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RESUME

L’augmentation des émissions de CO, en provenance des activités humaines pousse les sci-
entifiques a développer davantage les technologies de conversion et d’entreposage de CO,.
Convertir du CO5 en CO est une solution qui valoriserait le CO comme intermédiaire pour
produire des carburants a faible empreinte carbone. Synthétiser du carburant d’aviation a
partir de COy réduirait les 3 % des gaz a effet de serre (GES) globaux émis par 1'aviation
commerciale. Combiner la réaction inverse du gaz a 'eau (RWGS) et le procédé Fischer-
Tropsch (FT) avec de I'électricité renouvelable est une alternative intéressante. Le COq est
converti en CO par la RWGS, et le CO est mélangé a du H, vert pour étre alimenté au

procédé FT et produire du carburant d’aviation.

Les catalyseurs a base de Ni atteindront une conversion de CO, pres de 1’équilibre thermo-
dynamique avec une sélectivité au CO de >99 %. Les 3 objectifs du projet ont vérifié la
faisabilité de remplacer les métaux nobles par du Ni comme catalyseur. Le premier objec-
tif était d’identifier des catalyseurs de RWGS commerciaux et de les utiliser comme cas de
référence. Le deuxieme objectif consistait a synthétiser des catalyseurs avec des nanopar-
ticules de Ni qui favoriseraient la réaction RWGS tout en minimisant la formation de CHy .
Le troisiéme objectif était d’établir une relation entre les propriétés physico-chimiques des

catalyseurs et leur activité et stabilité.

Les nanoparticules de Ni synthétisées (2 nm) avec la méthode polyol, et dispersées a une
concentration de 0.02 g g~ sur ’'Al,O3, ZnO, Fey,O5 et Coz0y, ,ont converti le COy de 300
°C a 600 °C pendant 6 cycles, a pression atmosphérique.La microscopie électronique en
transmission (MET), la diffractométrie de rayons X (DRX) et la méthode Brunauer, Emmett
et Teller (BET) ont caractérisé les catalyseurs. Ni/Co3O4 a le mieux performé avec une
conversion de COy de 36 % avec une sélectivité de CO de >99 % a 600 °C, et 4 % a 300 °C
avec une sélectivité de CO de 95 % . Ni/Al,O3 a converti le CO5 & 33 % a 600 °C avec une
sélectivité de CO de >96 % .

Les images MET ont dévoilé une dispersion uniforme des nanoparticules de Ni (6 nm) sur
I’Al;O3 apres réaction, et des nanotubes de carbone sur le Ni/Co30,4. Les nanotubes ont
amélioré la performance du Ni/Co3z0, au travers d'une synergie qui affecte la fonction de
travail du Coz0y4. L’Al;O3 est un support irréductible qui disperse les nanoparticules. Le
Co30, est un semi-conducteur qui transfere des électrons et des ions O?~ au Ni, ce qui modifie

la fonction de travail du catalyseur et son habileté a activer le CO, .

Seul le catalyseur Ni/CozO,4 a converti le COq pres de la limite d’équilibre avec une sélec-
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tivité au CO de >99 %. Les nanoparticules (2 nm) doivent étre bien dispersées, et une
interaction métal-support doit exister pour améliorer I'activité catalytique. Le couplage du
Ni/Co30,4 avec un réacteur & membrane briserait la limite thermodynamique et augmenterait

la conversion de CO, a basse température (300 °C).
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ABSTRACT

The increase of CO5 emissions from human activities has motivated the scientific community
to look at carbon storage or CO, utilization technologies to counter the problem. CO,
conversion into CO would add value to CO as an intermediate reactant for processes that
produce fuels with a low carbon footprint. Jetfuel synthesis from CO, would reduce the 3 %
of the global greenhouse gas (GHG) emissions emitted by the aviation industry.The reverse
water-gas shift (RWGS) reaction combined with the Fischer-Tropsch (FT) process powered
by renewable electricity is an promising alternative. The RWGS converts CO5 into CO, that
is then mixed with green Hy and fed to the FT process to produce jetfuel.

This research project aims at maximizing the CO yield from the RWGS reaction by reaching
the equilibrium limitation conversion with Ni-based catalysts while minimizing CH,. The
three research objectives of this project tested Ni’s potential to replace noble metals as an
RWGS catalyst. The first objective was to identify commercial RWGS catalysts that served
as benchmark. The second objective was the synthesis of catalysts with Ni nanoparticles
that favored the RWGS reaction and minimized CHy production. For the third objective,
the physico-chemical properties of the catalysts served as explanation for the activity and

stability of the catalysts.

Ni nanoparticles (2 nm) synthesized with the polyol method and dispersed at a loading
of 0.02 g g7! on Al,O3, Co304 , ZnO and Fe,O3 converted CO, at atmospheric pressure
during 6 cycles from 300 °C to 600 °C. Transmission electron microscopy (TEM), X-ray
diffraction (XRD) and Brunauer-Emmett-Teller (BET) techniques characterized the samples
before and after reaction to further understand the interaction between Ni and the oxide
support. Ni/Coz0, achieved the highest CO5 conversion with 36 % at 600 °C with >99 %
CO selecitivity. Ni/Al,O3 converted COq at 33 % at 600 °C, and was >96 % CO selective.
Furthermore, Ni/Co30, activated CO5 at 4 % with a 95 % CO selectivity at 300 °C.

TEM characterization of Ni/AlyO3 revealed highly dispersed nanoparticles (6 nm) after reac-
tion, and detected carbon nanotubes (CNTs) on Ni/Co30,. The CNTs promoted Ni/Co30,
by altering the work function of Co30, through a synergistic relationship that facilitated
electrons exchange. Al;Ojz is an irreducible support that acted as structural promoter by
highly dispersing the Ni nanoparticles. Co30, is a semiconductors that transfers electrons
and O?~ ions to the Ni nanoparticles, altering the work function of the catalyst and its ability
to activate COy . Co304 cycle CO5y through oxygen vacancies, thus act as active sites for

COy adsorption.
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Ni/Co30, is the only catalyst that achieved near-equilibrium conversion with a >99 % CO
selectivity. Small nanoparticles (2 nm) must be well dispersed and a metal-support inter-
action must occur to promote the catalyst’s activity. Coupling a Ni/Co304 catalyst with a
membrane reactor would shift the thermodynamic equilibrium, thus improve CO5 conversion

at low temperature (300 °C).
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CHAPTER 1 INTRODUCTION

1.1 The Problem

Climate change has become an urgent problem, and it is known that human activities are
the reason behind global warming [4]. Greenhouse gas (GHG) emissions from combustion
are the principal contributors to the problem, which is why the scientific community is
looking for solutions through research [4]. In 2020, both the oil and gas and transportation
sectors emitted the most GHGs in Canada, with 179 MT of COq eq (27% of total) and 159
MT of COs eq emitted (24% of total) [5]. Greene et al. suggested electricity, liquid fuels
from biomass and hydrogen as potential alternatives to reduce the emissions from passenger
cars and light trucks in the United States [6]. These ideas could also become part of the
solution in Canada and for the rest of the world. Greene et al’s approach would reduce the
emissions from fossil fuels-dependent technologies. There have been advances in the field of
COg utilization technologies. Capturing and storing carbon reduces the emissions of heavy
industrial processes such as cement and steel production [7]. An alternative to carbon storage

and capture is CO, conversion into fuels or chemicals, thus lowering the carbon footprint [7].

However, CO, is chemically stable, thus requires lots of energy to be activated [8]. COy is
commonly converted with electrochemistry, photocatalysis, and catalysts [7]. COq activation
on catalysts is expensive to operate at industrial scale, due to the high temperatures needed to
achieve high COs conversion [8]. Furthermore, low-cost metals that catalyze COy conversion

reactions tend to deactivate at high temperatures due to sintering and agglomeration [9].

The reverse water-gas shift (RWGS), CO, methanation and methanol synthesis convert COq
into intermediates and fuel-like molecules. Noble metals such as Ru, Pt and Au catalyze the
RWGS at the thermodynamic limitation while being fully selective towards CO [9]. These
noble metals are expensive choices for large scale RWGS plants due to high cost (19.933
USD g~! for Ru, 30.370 USD g~! for Pt, 53.025 USD g~! for Au) [10]. Therefore, low-cost
metals with similar activity levels are interesting options to convert CO, into CO. One RWGS
application that is addressed by this research project is to produce CO that would then be
fed to a Fischer-Tropsch (FT) process to synthesize jetfuel.

The FT process forms alkanes, alkenes, alcohols and carbonyls, carbon chains ranging from
C; to Cy [11]. The composition of kerosene (jetfuel) is made of 70 % of alkanes and cy-
cloalkanes, benzene and naphtalene [12]. Therefore, the FT process must be selective towards

the production of alkanes to produce jetfuel. Co-based catalysts favor alkane synthesis at



high pressure and at temperatures between 200 °C and 300 °C [11]. The fuel readiness level
(FRL) of the FT process is considered to be at 7 or 8 out of 9 [13].

1.2 Jetfuel From CO2

The commercial aviation sector is responsible for 3 % of the global GHG emissions [14].
Jetfuel synthesis from COy would therefore be a promising solution to reduce the carbon

footprint of flying. The overall process is presented in Figure 1.1:

Figure 1.1 Combination of the RWGS reaction and the F'T process to produce jetfuel

Industrial COs directly emitted into the atmosphere would instead serve as raw material
for the RWGS reaction. COg is combined with Hy produced with renewable energy [15].
The CO produced is fed with green Hy [15] to the FT process to be converted into jetfuel.
The RWGS-FT combination also offers an opportunity to decrease the amount of jetfuel
from oil refineries, thus becoming an alternative for hydrocarbon production. Furthermore,

advancements in COy capture technologies could make atmospheric COs available for the
RWGS process.



1.3

Research Hypothesis

The research hypothesis of this project is that cheap metals such as Ni supported on oxide
metals convert CO, at the equilibrium limitation of the RWGS reaction with at >99 % CO

selectivity.

1.4

Objectives

This research project focuses on the RWGS reaction and on Ni catalysts that catalyze the

production of CO from COs . To confirm or reject the research hypothesis, we aimed at

accomplishing the following objectives:

1. To identify a set of commercial RWGS catalysts to serve as benchmark RWGS catalyst

1.5

that will be stable as long as possible and that will provide a consistent yield of CO
and H, ;

To develop a set of catalysts in house with nanoparticles of active metal that are

selective towards the RWGS reaction and that minimize CH,4 formation;

. To establish a relationship between the physico-chemical properties of the catalysts in

objective 2 and their activity and stability for the RWGS reaction.

Thesis Outline

This master’s thesis is divided into 6 chapters:

Chapter 2 is a literature review that discusses all aspects addressed in the article pre-
sented in Chapter 3. Active metals and supports for the RWGS, catalyst deactivation

and metal-support interaction are among the elements discussed in Chapter 2;

Chapter 3 explains the approach taken in this research project to meet the three ob-

jectives presented in Chapter 1;

Chapter 4 presents an article about Ni-based catalysts submitted to the journal of

Applied Catalysis A: General;

Chapter 5 presents a general discussion of the results highlighted by the article in
Chapter 4. The general discussion provides links between the conclusions of Chapter

4, the literature review of Chapter 2 and the objectives defined in Chapter 1;



o Chapter 6 offers the conclusions of this research project, as well as the limitations and

future works.



CHAPTER 2 LITERATURE REVIEW

2.1 The Reverse Water Gas Shift Reaction

The RWGS reaction is a well-known chemical pathway that converts CO5 into CO [16]. It is
an endothermic reaction [16,17] in which COg is reduced by Hy to form CO and H,O [16]:

COy +Hy — CO +Hy,O0 (AH® =42.1 kJ mol™) (2.1)

The CO produced is then mixed with Hy to form syngas [16] .The RWGS reaction is limited
by the thermodynamic equilibrium [16, 18], and since CO, is a stable molecule, catalysts are
needed to produce CO from CO, [19]. The syngas produced from the RWGS process has
different applications, such as the production of fuels via the Fischer-Tropsch Process, the

production of alcohols and the production of chemicals among others [16].

There are two accepted mechanisms for the RWGS reaction: the redox and the associative
mechanism. The two main steps in the redox mechanism are the reduction of CO, to CO and
the dissociation of Hy. COs is reduced at the surface of a metal or by the oxygen vacancies
of a reducible support and produces CO. Hy dissociates on the active metal of the catalyst
and reduces the metal oxide to its initial oxidation state, thus releasing H,O and creating a

new oxygen vacancy [16].

The associative mechanism consists of forming formyl, formate and carbonate intermediates
through their respective reaction pathways. Hs dissociates on the active metal and back
spills on the activated CO, to form intermediates that decompose into CO and HyO . This
mechanism is observed with catalysts that are made of an active metal and an irreducible
support (i.e., AlbO3 ). With an Al,O3 support, CO, is activated by the hydroxyls (OH)
groups found on the Al,Oj3 surface [16,20]. A mechanism is favored depending on the affinity

of the active metal for oxygen [16].

2.2 Side Reactions

2.2.1 Methanation

When operating a RWGS reactor, it is expected to observe CH4 formation. Methanation is

exothermic, thus favored at lower temperatures [21]. The same molecules interact with each



other in both the RWGS reaction and methanation [16]:
CO, +4H, — CH, + 2H,0 (AH® = —165 kJ mol™") (2.2)
CO +3Hy — CHy + HyO (AH® = —206 kJ mol™!) (2.3)

CO;y methanation is carried under atmospheric pressure and at low temperature [21]. Metha-
nation is also a promising alternative to CH, production from fossil fuels [16], and has a faster
reaction rate than other COy conversion processes [21]. One of the main challenges during
methanation is the sintering of the catalysts and carbon deposition [21]. The CO produced
from the RWGS reaction at high temperature may increase the carbon deposition through
the Boudouard reaction [21,22]:

2C0 — COy +C (AH® = —172 kJ mol™") (2.4)

Ni and Co are among non-noble metals that are considered good options for CO; methanation
reaction, due to their low cost [21]. The accepted pathways for the synthesis of CH, from
COg are the formate pathway and the CO pathway [21,23]. Similar to the RWGS reaction,
the formate pathway converts CO, to a formate intermediate that dissociates and produces
CH4 . For the CO pathway, CO dissociates into CO and O, and CO reacts with Hy to form
CH, [21,23].

2.2.2 Methanol Synthesis

The CO produced from the RWGS reaction is a good intermediate to synthesize CH30H .
Due to the exothermic nature of the reaction, a CH3OH reactor needs a cooling system
[24]. Furthermore, the reaction to produce CH30H is also limited by the thermodynamic
equilibrium [24]. COy with Hy can form CH30H, meaning the reaction could be inhibited
by the RWGS [24,25]:

CO +2H, — CH;0H (AH® = —91 kJ mol™}) (2.5)

CO, +3H, — CH30H + HyO (AH®° = —50 kJ mol™!) (2.6)

CO4 conversion into CH3OH requires pressure values higher than 30MPa [26]. CH3;0H has
many applications, such as dimethyl ether (DME) production [27]. DME has similar prop-
erties to those of diesel and is considered a more sustainable alternative. DME is also an

intermediate olefins, gasoline and acetic acid production [27]. Another interesting alternative



is the production of jetfuel from CH3OH [28].

ZnO is a well known oxide that catalyzes the CH3OH synthesis reaction [29]. A current
popular CH30H catalyst is Cu/Zn0O/Al,O3 [30], where adding Cu improved the overall ac-
tivity of a ZnO/Al,O3 catalyst [29]. Al,Oj disperses Cu/ZnO, thus increases the thermal
stability of the catalyst. Cu/ZnO/Al;Oj3 is used for a low pressure (30 bar-45 bar) and low
temperature (200 °C-300 °C) process [27]. On the other hand, ZnO/Cry,O3 and ZnO/CuO
are known to catalyze the methanol synthesis process at high pressure (200 bar-300 bar)
and high temperature (320 °C-450 °C) [27]. Shi et al. concluded that both COy and CO
hydrogenation follow different reaction mechanisms [30]. For the synthesis of CH3OH from
COg , the formate mechanism is favored, whereas the formyl pathway is the main route for
the formation of CH3OH from CO [30].

2.3 Equilibrium Limitation

The equilibrium limitation of the RWGS reaction is calculated with the Gibbs free energy
of each substance at a given temperature T [31]. Table 2.1 presents the Gibbs free energy
of COy , Hy , CO and Hy0 at temperatures going from 300 °C to 600 °C (573 K to 873
K) [32-35]:

Table 2.1 Standard Gibbs energy of formation of COy, CO, H,O and H; at given
temperatures

The Gibbs free energy of the overall reaction (A G°,(T)) is calculated at the reference



temperature of 298.15 K with equation 2.7 [31]:

AGR,(T) = Geo (T) + Ghyyo (T) = Geo, (T) = G, (1) (2.7)

Once the Gibbs free energy of the RWGS reaction is calculated, the equilibrium constant of

the reaction at a temperature T is found with equation 2.8 [31]:

In K(T) = A(’;f;%:xp(T) (2.8)

The equilibrium constant is also calculated through the activity of each species of the mixture

involved in the reaction. The activity of a species is related to its fugacity [31]:

K = 200 o (2.9)

aco, AH,

a =fi =% Y (2-10)

The ideal gas law for each molecule of the system is expressed as follow:

Where Z; is a compressibility factor that takes into account the deviation from an ideal
behavior [36]. For an ideal gas, Z;=1. The compressibility factor is determined with a
compressibility factor chart, the reduced pressure (P,) and reduced temperature (T,) that

are calculated with the following equations [37]:

P

po=- 2.12
- (212)
T;

T = — 2.1
- (2.13)

Where P. and T, are the critical pressure and temperature. For CO,, Hy, CO and HyO, Z;
approaches 1 for all tested temperatures (300 °C to 600 °C). The assumption of the species
behaving as an ideal gas is appropriate. Therefore [31,38]:

Yo =TYH0 = YCo, = VH, =1 (2.14)



Since all substances in the system are in the gas phase, we can relate their molar fraction to

their concentration as shown by equation 2.15 [31]:

P C RT

P = 2.15
Y Psystem Psystem ( )
Thus, the expression of the equilibrium constant of substances in the gas phase is [31]:
Pco P Cco C
K — fco fmo _ Leo Umyo (2.16)

"~ Pco, Pu,  Cco, Ch,

The concentration of each substance at the equilibrium is calculated with the conversion at
equilibrium and the initial COy concentration. For an equimolar feed ratio, K is expressed
as follow [31]:

CCOQ ,oXe CCOQ ,oXe

K p—
OCOQ,O(]- - Xe)CCOz ,0(1 - Xe)

(2.17)

Where X, is the equilibrium conversion at a given temperature. After simplification and
isolating X,, the expression of equilibrium conversion at a temperature T is shown by equation

2.18 [31]:

VK
14+ VK

To change the feed ratio of the reactor (i.e. change to a 2:1 CO5 :Hs feed ratio), one must

X, (2.18)

proceed with equation 2.19 [31]:

aCco, 0 = bCh, o (2.19)

Where a and b are the ratio coefficient of CO, and Hy respectively (feed ratio of a:b COq
:Hy). Once the values of a and b have been selected, Cy, , is isolated and plugged into

equation 2.16, leading to a new expression of X..

Figures 2.1 and 2.2 illustrate the effect the feed ratio has on the thermodynamic equilibrium of
the RWGS reaction. The increase of the thermodynamic equilibrium (maximum theoretical
conversion at a given temperature) with a higher input in Hy indicates that an excess of Hy
into the system favors the RWGS reaction. The CO, conversion values of both figures 2.1
and 2.2 were calculated with equation 2.18. Figure 2.1 displays the effect on CO, conversion

of an increase in Hy in the feed ratio, whereas figure 2.2 shows the effect of an increase in



CO, in the feed ratio on the conversion.

Figure 2.1 Equilibrium limitation for COs :H, ratios of 1:1, 1:2 and 1:3

Figure 2.2 Equilibrium limitation for CO4 :H, ratios of 1:1, 2:1 and 3:1
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2.4 Catalysts

The RWGS catalysts are made out of an active metal and a support. Noble metals are well-
known to be active for the RWGS reaction [9,39,40]. However, their high cost has pushed
researchers to look into cheaper options, such as Cu, Fe, Ni and Co among others [39, 40].
Supports such as Aly,O3 and SiO, are irreducible supports that offer structural support to
the metals [39,41], whereas substances such as Co30y4, CeOy and ZnO are reducible supports

that improve the overall activity of the catalyst [39,40].

