWI catalysts shows features of metallic Co
(r=2.5;4.3 and 5.6 A) and Co doped into the CeO: lattice (r = 3.8 and 4.5 A) (Figure
B9). The latter implies that not all Co?* ions were reduced under these conditions,
which is consistent with the STEM-EDX results of the reduced catalysts.

To estimate the degree of CeO, reduction, the change in the unit cell parameter of
CeO, (Aa) was determined by subtracting the unit cell of the as-prepared sample

from the unit cell of the sample after reduction. Figure B10 shows that Aa increases
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with the Co loading, indicating that the presence of Co leads to a deeper reduction
of CeO,.38

The nature of the Co species in the reduced CoW!I catalysts was also investigated
by CO IR spectroscopy at 50 °C and liquid N2 temperature (Figure 3.7 and B11).
The assignment of the observed bands is shown in Table A2. All spectra recorded
at 50 °C are dominated by linear and bridged carbonyl bands in the 2060 — 2000
cm™' and 1970 — 1840 cm™' range, respectively.8® At low Co loading (2.5CoW]I), the
carbonyl band at 2020 — 2040 cm-' is relatively narrow, indicating the presence of
highly dispersed Co.388687 The spectra of the reduced 5CoWI and 10CoW!I catalysts
contain a significantly broader carbonyl band around 2000 cm-' at low CO coverage,
indicative of CO adsorption on metallic Co nanoparticles. Increasing the CO
coverage leads to a blue shift of the carbonyl band from 2000 cm-' to 2040 cm-! due
to lateral (dipole) interactions between adsorbed CO molecules on these larger
metallic Co particles.888 The spectra of the reduced CoW!I catalysts also contain
bands due to formate species (formate-I at 2838, 1584, and 1565 cm-'; formate-I| at
2838, 1565 and 1359 cm-*; formate-Ill at 1550, 1371 cm') and weaker bands due to
carbonate and bicarbonate species (1635, 1425, 1222 cm-') (Figure B12).°° These
results confirm the high reactivity of the CeO:2 surface towards CO, which affects the
CO chemisorption results. The negative band around 2090 cm' of the IR spectra
suggests that CO partially reoxidized the CeO2 support for all CoWI catalysts.

The corresponding CO IR spectra recorded at liquid N2 temperature contain narrower
carbonyl bands for 2.5CoWI than for the other catalysts (Figure B11). This further
supports the conclusion that this catalyst contains very small Co clusters. The
relatively narrow band at ~1933 cm-', which is likely due to bridged carbonyls on Co
clusters, was only observed for the reduced 2.5CoWI catalyst. The carbonyl bands
related to small Co clusters in 2.5CoWI are much broader in the IR spectra recorded
at liquid N2 temperature than those obtained at 50 °C. This is most likely due to lateral
interactions of these carbonyls with CO adsorbed on proximate Co?* sites or
physically absorbed CO. The presence of larger Co nanoparticles in the reduced
5CoWI and 10CoWI catalysts is evident from the broader and shifting carbonyl band
with Co loading. This may be linked to the increased density of highly
undercoordinated Co sites, such as step-edges, on larger particles.®! A broad band
in the 2110 — 2135 cm™ region in the reduced CeFSP and CoWI catalysts
corresponds to the Ce3* 2F5/2 — 2F7/2 spin-orbit electronic transition.® This band
evidences the partial reduction of CeO2 in CeFSP and CoWI catalysts.3! The highest
intensity of this band for 2.5CoWI suggests that the CeO: surface is more reduced
than for the other samples.

The reduced catalysts were also studied by IR spectroscopy of adsorbed CO:2 at 50
°C (Figure B13-14). Pronounced carbonyl bands in all IR spectra indicate that CO:2
can dissociate on the reduced catalysts at 50 °C without Hz. Similar to the CO IR
spectra, the carbonyl bands for 2.5CoWI are narrower than those for the other cata-

lysts. The negative band around 2090 cm-! suggests that the CeO2 support was
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partially reoxidized by CO: in all CoWI catalysts. Earlier, Parastaev et al. concluded
that CO2 activation in partially reduced Co/CeQO2-ZrO: catalysts occurs at sites at the
interface between metallic Co and reducible components in the catalysts, namely
CoO and Ce0>.%8
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Figure 3.7. IR spectra of the CoWI reduced at 300 °C after CO adsorption at 50 °C
(conditions: 1 — 10 mbar CO).

Overall, the XRD, XRD-PDF, STEM-EDX, and IR results showed that a small amount
of tiny Co clusters were formed in the 2.5CoWI catalyst upon reduction at 300 °C.
Reduction of the 5CoWI and 10CoWI led to larger Co nanoparticles. XPS analysis
shows that the Co reduction degree of 2.5CoWI is very low, implying that the surface
predominantly comprises highly dispersed Co?* in strong interaction with CeOz2, re-
sisting reduction at 300 °C. In addition to a nearly similar amount of such difficult-to-
reduce Co?* species, the reduced 5CoWI| and 10CoW!I catalysts contain metallic Co
particles in amounts of 2.6 mol.% and 7.3 mol.% in 5CoWI and 10CoW], respectively.
HAADF-STEM-EDX maps of the reduced and passivated CoWI catalysts revealed
that Co remains highly dispersed on CeOz2, with only a few Co particles visible with
sizes ~ 2 nm for 2.5CoWI, while the average Co particle size in the reduced 5CoWI
and 10CoWI catalysts was ~2.5 nm and ~3.0 nm, respectively. XPS also confirmed
the presence of Ce®* species due to CeO2 surface reduction, implying the presence
of oxygen vacancies. The partially reduced state of the surface is confirmed by in situ
XRD, PDF, and IR spectroscopy. All reduced CoWI catalysts strongly chemisorb Ha,
the H atoms generated on metallic Co spilling over to the CeO2 support. CO adsorbed
stronger on the metallic Co nanoparticles in the reduced 5CoWI and 10CoWI cata-
lysts than the small amount of reduced Co in 2.5CoWI.
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CO: hydrogenation

The catalytic performance of the reduced CoWI catalysts and the reduced bare
CeFSP support was evaluated at atmospheric pressure in the temperature range of
200 — 300 °C. While CeFSP did not convert CO2 under these conditions, the reduced
CoWI catalysts hydrogenated CO2 to CO and CHa (Figure B15). At 200 °C, the high-
est CO2 conversion (2%) and CHas selectivity (84%) were obtained with the 10CoWI
catalyst. The CO selectivity increased at the expense of the CH4 selectivity with de-
creasing Co loading. The 2.5CoWI catalyst exhibited a CO selectivity of 78%, a CH4
selectivity (20%), and a small amount of CH3OH (~2%). Increasing the reaction tem-
perature increased the CHas selectivity (Figure B15), suggesting that CO2 —» CO —
CHa is the main pathway for CO2 hydrogenation for the CoWI catalysts.%?

We compared the product distribution among the catalysts at a similar conversion of
~4% at 250 °C by varying the space velocity (i.e., using 50 mg 2.5CoWI, 25 mg
5CoWI, and 15 mg 10CoWI, Figure 3.8). These results show that the 10CoWI cata-
lyst exhibited the highest CH4 selectivity (59%), while the 2.5CoW!I exhibits the high-
est CO selectivity of 78%. The 5CoWI catalyst produced nearly equal amounts of CO
and CH4 under these conditions.

The notable differences in the product distribution can point to different structures of
the active sites, which may be linked to the difference in Co particle size. Small clus-
ters and single metal atoms possess catalytic properties distinct from metal nanopar-
ticles.?® The formation of CH4 during CO2 hydrogenation has been associated with
step-edge sites on large enough metal nanoparticles3894, whereas very small clus-
ters, which lack such sites needed for CO dissociation and Co-O-Ce interfaces pref-
erentially convert CO2to CO via the rWGS reaction. 9.9
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Figure 3.8. Catalytic performance of CoWI catalysts reduced at 300 °C: CO: conver-
sion and product distribution at a reaction temperature 250 °C (left). CO2 methanation
reaction rate at 250 °C, normalized to the total Co loading (right) (conditions: 250 °C,
50 mg of 2.5CoWI, 25 mg of 5CoWI, 15 mg of 10CoWI, 15 vol.% CO2, 60 vol.% Ha,
25 vol.% Ar, 50 mL/min, 1 bar).
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Figure 3.8 shows the CO2 conversion rates (rcoz2) normalized to the Co loading de-
termined at the same low conversion. The highest rco2 was observed for the 2.5CoWI
catalyst ((3.1 £ 0.2 mmolco2/molco/s). The rCO2 decreased with increasing Co load-
ing. As discussed above, normalizing the reaction rates to the number of metallic Co
sites based on Hz and CO chemisorption is not possible.

To compare the performance of CoWl and CoFSP catalysts (Chapter 2), rcoz nor-
malized to the Co loading was determined at 200 °C (Table B2). The reduced
2.5CoWI and 5CoWI samples displayed higher metal-weight normalized activity at
200 °C than the CoFSP catalysts. The 10CoW!I (rco2 of 3.8 + 0.8 x 103 molcoz-molco”
1.s1; CH4 selectivity of 78%) exhibited a performance close to that of 10CoFSP (3.9
4+ 0.2 x 103 molcoz2-molco™ -s*' and CHa selectivity of 86%). likely due to the formation
Co nanoparticle size ~3.5 — 4.5 nm in both samples, although to the Co reduction
degree for 10CoWI(79%) is higher than for 10CoFSP (52%). Highly dispersed Co in
2.5CoWI displayed substantially higher rcoz2 (5.3 £ 0.3 x 10-3 molcoz2:molco™ -s1) than
2.5CoFSP (rcoz20of 1.2 £ 0.2 x 10-* molcoz:molce™ -s1) with a comparably high CO
selectivity (75 — 79%). Thus, even though both samples contain highly dispersed Co
in close interaction with CeOg, it is likely that more Co is at the surface in 2.5CoW],
resulting in more metallic Co clusters upon reduction. Nevertheless, the high CO se-
lectivity for both samples indicates that CH4 formation is limited on these small Co
clusters, while highly dispersed Co?* at the Co—O-Ce interface are also likely selec-
tive in CO2 hydrogenation to CO.

The data in Figure B16, Table B2, and Table A5 can be used to compare the activity
of the CoWI catalysts to literature data. In brief, the 2.5CoWI and 5CoWI catalysts
show higher catalytic activity in CO2 methanation in the 200 — 275 °C range compared
to a wide range of Co/CeOz and Co/TiO2 catalysts.

Stability in COz: hydrogenation

We evaluated the performance of the CoWI catalysts in CO2 hydrogenation reaction
for 65 h at a temperature of 300 °C (Figure 3.9a-c). The conversion levels are ex-
pressed as a ratio of the conversion at a given time and the conversion at the start
of the reaction. The three CoWI catalysts show strong deactivation during the first 20
h, followed by a semi-steady state. The initial strong deactivation is accompanied by
an increase in the CO selectivity at the expense of CH4. The increased CO selectivity
goes together with an increase in the selectivity of C2+ hydrocarbons (Figure B17).
A higher CO intermediate partial pressure might lead to more C growth monomer
formation on the Co surface, resulting in a higher chain-growth probability.88

To understand the initial rapid deactivation, the surface of the catalysts was studied
by in situ IR spectroscopy using a CO2 methanation feed with a H2/COz ratio of 4 at
temperatures in the range of 200 — 300 °C. CH4 formation was already evident at 200
°C for all CoWI catalysts from the characteristic gas-phase CH4 bands at 3017 and
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1306 cm~' (Figure B18).%6 The spectra also contain bands due to gaseous CO, indi-
cating that CO is a reaction intermediate in CO2 hydrogenation on the CoWI catalysts.
The formation of CO also explains the carbonyl bands due to CO on metallic Co in
the 1800 — 2050 cm! range for the 5CoWI and 10CoWI catalysts. The absence of
atop carbonyl for 2.5CoWI differs from the earlier discussed CO and CO: IR experi-
ments for the 2.5CoW!I catalyst (Figure 3.10 and 3.6), suggesting weaker CO ad-
sorption on 2.5CoWI compared to 5CoWI and 10CoWI. All spectra contain bands in
the 1970 — 1840 cm-' range due to bridged carbonyls, which become more intense
with increasing temperature.
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Figure 3.9. CO2 conversion as a function of time on stream for CoW!I catalysts re-
duced at 300 °C (a-c) (conditions: 300°C, 1 bar, 50 mg of sample, 15 vol.% CO2, 60
vol.% Hz, 25 vol.% Ar, 50 mL/min).

Figure 3.10 shows that all CoWI catalysts feature pronounced broad IR bands in the
carbonate region (1000 — 1700 cm-"), which can be assigned to mono-, bi-, and
polydentate carbonate and bicarbonate species.®®% They are formed upon the
reaction of CO2 with basic sites of the CeO2 support. The surface also contains
formate species, which follow from the C-H stretching band at 2841 cm-'.°° Various
formate species are present (formate-l at 1584 and 1565 cm'; formate-Il at 1565 and
1359 cm'; formate-Ill at 1550, 1371 cm™'). The 2.5CoWI spectra show an increasing
intensity of formate (2839 cm-') and CH4 bands with increasing temperature. On the
other hand, the spectra of 5CoWI and 10CoWI show a decreasing intensity of the
formate and atop carbonyl bands with increasing temperature, while the intensity of
CHa increased (Figure B19).

The higher intensity of the formate bands for 2.5CoWI combined with the absence of
Co carbonyls may indicate the dominant rWGS reaction takes place on highly dis-
persed Co?* species (2.5CoWI), whereas Co nanoparticles convert CO2 to CO and
CHa4 via conventional metal-catalyzed reactions on 5CoWI and 10CoWI.
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IR spectroscopy was used to study catalyst stability in a flow of 4 vol.% CO2 and 16
vol.% Hz balanced by N2z during 11.5 h (Figure B20-21). Normalized MS data rec-
orded during these operando IR measurements for CoWl catalysts demonstrated
that 2.5CoWI is more stable and produces less CH4 than 5CoWI and 10CoWI under
CO2 methanation conditions for 11.5 h on stream. IR spectra of 2.5CoWI showed an
intense band at 2841 cm' due to formate, while the carbonate/bicarbonate bands
became slightly more intense during the first 1.5 h on stream and then remained
stable. Normalized MS signals for 5CoWI and 10CoWI demonstrated a gradual de-
crease in the CHa signal during 1.5 h and 2.5 h, respectively. The fact that the CH4
MS signal, the intensity of CHas-related and atop carbonyl IR bands for 5CoWI and
10CoWI follow a similar trend (Figure B20-21) suggests that CO plays an important
role in CH4 formation on Co nanoparticles. The contribution of bridged carbonyls in
1970 — 1840 cm! range remains the same for all CoWI catalysts.
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Figure 3.10. Background-subtracted operando IR spectra in a flow of 4 vol.% COz,
16 vol.% H:z balanced by N2 at 200 — 300 °C for 2.5CoWI (a), 5CoW!I (b), and 10CoWI
(c) samples reduced at 300 °C (conditions: 200 — 300 °C, 1 bar, 9 mg of sample).

We also investigated the reduced-passivated and used catalysts (i.e., catalysts after
65 h CO2 hydrogenation) by Raman spectroscopy (Figure B22). All spectra show an
intense band at 466 cm™' due to the F2g mode of Ce02.%” The reduced-passivated
catalysts contain a broad band in the 560 — 610 cm~' range due to oxygen vacan-
cies.® Raman spectra of 5CoWI and 10CoW!I showed a feature at 690 cm-', which
can be assigned to the A1gq vibration of C0304.%° The intensity of this band increases
with the Co loading, pointing to the formation of Co3O4 nanoparticles, likely due to
oxidation of the active phase during the passivation treatment. The Raman spectra
did not contain bands at 455 and 675 cm™" characteristic of Co0.%® The Raman spec-
tra of the used catalysts contain characteristic features of graphite with the G band
around 1600 cm™" 1% gnd the D band at 1350 cm™' 1. The D-band is related to
disorder in the sp? carbon network of graphite and amorphous carbon. The spectra
indicate the presence of graphitic coke on the used CoW!I catalysts. Figure B22
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shows that the intensity of these graphite-related peaks increases with Co loading.
Therefore, it is likely that the formation of graphitic coke on Co nanoparticles is the
cause of the deactivation observed during CO2 hydrogenation.

Thermogravimetric analysis (TGA-MS) was used to distinguish polymeric and gra-
phitic carbon deposits (Figures 11 a-c). This analysis revealed that significant mass
losses start at 175 °C for all used CoW!I catalysts. The combustion temperature de-
rived from the DTG curves exhibits a maximum at 275 °C, pointing to the “soft coke
formation.%2 The MS signal shows an additional CO: feature at 650 °C for 5CoWI
and 10CoW!I (Figure B23), which might be explained by the decomposition of car-
bonate species from the catalyst surface.'®® The amount of carbon deposits in-
creases with the Co loading, indicating that these deposits are formed on the Co
metal nanoparticles.

Ex-situ synchrotron XRD of used catalysts after CO2 hydrogenation did not provide
evidence of Co-carbide phases (Figure B24). Moreover, no large Co nanoparticles
were observed in the synchrotron XRD patterns of the used catalyst, indicating the
absence of sintering under reaction conditions.
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Figure 3.11. TG (a) and DTG (b) analysis, heat flow (c) of spent CoW!I catalysts.
Deactivated samples were obtained at the following reaction conditions: 300 °C — 50
mg of catalyst, 15 vol.% COz, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 65 h. TG
analysis conditions: 40 — 900 °C, 25 mg of catalyst, 20 vol.% O2 in He, 50 mL/min,
10 °C/min.

We studied the regeneration of the CoWI catalysts by exploring reaction-regenera-
tion experiments for the 10CoW!I catalyst (Figure B25). Figure 3.12 shows the ac-
tivity and product distribution of the 10CoWI catalyst, following various reaction-re-
generation cycles. Regeneration was carried out for 1 h in a mixture of 20 vol.% O:
in He, followed by reduction at 300 °C for 4 h min and evaluation of the CO2 hydro-
genation activity at 300 °C. This experiment shows that the deactivation of the
10CoWI catalyst in CO2 hydrogenation can be reversed by oxidation of the coke de-
posits. Despite this, we observe that the stability of the 10CoWi catalyst improved
after each regeneration, whilst the activity and product distribution remained un-
changed. It has been suggested that roughening of the Co surface and subsequent
changing of morphology during reaction-regeneration cycles may result in the for-
mation of more active/defect sites within the same Co particle.3?4° Consecutive re-
duction-oxidation-reduction (ROR) treatments substantially increased the Fischer-
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Tropsch activity of Co supported on reducible TiO2 and Nb20Os by changing the Co—
support interactions rather than redispersion of Co.'%4 In line with this, it was observed
that CO chemisorption of 10CoWI upon reduction-oxidation-reduction cycles did not
increase, excluding redispersion of Co as an explanation also in this study (Figure
B26).
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Figure 3.12. CO:2 conversion (a), CO (b), and CH4 (c) selectivity as a function of time
on stream for 10CoWI reduced at 300 °C (a-c) (conditions: 300 °C — 50 mg of cata-
lyst, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).

Deactivation due to CO

The possible role of CO in catalyst deactivation during CO2 hydrogenation was stud-
ied by determining catalyst stability in CO hydrogenation (H2/CO ratio = 3) at atmos-
pheric pressure and 200 — 300 °C for the CoW!I catalysts. CeFSP was inactive during
these catalytic tests. The WGS activity of the CoWI samples was negligible, as no
CO2 was detected during the CO methanation reaction. Figure 3.13 shows that the
main reaction products were olefins and oxygenate (86% selectivity), with CH4 as a
minor product (14 — 20% selectivity). This starkly contrasts the predominance of CO
and CH4 formed during CO2 hydrogenation, with only a small amount of paraffins with
two or more C atoms (Figure 3.8). The CO conversion of all catalysts at 200 — 300
°C increased with the Co loading (Figure B27). The highest conversion was reached
at 275 °C (Figure B27). In general, all catalysts showed a lower activity in CO hydro-
genation than in CO2 hydrogenation. Figure 3.8 shows reaction rates (rCO) normal-
ized to the Co loading and determined at 250 °C under differential conditions. The
highest rco was observed for the 5CoW!| catalyst (8.1 £ 0.5 mmolco/molco/s) (Figure
3.8). The rco decreased with increasing Co loading. As mentioned above, reporting
turnover frequencies based on the number of metallic Co sites using H2 and CO
chemisorption data is not reasonable.

Despite the substantial difference in product distribution, the deactivation curves
demonstrated a similar trend for CO and CO: hydrogenation (Figure 3.13 and 3.8).
Deactivation in CO hydrogenation occurred much faster (~3 h) than in CO2 hydro-
genation (~10 h). The 2.5CoWI catalyst was slightly more resistant to deactivation in
CO hydrogenation (Figure 3.13c). These results suggest that Co clusters (2.5CoWI)
are less susceptible to deactivation than Co nanoparticles (5CoWI and 10CoWI).
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Deactivation of the catalysts in CO hydrogenation was accompanied by an increase
in CHa4 selectivity and a significant decrease in olefins and oxygenates products se-
lectivity (Figure B28). The selectivity towards C2Hs and CsHs hydrocarbons declined
more gradually and plateaued at ~9% and ~15%, respectively. A decrease in the
overall CO conversion rate and a lower rate of C-C coupling is expected, when Co
step-edge sites are poisoned , where CO dissociation occurs.® Consequently, C hy-
drogenation on less reactive facets becomes more significant, shifting the product
distribution towards CH,.
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Figure 3.13. (a) Catalytic performance of CoW! catalysts reduced at 300 °C: CO
conversion and product distribution at a reaction temperature 250 °C. (b) CO reaction
rate at 250 °C, normalized to the total Co loading (conditions: 250 °C, 50 mg of sam-
ple, 19.6 vol.% CO, 56.2 vol.% H2, 25 vol.% Ar, 50 mL/min). (c) Normalized CO con-
version as a function of time on stream for CoW!I catalysts, reduced at 300 °C (con-
ditions: 1 bar, 50 mg of sample, 18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.% Ar, 50
mL/min).

At high reaction temperatures, a higher CO conversion facilitates the formation of
coke, as C hydrogenation cannot keep up with C formation.421% To distinguish the
type of carbon deposits (e.g., graphitic, aliphatic, or aromatic) formed during the re-
action, thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was
used to study the used samples (Figures B29-30). Significant mass losses occurred
above 200 °C for all CoW!I catalysts. The combustion temperature derived from DTG
shows a maximum of 275 — 300 °C, similar to the one observed after deactivation in
CO2. The amount of carbon deposits increases with the Co loading. The highest
amount of deposits (13%) was obtained with 5CoWI. Together with C deposition on
the surface, metallic Co particles may also transform into Co-carbide, e.g., Co2C,
under particular conditions, also causing catalyst deactivation.'% Several studies
demonstrates that CoCz formation goes together with a high selectivity toward lower
olefins and oxygenates.'97.198 Ex-situ synchrotron XRD of the catalysts used in CO
hydrogenation did not show evidence for the formation of Co-carbide phases (Figure
B31). Moreover, the XRD data did not point to significant sintering of the Co nano-
particles.

Therefore, the results show the deactivation of CoWI catalysts in CO2 and CO hydro-
genation is caused by the formation of carbon deposits. The formation of such carbon
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deposits at step-edge sites of Co nanoparticles has been mentioned.8%106.10°9 Tq fur-
ther study the impact of CO on the activity and stability of 10CoW!I in CO2 hydrogena-
tion, reaction experiments were carried out with a mixture of CO and CO2 and H:
(H2/(CO+COz) ratio = 4) at 300 °C (Figure B30). The initial conversion was highest
(33%) when the feed was free from CO. Adding 3.6 vol.% CO to 11.4 vol.% CO2 and
60 vol.% Hz in Ar feed led to a decrease of the COz conversion to 27%. The lowest
initial conversion (4%) was found in CO hydrogenation (18.8 vol.% CO, 56.2 vol.%
Hz, 25 vol.% Ar). Deactivation of the catalysts in CO hydrogenation and mixture of
CO and COz is much faster (3 h) than in CO2 hydrogenation (10 h). The conversion
stabilized at approximately 5% after deactivation when the feed did not contain CO.
The initial rapid deactivation in mixtures of CO and CO, led to higher selectivity to
C2+ hydrocarbons at the expense of the CH, selectivity during the first hour on
stream, similar to reaction carried out with only CO in the feed (Figure B32-33). After
1 h on stream, the CH, selectivity increased at the expense of the Caz+ selectivity,
which was also noted during CO hydrogenation. Instead, during CO2 hydrogenation,
deactivation was accompanied by an increase in the CO selectivity at the expense
of the CH4 selectivity (Figure B33). These results suggest that the active Co sites for
CO dissociation are blocked by carbon deposition during deactivation originating
from CO. While active centers for ''WGS seems rather stable during CO:2 hydrogena-
tion which is likely due to the formation of very small Co nanoparticles (< 2 nm).3®
However, we cannot exclude that the highly dispersed Co — O — Ce species also
contribute to CO formation.8.95.110
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Conclusions

A series of catalysts with varying Co loading (2.5 — 10 mol.%) were evaluated in COz2
and CO methanation at atmospheric pressure. FSP preparation of CeO: resulted in
small CeO2 nanoparticles of ~8 nm with a higher surface area than conventional
CeOsz. Impregnated and calcination led to Co/CeO2 samples comprised of small
CeO:2 nanoparticles (10 nm), highly dispersed Co, and, with increasing Co content,
segregated Co-oxide particles. A relatively large fraction of Co in 2.5CoWI is present
as Co?* ions in strong interaction with CeO2 and they cannot be reduced at 300 °C.
The amount of such stable highly dispersed Co?* species is nearly the same in all
Co/CeO: catalysts, i.e., ~2.5 mol.%. Catalysts containing 5 mol.% and 10 mol.% Co
contain segregated Co3O4 nanoparticles of ~2 nm and ~2.5 nm. These particles are
partially reduced to metallic Co nanoparticles of 2.5 nm (5 mol.% Co) and 3 nm (10
mol.% Co) upon reduction at 300 °C. The highest Co-weight-normalized activity in
COz2 hydrogenation of 3.1 £ 0.2 mmolcoz/molco/s was observed for the 2.5CoWI cat-
alyst at 250 °C. The low Co reduction degree of this sample and the presence of very
small metal Co clusters led to predominant formation of CO (78%) in addition to CH4
(21%). Catalysts containing more and larger Co nanoparticles mainly yield CH4, small
amounts of CO and C2Hs. CO hydrogenation on these samples mostly yielded olefins
and oxygenate products (86% selectivity) with a relatively low amount of CH4. The
highest Co-weight-normalized activity in CO hydrogenation at 250 °C of 8.1 + 0.5
mmolco/molco/s was obtained for the 5CoWI sample. Despite the differences in prod-
uct selectivity, all Co/CeO2 catalysts deactivated under CO and CO2 hydrogenation
conditions. Characterization shows that catalyst deactivation is caused by deposition
of carbon from CO dissociation, which occurs most easily on nanometer-sized Co
particles. CO hydrogenation results in faster deactivation than CO2 hydrogenation.
Catalyst regeneration in 20 vol.% Oz in He fully restores and even improves the per-
formance of Co/CeOQ:2 catalysts in CO2 hydrogenation.

100



References

1. Guo, L., Guo, X., He, Y. & Tsubaki, N. CO2 heterogeneous hydrogenation to
carbon-based fuels: recent key developments and perspectives. J Mater Chem A
Mater 11, 11637-11669 (2023).

2. Ashok, J. et al. A review of recent catalyst advances in CO2 methanation pro-
cesses. Catal Today 356, 471-489 (2020).

3. Kondratenko, E. V., Mul, G., Baltrusaitis, J., Larrazabal, G. O. & Pérez-Rami-
rez, J. Status and perspectives of CO2 conversion into fuels and chemicals by cata-
lytic, photocatalytic and electrocatalytic processes. Energy Environ Sci 6, 3112-3135
(2013).

4, Ren, J. et al. Methanation of CO/CO: for power to methane process: Funda-
mentals, status, and perspectives. Journal of Energy Chemistry 80, 182-206 (2023).

5. Rénsch, S. et al. Review on methanation — From fundamentals to current pro-
jects. Fuel 166, 276-296 (2016).

6. Wang, W., Wang, S., Ma, X. & Gong, J. Recent advances in catalytic hydro-
genation of carbon dioxide. Chem Soc Rev 40, 3703-3727 (2011).

7. Zhang, Z. et al. Advances in studies of the structural effects of supported Ni
catalysts for CO2 hydrogenation: from nanoparticle to single atom catalyst. J Mater
Chem A Mater 10, 5792-5812 (2022).

