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1. INTRODUCTION

One of the problems of today's society is to secure the supply of energy and fuels through environmentally
sustainable processe$hemassiveemploymentof fossil fuelsn power plants and transportatigithat has
characterized our society until todayas led tassues such as the emissiohmoleculesharmfulfor human
health or dangerous to the ecosysterincreasig concentrations ofpollutants such as NO CO or
greenhouses gasses like £I0ring the last centry have ledto environmental anchealth concernslin this
scenariogdifferent solutions have been implementediteduce the impact of thossubstancesFor example,
renewable sources of ener@re an interesting source to supply for energy demaadd various ways to
convertor store emissions- such asCQ storage deviceshave beenimplemented.In order to efficiently
convert harmful substances intthemicalsit is important to search for process that transform pollutants
and waste productito inert substancesr useful compoundsAmong these processasethane conversion

to valuablechemicalshas taken a lot of consideration in the recent years. Methane can be converted to
syngas, a gas mixte of high energy content, composed B0 and K Syngascan be therused as fuel oas
reagentin industrial processeslso depending on the;KCO ratiosuchFischefTropsch synthesis, methanol
process, carbonylation or hydrogenatifiiThis conversiorof methaneto syngascan be achieved by

different routes, such as reformirgy partial oxidation[1], [2]

Among different kinds of ferming, dry reforming of methane is one of the most ingsting options, as it
allows the conversion of two major greenhouse gasses,d@ CH, to syngaswith a H,:COratio around
1:1. To catalye thisreaction,noble metals have been widely usddr dry reforming of methane, thanks to
their high caalytic activity and their resistivity to carbon depositiordowever, noble metals are not
indudrially applicabledue to their high cost and loavailability [3] ¢ K I { Qahne of tKedmost commonly
used metals is kel which providessomparableactivity to noble metals, without the heavy cost of the
latter. [4] However Nickelcatalysts aresensible to deactivation by cokiagd by sinteringwhilenoble metal
catalysts are moreesistive against carbon depositiofi], [5]. So, in orderto developcatalystswith an

industrial applicabilityextendingtheir lifetime is one of the key issueli]

Although numerousstrategieshave been developetb solve the issueelated to coke depogion, suchas
partial oxidation of methane (POMhis phenomenon cannot be avoided in the long run, makirggucial

the develgpment of alternative solutions to extend the lifiene of catalys$s.

In this project, catalysts will be studied for a process in whichrefigrming of methaneand nitric oxide
reductionreactionsare involved. Coupling those two reactions allows eliminatethe carbonthat deposits
onto the catalysts during DRy exploiting theoxidizingpower of one of the biggest pollutants in the
atmosphere, which has reached tens of millionstamislyear of emissionsnitric oxide This pollutant is

responsible for acid rain, photochemical smog and ozone {ugldso that its conversion into unharmful
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substances is needed to avoid ecological consequehig oxideis currently emitted mainly from power

plants and posproduction capture systems applied to natural gas turbines are currently avaj@b[&]

The process is adaptable to different souraad concentratiorof CH, CQ, NO-i.e. fluxgases from different

industrialplants- possibly adjusting the reaction temperature to obtain the best syngas yields.

1.1 Dry Reforming of methanel¥RM) process

Dry reforming of methane isprocess that converts G@nd CHinto syngas.

CH,+ CO,, — = 2CO + 2Hyy, (1)

4(g) 2(g)

The reaction is endothermiayith a YH°=260 kJ/maju at 750°CSq major conversions will be achieved
high reactiontemperatures] 2 § SASNE (G SYLISNI (0 dzNB R 2 S aAsQinattex gifad, Ay Ff

both products and reagents aiavolved in ¢her reactions in the process

COyqyg) * Hyg) CO* H0 (2)
CH4(g) — C+ 2H2(g} (3)
2C0, Ci) + COy (4)

CQ that flows into the reactorand H produced by DRM readtia reversewater-gasshift reaction (2), an
endothermic reaction with &H=34 kJ/mokx at 750°C This reactiorcausesa decrease iH:COdesired
ratio of 1:1, making the syngas produced less economicallyald& Other side reactions involveoke
formation. The formation of coke resulfsom CH decomposition(3) andfrom COdisproportionation(4),
also known a8oudouard reactionandleadsto the deactivation of the catalysCOdisproportionation is an
exothermic reaction, so its thermodynamic constant decreases as temperaturs, ngelle CH
decomposition is an endothermic reaction. Reitmer's calculatiormsvsthat coke deposition decreases
overall with increasing temperatures, so the greatest contribution to coke depositiciuésto CO

disproportionation.[1], [2]

Moreover, another cause adeactivationis the oxidation of the catalyst due ©0Q oxidative power.[8]
However5 wa Qa Sy @sibbiR okittavg @Q, BO) and reductiveH, CH, CO )leading to a partial

reduction ofthe oxidized metal tats elementalform. [9]



Dry reformingof methane is a reaction that can be conducted over a wide range of temperatmendg\the
advantages of working at higher temaguresthere is thefact that, beingan erdothermic reactionit is
thermodynamially favored at higher temperaturemoreover, theH,/COratio is higher meaning a higher
economic valuef the product However, working at high temperatures haaso a negative sidéhe high
energy consumiion. [1] Dependingon the reaction at which DRM is conducted¢change in concentration
of reagents and products ocauin order to have an idea of ihchang of compositionover temperature
the equilibrium compositiors of reactants and products haveeen plotted againsttemperature in the

followingFig. 1
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Figurel- equilibrium composition vs temperature obtained from HSC Chemistry assuming 1kmol of iniiatl € and at 1atm

pressure.[2]

1.1.1.Dry Reforming of Methane ®M) mechanism

Dry reforming mechanism has bean object of many discussiaress the mechanism of the reaction depends
as wellonthe support.] 26 SASNE A G Qa ¢ ARRBICOR 2 YO BAikety Rddiekitstly / |
activatedfollowinga LangmuiHinshelwood mechanisnWhile inert materialsare characterized bgnono-
functional pathwayso to say that Ctand CQare both activated on the active metalasic and acid supports
lead to bifunctional mechanismwhere CQis activated on theD I (i | Supgorli &d Cllon the active
metal. Different specific mechanissrwere proposed forvarioussupports[2] L 1 Qa ¢A RSt & | OO
methane activation has diffent steps involving GHspecies (x=@). Either tte steps that lead to GH
formation orthe reaction betweerCH and the oxidantare consideredhe slow steps of the reaction, with

the oxidant beingCQ or oxygen adatoms originating from gdissociationFor -ALOs, Zharg and Verykios
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haveproposed as rate determining steihe reaction betweersurface carbon speciesidthe oxidant [10]

In case of perovskites,specificmechanisnis proposed, which involves the formation of oxycarbonakes.
this caseCQ, which has a lower activation energy than.Cid chemisorbed by the support to form
oxycarbonates species, while methaige actvated on the active metalwith possible influence of the
oxycarborates [2] Overall,the results present in literature are not conclusive asytllepend on reaction

conditions.

1.1.2.Coking

/ 21 Ay3s GSNY dzaASR (2 RSAONAROGS OFNb2yQad RSLBIBAGAZY

The coke that deposits on the catalystdue both to Bouduard reaction, which takeglace below 800°C,
and methane decomposition, ov&50°C Even if the terms carbon and coluere originally usedo differ
these specieswith the first being product of CO disproportionation, and the latter product of CH
decomposition, those definition were somewhaarbitrary, and have been consequentlyised
interchangeablyn the last decadeg12] In this work,the terms @ke and carborare usedinterchangeably

to describe the carbonaceous deposits that form due to both reactid:33.

Coke deposits onto the catalysfsllowing variouspathways: carbon can cover the nickel particles
encapsulating thm, it can block the pores of theatalystreducing the accessibility of reactants to active sites

or develop in form of filaments that cause thatalystto break and be destroyel3], [14]

Depending on thesupports and the reaction conditiondifferent kind of coke is formed different kind of
coke can be deposited over the catalystassified in order alecreasingeactivityfromh (i @norphous
carbon G, filament carbon C (polymeric films and filaments), graphite carbon C (vermicular
whiskers/fibers/filament¥ bulk carbonC and crystalline carbon ggraphitic platelets and films[2] It is
important to uncerstandhow to obtain highly reactive carbons in order to easily gasify the coke that deposits
on the catalysts. Not onlit has been proven that the type of support deeply influence the coking in both
guantity and typd15], but the type of coke is also deeply influenced depending on the reaction thatsause
its deposit.As a matter of fact,ake producedy Boudouardreaction is less reactive than tlime produced

via methane decompositiommethane dissociateon nickel surface and generates @hich is highly reactive

and can react with ¥0, CQor H to be gasified or it can evolve t& . [16]

At the reaction conditions considered for thigocess, coke gasification will occur thanks t@Hnd Cg as

H. helps with coke gasification at temperatures below 650°C. Whild<C®reactant, kO is present thanks



to the reverse wategas shift reaction. Gasses react with coke giving respectiggdyoducts CO and CO and
Ho. [17]

1.2. Nitric OxideReduction

Nitric oxide reductionis the step choseras a solution to cokindeposition Here, coke is employed for its
reducing abilitiesFlowing nitric oxide into the reactor, th@kethat isdeposited duringDRMcanreact with

NOvia the following reactios(5):

C* XNO — > CO,,*+X2N, (5)

(9) x(9)
(x=1,2)

The reaction is@thermic, with aYH of -203 and-576kJ/mok for x=1andx=2at 750°18]

However, nitric oxide can react with other specimrt fromcoke NO reductioncanoccur bothreacting
with Ni particles (30600°C), giving Nand NO as products andwith the coke deposited on the particles,
producing N, CQ and CO (mechanism significantly present above 672X} Oformation is competitive
with that of CQ, given thehighereconomicvalueand interest in applicatiof CO compared t&€Q, the

temperature range chosen is the one in which CO productitavged i.e. 656850°C.

The mechanism proposedlitu et alinvolves the formation of anJ0 intermediate from two NO molecules

subsequently MO decomposes to MNndthe remainingO atom oxidizsNi to NiO (XRD).

High temperatures play a role in facilitating the Nicatalyzedevolution from NO to N. [18] These

mechanisms have been represented in Fig. 2.

“\’ (1) () @ Sd »
, @ P
D - = 6 & ;s
L d ®

J.
HC C®

N® 0@ ALO,

%% g

Figure2-Schematic representation of NO oxidationrigkel (1) and by coke deposited nitkel (deposition of nickel (2goke
removal (3)) [2]
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Finally, we must consider thamnethane could be reduced also by thane and hydrogen that arpresent in

the reactor, as thetudies aroundNO removal tehnologies have showin the last decadeg19], [20]

1.3. Catalysts

To increase the catalytic activignd avoidundesired side reactions O (desigRighé k&yQThe catalysts
proposed are constitutedby an active part and a support. The active paotsists innickel nanopatrticls,
while the support has the rolef dispersngthe metalnanoparticlesaffectingboth theinteraction with nickel
and the size of particleghe supportcan have various properties that modify the affinayd/or the
adsorbtion of gasses involved in the proceBs evaluate the role of different supports in ttegtalytic activity,
both the nickelpercentage a the catalystand the technique to deposit were maintained the same over
the different catalystsn this thesis work

To deposinickel an economic, reproducible and simple way hasn chosen: weimpregnation.

To chooseahe quantity of Nl loadingto impregnate on the supports, previous works have beensidered
to optimizethe nickel quantityemployed Highernickel content leads t@a highernumber ofcatalytic sites,
leading to an increase of the catalytic activiiyf it alsodecreases thepecific area of catalystsd the metal
dispersion This is dugrespectivelyto the blockage 8 (i KS & dzLJdd t8Jh&kdcredsi? diisikel
particle size Moreover, nickel content is related téhe quantity ofcokethat is deposied on the catalyst
during the procesNickel contenhas beercommonlyused for DRM reactiom a content between 10% and
15%, so these percentages can be consideredtaadard.[1], [15], [21[24]

Moreover, commercial catalysts with m@ickel percentage around 13% have been developedCfBM
processes, showing a good stability5] So, h order to obtaingood catalytic activitieandéi 2 & U dzR &
deposit andts removalthanks toNO,nickelloadingwaschosen as 13%he quantity also chosen id. Hu et
al.work.[18]

1.3.1 Properties ofthe supports

Among various aspecthat need b be evaluatedor the support€2 O KtBein@irSones are cited belaw
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industrial application

- thermal stability catalystsmust beresistantto high temperaturs, as dry reforming of metlaneis an

endothermic process conducted between 50000°C

- surface area: this must be as large as possible to proti@eatalytic activity, without compromising the

mechanical stability of the catalyst.

- sinteringresistancesinteringcan be decrased through homogeneousanoparticlesdispersion methods,
that allow controlling the size of thdatter [9], and through supportdavoring strong metal support

interaction

- metal supportinteraction(MSI) A strong MSI is essential to ensure good dispersion of Ni particles, on which
Ol i I pedfarmiadic@ depends. Ni particles are thus dispersed on a support in the fonanoparticles

and the higher the MSI, the lower the risk of sintering. In additioetrong MSI leads to more amorphous
carbon being formed during DRM, which discourages the formation of nandilkerecarbon. Carbon
nanofibersare a problem as they tend to settle at the Ni/support interface, leading to the detachment of
nickel from the substrate. Amorphous carbon can be ozidi to CQ if enough vacancies are present and
oxygendiffusionon the substrate surface is possible. A strong MSI interaction also facilitates the transfer of

3d electrons of Ni to the supportielping withthe acivation of adsorbed C{6). [25]

CO+\Wp+2e->CO+@ (6)

-acidity/basicity:the presence of basic sites helps with the gasification of carbon deposits, while acid sites
promote cokedeposition. Basic sites help as a matter of fact with &3orption, given the higher affinity of

this acidic molecule with the support; by increasing chemisorbegdo@@he surface of the catalyst, carbon
dioxide will be able to gasify coke (C +»C® D). As acidic supports have less Ci@@misorbed onto the

catalyst, the carbon that deposits onto the catalyst will be less easily gasified. So, carbon deposition and
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ageing of the catalyst will be partially prevented on basic suppl@@3$Therefore, supports with strong Lewis

base character will be investigatg@.7]

-oxygen mobility¢ KS LINBaSyOS 2F Y20AtS L GGAOS 2ERBAyY KSf

and with coke deposits as well, as it leads to carbon oxidation to CO (see[2fér)

- presence of vacanciesxygenvacancies interact with botieQ adsorbtion,coke deposition mechanism
and NOreduction.Oxygen vacanciegromote CQ adsorbtion, increasing coke gasificatidmNO removal,
the redox capacity of the substrate plays an important y@esoxygen vacancies alloWwO adsorption.This
can influence alsdlO decompaosition mechanisrasat hightemperaturesin perovskitegawo NO molecules
adsorted at adjacent site€an decomposePerovskitesxides catalysthave a general formula AB(see
after in chapter 1.3.2, with A cationsurrounded by 12xygenanions and cation B surroundég 6oxygen
anions If the cation B can be oxidized,samultaneousoxidation ofthe B atom occurs together withNO
adsorbtion, ancelectrons lost irB atom oxidation go intoNOantibonding orbital, forming NGpecies. This

speciecaninteract with an adjacent NQgiving Nx(g).[28]

1.3.2. Supportdor catalysts

In order toinvestigated dzLJLJ2oNJn Boéh catalyticactivity and on the type of coke that is depositezh

the catalyst, different supports have been chosen.

