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Preface

Preface

il know t hat I donot know.

research in the laboratories, | recognized, that scientists e
a huge knowledge, but it seems tosesmall, that it is often ==
impossible to explore the complete field of one research t :
At the same time, learning new skills in the lab also requir ;;
critical view on the results. Sinceobody can have themm
absolute knowledge ame are learning for our complete life”
as scierists we haveo review the results of our research witn
a critical thinking, to avoid, that we credtdseknowledge But at the same time, we must be
careful,because hi s generated knowledge isnbdét the ab
this ismethanol synthesis. This reactibas beeriopic of researcfior over 60 years. At this

time, the knowledge about the catalysts which are the most important gear in methanol
synthesis, increased drasticalljjowever, stilltoday researchemworking in this field, most

often on onespecificcatalyst the coppéekinc oxide (Cu/ZnQ)to learn more about the active

site and to find out, why this catalyst behaves as it does. During the decades of research, the
analysis techniques evolution enabled more accurate or deeper analysis. Wjtbstoigtes

based onfol do0 knowl edge about the catalyst coul
developedTherefore, as scientists, we should be happy about our results, but we never should
think, that we generated the absolki®wledge. The world is so fantastic and huge, that we

only observe one very tiny, small part of it within our |¥&e know things, but at the same

time we arainknowng.

Neunkhausen, th@4/09/2023

Benjamin Mockenhaupt
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Abstract

Abstract

Methanol synthesis is one of the important processes of the chemical industry. Because of the
usage of the product molecule as fuel, platform chemical and hydstg@gematerial By

using anthropogenic GQ@ sustainable carbon neutchlemicalindustry can be realized.

The hydrogenation of CO and/or €0 methanol is performed on a Cu/Z(Cx) catalystAs

state of the art, the Cu/ZnO:Al (CZA) catalyst is highly active in this process. But up to
nowadays, the role of aluminium as promotor is not completely understood. Therefore, the
structural and electronic effect of Al and Ga as ternary metals in Cuéatdlysts for the
methanol synthesis was investigated. For this purpose, three zincian madaciviéel catalysts

with the nominal Cu:Zn ratio of 70:30 were synthegizan unpromoted, binary catalyst (CZ)

and two ternary catalysts with eithen®I% Al (CZA) or Ga (CZG). Both Al and Ga showed

to have a strong propegiesélongsalethetcatadyst remtment fpma thed s
co-precipitated precursors phase to the activated and reduced catatysimproved
microstructure and an increased BET surface area was found for the secondary pronootor (Al
Ga) containing catalysts. Moreover, a sequence of chemisorption experiments allowed to
quantify and differenti@ between CU™ and Zr® surface species in the activated catalysts.
Considering several analysis techniques like chemisorption methaiiffase reflectance
infraredFourier transfornspectroscopylRIFT), an additional electronic promotion of Al and

Ga could be determined. This promotion effect is related to doped ZnO phases, as it was
demonstratedoy X-ray absorption near edge spectroscopy(XANES) and enhances the
reducibility of the ZnO by forming more Zfisites. This effect is stronger for Al, leading to a
more pronounced Zn overlayer on the Cu surfacesaindg metal support interacteSMS]).

In the methanol synthesis, this led to a performance in the order CZA>CZG>CZ.

To furtheraddress thebservectlectronic effect®f ZnO by doping with a trivalent cation like
Al®* or G&*, ZnO as a model support was synthesized according to the preparation method of

the methanol synthesis catalyst.

To determine the aluminium speciation and the solubility limit of the aluminium cation on zinc
positions, a series of zinc oxides with varying aluminium contents was synthesized by a
subsequent calcination of the-precipitated precursors. The synthes@swnspired by the
industrial synthesis of the methanol synthesis catalyst via crystalline precursors, here
hydrozincite ZB(OH)s(COs). was employed. Short precipitate ageing time, low ageing
temperature and low aluminium contents belom@% metal were dvantageous to suppress

crystalline sidephases in the precursor, which caused an aluminium segregation and non

XV



Abstract

uniform aluminium distribution in the solid. This was observed also after calcination €320

by transmission electron microscogyEM), although zinc oxide was the only crystalline
phase. At lower aluminium contents, however, the dopant was found preferably on the zinc
sites of the zinc oxide lattice based on th& signal dominating thé&’Al nuclear magnetic
resonanceNMR) spectra. The solubility limit regarding this species was determined to be
approximatelyx = 0.013 or 1.3% of all metal cations. Annealing experiments showed that
aluminium was kinetically trappezh the! ¥ siteand segregated into zinc oxide and Z4@l

spinel upon further heating. This shows that lower calcination temperatures such as applied in

catalyst synthesis favour the aluminium doping on that specific site.

Instead of aluminium gallium can also be used as a zinc oxide dopant. Because of the closer
ionic radius of galliumand zinc, a better incorporation into the ziteclattice is assumed.
Analogous to the aluminium series, a series with varying amounts of Ga was prepared and
investigated regarding phase purity and solubility limit. Up to a doping leveP6fGh, the
precursor phase was free of impuritiedicatinga homogeneous cation distribution. A further
increase of the dopant resultardefective hydzincite structure andn additional side phase,
which was in analogy to the Al doping series determined to be a zaccdikeaiphase
Decomposition at low temperature (around 320 resulted in ZnO phase without any side
phases. An increased Ga content%6ncreased the defects in the ZnO structure, as it was
determined bypowderX-ray diffraction PXRD) and Raman spectroscopy. Fréisa solid
state NMR a s ol u bleatlydetived duetasirong licedonoddehimgd Howdver,

up to 6% Gacontent, the foufold coordinatedsa environment was dominant. From band gap
determination there was found a limit oP4Ga (ca= 0.04 ) in ZnO to which the band gap

was unaffectedCombining the results of PXRD analysis of the precursor phase together with
the NMR, X-ray photoelectron spectroscopyPS) and UV visible spectrophotometrfJV-

Vis) results of the ZnO phase, a solubility limit arounth 4 expected.

Beside the structural and compositional investigation of the copper based catalyst, the
investigation of the active site of the methanol synthesis is still of interest but under
controversial debate. Ammonia has been used as a probe molecule as ingds fohibit the
methanol synthesis in G@ontaining synthesis gas during reaction. The poisoning effect was
investigated using an industrial type of copper/zinc oxide/alumina catalyst. During steady state
methanol synthesis in a GICO/H, synthesis gasisobaric tri-methylamine TMA) and
ammonia injections poisoned the methanol formation, with the poisoning of ammonia being
significantly stronger than that of TMA. Together witlensity functional theoryDFT)

calculations, a mechanism of ammonia poisoning could be derived: ammonia activation takes
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place on adsorbed oxygen or hydroxyl groups followed by the formation of stable carbamate
on the active site. Further hydrogenation of the carbamate to TMA was calculated to exhibit
high barriers, thus being rather slow, explaining why ammonia poisong@ kanger term

effect.

Copper is known as a typical methanol formation catalyst. The combination of a Fischer
Tropsch active metal like cobalt together with copper ds-metallic catalyst foralcohol
formation was investigated as a suitable combination in the higher alcohol synthesis. Typically,
higher alcohol synthesis (HAS) is performed from -€@taining synthesis gas with an
approximately equimolar hydrogd¢o-carbon monoxide (HCO) ratio. To investigate the
effect of the Cu:Co composition in the presence of zinc forenigh:CO ratios on HAS, a
series of CeCd/ZnAl>O4 catalysts was synthesized from-meecipitated hydrotalcitéke
precursors with different cobalich Cu:Co ratios and compared to their monometallic pure
cobalt and copper counterparts. The addition of copper strongly facilitated cobalt oxide
reductionupon catalysactivation andesulted in much smaller domain sizes for the crystalline
metallic phases. The catalysts were evaluated>&® ratios of 4 at 26ar or 60 bar in a
temperature range between02C and 380°C at a relatively low space velocity. Copper
addition resulted in an increased formation of higher alcohols and hydrocarbons. The
monometallic catalysts produced mainly @oducts (CH on Co/ZnAbOs and CHOH on
Cu/ZnAlOy), while the best catalyst with respect to ethanol yield reached a selectivity26f 4.5
and had a molar composition of Cu:@dio of 0.6 k = 0.375). The microstructure of the bi
metallic spent catalysts clearly confirmed a close interaction of both metal species. The pure
cobalt catalyst showed strong coking, which was effectively suppressed on the- copper
containing samples. Despite thesemotional effects of copper, the hydrocarbon selectivity

dominated over the formation of (higher) alcohols on all catmaitaining catalysts.
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Kurzzusammenfassung

Kurzzusammenfassung

Die Methanolsynthese stellt einenchtigen Prozess der chemischen Industrie dar. Denn das
Produktmolekil kann als Kraftstoff, Basischemikalie oder Wasserstofftrager genutzt werden.
Gerade wenn anthropogenes L£L@enutzt wird, kann eine Kohlenstoffneutrale Industrie

realisiert werden.

Die Hydrierung von CO und/oder GQu Methanol erfolgt an einem Cu/Zratalysator.

Nach Stand der Technik ist der Cu/ZnO:Al (CZRatalysator in diesem Prozess hoch aktiv.
Allerdings ist die Rolle von Aluminium als Promotor bis heute nicht vollstandig geklart. Daher
wurde der strukturelland elektronische Effekt von Al und Ga als ternare Metalle im Cu/ZnO
Katalysator fur die Methanolsynthese untersucht. Zu diesem Zweck wurden drei vom Zink
Malachit abgeleitete Katalysatoren mit einem nominalen G¥&hdtnis von 70:30
synthetisiert: ein unpromotierter binarer Katalysator (CZ) und zwei terndre Katalysatoren mit
entweder 3nol% Al (CZA) oder Ga (CZG). Es zeigte sich, dass sowohl Al als auch Ga einen
starken Einfluss auf die Struktur des Katalysators hatten. Entlang der Herstellungsroute von der
co-prazipitierten Prakursorphase bis hin zum aktivierten und reduzierten Katalysatte

eine optimierte Mikrostruktur und eine vergroRerte BBOerflache fur die sekundaren
Promotoren (Al oder Ga) enthaltenden &gsatoren gefunden. Dartber hinaus ermdglichte
eine Reihe von Chemisorptionsexperimenten die Quantifizierung und Unterscheidung von
Cu¥'™ und Zzri*-Oberflachenspezies der aktivierten Katalysatoren. Unter Beriicksichtigung
verschiedener Analysetechniken wie der Chemisorptionsmethode odkifulsr Reflexions
Fouriertransformationsinfrarotspektroskogl2RIFT) konnte eine zuséatzliche elektronische
Pramotierung von Al und Ga festgestellt werden. Dieser Promotierungseffekt hangt mit der
dotierten ZnGPhase zusammen, wie RontgenNahkanteprAbsorptionsSpektroskopie
(XANES) gezeigt haund vereinfacht die Reduktion des ZnO und somit die Bildung von mehr
Zn'dOberflachenspezies. Dieser Effekt ist bei Al starker und fihrt zu einer ausgepragteren Zn
Schicht auf der GiOberflache und fiihrt somit zu einem ausgepragteren SMSI. Dies resultierte

in einer Aktivitat in der Methanolsynthese in folgender Reihenfolge CZ2G>CZ.

Um die elektronischen Effekte von ZnO durch die Dotierung mit einem dreiwertigen Kation
wie AI** oder G&' zu untersuchen, wurde ZnO als Modelltrager gemaR der

Herstellungsmethode des Methanolsynthesekatalysators synthetisiert.

Um die Aluminiumspezies und die Ld&slichkeitsgrenze des Aluminiumkations auf einer
Zinkpositionen zu bestimmen, wurde eine Reihe von Zinkoxiden mit unterschiedlichen

Aluminiumgehalten durch die Kalzinierung von vorher prazipitierten Préakursoren hergestellt
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Kurzzusammenfassung

Die Synthese wurde von der industriellen Herstellung des Methanolsynthesekatalysators tber
eine kristalline Prakursorphase abgeleitet, welche in diesem Falle das Hydrozinkit
Zns(OH)s(COs)2 war. Eine kurze Alterungszeit, eine niedrige Alterungstemperatur und niedrige
Aluminiumgehalte unter #&ol% (Metall basiert) waren vorteilhaft, um kristalline
Nebenphasen im Prékursor zu unterdricken, die eine Aluminiumsegregation und eine
ungleichmaiige Aluminiumverteilung im Feststoff verursachen wirde. Dies wurdeacith

der Kalzinierung bei 320C in derTransmissionselektronenmikroskodiEEM) beobachtet,
obwohl Zinkoxid die einzige kristalline Phase war. Bei niedrigeren Aluminiumgehalten wurde
Al als Dotierung jedoch bevorzugt auf den Zinkplétzen des Zinkoxidgitters durch Has

Signal, welches dié’Al-NMR-Spektren dominierte, nachgewiesen. Die Léslichkeitsgrenze
dieser Spezies wurde auf ungefahr 0,013 oder 1,36 aller Metallkationen festgelegt.
Kalzinierungsexperimente zeigten, dass Aluminium kinetisch an' derStelle gebunden
wurde und sich bei weiterem Erhitzen in Zinkoxid und Z@Spinell umformte. Dies
bedeutet, dass niedrigere Kalzinierungstemperaturen, wie sie bei der Katalysatorsynthese

angewendet werden, die Aluminiumdotierung an dieser spezifischen Stelle beginstigen.

Anstelle von Aluminium kann auch Gallium als Dotierung im Zinkoxid verwendet werden.
Aufgrund desihnlichererionenradius von Galliumand Zink wird ein besserer Einbau in das
Zinkitgitter angenommemnalog zur Aluminiumreihe wurde eine Reihe mit variierenden Ga
Anteilen hergestellt und hinsichtlich ihrer Phasenreinheit lilichkeitsgrenze untersucht.
Bis zu einem Dotierungsgrad vo®#Ga war die Prakursorphase unter Beriicksichtigung einer
homogenen Kationenverteilung frei von Verunreinigungen. Eine weitere Erhdhung der
Dotierung fiihrtezu einer defektreichen Hydrozinkitstruktur urml einer zusétzlichen
Nebenphase, die in Analogie zur-Bbtierungsreihe als Zaccagnaitbnliche Phase bestimmt
wurde Die Zersetzung bei niedriger Temperatur (ca. 32Presultierte in einer Zn®hase
ohne Nebenphasen. Ein erhéhter&@zhalt>6 % erhdhte die Defekte in der ZrStruktur, wie
durch PXRD und RamarSpektroskopie festgestellt werden konnten. Aufgrund der starken
Linienverbreiterung konnte aus deiGa FestkérpeNMR keine genauel6slichkeitsgrenze
abgeleitet werden. Bis zu einem Gehalt vé 6a dominierte jedoch das vierfach koordinierte
Galliumion. Bei der Bestimmung der Bandkante wurde b#i @a (ca = 0,04) im ZnO ein
Limit gefunden, bis zu dem die Bandlicke unbeeinflusst blizile. Kombination der
Ergebnisse aus der PXR&nalyse der Prakursoren mit denen N&tR-SpektroskopieXPS
Analyseund UV-Vis Spektroskopie, lasst ein Loslichkeitslimit um die Dotierung véfa @a

im ZnO vermuten.
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Kurzzusammenfassung

Neben der Struktur und der Zusammensetzung des kupferbasierten Katalysators ist auch das
aktive Zentrum nach wie vor von wissenschaftlichem Interesse und wird kontrovers diskutiert.
Ammoniak wurde alsSondemolekil verwendet, da festgestellt wurde, dass es die
Methanolsynthese in Cthaltigem Synthesegas wahrend der Reaktiohibiert. Die
Inhibierung wurde mit einem industriellen Kupfer/Zinkoxid/Aluminiumoxidtalysator
untersucht. Wahrend der stationdren Methanolsynthese in einepCQ/BL-haltigen
Synthesegas vergifteten isobar injiziertes TMA und Ammoniak die Methanolbildung, wobei
die Vergiftung durch Ammoniak deutlich starker war als die dimcmethylamin(TMA).

Unter Einsatz der Dichtefunktionaltheorie (DFT) konnte ein Mechanismus der
Ammoniakvergiftung abgeleitet werden: Die Ammoniakaktivierung erfolgt an adsorbierte
Sauerstoffoder Hydroxylgruppen, gefolgt von der Bildung von stabilem Carbamat am aktiven
Zentrum. Es wurde berechnet, dass die weitere Hydrierung des Carbamats zu TMA hohe
Barrieren aufweist und daher eher langsam verlauft, was erklart, warum eine

Ammoniakvergiftung eine langerfristige Wirkung hat.

Kupfer ist als typischer Katalysator fir die Methanolsynthese bekannt. Die Kombination eines
FischerTropschAktivmetalls wie Kobalt zusammen mit Kupfeu einem bimetallischen
Katalysator fur diéAlkoholbildung wurde als geeignete Kombinatiiin die Synthese héherer
Alkohole (HAS) untersucht. Typischerweise wird die Synthese hoherer Alkohole aus CO
haltigem Synthesegas mit einem &quimolaren Verhéltnis von Wasserstoff zu
Kohlenstoffmonoxid (K CO) durchgefuhrt. Um den Einfluss der Cu:Basammensetzung in
Gegenwart von Zink in hoéheren2i@0O-Synthesegasverhéaltnissen auf die Bildung hoherer
Alkohole zu untersuchen, wurde eine Reihe vonGoZnALOs-Katalysatoren aus €o
gefallten HydrotalcHartigen Prakursoren mit unterschiedlichen kobaltreichen Cu:Co
Verhéltnissen synthetisiert und mit ihren monometallischen Analoga aus reinem Kobalt und
Kupfer verglichen. Die Zugabe von Kupfer vereinfachte die Kobaltoxidreduktion bei der
Katalysatoraktivierung erheblich und resultierte in kleineren Doméanengréf3en dir di
kristallinen Metallphasen. Die Katalysatoren wurden in einem Synthesegas;¥00 #4 bei

20 bar oder 60 bar in einem Temperaturbereich zwischen°’QQihd 380°C bei relativ
niedriger Raumgeschwindigkeit untersucht. Durch die Zugabe von Kupfer kamn eger
verstarkten Bildung hoherer Alkohole und Kohlenwasserstoffe. Die monometallischen
Katalysatoren produzierten hauptséchlichkReodukte (CH bei Co/ZnAbO4 und CHOH bei
Cu/ZnAlO4), wéhrend der beste Katalysator in Bezug auf die Ethanolausbeute eine Selektivitat
von 4,5% erreichte und ein molares Cu:&@rhaltnis von 0,6X = 0,375) aufwies. Nach der

Katalyse konnte eine verbesserte Wechselwirkung der beiden Metallspezies durch die
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Kurzzusammenfassung

Mikrostruktur der bimetallischen Katalysatoren bestétigt werden. Der reine Kobaltkatalysator
zeigte eine starke Verkokung, die bei den kupferhaltigen Proben effektiv unterdriickt wurde.
Trotz dieser promotierenden Wirkung von Kupfer dominierte bei allen kobalthaltigen

Katalysdoren die Kohlenwasserstoffselektivitdt gegeniber der Bildung von (héheren)

Alkoholen.
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1 Introduction

1 Introduction

The methanol synthesis represents one of the important processes of the chemical industry.
Methanol is used as platform chemical, fuel additive, solvent or as energy carrier. The process
evolution was mainly influenced by a-ewolution of the catalyst wbih began around hundred

years ago'3

Nowadays,the methanol production in the low temperature process is performed with a
copperzinc oxidéaluminium oxide (CZA) catalystwhich was found as the most active and
stable catalysat around 200 300 °C and 50i 100bar. ' *° This catalyst is marked up by
copper and zinc oxidsynergy reflecting a higltatalyst performance by a simultaneous
increased stability and loridetime of copper nanoparticles of the catalyst.Onefunction of

the zinc oxidas the structural promotigprohibiting copper sintering and increag the copper

particle dispersiorf: ' The optimum dispersiois aimed atn equal amount of both compounds
building up the optimum copperomoterinteraction & This close interaction will be initiated

by the synthesis step of a catalyst precursor phase. Common synthesis routes of a
copperzinc oxidecatalyst with increasing almdanceare: impregnatiomethod citrateroute

sokgel synthesis and eorecipitation.®

The most popular synthesis rowta co-precipitation idimited to a metatomposition of 706
copperand 30 % zinc because othe malachite precursor phagéu,Zn, (Al))2COz3(OH)..
Beside he ideal case of equal amowidtcopper and zindhe increasgratio in the malachite
structure the main advantage of this precursor phashahidmogeneous distribioh of the
componentsesulting in a highly nanostructureanetal oxide and active catalyst ' As a
negative example,neequal metal amount of @u/ZnO catalyst can be synthesiagd a co-
precipitatedbut mesestructuredaurichalcite (Cu, ZnjCQOzs)2(OH)s precursor phasachieving

a lower copper surface area and catalytic performance in methanol syriti@sis: that point

of view the structureadvantages of the copper enriched malachite precursor system does

dominate the ideal strivazomposition *°

It is undisputed that copper is the catalytic active metal in metlmbhesiswhich was
demonstrated bystructural promoter variations like MgO, SiG or AlOs. 2% Only the
combination of copper and zinc oxide does result in a highly active catalyst not only in CO but
also in CQ hydrogenation to Methanol, making this composition specialgavéevidence,

that there is more than only structural promatiehich is called the coppeainc-synergy 2
14-16
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The main characteristic of trewpperzinc synergyare the describedynamic and reversible
structural changesy wetting'de-wetting of copper particles on zinc oxidevice versa® 1720
There are strong metal support interactions (SMSI) found, which describes the formed
overlayers of zinc oxide on copper particles by somehow liftingcléerly separated state
between Cu and ZnO under reducamgimost often undecatalyst activatingonditions.” >
2022|n the temperature range of 280to 340°C at atmospheric pressutbgzinc oxide starts

to reduce in the presenceatfpper and forms a surfaedoy/zinc oxideintephase. Thalloy
phase does increase by consuming the ZnO phase with increasing temperature resulting in a
bulk CuZn-alloy at temperatures above 340. 22° There is a controversial debate in the
community,discussing the relevance otapperzinc oxideinterphase oa copperzinc-alloy
phasess the methanol active site in the catal\f§€8 The main issue of theéebates probably

the intermixing ofoperande and idealisedat ambient pressungerformed surface state
investigations on the CZA cataly$t.However, there is evidence, that both, the forrmiémly

and the coppezinc oxide interphaseloes affect the methanol activity of the Cu/ZnO catalyst,
not only as an temperatuaetivity correlationandthe knowledge of the present allapder
these condition$> 2°but alsoby an enhanced activity of a catalyst with9%®@educed zin@and

a residue 08B0 % ZnO in contrast to a catalyst with complete alloyed copper particl€O
hydrogenation to methanél. There is also evidence, that the catalyst has mulsipésand

that multiple factors affect the catalyst performance like the copimer oxide interaction,
present defects or the copper particle Sizé: 15 22 24 29 he clearespromotion effect of zinc
oxide is observed in the enhanced carbon dioxide conversion to methanol in contrast to the
poorly active copper metalvhich represents ahe downsidanefficient carbon monoxide to
methanokonverting catalyst* *From operando spectroscopy, there is a greater evidence for
a defective ZnO phase, containing oxygenanciesrather than a formed &n-alloy. ?° The
catalytic performance, of a CZA, @O, hydrogenatioris unstable because thfe inhibition

effect of thecoupleproduct waterThe catalystoseperformance because of tfepealedSMSI

by a decreased Cu/ZnO interphasiee toa highly crystallineand in mobility restricted zinc
oxide or a formedn-Al-spinel phase®® 3! This formed spinel phassould tosome extend
prevent the copper particle sintering and acts with that as an add@ronadterat theexpense

of SMSland activity 333 However, the contribution of the third most often used component,
the aluminium, is so farot clearlyresolvedoecause of the higtomplexityof the copper based

catalyst.

From thepreparative site it is known, that up t8&3- 4 % aluminium can be incorporated into

thezinc containingnalachite structursuppressing side phasesy, aurichalcite) and increases
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the zinc amount in this precursor phaé&his amounbf aluminiumwas also found to enhance

the specific copper surface area by an increased copper dispersion and stabilization resulting in
an enhanced activity compared to the Cu/ZnO catdhy8tThe localization of the aluminium

ion is complicated because of the low amount and the low electron deBisitya defect
enriched ZnO was found as an effect of aluminiaghcating the presence nearby the zinc
oxide phase* 33 One suggestion is the modified zinc oxide surface by segregated aluminium

oxide species acting as a structpremoterprohibiting copper particle sinteringy.

The intrinsic methanol formation rate can be increased, if aluminium is used as a ternary
promoterand increases with aluminium incorporation up & 8f the metal content; 3 The
correlation of increase of the methanol formation and the presence of aluminium in the catalyst
can be explained by an enhanced copper surface area, which increased by anvdnygt 25

a result of copper, zinc oxide and aluminium oxide interactions by a simultaneously increased
methanol formationrate of about 10Qumolg! h? in comparison to a binary Cu/ZnO
catalyst3®

Beside structural effects, there is atsadenceof anelectronic promotiorffect of Aland Ga
acting as @lopantof zinc oxide as it is known from semiconductor applicatipasd enhances
the SMSJ which was determined by an increased copper surfaceaadgatrinsic catalyst
activity. 3* 3" 38Because of the similar ionic radius o&%to Zr?*, an increased incorporation
of G&" into the zinc oxide lattice is expected resulting ineahanced SMSF’: *° Catalytic
evaluation of aluminium and gallium containing ternary catalysts suppatigfgestedctivity
enhancement in dependence of the trivalent promoter c4tiétOne proposed mechanism is
the enhanced carbon oxide activation and intermediate stabitizatioxygen vacancies
induced by trivalent cation incorporation into the zinc oxide prométe?® 4% For gallium
incorporated cations an increased number of oxygen vacancies are expected, because of the
reducibility of gallium oxide in contrast to aluminium oxide at catalyst activating

temperatureg> 4547

The stateof the art investigations on methanol synthesis catalysts does result majeo

researclguestionf this thesis

One question is the effect of the trivalent cation on catalysis and the promotion effect on
methanol catalysis. Because of the difficult spectroscopic analysis ofgl@mtities of
aluminium, gallium could be used asalogue, which is more accessible in spectroscopic
analysis This does only work, if gallium dodshavequite similar to aluminium. To clarify

the promotion effect of the trivalent cation methanol synthslsauld beperformedwith
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Cu/ZnO/ARO3, Cu/ZnO/Ga0O3 and Cu/ZnO reference catalyss from a ceprecipitated
malachite precursont would be expectedthat an enhancedlectronic promotiorwill be
measured in an increased number of defects of the zinc oxide and a lowered copper surface
area as an increasedinc oxidereducibility and mobility Therefore, a combination of the
N2O-RFC and H-TA methodsshould be used to answer the questiime electronic effect

should than represented in the catalytic activity, becoming equal if hpechdo the main
promotion effect of the trivalent catioBn the othehand,it would be sugested, that there are
probably stability differencesf the catalysts during methanol synthesis, which than must be

an effect of the used trivalent catidamonstrating the structural promotion effect

The second question does address the zinc gro®oter If the main promotion effect of
aluminium or gallium igatherof electronicthanof structuralnature one would suggest, that

an optimum doped zinc oxide support enhances the catalytic performalater deposited
copper particles. Therefore, a detailed understanding of the trivalent cation incorporation into
the zinc oxide lattice is necessary. To clarify that question a series of Al and Ga doped zinc
oxides with varying amountsf trivalent caions will be synthesized in a similar manner to
typical coprecipitation conditions of the ternary methanol catalyst.investigatepure or

doped zinc oxide supports the zinc hydroxycarbonate precursor hydrozincite
(Zn)s(OH)e(COg)2 is chosen. The focus of this thesis is located on the synthesis and proper
characterizatin of the doped zinc oxidén a manner, that following investigations could build

up by studying theoromotionaleffect after impregnating the supports with coppeaticles

Regarding the mechanism of methanol formation on an indusolof Cu/ZnO:Al catalyst,
high pressure isobaric injection of ammonia will be used to address the active site under

industrial methanol synthesis conditions.

Additionally, an estimation of the promotion effect of zinc oxide on other metal catalysts like

cobaltcopper in higher alcohol synthesidl be demonstrated
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2 State of the Art

This chapter gives a brief overview of the most relevant topics of the herein addressed research
fields. The communicated basics showddpport a better understanding of the performed
investigations. A brief overview about C© hydrogenation reactions and the use of
chemisorption methods to characterize copper catalysts, followed by a description of different

material classewill be given

2.1 CO:2 hydrogenation reactions

Because of thelimate change, the world community does focus on the reduction of the
greenhouse gas, carbon dioxide. There is an increased emission of carbon dioxide over decades
which strongly correlated with the industrialization of countries and has to be lowered to
prevent global warming® The chemical conversioof carbon dioxide does simultaneously

offer possible wagto get rid of that greenhouse gas like the synthesis of plastics, mineralization
processegbuilding blocks) but also ihydrogenationske methanol synthesis, higher alcohols

or CO synthesig'®>2

In the following subchapters the methanol synthesis, higher alcohol synthesis and revers water

gas shift reactions atwiefly introduced

2.1.1 Methanol synthesis

Methanol synthesis is an old processablished 1923 by BASF with an Z+€,03 catalyst
converting carbon oxide synthesis gas to methanol aroundb&00300bar and
300°C i 400°C. ' 3 SWith the established desulphurization processulphurpoisonfree
synthesis gas could be generated and allowed the industrialtbheigh active Cu/ZnO/AlOs
catalystat 200°C - 300°C and 50bari 100bar. 13 > 51 53Typjcally the feed gas for methanol
synthesis is generated by natural gas reformatior, @odbr biomass gasification or by partial
oxidation of heavy oils' > >3 However, in the context of methanol synthesisyathesis gas is
a combination of carbon oxides like CO or £&hd hydrogenThe methanol reaction from
carbon monoxide ishown nR 2.1, the reaction from carbon dioxidevisualizedin R 2.2 and
the watergas shift side reaction demonstratedn R 2.3. * >3 The methanol synthesis ima
exothermic process which is thermodynamically favoured at low temperatures and high

pressures because of tn@ume contractiomy product formation® 3

CO+2H2Y C3a9H orH%9s = -91 kJ mol? R2.1
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CO2+3H2Y C#8H + H20 grH%9g8 = -50 kI mol* R2.2
CO+HO Y K6 grH%98=-41 kJmol* R2.3

Therefore, the early methanol procesth the harshreactionconditions,to reach fast kinetics

on relatively lowperforming catalystsare far from ideathermodynamics with lounethanol
yield. °1' >* However, the exothermicityeeds a gas phase cooling from process engineering
point of view but also thermatablecatalystswhich toleratea temperature increase of the
catalyst bed® °% 53A highly active methanol synthesiatalyst,which is stable against sinter
effects, § the Cu/ZnO/AIO; catalyst® 32 This catalyshas beerintensivédy investigated and

will be introduced at thipoint.

2111 Catalystsin methanol synthesis

In Methanol synthesis several catalysts can be used and are investigéiezdniyeaction
conditions and synthesis gas composit@man maximizethe kinetic performance of each
individual catalyst Major examples are the qarecipitated Cu/ZnO/ADs-, the intermetallic
Ni-Ga and InOs-based catalyst§: > 6

21111 Cu/ZnO/AYO3

This state of the art methanol synthesis catalyst is mainly synthesizedpriecquitation® But

there are also alternative synttsesoutes like scelgel synthesis or impregnation method
available ® Usingthe coprecipitation approagha nanostructuredatalyst with a close contact

of copper oxide and zinc oxide particles can be synthesiZ&te addition of 36 aluminium

(metal based) increase the zinc substitution into the malachite precursor structure and improves
the copper surface area resulting in an enhanced intrinsic catalyst ativitginc oxide and
aluminium oxide do act as structural promoters avoiding copper particle sintering during
methanol synthesi$: 32 33 3°Beside this structurahode of operatiothere isalsoa special
interplay between copper and zinc oxide demonstrating a synergisticlsffiestersibleedox
changes of the Cu/ZnO interphase depending on the gas phase condiitidfisThis was
mainly exemplified by the poor activity of copper metal and zinc oxide in separated tests in
methanol synthesi$® Only the combination of copper and zinc oxide was fdaoriaka highly

active catalyst!® Under activatiorand reaction conditionis reducing gas atmosphemnc

oxide starts to reduce and migrate on the copper surfacesaaddishing strong metal support
interactions?® 22In the range of 240C 1 340°C a surface alloy is created, which ends up in a

bulk alloy if higher temperatures or pressures are d&étNevertheless, the catalyst is able to
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convertpureCO as well as pure GQynthesis gasvith a methanckelectivily above 90%. 1*
%0.58,59The disadvantage cfrbon dioxide hydrogenation with the ternengtalcatalyst is the
coupleproduct water, which poissthe catalyst and enharsceopper particle sintering® 3%
59.60Thjs can be suppressed by inserting some amounts of carbon monoxide into the synthesis
gas. The carbon monoxide will be inustionsumed by the formed water in the wagas shift
reaction forming carbon dioxide, whichethwill be consecutively converted to methar®(®t
The formed water does additionally enhazagc oxide recrystallization repealing to some
extert the SMSI.3%32 Additionally the segregation of zinc-aluminiumspinelin the ternary
metal catalystould happenwhich then leads to a relistribution of the aluminium promotor
and affects the reducibility of zin€"33 Aluminium and gallium as trivalent cations are expected
to induceelectronic promotioreffects on the copper catalysbssiblycausng facilitated zinc
oxide reduction or an increased number of oxygen vacaseigs3’: 43

However, this catalyst represents a complex and fsitdtisystemThisis mainly demonstrated
by the simultaneousnhibition of the methanol formatiomsites, whilein parallel ethylene
hydrogenation reactioremains unaffected® Temperature stable carbonate spedefective
zinc oxide phases ampperparticle size aréurther featuresvhich are found tanfluencethe

activity and stabilityof the catalysin methanol synthesi&.12 15 22,62

Beside the typical Cu/ZnO catalystarious other metal compositionsare also active in
methanol synthesig.One of the promising systenwhich has a similar electronic structtoe
the Cu/ZnO catalyss the NiGa intermetallic compountP to which a short review will be

given.

21112 Ni-Ga intermetallic compound

From a theoretical point of viethe beneficiakctronic nature of theopperzinc synergyould

be equivalently obtained bg combination of metals. Such a system was found in the
combination of nickel and galliurby the NgGa and NiGa compositios as promising
candidates®®

In contrast to copper based catalysts, this intermetallic catalyst is often synthesizspidrytin
wetness impregnation of a support like silica and the intermetallic compound is created by
reducing the metal salt precurdeading tosmalland active partickein contrast to calcined
samples®® 83 Catalytic investigations of this matesah carbon dioxide hydrogenation have

an equal activity and selectivity to the binary Cu/ZnO catalygterformed at ambient pressure

in the temperature range B60°C i 260°C with a CQ synthesis gas> ®3It was found, that

the intermetallic compound bba was the most promising catalyseping up a performance
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like the state of the art Cu/ZnO catalyStHowever, the material was found to be also active
in high pressure carbon dioxide to methanol reaction with an optimum temperature’@t 250
and a methanol yield of around 72 The deactivation of the catalyst wasscribedo be a

segregation process afNi-Gaspinel andyallium oxide 84

Because of thalready mentionedmportance of oxygen vacancies in catalytic activity of
methanol formation, the #@3 based catalyst will be introduced.

2.1.1.1.3 In203 in COp hydrogenation to methanol

Indium oxide is a stable and active oxidic catalyst in carbon dioxide conversion to methanol. In
comparison to the state of the art CZA catalyst, the oredehesa selectivity to 100%
methanol and suppresses efficiently the reverse wgateshift reactioat reaction conditions
around 200C i 300°C and 50 bar with HCO;, = 4. %° ®The reason for the strong activity are
oxygen vacancies which can be introduced by temperature treatment in an inert or reducing
atmosphere®® Theoretical DFT calculatianhave shown, that th&l1indium oxide surface

plane can be redudento a special statereatingup to five monolayer of reduced indiuon

indium oxide ¢’ The reduction degree of indium oxide does increase thighreduction
potentialof the atmosphere by simultaneously lowering ¢hergy ofadsorbatestates % ¢’
Therefore, a moderate amount of oxygen vacancies of aomerdonolayer does improve the
carbon dioxide hydrogenation reaction and reaches nearby the optimum energetic surface state
to catalyse methanol formatiofl. This theoretical view can explain the catalytic activity by
activating indium oxide by a thermal treatment in inémstead of reducing ga$§> ¢ 68
However interestingly, the indium oxide catalgebweda catalytic activity which is in direct
opposite to the copper catalyst in methanol formation. Indium oxide is highly active in
converting a pure carbon dioxide synthesis gas to meth@nalresistance against water
poisoningand can bgromoted by carbon monoxide in the synthesis gas, restoring catalytic
active oxygen vacancidrit poisoting the catalyst if it ishe onlycarbon source for methanol
synthesis® Copper has high activity in carbon monoxide conversion reaction andbzan
boosted by traces of carbon dioxide in the synthesis gas feed but deactivates because of water
formationand in case of pure carbon dioxide as source for methanol formation and in absence
of zinc oxide 4 1630, 31,58, 5&mj|ar to the coppezinc oxide system, indium oxide has a strong
synergistic effect with zirconium oxide, which is expected to be of electronic nZtif®One
explanation from theoretical analysis is, that zirconium oxide does prohibit indium oxide

reduction and controls the number of oxygen vacancies receiving maximum attivity.
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This catalyst doedemonstrate clearihat oxygen vacancies plays an important role in carbon
dioxide conversion. Therefore, a promotion effect with regard of this defecteiiés be a
chance to improve the Cu/Zn@"' catalyst in CQto methanol reaction. A relationship of
oxygen vacancies and activityas already described for zinc oxidasedcatalystbut could

receive new attention, with the knowledge from investigations of the indium oxide catalyst.
42,43, 69

Beside methanol other alcohols can be synthesized ¢artvon dioxidesynthesis gas. The

higher alcohol synthesis will be described infibliowing subchapter.

2.1.2 Higher alcohol synthesis

Higher alcohol synthesis (HAS) is a process variation of the Fidalopsch synthesis (FTS)

with a high potential towards the reduction of thex@@tprint if biomass and biogas or O
reformed natural gas are used as sources of carbon mon8xidadvantages of this process

lie in the possibility to tune the octane/cetane number of combustion fuels and to synthesize

higher alcohols as platform chemicdfs.”

The FTS can be distinguished into the high temperature°@0®B50°C @ ~30 bar) and the
low temperature processes (Z@Di 250°C @ ~30 bar)/*’® For the low temperature process
cobaltbased catalysts are typically used, synthesizing long chain hydrocarbons, which enables

a further product upgrade by a cracking proces&

FTS catalysts does typically contaion, ruthenium, molybdenum, nickel and cobalt as mono
metal catalyst or in various combinatiofs.”® "’Because of the high price for ruthenium and
the kinetic inhibition of iron by the coupled product water, cobalt seems to be a promising and
costeffective candidate also for HAS* 7® The reaction equation of the higher alcohol

synthesis is described R 2.4 from carbon monoxide and R 2.5 from carbon dioxide feed

gas.
NCO+ 2N Hz2- CnHzne10OH + (n-1) H20 R2.4
nCO2+3nHz- CnHznt1OH + (2n-1) H20 R25

From methanol synthesis copper/zinc oxide is known as a catalyst formingl@Bol.*? 1>

51 From that findinga potassium promoted CZA catalyst was investigated in higher alcohol
formation from carbon monoxide synthesis g&3his catalyst was mainly active in methanol
synthesis but formed additionally butanol with a selectivity o285 it was promoted with
0.5%K2CQOs. "® In contrast to methanol, the higher alcohol synthesis requires higher

9
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temperaturege.g, 400 °C) and a lower residence time’® It is suggestedhat the formed
methanois consecutivly consumedorming higher alcohols a homologation reactiofi*8!

This makes copper to a valuable tandem metal of a typical FTS active catalyst. The copper
cobalt combination is one combination wh&ttouldbalance the dissociative adsorption of CO,
which is needed for chain growth and the associative adsorption of CO, which gives access to
the higher alcohol formatiof? 82A systematic study have shown, that copper does facilitate

the reduction of a cobattopper catalyst and increase the cobalt disper&ion.

In a catalytic testfoCo-Cu-Al catalysts prepared from an-bydrotalcitelike precursor phase

it was found, that a ratio of Cu:Go0.5 was more selective to higher alcoH@s 50 %) at
240°C @ 30 bar and with #CO =2. 8 Investigationsof potassium promoted GOu-Mo
catalysts demonstratethe high performance of a Cu/(Cu+Co) = 0.3 catalyst reaching an
alcohol selectivityof around 476 at 270°C and 50bar with H:CO =1 synthesis ga$® This

are only two representatives of the manifold literature about eobpfier catalystddowever,
there is evidence, that a cobettpper alloywas formednhancinghecatalyst activityn higher
alcohol formation 8 82 8 85The alloy formation was determined by XRD analysis as a
reflection in between the angles of metallic copper and metallic cbZTEM analysis have
supported the XRD result¥: 8With aview on a phase diagram, one would not expect alloy
formation below 600°C. 8 This indicates, that nanomaterials behave difféyeat that

probably a surface alloy could have arisgi®

Beside thadiscussion about the active phase of the bimetallic catalyst, promotors are also in
this catalytic system of intere@ased on the knowledge wfethanokynthesisthe promotion

effect of zinc oxide must be alsonsideredZinc was found to build a zirgluminiumspinel

phase, if aluminium is used as support. This spinel phase does act as structural promoter
increasing the metal particle dispersi@voiding sintering of the metatnd does to some
extend prevent the +exidation of cobalt® Studieson aCo-Cu/ZnO/ALO; catalyst could
demonstrate, that catalyst with low sodium content does behave like an unpromoted one.
There was evidence, that zinc oxide has develgbezhg metal support interactiomgth
copper because of theethanol formation rate despite tlaege copper particle$’: 8 Such

basic sites, like the methanol active centrasge expected as crucial for intermediate
stabilization supporting the higher alcohol formatiaaformate species, as it is known from

methanol synthesis catalyst8.80: 870

10
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The hydrocarbon selectivity was attributedrexlucedcobalt,which was not in direct contact
with copper and deactivatedke depositionAdditionally, cobalt carbidecould act aswell as

a CO activating site enhancing higher alcohol formafibf®

The above description about the higher alcohol synthesis, should demonstrate, that this process
builds up on methanol synthesis addresaisgnilarquestia to the structural promotion effect

of ZnO:M"" to avoid sintering of the metal particles as well assthetroniceffect by creating

a SMSI enhancing alcohol formation and with that in an indirect way the higher alcohol

synthesis.

As a last important reaction system, the reverse vgateshift reaction will be introduced. This
reaction can be equally catalysed by coppec oxide catalysts themethanokynthesisand

to some extenah theHAS.

2.1.3 Reverse watergas shift reaction

The reverse wategas shift reactiomR 2.6 is the back reaction of the watgasshift reaction
shown inR 2.3 in the chapter2.1.1Methanol synthesien pageb. This equimolar reaction is
pressure independesnd because of the endothermic reaction enthalpye#ution is favoured

at higher temperature$® In the subchapter aboyéigher alcohol formation was mainly
describedfrom carbon monoxide synthesis gas. To achieve that, the carbon dioxide will
converted to carbon monoxide changing the primary carbon sor€ee watergas shift
reaction was introduced in chapfd.1Methanol synthesisn pageb as a possible reaction
preventing catalyst deactivation by consuming water and providing simultaneously the more
favoured carbon dioxide a&sluctsfor methanol formation® % ®1Because of the reversibility

of chemical reactions, it is not surprising, that the reverse wgateshiff RWGS)reaction will

be catalysed by Cu/zn® *Typically temperaturearound 170 280°C at ambient pressure

are used®

CO2+H2Y CO 20 H aqrH%es =41 kJmol? R2.6

Zinc oxide doegatheract as a structural promotereventing copper particle sinteridgring
RWGSthan enhancingatalyst activity by the coppainc-synergyas seen by the absence of a
clearcorrelation of catalytic activity and surface oxygen coverag@One reason of that could

be, that during the conversion of carbon dioxide to carbon monoxide an oxygen is left on the
copper surface area which consecutively will be hydrogenated to water which than d&sorbs.
In that case an oxygen covered copper surface would inhibit the desired reéction.