2.4.1 Active Metals

Cu in its metallic state dissociates Hy [42] and is active for the RWGS reaction [43,44]. Cu
also catalyzes other processes such as COy hydrogenation to methanol [45,46]. Cu-based
catalysts rarely produces CHy [47], which is an undesirable side product when operating the
RWGS reaction. However, Cu to poorly perform at high temperature (> 300 °C) due to
sintering and aggregation of the particles [48,49]. Chen et al. tested a 0.1 g g=' Cu/SiO,
catalyst at 600 °C under a 1:1 CO4:H, feed ratio and observed a drop in the CO, conversion,
from 8 % to 0 % after 130 h [48]. The authors concluded that the deactivation of the
Cu/SiO; catalyst was due to the oxidation and sintering of Cu particles [48]. Pahija et al.
ran a 6-cycle test on 0.01 g g~ Cu on Al,O3 from 300 °C to 600 °C with an equimolar feed
of COy and Hy (1:1) [9]. Due to the thermal instability of Cu, the CO5 conversion dropped
from 16 % to 12 % at 600 °C after 6 cycles, with the activity being lower by 4 % for all
temperatures [9]. Cu in a bimetallic catalyst has also shown promising results. Chen et al.
reached the thermodynamic equilibrium of 47 % of CO, conversion at 750 °C under a 1:1
CO4:H; feed ratio with a 0.1 g g7! Cu - 0.05 g g~! Fe/CeO, catalyst [47]. Furthermore, the
same catalyst showed no decrease in activity during a 48 h stability test [47]. Cu has been
implemented as a promoter for methanation. Dias et al. promoted a Ni/SiOy catalyst with
Cu for CO5 methanation. The catalysts tested by the authors that only contained Ni favored
methanation, with CO selectivity reaching 20 % at 300 °C [50]. Cu improved the surface
area and reducibility of the catalyst, and also increased the CO selectivity to 80 % at 300
°C [50]. The oxidation of Cu is another known reason of catalytic deactivation. Metallic Cu
dissociates CO4 and oxidates into CupO , thus reducing the amount of available Cu sites [51].
However, these two Cu species must co-exist to ensure high CO formation. CusO stabilizes

the formate species, which is the intermediate in CO production [51].

Fe species act as active metal and promoter in RWGS catalysts. Fe also catalyzes the Fischer-

Tropsch (FT) process for hydrocarbon synthesis from syngas, and the Haber-Bosch process



12

for ammonia synthesis [52,53]. Fe catalysts are an interesting choice for endothermic reactions
such as the RWGS due to their thermal stability and oxygen mobility [54]. Both supported
and unsupported Fe convert CO, into CO. For example, Pastor-Pérez et al. impregragnted
Al,O3 with a loading of 0.15 g g7 of Fe;O3 and tested the synthesized catalyst from 400 °C
to 800 °C under a feed ratio of 1:4 COq :Hy . FeyO3 /AlyO3 converted COy at 68 % with 100
% CO selectivity [54]. Kim et al. tested unsupported FeOx nanoparticles (NPs) at 600 °C
under a 1:1 feed ratio during 20 h. The CO, conversion dropped from 34 % to 32 % after
1 h, and stabilized at 32 % . The activity results achieved by Kim et al. show the ability of
FeOx to remain stable at high temperature (600 °C) while converting COs on its own [55].
The authors reported that atomic C and O deposited on the catalyst after CO, dissociation
diffused into the bulk of FeOx, thus preventing the deactivation of the catalyst by keeping the
surface intact [55]. Fe as promoter prevents catalysts (such as Cu-based) to deactivate when
exposed to high temperatures. For example, Pahija et al. doped FeOx NPs on Cu/Al,O3
to improve the catalyst’s stability. Doping a loading of 0.009 g g~! of FeOx resulted in an
increase catalytic activity and thermal stability, as the conversion increase from 16 % to 17
% at 600 °C and decreased to 15 % after 6 cycles [9]. The synergistic relationship between
FeOx and Cu was similar to a metal-support interaction (MSI), as the electrons travel from
lower to higher work function, i.e. from Cu to FeOx. Cu dissociates Hy which backspillover
to FeOx and reduces FeOx to create oxygen vacancies. The vancancies become active sites
that adsorb CO, , and prevent Cu from oxidizing [9]. Chen et al. prevented Cu sintering
with small Fe species around Cu particles. The authors added 0.008 g g7! to a 0.1 g g™!
Cu/SiOq catalyst, which increased the CO5 conversion from 8 % to 14 % . The conversion
remained stable between 14 % and 16 % through the 130 h of testing [48]. The authors
believe that Fe acted as a textural promoter. Furthermore, Chen et al. reported that the
spillover of oxygen atoms during the reaction from Cu to Fe kept Cu in its metallic state, thus
preventing the deactivation of Cu [48]. FeyO3 as a catalyst also favors CHy formation under
reduction conditions. For example, it is important to avoid complete reduction of Fe,O3 to
its metallic phase during pre-treatment, as metallic Fe promotes CO methanation. Fe binds
with CO through carbon vacancies, which facilitates the formation of HoO and CH, when
reacting with Hy [56].

Ni catalyzes the CO, methanation reaction [57,58], but has also shown to be active for
CO production. Compared to Cu catalysts, Ni is stable at high temperature [59], which is
beneficial the RWGS reaction. There are three elements that must be well controlled with
Ni-based catalysts for CO production: (1) the size of the particles; (2) the dispersion of the
particles; (3) the loading of active metal. Wu et al. compared Ni/SiO, catalysts of different
Ni loadings (0.005 g g7! and 0.1 g g=! ) [60]. The particle of the 0.005 g g~ catalyst were
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too small to be measured, whereas the 0.01 g g~! loading led to a particle size of 9 nm. The
authors concluded that the product selectivity depends on the size of Ni, as 9 nm average size
favors CHy formation (90 % CHy selectivity) and smaller particles increased CO selectivity
to 39 % [60]. In a methanol synthesis study, Choi et al. concluded that small Ni NPs favor
the RWGS reaction over CO5 hydrogenation into methanol. The authors tested a Ni/GayO3
catalyst with Ni size ranging from 3.3 nm to 10.2 nm. Ni NPs of size 3.3 nm achieved 85
% CO selectivity, compared to the 68 % CO selectivity achieved with 10.2 nm Ni NPs [61].
High dispersion of small Ni NPs favors the RWGS reaction over methanation [62]. For CH,
production to occur, Ni particles must be near each other and pair up to activate CO4 that
is then hydrogenated to produce CH,. With high dispersion, the Ni particles are isolated
from each other and only catalyze the RWGS, as reported by Lu et al. [63]. The dispersion is
affected by the loading, as having a high amount of Ni increases the chances of particles being
near each other [63]. For example, Zhang et al. found that their Ni/Al,O3 catalyst with a
0.025 g g~! Ni loading achieved a high CO selectivity (> 99 % ) at 450 °C. On the other
hand, the Ni/Al,O3 catalyst with a 0.25 ¢ g=! Ni loading tested at the same temperature
favored methanation with 83 % CHy selectivity [64]. An optimal size of particle, dispersion
and loading of Ni for a RWGS catalyst is therefore important to maximize CO5 conversion

and CO selectivity.

2.4.2 Supports

Catalyst supports are either irreducible or reducible. Irreducible supports such as Al;Oj
and SiOy do not lose oxygen during a reaction, thus the cation oxidation state remains
unchanged [65]. Reducible supports such as CeO, and Co3z0y4 exchange oxygen when a

chemical reaction occurs, which leads to a change in oxidation state of the cation [65].

Irreducible Supports

ALy O3 is a low-cost substance [66] that has been used on various opportunities as a catalytic
support [41]. Since Al;O3 does not directly participate in the RWGS reaction, its main role
is to disperse the active metal [17]. The 7 phase of Al;O3 acts as support in catalysis due
to its mechanical strength and high surface area (100-200 m? g=') [41]. 7-Al,O3 converts
to a-Al,O3 when exposed to very high temperatures (1100 °C). a-Al,O3 has a much lower
surface area (1-5 m? g=!), thus is less advantageous for high dispersion of active metals [41].
Al;O3 has been previously tested as support for the RWGS reaction. For example, Ai et al.
highly dispersed mesoporous Cu on 7-Al,O3 by wet impregnation and grinding methods to
study the effect of the preparation method on the physico-chemical properties of their RWGS
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catalysts. The authors noticed that the reducibility at low-temperature of CuO species was
improved due to the high dispersion of CuO in the mesoporous structure of v-Al,O3 [67].
Lortie et al. desposited NPs of a CuNi alloy on C and «-Al;O3 and compared them to Pt
catalysts. The catalysts supported on «-Al,O3 for both CuNi and Pt performed better in
terms of CO yield than those supported on C. However, the authors noticed that v-Al,O3
catalysts deactivated at 700 °C, which Lortie et al. believe it could be due to a change of
phase of Al,O3 from 7 to « [68]. There are commercial Al,O3 catalysts that are able to
operate the RWGS reaction at high temperatures. Wolf et al. tested a commercial steam
reforming Ni/Al,O3 catalyst for the RWGS at 900 °C under a 1:3 COy:Hy feed ratio. The
authors reached an 80 % CO, conversion and excluded any irreversible catalytic deactivation
due to sintering or poisoning [69]. Operating the RWGS at temperatures as high as 900 °C is
not ideal, as this makes the process of CO production very energy intensive. Al,O3 provides
a surface for hydroxyls (OH) groups that are necessary to form intermediates that lead to CO
formation, thus activates COs indirectly [20]. In Bobadilla et al’s study on Au/Al,O3, COy
would react with the OH groups and form a bicarbonate intermediate while Au dissociated

H,. The bicarbonates react with the dissociate Hy to form formates which then decompose
into CO [70].

SiO, is another irreducible support that structurally promotes active metals in RWGS cat-
alysts [17,41]. SiO, has a surface area of 300-400 m? g~! [41], and is a good option to
highly disperse active metals. Similar to Al,O3, SiO, disperses OH groups on its surface
that participate in the RWGS reaction. In a Pt/SiO, catalyst, Pt and the OH groups worked
together to activate CO5 and form a first intermediate of CO production. Pt adsorbed C
while O reacted with OH sitting on SiOy [17]. Liu et al. co-impregnated Pt and Re on a
SiO4 support to promote CO production through the interaction between Pt and Re from the
RWGS reaction. The authors achieved 30 % COs, conversion at 400 °C under a 1:4 COy:H,
feed ratio, with > 95 % CO selectivity [71]. Since SiOs is an inert support, the authors were
able to link the results to the interaction of Re with Pt [71]. Cui et al. examined the effect
of the distance between Cu particles on a Cu/SiO; catalyst for COy hydrogenation [72]. The
authors noticed that increasing the amount of SiO, increased the distance between Cu NPs,
which favored CO production over methanol [72]. The interaction between Cu and SiO,
played an important role in CO formation, as Hy dissociated on Cu spilled-over onto SiOq
and allowing H to react with the OH groups on the support. An increase in distance between
Cu NPs increased the H spillover [72].
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Reducible Supports

Reducible supports supports directly participate in the activation of COy [17]. CeO5 and
Co30y interact with CO5 to form CO. Furthermore, CeOy and Co3z0,4 are semiconductors
[39,40]. Furthermore, reducible supports have mixed-ionic electronic properties, which means
they exchange O%~ ions and electrons with the supported metal [39,40]. Reducible supports
have oxygen vacancies, which act as active sites to adsorb and activate COy [17,73]. Martin
et al. showed with a pulse chromatographic system for COy chemisorption measurements
that the presence of oxygen vacancies in reducible supports such as CeO, increases CO,

chemisorption [74].

The ability of CeO, to cycle between Ce*™ and Ce3* malkes it a good candidate for a catalytic
support, as this redox property promotes the activity of a catalyst [75]. However, Dai et al.
reported that CeOs on its own poorly converts COs into CO, which is why CeO, must be
combined with other metals to achieve high catalytic activity for the RWGS [76]. The active
metal dissociates Hs, and H atoms to spillover onto CeOs to reduce the support and form
oxygen vacancies [77]. Luhui et al. achieved 42 % CO yield at 750 °C under a 1:1 CO4:H,
feed ratio with 0.2 g g7! Ni/CeO, catalyst. The Ni*2 ions that entered the lattice of CeO,
created oxygen vacancies, i.e. active sites for the RWGS reaction. The reaction between
an oxygen from an oxygen vacancy and Hy produces HyO , and the vacancy available once
Hy0 is released adsorbs and activates COy [78]. Xu et al. increased the CO selectivity
over CHy selectivity of Ir/CeOy through the interaction between Ir and CeOs. As the Ir
loading was decreased from 0.2 g g=! to 0.05 g g~!, more O atoms incorporated the surface
of Ir through the strong metal-support interaction (SMSI) between Ir and CeOq [79]. The
interaction of partially oxidized Ir with CO is weaker than the interaction of CO with Ir
in its metallic state, thus increases CO selectivity [79]. Yang et al. compared a Cu/CeOq
catalyst to a conventional Cu/SiO, catalyst and highlighted the effect of reducible supports
on catalytic activity. Cu/CeOy performed 4 times better than Cu/SiOy due to the Cu-
CeOx interface that facilitated H spillover [80]. H reduced Cu™ to Cu® and Ce'™ to Ce?"
respectively. The reduced species dissociate CO, and are oxidized back to Cu™ and Cel*
respectively [80]. Cu™ formed a Cu™-CO intermediate that rapidly desorbs CO at reaction
temperature, leaving Cu™ available to be reduced again by H and repeat the cycle [80]. Lee
et al. added CeO, to a Pt/TiO, catalyst to increase the catalyst’s activity for the RWGS
reaction. Pt/CeOy -TiOy with a 0.05 g g=! CeO, loading showed the highest result, reaching
the equilibrium conversion and performed better than the benchmark catalyst Pt/TiOs by
8 % at 500 °C and 600 °C [81]. Pt/TiO, follows the redox mechanism, whereas Pt/CeOq

produces CO through the dissociative mechanism. Both mechanisms coexisted through the
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interaction between CeOy and Pt/TiO, [81]. CeO,y promoted the redox properties of the
benchmark catalyst of the study [81].

Co in its oxide phase (CoO and Co3z0,) catalyzes RWGS reaction [82]. The changes in
oxidation state of Co from Co?** to Co®** and vice-versa influence the interaction of Co with
a supported metal, thus promote the catalytic activity. Panaritis et al. tested the interaction
between FeOx and Co304 with electrochemical methods to study the MSI between both FeOx
and Coz0,4. The authors applied anodic and cathodic polarization to CozO,4 which affected
the oxygen vacancies available, thus the oxidation state of Co3O4 [40]. A change in oxidation
state of Co30, affected the MSI between FeOx and Co30,, and altered the catalytic activity
of the catalyst. In the same study, FeOx/Co30, (0.05 g g~! FeOx loading) converted CO, at
15 % at 400 °C under oxidizing conditions (3:1 CO4:Hs ), a much higher conversion compared
to the 1 % CO, converted under same reaction conditions by FeOx/Al,O3 (0.05 g g~ FeOx
loading) [40]. The difference is due to the MSI between FeOx and Co30y4, which was absent
with Al,O3 [40]. Unlike CeOy, Coz04 is active by itself for the RWGS reaction. Indeed,
Panaritis et al. converted CO5 at 5 % at 400 °C under a 1:1 CO, :Hs feed ratio with CozOy
alone [40]. Wang et al tested the RWGS reaction over co-precipiated Co-CeO, catalysts.
The authors achieved a 30 % CO, conversion with 100 % CO selectivity with a 0.02 g g*
Co loading [83]. Co loadings of 0.05 g ¢~! and 0.1 g g~', and larger Co particles were more
selective towards COy methanation. Wang et al. reported that carbon nanotubes formed on
the Co-CeO, catalysts. Large Co3z04 particle led to carbon nanotubes formation from CHy
and CO decomposition [83].

ZnO is another semi-conductor support [84], but not as reducible as CeOy and CozOy.
Indeed, ZnO is only partially reducible [84], and is a common support for methanol synthesis
catalysts [85]. ZnO is also active for the RWGS reaction as a promoter or as a support.
Galvan et al. tested the influence of the Cu/Zn ratio in a Cu/ZnO catalyst for the RWGS
reaction. Catalysts with equal proportions (Cu:Zn 50:50 and 40:60) showed a higher catalytic
activity and lower activation energy. Park et al. converted COy at 60 % at 650 °C with a
Zn0/Al, O3 catalyst (Zn:Al 1:1) under a 1:3 COq9:Hs feed ratio [86]. The conversion with
the ZnO/Al,O3 catalyst (Zn:Al 1:1) dropped from 43 % to 17 % after 48 h in a stability
test [86]. The authors suggest that the reduction of ZnO into metallic Zn decreased the
catalyst’s activity. Furthermore, Zn evaporated and deposited on the walls of the reactor
under reaction conditions [86]. Other works have also mentioned that ZnO deactivates at high
temperature due to the vaporization of Zn [87]. Lavalley et al. suggest that ZnO is sensitive
to sintering at temperatures higher than 770 K [88]. ZnO as support also develops MSI with
the supported metal through oxygen vacancies. Wang et al. induced a SMSI between Ni and

ZnO by increasing the temperature during the pre-treatment under Hy [84]. ZnO transferred
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electrons to Ni via oxygen vacancies. The induced SMSI was the strongest when pre-treating
at 500 °C, and the SMSI suppressed methanation over the Ni/ZnO catalyst [84]. Murthy
et al. synthesized and tested Ni-ZnO/MCM-41 catalysts under a feed ratio of 1:3 CO4:Hy
and from 350 °C to 700 °C. The catalyst with a Ni loading of 0.09 g g~! and ZnO loading
of 0.01 g g! achieved a CO, conversion of 60 % with a CO selectivity of 96.2 % [89]. The
synergistic relationship between Ni and ZnO the overall catalyst’s activity. Ni adsorbed and
dissociated Hy, and ZnO adsorbed CO,. ZnQ’s basic sites adsorb CO, due to its acidic
nature [89]. Dissociated Hy and adsorbed COs moved to the Ni/ZnO interface where CH,
and CO were formed at lower temperatures (350 °C-500 °C) and higher temperatures (500
°C-700 °C) respectively [89]. Kim et al. compared the RWGS activity of unsupported FeOx
nanoarticles with ZnO nanopowder under a 1:1 COq:Hy feed ratio at 600 °C [55]. ZnO on
its own showed no CO, conversion throughout the 6 h of testing [55]. However, Park et al.
testd ZnO on its own and converted CO;y at 50 % under reducing conditions (1:3 CO4:Hy )
at 650 °C [86]. Therefore, if one decides to choose ZnO as a support in a RWGS catalyst and
test under a 1:1 COy:Hy feed ratio, an active metal must be deposited on ZnO to promote

the overall activity of the catalyst through MSI.

2.5 Catalyst Deactivation

2.5.1 Carbon Deposition

Carbon deposition is a well-known catalyst poison [90-92]. Carbon deposition (or coke)
occurs from molecules that break apart on the surface of the catalyst [41,93]. Deposited
carbon blocks active sites for the desired reaction, thus reducing the overall activity of the
catalyst [93]. Goguet et al. studied the deactivation effect of carbon deposition of a 0.02 g
g1 Pt on CeO, catalyst for the RWGS reaction. The authors correlated the deactivation
of the catalyst to carbon deposition from CO decomposition [91]. In the dry reforming of
methane (DRM) process, Ni-supported catalysts often suffer from a decrease in active sites
from coking [94,95]. One key factor that affects coking is the size of Ni particles. Xu et
al. reported a 25% carbon deposition on a Ni/Al,O3 catalyst who’s particle size increased
from 9 nm to 13 nm [96]. In another study, Xu et al. synthesized Ni/SiO, catalyst for the
DRM process and observed 2.7 mg of carbon deposits g CH; ~* on Ni NPs of 31 nm [95].
The authors decreased the coking to 0.9 mg of carbon deposits g CH, ~* with Ni NPs (6
nm) on SiOy [95]. Similarly, Li et al. catalyzed the reforming of acetic acid on Ni/ZrO, and
measured the amount of coking on different loadings of Ni and different particle sizes [97]. A
0.02 g ¢! Ni loading with an average particle size > 12 nm favored CO selectivity through
the RWGS reaction, but led to a 0.35 g g~! carbon deposition on the catalyst which decreased
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the catalyst’s activity after 2 hours of reaction time [97]. The rate of carbon deposition can
be lowered through the feed ratio and the composition of the catalyst [93]. For example,
Ni catalysts are prone to coking, therefore a low hydrocarbon/steam ratio in the steam
reforming process reduces the coking rate. Promoters such as alkali metals prevent coking

by neutralizing acid sites that favor carbon deposition on the surface of the catalyst [93].

