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- Ich weil, dass ich nicht weil.

Sokrates 469-399 v. Chr.

Loosely translated: “I know (as a knowing person) that I don’t know.”






Preface

Preface

“I know that I don’t know.” This citation escorted me through
all the steps of my doctorate. As scientist | focused on
increasing the knowledge. Especially, | was highly interested
to increase my knowledge in catalyst preparation. During the |
research in the laboratories, | recognized, that scientists have
a huge knowledge, but it seems to be so small, that it is often
impossible to explore the complete field of one research topic.
At the same time, learning new skills in the lab also requires a
critical view on the results. Since nobody can have the

absolute knowledge and we are learning for our complete life,

as scientists we have to review the results of our research with
a critical thinking, to avoid, that we create false knowledge. But at the same time, we must be
careful, because this generated knowledge isn’t the absolute knowledge. The best example for
this is methanol synthesis. This reaction has been topic of research for over 60 years. At this
time, the knowledge about the catalysts which are the most important gear in methanol
synthesis, increased drastically. However, still today researchers working in this field, most
often on one specific catalyst, the copper/zinc oxide (Cu/ZnO), 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. With this, postulates
based on “old” knowledge about the catalyst could be confirmed or even more precise
developed. Therefore, as scientists, we should be happy about our results, but we never should
think, that we generated the absolute knowledge. The world is so fantastic and huge, that we
only observe one very tiny, small part of it within our life. We know things, but at the same

time we are unknowing.

Neunkhausen, the 04/09/2023

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 hydrogen storage material. By

using anthropogenic CO> a sustainable carbon neutral chemical industry can be realized.

The hydrogenation of CO and/or CO2to methanol is performed on a Cu/ZnO (CZ) catalyst. As
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 Cu/ZnO catalysts for the
methanol synthesis was investigated. For this purpose, three zincian malachite-derived catalysts
with the nominal Cu:Zn ratio of 70:30 were synthesized: an unpromoted, binary catalyst (CZ)
and two ternary catalysts with either 3 mol% Al (CZA) or Ga (CZG). Both Al and Ga showed
to have a strong impact on the catalyst’s properties. Alongside the catalyst treatment from the
co-precipitated precursors phase to the activated and reduced catalyst, an improved
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 Cu*"" and Zn"¢ surface species in the activated catalysts.
Considering several analysis techniques like chemisorption method or diffuse reflectance
infrared Fourier transform spectroscopy (DRIFT), an additional electronic promotion of Al and
Ga could be determined. This promotion effect is related to doped ZnO phases, as it was
demonstrated by X-ray absorption near edge spectroscopy (XANES) and enhances the
reducibility of the ZnO by forming more Zn™ sites. This effect is stronger for Al, leading to a
more pronounced Zn overlayer on the Cu surface and strong metal support interactions (SMSI).
In the methanol synthesis, this led to a performance in the order CZA>CZG>CZ.

To further address the observed electronic effects of ZnO by doping with a trivalent cation like
AlI®* or Ga**, 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 co-precipitated precursors. The synthesis was inspired by the
industrial synthesis of the methanol synthesis catalyst via crystalline precursors, here
hydrozincite Zns(OH)s(CO3). was employed. Short precipitate ageing time, low ageing
temperature and low aluminium contents below 3 mol% metal were advantageous to suppress

crystalline side-phases in the precursor, which caused an aluminium segregation and non-

XV



Abstract

uniform aluminium distribution in the solid. This was observed also after calcination at 320 °C
by transmission electron microscopy (TEM), 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 the Aly,, signal dominating the 2’Al nuclear magnetic
resonance (NMR) spectra. The solubility limit regarding this species was determined to be
approximately x = 0.013 or 1.3 % of all metal cations. Annealing experiments showed that
aluminium was kinetically trapped on the Al7,, site and segregated into zinc oxide and ZnAl204
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 gallium and zinc, a better incorporation into the zincite lattice 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 level of 4 % Ga, the
precursor phase was free of impurities indicating a homogeneous cation distribution. A further
increase of the dopant result in a defective hydrozincite structure and an additional side phase,
which was in analogy to the Al doping series determined to be a zaccagnaite-like phase.
Decomposition at low temperature (around 320 °C) resulted in ZnO phase without any side
phases. An increased Ga content >6 % increased the defects in the ZnO structure, as it was
determined by powder X-ray diffraction (PXRD) and Raman spectroscopy. From "*Ga solid
state NMR a solubility limit couldn’t be clearly derived due to strong line broadening. However,
up to 6 % Ga content, the four-fold coordinated Ga environment was dominant. From band gap
determination there was found a limit of 4 % Ga (Xxca = 0.04 ) in ZnO to which the band gap
was unaffected. Combining the results of PXRD analysis of the precursor phase together with
the NMR, X-ray photoelectron spectroscopy (XPS) and UV-visible spectrophotometry (UV-

Vis) results of the ZnO phase, a solubility limit around 4 % is 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 it was found to inhibit the
methanol synthesis in CO> containing 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 CO2/CO/H> synthesis gas, isobaric tri-methylamine (TMA) and
ammonia injections poisoned the methanol formation, with the poisoning of ammonia being
significantly stronger than that of TMA. Together with density functional theory (DFT)

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 poisoning has a longer term
effect.

Copper is known as a typical methanol formation catalyst. The combination of a Fischer-
Tropsch active metal like cobalt together with copper as a bi-metallic catalyst for alcohol
formation was investigated as a suitable combination in the higher alcohol synthesis. Typically,
higher alcohol synthesis (HAS) is performed from CO-containing synthesis gas with an
approximately equimolar hydrogen-to-carbon monoxide (H2:CO) ratio. To investigate the
effect of the Cu:Co composition in the presence of zinc for higher H2:CO ratios on HAS, a
series of Cu-Co/ZnAl;O4 catalysts was synthesized from co-precipitated hydrotalcite-like
precursors with different cobalt-rich Cu:Co ratios and compared to their monometallic pure
cobalt and copper counterparts. The addition of copper strongly facilitated cobalt oxide
reduction upon catalyst activation and resulted in much smaller domain sizes for the crystalline
metallic phases. The catalysts were evaluated at H>:CO ratios of 4 at 20 bar or 60 bar in a
temperature range between 200 °C 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 Ci products (CHs on Co/ZnAl,O4 and CH3OH on
Cu/ZnAl>0s4), while the best catalyst with respect to ethanol yield reached a selectivity of 4.5 %
and had a molar composition of Cu:Co ratio of 0.6 (x = 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 these promotional effects of copper, the hydrocarbon selectivity

dominated over the formation of (higher) alcohols on all cobalt-containing catalysts.
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Kurzzusammenfassung

Kurzzusammenfassung

Die Methanolsynthese stellt einen wichtigen Prozess der chemischen Industrie dar. Denn das
Produktmolekil kann als Kraftstoff, Basischemikalie oder Wasserstofftrager genutzt werden.
Gerade wenn anthropogenes CO: genutzt wird, kann eine Kohlenstoffneutrale Industrie

realisiert werden.

Die Hydrierung von CO und/oder CO2 zu Methanol erfolgt an einem Cu/ZnO-Katalysator.
Nach Stand der Technik ist der Cu/ZnO:Al (CZA)-Katalysator in diesem Prozess hoch aktiv.
Allerdings ist die Rolle von Aluminium als Promotor bis heute nicht vollstandig geklart. Daher
wurde der strukturelle und elektronische Effekt von Al und Ga als terndre Metalle im Cu/ZnO-
Katalysator fir die Methanolsynthese untersucht. Zu diesem Zweck wurden drei vom Zink-
Malachit abgeleitete Katalysatoren mit einem nominalen Cu:Zn-Verhdltnis von 70:30
synthetisiert: ein unpromotierter bindrer Katalysator (CZ) und zwei ternare Katalysatoren mit
entweder 3 mol% 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 Katalysator wurde
eine optimierte Mikrostruktur und eine vergroRerte BET-Oberflache fir die sekundaren
Promotoren (Al oder Ga) enthaltenden Katalysatoren gefunden. Darlber hinaus ermdglichte
eine Reihe von Chemisorptionsexperimenten die Quantifizierung und Unterscheidung von
Cus- und Zn"™d-Oberflichenspezies der aktivierten Katalysatoren. Unter Beriicksichtigung
verschiedener Analysetechniken wie der Chemisorptionsmethode oder der diffuse Reflexions-
Fouriertransformationsinfrarotspektroskopie (DRIFT) konnte eine zusatzliche elektronische
Promotierung von Al und Ga festgestellt werden. Dieser Promotierungseffekt hangt mit der
dotierten ZnO-Phase zusammen, wie Rontgen-Nahkanten-Absorptions-Spektroskopie
(XANES) gezeigt hat und vereinfacht die Reduktion des ZnO und somit die Bildung von mehr
Zn"d Oberflachenspezies. Dieser Effekt ist bei Al starker und fiihrt zu einer ausgepragteren Zn-
Schicht auf der Cu-Oberflache und fiihrt somit zu einem ausgepragteren SMSI. Dies resultierte
in einer Aktivitat in der Methanolsynthese in folgender Reihenfolge CZA>CZG>CZ.

Um die elektronischen Effekte von ZnO durch die Dotierung mit einem dreiwertigen Kation
wie APP* oder Ga** zu untersuchen, wurde ZnO als Modelltrdger geméaR der

Herstellungsmethode des Methanolsynthesekatalysators synthetisiert.

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

Aluminiumgehalten durch die Kalzinierung von vorher prazipitierten Prékursoren hergestellt.
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Die Synthese wurde von der industriellen Herstellung des Methanolsynthesekatalysators tber
eine Kkristalline Prékursorphase abgeleitet, welche in diesem Falle das Hydrozinkit
Zns(OH)e(COgz)2 war. Eine kurze Alterungszeit, eine niedrige Alterungstemperatur und niedrige
Aluminiumgehalte unter 3 mol% (Metall basiert) waren vorteilhaft, um kristalline
Nebenphasen im Prékursor zu unterdricken, die eine Aluminiumsegregation und eine
ungleichmaRige Aluminiumverteilung im Feststoff verursachen wirde. Dies wurde auch nach
der Kalzinierung bei 320 °C in der Transmissionselektronenmikroskopie (TEM) beobachtet,
obwohl Zinkoxid die einzige kristalline Phase war. Bei niedrigeren Aluminiumgehalten wurde
Al als Dotierung jedoch bevorzugt auf den Zinkplatzen des Zinkoxidgitters durch das Aly,,-
Signal, welches die 2’ AI-NMR-Spektren dominierte, nachgewiesen. Die Loslichkeitsgrenze
dieser Spezies wurde auf ungefédhr x = 0,013 oder 1,3 % aller Metallkationen festgelegt.
Kalzinierungsexperimente zeigten, dass Aluminium kinetisch an der Al;,-Stelle gebunden
wurde und sich bei weiterem Erhitzen in Zinkoxid und ZnAl>O4-Spinell umformte. Dies
bedeutet, dass niedrigere Kalzinierungstemperaturen, wie sie bei der Katalysatorsynthese

angewendet werden, die Aluminiumdotierung an dieser spezifischen Stelle begunstigen.

Anstelle von Aluminium kann auch Gallium als Dotierung im Zinkoxid verwendet werden.
Aufgrund des &hnlicheren lonenradius von Gallium und Zink wird ein besserer Einbau in das
Zinkitgitter angenommen. Analog zur Aluminiumreihe wurde eine Reihe mit variierenden Ga-
Anteilen hergestellt und hinsichtlich ihrer Phasenreinheit und Loslichkeitsgrenze untersucht.
Bis zu einem Dotierungsgrad von 4 % Ga war die Prakursorphase unter Berlicksichtigung einer
homogenen Kationenverteilung frei von Verunreinigungen. Eine weitere Erhohung der
Dotierung flhrte zu einer defektreichen Hydrozinkitstruktur und zu einer zusétzlichen
Nebenphase, die in Analogie zur Al-Dotierungsreihe als Zaccagnaite-ahnliche Phase bestimmt
wurde. Die Zersetzung bei niedriger Temperatur (ca. 320 °C) resultierte in einer ZnO-Phase
ohne Nebenphasen. Ein erhohter Ga-Gehalt >6 % erhohte die Defekte in der ZnO-Struktur, wie
durch PXRD- und Raman-Spektroskopie festgestellt werden konnten. Aufgrund der starken
Linienverbreiterung konnte aus dem "Ga Festkérper-NMR keine genaue Loslichkeitsgrenze
abgeleitet werden. Bis zu einem Gehalt von 6 % Ga dominierte jedoch das vierfach koordinierte
Galliumion. Bei der Bestimmung der Bandkante wurde bei 4 % Ga (xca = 0,04) im ZnO ein
Limit gefunden, bis zu dem die Bandliicke unbeeinflusst blieb. Die Kombination der
Ergebnisse aus der PXRD-Analyse der Prakursoren mit denen der NMR-Spektroskopie, XPS-
Analyse und UV-Vis Spektroskopie, lasst ein Loslichkeitslimit um die Dotierung von 4 % Ga

im ZnO vermuten.
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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 als Sondenmolekil verwendet, da festgestellt wurde, dass es die
Methanolsynthese in COz-haltigem Synthesegas wahrend der Reaktion inhibiert. Die
Inhibierung wurde mit einem industriellen Kupfer/Zinkoxid/Aluminiumoxid-Katalysator
untersucht. Waéhrend der stationdren Methanolsynthese in einem CO2/CO/H2-haltigen
Synthesegas vergifteten isobar injiziertes TMA und Ammoniak die Methanolbildung, wobei
die Vergiftung durch Ammoniak deutlich starker war als die durch Trimethylamin (TMA).
Unter Einsatz der Dichtefunktionaltheorie (DFT) konnte ein Mechanismus der
Ammoniakvergiftung abgeleitet werden: Die Ammoniakaktivierung erfolgt an adsorbierten
Sauerstoff- oder 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 fiir die Methanolsynthese bekannt. Die Kombination eines
Fischer-Tropsch-Aktivmetalls wie Kobalt zusammen mit Kupfer zu einem bi-metallischen
Katalysator fiir die Alkoholbildung wurde als geeignete Kombination fur die Synthese héherer
Alkohole (HAS) untersucht. Typischerweise wird die Synthese hoherer Alkohole aus CO-
haltigem Synthesegas mit einem d&quimolaren Verhaltnis von Wasserstoff zu
Kohlenstoffmonoxid (H2:CO) durchgefiihrt. Um den Einfluss der Cu:Co-Zusammensetzung in
Gegenwart von Zink in héheren H>:CO-Synthesegasverhéltnissen auf die Bildung hoherer
Alkohole zu untersuchen, wurde eine Reihe von Cu-Co/ZnAl,0Os-Katalysatoren aus co-
gefallten Hydrotalcit-artigen 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 DomanengroRen fir die
kristallinen Metallphasen. Die Katalysatoren wurden in einem Synthesegas von H2:CO =4 bei
20 bar oder 60 bar in einem Temperaturbereich zwischen 200 °C und 380 °C bei relativ
niedriger Raumgeschwindigkeit untersucht. Durch die Zugabe von Kupfer kam es zu einer
verstarkten Bildung hoherer Alkohole und Kohlenwasserstoffe. Die monometallischen
Katalysatoren produzierten hauptséchlich Ci-Produkte (CH4 bei Co/ZnAl;O4 und CH30H bei
Cu/ZnAl04), wahrend der beste Katalysator in Bezug auf die Ethanolausbeute eine Selektivitat
von 4,5 % erreichte und ein molares Cu:Co-Verhaltnis von 0,6 (x = 0,375) aufwies. Nach der

Katalyse konnte eine verbesserte Wechselwirkung der beiden Metallspezies durch die
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Mikrostruktur der bi-metallischen Katalysatoren bestatigt werden. Der reine Kobaltkatalysator
zeigte eine starke Verkokung, die bei den kupferhaltigen Proben effektiv unterdrtickt wurde.
Trotz dieser promotierenden Wirkung von Kupfer dominierte bei allen kobalthaltigen

Katalysatoren die Kohlenwasserstoffselektivitat gegenuber der Bildung von (hoheren)

Alkoholen.
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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 co-evolution of the catalyst which began around hundred

years ago. 13

Nowadays, the methanol production in the low temperature process is performed with a
copper/zinc oxide/aluminium oxide (CZA) catalyst, which was found as the most active and
stable catalyst at around 200 — 300 °C and 50 — 100 bar. ' *® This catalyst is marked up by
copper and zinc oxide synergy reflecting a high catalyst performance by a simultaneous
increased stability and long lifetime of copper nanoparticles of the catalyst. & 7 One function of
the zinc oxide is the structural promotion, prohibiting copper sintering and increasing the copper
particle dispersion. & The optimum dispersion is aimed at an equal amount of both compounds
building up the optimum copper/promoter interaction. & This close interaction will be initiated
by the synthesis step of a catalyst precursor phase. Common synthesis routes of a
copper/zinc oxide catalyst, with increasing abundance, are: impregnation method, citrate route,

sol-gel synthesis and co-precipitation. °

The most popular synthesis route via co-precipitation is limited to a metal composition of 70 %
copper and 30 % zinc because of the malachite precursor phase (Cu, Zn, (Al))2CO3z(OH)s..
Beside the ideal case of equal amount of copper and zinc, the increased ratio in the malachite
structure, the main advantage of this precursor phase is the homogeneous distribution of the
components resulting in a highly nanostructured metal oxide and active catalyst. 1% As a
negative example, an equal metal amount of a Cu/ZnO catalyst can be synthesized via a co-
precipitated but meso-structured aurichalcite (Cu, Zn)s(CO3)2(OH)s precursor phase achieving
a lower copper surface area and catalytic performance in methanol synthesis. 1° From that point
of view the structure-advantages of the copper enriched malachite precursor system does

dominate the ideal striven composition. °

It is undisputed that copper is the catalytic active metal in methanol synthesis, which was
demonstrated by structural promoter variations like MgO, SiO, or Al,Os. > Only the
combination of copper and zinc oxide does result in a highly active catalyst not only in CO but
also in CO2 hydrogenation to Methanol, making this composition special and gave evidence,

that there is more than only structural promotion, which is called the copper-zinc-synergy. 1%
14-16
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The main characteristic of the copper-zinc synergy are the described dynamic and reversible
structural changes by wetting/de-wetting of copper particles on zinc oxide or vice versa. % 17-20
There are strong metal support interactions (SMSI) found, which describes the formed
overlayers of zinc oxide on copper particles by somehow lifting the clearly separated state
between Cu and ZnO under reducing and most often under catalyst activating conditions. "
2022 1n the temperature range of 250 °C to 340 °C at atmospheric pressure, the zinc oxide starts
to reduce in the presence of copper and forms a surface-alloy/zinc oxide-interphase. The alloy
phase does increase by consuming the ZnO phase with increasing temperature resulting in a
bulk Cu-Zn-alloy at temperatures above 340 °C. 2% There is a controversial debate in the
community, discussing the relevance of a copper-zinc oxide-interphase or a copper-zinc-alloy
phase as the methanol active site in the catalyst. 262 The main issue of the debate is probably
the intermixing of operando- and idealised, at ambient pressure performed, surface state
investigations on the CZA catalyst. 2 However, there is evidence, that both, the formed alloy
and the copper-zinc oxide interphase, does affect the methanol activity of the Cu/ZnO catalyst,
not only as an temperature-activity correlation and the knowledge of the present alloy under
these conditions 2> 2° but also by an enhanced activity of a catalyst with 70 % reduced zinc and
a residue of 30 % ZnO in contrast to a catalyst with complete alloyed copper particles in CO
hydrogenation to methanol 2. There is also evidence, that the catalyst has multiple sites and
that multiple factors affect the catalyst performance like the copper-zinc oxide interaction,
present defects or the copper particle size. & 1215222429 The clearest promotion effect of zinc
oxide is observed in the enhanced carbon dioxide conversion to methanol in contrast to the
poorly active copper metal, which represents on the downside an efficient carbon monoxide to
methanol converting catalyst. 1* 1 From operando spectroscopy, there is a greater evidence for
a defective ZnO phase, containing oxygen vacancies, rather than a formed Cu-Zn-alloy. % The
catalytic performance, of a CZA, in CO; hydrogenation is unstable because of the inhibition
effect of the couple-product water. The catalyst lose performance because of the repealed SMSI
by a decreased Cu/ZnO interphase due to a highly crystalline and in mobility restricted zinc
oxide or a formed Zn-Al-spinel phase. ** 3! This formed spinel phase could to some extend
prevent the copper particle sintering and acts with that as an additional promoter at the expense
of SMSI and activity. 313 However, the contribution of the third most often used component,
the aluminium, is so far not clearly resolved because of the high complexity of the copper based

catalyst.

