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Abstract

Abstract

As theprimary constituent of natural gas and other fossil reserves, methane is an important,
highly abundantandclean fossil fuelExploiting an efficient way to convert methanelitpid
fuels or chemicalghataretransportable and storable representesaentiathallenge in catalysis
due to the difficulty in activatinghes t r ong CT H b o'} oh CHs.4TAOindilecd mo |
synthesis route adopted in induspmpceedshroughsyngas generationy methanaeforming
which requires considerable energy in@utd multistage processe$herefore, direct routes of
methaneconversioninto valueadded chemicals, especially &bH, are desirableasthey are
thermodynamicallyavorable under relatively milceactionconditions.

In naturethemethane monooxygenase (MMO) engycan achieve direct methane conversion
to methanol (DMTM) under ambient conditions based on Fe andx8elustersas active sites
Incorporating these metals into zeolitic framewonkth H>O», O, and/or HBO as oxidantgan
result in biomimetic activityStepwise conversion ofDMTM using & and/or HO over Cu
containing zeolites was developed to achieve higkGEHselectivity howevemwith relativelylow
yield. Moreover, repeated heating and @ogl during one cycle is cumbersome and time
consuming, extending the cycle time and limiting its applicability.

In the past decade, Fe/ZSB/catalyst was found to exhibit unique activity with T@fFup to
2200 ht towardsC1 oxygenates at 50 °C using®; as an oxidanin a batch autoclav&xploring
advanced catalysts and reaction systems is the key to achieving Md@&t mild conditions
We summarized the most active and selective materials for DMTM reactamadgueou$i>O>
solution inpart 16. However, theyield of C1 oxygenates ovehe catalystsvith oxides orcarbon
materialsas support$or atomically dispersed metal sitessstill not sufficientwhen considering
the high consumption of expensive®d. Thus, there is an urgent need flooreefficient catalytic
systens with higher yields Immobilizing metal centernc onyned space, ahi ke
effective strategy to restrict the migration and raggtion and thusavoid undesired self
decomposition of kD>. In the presentvork, we focused on developing metadodified zeolite
and MOF catalyst$or direct methane oxidation t61 oxygenates using aqueous®d as an
oxidantin a batch autoclave

Firstly, considering MOFs structural characteristics and typical modification methods, we
mainly adopted three strategies based on the confinement effect, open metal nodes, and tunable
organic linkers Somewell-known stable MOFs with Al, Zn and Zr metal nodleat do not have
redox ability are choseas the support® developefficient catalytic systems fothe methane

oxidationreaction In our work,classicMOFs, CAU-10(Al), MOF-74(Zn), MIL-100(Al), MIL-
IX



96(Al), DUT-5(AI), UiO-66(Zr), ZIF-8(Zn), FeM-PCN-250 wereusedassupports to fix-esites
for designing promising catalysthat @arry outthe direct oxidatiorof methandn an autoclave
reactorat 5380  with 0.5M H0O; asoxidant. MOFs catalysts indeed exhibit apparent activity
to C1 oxygenates irH>O, aqueous solution. However, special attention should betpdite
stability of the metalmodified MOFs.We found that pristine MOFs withoattive metal sites,
canstill maintain good stability undeepresentativeeaction conditionOncethe Fe active site
have been introducethe generation ofctive speciesfOH from H,O, will cause¢hedamageand
oxidationof MOFsframework to CQ, making it hard to discriminate tlaetualactivity. Taking
our resultson Fe/DUTF5 as an example, 1.62Fe/DBISOy-postexhibited good activity t&C1
oxygenates at 60 with TOF of 56 h'* and77% selectivity, which is the highest activity among
MOF catalysts. However, theevitableframework decomposition during catalysis resultedrin
uncertain amount of CQunderminingts stability andselectivity.

Secondly, besides active FdAM we tried to devote more efforts tdeveloping other Fe
modifiedzeolites We optimizel the synthesisnethodof FeMOR catalysts andxploredFeactive
sitesin MOR in depth Among the typical metaimmobilization methods,incipient wetness
impregnation (IWI)Jiquid ion exchange (IE), solidtate ionexchange (SSIE) and sublimation of
FeCk were used tprepare=e/MOR catalysts with nominal0.5wt.% Fe loading. We developed
a modified iorexchange method tontrollablyload Feon MOR with Fe(acac)asa precursor
and CHzCN as a slovenat 85 to get around 0.3Wt.% Fe content. In the activity tests of
Fe/MORwith different Fe content, we found that around 0.304\Fe waghe optimal loadingof
Fe/MOR catalysts, which exhibithe best yield and T@Beyond500 h? to C1 oxygenates. The
TEM images and XAS analgs confirmedthatthe Fe site in @0Fe/MOR exisgtin the form of
themononuclear Fe sitélV-vis measurements indicate that 0.60Fe/MOR obtained by increasing
the Fe precursor concentratji@amowed an apparebaind abové00 nm that is ascribed tofe&o
nanoparticlesWe proposed that the additional Fe in MOR mainly contributezhtocreasing
fraction of Fenanoparticleswhich tended to triggeundesirable sideeactions, i.e, H2Oo
deconposition.

Thirdly, since MFI zeolite was reported to be able to host binuclear Fe to exhibit unique activity
in direct methane oxidation in2B,, such distinctive performance has oblgenfound in MFI
structure. Most followup studies concentrated on optimizing synthesis and adjusting reaction
parameters. Recently, mononuclear Fe species was also reported as the active site irbFe/ZSM
zeolites by correlating a wide variety of charactermatesults with catalytic performance data.
The special topology and microporous structure of MFldhabn one hanthecessary toonfine

atomically dispersed F@n the other hand causediffusion problemand limit the amount of
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Abstract

accessiblactive Fesites We planned to reduce tlifusion path oBD MFI by a hierarchical

2D structure, aimingp boostdiffusionandincrease the amount atcessibl&e active sitefurther

and, thusjmprove the productivity ofFe/MFI catalyst. 2D MFI nanoshestwere successfully
synthesized and characterized by {amgleXRD, SEM, TEMand physical adsorption to prove
their structural characteristidse was modified onto 2D MRanosheetwith high loading of 0.66
wt.%, maintainng highly dispersed Fe sites withoutwaous aggegation Both the U\tvis DRS

and XAS analysis confirmethat Fe sites in 0.66Fe/MFinanosheet existed in the form af
mononuclear Fe siseHowever, 2D MFI hanosheet as support feamd to bdess active thaits

3D counterpart, whicls contrary toour originalidea. We assumed that the nanosheet structure
may not be conducive to forming more active binuclear sites. Furthermore, the MFI nanosheet
structure was found to cause severe dealumination that causes the decrease in the Bdaysted ac
and undermine the activiijherefore, weeoncludedhat mononuclear Fe is also the active isite

Fe/MFI catalyst based on the research in our work

XI



Xl



Zusammenfassung

Zusammenfassig

Als Hauptbestandteil von Erdgas und anderen fossilen Reserven ist Methan ein wichtiger, sehr
reichlich vorhandener und recht sauberer fossiler Brennstoff. Die Suche nach einer effizienten
Methode zur Umwandlung von Methan in Kraftseoffder Chemikalien, i@ transportabel und
lagerfahigsing, stellt eine grof3e Herausforderung fur die Katalyse dar, da die Aktivierung der
starken GH-Bindung (440 kJ mof) in CH, schwierig ist. Die indirekte Syntheseroute, die in der
Industrie angewandt wird, vedauft Uber @ Erzeugung von Synthesegas durch
Methanreformierung, was einen erheblichen Energieaufwand Gber mehrstufige Prozesse erfordert.
Daher ist die Entwicklung direkter Wege zur Umwandlung von Methan in wertschdpfende
Chemikalien, insbesondere @bPH, bemerkensert, da sie unter relativ milden
Reaktionsbedingungen thermodynamibefunstig ist.

In der Natur kann das Enzym Methanmonooxygenase (MMO) die direkte Umwandlung von
Methan in Methanol (DMTM) unter Umgebungsbedingungen auf der Grundlage vand€u
Oxo-Clustern als aktivéentremerreichen. Die Einbindung dieser Metalle in zeolithische Geruste
mit H202, O, und/oder HO als Oxidationsmittel kann zu biomimetischer Aktivitat fihren. Die
schrittweise Umwandlung von DMTM unter Verwendung varu@d/oder HO Uber Cuhaltige
Zeolithewurde entwickelt, um eine hohe @PBH-Selektivitat, aber eine recht geringe Ausbeute
zu erzielen. DarUber hinaus ist das wiederholte Erhitzen und Abkihlen wahrend eines Zyklus ein
mihsamer und zeitraubender Prozess, der die Zykiugedangert und die Anwendbarkeit
einschrankt.

In den letzten zehn Jahren wurde festgestellt, dass der Feé3AGitalysator eine
bemerkenswertaktivitat mit einer TOF von bis zu 2200 gegeniibe€1-Oxygenaten bei 50 °C
unter Verwendung von 4D, als Oxdationsmittel in einem BateAutoklaven aufweist. Die
Erforschung fortschrittlicher Katalysatoren und Reaktionssysteme ist der Schltissel zur direkten
und milden Herstellung von DMTM. Ideil 1.6 haben wir die aktivsten und selektivsten
Materialien fir dieEDMTM -Reaktion in wassriger #.-Losung zusammengefasst. Die Ausbeute
anC1-Oxygenaten an Katalysatoren mit Oxiden oder Kohlenstoffmaterialien als Trager fur atomar
dispergierte Metatlentremst immer noch nicht ideal, wenn man den hohen Verbrauckeusm
H>O- bertcksichtigt. Es besteht daher ein dringender Bedarf an effizienteren katalytischen
Systemen mit hoherer Ausbeute. Die Verankerung von Metallzentstariach eingeschrarest
Umgebungwie z. B. Mikroporen, ist eine wirksame Strategie \Vermeidungder Migration und
Aggregation, um eine unerwtnschte Selbstzersetzung yOn 24 vermeiden. In unserer Arbeit

haben wir uns auf die Entwicklung von metallmodifizierten Zeolithd MOFKatalysatoren fur
Xl



die direkte Oxidation von Methan Zi1-Oxygenaten unter Verwendung von wassriger@ls
Oxidationsmittel in einem BateAutoklaven konzentriert.

In Anbetracht der strukturellen Eigenschaften und der typischen Modifizierungsmethoden von
MOFs haben wir hauptsachlich drei modifizierte Strategiegewande, die auf dem
ConfinemeniEffekt, offenen Metallknoten und abstimmbaren organischen Linkern in MOFs
basieren. Einige bekannte stabile MOFs mit-, ALn und ZrMetallknoten, die keine
Redoxfahigkeit besitzen, wurden als Trager gewahlt, um effizlattdytische Systeme fur die
Methanoxidationsreaktion zu entwickeln. In unserer Arbeit wurden klassische MOFs, CAU
10(Al), MOF-74(Zn), MIL-100(Al), MIL-96(Al), DUT-5(AIl), UiO-66(Zr), ZIF-8(Zn), FeM-
PCN-250 als Trager zur Fixierung vokiserstellen zum Entwerfen vielversprechender
Katalysatoren verwendet, die die direkte Methanoxidation in einem Autoklavenreaktor® €l 50
mit 0,5 M HO> als Oxidationsmittel durchfihren. Die M@&atalysatoren zeigen in der Tat eine
offensichtliche Aktivitat furC1-Oxygenate in wassriger 8>-Losung. Besonderes Augenmerk
sollte jedoch auf die Stabilitat der metallmodifizierten MOFs gelegt werden. Wir haben festgestellt,
dass die urspringlichen MOFs ohne aktive Meggtem unter den gleichen
Reaktionsbedingungen immeaioch eine gute Stabilitdt aufweisen. Nach der Einfuhrung der
aktiven FeStelle wird die Erzeugung aktiver Spezies, Hydr®adikale aus kD>, auch zu einer
Beschadigung des MOGeriistzu CO; fuhren, so dass es schwierig ist, die tatsachliche Aktivitat
zu erkennen. Am Beispiel unserer Forschung an Fe/BlUEigte 1.62Fe/DUB-SOy-post eine
gute Aktivitat furCl-Sauer st of f ver bi ndungen bei mite7d% mi
Selektivitat, was die hdchste Aktivitat unter den MR&alysatoren ist. Allerdingfihrte die
unvermeidliche Zersetzung des Gerlsts wahrend der Katalyse znielmdrestimmbarelenge
an CQ, die die Selektivitat des Katalysat@miedrigt

Als zweiteshaben wir versucht, neben dem aktiven Fe/MFI auch andere mit Fe modifizierte
Zeolithe zu entwickeln. Wir optimierten die Synthesemethode von FeAd@&ysatoren und
untersuchten eingehend die aktivenZemtremin MOR. Unter den typischen Methoden zur
Nachmodifizierung von Metallen wurden Fe/M@fatalysatoren mit einer nominalen -Fe
Beladung von 0,5 Gewb durch Nassimpragnierung (IWI), lonenaustausth.osung (IE),
lonenaustausch im festen Zustand (SSIE) und Sublimation von kRe@kstellt. Withaben &
modifiziertes lonenaustauschverfahren entwickelt, um dieBétadung mit Fe(acag)als
Vorlaufer auf MOR in CHCN-LOsung bei 85 zu kontrollieren, um einen F8ehalt von etwa
0,30 Gew% zu erreichen. In den Aktivitatstests von Fe/MOR mit waieiedlchem FeGehalt
fanden wir heraus, dass etwa 0,30 Ge&wFe de optimale Beladungsmengdéir Fe/MOR

Katalysatoren istDiese weisen beste Ausbeute und TOF von mehr als 500 “h fir C1-
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Zusammenfassung

Sauerstoffverbindungen aubDie TEM-Bilder und die XASAnalyse bestatign, dass die Fe
Zentremin 0,30/e/MOR in Formvon mononukleagn Fe-Zertremvorliegt. UV-Vis-Messungen
zeigen, dass 0,682/MOR, das durch Erh6hung der-¥erlauferkonzentration erhalten wurde,
einendeutlich sichtbarefPeak im Bereich von > 400 nm aufweist, der@a-Nanopartikeln
zugeordnetvird. Wir schlugen vor, dass das zusatzliche Fe in MOR hauptsachlich dazu beitrug,
den Anteil der FNanopartikel zu erhéhen, die dazu neigten, die unerwiinschte Nebenreaktion,
d.h.die HO»,-Zersetzung, auszuldsen.

Als dritteswurde berichtet, dass Mieolithe in der Lage sind, zweikerniges Fe zu beherbergen,
und deshalleine einzigartige Aktivitéin der direkten Methanoxidation in.B. zeigen Solch eine
ausgepragte Leistung wurde nur in der MfEluktur gefundenDie meist@ Folgestudien
konzentrierten sich auf die Optimierung der Synthese und die Anpassung der Reaktionsparameter.
Kirzlich wurde auch Ubemononuklearf-e-Spezies als aktive Zeetn in Fe/ZSM5-Zeolithen
berichtet, indem eine Vielzahl von Charakterisierungsergebnissen mit katalytischen
Leistungsdaten korreliert wurdedie besondere Topologie und mikropordse Struktur von MFI,
die atomar dispergiertes Fe einschlie3en kann, litt antér Wlem Diffusionsproblem, das die
Menge der aktiven FEentrembegrenzt. Wir planten,ed 3D-MFI auf eine hierarchische 2D
Struktur zu reduzieren, um den Stofftransport zu verbessern und die Anzahl der aktiven Fe
Zentremzu erhohen, um die Produktivitdes Fe/MHKatalysators weiter zu steigern. 20FI-
Nanoblatter wurden erfolgreich synthetisiert und durgintgenKleinwinkel-Streuung REM,

TEM undPhyssorption charakterisiert, um ihre strukturellen EigenschaiéehweisenFe wurde

auf 2D-MFI-Nanoblater mit einer hohen Beladung von 0,66 G&wmodifiziert, die immer noch
hoch dispergierte FEentremohnesichtbareAggregation beibehalten kdnnen. Sowohl die-UV
vis DRS als auch die XASAnalyse bestatigten, dass die-Zentremim 0,66Fe/MFiNanoblatt

in Form von einkernigen Fentremvorliegen. Das 2EMFI-Nanoblatt als Trager erwies sich
jedoch als weniger aktiv als sein dkegenstiick, was unseren urspringlichen Vorstellungen
widerspricht. Wir nahmen an, dass die Nanoblattstrukitudie Bildung aktiverer zweikerniger
Zentremnicht forderlich ist. Dartber hinaus wurde festgestellt, dass dieNRbblattstruktur
eing starken Dealuminierung verursacht, die zu einer Verringerung der BrewSstatezahl fuhrt

und die Aktivitatverringert Daher schlossen wir basierend auf der Forschung in unserer Arbeit,

dass einkerniges Fe auch das aktive Zentrum im FeKdElysator ist.
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1. Stateof the art

1. 1Introduction

The utilization of alternative environmehfriendly fuels is a crucial solutiorotthe energy
crisis, including but not limited to petroleurdepletion. Methanean abundant and clean fossil
energysource which consists of approximately 70 to 908b natural gas and shale ggy, is
widespread throughout the earts of 2020, Russiajgroven natural gas reserves alone were 37.4
trillion cubic meterd?2]. Methanehas been widely used industryfor chemical synthesiand in
our daily life as fuelfor its highestgeometric energy densitf ~56 kJ g‘compared with other
hydrocarbon$3]. Considering theemote reservesyng-distancenatural gas transportatiamthe
gaseous fornthrough pipelines appears impractidsdhtural gas isnainly stored andransported
as liquefiednatulal gas(LNG). Due to theharshrequirements for LNGstorage as the boiling
point of methane is 109,Khe resulting leakage of LNS inevitable.As a resultalarge amount
of gasis simply flared or otherwise lost to tka@vironmenturingtransportation and gas extraction
[4]. However, methane islassified aghe second most abundant greenhouse ((44G) after
carbon dioxide[5]. Moreover, its superior he#tapping capacity confers a globalarming
potentialof 72 times that of carbon dioxide ov@0 years[6]. Whenflaring to CQ equivalents,
methanefrom anthropogenic sourcesccounts fomearly 20% of thewo r | d & svarn@rig
potential each yedr]. Flaring and venting of associated gmsery dangerous and harmfulhile
significantly contributing to the potential fatimate changeTherefore the high availability of
methane calls for the development of efficient methods for its conversion into commodity
chemicalswhich allows for more accessible and more economical transportation and contributes

to themitigaton of GHG emissiors.
1.1.1 Conversion of methanevalueaddedchemicals

Besides theombustion as fuel, methanpgradng into valueadded chemicals or liquid fuels
can be achieved through direct and indirect routes, as summari&gune 1-1. The indirect
synthesis routeproceed through the generation yingas (a mixture ofatbon monoxide and
hydrogen) bysteam reformingf methane (SRMJEquation(1-1)), dry reformingof methane
(DRM) (Equation(1-2)), and partial oxidatiorof methane (POM)HKquation(1-3)), which is
subsequentlyransformed to & producs throughFischerTropsch synthesialbeit with a high

energyinput [8]. In addition the syngas can beatalytically convertedo methanol,which

1



establislesthe indrect route fomethanol synthesis from methaiguation(1-4)). However, the
production of the syngas intermediate is a Hgnperature, higpressure, endothermic, and
costly process. Under these circumstantespresent survegxploresnew catalytic systems for
direct and efficient methane conversitm bypass the syngas as an intermedjdie Direct
conversion routes, including pyrolysis and aromatization, oxidative and nonoxidative coupling and
partial oxidatiorhave been proposeuid testedFigurel-1). The possible products from the direct
conversion of methane are mainly limited to a few components sucthgsli@carbons, benzene
(aromatics), methanol and formaldehyde eCaloxygenates in addition to synthesis gas.

CHs+ H20 2 CO+ 3Hy; oH208k= 206 kJ mot Equation(1-1)

CHs+ CO, 2 2CO+ 2Hy; Haga= 247 kJ mof Equation(1-2)

CHs+0.50,2 CO+2Hy; Hg=-36kJ molt Equation(1-3)

CO + 2H 2 CH3zOH; gHaesk=-90.7kJ mol*  Equation(1-4)

s
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Figure 1-1. Flowsheet of the significant pathways for the valorization of metf&ne

Conceptually, directoutesshould have a distinct economacvantage over indirecbutes
However, despite a lot of effort in the researctindéct methane conversion during the last decades,
no direct processes have progressed to a commstage. The challenges associated with the
direct conversion of methane to fuel and chemicals arise from the fact that methane has an entirely
symmetricaketrahedral structure with a highH bond energy of 438.8 kJ mbIMethanehasno
functional grous, dipole moment to promote chemical attackeaningthe cleavageof the GH

bond requires very aggressive reactants and harsh conditions such agemygierature and
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pressure. Consequently, under such reaction conditions, products that are more reactive than

methane are easily ovexidized, resulting iralossof selectivity toward desired products.

1.12 Direct methaneconversion to methanol
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Figure 1-2. Methanol glectivity versus methane conversion over a numbesobd catalystqd11]

Among a number of direct routes to higalue chemicals, direct methane to methanol (DMTM)

conversiorreceives particular attention as methanol can be economically transported and directly

used as a feedstock for the production of chemicals such as dimethyl ether, formaldehyde, and

propylene 9§]. However,DMTM is extremely difficult to master and hasneged as one of

t he O6Holy

Gr da).Thss dream readidn aemgingearsd @hallenge because of two

distinct problems:He large energy barrier for the activationGsH bondthat is perceived as the

ratedetermining step in DMTMind simultaneously thaevitableover-oxidationof theproducts

to CQp, making itstill far from practicafor use in industryThese two barriers decide methane's

low conversion at mild conditions and the low methanol selectiitgure 1-2 shows the

correlation between methanol selectivity and methane conversion for a number chsallydts

[11]. A lower selectivity br methanol at a higher methacenversion is found for all catalysts,

indicatingthe limits ofthe catalytic DMTM process.

In the 1970s,homogeneous catalysts (e.g., platinum, molybdenum, vanadium and palladium

complexes, et al.) were first reported for liqgpldase methane conversidz]. Theproducswere

mainly methyl estersihich need to be further hydrolyzed to methaririana et al[13] used



the platinum(ll}-bidiazine catalyst to convert methane to methanol in concentrated sulfuric acid
(102%) with SQ as the oxidantThey achieveda yield above 70% at 81% selectivity of the
methanol precursor methyl bisulfatégure 1-3 shows the reaction mechanighatcan explain
thehighyield in this molecular catalyst systeiirhe key tosuccess for high yields tkatno free
methanoloccursthroughout the proces3he bisulfate acts as @rotecing group, making the
methoxysubstancemuch lesgproneto overoxidation than methanol. Enefore high selectivity

can be achieved by stabilizing the product at high converkid?019,DiazUrrutia & Ott [14]
reported in Science that slfonation for DMTM conversion with >99%selectivity of
methanesulfonic acid (MSA) can be achieved in a tandem reactor and can get the pilot stage for as
high as 20 metric tons per year of MSRidure 1-4). Despite the outstanding selectivity of
methanol derivatives, there are still several msic disadvantages. This process makes use of
expensive platinum catalysts and highly corrosive concentratedradd such as sulfuric and

trifluoroacetic acid, whiclboth suffer from both economic and environmental concerns
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Figure 1-3. Reactiorschemdor the oxidation ofnethane to methyl bisulfapgoposed by Periana
et al[13]
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A .
CHj4 recycling

MSA
99.9% pure
CH, , S D
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H,SO4/MSA recycling up to 20 times

Figure 1-4. Thesulfonation procegsroceeds as a cascade through reactors connected iff 54ries.

In nature,methanotrophic bacteriasng enzymes called methameonooxygenases (MMOS)
are able to activate L0and selectively oxidize methane to methaablambient pressure and
temperatureEquation(1-5)) [15]. There are two types of MMO: a particulate, memb+iaoend
methane monooxygenase (pMMO) and a solaidéthane monooxygenase (SMM@PMMO, is
copperdependent, but the identity of itegper active site and mechanisemains unclear. By
contrast, SMMO uses a diiron active site, which is well understood due to its solubleSaveral
excellent reviews ajut the structure and mechanism of MMOs have been written over the years
to help us understarttow enzymes perfordMTM, which offers guidanceto the development

of catalysts that function under mild conditiods]|

CHs + Oy + 26 + 2H" 0 CH30OH + HO Equation(1-5)

Figure 1-5. Structures of (a) pMMO and (b) sMM[Q6hH

PMMO enzyme consists of threeu buni t s encoded by PmoA (U),
form an USpl3. TerpMMQcnystal structuresveal up to three coppdaindingsites
per protomerThese sites are referred to as theHiss CuB, and CuC siteg-igure 1-5a). The

CuB site has been the focus of most discussions. Computational studies and advanced
5



spectroscopic techniques have recently suggested that both a difill8]esarxd a mononuclear
[19] copper site at this location would be the active sit®MiTM. However, extensive evaluation
of the relatedproteins revealed that the methanol is not producettidiy CuBlike site,and te
nature of the CuB site has beeontroversial owing to seeminglgontradicory biochemical,
spectroscopicand crystallographic result$wo recent experimental findings are consistent with
a CuC active site and CuB mail play a functional or stabilizing roleyeetingthe requirement

of more han one copper ion for activif20].