11
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compositioractivity study haslemonstrated, that the RWGS activity of Cu/ZnO is to some
extend independent of the Cu/ZnO interphase but more dependent of the composition. An
increased activity in RWGS was determined for compositionsCofZn=40:60 and
Cu:Zn=50:50demonstrating an activated ZnO by an increased number of oxygen vacancies
activatingthe CQ, as it was confirmed by trivalent cation do@atD impregnated with copper,
thena coppeizincsynergistic effec” *4The effect of oxygen vacancies on the RWGS activity
was also demonstrated on -Bu spinel in comparison to a €&l spinelin the temperature
range of 250C 1 400°C. The CuAl spinel had a higher number of oxygen vacancies which
activated carbon dioxide for the RWGS reaction. Contrarily, thé\ICspinel contained a low
amount of oxygen vacancies and was less active in the reaction. A treatment in sodium
hydroxide had enriched the oxygen vacancies concentration and with that the activity of the
Co-Al spinel catalysincreased®” The Ni/Al,Os catalystis higHy activein RWGS obtaining
equilibrium conversion at 700C with a contact time of 10fhs anda maintained catalyst
stability up to 1000C without any sinter effects?

Altogether the short excurse through the different reaction syssbms#d haverisualized, that
Cu/zZnO carbeused in many reaction systems as cataBh, the activation of carbon dioxide
and carbon monoxideare possiblebut the reaction conditionshe availability of specific
surface sitesr additional promotors define tipeeferred reactant argtoduct demonstrating
a close connection of the catalytic processes andatayst nature and thmotivationon the

clarification ofthis interplay

The copper based catalysts are often compared regarding their specific copper surface area. For
this reason, the chemisorption methods to determine the copper surface area will be elucidated

in the next section.

12
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2.2 Characterization of copper-surface areashy chemisorption methods

The copper surface area determination is a common tool to determine the possible intrinsic
activity of copper catalyst Because of the undisputed knowledge, that copper is the active
metal in methanol synthesthecopper surface area can be depicturednasasurdor a certain
reactivity. In principle in heterogeneous catalysis, there is a rule of thumb, that an increased
surfaceareaof asolid catalystresult in an increased possible actilogcause of more exposed
catalytic active sited=rom that pint of view, thespecificsurface determination of the reactive
metal, like copper, does increase the accuracy of the prepended rule of thumb allowing a more
accurate description oftleat al y st 0 s ,whmch is found by a lin@arccorrelatiort of

the copper surface area and the catalyst actfit3?

There are three common technics which can be used to determine the copper sutftoe area
temperature programmed desorption-{HPD) and the transient adsorption2{FHA) of
hydrogen as well as the reactive frontal chromatograpb®-RFC) of NO.

In the following sections each method will be introduced followed by a discussion of the

significanceregarding theatalytic active surface

2.2.1 N20 reactive frontal chromatography
The NO reactive frontal chromatography is a method e©Nlecomposition on the copper
surfaceThe reaction is shown R 2.7. During the reaction a heat arou2®6- 297 kcal mol*

will be released because of the exothermic chard@fet’!

2 CUsurfy + N2Og) Y Mg+ Cu20surty g = (-235 i (-297) kJ mol-1. 100. 101 R2.7

To avoidcopper particle sintering because of the released heat a low contact time is required to
keep the sample isotherm&t? The reaction does create a half monolayer of oxygen on the
reduced copper surfadey formingthe cuprous oxide (G®). 1% In general the method can be
performed by pulseequencer flow method without any restrictions or quality las$#104

The flow method can be performed in any tubular reactor with coupled analytickoes not

need a separation of the®lresidue as in pulse experiments witermal conductivity detector
(TCD). 103 1%The immediate consumption of the@®landthe resuling nitrogen evolutiorhas

given the name of reactive frontal chromatography to this metfidd 2.7 is complete, when

the breakthrough point of & is reached°® An example of a typical concentration profile is

given inFigure2.1.
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Figure 2.1: Typical concentration profile of ad®-RFC measuredy mass spectroscopy

This method is less affected by the use@® Moncentratiomt room temperature as long as the
reaction heat can be remaMeut is strongly affectetly thereactiontemperature®? % Too

high temperatureleads toan enhanced reactivity, which will enable a complete surface
oxidation of the different copper facets but does also lead to-sustdrébulk oxidation of the
copper particles. The formation of bulk copper oxide does start at tempeeatured>90 °C

and can be enhanced by other metal oxid&3° Beside the bulk oxidation, a cycle of
reduction and oxidatiodecreases the copper surface area, because of the afe¢hiagopper

particles 103

2.2.2 Temperature programmedhydrogen desorption

The temperature programmed adsorption is an alternative characterization method to determine
the copper surface argaontrarily to the NO-RFC, this methodloesrequire a proper cooling

of the catalyst bed to reach temperatured85 °C. 1%’ The proposed reaction equation of the

adsorption (from left to right) is shown 2.8, 18

4 Cugsurf) + H2aig) Z 2 CuzHsurf) R2.8

Before investigating the desorption process, the reduced catalyst is treated with hydrogen to
achieve an equilibrium of adsorbed hydrogen and gas plagecompletesurface coverage
can be reachedlffteradsorption foone hourat 15bar and pure hydrogen, whereas a double of

time atambient pressurdoes only result in a nearby covered copper surface of aroutxd 84

14
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and27 % if dilute hydrogen for 6 hours was uséef The treatment in hydrogen is performed
for roughly one hour at 22 followed by cooling t623°C and afterwards tel95°C. Before

the desorption is performed, the gas atmosphere is changed to helium as mobile cal¥ier gas
108 Dissociative dsorbedhydrogenat polycrystalline coppedoesassociativelydesorb &
around 27°C whereas a desorption around 28)was assigned to some copjzanc oxide
interactions.1°”1% The H-TPD method has the advantage, that it is reproducible without
changing the copper surface area in contrast to $keR¥FC wherean ageingwas observed
after a certainnumber ofcycles. %% 1% Among the measurement variahldése flow rate,
cooling and heating ramp as well as the-freatment conditions do affect the measurement
and should be kept constant for catalyst compari$én.

2.2.3 Transient hydrogen adsorption

From the NO-RFC copper surface oxidation, one could examineatheunt of oxygen and
thus the copper surface arday initializing the back reaction, as it was performed by
Chincheretal. 1 andNa u mann d 0 étlain''8 with 6Q astprobe moleculd@hese
experiments havdemonstratethat the back titration does work and reproduce #@-RFC
results.1°% 119The mechanism of that reduction process is of autocatalytic nature foriBe Cu
surface but requires a temperature around or above®49* 1110n the other hand, the back

titration can also performed with hydrogen at room temperditfre.

The back reaction with hydrogen is describe®iR9. The titration of the GO surface with
hydrogen does only reduce the surface layer of copper and the formed water stay adsorbed on

the copper surfacé!?

Cu20eurf) + Ha)Y 2 (sdd ot H2O(g) R2.9

The back titration with hydrogen of a & surface is shown iRigure2.2. The typical drop of

the hydrogen signal indicates the reduction. Because of the low amount consumed hydrogen,
a low gasconcentration and a higtatalystamountis needed. Another disadvantage of that
method is, that it has a lowaccuracy byunderestimating the real copper surface areand

12 %. 112
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Figure 2.2: Back titration of CeO with H at room temperaturgnalysedoy MS.

2.2.4 Benefit and limitation of the chemisorption methods

The above described chemisorption methods are regularly used to describe copper catalysts.
Theaccordance of the different characterization methadgeviewed and found tagreewith

each other as long as no zinc oxide is pregdrg.assumed molecular hydrogen adsorption on
two copper atoms could be experimentally corrected to a ratio o,GBH® 113The presence

of zinc does complicate the copper surface determination because of reduced famsibes

a surface alloywhich does additionally react withe® to form Zn0 2225 %9That is the reason,

why for zinc containing catalysts the®tRFCmethod results in overestimatedpper surface

area. %% 13There is no evidence, that the observed hydrogen desorptiofi@isaffected by

Cu-Zn surface alloy or by partial reduced Zn€ites, contrarily a clear copper surface decrease
was determined by increasing zinc content in the copper swifgch was in alignment with
Ho-TPD analysis of the same sampl&¥ 112 114f the zinc sites are oxidized, temperatures
around 250C are needed, to establish again a coee surface alloy?® Therefore, the back
titration with CO is disadvantageous as it could rebuild defective zinc oxide sites (as it was
shown by the 1503 methanol catalyst), which would cause a similar eiwdi.O-RFC. 5 103

From that point of view, the H#TA has the advantage, that it che performed at room
temperature, reducing @D without affecting ZnO ancecovering only the copper surfaé®.

With that knowledge, the Cu/ZnO catalyst can be characterized in an extended way, resolving
the defective zinc oxide sites, the copper surface area and the surface alloy, by comning N
RFC and H-TPD or H-TA analysis % 112114
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However, the only inert supports for copper catalysts are copper itself and datiSaveral
metal oxides havbeenaffected the chemisorption methods and illustratenge ofcareful

validation of the characterization dat&

2.3 Material synthesis

This chapter is used tmtroducethe material classes and precursor systems of prepared
catalysts or support materials. The main preparation method waedapitation with followed
calcination of the precursors to obtain defined material states for further investigations.

Therefore, the precursor classes and their corresponding oxides are introduced.

2.3.1 Material preparation via (co-)precipitation

Precipitation does describe the preparation of a solid from a solutiarsimpler way anchi

the contextof inorganic chemistry, it means, thataeid anda basemustbe brought together,

from which asalt can be formed. The qwecipitation does describe the same process, but with
more than one component, which has to form a seligl, Cu and Zn)® > The precipitation

method is a commonly used process in catalytic material preparation. Some advantages are the
homogeneity of the solid, the control of metal composition but also the posdibitigparate

the catalyst from a liquid bfjitration. 1°

The next subchaptedescribesome minerals which can be synthesized by)gcecipitation
and argepresentatives of typical precursor systems used in heterogeneous catalysis.
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23.1.1 From malachite precursor phase to the activated form of catalyst

Malachite is the namef a copper hydroxycarbonate with the sum forn@aCOz(OH).. The

monocliric unit cellof the crystal structure is visualizedFigure2.3. 11°

Figure 2.3: Visualisation of the malachite structure of one unit.cEie copper atoms are
brownishred, carbon atoms are grey and the oxygen atoms are red coldureghicture was
created with VESTAS’ from the ICSDreference: 806096,

In catalyst preparatiothe Zn substitution of copper atowisthemalachite structure is used to
synthesize a homogeneagpperzinc precursor phase. Thesulted zinc substituted malachite
structure(Cur-x, Zny)2COz(OH): is often called zincian malachite and is limited to a maximum
substitution of around 3% Zinc. *° A further increase of zinc does result in the gitlase
aurichalcite, which isess beneficial for the synthesis of Cu/ZnO catalysts thalachite.X°
From characterization perspective, the success ofszibstitutioninto the malachite structure
is often determined by the decreased lattice distance @bthand21-1 plane, because of the
reduced JahiTeller distortion of the Cu@octahedraby substitutionthem with themore

uniform ZnGs octahedral® 191t was further foungthat the structure does allow to incorporate
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beside zinadditionally up to 3671 4 % aluminium, which is of high interest regarding the
state of the art copper methanol catalyst (C2A¥’

Typically, the precipitation is performefom metal nitrates with sodium carbonate as
precipitation agenat 65 °C with apH of 67 7 and an ageing time of aroundehour. After
precipitationan amorphous little specific solid is formed which crystallizmcause of the
supersaturated solutioduring the ageing step into the malachite structure indidatedH-

drop and by colour change of the solid from blue to grééh>" 120

The obtained precursor is afterwards decomposed intcditespondingnetal oxides in a
temperature range of 33C€ T 400 °C, which can be activated in a further step reducing CuO
to Cu with diluted hydrogen at 16C i 250°C. 8 1562

2.3.1.2 Synthesis of hydrotalcitelike precursors and their mixed metal

oxides

Hydrotalcite is a mineral whiclwvas originally assigned to solid containingmagnesium
aluminiumhydroxides and carbonateBhis mineral has a layer structure formed by a mixture

of binary and ternary met al ions and is add
material 2* Layered double hydroxides are in general layered materials with the general
stochiometric formula of: [MxM"'y (OH)2x]**(A™)xin-mH20 with M asa divalent cation like

Mg or Znwhich is partially substituted by, a trivalent cation like Al or Ga. The interlayer

anion (A") can be carbonatenitrate or other anionsvhich compensattheadditionalpositive

charge introduced by the trivalent catioof the metal hydroxidstrata %123 An example of

a layerinterlayer arrangement is given kiigure2.4. Brucite Mg(OH)» forms the motive of a

layer by developing Mg(OHpctahedra. The layers are connected to each other by electrostatic

adsorption and hydrogen bonds.
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-

Figure 2.4: Example of hydr-otaditéke Iayéred motive with carbonate ions and water in the
interlayer. Oxygen atoms are red, Carbon is gey, hydrogen is white,gnath brownish
octahedra containing zinc (purpldue) and aluminium (browgrey) metal ions. The layer was

created with VESTAYas a variation othe ICSD reference 155052

The heat treatmenip to 500°C of hydrotalcitelike materials foms, dependent of the cations,
mixed metal oxides, also named layered double oxigdeiEh are characterized byuaiform
cationic distribution because of teinglephaseprecursor!?! 123The precursoclass enables

the possibility of spinel formation, which are temperature stable oxides with metal catalyst
stabilizing characteexpandingthe application range ohetal catalysis to higlemperature

(e.g, Methane dry reformatioat 900°C). 32 33 121, 124

The material synthesis of hydrotalcltke precursords often performed at @onstantpH
around 89 to reach grecipitation of all cationandat 50°C 1 60 °C with ageing time around

307 60 minutes In general, the precipitation can be performed with sodium hydroxide as
precipitation agenbut most important is the presence of enough interlayer anion to allow the
crystallization of the hydrotalcitike precursophase!?? 123125
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2.3.13 Synthesis of hydrozincite precursors and zinc oxides

Hydrozincite isa hydroxy carbonate mineral of zinthis mineral of monoclic structure has

the stochiometric formula of Z(C0Os)2(OH)e which is similar to the copper containing
aurichalcite structuré?® 2’Hydrozincite contains octahedraind tetrahedral coordinated zinc
atoms in the rati@:2.12® Thestructure of hydrozincite was pietured as a negatively charged
sheet with Znz(OH)sO2]* as motif, buit of uniform octahedra. To compensate the charge, the
sheets are connected to each other via a tetralyedoardinated zinc atom and a carbonate
bonded by one oxygen to the sheet m&tffEarlier investigationfoundthat the sheet structure

can be distorted, which was observed as a hydroxide group enrichment and a carbonate
depletion by breaking the layer sequence. Interestingly, this distortion was reversible by treating
with carbon dioxide reconstituting the laygructure.?® 28The unit cell of this material is

shown inFigure2.5.

Figure 2.5: Demonstration of the unit cell of hydrozincite. Thaxis is parallel to the viewing
direction The zinc atoms arpurple blue the oxygen atoms are red and carbon is grey
coloured. The figure is created with VESTA®om the ICSD reference #16583.

In terms of catalysis, this material is of interest as a model support, representing the zinc oxide
of a typical Cu/ZnO catalyst. Because of the similarity to malachite or aurichalcite, which are
also materials for catalysis applicatsprihe hydrozincite can analogdyssynthesized via

precipitation 3% 37. 129

The synthesis of hydrozincite is typically performed by precipitaizigc nitrate solution with
sodium carbonate pH = 6.57 7 at 65°C followed by ageing of around two hours in the mother
liquor. This method does allow to incorporate trivalent cations, waftér decompositiom

air at 330°C does form a doped zinc oxi@@nO:M""). 37- 129
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The doping of zinoxide is not only in terms of heterogeneous catalystsalso in terms of
semtconductors of interedty tuning theelectronicstructure. In bottareasoxygen vacancies

and banegap energies are expected to enhance the material prop&rtis.

2.3.1.31 Zinc oxide

Zinc oxide can crystallize in the wurtzite, sphaleriterock salt structures. At ambient
conditions, the wurtzite structure is thermodynamically more stableepnesents therefore
the main common zinc oxide structure. The wurtzite structure is formed bytempenetrating
hexagonal lattices with tetrahedyatoordinated zinc atom# The unit cell and the hexagonal

character of the zinc oxide structure are demonstratédjure2.6.

Figure 2.6: Visualisationof thewurtziteZnO unit cell in a) and the hexagonal structateng

the caxis ofthree unitcells in b) (the €xis is parallel to the viewing directipnZinc atoms
are purpleblue and oxygen atoms are red coloured. The pictures are prepared in VESTAS
from the ICSD reference #261%3.

There is a variety of preparation methadsich sometimes involves a precursor phdike
precipitation or sebel processbut also direct routes are possible like precipitation
solvothermal synthesis or sprpyrolysis.13% 132This oxide is characterized by a direct band
gap ofaround3.37eV. %8 139Zinc oxide contains intrinsic and extrinsic defects. Intrinsic defects
arenaturally present ithe oxides and are often a result of the oxide preparation history like
heat treatment or agein@uch defects aror exampleoxygen vacancies, zin©r oxygen
interstitials.3® 130 133Thjs intrinsic defectslo affect the band gap energg well asextrinsic
defectscaused byon substitution like Al or Gincorporaedinto the zinc oxide host lattic&®

133, 134Thijs extrinsic defects are used for band gap engineéyitgpe doping(donor doping)

is theinsertion of an additional negative charge increasing the electron concentration, contrarily

to the ptype doping(acceptor dopingjvhich inserts an additional positive chaigereasing
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the hole concentratiod®® 1**Hence, ifelectronicprocesses are of important relevance for an
application a band gap narrowirgnd rdopingis envisagedGroup 13 elements are known as
n-type semiconductor dopants and used to engineer the band gap of zind368desuch a

doping must not have to result in a narrowed band gap, because of the energy nature of the
valence and conducting band®In general, an electron will be lifted from the highest valence
band state to the lowest free conducting band state. If the lowest free conducting band state is
occupied by an electron, introduced by dopant incorporation into the host lattice, the excited
electron has to join the next free lower energy level, which is on higher energyThiate.
phenomenon isamedBursteinMosseffect 137 130n the other hand does a perfect substitution

of azinc ion by a trivalent cation, like Aharrowthe band gamsa renormalization process.

139 Other defects like strains could induce a band gap shrinkage whereas a side phase of an
isolator does widen the band gap and inhekettron conductivity'**143 Because of the most
promising approach to enhance the eglectronicproperties of zinc oxide by an trivalent
cation doped zinc site (Vkn), a variety of research groups have determined the solubility limit

for Alzn. 139

The determined solubility limits are in range @ % and 5.4%. #*1%9 The results of
investigation supported by solid state NMR seemed to be plabsitdeise of theensitivity to
the Alz, defect isolating the solubility limit to a smaller range of %38 1 % aftertemperature
treatmerg around300°C i 850°C of the precursor phast? 143149

However, the higher determined solubility limit of% after calcination at 300C gives
evidence, that a similar doping effect could be induced by catalyst prepdratianse of

selected temperatures fomald calcination and reductiof.33 142
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3 Experimental

Each chapter does contain a brief description of the individual experimental part. Nonetheless,
because of importance, the maths behind the chemisorption methods will daaatto

3.1 Copper surface determination
The chemisorptioexperiments to determine the copper surface area are performed in a BelCat
B from Bel Japan Irarporation The variety of gas connections allows the use of a specific gas

for each experiment.

For the chemisorption experimemtere 100mg copper catalyst in the sieve fraction of
12571 250um applied. The catalyst bed was fixed with quartz glass wool to pra¥lesthing

out. Before each experiment wakarted the catalyst was dried for one hour in 1ZDin
35mlin min? of argon.To avoid thermal stress a heating rate equivalent to the calcination
(2 °C min't) was applied. The chemisorption measurements waméed out in the following
sequenceH>-TA of the Oxide, TPR, HTA of the reduced state,.N-RFC, H-TA of the
CwO, NbO-RFC, TPR. Theexperimenal conditions are listed iMable3.1. Before each
experiment was started, the catalyst bed was flushed with the dilution gas of the following
experiment.If the MS was used as analytics, the trap was bypagsddre starting a new
experiment, the MS was calibrated by a calibration gag6H2, 1% N> and Helium to reach
highest accuracy.

Table3.1: Experiment conditions of the individual measurement step of the chemisorption

analysis.

Experiment Temperaturé holding time Volume flow Gas composition Analytic

H.-TA 40°C/ 60 Min 8 miy min? 2 vol.- % Ho/He MS
N,O-RFC 60°C/ 60 Min 5 mixy mint 1 vol.- % N>O/He MS
TPR 275°C /[ 240Min 35 mk min*t 5vol.- % Hy/Ar TCD

As shown in sectio.2.3on pag€l5the H-TA signal of the back titration of GO does vary

in the shape in contrast to the fAblanko meas
adsorption processes during the FA experiment, the adsorption would result in a variation

of the slope of the HSignal (assumption: all measuremeats performed atstrictly equal

conditions) Thenthe measurement of the £ surface could be corrected by this adsorption
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term, if both measurements are subtracted from each another. This treatment yield in the
reaction termasthe consumed amount hydrogen caused by back titration. From that thinking
the question about the meaningfulness to measure the CuO surfagd Ayrises. Therefore,

the measurement was expressed by a system of equations.

The expression of only the adsorption term, measured bgldpbe change between an inert
(CuO) surface and an adsorptive surface (Cu) is given by:

"1 F"ve ot m™y dFHOF TR A HFFO M 3.1
With that the expression of theaction measuremeat Cw,O would be given as:
"1 FMvertm™ e vooa®™a dHEoE THAH G M 3.2

The subtraction of both equation does result in the equation séffa@atedeactionterm.

"7 g voom™y AHEEe TH A E M 3.3

This mathematical examination dagsmonstratéhat the measurement of the inert surface is
only necessary for illustratiomtherthan for measurement evaluation.
From theH>-TA and N2O-RFC experiment, one can calculate the copper surfacewpreee

equationM 3.4 with theareaof onecopperatorm 0.068-10'¢ m? aton?, 50
i OB OH |

IAA | A~ e
O Ol A" HY 671

T dovorSgmd goiwogm M 3.4
The precision of the copper surface area determination could be proven by calculating the
copper crystallite size from the>HA results. The interpretationhas to be done carefully
because of the covered parts of the surface by ZnO, the copper crystallite size will be
overestimated. However, it is expected, thatcopper crystalliteize(exH2>-TA) will be in a
closer range to the crystallite size determined by XRD analyaisthe copper crystallite size
determined by BD-RFC. If this is not true, further investigations on method improvements
mustbe done.

. TH:’"] AT T 0 H

To =5 M 3.5
With the combination of the methods, according to literattird® 4the defective zinc sites

can be calculated as followed:
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U HT B B Y mo-mogly Losvoog® M 3.6

The knowledge about the copper and zinc content in the catalyst can be used to calculate a
dispersion, which means, that a specific fraction of copper is oh taith the gas phase and
another specific fraction of zinc oxide is in thuwith gas phase and copper surface.

The dispersion could additionalbe calculatedby the surface area. This analysis requires the
knowledge of the surface area, determinedhitppgen physisiption of the activated catalyst

and the strict analogous mathematical treatmentefAdand NO-RFC results. Because of

some deviations about the spamupied byone copper atorf® 1% 10 gnevalue must be
chosenand kept constant for comparison. If calculating specific surface areasntistpe

based on the mass of inserted metal oxide, to become comparable. The minor mass deviation
of some nordecomposedorecursor species is expected tosheller than the mass deviation

of a completely reduced cataly$he normalizing of the surface area to the mass of a reduced
catalystforbidsa comparison of different measuremedjetg, BET and NO-RFC)andinhibits

an analysis ofhe surface ewlution.

The dispersiolis expressed as:
7 f i !E"‘ p | @ |
A mﬁ A ffer voRg™ T go-mogh M 3.7
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Abstract

The structural andlectroniceffect of Al and Ga as ternary metals in Cu/ZnO catalysts for the
methanol synthesis was examined. For this purpose, three zincian madiechviéel catalysts

with the nominal Cu:Zn ratio of 70:30 were synthesized: an unpromoted, binary catalyst (CZ)
andtwo ternary catalysts with eithem30l% Al (CZA) or Ga (CZG). Both Al and Ga showed

to have a strong i mpact on the catalystodos st
co-precipitated precursors phase to the activated and reduced catalystpeovenn
microstructure and an increased BET surface area was found for the secondary promotor (Al or
Ga) containing catalysts. Moreover, a sequence of chemisorption experiments allowed to
quantify and differentiate between €lhand Zr* surface species in the activated catalysts.
Considering the specific copper surface areas, DRIFTS data and catalytic results, an additional
electronic promotiorof Al and Ga could be determined. This promotion effect is related to
doped ZnO phases, as it was demonstrafeXANES and enhances the reducibility of the ZnO

by forming more Zf9sites. This effect is stronger for Al, leading to a more pronounced Zn
overlayer on the Cu surface and SMSI. In the methanol synthesis, this led to a performance in
the order CZA > CZG > CZ.

4.1 Introduction

Methanol synthesis is among the most important processes of the chemical industry. Methanol
is used as platform chemical, fuel additive or solvent. Moreover, it has great potential as an
energy carrier as it is an attractitarget molecule of powep-liquid approaches if
anthropogenic C@and secalled green hydrogen is used in the synthesisyad-Historically,

the industrial process evolution was mainly influenced by thevotution of the catalyst
material,®® which is a composite catalyst comprised of a large fraction of Cu metal (typically
>60%), zinc oxide and additional promoters (typically €bPsince the access sollphurfree
synthesis gas in the 1970%

The composition of the current staikthe-art catalyst has not changed much since then and
currently, methanol is produced in the low temperature process at approximatéy&tdat

least 50 bar over such copper/zinc oxadiehinium oxide (CZA) catalyst, while other
promoters might also be preseht.This catalyst was subject of intensive research with the aim
to understand its functionality and to rationally optimize its synthesis and it is of ongoing great
interest today. It is well known that both copper and zinc oxide are needed to receivhdbke hig

catalyst performance by a high activity and a simultaneously increased stability and long
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lifetime of the copper nanopatrticles in the catalyst. The main reason for the increased stability
is the structural promotion effect of zinc oxide, which prohibits copper sintering and increase
the copper particle dispersioh.’” Thi s can be seen in the catal
which is comprised of small zinc oxide particles located between the larger copper particles
(around 10 nm) preventing them from sintering and forming porous sjikegeggregates as

a result ofthe coprecipitation synthesis* 1>3For an optimal copper/zinc ratio to reach the
highest dispersion a roughly equimolar amount of both components was prédseever,
because the maximum zinc amount in the preferregreocipitated precursor phase, zincian
malachite, is limited to approximately 36, the molar composition of the industrial catalyst is
around 70:30 Cu/zrt% 1 The zinc oxide phase thus is denoted the primary promoter to copper
metal in this contribution and it operates as a structural promoter increasing and stabilizing the

exposed copper surface area.

Beside this rather static model of structural promotion of zinc oxide, the famous and widely
studied coppeeinc synergy furthermore leads to an additional form of promotion. These
strong, dynamic and reversible copjzérc oxide interactions rather operaia an electronic

effect leading to a high intrinsic activity1“*° At reducing conditions, a few zinc oxide species
migrate on top of the copper particles as a result of strong metal support interactions (SMSI)
giving rise to an Ainverseo surface configur
metal surfacet> 2% 2'Upon catalyst reduction in hydrogen, even a surfdloy was observed.

24,112, 114, 154 the temperature range between 2680and 340°C, it co-exists with (partially
oxidized) ZnQ surface species and transforms into a bulk alloy at higher temperafdres.
While the promoting role of this SMSI for methanol synthesis is well established, there is a
controversial debate, whether a-ghiasic coppeeinc oxide interface with a perimeter
(0<x<1) or a monophasic metallic coppanc surface alloyx= 0) is the better description

of the active surface of the Cu/ZnO catalyst® Independent of the exact valuexpfwe will

refer to these species as reduced zinc surface speéiémZhis paper to contrast the metallic
copper surface sites (Cu) that are not promoted by zinc and the fully oxidized ZnO support

(x = 1), which likely acts as a reservoir for theZspecies.

In this work, we acknowledge the dual role, structural and electronic, of the primary zinc oxide
promoter, but we will not aim at addressing the exact nature'®t #mich has been proposed

to be responsible for activation of the formate intermediate for further hydrogenation towards
methanol 18 22 155 15§/e rather investigate on the role of the secondary prorahtarinium

oxide by comparing three catalysts with a Cu:Zn ratio of 70:30. Two of them conteoi?/3

(metal basis) of a secondary promoter and one is a binary reference catalyst Cu/ZnO (CZ). The
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two promoting species ar@uminium as in the industrial catalysts (CZA), and its higher
homologue gallium (CZG). Gallium has been recently identified to be an interesting promoter
for CZ,** 37 and the relatively low amount ofrBol% secondary promoter has been shown
previously to lead to a maximal promotion effe¢tThe CZA catalyst with 3nol% Al is a
well-studied catalyst material, previously named 8., °>* which has been deeply
characterized and employed as a benchmark in numerous contribtftiéhs®: >” >Herein,

we report advanced chemisorption experiments on the three catalysts CZ, CZA and CZG in
addition to numerous other characterization methods to find evidence for another dual role of
the secondary promoter, structural and electronic, in methaniblesys from CO and C{at
industrially relevant long timscales. We use this new information to propose a general and
comprehensive picture of the catalystoés mi

methanol synthesis including the dual roles dhlgrimary and secondary promoters.

4.2 Experimental section

4.2.1 Precursor synthesis
The precursors of the three catalysts Cu/ZnO:Al (CZA), Cu/ZnO:Ga (CZG) and Cu/ZnO (C2)

were synthesized by the wediported coprecipitation techniqueeg.,by Schumanret al.>’.

The precipitation was carried out in an automated stirred tank reactor from 1 M mixed metal
saltnitrate TableSI 11.5) solutionsat a temperature of 6%. During the precipitation theH

was held constant at 6.5 using M6sodium carbonate solution as precipitating agent. The
dosing rate of the metal solution was adjusted to 2.5 ¢ .mifter the typicalpH drop was
observed’, the ageing was proceeded for an additional one hour without fyatheontrol.
Afterwards the precursor was washed with deionized water 15 times, until the conductivity of
the filtrate was lower than 1Q€5 cmit. After drying at 8C°C for a minimum of 14 hours in a
heating cabinet, the precursors warelysedregarding their composition, phase purity and

surface areas.

4.2.2 Oxide synthesis (Precatalysts)

The coprecipitated precursors were decomposed into their corresponding oxides in a muffle
furnace (Nabertherm LE 6/11/B150) in static air at 35@ith a heating ramp of 2C min*

and a holding time at the target temperature of 3 h.
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4.2.3 Characterization methods

Powder Xray diffractometry (PXRD)of the precursors, calcined pecatalysts and spent
catalysts after methanol syntheses were recorded witKQadiation on a STOE Staé
equipped with a germanium1l monochromator and a MYTHEN 1 K detector. The
diffractograms were recorded at room temperature in the rangemBQ° 21. The samples of
the reduced catalysts were prepared in sealed capillaries ofnf).8iameter. The reduced
sample of CZG (CZ@&ed.) was recorded with MKy radiation on the same device described
above. Therefore, the general scattering vegtior A is used for comparison of the pattern
recorded with different Xay wavelengths.

Atomic absorption spectroscopy (AABas performed on a Thermo Fisher Scientifici€30

AAS after dissolving the sample in nitric acid.

Thermogravimetric analysis (TGAyas performed for the precursor materials on a STA 449
F3 Jupiter from Netzsch. The sample was heated at a rat€ohim™ up to 1000C in flowing

synthetic air.

Nitrogen physisorptionwas measured at 77 K in a Nova 3200e sorption station from
Quantachrome. Before recording the isotherms, the samples were degassed under vacuum at 80
°C (precursors) or 108C (oxides) for 5 h. Afterwards the isotherm profiles in a partial pressure
range between pdp= 0.0 and 1 referred to a reference cell were recorded. The multipoint BET
surface area was determined by applyingBhenauerEmmetiTeller (BET) equation in the

range of increasing adsorption volume by using the mamm@ssistant of the software
NovaWwin.

Diffuse reflectance Infrared Fourier Transformed Spectroscopy (DRIFT&periments were
performed using a NicolEt iS20 FTIR spectrometer from Thermo Fisher Scientific, equipped
with a DRIFTS cell (Praying Mants, Harrick Scientific Products Inc.) and a Mercury
Cadmium Telluride detector (MCT) cooled with liquid nitrogen. The DRIFTS cell outlet gas
stream wasanalysedcontinuously during the experiment by an-love mass spectrometer
(Pfeiffer Vacuum Omnistar GSD 320 with QMG 220). Using a-oont seleabr valve, the
inlet gas was switched between two different streams, one for purging and/or reduction of the
catalysts (He or 50l% H. in He) and the other containing the probe gas\6l2 CO in He).

A flow-through configuration was applied in all segments with a total flowrate of 80neim®

At first, the loaded samples (~40 mg fine powder) were reduced/bl®oH: in He at 275C

for 1 h (at a heating rate of°& min?), after which the cell was cooled down to *Iat the

maximal rate. Once the temperature stabilized, the gas was changed to He and the cell was
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purged for 10 min to remove traces of fdllowed by collecting the background spectrum in

He. The collection of the timseries adsorption spectra was then initiated, and the gas stream
was switched to the CO probe mixture after collecting the first spectrum in He (corresponding
to time 0). Afer 40 min of adsorption, the gas stream was switched back to He and the

desorption was monitored for another 40 min.

X-ray absorption spectroscopy (XA8)as measuredt the CATACT beamline at Karlsruhe
Institute of Technology (KIT) Light Sourcé&®. In anin situ TPR experiment, the sample CZG

was treated in 28 H; in N2 and heated to 25T (5 K min). The temperature was held for

1 h. The Xray absorption neagdge structure (XANES) data was recorded at the @ddé
(10367 eV) in transmission mode using a Si 111 deatystal monochromator and ionization
chambers for determining the-fdy intensity. The raw data was then treatethwithena
software packag®®. The edge energies of the spectra were determined using the first maxima
in thefirst derivative of the spectra. Subsequently, the background was adjusted, and the spectra
were normalized. The sample preparation included grinding of the samples and thorough
mixing with SiC, before pressing the mixture into pellets and granulating toeafsietion of
100200 & m. The s pec°Cmwere mesggedoand teedpeeiget regidnsvias
modelled for refinement using the software Laréff. The reference data for the linear
combination analysis was recorded at HASYLAB at DESYhe samples were measured in

the range of 9578V - 10580 eV including the Ga-Kdge (10367 eV) in transmission mode.

For the pure G#sreferences, 12 mg of sample were diluted with 88 mg of polyethylene,
before the mixtures were pressed toni® diameter pellets. Data analysis such as energy
calibration, background subtraction and normalization were performed using the Athena
software pakage. Tacombine both data sets for analysis, the spectra were aligned with respect

to the energy. Linear combinatianalysis was performed using Larch software.

Density Functional Theory (DFT)calculations were performed using the Vienna Ab Initio
Simulation Package (VASP$! 162 The Bayesian ErrdEstimation Functional with van der
Waals correlations (BEE#IW) 1% with the projector augmented wave method (PAR/)°

and a planavave basis set with a coff energy of 450 eV were used. The infinite slab models
for the ZnO (110) termination consist of four laykick 4x2 supecells, separated by more

than 16 A in the z direction. Ga and Al containing materials wenstoucted by substitution

of one Zn atom in the ZnO (110) surface layer. The bottom two layers were kept fixed and the
uppertwo layers were allowed to relax during geometry optimizations. The Brillouin zone was
sampled using a 2x5x1 MonkhdrBack kpoint grid 6. The convergence criterion for the

geometry optimizations was a maximum force of 0.01 eV/A. For the bulk calculations we have
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used 2x2x2 large ZnO unit cell. Ga and Al substitution in thewatkmodelled by substitution
of one Zn atom with Ga or Al. For each system (ZnO, £Zn@n,0, GaZnO, GaZnQ,

Gazn;0, AlZnO, AlZnQ; and AlZn,0) lattice optimization was performed. The Brillouin
zone was sampled using a 5x5x3 MonkHhd?ack kpoint grid. All optimized structures are

given in the SI.

Temperature programmed reduction (TPRf 100 mg precatalyst of a 12250 um sieve
fraction was performed in a quartz glasshape tube reactor on a Bel@afrom Bel Japan
Incorporation. Before the reduction profile was recorded, the sample was dried by heating up
with 5°C min™ to 100°Cin 80 ml min! Argon stream. The temperature was held for 60 minutes

to ensure a complete drying of the sample. Afterwards, the temperature programmed reduction
was performed. As a reducing atmospheng!% H> in Ar with a volume flow of 35 m min

Lat ambient pressure was used. Starting frofCithe sample was heated up to 2Z5with a

heating ramp of 2C min. After reaching the target temperature, it Wwaki for 4h to ensure

a complete recording of the reduction profile and a complete reduction of copper oxide. The
formed water during reduction was separated by a mole sieve to enable the analysis of the
consumed klvia a thermal conductivity detector (TCDhe calibration of the hydrogen signal

was performed by using CuO from Alfa Aesar as reference material.

Ho-transient adsorption (H-TA) was recorded in the same apparatus, in which the TPR was
performed, but a calibrated Omnistar GSD 320 with a quadrupole mass spectrometer (Pfeiffer
Vacuum Omnistar GSD 320 with QMG 220) was additionally used with He as an internal
standard for the produstream analysis. Before the adsorption experiment was performed, the
lines and the reactor were flushed with He at@®r 30 minutes. The adsorption profile was

measured with 201% H» in He with a volume flow of 8nly min? for 120minutes.

N2O-reactive frontal chromatography (MBD-RFC) was measured subsequent to a reduction
experiment €.9., TPR or B-TA). After flushing the reactor with He for 45 minutes at 280
(heating ramp 5C min), it was cooled to 40C. The measurement was performed using a
calibrated quadrupole mass spectrometer (Pfeiffer Vacuum Omnistar GSD 320 with QMG 220)
with He as internal standard anddl% N2O in He with 5mly min! for 60 minutes. The data
evaluation was performed by using the calculations accordirINo661361 °C The
stochiometric coefficient0(481) and specific copper surface aréh.( 8 F%An® (copper
atoms)!) were taken from the reported study by Chattegjea. 12

The measurements of the nitrogen capacities of the spent samples and of the therein compared
fresh catalysts were performed after reduction at°24@ith 5vol% H: in Inert and a heating
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ramp of 5°C min. The temperature was held for 2 hours before switching toAddé¢d gas
and measuring the-RFC.

4.2.4 Catalytic testing

Catalytic testing of the synthesized copper catalysts was performed in a 2.6 mm inner diameter
reactor of a 64old parallel Flowrence® plant by Avantium technologies. A varying amount of
75mg, 150mg and 225ng of the precatalysts with a sieve fractiaf 125250 um and diluted

with an equal amount of silica (SiOwas used to archive different gas hourly space velocities
(GHSVs). The catalyst bed was placed between a post a prebed to ensure isothermal

behaviourand a proper prewarming and interintx of the gas stream.

Before the catalytic tests were performed, the catalysts were activated by heating in
10mlIny mint 5vol% Hz in N2 with a heating ramp of 8C min up to 275°C. The targeted
temperature was held for 4 h to ensure a complete activation. Afterwards the catalysts were
aged in a HCO=2 feed gas at 23%C and 30bar over a formation period of 10@urs.
Afterwards, the first activity test was recorded under these reference conditions followed by
process condition variations. Between 200 h and 1200 h time on stream, selected process
conditions were variedKe the H:CO ratio (1.5, 2, 2.5), the pressure (20 bar, 30 bar, 40 bar)
and CQ:CO ratio (xo,=0.15, x0,=0.3, xo0,=0.5). During these process variations, a
complete set of each catalyst, corresponding to the three diffeFH8Vs was kept at 20%,

220°C, 235°C and 245°C in separated heating blocks. After the ®D ratio and pressure
variation, the reference conditions of 38, H:CO=2 and 235°C were used to investigate

the activity change for each reactor in pure COgyingas. Afterwards the G@O ratio
variation was performed by substituting CO with£xXDconstant HICOx ratio of 2. As the last

step, the reference conditions were applied again to each reactor to determine catalyst activity

changes.

The catalysts were passivated after the reaction by cooling down and opening the reactor lid
while flowing simultaneously helium through the reactors &3 ensure a careful oxidation.

The equilibrium product composition for methanol synthesis was calculated with Aspen Plus®

by Gibbs free energy minimization using the reaction conditions as input parameter.
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4.2.5 Nomenclature

The synthesized materials will be described by the abbreviations of their metal compositions
CZA (Cu/ZnO:Al), CZG (Cu/ZnO:Ga) and CZ (Cu/zZnO). The state of the material will be
written using suffixes of the metal composition like Gprec. of the CZA preasor. The
following other suffixes are usedcalc. (calcined),-red. (reduced);post catred. (after

catalysis reeduced).

4.3 Results and discussion

4.3.1 Synthesis and characterization of the preatalysts

The catalysts in this study have been synthesized according to the industrial protocol by co
precipitation of malachitdased precursors. The molar cationic ratio was targeted to
Cu:Zn=70:30 and to Cu:Zn:M 68:29:3 for an additional trivalent cation M = Al or Ga as
secondary promoter to reach the highest zinc incorporation into the malachite stfdcttire.
The catalyst CZA is a reproduction of a benchmark catalyst previously nameStdrHi,

which has been employed in numerous contributi&hg® 31 57 150ne major difference to
stateof-the-art commercial catalysts is the lower amount of the secondary promoter Al, which
is around 1®6 in common formulationst ** 1°2This modification is based on the observed
performance improvement at a lower content %@ previous work®* The metal composition
after coprecipitation was determined by AAS and is showhable4.1. The results were close

to the nominal composition for all three samples.

Table4.1: Metal ratios determined by atomic absorption spectroscopy (AAS) of the precursors
after dissolving in nitric acid. The trivalent cation is in case of the k. and CZGorec.
the aluminiumand the gallium ion, respectively. The last column contains the determined

spacing of the 2Q reflection determined by PXRD.

Sample X(cu/l x M) X(zni xMm) Xoa/!l x wy d2o1
mol% mol% mol% A
CZA-prec. 68 N 1 29 N 1 3 N o. 2. 76:
CZG-prec. 69 N 1 28 N 1 3 N o. 2. 75¢
CZ-prec. 69 N 1 31 N 1 0 2. 78¢
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The precipitates mainly crystallized in a malachite structure ((CwCERBJOH).), as it is

shown by the PXRD pattern Figure4.1 a). Only the binary Crec. contains a side phase,
which was assigned to aurichalcite ((Cu,£8¥3)2(OH)s). This zineenriched side phase can

act as a sink for the primary structural promoter Zn and lead to a loss of the highly active
nanostructuré® The qualitative analysis of the PXRD pattern visualizes, that the reflections of
the binary CZ precursors are sharper and more separated than in the patterappé€zhd
CZG-prec. The broader reflections in case of the presence of a trivalent casecandary
promoter indicates that the crystallites in these materials are more nanoscopic than in the binary
reference catalyst, resulting in an increased surface area, as shHegure®.2. Furthermore,

the incorporation of a trivalent cation has also suppressed the side phase formation, resulting in
a phase pure malachite structure, as it was expected from litetaiifigure4.1 a)). The
determined spacings of the-2(planes of the malachite structure are listebable4.1. Thed-

spacing of CZprec. was determined to be 2 &@nd was found at a higher value in comparison

to the other samples. With increasing Zn incorporation into the malachite structude, the
spacing decreases, as evident by comparing the binary CZ precursor to pure malachite
CwCO3(OH). (do1 = 2.85A). The presence of the secondary promoter thus resulted in a
further decreased of theod-spacing to 2.76A for CZA-prec. and 2.758 A for CZ@rec.
indicating a higher degree of substitution of Cu by both promoters in the precursors. Hence, a
better approach to desired equimolar dilution of Cu is achieved, as it was expected for such

ternaryprecursor systemg?
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a) Cu-Malachite | | Precurosr of aurichalcite
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Figure 4.1: Powder Xray diffraction pattern of the eprecipitated precursors (left side)ah
comparison to the Gmalachite reference from ICSD database (#15384). The asterisk visualize
peak positions of the aurichalcite sighase (ICSD #75324). On the right side the
corresponding oxides after calcination for Zh350°C in static air with a heating ramp of 2

°C mint are shown (J). The black reference pattern corresponds to CuO (COD#004105685)
and the grey pattern to ZnO (COD#002300450).
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To avoid sintering and to receive highly intispersed oxides, the precurst@composition

was performed under the mildest possible calcination conditions &C&0air, which is a
typical temperature for methanol synthesis catalyst preparétidowever, these conditions

did not result in a complete precursor decomposition, as the 120 reflection of malachite
(2d & 18°) in CZAcalc. and CZ&alc. and the200 aurichalcite reflection 4 13°) in
CZ-calc. indicate poorly crystalline residues of grecursorsKigure4.1 b)). The calcination
behaviour is consistent with the results of the TG analysis (supporting information
FigureS111.1), indicating a full precursor decomposition at around 360 which is not
compatible with the targeted nemtered microstructure of the catalysts. Importantly, the
major decomposition happens aro@2di 350°C, rendering this temperature high enough for
dehydroxylation but low enough to conserve a good cation intermixing and thus the targeted
microstructure 82 A side effect of this low calcination temperature is the presence of high
temperature stable carbonates which are discussed to stabilize the oxidespeesion after
calcination and to increase the copper dispersion in the final catafyts.