The first support investigated A>0s;, an inert supportwhich isthe most common support used for dry
reforming ofmethane, andalso the support chosefor the chemical loopingvork of J. Hu et al[15], [18]
ALQ; is acheap and readily available substraféumina morphology also plays an important role in catalytic
activity and catalyst stabilizatioAluminacatalystsbenefit of ahigh surfacearea, goodthermal stability and
the ability to dsperse nickel welPossiblgoolymorphsinteresting for catalysis N5 + ¥ h | y R ° LIK
phase is the one with the largest surface area, however it shows probiegasdingthe formation of the
NiALOs spinel at high temperatures, which increasedesiing and decreases its reductive capacity. However,
in Wang et Lu. woiR9], +-ALO; was found to be the catalyst with the highest catalytic activitging
compaed with h- ALOs;, MgO and Si@ In this paper ‘ -AbOs highest activityis explainedthanks tothe
presence oktrongMSI interaction of Ni nanoparticlesduced fom the spinel.[30] This strong MSI provides
great resistance to sintering and cokjreg- -ALO;s is the first support chosen.
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As AbG; is amildly acidic support, it does not faciltia the adsorption of CQ, which is itself an acidic
molecule.[31] So, tofacilitate CQ activation, systems with bas@ations oroxygenvacancieswill be taken

into consideratiorto allow a better CQ coordination

To choose the next support fdhe process supports with high metals support interacti@me taken into
consideration Among those, ginelsoxidehave been studied for DRM reaction due to their stability at high
temperatures.[32] Spine$ are a class of compounds witeneral formula ABX:;, with the anionX being

oxygen, sulfur, tellurium, selenium or nitrogéRig. 3)[33] Theirstructure isbased on a cubic close packing

of anions, while cations are inside tetrahedral andabetdral sitesAmong his wide class, oxygen spinels

have been studied thanks tbeir high stability ancffective dispersion of active metal particl¢34]. Spinels
oxidescan 6 S Of I & &dh T& IIRYERIDa sichdd MgAD, spinel¢ Fig. 4 andA y4-2& LIA Yy St & ¢
(A*B,**Os). [35]

Figure 3 Schematic representation of spinel's unit cell, \ Figure 4 Schematic representation of
cation A in a tetrahedral site and cation B in octahedral MgALO; [30]

site[29]

Among spina, magnesium aluminate spinel (Mg®J) has been investigated for dry reforming thanks to its
good chemical stability, thermal stabilifynelting temperature above 2000¥@nd mechanical strength.
Those characteristics, together with tasicityand its resistance to sintering, makes ivalid support for
DRM procesd15] This spineprovides a strong metapinel interaction which causes partial insertion of Ni
into the spinel and subsequent deformation of the lattened formation ofoxygenvacancies. This could be
a promising scenario to disuragethe oxidation of N andto encourageat the same time the dsorption

and dissociation of G@ue to the presence of vacanci¢32]
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Toinvestigate further supports,grovskites represent galid alternative The termPerovskitevas originally
used to indicatehe CaTi@mineral whichwas discovered blyev Sinovsky in 1838bsequenthawide class
of materials with the same crystal structure has been identjfiadd sothe term dperovskitd © SOl Y S
AYGSNOKIy3aSEoft S g A iTHosecomiBinBshiela ganesal férihabeg whdzhSand B

are cations, withcation A biggerin sizethan B, andhe anion X either (N, S, Te, Sear a halde.

Thanks to their peculiar structurasfable oxide perovskites can be obtained witB0% of metallic natural
elements of the periodable; thisfeature allows them to be used in a large variety of reactions, as supports
or ascatalystg.36] Their peculiar crystal strugte determines the coordination number of the cations,
respectivelyl2 forcationA and 6 for §Figs. 5 and 6)37], [38]

" A-site
cation
B-site
cation
Anion
Figure 6 Schematic representation of oxide
Figure5- schematic representation of ABX3 perovsKise§ perovskite structur¢31]

Ideally, perovskites have a cubic structurayhere cation A is surrounded by 12 anions X and cation B
surrounded by 6 XThe cubic uit of the structure has a B cation in the corner, coordinated with 6 oxygen
atoms in an octahedra, and the center of the cube is occupied by an A cation. This structure can alternatively

be viewed with A in the corner and B in the center of the cube.

Theideal cubic structure can be distortedepending on the radius of cationgiving most commonly
orthorhombic or rhombohedral distortiongherefore a tolerance factord) was defined by Goldschmidt to

measure this deviatigrreported in equation (6)[2]

O 1 1Ml i (6)
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This formula is applicable at room temperature, and the empirical ionic radius of the iohhe ideal cubic

structure has d factor of 1, but stable structures can be obtained withfactor between 0.75 and 136]

Thosecompaunds in addition to having excellent thermal and redox stabilitye materialswith a flexible
nature, both chemically electronicallyand in terms of theircrystal structureThis characteristi@llows to
tune the desiredproperties such asphotocatalytic activity, optical properties, ferroelectric properties,
superconductiity, magnetic properties, mechanical andlectrochemical properties As for their
disadvantags they usually demand high calcinati@emperatures resultirg in low surface area values,
usually around @ n?/g. [2] Overall, the versatility of perovskites makes them interestingnaterials for

catalyst designfovariousreactions among themCO oxid&on or NO reduction

Perovskites camextend their poperties by doping,e.A and B cationsan be partially substituted with other
ions [40], [41] The possibility tosubstitute the original ions with ionef different oxidation numbes
(aliovalent dopinggffects both catalytic activitgnd structure of the catalyst Structural e&fectsdevelop in

the perovskite structure indeed, having an impact in both catalytic activity and oxygerlitpobaused by

the nonstoichbmetry of the doping [36] In fact subsitution with a cation whose oxidation numbés
smaller than the originadne leads to arexcess of charge of oxygen that, not being anymore compensated,
is partially releasedforming oxygen vacancies. Those vacancies are very importanir iprocessas they
allow to coordinate molecules with oxygen terminal atoms and they increase xtgea mobility of the

catalyst, helping with cokggasification [38]

Among theperovskitesstudiedas support for DRNhere isCaZrOs. Itwas chosen due to its thermal stability
and redox and acitbase propertiesHavingalkali metalsas A catiorincreases the stability of the materias$
it decreagscoke accumulatiothanksto the increased C&zhemisorption capacitydue to the metal's Lewis
basicity In addition, alkali metals promote catalyst reducibility, generatiegv active sites[2] CaZr@has
been investigated fosteam reforming of methangiven its ability to improveoke gasificatioand enhance
H. yieldwhen used as promoteiThis is due tdavorablewater adsorptian that leads to water dissociation
As a matter of factCaZr@cancreate a great number of vacanciesH, containingatmospheres, due to the
reaction of the perovskite witlir, to createoxygen deficienperovskite Then water can adsorb othose
vacancies andherefore react with thereduced oxygen deficient perovskite to give &hd oxidized
perovskite [42], [43]As Dry Refioning of methane benefits as wélbm H, reductive atmosphere and water
production from reverse water gas shift reaction, timterestingproperties of CaZrgcan be applied alsto

our processto have astable catalyst with enhanced; Hroduction.

Finally, another perovskite substrate was studiedaFe®@ LaFe® is amongthe large common oxide
perovskites that has an orthorhombic structure. It involves ansfe@ahedral unit, where La cations are
implanted among the octahedral units. Here3Fiens are positioned at the centers of slightly distorteti>O
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octahedrals[37] This supporthas, as the previous ondyasic sites that favor G@dsorbtion In addition to
that, the support has great affinity towards Nking as a matter of fact one of theerovskitecatalystsfor
NO reduction Among otherlanthanumperovskites oxides that catalyze NO reduction, Lake#3 chosen
for hisstahlity at high temperatursin a reductive atmospheréndeed,Fe*can bereduced only at very high

temperatures Thisallowsthe support to be stable in DRM conditiofig], [44]

1.4. Real application scenarios

For industrialapplications of this project, it is necessary to ensure a-posgtbustion C@sourceanda NO
source. Usually, N@oming out of combustion is around 18800 ppm, bunitric oxideis also produced in
chemical processes (plastics, explosives...) using aitid or nitrates or nitrites, glass industry, metal surface
treatment operations and nitric acid production-826 NG). Largest NO emissions are found in flue gases of
power plants (0.1% NO;3% Q, 10-15% Cg) and in tail gases of nitric acid prodwetiplants (0.2L% NO,
2-3% 02)To ensure the flow of C{and NO, it is necessary to have two industrial plamgsroximity, which

can be problematic for the territory and the quality of life of the inhabitants close to the plants. Therefore,
an alternatve can be tofuel a DRM plant with gasturbine. This represent an interestingway to provide
energy as they can be built in a few months and employ relatively little capital, as well as being adaptable in
size.[6] In gas turbines, NO emissions ditge tohigh flame temperatures that involve oxygesactionwith
nitrogen present in air (thermal NQOhydrocarbons and Nreaction (prompt NO) or organic nitrogen
compounds that oxidize to NO when buKfiiel bound tonitrogen (FBN) NYO[45]

Aside from the ecological side of the procdsss important toremember that this process would allow a
double gain, given botthe conversiorof waste gases and theproduction of fuel with naCQ net emission
asCQ emissions areurrently taxeddue to their environmental impactTakinga look at the efficiency of the
process gas turbines have net efficiencies of-80%, rising to 60% if heat recycling systems are ,used
compared with46% and 60% for gas enginefich havanuch largeemissions. Furthermore, G@roduced

by nitric oxide reductiorcan be refluxedinto the reactorto react viaDRM, ensuring.complete conversion

of CQ, and avoidingcOemission into the atmosphergl6]

Finally we must remember thattiis process lfbows NO conversioviawaste and greenhouse gassegoiling
the employment ofsubstances with a higher economic valuepresenting an alternative taurrent NO

emission treatmentvith NHs.

17



1.5. Aim of this thesis

In this thesis the aim is to investigate the coking problemiokel based catalysts for dry reforming of
methane and to offer a solutio® YLJ 2 8 Ay 3 02\ S DaiobtairEstaliterahdiegbomic éatalfsts,i &
different supports will be taken into consideration in order to determine which properties of the supports
give stability and high catalytic activitythe process. Moreover, the type of coke produced during M

be related with the support, and to the easiness with which coke is removed by nitric oxide.
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2. EXPERIMENTAL

2.1. Catalyst preparation

Catalystavere preparedvia wetchemial environmentafriendly synthesisusing water as solvent. In the
first stepthe supportwas obtained, themickel oxide nanoparticlesere depositedn the second steplo
obtain the activeform of the catalyst, a reduction is needeith order to reduce nickadxide andobtain

metallic nckel this was carried outia a 5% ktreatment.

2.1.1 Qupports

Four different supporthave been taken into consideration.

Commercial -AbO; wasused as first supportMerck,  99.95% while the other three have beerobtained

via wet chemistryoutes

The second support isMgAbO, spinelcoated! -ALOs. The spinel has been obtaing a coprecipitation
synthesis using precursors of the metals in stoichiometric amoutttsobtain around 4g of support
Precursors useavere Mg(OH) (SigmaAldrich,95%)and -ALO; (Merck, 99.95%)Mg(OH) precursorwas
dissolved in aroun®0 mL of HO with stoichiometric quantity oHNQ (65%, Sigmd#ldrich to obtainthe
correspondingnitrate salt. Then,’ -AbO; was suspended in around 150 mLH© and added to the previous
solution. The solutiorwas heated at 80 °@vernightunder stirringuntil complete evaporationthen the
product wasgrinded,and apowderwasobtained The powder was then calcined @90°C for6 h to obtain

the spinelalumina phase.

Finally, to perovskites have been synthetized via @itrate selfcombustion route. [47]
Stoichiometric quantities ofnecursorsof the metal cationsvere dissolved in arounsd mL of wateH,O for
each cationand HN@was used to disolve cations if needed hencitric acid monohydratéSigmaAldrich
X o was digsolveth HO and added to the solution of the cations in orderdmordinate thecationsas
a complexing agenthe solution washenheated at 200°@nder stirring conditions andasified withNH:OH
(SigmaAldrich 28-30%)drop by drop until pH -B. This pH allows citric acid to be completely deprotomkte
so tobetter disperse homogeneously the metal catiolbe solentwasevaporateduntil reachingasolution
volume of around 100 mL of solution, then the solution was transferred in a metiebfor the gel
formation and selcombustion. The gel was formed under 100 mL of total solution volume, ahds

composed bya network of metal catins/metal nitrates linked with citrate ligand3he gel was dried
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overnight at around 100°C and then heated at 300°C to obtain theeseibustion(due tothe exothermic
decompositionof NHING;, formed fromthe reactionbetweennitric acidandammonig, whichthen causes
the decomposition of all the gel organic content, with a development of gaseous products HOOand
NQ). A porous solid was formed afteombustion, then this solid was grinded in order to obtain a powder
which isfinally alcined at the appropriate temperature to obtain the perovskitease CaZr@has been
obtained starting fromprecursorsZrO(NGQ).; and Ca(Cg). (SigmaAldrich, 99%) minimum quantities of
HNQ were used to dissolve Ca(g}OCitric acid was used in a molar ratio citric acid/total number of cations
of 1.9 ratio optimized by the research group. Thitle product wascalcired in a muffle fol6 hat 1400°C
(heating ate: 5 °C/min)o obtain minimum impurities

LaFe®@was synthetized usinhaOs (SigmaAldrich, 99.9%) dissolvedn HO with the aid of HNQ, and
FENG:):IHO (SigmaAldrich, 98%) Citric acid was used in a molar ratio citric acid/total number of cations
of 1.1, ratiooptimized by the research grodpr ferrites. The product wadinally calcined in a muffle for 6 h

at 800°C (heatingate: 5 °C/minYo obtain the final product.

After calcinatiorntreatment, all solid samples obtained were grindeddbtain solid powdersThe supports

have been obtained with a yield afound80-90%

2.1.2. Nickeloxide nanoparticlesleposition

Nickel oxide deposition has been obtained by a simplet impregnation.Ni(NQ).8H0 has been used as
precursor stoichiometricamount ofprecursorwas dissolved iaround 20 mlof HO and thenadded to the
suspension of thespecificsupport in water (around 50 mLjo obtain catalystsith a 13% loading of
metallic Nickel after H-reductive treatment All sampleswere dried at 80°C overnighinder stirring
conditions thenkept for 2 hours at 120°Cral the solid obtained was grinded to powddinally, samples

were calcinedin a muffle furnacet 650°C for 6 houréeating rate’5°C/min)

2.1.2.Reductive treatment

To obtainthe active form of the catalysts, reductive treatment in 5%:How in Ar or He was used reduce
NiO nanopariclesto Ni. The temperaturefor the reduction was chosen after-HPR experimenisThe
reduction treatment wasarried outin situ before each OV coupled withNOreductioncatalytic testtook

place
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2.2. Characterization of samples

X-ray powder diffraction (XRDyeasurements were péormed to identify the crystalline phases present in
the samplesthanks toJCPDS8atabase references for diffraction lines positions and intengityruker D8
Advance diffractometewas enployed, equipped with a Cu$6urce {=0.154 nm) and operating in Bragg

Brentano geometryXRD patternsvere acquired in & * I'-80frange, with steps ob.02° and well time of

0.35s.

H>-temperature programmed reduction (TPR) was performed to determinestiraples reducibility on a
Micromeritics AutoChem Il 2920 equipped with a TCD detector fmoHcentration monitoring. 50 mg of
sample were heated up until 900 °C for all samples and 600°C for perovskites samples under a 50 mL/min

flow of 5 vol% Hin Ar,with a ramp of 10 °C/min.

H. pulsedchemisorption waperformed on all catalyst® determineNidispersion and average particles size

after an in situ reductive treatment. The same instrument as for TPR was used. The following procedure was
employed: first,about 50 mg of sample were reduced under 5 vol%irHAr at900 °C forNiO/AkLOs and
NiO/MgALO,-ALO; samples andat 600°C for the perovskiteatalysts. Then catalysts werecooled downto

40 °C in the same environmerand finally, B was repeatedly pulsed at the sartesnperaturefor 20 times

the total amount of chemisorbedtivas quantified through the TCD detector.