From the preparative site it is known, that up to 3 % - 4 % aluminium can be incorporated into

the zinc containing malachite structure suppressing side phases (e.g., aurichalcite) and increases
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the zinc amount in this precursor phase. 3 This amount of aluminium was 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 catalyst. *** The localization of the aluminium
ion is complicated because of the low amount and the low electron density. But a defect
enriched ZnO was found as an effect of aluminium indicating the presence nearby the zinc
oxide phase. * * One suggestion is the modified zinc oxide surface by segregated aluminium

oxide species acting as a structure promoter prohibiting copper particle sintering.

The intrinsic methanol formation rate can be increased, if aluminium is used as a ternary
promoter and increases with aluminium incorporation up to 3 % of the metal content. *** 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 around 2.5 m? g as
a result of copper, zinc oxide and aluminium oxide interactions by a simultaneously increased
methanol formation rate of about 100 umol g h™ in comparison to a binary Cu/ZnO
catalyst. 3¢

Beside structural effects, there is also evidence of an electronic promotion effect of Al and Ga
acting as a dopant of zinc oxide, as it is known from semiconductor applications, and enhances
the SMSI, which was determined by an increased copper surface area and intrinsic catalyst
activity. 373 Because of the similar ionic radius of Ga®" to Zn?", an increased incorporation
of Ga®" into the zinc oxide lattice is expected resulting in an enhanced SMSI. 3" ° Catalytic
evaluation of aluminium and gallium containing ternary catalysts support the suggested activity
enhancement in dependence of the trivalent promoter cation. “* 4! One proposed mechanism is
the enhanced carbon oxide activation and intermediate stabilization at oxygen vacancies
induced by trivalent cation incorporation into the zinc oxide promoter. ** 26 4244 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

temperatures, 13 447

The state of the art investigations on methanol synthesis catalysts does result in two major

research questions of 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 of low quantities of
aluminium, gallium could be used as analogue, which is more accessible in spectroscopic
analysis. This does only work, if gallium does behave quite similar to aluminium. To clarify
the promotion effect of the trivalent cation methanol synthesis should be performed with
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Cu/ZnO/Alz0s, Cu/ZnO/Ga,03 and Cu/ZnO reference catalysts from a co-precipitated
malachite precursor. It would be expected that an enhanced electronic promotion will be
measured in an increased number of defects of the zinc oxide and a lowered copper surface
area, as an increased zinc oxide reducibility and mobility. Therefore, a combination of the
N20O-RFC and H>-TA methods should be used to answer the question. The electronic effect
should than represented in the catalytic activity, becoming equal if normalized to the main
promotion effect of the trivalent cation. On the other hand, it would be suggested, that there are
probably stability differences of the catalysts during methanol synthesis, which than must be

an effect of the used trivalent cation demonstrating the structural promotion effect.

The second question does address the zinc oxide promoter. If the main promotion effect of
aluminium or gallium is rather of electronic than of structural nature, one would suggest, that
an optimum doped zinc oxide support enhances the catalytic performance of later 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 amounts of trivalent cations will be synthesized in a similar manner to
typical co-precipitation conditions of the ternary methanol catalyst. To investigate pure or
doped zinc oxide supports, the zinc hydroxycarbonate precursor, hydrozincite,
(Zn)s(OH)s(COs). is chosen. The focus of this thesis is located on the synthesis and proper
characterization of the doped zinc oxides in a manner, that following investigations could build

up by studying the promotional effect after impregnating the supports with copper particles.

Regarding the mechanism of methanol formation on an industrial type of 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

cobalt-copper in higher alcohol synthesis will be demonstrated.
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This chapter gives a brief overview of the most relevant topics of the herein addressed research
fields. The communicated basics should support a better understanding of the performed
investigations. A brief overview about CO: hydrogenation reactions and the use of
chemisorption methods to characterize copper catalysts, followed by a description of different

material classes will be given.

2.1 CO:2 hydrogenation reactions

Because of the climate 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 conversion of carbon dioxide does simultaneously
offer possible ways to get rid of that greenhouse gas like the synthesis of plastics, mineralization
processes (building blocks) but also in hydrogenations like methanol synthesis, higher alcohols
or CO synthesis. 4952

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

gas shift reactions are briefly introduced.

2.1.1 Methanol synthesis

Methanol synthesis is an old process established 1923 by BASF with an ZnO-Cr,0s catalyst
converting carbon oxide synthesis gas to methanol around 200 bar - 300 bar and
300 °C — 400 °C. » 3 5 With the established desulphurization process a sulphur poison free
synthesis gas could be generated and allowed the industrial use of the high active Cu/ZnO/Al;03
catalyst at 200 °C - 300 °C and 50 bar — 100 bar. 1355153 Typijcally the feed gas for methanol
synthesis is generated by natural gas reformation, coal- and/or biomass gasification or by partial
oxidation of heavy oils. »> % However, in the context of methanol synthesis a synthesis gas is
a combination of carbon oxides like CO or CO2 and hydrogen. The methanol reaction from
carbon monoxide is shown in R 2.1, the reaction from carbon dioxide is visualized in R 2.2 and
the water-gas shift side reaction is demonstrated in R 2.3. 3 The methanol synthesis is an
exothermic process which is thermodynamically favoured at low temperatures and high

pressures because of the volume contraction by product formation. 3 %3

CO +2 H2 — CH30H ArHO%95 = -91 kJ mol* R21
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CO2 + 3 H2 —» CH30OH + H20 ArRH%9s = -50 kJ mol-? R2.2
CO +H20 —- CO2 + H2 ArRH %98 = -41 kJ mol R23

Therefore, the early methanol process with the harsh reaction conditions, to reach fast kinetics
on relatively low performing catalysts, are far from ideal thermodynamics with low methanol
yield. > °* However, the exothermicity needs a gas phase cooling from process engineering
point of view but also thermal stable catalysts which tolerate a temperature increase of the
catalyst bed. ' °1:5 A highly active methanol synthesis catalyst, which is stable against sinter
effects, is the Cu/ZnO/Al,Os catalyst. 5 32 This catalyst has been intensively investigated and

will be introduced at this point.

2111 Catalysts in methanol synthesis

In Methanol synthesis several catalysts can be used and are investigated. Different reaction
conditions and synthesis gas composition can maximize the kinetic performance of each
individual catalyst. Major examples are the co-precipitated Cu/ZnO/Al>Os-, the intermetallic
Ni-Ga- and In,Os-based catalysts. % 5

21111 Cu/ZnO/Al203

This state of the art methanol synthesis catalyst is mainly synthesized via co-precipitation. 8 But
there are also alternative synthesis routes like sol-gel synthesis or impregnation method
available. ® Using the co-precipitation approach, a nanostructured catalyst with a close contact
of copper oxide and zinc oxide particles can be synthesized. ° The addition of 3 % aluminium
(metal based) increase the zinc substitution into the malachite precursor structure and improves
the copper surface area resulting in an enhanced intrinsic catalyst activity. 3* % Zinc oxide and
aluminium oxide do act as structural promoters avoiding copper particle sintering during
methanol synthesis. & 32 33 3 Beside this structural mode of operation there is also a special
interplay between copper and zinc oxide demonstrating a synergistic effect by reversible redox
changes of the Cu/ZnO interphase depending on the gas phase conditions. ® ¥-1° This was
mainly exemplified by the poor activity of copper metal and zinc oxide in separated tests in
methanol synthesis. 1° Only the combination of copper and zinc oxide was found to be a highly
active catalyst. ® Under activation and reaction conditions in reducing gas atmosphere, zinc
oxide starts to reduce and migrate on the copper surface area establishing strong metal support
interactions. 2% 22 In the range of 240 °C — 340 °C a surface alloy is created, which ends up in a

bulk alloy if higher temperatures or pressures are used. 22 Nevertheless, the catalyst is able to



2 State of the Art

convert pure CO as well as pure CO2 synthesis gas with a methanol-selectivity above 90 %. 4
50.58,5% The disadvantage of carbon dioxide hydrogenation with the ternary metal catalyst is the
couple-product water, which poisons the catalyst and enhances copper particle sintering. ** 3%
59,60 This can be suppressed by inserting some amounts of carbon monoxide into the synthesis
gas. The carbon monoxide will be in situ consumed by the formed water in the water-gas shift
reaction forming carbon dioxide, which then will be consecutively converted to methanol. %8 ¢
The formed water does additionally enhance zinc oxide recrystallization repealing to some
extent the SMSI. 3032 Additionally the segregation of a zinc-aluminium-spinel in the ternary
metal catalyst could happen, which then leads to a re-distribution of the aluminium promotor
and affects the reducibility of zinc. 323 Aluminium and gallium as trivalent cations are expected
to induce electronic promotion effects on the copper catalyst possibly causing facilitated zinc
oxide reduction or an increased number of oxygen vacancies. 2% %3743

However, this catalyst represents a complex and multi-site system. This is mainly demonstrated
by the simultaneous inhibition of the methanol formation sites, while in parallel ethylene
hydrogenation reaction remains unaffected. 2° Temperature stable carbonate species, defective
zinc oxide phases and copper particle size are further features which are found to influence the

activity and stability of the catalyst in methanol synthesis. & 12 15.22,62

Beside the typical Cu/ZnO catalyst, various other metal compositions are also active in
methanol synthesis. ® One of the promising systems, which has a similar electronic structure to
the Cu/ZnO catalyst is the Ni-Ga intermetallic compound *° to which a short review will be

given.

2.1.1.1.2 Ni-Ga intermetallic compound

From a theoretical point of view the beneficial ectronic nature of the copper-zinc synergy could
be equivalently obtained by a combination of metals. Such a system was found in the
combination of nickel and gallium by the NisGa and NisGasz compositions as promising

candidates. *°

In contrast to copper based catalysts, this intermetallic catalyst is often synthesized by incipient
wetness impregnation of a support like silica and the intermetallic compound is created by
reducing the metal salt precursor leading to small and active particles in contrast to calcined
samples. ° 5 Catalytic investigations of this materials in carbon dioxide hydrogenation have
an equal activity and selectivity to the binary Cu/ZnO catalyst, if performed at ambient pressure
in the temperature range of 160 °C — 260 °C with a CO; synthesis gas. > © It was found, that
the intermetallic compound NisGasz was the most promising catalyst keeping up a performance
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like the state of the art Cu/ZnO catalyst. ® However, the material was found to be also active
in high pressure carbon dioxide to methanol reaction with an optimum temperature at 250 °C
and a methanol yield of around 72 %. The deactivation of the catalyst was described to be a

segregation process of a Ni-Ga-spinel and gallium oxide.

Because of the already mentioned importance of oxygen vacancies in catalytic activity of
methanol formation, the In.O3 based catalyst will be introduced.

2.1.1.1.3 In203 in CO2 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 oxide reaches a selectivity to 100 %
methanol and suppresses efficiently the reverse water-gas shift reaction at reaction conditions
around 200 °C — 300 °C and 50 bar with H2:CO2 = 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 calculations have shown, that the 111 indium oxide surface
plane can be reduced into a special state, creating up to five monolayer of reduced indium on
indium oxide. ¢ The reduction degree of indium oxide does increase with the reduction
potential of the atmosphere by simultaneously lowering the energy of adsorbate states. ¢
Therefore, a moderate amount of oxygen vacancies of around one monolayer does improve the
carbon dioxide hydrogenation reaction and reaches nearby the optimum energetic surface state
to catalyse methanol formation. 87 This theoretical view can explain the catalytic activity by
activating indium oxide by a thermal treatment in inert- instead of reducing gas. 67
However interestingly, the indium oxide catalyst showed a 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 methanol by a resistance against water
poisoning and can be promoted by carbon monoxide in the synthesis gas, restoring catalytic
active oxygen vacancies but poisoning the catalyst if it is the only carbon source for methanol
synthesis. ® Copper has a high activity in carbon monoxide conversion reaction and can be
boosted by traces of carbon dioxide in the synthesis gas feed but deactivates because of water
formation and in case of pure carbon dioxide as source for methanol formation and in absence
of zinc oxide. 1 16:30.3L.58.59 Simjlar to the copper-zinc oxide system, indium oxide has a strong
synergistic effect with zirconium oxide, which is expected to be of electronic nature. % One
explanation from theoretical analysis is, that zirconium oxide does prohibit indium oxide

reduction and controls the number of oxygen vacancies receiving maximum activity.
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This catalyst does demonstrate clearly that oxygen vacancies plays an important role in carbon
dioxide conversion. Therefore, a promotion effect with regard of this defect sites could be a
chance to improve the Cu/ZnO:M™" catalyst in CO, to methanol reaction. A relationship of
oxygen vacancies and activity was already described for zinc oxide based catalyst but could

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

Beside methanol other alcohols can be synthesized from carbon dioxide synthesis gas. The

higher alcohol synthesis will be described in the following sub-chapter.

2.1.2 Higher alcohol synthesis

Higher alcohol synthesis (HAS) is a process variation of the Fischer-Tropsch synthesis (FTS)
with a high potential towards the reduction of the CO footprint if biomass and biogas or CO»-
reformed natural gas are used as sources of carbon monoxide. ' "t Advantages of this process
lie in the possibility to tune the octane/cetane number of combustion fuels and to synthesize

higher alcohols as platform chemicals. % "

The FTS can be distinguished into the high temperature (300 °C — 350 °C @ ~30 bar) and the
low temperature processes (200 °C — 250 °C @ ~30 bar). "*"® For the low temperature process
cobalt-based catalysts are typically used, synthesizing long chain hydrocarbons, which enables

a further product upgrade by a cracking process. 5 ™

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

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

gas.
n CO + 2n Hz2 = CnHzn+10OH + (n-1) H20 R2.4
n CO2 + 3n Hz = CnH2nt1OH + (2n-1) H20 R2.5

From methanol synthesis copper/zinc oxide is known as a catalyst forming a C; alcohol. %1%
%1 From that finding, a potassium promoted CZA catalyst was investigated in higher alcohol
formation from carbon monoxide synthesis gas. ‘® This catalyst was mainly active in methanol
synthesis but formed additionally butanol with a selectivity of 25 % if it was promoted with
0.5% K2COs. ® In contrast to methanol, the higher alcohol synthesis requires higher

9
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temperatures (e.g., 400 °C) and a lower residence time. " It is suggested that the formed
methanol is consecutively consumed forming higher alcohols in a homologation reaction. 78!
This makes copper to a valuable tandem metal of a typical FTS active catalyst. The copper-
cobalt combination is one combination which should balance the dissociative adsorption of CO,
which is needed for chain growth and the associative adsorption of CO, which gives access to
the higher alcohol formation. & 8 A systematic study have shown, that copper does facilitate

the reduction of a cobalt-copper catalyst and increase the cobalt dispersion. 8

In a catalytic test of Co-Cu-Al catalysts prepared from an ex-hydrotalcite-like precursor phase,
it was found, that a ratio of Cu:Co = 0.5 was more selective to higher alcohols (S =50 %) at
240 °C @ 30 bar and with H2:CO = 2. ® Investigations of potassium promoted Co-Cu-Mo
catalysts demonstrated the high performance of a Cu/(Cu+Co) = 0.3 catalyst reaching an
alcohol selectivity of around 47 % at 270 °C and 50 bar with H2:CO = 1 synthesis gas. & This
are only two representatives of the manifold literature about cobalt-copper catalysts. However,
there is evidence, that a cobalt-copper alloy was formed enhancing the catalyst activity in higher
alcohol formation. & 82 8 8 The alloy formation was determined by XRD analysis as a
reflection in between the angles of metallic copper and metallic cobalt. 88 TEM analysis have
supported the XRD results. 8 & With a view on a phase diagram, one would not expect alloy
formation below 600 °C. ® This indicates, that nanomaterials behave differently or that

probably a surface alloy could have arisen. 8388

Beside the discussion about the active phase of the bimetallic catalyst, promotors are also in
this catalytic system of interest. Based on the knowledge of methanol synthesis, the promotion
effect of zinc oxide must be also considered. Zinc was found to build a zinc-aluminium-spinel
phase, if aluminium is used as support. This spinel phase does act as structural promoter
increasing the metal particle dispersion, avoiding sintering of the metals and does to some
extend prevent the re-oxidation of cobalt. 8 Studies on a Co-Cu/ZnO/Al,O3 catalyst could
demonstrate, that a catalyst with low sodium content does behave like an unpromoted one.
There was evidence, that zinc oxide has developed strong metal support interactions with
copper because of the methanol formation rate despite the large copper particles. &7 8 Such
basic sites, like the methanol active centres, are expected as crucial for intermediate
stabilization supporting the higher alcohol formation via formate species, as it is known from

methanol synthesis catalysts. 6808790

10
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The hydrocarbon selectivity was attributed to reduced cobalt, which was not in direct contact
with copper and deactivated coke deposition. Additionally, cobalt carbide could act as well as

a CO activating site enhancing higher alcohol formation. &' 8

The above description about the higher alcohol synthesis, should demonstrate, that this process
builds up on methanol synthesis addressing a similar question to the structural promotion effect
of ZnO:M'" to avoid sintering of the metal particles as well as the electronic effect 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 water-gas shift reaction will be introduced. This
reaction can be equally catalysed by copper-zinc oxide catalysts in the methanol synthesis and

to some extend in the HAS.