Comparing the three calcined samples, a clear difference in the success of an improved
microstructure on the nanoscale becomes evident. The peak widths of the expected ZnO and
CuO phases in the PXRpatterns Figure4.1 b)) become broader in the order €2lc. <
CZA-cal. < CZGcalc. indicating a decrease in the crystallite sizes. The same order is observed
for an increasing BET surface area (€alc. << CZAcal. < CZGcalc.), with values around

100 ntg™ for the two secondary promoted samples, which is in the range of industrial catalysts.
This clearly indicates a structural promoting effect of the secondary promoter, which also has
been suggested in the literature already on the stage of the calcialygtsaf: 32 1%/ This

allows tracing its origin back to the precursor state, where the secondary promoter suppressed
the crystallization of the aurichalcite stgbase and thus helped to incorporate all species in a
single substituted malachite phase. The higher degaésfitution gives rise to a more inter
dispersed calcined material with uniform distribution of the species, smaller oxide crystallites
and larger specific surface areas. In this respect, the structural promotion of Ga as a secondary
promoter seems sligllg more efficient compared to the industrially applied Al. A very clear
difference, however, was found in the comparison of €2A and CZCcalc. to the binary
sample CZcalc. suggesting the structural promotion is mostly determined by the presence or

alsence of the refractory oxide and to a lesser extent by its nature being Al or Ga.
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Figure 4.2: Surface areas of the quecipitated precursorscploured column) and their

corresponding oxides (white column) after calcinating at 35€or 3 h in static air.

4.3.2 The reduced state before catalysis

4321 Characterization of the activated catalysts

After calcination of the precursors, the qmagalysts CZcalc., CZAcalc. and CZ&alc. were
reduced by TPR and the resulting samplesr&@¥, CZAred. and CZ&ed. were investigated
by chemisorption methods and PXRD to characterize them right afteatamtivrepresenting

the fresh state of the catalysts before the catalytic experiments.

The TPR profiles are shown in teapporting information ifrigureSI 11.5 on page214 For

each sample, completion of reduction was found already at@0Dhe targeted temperature

was set to 278C with a holding time of 4 h assure complete reduction, trigger the evolution of
the typical microstructure and to allow for formation ofspecies due to SMSI, but to
minimize sintering. The analytical degree of reduction based on copper was found to be close
to 100% at this temperature for all samples (&lbleSI111.11), indicating that a possible
reduction of ZnO to form Zff'is not coupled to a large hydrogen consumptighich Zrie?

has been clearly evidenced at more elevated temperatures when bulk brass alloy was formed,
but the overall low amount of Z# forming under these conditions and/or its stoichiometry
ZnOx with x being close tdwo makes it hard to determine by TPR experiments. The highest
hydrogen uptake rate, found to be at 268%or CZ-calc. and 178C 1 189 °C for the ternary

catalysts, can be related to the reduction of copper, which is a typical tempdoatthese
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catalysts*! The reduction of copper was also confirmed by PXRD analysis of the reduced
samples, which is shown iRigure4.3, by the presence of the 111 and 002 reflections of
metallic copper in all catalyst. In analogy to the calcined state, the weaker and broader
reflections of CZAred. andCZG-red. indicate a smaller crystallize size. Also, the zinc oxide
phase (A1<q<3A?) in CZA-red. and CZ@ed. are clearly different from Gi&d. and
almost XRDamorphous. In contrast, clear and sharper reflections of ZnO indicate larger
crystallites for CZred. Comparing the crystallite sizes of the copper determined by application
of the Scherrer equation to the 1iéflection (Table4.2), a valueof 6 nm-7 nm was
determined for CZAed. and CZ&ed. compared to a more than doubled value of 17 nm for
CZ-red. This difference is also reflected in the BET surface areas of the reduced catalysts, which
were 72 and 657 g for CZA-red. and CZ@&ed., respectively, but only less than half for-CZ

red. (26m? g1). These results confirm that the improved microstructure due to a secondary
promoter like Al or Ga was successfully carried over from the calcined catalysts to the activated
reduced catalyst$: 3 This structural promotion effect is again explained with a geometrical
spacing or steric effect leading to smaller crystallites of Cu and ZnO in the presence of the

secondary promoter.
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Figure 4.3: Powder XRD pattern of the reduced CZA (black, lower pattern), CZG (red, middle
pattern) and CZ (blue, upper pattern) catalysts. The bar charts of the references are related to
zinc oxide (grey, #002300450) and metallic copper (black, #001512504) arefrtaikeG@OD

database. The activation was performed with a flowrate @hil,nirn* of 5vol% Hydrogen in

Argon heating up the calcined sample (12%0um sieve fraction) to 27%C with a heating
rate of 2°C mint and holding the temperature for 4 h to ensure complete reduction.
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HR-TEM of CZA, in this case an earlier preparation of the-Bktl. catalystKigure4.4 a)),

shows the abovmentioned microstructure of alternating metallic Cu and ZnO nanopatrticles
that aggregate into a porous arrangement, which is typical for inddgpélmethanol
synthesis catalyst3®® These poorly crystalline ZnO particles adopt to the usual Wurtzite
structure and represent the primary structural promotion bycdouredred in Figure4.4).

Close inspection of the images reveals an additional overgrowth of the Cu particles, which was
described as a Zn&ayer with graphitic structuré® This represents the ZAspecies and thus

the primary electronic promotion by Znafouredyellow in Figure 4). Note that the state of
Zn'®d detected in the TEM at vacuum and room temperature is likely changed dynamically in
the presence of the feed gas at operation conditféms.this work, we assume that the red
colouredZnO support particles act as a reservoir for the yelolsuredzZn'? as depicted by

the arrows irFigure4.4.
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a) State after TPR - TEM b) State after TPR - Scheme

# Pal et
Additional Znred species
(electronic promoters)
formed upon catalyst
reduction by SMSI

Cu particles

ZnO particles
(structural promoters)
and reservoir for Znred

c) State after 15t H,-TA d) State after 15t N,O-RFC e) State after 2" H,-TA f) State after 2" N,O-RFC

d) = Cusur + Znred

e) —c) = Cusut

d) — ) = Znred
Figure 4.4: a) Representative HRTEM image of the microstructure of@dAwith coloration
to illustrate the main components Cu particles (bripvidmO particles (red) and 7% species
(orange); the original TEM images can be found in the SFigare S111.6 on page215. b)
Schematic representation of tmscrostructure after TPR. ¢)f) Assumed surface states after
the steps in the series of chemisorption experiments with c) hydcogerage of Cii", d)
oxidation of Zff9and Cy"", e) rereduction of C&'"only, f) reoxidation of C&" only. Before
each step, the reactor was purged to receive a clean, adsedrbatsurface. The assumed
meaning of the chemisorption capacities is summarized at the bottom. Thep2gies is
represented here as a potentially porous, overgrowni&i&@yer on the Cuparticle inspired
by the TEM work of Lunkenbein et @1 However, based on the chemisorption data, no claim
in such direction is intended. A surface alloy state can be considered accordingly, in which
case the orange layer thickness could represent the Zn fraction in its composition. A dynamic
switching betweenvergrowth and alloy and intermediate states depending on the operating

conditions of the working catalysts as suggested by Pandit’&f séems likely.
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Thus, for a full description of the catalys
electroni@al promoting effect must be considered beyond purely steric arguments. For this
purpose, an advanced chemisorption procedure was applied on the three reduced catalysts CZ
red., CZAred. and CZ@ed. to address the formation of '@nspecies. After TPR, four
consecutive chemisorption measurements have been conducted using hydiOgbapdhbgen

and again MO as probe molecules, but without intermediate reduction at high temperature. The
resulting series of Htransient adsorption @-TA) and NO reactive frotal chromatography
(N2O-RFC) experimentsare shown in Sl in chapter11.6.2.4 fiNitrogen capacities from

chemisorption experimeris st ar t i2zbl2g on page

N2O-RFC is based on the decomposition eDNinto O* and N at the surface and is well
established®® 103104 11The N\O chemisorption capacity was for a long time thought to happen
only on metallic Cu surface speciessfuand the results were routinely recalculated into
specific Cu surface areas based on a stoichiometry 8f:Ouof 2:1 and the surface atom
density of Culll. However, the results reported by Kildl. 1*2 and Fichtlet al. ®° clearly
showed that also Z# species can be+axidized by NO leading to a higher capacity compared
with hydrogen as a probe molecule and thus to an overestimation®8fiC Zn-promoted

catalysts.

Our chemisorption analysis adapts the measurement protocols aétiallf-2and Fichtlet al.

%9 presented in their chemisorption analyses ob@sed catalysts and takes their conclusions
into account. After activation by TPR at 275, the reduction of Cu has generated metallic Cu
surface sites Ctf" and possibly additional Z%. 1> In the first B-TA, Cu“" is covered by
hydrogen, while based on a-fIPD experiment of Fichtet al, ® in which no hydrogen
desorption from Z%up to 127°C was observed, Z%is assumed not to interact with hydrogen
strongly.®® *2Thus, we camssumehat this first H-TA experiment only probes G{f with a

given adsorption capacity. After purging to clean the surface from any adsorbate, a rgQular N
RFC was conducted. We assume that th® Rhemisorption capacity in this chemisorption
step is a measure for the sum of'and Zi*s peci es at the catalyst.:
converted to Cli">0 and ZnO by 0**?|n a second HTA, Cu" in Cu/¥%0 is reduced back

to Ci"" and subsequently, hydrogen is adsorbed on the newly generated metallic surface.
However, due to the lower temperature of this experiment compared to the initial TPR, ZnO
can be assumed to remain in its oxidized state without tfemetion of Zrfd 112 1%4Thuys,

the second HTA will probe the rereduction of the Ci"0 layer plus the adsorption capacity

due to C8'" As the latter was already determined in the firsfTi4, the amount of Cl{" can
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be calculated by the difference in the adsorption capacities of #16A&1 prior and after
N-O-RFC following Kuldet al.*2

Furthermore, a fourth chemisorption experiment or sece@dRFC will start from a state with

Cu™M" but no Zff9 at the surface, which already has been converted in the iBsRRC and

cannot be réormed at low temperature. This is why the secop@-RFC can be referred to as

a M%aoarrected NO-RFCoO0 for Cu supported on2TAstheci bl e
difference in NO chemisorption capacities of the first &L+ zn®%) and the second

measurement (Ctif only) can be used to determitiee amount of Zi°

For the sake of a better comparison, the surface states of the three catalysts are discussed based
on the nitrogen releases (or O* capacities) durin@-RFC before and after intermediate-H
TA. With this method, the sum of €tfand Zr#in the first NO-RFC can be directly compared
to the C§""only in the second dD-RFC, and the amount of ZRis the difference of the two
values. Figure4.5). Comparison of the relative differences among the samples ' Cu
determined by this method and independently by the comparison of thetWastshows a
slight deviation of the Cti" determined by BD-RFC I, FigureS| 11.10). The results derived
from H>-TA underestimates thexMapacities of the second®*RFC by around 246 - 50 %.
Such underestimation can be explained with the error of the analysis ot loeneentrations
and the minimal concentration changes. Ketldl.*'2described a underestimation of the?t¥u

by 12% compared to the correctiTPD analysis*? The H-capacities are in a similar range
for CZA and CZG and significantly higher than for CZ. Overall, thel A describes the CY’
sites in a similar way as found for the-Bhpacities, but because of the abdescribed
uncertainties, only the results of the-dapacities are considered in the following comparison

as a more reliable description of the’tisites.

The nitrogen release of the reduced catalysts assignedstt sbow a trend CZA e d . a
CZG-red. >> CZred. with asimilar amount of Cti""in CZA-red. and CZ@ed., which is more

than doubled compared to €&d., and thus is consistent sequiantitatively with the BET
surface areas, with the differences in crystallize sizes and with the results of Tie We

thus propose that the structural promotion effect by the secondary promoters directly results in
increased amounts of € sites due the abowdiscussed described steric arguments. The
mechanisms of structural secondary promotion can be traced back to pretusuostry:
Starting from the catalyst synthesis, the secondary promoters influence the phase composition
and BET surface area of the precursors and calcined materials. This finally yields an increased
Cu dispersion due to smaller Cu patrticles that isecedd in the amount of G This structural
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promoting effect of Al or Ga is rather similar for both types of secondary promoters. If a specific
Cu surface area is calculated from®@the results are roughly 20 of the BET surface area
for all three samples suggesting a similar microstructure of the catalysts with a more or less

linear sizescaling effect due to structural promotion by the secondary proffiatele4.2).
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Figure 4.5: Nitrogen capacities of ¥D-RFC of the prepared catalysts. The first column of each

catalyst corresponds to the titration after reduction at 2%n 5% Hz/Ar (Cu/“™+Zn"™9. The

second column per catalyst corresponds to th&Csites, determined by.N-RFC after

reduction in H-TA. The last column of each catalyst is the calculated amount of the reduced
Zn species (Zff) of the two previous columns.
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Table4.2: Comparison of the surface areas of the catalysts after activating &g 4 h.

The calculations of the crystallite size:{deduced, PxRbWere performed on the Cu 111 reflection

by applying the Scherrer equation. The surface arear AcduceaWas determined by N
physisorption, and the surface areawf was determined by J-RFC after carefully
reducingthngObsz-TA.DAC@uMBE,ﬁ’ describes the quantity o

to the total surface of the reduced catalyst
Sample ABET, red A(;@urf DAC§UV$ABET, dCu, reduce
ml_logide ml-lCQIc. reduced nm
%
CZA 72 13 18 7
CzG 65 13 20 6
Cz 26 5 19 17

Interestingly, the amount of Zfdetermined using the abodescribed chemisorption method

on our catalysts revealed quite different results suggesting an effect of the secondary promoter
also on the SMSI in terms of electronic promotion. The trend was
CZA-red.>> CZGred.& CZ-red. with the amount of Z# being clearly highest for CZfed.

Note that these details cannot be deduced from the #&R¥C alone, which shows the sum

of Cu®" and zri*d with a trend CZAred. > CZGred. > CZred. as an information on both
structural and elémnic promotion. In fact, for the secondarily promoted samples, the increased
nitrogen release right of CZ#fed. after reduction is strongly affected by theoxelation of
Zn"9sites.

Based on chemisorption alone, no information about the detailed naturé&bisZossible.
However, its reoxidation by O* during NO-RFC is anyway compatible with both, the partial
and full reduction models leading to ZnQovergrowth (x < 1)?% €0 14gr syrface alloy
formation?® 112 1%4x =0). The dynamic formation of intermediate states with thexistence

of ZnO.x and the surface alloy also seems likely and has been suggested byePahdit
based on DFT calculations and Zreldge XAFS investigations of an inverse 2n@u/MgO
catalyst subjected to different reduction temperatdpésn this study, all catalysts have been
subjected to the same reduction treatment at’Z78 hydrogen and differences in the extent

of reduction,.e. different extents of Zf® formation, should be due to the different promotion

of the catalysts. Interestingly, considering that at full reductic@ad Z#? might be present
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in a surface alloy GiZn 2 5 and assuming an oxidation into €40 and ZnO by
N2O-RFC, % 1123 zredCutUratio of 1:1.5 would be expected, which is only slightly exceeded

in CZA-red. and clearly not achieved@ZG-red SI, TableS1 11.12). Due to the low capacities

of CZ-red. in the range of the error of theasurement, no safe conclusions on such ratios are
possible for this binary catalyst. However, we clearly find different amounts @ttt CZA-

red. having reached an almost fully reduced state of the surface if surface alloy formation with
a CwZn stoichiometry is assumed, and significant lower extent & Brmation in CZGred.

at an otherwise similar microstructure and a similar amount 3f'Chis result indicates that

the different reducibility for the ZnO components depends on the secondargtpr, and that

this electronic promoting effect strongly depends on the nature of the secondary promoter being

Al or Ga, while the structural promotion was quite similar (see above).

However, despite the higher amount of"?rin CZA-red. than in CZ@ed., DRIFTS
investigation of CO sorption experiments of the catalysts demonstrates that the electronic effect
on the sorption properties was similarly effective in these two catalysts and substantially less
effective in CZred. Bah on CZAred. and CZ@&ed., CO chemisorption was hardly possible

and only CZred. showed the expected vibration band for adsorbed CO W &unitially

2112 cmt, assigned to defective Cu sites,Cwith or without very thin ZnO coveradé>!"

and an additional band at 21d@r! which correspond to Cisites!’* as a residue of incomplete
copper reduction. After longer exposure, the band at 2146 disappeared Rigure4.6,

40 min) as completion of Cureduction to Ciby CO and a slight reshift to 2105cm™* was
detected which is assigned to'®wn a oxidic surface giving evidence for a close ZD®
interaction’! Simultaneously, the absorption around 2091 could be assigned to a Cu/ZnO
interphase ’® or a linear CO adsorption on Cu 110 fatét However, wavenumbers below
2100cni? can be assigned to metallic G "but still no band developed on the secondarily
promoted catalysts. This suggests that the catalyst surface was completely modified and did not
allow for the ortop adsorption of CO on C{f, likely due to Zf#9speciesKigure4.6). Similar

results have been reported befdtt and are interpreted here as a successful modification of

all Cu" sites on the smaller Cu particles in GZéd. and CZ@ed. by the clearly detected

Zn™d in both catalysts due to the enhanced reducibility of zinc as a result of the electronic
promotion with the secondary promoter. The larger Cu particles ere@Zwith a lower

amount of Zff9 however, seem to still expose unmodifiedCu

48



4  Onthe secondary promotion effect of Al and Ga on Cu/ZnO methanol synthesis catalysts

K0 min —CZA

2112 .1 ——C26

—CZ

1 min

Absorbance / a.u.

=t N
| | 1
|

2300 2250 2200 2150 2100 2050 2000 1950 1900
Wavenumber f cm™

Figure 4.6: CO adsorption DRIFT spectra of the carbonyl region recorded at 1 and 40 min of
exposure to 0.201% CO in He at 10°C after reduction for 4 hours at 27% with 5% Haz in
He.

4.3.2.2 Promoter Speciation and Reducibility of Ga and Al doped ZnO

To find an explanation for the electronic promotion effect of the secondary promoter detected
in the chemisorption and DRIFTS results to modify the adsorption properties of the Cu surface,
we have investigated the hypothesis that the secondary promate!GAl is at least partially
incorporated into the primary promoter ZnO as a dopérfthe speciation of the secondary
promoter is not easy to determine due to the low amount and high dispersion. A fraction,
however, was found in the ZnO component for APBY MAS-NMR in the reduced and for

Ga by Ga Kedge XANES in the preatalyst.®* We have recently confirmed that the
incorporation of Al in ZnO is possible by -@vecipitation using a synthesis route that is
analogous to the catalysts synthesis but without the copper component, yielding diamagnetic
samples that weranalysedby 2’Al MAS-NMR and determined the solubility limit of i
residing in the Zf-sites of ZnO for this synthesis method torh@%Al in ZnO:Al. "2Optical
spectroscopy confirmed the modification of the eglectronic properties of ZnO due to
doping. We hypothesize that these modifications of one SMSI component in the catalyst can be

responsible for the observed altered adsorption properties Glutkarface in the catalysts.

For CZGred., the speciation of the secondary promoter was fuatheysedoy Ga Kedge

XANES afterin situ-reduction. The catalyst was reduced ir22®. in N2 in a cell reactot’®
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and Ga Kedge XANES spectra were recorded at 25@n flowing hydrogen representing the
activated state of the fresh catalyst. XANES spectra cbxtde reference materials were
combined to a model fitting the CZG spectrufig(re4.7) using linear combination analysis.
According to the data of theight best fits generated, the ZnO¥3Ga ( a Ga doped ZnO
(ZnO:Ga))data was required as the main component in any of the cases to result in the most
reasonable fits. (Supporting Information). It is therefore suggested that just like in the
Zn0/3%Ga reference, Gais incorporated in the ZnO lattice in the CZG sample.
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Figure 4.7. Ga K-edge XANES spectra of the activated CZG catalyst at@%5 20% Ha in
N2> and results of the linear combination fit using the experimental spectra of gallium oxide

reference materials.

This result confirms that after reduction, a fraction of Ga is present as a dopant to the primary
promoter ZnO. This fraction is estimated to be larger than proposed in the literature for Ga in
the precatalyst state or for Al in the reduced stéteyhich might be explained with the lower

size mismatch between Zn and Ga compared to Zn and Al and a possibly higher solubility limit.

To connect the doped state of ZnO with the observed modification of the Cu surface, the effect

of the dopant on the SMSle., on the reducibility of ZnO was investigated by DFT assuming

that an increased reducibility of the primary promoter directly affects the amountbb@n

the catalystds surface. Reducibilityibyf the
formation of oxygen vacancy and Zn vacancy. First a four layers thick 4x2 larg&ln€lab

was used and calculated single surface omyged Zn vacancy formation energies as the
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reference. Then analogous calculations for a system in which single Zn atoms were substituted
by Ga or Al were performed. Similarly, bulk ZnO with and without substitution by Ga and Al

were investigated.

The results are preseintthe Table4.3 andthe structuresire shown as Sl iRigureS111.16.

The results show that oxygen vacancy formation is easiest for the undoped ZnO and is slightly
lessfavouredfor Ga and Al substituted systems. This result reflects the higher valence of the
trivalent dopant, which requires more oxygen atoms for chemggensation. On the other
hand, formation of Zn vacancies, which can
for Znd assuming that the Zn atom migrates from ZnO to the Cu surface due to SMSI, is
favouredin Ga and Al doped systems in particular in the bulk. This means that a removal of Zn
results in a transfer of positive charge to the @& Al dopants and the system is stabilized in
this way. With this model, the stronger electronic promotion of the secondarily promoted
catalysts observed in the experiments can be explained. Interestingly, looking at the two
secondary promoters the resutggest that Z#f formation from Al doping is indeef@dvoured
compared to the Ga dopant, explaining the stronger electronic promotion effect of CZA
compared to CZG reflected in a higherZamount determined by chemisorption. Thus, we
propose a scenariin which the secondary electronic promotion by Al and Ga are explained
by their presence as dopant to the primary promoter ZnO. As such they promote its primary
electronic promotion function as reservoir for2hy increasing its reducibility arfdvouring

a Zri®dspillover to the copper particle.
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Table4.3: Oxygen and Zn vacancy formations on the GaZAkp 110 surface referenced to
the values for ZnO(110). Oxygen and Zn vacancy formation in the Ga{@lpulk referenced

to the values for ZnO.

Composition Oxygen vacancy formation Zn vacancy formation
energy energy
eV eV
ZnO(110) 0 0
GaznO(110) +0.21 -0.76
AlZnO(110) +0.36 -0.80
ZnO17 bulk 0 0
GaznOi bulk +0.41 -2.15
AlZnO- bulk +0.34 -2.47
4.3.3 Summary of the Microstructural Characterization and the

SecondaryPromotion Effect
The characterization of the freshly reduced state of the catalysts CZA, CZG and CZ demonstrate
that the secondary promoter affects the catalysts in at least two distinguishable)wWagsty
as a structural promoter leading to a higher Cu dispersion and larger specific Cu surface areas,
and (i) it acts as an electronic promoter and by increasing the reducibility of ZnO, enhancing

SMSI and leading to a more efficient coverage of the Cu surface withspacies.

The former structural promoting effect is mainly explained by the effect of the secondary
promoter on the phase evolution during catalyst synthfesiguring a more naneized
malachite precursor material with a higher degree of substitution. This promotion is carried
over from the precursor to the pratalyst and finally to the reduced catalyst and was found to
be similar for CZA and GZG leading to a largenount of exposed metallic Cu sites with a
clear distinction from the binary CZ. The latter eleotcoeffect is explained by an activation

of the Zri*%reservoir in the primary promoter. DFT calculations are in agreement with the
chemisorption data, showing that this contribution is stronger for Al compared to Ga as a

secondary promoter, leading to a higher amount of exposéannCZA compared to CZG.
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Nonetheless both catalysts show a complete modification of the adsorption properties of Cu in
the DRIFTS results, which was not reached for the binary CZ.

From these results, the following picture of
as schematically shown Figure4.8. The CZA and CZG contain similarly small nanoparticles
of Cu (brown) and ZnO:M (dark grey), which are significantly larger in CZ. This difference is,
e.g, reflected in the crystallite size analysis by PXRD, which corresponds to a metal surface
area as represented by the green area. Sequential chemisorption was able to further discriminate
the surface states and to distinguish between exposgtl @lue area) and 2% (yellow
coverage). The amount of &l was similar for CZA and CZG and higher than in CZ in
accordance with a more or |less fixed ®latio o
however, was different in all three samples™¥s represented iffigure4.8 inspired by the
ZnOuwx overgrowth modef® in which the thickness of the overgrowth is a measure for the
amount of Zff% However, the same considerations hold true for th&Csurface alloy
model!'2in which the thickness of the yellow parts in Figure 8 would represent the Zn content
of the alloy and thus is an analogous measure 6f.Zfhe amount of Zfis the highest in
CZA. It is moderate in CZG, but still sufficient to modify all Based adsorptions sites as
shown by DRIFTS. Least Zis found in CZ, where also unmodified €fisites are exposed.
This model of the microstructure and surface properties of the three catalysts will be used in
the following to discuss the catalytic activitycastability.

CZA

+ Crystallite size (XRD)
= Cu™ not exposed

CZ

= Larger Cu and ZnO particles
« Evenless
« Cu® exposed

CZG

+  Similar microstructure
* Less
+  Still Cus“" not exposed

Figure 4.8: Schematic visualization of the Cu microstructure and theZ@unteraction
depending on the secondary promoter. The value of the PXRD crystallite size is demonstrated
as green ring, the Cti' sites determined by R-RFC are presented as a blue ring and the
Cu™+Zn™d sites are presented as a yellow surface.
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4.3.4 Catalysis of the copper zinc oxiddased catalysts
All three catalysts were tested in methanol synthesis under industrial conditions. An overview
on the methanol yields along the time on stream (TOS) after reduction and stabilization for

around 200 hours is given kigure4.9.

RedLéction CO/H, CO,/H, CO/H,
0.50 _Stab|l|zatlon} L L. 015 . .
0.45 - Equilibrium A 0.5 P
0.40 -
0.35
§0.30—
= 0.25
0.20 -
0.15{ CZA
0104 CzZG
0054 Cz oo . \
0.00

0 200 400 600 800 1000 1200
TOS /h

Figure 4.9: Methanol yield of the CZA (black), CZG (red) and CZ (blue) catalysts
(1257 250um particle size fraction) at 238C and GHS\E= 1700h™. The feed gas was
H2:COx=2 if not indicated differently. The pressure was 30 Bdre dashed line corresponds

to the equilibrium determined by Gibbs minimizatidhe lines are to guide the eyes.

First the catalysts were tested in CO hydrogenation using stochiometric feed gas at the
experimentdos reference conditions. Afterwaro
pressure are changed to determine the influences of phesess parameters on the catalytic
performance. Each catalyst was investigated at four different temperature®C(222) °C,

235°C and 245°C) and at three different GHSVs (1200,11700 ht and 3600 H).

As shown inFigure4.9, during CO hydrogenation at 23%, the equilibrium methanol
formation was not reached. Only after addingd550 % CO; as carbon source, the methanol
yield reached the equilibrium in case of CZA and CZG as catalysts. Therefore, the methanol
synthesis using CO as feed gas will be discussed on the results obtained at a GHSVf 1700 h
where the catalyst activity was high allowing a good comparison, but still far away from the
equilibrium. In case of a mixed synthesis gas (COACMe higher GHSV of 3600 will be

used for discussion of the results, since the CZA catalyst reached ahia@ady the

equiibrium, as shown ifrigure4.9.
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434.1 Activity in CO hydrogenation to methanol
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Figure 4.10: Methanol yield during CO hydrogenation of the catalysts CZA (black), CZG (red)
and CZ (blue), all with a 12850 um size fraction. In a) the hydrogen partial pressure variation

at 1700h?, 30 bar, 220°C, in b) the pressure variation at 170alhH;:CO = 2 and 22C0C, in

c) the gas hourly space velocity (GHSV) variation aO® = 2,220°C and 30 bar and in d)

the temperature variation at 1700thH:CO = 2 and 30 bar are shown. The dashed line
corresponds to the equilibrium determined by Gibbs minimization. The lines are to guide the

eyes.

During CO hydrogenation the CZA catalysts reached a higher methanol yield at all conditions
followed by CZG and CZ as it is shownkigure4.10.

By increasing the hydrogen part@mkessureKigure4.10a)), the methanol yield of the catalysts
slightly increased. This increase of the catalyst kinetics is much less pronounced compared to
the equilibrium methanol yield. However, the catalysts performances are far away from
equilibrium and therefore, the hydyen activation does not become a limiting factor. Only, if

the catalysts had reached the equilibrium yield of methanol, an increase of hydrogen partial
pressure could increase the methanol yield substantially. Besides, the variation was in a very
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small range of 0.5v0l% concentration change. The pressure variatibigufe4.10 b))
demonstrates that the methanol yield strongly follows the reaction pressure. This is not
surprising, since methanol synthesis is a mol reducing reaction and therefdaeduiedby
thermodynamics at higher pressure and the catalyst performance follows this trend, while their
relative kinetic differences remain. Even at these conditions, the catalysts did not reach
equilibrium in methanol yield with a GHSV of 1706 at 220°C.

Comparing t he c adeperidgneseh thesGHE\E gures!l.10m)y thecmeethanol

yield increased with increasing contact time or decreasing GHSV as expected. For CO
hydrogenation to methanol, no product inhibition effects like in industrial syngas mixtures are
expected as in contrast to methanol synthesis from thére is no inhibiting coupled product
H20. In the whole GHSV range investigated here, the kinetics of the catalysts are too slow to
reach equilibrium yield, proving that the tests were done in a kinetically controlled regime as
required for a proper activity comparison. The activity rankinghefthree catalysts is still
valid: CZA was the more active catalyst followed by CZG and CZ. To reach higher methanol
yield in CO hydrogenation, the contact time could be lowered and optimized as in industrial

processes:>?

Regarding the temperature variation, thermodynarf@gor methanol synthesis at lower
temperature, because of the exothermicity. On the other hand, the catalysts kinetics is slow at
lower temperature and increases with temperature according to the Arrbehangouras

shown inFigure4.10 d). At 245°C the catalysts approach the equilibrium methanol yield
compared to the kinetic regime at 205 or 220 Comparing the three catalysts, CZA shows
again a higher activity than the CZG and CZ. Comparing the line shape of all three catalysts,
the secondary promoted catalysts shows a stronger kinetics towards the methanol equilibrium
than the reference catalysThis trend is reflected by the lower apparactivation energy in
methanol formation for the secondary promoted catalysts. The apparent activation energies was
determined to 99 kJ niéblfor CZA, 104 kJ mot for CZG and 109 kJ mdlfor the referene

catalyst (SIFigureS111.18 and TableSI11.14). This values are in accordance with the
reported apparerictivation energy in C@ich synthesis gas around 1KD mot! by Fichtl et

al. 3° Therefore, the secondary promoted catalysts are facilitated in methanol formation, which

allows to reach faster the equilibrium yield compared to the CZ catalyst.

In summary, normalized to CZ, the effect of the secondary promoter on the activity of CO

hydrogenation was 37% for CZA and 207 for CZG at the reference conditions and this
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trend remained rather consistent during the process parameter variation, while the absolute

values were affected in an expected manner.

4.3.4.2 Stability in CO hydrogenation to methanol

To evaluate the methanol formation rate evolution of the three catalysts, only the CO feed gas
experimentations at reference conditions of T = Z35GHSV= 1700 h', H:CO = 2 and 30

bar after different times on stream (TOS) are considered. The experiment covers over 600 h
TOS after reduction and stabilization. They show that the catalysts have lost their initial
methanol activity continuouslyF{gure4.11 a)). The relative formation rates (shown in
Figure4.11b)) reveal that CZA was the most stable catalyst and 0% abits initial activity,

followed by CZG (23%) and the binary CZ catalyst (30). The main reason of deactivation

of copper catalysts is the sintering of the reduced metal at temperatures close to the Hiittig
temperature of ~18%C, caused by its meta stable facets, Ostwald ripening and coalescence of
copper.30- 59 17476 The different deactivation rates of the three catalysts demonstrate that the
secondary promoters execute their structural promotion effect effectively over long TOS and
have a conserving influence on thetesamal yst o
history, it can be concluded that Al as secondary promoter has a stronger conserving effect than
Ga, while their structural effect on the evolution of the microstructure during catalyst synthesis
was rather similar (see above). The absence afandary promoter leads to lower activity and
stability of the primary promoter zinc oxide alone. The steric effect of structural promotion by
the presence of refractory oxides to prevent copper sintering has already been reported
previously.® % 167Under finite conditions of pure CO hydrogenation, catalyst deactivation is
observed to be relatively low and stabilizing intermediates were suggested as the®Peason.
While the differences in our three catalysts can be traced back again to the secondary promoter
effect, such intermediates may also play a role in our experiment and contribute to the overall
acceptable stability performance. Yet it has to be considbegdihite conditions were not
present, since the catalysts did not reach equilibrium methanol yraduir¢4.9 and
Figure4.10).

Deactivation of solid catalysts follows in general a potential decay function. Since in the herein
reported case, our catalysts were subjected to a formation period of more than two hundred
hours TOSoefore the first data point was measured, the region with steepest slope with the first
strongest deactivation part was not recorded and a linear fit was appfigtT.he fitted linear

slopes are shown iRigure4.11 a). In this comparison, CZG was the least stable catalyst with
the highest deactivation rate, followed by CZA and CZ. This suggests a stronger absolute
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deactivation of the secondarily promoted catalysts, but the methanol activity as well as the
relative stability () was still clearly higher than for the CZ catalysts.

a)3.2- b) 2 100
95-

90
CZA
854

804
CZG

734
cZ

- T T T T T T 1 70 T T T T T 1
100 200 300 400 500 600 700 800 200 300 400 500 600 700 800

TOS/h TOS/h
Figure 4.11: a) Methanol formation evolution of the copper based catalysts during CO

relative methanol productivity loss /

hydrogenation. The line corresponds to a linear fit of the activity loss whereas the dark coloured
area represents the 96 confidence interval and the lighter coloured area represent tH# 95
prediction band. b) Relative methanol production evolution of each catalyst normalized the
initial methanol formation rate to 10%. Reaction conditions: 23%C, Hx:CO = 2, 30 bar and
GHSV of 1700 H

To better understand the structural changes and to relate them to the deactivation of the catalyst
during methanol synthesis, the spent catalysts were investigate®®XRD analysis
(FigureS111.19). Note that the spent samples were recovered after the stajigriment
described above plus the subsequent variation ing@@ial pressure, which might have had

an additional i nfluence on the catalystods mi
as a mixture of metallic Cu and CuO the latter being the product of catalyst passivation and
handling in air. Compared witthe fresh state, the initially faint reflections of zinc oxide in
catalysts containing the secondary promoter are more pronounced after reaction. Interestingly,
for the lower GHSV of 1200h more intense reflections of ZnO (and CuO) are present in CZA

and CZG than for the highest GHSV of 3608. Therefore, the almost amorphous primary
promoter ZnO in the fresh catalyst was crystalized after reaction to an extent that depends on
the contact time. Based on our data, it cannot be decided if this was an effect of CO
hydrogenation, C&hydrogenation, which leads t@ as coupled product with a potentially
crystallization accelerating effect, or both. Comparing the Cu phase ratios in the PXRD pattern
qualitatively, CZA contained the lowest fraction of raidized Cu species, which was highest

for the binary CZ. This trend is tentatively explained by the smaller Cu particles in the two
secondarily promoted samples, which tend to be oxidized earlier and to a higher extent upon
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air contact’’ during passivation and sample transfer than the larger particles in CZ. For a more
suitable comparison with the fresh state, the spent samples werkioed and ranalysedy

PXRD (Figure4.12). Compared to the fresh state showrkigure4.3, the copper reflections
became more intense and sharper, which indicates larger crystallites, and that Cu was indeed
sintered over time during methanol synthesis. The crystallite sizes based on the Cu 111
reflections, which were 6 nm for CZA and 7 nm GG in the fresh state, were now
determined to be 12 nm for CZA and i@ for CZG after methanol synthe¢&able4.2 and
Figure4.12). This indicates strong sintering of the Cu nanoparticles, even if the catalyst was
held under isothermal conditions at only 2& Such a drastic increase was not determined

for the CZ reference catalyst, but the initial crystallite size of 17 nm was only slightly increased
to 19 nm, which could be a hint that this corresponds to a stable Cu particle size for the applied
conditions.Interestingly, this relative particle size increase estimated by the PXRD peak width
does not correspond to the®lcapacities of a third XD-RFC experiment after seeduction,

which dropped by around 88 (CZA), 50% (CZG) and 6%% (CZ) compared to tfirst NeO-

RFC of the fresh catalystEifjure4.13 a)). The excessive loss i@ chemisorption capacity
detecting C&#"and z®%in the light of the smallest Cu particle growth in CZ suggests that this
catalyst undergoes an overproportioned loss 6FZites during deactivation compared to the
secondarily promoted catalysts. Unfortunately, the amount of sample was not sufficient for a
renewed sequential chemisorption series@RFCs and R TAs. However, the absolute®
capacities of CZA and CZG were similar and still larger than for CZ reflecting the trends in Cu

particle size.

We can conclude that all three catalysts were subjected to sintering during operation as a major
contribution to catalyst deactivation. The initially larger Cu particle size in CZ and the therefore
lower absolute size increase explains the apparent ragkeltute stability of this catalyst. The

sintering of CZA and CZG was rather comparable.
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Figure 4.12 Reduced catalysts after methanol synthesis for around 1200 h time on stream at
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Figure 4.13: Comparison of the specific copper surface area determined®yRFC for the
fresh and spent catalysts after 1200 h time on stream #Q@35HSV of 1700 Hx:COx = 2,

30 bar.
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4.3.4.3 Activity in hydrogenation to methanol in presence of CQ
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Figure 4.14: Methanol yield during CO+C&hydrogenation at HCOx= 2 and 30 bar with
125250um size fraction of the catalysts. In a) the LC&nount variation at 220C and
GHSV= 3600h™in b) the GHSV variation at 22C and xo, = 0.15 and in c) the Temperature

variation at GHS\= 3600 h*and xo, = 0.15 are shown. In black the performance of the CZA,

in red the performance of the CZG and in blue the performance of the CZ catalyst in methanol
synthesis are presented. The dashed line correspond to the equilibrium determined by Gibbs

minimization. Tk lines are to guide the eyes.

To investigate the effect of a mixed carbon source as in industrial feeds for methanol synthesis,
CO was gradually substituted by g @hile maintaining a HCOx ratio of two. A low amount

of 15 % CO. increased the methanol yield significantly for each catalygjufe4.14 a)).

Further increasing C{xoncentration results in a decreasing methanol yield. Nevertheless, the
methanol yield stayed on a higher level than for pure CO hydrogenation even%oCE».

The catalysts follow the shape of the equilibrium line with a rather constant approach for each

catalyst. Like in CO hydrogenation, the secondarily promoted catalysts were always more
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active than the binary CZ reference catalyst and among them, CZA showed a higher
performance than CZG.

The boost of CO hydrogenation to methanol by addition @&s previously described by
several researchers with the strongest effect found betweé#éna@d around 1260 CO
concentration into the feed ga8.1"® 1"*From a mechanistic point of view, this boost can be
explained by a change of the reaction route from a formyl intermediate with CO as precursor
to methanol to a formate intermediate from a;@@cursor? The insertion of C@into the

feed gas allows formate as an intermediate, leaving after hydrogenation to methanol a surface
oxygen or hydroxyl group, which enables the activation in terms of the water gas shift reaction
CO towards C@ and new formate that can be hydrogenated to meth&ndf: 1*°
Simultaneously, the formed methanol can promote the methanol syniaesmisautocatalytic
pathway involving methyl formate at a later stage of the reaction mechdftsfowever,

further increase in the G@oncentration leads to high water concentrations into the product
stream, poisoning the catalyst by product inhibitiéh.Furthermore the ZnO promoter
undergoes structural changes at the cost of the SMSI effect, inhibiting the autocatalytic pathway
of methanol 3% 3% 189As described by Sahibzada al, 8 this decay in methanol yield with
increasing CQ content can only be observed at finite conversion, whereas at differential
conversion the product inhibition is not observed and the methanol formation rate increases

linearly with CQ content due to the faster reaction of thex@@cursor®!

In our experiment, the decay of methanol yield a#@and 50% CO; thus indicates integral
conditions and the boosted methanol formation has brought in particulast@x®yly towards

the equilibrium yield. Upon decreasing the GHSV, the methanol yields of all three catalysts
converge towards the equilibrium yield, which is reached for CZA at 1¥@@dh also for CZG

at 1200 H (Figure4.14 b)). The slight exceeding of the equilibrium yieldRigure4.14 b) is

likely due to uncertainties of the calculated equilibrium line based on the thermodynamics of
ideal gases and due to calibration errors of the GC. For a robust comparison of the three catalysts
in the feed containing 1% of CO;, proximity to equilibrium has to be avoided at high GHSV

and low temperature.

This is the case for the data points at the moshkefd side oFigure4.14c) showing the effect

of temperature on methanol synthesis from a mixed synthesis gas. At lower temperature, a lower
methanol formation was observed for each catalyst. Moreover, the initial productivity increased
with increasing temperature caused byrthecelerated kinetics, bringing the reactions towards
equilibrium. Already at 238C, CZA reached equilibrium methanol yield and then follows the
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equilibrium line to 245C. The measurement at 220 of this catalyst might already be affected

by too integral conditions to obtain clean kinetic data. CZG and CZ did not reach equilibrium

at 245°C, but all three catalysts show the expected convergence of productivity as equilibrium

is approached at higher temperatures. For the comparative evaluation of the catalysts, the most
differential data point was chosen for CZA, which is the one at highdS\MGand lowest
temperature of 20%C. Unfortunately, athese conditions, there was zero activity of CZ, which

is why only the comparison between CZA and CZG was possible and for the comparison of
CZG and CZ, the data at 22@C was used, where these two catalysts are still far from

equilibrium.

In summary, the overall methanol formation rates have been boosted compared to pure CO
hydrogenation, but both secondary promoted catalysts are always more active than the binary
reference CZ also in the presence obClhe relative effect of secondary promotion was %73

for CZG and 45P6 for CZA referenced to CZ at the abeweentioned conditions.

4.3.5 Summary of the catalytic results and the effect of the secondary

promoter
The secondarily promoted Cu/ZnO catalysts outperform the binary reference catalysts clearly
in methanol synthesis from CO and £0uring the reaction, the catalysts sinter, but all show
a relatively stable performance. In particular, the structural promotion effect of the secondary
promoters observed during the evolution of a highly dispersed microstructure, was stable and
the smder Cu patrticle size was conserved for long time on stream compared to CZ. The similar
microstructure of the two catalysts witlie secondary promoter was not reflected in similar
catalytic activities, but CZA was clearly the more active catalyst than CZG for both carbon
precursors CO and GOThis can be ascribed to the more effective electronic promotion by Al
compared to Ga when introduced as dopant to ZnO (see above). While the promoting effect of
Ga addition was similar for CO and 8@ydrogenation leading to an activity of roughly 173
% of that of CZ, the addition of Al showed a larger impact in.G@rogenation (45%) than
in CO hydrogenation (37%). Considering that CZA show the larger electronic promotion
effect with a higher amount of A this results is in line with the proposal that®helps the

formate intermediate to be activated in the;@&hway to methanof?