2.5.2 Sintering

Sintering occurs when the catalyst is exposed at high temperatures [93]. It occurs with
small size particles (i.e. NPs), since particles of small size have a high surface to volume
ratio. A high surface to volume ratio is thermodynamically unstable, thus sintering lowers
the ratio to minimize the free energy and stabilize the system [41,93]. The crystal growth
from agglomeration of the particles through sintering decreases the available sites to catalyze
the chemical reaction [41,93].Sintering also occurs with the support of the catalyst, which
decreases the internal surface area and blocks active sites [41]. The RWGS must be operated
at high temperatures to achieve high COy conversion, which favors sintering in catalysts.
For example, Wang et al. promoted electrochemically Cu NPs for the RWGS reaction and
observed sintering of Cu on the scanning electron microscopy (SEM) images [98]. The sin-
tering of Cu occurred at temperatures higher than 400 °C and inhibited the electrochemical
promotion of the RWGS reaction [98].Both a high dispersion of the active metal and a metal-
support interactions (MSI) may prevent sintering, thus improving the overall stability of the
catalyst [99].

2.6 Metal-Support Interaction

MSI is a phenomenon observed between an active metal and a reducible support [1]. There
are three different effects that are known for a MSI: (1) electronic effect; (2) geometric effect;
(3) bifunctional effect. The active metal must be at the nanoscale size, since it increases the

surface of interaction between both metal and support [1,100].

The electronic effect (Figure 2.3) is driven by the exchange of electrons between the active
metal and the support, which changes the interaction the metal has with the reactants and
intermediates [1]. MSI is either a weak metal-support interaction(WMSI) or a strong metal-
support interaction (SMSI). The oxides of transition metals have a d orbital available that
facilitates the interaction with the active metal, thus often leading to SMSI [1]. Liu et al.
achieved a SMSI between Au NPs and ZnO nanorods for the oxidation of CO [101]. The

authors induced a SMSI under O5 and Hy pretreatments. Pretreatment under O improved
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CO conversion, since electrons transferred from Au to ZnO i.e. from lower work function to
higher and induced a positive charge on Au. The opposite was observed under Hy for pre-
treatment, where ZnO transferred electrons to Au [101]. Furthermore, the authors indicated
that SMSI prevented Au NPs from sintering [101].

Figure 2.3 Electronic effect resulting from weak metal-support interactions (WMSI) and
strong metal-support interactions (SMSI). © 2017 Elsevier [1]

The geometric effect (Figure 2.4) is often reflected by an encapsulation of an of the active
metal by the support. This effect prevents changes in the morphology of the metal and on
the size of the supported particles [1]. Lewandowski et al. tested the promotional effect
of FeO encapsulating Pt supported on Fe;O, for the oxidation of CO [102]. The authors
observed Pt being encapsulated by FeO, which occurs with a SMSI. The SMSI between Pt
and Fe;O, promoted the catalytic activity for COy production and prevented Pt particles
from changing in size [102]. However, encapsulation of the active metal can decrease the
catalytic activity of the catalyst, which is what Liu et al. observed with their Au/ZnO
catalyst for CO oxidation [101].
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Figure 2.4 Geometric effect of encapsulation or decoration resulting from strong
metal-support interactions (SMSI). © 2017 Elsevier [1]

The bifunctional effect (Figure 2.5) of a MSI occurs when both the metal and the support
work as active sites independently and offer synergistic sites for the reaction. A common
phenomenon resulting from this effect is the phenomena of spillover, where the reactant
adsorbed by the active metal and the reactant on the support move to an area between the
metal and the support. Both molecules react and form the products [1,100]. Zhu et al.
synthesized Cu-ZnO/ZrO, catalysts to convert dimethyl oxalate (DMO) to ethylene glycol
(EG) via hydrogenation [103]. The authors concluded that the bifunctional effect between
Cu and ZrO, and structural promotion induced by the SMSI assured a stable 95 % DMO
conversion and a 90 % to 95 % of EG yield during the 300 h stability test [103]. Reyes
et al. hydrogenated citral over Ir catalysts supported on TiOy and SiO5 at 473 K and
723 K [104]. The authors believe that the high catalytic activity at 723 K of the catalysts
supported on TiOy is due to the increase in interfacial Ir-TiO, sites where a bifunctional
effect is observed [104]. A small size of the metal particles promotes the bifunctional effect,
as a small particle size increases the interfacial length, which increases the active sites and
the catalytic activity [100].
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Figure 2.5 Bifunctional effect resulting from SMSI. © 2017 Elsevier [1]

2.7 Promoters

Structural (or textural) promoters facilitate the dispersion of the active metal [41].Irreducible
supports such as AlyO3 and SiOs offer structural promotion and stabilize the structure of
the active metal [105]. Koo et al. tested the structural promotion of Al,O3 for an ordered-
mesoporous CozOy4 catalyst for the F'T process. Mesoporous-CozO4 (m-Co) converted CO at
8.3 % (vs. 90 % initially) whereas dispersing a 0.05 g g=! Al,O3 loading in m-Co resulted in
a CO conversion of 89.6 % (vs. 94.7 % initially) after 45 h of steady-state [106]. The authors
concluded the structural promotion was due to the strong interaction between Al,O3z and
Co30y4 , and the formation of a CoAl;O4 spinel structure prevented structural collapses and
coke deposition [106]. Huang et al. studied the effect of MgO in promoting Ni in Ni/SBA-15
catalysts for the dry reforming of CH, . The authors tested a 0.1 g g=* Ni on SBA-15 catalyst
that converted COy at 86 % at 850 °C, and at 53 % after 120 h [107]. The optimal MgO
loading resulted to be 0.03 g ¢~!, and the 0.1 g g~ Ni/SBA-15 with a 0.03 g g~! MgO loading
converted COj initially at 92 % and dropped to 77 % after 120 h [107]. MgO reduced the
carbon deposition, improved the dispersion of Ni® and promoted CO, adsorption through an

increase in the catalyst’s basicity, which improved the catalyst’s stability [107].

Chemical promoters improve the ability of the metals to catalyze a chemical reaction [41].
There are electropositive and electronegative promoters, whose main difference comes in the
donation or attraction of electrons. Electropositive promoters donate electrons to the metal
and lower the work function of the catalyst. Alkali metals such as K, Na and Cs are com-
mon electropositive promoters [108]. On the other hand, electronegative promoters accept
electrons from the promoted metal, thus increasing the work function of the catalyst. Some

examples of electronegative promoters are C, O and N. However, electronegative promot-
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ers may block active sites of the catalyst through their strong surface interaction with the
metal [108]. Xu et al. doped K on Cu-Fe catalyst for higher alcohol synthesis from COs to
test the regulating effect of K in CO, hydrogenation. The authors concluded that a loading
of K of 0.046 g g~ promotes the RWGS by controlling the non-dissociation and dissociation
of CO, thus allowing the CH*, -CO* coupling to occur to synthesize alcohols [109]. Fur-
thermore, K regulates H adsorption, which prevents the CH*, hydrogenation termination

reaction from occurring [109].

2.8 The Work Function

The work function is the minimum energy required to remove an electron from the neu-
tral surface of the metal [108]. The work function affects the adsorption and desorption of
intermediates, which influences the selectivity for one product over another [110]. When
a MSI occurs, the electrons and O% ions transfer from a lower work function to a higher
work function [40]. For example, Panaritis et al. concluded that the self-sustained electro-
promoted (SSEP) state of FeOx/Co304 for the RWGS is due to the transfer of electrons from
Co304 to FeOx (low to high work function) [40]. Pahija et al. reported that lowering the
work function through electron donation from electropositive promoters improves the acti-
vation of COy at the surface of the catalyst for the RWGS reaction [39]. The work function
also changes through electrochemistry. Zagoraios et al. tested Ni NPs supported on yttria
stabilized zirconia (YSZ) for the RWGS reaction and improved the performance through
electrochemistry [111]. The application of a positive potential increased the work function
of the catalyst, which decreased the strength of CO adsorption and increased the CO rate of
formation by 40 % [111].

2.9 Synthesis Methods

2.9.1 Polyol Method

The polyol method synthesizes NPs of metals and metal oxides. Ethylene glycol (EG) is the
simplest polyol available, and is the base of more complex polyols such as diethylene glycol
(DEG), tetraethylene glycol (TEG), etc.. The boiling point, viscosity and polarity of a polyol
increase with an increasing number of OH groups and molecular weight [112]. Furthermore,
polyols are solvents similar to water, which plays an important role in controlling the nucle-
ation of particles and for agglomeration prevention when dissolving the precursors. The first
step of the synthesis of NPs with the polyol method is the reduction of the precursor salt
of the metal by the polyol. A base is also added to the solution and must be controlled, as
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the pH of the solution regulates the size of the NPs [112,113]. A high pH results in smaller
NPs [113]. The next step is nucleation, where the NPs of the metal form. The polyol adheres

to the metal during the nucleation and stabilizes the size of the NPs.

The range of the size of the particles goes from 2 nm to 150 nm, and it is even possible to
achieve smaller particle diameters. For example, Book et al. synthesized PtRu nano-catalysts
of size ranging from 0.7 nm to 4 nm [114]. The authors selected EG as polyol and NaOH
as base. An initial pH of 11.1 and a final pH of 6 was reached to synthesize NPs of 0.7 nm,
whereas the synthesis of 4 nm NPs required lower pH (7.2 initial and 3.3 final) [114]. The
temperature reaction plays a role in the particle size distribution. Park et al. synthesized
Cu NPs and varied during the synthesis process the concentration of the reducing agent, the
injection rate of the precursor and the temperature. A temperature of 200 °C achieved an
average particle size of 53 nm, and particles of 45 nm were synthesized with a temperature of
140 °C [115]. At 200°C the reducing rate is faster than at 140 °C, which results in multiple
nucleations occurring at the same time and favors bigger particle size [115]. The choice of
polyol also has an effect on the shape of the NPs. Carroll et al. prepared Cu and Ni NPs
via a modified polyol method, and tested the effect of changing the length of the polyol in
the preparation process [116]. The morphology of Cu was impacted by the choice of polyol,
as the shape of the NPs changed from spheres with EG to triangles and rods with propylene
glycol (PG) and TEG respectively [116].

2.9.2 Deposition Precipitation

The deposition precipitation (DP) method deposits an active metal on a support and the
final catalyst is then recovered by precipitation. The deposited metal is introduced into the
solution containing the support as precursor salt in the aqueous phase [117]. When adding
the precursor salt, mixing uniformly disperses the active metal on the support. Adding a
base increases the pH of the solution, precipitates the catalyst and to control the particle
size of the deposited metal ions [117,118]. The precursor’s solution must be added at a slow
pace to prevent rapid nucleation of the metal particles. Once all the components are added,
the solution is heated with continuous stirring during a certain amount of hours, also known
as the aging time. This leaves more time for the ions of the active metal to interact and
deposit on the support. For the synthesis of a Ni/Silicious catalyst, the surface area of the
catalyst increased after being aged at 70 °C and 90 °C [118]. Feng et al. reported that
a longer aging time during the synthesis of a Au/TS-1 (Si:Ti of 1:1) catalyst for propene
epoxidation increased the catalytic activity due to more Au particles entering the micropores
of the support [119]. Au/TS-1 aged for 10 h produced propylene oxide (PO) at a rate of 163
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gpo h™! g4, ~'. The rate of production of PO was 149 gpo h™! g4, ' for Au/TS-1 aged
during 4 h [119].

DP is an ideal choice of method for catalyst synthesis, due to its reproducibility [120]. Luhui
et al. compared the performance for the RWGS reaction of Ni/CeO, (0.01 g g~* Ni loading)
prepared by co-precipitation (CP), DP and impregnation (IM). The authors achieved COq
conversions at 600 °C (1:1 COy :Hy feed ratio) of 28 % , 34 % and 5 % respectively [59].
The CO selectivity for CP, DP and IM at 600°C was 99 % , 89 % and 100 % . The authors
concluded that Ni/CeOy synthesized through CP is an overall better RWGS catalyst [59].
Luhui et al. suggest that the DP method lowered oxygen vacancies compared to CP [59].
Small sizes of NPs and high dispersion of active metals are achievable with the DP method.
For example, Jurkovi¢ et al. deposited a loading of Cu of 0.01 g g=% on Al,O3 CeOy SiO,
TiOs and ZrOs and dispersed Cu at 77 % on Al,O3 [44]. Cu/Al;O3 had the highest RWGS
catalytic activity and the smallest NPs deposited on the support (3.8 nm) [44]. Buratti et
al. concluded that to deposit Ni NPs of size < 5 nm with the DP method following the
reduction of the catalyst: (1) the metal must be reduced at high temperature (300 °C-900
°C, depending on the Ni phase); (2) SMSI must occur between Ni and the support; (3) the
SMSI interface must be large [121].

2.9.3 Impregnation

During impregnation, the active metal is dispersed by impregnating the support with a
solution of the metal precursor [41]. There are two variations of the impregnation method:
wet and dry. The main difference between these variations is the volume of the solution
containing the precursor [117,122]. For dry impregnation, the volume of the precursors is
equal to the volume of the pores. The solution enters the pores by suction and leaves no
extra out [117,122]. During wet impregnation, a water-filled support is immersed in the
precursor solution, and the active metal diffuses into the support. The interaction between
the metal and the support must be strong. Once the impregnation process is finished, drying

is necessary to evaporate the solvent [117].

Impregnation improves CO selectivity in the RWGS reaction [123]. Wet impregnation is
also common in the industry, since it is a simple method that produces a low amount of
waste [124]. Kharaji et al. prepared and compared Fe-Mo/Al,O3 , Fe/Al,O3 and Mo/AlyO3
catalysts for the RWGS. For all three catalysts, the authors added the precursor’s solution
to a slurry of AlyOgz , stirred for 10 h at 308 K, dried for 10 h at 323 K and calcined at
923 K for 5 h [123]. Ronda-Lloret et al. synthesized a CuOx/CeO, catalysts from metal

organic frameworks (MOF) with a modified impregnation method. The authors compared
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the performance of the MOF-derived catalyst to a CuO/CeO, synthesized by the conventional
wet impregnation method [125]. The modified impregnation consisted of impregnating the
CeOy support in the Cu precursor (MOF) followed by a decomposition through pyrolysis
[125]. The conventional wet impregnation consisted of impregnating CeO, with a Cu solution,
drying at 90 °C overnight and calcination at 500 °C for 4 h. The catalysts derived from MOF
and decomposed with oxidative pyrolysis outperformed the Cu/CeOq synthesized through
the conventional method by 3 % after 20 h at 400 °C (18 % vs. 15 % respectively) [125].
The pyrolysis with air proned the formation of well-dispersed CuO particles, which are more

resistant to sintering than Cu particles [125].

2.9.4 Drying and Calcination

Drying removes the remaining synthesis solvent through evaporation [117]. The drying tem-
perature is usually slightly higher (+/- 10°C) than the boiling temperature of the substance.
For example, to eliminate water from the sample, one dries the catalyst at 110°C [41]. Drying
also affects the interaction between the different components of the catalyst, thus influencing
the overall performance under reaction conditions [117]. Al-Zeghayer et al. studied the effect
of drying conditions on the activity of a CoMo/v-AlyO3 catalyst for hydrodesulfurization.
The catalyst dried at 323 K performed better than the catalysts dried at 373 K and 423
K [126]. The drying temperature promoted the catalytic activity through the distribution of
Co and Mo [126]. Wang et al. highlighted the influence of drying on a Ce-Cu-Al catalyst for
H,S and PHj3 removal [127]. The authors concluded that the drying temperature affects the
physico-chemical properties of the catalyst. Drying at 60 °C uniformly distributed the par-

ticle size, increased the surface area and improved the oxidation-reduction properties [127].

Calcination follows drying, and is often the last step of catalyst synthesis. Calcination sta-
bilizes the catalytic structure, and is performed at temperatures much higher than drying
(often > 300 °C) [41] and decomposes chemicals left from the synthesis process [117]. The
catalytic structure affects the activity of the catalyst and its selectivity towards desired prod-
ucts. Liu et al. studied the effect of the calcination temperature on Ni/LayOg for the RWGS
reaction [128]. CO; conversion remained similar regardless of the calcination temperature.
On the other hand, CO selectivity was higher (76 % ) at a reactor discharge power of 60 W
for calcination at 600 °C compared to calcinations at 700°C (52 % ), 800 °C (61 %) and 900
°C (59 %) [128]. Calcination at 600 °C improved the dispersion of smaller Ni particles and
induced a SMSI [128]. The calcination temperature may improve the stability of a catalyst.
For example, Joo et al. compared the performance of ZnO, Al,O3 and ZnO/Al,O3 for the
RWGS reaction, and performed calcination at 500 °C and 850 °C [129]. ZnO/Al,O3 calcined
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at 850°C was fully selective to CO and converted COy at 10 % and 30 % at 600 °C and 700
°C respectively. The performance of the catalyst was stable during 210 h [129]. Joo et al.
detected a ZnAl;Oy4 spinel structure formed during calcination at 850 °C and concluded that
ZnAl,O,4 prevented the reduction of ZnO, thus improving the stability of the catalyst [129].
Sintering may also result from calcination. Sakhaei et al. prepared Ni/ZnO.Al,O3 catalyst
for the RWGS reaction [130]. The authors reported an increase in NiO particle size from 15.8
nm to 38.3 nm when increasing the calcination temperature from 400 °C to 700 °C [130]. A

higher temperature induced sintering of the crystal structure [130].

2.10 Characterization

2.10.1 Transmission Electron Microscopy and Scanning Transmission Electron

Microscopy

Transmission Electron Microscopy (TEM) details the microstructure of the catalyst with an
an atomic scale resolution [131]. A beam of electrons is focused on the catalyst, and the
interaction between the electrons and the surface generate signals are detected and form an
image [41,132]. Information such as microstructure and crystallography of the catalyst are
obtained through TEM [133]. However, the sample preparation for TEM characterization is
time-consuming [134], and it is an expensive technique [135]. Scanning Transmission Electron
Microscopy (STEM) works the same way than TEM characterization, but with the electron
beam being focused into a smaller probe that scans the sample to form an image [133,136].
STEM can be coupled with other techniques such as high-angle annular dark-field (HAADF),
Energy-dispersyve X-ray (EDX) and Electron Energy-loss Spectrometer (EELS) for catalyst

characterization [133].

2.10.2 Energy-dispersive X-ray

EDX identifies the elements present in a sample. A beam of electrons is focused on the
sample, which ionizes the atoms [137]. Once the ionized atoms are back in their ground state,
x-rays are emitted and measured by a detector [137]. The detector measures the difference
in potential energy between the orbitals, which is different for every element. As the atomic
number affects the energy emitted, the present element is identified by the EDX system [137].
Some limitations of EDX technique are that the difference between ionic and nonionic species
is undetectable through EDX characterization. Samples must be analyzed under vacuum
conditions to prevent uncertainties due to x-ray absorbtion by air, thus careful preparation

is necessary [137]. Furthermore, detecting elements of atomic number smaller than 10 may
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be difficult with EDX, due to peaks overlapping [137]. Figure 2.6 shows examples of SEM
and EDX images of tablets containing zinc and sulfur. SEM and EDX characterizations of

catalysts provide similar images.