N2 physisorption was carried out on a Micromerit®kSAR020analyser, to calculate the specific surface area
(SSA) by means of the BrunattenmettTeller (BET) modebamples were degassed at 300°Cefbrunder
reduced pressuréaround0.013 mbar) before adsorptiortook place Then analysiswasconducted at196

°C, collecting0 pointsbetweenat p/p° = 0.02 andp/p°=1 (linear range of the adsorption isotherm).

Scanning electron microscopy (SEM) imagere acquired with a Zeiss SUPRA 40 V P microscope, setting the
electron acceleration voltage at 5 or 10 kV. Eneatippersive Xay analysis (EDX) was coupled to SEM for
elemental quantification, at 20 kV electron acceleration voltage, probing a largeoasample (rectangle of

Kdzy RNBR&a 27%). >Y SI OK &ARS

X-ray photoelectron spectroscopy (XPS) was performed with a Thermo ScientfalRB QXi spectrometer,
SYLX 28Ay3 | Y2y20KNBYFGAT SR £ Yh a2d2NOS 6KA T wm
spectra were acquired at pass energy 100 eV, resolution 0.5 eV/step and dwell time 25 ms/step. Elemental

guantification was carried by integration photopeaks after Shityge background subtraction.
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2.3. Catalytic Tests

2.3.1. Dry Reformingad Nitric Oxide reduction

Dry reforming of methaneoupled with nitric oxide reduction was performed on the four samplesquartz
tube fix bed reactor (ID 6 mm), loaded widbout50 mg of catalyst sandwiched between two quartz wools,
with a thermocouple mounted upstream of the bed. The reaction mixture was composgdai¥o Chl 5
vol%Q0,, 1 vol% KD andAr, for a total flow rate of 100 mL/min and@HS\of about 12000h, depending
on the catalystFurtherexperiments were conducted usinge@action mixtureof 25 vol% CHk 25 vol% C&

1 vol% NO and Ar, for a total flow rate of 100 mL/rBieforethe catalytic experimentareductive treatment
was peformed to obtain the active form of the catalystsisinga 5% H flow in Arand increasing the
temperature until 900°C foALO; basedsamples and 600°C for perovskimplesas suggested by TPR
measurementswith a ramp of10 °C/min Then catalytic measurements were conducteat 750 °C. The
reaction mixturewasanalyzedoy an online Agilent Technologies 7890A gasomatograph, equipped with

a TCD detector; a condenser to trap the generated water was employed between the reactor and the GC

2.3.2.0-TRO

Temperatureprogrammed oxidationwvas conducted in order texamine the quantity and type of coke that
deposits onto the catalyst during the catalytic tesfsound 25 mg opostreaction catalystswas loaded
between two quartz woolinto a quartz tube reactocoupledwith a thermocouple, a done in the catalytic
tests before.A flow of 5% Q in He for a total flow rate of 100mL/minwas usedto carry out TPO
measurementsand the temperature was increaseda rampfrom room temperatureo 900°Camp of 10
°C/min and then decreasedait 10°C/min The reaction mixture was analyzed by an-lime Agilent
Technologies 7890A gakromatograph, equipped with a TCD detector; a condenser to trap the generated

water was employed between the reactor and the GC.

2.3.3.NOTPO

Temperatureprogrammed oxidation wasarried outin order tounderstand how NO can remotee carbon

formed that deposit®nto the catalyst during the catalytic tests. Arour@irdg of postreaction catalysts was

loaded between two quartz wools into a quartz tube reactor coupled with a thermocouple, as done in the

catalytic tests before. A flow &6NO inAr, for a total flow rate of 200mL/min, was used to carry out TPO
22



measuremats, while the temperature was increased in a ramp from room temperatur@$0°C (amp of
10 °C/min and then kept at 750°C f& hours The reaction mixture was analyzed by anlime Agilent
Technologies 7890A gabkromatograph, equipped with a TCD dettar; a condenser to trap the generated

water was employed between the reactor and the GC.
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3.PHYSICOCHEMICAL CHARACTERIZATION
3.1. Characterization of calcined catalysts

3.1.1 XRD results

XRDis a helpful technique that allows do identify crystalline phases of the MRE pattern®f the four
calcinedcatalysts are here reported; for eacltalyst both thesupportand the post impregnatiosample
have beencharacteried. All graphs showing comparison among different samplesport normalized

intensities of XRD patterns.

1 - NiO/AEOs

—— NiO/AlLO
+ e

Intensity (a.u.)

+ + + ALOs

¢ NiO

20 30 40 50 60 70 80
2d (A)

Figure 72 w5 LJ (  SANG sugbdri(blacK) Snd of the posimpregnation(red)catalyst

XRD patteraof the first support and impregnated catalyaste reportedin figure & ¢ K S  3A8kIeJ2 NI ¢
present in the catalyst after impregnation; however, there is a slight anticipation of its reflexes, which is clear
AY (KS NBFfSEQGHKI ' AKXFEMci2FuIR ccXdec FFGESNI AYLN
due to the presence of kO, spinel that can easily be formed during calcinati®d]. However, from XRD
pattern its presence is not clear as its reflexes are hindered 46 Bioad reflexesSo,further analysiswill
be performed in order to understand if the spinel is presgeiechapter3.1.6).
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2 - NiO/MgALOs-ALOs
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v+ ~ NiO/MgAl O,-AlL.O
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MgAI,0,-Al,0,

+ AkGs

! MgALO,
¢ NiO
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Figure8- XRD pattern of thd&1gAbOs-AbO; support(black)and of the posimpregnation catalyst(red)

In figure 8 XRD pattera of our secondsupport MgAIO, and NiO/MgAbOs-ALOs catalystsare shown The

support hasroadpeaks dueo the overlap ofdifferent crystalline phases, in particulstgAbOs and ALO:s.
The presence of both phases can be seen by lookitigeavery broad peakat H * 5,3°67,8° where the

reflexesof the two compounds arenore separate moreover,the presence oboth also accounts fothe

asymmetry of the reflexes at  45° andH ‘ 60°. We can clearly see the presence of MiGhe impregnated

catalyst thanks to & characteristic peaksvhile NiAIO4 that couldbe formed during calcinatiorhavepeals

that would overlap withboth MgALOs and A}Os, so further experiments are needéskechapter 3.1.4).

3-NiO/CaZ6s
° .
NiO/CaZrO,
—— CaZrQ,
°
°
;‘_- ° A ZrQ
S| el sy e e
I A U0 . || Y P Y
e - ® cazr@
c
[0] .
E |, ¢ NiO
°
| ﬁ o o
°
__Ai#AJW .n__w__Jt_,NL,__ N\l____ﬂ:,._..\k_.f\\_, ~
20 0 40 50 60 70 80

28 (°)

Figure9- XRD pattern of the CaZy8upport(black)and of the posimpregration catalyst(red)
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Figurel0- Zoom of the XRD pattein the ranged ‘=28-34°0f the MgAOs-ALOs support(black)and of the posimpregiation
catalyst(red)

XRDpattern of the third support(Figure 9showsthe perovskiteCaZ0s. The perovskite phase wasesent,
with little traces of Zr@impuritiesthat can be seemooming at around 2=30°, as showeh figure 1Q The
perovskite has an orthorhombic structure, as seen by XBdks this structure is te stable perovskite
structurefor the calcination temperature chosen (1400°C), while after 1900°C suhature is formed48]

After impregnationNiO was clearly seeatn ‘ 37,3 andH ‘ 47,3

4 - NiO/LaF&s
— NiO/LaFeO,
— LaFeO,
¢
3 _L_Ju 6 o
[ LaF&®s
¢ NiO
ML_A_J\,_N_L_A__,L

26 ()
Figure 11 XRD pattern of theaFe0; support(black)and of the posimpregnation catalysfred)
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In figure 11,our last support LaF€©s; and the catalyst NiQ/aFe® after calcination are compared The

perovskite LaFe{s the only crystalline phase present in thgpportand ithasan orthorhombic structure

as expected49] NiO broad peaks appear clearly after impregnation and calcination, and no modification of

the perovskite support was observed.

3.12. N2 PHYSISORPTION

N. physisorptiorallows tomeasure porosityit is an important parameter as pores increase the surface area

of the catalyst, which can improve the catalytic performance as reactants can adsorb both ontée

surface of the sample and on its porg88] Physisorption isothermavere measured by degassirige

samplesto remove volatileg300°C, 6h)then nitrogenwas fluxed to ensurabsorption at liquid nitrogen

temperature (77K)The quantity of gas adsorbe@mmol/g) was plotted against the equilibrium relative

pressure p/8, where fis the saturation pressure of the pure adsorptatehe operational temperaturgs0]

The so obtainedsotherms are showed below:
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Figure 12N, adsorbtiondesorption isotherm of NiO/AD;
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0,4 0,6 0,8 1,0
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Figure B- N, adsorbtionrdesorption isotherm of Ni®IgALO,-Al,Oz
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The linear plot of the physisorption isotherm was interpreted through the 1985 IUPAC classififz@ijon
ALO; based samples showed isothermvih a shape betweeisothermtype Il and Va (figures 12 and 13)
The catalyst is thusharacterizedy thebehaviorof mesoporous material and a macroporous or nonporous
porosity,which causes the amount of adsorbate to change to infinity af gEpe hysteresis loop is a mix of
type H1, i.e. associated with materials with uniform mesopores within a narrow r@&mgé¢he other hand
perovskites sampleigures 14 and 15howedtype lllisotherm that accounts fomacroporous/ honporous

porosity, and a lysteresis loopH1 typedue tothe mesoporosityof the materials.

Thanks to Brunaudemmaet Teller method (BET), an estimation of the values ofshdace areaof the

different samples can be made, aisdeported below in table below:

Table tPostimpregnation catalysts have been analyzed by calculating BET surface areaphisiSorption measurements

Sample BET surface are@n?q)
NiO/ALOs 104.6794
NiO/MgALOs 61.5471

NiO/CaZr@ 3.0267

NiO/LaFe® 6.3601
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Samples show different values of surface area based on the properties of the material and synthesis
conditions. As NiO deposition was done with the same synthesis conditions(1&&0°C, 6h)it is the
differences among thesupports of the catalysts that causéhe difference of values in surface area.
Commercial AD; support showed the higher surfa@ea, that diminished at around half its value when
coated with MgAIOs, which needed and additional calcination treatment at 900°C, with consequent
sintering. Perovskites samples showed the lower values of surface area, as eggc@aZr@perovskite
needed high temperature of calcination (1400°C) to obtain domounts ofZrQ impurities, so surface area

is the lowest due to sintering of the support. Lak@®@rovskite, on the other hand, was obtained @mse
crystalline phase using a calcination temperature of 900°C, that allowed to obtain higher surface areas

(doublewith respect to CaZrg).

Moreover, N, physisorptiongives information about th@ore sizedistribution of the different materialsia
the Barrett, Joyner, and Halenda meth{8JH, based on the physisorption equilibrium isotherrfil] BJH
method utilize the Kelvin equation under the assumptionhaivingan equilibrium between the gas phase
and the adsorbed phase during deption, determined bytwo mechanismsphysicaladsorption of N
moleculeson the pore walls and capillary condensation in theer capillary volumesKelvin equatiorn(7)
relates vapor pressure depression to capillary radaliswing to have a relationship between the volume of

the capillary condensate and the relative pressys]

170@0 ¢ ¢, Bud popp M2¢d MH Q (7)

With,, the surface tension of liquid nitrogetthe liquid molar volume of nitrogen “the radius of capillary

in cmand”Ythe absolute temperaturén K

In the following figuresl1(6-19) desorption isotherms were used for BJH analysis.
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The pores are mainly distributed f6liO/MgAbOs-ALOs in peaks between 3 and 4 nm and between 4 and 6
nm pore width and for NiO/AIO; around 3.5 nm and between 4 and 9 nBeing he pore width distribution

between 2 and 50 nm, thse catalysts armmesoporous material§53]

Perovskites samples habeggerand fewerporesthan thealuminabasedsamples andoverall,less porosity
Pore volume iswo order of magitude NiO/GazrO; have amore varied pore sizdistribution, mainly before
2 and after 6 nmthis variety in its morphology is also appreciable in SEM in@fghs catalyst. NiO/LaFeO
catalysthaveits pore size distribution mainly aftefO nm of pore widthand pore volume double tan

NiO/CaZr@ in accordance with their surface area values.
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3.1.3.SEMEDX

SEMcoupledwith EDX wagerformed onthe 4 supportsand on the respectivegpostnickel impregnation
catalysts AbOs, NiO/AbOs, MgALO4-ALOs, NiO/ MgAbOs-ALOs, CaZds, NiO/CaZ0s, LaF®:s, NiO/LaF©:s.
Here, in figures20-35, SEM images aneported toinvestigate the morphology of the samplashile EDX

results can providéhe compositions of the posmpregnation catalysts with a depth of hundreds of.nm

EHT = 5.00 kv Signal & = 5E2 Date 1 Mar 2023 . . EHT = 5.00 kv Signal & = 5E2 Dare -1 Mar 2023 ZEIXS
WO = 7&mm Photo Mo, = 24770 Tima A7 043 |—| WO = 7.6 mm Pheto Mo. = 24771 Tima A7:18:18

: ) aach _ ol . L : .
EHT = 5.00 kv Signal A = SE2 Date 1 Mar 2023 r EMT = 5.00 kv Signal A= SE2 Date 1 Mar 2023
WD= 74mm Photo Mo. = 34774 Time :17:39:48 WD = 74 mm Photo Mo. = 34776 Time 17:50:27

Figure22- SEM image diliO/ALO; at 5000x magnification Figure23- SEM image dliO/ALO; at 25000x magnification
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Signal A= SE2 Date :8 Mar 2023
Phato No. = 34829 Time :1043:35

EHT = 5.00kV Signal A= SE2 Date -8 Mar 2023
WD = 7.5 mm Photo Ne. = 34831 Time :11:00:13

% LN T £ TR

Figure 24- SEM image of MgAD,-ALOs at 5000x Figure 25- SEM image of MgAD-ALO; at 25000x
magnification magnification

) b M | f

EHT = 500 kV Signal A = SE2 Date 8 Mar 2023

WD = 74 mm Photo No, = 34836 Time :11:27:37
(s i = i Z - 5 3 ¥ ] i 2 7 TEOWE LTeE 3 TR 7 - |

Figure 26- SEM image ofNiO/MgALOs-AbO; at 5000x Figure 27- SEM image ofNiOMgALOs-ALO; at 25000x

magnification magnification

EHT= 500K SgalA-SE2 Date +15 Mar 2023 EHT= S0k Signal A = SE2 " Dete 15 Mar 2025
WD = 7.5 mm Photo No. = 35173 Time :16:51:30 WD = 7.5 mm Photo No. = 35174 Time :16:57:05
Figure28 - SEM image of Ca@fat 5000x magnification Figure29 - SEM image of Ca@at 25000x magnification
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Figure31 - SEM image diliO/CazZ0; at 25000x magnification
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Figure34- SEM image of NiO/LaFe& 5000x magnification Figure35- SEM image of NiO/LaFg&t 5000x magnification

£

From SEM images analysis no particular informatiasretrieved about the morphologies of the samples

while EDX measurements allowed &malyze the compositionsf the materialswith a depth of around
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hundreds of nmAt this depth, the element quantifitianisSNB LINBaSy G G A GBS 2F I ¥
so to say that the compositions obtained amat strictly bulkcompositions butare representativef a much

higher depththan XPSompositions.

