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SUMMARY

Methane is the major component of natural gas and is vastly available on Earth.
However, the transportation of remote natural gas resources requires the construction of
pipelines or the production of liquefied natural gas. Both methods significantly increase
the cost of natural gas for consumers. Natural gas aipadduluicts are often vented or flared
on site, which is not just a waste of resource, but also raises saghigavironmental
concerns. Therefore, the development of chemical processes converting methane to fuels
and chemicals is of high importance. The traditional industrial methane conversion to fuels
and chemicals involves the production of syngas throughnsteeforming as an
intermediate step. Steam reforming itself requires high temperature, high pressure
operation, which is quite energy consuming. Further upgrading of syngas to chemical and
fuels often requires purification or separation of the syngassteesim. Hence, large scales
of operation are necessary for the traditional steam reforbasgd methane conversion
processes to be economically feasible. Therefore, the development of alternatstepone

methane valorization routes to valadded produs has drawn significant interests.

CZ supported metal oxides catalysts combine Lewis acidity with redox activities
and are excellent materials for the catalytic methane conversion. Methane can be activated
over Lewis acidic metal oxides through the hdigrcally splitting of the GH bond. The
redox active support can promote the oxidant activation, facilitate coke removal and
stabilize the small and waellispersed metal/metal oxides species. Various methane

valorization pathways, including the partial idation to oxygenates, steam and dry

XV



reforming, and notoxidative aromatization or alkylation, are catalyzed by the CZ

supported metal/metal oxides catalysts.

In Chapter 2, the synthesssructure relationships for Ni/G#&r1-xO2 materials are
demonstratedhrough the thorough characterization of catalysts synthesized differently.
The nickel speciation and reducibility of the materials are revealec iphys$isorption,

XRD, XAS, XPS and HTPR experiments. The structural properties are further related to
methane dry reforming performances. All catalysts are active for methane dry reforming
and retain partial activity at a steady state. The conversion of botar@HQ correlates

linearly with the concentration of accessible Ni, which indicates that me#wivation
primarily occurs on Ni and is the rdimiting step of the reaction. The major challenge for
industrial applications of methane dry reforming usingbbBlsed catalysts is the
deactivation of the catalyst. The Ni particle growth during reacttansbe suppressed by
introducing SMSI, avoiding isolated Ni precursor species with insufficient ability to anchor
on the support, and encapsulating the Ni particles. The concentration of active surface
oxygen is a good descriptor for coke resistance.dbmeinant deactivation mechanism for

CS catalysts appears to be the encapsulation of Ni particles by the support. The support
capsules likely allow some reagents to access the Ni particles in the core because the
catalysts retained partial activity. In surmiy, | decoupled complex interplay between the
three deactivation mechanisms over catalysts from different synthesis methods, which

provides important insights for the rational design of methane dry reforming catalysts.

While understanding the synthesisucture relationship allows controlling the
physiochemical properties of active sites, rational catalyst design requires a fundamental

understanding of how active sites facilitate reaction chemistries. In Chapter 3, methane
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activation over NiO/CZ catalysts investigated usingn-situ FTIR spectroscopy. The
NiO/CZ catalysts are active for methane activation and produces various carbonaceous
surface intermediates. A large variety of surface species, including formates, carbonates,
aromatics, aldehydes antkaxy intermediates are formed during methane activation and
generate complex features in the IR band. A novel data analysis algorithm is developed to
deconvolute the contribution from different surface species based dmaanregression

fitting. By comparing methane activation over different NiO/CZ catalysts at different
temperatures, it is concluded that the formation ok @@cursor such as formates and
carbonates are driven the concentration of the adsorbed surface oxygen in the catalyst, and
the poduction of aromatic and alkoxy intermediates are catalyzed by the NiO sites. The
selectivity towards alkoxy intermediates, which is precursors to alcohol production, is
maximized with a controlled balance of the active oxygen species and the acce3ible N

active sites.

The observation of surface alkoxy intermediates during methane activation over
NiO/CZ catalysts suggests it is possible to achieve the direct selective oxidation of methane
to methanol. In Chapter 4, | demonstrate the selective oxidatiorethane to methanol
over MOJ/CZ (M=Ni, Cu, Fe) catalysts. The Lewis acidity and redox properties of the
catalysts are assessed using XRD, XASTRR, NH-TPD and pyridine adsorption
followed by FTIR spectroscopy. The quantity of methoxy intermediateseit during
methane activation is evaluated usingsitu transmission FTIR spectroscopy. With the
addition of oxygen and steam, methane can be directly converted to methanol at steady
state with CQand coke as the other products. The concentration of strong Lewis acid sites

Is a good descriptor for the quantity of methoxy intermediates formed during methane

XVii



activation, which in turn governs the selectivity towards methanol. The methane
conversion inersely relates to the methanol selectivity, suggesting the possibility of

enhancing the methanol selectivity by reaction engineering approaches.
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CHAPTER 1. INTRODUCTION

1.1 Supply and Issues of Methane

Methane is the moésbundant form of fossil carbon on Earth appearing as the main
component of natural gas. Recent discoveries of shale gas reserves significantly increased
the availability of methank3 However, due difficulties in the transport of methane, a large
portion of the natur al gas resources is col
density by volume of methane requires the transportation of natural gas resources through
pipelines* As the pipelineconstruction is very costly, if a resource temotefrom a
market for natural gas, then there is no economical drive for the pipelingucbios,
leaving the resource strandednother way for transportation of natural gas is through
liquefied ratural gas (LNG). However, methane itself is a gas under standard conditions
with a boiling point at 111.6 K. The production of liquefied natural gas (LNG) requires
expensive downstream separation process to remove impurities. Additionally, cryogenic
storgye is required for the entire LNG transportation process. Both factors significantly

increase the production cost of LNG.

Hence, the development of chemical process using methane as a platform molecule
is of high importancé Traditionally, industrial methee conversion to fuels and chemicals
involves two steps: 1) methane is converted to syngas through steam reforming and 2) the
syngas is further converted to higher hydrocarbons by FiSalogsch synthesis or used
for methanol synthesfs® The twostep high temperature, high pressure process requires
large scale operations for economic feasibflitin particular, this prohibits effective use

of the straded natural gas resources, which accounts for a large portion of the world


https://en.wikipedia.org/wiki/Extreme_points_of_Earth#Remoteness

reserves. Therefore, the development of alternativesteemethane valorization routes
to valueadded products has drawn significant inter&stsConsidering the vast
availability of natural gas resources, the development of such processes has the potential

for revolutionizing the chemical supply chain.

1.2 Catalytic Conversion of Methane

Over the years, many efforts have been put into the task of developing efficient
methods for upgrading methane into other valdded products’>*4 Potential methane
valorization pathways include the partial oxidation to oxygenates, such as methanol,
formaldehyde and formic acid, oxidative coupling to ethane, ethylepeopylene, and

aromatization or alkylatiorRigure1.1).

Non-oxidative Coupling Aromatics

&

Oxidative Coupling ol
efins
+ Oy, -H;
Fuels

Methane Reforming CO/H, Fischer 25 -CH,-
CH, + H,0/CO, Syngas 2

Direct Selective Oxidation Ynthesig Methanol

+ 02 and HZO CHSOH

CO, |+ Energy

Figure 1.1 i The possible upgrading routes converting methane to fuels and
chemicals.

Non-oxidative alkylation and aromatization are endothermic. Hence
thermodynamics require these reactions to be operate at high temperatures to achieve
decent methan&l4 15 At high temperatures, the formation of coke is thermodynamically

favored, hence catalysts for these reaction pathways often deactivates from coke formation.



Guo et. al reports catalysts with single Fe sites confined by @iSiC lattice that can
steadily convert methane to ethylene, benzene and naphthalene at 1000 °C quite selectively
without much coke formatioh.A previous study from our group showed that well
dispersed NiO clusters supported by ceiraonia (CZ) can convert methane to ethane,

ethylene and aromatics close the thermodynamic lirhB§@i 500 °C?°

The introduction of oxidants to the reaction systems remediates the thermodynamic
limit in non-oxidative alkylation and aromatization reactions. Unfortunately, the presence
of Oz can also cause the overoxidation of methane te &@@ HO. The pioneeringvork
by Keller and Bhasin tested a wide range of metals supported by alumina for the oxidative
coupling of methane to ethylene and acetylene at 800 Sbice then, numerous materials
have been studied for the improvement of the selectivity towards C2 hydrocafbons.
Catalysts based on strong basic oxides, such as MgO afd aee active for direct
oxidative coupling of metharfé.?® The ineviible formation CO and CGignificantly
reduces the selectivity towards C2 products especially at high conversion. As the reaction

is favorable at high temperature (>700°C), catalysts often suffer from stability #8sues.

Both dry and steam reforming of methane produce syngas. Similar to the non
oxidativealkylation and aromatization reactions, methane reforming is highly endothermic
and is limited by thermodynamics. The reaction requires high temperature (>800 °C) even
with the presence of catalygtsGroup VIII transition metals comprise most catalysts for
steam reforming. In industry, the reforming reactions are tylgicalried out in a heated
furnace in the presence of a nickel cataly$loble metals such asuRRh, Pd, Ir, and Pt

are also active, but these metals are normally too expensive for industrial applitations.



The formation of coke is thermodynamically favored at high temperattnich can cause

rapid deactivation of the catalyst.

The direct selective oxidation of methan
in C1 chemistn?’ In industry, methanol is synthesized from syngas at elevated pressure
(50 to 100 bar) and temperature (200 to 300 °C) over Cu/ZnOiAhtalysts® Over the
years, many efforts have been made to develogesft methods for direct conversion of
methane into methandt® 14 Studies have shown that it is possible to convert methane to
methanol directly using more selective oxidants such8%%and NO®°. The selective
oxidation of methane to methol is also possible using photocatalysis or plasma
reactions’ 32 Methane monooxygenase enzymes with iron or copper active centers
showed great selectivity for converting methane to methanol under ambient conditions.
Inspired by these enzymes, extensive studies on cappéining zeolites have shown the
possibiity of converting methane directly into methanol using & the oxidant via
chemical looping process&s3>28 Such processes are usually composed of three steps: the
activation ofcatalysts under £at high temperature; the activation of methane at moderate
temperatures; and the introduction of steam to release the methanol formed. Since chemical
looping processes for this reaction have been shown to be uneconSthiealevelopment

of steady state systems is critical.

All the routes discussed above have certain drawbacks and room for improvement.
With the large reserve of methane available, it provides enmagkiation for developing

more effective upgrading routes that converts methane into more valuable products.

1.3 Ceria Supported Metal/Metal Oxides as Catalysts for Methane Conversion



Transition metal complexes can serve as active sites for methane actatattrer
mild temperature$/®43and promote different mechanisms of methane aativa ** Over
Lewis acidic metal oxides, methane can be activated through heterolytic splitting ef the C
H bond, leading to the formation of methyl and hydroxyl spe€ié3The activation of
methane is also affected by the presence of other species. Studies have shown that when
the catalyst is in contact with steam, the formation of metal hydroxides will promote
selective oxidation of methane over Ni, Cu and Fe compl¥®@sOur group have
performed a screening of metal oxides for methane activation capability using transmission
FTIR spectroscopy, where NiO is found the most capable not just in activating methane
through heterolytically splitting of the-8 bond, but also in coupling activatedethyl

species to produce higher alkyl spedfes.

Redoxactive ceria and cerbased mixed oxides, such as CZ,@@nising catalyst
support materials for bifunctional supported metal oxides catalysts for catalytic methane
conversion. The oxidation state of cerium can shift between Ce(lll) and Ce(lV), which
allows for easy oxygen storage and rem&vdecause of this property, ceridnased
oxides are widely used for applications in automotive exhaust converters, hydrocarbon
reforming, and water gas shift reactié@8 By doping zirconia into the ceria support, a
CZ solid solution is formed, which greatly enhances thermal stability and oxygen storage
capaciy and increases the accessibility of bulk lattice oxyj&hFinally, the use of CZ
introduces a strong metalipport interaction, which stabilizes small metal/metal oxide

clusters on its surfacdé.59 60

CZ supported metal oxides catalysts combine Lewis acidity and redox activity, which

are materials with great performance foethane conversion. A recent surface science



study showed that NiO/CZ can catalyze the selective oxidation of methane to méthanol.
Zuo et. al. develogk an inverse CeflCuO catalyst that is also capable of converting
methane to methanf.*® Ni/CZ catalysts are extensively studied for steam, dry and
autothermal reforming of methaf¥/® A previous study from our group shed NiO/CZ

can catalytically convert methane to ethane, ethylene and aromatics througkidative
coupling®® The materials can also catalyze the partial/complete oxidation of methane to

CO or CQ.%> 7483

1.4 Understanding Methane Activation usirg operandoFTIR Spectroscopy

The main challenge in utilizing methane as a platform chemical lies in methane
activation, i.e., the cleavage of th& @-H bond in methané 2486 Methane is smallest
hydrocarbon molecule and is the least active. It is a symmetric molecule with a stable
tetrahedral structure and has an extremely higt libnd energy at 439 kJ/mbf Three
maj or met hane activati on mec h aaondmatathesis,n a me |
oxidative addition and electrbpic substitution, have been proposed in both heterogenous
and homogeneous metahsed catalytic system&igure 1.2).% 40 8789 Coperet et al.
proposed the activation of methane over Lewis actdauminathrough the Lewis
acid/base pair activation, where methane is activated by the heterolytically splittirey
C-H bond?° The oxidative insertion, where a hydrate and a methyl group are bonded to the
metal species through activation, are more conynolnserved for late transition meté&fs.

%1 The Shilov system uses high oxidation, electeficient, and coordinatively
unsaturated species, such ad' Ralts, to activate methane through electrophilic

substitution in homogeneous catalytic systéfs.



CHa--H CH3

Lewis-acid/base pair: CHs + MX —3» — >

WX | 4 M—XH

Oxidative addition: CH; + M™ — 3 H3c—|\i/|(n+2)+

H
Electrophilic substitution: CH, + M™* —» H,C—M"* + H*

Figure 1.27 Mechanism for methane activation? 84

Fundamental understandings of reaction mechanisms are essential for the
development of more productive catalytic processesaamdften hindered by challenges
in understanding the catalyst surface as well as unravelling the complex surface reaction
networks?? Fortunately, the activation of methane produces various surface carbonaceous
species, which vibrate at different freques;imaking Fourietransform infrared (FTIR)
spectroscopy a perfect tool for understanding the methane activation mechanism over
catalyst surface¥.The BeerLambert Law grants a linear response between the
concentration of surface species and the peak area from transmission FTIR spectroscopy
allowing the quantitative analysis of the evolution of surface species over time. The Ribeiro
Group éémonstrated a sophisticated design obprrandotransmission IR cell, which
enables the monitoring of catalytic surfaces using FTIR spectroscopy under reaction

conditions®

In summarypoperandoFTIR spectroscopy is powerful tool for unravel the methane
activation as well as the subsequent surface reaction networks during methane activation.
Understanding methane activation mechanisms can provide important insights for the
better design of CZ sported metal oxide catalysts converting methane to \added

products.



1.5 Objectives and Organization

The overall objective of this work is to conduct a systematic investigation of CZ
supported metal/metal oxide catalysts to provide design principlesfalytic methane

conversions.

First, 1 will demonstrate the synthesigucture relationship through thorough
characterization of NiO/CZ catalysts synthesized differently. Specifically, the impact of
synthesis on the nickel speciation and the reducilolityatalysts are discussed in detail.

The structural properties are further related to methane dry reforming performances,
suggesting that the Ni morphology and the oxygen storage capacity are the key factors

shaping the deactivation behavior.

While undestanding the synthesgtructure relationship allows for controlling the
physiochemical properties of active sites, rational catalyst design requires a fundamental
understanding of how active sites facilitate reaction chemistries. Next, | will go through
the investigation of methane activation over NiO/CZ catalysts uspegandoFTIR
spectroscopy. Using a novel data analysis algorithm based dmaanregression fitting,
the evolution of different surface species is deconvoluted to elucidate theeswdation
pathways during methane activation, showing that different reactivity can be achieved by

fine tuning the nature of active sites and reaction conditions.

The observation of surface alkoxy intermediates during methane activation suggests
it is possible to achieve direct selective oxidation of methane to methanol over NiO/CZ
catalysts. Finally, | will demonstrate the selective oxidation of methane to methanol over

MOx/CZ (M=Ni, Cu, Fe) catalysts. By carefully balancing the accessible LAS and the



adive oxygen species, continuous conversion of methane to methanol is realized. The
strong LAS concentration controls the formation of methoxy intermediates during methane
activation, which in turn governs the selectivity towards methanol. Together, kinese t

studies lay a solid foundation for the rational design of catalysts for methane upgrading

reactions.



CHAPTER 2. NICKEL SPECIATION AND METHANE DRY
REFORMING PERFORMANCE OF NI/CE xZR1xO2 PREPARED

BY DIFFERENT SYNTHESIS METHODS

2.1 Backgrounds

Methane dry reforming with carbon dioxide (Reaction 2.1) has drawn much
attention as it utilizes these two greenhouses gases at the same time. The reaction produces
syngas, which is an essential builgliblock in the production of valugdded products,
such as oxygenat&dand longchain hydrocarboié Compared to syngas produced from
methane steam reforming, syngas produced from dry reforming has a lpteeC@ ratio
of approximately 1:1, which makes it useful for Fiseespsch synthesis of lorchan

hydrocarbons.

#1 #(°c#/ 3Q ¢ X kp/mol (Reaction 2.1)

Although dry reforming of methanés advantageous for utilizing and eliminating
greenhouse gases, the concept is not yet economically feasible for industrial applications.
Noble metalbased catalysts, such as Rh, Ru, and Pt, have shown steady conversion and

decent resistance to coke forioatbut are often found to be uneconomfSal®

Ni-based catalysts are applied in industrial processes for steam reforming of
methane and have comparable activities to noble metals for dry refofmiPRL3
However, such catalysts often suffer from rapid deactivation under reaction conditions.

Carbon depositn leads to severe deactivation of the catalysts and an increased pressure
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drop over the catalyst béef% Methane decomposition (Reaction 2.2) and CO
disproportionation (Boudouard reaction, Reaction 2.3) contribute to the majority of coke
formed duing the reaction. Additionally, since the reaction operates at high temperatures
(>1000 K), agglomeration of active nickel species is another key deactivation mechanism
of the catalyst®” 1°8 The encapsulation and decoration of the active Ni particles by certain
supports, such as alumina and ceti&? 11%were reported in multiple studies, which also

led to the loss of activity. Sophisticated catalyst dessgequired to resolve the fast and
severe deactivation of Miased catalysts before the reaction can be implemented
industrially. Fortunately, studies have shown that the catalyst durability can be improved
by tuning various design parameters, including ¢hoice of the support, and the size of

nickel particlegi!® 112

# (O # ¢( Q) p BOQIG £ & (Reaction 2.2)

CHP # #/ 3Q T @& Qlbd ¢ &  (Reaction 2.3)

Basid®3 114 acidid®t 115, inert16 117 and redox active suppotthave been studied
to improve the activity of nickdbased catalysts for methane dry reforming. Redox active
ceria and ceridased mixed oxides are of particular interest because the interconversion of
Ce(lll) and Ce(lV) allows for feile oxygen storage and removalBecause of this
property, ceriubased oxides are widely used for applications in automotive exhaust
converters, hydrocarbon reforming,dawater gas shift reactiof%>® By doping zirconia
into the ceria support, a Ce@rO: solid solution is formed (CZ), which greatly enhances
thermal stability and oxygen storage capacity and increases the accessibility of bulk lattice

oxygen®658 Using ceria as a support for methane dry reforming reaction increases the
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conversion, lowers the carbon formation, and enhances the revatieyegas shift reaction
(RWGS)/t The surface oxygen vacdas of the CZ support promote the activation 0:CO
during reactior’> ”® Mobile oxygen species stored in th& €upport facilitate the removal

of deposited coke, and thus these species extend catalyst lif&titheAdditionally, CZ
supports interact strongly with the Ni metal, which stabilizes small surface nickel

particles!®

Catalyst synthesis and composition strongly affect the physicochemical properties,
including metal dispersion, strength of tietalsupport interactions and oxygen storage
capacity. Strong electrostatic adsorption uses Coulomb forces to deposit dissolved charged
precursor metal complexes onto the support, which results in a better dispersion of the
metal!?® These forces are controlled through the pH of the synthesis solution. Co
precipitaton produces solid oxide solutions of Ni with Ce and Zr. The Ni is incorporated
into the ceriazirconia support with stronger mesipport interaction¥! 122 Combustion
synthesis combines a fuel, such asiciacid, with a catalyst precursor solution. The
solution is evaporated, and a polymeric resin is formed, which is burned quickly. The
resulting catalytic material has nanostructured partiéfe$he fast combustion of the
polymeric resin traps the mixed metal oxides in kinetickdlyned (non
thermodynamically equilibrated) crystal structures and introduces more defect sites and

oxygen vacancies to the catalyst.

The major challengm the industrial application of dry reforming using-bésed
catalyst lies in the deactivation isst#¢16 Studies on single synthesis method often
obseved a combination of multiple deactivation pathways and hence could only draw

qualitative structurgerformance relationshi8.64 7% 123 127 A few studies comparing
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synthesis methods providedformation on the synthessructure relationship, but
focused less on the deactivation of the cataffs€° This lack of systematic insight into
the synthesistructureperformance relationships limits the design of catalysts with better

performance.

Herein, | report the edfct of catalyst synthesis method and nickel content on the
structure, activity and stability of Ni/CZ catalysts during methane dry reforming and
provide novel insights on the design of better catal{4it€en.83Zro.1702 (Ni/CZ) catalysts
prepared by dry mpregnation, strong electrostatic adsorption;pxipitation and

combustion synthesis are thouroughly characterized and their performance is evaluated.

2.2 Experimental

2.2.1 Materials

Ni(NO3)2:6H20 (99.999% trace metals basis), Ce@¥®H20 (99.999% trace
metals basis), ZrO(N€x-xH20 (99.999% trace metals basis), ammonium hydroxide
solution (ACS reagent, 2880.8 Ntkbasi s ) , sodium hydroxi de
pellet) and citric acid (ACS reagent, 99.5% purity) were purchased from 3itgineh.

Gases used for reactivity tests, CO chemisorption experiments, and temperature
programmed reduction (TPR) experiments were obtained from Airgas and included
methane (research grade), nitrogen (ttigh purity, UHP), CQ (UHP), argon (UHP),

10%H2/Ar (UHP), helium (UHP), and 10%#MHe (UHP).