Figure 2.6 Comparison of scanning electron micrographs (SEM, left column) and EDX
elemental distribution maps for sulfur (S, red) and zinc (Zn, blue) for: (a) scored &
hand-fractured, (b) microtomed and (c) grated tablet surfaces. © 2022 Elsevier [2]

2.10.3 Electron Energy-loss Spectrometer

EELS detects elements in samples through a beam of electrons [137], and provides information
about the composition [138]. Electrons are scattered inelastically when interacting with the
catalyst, which leads to a loss of energy and deviation from the electron’s initial trajectory
that are measured by the spectrometer [138]. The ionization edges of the EELS spectrum
provide the information about the energy variation from electrons moving from the core of
the atom to free electron states, which is analyzed to determine the composition of the sample
[138]. Compared to EDX, EELS is more sensitive and detects lighter elements [138,139]

2.10.4 X-ray Diffraction

Crystal plane and structure, and average particle size are among the structural parameters
that are determined through X-ray diffraction (XRD) [140]. Each substance diffracts x-rays
at different angles through the different orientations of the planes, thus making XRD a good

method to identify a compound [41]. An x-ray beam is focused on a sample, and is elastically
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scattered by the atoms of the material [140]. The direction and the intensity of the scattered
beam depends on the interatomic spacing of the plane and the orientation of the crystal

respectively [140]. The diffraction of a sample follows Bragg’s law [140]:

nA = 2dpanesing (2.20)

A is the wavelength of the initial x-ray, n is an integer (1, 2, 3, ...), dyane is the distance
between planes and 6 is the angle of diffraction of the x-ray [140]. The relationship between
the size of a crystal and the half peak of an XRD is represented by Scherrer’s equation [41]:

kA
B f—
LcosO

(2.21)

B is the half peak height, L the size of the crystal and £ is a constant assumed to be 1 [41].

Figure 2.7 provides an example of an XRD pattern plotted after characterizing a sample with
XRD.
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Figure 2.7 X-ray diffraction pattern of carbon (KJB) supported platinum, thermal treated
at 400°C. © 2001 Elsevier [3]

2.10.5 X-ray Fluorescence

X-ray Fluorescence (XRF') characterization measures the composition of elements in a sample

[39,141]. Electrons from the atoms of the sample are ejected by a beam of x-ray [141,142].
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Higher orbital electrons fill the vacancies formed by the beam of x-ray and emit a fluorescence
x-ray that is unique to an element [141,142]. An element present in a high concentration will
have a higher fluorescence count [143]. XRF is precise, requires no complicated preparation
of the sample for analysis, and detects most of the elements [141]. However, XRF is an
inappropriate choice to detect lighter elements. These elements tend to reabsorb the emitted

photons. The detector is therefore unable to measure the emissions from the atoms [143].

2.10.6 Brunauer—-Emmett—Teller Method

The Brunauer-Emmett—Teller (BET) Method measures the specific surface area of the pores
of a catalyst [144, 145].The method consists of exposing the catalyst to an inert gas (He,,
Nj, Ar) to measure the adsorption of the gases within the pores [146]. Ny is often chosen for
BET, due to its strong interaction with solids. The interaction between Ny and the catalyst
occurs at a low temperature [144]. A known amount of N is released on the sample, until
saturation pressure is achieved. The sample with the adsorbed gas is heated and the amount
of adsorbed Nj is quantified and plotted as a function of relative pressure [144]. Ny has six
possible isotherm types [145], and the BET calculates the surface area of the sample with

information from the isotherm [144,145]:

p__ 1  C-p
W,(P,—P)  CWp = CW P,

(2.22)

P and P, are the actual and saturated vapor pressure, W, is the mass of the gas adsorbed at
P/P,, C is a constant that considers the heat of adsorption and W,,; is the mass of adsorbed

gas that is required to form a complete monolayer on the sample [144,145].
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CHAPTER 3 APPROACH TO THE ENTIRE RESEARCH WORK AND
GENERAL ORGANIZATION OF THE DOCUMENT INDICATING THE
COHERENCE OF THE ARTICLE WITH THE RESEARCH OBJECTIVES

This research project focuses on Ni, a cheap metal that is similar to noble metals as RWGS
catalyst performance-wise. The literature review presented in Chapter 2 offers a good insight
into catalysis concepts that are observed through the article on Ni catalysts. Indeed, Chapter
2 explains the RWGS reaction mechanisms, and describes the main characteristics of Ni, Fe,
Al,O3, Co and ZnO, which are necessary to explain the results of the study presented in
Chapter 4.

Chapter 4 presents the article Ni NPs on Co30, catalyze the reverse water-gas shift
with 95 % CO selectivity at 300 °C. The article discusses the results of activity tests and
characterization of Ni/Al,O3, Ni/ZnO, Ni/Co304 and Ni/Fe;O3. The achieved conversions
and selectivities with Ni as an active metal demonstrate that Ni has the potential replace
noble metals to catalyze the RWGS reaction. The article meets all three research objectives.
We synthesized Ni/Al,O3, Ni/ZnO, Ni/Co304 and Ni/Fey,O3 with the polyol method and
the wet dispersion method, and compared the achieved CO5 conversions and CO selectivity
to other catalysts from the literature (Table 4.2). This comparison emphasizes the novelty
of catalyzing the RWGS with low loadings (< 0.02 g g7!) of Ni NPs (2 nm). We selected
Ni/Al;O3 as benchmark, since it has been previously studied as a catalyst for the RWGS
reaction. We reported the CHy selectivity of each catalyst that demonstrated the suppression
of CO5 methanation on a Ni-based catalyst. TEM, XRD and BET characterization provided
an insight on the influence of the physico-chemical properties of the catalysts on the COq
conversion and CO selectivity. Indeed, the characterization images and results support our
claims on the promotion of RWGS activity by MSI, small NP size and high dispersion on the

supports.

The discussion in Chapter 5 offers a discussion that links the literature review of Chapter 2
with the results presented in the article in Chapter 4. The discussion compares the differences
of COy conversion, CO selectivity and cost between Ni, Cu and Fe. Such comparisons
give a better insight in the selection of a RWGS catalyst for future works and potential
industrial applications. Furthermore, Chapter 5 emphasizes the importance promotion by the
supports to achieve near-equilibrium conversions, and discusses the potential impregnation

and depositions precipitation synthesis methods, and membrane reactors for future works.

Chapter 6 summarizes the results of this work, and provides the limitations of the study
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and the recommendations. The suggested future works in Chapter 6 introduce the possible
combination of a Ni catalyst with a membrane reactor, as well as the potential of carbon
nanotubes (CNTs) for RWGS catalysis.
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4.1 Highlights

« Ni nanoparticles (2 nm) are active for the reverse water gas shift;
« Superior activity for Ni/Co304 due to metal-support interaction;

« Carbon nanotubes formed in situ promote Ni/Co3Qy .

4.2 Abstract

Ni nanoparticles (NPs) supported on Al,O3 ZnO, Fe;O3 and CozO4 activate COq for the
reverse water-gas shift (RWGS) reaction at ambient pressure. The highly dispersed Ni NPs at
a loading of 0.02 g g~! minimized agglomeration and hydrogen adsorption to the surface, thus
CO hydrogenation. Inert (Al;O3 ) and reducible (ZnO, Fe;O3, Co30, ) supports promoted
the catalytic activity of Ni. The metal-support interaction (MSI) between Ni and semi-
conductors ZnO and Co30,4 suppresses CH, formation, increases the selectivity towards the
RWGS, and promotes the catalytic activity and stability. Carbon nanotubes (CNTs) formed
during the reaction dispersed the Ni/Co30, catalyst and promoted the catalytic properties
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by forming a synergistic relationship between Ni/Co30, and CNTs. Ni/Co30, converted
the most CO, among all catalysts at 36 % of CO, with traces of CH,, while Ni/Al,O3
converted 33 % with a 96 % CO selectivity at 600 °C. Furthermore, we demonstrate that
Ni/Co30,4 converts 4 % of the COy in the feed with a 95 % CO selectivity at 300 °C due to
the reducibility of CozO4 promoting the catalytic properties of Ni.

Keywords: Ni nanoparticles; metal-support interaction; MSI; carbon nanotubes; CNT;

Reverse water-gas shift

Abbreviations: NP, nanoparticle; MSI, metal-support interaction; CN'T, carbon nanotube;

RWGS, reverse water gas shift.

Figure 4.1 Graphical abstract

4.3 Introduction

The global energy-related carbon dioxide emissions topped 33 Gt in 2021, and reached an
atmospheric concentration of 412 ppm in 2020 [1], worsening the climate and ecological crisis.
To reduce the dependency on fossil fuels, CO5 is recycled in carbon capture and utilization
technologies to produce a carbon-based product. COy conversion to commodity chemicals
displaces some fossil fuel as a feedstock, to reduce the techno-economic gap with conventional

fuels and chemicals.

In the reverse water gas shift (RWGS) reaction (R1), CO, and renewable Hj react to produce
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carbon monoxide and water. The reaction transforms thermodynamically stable CO, into

syngas and produces CHy below 500 °C (R2, R3).

COy +Hy < CO +HyO (AH® =41 kJ mol™) (R1)
CO +3H, < CHy; + HyO (AH® = —206 kJ mol™!) (R2)
COy +4H, < CHy +2H,0 (AH® = —145 kJ mol ™) (R3)

The selectivity if the intermediate species depends on the physico-chemical properties of the
catalysts: structure, grain size, porosity, composition, chemisorptive properties, etc. One
approach to increase CO yield is by decreasing the metal particle size. Nanoparticles (NPs)
with a diameter less than 10 nm tend to agglomerate less as the distance between the active
sites limits the interaction of intermediates on the surface and produce CHy [2]-[4]. The
surface-to-volume ratio of the particle increases with decreasing particle size, reducing the

amount of metal needed while maximizing the active sites available for the RWGS.

Transition metals like Cu, Fe, Co, Mo, and Ni [5],[6],[7],[8] are potential substitutes for noble
metals to activate and reduce CO,The change in oxidation state among transition metals
under reaction conditions activates them for the RWGS. Ni is an active metal to hydrogenate
CO;y to CHy [9],[10],[11]. Bulk Ni-based catalysts (> 9 nm) with a low dispersion tend to
agglomerate and produce CHy directly from CO5 and CO [3], [12]. Lu et al. recommend a
loading limit of 0.035 g g~! of Ni and NiO NPs ( 6.5 nm) to prevent them from agglomerating
and producing CHy [13],[14]. Ni/Al,O3 (8.1 nm)[15] favored the production of CH, with a
selectivity of > 90 % under 450 °C [16], where the direct CO, dissociation is not favored
on Ni, instead Hy should be present on the surface to cleave the COy bond by lowering its
energy [16]. Wolf et al. observed that Ni is prone to form coke above 550 °C [17]. Gioria et
al. employed Ni NPs (5.2 + 2.7 nm) on AlyOj3 for the COy hydrogenation reaction [18], after
30 h under reaction conditions at 600 °C, the size increased by 5 % to 5.5 = 1.9 nm. The
Al,O3 support preserved the catalyst from sintering by forming a Ni aluminate spinel phase,

with a varying stability of + 2 % with a maximum CO selectivity of 80 % .

The metal-support interaction (MSI) establishes a synergetic effect between the metal and its
support, influences through the transfer of electrons and ions the chemical state of the metal,
the bifunctional relation, its geometric and electronic properties, and a strong metal-support
interaction (SMSI)[19] to promote its catalytic activity. The bifunctional property favors Hy
the spillover or back-spillover of species from one metal to another, increasing the overall

catalytic activity through its geometric and electronic properties[19],[20].
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Semiconductors like CeOy and Co3z04 are active supports due to their electronic effect pro-
moted during an MSI by Oy exchange mobility, bimetallic composition, and metal/metal-
oxide configuration[21]. Furthermore, semiconductors conduct ions (O° ) and electrons
through their mixed-ionic electronic conductivity (MIEC). MIECs promote supported metal
NPs with O°  ions that alters its work function, oxidation state, and the binding energy of
the reactant and intermediate species[22]. Wang et al. demonstrated a SMSI between Ni
and ZnO where reducing the catalyst lowers the binding energy of CO and H by modifying
its MSI [23]. The basic sites of ZnO activate CO, for the RWGS, and Ni sites activate Hy
[24],125]. FeO and Fe3O, are active for the RWGS reaction over Fe;,O3 and Fe [6], [26]-[28].
Ru doping on FeOx controlled the Fe oxidations state, hindering its reduction into an in
active phase [29]-[31]. FeOx NPs supported on Co304 were active for RWGS, where the MSI
between the metal-oxides favored Oy cycling in response to the redox reaction atmosphere.
The FeOx/Co30,4 formed an active state under reaction conditions, which was hindered when
a state change was induced electrochemically at 350 °C [7]. Thus, the use of reducible semi-

conductors as a support promote the catalytic activity through multiple mechanisms.

Herein, we report an approach to produce CO with Ni NPs (2 nm) prepared through the
polyol method deposited on Al,O3 ZnO, Fe,O3 and Cos0,4 with a loading of 0.02 g g=%. Ni
tends to favor methanation, however decreasing the particle size to < 10 nm and depositing it
on a reducible support tailors its selectivity to CO while increasing CO, conversion. All four
supported catalysts were tested from 300 °C to 600 °C under atmospheric pressure with a COq
:Hy 1:1 feed ratio. TXRF, TEM, STEM-EDX, XRD and BET techniques characterized the
catalysts. Since Ni/Co30, converted the most COy ( 36 % ), it was studied under oxidizing
and reducing conditions to determine how reaction conditions can modify its state and its

activity.

Our work is novel for the following reasons: (1) we deposit Ni NPs on Co30,4 to convert COq
with a CO selectivity of >95 % as low as 300 °C (2) we test for the first time Ni NPs on ZnO,
Co304 and Fe,O3 for the RWGS and, (3) we produced CNTs on Ni/Co30,4 and achieved a
stable CO yield for >100 h. Well dispersed Ni NPs on reducible supports elicits a MSI that

increases COy conversion and CO yield while suppressing CH, formation.

4.4 Experimental Section

4.4.1 Catalyst synthesis

Ni NPs were prepared through the polyol synthesis method [28], [32]. The Ni NPs suspended
in a colloidal solution were dispersed on Al,O3 powder (Sigma Aldrich), ZnO (Alfa Aesar),
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Co304 (Alfa Aesar) and FeyO3 (Alfa Aesar) supports through the wet dispersion method. A
Ni loading of 0.02 g g~! was selected to minimize the amount of Ni, as Ni particles come
into contact and agglomerate above 2 g g~ [13]. The composition of Ni was fixed at a mass

fraction of 2 % and verified by total reflection X-rays fluorescence (TXRF) analysis (Table
4.1).

Table 4.1 List of the 0.02 g g=! Ni-supported catalysts, corresponding composition from
TXRF analysis in mass percentage and nanoparticle size measured on TEM images.

4.4.2 Catalyst characterization

The catalysts were imaged with the FEI Titan3 80-300 transmission electron microscope
(TEM). The TEM instrument is also equipped with an energy-dispersive X-ray (EDX) spec-
trometer (EDAX Analyzer, DPP-II) and an electron energy-loss spectrometer (EELS). The
EELS analysis was performed on a Gatan Tridiem 866 Image Filter with a dwell time of 0.5 s.
The microscope operates at 300 keV and uses a monochromatic field emission gun combined
with a CEOS probe aberration corrector. The morphology and size of the catalysts were
obtained through TEM characterization. We obtained mages of the catalyst with a scanning
transition electron microscope (STEM). The microscope used a high-angle annular dark field
(HAADF) and bright field (BF) detector. We performed the EDX analysis (super-X system)
with an acquisition time of 30 s. An X-ray diffraction (Bruker D8 Advance XRD) set up
in Bragg Brentano geometry (theta-theta) determined the oxidation states of the catalysts.
XRD equipment operated at 40 kV and 40 mA and configured with a Co x-ray tube and a
VANTEC-1 position-sensitive detector. We collected the XRD profiles at 26 ranging from
10° to 90°. The step size was 0.02 with a scan speed of 2 s per step. The composition of the
elements of each sample (TXRF) was measured using a benchtop spectrometer S2 Picofox™
(Bruker Nano GmbH., Berlin, Germany). The Mo target micro-focus tube, the multilayer
monochromator and the 30 mm? X-Flash® silicon drift detector of the equipment operated

in atmospheric air at 50 kV /600 pA. A 5-point BET method with nitrogen was used on
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a Micrometrics ASAP 2020 to analyze the samples. The catalysts were heated before the
analysis at 110 °C for 10 min and then held at 200 °C for 2 h with a 10 °C min~! temperature

ramp. All catalysts were characterized before and after the 6 runs of test.

4.4.3 RWGS catalytic experiment

30 mg of catalysts were tested on a CATLAB Hiden module in a quartz glass tube (4 mm in
diameter). All the catalysts were exposed to a reaction ratio of COy :Hy of 1:1 from 300 °C
to 600 °C at ambient pressure. The space velocity during the experiment was 200 000 mL
g1 h™. The catalysts were reduced prior to testing at 400 °C under a 10/90 % Hy /Ar mix
for 20 h. The temperature of the reactor was measured with a thermocouple placed outside
of the reactor with the tip located at the catalyst bed. The gas outlet was analyzed with a
gas-chromatograph thermal conductivity detector (Bruker Scion456 GC-TCD). In addition,
Ni/Co30, was studied under oxidizing and reducing conditions for a CO5 :Hy ratio of 4.4:1
and 1:1.6, as it outperformed the other catalysts. Each catalyst light-off was cycled six times

to ensure a steady-state. All activity results are reported with a & 0.5 % standard error.
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Figure 4.2 Setup used for the RWGS catalytic experiment. The 4 mm ID quartz tube was
placed in the electrical furnace. The CATLAB module controlled the temperature of the
furnace and the inlet flow.
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The CO; conversion, Xco, , CO selectivity, Sco , and yield, Yco were calculated based on
the inlet and outlet compositions as measured by the GC-TCD.

CO2IN o CO2OUT

X = 4.1
CO2 C02 IN ( )
CcO ouT CO ouT
Sco = COOUT 4 CH,OUT — CO, NXco, (4.2)
Yoo = Xco, Sco (4.3)

4.5 Results and discussion

4.5.1 Physicochemical Characterization
XRD Analysis

For all four fresh catalysts, XRD detects only the supports (Figure 4.3(a))[33]. Ni is absent
due to the amorphous nature of Ni NPs and low loading (0.02 g g™!), even though it is
detected elementally from TXRF (Table 4.1). Despite the Ni loading, the XRD patterns of
used Ni/Fe;O3 Ni/Coz0y4 , and Ni/Al, O3 (Figure 4.3(b)) possibly detected Ni at 44° and
50° 20 for Ni/Co304 and Ni/Al,O3 (COD 2100637), respectively. For Ni/ZnO, Ni remained
mainly amorphous as phases of Ni and NiO were possibly detected at 43° 20 , which remains
to be substantiated. For the used Ni/Al,O3 Al,O3 peaks are detected at 20 values of 19°
32°, 37°, 45°, 60° and 67° (COD 2015530). ZnO peaks predominate for used Ni/ZnO, with
20 values at 32°, 34°, 36°, 47°, 57°, 62°, 66°, 67°, 69°, 72° and 76° (COD 1011258). The XRD
pattern of fresh Ni/Fe,O3 detects only v -Fe;O3 peaks (COD 9006316) and for used Ni/Fe,O3
an amorphous Fe;O3 peak is detected at 24°, and another Fe;O3 peak at 64° (COD 9000139).
The Fe,O3 peaks indicate a phase change from v -Fe;O3 to o -FesO3 . The transition of Fe;Og
from v -phase to « -phase occurs above 300 °C[34],[35]. Metallic Co was detected at 41°, 47°
and 76° 20 (COD 9008492) for used Ni/Co30, as well as deposited carbon at 26° 20 (COD
9000046).
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Figure 4.3 (a) XRD patterns of fresh Ni catalysts (b) XRD patterns of used Ni catalysts
after a 6 run of tests under a 1:1 CO, : H, feed ratio.
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TEM imaging

Ni NPs (2.0 + 0.1 nm in diameter) are highly dispersed and supported on Al,Oj , represented
by the whiter dots in Figure 4.4 (a). EELS imaging confirms the presence of Ni with no other
impurities (Figure 4.11). XRF measured the Ni loading to be 0.43 % (or 0.0043 g g~! of Ni
on Al,O3 ), even though 0.02 g g~! was initially prepared. After a 48h exposure to a 1:1 CO,
:H, feed ratio from 300 °C to 600 °C, the used Ni nanoparticle tripled in size to 5.8 + 0.4 nm
and crystalized as detected by XRD (Figure 4.3(b)). For Ni/ZnO, Ni is located at the edge
of the ZnO support as a thin 4.5 + 0.8 nm layer (Figure 4.12), where ZnO influenced the
morphology of the Ni NPs through its MSI. The TEM images of used Ni/ZnO (Figure 4.13)
imaged the Ni NPs closer to each other compared to the Ni/Al,O3 catalyst (Figure 4.4). The
Ni/ZnO used sample doubled in size to 10.7 & 0.6 nm. XRF detected 0.024 g g~! of Ni on
Zn0O. Ni NPs were minimally dispersed on Fe,O3 (Figure 4.14 (a) and (b)). The particle size
of Ni NPs increased from 3.5 + 0.5 nm to 6.1 £+ 0.3 nm.