2.1.3 Reverse water-gas shift reaction

The reverse water-gas shift reaction R 2.6 is the back reaction of the water-gas shift reaction
shown in R 2.3 in the chapter 2.1.1 Methanol synthesis on page 5. This equimolar reaction is
pressure independent and because of the endothermic reaction enthalpy, the reaction is favoured
at higher temperatures. % In the subchapter above, higher alcohol formation was mainly
described from carbon monoxide synthesis gas. To achieve that, the carbon dioxide will
converted to carbon monoxide changing the primary carbon source. % The water-gas shift
reaction was introduced in chapter 2.1.1 Methanol synthesis on page 5 as a possible reaction
preventing catalyst deactivation by consuming water and providing simultaneously the more
favoured carbon dioxide as educts for methanol formation. 3% 58 81 Because of the reversibility
of chemical reactions, it is not surprising, that the reverse water-gas shift (RWGS) reaction will
be catalysed by Cu/ZnO. % °* Typically temperatures around 170 — 280 °C at ambient pressure

are used. %

CO2+ H2— CO +H20 ArRH %95 = 41 kJ mol? R 2.6

Zinc oxide does rather act as a structural promoter preventing copper particle sintering during
RWGS than enhancing catalyst activity by the copper-zinc-synergy as seen by the absence of a
clear correlation of catalytic activity and surface oxygen coverage. & % 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 desorbs. %
In that case an oxygen covered copper surface would inhibit the desired reaction. A

11
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composition-activity study has demonstrated, 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 compositions of Cu:Zn=40:60 and
Cu:Zn =50:50 demonstrating an activated ZnO by an increased number of oxygen vacancies
activating the CO», as it was confirmed by trivalent cation doped ZnO impregnated with copper,
then a copper-zinc synergistic effect. 3% The effect of oxygen vacancies on the RWGS activity
was also demonstrated on Cu-Al spinel in comparison to a Co-Al spinel in the temperature
range of 250 °C — 400 °C. The Cu-Al spinel had a higher number of oxygen vacancies which
activated carbon dioxide for the RWGS reaction. Contrarily, the Co-Al spinel 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 catalyst increased. °" The Ni/Al,O3 catalyst is highly active in RWGS obtaining
equilibrium conversion at 700 °C with a contact time of 100 ms and a maintained catalyst
stability up to 1000 °C without any sinter effects. %

Altogether, the short excurse through the different reaction systems should have visualized, that
Cu/ZnO can be used in many reaction systems as catalyst. Both, the activation of carbon dioxide
and carbon monoxide are possible, but the reaction conditions, the availability of specific
surface sites or additional promotors define the preferred reactant and product, demonstrating
a close connection of the catalytic processes and the catalyst nature and the motivation on the

clarification of this 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 areas by chemisorption methods

The copper surface area determination is a common tool to determine the possible intrinsic
activity of copper catalysts. Because of the undisputed knowledge, that copper is the active
metal in methanol synthesis, the copper surface area can be depictured as a measure for a certain
reactivity. In principle in heterogeneous catalysis, there is a rule of thumb, that an increased
surface area of a solid catalyst result in an increased possible activity because of more exposed
catalytic active sites. From that point of view, the specific surface determination of the reactive
metal, like copper, does increase the accuracy of the prepended rule of thumb allowing a more
accurate description of the catalyst’s intrinsic activity, which is found by a linear correlation of

the copper surface area and the catalyst activity. % %

There are three common technics which can be used to determine the copper surface area: the
temperature programmed desorption (H>-TPD) and the transient adsorption (H2-TA) of
hydrogen as well as the reactive frontal chromatography (N2O-RFC) of N20.

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

significance regarding the catalytic active surface.

2.2.1 N20 reactive frontal chromatography
The N2O reactive frontal chromatography is a method of N2O decomposition on the copper
surface. The reaction is shown in R 2.7. During the reaction a heat around 235 - 297 kcal mol*

will be released because of the exothermic character. 100101

2 Cugsur) + N20@g) — Na@g) + Cu20@urf) ¢ = (-235) — (-297) kJ mol-1. 100101 R2.7

To avoid copper particle sintering because of the released heat a low contact time is required to
keep the sample isothermal. 1°2 The reaction does create a half monolayer of oxygen on the
reduced copper surface, by forming the cuprous oxide (Cu20). 1 In general the method can be
performed by pulse sequence or flow method, without any restrictions or quality loss. 102104
The flow method can be performed in any tubular reactor with coupled analytics and does not
need a separation of the N2O residue as in pulse experiments with thermal conductivity detector
(TCD). 193104 The immediate consumption of the N2O and the resulting nitrogen evolution has
given the name of reactive frontal chromatography to this method. % R 2.7 is complete, when
the breakthrough point of N,O is reached. 1® An example of a typical concentration profile is

given in Figure 2.1.
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Figure 2.1: Typical concentration profile of a NoO-RFC measured by mass spectroscopy.

This method is less affected by the used N>O concentration at room temperature as long as the
reaction heat can be removed but is strongly affected by the reaction-temperature. %2 1% Too
high temperature leads to an enhanced reactivity, which will enable a complete surface
oxidation of the different copper facets but does also lead to a sub-surface/bulk oxidation of the
copper particles. The formation of bulk copper oxide does start at temperatures around >90 °C
and can be enhanced by other metal oxides. 1°1% Beside the bulk oxidation, a cycle of
reduction and oxidation decreases the copper surface area, because of the altering of the copper

particles. 103

2.2.2 Temperature programmed hydrogen desorption

The temperature programmed adsorption is an alternative characterization method to determine
the copper surface area. Contrarily to the N2O-RFC, this method does require a proper cooling
of the catalyst bed to reach temperatures of -195 °C. 1% The proposed reaction equation of the

adsorption (from left to right) is shown in R 2.8. 1%

4 Cugsurf) + H2g) <> 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 phase. %’ A complete surface coverage
can be reached after adsorption for one hour at 15 bar and pure hydrogen, whereas a double of

time at ambient pressure does only result in a nearby covered copper surface of around 84 %
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and 27 % if dilute hydrogen for 6 hours was used. 1% The treatment in hydrogen is performed
for roughly one hour at 220 °C followed by cooling to -23 °C and afterwards to -195 °C. Before
the desorption is performed, the gas atmosphere is changed to helium as mobile carrier gas. %"
108 Dissociative adsorbed hydrogen at polycrystalline copper does associatively desorb at
around 27 °C whereas a desorption around 230 °C was assigned to some copper-zinc oxide
interactions. 19719 The H,-TPD method has the advantage, that it is reproducible without
changing the copper surface area in contrast to the N2O-RFC where an ageing was observed
after a certain number of cycles. 1% 197 Among the measurement variables, the flow rate,
cooling- and heating ramp as well as the pre-treatment conditions do affect the measurement

and should be kept constant for catalyst comparison. 1%

2.2.3 Transient hydrogen adsorption

From the N2O-RFC copper surface oxidation, one could examine the amount of oxygen and
thus the copper surface area, by initializing the back reaction, as it was performed by
Chinchen et al. 1 and Naumann d’Alnoncourt et al. % with CO as probe molecule. These
experiments have demonstrated that the back titration does work and reproduce the N.O-RFC
results. 1% 1% The mechanism of that reduction process is of autocatalytic nature for the Cu20
surface but requires a temperature around or above 240 °C. 1311 On the other hand, the back

titration can also performed with hydrogen at room temperature. 1*2

The back reaction with hydrogen is described in R 2.9. The titration of the Cu.O surface with
hydrogen does only reduce the surface layer of copper and the formed water stay adsorbed on

the copper surface. 2

Cu20¢surf) + H2g) — 2 Cugsurf) + H20(g) R2.9

The back titration with hydrogen of a Cu,O surface is shown in Figure 2.2. The typical drop of
the hydrogen signal indicates the reduction. Because of the low amount consumed hydrogen,
a low gas concentration and a high catalyst amount is needed. Another disadvantage of that
method is, that it has a lower accuracy by underestimating the real copper surface area around
12 %. 112
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Figure 2.2: Back titration of Cu2O with H at room temperature, analysed by MS.

2.2.4 Benefit and limitation of the chemisorption methods

The above described chemisorption methods are regularly used to describe copper catalysts.
The accordance of the different characterization methods was reviewed and found to agree with
each other as long as no zinc oxide is present. The assumed molecular hydrogen adsorption on
two copper atoms could be experimentally corrected to a ratio of Cu:Hz = 3. 8113 The presence
of zinc does complicate the copper surface determination because of reduced Zn sites forming
a surface alloy, which does additionally react with N2O to form ZnO. 2225 % That is the reason,
why for zinc containing catalysts the N2O-RFC method results in overestimated copper surface
areas. % 113 There is no evidence, that the observed hydrogen desorption at 30 °C is affected by
Cu-Zn surface alloy or by partial reduced ZnOx sites, contrarily a clear copper surface decrease
was determined by increasing zinc content in the copper surface which was in alignment with
Ho-TPD analysis of the same samples. 107 112 114 |f the zinc sites are oxidized, temperatures
around 250 °C are needed, to establish again a copper-zinc surface alloy. 2 Therefore, the back
titration with CO is disadvantageous as it could rebuild defective zinc oxide sites (as it was
shown by the In,03 methanol catalyst), which would cause a similar error to NO-RFC. 6% 103
From that point of view, the H>-TA has the advantage, that it can be performed at room
temperature, reducing Cu0 without affecting ZnO and recovering only the copper surface. 2
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 combining N.O-
RFC and H2-TPD or Ha-TA analysis. 6% 112 114
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However, the only inert supports for copper catalysts are copper itself and carbon. ** Several
metal oxides have been affected the chemisorption methods and illustrate the need of careful

validation of the characterization data. 13

2.3 Material synthesis

This chapter is used to introduce the material classes and precursor systems of prepared
catalysts or support materials. The main preparation method was co-precipitation 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 solution. In a simpler way and in
the context of inorganic chemistry, it means, that an acid and a base must be brought together,
from which a salt can be formed. The co-precipitation does describe the same process, but with
more than one component, which has to form a solid (e.g., Cu and Zn). & 1*® 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 possibility to separate

the catalyst from a liquid by filtration. *°

The next subchapters describe some minerals which can be synthesized by (co-)precipitation

and are representatives of typical precursor systems used in heterogeneous catalysis.
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2.3.1.1 From malachite precursor phase to the activated form of catalyst

Malachite is the name of a copper hydroxycarbonate with the sum formula Cu2CO3(OH).. The

monoclinic unit cell of the crystal structure is visualized in Figure 2.3. 116

Figure 2.3: Visualisation of the malachite structure of one unit cell. The copper atoms are
brownish-red, carbon atoms are grey and the oxygen atoms are red coloured. The picture was
created with VESTAS %7 from the ICSD reference:#30609 16,

In catalyst preparation, the Zn substitution of copper atoms of the malachite structure is used to
synthesize a homogeneous copper-zinc precursor phase. The resulted zinc substituted malachite
structure (Cui-x, Zny)2CO3(OH): is often called zincian malachite and is limited to a maximum
substitution of around 30 % Zinc. © A further increase of zinc does result in the side-phase
aurichalcite, which is less beneficial for the synthesis of Cu/ZnO catalysts than malachite. *°
From characterization perspective, the success of zinc substitution into the malachite structure
is often determined by the decreased lattice distance of the 20-1 and 21-1 plane, because of the
reduced Jahn-Teller distortion of the CuOe octahedra by substitution them with the more

uniform ZnOs octahedra. 11811 |t was further found, that the structure does allow to incorporate
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beside zinc additionally up to 3 % — 4 % aluminium, which is of high interest regarding the
state of the art copper methanol catalyst (CZA). 3457

Typically, the precipitation is performed from metal nitrates with sodium carbonate as
precipitation agent at 65 °C with a pH of 6 — 7 and an ageing time of around one hour. After
precipitation an amorphous little specific solid is formed which crystallizes, because of the
supersaturated solution, during the ageing step into the malachite structure indicated by a pH-

drop and by colour change of the solid from blue to green. & 3357:120

The obtained precursor is afterwards decomposed into the corresponding metal oxides in a
temperature range of 330 °C — 400 °C, which can be activated in a further step reducing CuO
to Cu with diluted hydrogen at 160 °C — 250 °C. 8 1562

2.3.1.2 Synthesis of hydrotalcite-like precursors and their mixed metal

oxides

Hydrotalcite is a mineral which was originally assigned to a solid containing magnesium-
aluminium hydroxides and carbonates. This mineral has a layer structure formed by a mixture
of binary and ternary metal ions and is additionally known as a “layered double hydroxide”
material. ?* Layered double hydroxides are in general layered materials with the general
stochiometric formula of: [M"1xM (OH)2]J*" (A™)xn-mH20 with M as a divalent cation like
Mg or Zn which is partially substituted by M, a trivalent cation like Al or Ga. The interlayer
anion (A™) can be carbonate-, nitrate- or other anions which compensate the additional positive
charge, introduced by the trivalent cation, of the metal hydroxide strata. 1212 An example of
a layer-interlayer arrangement is given in Figure 2.4. Brucite Mg(OH). forms the motive of a
layer by developing Mg(OH)s octahedra. The layers are connected to each other by electrostatic

adsorption and hydrogen bonds. 1%
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Figure 2.4: Example of a hydrofalcite-like 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 (purple-blue) and aluminium (brown-grey) metal ions. The layer was
created with VESTAS %as a variation of the ICSD reference 155052 122,

The heat treatment up to 500 °C of hydrotalcite-like materials forms, dependent of the cations,
mixed metal oxides, also named layered double oxides, which are characterized by a uniform
cationic distribution because of the single-phase precursor. 12122 The precursor class enables
the possibility of spinel formation, which are temperature stable oxides with metal catalyst
stabilizing character expanding the application range of metal catalysis to high temperatures

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

The material synthesis of hydrotalcite-like precursors is often performed at a constant pH
around 8-9 to reach a precipitation of all cations and at 50 °C — 60 °C with ageing time around
30— 60 minutes. In general, the precipitation can be performed with sodium hydroxide as
precipitation agent but most important is the presence of enough interlayer anion to allow the

crystallization of the hydrotalcite-like precursor phase. 12% 123125
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2.3.1.3 Synthesis of hydrozincite precursors and zinc oxides

Hydrozincite is a hydroxy carbonate mineral of zinc. This mineral of monoclinic structure has
the stochiometric formula of Zns(CO3)2(OH)s which is similar to the copper containing
aurichalcite structure. 126:2” Hydrozincite contains octahedral- and tetrahedral coordinated zinc
atoms in the ratio 3:2. 1?6 The structure of hydrozincite was depictured as a negatively charged
sheet with [Zns(OH)s02]* as motif, built of uniform octahedra. To compensate the charge, the
sheets are connected to each other via a tetrahedrally coordinated zinc atom and a carbonate
bonded by one oxygen to the sheet motif. 126 Earlier investigations found that 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 layer structure. 12 128 The unit cell of this material is

shown in Figure 2.5.

Figure 2.5: Demonstration of the unit cell of hydrozincite. The b-axis 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 VESTAS */from the ICSD reference #16583 12°,

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 applications, the hydrozincite can analogously synthesized via

precipitation, 37128

The synthesis of hydrozincite is typically performed by precipitating a zinc nitrate solution with
sodium carbonate at pH = 6.5 — 7 at 65 °C followed by ageing of around two hours in the mother
liquor. This method does allow to incorporate trivalent cations, which after decomposition in

air at 330 °C does form a doped zinc oxide (ZnO:M™), 37129
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The doping of zinc oxide is not only in terms of heterogeneous catalysis but also in terms of
semi-conductors of interest by tuning the electronic structure. In both areas oxygen vacancies

and band-gap energies are expected to enhance the material properties. 38 1%

2.3.1.3.1 Zinc oxide

Zinc oxide can crystallize in the wurtzite, sphalerite or rock salt structures. At ambient
conditions, the wurtzite structure is thermodynamically more stable and represents therefore
the main common zinc oxide structure. The wurtzite structure is formed by two interpenetrating
hexagonal lattices with tetrahedrally coordinated zinc atoms. *8 The unit cell and the hexagonal

character of the zinc oxide structure are demonstrated in Figure 2.6.