(a) (b) Hred

3
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0--.", Wt Qyyy, 'I: |<r/ o OH
\0’-3 e
~
H147f) \ 5 ﬁ\N Q246 ROH

N
H
E144

Figure 1-6. (a) Diamondcore structure of compound Q proposedsMMO, having two irons
(F€V) bridged by oxygen atoms. H, histidine residues; E, glutaresidgueq21a] (b) Thecatalytic
cycleof sSMMO. Rred and Rx represent the reduced and oxidized reductase MMe&xRectively,
and Brepresentghe regulatory component MMOR 1b]

As the most weluinderstood methanexidizing enzyme 71], sMMO is arguably the most
viable target fothe biologtal conversion of methane teethanolsMMO hasthreecomponents:
a regulatory protein (MMOB), a reductase (MMOtR)deliver electrons to the active sind
hydroxylase(MMOH) to perform substrate oxidatid@2]. MMOH is an (U b)shomodimer, of
which the U subunitcontans a diiron cente(Figure 15b), where dioxygen is activated and
substratdydroxylated Recent works revealed the structuréhetkey intermediates in the SMMO
catalytic cyclethroughextensive kineticspectroscopic, and computational studiéigure 1-6).
Briefly, the diiron(ll) centerof MMOH (MMOHy) is reduced by two sequentelectrors from
MMOR to the diiron(ll) state (MMOMRg. Oxygen reacts with MMO} to form the peroxo
intermediates P*, diiron(Il) species, and P, a perekadged diiron(lll) speciesboth of which
areshortlived, little is known about their structuréihe key intermediate of the catat cycleis
termed compoun@ [21a], as shown irFigure 1-6b, and isformed by thedecay of Heroxo The

recentstudyabout theime-resolved resonance Raman spectroscopigasd intermediate Q as a
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diamonddi-(¢-oxo) diferryl cae compared to modelompound data[la]. Other recent studs
have focused on how MMOR atMOB togethercontrol the delivery of electrons, protons, and
methane to the diiron sitBarticularly outstandingtudies by Lippard and Cho et{allb] showed
thatthe gating ofdelivery pathwaysregulates accessf each substrate to the diiron active site
during a imed sequence and is coordinated by dyicainteractions with the otheromponent
proteins.This gating mechanisnthus facilitates the removal of methanol to prevent its complete
oxidation enabing their neasperfect selectivity to methanol.

DiscoveringMMO enzymes and decoding their structure and mechanism for the DMTM
process provides an elegant example of an enatatyzed process and is crucial to developing
catalysts that function under mild conditions. This discovery dramatically triggers bitmime
methane direct activation over transition metal ions stabilized by zeolite matrices, such-&s ZSM
and mordenite, while stabilizing binuclear iron and copper centers in a form analogous to that
found in MMO enzymes. With dioxygen, water, hydrogen pel®XH0O.), or nitrous oxide as
oxidants, methane has been selective oxidatianethanal

1.2 Directmethane oxidatioo methanol (DMTMith different oxidants

Direct conversion of methane (@GHo oxygenategroductssuchas formic acid (HCOOH)
formaldehyde (HEIO), methanol (CHBOH) and methyl hydroperoxide (GBOH) under mild
reaction conditions is afreatinterest in catalysisMany researchers have investigated metal
catalyzed oxidation systems to convert methane into useful oxygenatesydiféetluse of
oxidants such ad>0» (the only byproduct being EO), O> and even KO recentlythat are atom

efficientis favorable to the environment.
1.2.1 NOas oxidant

In the early1990s, Panov and coworkers discovered a new form of surface oxygen (kalled
oxygen( D)) generatedhroughnitrous oxide(N2O) decomposition in Fe/ZS¥ [23]. The iron
species inthe ZSM-5 matrix are able to dissociate®l at a temperature below 573t& geta
reactive surface oxygeld-O, thatis active for the direcinethaneoxidation toCl-oxygenates.
They | ater pr opos e d-siteformatisndasédiortherhiauciéaainon cenmplexo f
found in several Fe containing zeolifesZSM-5, Fe-silicalite and Feb (Figure1-7) [24]. Bu t- U
O could not be formedhen using @as the oxidantOwing to the existence of inactive spectator
iron sites, he elucidation of thenature of the active sitthat determires reactivity has been
challenging.Snyder et aloverame this problem andlucidatel the structural and electronic

information about both th -Fle  a-@ site izeolitBEA (Figure1-8) [25]. Theyreported that
7



UFe is a mononuclear, high sgie' species residing withiasquare planar environmeotta -

6MR, and U-O site is a mononucleahigh spin F€Y=0 species having square pyramidal

geometry wi teMR.n t he same b
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Figure 1-7. An assumed mechanism ofties i t e s 6 blsed omhiruclearriron complex in
FelZSM5.[24]
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Figure 1-8. Thes t r u c t-Eefl\@=0dnfthe 8 = 2 ground stadmd its formatiorafter DFT
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Activation of NO andsubsequerDMTM procesds not limited to MFI framework types alone
with literature over Fe/BEA, Fe/CHA,Fe/FER P6] and Cuzeolites (CuBEA, Cu-SSZ) R7]
having also been reportedethanol formation is still debated in this processshown irFigure
1-9 [28h]. The methoxy groups may then eithieydrolyze to methanol bgddingwater vaporor
may O r eobfavnuan @ssociated HeO(H)i CHs, which may then desortiorming CHOH.
Due to the binding of methanol and methoxy grooipthe catalyst suiace,both proposedoutes
require an additional extraction procedure obtain methanol which inhibits its industrial
applicationsin addition the use of B as an oxidant that ret readily availablalsodramatically

limits the applicability of this process.
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Figure 1-9. The possible pathways of tlrect methaneoxidationto methanol using PO over

FeZSM-5.[284

1.2.20, as oxidant
MeOH
H,0 0,
Methanol
Extraction Cu-ZSM-5 High Temp.
r.t. to 200 °C Cu-MOR Zeolite
Activation
Cu-552-13 up to 450 °C
Cu-SAPO-34
Methane
Activation CH,
125 -200°C

Figure 1-10. Thetypical stepwiseonversion of methane toethanol including (i)he activation
process with oxidant (eg.2p) (ii) oxidationof methane to form surfadgound metanol precursor,
and (iii) theextraction of methanalia waterstean.[30]

Unlike Fezeolites or other Fenodified catalysts on which methane activation sites cannot be

formed with Q, coppercontaining catalysiespecially Ctzeolites can be activated by bothh®

and Q. A decade ago, a chemical looping system was developed based on@xbijsijpopper

site within CuZSM-5to convertme t ha ne i

nto met hano!l "Mardd8¥ a vy i

selectivity R9]. In the stepwise reactiofrigure1-10) [30], the first st@ isactivatingthe catalyst

material ata high temperaturdypically 450 °C, using either Lor N2O as the oxidantin the

second step, oxygen is then removed from the reactor by He flushing, and methane is introduced
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and reacted with the activatedtalyst at temperatures from 125 to 200 Fdally, methanol is
either extracted frorCu-zeoliteswith a liquid or desorbed by steam. Similar to the conversion of
methane to methyl sulfate, oxygen and methane avoid appearing in the reactor with methanol
simultaneouslyn the past decade, the vast majority of scientific attention has been put on the
research of reaction mechanisms and actives gitdhe conversion proces3hroughout the
developmentmethanolformation has beenrhswn to be possible over a wideray of copper
modified zeolite frameworksncluding MAZ, MOR, FER, FAU,CHA, MFI, AEI, BPH, AFX,

LTL, EON, MEI, BEA [31]. A wide variety of active sites have been proposed for DMTM reaction
within these frameworkd$n terms ofturnover frequency (TOF) to methanMOR, CHA, ZSM

5 and MAZ zeolites havéhe bestcatalytic performanceln 2021, Li and his coworkerg32]
substantially boosted the TOF to methaiod) 543 h! with aselectivityup to 91% over a classic
Cu/CHA catalyst Their resultshowsexcellentsignificance considering that it was obtained

onestep catalytic procesgith continuous production of metharim} the use of @together with

g 8 Woertink et al.,

H20 as oxidantandshowsextraordinary stability o€u/CHA.
/ PNAS 106, 18908 (2009)

¥ Kulkarni et al., Sushkevich et al.,
{; 7 ACS Catal. 6, 6531 (2016) Angew Chem. 57, 8906 (2018)
N, 2009 A 2016 2018
2005 //’*"\* > 2015 Ve | 2017 /ql‘* b
A
R 2 y

]
L'}
Groothaert et al., /-' Grundner et al., ‘2?‘ P Palagin et al., ? J
JACS 127, 1304 (2005) Sy Nat. Comm. 6, 7546 (2015) f  Nanoscale 9, 1144 (2017) 4 h[  §
J
- -.xJ .

4 9
J,JJ J\*J/

Figure 1-11. Timeline of various suggested configurations of the copper oxide active species in
Cu/MOR[3]]

The nature of the active sitegsll very controversiglspanning frommonauclear coppesites
to large copper clustersigurel-11 shows theiimeline of various suggested configurations of the
copperoxide active species in Cu/MORJ]. Dimers andrimeric copper cegtssuchad i s ¢
oxo dicopper mo n eokod di-copper speciesindtrimeric ([Cw( €)s]%*) sites were proposed
as active structuredecausehey are suggested to be presentMMO enzymes However,as
discussed abovejhether they are presentMMOs is a matter of ongoing debate in the biological
community.Based orDFT calculationson different copper clusters, from dimers to pentamers,
Palagin et al[31] showedhatCwO4?* and CyOs>*embedded in an 8 MR channel of MQ#&hich
have not beerobserved experimentally so faexhibit higher relative stabilityand activity
compared temaller clustersKulkarni et al.[31] discovered thanonccopper species [CUOH]

in the 8 MR channelare responsible dr the experimental activity of CBSZ13. Researchers
10



1. State of the art

believemethane can be converted to methanol through vacogeer active sites, only a portion

of whichwasdetermined experimentall{Considering thatonsiderableeolite frameworks can
hostdifferent activecopper sitesit becomes extremely challenging to unravel the configuration
of activecentes. A stepwise procesfor DMTM conversionhas been proposethd developed
however, there is still a long wéeforeindustrial applicationTypically, it takes several hours to
complete a reaction cycle, and the methanol output per cycle is very limited. In addition, the
catalyst activation (regeneration) temperature is usually higher than the reaction temperature,
resulting in large temperature fluations, which is a challenge for industrial operations involving
complex heatexchangesystems.Albeit recently reporteda nonstepped process in Cu/SSZ
13/0G/H20 systen{33], anisothermal cyclic process in Cu/MOR/8ystem B4] for DMTM has

been reported, the methane conversiaitiilsfar from industrial practicability.

1.2.3H,0Oas oxidanbr co-oxidant

So far, although there has not been a commeauotiesfor DMTM, various newouteswith
efficientsolid catalystshave beemsuggested Studieqg 28,35 have found that the addition of water
in whether liquid/gas phase will improve the activity, selectivity, and stability of the solid catalysts
and beefit the extraction of methanoln FegzeolitegN.O systers for DMTM, methanol
desorption is the ratémiting stepbelow 473 K. Watewvapor additionto Fe/ZSM5/N.O was
found to accelerate the methanol desorption from the syrizee with methoxy grouder fast
hydrolysisto methangland restrain the formation of coke on théZ3M-5 for betterstability
[36,37]. The Senanayakgroup[38] revealed the key roles played by(Htotune selectivity from
CO and CQto methanobver a weldefinedCeQ/Cuw0/Cu(111) catalysor CH4 oxidation with
O (Figure1-12). Firstly, it favorably blocked @activation on the interfacial Ce sites from deep
oxidation of CH to CO or CQ (Figure1-12A). More importantly, HO can dissociate at Ce sites
to produce the activdOH, acting as thectual Qprovider and enabling direct GHo CHOH
conversion [Figure 1-12B). In this system, @dominantly helped to reoxidize CeQvhich was
partially reduced during the reaction. Finally, as previously propose@, fecilitated the
hydrogenation ofCHsO to extract CHOH (Figure1-12C).
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Figure 1-12. DFT-calculated potential energy diagrams for the three important steps involved in
CHa oxidationby O, and HO on CeQ/CwO/Cu(111). green, O inOpurple, O inH20; gray,
white, H[38]

Recently,Sushkevich et alf39) r e por t ed a rlieest ox@aionaok methane to 6
methanol over Cu/MOR catalysthere water is used as the oxidant instead.oT ey presented
a direct stepwise methqéigure1-13). The catalyst Cu/MOR was activated in He at 673K first,
consecutively reacted with methane and therged withwater at 473K, whiclproduced 0.204
moles of CHsOH per mole of Culsotopic labeling with K80 thatinsers labeked oxygen into
methanolconfirmedwater as thesource of oxygen to regenerdle zeolite active centers atwl
makemethanol desorption energetically favoral@dembining the experimental data situ XAS
and IR with DFT calculationsthe authorgroposeda reaction mechanism involving rhane
oxidation atCu' oxide active centers, followed by Creoxidationthrough the water with
concurrent formatiorof hydrogen.In 2020, Koishybay[40] showed thathe watervapor, not
dioxygen, is the main source of tlexygen in the methanol obtainexver CuSSZ13 in a
continuousflow reactor However it was demonstratecthat not all thecopperexchanged

materials areactive inthe anaerobic oxidatio of methane. For coppexo oligomers, such as
12



1. State of the art

dimers and trimersyateris required tcstabilizethe newly formed Cu(ll) speciemdreoxidize

Cu(l). Copper monomers ammore selective in the conveotn a | 66aerobi cdb
dioxygen.
1% step: CH, 2" step: H,0
S B2 +2 O +2
Cu Cu CH,
CuMOR ) ;1
7 bar Q
473 K
CH50OH
CH;OH [] +1 3
“ Cu  Cu

Figure 1-13. Schematic representatiofthe reaction conditions of thdirectmethaneoxidation
by water[39]

1.3 Direcimethane oxidation using-8, oversolidcatalysts

As an important industrial oxidant, hydrogen peroxideQh hasa wide range of usefom
the provision of clean water to thenslyesis of valuable chemicalhe benefit ofH2O. as an
oxidant isthat water is the only produet H-O> decomposition, which isnvironmentally friendly.
Significantly, BO> has already begrovenas a highly efficient oxidant faheliquid-phase direct
methane to methanol (DMTM) process under mild condit{&usiation(1-6)). Despite thasome
catalysts with MO, O, and HO as oxidard, mainly Fe and Cubased zeolitesare capable of
reachingmore than 90%nethanol selectivity, theninimal CHs conversion, CBOH yield, and
activation abilityof the C-H bondof CHs requirethe use oH>O- as a stronger oxidariterein
we mainly want tdocus ontypical active sites for DMTM process witO> astheoxidant inan
aqueous solun. In addition to clasic Febased zeolite catalysts (Fe/MOR, Fe/ZSM AuPd
nanoparticle basedatalysts(e.g. AuPd/TiQ,), the other newly emerged singlge catalysts
(SAC9, such ag-e, Co, Rh, Pd, Petc. have alsdeen found active for direct methane oxidation
by using HO>. These singlesite catalysts with novel active structures can activate itkekond

atlow or even room temperature.

CHa+ H2020 CH3zOH + H20; gp Hogk = -223.9kJ mol* Equation(1-6)
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1.31 Nobel metabased catalysts

1.3.1.1 AuPdctive sites

Edwardset al.[41] observed that AlPd nanoparticles (NP) showed highly efficient activity for
the direct synthesis of @, from H> and Q, which is effective for the further oxidation reaction.
They found that AtPd nanoparticlesupported on Ti@(Au-Pd/TiC) are active for the oxidation
of CHs to CHsOH through a radical processider mild aqueous conditions with®b as oxidant
and even show better selectivishen using the in situ generated®d by adding H/O. gas
mixture asthe oxidant @2]. In their further experiment$43], colloidal Au-Pd, instead of Au
Pd/TIO, catalyzel methane oxidation, showing much higher activity and methanol selectivity,
and much lower consumption of.€: (Table 11). The oxygenate productivity was 29.4
mol-kgcat!-ht at a selectivity of 90%or Au-Pd colloid €ntry2), which is much higher than that
of the Au-Pd/TiQ; (0.03 mol-kgcat!-ht, 26%) (entry 1). When 5 bar of oxygen was added
additionally as oxidantentry 3, the product yield was further increasecb®6 mol kgcat!-h?
while maintaining high selectivity to 88%# entry 5 with muchlessH2O: (only 50emol) and 5
bar of Q as oxidantAu-Pd colloidstill achieved 39.4 mol-kgcath™* with 92% CHOH selectivity.
Experiments usingsotopically labeledoxygen (.) asthe oxidant in the presence @1.0>
demonstrated thdhe resulting methanol incorporated a substantial fraction (70%) eplgase
O2. More oxygenated products were formed than the amouti@f consumed. ltvassuggested
that @ can react witlhCHs generated via H abstraction BpH from H.O2 asthe initiationstep
of CHs activation Figurel-14).

Table 1-1. Catalytic activityof colloidal Au-Pd catalysts for methanaxidation.Test conditions:
reaction time = 0.5 hours; stirring speed = 1500 rpmj @Essure = 30 bar; reaction temperature
=50°C[43]

Hz02 0z Amount of product (pmol) Primary mfy_genate Oxygunate prodectivity Ha202 )
Entry Catalyst amount pressure - selectivity (Mol Kgpraei hour) consumed Gain factor
(umol)  (bar) s s 2 (%) ety (%)

i 1%Au-Pd/TiO> 1000 0 0.0 04 0.00 1.2 26 0.03 73 2 %1072
2t Au-Pd colloid 1000 0 11.8 3.3 0.6 1.1 90 29.4 38 3x1072
3t Au-Pd colloid 1000 5 174 76 18 15 88 53.6 27 9 %107
4t Au-Pd colloid 0 5 0 [¢] 0 0.2 0 0 0 =

5t Au-Pd colloid 50 5 157 28 12 0.3 92 394 44 12
6t Pd colloid 50 5 0 [¢] 0 0.7 0 0 22 0

7t Au colloid 50 5 0 [¢] 0 01 0 0 12 0

8t PdCl, 50 5 0 [¢] 0 03 0 0 5 0

9t HAUCI4 50 5 0 0 0 0.2 0 0 10 0

*Entry 1: Sol-immobilized solid catalyst, 100 mg (6.6 pmol of metal in 10 ml of water)
TEntries 2 to 7: Colloidal catalysts (10 ml, 6.6 pmol of metal)
tEntries 8 and 9: Homogeneous metal precursor solutions (6.6 pmol of metal in 10 ml of water)
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16 CHa H G'HUE
2H'®Q" ——=>hN3v —=> CH;'0,'—> CH;'®0"80H
H, 60,

160,/ H'®0,"—>CH;'%0,"—> CH;"%0"®0OH

Figure 1-14. Proposed reaction scheme fbrect methane oxidation in thegsence of kD, and
molecular Q.[43]

When HO; is used asnoxidant, the high consumption raded low utilization ratef H>O>
makethe reactioruneconomicallinet al.[44] reported AAuPd@ZSM5-C16 catalystfor efficient
methane oxidatiomt 70 by in situ generateti.O. from H, and Q, whichcan preventH:0-
dilution, and thereby keep a high local concentratidd-f> around the AtPd nanoparticlesThe
hydrophobic catalyst wassynthesized byfixation of Au-Pd alloy nanoparticles within
aluminosilicate zeolite crystalssherethe external surface wasodified byorganosilanesvith
differentorganic chain€s, Cs and Ge, as depicteth Figurel-15. The hydrophobic silanes appear
to allow H, O, and CH diffusion to the catalyst active sites, while confining the generated
peroxide diffusd through the encapsulated AuPd nanoparticles to increase theHg®al
concentration and enhance its reaction probab#ityre1-15 shows the molecular diffusions in
the methane oxidation process. The AuPd@ZB0IL6 catalyst exhibited the best catalytic
performance with 17.3% CHconversion and 92% methanol selectivity, corresponding to

methanol productivity up to 91.6 millimoles per gram of AuPd per hour.

) ()

2 2
2Y2
Hydrophobic sheath H,0,
H;0; H,0;

-==CH, = CH,
CH{lp CHa ¢ CHY) cHoH ¢
o Ho. O ./ /
Zeolite containing 22 - H,0,_ cH 4~
AuPd nanoparticies CH, CH, CHs e 4
H,0; ., CHsOH H,0, C‘H_,OHC $
CHys "hy0 8 /R0,
P o
CH,OH -
‘
CH,OH CH,0H (Iv) CH30H ()

CH,OH

Figure 1-15. Scheme showing the molecular diffusions in thethane oxidation process. The
thickness of the arrows represents the diffusion amdudint.
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1.3.1.2Singleatom noble metal cataly$Pd, Rh)

Singleatom catalysis (SAChich indicatesurfacesupportedsingle atoms in heterogeneous
catalysis has been explored fararious reactions[45]. Singly dispersed noble metatoms
anchored ometaloxidesas active sitesould offergreat potential for achievirgdistinct catalyt
activity or/and selectivitylue to theidistinctly different electronic state in contrastheir bulk
metal nanoparticle$46]. It has been found that based oensity functionaltheory (DFT)
calculations metal siteswith a low coordination nuber like Rh or Pt clustercanstabilize the
ACH; species to prohibit the successidehydrogenation of metharjé7]. Because thélCHs
species is arucialintermediatdor CHsOH formation bycombining withfOH during the reaction
noble metabased SA@an bepromisingfor selectivemethaneoxidation.

Lee and ceworkers f8] reported an atomically dispersedRirO; catalystin thecoordination
form of R Os for the selective oxidation of GHo CHsOH. The Rh SACs on Zrgxouldactivate
CHs4 using aqueous #-. as an oxidanat 70 , in which the property of Rhsingle sites
significantly affected the Cbxidation.In their work, an atomic Rh (0.3 w6) could achieve the
highest CHOH productivity, whereas Rh nanoparticles on Si»duced only a tiny amount of
COz without forming A oxygenategFigure1-16a). The recyclability of the 0.3 wito Rh/ZrO-
catalyst wasested andthe activityof oxygenated productould maintain up to the fourttycle
as shown inFigure 1-16b. The atomic Rh/ZrO, was confirmed to be able tabilize ACHs
intermediatesby diffuse reflectance infrared Fourier transform spectroscdpRIFTS)

measurement and DFT calculation.

151 (a) I MeOH (b) I MeOH
I MeOOH :IESDOH 120
-~ I co, .. CO, 3
= I
210 1.52
E g
£ 103
2z =
£ 05 E
3 05
E o
a
0.0 L 1 : 0.0
0.3% 2% 5% 1 2 3 4 5
Rh/ZrO, RWZrO, RNSIO, Run

Figure 1-16. (a) Catalytic performance foriicect methane oxidation using® as aroxidantover
the 0.3 wi% Rh/ZrQ(SAC), 2 wt% Rh/ZrQ(NP), and 5 w®% Rh/SIiQ(NP) catalysts. (b)
Recyclability test resultserformed with the 0.3 w& Rh/ZrQ(SAC) catalyst. Reaction condition:
30bar of 95% CH/He, 70 °C, 1 h, 0.5 NH2O., and 30 mgf catalysi{48]
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Tao and ceworkers B9 reportedPdiOs4 singlesites anchored on the internal surface of
micropores of ZSIVb showed excellent performance flirectCH4 oxidation. The PdilOs@ZSM-
5 catalystcould activate CHusing aqueous #D. as an oxidanat low temperature (595 °C)
with formic acid as thenajor productWith 2.0 wt% CuOused as a coatalyst, the major product
can be shifted into methanol with a selectivity36f4% andlr OF of 2.78 molecules pd?diO4 site
per second &5 °C. In their work, differentPdloadings (from 0.01 to 2.0 wt.%pn Pd/ZSM5
catalystsshowedsimilar yieldsand product distribution, as shownFigure1-17, which indicated

that the excesBd, presenatthe external surface of the zeolite, did contributeto the activity

Isolated Palladium oxide

Pd,0, nanoclusters
anchored supported
on internal on external
surface of surface of
micropore Z5M particle

\ ' Y
Q:panicle ! ZSM-5 particle

Figure 1-17. Yields of products of transformation of Gldatalyzed by 0.01, 0.10, and 2.0t
Pd/ZSM5 for directmethane oxidatiorReactiorwas conducted at 5 for 30 minutesn 30 bar
of CHa, 5 mmol HO-> and10 nL of deionized waterand 28ng of catalys{49

Besides ZrQ, cerium dioxide nanowire€CeQ NWs, 6.2 x260 nmwere employedo support
rhodium (Rh) singleatom via a simple hydrothermal proc#ssat can serve as &fficient catalyst
for selective methane oxidatidn oxygenategi.e., CHhOH and CHOOH) in aqueoudH>0, at
50 °C. The obtainedcatalystSAs RRCeQ NWs [50] exhibited the catalytic performance of
1231.7 mmol gi't h'! of oxygenates with 93.9% selectivity, which is 6.5 times higher than that
of Rh/CeQG nanowires (Rhclusters 189.4 mmol gnt! hl) prepared by a conventional wet
impregnation methqdas shown irFigure1-18a. Thein-situ DRIFTS measurements kigure1-
18b andtheoretical calculationsonfirmedthat Ce® NWs in H2O- triggered the formatiowof
AOOH andfOH. The adsdsed 2OH on neighboringCe(lll) atoms oxidized the adrbed CH at
the Rh atoms intdCHs, which further combines witdOOH andAH to form CHOH and
CHsOOH.
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Figure 1-18. (a) The yield and selectivity of oxygenates from Rh/Ge0Gm, Rh/Ce@NWs, and
SAs RRCeQ NWs. Reaction condition®.5 MPaof CHs, 20 mLof 1 M of H20», 50 °C, 1 h, 10
mg of catalyst (b) In situ CH-DRIFTS measurements on SAs-ReG NWs.[50]

1.3.2Nonnoble metal based catalysts
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Figure 1-19. (a) Methanol yields for aeries of metamodified TiQ; samplesof photocatalytic
methanexidationa f t er 3 h o f (H)Schematiaof adhargeansfea diiing rhethane .
partialoxidation on 0.33etawt.% FeQ/TiO2.(hv represents photons, VB is the top of the valance
band and CB is the bottom of the conduction b§bi].)

