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Abstract

CO2 methanation via the Sabatier reaction is a promising carbon utilization strategy to convert captured
CO; into natural gas with green hydrogen as feedstock. Ni/CeOs is considered as one of the most
promising catalysts for CO, methanation owing to the synergistic effect of Hy activation from Ni, COq
activation from CeQOs, and an appropriate metal-support interaction (MSI) that promotes interfacial
catalysis. However, the influence of CeO4 properties on catalytic performance remains unclear.

In this work, CeOs particle size was tuned using flame spray pyrolysis (FSP) across a range of 9-29 nm, and
its effect on CO2 methanation was systematically investigated in Ni/CeO4 catalysts calcined at 400 °C. A
volcano-shaped relationship between methane formation rate and CeQO, particle size was observed, with the
catalyst supported on 20 nm CeOs exhibiting the highest activity (226.2 mmolcy, g;“l h~1). Rather than
arising from a single underlying mechanism, this particle-size effect is shown to reflect two largely distinct
CeO, particle size effect pathways. A redox-mediated pathway, reflected in the spillover-linked change in
support reduction state upon Ni exposure (ACe®*, decreasing monotonically from +16.4% at 9 nm to
—5.2% at 29 nm), governs the initial COy activation step and tracks COy consumption rate most closely
at low calcination temperature. A textural pathway, driven by particle-size-dependent pore volume and
pore collapse during synthesis (pore-diameter retention: 44% at 9 nm vs. 96% at 29 nm), instead governs
Ni dispersion and hence methanation completion, correlating strongly with calculated Ni-CeOs interfacial
site density (R? = 0.982) and producing the CHy-specific activity optimum at 20 nm. Ni also became
progressively more difficult to reduce as CeO- particle size decreased, tracking the same interfacial fraction
and suggesting the redox pathway is largely a downstream electronic consequence of the textural one rather
than an independent size effect. The optimum catalyst identified in this work, Ni/CeOs supported on
20 nm ceria, was found to be competitive with literature systems particularly at lower temperatures, achiev-
ing 3.93 mmolco, moly; s~ at 200 °C and a GHSV of 300,000 ml g} h= (CO2/H,/He = 1/4/15), 1 bar.
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1 | Theoretical Background

1.1 | Introduction

Carbon dioxide (CO3) is one of the most significant greenhouse gases contributing to global climate change.
Greenhouse gases trap heat in the Earth’s atmosphere by absorbing and re-emitting infrared radiation, a
natural process that helps maintain the planet’s temperature at a habitable level. Along with water vapor,
methane (CH,), and nitrous oxide (N30), CO3 plays a central role in the naturally occurring greenhouse
effect. However, since the industrial revolution, human activities have substantially increased atmospheric
concentrations of COs, intensifying the greenhouse effect and disrupting the global climate system [38].

Anthropogenic emissions originating from energy production, industrial activities, transportation, and
land-use change are the primary drivers of the observed increase in greenhouse gas concentrations [39).
Among long-lived greenhouse gases, CO2 does not exhibit the highest global warming potential on a
per-molecule basis; nevertheless, it accounts for the largest share of total emissions due to its extensive
release and long atmospheric lifetime. Consequently, CO5 remains the dominant contributor to long-term
climate forcing and global temperature rise.

The impacts of elevated atmospheric CO2 concentrations are increasingly evident, including rising global
temperatures, more frequent and severe extreme weather events, melting glaciers and polar ice caps,
sea-level rise, and widespread ecological disruption [40]. Atmospheric CO levels have exceeded 400 ppm
in recent years, underscoring the urgency of developing effective strategies to mitigate emissions and
manage existing carbon in the atmosphere [41].

From a chemical standpoint, COs is a stable and inert linear molecule consisting of one carbon atom
double-bonded to two oxygen atoms. Its high thermodynamic stability makes direct conversion challenging,
often requiring substantial energy input and effective catalysts [42]. Under ambient conditions, COs exists
as a colorless, odorless, non-flammable gas and has a broad range of commercial applications, including
food processing, refrigeration, fire suppression, and chemical manufacturing [43]. These characteristics
also make COq a promising feedstock for producing value-added products when appropriate conversion
technologies are employed [44].

To mitigate rising emissions, carbon sequestration and carbon capture technologies have been developed
to prevent COs from entering the atmosphere. Carbon sequestration occurs naturally through biological
and geological processes and can also be enhanced through engineered systems [45]. While conventional
approaches such as afforestation and land management contribute to restoring the global carbon balance,
they often require long implementation times and are constrained by land availability. As a result,
technological solutions such as carbon capture and storage (CCS) and carbon capture, utilization, and
storage (CCUS) have gained increasing attention [46].

CCUS extends the concept of CCS by incorporating pathways that convert captured CO; into useful
products rather than treating it solely as waste. Although COs utilization alone is unlikely to achieve
net-zero emissions—given the additional energy and materials required for conversion—it can play a
crucial role when integrated with low-carbon energy systems and efficient capture technologies. Continued
research and technological development are therefore essential to improve conversion efficiency, reduce
costs, and ensure that CO, management strategies contribute meaningfully to long-term climate change
mitigation [47].

Utilization routes include physical, chemical, biological, and mineralization processes. CO2 can be trans-
formed into fuels and chemicals such as methane, urea, methanol, formic acid, and cyclic carbonates,
offering both environmental and economic advantages [48]. Among these options, the catalytic conversion
of CO4 to methane is particularly attractive due to its simple product distribution and high selectivity of
methane. In addition, the produced methane can be directly used with an existing natural gas infrastruc-
ture, including storage and transportation. The reaction of converting CO, to methane via hydrogenation
is known as the Sabatier reaction.

Apart from the importance of the source of CO3, the hydrogen used is also of importance. The Power-to-
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Gas(PtG) concept, which uses renewable hydrogen from electrolysis to convert COq provides a feasible,
environmental friendly solution. This opens the possibility of using excess electricity during low demand
seasons, such as in the summer, especially in high capacity electricity production plants with low turndown
ratio. This ensures proper storage without wasting energy and higher stability. A life cycle analysis shows
a lower emission rate of using methane produced by PtG than natural gas based Compressed Natural Gas
(CNG) vehicles [49]. A technoeconomic study concludes that PtG may be competitive compared to fossil
fuel derived methane in the future [50].

Apart from optimizing the reactants for the Sabatier reaction, the conditions and catalysts could also
be improved. It is normally a high temperature heterogenous catalysis process. By understanding the
underlying kinetics and thermodynamics of the catalysts, an efficient catalyst can be created.

1.2 | Heterogenous Catalysis and State of the Art

Catalysis is defined as a substance that increases the rate of reaction without being consumed in the
process by offering alternative reaction pathways. Catalysts also enable reactions to occur under lower
temperatures and with higher selectivity. A diagram of the catalytic process is as in Figure 1.1.

Eact

gas-phase
reaction

adsorption

surface

reaction desorption

reaction coordinate

Figure 1.1: Potential energy diagram of a catalytic process [1].

Catalysts include transition metals due to its unique d-band filling properties. The commonly used
industrial catalyst for the Sabatier process is nickel, due to its performance and cost effectiveness. An
overarching highly researched metal support combination summary and its categorization can be seen in
Figure 1.2. Often used Ni counterparts also include cobalt and ruthenium, as well as combination of nickel
and cobalt, of which those metals offer comparable, or better, activity or selectivity but worse economic
viability [51]. Therefore, nickel based catalysts are particularly interesting to develop.

Various nickel and cobalt based catalysts found in literature has been summarized in Figure 1.3. The
exact values has been summarized in Table A.1. As observed, many factors can affect the performance,
including its synthesis method, weight loading, and support chosen. These factors then affect different
parameters such as reaction mechanism, metal support interaction, particle size of both the metal and
support, etc. Among all the support used for Ni, ceria is particularly interesting as it is a reducible
oxide, resulting in a capability to store and release oxygen i.e. oxygen storage capacity (OSC). This is
particularly important for methanation as it needs to activate CO4. Dispersing nickel particles over the
ceria support has been shown to result in high catalytic activity.
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Metal (Ni, Co,

Ru, Ni-Co)

+ support

Reducible Non-reducible Surface- ATl e
. . . . Carbide/Nitride
oxide migrating oxide (MXene)
- Good for high - Good for high - High surface
temperature temperature area
- Low conversion - Large bandgap - Functionalized - Shape selective
surface - Acid sites
e.g. CeOy, e.g. Si0p MCM- e.g.Zn0O, e.g. CNT, e.g. TigCoTy, e.g. ZSM-5, Zeolite-Y,
TiOy, ZrO, 41, Al,03 S-1 ZnAl03, Iny03 graphene, MOF Mo,CTy, NbsCaTy Beta Zeolite
Figure 1.2: CO; methanation metal-support variation summary.
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Figure 1.3: Catalytic performance in CO2 hydrogenation: State of the Art [2-27].

1.3 | CO, Reaction Mechanism

The reactions that may occur in CO5 hydrogenation with Sabatier as the main reaction is summarized
as in Table 1.1. Side reactions of the Sabatier reaction includes reverse water gas shift (RWGS), coking
reactions (including Boudouard reaction), and methane decomposition. Side reactions may be discouraged
by optimal reaction conditions such as low temperature and 4:1 ratio at the inlet.

There is a great deal of debate regarding the step-by-step mechanism of the Sabatier reaction. The possible
intermediates and reaction steps are summarized in Figure 1.4 [28]. The step-by-step mechanism itself
occurs differently for different metals and support. Wang et al. (2017) identified that on Pd/Al;Og, the
reaction occurs with formate intermediate with different rate-determining step (rds) for parallel RWGS
and methanation. The authors proposed that when an oversaturation of CO* occurs, either due to
rapid formate decomposition to CO* or slow CO* hydrogenation, the release of CO instead of conversion
to methane may occur. In order to lower the CO selectivity, the sites for CO* hydrogenation should
be increased (metal sites), or the sites for HCOO* decomposition (metal support interface) should be
decreased [52]. In another study by Wang et al. (2016) using Ru/Al;Os3, the pathway was found to
be also competing RWGS and methanation with rds of CO* hydrogenation, while utilizing Ru/CeO-
leads to methanol as an intermediate as formate pathway dominates. Catalysts with different metal
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Table 1.1: CO3 methanation and possible side reactions [30].

Eq. Reaction AH° (kJ mol™') AG° (kJ mol™')
11 CO2: +4 Hy = CHy + 2 H2O —165.01 —113.62

1.2 CO: + H2 = CO + H20 41.16 28.67

1.3 CO2+2H; =C+2H0 —90.14 —90.14

14 CO: +C=2CO 172.47 120.15

1.5 CO + 3 H» = CHy + H20 —206.17 —142.29

1.6 CO+ H; = C+ H20 —131.30 —91.48

1.7 CHys=2H; +C 77.91 42.28

leads to minimally different pathways while utilizing a different type of support with the same metal lead
to fundamental pathway or intermediate differences. This is especially due to the fact that alumina is
non-reducible while ceria is reducible, leading to different OSC properties [53].
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Figure 1.4: CO, methanation mechanism pathways summary reprinted from [28].

Taking the research of Struijs et al., ceria supported catalysts provided a more significant pool of active
formates (two types) which results in a higher activity than non-reducible catalyst (only one type of formate
produced by silica catalyst). Comparing the formate properties present on the support or metal-support
interface of Ni/CeOz, Co/CeO2, and Ni-SiOq, it was discovered that the support is the determining
factor [54]. Comparing Ni/CeQO5 to Co/CeQOs, despite differing activation energies, the RDS is the same,
which is the first CO* hydrogenation.

To analyze the mechanism of the reaction, some additional assumptions can be made. A dissociative
adsorption of Hs, or chemisorption, directly happens as it is often preferred. The reaction of CO hy-
drogenation is assumed to produce methane over a dual active site mechanism indicated by 6 and T, of
which CH, with z € {0,4} can only adsorb on site # while hydrogen can adsorb on both. An asterisk (*)
and pound sign (#) is used to indicate adsorbed compounds on sites # and T respectively. Following the
mechanistic insights of Wang et al. and Struijs et al., the hydrogenation of adsorbed CO is taken as the
RDS [52,54]. The proposed mechanism for CO; on Ni-CeOs is indicated by Equations (1.8) to (1.21).
The surface site balances for 6 and 7 sites are given by Equations (1.22) to (1.23).
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H, + 2+ = 2Hx (1.8)

H, + 24 = 2H# (1.9)

CO; + # = COgx (1.10)

COq x +H# = HCOO * ++# (1.11)
HCOO * +Hx = CO x +H,0x% (1.12)
H,0% = HyO + * (1.13)

CO + * = CO% (1.14)

CO x +H# — HCO * +# (1.15)

HCO * +H# = HyCO * +# (1.16)
HyCO * +H# = H3CO * +# (1.17)
H3CO * +H# = CHy * +0x (1.18)
CHy*x = CHy + * (1.19)

O * +Hx = OH * +% (1.20)

OH * +Hx = Hy0 * +x (1.21)

0« + 0u~ + Oco; + Oucoo+ + 0cox =1 (1.22)
Oy +0gs =1 (1.23)

Assuming quasi-equilibrated adsorption, the hydrogen and CO2 adsorption isotherms are given by Equa-
tions (1.24) to (1.26). Taking Reaction (1.15) as the rate-determining step, the reaction rate can be
expressed as in Equation (1.27). Assuming quasi-equilibrated upstream steps, the overall rate expression
becomes Equation (1.28).

Ou- = /Kyt~ P, 0. (1.24)

Ous = \/Kew Pa, 0 (1.25)

bco; = Kco,Pco,0x (1.26)
r = krBco- O (1.27)

r = krKco,V KH#PCOQPIzz 0,04 (1.28)

In the limit of weak adsorption, the surface coverages approach unity, yielding Equations (1.29) to (1.30).
In the opposite limit of strong hydrogen adsorption on both site types, the site balances give (1.31)
to (1.32). The apparent reaction orders under zero-conversion conditions are therefore bounded by
Equation (1.33).