Quantitative linking of the characterization results of the fresh catalyst with the catalyst
performance in our lonrterm experiment is challenging, since the catalysts were shown to
change,e.g. by sintering,during the experiment and such structural changes will affect the

performance depending to the pretreatment and to the conditions inside the téa&t@ur
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samples were tested for more than 800 hours with feed gas variation and the first activity data
are taken after 200 hours. Therefore, we cannot assign if the structural changes happened in the
formation period, in the CO hydrogenation or in the.Gdrogenation sections of the
experiment or in combinations thereof and cannot link them to the different performance
parameters. Nevertheless, with that in mind, an attempt was made to apply the turnover
frequencies (TOF) concept using the chemisorgiiapertes of a freshly reduced catalyst and

the earliest catalytic data point of the CO hydrogenation reference activity data around
200hours TOS and the COChydrogenation data (180 CQO,) obtained at 220°C and
GHSV=3600h?. The same activation protocol was followed for the chemisorption and the
catalytic experiments (da= 275°C),

An approximately similar TOF is expected for the methanol formation sites under the following
assumptions: (i) the active sites involve Ctf, e.g, for hydrogen or formyt® activation.
(i) They also contain Z#f, e.g, for the activation of €hound
intermediate$? 4such as formate or methoxy.
(iif) Both surface species will be the same for each of the three catalysts, but
(iv) their total (structural promotion) and relative concentrations (electronic
promotion) are different.
The different TOFs based on €{#zn¢ Cu“"only and Zff% only (of the fresh catalysts) as
well as the corresponding methanol productivities (at the abmrdioned conditions) are
shown inFigure4.15a) for CO hydrogenation and in Figure 15 b) for.®§drogenation.
The productivities of the catalysts follow the same trend in both reactions that was already
described above: CZA reached the highest methanol productivity followed by CZG and the
binary CZ. Because the combined*#Zn"? sites have the largest chemisorption capacities,
the TOF based on these sites were lowest. But for CO hydrogenation, only these TOFs of the
combined sites show the expected similar values. This demonstrates that indeedHathdCu
Zn"®Ysites might be involved in the active sites @O hydrogenation. Based on the potential
diagram presented by Stuettal, 16 it may be speculated that the former activate tHms@nd
formyl intermediates early in the mechanism, which spill over to the latter once the intermediate
changes to @ound methoxy. Contrarily, a scattering of the TOFs was found for tHé& @nd
Zn®Y sites. The scattering shows that the synergetic interplay 9f @ud Zi#*¢ e.g, in form
of a surface alloy or interface sites, plays a major role for the methanol activity of the catalysts
in line with earlier investigation$!? 1>6This hypothesis is in line with the previously observed
scaling of activity with the chemisorption capacity determined §9-RFC, 2 but enhances
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the interpretation beyond a pure Cu surface area effect taking also*tA& @t synergy into
account.

For CQ hydrogenation, the productivities in methanol synthesis are as described above. The
CZA and CZG are more productive than the CZ reference catalyst. However, the TOFs based
on Cd'"™+Zn"™%are closer than the pure €lor Zn®dsites. Beside the fact, that more thar?80

of the carbon source is CO and a strong reducible synthesis gas mixture was applied to the
catalysts, a strong deviation of TOF is not expected. On the other hands @f@ferably
converted to methanol in a mixed synthesis®§saving surface oxygen and hydroxyl groups,
which enables the activation of CO as a formate intermediate and following the formate route
to methanof® %% In this case of a mixed feed gas compositiori®Zran be considered as a
thermodynamic sink taking out the redundant oxygen by oxidizing to Zrf® *'In this case,

the TOF should follow the Z#trend more than the combination of¢land Zr*% However,

it can be assumed, that the present CO in synthesis gas is activated as formate on such oxidized
Zn"9species and scavenging the formed water. The experiments does not deliver hints to the
extent of reoxidized Zr*species. Therefore, it can be possible, that only few sites are oxidized
and accelerate the methanol formation. That would be the reason that the methanol synthesis

appears more on bo@u"and Z*¢sites.
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Figure 4.15: Turnover frequency of tH@ZA, CZG and CZ in methanol synthesis a) at 17H0

235°C, Hx:CO = 2 and 30 bar after 200 h TOS and b) at 360%) 220°C, Hx:COx = 2,
Xco, = 0.15 and 30 bar after 800 h. The first column (yellow) is based on tH&+zn™d, the
second columiblue) is based on the €tfand the third column (grey) is based on th&%n
determined by pO-RFC.
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4.4 Conclusion

In this work, we have adapted an advanced sequence of chemisorption experiments for the
investigation of the secondary promotiefiect on Cu/ZnO catalysts for methanol synthesis.
Therein, ZnO acts a primary promoter that has both a structural and an electronic function which
is based on ZnO nanoparticles and reduced zinc surface spe€feseBpectively. We were

able to quantify the absolute chemisorption capacities as well as the ratio of metallic Cu surface
sites C§""to Zrf®sites for three catalysts without secondary promoter (CZ) and waitl%

of Al (CZA) or Ga (CZG) as secondary promoters. The major results of thedsego
promotion effect are:

1 There is a strong structural promotion effect if the secondary promoters are present that
roughly doubles the total chemisorption capacities of CZA and CZG compared to CZ.
This result is consistent with physisorption data and smaller crystallite sizes.

1 This secondary structural promotion effect is similar for Al and Ga and can be explained
by a more efficient nanstructuring and Zn distribution already in themecipitated
precursors, which is carried over to the activated catalysts.

1 In addition, an electronic promotion effect was present, which caused different amounts
of Zn"*%at the catalystodos surfaces. This effe
acting as secondary promoter. DRIFTS confirmed that still the effect was strong enough
on CZG to fully modify the adsorption properties towards CO, while only on CZ typical
features of free Cli" were detected.

1 This secondary electronic promotion effect can be explained by doping of the primary
promoter ZnO by Al or Ga. Such doping was confirmed in the activated catalyst CZG
by Ga Kedge XANES. DFT calculations show that, with a secondary promoter doped
ZnO actsas a more efficient reservoir for Phspecies by stabilizing the resulting Zn
vacancies. In line with the experimental observations, a stronger effect was found for
Al compared to Ga.

1 In methanol synthesis from CO or @ZA was the most active catalyst followed by
CzG and Cz. After industrially relevant t
structural promotion effect was mitigated by Cu sintering, but still partially maintained.
This led to similar crystallé sizes and chemisorption capacities of the spent CZA and
CZG, while CZ showed larger particles and lower surface area.

1 The better performance of CZA compared to CZG despite their similar fresh and spent
microstructure is explained by the secondary electronic promoting effect, leading to

more Zr¥ on the former catalyst.
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1 Based on the almost fourfold activity increase of CZA relative to CZ in CO
hydrogenation and only roughly threefold activity increase in CO hydrogenation, we
conclude that Zf® species are more relevant in the latter reaction, which is consistent
with the idea of activation of formate intermediates on such sites.

Altogether, a comprehensive model including Al or Ga addition to a binary Cu/ZnO catalyst

was introduced. A way of the secondary promoter strengthening the effects of the primary
promoter ZnO in the methanol synthesis has been proposed and an enhauncedpitte
active catalystdéds microstructure has been pr
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Abstract

The preparation of Atloped ZnO via thermal decomposition of crystalline precursors, with a
particular emphasis on kinetic effects on the solubility limits, was studied. The promoting effect
of AI** on the catalyst system is discussed for methanol synthesis where ZnO:Al is employed
as a support material for copper nanopatrticles. The synthesis oftlop@d zinc oxides in this

study was inspired by the industrial synthesis of the methanol synttegalgst via a co
precipitated crystalline precursors, here: hydrozincite(@HA)s(COs)2. To determine the
aluminium speciation and the solubility limit of the aluminium cation on zinc positions, a series
of zinc oxides with varying aluminium contents wsagnthesized by calcination of the
precursors. Short precipitate ageing time, low ageing temperature and aluminium contents
below 3mol% metal were advantageous to suppress crystallinepsidses in the precursor,
which caused an aluminium segregation and-uaiform aluminium distribution in the solid.

Even if zinc oxide was the only crystalline phase, TEM revealed such segregatiomplassa
calcined at 320C. Only at very low aluminium contents, the dopant was found preferably on
the zinc sites of theirzc oxide structure based on théf signal dominating thé’Al NMR

spectra. The solubility limit regarding this species was determined to be approximately
xa =0.013 or 1.3% of all metal cations. Annealing experiments showed that aluminium was
kinetically trapped on thé ¥ site and segregated into Zn@kh upon further heating. This
shows that lower calcination temperatures such as applied in catalyst synthesis conserve a
higher aluminium doping concentration on that specific site than is expected

thermodynamically.

5.1 Introduction

Zinc oxide is a typical semiconductor material with a wide direct band gap around 3%3 eV.

185 Several studies addressed the band gap engineering to improve the optical or electronic
properties 183 ¥ |ncorporation of a trivalent cation like aluminium in the zinc oxide lattice

introduces one extra electron, which results in a promotgdensemiconductot®’

Hence, the electronic conductivity of such a doped zinc oxide increases by the increased Fermi
level and the facilitated excitation of the additional electron to the conducting band, which
should be associated with a lowered band gap enéfgy: Such improvement of the electronic
properties of zinc oxide is not only of interest in the field of semiconductor applications, but
also in the field of catalysis.
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Typically, a coppérinc oxide catalyst contains around Z@aluminium oxide for industrial
methanol synthesis from G2 mixtures (synthesis gas). It has been demonstrated that
aluminium promotes the catalytic activity by improving and stabilizing the-saanoturing of

the catalyst (structural promoter) as well as the strong +sepgdort interactions between zinc
oxide and the copper nanoparticles (electronic promoter). Small amounts of this trivalent cation
also increase catalyst lifetime and redumgper sintering®! 3+ 153The doping effect of bivalent
(Mg?") and trivalent cations (Al, G&") in zinc oxide supports on the activity in methanol
synthesis was further investigatétiand it was found that a lower band gap energy of the doped
zinc oxide is correlated with a higher catalytic activity after impregnating it with copper. Such
a lowered band gap was discussbdcause ofaluminium incorporation similar to
semiconductor research. Contrarily, a bivalent cation does not lower the band gap nor improve
the catalytic activity significantly®” This finding is in line with studies, which found a
correlation in conductivity increase by trivalent catiedaped zinc oxides and a decrease for
cationic dopants of lower valenc{?? 13 These results led to the hypothesis, that beside the
structural impact also electronic properties affect the catalysis in a positive way, which can be
introduced by the incorporation of the®Akation and could be related to the reducibility of

doped zinc oxide under the hydrogenation conditions in methanol synffiesis.

In both fields, semiconductors and catalysis, the efficiency of the promoting effect depends on
the maximum incorporation of aluminium ions in zinc oxide and on their lattice site substituting
zinc ions { ) in the zinc oxide latticet®® Contrarily, a segregated aluminium oxide side
phase in a doped zinc oxide sample could suppress the electronic promotion by its insulating
properties.}4® 1% Thus, the determination of the maximum substitution limit of aluminium
atoms in the zinc oxide lattice is of high importance. This can be a quite difficult task because
of various side phases which can be formed. The solubility limit depends on thessyrdbte

and was estimated to be betweend% and 5.2at% aluminium in zinc oxidel44147. 149, 195

The determination of the substitution was performed with several techniques, like optical
measurement¥®, the reduction of dichromaté®, scanning electron microscopy with energy
dispersive Xray spectroscopy (SEMDX) analysis'®, Ramanrspectroscopy*, resistivity
measurement¥*’ and ?’Al solid state nuclear magnetic resonance (NMR) spectros¢tpy.

With the help of’Al NMR different aluminium environments can be resolved and assigned to
the different coordination numbers of aluminitith.248 149 194 this regard thé’Al NMR

signal attiso= 82.6ppm could unambiguously be assigned to aluminium on a zinc position in
the ZnO crystal structure T, 1% and Knight shifted signal gave evidence of the targeted n

doping leading to an electronic conductivify.
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With that method, the solubility limit is determined in a closer range o&t?630 <2 at%

aluminium in ZnO depending on the synthesis procedure and the synthesis tempgétditire.
148,149, 196The jnconsistenciaggardinghe solubility limit are subject of this contribution. The
hypothesis of a solubility limit is consistent with quantahemical investigations that

suggested a solubility limitation by the formation of the spinel ZOAI which acts as

ithermodynamic sinko and inhibit¥ THisogimat i on

agreement with earlier experimental work, where for a ZnfAmixture at temperatures
lower than 1250Ca s ol ubi | i tywas siggested bypky difraction. 28 To the

best of our knowledge, the solubility limit has not been investigated to that level of details in
the context of catalyst synthesis with different occurring -pitigses which impose a
thermodynamic limit as suggested by thedd/.Clearly, such an investigation requires an
analytical technique which can identify and quantify the different chemical environments of the

Al atoms and a lowwemperature synthesis approach to stabilize high Al substitution levels.

In the field of catalysis, the calcination temperatures are typically lower than the annealing
temperatures of semiconductors. At lower temperatures such agt300C the! ?l NMR

signal was observed to have a high inten$ty:*3Furthermore it was found that the metallic
character of ZnO:Al depends on the atmospherea reductive atmosphere may increase the
metallicity of ZnO:Al as indicated from the formation of a Knight shiftéd NMR signal.%®

19 For methanol synthesis, which inspired this work, the zinc oxide catalyst support is calcined
in an oxidative atmosphere at a comparable temperature arouri@.350 is the goal of this

work to investigate the solubility limit of Adoped zinc oxide for materials that represent the
catalyst support formed by this method.

To determine the maximum amount of aluminium substituted zinc sites, a series of zinc oxides
with varying aluminium content was synthesized usingpmazipitation of crystalline
hydroxycarbonate precursors, which is the established method for syntheSizitygO:Al
catalysts. In this case, the copper component was omitted to focus on the Séibploit.has

the advantage, that the aluminium and zinc components are well distributed. In addition, no
organic molecules are involved, which could interfere optical measurements. However, this
procedure opens another question, namely that of the substiti@mistry in the hydroxy
carbonate precursor. The aluminium doping of a specific precursor phase, like the hydrozincite
phase used here, should facilitate the formation of doped oxides upon thermal decomposition
of the precursor and increase the irdepersion of both elements after calcination. Within our
study, the question towards maximum substitution limit of Adns on the zinc sites in the

hydrozincite precursor phase as well as in the zinc oxide structure will be addressed. We further
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aim at studying the aluminium dopant also under hydrogenation conditions that are relevant for
methanol synthesis in forthcoming work. Finally, copper can be deposited on these supports
with the aim to relate the catalytic properties to detailed knowletifee aluminium species

and amount. Here, we report on thepaspared state of the catalyst support.

5.2 Experimental section

521 Sample labelling
The samples are labelled according to their nominal aluminium content relative to the total
amount of metal atomge. the catiorbased molar aluminiurimactionxa calculatedas shown

in equationM 5.1.

gl M 5.1
Here, ni is the molar amount of elementi = Zn, Al). Nominal values refer to the amount
utilized during synthesis, which was found to match satisfactorily to the experimental values

determined by ICP optical emission spectroscopy as discussed below in detalil.

5.2.2 Precursor synthesis

The hydrozincite precursor was synthesized byprazipitation with small amount of
aluminium. The precipitation was carried out in a 1L automated stirred tank reactor
(OptiMax1001, Mettler Toledo) using 1 M metal salt nitrate solutions at a tempera@é®f

and at a constant pH of 6.5. Appropriate ratios of zinc and aluminium nitrate, with a purity
098% (SI, TableSI 11.17), were chosen to reach nomirampositions ranging from @ to

10% Al (O L xa L 0.1). As precipitating agent, 1.6 M sodium carbonate solution wdsdco

into the reactor. The dosing rate of metal salt solution was adjusted gomnZ. After
precipitation, approximately 300 mL of precipitate slurry was obtained and aged for 10 minutes
without further pH control in the mother liquor. The precursor was washed with deionized water
10 times, to reach a conductivity of the filtrate loweartl00 puS cm and was subsequently
dried at 80°C for minimum 14 h. This synthetiprocedure corresponds to the industrial
preparation of the Cu/ZnO:Al catalyst for methanol synth¥&sisth omittance of copper salts

in the ceprecipitation.

For a timeresolved ageing experiment, a synthesis as described above was carried out with
aluminium content of 26 (xa = 0.02). After the finish of cgrecipitation, the first sample

(t=0min) was taken out of the reactor before precipitate ageing. At ageing timesniri,10
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30 min, 60min and 120min, additional samples were collected. The total amount of the slurry
removed was around 30l. After 120min, the remaining suspension was aged for additional

12 hours in a Teflodined steel autoclave (275 ml) under solvothernmalditions at 130C.

The Teflonlined steel autoclave was maximum filled by 2/3 of its total volume. The samples
were centrifuged and three times washed with deionized water to get rid of excess ions, and
afterwards dried at 8UC for minimum 14h.

A brief description of the hydrozincite crystal structure is provided as supporting information

and visualized ifrigureSI1 11.20.

5.2.3 Zinc oxide synthesis

The zinc oxide samples were synthesized by calcination of ground hydrozincite precursor
obtained from the abowaescribed cgorecipitation synthesis. The calcination was performed

at 320°C with a heating ramp of 2C min for 4 h in a muffle furnace of Narbertherm (LE
6/11/B150) in static air (without any volume flow). Such calcination temperature is known from
the synthesis of typical industrial methanol cataly$ts-urther calcination experiments at
higher temperatures were performed under similar conditions except for varying the target

temperature.

524 Characterization methods

Powder xray diffraction (PXRD) analysis of the precursor phases was performed on a
Panalytical X'Pert Pro MP@iffractometer in Bragd@rentano geometry with Niltered Cu

Ky radiation and a fixed divergence slit (1/2°) and a PIXcel 1D detector. The patterns were
recorded at room temperature between 4° and g80fénperature resolved PXRD data was
recorded on the same instrument using an Anton Paar HTK 1200 N heating chamber. The
sample was measured in static air, the temperature was varied in the range86036 with
increments of 20C up to 110°C and 5°C further to 350°C. The collection time for each

patern was around 30 min.

X-ray analysis of the time resolved ageing samples and of the calcined samples was performed
on a Bruker D8 advance with €y radiation and a LYNXEYE XEl detector. The
diffractograms were recorded in reflection in a Brigggntano geometry at room temperature
between 5° and 90°2 Phase analysis was performed by comparing the recorded pattern with
structural data from ICSD and COD databases.
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Pawley fits were carried out using TOPAS Academic version B%0Instrumental line
broadening was described using the fundamental parameter apgtbashimplemented in
TOPAS and crosshecked against a measurement of { @BST SRM 660c).

Brunauer-EmmetTeller (BET) surface measurement was performed ragogen
physisorption at 77 K in a Nova 3200e sorption station from Quantachrome. Before recording
the isotherms, the samples were degassed under vacuum©& @@8@rozincite) and 250C

(zinc oxide) for 5 h. Afterwards the isothermal profiles betwaf@n= 0.0 and 1 referred to a
reference cell were recorded. The multipoint BET surface area was determined by applying the
BrunauerEmmettTeller equation to a specific range of each samgétermined by the
micropore assistant of the NovaWin Software only considering the volume increase.

Scanning electron microscopy (SEMMicrographof the zinc oxides of the high temperature
series and of the hydrozincites and their corresponding zinc oxides series of the time resolved
ageing experiment were taken on an Apreo S LoVac electron microscope of Thermo Fisher
Scientific. A suspension of anad 1 mg sample in 2 ml Ethanol was used for dragting of

200 L on single crystal silicon plates. Afterwards the sample holder was dried°@@0a

hot plate. The images of the hydrozincite precursors of the aluminium concentration series and
their corresponding zinc oxides were taken on a Zeiss Gemini Ultra Plus with an Oxford EDX
detector. A spatula tip of the sample was dispersed on a cabered stainless steel pin mount

sample holder.

Transmission electron microscopy (TEMalyses were performed on a FEI Tecnai F30 G
STwin (300kV, FEG) equipped with an EDX detector (Si/Li, EDAX). The TEM samples were
ground and dispersed inRButanol (spatula tip sample in few drops eBuatanol) and prepared
on Cu lacey TEM grids. The pure zaccagnaite reference sample was preparddyistate

without n-Butanol.

Infrared resonance spectroscopy (IRjasperformed on a Bruker Alpha HR spectrometer
with attenuate total reflection (ATR) unit. The spectra were recorded between Z0&ndm
4000 cmt. To suppress water and g€)gnals from the atmosphere, the device was placed in a

glovebox of MBraun with argon atmosphere.

UV/Vis-spectroscopyat (B8 K wasperformed ora Varian Cary 5000 Spectrometer. The sample
was diluted with KBr and the pellet was adjusted in a solid sample holder. After flushing with
nitrogen, the room temperature (Z5) spectrum was recorded under vacuum. The 88.85(

°C) spectrum was recorded after cooling down with liquid nitrogen. When the sample was
heated up to room temperature (£j the spectrum was recorded to determine sample changes.
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The band gap determination was performed by differentiation of the raw data, to determine the
changing point. At this point, where the first deviation became a minimum, the wavelength was
calculated to the electrical energy in eV. This method was usedoodétermine qualitatively

the band gap energy change by UV/Vis spectroscopy in dependency of the aluminium

incorporation.

Ramanspectroscopyf the powders was performed in a powder sample holder positioned in
45° to the laser beam in a MacroRam spectrometer of Horiba Scientific. A 785 nm laser with
an intensity of 90 mW was used. The Raman shifts were recorded in the rangecof 100
3500cm™.

Solid stateNMR-spectroscopyf al 2’Al solid-state NMR experiments were performed on the
Bruker Avance Neo NMR spectrometer with a magnetic field of T4u$ing a commercial
Bruker MAS probe head with a ngX -stabilized zirconia ceramic rotor with 31@m outer
diameter at a frequency of @375MHz. The chemical shift of’Al is reported relative to a
1.1mol kg? solution of AI(NQ)s in DO on a deshielding scal®? 2°3The referencing was
done by using 6 TMS in CDCk as external secondary reference for theresonance
frequency using the 2 scaiAeMASSNMRBmegsyrensente d by
were performed using MMz spinning frequency and continuous watdecoupling. For
quantitative?’Al MAS NMR measurements the resonance frequency was selected according to
the 2’Al MAS NMR signal atlise= 82.6ppm and the nutation frequency was adjusted for the
excitation of solely the central transition. The NMR dagsie processed with the topsgiri.4
software. Typical recycle delays were of the order of 88311) and a few thousands scans
were accumulated. The peak areas were determined by deconvolution into mixed

Gaussian/Lorentzian profile functions with the program deconv2iky.
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5.3 Results and Discussion

5.3.1 Characterization of the Al doped hydrozincite precursors

5.3.1.1 Time-resolved ageing of the precipitate in the mother liquor at 68C

Before the composition variation seriesabfminium doped hydrozincites was synthesized, the
influence of the ageing time on the precursor phase was investigated. Therefore, an aluminium
content of 2% metal basedxqy = 0.02) was used. The PXRD pattern of the different ageing
times are shown iRigure5.1. Immediately after finishing the garecipitation, the hydrozincite

phase was formed. This phase was present up tmikt2@es of ageing time and there were no
significant changes of the PXRD pattern observed. After an additional solvothermal treatment
of the 120minutes ageg@recursor suspension, additional reflections are observed in the PXRD
pattern. These reflections are visible g=211.8° and 2= 23.6° and were assigned to an
aluminiumcontaining hydrotalcitdike phase. This side phase is known as zaccagnaite, with
the chemical formula Z#l2(OH)12(COs) - 3H,0. 2% 2%This result shows that the aluminium
requires elevated temperatures to segregate in this specific crystalline phase and should be
either amorphous or incorporated into the hydrozincite phase in the samples obtained at ambient
co-precipitation and ageind\ small shoulder (compareigure5.1 b)) at the lowesangle side

of the first reflection in the PXRD pattern of the sample aged foniigQtes may indicate that

a few very small crystallitesf zaccagnaite have already formed after prolonged ageing at

ambient conditions
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Figure 5.1: PXRD data of a c@recipitated zinealuminium precursor with an aluminium
content ofxa = 0.02 at different ageing times. The ageing was performed betwsen O
(immediately after cgrecipitation) and 12@nin. The remaining suspension was aged for
additional 12hours at 13C°C in a solvothermal reactor (120in + solvothermal). The grey

bars correspond to the zaccagnaite (ICSD#190041) and the black bars to hydrozincite
(ICSD#16583) references. a) is an overview, while b) shows a more detailed zoomtefor be
identification of the sid@hase zaccagnaite, whose reflections are markedasttrisks In b)

the patterns are sorted likewise as in a).
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Figure 5.2: SEM images depicting the morphology of the precursor materials recovered at
different ageing times after quecipitation at 65°C and a pH of 6.4 of a ziraluminium

solution with an aluminium content xd = 0.02.

The morphology of the samples was investigated by SEM and the micrographs of the samples
obtained at different ageing times are showRigure5.2. The morphology was similar up to

an ageing time of 3Minutes. Aggregated platelets wangergrown to spheres and other larger
aggregates, as they are shown in the supporting informaftoguréSI11.23 and
FigureSl1 11.30). After 60 minutes of ageing, the platelet size seemed to decrease and additional
larger thin platelets are observed after il of ageing. These larger platelets have grown
even thicker and show well defined facets after the solvothermal treatmehbws
Figure5.2. In combination with the temporal evolution of the crystalline phases known from
the PXRD results, the immediately formed aggregated spheres are assigned to the hydrozincite
phase and the larger platelets formed between 60 and 120 min of ageing, whiamdesw
solvothermal conditions to a crystal habitus vkelbwn for hydrotalcitdike materials121are

assigned to zaccagnaite.

The investigation of the ageing time series & &uminium demonstrated, that aluminium will
thermodynamically favour an incorporation into the zaccagnaite phase, which evolved after
120minutes ageing time and further grows by solvothertredtment. This results in an
aluminium segregation and in an inhomogeneous aluminium distribution in the solid. To
suppress this untargeted phase and to receive a more homogeneously doped hydrozincite, the
ageing time was set to 10 min for the aluminiooncentration variation series. With that
shortened ageing time, a kinetically controlled alumininoorporation into the hydrozincite

phase should be favoured.
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An increase in the BESurface area of the precursor after hdflutes ageing time gives an
additional indirect hint for a homogeneous aluminium distribution at short ageing times
(FigureS111.24). The surface area of the precursor samples aged uprnonGés varied
around 12n2g! and found to grow to 282 g* after solvothermal treatment despite the newly
grown phase clearly exhibiting larger particles. This might be engilaby the effect of the
aluminium exsolution on the hydrozincite material leaving a more porous morphology. More
evidence for an incorporation of aluminium into this phase is presented below for the aluminium

concentration series.

5.3.1.2 Aluminium concentration variation

To avoid sidephase formation, the ageing time was reduced to 10 minutes, to kinetically trap
the aluminium ions in the hydrozinciggructure. The aluminium content was varied between
0% (xa =0) and 10% (xa = 0.1) in different intervals and the recovered precursors were
analysed regarding crystalline phase composition by PXR@uie5.3, selected range and
FigureSI 11.28 complete range). For all synthesized precursors, hydrozincite is determined as
the main crystalline phase. An aluminium content higher thar 0.02 resulted in small
guantities of the aboveescribed aluminiunnich side phase zaccagnaite despite the low ageing
time (Figure5.3 b)).
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Figure 5.3: PXRD pattern of the eprecipitated aluminiurdoped hydrozincite precursors

with different catiorbased molar aluminiunfractions xa. The referencepattern of the
hydrozincite was taken from the ICSD (#16583, black bars) as well as the reference pattern of
zaccagnaite (#190041, grey bars). a) is an overview with indexation of the reflections, while b)
is a zoom at lower diffraction angles to bettetishguish the zaccagnaite sigpase (marked

with asterisk$. The triangle marks an additional reflectidiscussed in the main text below.

The weak reflections present as shoulders to the first hydrozincite peak indicate that the
zaccagnaite structure is present in low concentration (markechsi#thisks Given that this
reflection is hardly discernible and broadenesl,on the level of detection, it may account to

~ Iwt% - 2 wt%. However, the relative intensity of the zaccagnaite reflections does not increase
linearly with the aluminium content after their first appearance, which excludes a simple
aluminium saturation of the hydrozincgbase with all excess aluminium being segregated into

zaccagnaite.

The diffraction pattern of the hydrozincite shows noticeable changes with increasing
incorporation of Al: There are slight shifts in the position of the reflections, which become
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noticeable in particular at higher diffraction angles. The cell volume of the samples was
extracted via a Pawley fit and the resultsammarized irFigure5.4.
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Figure 5.4: Cell volume and volume weighted average domain size estimated from the h0O0

reflections of the hydrozincite samples versus cétased molaaluminiumfraction xa.

The cell shrinks by ~ 2 Rfor the hydrozincite containing 18t% Al compared to the
unsubstituted compound, which can be expected from the lower ionic radiu¥” ¢/pm)
compared to Z& (74 pm). 2°” For xai = 0.1 the error becomes fairly large, which is expected

due to the overall broadening of the reflections. This in turn hampers a precise determination
of the lattice parameters. The line broadening was modelled assuming the effect to be caused
by finite aystallite size, which can be justified by the information from electron microscopy.
The crystallite size was found to be anisotropic, not unexpected for a layered material.

Furthermore, reflections of tyg®0, kO and OOare fairly sharp, where the first one describes
the stacking of the layers while the latter two are related to the layer constitution. The cross
plane reflectionsg.g, 201, 301, 311) show stronger broadenirggthere is a loss of coherence
among the layers, which is commonly observed for stacking faults in layered matértals

and was described earlier for synthetic hydrozintiteBor an estimation of the crystallite size

the value for théh0O0 reflections is reported, which variesth a similar noAmonotonous

dependence oxu as the cell volume does.

Aside of the zaccagnaite side phase there are two prominent reflections located and 9.5

26.8° 27 appearing with increasing amount offAin the sample. They could not be assigned
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to any phase after extensive search in the COD and ICSD databases. Interestingly, the one
located at 19.5° £has ad-spacing in excellent agreement with gnparameter and may be
indexed as 300 reflection, which is forbidden in the space g@fim that hydrozincite

crystallizes in. For the second reflection no such coincidence could be identified.

To further investigate the origin of these additional reflections, temperature resolved PXRD
analysis of the sample with the highest aluminium content=0.1) was performed
(Figureb.5).
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Figure 5.5: Temperaturegesolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 1% aluminium (% = 0.1). The PXRD analysis was

performed with silicon as standard and in static air. The reflection positions are labelled as

follows: silicon (*), ZnO (#) and additional unassigned reflectiafs (

At 215 °C the decomposition starts, which is evidenced by the most intense reflections of the
hydrozincite phasee(g, at 29=12.9°) losing intensity. Complete decompositiomdhieved

at 250°C. Simultaneously, the zinc oxide reflections evolved and further increase in intensity
as the temperature was elevated, at@already weHdefinedreflections of ZnO are visible.

This prompt crystallization is markedly different from the case of zaccagnaite
(FigureS111.27), where even at 60TC only very broad reflections of ZnO can be observed.

This may be related to the presence of amorpladusiina, hampering the diffusion and
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crystallite growth of ZnO. Interestingly, the additional reflection @=249.5° behaved like
those assigned to the hydrozincite regarding the thermal decomposition, which further indicates
that they do belong to a disordered hydrozincite phase and not to aiphaske

The potentially high degree of substitution ofZimy AlI** is likely to cause significant changes

in the structure of hydrozincite. This raises the question how the additional positive charge is
compensated. Three possible scenarios, illustratégyure5.6, affecting the cationor anion

lattice shall be outlined: The surplus positive charge may be compensated by additional anions
(OH or CQs?) that may be introduced in the interlayer space and lead to a chemical formula
(Znsi 5xAl 5x(OH)6+5x(CO3)2) or (Znsi 5xAls(OH)e(COs)242,54. Also, deprotonation of hydroxyl
groups could compensate the extra charge according to a chemical formula
(Znst sxAl sx(OH)6-5¢(0)sx(CDs)2). Alternatively, for any two Al* cations one Z#f cation might
become a vacancy, which could affect in particular th& Entetrahedral coordination since

the layer made up of Z0 octahedra already contains vacancies in the neighbourhood of the
tetrahedrally coordinated Zf) which could be filled with AY: (Znsi 75Als(OH)6(COs)2). A

loss of those tetrahedral sitesuld also disrupt the link between the layers facilitated by the
carbonate anions, which would allow for an increased number of stacking faults. This in turn
would be a viable explanation for the increasing line width and change of relative intensities i
the diffraction patterns with increasing Al content. However, the full structure determination of

the potentially modified hydrozincite phase is beyond the scope of the prnes&nt
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Figure 5.6: Schematic depiction of potential defects in hydrozincite for balancing the surplus
positive charge resulting from substitution oZby AF*: 1. Additional anions occupy the
interlayer space. 2. Deprotonation of Otd form G anions. 3. Vacancies on Zsites. The

hydrogen atoms were placed at 0.9 A distance and are not part of the crystal stritéttA®.

SEM analysis of the concentration seséswn inFigure5.7 revealed that the sample with an
aluminium amountxas = 0.01 contained aggregates of platelets, which formed spherical
structures, as already observed in the ageing time dgaigsd on the assignment introduced
above for the ageing time series, first additional larger platelets (highlighted by the arrows),
which are encountered in the precursor with= 0.03 aluminium content, are assigned to the
zaccagnaite sidphase. Selected SEMDX spectra of these larger platelets are shown in the
supporting information irFigureS111.31 and the results are listed rableS111.18 The
median cationic ratio of ZfiAlI®* =3 agreed well with the expected composition of
zaccagnaitet?! TEM analysis of the precursors was complicated due to high beam sensitivity
and is described as supporting informatibrggreSI 11.26).
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Figure 5.7: Morphology evolution in dependency of the aluminium content of the hydrozincite
precursors. The arrows show the regions containing larger platelets anddicated the

cation-based molar aluminium fraction.

In order to characterize the aluminium environment irhfdrozincite precursors,?8Al MAS

NMR spectrum of the hydrozincite sample containifg &uminium &a = 0.03) was recorded
(Figure58). Th e si ngl o= pdepprk is mdicativie of aluminium occupying an
octahedrally coordinated sitiee. substituting a Zn atom in the hydrozincite structd?&?’Al

NMR peaks corresponding to a different coordination number are not observed. In comparison
the 2’Al NMR spectrum of zaccagnaite Z 2(OH)12(COs) - 3H20 exhibits two different

Si gn akss15@mp m Uansrd3 gpm. A2’Al 5QMAS NMR spectrum FigureSI 11.47)

does not resolve any further peaks and shows fairly broad signals, which is fully consistent with

the published disordered crystal structé?e

Zaccagnaite
* J *
- PRIV e s s S SRR D e irebep . i
Unheated hydrozincite
* *
200 150 100 50 0 .50  -100 6/ppm

Figure 5.8: Stack plot of’/Al MAS NMR spectra of a coprecipitated hydrozincite precursor
with xa = 0.03 aluminium incorporation and zaccagnaite. Spinning side bands are labelled

with an asterisk*).

To further investigate therecursor samples, infrared and Raman spectroscopy have been
applied. In the infrared spectra shown kigure5.9, bands typical for hydrozincite were

found.?'° For a better comparison between hydrozincite and-ghdses, a phagrire
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zaccagnaite sample was synthesized as described in the supporting inforohatmer(1.7.4
fiSynthesis of the aluminiumch sidephase zaccagnad®n page236, i.e. FigureS| 11.25)

and used as reference for the analysis of vibrational spectroscopy data. The infrared spectra
(Figure5.9) show a rather gradual evolution with increasing aluminium content and a clear
difference to the zaccagnaite reference pattern demonstrating that the observed bands can be
assigned to the hydrozincite phase. The strongest changes are observed for the two
antisymmetric carbonate stretching modes 1502cm - 1396cm™) 2!t when the aluminium

content exceedsa =0.03, i.e. in the same compositional range where the unassigned
reflections in PXRD at 2= 19.5° and 8 = 26.8° arise. At the same time, the band at @48

! disappears, whichin analogy to the hydrotalciéke materials- is related to hydrogen bonds
between hydroxyls and carbonatt: >12Such hydrogen bonds are also present in hydrozincite

126 and thus the vanishing of this band indicates breaking of these bonds. These gradual changes
support the defective hydrozincite structure by aluminium incorporation in agreement with the
observed additional reflections RXRD (Figure5.3). An infrared band at 62dm™* appeared

for xa > 0.01 and increased with the aluminium content. For hydrotalcites, this band was
assigned to hydroxyl groups between the shé€étShese observations suggest that the anions

of hydrozincite are affected by the charge compensating mechanism when zinc is substituted
by aluminium through coordination changes of carbonate and hydroxyl. A similar gradual
evolution with increasing aluminm content was also found by Raman spectroscopy
(FigureSI 11.36). The Raman modes at 5641 (Zn-OH) and 494m* (Me-OH) were present

in the samples withia = 0.06andxa = 0.1 and represent the sighase?>2!’ zaccagnaite in

agreement with the PXRD results
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Figure 5.9: Vibrational infrared spectroscopy of aluminium doped hydrozincites with different

cation-based molaaluminiumfractionsxa in comparison with the aluminium rich zaccagnaite
side phase Zi\l,(OH)12(CQ:s) - 3H:0.

5.3.1.3 Summarizing the precursor part

It was established that short ageing time and low aluminium content can suppress the
segregation of crystalline zaccagnaite. The samples without this aluminium side phase are
interesting candidates for the synthesfsaluminiumdoped zinc oxide due to their more

uniform dopant distribution. The creation of structural defects is suggested for charge

compensation upon substitution of zinc in crystalline hydrozincite.

5.3.2 Characterization of the doped zinc oxide samples

5321 Aluminium concentration variation

The thermogravimetric (TG) analysis of the precursors confirmed a complete decomposition
already at 300°C (FigureS111.32 and FigureSI111.33). Thus, calcination of the doped
hydrozincite precursors was carried out for 4 h at“®8and the formation of phase pure zinc
oxide was confirmed by PXRD analysisiqure5.10 a)). A decrease in the size of the
coherently scattering domains with increasing aluminium amount suggests successful
incorporation of aluminiumHKigure5.10 b)). The data further shows that the pronounced
anisotropy of the domain siz@arger along €xis) diminishes withxa, such that rather

spherical crystallites are deduced. The apparent domain siz@l fandhkl type reflections is
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even lower than for the twprincipal axes, indicatinglefects like stacking faults in the ZnO
samples?18 219Contrarily to the powder patterns of the precursor series, no crystalline side
phases were observed after calcination. This is intitiethe expected decomposition product

of hydrozincite and the fact that the decomposition of zaccagnaite gives rise to an amorphous
material (as shown in Sl FgureSI 11.25andFigureSI 11.27), which should form a physical
mixture with the crystalline ekydrozincite zinc oxiddraction. A further hint for defects was

found by Raman spectroscopy from the overtone mad&"& in the samples witka = 0.06

andxa = 0.1 (sedrigureSI 11.40 on page249and accompanying discussion). These samples
originate from the precursors with the most pronounced changes in the PXRD patterns.

Nitrogen physisorption measurements revealed a surface area enlargement after calcination as
a result of the decomposition of the hydroxycarbonate by simultaneous pore formation due to
water and carbowlioxide emission. There is a clear trend towards larger surface areas for
increasing aluminium content with a local maximunxat= 0.005 ranging from 3i’g*

(xa =0, FigureSI 11.38) to 106m?g™ (xai = 0.1,FigureSI 11.38). The main pore fraction are

10 nm mesopores for the samples ugaie= 0.02. With an increase in the aluminium content

this fraction increased. For a higher amount tkars 0.03 the pore fraction of the 3D nm

pores starts to increase with further increase in the total pore votuguegSI 11.39).
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Figure 5.10: Powder XRD pattern of the aluminium doped zinc oxides a) after calcination of
the hydrozincite precursors at 32C with 2 °C min-1 heating ramp and 4 h holding time in
static air. The reference pattern (black bars) was taken from COD, zinc oxide (#2107059). b)
Sizes of the coherently scattering domains for the hOO and 00l reflections extracted via Pawley

fit from the patternstsown in a) as function of the catidiased molar aluminium fractiomx

5.3.2.2 Aluminium distribution in doped zinc oxide

Electron diffraction (ED) of aregion showing projections of the aggregated spheres
(Figure5.11b)) confirms that this part of the sample consists of ZnO in the wutypee

structure in agreement with the PXRD results, although the reflections are diffuse and not sharp
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as expected for a defefree crystal. However, as already suggested by the SEM investigation

of this sampleds precursor, a different kind
an example of which is shown iRigure5.11 c). Relatively large platelets with diameters up

to 1um and ilkdefined edges were found decorated with the albosetioned nanscaled

material that comprises the spheres. Interestingly,-t@gblution TEM and Fast Fourier
Transforms (FFT) of the resiriy micrographs show that these thin platelets are porous and yet
oriented like a single crystal with a {101} zone axis of Zr&y(re5.11 d)). The pores and

grains of this material are sui® nm.

The larger dimension of this platelet particle suggests that it originates from the zaccagnaite
precursor sid@hase. Indeed, EDX measurements were performed at several sample positions
in the Scanning TEM (STEM) mode and, hereby, a wide range of Al dertt@m be found that

are all larger than the nominalg and span from 4.% up to 38.6% (FigureSl111.41). The

highest aluminium concentrations were found where this thinaegagnaite platelet is not
decorated by the narsraled exhydrozincite material indicated by the dark contrast in the
high-angle annular dark field (HAADFPTEM image. It is intriguingthat it is at these
aluminiumvrich positions where the FFT has shown zinc oxide as only crystalline component.
This suggests that the zinc and aluminium fractions of zaccagnaite have segregated upon

decomposition into narorystalline zinc oxide and amdrpus alumina at a very small scale.

In summary, the electron microscopy investigation revealed tiexistence of two material
systems in the sample with @ aluminium. The major fraction of the material is-ex
hydrozincite,i.e. crystalline zinc oxide with an aluminium content close to the nominal value.
A minor, but increasingdraction, starting aka = 0.03according to (precursor) PXRD, is-ex
zaccagnaite and thus aluminitmoher and nanatructured in a complex manner containing

crystalline zinc oxide and amorphaoalsimina segregatedgdvably at the platelet surface.
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Figure 5.11: TEM-analysis of an aluminium doped zinc oxide sample (xith 0.03). Image

a) visualizes a typical aggregate as it was also found by SEM. The corresponding electron
diffraction pattern is shown in figure b). The image in c) shows a large single crystal with some
fractions of the typical aggregate structure on tépHRTEM micrograph of a part of that

single crystal is shown in d) with the corresponding FFT pattern.

5.3.2.3 Aluminium speciation in the doped zinc oxides

For a characterization of tleduminium environment during the decomposition process a series
of ZnO samples withxa = 0.005incorporated and different annealing temperatures was
investigated by’Al MAS NMR (Figure5.12).

After the decomposition of the hydrozincite there are two different signals observable:
Uobs= 82 ppm andlobs= 12 ppm. The sharp signal &bs= 82 ppm, has unambiguously been
assigned to A& on a zinc position inside the ZnO crystal structurd, . 43 This small
linewidth reflects the low quadrupolar coupling constant and an ordered environment of the
I § defect. In contrast zaccagnaite has a disordered crystal strifétanel even without Al

substitution hydrozincite has been reported to have a strong tendency for stacking df€order.
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Figure 5.12: Stack plot of’Al MAS NMR spectra of the unheated hydrozincite, zaccagnaite

and after being annealed at 20C, 240°C, 280°C and 320°C for 4h in static air with a

heating ramp of 2C min? with xa = 0.005 aluminium incorporation. All spectra were

recorded with a spinning frequency of 20 kHz. Spinsidg bands are signed wiétm asterisk
(*).

The second signal @bbs=12ppm can result from unreacted hydrozincite, but also from a
disordered sixfold coordinated aluminium environment at the surface of ZnO pattitigith
increasing temperatures up to 32) a growth of thé ¥ signal is observed at the expense of

the signal assigned to Al in unreacted hydrozincite (or in sixfold coordination). Here the greatest
build-up occurs between 200 and 240, which is consistent with the formation of ZnO
described by variable temperature PXREg(re5.5) and the decomposition of hydrozincite.

The presence of a zaccagnaite side phase could not be obsefi8d\NMxS NMR during the

decomposition of the hydrozincite.

In order to find out whether the-literaturepostulated solubility limit of A" in ZnO 142 143
148,196, 1995 an explanation for the occurrence of extra peaks a series of samples with different

aluminium concentrations was investigateay(ire5.13).
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Figure 5.13: Stack plot of’Al MAS NMR spectra of zinc oxide, annealed with 326or 4 h,
with different catiorbased molar aluminiurfractions xai. All spectra were recorded with a
spinning frequency of 20 kHz. Spinning side bands are signednvédbterisk*).