Figure 4.4 STEM images of (a) fresh (2.0 £+ 0.1 nm) and (b) used (5.5 + 0.5nm) Ni NPs
(indicated by the red circles and arrows) supported on Al,O3 from 300 °C to 600 °C under
1:1 CO, :H, feed ratio.

Ni NPs deposited on CozO4 (Figure 4.5 (a) and (b)) are mostly indistinguishable on the
surface, except for the red arrow in Figure 4.5 (a) and the red circle in Figure 4.5 (b).
The loading of Ni is 0.025 ¢ g~! and is detected in the EDX mapping (Figure 4.15) in
the whiter/grayer areas. The Ni NPs on Co304 could have integrated in the structure of
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Co304 due to the similar ionic radius of Ni (0.072 nm) and Co (0.065 nm) and replaced
the surface Co atoms with Ni and/or is atomically dispersed on Co30,For the used sample
analyzed with HAADF, Co species are represented by white features in Figure 4.5 (c). A
BF detector highlighted the graphitic structure of the carbon surrounding the catalysts in
Figure 4.5 (d). Ni on Co304 doubled in size, with particle size increasing from 8.5 + 1.1nm
to 16.4 £ 1.3nm. TEM imaging of the used Ni/Co30, catalyst shows the presence of CNTs
(20-70nm) formed under a 1:1, 4.4:1 and 1:1.6 CO, :Hy feed ratio at 600 °C. The CNTs
followed the size of Ni/Co30, particles. Only the smaller Ni/Co304 NPs (10 nm) produced
CNTs with a diameter of 50 nm and a hollow core. The presence of CNTs did not hinder
the catalytic rate. Similarly, Pinheiro et al. reported that CNTs formation is favored on
smaller size Co catalysts, ranging from 2 nm to 20 nm|[36]. Ivanov et al. produced CNTs
using four supported metals (Fe, Co, Ni and Cu). The nanotubes produced on Co-supported
and Fe-supported had a hollow structure, whereas Ni-supported and Cu-supported formed
irregular-shaped carbon fibres[37]. In a previous study, FeOx nanowires dispersed on CozOy
[7] produced carbon nanofibers (20-50 nm) during the reaction, linking Co30,4 as a mean to
synthesize CNFs. The planes in CNTs are parallel to the tube’s axis, which is not the case
for CNFs. CNFs is more general than CNT, as it is used to describe a graphene structure[38].
In addition to converting COs carbon is also stored. Thus, for Ni/Co30, carbon deposition
is due to the Co species interactions with carbon and was not influenced by the doping of
Ni NPs, but Ni only aided in the decomposition of C species. Furthermore, hollow tubular

shapes occur due to strong interactions between the metal and carbon[36].
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Figure 4.5 TEM images of Ni/Co304 (a)-(b) fresh and (c)-(d) used. (¢): HAADF; (d):
HRTEM. Ni NPs on the fresh sample are indicated by the red arrow (a) and the red circle
(b).

4.5.2 Catalytic Activity

We tested all four catalysts for 6 runs. Ni/Al,O3 converts CO, and is stable from run 1 to
run 6 (Figure 4.17). At 600 °C Ni/Al,O3 converts COs at 33 % vs 38 % (Figure 4.6), which
is the thermodynamic limit with a CO and CHy selectivity of 96 % and 4 % respectively
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(Figure 4.6). The dispersion of Ni favors CO by shortening the distance between active sites
and lowering the CO hydrogenation pathway into CH,However, the low selectivity to CHy
can be affiliated to agglomerated Ni sites increasing the adsorption of H. Even though the
size of Ni NPs increased by three-times (Figure 4.4 (b)) the catalytic activity of Ni/Al,O3 at

600 °C remained constant from run 1 to 6.

Figure 4.6 RWGS catalytic for Ni/Al,O3 and yield selectivity at 600 °C on run 6. The
standard uncertainty for all data points is less than 0.5 % . For each data point the
sample size was n=4. The equilibrium limitation is represented by a dashed line.

Ni/ZnO converts 31 % of COq at 600 °C on the first run (Figure 4.20) before dropping to
29 % on its final run with a >99 % CO selectivity (Figure 4.7). The catalytic activity varied
by 2 % between runs and stabilized on run 5. The Ni NPs are not as evenly dispersed on
Zn0O (Figure 4.13) as on AlyO3 . Thus, agglomeration decreased the catalytic activity over
6 runs. Ni/FeyO3 minimally converts 3 % of COq at 600 °C with a >99 % selectivity to
CO (Figure 4.16 (a)). After six runs the Ni/Fe,Og catalytic activity increased with each run
from 1 % to 3 % for run 1 to 6 at 600 °C, respectively, indicating a possible formation of its

active phase of FeOx and Ni under reaction conditions if more cycles were added.
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Figure 4.7 Catalytic activity of Ni/ZnO and selectivity for run 6. 100 mL min~!. The
standard error for all data points is less than +0.5 %For each data point the sample size
was n=4. The equilibrium limitation is represented by a dashed line.

Ni/Co30,4 converts COs at 36 % on its final run at 600 °C close to the thermodynamic
equilibrium ( 39 % ) for a CO4 :Hy ratio of 1:1 (Figure 4.8). Ni/Co3Oy4 converts COy at 5 %
on run 1 and dropped to 4 % on run 6 at 300 °C (Figure 4.18 (a)). Under oxidizing conditions
(COy :Hy = 4.4:1), Ni/Co304 converts 2 % of COy at 300 °C and 12 % at 600 °C during its
final run (Figure 4.8). For reducing conditions (COy :Hy = 1:1.6), Ni/Co30,4 converts 1 %
and 41 % CO4 at 300 °C and 600 °C, respectively on its final run (Figure 4.8). The catalytic
activity increased by 15 % between run 1 and 3. Under all conditions, Ni/Co304 was >95 %
selective to CO. Furthermore, Ni/Co30, stored carbon during the experiment (Figure 4.5 (c)
and (d)). CNTs can be employed as catalytic supports, as they increase the dispersion of the
active metal and prevent particle agglomeration[39],[40]. The CNTs dispersed the Ni/Coz04
catalyst (Figure 4.5 (c)). Carbon nanofibers (CNFs) and CNTs have been observed in the
past for Ni catalysts, where C is generated from the Boudouard (2CO —C+CO; ) reaction
and/or broken down from CH, (CH4 —C+2H; ) to build C-C bonds following a shell structure
[38], [41]. Since no CH4 was detected, we suggest that CN'Ts were produced through the CHy
decomposition mechanism. Therefore, Ni/Co304 converted 4 % of CO5 into CO at 300 °C,

and the CN'Ts were formed by a combination of cracked CH,; and the Boudouard reaction.

Panaritis et al. demonstrated that the change in Co304 state influenced the catalytic activity
of the supported FeOx NPs [7]. Thus, an oxide state (CozO4 /CoO) favors low temperature

CO4 conversion, while a metallic state (Co) is active at higher temperatures. The state of Co
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is altered under reducing and oxidizing conditions, affecting the MSI between Ni and Co30,4
and the overall activity of the catalyst. At 400 °C, oxidizing and reducing conditions convert
4 % of COy , with the major difference of 6-times more Hy conversion for reducing conditions.
Reducing conditions favor a high COq of 32 % (vs 12 % for oxidizing conditions), and CHy
is present in trace amounts. Thus, at 400 °C the CO5 conversion is independent of the gas

ratio benefiting from a high concentration of CO, .

Figure 4.8 Catalytic activity of Ni/CozO, for a COy :H, ratio of 1:1 for run 6, and a CO,

:H, ratio of 4.4:1 and CO, :H, ratio of 1:1.6 for run 3. 100 mL min~'. The standard error

for all data points is less than +£0.5 %For each data point the sample size was n=4. The
equilibrium limitation of each feed ratio is represented by a dashed line.

4.5.3 Effect of High Dispersion and Low Loading

Al;O3 physically promotes the exposure and dispersion of Ni NPs due to its inert and stable
structure ensuring a high surface area. The high thermal stability of Al,O3 makes it practical
for endothermic reactions such as the RWGS[5],[42],[43]. Ni NPs are better dispersed on
Al O3 , (Figure 4.4) unlike the reducible supports (Figure 4.5, Figure 4.13, Figure 4.14). In
the present case the BET surface area of Ni/Al,O3 decreased from 163 4+ 2 m? g=! to 76
+ 3 m? g7!, before and after reaction. The Ni NPs could have entered the pores of Al,Os
accounting for the 54 % decrease before and after reaction, during the time they tripled in
size. Ni NPs formed clusters on ZnO and Fe,O3 and covered parts of the support (Figure 4.13
and Figure 4.14 (b)) rather than using most of the available surface area. The BET surface
area decreased by 76 % for Ni/Co30, from 55 + 1 m? g! to 13 +£ 1 m? g~ !. Interestingly,
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the decrease in surface area of both Al,O3 and Co3z0,4 did not affect the catalytic activity,
as the COq conversion of both Ni/AlyO3 remained stable through all 6 runs. The activity
of Ni/Co30, remained stable due to the MSI between Ni and Co30, despite the decrease of
the BET surface area for Ni/Co3Oy .

Highly dispersed Ni NPs catalysts ensured a high CO selectivity of 80 % for Ni/Al,O3
and >95 % for Ni/ZnO, Ni/Fe;O3 , and Ni/Co304 . The catalytic activity of the non-
reducible support (Ni/Al,O3 ) was better at high temperatures (>500 °C), whereas Ni/ZnO
and Ni/Co304 were active from 300 °C to 600 °C, while Ni/Fe;O3, minimally converted
COy. Among the examined Ni catalysts (Figure 4.9), Ni/Co304 was superior as it converted
4 % of CO4 as low as 300 °C, while Ni/Al;O3, Ni/ZnO and Ni/Fe;O3 were inactive at 300
°C. Ni/Co30, converted the most COy at 35 % followed by Ni/Al,O3 at 32 % , Ni/ZnO at
29 % and Ni/Fe;O3 at 4 % at 600 °C.

Figure 4.9 Summary of the catalytic activity, CO2:H2 ratio of 1:1 and a flow rate of 100 mL
min~!. The standard error for all data points is less than +0.5 % . For each data point the
sample size was n=4. Over Ni/Co30, and Ni/Al,O3, COy conversion increased linearly
with temperature. The equilibrium limitation is represented by a dashed line.

High dispersion and low loadings of Ni favored the RWGS reaction over methanation. For
example, Zhang et al. achieved high CO yield ( 60 % ) and selectivity (>99 % ) with 0.025
g ¢! loading of Ni NPs (13.5nm in size) on Al,O3 at 600 °C with a CO, :Hj, ratio of 4:1[45].
Thus, Ni loadings on Al,O3 under 0.075 g g~! favor the RWGS reaction over methanation[45)].
Low loading of Ni NPs (0.05 ¢ ¢~! of Ni) on SiO, was highly selective to CO. Wu et al.
observed with high-resolution TEM tiny or atomically dispersed Ni NPs [3], where HCOO
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was the intermediate species that broke down into CO on Ni NPs since H adsorption was
limited. With particles closer in vicinity and agglomerated (i.e., low dispersion), H adsorption
allows for the reduction of CO to take place. Low loadings and dispersion of NPs suppress

methanation and produce CO.

Our target Ni loading was 0.02 g g~!, as Ni mass fractions below 0.025 g g~! in previous
studies achieved greater than 99 % CO selectivity[45]. The nature of the supports and the
size of the NPs had an impact on the amount of Ni deposited. The average Ni particle size
and the weight loading on each support for the fresh samples are ranked as follow: Al,O3 <
FeyO3 < ZnO < Co304 (Table 1). This indicates that bigger NPs deposited lead to higher
loadings and vice versa. Indeed, a small Ni NP will weigh less than a bigger one. Ni may
have filled most of the Al;O3 pores with the smallest average NPs size measured, thus leading
to a lower loading (0.0043 g ¢~!) compared to the targeted 0.02 ¢ g=!. The particles that did
not stay in the pores or on the surface of Al;O3 remained in the synthesis solution. Ni was
chemisorbed on Co304 ZnO and Fe,O3 , whereas for Al;O3 Ni NPs were physiosorbed. The
physisorption of Ni on AlyO3 resulted in lower metal loading (0.0043 g g™!), as the interaction
between the metal and the support. The chemisorption resulting from the MSI between Ni
and Co304 , ZnO and Fe;O3 explains the lower discrepancy between the TXRF and the
aimed loading (0.02 g g7!), as the Ni NPs interact with electronic effect of the supports

exchange electrons and ions.

Sharp Ni peaks from XRD patterns detected for all used catalysts (Figure 4.3 (b)), indicate
an increase in Ni’s particle size and crystallization from its amorphous phase. The poor
dispersion of Ni on the supports promotes Ni agglomeration[46],[47] which is reflected by the
size of the NPs of the used Ni/ZnO and Ni/Co304 samples. The agglomeration of Ni on
Zn0O and Co30,4 reduced the available active sites favoring the RWGS reaction. The particle
size distribution of Ni after reaction was wider due to agglomeration and sintering of the
metal and support (Figure 4.23 and 4.24). When sintering and agglomeration occur the
system stabilizes[48]. Ni aggregated on Fe;O3 , as the NPs increased in size by a factor of
1.7. However, the poor performance is due to the interaction between Ni and Fe,O3 , where
Fe;O3 hindered Ni’s ability to dissociate Hy and CO5 . The increase in size of Ni before and
after reaction is reflected on both XRD patterns and TEM images for all reducible supports.

4.5.4 Metal-Support Interaction (MSI) Effect

The metal-support interaction (MSI) influenced the morphology and work function of the Ni
NPs, in turn improving the catalyst’s ability to adsorb the reactants and convert them into

the desired products. Millet et al. tested the ability of single Ni atoms supported on MgO to
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activate COq at 200 °C and 30 bar, with a 4:1 Hy : COs feed ratio. Single Ni atoms favored
the RWGS reaction, as bigger clusters favor COy methanation[49]. Furthermore, MgO is irre-
ducible [50] and thus Ni dissociated Hy and activated CO . Similarly, our Ni/Al,O3 catalyst
converted COs at 33 % at 600 °C and is the second highest performance (Figure 4.9). The
RWGS mechanism for Al,O3 supported catalysts consists of forming bicarbonates from the
reaction between hydroxyls groups and CO,The supported metal dissociates H and reacts
with the bicarbonate to form formate that decomposes into CO and H,O [51]. Adsorption of
the bicarbonates leads to further hydrogenation and an increase in CH, yield[52]. Bahman-
pour et al. compared Ni/Al;O3 to Ni-Ga/Al,O3 to study the effect of Ga in CO selectivity
at 400 °C with a 4:1 Hy : COy feed ratio[52]. Ga improved Ni dispersion and weakened
bicarbonates adsorption, overall suppressing CH, formation[52]. To hinder the yield of CHy ,
K added to Ni favored CO desorption and avoided further CO hydrogenation by changing the
work function of Ni [53]. Alkali metals are strong electropositive promoters, that exchange
electrons with the metal to alter its work function[22]. Similarly in our study, reducible
supports CozO4 and ZnO altered the work function of Ni, by supplying O?~ ions cycling
between the support and Ni[23],[54]. Both ZnO and Co30, are semiconductors, where their
conductivity increases as a function of temperature[23],[7]. Thus, an increase in conductivity
increases the ions and electrons exchange between the metal (i.e., Ni) and support, resulting
in an electrochemical promoted MSI or self-sustained electrochemical promotion|7],[55]. The
interaction between Ni and Co3zO4 and ZnO improved the overall catalytic activity and in-
creased CO selectivity. Wang et al. reported that a strong metal-support interaction (SMSI)
induced during the reduction step between Ni and ZnO prevented CO methanation. The
authors reduced Ni/ZnO catalysts from 350 °C to 500 °C under a 50 ml min~' H, flow, with
no CH, yield at 380 °C. Reducing our Ni/ZnO catalyst at 400 °C could have enhanced a MST
between Ni/ZnO, thus allowing the catalyst to achieve 29 % CO; conversion at 600 °C.

Ni/ZnO is outperformed by Ni/Al,O3 and Ni/Co304 by 4 % and 7 % of COy conversion
respectively. The dispersion of Ni on ZnO is not uniform. Furthermore, no metallic Zn was
detected in the XRD analysis (Figure 4.3). The high CO5 conversion achieved with Ni/ZnO
is due to the MSI between Ni and ZnO. ZnO is a partially reducible support and a basic
site, therefore it acts as a dual catalyst to adsorb COy and weakens the binding energy
of C decreasing the coking rate[23],[25]. The presence of NiO on the spent sample of the
Ni/ZnO was confirmed by the XRD analysis (Figure 4.3) and is due to the re-oxidation of
Ni by CO4[56]. The electronic properties and Oy cycling of ZnO may also influence the
formation of NiO species[23],[56]. However, NiO particles tend to favor CH, formation over
CO production[23],[25]. ZnO’s semiconductive nature and electronic properties improved

the catalyst’s activity through the interaction with Ni. Murthy et al. proposed that ZnO
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adsorbs COq which backspillovers to the Ni/ZnO interface, while Ni dissociates Hy to H+,
which then spillover to the metal-support interface[25]. Despite our ZnO not being reduced

(no Zn detected), Oy cycling can still occur[23].

The metal-support interaction between Ni NPs on Co304 and ZnO share similar properties
as they are both mixed-ionic electronic supports that facilitate electron exchange and cycle
CO4 through O, vacancies|[21]. Liu et al.[57], compared the effect of Ni nanorods (1.2 nm)
supported on CeO, and SiO, (0.1 g g=! of Ni) for methanation. Ni adsorbed Hy while
CeOy cycled CO,. CeOy had a lower surface area than SiO5 but was more active due to its
mixed-ionic and electronic properties. The high loading of Ni on CeO, favored Hy and the
subsequent hydrogenation into CHyln the case of CeO, 0.003 g g of Ni resulted in a NiO
state. NiO loadings lower than 0.003 g g=! favored CO production with 100 % selectivity due
to high dispersion on CeO,. Loadings higher than 0.0035 g g~! increased the agglomeration
of the supported particles, which decreased the CO selectivity[13]. The work function of
both supports ZnO (¢ zno= 4.65 eV)[58] and Co304 (¢ cos0, = 4.5 €V)[7] are lower than Ni
(pni =5.15 eV)[59] facilitating the transfer of Oy~ species from the support to the metal.
The transferred electrons ease the chemisorption of COs; molecules’ antibonding orbital to
weaken the C-O bond on the surface of Ni [24].