In addition tonoblemetal somenon-noblemetal catalyst¢Fe Cr, Cu, Nj etc) decorated on
metal oxides or carbon materidave also been studied in direct methane oxidation ui0g
asanoxidant.Xie et al. b1] discovered thatvith 0.8mM H20>, atomically disperseston oxide
speciesanchored on Ti@(named as Fe@riO,) could efficiently convert methane to methanol at
ambient conditions and moderate light irradiation (close to one Sun). The optimizgdiBaO
catalyst afforded 15% C4tonversion and a high methanol yield of 18560l g with an alcohol
selectivity ove97% (CHOH selectivity over 90%) after 3 h of 300 W Xe lamp irradiatieig(re

1-19a) in a batch reactor purged with #mol CHs. The iron species could remarkably improve
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photogenerated electrehole separation, lower the reduction potentiaHe®,, resulting in the
generation o O i Figure1-19b. The photegenerated holes in the valence band of;&i@Quld

react with methane to form methyhdicals (A CgJ whichthenc o mbi ne wiobtdin A OH
CHsOH.
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Figure 1-20. (a) A scheme of the designed operando T@8. (b) 1*C NMR and*C DEPT135
spectraobtained from typicateaction products 0ffCHa oxidation.(c) Catalytic performance of
graphite, graphene, FefEN, and other metaN4/GN for CH; oxidation.Reactionconditions 50
mg catalyst, 5 mlof H-.O, 5 mLof H20. (30%), and 2 MPaf CH4 (89.9%, N as balance gas}
25 for 10 hours (d) Reaction pathway of methane conversion toz;QH, CHzOOH,
HOCH.OOH, and HCOOH52]

Bao andcoworkers $2] reportedthatgrapheneconfined single Fe atoms (Fg/8N) could be
used as an efficient ngpreciousmetal catalyst to directly oxidize methane @ oxygenates at
room temperatur@5 °C) using BO- as oxidant. ThdirectCHs oxidation reaction was conducted
in a highpressure reactor connected with a specifically designed online operaneuf-filghat
mass spectrometer (TEMS) (Figure1-20a), which can qualitatively and quantitatively identify
reaction products in redilme thatare crucial to following the steps ofmethane oxidation.
Screening from a series of 3d métdd (Mn, Fe, Co, Ni, and Cu) catalysts, only N O

structure was fountb beunique and could convert methané€tboxygenated products with 94%
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selectivity after 10 hoursf reaction with a turnoverequency (TOF) of 0.47-h(TOF = mol of

the product (mol of Fe} h'l) (Figure 1-20c). HOCH.OOH wasfor the first time identified as a
reaction intermediatein methane oxidation. Combined with T@FS, *C NMR, and DFT
calculationsBao and coworkerproposed that methane is activated by tii€&\i O to form a

methyl radical, which is first converted into @H and CHOOH, and CHOH can be further
converted to HOCKDOH and HCOOHFigure :20b and d)

Zhouet al.[53] reported a twestep strategy to loadi nanoparticlegNPs)on modified carbon
nanotubes (CNT) and transfortimem into Ni single atoms to obtain sinterdragistant Ni SAs
(single-atoms)for efficient CH4 oxidation to CHOH at a low temperature of 50%ing HO: as
oxidant. They modified the CNTs withraN-containing polymer layer that was subsequently
transformed into an amorphousridh carbon layer after carbonization treatment (denoted as
CNT@NC). Ni NPswith different loading can batomicaly dispersed on the surface thfe
amorphous NC layeafter thermal treatmentjia the strong coordination interaction between N
rich defects and surfa@xposed Ni atoms. By continuously increasing the annealing temperature
to 900°C, theimk Ni NPs could beonverted in situ into Ni SA& Ni-N4 architecturehrough
thermal atomization within the surface hglesich isreferred to as CNT@PNC/Ni SABigure
1-21aandb). Figure1-21c andd showthe yield and product distributioof the prepeed metal
free CNT@NC,Ni NPs and Ni SAs samples with different Ni loadi{ig31, 0.68, 1.07 wio).

The Ni SAs catalyst with a loading of6® wt% could reachl . 0 6 3 “‘emuieadwithi94.2%
CHsOH selectivity.
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Figure 1-21. (a) The proposedtructureof CNT@PNC/Ni SAscatalyst.(b) HAADF images of
CNT@PNC/Ni SAs catalys{c) and (d)Theyield andseletively of methane oxidation fahe
prepared catalysts. The samfidbeled aB1 and B is blankcomparisonl to 5 efers to CNT@NC,
CNT@NC@Ni NPsCNT@PNC/Ni SAs (0.31 wi Ni), CNT@MC/Ni SAs (0.68 webo Ni),
and CNT@PNC@Ni NPs/SAs (1.07.94t Ni), respectively53]
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Wu et al.[54] reportedthe facile synthesis of atomically dispersed @oms embedded in a
porous GNs matrix [denoted a€u-SAsCsNa) for direct methane oxidatiomas shown irFigure

1-22a. Theassynthesized Cu SAsatdyst can convennethanamainlyinto CHs:OOH, CHOH at
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1. State of the art

room temperaturé25°C) usingH20O> as the oxidant in an autoclave reacfamong the various
kinds of metalsincludingCu, Fe, Co and Mn, GBAS/C3N4 exhibited the highest yield fohe C1
products (152mol) for 5 hwith a verygoodTOF (6.7 h'Y) and95% selectivity of oxygenatgas
shown inFigure 1-22b. When decreasing the reaction time from 5 h to 2 h, the productivity was
still up to 100emol over CuSAs/CsN4 with 11 h't TOF. Furthermore, there was mmticeable
decrease in the yielafter 3 runs overCu-SAsCsNs (Figure 1-22¢). Various advanced
characterization techniques and DFT calculations confirmed&@u site in the form of a Qlk

architecture contributed to the activity.

(a) (b) 200 — 100 (c) 160 JEMICHOH  EENCHOOH  JHCOOH
Cu-SASICN, Cu-NPECN,
A - 1404
2 # 160 | o 80 £ S
- co, 2 4
'g HCOOH = .
120 CHOOH Lg0 & J
e [ 3 g by
g £ 2 80
3 80 0 3F 3
£ E § o
404 20 © 40
204
Lo
oo™ o™ o o et 04
0‘9“ "‘Ws" P 4 1 2 3 1 2
Ao 1‘3* K \1"' 1"‘ Cycle number

Figure 1-22. (a) Graphic representation of the work. @atalytic results ove€zN4 and MIC3N4
catalysts (c) Recyclability tests over GB8AsC:Ns and CuNPsCsNs catalysts. Reaction
conditions: 5 h, 15 mbf H20, 5 mLof 40 wt% H>O., 3 MPaof CHs and 30 mgpf catalyst54]

Shenet al.[55] showed thasingle chromium atoms supported on titanium dioxideoparticles
(denoted as GfTIO,) as a synergistic catalyst cdinecly convertmethando C1 oxygenatesvith
H20, asoxidant under mild conditions, as shownRigure 1-23a. With 1 wt.% Cr loading, the
optimized catalyst reached the highest yield @droxygenateof up to 57.9 mol ma}?t with
around 93% s edfter20th Figurel-38b).Based®i®the advanced characterization
techniques, the Cr(VI) species (posgitiie Cti O« active sites) played a vital role in activating
CHsand HOz2togetA Cdan d  Aiguke1-23c) . T he ¢ esa e d ad@kicad QitH
surfacebound Ti OOH of TiG; to form CHsOOH and CHOH by synergisc effect, and the
CHzOH isfurther oxidized to HOB.0O0H and HCOOH.
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Figure 1-23. (a) Graphic representatiasf the work.(b) Catalytic performance of the wt.%
Cr/TiO. catalystsfor CHs oxidation with different raction time. (c)Electron paramagnetic
resonanc€EPR) experiment®xygenated products in liquid phase with different catalySk.

1.4 Zeolitedfor directmethane oxidatiomwith HO, as oxidant

In the abovementionedpart 1.3 H-O> has prova a green, environmeaity-friendly, highly-
efficient oxidant for direct methane oxidation@blsOH and othe€1 oxygenateshrough a radical
reaction pathwayHighly reactive hydroxyl radical@®©OH) have been confirmed tecombine with
ACHs to form CHOH in the above typical reaction systems with different active sites. However,
the productivity ofC1 oxygenate®ver catalystsvith mainly oxidesor GsN4 asthe metal carrier
is still relativelylow when considering th@gh consumption afatherexpensivéH,0. In addition,
some authorsrpsumed thathe metatsupport interface was largely responsible for the excessive
decomposition of ED», resulting in the lovefficiency of its use t@xidize methaneffectively
[30h43]. Many works still avoid mentidng and dscusing the consumptiorof H>O. during the
reaction This drawback is always the core isshiat hampegthe largescale application afirect
methane oxidation. Thus, a more efficient catalytic system with considerable productivity is
urgently needed

Based on the experience from the active cataligst direct methane oxidationtamically
dispersedmetal sites, especiallyor iron/copper-based catalystare favored for promoting the
DMTM process The tiny metal particle®f nanometers or suanometergnainly promote
undesirable sideeactiors, i.e., H.O. decomposition, which urmines the reaction efficiency
[56]. In part 1.3 many examples show tHabrication ofsingleatomcatalystson metal oxides or
carbon material®y surface reaction®©ne major problenof these catalysts is the leaching and
aggregation ocactivemetal sitegspecially when applied in liquid phasaction Anchoring metal
centersat ¢ o ny nlikedmicogoes; B an effective strategy to restrict the migration and
aggegaation ofcatalytic metakites[57]. Meanwhile by the analogy withthe reaction process of
MMOs, we assum@that theconfinementof reactants wuld be a favorable factor for bringing
important smalmoleculereactantsogether with the active siteBhus zeoltes andmetalorganic
frameworks(MOFs) materials with ther micropowousstructure and large specific surfaaea
have been widely used as suppaot$abricate stable atomically dispersed metal catalysis
These motifs havenusual electronic and chemigaioperties and display exceptional catalytic
performance.

Zeolites a class of crystalline microporous alimwsilicates,areundoubtedly one of theost

important groups of solid catalysts, showpagamount industrial importance for several decades
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1. State of the art

More importantly, compared with other crystalline porous materials, zeolites exhibit superior
thermal andchemical stability, up to 800 or higher.Moreover, zeolites have proven to be
excellent porous supports for incorporating metal sites for efficient heterogeneous cathbysis
most promising candidates for-KC activation thus far are Feand Cubased zelites, where
atomically dispersed Fe and Cu sites are believed to be key-sitéveotifs for the direct methane
oxidation to CHOH/HCOOH Patrticularly, both Fe/MOR and Fe/MFI catalysts have been

confirmed to show activity towards direct methane oxatateaction by using #0» asanoxidant.
1.4.1Introductionto zeolites

Zeolites are class otrystalline microporous silicateaterials witHarge specific surface areas,
ordered channels of molecular dinseons, and adjustable acidapd basicity, which aralready
extensively utilzed for refinery and petrochemical proces3édse elemetary building units of
zeolitesare SiOs and AlO4 tetrahedrgT), that are linked at thir corners by a sharing O atom
resulting in a structurally distinct threlfmensional3D) structure According to the International
Zeolite Association @A) [59], there are ove?50 zeolite frameworks recognized B§A. Except
for a few naturakeolites, most zeolite structgr@re gnthetic The structures ardenotedwith
threecapitd-letter cods, such as MFI and MORseeFigure 1-24) [60]. A defining feature of
zeolites is the presence of ordered distributed pores and cages with diameters of less than 2 nm
built up from thenetwork of 6-, 8, 10- and 12membered rings (MR), which gives them
characteristic microporosity. The rings are symbolized with the notation nMR whi mumber
of TOs tetraheda involved in the correspondingng. Different pore diameters, channel
dimersionality (from OD to 3 D), cages, pockets, and other structural characterigsst in
different pore structuee(Figure 1-24). MOR pore structureconsists ofelliptical and non
interconnected 2-MR mainchannelg7 x 6.5 A)with parallel8-MR channelg5.7 x 2.6 A) The
two channels are connectbglanothelBMR channet a | | e d A switd awingow size eft s 0
3.4 x 4.8 A Considering this structure, MOR, therefore, can be described as a 1D zeoliteebecaus
the molecule diffusion mainlhappens in only the i®IR channel MFI type framework
corresponds to severdifferent zeolite materiaJsnamely,zeolite ZSM5 and puresilica zeolite
silicalite-1, because of their different chemical propertigSM-5 hasa 3-dimensional pore
structureconsisting of straight 10 MR channels (5.1 x 5.5 A) and interconnsictesbidal 10 MR
channels (5.3 x 5.6 Agnsuing gooddiffusion.
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Framework Channel system (window size) Typical material Projection of framework
type structure

MFI 5.1x5.5A (10-ring); 5.3x5.6A (10-ring)  ZSM-5, silicalite-1, Ao hsky %
: = RIS LA

MOR 6.5%7.0A (12-ring); 2.6 x5.7A (8-ring)  Mordenite AT T 2T TS

Figure 1-24. The framework structure of classic MFI and MOR t{§@].

Another feature of zeolites is the isomorphsusstitution of Sfi* by AI®* in the framework
because of their similar values of ionic radii,0’bond lengths, andi'Di T bond anglesDue to
the incorporation of trivalent Al that carries one positive charge less théh Biere is an excess
negativecharge that positively charged cations mustnpensate for electroneutralityhese
negative framework charges are balanced by the introductimotofs (H") as bridging [AfOH-
Si] hydroxyls betweeneighboring Si" and AF* forming srongBranstedacidsites (BAS), which
are responsible for the catalytic activity of zeolite catalydtsides Al, other trivalent elements,
such as B, Fe, and Ga calso be appliedrhere are several welistablished methods generate
BAS in zeolites. The most importanprocedure is théntroduction of ammonium ionby ion
exchange, which i®llowed by thermal d@mmoniatiorto form the bond o& hydroxyl protonat
the bridging oxygen dfAl -OH-Si]. The second procedurettse introduction of multivient metal
cations,such as Mg, C&*, La®", or mixed rareearth cationsby ion exchange in aqueous
suspension followed by thermal dehydrati8AS are formedbased orthe generally accepted
HirschlerPlank mechanisif6l]. In zeolites containing multivale cations heat teatment resudt
in the removabf most of the water initially present in the pgrasd these cations have to balance
typically two or hree negative framework chargesthe zeolite with significant distances from
each othethat formthe strongelectrostatic fields inside the zeolite poresthe local electrostatic
fields, residwal water molecule dissociate to form hydroxpkotors bound tobridging oxygen of
[Al-OH-Si].

Besides acting as importaBtgnsted acid catalystgeolite catalysts nafied with transition
metals, such as Fe, Cu, Ni, Co, Pt, Ti,&d] Moet al., are alsoritical catalytic materialsFigure

1-25 schematically illustrates three conceptually differérainsition metal confinedzeolite
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composites(i) Isolatedmetal nanoparticlegii) lon-exchanged cationstabilized on the [AIG]'
tetrahedra(iii) Isomorphous substitutianto the zeolite frameworf62]. Many wellestablished
methods have been develogedrepardransition metals modified zeolite catalystsch as wet
impregnation, ion exchange, chemical vapor deposition (CVD), isomorphous substitution
direct encapsulation of metadmplexesWet impregnation is easy to perform by mixing the solid
with metal precursor solutiesnand subsequently ging to remove the absorbed solvetdn
exchange methods, typically liquid ion exchange in aqueous solution andtatdidon exchange
(SSIE), are the most used methadal introduce the transitiemetal sites inside the pores of the
zeolites. CVD is perfored by reacting the volatile metal precursors with zeolites under anhydrous
conditions, leading to a wetlefined catalyst. The isomorphous substitution method allows
forming framework metal sites.

Isolated clusters lon-exchanged cations /

(nanoparticles) covalently bonded
metal (oxide) centers

Single atoms
incorporated in the framework

(&+/&6-10)

M {
0»\‘“/"’<S'>0\N,_< ; c,\;&/o\,!/o\s ::
S Kca%
Figure1-25.Possi bl e zeolitel mensf2l composite conf i ¢

1.4.2FelZSM5 ascatalyst

1.4.2.1ldentification of binuclear Fe as active site in Fe/BSM

In 2011 ,Rahmaret al.[63] found thajprotonated pentasilpe zeolits (H-ZSM-5) werehighly
active and selective for tligrect CHs oxidationto HCOOHby the addition ofriphenylphosphine
((CeHs)3P) using HO2 as oxidantHigh yield (13.0%based on Ck) with 66.8% selectivityor
HCOOH was achieved overdSM-5 catalyst (SD2/Al.03=23.8) under the reaction temperature
of 373 K and &Has pressure o2.6 MPa.A considerableamount of @, wasgeneratecsadeep
oxidation product.They observed the increasing amount of byprodbgtcaused byH>O-
decomposition(H202 Y H20 + %:0;) with increasingeactiontemperatureAnd they conclude
that the acid sitein H-ZSM-5 seemto be the activesites for the direct methane oxidatidoy

investigating the effects dlifferentSi:Al ratios, which determine acidityHereafter Hammondet
25



al. have conducted comprehensive research fipdhediated MTM conversion over ireand
coppercontaining MFI zeolites in a batch reactof56,64,65. They confirmed tht the trace
amounts of Fempurity (0.014wt.%) in commercialZSM-5 arethe active centsrthat oxidizel
CHa to C1 oxygenates (mainly HCOQHCHsOOH, CHOH) with 95% selectivity H-ZSM-5
(SiO/Al203 = 30) after 550 °C calcinatiomasfoundto havethe most active Si/Al ratio from a
range of ZSM5 catalystsand showe@mazing TOBof 2200 h! under standard conditions (50 °C,
0.5h,30.5 barof CHa) [64].
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Figure 1-26. Proposectatalyticcycle fordirectmethaneoxidationby a binuclear iron species in
ZSM-5.[64]

The level of activity exhibited by commerciat#5M-5 has proven to be unique. The author
concluded three factors that mainly determine the amazing activity, whitthe&@ieAl ratios, the
activationprocedurevith a heat prereatment at 550°C, and the unique structure of ZSKdther
zeolites (i.e., Ferrierite, Beta, Silicalileand TS1) with similar compositions, but different pore
structures, aralmost iractivefor direct methane oxidatioithe authos bdieved that despite that
Al was not the active component inZEM-5, its presencen the framework is essential to anchor
iron and prevent aggregation to larger iron oxide clustBosfurther elucidate the specific
geometrical environment of the exramework Fe speciesgxtended Xray absorption fine
structurg(EXAFS) analysis and DFT calculations were carried out and revealed that Fe existed in
the ZSMS5 in the form of apositively chargeddi-iron complex[Fex(pz-0)2(OH)z(H20)]%",
containingantiferromagnetically coupled higgpin octahedral Fécenters. They used this model
to propose a closed catalytic cycle $etective methane oxidation, as shawfkigurel-26.

Furthermore, liey detectedthe potential radical species formed during the readipiEPR
spectroscopy with 5;8imethylpyrrolineN-oxide (DMPQO) asa radical trapping agenfThey
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found significant quantities d¥OH were produced during the reaction, which are involved in the
overoxidation of methanolThe absence dfCHs signals in the EPR spectra differed the reaction
me c hani s-oxygenrderived ftom PO, or Fent on 0 stoaldwexygesate r y
selectivity,in which ACHs have been observed askey intermediateCombining with the Time
ortline analysis, they proposed that methyl hyerogide (CHsOOH) is the primary reaction
product and that methanol, formic acid, and Q@re formed consecutivel{Figure 1-27).
Although copper does ntiavea directeffect onmethane activation, improvedthe methanol
selectivityby inhibiting theoveroxidationof HCOOH and C@by minimizing the formatiorof

AOH that was confirmed by EPR measuremeBy combining the effect of Cu with the high
activity of Fe, they found that a physical mixture of Cu/silicalitand Fesilicalite-1 synthesized

by the SSIE (solidstate ionexchange) method achiel/83% selectivity to methanol with 70!
TOF.

H,0,
\ » Fe 0—1?‘ Fe;Oj%
CH,4 > CHZOO0H i > CH;OH

(Fig. 2) 7
@FO\/ Cu?*

00 e HCOOH

Figure 1-27. A potential reaction scheme for thBrect methaneoxidation over Fe/ZSM
catalyst.p4]

In the last decade, most of the research focused omfinence of reaction parameters,
calcination conditiog, the Si/Al ratio andacidity on the activity Al3* wasproposed tdehave as
a structural promoter for facilitating the teaction of F&" species to thextraframeworkthat
contributedo theactivity. The incorporation of Al also provides an associated negatively charged
framework,thatis beneficialto the dispersion of the extfeamework Fe species responsible for
avoiding the formation of undesirable clusters and bulk oXiBigls Meysam et al[66] prepared
a series of trivalent heteroatoms (M = Ga, Al, B) substituted iMdFHezeolite (SiQ/M203 = 30)
by hydrothermamethod The key finding in their work is that the strong acidity in ZSMs
crucial to BOzactivation under miledonditionsand manipulates the product selectivity to formic

acid.
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1.4.22 Identification of mononuclear Fe astive site in Fe/ZSH!
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The actual active sitesf Fe/ZSM5 catalystfor direct methaneoxidationarestill intensively
debatedRecently, Luo andoworkers[67-69] proposedhatmononuclear Fe speciasethe active
sites in the Fe/ZSM5 zeolitesby correlating a widevariety of characterization results with
catalytic performance datéd set d Fe/ZSM5 catalysts containing different contents of active

components were prepareddmyetimpregnatiormethod on commercial ASM-5 (Si/Al= 13.9

[67].°Fe M~  ssbauer

(mononuclear, oligonuclear (8 clusters x 2) clusters and metal oxide nanoparticless

shown inFigure1-28a and bT h e

less monoméc and more polymeric as the Feding increases, which wastirely consistent
with the results bHAADF-STEM (Hgh-angle annular darkeld scanning transmission electron

microscopy, UV-vis DR and H-TPR (Temperaturgorogrammed reductignThey found that

Sspectr os cang yentfythe threepepspaciesd

M~

apparent

S s drasoopyrindisated that the Bpecies become

28

The proportion of monomeric Fe species (wt%)

M~ s spbctaauottine Fe/ZSM zeolites with

TORs of five

h')

1
Fe

TOR (mol,, . -mol,

Fe/Z5M zeolites.

(c) Correlation between the natural logarithm of TORs and

t

(0]
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only the proportion of monartiear Fe species is positiveborrelated with the methanol
productivity of the Fe/ZSW catalystamongdifferent Fe species-{gure1-28b and 9. With the
aid of adjacent Brgnstedcid sites (BAS),the 0.1% Fe/ZSM catalyst with dominant
mononuclear Fepecies possess axcellent turnover rate (TOR) of 66 niebr molgsthl.

DespiteLuo and coworkersiaving proven that monomerid-e is the intrinsic active sitand
exhibits good CBEOH productivity it is still challengingto achieve high CkDH selectivityfor
0.1Fe/ZSM5 catalysthaving the highest proportion of monomericdee tothe overoxidatiorof
CHsOH to HCOOH In their furtherwork, they systematically studied the influenceCaf species
on the activity and selectivity df.1Fe/ZSM5. A series ofCu-modified 0.1Fe/ZSM5 catalyss
with different Culoadings from 0.1 to 3 W hasbeen prepareldy the co-impregnation method.
As shown in Table 1-2, the optimal CuFe(2/0.1)/ZSM5 catalyst containing dominant
mononuclear Fe species, afford@dhaximum TOR value of 431 m@on molee ht and 80%
methanol selectivity without HCOOH observ&ahsed on multiple characterizations, they proved
that Cu is presemn Cu-Fe(2/0.1)/ZSM5 mainly in the form of isolated Cu species located at the
extraframework position of ZSNj with some CuQ nanopatrticles on the external surface of the
zeolite EPR measurementBi¢ure1-29a) showed thaawe ak AOH si gnal was d
0.1Fe/ZSM5 i mplying that Fe species slighanly c«
intense AOH signal pe ad¥and@ue(20d)ZEMSairdieating thate r 2
Cu species ratherthan Fepmm e d t he f orAmatuiiacrk afechA@Hse of
observed over G&e(2/0.1)/ZSM5 after the introduction of CHnto the reaction solution for 5
min (Figure 1-29b), along withthe production of a significant amount of §HH ( 6 59 € mo
observed fronthetime-on-line analysis Based on this, they proposed tfatCuFe(2/0.1)/ZSM
5 the reactiorproceedegredominantly via route ith Figure1-29c. In contrast, over 0.1FR&6M-
5 themainpathway followsroute 2

Table 1-2. Catalyticperformances for the ggeparedcatalyst[68]

C1products (mol/molFe) TOR CH3OH
Catalyst
CH3OH CH3;OOH OHCH;00H HCOOH CO; It Sel./9%P
Cu-Fe(0.1/0.1)/ZSMb 66.8 25.9 21.7 113.3 10.3 134 27
Cu-Fe(0.5/0.1)/ZSMb 169.9 20.2 20.4 118.5 6.9 340 49
Cu-Fe(1/0.1)/ZSM5 209.4 185 28.6 84.6 9.3 419 60
Cu-Fe(2/0.1)/ZSM5 215.6 16.6 29.7 0.0 9.1 431 80
Cu-Fe(3/0.1)/ZSM5 160.9 15.3 26.5 0.0 8.6 322 76

Test conditions: 0.3 gof catalyst 80 mLof 0.5 M H20. aqueous solutior80 barof CHg; 50 °C,
0.5h, 1500 rpm 160 mL autolae reactdfTOR is defined as mole (methanol)/mole (Fe)/t(me
bMethanol selectivity is calculated as moles ¢OH)/moles (produced) x 100.
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Figure 1-29. (a) EPR spectra obtained from a liquid sample afi€).Hlecomposition over the
0.1Fe/ZSMb5, 2Cu/ZSM5, and CuiFe(2/0.1)/ZSM5 catalysts. (b) EPR trapping experiment with
DMPO as the radical trapping agent over the-F&{2/0.1)/ZSM5 catalyst with HO, as the
oxidant. (c) Proposed reactieoheme for the oxidiain of methane in a #»-based heterogeneous
system.68]

1.43 Fe/MORascatalyst

Zeolite topology isssentiato the activity which provides thepmpropriate geometric constraint
around Feor Cuto maintainultrafine Feoxo or Cuoxo sitesthat act as active siteslordenite
(MOR), a natural zeolite, is attractirecatalysisbecause of itexcellention exchange properties,
thermal stalbity, availability and low cosf70]. Moreover, MORmicroporeshave beemrovento
provide a confined revironmentthat helpsstabilize trinuclear opperoxo clusters fordirect
methanexidation byastepwise proceg31]. As stated irpart1.2.2 Cu-exchanged MOR zeolites
have proposed active sites for £t CHOH conversion in the stepwise processolving
monocopper, dicopper, tricopper spe@esllarger Cuoxo clusters. However, to the best of our
knowledge, a metadxchanged MOR catalyst is still relatively rare for mild methane oxidation

using HO2 under a batch reactor system.
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Figure 1-30. (a) Catalysswith 0.5 wt% Fe loaded on different supportis) Different metalswith
0.5wt.% amountioaded on HMOR catalyst (c) Efect of theaddition of different amoustof
Cu(NGs)2 on the methanol selectivitgf 0.5 wt% Fe/MORH: catalyst; (d) Eect of the reaction
temperature on 0.5 Wb Fe/MORH>. Reaction conditior20 mL of 0.5 M H20- solution, 30 bar
of 95% CH/N>, 30 mgof catalyst,1 hand 80°Cfor a c[72]

In 2019, Liu and coworkelf3 2] reportedhatan active Fe/MOR catalyst synthesized via simple
solid-state ion exchangeroved to be activen the selective oxidation of methane with@d as
oxidant at 8C°C. In their work, they investigated the influence of different supports, different
metals (likeCu, Ni, Ru), the addition of copper salt on the methanol selectivity, and the reaction
temperaturg¢seeFigure 130). The authors hold that dimerctahedraFe** species [Fg €);]
in extraframeworkposition are the active siteés confirmed by XPSXAS, UV-vis DRS, and
HAADF-STEM in combination with DFT calculationgVith 30 mg of 0.5 weo Fe/MORH:
catalyst at 8C°C for 1 h, they could achieve around 240 pmol GfL oxygenates with 89%
selectivity anda TOF of 90 ht.