0. = 1, Oy ~1 (1.29)
r o Poo, Py’ (1.30)
0. < P % 0y o By (1.31)
r o Peo, Py (1.32)
0<nco, <1
RT (1.33)
2 = M2 =TT

Not only kinetically, the reaction is limited by the metal-adsorbate strength. According to the Sabatier
principle (1914), the maximum rate will be achieved by a catalyst whose combination with reactants is of
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intermediate stability, to be effectively active while still transient. Meaning that the maximum rate will
be obtained by a catalyst which does not bind the reactants too weak or too strongly, but just right. A
volcano plot can then be plotted in which the optimum catalyst can be concluded as in Figure 1.5. By
varying certain parameters such as particle size, a volcano plot may be obtained.

catalytic activity

metal-adsorbate strength

Figure 1.5: Sabatier volcano plot [1].

1.4 | Metal Support Interaction (MSI)

Metal-support interactions (MSI) play a critical role in determining the catalytic performance of supported
metal catalysts for CO2 methanation. The nature and strength of these interactions fundamentally
influence catalyst properties including metal dispersion, electronic structure, the active sites, and reaction
intermediate pathways. This affects which directly influences active site architecture [55]. Two important
related process with MSI for Ni/CeOs catalysts are hydrogen spillover and oxygen vacancy formation.
Hydrogen spillover, first described by Boudart in 1969, refers to the migration of H atoms from metal
particles to the support surface [56]. This phenomenon is particularly pronounced on reducible oxide
supports. For Ni/CeOq catalysts, hydrogen spillover is intimately connected to oxygen vacancy formation.
Upon H, reduction, spillover H atoms reduce Ce*t to Ce3* at the Ni-CeQ, interface, creating oxygen
vacancies (Oy). These interfacial oxygen vacancies are crucial for CO5 activation.

Recent systematic studies have revealed that not all oxygen vacancies contribute equally to catalytic
activity [57]. The concentration of active Ni-O; interfacial sites is determined by the availability and
dispersion of metallic Ni, and only oxygen vacancies in close proximity to Ni particles are favorable for
methane production. Three types of sites can be distinguished, which are: active interfacial sites consisting
of exposed metallic Ni adjacent to oxygen vacancies; SMSI-blocked sites, where strong metal-support
interaction causes CeOy to encapsulate Ni particles; and non-interfacial oxygen vacancies [57]. Preparation
variables such as calcination temperature and atmosphere can dramatically alter Ni crystallite size, Ni
availability, and interfacial oxygen vacancy density.

1.5 | Morphology Sensitivity

Ceria has a fluorite structure with a face-centered cubic (fcc) lattice. In this structure, each cerium
atom is coordinated by eight nearest-neighbor oxygen atoms. The most stable ceria surface is the (111)
facet, which is the octahedral shape, followed by (110) and (100). The differing reducibility of the facets
results in a varying amount of removable oxygen at the surface. The exposed facets therefore affect the
catalytic performance of ceria-supported catalysts, as the reducibility of the support is an important
factor. It has been shown that particles exposing a large fraction of mixed (100) and (110) surfaces (rods)
exhibit a higher oxygen storage capacity (OSC) and activity than structures dominated by (111) surfaces
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(octahedra) [58].

By referring to the mechanism derived previously, it appears that the same behaviour can be predicted for
CO2 methanation. For facet tuning of ceria based catalysts for CO2 methanation, various researches have
been done before. Sakpal et al. has done facet tuning using Ru/CeQO; for CO5 methanation [55]. Lin et
al. has compared the activity of nanocubes and octahedral particle of Ni/CeOs for CO2 methanation [59].
While Konsolakis and Lykaki has compared the performance of Ni/CeOs nanocubes, nanopolyhedra,
and nanorods, all via hydrothermal method for CO; methanation [60]. There is not yet a compari-
son for isolating pure morphological effects due to particle size and surface area differences. Utilization
of sauter diameter could be implemented to obtain a more accurate comparison between geometrical shapes.

1.6 | Particle Size Sensitivity

Nickel particle size variation on various supports including ceria, titania, and silica has been thoroughly
explored. Varying Ni particle size from 2 to above 20 nm has shown that above 5 nm, the particle size of
Ni no longer affects the catalyst performance with those below being less selective to methane as stated
by both Simons et al. and Adhikari et al [3,61]. It begs the question of particle size sensitivity of the
support (ceria) instead of the metal.

Particle size tuning was done by Lin et al. on cubic (100) ceria for CO3 methanation in which the MSI and
related oxygen vacancy concentration were affected by particle size, causing lower activation energy [62].
The modulated ceria size was 30-50 nm and the activation energy is more than 100 kJ/mol for all catalysts.
This begs the question on how the ceria particle size sensitivity affects the performance if the particle size
is to be modulated to be under 30 nm.

1.7 | Scope

The importance of support in CO; methanation has been highlighted across various research. Ni-CeO, as
a favorable catalyst has been explored thoroughly. However, there is still a lack of study on the effect of
ceria particle size towards the performance. There is also a lack of a proper comparison of Ni-CeO, with
different ceria morphologies, constricted to the same sauter diameter.

This report focuses on answering the following questions:

m How does the CeQOs particle size affect the performance of the catalyst in COy methanation?
B What may be the cause of CeO, particle size effect?
B Does the CeQOs size effect change the mechanism of COy methanation?

And also explores the following side questions:

B What is the effect on performance due to the CeO3 morphology and calcination temperature in COq
methanation?

® What do the results mean on an industrial scale?
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2 | Materials and Methods

2.1 | Chemicals Used

The metal precursors Ni(NOs)2-6H2O (purity > 95%), Ce(ac)s-3H20 (ac=acetate, 99.9% purity), and
Ce(NOs3)3-6H20 (purity > 95%) were purchased from Sigma-Aldrich. Polyvinylpyrrolidone (PVP,
Mw = 40,000 and 360,000), citric acid, glacial acetic acid (99.7% purity), and 2-ethylhexanoic acid
(99% purity), used as additional materials in various synthesis processes, were also obtained from Sigma-
Aldrich. All chemicals were used as received without further purification. Demineralized water was used
in all experiments.

2.2 | Catalyst Synthesis

2.2.1 | Tuning Particle Size

FSP synthesis was carried out to tune the CeOq particle size. using a Tethis NSP10 setup with method
based on Yannis et al. [63]. For each synthesis, a solvent mixture consisting of 50 vol% 2-ethylhexanoic
acid and 50 vol% glacial acetic acid was prepared. To obtain bare ceria support particles, cerium acetate
was dissolved in the solvent mixture at a concentration of 0.15 M. Additional solvent mixture was prepared
for washing and cleaning purposes.

The precursor solution was heated to 70 °C and stirred until a clear solution was obtained. After
cooling to room temperature, the solution was used for FSP synthesis. The FSP syringe was filled with
40 mL of the cooled precursor solution and refilled several times during production. To sustain the
flame, methane and oxygen flow rates of 1.5 L min~! and 3.0 L min~! were used, respectively. Oxygen
was employed as the dispersion gas at a flow rate of 5 L min~!, with an overpressure of 2.5 bar at the nozzle.

In doping the synthesized ceria particles with Ni, the method incipient wetness impregnation was used. A
fixed loading of 10-wt% of Nickel was done. The particle size of the Nickel was controlled to be 3.7-6.6 nm
using citric acid as a ligand at 1:1 ratio. The Ni precursor and citric acid was diluted together in water of
which volume is adjusted to the pore volume of each ceria synthesized. The solution is then sonicated and
mixed with the ceria support. The mixture is then dried in an oven overnight at 110 °C. The catalyst is
then calcinated at 150 °C with airflow for 2 h and continued with 400 °C with airflow for 2 h, with a

heating rate of 1 °C min~?.

2.2.2 | Synthesis Parameter Tuning

In preparation for an accurate particle size tuning, the synthesis method was varied to understand the
effect of morphology tuning of ceria. Flame spray pyrolysis (FSP), hydrothermal, and direct calcination
methods are used, to create octahedral, cubic, and spherical particles respectively. The FSP method is
explained further in the previous section. The hydrothermal method is based on Saw et al. utilizing
PVP (360,000). Two catalysts were synthesized using ceria precursor concentration of 13.5 mM. The
amount of polyvinylpyrrolidone (PVP, M, = 360,000) was fixed at 7.5 g. The required amount of cerium
precursor was first dissolved in 300 mL of deionized water under stirring. Subsequently, PVP was slowly
added to the solution and stirred for several hours until complete dissolution was achieved. The resulting
homogeneous solution was transferred into a teflon lined autoclave and aged at 140 °C for 12 and 24 h.
After hydrothermal treatment, the products were recovered by centrifugation at 5,000 rpm for 20 min,
repeated four times, and dried overnight at 110 °C. Finally, the sample was calcined at 700 °C for 2 h,
with a heating rates of 10 °C min~! with airflow [64].

For direct calcination, the 3-5 g nickel nitrate precursor is calcined directly at temperature of 400 °C for
2 h, using a heating rate of 2 °C min~! with airflow. Three different types of ceria synthesis methods were
done to obtain three different type of ceria morphology which in theory would show different performance
and different particle size sensitivity. After the ceria synthesis is done, each one were impregnated by the
IWI method as described in the previous section.
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As the Ni/CeO2 MSI is discussed to be sensitive to calcination temperature. The effect of calcination
temperature is then explored in a series of particle size variation in the approximately same range of
particle size tuning at base case temperature. The additional synthesis done at 350 °C with other
parameters kept constant.

2.2.3 | Synthesis summary

In Table 2.1 is the summary for all synthesized Ni/CeOs. Different synthesis method, particle shape, and
size are shown in the naming convention, indicating FSP synthesized octahedral particles (O), hydrother-
mal synthesized cubic particle (C), and direct calcination synthesized spherical particles (S). The naming
is written in the structure of Ni/CeQ2-Particle Size-Shape. In the case of calcination temperature tuning,
Ni/CeO2-Particle Size-Shape-Calcination Temperature is used.

Table 2.1: Overview of Ni/CeO; catalyst series and their respective synthesis parameter under investiga-
tion.

Particle Size Tuning Calcination Temperature Tuning Morphology Tuning

Ni/Ce02-9-0 Ni/Ce02-9-0-350 Ni/Ce02-9-S
Ni/Ce02-20-O Ni/Ce02-17-0-350 Ni/Ce02-15-C
Ni/Ce02-29-O Ni/Ce02-20-0-350

Ni/Ce02-15-O Ni/Ce02-30-0-350

Ni/Ce02-23-0

2.3 | Characterization

Nitrogen physisorption measurements were performed at 77 K using a Micromeritics TriStar IT 3020
analyzer. Typically, 50-70 mg of catalyst was used for each measurement. Prior to analysis, the samples
were pretreated under vacuum at 350 °C for 2 h, followed by a nitrogen gas flow to remove adsorbed
water and residual impurities. The obtained adsorption data were subsequently processed to determine
the specific surface area and pore volume.

H, temperature-programmed reduction (Hy-TPR) measurements were first carried out using Micromeritics
Autochem II 2020. Typically, 50 mg of catalyst was used for each experiment and placed in a U-shaped
quartz tube between plugs of glass wool to keep the sample in position. Prior to reduction, the sample
was pretreated in a flow of He for 60 min at 150 °C. After pretreatment, the sample was cooled down to
room temperature and the flow was switched to a mixture of 4 vol% Hs/Ns. Once a stable signal was
obtained, the TPR is then performed by ramping the temperature from 100 °C to 700 °C at a heating
rate of 10 °C min~1.

Transmission Electron Microscopy (TEM) was used to observe the morphology of synthesized catalysts.
The sample was prepared by dissolving one small spatula scoop of catalyst in 20 mL of ethanol. The
sample is sonicated to ensure even distribution and is then deposited onto the Cu support grid and film.
The TEM was done at the courtesy of Daniil Efanov.

Scanning Transmission Electron Microscopy - Energy Dispersive X-ray analysis (STEM-EDX) were carried
out on a FEI-cubed Cs-corrected Titan instrument operating at an acceleration voltage of 300 kV using
High-Angle Annular Dark-Field (HAADF) imaging technique. Ni/CeOs catalysts were reduced at 300 °C
for 4 h under a flow of 20 vol% H; in He (50 ml/min), using a heating rate of 5 °C min—!, followed by
passivation at room temperature. The as-prepared and passivated samples were crushed and sonicated in
analytical-grade absolute ethanol before deposition on Cu grids. The HAADF-STEM-EDX was done at
the courtesy of Stefan Bouts.

X-ray diffraction (XRD) measurements were performed to evaluate the crystallinity of the samples.
Diffraction patterns were collected using a Bruker D2 Phaser powder diffractometer equipped with Cu Ko
radiation. The data were recorded over a 260 range of 20-80°, using a step size of 0.015° and a counting
time of 0.25 s per step. The obtained diffractograms were analyzed by Scherrer Equation using Origin
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software to estimate the crystallite sizes. The crystallite size of CeOs was calculated from the (111)
reflection using a Lorentz function, while the crystallite size of Ni was determined from the (200) reflection
of NiO with Gauss function, both using Lamda = 0.154 nm and shape factor of 0.94.

CO chemisorption measurements were carried out using Micromeritics ASAP 2020 Plus to obtain metal
particle dispersion and particle size. Catalyst sample of 80-110 mg was loaded into a U-shaped quartz
tube reactor between two plugs of quartz wool. Prior to chemisorption measurements, the sample was
reduced at 300 °C using a mixture of 5 vol% Hy/He for 4 h and then evacuated for 1 h. The sample was
then cooled to -20 ° C, where then CO chemisorption was conducted [65]. In calculating dispersion and
particle size, a factor of Ni:CO of 1.5:1 was used, this is to account for the presence of both bridged and
linear adsorption of CO on Ni (Ni:CO of 2:1 and 1:1).

X-ray Spectroscopy (XPS) was used to study the surface chemical properties of the as-prepared and
reduced (XPS-red) with a KAlpha XPS apparatus (Thermo Scientific) equipped with an aluminum anode
(Al Ko = 1486.68 €V) monochromatized X-ray source. Fine samples were placed on double-sided carbon
tape. The scanning time and frequency were adjusted to minimize the charging effect. The reduction
of the samples for post-reduction XPS was done ex-situ. The reduced samples were loaded onto the
sample holder in glovebox and is loaded onto the apparatus in a vacuum sealed holder. The U”’ (Ced+)
component of the Ce 3d line with a characteristic position of 916.7 eV was used to correct the binding
energies of Ni and Ce. Spectral lines were fitted with the CasaXPS software using varying functions and
baseline fitting. The Ce 3d line was fitted according to a model described in the Gao et al. while the Ni
2p is fitted based on Biesinger et al. and Rodriguez et al. [66—68]. The XPS and XPS-red were done at
the courtesy of Zhang ShuChi and Ding Yi.