8.  Suppiah, D. D., Daud, W. M. A. W. & Johan, M. R. Supported metal oxide cat-
alysts for CO2 Fischer-Tropsch conversion to liquid fuels - A review. Energy and
Fuels 35, 17261-17278 (2021).

9. Diehl, F. & Khodakov, A. Y. Promotion of Cobalt Fischer-Tropsch catalysts with
noble metals: A review. Oil and Gas Science and Technology 64, 11-24 (2009).

10. Suo, Y. Yao, Y, Zhang, Y., Xing, S. & Yuan, Z. Y. Recent advances in cobalt-
based Fischer-Tropsch synthesis catalysts. Journal of Industrial and Engineering
Chemistry 115, 92-119 (2022).

11. Mehrabi, M., Ashjari, M. & Meshkani, F. Cobalt supported on silica—alumina
nanocomposite for use in CO2 methanation process: effects of Si/Al molar ratio and
Co loading on catalytic activity. Research on Chemical Intermediates 50, 219-238
(2024).

12. llsemann, J. et al. Cobalt@Silica Core-Shell Catalysts for Hydrogenation of
CO/CO2 Mixtures to Methane. ChemCatChem 11, 4884—4893 (2019).

13. Schubert, M. et al. Highly active Co—Al2O3 -based catalysts for CO2 methana-
tion with very low platinum promotion prepared by double flame spray pyrolysis. Catal
Sci Technol 6, 7449-7460 (2016).

14.  Zhou, G. et al. CO2 hydrogenation to methane over mesoporous Co/SiOz cat-
alysts: Effect of structure. Journal of CO2 Utilization 26, 221-229 (2018).

15. lablokov, V. et al. Size-controlled model Co nanoparticle catalysts for CO2 hy-
drogenation: Synthesis, characterization, and catalytic reactions. Nano Lett 12,
3091-3096 (2012).

101



16. Zhou, G. et al. CO2 hydrogenation to methane over mesoporous Co/SiOz cat-
alysts: Effect of structure. Journal of CO2 Utilization 26, 221-229 (2018).

17. Ho, S. W. Effects of ethanol impregnation on the properties of thoria-promoted
Co/SiOz catalyst. J Catal 175, 139-151 (1998).

18. Oh, R. et al. Insights into CeO2 Particle Size Dependent Selectivity Control for
CO2 Hydrogenation Using Co/CeQ2 Catalysts. ACS Catal 897-906 (2024)

19. Deng, K. et al. Studies of CO2 hydrogenation over cobalt/ceria catalysts with in
situ characterization: the effect of cobalt loading and metal-support interactions on
the catalytic activity. Catal Sci Technol 10, 6468—-6482 (2020).

20. Diez-Ramirez, J. et al. Effect of support nature on the cobalt-catalyzed CO:2
hydrogenation. Journal of CO2 Utilization 21, 562-571 (2017).

21. Das, T. & Deo, G. Effects of metal loading and support for supported cobalt
catalyst. Catal Today 198, 116-124 (2012).

22. Wang, M. et al. Unraveling the tunable selectivity on cobalt oxide and metallic
cobalt sites for CO2 hydrogenation. Chemical Engineering Journal 446, (2022).

23. Zou, X. et al. Boosting CO2 methanation on ceria supported transition metal
catalysts via chelation coupled wetness impregnation. J Colloid Interface Sci 620,
77-85 (2022).

24. Scarfiello, C. et al. Modified Co/TiOz catalysts for CO2 hydrogenation to fuels.
J Catal 428, 115202 (2023).

25. Bertella, F., Concepcion, P. & Martinez, A. TiO2 polymorph dependent SMSI
effect in Co-Ru/TiO2 catalysts and its relevance to Fischer-Tropsch synthesis. Catal
Today 289, 181-191 (2017).

26. Liu, S. et al. Hetero-site cobalt catalysts for higher alcohols synthesis by CO:2
hydrogenation: A review. Journal of CO2 Utilization 67, 102322 (2023).

27. Scarfiello, C., Pham Minh, D., Soulantica, K. & Serp, P. Oxide Supported Co-
balt Catalysts for CO2 Hydrogenation to Hydrocarbons: Recent Progress. Adv Mater
Interfaces 10, 2202516 (2023).

28. Le, T.A, Kim, M. S, Lee, S. H. & Park, E. D. CO and CO2 Methanation Over
Supported Cobalt Catalysts. Top Catal 60, 714—720 (2017).

29. Hussain, I. et al. A review of the indispensable role of oxygen vacancies for
enhanced CO2 methanation activity over CeO2-based catalysts: Uncovering, influ-
encing, and tuning strategies. Int J Hydrogen Energy 48, 24663—24696 (2023).

30. Boaro, M., Colussi, S. & Trovarelli, A. Ceria-based materials in hydrogenation
and reforming reactions for COz valorization. Front Chem 7, 426236 (2019).

31. Parastaev, A. et al. Boosting CO2 hydrogenation via size-dependent metal—
support interactions in cobalt/ceria-based catalysts. Nat Catal 3, 526-533 (2020).
32. Kattel, S. et al. CO2 Hydrogenation over Oxide-Supported PtCo Catalysts: The
Role of the Oxide Support in Determining the Product Selectivity. Angewandte
Chemie International Edition 55, 7968-7973 (2016).

33. Xu, S, Xie, F., Xie, H., Zhou, G. & Liu, X. Effect of structure and composition
102



on the CO:2 hydrogenation properties over bimodal mesoporous CeCo composite cat-
alyst. Chemical Engineering Journal 375, 122023 (2019).

34. Have, I. C. ten et al. Uncovering the reaction mechanism behind CoO as active
phase for CO2 hydrogenation. Nature Communications 2022 13:1 13, 1-11 (2022).

35. Zhou, X., Price, G. A, Sunley, G. J. & Copéret, C. Small Cobalt Nanoparticles
Favor Reverse Water-Gas Shift Reaction Over Methanation Under CO2 Hydrogena-
tion Conditions. Angewandte Chemie - International Edition 62, (2023).

36. Li, B. et al. CeOz-supported Fe, Co and Ni toward CO2 hydrogenation: Tuning
catalytic performance via metal-support interaction. Journal of Rare Earths 41, 926—
932 (2023).

37. Fu, X. P. et al. Boosting reactivity of water-gas shift reaction by synergistic
function over CeO2-x/Co01.x/Co dual interfacial structures. Nature Communications
2023 14:1 14, 1-11 (2023).

38. Parastaev, A. et al. Breaking structure sensitivity in CO2 hydrogenation by tun-
ing metal—oxide interfaces in supported cobalt nanoparticles. Nat Catal 5, 1051-1060
(2022).

39. Klingenberg, B. et al. Structural aspects of activation and deactivation of cobalt
catalysts in hydrogenation of carbon dioxide. Stud Surf Sci Catal 101, 961-969
(1996).

40. Froéhlich, G. et al. Activation and deactivation of cobalt catalysts in the hydro-
genation of carbon dioxide. Appl Catal A Gen 134, 1-19 (1996).

41. Lojewska, J. & Dziembaj, R. Deactivation of cobalt hydrogenation catalyst in-
duced by carbonaceous deposits. A model and its experimental verification. Stud
Surf Sci Catal 126, 121-128 (1999).

42. van Koppen, L. M., lulian Dugulan, A., Leendert Bezemer, G. & Hensen, E. J.
M. Elucidating deactivation of titania-supported cobalt Fischer-Tropsch catalysts un-
der simulated high conversion conditions. J Catal 420, 44-57 (2023).t

43. Khangale, P. R., Meijboom, R. & Kalala Jalama, -. Catalyst Deactivation Rate
During Hydrogenation of COz2 to Longer-Chained Hydrocarbons Over 6 wt.% Potas-
sium-Promoted Co/Al2O3 Catalyst. Catal Letters 151, 3396—-3403 (1234).

44. Van Berge, P. J., Van De Loosdrecht, J., Barradas, S. & Van Der Kraan, A. M.
Oxidation of cobalt based Fischer-Tropsch catalysts as a deactivation mechanism.
Catal Today 58, 321-334 (2000).

45. Tsakoumis, N. E., Renning, M., Borg, @., Rytter, E. & Holmen, A. Deactivation
of cobalt based Fischer—Tropsch catalysts: A review. Catal Today 154, 162-182
(2010).

46. Shen L., Xu J., Zhu M., Han Y.F. Essential role of the support for nickel-based
CO2 methanation catalysts, ACS Catal. 10, (2020).

47. Wolf, M., Kotzé, H., Fischer, N. & Claeys, M. Size dependent stability of cobalt
nanoparticles on silica under high conversion Fischer—Tropsch environment. Fara-
day Discuss 197, 243-268 (2017).

48. Bezemer, G. L. et al. Cobalt particle size effects in the Fischer-Tropsch reaction
103



studied with carbon nanofiber supported catalysts. J Am Chem Soc 128, 3956-3964
(2006).

49. Den Breejen, J. P. et al. On the origin of the cobalt particle size effects in
Fischer-Tropsch catalysis. J Am Chem Soc 131, 7197-7203 (2009).

50. Van Steen, E. et al. Stability of nanocrystals: Thermodynamic analysis of oxi-
dation and re-reduction of cobalt in water/hydrogen mixtures. Journal of Physical
Chemistry B 109, 3575-3577 (2005).

51. Juhas, P., Davis, T., Farrow, C. L. & Billinge, S. J. L. PDFgetX3: a rapid and
highly automatable program for processing powder diffraction data into total scatter-
ing pair distribution functions. urn:issn:0021-8898 46, 560-566 (2013).

52. Farrow, C. L. et al. PDFfit2 and PDFgui: computer programs for studying
nanostructure in crystals. Journal of Physics: Condensed Matter 19, 335219 (2007).

53. Stadnichenko, A. I. et al. Study of active surface centers of Pt/CeQO: catalysts
prepared using radio-frequency plasma sputtering technique. Surf Sci 679, 273-283
(2019).

54. Larachi, F., Pierre, J., Adnot, A. & Bernis, A. Ce 3d XPS study of composite
CexMn1-xO2-y wet oxidation catalysts. Appl Surf Sci 195, 236—250 (2002).

55. Kato, S. et al. Quantitative depth profiling of Ce®* in Pt/CeO:2 by in situ high-
energy XPS in a hydrogen atmosphere. Physical Chemistry Chemical Physics 17,
5078-5083 (2015).

56. Skala, T., Sutara, F., Prince, K. C. & Matolin, V. Cerium oxide stoichiometry
alteration via Sn deposition: Influence of temperature. J Electron Spectros Relat Phe-
nomena 169, 20-25 (2009).

57. Yang, Z. et al. Effect of Co substitution and magnetic field on the morphologies
and magnetic properties of CeOz2 nanoparticles. Ceram Int 45, 11927-11933 (2019).

58. Abbas, F. et al. Differential cytotoxicity of ferromagnetic Co doped CeO2 nano-
particles against human neuroblastoma cancer cells. J Alloys Compd 648, 1060—
1066 (2015).

59. Hagfeldt, A. & Gratzel, M. Light-Induced Redox Reactions in Nanocrystalline
Systems. Chem Rev 95, 49-68 (1995).

60. Wu, T. S. et al. Dramatic band gap reduction incurred by dopant coordination
rearrangement in Co-doped nanocrystals of CeOz. Scientific Reports 2017 7:1 7, 1—
7 (2017).

61. Khodakov, A. Y., Chu, W. & Fongarland, P. Advances in the development of
novel cobalt Fischer-Tropsch catalysts for synthesis of long-chain hydrocarbons and
clean fuels. Chem Rev 107, 1692—1744 (2007).

62. Cabrera-German, D., Gomez-Sosa, G. & Herrera-Gomez, A. Accurate peak
fitting and subsequent quantitative composition analysis of the spectrum of Co 2p
obtained with Al Ka radiation: I: cobalt spinel. Surface and Interface Analysis 48,
252-256 (2016).

63. Lykhach, Y. et al. Quantitative Analysis of the Oxidation State of Cobalt Oxides
by Resonant Photoemission Spectroscopy. Journal of Physical Chemistry Letters 10,
104



6129-6136 (2019).

64. Binet, C., Badri, A., Boutonnet-Kizling, M. & Lavalley, J. C. FTIR study of car-
bon monoxide adsorption on ceria: CO2-2 carbonite dianion adsorbed species. Jour-
nal of the Chemical Society, Faraday Transactions 90, 1023—-1028 (1994).

65. Wu, W., Savereide, L. M., Notestein, J. & Weitz, E. In-situ IR spectroscopy as
a probe of oxidation/reduction of Ce in nanostructured CeO-. Appl Surf Sci 445, 548—
554 (2018).

66. Binet, C., Daturi, M. & Lavalley, J. C. IR study of polycrystalline ceria properties
in oxidized and reduced states. Catal Today 50, 207—-225 (1999).

67. Busca, G., Guidetti, R. & Lorenzelli, V. Fourier-transform Infrared Study of the
Surface Properties of Cobalt Oxides. 86, 989-994 (1990).

68. Ferstl, P. et al. Adsorption and Activation of CO on Co0304(111) Thin Films.
Journal of Physical Chemistry C 119, 16688—-16699 (2015).

69. Ocampo, F., Louis, B. & Roger, A. C. Methanation of carbon dioxide over
nickel-based Ceo.72Zr0.2s02 mixed oxide catalysts prepared by sol-gel method. Appl
Catal A Gen 369, 90-96 (2009).

70. Karaca, H. et al. In situ XRD investigation of the evolution of alumina -supported
cobalt catalysts under realistic conditions of Fischer-Tropsch synthesis. Chemical
Communications 46, 788—790 (2010).

71. Castner, D. G., Watson, P. R. & Chan, I. Y. (A). X-ray Absorption Spectroscopy,
X-ray Photoelectron Spectroscopy, and Analytical Electron Microscopy Studies of
Cobalt Catalysts. 2. Hydrogen Reduction Properties. J. Phys. Chem 94, 819-828
(1990).

72. Khodakov, A. Y., Griboval-Constant, A., Bechara, R. & Villain, F. Pore-size con-
trol of cobalt dispersion and reducibility in mesoporous silicas. Journal of Physical
Chemistry B 105, 9805-9811 (2001).

73. Zhang, F. et al. In Situ Elucidation of the Active State of Co-CeOx Catalysts in
the Dry Reforming of Methane: The Important Role of the Reducible Oxide Support
and Interactions with Cobalt. ACS Catal 8, 3550-3560 (2018).

74. Luo, J. Y. etal. Mesoporous Co304—CeO2 and Pd/Co304—CeO2 catalysts: Syn-
thesis, characterization and mechanistic study of their catalytic properties for low-
temperature CO oxidation. J Catal 254, 310-324 (2008).

75. Carvalho, F. L. S., Asencios, Y. J. O, Bellido, J. D. A. & Assaf, E. M. Bio-
ethanol steam reforming for hydrogen production over Co304/CeOQ2 catalysts synthe-
sized by one-step polymerization method. Fuel Processing Technology 142, 182—
191 (2016).
76. Chen, S. et al. Probing surface structures of CeOz2, TiO2, and Cu20 nanocrys-
tals with CO and CO:2 chemisorption. Journal of Physical Chemistry C 120, 21472—-
21485 (2016).
77. Yang, Z.,He, B., Lu, Z. & Hermansson, K. Physisorbed, chemisorbed, and ox-
idized CO on highly active Cu-CeO2(111). Journal of Physical Chemistry C 114,
4486-4494 (2010).

105



78. Bridge, M. E., Comrie, C. M. & Lambert, R. M. Hydrogen chemisorption and the
carbon monoxide-hydrogen interaction on cobalt (0001). J Catal 58, 28—-33 (1979).

79. Weststrate, C. J., van de Loosdrecht, J. & Niemantsverdriet, J. W. Spectro-
scopic insights into cobalt-catalyzed Fischer-Tropsch synthesis: A review of the car-
bon monoxide interaction with single crystalline surfaces of cobalt. J Catal 342, 1-16
(2016).

80. Yang, J., Frgseth, V., Chen, D. & Holmen, A. Particle size effect for cobalt
Fischer—Tropsch catalysts based on in situ CO chemisorption. Surf Sci 648, 67—73
(2016).

81. Zhang, S. et al. Boosting selective hydrogenation through hydrogen spillover
on supported-metal catalysts at room temperature. Appl Catal B 297, 120418 (2021).

82. Ghogia, A. C. et al. Hydrogen Spillover in the Fischer-Tropsch Synthesis on
Carbon-supported Cobalt Catalysts. ChemCatChem 12, 1117-1128 (2020).

83. Marrocchelli, D., Bishop, S. R., Tuller, H. L. & Yildiz, B. Understanding Chemi-
cal Expansion in Non-Stoichiometric Oxides: Ceria and Zirconia Case Studies. Adv
Funct Mater 22, 1958-1965 (2012).

84. Coduri, M., Scavini, M., Allieta, M., Brunelli, M. & Ferrero, C. Defect structure
of Y-doped ceria on different length scales. Chemistry of Materials 25, 4278—-4289
(2013).

85. Pakharukova, V. P. et al. Investigation of the Structure and Interface Features
of Ni/Ce1-xZr«O2 Catalysts for CO and CO2 Methanation. Journal of Physical Chem-
istry C 125, 20538-20550 (2021).

86. Weststrate, C. J., van de Loosdrecht, J. & Niemantsverdriet, J. W. Spectro-
scopic insights into cobalt-catalyzed Fischer-Tropsch synthesis: A review of the car-
bon monoxide interaction with single crystalline surfaces of cobalt. J Catal 342, 1-16
(2016).

87. Matsubu, J. C., Yang, V. N. & Christopher, P. Isolated metal active site con-
centration and stability control catalytic CO2 reduction selectivity. J Am Chem Soc
137, 3076-3084 (2015).

88. Chen, W, Zijlstra, B., Filot, I. A. W., Pestman, R. & Hensen, E. J. M. Mechanism
of Carbon Monoxide Dissociation on a Cobalt Fischer—Tropsch Catalyst. Chem-
CatChem 10, 136—140 (2018).

89. Zijlstra, B. et al. Coverage Effects in CO Dissociation on Metallic Cobalt Nano-
particles. ACS Catal 9, 7365-7372 (2019).

90. Daturi, M., Binet, C., Lavalley, J. C. & Blanchard, G. Surface FTIR investiga-
tions on CexZr1-xO2 system. Surf. Interface Anal 30, 273-277 (2000).

91. Van Helden, P., Ciobice, |. M. & Coetzer, R. L. J. The size-dependent site com-
position of FCC cobalt nanocrystals. Catal Today 261, 48-59 (2016).

92. Kattel, S., Liu, P. & Chen, J. G. Tuning Selectivity of CO2 Hydrogenation Reac-
tions at the Metal/Oxide Interface. J Am Chem Soc 139, 9739-9754 (2017).

93. Li, S. et al. Tuning the Selectivity of Catalytic Carbon Dioxide Hydrogenation

over Iridium/Cerium Oxide Catalysts with a Strong Metal-Support Interaction.
106



Angewandte Chemie International Edition 56, 10761-10765 (2017).

94. Bezemer, G. L. et al. Cobalt particle size effects in the Fischer-Tropsch reaction
studied with carbon nanofiber supported catalysts. J Am Chem Soc 128, 3956-3964
(2006).

95. Dostagir, N. H. M. et al. Co Single Atoms in ZrO2 with Inherent Oxygen Vacan-
cies for Selective Hydrogenation of CO2 to CO. ACS Catal 11, 9450-9461 (2021).

96. Feron, O., Langlais, F. & Naslain, R. In-situ analysis of gas phase decomposi-
tion and kinetic study during carbon deposition from mixtures of carbon tetrachloride
and methane. Carbon N 'Y 37, 1355—-1361 (1999).

97. Wu, Z, Li, M., Howe, J., Meyer, H. M. & Overbury, S. H. Probing defect sites
on CeO:2 nanocrystals with well-defined surface planes by raman spectroscopy and
Oz adsorption. Langmuir 26, 16595-16606 (2010).

98. Xu, Y. et al. Resolving a Decade-Long Question of Oxygen Defects in Raman
Spectra of Ceria-Based Catalysts at Atomic Level. Journal of Physical Chemistry C
123, 18889-18894 (2019).

99. Tang, C. W., Wang, C. Bin & Chien, S. H. Characterization of cobalt oxides
studied by FT-IR, Raman, TPR and TG-MS. Thermochim Acta 473, 68—73 (2008).

100. Robertson, J. Diamond-like amorphous carbon. Materials Science and Engi-
neering: R: Reports 37, 129-281 (2002).

101. Souza, N. et al. Upcycling spent petroleum cracking catalyst: pulsed laser dep-
osition of single-wall carbon nanotubes and silica nanowires. RSC Adv 6, 72596—
72606 (2016).

102. Vogt, E. T. C., Fu, D. & Weckhuysen, B. M. Carbon Deposit Analysis in Catalyst
Deactivation, Regeneration, and Rejuvenation. Angewandte Chemie International
Edition 62, €202300319 (2023).

103. Janos, P. et al. Recovery of Cerium Dioxide from Spent Glass-Polishing Slurry
and lts Utilization as a Reactive Sorbent for Fast Degradation of Toxic Organophos-
phates. Advances in Materials Science and Engineering 2015, 241421 (2015).

104. Hernandez Mejia, C., van Deelen, T. W. & de Jong, K. P. Activity enhancement
of cobalt catalysts by tuning metal-support interactions. Nature Communications
2018 9:1 9, 1-8 (2018).

105. Niemeld, M. K. & Krause, A. O. |. The long-term performance of Co/SiO: cata-
lysts in CO hydrogenation. Catal Letters 42, 161-166 (1996).

106. Carvalho, A. et al. Elucidation of deactivation phenomena in cobalt catalyst for
Fischer-Tropsch synthesis using SSITKA. J Catal 344, 669-679 (2016).

107. Lin, T. et al. Fischer-Tropsch Synthesis to Olefins: Catalytic Performance and
Structure Evolution of Co2C-Based Catalysts under a CO2 Environment. ACS Catal
9, 9554-9567 (2019).

108. Xiang, Y. & Kruse, N. Tuning the catalytic CO hydrogenation to straight- and
long-chain aldehydes/alcohols and olefins/paraffins. Nature Communications 2016
7:17,1-6 (2016).

107



109. Petersen, M. A., Van Den Berg, J. A,, Ciobica, I. M. & Van Helden, P. Revisiting
CO Activation on Co Catalysts: Impact of Step and Kink Sites from DFT. ACS Catal
7, 1984-1992 (2017).

110. Qiu, N., Zhang, J. & Wu, Z. Peculiar surface-interface properties of nanocrys-
talline ceria-cobalt oxides with enhanced oxygen storage capacity. Physical Chem-
istry Chemical Physics 16, 22659-22664 (2014).

Appendix B

Figures.

Figure B1.TEM images of as-prepared Ce d CoWI catalyst wﬂcorrespond-
ing particle size estimations.
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Figure B3. H2 chemisorption isotherms at 150 °C of CoWI samples reduced at 300
°C (left). CO chemisorption isotherms at 35 °C of CoWI samples reduced at 300 °C

(right).
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2.5CoWI (b), 5CoWI (c) and 10CoWI (d) before and after reductive pretreatment.
AXRD difference is obtained by subtraction of the diffractogram of as-prepared sam-
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Figure B6. Synchrotron XRD (A = 0.124 A) patterns of 10CoW! during reductive pre-
treatment (conditions: 20% Hz in Ar, 50 mL/min, 1 bar, 50 — 300 °C).
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Figure B7. Refined CeO: particle size of CeFSP and CoW!I during pretreatment (con-
ditions: 20 vol.% Hz in Ar, 50 mL/min, 50 — 300 °C, 1 bar).
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Figure B12 The carbonate region of IR spectra of the CoW!I reduced at 300 °C after
CO adsorption at 50 °C (conditions: 1 — 10 mbar CO).
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Figure B13. IR spectra of the CoWI reduced at 300 °C after CO2 adsorption at 50 °C
(conditions: 1 — 10 mbar CO2).
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CO:2 adsorption at 50 °C (conditions: 1 — 10 mbar COz).
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Figure B16. Catalytic activity of CoW!I catalysts in comparison to Co-based catalysts
reported in literature.
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Figure B17. Cz and Cs product selectivity as a function of the time on stream of
2.5CoWI, 5CoWI, and 10CoWI reduced at 300 °C (conditions: 300 °C, 50 mg of cat-
alyst, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 65 h).
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Figure B18. Background-subtracted operando IR spectra in a flow of 4% CO2, 16%
H2 balanced by N2 at 200 — 300 °C for 2.5CoWI, 5CoWI, and 10CoWI samples re-
duced at 300 °C (conditions: 300 °C, 1 bar, 9 mg of sample).
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Figure B19. The integrated area of CHa, formate, and carbonyl bands of CoWl sam-
ples reduced at 300 °C as a function of temperature (conditions: 200 — 300°C, 1 bair,
4% CO2, 16% H2 balanced by N2, 9 mg of sample).
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Figure B20. Background-subtracted operando IR spectra in a flow of 4 vol.% COz,
16 vol.% H2 balanced by N2 at 300 °C for 2.5CoW!I, 5CoWI, and 10CoW!I samples
reduced at 300 °C during 11.5 h on stream: carbonyl/carbonate regions (top) and
CHa4 and formate regions (bottom) (conditions: 300 °C, 1 bar, 9 mg of sample).

120



— 1 min 11.5h —— 1 min 11.5h —— 1 min 11.5h
0.15 0.45
2.5CoWIi 5CoWI 10CoWI
- 0.30
3 0.30
s
2 0.15
® 0.15
€
[
8
= 0.00 o 0.00 COsas prase 0.00 o ‘s
T T T T T T T T T
2000 1500 1000 2000 1500 1000 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
@ CH, (3016 cm™) e formate (2839 cm™') e atop carbonyl (2060-1860 cm"")
-_— [ ]
5 2.5CoWI é 0. g 5CoWI ' 10CoWI
© 021 o 0009 00-0.9.0.9 0.6 ~ DO,O ‘
) 4 ;
© 4 ®e.q . o0
o 011
° 0.3
® ]
o ° .
® 004 ™ 00000000000 | ®-0.o oo
- ° 9. °
E 00 &#:8:0.0.0.0.0.0.0.0.0.0 | 004 0 8:8:0:0:0:9:8:0
T T T T T T T T T
0 5 10 0 5 10 0 5 10
Time (h) Time (h) Time (h)
2.5CoWI 5CoWI 10CoWI
’:_’ ——CH, —CO, b : ——CH,——CO o 3 ——CH,——CO,
3 3 £
T I 1
2 2 2
® ® @
I3 23 0
= 50x = =
3 3 3
] 2 20x E 10x
E E E
2 2 2
- co ~ |—co o [—co
- H H
k- 2 2
n ”n ”n
0 [} [}
= = =
i 3 i
2 2 2
BN A e w0 N pA % a0 o @ W Ao o s
Time (min) Time (min) Time (min)

0

Figure B21. Background-subtracted operando IR spectra in a flow of 4% COz2, 16%
H2 balanced by N2 at 300 °C for CoWI samples reduced at 300 °C after 10 min and
11 h on stream (top). The integrated area of CH4, formate, and carbonyl bands of
CoWI samples reduced at 300 °C as a function of time (middle). Normalized MS
signal of CO2 (m/z = 44), CH4 (m/z = 15), and CO (m/z = 28) during deactivation
experiments in IR CoW! samples reduced at 300 °C (bottom) (conditions: 300°C, 1
bar, 4% COz2, 16% H2 balanced by N2).
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Figure B22. Raman spectra of reduced at 300 °C and spent CoWI catalysts. Deac-
tivated samples were obtained at the following reaction conditions: 300 °C — 50 mg
of catalyst, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 65 h.
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Figure B23. Normalized MS profiles of m/z = 18/4 (H20/He), 28/4 (CO/He), 44/4
(CO2/He) signals were recorded simultaneously with TG profiles in Figure 3.11
(main text) (TG analysis conditions: 40 — 900 °C, 25 mg of catalyst, 20 vol.% O2 in
He, 50 mL/min, 10 °C/min).
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Figure B24. Synchrotron XRD patterns (A = 0.124 A) of used CoWI. Deactivated
samples were obtained at the following reaction conditions: 300 °C — 50 mg of cata-
lyst, 15 vol.% COz2, 60 vol.% H2, 25 vol.% Ar, 50 mL/min, 1 bar, 65 h.
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Figure B25. Experimental procedure during regeneration tests (reduction-oxidation-
reduction).
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Figure B26. CO chemisorption results at 35 °C of 10CoW!I upon reduction-oxidation-
reduction (ROR) cycles.
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Figure B27. Conversion and product selectivity as a function of the temperature of
2.5CoWI, 5CoWI, and 10CoWI reduced at 300 °C during CO hydrogenation (condi-
tions: 200 — 300 °C, 1 bar, 50 mg of sample, 18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.%

Ar, 50 mL/min).
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Figure B28. Product selectivity as a function of time of CoWI catalysts, reduced at
300 °C (conditions: 300 °C — 50 mg of catalyst, 18.8 vol.% CO, 56.2 vol.% Ha, 25
vol.% Ar, 50 mL/min, 1 bar, 14 h).
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Figure B29. TG (a) and DTG (b) analysis, heat flow (c) of used CoWI catalysts. De-
activated samples were obtained at the following reaction conditions: 300 °C — 50
mg of catalyst, 18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 14 h
(TG analysis conditions: 40 — 900 °C, 25 mg of catalyst, 20 vol.% Oz in He, 50
mL/min, 10 °C/min).
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Figure B30. Normalized MS profiles of m/z = 18/4 (H20/He), 28/4 (CO/He), 44/4
(CO2/He) signals recorded simultaneously with TG profiles in Figure B26. TG analy-
sis conditions: 40 — 900 °C, 25 mg of catalyst, 20 vol.% O: in He, 50 mL/min, 10
°C/min.
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Figure B31. Synchrotron XRD patterns (A = 0.124 A) of spent CoWI. Deactivated
samples were obtained at the following reaction conditions: 300 °C — 50 mg of cata-
lyst, 18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 14 h.
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Figure B32. CO2 (red), CO (blue), CO2+CO (black) conversions at 300 °C as a func-
tion of time on stream for 10CoWI catalyst, reduced at 300°C (conditions CO hydro-
genation: 1 bar, 50 mg of sample, 18.8 vol.% CO, 56.2 vol.% Hz, 25 vol.% Ar, 50
mL/min; conditions CO2 hydrogenation: 300°C, 1 bar, 50 mg of sample, 15 vol.%
COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min; conditions CO2+CO hydrogenation:
300°C, 1 bar, 50 mg of sample, 3.6 vol.% CO, 11.4 vol.% COg, 60 vol.% Hz, 25 vol.%
Ar, 50 mL/min).
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Figure B33. Product selectivity conversions as a function of time on stream for
10CoWI catalyst reduced at 300 °C during CO, CO2 and (CO2z+ CO) mixture hydro-
genation (conditions CO hydrogenation: 1 bar, 50 mg of sample, 18.8 vol.% CO, 56.2
vol.% H2, 25 vol.% Ar, 50 mL/min; conditions CO2 hydrogenation: 300°C, 1 bar, 50
mg of sample, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min; conditions
CO2+CO hydrogenation: 300°C, 1 bar, 50 mg of sample, 3.6 vol.% CO, 11.4 vol.%
COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min).
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Tables.