Figure 2.6: Visualisation of the wurtzite ZnO unit cell in a) and the hexagonal structure along
the c-axis of three unit cells in b) (the c-axis is parallel to the viewing direction). Zinc atoms
are purple-blue and oxygen atoms are red coloured. The pictures are prepared in VESTAS %/
from the ICSD reference #26170 3,

There is a variety of preparation methods which sometimes involves a precursor phase, like
precipitation or sol-gel process but also direct routes are possible like precipitation,
solvothermal synthesis or spray-pyrolysis. 1*% 132 This oxide is characterized by a direct band
gap of around 3.37 eV. 313 Zinc oxide contains intrinsic and extrinsic defects. Intrinsic defects
are naturally present in the oxides and are often a result of the oxide preparation history like
heat treatment or ageing. Such defects are for example oxygen vacancies, zinc- or oxygen
interstitials. 38 130 133 This intrinsic defects do affect the band gap energy as well as extrinsic
defects caused by ion substitution like Al or Ga incorporated into the zinc oxide host lattice. **
133,134 This extrinsic defects are used for band gap engineering. N-type doping (donor doping)
is the insertion of an additional negative charge increasing the electron concentration, contrarily
to the p-type doping (acceptor doping) which inserts an additional positive charge increasing
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the hole concentration. 3% 135 Hence, if electronic processes are of important relevance for an
application, a band gap narrowing and n-doping is envisaged. Group 13 elements are known as
n-type semiconductor dopants and used to engineer the band gap of zinc oxide. ** But such a
doping must not have to result in a narrowed band gap, because of the energy nature of the
valence- and conducting band. 3 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 energy state. This
phenomenon is named Burstein-Moss effect. 27138 On the other hand does a perfect substitution
of a zinc ion by a trivalent cation, like Al, narrow the band gap as a 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 inhibit electron conductivity. 4014 Because of the most
promising approach to enhance the opto-electronic properties of zinc oxide by an trivalent
cation doped zinc site (M''z,), a variety of research groups have determined the solubility limit

for Alz,. 13°

The determined solubility limits are in range of 0.3 % and 5.4 %. 43149 The results of
investigation supported by solid state NMR seemed to be plausible because of the sensitivity to
the Alzn defect isolating the solubility limit to a smaller range of 0.3 % — 1 % after temperature

treatments around 300 °C — 850 °C of the precursor phase. 142143149

However, the higher determined solubility limit of 1 % after calcination at 300 °C gives
evidence, that a similar doping effect could be induced by catalyst preparation because of

selected temperatures for a mild calcination and reduction. & 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 be introduced.

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

for each experiment.

For the chemisorption experiment were 100 mg copper catalyst in the sieve fraction of
125 — 250 um applied. The catalyst bed was fixed with quartz glass wool to prevent a flushing
out. Before each experiment was started, the catalyst was dried for one hour in 120 °C in
35 mln mint of argon. To avoid thermal stress a heating rate equivalent to the calcination
(2 °C mint) was applied. The chemisorption measurements were carried out in the following
sequence: Ho-TA of the Oxide, TPR, H2-TA of the reduced state, N2O-RFC, H>-TA of the
Cu20, N20O-RFC, TPR. The experimental conditions are listed in Table 3.1. 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 bypassed. Before starting a new
experiment, the MS was calibrated by a calibration gas of 2 % H>, 1 % N2 and Helium to reach

highest accuracy.

Table 3.1: Experiment conditions of the individual measurement step of the chemisorption

analysis.

Experiment  Temperature / holding time ~ Volume flow  Gas composition  Analytic

H.-TA 40 °C /60 Min 8 mly mint 2 vol.- % Ho/He MS
N,O-RFC 60 °C / 60 Min 5mly mint 1 vol.- % N>O/He MS
TPR 275 °C [/ 240 Min 35 min mint 5 vol.- % Ha/Ar TCD

As shown in section 2.2.3 on page 15 the H,-TA signal of the back titration of Cu.O does vary
in the shape in contrast to the “blank™ measurement of the reduced sample. If one think about
adsorption processes during the H>-TA experiment, the adsorption would result in a variation
of the slope of the H»-Signal (assumption: all measurements are performed at strictly equal

conditions). Then the measurement of the Cu20O 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 term, as the consumed amount hydrogen caused by back titration. From that thinking
the guestion about the meaningfulness to measure the CuO surface by Ho-TA rises. Therefore,

the measurement was expressed by a system of equations.

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

Ny, —adsorbed = AHZTA,CuO - AHZTA,Cu M 3.1

With that the expression of the reaction measurement of Cu.O would be given as:

Ny, —adsorbed + MHy—consumed = AH,TAcu0 — AH,TACH,0 M 3.2

The subtraction of both equation does result in the equation of the separated reaction term.

Ny, —consumed = AHZTA,Cu - AHZTA,CuZO M 3.3

This mathematical examination does demonstrate that the measurement of the inert surface is
only necessary for illustration rather than for measurement evaluation.
From the H2-TA and N2O-RFC experiment, one can calculate the copper surface area by the

equation M 3.4 with the area of one copper atom: 0.068-107'® m? atom™. >0

n;- NA'a
ACu_

=——Vi= Hy_consumed | L = N2—evolved
X * Mcatalyst M 3.4

The precision of the copper surface area determination could be proven by calculating the
copper crystallite size from the Ho-TA results. The interpretation has 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, that the copper crystallite size (ex H>-TA) will be in a
closer range to the crystallite size determined by XRD analysis than the copper crystallite size
determined by N.O-RFC. If this is not true, further investigations on method improvements

must be done.

B Acu Pcu M3.5

With the combination of the methods, according to literature %% 112114 the defective zinc sites

can be calculated as followed:
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nznodefects = nNZ—evolved - nHZ—consumed M 36

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 in touch with the gas phase and
another specific fraction of zinc oxide is in touch with gas phase and copper surface.

The dispersion could additionally be calculated by the surface area. This analysis requires the
knowledge of the surface area, determined by nitrogen physisorption of the activated catalyst
and the strict analogous mathematical treatment of H>-TA and N2O-RFC results. Because of
some deviations about the space occupied by one copper atom 5% 19310 one value must be
chosen and kept constant for comparison. If calculating specific surface areas, they must be
based on the mass of inserted metal oxide, to become comparable. The minor mass deviation
of some non-decomposed precursor species is expected to be smaller than the mass deviation
of a completely reduced catalyst. The normalizing of the surface area to the mass of a reduced
catalyst forbids a comparison of different measurements (e.g., BET and N2O-RFC) and inhibits
an analysis of the surface evolution.

The dispersion is expressed as:

n; M;
D; = m *100% Vi= Hz_consumed | t = N2-evolved M 3.7
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Abstract

The structural and electronic effect of Al and Ga as ternary metals in Cu/ZnO catalysts for the
methanol synthesis was examined. For this purpose, three zincian malachite-derived catalysts
with the nominal Cu:Zn ratio of 70:30 were synthesized: an unpromoted, binary catalyst (CZ)
and two ternary catalysts with either 3 mol% Al (CZA) or Ga (CZG). Both Al and Ga showed
to have a strong impact on the catalyst’s structure. Alongside the catalyst treatment from the
co-precipitated precursors phase to the activated and reduced catalyst an improved
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 Cu*"" and Zn"¢ surface species in the activated catalysts.
Considering the specific copper surface areas, DRIFTS data and catalytic results, an additional
electronic promotion of Al and Ga could be determined. This promotion effect is related to
doped ZnO phases, as it was demonstrated by XANES and enhances the reducibility of the ZnO
by forming more Zn" sites. 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 attractive target molecule of power-to-liquid approaches if
anthropogenic CO2 and so-called green hydrogen is used in the synthesis gas. > 1! Historically,
the industrial process evolution was mainly influenced by the co-evolution of the catalyst
material, 13 which is a composite catalyst comprised of a large fraction of Cu metal (typically
>60 %), zinc oxide and additional promoters (typically <10 %) since the access to sulphur-free
synthesis gas in the 1970s. >

The composition of the current state-of-the-art catalyst has not changed much since then and
currently, methanol is produced in the low temperature process at approximately 250 °C and at
least 50 bar over such copper/zinc oxide/aluminium oxide (CZA) catalyst, while other
promoters might also be present. *° 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 receive the highest

catalyst performance by a high activity and a simultaneously increased stability and long
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lifetime of the copper nanoparticles 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 dispersion. & 7 This can be seen in the catalyst’s typical microstructure,
which is comprised of small zinc oxide particles located between the larger copper particles
(around 10 nm) preventing them from sintering and forming porous sponge-like aggregates as
a result of the co-precipitation synthesis. 3% **3 For an optimal copper/zinc ratio to reach the
highest dispersion a roughly equimolar amount of both components was proposed. & However,
because the maximum zinc amount in the preferred co-precipitated precursor phase, zincian
malachite, is limited to approximately 30 %, the molar composition of the industrial catalyst is
around 70:30 Cu/Zn. %11 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 copper-zinc synergy furthermore leads to an additional form of promotion. These
strong, dynamic and reversible copper-zinc oxide interactions rather operate via an electronic
effect leading to a high intrinsic activity. ® 1" 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 “inverse” surface configuration with reduced zinc oxide species decorating the
metal surface. *>2% 2% Upon catalyst reduction in hydrogen, even a surface-alloy was observed.
24,112,114, 154 | the temperature range between 250 °C and 340 °C, it co-exists with (partially
oxidized) ZnOy surface species and transforms into a bulk alloy at higher temperatures. >
While the promoting role of this SMSI for methanol synthesis is well established, there is a
controversial debate, whether a bi-phasic copper-zinc oxide interface with a perimeter
(0 < x < 1) or amonophasic metallic copper-zinc surface alloy (x = 0) is the better description
of the active surface of the Cu/ZnO catalyst. 2528 Independent of the exact value of x, we will
refer to these species as reduced zinc surface species Zn™ in this 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 the Zn" species.

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 of Zn™“, which has been proposed
to be responsible for activation of the formate intermediate for further hydrogenation towards
methanol. 16 22155 156 \we rather investigate on the role of the secondary promoter aluminium
oxide by comparing three catalysts with a Cu:Zn ratio of 70:30. Two of them contain 3 mol%

(metal basis) of a secondary promoter and one is a binary reference catalyst Cu/ZnO (CZ). The
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two promoting species are aluminium as in the industrial catalysts (CZA), and its higher
homologue gallium (CZG). Gallium has been recently identified to be an interesting promoter
for CZ, 343 and the relatively low amount of 3 mol% secondary promoter has been shown
previously to lead to a maximal promotion effect. ** The CZA catalyst with 3 mol% Al is a
well-studied catalyst material, previously named FHI-Std., " which has been deeply
characterized and employed as a benchmark in numerous contributions. 4 203157157 Herejn,
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 methanol synthesis from CO and CO at
industrially relevant long time-scales. We use this new information to propose a general and
comprehensive picture of the catalyst’s microstructure and its dynamic surface state in

methanol synthesis including the dual roles of both primary and secondary promoters.

4.2 Experimental section

4.2.1 Precursor synthesis
The precursors of the three catalysts Cu/zZnO:Al (CZA), Cu/Zn0O:Ga (CZG) and Cu/ZnO (CZ2)

were synthesized by the well-reported coprecipitation technique, e.g., by Schumann et al. °’.

The precipitation was carried out in an automated stirred tank reactor from 1 M mixed metal
salt nitrate (Table SI 11.5) solutions at a temperature of 65 °C. During the precipitation the pH
was held constant at 6.5 using 1.6 M sodium carbonate solution as precipitating agent. The
dosing rate of the metal solution was adjusted to 2.5 g min™. After the typical pH drop was
observed °’, the ageing was proceeded for an additional one hour without further pH control.
Afterwards the precursor was washed with deionized water 15 times, until the conductivity of
the filtrate was lower than 100 puS cm™. After drying at 80 °C for a minimum of 14 hours in a
heating cabinet, the precursors were analysed regarding their composition, phase purity and

surface areas.

4.2.2 Oxide synthesis (Pre-catalysts)

The co-precipitated precursors were decomposed into their corresponding oxides in a muffle
furnace (Nabertherm LE 6/11/B150) in static air at 350 °C with a heating ramp of 2 °C min
and a holding time at the target temperature of 3 h.
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4.2.3 Characterization methods

Powder X-ray diffractometry (PXRD) of the precursors, calcined pre-catalysts and spent
catalysts after methanol syntheses were recorded with Cu-K, radiation on a STOE Stadi-P
equipped with a germanium 111 monochromator and a MYTHEN 1 K detector. The
diffractograms were recorded at room temperature in the range of 2° to 80° 26. The samples of
the reduced catalysts were prepared in sealed capillaries of 0.5 mm diameter. The reduced
sample of CZG (CZG-red.) was recorded with Mo-K, radiation on the same device described
above. Therefore, the general scattering vector g in A is used for comparison of the pattern
recorded with different X-ray wavelengths.

Atomic absorption spectroscopy (AAS) was performed on a Thermo Fisher Scientific iCE-3500

AAS after dissolving the sample in nitric acid.

Thermogravimetric analysis (TGA) was performed for the precursor materials on a STA 449
F3 Jupiter from Netzsch. The sample was heated at a rate of 5 °C min™ up to 1000 °C in flowing

synthetic air.

Nitrogen physisorption was 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 100 °C (oxides) for 5 h. Afterwards the isotherm profiles in a partial pressure
range between p/po = 0.0 and 1 referred to a reference cell were recorded. The multipoint BET
surface area was determined by applying the Brunauer-Emmett-Teller (BET) equation in the
range of increasing adsorption volume by using the micropore assistant of the software
Novawin.

Diffuse reflectance Infrared Fourier Transformed Spectroscopy (DRIFTS) experiments were
performed using a Nicolet™ iS20 FTIR spectrometer from Thermo Fisher Scientific, equipped
with a DRIFTS cell (Praying Mantis™, Harrick Scientific Products Inc.) and a Mercury
Cadmium Telluride detector (MCT) cooled with liquid nitrogen. The DRIFTS cell outlet gas
stream was analysed continuously during the experiment by an on-line mass spectrometer
(Pfeiffer Vacuum Omnistar GSD 320 with QMG 220). Using a four-port selector valve, the
inlet gas was switched between two different streams, one for purging and/or reduction of the
catalysts (He or 5 vol% H: in He) and the other containing the probe gas (0.2 vol% CO in He).
A flow-through configuration was applied in all segments with a total flowrate of 80 cm3y min?.
At first, the loaded samples (~40 mg fine powder) were reduced by 5 vol% H: in He at 275 °C
for 1 h (at a heating rate of 5 °C min), after which the cell was cooled down to 10 °C at 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 H. followed by collecting the background spectrum in
He. The collection of the time-series 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). After 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 (XAS) was measured at the CAT-ACT beamline at Karlsruhe
Institute of Technology (KIT) Light Source 8. In an in situ TPR experiment, the sample CZG
was treated in 20 % H, in N2 and heated to 250 °C (5 K min™). The temperature was held for
1 h. The X-ray absorption near-edge structure (XANES) data was recorded at the Ga K-edge
(10367 eV) in transmission mode using a Si 111 double-crystal monochromator and ionization
chambers for determining the X-ray intensity. The raw data was then treated with Athena
software package *°. The edge energies of the spectra were determined using the first maxima
in the first 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 to a sieve fraction of
100-200 pum. The spectra recorded at 250 °C were merged and the pre-edge region was
modelled for refinement using the software Larch %% The reference data for the linear
combination analysis was recorded at HASYLAB at DESY3*. The samples were measured in
the range of 9570 eV - 10580 eV including the Ga K-edge (10367 eV) in transmission mode.
For the pure GaxOs references, 12 mg of sample were diluted with 88 mg of polyethylene,
before the mixtures were pressed to 13 mm diameter pellets. Data analysis such as energy
calibration, background subtraction and normalization were performed using the Athena
software package. To combine both data sets for analysis, the spectra were aligned with respect

to the energy. Linear combination analysis was performed using Larch software.

Density Functional Theory (DFT) calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) 6% 162 The Bayesian Error Estimation Functional with van der
Waals correlations (BEEF-vdW) %2 with the projector augmented wave method (PAW) 164 165
and a plane-wave basis set with a cut-off energy of 450 eV were used. The infinite slab models
for the ZnO (110) termination consist of four layer-thick 4x2 super-cells, separated by more
than 16 A in the z direction. Ga and Al containing materials were constructed by substitution
of one Zn atom in the ZnO (110) surface layer. The bottom two layers were kept fixed and the
upper two layers were allowed to relax during geometry optimizations. The Brillouin zone was
sampled using a 2x5x1 Monkhorst-Pack k-point grid . 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 the bulk was modelled by substitution
of one Zn atom with Ga or Al. For each system (ZnO, ZnO.1, Zn.10, GaZnO, GaZnO.y,
Gazn.10, AlZnO, AlZnO.; and AlZn.10) lattice optimization was performed. The Brillouin
zone was sampled using a 5x5x3 Monkhorst—Pack k-point grid. All optimized structures are

given in the SI.

Temperature programmed reduction (TPR) of 100 mg pre-catalyst of a 125-250 um sieve
fraction was performed in a quartz glass U-shape tube reactor on a BelCat-B from Bel Japan
Incorporation. Before the reduction profile was recorded, the sample was dried by heating up
with 5 °C min' to 100 °C in 80 ml mint 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 atmosphere, 5 vol% Hz in Ar with a volume flow of 35 mln min
1 at ambient pressure was used. Starting from 40 °C the sample was heated up to 275 °C with a
heating ramp of 2 °C min!. After reaching the target temperature, it was held for 4 h 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 H> via a thermal conductivity detector (TCD). The calibration of the hydrogen signal

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

Ho-transient adsorption (H2-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 product stream analysis. Before the adsorption experiment was performed, the
lines and the reactor were flushed with He at 40 °C for 30 minutes. The adsorption profile was

measured with 2 vol% H. in He with a volume flow of 8 mly min for 120 minutes.

N2O-reactive frontal chromatography (N.O-RFC) was measured subsequent to a reduction
experiment (e.g., TPR or H2-TA). After flushing the reactor with He for 45 minutes at 130 °C
(heating ramp 5 °C min1), it was cooled to 40 °C. The measurement was performed using a
calibrated quadrupole mass spectrometer (Pfeiffer Vacuum Omnistar GSD 320 with QMG 220)
with He as internal standard and 1 vol% N2O in He with 5 mlx min for 60 minutes. The data
evaluation was performed by using the calculations according to DIN 66136-1 %°. The
stochiometric coefficient (0.481) and specific copper surface area (6.80+10%° m2 (copper

atoms)™) were taken from the reported study by Chatterjee et al. 13,

The measurements of the nitrogen capacities of the spent samples and of the therein compared
fresh catalysts were performed after reduction at 240 °C with 5 vol% H: in Inert and a heating
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ramp of 5 °C min'’. The temperature was held for 2 hours before switching to the N.O feed gas
and measuring the N2O-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 64-fold parallel Flowrence® plant by Avantium technologies. A varying amount of
75 mg, 150 mg and 225 mg of the pre-catalysts with a sieve fraction of 125-250 um and diluted
with an equal amount of silica (SiO2) was used to archive different gas hourly space velocities
(GHSVs). The catalyst bed was placed between a post- and a pre-bed to ensure isothermal

behaviour and a proper prewarming and intermixing of the gas stream.