In-situ FTIR is done using a combination of CO5 and Hy which are alternated and combined accordingly.
IR spectra are recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a MCT (Mercury
Cadmium Telluride) detector. The experiments are performed in situ using a home-built environmental
transmission IR cell. Self-supporting pellets are made by pressing approximately 20 mg of sample diluted
by SiOy (1:1 ratio, silica confirmed to have no signal) in a disc. Each spectrum is collected by averaging 62
scans with a 2 cm—1 resolution in the 4000-1000 cm—1 range. For CO IR measurements, the sample was
first reduced in a flow of 20 vol.% H2 in He at 300 °C (heating rate 5 °C/min) for 4 h. For in situ COq
methanation measurements, the spectra are recorded in a flow of CO5 and Hy balanced by He using a
forward /backwards shift (Hy/COo+Ha/Hy/CO2+Hz/CO2/CO2+H,) at 200 °C and measurement interval
of 2 min.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is used to determine the chemical
composition, and more importantly, to confirm the metal loading of the as-prepared catalysts using
Spectro CIROS CCD Spectrometer. Prior to these measurements, 25 mg of the catalysts were dissolved
in 5 mL of concentrated sulfuric acid followed by dilution in water.

2.4 | Catalytic Performance Test

Catalytic activity measurements were performed using a high-throughput setup equipped with a 10-tube
flow reactor. For each reactor, 10 mg of catalyst (sieved to a particle size fraction of 250-500 pm) and
were mixed with 290 mg of silicon carbide (SiC). The resulting mixture was loaded into a quartz tubular
reactor and positioned between two plugs of quartz wool. To ensure an equal pressure drop across all
reactors, a pressure test was conducted and additional quartz wool was added when necessary. Prior to
reaction, the catalysts were pretreated in situ at 300 °C for 4 h under a flow of 20 vol% Hj in He, using a
heating rate of 5 °C min~!. The total gas flow through each reactor was maintained at 50 mL min~?.
Reaction was carried out using a feed gas composition of 20 vol% Ha, 5 vol% CQO,, and 75 vol% He at a
total flow rate of 50 mL min~—!, 1 bar, if not mentioned.

Catalytic performance was evaluated over a temperature range of 200-300 °C. While the activation
energy analysis was evaluated over a temperature range of 185-200 °C. At each temperature, the dwell
time was 120-180 min and the heating rate between steps was 10 °C min~!. The H, and CO; re-
action order was evaluated using different concentration variations at 200 °C. At each concentration,

the dwell time was 120-180 min and the heating rate between steps was 10 °C min~!. The reactor
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effluent was analyzed online using a gas chromatograph (Interscience Compact GC) equipped with two
thermal conductivity detectors (TCDs) and a flame ionization detector (FID). The FID was used for
hydrocarbon analysis, while the TCDs were used to quantify permanent gases such as CO, CO3, Oz, and Ho.

The data spectra from the performance and activity tests is then processed using calibration points of GC
signals at 1%-vol for CO5, CHy, and CO. The resulting mole fractions are then analyzed using Equations
(2.1) until (2.9). Mole fractions are indicated with the symbol of z, while F indicates the flow rate, while
temperature and pressure conditions is at temperature standard IUPAC conditions (7' = 273.15 K and
P =1 bar). Calculations were normalized using the ideal gas constant R = 0.08314 L - bar - mol . K™!
and a standard molar volume V,, = 22.711 L-mol ™}, corresponding to modern IUPAC reference conditions.

TCHy,out

Scu, = 2.1
Ha ZTCO,out + TCHy4,out ( )
X002 _ TCHy4,out + ZCO,out (22)
TCH4,0ut + TCO,out + TCO3,0ut
At 1 bar: p; =x; (2.3)
o . F(CO2)in TCHy,out
Activit, = X L 2.4
YOH4 RxT TCH4,0ut + TCO,out + ZLCO3,0ut ( )
Activit

TCH4 = —y (2.5)

gn;
Specific Activitycms = reu, X My (2.6)

- F(COZ)in ZCO,out

Activit = X ’ 2.7
cHviyco RxT TCHy4,0ut T ZCO,0ut + £CO,,0ut 2.7)

Activit
roo = Yco (2.8)

an;

F(CO2)in _ Xco
roo, = 24 v 2, Xco, (2.9)
m gNi

Turnover Frequency (TOF) is used to normalize activity per active site per unit time. In this work, we
use TOF normalized by surface Ni as the active site with comparability to Ni structure sensitivity in
Adhikari et al. and Simons et al. [61,69]. The ry is converted to moles-normalized by molar weight of Ni
(M,, = 58.69 g/mol) and dispersion (symbolysed by D) as in Equation 2.10. The z in this formula are
used for CHy, CO-, and CO.

TOF = T'our face = T"X% (2.10)

Kinetic measurements were carried out under low-conversion conditions (under 5%) such that reactant
concentrations remained effectively constant over the temperature range studied. Under these conditions,
the observed reaction rate may be expressed as Equation 2.11 where Arhennius can then be imple-
mented. Substituting Eq. 2.12 into Eq. 2.11 gives Eq. 2.13. Then a plot of In(rcn4) versus 1/T yields
a straight line with slope —FE,/R. Therefore activation energy can be obtained from the slope multi-
plied by R. Activation energy can also be calculated from Activitycp4 as well as mass is a constant variable.

rcaa = C” k(T) (2.11)
K(T) = Aexp (—%) (2.12)
In(rcpa) = In(C*A) — %% (2.13)
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3 | Results and Discussion

3.1 | Tuning Particle Size

3.1.1 | Characterization

Properties related to crystallite and particle size of the catalyst are summarized as in Table 3.1. In
Figure 3.1, the spectra for each variation can be seen where the NiO peak is very broad but could still
be distinguished and fitted as in Table B.1. Contrast and morphology difference can still be visually
distinguishable in TEM and STEM for Ni/Ce02-29-O and therefore the particle size distribution (PSD)
could also be calculated as in Figures 3.2 and 3.3. While Ni/Ce02-20-O and Ni/Ce02-9-O both have
been analyzed with TEM and STEM, but PSD was deemed infeasible from all results, depicted in Figure
B.1, B.2, B4, and B.5. At a constant ligand to metal ratio, the particle size of Ni was controlled at
3.7-6.6 nm with the minimum at Ni/Ce02-20-O. In Ni/SiO2, at constant ligand:metal ratio and wt%, the
resulting Ni particle size is limited and/or controlled by the structural property of the silica (e.g. pore
volume) [3]. This is not the case in Ni/CeO; as the intermediate ceria size and pore volume produced the

best dispersion and smallest Ni.

Table 3.1: Summary of CeOy and Ni characterization data for the Ni/CeOy particle size tuning series.

CeO; Properties

Ni Properties

DTEM (nm)

Dstem (nm)  Dcpemi (nm)

Dispersion (%)

Catalyst DXRD (nm) DTEM (nm) DSTEM (nm) DXRD (nm)
Ni/Ce02-9-O 9.4 — — 5.3 — — 4 24
Ni/Ce02-15-0 15.7 — — 5.3 — — 3.7 26
Ni/Ce02-20-O 19.6 — — 4.8 — — 3.6 27
Ni/Ce02-23-0 22.5 — — 6.6 — — 4 24
Ni/Ce02-29-O 28.6 23.8+8.4 36.2 +24.5 8.0 51+22 11.4+4.3 6.6 15
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Figure 3.1: XRD of Ni/CeO,-O particle size variation.
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(a) TEM image 1 (b) TEM image 2
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Figure 3.2: TEM images and particle size distributions of Ni/Ce02-29-O.
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(a) STEM HAADF image
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Figure 3.3: STEM images and particle size distributions of Ni/Ce02-29-O.

It can be noted that the dispersion of Ni itself is has an optimum point at Ni/Ce02-20-O with 27%
dispersion, depicted in Figure 3.4 and tabulated in Table B.5. The chemisorbed CO is calculated over
the tested catalyst weight, but dispersion and Ni particle size were calculated using the actual Ni wt%
analyzed through ICP-OES, tabulated in Table B.4. Individual CO chemisorption behaviour and repeat
measurements are displayed in Figure B.6. We ascertained that CO chemisorption results were sufficiently
accurate to determine surface based on linear regression of CO4 activity to CO chemisorbed as in Figure
B.7 which shows R? = 0.9157.

Page 14



TU/e &= Buyser Tuning CeO; Particle Size in Ni/CeO, for CO, Methanation

I CO chemisorbed (mmol/g)
0.30- D!spergion (%) 8
Ni particle size (nm) L o5
F7
0.251
Log 6
0.204 5
15
0.15 r4
L10 3
0.10
F2
0.051 =
F1
0.00- -0 -0

9 15 20 23 29
CeO0,-0 particle size (nm)

Figure 3.4: CO chemisorption results of Ni/CeQ3-O particle size variation at -20 °C after reduction at
300 °C for 4 h under a flow of 20 vol% H, in He.

Stoichiometric Hy was calculated as the amount needed to theoretically reduce all NiO to Ni (using actual
Ni weight by ICP-OES). Each catalysts has a consumption excess which was calculated as in Figure
3.5a. The over-consumption is correlated with hydrogen spillover from Ni to CeO5 which leads to some
surface reduction [2,19]. The correlation of excess Hy consumption to particle size is seen in Figure 3.5b.
While a linear regression yields a moderate correlation (R? ~ 0.48), a downward trend in H, consumption
with increasing particle size emerges, while excluding the 20 nm. However, the 20 nm CeOs support
indicates a structural ”"sweet spot”, combined optimized nickel dispersion, indicates an optimum in the
Ni/CeO; interfacial parameter [57,70]. The TPR spectra itself in Figure 3.6, shows the reduction peak
centered approximately at 300 °C. Therefore, 300 °C was selected to ensure the completely reduction
while minimizing the particle sintering during reduction.
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Figure 3.5: Hy consumption and excess of Ni/CeO-O particle size variation during TPR with assumption
of 1:1 Hs reducing NiO to Ni.
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Figure 3.6: Ho-TPR results of Ni/CeO2-O with different CeO5 particle sizes.

The surface area, pore volume, and pore diameter are tabulated in Table 3.2. The change of pore volume
and surface area indicates changes in textural properties after calcination. On low particle size supports,
as in 9 and 15 nm, there is a huge pore volume decrease of 67.9% and 48.3%, as well as surface area
decrease, indicating textural collapse and restructuring. Trapped high precursor concentration drives
aggressive particle migration and coalescence (PMC), leading to larger Ni particles [71]. At higher ceria
particle sizes, loss of surface area at higher particle sizes are able to be compensated with the Ni surface

area [72].
Table 3.2: Texture properties of CeOq supports and Ni/CeOs catalysts.
CeO; supports
Catalyst BET Surface Area (m?/g) Pore Volume (cm?®/g) Pore Diameter (A)
Ce02-9-O 150.83 0.563 149.342
Ce02-15-0 88.06 0.362 164.609
Ce02-20-0O 71.00 0.275 154.707
Ce02-23-0O 75.00 0.238 126.981
Ce02-29-0O 44.11 0.165 149.549
Ni/CeO; catalysts
Catalyst BET Surface Area (m?/g) Pore Volume (cm3/g) Pore Diameter (A)
Ni/Ce02-9-O 109.77 0.181 65.801
Ni/Ce02-15-O 84.60 0.187 88.215
Ni/Ce02-20-O 83.95 0.186 88.558
Ni/Ce02-23-0O 54.71 0.135 98.378
Ni/Ce02-29-O 50.88 0.182 142.766

By evaluating the theoretical geometric calculations against experimental data across the ceria particle
size series, the surface coverage behaviour could be analyzed [63]. A model of a homogenously distributed
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Ni over the ceria volume and an all-surface model (egg-shell) of Ni were tabulated for its surface coverage
and atomic rato in Table 3.3. The ICP results were also processed as a homogenous model in Table
3.4 for more accurate comparison. From XPS (pre-reduced), accurate data of atomic ratio and surface
coverage of Ni on ceria could be obtained as in Table 3.5. XPS effectively probes the surface at with
depth of 7 nm, while the catalysts have particle size of 9 to 29 [73]. It can be observed that the surface
coverage calculated by XPS has a higher correlation to homogenous assumption at lower particle size
and decreasing correlation as it increases. Comparison to the ICP-based calculation provides a clearer
relationship where the increase in ceria particle size leads to increased difference of surface coverage by
surface and bulk measurement.

Comparing the XPS to all surface assumption, the real surface coverage is still lower than the maximum
possible, with the ratio indicating the amount of Ni at the surface by the theoretical total if all Ni is on
surface. This structural evolution appears to control the accessibility of the active phase, leading to a
strong linear correlation (R? = 0.937) when compared to experimental CO chemisorption capacities. CO
chemisorption selectively titrates only exposed, reduced metallic surface sites, which the high linearity
indicates that the structural stability of nickel dispersed on outer shell is associated with the availability
of active metal sites.

Table 3.3: Theoretical calculation of surface Ce and Ni atom densities for CeO2 nanoparticles of nominal
radius Rpominal = 0.326 nm and unit cell volume Vi = 0.158 nm?, assuming a surface Ce density
PCe, surf = 12.79 atoms/nm? [31,32]. Calculations assume a homogeneous Ni distribution ((Ni/Ce)homogen.)
and an all-surface Ni distribution ((Ni/Ce)ansurt.)-

d (nm) A (nm?) V (nm?) Cop Nipp Ni/nmlzloma (Ni/Ce)nom® Ni/nm?2 P Nce, surf (Ni/Ce)surt®

surf

9 281 344 8700 2836 4.084 0.326 10.108 3589 0.790
15 779 1591 40278 13131 4.084 0.326 16.847 9969 1.317
20 1386 3771 95474 31125 4.084 0.326 22.462 17722 1.756
23 1833 5736 145205 47337 4.084 0.326 25.832 23438 2.020
29 2913 11497 291065 94887 4.084 0.326 32.570 37261 2.547

2 Homogeneous Ni distribution throughout the particle volume.
b All-surface Ni distribution (all Ni atoms located on the particle surface).