Table B1. The analysis of experimental PDF of as-prepared and reduced at 300 °C
CeFSP and CoWI (error margins are reported in brackets).

Direct analysis Refined PDF
Sample FWHM (A).Gauss func- P95|- Area a(A) dceo2 Rw
tion tion (a.u.) (nm)
CeFSP 0.113 3821 | 2.62665 | 24981 1 60(03) | 0.14
: : : (0.0006) | 80 © :
CeFSP300 0.145 3.838 | 2.73816 (g'ggﬁ’) 6.8(04) | 0.15
5.402
2.5CoW| 0.107 3817 | 261368 | 007 | 53(07) | 0.14
5.423
2.5CoWI300 0.137 3.834 | 270837 | 0 | 56(0.7) | 0.14
5.406
5CoWI 0.109 3818 | 267507 | 0s) | 52(0.7) | 0.14
5.435
5CoWI300 0.140 3842 | 275536 | 000 | 5.1(07) | 0.14
5.406
10CoW! 0.107 3819 | 270749 | 000 | 49(05) | 0.14
5.436
10CoWI300 0.141 3843 | 241137 | 000 | 64(07) | 0.14

Table B2. Catalytic activity of CoW!I catalysts in CO2 hydrogenation (conditions:
200 — 300 °C, 50 mg of catalyst, 15 vol.% COz, 60 vol.% H2, 25 vol.% Ar, 50
mL/min, 1 bar).

Catalyst ggz (bPar) i%,%zl I‘Eeca;t (mé?étgzimgl%l/s) Figesf'm Ref.
200 5.35
225 14.32
2.5CoW! 250 41.93
275 69.36
300 107.82
200 4.06
225 11.78
. This
5CoWI 4 1 15 250 34.44 Thiswork |
275 60.87
300 95.49
200 3.81
225 10.86
10CoWI 250 28.03
275 43.94
300 56.51
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Chapter 4

Flame-synthesized Ni-CeO, Catalysts for CO,
hydrogenation

Abstract

Catalytic hydrogenation of CO2 with renewable H:2 to valuable chemicals, such as CO,
CHa, and CH3OH, is considered an approach to close carbon cycles and mitigate cli-
mate change. Herein, we obtained Ni-CeO2 composite catalyst precursors in a single
step by flame spray pyrolysis, aiming at correlating the impact of the strong interac-
tions between Ni and CeO: on the structure and performance of reduced catalysts in
CO2 hydrogenation. The high-surface-area flame-synthesized catalysts are made up
of small CeO: crystallites containing highly dispersed Ni in their lattice and at their
surface. Upon reduction, the catalysts contain Ni nanoparticles with a high activity in
CO2 methanation, outperforming most catalyst formulations in literature. The Ni-
weight-normalized activity does not vary much with Ni content (~4.4 mmolco2/molni/s
at 200 °C), but product distribution shifted towards higher CH4 selectivity with increas-
ing Ni content. The reduced sample with the lowest Ni content of 1 mol.% contains a
highly dispersed Ni?* in strong interaction with CeO2 and very small Ni clusters result-
ing predominantly in CO formation (CO selectivity 71% at 200 °C). The small amount
of CH3sOH among the reaction products at low Ni content is associated with CO2 hy-
drogenation on oxygen vacancies assisted by Hz dissociation on very small Ni clus-
ters. Catalysts containing more and larger Ni nanoparticles mainly yield CHs, small
amounts of CO and no CH3OH. The high CO2 methanation activity of FSP-prepared
Ni-CeO: catalysts is linked to the synergy between relatively small metallic Ni nano-
particles and Ni2*-O-Ce sites, involving oxygen vacancies. We also found that small
Ni clusters in 1 mol.% Ni-CeO:2 have a tendency for coke-induced deactivation, while
small Ni nanoparticles in 10 mol.%Ni-CeO: are stable under reaction conditions and
yield mostly CH4 (CH4 selectivity of 98% at 300 °C).
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Introduction

Fossil fuels are currently the main energy source, leading to the emission of large
amounts of carbon dioxide (CO2) into the atmosphere." Over the past decades, the
emission of this greenhouse gas has led to various environmental concerns such as
global warming and ocean acidification.2* Catalytic hydrogenation of COz2 is receiving
considerable attention due to its potential to convert CO: into valuable chemicals (CO,
CH4, and CH3OH) or fuels.5-1° Future scenarios involving capture of CO2 from the
atmosphere and the use of green Hz from renewable energy sources can close the
carbon cycle.

CO2 methanation, i.e., the Sabatier reaction, is generally considered a structure-
sensitive reaction.'™-'% Previous research has shown that the size of transition metal
particles in supported metal catalysts significantly affects the catalytic performance
due to the presence of different exposed active sites (edge, corner, terrace, and step-
edge sites).'®-'® Small clusters and single (metal) atom (SA) catalysts exhibit a high
selectivity to CO in CO2 hydrogenation, owing to the lack of specific ensembles of
surface atoms (e.g., step-edge sites) with an electronic structure conducive to facile
C-O bond dissociation.®-22 Typically, supported Ni catalysts are preferred for the
Sabatier reaction due to the relatively low cost of Ni and the high selectivity to CH4.23-
26 Co- and Ru-based catalysts have also been widely investigated due to their high
activity at low reaction temperatures below 300 °C, although their application is
impeded by their cost.2027-30 The exact reaction mechanism and structure-activity
relationships for the various supported transition metal catalysts are still debated.

The support can also influence the structure and the chemical state of the catalytically
active metal.3"32 |In particular, CeO:2 has attracted attention as a promising support
due to strong metal-support interactions resulting in a high dispersion of transition
metals33-3% and its ability to form oxygen vacancies, which can assist in CO2
activation.36-38 Ni-CeOz, in particular, has been considered a promising catalyst in CO2
hydrogenation.1.253%-42 Compared to traditional Ni supported on SiO2 and Al2Oz,
Ni/CeO2 offers several advantages, such as high Ni dispersion due to the strong
metal-support interactions''-15, increased CO2 hydrogenation activity through the
formation of specific active sites at the metal-support interface*344, which derives from
CeOz2’s unique redox properties providing oxygen vacancies for CO2 adsorption and
activation.36-38

In this work, we used flame spray pyrolysis to prepare a set of Ni-CeO:2 catalysts for
CO2 methanation. It has been shown that flame spray pyrolysis (FSP) yields
nanocrystalline CeO2 with unusual redox properties, beneficial to several important
catalytic reactions.3*4% We introduced Ni in the FSP preparation step of the NiO—CeO:2
catalyst precursors to study the synergy between Ni and CeO2. We evaluated the
catalytic performance in the 200-300 °C range at atmospheric pressure. It was

observed that catalysts with a low Ni content resulted in high CO selectivity at low CO2
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conversion. A high Ni content led to high productivity with CH4 as the dominant
product. To establish structure-activity relationships, various techniques, including N2
physisorption, transmission electron microscopy (TEM), X-ray diffraction (XRD), Ha-
TPR, Raman spectroscopy, quasi in situ X-ray photoelectron spectroscopy (XPS)
were used to characterize the Ni-CeO2 samples before and after reduction. Most
importantly, at Ni contents above 5 mol.%, reduction leads to small Ni metal
nanoparticles, which can explain the high activity of these catalysts.

Experimental Section

Materials

Ni (II) acetylacetonate (Ni(CsH7Oz2)3, 95%, Sigma-Aldrich), Ni (ll) nitrate (Ni(NO3)2,
99%, Sigma-Aldrich), glacial acetic acid (99% Sigma-Aldrich) and 2-ethylhexanoic
acid (99% Fisher Scientific), cerium (lll) acetate hydrate (Ce(CH3COz2)3-1H20, 98%,
TCI Europe NV), cerium (IV) dioxide (CeO2, 99%, Sigma-Aldrich), citric acid
(HOC(COOH)(CH2COO0H)2:1H20, Merck, >99.5%), silicon dioxide (SiO2, X-080, CRI
Catalyst Company, 280 m? /g) were used as received.

Catalyst Preparation

Flame Spray Pyrolysis

Flame spray pyrolysis (FSP) of CeO2 and Ni-CeO2 samples was performed with a
Tethis NPS10 setup. The Tethis NPS10 apparatus was placed in a standard chemical
laboratory fume hood modified to comply with EN 14172, EN 1822, and ISO 45H
standards (modifications realized by Interflow). The air inflow of the fume hood was
kept at a minimum of 0.7 m/s using active control systems. The exhaust flow to the
(external) ventilation was equipped with HEPA H14 and ULPA U17 filters. The
experiments were conducted after assessing all safety aspects, including those
related to working with nanomaterials, in a risk-inventory and evaluation (RI&E)
procedure, as required by the Dutch labor law. Appropriate amounts of Ni (CsH702)3
and Ce (CH3CO2)3-H20 were dissolved in an 1:1 (v/v) solvent mixture of acetic acid
and 2-ethylhexanoic acid. The Ni and Ce concentrations were 0.15 M. This solution
was stirred at 80 °C for approximately 1 h until complete dissolution of the metal
precursors. The precursor solution (25 mL) was fed into the center of a
methane/oxygen flame by a syringe pump with an injection rate of 5 mL/min to form a
fine spray. The pressure drop at the capillary tip was maintained constant at 2.5 bar
by adjusting the orifice gap area at the nozzle. The flame was kept constant with a
flow of 1.5 L/min methane and 3.0 L/min oxygen. Solid samples were collected on a
glass microfiber filter (Whatman) with the aid of a vacuum pump. The as-prepared
Ce0:2 and Ni—CeO: catalysts are denoted as CeFSP and xNiFSP, where x stands for
Ni content (mol.%) with respect to the support (Ni/ (Ni + Ce)).
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Impregnation

A reference catalyst with an intended Ni loading of 10 mol.% was prepared by wet
impregnation. For this purpose, the desired amount of Ni(NO3z)2 was dissolved in 60
mL of an aqueous ammonia solution (28 wt.%). About 3 g of commercially available
CeO:2 or synthesized CeFSP was added to the solution followed by stirring the
suspension for 2 h. Then, water was removed by evaporation. The catalyst was dried
in air at 110°C overnight and calcined at 400 °C for 4 h. These samples were denoted
as 10Ni/CeO2 and 10NiCeFSP(WI).

Another reference catalyst with an intended Ni loading of 10 mol.% was prepared by
incipient wetness impregnation using citric acid to control the dispersion of the Ni
nanoparticles (citric acid/Ni ratio of 0.13)."2 The SiO2 support was dried in air at 110
°C overnight before impregnation. The desired amounts of Ni(NO3)2 and citric acid
were dissolved in deionized water. The resulting solution was used for impregnation.
The catalyst was dried in air at 110 °C overnight and calcined at 400 °C for 4 h. This
sample is denoted as 10Ni/SiOo.

Catalyst Characterization

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

The chemical composition (Ni and Ce) of the as-prepared catalysts was determined
by ICP-OES analysis (Spectro CIROS CCD Spectrometer). Prior to these
measurements, the catalysts were dissolved in 5 mL of concentrated sulfuric acid
(H2S04) at a temperature of 200 °C under stirring for at least 30 min, followed by
dilution in water.

N: Physisorption

The textural properties of the as-prepared catalysts were determined by N2
physisorption at a temperature -196 °C using a Micrometrics TriStar I 3020
instrument. Prior to physisorption measurements, the samples were heated to 160 °C
in an Nz flow for 4 h. The specific surface area (SSA) was determined by the
Brunauer—-Emmett—Teller (BET) method.

X-ray diffraction (XRD)

In situ synchrotron X-ray diffraction patterns were collected at the ID15A beamline of
the ESRF. The measurements were carried out in Debye-Scherrer geometry at an
incident X-ray energy of 100 keV. A Pilatus3X CdTe 2M detector was used to collect
the scattered signal. About 20 mg of sieved catalyst (125 - 250 um) was loaded into
quartz capillaries (1.5 mm o.d. wall thickness 0.15 mm) between two glass wool layers.
The capillary was sealed with PTFE ferrules in a home-built Clausen-type flow cell.
The sample was heated using a prototype synchrotron oven, developed at the ESRF.
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Temperature calibration was performed by a thin (0.25 mm) K-type thermocouple
placed inside the catalyst bed. Typically, the temperature was raised from 50 °C to
300 °C at a rate of 10 °C/min in a 50 mL/min flow of a mixture of 20 vol.% Hz in Ar,
followed by an isothermal dwell of 1 h at 300 °C. The reduction mixture was replaced
by a reaction mixture consisting of 15 vol.% COz2, 60 vol.% H2 balanced by Ar fed at a
total flow of 50 mL/min for 1 h. The NiO, Ni, and CeO: phases were analyzed in the
GSAS software (version 5720) using Rietveld refinement.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS)

UV-Vis DRS spectra were collected at room temperature with a Shimadzu UV-2401PC
spectrometer equipped with an integrating sphere coated with BaSO4 as standard.
Samples were diluted with BaSO4 (30 mg sample mixed with 120 mg BaSOas).

Raman spectroscopy

Raman spectroscopy was carried out using a WITec WMT50 confocal Raman
microscope with a WITec UHTS300 spectrometer. Raman spectra were directly
collected for powder samples, and a 532 nm laser was used. The Project FIVE 5.1
software was used for data treatment.

Transmission Electron Microscopy (TEM)

The morphology and particle size distribution of as-prepared and reduced catalysts
were investigated by TEM using an FEI Titan Cryo-TEM instrument operating at an
acceleration voltage of 300 kV. An appropriate amount of finely ground material was
ultrasonically dispersed in analytical-grade absolute ethanol before deposition on
holey Cu TEM grids.

Additional TEM measurements to determine the nanoscale elemental distribution
involved scanning transmission electron microscopy - energy dispersive X-ray
analysis (STEM-EDX). Measurements were carried out on a FEI-cubed Cs-corrected
Titan instrument operating at an acceleration voltage of 300 kV. Ni-CeO:2 catalysts
were reduced at 300 °C in a flow of 20 vol.% Hz in He for 4 h, followed by passivation
at room temperature in a flow of 2 vol.% Oz in He for 1 h. The as-prepared and
passivated samples were crushed and sonicated in analytical-grade absolute ethanol
before deposition on holey Au TEM grids.

Temperature-Programmed Reduction (H2-TPR)

H2>-TPR was used to study the reducibility of the samples with a Micromeritics
AutoChem Il instrument. Typically, about 100 mg sample was loaded into a quartz U-
tube between two quartz wool layers. Prior to H2-TPR, the sample was treated at 350
°C for 1 hiin a flow of 50 mL/min of 5 vol.% Oz in He. TPR profiles were recorded under
heating the sample from 40 to 700 °C at a 10 °C/min rate in a 50 mL/min flow of 4
vol.% Hz in He. H2 consumption was measured by a thermal conductivity detector

(TCD) and calibrated using AgO reference.
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H: Chemisorption

H2 chemisorption measurements were performed with a Micromeritics ASAP2010C
instrument. Typically, about 100 mg sample was loaded into a quartz U-tube between
two quartz wool layers. Before chemisorption measurements, the catalyst was
reduced in a Hz flow at 300 °C by heating to this temperature at a rate of 10 °C/min,
followed by an isothermal dwell of 4 h. After evacuation at 320 °C for 1 h, Hz adsorption
isotherms were recorded at 150 °C.

Infrared (IR) Spectroscopy

IR spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a
DTGS detector. The experiments were performed in situ using a home-built
environmental transmission IR cell. Self-supporting pellets were made by pressing
approximately 10 mg sample in a disc with a diameter of 13 mm. Each spectrum was
collected by averaging 32 scans with a 2 cm~" resolution in the 4000-1000 cm~' range.

For CO IR measurements, the sample was first reduced in a flow of 20 vol.% H: in He
at 300 °C (heating rate 10 °C/min) for 4 h. After outgassing at 300 °C in a vacuum and
cooling to 50 °C, IR spectra were recorded as a function of the CO partial pressure in
the 0-10 mbar range. CO IR measurements were also carried out at liquid N2
temperatures. For these measurements, the same reduction procedure was followed.
After outgassing, the sample was then cooled by liquid N2. The sample temperature
was approximately -168 °C. IR spectra were recorded as a function of CO partial
pressure in the 0 — 10 mbar range. As-prepared samples were also investigated by
CO IR spectroscopy at liquid N2 temperature. For this purpose, the samples were
evacuated at 50 °C for 1 h, before cooling to liquid N2 temperature. CO2 IR
measurements were also carried out after the reduction of the samples as described
above. CO:2 adsorption was carried out at 50 °C, and IR spectra were obtained as a
function of CO2 partial pressure in the 0—10 mbar range. For in situ methanation
measurements, the spectra were recorded on pre-reduced at 300 °C catalysts in a
flow of 4% COz2, 16% H2 balanced by N2at 200 — 300 °C. The sample was then heated
to 300 °C at a rate of 5 °C/min, while recording IR spectra at intervals of 25 °C. All
samples were background subtracted, and the intensity was normalized to the weight
of the pellet.

X-ray Photoelectron Spectroscopy (XPS)

The surface chemical properties of the as-prepared catalysts were studied with a K-
Alpha XPS instrument (Thermo Scientific) equipped with an aluminum anode (Al Ka
= 1486.68 eV) monochromatized X-ray source. Finely ground samples were placed
on double-sided carbon tape. All spectra were acquired using a flood gun to reduce
surface charging. A pass energy of 40 eV was used for region scans with a step size
of 0.1 eV and a dwell time of 0.5 s. The U (Ce**) component of the Ce 3d line with a
characteristic position of 916.7 eV was used to correct the binding energies of the Ni
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2p3re and Ce 3d regions.*®47 A standard procedure involving Shirley background
subtraction and atomic sensitivity factors was applied for data processing. Spectral
lines were fitted with the CasaXPS software (version 3.2.23) using a symmetric
pseudo-Voigt function, referred to as GL (30). Only the main metallic component of
Co was fitted by the asymmetric LA (1.2,5,5) line shape in the CasaXPS software
(version 3.2.23). The Ce 3d line was fitted according to a model described in the
literature.32 33

Quasi-in situ X-ray photoelectron spectroscopy (XPS)

The surface chemical properties of the reduced and deactivated catalysts were
studied using a Kratos AXIS Ultra 600 equipped with a monochromatic X-ray source
(Al Ka = 1486.68 eV). Self-supporting pellets were made by pressing approximately
40 mg of a sample in a disk with a diameter of 13 mm. Pretreatment and deactivation
of catalysts were carried out in a high-temperature reaction cell (Kratos, WX-530),
allowing vacuum sample transfer into the analysis chamber. The samples were
reduced in a mixture of 20 vol.% Hz in Ar at a 50 mL/min flow at 300 °C for 4 h at a
heating rate of 10 °C/min and ambient pressure. After that, the sample was cooled to
100 °C in a pretreatment mixture, and the reaction cell was evacuated to a pressure
below 10-® mbar for transferring to the analysis chamber. A deactivation test was
performed in 15 vol.% COz2, 60 vol.% Hz balanced by Ar fed at a total flow of 50 mL/min
at ambient pressure and 300 °C for 24 h. Then, the sample was cooled to 100 C in a
reaction mixture, and the reaction cell was evacuated to a pressure below 108 mbar
for transfer to the analysis chamber.

A pass energy of 40 eV was typically used for region scans with a step size of 0.1 eV
and a dwell time of 0.5 s. Energy calibration and fitting of Ce 3d and Ni 2p were
performed using the same procedure as described in the XPS description above. The
main metallic component of Ni was fitted by the asymmetric LA (1.2,5,5) line shape in
the CasaXPS software (version 3.2.23).

In situ thermal gravimetric analysis (TGA)

In situ TG measurements were carried out using an in-house designed ReactorTGA
system, which consists of a Discovery HP-TGA75 instrument (TA Instruments) with a
top-loading magnetic suspension balance and a home-built gas dosing system. An
amount of 25 mg of NiFSP catalyst (125 — 250 um) was loaded into a 100 uL Al203
crucible. The TGA experiments were performed in a flow of 50 mL/min 4 vol.% Hz in
Ar at 1.5 bar, whilst increasing the temperature to 300 °C at a rate of 10 °C/min,
followed by a dwell at this temperature of 4 h. Then the flow was changed to 50 mL/min
of pure Ar for 20 min. The deactivation experiments were performed in a 50 mL/min
flow of 0.8 vol.% COz, 3.2 vol.%Hz in Ar at 300 °C (1.5 bar). Temperature-programmed
oxidation of postreaction catalysts was carried out in a flow of 20 vol.% Oz2in N2 at 1.5
bar whilst increasing the temperature from 50 °C to 900 °C at a rate of 10 °C/min,
followed by a dwell at this temperature of 1 h. The buoyancy effect was accounted for
by measuring an empty crucible under the same conditions.
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Catalytic Activity Measurements

CO: hydrogenation

The catalytic performance of CeO2 and Ni-CeO2 samples in CO2 hydrogenation was
carried out in a down-flow stainless-steel reactor with an internal diameter of 4 mm.
The reaction was performed at atmospheric pressure, and the temperature varied in
the range of 200—300 °C. The samples were pressed, crushed, and sieved to a fraction
of 125 — 250 uym. Typically, the reactor was filled with 50 mg catalyst diluted with 200
mg of SiC of the same sieve fraction. Before the reaction, the catalyst was reduced in
a 100 mL/min flow of 20 vol.% H: in He, heating from room temperature to 300 °C at
a rate of 10 °C/min, followed by an isothermal dwell for 4 h. The reduced catalyst was
cooled in the same gas mixture to the initial reaction temperature of 200 °C. The
reaction was started by replacing the reduction gas mixture with a flow of 50 mL/min
of 60 vol.% Hz, 15 vol.% COz2, and 25 vol.% Ar (COz2: Hz2= 1:4). The temperature was
increased in steps of 25 °C using a rate of 5 °C/min. At each isothermal dwell of 36
min, the effluent gas was sampled and analyzed by an online gas chromatograph
(Shimadzu, GC-2014) equipped with RT-Q-Bond (FID), and Shincarbon ST 80/100
(TCD) analysis stions. The measurements were taken after ca. 2 h time-on-stream
and CO:2 conversion, carbon product selectivity, and product formation rates were
calculated as follows:

F(CO
X(COZ) =1- ( 2)out (1)
F(Coz)out + F(Co)out + F(CH4)out + F(CH30H)out + XF(CxHy)out
F(product
S(product) = (® Jout 2)
F(Co)out + F(CH4)out + F(CHSOH)out + XF(CxHy)out
F(product) yy:
r(product) = ——— (3
P AT 3

where F stands for the volumetric flow rate determined from the concentration
measured by gas chromatography using Ar as an internal standard and FID and TCD
response factors determined by using gas calibration mixtures. Vm is the molar volume
of an ideal gas at standard temperature and pressure. nni is Ni content in the sample
in molni.

The reaction rate (rcoz with the unit molcoz:molni' -s-') was normalized by the Ni
content in the following manner:

X (CO,) * F(COR)in

Tcoz = - 4

The stability of the catalyst was tested at 300 °C for 72 h with the same gas feed
composition. Activation energies of NiFSP catalysts were evaluated at 248 — 255 °C
in a flow of 50 mL/min of 60 vol.% Hz, 15 vol.% COz, and 25 vol.% Ar (CO2/Hz= 1/4).
The catalyst amount was adjusted by dilution with SiC (1NiFSP 50 mg; 10NiFSP 10
mg) to ensure conversion levels below 5%.
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Results and discussion

Catalyst Characterization

The relevant physicochemical properties of the flame-synthesized CeFSP and NiFSP
samples are listed in Table 4.1. The Ni contents determined by ICP-OES analysis are
close to the targeted values. Synchrotron XRD patterns of the as-prepared CeFSP
and NiFSP samples are shown in Figure 4.1a-b. The dominant crystalline phase is
fluorite CeO2. At a Ni content above 10 mol.%, diffraction lines belong to NiO are also
observed (Figure 4.1b). The CeO: lattice parameter of the NiFSP catalysts is similar
to the one for CeFSP. The average CeOz: particle size determined from the XRD data
is around 9 nm. The variations in the average CeO: particle size does not correlate
with the Ni content. The specific surface areas determined by N2 physisorption vary
between 120 and 180 m?/g and without a noticeable trend with the Ni content. For the
samples containing NiO diffraction peaks, the Rietveld refinement showed that the
NiO particle size increased from 5.8 nm for 20NiFSP to 6.0 nm for 30NiFSP.

The morphological properties of the NiFSP catalyst and CeFSP were investigated by
TEM (Figure C1). The average size of the CeOz particles is in the 5 — 7 nm range
without any noticeable trend with the Ni content.3* Due to the poor contrast between
Ni and Ce, no Ni-oxide particles could be distinguished. The surface Ni/Ce ratios de-
termined by XPS increase with the Ni content and are slightly higher than the bulk
values, suggesting the enrichment of Ni in the surface region of the CeO: crystallites.

UV-Vis spectra of CeFSP and as-prepared NiFSP catalysts are characterized by
bands at 260 — 280 nm, which are related to Ce02.5° The spectra of the as-prepared
NiFSP catalysts also contain broad bands 400 — 600 nm (Figure 4.1c), indicative of
Ni doping.5'-53 No characteristic signals of NiO, expected at 345 nm and 720 nm were
observed for any NiFSP catalysts.5455 Characteristic bands of NiO at 345 nm are evi-
dent for 10Ni/CeO2.