EDX measurementere made ompostimpregnation catalysts tetudy their composition and compare EDX
results with nominal results expectedalculatedusing the stoichiometryemployed during the synthesis

Results areshown in table? below:

Table 2 EDX elemental quantificatiorzse here reported, calculated without considering the oxygen content, by analyzing square
areas of around 40800>m of samples. Posipregnation catalysts are taken into consideration, and EDX results are compared with

nominal compositions based on the eioyed stoichiometry

Atomic Composition (at. %)

FtY2

Sample Analysis Ni Al Mg Ca Zr La Fe
NIO/ALLOs Nominal 16.9 83.1
EDX 22.9 77.1
NiO/MgAILL,Os-AbOs; | Nominal 11.1 73.5 154
EDX 12.3 76.4 11.3
NiO/CazrQ Nominal 15.8 42.1 42.1
EDX 23.8 379 383
NiO/LaFeQ Nominal 20.8 39.6 39.6
EDX 24.4 36.7 38.9

The table showa good accordancketweenexpected compositions and EDX reséfdtsalmost all samples

However,Ni atomiccompositionsare in general higher #n the theoretical onesThis might be due to the

impregnation synthesis used to deposit nickel onto the suppiisvever more information will be gained

by comparing EDX results and XPS compositions in chapteriB.arfler to understand how the elements

are distributed in thebulk and surface of theatalysts
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EDXatomic ratios obtainedn both supports and postnpregnation catalystare compared in table,3n

order to understand if the support composition changed with impregnation.

Table3- EDX @mental quantificationsire here reported as ratio of cations of the support, calculated without considering the oxygen
content, by analyzing square areas of around-800>m. Both supports, posimpregnation and posteduction catalysts have been
taken into consideration-AbOswasmQ i O2 Yy AARSNBR a (GKS adzZlll2 NI KlFLa 2yteée 2yS OF i

Atomic Composition (at. %)

Sample Al/Mg Ca/zr La/Fe
MgALO,-ALO; 8.3

NiO/MgAbLO,-ALOs 6.8

Ni/MgALOsALO; 7.0

CaZr@ 0.9

NiO/CaZr@ 1.0

Ni/CazrQ 1.0

LaFe® 1.0
NiO/LaFe® 0.9
Ni/LaFe®@ 1.1

The ratio among the cations is keptmost constant after impegnation of Ni. Only Al/Mg ratio in
NiO/MgAbOs-ALOs catalyst slightly diffexfrom the ratio measuredor MgALOs-ALO; support; thismight be
due to the migration of ions that happens duringaiadtion, when the support is modified to fon NiAO,
spinel (seehapter 3.1.1. and 3.1.1.

3.1.4. H>-temperature programmed reduction ¢HPR)and XRD patterns of the
reduced catalysts

H-TPR experimestwere conductedon all postimpregnation catalysts in order to study the reducibility of
nickel oxide particlesa gas mixture of 5%kL/Ar and a temperature ramp from 25°C to 900°C at 10°C/min

were employed Hydrogen consumption was measured by Bét@ctor, and the data achievedallowed to

measurethe quantity ofH, consumed by the catalysts to be in their active phadereover, XR[patterns of
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the postreduction catalysts will be gained tbtain information about the catalysts in their active phase

their XRD pattermvill be showedogether with the calcined catalysts, i.e. the catalysts before the reductive

treatment.
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Figure36- Ho-TPR experiment on NiO#8k

NiO/ 1 -ALO; exhibited 2 reduction peaks @00 °Cand 00 °C(figure ). The first reduction peak is to be
FGGNROGdzG SR (2 bAh -ABG. The $e€ondipyald [Gid&Imaximung & 708°¢ arsshoulder
at 78°C.This peak at high temperatures isalto a strong interaction of Nickel and aluminehile the
shoulder atreduction temperatures abov&00°Cis probabl due to the formationof NiAbOs spinel as
reported in literature [54]¢[56] As a matter of fact -ALO; is prone to the formation of the nickel spinels
at high calcinion temperatures nickel ions gain sufficient energy to integrate in the aluratiece to

produce the spinel[30]

After H-TPRXRDanalysis was made &ee the crystalline phases present in fiwst reductionsample. The
XRDpattern of the post reduction catalystis shown inthe graph below together with the pe-reduction
catalyst(postcalcination NiO/AD:s) (figure 37):
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Figure37- XRD pattern oNiO/ALO; catalyst posicalcination (red) angostreduction (black)

XRD patterrshow that all NiO phase is completely transformed into metallic Ni due;teedtuiction. No
information could be retrieved about the presence or the reduction of liAdpinel due to its peak positions

that overlap with Ni, NiO and Ak peaks; so furtheanalysis will be needed (see XPS analysis, chapter 3.1.6.)
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—— NiO/MgALO,-ALO,
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Figure38- H-TPR experiment on NigALOs-Al,Oz
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For NiO/MgAbOs-ALO; (figure 3B), a first peak at around 400°C was detected, due to surfacewdiakly
interacting with MgAIO,, as for the previous catalyst. A second and a third peak were detected respectively
at 700°C and 800°6igh reduction temperatures are due to spinels strongly interacting with Nickel particles.
The second peak is very broad and has a left shoulder before 62@3@ right shoulder at around 746°C
suggestinglifferent strength of interaction Among the peaks between 600°C and 80@f¢kel could enter

into the magnesiunaluminumspinelto form nickel aluminum spinel. To investigate this possibility, XRD of

the reduced sample was analyzedthe graph belowfigure 3):

¢
NiO/MgAI204-A|203
t Ni/MgAl,0,-AlO,
¢ o
+ + + ALOs
\ ¢
= j t ¢ MgAEO:
2 * ¢ NiO
(2]
o
g * Ni
- .
. NIALO4
|-
I M

20 30 40 50 60 70 80
2d (A)

Figure 3 - XRD pattern of NiMgAl,Os-ALO; catalyst postcalcination(red)and postreduction(black)

XRD pattern of the postalcination and posteduction catalyst showed differences in the peak at around

2[ = 66°. The broad peak is symmetric in MIQALOs-ALO;, and has the contribution dflgAbOs-AlLOs, Al.Os

and possibly MilOs reflexes. When the catalyst is reduced, we can see a significant change in shape of the
peak, that accounts for the loss of a contribution in its left shouldeithis 7 ,the latter contribution is most

probably due to the presence of the spinel, tlesn be reduced (totally or partially) during the reductive
treatment to gain the active phase of the catalyStLJA y St Q& LISI 1 &8 MgAB-AOfand € 4 0!
ALOsLISH 1as GKFGQa gKeé AGQa RATTFAOMZ ( At fiod Bis ARD&  LINE

analysis shows complete reduction of crystalline NiO to Ni.
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Figure40- H-TPR experiment on NiCAZ0s (until 900°C)

For NiOCaZzZ0; (figure 40), a peak aound 400°C was detected, # is NiO weakly interacting with the

surface. The shoulder at 500/&due tomore strongly interacting nickel with the perovskifg7]

—— NiO/CaZrO,
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Figure4l - XRD pattern of NiGCaZ0s;catalyst postcalcination(red) and post
reductiontreatment (black (until 900°C)
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After reduction treatmenf{figure 41), the XRD pattern indicates thatl NiO was converted to metallic.Mis

NiO reduction isompleted before 600°C, anothep-fIPR experiment was madieating the sample from

room temperature to 600°C with a heating rate of 10°/mBbtaining the reduced formof the catalyst at

lower temperature is beneficial both to avoid sintering of the sample anbbteer the energetic cost of the
OFdGlrfeadQa LINBLINFYGAZ2Yyd | FiS Ndasinfadeato Veriyt theSchidplatd R dzO (
conversion of NiO to Necomplete reduction of NiO was confirmég XRD patteriisee Appendi%.1).

4 -NiO/LaFe®
— NiO/LaFeO,
— LaFeO,
T T T T T T T
200 400 600 800

Temperature (°C)
Figure42- H-TPR experiment on Nik#Fe0; (black) compared to LaFe@ed)

Finally,NiO/LaF&; reducibility was studie@nd is compared with that of the support in figurgd.A broad
peak with maximum at 400°C and a shoulder at 500°C was seerespextivelyto NiOweakly interacting
and more strongly interacting with the perovskitBhen, from 750°C perovskite reductio took place. Té
partial reduction of the perovskitexplains the formation oE&0; seen from XRD patteraf the reduced

catalyst(figure43). [58]

It is possible to see a slight shiftloJS NP @ detiuktidrStémiperatures betweelNiO/LaFe@and LaFe@
LaFe®@shows later reduction t@peratures, as can be seen by the starting temperature of the peak at 600°C
and 800°C respect to NiO/LaReBigher reduction temperatures may be attributed aobigger dimension

of the particles[59]
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Finally, XRDmeasurements were made to evaluate the crystalline phases of the reduced catalysth and

compare them with the posimpregnation ongfigure 43).
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Figure43- XRD pattern of NiaFeO; catalyst postcalcination(red)and postreductiontreatment(black)(until
900°C)

Metallic nickel can be seeim the reduced catalyst, while no nickel oxide was detected, confirming total Ni
reduction after the treatmentsApart fromthe perovskite supportLaQOs is present in the XRD pattern,
accounting for perovskite instability in tlmeductive atmosphere at high temperatura&’hen the perovskite

is reduced LaO; and Feare obtained However, Fe is more difficult to see, asréfiexes overlap witlthose

of nickel Therefore, to detect the presence of Fezoom in the XRD pattemwf the reduced catalyst is
needed as shown below (figuré4):
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Figure44-Zoom ofXRD pattemn of Ni/LaFe@(reduction treatment p to 900°C)

Fe presence can be seen in particularfaftp mc X G KIFyl1a G2 GKS &aK2dzZ RSNJ LINE

To evaluate whethenickel oxide is completely reduced aftbe peakat 600°Ca TPR treatmenwascarried

out reachinga maximum temperature of 600°C The reduced catalyst was then studied via XRD

measurementgfigure 45):
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Figure45- XRD pattern of NiO/LaFeg€atalyst postcalcination(black)and postreduction treatmenired)
(until 600°C)
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XRD pattern of the reduced and peastpregnation catalyst show the complete reduction of NiO wéth
reductive treatment at 600°(figure %b). No LaO; was detected by XRM[@ue to the milder conditions of
reduction that allow to keep the perovskite structuintact. Howeveras seen in HTPR measurements
(figure 42), LaFe@is slightlyreducedunder 600°CUnder H flow, Fe cations caaxit fromthe perovskite
structure, formingperovskitessub-stoichiometricin iron, with the latter that can eitheform iron oxides or
be reduced toits metallic phase, as reported in literaturfg0] Thanks to an analysis of nickeflexesin

Ni/LaFe@pattern, metallic Fe can be detected, as seen in figrbelow:

—— Ni/lLaFeO,

Intensity (a.u.)

PN * Ni

4IS 5I0 5IS
2d (A)

Figure46-Zoom ofXRD pattern of Ni/LaFg@eduction treatment p to 600°C)

Metallic Fe is particularly visible thanks to tagymmetry of the peak atf252° and to thecontribution on
GKS tSTOIl#TFMBAQa LISI |

In conclusioncomplete reduction of crystalline NiO to Ni was obseriredll samples

In order to evaluate whetheNi' wascompletely reduced in TPR measurements, the quantitiyhafsedin
the experiments wassedto calculatethe amount of Nireduced and compared to the theoretical quantity
of nickel deposited onto the catalysts during the synthelsisrder toobtain this informationthe following

reaction(8) was considered:

0Q00 °0U"Q00 8)
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The acquired datare summarizedh table 4 below:

Table 4 H, quantity (cn¥g) employed in TPR measurements and evaluatiothefexperimental quantity of NiO reduced,

theoretical quantity of NiO present in each sample and the percentage of NiO reduced in each sample

the

Sample Quantity H (cm¥/g) mnio/ g MNiocalculatedd | YNioreduced
NiO/AbCs 39.08 0.13 0.16 79.83
NiO/MgAbO+-AbOs | 45.41 0.15 0.17 91.39
NiO/Cazr® 54.76 0.18 0.17 110.34
NiO/LaFe® 55.72 0.19 0.17 109.33

The table shows thatin aluminabased samples Ni@as partiallyreduced around 80% and 90%or

respectivelyAbO; and MgALO+-ALO; support This might be due tthe presence of the spinel Ni&L, which

needs high temperatures to be reducddowever this difference could be also due to Ni strongly interacting

with the support,i K G R2Say Qi

yS$OSaal NAf &to Brnidhd sginal[§l], A S

Perovskites sampleshowed instead over 106 nickel oxide reductig this might be due to the presence of

other reducible speciagresent in the sample$h-TPR resultsuggested thathe supportswvereeither stable

in reductive atmosphergas for CaZrfor the quantity of Hconsumed by the perovskite suppdradalready

been subtracted for thét, consumedby thesample, as for LaFe(50,t most probablyNithat consumesall

the detected H. This might be explained witkibeingpresentafter impregnationin a higher oxidabn state

than NF*. Nickel ouldbe in its Ni* oxidation state at the interface witherovskites, abas been hypothesized

before in literature fo nickel at the interface witloxygen rickenvironments, such gserovskites[63]

Finally, reduced catalystgere studiedto gain information about the werage Ni crystallite sizealculated

dza A y 3

{ OK S N&aB MBIEXRES hattemililageyage crystallite size was then compared to NiO

crystallite size, evaluated thanks to the pasipregnation XRD patterns of the samples.

For each sample, the average crystallite size was calcw#@&therrer equatiorf9):

°)
o)
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Where is the crystallite size (nmj, a constant related to the crystallite shape (a value of 0.89 assuming a
spherical shape was used)the radiation wavelength (0.154 nm for Cu)K the full width at half maximum
(FWHM) of the most intense reflectioh was calculated using the ref@igon at ¢(—=43.2° for NiO

calculations, and—=44.3° for Ni. The obtainedresults are reported in Tabke

Table 5 NiO and Ni dimension for each sample, evaluated via Scherrer's equation

Support Lo (NM) L (nm)
ALO, 10.7 12.9
MgALO,-ALO, 10.6 16.1
CazrQ 23.9 37.6
LaFeQ 10.5 19.8

Crystallite sizeshows bigger crystallites dimension for Ni than NiO, due toréuicing treatment at high
temperature that causes the sintering of the particles. Moreowehtile NiO crystallite size ammost the
same for all catalysts except NICdZOs, Ni crystallite sizehows an increase in crystallite size in perovskite
based samplesthat are characterized with a weaker interaction with NiO particles, as seen-TPR

experimentsn this chapter

3.1.5. Hx-PulsedChemisorption

Nickel dispersion anadnickel particle sizewas calculated by KHPulsedChemisorption The amount of H
chemisorbed wagvaluated from the areainder the experimentalcurves. A model for spherical particles
was used in order to evaluate the dispersion and size of nigw@particles, under the assumption of having
spherical nanoparticles and tife nature of the crystal planes exposed on the metal suréawtofhaving 1
hydrogen atom adsorbed by eachetallic surface atom[64] The followingequation (10) was usedto

evaluate nickel dispersion
op - 0-PpnrnFE—pnm (10)

Where O is the total amount of chemisorbed hydrogen atoms (experimentally quantified from

chemisorption peaks integration)), the total amount of metal atoms (known from the synthesijs)the
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number of surface metallic atoms and=— the chemisorption stoichiometric factor, i.e. the number of

adsorbed hydrogen atoms per surface metallic atonshereassumed to be Jasreported by Bartholomew

et al in theirH, chemisorption studs on AlO; and SiQ. [65]

Nickel average particle simeas thenevaluatedviathe following equation (11):

(11)

Whereg is a factor derived from the ratioolume/area of the nanoparticles<{), 0 @ is the molecular

weight (58.71for nickel),O is the distribution in %, is the domic cross sectionalarea 0.0649nm?2 for

nicke),” is the (8.9 g/crifor nickel) and)  is theAvogadronumber.