Table 3.4: ICP-OES elemental analysis of Ni/CeOq catalysts: experimental Ni and Ce loading, surface
Ni density, and comparison with the theoretical homogeneous distribution model.

d (nm) wt% Ni (ICP) Ni (ICP) Ce (ICP) (Ni/Ce)icp Ni/nm? (ICP) ICP/hom?®

9 9.1 0.156 0.528 0.295 3.691 0.904
15 9.0 0.153 0.529 0.289 3.616 0.885
20 10.3 0.175 0.521 0.336 4.209 1.031
23 9.0 0.154 0.529 0.291 3.645 0.892
29 8.6 0.146 0.531 0.275 3.441 0.843

2 Ratio of experimental bulk Ni/Ce to theoretical homogeneous Ni/Ce; not necessarily 1:1 with the nominal wt%, but of
approximately the same order of magnitude.

Table 3.5: XPS surface quantification of Ni/CeQ5 catalysts using relative sensitivity factors RSFy; = 22.18
and RSFc, = 51.62 [33], compared against the all-surface model, the homogeneous model, ICP, and CO
chemisorption.

d (nm) Iy Ice (Ni/Ce)xps Ni/om? (XPS) XPS/surf. XPS/hom. XPS/ICP CO chemisorbed?®
9 9999 60954 0.382 4.783 0.47 1.17 1.30 0.250
20 73309 192937 0.884 11.078 0.49 2.71 2.63 0.311
29 18500 50341 0.855 10.715 0.33 2.62 3.11 0.143

2 Comparing CO chemisorption to XPS/all-surface ratio: R? = 0.937 [36].

The chemical evolution of the surface sites under reducing conditions can be observed in the behaviour
of Ce 3d and Ni 2p spectra before and after hydrogen exposure in Table 3.6 and Figures B.9 and B.8.

Page 17



TU/e

BHyseT Tuning CeO; Particle Size in Ni/CeOy for COy Methanation

The smallest particle suffer from nickel which is locked into an unreactive (hard to reduce) ionic state,
leaving a dominant Ni**-CeQ, phase (55.0%) and a negligible metallic Ni° yield (7.1%) post-reduction,
despite the high support reducibility. The intermediate size shows the highest metallic concentration
(Ni0 = 25.8%) and the highest reduction ratio (Ni’/NiO = 0.90), while simultaneously having the best
reduced state defect population (Ce>t/Ce** = 0.506). Meanwhile, the largest fails to preserve its support
defects (ACe3Jr = —5.2%, negative spillover-linked reducibility). This behaviour shows that the strong
MSI could overly oxidize and lock the Ni in smaller particles of ceria, and larger particles of Ni may
have a decreased reducibility in the ceria due to weak MSI and lower spillover. However, since the bare
ceria support’s own oxygen vacancy mobility is also known to vary with particle size independent of
metal loading [74,75], this trend may equally reflect a property of the ceria itself rather than Ni-CeOq
bond strength specifically. Distinguishing between these two possibilities, would require comparing
bare-support reducibility against the loaded catalyst directly and would also benefit from a direct spillover
confirmation through Ho-TPR. The lower metallic Ni content may be due to partial oxidation during the
ex-situ reduction and transfer of the samples, but the trends between different samples are still comparable.

Table 3.6: XPS summary of Ni/CeOq catalysts for all CeO2 particle sizes, pre- and post-reduction
(reduction at 300 °C for 4 h under a flow of 20 vol% Ha in He).

Ce 3d Region

Sample State Ce’T (%) Ce*™ (%) Ce®"/Ce** ACe3" after reduction (%)
9-0 (smallest CeOs)

9-O0 Pre 9.0 91.0 0.099 —

9-0 Post 254 74.6 0.340 16.4
20-0 (medium CeOs)

20-O0 Pre 26.2 73.8 0.355 —

20-O0 Post 33.6 66.4 0.506 74

29-0 (largest CeOs)

29-0 Pre 34.1 65.9 0.518 —

29-O0 Post 29.0 71.0 0.408 —5.2

Ni 2p Region
Sample State Ni’ (%) NiO bulk (%) Ni?*—CeO, (%)* Ni’/NiO
9-0 (smallest CeOy)

9-0 Pre 3.9 44.8 51.3 0.09
9-0 Post 7.1 37.9 55.0 0.19
20-0 (medium CeOs)

20-O0 Pre 1.0 45.0 54.0 0.02
20-0 Post 25.8 28.8 454 0.90
29-0 (largest CeOy)

29-O0 Pre 4.5 40.4 55.1 0.11
29-O0 Post 20.9 33.0 46.1 0.63

2 Hydroxide phase is identified to be Ni2t—CeO2 in Ni/CeOz2 catalysts [68].

3.1.2 | Catalytic Performance

Consistent with the results of dispersion (CO chemisorption) and reduced defect state population (XPS)
Ni/Ce02-20-O produces the best performance at 200-300 °C as in Figure 3.7, closely followed by Ni/CeO2-
23-0. Reported activities are normalized using the ICP-OES-determined Ni weight fraction rather than
the nominal loading, ensuring rates reflect the actual Ni content of each catalyst. All catalysts exhibits
substantial low temperature activity with appreciable methane formation rate at 200 °C as seen in Figure
3.8a, this temperature was selected specifically to resolve the particle-size dependence of activity while
keeping conversion low enough to avoid the CO-inhibition and equilibrium-approach effects that can
obscure genuine structure—activity trends at higher conversion. The effect of particle size on performance
could be clearly seen in Figure 3.8b. The selectivity itself seems to be optimized at ceria particle size
of 15 nm while conversion is optimized at 20 nm, with both properties falling off sharply at the largest
particle size (29 nm). Observed qualitatively, it can be inferred at the largest ceria particle size, there
may be a different pathway preference. Conversion itself is noted to be heavily dependent on surface
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oxygen vacancy on one part, as it determines the activation energy of C-O bond cleavage [15,52,76]. The
XPS data on Ce** / Ce*™ is consistent with the conversion optimum. On the other part, Ni dispersion is
proposed to govern the subsequent methanation step, affecting selectivity [3]. Because both properties are
simultaneously reshaped by changing CeO- particle size, which alters oxygen vacancy density, dispersion,
and pore structure together, this is interpreted as a manifestation of ceria-mediated metal-support
interaction (MSI), the origin of which is interrogated directly via a calcination-temperature control series
in Section 3.2.1 [57].
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Figure 3.7: CHy specific activity of Ni/CeO, with different CeO particle sizes.
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Figure 3.8: Reaction performance of Ni/CeOq with different CeOy particle size at 200 °C.

To identify which catalyst property best predicts activity, mass-normalized CH, formation rate was
regressed against various properties of Ni-CeOy (Figure 3.9): CO chemisorbed, surface Ni sites, Hp
consumed (TPR), BET surface area, and calculated Ni-CeOs interfacial site density B.6. CO chemisorbed
and surface Ni sites are, by construction, linear transforms of the same chemisorption measurement and
unsurprisingly return identical fits (R? = 0.916). Ni-CeO, interfacial sites, calculated from this same
dispersion data, return a marginally higher R? of 0.945 consistent with, though not decisively distinct from,
the chemisorption-derived metrics, given that all three descend from a single underlying measurement of
Ni dispersion. The more informative comparisons are the two metrics that are not derived from surface
Ni chemisorption: total Hy consumption from TPR (R? = 0.517), which captures bulk in addition to
surface reduction, and BET surface area (R? = -0.028), which reflects total textural area rather than
accessible Ni. The near-total absence of correlation with BET area indicates that gross textural surface
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area is not what governs activity, while the markedly weaker Ho-TPR. correlation suggests that bulk
reducibility is a poorer predictor than surface-specific Ni accessibility. Together, these two independent
negative/weak controls support the conclusion that activity is shown to be affected specifically by accessi-
ble surface Ni, rather than by the catalyst’s overall porosity or by Ni that remains reducible but subsurface.

To test whether the Ni-CeQO- interface specifically, rather than surface Ni generally, is required for activity,
a comparison sample of Ni/SiOy (Ni = 4 nm, comparable particle size, courtesy of M. Verstraten) was
included in Figure 3.10. This sample, lacking a ceria interface, provides an approximate zero-interfacial-
site data point. Including it actually increases the already strong correlation to R? = 0.982, and more
importantly, the Ni/SiO sample still exhibits nonzero methanation activity. This indicates that Ni retains
baseline catalytic activity independent of any ceria interface, and that the Ni-CeQO; interfacial site is better
interpreted as an additive, rate-enhancing contribution on top of this intrinsic Ni activity, rather than as an
absolute prerequisite for methanation, consistent with prior work identifying the metal-support interfacial
region as an important but not exclusive contributor to CO5 methanation activity on Ni/CeOs [70,77,78].
The reaction testing for Ni/SiO; was carried out at the same temperature (T = 200 °C) and same
H,/CO; ratio but with more catalyst and less dilution (50 mg catalyst and 100 mg SiC). It is still
comparable as it is normalized by Ni weight (3.24%) of the catalyst but there may be an effect of local
heating (hot spot) as there is more catalyst being used in an exothermic reaction, creating a higher
apparent normalized activity at the same set temperature [79]. To provide a stronger support for the
interfacial-site postulation, site analysis across different morphological variations is explored in Section 3.2.2.
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Figure 3.9: Active site postulation by linear regression of catalyst characteristics, (a) CO chemisorbed
and Ni sites, (b) Ni-CeOs interfacial sites, (c) Hy consumed, and (d) surface area.
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Figure 3.10: Active site postulation by linear regression of CeOs interfacial sites with inclusion of

Ni/SiO,.

Normalizing catalytic activity by catalyst mass and by surface Ni obtained from CO chemisorption yields
two complementary views of the particle-size dependence of CO2 methanation at 200 °C (Figures 3.11 and
3.12). The mass-normalized rates of both COy consumption and CH,4 formation exhibit a clear, coincident
optimum between 15 and 20 nm CeQs, mirroring the non-monotonic Ni dispersion trend (Figure 3.4).
This correspondence follows directly from the relationship rcg, = TOF x (M,,)~! x D, where D is the
fraction of surface-exposed Ni.

Turnover frequency for COy conversion normalized by total surface Ni (Figure 3.12) shows a modest
maximum at 20 nm (0.0153 s~!), a ~17% spread relative to the 9 nm value (0.0131 s™1) across the
9-23 nm window, before declining to 0.0104 s—! at 29 nm. This indicates that the structure sensitivity
apparent when TOF is normalized by total surface Ni is a site-counting artifact, rather than reflecting
a change in per-site reactivity across 9-23 nm it appears to reflect how the surface Ni fraction residing
specifically at the Ni-CeO. interface (as opposed to total exposed Ni) varies with particle size, tracking
the same synthesis-driven dispersion trend. CO formation follows a related pattern: it remains low and
relatively flat across 9-23 nm under both normalizations, but shows the same qualitative break at 29 nm
seen for CO5 and CHy (rising from 0.004-0.019 s=! across 9-23 nm to 0.050 s~! at 29 nm under interfacial
normalization), suggesting the 29 nm anomaly reflects a coherent shift in reaction character affecting all
three products rather than a change confined to the methanation-selectivity step alone.
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Figure 3.11: Normalized activity by Ni mass vs CeO, particle size.
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Figure 3.12: TOF normalized by surface Ni vs CeOs particle size.

The apparent activation energies of the catalysts calcined at 400 °C in the range of 185-200 °C itself
have been observed to not vary markedly in respect to the particle size (9-29 nm of Ceria), resulting in
76-79 kJ/mol in Ni/CeO2-O as in Figure 3.13. The small variation in the apparent activation energies is
contributed to the effect of nickel-ceria interface, as a resulting effect of CeO particle size [75]. The effect
of different calcination temperature contributing to different apparent energy variations across similar
CeO., particle size is explored in the next section (3.2.1)
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Figure 3.13: Particle size effect of Ni/CeO2-O on kinetics and apparent activation energy from 185—
200 °C under 20 vol% Hs, 5 vol% COs, and 75 vol% He at a total flow rate of 50 mL min—!; pre-reduction
at 300 °C for 4 h under a flow of 20 vol% H, in He (5 °C min~1!).

The formate intermediate was able to be identified in the switching of gas concentration in the FTIR
for all catalysts in Figures Figures B.12 to B.16. Different CO adsorption mechanisms are observed as
linear (2045 cm™!) , bridged CO (1920 cm™!) and hollow CO (1850 cm™!) on Ni, consistent with previous
assumptions for CO chemisorption [57]. The C=0 stretching modes of bidentate carbonates (1750 cm™?)
and asymmetric stretching of O-C-O (1585 cm™!) of the bidentate formate on CeOs can be observed [57,80].
The intensity of the peak were normalized between catalysts variation according to mass and signal response.

Under the CO2+Hs—Hs switch, in which COs is removed from the feed while H; is retained, the formate
(HCOO*) band decreased over the 0—4 min window, alongside a corresponding decrease in the adsorbed
CO band observed in Figure B.17. Because no external carbon source is available to the catalyst under
CO2-free conditions, this decline reflects consumption of the pre-existing surface carbon pool rather than
replenishment followed by turnover. This behavior, together with the responsiveness of the formate signal
to Hy availability observed in the CO;+Hs—CO5 and CO2—COs+Hs switches, supports the assignment
of formate as a genuine, kinetically relevant surface intermediate rather than a spectator species. Formate
concentration consistently tracks Hy availability and is depleted under conditions where hydrogenation is
favored and no further CO3 activation can occur to sustain it [81,82]. We therefore consider the present
data sufficient to support formate as one of the reactive surface intermediate under CO5 methanation
conditions on Ni/CeOs2. We do not, however, use this switch to draw conclusions regarding the rate or
extent of CHy formation during this window, as quantitative gas-phase analysis (e.g., online MS or GC)
was not available to independently verify the methanation output corresponding to this surface transient.

We also could not confirm directly the existence of the subsequent CO, — HCOO* — CO* — CH,
pathway which is proposed and validated for reducible supported catalysts in COy methanation [52,54].
This is due to the fact we could not isolate the contribution of COy — CO* in the reaction. A finer grid
for a more controlled reaction is needed using SSITKA and isotope switching.