2.2.2 Catalyst synthesis

2.2.2.1 CeriaZirconia Support

13



The CZ support was synthesized following procedure described in previous study by
the group> 131 Cerium and zirconium nitrates were dissolved in DI water. The pH of the
precursor solution was adjesl to 3.0 by further diluting the solution with deionized water
(DI water). The solution was then added dropwise to an ammonium hydroxide solution at
a pH of 11.9. An excess amount of ammonium hydroxide solution was used to ensure
instantaneous and comt#egrecipitation of the metal cations. The suspension was filtered,
and the collected precipitate was dried in an oven at 110 °C overnight. The-cerium

zirconium precipitate was then calcined at 450 °C for 4 hours under air flow.

2.2.2.2 Synthesis of Dry Impregnah (DI1) Catalysts

The synthesis procedure for the DI sample was adapted from previous studies by
the groupt> % The pore volume of the CZ support was measured withhyisisorption.
To form the precursor solution, nickel nitrate was dissolved in a volume of DI water equal
to the pore volume ahe CZ support used in the synthesis. The precursor solution was
added dropwise to the support and the mixture was vigorously agitated after each drop was
added. To ensure pore saturation of the support after the entire solution was added, the
mixture wasfurther agitated for 10 minutes using a vortex mixer. The catalyst was then
dried in an oven at 110 °C overnight and calcined at 450 °C for 4 hours under air flow. The
collected powder was ground and sieved to a particle size between 38 and 75 pm. This

cdalyst is denoted as 2DI.

2.2.2.3 _Synthesis of Strong Electrostatic Adsorption (SEA) Catalysts

The SEA catalyst was synthesized following procedures described in lite/ture.

The CZ support was suspended in ammonium hydroxide solution such that the surface area
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available in the solution was 100G/in Nickel nitrate waghen added to the mixture and
constant stirring. The pH of the solution was monitored every 5 minutes and additional
ammonium hydroxide solution was added to maintain a constant pH of 10.5. The
deposition of nickel cations onto the support was consideoetplete once the pH
remained constant for 5 consecutive measurements. The catalyst was filtered and dried in
an oven at 110 °C overnight. Then, it was calcined at 450 °C for 4 hours under air flow.
The collected powder was ground and sieved to a parizeldetween 38 and 75 um. This

catalyst is denoted as 2SEA.

2.2.2.4 Co-precipitation (CP) Catalysts

The CP samples were synthesized following procedures described in litétdture.
Nitrate precursors of nickel, cerium, and zirconiumrevdissolved in DI water. The
amount of each precursor used was calculated to achieve the desired final catalysts
composition (2, 4, 6, and 10 wt% Ni/§3&Zro.17). The solution was then added dropwise
into a NaOH solution at pH 13. An excess of NaOH safiuivas used to ensure complete
precipitation of the nickel cations. The precipitated catalyst was filtered, fully washed, and
then placed in an oven at 110 °C to dry overnight. After calcination at 450 °C for 4 hours
under air flow, the catalyst was graland sieved to a particle size between 38 and 75 pum.
These catalysts are denoted as 2CP, 4CP, 6CP and 10CP for 2, 4, 6, and 10 wt% Ni content,

respectively.

2.2.2.5 Combustion Synthesis (CS) Catalysts

The CS samples were synthesized following procedures deddnbliterature-32

Nitrate precusors of nickel, cerium and zirconium and citric acid were dissolved in 40 ml
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of DI water. The amount of each precursor used was calculated to obtain catalysts with the
desired Ni, Ce and Zr content. The amount of citric acid added was 1/3 the conaentratio
of nitrate ions in the solution to achieve a stoichiometric combustion. The solution was
then heated to evaporate the water. Once the water was fully evaporated, the citric acid
formed a polymeric resin. Further heating of the resin to 156 °C liquifeedessin and led

to fast and vigorous combustion of the mixture, fully consuming the resin. The resulting
powder catalysts were denoted as 2CS, 4CS, 6CS and 10 CS for 2, 4, 6, and 10 wt% Ni

content, respectively.

2.2.3 PhysicochemicaCharacterization

2.2.3.1 Composition and morphology

The composition of each catalyst was measured utilizing Proton Inducag X

Emission (PIXE) at Elemental Analysis Incorporated.

N2 physisorption measurements were performed using a Micromeritics ASAP 2020
instrument. Approximately 50 mg of sample was used in each measurement. Samples were
degassed at 400 °C for 4 h prior to analysis. Reported surface areas were calculated using
the BET method2 The pore volume and pore size were calculated using the BJH method

applied to the desorptiorrdnch of the isotherr#?

Powder xray diffraction (XRD) patterns for both unreduced and spent catalysts
were measured on -la dXiéfPferraic tPoRM2 t Rlrpheagqui pped
modul e. Diffractograms for unreduced catal

=101 80A with a ° ®iffracigrans forespentsamples Ovdreécpllect with
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Cu KU radiation for 2d =357T65A with a step

CZ support were calculated using Schereros

2.2.3.2 CO chemisorption and temperature programmed reduction (TPR)

CO chemisorption and TPR experiments were carried out on a Micromeritics
AutoChem Il 2920 instrument equipped with a cold trap and a TCD detector. For each CO
chemisorption experiment, approximately 100 mg of sample was used. The sample was
first degasseth flowing helium at 450 °C for 1 hour. Then, a reductive pretreatment was
performed by flowing 30 cA#min of 10% H in helium over the sample. The sample was
heated to 600 °C at 5 °C/min and then held at 600 °C for 2 h under th@H which
simulated onditions analogous to those of the reactivity tests. The sample was then cooled
to 40 °C under 40 cffmin helium flow and held at 40 °C for 1 h. The CO chemisorption
was carried out by injecting finite quantities of CO in pulses until no further CO uptake
was observed. The chemisorbed CO was then desorbed during a temperature programmed
desorption by heating the sample under 4&wim helium flow to 450 °C at 5 °C/min and

holding the sample at 450 °C for 30 minutes.

For the TPR experiments, approximatély mg of each sample was loaded to the
instrument. The catalysts were feidized to establish a wellefined, fully oxidized state
for the subsequent TPR analysis. Thegxiglation was carried out by flowing 30 émin
of 10% Q in He over the sample 450 °C for 2 hours. The catalysts were then cooled to
50 °C in helium flow. The TPR analyses were carried out by flowing 10% kelium at

30 cn¥/min over the sample while heating to 900 °C with a 10 °C/min ramp rate. A cold
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trap in a dry iceacetone ath was used during the experiment to eliminate the interference

from water in the TCD detector.

2.2.3.3 X-ray photoelectron spectroscopy (XPS) measurements

The XPS experiments were carried out using a TherflXRS instrument. The X
ray source of the instrumewas a monochromatic smalpot aluminum anode (Al hs
= 1486.6 eV). The measurements were carried out with a background pressure ¥ 4.3
8 bar. The sample stage, which contains copper, was used as internal calibration standard
for bindingenergies. The peak fittings for Ni were performed over the range af 830
eV. The signals above 870 eV were not included in the fits due to a strong overlap with Ce

3d peaks.

2.2.3.4 X-ray adsorption spectroscopy (XAS) measurements

Ex-situ XAS data for all ureduced and spent catalysts were collected at-ibe 8
beamline at the Brookhaven National Lab. Samples were pressed insugaiited
wafers. The beam energy was internally calibrated with a metallic Ni reference foil and
spectra were collected in flusscence mode. Each sample was measured multiple times at
the Ni K-edge. Standard samples of nickel oxide, metallic nickelNo#) 204, and NiLaQ

were also measured at the beamline for reference.

An average of three spectra collected for each samplesealsfor further analysis.
The averaged spectra were normalized using Athena software. The edge energg E
identified as the maximum of the first derivative of theay absorption near edge structure

(XANES) spectrum. A linear combination fit usitd\gJO, Ni foil and NiLaG standards to
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each spectrum was performed to determine the composition of the nickel species in each

sample.

Extended Xray absorption fine structure (EXAFS) data were converted to k space
with k? weighting. The Fourier transform ¢fie K wei ght ed EXAFS osci ||
3113) converted the data from k space to R
For unreduced catalysts, the first two shells in R space were fitted to-Dsill and Ni
Ni shell of NiO calculated frorREFF using Arthemis packag®.The amplitude reduction
factor (9% was determined from the reference NiO spectrum. The coordination number

from the fit was used to estimate the particle size using relationships by Kuzmiiet all.

2.2.4 Reactivity tests

Reactivity tests of all catalysts were carried out under atmospheric prassare
laboratory scaleeactor Brooks mass flow controllers (Model 4850) were used to control
the flowrates of gases ¢§NCO; and CH) fed into the reactor. A quartz tube reactor with
an inner diameter of 10.5 mm was placed vertically inside a tube furnace (Lindberg
Minimite furnace). A mixture of catalysts and silicon carbide was loaded on a quartz frit
in the middle of the reactor. €heffluent was analyzed using an online GC (Bruker 450
RGA) equipped with 2 TCD detectors and an FID detector. The effluent stream was
sampled every 20 min. Hydrogen, carbon dioxide, nitrogen, methane and carbon monoxide
were quantified with the two TCD tketors, and methane quantification was confirmed
with the FID detector. AMayesep Q column and a Molsieve 5A column were used in series

to isolate the hydrogen for analysis in the first TOe second TCD was used for
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permanent gas analysis with a Haye3ecolumn, a Hayesep Q column and a Molsieve

13x column in series. The FID channel was connected to-a &Rumn.

Calibrations for H, CO;, CHs, CO, and N were carried out by feeding various
concentrations of each species through an empty reactor amtiéent pressure. Linear

responses between the peak intensity and concentration of each species were observed.

The catalysts were reduced via a pretreatment step prior to the reaction. The samples
were heated to 600 °C at 5 °C/min and held for 2 h i@% Bk/N2 gas mixture. After the
pretreatment, samples were heated to 700 °C for the reactivity tests. Catalysts were diluted
with silicon carbide to normalize the same nickel content to 0.2 wt% within the catalyst/SiC
bed. For each experiment, 200 mg & thluted catalysts was used equivalent to a weight
hour space velocity (WHSV) of 19,700" hwith respect to the nickel content. The feed
consisted of 35% C4 35% CQ and 30% N with a total flow rate of 2100 mL/min. The

reactiors were run until a steadyate was achieved.

2.2.5 Spent catalyst characterization

Thermogravimetric analysis (TGA) was carried out using a TA Instruments SDT
Q600 Thermogravimetric Analyzer to determine the amount of carbon deposit on spent
catalysts. For 2DI, 2SEA and 2GBmples, approximatelyB) mg were used. For the 2CS
samples, 2 mg was loaded due to their low density. The samples were first heated to 30 °C
and held at that temperature for 15 minutes to establish a stable baseline. Then, they were
heated to 150 °C 40 °C/min ramp rate and was held at 150°C for 30 mins unglow

Finally, the sample was heated to 900 °C at a rate of 10 °C/min under air flow.
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Scanning electron microscopy (SEM) images were obtained on a Hitachi 8230. The
samples were pressed ontoaggper base, and images were collected at an energy level of

1 keV.

2.3 Results

2.3.1 Physiochemical Properties of Catalysts

2.3.1.1 Composition and morphology

According to PIXE analysis, all catalysts had similar Ce/Zr ratios, and the nickel

fractions were within the exgoted 10% error of the targeted values (Table 2.1).

Comparison of the nitrogen physisorption isotherms of 2DI and 2SEA with the CZ
support showed that Ni deposition onto the support reduced the surface area and pore
volume by 17%, and 25%, respectivelyable 2.1, Figure A1 and A2). The 2DlI, 2SEA,
2CP and 2CS catalysts had comparable surface areas (varying from 55 #ty)7%na
2CP had the largest surface area. Contrarily, the 2CP catalysts had significantly lower pore
volumes compared to catalysts mageother synthesis techniques indicating the presence
of smaller pores. In general, bulk synthesis techniques (CS and CP) exhibited narrower

pore widths compared to surface synthesis techniques (DI and SEA).

Among the CP samples, 10CP had the lowestsarfrea and pore volume along
with the largest pore width. The surface area, pore volume and pore width for 2CP, 4CP,
and 6CP were similar. The surface area and pore volume decreased with increasing nickel

loading for the CS samples. 10CS had 30% ledacilarea and 40% less pore volume

21



than 2CS. However, the pore width for the CS samples were relatively constant and

independent of nickel loading.

Table 2.1 i Physiochemical properties of ceria zirconia (CZ),2 wt% Ni/CZ
synthesized by dry impregnation (2DI), 2 wt% Ni/CZ synthesized by strong electronic
adsorption (2SEA), 2, 4, 6, and 10 wt% Ni in CZ synthesized by qurecipitation (2CP,
4CP, 6CP, 10CP), and 2, 4, 6, and 10 wt% Ni in CZ produced by combustiepnthesis
(2CS, 4CS, 6CS, 10CS).

Catalyst cz 2DI 2SEA 2CP 4CP 6CP 10CP  2CS 4CS 6CS 10CS
Nickel content

(wt. %) N/A 2.08 2.11 2.23 3.62 5.95 9.77 2.06 4.30 6.55 9.74
Ce:Zr ratid

83:17 83:17 83:17 85:15 83:17 85:15 86:14 83:17 82:18 83:17 84:16
Surface nickel

content (wt. %) 2.73 2.92 1.58 4.80 5.92 14.7 1.98 3.53 5.27 8.67
Surface Ce:Zr

ratic? 84:16 84:16 84:16 84:16 81:19 82:18 8317 84:16 84:16 83:17  83:17
BET surface

area (m?/d) 80.5 66.2 67.4 735 773 833 282 547  37.8 435 387
Pore volume

(cme/gy 0.14  0.109 0.108 0.049 0.052 0.047 0.037 0.108 0.081 0.087 0.060
Pore width

(nmy! 9.83 8.29 7.88 407  3.72 343 452 5.17 5.45 5.36 5.33
Metal

dispersion (%)  n/A 9.3 162 437 832 685 077 153 755 584 2.12
CeZri40;

crystalline size

(nmy 7.31 7.47 7.70 5.42 6.22 7.94 608  4.99 471 487 4.50

2From PIXE analysis

"From XPS analysis

°From desorption isotherms measured hyPRysisorption using the BET method

4From desorption isotherms measured byNysisorption using the BJH method

¢ From CO chemisorption after alur reduction in 10% #at 600 °C, assuming a 1:1 CO to Ni stoichiometric ratio
fFrom XRD using Scherrer equation for theZ¥e,0, (111) peak at 28.5°

2.3.1.2 X-ray Diffraction (XRD)

The diffraction peaks at 28.8°, 33.4°, 47.9°, 56.9°, 70.1° and 78° in the
diffractograms of the CZ support were consistent with those of-zecania solid
solutions (Figure 2.133% 137138 Al samples lacked the characteristic diffraction peaks for
pure ceria and pure zirconia, indicating that the CZ suppagte homogeneous solid

solutions without any significant phase separation. In unreduced catalysts, characteristic
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diffraction peaks for NiO were only observed for 10CP, indicating that the small NiO
crystal sizes in the other samples were below the detelatnit of XRD (Table 2.1). The

lattice constant for the GexZro.1702 (111) plane was constant at 3.1 A for all catalysts
regardless of synthesis method and Ni content. Thus, potential incorporation of Ni into
crystalline CZ domains did not significantly change the lattice constant relative to the
lattice contraction that as caused by the incorporation of*Zions!3? 140 However, the
unchanged lattice constant across samples does not rule out the possibility of incorporation

of Ni into the CZ latticé#?

The crystal sizes for the 2CP, BGnd 6CP samples increased with the nickel
content, but 10CP possessed crystals smaller than those of 6CP and 4CP. All CS catalysts
had similar crystal sizes, which were smaller than those in the 2Dl and 2SEA samples. The
relatively small crystal sizes ahe CS catalysts indicate that the rapid combustion

procedure restricted crystal growth.
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Figure 2.17 a) X-ray diffraction spectra of CZ, 2DI, 2SEA, 2CP, 4CP, 6CP, 10CP,
2CS, 4CS, 6CS and 10CS catalyst samples. b) XRD diffraction peaks of NiO on the
10CP catalyst sample. Vertical dashed lines indicate diffraction angles for CZ solid
solutions.

2.3.1.3 CO Chemismption

The dispersion of nickel species after reduction of the catalysts was determined by
CO chemisorption (Table 2.1). 2SEA had a higher dispersion than 2DI, which indicates
that the Coulomb force introduced through SEA synthesis stabilized smatisprsed
Ni clusters. The surface deposition synthesis techniques (i.e., DI and SEA) produced

catalysts with greater apparent nickel dispersions compared to most of those made using
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bulk synthesis techniques. This result was expected since a fractiom Nf #pecies is
incorporated into the support during the bulk synthesis techniques and hence should be
inaccessible for CO chemisorption. However, 2CS showed an apparent Ni dispersion
comparable to 2SEA and greater than 2DI, indicating that the combsgtithresis method
produced weldispersed and accessible nickel species on the surface of the catalyst.
Among the catalysts prepared by bulk synthesis techniques, the CP samples showed lower
apparent dispersion than the CS samples. The apparent dispéidiom looth CP and CS

samples decreased with increasing nickel loading.

2.3.1.4 X-ray Adsorption Spectroscopy (XAS)

The oxidation state of Ni and the abundance of different Ni species in each
unreduced sample was analyzed by XAS (Figure 2.2 and Table 2.2). Ahmoatalysts
with 2 wt% nickel, the CP and CS samples had positive energy shifts of slightly above 1
eV for the Ni kedge position relative to the NiO standard, while the shift for the 2Dl and
2SEA was only 0.3 eV. The positive energy shift is an inginadf higher oxidation states
of the Ni atoms in the samplé&®¥.141 142 The LaNiQ standard, a common standard used to
identify Ni®* species, showed a positive shift of 2.98 eV, which further supports the
presence of Ni species with a higher oxidation state in the bulk synthesis materials. The
2DI and 2SEA samples had the first local minimum after the white line around 8362 eV.
This fedure was absent from the spectra of 2CS and 2CP, which indicates the presence of
very small and undezoordinated NiO speciéd® 143 As the nickel content increased in
both CP and CS samples, the white line position approached that of NiO. The CS samples

had a larger edge shift than the CP samples with the same nickeitconte
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Figure 2.27 XANES spectra of unreduced catalysts and a NiO standard as reference.
a) Catalysts with 2 weso. nickel content; b) CP catalysts; c) CS catalysts. EXAFS for
unreduced catalysts and a NiO standard as reference. d) Catalysts with 2 wt%. nickel
content; e) CP catalysts; f) CS catalysts.

The distribution of Ni species was determined by linear combination fitting using
standard spectra of NiO, NiG'shell and NiLa@(Figure SA.3). NiO is the most common
form of nickel in oxides and adopts a rock salt structure, where téoNihas 6 oyxgen
atoms as nearest neighb&t$T h estséhile | | Ni O6 notation refers
spectrum adopted from the wdidom Preda et a3, where they simulatea NiO cluster
containing the contributions of only the first coordination shells around Ni (6 oxygen atoms
at 2.07 A) This simulated spectrum isgmod representation of very small NiO clusters on
the catalyst surface or Niincorporated into the CZ support. The key difference between
NiO and NiO X shell standards is that the N#&andard has a local minimum around 8362
eV, while such feature is missing in the Ni®shell standard (Figure A.4). Finally, | used

NiLaOsas a representative of the’Nspecies?®
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Nickel species in bott2Dl and 2SEA were all in NRi form, with comparable
contributions from bulk NiO andsishell NiO (Table 2.2). 2SEA had a larger contribution
from 1% shell NiO than 2DI, indicating a better dispersion of the nickel oxide clusters
induced by a stronger natsupport interaction. For bulk synthesis methods (2CP and
2CS), a larger fraction of Ni species was affected by the CZ support. Only 30% of the
nickel atoms in these two catalysts were represented by the NiO standard. The remaining
nickel was strongly iftuenced by the CZ support, either by forming almost atomically
dispersed NiO clusters or by incorporatioto thefluorite-structuredCZ support. In 2CP,
about half of such nickel retained a 2+ oxidation stateweee represented by thé& ghell
NiO standard, while the other half was in tié* form. The 2CS catalyst contained more
Ni3* compared to 2CP. Further evidence for the presence*ofplcies in these samples
was that the average 1 bond length estiated from the EXAFS fitting (Table 2.2) was
much shorter for the 2CS and 2CP samples compared to those of the 2DI and 2SEA
samples. The bulk synthesis methods produced samples wit®abbind length of 2.01
A (2CS) and 1.96 A (2CP), which were very cldsehe typical bond length of KO
species arountl.957 1.98A.146For the surface synthesis methods, 2Dl and 2SEA samples
both had a NiO bond length of 2.06 A, whictsia typical bond length for the 3O

species (2.05 2.09 A)146

The fraction of the bulk NiGpecies in the CP catalysts increased as the nickel
loading increased to 6 wt%, and the 6CP and 10CP sample had approximately the same
relative amount of bulk NiO at around 67% of all Ni species. The relative abundance of
Ni3* species decreased with inasing nickel content, and the 6CP and 10CP samples had

no such species. The fraction &fshell NiO species was around 30% for all CP samples.
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The large fraction of NiO in 6CP and 10CP indicates the presence of a separate NiO phase.
A similar trend wasbserved for the CS samples as with the CP samples. Howe¥er, Ni
species were present in all CS samples except when the Ni content was 10 wt% . The
contribution from $#shell NiO species was around 20% for the CS samples, indicating that

a greater fractin of nickel was in a higher oxidation state than the CP samples.

Table 2.27 Total H2 consumption from TPR experiments, the Ni species composition
from linear combination fitting the XANES spectra, coordination number of 15t Ni-O
shell and 29 Ni-Ni shell from EXAFS fitting and the estimated particle size of NiO
from EXAFS fitting.