With increasing aluminiunconcentration two further signals are obseniggk= 75 ppm and

Uobs= 47 ppm. Their chemical shift indicates thabns= 75 ppm corresponds to a fourfold
coordinated aluminium environmemthile Uobs = 47 ppm corresponds to a fivefold coordinated
aluminium environmentDue to their broad line shape and their continuous growth with
increasing aluminiuntoncentrationgiops= 75 ppm, Uobs= 47 ppm anduips= 12 ppm can be
assigned to disordered aluminium environments not situated within the crystal structure of ZnO.
This is consistent with the observation that with increasing aluminium concentration a steady
particle growth is observed fax O 0 (se® Previous sectidfigure5.2). This interpretation

is consistent with the areashofjh Al concentration in the TEM experimeni&gureSI| 11.55),

which is expected when thd concentration is low within ZnO and the surplus of Al is found
segregated from ZnO in form of side phagdsaV experiments provide information from local
projections along the electron beam and are thus not expected to return the (lower) average bulk

value.

To obtain a better estimate for theaximum degree of Al substitutiamhich canbe achieved
under these conditions the amount df signal atlis= 82 ppmis determined as a function
of the degree of substitutioq, (Figure5.14). What can clearly be seen is that the signal/mass

ratio increases onlyp to values of 26. By interpolation with two linear functions the
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Asat ur at i on determimad ttoza = 0.@L8. Thiseagrees with the reported rough
estimates of €2 mol% aluminiumcontent in zinc oxide from other NMR studi&®: 1°6
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Figure 5.14: ?’Al-signal/mass ratio of th€Al MA'S N MR obss 82 gpmanfl zincaokide, i

annealed with 320C for 4 h, with different catiofbased molar aluminiurfractionsxa. The
NMR spectra were excited with selective
deconvolution with Gaussian/Lorentzian profiles. The error bars are estimated, by taking an
error of 1% of the fourfold coordinated aluminium’Al MAS NMR signals. The lines to
interpolate the substitution limit were obtained by fitting linear functions into the

corresponding data points.

5.3.24 Optical band gap of doped zinc oxides

Because of the expectidiuence of the aluminium doping ¢nf sites, UV/Vis spectroscopy
was performed on the zinc oxide samples. The results of the band gap energies are shown in

Figure5.15.

The band gap determination was performed at room temperature-488 4 to exclude heat
effects. Afterwards, the measurement was repeated upon temperature increase bdckao 27
check for thermally induced changes. The similar band gap energies bef6@ &t after

(27 °C) cooling demonstrate good reversibility within anoermf around 6 meV. A band gap
near 3.30 eV was found for pure zinc oxide at room temperature, which is in alignment with
reported values around 3.3 &35 No clear trend was observed at low doping level, while a
slight increase in band gap energy was determined for aluminium contents al#ovihis

might be caused to the segregation of aluminium ina@cagnaite regions as it was suggested
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by the TEM results. Because of the wide band gap of aluminium oxide (&/)56e presence

of disordered alumina could shift the band gap energy of the material to higher ¥dues.
Generally, the band gap can be affected by defects, free excitons, impurities and by the lattice
site occupied by the dopant® 14022225 Tg exclude free excitons, the band gap energies were
recorded at185°C. Compared to the room temperature spectra, the absolute energies shifted
to higher values. The band gap energy of the undoped ZnO was increasectid &-3B5 °C.
However, the relative trend between the samples was mostly maintained with the exception that
the lowest band gap was determined for the sample with= 0.01 in the cryogenic
measurements (3.38/), which is in the range of the highest occupancy of the site. This

finding is in agreement with the model of the band gap renormalisation, which predicts an

optimal band gap for zinc oxide, if aluminium substitutes a zinc'sfte.
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Figure 5.15: Band gap energies of the aluminium doped zinc oxides with difteeon-based

molar aluminium fraction 4. The measurements were performed at room temperaturf€&(25
circles) at-185°C (triangles) and at 27C after cryogenic temperature measurement (upside
down triangle). The measurements were performed under vacuum in transmission mode on a

pellet containing dried KBr as diluent. The lines are to guide the eye.

The behaviour of the zinc oxide sample wigh= 0.005 aluminium with its wider band gap
thanxa = 0 andxa = 0.01, however, cannot be explained easily so far. This observation might
be related to theBursteirMoss effect, which predicts a band gap widening if the lowest

conduction band states are occupied by electrons introduced by the dopant and the next free
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lower level is ahigher energies compared to the undoped sarmi}ié3®Altogether, the band
gap trend is complex and likeljaused by several effects such asBhesteinMoss effect

proper! ¥ doping and the segregation of alumina when the solubility limited is exceeded.

5.3.2.5 Doped zinc oxides at higher calcination temperature

Often, calcination temperatures higher than 32Gre used to synthesize aluminium doped

zinc oxides and to investigate thepto-electrochemical properti¢é} 147: 149 19 temperature

series of aluminium doped hydrozincite wikh = 0.03 was prepared to investigate the effect

of higher calcination temperature and to learn about the thermodynamics of the doped system.
Undoped zinc oxide was treated in the same way as a reference matenal -Th@3 sample

was chosen because this was the maximum amount aluminium which could be incorporated
into the hydrozincite with only very little sigghase formation observable in PXRD. The
calcination of the hydrozincite precurseas always performed by heating up in air from room
temperature to the target dwell temperatures, which were held for four hours. Powder XRD
shows that the reflections become sharper after calcination at higher tempeFaduires(16)
indicating that the crystallinity of the sample increased with temperature as expected. At a
temperature of 928C, reflections of the ZnAD4 spinel phase were observed, which increased

in intensity with further temperature increase. Simultaneously, a change in morphology was
observed by SEM. The images of the undoped sanfgre 5.17) demonstrate that the
morphology at 420C is still similar to that described above for 3ZDcalcination temperature.

At 520 °C the platelets were thicker, and a few larger holes demonstrate a beginning sinter
effect. Further increase in temperature resulted in an enhanced sinter effect and an enlargement
of the particles, losing their original nanostructure. At 130@he zinc oxide has crystalized

into bulky, roundish particles with a clearly decreased porosity.
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Figure 5.16: Powder XRD pattern of the aluminium doped zinc oxide with a chased

molaraluminiumfractionxa = 0.03 after calcination of the hydrozincite precursors at different
temperatures with 2C min? heating ramp and 4 h holding time in static air. Reflections
assigned to ZnADs spinel are marked withn asterisk*). The reference pattern of zinc oxide
(black bars) was taken from COD (#2107059) and the reference pattern efl@miniium
spinel (grey bars andsteriskdn pattern) was taken from ICSD database (#75628). In a) the

complete range is shown. In b) a zoom of the pattern with spinel reflections is presented.
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Figure 5.17: Morphology evolution depending on the calcination temperature of the undoped
zinc oxide. Calcination was performed witli@ min? heating ramp and 4 holding time in

static air.

In order to obtain insight into theffect of thermal annealing on the presence of the different
aluminium specie$’Al MAS NMR was performed(Figure5.18). Up to 620°C the presence

of the fourdifferent aluminium specieis observedas aforementioneduring this process a
decrease in the {?Tsignal Is observed~{gureSI 11.46). In thermodynamic equilibrium the Al
substitution limit is expected to be determined by the formation of spineb@a8ide phase,

226 which under lowtemperature conditions amounts to a concentration limit far below the
observed values?®The expected higher substitution levels of the-temperature route can

be explained by the higher chemical potential of Al in the amorphous surface layers formed,
which are less favourable to Al then that of the spinel phase. The formation of thepbpse|

as seen by’Al NMR (Figure5.18) beginsat annealing temperature of 720 upwards and
drastically reduces the amount of Al in all phases but not in the spinel phas®ZrAlis is

shown by the presence of an additional signé@t 15 ppm corresponding to ZnADa. 19

At temperatures of 820C the! TTsignaI in ZnO has dropped below the detection limit of
xa = 0.0005 which is consistent with the low equilibrium values determined in a previous
study.*® We note that all (NMR visible) Al is consumed by the formed spinel ZDAphase.

At these highannealing temperatures only twéAl MAS NMR signals are observed:
Uobs = 15 ppm, which corresponds to the octahedral coordinated aluminium environment in the
ZnAl>04 crystal structure antbos= 75 ppm, which likely results from a cation inversion defect

of the zinc and aluminiunt?® 227

What can be concluded is that the {mperature approach achieves a much high&r Al
substitution of the Z# ions in ZnO than the equilibrium concentration would permit.

Furthermorethis high substitution level can be maintaingdo a temperature of about 72D
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when the activation energy for the formation of spinel crystallite is overcome and low
thermodynamic substitution levels in ZnO are observed. It can be concludeedityaing of

ZnO by Al is thus stable under the conditions relevant for the catalytieggoc

Together with the results from the composition series, whette théncreased up tga = 0.01

after the calcination of an aluminiudoped hydrozincite, the observation made for the
temperature series indicates that the substitution on a zinc site is rather a kinetic effect and can
be facilitated by a proper formed precursor acting as a kitrafic A further increase in the
aluminium content does not result in an increased number of substituted sites but increases the
sidephase amount in the precursors phase which has a negative effect on the opto
electrochemical proptes. A calcination temperature above 320minimizes the number of
substituted sites and is therefore disadvantageous. The results clearly demonstrate that the
presence of aluminiurdoped zinc oxide containing the fﬂspeciesmustbe considered as
component of a typical methanol catalyst supp®rt.
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Figure 5.18: Stack plot of thé’Al MAS NMR spectra of aluminium doped zinc oxide with a
cationbased molar aluminiurfraction xai = 0.03 after calcinatiorat different temperatures.
All spectrawere recorded at a spinning frequency of 20 kHz. Spinning side bands are labelled

with an asterisk*).

5.4 Conclusion

The aluminium speciation was found to be complex whepreoipitation of hydrozincite
precursors, ZsfOH)s(COs)2, is used as a method inspired by catalyst synthesis to prepare
aluminiumdoped zinc oxide support materialfhermodynamically favoured aluminium
segregation into an aluminiunch crystalline zaccagnaite sidephase,
ZnsAl2(OH)12(COs) - 3H20, was observed at aluminium contents higher thas 0.013, for

long ageing times and after solvothermal treatment. Thig#idee was found to be responsible
for a nonuniform aluminium distribution in the precursors and later in the calcined samples.
Still, the results suggest that hydrozincite can take up alumimiam octahedral coordination

even forxa > 0.02 leadingo the formation of defects due to charge compensation in the
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hydroxycarbonate. Calcination at 3ZDleads to formation of zinc oxide as the only crystalline
phase, but electron microscopy &idl NMR revealed noruniform aluminium distribution

and presence dafiverse aluminium species for a doping levekgf=0.03 and larger. Such
complexity is based on the -@accagnaite regions, which were found to segregate inte nano
crystalline zinc oxide with an aligned crystallographic orientation and into amorphous alumina.
At lower aluminium contents, however, the dapwas found preferably on the zinc sites of the
zinc oxide lattice based on thef signal dominating the NMR spectra. The solubility limit
regarding this species was determined to be approximaiety 0.013 or 1.3% of all metal
cations. Annealing experiments showed that the substitafiamc by aluminium is a kinetic
driven process. The aluminium was kinetically trapped ot thesite up to a substitution limit
which is much higher than the thermodynamic limit set by a segregation into zinc oxide and
ZnAl>04 spinel. This shows that lower calcination temperatures such as applied in catalyst
synthesis favour the aluminium doping on that specific site. The investigation of these support
materials under hydrogenation conditions and their application in catedgation will be

addressed in forthcoming work.
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Abstract

Besidealuminiumgallium can also be used as a dopzfrizinc oxide Because of theimilar

ionic radius of gallium to the zinc, a better incorporation into theteitattice is assumed. To
synthesize defined zinc oxides, themecipitation approach was used. In this investigation
hydrozincitewas employeds precursor, which allows a decomposition to zinc oxide at low
temperatures around 32C. The materials were characterized by powdeay diffracton
(PXRD), infrared, Raman and UV/Vis spectroscopy. physisorption and by NMR
spectroscopy. This combination supports the determination of possible sidegrithabswed
estimaion of solubility limit of Ga in zinciteUp toxsa= 0.04 gallium content the zinc oxides
were equal in their characteristics and no side phase was present in the precursor phase
suggesting solubility limit around this concentratiof further increase of Ga content resulted

in phase impure and defect rich precursor phase as well as in highly defect enriched ZnO

structure.

6.1 Introduction

The opteelectonic promotion of zinc oxide is often done bBjuminiumincorporation 41 194

It is found by theory, that this cation has the best promotion effect regarding the band gap
optimization.!®® In case of a band gap renormalization gallium was predicted as the worst
doping cation as the hybridization of thesGabital with the zinc oxide conducting band does

not decrease the s orbital enertjy Because of the low substitution limit aluminiumin the

zinc oxide, the woksdoping effect of gallium could be probably compensated by a higher
number of substituted zinc sité& The better incorporation should be a result of a closer ionic

radius of the gallium cation to the zinc ion (coordination nura&rras+= 0.53A < re3+=

0.61A < rzn2+ = 0.74A).??° Therefore, gallium incorporated zinc oxidaised increasing
attention due to the possible utilization in LCD displays or other display applicatipsslar

or photovoltaic cells®” ?*and as organic LEB®*. But the promotion effect is not onbyf
interestin the field of electrical application but also in the field of heterogeneous catalysis.

Studies on the eprecipitated copper zinc oxide methanol catalyst demonstrate, that the
incorporation of trivalent cations increase the copper surface area by improving the
microstructure of the catalyst from a precursor statfeThus, a gallium promoted catalyst
demonstrate enhanced methanol acticibynpared to thenpromoted catalyst3 To prove
beside the structural promotion effect also the -@batronic promotioreffect in the context

of catalysis, gallium doped zinc oxide was synthesized bgrecipitation and impregnated
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with copper3’ This catalyst was found to be more active in reverse water gas shift reaction and
showed a comparable activity in methanol synthesis compared tdutiménium promoted
catalyst3’ The influence of gallium as an additional promotor beside zinc oxide was also shown
for methanol steam reforming catalyst. Gallium containing catalysts suppressed the carbon
monoxide formation and enhance the activity in methanol convefsfdrhe incorporation of

a trivalent cation into the zinc oxide introduces an additional electron and enhancégpbe n
semiconduéhg properties®®® For an optimum doping effect it is crucial, that the incorporated
cation substitute a zinc sit€® In this context the solubility limit of gallium in zinc oxide will

be of interest.

Early research on gallium doped zinc oxides have determined a solubility limit, which means
the substitution on a zinc positiolO ) to be in the range of 0rfol% to 2.8mol% (metat

based). These solubility limits were determined after annealing the samples at temperature in
the range of 550 1000°C, based on thanalysis methodBy: dichromate reduction, electron
microscopy, dissolving experiments with HCI, resistivity measurements and Raman

SpectrOSCOpyl.‘M' 195, 228, 236, 237

Our work was inspired by the typically Cu/ZnO preparation route, wimaver temperatures
around 350C were used to decompose the precursor phase to the metal &xitBased on
previous studies oaluminiumdoped zinc oxideshe low temperature treatment is expected to

be beneficial for trivalent cation doping of the Zri¢%; 143172

However, from the spectroscopic point of view, investigationglaminium promoted zinc

oxides have demonstrated tA5I NMR spectroscopy was a suitable method to determine the
substitution quality4? *3Hence, it is interesting, that for gallium doped zinc oxides such
analysis methods are rarely reported. This can probably be owed by the line broadening due to
the smaller nuclear spin quantum number comparé®\to 23 Nevertheless, thEGa NMR

should be mordéavourablethan the®®Ga NMR because it has a smaller quadrupole moment
and a larger gyromagnetic ratfé®In one investigation, gallium and zinc solid state NMR was
used to resolve the defects in the gallium doped zinc oxides. The similar quadrupole interactions
of 67Zn and®Ga was found resuftom gallium occuping a zinc site*® The corresponding

signal was aligned to around-80 kHz.'°® From varying oxygen content in the samples
(oxygen rich or oxygen poor) it was claimed, that the signi®®@a at around 10ppm
correspond to gallium on a zinc positié¥.The doped zinc oxides were synthesized by heating
zinc oxide and gallium metal to 1200. At this conditions the gallium should exchange a zinc

atom, which leave the oxide matrix?
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Given the fact, that the substitution limit of gallium in zinc oxide is quite difficult to determine
and that there are few reports about gallium NMR spectroscopy, the investigations of a
systematic series of zinc oxides with varying gallium amount wipresented to resolve the
solubility question in a similar manner like it was performed foralneniniumdoping.'’? To

ensure a homogeneous distribution of gallium in the sample the syniiaesiscprecipitated
crystalline precursor phase was used, similar to that described in previous ¥WoikKsis

method has the advantage, that gallium and zinc are homogeneous distributed in a precursor
phase which predefines the origin state for the decomposition to a zinc oxide because of the
close contact. The decomposition of that specific precursor gaasée performed at low
temperature around 30C and enable the synthesis of a defined and promoted zinc oxide. The
synthesized doped zinc oxides were investigated by their phase purity usmg X
diffractometry, IR and Raman and NMR spectroscopy. Thahethods will be used in
combination with UV/Vis spectroscopy to estimate a relationship between doping quality and
bard gap energy.

6.2 Experimental section

6.2.1 Precursor synthesis

The precursor of the zinc oxide sample was synthesized-pyecipitation. The precipitation

was carried out in an automated stirred tank reactor (OptiMax, Mettler Toledo) from 1 M metal
salt nitrate solution (se8l, TableSI111.20 on page260 at a temperature of 65C and at a
constantpH of 6.5. As precipitating agent, 1.6 M sodium carbonate solution was used. The
dosing rate of metal solution was adjusted to 4.2 g'niifter precipitation, the precipitate was
aged for 10 minutes without further pH control in the mother liquor. The precursor was washed
with deionized water 10 times, to reach a conductivity of the filtrate lower than 100 1S cm

and dried at 80C over night in a heating cabinet.
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6.2.2 Zinc oxide synthesis

The zinc oxide was synthesized by calcination of the grinded hydrozincite frem co
precipitation. The calcination was performed at 32Qvith a heating ramp of 2C min for 4

h in a Nabertherm (LE 6/11/B150) muffle furnace in static air (without any volume flow).

6.2.3 Sample labelling

The samples are labelled according to their gallium content relative to the total amount of metal
atoms either as percentage or as a valagepresenting the nominal metadsed ratio of
gallium calculated as shown in equatidr6.1.

.
B+ 1L M 6.1

Here, nis the molar amount of elemeni = Zn, Ga).

6.3 Characterization methods

Powder xray diffraction (PXRD)analysis was performed oBauker D8 advance with copper

K-alpha radiation and a LYNXEYE XHE detector. The diffractograms were recorded in
reflection in a Bragdrentano geometry at room temperature between 5° and 90° of the angle

2d. Phase anal ysi s wa secopded witrostruotardl dabayroncl@Sp ar i r
and COD databases.

Brunauer-EmmettTeller (BET) analysis

The specific surface areas were measured by nitrogen physisorption at 77 K in a Nova 3200e
sorption station from Quantachrome. Before recording the isotherms, the samples were
degassed under vacuum at P@(hydrozincite) and 250C (zinc oxide) for 5 h. Afterwards

the isothermal profiles between p#p0.0 and 1 referred to a reference cell were recorded. The
multipoint BET surface area was determinedpplying the BrunaueEmmettTeller equation

in a sample specific range determined by the Micropasstant of the NovaWin software by

only considering the increasing volume.

Infrared resonance spectroscopy (IRharacterization was performed on a Bruker Alpha FT
IR spectrometer with attenuate total reflection (ATR) unit. The spectra were recorded between
400 cm! and 4000 cm at room temperature. To suppress water and sidals from the

atmosphere, the device was placed in a glovebox of MBraun with argon atmosphere.

UV/Vis-Spectroscopwas performed abom temperature in a 2600i spectrometer of Shimadzu
in the range of 200 to 900 nm. The sample was pressed into the solid sample holder to create a

flat surface. The spectra were recorded in reflection with BaSO4 as reference material. The
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band gap determination was performed by differentiation of the raw data, to determine the
changing point. At this point, where the first derivative was zero, the wavelength was calculated
to the electrical energy in eV. This method was used only to detempialitatively the band

gap energy change by UV/Vis spectroscopy in dependency of the gallium incorporation.

RAMAN-Spectroscopwf the powders was performed in a powder sample holder positioned in
45° to the laser beam in a MacroRam spectrometer of Horiba Scientific. A 785 nm laser with
an intensity of 9GnW was used. The Raman shifts were recorded in the range om0
3500cn™.

Scanning electron microscopy (SEMY the doped ZnO samples were taken on a Zeiss Gemini
Ultra Plus with an Oxford EDX detector. A spatula tip of the sample was dispersed on a carbon

covered stainless steel pin mount sample holder.

Transmission electron microscopy (TEMyere performed on a FEI Tecnai F30 G2 STwin
(300 kV, FEG) equipped with an EDX detector (Si/Li, EDAX). The TEM samples were ground
and dispersed in-Butanol (spatula tip sample in few drops eBuatanol) and prepared on Cu

lacey TEM grids.
Solid stateNMR-Spectroscopy

All Ga solidstate NMR experiments were performed on the Bruker Avance Neo NMR
spectrometer with a magnetic field of 14.1ising a Bruker 3.2nm probe head at a frequency
of 156.375MHz.

6.4 Results and Discussion

6.4.1 Characterization of the Hydrozincite precursors

The coprecipitated precursors are characterized by PXRD. The patternshaven in
Figure6.1. The samples up t&ca = 0.04gallium content are crystalline and phase pure
hydrozincite materials. The reflections become broader as more gallium was incorporated,
indicating, that gallium is introduced into the crystal phesshown irFigure6.2 exemplified

on the 200 reflectianFor a gallium contenica> 0.04an additional refletion of a side phase

at around2d = 12° evolved which is assigned to a hydrotalcite type crystalline phase. The
mineral of thealuminium rich hydrotalcite type side phase is called zaccagnaite with the
stochiometric formula: Zm\l 2(OH)12(COs) - 3H20. 2% This side phase was also found in a
study about Al incorporation into hydrozincites and zinc oxitfésn this case now, instead of

aluminiumgallium was incorporated, resulting in a similar to zaccagnaite Ga,Zn layered double
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hydroxide (Ga,Zn LDH) side phase. For the samples with a higher gallium crgtend.06,

the main hydrozincite reflections are preséuat the reflections are so broadened, that only the
main intense reflections are visible. Additionally, a new reflection at the angkfo6245°

and 21=19.49° evolved for ¥ > 0.06. Since this new evolved position is reproduced by
Xca= 0.1landxsa = 0.15gallium containing samples, it is related to the gallium incorporation.
From ICSD and COD Database the allocation to a specific crystal system was not possible. The
additional reflection at @ = 19.49° was also observed in a previous investigation with
aluminiumas trivalent cation and was found to correspond to a defect enriched hydrozincite
with broken symmetryl’? Therefore, in situ PXRD duringalcination was performed.
Analogous to the Al incorporated hydrozincité the gallium doped precursor decomposed at
around 220°C to ZnO, which was additionally confirmed by TG analysis (compare Sl
FigureS111.49). Contrarily to hydrozincite the zaccagnaitike side phase reflection
disappeared at around 120 (seeFigure6.3). The additional reflections of the precursor phase

at 2= 6.45° and @= 19.49° behaved like the hydrozincihase andan be affiliated tohat

precursor material.
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Figure 6.1: Powder PXRD pattern of the -gwecipitated gallium doped hydrozincite
precursors (3 . I'n b) is a higher =rlBshownuto demanstratd t he
the zaccagnaitéike phase evolution. The reference pattern was taken from ICSD, hydrozincite

in black (#16583) and the zaccagnditee in dark grey (#190041, *). The newdannknown

refl ect +®n45 A t=al®48° aPednarked with @iangle. xca is the metalbased

fraction of gallium.
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Figure 6.3: Temperaturaesolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 1% gallium (a = 0.15). The PXRD analysis was
performed in static air. The reflection positions are labelled as followed: zaccadikait@),

hydrozincite {( ) and additional reflectionsi ().
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To determine structural changes, infrared spectroscopy was performed. The spectra are shown
in Figure6.4. Typically infrared modes for hydrozincit&s, = 0) are thens mode (137@&m?

& 1500cm®) which corresporsito the antisymmetricarbonate stretching and the mode
(1045cmt) which corresporsito the symmetric carbonate stretching mé#Whereas thes

mode (70&m?) correspond to the antisymmetric OCO bending mode and thenode
(836¢cm) to the outof-plane OCO bending mod&?: 211

Contrarily, the zaccagnaitike side phase contains three strong signals at 1343 67 cmt
and 521cm?.

To evaluate first, for which doping level teale phase can be expected by IR active modes,

the modes of theaccagnaitdike phase are compared to the Ga doped hydrozincite series.

The mode at 521 ctis related to a MDOH translation modé!* and is clearly present in the
zaccagnaitdéike sample. Only the hydrozincite doped with%nd 15% Ga showed a weak
signal at this position, which indicate, that this samples contained small fractions of the side

phase.

The mode at 767 ciof the zaccagnaitike phase can be assigned to aOM translation
mode 2! which can be related to the significant amount of hydroxyl groups present in this
material. However, this very pronounced signal must be linked to the gallium ion, since it was

not so intense as Al was used as trivalent catfén.

The mode at 1343 chrcan be aligned to an antisymmetric carbonate stretching mg)d&liis

mode is also typical for the hydrozincite phase in the region of 1370aach 1500 cm. But

this mode is tailored into two separated signals in case for hydrozincite and collapse to one
signal for the zaccagnaiti&ke material.

The split into twons modes in the hydrozincite structure is explained by the change of the
carbonate site symmetry to eithes, [@s or to G and G 5 2*°If the site symmetry is Cs the
andnsmode will split into two signals, like it can be observefigure6.4.2'1 This split in the

modes is a hint of defects and distortions in the carbonate sublattice of the hydrcZthédte.

241 However, the Esite symmetry seems to be stable up ¥ dallium incorporation. A higher
incorporation result in the shift of the modes towards higher wavenumbers and the collapse

of both signals to one signal started. Simultaneously,nibde ns vanish. This break in
symmetry by Ga incorporation demonstrate, that the hydrozincite structure is enriched in
defects and starts to change, as it was observed in PXRD by additional and broaden reflections.

The increased defects in the hydrozincite stmecas well as the additional modes at 52%,cm
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which can be related to the zaccagnéike side phase, indicates a change in the more
thermodynamicallyfavouredstructure. A doping with larger fractions of ¥ gallium may
represent a twphase system of hydrozincite and zaccagriéematerial, which will change

towards a one phase system if the stoichiometry for a hydrotalcite structure is reached.

Interestingly, when thes mode in the hydrozincite structure start to declieg £ 0.04), the
symmetric OCO bending mode (836 cm') appears. Simultaneously, the mode at 623 cm
increases with the dopant amount. From hydrotalcite studies, the mode at $2%utre

related to translation of hydroxyl groups? The hydroxyl group increase with increasing
dopant concentration must be due to charge compensation of theGaince this mode is
correspond to hydroxyl sites between sheets, it can be assumed, that the increase of this mode
increased the number of sheets. Simultaneously, the carbonate sites decrease, as the signals of
thens mode broadened and themode vanished. However, the carbonates, which are present

in the structure change the position from an antisymmetf)aq¢ a symmetric OCO bending

site, which is indicated by the appearance ohthmode. The change in the carbonate sublattice

is also observed by the mode at 950cifihis mode disappears when the first structural
changes in the hydrozincite starteck&t = 0.02 and represents the hydrogen bond between a
carbonate and a hydroxyl anion. In this early stage £ 0.02) it can be assumed, that the
dopant changed the carbonate orientation, which break up the hydrogen bond. Further increase
of the dopantoncentration led to a break in thesgmmetry of the hydrozincite structure and
carbonate becomes substituted by hydroxide ions for charge compensation introduc&d by Ga

incorporation into the hydrozincite lattice.
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depending onee.

For a better insight into side phase formation, Raman spectroscopy on the gallium doped
hydrozincites was performed. The spectra of the samples are preseigdiret.5. The
typical carbonate modes are: the antisymmetric carbonate stretchingur(ogle= 1545 cmt

& nza=1368cm?), the symmetric carbonate stretching mogdé1064 cmt) and the in phase
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carbonate bending mode (nap= 1545 cm' & nia=1368 cm?). 24! The bands below 600 ¢

correspond to MO or M-OH modes?!! 215 24lhere assigned as, zno (384 cmt) and theny,
zno (220 cm?).

Since zaccagnaite is a material which is related to the hydrotalcite (layered double hydroxide,
LDH) minerals, reported investigation of this material class are used to determine from this

material expected modeg? 215217

In this work, we focus on the structural changes of the hydrozincite structure induced by the

Ga** incorporation.

In analogy to the IR spectroscopy, the main carbonates modes as described above are present
in the undoped samplgda= 0). Similar as in the IR spectroscopy, thenode start to decline

with Ga incorporation. Especially time, mode is almost vanished faga = 0.06 whereas the

nza Mode was still present. Since this modes indicates the carbonate lattice distortion, as
described in the IR spectroscopy, the mode becomes Ramaative and disappeared
completely forxca= 0.1 andxca= 0.15 but was still present in the IR spectra (Sgere6.4).

Due to the broken symmetry in the hydrozincite structure, described in the IR section, the
mode broadened and vanishedxes> 0.04. In Raman spectroscopy this mode broadened as
well but was still present for higher doping levels th&6.4rhe mode separated into signals in
which napywas still more pronounced compared tonlemode. Since for example the mode
vanished in Raman spectroscopy, but was still in IR spectroscopy active, this means, that the
symmetry of the carbonate ion responsible for this mode was completely changed. Similar for
the ns mode, which stayed Raman active but became IR inactive. Possibly, both modes are
linked and describe the similar carbonate ion in the structure, which cause simultaneously

changes in the IR and Raman spectroscopy by deviating from the original cargomatry.

However, the symmetric carbonate stretching madg Was still Raman active but with
increasing doping levels o&a > 0.01 a blue shift of this mode was observed. This blue shift
seemed to be stable after reaching a level%f@a in the hydrozincite and was also observed

for the cationic lattice modes like, zno and for thezn-OH mode (comparEigure6.5 b)). This

blue shift indicates a strengthening of the bonds. Since Ga is slightly heavier thgh&n,
change of the coordination from Zn to Ga could explain such a shift and the increase of the
modes. Therefore, this shift gives clear evidence of the Ga incorporation into the hydrozincite

structure.
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So far, Raman spectroscopy has elucidated structural changes in the carbonate lattice of the
hydrozincitestructure.

Regarding the phase purity, the signal at ém# (Me-OH) was described for hydrotalcite
materials ?'° This mode was only observed for #and 15% Ga doped hydrozincites, where
indicationsfor a zaccagnaitike side phase arefound in IR spectroscopy but also where this

side phase could be determined by PXRD analysis, described in the previous section.
Regarding, the MDH active modes, the ZOH mode correlates with the increasing Ga amount

in the hydrozincite. This mode wals@ present in the undoped hydrozincite, so that it is not a
clear indication, that a side phase was formed. But the increagensity and the blue shift
indicates, that this mode was also mainly affected by Ga incorporation. As explained in the IR
spectroscopy section, above, the additional cationic charge may be compensated by additional
hydroxyl groups, which explains the nease of hydroxyl group corresponding modes in the

spectroscopic methods.

TheBET surfaceareas, shown ikigure6.6 (white bars), are quite similand variebetween
11-19m?g* over the complete doping range for the (substituted) hydrozincite samples. The

surface areas of the dopadc oxides will be discussed later.
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Figure 6.6: Evolution of the BEBurface for the gallium doped hydrozinciteghjte columns;
HZ) and their zinc oxides (black filled columns; ZnO) after calcination at°8fbr 4 h in

static air.
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6.4.2 Characterization of the zinc oxides
By calcination of the gallium doped hydrozincite precursors at°82id static air they were
transformed to their corresponding zinc oxides. The PXRD pattern of these samples are shown

in Figure6.7 a).

The reflection positions correspond to zinc oxide without any side phase. Regarding the
detected zaccagnailée side phase in the precursor characterization, the absence of additional
reflections in the PXRD pattern led to the expectation,ithaas decomposed to a defective
ZnO phasesimilar to the zaccagnaite side phas¢he ZnO:Al study!’2 This expectation is
supported by electron diffractometry during TEM analysis (shown ifi@ireSI 11.55),

where a highly distorted ZnO was found fatecomposed, large single crystal, which is aligned

to thezaccagnaitdike sidephase, analogous to the findings in the ZnO:Al investigatfeand

in analogyto the findings in PXRD of the precursorBigure6.1) and SEM microscopy
(FigureSI1 11.56). With increasingyallium content, the reflections broaden, which indicates the

successfuincorporation of Ga** in the ZnO lattice.
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Figure 6.7: a) PXRD pattera of the gallium doped zinc oxides after calcination of the
hydrozincite precursors. The reference positions were taken from COD, zinc oxide in black
(#2107059). ¥ais the metabased fraction of gallium. In b) is the reflection broadening as the
fullwidth of the half maximum (FWHM) in dependency of the gallium incorporegisinown

The lines are to guide the eyes.

The zinc oxidereflections, especially the 002 plane dt=234.5 are affected by increasing
gallium incorporation (seEigure6.7 b)). The FWHM of the 00z2eflection dropped down for

a gallium content okca > 0.06 because of the hardly to identify 002 reflection. This indicate
that the lattice is strongly affected by the gallium incorporation and may induces defects like in

the hydrozincite lattice, discussed in the precursor characterization. However, the main changes
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in the reflections happened for a larger gallium contentxsa® 0. 0 6 . It I s exp
defect rich zinc oxide increases the surface area of this mateifrayure6.6 (black bars) the
expected BET surface areas are shown. Since the precursors have similar and in comparison,
lower surface areas, the steady increase of the surface areas of the ZnO series calls for an
explanation. First, the decreasing crystallite size leads iacrease in surface area p&ass

Both, the increased defectiveness of the Ga:HZ and the crystallization of ZnO being hampered
by the incorporation of Ga which can explain this decrease in crystallite size, which is supported
by SEM analysis of the Ga doped ZnBE)gure6.8). The aggregates of the ZnO decreased in

size with increasing Ga content. Especially, for the ZnO doped witho IBa, additional
platelets on top of the typical ZnO structureraobserved. Due to the typical shape for LDH
crystallites and because of the observed side phase reflections of a zacd&gnglitase in

PXRD, IR and Raman in the precursor characterization, this platelets are expected to be the

zaccagnaitdike side phae. This is in alignment with the earlier reported study of Al dopes
Zno. 172

Figure 6.8: SEM micrographs of selected samples of the Ga doped ZnO. The arrows mark

position of the additional platelets.

However, the natural BET surface increaéehe undoped materia¢.g, from 11 m2g to

31 mag? for xsa= 0, is related to pore formation, which clearly can be seen in higher resolved
SEMmicrographs (SIFigureS1 11.56). The further increase with increasing Ga contenis th
related to the smaller crystallite sizes and hence, smaller aggregates and due to the additional
side phase. From the BJH analysis of the desorption isotherm an increase in small mesopores
with increasing gallium content up to% was found(compare SIFigureSI1153). Upon

further increase dhe gallium content, nanopores as well as larger mesopores were additionally

determined.
The Raman spectra for the samples calcined at@G20e shown irFigure6.9.

The Raman modes, which correspond to the ZnO lattice can be depicted from the undoped ZnO
(Figure6.9 for xca= 0). The cationic lattice of the Zn ions are Raman active,4% ode

117



6 Phase evolution and solubility limit of gallium doping in zinc oxide catalyst supports
synthesized via eprecipitated hydrozincite precursors

(109cmt), whereas the anionic oxygen lattice a¥%mode (434 crd) Raman active i$8 242

243 At 329 cmt' the mode is assigned to the difference gf9and E°Y (E2"9" - EJ°") whereas

the 2E°" mode, as an overtone of the®E mode, at 205 crhevolved.?*? 243The polar AT

was assigned for a Raman shift of 381'cifhe A mode typically split into transversal optical

(TO) and longitudinal optical (LO) mode¥? 2*3For the undoped ZnO only the transversal

optical mode was present. In comparison to the Zh® calcined zaccagnaili&e reference
material didnoét shoRgureSildsy Raman signals (SI

A low Gaamount incorporated into the Zn@s§ = 0.01) resulted in an increase of the E
modes, compared to the undoped Z@0ntrarily to the Emode, the clear signal of tha'®

mode vanished with Ga incorporation. Possibly, the signal of this mode is broadened and
collapsed with the signal of the broader"¥ mode. The additional signal of the'& (568

cmt) and the A™*0 (628 cm') modes gives evidence for a broadening of thE Anode

instead of their absence.

The broadening of the 9" mode shows, that the oxygen lattice is affected by the Ga
incorporation. Especially for the Ga amountxgf > 0.06 the E"9" and E"9" - E;°" modes
broaden strongly and creates a broad halo for a gallium contegf ©f0.15. This effect on

the oxygen lattice gives evidence, that defects are present in the ZnO structure affected by the
Ga incorporation.

The AL mode corresponds to lattice vibrations parallel to dfexis, *® and includes also
polarization, which is in parallel to theaxis for the longitudinal and perpendicular to the
axis for the transversal mod¥. In nanocrystalline material, the acoustic phonons beside the
optical phonons can evolvé&?® Therefore, additional overtones as thg”A° and A+

mode are present.

The A***"°mode didnét show a clear peak but a br
with increasing Ga incorporation and collapsed almost with &2 overtone aksa= 0.15.

Contrarily, the A™*° overtone showed a clear signal and started to evolve from the lowest

Ga doping Xca= 0.01, 627 crit). This overtone showed a clear blue shift with increasing Ga
content kca= 0.1, 635 crit). Because of the slightly higher weight of Ga compared t3%n,

this blue shift gives evidence of the Ga incorporation into the ZnO structure. However, the
effect of the Ga incorporation onto the mode perpendicular te-thés (A'°) is hardly to

evaluate due to the broadening of th&%mode. Nonetheless, the mode parallel to tagis

(A1-°, 573 cm?) evolved by Ga incorporatioxda = 0.01) but broadened with increasing Ga

content. An increased Ga content 0f%:0 15 % showed the strongest broadening of theE°A
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mode indicating, that the gallium incorporation caused defects, which affecstie as it

was also shown in the PXRD analysis by the broadened 002 reflection. Interestingly, even for
this high Ga content, the overtone:"&"° became prominent, whereas for the lower Ga
containing samples only an increased baseline was observed. The mM8H€ results of a
propagation of an extraordinary phonon in an arbitrary directions, indicating isotropic
properties.?** Compared to the lower Ga amounts, the isotropic effect became suddenly
pronounced foksa= 0.1 andxca= 0.15 which may can be linked with the smaller aggregates,

found forxca = 0.15 in SEM analysis.
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Figure 6.9: Raman spectra of the gallium doped zinc oxides. The modes are labelled with

abbreviations for: Longitudinal optical mode (LO), transversal optical mode (TO), transversal

acoustic mode (TA).

6.4.2.1 Gallium speciation in the doped zinc oxides

"IGa MAS solid state NMR was performed for the gallium doped zinc oxides, to determine the
coordination sites of the Ga ion incorporated itt® ZnO Figure6.10). This method allows

to determine and quantify the Ga incorporated onto a Zn posi@dh ) like it was already
reported for aluminum doped zinc oxidé&: 1"2From theZnO:Al case, a sharp signal on a
higher chemical shift for a fotfold coordinated (G&) would be expected, as a result of the
highly symmetric environment of a gallium ion on a zinc positith!’?Due to the strong line
broadening of the gallium NMR signd®, that sharp and intense signal cannot be observed.
Nevertheless, all doped zinc oxides showed a signal in the regiod'8f(@helled as Gag).

Comparing the case of t@@O:Al, the signal around 200 ppm would be expected, to be a four
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fold coordinated Ga ion in ZnO but not on a Zn position of the laftté€.’?In case of Ga as
dopant, both foufold coordinated G&nvironmentannotbe distinguished and therefore, no
conclusion on the amount of Ga incorporated onto a Zn position can be drawn. However, the
signal for the fowfold coordinated Ga increased in intensity with increasing gallium content
but broadens at the same timeslhighly likely, that after saturation of the zinc position, more
gallium was in a foufold coordinated environment incorporated into the zinc lattice, which

resulted in the signddroadening.

Nonethelessfor the samples with 1% and 15% gallium content additionally the fiviold
(GdV)/Ga®) and sixfold coordinated gallium signal appears (83GaQ;). For this samples,

a zaccagnaitbke side phase was determined in the precursor characterization. The
characterization of the corresponding zinc oxides has shown, that the ZnO was phase pure but
enriched by defects. Therefore, it can be assumed, thatdtlitional chemical shifts are from

the decomposed zaccagndite side phase.
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Figure 6.10:; Stack plot of'Ga MAS NMR spectra of the gallium doped zinc oxides.

Additionally, XPS analysis showed an increased Ga:Zn ratio, for a higher doping than
XGa> 0.04 (compare SFKigureSl11.59). Forxca< 0.06, the Ga:Zn ratimatched to the ratio
determined by AAS, demonstrating, that a homogendsasincorporation into the host
structure was reached. Only the surface seems to be Ga enriched, which would be in alignment

with the hypothesis of a surface near segregation of amorpheds @a\l.03 species 2 after
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calcination However, the finding from XPS combined with the NMR spectroscopic results
gives evidence, that an incorporation of more tha% 4a result in an increase of Ga
coordination sites, different to the target€d doping site so that a solubility limit around
Xca= 0.04 is expectedSuchundesiredside phases, present in ZnO are expected to affect the

opto-electronicproperties of the material a negative way43 172

6.4.2.2 Opto-electronic properties

The optical band gap energies of the series are showhignre6.11. Regarding a perfect
substitution of a zinc site, the band gap of zinc oxide should not change drastitahg band

gaps determined at room temperature are in the range of\3, 3thich is in line with reported

band gap energie¥? ¥4From the values of the doping series, the band gap can be considered
as equal up to % gallium doped zinc oxide. For higher gallium contents, the band gap starts
to increase. This increase can be explained byBtirsteirMoss effegtwhere the dopant
occupies the lowest energy leveltbe conducting band, so that the excited electron has to
reach a higher energy level, which results in an increased bantg&8The band gap of the
oxide derived from the zaccagnaliiee material was determined to b&¥. Therefore, if this

side phase increases duringarecipitation, the average band gap energy of the corresponding
ZnO will increase. Regarding the doping gtyalt can be concluded, that up td4 (metat

based) gallium content the band gap was not affected and that possible band gap narrowing and
widening effects areompensatingFor a larger dopant concentration, the effects for band gap
widening increaseThis results support the findings from the NMR and XPS analysis, from

which the solubility limit close to 2o was expecte(see above)
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Figure 6.11: Band gap energies of the gallium doped zinc oxides. The line is to guide the eyes.

6.5 Conclusion

The coprecipitation allows to synthesize well defined precursors, which afterwards can be
decomposed to zinc oxides. This approach has the advantage, that possible inhomogeneities are
avoided by using a suitable precursor system in which the cationspeesgédy incorporation

leading to a doped ZnO after controlled decomposition. In this investigation, frem co
precipitated gallium doped hydrozincites, a zaccagiiaigeside phase was found by PXRD
analysis for a gallium content above/®(metatbased) A careful analysis with infrared and
Raman spectroscopy confirmed structural changes by induced defects and a distorted
hydrozincite lattice, which can be induced for charge compensation. The calcination led to the
decomposition of the precursor to azoxide without any additional side phase determined by
PXRD. The structural change because of the incorporated gallium iooowfsnedby the
reflection broadening of the PXRD patteand additionally by Raman spectroscopy. The
chemical environment ohe Ga im was determined by'Ga NMR spectroscopy and has
shown, that up t&a= 0.06 no fivefold or sixfold coordinated Ga was present. Unfortunately,
noclearconclusion on the Ga incorporated onto a Zn position in the ZnO lattice could be drawn,
due to line broadening of the signals and the missing differentiation of the two expected signals
for the fourfold coordinated Ga iorConsidering the line broadening and the XPS results a
solubility limit for Ga incorporation into the ZnO structure arourtd ¥ expected From UV-

Vis spectroscopy, a band gap of around 3.3 eV was determined for the Gaede®Op to

Xca= 0.04, supporting a solubility limit around this concentratidn further increase in Ga
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content resulted in an increased band gap, which can be explained eithButsyeirMoss
effector by isolating effects of the decomposed Ga enriched zaccatikaistgde phase present

in samples fokca> 0.06.