3.2 | Synthesis Parameter Tuning

3.2.1 | Calcination Temperature Tuning
3.2.1.1 | Characterization

This calcination temperature series provides a second, independent test of the MSI-reducibility relationship
proposed in Section 3.1 for the particle-size series, here keeping CeO, size approximately fixed while
varying calcination temperature. The resulting crystalline properties of the catalysts calcined at 350 °C
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were obtained as in Table 3.7 and Figure 3.14. It is noted that the Ni particle size for Ni/Ce02-9-0-350 and
Ni/Ce02-17-0-350 was not able to be fitted as the peak was far too small and blended with the background
noise as written in Table B.2. The aforementioned pore collapse and subsequent coalescence could be
absent at this lower temperature, although this idea needs to be proven through textural properties study
post calcination, the extremely small particle size indicates the lack of large Ni particles as its consequence.
This may indicate the absence of Ni particle size minimum at Ni/Ce02-20-0-350, a different pattern than
partcle size tuning at calcination temperature of 400 °C.

Table 3.7: XRD particle size of CeOs and Ni for Ni/CeO4 catalysts calcined at Tac = 350 °C.

Catalyst Particle Size CeO; (nm) Particle Size Ni (nm)
Ni/Ce02-9-0-350 9.3 —
Ni/Ce02-17-0-350 16.6 —
Ni/Ce02-20-0-350 20.4 5.4
Ni/Ce02-30-0-350 29.9 10.5
] S g g o
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Figure 3.14: XRD of Ni/CeO2-O particle size variation at calcination temperature of 350 °C.

The calcination temperature heavily affects the reduction degree of Ni at 20 nm particle size of CeO,
shown in Table 3.8 and B.10. In addition to lower metallic Ni0 fraction post-reduction (15.3% vs. 25.8%),
observing Table 3.7, the lower calcination temperature (350 °C) also corresponds to a larger Ni crystallite
size (5.4 nm vs. the 4.8 nm value at 400 °C calcination). One interpretation is that weaker Ni-CeOq
interaction at lower calcination temperature permits greater Ni at larger support sizes, and the resulting
lower metallic fraction reflects either a genuinely higher reduction temperature for the larger particles or
simply less complete reduction under the fixed 300 °C/4h treatment used here [83]. It is noted that the
direction of this size-reducibility relationship is not consistent across the literature, Ru and Rh size series
report the opposite trend (larger metal particles reducing more easily) [75,84], while Ni-loading series
on fixed supports report the same direction observed here (larger Ni, higher reduction temperature) [83].
This metal-dependence, rather than a universal MSI rule, is the most likely explanation for the difference.

Assuming bare CeOs’s own reduction capability does not vary between 350 and 400 °C, untested here,
and the same open question flagged for particle size in Section 3.1, the observed Ce®" / Ce*™ difference is
consistent with a calcination-temperature-dependent, Ni-mediated spillover effect, though a contribution
from the bare support’s own temperature-dependent reducibility cannot be excluded. However, this link
should be treated as a hypothesis rather than an established mechanism: Hao et al. report a Ni particle-
size series where reduction-peak temperature shifts substantially (546—574 K) while an independently
measured spillover-linked excess-Hj signal remains essentially flat, indicating that a shift in reduction
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temperature does not necessarily track a proportional shift in spillover [83]. Confirming the proposed link
here would benefit from a spillover-specific measurement (Hy-TPR, concurring with particle size tuning)
rather than inferring it solely from the reduction-peak shift.

Table 3.8: Effect of calcination temperature on Ni/Ce02-20-O: XPS comparison (post-reduction).

Ce 3d Region
Calcination T (°C) Ce3t (%) Ce*t (%) Ce3t/Ce*t
350 28.3 T1.7 0.395
400 33.6 66.4 0.506

Ni 2p Region
Calcination T (°C) Ni® (%) NiO bulk (%) Ni>*—CeO, (%) Ni’/NiO
350 15.3 64.6 28.2 0.24
400 25.8 27.1 42.7 0.95

3.2.1.2 | Catalytic Performance

In a different calcination temperature, the trend of methane formation activity in the range of 350-400 °C
stays the same with ceria at 20 nm as the optimum as seen in Figure 3.15. However, when looking at CO4
consumption in Figure 3.16a, Ni/Ce02-9-350 is actually the most active, even showing an almost linear
relationship of activity against particle size. Observing Figure 3.16b, The selectivity towards CO has
substantially increased at 9 nm with the decrease of calcination temperature. The 20 nm ceria support
maintains its optimum point, as moderate metal-support interaction appears to optimize intermediate
binding energies to maximize methane turnover, while avoiding agglomeration which occurs at 30 nm
supports (large Ni particles) and ultra dispersion of Ni (high CO selectivity) at lower size supports,
which is discussed more in detail in Section 4.2. The global suppression of the CO5 consumption rate
(rco,) for the entire 350 °C calcination series relative to the 400 °C counterparts indicates a lower
intrinsic quality and density of active metal-support interfacial sites. This highlights the importance
of MSI not only as a support particle size sensitive property, but also as a temperature tunable property [85].
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Figure 3.15: CeO. particle size effect of Ni/CeO3-O on CHy specific activity at calcination temperature
of 350 °C.
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Figure 3.16: Particle size effect of Ni/CeO,-0-350 on catalytic performance at 200 °C.

Observing the activation energy, it rises from 83 kJ/mol at 9 nm, to 93 kJ/mol at both 17 nm and 20 nm,
and increasing to 111 kJ/mol at 30 nm (Figure 3.17. The inverse relationship between activation energy
and CO5 consumption is a classic Arrhenius relationship of lower apparent barrier and higher overall
conversion rate. However, this does not apply to methane formation, again indicating that the initial COq
activation step (reflected in total rCOy) is not limited by CeO, particle size, but the efficiency of “CO
hydrogenation to CH, is. The 30 nm sample is the exception to this otherwise clean separation, it is the
weakest performer overall and carries the highest Ea of the series. This suggests that at this particle size,
unlike within the 9-20 nm window, a different mechanism and relationship could be observed. Further
experimental standing through CO chemisorption and XPS may be required.
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Figure 3.17: Particle size effect of Ni/CeO2-0-350 on kinetics and apparent activation energy from
180-200 °C under 20 vol% Ha, 5 vol% CO,, and 75 vol% He at a total flow rate of 50 mL min~!;
pre-reduction at 300 °C for 4 h under a flow of 20 vol% Hs in He (5 °C min~1).

3.2.2 | Morphology tuning

The primary objective of this subchapter is to isolate the role of support surface-to-volume ratio, specifically
comparing flame-spray-pyrolysis (FSP) derived octahedral ({111} domains), hydrothermally aged cubic
({100} planes), and directly calcined spherical nanoparticles, at fixed incipient wetness impregnation
(IWI) parameters and comparable surface-to-volume metrics. XRD measures the coherent scattering
domain length perpendicular to the diffracting plane, in this case the (111) plane of CeOs. This quantity,
DxRrp, is therefore not directly equivalent to the diameter of a sphere, the edge length of a cube, or the
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edge length of an octahedron [35,86]. Sample labels (9-O, 15-C, 9-S) reflect the nominal Dxpp(111)
size targeted during synthesis; because this quantity is not directly comparable across particle shapes
(Eq. 3.1), Table 3.9 converts each to the shape-appropriate Sauter mean diameter dsz, confirming the
three samples are size-matched (8.7-9 nm) on this surface-area-weighted basis. Turnover frequencies below
are normalized independently, using surface Ni determined by CO chemisorption [34].

Dxrp 7é Dsph 7é Qcub 7é Qoct (31)

Table 3.9: Geometric conversion of the XRD (111) coherent domain size Dxgp to the Sauter mean
diameter for three idealised particle morphologies, illustrated for Dxgrp(111) ~ 9-15 nm [34, 35].

Parameter Octahedron  Cube  Sphere
Dxgrp(111) (nm) 9 15 9
Conversion factor a( 2/ 3) a(\/g) D
Edge / diameter (nm) a=12.25 a=866 d=9
Volume (\/5 / 3) ad a® (m/6) d®
Surface area 3.464 a? 6a? nd?
Sauter diameter (nm) 9 8.66 9

3.2.2.1 | Characterization

Properties related to crystallite and particle size of the catalyst are summarized as in Table 3.10. In
Figure 3.18, the spectra for each variation can be seen with peak fittings as in Table B.3. The large
discrepancy in chemisorption and XRD data of Ni for cubic (Dxgp » Dcopem:) and spherical (Dxgp
< D¢hemi) morphologies indicate a different crystallinity behaviour of Ni on each morphology which
caused the overall particle size to not be reliable. Therefore for particle size (irrespective of crystallinity)
determination of Ni/CeO; at different morphologies, chemisorption would be most reliable.

Table 3.10: Summary of CeOy and Ni characterization data for the Ni/CeOs morphology tuning series
(nominal Ni wt% used).

CeO; Properties Ni Properties
Catalyst Dsp (nm) Dxgrp (nm) Dxgrp (nm) Dchemi (nm) Dispersion (%)
Ni/Ce02-9-O 9.0 94 5.3 44 22
Ni/Ce02-15-C 8.7 15.3 29.5 7.1 14
Ni/Ce02-9-S 9.0 8.7 — 5.4 18
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Figure 3.18: XRD of Ni/CeO2-O morphology variation.

It can be noted that the dispersion of Ni itself is not equal across different morphologies at the same
volume-to-surface-area ratio as in Figure 3.19 and tabulated in Table B.7. The chemisorbed CO is
calculated over nominal Ni weight (10%) with individual CO chemisorption behaviour and measurements
are displayed in Figure B.6. The distinct variations in dispersion are corroborated by the unique Hj
temperature-programmed reduction (Hy-TPR) profile observed for each morphology as in Figure 3.20,
this behavior is indication of facet-controlled reduction process. Theoretically, bare CeOs surface energies
show a stability trend of octahedral > spherical (mixed facet) > cubes and corresponding reducibility
should follow the reverse trend [87]. However, the impregnation of transition metals is known to result in
a reversed reduction behaviour [55].
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Figure 3.19: CO chemisorption results of Ni/CeOy morphology variation.
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Figure 3.20: Hy-TPR of Ni/CeO2 morphology variation, pretreated at 300 .

Bare ceria support textural properties of catalysts with different morphologies of ceria is summarized
in Table 3.11. The bare pore volume and surface area seems to track with the dispersion. This allows
for an understanding that pore properties, translates to Ni anchoring during impregnation and therefore
interfacial site population, rather than morphology (octahedral, cubic, spherical) acting as an independent
driver on its own, more so that variation in morphology causing the variation in pore volume [88]. However,
more data post calcination is needed since morphology and synthesis-route-dependent texture vary together
across this catalyst series The XPS properties of each catalyst as-prepared are tabulated in Figure 3.12.
Ni/Ce02-9-S exhibits the highest initial reduced Ce concentration and largest highly bound and oxidized
Ni-CeOg concentration. It would be interesting to explore the properties after reduction and how it changes.

Table 3.11: Texture properties of CeO2 supports of morphology variation.

CeO; supports

Catalyst BET Surface Area (m?/g) Pore Volume (cm?®/g) Pore Diameter (A)

Ce02-9-0 150.83 0.563 149.342
Ce0,-15-C 62.24 0.248 159.232
Ce02-9-5 87.94 0.186 84.479

Table 3.12: XPS summary of Ni/CeO, catalysts for samples 9-O, 15-C, and 9-S (unreduced/as-prepared
state).

Sample Ce3t (%) Ce't (%) Ce3t/Cet
.90 9.0 91.0 0.099
Ce 3d Region . 9.5 90.5 0.105
9-S 14.2 85.8 0.166

Sample Ni’ (%) NiO bulk (%) Ni’*—CeO, (%) Ni’/NiO

. .90 3.9 148 513 0.09
Ni 2p Region . 3.7 5.4 40.9 0.07
9-S 0.5 37.1 62.5 0.01
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3.2.2.2 | Catalytic Performance

Catalytic performance of the three morphologies is shown in Figure 3.21. It can be observed that Ni/CeOQ2-
9-O has the highest activity and methane formation rate, followed by Ni/Ce02-9-S and Ni/Ce02-15-C. The
apparent activation energies are compiled as in 3.22. The apparent activation energies for the octahedral
and spherical catalysts are nearly identical (78 and 77 kJ/mol, respectively), whereas the cubic catalyst
shows a substantially higher barrier (94 kJ/mol). This is consistent with the cubic sample’s anomalous
behavior in the XRD/chemisorption particle-size discrepancy and its position as the performance, this
suggests the cube-morphology catalyst may be operating under a genuinely different kinetic regime rather
than simply a less-active version of the same mechanism. Within the dual-pathway framework established
in Section 4.1, a higher apparent activation energy on the cubic sample would be consistent with more
single-pathway-limited kinetics, paralleling the elevated activation energy Lou et al. report at particle-size
extremes relative to their optimal intermediate-size catalyst [89].
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Figure 3.21: Reaction performance of Ni/CeO2 with different CeO2 morphology.
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Figure 3.22: Morphology effect of Ni/CeO2 on kinetics and apparent activation energy from 185-200 °C
under 20 vol% Hy, 5 vol% COg, and 75 vol% He at a total flow rate of 50 mL min~—!; pre-reduction at
300 °C for 4 h under a flow of 20 vol% Hy in He (5 °C min™!).

The high correlation with interfacial area is followed by CO chemisorbed and Nickel amount as in Figure
3.23, the same relationship but with an even higher correlation (R? = 0.982 and R? = 0.947 respectively).

Page 30



BHyseT Tuning CeO; Particle Size in Ni/CeOy for COy Methanation

What is unique is that it also has a high correlation with its bare support area. This high correlation
with the bare support surface area (R? = 0.972) provides a mechanistic link as summarized previously
in Table 3.11, the geometric morphology directly dictates the initial textural properties of the ceria. A
higher baseline support surface area (e.g. in the octahedral Ce02-9-O) inherently optimizes the structural
landscape for Ni anchoring and dispersion during impregnation. Consequently, this maximizes the density
of highly active interfacial zones. This strong, multi-variable convergence supports the conclusion that
while morphology modulates the underlying textural architecture, the prominent apparent driver of the
CO- methanation rate is the resulting population of interfacial sites, providing support for the active site
postulation established in Section 3.1.