Co30y4 is a multifunctional support as it is a co-catalyst, semiconductor with a variable
oxidation state (Co™/Co™) during the RWGS reaction, and it enhances the activity of Ni
NPs. Panaritis et al. studied the interaction between FeOx NPs and Co30, and compared
the performance of FeOx/Coz04 (0.05 g g of FeOx) with bare Co30, and FeOx/AlyO3
(0.05 g g7t of FeOx) for the RWGS reaction. Bare CozO, converted CO, at 5.5 % at 400
°C, outperforming FeOx/Co30, and FeOx/Al,O3 under a 1:1 Hy COs feed ratio[7]. These
results are in line with the performance of our Ni/CozO, catalyst that converted COs at
12 % at 400 °C. Furthermore, the presence of metallic Co on the XRD pattern (Figure 4.3)
confirms that Co30, was partially reduced under reaction conditions, thus participating in
the reaction. The MSI between Ni and Co304 and Co304 being an active site for the RWGS
reached a 36 % CO, conversion at 600 °C (Figure 4.9).

The CNTs formed during the reaction, influenced the catalytic properties Ni/Co304 by ac-
cepting electrons. A new catalyst structure is formed where Ni/Co30y is supported on the
CNTs, generating a new metal-support interaction. Electrons transfer from lower to higher
work function, i.e. from Co304 (¢ cos0, = 4.5 €V)[7] to CNTs (¢ cnts = 5.05 €V)[60] and to
Ni (¢ni = 5.15 eV)[59]. Thus, Co30y is the electron donating bridge between Ni and CNT.
We suggest the following mechanism: the CHy formed during the reaction is broken down on
Ni/Co304 to form CNTs and electrons are transferred to CNT. Co30, is reduced to create
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oxygen vacancies that influences the MSI between Ni NPs and Co;04The oxygen vacancies
adsorb and cycle CO5 to produce CO through the bifunctional effect between Ni and Co30y .

The poor performance of the Ni/Fe;O3 catalyst is due to: (1) the poor dispersion of Ni NPs;
(2) the interaction between Ni and Fe;O3 (3) the pre-treatment of the catalyst. Given that
Fe is active for RWGS, in its stable oxidized state (Fe,Og ) it is inactive, hindering the activity
of Ni. Thus, it is unable to cycle O?~ like Coz0y, as the active phases of Fe for the RWGS are
FeO and Fe3Oy4 [61]. During the reaction, the oxide state of Fe changes, creating Os vacancies
that allow adsorbing COy and breaking the C=0 bond [54]. The XRD characterization did
not detect FeO/Fe30, , thus Fe,O3 remained stable and did not respond to a change under
the current reaction conditions. The work function of Ni (¢ n; =5.15 €V)[59] is lower than
the one of FeyO3 (¢ a-re,05 =H5.7 €V)[62], meaning that electrons will be transferred from
Ni to the support. In addition to not observing the Oy vacancies needed to convert COq
into CO, the electrons donated by Ni were unable to increase the activity of Fe;O3 for the
RWGS reaction through basic sites. The electron transferred from Fe;O3 positively charged
Ni, making CO, adsorption difficult due to CO,’s acidic nature, thus hindering Ni’s dual
function. Furthermore, Fe;O3 was pre-treated under a Hy flow at 400 °C, whereas Basinska
et al. reported the optimal temperature to change FeOx’s oxidation state to be 500 °C[29].
Yang et al. reduced Fe;O3 to Fe3O4 at 484°C[21]. Pre-treating the Ni/Fe,O3 at 400 °C does
not allow Fe;O3 to cycle CO, as it stays in its stable phase.
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Catalysts from the literature (Table 4.2) employing SiOy are appropriate benchmark refer-
ences for the performance of our Ni/Al,O3 catalysts, as SiOq is a structural support with
similar properties to those of Al,O3Ni/Al,O5 (0.049 g g~! of Ni) by Gioria et al. reached
80 % CO selectivity at 600 °C[18], whereas we achieved 96 % CO selectivity with a lower
Ni loading (0.0043 ¢ g™!), the difference could be due to our NPs being 2.6 times smaller
(2nm). Lalinde et al. tested a mesoporous Ni/Al,O3 catalyst with Ni NPs of 8.1 nm and
achieved >90 % CHy selectivity at 450 °C[16]. CH4 was favored over CO in Lalinde et al’s
study, which emphasizes once again that small Ni NPs are necessary when CO is desired.
Ni-Mo/SiOy and Ni-Ga/Al,O3 by Zhang et al.[63] and Bahmanpour et al.[52] respectively,
were more selective to CO than our Ni/Al,O3 due to the addition of promoters. Mo and Ga
increased the dispersion of Ni and altered the work function of Ni thus favoring the RWGS
reaction [52],[63].

Co304 and ZnO have similar semi-conductive properties to CeO,. Liu et al. demonstrated
that under reducing conditions (COy Hy =3:12) at 325 °C, Ni/CeO achieved a low 12 %
CO selectivity[57], when compared with our >98 % CO selectivity at 300 °C and 350 °C for
Ni/Co30,4 (COy Hy = 1:3). Ni/CeO from Luhui et al.[64] operating under at COy Hy =
1:1 at 600 °C converted CO, with a CO selectivity similar to our Ni/CosO,The similarity
between the results of Ni/Co30,, Ni/ZnO and Ni/CeO, [64] is mainly due to the MSI, Oy

vacancies and redox properties.

The choice of the synthesis method of a catalyst affects costs in terms of energy requirements.
For example, calcinating catalysts from 400 °C to 800 °C, where 30 min is enough in some
cases, but other may require > 5 h [3],[63],[65]. Long periods of calcination are energy
intensive and increase the cost of the catalyst at industrial scale. When it comes to depositing
the active metal for the RWGS on the support, the synthesis method affects the size of active
particles. For example, the polyol method controls the particle size by adjusting the pH of the
solution[66]. Synthesizing NPs with the polyol method offers the flexibility to disperse the
active metal on an existing catalyst to improve its activity for the RWGS. In our previous
study, we doped a Cu/Al,O3 (0.1 g g~! of Cu) catalyst with FeOx NPs synthesized with
the polyol method to increase the catalyst’s activity and stability[67]. By doping FeOx on
Cu, we doubled the catalytic activity of Cu/Al,O3 (0.1 g g=! of Cu), achieved a >99 %
CO selectivity, and reduced Cu sintering through a synergistic effect between FeOx and Cu,
following a MSI relationship. The MSI between Cu and FeOx converted 5 % of COy with
>99 % CO selectivity at 300 °C [67]. The lower conversion of our Ni/Fe,Oj catalyst at 600
°C demonstrates that such a beneficial MSI between Ni and Fe;O3 was non-existent under

reaction conditions.
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To evaluate the effect of Ni, the turnover frequency (TOF) rate (Equation 4.4) is evaluated
(Figure 4.10). Without considering the influence of the support, Ni on its own is active, as
compared to CozOy . This is reflected by its TOF that does not consider Ni/Co30, ’s dual
function. Indeed, Figure 4.22 shows a higher activity for Ni supported on Al;Oj, followed
by Ni on Co304 . However, the TOF of Ni/Co30,4 drops by 70 % when only considering
Ni’s activity. This emphasizes the importance of Ni and Co30,’s synergistic effect to achieve

high CO, conversion.

Fco, Yoo Mco
W Dxni

TOF = (4.4)
The dispersion of Ni on Al,O3 Co304 ZnO, and Fe,O3is 17 % 2 % 9 % and 17 % respectively,
as determined from Equation 4.5

62

D=—

o (4.5)

The volume and surface area of a Ni atom are 10.95 A% and 6.51 A2 respectively. We evaluated
the turnover frequency rate of the catalysts by considering the dual functionality of Ni/Co30,
(Figure 4.10), and by considering Co3O,4 as a structural support (Figure 4.22). The size of
Ni/Co304 is 53 + 9 nm as both Ni and Co30, are active for the RWGS reaction[7].

Ni/Co30, has the highest TOF due to the ratio between its particle size and activity.
Ni/Co30,4 has a dual functionality that adds to the conversion effect. Therefore, we se-
lected 53 nm as diameter for the TOF calculation. For the different reaction conditions of
Ni/Co304, the TOF under reducing conditions was greater as opposed to oxidizing condi-
tions at higher temperatures. Under 400 °C, the TOF for reducing conditions was better
than oxidizing, with stoichiometric outperforming all of them. When considering only Ni for
the Ni/Co30, catalyst, Ni/AlyO3 has the best TOF and outperforms Ni/Co30, from 300 °C
to 450 °C. The TOF of both Ni/Co30, and Ni/Al,O3 is similar from 500 °C to 600 °C.
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Figure 4.10 Turnover frequency of all tested catalysts on their final run. CO4 :H; ratio of

1:1 and a flow rate of 100 mL min~!.

Even though Al,Os is inert, it promoted the activity of Ni NPs through dispersion, and it was
only 10 % less active than Ni/Co30,. Furthermore, a 4-fold lower loading than Ni/Co304
(0.0043 g ¢! to 0.025 g g7') for Ni/Al,O3 is inactive at 400 °C and not 100 % selective
to CO. However, the performance of both Ni/Al,O3 and Ni/Coz0O4 are comparable at 600
°C. Operating at elevated temperatures is undesirable for energy consumption. Additionally,
low temperature active RWGS catalysts are beneficial for process intensification approaches
like catalytic membranes to remove products formed in-situ[68]. Reactor membranes im-
prove the conversion and selectivity of the reaction due to the equilibrium shift that occurs
when removing a targeted product[69]. Furthermore, membranes integrate both separation
and reaction units, thus reducing the capital cost and energy requirements of a chemical
plant[68],[69].

4.6 Conclusions

The Ni NPs dispersed on Co30, converted COy at 4 % at 300 °C with a 1:1 feed ratio of
CO, :Hy, whereas Ni NPs on Al;O3, ZnO, Co3z0,4 and Fe,O3 at 600 °C converted CO, at 32
%,29 %, 4 % and 35 % respectively with a 1:1 feed ratio of CO, :Hy. We achieved >95 %
CO selectivity with high dispersion, low loadings of Ni NPs (<0.02 ¢ g~!) and small NPs (<
10 nm). The high dispersion of Ni NPs on Al,O3 decreased the agglomeration of Ni, with
particle size increasing after 48 h by a factor of 3 from 2.0 + 0.1 nm to 5.8 + 0.4 nm. This
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study demonstrated that: 1) Ni NPs on Coz0, catalyzes the RWGS at 300 °C, 2) Ni/ZnO
and Ni/Co30,4 activate CO4 and are 95 % selective to CO at 300 °C and 600 °C and 3) CNTs
formed in-situ supported Ni/Co30,4 to accept electrons from CozO4 and in turn generating
more oxygen vacancies. Ni/AlyOz (0.0043 g g=! of Ni) converted CO, at 33 % at 600 °C
after 6 cycles, where dispersed Ni dissociated both Hy and CO4 to produce CO. Finally, the
interaction between Fe,O3 and Ni resulted in a poor performance of 3 % CO, conversion at
600 °C. Overall, we recommend further exploration of the combination of a Ni NPs (<10 nm)
on Co3z0y4 catalyst with a reactor membrane. A membrane reactor will operate the RWGS
reaction at low temperature and shift the equilibrium limitation, thus converting COy with

a low energy input while achieving high CO selectivity (>95% ).
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Figure 4.11 EELs map of Ni/Al,O3 fresh where Ni nanoparticles are distinguished as < 3
nm in diameter. The red square represents Ni dispersed on Al;O3.

Figure 4.12 EDX mapping of fresh Ni/ZnO where Ni is detected and labelled by the red
squares 1,2 and 3 at the edge of the ZnO surface as a thin layer of Ni.
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Figure 4.13 STEM images of Ni NPs supported on ZnO after 6 runs of test from 300°C to
600°C under 1:1 COy : Hs feed ratio. The red arrows point at agglomerated Ni NPs.

Figure 4.14 STEM images of (a) fresh (b) used Ni NPs supported on FeyO3 after 6 runs of
test from 300°C to 600°C under 1:1 CO, : Hy feed ratio. The red arrows point at Ni NPs.
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Figure 4.15 EDX mapping of Ni/Co30,. Squares 1 and 2 show areas of the Ni/Co304 with
high Ni NPs presence.

Figure 4.16 Catalytic activity of Ni/Fe,Og for (a) run 1 to 6 and (b) product selectivity.
CO, : H, ratio of 1:1. 100 ml min—!.
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Figure 4.17 RWGS catalytic for Ni/Al,O3 for runs 1 to 6. COy : Hy ratio of 1:1. 100 ml

min~?'.

Figure 4.18 Catalytic activity of Ni/Co304 for a (a) CO, : Hy ratio of 1:1 from run 1 to 6,
and a (b) COs : Hy ratio of 4.4:1 and (c) COy : Hj ratio of 1:1.6 for run 1 to 3. 100 ml
1
min~ .



Figure 4.19 Selectivity of Ni/Co30, for (a) a CO, : Hy ratio of 1:1 for run 6, (b) a COy :
H, ratio of 4.4:1 and (c) COq : Hy ratio of 1:1.6 for run 3. 100 mL min~t.
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Figure 4.20 Catalytic activity of Ni/ZnO. CO, : Hs ratio of 1:1. 100 ml min~".
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Figure 4.21 CO and CHy selectivity for run 6 for (a) Ni/Co304 (b) Ni/AlLOs3.

Figure 4.22 Turnover frequency of all tested catalysts, the dual functionality of Ni/Co3Oy4
not considered.
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Figure 4.23 Frequency and probability distribution of the Ni particles on the oxide
supports, used samples. (a) Ni/Al,O3, (b) Ni/ZnO, (c¢) Ni/FesO3, (d) Ni/Co30y, .

Figure 4.24 Frequency and probability distribution of the Ni particles on the oxide
supports, fresh samples. (a) Ni/Al,O3, (b) Ni/ZnO, (c) Ni/FeyO3, (d) Ni/Co30y.

We calculated the standard deviation (s) and the standard error (sg) for the results of the



activity tests and for the Ni particle size using equations 1 and 2[1]:
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CHAPTER 5 GENERAL DISCUSSION

This master thesis has highlighted the ability of Ni NPs to favor the RWGS reaction over
methanation. The article presented in Chapter 4 emphasizes that high COy conversion (4
% at 300 °C and 36 % at 600 °C) is achievable with loadings of active metal < 0.02 g g™ *.
As discussed in Chapter 2, Cu and Fe are more common than Ni for CO production from
CO,, as Ni is known to favor CH; production. However, we favored the RWGS reaction
over Ni through the choice of support, MSI and particle size, thus making Ni as comparable
and even better than Cu and Fe catalysts. Ni dispersed on ZnO, Fe;O3 and Co3z0y4 for the
RWGS reaction had never been previously reported in the literature. The combination of
Ni with these supports offered the opportunity to innovate in the field of catalysts for CO

production from COs .

Ni/Al,O3 studies deposited or impregnated Ni NPs with loadings > 0.02 g g~* (Chapter 4 ,
Table 4.2). High Ni loadings increase the chances of particles agglomeration, thus favoring
methanation. We aimed at preventing this problem through a low loading and high dispersion
of NPs of 2 nm in size. The article in Chapter 4 meets Objective 1, as we selected Ni/Al,O3
as benchmark catalyst. This choice is justified by Ni/Al,O3’s activity under temperatures
ranging from 300 °C to 600 °C with a 1:1 CO4 :Hs feed ratio being well documented. CO
selectivity higher than 80 % is achievable with Cu-based and Fe-based catalysts [9], but
conversions near equilibrium at 600 °C have been reached with feed ratios of CO, :Hy higher
than 1:1, and with loadings of active metal higher than 0.02 g g=! [147]. For example,
Pastor-Pérez et al. converted CO; near the equilibrium value of 66 % at 60 % at 600
°C with a Fe-Cu/Al,03(0.15 g g=! FeyO3 and 0.1 g g=! CuO) catalyst [147].However, the
authors exposed the Fe-Cu/Al,O3 catalyst to a 1:4 COy :Hy feed ratio [147] and favored a
high conversion for the RWGS. We proved that CO selectivities as high as 96 % for Ni/Al,O3
and 99 % for Ni/Co30, at 600 °C are achievable with catalysts that prone methanation. We
managed to minimize CH, formation through the dispersion of NPs on the supports, thus

accomplished Objective 2.

Ni-based catalysts may show a disadvantage in terms of costs when compared to Cu-based
and Fe-based catalysts. Indeed, the prices of Cu and Fe in 2022 are approximately 0.0076
USD g~! and 0.000093 USD g~ ! respectively [10]. On the other hand, Ni’s price is 0.022
USD g~ [10], thus 3 times and 237 times more expensive than Cu and Fe. A higher Ni price
emphasizes the importance of low loadings, as increasing the amount of active material in

a Ni-based catalyst would have an impact on cost. A detailed economic analysis that takes
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into account the CO, conversion, CO selectivity and prices of the metals would be needed

for further analysis over the costs of a RWGS plant.

Although no promoters were directly deposited on the synthesized catalysts, it is the supports
that fulfilled the role of promoters. A support improves or inhibits the activity of a catalyst
through its physico-chemical properties. As discussed in Chapter 2, Al;Oj is irreducible and
promotes high COy conversion through the high dispersion of NPs, thus acted as structural
promoter [41]. Reducible supports such as CozO, and ZnO can induce a MSI through their
semiconductive properties, which promoted stability and activity, as presented by the results
in Chapter 4. Co304 and ZnO chemically promoted Ni through electron transfer due to their
lower work function compared to Ni. On the other hand, Fe;O3 has a higher work function
than Ni, thus acted as electronegative promoter that accepted electrons from Ni [108]. The
interaction between Ni and FeyOj resulted in poor catalytic performance as presented in
Chapter 4 (5.8 % at 600 °C) through changes in the work function of the overall catalyst.
The MSI in Ni/Co30, resulted in COy conversions close to the equilibrium limitation, but
was unable to fully suppress methanation at low temperatures (< 400 °C). We achieved
Objective 3 by linking the catalysts’ performance to the MSI, semiconductive properties

and high dispersion.

The phenomenon of sintering presented in Chapter 2 occurred throughout the experiment, as
the surface area of Co3Oy decreased by 76 % . The activity of Ni/Co30,4 remained unaffected
despite the decrease in surface area, as the MSI was still present through the electronic
effect [1]. We also observed sintering for Ni/Al,O3, with the surface area decreasing by 55
%, but high dispersion combined with small Ni size particle (6 nm after reaction) countered
the possible deactivation from sintering. Carbon deposition is poisonous for catalysts as it
blocks active sites [93]. However, the carbon deposited and observed in Figure 4.5 formed
nanotubes that promoted the RWGS activity of the Ni/Coz0, catalyst through the electronic
effect from the MSI [1].

We divided the synthesis of all tested catalysts into two steps: the polyol method for the NPs
synthesis, and the wet dispersion method to disperse the NPs on the supports. Chapter 2
presents DP and IM as two options for catalysts synthesis. Both differ from our approach, as
NPs are not synthesized before being deposited on the supports. We mentioned in Chapter
2 that DP and IM highly disperse the active metal. Since the dispersion of our Ni/ZnO and
Ni/Fe,O3 catalysts was not as good as on Ni/Al,O3 , it would be interesting to compare
the results presented in Chapter 4 to the performance of catalysts synthesized by DP and
IM. Indeed, perhaps a better dispersion could increase the overall activity of Ni/ZnO and
Ni/Fe;O3 through a lower agglomeration rate of Ni.
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We briefly introduced membrane reactors in section 4.4.4. Membrane reactors increase the
conversion and selectivity by removing one of the products. Membranes decrease capital
costs by combining a reactor and separation unit in one equipment [148]. Coupling the
Ni/Co30, catalyst presented in Chapter 4 with a membrane reactor and operate the unit
at low temperature (300 °C) would signify a decrease in energy consumption of the overall
process. Operating an RWGS process at a constant lower temperature (300 °C) would be
beneficial for our Ni/Co30,4 catalyst. Indeed, Figure A.1 shows the performance of Ni/Co30,
at 600 °C for 100 h. Ni/Co30,4 would perform better at lower temperatures, as CO yield
drops from 33 % 16 % after a 12 h exposure to 600 °C. Stability tests in lower temperature
ranges (300 °C to 450 °C) would determine an optimal temperature that yields a constant
CO yield over time (> 100 h). Furthermore, simulations and models of a membrane reactor

with Ni/Co304 would provide a better idea of the extent of achievable CO5 conversion.
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CHAPTER 6 CONCLUSION

6.1 Summary of Works

We developed Ni-based catalysts for the RWGS reaction to achieve similar COy conversion
and CO selectivity than with noble metals. Ni/Al,O3 was the benchmark catalyst of the
study, as its RWGS activity is well documented in the literature.