Ni Dispersion anis averageparticle sizeare reported for each sampleelowin table6 below:

Table 6 Nickel Dispersion and Nickel average particle size for all samples

Sample Metal Dispersion Active particle size
(%) (nm)
Ni/ALO, 0.31% 327
Ni/MgALO,-ALO, 0.36% 279
Ni/CazrQ 1.66% 61
Ni/LaFeQ 0.26% 390

Nickel partiaks are estimated tdnave dimensions in the range of 2800 hundred of nanometerfor all
samples except Ni/CazZs@n those samples, nickbbas smalledimensionfor aluminabased catalystsjue

to the strong interaction between the metal and ¢hsupport Smaller nickel particles have been found for
Ni/MgALOs-ALO; (279 nm),followed by Ni/ALO; (327 nm), as suggestdd H-TPR experimentby the
reductiontemperatures that accoungdfor the strength of the metasupport interaction in the samplésee
chapter 3.14.). Ni/LaFeD; shows bigger particle dimension (390 nm), whishdue tothe low interagion of
NiO with the support (see chapter 3.1.4owever, this trend is ridollowed byNiO/CaZr@ whichhasthe
smallest particle dimension despite being the support with the weaketeraction with NiO particleg¢see
H-TPRresults) The latter result couldiot be rationalizecomparing it with the results obtained by the other
experiments not being in accordance witH>-TPRXRD and XPS data acquired to characterize rsipkeles

in the samplesThis might be du¢o the model employed to obtain the dispersion and particle simeension
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that was used under different assumptions suchoaving spherical particlehaving 1 hydrogen atom
adsorbed by eachickel atom and bhaving onlyhydrogen chemisorption due to the nickel present in the

samples[64]

3.1.6 XPS

XPS was empyed at first forsemiquantitative surface compositions analysis of tieduced catalysts
Ni/AlLGs, NifMgALOs-AbQOs, Ni/CaZ6s, Ni/LaF€s. This analysiallows toinvestigate the composition of the
first 510 nmin depth of the catalystsXPS compositiorean be compared to theominalvaluesand to EDX
results that accounfor anl f Y 2 & (i compbsitibnkige. EDX is able to investigateound1 >m depth. A

graphical visualization of this comparisangiven by figure47¢50 below.

XPS analysig & LISNF2NXSR o0& Ay dS3aNI G Adyuding Yhe Eeyisitiviiyt f&cOrS y (i & ¢
implemented in the XPS softwawvehich accounts fothe ionizationcrosssection, i.e. the probability, that
depends on a series of parameters such as the specific brBitar to that, a Shirley type background was

made.Obtained atomicompositionsare shown in the table below:

Table ZXPS @1n Y'Y RS LI KIe>m HeptR) eléntental quamtifications for each metal, calculated without considering the
oxygen contenare herereported together with thenominal values, based on sample stoichiometigte: for EDX, the anatgd areas

are squares of 48600>m side

Atomic Compositiondt. %)

Sample Analysis  Ni Al Mg Ca Zr La Fe
Nomind 16.9 83.1
Ni/AlLO3 EDX 16.1 83.9
XPS 6.3 93.7
Nominal  11.1 73.5 15.4
Ni/MgALOs-ALO; | EDX 21.7 68.5 9.8
XPS 7.0 83.9 9.1
Nominal  15.8 42.1 42.1
Ni/CazZrQ EDX 23.8 37.6 38.6
XPS 42.2 39.5 18.2
Nominal  20.8 39.6 39.6
Ni/LaFe@ EDX 25.1 38.9 36.0
XPS 52.9 27.4 19.7
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Figure47- Comparison between XPS, EDX and nominal compositions in atomic percentage
eachmetal for Ni/Al,O; sample
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Figure48- Comparison between XPS, EDX and nominal compositions in atomic percentage
each metal folNi/MgALOs-ALO; sampe
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Figure49- Comparison between XPS, EDX and nominal compositions in atomic percentage
each metal for Ni/CazZe3ample
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Figure50- Comparison between XPS, EDX and nominal compositions in ptroeatage for eac
metal for Ni/LaFe@sample

Theresultsabove allowseveralconsiderations abouthe catalysts. First of alt,shows that nickedlistribution

in the surface and bulk of the catalysts is different in aluniinaed catalysts anith perovskites catalysts.
Perovskites catalysts show thaickel ismore presentat the surfacethan in the bulk, asickel atomic
compositionis double in XPS results compared to EDX déteminal compositions aréower than EDX
compostions (asEDX- with its 1>m analysigdepth - accounts for compositions that are mediated between

bulk compositions andurface compositions these results support the hypothesis that Ni is prevalent on
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surface ags expecteecausehe synthesis choseis an impregnation methadvhich deposits nickel onto
the surface of the supportdHowever, this changes withluminabased catalysts, wherbli XPS derived
compositions are less #n half of Ni EDX compositions. Thisesence of nickel in deeper levels of the
catalystscan be explained with the diffusion of nickel atoms into the structfrthe supportto give nickel

based spinel Ni&D;, that is in agreemenwith XRD and XPSalysis(see below)

In both perovskies catalysts, XPS results show a difference in A and B catioosntrations: iNi/CaZrG,

Zris present in lower concentrations then @@a, 2 Zky), while inNi/LaFe®@, La XPS concentration was
around 2/3of Fe concentrationEDXatomic compositions show, on the other hand, a good accordance
between the two cations compositions, as expected by the nominal valles.might be explainedith a
surface migration of the ions Ca and La respectivhbt, most probably formoxygenrich species such as

oxides, hydroxides ararbonates species.

XPS dtailed spectraof the main regions have been acquiredimproveinformation abou the oxidation

state of the elements distributed on treurface of the samples.

At first, XPS detailed spea of N2pwas acquired foall reduced catalyst$o investigate thesurface species

present in the catalysts.

— Ni/ALL,O,4 Ni(OH), Ni
NiALO,
3
8
2
K7
c
[
=
I T T T T T T T T
890 880 870 860 850

Binding Energy (E) (eV)

Figure51- DetailedXPSpectra of Ni 2p photopedhr Ni/ALO; sample

From Ni 2p photopeak is possible to see the presencetao contributions: metallic nickebat 8529 eV, as

expected, and a Nspeciecontribution at8553 eV. The latter specievas attributed asickel hydroxideor
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both its binding energy position and peak shape (figare 52) as expected for impregnated nickel
nanoparticles after reduction[66] The presence ofhis specieis probably due to metallic nickel that is
oxidizedback when put in contact with the aifhis explains why ({@H); is visibé in the XPS spectra and not

by XRD measurements, as only the magperficiallayers of metallic Nare oxidized backHowever,this
phenomenong 2 y Qi 02y OSNY G KS OF (| dséaialis® will k2rdd@ddiadd trerF (1 K
directly tested for catalytic activity using the same apparatiis, order to avoid the oxygenontaining

atmosphere of the air

Moreover, it is possible tgain additional information about nickel species by compaNhghotopeak with

reference Ni and Ni(Obphotopeaks stowed in figureb2 and 5Jelow.
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Figure52- Detailed reference XPS spectra of Ni 2p photopeak Figure53- DetailedreferenceXPS spectra of Ni 2p photopsa
Ni(OH) [67] for Ni° [67]

Bycomparing Nphotopeak withthe reference peaks (figurg2-53), it isevidentthat an added contribution
around 858.1 e\fs present in the spectralhis contribution can be centered at around 858.1 eV, and it
accounts for the presencef @ Ni' specie besides [@H). , that is in agreement with how expected for this
element in NiAIOs spinel. To verify this hypothesisl2p photopeaks weracquired(see after), and revealed

0 KS aLJAy S.tThsicontriblBoa Sayi Oetributed to NiALO, spinel thanks tocomparison with
literature andin agreement withwhat suggested by TPR rétsu[68]

Ni/MgAbOs-AkOs was analyzed asell with a Ni 2p scan tstudy the nickel species presantthe surface of

the reduced catalysffigure 5):
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Figure54- Detailed XPS spectra of Ni 2p photopeak foMyRLOs-ALOs; sample

The reduced sample sived the presence of Riand Ni"' speciesat respectively852.8 eVand 855.7 eVNi'
specie has been attributed as before to Ni(@Hbyesent afterreduction treatment because ofthe re-
oxidation of thenickel particleswhen the sample isair exposed.By comparingNi 2p photopeak with
referenceNi® and Ni(OH)photopeaks (figures 533),it appears that an additional Ntontribution is present

in the sampleas for the sample beford his contribution at around 858.1 eV can be attributed to theedpi
as expected frontiterature and TPResults.

Niin perovskites samplesagstudiedas well, and N2p and Ni 3pscanswvere obtained and analyzedlli was
analyzed ifNi/CaZr@ sampleviaa Ni 2p scan, while NiO/LaFe@as analyzed with Ni 3p detailed spectra
due to the interferences of La 3d in Ni 2p region. Ni/CaRliQpscan $ reported in figuré&5 below:
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Figure55 - Detailed XPS spectra of Ni 2p photopeak for Ni/Caza@ple

Ni/CazrQ@ showed the presence of both metallic Ni 285 eV) andNi(OH) (855.3 eV).As for the other
samples, while Ni is expected after the reductive treatment in 2PArHNi(OH), detected by XPS analysis is
due to partial reoxidation of Ni particles due to air exposure after the treatment. Howeveoxidation is
expected to affeconly the most superficial layers of nickel particlas being the layers in contact with air;

no crystalline bulk NOH), was detected by XRD results (see chapter 3.1.4.)

Finally,Ni 3p scan was obtained fbli/LaFeQ catalyst(figure 5):

— NilLaFeO,| Ni

Ni(OH)

Intensity (a.u.)

AN

76 74 72 70 68 66 64 62
Binding Energy E (eV)

Figure56 - Detailed XPS spectra of 3i photopeak for NilaFeD; sample
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Ni peak was detecteih the scan, as well as a contribution at around 68th&t, wasattributed to N{OH)

as for the samples above.

In conclusion, all reduced samples showed Ni presence in their surface, afHy Montribution that is
due toair exposure after the reductive treatmeriiowever re-oxidation of the ctalyst is supposed to affect
only the auter layers ofnickel particles, as suggested by the absence @HNi in XRD patterns of the
reduced catalysts in chapter 3.1.4.. Moreowveatalysts will be reduced and then directly tested for catalytic

activity,therefore avoiding air exposutéat could compromise their activity.

Also the other spectral regiord the have been acquiretb obtaininformation aboutthe surface species

present in the samples.

Detailed Al 2p, Mg 1s, Ca 2p, Zr 3d, La 3d argplseans have been obtained for the respectieduced

catalysts and are shown below in figures-63:

— NIALO, o, —— NilMgAL,0,-Al, 0| ALO:
? NiALO,

NiALOq MaALQ
g 2

Intensity (a.u.)
Intensity (a.u.)

78 7I7 7I6 7I5 7I4 7I3 7I2 7Il 70 78 ' 7I7 ' 7I6 ' 7I5 ' 7I4 ' 7I3 ' 7I2 ' 7I1 ' 70
Binding Energy (E) (eV) Binding Energy (E) (eV)
Figure ¥ - Detailed XPS spectra of Al 2p photopeak for BAI Figure B- Detailed XPS spectra of Al 2p photopeak

sample Ni/MgALOs-ALO; sample
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Figure ®- Detailed XPS spectra @flg 1s photopeak for Figure 60- Detailed XPS spectra &@a 2p photopeak for

Ni/MgALOs-AbO; sample Ni/Caz0; sample
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Figure 61- Detailed XPS spectra &r 3d photopeak for Figure 62 - Detailed XPS spectra @A 3d photopeak for
Ni/LaF&; sample
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Figure 63- Detailed XPS spectra dfe 2p photopeak for
Ni/LaF&s; sample
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The cktailed spectraacquired abovehave showed the expectguhotopeaks characteristic fahe elements
of the supportsin their typical oxidationtates. Al2p scan shows iNi/Al,O; samplea clear contributiorto
ALO; peak (74.1 eV)of NiALO, spinel in the shoulder at74.7 eV. InNNi/MgALOs-ALO; catalyst, Al peak
broadensdue to MgALO, spinel contribution at thdeft of NiAbOs spinel (around 75.4 eV, as shown in
literature. [69] A part from the confirmation of the expected oxidation stafesthe atoms of thesupport,
Mg 1s scan hashowed the presence af peakat 1303 eV which is attributed tMg° thisis due tothe
exchange oMg?*ionsof the spinel phasby N, as previously sedn literaturefor catalysts withhigh nickel
loadings[70] For perovskite catalystthe expected oxidations state¥ the metal cations in the perovskite
phases were observ€g®, Zr*, L&*, Fe*), aswell as a contributiorof F€ to F&* peak visible af07 eV in
accordance with posteduction XRD result§s7], [71]
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4. CATALYTIC ACTIVITY

4.1. Dry Reforming of Methane and Nitric Oxide Reductidfirst tests (5% CH5%

CQ, 1% NO)

Dry Reforming of Methane and Nitric Oxide Reductiatalytic tests were madever all samples. Catalytic
activity was tested after a preeductive treatment in 5% #Ar flow in temperature ramp (10°C/min, from
room temperature to 900°C for alumidzased catalysts and to 600°C for perovskitased catalyts, as
suggested by HTPR experiments in chapter 3.1.3jter this steptemperature wasdecreased until 300
100°Candthen gas flow was changed with a gas mixture of 5% &K ©,, 1% NO and Aandtemperature
risen wntil 750°C Catalytic activity was maared thanks to conversion percentages of reactants and yields
obtained from percentages of the gas detected after the readitmreover, XRand XP$ata of the spent

catalysts weresollectedto evaluae how the catalysts changetiiringthe catdytic process.

1 - NiO/AkOs

The first catalyst tested was NiO#8 the temperature wasincreased from 300°C at a heating rate of

10°C/min and then kept constant at 750W@bnversions and yieldata are reported in the graphs below

(figures64 and 65, respectively)
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Figure64- CH and CQconversionys timemeasuredor NiO/AbOz at 750°C under gas stream 5% Chl 5% ©», 1% NGor 360

minutes
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Figure65- CO yieldss time measured fadiO/AbOs; at 750°C under gas stream 5% Chl 5% ©;, 1% Ndor 360 minutes

The catalyst shoghigh conversion ratefor both CQand CH CH showscomparableconversiorto CQ in
the first 160 minutes with CH conversion slightly higher than €@ne. This might be due also tdO that
can react with Ckbf the reaction mixture As a matter of fact, NO was not detectbgt TCD detector,
therefore suggesting total NO conversion due to reaction with the gas mixitice,to coking formationTo
verify this hypothesidNO concentration in the gas mixture was chanffedch 1% to 1.5%fter 160 minutes

subsequently CHconversionincreasedof around1% and CQ conversion diminished of around 4,5%0
takes part in reactions (12) and (18)low:

2NO +2CO —— 2N,+ 2CO, (12)

2NO +2Ni ——> N, +2NiO (13)

bh NBRdzOGA2Y AGK / h OlFy 0S 02y TdonknSdkondséncrdase@as & A S
shownin figure65. The change itOconcentrationhas animpact on DRM reactiorl) and reverse water

gas shift reaction (2)esulting in a change in methane and carbon dioxide conversions.