@ 2.0E-5

mOIsite

~, 1.5E-51

Nni (MOlg;e/9)

NNi-ce0

1.0E-54
R2=0.947 R?=0.982

CO chemisorbed (mmol/g) or

T ¥ T ¥ ' T B T
100 150 100 150
Fon, (MMOlgy /gyih) Fen, (MMOlgy /gyih)

60 {®" R2=0.972

T ¥ T
100 150
Fon, (MMOlgy /gyih)

Figure 3.23: Active site determination by linear regression of catalyst characteristics, (a) CO chemisorbed
and Ni sites, (b) Ni-CeO- interfacial sites, and (c) Bare support surface area (nominal Ni wt% used).

To complement mass-normalized activity (Figure 3.25) the surface-Ni-normalized TOF (Figure 3.24)
was also calculated, both using nominal Ni wt% loading. Both metrics show the same qualitative
pattern: Ni/Ce02-9-O highest, Ni/Ce02-15-C lowest, and Ni/Ce02-9-S intermediate. Because nomi-
nal loading was used, these mass-normalized values should be treated as approximate, any deviation
between nominal and actual Ni content would shift these numbers without necessarily changing their
relative ranking across the three morphologies. This indicates that while the effect of CeO2 particle size
may induce a slight oxygen vacancy change due to slight exposed facet variance, in a complete morphol-
ogy change where the facet completely changes, the effect is amplified. This is explored more in Section 4.2.
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Figure 3.24: Normalized activity by Ni mass vs CeO2 morphology variation.
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Figure 3.25: TOF normalized by surface Ni vs CeOs morphology variation.
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4 | Mechanistic Insights and Metal-Support Interactions

4.1 | Catalytic Mechanism and Nature of the Active Site

Across the CeOs particle-size series (9-29 nm), the effect of support size on catalytic performance is best
understood as indirect and synthesis-mediated rather than intrinsic to the ceria crystallites themselves.
Mass-normalized CO5 and CH,4 formation rates both show a clear optimum near 15-20 nm, but this tracks
Ni dispersion (also peaking in the same window) rather than reflecting a change in per-site chemistry. The
calcination-temperature control experiment (350 vs. 400 °C, CeOs size held fixed) provides supporting
data, the non-monotonic Ni-size trend specific to 400 °C collapses into a monotonic one at 350 °C, showing
the ”optimum” is a thermally-activated synthesis artifact (pore-mouth collapse on fine-pored, high-surface-
area supports, competing with insufficient nucleation sites on coarse, low-surface-area ones) rather than
a property that would persist if the ceria crystallites’ intrinsic redox/electronic character were what
mattered. This is consistent with ceria being disproportionately prone to redox/vacancy-mediated surface
mobility at mild temperatures compared to more thermally robust oxide supports — sintering-related
deactivation in CuO—-CeO2/SiO5 systems, for instance, is reported to require calcination temperatures of
600 °C and above, with the effect specifically attributed to ceria particle migration rather than the silica
component [90] , while v-AlyO3’s major structural/pore degradation is generally not seen until 800-1100 °C.

Turnover frequency for CO2 conversion normalized by total surface Ni is not perfectly constant across
this series, showing a modest maximum at 20 nm before declining at 29 nm. The regression of interfacial
site density against mass-normalized CH, formation rate (Figure 3.9 and 3.23) provides the most direct
evidence that Ni-CeO- interfacial sites, rather than total surface Ni, are the primary kinetically relevant
population in this system. The relationship is strongly linear (R? = 0.982) across the full particle-size
series, and extrapolates through a near-zero, non-negative intercept represented by the Ni/SiOs control
sample, which possesses no Ni-CeQO; interface and correspondingly shows the lowest CH4 formation rate
in the dataset while still retaining measurable baseline activity. This is consistent with Ni itself carrying
some intrinsic methanation activity independent of any oxide interface, with the ceria interface acting as
an additive rate enhancement whose magnitude scales directly with interfacial site count. Therefore, the
true structure-insensitive kinetic unit in this system appears to be the Ni-CeQO; interfacial site specifically,
which is the sub-population of surface Ni actually in contact with the support.

Taken together, this characterization dataset splits into properties that are essentially insensitive to CeO25
particle size and properties that are clearly sensitive to it. The apparent activation energy across 9-23 nm,
and the strong correlation between interfacial site density and methane formation rate, both fall into the
size-insensitive category, consistent with a dominant (interfacial) active site whose fundamental character
does not change substantially across this window. Ni dispersion, particle size itself, reducibility (Ni0/NiO
ratio), pore structure, and the interfacial fraction of surface Ni all fall into the size-sensitive category, and
are governed principally by how much Ni disperses, and how it partitions between interfacial and terrace
environments, during synthesis. What this work refines, however, is which population the ”insensitive’
label actually describes: it is the interfacial Ni sub-population specifically that behaves consistently, not
surface Ni as a whole — a distinction only visible once interfacial site density is regressed separately from
total surface Ni. CeO particle size therefore matters primarily through how it constrains Ni nucleation, dis-
persion, and interfacial contact during the citrate-assisted impregnation and calcination protocol used here.

)

Figure 4.1 presents this proposed mechanism at the level of individual surface species, distinguishing
connections confirmed directly by FTIR evidence (solid arrows) from those proposed but not yet inde-
pendently verified (dashed arrows), most notably the direct CO; — “CO route bypassing HCOO*, and
the possibility that CeOs-remote formate can, over longer timescales, still feed back into the productive
cycle. This work could not directly isolate CO dissociation as a discrete step, though Wang et al. and
Struijs et al. established this two-step pathway in related systems [29,52]. The pathways in comparison
are depicted in Figure 4.2.

Page 33



TU/e BHyseT Tuning CeO; Particle Size in Ni/CeOy for COy Methanation
H
’ HO
CHs cCO l CO,
=
CO‘ _____ I HCOO HCOO
A |
Ni / R |
CGOz
Figure 4.1: CH4 mechanism on Ni/CeO2 adapted from [29].
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Figure 4.2: Literature pathway and proposed pathway.

4.2 | Electronic Tuning and Interfacial Thermodynamics: Literature Review

Within the d-band model of surface reactivity, the electronic structure of a transition metal surface,
specifically the position of its d-band centroid relative to the Fermi level, governs adsorbate binding
strength and, by extension, activation barriers for bond-making and bond-breaking steps [91,92]. For a
supported nanoparticle in direct contact with a reducible oxide, however, this picture must be extended
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beyond simple coordination-driven band narrowing. At a Ni-CeQO; interface, Ni atoms in direct bonding
contact with the support can donate electron density into the empty Ce 4f band, oxidizing surface Ni and
reducing adjacent Ce** to Ce3t. Mao et al. directly quantified this process by single-crystal adsorption
calorimetry and DFT for Ni on CeO3(111), finding that the charge transferred per Ni atom is largest for
the smallest clusters and decreases sharply as cluster size increases, that this charge is localized specifically
to the Ni and Ce atoms in the atomic layers closest to the interface, and that Ce 3d XPS directly tracks
the resulting increase in Ce®* /Ce** ratio with Ni coverage [93].

This size-dependent charge-transfer trend is the same qualitative shape as ACe®* measured across the
present particle-size series (+16.4%, +7.4%, and —5.2% at 9, 20, and 29 nm; Table 3.6), and offers an
atomic-level account of it. The transferred charge is localized to interfacial atoms rather than distributed
across the whole particle: the total electron donation observed by bulk XPS scales with the fraction of
total Ni residing at the Ni-CeOs interface, which is itself set by the same particle-size-dependent dispersion
trend already established via the textural pathway (Section 4.1). Under this framing, the redox pathway
is not an independent size effect competing with the textural one, but a direct electronic consequence of
it: smaller CeQO5 particles, by promoting higher Ni dispersion, mechanically expose a larger fraction of
total Ni to the interface, and it is this larger interfacial fraction, not a change in the intrinsic electronic
character of a single Ni atom, that has been shown to manifest in a larger bulk-averaged ACe3* signal
and a correspondingly lower Ni° yield upon reduction (7.1% at 9 nm).

This interfacial-localization picture also offers a concrete atomic-level account of the apparent activation
energy paradox between the 350 and 400 °C calcination series (Sections 3.1 and 3.2.1). Because charge
transfer is confined to Ni atoms in direct interfacial bonds, its contribution to the observed kinetics should
scale with the fraction of total Ni that remains in this oxidized, interfacially-bonded state, directly reflected
in the Ni%/NiO ratio, which rises from 0.24 to 0.95 between 350 and 400 °C at fixed 20 nm CeO> (Table
3.8). At 350 °C, incomplete reduction leaves a substantial, and strongly size-dependent, fraction of Ni in
the charge-transferred interfacial state, consistent with the activation energy variation observed across
particle size at this calcination temperature (83-111 kJ/mol). At 400 °C, more complete reduction dilutes
this interfacial population relative to bulk-like metallic Ni across all particle sizes tested, consistent with
the near-uniform Ea observed there (76-80 kJ/mol). This is specific to the redox pathway, i.e. it accounts
for why the electronic signature of the interface converges with calcination temperature, but does not
explain the textural (dispersion) optimum at 20 nm, which remains attributable to the synthesis-driven
pore-collapse mechanism.

Particle-size-dependent d-electron redistribution is not always support-mediated: XANES studies of
supported Au show smaller clusters retain more d-electron density through a purely intraparticle effect,
with no measurable dependence on support composition [94]. The clear support-dependence of ACe3* and
Ni®/NiO in the present work indicates the Ni/CeO, system is governed by the interfacial, support-mediated
mechanism rather than this alternative, support-independent pathway. A DFT study comparing Ni as a
surface adsorbate against Ni as a lattice substituent on CeO2(110)/(100) shows these to be electronically
distinct cases: a Ni adsorbate, the relevant geometry here raises the energy required to form an additional
oxygen vacancy relative to bare ceria [95]. This indicates the ACe3* signal reported throughout this
thesis is better attributed to direct electronic charge transfer through existing interfacial bonds (as in [93])
rather than to Ni catalyzing the formation of new lattice vacancies, and the term spillover is used loosely
in this sense rather than implying literal oxygen removal.

Figure 4.3 visualizes an attempt to close the loop between the redox and textural frameworks. Each
arrow feeding into Fermi-level alignment corresponds to one of the three variables explored in this work:
the particle size sets the interfacial fraction, calcination temperature sets what fraction of that interface
remains in the charge-transferred state, and morphology sets the facet-dependent magnitude of transfer
per interfacial atom. The diagram’s two outcome boxes map accordingly the textural and redox pathways,
with each of the three tuning studies contributing as an apparent effect.
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Figure 4.3: Overall surface chemistry apparent variables analysis and summary on catalyst synthesis.
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5 | Performance and Use-case Analysis

How is this research relevant from an industrial point of view? This research analyzes the possibility of
catalyst optimization through ceria particle size tuning. It also explores how different synthesis method
and temperature would impact its performance and physical-chemical characteristics. In Figure 5.1, the
results of this work has been added and can be seen in comparison to other published works. Results
from this work are highlighted in bright colors and cross-hatched patterns. Using the performance of
Ni/Ce02-20-O (bright green cross-hatched triangle) as a benchmark due to its best performance among
the size tuned catalysts, it is competitive with other catalysts in terms of reaction rate of COs.
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Figure 5.1: CO; methanation Ni and Co based metal-support variation summary compared with this
work.

If we focus on low-temperature methanation, specifically 200 °C (Figure 5.2, the catalyst’s competitiveness
shines even further. It is understood from the work of Evtushkova et al., using a lower loading of Ni could
obtain a better performance, and the tested 20 and 30 mol% loading also produced similar results to
Ni/Ce02-20-O with 10-wt% (equivalent to 24.57-mol%) [2]. However, the main focus of this work is to
understand the ceria particle size effect, and higher loading is deemed to be better for XRD visibility.
Future works may further optimize the loading to provide an even better performing catalyst.

For a use-case of a high-turndown, electrically heated honeycomb reactor for surplus green Hy and
captured CO2 needs a catalyst that stays kinetically active across a swinging temperature window,
tolerates the thermal excursions inherent to a strongly exothermic reaction, and makes efficient use of
its Ni loading. Ni/CeO2-20-O has supporting data on all three fronts, and each compares favorably
with published benchmarks for this catalyst class. Ni/CeO2-20-O shows an apparent activation energy
of 76 kJ/mol over 185-200 °C. A kinetic study of an 8.5% Ni/CeO; catalyst reported 103.9 kJ/mol
and placed the broader Ni/CeQOy literature range near 53.5-113 kJ/mol, with Ni/Al,Os-type catalysts
around 75-118 kJ/mol [96]. A kaolin-supported Ni-Ce study reported 55.1-116.8 kJ/mol depending
on synthesis route, citing comparable Ni/CeO2 values of 94.9-106.0 kJ/mol [97], while a DFT /kinetic
Monte Carlo study attributed unusually low apparent activation energies (roughly 41-54 kJ/mol) to
a high density of interfacial oxygen vacancies [98]. 76 kJ/mol falls centrally in this spread, toward its
lower half. That is operationally meaningful: a lower activation energy means the rate is less sensitive to
temperature, so during turndown-driven cooling this catalyst should retain a larger fraction of its activity
than higher-activation-energy Ni/CeO or Ni/AlyO3 formulations.

Ni dispersion of 27% is high for an impregnated Ni/CeOs system, and is consistent with the known
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Figure 5.2: CO; methanation metal-support variation summary compared with this work.

mechanism behind this support’s performance. Higher dispersion also means more of the Ni inventory is
active surface rather than buried bulk metal, which improves cost-per-active-site when scaling washcoat
loading. Honeycomb methanation is an established architecture for converting electrolytic H, and CO4
into SNG with good heat management and load flexibility, already scaled from lab to MW-scale in the
Store&Go project [99-101]. Reported pilots maintain a ~250 °C floor and must meet grid-injection
specifications such as >96 vol% CHy4 [102]. The combination of lower temperature sensitivity and high
site utilization maps directly onto what these reactors need.