We dispersed the synthesized Ni NPs (2 nm) with the polyol method at a loading of 0.02 g
g7t on AlLO3, Coz04 , ZnO and FeyO3 . We tested the activity of each catalyst from low (300
°C) to high (600 °C) temperature. Ni/Co304 achieved a near equilibrium limitation COy
conversion ( 36 % at 600 °C). All Ni catalysts were >96 % CO selective at 600 °C.

We linked the results to the physico-chemical properties of the catalysts. Ni/AlyO3 achieved
a stable CO, conversion of 33 % after 6 cycles of experiment due to the structural promotion
of Ni and high porosity of AlyO3. Ni/ZnO suppressed COy methanation through its oxygen
vacancies and MSI. Ni/Co304 converted COs at 4 % at 300 °C and at 36 % at 600 °C due
to the MSI promoted by Cos0, ’s semiconductive properties and electron and O?~ transfer
to Ni. Furthermore, CNTs formed under reaction conditions promoted Ni/Co3Oy4 through a
synergistic relationship that facilitated electrons and ions exchange between Co30, and the

CNTs.

The interaction between Ni and Fe;O3 prevented Ni from catalyzing the RWGS reaction on
its own, which limited CO5 on Ni/FesO3 to 5.8 % at 600 °C. The stability of Fe;O3 prevented
COy cycling from occurring. Overall, the research hypothesis stated in Chapter 1 was only
true for Ni/CozQ, , as it is the only catalyst of this study that converted COy near the
equilibrium limitation ( 38 % at 600 °C) with a >99 % CO selectivity. Therefore, to achieve
similar catalytic performance of noble metals for the RWGS reaction, small NPs (2 nm) of
the active metals must be well dispersed and MSI must occur to promote the overall activity

of the catalyst.

6.2 Limitations

The main limitation of this work is the equilibrium conversion of the RWGS reaction and
the endothermic nature of the reaction. To achieve high COs conversions one must operate
the reaction at high temperatures (<400 °C), which can be a challenge for the scale up of

a RWGS plant. Furthermore, renewable energy must be the main source of heating for the
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reactor, as combustion of fossil fuels would increase the GHG emissions of the process. A
membrane reactor is necessary to overcome this limitation, as higher conversions would be
reached at lower temperatures (300 °C). However, membrane reactors are still being studied

at laboratory scale, therefore the technology is not mature enough for industrial applications.

A second limitation is the Hy feed. As mentioned in section 2.3, a higher Hy :CO5 ratio
favors a higher COy conversion. More green Hy would be needed to increase the achievable
conversion of the RWGS reaction. There are currently no industrial Hy production plants
in Quebec and in Canada that synthesize Hy with electrolysis. The production of green Hy
at the industrial scale is necessary to operate an industrial RWGS plant and to ensure an

overall decrease of the carbon footprint of the final products.

6.3 Future Research

As presented in Chapter 4, a potential solution to overcome the equilibrium limitation of
the RWGS reaction would be to operate a membrane reactor. It would be interesting to
run the same experiment presented in Chapter 4 with a membrane reactor instead of the
packed-bed configuration. The combination of Ni/Co30,4 with the membrane reactor should
also be tested, as Ni/Co30y is active at low temperature (300°C). Experiments with a lower
Ni loading (< 0.02 g g=!) for the Ni/Co30, and different synthesis methods (impregnation,
deposition precipitation) should also be considered. A lower loading and a different synthesis
technique may facilitate dispersion of NPs and decrease the rate of agglomeration, which

decreases the catalytic activity.

Carbon nanotubes for RWGS catalysis should be further investigated. Indeed, as explained in
Chapter 4, carbon nanotubes contributed to the stability and activity of Ni/Co3z04 to activate
COy . Therefore, experiments to learn about the reaction conditions that favor carbon
nanotubes formation and to understand the contribution of these nanotubes in catalyzing
the RWGS would be beneficial for the design of future catalysts.



79

REFERENCES

[1] C.-J. Pan et al., “Tuning/exploiting strong metal-support interaction (smsi) in hetero-
geneous catalysis,” Journal of the Tatwan Institute of Chemical Engineers, vol. T4, pp.

154-186, 2017.

[2] S. Gupta, T. Omar, and F. J. Muzzio, “Sem/edx and raman chemical imaging of phar-
maceutical tablets: A comparison of tablet surface preparation and analysis methods,”
International Journal of Pharmaceutics, vol. 611, p. 121331, 2022.

[3] E. Antolini and F. Cardellini, “Formation of carbon supported ptru alloys: an xrd
analysis,” Journal of Alloys and Compounds, vol. 315, no. 1-2, pp. 118-122, 2001.

[4] Government  of  Canada. (2019) Causes of climate change. [On-
line]. Available:  https://www.canada.ca/en/environment-climate-change/services/

environmental-indicators/greenhouse-gas-emissions.html

[5] Government  of  Canada.  (2022)  Greenhouse gas  emissions.  [On-
line]. Available:  https://www.canada.ca/en/environment-climate-change/services/

environmental-indicators/greenhouse-gas-emissions.html

[6] D. L. Greene, H. H. Baker Jr, and S. E. Plotkin, “Reducing greenhouse gas emissions

from us transportation,” 2010.

[7] Q. Zhu, “Developments on co2-utilization technologies,” Clean Energy, vol. 3, no. 2,
pp. 85-100, 2019.

[8] C.-H. Huang, C.-S. Tan et al., “A review: Co2 utilization,” Aerosol and Air Quality
Research, vol. 14, no. 2, pp. 480-499, 2014.

[9] E. Pahija et al., “Feox nanoparticle doping on cu/al203 catalysts for the reverse water
gas shift,” Journal of CO2 Utilization, vol. 64, p. 102155, 2022.

[10] Showtheplanet inc. (2022) Daily metal spot prices. [Online|. Available: https:

//www.dailymetalprice.com/metalprices.php

[11] H. Mahmoudi et al., “A review of fischer tropsch synthesis process, mechanism, surface
chemistry and catalyst formulation,” Biofuels Engineering, vol. 2, no. 1, pp. 11-31,
2017.


https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/greenhouse-gas-emissions.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/greenhouse-gas-emissions.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/greenhouse-gas-emissions.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/greenhouse-gas-emissions.html
https://www.dailymetalprice.com/metalprices.php
https://www.dailymetalprice.com/metalprices.php

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

[21]

22]

80

G. Saratale et al., “Biodegradation of kerosene by aspergillus ochraceus ncim-1146,”
Journal of Basic Microbiology, vol. 47, no. 5, pp. 400405, 2007.

R. Mawhood et al., “Production pathways for renewable jet fuel: a review of commer-
cialization status and future prospects,” Biofuels, Bioproducts and Biorefining, vol. 10,
no. 4, pp. 462-484, 2016.

H. Ritchie. (2020) Climate change and flying: what share of global co2
emissions come from aviation? [Online]. Available: https://ourworldindata.org/

co2-emissions-from-aviation

Gouvernement du  Québec.  (2022) Hydrogene  vert. [Online].  Avail-
able: https://www.quebec.ca/agriculture-environnement-et-ressources-naturelles/

energie/production-approvisionnement-distribution /hydrogene-vert

M. Gongzalez-Castano, B. Dorneanu, and H. Arellano-Garcia, “The reverse water gas
shift reaction: a process systems engineering perspective,” Reaction Chemistry & En-
gineering, vol. 6, no. 6, pp. 954-976, 2021.

M. Zhu, Q. Ge, and X. Zhu, “Catalytic reduction of co2 to co via reverse water gas
shift reaction: recent advances in the design of active and selective supported metal

catalysts,” Transactions of Tianjin University, vol. 26, no. 3, pp. 172-187, 2020.

J. Lee et al., “Low-temperature co2 hydrogenation overcoming equilibrium limitations
with polyimide hollow fiber membrane reactor,” Chemical Engineering Journal, vol.
403, p. 126457, 2021.

E. Le Saché et al., “Switchable catalysts for chemical co2 recycling: A step forward in
the methanation and reverse water—gas shift reactions,” ACS Sustainable Chemistry €
Engineering, vol. 8, no. 11, pp. 4614-4622, 2020.

A. M. Bahmanpour et al., “Restructuring ni/al203 by addition of ga to shift prod-
uct selectivity in co2 hydrogenation: The role of hydroxyl groups,” Journal of CO2
Utilization, vol. 57, p. 101881, 2022.

L. Li et al., “Research progress and reaction mechanism of co2 methanation over ni-

based catalysts at low temperature: A review,” Catalysts, vol. 12, no. 2, p. 244, 2022.

P. Lahijani et al., “Conversion of the greenhouse gas co2 to the fuel gas co via the
boudouard reaction: A review,” Renewable and Sustainable Energy Reviews, vol. 41,
pp- 615632, 2015.


https://ourworldindata.org/co2-emissions-from-aviation
https://ourworldindata.org/co2-emissions-from-aviation
https://www.quebec.ca/agriculture-environnement-et-ressources-naturelles/energie/production-approvisionnement-distribution/hydrogene-vert
https://www.quebec.ca/agriculture-environnement-et-ressources-naturelles/energie/production-approvisionnement-distribution/hydrogene-vert

[23]

[26]

[27]

28]

[29]

[30]

[31]

32]

[33]

81

P. Frontera et al., “Supported catalysts for co2 methanation: a review,” Catalysts,

vol. 7, no. 2, p. 59, 2017.

J.-P. Lange, “Methanol synthesis: a short review of technology improvements,” Catal-
ysts Today, vol. 64, no. 1-2, pp. 3-8, 2001.

M. Bowker, “Methanol synthesis from co2 hydrogenation,” ChemCatChem, vol. 11,
no. 17, pp. 4238-4246, 2019.

P. Schmidt et al., “Power-to-liquids as renewable fuel option for aviation: A review,”
Chemie Ingenieur Technik, vol. 90, no. 1-2, pp. 127-140, 2018.

F. Dalena et al., “Methanol production and applications: An overview,” Methanol, pp.
3-28, 2018.

T. Wassermann et al., “Power-to-methanol at refineries as a precursor to green jet
fuel production: a simulation and assessment study,” in Computer Aided Chemical
Engineering.  Elsevier, 2020, vol. 48, pp. 1453—-1458.

K. Waugh, “Methanol synthesis,” Catalysis Letters, vol. 142, no. 10, pp. 1153-1166,
2012.

Y.-F. Shi et al., “Methanol synthesis from co2/co mixture on cu—zn catalysts from
microkinetics-guided machine learning pathway search,” Journal of the American
Chemical Society, vol. 144, no. 29, pp. 13401-13 414, 2022.

H. S. Fogler and S. H. Fogler, Elements of chemical reaction engineering. Pearson
Educacion, 2016.

C. L. Yaws, Yaws’ Critical Property Data for Chemical Engineers and Chemists.
Knovel, 2012; 2013; 2014. [Online|. Available:  https://app.knovel.com/web/
view /graph/show.v/rcid:kpY CPDCECD/cid:kt009ZN1C2 /viewerType:epgrph//rid:
89965525 /root__slug:yaws-critical-property /url__slug:yaws-criti-table-72-gibbs/hid:
4438340727curve  ids=kr07C8WKRg&1&start=50

C. L. Yaws, Yaws’ Handbook of Thermodynamic Properties for Hydrocarbons
and Chemicals. Knovel, 2009. [Online]. Available: https://app.knovel.com/web/
view /graph/show.v/rcid:kpYHTPHCO09/cid:kt005XWPPD /viewerType:epgrph//rid:
87800463 /root__slug:yaws-handbook-thermodynamic/url _slug:eq3c-htm /hid:
4300628637curve_ids=kr0741QMN1


https://app.knovel.com/web/view/graph/show.v/rcid:kpYCPDCECD/cid:kt009ZN1C2/viewerType:epgrph//rid:89965525/root_slug:yaws-critical-property/url_slug:yaws-criti-table-72-gibbs/hid:443834072?curve_ids=kr07C8WK81&start=50
https://app.knovel.com/web/view/graph/show.v/rcid:kpYCPDCECD/cid:kt009ZN1C2/viewerType:epgrph//rid:89965525/root_slug:yaws-critical-property/url_slug:yaws-criti-table-72-gibbs/hid:443834072?curve_ids=kr07C8WK81&start=50
https://app.knovel.com/web/view/graph/show.v/rcid:kpYCPDCECD/cid:kt009ZN1C2/viewerType:epgrph//rid:89965525/root_slug:yaws-critical-property/url_slug:yaws-criti-table-72-gibbs/hid:443834072?curve_ids=kr07C8WK81&start=50
https://app.knovel.com/web/view/graph/show.v/rcid:kpYCPDCECD/cid:kt009ZN1C2/viewerType:epgrph//rid:89965525/root_slug:yaws-critical-property/url_slug:yaws-criti-table-72-gibbs/hid:443834072?curve_ids=kr07C8WK81&start=50
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430062863?curve_ids=kr0741QMN1
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430062863?curve_ids=kr0741QMN1
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430062863?curve_ids=kr0741QMN1
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430062863?curve_ids=kr0741QMN1

[34]

[35]

[36]

[38]

[39]

[40]

[41]

[42]

82

C. L. Yaws, Yaws’ Handbook of Thermodynamic Properties for Hydrocarbons
and Chemicals. Knovel, 2009. [Online]. Available: https://app.knovel.com/web/
view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD /viewerType:epgrph/ /rid:
87800463 /root_ slug:yaws-handbook-thermodynamic/url__slug:eq3c-htm /hid:
430068801 7curve_ ids=kr0741V7L6&start=150

C. L. Yaws, Yaws’ Handbook of Thermodynamic Properties for Hydrocarbons and
Chemicals. Knovel, 2009. [Online|. Available: https://app.knovel.com/hotlink/itble/
id:kpYHTPHCO09/yaws-handbook-thermodynamic/yaws-handbook-thermodynamic

M. Mahmoud, “Development of a new correlation of gas compressibility factor (z-
factor) for high pressure gas reservoirs,” Journal of Energy Resources Technology, vol.

136, no. 1, 2014.

P. Farand et al., Analyse des procédés et développement durable. Presses internationales
Polytechnique, 2008.

J.-N. Foussard et al., Thermodynamique: Applications aux systémes physicochimiques.

Cours et exercices corrigés. Dunod, 2015.

E. Pahija et al., “Experimental and computational synergistic design of cu and fe
catalysts for the reverse water—gas shift: A review,” ACS Catalysis, vol. 12, pp. 6887—
6905, 2022.

C. Panaritis et al., “Electrochemical study of the metal-support interaction between
feox nanoparticles and cobalt oxide support for the reverse water gas shift reaction,”
Journal of CO2 Utilization, vol. 56, p. 101824, 2022.

R. J. Farrauto, L. Dorazio, and C. H. Bartholomew, Introduction to catalysis and

industrial catalytic processes. John Wiley & Sons, 2016.

L. Yang et al., “Highly active and selective multicomponent fe—cu/ceo2-al203 catalysts
for co2 upgrading via rwgs: Impact of fe/cu ratio,” ACS Sustainable Chemistry &
Engineering, vol. 9, no. 36, pp. 12155-12 166, 2021.

C.-S. Chen, W.-H. Cheng, and S.-S. Lin, “Enhanced activity and stability of a cu/sio2
catalyst for the reverse water gas shift reaction by an iron promoter,” Chemical Com-
munications, no. 18, pp. 1770-1771, 2001.

D. L. Jurkovié¢ et al., “Effect of copper-based catalyst support on reverse water-gas
shift reaction (rwgs) activity for co2 reduction,” Chemical Engineering € Technology,
vol. 40, no. 5, pp. 973-980, 2017.


https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430068801?curve_ids=kr0741V7L6&start=150
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430068801?curve_ids=kr0741V7L6&start=150
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430068801?curve_ids=kr0741V7L6&start=150
https://app.knovel.com/web/view/graph/show.v/rcid:kpYHTPHC09/cid:kt005XWPPD/viewerType:epgrph//rid:87800463/root_slug:yaws-handbook-thermodynamic/url_slug:eq3c-htm/hid:430068801?curve_ids=kr0741V7L6&start=150
https://app.knovel.com/hotlink/itble/id:kpYHTPHC09/yaws-handbook-thermodynamic/yaws-handbook-thermodynamic
https://app.knovel.com/hotlink/itble/id:kpYHTPHC09/yaws-handbook-thermodynamic/yaws-handbook-thermodynamic

[45]

[46]

[47]

[49]

[50]

[51]

[54]

83

K. Chen et al., “Co2 hydrogenation to methanol over cu catalysts supported on la-
modified sba-15: The crucial role of cu—laox interfaces,” Applied Catalysis B: Environ-
mental, vol. 251, pp. 119-129, 2019.

J. Niu et al., “Comprehensive review of cu-based co2 hydrogenation to ch3oh: Insights
from experimental work and theoretical analysis,” International Journal of Hydrogen
Energy, 2022.

L. Chen et al., “Study on cu-fe/ceo2 bimetallic catalyst for reverse water gas shift
reaction,” Journal of Environmental Chemical Engineering, vol. 9, no. 3, p. 105183,
2021.

C.-S. Chen, W.-H. Cheng, and S.-S. Lin, “Study of iron-promoted cu/sio2 catalyst on
high temperature reverse water gas shift reaction,” Applied Catalysis A: General, vol.
257, no. 1, pp. 97-106, 2004.

X. Zhang et al., “Highly dispersed copper over 5-mo2c as an efficient and stable catalyst
for the reverse water gas shift (rwgs) reaction,” ACS Catalysis, vol. 7, no. 1, pp. 912
918, 2017.

Y. R. Dias and O. W. Perez-Lopez, “Carbon dioxide methanation over ni-cu/sio2 cat-

alysts,” Energy Conversion and Management, vol. 203, p. 112214, 2020.

C.-S. Chen, W.-H. Cheng, and S.-S. Lin, “Mechanism of co formation in reverse water—
gas shift reaction over cu/al203 catalyst,” Catalysis letters, vol. 68, no. 1, pp. 4548,
2000.

A. Lappas and E. Heracleous, “Production of biofuels via fischer—tropsch synthesis:
biomass-to-liquids,” in Handbook of biofuels production. FElsevier, 2016, pp. 549-593.

J. Humphreys, R. Lan, and S. Tao, “Development and recent progress on ammonia
synthesis catalysts for haber—bosch process,” Advanced Energy and Sustainability Re-
search, vol. 2, no. 1, p. 2000043, 2021.

L. Pastor-Pérez et al., “Improving fe/al203 catalysts for the reverse water-gas shift
reaction: on the effect of cs as activity/selectivity promoter,” Catalysts, vol. 8, no. 12,
p- 608, 2018.

D. H. Kim et al., “Reverse water gas shift reaction catalyzed by fe nanoparticles with
high catalytic activity and stability,” Journal of Industrial and Engineering Chemistry,
vol. 23, pp. 67-71, 2015.



[56]

[57]

[58]

[59]

[61]

[62]

[63]

[64]

84

M. Amoyal et al., “Effect of potassium on the active phases of fe catalysts for carbon
dioxide conversion to liquid fuels through hydrogenation,” Journal of Catalysis, vol.
348, pp. 29-39, 2017.

W. Wei and G. Jinlong, “Methanation of carbon dioxide: an overview,” Frontiers of

Chemical Science and Engineering, vol. 5, no. 1, pp. 2-10, 2011.

X. Yan et al., “Methanation over ni/sio2: effect of the catalyst preparation methodolo-

gies,” International Journal of Hydrogen Energy, vol. 38, no. 5, pp. 2283-2291, 2013.

W. Luhui et al., “Influence of preparation method on performance of ni-ceo2 catalysts
for reverse water-gas shift reaction,” Journal of Rare Earths, vol. 31, no. 6, pp. 559-564,

2013.

H. Wu et al., “Methanation of co 2 and reverse water gas shift reactions on ni/sio 2
catalysts: the influence of particle size on selectivity and reaction pathway,” Catalysis
Science & Technology, vol. 5, no. 8, pp. 4154-4163, 2015.