1.5 MOFdor direct methanexidation with HO, as oxidant

31



1.5.1Introductionto MOFs

MOFs, also known as porous coordination polymers (P@Ra#,emerged as one of the most
important advances in chemistry and materials since the first concept formulation in 1995 by O.
M. Yaghi [73-76]. Metalbased nodes and organic bridging ligands construct MOFs to form
crystalline frameworks with open and permanent porogifieg 8]. Unlike the traditional ordered
porous materials (e.gzeolites), variousconstituentunits account for thenormous diversity of
the MOF family Based on the Cambridge Structural Database (CSD) collection, there are over
10,000 structures by March 2021, the number of which is still growing rapdby to their high
porosity and flexible and wetlefined struaire, MOFs have been used in versatile applications,
such as gas storage and separation, chemical sensors, and optical or £a8gsid]. Among
these applications, exploring MOFs as heterogeneous dataysne of the most promising
research aresawhich has received tremendous interest and achieved significant progress.

Modern developments of catalysis require deeply understanding of the mechanism and
structureactivity relationship to improve catalytic performance, which facilitates rationalysatal
development. An excellent example from nature is enzymes, presenting superior catalytic
performance in many fields (e.g., methane oxidation). Therefore, mimicking enzymes (such as
MMO enzymes) by artificial catalyst design has been a coveted targatteaoted much attention
and effort{82-83]. In general, besides central metal sites, allosteric sites from pockets of anzyme
play a key role in activatingubstrateshighlighting the influence of secondary coordination
environments.

Comparedo other taditional catalysts (such as zedit# inorganic metal oxid®, MOFs are
considered to possetsgefollowing advantages. (1) Ultrahigh porosity facilitates a good dispersion
of the active sites, which is highly favorable fsuperioractivity, selectiviy. (2) MOFs are
structurally diverse and can proviglariouscatalytic sites. (3) Flexible structures can allmw
fine-tuning of catalytic microenvironmentg/hether coming from pristine frameworks or pore
environments, the surrounding of the activee st MOFs can be regarded as a secondary
coordination environment, influencing the catalytic beha{géd. (4) Crystalline nature of the
MOFs guarantees a walkfined structure, reducing the difficulty in characterization

1.5.2 Key Elements of MOFs

1.5.2.1Metal nodesand aganic bridging ligands

As the inorganic part of MOFs, metal nodes are polynuclear metal clusters, also called
secondary building units (SBUSs), rather than single metal sites. Common SBUs are shown in
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Figure1l-3la. SBUs generallypossess good stability, which is thermodynamically favorable and

can promote the formation of robust frameworks. However, the stability of the whole framework

also depends a lot on the strength of the coordination bondsSdérédcid-Base (HSAB) theory

is a practical tool to assess the stability of a MBIGure1-32). Generally, higkvalent metal ions

(hard acid, such as A, Zr*) would prefer to coordinate with O atoms (hard base, mostly from

carboxylic acid)seeFigure 1-31b), giving strong bondingOn the other hand, lowalent metal

ions (soft base, such as Zn Cw**) tend to form

stable bonding with N sitésft base, mostly

from azoles)Versatile ligands contribute a lot to the diversity of MOFs.

A Secondary building units (SBUs)/cluster;

¢ 5T K4

M2(CO2)4

Zn40(CO2)e M3O((Z3O2():s (M = Cu, Zn, Fe, ({\1\1/(1) ::H()J“ ‘(n) l\Hn C3H3N2 Nig(C3H3N2)
(M=2n,Cr e
In, and Ga) :\RAS) ¢ Co.and M303(COz)3 Al(OH)(CO2)2
(M = Zn, Mg, VO(CO,),
Co, Ni, Mn,
b Organic bridging ligands; Fe, and Cu)
COOH COOH
COOH COOH COOH 000 oo
OH
* HO,@' X HsBTE (X = C=C) COOH
COOH COOH COOH HaBTC b\ H3BBC (X = CgHa) .
H-BDC H,BDC-X H4DOT X X N
(X = Br. OH, HOOC’C \©\coou | Nz
NO,, and NHyp) /llr
HN-N ey Il o P P PP N
COOH oH S A 4
HO3S SOsH ~
Hoosg\coou ’ ]¢[ ’ NANH X O.@ X
H Ho Soaﬁ“ HOOC  'COOH :N ] iNNH R e 18 COOH CooH
H4ATC H3THBTS HslmDC H3BTP (X=NH,, OH, and SH) BPP34C10DA Ir(H,DPBPyDC)(PPy),+

Figure 1-31. Typical SBUs (a) and organic ligands ([@5]
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Figure 1-32. HSAB theory upon MOFE35]

1.5.22 Flexible structurand topology

HSAB

g

~N

Soft Lewis Base
Azolates

Strong Bond ( \ Weak Bond

Soft Lewis Acids Hard Lewis Acids
Co?*, Ni?*, Cu?*, Zn2* AP, Cr®, Fe®, Ti¢*, Zr**

l Representative MOFs

ZIF-7, 8, 11 (Zn)
Cus(BTP), Nis(BTP), Co(BDP)

MOFs inherit the structural features tifeir inorganic and organicomponentsTheir building
units, including ligands and metal SBUs, can be replaced by counterparts with similar structures
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to develop a series of isoreticular MOFsr example, thégand was replaced by equally linear
but longer ligandto possess larger pore chasBesides theeplaceablégands, the metal SBUs
can also be tailoredHexazirconium(Zre) cluster awell-adoptedSBU for its superior stability
can also be replaced Berium(Ce),Hafnium(Hf), andsomeof LanthanidgLn) groupmetalsto

form similar MOF structure
1.5.2.3Crystalline nature

Most MOFs can form single crystals, indicating their ordered periodic structure. The structure
can be determined by single Crys¥atay diffraction (SEXRD), one of the most effective ways
to elucidate thestructure. Generally, coordination bonds are the main bonding type in MOFs,
regarded as secondary covalent bonds with weak bonding eiéegker bonding also means
larger reversibility, indicating flexible bonding. Solvothermal methods are the most commo
methods for MOFs synthesis. Considering the reversible bonding and enthalpy driven
crystallization process, the key to MOFs crystallization is that components undergo multiple

bondingbreakingrearrangement steps to grow into a perfect crystglire1-33) [86].

thermodynamic
A

aAG AG,a)+ Gy

+ A{"‘nillp
b(lH“”

Solution
(M3, +X3)
Amorphous

kinetic

Final mineral
(crystalline)

Figure 1-33. Crystallization pathways of MOFs considering multiple s{&ab.
1.5.2.40pen framework with permanent porosity

One key parameter to distinguish MOFs from inorgamganic hybrids or coordination
polymers is maintaining an open and porous structure, even after removing filler. Even when
possessing rigid frameworks, frameworks with too short ligands (such as-ayeiale

frameworks) are not regarded as open frameworks. Frameworks constructed by very soft or
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unstable ligands can shrink and lose porosity upon removing the filler. All these materials will not

be regarded as MOFs.

1.5.3 Advantages of MOFs in Catalysis

1.5.3.1Ultrahigh surface area and porosity

Compared witta traditional porous material, MQfpossess superior surface area and porosity
(Figure1-34) [75]. The new record of MOFs material in porosity is DB0, which possesses a
BET area 07839 nt-gt and pore volume of 5.02 &g [87]. Ultrahigh surface area and porosity
allow ahigh dispersion of active sites. If the active sitegare ofpristine MOFstheirdispersion
can be very close to homogenous catalygbreover, the relatively large motextures can offer

smooth mass trapsrtof substrates.

8000
Typical. MOFs NOTT-119 (2.35) NL(J4-1410 g
7000 L conventional MOF-210 (3.60)
mgg,?;z NU-100 (2.82)
6000 MOF-177 (2.00) =
35 IRMOF-20 (1.53) UMCM-2
E MOF-5 (1.48) (2.32) DUT-49
< 5000 (2.91)
o MIL-101
© MIL-101 (2.00) IMOFS (2.19)
§ Sh) MOF-177 (1.59) (e
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Figure 1-34. Comparison of MOFs with traditional porous materials. The pore volumedém
is listed in bracketfr5]

1.5.3.2Diverse active sites

MOFsown abundant active sites, either frtmeir pristine suucture or the guest moleculd®

be specific:iFigurel1-35) [81]
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Modification

Figure 1-35. Strategies to incorporations of active sites in MOFs. CUSs means coordinatively

unsaturated metal sitg81]

(1) Metal cluster from pristine MOFs. Some SBhksve open sites, also called cooadively
unsaturated metal sit¢€USSs), regarded as Lewis acid sites. Even though the metal &BUs
fully coordinaed defectsites are inevitable andUSscanalsobe createdn purposedy facile
treatments. Besidespordinatng atons, generally bridgingpxygens can serve as Lewis base
Some bridgingOH ®-OH groupsalso have weaBrgnsteda c i d i t ymore,WHe anétad
center in SBUs can lmerved asinelectron acceptor or donor to drive redox reaction.

(2) Ligandas from pristine MOFsFunctionalgroups on the ligand can suppigriousactive sites.
For example, sulfoniacid group/amino group can serve as acid/base sites. Some ligand
themselvesire functional molecusesuch as metgborphyrirs, salers, metatbipyridine complex.

(3) Postmodification based on SBUs tigands Besides the direct synthesis of isoreticular
MOFs, flexible structures of MOFs allow the posbdifications based on pristine MOFs. The
postmodifications can be applied ®very componanin MOF (Figure 1-36), such as post
synthetic Exchang@PSE)[88] post synthetic modification (PSNI39] atomic layer deposition in
MOF (AIM), solventassisted ligand incorporation (SALBQ].
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Figure 1-36. Some examples or scheme of PSM, PSE. AIM and $8&DB(]

(4) Encapsuledguestmolecules The pore volume is suitable ftwostingguestcompounds
eitherprepared bynepot synthesis or posiasting[91]. The large pore volume can increase the
loading.Confinement effeccan also stabilize guesbmpoundsand influence catalytic activity.

A synergisticeffect betweemguestsand MOFs can also be expected.
1.54 MOFs fodirect methane oxidation

Zeolitesstabilize binuclear on and coppecenters in a fornsimilar to that found in methane
monooxygenase (MMO) enzymeBspecially ZSM5 and mordeniteartificially mimic the
activity of MMOswith great success. However, the relativebpor adjustability of active sites in
zeolites results inll-defined active sies. The natureof the active sites inron- and copper

containing zeolitesemains &rgely a matter of speculationheseweaknesses can be conquered

37



to some degree hysingMOF support materialdike zeolites, MOFs have higiorosity, and they
have customizable pore microenvironments via-ggathetic modification of linkers, nodes, and
guest molecule®dditionally, MOFs areaypically highly crystallinewith ordered structuresiited
for characterization by singt@ystal anl/or powderdiffraction techniquedt facilitates the design
of well-defined heterogeneous catalystsking them appealing ihis regardUp to now, here
arestill very limited examples of MObased catalysts for selectiveethane oxidatioto methanal
However, each exampie representativandprovidesinstructive esign and structunegulation

of MOF catalysts for future work.

1.54.1 Fe/MIL-53 for methane oxidation by-&>

Dmitrii et al [92] introducedisolated well-dispersed Fe sitaato the Atbasedchain MOF
MIL -53 to getMIL -53(Fe,Al) mixed-metal catalystwhich showed goodactivity andselectivity
in the oxidation of methane to methanol witkOAas the oxidanat 60°C and30 bar of CH. The
selected suppormatrix MIL-53(Al) is built from nonredoxactive AlOs octahedral chains
connected by 1:%enzodicarboxyli@cid struts to form weltlfined 1D channelg={gure 1-37)
[93]. They speculated that suchmaet al T o x 0 @ haMIn53 shouldube tahler to
accommodatésolated Fe species with aardination environment close tbat of the sMMO
active site(as shown irFigure 1-37b and ¢. An electrochemical synthesis method achieved a
highly homogeneous distribution of Fe siteghin the lattice of MIL-53 with Fe content in the
range from 0.3 to 5.5 . The catalyst displasya goodactivity with TOFsin 90 h' and
selectvities to oxygenates of ca. 80%.
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Hy —2X080 . CH.OH

Figure 1-37. (A) Reactionsystenof the direct methane oxidation; (Byructure of SMMO enzyme,
where each U2b222 di mer ¢ on-53Al Re}catalystavithdaisiier o n
isolated Fe within the MI53 octahedral [AlE] chain.(Blue spheres represdf)[92]

After a comprehensive characterization, Zkaal. revealed that the dimeric ¢AdIL -53(Al))
and monomeric (ReMIL-53(Al)) Fe complexes generated from isomorphous substitution of Al
by Fe ions in MI:53 are the active sites. Such Fe sites are located in a unique octahedral weak
ligand field envirmment that is )pected to be favorable f&@i H bond activation 94]. DFT
calculations indicated that despite different oxidation states, the activities of monomeric and
dimeric species are comparable, and they promote the same reaction steps. Bpsetlastopic
characterization and DFT calculations, they proposed a possible minimum energy reaction
pathway from CHto CHsOH with H.O2 over the dimeric Fe sites in MHR3(Al, Fe) (as shown
in Figure 138). The mechanistic studies were later extendethguthe same methodology,
considering the full reaction network, including the formation of the active sites, overoxidation of
methane to C¢) and decomposition of 4@, to H.O and Q [95].
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Figure 1-38. Proposed mechanism of methane to metharalation with HO; over the dimeric
Fe site in MIL-53(Al,Fe)[95]

In their work, they raised two problems concerningbBsed MOF catalysts for methane
selective oxidation with HD- as oxidant, which providesreng reference for later workirstly,
it is about the stability issue BfIL -53 catalyst during catalytic reactisnThe catalytic reaction
was performed belo®0 °C, becauséhe MIL-53(Al,Fe) catalystsvere not stable in aqueous®}
at higher temperatures (>80 °Q)hey also prepared theounterpart MIE53(Al,Fe) catalysts
(named HTS) using the direct hydrothermal synthesis method as control experifentse
leaching into the kD> aqueous solution and the formation of lots efgxidation productsor
HTS samples with high Fe contgfat4 and 16 Fe wi%, respectivelyyvas observed-urthermore
the presence aflissolved linker in solutiomnd partial decomposition of MOF structusas
observedTo obtain high MOF catalyst stabilitysinga nonredox scaffold is crucial. Secondly,
it is about the competing seliecompositiomreactionof H>O> to H.O and Q, which undermines
H20- utilization efficiencyand limits the overakfficiency of the catalytic systenihe catalytic
reactionis inevitablyaccompared bytheselfdecompositiorof H>O», which is used as the oxidant.
Based on the DFT calculations, tbemputed raction energy diagrams indicate that the-self
decomposition of BED2 is strongly kineticallyfavored over methane activationypically, the
H20: utilization efficacy of Fe/Zeolites (around-B0%) is about one order afagnitude higher
than that othe Fe/MOFcatalyst(around 15%).

40



1. State of the art

1.54.2 Fe/UiG66 for methane oxidation by-&

Due totheir superior stabilityZrs based MOFs are widely studied in heterogeneous catalysis.

In particular -OH and-OH; groups on the metalodesof Zrs based MOFs couldct as the

anchoring sites for active components, offering preceslystdesign of the catalyst at the
molecular leel [96]. Zhao et al [97] reported that F®© clusters on Z nodes of UiG66
(Zrs(OH)404(BDC)s, BDC =henzenel  4-dicarboxylatg¢ modulated wittirifluoroacetic acid TFA)

can successfullgatalyzemethane oxidation with kD, as theoxidantat 50

in the autoclave

reactor Figure 1-39 shows the synthesis steps of WB(2.5TFA}Fe (with a compositionof
Zr604.14{0OH)3.8(BDC)a.2d HCOO) 75(TFA)2.50) catalysts and contrast sample 66(0.37AA)
Fe (AA representsacetic acig, involving: (1) competitive coordination of Zf ion with

monocarboxylic modulatofTFA or AA) over bicarboxylic H:BDC ligand toform the variant
Ui0-66,[98] (2) abstracting hydrogen atoms frof®H/-OH; groups in UiQ66, (3) anchoring Fe

O clusters tmbtain the catalystwith 2.2 wt% and 3.0 w6 Fe insiderespectively
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Figure 1-39. Scheme of synthesizing ¢Znodes coordinated with TFA or Aand then anchoring

Fe sites on Zroded.97]

Based orXPSand XASmeasuremest the authors argued thtae TFA groupcoordinatedo

theZres node of UiG66 enhancethe oxidation state aheadjacent F€ cluster due to its electron

withdrawing abilityoriginating from thehigherelectronegativity of F (4.1 TFA than H (2.1)n

AA. The eperiments and theoreticablculaton results further proved that the TFA groups

promotedthe activation othe C-H bond of methne andsignificantly enhanced catalytic activity

of the adjacent F@® clusters thus leading to thieigh C1 oxygenated yield f 4 7 9 9

Tédrmo |

1 with 97.9% selectivity, ~8 times higher thahose modulated with AAThe theoretical
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calculaton results and EPR detection of active oxygeeciesshow thereaction pathay for

direct methane oxidatioratalyzed by UiG66(TFA)-Fein Figure1-40.

Figure 1-40. Scheme of reaction pathway for methane oxidation wiBots oxidant catalyzed
by UiO-66-Fe. Color scheme: light gray for hydrogen, dark gray for carbon, red for oxygen, blue
for zirconiumand brown for irorj97]

1.6 Comparison of stataf-the-art catalysts for direct methanexidation
with HO; as oxidant

Table1-3 summarize the catalytic performance of the representative catalysts discussed in
partl.3 1.4and1.5.

Table 1-3. The representative catalysts of leemperature methane oxidation withO. as
oxidant.

Catalyst Reaction Oxygenates Product Peat (ht mgY)2 | TOF | Ref.
(Metal condition selectivity distribution Pmetal (Nt mg3)P | (hh)°
loading) (%) (%)
AUPd/TIO 30.5bar CH, 85.4% MeOH (12.1%) 0.50e mo | | 6.85 | [42
(1wt %) 0.5M H0O, MeOOH (73.4%) 5.9 &m
50 , 0. f
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Au-Pd colloids | 30bar CH, 5bar 92% MeOH (14%) / 9.2 | [43]
6.6 em 0,,50e mo | MeOOH (78.5%) 39. 4 ¢
meta) H,0,, 50 ,0.5h
AuPd@ZSM 30bar (3.3%H, 100% MeOH (92%) 4.6 em 14.8 | [44
5-Ci6 6.60, 1.6CH,), HCOOH (8%) 91.6 ¢
(3.24wt.%Au, 0.5h, 70
1.76wt.%Pd)
Rh/ZrO, ~30bar CH,, 78.%% MeOH (64.1%) 0.036 ¢ 26 |[49
(0.3 wt%) 0.5M H02, MeOOH (14.4%) 12 & mo
70 ,0.5h
Pd04/ZSM-5 30bar CH, 96.2% MeOH (6.6%) 7.7¢ mo | | 8820 | [49
(0.01wt.%) 0.5M H20,, MeOOH (35.3%) 7.7x10%e mo |
50 ,0.5h HCOOH (54.3%)
SAs RhCe | 0.5MPacCH, 1 93.9% MeOH (71.7%) 3.57¢ mo | | 126.7] [50]
NWs M Hz0,, 50°C, MeOOH (22.8%) 1231.7¢ mo |
(0.29w1.%) 1h, 10 mg
FeQ/TiO: atmospheric 97% MeOH (90%) 0.35¢ mo | 6 [5Y
(0.33wt.%) pressure Ckj 0.8 107¢ mo |
mM HzOz, 25 ,
light irradiation
3h
FeNC SACs | 20bar (CH, Ny, 93.7% MeOH (4.8%) 0.23 ¢ 047 |[52
(2.7 wt%) 4.9M H0,, MeOOH (35.6%) 8.4 &m
25 , 10 OHCH,OOH (27%)
HCOOH (30.5%)
CNT@PNC/ | 20bar CH, 4.9M 100% MeOH (94.2%) 1.1 em 14 |[53
Ni SAs (~0.68 | H20,,50 , 1 MeOOH (5.8%) 156. 3 ¢
wt.%)
CUu-SAS/GN4 30bar CH, 95% MeOH 1.02 ¢| 6.7 |[54
(1 wt.%) 3.4M H;0, MeOOH 102 &m
25 , 5h
Cr/TiO> 30bar CH, 93% MeOOH (37.1%) 4.39¢ mo | | 22.8 | [55
(1 wt.%) 0.5M H:0, OHCH,OOH (44%) 439 &m
50 , 1h
H-ZSM-5 30bar CH, 95% MeOH (20%) 2.85<10°¢ mo | 2278 | [64]
(0.014wt.%) 0.5M H:0, MeOOH @3.0%) 2.03x10€ mo
50 ,0.5h, 27mg HCOOH 67%)
0.1%Fe/ 30bar CH, 97% MeOH (16.4%) 3.5x1C¢ mo || 209 | [67]
H-ZSM-5 0.5M H0O,, MeOOH @3.0%) 3.5x10¢¢e mo |
50 ,0.5h,0.3g OHCH,OOH (18%)
HCOOH @0%)
Fe/MORH> 30bar CH, 89 MeOH (16%) 8x10®s mo || 90 | [72]
0.5 wt% 0.5M H;0, HCOOH (40%) 1.6x1Fe mo
80 , 1h HCHO (32%)
MIL-53(Fe,Al) | 30 bar CH, 60°C 80% MeOH (60%) 5¢ mol 90 |[92]
0.34 wt% 1h,0.5M H,0,, HCOOH (20%) 804¢ mo |
Uio- 30bar CH, 97% OHCHOOH (21%)| 4.8 mo | 12 | [97]
66(2.5TFA}Fe 0.5M H:0, HCOOH (63%) 218¢emol
(2.2 wt% Fe) 50 , 1h

aproductivityea{h™t mgt) = molar mas®f C1 oxygenates € m/fimlass of cataly§ing) reaction

time(h)]; PProductivityneta(h™ mg') = molar massof CLox ygenat es (e mol )/ [ m
meta(mg) reaction timéh)]; TORN™) = molar mas®f Clo x y g e n at mdaf(ntassofl ) / [
active metge m® | reaction timéh)].
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2. Motivation and objectives

Among anumber of direct Ckiconversion routes to higéalue chemicals, methanatatarget
product haseceivel particular attention as methanol can be economically transported and directly
used as a feedstock for the production of chemitklaiever, thislreamreaction remains a grand
challenge because it ifough to achieve high CH conversion and C#DH selectivty
simultaneously, making istill far from industrialy usable H-O. has been proved a green,
environmentafriendly, highly-efficient oxidant forCHs4 oxidationto C1 oxygenatesincluding
CHsOH, CHOOH, OHCHOOH andHCOOH, througha radical reaction pathwaynder mild
conditions.However, as summarized ifable 1-3, the productivity ofC1 oxygenates ovethe
known catalysts with mainly oxides @arbon materialas supportsis still relatively low when
considering the high consumption of more expensu@Hr his drawback is always the core issue
that hampersthe largescale application of direct methane oxidation. Thus, a more efficient
catalytic system with considerable productivity is urgeearningfromtheknown active catalysts
atomically dispersed metal sites, especially for iron/coppsed catalys, are favored for
promoting themethane oxidationThe tiny metal particles of nanometers or-sabometers
mainly promote the@ndesirable side reactign., HO> decompositionAnchoring metal centers
in conyned space, | iskiadsmigratton angagggticn. Meaawhilegbg t i v e
the analogy with the reaction process of MMOs, the confinement of reactants will be a favorable
factor for bringing important smatholecule reactants together with the active sites. Thus, zeolites
and MOFsmaterials vith a micropowous structure large specific surfacand high exposure to
active siteshave been widely used as supports to fabricate stable atomically dispersed metal
catalysts.These motifs have unusual electronic and chemical propertiedigpidy exceptional
catalytic performancescludingdirect methane oxidaton What 6 s mor e, bot h 2z
have prova capable ofluplicatingthe Fe or Cu sites similar to the configuration found in MMOs,
exhibitingimpressive reactivitpn DMTM.