Nickel methanation catalysts are known to deactivate via sintering and carbon deposition under prolonged
exothermic operation [103]. The credible next step is to do a long stability test of 500-1000 h and
adding thermal cycling, following protocols like the seven-cycle heating-cooling tests used to validate
structured Ni/ceria catalysts [104]. If this catalyst were to be used for this specific use case, other
tests are also required, such as wash-coat adhesion and thermal-expansion matching to the honeycomb
substrate, a validated GHSV scaling law from lab conditions to reactor-volume-normalized space velocity,
turndown-envelope mapping of CH, purity against the required specifications, and sensitivity to feed
impurities (Oq, water, sulfur) from real electrolytic Ho and captured COy streams [105]. Overall, the results
support advancing Ni/Ce02-20-O to extended stability and washcoat-integration testing for honeycomb
methanation, broader applicability would need reactor-specific validation.
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6 | Conclusion

The characterization data assembled across this thesis separates two structural pathways by which CeO,
particle size governs CO» methanation performance. The first, redox-mediated pathway is reflected specif-
ically in the spillover-linked change in support reduction state, ACe3*, which decreases monotonically
with CeQs particle size (+16.4%, +7.4%, and —5.2% at 9, 20, and 29 nm respectively, Table 3.6) and
tracks mass-normalized COs consumption rate closely at 350 °C calcination (highest at 9 nm, plateauing
at 17-20 nm, collapsing at 30 nm; Section 3.2.1). This pathway governs the initial COy activation step
specifically, not overall product formation: the same 9 nm sample that leads in rco2 is not the leading
catalyst for CH4 formation.

The second, textural pathway operates on Ni dispersion rather than support redox character. Bare-support
pore diameter, and its fractional retention after Ni loading and calcination, decline sharply with decreas-
ing CeQy particle size (44% pore-diameter retention at 9 nm vs. 96% at 29 nm, Table 3.2), driving a
non-monotonic dispersion trend that peaks at 15-20 nm. This pathway governs methanation completion
specifically, mass-normalized CH, formation rate correlates strongly with calculated Ni-CeQO- interfacial
site density (R? = 0.982, extrapolating through the Ni/SiO, reference with no interfacial sites, Section 4.1),
and this correlation, not a redox metric, accounts for the CHy-specific optimum at 20 nm. Under this
framing, the redox pathway is largely a downstream electronic consequence of the textural one, via the
interfacial-fraction link established in Section 4.2, rather than an independent size effect.

Across the 9-23 nm range, the reaction mechanism itself appears unchanged: FTIR identifies the same
formate intermediate and CO adsorption modes on every catalyst (Section 3.1), so the redox/textural
picture above reflects a shift in which step is rate-limiting rather than a change in the pathway itself.
The one hint of a genuine mechanistic departure is at the largest particle size (29-30 nm), where CO
selectivity rises sharply and kinetics break from this pattern (Sections 3.1 and 3.2.1), suggests, but not
independently confirmed as, a different pathway outside this window.

Raising calcination temperature from 350 to 400 °C at fixed 20 nm particle size substantially improves
both Ni reducibility (Ni°/NiO: 0.24 — 0.95) and support reduction state (Ce3*/Ce**: 0.395 — 0.506 as
in Table 3.11). The same temperature increase also converts the Ni-size vs. support-size relationship from
monotonic (at 350 °C) to non-monotonic and 20 nm-optimized (at 400 °C), coinciding with apparent
activation energy shifting from a size affected activation energy (83-111 kJ/mol at 350 °C) to near-flat
across particle size at 400 °C. Bare-support texture (BET area, pore volume) varies substantially across
octahedral, cubic, and spherical CeO2 even at matched Sauter mean diameter (Table 3.10). Ni/CeO2-9-S
shows an elevated Ce3" fraction and Ni2*—CeQ, interaction relative to the octahedral and cubic samples
(Table 3.12), even though all three vary in facet and texture simultaneously.

The optimum catalyst identified in this work, Ni/CeOs supported on 20 nm ceria, was found to be
competitive with literature systems particularly at lower temperatures, achieving 3.93 mmolco, m01§11
h~! at 200 °C and a GHSV of 300,000 ml g} h=! (CO2/Hy/He = 1/4/15), 1 bar.
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7 | Outlook

This thesis is able to act as a valid proof of concept, showing trends supported by existing literature
and underlying surface chemistry theory. Potential synthesis and experimental errors were not quantified
via error bars in this work, trend consistency was instead cross-checked qualitatively across multiple
characterization techniques. To further solidify data credibility and reproducibility, re-synthesis and repeat
testing is essential to be done.

In order to strongly conclude on the postulations raised, more characterizations could be done. Completing
gaps in available data including XPS and CO chemisorption are vital in further grounding the arguments.
In-situ measurement techniques such as isotopic switching, DRIFTS-SSITKA and quasi in-situ XPS or
NAP-XPS could be done to better validate the proposed reaction mechanisms.

Overall the identified optimum ceria particle size and its industrial potential due to its performance at low
temperature is interesting to further develop on, especially for the utilization of electrically heated systems
for Sabatier reaction. It is interesting to analyze the system operating under different concentrations of
Hs and CO2 which could be tailored to future application potential, i.e. biogas upgrading or ammonia
production.
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A | State of the Art

Table A.1: Catalytic performance in CO2 of Co and Ni based catalysts: State of the Art.

Catalyst Hy:CO2 Pt  2co, Treact Activity Ref.
-) (bar) (%) (°C) (molco, mol g, s™")
Ni/Ce02-9-O 4 1 5 200 3.12x10°3 This work

220 757 x 1073
240 174 x 1072
260 3.43 x 1072
280  5.63 x 1072
300 7.35x 1072

Ni/CeQ,-15-O 4 1 5 200 3.63x 1073 This work
225 1.01 x 102
250 2.47 x 1072
275 4.9 x 1072
300 7.22x 1072

Ni/Ce03-20-O 4 1 5 200 3.93x 1073 This work
220 9.77 x 1073
240 221 x 1072
260 4.16 x 1072
280 6.13 x 1072
300 7.37x1072

Ni/Ce03-23-O 4 1 5 200 3.37x1073 This work
225 94 x1073
250 2.37 x 1072
275  4.69 x 1072
300 6.95 x 1072

Ni/Ce0,-29-O 4 1 5 200 1.53x 1073 This work
220 3.85x1073
240 9.5x1073
260 2.07 x 1072
280 3.81 x 1072
300 5.64 x 1072

INiFSP 4 1 15 200 3.72x 1073 2]
225  1.042 x 10~2
250  3.562 x 102
275 7.55 x 1072
300 1.438 x 1071

2.5NiFSP 4 1 15 200 4.1x1073 2]
225 9.45x 1073
250 2.48 x 1072
275  5.61 x 102
300 1.034 x 10!

5NiFSP 4 1 15 200 3.36 x 1073 2]
225 9.18 x 1073
250 2.48 x 1072
275  5.848 x 1072
300 1.08x 107!

10NiFSP 4 1 15 200 4.33x10°3 2]
225  1.302 x 10~2

Continued on next page
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

250 4.5 %1072
275  8.238 x 102
300 1.263 x 107!

20NiFSP 4 1 15 200 3.85x 1073 2]
225  1.278 x 1072
250  4.042 x 102
275  6.646 x 10~2
300 7.7x1072

30NiFSP 4 1 15 200 3.81x1073 2]
225  1.233 x 1072
250  3.453 x 102
275  4.454 x 102
300 4.71 x 1072

10Ni/CeFSP 4 1 15 200 2.55x 1073 [2]
225  6.126 x 1073
250  2.038 x 1072
275  4.271 x 102
300 9.246 x 102

10Ni/CeO 4 1 15 200 3x10°° [2]
225 9x107¢
250 3 x107°

275 5.8x 1075
300 1.04 x 107*

7.4Ni/Ce (10 nm) 4 1 6.5 200 3x10°° [3]
220 83x10°°
260 2.08 x 1074
280 2.11x10°¢
300 2.11 x 104

9.7Ni(Cl1)/Ce (100 nm) 4 1 65 20 0 3]
220 0
260 2 x 1076
280 4 x 1076
300 6x10°°
7.8Ni/Ce 4 1 — 260 9.38x10°% 3]

280 2.204 x 1073
300 2.826 x 1073

0.1wt.%Ni/Ce 4 1 133 290 9.333x 1072 [106]
1wt.%Ni/Ce 4 1 13.3 290 1.461 x 1071 [106]
5wt.%Ni/Ce 4 1 13.3 290 2.464 x 1071 [106]
1.8wt.%Ni/CZ 4 1 3 200 1.907 x 1073 [4]

225  3.362 x 1073
250 6.914 x 1073
275  1.413 x 1072
300 2.377 x 102

1.9wt.%NiQCZ 4 1 3 200 1.062 x 1073 [4]
225 1.49 x 10~3
250 2.868 x 1073
275  6.902 x 1073
300 1.253 x 102

Continued on next page
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

2.4wt.%NiQSi 4 1 3 200 6.55 x 1074 [4]
225 6.71 x 1074
250 7.1x107*
275 244 x 1073
300 5.126 x 1073

3Ni/SiO; 4 1 2.76 252 4.62x 107 [5]
252 5.1x 1074
252  5.58 x 1074
252  6.08 x 1074
252  6.57 x 1074
252 6.9 x 1074
252  7.04 x 104
252 7.4 %1074
227 474 x 1074
252  1.06 x 103
277 2.79 x 1073

5.2Ni/a-TiO2 4 1 19 360 2.32x 1072 [7]

3Ni/TiOy 4 1 5 200 4.83x 107 [8]

225  9.66 x 1074
250  1.81 x 1073
275 3.38 x 1073
300 6.04 x 1073
325 1.1x1072

350  1.86 x 1072
375 257 x 1072
400 2.9 x 1072

20%Ni/Al, 03 3.5 1 222 200 5.33x10°* [9]
250  3.08 x 10~3
300 5.42x 1073
350  5.66 x 1073
400 5.28 x 1073
450  5.08 x 1073
500 4.82 x 1073

10%Ni/Al,O3 3.5 1 222 200 2.32x107°% [9]
250 9.27 x 104
300 6.4x10°3
350 1.02 x 10~2
400 102
450 9.64 x 103
500 9.36 x 1073

Ni30Zr70 4 1 20 150 4.85x 107 [10]
200 4.5 x 107°

Ni40Zr60 4 1 20 150 2x10°° [10]
200 7.06 x 10~°

Ni50Zr50 4 1 20 150 1.62x 1075 [10]
200 1.02 x 10~*

Ni60Zr40 4 1 20 150 8.03x 107 [10]
200 7.18 x 107°

Ni70Zr30 4 1 20 150 8.14x107° [10]

Continued on next page
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

200 3.46 x 10~°

4%Ni/ZrO, 4 1 20 150 2.64x 10~° [10]
200 1.23 x 10~*
14%Ni/CeZrO, 4 1 20 200 1.02x10°° [11]

250  8.36 x 107°
300 1.47x10°°
325 1.5x107°

350 1.71x107°
375 1.77x107°
400 1.75x107°

14%Ni/CeSmO, 4 1 20 150 5.82x 1078 [11]

200 1.16 x 1076
250 8.68 x 1076
300 1.47 x10°°
325 1.55 x 1075
350 1.61 x10°°
375 1.63x10°°
400 1.7 x107°

14%Ni/ZrOo 4 1 20 200 7.61x 1077 [11]
250 9.21 x 106
300 1.47x10°°
325 1.74x10°°
350 1.92 x 1075
375 2.01 x 1075
400 1.99 x 10~°

Ni 4 1 3 227 1.64x10°° [12]
252 5.03 x 10~°
277  1.31x 10~°

3%Ni/Si0y 4 1 3 227 559 x 104 [12]
252 14 x10°3
277  3.15x 1073

3%Ni/Al,03 4 1 3 227 591x10* [12]
252 1.29 x 103
277 2.54 x 10~3

3%Ni/TiOy 4 1 3 227 573x10°* [12]
252 1.44x 1073
277 3.58 x 1073

5%Ni/SiO, 4 1 164 350 1.94x 1072 [13]
5%NiCeZrOy 4 1 164 350 4.2x1072 [13]
5%Ni/CeZrO, 4 1 164 350 3.06 x 1072 [13]
68%Ni/Al;O3 4 1 19 250 3.05x 1073 [14]

300 1.17 x 1072
350 1.38 x 1072

36%Ni/Al2 O3 4 1 19 250 411 x 1073 [14]
300 1.82x 1072
350 2.57 x 1072

Ni/SiO 4 5 10 200 1.25x10°3 [15]
300 8.73x 1073
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

400 1.04 x 107!
400 1.5x1072

6.2%Ni/SiO; 4 1 167 450 5.29x 1073 [6]

5%Ni/MSN 4 1 20 150 0 [16]

200 1.29 x 102
250 3.61 x 1072
260 5.25 x 102
270  7.31 x 1072
300 1.9x 1071

350 2.55 x 1071
400 2.98 x 10!
450 2.98 x 107!

26%Ni/y-Aly 03 — 1 — 200 1.04 x 10°% [17]
200 1.16 x 10
200 1.23x107*
200 1.19x10~*
200 1.24x10°¢
200 1.37x 1074
200 1.4x10°%
230 4.51 x 10
230 5.17x 107*
230 5.59 x 1074
230 6.35x107%
230 6.86 x 10
230 5.99 x 104

Na Ni/SiO, 1 1 1 180 2.78 x 1075 [18]
190 5.56 x 1075
200 9.45x 107°
210 1.56 x 104
220 245 x 1074
230 3.89x10°*
240 5.73x 1074
250 7.73x10°¢
260 9.34 x 104
270  1.02 x 1073
280 1.13x 1073
290 1.2x10°3
300 1.27x1073

Na Ni/CeO, 1 1 1 160 7x1075 [18]

170 1.4 x10~*

180 2.24 x 10~*
190  4.06 x 10~*
200 6.02x10~*
210 1.04x 1073
220 1.68x 1073
230 2.49 x 1073
250 3.18 x 1073
300 3.36x1073

10CoCZ700 4 1 5 200 1.46 x 10~3 [19]
225 3.35x10°3
250 6.22 x 1073
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

275  9.19 x 1073
300 1.13x 1072
325 1.28 x 1072
350 1.37 x 1072

Co/TiOy 4 5 25 250 3.22x 1073 [20]
Co/SiO, 4 5 25 250 1.37x 1073 [20]
Co/SiO; 10nm 6 222 200 5.86x 1074 [21]

250 1.01 x 1071
300 2.75x 107!