Table 4.1. Physicochemical properties of as-prepared CeFSP and NiFSP

Catalysts Ni SeeT aceo2 dceo2 dnio dceo2 Ni/Ce
(mol.%)? | (m3g)° (Aye (nm)° (nm)° (nm)d | (at.%/at.%)®
CeFSP 0 181 5.411 8.5 - 5.0 (2) n.a.
1NiFSP 1.0 132 5.410 10.1 - 5.7 (2) 0.03
2.5NiFSP 2.6 137 5.411 10.2 - 5.6 (2) 0.06
5NiFSP 5.1 145 5.409 9.2 - 5.6 (2) 0.10
10NiFSP 10.1 128 5.411 8.1 - 5.5 (2) 0.18
20NiFSP 19.9 137 5.410 8.9 5.8 5.8 (2)
(0.2) 0.36
30NiFSP 29.5 132 5.409 8.9 6.0 5.6 (2)
(0.2) 0.49

a — determined from ICP analysis, b -determined by N> physisorption on as-prepared
samples, ¢ — determined by Rietveld refinement of synchrotron XRD on as-prepared
samples (error margins), d — determined by TEM for as-prepared samples (error mar-
gins), e — determined by XPS for as-prepared samples
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Figure 4.1. (a) Synchrotron XRD patterns (100 keV, A = 0.124 A) of NiFSP and
CeFSP. (b) a zoom in the q = 2.25-3.25 A region, highlighting the NiO (111) and NiO
(200) diffraction lines. (c) UV-Vis spectra of CeFSP and NiFSP, 10Ni/CeO..

The Raman spectra of NiFSP catalysts and the CeFSP support are shown in Figure
C2. The intense peak at ~460 cm-' is assigned to the F2g mode of the CeO: fluorite
structure.% The broad band at 588 cm™' is typically associated with a defect-induced
D band due to the formation of oxygen vacancies.?8%¢ However, the shift of Raman
peak to lower wavenumbers (635 cm') has also been linked to a Ni-CeO2 solid solu-
tion.57.58 An additional band at 225 cm-! is attributed to NiO nanoparticle formation.5°
This band increases with the Ni content.

Overall, the XRD, UV-Vis, Raman, and XPS results indicate that all NiFSP catalysts
contained uniformly distributed and, most likely, isolated Ni?* species. In addition,
there are indications for the presence of NiO particles for samples with a Ni content of
10 mol.% and above.

Ni-CeO: interactions

Next, we studied the reduction behavior of these samples (Figure 4.2). CeFSP exhib-
its a single reduction peak at 580 °C, attributed to the reduction of surface Ce** to
Ce3*.60-62 At low Ni content (1NiFSP), the reduction profile of the NiFSP samples con-
tains a broad reduction feature between 200 and 400 °C, which can be attributed to
highly dispersed Ni ions, likely included in the surface forming a Ni — O — Ce solid
solution.%383 Increasing the Ni content shifts this reduction peak to lower temperatures.
This shift is likely due to the reduction of NiO species to Ni particles, which facilitate
the further reduction of the Ni?* ions on the surface. At a Ni content of 5 mol.% and
higher, the H2-TPR profiles contain two peaks at 300 °C and 425 °C. The peak at 300
°C is due to the reduction of NiO particles that are weakly bound to Ce02.54 The high-
temperature peak at 425 °C is considered to be a superposition of the reduction of
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NiO in strong interaction with CeQO2 85 and the partial reduction of the CeO: surface.
The excess amount of consumed H2 (Figure 4.2b), i.e., the difference between the
total H2 consumed and H2 required to reduce NiO completely, stems from the surface
reduction of CeO: by spillover hydrogen from metallic Ni particles. This also explains
the lower onset temperature of CeO:2 reduction.®® Hydrogen spillover due to metals
that can dissociate H2 results in reduction of the CeO: surface at lower temperatures.
As the surface areas are similar for all NiFSP catalysts, the excess amount of con-
sumed Hz does not strongly vary with Ni content. In the following, we employed a
reduction temperature of 300 °C using a heating rate of 10 °C and a dwell of 4 h in 20
vol.% Hz in He to reduce the NiFSP catalysts.

H2 chemisorption measurements on the reduced catalysts (Table 4.2, Figure 4.2c,
Figure C3) show irreversible Hz2 chemisorption on all NiFSP catalysts. The amount of
chemisorbed H: increased with Ni content, reaching the highest value for 30NiFSP.
The Ni particle size in the reduced and passivated NiFSP catalysts was estimated
from HAADF-STEM-EDX maps (Figure 4.3a and Table 4.2). At low Ni content
(1NiFSP), Ni remains highly dispersed on CeOz2. At a higher Ni content (5NiFSP), sev-
eral small Ni-containing particles with a size of ~1 nm are visible. The presence of Ni
nanoparticles is even more evident for 10NiFSP and 20NiFSP with average particle
sizes of ~2.5 nm and ~4.4 nm, respectively. All these catalysts also contained highly
dispersed Ni.

Table 4.2. H>-TPR of as-prepared samples and physicochemical properties of sam-
ples reduced at 300 °C.

Catalysts H2 Excess H2 H2 Theoretical dni dni
(mmol/g)? | (mmol/g)® | (mmol/g)° H2 (nm)e (nm)f
(mmol/g)d
CeFSP 0.60 - 0 0 n.a. n.a.
1NiFSP 0.69 0.63 0.352 0.03 - -
2.5NiFSP 0.71 0.52 0.400 0.08 n.a. -
5NiFSP 0.89 0.59 0.405 0.15 ~1 -
10NiFSP 1.19 0.56 0.423 0.13 25+1 -
20NiFSP 1.95 0.61 0.465 0.20 44+15 3.5(0.2)
30NiFSP 2.84 0.67 0.506 0.30 n.a. 3.5(0.2)

a — determined from H>-TPR in 100 — 650 °C range, b - estimated from the difference
between total H> consumption and H; required to reduce NiO completely during Ho-
TPR, c- determined by H> chemisorption at 150 °C on pre-reduced samples at 300
°C, d — estimated assuming a spherical shape of the Ni particles and a H/Ni adsorption
stoichiometry of 1, the Ni reduction degree of 1, Ni particle sizes derived from
XRD(30NiFSP) and HAADF-STEM-EDX maps(for 5NiFSP; 10NiFSP and 20NiFSP)
of reduced NiFSP catalysts (the dispersion of 1NiFSP and 2.5NiFSP was assumed
100%), e — estimated from HAADF-STEM-EDX maps of reduced and passivated cat-
alysts (reduction treatment: 300 °C), f — determined by Rietveld refinement of XRD of
the catalysts after reduction at 300 °C (error margin).

The structural changes of the NiFSP catalysts and the bare CeFSP support during
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reduction were investigated in more detail by in situ synchrotron XRD. The synchro-
tron XRD patterns of the NiFSP catalysts can be described well by CeO: (Figure C4).
The patterns for the reduced 1NiFSP, 2.5NiFSP, and 5NiFSP catalysts did not contain
reflections of Ni-containing phases, implying that the reduced Ni particles are very
small in agreement with the HAADF-STEM-EDX maps of the reduced NiFSP catalysts
(Figure 4.3a). The XRD patterns of the 10NiFSP, 20NiFSP and 30NiFSP samples
show indications of the NiO — Ni reduction at ~200 °C (Figure C4). Subtracted XRD
patterns (AXRD plots, referenced to the as-prepared state) emphasize that, with in-
creasing Ni content, the contributions at q = 3.1 A" and 3.5 A" due to metallic Ni
become stronger (Figure 4.3b and Figure C5-6). The negative features at q = 2.6,
2.9, and 4.2 A" of the 10NiFSP, 20NiFSP, and 30NIfSP catalysts point to the disap-
pearance of the NiO phase.
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Figure 4.2. (a) Weight-normalized Hz-TPR profiles of CeFSP and NiFSP catalysts
(conditions: 4 vol.% Hz, 50 mL/min). (b) Quantification of hydrogen consumption dur-
ing TPR experiments (light grey — excess of Hz; orange — the amount required for
complete NiO reduction). (c) Amount of H2 chemisorbed during chemisorption experi-
ments.

Rietveld refinement of the XRD patterns revealed an increase in the CeO: unit cell
parameter during reduction for all catalysts and the CeFSP sample (Figure 4.3c-d,
Figure C7), along with a small increase of the CeOz2 crystallite size from 8 nm to 12
nm. In addition to gradual thermal expansion, a more abrupt expansion of the CeO:
unit cell parameter from 5.405 to 5.437 A is noted in the 125 — 225 °C temperature
range for all NiFSP catalysts and the CeFSP support (Figure 4.3c). The expansion of
the CeFSP unit cell is more gradual, and the change in the unit cell parameter is less
pronounced than that of the NiFSP catalysts (Figure 4.3c). The reduction of Ce** to
the larger Ce®* ion and the electrostatic repulsion between oxygen vacancies and the
surrounding cations cause this abrupt increase of the unit cell parameter.6”
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Figure 4.3. (a) STEM-EDX images: (left) TEM images and corresponding EDX ele-
mental maps of mixed Ni and Ce (right) for NiFSP after reduction at 300 °C. (b) Syn-
chrotron AXRD (A = 0.124 A) patterns of CeFSP, 1NiFSP, and 10NiFSP before and
after reductive pretreatment. AXRD difference is obtained by subtraction of the diffrac-
togram of the as-prepared sample from the reduced diffractogram of the same sample.
(c) Refined unit cell of CeO2 for CeFSP, 1NiFSP and 10NiFSP during reductive pre-
treatment. (d) Refined CeO: particle size of CeFSP, 1NiFSP, and 10NiFSP during
pretreatment. (conditions: 20% Hz in Ar, 50 mL/min, 50 — 300 °C, 1 bar).

The theoretical amount of chemisorbed Hz was estimated from the Ni particle size
estimated by STEM-EDX mapping (XRD Scherrer equation for reduced 30NiFSP) and
assuming spherical particles and a H/Ni adsorption stoichiometry of unity. The Ni dis-
persion of 1NiFSP and 2.5NiFSP was assumed to be 100%. The resulting theoretical
estimates of NiFSP catalysts listed in Table 4.2 are substantially lower than the ex-
perimental H2 chemisorption values. The difference is caused by hydrogen spillover
to CeO2 in supported metal nanoparticle catalysts.”>”" Due to the involvement of the
CeO:2 support, H2 chemisorption can therefore not be used to determine the amount
of metallic Ni sites.

The nature of the Ni species in the reduced NiFSP catalysts was further investigated
by CO IR spectroscopy at liquid N2 temperature (Figure C9). All spectra recorded at
liquid N2 temperature are dominated by linear and bridged carbonyl bands in the 2060
— 2000 cm" and 1970 — 1840 cm™! range, respectively.”? At low Ni content (1NiFSP),
the carbonyl band at 2064 cm-! indicates the presence of low coordinated/isolated Ni
centers.”® The spectra of the reduced 5NiFSP and 10NiFSP catalysts contain a
significantly broader carbonyl band at 2050 cm' at low CO coverage, indicative of CO
adsorption on metallic Ni nanoparticles.”75 Increasing the CO coverage leads to a
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blue shift of the carbonyl band from 2000 cm to 2080 cm-! due to lateral (dipole)
interactions between adsorbed CO molecules on these larger metallic Ni particles.”®77
The spectrum of all samples contains narrow bands at 2150 — 2160 cm™" and 2125 -
2145 cm™, assigned to CO adsorption on Ce** and Ce3*, respectively.”®-80 A broad
band in the 2110 — 2135 cm region in the reduced CeFSP and NiFSP catalysts
corresponds to the Ce3* 2F5/2 — 2F7/2 spin-orbit electronic transition.8” This band
evidences the partial reduction of CeOz in CeFSP and NiFSP catalysts.%®

The combined XRD, STEM-EDX, and CO IR spectroscopy results show that a small
amount of very small Ni clusters were formed in the 1NiFSP catalyst after reduction at
300 °C. Reduction of the catalysts with a Ni content of 5 mol.% and above led to larger
Ni nanoparticles. XPS analysis shows that the reduction degree of Ni in reduced
10NiFSP catalyst is 59%, meaning that a significWe employed quasi-in situ XPS to
study the surface composition and reduction degree of the reduced 1NiFSP and
10NiFSP catalysts. The samples were reduced in the reactor chamber of a Kratos
XPS system. The reduction was carried out at 300 °C for 4 h at atmospheric pressure
in a flow of 20 vol.% Hz in He. The resulting Ni 2p32 and Ce 3d XP spectra and their
fits are shown in Figure C8, and the fit results are given in Table C1. The low Ni 2ps2
signal does not allow reliable quantification of the Ni oxidation state in 1NiFSP. The
Ni 2ps/2 spectrum of the reduced 10NiFSP catalyst shows a metallic Ni component at
852.6 eV and a Ni?* component at 583.7 eV.%8 The Ni reduction degree was 59%. The
amount of highly dispersed Ni?* in the reduced sample was ~4 mol.%, which is very
similar to the amount of highly dispersed and difficult-to-reduce Co?* in Co-CeO:2
prepared by FSP (Table C1 and Table 2.3). The presence of such Ni?* species in
CeO0: is likely due to the inclusion of Ni2* in the bulk and surface of CeO:2 during flame
synthesis. Deconvolution of the Ce 3d XP spectra shows that the reduction step led
to an increase of the Ce?* fraction from ~8% in the as-prepared samples to ~29% in
the reduced catalysts.#74889 The XPS Ni/Ce surface ratio in the reduced 10NiFSP
catalyst is lower than the corresponding ratio in the as-prepared catalyst (Table 4.2
and Table C1). This points to the sintering of Ni species during reduction, assuming
that encapsulation of Ni by CeO:2 will not occur at the low reduction temperature
employed.

ant fraction of highly dispersed Ni?* remains unreduced due to their strong interaction
with CeQO2. The amount of such difficult-to-reduce Ni2* species is ~4 mol.%. HAADF-
STEM-EDX maps of the reduced and passivated NiFSP catalysts revealed that Ni
remains highly dispersed on CeOz, with only a few Ni particles of ~ 1 nm visible for
5NiFSP, while the average Ni particle size in the reduced 10NiFSP and 20NiFSP
catalysts was ~2.5 nm and ~4.4 nm, respectively. XPS revealed the presence of Ce3*
species due to CeO2 surface reduction, implying the presence of oxygen vacancies.
The partially reduced state of the surface is also confirmed by in situ XRD and IR
spectroscopy. All reduced NiFSP catalysts strongly chemisorb H2, the H atoms
generated on metallic Ni spilling over to the CeO:2 support. CO adsorbed stronger on
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the metallic Ni nanoparticles in the reduced 5NiFSP and 10CoNiFSP catalysts than
the small amount of reduced low coordinated Ni in 1NiFSP. The influence of different
Ni structures after reduction was further investigated in CO2 hydrogenation.

CO: hydrogenation over NiFSP and CeFSP

The catalytic performance of reduced NiFSP catalysts and the reduced bare CeFSP
was evaluated in the 200 — 300 °C temperature range and atmospheric pressure.
While CeFSP displayed negligible catalytic activity under these conditions, the re-
duced NiFSP catalysts hydrogenated CO2 to CO and CHas (Figure 4.4 and Figure
C10). Ni-normalized reaction rates were obtained at 200 °C and differential conditions
(CO2 conversion below 10%) as a function of the Ni content (Figure 4.4). The reaction
rate does not vary strongly with the Ni content as it did for Co-CeO: catalysts (Figure
2.5). There is, however, a strong shift in the product distribution: an increase in the
CHa4 selectivity at the expense of CO formation. Besides CH4 and CO, a small amount
of CHsOH was observed at low Ni content (1 — 5 mol.%), which disappears for Ni
contents of 10 mol.% and above due to the presence of Ni nanoparticles. For such a
high Ni content, higher CH4 selectivity coincides with decreasing C2Hs and CsHs se-
lectivity (Figure C4). This suggests that the C-C coupling on the Ni surface competes
with the hydrogenation process, leading to methane formation.2

The CO: conversion rate and the CHas selectivity increase with the Ni content. The
1NiFSP catalyst shows a high selectivity towards CO (~71%) at 200 °C at a low COz2
conversion of 0.2%., while the 30NiFSP sample achieved a CHs selectivity of 96% at
a COz2 conversion of 7.3% at 200 °C. Increasing the reaction temperature led to a
higher CO:2 conversion and CHjs selectivity: a CH4 selectivity of 99% at a CO2 conver-
sion of 89% at 300 °C was noted for 30NiFSP and a CH4 selectivity of 53% at a COz2
conversion of 8% at 300 °C for INiFSP (Figure C10). This suggests that CO:2
methanation follows the CO2 - CO — CH4 pathway.'?

We compared the product distribution among the 1NiFSP and 10NiFSP catalysts at
the same conversion at 250 °C. This was achieved by varying the space velocity (50
mg 1NiFSP and 10 mg 10NiFSP), resulting in a CO2 conversion of ca. 3% (Figure
4.4). The results show that 10NiFSP exhibits a much higher CHs selectivity of 67%
than the value of 12% achieved with 1NiFSP. The apparent activation energies based
on CHs formation rates (Figure C11) are similar for 1NiFSP (65 kJ-mol~') and
10NiFSP (64 kJ-mol™), indicating that CH4 formation occurs on similar active sites.
These values for the apparent activation energy are consistent with values reported
for CO2 methanation on Ni catalysts.*283

The notable differences in the product distribution can point to different structures of
the active sites, which may be linked to the difference in particle size. Typically, cata-
lysts containing small clusters and/or single atoms have distinct catalytic properties as
compared to metal nanoparticle catalysts.?88 In CO2 hydrogenation reaction, it is
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generally accepted that metal nanoparticles are necessary for CHs production, while
the single atom/small clusters are apt to produce C0.'2224182 |t has been shown that
the Ni particle size can affect selectivity as very small particles (<2 nm) are inefficient
at catalyzing the intermediate CO methanation reaction due to the lack of step-edge
sites for C-O dissociation.'>'5 Sub-nanometer clusters or isolated Ni atoms on the
support can catalyze the rWGS reaction without significantly contributing to methana-
tion.'s With increasing Ni content, the reduced catalysts contain an increasing amount
of metallic Ni nanoparticles and some highly dispersed Ni?* (~ 4mol.% for 10NiFSP).
The metallic Ni nanoparticles provide sites for the conventional hydrogenation of CO2
to CHa4 via CO intermediate. The decomposition of CH3sOH will likely happen on me-
tallic Ni, which reasonably explains the absence of CH3OH among the reaction prod-
ucts for the catalysts with high Ni content. While the CO formation rate decreases with
an increasing amount of metallic Ni, the CH4 formation rate increases in line with our
explanations. 1NiFSP and 10NiFSP catalysts were selected to investigate structure
and stability under reaction conditions further.
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Figure 4.4. Catalytic activity and product distribution of the NiFSP catalysts reduced
at 300 °C in CO2 hydrogenation at 200 °C. The reaction rate was normalized to the
total Ni content (conditions: 200 °C, 50 mg of catalyst, 15 vol.% COz2, 60 vol.% Hz, 25
vol.% Ar, 50 mL/min, 1 bar) (left). Catalytic performance of 1NiFSP and 10NiFSP cat-
alysts reduced at 300 °C: COz2 conversion and product distribution at a reaction tem-
perature 250 °C (conditions: 250 °C, 50 mg of 1NiFSP, 10 mg of 10NiFSP, 15 vol.%
COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar) (right).

The performance of these catalysts was compared to Ni/CeO: catalysts prepared by
conventional wet impregnation and incipient wetness impregnation using CeFSP, a
conventional CeOz2 support and SiO2 (10Ni/CeQO2, 10NiCeFSP(WI), and 10Ni/SiOz2)
.When reduced at 300 °C, these catalysts displayed a lower activity in CO2 hydro-
genation and lower CHgs selectivity than 10NiFSP (Figure C12). The support can affect
the dispersion and the reducibility of the active metal, and the nature of active sites.8
Several studies studied the influence of the CeO: particle size and morphology on the
catalytic activity and product distribution of supported transition metal catalysts.8-88
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Oh et al. showed that the CO selectivity on a 5 wt.% Co/CeO2 in CO2 hydrogenation
can be tuned by changing the CeO: particle size.?° In another study, enhanced activity
of the Ni catalyst supported on CeO2 nanopolyhedrons in CO2 hydrogenation was at-
tributed to CeO2 nanoparticles of ~7 nm.88

The high CO selectivity for the NiFSP correlates well with the fact that highly dispersed
Ni2* is present in 1NiFSP and 10NiFSP catalysts after reduction at 300 °C. While CHa
formation mostly happens on step-edges of Ni nanoparticles from CO, possibly formed
on highly dispersed Ni centers. The lower amount of highly dispersed Ni centers and
bigger Ni nanoparticles ~3 nm formed upon reduction of 10NiCeFSP(WI) can contrib-
ute to lower activity of 10NiCeFSP(WI) compared to 10NiFSP. However further re-
search on the influence of CeO: particle sizes on the structure of Ni sites, Ni disper-
sion, and CeO2 reducibility is necessary. A lower surface area of 10Ni/CeOz2 (~50 m?2/g)
results in the formation of big Ni nanoparticles ~33 nm and a lower amount of highly
dispersed Ni center, which might result in lower activity and CH4 selectivity.

Compared to the activity and product distribution of CoFSP catalysts, discussed in
Chapter 2 (Figure 2.5), NiFSP samples, containing ~2.5 nm Ni nanoparticles, dis-
played slightly higher metal-weight normalized activity at 200 °C of 4.4 + 0.3 x 103
molcoz-molni! -s' compared to 10CoFSP catalyst (3.9 + 0.2 x 103 molcoz:molco™! -s1)
with ~4.5 nm Co nanoparticles. Interestingly, highly dispersed Ni in 1NiFSP displayed
relatively close rcoz (4.3 £ 0.3 x 10-3 molcoz-molni' -s-') to 10NiFSP and 10CoFSP with
high CO selectivity (75%), while highly dispersed Co in reduced 2.5CoFSP demon-
strated higher CO selectivity of 79% at lower rcoz (1.2 £ 0.4 10-* molcoz:molco™ -s71).
The improved CHa4 selectivity in NiFSP might originate from higher Ni dispersion and
therefore enhanced H: dissociation, as Ni particle size in reduced NiFSP is smaller
than Co particle size in CoFSP upon reduction at the same metal content. Despite the
difference in activity, the selectivity trends remain the same, suggesting that CH4 for-
mation required metal nanoparticles with exposed step-edge sites, while CO produc-
tion most likely takes place on small metal clusters and/or highly dispersed Ni2*/Co?*
in Ni-O—Ce or Co—O—Ce interfaces.

A comparison of the catalytic performance of the NiFSP in CO2 hydrogenation to liter-
ature values of Ni-based catalysts is shown in Figure C13 and Table C2. Thus, the
10NiFSP catalyst shows a higher catalytic activity in CO2 methanation in the 200 —
275 °C range than Ni supported on CeO2 and TiOz2 supports.

Structure sensitivity CO2 hydrogenation

Although CO2 methanation has been extensively studied, the reaction mechanism re-
mains under debate. While some argue that CO2 hydrogenation follows the CO2 —
CO — CHa pathway '2, others report that formate is a key intermediate.®%-°? It should
be mentioned that the reaction mechanism can depend on the metal, the support, and
their interactions.8
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We first investigated the activation of CO2 on the surface of the reduced catalysts by
IR spectroscopy of adsorbed CO2 at a temperature of 50 °C (Figure C14). All IR
spectra contain a strong band due to the asymmetric stretching vibration of gaseous
COz2 at ~2346 cm-'.76¢ A minor carbonyl band in the IR spectra indicates that CO: can
dissociate on the freshly reduced catalysts already at 50 °C.7475.93-95 Similar to the CO
IR spectra, the carbonyl bands for 1NiFSP are at 2064 cm-', indicating di- or
tricarbonyls on highly under-coordinated Ni, likely Ni2*. The carbonyl bands on the
small Ni clusters and nanoparticles in 5NiFSP and 10NiFSP are broad and located in
the range 2020 — 2070 cm', which is likely due to CO adsorption on Ni nanoparticles
and CO adsorbed on highly dispersed low coordinated Ni?* sites. The negative band
at 2090 cm in the IR spectra suggests that the reduced surface of CeO2 can be
reoxidized by CO2. The spectra also contain intense signals of formate species at
2845, 1597, and 1374 cm'.92 Bands at 1413 and 1288 cm™' are typically assigned to
multiple carbonate and bicarbonate species originating from CO2 adsorption on
Ce02.%6.97

Then, we investigated the surface of the reduced 1NiFSP and 10NiFSP catalysts by
operando IR spectroscopy during CO2 methanation in a flow of 4 vol.% CO2 and 16
vol.% Hz balance by Nz in the 200 — 300 °C range and using MS for gas-phase analysis
(Figure 4.5 and Figure C15). Normalized MS data for 1NiFSP and 10NiFSP catalysts
confirmed that 1NiFSP produces less CHs than 10NiFSP under these conditions
(Figure C16). CH4 formation already takes place at 200 °C in 10NiFSP and increases
with temperature, as follows from the characteristic gas-phase CH4 bands at 3017 and
1306 cm~' % and the MS data (Figure C15-16). The CH4 IR bands are weaker for
1NiFSP, confirming the lower CH4 reaction rate for 1NiFSP (Figure C15-16). The IR
spectra also contain clear signatures of gaseous CO for 1NiFSP and 10NiFSP,
indicating CO: dissociation to CO. These CO species also adsorb on metallic Ni,
giving rise to carbonyl bands in the 1800 — 2100 cm-' range for 10NiFSP. In contrast,
no carbonyl bands were observed for 1INiFSP. The spectra of 10NiFSP show a
decreasing intensity of the atop carbonyl bands with increasing temperature,
indicating lower CO coverage. Figure 4.5 shows that both NiFSP catalysts feature
pronounced broad IR bands in the carbonate region (1000 — 1700 cm'), which can be
assigned to mono-, bi- and polydentate carbonate and bicarbonate species.”®% Their
formation relates to the basicity of the CeO2 support. The surface also contained
formate groups, which followed from the C-H stretching band at 2841 cm.°6 The
several bands can be assigned to different formate species (formate-l at 1584, and
1565 cm'; formate-Il at 1565 and 1359 cm-'; formate-lll at 1550, 1371 cm). IR
spectra of 1NiFSP contain formate bands at 2948 cm~", 2843 cm~', 1584 cm~'and
1373 cm- for 1NiFSP, while formate bands for 10NiFSP located at 1578 cm™" with
minor contribution at 2843 cm-'. The higher intensity of the formate band at 1584 cm™
for 1NiFSP than that at 1578 cm™' for 10NiFSP indicates a higher coverage with
formate on the former catalyst. This slight shift in the location of this band can indicate
a difference in Ni-CeO: interactions.®®
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The intensity of the formate bands decreases with temperature for 1NiFSP and
10NiFSP, whereas the intensity of the CO gas phase increases. Although not conclu-
sive, these data indicate that formate species can be involved in CO2 conversion to
CO on these catalysts.
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Figure 4.5. Background-subtracted IR spectra in a flow of 4 vol.% CO2, 16 vol.% H2
balanced by N2 at 200 — 300 °C for (a) 1NiFSP, and (b) 10NiFSP samples reduced at
300 °C (conditions: 200 — 300 °C, 1 bar, 9 mg of sample).

Overall, IR spectroscopy shows that 1NiFSP and 10NiFSP contain two different struc-
tures of Ni after reduction: under-coordinated Ni atoms are formed at 1 mol.% Ni, while
at 10 mol.% Ni formation of Ni nanoparticles with the small contribution of highly dis-
persed Ni is evident. Both catalysts can efficiently dissociate CO2 to CO. Partial re-
duction of CeO2 accompanied by the formation of oxygen vacancies is evident for both
catalysts independent of Ni content. The decrease in the intensity of formate bands of
1NiFSP and 10NiFSP correlates with the increase in the intensity of CO gas phase,
suggesting that a mechanism involving formate surface species plays a role in in
rWGS activity.

Stability CO2 hydrogenation

The stability of 1INiFSP and 10NiFSP was evaluated at 300 °C for 60 h (Figure 4.6a).
The 10NiFSP catalyst is stable is over 60 h of reaction time and remains selective
toward CHa. In contrast, the 1NiFSP catalyst shows severe deactivation during 60 h
on stream. The deactivation of 1NiFSP is accompanied by an increase in the CO se-
lectivity at the expense of the CHa4 selectivity.
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In situ TG analysis (Figure 4.6b, Figure C17) reveals a more significant weight gain
for INiFSP in comparison with 10NiFSP during CO2 hydrogenation at 300 °C in a flow
of 50 mL/min of 0.8 vol.% COz2, 3.2 vol.% Hzin Ar for 70 h. The MS signal shows that
the 10NiFSP catalyst is stable over 60 h of reaction time and remains selective toward
CHa. In comparison, the 1NiFSP shows severe deactivation during 60 h on stream,
accompanied by an increase in the CO selectivity at the expense of the CH4 selectivity
(Figure C17). The significant difference in product distribution between 1NiFSP and
10NiFSP remains in line with the stability tests (Figure 4.6a). Likely, the 10NiFSP
sample deactivates less due to enhanced H: dissociation on Ni nanoparticles. In con-
trast, the small Ni clusters are prone to deactivation as carbon deposited by CO dis-
sociation cannot be removed fast enough. After deactivation, the 1NiFSP catalyst pro-
duces mainly CO, which is likely due to Ni-O-Ce sites, involving oxygen vacancies.