Catalyst 2Dl  2SEA 2CP 4CP_6CP 10CP_ 2CS 4CS 6CS 10CS

Total H uptake
(mmol/gcat} 056 054 069 119 155 251 090 115 1.40 1.93

Energy shift in edge
position (eV¥ 03 035 101 0.75 0.12 0 114 0.69 0.42 0.05

Fraction of NiO (%) 529 46.0 308 464 67.2 67.7 351 591 650 73.1
Fraction of N#* (%)° 0.0 00 354 163 0.0 0.0 43.7 254 173 0.0

Fraction of %' shell
NiO(%)° 47.1 540 33.8 37.3 32.8 32.3 21.2 155 17.7 26.9

Mooy N MUMPel 484 528 622 482 6 6 521 536 43 535
(CI\I‘??,{I‘?)'QE‘“O” numbel o968 1057 41 963 12 12 054 162 86 107
Ni-O bond length

(A) 206 206 19 206 207 207 201 203 204 2.06

Particle size (nnf) 054 065 O0. 0.54 07 07 00. O0. 046 0.68
aThe total H consumption from TPR experiments

bThe shift of the Ni Kedge position for each catalyst compared to the edge position of the NiO sts
¢The Ni species composition from linear combination fitting the XANES spectra.

dCoordination number of the!!Ni-O shell and the™® Ni-Ni shell andthe bond length of the ND from
EXAFS fittings

¢Estimated particle size of NiO from coordination number of tHeNd-Ni shell from EXAFS fittings
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EXAFS analysis showed that 2Dl and 2SEA contained very small NiO clusters
with an average nickel particle sizes of approximately 0.5 nm (Figure A.5, Table A.1). The
second NiNi shell (peak around 2.6 A) for NiO was absent for 2CP and 2CS samples,
indicating that a large portion of nickel atoms were almost atomically dispersed NiO
clusters. The NiO particle sizes of the CP catalysts increased with increasing Ni content.
EXAFS analysis of the 4CP catalyst showed a particle size around 0.5 nm, which was
compaable to the 2DI and 2SEA samples. The CS catalysts alsayispkmall NiO
clusters. Both 2CS and 4CS were missing the secosidi Blnell in the EXAFS spectra,
indicating that these two catalysts also had isolated Ni species. The NiO particle size
increased with increasing nickel content. Unlike the CP catalysts, the NiO particles in the

CS catalysts remained small (~0.7 nm) at 10% nickel.

2.3.1.5 X-ray photoelectron spectroscopy (XPS)

The XPS analysis showed that the Ni contents near the surface of 2 DI and 2SEA
were slightly higher than the nominal loading of 2 wt% as it would be expected for a surface
deposition technique (Table 2.1). For most of the samples prepared by bulk synthesis
methods, the Ni content near the surface was lower than the nominal valde,isvh
attributed to integration of Ni into mixed bulk phases. 4CP and 10 CP were exceptions to
this trend indicating that phase segregation during th@ecipitation process can lead to

gradients in the composition of the sample.

The surface chemicaltate of Ni was determined through peak fitting (Figure A.6,
Figure A.7, and Table A.2). Peaks at 854.1 eV and 860.2 eV to were assigned to the main

and satellite 2{¥peaks of Ni*, and peaks at 855.6 and 863 eV were assigned to the main
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and satellite 21 peaks of Ni*.14%148 At 2 wt% Ni content, Ni on the surface were present

in Ni2* from surface synthesis techniques (2Dl and 2SEA). Samples prepared by surface
synthesis techniques (2DI and 2 SEA) contained Ni only s Nie presence of surface
Ni3*was observed in the samples made by bulk synthesis techniques with low Ni contents
of 2-4 wt%. For both CS and CP samples, the contribution frofh déicreased with
increasing Ni content and dropped to 0 with 6 wt% Ni. The presence’oaid trend of

the N#* fraction with increasing Ni content were in line with XAS results. The discrep

that NP* in 6CS was present from XAS but absent from XPS could be due to differences
between surface and bulk compositions of these samples or the ambiguity of the XPS

fittings.

2.3.1.6 Temperature Programmed Reduction (TPR)

The TPR profiles of all samplesane deconvoluted to multiple peaks for detailed
analysis of the Ni and CZ species (Figure 2.3, Table A.3 and Figure A.8). The
deconvolution analysis assumed constant reduction temperatures of the same species
across different samples and a symmetric redncpeak for a certain species. These
assumptions were verified following the analysis provided by Caballero'¢t Ehe
addition of Ni to the CZ support through eithedkbincorporation or surface deposition
enhances the reducibility of the CZ suppdrtt® The earliest peak below 205°C is assigned
to the removal of the adsorbed oxygen species on the CZ sdppbi> 150152 The
reduction peaks around 310 to 390 °C were assigned to surface reduction of the CZ support,

whereas the reduction of bulk CZ happens above 506%9¢3
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Peaks between 20 and 350 °C are attributed to the reduction of different Ni
species. For 2Dl and 2SEA that contain small and-displersed NiO speciésthe peak
around 230 °C was assigned to the reduction of free surface NiO (Figuré>213ajThe
next peak around 255 °C to 270 °C was assigned to the reduction of NiO strongly bound
to the CZ support, or interfacial Ni®d.”% 11 For the bulk synthesis methods (CP and CS),
stronger metasupport interactions are expected compared to the surface methods. Hence,
the reduction of varias Ni species occurred at higher temperature. The reduction of the
free surface NiO occurred between 220 °C to 275%€° and was highly depeedt on
the NiO nanopatrticle size because the intensity of rsefaport interactions varied and
affected the reduction temperature over a wider raffg€® The next peak betweerb2
°C to 275 °C was assigned to the reduction ¢f Mi Ni>*.15% 158 peaks between 280 °C
and 320 °Gwere attributed to incorporated®or surface Ni* species strongly interacting
with the support for the bulk synthesis technigife's? Finally, the peaks around 345 °C
were assigned to the reduction of bulk NiO species, whieie only present when the Ni

content reached 10 wt%%.

The samples with 2 wit% nickel showed total ¢dnsumption between 0.54 and
0.90 mmol/gat(Table 2.2). Bulk synthesis catalysts (CP and CS) had teta$umptions
higher than that of the surface synthesis catalysts (DI and SEA)H7kkensumption
assigned to Ni species in the bulk synthesis samples were around 0.4 mmol/g, which was
slightly higher than the 0.344 mmol of Ni in 2 wt% Ni samples. The additional H
consumption by Ni species was due to the reduction %f Niie H consumption assigned
to CZ were also higher in bulk synthesis samples (Table A.3). It is suggested that the

incorporation of nickel into the CZ support introduced defects into the CZ lattice, which
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increased the oxygen storage capacity of the support anchtntts consumption during
temperaturgorogrammed reductiol® For both bulksynthesis techniques (CP and CS),

the total H consumption increased with increasing nickel content.

At 2 wt% Ni content, the bulk synthesis produced more surface oxygen species
compared to the surface synthesis methods, and CS sample had the highmsbsyden
concentration. The Ni species in bulk synthesis methods had higleensumption than
surface synthesis methods from peak deconvolution (Table A.3), which provides additional
evidence for the presence of*Nin these samples. Comparing the tswface synthesis
methods, 2DI had less interfacial NiO and more free surface NiO than 2SEA. The reduction
temperature of Ni species in 2CP was higher than in 2CS, which is attributed to stronger

interactions with CZ.
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Figure 2.3 71 a) Different Ni and Ce species in NiO/CZ catalysts and TPR profiles of
catalysts: b) catalysts with 2 wt% nickel loading and the CZ support; ¢) co
precipitation catalysts and d) combustion synthesis catalysts.

At higher Ni contety the surface oxygen concentration decreased for CP and CS

samples. The CP catalysts had lower surface oxygen concentrations at the same Ni content
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compared to the CS samples. The surface oxygen concentration dropped to O for the 10CP
sample, while the XDS sample retained some surface oxygen. The concentratio*of Ni
species decreased to zero at 6 wt% Ni loading for the CP catalysts., while for the CS
samples, the concentration of*Nspecies dropped to zero at 10 wt% Ni loading. Both

10CP and 10CS sares had bulk NiO species.

2.3.2 Reactivity tests for methane dry reforming

Dry reforming reactions at 700 °C were performed with catalyst beds containing
0.2 wt% Ni and SiGas a diluent to keep the conversion well below the thermodynamic
equilibrium of 78% CH conversion and 86% CQonversion (Figure A.9%° SiC was
inactive for dry reforming under the reaction conditions described above. All catalysts
experienced initial deactivation before reaching a steady state conversion. The extent of
deactivation was related to the conversion ok @hktl CQ at different times during the run
and to the time required for each catalyst to lose half of the initial methane (Figure 2.4,

Table 2.3).

Among the catalysts with 2 wt% nickel, 2SEA demonstrated the best initial activity
for methane conversion, while tbther three catalysts showed comparable initial methane
conversion. 2CS had an initial @@onversion similar to that of the 2SEA catalyst and
better than both the 2CP and 2DI catalysts. A steady state was considered achieved when
the methane conversioemains unchanged, or slightly decreased (less than 5%) over 2
hours. The steady state methane conversion for all 2 wt% nickel catalysts was similar,
while the 2CS catalyst had the highest2@0nversion at steady state. As for the time to

steady state comvsion, 2CP reached steady state conversion after 40 h, while 2CS, 2SEA
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and 2Dl reached steady state conversion after only 20, 18, and 10 h, respectively (Figure

A.9).

(%) ‘Au0D 0D

2SEA 2CP 4CP 6CP 10CP 2CS 4CS 6CS 10CSs

2Dl

gStart @400 min 0800 min MWS.S.

(%) "Au0D "HD

2SEA 2CP 4CP 6CP 10CP 2CS 4CS 6CS 10CS

2Dl

oStart @400 min 0800 min WS.S.

Figure 2.4 7 Conversion of a) CQ and b) CHaafter 0, 400 min, and 800 minutes on

stream and at steady state for reactions with diluted catalysts. For 4CP, 6CP, and

10CP samples reaction were terminated before steady stated established.
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Table 2.37 Initial and steady state H:CO ratio and conversions of CH and COz, and
time until the loss of half initial CH4 conversion.

Initial Steady state

Time until the loss

CO, conv. CHsconv. HxC CO,conv. CHs conv. of half initial CHs

Catalyst (%) (%) ©) (%) (%) H.:.CO conversion (h)
2DI 21.4 13.0 0.43 2.25 0.66 0.07 0.5
2SEA 31.0 19.3 0.49 2.90 1.42 0.06 1.7
2CP 25.6 14.3 0.38 2.70 1.28 0.05 5.0
4CP 344 23.3 0.60 N/A N/A N/A 8.5
6CP 34.5 22.0 0.59 N/A N/A N/A 13.7
10CP 20.1 13.3 0.49 N/A N/A N/A 22.7
2CS 29.0 15.5 0.39 4.77 1.92 0.07 2.0
4CS 36.1 234 0.64 3.01 1.13 0.06 2.0
6CS 41.9 26.9 0.57 4.11 1.60 0.09 2.0
10CS 40.1 25.7 0.60 1.54 0.69 0.06 1.7

4CP and 6CP exhibited similar initial conversion, which was higher than\ubat

2CP and 10CP. A comparison of the time until the loss of half of the initial methane

conversion showed that the deactivation rates decreased with increasing nickel loading. As

a consequence, a steady state was not reached for 4CP, 6CP and 10CRhduring

experiments.

The initial CHi and CQ conversions over CS catalysts increased with increasing

nickel content up to 6CS and remained similar for 10CS. The CS catalysts showed a faster

deactivation rates compared to CP catalysts, and the time needed to establish a steady state

was approximatel20 h regardless of the nickel content. While the deactivation rate was
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independent of the nickel content, the stestite CH and CQ conversion were

significantly lower for 10CS compared to the other CS samples.

At 2 wt% Ni content, the 2SEA sample hiétxg highest HCO ratio at the start of
the reaction compared to the other catalysts with 2 wt% Ni (Table 2.3). At higher nickel
content, both CP and CS catalysts showed greater indi@lCHratio compared to the 2
wt% Ni samples. The initial HCO ratioswere maximal at 4 wt% Ni for both CP and CS
catalysts. The final HCO ratios were much lower compared to the initial values and were
around 0.06 for all catalysts. The 6CS sample was an exception with a£iG@& katio of
0.09. These low values indieathat significant amounts of water were formed by reverse

water gas shift.

2.3.3 Spent catalysts analysis

2.3.3.1 N2 Physisorption

2SEA and 2Dl lost ~60% and 70% of their surface areas, respectively (Table 2.4,
and Figure A.10, A.11). The loss in surface area for tRec@talysts increased with
decreasing nickel content except for 10CP. The 10CP sample had the lowest surface area
after reaction, which is consistent with its initial lowest surface area. The surface areas of
the CS catalysts decreased by less than 4086 ¢ reaction. The 2DI, 2SEA and CS
catalysts showed an increase in pore volume and pore width. The pore volume for the CP

catalysts did not change much after the reaction.
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2.3.3.2 TGA

TGA of the spent catalysts was carried out to characterize the carbon deposits
formed (Table 2.4 and Figure A.12). Among the 2 wt% Ni samples, 2SEA showed the
highest weight loss (17%) followed by 2CP (8%). Spent 2Dl and 2CS lost less than 2% of
their weght. For 2DI, analysis of the first derivative of weight with respect to temperature
(DTG) showed two peaks at 438 °C and 596 °C, corresponding to amorphous carbon and
carbon nanotube8.2SEA had a major peak at 659 °C, which is attributed to the presence
of whisker type structures or carbon nanotubes as most abundant d&€is#2CS had
a single peak around 400 °C, which indicates that the limited amount of coke formed on
these samples was amorphous carbon.oAR€P, besides a whisker type carbon peak at

545 °C, an additional amorphous carbon peak at 467 °C was observed.

With increasing Ni content, the CP samples produced heavier coke. The CP
samples all showed a major peak for carbon nanotubes in the rabg@ @60 °C. Both
4CP and 6CP had a shoulder at the low temperature edge of the major peak at 450 °C,
which was assigned to amorphous cartfon additional peak at 799 °C was observed
for spent 10CP, which implies the presence of graphitic coke. As for the CS samples, only
10CS had significant coke formation, while others produced limited coke (< 2 wt% loss).
2CS, 4CS and 6CS had a single peak around 400 °C to 470 °C, which indicates the limited
amount of coke formed on these samples was amorphous carbon. Spent 10CS showed a
weight loss of 12% and a peak around 488 °C, indicating the formation of whisker type

cabon during the reaction.
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Table 2.41 Surface area, pore volume, and pore width of the spent catalysts measured
by N2 physisorption, the loss of weight during TGA of the spent catalysts, and Ni
particle size n the spent sample from XRD.

2DI 2SEA 2CP 4CP 6CP 10CP 2CS 4CS 6CS 10Cs
Catalyst
BET surface
area (m3dd 23.8 34.9 83 278 317 99 342 407 39.0 231
Pore volume

(cm3/gy 0.094 0.134 0.074 0.079 0.138 0.026 0.119 0.091 0.095 0.086
Pore  width
(nmy 14.0 120 157 114 126 116 110 115 114 105
Weight loss
(%)° 2.0 17.0 84 214 174 200 0.75 0.78 1.9 135
Ni  particle
size (nmj 96.7 2866 853 846 20.3 229 904 1105 8.61 9.07

a8From adsorption/desorption isotherms measuredAphisisorption using BET method
bFrom adsorption/desorption isotherms measuredgyh\sisorption using BJH method

¢From TGA
dFrom XRD data using the Scherrer equation for Ni(111) peak at 44.6°

1. X-ray Adsorption Spectroscopy (XAS)

In the spentcatalysts, Ni was almost fully reduced except for the 2DI sample
(Figure 2.5). The spent catalysts were exposed to air prior to the XAS measurements.
Hence, exposed Ni was subjected passivation from oxygen in air, which was observed in
2DI. The fact thathe nickel remained in a reduced state indicates that it was protected
from atmospheric oxygen, possibly through encapsulation by either the support or carbon

deposits formed during the reaction.
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Figure 2517 XANES and EXAFS spectra of spent catalysts and a Ni foil standard as
reference. a) XANES spectra of catalysts with 2 wt%. nickel content; b) XANES
spectra of CP catalysts; ¢) XANES spectra of CS catalysts.

2.3.3.3 X-ray Diffraction (XRD)

The X-ray diffractogramof all spent catalysts contained a characteristic peak for
Ni(111) at 44.6 (Figure 2.6%: Significant growth in Ni particle size wabserved for all
samples. Among the samples with 2 wt% Ni, 2Dl and 2CP had larger Ni particles above
80 nm, while the 2SEA and 2CS samples had Ni particles with an average size of less than
30 nm. In particular, the Ni particle size of spent 2CS was ess0 nm. Spent 2CP had
relatively large Ni particles compared to the other synthesis methods. Spent 2CP and 4CP
had Ni particles of around 85 nm, while a sudden decrease in the size of Ni particles was
observed once the nickel content was greater that®& Both 6CP and 10CP had Ni
particles of size around 20 nm. The CS sample had the smallest Ni particles with size
around 10 nm. The Ni particle size in the spent CS samples seemed to be independent of

the nickel content.
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Figure 2.6 7T XRD patterns of spent catalysts: a) 2 wt% samples b) CP samples and c)
CS samples.

2.3.3.4 Scanning Electron Microscopy (SEM)

SEM images were collected for all spent catalysts (Figure A.13), but only images

for samples with significant coke formation are shown in Figure A.7. Carbon nanotubes
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were observed on the surface of 4CP, 6CP, 10CP, 2SEA and 10CS. Carbon nanotubes

covered hhe surface of spent 4CP fully and that of 2SEA, 6CP and 10CP partially.

Figure 2.7 1 SEM images of 2 wt% Ni spent samples and spent samples with carbon
nanotubes a) 2DI, b) 2SEA, c) 2CP, d) 4CP, e) 6CPI)CP, g) 2CS and h) 10CS.

2.4 Discussion

2.4.1 The effect of synthesis methods on Ni speciation and redox properties

Catalysts containing nickel on ceria or cezieconia supports can be prepared by
various synthesis techniques that results in samples withraghffestructures and thus
different catalytic performancé® 62164 |n SEA, strong electronic forces bind metal
precursors tdhe support and this interaction is believed to introduce a stronger metal
support interaction (SMSI) that persist during subsequent calcination and reduction
stepst?® 165 Bulk synthesis methods incorporate Ni atoms into the CZ lattice to form a

mixed metal oxide and also inde stronger metal support interactiéh&* 122 166
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XANES, XPS and TPR fitting (Table 2, S2, and Figure S3, S6) showed that the Ni
species in both of the surface synthesis catalysts (2DI and 2SEA) were in the 2+ oxidation
state, either in free NiO or wellispersed interfacial NiO clusters’(ghel NiO), whereas
Ni3* species were absent. Both synthesis techniques provided sufficiently strong metal
support interactions to obtain small NiO clusters with particle sizes around 0.5 nm in the
unreduced catalysts. However, TPR, XANES and CO chemisoi(dtadole 2.1) indicated
that 2Dl had more free surface NiO species than the 2SEA. These results indicate that
electronic adsorption of the Ni precursors onto the support during synthesis generated
stronger metasupport interactions and better dispersion garad to those generated by

DlI.

By applying bulk synthesis methods, the apparent NiO dispersion derived from CO
chemisorption decreased, yet the EXAFS analysis (Table 2.2, A.1, and Figure 2.2, A.5)
indicated almost isolated Ni species. These results ithyalya large fraction of the Ni
formed atomically dispersed NiO clusters or was incorporated into the CZ lattice to form
a mixed metal oxide. The incorporation of Ni cations into the mixed metal oxides altered
the local electronic structure of the Ni spcand formed Nt species. Both incorporated
Ni3* cations and the atomically dispersed NiO are less stable than bulk NiO species and
require strong interactions with the CZ support for stabilization. Although the presence of
Ni3* species in NiO/CZ catalys were confirmed by other researchérd®® such species

were often ignored in catalysis research.

Different synthesis methods é&mickel contents altered not only the nickel
speciation but also the properties of the support. It was previously shown that decreasing

the size of CZ crystallites improves the reducibility of the supgbithe SMSI between
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Ni and the CZ support in surface synthesized catalysts and the incorporation of Ni cations
into the CZ matrix also imprad the reducibility of the CZ suppdft.”® Our group
previously performed wsitu XANES measurements of methane activation over the 2DI
catalyst at 450 °C, and the results showed a synergistic effect between the NiO and CZ
support with respect to oxygen transfer whtieeCZ support supplied the small and well
dispersed NiO with oxygen and kept NiO at the 2+ oxidation state until the active surface
oxygen was depleted. The reducibility of CZ solution allows the formation oxygen
vacancies at high temperature upon inert/reducing tiongP* Such vacancies are filled

at room temperature upon exposure to air forming the active oxygen species.ttéence
active surface oxygeconcentration, which is probed by TPR, is a good indicator for the
ability to form oxygen vacancgnd closely related to oxygen vacancy concentrations

reported in other studiég? 170

The 2CP catalyst hadsmaller crystallite size than 2DI and 2SEA and was more
reducible (Table 2.1 and 2.2). The CZ supports for the 2Dl and 2SEA catalysts were
prepared by crecipitation on Ce and Zr precursors in a similar way to the synthesis of
the CP catalysts. Thusgtldifference in crystal sizes is attributed to reduced crystallization
due to the addition of Ni to the CZ matrix as well as the difference in pH during synthesis.
Specifically, the synthesis of 2CP catalyst was carried out at pH of 13, while the synthesis
of the CZ support for the 2Dl and 2SEA was at pH of 11. The lower pH allowed the CZ
grains to form larger crystals. The combustion process during the synthesis of the CS
catalysts limited the time for the CZ crystal structure to equilibrate to a theranodadly
stable phase, which limited the growth of the crystal grains and yielded smaller, most

reducible crystals.
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The bulk synthesis methods provided mixed metal oxides that contaxygen
vacancies to achieve charge neutrdlityl’> Compared with the liquid precipitation
conditions at high pH during the -gecipitation synthesis, the chelation of the metal
cations by citric acid and impeded annealing during catitou synthesis favored the
formation of mixed metal oxides, which contained more incorporat&d\\fi* and hence
more reducible CZ73 Therefore, The CS samples had more Ni cations incorporated into
the support than the CP samples at the same Ni content. The fast combustion process that
occurs during the synthesis of CS samples inhibited annealing of the catalysts to the
thermodynamicayl favored state and created more defects and oxygen vacancies compared

to other synthesis methods, which led to the highest surface oxygen concentration.