Co/SiOz 7Tnm 4 6 22.2 200 1.54 x 1073 [21]
250 8.99 x 1073
300 2.63 x 1072

Co/Si02 3nm 4 6 222 200 14x10°3 [21]
250 6.48 x 1073
300 3.66 x 102

Co/SiO; 4 1 25 200 8.46 x 107° [22]
200 2.49 x 10~4

Co/Pt/Si0, 4 1 25 200 4.53x 104 [22]
200 1.08 x 1073

10%Co/ZrOx 4 30 20 400 1.2x 102 [23]

10%Co/Al,03 4 30 20 400 1.62 x 102 [23]

40%Co/Gd503 4 1 10 210 491 x 1074 [24]

225 6.31 x 104
240 7.58 x 1074
255  8.45 x 104
270 9x107*
285 9.12x10°*
300 9.2x10°*

40%Co/ZrO, 4 1 10 210 3.42x107% [24]
225  4.76 x 1074
240 5.38 x 104
255 5.4 x107*
270  5.55 x 1074
285 5.99 x 104
300 7.02x 1074

40%Co/CeO5 4 1 10 210 3.06 x 10 [24]
225  4.55 x 1074
240 7.04 x 10~*
255  9.01 x 104
270  1.06 x 1073
285 1.14x 1073
300 1.19x10°3

40%Co/ZnO 4 1 10 210 6.15x 1075 [24]
225 1.14x10°*
240 1.78 x 10~
255 247 x 1074
270 342 x107*
285 5.75 x 1074

Continued on next page
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Table A.1 — continued

Catalyst H2:CO2  Piot Zco, Treact Activity Ref.
) (bar) (%) (°C) (molco, molr;ital s7h)

300 7.37x107*

1%Co/y-Al, 03 4 1 3 300 9.07x1074 [25]
325 2.4 x1073
350  4.05 x 1073

0.2%Pt 1%Co/y-Al, 05 4 1 3 300 2.02x1073 [25]
325 4.97 x 1073
350 7.9 x 1073

1%Co/BaZrO3 4 1 3 2715 252x1073 [25]
300  6.01x 1073
325  1.05x 1072
350 1.37 x 1072

0.2%Pt 1%Co/BaZrOs 4 1 3 250 3.06x1073 [25]
275  7.33x 1073
300 118 x 1072
325  1.69 x 1072
350  1.85 x 1072

10%Co/Si02 4 1 10 240  3.11 x 1073 [26]

260 5.6 x 1073

280 9.35 x 1073
300 1.27 x 1072
320 1.57 x 1072
340 1.78 x 102
360 1.94 x 1072
380 2.11 x 1072
400 2.21 x 10~2

30%CoMngs Al 504 4 1 20 200 7.44 x107* [27]
250  4.56 x 1073
300 9.73x1073
350 1.05 x 102
400 1.07 x 1072
450  1.06 x 102
500 1.03 x 102

30%CoAl, 0, 4 1 20 300 2.54x10~* [27]
350 1.78 x 1073
400 6.22 x 1073
450 8.28 x 1073
500 851 x 1073
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B | Characterizations

B.1 | TEM

(a) TEM image 1 (b) TEM image 2

Figure B.1: TEM images of Ni/CeO2-20-O.

(a) TEM image 1 (b) TEM image 2

Figure B.2: TEM images of Ni/CeO2-9-O.

Page 56



TU/e

BHyseT Tuning CeO; Particle Size in Ni/CeOy for COy Methanation

(a) TEM image 1 (b) TEM image 2

Figure B.3: TEM images of Ni/CeO»-15-C.

B.2 | STEM

Scan fov | STEM Mag | Pixel size
4096 | 2.00 ps | 300 kV | 908 nm | 110 kx 221.6 pm | 160 mm

x "ir‘;" &
(a) STEM HAADF image (b) EDX image

Figure B.4: STEM images of Ni/Ce03-20-O.
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Scan fov | STEM Mag | Pixel size | Spot
4096 | 2.00 ps | 300 kV | 1.28 um | 77.9 kx

(a) STEM HAADF image (b) EDX image

Figure B.5: STEM images of Ni/Ce03-10-O.

B.3 | XRD

Table B.1: XRD Scherrer analysis of the CeO5 and Ni phases in Ni/CeO; catalysts: FWHM, 26 peak
position, and crystallite size.

CeO; phase (Lorentz peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method
Ni/Ce02-10-O 0.795 28.583 10.8
Ni/Ce02-20-O 0.436 28.692 19.6
Ni/Ce02-29-O 0.300 28.628 28.5 Lorentz
Ni/CeO2-15-O 0.564 28.662 15.2
Ni/Ce02-23-O 0.381 28.558 22.5

Ni phase (Gauss peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method
Ni/Ce02-29-O 1.116 42.972 8.0

Ni/CeO2-10-O 1.697 42.990 5.3

Ni/Ce02-20-O 1.838 42.374 4.8 Gauss
Ni/Ce02-15-O 1.697 43.344 5.3

Ni/Ce02-23-O 1.345 43.169 6.6
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Table B.2: XRD Scherrer analysis of the CeO2 and Ni phases in Ni/CeOy catalysts calcined at 350 °C:
FWHM, 26 peak position, and crystallite size.

CeO; phase (PsdVoigt2 peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method
Ni/Ce02-9-0-350 0.916 28.701 9.3

Ni/CeO2-17-0-350 0.516 28.573 16.6 .
Ni/Ce02-20-0-350  0.419  28.643 20.4 PsdVoigt2
Ni/Ce02-30-0-350 0.285 28.541 29.9

Ni phase (Gaussian peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method

Ni/Ce02-9-0-350 —2 —=2 —2

Ni/Ce03-17-0-350 —2 —2 —2 Gaussian

Ni/Ce032-20-0-350 1.655 43.481 5.4

Ni/CeO2-30-0-350 0.854 43.253 10.5

2 Ni crystallites too small for reliable XRD analysis; signal-to-noise ratio insufficient for peak
fitting.

Table B.3: XRD Scherrer analysis of the CeO3 and Ni phases in Ni/CeO3 catalysts of varying morphology:
FWHM, 26 peak position, and crystallite size.

CeO; phase (Lorentz peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method
Ni/CeO,-9-O 0.908 28.580 9.4
Ni/CeO,-15-C 0.558 28.539 15.3
Ni/Ce02-20-C 0.428 28.759 20.0 Lorentz
Ni/Ce02-9-S 0.981 28.824 8.7
Ni/Ce05-11-S 0.879 28.706 9.7

Ni phase (Gauss peak fit)

Catalyst FWHM (°) 260 (°) Particle Size (nm) Method
Ni/Ce02-9-O 1.697 42.990 5.3

Ni/Ce0O2-15-C 0.302 43.354 29.5

Ni/Ce02-20-C 0.929 42.926 9.6 Gauss
Ni/Ce02-9-S —2 —* —*

Ni/CeO,-11-S —a —a —a

2 Ni crystallites too small for reliable XRD analysis; signal-to-noise ratio insufficient for
peak fitting.
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B.4 | ICP-OES

Table B.4: ICP-OES results for Ni loading on Ni/CeOs catalysts of varying CeOq particle size.

Sample Nominal Ni (wt%) Nil (wt%) Ni2 (wt%) Ni 3 (wt%) Mean Ni (wt%)
Ni/Ce02-29-O 10 8.54 8.51 8.64 8.56
Ni/Ce02-23-O 10 9.02 8.99 9.07 9.03
Ni/Ce02-20-O 10 10.26 10.24 10.33 10.28
Ni/CeO2-15-O 10 8.94 8.94 9 8.96
Ni/Ce03-9-O 10 9.09 9.08 9.21 9.13

B.5 | CO Chemisorption

Table B.5: CO chemisorption results for the Ni/CeQy particle size series: Ni dispersion, average particle
size, and surface Ni content (My; = 58.09 g/mol). Dispersion uses 1.5:1 assumption for Ni:CO. Values in

parentheses denote one standard deviation.

Catalyst CO chemisorbed (mmolco/g) Dispersion (%) Particle Size (nm) ny; (molyi/g)
(£std) (£std)

Ni/Ce02-29-O 0.143 £ 0.002 15+£0.2 6.6 +0.1 2.15 x 10~*

Ni/Ce02-23-O 0.249 £ 0.004 24+04 4+0.1 3.74 x 1074

Ni/Ce02-20-O 0.311 + 0.004 27+0.3 3.6 4.67 x 10~*

Ni/Ce02-15-O 0.265 £ 0.004 26+0.4 3.7+0.1 3.97 x 1074

Ni/Ce02-9-O 0.250 £+ 0.002 244+0.2 4 3.76 x 1074

Table B.6: Calculated Ni surface site density based on Ni-CeO. interfacial site, assuming hemispherical
Ni particles supported on CeO3 [36,37].

Sample d (nm) nni ¢ Vp P mp © Np d Ly*© Lot Nsite & Nsite 1
(moln;i/g) (cm?®) (8) (molsite /gcat)
Ni/Ce02-29-O 6.6 2.15x 10~% 1.51 x 10~!2 1.35 x 10~'8 6.38 x 1016 20.768 1.33 x 10'® 5.32 x 10'® 8.55 x 10~
Ni/Ce02-23-O 4.0 3.74x 107% 3.32x 10720 2.96 x 10712 3.05 x 1017 12.532 3.82 x 10'® 1.53 x 101° 2.47 x 10~°
Ni/Ce02-20-O 3.6  4.67x107% 2.53 x 10720 2.26 x 10719 4.56 x 1017 11.448 5.22 x 108 2.10 x 10'° 3.37 x 10~°
Ni/CeO2-15-0 3.7 3.97x 1074 2.72x 10720 242 x 10~1° 3.70 x 1017 11.721 4.34 x 10'® 1.74 x 1019 2.80 x 10~°
Ni/Ce02-9-O 40 3.76 x 107% 3.39x 10720 3.02 x 10~!° 3.02 x 10'7 12.617 3.81 x 10'® 1.53 x 1019 2.46 x 10~°

@ Molar Ni content per gram of catalyst, nyj, from CO chemisorption.

b Volume of a single hemispherical Ni particle: Vp = %dSNi x 10721 c¢m?3, with dy; in nm.

© Mass of a single Ni particle: mp = pn; Vp, with pn; = 8.908 g/cm3 [37].

d Number of Ni particles per gram of catalyst: N, =

mp

nNi MNi XNi

, where My; = 58.69 g/mol and xn; is the actual Ni weight

fraction per gram of catalyst.
¢ Perimeter (edge) Ni atom count per particle, obtained from the nearest-neighbour coordination factor ann = 0.2492 [36]:
1

L, =

ann(NN)’
f Total perimeter Ni atom count per gram of catalyst: Liot = Lp X Np.
L .
& Number of active (edge) Ni sites per gram of catalyst: Ngjte = mee, where psite is the Ni surface site density.
Jcat

Nsite

b Molar Ni site density: nsite = , with N4 = 6.022 x 1023 mol—! [37].
A
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Table B.7: CO chemisorption results for the Ni/CeOs morphology series: Ni dispersion, average particle
size, and surface Ni content (My; = 58.69 g/mol). Values in parentheses denote one standard deviation.

first

Catalyst Y-intercept Dispersion (%) Particle Size (nm) ny; (moly;/g)
(£std) (£ std)

Ni/Ce02-9-O  0.250 =+ 0.002 224+0.2 4.4+0.0 3.76 x 10~*

Ni/CeO2-15-C  0.158 £ 0.005 14+0.5 7.0+0.2 2.36 x 1074

Ni/Ce02-9-S 0.208 £ 0.004 18 £0.3 5.3+0.1 3.11 x 1074

analysis (mmolig)

bed frst

analysis (mmolig)

bed frst

Pressure (mbar)

(a) Ni/Ce05-9-0

nalysis (mmollg)

orbed first a

300
Pressure (mbar)

analysis (mmolig)

Quantity adsorbed first analysis (mmollg)

300
Pressure (mbar)

Pressure (mbar)

(e) Ni/Ce02-29-O

o
o
o

(f) Ni/CeO5-15-C

(g) Ni/Ce0O2-9-S

analysis (mmolig)

isorbed frst

——
R

300
Pressure (mbar)

(c) Ni/Ce02-20-O

Figure B.6: CO chemisorption isotherms (first and repeat analysis) for all Ni/CeO; catalysts. The
difference between the first and repeat adsorption gives the chemisorbed quantity used to determine Ni
dispersion and particle size.
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0.14+ R?=0.9157

100 120 140 160 180 200 220 240

lco, (MMOleo /gyih)

Figure B.7: Correlation using linear regression of CO chemisorbed to CO; activity.
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B.6 | XPS
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Figure B.8: XPS spectra of unreduced Ni/CeOs catalysts for all CeOy particle sizes. Left column: Ce 3d
region; right column: Ni 2p region. Top to bottom: 9-O (smallest), 20-O (medium), 29-O (largest).
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Figure B.9: XPS spectra of reduced Ni/CeO; catalysts for all CeOq particle sizes (calcination at 400 °C).
Left column: Ce 3d region; right column: Ni 2p region. Top to bottom: 9-O (smallest), 20-O (medium),
29-O (largest).
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Figure B.10: Effect of calcination temperature on the XPS spectra of reduced Ni/CeO2-20-O. Left
column: calcined at 350 °C; right column: calcined at 400 °C. Top row: Ce 3d region; bottom row: Ni 2p
region.
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Figure B.11: XPS spectra of unreduced Ni/CeOs catalysts for samples 9-O, 15-C, and 9-S. Left column:
Ce 3d region; right column: Ni 2p region. Top to bottom: 9-O, 15-C, 9-S.
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B.7 | FTIR
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Figure B.12: FTIR of switching of (a) Hy/H3+COg, (b) Ho+CO3/CO3, and (¢) CO2/Hy+CO4 consumed
of Ni/Ce02-9-O
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Figure B.13: FTIR of switching of (a) Hy/H3+COg, (b) Ho+CO3/CO3, and (¢) CO2/Hy+CO4 consumed
of Ni/Ce03-15-0
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Figure B.14: FTIR of switching of (a) Hy/H3+COg, (b) Ho+CO3/CO3, and (¢) CO2/Hy+CO4 consumed

of Ni/Ce03-20-O
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Figure B.15: FTIR of switching of (a) Hz/H3+CO2, (b) Hy+CO2/CO3, and (c) CO2/Hz+CO2 consumed
of Ni/Ce03-23-O
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Figure B.16: FTIR of switching of (a) Hy/H3+COg, (b) Ho+CO3/CO3, and (¢) CO2/Hy+CO4 consumed
of Ni/Ce03-29-O
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Figure B.17: FTIR of switching of Ho+COq/Hs of Ni/CeO2-O catalysts.
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