Temperature-programmed oxidation of the used catalysts revealed that significant
mass losses start above 100 °C for both catalysts (Figure 4.6¢c and C18). The com-
bustion temperature derived from the DTG curves exhibits a maximum at 127 °C for
1NiFSP and 135 °C for 10NiFSP. The MS signal shows CO: formation between 100
and 500 °C (Figure C18), pointing to the removal of soft coke®, although we cannot
exclude that CO: originates from formate species accumulated on the surface. Such
formate species are typically removed by oxidation in the 70 — 330 °C temperature
range'90.101 " while carbonates decompose at much higher temperatures, typically
above 600 °C.192 The carbon deposit content is 2.6% for 1INiIFSP and 2.2% for
10NiFSP (Figure C18). The “soft coke” formation is likely the cause of the deactivation
of the very small clusters in 1NiFSP, blockage of the of active sites by formate/car-
bonate species cannot be excluded.

We employed quasi-in situ XPS to study the surface composition and reduction de-
gree of the 1NiFSP and 10NiFSP catalysts after the reaction. The samples were re-
duced in the reactor chamber of a Kratos XPS system. The reduction was carried out
at 300 °C for 4 h at atmospheric pressure in a flow of 20 vol.% Hz in Ar. The reaction
stability tests were carried out at 300 °C in a flow of 15 vol.% CO2, 60 vol.% Hz, 25
vol.% Ar for 24 h. The resulting Ni 2ps2 and Ce 3d XP spectra and their fits are shown
in Figure C19, and the fit results are given in Table C1.

The low Ni signal does not allow reliable quantification of the Ni oxidation states in
1NiFSP. After reduction and reaction, the Ni 2ps/2 spectra of the 10NiFSP catalyst can
be fitted with a Ni°® component at 852.6 eV and a Ni?* component at 583.7 eV (Figure
C8 and Figure C19). A slight increase in the Ni2* fraction is noted for 10NiFSP, when
the spectra after reduction (41%) and after reaction (43%) are compared (Table C1).
The fraction of Ce3* of 10NiFSP slightly decreased from 29% after reduction to 26%
after reaction (Table C1), which might be attributed to the reaction of surface oxygen
vacancies in CeO2 with CO2. The fraction of Ce®* in 1NiFSP slightly increases from
30% after reduction to 32% after reaction. The Ni/Ce surface ratios in the 10NiFSP
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decreased from 0.11 after reduction to 0.09 after the reaction, which can point to some
sintering during the reaction, considering that the encapsulation of Ni by CeO: is not
likely to occur at the low reaction temperature.
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Figure 4.6. (a) Conversion and product selectivity as a function of the time on stream
of 1NiFSP and 10NiFSP reduced at 300 °C (conditions: 300 °C, 50 mg of catalyst, 15
vol.% COz2, 60 vol.% H2, 25 vol.% Ar, 50 mL/min, 1 bar, ,). (b) TG analysis during
deactivation over 1NiFSP and 10NiFSP catalysts (reaction conditions: 300 °C — 25
mg of catalyst, 0.8 vol.% COz, 3.2 vol.% Hzin Ar, 50 mL/min, 1.5 bar, 70 h). (c) DTG
analysis of temperature-programmed oxidation of spent 1NiFSP and 10NiFSP (TG
analysis conditions: 50 — 900 °C, 25 mg of catalyst, 20 vol.% O2 in He, 50 mL/min, 10
°C/min).

Fitting of the C 1s spectra of CeO2-based samples with many overlapping components
is challenging.'®® The component at 285¢eV is assigned to C—C/C-H bonds due to
carbon deposits (Figure C20).193.1%4 The spectra of both samples contain a component
around 290 eV, indicating the formation of carbonates on the catalyst surface after
reduction and reaction'%41%5, although it could also be due to formates, which typically
appear at 288.0 eV.106-109 Exposing the catalysts to the reaction mixture leads to a
significant increase in the intensity of carbonates and/or formates, which is in line with
observed IR results under CO2 hydrogenation conditions (Figure C15).

The structural changes of the reduced NiFSP catalysts and the CeFSP support were
investigated in more detail by in situ synchrotron XRD after reduction at 300 °C for 1
h and further exposure to CO2 hydrogenation conditions at 300 °C for 1 h. The syn-
chrotron XRD patterns of the NiFSP catalysts can be described well by CeO2 and
metallic Ni nanoparticles (Figure C21-23). The Ni nanoparticle size of the 20NiFSP
and 30NiFSP catalysts increased from 3.5 nm after reduction to ~4.3 nm after CO2
hydrogenation (Figure C22). The CeO: crystallite size of the NiFSP and CeFSP sam-
ples also increased slightly from ~ 10.5 nm after reduction to ~12.5 nm after reaction

(Figure 4.3c, Figure C21).
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iFSP300(used)

Figure 4.7. HAADF-STEM-EDX of used 1NiFSP (top) and 10NiFSP (bottom):
HAADF-STEM images (left), Ni and Ce EDX maps (middle), and Ni EDX maps (right)
(conditions: 300 °C, 1 bar, 50 mg of sample, 15 vol.% COz, 60 vol.% H2, 25 vol.% Ar,
50 mL/min, 60 h).

Characterization of the used 10NiFSP catalyst by HAADF-STEM-EDX shows that the
Ni metal crystallite size increased slightly from 3.4 + 1.1 t0 4.5 £ 1.9 nm (Figure 4.7).
In contrast, the Ni phase in 1NiFSP remains uniformly distributed over the CeOz2 sur-
face after reduction and the reaction stability test. the interaction between highly dis-
persed Ni2* and CeO:2 in the 1NiFSP sample suppresses Ni sintering.22.110-112
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Conclusions

Flame-made catalysts with varied Ni content (1 — 30 mol.%) were tested in CO2 hy-
drogenation at atmospheric pressure. FSP preparation of Ni-CeO:2 catalysts resulted
in small CeO2 nanoparticles of ~8 nm with a higher surface area than conventional
CeOz, highly dispersed Ni, and, with increasing Ni content, segregated NiO particles.
A relatively large fraction of Ni in 1NiIFSP and 2.5NiFSP is present as Ni?* ions in
strong interaction with CeO2 and they cannot be reduced at 300 °C. The amount of
such stable highly dispersed Ni2* species in the 10NiFSP catalyst was ~4 mol.%. Cat-
alysts containing 20 mol.% Ni and 30 mol.% Ni contain segregated NiO nanoparticles
of ~6 nm. These particles are partially reduced to metallic Ni nanoparticles of 2.5 nm
(10 mol.% Ni) and 3.5 nm (20 mol.% Ni and 30 mol.% Ni) upon reduction at 300 °C.
The Ni-weight-normalized activity does not vary strongly with the Ni content and was
found ~4.4 mmolcoz/molni/s at 200 °C. There is, however, a strong shift in the product
distribution: a very low Ni reduction degree with small metal Ni clusters in 1NiFSP led
to the predominant formation of CO (71%) and less CH4 (21%). A small amount of
CHsOH among the reaction products is associated with the hydrogenation of CO2 on
oxygen vacancies assisted by Hz dissociation on very small Ni clusters. Catalysts con-
taining more and larger Ni nanoparticles mainly yield CH4 and small amounts of CO,
while no CH3OH was observed. The outstanding CO2 methanation activity of FSP-
prepared Ni-CeO:2 catalysts is linked to the synergy between relatively small metallic
Ni nanoparticles and Ni2*-O-Ce sites, involving oxygen vacancies. The Ni nanoparti-
cles resulted in stable catalytic performance and high CH4 selectivity. In contrast, the
catalytic activity and CHa selectivity of highly dispersed Ni declined with reaction time,
leading to increased CO selectivity. Most likely, these small Ni clusters deactivate as
the carbon is not hydrogenated fast enough, possibly due to slower Hz dissociation
than on Ni nanoparticles. CO is formed on Ni2*-O-Ce interface sites via a mechanism
involving oxygen vacancies. Characterization of the used catalysts revealed slight sin-
tering of the CeO2 crystallites and Ni nanoparticles in 10NiFSP, while Ni remained
highly dispersed in the 1NiFSP sample.
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Appendix C

Figures.

1NIiFSP 2.5NiFSP _ 5NiFSP

10NiFSP

Figure C1. TEM images of as-prepared CeFSP NiFSP catalysts. Corresponding
particle size estimations are shown in Table 4.1.
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Figure C2. Raman spectra of as-prepared CeFSP and NiFSP catalysts (A = 532 nm).
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Figure C3. Hz chemisorption isotherms over NiFSP reduced at 300 °C.
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Figure C4. Synchrotron XRD (A = 0.124 A) patterns of NiFSP before and after re-
ductive pretreatment (xNiFSP300). AXRD difference is obtained by subtraction of the
diffractogram of as-prepared sample from reduced diffractogram of the same sample.
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Figure C5. Synchrotron XRD (A = 0.124 A) patterns of as-prepared CeFSP and
CeFSP after reductive pretreatment (CeFSP300). AXRD difference is obtained by
subtraction of the diffractogram of the as-prepared sample from the reduced diffrac-
togram of the same sample.
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Figure C6. Synchrotron AXRD (A = 0.124 A) patterns of CeFSP and NiFSP before
and after reductive pretreatment. AXRD difference is obtained by subtraction of the
diffractogram of as-prepared sample from reduced diffractogram of the same sample.
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CeFSP and NiFSP catalysts during reductive pretreatment and dwell at 300 °C (grey
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Figure C8. Deconvolution of Ce3d and Ni 2ps2 of 1NiFSP and 10NiFSP, reduced at

300 °C for 4 h (conditions: 20 vol.% Hz in Ar, 50 mL/min, 4 h)
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Figure C9. IR spectra of the CeFSP and NiFSP reduced at 300 °C after CO adsorp-
tion at liquid N2 temperature (conditions: 1 — 10 mbar CO).
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Figure C10. Catalytic performance of NiFSP catalysts reduced at 300°C in CO2 hy-
drogenation as a function of temperature (conditions: 200 — 300 °C, 50 mg of catalyst,
15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).
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Figure C11. Arrhenius plots for activation energy calculated with respect to CHa for-
mation (conditions: 248-252 °C, 50 mg of 1NiFSP, 10 mg of 10NiFSP, 15 vol.% COz,
60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).
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Figure C12. Catalytic performance of 10NiCeFSP(WI) (left), Ni/SiO2 (middle), and
10Ni/CeOz(right) catalysts reduced at 300 °C in CO2 hydrogenation as a function of
temperature (conditions: 200 — 300 °C, 50 mg of catalyst, 15 vol.% COz2, 60 vol.% Ha,
25 vol.% Ar, 50 mL/min, 1 bar).
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Figure C14. IR spectra (top) and in zoom in carbonyl region (bottom) of the CeFSP
and NiFSP reduced at 300 °C after CO2 adsorption at 50 °C. (conditions: 1 — 10 mbar
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Figure C15. Background-subtracted operando IR spectra in a flow of 4%CO2, 16%
H2 balanced by N2 at 200 — 300 °C for 1NiFSP reduced at 300 °C (conditions: 200 —

300 °C, 1 bar, 9 mg of sample).
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Figure C16.MS Signal during operando IR experiments in a flow of 4 vol.% COz, 16
vol.% H2 balanced by N2 at 200 — 300 °C for 1NiFSP and 10NiFSP reduced at 300
°C (conditions: 200 — 300 °C, 1 bar, 9 mg of sample).
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Figure C18. TG analysis and MS signal during temperature-programmed oxidation
of spent 1NiFSP and 10NiFSP (TG analysis conditions: 50 — 900 °C, 25 mg of cata-
lyst, 20 vol.% Oz in He, 50 mL/min, 10 °C/min).
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Figure C19. Deconvolution of Ce3d and Ni 2ps2 of 1INiFSP and 10NIFSP, reduced
at 300 °C, after CO2 hydrogenation at 300 °C for 24 h (conditions: 300 °C, 30 mg of
catalyst, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar, 24 h).
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CeFSP and NiFSP catalysts during reductive pretreatment and CO2 hydrogenation.
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Tables.

Table C1. Atomic ratios derived from XPS analysis 1NiFSP and 10NiFSP after pre-
treatment (xNiFSP300) and reaction (xNiFSP_used).

1NiFSP300 1NiFSP_used 10NiFSP300 10NiFSP_used
Ni/Ce - - 0.11 0.09
C/Ce 0.85 1.26 1.23 1.59
O/Ce 3.60 3.97 3.96 4.15
Ce®**/Ce 0.30 0.32 0.29 0.26
Ni2*/(Ni2*+Ni0) - - 0.41 0.43
Table C2. Catalytic performance in CO2 hydrogenation.
CO2 L Ref.
Catalyst | HxCO2 | 0 | initial | Tre=t Activity Fig. | Ref.
(bar) o (°C) | (mmolcoz/molni/s)
(%) C6
200 3.720
225 10.420
1NiFSP 250 35.620
275 75.500
300 143.810
200 4.100
225 9.450
2.5NiFSP 250 24.810
275 56.100
300 103.390
200 3.360
225 9.180
5NiFSP 250 24.800
275 58.480
300 107.990
200 4.330
225 13.020
10NiFSP 250 45.000
4 1 15 275 82.380 This work
300 126.340
200 3.850
225 12.780
20NiFSP 250 40.420
275 66.460
300 77.010
200 3.810
225 12.330
30NiFSP 250 34.530
275 44 540
300 47.110
200 2.551
225 6.126
10Ni/CeFSP 250 20.377
275 42.713
300 92.458
. 200 0.003
10Ni/CeO2 205 0.009
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P COz | + Activit Ref.
Catalyst Ha: CO2 initial | jeeet y o Fig. | Ref.
(bar) o (°C) | (mmolcoz/molni/s)
(%) Ccé
250 0.030
275 0.058
300 0.104
200 1.907
225 3.362
1.8wt.%Ni/CZ 250 6.914
275 14.127
300 23.770
200 1.062
. 225 1.489
1'9Wtc'é’N'@ 4 1 3 [ 250 2.868 M |
275 6.902
300 12.535
200 0.655
225 0.671
2 4wt %Ni@Si 250 0.710
275 2.440
300 5126
200 0.030
. 220 0.083
7('140"‘;]’2? 260 0.208
280 0.211
300 0.211 ,
65 L 1 200 0.000 [2]
. 220 0.000
9.2\1().0(?]%% 260 0.002
280 0.004
300 0.006
0.1wt.%Ni/Ce 290 93.333
Twt.%Ni/Ce 4 1 133 [ 290 146111 SR
5wt.%Ni/Ce 290 246.389
3NI/Si 276 252 0.462
3N/Si 413 252 0510
3N/Si 547 252 0.558
3N/Si 4 826 | |, 252 0.608 a | e
3NI/Si 103 252 0.657
3NI/Si 13.8 252 0.690
3N/Si 16.6 252 0.704
3N/Si 221 252 0.740
5 2Ni/a-Ti 4 1 19 | 360 23.200 5] | °
200 0.483
225 9.660
250 0.181
275 0.338
3Ni/Ti 4 1 5 300 0.604 6] | ©
325 0.110
350 0.186
375 0.257
400 0.290
200 0.533
20% Ni/Al 35 1 ; 250 0.308 m |7
300 0.542
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P COz | + Activit Ref.
Catalyst Ha: CO2 initial | jeeet y o Fig. | Ref.
(bar) o (°C) | (mmolcoz/molni/s)
(%) C6
350 0.566
400 0.528
450 0.508
500 0.482
200 0.232
250 0.927
300 0.640
o 350 0.102
10% Ni/Al 200 0100
450 0.964
500 0.936
200 0.533
. 150 0.049
Ni30Zr70 200 0.045
. 150 0.002
Ni40Zr60 200 0071
. 150 0.016
Ni50Zr50 200 o102 o .
. 150 0.008
Ni60Zr40 200 0072
. 150 0.008
Ni70Zr30 200 0:003
o 150 0.003
4%Ni/Zr 200 0.123
200 0.001
250 0.008
300 0.001
14% NilCeZr 325 0.002
350 0.002
375 0.002
400 0.002
150 0.000
200 0.001
250 0.009
o n 300 0.015 0
14% Ni/CeSm 4 1 20 SoE 0016 9]
350 0.016
375 0.016
400 0.017
200 0.001
250 0.009
300 0.015
14% NifzZr 325 0.017
350 0.019
375 0.020
400 0.020
227 0.002
Ni 252 0.005
277 0.013 0
4 L 3 oz 0.559 (10]
3%Ni/Si 252 0.140
277 3.150
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P CO2 | ¢ Activit Ref.
Catalyst Ha: CO2 initial | re2 y o Fig. | Ref.
(bar) (%) (°C) | (mmolcoz/molni/s) C6
227 0.591
3%Ni/Al 252 1.290
277 2.540
227 0.573
3%Ni/Ti 252 1.440
277 3.580
5% Ni/Si 350 19.400
5% NiCeZr 4 1 16.4 | 350 42.000 (1 | "
5% Ni/CeZr 350 30.600
250 3.050
68% Ni/Al 300 11.700
350 13.800 0
4 1 19 250 4110 (12]
36% Ni/Al 300 18.200
350 25.700
200 1.250
Ni/Si 4 5 10 300 8.730 [3] | ®
400 15.000
260 0.938
7.8NiCe 4 1 280 2.204 [14] |
300 2.826

Ce—C602,' Si— SiOQ,' CZ- CeOQ-ZI‘OQ,' Zr— ZI’Oz,' Al - A/zO3,' Ti— TiOz
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Chapter 5

Flame-synthesized Co-TiO, catalysts for CO,
hydrogenation

Abstract

A series of Co-TiO2 catalysts with varying Co content (2.5 — 40 mol.%) were evaluated
for CO2 methanation. Flame spray pyrolysis (FSP) produced small TiO2 nanoparticles
(~8 nm) with higher surface area compared to conventional TiO2 supports. Catalysts
with low Co content contained highly dispersed Co?* ions, which cannot be reduced
at 500 °C. Catalysts with 10 mol.% or more Co also contained segregated CoTiOs
particles, which reduced to metallic Co and rutile-TiO2 nanoparticles at 500 °C. The
highest Co-weight-normalized activity (4.9 £ 0.2 mmolco2/molco/s at 250°C with 91%
CHa4 selectivity) was observed for the 20CoTi5 sample, which contains 14 nm rutile-
TiO2, ~4 nm hcp Co nanoparticles, and a small amount of fcc Co with Co reduction
degree of 100%. Low Co reduction degree in 2.5CoTi5 and 5CoTi5 led to low CO:2
conversion and predominant CO formation (79%). Catalysts with higher Co content
and larger Co nanoparticles mainly yielded CH4, with small amounts of CO and CzHe.
Further optimization revealed that despite structural differences in the particle sizes of
as-prepared one-step flame-synthesized 20Co-TiO2 catalysts, reduction led to 13 —
16 nm rutile-TiO2 and metallic Co. The lower activity of the small particle 20CoTi2.5
sample in comparison with the 20CoTi5 and 20CoTi10 samples was attributed to in-
complete Co reduction (69%), the predominance of larger fcc Co nanoparticles (~14
nm). The 20CoTi5 and 20CoTi10 catalyst perform better due to the higher Co disper-
sion (~4 nm hcp Co particles) ahd the complete Co reduction. The most active one-
step flame-made 20Co-TiO2 catalyst(20CoTi5) was compared to a conventional cata-
lyst prepared by wet impregnation of Co on FSP-made TiO2 (20Co/TiO2). In situ syn-
chrotron XRD and quasi-in situ XPS revealed Co metal formation upon reduction at
500 °C in both catalysts, with all Co being converted into similar-sized 4 — 5 nm hcp
Co nanoparticles. Despite the similarities, the 20Co/TiO2 catalyst exhibited a signifi-
cantly lower CO2 conversion than the flame-made 20CoTi5 one. The difference is
likely due to the stabilization of small Co particles on rutile-TiO2 in 20CoTi5, while the
more reactive nature of anatase-TiO:2 in the wet-impregnated catalyst resulted in TiOx
overlayer formation on metallic Co.
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Introduction

The rising levels of CO: in the atmosphere are regarded as the main cause of global
climate change.'-® Considering CO2 as a feedstock instead of waste is an approach
to close carbon cycles and lower atmospheric CO2 emissions on the condition that
CO: is captured from the air and reduction is done by renewable energy sources. CO2
hydrogenation into chemicals is a promising approach for obtaining renewable
chemicals and fuels from green H2.4® Among the different hydrocarbon products, the
catalytic CO2 hydrogenation to CHs (synthetic natural gas, SNG) has gained
significant attention because SNG can be easily transported in existing
infrastructure.”8

Catalysts play a crucial role in CO2 methanation (the Sabatier reaction), with their
composition and structure governing the CO2 conversion and product distribution.®-"
Irreducible oxide supports, such as SiO2 and especially Al203, are commonly used to
support the metallic nanoparticles that form the active phase for CO2 hydrogenation.'2-
5 Reducible oxides, in particular titanium dioxide (TiOz2), are also widely considered
as catalyst support in CO2 (and CO) hydrogenation reactions as its stronger interaction
with transition metals can lead to highly dispersed metal particles.'®-20 Strong metal-
support interactions (SMSI) can have a profound effect on catalyst structure and
performance. Although nickel (Ni) is typically used for CO2 methanation 202, cobalt
(Co) has also been widely investigated for this purpose.'%22-26 Co is generally
regarded as a more active metal for C-O bond dissociation than Ni, explaining its
preference in the Fischer-Tropsch (FT) reaction in which synthesis gas, a mixture of
CO and Ha, is converted to long-chain hydrocarbons.?527.28 Co/TiO2 catalysts are
industrially important FT catalysts, the Co-TiO2 interactions being critical to their
performance.?”2%-32 A critical aspect of Co-based FT catalysts is structure sensitivity,
which dictates that Co nanoparticles should have a size of at least 6 nm to exhibit a
high CO dissociation activity.3* The most common explanation is that step-edge sites
for low barrier C-O bond dissociation disappear in smaller particles. Such optimum
particle size has also been reported for Ru- and Ni-based catalysts for CO and CO:2
hydrogenation.’3:33-35 This structure sensitivity has led researchers to explore a variety
of preparation methods to control the size and distribution of Co nanoparticles on
metal-oxide supports.

Conventional wet methods to prepare TiO2-supported metal catalysts lack control over
the particle size.38 It is often desirable to achieve a good Co dispersion at a high Co
loading . Much effort has been devoted to the preparation of nanosized TiOz2, including
sol-gel¥”, homogeneous precipitation3®, hydrothermal®®, flame synthesis*®4!, and
molten salt.#2 Commercially available P25 TiO:2 is widely adopted in catalysis studies.
P25 is obtained by the Aerosil process, in which TiCls is hydrolyzed in the vapor phase
at very high temperatures (>1000 °C).*3 Developing methods to obtain high-surface
area TiO, with controlled morphology, particle size and phase composition remains
desirable.1:44.45

178



Flame spray pyrolysis (FSP) is a promising alternative approach to obtain well-defined
nanosized materials, offering flexibility in terms of composition and scalability.*6:47
Galller and co-workers recently used two-nozzle spray pyrolysis to obtain Co/TiOz,
Co/SiO2, and Co/Ti-SiO2 catalysts with nearly identical Co particle size.*® Co/TiO2
displayed higher CO: activity and CHa4 selectivity than Co/SiO2 and Co/Ti-SiOx.
Schubert et al. used double flame pyrolysis to prepare Co/Al2O3 catalysts promoted
very small amounts of Pt, which facilitated Co reduction.*®

The present study explores the use of flame synthesis of Co-TiO2 composites for CO2
hydrogenation. FSP was used to obtain Co-TiO2 samples in a single preparation step.
The impact of the Co content and the particle size, varied through changing the
injection rate of the precursor solution into the flame, on the CO2 hydrogenation of
reduced samples was investigated. Detailed characterization of the samples before
and after reduction and comparison to Co/TiO2 samples prepared by conventional
methods allowed the formulation of structure—performance relationships, highlighting
the role of the TiO2 (anatase vs. rutile) in obtaining active and stable Co/TiO2
hydrogenation catalysts.

Experimental Section

Materials

Co (Il) acetate tetrahydrate (Co(CH3COz2)2 - 4H20, 99%, Merck), glacial acetic acid
(99% Sigma-Aldrich), and 2-ethylhexanoic acid (99% Fisher Scientific), Titanium (IV)
isopropoxide (Ti(OCH(CHs)2)4, 97% Sigma-Aldrich), ammonia solution (NHs - H20, 28
wt.%, Thermo Fisher), P25 titania (Evonik Degussa, pore volume 0.3 mL/g, specific
surface area 50 m?/g, anatase-TiO2/rutile-TiO2 85%:15%) were used as received .

Catalysts Preparation

Flame Spray Pyrolysis

Flame spray pyrolysis (FSP) of TiO2 and Co-TiO2 catalysts was performed with a
Tethis NPD10 setup. The Tethis NPS10 apparatus was placed in a standard chemical
laboratory fume hood modified to comply with EN 14172, EN 1822, and ISO 45H
standards (modifications realized by Interflow). The air inflow of the fume hood was
kept at a minimum of 0.7 m/s using active control systems. The exhaust flow to the
(external) ventilation was equipped with HEPA H14 and ULPA U17 filters. The
experiments were conducted after assessing all safety aspects, including those
related to working with nanomaterials, in a risk-inventory and evaluation (RI&E)
procedure, as required by the Dutch labor law. Appropriate amounts of of Co(CsH702)3
and Ti(OCH (CHs)z2)4 were dissolved in an equivolumetric solvent mixture of acetic acid
and 2-ethylhexanoic acid. The Co and Ti concentrations were 0.15 M. This solution
was stirred at 80 °C for approximately 1 h until full dissolution of the metal precursors.
The precursor solution was fed by a syringe pump at an injection rate of 2.5, 5, and
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10 mL/min to the center of a methane/oxygen flame to form a fine spray. The pressure
drop at the capillary tip was maintained at 2.5 bar by adjusting the orifice gap area at
the nozzle. The flow rates of methane and oxygen were respectively 1.5 L/min, and
3.0 L/min. Solid samples were collected on a glass microfiber filter (Whatman) using
a vacuum pump. The as-prepared TiO2 and Co—TiO2 catalysts are denoted as Tix and
yCoTix, where x stands for the injection rate in mL/min, and y represents the intended
Co content (mol.%) with respect to Ti (Co / (Ti + Co)).

Wet Impregnation

Reference catalysts with an intended Co loading of 20 mol.% were prepared by wet
impregnation. For this purpose, the desired amount of Co(CH3COz2)2 was dissolved in
40 ml of NHs - H20 solution (28 wt.%). After adding 2 g of Ti5 or P25, the resulting
suspension was stirred for 2 h. Then, water was removed by evaporation. The
catalysts were dried in air at 110°C overnight and calcined at 350°C for 4 h. The
resulting samples are denoted as 20CoTi5 (WI) and 20CoP25, respectively.

Catalyst Characterization

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

The chemical composition (Co and Ti) of the as-prepared catalysts was determined
by ICP-OES analysis (Spectro CIROS CCD Spectrometer). Prior to these
measurements, the catalysts were dissolved in a mixture of 2 mL of concentrated
HNOs (65%) and 5 mL of concentrated H2SO4 (95-98%) at a temperature of 250 °C
under stirring for at least 30 min, followed by dilution in water.

N: Physisorption

Textural properties were determined by N2 physisorption at a temperature of =196 °C
using a Micrometrics TriStar 1l 3020 instrument. Prior to physisorption measurements,
the samples were heated to 160 °C in an N2 flow for 4 h. The specific surface area
(SSA) was determined by the Brunauer—Emmett-Teller (BET) method.

CO Chemisorption

CO chemisorption measurements were performed with a Micromeritics ASAP2010C
instrument. Typically, about 100 mg sample was loaded into a quartz U-tube between
two quartz wool layers. Before chemisorption measurements, the catalyst was
reduced in an Hz flow at 500 °C by heating to this temperature at a rate of 10°C/min,
followed by an isothermal dwell of 4 h. After evacuation at 520 °C for 1 h, CO
adsorption isotherms were recorded at 35 °C.