XRD pattern of the spent catalyst was acquiaed is shown in the pattern belo(figure 66), together with

the postimpregnation and posteaction catalyst for compé&on figure 67:
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Figure66 - XRD pattern of poseaction NiO/AIO; catalyst
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Figure67 - XRD pattern oNiO/ALO; catalyst postcalcination (red) angostreduction (black)

Fromthe XRDpatterns it is possible to see thahe catalystduring the reactionis partially oxidized By
comparing the posteactionXRD patterrin figure66 and thepostreduction catalystNi/AlLGs in figure 67, it

is evident that a parof Niis oxidized bacto its oxideform NiOafter the reaction The oxidation of Ni can
0S SELX IFAYSR 0@ ,lashseed in 2hapteR. Kocwstallineidle Jvak) detected aftethe
process, sadry reforming of methane reaction was tested for the same time on the same catalyst to

understand if coke was formed and removed by l0f 1 KS O2y RAGA2ya 2F GKS LINE

deposition
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Conversions and yield are reported in the graphs bdfigures68 and 69, respectively)
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Figure68- CH and CQconversions vs time measurta NiO/AOs at 750°C under gas stream%# Chl 5% ©; for 360 minutes
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Figue 69- CO yield vs time measuréa NiO/AbO; at 750°C under gas stream % Chi 5% ©, for 360 minutes

DRMshowed comparable activity to DRNMdnitric oxide reductiorprocess. CHconversion was slightly
higher; this might be due tmore metallic Ni that avoids oxidation due to [g@sence so Ni is more present

in its active formwhich is keyor CH conversion. Cgronversion values are equivalent in the two processes,
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while DRM has a slightly lower CO yield, tteat beinfluenced by the reverse gahift reaction and will have

an impact on the total MCO ratio.

The spent catalyst was analyzed via XRD pattenvistigate the presence of deposited carbon. XRD pattern

of the spentpostdry reforming reactiomNiO/ALO; is shown below:

— postreactionNiO/Al,O,

+ ALGO;

® Ni

Intensity (a.u.)

20 30 40 50 60 70 80
2d (A)

Figure70- XRD pattern of pogeaction NiO/AIO; catalyst

After DRM, the catalyst showedlbOs; and Ni typical peaks, as shown in the figure abdvi®©® was not
detected after the process, thereforenfirming that nickel oxidationoccurredin the previous test due to

NO oxidizing ability(see fgures 66-67). In order to understand if NO oxation of the catalystcan be
influenced by the temperature at which the reaction mixture is injected, further experiments will be carried
out to understandhow to preserve the catalyst in its active phalie. carbon was detected as well by XRD
pattern, so in conclusiothe conditions (time, temperature,ral reactant concentrations) were not enough

for coking.Consequentlythe next experiments will be conducted for a larger period of time (15h), keeping
temperature am the reactant gasses the same as befdviareover, the temperature of injection ofthe

reactionmixture was changed as webging lowered from250° C to 100° C.

NiO/ALO; tested for 15 hours for dry reforming of methane coupling with nitric oxide reduction ghee

conversions and yield data reported in the graph$obe(figures71 and 72, respectively)
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Figue 71- CH and CQconversions vs time measurd NiO/AbOs at 750°C under gas stream %o Chl 5% ©,, 1% NO for 90(
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Figure72- CO yield vs time measurém NiO/AbO; at 750°C under gas stream©# Chll 5% ©;, 1% NO for 900 minutes

The graphs above show high catalytic activity in the first 400 minutes of reaction, time in@@iahd CH
conversionsof CQ and ChHlgo to approximately 0%, as CO yield. The rapidedee of their value is in this
amount of time is in strong discordance with what obtained in the first experinestéd, that had the same
conditions but for the time of stream (360 minutes). A scan be siethe first6 hoursof reactionthe
behaviorof Ni/ALG; is very different ingraphs71-72 and graphs64-65. The difference among the two

processes was the temperature at which the gas stream was injected into the reactor. While in the first
62



experiments the gas mixture was injected at 250°C (aftergrereduction treatment), in this experiment

the mixture was injected at 100°@s NO has a strong oxidative power that can oxidize nickel particles into
their inactive form NiGthe difference of the graphs in the two experiments could be due to atiedion

of the catalyst due to nickel oxidation, that is most severe when NO is injected at lower temperatures (100°C).
This can be confirmed by théRDpattern of the spent catalyst, which is showrfigure73. Having observed

the relevance of the injdion temperature on the results, further studies have been carried out to evaluate

the more adequate conditions for catalytic activity investigation.

— postreactionNiO/Al,O,
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+ + ALOs

=
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Figure73- XRD pattern of poseaction NiO/AIO; catalyst

Asexpected, the XRD pattern shows almost no metallic nickeldsfit was converted to NiO..8% support

gl ay Qi ,nadad Il ard&Rtogain more information about the difference in the experiment, XRD
pattern comparing AD;s, the postcalcinationcatalyst NiOALOs, the postreduction catalyst Ni/AOs, DRM
spent catalystaindthe catalyst spent aftebRMand NO reductioprocesdor 15 hourswvere compared and

plotted in the graph belowfigure 74):
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In the graph abovenickel and nickel oxide presence in the prsiction catalystcan be well visualized.
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tests lead to nickel oxidation to Ni®oreover, NiAbO, can be seen thanks to the peak aroundH * 6/7°.
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This peak has both &) and the spinel contribution, however, the form of the pediangesn the different

samples, showing the spinel presence in certaines AbO; peak isasymmetric but quite sharp in alumina

sample, and a contribution can be semrthe left of the peak centg2’ =67°)when nickel oxide is deposited

at aroundH * 66°. This contribution is the spinel that forms during the calcination of the sayalasinga

moderate lift in the peak centguosition. Then, after reduction, the peak center is agdin ‘value of AlG;,

suggesting for a reduction on the spinel; however, tieeduction of the spinel could benly partialas

suggested by TPR results (see chapierd), so XP8&xperiments will be carried out tgain more information

(see below). Finally, A; peak atH °

['.2° can be seen shiftinggain towards lower ‘values(2f =66.4°C)

for the catalyst afteDRM and nitric oxide reductiofThe major shift could battributed to the presence of

a new specie, that forms during the proce$sis could be due téransformation of' - ALOs to 1 -ALO;s, that

is expectedat 750°C as reported in literaturg’2]

Finally, XPS experiments were carried outstody surface of the posteaction samples. Ni 2p detailed

spectra were acquired to investigatige evolution of the nickel species present in élemina sampleswvhile

C 1s detailed spectra were acquired taifyethe absence of deposited carboas suggested by XRD results.
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Ni 2p detailed scan were acquiréor post-calcination catalyst NiO/ADs, postreduction catalyst Ni/AD;,
DRM spent catalysts and the catalyafter DRM and NO reduction process and15 hours as shown
below (figure 75):

—— NiO/Al,O,DRMNO15h NiO
—— NiO/Al,O,DRMNO6h '
—— NiO/Al,O,.DRM

—— Ni/ALO,
—— NiO/AL,O,
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Intensity (a.u.)

870 868 866 864 862 860 858 856 854 852 850
Binding Energy (E) (eV)

Figure75- Detailed XPS spectrambrmalizedNi 2p photopeak for NiALOs, NiO/ ALO;, spentNiO/ ALO; after
DRM, spenNiO/ ALO; after DRM and nitric oxide reduction process for 6 and 15 leaumples

Comparison among the differecatalysts allowed to see the increase in NiO contributidgtih the hours of
exposure to nitric oxide gas. The paestction catalystNiQ' ALO; after DRM and nitric oxide reduction
process forl5 hours showeadomplete oxidation of nickel to nickel oxide, confirming the results obtained

with XRD analysis above.

At last, Clgetailed scan were acquidefor postcalcination catalyst NiO/ADs, postreduction catalyst
Ni/Al20s, DRM spent catalysts and the catalysts after DRM and NO reduction process for 6 and 15 hours, as
shown below(figure 76):
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Figure76 - Detailed XPS spectrambrmalized C 1ghotopeak for Ni/ALOs, NI/ AbOs, spentNiO/ ALOs after DRM, speniNiQ/
AbQO; after DRM and nitric oxide reduction process for 6 and 15 saumples

The graph shows the presence of adventitious carbon at 284.8 eV for all samples, therefore confieming th
presence ofdventitious carborasmainsurfacecarbonspecie for alkamples.Only sampleNiO/ALO:; after
DRMreactionshowedan additional contributionyisible inthe shoulder at the right of the pealo better

investigate thiontribution, NiO/ALO; after DRMwas plotted withNiO/ALOs; peakin figure 77 below:
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Figure77 - Detailed XPS spectrambrmalized C 1ghotopeak folNiO/ ALOs(black)spentNiQd/f ALOs after DRM(blue)samples

From figure77it is possible to see a difference in the peak shape in the two samples:Nibil&bO; shows
the typical asymmetrichape of adventitious carbomNiO/AbO; after DRMshows a symmetrical peak with a
contribution around284 eVthat could bedue toa small quantity of carbon that deposits on the catalyst
during DRMHoweverdue tothe little contribution of thedepositedcarbonto the adventitious carbon peak,
the precig peak position could not béetermined,and consequenyl no additionalinformation was gained
about the specieof carbon depositedTherefore, atalytic tests with different eaction conditions will be

needed to allowproper carbon deposibn and determine its nature by XPS and XRD measureniesgts

after).

2 - NiO/MgALO,- ALOs

NiO/MgAbOs- ALO; catalyst was then analyze#eeping the reaction conditions specified abd@¥®& hours
tests) in order to compare the catalytic activity among the different sam@ésained conversions and yields

are plotted against the in the graphs belofigures78 and79):
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Figure78- CH and CQconversions vs time measuréa NiO/MgALOs-ALOs at 750°C under gas stream 5% Chl 5% ©;,, 1%
NOfor 900 minutes
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Figure79- CO yield vs time measuréat NiOMgALbOs-ALO; at 750°C under gas stream®# Chl 5% ©,, 1% NGor 900 minutes

68



The graphshowed higher C{conversion compared to Gldonversion, as expected farcatalystwith a

supportcharacterized by basic properti€see chapter 1.3.1.Catalytic activityshowed a broader range of
stability then NiO/AIO; catalyst, with C@and Ch conversionsand @ yieldbeing stable between 100 and
200 minutesFinally, while C&conversion trend is coherent with CO yield, meth&eeps being converted

even when no CO anymore produces. This could be due to NO reaction with &Heported in literature

and seen abovg18]

Finally, spent catalyst was analyzed via X&bnique, and compared to the support peaks as well as the

peaks of thegpost-calcination angostreduction catalyst for a betteattribution of crystalline phases.
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Figure80 - XRD pattern ofiormalizedALbOs, MgALOs-ALOs, NiOMgALOs-ALOs, Ni/MgALO:- + AbOs ® Nj
AbOszand postreactionNiO/MgAbOs-ALO;
¢ Nio ® NIiALO,

" MgALO,
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XRDanalysigfigure 80) allowed to sedhe presence of nickel oxide after the reaction, witllyoa small peak
present for the remained nickel at around 68he support showed a changetlire form of the peak centered
at around?2[ =66°. This peak has a visible contribution of M@Aspinel on the leftand AIO; on the right

as for the othe sampés NiO/MgAbO,-ALO; and Ni/MgALOs-ALOs. However the peak drastically changed
among thesamples. WhileMgAbO,-ALOs shown an asymmetricpeak with asmaller contribution of the
MgALO, spinel respect taALO; contribution, visible in the difference of height between the left and right
part of the peak, thishanged after NiO calcination. An added contribution to the left of the peak makes the
peak symmetric; this contributios due to the nickel spinel thadfms during calcination as for the Ni&/Os
catalyst. After reduction, the peak shape changes again, losing its-smkel contribution (due to nickel
reduction to its metallic form) ance-gaining its asymmetric shape. Finally, the pesiction catayst shows

a different peak form, that has a contributiaf a specie at lower‘2values. This can be attribute to the

partial transformation of -ALQs into 1 -ALQOs, as forthe previous catalyst.

3-NiO/CazZr@

NiO/CaZrewas tested for dry refornmg of methane coujd with nitric oxide reduction with using the same

conditions of the previous catalysts. £8hd Chlconversions are plotted below against time, as well as CO
yield (figures81 and 82, respectively)
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Figure81- CH and CQ conversions vs time measurém NiO/CazZ0; at 750°C under gas stream 5% Chkl 5% ©,, 1% Ndor
900 minutes
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Figure82- CO yield vs time measurém NiO/AO; at 750°C under gas stream©# Chl 5% ©,, 1% NCfor 900 minutes

NiO/CaZr®is characterized by low and unstable activityitially there was an increase in CCand CH
conversios, but no COwasdetected. This might be due téhe production of very little CO quantity, that

reacts with NO to rebtain CQ gas.Then between 100 and 160 minute€Q and CH conversions are
NEALISOGABStEE | NRPdzyR pi2 YR wmUE:-B57%Bdrt RFAACEAnreac? with h Q &
NO, therefore causing lower Céncentrationsthan expected.After this period of time CQ and CH
conversions are steady and respectively around 2% and 5% value, but no CO was detected in the remaining
time on stream.This could be explaineak a reaction between athaneandNOto give CQ so that no GO

would be produced, but Gldouldreactwith NOexplaining its conversion valuggvingCQ as product. This

would explain as well Gwer conversionsompared to methane.

XRDpattern of the spent catalyst was then obtaineshd shown infigure 83, together with the post
cdcination and posteduction XRD patterns of theatalyst {igure 84:
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Figure83 - XRD pattern gbostreactionNiQ'CazZO; catalyst
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Figure84- XRD pattern of NilGCaZ0; catalyst postcalcination(red) and postreductiontreatment (black (until 900°C)

Ni/CazZr@shows after reaction completeoxidation ofnickelfrom its metallic active formafter the reduction
treatment (Ni/CaZrQ in figure 84)to its oxide form postreaction (figure 83)Therefore,after the reaction
the catalyst ges backn its oxidized form, ai is before thereductiontreatments NiO/CaZrQ in figure 84.
This might be due to both the lometal support interaction of nickel particles with the perovskite support
(see chapter 3.1.4.) and to the inability of the supporiprotect nickel particles from nitric oxide oxidizing

power.
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4- NiO/LaFe®

NiO/LaFe®@was finally tested foDRM processoupled with nitric oxide reduction. Graphs of Gidd CQ
conversions and CO yield are shown be{bgure 85 and 86):
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Figure85- CH and CQ@conversions vs time measuréa NiOLaF&; at 750°C under gas stream &% Chl 5% ©,, 1% Ndor
900 minutes
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Figure86- CO yield vs time measurém NiOLaF&; at 750°C under gas stream 5 Chl 5% ©,, 1% Ndor 900 minutes
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Tests revealed the best catalytic activity this catalyst compared to the othesamples. High and stable
conversionsaround 90%were achieved during the 15 hours of tests. The stability of NiO/LakeO
guaranteed by LaFeGupport, which protectsnickd particles from NO oxidatiotby making twoNO

molecules react to form Nas explained in chaptdr3.2..

XRD pattern of the spent catalyst was then obtained to verify the catalyst stdfiiitye 8§, and compared

with the postcalcination and posteductionpattern (figure 87)

— NiO/LaFeO;postDRMNO
5
)
= LaFe®@
2
L
= ¢ NiO
¢ Ni
o) ¢ ¢
20 30 40 50 60 70 80
2d (A)

Figure87- XRD pattern of pogtaction NiO/LaFefaatalyst
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Figure88- XRD pattern of NiO/LaFe€atalyst postcalcination(black)and postreduction treatmeni{red) (until 600°C)
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XRDpattern of the spent catalysffigure 87) showednickel oxide presence, contrary on the predictions on
finding nickel in its active metal formes suggested byts catalytic activity(figures 8586). However,
considering the hig and stable activity showed by the process, nickel must be present in its metalli;form
the sample; nickel could be present in amorphaushighly distributedform, thereforenot detectable by
XRD techniqueNo coke was identified in thgattern of thespent catalyst, therefore suggestings for the

other samplesthe need of higher gas reactant concentrations to study coking phenomena.