Supporting Information

Supporting Information are provided in chaptet.8 (Supporting Information taPhase
evolution and solubility limit of gallium doping in zinc oxide catalyst supports synthegaed

co-precipitated hydrozincite precursoystarting from page59.
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ABSTRACT

The active site of the industrially used Cu/ZnO catalyst for the formation of methanol is

controversially debated to date. Ammonia has been used as a probe molecule as it was found to
inhibit methanol synthesis in G@ontaining synthesis gas. Herein, we investigate the
poisoning effect using an industrgipe Cu/ZnO/A}O3 catalyst synthesized by <o
precipitation. During steadstate methanol synthesis in a £X00/H> synthesis gas, isobaric
trimethylamine (TMA) and ammonia injections poisoned methanoldtan reversibly, with

the poisoning of ammonia being significantly stronger than that of TMA. Based on DFT
calculations, a mechanism of ammonia poisoning was derived: ammonia activation takes place
on adsorbed oxygen or hydroxyl groups followed by theti@a with CQ forming a stable
carbamate on the active site. Further hydrogenation of the carbamate to methylamine was
calculated to exhibit high barriers, thus being rather slow, explaining why ammonia poisoning
has a longeterm effect, as TMA cannot ffim a strongly bound carbamate species exclusively

acting as weakly bound sit#ocking species.

7.1 Introduction

The industrial methanol synthesis process currently received great attention again because of
the promising potential in pow#o-liquid concepts for the mitigation of greenhouse gas
emissions and as an alternative to fossil energy carriers. Methanglasticular interesting,

because it can be used both in the fuel and the chemistry séfofé®+®

Industrially, methanol is synthesized from syngas mixture containing CQ,a8® H at

pressures of 50 100 bar and temperatures of 20800°C over Cu/ZnGbased catalyst$ As

in many industrial catalytic processes, the technological application of methanol synthesis has
preceded the full understanding of the underlying chemistry, which has led to a vast amount of
empirical knowledge that has been complemented by a growtafmental and mechanistic

insight in the last decade's>! However, the exact detailed reaction mechanism, the nature of

the active sitesof higher f or mance catal yst s, and the int
the feed gas components are debated to thiS¥&Among the most important open question

is the dynamic effect of the ava |l | eedn ALyYyner gyo on the natur.
responsible for methanol formatiofi.New experiments and calculations allow a more and

more detailed understanding, which could be key to a knowdedged adaption of the current

industrial process for future powtr-methanol applications.
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For example, the zinc coverage on the copper nanoparticle was interpreted as a surface alloy,
which strongly affects the methanol synthesis activity of the catalyst and can be determined by
chemisorption methods'? 14This behaviourmay be due to an enhanced methanol formation
route via zinc formate determined by spectroscopy with isotopic labelled carbon dioxide
sources?*®Nevertheless, the change of the catalyst surface, and in particular the oxidation state
of Zn, depends strongly on the redox potential of the gas phase. At rather oxidizing conditions
(CQp-rich) Cu/ZnO can be assumed, which changes viZi€tito a CuZn surface alloy for

which ZnO acts as a Zn reservoir at reducing conditionsr{€).?**?>°Hence, the catalyst is
typically activated under strongly reducing conditionsifHnert gas and 25%C), and the Cu

Zn surface alloy and the activated-@in®* interface site are likely candidates for the active site

in methanol formation from carbon dioxide’ This surface alloy is found to aaxist with ZnQ

islands, and thus with CZn® interface sites, after catalyst activation at temperatures in the
range of 200 340°C. At temperatures above 320 a bulk brass alloy is formed by continuous

consumption of the zinc oxide species, which are in close contact with the copper paticles.

Recently, a new experimental approach for surface characterization of working Cu/ZpgO/Al
catalysts has been presented. Laudenschlegeat 2° introduced higkpressure pulses of
ammonia (NH) as a new tool to probe the active site of an industrial Cu/ZnOgAlatalyst

during methanol synthesis. This method complements the tradigansituchemisorption
methods based o decomposition and hydrogen temperajnaegrammed desorption ¢H

TPD). These have already shown that depending on the catalyst composition and the used feed
gas, a linear relationship between the copper surface area and the activity in methanol synthesis
is observed. The aodribution of partially reduced zinc oxide to theON decomposition
capacity, however, increases the compPexity
9911235 the amount of reduced zinc oxide will depend on thérgagment conditions'? >4 at

low temperature and might not represent the working state of the catalyst.

Contrarily to these chemisorption methods, the operandcammonia pulse experiments are
conducted on the working catalyst and the first results confirmed the important rokzaf Cu
interface sites?® The upstream isobaric injection of ammonia leads to a sudden temporary
poisoning of methanol formation. The linear increase of poisoning strength as a function of the
COz content in the synthesis gas and the absent poisoning of the parallel ethylene hydrogenation
probe reaction as well as of the pure CO hydrogenation, which are both considered to take place
on the unpromoted Cgites, makes this method sensitive to théZmomoted CQ@conversion

sites on the Cu/ZnO cataly$t.

127



7 High-pressure pulsing of Ammonia results in Carbamate as strongly inhibiting Adsorbate
of Methanol Synthesis over Cu/ZnO/AI203

Ammonia introduced as pulses was observed to be converted to trimethylamine (TMA). Here,
we report experiments using a wehlaracterized highly active Cu/ZnOA8iz methanol
synthesis catalysts of academic origin. This is a reproduction of a benchmark catalyst whose
synthesis history and structural properties are fully disclosed and thus allow for the
establishment of structwativity correlations. Furthermore, wembine the experimental data

with density functional theory (DFT) to identify the reactroachanism of the TMA formation

and especially to uncover its active site, which leads to poisoning of methanol formation, thus

being identical to the active site for €ydrogenation to methanol.

7.2 Experimental section

7.2.1 Catalyst synthesis and characterization

The investigated catalyst is an alumpramoted copper/zinc oxide catalyst that was-self
prepared from a coprecipitated precursor using a preparation recipe that was inspired by the
established industrial synthesis. It is comprised of precurs@resmptation, ageing in the
mother liquor, recovery, calcination in air and finally reduction in a diluted hydrogen stream
directly prior to the catalytic experiments. Its synthesis was a reproduction of the catalyst
described earlier as Cu/ZnO:Al, which hasrbéself subject of several studies or has been
used as benchmark catalyst for activitymparison ands here abbreviated CZA. In more
details, the precursor of the investigated catalyst was synthesizedpri@cgaitation according

to Schumanret al.®’. The precipitation was carried out in an automated stirred tank reactor
(OptiMax, Mettler Toledo) from 1 M metal salt nitrate solution at a temperature 6€65
During the precipitation with 1.6 M sodium carbonate solution and using a dosing rate of
2.5gmin? the pH was held constant at 6.5. Afterwards, therezipitate was aged in its
mother liquid without further pH control. After the typical pH dPépad been observed, ageing
was continued for h. In a following procedure, the precursor was washed with deionized water
15 times to remove the sodium and nitrate ions followed by drying the precipitate in a heating
chamber at 80C over night. The recovered powder was grinded and afterwards calcined at
350°C for 3 h using a heating ramp of°Z min?t in a muffle furnace with static air. The
calcination temperature deviates from the procedure describ®&dhaynanret al >” and their
catalyst denoted FH®td., for which 330°C have been used. The increase of the calcination
temperature by 20°C was necessary for a more complete decomposition of the
hydroxycarbonat@recursor bumay come at the cost of a slightly lower specific surface area
due to stronger sintering éble7.1).
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The metal composition was chosen as 68:29:3 in CZA. Therempitated precursor, the
corresponding oxide and the reduced catalyst were characterized by the following methods.

Atomic absorption spectroscopy (AA8)s performed on a Thermo Fisher iG&00 AAS
after dissolving the sample in nitric acid overnight. The nominal metal ratio was 68:29:3, and
this close to the experimentally found values of 69(%):29(+£1.4):2(++0.003).

Powder Xray diffractometry (XRD)patterns of the cprecipitated precursor, the calcined and
pre-catalyst were recorded on a Bruker D8 ADVANCE in Brigygntano geometry with a
LYNXEYE XE-T detector using Cu #lpha radiation. Phase analysis was performed using
structural data from ICSBnd COD databases.

Surface area analysis by nitrogen physisorptiaf precursors and calcined samples were
determined by applying the BrunatemmettTeller (BET) equation to the MNadsorption data

in the range of 0.07 to 0.3 of the pressure ratio measured®@fC. The sample was first
degassed under vacuum at°&for 2 h to remove any adsorbates. The determination of the
pore sizes was done by applying the BatdeftnerHalenda (BJH) method to the desorption
isotherm. The measurement was carried out in a BET analgsigp SNOVA 3200e of

Quantachrome ara@halysedvith the NovaWin software.

Temperature programmed reduction (TPRJ 100 mg of a 250355 pm sieve fraction was
performed in a quartz glassdhape tube reactor with an inner diameter of about 4 mm. As
reducing atmosphere 4% H- in Ar with a volume flow of 84.1 ml mihat ambient pressure

was used. Starting from room temperature the sample was heated up’ @29 a heating

ramp of 1°C minL. After reaching the target temperature, it was held for 30 minutes to ensure
recording the complete reduction profile. The formed water during reduction was separated by
a cooling trap to enable the analysis of the consumeda-a thermal conductivity detector
(Hydros 100).

N20 reactive frontal chromatography (N2®FC) wasanalysedn a similar reactor with the
same mass loading and sieve fraction as used for TPR. Before recordin@tberSumption

the sample was reduced in a gas containingék in He. To ensure a completely adsorbate

free surface the reduced sample was treated for 1 h &€2@@ He stream followed by cooling

to room temperature. Thex® decomposition experiment was performed wiéh N>O in He

at room temperature and atmospheric pressure. The cptisarof NbO was determined by a
calibrated quadrupole mass spectrometer (Balzer GAM 400). Calculating the metal surface

areas and other quantities related $®NRFC were performed according to D861361. 1>°
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7.2.2 Catalytic testing and ammonia pulse chemisorption

Activation: For the activation, the 200 mg of catalyst in the sieve fraction 3550 e m wer e
heated to 175C with a heating rate of 4C min™ using a gas flow rate of 500 gnin™ gear™

of 2vol% Hzin N2 for 15 h. Then, the temperature was increased t6Q4¢dth 1°C min™* and

held for 30 min.

Aging of the catalystTo reach steadgtate conditions in a relative short period of time, the
corresponding catalyst sample was aged before performing the lemptciments. For an
investigation of the initial activity the catalyst was run under kinetically controlled conditions
in 13.5vol% CO, 3.5vol% CO,, 73.5vo0l% H2 and 9.5v0l% N2 syngas with a volume flow of

666mIn min? geai! at 210°C and 60 bar for one week.

For the further aging process, the reaction temperature was set°a @60 the volume flow
to the minimal possible value to reach equilibrfaontrolled conditions to ensure a
reproducible deactivation. By exposing the whole catalyst bed to high conversion conditions

according to the study fichtl et al.?®!, steady state was reached after another week.

High-pressure pulse experiments with NH3 and TM3imilar to the aging process as standard
syngas mixture, the following composition was used: 186 CO, 3.5vol% CO,
73.5v0l% H2 and 9.5v01% N>. The kinetically controlled measurements were performed in the
differential region at 210C and 60bar with a syngas flow of 666 minin™ gcataysit. A constant
volume of 1 ml N containing various mole fractions frothto 2000 ppnof NHz and TMA

were injected into the upstream synthesis gas as isobaric pulses.

7.2.3 Density Functional Theory (DFT) calculations

Density Functional Theory (DFT) calculationsvere performed using the Vienna Ab Initio
Simulation Package (VASPY¥' 162, 252 253j4 connection with the Atomic Simulation
Environment (ASE)2>* 2°°The Bayesian Error Estimation Functional with van der Waals
correlations (BEER/dW) 183 with the projector augmented wave method (PA¥¥)%and a
planewave basis set with a cutoff energy of 450 eV were used. The choice of thevBRBEF
functional is motivated by its performance with respect to adsorption enér§ié¥ and
transition state$®® on transition metal surfaces, and in particular by its successful description

of surface processes related to@@drogenation to methandf: 2>°

Infinite slab models for the CR11 termination consist of four lay#drick 33 3 supercells,
separated by more than 16 A in the z direction. Zink containing alloys were constructed by
substitution of Cu with Zn atoms along the Z114 edge (denoted Zn@11). The bottom two
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layers were kept fixed and the upper 2 layers were allowed to relax during geometry
optimizations. The Brillouin zone was sampled using 48 3 MonkhorstPack kpoint gricf®

for both,Cu 211and ZnCW211. The convergence criterion for the geometry optimizations was

a maximum force of 0.01 eV/A. Transition states are obtained using constrained optimizations.
All transition states were verified to contain a single imaginary harmonic frequency
correspondig to the transition vector of the reaction. All adsorption energies were corrected
by zerepoint energy (ZPE) contributions. Entropic contributions to the free energy were
calculated within the haronic approximation for adsorbates, entropic contributions for gas
phase species were obtained from tabulated values (see Sl for all data). All optimized structures

of adsorbates and transition states are given in tbétBé published work

7.3 Results and discussion

7.3.1 Catalyst characterization

The composition FigureSI111.60, TableSI11.21), the XRD pattern of the precursor
(FigureS111.61) and of the calcined formF{gureSI11.62), the N adsorption isotherms
(FigureS111.63, TableSI 11.22), the TPR curveRigureSl 11.64a)) and the BO-RFC profile
(FigureSI111.64 b)) of the CZA catalyst are presented as supporting information. In agreement
with previous results, XRD confirmed that the precursor of the catalyst mainly crystalized in a
malachite structureF{gureSI 11.61) and that the typical bphase* of Al-rich hydrotalcite is
hardly observed butannot be completely ruled out based on the powder patterns. The shift of
the ¢ 1 peak correspond to agpacing of 2.754 and is in line to the results obtained by
Schumanret al. %’. This value indicates a proper substitution of'Qly Zr?* and AF* cations.

The calcination at 350C for 3 h resulted in the transformation to a poorly crystalline metal
oxide mixture and only a small crystalline residue of the malachite precursor phase was still
present FigureSI 11.62). The broad peak atfZA  Jirklicates a nanostructured CiiZnO
composite as expected for industtigbe catalyst synthesi¥’. The TPR experiment in % H:
showed that the reduction of CuO to’@eiached a maximum rate at 1°and was complete

at 200°C (FigureSl 11.64 a)). Relating the amount of Cu determined by AAS with the amount

of consumed H the degree atduction was determined to be Pa@fter the TPR experiment.

After reduction, metallic Cland nanostructured ZnO were identified by XRD analysis
(FigureS111.64 c)). According to a simple Scherrer analysis of @el111 reflection, the
crystallite size of metallic copper was determined to amount to 7 nm, which is around 3 nm

larger compared with Schumaenal. °” which may be due to the slightly harsher calcination
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conditionsresulting in larger CuO crystallites. The reduced catalyst was also characterized by
N-O-RFC (FigureSI 11.64 b)) resulting in a specific Cu metal surface area of 27 ™2 g
(Table7.1). In relationto the BET surface of the oxide (93 m9gthis value is almost one third

of the previous oxide surface area. ThRONRFC results of a QdnO catalysts, however, must

be interpreted carefully. Fichat al.®® demonstrated that partially reduced Za@e.g, oxygen
vacancies) in &n-containing catalyst does react withQ\ ®° Partial reduction of ZnO that
contributes to the M0 chemisorption capacity was also reportebid et al.!2 Therefore,

Cu surface area and the Cu dispersion may be-estimated and the crystallite size under
estimated by BD data. This discussion is of high relevance when comparing different catalysts,
but in this study on a single catalyst material, we refrain from a further interpretation eCthe N

RFC data showing values that are in the range previously reported for industrial c&tafysts.

Table7.1 summarizekey properties of the synthesized catalyst and compares them with data
reported for the original commercial catalyst used by Laudenschdealet® and to the original

report of the reproduced benchmark catalyst synthesis by Schughahf’ The comparison

shows that the synthesized catalyst represents very well the expected properties of the
commercial CZA. The here reported reproduction of the benchmark synthesis thus resulted in
a similar catalyst with only slightly lower values in spec#iaface area of the calcined pre
catalyst and BD-chemisorption capacity of the reduced catalyst. This could be caused by

enhanced CuO sintering during calcination.
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Table7.1: Characterization of the sefirepared CZA (Cu/ZnO:Al) catalyst in comparison to
the published commercial CZA and F8id. benchmark catalyst. The BET surface argaijA

was measured by-hysisorption. a) The Cu surface areafand the-dispersion ([2y) are
calculated from the PO-RFC method. b) The Cu crystallite sizejdwas determined by
applying the Scherrer equation to the Cu 111 reflection and by Rietveld refinement for the FHI
Std. catalyst>’ The temperature with the maximum hydrogen consumption ratereluctio)
wasdetermined from the TPR profile with a heating rate of 1 °C(@#A) and 6 °C min
(FHI-Std.>7).

Catalyst property  CZA(Cu/ZnO:Al) CommercialCZA FHI-Std.
of this study reportedby reportedby
Laudenschlegeet al.?®  Schumann et af’
AseT
93 NA 118
mz2 g*
Acy?
27 28 38
mz2 g*
DCu ?)
18 NA 8
%
dCu b)
7 NA 4.47
nm
Tmax, Reduction
oc 170 170 211
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7.3.2 Catalytic performance in methanol synthesis

Methanol synthesis was conducted over the al@seribed catalysts at 231G and 60 bar in

a feed composed of 13% CO/3.5% COx/ 73.5% H2>/9.5% N>. To ensure that the catalyst

is stable irconversion on the time scale of the pulse experimentations, it was operated for more
than 100 h under these conditions right after activation. The investigated catalyst lost about 20
% activity after reaching the first maximum methanol formation reigufe7.1). After that
drastic loss the deactivation of CZA decelerated and stabilized at aro®%af7iis original
activity. Such an initial activity drop is typical for €hased methanol synthesis catalysts in the
first 50 h time on streani® 25°Within this time frame the catalyst may lose up t@60f its

origin activity. 26* The main reason is thermally induced Cu particle sintering which can be
enhanced if the ZnO spacer additionally is consumed siyuformation of ZnAbO4 or Zn-OH
species due to water formation in &ntaining synthesis gas® % 2°The observed
deactivationof the CZA catalyst was stronger in the firsti2than expected from a similar
catalyst and similar ageing reported by Fiehthl. 3 resulting in a higher rate constaky &nd

order () of the deactivation rate (Figure 1). In contrast to the compared deactivation kinetics
(Figure 1, powetaw fit according to Fichtt al.3%) the CZA catalyst stabilized its productivity
faster at a methanol formation rate of atg&6pumol g min, which is in line with previously
reported activity data of about 3ffhol g? mint of a similar catalyst at similar reaction

conditions 16

After about 130 h tim@n-stream the catalyst was further aged for one more week 8250
with a lower flow rate of 2énlx mint under equilibriuracontrolled conditions analogous to
Fichtl et al.*°. This treatment resulted in a sufficiently stable performance over the time period

of the pulsing experiments.
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Figure 7.1: Ageing of CZA in a mixed synthesis gas containing CQK@nder differential

reaction conditions. The volume flow was set to B66in? gcataysi* at 60bar and 210°C.

This procedure was chosen to age the catalyst in the first week while investigating in parallel
the initial thermal deactivation under kinetically controlled reaction conditions. The
deactivation values were estimated by fitting a power law to the nwtfa@amation rate
according toFichtl et al 3. The parameters obtained by Fichtl et &lwere determined with

a similar CZA catalyst at similar reaction conditions (220, 60 bar, 1.39vol% CO,
3.60v0l% COy,, 62.68v0l1% Hz, WHSV= 0.51hY). 3 The point marked withn asteriskwas
calculated by the deactivation data reported3mn et al®® for a similar catalyst and synthesis

gas (6% Cu28% Zn/11% Al;, CO/(CO+CQO,) = 0.8). The kinetic parameter are listed in the
SlinTableS111.23.

7.3.3 High pressure pulse experiments

After reaching steadgtate conversion, the experiments of Laudenschlegel. ° were
reproduced using the CZA catalyst.Agure7.2 the results of the temporary poisoning by ;NH

are shown using a CO/GBI2> synthesis gas at @far and 210C. The isobaric injection of

1 ml pure N results only in a sharp negative dilution peak in the methanol content of the off
gas (seeigure7.2, 0 ppm NH). The original methanol amount is recovered immediately. Also,

the NH-containing pulses cause the methanol content first to decrease to the same lowest level
as in the dilution peak due to the same volume which was injected into the upstream gas
(Figure7.2, e.g, 500ppm NHs). However, compared with the dilution effect, reacting probe
molecules like NHhave an additional effect on the regeneration time, which strongly increases

with increasing amount of pulsed NEkigure7.2, 500ppm NHs vs. 2000ppm NH).
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This behaviourdemonstrates a temporary reversible poisoning of the active sites. Since it is
known 2% 261 that ammonia is converted in a stepwise manner under these conditions to
monomethylamine (MMA), dimethylamine (DMA) and finally to trimethylamine (TMA), the
decelerated formation of methanol can have two contributions: competitive adsorption on the
activesurface and/or competition of the i@termediates ending up in methylamine and not in
methanol. To estimate these contributions, the same experiment can be performed pulsing TMA
instead of NH.2° The decrease in methanol during the injections of different amounts of TMA
confirms that this molecule also acts as a reversible poiBmure7.3). As no further
methylation is possible in case of TMA, this effect is clearly caused by the reversible adsorption
of TMA on the methanelorming active sites, as it was also previously described by
Laudenschlegegtal. 2°. This is supported by the TMA profile that was recorded during the
pulsing, which inversely resembles the methanol profile when the dilution peak is subtracted.
Adsorption, however, is weak enough for TMA to desorb again relatively fast. Thus, the
methanbmole fraction is recovered quite fast compared with the same amount of pulsed NH
In case of pulsing 2000 ppm TMAFigure7.3, 2000 ppm TMA) the original methanol
formation rate is reached again after about 25 minutes. For the same amoust(Efux2,
2000ppmNHzs), the completely recovered methanol content was reached after about

50 minutes.

We thus conclude in agreement with previous reports thathidld an additional poisoning
effect, namely the scavenging of Gurface species that are precursors to methanol. It is
assumed that NdHeacts with an intermediate of methanol synthesis to form TRAowever,

this would lead to a stochiometric consumption of methanol and does not explain the retarded
recovery of the origin methanol formation rate. The most likely reason is that the adsorption of
NHs or any intermediate in the reaction pathway to TMA is much stronger than the adsorption
of TMA itself.

Interestingly, in the same experiment, but using a-t€e syngas feed consisting of CO and

Ho, neither a poisoning effect of NHhor a conversion of this probe molecule to TMA was
observed suggesting that rather reaeli&et early intermediates in the GMydrogenation
reaction are selectively reacting with BlHRegarding the proposed reaction mechanism of CO

to methanol 16 51 262 26¥grmate species are possible candidates for this reaction. Therefore,
density functional theory (DFT) calculations were conducted to study the hypothesis of a
reaction between adsorbed NBnd surface formate species and their impact on methanol
synthesis.
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Figure 7.2: Methanol formation poisoned by injecting 1 mldéntaining different amounts of

NHz into the inlet gas during methanol synthesis in 186 CO / 3.5 vol% CO;, /

73.5v0l% H2 / 9.5v0l% N2 using 200 mg (sieve fraction 25300 um) of the CZA catalyst at

60 bar and 210C. To demonstrate the dilution effect only 1 ml pure nitrogen was injected into

the inlet gas stream (@©m NH).

137



7 High-pressure pulsing of Ammonia results in Carbamate as strongly inhibiting Adsorbate
of Methanol Synthesis over Cu/ZnO/AI203

1.0
1 0.04
0.8
1 0.03
1 0.02
0.6
1 0.01
500 ppm TMA
1.0 MJ\“ et . . . 0.00
-0.04
= 8
E 10.03
T =
<
Q L0.02 =
S 064 !
\; . >
-0.01
1000 ppm TMA
1.0 y . . ; 0.00
-0.04
-0.03
-0.02
0.6
-0.01
2000 ppm TMA
0.4 = T T 4 .I T T T T T T 000
0 25 50 75 100 125 150 175 200 225 250

time / min

Figure 7.3: Methanol formation poisoned by injecting 1 mldéntaining different amounts of
TMA into the inlet gas during methanol synthesis in MB6 CO / 3.5 vol% CO; /
73.5v0l% H2 / 9.5v0l% N2 using 200 mg (sieve fraction 25500 um) of the CZA catalyst at

60 bar and 210C. The methanol content determined by the downstream analytics is illustrated
as the upper curve (black, in each graph) and the measured TMA concentration in blue (lower

curve in each graph).

7.3.3.1 DFT calculations

In order to shed light on the influence of Béhd possible reaction intermediates formed during
COr hydrogenation, we turned to DFT calculations using two structural models of the active
site that have been introduced in earlier wétigince undercoordinated sites have been shown

to play an important role in methanol syntheSistepped Cu surfaces are used to represent the
active sites. Zn alloying into the Cu step has also been suggested as a plausible model
representing the GAnOx synergy.'® Our two models (seEigure7.4) are thus a steppetu
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211surface and a fully ZdecoratedCu 211step, denote@u 211and ZrCu 211 respectively.

We start by investigating the adsorption and activation of diiHthese surface&igure7.4

shows the free energy diagram of Nbdsorption and activation at 500 K. As shown in
Figure7.4 @), adsorption of NH is endothermic at these conditions on both surfaces

( &08<=0.24eV onCu 211and 0.302V on ZrCu 21). Activation of NH; on these surfaces

to produce chemisorbed NHand H* is also slightly endothermic and accompanied by a rather
high reaction barrier (1.91 eV f@u 211and 1.84 eV for Z6u 21). These results indicate

that copper as well as Znodified Cu surfaces are incapable of activatingsNitl low
temperatures of 500K, in line with the known fact that Cu is not a goaddeébmposition
catalyst.?®* During methanol synthesis, conversion of 0 methanol produces surface
oxygen, that is subsequently hydrogenated formip@.H* % We investigated the effect of
surface oxygen species (O* and OH*) on the activation of. M4 can be seen Figure7.4,

the presence of O* (séggure7.4 b)) and to a similar degree OH* (sEgure7.4 c)) lower the
activation barrier of NEldissociation substantially and also make the reaction step downhill in
energy. The reaction barrier for surface oxygen activated step is 0.71 eV and 0.91CeV for
211and ZrCu 211 respectively. We thus speculate that activation of Hbnly possible if
oxygen or hydroxyl groups are present on the Cu eCdsurfaces. This also explains why we

do not observe the poisoning effect of NH dry CO/H-containing syngas, as this does not
produce any surface oxygen species. The experimentally observadéfietsoning of TMA

is initially like that of NH, but only in the short term (see experimental observations,
Figure7.3) . Our calcul ated values for®=h02l1e/dsor pt
and 0.3 eV orCu 211and ZrCu 211 respectively. The adsorption energy of MMA and DMA

are also in the same range. All adsorption energies are summarized in Table 2. As is obvious
from the calculated interactions, adsorption of these molecules proceeds mostly through
physisorption. Thershould not be large influences when going fromsiHT MA judged from

the adsorption energies of the various ammonia derivatisgserimentally, however, TMA

has a less strong poisoning effect than ammonia. In addition, the adsorpéic@nérgies are

positive, hinting at a very weak poisoning effect, in contrast to the experimental observation.
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Figure 7.4: Gibbs free energy diagrams: a) NHctivation b) oxygesassisted Nklactivation,
c) OHassisted Nklactivation, over Cl211 and ZnCw211 at T= 500K, pnHz = 0.05bar,
pco2= 2.1bar, pi2 = 44 bar, d) TMA adsorption geometry on @d1 with 0.21 eV binding
energy and e) TMA adsorption geometry on Z&Ciiwith 0.3 eV binding energy.

Table7.2: Calculated adsorption energies of I IMA, DMA and TMA on Cu 211 and ZnCu
211 surfaces. All energies are ZPE corrected and in eV. Entropic contributions to the free

energy are given in the SI.

&H adso NH;3 MMA DMA TMA
eV

Cu 211 -0.63 -0.78 -0.79 -0.75

ZnCu 211 -0.57 -0.69 -0.74 -0.70

We therefore investigated the pathway after ammonia activation with oxygen forming MMA
on the surfaceFigure7.5 depicts the free energy diagram of the reactiolNidg and CQ
starting with an oxygewovered surface for botGu 211and ZrCu 211 Interestingly, we
identified the reaction of COand NH* to NH>-COO* (carbamate) of being both
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mechanistically feasible (reaction barriers of 0.82 and 1.03 e\Cdo21land ZrCu 211
respectively) and downhill in energy. In fact, the chemisorption of carbamate is the lowest
energy point in the reaction mechanism, bed$0 eV Cu 21) and-0.46 eV (ZriCu 21)).

Further reaction of carbamate through hydrogenation proceeds wiCNBH* and NH-

CHO* with relatively high barriers. Carbamate is thus formed fast, but hydrogenated slowly,
eventually resulting in a high coverage of carbamate on the sattfaat is only reduced slowly

once NHz is taken out of the feed. This interpretation is supported by the experimentally
observed slow recovery of the origin methanol activity afteg pitlses in comparison to the

fast activity recovery after TMA pulsesdmpareFigure?7.2 ard Figure7.3). The reported
simultaneous hydrogenation of ethylene and @3ynthesis gas was not limited by activated
hydrogen?® Contrarily, duringNHs poisoning, ethylene hydrogenation was unaffected whereas
methanol formation was poisoned but not completely stapp&tis observation indicates that
hydrogen was activated rapidly and that dissociative hydrogen chemisorption can be excluded

as aratedetermining step.
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Figure 7.5: a) Calculated Gibbs free energy diagram for thesMt¢thylation over Ca@11 and
ZnCu211 in the presence of surface oxygen &t 500K, pnwg = 0.05bar, pco, = 2.1 bar,
pH, = 44 bar, b) carbamate at CRB11 edge, c) carbamate at Zn€il edge.

This mechanisncanexplain the strong poisoning effect of ammonia, as carbamate blocks the
active site on which formate would be hydrogenated to meth8mae TMA cannot form a

carbamatdike intermediate, the abox@escribed poisoning mechanism cannot be present in

141



7 High-pressure pulsing of Ammonia results in Carbamate as strongly inhibiting Adsorbate
of Methanol Synthesis over Cu/ZnO/AI203

agreement with our experimental observation that TMA poisoning is much shorter lived, which
we ascribe to simple physisorption without the formation of intermediates.

7.4 Conclusion

A combined experimental and theoretical study of the poisoning effect efdNihg the
conversion of syngas (@O/H,) to methanol over an industriipe CUZnO:Al catalyst is
presented. Thisatalyst was prepared via-poecipitation and represented in its characteristics

an industrial methanol synthesis catalyst. The poisoning effect during methanol synthesis from
a CQ-containing feed gas reported earlier was reproduced and the interpretation of the
experimental results was supported by DFT calculations to identify the stronger poison effect
of NHz compared with trimethylamine. Extensive DFT calculations on two active site models
representative of Cu and Cu/ZnO catalysts were performed pmgpadsorbed carbamate
(H2N-COz,a¢9 as a possible intermediate blocking the active sites. This investigation shows that
carbamate can form readily from the reaction of:NEhd CO; but is a stable species that
undergoes further hydrogenation rather slowly, explaining its strongly poisoning effect.
Importantly, NB* can only be formed in the presence of surface oxygen species, such that this
effect is not observed for pure CO feeds. TMA as well as &itd the other methylamines do

not bind strongly to the surface according to the calculatsdrption energieslience, TMA

is not as poisonous as ammonia, because it cannot form a strongly bound carbamate species.
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Abstract

The role of Cu:Co composition in gwecipitated bimetallic CuCo/ZnAlLO4 catalysts on
higher alcohol synthesis (HAS) was investigated aCB=4. The addition of Cu strongly
facilitated Co reduction upon catalyesttivation and suppressed coke deposition during HAS.
Formation of predominantly hydrocarbons and higher alcohols was observed omigtalbc
catalysts. Co/ZnADs produced mainly CHand Cu/ZnAiOs mainly CHOH, while at
Cu:Co= 0.6 the best ethanol selectivity of &&was reached. The microstructure of the spent

catalysts confirmed a close interaction of Cu and Co.

8.1 Introduction

FischerTropsch synthesis (FTS) is an established process technology, based on reformed
natural gas, with a high potential towards the reduction of thef@@@print if biogas or C@
reforming of natural gas are used as sources of synthests §asAdvantages of this process

lie in the possibility to tune the octane/cetane number of combustion fuels and to synthesize

higher alcoholg?.

The FTS can be distinguished into the high temperature®@0®50°C @ ~30 bar) and the
low-temperature processes (ZWi 250°C @ ~30 bar)*®. For the lowtemperature process
Co-based catalysts are typically used, yielding tehgin hydrocarbons, which enables a
further product upgrade by a cracking procg&$*in Methane and carbon dioxide, formed by

the consecutive wateyas shift reaction, are lowalue products and therefore undesired in the

FTS proces$* ’6 addition to synthetic fuel production, the higher alcohol synthesis (HAS) has
received increasing attention, because such alcohols can be used as feedstock chemicals for

several applications in the chemical indugfy

Iron, cobalt and ruthenium are typical Fa8tive metals. Because of the high price for
ruthenium and the kinetic inhibition of iron by the coupled product water, cobalt seems to be a
promising and costffective candidate also for HA® 8.1) * "¢ Further advantages of Co are

the high activity in the lovtemperature process as well as the stability, but it usually exhibits a
high selectivity to hydrocarbons, which is desired in conventional FTS, but not i HA&S

To shift the product selectivity from hydrocarbons to higher alcohols, especially for carbon
monoxiderich synthesis gas, the combination of Co and Cu have been identified as a promising

combinatior?®s.

HAS: nCO+2nH Y «EHon+1OH + (n'l) H20 R8.1
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According to a simplified picture of the current knowledge®® 2% 267 the dissociative
adsorption of CO on a cobalt surface enables a chain growth mechanism, which is important
for long-chain products, but simultaneously increases possible catalyst inhibition by coke
formation. Introducing Cu into a Co catalyst can incegh® activity to alcohols, primarily to
methanol, which is the major product on pure Cu catalysts, ardgutanol because of the
associative adsorption of CO and hydrogen spill over. Methane is a typipabdyct as the
optimum binding energies of tla@sorbed intermediates in the methane and ethanol formation
reactions are similar. Thus, methane formation will be hard to exclude in the HAS. Because of
the higher exothermicity of the ethanol formatidR82) and thehigher molar reduction
compared to methanationRB.3), low temperature and moderate pressure should
thermodynamicallfavourthe ethanol selectivity. Additionally, formed methanol can also act

as an imsitu synthesized carbon source, facilitating the formation of higher alcfials

Ethanol: 2CO+4HY CyHsOH + HO opH -253.6kJmd™! R8.2

Methane: CO+3H Y CHs+ H0O opH 205.9 kJ mot R8.3
Theoretically, a C«Co -alloy could balance the dissociative CO adsorption on th&&u
surface to enable chain growth and the associative adsorption of CO to enable conservation of
the Q O bond® 8 However, according to the phase diagram, Cu and Co do not form an alloy
at temperatures below 60C 28, leading to segregation of the two metals. The controlled
formation of alcohols instead of hydrocarbons with a cetdied catalyst thus poses a complex
challenge and requires fistening of the catalyst, its composition and microstructfiré has
been shown that nanosized alloy formation may occur during reduction, when Cu and Co are
in close contact in a preatalyst phase, like in a CuCoMatalyst®® or in a CuCoAlcatalyst

derived from an ekydrotalcite precursor pha&é

An early study on alkali metgdromoted CuO/CoO/@Ds catalysts in HAS reported that pure
copper catalysts produced methanol, whereas -acBuCu+Co/CrQO3 catalyst changed the
selectivity to hydrocarbons or to higher alcohols, depending on the chromium concentrations.
On Corich CuO/CoO/C40; catalysts, rather the formation of hydrocarbons faseured?®®

These results already established the composition dependency of selectivity on a ternary
catalyst component such as chromium. Addition of zinc is known to have an enormous effect
on methanol synthesis on copjiiersed catalysts being able to tune thetegdcselectivity
between carbon monoxide and dioxidébut the presence of zinc in @b trimetallic
catalysts for HAS is not studied to an extent comparable to methanol synthesis. So far it is well
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understood, that ZnO acts as a steric promoter preventing sintering and suppresses methane
formation due to intermediate stabilization in CuCoZnAl containing catalysts. Additionally,
ZnO has a positive effect on the selectivity towards alcohols and/hmtitgates the cobalt

carbide formatiori§3 236 269, 270

To enable the close contact between copper and cobalt, the incorporation of zinc, and at the
same time the stabilization of the metallic phases in high dispersion thus avoiding deactivation
by sintering effects, catalyst synthesis from goecipitated hglrotalcite precursor phase is a
suitable method as has been previously demonstrated for C#dAl such singlesource
precursors, the joint cationic lattice of divalent copper, cobalt and zinc in one crystalline
hydrotalcite phase enables the homogeneous distribution of the catalytically active species. In
addition, a trivalent metal cation is neeldto allow crystallization of the hydrotalcite structure

121 Using AP* in a Zn:Al atomic ratio of 1:2 will formally give rise to a @io/ZnAlLOs
composition of the resulting catalyst after calcination and reduction of the hydrotalcite
precursor.Aluminium as trivalent cation was previously discussed to enhance the catalyst
performance due to the presence of stabilizeti gpecies, which could be beneficial for the
associative adsorption of C&, The presence of basic sites, like surface@dups or low
coordinated &-sites, in a CuCoAl catalyst is expected to lead to the formation of formate
species, which could be an important intermediate for higher alcohols, as it is known from
copper in methanol synthesfs® 8% 9 zinc promotes the formation of methanol from formate,
which leads to the question whether the addition of zinc oxide to ti@-8htalyst support

(forming a ZnAbO4 spinel), can also promote the formation of higher alcohols.

To address these questions, the group of Muhler investigated a hydratatored catalyst

series with systematically varied molar Cu:Co ratios from 1.4 to 3.6 and its catalytic
performance in an equimolari€O synthesis gas at 60 bar and 28¢%. Copper enrichment
resulted in a decreased conversion, but an increased selectivity towards methanol and ethanol
and a moderate selectivity to hydrocarbons (belogF0total).®8 In comparison, a zinc oxide

free catalyst has reached a higher CO conversion f8&&hout Zn vs. 2.26 with Zn) but

accompanied by a simultaneously increased methane and methanol seféciivity

In this study, we present a series of cobah CuCo /ZnAkOs catalysts that have been
synthesized by a eprecipitation of hydrotalcitdased precursors and are compared to pure
cobalt or copper reference catalysts. The performance of the catalysts has been investigated in
the CO hydrogenation at lower pressurerdased gas hourly space velocity and an increased
hydrogento-carbon monoxide ratio compared to the study of Muhler andvarkers
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hypothesizing that these conditions could be beneficial for the higher alcohol yield or a zinc
promoted coppecobalt catalysf® 8 It was suggestedhat the enhanced cataliystactant
contact time supports the chain growth resulting in heavier HAS products. The increased water
partial pressure could promote HAS by suppressing hydrocarbon formation and enable
simultaneously the HAS via a formate meaisan by an in situ established watgas shift
cycle?’l 272 |n addition, our catalysts contained zinc amldminium in a stochiometric
composition to form a stable spinel structure and thereby suppressing the incorporation of the
catalytically active copper and cobalt species into a spinel structure. With such 2ZnAl
support the zinc promotion compared to dAfrecé
abovedescribed dramatic breakdown of conversion, which may be related by active surface
coverage with zinc species due to strong metal support interdétibmally, the hydrogen
enriched carbon monoxide synthesis gas was expected to avoid hydrogen becoming limiting
and to suppress coke formation. This work addresses the effect of the Cu:Co ratio in such
ZnAl>Os-supported catalysts on the selectivity and cokielgaviouin HAS.

8.2 Experimental section

8.2.1 Catalyst synthesis and characterization

8.2.1.1 Co-precipitation of hydrotalcite precursors and synthesis of mixed
metal oxides (MMO)

The investigated precursor samples H@2u)7ZnAl2(OH)]COs A m H2O with

X = ncu/(NcutNeo) Were synthesized via qarecipitation according to Chakrapaatial.*2°in an
automated stirred tank reactor (OptiMax 1001) from Mettler Toledo. Befepeemipitation

was carried out, the reactor was filled with 200 deionized water and heated to 8 The
precipitation was carried out ap# of 8.5 from a 0.4M metal nitrate solution, prepared from
met al ni trat e 98%(kee alsirvBi TateSld 1.2p),wmder stiyring@300pm)

and with a dosing rate of 2.@8min’. As precipitation agent a 0.6 M sodium hydroxide and
0.09 M sodium carbonate containing solution was used. After precipitation was performed, the
ageing process started without gty control at the same temperature (&) for another 1 h

in the mother liquor. Afterwards, the precipitate was collected and washed several times with
deionized water to remove excess ions until the conductivity of the washing water was less than
100 uS cmt as measured with an immersion probe. The recovered powder wasndded

desiccator for 3 days under vacuum. Next, the dried precursor materials were calcinédCat 350
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with a heating ramp of 2C min in static air in a muffle furnace. The temperature was held

for three hours.

8.2.1.2 Characterization of precursors, MMOs and spent catalysts

Powder Xray diffractometry (PXRD)patterns of the calcined poaitalysts and spent catalysts
after CO hydrogenation were recorded with -Moiradiation on a Staeé? from STOE,
equipped with a Johansstype germaniunmi11monochromator and a MYTHEN 1 K detector.

Line positions were calibrated against Silicon (NIST SRM 640d). The diffraction patterns were
recorded at room temperature in the range of 3° to 3§6°TBe patterns of the precursors
samples after cprecipitation were recorded on a Bruker D8 aaeawith CuKyradiation and

a LYNXEYE XE-T detector. The patterns were recorded in Biggntano geometry at room
temperature between 5° and 9@ Phase analysis was performed using structural data from
ICSD and COD databases. Rietveld refineméfiterere carried out in TOPAS Acadentf®
Version 6.0. The instrumental contributions to line broadening were determined via a Pawley
fit 2”4from a measurement of LaBNIST SRM 660c) using a Thomps@ox-Hastings profile.
Microstructural effects leading to line broadening were modelled as an isotropic size effect and
the volume average column heighisDFor the samples with larger amounts of hcp Co (in Cu

Co -catalysts compositions with= 0 andx = 0.125) a simplified anisotropic model was used,
which improved the fit significantly. Strain was omitted since this led to high correlations
among the microstructure parameters. Due to thislgiogpion the Dyo should be regarded as
apparent domain sizes that represents all microstructural effects. For the ccp metal the
intensities especially for the 111 and 200 reflections differ significantly from those calculated
for the bulk material due to stacking faulfws stacking faults were modelled as implemented

in TOPAS Academic V.6.8'°, parameters were adjusted manually to achieve a reasonable fit.

Infrared spectroscopic characterizatioQiR) of the precursors and calcined samples was
performed on a Bruker Alph&Ilatinum Fourietransform infrared (FIR) spectrophotometer
with attenuate total reflection (ATR) unit. The spectra were recorded between Z0&nhdm
4000 cm'. The spent samples after catalysis warmalysedon a Bruker Alphé® ATR

spectrophotometer. The recorded range was from 160@4000 cm'.

Chemical compositiorof the spent catalysts was determined by C, H, N, S analysis in a Euro
EA 3000 elementanalyseffrom EuroVector. The combustion was performed in excesd O

1000°C with He as carrier gas. The detection occurred in a thermal conduction cell.
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Thermogravimetric analysis (TGAyas performed for the precursor materials on a STA 449
F3 Jupiter from Netzsch. The sample was heated by a heating rat€ ofi6™ up to 1000°C
in synthetic air. The spent samples wanalysedn a STA 1600 from Linseis. The sample was

heated up to 100TC in synthetic air by a heating ramp of@ min™.

Nitrogen physisorptionwas measured at 77 K in a Nova 3200e sorption station from
Quantachrome and the data veamalysedby the method oBrunauerEmmettTeller (BET)

Before recording the isotherms, the samples were degassed under vacuum°G@t 80
(hydrotalcites) or 100C (oxides) for 5 h. Afterwards the isothermal profiles betw#@psn= 0.0

and 1 were recorded. The multipoint BET surface area was determined by applying the BET
equation in an individual range for each samplg/ppf only considering the increasing volume

by using the micropore BET assistant of the NovaWin software.