The work presented in this thestcused orthe direct methane oxidation 161 oxygenates
using aqueous ¥, as an oxidant ovanainly metalmodified zeolite and MOF material§hey
are briefly summarized as follows:

W MOFs, constructed from metal sites coordinated with functional organic liskeesnew class

of porous crystalline materials. Different from the rigid structure and debated active sites after heat
treatment of zeolite catalgsteither metal nodes or ganic linkers in MOFs can be easily
functionalized and designed to create vddfined catalytic sitesSo far, there are stithinimal

examples of MO¥fbased catalysts for DMTM reaction. By screening for stable MOF catalysts, we
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could design and construen efficientactive site in these frameworks adopting diversified
modification methods based on the confinement effect, open metal nodes and tunable organic
linkers of MOFs to discover more catalytic systemslie@DMTM reaction.

Y Fe and @ based zeolites have distinctive advantagéise DMTM process. Compad with a

wide array of zeolitdrameworks that have been shown to host copper and exhibit impressive
CH3OH selectivity using @ only Fe/MFI catalyst in D> system has receivdmtoadinterest in

the last decade. Although Fe/MOR catalyst has been confirmed to be active, it still lacks sufficient
exploration. We hope to further optimize the synthesis of Fe/MOR catalysts and -gieptin
exploration of active sites.

y In recent years, several renowned groups have contributed to figuring out the precise
configuration of Cu/zeoliteadowever, since it was first discovered that MFI could host binuclear
iron to exhibit unique activity with TOBf up t02200h™ on directmethane conversion .0z,

such distinctive performance has only been found in MFI and most faliostudies concentrated

on optimizing synthesis and adjusting reaction paraméithesspecial topology and microporous
structure of MFI that can confinecamically dispersed Fe, will also suffer the diffusion problem

to limit thenumber of active Fe site¥/e hope to reduce the MFI from 3D to 2D, aiming to boost

mass transfer to improve its performance further

46



3. Experimental methods

3. Experimental methods

3.1 Chemicals

All the chemicalaised in this worlare listed inTable3-1. All the chemicals were used

received without further purification.

Table 3-1 Chemicals used in this wark

Chemical

Purity, Producer

Methane 4.5, Ckl

99.995 vol. %pWestfalen AG

Deionizedwater, DIH2O

In-house made

Doubledistilled water, DBH20

In-house made

Deuterium oxide, BO

99.9 atom % D, SigmaAldrich

Deuterium oxide with 0.75w TMSP

99.9 atom % D, BD with 3
(trimethylsilyl)propionic2,2,3,3d4 acid,
sodium salt, Sigm&ldrich

Hydrogen peroxide solutiQi,O>

O 30 %, -Al&ichg ma

Methanol, MeOH

HPLC Plusd 99.9% SigmaAldrich

Formaldehyde solutigiHCHO

37 wt. % in BO, SigmaAldrich

Formic acid HCOOH

For hplc,SigmaAldrich

Acetone

p.a. Inthouse chemical store

Acetonitrile MeCN

p.a., Ithouse chemical store

Ethanol, EtOH

p.a., Ithouse chemical store

Toluene

p.a., Ithouse chemical store

Diethyl ether

p.a., Inthouse chemical store

N, N-Dimethylformamide, DMF

p.a., Ithouse chemical store

Sulfuric acid, HSOQy

98%, Inhouse chemical store

Nitric acid, HNG

65%, In-house chemical store

Acetic acid,CH;COOH

099 %, -Adridghima

Ferroin indicator solution

Fluka

Polydimethylsiloxane, PDMS

SYLGARD® 184, Sigm&aAldrich

1-bromodocosane

98%, SigmaAldrich

N,N,N\jNietramethyl1,6-diaminohexane

99%, SigmaAldrich

1-bromohexane

98%, TCI

1,4 benzenedi éBBC boxy

98%, ACROS

1,3-benzenedicarboxylic acid,3H-BDC

99%, AlfaAesar

2,6-pyridinedicarboxylic acid

99%, SigmaAldrich

1,3,5benzenetricarboxylic aciHsbtc)

98%, AlfaAesar

4,4-Biphenyldicarboxylic acid, HlBPDC

97%, SigmaAldrich,

H2-DHBDC

trimethyt1,3,5trimesate, btcMe 98%, TCI
2-methylimidazole, HMelM 99%, SigmaAldrich
2,5-dihydroxy-1,4-benzenedicarboxylic acid, 98%. TCI

3, 3 NgzdbenZemgtetracarboxylate, ABTC

97%, SigmaAldrich

Sodium acetate trihydrate, GEIOONa3H,0O

p.a.,In-house chemical store

Sodium hydroxide, NaOH

p.a., Ithouse chemical store
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Aluminium Sulfate Octadecahydrate, 0
Al(SQ)z18H0 98%, Carl Roth
Aluminum nitrate nonahydrate, AI(NJ3-9H>O | 98% SigmaAldrich

Iron (I11) acetylacetonate, Fe(acac) p.a.,In-house chemical store
Iron(ll) chloride,FeCb-4H,O p.a., 99%, Sigmaldrich
Iron(Ill) chloride hexahydrate, Fe€6H,O 99+%, AlfaAesar

Iron(I1) nitrate nonahydratése(NQ)3-9H.0 O 99%, Fluka
Chromium(lll) acetylacetonate, Cr(acac) 98%, TCI

Chromium(lll) chloride, Cr(3 p.a.,In-house chemical store
Chromium(lll) chloride hexahydrate, p.a.,In-house chemicaitore
CrCls-6H0O

Cobalt(ll) acetylacetonate, Co(acac) 99%, SigmaAldrich

Cobalt(ll) acetate tetrahydrate,
Co(CH CQO) L4H 99%, Fluka
Cobalt(ll) nitrate hexahydrate , Co(MR6H.O | 98%, SigmaAldrich
Cerium(IV) sulfate tetrahydrate,
Ce(SQ)2:4H0

Coppe(ll) acetylacetonateCu(acac) 98%, SigmaAldrich
Copper(ll) nitrate trinydrateCu(NGs)2-3HO p.a., Irthouse chemical store
Manganese(ll) chloride tetrahydrate,

p.a, In-housechemical store

MNClz-4H,0 99%, Fluka
Manganese(llacetylacetonatévin(acac) 98%, TCI

Zinc chloride, ZnC 98%, Fluka

Zinc nitrate hexahydrate, Zn(NpR-6H.O 98%, SigmaAldrich
Zirconium(IV) chlorid, ZrCh 98%, AlfaAesar
xgnsag%rr_'(zlé)/) oxide sulfate pentahydrate , 97%, SigmaAldrich

Tetraethyl orthosilicate, TEOS O 9 SigmaAldrich
. Catalyst Plant of Nankai University
Zeolite SAPG34(H) (Tianjin, China), AI/P/Si = 1/0.93/0.1

Zeolite Y(H) Alfa Aesar, Si/Al=2.6

Zeolite Mordenite(NH) Alfa Aesar, Si/AlI=9

Zeolite Mordenite(Na) ZEOCAT FM-8, Si/Al=6

Zeolite Mordenite(H) ZEOCAT FM-8/25 H, Si/Al=12

Zeolite ZSM5(H) Tricat Inc., Hunt Valley, USA, Si/Al=23

3.2 Expeimental setup

The selective oxidation of methane was carried out in an autoclave reactor equipped with a
Teflon liner vessel and a PTFE stirrer. A fldimgram of the experimental setup is showhigure
3-1. The tightness of the system was checked through a pressure retention test by pressurizing with
N2 to 35 bar and then checking the pressure drop over 12 hours. The pressure drop was less than
2 % ove 12 hours, which confirms the tightness of the reactor. The reaction was conducted
according to the following steps. Step 1: After adding the catalyst and liquid, the reactor was sealed
and filled in CH up to 30 bar for 3 times to exclude residual aside. Step 2: After the reactor

was heated to the desired temperature, the reaction dbgrasiitching on the stirremt around
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3. Experimental methods

600 rpm. Step 3: the vessel was quickly edah an icewvater bath belowt1°C to minimizethe
evaporation of volatile products after finishing the reaction. Step 4: before reldasmegctor's
pressurgthe air in the pipe was removedith the help of a vacuum pump until the pressure
dropped below 4 mbar. The gas products {CGED, CQ, N2, O) were collected with a gas bag
and analyzed by GEID. The liquid reactor content was filtered and analyzed @ymbination

of IH-NMR, HPLC or titration to quantify the liquid products HCOOH, HCHO, s0H,
CHsOOH, OHCHOOH and the consumption obEh.

Control and data analysis

\
Reactor \
1

(CH

Reactor b " ;i
“ |
N2 1 !
I K5 ,
\ s - | — S .

|
|
I
Gas supply !
|

Gas collection

Degas

Gas Cylinder

Vacuum Pump

Figure 3-1. The flow diagram of the experimental ggt in this work.

3.3 The selfdecomposition of O,

The utilization rate of D> is an essential factor in evaluating the performance of catalysts
During theadivity tests,we found that theel-decomposition process consumed a lot gdHo
generate the byproduct@vithout prevention(see followingEquation(3-1)). Multiple factors
have been proved to impact the ssdcomposition oH20O», such as the temperature, atmosphere,
the metalcomponentgrom the reactorandpH value of the solutiof99]. Table 3-2 shows the
result of the seltlecomposition of kD, without addingsolid catalysts under differem¢action
conditions. Inentriesl-3, we learned that the reaction temperaturetand greatly influence the
self-decomposition, which increases with higher temperature and longer reactiomtangy 2
50 °C and 1h will cause almost 25% #D. conversion and generate a significant amount of
byproduct Q with negligible 2~3 pmo(lC1 products The carbon balance value of around 97% is

not perfect, mainly because of the instrumental error fromTh€ total gas contemalculated
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based orGC calibrationcurves of different gass less than 100%1owever, with more than 95%
of carbon lalance, it still has high accuradg.entry 3 when the reactiowasconductecat 80°C
for 1 h, almost half of the ¥D> in the solution will decompose to generate 1.5 mmelwith a
non-negligible amounof C1 products and C¢& which will strongly interfere the evaluation of the
catalyst activity. Inentry 4 when changing the reaction atmosphere from ©H\, there is a
strong decomposition of 4@, with around 80% conversion. We propose that without the
competitive interactiof CHs with H2O,, the sekdecomposition of ED. will happen easily in
N2. In entry § the HCI solution was added to adjust the pH value of the solution to 4.3. The acidic
solution would promote the decomposition afd4to generate around 65 pmoGL products ad
13 umol CQ.

2H,020 O2+ 2H0 Equation 8-1)

Table 3-2. The selfdecomposition of kD> in the reaction condition without catalysts

) Products yield (umol) H,0, Carbon

No. CR;:EEEE (°-£:) (:]) M OHCH, 0, Conv. Balance
eOH MeOOH OOH HCOOH CO: (x10) (%) (%)
1 30 bar CH 50 0.5 0.4 0.5 0 0.2 0 0.3 9.1 99.2
30 bar CH 50 0.5 0.4 0.6 0 0.1 0 0.2 3.9 98.3
30 bar CH 50 1 0.6 15 0 0.9 0 0.5 21.7 98.4
2 30 bar CH 50 1 0.7 11 0 15 0 0.8 27.0 98.2
30 bar CH 50 1 0.2 1.8 0 0.3 0 0.4 24.6 96.3
30 bar CH 80 1 6.3 0 0 24.8 155 15 46.8 98.2
3 30 bar CH 80 1 4.7 125 0 4.7 0 13 48.8 99.8
30 bar CH 80 1 4.3 14.0 0 4.2 17.6 1.6 59.2 96.8
4 30 bar N 80 1 0 0 0 0 0 2.4 82.2 98.4
5 (pHIlCA:JZS)’ 80 1 19.2 20.3 0 25.1 13.0 2.3 82.0 97.7

aReaction condition: without solid catalyst, 10 mlof 0.5 M HO», autoclavereactor, 600 rpm,
30 bar ofCHa or N2;°30 bar of CH.

In addition to the factors mentioned above, we also found that the metal components of the
autoclavereactor such as the stirrer, inner wall of the autoclave taedmowel| which are made
of zirconiumGrade 702also cause the consumption of®4. Table3-3 shows the results of -
decomposition caused by the metal components of the autoclave reaetaryld, withoutthe
protection of the metal components of the reactor, the reactor itselse@aligge consumption of
H20. under roomtemperature and 30 bap Hr CHs atmosphere. lentry 2 regardless of thal,
pressureremoving the metal stirrer without stirring and covering the thermowell with silicone will
significantly inhibit the sefdecomposition of KDz, which indicates that protection is necessary.
In entry 3, wrapping the thermowell withthin polytetrafluorethylee (PTFE) band is better and

is more durable. lentry 4 when we remowkthe metal stirrer, put a smaller glass cylinder inside
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3. Experimental methods

as the reactaand wrajpedthe thermowell witra PTFE band, thererasalmost no decomposition

of H2O2, which ®@nfirms our suspicionthat the protectionof metal components will eliminate
decompositionFigure 3-2 shows our homemade PTFE cylinder, stirrer that fits the reactor well
and PTFEband wrappedn thermowell. Inentry 5 under this condition, there is no extra

decomposition of bD».

Table 3-3. The selfdecomposition of kD2 caused by the metal compents of the autoclave
reactor?

No T  Atmosphere Time Special condition Theoretical Actual peak
" (°C) (bar) (min) P peak ared area’
50 30 N 40 - 3,124,500 0
1 r.t.d 30 N: 40 - 2,755,661 0
r.t. 30 CH, 40 - 2,755,661 620,000
rt. 30 N, 40 removing stirrer; - 2,850,000 2,000,000
thermowell covered with silicone
2 rt 5N 40 removing stirrer; - 2,850,000 2,100,000
thermowell covered with silicone
rt. 1N 40 removing stirrer; - 2,850,000 2,100,000
thermowell covered with silicone
removing stirrer;
3 rt 1N 40 thermowell covered with PTFE banc 2,950,000 2,290,000
removingstirrer; glass cylinder;
4 rt 1N 40 thermowell covered with PTFE banc 2,920,000 2,920,000
5 it 1N 60 PTFE stirrer, PTFE cylinder, 3,233,169 3,230,249

thermowell covered with PTFE banc
aReaction condition: withoutsolid catalyst, 10 mL 0.5 M kD», autoclaveeactor, 30 bar of CH
orN;PTheor et i c athe pgak arda of #p befare reaction indicated by HPL&c t u a |
p eak thaerpeak :area of #, after reaction indicated by HPLCY.t. represents room
temperature.

Figure 3-2. (a) The homemade PTFE cylindefh) The homemade PTFE stirrer and the
thermolwell covered with PTFE band.
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After eliminatingthe selfdecomposition causday the autoclave reactowe try to figure out
how much HO-. will be consumed in the blank experiment. Trepresentative support materials
MOF (UiO-66) and zeolite MOR) without modifed active siteslike Fe were chosen as the
catalysts to observe the consumption @OH Table 3-4 shows the catalytic resultsf H20O-
conversion for two blank catalysts at 80 for 1 h under 600 rpm stirring. In bo#mtry 1and
entry 2 the conversion of #D- is much suppressed under this condition. We proposed that the
existence of solids in the solution would inhibit the sl€omposition of kD> by blocking its
chain reaction For both reactios) the conversion of D, was quite low with ignorable C1
products, which greatly reduced the interference. The choitteeogactiontemperatures also
very important, whex high temperature causes a fast selfdecomposition of £, and low
temperature cannttiggerthe reaction50 °C isa goodchoice. If necessarg0 °Calso carhave

atry.

Table 3-4. The selfdecomposition of B> in the blank experiments

Product yield (umol) H-0 Carbon
2U2

No. Cat. Conv. Balance
OHCH: 02 . o
MeOH MeOOH 00K HCOOH CO:2 (xI09) (%) (%)
1 Uio-66 0.5 0.8 0 2.3 0 0.1 0.04 100.5
2 MOR 0.5 0.1 0 0.5 0 0.2 2.6 101.5

aReaction condition:10 mLof 0.5 M HO- aqueous solutigr80 barof CHs, 50°C, 1 h, 10 mg of
solid catalysts.

3.4 The decomposition of organic oxidant TBHP

Many researchers are interestedapplying organic oxidant TBHP (tebutyl hydroperoxide)
for oxidation reactionsTBHP is a strong oxidant, often more effective than hydrogen peroxide or
atmospheric oxygerBuO*and'BuOO*radicals generated from the decomposition of TBHP was
believed to be the key active speciesthe oxidation reactiofl0(. TBHP was found to be a
highly effective organic oxidant for the methane to methanol reddtitin102. MOF catalysFe-
DUT-5-SO (seepart 4.4 wasstudied formethane oxidationeactionin a0.5 M TBHP aqueous
solution Table3-5 shows the catalytic results with TBHPasoxidant. Inentry 1, 1.62FeDUT-
5-SO; MOF catalyst was found to have quite good catalytic activity and selectivity for selective
methane oxidation at 60 Gor 0.75h. Blank experiments aressentiato confirm theactual

activity of the catalyst. Irentry 2 the blank reaction without catalysttime reactiorsolution was
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performed under the same reaction conditidmexpectedly, the reaction proceeded even without
our test catalyst, which indicated that the catalyst did not trigger the generation of degigena
products.In entry 3 the reaction ofl.62FeDUT-5-SO; in N2 was conducted to investigate the
origin of the oxygenated products, which confirmed that they were not from methaméxyid

the reaction proceeded without catalyst 1) Which furtherconfirmedthatthe decomposition of
TBHP caused the geraion of oxygenated product¥he above experiments reminded us the

utilization of organic oxidaistmust be cautious for selective methane oxidation.

Table 3-5. The selfdecomposition oTBHP in catdytic reaction?

Product yield(pmol)/Selectivity (%)

Reacion
No. cat. Condition OHCH (0]
2 2
MeoH  USE MeOOH ~ HCHO ~ HCOOH €O, .o
. 162R/DUT5-  60°C, 0.75h 39.2 405 45.0 276 132 023
SOy-post syn. 5mg, CH, 23.7% 24.4% 27.2% / 16.7% 8.0% ’
60°C, 0.5h 21.9 58 15.7 147 17 16.7
2 ithout catalyst » 950, 24
withoutcatalys CH, 286%  7.5% 20.5% 19.2% 2.3% 269%
. 1.62R/DUT-5- 60°C, 0.5h 436 34.7 493 64.5 20.8 313 026
SO»-post syn. 5mg, No 17.8%  14.2% 20.2% 26.4% 8.5% 17.4% :
4 withoutcatalvet | 80°C 05 338 306 2.0 6.9 17.9 051
y N, 37.0% 0 33.5% 2.3% 76%  20.0% :

@Reaction condition: 10 mLof 0.5 M TBHP aqueous solutior30 barof N2 or CHs, 600 rpm.

3.5 The calculation of reactor volume

The measurement of the real gas volume of the reactor after we equippeduphevibtthe
homemade PTFE stirrer and cylinder is cruciataerectly consider the gaseous products in the
calculation of the key performance indicatof$ie nominal sizef the reactois 25 ni, which
corresponds to the liquid helgh. We connected the-type gasmeasuring device~{gure 3-3a)
to the autoclave reactor. Theeasuring points of theeactor can record the temperature and
pressure change @P accurately. The device ca
the reactor. The calculating formutabased on the ideal gas law and is shmwigure3-3b. We
repeated the measurent for8 times to get the average gas volume of the reactogdaseolume
was determined &5.25 ni..
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(a) Reactor (b)

—) I
#ln
B APV=A nRT
Gas = = Balance P,V,=AnRT
volume |= —| pressure
= g AP: change of pressure;
—] — An: .
Ca—a | n: change of gas amount
= = ’
V,: measured gas volume;
P,: environmental pressure;
Rubber
hose

Figure 3-3. (a) Schematic diagranof the Utype gas measuring devjcé) The formula for
calculation the reactor gas volume.V

3.6 Procedure of th catalytic experiments

In a typical reactionhe vessel was loaded wit mL of 0.5 M H20, aqueous solutioandthe
desired amount of catalyst, which subsequentlypuaged 30 bar metharieree timego remove
residual airand finally charged with methane to 30 bar. The reaction mixture was heated to the
desired temperatur&@ °C or 80 °C) with a slow stirring speed of 2300 rpmat the beginning,
which usually takes arourfdd min orl5 minto reachthe desired temperawiof 50 °C or 80 °C
respectivelyOnce the temperature was achieved, the stirring speed was raised to the maximum
600 rpm, taking as the reaction's starting pofiter the reaction was finished, the vessel was
quickly cooled in an icevater bath below 11°C to condense the products into liquid. The resultant
solution was filtered and analyzeing *H-NMR, HPLC, and titration. The gas product was

collectedusinganaluminum gas bag and analyzed by-6ID.

3.7 Analysis of products

3.7.1 Gas phase analysis

The gaseous phase products were aedlybygas chromatography (GC, Agilent 7890A),
equipped with PLOT&MOLESIEVE columns, a thermal conductivity detector (TCDadlzane
ionization detecto(FID), using He as carrier gas. The gaseous products GHCO andCO;
werequantified against a calibration curve constructed ftommercial standards
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3.7.2 Liquid phase analysis
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Figure 3-4. Example of the product quantification By NMR with solvent suppression program.

The liquid phase products were analyzed and quantifietHo)MR on a 400 MHz Bruker
AVANCE Il NMR spectrometerrH NMR spectra were recor cged wi
arecycle delayof5secondsnd 20 scans. Typically, (oWt €L
TMSP internal standard (0.12 4 Trimethylsilylpropanoic acid) were placed in an NMR tube

together and mixed thoroughly. A solvent suppression program (ZG&R)un to minimize the

signal arising from the solventBB. The oxygenated products idetl
ppm, s), methyl hydropesfO®OHI d& EU5=03. P mpp ®)
(4 = 8.23 ppm, s ) . is provided InFigure 84 Bhe cheneical shiftefart r u

HOCHOOH matches well with that reported by Cui et5] |
3.7.3 HO; quantification

Method 1:

The amount of ED- remaining at the end of a reaction was quantified by titration of aliquots of
the final solution against acidified Ce(g§@&solution usinghe Ferroin indicator.
Method 2:

The consumption of KO, can also beuantifiedby high-performance liquid chromatogphy
(HPLC, Agilent 1260 Infinity) equipped with a column of NUCLEOGEL Sugar 810 H column
and a RID detector, using 0.5 mM3$0; aseluent. The concentration can be calculated using

calibration plot.
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3.7.4 The calculation ohie performance indicators

1. The selectivity of product was defined in Equation (1):

Selectivitymeony= p 1t T Equation 8-2)

n(MeOH) refers to the molar amount of MeOH in the reactor after reaction obkgiMdR test.

2. The conversioonf H.O> was defined irEquation (2)or Equation (3):

ConversiogH2o2= p 1t T Equation 8-3)

The peak aresof H.O> solution before and after reaction were obtained by HPLC measurements.

Conversiog202= p 1t TtEquation (3
4)
The consumed volume @fe(SQ): for reaction solutionvere obtained by titration.

3. The utilization ratiof H.O, was defined irfEquation (4):

Utilizationzo2= p 1t T Equation 8-5)

The consumption of ¥D» of the C1 oxygenates in Equatio) is based on théhe reaction

Equation (5):

H,O H,O H0, H30,
CH, i CHJOH N HCOH ——= HCOOH ——m= CO,
-2e CH;00H _-2¢ OHCH,O00H -2e -2e

Equation 8-6)
4. Turnover frequencies (TOFs) were defined as micrasdl€1 oxygenates per micromole of

iron and hour (), as shown in Equatios),

TOF= T -— Equation 8-7)

3.7.5 Proposed reaction schemekeMHO-based heterogeneous system.

Based on literature[52,67, the proposed reaction scherue direct methaneoxidation in
FeH2>O>-based heterogeneous systeasthat CH, was first oxidized to CEDOH and CHOH,
and then CEOH was further converted into HOGBIOH and consecutively oXi
HCOOH and CQ(Figure 35). This is also consistent witbur work. The sel-decomposition of
H20> to O, asabyproduct influenced mainly by temperature and reactor was already discussed in
part 3.3 In our reaction system, besides that the reaction temperatu8® (&) will trigger the
thermaldecompositiorof H2O», this reaction camalsobe carried oubecaise of the Fe ion in the
presence of most of our t est9dseedatiowiagequations b as e
(3-8),(3-9),(3-10):
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H,0,

~—¥%’, CH,00H
CH,

~

[FEJ i CH3OH

HCOOH

HOCH,OO0H

co,

Figure 3-5. Proposed reaction scheme for direct methamidation in the HO.-based
heterogeneous system.
H.O, + FE*0 Fe** + OHA+ HOA Equation(3-8)
HOA+ H,02 © H,O + Q%+ H* Equation 8-9)
Fe*+ 020 Fe'+ O, Equation (310)

3.8 Characterization of the catalysts

3.8.1 XRay Diffraction

X-ray diffractometry (XRD) analysis was carried oata BrukerD8 Advance diffraateeter at
an excitation voltage of 35 kV and ab4dom)rr eni

radiation.
3.8.2 Chemical Analysis

The chemical compositi@nof the catalysts were determined by a Varian optical emission
spectrometer VistdPX CCD with an inductively coupled plasma opticalission spectrometry
(ICP-OES).Silicon, aluminum, andnetalswere determined by IGPES.The acid digestion of
the zeolite materials was performed as follows: around 20 mg of sample was digested in a mixture
of 1 mL 49 wt.% HF, 2 mL 36.5 wt.% HCI, 2 mL 65 wt.% H¥@nd 8 mL doublelistlled water.