4.2. Dry Reforming of Methane and Nitric Oxide Reduction: Second tests (25% CH
25% CQ 1% NO)

Catalytic activity was finally measured for all samples ugiggs mixture with higher methane and carbon
dioxide concentrations in order to promote carbon deposition onto the catalysts. A gas mixture nizishé of
CH, 25% C@ 1% NGand49%Ar was chosefor the tests.

CQ and CHlconversions are reported below in graphs conversion versus time as for the first catalytic tests,
while CO was not possible tee quantified due to lack ohigh concentration gas cylinder @D for instrument
calibration.Moreover, XRD patterns of the spent catalysts were acquired together with XPS data to evaluate

catalysts§xeactivaton during the process.

4.2.1. Catalytic activityConversions and XRD analysis of the spent catalyst

1 - NiO/AkOs

The firstcatalyst was tested for DRM cded with NO reductiorprocess; C®and CH conversions are

plotted against time irgraph89 below:
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Figure89- CH and CQconversions vs time measuréa NiO/ALO; at 750°C under gas stream % Chl 25% ©,, 1% Ndor

900 minutes

High and stale conversions were obtained by this catalyst, thetre around 93% for G@nd 94% for CH

At the beginning of the experiment, high &€nversionsvere achieved, while CHarrived at hignaximum
activity after 200 minutes of reactioprobablydue tothe presence of nickel in a neactive form, like NiADs

or Ni strongly interacting with the support. In the course of reaction,ateMelops during the processickel

can be reduced in its active metal for@dQ conversions, on the other hand, slightly diminished until 200
minutes of reaction, passing froaround 96% to 93%; this might me explained with a contribution te CO
concentations due to bothCO disproportionation reaction (4) and mitroxide reaction with coke (5) that

give CQas product, thereforeausing higher CG@oncentrations in the reaction mixture

XRD pattern of the spent catalyst is shown below in fi@@gogether with the posicadcination and post
reduction XRD patterns of treatalyst(figure 91).
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Figure9l - XRD pattern of Ni@\LOscatalyst postcalcination(red) and postreduction(black
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XRD pattern of the spent catalyst showadelevantcarbon deposition in form of graphit®i is present in

its active metallic form, howevdittle b A h
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as can bededuced fromthe stability of the conversions.-ALO; support was not modifiedduring the

reaction NiAbO, spinel was not detected by XRD analygisbably because in the course of the reaction

part of H can reduce Niof NiAO, to its metallic form.Finally, Si@impurities were found due the

contamindion of the sample witlthe quartz wool usedh the experimenisee chapter 2.2.)
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2 - NiO/MgALOs- ALOs

NiO/MgALQOs- ALOs was thentestedfor the processCQ and Chllconversions arghownin the graph below
(figure92):
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Figure92- CH and CQconversions vs time measurid NiO/CaZr@at 750°C under gas stream &% Chl 25% ©,, 1% Ndor

900 minutes

Conversion grapshowed hitp CQ and CH conversions. C{xonversiorwas higher than CHhanks to the
basicity of the support, a®f the first catalytic test (see chapterl4). This was the best catalyst for €O
conversion with its 97% of consta conversion.CH conversion, on the other handlightly diminished in
the course of 15 hours, passing from aro@8¥ to % This might be due taickeldeactivation during the

course of reaction due teinteringand coking.

The spent catalyst was studied via XRD measuremastshown belowfigure 93), together with the post

cdcination and posteduction XRD patterns of thmatalyst(figure 94:
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Figure93 - XRD pattern gbostreactionNiOMgAIl,Os-ALOs catalyst
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Figure94 - XRD pattern of NiMgAl,Os-ALO; catalyst postcalcination(red) and postreduction(black

XRD pattern revealed the presence of graphitic carbon as for the previous saucgkd;was present in its
metallic form and no nickel oxide was detectéh nickel spinel was detected, being probably reducedby H

produced in the process, while the supgpstayed for the rest unaltered.
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3- NiO/CazZr0s

NiO/CaZr®catalyst was tested for the catalytic procebst no CO was detected during the process. Being
catalytiallyinactive, NiO/CazZr@O2 Y S NE A 2y IépbrtedKda 62y Qi 06 S

XRD pattern of the spent catalyst was acquired bekivown in figure 9%ogether with the postcacination
and postreduction XRD patterns of treatalystof figure %:
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Figure95 - XRD pattern gbostreactionNiQ' CaZO; catalyst
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Figure96- XRD pattern of Ni@AZ1Os catalyst postcalcination(black)and postreduction treatmen{red)(until 600°C)
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Sample shaed complete nickel oxidation after the process; this is in accordanceNi@fCaZr@very low
catalytic activity. Even if conditions were lesddizingthan in the first catalytic tests (chapter.1), this
perovskitewas not a goodupportfor nickel @rticlesin this processprobably due tdoth the low metat
support interactionandthe lackof protection of the particles from NOTherefore, no carbon was deposited

during the process as nickel was deactivated by oxidation befmt@on deposition codlhappen.

4-NiO/LaFe®

At lag, NiO/LaFe@catalyst was testedts conversion percentages ashown in the graph belofigure 97):
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Figure97- CH and CQconversions vs time @asuredfor NiO/LaFe@at 750°C under gas stream2§% Chl 25% ©;, 1% Ndor

900 minutes

NiO/LaFe®@sample showedhigh CQ conversionaround 9% at the beginning of the reaction, that then
diminishes until 8% at the end of the proces€H conversionsstarted from55% andhen decreased until

44% with asudden increase at around 516 minutd$is sudden increase might be dueatoinstrumental

error related to the gas concentrations streamed into the reactor. Compdhiagctivity recorded in this

test and the one with 1/5 of reactant percentageh@pter4.1), it appearghat the catalysdoesnQ i K| @S { K
same stability of conversions ihe studied range of timas in the test beforeConversions slowly decrease

as time passes for this suppodifferent from aluminad I & SR Odeliavick Bh& inighRbe due to the
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weaker metal support interaction of nickel particles in the perovskite catalyst, which will be more sensitive
to sinteringand cokingluring the reactionleading to a slowlecrease in catalytic activitt is importantalso
to remember that perovskitdased catalysts are characterized by low surface area vdluesder of
magnitude difference with aluminbased samples}hat can have an impact on the catalybiehaviorof the

sample.

XRD pattern of the poseaction catalyst was finally obtaingtigure 98), together with the posicadcination
and postreduction XRD patterns of thmatalystof figure 99
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Figure98 - XRD pattern of poseaction NiO/LaFefzatalyst (catalytic activity measured aftexductive treatment in 5%z Ar,
with 25% C@25% Clland 1% NO gas flow)
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Figure99- XRD pattern of NiO/LaFe€atalyst postcalcination(black)and postreduction treatmen{red)(until 600°C)

The catalyst showethe presence of graphitic carbaand partial nickel oxidation to NiO as in the other

samples the support remained unaltered during the 15 hoprscess.

We can conclude that the chosen conditions allowed coke development on all catalysts, except for
NiO/CaZr@who showed no relevant catalytic activity. With the aim to better characterize the depos
carbon and to understand the differences amaihg samples, XPS studies will be conducted innet

chapter.

4.2 2. Goke: type and reactivity of the deposited carbon

Carbon that deposits onto the catalysts wasigzedat first via XRD experiments (see chapter 4.2.1enth
XPSnalysis wasonducted in order to do investigate thiest nanometers otarbonthat deposits onto the
catalyst during 15 hours of reactioKPS analysalows to studyvia C & photopeals, the different types of
carbon that deposits onto the surface of the catatydloreover, XP8&llowsto evaluate the amount of
carbon (in terms of atomic percentagdjherefore, by comparing pestduction samples and postaction

samples, it is possible to appreciate the type and relative quantity of carbon deposited duriregttien.

Finally, it is interesting to understand tiheactivity of thedeposited carbon, that gives information about the

easinessvith which carbon can be removed order to avoiccatalysts deactivatiofsee chapter 1.1.2.)
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4.2.2.1. XPS study dime deposited carbon

In order tohave an idea about the quantity of carbon depositédaring the process, serguantitative
analysis okurface compositions was made on the samples, by integrating C1s photioptekextended
spectra and using thmstrumental sensitivityfactorsand a Shirleyype background as explained in chapter
3.1.6.

XPS extended spectveere recorded fomll samplesas shown irthe figure 100 below:
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Figurel00- ExtendedXPS spectra f@ll postreduction(on theleft) and postreaction(on the right)catalysts

From the graphs above, it is possible to appreciadesastic change in the relative intensity of carbon before
and after catalytic activity for all cdists excepfor the CaZr@supported. This confirms the depositions of
carbon on the surface of the samplékerefore indicating the coking of the samplés.order to have an

estimation of the quantity of carbon depositeith XPS spectra were identified the elemealsracteristics

84



of the catalysk thanks to their binding energy positions, dhd integration of each element main photopeak

was performed asekcribed inchapter3.1.6.

Belowin table 8 the calculated values afarbon surface compositiaare reported and compared for post

reduction catalysts and poseaction catalysts:

Table8- XPS (8.0 nm depth) elemental quantifications f@rcalculatedor postreduction and posteaction samples

Postreduction C atomic Postreaction Catomic
Support surface composition (at. % surface compositiondt. %)
ALQO, 26.0 89.3
MgALO,-ALO, 8.6 85.9
CaZobs 28.9 15.1
LaFeQ 31.4 82.9

As expected;arbon atomigercentagedrasticallyincreasesfter catalysis for all samples except NiO/CaZrO
Considering the low activity of the latteas seen in chaptet.1, the lack of carbommight be due to the
immediate deactivation of the catalyst, whighnot able to sustain enough hours of the process to let the
coking process happen. However, this will be more discusstdthe aid of the detailed XPS C1s spectra
showed below. Regarding the rest of the catalygtestreaction catalystshave higher carbon surface
composition for acidic catalysts, such pestreaction NiO/AbO;, than the basic catalystpost-reaction
NiO/MgAbOs-AkOs or NiOLaFe®@ Moreover,postreactionNiO/LaFe@shows the lowestoncentration of
carbon on its surfagebetter than NiO/MgAbOs-ALGs; this could be related either to its biity and
chemisorption capacity or to its capacity toteract with NO molecules and therefrfacilitating NO

gasification of coke.

To better understandhe coking phenomena, detailed C1ls XPS spectra of all catalysts were acquired, as

shown below.

1- NiO/AkOs

The first catalyst was investigated K?S, obtaining C1s photopeaks dAND; and postreaction NifAl,Os.
Thephotopeaks are shown in the figures bel@figures101 and 102, respectively)
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Figure102- Detailed XPSpectra of C 1s photopeak for pos
reaction NiO/AlO;

NiI/Al,O; sample showed C1s photopeak typical of adventitious cariaith the reference peak € at 284.8

eV, andat higher Binding Energypical contributions GO-C andO-C=Qare doserved After reaction, the
catalyst showed a change in the peak posifiitnat shifts at 284.%V) and shapdypical value for € of the

graphitic carbon.A tail can be seen around 2&86 eV, which accounts featellites of ClsTherefore, XPS

resultsconfirmthe presence of graphitic carbon obtained by XRD experiments (see chapter 4.1.)

2- NiO/MgALOs-ALO:s

Thesame analysiwasmade forNiO/ MgAbOs-ALO; catalysts asshown infigures103 and 104:
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Figure 103- Detailed XPS spectra of C 1s photopeak
Ni/MgALO, -AlOs

Binding Energy (E) (eV)
Figure 104- Detailed XPS spectra of C 1s photopeakpfumst-
reaction NiO/MgAIOs -ALOs
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In this sample posteduction catalyst shoed C1ls photopeak typical of adventitious carbwmile post

reaction catalyshad C1s photopeaik which the contribution of graphite the main one GO-C and @C=0

componentscan be seen in botgraphs. C=0 might be due tarbonatesspeciedorming on the surface of

the basic supportthanks to C@interaction with the spinel[73] In conclusion, a part from the predisposition

of the supports in forming carbonateXPS resultef the samplesconfirm the presence o&dventitious

carbon in the posteduction sample and the deposition gfaphitic carborafter the catalytic proess, in

accordance wittKRDresults obtained irchapter 4.1..

3-NiO/CazZ6bs

Cl1s photopeakfor Ni/CaZrO; and postreaction NidZaZ0O; were obtained andshown in thegraphsbelow

(figures105 and 106):
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Figure105- Detailed XPS spectra of C 1s photopeak for-p Figure106- Detailed XPS spectra of C 1s photopeak for-p

reaction NiOCazZ0s;

reaction NiOCazZ0s;

CaZz0s supported catalystshowed C1s photopeak typical of adventitious carlmth for itspost-reduction

catalystand postreaction catalystXPS results of the samples confirm tiesence of depositedarbon in

the catalyst after the catalytic activitgs was suggested D§RD esults in chapter £2.1..
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4- NiO/LaFe®

Finally,C1s photopeaks of NiaF&s; and postreaction NiQ/aF&®s; were obtained for the last catalysiC1s
photopeaks are shown in thgraphsbelow (figures107 and 108):
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Figure107- Detailed XPS spectra of C 1s photopeak for-p Figure108- Detailed XPS spectra of C 1s photopeak for-p
reaction NiOLaF&s reaction NiOLaF&s

This catalyst shows a similar behavior as the previous sampitts,adventitious carbon characterizing
Ni/LaF&®s; sample, and graphitic carbon the postreaction sampleWhile O-C=0 contribution is well visible
in postreduction catalystafter the cataytic procesghis contribution is no longer visible, probably due to

the high quantity of graphitic carbon deposited onto the catalyst.

We can conclude that graphitic carbon was ttype of carbon that deposited on all samplasbjected at
coking phenomenaconfirming XRD results. However, in order to investigate possible differences in the

reactivity of the carbonits gasification abilities will be tested via TPO experiments in the chapter below.

4.22.2. Gasification abiliy of the deposited carbon

In order tostudy the reactivity of the deposited carbon;-OPO experiments were carried out, to exploit the
oxidizing power of @or NO gasses to remove the carbioom the catalystsurface O,-TPO experiments are
a conventioral method for studying and characterizing the deposited coke; experiments were carried out

with 5% Qin Ar, in temperature ramp at 10°C/min, from less than 100°C to 900°C, and then in descending
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temperature ramp. Depending on the temperature at which tike gasifies and based on the quantity of

CQ produced, information about carbon reactivity can be gained.

The graphsobtained byO,-TPO experimentgare shown belowwith CQ concentrationon Y axis and

time/temperature on X axiffigures109-111)

1- NiO/ AbOs
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Figurel09- CQ concentrationvstime measuredor postreactionNiO/ALO; (25% Ch| 25% C& 1% NQobtained byusing a 5%

O, gas flowand atemperature ramp (room temperatus@00°C)

The graph shows G@evelopmentbetween 300 and 600°C. This temperature range is indicative of the
gasification of amorphous carbon, aan be found in literature[74] However,NiO/ ALO; catalyst was
characterized by significant quantity ofjraphitic carbon, detected both by XRD and XPS experiments (see
chapter 4.2.1. and 4.2.2.1Jhis, togethewith the low concentration of Cbtained respect to the other
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catalysts, suggests that the majoritytb€ carbon deposited onto the sample is in graphitic form and has not
been gasified by the oxidative treatmenthis is an expected result e acdic properties of the alumina

support do not help with coke gasificatiamd the needed C{xhemisorption (see chaptdr.3.1).