H. Choi et al., “Size-controlled model ni catalysts on ga203 for co2 hydrogenation to
methanol,” Journal of Catalysis, vol. 376, pp. 68-76, 2019.

H. Liu and L. Wang, “Highly dispersed and stable ni/sba-15 catalyst for reverse water-
gas shift reaction,” Crystals, vol. 11, no. 7, p. 790, 2021.

B. Lu and K. Kawamoto, “Direct synthesis of highly loaded and well-dispersed nio/sba-
15 for producer gas conversion,” RSC' advances, vol. 2, no. 17, pp. 6800-6805, 2012.

Z. Zhang et al., “Impacts of nickel loading on properties, catalytic behaviors of ni/~—
al203 catalysts and the reaction intermediates formed in methanation of co2,” Inter-
national Journal of Hydrogen Energy, vol. 44, no. 18, pp. 9291-9306, 2019.

A. Ruiz Puigdollers et al., “Increasing oxide reducibility: the role of metal/oxide inter-

faces in the formation of oxygen vacancies,” Acs Catalysis, vol. 7, no. 10, pp. 6493-6513,
2017.

R. Prins, “On the structure of v-al203,” Journal of Catalysis, vol. 392, pp. 336-346,
2020.

X. Ai et al., “Highly dispersed mesoporous cu/v-al203 catalyst for rwgs reaction,”
International Journal of Hydrogen Energy, vol. 47, no. 33, pp. 14 884-14 895, 2022.



[68]

[69]

[70]

[71]

73]

[77]

78]

85

M. Lortie et al., “Synthesis of cuni/c and cuni/-al203 catalysts for the reverse water

gas shift reaction,” International Journal of Chemical Engineering, vol. 2015, 2015.

A. Wolf, A. Jess, and C. Kern, “Syngas production via reverse water-gas shift reaction
over a ni-al203 catalyst: Catalyst stability, reaction kinetics, and modeling,” Chemical
Engineering € Technology, vol. 39, no. 6, pp. 1040-1048, 2016.

L. F. Bobadilla et al., “Unravelling the role of oxygen vacancies in the mechanism of
the reverse water—gas shift reaction by operando drifts and ultraviolet—visible spec-
troscopy,” ACS Catalysis, vol. 8, no. 8, pp. 74557467, 2018.

Y. Liu et al., “Synergetic enhancement of activity and selectivity for reverse water gas
shift reaction on pt-re/sio2 catalysts,” Journal of CO2 Utilization, vol. 63, p. 102128,
2022.

X. Cui et al., “Improving methanol selectivity in co2 hydrogenation by tuning the
distance of cu on catalyst,” Applied Catalysis B: Environmental, vol. 298, p. 120590,
2021.

A. M. Bahmanpour et al., “Essential role of oxygen vacancies of cu-al and co-al spinel
oxides in their catalytic activity for the reverse water gas shift reaction,” Applied Catal-
ysts B: Environmental, vol. 266, p. 118669, 2020.

D. Martin and D. Duprez, “Mobility of surface species on oxides. 1. isotopic exchange
of 1802 with 160 of sio2, al203, zro2, mgo, ceo2, and ceo2-al203. activation by noble
metals. correlation with oxide basicity,” The Journal of Physical Chemistry, vol. 100,
no. 22, pp. 9429-9438, 1996.

P. Vernoux et al., “Ionically conducting ceramics as active catalyst supports,” Chemical
Reviews, vol. 113, no. 10, pp. 8192-8260, 2013.

B. Dai et al., “Co2 reverse water-gas shift reaction on mesoporous m-ceo2 catalysts,”
The Canadian Journal of Chemical Engineering, vol. 95, no. 4, pp. 634-642, 2017.

K. Chang et al., “Application of ceria in co2 conversion catalysis,” ACS Catalysis,

vol. 10, no. 1, pp. 613-631, 2019.

W. Luhui, S. ZHANG, and L. Yuan, “Reverse water gas shift reaction over co-
precipitated ni-ceo2 catalysts,” Journal of rare earths, vol. 26, no. 1, pp. 6670, 2008.



[79]

[80]

[81]

[84]

[33]

86

S. Li et al., “Tuning the selectivity of catalytic carbon dioxide hydrogenation over
iridium/cerium oxide catalysts with a strong metal-support interaction,” Angewandte
Chemie, vol. 129, no. 36, pp. 10901-10 905, 2017.

S.-C. Yang et al., “Synergy between ceria oxygen vacancies and cu nanoparticles fa-
cilitates the catalytic conversion of co2 to co under mild conditions,” ACS Catalysis,
vol. 8, no. 12, pp. 12056-12 066, 2018.

S. M. Lee, H. Eom, and S. S. Kim, “A study on the effect of ceo2 addition to a pt/tio2
catalyst on the reverse water gas shift reaction,” Environmental Technology, vol. 42,
no. 2, pp. 182-192, 2021.

M. Wang et al., “Unraveling the tunable selectivity on cobalt oxide and metallic cobalt

sites for co2 hydrogenation,” Chemical Engineering Journal, p. 137217, 2022.

L. Wang et al., “Reverse water—gas shift reaction over co-precipitated co—ceo2 catalysts:
effect of co content on selectivity and carbon formation,” International Journal of
Hydrogen Energy, vol. 42, no. 6, pp. 3682-3689, 2017.

W. Wang et al., “Strong metal-support interactions between ni and zno particles and
their effect on the methanation performance of ni/zno,” Catalysis science & technology,
vol. 7, no. 19, pp. 4413-4421, 2017.

T. Fujitani and J. Nakamura, “The chemical modification seen in the cu/zno methanol
synthesis catalysts,” Applied Catalysis A: General, vol. 191, no. 1-2, pp. 111-129, 2000.

S.-W. Park et al., “Development of zno/al203 catalyst for reverse-water-gas-shift reac-
tion of camere (carbon dioxide hydrogenation to form methanol via a reverse-water-
gas-shift reaction) process,” Applied Catalysis A: General, vol. 211, no. 1, pp. 81-90,
2001.

F.-m. Sun et al., “Ni/ce—zr—o catalyst for high co2 conversion during reverse water gas
shift reaction (rwgs),” International journal of hydrogen energy, vol. 40, no. 46, pp.
15985-15993, 2015.

J. Lavalley, J. Saussey, and T. Rais, “Infrared study of the interaction between co and
h2 on zno: Mechanism and sites of formation of formyl species,” Journal of Molecular
Catalysts, vol. 17, no. 2-3, pp. 289-298, 1982.

P. S. Murthy et al., “Improved co2 hydrogenation on ni-zno/mcm-41 catalysts with
cooperative ni and zno sites,” Energy & Fuels, vol. 34, no. 12, pp. 16 320-16 329, 2020.



87

[90] V. Pawar et al., “Study of short-term catalyst deactivation due to carbon deposition
during biogas dry reforming on supported ni catalyst,” Energy € Fuels, vol. 29, no. 12,
pp. 8047-8052, 2015.

[91] A. Goguet et al., “Study of the origin of the deactivation of a pt/ceo2 catalyst during
reverse water gas shift (rwgs) reaction,” Journal of Catalysis, vol. 226, no. 2, pp. 382—
392, 2004.

[92] G. S. Gallego et al., “Co2 reforming of ch4 over la—ni based perovskite precursors,”
Applied Catalysis A: General, vol. 311, pp. 164-171, 2006.

[93] P. Forzatti and L. Lietti, “Catalyst deactivation,” Catalysis today, vol. 52, no. 2-3, pp.
165-181, 1999.

[94] K. Tomishige et al., “Nickel-iron alloy catalysts for reforming of hydrocarbons: prepa-
ration, structure, and catalytic properties,” Catalysis Science & Technology, vol. 7,
no. 18, pp. 3952-3979, 2017.

[95] Y. Xu et al., “A facile fabrication of supported ni/sio2 catalysts for dry reforming of
methane with remarkably enhanced catalytic performance,” Catalysts, vol. 9, no. 2, p.
183, 2019.

[96] Y. Xu et al., “Improved performance of ni/al203 catalyst deriving from the hydrotalcite
precursor synthesized on al203 support for dry reforming of methane,” International
Journal of Hydrogen Energy, vol. 46, no. 27, pp. 14301-14 310, 2021.

[97] Z. Li et al., “Steam reforming of acetic acid over ni/zro2 catalysts: Effects of nickel
loading and particle size on product distribution and coke formation,” Applied catalysis
A: general, vol. 417, pp. 281-289, 2012.

[98] J. Wang, M. Couillard, and E. A. Baranova, “Electrochemical promotion of copper
nanoparticles for the reverse water gas shift reaction,” Catalysis Science & Technology,
vol. 12, no. 5, pp. 1562-1573, 2022.

[99] X. Gao et al., “Anti-coking and anti-sintering ni/al203 catalysts in the dry reforming
of methane: recent progress and prospects,” Catalysts, vol. 11, no. 8, p. 1003, 2021.

[100] P. Panagiotopoulou and X. E. Verykios, “Metal-support interactions of ru-based cata-

lysts under conditions of co and co2hydrogenation,” 2020.



88

[101] X. Liu et al., “Strong metal-support interactions between gold nanoparticles and zno
nanorods in co oxidation,” Journal of the American Chemical Society, vol. 134, no. 24,
pp. 10251-10258, 2012.

[102] M. Lewandowski et al., “Promotional effect of metal encapsulation on reactivity of
iron oxide supported pt catalysts,” Applied Catalysis A: General, vol. 391, no. 1-2, pp.
407-410, 2011.

[103] Y. Zhu et al., “Strong metal-oxide interactions induce bifunctional and structural effects
for cu catalysts,” Molecular Catalysis, vol. 458, pp. 73-82, 2018.

[104] P. Reyes et al., “Liquid-phase hydrogenation of citral over ir-supported catalysts,”
Journal of Molecular Catalysis A: Chemical, vol. 179, no. 1-2, pp. 293-299, 2002.

[105] H. Wang et al., “Study of bimetallic interactions and promoter effects of fezn, femn and
fecr fischer—tropsch synthesis catalysts,” Journal of Molecular Catalysis A: Chemical,
vol. 326, no. 1-2, pp. 2940, 2010.

[106] H. M. Koo et al., “Roles of al203 promoter for an enhanced structural stability of
ordered-mesoporous co304 catalyst during co hydrogenation to hydrocarbons,” Fuel,
vol. 225, pp. 460471, 2018.

[107] B. Huang et al., “Effect of mgo promoter on ni-based sba-15 catalysts for combined
steam and carbon dioxide reforming of methane,” Journal of Natural Gas Chemistry,
vol. 17, no. 3, pp. 225-231, 2008.

[108] C. G. Vayenas et al., Electrochemical activation of catalysis: promotion, electrochemical

promotion, and metal-support interactions. Springer, 2001.

[109] D. Xu et al., “Mechanistic aspects of the role of k promotion on cu—fe-based catalysts
for higher alcohol synthesis from co2 hydrogenation,” ACS Catalysis, vol. 10, no. 24,
pp. 14516-14 526, 2020.

[110] J. Liu et al., “Optimizing hydrogen adsorption by d—d orbital modulation for efficient
hydrogen evolution catalysis,” Advanced Energy Materials, vol. 12, no. 9, p. 2103301,
2022.

[111] D. Zagoraios et al., “Electrochemical control of the rwgs reaction over ni nanoparticles
deposited on yttria stabilized zirconia,” Catalysis Science & Technology, vol. 12, no. 6,
pp. 1869-1879, 2022.



[112]

[113]

[114]

[115]

[116]

[117)
18]

[119]

[120]

[121]

[122]

[123]

89

H. Dong, Y.-C. Chen, and C. Feldmann, “Polyol synthesis of nanoparticles: status
and options regarding metals, oxides, chalcogenides, and non-metal elements,” Green
chemistry, vol. 17, no. 8, pp. 4107-4132, 2015.

E. Baranova et al., “Infrared spectroscopy on size-controlled synthesized pt-based nano-
catalysts,” Surface science, vol. 600, no. 17, pp. 3502-3511, 2006.

C. Bock et al., “Size-selected synthesis of ptru nano-catalysts: reaction and size control
mechanism,” Journal of the American Chemical Society, vol. 126, no. 25, pp. 8028-8037,
2004.

B. K. Park et al., “Synthesis and size control of monodisperse copper nanoparticles by
polyol method,” Journal of colloid and interface science, vol. 311, no. 2, pp. 417-424,
2007.

K. J. Carroll et al., “Preparation of elemental cu and ni nanoparticles by the polyol
method: an experimental and theoretical approach,” The Journal of Physical Chemistry
C, vol. 115, no. 6, pp. 26562664, 2011.

K. P. de Jong, Synthesis of solid catalysts. John Wiley & Sons, 2009.
J. Regalbuto, Catalyst preparation: science and engineering. CRC press, 2016.

X. Feng et al., “Au/ts-1 catalyst prepared by deposition—precipitation method for
propene epoxidation with h2/02: Insights into the effects of slurry aging time and
si/ti molar ratio,” Journal of Catalysis, vol. 325, pp. 128-135, 2015.

K. Qian et al., “Understanding the deposition—precipitation process for the preparation
of supported au catalysts,” Journal of Molecular Catalysis A: Chemical, vol. 320, no.
1-2, pp. 97-105, 2010.

P. Burattin, M. Che, and C. Louis, “Metal particle size in ni/sio2 materials prepared
by deposition- precipitation: Influence of the nature of the ni (ii) phase and of its
interaction with the support,” The Journal of Physical Chemistry B, vol. 103, no. 30,
pp. 61716178, 1999.

C. Girish, “Various impregnation methods used for the surface modification of the
adsorbent: A review,” Int. J. Eng. Technol, vol. 7, pp. 330-334, 2018.

A. G. Kharaji, A. Shariati, and M. A. Takassi, “A novel y-alumina supported fe-mo
bimetallic catalyst for reverse water gas shift reaction,” Chinese Journal of Chemical
Engineering, vol. 21, no. 9, pp. 1007-1014, 2013.



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133)]

[134]

90

S. Sengupta et al., “Catalytic performance of co and ni doped fe-based catalysts for
the hydrogenation of co2 to co via reverse water-gas shift reaction,” Journal of Envi-

ronmental Chemical Engineering, vol. 7, no. 1, p. 102911, 2019.

M. Ronda-Lloret et al., “Cuox/ceo2 catalyst derived from metal organic framework for
reverse water-gas shift reaction,” Applied Catalysis A: General, vol. 562, pp. 28-36,
2018.

Y. Al-Zeghayer et al., “Activity of como/vy-al203 as a catalyst in hydrodesulfurization:
effects of co/mo ratio and drying condition,” Applied Catalysis A: General, vol. 282,
no. 1-2, pp. 163-171, 2005.

Y. Wang et al., “Influence of drying and calcination temperatures for ce-cu-al trimetal-
lic composite catalyst on simultaneous removal h2s and ph3: Experimental and dft
studies,” Journal of Environmental Sciences, vol. 104, pp. 277287, 2021.

L. Liu et al., “Lanio3 as a precursor of ni/la203 for reverse water-gas shift in dbd
plasma: Effect of calcination temperature,” Energy Conversion and Management, vol.

206, p. 112475, 2020.

O.-S. Joo and K.-D. Jung, “Stability of znal 2 o 4 catalyst for reverse-water-gas-shift
reaction (rwgsr),” Bulletin of the Korean Chemical Society, vol. 24, no. 1, pp. 86-90,
2003.

Z. Sakhaei and M. Rezaei, “Mechanochemical synthesis of zno. al203 powders with
various zn/al molar ratios and their applications in reverse water-gas shift reaction,”
Environmental Science and Pollution Research, vol. 28, no. 11, pp. 13790-13 799, 2021.

N. Brodusch et al., “Scanning electron microscopy versus transmission electron mi-
croscopy for material characterization: A comparative study on high-strength steels,”
Scanning, vol. 2021, 2021.

M.-H. LEE and K.-H. KIM, “Post-thinning using ar ion-milling system for transmis-
sion electron microscopy specimens prepared by focused ion beam system,” Journal of
Microscopy, vol. 261, no. 3, pp. 243-248, 2016.

M. Lee, “Transmission electron microscopy (tem) of earth and planetary materials: A

review,” Mineralogical Magazine, vol. 74, no. 1, pp. 1-27, 2010.

R. A. Zabel and J. J. Morrell, “Chapter nine - ultrastructural features of wood decay,”
in Wood Microbiology (Second Edition), second edition ed., R. A. Zabel and J. J.



[135]

[136]

[137]

138

[139)]

[140]

[141]

[142]

[143]

144]

[145]

91

Morrell, Eds. San Diego: Academic Press, 2020, pp. 245-269. [Online]. Available:
https://www.sciencedirect.com /science/article /pii/B9780128194652000097

Y

D. B. Williams and C. B. Carter, “The transmission electron microscope,” in Trans-

mission electron microscopy. Springer, 1996, pp. 3—17.

A. V. Crewe, “Scanning transmission electron microscopy,” Journal of microscopy, vol.
100, no. 3, pp. 247-259, 1974.

M. Scimeca et al., “Energy dispersive x-ray (edx) microanalysis: A powerful tool in
biomedical research and diagnosis,” Furopean journal of histochemistry: EJH, vol. 62,
no. 1, 2018.

V. Keast, “Application of eels in materials science,” Materials characterization, vol. 73,
pp. 1-7, 2012.

C. C. Ahn, Transmission electron energy loss spectrometry in materials science and the
FEELS atlas. John Wiley & Sons, 2006.

H. Khan et al., “Experimental methods in chemical engineering: X-ray diffraction
spectroscopy—=xrd,” The Canadian Journal of Chemical Engineering, vol. 98, no. 6,
pp- 1255-1266, 2020.

T. D. T. Oyedotun, “X-ray fluorescence (xrf) in the investigation of the composition of
earth materials: a review and an overview,” Geology, Ecology, and Landscapes, vol. 2,
no. 2, pp. 148-154, 2018.

V. Panchuk et al., “Application of chemometric methods to xrf-data—a tutorial review,”
Analytica Chimica Acta, vol. 1040, pp. 19-32, 2018.

P. Kikongi, J. Salvas, and R. Gosselin, “Curve-fitting regression: improving light ele-

ment quantification with xrf,” X-Ray Spectrometry, vol. 46, no. 5, pp. 347-355, 2017.

N. Hwang and A. R. Barron, “Bet surface area analysis of nanoparticles,” The Con-

nexions project, pp. 1-11, 2011.

R. Bardestani, G. S. Patience, and S. Kaliaguine, “Experimental methods in chemical
engineering: specific surface area and pore size distribution measurements—bet, bjh,
and dft,” The Canadian Journal of Chemical Engineering, vol. 97, no. 11, pp. 2781—
2791, 2019.


https://www.sciencedirect.com/science/article/pii/B9780128194652000097

[146]

[147]

[148]

92

M. Dogan et al., “Baseline studies of the clay minerals society special clays: specific
surface area by the brunauer emmett teller (bet) method,” Clays and clay minerals,
vol. 55, no. 5, pp. 534-541, 2007.

L. Pastor-Pérez et al., “Co2 valorisation via reverse water-gas shift reaction using ad-
vanced cs doped fe-cu/al203 catalysts,” Journal of CO2 utilization, vol. 21, pp. 423-428,
2017.

F. Gallucci et al., “Recent advances on membranes and membrane reactors for hydrogen

production,” Chemical Engineering Science, vol. 92, pp. 40-66, 2013.



93

APPENDIX A GAS CALIBRATION AND STABILITY TEST

Gas Calibration

All gases were analyzed with the GC-TCD. We determined the final concentration of Hy , CO4
, CO and CH, with the data measured by the GC-TCD and with the following calibration
curves (equations A.1 to A.4):

_ Areay, —2234.8

Cr, 19853 (A1)
Coo, = Areacsg6(;7295.67 (A2)
Coo — Areac2(21434703.18 (A.3)
Con, = Areacy, —675.7 (A4)

3389.1
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Stability Test

Figure A.1 Stability test of 0.02 g g=! Ni/Co30,4 during 100 h. CO :Hs 1:1, 100 mL min~!.
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