Temperature programmed reduction (TPRj 30 mg of a 250 355 um sieve fraction of the
calcined oxides was performed in a quartz glashape tube reactor on a Bel@afrom Bel

Japan Inorporation First, the sample was dried by heating up wiflc min™ to 100°C in 50

ml min? of pure Ar. The temperature was held for 60 minutes to ensure a complete drying of
the sample. Afterwards, the temperature programmed reduction was performed. As reducing
atmosphere, 6.4ol% H: in Ar with a volume flow of 80 mk min™ at ambient pressure was
used. Starting from room temperature the sample was heated up*0 &80 a heating ramp

of 6 °C min%. After reaching the target temperature, it was held for 15 minutes to ensure a
complete recording of the reduction profile. The formed water during reduction was separated
by a mole sieve to enable the analysis of the consume&dht thermal conductivity detector.

The TPR profile of the pure copper sample was recorded using a Befi©at Bel Japan Inc

using 60mg of a 250- 355 um sieve fraction. The pteeatment and TPR recording were
performed as described abovehe hydrogen consumption was determined by thermal

conductivity, which changes proportional to the consumed hydrogen.

8.2.2 Catalytic testing

Catalytic testing of the synthesized mixed metal oxides was performed Hiokd Jarallel
Flowrenc® plant of Avantium. Around 17fhg of a sieve fraction of 38mi 125um was

diluted with an equal amount of silicon carbide (SiC). The catalyst bed was placed in between
a pre and postcatalytic bed of SiC to ensure isothermal properties and to improve the warming
up and mixing of the inlet gas stream. Before COrbgdnation was performed, the catalytic
materials were activated in pure hydrogen by heaimgo with 6°C min™ to 120°C under

atmospheric pressure. The total volume flow was set to 200 mit and divided for the
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individual reactors, meaning that each reactor of théolbplant contained a partial volume

flow of 12.5mLy min™. After 30 minutes holding time, the temperature was increased up to
250 °C with the same heating ramp. At this temperature, the reduction was performed for an
additional 4 h to ensure a complete reduction of the catalyst. CO hydrogenation was performed
using a hydrogeto-carbon monoxide ratio of 4 and a total volume flow ofrma min?
resulting in a GHSV of around 2800 per catalyst b& The temperature was varied from
200°C to 300°C in 25°C steps at a pressure of Bér. Afterwards, the initial temperature of
200°C was readjusted to evaluate the catalyst activity change in dependence of the
temperature program. This step was followed by a second cycle of the same temperature
program at a pressure of 60 bar without exposing the catalyst to ambient conditions. Each
temperature step was held for 12 h to have enough time to take two gas chromatograph (GC)
samples of each reactor. To study the thermal stability of the catalpg maximum
temperature was raised to 38Dand held for six hours. After this higmperature treatment

in synthesis gas, the catalysts were cooled back t6¢Q@0 determine their activity change.

This last process condition was held for six hours. Afterwards, the catalyst beds were cooled
down to room temperature in pure He. The catalysts were passivated by opening the reactor lid
in a helium gas stream, to etafa smooth ventilation and slow air contact t@xelize the
catalysts carefully. Thdata were evaluated by calculating the average of the two data points,
representing the mean activity data over six hours. Sehectivity are based on the carbon

balance and the whole data evaluation is described in detail in the supporting information.

8.3 Results and discussion

8.3.1 Catalyst synthesis and characterization

A catalyst series with varying coppeobalt ratios as well as the pure cobalt and copper
reference catalysts were synthesized bpmaipitation. The conditions of the-poecipitation

were set tdfavour the formation of crystalline hydrotalcite materials. The typical chemical
formula of a hydrotalcite mineral with carbonate ions in the interlayer can be as follows:
[M"gM"5[(OH)20COs]-m H.0 with M" as divalent cations (Co, Cu and Zn) and' Ms a
trivalent cation (Al). In order to vary the metal ratios of the catalyst precursors, the composition
was predefined by the metal tsablution and the nominal stoichiometric formula of the
prepared precursors are listedliable8.1. Thenominalcopper fraction of the catalytic active
metals X = ncu (Ncutnco) ™) will be used as sample label for the precursors, calcined, reduced

and spent catalysts.
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Table8.1: Nominal metal composition of the-peecipitated cobaltcopper catalysts. The ratio
of zinc toaluminiumwas chosen to be in the stoichiometric ratio of a spinel struckusethe

nominal fraction of copper based on the catalytic active metal (Co + Cu).

nominal Co, Cu fractions Xcuscu+Co), nominal nominal precursor composition
0% Co, 100% Cu 1 [Cu7ZnAl2(OH)20)COs A O H
50% Co, 50% Cu 0.5 [C035CW5ZNAl2(OH)0]COs A O H
62.5% Co, 37.5% Cu 0.375 [CO4.375C.62ZNAI(OH)20]COs A 0
75% Co, 25% Cu 0.25 [COs.2:CUL7ZNAI(OH)2]COs A O H
87.5% Co, 12.5% Cu 0.125 [C06.124CW0.87ZNAI2(OH)20]COs A O
100% Co, 0% Cu 0 [CO7ZnAl2(OH)20COs A 0 H

The powders prepared via-poecipitation weranalysedy PXRD, the patterns are shown in
Figure8.1 a). The reflections can be assigned to the hydrotalcite structure without any
additional reflections. This indicates crystalline phase purity and implies that a metal cation
distribution close to the nominal composition is present in the hydrotalcite precuhscin, w
enables a close contact in the resulting catalyst. Furthermore, with increagpey content

the 00 reflections (like Z7=11.6° and 2¢g=23.4) become much sharper, indicating an
increased domain size (froommto 30 nm,seeFigure8.1 b)), i.e. a larger number of stacked
layers. From the severely broadened cross plane reflecibfesd@, 012, 015, 018) substantial
stacking disorder can be deduced, which is common in nanoscale layered materials. Since the
only observed reflection with= 0, which is 110, is of low intensity, no reasonable information

on the inplane domain size is available. The lattice parameters evolve according to the change
in chemical composition. While a shows a near constant value oR¥@% = 07 0.5 it drops

to 3.05 A forx = 1. Even more sensitive & which drops from 23.28 to 22.53 A when
subsituting C&* for CL?* in a near linear way. The significant contraction of the unit cell along
this axis cannot be explained by the rather similar ionic radip(@and 73 pm, respectively)

and may indicate a decrease in water content in the interlayer space, which would be a viable

explanation.
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Figure 8.1: Powder XRD pattern of the quecipitated [(CaxCl)7ZnAb(OH),JCOsA nOD H
hydrotalciteprecursors (a)) with x = & (ncutnco) ™. The reference was taken from the ICSD
database for a Z#\l-Hydrotalcite (#155052). The reflections are labelled with the
corresponding Miller indices taken from the reference. In b) the variation of the lattice
parameter ¢ and domain size along thaxts is plotted as function of chemical composition.
ThePXRDpatterns (c)) of the mixed metal oxides after calcination at’856 static air of the
corresponding hydrotalcite precursor. The reference ofQz@pinel was taken from ICSD
database (#26091).hHE extracted lattice parameter a and isotropic domain size are plotted in

panel d).

IR spectroscopy (shown and discussed as supporting informatiogureS| 11.65 a)) shows

spectra expected for hydrotalcite materials and support the-aleseebed hypothesis by the
decreasing water deformation mode and the additional weaker hydroxyl stretching mode by
increasing copper content. The calcinations to the corresponikagl metal oxides (MMO)

were performed at 35 in an analogous way as it is known for coppased methanol
synthesis catalyst& This temperature leads to decomposition of the hydrotaititeture but

does not cause a complete decomposition of the carbonate species. It rather leads to a remainder
of so-called hightemperature carbonate, which is discussed to mitigate metal oxide sintering

and results in a more nanostructured catafysthis was also confirmed for our copgégh
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samples by thermogravimetric analysis of all prepared precursors (shown and discussed as
supporting information inFigureSI11.66). The PXRD patterns of the MMOs shown in
Figure8.1 c) confirm the complete decomposition of the precursor phase. On thehCade,

the formation of a spinel phase is evident with a lattice parameder 8f08 A Figure8.1 d)).

The broad reflections were refined as isotropic domain sizeDwvigih= 3.7(5) nm. However, it

should be noted that a discrimination among different spinel phagsgZ(AI>O4 and CaOa4

or a mixed phase) is not possible given the similar lattice parameters and the broad reflections.
Thus, the values can only be understood as the sample average. Still a trend can be deduced,
with increasing Cu content up %= 0.5 the domain size decreases down to 1.5(5) nnmaand
increases slightly to 8.1(1) A. Far= 1 the sample can be regarded as amorphous since only

one broad halg visible.

Interestingly, the pure cobalt sampbe £ 0) has the highest specific surface area after
calcination, shown in as supporting informatiofrigureS1 11.69. The accessible surface areas

of the precursors were in the same range aroumafgd, excepfor the pure copper containing

(x = 1) hydrotalcite reaching only roughly half of that value. The increase in surface area due
to the calcination is attributed to the released water and carbonates leading to pore formation in
the materials. Additionally, the temperature was low enougtvaal anetal oxide sintering
yielding a porous materidi? The oxide surface areas of the coppeln MMOs (x = 0.250.50)

were similar and reached values around m@@?. Contrarily, the cobaltich samples
(x=0-0.125) reached even higher surface areas above 1§® shwing that large specific
surface areas of the MMO poatalysts can be achieved for the more crystalline samples
(Figure8.1 c)) thatdo not contain highemperature carbonate.

The TPR results of the catalyst series are shoviigure8.2. The temperature labels refer to

the temperature of highest rate of hydrogen consumption. The-ta@sastamplex= 1) shows

a slight i ncrease in the hydr°€aqeneacbimgrtreu mpt i
maximum rate at about 33€. Afterwards, an additional broad signal was observed around

537 °C. These two temperature ranges indicate that there are two different reducible species
present in that sample. The one at lower temperature is assigned to copper oxide being reduced
to copper metal, while the one at higher temperature can be attributied taxide reduction

and brass formatio®* A similar behaviourwas observed for the pure cobalt sample (),

where the lowtemperature reaction is assigned to:@oreduction to CoO and the high
temperature peak to formation of cobalt metal as discussed in detail in the supporting

information.
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Figure 8.2: TPR profiles of a sieve fraction of 2b@55 um of the prepared peatalysts. The

reduction was measured inw®I% H: in Ar with a heating rate of 6C min. The labelled

temperatures indicate the maximum hydrogen consumption.

The TPR analysis of the binary @o samples demonstrates that the copper reduction is
lowered gradually to 18€C with increasing amounts of cobalt. The typical shape of the CuO
reduction with a shoulder assigned to intermediate Cu(l) form&ftot ‘remained unaltered.
Additionally, a second broad peak was observed at temperatures higher than the CuO reduction
peak and was found to increase with the cobalt content in tH@oGamples. This additional

peak was similar in shape to the second reduptiocess observed in the pure cobalt or copper
sample at higher temperature and was not followed by any other reduction peak upon further
heating. As the formation of brass was not observed in hydrotdkiteed copper catalysts at
these low temperature€® 277 this broad peak is tentatively assigned to the cobalt metal
formation shifted by the presence of metallic copper to lower temperatures compared to the
pure cobalt reference. This effect is likely caused by spillover of activated hydrogen from the
freshlyformed copper metal particlés With lowering cobalt content, this second feature can

be shifted down in temperature to 247for the equimolar sample € 0.5), in comparison to
612°Cin the pure cobalt sample£ 0, Figure8.2). A small amount of coppex € 0.125) does
already facilitate the reduction of cobalt oxide, but the maximum hydrogen uptake at high
temperature is shifted only to 346. These findings suggest that after the activation of the
catalysts at 250C with pure hydrogen, only the coppech binary catalysk = 0.5 can be

safely expected to contain fully reduced copper and cobalt species beftngd@@enation
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started. Thus, this catalyst will be discussed in more detail below as a representative-of the bi

metallic samples.

8.3.2 Activity test in CO hydrogenation

The reference temperature of the CO hydrogenation was chosen to #@ t®0@main in the

kinetic regime preventing thermodynamic limitations. The binaryO8wcatalysts performed

in a similar manner in the catalytic activity tests. froducts were sometimes present but only

as a very minor fraction. Ther ef o-dependetith e di
activity and selectivity will be conducted in the following for three selected ZhAdupported

catalysts, the pure €¢x = 0), the pure Cu(x = 1) and the binary catalyst with an equal molar

ratio Cu:Co = 1X= 0.5) based on the selectivity for lineart€ C4 products. The conversions

and selectivity of all investigated CiCo catalysts are shown and discussed as supporting
information in theFigureSI 11.71to FigureS1 11.75. The process parameters over the time on

stream of the catalytic test are also provided as supporting informataguireSI 11.70.

8.3.2.1 CO hydrogenation at 20 bar

After activation in pure hydrogen at 280 for 4 h, the pure Co and Cu catalysts reached low
CO conversions at 20@ and 20bar as shown ifkigure8.3 a). Generally, low conversion was
expected for Cu catalysts compared to Co. Based on the TPR piéifijese@.2), the reduction
temperature of 25€C likely resulted in an incomplete reduction of these MMOs giving rise to
the low activities for both catalysts. The high £ntent in the product gas stream (shown as
supporting information ifFigureS111.73 a)) indicated orgoing reduction angupports this
assumption. The pure cobalt and copper catalysts formed only low amounts of hydrocarbons or
long chain alcoholsHigure8.3 b) - ¢)) from which the water molecule could becansumed

by watergasshift reaction to form C® Therefore, the CfPselectivity rather indicates en

going reduction of the MMOs.
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Figure 8.3: In a) the CO conversion of selected catalysts and temperatures (x = 0 (left bar),

A\

x= 0.5 and x= 1 (right bar)) at 20bar are shown. Below are the correspondssdectivity
and product distribution (€1 to n-Cy) in the alkane(b) and alcohol (c) formation presented.
The second run at 200C was performed after the temperature variationv@Fiation) to
reference activity changes due to catalyst ageing. The total volume flow was set torifiimL
with Hx:CO = 4 and GHS\# 2800h™.

The binary CeCo (x = 0.5) catalyst showed higher conversion and selectivity to hydrocarbons
and the increase in reaction temperature b§gurther enhanced the activity of Cu, Co and
CuCo catalysts but also the hydrocarbon selectivity. Traces of ethanol was formed for the pure
Co catalyst X = 0) at 225°C (Figure8.3¢c)). The binary C+Co (x = 0.5) catalyst formed
alcohols, but less with lower selectivity level than at 2000n thepure Cu catalystx(= 1),

the product distribution shifted towards methanol with increasing temperature with a
simultaneous selectivity of around #¥or Cito Cshydrocarbons. Because of this hydrocarbon
formation with water as a Byroduct, the selectivity of CQvas for this catalyst almost constant

over the temperature range and is assigned to the water gas shift reaction.

156



8 CuCdZnAl204 catalysts for CO conversion to higher alcohols synthesized frem co
precipitated hydrotalcite precursors

Temperatures of 25T 1 300°C at 20bar resulted in complete CO conversion for all cebalt
containing catalysts (compare BigureSI11.71). Thus, the catalytic performance will be
discussed only in the kinetic region at 2@i 225 °C. The datapoint at 2080C before the
catalyst has been exposed to harsher catalytic conditions@25800 °C) will be compared

to the datapoint afteeturningto 200°C in temperature program (compare process scheme in
Sl FigureS111.70)) as a rough measure of catalyst stability. Back at’@20@fter T-variation

in Figure8.3), the activity was enhanced, compared to the initial catalytic performance at
200°C, for the pure Co catalyst and slightly lowered for the mixedOBu catalystX = 0.5)

but almost equal for the copper catalyst, which formed, as expected, mainly methanol with only
a small amount of ethanol (compareFsjureSI 11.71 b)-c)). The increase in the activity of

the Co catalyst(= 0) can be attributed to a more complete reduction under high pressure in a
strongly reducing HICO atmosphere which might compensate the need for higher temperature
as it was expected from TPR resufgglre8.2). Simultaneously, the hydrocarbon selectivity
increased, with predominantly methane being formed, and the selectivity towards ethanol
completely vanished, as expected for a pure cobalt catjiéte initial ethanol formation (at

low conversion) thus was not stable and cannot be assigned to the effect of zinc on the cobalt

catalyst but rather to the still oxidized nature of the catalyst after incomplete activation.

Stable Gto Csalcohol formation at 208C was observed only over the @o mixed catalysts.

This selectivity is ascribed to the interplay between both metals and confirms the promotional
effect of bimetallic catalysts explained by theo®) and reported in the literatur®é &
Interestingly, as shown in the SlgureSI11.71, already a relatively low amount of copper
(12.5at%Cu in the catalyst witlk = 0.125) in the cobalt catalyst resulted in an increase of the
ethanol selectivity from 0.8 to 4% at 200°C and 20bar after the temperature treatment. The
best catalyst at these conditions, was a caltbinary sample witlk = 0.375 with an ethanol
selectivity of 4.5% (shown in the SFigureSI 11.71c) andFigureS| 11.74).

8.3.2.2 CO hydrogenation at 60 bar

The increase of the pressure from 20 to 60f@avursthe CO conversion as is expected for a
reaction with volume contraction such as HAS8(1). The CO conversion of the pure Co
catalyst x=0) increased with increasing pressure roughly by factor of three (compare
Figure8.3, second run (after -Variation) at 200°C with Figure8.4, first run at200 °C).
However, the conversion increased only slightly for the coeppetaining catalysts. The
observed formation of the;€to Cs-alcohols at low temperatures (<280) and the formation

of hydrocarbons with increasing temperature (>22pagrees with theor§?. In our study, the
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product distribution remained similar for all catalysts, only the overall selectivity was increased.
Also, the reference run at 20G at 60 bar [Figure8.4, 200°C, afterT-variation) did not show

any strong change of the CO conversion or the selectivity of the copper containing samples in
comparison to the previous catalytic test at ZD0indicating a stable performance and product
distribution.

In comparison with reported results on similar catalysts, our etlsattivity are modesty
(Figure8.4 c)). The herein reported coppesbalt catalyst with equimolar ratiox & 0.5)
reached a selectivity to ethanol of 24bat a full conversion at 60 bar and 28D whereas a

similar catalyst prepared in the group of Muhler reached a selectivity &6 @t conversion

of 9.3% at 60 bar, a higher GHSV around 960band 28C°C &, In the herein presented study,

no ethanol formation was observed at a temperature arouf€280our selfprepared Ct«Co

catalyst ¥ = 0.5, GHSVa 2800h, full conversion). The main differences between literature
catalytic performance and this study are the lower reaction temperature and the higher hydrogen
excess in the herein described experimeni<q@ = 4vsH2:CO = 1) Bwhich is a composition

closer to methanation stoichiometry than to ethanol formation. An additional difference is the
copper content, which was= 0.6 of the abowenentioned literature refereng&andx = 0.5 for

the herein reported catalyst.

The CO conversion on the pure cobalt catalyst Q) kept changing at the different reference
measurements over the complete catalysis run of 165 hours at varying conditions, also in the
experiments conducted at 60 bar. The CO conversion changed frénd84 % during the
temperature variation in between of the two measurements &C20Q@he first and second run
(Figure8.4). The main products were hydrocarbons. This activity increase must be related to
some structural changes of the pure cobalt catakstOf. The absence of GAormation

during the temperature treatment (8SgureSI 11.73 b)) does in this case exclude a reduction

of cobalt oxide residues as it was suggested in the catalytic tests at 20 bar. It further indicates
that a steady extent of reduction has been reached without WGS activity. A promotion of zinc
oxide in a similar ranner as it is known from copperethanol catalysts was not observed for
cobalt catalysts but a stabilizing effect was reported covering the catalyst &tiVitgrefore,

the increase in conversion of the pure cobalt catalyst must be caused by a structural

rearrangement of the activated cobalt species.
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Figure 8.4: In a) are the CO conversion of selected catalysts (x = 0 (left bar), x = 0.5=arid x
(right bar)) at 60 bar shown. Below are the correspondiatgctivityand product distribution
(n-C1 to nCy) in the alkane(b) and alcohal (c) formation presented. The second run at 200
°C was performed after the temperature variationv@Fiation) to reference activity changes
due to catalyst ageing. The third run at 2@was performed after 38WC (after 380°C) to
reference activity changes due to possible simgeeffects. The total volume flow was set to
75 mLy mintwith H;:CO = 4.

During the following thermal stability test at 38C still further improvement of the CO
conversion to 936 was observed after returning to kinetic control at 20qseeFigure8.4

and SIFigureSI11.72). Again, at the 380C test no CQ formation was observed. The high
selectivity of hydrocarbons and the absence of alcohols (compa&igBeSI 11.72 b) - ¢))

lead more to the conclusion, that probably the products have changed the active site of the
cobalt catalyst. Since it isnownthat cobalt forms cobalt carbide at higher temperatures, the
carburization would be noticed by a lowered CO conversion, which was not the case in our
catalytic tests?’® On the other hand, a change of the cobalt phase induced by hydrocarbon
deposition and hydrogenation could have activated the cobalt catalyst by forming a more active
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hcp cobalt site, which was to some extend found in the spent samoptepdre
Figure8.5 b)). 279 280

A slightly increased CO conversion over the pure Cu catadysi] from 2% at 200°C before

380°C and 60bar Figure8.4 a)) to 4% at 200°C after 380°C and 60 bar and an increased
CQO; selectivity during CO hydrogenation at 380 (FigureSI 11.73 b)) were observed and

may indicate an ogoing activation process of this catalyst beside the WGS activity as it was
observed over the complete temperature range. Simultaneously, the selectivity of methanol
increased by 106 from 89% to 99%. Thisbehavioumight be explained by enhanced strong
metal support interaction as the Zn@ls support starts to reduce at higher temperatures in
accordance with the hypothesis that 4 Zusurface alloy cafavourmethanol synthesfé: 154

Also, ongoing sintering can lead to a gradual activity increase of supported Cu catalysts .

In summary, it was shown, that the cobalt catalyst®) changed the active site during reaction
after reaching full activation and that for the hydrotaldiégived copper catalysx € 1), the

CO conversion and methanol selectivity increased after developing a highly active site at high
temperature treatment. However, subsequent activation played a much smaller role for the bi
metallic catalysts due to strongly lowered reduction teatpees of these samples.

Instead, the CO conversion of the mixedCai catalysts decreased only slightly oveih®8rs

of time (SIFigureSI111.72 and FigureSI111.70) during the temperature variation test up to
300°C at 60bar, likely due to particle growth caused by the strongly reducing atmosphere and
the relatively high temperature that, according to the TPR prokigsre8.2), should lead to

a full reduction. Their performance in the run at 2@0and 60 bar resulted imainaffected
selectivity towards alcohols fromp@ C4 (SI FigureSI11.72 ¢)) demonstrating again that the
catalysts are quite stable in product formation at these strongly reducing conditions upon
temperature and pressure variations. Up to the last reference experiment@ta2@D bar,

the catalysts reached 150 hours on stream before the thermal stability test°&t \886
performed.

During the high temperature catalysis at 380 the binary catalysts reached full conversion
and formed only hydrocarbons (compareF®jureSI 11.72). Their catalytic performance in

CO conversion was reduced by half comparing the kinetic experiments &€ 20@he initial

run and after 380C. The maximum activity loss of 3 was observed for a cobalt righ 0.25
catalyst. This activity loss could be caused by metal sintering or coking. However, the

selectivitywere unaffected by the temperature treatment.
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8.3.3 Characterization of the spent catalysts after passivation in air

To better understand the state of the catalysts and especially thedasovibed dynamic
changes of the coppéiee Co catalystq= 0), the spent samples wexealysedafter careful air
contact as described in the experimental section PRRD patterns of the spent catalysts are
presented ifrigure8.5 a). They were alanalysedvith Rietveld refinement to extract the lattice
parameters and the quantitative composition of the assigned phases (shown in Sl
FigureS111.79). Due to a partial overlap of reflections and correlation with the background,
the estimated error in the quantification wé# 12 % and the microstructure was treated only

in a simplified manner without distinguishing size and strain effects to not over parametrize the
fits. Because both copper and cobalt can crystallize in the ccp structure with similar lattice
parameters only one gghase was modelled. For the ccp metal, a model for stacking faults
was included to account for the resulting altered intensities, which are well known to occur in

this materiaf2.

All samples contain a spinel phase after catalytic treatment up ttC38¢hich isassigned to

the ZnAbO4 support. It accounts in all samples for ~wi9%6 (seeFigure8.5 b)) of the sample
and a significant inversion between?Zand AF* across their sites of ~3® was found. The
expected weight fraction of the Zn&s in a fully reduced catalyst with composition
CwZnAl204 (c.f. composition of the precursor) would be ~3&0 This overestimation of the
weight fraction by ~ 1@ may in part due to errors in the quantification but may as well indicate

amorphous content in the sample.

There is a significant change in lattice parameter of the spinel phase with chemical composition
of the catalysts, in particular a shrinkage of the cell parameter a with increasing Cu content
(Figure8.5 c)). The domain size shows a minimum at aroxrd0.251 0.375, which indicates

either a smaller crystallite size or could also be caused by substitution. A substitutidii of Zn
by C&* seems to be a likely ca&®, which would render the spinel support at least chemically

active in an interaction with the catalyst.

In addition to the spinel phase, metallic phases are present in all samples. For theidopper
samples withx = 1 and 0.5 only ccp metal was found, while for lower valuesaofoexistence

of ccp and hcp metal was observé&iy(ire8.5 b)). The sample withx = 0, i.e. only cobalt as
catalyst, needs special attention here: Firstly, the coexistence of a hcp and ccp metal phase
suggests that cobalt adopts both polymorphs here. The thermodynamically stable form is hcp,
both at room temperature and even at the highestysat&st temperature (38). The

coexistence of both polymorphs in various specimen and the complex dependency on heat
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treatment and particle size is long knowf#t.However, alloying with other metalg.g, Zn)

could contribute to further stabilizing (partially) the ccp phase, since a Co rich alloy with Zn
adopts the ccp structufé® The lattice parameters of both phases are well in agreement with
those reported in literature for hcp and ccp®o Secondly, the metal phases show a much
higher crystallinity in the pure cobalt catalyst< 0, Figure8.5 a)) ascompared to all other
compositions. As soon as copper is introduced the domain size of the metal phases decreases
substantially from 35 nm fox =0 to 6.5 nm forx= 1 (seeFigure8.5 d)), where the most
significant drop down to 10 nm already occurs with a small addition of cappésr x = 0.125.

It should be noted that these domain sizes rather underestimate the actual donsntene,

strain was modelled for the sake of stabilizing the fit. But strain is expected due to the well
known defective nature of ccp metal nanoparticles. The actual metal particle size will be
underestimated even by a higher extent as these may consiseia slamains. Furthermore,

the formation of C¢O due to passivation will also reduce the average domain size of the ccp
phase since the oxiddlirgrow at the expense of the metal.

When tracing the evolution of the cell parameter of the ccp phasd-iga®8.5 d)) with

chemical composition of the catalyst a virtually linear trend is evident suggesting alloying of
Cu and Co. This is surprising since no miscibility between Cu and Co is known in the bulk. The
difference plots do not indicate the need for additiphalses to fit the patterns aiagdoursuch

single metal phase scenario. Still, one should bear in mind that two coexisting ccp phases may
cause such linear change in apparent cell parameter by a constant shift of their phase fractions
as an alternative scenario. Given the similar latticerpetars, severe line broadening and
limited angular range it is virtually impossible to discriminate among the two scenarios.

However, the situation is even more complex if we consider the presence of reduced zinc in the
catalysts, according to the Cu/ZnO methanol catafyst* 22 there is a reasonable possibility

that cobalt and zinc form mixed particles or a surface alloy with a eotlaltore under
reaction conditions in a ccp pha&€& which can be undetected by XPRD as in the case of
Cu/znO. Additionally, it can be discussed, that theG@umixed phase creates a CuCo surface
alloy representing multiple weak CO adsorption sites lowering h@ @issociation and
increasing the selectiyi towards oxygenated FTS producéfS. The nanostructure of the
catalyst could enhance the number of such CuCo surface alloy enhancing the alcohol formation.
In this scenario, depending on the reaction conditions, the yield of alcohols can be seen as an
indicator of such a G@€o mixed phase hereas the hydrocarbon formation refers to the fraction

of active pure Co surface. Alternatively, methanol formation on (pure) Cu was discussed, which

could promote HAS by in situ formed methafl
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Additionally, all copper containing samples contain a detectable amount©ftGat increases

with x (Figure8.5 b)), which results likely from the treatment of the catalysts in air after the
experiments. It should be noted that CoO may have formed as well, as the two compounds
CwO and CoO show very similar diffraction patterns. Given the broad reflections a distinction
is not possible. For the sample containing only cobalt, the formation of significant amounts of
crystalline CoO is not evident, which implies a quantitative redacf the oxidic (spinel) pre
catalyst under reaction conditions. Furthermore, this sample contains minor amounts of SiC,
which was used as diluent for the catalyst during activity tests. This sample is also unique in
showing two additional reflections &8 and 10.9° 2, which remain unassigned after
searching the databases. Based on IR and TGA results (see

SI FigureS111.76 - FigureS111.78) they are tentatively assigned to crystalline fractions of
hydrocarbon waxes or other carbonaceous dep8sits

The formation of cobalt carbide and graphitic hydrocarbons was observed previously on Cu
Co catalysts with different cobalb-copper ratios®® Formation of cobalt carbide was not
observed in théXRD patterns of the spent samplé3gure8.5 a)) since no corresponding
additional reflections could be observed. This leads to the conclusion that bulk cobalt carbide
could only be present as a minor phase or in an amorghatedfpresent at all. Surface carbide

is expected to lower hydrocarbon selectivity and enhance the formation of alcohols because of
the enhanced associative adsorption of CO. Simultaneously, the carbide formation results in a
deactivation of the catalytic perfnance, which was observed before to stabilize only after

40 h time on strearff® 2% Such @ehaviouwas not found in this study supporting the absence

of cobalt carbides in these @o/ZnAlLO4 catalysts at the applied reaction conditions.
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Figure 8.5: Powder XRD analysis of the speattalysts after CO hydrogenation at Bar /

60bar and 200°C - 380 °C after passivation at room temperature with air. The complete
pattern a visualized in a) with the dark grey bars correspond to the Cu (ccp) reference
(ICSD#7954) and the black bars correspond to the ZDAleference (ICSD#609005). The
resulting quantification of the assigned phases by a Rietveld refinement is shown in b). c¢)
Compositional dependence of the cell parameter and domain size of the spinel phase. d) The
ccp phase showssgnificant expansion of the cell parameter with the copper content x. The
red line is a linear fit to all data points, the dashed lines indicate the lattice parameters for bulk
ccp Cu and Co taken from several entries of the ICSD (#627115, 627114, 62248%). The
apparent domain size shows a drastic initial decrease upon addition of copper in the catalyst

system.

IR spectroscopy of the spent samples (shown as BigureSI 11.76) shows for the copper
containing catalysts, absorption bands between 1541 amd 1393%m?, which probably
correspond to carbonate stretching modes, similar as in the calcined catalysts. However, unlike
there, this carbonate is not necessary a residue of the synthesis but rather additional surface
carbonate formed from GOOnly for the pure cobalt catalyst wish= 0, strong absorption

bands around 3000 chrand 1500 cm were observed. These strong bands at t4T4and

1460 cm' can be assigned to methyl groups of formed coke or aliphatic hydrocarbons.
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Asymmetric GH bending can give rise to the band at wavenumber ¢4602° 2°1|n the

range of 300@m* and 280@m?, Ci H stretching modes are excitéd: The band at 29568m*

could be assigned to asymmetric 3ktetching, whereas the bands at 2912 amd 2844cm*

could be CH stretching modes of GHor CH groups2°? IR spectroscopy thus gives evidence

of carbon enrichment in the pure cobalt catalyst, which was also confirmed by C, H analysis
(FigureSI 11.77), were carbon was found to be8®%6 of the recovered catalyst. Additionally,

a thermogravimetric analysis of the spent sample shows a drastic mass loss ardciithdf300
about 28% of the cobalt catalysF{gureSI 11.78), which corresponds to the burning off of the
deposited coke. However, the stability of the catalytic performance of the cobalt catalyst was
good over the 165 hours of run time, despite the coke formation.

All coppercontaining catalysts contained only small amounts of carbon and hydrogen, which
can be assigned to carbonate groups-adsorbed water, as neither the IR spectra nor the TG
analysis delivered clear further evidence for coke formation or-d&ftirmhe TGA curves
showed a mass gain due to metal oxidation rather than a mass loss dueotd diuleposited
hydrocarbons. This also confirms that the catalyst passivation was successful and substantial
fraction of the catalyst have remained in thdatlie state. These results show that the presence

of copper strongly suppresses the formation of coke during HAS on the catalysts studied here.
Such a promotion by copper was also observed biiGur Cu-Co catalysts in other reaction
systems?922% To the best of our knowledge the promotion effect of copper on the coke

suppression was not yet discussed in the context of higher alcohol synthesis.

8.4 Conclusion

The addition of copper prevents coke formation on cobalt catalysts and enhances the selectivity
towards alcohols at temperatures below 280in Cu-Co/ZnAlkQOs catalysts. Bimetallic
catalysts showed a clearly differdrghaviouy which was beneficial for HAS, compared to the

pure copper or cobalt catalyst$ie PXRD data suggests a possible alloy formation of Cu and

Co in the ccp phase, which would imply a close interaction of both m&aelstively low
pressure (20 bar) and temperatures above@28sult in complete conversion at an GHSV of
around 28001 in a synthesis gas stream of a@D ratio of 4. Unfortunately, these process
conditions were found not to result in an increase in the HAS activity of the catalysts. Edmpar

to literature reports, the selectivity to higher alcohols of the studied catalysts was low at
otherwise high activity. However, a copper content of alreadyélt25which is accompanied

by a significant drop of the domain size of the ccp phase compared to the pure cobalt catalyst,

has a positive effect on the alcohol selectivity from CO hydrogenation and on the mitigation of
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coking. Nevertheless, the hydrocarbon selectivity was found to be always predominant in this
hydrogenrich synthesis gas. Another important effect of copper was the facilitated reduction
of the cobalt oxide. The activity of the pure copper catalyst waaneedd and methanol
formation was improved after a treatment in reducing gas &G38lhese results demonstrated

the necessity of higher temperatures to reach a completely activated state of this £u/ZnAl
catalyst from a hydrotalcite precursor. The ation of the pure cobalt catalyst was also not
complete prior to the catalytic experiment and proceeded after each temperature or pressure
variation. Even though significant coke formation was found for this catalyst, it stigusd

like the other hydreaticite-derived catalysts studied hera stable catalytic performance after it

was fully activated up to 1@%ours on stream.
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9 Conclusion and Outlook

The role of Al and Ga as secondary promotor was investigated in a duggest catalyst and
evaluated regarding the structural promotion and the catalytic performance. It was found that
the secondary promotoe.g, Al or Ga) increased the microstructure duringpececipitation

and this microstructure was covered along the treatment processes and even in catalysis
resulting in highly active catalysts which are stable for more than 800 h time on stream. Beside
this structural promotion, an enhanced reduttaf the ZnO was found by chemisorption
methods. This enhanced ZnO reduction resulted in an increased amoufit sp&eies which

was found to be higher for Al than for Ga and demonstrate an electronic promotion of the ZnO
phase. Therefore, the secondary promotor can be related to the ZnO phase, which was
confirmed by XANES and DFT calculations. DFT calculations coréd that the secondary
promotor stabilizes the Zn vacancies and improves the ZnO reduction to fésuzface
species which was detenmaid to be stronger for Al than for Ga. This effect improved the Cu

Zn interaction, as it was confirmed by a complete coverage of the copper surface by DRIFT,
and by an enhanced catalytic activity which ranked as: CZA>CZG>CZ.

To resolve the electronic promotion effect of Al and Ga on the ZnO phase, a series of varying
Al doped ZnOwas prepared according to the catalyst preparatianco-precipitation.
Thermodynamicallyavoured segregation into an aluminiuioh crystalline zaccagnaite side
phase, ZmAl2(OH)12(COs) - 3H20, was observed at aluminium contents higher #aan 0.02,

for long ageing times and after hydrothermal treatment. Thispbidse was found to be
responsible for a neaniform aluminium distribution in therpcursors and later in the calcined
samples. Still, the results suggest that hydrozincite can take up aluminium in an octahedral
coordination even faxa > 0.02 leading to the formation of defects due to charge compensation
in the hydroxycarbonate. Calcination at 320 °C leads to formation of zinc oxide as the only
crystalline phase, but electron microscopy af NMR revealed noruniform aluminium
distribution and presence of diverse aluminium species for a doping lexgl=00.03 and

larger. Such complexity is based on thezagcagnaite regions, which were found to segregate
into nanaecrystalline zinc oxide with an aligned crystallographic orientatend into
amorphous alumina. At lower aluminium contents, however, the dopant was found preferably
on the zinc sites of the zinc oxide lattice based ot thesignal dominating the NMR spectra.

The solubility limit regarding this species was determined to be approxinxateiy.013 or

1.3% of all metal cations. Annealing experiments showed that aluminium was kinetically

trapped on the ¥ site and segregated into zinc oxide and 2@Akpinel upon further heating.
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This shows that lower calcination temperatures such as applied in catalyst synthesis favour the
aluminium doping on that specific site.

The doping of ZnO with Ga was performed like the ZnO:Al investigatiorpr€oipitation was
performed at lower Temperatures and with short ageng. The zaccagnaitbke side phase

was determined for Ga contents %6 which was almost double of the aluminiwontent. A
carefulanalysis with infrared and Raman spectroscopy confirmed structural changes by induced
defects and a distorted hydrozincite lattice, as a result of charge compensation. The calcination
at relative low Temperature, as applied for magiol synthesis catalyst preparation, led to the
decomposition of the precursor to a zinc oxide without any additional side phase determined by
PXRD. The structural change because of the incorporated gallium ion was beside the reflection
broadening of thd®XRD pattern additionally by Raman spectroscopy confirmed. In both
analytics an effect on theaxis of the ZnO structure was determined due to Ga incorporation.
The chemical environment of the Ga ion was determined®g NMR spectroscopy and has
shown,that up taxca= 0.06 no fivefold or sixfold coordinated Ga was present. No conclusion

on the Ga incorporated onto a Zn position in the ZnO lattice could be drawn, due to line
broadening of the signals and the missing differentiation of the two expected signaks for th
four-fold coordinated Ga ion. From UVis spectroscopy, a band gap of around 3.3 eV was
determined for the ZnO:Ga. Upxea= 0.04, the band gap could be considered as equal for the
lower doped ZnO and supports a solubility limit arouhid ttoncentrationxga=0.04). A

further increase in Ga content resulted in an increased band gap, which can be explained either
by a BursteiAMoss effect or by isolating effects of the decomposed Ga enriched zaccagnaite
like side phase present in samplesxter> 0.06.

Beside the secondary promotion effect, the active site in methanol synthesis was investigated
on an industrial type of Cu/ZnO:Al catalyst by a combination of experimental and theoretical
studies of the poisoning effect of ammonia for the conversion afasy(CQ/CO/H,). The
catalyst was prepared via-poecipitation and represented in its characteristics an industrial
methanol formation catalyst. The poisoning effect during methanol synthesis from a CO
containing feed gas, reported earlier was reproduced and the interpretation of the experimental
results were supported by DFT calculations. Extensive DFT calculations on two active site
models representative of copper and Cu/ZnO catalysts were perfdreestudy confirms but

also extends the hypothesis of Laudenschlegat,?® such that now a possible intermediate
blocking the active sites could be proposed. This investigation shows that carbamate can form
readily from the reaction of Nl and CQ but is a stable species that undergoes further

hydrogenation rather slowly, explaining its strongly poisoning effect. Importantly* b
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9 Conclusionand Outlook

only be formed in the presence of surface oxygen species, such that this effect is not observed
for pure CO feeds. TMA as well as ammonia itself do not bind strongly to the surface, hence
TMA is not as poisonous as ammonia. The parallel reaction of ethigigrogenation further
demonstrated that hydrogen can be activated readily under these conditions, both for the

hydrogenation of ethylene and g@nd is thus not the rate determining step.

Beside the investigation of copper in methanol synthesis, it was also used as a promotor in
FischerTropsch to improve the higher alcohol synthesis with cobalt as the FTS active metal.
The investigation of a varying copper contents in cobalt rich ratiGe:€u/ZnAkO4 catalysts

have demonstrated, that the addition of copper prevents coke formation on cobalt catalysts and
enhances the selectivity towards alcohols at temperatures below 250 °GGo/ZWA04
catalysts. Bimetallic catalysts showed a clbadifferent behaviour, which was beneficial for

HAS, compared to the pure copper or cobalt catalysts. The PXRD data suggests a possible alloy
formation of Cu and Co in the ccp phase, which would imply a close interaction of both metals.
Relatively low presure (2Mar) and temperatures above 225 °C result in complete conversion

at an GHSV of around 2800 in a synthesis gas stream of a®D ratio of 4. These process
conditions were found not to result in an increase in the HAS activity of the cat@lystpared

to literature reports, the selectivity to higher alcohols of the studied catalysts was low at
otherwise high activity. However, a copper content of already 12.5 at%, which is accompanied
by a significant drop of the domain size of the ccp phasgared to the pure cobalt catalyst,

has a positive effect on the alcohol selectivity from CO hydrogenation and on the mitigation of
coking. Nevertheless, the hydrocarbon selectivity was found to be always predominant in this
hydrogenrich synthesis gas. #other important effect of copper was the facilitated reduction

of the cobalt oxide. The activity of the pure copper catalyst was enhanced, and methanol
formation was improved after a treatment in reducing gas at 380 °C. These results demonstrated
the necssity of higher temperatures to reach a completely activated state of this G@ZnAl
catalyst from a hydrotalcite precursor. The activation of the pure cobalt catalyst was also not
complete prior to the catalytic experiment and proceeded after each atum@er pressure
variation. Even though significant coke formation was found for this catalyst, it shosd

like the other hydrotalcitderived catalysts studiea stable catalytic performance after it was

fully activated up to 165 h on stream.

Regarding the trivalent cation doping of the stt¢he-art Cu/ZnO catalyst, a combination of
Al and Ga are recommended in investigation. The study of the solubility limit of Al and Ga in
ZnO give evidence, that a higher fraction of Ga maybe incorponatedhe ZnO structure

without additional side phases. Therefore, an increased amount of Ga is expected to improve
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9 Conclusion and Outlook

the catalyst activity in a manner as it was found for CZA. However, if Al improves catalyst
stability but Ga can be the better dopant regarding solubility in ZnO, a combination of the
trivalent cations are expected to improve the catalyst performandémibgr smprovement of

the catalyst stability. To investigate the doping effect and to strengthen the electronic promotion
effect of the trivalent cation, the doped ZnO should be used as model supports for a methanol
synthesis catalyst. Ideally, the impregion of the dope&nO with colloidal Cu, targeting
similar concentrations regarding the surface area, can allow to discriminate the role of Al and
Ga in the methanol catalyst in a more advanced way. From the results of this thesis, it is
expected, that with increasing dopiegél up to the solubility limita = 0.013 andgaa 0.04)

the intrinsic methanol activity of the catalyst increases. However, regarding the concentration
of around 10% Al and Ga (based on zinc and Al or Ga) in theatdle-art catalyst, beside

the doping effects also sterically effects are expected to increase the copper particle stability.
Therefore, considering the ideal support investigation it would be expected, that a concentration
of the secondary promotor (Al or Ga) aba¥e solubility limit has the highest methanol
formation rate because of the optimum doping effect and the simultaneously optimum sterically
effect, provided as a thermodynamic stable spinel phase, avoiding Cu particle sintering. This
research can also lm®nducted by using Co and Cu as active metals and to investigate the
promotor species in other reactions like the higher alcohol synthesis. Beside the effects in
catalysis the effects in ZnO dopant can be further investigated. If Al and Ga are used togethe
as ZnO dopants, maybe a higher fraction of trivalent cation can be incorporated into the ZnO
structure or one of this metal ions will be mémeourableincorporated into the targeted ZnO
phase whereas the other species segregates as structural pedadgsor a top of the surface.

This investigation could improve the knowledge about the effect of the secondary promotors
Al and Ga on the primary promotor ZnO in methanol synthesis or in other hydrogenation

reactions.
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11.1 Synthesis numbers ofprepared precursors

TableSI 11.1: Synthesis of Al containing hydrozincites and hydrotalcites. The suffix indicates

the ageing time. Hydrotalcites were in general aged for 60 minutes.