Before the catalytic tests were performed, the catalysts were activated by heating in
10 mIy mint 5vol% H; in N2 with a heating ramp of 5 °C 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 H2:CO =2 feed gas at 235 °C and 30 bar over a formation period of 100 hours.
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 varied like the H»:CO ratio (1.5, 2, 2.5), the pressure (20 bar, 30 bar, 40 bar)
and CO2:CO ratio (Xco, = 0.15, Xco, = 0.3, Xco, = 0.5). During these process variations, a
complete set of each catalyst, corresponding to the three different GHSVs was kept at 205 °C,
220 °C, 235 °C and 245 °C in separated heating blocks. After the H2:CO ratio and pressure
variation, the reference conditions of 30 bar, H2:CO =2 and 235 °C were used to investigate
the activity change for each reactor in pure CO/H2 syngas. Afterwards the CO2:CO ratio
variation was performed by substituting CO with CO> at constant H2:COx 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 at 80 °C to 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/ZnO). The state of the material will be
written using suffixes of the metal composition like CZA-prec. of the CZA precursor. The
following other suffixes are used: -calc. (calcined), -red. (reduced), -post cat.-red. (after

catalysis re-reduced).

4.3 Results and discussion

4.3.1 Synthesis and characterization of the pre-catalysts

The catalysts in this study have been synthesized according to the industrial protocol by co-
precipitation of malachite-based 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 structure. 10 34
The catalyst CZA is a reproduction of a benchmark catalyst previously named FHI-Std. 7,
which has been employed in numerous contributions. 14 20 3% 5. 157 One major difference to
state-of-the-art commercial catalysts is the lower amount of the secondary promoter Al, which
is around 10 % in common formulations. ' *> 152 This modification is based on the observed
performance improvement at a lower content of 3 % in previous work. 3 The metal composition
after co-precipitation was determined by AAS and is shown in Table 4.1. The results were close

to the nominal composition for all three samples.

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 CZA-prec. and CZG-prec.
the aluminium and the gallium ion, respectively. The last column contains the determined

spacing of the 20-1 reflection determined by PXRD.

Sample Xcuwsm Xazn/smy X5 a) d2o-1
mol% mol% mol% A

CZA-prec. 68+1.4 29+1.4 3+0.04 2.762

CZG-prec. 69+14 28+ 1.5 3+0.1 2.758

CZ-prec. 69+1.5 31+£1.5 0 2.789
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The precipitates mainly crystallized in a malachite structure ((Cu, Zn)2CO3(OH)2), as it is
shown by the PXRD pattern in Figure 4.1 a). Only the binary CZ-prec. contains a side phase,
which was assigned to aurichalcite ((Cu, Zn)s(C0O3)2(OH)e). This zinc-enriched side phase can
act as a sink for the primary structural promoter Zn and lead to a loss of the highly active
nanostructure.!® The qualitative analysis of the PXRD pattern visualizes, that the reflections of
the binary CZ precursors are sharper and more separated than in the pattern of CZA-prec. and
CZG-prec. The broader reflections in case of the presence of a trivalent cation as secondary
promoter indicates that the crystallites in these materials are more nanoscopic than in the binary
reference catalyst, resulting in an increased surface area, as shown in Figure 4.2. 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 literature *° (Figure 4.1 a)). The
determined spacings of the 20-1 planes of the malachite structure are listed in Table 4.1. The d-
spacing of CZ-prec. was determined to be 2.79 A and was found at a higher value in comparison
to the other samples. With increasing Zn incorporation into the malachite structure, the d-
spacing decreases, as evident by comparing the binary CZ precursor to pure malachite
Cu2CO3(OH)2 (dz2o0-1 = 2.85 A). The presence of the secondary promoter thus resulted in a
further decreased of the dao-1-spacing to 2.762 A for CZA-prec. and 2.758 A for CZG-prec.
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

ternary precursor systems. 34
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Figure 4.1: Powder X-ray diffraction pattern of the co-precipitated precursors (left side a)) in
comparison to the Cu-malachite reference from ICSD database (#15384). The asterisk visualize
peak positions of the aurichalcite side-phase (ICSD #75324). On the right side the
corresponding oxides after calcination for 3 h at 350 °C in static air with a heating ramp of 2
°C min are shown (b)). 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 inter-dispersed oxides, the precursor decomposition
was performed under the mildest possible calcination conditions at 350 °C in air, which is a
typical temperature for methanol synthesis catalyst preparation. & However, these conditions
did not result in a complete precursor decomposition, as the 120 reflection of malachite
(20~ 18°) in CZA-calc. and CZG-calc. and the 200 aurichalcite reflection (260~ 13°) in
CZ-calc. indicate poorly crystalline residues of the precursors (Figure 4.1 b)). The calcination
behaviour is consistent with the results of the TG analysis (supporting information
Figure SI 11.1), indicating a full precursor decomposition at around 550 °C, which is not
compatible with the targeted non-sintered microstructure of the catalysts. Importantly, the
major decomposition happens around 320 — 350 °C, rendering this temperature high enough for
dehydroxylation but low enough to conserve a good cation intermixing and thus the targeted
microstructure. 2 A side effect of this low calcination temperature is the presence of high
temperature stable carbonates which are discussed to stabilize the oxide inter-dispersion after
calcination and to increase the copper dispersion in the final catalysts. 33 52

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 PXRD patterns (Figure 4.1 b)) become broader in the order CZ-calc. <
CZA-cal. < CZG-calc. indicating a decrease in the crystallite sizes. The same order is observed
for an increasing BET surface area (CZ-calc. << CZA-cal. < CZG-calc.), with values around
100 m?g* 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 calcined catalysts. > 32 167 This
allows tracing its origin back to the precursor state, where the secondary promoter suppressed
the crystallization of the aurichalcite side-phase and thus helped to incorporate all species in a
single substituted malachite phase. The higher degree of substitution 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 slightly more efficient compared to the industrially applied Al. A very clear
difference, however, was found in the comparison of CZA-cal. and CZG-calc. to the binary
sample CZ-calc. suggesting the structural promotion is mostly determined by the presence or

absence 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 co-precipitated precursors (coloured column) and their

corresponding oxides (white column) after calcinating at 350 °C for 3 h in static air.

4.3.2 The reduced state before catalysis

43.2.1 Characterization of the activated catalysts

After calcination of the precursors, the pre-catalysts CZ-calc., CZA-calc. and CZG-calc. were
reduced by TPR and the resulting samples CZ-red., CZA-red. and CZG-red. were investigated
by chemisorption methods and PXRD to characterize them right after activation, representing

the fresh state of the catalysts before the catalytic experiments.

The TPR profiles are shown in the supporting information in Figure SI 11.5 on page 214. For
each sample, completion of reduction was found already at 200 °C. The targeted temperature
was set to 275 °C with a holding time of 4 h assure complete reduction, trigger the evolution of
the typical microstructure and to allow for formation of Zn"™? species 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 (SI Table SI 11.11), indicating that a possible
reduction of ZnO to form Zn"™ is not coupled to a large hydrogen consumption, which Zn™
has been clearly evidenced at more elevated temperatures when bulk brass alloy was formed,
but the overall low amount of Zn"? forming under these conditions and/or its stoichiometry
ZnOx with x being close to two makes it hard to determine by TPR experiments. The highest
hydrogen uptake rate, found to be at 159 °C for CZ-calc. and 176 °C — 189 °C for the ternary

catalysts, can be related to the reduction of copper, which is a typical temperature for these
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catalysts. ** The reduction of copper was also confirmed by PXRD analysis of the reduced
samples, which is shown in Figure 4.3, 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 CZA-red. and CZG-red. indicate a smaller crystallize size. Also, the zinc oxide
phase (2 At <q<3A?) in CZA-red. and CZG-red. are clearly different from CZ-red. and
almost XRD-amorphous. In contrast, clear and sharper reflections of ZnO indicate larger
crystallites for CZ-red. Comparing the crystallite sizes of the copper determined by application
of the Scherrer equation to the 111 reflection (Table 4.2), a value of 6 nm-7 nm was
determined for CZA-red. and CZG-red. 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 65 m? g for CZA-red. and CZG-red., respectively, but only less than half for CZ-
red. (26 m? 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 catalysts. * 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) are taken from COD
database. The activation was performed with a flowrate of 10 mly min™* of 5 vol% Hydrogen in
Argon heating up the calcined sample (125 — 250 um sieve fraction) to 275 °C with a heating
rate of 2 °C min't 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 FHI-Std. catalyst (Figure 4.4 a)),
shows the above-mentioned microstructure of alternating metallic Cu and ZnO nanoparticles
that aggregate into a porous arrangement, which is typical for industrial-type methanol
synthesis catalysts. % These poorly crystalline ZnO particles adopt to the usual Wurtzite
structure and represent the primary structural promotion by Zn (coloured red in Figure 4.4).
Close inspection of the images reveals an additional overgrowth of the Cu particles, which was
described as a ZnOx-layer with graphitic structure. 2° This represents the Zn"™d species and thus
the primary electronic promotion by Zn (coloured yellow 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 conditions. 3! In this work, we assume that the red
coloured ZnO support particles act as a reservoir for the yellow coloured Zn"? as depicted by

the arrows in Figure 4.4.
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a) State after TPR - TEM b) State after TPR - Scheme
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Figure 4.4: a) Representative HRTEM image of the microstructure of CZA-red. with coloration
to illustrate the main components Cu particles (brown), ZnO particles (red) and Zn"¢ species
(orange); the original TEM images can be found in the Sl as Figure SI 11.6 on page 215. b)
Schematic representation of this microstructure after TPR. c) - f) Assumed surface states after
the steps in the series of chemisorption experiments with ¢) hydrogen coverage of Cu™", d)
oxidation of Zn™ and Cu™", e) re-reduction of Cu®" only, f) re-oxidation of Cu®""f only. Before
each step, the reactor was purged to receive a clean, adsorbate-free surface. The assumed
meaning of the chemisorption capacities is summarized at the bottom. The Zn"™d species is
represented here as a potentially porous, overgrown ZnO1.x layer on the Cu particle inspired
by the TEM work of Lunkenbein et al. 2 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 between overgrowth and alloy and intermediate states depending on the operating

conditions of the working catalysts as suggested by Pandit et al. 1> seems likely.
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Thus, for a full description of the catalyst’s microstructure, also the dynamic SMSI and its
electronical 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., CZA-red. and CZG-red. to address the formation of Zn™® species. After TPR, four
consecutive chemisorption measurements have been conducted using hydrogen, N2O, hydrogen
and again N0 as probe molecules, but without intermediate reduction at high temperature. The
resulting series of H> transient adsorption (H2-TA) and N20O reactive frontal chromatography
(N2O-RFC) experiments are shown in Sl in chapter 11.6.2.4 “Nitrogen capacities from

chemisorption experiments” starting on page 212.

N20O-RFC is based on the decomposition of N2O into O* and N> at the surface and is well-
established. %% 103104112 The N,O chemisorption capacity was for a long time thought to happen
only on metallic Cu surface species Cu™™ and the results were routinely recalculated into
specific Cu surface areas based on a stoichiometry of Cus"":0 of 2:1 and the surface atom
density of Cul1l. However, the results reported by Kuld et al. 12 and Fichtl et al. % clearly
showed that also Zn™ species can be re-oxidized by N2O leading to a higher capacity compared
with hydrogen as a probe molecule and thus to an overestimation of Cu*" in Zn-promoted

catalysts.

Our chemisorption analysis adapts the measurement protocols of Kuld et al. 12 and Fichtl et al.
%9 presented in their chemisorption analyses of Cu-based catalysts and takes their conclusions
into account. After activation by TPR at 275 °C, the reduction of Cu has generated metallic Cu
surface sites Cu*" and possibly additional Zn™d. 154 In the first Ho-TA, Cu™ is covered by
hydrogen, while based on a H.-TPD experiment of Fichtl et al., ® in which no hydrogen
desorption from Zn™" up to 127 °C was observed, Zn"? is assumed not to interact with hydrogen
strongly. % 12 Thus, we can assume that this first Ho-TA experiment only probes Cu*'" with a
given adsorption capacity. After purging to clean the surface from any adsorbate, a regular N.O-
RFC was conducted. We assume that the N2O chemisorption capacity in this chemisorption
step is a measure for the sum of Cu™™ and Zn™" species at the catalyst’s surface, which are
converted to Cu*",0 and ZnO by O*. 12 In a second Hz-TA, Cu* in Cu™™,0 is reduced back
to Cuf 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 the re-formation of Zn", 112154 Thys,
the second Hz-TA will probe the re-reduction of the Cu*",0 layer plus the adsorption capacity
due to Cu™"™ As the latter was already determined in the first Ho-TA, the amount of Cus“f can
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be calculated by the difference in the adsorption capacities of the H>-TAs prior and after
N,O-RFC following Kuld et al. 2,

Furthermore, a fourth chemisorption experiment or second N>O-RFC will start from a state with
Cu™", but no Zn" at the surface, which already has been converted in the first NoO-RFC and
cannot be re-formed at low temperature. This is why the second N2O-RFC can be referred to as
a “Zn"-corrected N2O-RFC” for Cu supported on reducible oxides. Like the two Hz-TAs, the
difference in N2O chemisorption capacities of the first (Cu™™™ + Zn"™) and the second

measurement (Cu™"" only) can be used to determine the amount of Zn"d,

For the sake of a better comparison, the surface states of the three catalysts are discussed based
on the nitrogen releases (or O* capacities) during N2O-RFC before and after intermediate Ho-
TA. With this method, the sum of Cu*""fand Zn" in the first N.O-RFC can be directly compared
to the Cus“f only in the second N.O-RFC, and the amount of Zn" is the difference of the two
values. (Figure 4.5). Comparison of the relative differences among the samples in Cu"
determined by this method and independently by the comparison of the two H>-TAs shows a
slight deviation of the Cu"f determined by N,O-RFC (SI, Figure SI 11.10). The results derived
from H2-TA underestimates the N2-capacities of the second N2O-RFC by around 24 % - 50 %.
Such underestimation can be explained with the error of the analysis of low Hz concentrations
and the minimal concentration changes. Kuld et al. **? described a underestimation of the Cus"'f
by 12 % compared to the correct H.-TPD analysis 112, The Ho-capacities are in a similar range
for CZA and CZG and significantly higher than for CZ. Overall, the Ho-TA describes the Cu"
sites in a similar way as found for the N»-capacities, but because of the above-described
uncertainties, only the results of the N2-capacities are considered in the following comparison

as a more reliable description of the Cu™" sites.

The nitrogen release of the reduced catalysts assigned to Cu™f show a trend CZA-red. =
CZG-red. >> CZ-red. with a similar amount of Cu*"™" in CZA-red. and CZG-red., which is more
than doubled compared to CZ-red., and thus is consistent semi-quantitatively with the BET
surface areas, with the differences in crystallize sizes and with the results of the H>-TA. We
thus propose that the structural promotion effect by the secondary promoters directly results in
increased amounts of Cu™" sites due the above-discussed described steric arguments. The
mechanisms of structural secondary promotion can be traced back to precursor chemistry:
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 particles that is reflected in the amount of Cus*"" 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 Cu", 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 size-scaling effect due to structural promotion by the secondary promoter (Table 4.2).
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Figure 4.5: Nitrogen capacities of N2O-RFC of the prepared catalysts. The first column of each

catalyst corresponds to the titration after reduction at 275 °C in 5 % Ha/Ar (Cu*"™+Zn"d). The
second column per catalyst corresponds to the Cu*'" sites, determined by N2O-RFC after

reduction in Hz-TA. The last column of each catalyst is the calculated amount of the reduced
Zn species (Zn"?) of the two previous columns.
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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 (dcu, reduced, PxrD) Were performed on the Cu 111 reflection

by applying the Scherrer equation. The surface area AgeT, reduced Was determined by N>

physisorption, and the surface area Acysurf was determined by N.O-RFC after carefully

reducing the Cu20 by Ha-TA. D4 describes the quantity of exposed Cu surface

CusurfVvs. ABET reduced

to the total surface of the reduced catalyst.

Sample 4 BET, reduced ACuSWf ’ DACuSWf S ABEZ dCu, reduced, PXRD
m? g-10xide m? g-]Calc. reduced nm
%
CZA 72 13 18 7
CZG 65 13 20 6
Cz 26 5 19 17

Interestingly, the amount of Zn™ determined using the above-described 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. >> CZG-red. ~ CZ-red. with the amount of Zn" being clearly highest for CZA-red.
Note that these details cannot be deduced from the first N2O-RFC alone, which shows the sum
of Cu" and Zn"? with a trend CZA-red. > CZG-red. > CZ-red. as an information on both
structural and electronic promotion. In fact, for the secondarily promoted samples, the increased
nitrogen release right of CZA-red. after reduction is strongly affected by the re-oxidation of
Zn"d sites.