2- NiO/MgAbOs-ALOs
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Figure110- CQ concentration vs time measurddr postreaction NiOMgALOs-Al,Oz (25% Ch 25% C@ 1% NQ obtained by

using a 5% @gas flow and a temperature ramp (room temperat@@0°C)

NiO/MgAbOs-ALO; showed highCQ development aound 600°C,therefore suggesting graphitic carbon
gasification.[74] High CQ@levels obtained could bdue to the support basigrt that help to attract CQ
molecules near the sample in order to allow the reaction with the deposited catdonrever, being the
ramp temperature quite fast (10°C/min), only a few points have been recorded; so, in ordamtenore
information about the temperature of gasification of the coke of the samplewoild be interestingo
detect the concentration of C@roduced in smaller range of temperaturdsy performing TPO experiments

with milder temperature ramps
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3-NiO/LaFe®
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Figurel11- CQ concentration vs time measuréadr postreaction NiOLaF&®s (25% Chl 25% C¢&) 1% NQobtained byusing a 5%

O, gas flow and a temperature ramp (room temperatt@@0°C)

NiO/LaFe@catalyst haslsobeen tested. This catalyshows a wider range of gasification temperatures than
the other catalyststhat centeisaround 600°C. Both amorphous or graphitic carbon could be reduced in this
interval, andother TPO experiments would be interestinglt®performed to understandfiin this range of
temperature different forms of carbon are gasified. As for the previous catalyst, kB&sO properties help
with CQ gasification reaching a C{xoncentration level of around 5%. This concentration level is less than
for the previous catlyst; this could be due to difference in the ability of gasifying caksuch as different
sites for C@chemisorption, or a different typef deposited cokeHowever, no clear conclusions can be
obtained, also considering & only a few points have bedaken into accounin this graphandthat a more

accurate description of G@volutionduringtemperatureincreases neededor a better understanding
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Finally,after testing with G-TPO experiments, another oxidizing treatment was condud€dTPQ the

results are reported in figurgél2 Temperature was increased until reaching the temperature of the catalytic

process (750°C), so thidD gasification properties could be verified for the studied process. 5% NO in Ar was

chosen agoncentrationof gas flow, and the obtained graphs is shown below:
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Figure112- CQ concentration vs time measurédr postreaction NiO/AIO; (5% NOn Ar) obtainedby heating the sample fron

room temperatue to 750°An temperature ramp 10°C/min)

NO, N and C@have been obtained in the process, as expected by the reactions described in chapter 1.2..

No CO was detected during the experimdd©O flow clearly reactsom 200°C beingcompletely converted

in N2 (2.5%).No CQ is producedin this first moment of reation, indicating tlat NO must react with

something different than coke. In this range of temperature, NO can react with nickel particles, oxidizing

them to NiQ as suggested both by prior experiments (see the oxidation of catalysts in the experiments in

chapter 1.4.1) and by literature as reported in chapter 1.2At around 400°CNO concentratiorreactes

around5% G KSNBET2NBE GKS YI 22NAGe&

2F bh R2SayQi

NEB I Of

again, with production of Nand CQassocited to his consumption. This is clearly the temperature in which

the carbon deposited onto the catalyst starts to be removed and gasified in form 0UpQo 1% of NO

reacts withcoke, giving 1% fnd 1%CQ as suggested by the stoichiometry of the reactifik8] Carbon
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continues to be gasified fromb0°Cfor around 1 hour under gas streaimerefore confirming the validity of

this method for coke gasificaticemd NO conversian
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CONCLUSIONS

This prgect was focused on developing a solution for emkproblen that affects commercial nickélased
catalysts for dryreformingof methane.Thesolution studied waso couple dryreforming of methane with
nitric oxide reduction, in order to reduce nitric oxidene the major pollutants in the atmospherwith the

coke that was deposited onto the catalysts during the proctssefore gasifyingf.

Four different catalysts were &eloped for the processt supports were chosen with different propertjes
then nickel was impregnated onto the support via a swapregnation synthesis, keeping the same
conditions for all impregnations. The studied supports werexitles,all synthesizale with simple and
economic synthesis in order to be industrially applicable. M properties taken into consideration for
the choice of the supports werkigh metatsupport interaction, which helps to obtain smaller and more
stable nickel particles,ral the basicity of the support, which helps to coordinate &dic molecules to the
surface and so to increase its conversidhe supports chosen wereALOs, whichis a standard for dry
reforming of methane procesmdhas a high metasupport interat¢ion with nickel particles, MgbOs-ALOs,
which ha not only a high metal support interaction batso a Mg ion with Lewis basicity properties that
helpswith CQ conversion, andwo basicperovskite catalystaith propertiesthat can be tuned by the choice
of the cations: CaZrg@which hasgoodthermal stability, and LaFeg) whichis able to convert NO molecules

in N, thereforeparticipating innitric oxide reductiomreaction

Commercial -ALOz; was employed, whiléor the MgALO, spinel coaéd samplea coprecipitation technique
was used usingMg(OH) and’ -ALO; precursors in stoichiometric amount§heperovskitessupportshave
been synthetized via a citrate s&dmbustion route stoichiometric quantities of pecursorsof the metal
cationswere dissolved imvater and HNQif needed, then itric acidwas dissolved iwater and added to the
solution of the cations in order to coordinate the cations as a complexing a@ént acid was used in
stoichiometric amount of 1.1 and 1.9 maldor mole of total cations forespectively LaFeGand CaZr®
perovskit, the amount of citric acid being optimized for the two perovskitesCalcination was theoarried
out to obtain the supports and, aftezonfirmingvia XRD analysibe presenceof the desired phase, nickel

was impregnated on the samplstarting from its nitrate precursor

Catalystswere studiedby means ofdifferent techniques to obtain informatiosuch as their dispersion
(pulsedH. chemisorption experimen)ssurface area and porosity {lghysisorption)reducibility H-TPR,
composition (XRD, XPS, EDX) and morphology (SEM).

H>-TPR studieallowedto understand tke reducibility of the samples; alumidmsed catalysts showed high

temperature of reduction, around 76800°C, whiclindicate highly interacting nickel particles and, as later
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verified by XPS and XRD experiment® presence ofNiAbOs spineHormed durirg calcination The
formation ofthe spinel igdue tonickel ions that entered into the alumina structure. Perovsgitpporis were
characterized by lovinteraction with nickel particles, with reduction temperatures centered around-400
500°C.

Catalysts showed very different valuesspécific surface area, measured via BET analysis: alumina presented
the highest surface are@ore than 100 n# g), while afterspinelcoatingits surface area was half then before.

Perovskitesatalystshadinsteadlow surface area under 10%g, as expectedor thosesupports.

Catalytic activity was then measured for all catalyBests were made of a preductive treatment in 5% H
heating the sampleuntil 900°C for alumind#ased catalysts @00°C for perovskite catalyges suggested by
H-TPR experimenjsthentemperature was decreased until 1€8D0°C and the gasonsequentlychanged
to the reaction mixture injected in the reactpratalytic activity was measurekeeping the temperature
constant at 750°C

First tests were conducted with a 5% 5% CQ, 1% ND gasmixture. NiOALO; was tested fo6 hoursand

showed high and sable catalytic activity, but no carbon was formed as shown hyaX&MD of the spent
catalyst. In order to understand if the coke was formed and completely removed by NO or if the conditions
oftherSI OGA2y RARY QU Fff2g O tbsefyr driRrSitudidg bfimetRayigactiank S O |
for the same amounof time. No coke was detected via XBBalysisSq the following tests were conducted
considering a longer time of reaction 5 hours Moreover, ND oxidationproperties were investigatetly

carrying out experiment with different temperatures at whicfter the reductive treatment, theeactant

gas mixturewas injected, as explained later.

Tests were conducted for all catalysstarting withNiO/AbO;s, that showedhighinitial conversions but was
soon deactivatedafter around 400 minutes of reaction; thfast deactivation, in contrast with the stable
catalytic activity obtained for the sanmatalystin the same temperature and gas concentration conditions
for 360 minutestest (6 h), was ascribedb the different temperature at which NO was injectéa the 6 hours
experiment the reactant mixture wanjectedwhen the temperature was around 250°C, in the 15 hours the
reactor was cooled until 100yGndicating thatNO carreact with nickel particles tgive N and NiQit isthe
conversion of nickel in its neactive oxide form Ni@hat causel the fast catalyst deactivationNiO/MgAbQO:-
AkQ; catalyst,studied for the 15 hours processhowed better C@conversions, as expected for its basicity,
and a highestability in catalytic activity, probably due to its higher metapport interaction assuggested

by H-TPR studiesFinally the perovskite catalysts were tested; while NiO/Cazn@d almost no dalytic
activity, NiO/LaFegshowed the highest and most stable activity, wgf® and Chlconversions aroun80%
and CO yiel around80% with constantvaluesduring all the testedeactiontime. WhileNiO/CaZr@R a LJ2 2 NJ
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interaction with nickeparticlesdeterminesits fast deactivation due to NO oxidatioNjO/LaFe@wasable
to protect the particles fronNOoxidation, being the perovskitable to reduce NO and therefore preserving

nickel particles in their metal form.

Spent catalysts showed nickel oxidation toaisde form, and no carbon was detectexh any catalystSq
reaction conditions were changed agairsing a 25%CH, 25% CQ 1% NOgasmixture. Thistime, the
reaction mixture was injected when the reactor svat 300°C, in order to avo@htalyst deactivationThis
experimentsfinally allowed to obtain higland stableconversiondor all catalysts exceptliO/CaZr@ who
showed no significant activity. Aluminabased catalysts had the best performance, wiHO/ALO;
conversionsaround 93%, while NiO/MgAbkO-ALO; had higher C®@ conversions(97%9 but lower CH
conversiong88-82%). NiO/LaFe@catalysts, on the other hanttadsmaller values afonversiorthan in the
6 hours testswith CQ conversiorbeingaround 9183%andCH conversiongaround55-44% LaFe®activity
was less stable in #115 hours procesgrobably due to its little metal suppoibteraction thatexacerbatel

the deactivation of the nickel particleleading totheir sintering and oxidabn.

All catalyst except foNiO/CaZr®@- that had basically no catalytic activitghowed the presence afoke in
form of graphitic carborboth at XRD and XPS measureme8sent catalystsvere all characterized by the
presence of metallic nickel; nidkexide was found ilNiO/ALO; and NiO/LaF€; post-reaction samplesjue
to NO oxidation. However, NiO will be mgmsbbably present ilNiO/MgAbOs-ALO; catalyst as well, maybe
in amorphous form, as this suppodiffers less protection from nickelxidation than LaFe(Jas the first

catalytic tests had shown), in which nickel oxide was found.

Carbonamount in the spent catalysts was compared via a sgmaintitative XPSelemental quantification,
showing higher carbomatomic concentration for AD; addic support, followed by magnesidaiuminum
spinel support and finally LaFg@erovskite that was the support thahad the best antcoking properties,

both thanks to its basicity and to the possibility of attracting NO towards its surface.

Finally carbon reactivity wastudied via TPO experiments, in order to understand how easdgritbe
gasified and to gain information abouts morphology. G TPO experiments were conducted in temperature
ramp, heating samples until 900°C. All cokethlyats showedyasification abilities, with alumina support
being the worst supporfor carbon gasification (both in quantity of €@roduced andn type of carbon
gasifiabk). While alumina allowed amorphous carbon gasificatiother catalysts had CQproduction at
temperaturescorresponding tayraphitic carborgasification.

NOTPO experimentvas then conducted to verify NO oxidizing power toward carbon.-Padtours of
reaction NiO/AbO; was studied under a 5% NO gas stream, at 750°C. NO allowgsssify carbon at the

temperature of the catalytic processes, givingaNd CQas products.
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In conclusion, NO reduction can be an interesting reaction to couple with dry reforming of methaurtker

to reduce coking of theatalysts and to obtain the conversion of three major pollutants/greenhouse gasses
that affect our world today: NO, Gldnd CQ. Among the tested catalystdepending on the concentrations

of the gas reactants useliO/LaF&; or NiO/ALO; were the best catalysts respectively fofo Chl 5% CQ

1% NQgas mixture an@5% Ch 25% Cg) 1% NQyas mixture However,NiO/MgAbOs-ALO; had the best
performance in C@Oconversion thanks to its basicity The good catalyticperformanceof aluminabased
catalystswas obtainedthanks tothe high metatsupport interactionand high superficial areaNiO/LaFe®

gave instead high protectionagainstnickel oxidationd Kl y1a G2 GKS &adzLJl2 NI Qa
reduction to N. However, its low metasupport interaction and low surface area, typical of perovskites,

R A RY Q highlstabte 2ohiversions f@5% Clj 25% C@ 1%NO tests.

Nickel oxidation caused by N@s the main deactivation cauger the catalysts Therefore,in order to have
high and constant conversions, NO concentration in the gas mixture must be well calibrated inairtter
have a too oxidative atmosphere. High metal support interaction catafysissupports with the ability of
protecting nickel from oxidation are fundamental to hdeag catalystéifetime-that is a necessary condition
for the industrial applicdon of the processs. Deeper investigations atbéerefore necessaryo assess the
real possibility of employinthis process, regarding for exampleupports and synthesis that allow a better
protection fromNOoxidation and the boiceof the reactant gas concentrations, to allow a betbatibration

of oxidative and reductive properties of the gas mixture.
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6. APPENDIX

3.1.3. SEM

EHT = 5.00kV Signal A= SE2 Date :1 Mar 2023 EHT = 6.00 kV Sighal A= SE2 Date -1 Mar 2023
WD= 75mm Photo No. = 34772 Time 117:23:34 H WD= 75mm Photo No, = 34773 Time :17:30:32

Figurel13- SEM image of AD; at 25000x magnification Figurel14- SEM image of AD; at 50000x magnification

EHT = 5.00kV Signal A = SE2 Date :1 Mar 2023 200 nm? EHT = 5.00 kv Signal A= SE2 Date :1 Mar 2023 z
WD = 7.4 mm Photo No. = 34775 Time :17:45:43 — WD = 7.4 mm Photo No. = 34777 Time :17:56:32

Figure115- SEM image of NiO/ADs at 25000x magnification  Figure116- SEM image of NiO/AD; at 50000x magnification
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EHT = 5.00 kv Signal A= SE2 Date :8 Mar 2023 EHT = 5.00 kv Signal A= SE2 Date -8 Mar 2023
WD= 7.5 mm Photo No. = 34830 Time :10:55:40 H WD = 75mm Photo No, = 34832 Time 111:05:54
- - ' _

Figure 117- SEM image of MgAIO»-ALO; at 25000x Figure 118- SEM image of MgeDs-AbO; at 50000x

magnification magnification

S G :
EHT = 5.00kV Signal A= SE2 Date 8 Mar 2023 EHT = 5.00 kv Signal A= SE2 Date 8 Mar 2023
WD = 74 mm Photo No, = 34837 Time 111:33:45 H WD= 74 mm Photo No. = 34840 Time :11:46:28
s o - i — e T . — -

Figure 119- SEM image of NiO/MgAl-ALOs; at 5000x Figure 120- SEM image of NiO/MgAl-AbOz; at 25000x

magnification magnification

1pm* EHT = 5.00 kv Signal A= SE2 Date 15 Mar 2023 200 nm* EHT = 5.00 kv ignal A= SE2 Date :15 Mar 2023
WD = 7.5mm Photo No, = 35176 Time :17:18:08 H WD = 7.5 mm Phato Ne. = 35175 Time :17:03:26

Figurel21 - SEM image of Cazg@t 25000x magnification Figurel22 - SEM image of CaZg@f“SOOOOX Tn-agnificatioh_
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Figurel23 - SEM image of NiO/CazZyéx 25000x magnification Figurel24 - SEM image of NiO/CazZyat 25000x magnification

Figurel25 - SEM image of LaFe@&t 25000x magnification Figurel26 - SEM image of NiO/LaFe&t 25000x magnification

Figurel27 - SEM image of NiO/LaFeg&t 5000x magnification Figurel28 - SEM image of NiO/LaFg&t 5000x magnification
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