2.4.2 The effect of varying Ni content for CP and CS catalysts on Ni speciation and redox

properties

In NiO/CZ systems, Ni can migrate between a mixed metal oxide phase and a
separate NiO/Ni phasé? 174 Ni incorporation into the CZ phase often requires a bulk
synthesis method or high temperatures for sslate diffusion. Many researchers have
studied bulk synthesized NiO/CZ catalysts at Ni content well above 2 wt% and suggest that
NiO and CeQcan form solid solution but that the addition of zirconium to the ceria support
significantly lowers the fractioaf dissolved N8 7583 152153 175 Barrig et. al. found a limit
of 10 12% for NiO in CeQ to form NikCe.xO2y mixed metal oxide$® Larimi et. al.
observed XRDBdetectable NiO crystals at 5 wt% Ni content in apcecipitated
NiO/CeZr1xO2 system'’®> Safavaniaet. al. produced homogeneousG&Zr mix oxides

with Ni concentrations up to 9.3 mol% without phase separéatfon.
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Increasing the Ni contém both CP and CS catalysts resulted in: 1) an increase in
the fraction of Ni present as a separate NiO phase and an decrease ¥ha¢hadéntration,
2) a decrease in the concentration of adsorbed surface oxygen species on the CZ support,
and 3) no dicernable trend with respect to changes in the surface area and pore volume.
Given that the solubility of NiO in CeQs limited,!’® NiO is expected to segregate from
the CZ support and form a separate phase at greater Ni content. With less fraction of Ni
dissolved in the CZ lattice, the fraction offNilropped with increasing Ni content. The CS
catalysts had comparable sagé oxygen concentration a62wt% Ni content with 6CS
being the highest (Table A.3), which indicates possible saturation of incorporated Ni
cations in the CZ was reached at 6 wt% Ni for CS samples. As for the 10CS sample, the
surface oxygen concentratiainopped by ~70% compared to 2CS due to a separation of
NiO phase from the mixed metal oxide (Table A.3). The presence of NiO characteristic
peaks in the XRD and the abnormally high surface Ni content from XPS uniquely observed
in L0CP evidenced the fornman of a separate NiO phase, which occupied the surface. The
10CP sample had no adsorbed surface oxygen species, probably because these species were
consumed by the formation of NiO particles. In addition, the formation of larger NiO
clusters in 10CP likglblocked accessibility to adsorbed surface oxygen. With respect to
surface area and pore vol ume, the 10CP sar
catalysts. It had significantly lower surface area and pore volume and was almost entirely
mesoporous, hich suggests that the larger NiO clusters in 10CP reduced microporosity.
For CZ supports, larger crystalline size often yields a lower surfacé’aresthe 10CP

had a lower crystalline size than 6CP, the loss of surface area and pore volume is probably
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due to pore structure collapse or blockage of pores fromattmeafion of larger NiO

particles.

2.4.3 The relationship between catalyst structure and performance in dry reforming of

methane

Nickel is welkknown as the active site for activating methane, which is the rate
limiting step in most dry reforming reactiof$.1’ The well dispersed Ni species in Ni/CZ
catalysts allow for better accessibility of the active sites and high initial activity. In this
work, | define a surface Ni species as the Ni that reduced below Z8bs@face synthesis
methods and below 285 °C for bulk synthesis methods during TPR. Since the Ni species
were more strongly bound to the support or even incorporated into mixed oxide phases
with bulk synthesis techniques, a higher reduction temperaiuifface nickel species
Is not surprising. The initial rate of methane conversion increased linearly with increased
surface nickel concentration (Figure 2.8), and the initiad @Dversion followed the same
trend (Figure A.14). This linear relation demstrated that the conversion is directly related
to the accessible surface nickel species during the first 20 minutes of reaction. Since it is
commonly proposed that CQ@ctivation occurs on the CZ support rather than the Ni
particless® 7t 129 the similar trends in both GGnd CH conversion with respect to the
accessible Ni sites indicates that the rate of the reaction at high conversion is strongly
controlled by methane activation on Ni particles. In contiagivated C@appears to be
abundantly available on the catalyst. The apparent dispersion of Ni measured by CO
chemisorption was not a good descriptor for accessibility of Ni after reduction. This is
probably because Ni species strongly interacting @i#hremain partially oxidized after

the reducing treatment and did not chemisorb CO but are active for methane act¥ation.
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After 20 minutes, the conversion over all catalysts decreased (Figure 2.4), and possible

deactivation mechanisms are discussed in the next section.

The initial H:CO ratios over all catalysts were well below unity (Table 2.3),
indicating that RWGSccurred to a significant extent during dry reforming of methane.
Multiple researchers proposed a bifunctional mechanism where the redox active CZ
support is capable of activating gQvhich further reacts with hydrogen produced from
methane activation, dncontributes to the RWGS activit{® 1°6 179 In line with this
interpretation, catalysts with 2 wt% Ni made by bulk synthesis methods had lower initial
H2:CO ratios because they showed high reducibility of the CZ support along with fewer
accessible Ni sites. These effects were reversed at higher Ni contietreducibility of
the CZ support decreased and the more Ni became accessible, hence the:@@akitio

increased from ~0.4 to 0.6.
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Figure 2.8 1 Relationship between the initial methaneonversion and the surface Ni
concentration on different catalysts, defined as species that showed a reduction

temperature of less than 285 °C for bulk synthesis techniques and less than 235 °C
for the surface synthesis techniques.

In experiments where éemdy state conversion was reached, all catalysts showed a
nonzero steady state conversion. Although these catalysts all retained some activity, the

product distribution changed significantly throughout the reaction due to increasing
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selectivity to the RWG. Thus, it is suggested that the redox active sites on CZ deactivate

at a slower rate compared to the Ni sites required to activate methane.

2.4.4 The relationship between catalyst structures and deactivation mechanism

The deactivation of Ni on supported metadides catalysts during methane dry
reforming is the major challenge for its industrial application and has been studied by
multiple researcherdd 126 180184 Tywo well-recognized deactivation paths include Ni
particle growth and coke formation. In addition to these, the encapsulation and decoration
of Ni particles by the support under reduction and reaction conditions has been observed
in catalysts where strongetatsupport interactions are pres&ht 123 124 However, a
systematic understanding of the relationship between structure of catalysts and their
sensitivty to specific deactivation paths has yet to be established. So far, many discussions
were limited to samples prepared by the same synthesis method and with similar Ni
contents$® 69 71 123 Herein, | discuss how the deactivation pathways are affected by the
synthesis procedure and provide new insights on the stryptuf@mance relationships

for Ni/CZ catlysts.

2.4.4.1 Ni particle growth

Postreaction characterization of the catalysts showed that all catalysts, regardless
of synthesis method, initial particle size, or Ni content, underwent Ni particle growth,
which likely contributed to thdeactivation (Table 2.4). Crystal migration, atom migration
and vapor transport are three common mechanisms of particle gféwbwever, vapor

transport for Ni is only favored at temperature below 425 °C and at high CO partial pressure
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through the formation of Ni(C@J8° As the test conditions do not match these criteria, the

formation of Ni(CO) will not be discussed here.

The extent of the Ni partielgrowth varied among the different synthesis methods.
While 2Dl and 2SEA initially contained Ni particles around 0.6 nm in size, spent 2Dl and
2SEA contained Ni particles around 100 and 30 nm, respectively. This illustrates that the
strong electrostaticusface interactions utilized during the Ni precursor deposition at least
partially persist to stabilize the supported Ni particles during dry reforming at 700 °C.
However, the present results do not allow for correlating this trend to a specific growth

mechanism.

Previous studies mainly focused on Ni/CZ catalysts with higher nickel contents
above 5 wt% or using surface deposition synthesis methods, where the NiO particles size
in fresh catalysts are generally well above the isolated clusters found in&thrag@resent
samples. For such catalysts, there is a general consensus that stronguppetsl
interactions stabilize the bettdispersed Ni nanoparticles well enough to prevent Ni
particle growth during reformingf: % 7% 127186 Interestingly, in this study, the Ni particles
in the spent 2CP sample (85 nm) were roughly 9 tintgetahan those in the spent 2CS
sample (9 nm) and 3 times larger than those in the 2SEA sample, and the higher reduction
temperature of Ni species exhibited in 2CP compared to 2SEA and 2DI from TPR clearly
demonstrated a stronger interference from CZyifeig.3 and Table A.3). As mentioned
previously, a large fraction of Ni in 2CP catalyst was dissolved in the CZ matrix, forming
a mixed metal oxide. Ni cations incorporated in the CZ support are thermally unstable
under reducing conditions. The exsolutioh Ni cations during reduction or the dry

reforming reaction generated highly mobile Ni species that were free to migrate until a
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more stable cluster was form&d.Due to this thermodynamic driving force and high Ni

mobility, 2CP suffered the most pronounced particle growth during the reaction.

More significant Ni particle growtlwas observed in the CP samples when the Ni
content was lower than 4 wt% and the initial NiO particles were much smaller (Table 2.2).
In unreduced 2CP and 4CP, dissolved*Mii®* cations were the dominant Ni species
(Table 2), whichare subjected to exsdian from the CZ lattice and form Ni atoms with
higher mobility Hence, the Ni particle growth was more pronounced in samples that
contains such species. On the other hand, thesdecies was missing in the unreduced
6CP and 10CP samples and a largetifvacof the Ni was present as larger (>7 nm) more
stable NiO particles that likely formed stable Ni clusters during the reductitesatenent.
Thus, their concentration of rapidly sintering species is reduced. In conclusion, by
improving the Ni dispersioto isolated cations, the Ni particle growth mechanism switched

from crystal migration to atom migration, which led to higher degrees of particle growth.

While CS samples with-8 wt% Ni contained a substantial fraction ofNipecies
(Table 2.2), partle growth was much less severe regardless of Ni content. This is
attributed to encapsulation of Ni by the CZ support, which is uniquely significant for the

CS samples (section 2.4.4.3).

2.4.4.2 Coke formation

Different types of carbon deposits can be formed uwkle reforming reaction
conditions including adsorbed surface carbon atoms, amorphous carbon; carbon
nanofibers; and graphitic carb&#lt is generally accepted that larger nickel particles favor

coke formation and thus are not desirable for methane dry refotfitg 18° Small, nane
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sized nickel species have shown better activity due to supgreskimg!6°Kim et al.
established that a 7 nm minimum threshold for the nickel particlessieguired for the
generation of filamentous carb&t Ceria supports effectively lower carbon formation and
enhance RWGS activit{t. Incorporation of Nimto the ceria support introduces more

oxygen vacancies and is believed to improve the coke resistance.

Figure 2.9 correlates the concentration of active sartaxygen measured in the
unreduced catalysts to the amount and type of coke formed. The inverse relationship
indicates that the active surface oxygen species are effectively preventing excessive
accumulation of surface carbon intermediates, regardlabe gfuantity and nature of the
supported Ni species. It is likely that these oxygen species oxidize the surface carbides into
CO and are then replenished throughe@@ivation on the support. Hence, | conclude that
the concentration of active surface ogygs a key property of the catalyst that facilitates

the removal of coke during dry reforming reactiéfis.

The 2DI catalyst was the only exception to the inverse relationship between active
surface oxygen and coke formation, as it had low surface oxygerentration and yet
produced little coke (Table 2.4 and A.2). This phenomenon was likely due to the severe
sintering (particle size increased by a factor of 180) of Ni in 2DI that occurred within 10 h
on stream as shown by XRD (Figure 2.6). Considditiag) this catalyst lost over 50% of
its activity within the first hour on stream, it is suggested that it deactivated by sintering
before significant amounts of coke could form. Once the reaction reached the low
conversion regime (i.e., 3.3%), the rate roéthane activation and subsequent coke
formation became too slow for significant accumulation (>2 wt%), even though the

sintered Ni particles were large enough to favor coke formation.
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Figure 2971 Correlation between the amount of coke formed vs. the surface oxygen
concentration.

The deactivation rate over different types of catalysts did not consistently correlate
with of the amount of coke formed or the type of coke formed. In the case of 2nths
severe Ni particles growth even limited the coke formation. Hence, the dominating
deactivation mechanism for 2Dl is Ni particle growth. For the CP samples, the Ni particle
growth became less significant with increasing Ni content, which was in lihetfe
deactivation rate. Therefore, the dominating deactivation pathway was also Ni particle
growth for the CP samples. However, the contribution from coke formation should not be
neglected, especially for the 10CP sample, where the formation of grapbkie was
observed. The 2SEA sample experienced less from Ni particle growth but more coke
formed compared to the 2CP sample, and the deactivation of 2SEA was faster compared
to 2CP. Hence, coke formation plays a significant role in the deactivatiorEe¥, 2@hile

Ni particle growth likely has a compounding effect.
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2.4.4.3 The encapsulation of Ni by the CZ support on CS samples

In contrast to the SEA and CP catalysts, the CS samples showed little to no coke
formation after approximately 1 day on stream. In tolali XANES analysis of the spent
samples showed that the spent CS samples remained reduced even after exposure to air,
indicating that the Ni particles were protected from atmospheric ox@mnpared to the
CP samples, especially at low Ni content (2@8 4CP), sintering of Ni was significantly
less dramatic. Yet, the deactivation of the CS catalysts was faster than that of the CP
samples. Thughe most plausible explanation is that the Ni particles are encapsulated by

the support.

Ni encapsulation byhe support within the CS catalysts can be attributed to the
unique porous structures formed during synthesis and annealing of the CZ crystallites.
During the combustion synthesis procedure, the citric acid polymerized, and the resulting
resin formed a pors 3D structure, which was inherited by the catalyst through the
subsequent combustion procé¥sAs the maximum temperature during the combustion
process could reach above 1000'®Csuch structure could be stable under reaction
conditions (i.e., 700 °C). However, the difference between the oxidizing synthesis
conditiors and the reducing conditions during dry reforming cannot be neglected.
Additionally, the fast and vigorous combustion process prevented the annealing of the
Ni/CZ system to a thermodynamically stable form and produced smaller CZ crystallites in
the unredued sample. Hence, the sintering of the CZ support was more severe under
reduction/reaction conditions compared to the materials produced using the other synthesis
methods. Together, the limited mobility of the Ni atoms and the crystal growth of the CZ

support introduced the unique environment where the Ni particles are buried by the
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support. A similar behavior of Ni/CeQCS samples during Aeduction treatment was
reported DelaCruz et #° The encapsulation of Nigpticles by the support fixed the Ni
particles in place and prevented further sintering. Hence, even though the 2CS sample had
a similar Ni speciation to that of the 2CP sample, and both 4CS and 6CS had a considerable
fraction of NP* species, these catalg were the most resistant to Ni sintering and had the

smallest Ni particles in the spent samples.

Other observations unique to the CS samples were that the deactivation rates were
almost independent of the nickel content and that the Ni particlesspénésamples were
of the same size (~10 nm) (Table 2.3 and 2.4). Hence it is expected that the rate of Ni
encapsulation and the mobility of Ni were balanced in a way that favors the formation of
Ni particles around 10 nm. These observations combinedéatimall quantities of coke
formed suggest that Ni encapsulation by the CZ support was the primary mechanism in the
deactivation behavior of these materials. This implies that the rate of Ni particle
encapsulation by the CZ support was much faster thenate of Ni atom migration and
particle growth and thus controlled the catalyst deactivation and the final Ni particle size.
XANES analysis of the spent CS samples revealed that the Ni remained reduced (Figure
2.5), which implies that the encapsulatidnNo by the support occurred to an extent that
most of Ni was not rexidized upon handling in air. However, the CS catalysts retained
0.7 to 1.9% CH conversion at steady state, which suggested that at least some of the
capsules may possess holes or were flexible enough under reaction conditions to allow

reactants to reach the Ni particles in their core to a limited eXfelt.
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2.4.5 Insight regarding catalyst design

By comparing the synthessructureperformance relationships, tradés
between theitferent deactivation pathways were observed and new insights regarding the
design of better catalysts can be gained. Ni particle growth is not entirely avoidable when
starting with well dispersed precursors. Fortunately, limited Ni mobility under reaction
conditions could be realized by 1) introducing stronger metal support interaction, 2)
avoiding isolated Ni precursor species with insufficient ability to anchor on the support,
and 3) encapsulating the Ni particles. Having larger Ni particles limitedD8tevald
ripening of Ni atoms but kurn facilitates the formation of coke. The spent CS samples
had Ni particle size around 10 nm and showed limited coke formation, which suggests that
the threshold for significant coke formation could be around a Nicfgadize of 10 nm.
Encapsulating the Ni particles could limit the accessibility of active Ni sites, hence
producing stable, active but useless Ni particles. Coke resistance is an important feature
for methane dry reforming catalysts. The surface oxygenerdration after prexidation
in 10% & in He at 450 °C for 2 h was found to be a good descriptor for the coke resistance.
The incorporation of Ni into the CZ lattice introduces more defect sites and better oxygen
storage capacity, and hence makes thedyst more resistant to coke formation. Promoters
that are stable in an oxidation state of 3+ like La and Y could also introduce additional
defects and form mixed oxide solutions with Gel@clusion of such promoters to the CZ
solution could be a validpproach enhancing the coke resistance by optimizing redox
properties’®> The CS samples were more resistant to both Ni particle growth and coke
formation but suffered from Ni encapsulation by the support. Surrounding the active Ni

sites with CZ support enhaes the coke resistance and limits the mobility of Ni species.
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Hence, materials in which Ni is protected by penetrable layers of redox active material be
catalysts that are resistant to both coke formation and Ni particle growth. However, the
challenge irthis approach lies in preventing the excessive accumulation of the protective
layer over the active Ni sites, which could eventually prevent the access of reactants to the

Ni core.

2.5 Conclusions

By varying synthetic conditions, a series of Nid@Zro.1702 (Ni/CZ) catalysts was
synthesized and characterized. The SEA method produceschNglers with better
dispersion and a stronger mesailpport interaction compared to the DI method. Samples
prepared by bulk synthesis methods contain Ni cations incorporated into the CZ lattice with
Ni®* species at low Ni content. The formation of mixeetal oxides further increases the

reducibility of CZ and increases the abundance of active surface oxygen.

All NiO/CZ catalysts are active for methane dry reforming and retained partial
activity at steady state. The abundance of surface Ni species, mtiote below 285 °C
for bulk synthesis techniques and 235 °C for the surface synthesis techniques, is a good
descriptor for the accessible nickel during the initial stage of the reaction. The conversion
of both CH, and CQ correlates linearly to the condeation of accessible Ni, which is
evidence that methane activation primarily occurs on Ni and is the rate limiting step of the

reaction.

The major challenge for industrial applications of methane dry reforming using Ni
on supported metal oxides catatyss the deactivation of the catalysts. In the case of

methane dry reforming over Ni/CZ, deactivation can follow different paths, and their
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relative significance strongly depends on the physiochemical properties that are in turn
determined by the synthesigethods. Regardless of the synthesis route, larger Ni particles
are formed under reaction conditions. Introducing stronger metal support interactions
during surface deposition synthesis decelerates but does not prevent the growth of Ni
particles. The esolution of Ni cations inside the mixed metal oxide phase yields highly
mobile Ni species upon reduction/reaction and larger Ni particles in the spent samples.
Hence, dispersing Ni to atomic levels alters the Ni particle growth mechanism and
negatively afécts the resistance to Ni particle growth. The concentration of active surface
oxygen is a good descriptor for resistance to coking. For catalysts prepared by CS, the
deactivation rates are independent of the Ni content. The dominant deactivation mechanism
for CS catalysts appears to be the encapsulation of Ni particles by the support. The support
capsules likely allow some reagents to access the Ni particles in the core since the catalysts
retained partial activity. In summary, | decoupled complex intgrpktween the three
deactivation mechanisms over catalysts from different synthesis methods, which provides

important insights into rational design of methane dry reforming catalysts.
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CHAPTER 3. IN-SITU FTIR SPECTROSCOPY STUDY OF
SURFACE REACTIONS DURING METHANE AC TIVATION

OVER NIO/CE 0.82ZR0.1602 CATALYSTS

3.1 Introduction

The main challenge in utilizing methane as a chemical feedstock lies in methane
activation, i.e., the selective cleavage of tH&€IH bond in methan&8+86 Methane is the
smallest hydrocarbon molecule with a stablenmetrictetrahedral structure and an
extremely high @4 bond energy at 439 kJ/mbl* Three major methane activation
mechanisms, namely Lewisiad / b a s e -bgmdhmetathesis, oxitlative addition and
electrophilic substitution, have been proposed in both heterogenous and homogeneous
metatbased catalytic systemg’? 878 Coperet et al. proposed the activation of methane
over Lewis acidico-aluminathrough the Lewis acid/base pair activation, where methane
is activated by the heterolytically spiitty of the GH bond?® The oxidative insertion,
where a hydrate and a methyl group are bonded to the metal species through activation, are
more canmonly observed for late transition met&l! The Shilov system uses high
oxidation, electrordeficient, and coordinatively unsaturated species, suchVasahs, to

activate methane through electrophilic substitution in homogeneous catalytic s{stems.

The activation of methane produces various carbonaceous surface species, which
vibrate at different frequende making infrared (IR) spectroscopy a perfect tool for
identifying and quantifying carbonaceous surface spétidsalyzing the time resukd

evolution of surface species under reaction conditions provides important mechanistic and
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kinetic insights. The Ribeiro Group demonstrated a sophisticated desigropéendo
transmission IR cell, which enables monitoring catalytic surfaces using FTIR spectroscopy
under reaction conditiorf8. However, the overlapping nature of IR adsorption peaks
requires applying advanced analysis, such as curve fftidipgear combination fittin>

194 or chemometrics analy$§ %6 to decompose the IR band in order to fully understand
the contribution from different species. Curve fitting the IR spectra is widely applied and
has proved effectivén revealing structural information of proteitfé. 1% In surface
chemistry studies where adsorption of simple molecules, such as COoICdHs over
surfaces are probed by FTIR, curve fitting is often applied to differentiate surfacé%ites.
199201 When examining changes in IR spectra with time, the identification and separation
of all possible peaks over the IR bands over time becomes the major challenge. Often times,
the relative quantities of species over time axpressed through the integrated area
beneath certain peaks, which is only valid when the interference from other species are
minimal 35202204 Keles et. al. demonstratedn-linear curve fitting routines to fit sesef

IR spectra, where they used local maxima in thelR spectrum of each time series as

indicators for existing peaks, which is insufficient to capture all features ovet%ime.

Here, we present a timresolved investigation on the surface reaction pathways of
methane activation usinig-situ IR spectroscopy. A novetortlinear regression curve
fitting algorithm is developed and applied to reveal the evolution of different surface
species. Rather than analyzing desorbed reaction products, this study provides mechanistic
and kinetic insights of key surface intermediatesenable a more rational design of

catalysts for methane valorization.
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3.2 Experiment and Method

3.2.1 Materials

Citric acid (ACS reagent, 99.5% purity) and catalyst precursors including
Ni(NO3)2:6H20 (99.999% trace metals basis), Ce@¢®H20 (99.999% tracametals
basis), and ZrO(Ng€)2-:xH20 (99.999% trace metals basis) were purchased from Sigma
Aldrich. Gases used for methane activation and temperature programmed reduction (TPR)
experiments including methane (research grade), nitrogen-fidingourity, UHP) a10%

H2/Ar (UHP), helium (UHP), and 10%#MHe (UHP) were purchased from Airgas.