MOF samples were entirely digested in a mixture of nitric acid and hydrofluoric ldeide

Fingerlefrom Institute of Technical Chemistiat University of Stuttgartlid the measurements.
3.8.3 Scanning Electron Microscopy

Scanning electron iroscopy (SEM) images were collected by TESCAN VEGA3 XM with
tungsten filament electron souraad SE (secondary electron) deteckteing Liufrom Institute

of Technical Chemistry at University of Stuttgart did the measurements.
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3.8.4 Transmissioklectron Microscopy

Transmission electron microscopy (TEM) images were collected by Philip2GONFEG TEM.
The sample for th& EM study was prepardaly suspending the sample powder in acetoiik a
2 min ultrasound treatment and th@nopping the mixtureon a carborcoated Cu grid (TEM grid)
and dying in theair. The applied voltage wa&00 kV and the camera was a TVIPS TEMCAM
F224HD. Hang Liu from Institute of Technical Chemistry at University of Stuttgart did the

measurements.
3.8.5 Nuclear MagnetiResonance spectroscopy

Nuclear Magnetic Resonance spectrosd®iMR) experimerdg were performed on Bruker
AVANCE |l 400 MHz equipped wittwith solvent suppression meth(GPR).*H NMR spectra
were recorded with a °~/ 2 ypfbk, saeR0 scandristiiuteoff 10
Organic Chemistrat University of Stuttgart did the measurements.

3.8.6 Dlid state2’Al MAS NMR measurements

Thesolid state’/Al MAS NMR measurements were carried out on a Bruker Avance Il 400WB
spectrometer using a 4.0 mm MAS NMR probe with a spinning rate of 82k&zZVIAS NMR
spectra were recorded at the resonance frequencies of 104.2 MHa,sivithep u | s &Aly / 6
excitation, and repetition times of 0.5 s féfAl nuclei. Dr. Zheng Li from ITC did the

measurements.
3.8.7 Pyridineadsorbed Fourier Transform Infrared Spectros¢BgFTIR

In the PYFTIR experimentssample powderaere pressed tobtainrectangulamwafers which
were subsequently degassed @@ SC for 120 min in an insitu IR cell and then cooled to room
temperaturelR spectra wereollected using an FIR spectrometen\icolet iS50 with 32 scans
and 4 cmt resolution for eacBpectrumN: flow saturated with pyridine wakwedinto the FTIR
cell atroom temperaturor 30 min to ensure that all acid sit@sre covered. Before measurent,
the physisorbed and weakly boupytidine moleculesvere desorbed f@80 minunder vacuum at
the same temperatuf@03. After that, the samples weo®nsecutively heated tt60, 250, 350,
450, and 550 °C with the rate of 4 °@in'!, and Py FTIR bsaption spectra were measured at

these temperaturelsl.Sc. Nagme Merdanoglérom ITC did the measurements.
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3. Experimental methods

3.8.8 Argon Physisorption

Argon physisorption measurements were conducted to determine the surface areas and pore
volumes on a Autosorb 3B (Quantachromeperating aB7.45 K The samples were outgassed
at 3% °C under vacuum foi5 h prior to the measurements. BrunakenmettTeller (BET)
surface areas were determined by the adsorption isotherm within the pressure range 0.05 < P/P0 <
0.3. Micropore volumes were determined bpldt analysis, and pore size distribution was
obtainedfrom the adsorption isotherm using the BardetynerHalenda (BJH) methodDr.

Dorothea Haussermarfrom ITC did the masurements.
3.8.9°Fe Méssbauer spectroscopy

Mossbauer spectroscopy provides acedent tool forprobing the local environment tie Fe
atoms present in such materiscd@me group$67,104 reported thevalidation and quarfiication
of the three idenfied Fe species (mononuclear, oligonuclear clusters and metal oxide
nanoparticlesin Fe/ZSM5 zeolite catalysts synthesized by diffist methodss accomplished by
applying®Fe MossbauespectroscopyA major difficulty in characterizing thEesites among the
catalysts for selective methane oxidatoyb7Fe Mossbauer spectroscopas the low fraction of
activeFe In most cases, thmatalyst with 0.5vt.% Fe is very typical. Higher Fe content in zeolite
mainly contributes to the formation of metal oxide nanoparticles, which is not helpful for
effectively selective methane oxidatiph05. Thus, h order to get bettaesults, samples with
low iron concentrations are prepared from enricRé¢k. In our case, we decided to try the
measurement 0d.524Fe/MORse zeoliteswith the highest Fe content among our catalysts to
detect the signal’Fe Mossbauer speatn of the 0.524FelMORsse catalystwasmeasured oa
homemade sp&ometer based oma&RCPTM MS96 M°ssbauer spectrometer equippedhvat
Ritverc Co57 in a Rh-matrix source, a YAP:Ce scintillating crystaetector, and a Janis SVT
400helium-bath cryostatVelocity calibrationwas carried out at room temperaturs i ngrean U
foil [106. Figure 3-6 shows the result of theD.524FelMORssie zeolite catalysts It is quite
disappointing that we did not detect &4ye Mdssbauesignal after almost 5 days of measurement
under room temperaturBr. Mario Winklerfrom Institute of Physical Chemistry at University of

Stuttgart did the measurements.
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Figure 3-6. °>’Fe Mdossbauer spectra of the 0.524Fe/M&Rzeolites obtained at ansit
temperature.

3.8.10 Diffuse reflectance Ultraviol&fisible spectroscopy

UV-visible (UV-vis) spectra of zeolite RAOR catalysts were recorded @n Lambda950
spectrometerin the diffuse reflectance (DR) mode at room temperature. The baseline was
corrected usin@aSQ asreference materiabamples were scanned between 190 and 800 nm at a
scan rate of 200 nm/min. The émsity of the UVWvis DR spectravas presented in the form of the
KubelkaMunk function Dr Shujin Hou fromthe department of physics B&chnical University

of Munichdid the measurements.
3.8.11 Xray absorption spectra

The X-ray absorption spectra (XAShcluding X-ray absorption neagdge structure (XANES)
andextended Xray absorption fine structure (EXA} of the samples at Feé&dge were collected
at the beamline 1W1B station of the Beijing Synchrotron Radiation Facility (BSRF), China. A
doubleSi(111)crystal monochromator was used for energy selection. Thedagi XAFS data
were recorded irfluorescence mode. Fe foil, #&s were used as references. All spectra were

collectedin ambient conditions. The Athena software package was used to analyze the data.
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4. Direct methane oxidation over different MOF catalysts by H202

4. Directmethaneoxidationover different MOF catalysby HO,

Soluble MMO enzmes can selectiviy oxidize methananto methanol with remarkable
selectivityunder ambient conditiortsy Feoxo specieshat requirea serie®f gating mechanisms
to control access to the active siteaimid methanobveroxidation[164d. Mimicking the featves
of Feoxo active sites in enzymes within solid supports is one of the important tsabedesign
promising catalyst§107]. MOF materials possedsoth organic andnorganic constituents
abundantopologiesand highlyporous structuresnaking themanideal platformfor active metal
sites.Part 1.5 showedthat MOF catalysts successfully catalgzeelective methane oxidation to
methanol and formic acigith H.O. asanoxidant So far,howeverthe examples of MOF as a
catalyst are stilminimal. Combining thestudy of theactive catalystérom literature we mainly
designMOF catalysts based on thrseategiesFirstly, openmetal sites; Open metal sitgMSs)
with unsaturated coordinatiavithin theframework endow MOFs with excellecatalyticfeatures.

In addition the highly dispersed open metal sites within MOFs are very gigniffor catalysts'
efficiency. The introduction of active metal atoms such as\P¢OFswith open coordination can
activateH»O; to oxidizethe C-H bondof light alkane. Exampledike MIL -53(Fe, Al)[92] have
been confirmetb contain biomimetic mon@nd dinuclear iron sitethat activateethane/methane.
Furthemore computationalstudiessuggestd an expanded library of MOFs contaig sites
capable ofaffecting light alkane activatiofnl0§. Secondly, confinemendf metal sites inthe
framework;MOFs can serve as a scaffold based on the coordination effect of N and O atoms in
the organic groups to confine and fix metab sites to catalyze orgartrangormations.Thirdly,
regulation of the microenvironmextf frameworls, Flexible structures and multiple components
of MOFs offer enormous potentiafor tunable microenvironments for catalydiy post
modification method to introducemetal sites with the desired configurationFor a UiO-
66(2.5TFA}Fe catalys{97], trifluoroacetic acid (TFAQroupssubstituing original terephthalic
acid ligands of UiG66 coordinaté with Zre node of UiG66 to enhancehe oxidation state of
adjacent R cluster promotingthe activation of €H bond of methane

MOF catalystanconductthe methane oxidaticl methanoln fixed-bed reacta. However,
typically, they are operated in a stepwise man(iEr catalystoxidation withN>O or O, (2)
methane activation, ar{@) methanol extractiowith watervapor, each stegonductedat different
reactiontemperaturesvith He rinsing before the nexstep thus presento a challenge for a
streamlineccatalytic procesdHerein, we tried to conduchethane oxidation in the liquid phase,
where HO> is used as an oxidant in a Parr autoclave reactor. There are mainly two problems for

MOF catalysts occurring in this reaction system from preliminary work. Firstly, the high
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temperature activation processcase of @as an oxidant and the strong oxidizing ability in case
of H2O2 as an oxidant, both require stable MOF dticees. Thus, metal nodes in M@Fucturs
like Al-based and Zbased ones without redox ability are appropriate. Secondly, the campeti
H2>0. conversion methane reaction and skdtomposition resulted in low activity and low
utilization ratios of HO>, which is still not resolved

Asdescribednpart 1.5 MOF s 6 st a bsigreatlytorycondpespi@nsr ldereforeto select
stable MOFs for methane oxidation, the stability of organic ligands and the strength of
coordination bonds should be considered. As ligands the conjugated ligands with less
reductive groups, such as smaller aromatic ligands, are preferredor Abe strength of
coordination bond41SAB theoryis the most common and facile methimdjudgethe stability of
the compound®Based on HSAB theory, couplesiofih-valence metal species (such a¥ zZAI®")
and carboxylic acidbased ligands (O as coordination atoms) or couples ovédance metal
species (such as Zi andazole ligands(N as coordination atoms) are more preferred to give
stable coordination. However, thetual stability irmethane oxidationan only be assssd once

they areapplied to catalysis.

4.1 CAUL0

4.1.1Catalyst design

The MOFs based on aluminuinave beemprovento be both thermally and chemically stable
[109.Wh a t 0 salumioumesglthavealow price and toxicitymakingthese materials popular
in industrial researchiThe Atbased MORCAU-10-H (CAU = ChristianAlbrechts University)s
composed ofhe V-shaped 1,enzene dicarboxylic acid (2 BDC) asa linker (Figure4-1a)
and cis-connected, cornesharing AIQ polyhedraas node(Figure 4-1c) [11(0. CAU-10-H
exhibits a frameworkvith squareshaped onelimensional pores with@agonal opening dD3.6
A (Figure4-1d). This compound caalso be directly synthesized with various functional groups
on the linkermoleculeto synthesize CAWL0-X materials The rigid framework of CALLO-H

remains intact up td10 C under air, indicating good stabiliff1(. We tried to replace thk,3

H>BDC ligand with 2,6-pyridinedicarboxylic acidlinker (Figure 4-1b) to synthesizea new
materialnamedCAU-10-Py to further confine the metal sites withoedinatedpyridine-N sitesof

thenew linker.
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4. Direct methane oxidation over different MORadgsts by H202

(a) HOOC\©/COOH

(b) HOOC__N__COOH

I N

Figure 4-1. (a) The molecular structure of ligand -h8&nzene dicarboxylic ac{d,3-H-BDC); (b)
The molecular structure digand 2,6pyridinedicarboxylic acid; (c) A chain of ennected,
cornersharing AlQ polyhedraof CAU-10 viewed along b axis(d) 2 x 2x 2 supercell of the
framework of CAU10-Py viewedalong the eaxis, showing the-fold connectivity of the helices
and the squarshaped channels that are formeohk = Al, red = Obrown= C, andblue= N.
Sincethe Fé* species [F&£ )] attheextraframeworkpositionof active Fe/ZSMb catalyst
after 550 °C calcinatiowereconfirmed as the initial active sitby multiple characterization$4]
researchers tried to construct the [euster active sites in diverse support materials. MOF
materials show great advantagssmicro-environment adjustment inimicking enzymsto form
active Fe and Cu clusters that are found in MMO enzymes $etectivemethane oxidation to
methanol under mild conditiongVe tried to embed Fe ioms other metals like Cu and Qato
CAU-10and CAU10-Py to catalyzselectivemethane oxidation to oxygenat@s.shown in other
literature[111], a new méalation strategy taking advantagetioé precise spatial arrangement of
organic strutén a MOF tocreatechelating metal sitas to achievenetal functionalization similar
to metalloenzymeEl12]. There are threpossiblevays for Fe Co orCu bounding to CALLO: (1)
Single Fe coordinates with O atom on Al cluster, which is not stable and easy to be washed away;
(2) Partial substitution of Alvhich is quite a low possibility because of the mild conditi(@%
°C); (3) As shown in the following figure, it's more stable based on the confinement effect by more
coordination atomdn Figure4-2, we proposed thstructureof [Fex( €)2] fixed in CAU-10 and
CAU-10-Pyby usingorganic struts that beauxiliary chelating sites like O and N atorfgyures
4-2aand4-2b show he proposed structisef [Fex( €)2] in CAU-10 and CAU10-Py with Fe
ions chelated by O atoms from the two opposite sAdlDsters.Figure 4-2c shows he proposed
structure of [Fg( €),] in CAU-10-Py with Fe ions chelated by O atoms and N atoms from two

adjacent 2 gyridinedicarboxylic acid linkers.
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Figure 4-2. (a)and () The proposed structure [ffex( €)2] in CAU-10and CAU10-Pywith Fe
ions chelated by atoms fromthe two opposite Al®clusters.(c) The proposed structure of
[Fex( €)2] in CAU-10-Py with Fe ions chelated by O atoarsd N atomg$rom two adjacent 2;6
pyridinedicarboxylic acid linkerRink = Al, red = O, brown = Qyreen=Fe, white = Hgnd blue
=N.

4.1.2Synthesis method

4.1.2.1Synthesis of CALD-H and CA10-Py

CAU-10-H was sythesizedaccording taheliterature[113] from a mixture of 200ng of 1,3
H2-BDC (1.20 mmol)300 mg of A(SQy)3-18H.0 (1.20mmol), 1 mL of N,Nydimethylformamid
(DMF), and 4 mL of HO. Thealuminum salt was dissolden water, and the organigand was
dissolved in DMFThe reactants were dosed into a dedlined steebutoclave with aolume of
20 mL and paced in an oveffor 12 h at 135 °C. After beingooled to room temperature, the
product was filtered offand theobtained solid was rdispersed in water bgonication and stirring
until a homogeneous mixture was obtained. The dispersas fileredagan and the white
microcrystalline solid was dried in aCAU-10-py was sythesized just by changing the ligand to

anequivalen2,6-pyridinedicarboxylic acidinker.

4.1.2.2Metal loading of CAtIO-H and CAW0-Py

Synthesis of F&#AU-10: A 10 mL glasd$lask was loaded with 40 mg of CALLD-H, 10 mg of
Fe(aca® and 4mL of CH:CN and heated at 85 °C for 1 hour under stirring.

Synthesis of C&AU-10: A 10 mL glass flask was loaded with 40 aigAU-10-H, 10 mg of
Co( CH CQQO ganduémL idf MeCN andheated at 85 °C for 1 hour under stirring.

Synthesis of C@AU-10-Py: A 10 mL glass flask was loadadth 80 mg of CAU10-Py, 10
mg of Qu(acac) and 5mL of DMF and heated at 120 °C for 24 hours under stirring.

Synthesis of E/ICAU-10-Py: A 10 mL glass fldswas loaded with 80 mg of CAWO-Py, 10
mg of Fe(acag)and 5mL of DMF and heated at 120 °C for 24 hours under stirring.
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4. Direct methane oxidation over different MOF catalysts by H202

The metalated material was washed with fresh@\Hor acetone for 3 times. The resulting

catalsts were dried at 80 °C fortwursand activated underdynamic vacuum at 120 °C for 12

hours.

4.1.3XRD characterization andtzity test

\L____/LM Co/CAU-10-H-synthesized
3
L3 Fe/CAU-10-H-synthesized
2
‘®
c
.g CAU-10-H-synthesized
l . CAU-10-H-simulated
5 10 15 20 25 30 35 40

20 (degree)
Figure 4-3. PXRD patterns for pristine amdetalmodified CAU-10-H catalysts

Cu/CAU-10-Py-synthesized

I PR WO | DU

Fe/CAU-10-Py-synthesized

L

Intensity (a.u.)

CAU-10-Py-synthesized

5 10 15 20 25 30 35 40
20 (degree)
Figure 4-4. PXRD patterns for pristine amdetalmodified CAU-10-Py catalysts

Table 4-1. Catalytic performances of the synthesized CEUrelated catalysts.
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Product yield(e mol)/Selectivity(%) H,0,

Entr Cat React. TOF
y : Condi. Me  OHCH, Me HCOOH co 0, Conv.  Util. (hY)
OH OOH OOH Z (%103 (%) (%)
0.56Fe/ 80°C,1h 5.6 15.4 17.8 9.3 99.0
! CAU-10 10mg 3.8% 105%  12.1% 6.3% 67.a% 8 s 2.1 45
0.46Co/ 80°C,1h 4.1 6.9 5.9 33.90
2 0 2.4 87.6 05 21
CAU-10 10mg 8.1% 13.6%  11.6% 66.7%
0.56Fe/ 60°C,1h 2.4 3.1 8.7 3.0 14.2
3 CAU-10 10mg 75% 10.0%  27.8% 9.4% 535 O3 111 4.5 1
0.38e/ 70°Cih 1.3 4.9 10.6 4.0
4 CAU-10-Py 20mg  6.3% 235% 51.1% 19.2% 0 04 130 4.9 16
. 70°C,1h 1. 1.7 . 4
5 0.66Cu/ ®°C, 0 5.6 0 0 03 79 . 4

CAU-10Py  20mg 11.7% 195%  64.8% 4.0%

Reaction condition: 30 bar CH, 10 niL of 0.5 M HO>, 600 rpm

PXRD measurements weperformed as areliminaryanalysis to confm ageementof the
synthesized and metaiodified CAU-10-H materials to the previoushgported PXRD p#trns
of the parent CAULO-H in Figure4-3. It can be seen that the pgadsitions of the experimental
and simulated patterns thfe pure CAU-10-H sample a& in good agreement. For the EAU-10
and Cd/CAU-10 samples, no visible reflections of metal Niesected, possiblgiue to the low
content ofmetal sites while they showedhe sameaeflections as the pure CAWO-H sample,
which illustrated that the modificatiomith themetal did not disrupt the crystal structure of GAU
10-H. Moreover,2,6-pyridinedicarboxylic acid linkereplacedhe original 1,3-H>BDC ligand to
synthesizeCAU-10-Py for further metal modificationThe crystal orientation has changed to a
certain extent because the new linker caused the difference in XRD patt&igarm 44. The
prominentpeak of CAU10-H ata2 d  aaf agdured 18 has remained.

Thecatalytic oxidation of methane using® was conducted in a batch system with 30 bar of
CHs and 0.5 M HOo,. Table 4-1 shows the catalytic results of the synthesig#dJ-10 based
catalysts.The activity tests of the new catalyst requagtimization and exploteon of test
conditions.The reaction temperatuhas a sensitive parametsinceatoo high temperaturenay
causefast selfdecomposition of BED2 while a toolow temperature canndtigger the reaction.
Fe/CAU-10 and CaTAU-10 were firstlyusedat 8@Cfor 1 h (entryl and2). Around 48 umolC1
products were produced witlkarge amountsof CO; (67% selectivity and considerable
consumption of KHO,. Co active site inentry 2 did not show any advantages in catalytic
performance and D> utilization. Inentry 3 we decreagkthe reaction temperature to%0to
checkthe catalytic performance of E&AU-10. The dramatic drom H2>O. conversion and CO
amountwithout increasing oxygenates formation indicakeg 60 °C can notimprovethe reaction
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4. Direct methane oxidation ovdifferent MOF catalysts by H202

by Fe/CAU10. In entry 4and5, CulCAU-10-Py andFe/CAU-10-Pywere tested at 7€ for 1 h.
Becaus&€C O, generatiordid not occuyweassumehat both catalysts are staleleoughunder such
catalytic conditionsto avoid the generation of GQrom framework damagdt may also be
because théimited activationof H.O, by the catalystesulted ina small amount ofOH that
determines the framework stability and catalytic activiitgom theH>O. conversionn enties4-

5, we can learn that Cu and Fe siespersednto the CAU10-Py, did not causafastactivation

of H202 and increased selectivity to oxygenates slighipat makes us disappointed is that the
desired product's amount is always limitdthe reasos for such a bad activitynay be the

unsuccessful construction of binuclear clustethie bad stability of the proposed binuclear cluster.

4.2 MOF/4

4.2.1Catalyst design

Fen.1Mg1.9(dobdc)(dobde2,5-dioxido-1,4-benzenedicarboxylatevas introduced as @atalyst
for the conversio of ethane to ethanol and acetaldehyde with nitrous @kigl@) as theoxidant
with reaction temperatures beldoi® °C [114]. Xiao et al.[114] proposed that keMg1 ¢o(dobdc)
with open iron(ll) sites could react with MO generating a higlspin nonhemeron(IV)-oxo
complexthatcan activate h e st rbomlagf ett@neHHoweveynlike theethane oxidation
to ethanol, methane oxidation by®lon Fe.1Mg1.¢o(dobdc)did notobserveunder similar reaction
conditions.The MOF Mx(dobdc) (M =Zn, Fe, Mn,Mg, Co, Ni)[115] hasa high density obpen
M2* cation sitedining onedimensional cylindrical pores dd1.1 nm diamete(Figure 4-5¢).
Despitethe abundant open metal sites within the chaofehe MOF thermalstability can reach
at least 400C. Besides the Fe sitdIn has also been reported to activai®©rto catalyzethe
epoxidation of alkenesn MnFe-MOF-74 [116. Thus, MnZAMOF-74 and FeZiMOF-74 were
tried to catalyze methane oxidation with H202 as an oxigdaan aqueous solution under an

autoclave reactor.
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Figure 4-5. (a) The molecular structure & 5-dioxido-1,4-benzenedicarboxylatenker which is
short for dobdt? (b) SBU with Zn and the second me{#e, Mn) shown as polyhedrgc)
Structure ofFeZn: i -MOF-74, showing hexagonal channels lined with foe®ordinate divalent
Zn and the second mef@de, orMn) sites. The view is down theaxis, along the helical chains
of metal ionsFe randomly dispersed withtheframework(DMF and HBO guest macules have
been omitted for clarityfPurple= Fe or Mn red = O brown= C, andblue= Zn.

4.2.2 Synthesis method

MnZn-MOF-74 and FeZnMOF-74 were prepared by a orpot methodaccording to the
literature[117]. Theshareof Mn and Fewerecontrolled byadjustingthe stoichiometric ratiaf
correspondingnetal precursorsn atypicalsynthesigprocedurea solid mixture of 2 fihydroxy
1,4-benzenedicarboxyliacid (H--DHBDC) (30 mg, FeCbk-4H>0O or MnCl2-4H20 (10 mg) and
ZnClz (80 mg), werelissolved in DMF 10 mL) and EtOH (0.66nL) in a25mL Schlenk flask
The reactiorstarted after Apurgingand sealingpy vigorouslystirring at 120 °C for24 hours.
After that the flask wasooledto room temperature. Then the mother liguasdecantedand
thesolid waswashed with DMF andhethanol eacfor 3 times and wasnmersed irmethanofor
3 days Themethanolwas decantedand the catalystwerevacuum driedwhich wereused for
catalytic test (see followingNo. 2andNo. 3in Table4-2). The metal loadingjof Fe and Mn were
decided by ICP measurements.

We further improved the synthesis method to get more stable M&#a74 catalysts. Aolid
mixture of H>-DHBDC (100 mg),5 wt% FeCb-4H.O (17.2mg) and95 wt% Zn(NGs)-4H.O
(429mg), wasdissolved in DMF (10 mL) andeionizedH20 (0.5 mL) in a 25 mLSchlenkflask.
The reaction started after Aurgingand sealingpy vigorouslystirring at 110 °C for 2.5 hours.

The following procedures wethesame as befor@ee followingNo. 4-6 in Table 42).
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4.2.3XRD characterization andtizity test

Intensity (a.u.)

ZnFe-MOF-74-synthesized

J ’ Zn-MOF-74-synthesized

Zn-MOF-74-simulated

LLMA—A—A_WMA—&
1 Ll T Ll 1 T
5 10 15 20 25 30 35 40
20(degree)

Figure 4-6. PXRD patterns for pristine anfe modified ZRMOF-74 obtained by improved

method

Table 4-2. Catalyticperformancef the synthesized MOF4 basedcatalysts.