Temperature-Programmed Reduction (H2-TPR)

The reducibility of the samples was studied by H2-TPR with a Micromeritics AutoChem
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Il instrument. Typically, about 100 mg sample was loaded into a quartz U-tube
between two quartz wool layers. Prior to H2>-TPR, the sample was treated at 350 °C
for 1 h in a flow of 50 mL/min of 5 vol.% Oz in He. TPR profiles were recorded under
heating the sample from 40 to 700 °C at a rate of 10 °C/min in a 50 mL/min flow of 4
vol.% H2z in He. H2 consumption was measured by a thermal conductivity detector
(TCD) and calibrated using an AgO reference.

X-ray diffraction (XRD)

In situ synchrotron X-ray diffraction patterns were collected at the ID15A beamline of
the ESRF. The measurements were carried out in transmission mode using an
incident X-ray energy of 100 keV. A PilatuD3X CdTe 2M detector was used to collect
the scattered signal. About 20 mg of sieved catalyst (125 - 250 um) was loaded into
quartz capillaries (1.5 mm o.d. wall thickness 0.15 mm) between two glass wool layers.
The capillary was sealed with PTFE ferrules in a home-built Clausen-type flow cell.
The sample was heated using a prototype synchrotron oven, developed at ESRF. The
temperature calibration was performed by a thin (0.25 mm) K-type thermocouple
placed inside the catalyst bed. Typically, the temperature was raised from 50 °C to
500 °C at a rate of 10 °C/min in a flow of 50 mL/min of a mixture of 20 vol.% Hz in Ar,
followed by an isothermal dwell of 1 h at 500 °C and then cooled down to 300 °C in
pretreatment mixture. The reduction mixture was replaced by a reaction mixture
consisting of 15 vol.% COz, and 60 vol.% H: balanced by Ar fed at a total flow of 50
mL/min) for 1 h at 300 °C. The CoTiOs, Co304, CoO, Co, and TiO2 phases were
analyzed by Rietveld refinement with GSAS software (version 5720).

Transmission Electron Microscopy (TEM)

The morphology and particle size distribution of as-prepared and reduced catalysts
were investigated by TEM using an FEI Titan Cryo-TEM instrument operating at an
acceleration voltage of 300 kV. An appropriate amount of finely ground material was
ultrasonically dispersed in analytical-grade absolute ethanol before deposition on
holey Cu TEM grids.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS)

UV-Vis DRS spectra were collected at room temperature with a Shimadzu UV-2401PC

spectrometer equipped with an integrating sphere coated with BaSO4 as the standard.
Samples were diluted with BaSO4 (30 mg sample mixed with 120 mg BaSOas).

Raman Spectroscopy

Raman spectroscopy was carried out using a WITec UHTD300 spectrometer
equipped with a WITec WMT50 confocal Raman microscope. Raman spectra of
powder samples were collected using a 532 nm laser (0.5 mW) and an acquisition
time of 30 s. The Project FIVE software (version 5.1) was used for data treatment.
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Infrared (IR) Spectroscopy

IR spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a
DTGS detector. The experiments were performed in situ using a home-built
environmental transmission IR cell. Self-supporting pellets were made by pressing
approximately 10 mg sample in a disc with a diameter of 13 mm. Each spectrum was
collected by averaging 32 scans with a resolution of 2 cm-" in the 4000—-1000 cm-"
range.

For CO IR measurements, the sample was first reduced in a flow of 20 vol.% H: in He
at 500 °C (rate 10 °C/min) for 4 h. After outgassing at 500 °C in vacuum and cooling
to 50 °C, IR spectra were recorded as a function of the CO partial pressure in the 0—
10 mbar range. CO:z IR spectra were recorded after reduction of the samples as
described above. IR spectra were obtained as a function of CO: partial pressure in the
0-10 mbar range at 50 °C. All IR spectra were background subtracted, and the
intensity was normalized to the weight of the pellet.

X-ray Photoelectron Spectroscopy (XPS)

The surface chemical properties of the as-prepared catalysts were studied with a K-
Alpha XPS instrument (Thermo Scientific) equipped with an aluminum anode (Al Ka
= 1486.68 eV) monochromatized X-ray source. Finely ground samples were placed
on double-sided carbon tape. All spectra were acquired using a flood gun to reduce
surface charging. A pass energy of 40 eV was typically used for region scans with a
step size of 0.1 eV and a dwell time of 0.5 s. The Ti 2ps2 (Ti**) component at a
characteristic binding energy of 458.6 eV was used to correct the binding energies of
the Co 2p.505" A standard procedure involving the use of Shirley background
subtraction and atomic sensitivity factors was applied for data processing. Spectra
were fitted by using the CasaXPS software (version 3.2.23). Spectral lines were fitted
by a symmetric pseudo-Voigt function referred to as GL (30), except for the main

metallic Co component, which was fitted by the asymmetric LA (1.2,5,5) line shape.?2-
55

Quasi-in situ X-ray photoelectron spectroscopy (XPS)

The surface chemical properties of the reduced and deactivated catalysts were
studied using a Kratos AXIS Ultra 600 equipped with a monochromatic X-ray source
(Al Ka = 1486.68 eV). Self-supporting pellets were made by pressing approximately
30 mg of a sample in a disk with a diameter of 13 mm. Pretreatment of catalysts were
carried out in a high-temperature reaction cell (Kratos, WX-530), allowing in vacuum
sample transfer into the analysis chamber. The samples were reduced in 20 vol.% H2
in Ar at a flow rate of 50 mL/min at 500 °C for 4 h at a rate of 10 °C/min and ambient
pressure. Then, the sample was cooled to 100 °C in the pretreatment mixture and the
reaction cell was evacuated to a pressure below 108 mbar, followed by transfer of the
sample to the XPS analysis chamber. A pass energy of 40 eV was typically used for
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region scans with a step size of 0.1 eV and a dwell time of 0.5 s. Energy calibration
and fitting of Ti 2p and Co 2p were performed using the same procedure as described
in the XPS section above.

Catalytic Activity Measurements

CO: hydrogenation

The catalytic performance of TiO2 and Co/TiOz catalysts in CO2 hydrogenation was
evaluated in a down-flow stainless-steel reactor with an internal diameter of 4 mm.
The reaction was performed at atmosphere pressure and 250 °C. The samples were
pressed, crushed, and sieved to a fraction of 125 — 250 ym. Typically, the reactor was
filled with 50 mg catalyst diluted with 200 mg of SiC. Before the reaction, the catalyst
was reduced in a flow of 100 mL/min of 20 vol.% Hz in He, whilst ramping from room
temperature to 500 °C at a rate of 10 °C/min, followed by an isothermal dwell at 500
°C for 4 h. The reduced catalyst was cooled in the same flow to the initial reaction
temperature of 250 °C. The reaction was started by replacing the reduction gas
mixture with a flow of 50 mL/min of 60 vol.% Hz, 15 vol.% CO2, and 25 vol.% Ar. During
an isothermal dwell of 108 min, the effluent gas was sampled and analyzed by an
online gas chromatograph (Shimadzu, GC-2014) equipped with RT-Q-Bond (FID),
and Shincarbon ST 80/100 (TCD) analysis stions. CO2 conversion, carbon product
selectivity, and product formation rates were calculated as follows:

X(CO ) =1— F(Coz)out (1)
2) =
F(Coz)out + F(Co)out + F(CH4)out + F(CHSOH)out + XF(CxHy)Out
F duct
S(product) = (product)ou: (2)

F(CO)out + F(CH)out + F(CH30H) gy + xF(C:H,) |

where F stands for the volumetric flow rate determined from the concentration
measured by gas chromatography using Ar as an internal standard and FID and TCD
response factors determined by using gas calibration mixtures.

The reaction rate (rcoz with the unit molcoz:molco™ -s') was normalized to the Co
content (nco) in the following manner:

X (COp) x F(CO2)in

= 3
Tco2 Tce * Vin 3)

, Where Vn is the molar volume of an ideal gas at standard temperature and pressure.

Results and discussion

This work is organized in the following manner. First, a set of Co-TiO2 samples pre-
pared by FSP at a fixed injection rate (5 mL/min) and with varying Co content (2.5-40
mol.%) will be characterized in detail in their as-prepared and reduced states. Based
on the catalytic performance of samples reduced sat 500 °C, the crystallite size of the
samples containing 20 mol.% is varied by changing the FSP injection rate (2.5-10
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mL/min). These samples will be contrasted with samples prepared by conventional
wet impregnation of Co on FSP-derived TiO2 and P25 TiOx.

Impact of Co content in flame-synthesized Co-TiO:z on

CO: hydrogenation

FSP was used to prepare a set of Co-TiO2 samples at an injection rate of 5 mL/min
(xCoTi5) with a variable Co content. A TiO2 support was prepared in the same way
without Co in the preparation. The most important physicochemical properties of the
resulting Ti5 and CoTi5 samples are listed in Table 5.1. The Co content determined
by ICP-OES analysis is somewhat lower than intended for all CoTi5 samples.

The synchrotron XRD patterns of the as-prepared samples are shown in Figure 5.1a.
Their Rietveld refinement shows the distribution of crystalline phases (Table 5.2). Ti5
contains predominantly a-TiO2 (anatase-TiOz) in an amount of 90 wt.% with an aver-
age crystallite size of ~14 nm and a small amount of r-TiOz (rutile-TiOz) with an aver-
age crystallite size of ~15 nm. The addition of Co during FSP synthesis resulted in a
larger contribution of r-TiO2. Table 5.2 shows that, with increasing Co content up to
20 mol.%, the a-TiOz contribution gradually decreased from 70% in 2.5CoTi5 (crystal-
lite size ~14.5 nm) to 4.4% in 20CoTi5 (crystallite size ~7.5 nm). This goes together
with the growing contributions of r-TiO2, reaching the highest amount of 91% at
10CoTi5, and CoTiOs and Cos04, making up most of the 40CoTi5 sample. Despite its
increasing contribution, the crystallite size of r-TiO2 did not change much as a function
of the Co content. The 10CoTi5 and 20CoTi5 samples contain CoTiOs with average
crystallite sizes of 2 and 8.8 nm. The sample with the highest Co content (40 mol.%)
is made up of CoTiOs with a size of 15 nm and a large amount of Co3O4 with a size of
4 nm. The absence of diffraction lines of Co304 and CoTiOs in the samples with less
than 10 mol.% Co is likely due to the small size of their crystalline domains. Most likely,
the samples with a low Co content contain small particles of Co-oxide strongly inter-
acting with the different crystalline TiO2 and CoTiOs phases. The change in TiOz pol-
ymorph from anatase to rutile upon addition of Co is in line with literature.?6-5¢ The
formation of CoTiOs has been frequently associated with the rutile phase of TiO2.56

Raman spectroscopy was employed to study the structure of the samples (Figure
5.1b). Raman spectra of the as-prepared Ti5 and CoT5 samples contain typical a-
TiO2 bands at 144, 394, 514, and 636 cm~1.5%-61 The intensity of these a-TiO2 bands
decreases with the Co content, which is in line with the decreasing a-TiO2 content
determined by XRD. While Ti5 does not exhibit the typical bands of r-TiO2 at 446 and
609 cm™' 60-62  g]| Co-containing samples contain these bands. Their intensity in-
creases with the Co content, reaching a maximum for 20CoTi5. At a Co content of 5
mol.% and above, a broad band in the 550 — 750 cm™' range can be attributed to
CoTiOs3 (617 and 687 cm™" 6364 or Co304 at 690 cm~'6%. The absence of Raman bands
at 455 and 675 cm~! means that the samples do not contain Co0.%5
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Figure 5.1. (a) Synchrotron XRD patterns (A = 0.124 A) of Ti5 and CoTi5 catalysts,
highlighting the a-TiOz, r-TiO2, Co304, and CoTiOs diffraction lines. (b) Raman spectra
(A =532 nm) and (c) UV-Vis spectra of the Ti5 and CoTi5 samples.

300 600 200 800

Wavelength (nm)

The UV-Vis spectra of Ti5 and the as-prepared 2.5CoTi5 catalyst (Figure 5.1¢c) con-
tain a band at 250 nm, which can be assigned to a-Ti02.606" The formation of r-TiO2
in CoTi5 samples containing 5 mol.% and more Co follows from the shift of the band
from 250 nm to 270 nm.%162 All CoTi5 samples show a broad absorption band in the
520 — 770 range, characteristic of CoTiOs. The absorption bands at 537 and 610 nm
are typically associated with Co?* — Ti** charge transfer in CoTi03.936466 The broad
absorption edge at 543 nm is attributed to O2- — Ti** charge transfer in CoTiQ3.63.64.66
Notably, the bands in the 400 — 480 nm and 700 — 760 nm range, respectively char-
acteristic of Co304 (0> — Co?* and O% — Co% charge-transfer bands®’, are absent in
the UV-Vis spectra of the CoTi5 catalysts.

Representative TEM images show that the Ti5 and CoTi5 catalysts are made up of
spherical nanoparticles (Figure D1). The number-averaged particle size is in the 7 —
9 nm range, showing no obvious trend with the Co content. The weight-averaged crys-
tallite sizes of the phases in the Ti5 and CoTi5 samples determined by Rietveld re-
finement are in reasonable agreement with the particle sizes determined by TEM (Ta-
ble D1). The specific surface area determined by N2 physisorption decreases from ~
200 m?/g for Ti5 to 98 m?/g for 20CoTi5 At a Co of 40 mol.%, the specific surface area
was found to be higher at 161 m?/g. The surface area of the FSP-made catalysts is
substantially higher than that of P25 TiO2 (~ 50 m?/g). Due to the poor contrast, no
clear Co-oxide particles could be distinguished. STEM-EDX maps of some of the as-
prepared CoTi5 samples in Figure 5.2 reflect the nanoscale distribution of Co. The
maps of 2.5CoTi5 and 5CoTi5 indicate a homogeneous distribution of Co. At higher
Co content (10CoTi5), some agglomeration of Co can be observed, resulting in parti-
cles of ~2 nm in addition to the highly dispersed Co.
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Figure 5.2. STEM-EDX images: (left) HAADF-STEM images and corresponding EDX
elemental maps of Co and Ti for as-prepared 2.5CoTi5, 5CoTi5 and 10CoTi5.
Table 5.1. Physicochemical properties of as-prepared Ti5 and CoTi5 catalysts.

Catalyst (i?n%?ﬂ/i‘;;‘ t Sget (M?/g)° drio2 (nm)° (at_oc/oc/)g_l% e
Ti5 - 193 7+3 -
2.5CoTi5 1.8 117 9+5 0.05
5CoTi5 4.0 142 8+3 0.1
10CoTi5 7.7 122 8+3 0.19
20CoTi5 15.1 98 8+3 0.33
40CoTi5 31.4 161 n.a. 0.77

a — determined from ICP analysis, b -determined by N» physisorption on as-prepared
samples, ¢ — determined by TEM for as-prepared samples, d — determined by XPS for
as-prepared samples.

XPS was used to probe the surface composition of the as-prepared samples. Decon-
voluted XP spectra are shown in Figure D2. The CoTi5 samples contain a single Co
2ps2 state with a binding energy of 781.0 eV and an accompanying satellite at 786.5
eV, indicative of the predominance of Co2*.55 The XPS surface Co/Ti ratios increase
with the Co content (Table 5.1) and are slightly higher than the bulk values, suggesting
that most Co is located in the surface region. The Ti 2ps;2 region can be fitted by a
feature with a binding energy of 458.7 eV due to Ti** with no significant contribution of
Tid*.
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Table 5.2. Rietveld refinement results of as-prepared Ti5 and CoTi5 catalysts (error
margins reported in brackets).

Cata- a-TiO2 da-Tio2 r-TiO2 dr.tio2 CoTiO3 | dcotios Co0304 dcosos
lyst (%) (nm) (%) (nm) (%) (nm) (%) (nm)
Ti5 | 89 (1) (1(?';) 11 (1) 1(51')1 . . i .

2.5CoT 17.8 12.5

i5 | °M | e | XD | (08 - - - -
5CoTi5 | 60(1) | o | 40() | (O m . . .
10CoTi 12.8 9.2 *

5 9 | g | T | 01 - ~2 -
20CoTi 75 9.1 8.8

5 4 13) | DD 02 | 27D ] 04 -
40CoTi 6.4 8.0 39

5 0 - 81 | w2 | M| 03 | M| o1

* - estimated using Scherrer equation, K = 0.89.

Overall, characterization shows that the Ti5 and CoTi5 samples contain different crys-
talline phases. The Ti5 sample is mainly made up of a-TiO2. The introduction of Co
leads to a growing contribution of r-TiO2, which is likely present as CoTiOs, the domi-
nant form of Co in these samples. r-TiO:2 particles are most abundant in the samples
containing 10 and 20 mol.% Co with relatively small crystallite sizes. A higher Co con-
tent leads to the segregation of CosO4 next to CoTiOs. The surface areas of the FSP-
made catalysts, which vary in the 200 — 90 m?/g range and typically decrease with the
Co content, are much higher than that of P25 TiO2 (~ 50 m?/g).

Next, we studied the reduction behavior of these samples. Figure 5.3a shows the
weight-normalized H2-TPR profiles for the CoTi5 and Ti5 samples. Ti5 exhibits a very
weak reduction feature at 500 °C, which can be attributed to the reduction of surface
Ti** to Ti%*.68

All CoTi5 catalysts exhibit a more intense yet broad H2 uptake between 450 and 800
°C due to the reduction of Co species in strong interaction with TiO2.6%70 Based on the
characterization results, it is likely that most of Co is present as CoTiOs. An increase
in Co content from 2.5 mol.% to 10 mol.% shifts the main reduction peak to lower
temperatures, which is attributed to an increasing contribution of Co-oxides with a less
strong interaction with TiO2 than Co in CoTiOs. The reduction of such Co species to
metallic Co can facilitate the reduction of CoTiO3 via spillover hydrogen. The reduction
features in 20CoTi5 and 40CoTi5 shifted again to higher temperatures compared to
5CoTi5 and 10CoTi5, which may be due to the segregation of large Co304 crystallites
from CoTiOs.7"72 This is most evident for the 40CoTi5 sample. The small reduction
feature between 200 °C and 400 °C in its TPR profile is likely due to the reduction of
Co0304 to CoO 7374, while the broad reduction peak between 450 and 800 °C should
be due to the reduction of CoTiO3 and CoO to Co.7374

Figure 5.3b shows that the experimentally determined H2 uptake corresponds well
with the theoretical H2 uptake for the reduction Co?* to metallic Co. The slightly higher
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H2 uptake for the 40CoTi5 sample can be explained by the significant amount of
Co304, which requires more Hz for complete Co reduction. The difference is also partly
due to the surface reduction of Ti4* to Ti®* and hydrogen spillover, the latter being
much less pronounced in comparison to the Co-CeO2 samples investigated in Chap-
ters 2 and 3.
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Figure 5.3. (a) Weight-normalized TPR profiles of Ti5 and CoTi5 (conditions: 4 vol.%
Hz in N2, 50 mL/min). (b) Quantification of H2 consumption during TPR experiments
(orange bar — excess of Hz; grey bar — amount required for complete CoO/CoTiOs
reduction).

In situ synchrotron XRD was employed to study the structural evolution of the Ti5 and
CoTi5 samples during reduction from 50 to 500 °C followed by a dwell of 1 h. The
resulting diffraction patterns as a function of temperature and time are plotted in
Figure D3. Compared to their as-prepared state, the reduced CoTi5 samples with a
Co content of 5 mol.% and above contain more r-TiO2 (Figure 5.4 and Table D2). The
amount of r-TiOz in the 2.5CoTi5 sample was the same before and after reduction.
The growing amount of r-TiO2 is due to the reduction of CoTiOs3.7>-77 Rietveld
refinement of the XRD patterns also revealed an increase in the crystallite sizes of the
r-TiO2 and a-TiO2 phases upon reduction of all CoTi5 catalysts as well as the Ti5
sample (Table D2).

No reflections related to Co-containing phases were observed during the reduction of
2.5CoTi5 and 5CoTi5 from 50 to 500 °C, indicating that either the reduced Co particles
were very small (< 2 nm) or Co?* was not reduced and remained highly dispersed.
The 10CoTi5 and 20CoTi5 samples show the reduction of CoTiO3z to Co metal and r-
TiO2 at temperatures above 450 °C (Figure D3). Rietveld refinement shows that the
Co particles in the reduced samples have the hcp and fcc structure. Co(hcp) is ther-
modynamically more stable when the crystallites are larger than 20 nm, while Co(fcc)
is preferred in smaller crystallites.’®7° The present results show that all crystalline do-
mains are smaller than 20 nm, with the size of Co(hcp) being smaller than that of
Co(fcc). Similar findings were reported by Nyathi et al. for the reduction of Co3z04/TiOz,
who suggested the stabilization of hcp crystallites by formation of (partially) intergrown
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domains of fcc and hcp Co.'% The existence of intergrowths could not be verified by
Rietveld refinement of our data. The reduced 10CoTi5 sample contains slightly more
fce crystallites than hcp crystallites, albeit that their size is nearly the same at 6 nm.
The 20CoTi5 sample contains significantly more hcp Co crystallites with a size of 4
nm than fcc nanoparticles with a size of 11 nm.

Overall, XRD results of the samples reduced at 500 °C show the formation of Co na-
noparticles in the samples containing 10 mol.% and more Co. It is likely that the Co
reduction degree of the 2.5CoTi5 sample is very low due to the strong interaction of
Co with TiO2, probably mostly as CoTiOs. This is in line with the H2-TPR profile for this
sample. Moreover, this sample does not show an increase of the r-TiO2 amount upon
reduction, as observed for the other samples, related to the reduction of CoTiOs to
metallic Co and r-TiO2. Although also no metallic Co particles were observed in
5CoTi5 by XRD, the increase in the r-TiO2 contribution suggests the formation of a
small amount of metallic Co. These particles are likely smaller than 2 nm. In contrast,
the samples containing significant amounts of crystalline CoTiOs display a substantia
increase in the amount r-TiOz, along with the formation of metallic Co particles. The
impact of the different structures in the reduced CoTi5 catalysts on their CO2 hydro-
genation performance was next investigated.

We then used quasi-in situ XPS to study the surface composition and the reduction
degrees of Co and TiOz in the CoTi5 samples. The samples were reduced at 500 °C
at atmospheric pressure in a flow of 20 vol.% Hz in Ar for 4 h in a reaction chamber
connected to the analysis chamber of a Kratos XPS system, followed by evacuation
and transfer to the XPS analysis chamber. The resulting Co 2ps2 and Ti 2p XP spectra
and their fits are shown in Figure 5.7b. The main contribution at 777.7 £ 0.3 eV in the
Co 2psp spectrais characteristic of metallic Co.52548081 The reduced 2.5CoTi5, 5CoTi5
and 10CoTi5 samples also contain a contribution of Co?* at a 2ps2 binding energy of
780.6 eV. While all Co was reduced in the 20CoTi5 sample. The fraction of metallic
Coin the reduced samples was 44% for 2.5CoTi5, 82% for 5CoTi5, 81% for 10CoTi5,
and 100% for 20CoTi5. These results confirm the lower reducibility of Co in 2.5CoTib5.
The deconvolution of Ti 2p confirmed that Ti is mostly present in Ti** with a Ti 2pa:2
binding energy of 458.7 +0.2 eV, with a small amount of Ti®* with a binding energy of
457.1 £0.4 eV noted in amounts of 2 — 3%.5082 The XPS Co/Ti surface ratios of the
reduced CoTix samples are lower than those of the as-prepared ones (Table 5.1 and
Table D2), indicative of the sintering of Co during reduction and possibly TiOx over-
layer formation.3183
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Figure 5.4. (a) Synchrotron XRD patterns (A = 0.124 A) of Ti5 and CoTi5 catalysts
before and after reductive pretreatment at 500 °C. °- a-TiOz; e - r-TiO2; V - CoTiOsg;
¢ - Co (hcp); 0- Co (fcc) (conditions: 20% Hz in Ar, 50 mL/min, 10 °C/min). (b) The
deconvolution of Co 2ps2 XP spectra of 2.5CoTi5, 5CoTi5, 10CoTi5 and 20CoTi5 after
reduction at 500 °C for 4 h (grey: experimental data and the fitted envelope; green:
the fitted metallic Co® contributions and the Co auger LMM peak; blue: the fitted CoO
contributions) (conditions: 20 vol.% Hz in Ar, 50 mL/min, 10 °C/min).

The CO:2 hydrogenation performance was evaluated at a temperature of 250 °C and
a pressure of 1 bar. The catalysts were reduced at 500 °C. The CO2 conversion and
the product selectivity are shown in Figure 5.5. The Ti5 sample is not active in COz2
hydrogenation. The main products of CO2 hydrogenation on the reduced CoTi5 cata-
lysts are CO and CH4, with the highest CO2 conversion (8.6%) observed for the
20CoTi5 sample with a CH4 selectivity of 91%. The lower CO2 conversion for samples
with a lower Co content led to lower CH4 and higher CO selectivity. The 2.5CoTi5
sample produces mainly CO (92%) and a small amount of CH4 (8%) at a very low
conversion of 0.1%. The catalytic performance of the reduced 20CoTi5 catalyst was
further evaluated in the 200 — 300 °C temperature range (Figure D4). Increasing the
reaction temperature from 200 °C to 300 °C led to a higher CO2 conversion and more
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CHa at the expense of CO. This suggests that CO2 methanation follows the CO2 —
CO — CH4 pathway.'® A higher CH4 selectivity also coincides with a decreasing C2Hs
selectivity, suggesting that C-C coupling reactions compete with CHx hydrogenation
to CHa4.84

The Co-weight normalized CO:2 conversion rates for CoTi5 catalysts were evaluated
at a conversion below 10% to ensure differential conditions (Figure 5.5). The 2.5CoTi5
and 5CoTi5 samples show very low reaction rates of ~0.5 mmolcoz/molco/s. With in-
creasing Co content, the normalized rate increases to the highest value of 4.9 + 0.2
mmolcoz/molco/s for the 20CoTi5 sample. The sample with the highest Co content
exhibits a substantially lower rate, likely due to the formation of bulky Co nanoparticles
from the relatively large precursor Co-oxide particles.
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Figure 5.5. Catalytic activity and product distribution of the CoTi5 catalysts reduced
at 500 °C in CO2 hydrogenation at 250 °C (left). CO2 methanation reaction rate at 250
°C, normalized to the total Co content (right) (conditions: 250 °C, 50 mg of catalyst,
15 vol.% COs2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).

Several mechanistic studies mentioned that CO2 hydrogenation to CH4 requires suffi-
ciently large metallic nanoparticles, exposing step-edge sites for C-O bond dissocia-
tion in the CO intermediate.338% As small metallic Co clusters lack such sites, a higher
CO selectivity can be expected for catalysts with a high Co dispersion.8-8 Addition-
ally, the formation of a TiOx overlayer on the metallic Co surface during reduction can
occur above 500 °C, which can lower the accessibility of the metal sites and, therefore,
the activity.3289

The 2.5CoTi5 sample display a very low conversion, likely due to the low Co reduction
degree. 5CoTi5 likely contains a very small amount of metallic Co in the form of parti-
cles smaller than 2 nm, which explains the slightly higher CO conversion and CH4
selectivity. The reduced samples with more Co (>5 mol.%) contain detectable
amounts of nanometer-sized Co particles, which catalyze CO2 hydrogenation to CH4
via CO. Considering the reduction temperature of 500 °C, it is unlikely that TiOx over-
layers formed on the metallic Co nanoparticles and impacted the catalysis. The

20CoTi5 catalyst displays the highest reaction rate and was selected for further
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studies. Despite the differences in dominant Co metal phase, Co particle size, and the
amount and size of TiO2 phases between 10CoTi5 and 20CoTi5, it is most likely that
the differences are due to the extent of Co reduction and Co particle size. Next, we
studied the influence of the TiO: crystallite size on the structure of the catalysts and
their performance by varying the FSP injection rate at a Co content of 20 mol.%.

Variation particle size 20CoTi

The TiO2 crystallite size of 20CoTix was changed by varying the injection rate of the
precursor solution during FSP. A set of Tix supports without Co was prepared in the
same way. The most important physicochemical properties of the 20CoTix samples
are listed in Table 5.3. The synchrotron XRD patterns of the as-prepared Tix and
20CoTix catalysts are shown in Figure 5.6a. The Tix supports are made up predomi-
nantly of a-TiO2 (85 — 90%) with a small amount of r-TiO2 (15 — 10%). The a-TiO2
crystallite size increased from 9.7 to 27.8 nm when increasing the FSP injection rate
from 2.5 to 10 ml/min, while the crystallite size of r-TiO2 was ~25 nm for Ti2.5 and Ti10
and ~15 nm for Ti5 (Table 5.4, D3). The size of the TiO: crystallites derived from XRD
is in reasonable agreement with TEM and textural analyses (Table 5.3, 5.4 and D3,
Figure D5-6). The specific surface area decreases from ~ 250 m2/g to 89 m?/g with
increasing FSP injection rate.