3.2.2 Catalyst Synthesis

The combustion synthesis method described in our previous®$tudy applied
for the synthesis of material® A solution of nickel, cerium and zirconium nitrate
precursors and citric acid was prepared with deionized water and was (wedbedauisly.
Desired amounts of precursors were added to achieve target compositions (2 wt% or 10
wt% Ni in NiO/Ce.sZro.1702). The amount of citric acid added was set to achieve a
stoichiometric combustion with nitrate ions. Upon heating, wataporated, and the
remaining citric acid polymerized into a resin. The resin liquified at 156 °C and then
underwent a fast combustion, where the citric acid resin and the nitrate ions were consumed
and resulted in porous mixed metal oxide catalysts. Hmpkes synthesized were
Cen.s2Zr0.1602 (CZ), 2 wt% NiO/Ce.s2Zro.1802 (2NiO/CZ) and 10 wit% NiO/CGes2Zro.1602

(10NiO/C2).
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3.2.3 Physicochemical Characterization

3.2.3.1 Composition and Morphology

The composition of the samples was analyzegrdogon induced Xay emisgn

(PIXE) at Elemental Analysis Incorporated.

A Micromeritics ASAP 2020 instrument was used for. Ighysisorption
measurements. Approximately 50 mg of sample was loaded and degassed at 400 °C for 4
h prior to analysis. The pore volume and pore size weterrdaed by using the BJH
method applied to the desorption branch of the isothérmnd the surface areas were

calculated using the BET methdy.

Powder XRD patterns wer e medfsactonetdr on a
equi pped with an Xo6celerator module. Diffr:
for 2d =107 9ifkeAf0@1I6T° .HThearysat sezgs within the CZ mixed oxide

were estimated using the Scherrerds equati

3.2.3.2 Temperature Programmed Reduction (TPR)

TPR measurements were performed on a Micromeritics AutoCheg920
instrument equipped with a cold trap and a TCD detector. Approximately 40 mg of the
sample was loaded and was pretreated under 0% Kk at 450 °C for 2 h to establish a
fully oxidized state. After cooling the sample to 50 °C under helium fi@% H in
helium was flowed over the sample while heating to 900 °C with a 10 °C/min ramp rate.
A cold trap was applied to avoid any interference from water in the TCD detector. Curve

fitting of the TPR profiles were performed by assuming the reducti@act individual
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species produces a symmetric Gaussian profile. The validity of the assumption is confirmed

in our previous study using the methods proposed by Malet%t:4al.

3.2.4 FTIR Spectroscopy

3.2.4.1 Pyridine Adsorption followed FTIR Spectroscopy

Pyridine adsorption followed by FTIR spectroscopy was carried out using a Nicolet
iIS10 FTIR spectrometer equipped with an MCT/A detector. Catalyst samples were pressed
into selfsupported wier and were loaded into a vacuum transmission FTIR spectroscopy
cell. Samples were activated at 450 °C for 1 h under high vacudgrh@ inbar) to remove
moisture and other deposits. The catalyst wafer was exposed small amount of pyridine
repeatedly at 1% °C, until the pyridine adsorption reached equilibrium at 0.1 mbar. To
ensure only chemisorbed pyridine on the surface was recorded, the excess pyridine vapor
and physiosorbed pyridine were removed by evacuation under high vacuum for 1 h. The
thermoevacu#on of the adsorbed pyridine was then carried out by heating the cell to 250
°C, 350 °C, and 450 °C and held for 30 minutes under vacuum. For each of the
thermoevacuation temperatures, a spectrum was taken when the cell temperature was
brought back to 15€C. A 6.35 mm diameter disc of the wafer was weighed for calculating
the density of the wafer. Assuming a 1:1 pyridine to acid site adsorption ratio, the
concentration of Lewis and Brgnsted acid sites were determined from the peak area of the
peaks at 148 cmi* and 1540 cm, respectively, using extinction coefficients reported by

Datka et. af%
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3.2.4.2 High-Vacuum Transmission FTIBpectroscopy

Approximately 20 mg of theNRiO/CZ sample was pressed into a selpported
vapor and was pretreated under high vacuurd16% mbar) at 450 °C for 1 h. The sample
was then cooled to 50 °C and a background of the clean catalyst surface was taken with 64
scans at a resolution of 4 ¢nThe sample was exposed to small quantity of probe molecule
vapor, including methanol, formaldethy, formic acid and benzene, repeatedly until an
equilibrium state was established at 0.5 mbar. The chamber was then evacuated, and a

spectrum of the species on the catalyst surface was recorded.

3.2.4.3 Methane Activation using #itu FTIR Spectroscopy

Methane ativation experiments were carried out usingrasitu IR cell based on
the design by Ribeiro et. &l.that was placed in &licolet 8700 FTIR spectrometer
equipped with an MCT/A detector. Approximately 120 mg of the catalyst was pressed into
a selfsupported wafer. The catalyst wafer was then loaded to the cell and activated at 450
°C for 2 h under 50 sccm of2flow. A backgound of the activated catalyst was collected
once the cell was cooled to the reaction temperature (200 or 300 °C). Methane activation
over the sample was carried out by subsequently flowing of 20 sccm of methane over the
catalyst for 12 h. Every 30 secspectrum was collected with 64 scans at a resolution of 4
cntover the course of 12 h of the experiment. The effluent stream of-8iwi IR cell
was monitored using an-ime MS. The absorbance of surface species on different samples
was normalizeda the amount of sample used in each experiment allowing for quantitative

comparison between experiments.
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3.2.5 Data Analysis Procedure

Time-resolved series of IR spectra of surface species formed by methane activation
were collected during each experimentlléwing the data analysis procedure described

below, the evolution of various surface species during methane activation was revealed.

3.2.5.1 Pretreatment of the Data Set

3.2.5.1.1 Subtraction of Gaseous Methane Signal

Gaseous methane vibrations superimposed by rotatinodes created features
overlapping with the features around 280B000 cm and 1300 cm from methane
activation. The removal of the gaseous methane features was achieved by subtracting the
spectrum of gaseous methane collected in an empty cell antleetesmperature from each
of the spectra collected during the experiment. A response factor was calculated based on
the ratio of the peak height of the peak at 3012 fonmethane in the empty cell data and

during a surface reaction.

3.2.5.1.2 Splitting Spectra tdhree Regions

Features from carbonaceous species from methane activation reside in several
regions in the IR band. For better analysis of weaker features and reducing the
computational cost, spectra over the entire IR band were split to three regiorthemnd o
regions without significant IR features were discarded for further analysis. Specifically, the
three regions of interest are: 1) the 28WM0 cm' region with the characteristic peaks
from the GH stretching modes; 2) the 1300700 cmt region with complex features from

surface species like formates, carbonates, aromatics, and aldehydes; 3) tHELH00EM
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1 with features from alkoxy species alcohols. Baseline correction of the spectra was

carried out based on the method developed by He et. al. as riteded.

3.2.5.2 Revealing the Evolution of the Surface Species

We developed a novel curve fittinggakithm that consists of three steps as described below
based on notinear regression fitting to reveal the evolution of the surface species. The
nonlinear regression fitting is carried out using thdit package and th8cipy.optimize

package.

3.2.5.2.1 Step 1:ldentification of All Characteristic Peaks

The identification of peaks was carried out by analyzing thentl 29 derivatives
of the IR curves. Additionally, the analysis of the difference between spectra at adjacent
times (referredcdptectasaddt had | dbiwsf roenctehe det
later times, especially if they are shadowed by the larger peaks that rise earlier. Given a
specific number of peaks and reasonable initial guesses of peak parameters, a model IR

spectrum can be deribed mathematically as:

AR @®'0* h,
wherei is the time index, anglis the peak indexpis the amplitude of the peak; af@
refers to the peak profile. The peak parameters were then optimized ushtige@aon

regression fting by minimizing the difference between the model and the actual data over

all time:
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The peak shape of each peak, defined by the peak profile (Gaussian of°%/diut)
position (&) and the peak width (0a4), were
period of time, as changes in the peak position or width is an indication of changes in the

chemical properties of the surface species.

3.2.5.2.2 Step 2:Constructim of Vector Basis for All Surface Species

In this step, a vector basis was constructed by categopaaks that belongs to
the same species together into vectors. Such assignment was guided by examining 1) the
correlation matrix of relative intensity gfeaks over time, as peaks that are highly
correlated likely belong to the same species; 2) peak assignments based on literature; and
3) reference experiments carried out by dosing probe molecules over the same surface. By
grouping peaks from the same sgsanto a vector, each surface species was described as
a set of peaks with known chemical assignment. If there were more than one peaks in a
vector, i.e., the surface species had more than one characteristic peak, the ratio of integrals
between these peskvere fixed within the vector. Mathematically, each surface sp8cies

with k characteristic peaks can be expressed as:

Y & "0 R,

wherej is the surface species index, dnd the peak index within each species. Different

from Sep 1, the amplitudes of peaks within a surface species vector were restraint by both
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the ratio of peak amplitudes between peaks from the same vector and the integral of the

vector, which was set to 1.

By categorizing all the peaks identified in Step éators representing surface
species, a vector space that contains all the surface species in the IR band of interest was

established.

¢ YRYRYS

3.2.5.2.3 Step 3:Analysis of the Evolution of Surface Species

With the vector basis established, the modeld&ctra can be expressed as:

~

W 5 190

, Where b is the intercept anplare the coefficients of each surface species in the vector
space. It should be noted that since the integral of each vector was normalized to 1, hence,
the coefficient pactually represented the relative concentration of each surface species.
The optimization of the coefficientstogether with the hyperparameteas:e andl, was

carried out using nefinear regression fitting by minimizing the loss function:

¢
€

& ehdtehp A ©  RE &) T » "0

Finally, the optimizedbreflected the evolution of quantities of different surface

species over time.
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3.2.6 Spent Sample Characterization

Thermogravimetric analysis (TGA) of spentrgaes was performed using a TA
Instruments SDT Q600 Thermogravimetric Analyzer. Approximately 10 mg of each
sample were loaded and was heated to 150 °C at 10 °C/min ramp rate pfider. lhe
sample was held at 150°C for 60 mins to remove moisture and other deposits. The sample

was then heated to 900 °C at a rate of 10 °C/min under air flow.

3.3 Results

3.3.1 Physiochemical Properties

PIXE results showed that the elemental composition ost#mples was close to
target valuesThe surface area, pore volume and pore width of the CZ support and
2NiO/CZ were almost identical. By increasing the Ni content to 10 wt%, the surface area
dropped by 24%, and the pore volume dropped by 17% compared@dC2N The pore

width remained almost constant cross all three samples.

In the X-ray diffractograms of all samples, only the characteristic diffraction peaks
of the CZ solid solution at 28.8°, 33.4°, 47.9°, 56.9°, 70.1° and 78° were observed (Figure
B1).131 137138 The lack of characteristic diffraction peaks for either pure ceria or pure
zirconia suggested no significant phase separation in the CZ mixed metal oxides.
Additionally, no characteristic peaks for NiO were observed in any sample either. The
lattice constant for the CZ (111) plane appeared to be constant with varying Ni contents

(Table3.1). However, this did not exclude the possibility that Ni was incorporated into the
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CZ latticeb% 13° The crystalline size of the mixed oxides for 10NiO/CZ was 11% higher

than for 2NiO/CZ.

Table 3.1 Physiochemical properties of CZ, 2NiO/CZ and 10NiO/CZ.

Sample Ccz 2Nio/Cz 10NiO/CZ
Nickel content (wt. 96) N/A 1.9 9.6
Ce:Zr ratiéd 81:19 81:19 82:18
BET surface area (m2Ry) 52 56 43
Pore volume (cm3/§) 0.11 0.12 0.1
Pore width (nnf) 54 5.3 5.2
CeZr1xO; crystalline size (nnd) 4.1 4.1 4.7
Lattice constant for CZ (111) plane A) 3.09 3.09 3.09
Total H, uptake (mmol/d) 0.54 0.94 1.87
H. uptake by adsorbed surface @mol/g) N/A 0.13 0.12
H> upt_ake by _surfa_tce CZ or interfacial CZ 0.34 0.16 0.22
associated with Nimmol/g)

Lewis acid site for 51 74 102

aFrom elemental analysis.

bFrom desorption isotherms measured byPRysisorption using the BET method.
¢From desorption isotherms measured hyNysisorption using the BJH method.

4 From XRD using Scherrer equation for theZie,O, (111) peak at 28.8°.

CFrom XRD wusing Brdrg@01%1) deakat28.8.r t he Ce
f From TPR experiments.

9 From pyridine adsorption followed FTIR spectroscopy experiments.

3.3.2 TPR

The reducibility of the samples and the support were assessed by TPR. Peak fitting
of the TPR profiles were performed for better estimation of reduction temperatures and
guantitative analysis of the data (Figl@2, Table3.1, TableB.1). Three major redition
peaks were observed for the CZ support (Figure 3.1). Reduction features at 455 °C and 536
°C were assigned to the successive reduction of the surface and btfkTDE. earliest
peak at 349 °C was discussed with speculative assignments according to litétatdre,

209 either from the dissociative adsorption afdd the norstoichiometric reduction of the
surface CZ3% 2%° The addition of NiOsignificantly enhanced the reducibility of CZ

judging by the shift of reduction peaks from 460 °C to 370 °C for the surface CZ and from
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605 °C to 420460 °C for the bulk CZ. Hence, for the catalyst samples, the earlier peaks at
~ 370 °C were assigned toetinterfacial CZ associated with Ni and the later peaks at 420
460 °C were assigned to the bulk CZ associated with Ni. Additionally, the earliest peak at
177 and 196 °C were attributed to the consumption of the adsorbed surface oxygen
species> 76 83 150152 The peaks at around 250 °C and 310 °C were assigned to the
successive reduction of NiO species on the catalyst surface and buried inside the bulk of
the catalyst$§3 15°Both peaks corresponding to the reduction of NiO species became much
stronger when the Ni content was increased from 2 to 10 wt%. The adsorbed surface
oxygen concentrations in the two samples were similar. However, 10NiO/CZ showed more
H2 uptake from intdfacial CZ associated with Ni and less Hptake from bulk CZ

associated with Ni compared to 2NiO/CZ (Table 3.1).

3.3.3 Pyridine Adsorption followed by FTIR Spectroscopy

The acidity of the samples was characterized by the pyridine adsorption followed
by FTIR spctroscopy. The peak around 1443ciw attributed to the vibrational mode
19a of pyridine adsorbed to Lewis acid sites (LPy) and it was observed for all s&tfiples.
210211 The ring vibrational mode 19b for pyridinium ions formed on Brgnsted acid sites
gives rise to the peak at 153540 cm',?1% 222which was missing in all cases, indicating
the surfaces were free of Brgnstezd sites. The CZ support itself contains some Lewis
acidity (Table 3.1). Both 2NiO/CZ and 10NiO/CZ had higher Lewis acid site (LAS)
concentrations compared to the bare CZ, and the LAS concentration increased with higher
Ni content. The difference betweéhe LAS concentration of the catalyst and the support
can be attributed to the LAS from NiO species. Though, it should be noted that the presence

of NiO could block or alter some LAS of the CZ support. LAS concentrations from NiO
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species (22Naot@dl|l AgdfbB60O. 9 emol/ g for 10Ni
t he Ni concentrations (341 emol/ g for 2Ni (
apparent dispersion of NiO, defined by the pyridine uptake by NiO at 150 °C divided by

the Ni concentration, was®% for 2NiO/CZ and 3.0% for 10NiO/CZ.

252

10NiO/CZ

2NiO/CZ
337 605
Cz

200 400 600 800
Temperature (°C)

Normalized H; Uptake (mmol/°C/g)

Figure 3.17 TPR profiles for CZ, 2NiO/CZ, and 10NiO/CZ.
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Figure 3.2 7 a) Pyridine adsorption over CZ, 2NiO/CZ and 10ND/CZ at 150 °C
followed by FTIR spectroscopy. b) Themoevacuation of pyridine at 250 °C, 350 °C,
and 450 °C.

During thermoevacuation, the LPy peak area decreased in all cases, indicating the
desorption of pyridine from LAS (Figuf®.3). A peak around 143@nr!overlapped with
the LPy peak. It is assigned to carbonate species that formed from the decomposition of
adsorbed pyridine with active oxygen from the samfiesi3 That peak became stronger
at higher temperatures for both catalysts. Peak fitting was required to quantify the

contribution é the LPy band (Figur8.4, TableB.2). The difference between LAS in the
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2NiO/CZ sample and the CZ support remained almost constant across temperature,
indicating the LAS from NiO were much stronger and were capable of retaining pyridine
even at 450 °C. e 10NiO/CZ sample also showed a higher concentration of strong LAS
compared to the CZ support. However, the LAS concentration for the two catalysts were
almost identical at 350 °C and 450 °C, indicating the increase in Ni content did not alter

the concemttion of strong LAS in the two samples.

3.3.4 Methane activation over NiO/CZ catalysts

Methane activation over NIO/CZ catalysts was analyzed usirgjitu FTIR
spectroscopy at 200 °C and 300 °C. Methane was activated in all cases producing various
surface spees as indicated by the complex features in the IR spectrum (Figure 3.3). An
in-line MS was used to monitor the effluent stream of cell. However, only small quantities
of COz were detected by the MS (FiguBeb), suggesting limited desorption of the surface
species formed during methane activation. The peak assignments are discussed for the
surface species formed on 2NiO/CZ at 200 °C (Table 3.2), but the same species were
observed in other experiments (Table S6.2, S6.4 and S6.6). The broad features @ove 30
cntt were ascribed to the surface hydroxyl groups subjected to hydrogen bétidiyg.
dosing formic acid over the 2NiO/CZ, we observed a broad peak in the32800cm'
region, which are in close proximity with the fopeaks observed here (FiguBeb).
Combined with literature, these peaks were assigned to-Hhstéetching of formates and
methyl species formed from methane activati®fl+28 Peaks around 1600 chwere
assigned to the C=0 stretching mode of carbonyl species from aldeh{#lesagreement
with the spectrum after formaldehyde adsorption on 2NiO/CZ at 50 °C (HsgdreTwo

peaks around 1540 chnwere recognized as characteristic peaks from the carbonate
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species. The sharp peak around 1540 evas assigned to the-O-O stretclng from
carbonate®*2'8 and the broader peak was assigned to the C=0 stretehitigf.These two
peaks were also observed in spectrum of adsorbed formic acid on 2NiO/CZ (Bigure

The peaks around 1500, 1450, and 1380 amere assigned to ring vibrations from
aromatic specie®¥®??® These peaks were in general very broad, indicating the presence of
various polyaromatics, which probably constitute the precursors of the carbon deposit
detected by TGA of the spent catalyst (Fig&®&). One additional piece of evidence
supporting the asgnment is that these broad peaks from aromatics were observed from
adsorption of benzene over 2NiO/CZ at 200 °C (Figu®@. Even the absolute absorbance

of benzene was weaker than the C1 oxygenates (FR)6jethe presence of features in
the 13001600 cm! region indicates the activation of benzeneHCbond?* and the
formation of polyaromatic precursors. The peak around 1350 was assigned to -

O stretching of formates, while the peak around 1378 was assigned to the-plane
scissoring GC-H vibration of formatest+?:¢ These peaks were also observed after dosing
formic acid on 2NiO/CZ at 50 °C. The peaks around 1080 and 103@vene assigned to

the GO stetching modes from alkoxy species formed after methane activation, potentially
on different site$?*2®2 The same peaks wefermed in this region when methanol was

dosed onto the 2NiO/CZ surface (Figi®).

The evolution of surface species from methane activation ovetfO¥i©@atalysts
can be divided into three stages for all cases. In the initial stage (i.e., the first 30 min) of
the experiment with 2NiO/CZ at 200 °C, fast growths of all species were observed (Figure
34a). In the middle stage, between 30 min to 120 nfie, growth of formates and

carbonates, and aromatics slowed down, while the growth of aldehydes and alkoxy species
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continued at the same rate as in the initial stage. In the final stage, formates and carbonates,
and aromatics continued to grow at a slowaer while aldehydes and alkoxy species

slightly decreased in intensity over the final 10 h of the experiment.

Table 3.21 Optimized peak parameters for IR spectra from methane activation over
2NiO/CZ at 200°C and peak assignments.

Peak
Positio
Vibrational Stage Type n Variance Relative Amplitude
Species Modes (cm?)  (em? (a.u.) Ref
203 214
Formates  3sym(C-H) All period  Voigt 2855.3 4.8 1 218
203 214
32{C-H) Voigt 2934.3 2.9 1.18 218
Methyl 3sym(C-H) All period  Voigt 2866.7 4.5 1 233
3a{C-H) Voigt 2951.9 3.1 0.63 233
Aldehydes 3(C=0) Initial Voigt 1605 14 1 41,219
Middle Voigt 1605 18 1
Final Voigt 1610 15 1
Carbonates 3(0-C-O) Initial Gaussian 1537.7 4.5 1 214218
Middle Gaussian 1542 3.6 1
Final Gaussian 1537.2 4.4 1
3(C=0) Initial Voigt 1543.5 10.7 2.44 41214218
Middle Voigt 1548.3 12.2 3.53
Final Voigt 1542.8 10 2.55
Aromatics  Quadrant Initial Voigt 1491.2 21.7 1 220226
3(C=sC) Middle Voigt 1497 12.9 1
Final Voigt 1488.3 16 1
semicircle
3(C=Car Initial Voigt 1394.3 18 0.69 220226
+(C-H) Middle Voigt 1399.7 16.6 1.03
Final Voigt 1405.8 15 0.78
semicircle
3(C=Cr Initial Voigt 1351.2 10 0.16 220226
+U(C-H) Middle Voigt 1346.4 8 0.11
Final Voigt 1360 9 0.25
Formates U ( OCH) Initial Gaussian 1368.8 2.6 1 214218
Middle Gaussian 1367.6 35 1
Final Gaussian 1368.9 2.7 1
3 (-@ Initial Gaussian 1359.3 4 2.86 214218
Middle Gaussian 1361 3.9 2.08
Final Gaussian 1359 4.2 2.85
227-229,
Alkoxy 3(C-0) All period  Voigt 1026.8 22.8 1 232
3(C-0) All period  Voigt 1085.1 20.4 3.45 22r232
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Figure 3.3 i IR spectra of methane activation over a) 2NiO/CZ at 200 °C, b)
10NiO/CZ at 200 °C, c¢) 2NiO/CZ at 300 °C, d) 10NiO/CZ at 300 °C.