Based on chemisorption alone, no information about the detailed nature of Zn™ is possible.
However, its re-oxidation by O* during N2O-RFC is anyway compatible with both, the partial
and full reduction models leading to ZnO1x overgrowth (x < 1) 20 80 114 or syrface alloy
formation 2% 112 154 (x =0). The dynamic formation of intermediate states with the co-existence
of ZnO1x and the surface alloy also seems likely and has been suggested by Pandit et al. 1>
based on DFT calculations and Zn K-edge XAFS investigations of an inverse ZnO1.x/Cu/MgO
catalyst subjected to different reduction temperatures. ** In this study, all catalysts have been
subjected to the same reduction treatment at 275 °C in hydrogen and differences in the extent
of reduction, i.e. different extents of Zn' formation, should be due to the different promotion

of the catalysts. Interestingly, considering that at full reduction Cu*'"" and Zn"® might be present
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in a surface alloy CusZn 2 ' and assuming an oxidation into Cu®0 and ZnO by
N2O-RFC, 69112 3 Zn"d:Cus" ratio of 1:1.5 would be expected, which is only slightly exceeded
in CZA-red. and clearly not achieved in CZG-red (SI, Table SI 11.12). Due to the low capacities
of CZ-red. in the range of the error of the measurement, no safe conclusions on such ratios are
possible for this binary catalyst. However, we clearly find different amounts of Zn"?with CZA-
red. having reached an almost fully reduced state of the surface if surface alloy formation with
a CusZn stoichiometry is assumed, and significant lower extent on Zn"d formation in CZG-red.
at an otherwise similar microstructure and a similar amount of Cu*“"" This result indicates that
the different reducibility for the ZnO components depends on the secondary promoter, 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 Zn™ in CZA-red. than in CZG-red., 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 CZ-red. Both on CZA-red. and CZG-red., CO chemisorption was hardly possible
and only CZ-red. showed the expected vibration band for adsorbed CO on Cu™" at initially
2112 cm!, assigned to defective Cu sites, Cu™ with or without very thin ZnO coverage 691"
and an additional band at 2140 cm* which correspond to Cu* sites 1! as a residue of incomplete
copper reduction. After longer exposure, the band at 2140 cm™ disappeared (Figure 4.6,
40 min) as completion of Cu* reduction to Cu® by CO and a slight red-shift to 2105 cm™ was
detected which is assigned to Cu™ on a oxidic surface giving evidence for a close Cu-ZnO
interaction. 1"* Simultaneously, the absorption around 2091 cm* could be assigned to a Cu/ZnO
interphase 1’° or a linear CO adsorption on Cu 110 facet 1*. However, wavenumbers below
2100 cm™ can be assigned to metallic Cu® 16° 172 put still no band developed on the secondarily
promoted catalysts. This suggests that the catalyst surface was completely modified and did not
allow for the on-top adsorption of CO on Cu", likely due to Zn'™ species (Figure 4.6). Similar
results have been reported before %, and are interpreted here as a successful modification of
all Cu™ sites on the smaller Cu particles in CZA-red. and CZG-red. by the clearly detected
Zn™ 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 on CZ-red. with a lower

amount of Zn"d, however, seem to still expose unmodified Cus"
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Figure 4.6: 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 5 % Hz 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 promoter Al or Ga is at least partially
incorporated into the primary promoter ZnO as a dopant. 3 The 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 Al by 2’Al MAS-NMR in the reduced and for
Ga by Ga K-edge XANES in the pre-catalyst. ** We have recently confirmed that the
incorporation of Al in ZnO is possible by co-precipitation using a synthesis route that is
analogous to the catalysts synthesis but without the copper component, yielding diamagnetic
samples that were analysed by 2’Al MAS-NMR and determined the solubility limit of AI®*
residing in the Zn?*-sites of ZnO for this synthesis method to 1.3 mol% Al in ZnO:Al. 12 Optical
spectroscopy confirmed the modification of the opto-electronic 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 of the Cu surface in the catalysts.

For CZG-red., the speciation of the secondary promoter was further analysed by Ga K-edge

XANES after in situ-reduction. The catalyst was reduced in 20 % Ha in N in a cell reactor 173
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and Ga K-edge XANES spectra were recorded at 250 °C in flowing hydrogen representing the
activated state of the fresh catalyst. XANES spectra of Ga-oxide reference materials were
combined to a model fitting the CZG spectrum (Figure 4.7) using linear combination analysis.
According to the data of the eight best fits generated, the ZnO/3 %Ga ( a Ga doped ZnO
(Zn0: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, Ga®* is 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 250 °C in 20 % H: 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 pre-catalyst state or for Al in the reduced state, 3* which 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 SMSI, i.e., on the reducibility of ZnO was investigated by DFT assuming
that an increased reducibility of the primary promoter directly affects the amount of Zn"™ on
the catalyst’s surface. Reducibility of the Ga and Al doped ZnO was tested in two ways — by
formation of oxygen vacancy and Zn vacancy. First a four layers thick 4x2 large ZnO 110 slab

was used and calculated single surface oxygen and 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 present in the Table 4.3 and the structures are shown as Sl in Figure S1 11.16.
The results show that oxygen vacancy formation is easiest for the undoped ZnO and is slightly
less favoured for Ga and Al substituted systems. This result reflects the higher valence of the
trivalent dopant, which requires more oxygen atoms for charge compensation. On the other
hand, formation of Zn vacancies, which can be seen as the system’s ability to act as a reservoir
for Zn™ assuming that the Zn atom migrates from ZnO to the Cu surface due to SMSI, is
favoured in 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 Ga and 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 results suggest that Zn"d formation from Al doping is indeed favoured
compared to the Ga dopant, explaining the stronger electronic promotion effect of CZA
compared to CZG reflected in a higher Zn"™® amount determined by chemisorption. Thus, we
propose a scenario, in 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 for Zn™® by increasing its reducibility and favouring

a Zn" spillover to the copper particle.
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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 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
ZnO — bulk 0 0
GaznO - bulk +0.41 -2.15
AlZnO - bulk +0.34 -2.47
4.3.3 Summary of the Microstructural Characterization and the

Secondary Promotion 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 ways: (i) It acts
as a structural promoter leading to a higher Cu dispersion and larger specific Cu surface areas,
and (ii) 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 with Zn"™¢ species.

The former structural promoting effect is mainly explained by the effect of the secondary
promoter on the phase evolution during catalyst synthesis favouring a more nano-sized
malachite precursor material with a higher degree of substitution. This promotion is carried
over from the precursor to the pre-catalyst and finally to the reduced catalyst and was found to
be similar for CZA and GZG leading to a larger amount of exposed metallic Cu sites with a
clear distinction from the binary CZ. The latter electronic effect is explained by an activation
of the Zn"™-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 exposed Zn"™® on CZA 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 the three catalyst’s microstructures can be derived,
as schematically shown in Figure 4.8. 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 exposed Cuf (blue area) and Zn™¢ (yellow
coverage). The amount of Cu™™ was similar for CZA and CZG and higher than in CZ in
accordance with a more or less fixed ratio of the “green” and “blue” areas. The amount of Zn",
however, was different in all three samples. Zn™ is represented in Figure 4.8 inspired by the
ZnO1x overgrowth model % in which the thickness of the overgrowth is a measure for the
amount of Zn™d, However, the same considerations hold true for the Cu-Zn surface alloy
model,'!2 in which the thickness of the yellow parts in Figure 8 would represent the Zn content
of the alloy and thus is an analogous measure of Zn"™d. The amount of Zn"™¢ is the highest in
CZA. It is moderate in CZG, but still sufficient to modify all Cu-based adsorptions sites as
shown by DRIFTS. Least Zn™ is found in CZ, where also unmodified Cu"* sites are exposed.
This model of the microstructure and surface properties of the three catalysts will be used in
the following to discuss the catalytic activity and stability.

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 the Cu-Zn interaction
depending on the secondary promoter. The value of the PXRD crystallite size is demonstrated
as green ring, the Cu™" sites determined by N,O-RFC are presented as a blue ring and the

Cu"+Zn" sites are presented as a yellow surface.
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4.3.4 Catalysis of the copper zinc oxide-based 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 in Figure 4.9.

Reduction CO/H, CO,/H, CO/H,
&
Stabilization
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Figure 4.9: Methanol yield of the CZA (black), CZG (red) and CZ (blue) catalysts
(125 — 250 um particle size fraction) at 235 °C and GHSV = 1700 h. The feed gas was
H2:COx=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 eyes.

First the catalysts were tested in CO hydrogenation using stochiometric feed gas at the
experiment’s reference conditions. Afterwards, the hydrogen partial pressure and the reactor
pressure are changed to determine the influences of these process parameters on the catalytic
performance. Each catalyst was investigated at four different temperatures (205 °C, 220 °C,
235 °C and 245 °C) and at three different GHSVs (1200 h%, 1700 h't and 3600 h™2).

As shown in Figure 4.9, during CO hydrogenation at 235 °C, the equilibrium methanol
formation was not reached. Only after adding 15 % - 50 % 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 GHSV of 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 (CO+COy), the higher GHSV of 3600 h'* will be
used for discussion of the results, since the CZA catalyst reached at 1700 h! already the

equilibrium, as shown in Figure 4.9.
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43.4.1 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 125-250 um size fraction. In a) the hydrogen partial pressure variation
at 1700 h't, 30 bar, 220 °C, in b) the pressure variation at 1700 h-1, H2:CO = 2 and 220 °C, in
c) the gas hourly space velocity (GHSV) variation at H2:CO = 2, 220 °C and 30 bar and in d)
the temperature variation at 1700 h, H,: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 shown in Figure 4.10.

By increasing the hydrogen partial pressure (Figure 4.10 a)), 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 hydrogen 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 0.5 vol% concentration change. The pressure variation (Figure 4.10 b))
demonstrates that the methanol yield strongly follows the reaction pressure. This is not
surprising, since methanol synthesis is a mol reducing reaction and therefore it is favoured by
thermodynamics at higher pressure and the catalyst performance follows this trend, while their
relative Kkinetic differences remain. Even at these conditions, the catalysts did not reach
equilibrium in methanol yield with a GHSV of 1700 ht at 220 °C.

Comparing the catalyst’s performance dependence on the GHSV (Figure 4.10 c)), the methanol
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 CO., there is no inhibiting coupled product
H-0. 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 ranking of the three 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. 1%

Regarding the temperature variation, thermodynamics Favor 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 Arrhenius behaviour as
shown in Figure 4.10 d). At 245 °C the catalysts approach the equilibrium methanol yield
compared to the kinetic regime at 205 or 220 °C. 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 catalyst. This trend is reflected by the lower apparent activation energy in
methanol formation for the secondary promoted catalysts. The apparent activation energies was
determined to 99 kJ mol™* for CZA, 104 kJ mol™* for CZG and 109 kJ mol™ for the reference
catalyst (SI Figure SI111.18 and Table SI 11.14). This values are in accordance with the
reported apparent activation energy in CO rich synthesis gas around 100 kJ mol™? 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 372 % 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 = 235 °C, GHSV = 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 continuously (Figure 4.11 a)). The relative formation rates (shown in
Figure 4.11 b)) reveal that CZA was the most stable catalyst and lost 15 % of its 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 ~180 °C, caused by its meta stable facets, Ostwald ripening and coalescence of
copper. 3059174176 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 the catalyst’s microstructure. Since each catalyst had the same
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 of a secondary 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. 5 %167 Under finite conditions of pure CO hydrogenation, catalyst deactivation is
observed to be relatively low and stabilizing intermediates were suggested as the reason. *°
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 considered that finite conditions were not
present, since the catalysts did not reach equilibrium methanol yield (Figure 4.9 and
Figure 4.10).

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 TOS before 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 applied. 3* % The fitted linear
slopes are shown in Figure 4.11 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 (b)) was still clearly higher than for the CZ catalysts.
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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 represent the 95 %
prediction band. b) Relative methanol production evolution of each catalyst normalized the
initial methanol formation rate to 100 %. Reaction conditions: 235 °C, H.:CO = 2, 30 bar and
GHSV of 1700 ht,

To better understand the structural changes and to relate them to the deactivation of the catalyst
during methanol synthesis, the spent catalysts were investigated by PXRD analysis
(Figure S1 11.19). Note that the spent samples were recovered after the stability experiment
described above plus the subsequent variation in CO> partial pressure, which might have had
an additional influence on the catalyst’s microstructure. The copper component was detected
as a mixture of metallic Cu and CuO the latter being the product of catalyst passivation and
handling in air. Compared with the 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 1200 h't, more intense reflections of ZnO (and CuO) are present in CZA
and CZG than for the highest GHSV of 3600 h. 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, CO> hydrogenation, which leads to H>O 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 non-oxidized 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 1" during passivation and sample transfer than the larger particles in CZ. For a more
suitable comparison with the fresh state, the spent samples were re-reduced and re-analysed by
PXRD (Figure 4.12). Compared to the fresh state shown in Figure 4.3, 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 for CZG in the fresh state, were now
determined to be 12 nm for CZA and 13 nm for CZG after methanol synthesis (Table 4.2 and
Figure 4.12). This indicates a strong sintering of the Cu nanoparticles, even if the catalyst was
held under isothermal conditions at only 235 °C. 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 N2O capacities of a third N2O-RFC experiment after re-reduction,
which dropped by around 60 % (CZA), 50 % (CZG) and 65 % (CZ) compared to the first N2O-
RFC of the fresh catalysts (Figure 4.13 a)). The excessive loss in N2O chemisorption capacity
detecting Cu™" and Zn" in the light of the smallest Cu particle growth in CZ suggests that this
catalyst undergoes an overproportioned loss of Zn"™¢ sites during deactivation compared to the
secondarily promoted catalysts. Unfortunately, the amount of sample was not sufficient for a
renewed sequential chemisorption series of NoO-RFCs and H2-TAs. However, the absolute N>O
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 higher absolute 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

30 bar, 235 °C, H2:COx = 2. The bar charts of the references are from COD (in black for copper
(001512504), in grey for zinc oxide (002300450)). The reduction was performed with 5 % H>

in Ar with a heating ramp of 2 °C min to the target temperature 275 °C, which was held for

4 h.
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Figure 4.13: Comparison of the specific copper surface area determined by N.O-RFC for the
fresh and spent catalysts after 1200 h time on stream at 235 °C, GHSV of 1700 h%, H2:COx = 2,

30 bar.
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4.3.4.3 Activity in hydrogenation to methanol in presence of CO2
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Figure 4.14: Methanol yield during CO+CO: hydrogenation at H2:COx = 2 and 30 bar with
125-250 um size fraction of the catalysts. In a) the CO, amount variation at 220 °C and
GHSV = 3600 h™in b) the GHSV variation at 220 °C and xco, = 0.15 and in c) the Temperature
variation at GHSV = 3600 h™* and xco, = 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. The 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 CO», while maintaining a H2:COx ratio of two. A low amount
of 15 % CO; increased the methanol yield significantly for each catalyst (Figure 4.14 a)).
Further increasing CO2 concentration results in a decreasing methanol yield. Nevertheless, the
methanol yield stayed on a higher level than for pure CO hydrogenation even for 50 % CO..
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 CO2 was previously described by
several researchers with the strongest effect found between 2 % and around 12 % CO:
concentration into the feed gas. °® 181 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 CO, precursor. ® The insertion of CO; 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 CO, and new formate that can be hydrogenated to methanol. > 16 1%
Simultaneously, the formed methanol can promote the methanol synthesis via an autocatalytic
pathway involving methyl formate at a later stage of the reaction mechanism. & However,
further increase in the CO> concentration leads to high water concentrations into the product
stream, poisoning the catalyst by product inhibition. ° Furthermore the ZnO promoter
undergoes structural changes at the cost of the SMSI effect, inhibiting the autocatalytic pathway
of methanol. 3 3% 18 Ag described by Sahibzada et al., 58 this decay in methanol yield with
increasing CO2 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 CO2 content due to the faster reaction of the CO; precursor.

In our experiment, the decay of methanol yield at 30 % and 50 % CO- thus indicates integral
conditions and the boosted methanol formation has brought in particular CZA strongly 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 1700 h and also for CZG
at 1200 h* (Figure 4.14 b)). The slight exceeding of the equilibrium yield in Figure 4.14 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 15 % 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 most left-hand side of Figure 4.14 c) 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 by their accelerated kinetics, bringing the reactions towards
equilibrium. Already at 235 °C, CZA reached equilibrium methanol yield and then follows the
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equilibrium line to 245 °C. The measurement at 220 °C 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 highest GHSV and lowest
temperature of 205 °C. Unfortunately, at these 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 220 °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 of CO. The relative effect of secondary promotion was 173 %
for CZG and 457 % for CZA referenced to CZ at the above-mentioned 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 CO». During 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 smaller Cu particle size was conserved for long time on stream compared to CZ. The similar
microstructure of the two catalysts with the 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 COz. This 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 CO> hydrogenation leading to an activity of roughly 173
% of that of CZ, the addition of Al showed a larger impact in CO2 hydrogenation (457 %) than
in CO hydrogenation (371 %). Considering that CZA show the larger electronic promotion
effect with a higher amount of Zn"™, this results is in line with the proposal that Zn"? helps the

formate intermediate to be activated in the CO, pathway to methanol. ??

Quantitative linking of the characterization results of the fresh catalyst with the catalyst
performance in our long-term 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 reactor. 1" 18 Qur
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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 CO2 hydrogenation 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 chemisorption properties of a freshly reduced catalyst and
the earliest catalytic data point of the CO hydrogenation reference activity data around
200 hours TOS and the CO: hydrogenation data (15 % CO) obtained at 220 °C and
GHSV = 3600 h*. The same activation protocol was followed for the chemisorption and the
catalytic experiments (Treq = 275 °C),

An approximately similar TOF is expected for the methanol formation sites under the following
assumptions: (i) the active sites involve Cu™", e.g., for hydrogen or formyl 6 activation.

(ii) They also contain Zn™, eg. for the activation of O-bound

intermediates 2% 14 such as formate or methoxy.
(iii) 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 Cus"™+zn"d Cu*"f only and Zn"? only (of the fresh catalysts) as
well as the corresponding methanol productivities (at the above-mentioned conditions) are
shown in Figure 4.15 a) for CO hydrogenation and in Figure 15 b) for CO hydrogenation.
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 Cus"™+Zn"™d 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 indeed both Cu*" and
Zn"d sites might be involved in the active sites for CO hydrogenation. Based on the potential
diagram presented by Studt et al., 1® it may be speculated that the former activate the C-bound
formyl intermediates early in the mechanism, which spill over to the latter once the intermediate
changes to O-bound methoxy. Contrarily, a scattering of the TOFs was found for the Cu*"- and
Zn" sites. The scattering shows that the synergetic interplay of Cu*“™ and Zn™, 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 investigations. 112 1% This hypothesis is in line with the previously observed
scaling of activity with the chemisorption capacity determined by N>O-RFC, 2 but enhances
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the interpretation beyond a pure Cu surface area effect taking also the Cu*“"-Zn" synergy into
account.