Product yield(umol)/Selectivity(%) H20,
No Cat React. TOF
’ ' Condi. OHCH, Me 0, Conv. util. (hh)
MeOH HCOOH CO
© OOH  OOH 2 w0y (%) (%)
24.Fe 7 1h 4.4 17.2 42, )
&C 0 8 83.9 1.21 66.0 4.4 1.4
MOF-742 10 mg 2.3% 11.6% 28.8% 56.6%
2.1FeZn 50°C, 1h 3.2 15.5 12.8 14.0 38.7
2 ' 0.2 27.3 6.4 24
MOF-74° 5 mg 3.8% 18.4% 15.2% 16.6% 46.0%
2.3MnZn- 50°C, 1h 56.9
3 MOE-74 10 mg 0 0 0 0 100% 1.0 41.7 0 0
2.4FeZn 50°C, 1h 0.6 4.6 6.7
4 MOF-74° 5mg 0 0 4.9% 38.9% 56.2% 0.3 120 2.4 2
60°C
2.4FeZn ' 0.6 10.5 49.0
5 . 0.5h 0 0 1.0% 17 4% 81 6% 0.58 23.7 2.7 5
MOF-74 10 mg .0% 4% .6%
2.4FeZn 50°C, 1h 0.5 11.9 24.0
' 57 21. .
6 MOF-74° 10 mg 0 0 1.3% 32.7% 66.0% 0.5 o 33 3

Reaction condition:30 bar CH, 10 mLof 0.5 M H.O2, 600 rpm&Thereaction supernataturned
to pale yellow after catalysi€The reaction supernatamtirned to pale yellow and the color of
catalyst turned from black to brick red after cataly$Adter theimprovementof synthesis, the
reaction solution is colorless after filtration and the color of catalyst turned from grgeliote.
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After synthesis improvement, the crystallinity of the M®@#F materials was confirmed by
powder Xray diffraction (PXRD) analysig§-igure4-6). The PXRD patters of Zn-MOF-74 and
FeZnMOF-74 coincidedvith the simulatedM OF74 structure which confirmed that thipology
was retained and allariationswere isostructuralFurthermore, every reflex matches with the
simulated PXRD pattern of MGW4, ruling out the occurrence of other phasesh aZnO and
FeOs.

The catalytic performance 6feZnMOF-74 wasevaluatedn thedirect methane oxidation in
water using).5 M H20, as theoxidant at ® barCHs in anautoclave reactdiseeTable4-2). The
specific eaction time and temperature wadgustedaccording tahe catalytic result. FMOF-74
with exclusivelyFe clustes as the SBUvith Fe content of 24.9 v#tb was testedirst at 70C for
1 h. No. 1 shows that4 umol C1 oxygenated producigereobtained putlots of CO, generated
with 56.6% selectivityover FeeMOF-74. The reaction sipernatantlsoturned pale yellow after
catalysis whichimpliedthe iron wadeachedrom the catalyst. fie nstabilityof Fe MOF-74 may
lead to thelecomposition ofhe catalystduring the test, which contributed to tteong formation
of CQ,.

Thus, we turned to doetive metaspecieske and Mpinto stable ZAMOF-74 (seeNo.2and
No.3). In No. 2, FeZnMOF-74 with 2.1 wt% of Fe loading showed better Cbguct selectivity
with a TOF of24 h' and better KO, utilization rato.  Wh a t @fterthm ceactonthe MOF
catalystwasobserved a drastic color change from black to brick red, which is consistent with the
literature[114], indicatingthe oxidationo f Fe ( ). Theeactr dolutipmevertheless
turnedpale yellow after catalysisvhich impliedaMOF decompositiomand Fe leachingn No. 3,
we found that MnZAMOF-74 with 2.3 wt% of Mn loadingdid not showanyactivity for selective
methane oxidation but still prompted the decomposition &.Hhat caused the dageof the
framework to generate GOAt thatmoment, ve wereworried that thgoorselectivitywas caused
by the lack of sufficient stability of the pristine M.

After confirming the activity of FeZMOF-74 but poor stability tgenerate a lot of COwe
further improve the synthesis method to get a more stable pristine VMiDRkised for Fe
modification(No. 4-6). There is no apparent difference in XRD patterns between the old and new
MOF-74 that can be observethe reactiorsolutionfor the newly synthesized catalyst indeexl
colorless aftethe reactionComparing\No. 2 with 4, the more stable MOF framework shows worse
performanceAs seen irNo. 5 and 6 increasing the reaction temperature and catalyst amount did
not givebetter activity.The frameworkremainedfrom the XRD patterrafter the reaction. This
result indicates the activity of the FeEAOF-74 (No. 2) may result from the defective sitesthe

solved fragments
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4.3 MIl-:100and MIL-96

4.3.1Catalyst design

Thet r i gonal t ri mer ,szoxmoentered cgboxyldiericdgegd trinuxleat unig ¢
is well-knownfor the formation of the giant pore MOF series MIG[118], MIL-100[119], and
MIL -101[120Q] et al. Such a unit has been repotiethcorporaé manytrivalent metals such as V
[121], Cr[119,120,122], Fe[23], andAl [118]. Moreover,carboxylatdinkersarehelpful to build
extralarge pore solids withelatively high thermal stabilityMIL -100(Fe)[123] is built up from
the trimeric Fe(lll}oxo nodesand benzendé,3,5tricarboxylic acid (BTC) linkersforming a
porous structure with the MTMeolitic architectur§ MTN=zeolite soconymobil thirty-nine)
(Figure4-73a), which can be successfullynthesized in gram quantities accordinth&procedure
described irf124]. The corresponding thredimensionaframework exhibits two types of gas
with 25 and 29 A diameter accessible through &ridl 8.6A diameter windowsRigure 4-7a).
More specifically, the trimeric urst(Figure 4-7c) are connectedo each otheion each corner
through the trimesate ligands located on each face to form a large super tetrahedron (ST), which
is the basic building blockf the MIL framework(Figure 4-7b). The trimeric unit Figure4-7c)
consistsof three F&" atoms of octahedral coordination bridgeddne oxygen vertexThermal
activation under vacuum or inert flow can create eidpanFe(  3itesthrough the elimination

of wateror openFe ( sites through thelimination of the monovalent anigRigure4-7d) [125].

Figure 4-7. (a) Top: Schematic view of the 3D structure of MIQO with twotypes of cages

visualized ingreen and orange delimited by the vertex sharing of the ST (the vertices represent the

centers of each ST). Bottom: View and dimensions of the two different cages (orange, 20

tetrahedra; green, 28 tetrahegli@) The ST formed by using trimeric unit oach corner and

trimesic acid, which occupies the faces of ST. (c) The original building block of the trimeric unit
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with a trimer of metal octahedra chelated by three carboxylic func{i@dnRepresentation of the
tri-iron node in which theV metal site isopen coordinated by peseatment to remove the
coordinated HO or OH groupsPink = Fe, red = O and brown = C.

Unsaturated Fe(ll) species have besgortedas the active sites in Fexchanged zeolitd&5,26]
and MOFs(MOF-74-(Mg, Fe) andMIL -53(Al, Fe) capable of activating light alkanes through
the formation ohigh-spinFe(IV)=Omoietyby N>O. Also, MIL-100(Fe) havinginsaturated Fe(ll)
specieswith similar geometry and oxidation stedis a catalyst forlight alkane activation like
propane 126 and methane 127] with N2O as the oxidarftas been demonstratdd contrastto
the higheramount of catalysapplied tothefixed-bedreactor with NO or & as the oxidantthe
amount required fdbatch reactaris relatively smallmakingthe screeningf newMOF desigrs
as catalystgasier.There is still a lot of room for adjustment amelsign of the MIE100 catalyst,
such as changing the metal siterusing a more stable AlasedMIL-100 as the supporEor
example, bsides Fe sites, singstechromium atoms supported on titanium dioxide nanopatrticles
(denoted as GITIO») [55] are reported as an efficient heterogeneous catalyst for direct methane

oxidation toC1 oxygenated products withB» as oxidant under mild conditions.

Ewi

(a) = (b)

Figure 4-8. (a) Projection of the structurd MIL -96(Al) along the ¢ axisshowing the hexagonal
network. (b)Projection of the structure of M{R6(Al) along theb axis (c) View of the s-oxo-
centered trinuclear AQus-O)[(O2C-CeH3-(COz)2]6(H20)s core in MIL-96, showingthe three
AlOs5(H20) octahedralinits chelated by the trimesate group$ View of the corrugated chains of
cornersharing aluminunectahedral, with thecis-cis-trans sequence in MiR6. Green= Al, pale
blue =Al, red = O andbrown = C.

In addition to ML-100, MIL-96 [118], with a similar strucural configuration consisting of

octahedrally coordinated aluminum linked through the trimesate ligaamdalso be viewed as

good support for Fe sites. The structure of MIE96(Al),
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[Al 120(OH)18(H20)3(Al2(OH)4)[BTCl6-24H0] as the chemical formula contains isolated
trinuclear p3-O centeredaluminum clustes (Figure 4-8c) and infinite chains of aluminum
octahedrgFigure4-8d) forming a hexagonal netwonkith 18-membered ring¢Figure4-8a and
4-8b). Two different types ofAl clusterswere found inthe MIL-96 framework. The first one
(Figure4-8c) is aclassiguz-oxo-centered trinuclear unitith aluminum octahedrbl linked by the
trimesate ligand, which is algpesentn MIL-100(Fe) acting as the active part for partial methane
oxidation.The secondype of Al clusterconsists of a 2D networdf aluminumoctahedral chains
interconnected téorm a hexagonal :-8hembered ring in the (a,b) plarfeédure4-8a). The metal
chain structurealso accommodatedtimeric and monomeric Fe speciesMIL -53(Fe,Al) active

for selective methane oxidation ir®b aqueous solution.

4.3.2Synthesis method

4.3.2.1 $nthesis of MIELOO(AI)

According toFéreyet al.[119], MIL -100(Al) washydrothermally synthesizdd anautalave
reactor from a mixture of aluminum nitrate (AI(N-9H.0), trimethyl 1,3,5
benzenetricarboxylatéCi-H1206, Noted btcMe), nitric acid(HNOs, 1 M) and deionied water.
The following composition waglaced in a 23 ml Teflomesselnd then in a Patype autoclave
Al(NO3)3-9H,0: 740 mg btcMes: 338mg; 1 M HNOs: 2.2mL; H20: 9.1 mL Thesynthesis was
conductecat 210 °C for 3.5 loursin an oven. The resultingowderwas sepgation by filtration,
washed withDMF 2 times until colorless andeionizedwaterfor 1 time andthen soakedvith

acetone for 1 day ardfied at room temperature.
4.3.2.2 Metal loading of MHLOO(AI)

According to the literaturg¢128], a highly efficient andversatile strategy,namely solvent
assisted metal metatheswgas reportedo obtain avariety of metatmodified MOFs, including
several welknown MOFslike MIL and PCN series

Synthesis of VMIL -100(Al): 100mg VClz, 100mg MIL -100(Al) and 50 mL DMFwere added
into a 100 mL glass flaskhen heated tal65 °C andrefluxed for 2 hours After the exchange
procedure, the solid/MIL -100(Al) wasobtained by decantinte mother liquoandrinisingwith
deionized water 2 times, acetah&mes and immersed inecetondor 1 dayto exchange DMF
Theacetonevas decanted, and the catalyst was vacuuead dt 150°C overnightbeforecatalytic
reactiors. The metal content wals97wt.% V determined by ICP measurements.

Synthesis of CrMIL -100(Al): (20.05.20 batch) 4.e1g CrCls, 100mg MIL -100(Al) and 50 mL

DMF were added into a 100 mL autoclave readtwnheated td 60 °C for 12 hours The purple
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solid C/MIL-100(Al) wasobtained by decantinthe mother liquorandrinsing with deionized
water 2 times, acetor&dimes and immersed inexetondor 1 dayto exchange DMFTheacetone
was decanted, and the catalyst was vacdded at150°C overnightbeforecatalytic reactioa

The metal content wak55wt.% Cr determined by ICP measurements.

(20.09.07 batch) 3.6g CrClz-6H20, 60 mg MIL -100(Al) and 10 mL DMRwere added into a
25 mL glass flaskthenrefluxed at160 °C for 2 h. The paleyellow solid CYMIL-100(Al) was
obtained by decantinthe mother liquorand rinsing with DMF 1 time, acetond times and
immersed intaacetondor 1 dayto exchange DMFTheacetonewvas decanted, and the catalyst
was vacuundried at150°C overnightbeforecatalytic reactioa The metal conteramounted to
0.27 wt.% determinedCr by ICP measurements.

Synthesis ofFe/MIL -100(Al): 30.8 mg FeClz-6H20, 70 mg MIL -100(Al) and 10 mLof DMF
were added into a 25 mL glass flagtkenrefluxed at160 °C for 2 hours The paleyellow solid
FeMIL -100(Al) was obtained by decantinthe mother liquorand rinsing with DMF 1 time,
acetonel time and immersed intacetondor 1 dayto exchange DMFTheacetonevas decanted,
and the catalyst was vacuuniediat 150°C overnightprior tocatalytic reactionThe metal content
was0.9 wt.% Fedeterminedy ICP measurements.

The obviousolorchange of theynthesizedatalyss after netalizationindicated that the metal

had been successfully immobilizedto the MOF structure.

4.3.23 Sy/nthesis of MIEOG(AI)

According to the literatur¢118], the aluminum trimesate AO(OH)ig(H20)3(Al2(OH)a)-
[btc]e-24HO (MIL-96) was hydrothermally synthesizedan autoclave reactoiTypically, the
reaction mixtue containing the molar ratio:AI(NO3)3-9H20 (3.5 mmol, 1.314)§0.14Hsbtc (0.5
mmol, 0.105g, 1,3,5benzenetricarboxylic acid)/80-8 (278 mnol, 5 mL) was placed in a 23
mL Teflonlined steelutoclave at 218C for 24 h After the hydrothermal treatmerat powdey
product was obtained, which was diled off, washed with deionizesdateruntil colorless and

dried in air at room temperature.

4.3.24 Metal loading of MHO6(Al)

14.2 mg CrCk-6HO or 38 mg FeG6H.O was dissolved in 10 mlacetone upon
ultrasonicatiorto form CE* or Fe* stock solutionA freshly prepared MIL96 (about 100mgQ)
was dispersed in the above solution (10 mL), refluxing at 65 °C for about 1 Aiter.the
exchange procedure, the solid denote@r/slIL -96 or FEMIL -96 wasobtained by decantinpe
mother liquorandrinsingwith acetone times andsoakednto acetondor 1 day Theacetonavas

decanted, and the catalyst was vacuueddAfter drying, the colors of Cr/MIt96 or Fe/MIL-96
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were pale blue and dark yellow, respectiv@lge metal contestwere4.4 wt% Cr and 28 wt.%

Fedeterminedy ICP measurenmgs.

4.3.3XRD characterization andti@ity tess

Cr/MIL-100(Al)-synthesized

Fe/MIL-100(Al)-synthesized

MIL-100(Al)-synthesized

Intensity (a.u.)

MIL-100(Al)-simulated

5 10 15 20 25 30 35 40
20 (degree)

Figure 4-9. PXRD patterns for pristine andetalloadedMIL -100(Al).

Table 4-3. Catalytic performance of the synthesized MIQO(AI) related catalysts.

Product yield(e mol)/Selectivity (%) H,0;
No Cat React. TOF
' ' Condi. Me OHCH, Me HCOOH co (o)) Conv. util. (hh
OH OOH OOH 2 (xI0?) (%) (%)
1.9WV/MIL - 50°C, 0.8h 0.6 0.1 0.6
! 100(Al) 6 mg 45. % 0 8.7% 45. % 0 0.07 0 0 0.7
1.9NV/MIL - 8(°C, 0.7h 1.2 7.0 1.7
2 100(Al) 10 mg 11.9 0 70.6% 17.%% 0 05 125 2.0 3.6
0.55Cr/MIL - 50°C, 1h 1.6 4.8 9.5 2.3
' . 28. 1. 1
3 100(Al®? 10 mg 8.7% 26.4% 52.1% 12.8% 0 0.6 8.8 o o
0.55Cr/MIL- 60°C, 1h 4.6 18.0 11.4 85 87.6
4 ' 2.0 87.7 2.2 48
100(Al® 9mg 3.6% 13.9% 8.7 6.5% 67.3%
0.27Cr/MIL - 60°C, 0.5h 1.0 8.4 1.0
2 13. 1.
5 100(AlP° 5mg 9. 7% 0 81.% 9.2% 0 0 35 o 80
0.27Cr/MIL - 60°C, 1h 1.3 2.9 9.3 1.2
6 100(Al)? 10 mg 9.0% 19.9%  63.0% 8.1% 0 0.5 206 2.0 28
0.94FeMIL - 50°C, 1h 0.5 1.9 0.4
7 14 . 1.4 4
100(Al) 5mg 18.3% 0 67.%% 14.0% 0 0 53 3
0.94FeMIL - 6(°C, 1h 0.7 1.0 4.5 1.0
100(Al) 10 mg 9.5% 14.0% 62.9% 13.6% 0 0.27 8.8 2:3 4.2
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Reaction condition:30 bar CH, 10 mL 0.5 M HO,, autoclave reactor, 600 rpA20.05.20atch,
4.5mg CrCl; as metaprecursoy Cr: 055 wt.%. ?20.09.07batch,3.6 mg CrCls-6H,O as metal
precursor Cr: 0.2 wt.%.

MIL -100(Al) was prepared using the hydrothermal metkaglre4-9 shows the XRD patterns
of synthesizedMIL-100(Al) and Fe, Cr-modified MIL-100(Al) by solventassisted metal
metathesisThe synthesized sample displayed weBolved XRD patterns consistent with the
simulated one, indicating that the structure of MIRO(AI) has been obtainedvery index
matches with the simulated PXRD pattern of MHLOO, ruling out thepresencef otherphass,
such as the corresponding metal oxides

The catalyticoxidation of methane usinH.O, was conducted ithe batchautoclave reactor
with 30 bar of CHand 0.5 M HO- (seeTable 43). No. 1 and2 for V/MIL -100(Al) showthat V
sitescould notactivate HO- to catalyze methane oxidaticevenwhenincreasinghetemperature
to 80°C. ComparingNo. 3%&4 with 5&6, we found that Cr/MIE100(Al) with CrCk as a metal
precursorio. 3 and #showed a stronger ability sxtivate HO- than CrCs-6H.0. However, the
amount ofC1 products is still quite lonaround 50 pmol for GMIL -100(Al) in No. 4, with huge
amouns of CO, andhigh consumption of oxidant &0°C for 1 h. InNo. 7 and8, Fe active sites
in FEMIL-100(Al) did not showa strong ability to activate #D-.

l Fe/MIL-96(Al)-synthesized

Intensity (a.u.)

3

l MIL-96(Al)-synthesized
| L MIL-96(Al)-simulated
5 1

0 15 20 25 30 35 40
20(degree)

Figure 4-10. PXRD patterns for pristine ariee modified MIL-96(Al).

Table 4-4. Catalytic performance of the synthesized MI&(Al) basedcatalysts.

Product yield(umol)/Selectivity (%) H.0,
No Cat React. TOF
' ' Condi. OHCH, Me O, Conv. util. (hh
MeOH  ooH™  oon  MOOM €O iy ) )
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4.4Cr/ 60°C, 0.5h 3.0 10.2 55 29.6

! MIL -96 5mg 6.2% 21.1% 11.4% 0 61.3% 26 98.4 06 8.8
4.4Cr/ 38°C, 2h 0.7 3.8

2 MIL-96 5mg 15.%% 0 84.6% 0 0 1.2 807 01 05
2.8Fe/ 7(°C, 0.5h 2.2 11.4 14.0 17.9

3 MIL -96 5mg 4.9% 25.0% 30.7% 0 39.5% 24 885 0-9 22

Reaction condition: 30 bar CH, 10 mL 0.5 M HO», autoclave reactor, 600 rpm.

MIL-96 was synthesized according to the literature, followed by treatment with DMF and
distilled water toremove the unreacted trimethyl 1.&&nzenetricarboxylate. Theodified
FeMIL-96 and CrMIL-96 catalyst wereprepared througbBolventassisted metal metathesit
MIL -96 with metal chloridesalts The finalFe and Cioadingsin the catalyst wredetermined as
2.8wt.% and 4.4 wPb, respectivelypased on th&CP. The powder Xray diffractions (PXRD) of
MIL -96 pattern agree wellith the previously reported oriEigure4-10) [118. Also, F&MIL -96
exhibits no loss of crystallinity Kigure 4-10), indicating that the integrity of the MIR6
framework is maintained well during tHee loading Furthermore, no significant diffraction
reflexesof Fe oxidewere detecteth the PXRD

The catalyticoxidation of methane usinH202 was conducted ithe batchautoclave reactor
with 30 bar of CHand 0.5 M HO- (seeTable 44). In No. 1, compared tthevery limited amount
of C1 productsof around 20 pmol, huge consumption ofC®1 with 98.4% conversiooccurred
even under very mild reaction conditgaf60°C for 0.5h over 4.4CIL -96. We tried to lower
the reaction temperature to arouncP@Qvith aprolonged reaction timef about 2h inNo. 2. The
catalytic result showed almost @4 producs, but with still quite high HO- conversiorof around
80%, which suggested the Cr site in M6 is highly prone to decompose®} not activate
methane. INo. 3 for 2.8FeMIL -96, despiteabout 90% conversion of-B>, only 27 pmolC1
productswere producedgiving avery low HO; utilization ratio of 0.9%.Remarkably, C@was
generated withotlCOOH being observedConsidering that methane oxidation can be regarded
asmultiple consecutive reactisnthe CQ is typicallyaccompanied btheformationof HCOOH,
which is the reactant being oxidized to £0hus, we speculateétattheorigin of this CQ might
not be the overoxidation of methane, but the decompositiontted BTC Inkersin the MOF
framework. The BTClinker can undergamineralization which gives CQ directly. Thus the

overallworseperformancénas prompted us &topfurtherresearcton MIL-96.

4.4 DUTS
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4.4.1Catalyst design

Sulfolane(a 5membered cyclic sulfonas a widely used dipolar aprotic, watssluble and
highly stable industrial solvet29. Sulfone has been reportezlhavethe feature ofemporary
combination with hydroxylswhich improves phenolselectivityin benzeneoxidationto phenol
reaction[130]. Balducci et al[131] showed thathe plenol selectivity in sulfolanby using HO»
is twice that in other solvents duethe temporarypondingbetweemhenolandsulfolaneto awid
thegeneratiorof by-products Sulfolane haslsoprovento be an eftient solvent for liquigphase
direct methane oxidationwvith H2O,. Xiao et al.[132 showed that asulfolane/HO. aqueous
solutionmixture led toan excellentethanolselectivity and low HO; conversionover FeMFlI
catalystat 323 K In Figure4-11, when 50 vol% sulfolane was used as the solvent, the yield and
selectivity of MeOHeached the maximumith ahigh yield of oxygenated products and lowOd
conversion Thus, the author proposed that teenporaryadduct formatiorof hydroxyls with
sulfone preventedthe overoxidation of methandDn the other hand, 4@, showed the highest
conversion in water but the lowest conversion in sulfolEtwuseulfolane is an aprotic solvent
in contrast with therotic nature of water that provides protoiitie authomlsoinvestigated the
stability of sulfone under the typiceeaction conditions and found there were no peaks ascribed
to the products observed after the blank test ifHRBIMR spectrum. Howeveit is important to
point outthatthe authos did not mentiorif they detectedCO; in the blank experimentyhich is
very likely generatedhroughtotal oxidation of sulfone byydroxyl radicalsConsidering the high
price and toxitty of organic solvent sulfone, wenvisagehe fixation of sulfone groups in MOF

structure which will be highly dispezdto improve the methanol selectivity and®k utilization

ratio.
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Figure 4-11. The amount of products and®k conversion under differeproportions of sulfolane
contentReaction conditions323 K, 10 nh of solvent, 50 mgf catalyst, 27 mmadf H2O2, P(CHa)
=3 MPa, 2 {137

(a) ;@l (b)g o o o~ .
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Figure 4-12. (a) Schematic representation of D3 Btructure viewing along b axis. (b) Schematic
representation of the Al chain of DLH. (c) Schematic representation of Fe doped Al chain. (d)
The ligand molecule oBPDC (4,4rtbiphenyl dicarboxylat¢ and BPDG-SQ, linkers (4,4}
bibenzoic acieR, 2tsulfong. Pink = Al, purple = Fe, red = O and brown = C.

A sulfone functionalize®OF DUT-5 (DUT = Dresden University of Technology), denoted as
DUT-5-SO, was synthesized using #dibenzoicacid2,2tsulfone (BPDG-SQ,) linkers (see
Figure4-12)[133 The parenmaterial, DUTF5(Al), was fiist synthesized by the group of Kaskel
[134], which consists of alumim and 4,&biphenyl dicarboxylate linker©UT-5(Al) has the

same topology anchetalbuilding blocks as MIL-53(Al), but with a longer linkemolecule.

4.4.2 Synthesis method

4.4.2.1 Synthesis @fUTF5 and DUB-SQ

According to the literaturfl33,134], DUT-5-SO, and DUT5 weresynthesized using a mixture
of Al(NO3)3-9H20 (0.6 g, 1.6 mmol)prganic ligandH-BPDC (4 , -Bibenzoic aciyl(0.63 g, 2.6
mmol) or H-BPDG-SO; (0.8 g, 2.6 mmol) suspended60 mL N,Ndimethylformamide (DNF).
According to Ref. 133, ligandH-BPDG-SO, was synthesized based oommercialH.BPDC.
The mixture was placeith a 100 n. Schlenk flask sealed drheatedo 413 Kwith stirring and
keptfor 24 hat this temperaturé he white powdeobtainedwas filtered off, washed thoroughly

with DMF, methanol andcetone anfinally vacuumdried.
4.4.2.2Metal loadingoy postsynthesis modification

A certain amount of FeCk-6H2O or CrCls-6H.O was dissolved in 10 mlacetoneupon
ultrasonication A freshly prepared DU-b or DUT-5-SO, (about 100 mg) was dispersed in the
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above solution (10 mL), refluxing at 6& for about 1 hourAfter the exchange procedure, the
solids denoted as HRUT-5-SOy-post or FEDUT-5-post wereobtained by decantinipe mother

liquor andrinsingwith acetone times andsoakednto acetondor 1 day Finally, the acetoneas

decanted, and the catalyst was vacuumddiThe color of FEDUT-5-SOx-post after dryingvas

pale yellow.