For the experiment over 10NiO/CZ at 200 °C, the initial stage lasted for 10 min,

where accumulation of all species was obsénin the middle stage, between 10 mins to
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60 mins, formates and carbonates decreased in intensity and aromatics continued to
accumulate at a slower rate, while the formation of aldehydes and alkoxy species continued
at the same rate as in the initialggaln the final stage, i.e., after 60 mins, formates,

carbonates, and aromatics formed at slower rates, while aldehydes and alkoxy species
either ceased to form or were consumed to some extent over the final 11 h of the

experiment.

For the experiment ove2NiO/CZ at 300 °C (Figur&.4c), the initial stage was
much shorter lasting only 5 min. Again, fast formation of all species was observed. In the
middle stage, between 5 min and 20 min, the peaks of formates and carbonates, as well as
aromatics decreaseslightly, while the accumulation of aldehydes and alkoxy species
continued at the same rate as in the initial stage. In the final stage (i.e., after 20 min) the
concentration of formates and carbonates stayed constant while aromatics were formed at
a slightly slower rate, and the intensity of aldehydes and alkoxy species either stayed

constant or slightly decreased.

Finally, for 10NiO/CZ at 300 °C (Figurg4d), the initial stage lasted for only t 1
minute. Fast formation of all species was observed. In the middle stage, between 1 min to
10 min, the peaks of formates and carbonate decreased by 40%; while the rate of formation
of aromatics, aldehydes and alkospecies remained constant. In the final stage, i.e., after

10 mins, all species formed at a slower rate.
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Figure 3.4 71 Evolution of surface species over time during methane activation over a)
2NiO/CZ at 200 °C, b) 10NiO/CZ at 200 °C, c) 2NiO/CZ at 300 °C, and d) 10NiO/CZ
at 300 °C.
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3.4 Discussion

3.4.1 Reducibility and Acidity of the Catalysts

Combustion synthesis is a bulk synthesis which embeds a fraction of the Ni species
inside the CZ lattice!®? Our previous study showed that such incorpomatias two
impacts: 1) the local electronic structure of the Ni species is strongly altered, producing
some N#* species, which are stronger Lewis acid sites if accessible; and 2) more defect

sites inside the CZ are created, enhancing the reducibilited@ Zhsuppor?

Our previous study showed that, famples synthesized similarly, Ni species in
the 2NiO/CZ sample were almost atomically dispersed, while the average NiO patrticle size
in the 10NiO/CZ sample was 0.68 ’fiThe apparent dispersion of NiO (i.e., fraction of
accessible Ni cations) was 6.5% for 2NiO/CZ and 3.0% for 10NiO/CZ, indicating a large
fraction of the Ni was inaccessible because it was incorporated into the CZ lattice or NiO
clusters encapsulated by the support. However, the limited quantity of accessible NiO on
the surface demonstrated strong Lewis acidity as a significant portiorsefi® species
(72% from 2NiO/CZ and 33% from 10NiO/CZ) were able to adsorb pyridine even at 450
°C. Such strong Lewis acidity may originate fron?N8pecies on the surface that were
detected by XAS and XP8The relatively weaker LAS that are also associated with NiO
are likely from the NiO nanoclustemshose local electronic environment is less influenced
by the support. However, our previous study showed these weaker LAS are still capable of

activating methane as long as they can adsorb pyridine at 150 °C.

The fast combustion step during the synthassires rapid quenching of the mixed

metal oxides and prevents the material from equilibrating to the thermodynamically most
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stable form. Thus, it generates catalysts with more defect sites in the mixed metal oxide
lattice and enhanced reducibili$2 The inclusion of NiO to the CZupport produces a
significant quantity of surface defects evidenced by the adsorbed surface oxygen species
in both catalysts probed by TPR. As shown by the shift in reduction temperature, a higher
Ni content creates more interfacial CZ associated witlahll, these species are easier to

reduce than the surface CZ on the pure CZ support.
3.4.2 Mechanistic Insights on Methane Activation

Lewis acidic metal oxides are capable of activating methane through heterolytic
splitting of the GH bond producing a surface mgtiland hydroxyl groug® The subsequent
conversion othe activated methyl species can produce key intermediates towards value
added products.Here, we compare the methane activation over different catalysts at
different temperatures to detep a better understanding of the methane activation

mechanisms over NiO/CZ catalysts.
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Figure 3.5 7 Comparison of the evolution of different species over 2NiO/CZ and
10NiO/CZ at 200 and 300 °C: a) formats, b) carbonates, c) aromatics, and d) alkoxy
species.
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The integral of formates and carbonates at 12 h of experiment were almost constant
across experiments and were independent of temperature or samples. In the case of the
2NiO/CZ at 200 °C, though the antity of carbonate and formate at 12 h was slightly
lower than other experiments, the system had not reached steady state judging by the
increasing trend in the formate and carbonate curves at the end of 12 h of experiment,
indicating there was still roorfor the accumulation of such species. The formation of
formate and carbonate requires an oxygen source, which could only be the oxygen species
stored in the catalysts. The adsorbed surface oxygen is the most active oxygen species in
the system as it reded the earliest in TPR. Additionally, the concentration of adsorbed
surface oxygen in both samples were quite comparable (Table 3.1). Hence, it is likely that
the adsorbed surface oxygen concentration controls the surface reaction pathways to CO
precursors such as formates and carbonates. Except during the experiment over 2NiO/CZ
at 200 °C, a decrease in the quantity of formate and carbonate was observed during the
middle stage of the experiment, indicating that the consumption rate was faspared
to the accumulation rate of these species. Considering both formate and carbonate are CO
precursors, and the fact that a pulse of2Gf@nal observed by itine MS in these
experiments (FigurB.5), the decrease can be explained by the conversioteomediate
formate and carbonate to €ecame faster than the formation of these intermediates once

the highly active oxygen species were consumed.

The formation of aromatic species was clearly favored at higher temperature and at
higher Ni contentThe nonoxidative aromatization of methane is endothermic, hence is
thermodynamically favored at higher temperature. Higher temperature also facilitated

faster methane activation to produce methyl species, which can further couple with each
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other and prodte aromatic§? 234 235 Increases in the quantity of aromatics at higher Ni
content suggests NiO was the active site for the formation of aromatics. The presence of
larger NiO clusters in 10NiO/CZ also facilitated the formation of armsaivhich could

be related to their ability to effectively @wsorb multiple intermediates for the
aromatization reactioff® The accumulation rate of aromatic species in the ftaje
gradually decreased, especially for the 10NiO/CZ sample, suggesting an increasing

coverage of the active NiO sites with aromatic deposits over the course of the experiment.

The formation of alkoxy species was also favored at higher Ni content but was
suppressed at higher temperature. The Ni content dependence suggests that NiO were also
the active site for forming alkoxy intermediates. At the higher temperature, the formation
of aromatics was favored and became faster in the initial stage. Hencé\iQ@iges were
covered at earlier times during the experiment, which lowers the yield towards alkoxy
intermediates on the surface. The oxygen source for the formation alkoxy intermediate
could be the oxygen species originating from the interfacial CZ&sed with Ni (Table
3.1), as the Huptake from TPR of such species correlated with quantity of alkoxy species
formed between samples. The differentiation of active oxygen species in the system is
extremely challenging and not possible based on therntudaa set. However, there
probably exists specific oxygen species, likely ones from the interfacial CZ associated with

Ni, that can selectively oxidize the activated methyl groups to alkoxy intermediates.

Based on discussion above, we propose the follpsurface reaction pathways for
methane activation over NiO/CZ catalysts (Figure 3.6). Methane was first activated
through the Lewis/acid pair mechanism over the catalyst surface, producing a methyl and

hydroxyl group. If the formation of formate and loanate intermediates was driven by the
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adsorbed oxygen species, it is likely that the methane activated by the CZ support
underwent the pathway of producing £@recursors, such as formates and carbonates
(Pathway 1). When the highly active adsorbeds@ecies were highly available on the
surface, usually during the initial stage, methyl intermediates formed on NiO could also

access these oxygen species and predormates and carbonates.

Pathway 1:#( wu #(° /(" u ( #1°

Pathway 2:#( + #(° /(" w ( #/°

s oA s~ Z

Figure 3.6 1 Reaction pathways during methane activation over NiO/CZ catalysts.
[O]* refers to the adsorbed active oxygen species, and f@ the active oxygen species
that can selectively oxidize methyl to methoxy species.

NiO was the major active site for the faaition of alkoxy and aromatic species.
Methyl species formed from the methane activation over NiO sites can react with certain
active oxygen species to form alkoxy intermediates (Pathway 2). The exact nature of such
active oxygen species remains unknowun, they are tentatively attributed to interfacial
CZ associated with Ni and were denoted ag [@fhe Scheme 2. The synergy between the
isolated Ni species and the interfacial CZ associated with Ni possibly facilitated the
formation of alkoxy species.dfated Ni species were strongly interfered by the CZ lattice
and were in higher oxidation state, such a$.Ndence, they were stronger Lewis acid and
were more effective in methane activation. The isolated Ni species could also incorporate

into the CZ ldtice creating defect sites and oxygen vacancies, which can possibly generate
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[O]?species. With better methane activation capability and access’tspg]es, isolated

Ni sites could more selectively produce alkoxy intermediates.

The methyl species caalso couple with each other to produce C2 species, and
upon further coupling of the =Gpecies, aromatics can be produced (Pathway 3). This
pathway is presumably more favored over larger NiO clusters, which cadsoob
multiple intermediates for the amatization reaction. However, judging by the fact that
aromatics were also formed over 2NiO/CZ, the isolated Ni species could also produce

aromatics.

3.4.3 Strategies for Improving Selectivity towards Alkoxy Intermediates

Alkoxy intermediates are the key preamns to the production alcohdls.®°
Improving the seleivity to alkoxy intermediates during methane activation is crucial for
the development of catalytic processes for the direct selective oxidation of methane to
alcohols. One way of semuantitatively analysis of the selectivity towards alkoxy species
is to plot the peak area of their IR bands relative to the sum of the peak areas of other
species over time (Figure 6). For all cases, the maximum selectivity towards alkoxy species
was achieved in the middle stage of the methane activation experiment.ctare &gppear
to control the formation of alkoxy intermediates: 1) the concentration and the morphology
of accessible Ni O active sites, and 2) the
the middle stage of the experiment, the most active adsakgyen has been mostly
consumed allowing the somewhat less reactive oxygen species from the interfacial CZ
associated with Ni to participate the surface reactions. Additionally, at lower temperature,

the accumulation of aromatics was not very significéedving more NiO active site
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uncovered from aromatics. Hence, maximum selectivity towards alkoxy intermediates was

achieved in this period.
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Figure 3.77 The normalized relative intensity of alkoxy specie compared to the sum
of other species in experiment over a) 2NiO/CZ at 200 °C, b) 10NiO/CZ at 200 °C, c)
2NiO/CZ at 300 °C, d) 10NiO/CZ at 300 °C. e) The relative intensity of alkoxy species
compared to the sum of other species in different experiments.

The heterolytic splitting of the € bond over Lewis acidic NiO sites has been
identified as the first step for the formation of both aromatics and alkoxy intermediates
(Figure 3.9. 14941 Aromatic species covering the active site is one of causes for decrease
in the selectivity towards alkoxy intermediates. Thus,dbmpetition between Pathway 2
and Pathway 3 controls the selectivity towards alkoxy and aromatic intermediates. Large
NiO clusters favor the formation of aromatic/payomatic surface speci&€s?®” Hence,

one strategy to improve the alkoxy intermediates selectivity is to create higher
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concentration of small and wedispersed of NiO species. Such species not only enhance
the concentration of LAS,ub also suppress the formation of aromatics. Another strategy
is to operate at lower temperature, as it limits the formation of aromatics both kinetically

and thermodynamically.

Selectivity to alkoxy also depeygedns on
specieg3® The adsorbed surface oxygen species had been identified as the driving force
for the formation of formates and carbonates. Therefore, it could be beneficial to apply a
reduction pretreatment step to remove some of the-awtere oxygen species for
enhaning the selectivity towards alkoxy intermediates. However, the pretreatment agent
and conditiorshould be chosen carefully to avoid over reutuncof the catalysproducing

reduced Ni species.

3.5 Conclusion

Methane activation over NiO/CZ catalysts is invgasted usingin-situ FTIR
spectroscopy. Complex IR features are observed from methane activation and are attributed
to the formation of surface alkyl/alkoxy, aldehyde, formate/carbonate, and aromatic
species. A novel data analysis algorithm based ofinear regression fitting is developed
to evaluate the evolution of different surface species over time. The formation of formate
and carbonate species are driven by the adsorbed surface oxygen and the formation of
aromatics and alkoxy intermediates are aated by NiO. The selectivity towards alkoxy
intermediates can be improved by 1) increasing the dispersion of NiO, 2) operating at a

lower temperature, and 3) applying a reduction pretreatment step.
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CHAPTER 4. SELECTIVE OXIDATION OF METHANE TO
METHANOL OVER CERIA -ZIRCONIA SUPPORTED MONO

AND BIMETALLIC TRANSITION METAL OXIDE CATALYSTS

4.1 Background

Methanol is an ideal platform for methane valorization, as it is a liquid chemical of
high demand! In industry, methanol is synthesized from syngas at elevated pressure (50
to 100 bar) and temperature (200 to 300 °C) over Cu/ZrO#htalysts?® Over the years,
many efforts have beemade to develop efficient methods for upgrading methane into
methanoP 13 14 Studies have shown that it is pitds to convert methane to methanol
directly using more selective oxidants such a®#fand NO*. The selective oxidation
of methane to methanol is also possible using photocatalysis or plasma redétions.
Methane monooxygenase enzymes with iron opper active centers showed great
selectivity for converting methane to methanol under ambient condfidnspired by
these enzymes, extensive studies on ceppetaining zeolites have shown the possibility
of converting methane directly into methanol usinga®the oxidant via chemical looping
processe$? 3538 Such processes are usually composed of three steps: the activation of
catalysts under £at high temperature; the activation of methane at moderate temperatures;
and the intoduction of steam to release the methanol formed. Since chemical looping
processes for this reaction have been shown to be uneconédhttoaldevelopment of

steady state systems is critical.
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In this study, | synthesized a series of CZ supported mand bimetallic
transition metal oxides catalysts. Reactivity tests showed that the catalysts are capable of
continuous direct conversion of methane to methanol at moderate temperatureszusing O
asthe oxidant and steam to release the methanol. Such steady state activity has been shown
in few other case¥®: 22° Synergistic effects in supported bimetallic metal oxides are

elucidated.

4.2 Experimental

4.2.1 Materials and Catalyst Synthesis

Metal precursors, including Ni(N-6H2O (99.999% trace metals basis),
Fe(NG)3-9H0 (99.999% trace metals basis), Cu@QH20 (99.999% trace metals
basis), Ce(NG@)3:6H20 (99.999% trace metals basis), and ZrO§NQ@H20 (99.999%
trace metals basis) and ammonia hydroxide solution (ACS rea@edB®@8 NH; basis)
were purchased from Sigma Aldrich. Gases for reactivity studies were purchased from
Airgas, including methane (research grade), nitrogen (UHP grade), and oxygen (UHP
grade). Gases used for TPR and ammonium temperature programmediategbis-

TPD) experiments were all UHP grade and were also from Airgas, including 2000 ppm

NHs/He, argon, 10% bkAr, helium, and 10% eHe.

The catalysts were synthesized by dry impregnation of the CZ support similarly to
previous study> 8% 31 The CZ support was synthesized byprecipitation of the cerium
and zirconium nitrate precursors at a Ce:Zr ratio of 3:1. Cerium and zirconium precursors
were dissolved inhe DI water, and the pH of the precursor solution was adjusted to 3.0.

The solution was then dropwise added to excess amount of ammonia hydroxide solution at
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pH of 11.9 to ensure the precipitation of the precursors under constant conditions. The
obtainedsuspension was filtered and then dried in an oven at 110 °C overnight. Finally,

the support was calcinated at 450 °C for 4 hours under air flow.

Three monometallic catalysts were synthesized with 2 wt% metal in the form of
NiO, CuO, or Fe®@clusters on CZ. Two bimetallic samples were synthesized containing 2
wt% of Ni and 1 wt% of Fe or Cu. To prepare these catalysts, the pore volume of the CZ
support was measured by Nhysisorption. Metal nitrate precursors were dissolved in a
volume of DI water that was equal to the pore volume of the CZ support used. The
precursor solution was added dropwise to the support during agitation. After drying at 110
°C overnight, the collected powder was calcined at 450 °C in air for 4 hours. The calcined
catalsts were ground and sieved to a particle size between 38 and 75 um. The
monometallic catalysts were denoted as NiO/CZ, CuO/CZ, and FeO/CZ and the bimetallic

catalysts were denoted as NiFeO/CZ, and NiCuO/CZ.

4.2.2 Catalyst Characterization

PIXE analysis was caed out to examine the elemental composition of the

catalysts at Elemental Analysis Incorporated.

N2 physisorption measurements were carried out in a Micromeritics ASAP 2020
instrument. Approximately 150 mg of sample was degassed at 400 °C for 4 hoprior t
analysis. Surface areas were calculated using the BET method applied to the desorption
branch of the isotherm, and the pore volume and pore size were calculated using the BJH

method applied to the desorption branch of the isotherm, respecfivély.
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Powder XRD patterns were measured using'Rert PRO Alphal diffraction
systemequ pped with an Xbécel erator modul e. Di f f
radiation for 2d between 10A and 80A with

was applied for calculation of the crystalline size of the CZ support.

TPR experiments wergerformed on a Micromeritics AutoChem 1l 2920
instrument equipped with a TCD detector and a cold trap. Approximately 40 mg of the
sample was loaded to the instrument. Before the reduction, the catalysts were oxidized with
10% & in He at 450 °C for 2 h testablish a weltefined fully oxidized state. After cooling
in He to 50 °C, the TPR analysis was carried out by flowing 3neim 10% H: in helium
over the sample while heating to 900 °C at a ramp rate of 10 °C/min. A cold trap in a dry
ice-acetone bathvas used to avoid the interference from water to the TCD detector. A
calibration curve for KW was established by measuring standaedirHAr at different

concentration to determine the tptake.

NHs-TPD experiments were also performed on a Micromeritiatéhem II 2920
instrument. Approximately 40 mg of the catalyst was loaded. The sample was heated to
500 °C and held for 1 h under 25 sccm He flow to ensure the desorption of any previously
absorbed molecules. Then, the reactor was cooled to 100 °C, aedri22000 ppm N
in He was dosed over the sample at 100 °C for 2 h. After the exposure, 25 sccm of He was
flowed through the sample for 1 h. Once a stable baseline was established, the TPD was
carried out by heating the sample to 700 °C at 10 °C/minruzielsccm of He flow. The
signal above the activation temperature 500 °C was excluded when counting the total
uptake because it is attributed to the release of water by dehydration of the sample. The

dispersion of the metal oxides was calculated by asguaninl ratio of NEon Lewis acid
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sites of the supported metal oxide clusters and excluding theabddrption on the CZ

support.

Pyridine adsorption followed by FTIR spectroscopy was performed using a Nicolet
IS10 FTIR spectrometer equipped with an MCTétector. Each spectrum was recorded
with 64 scans at a resolution of 4 énA seltsupported wafer of each sample was loaded
into a vacuum FTIR transmission cell and was activated at 450 °C for 1 h under high
vacuum (~11.0°® mbar) and then cooled to 150 °C. Small quantities of pyridine were dosed
into the cell repeatedly, until adsorption equilibrium of pyridine at 0.1 mbar was reached.
The excess pyridine vapor and physiosorbed pyridine were removed by evacuation under
high vacuum for 1 h before the spectrum representing pyridine on all acid sites was taken.
Then, the sample was heated to 250, 350, and 450 °C, respectively, under vacuum for 30
min. After heating to each of these temperatures, the cell was brought back’® 4@
a spectrum was taken. The density of the wafer was determined by measuring the weight
of a 6.35 mm diameter disc of the wafer. Using the Baenbert law, the concentration
of Lewis and Brgnsted acid sites were calculated from the integral ofake @el444 cm

Land 1540 cm, respectively. Extinction coefficients were used as reported by Datka et.

al 206

XPS experiments were carried out wusing
with a monochromaticsmasi pot al umi num anode ( Al-rajKU, h 3
source. A backgund pressure of 3.8 x bar was maintained during the measurement.
The internal calibration standard used for binding energies was copper from the sample

stage.
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4.2.3 Methane Activation by ksitu FTIR Spectroscopy

The methane activation on each samples waonitored using Hsitu FTIR
spectroscopy. The experiments were carried out a Nicolet 8700 IR spectrometer with a
MCT/A detector using an operando IR cell built based on a design reported by the Ribeiro
Group?® Approximately 150 mg of the catalysts was pressed into asspfiorted wafer
and was loaded to the cell. The catalyst was activated at 450 °C for 1 h under 50 sccm o
N2 flow. The cell was then cooled to 250 °C, and the activated catalyst was measured as
the background. A flow of 20 sccm of methane was sent over the catalyst at 250 °C. The
methane flow was stopped after 30 mins of exposure, and a spectrum, witk spdeies
from methane activation, was taken after residual gaseous methane was swept from the cell
with an Ne stream. The spectrum was collected with 64 scans at a resolution df Ztoen
absorbance of surface species on different samples was norntalizedmount of sample

used in each experiment allowing quantitative comparison between samples.

4.2.4 Reactivity Tests

Reactivity tests were carried out in a laboratory scale reactor under atmospheric
pressure. A detailed description of the reactor setupbediound in Chapter 2. 10% 110
Approximately 200 mg oftte sample was loaded and then activated at 450 °C under 100
sccm of N flow for 1 h. The sample was further greated under 20% of methane in N2
at a total of 100 sccm for 2 h. After the sample was cooled to 250 °C, the reaction was
started by feeding 30 of steam and 1% of Qogether with 20% methane in balancing

N2. The weight hourly space velocity (WHSV) of the reaction was set to 30.ZHe
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composition of the effluent stream was analyzed by dménMS. Calibration curves for
CHa, Oz, H20, CHsOH, and CQ were collected by measuring the MS response to gas

mixtures with known composition.