The intensity of the a-TiO: diffraction lines in as-prepared 20CoTix is much weaker
than in as-prepared Tix. Therefore, it was challenging to accurately determine the a-
TiO2 size in the 20CoTix samples. Instead, the XRD patterns of the 20CoTix samples
contain strong r-TiO: reflections. Rietveld refinement showed the as-prepared
20CoTix samples contain mainly r-TiO2 (75 — 95%) and CoTiOs (6 — 23%). The
20CoTi2.5 sample contains the least CoTiOs, while the amounts of this phase are
nearly the same in the other two samples. The r-TiO:2 size increases from 8.2 nm to
16 nm with increasing FSP injection rate, while the CoTiOs sizes are estimated to be
~12 nm for 20CoTi2.5, 8.3 nm for 20CoTi5, and 19 nm for 20CoTi10 (Table D4). The
crystallite size of the most abundant r-TiO2 phase in the 20CoTix samples is smaller
than the crystallite size of the most abundant a-TiO2 phase in Tix. The specific surface
area of the 20CoTix samples is lower compared to Tix (Table 5.3 and D3).

The surface of the as-prepared samples was characterized by XPS. The Co 2ps2 XP
spectra were fitted using a literature model (Figure D7).55 The as-prepared samples
are characterized by a single Co?* component with a Co 2ps/2 binding energy of 781.0
eV and an accompanying satellite peak at 786.5 eV. These Co?* species are likely due
to CoTiOs and highly dispersed Co-oxide in strong interaction with TiO2 and CoTiO:s.
The Ti 2p XP spectra show that the surface only contains Ti**. The Co/Ti surface ratios
listed in Table 5.3 increase with the FSP injection rate. A reasonable explanation is
the increasing amount and particle size of CoTiOs, which represents a very high dis-
persion of Co, as opposed to Co-oxide on the surface.
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Table 5.3. Physicochemical properties of as-prepared 20CoTix catalysts.

Catalysts Co (mol.%)2 Sget (M?/g)° drioz (nm)° (at ((,Z)%P% e

20CoTi2.5 15.3 190 52 0.24
20CoTi5 15.1 98 8+3 0.33
20CoTi10 16.9 74 12+5 0.40

a — determined from ICP analysis, b -determined by N> physisorption on as-prepared
samples, ¢ — determined by TEM for as-prepared samples, d — determined by XPS for

as-prepared samples.
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Figure 5.6. (a) Synchrotron XRD patterns (A = 0.124 A) of 20CoTix and Tix catalysts
highlighting the a-TiOz, r-TiO2, and CoTiOs diffraction lines. (b) Weight-normalized
TPR profiles of Tix and 20CoTix, x=2.5 —10 (conditions: 4% Hz in N2, 50 mL/min). (c)
Quantification of H2 consumption during TPR experiments (orange bar — the amount
of Hz from H2-TPR; grey bar — amount required for complete CoTiOs reduction).
Table 5.4. Rietveld refinement results of as-prepared 20CoTix catalysts (error mar-
gins reported in brackets).

. da-Tio2 . dr-io2 CoTiO3 dcoTios

Catalyst | a-TiO2(%) (nm) r-TiO2 (%) (nm) (%) (nm)
20CoTi2.5 - - 95 (1)- 8.2(0.2) | 5(0.1) 12 (3.2)
20CoTi5 4 (Z'g) 75(1) | 91(02) | 21(1) | 88(0.4)
20CoTi10 - - 77(1) | 116(02) | 23(1) 19 (0.9)

The H2-TPR profiles are affected by the particle size of the Tix and 20CoTix samples
(Figure 5.6b-c). The reduction profiles of the Tix supports show a weak broad reduc-
tion feature around 500 °C (Figure 5.6b), owing to the surface reduction of Ti** to
Ti%*.68 The H2 uptake of the Ti2.5 support is higher than that of the Ti5 and Ti10
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samples, which may be explained by its higher surface area and possibly an intrinsic
higher reducibility of very small TiO2 particles (Table 5.3 and Table D3). The reduction
profile of the 20CoTix samples also contains a broad reduction feature between 450
and 800 °C, attributable to the reduction of CoTiOs.”".72 With increasing 20CoTix par-
ticle size, the broad feature shifted to a lower temperature, pointing to easier reduction,
which may be due to some easier-to-reduce Co-oxide particles at the surface of larger
particles. Notably, the first reduction step of large Co304 crystallites occurs at lower
temperatures.®9! A small excess of consumed H: (i.e., the difference between the
total H2 consumed and H2 required to fully reduce CoTiOs) was noted for the 20CoTi5
and 20CoTi10 samples, while the amount for 20CoTi2.5 was lower than the theoretical
value. The latter is likely due to the incomplete reduction of Co in 20CoTi2.5.

The reduction of the Tix and 20CoTix samples was followed by synchrotron in situ
XRD in the 50-500 °C temperature range (Figure D8-10). The reduction behavior of
the Ti10 sample was similar to that of Ti5, although there was more sintering of the
dominant a-TiO2 phase (Table D5). Substantial phase transformation from a-TiOz to
r-TiO2 was observed during the reduction of Ti2.5, which also lead to more prominent
sintering of a-TiO2 and r-TiOz for Ti2.5 than the other two samples. Although typically
a-TiO2 transforms to r-TiO2 at temperatures above 600 °C%-%, it has also been shown
that the disordered lattice of nanosized a-TiO2 favors its transformation to r-TiO2 at
lower temperatures.? Therefore, it is reasonable to conclude that the very small TiO2
crystallites in Ti2.5 are disordered, explaining their transformation to r-TiO2 during re-
duction at 500 °C.

XRD analysis of the reduction of the 20CoTix samples showed a direction transfor-
mation of CoTiOs to metallic Co and r-TiO2 (Figure 5.7a). Despite the significant dif-
ferences in crystallite size of r-TiOz in the as-prepared 20CoTix samples, their reduc-
tion resulted in r-TiOz crystallites with a nearly similar size in the 13 — 16 nm range
(Table D4). As discussed before, the Co particles in the reduced samples have the
hcp and fce structures. The reduced 20CoTi2.5 sample contains significantly more fcc
crystallites (11%) than hcp crystallites (2%), with the fcc and hcp crystallites being ~11
and ~2 nm, respectively. The 20CoTi5 and 20CoTi10 samples contain significantly
more hcp Co crystallites with a size of ~4 nm than fcc nanoparticles with a size of 11
nm (Figure D10 and Table D4). The larger amount of the fcc Co in reduced 20CoTi2.5
is likely due to the formation of metallic Co at relatively higher temperatures than in
the other two samples. This aligns with H2-TPR results. Notably, it was observed that
the TiOz crystallite size increased more for the Tix supports than for the 20CoTix sam-
ples (Table D3 and D4).

We then used quasi-in situ XPS to study the surface composition and the reduction
degrees of Co and TiO2 in the 20CoTix samples. The samples were reduced at 500
°C at atmospheric pressure in a flow of 20 vol.% Hz in Ar for 4 h in a reaction chamber
connected to the analysis chamber of a Kratos XPS system, followed by evacuation
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and transfer to the XPS analysis chamber. The resulting Co 2p32 and Ti 2p XP spectra
and their fits are shown in Figure 5.7b. The main contribution at 777.7 £ 0.3 eV in the
Co 2ps2 spectra is characteristic of metallic Co.525480.81 The reduced 20CoTi2.5 sam-
ple also contains a contribution of Co?* at a 2ps2 binding energy of 780.6 eV. While
the Co reduction degree was 69% for 20CoTi2.5, all Co was reduced in the 20CoTi5
and 20CoTi10 samples. These results confirm the lower reducibility of Co in
20CoTi2.5. The deconvolution of Ti 2p confirmed that Ti is mostly present in Ti** with
a Ti 2p3i2 binding energy of 458.7 +0.2 eV, with a small amount of Ti3* with a binding
energy of 457.1 0.4 eV noted in amounts of 2 — 3% (Figure D11).5082 The XPS Co/Ti
surface ratios of the reduced 20CoTix samples are lower than those of the as-pre-
pared ones (Table 5.3 and Table D4), indicative of the sintering of Co during reduction
and possibly TiOx overlayer formation.31.83

These samples were evaluated in the CO2 methanation reaction at 250 °C and 1 bar.
While the Tix sampls were expectedly inactive, the reduced 20CoTix catalysts hydro-
genate CO2 to mainly CO and CHas (Figure 5.7c). The 20CoTi5 and 20CoTi10 cata-
lysts exhibited comparable activity and CH4 selectivity of ~94%, while the conversion
of the 20CoTi2.5 catalyst was one order of magnitude lower with a much higher CO
selectivity. The higher CHas selectivity of the 20CoTi5 and 20CoTi10 catalysts is likely
due to the difference in conversion.'® The Co-weight normalized CO2 conversion rates
of 20CoTi10 were comparable to that of 20CoTi5 (~4.9 mmolcoz2/molco/s), much higher
than the value for 20CoTi2.5 (Figure 5.7d).

To summarize, despite the significant differences in the structure of as-prepared
20CoTix catalysts, reduction leads to the formation of r-TiO2z with a similar TiO2 crys-
tallite size (13 —16 nm) and metallic Co nanoparticles. Unlike 20CoT5 and 20CoTi10,
Co reduction was not complete for 20CoTi2.5 (69%).

CO:2 hydrogenation to CHa4 requires sufficiently large Co metal nanoparticles, exposing
step-edge sites for the difficult C-O bond dissociation step in CO intermediate.3385 The
surface structure and the type of active sites will depend on the Co metal nanoparticle
size. It has been reported that the density of step-edge sites increases with particle
size and becomes constant beyond 6 nm.'1.9%.97 |t has also been suggested that the
formation of step-edge sites depends on the Co metal crystal structure:® Co(hcp) par-
ticles offer different step-edge sites, which are sterically less hindered for CO adsorp-
tion, than Co(fcc) particles. This can explain the higher intrinsic activity of Co(hcp) over
Co(fcc).
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Figure 5.7. (a) Synchrotron XRD patterns (A = 0.124 A) of 20CoTix (x=2.5 —10) cata-
lysts after reduction at 500 °C for 1 h (conditions: 20% Hz in Ar, 50 mL/min, 50 — 500
°C; 10 °C/min). (b) The deconvolution of Co 2ps2 XP spectra of 20CoTi2.5, 20CoTi5
and 20CoTi10 after reduction at 500 °C for 4 h (grey: experimental data and the fitted
envelope; green: the fitted metallic Co® contributions and the Co auger LMM peak;
blue: the fitted CoO contributions) (conditions: 20 vol.% Hz in Ar, 50 mL/min, 10
°C/min). (c) Catalytic performance of 20CoTix catalysts reduced at 500 °C: CO2 con-
version and product distribution at a reaction temperature 250 °C (conditions: 250 °C,
50 mg catalyst, 15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar). (d) CO2
methanation reaction rate at 250 °C, normalized to the total Co content.
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The presence of the "hard-to-reduce" CoTiOs phase in 20CoTi2.5 led to the formation
of ~ 14 nm Co (fcc) nanoparticles and 69% of Co reduction degree after reduction at
500 °C. Bigger Co nanoparticles and lower reduction degree of 20CoTi2.5 results in
lower Co dispersion, therefore lower amount of active sites for CO2 hydrogenation,
explaining lower conversion than ones for 20CoTi5 and 20CoTi10. However, we can-
not exclude that the lower CHas selectivity of reduced 20CoTi2.5 can be also attributed
to the structure of step-edge sites within Co (fcc) nanoparticles. In turn, enhanced
catalytic performance in CO2 hydrogenation over 20CoTi5 and 20CoTi10 can result
from forming step-edge sites within ~4 nm Co (hcp) particles with 100% Co reduction
degree.

Comparison to conventional preparation methods

To evaluate the impact of the FSP preparation on the performance, reference samples
were prepared by wetness impregnation of 20 mol.% Co on Ti5 and P25 TiO.. Rietveld
refinement showed that FSP-made Ti5 contains 89% of ~14 nm a-TiO: particles and
11% of ~ 15 nm r-TiO2z particles. Impregnation and calcination to yield 20CoTi5(WI)
changes the composition to 58% a-TiO2 (~15 nm), 4% r-TiO2 (~25 nm), and 38%
Co0304 (~6.7 nm) (Table 5.5). These data can be compared to the composition of
20CoTi5, i.e. 4% a-TiO2 (~7.5 nm), 75% r-TiO2 (~9.1 nm), and 21% CoTiOs (~8.8 nm).
The specific surface area are 173 m2/g for Ti5, 130 m?/g for 20CoTi5(WI) and 98 m?/g
for 20CoTi5. The decrease in specific surface area of 20CoTi5(WI) upon impregnation
of Ti5 is probably caused by Co-oxides blocking some of the interparticle voids. The
lower specific surface area for 20CoTi5 compared to Ti5 is due to the different TiO2
phase composition. The weight-averaged sizes of Ti5, 20CoTi5, and 20CoTi5(WI)
crystallites derived from the XRD data are in reasonable agreement with the TEM and
physisorption data (Figure D12 and Table 5.6).

The weight-normalized TPR profile of Ti5 shows a broad reduction peak around 500
°C (Figure 5.8b) due to the surface reduction of Ti** to Ti%*.68 As discussed above,
the reduction profile of 20CoTi5 displays a broad reduction feature due to the reduc-
tion of CoTiO3 7172 and highly dispersed Co-oxides. In contrast, the reduction profile
of 20CoTi5(WI) exhibits the two typical reduction features of stepwise reduction of
Co0304 to CoO at 275 °C and CoO to Co at 450 °C.737* A slight excess of H2 con-
sumption was only observed for the 20CoTi5 sample (Figure 5.8c), indicating that
metal-support interactions are weaker in the 20CoTi5(WI) sample.

The reduction behavior of these samples was followed by synchrotron in situ XRD
from 50 °C to 500 °C in a flow of 20 vol.% Hz in Ar (Figure D9 and D13). Supplemen-
tary Figures D9 and D13 show the stepwise reduction of Co304 to CoO at 225 °C
and CoO to metallic Co above 325 °C for the 20CoTi5(WI) sample. Instead, the
20CoTi5 sample shows the direct reduction of CoTiOs to r-TiO2 and metallic Co.
Rietveld refinement of the XRD patterns of 20CoTi5 and 20CoTi5(WI) indicates a
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similar distribution in Co metal phases and crystallite sizes, i.e., predominantly Co
(hep) (10 — 15%) with a size of 4 nm for 20CoTi5 and 5 nm for 20CoTi5(WI) and a
small amount of Co (fcc) (4 — 8%) with a size of 11 nm for 20CoTi5 and 13 nm for
20CoTi5(WI) (Figure 5.9a and Table D6). On the other hand, the TiO2 phase distri-
bution was very different: reduction of 20CoTi5 resulted in mostly r-TiO2 crystallites
with a size of ~13.0 nm, while 20CoTi5 (WI) reduction led to predominantly —18.3 nm-
sized a-TiOz crystallites.

Table 5.5. Rietveld refinement results of as-prepared Ti5, 20CoTi5 and 20CoTi5(WI)
catalysts (error margins reported in brackets).

Cata- | a-TiOz | daroz | r-TiOz | drmoz | CoTiOs | dcomios | CoiOs | dcosos
lyst (%) (nm) (%) (nm) (%) (nm) (%) (nm)
Ti5 | 89(1) (10Af 5 (3'15) 1(51')1

e (Z:g) s (g:;) 21 (1) (gﬁg) ]

S | B0 | o | 402 | 20 IR

Table 5.6. Physicochemical properties of as-prepared Ti5, 20CoTi5 and 20CoTi5
(WI) catalysts

Co SBeT drio2 Co/Ti
Catalysts | ol | (migp | (m) | (at%/at%)° daveraged (NM)°
Ti5 173 7+3 14.4
20CoTi5 151 98 8+3 0.33 8.9
20CoTi5
) 19.9 130 92 0.16 12.1

a — determined from ICP analysis, b -determined by N> physisorption on as-prepared
samples, ¢ — determined by TEM for as-prepared samples, d — determined by XPS for
as-prepared samples; e — estimated from Rietveld refinement results as following
d=(a-TiO *d(a-TiOz)+r-TiOz *d(r-TiO2)+CoTiO3*d(CoTiO3)+Co0304*d(C0304))/100.
The metallic Co dispersion of reduced 20CoTi5 and 20CoTi5 (WI) was compared us-
ing CO chemisorption (Figure D14). CO chemisorption was found to be reversible.
The 20CoTi5 sample adsorbed 53 upmol CO/g, significantly more than the
20CoTi5(WI) sample (Figure 5.9b). This indicates that more metallic Co sites are
available in the former catalyst, likely related to a higher Co dispersion. Further quasi-
in situ XPS measurements carried out after reduction at 500 °C at atmospheric pres-
sure in 20 vol.% Hz in Ar for 4 h indicated the complete reduction of Co in both catalysts
(Figure 5.9c) and the predominance of Ti4* (Figure D15). The Co/Ti surface ratios
decrease to 0.09 for 20CoTi5 and 0.07 for 20CoTi5(WI), indicating Co sintering during
reduction®3, although TixOy overlayer formation along with Co reduction cannot be
completely excluded.30:31.99.100 Nyathi et al. demonstrated that Co/a-TiO2 is more prone
to TixOy overlayer formation during reduction than Co/r-TiO2.1%° Reduction of predom-
inantly Co/r-TiO2z in 20CoTi5 at 500 °C results in a slightly higher Co/Ti ratio and a
larger amount of chemisorbed CO than the reduction of Co/a-TiOz in 20CoTi5(WI).

198



a-Ti

20coTisWI) /" \
20CoTi5 J\__

Normalized TCD Signal (a.u)

— Co;0,
5 20CoTi5(WI) Ti5(x10)
E« 250 5(-)0 7%0
,B' Temperature (°C)
? 20CoTi5
g
- i c) H,TPR
E COTiO estimated for CoTiO; reduction
3 — m estimated for Co;0, reduction
-2
°
Ti5 £°
E
=N
T T 0 e _/ — r
30 45 20CoTi5 20CoTi5(WiI)

a (A7)
Figure 5.8. (a) Synchrotron XRD patterns (A = 0.124 A) of Ti5, 20CoTi5 and 20CoTi5
(WI) catalysts. (b) Weight normalized TPR profiles of 20CoTi5 and 20CoTi5 (WI) cat-
alysts (conditions: 4 vol.% H:z in N2, 50 mL/min). (c) Quantification of H2 consumption
during TPR experiments (solid bar — excess of Hz; hatched bar — amount required for
complete Co304/CoTiOs reduction).

Comparison in CO2 hydrogenation (Figure 5.9d) shows that the reduced 20CoTi5
catalyst is significantly more active with a CO2 conversion of 8.7% than the
20CoTi5(WI) with a CO2 conversion of 5.3% at a comparable high CH4 selectivity close
to 90%. The performance of these samples was also compared to a 20Co/TiO:2 cata-
lyst prepared by conventional wet impregnation of P25 TiO2 (20Co/P25). The
20Co/P25 catalysts displayed a comparable activity and slightly higher CHa4 selectivity
than 20CoTi5 (Figure D16).

The nature of the Co species in the reduced CoTi5 and 20CoTi5(WI) samples was
studied by CO IR spectroscopy at 50 °C (Figure D17). IR bands in the 2060 and 1990
cm™' range are typically assigned to CO linearly bonded to metallic Co.19'-104 The
spectra of 20CoTi5 and 20CoTi5(WI) contain carbonyl bands at 2024 and 2063 cm-,
respectively. The lower wavenumber of the carbonyl bands in 20CoTi5 indicates
stronger CO adsorption. IR bands in the 1900 and 1700 cm~' range are commonly
assigned to CO adsorbed in two-fold, three-fold, and possibly fourfold sites.'%5-108 The
minor contribution of bridged carbonyls is evident on the surface of both catalysts. The
spectra of 20CoTi5 also contain a band at 2092 cm-', which is typically assigned to
Co-dicarbonyls (Co* (CQO)2)'%%110 thus indicating a small amount of unreduced Co?*.
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After evacuation, this latter band becomes much less intense, while the band at 2024
cm-' remains unchanged, which supports the interpretation in terms of CO adsorption
on cationic and metallic species in 20CoTi5. The spectra also contain indications of
carbonate and bicarbonate species (1612, 1460, 1192 cm™") in the reduced 20CoTi5
and 20CoTi5 (WI) catalysts. 01

o anatase-TiO, e rutile-TiO, & Co (hcp) ¢ Co (fcc)

b)
Ti5 20CoTi5 20CoTi5(WI) Amount of
? ° red 500°C chemisorbed CO (umol/g)
8
&
]
<
3 53
£ 38
2 4 20CoTi5 20CoTi5(WI)
q(A)
cH,CJcH,mmco
c) d) 100 10
Co 2p,,, 20CoTi5| |Co 2p;, 20CoTi5(WI) =
red 500°C red 500°C S 9
, < -
7] - [}
o ) X 5 B
o = 4
0 [7]
9 z
$ 25 8
o e [ |
790 780 790 780 20CoTi5 20CoTi5(WI)

Binding energy (eV) Binding energy (eV)

Figure 5.9. (a) Synchrotron XRD patterns (A = 0.124 A) of Ti5, 20CoTi5, and 20CoTi5
(WI) catalysts after reduction at 500 °C for 4 h (conditions: 20% H2 in Ar, 50 mL/min,
50 — 500 °C; 10 °C/min). (b) The amount of CO chemisorbed during chemisorption
experiments on 20CoTi5 and 20CoTi5 (WI) catalysts, reduced at 500 °C for 4 h. (c)
Deconvolution of Co 2ps2 XP spectra 20CoTi5 and 20CoTi5 (WI), reduced at 500 °C
for 4 h. (d) Catalytic performance of 20CoTi5 and 20CoTi5 (WI) catalysts reduced at
500 °C: CO2 conversion and product distribution at a reaction temperature 250 °C
(conditions: 250 °C, 50 mg catalyst, 15 vol.% CO2, 60 vol.% Hz, 25 vol.% Ar, 50
mL/min, 1 bar).

IR spectroscopy was also employed to study the response of the reduced samples to
CO:2 exposure at 50 °C. Figure D17 shows the IR spectra with increasing CO2 cov-
erage. All IR spectra contain a strong band due to the asymmetric stretching vibration
of gaseous CO2 at ~2350 cm-'.1%% The 20CoTi5 spectra contain only a weak feature
of linear CO species on metallic Co (2018 cm~'), while no such bands were observed
for 20CoTi5(WI). This difference indicates facile CO: dissociation at low temperatures
without Hz in 20CoTi5. The COz IR spectra also contain information about the support
basicity. 20CoTi5(WI) exhibits carbonates (1603; 1430 cm~') and bicarbonates (1226
cm-1) 101111 CO2 adsorption on 20CoTi5 results in bicarbonates (1225 cm-) and car-
bonates (1592, 1338 cm1).101.112113 Based on the IR intensities, carbonates and
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bicarbonates are the main species formed during CO2 on 20CoTi5 and 20CoTi5(WI).

In summary, complete Co reduction has been evident for both catalysts by XPS and
in situ XRD. The Co particle size of the two catalysts is very similar (abundant 3 — 5
nm hcp Co). However, a different TiO2 phase structure was found after reduction:
20CoTi5 — 13 nm r-TiO2, 20CoTi5 (WI) — 18 nm a-TiO2. The role of the TiO2 crystal
structure on the CO2 hydrogenation performance of TiO2-supported metal catalysts
remains a topic of intense debate. Bao’s group showed that Ni/r-TiO2 outperformed
Ni/a-TiO2 by almost two orders of magnitude in CO2 methanation, independently of
the Ni loading and the Ni particle size.''“ It has also been demonstrated that the inter-
action between the RuO:2 particles and the TiO2 phases influences the performance of
the methanation reaction, suggesting RuO2 migration from a-TiO2 over r-TiO2.8%115
The preference of Ru for r-TiOz results in a higher Ru dispersion and catalytic activity.
It was also found that Ru on a-TiOz: is prone to sintering of Ru and a-TiOz as well as
the formation of TiO2-RuO2-TiO2 sandwich structures.8:115 Lj et al. showed that a Co/r-
TiOz catalyst is highly selective in CO2 hydrogenation to CHa4, while CO was the main
product obtained with a Co/a-TiOz2 catalyst.?® Based on in situ DRIFT results, the high
activity of Co/r-TiO2 was related to strong CO adsorption in comparison to the Co/a-
TiO2 catalyst.® In the present work, SMSI encapsulation of Co was evidenced for re-
duced 20CoTi5(WI) catalysts by quasi-in situ XPS and CO chemisorption unlike
20CoTi5. This suggests that the r-TiO2 phase (as present in 20CoTi5) is more resistant
to SMSI than a-TiO2 during reduction at 500 °C. IR results showed that the carbonyl
bands in 20CoTi5 are located at 2024 cm" while for 20CoTi5(W!I) carbonyl bands are
at 2063 cm, which points to stronger CO adsorption on 20CoTi5 than on
20CoTi5(WI). This could affect CO hydrogenation to CH4. Additionally, CO2 adsorption
on reduced 20CoTi5 led to CO indicative of CO:2 dissociation, which was absent for
20CoTi5(W1).
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Conclusions

In this work, a set of Co-TiO2 samples with varying Co content (2.5 — 40 mol.%) pre-
pared by FSP were evaluated for their catalytic performance in CO2 methanation. FSP
preparation of Co-TiO2 resulted in small TiO2 nanoparticles of ~8 nm with a higher
surface area than conventional TiO2 supports. Catalysts with low Co content contain
highly dispersed Co?* ions which cannot be reduced at 500 °C. Catalysts containing
10 mol.% or more Co also contain segregated CoTiOs particles. These particles can
be reduced to metallic Co and rutile-TiO2 nanoparticles upon reduction at 500 °C. The
highest Co-weight-normalized activity of 4.9 + 0.2 mmolcoz2/molco/s at a temperature
of 250 °C was found for the 20CoTi5 sample. The Co reduction degree of this sample
is ~100%, represented by on average 14 nm rutile-TiO2, ~4 nm Co (hcp) nanoparti-
cles, and a small amount of Co present as Co (fcc). This sample exhibited a CHa
selectivity of 91% at 250 °C. The low reduction degrees of Co in reduced 2.5CoTi5
and 5CoTi5 led to very low CO:2 conversion and predominant formation of CO (79%)
under the same reaction conditions. Catalysts containing more and larger Co nano-
particles at a higher Co content mainly yielded CH4, along with small amounts of CO
and C2Hs. Optimization of the particle size of flame-synthesized 20Co-TiO: catalysts
revealed that, despite the significant differences in the structure of the as-prepared
samples, reduction led to metallic Co particles on 13 — 16 nm rutile-TiO2, deriving
predominantly from CoTiOs decomposition. The lower catalytic activity of 20CoTi2.5
can be explained by incomplete Co reduction as opposed to completely reduced Co
phases in 20CoT5 and 20CoTi10. The larger amount of relatively large fcc Co particles
of ~14 nm in reduced 20CoTi2.5 is likely the consequence of the reduction of Co at
higher temperatures than in 20CoT5 and 20CoTi10. The lower Co reduction degree
and the large size of the Co nanoparticles can explain the lower reaction rate in CO2
hydrogenation. Besides complete Co reduction, the high activity in CO2 hydrogenation
of 20CoTi5 and 20CoTi10 can be linked to the high Co dispersion as ~4 nm hcp Co
particles. The most active one-step flame-synthesized 20CoTi5 catalyst was com-
pared to Co/TiO2 prepared by wet-impregnation on FSP-derived TiO2 and P25 TiOx.
In situ synchrotron XRD and quasi-in situ XPS results revealed the formation of me-
tallic Co after reduction at 500 °C in all three catalysts with similar 4 — 5 nm hcp Co
nanoparticles. While these Co nanoparticles are on r-TiOz in the 20CoTi5, they are
located on a-TiO2 in the impregnated Co/TiO2 catalysts. Despite the structural similar-
ities of Co in the reduced 20CoTi5 and 20CoTi5(WI) catalysts, the CO2 conversion of
20CoTi5(WI) was significantly lower than that of 20CoTi5 at comparable high CH4
selectivity (~90%). We speculate that the presence of a more thermodynamically sta-
ble rutile-TiO2 phase in one-step flame-synthesized 20CoTi5 resuenhances the stabi-
lization of small Co nanoparticles, while the presence of anatase-TiO2 phase has a
tendency to form TiO2 overlayer on Co surface during reduction at 500 °C, therefore,
reducing the accessibility of Co and activity of the catalyst.
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Appendix D

Figures.
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Figure D1. TEM images (left), HRTEM image (middle) with d-spacing of ~0.296 —
0.301 nm for the plane (101) r-TiO2 and ~0.313 — 0.330 nm for the plane (101) a-
TiOz2 of as-prepared Ti5 and CoTi5 catalysts.
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Figure D2. Deconvolution of Co 2ps;2 (top) and Ti 2p (bottom) XP spectra of as-
prepared Ti5 and CoTi5 catalysts
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Figure D3. Synchrotron XRD patterns (A = 0.124 A) of Ti5 and CoTi5 catalysts during
reductive pretreatment. °- anatase-TiOz; e — r-TiO2; V — CoTiOs; ¢ — Co (fcc); ¢ — Co
(hep) (conditions: 20 vol.% Hz in Ar, 50 mL/min, 50 — 500 °C; 10 °C/min).
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Figure D4. Catalytic performance of 20CoTi5 catalyst reduced at 500 °C in CO2 hy-
drogenation as a function of temperature (conditions: 200 — 300 °C, 50 mg of catalyst,

15 vol.% COz2, 60 vol.% Hz, 25 vol.% Ar, 50 mL/min, 1 bar).
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Figure D5. TEM images of as-prepared Ti2.5, Ti5 and Ti10.
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Figure D6. TEM images of as-prepared 20CoTi2.5;20CoTi5 (for comparison) and
20CoTi10.
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Figure D7. Deconvolution of Co 2ps;2 (top) and Ti 2p (bottom) XP spectra of as-
prepared 20CoTi2.5, 20CoTi5, and 20CoTi10 catalysts.
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Figure D8. Synchrotron XRD patterns (A = 0.124 A) of Tix during reductive pretreat-
ment. °- anatase-TiOz; e — r-TiOz (conditions: 20 vol.% Hz in Ar, 50 mL/min, 50 — 500
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Figure D9. Synchrotron XRD patterns (A = 0.124 A) of Tix and 20CoTix catalysts
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216



50+ 500—— 500(1h) 50 500 500(1h)

20CoTi2.5
[
v 0
2 4 2 4
50+ 500——500(1h) 50 500 ——500(1h)
20CoTi5

. ’
2 4 2 4

50eeeee 500——500(1h) 50 500 ——500(1h)

a (A) a(A)
Figure D10. Synchrotron XRD patterns (A = 0.124 A) of Tix and 20CoTix (x=2.5 -10)
catalysts before and reduction at 500 °C (conditions: 20 vol.% Hz in Ar, 50 mL/min,
10 °C/min). ° — a-TiO2; e — r-TiO2; V — CoTiOs; ¢ — Co (fcc); ¢ — Co (hcp) (conditions:
20 vol.% Hz in Ar, 50 mL/min, 50 — 500 °C; 10 °C/min).
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Figure D11. Deconvolution of Ti 2p XP spectra of 20CoTix catalysts, reduced at 500
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ration, determined for as-prepared catalysts; hatched bar — Co/Ti ration, determined
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Figure D12. TEM imes of as-prepared 20CoTi5 (WI).
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Figure D13. Synchrotron XRD patterns (A = 0.124 A) of 20CoTi5 (WI) catalyst during
reductive pretreatment. °- a-TiO2; e — r-TiO2; ¥ — Co304; & — CoO; ¢ — Co (hcp); ¢ —
Co (fcc) (conditions: 20 vol.% Hz in Ar, 50 mL/min, 50 — 500 °C; 10 °C/min).
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Figure D14. CO chemisorption isotherms at 35 °C on 20CoTi5 and 20CoTi5 (WI),
reduced at 500 °C for 4 h.