4.4.23 Metal loadingpy directsynthesis modification

According to the literaturgl34], Fe DUT-5-SOp-directand FeDUT-5-direct weresynthesized
using a mixture of AI(N@3-9H.O (0.6 g, 1.6 mmol)FegNO3)3-9H.O (20.8 mg, 1.0 wt%),
organic ligandH.BPDC(4 , -libenzoic aci§i(0.63g, 2.6 mmolprH.BPDC-SG; (0.8 g, 2.6 mmol)
suspendedn 60 mL N,Nadimethylformamide (DNF). The mixture was placeieh a 100 nh
Schlenk flask sealed drheatedo 413 Kwith stirring and kept for 24 h at this temperaturee

white powder was filtered off, washed thoroughly with DMF, methanol, and acetone, and vacuum
dried The color of FEDUT-5-SO-direct after dryingvasbrown.

4.4.3 XRD characterization antligity test

Intensity (a.u.)

A

Fe/DUT-5-SO,-post synthesized

Fe-DUT-5-SO,-direct synthesized

|

DUT-5-S0,-synthesized

DUT-5-simulated

l j_} A
5 15

10

T T T T

20 25 30 35 40
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Figure 4-13. PXRD patterns for pristine ariée modified DUF5-SO(Al).

Table 4-5. Catalytic performance dlie synthesizedUT-5 basedcatalysts.

Product yield(umol)/Selectivity (%) H,0;
React. TOF
No. Cat. .
© a Condi. MeOH OHCH, MeO HCO co 0O, Conv. util. /nt
€ OOH  OH  OH W) %) (%)
0.26FeDUT  60'C, 0.5h 0.4 3.0
1 ’ 0 0 0.15 3.7 1.9
-5-SO,-post 5mg 12.5% 87.5%
0.26FeDUT 70:C, 1h 18 2.4 10.8 2.7 17.6
2 0.36 11.3 4.4 37.7
-5-SOy-post 10 mg 5.1% 6.8% 30.6% 7.8%  49.7%
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0.50F
70:C, 1h 2.7 4.2 15.5 6.4 20.8
3 Dugi-rse-cstoz- 10 mg 5.5% 85%  3L2% 129% 4200 O 108 > 321
1.62FDUT  60:C, 0.5h 36 9.2 17.9 9.9 11.9
4 -5-SO-post 5mg 6.8% 17.5%  34.0% 189% 227% Oo° 223 6.1 °6.0
1.45C/DUT  6C°C, 0.5h 2.5 4.8 13.6 8.3 10.3
5 047 164 6.0 41.9
-5-SO-post 5mg 6.4% 12.2%  343% 20.9% 26.1%
60°C, 0.5h 1.3 2.7
6 DUT-5-SO, 5 mg 32.0% 0 68.0% 0 0 0.20 3.1 25
3.0FeDUT-
60, 1h
7 5-SO- 5 - - - - 104 148 636
direct mg, N
0.3FeDUT-
60, 1h
8 5-SO»- - - - - 116 038 122
direct 6mg, N
3FeDUT-5- 60, 1h
- - - - 122. 1.7 74,
° direct 5mg, N 8 5 0

Reaction condition 30 barof CH4, 10 mLof 0.5 M HO, autoclave reactor, 600 rpm, 30 loér
CHgs; @Thereaction was conducted irplondition to check the CQeneration.

The powder RD patterns of DUI5-SO, obtainedfrom solvothermal synthesiand Fe
modified samples by direct or pesgnthesized methaghov goodconsistencyascan be seeim
Figure4-13. These patterns are fher compared with the simulatpdwder XRD patterfior the
crystal structure model of DUB [134]. All diffractions of experimentgbatterns shiftedlightly
t o hi guylesrbec&uséhe sulfonegroupof the BPDG-SO; linker causs abending ofthe
ligand changingheangle between the terminal carboxylates fromel80t o[13B6 3 e

The catalyticoxidation of methane usinH.02 was conducted in a batetutoclave reactoat
50 °C with 30 bar of CiHand 0.5 M HO». Table4-5 shows the catalytic resulté the synthesized
DUT-5 related catalyst&romNo. 1, we found conducting the reaction at®&0could not activate
catalyst 0.26H®UT-5-SO-postthat showed almost no2B» conversion and n€1 products.
Further increasing the reaction temperature ®fCfEnerated about 18 umGL product with 50%
CO; selectivity,which showed better activity than direct synthesized 0 ADF&-5-SOp-direct
catalyst inNo. 3. We tried to increase the Fe conteanEgDUT-5-SOx-post catalyst and prepare
Cr modified catalysts. IfNo. 4 and 5, 1.62FéDUT-5-SOy-post and 1.45CHDUT-5-SOx-post
showed similar activity with around 40 pmGL product and 56/h TOF at @C. The nevitable
generation of C@makes usloubt whether it is from methane or the decompositicin@MOF
framework. InNo. 6, we conduct the blank experiment olEIT-5-SO, without active metal to
check the stability ofhe MOF framework in the reaction condition. It seeDidT-5-SGy is quite
stable without decomposition to @@ 0.5M HO. aqueous solution at &C for 1 h. We further
test the stability obDUT-5-SO, with active metal in Nto check the stability whenJ9: is activated
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by active site Fe irNo. 7-9. Without the competition fronrmethane, the MOF framewaqrk
especially the organic linkgbecame the target for tH®OH. The carboxlic acid based ligand can
undergo nmeralizatioddecarboxylation, which can give G@irectly. ComparedNo. 7 with 8, we
learn that the amount of Fe conteddtermines the conversion of:®k and the dgree of
frameworkdamagecausing the generation of @O'he above experiments make us understand
why there is always certain ratio of C@ generatd from the framework damage during the
reaction.ComparingNo. 7 and 9, the lower degreeof generating C® and the lower H20»
conversion of 3FR®OUT-5-SOy-direct compared td8FeDUT-5-directis in accordance with our
initial vision that sulfone groups benefit the®t utilization to some degre&ven thouglthe
positive effect of-SO; was verified,the interfeiing degradation of MOFsvill influence our
judgmentof the catalyss regardingactivity/selectivity which caused us to stop the research on
modified DUT-SO;, catalyss.

4.5 UO-66
4.5.1Catalyst design
BY YRe DN 7/ \ /Fe/'°
g Oo a ’o 7 ‘{R ? ”"L/ T, ZI" Zr/o\ /O\Z
& ? ~ L < ,‘,’ﬁ > N / \ r
| o \ [ N\ | o~ 0 \ozzr\ / .
b= . —— = p- . o o\ N /0 Iron furnished
l \&/ ! ! \&/ | (©) g \‘;‘ Zr \ / Zr Q Zr
b ’Q;o ol o o:‘ e By A \ /Zr\ / Or
e sfle /fl’; _ el 0,0 Fe
) Lo TE \27?‘\’:‘ 2r / \
B L o /..QJ”""}&# Py’ - /0 O\
g W N -%»/_/f ¥ » Original metal cluster Zr \ / Zr
_% 'Y Fe3*-Ui0-66 \O/Zr\ /
\Z I'/ Iron replaced

Figure 4-14. (a) Schematic representation af-MOF UiO-66 with 1,4benzenealicarboxylate
(BDC) as linkewviewingalongcaxisThe Zr MOF st r uctwwatypesoficagesa s s e mk
(b) a supetetrahedron an(t) a super octahedro(d) Schematic repsentatiorof the Fe position
on the Zg cluster of UiG66 after metal functionalization by direcand postsynthetic
modificationmethod.Green = Zirconium, red = O and brown = C.
The stability of the MOF framewoskmainly depends on the inorganic builginnits and the
strength of the chemical bond between the inorganic node and the ligaidvé&/ehosesome
Al-based MOFsnentionedabove due taheir high thermal and chemical stability. Besides Al
based SBUs, Zbasednorganic building units like in Ui@6 areof utmost importance fayetting

stable, flexible structuee The UiO-66 structure isformed with linear ligandsl,4-benzene
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4. Direct methane oxidation over different MOF catalysts by H202

dicarboxylate (BDCandZrsO4(OH)4(COz)12 with 12 coordinationgxpandhg to the cubiaclosest
packed (CCP) structurd-igure4-14) [135]. Some simpldunctionalization strategiest metail
organic framework noddsave been reported to affocdordinatively unsaturated metal oesst
that can catalze interesting organic reactiof36]. We tried two different ways to achieve the
Fe ionmetalationon Zr SBUs of Ui066, on one hand by direct synthesis and on the other hand
by postsynthetic modificationin Figure4-14d, the proposed structures after Fe modification by
the two differenimethods are exhibitedhe metahodes of hexairconium(lV) MOFs are often
coordnated with-OH and-OH. groupsthat could further act as the ancimgrisites for active
components, which can be used for a broad scope of orgiangformations For thepost
synthetic modificationthe deprotonation of OH sites Bf-SBUs followed byreactions with iron
afforded Fe functionalized MOFmaterials Fe/UiO-66-post (Figure 414d). For the direct
synthetic modificationFe ion is prone to replace the positiorZoto form the Fe active site after

vacuum activation to remove coordinategDHbr OH sites.

4.5.2 Synthesis method

4.5.2.1 Synthesis &JiO-66

According to the literaturgl35], thesynthesis ofJiO-66 was performed by dissolvir@y2 mg
ZrClg, 276 mgl , 4 benzenedi eBBC)W@mLyH.Q and 12 roLi adetic(atich 100
MLN,Na di met hyl f or mami de (DMF) (24.9 g, 340 mm
mi xture was sealed and placed i n a pinartctheat e
room temperatutehe resulting slid was filtered, repeatediyashed with DMFandacetoneand

finally dried at room temperature.
4.5.2.2Metal loadingoy postsyntheticmodification

10 mgFeCk-6H>0 wasdissolved ird mL acetonitrilewith 50 mg UiG66 uponultrasonication
in a glass vial, whichvasthen heateat 85 °C for and kept at this temperature f@4 hours in an
oven After the exchange procedure, the solids denoted Adi®66-post were obtained by
decantinghe mother liguoandrinsingwith acetonitrile2 times acetondor 1 time andsoaked
into acetondor 2 days. Finally, theacetonaevas decanted, and the catalyst was vacduieal.

25 mgvVOSQy-5H20 wasdissolved irthe mixture of SmL acetonitrileand 3mL DMF with 50
mg UiO-66 uponultrasonicationin a glass vialthenheatedo 85 °C and hold at this temperature
for about24 hours in an ovenAfter the exchange procedure, the saliehoted as WJiO-66-post

was obtained by decantinthe mother liguorand rinsing with acetonitrile2 times H.O until
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colorlessand acetoné timeandsoakednto acetondor 2 days. Theacetonevas decanted, and

the catalyst was vacuudried.
4.5.2 3 Metal loadindoy directsyntheticmodification

According to theliterature [137], the mixed F&Zr UiO-66 material was obtained under
solvothermal conditions from a mixture of 166 mg-thghzenedicarboxylic acid (1 mmol), 186.4
mg of zirconium(1V) chloridg0.8 mmol) ancb4 mg of Fe(lll) chloride hexahydrate(0.2 mmol)
in 5 mL N,N-dimethylformamide (DMF) which walled in a Teflon lined vessel and heated to
120e @r 24 hours. After cooling, the solution was filtewstt the recovered powder was washed

with DMF, distilled water and acetot@remove any free, unreadte,4-benzenedicarboxylic acid.

45.2 4 Calcination of F&iO66

The obtained F&JiO-66-direct and VUIO-66-post further calcinedat 300e Gn an oven
achieved with a heating rate bd0e M and kept for 5 hours in air

4.5.3 XRD characterization antligity tess

Powder Xray diffraction (XRD) patterné-igure4-15) revealedhatthecrystal structure ahe
synthesizedJiO-66 andFe modifiedUiO-66 obtained from direetand posisynthesized methods
is in good agreement with that of typical UB8. Furthermore, no obvious XRD peaks 6
compoundsre discernedikely owing to their extremely smatlize and low loadingrhe PXRD
patterns obtained for calcined samples indicate that the calcination process has little effect on the

overall crystallinityof the material.

after 300°C calcination in air

after 400°C calcination in vacuum

Fe/UiO-66-post synthesized

\L Fe-UiO-66-direct synthesized

Intensity (a.u.)

UiO-66-synthesized

_ UiO-66-simulated

5 10 15 20 25 30 35 40
20 (degree)
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4. Direct methane oxidation over different MOF catalysts by H202

Figure 4-15. PXRD patterns for pristine arkee modified UiG66(Zr).

The catalytic oxidation of methane usingQd wasconducted in a batchutoclave reactoat
50 °C with 30 bar of CiHand 0.5 M HO». Table4-6 shows the catalytic results of the synthesized
UiO-66 basedcatalysts According toentry 1, 1.6V/UiO-66 did not show any trend to activate
H20. at 50°C. Further increasing the reaction temperature toG3@ntry 2, there was strong
conversion of HO», but almostno C1 productsandCO, indicating that the conversion oh€»
is caused mainly by thermal decompositioB@tC without degradation of Ui®6. Considering
the existence of these iron sites in MOF being mostly a single state, proper calcimgtiout
damaging MOFs framework was performed to promote cluster formation as done for zeolites (see
part 1.4. According toentry 3 the calcined 1.7V/Ui&6-post300 did not show an increase in
C1 products but with a higher degree ofd4 thermal decomposition to@nd generation of CO
possibly due to the framework degradatibe-modified UiO-66 catalysts obtained by pesind
directsynthetic methods were first tested at°®&0(seeentry 4and5). Comparing the catalytic
results with he pristine UiG66 without metal site irentry § 0.9FeUiO-66-direct did not show
any real activity of Fe sites, and 1.0Fe/tB6post obviously can activate-8, with around 40%
conversion to get a very limited amountGif products of 19 pmol at®°C. The calcined sample
1.2FeUiO-66-direct400-vacuum ofentry 7can activate bD> with 18% conversion compared to
4% conversion of the uncalcined sample as showanirny 4 but it did notgive any product
Despite increasing the reaction temperaturedt6@in entry § few oxygenates were obtained
Compared with other tested MOF catalysts, {8®based catalysts showed better stability in our
test condition. However, they did not show good activity to oxygenates, possibly due to the

unsuitable Fe loadingonditions.

Table 4-6. Catalytic performances the synthesizedJiO-66 basedcatalysts

Product yield(umol)/Selectivity (%) H.0,
React. TOF
Entry Cat. . . .
Condi. OHCH; Me 0, Conv. Util. /n?
MeOH OOH ooy  HCOOH e N )
1.6VIO-  50°C, 1h
1 66 post 10mg 0.4 0 1.0 1.0 0 0.11 0.9 9.9
1.6VIO-  80°C, 1h 16 2.4 0.8
2 66post  10mg  33.3% 0 509%  16.2% 0 15 530 02
1.7VIViO-
8°C, 1h 2.2 5.3 1.9 25.3
E 663%%“ 15mg 6.2% 0 15.% 5.5% 286 18 671 04
0.9Fe
' 50°C, 1h 0.6 1.1 2.4
4 ViO-66- 10mg  15.3% 0 26.4%  58.3% 0 02 41 42
direct
1.0Feli0  50°C, 1h 2.1 6.9 9.7 17.4
5 -66-post 10mg 5.9% 0 191%  269%  48.1% O %93 18 13
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50°C, 1h 0.5 0.8 2.3

6 uio-66 23.2% 62.4%

0 0.13 0.04

10mg  14.1%
1.2Fe
Ui0-66-  50°C, 1h
7 irootdoo 101G 05 0 21 2.2 0 055 181 1.0
vacuunt
1.1Fe
: 8C°C,1h 26 8.4 5.2 486
8 Uio-66- 10mg  4.0% 0 130%  80%  750% O 380 50
direct300°

Reaction ZTMbnar i1l0H mLOf . SBauNM od | ave fFeld@asor , 60
direct treated in vacuumt 400 °C achieved with a heating rate of 3 °C/min and keptHioPFR3=
UiO-66-direct calcined in air at 300 °C with a heating rate of 3 °C/min and kept for 3 h.

4.6 ZIF8

4.6.1Catalyst design

ZSM-5 has prowvecapable of stabilizing extrfiamework Fe species as the active ditesugh
activationat 550°C, in a form analogous to that found in methane monooxygenase enzymes, to
selectively convert methane to mearygenated products in the presence g@+HHowever, the
characterization and identification of Fe sites in zeolites are nontrivial because of multiple iron
species. The exact nature of the active sites {BF-5 remains largely a matter of speculation
[138. Using MOFs to encapsulate single Feesior binuclear Fe complexes is a currently
unexplored yet promising method to achiawsformly dispersed and specific Fe sites after
calcination to removéhe organic part. We selected the zeolitic imidazolate framev8oikIF-8)

[139 to act as the meporous hosmaterial within which we encapsulate different Fe metal
complex guest$§14(q. This strategy was motivated by the larger internal void size of8Zif

13.32 A x 11.18 A with much narrower pore windoei D3.4 A (Figure4-16a). ZIF-8 could be
preparedon the gram scale to allow detailed investigasiofihe advantage of facile Z&
synthesig141,142 is that itoffers a straightforward route to confine guest molesidegerthan

the physical dimension permitted by the MOF vandopening. More significantly, unlike other
MOFs, ZIF8 has exceptional thermal (up to 550°C in)Nandchemical stability upon refluxing

with organic solvents, water, and aqueous alkaline solution, making it possible to withstand the

high-temperaturectivation to form Fe active sites
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4. Direct methane oxidation over different MOF catalysts by H202

Ferroin

Fe(CO)5 Fez(CO)g

Figure 4-16. (a) The larger internal voigolume at the center of the sodalite nanocafgeélF-8.
(c) The molecule structures of Fe(aca&eroin, Fe(COg and Fe(CO) represented by ball stick
models Peacock grees Zn, brown = G blue = N,red = Q purple = Feandwhite = H

4.6.2Synthesis method

4.6.2.1 Synthesisf ZIF8

According tothe literature[142), a solid mixture of zinc nitrate tetrahydrate Zn(§©4H.O
(0.210 g and2-methylimidazoé (H-MelM) (0.060 g was dissolved in 18 imof DMF in a 20mL
glassvial. The vial was capped and heated at a rate’@frhin to 140°C in a programmable oven
and held for 24 h, then cooled to room temperature. Aét@moving the motherduorfrom the
mixture, chloroform (20 m) was added to the vial. Colorless crystals were collected from the

upper layer, washettiree timesvith DMF, and dried in air for 10 min.
4.6.2.2 In situ synthesis of the ZIF86 complex host guest system

According tothe literature, the hybrid heguest materials were obtained by in situ synthesis
method [14(Q. Initially, the Fe precursometal complex(see Figure 416) was mixed with
Zn(NOg)2-:4H20 in aratio of 0.51 mmolin 25 mL of methanadio get solution AThen, in another
flask, 4:16 mmol of ZR*: H-MelM wasadded to 25 mL of methantl get solution B, whiclvas
kept stiring for 5 minutes anthenwas added intsolutionA slowly. After vigorous stirring, the
temperature was increased to 80 °C. The synthesis took about 10 nfimad#yg, the crystalline
product was washed thoroughly (4 cycles) using a copious amount of methanol and acetone to
remove excesscomplex and resiual soluble products. The final product was separated by

centrifugation at 8000 rpm.
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4.6.2.3 Calcination of thassynthesized catalysts

To promotea propercluster formatiorof single Fe sites, calcinations were conduciduls, he

obtainedmetal complg/ZIF-8 compounds were further calcinedanovenat 350e ©@r 400¢ C

with a heating rate of 10§ M and kepfor 5 hours in N, orat 900e Gor 2 hours in N.

4.6.3 XRD characterization ancligity tess

20 (degree)
Figure 4-17. PXRD patterns for pristine artfee modified ZIF8(Zn).

A | Fe(CO),/ZIF-8
Ferroin/ZIF-8-400 .
_ A Ferroin/ZIF-8
=. — —*A_JIL/\_/\_/L»
©
S Fe(acac),/ZIF-8-400 A
g A Fe(acac),/ZIF-8-350
g ———
}\ qFe(acac)),(/ZIF-a
k AZIF-8-s‘im‘uIated
ZnO(PDF#79-0206) | | |
—r 1
5 10 15 20 25 30 35

40

XRD was used teaomparehe structural data of tremulatedZIF-8 with its guestencapsulated

counterpar andidentify the crystal phase of the-pgeparedsamplesdefore and faer calcination

(Figure 4-17). All the diffraction patterns, except for samples calcined at 400 °C, prove the

structural integrity of ZIFB. The XRD pattern ofFe(acacyZIF-8-350 sample prepared by

calcination at 350C is similar to that of pure Zi8, indicating that the sodalite structure of ZIF

8 crystals was not altered lilge addition of Fe precurs@nd the calcination procesAfter

calcinationat 400 °C, the XRD reflexescorresponding to ZH8 completelydisappearedThe
resulthg phase werturnedoutto be ZnO (P63mdDFcard no.79-0206 [143. Thereflexesat
2dvalues of 31.8, 34.4, 36.2 can be ascribed to (100), (@0@§101) crystal planes of hexagonal

ZnO, respectivelyl44).
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4. Direct methane oxidation over different MOF catalysts by H202

Table 4-7. Catalytic performancef thesynthesize@IF-8 basedcatalysts

Product yield(umol)/Selectivity(%) H.0,
No Cat React. TOF
' ' Condi. Me OHCH,, Me HCOOH co 0O, Conv. util. /ht
OH OOH OOH 2 (X0 (%) (%)
0.25-e(acacy 70 C,1h 0.32 0.20 8.15
! ZIF-8-400 10 mg 3.7% 0 2.3% 94.0% 0 212 e 0.62 19
0.1Fe(acacy 7°C.1h  0.23 6.77
2 ZIF-8-350 10 mg 3.3% 0 0 96.7% 0 0.67 230 1.72 38
0.5Ferroin/ZIF 70°C,1h 0.29 1.33 3.73 15.2
3 -8-400 10 mg 1.4% 0 6.5% 18.2% 74.0% 0.89 315 0.78 6
0.6Ferroin/ZIF rt. 1h
4 12 1
-8-900-2h% 10 mg 0 0 0 0 0 0 00 0
1.2F 7 1h
5 e(coy oG 0.23 0 0 0 0 273 987 0

ZIF-8-400 10 mg

Reaction condition: 30 barof CHs, 10 mLof 0.5 M HO», autoclave reactor, 600 rpAGenerating
lots of bubbles when adding catalyst intgQA solution.

The catalytic oxidation of methamsing HO> was conducted in a batelutoclave reactowith
30 bar of CH and 0.5 M HO». Table4-7 shows the catalytic results of the synthesiZ#e-8
basedcatalysts.Compaimg No. 1 and 2, samples calcined at 350 °C and 400 °C, respectively,
showeddifferent XRD patterns and different catalytic resufe(acacyZIF-8-400 lost ZIF8
structure and decomposed to ZnO at 4Q0associated witthigher conversion of D, than
Fe(acaq)ZIF-8-350 at 70°C for 1 h. However, both samples generated limi€&d products,
which can beattributedto a severe sel-decomposition of kD> under such reaction conditigan
Compaing No. 3 and4, the differenceén theH>O> consumption oFerroin/ZIF-8 samplscalcined
at400 °C and900 °C, respectivelyjs evenmore obviousFor the Ferroin/ZIB-900-2h sample,
a lot of bubbles were generated once it was added to 40e $dlution. In No. 5 of sample
1.2Fe(COy/ZIF-8-400 calcined at 40 °C, the higher loading also decomposed alDiHeven
under lower calcination temperatufgom the above experimentasults, we can learn that the
maintainedstructure of ZIF8 and suitable Fe contehenefit the dispersion of small Fe cluster
after calcinationCalcination abovet00 °C and too much Fe loadingill result in bigger Fe

clusters thawill causevigorousdecompositiorof H20,.
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4.7 PCN250

4.7.1Catalyst design

After introducing metal sites like Fe, Cu, Mo, Cr, Co, or V, Zeolites have been proven to
catalyze selectivenethane oxidation to mainly formic acithspired by the natural methane
monooxygenase (MMO) enzymes, Fe or Cu sites have been introduced into zeolites to mimic the
active binuclear Fe found in enzymeédthough many efforts have been devoted to decipgerin
MMO enzymes' structure and working mechanid§,[the concept of biomimetics has nt
sucessfully led to new catalystShe main problem is the presence of multiple iron species after
high-temperature calcination. Thus, the nature of the active isitEe/zeolites remains largely a
matter of speculationVe tiedto adjust the introduction strategy fitableFe sitesand make it
more ational As we know M23*M2*(us-O)(X)(COO) (M = Fe, Cr, Al, Sc, V, Inwhere X
represents aounteranion that maye presentis one ofthe most common building block$49,
which appeas in some classi®éVOFs such asMlIL -100(Fe, Crs) [123,146, MIL-101(Fe, Crs)
[147,148, and PCN250(FeMn, Fe3, FexCo, and FeNi) [149. The undercoordinateaben metal
sites found in thes&imetallic nodeg151] make tlis class of MOFs attractive farxidation
catalysis.We envisaged using defined MePCN-250 composition and crystalline structure as

our catalyst to conduct selective methane oxidation aqgaileous k> solution The structure of

Figure 4-18. (a) Crystallographic structure of #BCN-250 and its unit celkb) its ABTC linker
( ABTC = -azgbéhNjneketrabajoxylatend (c) cluster representation of itssfFe&
O)(COO} node.Hydrogenatoms are omtiédfor clarity.
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