4.3 Results

4.3.1 Physicochemical properties

Elemental analysis by PIXE showed that the metal loadings for NiO/CZ and the
bimetallic samples (NiCuO/CZ and NiFeO/CZ) wetese to the desired values (Table
4.1). The BET surface areas for all catalysts varied arourtba@/gcat, which were
slightly lower than that of the CZ support (Table 4.1, and Figure A.1). All catalysts had
less pore volume and smaller pore widths th&CZ support. XRD patterns of all samples
were similar to the CZ support and showed diffraction peaks at 28.8°, 33.4°, 47.9°, 56.9°,
70.1° and 78° (Figure C.2). The peaks were consistent with those oficeoia solid
solutionst3t 137 138 240 No characteristic peaks for nickel oxides, iron oxides opeop
oxides were observed for any catalyst. The crystallite sizes within the CZ support were
similar for all catalysts and were between 7.5 and 7.9 nm. Theddigé XANES of the
fresh bimetallic samples (Figure C.3a) resembled that of the fresh Ni/CZesatipbut a

local minimum around 8362 eV.

432 TPR

The CZ support showed three major reduction peaks (Figure 4.1). Peaks at 454 °C
and 660 °C were recognized as the successive reduction of the surface and B58TKhEZ.

peak at 321°C was observed by other researchers as well, but the assignment was
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speculative3t 153 209t js believed to be related to the dissociative adsorptiorzof the

nonstoichioméric reduction of the surface G2t 209

Table 4.17 Physiochemical properties of the catalysts.

Catalyst Ccz NiO/CZ NiCuO/CZ NiFeO/CZ CuO/CZ FeO/CZ
Ni content (%} N/A 2.08 1.89 1.96 N/A N/A
Fe or Cu content (%) N/A N/A 0.98 1.02 1.82 1.95
Ce:Zr Rati@ 83:17 83:17 83:17 83:17 84:16 84:16
BET Surface Area

(m2/gp 81 66 70 74 74 76
Volume of pores

(cm3/g¥ 0.14 0.12 0.08 0.08 0.08 0.10
Averaged pore width

(nmYy 9.83 8.29 6.66 7.03 7.32 7.34
CZ crystalline size (nmd) 7.31 7.47 7.64 7.93 7.69 7.54
Total H uptake

(mmol/gy 0.68 0.79 0.95 0.83 0.78 0.74

Theoretical H uptake

from metal oxides

(mmol/g) N/A 0.34 0.50 0.61 0.31 0.54
Calculated Huptake

from the CZ support

(mmol/gy 0.68 0.45 0.45 0.22 0.47 0.20
LAS concentration

(mmol/g)y’ 0.06 0.13 0.16 0.14 0.07 0.07
NHs uptake (mmol/d)  0.06 0.11 0.16 0.17 0.19 0.16
Metal oxide dispersion

(%) N/A 15.5 19.3 20.4 41.1 26.8

aFrom PIXE analysis.

bSurface areas calculated using the BET method applied to the desorption branchyqfitrsiddrption
isotherm?®34

¢ Pore volume and pore size calculated using the BJH method applied to the desorption bran
isothem.*33

4 From XRD using thé&cherrer Equation.

¢From H-TPR.

f Theoretical calculation assuming catalysts contain Ni(ll), Fe(lll) and Cu(ll) oxides at tau
concentrations.

9 Calculated as the difference between the experimental tetaptdke and theoretical Hiptake from
metal oxides.

h Measured by pyridinadsorption followed by FTIR spectroscopy at 150 °C, assuming a 1:1 pyridi
LAS adsorption ratio.

" From NH-TPD, assuming a 1:1 Ntdn metal oxides adsorption ratio and excluding the &ti$orption
from the CZ support.
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Figure 4.1 i TPR profiles for the CZ support, FeO/CZ, CuO/CZ, NiO/CZ,
NiCuO/CZ, and NiFeO/CZ catalysts.

The presence of supported metal oxide cluster resulted in additional reduction
peaks. Specifically, the firsigaks in the FTPR profiles for the catalyst samples, such as
the peak at 164 °C for the NiO/CZ, and the peak at 110 °C for the CuO/CZ, were assigned
to the consumption of the adsorbed oxygen species on the stip{oft.83 150152 The
concentration of the adsorbed surface oxygen was less in samples with Fe than the others.
The peak at 233 °C in the NiO/CZ sample was assigned tedbetion of NiO cluster®?*
155 Such peaks were also present in the TPR profiles of the two bimetallic samples and
therefore were assigned teetsame species. The peaks at 125 °C and 132 °C in the CuO/CZ
and NiCuO/CZ samples, respectively, were assigned to the reduction of copper oxide

specieg*! Two additional peaks at 245 and 275 °C in the FeO/CZ sample were assigned
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to the successive reduction of Fe(lll) oxide and Fe(ll) oxide sp&@ié¥.The later peak
overlapped with a contribution from the surface reduction of CZ at 318 °C (vide infra) and

was not obvious in the TPR prigfiof the NiFeO/CZ sample.

In contrast to the bare CZ support, the reduction peaks for surface CZ were much
smaller for all catalysts with supported metal oxide clusters, while the reduction features
around 320 °C were more intense and overlapped withetthéction peaks from metal
oxides that were observed at lower temperature. This is probably because the reduced metal
on the surface facilitated thezldctivation during TPR and led to an earlier reduction of
the surface CZ. It is known that the additiohneoetal oxides to the support introduces
metatsupport interactions and more defects in the CZ support, especially on the Surface.

76,83,150 151 This domain might be reduced at signifittgower temperature than bare CZ.

4.3.3 Temperature Programmed Desorption of Ammonia£NHAD)

The acidity of the catalysts and the support was measured sy RBI (Table 4.1,
and Figure 4.2). GBupported metal oxides catalysts are generally free of Brgasiegd
sites?** As the sample activation was carried out at 500 °C, insagmif signals above 500
°C were likely from dehydration of the sample and hence were not included for tatal NH

uptake calculation&*®
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Figure 4.2 i NHs-TPD profiles for the CZ support, FeO/CZ, CuO/CZ, NiO/CZ,
NiCuO/CZ, and NiFeO/CZ catalysts.

The CZ support contained some Lewis acid sites (LAS) as indicated by the release
of the adsorbed N& The addition of 23 wt% of metal oxide clusters to the CZ support
increased the LAS concentration by B220% as indicated by the greater Nitptake
(Table 4.1). A comparison of the moentetallic samples showed that CuO/CZ and FeO/CZ
had greater metal oxide dispersion than NiO/CZ as defined by the fraction of Cu, Fe or Ni
atoms capable of adsorbing BIH he addition of 1 wt% Fe or Cu oxides ke tNiO/CZ
increased the overall metal dispersion in the bimetallic samples. It should be noted that the

metal oxide dispersion was calculated by excluding the iftake contribution from the



CZ support. Such calculations ignore the possibility that neetmles could block or
convert LAS of the support. Thus, the reported dispersions represent a lower limit of the

actual metal oxide dispersion.

While NHs-TPD provides information on the acidity of the samples, it cannot
differentiate between Lewis and Bsdad acid sites, and the estimation of acid strength

from desorption temperatures is affected by the specific analysis instrument.

4.3.4 Pyridine adsorption followed by FTIR spectroscopy

In addition to NH-TPD, the acidity of the samples and thestipport was assessed
by pyridine adsorption followed by FTIR spectroscopy (Figure 4.3). A peak around 1444
cnt was observed for all samples and is attributed vibrational mode 19a of pyridine
adsorbed to Lewis acid cites (LP¥¥.21% 211 The ring vibrational modes 8a and 19b for
pyridinium ions formed on Brgnsted acid sites (BRpjdally give rise to peaks at 1535
1550 cm! and about 1640 ciy respectively?!® 212 As both BPy peaks were absentsit i
inferred that the concentrations of Brgnsted acid sites were fairly low for all samples and

the support.

The addition of NiO to the CZ support increased the LAS concentration by ~110%,
and LAS concentrations on CZ and NiO containing samples determingyyrigine
adsorption were comparable to the Nhpbtake from NH-TPD (Table 4.1). The CuO/CZ
and FeO/CZ samples showed a much lower increase in pyridine uptake of 16% compared
to the CZ support but a more significant difference fosNIRD. Considering thdfiHs is
a smaller and more basic molecule compared to pyridine, the significant inconsistency in

the LAS concentrations between two analytical methods can be explained by the limited
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number of LAS on CuO and FeO clusters that were not strong enough foyhidide at

150 °C in high vacuum, while they were strong enough to adsogaNH)0 °C. Adding

a second metal oxide to NiO/CZ further increased the LAS concentration. The LAS
concentration of NiCuO/CZ was higher compared to NiFeO/CZ and was very @litee t

NHs uptake from NB-TPD.
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Figure 4.3 7 a) IR spectra taken after pyridine adsorption over the CZ support and
catalysts at 150 °C; b) Lewis acid sites concentratioomeasured by pyridine
adsorption after desorption at 150, 250, 350, and 450 °C in vacuum.

The LPy peak areas decreased in all cases when the samples were evacuated at

increasing temperatures (Figure 4.3b, Figure C.4), indicating the desorption of pyridine
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from LAS upon heating. A peak next to the LPy peak at around 1437tlcat was
observed at higher temperatures is assigned to the carbonate species formed from the
decomposition of adsorbed pyridine at higher temperature (Figuré*©While this peak

was not of significance for the acidity analysis, its overlap with the LPy peak requires
deconvolution to reveal the peak area of the LPy peak (Figure C.5, Table C.1). Among
monametallic samples, pyridine desorption was relativielgar in the temperature range
15071 450 °C, and NiO/CZ showed a steeper slope compared to CuO/CZ and F&O/CZ.
more gradual decline of the amount of adsorbed pyridine with increasing temperature was
observed for CuO/CZ and FeO/CZ, and the concentrafittAS strong enough to retain
pyridine at 350°C was higher for these samples compared to NiO/TOx LAS
concentration profiles of NiFeO/CZ overlapped with NiO/CZ above 250 °C, suggesting a
similar LAS strength distribution for the two samples. Comp#yede other samples with

Ni, a higher fraction of pyridine remained adsorbed on the NiCuO/CZ sample at 250 °C.

4.3.5 X-ray Photoelectron Spectroscopy

The surface chemical state of transition metals was examined by XPS (Figures C.6
and C.7, Table C.2). For safhas with Ni, peaks at 855.5 and 861.7 eV were assigned to
the main and satellite 2ppeaks of Ni*, respectively®” For NiCuO/CZ, the main NiZ{?
peak showed a ~0.3 eV positive shift compared to the NiFeO/CZ and NiO/CZ. For samples
with Cu, peaks at 933.5 and 943.0 eV were assigned to the main and safél|ieaks of
Cw?*, respectively*® The main Cu2#? peak showed a ~0.3 eV negative shift in the
NiCuO/CZ compared to the CuO/CZ. For samples with Fe, peaks at 711.4 and 716.6 eV

were assigned to main and satellit¢gpeaks of F&, respectively?*” Peak fitting showed
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that the peak positions for the main and satellite #&@gaks were almost identical for

FeO/CZ and NiEO/CZ, indicating similar chemical states of the Fe in two samples.

4.3.6 Methane activation by #situ FTIR spectroscopy

Surface species formed during methane activation at 250 °C were monitored by in
situ FTIR spectroscopy (Figure 4.4a and Figure C.10).atieated methane produced
features that were characteristic aHOstretching vibration from surface hydroxyl groups
and CGH stretching vibrations from various carbonaceous surface species, respectively.
Peaks at 2960 cf 2950 cm' and 2932 cm were asigned to the asymmetric-&
stretching from methoxy groups, methyl groups, and alkyl groups, respeétidédyThe
symmetric vibration of these species were at 287¢,cA858 cm' and 2845 cmj,
respectively (Figure 4.4a). The features around 2739amd 2723 cm are characteristic
adsorption peaks for aldehydeHCstretche$® Thepresence ofCH2 species was evidence
for the coupling of the activated methyl groups. Detailed peak deconvolution and linear
regression fittings were applied to identify and quantify the surface carbonaceous species
formed (Table C.3, Figure 4.8 and 4.9je ratio between peak areas-GHs and-CH:
species was around 0.4 among all catalysts (Table C.4). The relative peak areas of the
methoxy groups on the bimetallic samples were larger than their -metuailic

counterparts (Figure 4.4b).
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Figure 4.4 17 a) Methane activation over different catalysts measured by operando
FTIR spectroscopy. b) Peak area of different surface species (calculated as the sum
of area of the symmetric and asymmetric camibutions) from methane activation.

4.3.7 Reactivity Tests

The performance of each catalyst for selective oxidation of methane to methanol
was tested at 250 °C (Figure 4.5, and Table 4.2). Over all catalysts, continuous direct
conversion of methane to methamas achieved, with Cas the major product. In the
initial stage of reaction, the yields of @@ecreased, and the selectivity towards methanol
increased with time on stream. A steady state conversion was observed after about 100 min

on stream for all sapies.

Samples with Ni showed higher stesstate CQ and methanol yields than
CuO/CZ and FeO/CZ, as well as a higher methanol selectivity. The bimetallic samples had

higher CQ and methanol yields compared to NiO/CZ. The NiFeO/CZ sample had the
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highest mé&hanol yield among all catalysts. The highest methanol selectivity appeared to
occur over NiCuO/CZ, but there was an estimated uncertainty of about 15% (Appendix
C.9). Carbon deposit formation was observed over all catalysts by TGA (Figure C.11, C.12,
Table C.5, C.6). NiO/CZ formed the highest amount of carbon deposit at 2.4 wt%, while
the other samples showed limited carbon deposition below 1.2 wt%. The majority of the
carbon deposit (>90%) was formed in the first 100 min on stream over all catalyste (Figu

C.12, Table C.6).
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Figure 4.57 Reactivity of a) NiO/CZ, b) NiCuO/CZ, c) NiFeO/CZ, d) CuO/CZ and e)
FeO/CZ for selective oxidation of methane to methanol at 250 °C. (Temperature at
250 °C; WHVS at 30.2 h! with 30% of steam, 1% of oxygen, 20% methane and a
balance ofitrogen).
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Table 4.2 7 Steady state CQ yield, methanol yield and selectivity over different
catalysts. (Temperature at 250 °C; WHVS at 3@ h' with 30% of steam, 1% of
oxygen, 20% methane and a balance aftrogen).

NiO/CZ NiCuO/Cz NiFeO/CZ CuO/Cz FeO/Cz
CQOyield (%) 0.069 0.079 0.095 0.042 0.041
Methanol yield
(emolay h/ g 232 2.84 3.20 0.57 0.52
Methanol yield (%) 8.6%10* 1.1310° 1.210° 2.2810% 2.2810*
Methanol
selectivity (%) 1.25 1.44 1.27 0.52 0.53

4.4 Discussion

4.4.1 Synthesis of WeDispersed Metal Oxide Clusters and Their Impact on Acidity and

Reducibility

The redox active sites on CZ supports induce a SMSI, whiclstedulize welt
dispersed metal oxide clusters or metal catién§® 24° These weldispersed clusters
generate interfacial defect sites, which in turn enhance the reducibility of the CZ sapport.

6 Such catalsts often demonstrate superior catalytic activities. Chagas et. al. showed that
the synergetic interaction between finely dispersed copper species and oxygen vacancies
createdvia the incorporation of Ni into ceria significantly increased the CO oxidation
activity of CuGNiO/CeQ.?>° Zhang et. al. showed that NiO nanoclusters supported on
CeQ are better dispersed than on Si&hd that NiO/Ce® had high activity for the

complete oxidation of CHn the temperature range of 3B00 °C?5!

The present workimed to leverage these SMSI by creating Lewis acid sites in

close proximity to the redox sites of CZ. The absence of peaks from NiQ aReCCuO
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phases or mixtures thereof in the XRD patterns (Figure C.2) showed that the size of the
clusters was below théRD detection limit. This is in agreement with our earlier analysis

of a NiO cluster size below -2 nm based on EDX mapping analysis of a similar NiO/CZ
catalyst!® EXAFS analysis of the NiO/CZ catalyst also showed the presence of small
clusters with an average NiO fiale size of 0.46 nrf® The missing local minimum aund

8362 eV in the Ni Kedge XANES of freshly calcined N#OZ and the bimetallic samples

indicates the presence of weikpersed NiO clusters.

The impact of the highly dispersed metal oxide clusters manifests itself in the
significant fraction of the nmal atoms in these clusters that act as LAS; while other factors,
such as the choice of metals, and the formation of mixed metal oxides could also affect the
Lewis acidity. While the CZ support itself demonstrated Lewis acidity, the contribution of
the suported metal oxide clusters was dominant, since the additiorBokt26 of metal
as metal oxides led to an B220% increase in the NHiptake (Table 4.1 and Figure 4.2).

The same results were obtained by pyridine adsorption followed by FTIR for allesampl

with Ni. Certain discrepancies seemed to emerge for CuO/CZ and FeO/CZ samples when
examining acidity using N&and pyridine as probe molecules, as only a 16% increase in

the LAS concentration was observed by pyridine adsorption in contrast to the 200%
increase in the total NHliptake. Considering ammonia is a smaller molecule and a stronger

base compared to pyridifté and the difference in adsorption temperature {100 °C

and pyridine at 150 AC), such denapritysot r e pan
CuO and Fe&xclusters on CZ contained weaker LAS compared to NiO and were not strong

enough to adsorb pyridine readily at 150 °C.
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FeQ and CuO cluster were more dispersed than monometallic NiO. The addition
of a second metal oxide (FEOuO) to the NiGCZ increased the metal oxide dispersion
compared to NiO/CZ. However, even though CuO/CZ showed about 40% higher
dispersion than FeO/CZ, the dispersion for bimetallic sample NiCuO/CZ was slightly
lower than NiFeO/CZ, which suggests that the Cai@ NiO clusters had stronger
interactions and probably formed mixed metal oxide clusters. Additionally, XPS showed a
positive 0.3 eV shift of the main Ni2p peak and a negative 0.3 eV shift of the main
Cu2p’? peak in the NiCuO/CZ sampleompared to its monmetallic counterparts. A
higher binding energy in XPS is an indication for a higher oxidation ¥fdtence, more
positively charged Ni and less positively charged Cu were observed in NiCuO/CZ
compared to NiO/CZ and CuO/CZ suggesting electron transfers beN@eand CuO,
which is likely a result of the formation of mixed metal oxide domains. It is recognized
that the experimental conditions of XPS measurements and catalytic reactions were
different, but it should be possible to extrapolate the direction @ldogron transfer. This
synergy between NiO and CuO also enhanced the strength of LAS as evidenced by the
ability of NiCuO/CZ to retain pyridine at elevated temperature (Figure2.3n the other
hand, the addition of Fe@o NiO/CZ had little impact on the Lewis acid strength, as the
amount of retained pyridine on NiFeO/CZ and NiO/CZ at elevated temperatures almost
overlgpped. This is likely due to the limited mixing of the NiO and Fa®the dispersion
of NiFeO/CZ was almost equal to the weighted sum of the dispersion of-metadlic
sampleg>* The similarities in Ni2p and Fe2p XPS spectra from NiFeO/CZ and its mono

metallic counterparts also support the hypothesis.



The reduction temperatw®f the supported metal oxide clusters was much lower
compared to the corresponding bulk metal oxides, indicating the presence dispeised
metal oxide cluster®* 241242 The reduction of the metal oxides produced reduced metal
clusters, which facilitate the reduction of surface CZ at lower temperatiree amount
of the adsorbed oxygen species in samples witlv&slower than other samples, likely
because iron is more oxyphilic than the other metals so that some of the adsorbed oxygen
species should be bound to the catalysts more stréttgine H consumption by the CZ
support was gihtly higher in the pure CZ, which is probably because the metal oxides
blocked or altered the surface of the support. TREPR profiles of the bimetallic samples
showed distinct reduction peaks of NiO, ke@nd CuO, that seemed unaffected by the
addition of a second metal oxide. This could point to segregation of the transition metal
clusters upon excessive reduction, which would reduce the synergy between the

constituentg>%259

4.4.2 Methane Activation and Formation of Methoxy Species over CZ Supported

Transition Metal Oxides

Lewis acidic metal oxides are capable of activating methane through heterolytic
splitting of the GH bond? 4% 4! In this study, the weltlispersed Lewis acidic transition
metal oxide clusters were found capable of activating methane as indicated @ythe
stretching modes from various carbonaceous surface species after the exposure of methane
to the catalysts at 250 °C (Figure 4.34Y.%! The presence of surfae€Hz species and
hydroxyl groups (Figure C.10a) suggest that the methane was activated through heterolytic
splitting of the GH bond, forming surface methyl and hydroxyl groups. The activated

methyl groups could further react withxygen species from the catalyst forming
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oxygenates, such as methoxy, formate, carboxylate species or surface aldehydes (Figure
4.4 and C.10). Alternatively, the activated methyl groups could couple with each other and

form long chain hydrocarbons, evideuicby the presence e€H: species.

Further analysis of the quantity of different carbonaceous species formed over
different catalysts provided insights into the reaction mechanism. The similar ratio between
the areas of C¥land CH species among all sates implies that the coupling of the
activated methyl groups to higher alkyl groups was independent of the transition metals.
However, the peak area of the bands from the methoxy groups (the sum of peak areas of
asymmetric and symmetric methoxy stretchibgnds) showed an apparent linear
correlation with the methanol selectivity at steady state (Figure 4.6a), indicating the surface
methoxy group is a key intermediate for the conversion of methane to methanol. It is
generally expected that methanol formatiorolves the hydrolysis of the surface methoxy
speciest 50 However, this correlation also implies that these methoxy pgraan be
hydrolyzed fairly selectivity rather than being converted to other oxidation products.
During the insitu IR spectroscopy experiments, the only source of oxygen was that stored
within the catalysts. Our previous study revealed that the NiO dustmained oxidized
upon exposure to methane at 450 °C while there was active oxygen in the CZ support
indicating that the latter oxygen species play the key role in oxidation reattions.
Therefore, the formation of methoxy groups is probably related to the redyailbitive
CZ support. However, theHiptake by CZ did not correlate to the amount of methoxy
species formed. This could be explained by the presence of different types on active oxygen

species in CZ.
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from methane activation over different catalysts. b) Correlation between methoxy

peak areas from methane activation and concentration of strong Lewis acid sites for
different catalysts.