For CO2 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 Cu™+Zn" are closer than the pure Cu*“"for Zn"sites. Beside the fact, that more than 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 hand, CO: is preferably
converted to methanol in a mixed synthesis gas ! leaving surface oxygen and hydroxyl groups,
which enables the activation of CO as a formate intermediate and following the formate route
to methanol % %5, In this case of a mixed feed gas composition, Zn"? can be considered as a
thermodynamic sink taking out the redundant oxygen by oxidizing to ZnO. ?226:157 |n this case,
the TOF should follow the Zn"™ trend more than the combination of Cu**" and Zn". However,
it can be assumed, that the present CO in synthesis gas is activated as formate on such oxidized
Zn"d species and scavenging the formed water. The experiments does not deliver hints to the
extent of re-oxidized Zn"? 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 both Cu*“"fand Zn™ sites.

a) a5 ) 45
8 8 I:I TOF yeom, cu + 21
I:I TOF, MeOH, Cu*+Zn"™d - TOF,
7 | TOF,y 0, cyeun 40 MeOH, G 40
' I 7OF o, 2o
- TOFMQUH, zned s P i
6] ° Pueon 6 351 oot 35

]
1
w
o
L

N
w»
|
T
N
(3,1

F -9
F-9
e
(=]
Pyon ! mol kg™ bt

w
TOFyeon ! s -107
N
[=]

TOF ooy ! 871 10°

-
[3,]
1

Pyoon ! mol kg™ h™!
s

nN
N

-
<
1

CZA c26 z O A cz6 cz
Figure 4.15: Turnover frequency of the CZA, CZG and CZ in methanol synthesis a) at 1700 h,

235 °C, H2:CO = 2 and 30 bar after 200 h TOS and b) at 3600 h', 220 °C, H2:COx = 2,

Xco, = 0.15 and 30 bar after 800 h. The first column (yellow) is based on the Cus“"™+Zn"d, the

second column (blue) is based on the Cu*"and the third column (grey) is based on the Zn"d,
determined by N.O-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 promotion effect 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 species Zn™, respectively. We were

able to quantify the absolute chemisorption capacities as well as the ratio of metallic Cu surface

sites Cu™" to Zn" sites for three catalysts without secondary promoter (CZ) and with 3 mol%

of Al (CZA) or Ga (CZG) as secondary promoters. The major results of the secondary

promotion effect are:

66

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.

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

In addition, an electronic promotion effect was present, which caused different amounts
of Zn™ at the catalyst’s surfaces. This effect was clearly stronger for Al than for Ga
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 Cus“"f were detected.

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 K-edge XANES. DFT calculations show that, with a secondary promoter doped
ZnO acts as a more efficient reservoir for Zn™ species by stabilizing the resulting Zn
vacancies. In line with the experimental observations, a stronger effect was found for
Al compared to Ga.

In methanol synthesis from CO or CO,, CZA was the most active catalyst followed by
CZG and CZ. After industrially relevant test duration of 800 hours’ time on stream, the
structural promotion effect was mitigated by Cu sintering, but still partially maintained.
This led to similar crystallite sizes and chemisorption capacities of the spent CZA and
CZG, while CZ showed larger particles and lower surface area.

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 Zn"d on the former catalyst.



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

e 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 Zn"™? 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 enhanced picture of the

active catalyst’s microstructure has been presented.
Supporting Information

Supporting Information for this article can be found in chapter 11.6 (Supporting Information to
”On the secondary promotion effect of Al and Ga on Cu/ZnO methanol synthesis catalysts™)

starting from page 203.
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Abstract

The preparation of Al-doped ZnO via thermal decomposition of crystalline precursors, with a
particular emphasis on kinetic effects on the solubility limits, was studied. The promoting effect
of AIP* on the catalyst system is discussed for methanol synthesis where ZnO:Al is employed
as a support material for copper nanoparticles. The synthesis of the Al-doped zinc oxides in this
study was inspired by the industrial synthesis of the methanol synthesis catalyst via a co-
precipitated crystalline precursors, here: hydrozincite Zns(OH)e(CO3).. 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 calcination of the
precursors. Short precipitate ageing time, low ageing temperature and aluminium contents
below 3 mol% metal were advantageous to suppress crystalline side-phases in the precursor,
which caused an aluminium segregation and non-uniform aluminium distribution in the solid.
Even if zinc oxide was the only crystalline phase, TEM revealed such segregation in samples
calcined at 320 °C. Only at very low aluminium contents, the dopant was found preferably on
the zinc sites of the zinc oxide structure based on the Aly,, signal dominating the 2’Al NMR
spectra. The solubility limit regarding this species was determined to be approximately
Xa1 = 0.013 or 1.3 % of all metal cations. Annealing experiments showed that aluminium was
kinetically trapped on the Al;, site and segregated into ZnAl>O4 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. 182
185 Several studies addressed the band gap engineering to improve the optical or electronic
properties. 183 18 Incorporation of a trivalent cation like aluminium in the zinc oxide lattice

introduces one extra electron, which results in a promoted n-type semiconductor. &

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 energy. 188191 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 copper/zinc oxide catalyst contains around 10 % aluminium oxide for industrial
methanol synthesis from COx/H> mixtures (synthesis gas). It has been demonstrated that
aluminium promotes the catalytic activity by improving and stabilizing the nano-structuring of
the catalyst (structural promoter) as well as the strong metal-support interactions between zinc
oxide and the copper nanoparticles (electronic promoter). Small amounts of this trivalent cation
also increase catalyst lifetime and reduce copper sintering. 313+ 153 The doping effect of bivalent
(Mg?*) and trivalent cations (AI**, Ga®") in zinc oxide supports on the activity in methanol
synthesis was further investigated, 3" and 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 discussed because of aluminium incorporation similar to
semiconductor research. Contrarily, a bivalent cation does not lower the band gap nor improve
the catalytic activity significantly. 3 This finding is in line with studies, which found a
correlation in conductivity increase by trivalent cationic-doped zinc oxides and a decrease for
cationic dopants of lower valency. 192 19 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 AI** cation and could be related to the reducibility of

doped zinc oxide under the hydrogenation conditions in methanol synthesis. 3/

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 (Aly,) in the zinc oxide lattice. 3 Contrarily, a segregated aluminium oxide side-
phase in a doped zinc oxide sample could suppress the electronic promotion by its insulating
properties. 146194 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 the synthesis route
and was estimated to be between 0.1 at% and 5.2 at% aluminium in zinc oxide, 144147, 149, 195
The determination of the substitution was performed with several techniques, like optical
measurements 146, the reduction of dichromate °°, scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX) analysis 1°, Raman-spectroscopy #, resistivity
measurements 4" and %’Al solid state nuclear magnetic resonance (NMR) spectroscopy. 4°
With the help of 2’ Al NMR different aluminium environments can be resolved and assigned to
the different coordination numbers of aluminium.143 148 149. 19 | this regard the 2’Al NMR
signal at diso= 82.6 ppm could unambiguously be assigned to aluminium on a zinc position in
the ZnO crystal structure Alz,, *¢ and Knight shifted signal gave evidence of the targeted n-

doping leading to an electronic conductivity.#?
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With that method, the solubility limit is determined in a closer range of 0.3 at% to < 2 at%
aluminium in ZnO depending on the synthesis procedure and the synthesis temperature. 142 143
148,149, 196 The inconsistencies regarding the solubility limit are subject of this contribution. The
hypothesis of a solubility limit is consistent with quantum-chemical investigations that
suggested a solubility limitation by the formation of the spinel ZnAl>Os, which acts as
“thermodynamic sink” and inhibits formation of highly doped ZnO variants. %" This is in
agreement with earlier experimental work, where for a ZnO/Al>O3 mixture at temperatures
lower than 1250 °C a solubility limit of < 0.2 % was suggested by X-ray diffraction. 1 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 side-phases which impose a
thermodynamic limit as suggested by theory. °’ Clearly, such an investigation requires an
analytical technique which can identify and quantify the different chemical environments of the

Al atoms and a low-temperature 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 as 300 - 400 °C the Alz, NMR
signal was observed to have a high intensity.#? 143 Furthermore it was found that the metallic
character of ZnO:Al depends on the atmosphere, i.e. a reductive atmosphere may increase the
metallicity of ZnO:Al as indicated from the formation of a Knight shifted 2’Al NMR signal. 1%
19 For methanol synthesis, which inspired this work, the zinc oxide catalyst support is calcined
in an oxidative atmosphere at a comparable temperature around 350 °C. 8 It is the goal of this
work to investigate the solubility limit of Al-doped 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 using co-precipitation of crystalline
hydroxycarbonate precursors, which is the established method for synthesizing Cu/ZnO:Al
catalysts. In this case, the copper component was omitted to focus on the support. 12 This 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 substitution chemistry 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 inter-dispersion of both elements after calcination. Within our
study, the question towards maximum substitution limit of AI** ions 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 knowledge of the aluminium species

and amount. Here, we report on the as-prepared 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 atoms, i.e. the cation-based molar aluminium fraction xaj calculated as shown

in equation M 5.1.

nai

ny+nzy M 5.1

Here, n; is the molar amount of element i (i = Zn, Al). Nominal values refer to the amount

XAl =

utilized during synthesis, which was found to match satisfactorily to the experimental values

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

5.2.2 Precursor synthesis

The hydrozincite precursor was synthesized by co-precipitation 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 temperature of 65 °C
and at a constant pH of 6.5. Appropriate ratios of zinc and aluminium nitrate, with a purity
>98 % (SI, Table SI 11.17), were chosen to reach nominal compositions ranging from 0 % to
10 % Al (0 = xa = 0.1). As precipitating agent, 1.6 M sodium carbonate solution was co-fed
into the reactor. The dosing rate of metal salt solution was adjusted to 4.2 g min. 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 lower than 100 uS cm™ and was subsequently
dried at 80 °C for minimum 14 h. This synthetic procedure corresponds to the industrial
preparation of the Cu/ZnO:Al catalyst for methanol synthesis ° with omittance of copper salts

in the co-precipitation.

For a time-resolved ageing experiment, a synthesis as described above was carried out with
aluminium content of 2 % (xa = 0.02). After the finish of co-precipitation, the first sample

(t =0 min) was taken out of the reactor before precipitate ageing. At ageing times of 10 min,
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30 min, 60 min and 120 min, additional samples were collected. The total amount of the slurry
removed was around 30 ml. After 120 min, the remaining suspension was aged for additional
12 hours in a Teflon-lined steel autoclave (275 ml) under solvothermal conditions at 130 °C.
The Teflon-lined 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 80 °C for minimum 14 h.

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

and visualized in Figure SI 11.20.

523 Zinc oxide synthesis

The zinc oxide samples were synthesized by calcination of ground hydrozincite precursor
obtained from the above-described co-precipitation synthesis. The calcination was performed
at 320 °C with a heating ramp of 2 °C 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 catalysts °’. Further calcination experiments at
higher temperatures were performed under similar conditions except for varying the target

temperature.

524 Characterization methods

Powder x-ray diffraction (PXRD) analysis of the precursor phases was performed on a
Panalytical X'Pert Pro MPD diffractometer in Bragg-Brentano geometry with Ni-filtered Cu-
K. radiation and a fixed divergence slit (1/2°) and a PIXcel 1D detector. The patterns were
recorded at room temperature between 4° and 90° 2. Temperature 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 range of 35 — 350 °C with
increments of 20 °C up to 110 °C and 5 °C further to 350 °C. The collection time for each

pattern 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 Cu-K, radiation and a LYNXEYE XE-T detector. The
diffractograms were recorded in reflection in a Bragg-Brentano geometry at room temperature
between 5° and 90° 26. 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 6.0. 2% Instrumental line
broadening was described using the fundamental parameter approach 2! as implemented in
TOPAS and cross-checked against a measurement of LaBe (NIST SRM 660c).

Brunauer-Emmet-Teller (BET) surface  measurement was performed as nitrogen
physisorption at 77 K in a Nova 3200e sorption station from Quantachrome. Before recording
the isotherms, the samples were degassed under vacuum at 100 °C (hydrozincite) and 250 °C
(zinc oxide) for 5 h. Afterwards the isothermal profiles between p/po = 0.0 and 1 referred to a
reference cell were recorded. The multipoint BET surface area was determined by applying the
Brunauer-Emmett-Teller equation to a specific range of each sample, determined by the
micropore assistant of the NovaWin Software only considering the volume increase.

Scanning electron microscopy (SEM) micrographs of 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 around 1 mg sample in 2 ml Ethanol was used for drop-casting of
200 pL on single crystal silicon plates. Afterwards the sample holder was dried at 80 °C on a
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 carbon covered stainless steel pin mount

sample holder.

Transmission electron microscopy (TEM) analyses were 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 n-Butanol (spatula tip sample in few drops of n-Butanol) and prepared
on Cu lacey TEM grids. The pure zaccagnaite reference sample was prepared in a dry state

without n-Butanol.

Infrared resonance spectroscopy (IR) 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™*, To suppress water and CO; signals from the atmosphere, the device was placed in a

glovebox of MBraun with argon atmosphere.

UV/Vis-spectroscopy at <88 K was performed on a 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 (25 °C) spectrum was recorded under vacuum. The 88 K (-185
°C) spectrum was recorded after cooling down with liquid nitrogen. When the sample was
heated up to room temperature (27 °C) 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 used only to determine qualitatively
the band gap energy change by UV/Vis spectroscopy in dependency of the aluminium

incorporation.

Raman-spectroscopy of 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 mwW was used. The Raman shifts were recorded in the range of 100 cm™ to
3500 cm™.,

Solid state NMR-spectroscopy of all 2’ Al solid-state NMR experiments were performed on the
Bruker Avance Neo NMR spectrometer with a magnetic field of 14.1 T using a commercial
Bruker MAS probe head with a non-Al-stabilized zirconia ceramic rotor with 3.2 mm outer
diameter at a frequency of 156.375 MHz. The chemical shift of 2’Al is reported relative to a
1.1 mol kg solution of AI(NO3); in D.O on a deshielding scale. 2°% 23 The referencing was
done by using 1 % TMS in CDCIls as external secondary reference for the *H resonance
frequency using the Z scale as suggested by the IUPAC. All Al MAS NMR measurements
were performed using 20 kHz spinning frequency and continuous wave H decoupling. For
quantitative 2’Al MAS NMR measurements the resonance frequency was selected according to
the 2’Al MAS NMR signal at diso= 82.6 ppm and the nutation frequency was adjusted for the
excitation of solely the central transition. The NMR data were processed with the topspin 4.1.4
software. Typical recycle delays were of the order of 30 s (>3T1) and a few thousands scans
were accumulated. The peak areas were determined by deconvolution into mixed

Gaussian/Lorentzian profile functions with the program deconv2Dxy. 2%
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5.3 Results and Discussion

53.1 Characterization of the Al doped hydrozincite precursors

53.1.1 Time-resolved ageing of the precipitate in the mother liquor at 65 °C

Before the composition variation series of aluminium doped hydrozincites was synthesized, the
influence of the ageing time on the precursor phase was investigated. Therefore, an aluminium
content of 2 % metal based (xar = 0.02) was used. The PXRD pattern of the different ageing
times are shown in Figure 5.1. Immediately after finishing the co-precipitation, the hydrozincite
phase was formed. This phase was present up to 120 minutes of ageing time and there were no
significant changes of the PXRD pattern observed. After an additional solvothermal treatment
of the 120 minutes aged precursor suspension, additional reflections are observed in the PXRD
pattern. These reflections are visible at 26=11.8° and 26 =23.6° and were assigned to an
aluminium-containing hydrotalcite-like phase. This side phase is known as zaccagnaite, with
the chemical formula ZnsAl,(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 ageing. A small shoulder (compare Figure 5.1 b)) at the lower-angle side
of the first reflection in the PXRD pattern of the sample aged for 120 minutes may indicate that
a few very small crystallites of zaccagnaite have already formed after prolonged ageing at

ambient conditions.
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Figure 5.1: PXRD data of a co-precipitated zinc-aluminium precursor with an aluminium
content of xa = 0.02 at different ageing times. The ageing was performed between 0 min
(immediately after co-precipitation) and 120 min. The remaining suspension was aged for
additional 12 hours at 130 °C in a solvothermal reactor (120 Min + 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 zoom for better
identification of the side-phase zaccagnaite, whose reflections are marked with asterisks. 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 co-precipitation at 65 °C and a pH of 6.4 of a zinc-aluminium

solution with an aluminium content of xa = 0.02.

The morphology of the samples was investigated by SEM and the micrographs of the samples
obtained at different ageing times are shown in Figure 5.2. The morphology was similar up to
an ageing time of 30 minutes. Aggregated platelets were intergrown to spheres and other larger
aggregates, as they are shown in the supporting information (Figure SI11.23 and
Figure SI 11.30). After 60 minutes of ageing, the platelet size seemed to decrease and additional
larger thin platelets are observed after 120 min of ageing. These larger platelets have grown
even thicker and show well defined facets after the solvothermal treatment as shown in
Figure 5.2. 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, which grow under
solvothermal conditions to a crystal habitus well-known for hydrotalcite-like materials, 121 are

assigned to zaccagnaite.

The investigation of the ageing time series at 2 % aluminium demonstrated, that aluminium will
thermodynamically favour an incorporation into the zaccagnaite phase, which evolved after
120 minutes ageing time and further grows by solvothermal treatment. 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 aluminium concentration variation series. With that
shortened ageing time, a kinetically controlled aluminium incorporation into the hydrozincite

phase should be favoured.
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An increase in the BET surface area of the precursor after 120 minutes ageing time gives an
additional indirect hint for a homogeneous aluminium distribution at short ageing times
(Figure S1 11.24). The surface area of the precursor samples aged up to 60 minutes varied
around 12 m2 g* and found to grow to 28 m2 g after solvothermal treatment despite the newly
grown phase clearly exhibiting larger particles. This might be explained by the effect of the
aluminium ex-solution 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 side-phase formation, the ageing time was reduced to 10 minutes, to kinetically trap
the aluminium ions in the hydrozincite structure. The aluminium content was varied between
0% (xar=0) and 10 % (xar = 0.1) in different intervals and the recovered precursors were
analysed regarding crystalline phase composition by PXRD (Figure 5.3, selected range and
Figure SI 11.28 complete range). For all synthesized precursors, hydrozincite is determined as
the main crystalline phase. An aluminium content higher than xai =0.02 resulted in small
quantities of the above-described aluminium-rich side phase zaccagnaite despite the low ageing
time (Figure 5.3 b)).
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Figure 5.3: PXRD pattern of the co-precipitated aluminium-doped hydrozincite precursors
with different cation-based molar aluminium fractions xai. The 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 diffraction angles to better distinguish the zaccagnaite side-phase (marked

with asterisks). The triangle marks an additional reflection discussed 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 (marked with asterisks). Given that this
reflection is hardly discernible and broadened, i.e. on the level of detection, it may account to
~ 1wt% - 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 hydrozincite phase 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 results are summarized in Figure 5.4.
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Figure 5.4: Cell volume and volume weighted average domain size estimated from the h0O

reflections of the hydrozincite samples versus cation-based molar aluminium fraction xar.