20CoTi5 20CoTi5 Wi
Ti 2p Ti 2p
H, 500°C

T T T T _1
465 460 455 465 460 455
Binding Energy (eV) Binding Energy (eV)

Figure D15. Deconvolution of Ti2p XP spectra of 20CoTi5 and 20CoTi5 (WI) after
reduction at 500 °C for 4 h.
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Figure D16. Catalytic performance of 20CoTi5, 20CoTi5 (WI) and 20CoP25 catalysts
reduced at 500 °C in CO:2 hydrogenation at 250 °C (left). Co-weight normalized ac-
tivity of 20CoTi5, 20CoTi5 (WI) and 20CoP25 catalysts reduced at 500 °C in CO2 hy-
drogenation at 250 °C (conditions: 250 °C, 50 mg of catalyst, 15 vol.% CO3, 60 vol.%
Hz, 25 vol.% Ar, 50 mL/min, 1 bar).
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Figure D17. IR spectra of the 20CoTi5 and 20CoTi5 (WI) catalysts reduced at 500
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Tables

Table D1. Comparison of the averaged particle sizes of Ti5 and CoTi5 catalysts.

weight averaged
Sample d_TEM (nm) d_BET (nm) d_XRD (nm)
Ti5 7+3 7.3 144
2.5CoTi5 9+5 12.1 16.2
5CoTi5 8+3 10.0 14.8
10CoTi5 8+3 11.6 9.5
20CoTi5 8+3 14.5 9.0
40CoTi5 n.a. 8.8 6.0
Table D2. Rietveld refinement results of CoTi5 and Ti5 catalysts after reduction at
500 °C.
Cata- | a-TiO2 | daTioz | r-TiO2 | dr-tio2 (ﬁ: %) dco(hep (]%2) dcofec) CofTi
lyst (%) (nm) (%) (nm) (%) y (nm) (%) (nm)
. 21.5 18.9 -
TS | 83(1) | (o8 | 1T | 3
2.5Co 26.3(1 18.0 <2 0.04
15 | S| Ty [ 48| o) | - - - nm
5CoTi 22.5 17.7 0.03
s 27 | ey | B | (02 - - - <2nm
10Co 201 13.7(0 1.6 6.1 6.1 0.08
15 | D en [ o) | 05 | ) |20 @
20Co 2.3 14.3 13.0 10 4.0 11.1 0.09
75 | ©3) | 05 || 02 | 05 | ©06 |*©2]| s
Table D3. Physicochemical properties and Rietveld refinement results of as-pre-
pared Tix
drio2 SeeT a-TiO2 da-Tio2 r-TiO2 dr-Tio2 H2
Catalyst | mm)e | (migp | (e | (mpe | (%) | (amp_| (mmoligy
. 13.2 25.5
Ti2.5 6+3 250 87 (1) | 9.6(0.2) 0.4) 37) 0.2
Ti5 7+3 173 | 89(1) (15";) 11(05) | 15.1 (1) 0.1
. 27.8 26.4
Ti10 15+5 89 85 (1) 0.3) 15 (0.4) (15) 0.1

a — determined by TEM for as-prepared samples, b -determined by N> physisorption
on as-prepared samples; ¢ — determined by Rietveld refinement of synchrotron XRD
on as-prepared samples; d - determined from H,-TPR in 100 — 750 °C range.

Table D4. Rietveld refinement results and XPS-derived Co/Ti ratios 20CoTix cata-

lysts after reductio

n at 500 °C for 1 h.

) ) C c
Cata- a-1'|02 da-Tio2 r-TQOz dr-Tio2 (th;)) dco(hep (fC(()I) dcofec) Co/Ti
lyst (%) (nm) (%) (nm) o ) (nm) o (nm)

(%) (%)

20Co 149 17 | 11 | 137
Tios | ] 95 186 | e | % | ©6) | ©5 | ©7) | °08
20Co | 23 | 143 130 | 10 | 4.0 111
75 | 0.3) | 05 | *M | ©02) | ©05 | 06 |*©@?]| 06 | 0
20Co 164 | 11 33 | 33 | 115
Ti10 | - [8(M) | 03) | ©5 | ©3) | 02 | 04 | oM
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Table D5. Rietveld refinement results of Tix catalysts after reduction at 500 °C for 1

h.
Catalyst a-TiO2 (%) da-Tioz (nm) -TiO2 (%) ‘J'(f]:r'f)z
Ti2.5 61 (1) 31.7 (0.6) 39 (1) 21.1 (0.4)
Ti5 83 (1) 21.5(0.8) 17 (1) 18.9 (1)
Ti10 87 (1) 412(0.7) 17 (1) 26.7 (1)

Table D6. Rietve

20CoTi5(WI) catalysts after reduc

Id refinement results and XPS-de
tion at 500 °C for 1 h.

rived Co/Ti ratios 20CoTi5 and

) . Co Co

Cata- | a-TiO2 | daTioz | r-TiO2 | drTio2 dco(hep dcofec) .

yst | ) | om) | o) | om) | QR eom) | (58] em) | O
20Co | 23 | 143 130 | 10 | 40 11

15 | ©03) | 05 | D] ©02) | 05 | ©06 |*©2]| 06 | ©99
20Co

. 18.3 201 | 16 | 50 135
TISW | 69 (1) 7 (0.5) 8 (0.4) 0.07

3 (0.8) ©02) | (0.6) | (0.2) (0.4)

20Co 20

s | 74() [ 83(2) | 13(1) | 68 | 604) | 2D 702 | 18()
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Summary and outlook. Flame-synthesized ce-
ria- and titania-supported Co and Ni catalysts
for CO. hydrogenation

The relationship between global economic growth and improved living standards is
closely tied to advancements in catalytic technologies relevant to industrial chemical
processes. CO and CO:2 hydrogenation using renewable hydrogen is one of the
promising reactions for reducing the anthropogenic footprint in the atmosphere
through CO2 emissions, while producing valuable products. Such reactions contrib-
ute to closing carbon cycles. The development of more efficient and environmentally
friendly catalysts for such benign processes is necessary to enable the transition of
the chemical industry and modern economies towards sustainable scenarios. Devel-
oping better catalysts with improved activity and selectivity requires modern methods
to control the fabrication of highly dispersed catalytic motives in technical materials.
Essential to their design are advanced characterization methods, encompassing
spectroscopic and imaging techniques, often augmented with electronic structure
calculations to understand structure-performance relationships.

Recently, reducible oxides such as CeOz. In202 and TiO2 are combined with transi-
tion metals for such reactions as CO and CO: hydrogenation. The more reactive
nature of these reducible oxides support materials complicates the understanding of
nature of the active sites and reaction mechanisms, complicating the derivation of
structure-performance relationships. The development of improved synthesis meth-
ods for nanosized catalysts increasingly targets the fabrication of nanosized struc-
tures in matrices where a high surface area of the active phase can be maintained.
This work focused on the synthesis, characterization, and catalytic performance of
transition metals (Co and Ni) on reducible oxides (CeO2 and TiOz) for CO and CO:2
hydrogenation, whilst addressing important aspects of contemporary heterogeneous
catalysis such as metal-support interactions (MSI), structure-activity relationships,
and stability during catalytic reactions. A series of transition metal-reducible oxide
composites was prepared by flame spray pyrolysis (FSP) to obtain materials with a
typical size less than 20 nm range. The focus was on comparing the structure and
reducibility of these unusual catalyst precursors against common technical catalysts
obtained by wetness impregnation methods. Important characterization techniques
deployed in this work are X-ray diffraction (XRD), IR spectroscopy, X-ray absorption
spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS) and electron micros-
copy, aimed at resolving the bulk and surface structure of precursors and reduced
catalysts. As shown throughout this work, the reducible nature of the support mate-
rials have a profound effect on the catalytic performance of the metal-support inter-
face and metal nanoparticles.

224



In Chapter 2 the chemical properties of flame-made Co-CeO: catalysts were inves-
tigated in the context of CO2 hydrogenation. A range of Co-CeO: catalysts with var-
ying Co content was prepared by FSP. Catalysts with low Co content contain Co?* in
close interaction with the CeO: support in the as-prepared state. As the Co content
increases, CoO and Co304 with s size less than 6 nm segregate. H2-TPR in combi-
nation with near-ambient pressure XPS (NAP-XPS) demonstrated the difference in
the reduction behavior of Co species in Co-CeO:2 catalysts: catalysts with low Co
content contain a relatively large fraction of Co?* ions in strong interaction with CeO2,
which cannot be reduced at 500 °C. The amount of such stable Co?* species is nearly
the same in all samples containing 5 mol.% or more Co, i.e., ~3.8 mol.%. Catalysts
containing 5 mol.% Co or more also contain segregated Co-oxide particles as CoO
and Co304. These particles can be reduced to metallic Co nanoparticles upon reduc-
tion at 300 °C. In situ XRD, quasi-in situ XPS and IR spectroscopy of reduced CoFSP
catalysts revealed the formation of oxygen vacancies, suggesting enhanced CO: ad-
sorption and its conversion to CO. Spectroscopic methods were used to demonstrate
that the active phase in catalysts with a low Co content consisted of Co-O-Ce sites
covered with extremely small metallic Co clusters. As the Co content increases, CO
IR spectra revealed the formation of Co nanoparticles after reduction at 300°C. The
reduced catalysts with low Co content ( < 5mol.%) produce mainly CO at a low CO2
conversion rate, while the selectivity of catalysts with high Co content (>10 mol.%)
shifted to CH4 at typical high reaction rates observed for Co nanoparticle catalysts.
In turn, the oxidic Co-O-Ce interface and very small Co clusters enhance the reverse
water—gas shift reaction. These results emphasize that the selectivity in CO2 hydro-
genation can be tuned by tailoring Co—CeO:2 interactions.

Chapter 3 explored the use of flame-made CeO: as a support for Co in Co/CeO:2
catalysts for CO and CO2 hydrogenation. Compared to the well-defined Co-CeO:2
catalysts discussed in Chapter 2, CosO4 nanoparticles (<6 nm) and highly dispersed
Co?* species coexist in the as-prepared Co/CeO:2 catalyst with a Co content 5 mol.%
and 10 mol.%, while at the lowest Co content of 2.5 mol.%, only highly dispersed
Co?* species were observed. Co?* ions in strong interaction with CeOz2 could not be
reduced at 300 °C. The amount of such stable, highly dispersed Co?* species is
nearly the same in all Co/CeO2 samples, i.e., ~2.5 mol.%. Catalysts containing 5
mol.% and 10 mol.% Co contain segregated Co304 nanoparticles of ~2 nm and ~2.5
nm. These particles can be reduced to metallic Co nanoparticles of 2.5 nm (5 mol.%
Co) and 3 nm (10 mol.% Co) upon reduction at 300 °C. The resulting metallic Co
species display similar structure-activity relationships as the FSP-derived Co-CeO:
catalysts discussed in Chapter 2: the oxidic Co-O-Ce interface and very small Co
clusters catalyze the reverse water—gas shift reaction. Metallic Co nanoparticles are
active in CO2 hydrogenation to CH4. Characterization revealed that the deactivation
of Co/CeQ, catalysts is accompanied by carbon deposition due to CO dissociation
on the step-edges of Co nanoparticles, which are necessary for CHs4 formation.
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However, Co-O-Ce interfaces and possibly small Co clusters are more active for CO
production and do not deactivate as much as no C atoms are produced. This shows
a strong correlation between the catalyst structure and its selectivity. Finally, regen-
erating Co/CeQ, catalysts in artificial air was shown to effectively remove the depos-
ited carbon species and restore the initial CO, hydrogenation activity. Interestingly,
changing the reaction conditions from CO:2 hydrogenation to CO hydrogenation
shifted the methanation regime towards a Fischer-Tropsch-like regime, resulting in
the production of light olefins and oxygenates at ambient pressure.

Chapter 4 focused on the establishing similar structure-activity relationships for FSP-
made Ni-CeO: catalysts in CO2 hydrogenation. A range of Ni-CeO:2 catalysts with
varying Ni content were prepared by FSP. Wet impregnation methods were used to
prepare reference Ni/CeO2 samples on commercially available CeO2 and FSP-de-
rived CeOsz.In the as-synthesized state, the catalysts with low Ni content (<5 mol.%)
contain highly dispersed Ni2* species. As the Ni content increases, segregated NiO
nanoparticles (<6 nm) form as well in the as-prepared state. Reduction at 300 °C of
catalysts containing NiO nanoparticles resulted in the formation of metallic Ni nano-
particles, along with a nearly constant amount of ~4 mol.% of highly dispersed Ni2*,
broadly similar to the finding of Co nanoparticles and highly dispersed Co?*in Co-
CeO: prepared by FSP. Kinetic analysis revealed that the selectivity in CO2 methana-
tion is tightly linked with the structure of Ni surface sites, similar to FSP-derived Co-
CeO: catalysts discussed in Chapter 2: the reduced catalysts with low Ni content (
< 5mol.%) produce mainly CO at low reaction rates, while the presence of Ni nano-
particles at high Ni content (=10 mol.%) resulted in high reaction rates and predomi-
nant CH4 formation. In turn, the highly dispersed Ni2* and very small Ni clusters en-
hance the reverse water—gas shift reaction. Quasi-in situ XPS and in situ synchrotron
XRD demonstrated partial reduction of CeO: associated with the formation of oxygen
vacancies in Ni-CeO2. Compared to the Co nanoparticles in Co-CeO: catalysts in
Chapters 2 and 3, Ni nanoparticles were more stable in CO2 hydrogenation with a
high CH4 selectivity. The difference between Co and Ni is likely due to the weaker C
binding energy on Ni, which means C is hydrogenated faster on Ni. This increases
the likelihood of carbon deposition on Co catalysts. Instead, a significant loss of the
catalytic activity and CH4 selectivity was observed for Ni-CeO:2 with a low Ni content.
The activity loss led to a much lower stable performance after deactivation with less
CH4 and predominant CO production. Catalyst deactivation was due to C deposition
on the likely small Ni clusters that were initially able to convert CO2 to CHa4. The re-
sidual activity of the deactivated catalyst is likely due to Ni-O-Ce interface sites, in-
volving oxygen vacancies in CO2 adsorption, CO formation and OH removal as H2O.

In Chapter 5, Co-TiO: catalysts prepared by the one-step FSP method were studied
as catalysts for CO2 hydrogenation to CH4. The optimized composition in terms of
CO2 methanation activity was determined to be 20 mol.% Co-TiO2.Detailed
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characterization indicated that enhanced activity and CH4 selectivity for the Co-TiO2
catalysts with 20 mol.% Co could be attributed to complete Co reduction and the
formation of Co (hcp) nanoparticles, while samples with a lower Co content, i.e., 2.5
mol.% Co-TiO2 and 5 mol.% Co-TiOz, exhibited lower activity and CHas selectivity.
This work also explored how the size of FSP-derived 20 mol.% Co-TiO2 catalysts
influences the structure-activity relationships. A set of 20 mol.% Co-TiO2 catalysts
with a crystallite size ranging from 5 to 12 nm were prepared by adjusting the liquid
injection rate during the FSP synthesis. The formation of the “hard-to-reduce” Co?*
in 5 nm FSP-made 20Co-TiO2 catalysts slows down the reduction of Co to metal
nanoparticles, resulting in relatively large Co (fcc) nanoparticles and incomplete Co
reduction, explaining the lower activity. The enhanced activity and high CH4 rate of 8
— 12 nm FSP-made 20Co-TiOz2 precursors is attributed to the formation of 3 — 4 nm
Co (hcp) nanoparticles at complete Co reduction upon reduction at 500 °C. To ex-
plore the influence of metal-support interaction and the role of FSP-made TiO2, an
~8 nm FSP-derived TiO2 was impregnated with Co to obtain a reference 20 mol.%
Co/TiOz2 catalyst. The one-step FSP-made catalyst formed Co hcp nanoparticles on
rutile-TiO2 upon reduction with high activity. In contrast, the wet-impregnated catalyst
contained mainly anatase-TiOz, which tended to form a TiOx overlayers on Co, re-
ducing the accessibility of active Co sites and therefore the activity.

It is worthwhile to emphasize again the high activity in CO2 methanation of some of
the samples in this study compared to the literature. For this comparison, we employ
CO2 conversion rates and CHs selectivity at the temperature of 250 °C. For instance,
the 10CoFSP5 sample in Chapter 2 had a CO:2 conversion rate of 22.4
mmolcoz2/molco/s at a CH4 selectivity of 87%, substantially higher than typical rates
observed for other Co-based catalysts (4-6 mmolcoz/molco/s). In the work of Parast-
aev et al. !, a high activity was noted for a low-loaded 1 wt.% Co on CeQO2-ZrO:2 cat-
alyst of 15 mmolcoz/molco/s (Figure A15; Table A5). The strong impact of the nano-
crystalline CeOz support is evident from the similarly high activity of 10CoWI in Chap-
ter 3, obtained by wet impregnation of Co on FSP-derived CeO2: the CO2 conversion
rate of 28.0 mmolcoz/molco/s with a CHa selectivity of 80% outperformed 10CoFSP
(Table A5; Table B2; Figure B16). Finally, the best Ni-CeO2 sample was 10NiFSP,
presenting a CO2 conversion rate of 45.0 mmolcoz/molco/s with a CH4 selectivity of
94%, outperforming typical literature catalysts having the highest CO2 conversion
rate of 10 mmolcoz/molni/s with a similarly CH4 selectivity (Table C2, Figure C6).

We furthermore compared the catalytic activity data and product distribution of rep-
resentative catalysts from Chapters 2-4 in Table 6.1. The data were obtained at 200
°C. The table also mentions the main structural aspects of the catalyst, including the
metal reduction degree, the size of the CeO: crystallites and the predominant size of
metal nanoparticles. Overall, these data show that it is difficult to reduce Co and Ni
on flame-synthesized CeO: at low metal content. As this holds for samples prepared
by one-step FSP and samples obtained by wetness impregnation of the metal on the
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FSP-made CeOz2, we can conclude that the surface of CeOz2 can stabilize highly dis-
persed Co and Ni ions, likely as single atoms, hindering their reduction. The amount
of irreducible Co and Ni ions is ~3 and 4 mol.%, leading to an estimate of 0.67 and
0.89 metal ions per nm? CeQ:2 support (160 m?/g), respectively. Typically, these low-
loaded catalysts display a low COz2 conversion with mainly CO as the product. Their
catalytic activity likely derives from a very small amount of tiny metal clusters, which
can explain both the low CO2 conversion rate and the low CHa selectivity. Neverthe-
less, also the highly dispersed Co?* and Ni?* sites may be able to convert CO2 to CO,
presumably via CO2 adsorption in oxygen vacancies, followed by C-O bond dissoci-
ation, CO desorption and H20 formation. This reaction sequence essentially makes
up the reverse water-gas shift reaction. Notably, CHsOH was observed as a reaction
product for the low-loaded metal catalysts, presumably obtained by hydrogenation of
CO2 adsorbed in oxygen vacancies and further facilitated by Hz dissociation on small
Co or Ni clusters. The high reactivity of Co and Ni likely result in a preference for CO
formation. We speculate that CH3OH is also formed in the catalysts containing more
Co and Ni, yet decomposed on the metal nanoparticles. The highest reaction rates
are typically observed for catalysts with a metal loading of 10 mol.%, the active phase
consisting of metal nanoparticles with a size of a few nanometers. Complete reduc-
tion of Co and Ni is not achieved at the typical reduction temperature of 300 °C. As
indicated above, these CeO2-supported Ni and Co catalyst present high CO:2
methanation reaction rates when contrasted against literature value. It is likely that
the small size of the metal nanoparticles driven by the strong metal-CeO: interactions
in the catalyst precursors is a key to the high activity, although we cannot exclude
that oxygen vacancies at the perimeter interface of the metal nanoparticles and the
CeO2 support also play a role. Our data also emphasize the known difference in
metal reactivity between Ni and Co. The higher reactivity of Co results in lower re-
duction degrees and a higher propensity of Co nanoparticles towards coke deposition
than Ni nanoparticles. Overall, the Ni-CeO: catalysts prepared by FSP showed the
highest activity in CO2 methanation.

The development of catalyst design strategies and establishing structure-activity re-
lationships remains an important challenge in heterogeneous catalysis. The FSP
method to obtained CeO:2 and TiO2 supports in Chapter 3 and Chapter 5 can be
extended to other reducible oxides and/or their mixture, potentially even including
inert oxides such as SiOz, Al203, and ZrO2. Recent literature showed that the combi-
nation of different metal oxides in a support results in different chemistry at the inter-
faces, reducing also the cost of CeO2-containing catalysts.™* Furthermore, it would
be interesting to systematically investigate the effect of particle size of FSP-made
CeO:2 on the COz2 hydrogenation activity of Co- and Ni-based catalysts, as was ex-
plored in this work for FSP-made TiO2. Earlier work has shown that the oxygen mo-
bility in CeO:2 changes as a function of crystallite size ®, which strongly impacts metal-
support interactions '8 and, therefore, the activity and stability of resulting catalysts
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as well. Such nanoscale effects also appear to impact TiOz (this work) and In203 78
supports prepared by FSP and used as supports, it would be valuable to explore the
impact of their crystallite size on the catalytic properties. Systematic studies on the
application of mixed reducible oxides support for the preparation of impregnated tran-
sition metal catalysts for CO2 hydrogenation would be valuable for further catalyst
design. Additionally, different transition metals and/or their combination in supported
metal alloy heterogeneous catalysts can be used to improve COx hydrogenation per-
formance. Bimetallic transition metal-based catalysts are considered a promising ap-
proach for altering selectivity in CO2 hydrogenation.®-'2 This will significantly enhance
the options for catalyst preparation and optimize their performance for specific appli-
cations.

Traditionally, the performance of catalysts has been linked to an active component
of the catalysts. As shown in the last decade, the nature of the metal-support inter-
face in transition-metal/reducible oxide catalysts often governs the overall activity
and selectivity. Hence, the specific interface chemistry between the metal and the
support needs to be studied in detail. In this thesis, various transition metal/reducible
oxides catalysts were investigated to elucidate the structure-activity relationship in
COz2 hydrogenation. The ex situ, in situ, and operando spectroscopy and microscopy
techniques used in Chapters 2-5 for catalyst characterization revealed the catalytic
role of different species in CO2 hydrogenation. Different active sites might be required
for optimum performance in a wide range of environmental catalysis applications.
Therefore, combining kinetic and operando/in situ spectroscopic analyses with iso-
topic labeling and DFT calculation can help elucidate reaction mechanisms over cat-
alysts in which the interface between a metal and metal oxide plays a relevant role.
Investigation of the catalytic role of different sites in the CO/CO2 hydrogenation would
be a valuable contribution to the field.

Another interesting direction would involve the implementation of Co-CeO: catalysts
described in Chapters 2-3 to produce solid carbon products (nanofibers or nano-
tubes) from CO/CO2 hydrogenation. The reported pathways for the production of
solid carbon products typically involve external voltage and/or high temperature.3.14
The development of heterogeneous catalysts enabling the production of solid carbon
directly from CO2 at milder conditions might be a new alternative to existing con-
cepts.'® In Chapter 3, Co impregnated on FSP CeQ2 exhibits enhanced coke depo-
sition during CO and COz hydrogenation at 300 °C. The role of the CO2:H: ratio, the
reaction temperature, and the reaction pressure should also be investigated as it may
tailor the structure and production rate of solid carbon deposits. Systematic Investi-
gation of these catalysts for solid carbon production would be a valuable contribution
to the field.
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Table 6.1. Catalytic activity and product distribution of the most relevant catalysts in
CO2 hydrogenation (space velocity = 60,000 mL/h/gcat, H2/CO2 ratio = 4, tempera-
ture = 200 °C, pressure = 1 bar).

rcoz Selectivity (%)

Structure after reduc- Xco2

Sample | yionat300 °Cfordh | (%) | ™2 | GO | CHs | CHsOH | Co

mol Me/s)
~10 nm CeOz2 + highly
dispersed Co?* + few
very small Co clusters 0.2 1.2 79 15 5 1
Co reduction degree
9%

2.5Co
FSP

~10 nm CeO:z2 + highly

dispersed Co?* + Co

nanoparticles ~4.5 nm 21 3.9 10 85 0 5

Co reduction degree
52%

10Co
FSP

~10 nm CeO:z2 + highly

dispersed Co?* + few

very small Co clusters 0.7 5.3 78 19 2 1

Co reduction degree
0%

2.5Co
Wi

~10 nm CeO:z2 + highly

dispersed Co?* + Co

nanoparticles ~4.5 nm 2.0 3.8 18 78 0 4

Co reduction degree
79%

10Co

~10 nm CeOz2 + highly
dispersed Ni?* + few 0.2 4.5 7 24 5 0
very small Ni clusters

1N
FSP

~10 nm CeO:z2 + highly
dispersed Ni?*
10 + Ni nanoparticles
NIFSP ~2 5 nm 2.4 4.3 13 83 1 3
Ni reduction degree
59%

~10 nm CeOz2 + highly
10Ni/Ce dispersed Ni?*

FSP + Ni nanoparticles
~3.0 nm

1.3 24 35 61 1 3
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