There was a strong correlatibetween the formation of methoxy species and the
concentration of strong LAS of the catalysts (Figure 4.6b, defined as the amount of pyridine
uptake at 150 °C as shown in Table 1). While momatallic FeQ/CZ and CuO/CZ
catalysts were also Lewis acidic asttowed higher NEuptake than the NiO/CZ sample
(Table 4.1), they contained a smaller number of LAS with sufficient strength to form
methoxy intermediates during methane activation over these samples. Considering that
methane activation on a LAS occursaigh heterolytic splitting of a €l bond and
formation of a metatarbon bond;*% 4! it is reasonable to suggest that a stronger LAS w
generate a more positively charged methyl groups. The positive partial charge should

increase the affinity of the methyl group to nucleophilic active oxygen species, which tend
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to produce methoxy groups the key intermediate to metharfé. 261 Hence, the
monometallic samples with the strongest LAS, NiO/CZ, produced the most surface
methoxy groups during methane activation. The addition oikEe@uO improved the
methane activation capability judging from the increaséhénquantity of the activated
surface species. This is expected as bothee@® CuO were Lewis acidic and hence were
capable of activating methane. The likely formation of \OG@O mixed oxides introduced
synergy between the two metal oxides and improved_dwis acidity; hence NiCuO/CZ
generated the most methoxy species during methane activation. The synergistic effect is
probably due to the alternation of local electronic environments as indicated by XPS, which

resulted in an increase in the strength efvis acid site$%%26°

4.4.3 The Conversion of Methane to Methanol

Based on the observation that surfasethoxy/alkyl groups were formed during
methane activation and a thermodynamic analysis that indicated that an oxidantitike O
needed for methanol productidme hypothesized that the direct conversion from methane
to methanol can be achieved by feeding steam and oxygen together with methane. Under
the reaction conditions reported, contingalirect conversion from methane to methanol
was achieved for all catalysts. A methanefpeatment step at 450 °C was performed to
remove highly active adsorbed surface oxygen species that promote the formatierfbf CO
Using a weak reducing agent, methane, avoids theredeiction of NiO to Ni, as indated
by the insitu XAS experiment performed in our previous stiitijhe CQ yield decreased
with time on stream by more than 85% over all catalysts, while the yield towards methanol
increased (Figure 4.4), indicating that the conversion of methanezar@0nethanalvas

achieved over different active sites or involved different active oxygen species from the
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CZ support. Considering the fact that at least 90% of the coke were formed during first
100 min on stream (Table C.3 and C.4), it is likely that coke formabeered certain

larger metal oxide clustet8 However, it is also possible that a change in the speciation of
active oxygen species could affect the performance of the cata®dultiple researcher

have shown that the small transition metal/metal oxidesh sis dicopper sites in Gu
zeolites, were active sites for the selective conversion of methane to méth®ré#.267

Thus, it is proposed that the more selective active sites were thengtalispersed NiO
clusters and that these clusters are less impacted by coke due to steric effects or the fact

that they experience stronger interactions from the CZ support.

As the methane molecule has the highest Bond among all hydrocarboh$;-8¢
the intermediate species formed from methagctivation are often subject to complete
oxidation and produce COHowever, it may be possible to create environments in which
such series reactions are largely suppressed. In this study, the methane conversion
(calculated by the sum of CQield and nethanol yield) was inversely related to the
methanol selectivity, and the presence of Ni increased the selectivity relativefree Ni
catalysts (Figure 4.7). The inverse relationship implies that a further reduction in methane
conversion could eventuallgad to a methanol selectivity close to unity. Extrapolation of
the curve indicates that a methanol selectivity around unity could be expected for a methane
conversion below approximately 0.002% for theddntaining samples (Figure C.14). Itis
expectedhat extrapolation of a letpg plot is subjected to relatively large uncertainty in
the estimated value. Nevertheless, such an extrapolation shows that reaction engineering
approaches could have the potential for enhancing the methanol selectivity thering t

selective oxidation of methane to a high level.
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4.5 Conclusion

The deposition of mono or 4onetallic transition metal oxide clusters (i.e., NiO,
CuO, FeO, NiCuO and NiFeO) on a cezieconia (CZ) support creates catalysts that
combine Lewis acidity and redox activity. All of the metal oxides are-tisflersed due
to strong metal support interactions. The addition of CuO to the supported NiO clusters
increases the strength of Lewis acid sites which improved selectivity to methanol. All
catalysts are capable of activating methane at 250 °C to produce surface meatigiyme
and alkyl groups. Samples containing Ni show a greater activity for methane activation due
their stronger Lewis acidity. By efeeding CH, Oz, and steam together, continuous
conversion of methane to methanol is achieved albeit with low seleciitiyconversion
of methane to methanol at steady state is an important step towards economically viable
valorization of methane in limited quantities. The concentration of strong Lewis acid sites
is found to be a key descriptor for the formation of methspgcies, which is a key

intermediate towards the formation of methanol. The methane conversion inversely relates
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to the methanol selectivity, suggesting the possibility of enhancing the methanol selectivity

by reaction engineering approaches.
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CHAPTER 5. FINAL CONCLUSIONS AND

REOMMENDATIONS

The purpose of the dissertation is to demonstrate a systematic investigation of the
CZ supported metal oxide materials for the rational design of catalysts for methane
conversion. The vast natural gas resources availabl&asth and the unsatisfactory
performance of current industrial processes utilizing methane ensure that the development
of catalytic process for methane conversion will remain of interest in the near fthere.
search for highly active and selective tgdts requires a strong understanding of the
surface reaction mechanisms and the functions of active sites at a fundamental level.
Additionally, the evaluation of the impact of synthesis on the physiochemical properties of

materials is also crucial for thiealization the desired active site morphologies.

In Chapter 2, by comparing the synthestisictureperformance relationships,
tradeoffs between the different deactivation pathways are observed and new insights
regarding the design of better catalysts gained. Three deactivation mechanisms: Ni
particle growth, coke formation and encapsulation of Ni by CZ, are identified and their
complex interplays are decoupled. The Ni particle growth can be refrained by limiting the
Ni mobility under reaction conddns. The concentration of the adsorbed surface oxygen
is a good descriptor for coke resistance. The encapsulation of the active Ni site by the redox
active CZ confines the mobile Ni species under reaction conditions but also enhances the
reducibility of he material. Hence, such design greatly suppresses both Ni particle growth
and coke formation during methane dry reforming. However, when the encapsulating CZ

layer grows too thick, the highlsictive Ni species becomes inaccessible and therefore
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useless. Nevertheless, the design strategy provides a potential solution for methane dry
reforming over Nibased catalysts. Hence, it is worthwhile to further investigate the
mechanism of the encapsulationNifparticles by CZ, especially for the CS catalysts. A
combination of irsitu XRD and XAS could reveal the morphology changes in both Ni and
CZ under reduction/reaction conditions. Analyzing the changes in both Ni and CZ under
different conditions could hpefully provide information on the encapsulation mechanism
and synthesis strategies controlling the encapsulation can be developed. Eventually, the
goal would be to synthesize highly stable, coke resistance methane reforming catalysts with
Ni particles cofined by a thin layer of CZ, which immobilizes the Ni particles while

allowing the penetration of reactants through the layer to access the Ni core.

In Chapter 3, the methane activation over NiO/CZ catalysts is investigated and
surface reaction networkseaunraveled. A novel data analysis algorithm is developed for
the effective evaluation of the evolution of different surface species over time. The
adsorbed surface oxygen is the driving force for the formation of formate and carbonate
intermediates. Ni@lusters are found active for the production of both alkoxy and aromatic
intermediates. The selectivity towards alkoxy, which is a key intermediate for the
production of alcohols, can be improved by increasing the concentration afisyeised
NiO specis and adjusting the reducibility of CZ. While methane activation is often the
most challenging step in the catalytic conversion of methane, understanding of the
complete catalytic cycle is also of high importance. Hence, | recommend that for future
work, the functionalization of the activated methyl species and desorption of the products
for different methane conversion chemistry should also be investigated apengndo

FTIR spectroscopy. Studying the response of surface species to pulses of reactant feed
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such as methane, oxygen and steam, at transient state can provide fruitful information on
surface chemistry mechanisms. As mentioned previously, in addition to the complexity in
the surface reaction networks, understanding of the nature of the caidlyse s another

key challenge in surface chemisthg:situ/operandaXAS allows probing changes in the
catalysts during reaction. Combined with operando FTIR spectroscopy, the full picture of
surface chemistry for methane conversion over NiO/CZ catatgside revealed. Other
techniques, such as near ambipraéssure XPS, could also provide information on the
catalyst surface under reaction conditions. Finally, upon fundamental understanding of the
surface chemistry, i.e., a comprehensive analyslsedfurface reaction pathway networks
together with thorough understanding of the catalyst surface and functions of active sites,
the kinetics of surface reactions can be evaluated by applying advanced computational

tools, such as protocols developed byNesiford group®®

In Chapter 4, the selective oxidation of methane to methanol is achieved over CZ
supported mono and -bnetallic oxides catalysts by feeding methane with oxygen and
steam. The Lewis acidity of the metal oxides is found to be a key descriptor for theyquantit
of surface methoxy species formed during methane activation, which is the key
intermediate towards methanol production. Adding CuO to CZ supported NiO catalysts
produces mixed metal oxides, which further enhances the Lewis acidity and yields the best
mehanol selectivity. An inverse relationship between methane conversion and the
methanol yield is observed, suggesting the possibility of enhancing the methanol selectivity
by reaction engineering approaches. However, the nature of the active oxygenamcies
the surface reaction that produces methoxy species are still unclear. Therefore, for future

works, | recommend the investigation of the active oxygen species, both its nature and its



function during selective oxidation of methane. A recent review pap@ur group has

listed the possible analytical instruments for probing surface oxygen spéckes:.
understanding the natuoé active oxygen species, | suggest comparative study of catalyst
surfaces exposed to different oxidants, sucha$D, and CQ. Then, investigations of
changes in the oxygen species during sequential dosing of methane and then different
oxidants to the catalyst surface could potentially reveal the function of the different oxygen

species.

In conclusion, there is gat potential in using CZ supported metal oxides catalysts
for the conversion of methane to valadded fuels and chemicals. | hope that this
dissertation lays the foundation for future work in development of more efficient catalysts

for methane conversion
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Figure A.11 Adsorption/desorption isotherms for the CZ support and DI, SEA, CP
and CS catalysts from N physisorption measurements. (Open points: adsorption

isotherm curves. Solid points: desorption isotherm curves.)



Ccz 2 DI 2 SEA
. 0.16 0.03 s e 0.12 . 003 _ o 0.12 - 0.03 -
5 A g 5 o1} £ 5 o1 £
S 012 | & > 2 2 g & k=)
. { 0.02 E o 008 1002% 3 0.08 { 002 L
£Zo00s | ¢ # > £2006 5 £Zo006 &° -
o A / E OoF E oE ¢ & £
= S f & 10013 28004 10013 £2004 | & 4° 10013
£ 004} PO s 2 s 2 S
Z P © g 002 o g oo2 > ® O g
2 . . hd ° 3 o 3 A L, S
3 0 0 a 3 0 0 [ 3 0 0 a
< 0 10 20 30 < 0 10 20 30 < 10 20 30
Pore Width (nm) Pore Width (nm) Pore Width (nm)
2CP 4 CP 6 CP
o 006 005 008 002 __ , 005 0045 _
£ E E |8 o £ E {004 E
S 005 F .o ] i 3 Qe \ 3 \
S T ST 0045, S 006 o"fﬁ ] 0015'S g 004 10035
004 | 7 2 {003 %
Sa i 10035 g $ 5 ggo08 1 002 &
003 ¢ o c2004 ¢ {001 5, &f looz @
285002 | & 10025 25§ 3; 5 280024 1 o015 5
g A oor S S 002 6% {00058 E7 % loor &
2 oo | % N E . g E T o { 0.005 ¢
8 2 o 8 .’o 10 " ° 8 g
3 o Le - o o 3 0 + 0 a 8 0 >~———e 0 a
< 0 10 20 30 < 0 10 20 30 40 < 10 20 30
Pore Width (nm) Pore Width (nm) Pore Width (nm)
10 CP 2CS 4 CS
o 004 — 004 012 009 008 _
£ -~ E E o1 E E o008 P €
S oo03f I > ] o003's S ) 5 007 e ] 006'S
> fw z = 008F 3 006 s T
= i = = xed
£2002 | | lomzs & 006 T £330 1 o0aT
oE £ o g gE004 £
28 i 3 2 004 5 25003 E]
© L 4 © © B
g o001 i oo1g E 002> 3 002 002 2
S ] IS . ] £ )
E é g E g E oo g
8 0 S o & § o o o 8§ 0 0 &
< 0 10 20 30 < 0 10 20 30 < 10 20 30
Pore Width (nm) Pore Width (nm) Pore Width (nm)
6 CS 10Cs
o 01 008 _ 006 _
: e £ g
2 o008 loosd 2 H
> = > &
> z W 004 T
£ _ 006 E ¢ 13
£2 {004y & Py
o E 0.04 E o £
28 . 0.02 3
© B
S 002 0028 3 >
= s E 2
8 0 + o & 3§ - 0 o
< 30 < 0 10 20 30

Pore Width (nm)

Pore Width (nm)

Figure A.21 Accumulative pore volume and pore size distribution for the CZ support
and DI, SEA, CP and CS ctalysts from N2 physisorption measurements. (Open
points: accumulative pore volume as a function of pore width. Solid points: pore size
distribution curve.)

12C



201 25EA 2CP
----- fit === NiO eess it seeee NIO ces fib ee=s LaNIO3
— data MO 1st shell — data MNiD 15t shell — data NiQ 15t shell
[ = [ = [ = 16| - NI
516 5 1.6 2
[ [ =
] ] g
1.2
212 212/ T
i j: f:
E 0.8 E 0.8 E
2 2 2
0.4 0.4 0.4
08520 8340 8360 020 8340 8360 0520 8360
Energy (eV) Energy (eV) Energy [eV)
4CP GCP 10CP
----- fit ===== LaNi03 seeee it S ([ ] weeee it seess NID
— data MiD 15t shell — data MiD 1st shell — data MiD 15t shell
e | == NI = =
216 21.6] 2 1.6
[ [ [
g g g
ﬁl.z- ﬁl.z- ﬁl.z-
k-] k-] k-]
B i g
w081 w081 w081
g 0.8 g 0.8 g 0.8
] ] =]
= = =
0.4 0.4 0.4
20 8240 8360 Ofh20 8340 8360 020 8340 8360
Energy (eV) Energy (e\) Energy (eV)
2C5 4C5 BCS
----- fit === LaNiD3 e fit eee=s LANIO3 ces fib ee=s LaNIO3
— data MiO 1st shell — data MO 15t shell — data NiD 15t shell
c i - NiQ - NIQ
o 216 2 1.6
B B [5
a a ]
b 212 212
o o o
A A A
o ™ 0,81 ™ 0,81
g g 0.8 g 0.8
a =] =]
= = 2
0.4 4 0.4
Ohz0 8340 8360 Ofhz0 8340 8360
Energy (eV) Energy (eV) Energy [eV)
10Cs
----- fit ===== LaNi03
— data MiD) 15t shell
e | == i
216
2
g
ﬁ 1.21
k-]
B
™ 081
E
]
=
041
20 8340 8360
Energy (eV)

Figure A.31 Linear combination fitting of the XANES spectra for fresh catalysts.
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Table A.17 EXAFS fitted parameters for fresh samples.

Ni-O Ni-O-Ni
pE R pd pE R pd
CN ev) (U) (T10dCCN (V) (U) (T 109 R-factor
Value  4.84 212 2.06 5.81 9.67 -212 297 1356
2Dl Error 051 1.03 0.01 1.73 1.03 1.03 001 142 0.0139
Value 528 -244 2.06 6.82 1057 -2.44 297 11.36
2SEA Error 044 079 0.01 1.50 088 079 0.01 099 0.0078
Value 622 -7.38 196 18.00 4.10 -7.38 3.13 22.95
2CP  Error 153 2.80 0.02 4.27 063 280 0.12 195 0.0097
Value  4.82 -1.12 206 1078 9.63 -1.12 298 11.97
ACP Error 052 0.99 0.01 2.26 1.05 099 001 126 0.0130
Value 629 -231 2.07 752 1258 -231 297 941
6CP Error 042 0.62 0.01 1.26 084 062 0.01 070 0.0033
Value  6.06 -1.97 207 10.15 1213 -1.97 297  8.88
10CP Error 057 086 0.01 2.01 114 086 001 0.93 0.0064
Value 521 -509 201 11.98 054 -509 3.03 875
2CS  Error 056 1.25 0.01 1.82 007 125 0.09 123  0.0066
Value 536 -3.21 203 1195 162 -321 297 7.82
4CS  Error 070 157 0.02 2.43 082 157 0.03 442 0.0190
Value 430 -2.81 204 7.59 860 -2.81 297 18.84
6CS Error 057 1.32 0.01 2.22 114 132 002 228 0.0238
Value 535 -2.25 2.06 8.88  10.70 -2.25 297 12.03
10CS Error 036 0.62 0.01 1.28 071 062 0.01 0.79 0.0044
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Table A.27 Peak deconvolution and assignment of TPR profiles.

H, uptake from  H, uptake from Reduction

H, Uptake

Catalyst  Ni (mmol/g.a) CZ (mmol/ga) temperature (°C) (mmol/g.a) Peak assignment
174 0.07 Absorbed Oxygen
233 0.12 Free NiO
259 0.16 Interfacial NiO
323 0.12 Surface CZ
521 0.02 BulkCz
2DI 0.27 0.29 666 0.08 Bulk CZ
161 0.05 Absorbed Oxygen
230 0.13 Free NiO
246 0.14 Interfacial NiO
309 0.14 Surface CZ
520 0.03 BulkCz
2SEA 0.27 0.27 643 0.05 Bulk CZz
203 0.06 Absorbed Oxygen
237 0.07 Free NiO
269 0.11 Ni*-Cz
315 0.23 Ni?*-Cz
353 0.15 Surface CZ
525 0.01 BulkCz
2CP 0.40 0.28 597 0.13 Bulk CZz
163 0.03 Absorbed Oxygen
239 0.42 Free NiO
264 0.12 Ni®*-Cz
290 0.27 Ni**-Cz
347 0.13 Surface CZ
469 0.16 Bulk Cz
4CP 0.81 0.38 642 0.07 Bulk Cz
163 0.05 Absorbed Oxygen
251 0.45 Free NiO
279 0.36 Ni?*-Cz
345 0.21 Surface CZ
454 0.20 Bulk Cz
6CP 0.82 0.73 617 0.28 Bulk Cz
273 0.55 Free NiO
291 0.48 Ni?-Cz
346 0.31 Bulk NiO
392 0.09 Surface CZ
575 0.22 BulkCz
10CP 1.83 0.83 703 0.35 Bulk Cz
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H, uptake from  H, uptake from  Reduction

H. Uptake

Catalyst Ni (mmol/ga) CZ (mmol/ga) temperature (°C) (mmol/g..) Peak assignmen
Absorbed
185 0.26 Oxygen
217 0.11 Free NiO
273 0.08 Ni®*-Cz
317 0.20 Ni?*-Cz
382 0.02 Surface CzZ
519 0.19 BulkCz
2CS 0.39 0.51 742 0.04 Bulk Cz
Absorbed
162 0.24 Oxygen
237 0.39 Free NiO
274 0.10 Ni®**-Cz
310 0.30 Ni®*-Cz
364 0.05 Surface Cz
4CS 0.79 0.35 540 0.07 BulkCz
Absorbed
150 0.30 Oxygen
232 0.46 Free NiO
273 0.13 Ni®*-Cz
304 0.26 Ni?*-Cz
347 0.20 Surface CzZ
502 0.05 BulkCz
6CS 0.86 0.54 700 0.06 Bulk Cz
Absorbed
174 0.08 Oxygen
253 0.17 Free NiO
283 0.64 Ni?*-Cz
341 0.45 Bulk NiO
379 0.16 Surface CzZ
10CS 0.52 0.41 512 0.10 Bulk Cz
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Figure A.61 TPR patterns and peak fittings for different catalysts.
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Figure A.81 SEM images of spensamples.
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Figure A.117 TGA of spent catalysts for reaction with pure catalyst.
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Figure A.127 Relationship between the initial CQ conversion and the surface Ni
concentration on different catalysts, defined as szies that showed a reduction
temperature of less than 285 °C for bulk synthesis techniques and less than 235 °C
for the surface synthesis techniques.
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APPENDIX B. SUPPLEMENTARY INFORMATION FOR

CHAPTER 3
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Figure B.17 XRD diffractograms of 10NiO/CZ, 2NiO/CZ and CZ.
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Figure B.2T Peak fitting of TPR profiles for a) CZ, b) 2NiO/CZ, c) 10NiO/CZ.
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Table B.11 Peak parameters and assignments from peak fitting TPR profiles.

Peak Position H2 Uptake

(cn?) (mmol/g) Peak Assignment
337.0 0.08 Adsorption of H
460.3 0.34 Surface CZ
Cz 604.5 0.12 Bulk CZ

195.6 0.13 Adsorbed Q@

250.6 0.22 Surface NiO

315.1 0.23 Bulk NiO

368.6 0.16 Interfacial CZ associate with Ni
2NiO/CZ 461.1 0.22 Bulk CZ associated with Ni

176.5 0.12 Adsorbed Q@

252.1 0.41 Surface NiO

302.8 1.11 Bulk NiO

367.2 0.22 Interfacial CZ associate with Ni
10NiO/CZ 423.4 0.10 Bulk CZ associated with Ni
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Figure B.3 1 Pyridine adsorption followed by FTIR spectroscopy upon
thermoevacuation at 250 °C, 350 °C, and 450 °C for a) CZ, b) 2NiO/CZ and c)
10NiO/CZ.



Table B.2 1 Peak position and area of pyridine adsorbed on Lewis acid sites at
different thermoevacuation temperature for catalysts and the CZ support.

Sampe Name

Temperature Cz 2NiO/CZ 10NiO/CZ
(°C) Pos (cm) Area (a.u.) Pos (cm) Area (a.u.) Pos (cm) Area (a.u.)

150 1442.3 0.54 14425 0.47 1443.2 1.25
250 1443.9 0.19 1443.6 0.19 1443.2 0.59
350 1444 .4 0.06 14425 0.12 1443.2 0.25
450 1446.5 0 14425 0.1 1443.2 0.21

a)

b)

c)

Figure B.41 Separation of peaks at 1443 crhfor LPy, and 1437 cm! for carbonates
for a) CZ, b) 2NiO/CZ and c) 10NiO/CZ.
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