Sample Xal XGa Comment
BM-CP-073 0.0001 HZ
BM-CP-074 0.0001 HZ
BM-CP-084 0.0005 0.03 HZ
BM-CP-085 0.0005 0.03 HZ
BM-CP-044 0.0005 HZ
BM-CP-070 0.0005 HZ
BM-CP-071 0.0005 HZ
BM-CP-043 0.005 HZ
BM-CP-082 0.005 HZ
BM-CP-083 0.005 HZ
BM-CP-007 0.01 HZ
BM-CP-076 0.01 HZ
BM-CP-002 0.02 HZ/ageing series
BM-CP-077 0.02 HZ
BM-CP-003 0.03 HZ
BM-CP-008 0.03 HZ
BM-CP-028 0.03 ageing timepH =9
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Sample Xal XGa Comment
BM-CP-029 0.03 ageing timepH =8
BM-CP-030 0.03 ageingtimepH= 7
BM-CP-031 0.03 ageing timepH =6.4
BM-CP-045 0.03 HZ
BM-CP-046 0.03 HZ
BM-CP-048 0.03 HZ
BM-CP-053 0.03 HZ
BM-CP-054 0.03 HZ
BM-CP-055 0.03 HZ
BM-CP-078 0.03 HZ
BM-CP-103 0.03 HZ
BM-CP-104 0.03 HZ
BM-CP-105 0.03 HZ
BM-CP-004 0.04 HZ
BM-CP-079 0.04 HZ
BM-CP-005 0.06 HZ
BM-CP-080 0.06 HZ
BM-CP-006 0.1 HZ
BM-CP-081 0.1 HZ
BM-CP-075 0.4 Zaccagnaite
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Sample Xal XGa Comment
BM-CP-085 0.4 Zaccagnaite
BM-CP-086-60 0.4 Zaccagnaite
BM-CP-109 0.67 Zn-Al-Spinel
BM-CP-110 0.67 Zn-Al-Spinel

Table Sl 11.2: Synthesis of Ga containing hydrozincites and hydrotalcites. The suffix indicates

the ageing time. Hydrotalcites were in general aged for 60 minutes.

Sample XGa Comment
BM-CP-010 0.01 HZ
BM-CP-086-10 0.01 HZ
BM-CP-012 0.02 HZ
BM-CP-042 0.02 HZ
BM-CP-087 0.02 HZ
BM-CP-041 0.02 HZ
BM-CP-009 0.03 HZ
BM-CP-088 0.03 HZ
BM-CP-106 0.03 HZ
BM-CP-107 0.03 HZ
BM-CP-108 0.03 HZ
BM-CP-013 0.04 HZ
BM-CP-089 0.04 HZ
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Sample XGa Comment
BM-CP-014 0.06 HZ
BM-CP-090 0.06 HZ
BM-CP-015 0.1 HZ
BM-CP-091 0.1 HZ
BM-CP-092 0.15 HZ
BM-CP-112 0.2 HZ
BM-CP-114 0.4 GaZaccagnaite
BM-CP-111 0.67 Zn-GaSpinel

Table Sl 11.3: Synthesis of undoped hydrozincites.

Sample Comment
BM-CP-011
BM-CP-016 pH variation
BM-CP-017 pH variation
BM-CP-018 pH variation
BM-CP-019 pH variation
BM-CP-020 pH variation
BM-CP-032 pH variation
BM-CP-033 pH variation
BM-CP-034 Reproduction old synthesigH = 9
BM-CP-035 Reproduction old synthesisiH =8
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Sample

Comment

BM-CP-047

BM-CP-049

BM-CP-050

BM-CP-066-HT

BM-CP-067

BM-CP-068-UT

BM-CP-069

BM-CP-072HT

BM-CP-100

BM-CP-101

BM-CP-102

hydrothermal ageing

Ultraturrax dispersed

reference to 68T

hydrothermal ageing (long time)
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TableSI 11.4: Synthesis of Copper catalysts.

192

Sample Comment
BM-CP-021 CZG
BM-CP-026 CZG
BM-CP-022 CM(70:30)
BM-CP-023 CM(70:30)
BM-CP-024 CM(70:30)
BM-CP-025 CM(70:30)
BM-CP-027 CM(70:30)
BM-Znl-002 CM(70:30)+ 5 Wt% Zn
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11.2List of figures

Figure 2.1: Typical concentration profile of a2®-RFC measured by mass spectroscdpy.

Figure 2.2: Back titration of CeO with Hx at room temperature, analysed by MS.......16

Figure 2.3: Visualisation of the malachite structure of one unit cell. The copper atoms are
brownishred, carbon atoms are grey and the oxygen atoms are red coloured. The
picture was created with VESTAS' from the ICSD reference:#3066%......18

Figure 2.4: Example of a hydrotalciteke layered motive with carbonate ions and water in
the interlayer. Oxygen atoms are red, Carbon is gey, hydrogen is white, with grey
brownish octahedra containing zinc (purplae) and aluminium (browgrey)
metal ions. Thedyer was created with VESTAS’as a variation of the ICSD
FEferenCe 1550552 ......c..ooiieeeeeeeece ettt eenme e reeaeeneens 20

Figure 2.5: Demonstration of the unit cell of hydrozincite. Thexis is parallel to the viewing
direction. The zinc atoms are purple blue, the oxygen atoms are red and carbon is
grey coloured. The figure is created with VESTASrom the ICSD reference

Figure 2.6: Visualisation of the wurtzite ZnO unit cell in a) and the hexagonal structure along
the caxis of three unit cells in b) (theaxis is parallel to the viewing direction).
Zinc atoms are purplblue and oxygen atoms are red coloured. The pictures are
prepared in VESTAS! from the ICSD reference #26178...........c.cocu..... 22
Figure 4.1: Powder xray diffraction pattern of the eprecipitated precursors (left side a)) in
comparison to the Gmalachite reference from ICSD database (#15384). The
asterisk visualize peak positions of the aurichalcite-gitese (ICSD #75324). On
the right sile the corresponding oxides after calcination fora8 350 °C in static
air with a heating ramp of 2 °C mirare shown (b)). The black reference pattern
corresponds to CuO (COD#004105685) and the grey pattern to ZnO
((O1@ 32 010221007151 0 ) T TSP 38
Figure 4.2: Surface areas of theo-precipitated precursors (coloured column) and their
corresponding oxides (white column) after calcinating at 350 °C fon3static
= | USRI | O
Figure 4.3: Powder XRD pattern of the reduced CZA (black, lower pattern), CZG (red, middle
pattern) and CZ (blue, upper pattern) catalysts. The bar charts of the references
are related to zinc oxide (grey, #002300450) and metallic copper (black,
#001512504) are takdrom COD database. The activation was performed with a
flowrate of 10mly min'? of 5vol% Hydrogen in Argon heating up the calcined
sample (125 250um sieve fraction) to 275 °C with a heating rate of 2 °Cnin
and holding the temperature for 4 h to ensure complete reduction.......... 41
Figure 4.4. a) Representative HRTEM image of the microstructure of @A with
coloration to illustrate the main components Cu particles (brown), ZnO particles
(red) and Zff“ species (orange); the original TEM images can be found in the SI
as FigureS1 11.6 on page 216. b) Schematic representation of this microstructure
after TPR. c}f) Assumed surface states after the steps in the series of
chemisorption experiments with bydrogen coverage of &, d) oxidation of
Zn™dand C§'", e) rereduction of C&"only, ) reoxidation of C§""only. Before
each step, the reactor was purged to receive a clean, addoebatarface. The
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Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

assumed meaning of the chemisorption capacities is summarized at the bottom.
The Zri®? species is represented here as a potentially porous, overgrows ZnO
layer on the Cu particle inspired by the TEM work of Lunkenbein etal.
However, based on the chemisorption data, no claim in such direction is intended.
A surface alloy state can be considered accordingly, in which case the orange layer
thickness could represent the Zn fraction in its composition. A dynamic switching
betweerovergrowth and alloy and intermediate states depending on the operating
conditions of the working catalysés suggested by Pandit et'af.seems likely.
.................................................................................................................. 43
Nitrogen capacities of XD-RFC ofthe prepared catalysts. The first column of
each catalyst corresponds to the titration after reduction at 275 °C in 840 H
(Cu™+Zn™®Y). The second column per catalyst corresponds to tii¢' Gites,
determined by BD-RFC after reduction in HTA. The last column of each
catalyst is the calculated amount of the reduced Zn speci&$) (@hthe two
PreViOUS COIUMMNS.......coiiiiiiiieiieiiie ot e e e e emmmra e s e e e e e e e aaaaaeesd 46

CO adsorption DRIFT spectra of the carbonyl region recorded at 1 and 40 min of
exposure to 0.2 vol% CO in He at 10 °C after reduction for 4 hours at 275 °C with
I T 31 T [T 49

Ga K-edge XANES spectra of the activated CZG catalyst at 250 °C in 20ifo H

N2 and results of the linear combination fit using the experimental spectra of
gallium oxide reference materials...........cccooeeeiiiiiiiceeiiiiii e, 50
Schematic visualization of the Cu microstructure and theZunteraction
depending on the secondary promoter. The value of the PXRD crystallite size is
demonstrated as green ring, the'Caites determined by#0-RFC are presented

as a blue ring and the &Zzn™dsites are presented as a yellow surface..53
Methanol yield of the CZA (black), CZG (red) and CZ (blue) catalysts
(1257 250um particle size fraction) at 235 °C and GHS\700h™. The feed

gas was RHCO=2 if not indicated differently. The pressure was 30 bar. The
dashed line corresponds to the equilibrium determined by Gibbs minimization.
The lines are to guide the eYEes...........oovvviiiiiiiiicce e 54

Figure 4.10: Methanol yield during CO hydrogenation of the catalysts CZA (black), CZG

(red) and CZ (blue), all with a 1220 um size fraction. In a) the hydrogen partial
pressure variation at 170c, 30 bar, 220 °C, in b) the pressure variation at 1700
h-1, H:CO = 2 and 220 °C, in c) the gas hourly space velocity (GHSV) variation
at H:CO = 2, 220 °C and 30 bar and intb§ temperature variation at 1708, h
H2:CO = 2 and 30 bar are shown. The dashed line corresponds to the equilibrium
determined by Gibbs minimization. The lines are to guide the eyes........ 55

Figure 4.11:a) Methanol formation evolution of the copper based catalysts during CO

hydrogenation. The line corresponds to a linear fit of the activity loss whereas the
dark coloured area represents the 95 % confidence interval and the lighter
coloured area represeht 95 % prediction band. b) Relative methanol production
evolution of each catalyst normalized the initial methanol formation rate to 100
%. Reaction conditions: 235 °Ci€0 = 2, 30 bar and GHSV of 1700.h...58

Figure 4.12: Reducedcatalysts after methanol synthesis for around 1200 h time on stream at
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black for copper (001512504), in grey for zinc oxide (002300450)). The reduction
was performed with 5 % Hn Ar with a heating ramp of 2 °C mirto the target
temperature 275 °C, whichwas held fan.4.........cccoooviiiiiiiiiiiiee 60

Figure 4.13: Comparison of the specific copper surface area determined@RRNC for the

fresh and spent catalysts after 1200 h time on stream at 235 °C, GHSV of 1700 h
P 010 Y 0 I o Y- TS 60

Figure 4.14: Methanol yield during CO+Cfhydrogenation at £#CO« = 2 and 30 bar with

125250um size fraction of the catalysts. In a) the LZnount variation at 220

°C and GHS\~ 3600h™in b) the GHSV variation at 220 °C angos= 0.15 and

in ¢) the Temperature variation at GHS\3600 h'and o, = 0.15 are shown. In

black the performance of the CZA, in red the performance of the CZG and in blue
the performance of the CZ catalyst in methanol synthesis are presented. The
dashed line correspond to the equilibrium determined by Gibbs minimizatien. Th
lines are to gUIde the BYEeS.........ccoiiiie e 61

Figure 4.15: Turnover frequency of the CZA, CZG and CZ in methanol synthesis a) at

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

1700h, 235°C, Hx:CO = 2 and 30 bar after 200 h TOS and b) at 36§70

°C, H2:COx = 2, Xco, = 0.15 and 30 bar after 800 h. The first column (yellow) is
based on the Cti+zn™ the second column (blue) is based on th&"&und the

third column (grey) is based on the'Zndetermined by BD-RFC................. 65

PXRD data of a c@recipitated zin@luminium precursor with an aluminium
content of x; = 0.02 at different ageing times. The ageing was performed between
Omin (immediately after c@recipitation) and 12fin. The remaining
suspension was aged for additionalhb2irs at 130 °C in a solvothermal reactor
(120Min + solvothermal). The grey bmarcorrespond to the zaccagnaite
(ICSD#190041) and the black bars to hydrozincite (ICSD#16583) references. a)
is an overview, while b) shows a more detailed zoom for better identification of
the sidephase zaccagnaite, whose reflections are marked withsks. In b) the
patterns are sorted lIKeWIiSe as IN.@)-........cooviiiiiiiiiieeee e 78

SEM images depicting the morphology of the precursor materials recovered at
different ageing times after quecipitation at 65 °C and a pH of 6.4 of a zinc
aluminium solution with an aluminium content gf x 0.02.............cccceeeee. 79

PXRD pattern of the cprecipitated aluminiurtoped hydrozincite precursors
with different catiorbased molar aluminium fractiong xThe reference pattern

of the hydrozincite was taken from the ICSD (#16583, black bars) as well as the
reference pattern of zaccagnaite (#190041, grey bars). a) is an overview with
indexation of the reflections, while b) is a zoom at lower diffractioneantp
better distinguish the zaccagnaite sa@se (marked with asterisks). The triangle
marks an additional reflection discussed in the main text below............. 81

Cell volume androlume weighted average domain size estimated from the h0O
reflections of the hydrozincite samples versus catiased molar aluminium
L= e 10 o 0 O PPUOTRR 82
Temperaturegesolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 10 % aluminiumy (¢ 0.1). The PXRD
analysis was performed with silicon as standard and in static air. The reflection
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positions are labelled as follows: silicon (*), ZnO (#) and additional unassigned
1 LYot Lo RS ) TR 83
Figure 5.6: Schematic depiction of potential defects in hydrozincite for balancing the surplus
positive charge resulting from substitution o?Zhy AI**: 1. Additional anions
occupy the interlayer space. Reprotonation of OHto form & anions. 3.
Vacancies on Zrsites. The hydrogen atoms were placed at 0.9 A distance and are

Figure 5.7: Morphology evolution in dependency of the aluminium content of the
hydrozincite precursors. The arrows show the regions containing larger platelets
and »y indicated the catichased molar aluminium fraction....................... 86

Figure 5.8: Stack plot of’Al MAS NMR spectra of a coprecipitated hydrozincite precursor
with xa = 0.03 aluminium incorporation and zaccagnaite. Spinning side bands are
labelled with an asteriSK (*)......ueceiiieii e 86

Figure 5.9: Vibrational infrared spectroscopy of aluminium doped hydrozincites with
different catioabased molar aluminium fractionsyxin comparison with the
aluminium rich zaccagnaite side phaseAa(OH)12(COs) - 3H20................. 88

Figure 5.10: Powder XRD pattern of the aluminium doped zinc oxides a) after calcination of
the hydrozincite precursors at 320 °C with 2 °C +hiheating ramp and 4 h
holding time in static air. The reference pattern (black bars) was taken from COD,
zinc oxide (#210789). b) Sizes of the coherently scattering domains for the h00
and 00l reflections extracted via Pawley fit from the patterns shown in a) as
function of the catiofbased molar aluminium fractionX..............cccooeeeinnn 90

Figure 5.11: TEM-analysis of an aluminium doped zinc oxide sample (witl+X0.03). Image
a) visualizes a typical aggregate as it was also found by SEM. The corresponding
electron diffraction pattern is shown in figure b). The image in c) shows a large
single crystal with some fractions of the typical aggregate structure om\top.
HRTEM micrograph of a part of that single crystal is shown in d) with the
corresponding FFT pattern.............iieiiiiii e reeeen e 92

Figure 5.12: Stack plot of’Al MAS NMR spectra of the unheated hydrozincite, zaccagnaite
and after being annealed at 200 °C, 240 °C, 280 °C and 320 °C for 4h in static air
with a heating ramp of 2C min® with xa = 0.005 aluminium incorporation. All
spectra were recorded with a spinning frequency of 20 kHz. Spinning side bands
are signed with an asterisk (¥).........ooooioiiiiiiiiiree e 93

Figure 5.13: Stack plot of’Al MAS NMR spectra of zinc oxide, annealed with 320 °C for 4
h, with different catiorbased molar aluminium fractionsx All spectra were
recorded with a spinning frequency of 20 kHz. Spinning side bands are signed
WILh @N @STEIISK (F)eun it eeeeaaes 94

Figure 5.14:%’Al-signal/mass ratio of ttéA1 MA'S N MR os 82gmpneof zin@axidel
annealed with 320 °C for 4 h, with different catioased molar aluminium
fractonsxy. The NMR spectra were excited wit
area determined by deconvolution with Gaussian/Lorentzian profiles. The error
bars are estimated, by taking an error of 1 % of the-flddr coordinated
aluminium?’Al MAS NMR signals. The lines to interpolate the substitution limit
were obtained by fitting linear functions into the corresponding data pai9s.
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Figure 5.15: Band gap energies of the aluminium doped zinc oxides with different dzaged
molar aluminium fraction 4. The measurements were performed at room
temperature (25 °C, circles) 85 °C (triangles) and at 27 °C after cryogenic
temperature measurement (upside down triangle). The measurements were
performed under vacuum in transmission mode on a pellet comgairied KBr
as diluent. The lines are to guide the eye.........cccceeviiiiiiiccccicicicee e, 96

Figure 5.16: Powder XRD pattern of the aluminium doped zinc oxide with a cdtased
molar aluminium fraction 4 = 0.03 after calcination of the hydrozincite
precursors at different temperatures with 2 °Chtieating ramp and 4 h holding
time in static air. Reflections assigned to Z#&d spinel are marked with an
asterisk (*). The reference pattern of zinc oxide (black bars) was taken from COD
(#2107059) and the reference pattern of -Ahoninium spinel (grey bars and
asterisks in pattern) was taken from ICSD database (#75628). In@niptete
range is shown. In b) a zoom of the pattern with spinel reflecti® presented.

Figure 5.17:Morphology evolution depending on the calcination temperature of the undoped
zinc oxide. Calcination was performed with 2 °C rhineating ramp and 4
holding tiMe iN StALIC @l........coviiiiiiiiie e 99

Figure 5.18: Stack plot of thé’Al MAS NMR spectra of aluminium doped zinc oxide with a
cationbased molar aluminium fractionx= 0.03 after calcination at different
temperatures. All spectra were recorded at a spinning frequency of 20 kHz.

Spinning side bands are labelled with an asterisk.(*)............ccccccceiiieee.. 101
Figure 6.1: Powder PXRD pattern of the -gwecipitated gallium doped hydrozincite
precursors (a)). I n b) i s alShshagvin, &or r e s (

demonstrate the zaccagndites phase evolution. The reference pattern was taken
from ICSD, hydrozinite in black (#16583) and the zaccagndiite in dark grey
(#190041, *). The new =a6nd 5udnkdsedhvaz dr e f | e
marked with a triangle.qsis the metabased fraction of gallium............... 109
Figure 6.2: Demonstration of the 200 reflection broadening of the hydrozincite precursor
phase in dependency of the gallium incorporatigaiscthe metabased fraction
(0 B0 T= 1110 o ¢ TSSO USPPPRSIN 110
Figure 6.3: Temperaturgesolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 15 % galliurg{x 0.15). The PXRD analysis
was performed in static air. The reflection positions are labelled as followed:
zaccagnaitdike (*), hydrozincite ( ) and additional reflections §.............. 110
Figure 6.4: Infrared spectroscopy of the gallium doped hydrozincites with the expected
zaccagnaitdike side phase. Withgs as the metabased fraction of galliuml13
Figure 6.5: Raman spectra of the gallium doped hydrozincite serigssxhe metabased
fraction of gallium. In a) the spectra are shown, b) shows the Raman shift of
selected signals depending QX .......coeeeeiieeeeeeieiicieeeie e 113
Figure 6.6: Evolution of the BE¥surface for the gallium doped hydrozincitesvifite
columns; HZ) and their zinc oxides (black filled columns; ZnO) after calcination
at 320 °C for 41 INSLALIC @IN-......oeeiiiiiiiiiiie e eeee e 115
Figure 6.7: a) PXRD patterns of the gallium doped zinc oxides after calcination of the
hydrozincite precursors. The reference positions were taken from COD, zinc oxide
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Figure 6.8:

Figure 6.9:

in black (#2107059). %, is the metabased fraction of gallium. In b) is the
reflection broadening as the fullwidth of the half maximum (FWHM) in
dependency of the gallium incorporation is shown. The lines are to guide the eyes.

................................................................................................................ 116
SEM micrographs of selected samples of the Ga doped ZnO. The arrows mark
position of the additional platelets............ccoovvviiiiie e 117

Raman spectra of the gallium doped zinc oxides. The modes are labelled with
abbreviations for: Longitudinal optical mode (LO), transversal optical mode (TO),
transversal acoustic MOAE (TA). ... ciiiiieeieee e e 119

Figure 6.10:Stack plot of "‘Ga MAS NMR spectra of the gallium doped zinc oxides.

Figure 7.1:

Figure 7.2:

Figure 7.3:

Figure 7.4:

Figure 7.5:
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Ageing of CZA in a mixed synthesis gas containing CQ/8&under differential
reaction conditions. The volume flow was set to 686nin™ gcataysi- at 60bar

and 210 °C. This procedure was chosen to age the catalyst in the first week while
investigating in parallel the initial thermal deactivation under kinetically
controlled reaction conditions. The deactivation values were estimated by fitting
a paver law to the methanol formation rate according to Fichtl et’alThe
parameters obtained by Fichtl et*8kere determined with a similar CZA catalyst

at similar reaction conditions (220 °C, 60 bar39 vol% CO, 3.6@01% COy,

62.68 vol% H, WHSV=0.51h"). 3° The point marked with an asterisk was
calculated by the deactivation data reported by Sun &tfak a similar catalyst

and synthesis gas (60 @u/28 % Zn/11 % Al; C&(CO+CQ) = 0.8). The kinetic
parameter are listed in the Slin TaBIEL1.23..........cccccoiiiiiiiiiie e, 135
Methanol formation poisoned by injecting 1 md dbntaining different amounts

of NHz into the inlet gas during methanol synthesis in 13.5 vol% CO / 3.5 vol%
COz/ 73.5v0l% H2/ 9.5 vol% N using 200 mg (sieve fraction 25300 pum) of

the CZA catalyst at 60 bar and 210 °C. To demonstrate the dilution effect only 1
ml pure nitrogen was injected into the inlet gas streapp(® NH).............. 137
Methanol formation poisoned by injecting 1 md dbntaining different amounts

of TMA into the inlet gas during methanol synthesis in 13.5 vol% CO / 3.5 vol%
COx/ 73.5v0l% H2/ 9.5 vol% N using 200 mg (sieve fraction 25300 pm) of

the CZA catalyst at 60 bar and 210 °C. The methanol content determined by the
downstream analytics is illustrated as the upper curve (black, in each graph) and
the measured TMA concentration in blue (lowereun each graph)......... 138

Gibbs free energy diagrams: a) N&ttivation b) oxygerassisted Nklactivation,

c) OHassisted Nkl activation, over Cu 211 and ZnCu 211 at T = 0O

pnH3 = 0.05bar, po2=2.1bar, piz = 44 bar, d) TMA adsorption geometry on Cu

211 with 0.21 eV binding energy and e) TMA adsorption geometry on ZnCu 211
With 0.3 €V DINAING ENEIGY . ..ureeiiiiiiiiee e e 140

a) Calculated Gibbs free energy diagram for the; Nigthylation over Cu 211

and ZnCw211 in the presence of surface oxygen at500K, pnHg = 0.05bar,



11 Appendix

Figure 8.1:

Figure 8.2:

Figure 8.3:

Figure 8.4:

Figure 8.5:

pco, = 2.1bar, ji, = 44 bar, b) carbamate at Cu 211 edge, c) carbamate at ZnCu

22 0 =T o = P 141
Powder XRD pattern of the qurecipitated [(CoxCu)7ZnAlx(OH)0]COs A m
H20 hydrotalcite precursors (ajjth x = ncy (NcwtNneo) ™. The reference was taken
from the ICSD database for a-Ah-Hydrotalcite (#155052). The reflections are
labelled with the corresponding Miller indices taken from the reference. In b) the
variation of the lattice parameter ¢ and domain size along-&xéds plotted as
function of chemical composition. The PXRD patterns (c)) of the mixed metal
oxides after calcination at 350 °C in static air of the corresponding hydrotalcite
precursor. The reference of f-spinel was taken fromCSD database
(#26091). The extracted lattice parameter a and isotropic domain size are plotted
T = 1 1= o ) TP 152

TPR profiles of a sieve fraction of 25855 um of the prepared poatalysts.

The reduction was measured in 6 vol%itAr with a heating rate of 6 °C min

The labelled temperatures indicate the maximum hydrogesumption.....154

In a) the CO conversion of selected catalysts and temperatures (x = O (left bar),
x =0.5 and x=1 (right bar)) at 2®ar are shown. Below are the corresponding
selectivity and product distribution{@: to n-Cy) in the alkane(b) and alcohel

(c) formation presented. The second run at 200 °C was performed after the
temperature variation (Variation) to reference activity changes due to catalyst
ageing. The total volume flow was set to 75nmhin? with H2:CO = 4 and
GHSV = 280007, ... .ottt 156

In a) are the CO conversion of selected catalysts (x = 0 (left bar), x = 0.5=ahd x
(right bar)) at 60 bar shown. Below are the corresponsitectivity and product
distribution (rCz to n-Cy) in the alkane(b) and alcohal(c) formation presented.

The second run at 200 °C was performed after the temperature variation (T
variation) to reference activity changes due to catalyst ageing. The third run at 200
°C was performed after 380 °C (af@80 °C) to reference activity changes due to
possible sintering effects. The total volume flow was set to[Z% mint with

HolCO S e e 159
Powder XRD analysis of the spent catalysts after CO hydrogenationbat 20
60bar and 200 °C 380 °C after passivation at room temperature with air. The
complete pattern a visualized in a) with the dark grey bars correspond to the Cu
(ccp) referencgICSD#7954) and the black bars correspond to the ZDAl
reference (ICSD#609005). The resulting quantification of the assigned phases by
a Rietveld refinement is shown in b). ¢) Compositional dependence of the cell
parameter and domain size of the spinel phase. d) The ccp phase shows a
significant expansion dhe cell parameter with the copper content x. The red line

is a linear fit to all data points, the dashed lines indicate the lattice parameters for
bulk ccp Cu and Co taken from several entries of the ICSD (#627115, 627114,
622435, 44989). The apparent dmmsize shows a drastic initial decrease upon
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11.3List of Tables

Table 3.1: Experiment conditions of the individual measurement step of the chemisorption
ANAIY SIS .ttt ————— et a—————————— 25

Table 4.1: Metal ratios determined by atomic absorption spectroscopy (AAS) of the precursors
after dissolving in nitric acid. The trivalent cation is in case of the Q&%. and
CZG-prec. the aluminium and the gallium ion, respectively. The last column
contains theletermined spacing of the -A0reflection determined by PXRD..37

Table 4.2: Comparison of the surface areas of the catalysts after activating at 275 °C for 4 h.
The calculations of the crystallite size-{Geduced, PxrpWere performed on the Cu
111 reflection by applying the Scherrer equation. The surface aegaoucedvas

determined by W physisorption, and the surface areas&f was determined by
N2O-RFC after carefully reducing the € by H-TA. Da.cuvs ged  reduced

describes the quantity of exposed Cu s
C At Ay S 47

Table 4.3: Oxygen and Zn vacancy formations on the Ga(Al):ZnO 110 surface referenced to
the values for ZnO(110). Oxygen and Zn vacancy formation in the Ga(Al):ZnO
bulk referenced to the values for ZnQ..........ccccceeiiiiiiiccc s 52

Table 7.1: Characterization of the sgtfrepared CZA (Cu/ZnO:Al) catalyst in comparison to
the published commercial CZA and FBtd. benchmark catalyst. The BET surface
area (Aet) was measured by N\bhysisorption. a) The Cu surface areafand
the -dispersion (Ry) are calculated from the -N-RFC method. b) The Cu
crystallite size (dy) was determined by applying the Scherrer equation to the Cu
111 reflection and by Rietveld refinement for the F#d. catalyst.>” The
temperature with the maximum hydrogen consumption ratgx&Eductio) Was
determined from the TPR profile with a heating rate of 1 °C@ZA) and 6 °C
MM (FHI-STO.7). ettt 133

Table 7.2: Calculated adsorption energies of fIMMA, DMA and TMA on Cu 211 and
ZnCu 211 surfaces. All energies are ZPE corrected and in eV. Entropic
contributions to the free energy are given inthe.Sl..............cccoovivieeennnnee. 140

Table 8.1: Nominal metal composition of the -@vecipitated cobaltopper catalysts. The
ratio of zinc to aluminium was chosen to be in the stoichiometric ratio of a spinel
structure. x is the nominal fraction of copper based on the catalytic active metal (Co
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11.4List of Reaction equations
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11.5List of maths equations
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11.6.1 Catalyst preparation

TableSI 11.5: List of the used metal salts for themeecipitation of the catalyst precursors.

Chemical Supplier purity
Cu(NGy). - 3 HO Carl Roth GmbH + Co. KG O %8
Zn(NQ)2 - 6 1O Carl Roth GmbH + Co. KG O %9
Al(NGs)3- 9 1O Carl Roth GmbH + Co. KG O %8
11.6.2 Characterization methods
11.6.2.1 Atomic absorption spectroscopy

Atomic absorption spectroscopy was performed on a Thermo FisheB5QE AAS after
dissolving the sample in nitric acid overniglemental analysi@EA) of C, H, N, S was carried

out by combustion of the sample together witl®yin a EuroVector EA3000.

TableSI 11.6: Detailed atomic absorption analysis of the investigated precursors. The
trivalent cation in the case of CZAatuminiumand in the case of CZG gallium. The values

are related to the mass of the precursor.

Samp|e X(Cu/mPrecursor) x(Zn/mPrecursor) X(M////mPrecursor) X(C/mPrecursor) X(H/mPrecursor)

wit% wt% Wt% wt% wit%

CZA-Prec. 46+1.9 19+22 0.8+0.07 4.69+0.06 1+0.05

CZG-Prec. 38+1.6 16+19 1.7+005 499+0.06 1.13+0.05

CZ-Prec. 39+1.6 172 0 5.12+0.07 0.88+0.04
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TableSI 11.7: Detailed atomic absorption spectroscopic analysis of the calcined samples. The
trivalent cation in the case of CZAatuminiumand in the case of CZG gallium. The values

are related to the mass of the calcined-patalyst.

Sample X(cu/moxide) X(znmoxide)  Xgu/moxide) X(c/moxide) X(HimOxide)

Wt% Wt% Wt% Wt% wt%

CZA-Calc. 50+2.1 20+2.4 0.68+0.05 1.43+0.02 0.24+0.01

CZGCalc. 49+ 2 21+2.4 1.76 £0.05 2.92+0.04 0.43+0.02
CZ-Calc. 53+2.2 22 +2.6 0 0.33+0.004 0.09 + 0.004
11.6.2.2 Thermogravimetric analysis (TGA)

Around 24 mg of precursors are used to determine the mass loss because of thermal and
oxidative decomposition of the synthesized precursors to their corresponding metal oxides.
From the TGanalysis(FigureSI11.1), a strongdecomposition step around 35C was
measured for the binary CZ precursor. The trace of-tagiperature stable carbonates was
determined to be % which starts to decompose at 380 Besides that, the ternary oxides
contained around 106 high-temperature carbonates after calcination, which is roughly

determined from the TG data because of their initialized decomposition at temperatures around

440°C.
160 -_,_\\\\\\\
140 - \
cz

S
® 1204
o Off set: 30 %
9 T~ czG
= 1097 \
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0 200 400 600 800 1000

Temperature / °C
Figure SI 11.1: Thermogravimetric analysis (TGA) of the mass loss as a result of the oxidation

of the precursors to their corresponding metal oxides (Cu/ZnO4AICZA, lower curve),
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Cu/ZnO/Ga0s (CZG, middle curve) and Cu/ZnO (CZ, upper curve)) as a function of
temperature in synthetic air (2% Oxygen content). The black line at 390 shows the
calcination temperature, which was used to create thecptalysts in a muffle furnace
containing static air.

11.6.2.3 Surface area analysis by nitrogen physisorption

1200 -
a)

100017 calc.

Ager: 59 m?/g

Volumegp / cm3 g™
(e} )
o o
o o

1CZG-calc.
Ager: 105 m2/g
400 -
2009 c7zA-calc. Off set: 400
Ager: 100 m2/g
0 T T T 1
0.0 0.2 0.4 p/p, 0.6 0.8 1.0
1200 -

b)

10007 CZ-prec.

Ager: 55 m?/g

Volumegp / cm3 g™
(o) o
o (@]
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1CZG-prec.
Ager: 123 m2/g
400
200 + CZA-prec. Off set: 400
Ager: 117 m2/g
O T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

p/Py
Figure SI 11.2: Nitrogen physisorption isotherms for the determination of BET surface area
and pore volume of the synthesized precursors (b) and of the corresponding oxides (a) of the
investigated catalysts (Cu/ZnO® (CZA, lower graph), Cu/ZnO/G@s; (CZG, middle
graph) and Cu/znO (CZ, upper graph)).
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The surface areas of precursors and calcined samples were determined by applying the
BrunauerEmmettTeller (BET) equation to the MNadsorption data in the range of 0.07 to 0.4

of the pressure ratios measured1&®6 °C. The sample was first degassed under a vacuum at
80 °C for 2 h to remove any adsorbates. The corresponding isotherms are shown in

FigureSI111.2. The corresponding pore diameter and pore volumes are listedbi@SI| 11.8.

TableSI 11.8: Comparison of the surface areas (as prepared precursors and calcined
precursors) determined by nitrogen adsorption of a pressure ratio in the range of 0.07 to 0.4
at -196 °C. The average pore size was determined by desorption isotherm using the BJH
method The BET surface areas were determined with an accuracy of 02 thegnean pore

size has an accuracy of 1 nm, and the total pore volume was determined with an accuracy of
0.82 ul g.

dPore, mean dPore, mean VPore, total VPore, total
ABET, Prec. ABET, Calc.
Samp|e (Prec.) (Calc.) (Prec.) (Calc.)

m? g'l(Prec.) m? g_l(CaIc.) 1 1
nm nm Ml g prec) Ml g (calc)
CZA 117 100 21 28 617 702
CzZG 123 105 23 27 699 722
Cz 55 59 29 35 396 509

To avoid large pressure drops in the catalyst bed, the powder samples of the calcined catalysts
were pressed and sieved to reach fractions o2BP5um of particle size. Therefore, a pressure

of 2 tons was supplied for 2 minutes onto the powders. Asult céshis pressure impact, the
surface area as well as the pore size decreased (corngareS| 11.3 andTableSI 11.9). The

shape of the isotherms after creating the sieve fraction indicates slit pores, which may be
understood as the interparticle pores. However, the catalysts are used with this sieve fraction in
TPR-, chemisorption analysis and catalysis. Therefore, hiagacterization of these particles

more accurately describes the state of the material before catalysis. Regarding the surface areas,
the absolute values are lowered after forming the sieve fractoms100 m2 ¢ before and

47 m2 g after pressing and sieving for the CZA) but the trend of the differences of the surface
areas was still covered. So, the trend was not affected by forming the particles for catalytic tests.
On the other hand, surface areas are used as a role of thumétiestifor catalyt activity

since the exposed surface is important for gas phase catalysis. Simultaneously, the copper
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surface areas, determined byONRFC, could be discussed in a more accurate context if the
total surface area of the catalyst after reduction is known. These surface areas were also
determined in the same physisorption device
was thatlhe samples were first reduced, as described for the TPR analysiXC(&3#54 h in
5%HJ/AT , #C minl). Afterwards, the sample was transferred to a glove box of MBraun
with Argon atmosphere to the quartz glass sanmiplee for nitrogen physisorption
measurements. After weighing the amount of the reduced material, the sample tube was covered
with Paraffin, taken out of the glove box, and inserted intaatieysingdevice followed by
immediately applying vacuum to the sample and starting the nitrogen physisorption
measurement. To compare the surface areas in the right way and to compare it with other
thermal characterization methods, the surface area based on sheofmaxide is needed.
Therefore, calibrated TPR experintg of the same batch of samplealysedwith the same
measuring protocol was used together with the copper fraction determined by AAS to calculate
the weight fraction of copper in the reduced sample, assuming complete oxidation and shown
in equationM 11.1. The corresponding masses and the calculated weight fractitstaden

TableSI 11.10.

i
3”|= 2 b M 111

Oper

tree® S ey

Afterward, the oxidic mass of trenalysedsample can be recalculated from the weight of the
reduced state as followed:

..
0 »ﬂ,gjﬂ-é’
Ope m 0y o T e M 11.2

After reduction, the trend of the surface areas as well as the absolute values shifted. The CZA

contained after reduction a higher surface area (72'wédyced and 47 m?'gxidic, compare

in TableSI 11.9) compared to the oxidic state but also compared to the other catalysts. Even
for CZG the total surface area increased by 15 mz2affer reduction. In both cases, the
incomplete hydroxycarbonate precursor decomposition during calcination could lead to pore
formation during the reduction step but also the loss of oxygen of the copper nanoparticles
could induce a shrinking of these ahe&nce would increase the overall surface area.
Additionally, the consumption of ZnO to form the surface alloy under these conditfpns

even the migration of ZnO around the Cu nanoparti}e§ 2*could result in a surface area

increase if a significant change/rearrangement took place. Interestingly, in the case of the CZ,
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the surface area decreased after reduction which in agreement with PXRD analysis of the
reduced state ancbuld be related to a more pronounced copper sintering compared to the
secondary promotor containing catalysts. However, a comparison of the total surface area of
the investigated catalyst and the surface area evolution because of material treatment is
summarized inFigureS1 11.4.

Using the NO surface area of the copper sites, a dispersion term can be calculated, describing
the amount of exposed copper surface on the total surface area. The calculation was performed
according teequationM 11.3.

=rd F4q ¢ b

T=roo & ¢4
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Figure SI 11.3: Nitrogen physisorption isotherms for the determination of BET surface area

and pore volume of the 12Z50um sieve fraction of the calcined peatalysts (a) and of the

corresponding reduced catalysts (b).The catalysts are sorted from button to to iprapl
like: (Cu/ZnQAl (CZA, lower graph), Cu/Zn@Ga (CZG, middle graph) and Cu/zZnO (CZ,

upper graph)).
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TableSI 11.9: Comparison of the surface areas of the-PBBum sieve fraction (as calcined
pre-catalysts (calc.) and reduced catalysts (red.)) determined by nitrogen adsorption of a
pressure ratio in the range of 0.07 to 0.4 596 °C. The average pore size was daieed by
desorption isotherm using the BJH method. The BET surface areas were determined with an
accuracy of 0.2 mg?, the mean pore size has an accuracy of 1 nm, and the total pore volume
was determined with an accuracy of 0.82 il g

Samp|e ABET, calc. ABET, red. dprore,mean dprore,mean VPpore, total dpore total
m?2 g_l(Oxide) m2 g-l(Oxide) (Calc.) (red.) (Calc.) (red.)
nm nm u gloxide) M g oxide)
CZA 47 72 8 9 133 213
CZG 50 65 8 9 141 193
Cz 34 26 12 14 118 167

TableSI 11.10: Masses and weight fraction of copper determined for the surface area based
on the oxidic mass for each catalyst. The mass of the reduced catalyst was measured in

glovebox, the weight fraction of Cu and the mass of oxide were calculated.

Sample Mred. measured XCu, red. calculated Moxide calculated
Ored. wit% Joxide
CZA 0.033 57.44 0.038
CZG 0.064 55.95 0.073
Cz 0.094 60.56 0.108
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140 -

Precursor Calcined Sieved-calc.Sieved-red.

Figure SI 11.4: Comparison of the BET surface areas for the prepared catalysts in different
states before the catalytic reaction was performed. The left column is CZA, the middle column
is CZG, and the right column i s CZonofflB5e | abe
250 pm.

11.6.24 Nitrogen capacities from chemisorption experiments
H,(ads.) O; H,(ads.) Oiu*
calc. TPR H,-TA N,O-RFC H,-TA N,O-RFC

SchemeSI 11.1: Series of chemisorption experiments performed to determine the copper
surface area. The orange circle depicted ferFAs represents adsorbed hydrogen. The blue
circle depicted for MO-RFCs represents an oxidic layer of 'Gan the copper nanoparticles.

Before each step, the reactor is purged to receive a clean, adsdrbatsurface.

The copper surface area of @2d., CZAred. and CZ@ed. was determined by.Hransient
adsorption (HHTA) and NO reactive frontal chromatography ADHRFC) experiments
performed in a certain series (SshemeS| 11.1). The series adapts the measurement protocols

of Kuld et al!*? and Fichtlet al.®® on their chemisorption analyses of-Based catalysts and
takes into consideration their findings and conclusions. Starting from the calcined material, the
catalyst is activated by a temperatpregrammed reduction to 27%. This results in a

material consisting of metallic copper nanoparticles, zinc oxide and a partially reduced zinc
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species (Zfi% which correspond to the €n surface alloy, that is formed at this reduction
temperatur€®”. In a subsequent#TA, the C{ surface is covered with hydrogen. In ap- H

TPD experiment up to 400 K Ficletl al%° showed that for a reduced CZA catalyst, no hydrogen
desorbs from the Z#.5° Thus, for our HTA experiment, we can conclude thatZdloes not
interact with hydrogen and does not affect the hydrogen uptake, respectively. After purging at
elevated temperatures to clean the surfag®, fows into the reactor. By that, the surface of

the reduced copper is oxidized to*@und the Zff%is oxidized to ZA*. The reoxidation and
segregation into the corresponding oxides appeared as theupredkhe CuzZn surface alloy

in oxidative atmospherés? In a second HTA, Cu' is reduced back to Gand subsequently,
hydrogen is adsorbed on its surface. However, due to the less reducible nature of ZnO compared
to Cu', it remains in its oxidized state. Finally, a secon@RFC is performed. The surface

of the copper nanoparticles is again oxidized t6. ®ut different from the first BD-RFC, no

reaction with Zff9takes place as it already is in an oxidized state.

According to Kuldet al.!'2 the copper surface area can be calculated by comparing the results
of the B-TAs subsequent to reduction and tgONexposure, respectively. The tptake after
reduction originates from adsorption of hydrogen on thtstface, whereas the uptake after
N2O exposure stems from a reduction of @uCW plus subsequent hydrogen adsorption on
CW’. Thus, the difference between those experiments gives theptdke caused by the
reduction of the Cuoxidic layer only. This value can then be converted intexp®sed copper
surface area. Furthermore, both K@tlall'? and Fichtlet al®® pointed out that for zinc
containing catalysts, the copper surface area determined@®RRNC is too high as the @

not only oxidizes the Cybut also the ZA%. We want to show that this can be avoided by
applying our chemisorption series. In the secon®-RFC, the initial state of the material is
composed of Cland ZnO only, without ZfAbeing present. That is why the secon®MNRFC

can be ref er"™ edectad®O-RECoa fooZrn reduci bl e oxide
overestimation of the exposed copper surface by the presence'ff fith NO-RFC
measurements can only be compared to the consun@e\lved N molecules. Therefore,

the Ne-capacity, which describes the molar amount of releasgdndlecules per mass

investigated oxide, is used to compare the catalysts to the gas phase exposed sites.

11.6.2.5 Temperature programmed reduction (TPR) and NO reactive

frontal chromatography (N20O-RFC)

The evolution of M molecules in NO-RFC was determined by Mass Spectroscopy using a
Pfeiffer Vacuum GSD320 with QMG 220. To calculate the metal surface area, the specific
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copper density area of 1.47*@toms nt was used!®. All other quantities were calculated
according to DIN661361 1°°, The integration borders were set to the beginning of nitrogen
evolution and the intersection of the decreasing nitrogen evolution and increa€irgigNal

(compareFigureS1 11.7).

Figure SI 11.5: Temperature programmed reduction of the investigateecatalysts to their
corresponding activated catalysts (99.3 mg Oxide of Cu/Zh(@ZA, lower profile), 111.5
mg Oxide of Cu/Zn@a (CZG, middle profile) and 106.8 mg Oxide of Cu/ZnO (CZ, upper
profile)).
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