The cell shrinks by ~ 2 A® for the hydrozincite containing 10 at% Al compared to the
unsubstituted compound, which can be expected from the lower ionic radius of AI** (54 pm)
compared to Zn?* (74 pm). 27 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 crystallite 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 type h00, OkO and 00l are 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 reflections (e.g., 201, 301, 311) show stronger broadening, i.e. there is a loss of coherence
among the layers, which is commonly observed for stacking faults in layered materials 208 299
and was described earlier for synthetic hydrozincites'?®. For an estimation of the crystallite size
the value for the h0O reflections is reported, which varies with a similar non-monotonous

dependence on xa as the cell volume does.

Aside of the zaccagnaite side phase there are two prominent reflections located at 19.5° and

26.8° 26 appearing with increasing amount of AI** in 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° 260 has a d-spacing in excellent agreement with the a parameter and may be
indexed as 300 reflection, which is forbidden in the space group C2/m 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 (xai=0.1) was performed
(Figure 5.5).
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Figure 5.5: Temperature-resolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 10 % aluminium (xar = 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 reflections (A).

At 215 °C the decomposition starts, which is evidenced by the most intense reflections of the
hydrozincite phase (e.g., at 20=12.9°) losing intensity. Complete decomposition is achieved
at 250 °C. Simultaneously, the zinc oxide reflections evolved and further increase in intensity
as the temperature was elevated, at 300 °C already well-defined reflections of ZnO are visible.
This prompt crystallization is markedly different from the case of zaccagnaite
(Figure S1 11.27), where even at 600 °C only very broad reflections of ZnO can be observed.

This may be related to the presence of amorphous alumina, hampering the diffusion and
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crystallite growth of ZnO. Interestingly, the additional reflection at 26 = 19.5° 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 any side-phase.

The potentially high degree of substitution of Zn?* by AI** 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, illustrated in Figure 5.6, affecting the cation- or anion
lattice shall be outlined: The surplus positive charge may be compensated by additional anions
(OH or CO3%) that may be introduced in the interlayer space and lead to a chemical formula
(Zns-s5xAlsx(OH)6+5x(CO3)2) or (Zns-sxAlsx(OH)s(CO3)2+2,5¢). Also, deprotonation of hydroxyl
groups could compensate the extra charge according to a chemical formula
(Zns-sxAlsx(OH)s-5¢(0)sx(CO3)2). Alternatively, for any two AI** cations one Zn?* cation might
become a vacancy, which could affect in particular the Zn?* in tetrahedral coordination since
the layer made up of Zn-O octahedra already contains vacancies in the neighbourhood of the
tetrahedrally coordinated Zn?*, which could be filled with AI**: (Zns-7.5Alsx(OH)s(CO3)2). A
loss of those tetrahedral sites would 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 in
the diffraction patterns with increasing Al content. However, the full structure determination of

the potentially modified hydrozincite phase is beyond the scope of the present work.
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Figure 5.6: Schematic depiction of potential defects in hydrozincite for balancing the surplus
positive charge resulting from substitution of Zn?* by AI**: 1. Additional anions occupy the
interlayer space. 2. Deprotonation of OH" to form O? anions. 3. Vacancies on Zn* sites. The

hydrogen atoms were placed at 0.9 A distance and are not part of the crystal structure. 11712

SEM analysis of the concentration series shown in Figure 5.7 revealed that the sample with an
aluminium amount xai = 0.01 contained aggregates of platelets, which formed spherical
structures, as already observed in the ageing time series. Based 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 xar = 0.03 aluminium content, are assigned to the
zaccagnaite side-phase. Selected SEM-EDX spectra of these larger platelets are shown in the
supporting information in Figure SI 11.31 and the results are listed in Table SI 11.18. The
median cationic ratio of Zn?":AI** =3 agreed well with the expected composition of
zaccagnaite. 12! TEM analysis of the precursors was complicated due to high beam sensitivity
and is described as supporting information (Figure SI 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 and xai indicated the

cation-based molar aluminium fraction.

In order to characterize the aluminium environment in the hydrozincite precursors, a 2’ Al MAS
NMR spectrum of the hydrozincite sample containing 3 % aluminium (xa = 0.03) was recorded
(Figure 5.8). The single peak at dops = 14 ppm is indicative of aluminium occupying an
octahedrally coordinated site, i.e. substituting a Zn atom in the hydrozincite structure. 2% 27Al
NMR peaks corresponding to a different coordination number are not observed. In comparison
the 2?Al NMR spectrum of zaccagnaite ZnsAl,(OH)12(COs) - 3H,0 exhibits two different
signals at Sobs = 15 ppm and Sobs = 13 ppm. A 2’Al 5QMAS NMR spectrum (Figure S1 11.47)
does not resolve any further peaks and shows fairly broad signals, which is fully consistent with

the published disordered crystal structure 2%,

Zaccagnaite
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Unheated hydrozincite
* *
200 150 100 50 0 .50  -100 6/ppm

Figure 5.8: Stack plot of 2’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 the precursor samples, infrared and Raman spectroscopy have been
applied. In the infrared spectra shown in Figure 5.9, bands typical for hydrozincite were

found. 21° For a better comparison between hydrozincite and side-phases, a phase-pure

86



5 Phase evolution, speciation and solubility limit of aluminium doping in zinc oxide catalyst
supports synthesized via co-precipitated hydrozincite precursors

zaccagnaite sample was synthesized as described in the supporting information (chapter 11.7.4
“Synthesis of the aluminium-rich side-phase zaccagnaite” on page 236, i.e. Figure SI 11.25)
and used as reference for the analysis of vibrational spectroscopy data. The infrared spectra
(Figure 5.9) 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 (vs, 1502 cm™ - 1396 cm™*) 21! when the aluminium
content exceeds xai=0.03, i.e. in the same compositional range where the unassigned
reflections in PXRD at 26=19.5° and 20 = 26.8° arise. At the same time, the band at 948 cm’
! disappears, which - in analogy to the hydrotalcite-like materials - is related to hydrogen bonds
between hydroxyls and carbonate. 212212 Such 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 in PXRD (Figure 5.3). An infrared band at 621 cm™ appeared
for xar> 0.01 and increased with the aluminium content. For hydrotalcites, this band was
assigned to hydroxyl groups between the sheets. 214 These 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 aluminium content was also found by Raman spectroscopy
(Figure SI 11.36). The Raman modes at 564 cm™ (Zn-OH) and 494 cm™ (Me-OH) were present
in the samples with xai = 0.06 and xa = 0.1 and represent the side-phase 2>2Y 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 molar aluminium fractions xai in comparison with the aluminium rich zaccagnaite
side phase ZnsAl>(OH)12(COs3) - 3H20.

53.13 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 synthesis of aluminium-doped 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.

532 Characterization of the doped zinc oxide samples

5.3.21 Aluminium concentration variation

The thermogravimetric (TG) analysis of the precursors confirmed a complete decomposition
already at 300 °C (Figure SI11.32 and Figure SI 11.33). Thus, calcination of the doped
hydrozincite precursors was carried out for 4 h at 320 °C and the formation of phase pure zinc
oxide was confirmed by PXRD analysis (Figure 5.10 a)). A decrease in the size of the
coherently scattering domains with increasing aluminium amount suggests successful
incorporation of aluminium (Figure 5.10 b)). The data further shows that the pronounced
anisotropy of the domain size (larger along c-axis) diminishes with xai, such that rather

spherical crystallites are deduced. The apparent domain size for hOl and hkl type reflections is
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even lower than for the two principal axes, indicating defects like stacking faults in the ZnO
samples. 218 219 Contrarily to the powder patterns of the precursor series, no crystalline side
phases were observed after calcination. This is in line with the expected decomposition product
of hydrozincite and the fact that the decomposition of zaccagnaite gives rise to an amorphous
material (as shown in Sl in Figure S1 11.25 and Figure Sl 11.27), which should form a physical
mixture with the crystalline ex-hydrozincite zinc oxide fraction. A further hint for defects was
found by Raman spectroscopy from the overtone mode A;79*° in the samples with xai = 0.06
and xai = 0.1 (see Figure SI 11.40 on page 249 and 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 carbon dioxide emission. There is a clear trend towards larger surface areas for
increasing aluminium content with a local maximum at xar = 0.005 ranging from 31 m?g*
(xar =0, Figure S111.38) to 106 m?g (xai= 0.1, Figure SI 11.38). The main pore fraction are
10 nm mesopores for the samples up to xai = 0.02. With an increase in the aluminium content
this fraction increased. For a higher amount than xa = 0.03 the pore fraction of the 20-30 nm

pores starts to increase with further increase in the total pore volume (Figure SI 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 320 °C 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 h0O0 and 00l reflections extracted via Pawley

fit from the patterns shown in a) as function of the cation-based molar aluminium fraction Xa.

5.3.2.2 Aluminium distribution in doped zinc oxide

Electron diffraction (ED) of a region showing projections of the aggregated spheres
(Figure 5.11 b)) confirms that this part of the sample consists of ZnO in the wurtzite-type

structure in agreement with the PXRD results, although the reflections are diffuse and not sharp
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as expected for a defect-free crystal. However, as already suggested by the SEM investigation
of this sample’s precursor, a different kind of particle morphologies was also detected by TEM,
an example of which is shown in Figure 5.11 c). Relatively large platelets with diameters up
to 1 um and ill-defined edges were found decorated with the above-mentioned nano-scaled
material that comprises the spheres. Interestingly, high-resolution TEM and Fast Fourier
Transforms (FFT) of the resulting micrographs show that these thin platelets are porous and yet
oriented like a single crystal with a {101} zone axis of ZnO (Figure 5.11 d)). The pores and

grains of this material are sub-10 nm.

The larger dimension of this platelet particle suggests that it originates from the zaccagnaite
precursor side-phase. Indeed, EDX measurements were performed at several sample positions
in the Scanning TEM (STEM) mode and, hereby, a wide range of Al contents can be found that
are all larger than the nominal 3 % and span from 4.5 % up to 38.6 % (Figure SI 11.41). The
highest aluminium concentrations were found where this thin ex-zaccagnaite platelet is not
decorated by the nano-scaled ex-hydrozincite material indicated by the dark contrast in the
high-angle annular dark field (HAADF)-STEM image. It is intriguing that it is at these
aluminium-rich 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 nano-crystalline zinc oxide and amorphous alumina at a very small scale.

In summary, the electron microscopy investigation revealed the co-existence of two material
systems in the sample with 3 % 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 increasing fraction, starting at xai = 0.03 according to (precursor) PXRD, is ex-
zaccagnaite and thus aluminium-richer and nano-structured in a complex manner containing

crystalline zinc oxide and amorphous alumina segregated probably at the platelet surface.
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Figure 5.11: TEM-analysis of an aluminium doped zinc oxide sample (with xa = 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 top. A HRTEM micrograph of a part of that

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

5323 Aluminium speciation in the doped zinc oxides

For a characterization of the aluminium environment during the decomposition process a series
of ZnO samples with xa = 0.005 incorporated and different annealing temperatures was
investigated by 2’Al MAS NMR (Figure 5.12).

After the decomposition of the hydrozincite there are two different signals observable:
dobs = 82 ppm and dops = 12 ppm. The sharp signal at dobs = 82 ppm, has unambiguously been
assigned to AI** on a zinc position inside the ZnO crystal structure, Aly,. ** This small
linewidth reflects the low quadrupolar coupling constant and an ordered environment of the
Al;,, defect. In contrast zaccagnaite has a disordered crystal structure 2°® and even without Al

substitution hydrozincite has been reported to have a strong tendency for stacking disorder. 26
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Figure 5.12: Stack plot of 2’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 2 °C min with xar = 0.005 aluminium incorporation. All spectra were

T ————

O

recorded with a spinning frequency of 20 kHz. Spinning side bands are signed with an asterisk
(*).

The second signal at dons = 12 ppm can result from unreacted hydrozincite, but also from a
disordered sixfold coordinated aluminium environment at the surface of ZnO particles. 1% With
increasing temperatures up to 320 °C, a growth of the Al;,, 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 °C, which is consistent with the formation of ZnO
described by variable temperature PXRD (Figure 5.5) and the decomposition of hydrozincite.
The presence of a zaccagnaite side phase could not be observed by 2’Al MAS NMR during the

decomposition of the hydrozincite.

In order to find out whether the in-literature-postulated solubility limit of AI** in ZnO 42 143
148,196,197 js an explanation for the occurrence of extra peaks a series of samples with different

aluminium concentrations was investigated (Figure 5.13).
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Figure 5.13: Stack plot of 2’Al MAS NMR spectra of zinc oxide, annealed with 320 °C for 4 h,
with different cation-based molar aluminium fractions xai. All spectra were recorded with a

spinning frequency of 20 kHz. Spinning side bands are signed with an asterisk (*).

With increasing aluminium concentration two further signals are observed: dobs = 75 ppm and
Oobs = 47 ppm. Their chemical shift indicates that dobs = 75 ppm corresponds to a fourfold
coordinated aluminium environment, while dons = 47 ppm corresponds to a fivefold coordinated
aluminium environment. Due to their broad line shape and their continuous growth with
increasing aluminium concentrations dops = 75 ppm, dobs = 47 ppm and dops = 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 for xa > 0.02 (see previous section Figure 5.2). This interpretation
is consistent with the areas of high Al concentration in the TEM experiments (Figure SI 11.55),
which is expected when the Al concentration is low within ZnO and the surplus of Al is found
segregated from ZnO in form of side phases. TEM 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 the maximum degree of Al substitution which can be achieved
under these conditions the amount of Al signal at dons = 82 ppm is determined as a function
of the degree of substitution xai (Figure 5.14). What can clearly be seen is that the signal/mass

ratio increases only up to values of 2 %. By interpolation with two linear functions the
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“saturation limit” can be determined to Xa =0.013. This agrees with the reported rough

estimates of < 2 mol% aluminium content in zinc oxide from other NMR studies. 148 1%
25
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Figure 5.14: 2’ Al-signal/mass ratio of the 2’41 MAS NMR signal at dobs= 82 ppm of zinc oxide,

annealed with 320 °C for 4 h, with different cation-based molar aluminium fractions xai. The
NMR spectra were excited with selective ©/2 pulse and the peak area determined by
deconvolution with Gaussian/Lorentzian profiles. The error bars are estimated, by taking an
error of 1 % of the four-fold coordinated aluminium 2’Al MAS NMR signals. The lines to
interpolate the substitution limit were obtained by fitting linear functions into the

corresponding data points.

5.3.2.4 Optical band gap of doped zinc oxides

Because of the expected influence of the aluminium doping on Al3,, sites, UV/Vis spectroscopy
was performed on the zinc oxide samples. The results of the band gap energies are shown in
Figure 5.15.

The band gap determination was performed at room temperature and at -185 °C to exclude heat
effects. Afterwards, the measurement was repeated upon temperature increase back to 27 °C to
check for thermally induced changes. The similar band gap energies before (25 °C) and after
(27 °C) cooling demonstrate good reversibility within an error of 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 eV 182185 No clear trend was observed at low doping level, while a
slight increase in band gap energy was determined for aluminium contents above 1 %. This

might be caused to the segregation of aluminium in ex-zaccagnaite regions as it was suggested
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by the TEM results. Because of the wide band gap of aluminium oxide (ca. 5.6 V), the presence
of disordered alumina could shift the band gap energy of the material to higher values. 2%
Generally, the band gap can be affected by defects, free excitons, impurities and by the lattice
site occupied by the dopant. 13% 140.221-225 Tq exclude free excitons, the band gap energies were
recorded at -185 °C. Compared to the room temperature spectra, the absolute energies shifted
to higher values. The band gap energy of the undoped ZnO was increased to 3.37 eV at -185 °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 xai = 0.01 in the cryogenic
measurements (3.36 eV), which is in the range of the highest occupancy of the Al 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 site. 3
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Figure 5.15: Band gap energies of the aluminium doped zinc oxides with different cation-based
molar aluminium fraction xai. The measurements were performed at room temperature (25 °C,
circles) at -185 °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 containing dried KBr as diluent. The lines are to guide the eye.

The behaviour of the zinc oxide sample with xa = 0.005 aluminium with its wider band gap
than xar = 0 and xai = 0.01, however, cannot be explained easily so far. This observation might
be related to the Burstein-Moss 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 at higher energies compared to the undoped sample. 13713 Altogether, the band
gap trend is complex and likely caused by several effects such as the Burstein-Moss effect,

proper Aly,, doping and the segregation of alumina when the solubility limited is exceeded.

5.3.25 Doped zinc oxides at higher calcination temperature

Often, calcination temperatures higher than 320 °C are used to synthesize aluminium doped
zinc oxides and to investigate their opto-electrochemical properties. 144 147:149. 19 A temperature
series of aluminium doped hydrozincite with xar = 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 material. The xa = 0.03 sample
was chosen because this was the maximum amount aluminium which could be incorporated
into the hydrozincite with only very little side-phase formation observable in PXRD. The
calcination of the hydrozincite precursor was 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 temperatures (Figure 5.16)
indicating that the crystallinity of the sample increased with temperature as expected. At a
temperature of 920 °C, reflections of the ZnAl>O4 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 sample (Figure 5.17) demonstrate that the
morphology at 420 °C is still similar to that described above for 320 °C calcination 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 1100 °C the 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 cation-based

molar aluminium fraction xa = 0.03 after calcination of the hydrozincite precursors at different
temperatures with 2 °C min*! heating ramp and 4 h holding time in static air. Reflections
assigned to ZnAl>O4 spinel are marked with an asterisk (*). The reference pattern of zinc oxide
(black bars) was taken from COD (#2107059) and the reference pattern of zinc-aluminium
spinel (grey bars and asterisks in 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 with 2 °C min™* heating ramp and 4 h holding time in

static air.

In order to obtain insight into the effect of thermal annealing on the presence of the different
aluminium species 2’Al MAS NMR was performed (Figure 5.18). Up to 620 °C the presence
of the four different aluminium species is observed, as aforementioned. During this process a
decrease in the Aly, signal is observed (Figure SI 11.46). In thermodynamic equilibrium the Al
substitution limit is expected to be determined by the formation of spinel ZnAl2O4 side phase,
226 which under low-temperature conditions amounts to a concentration limit far below the
observed values. 1% The expected higher substitution levels of the low-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 the spinel phase
as seen by 2?Al NMR (Figure 5.18) begins at annealing temperature of 720 °C upwards and
drastically reduces the amount of Al in all phases but not in the spinel phase ZnAl.O4. This is

shown by the presence of an additional signal at doss = 15 ppm corresponding to ZnAl,04. 1%

At temperatures of 820 °C the Aly, signal in ZnO has dropped below the detection limit of
Xa1 = 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 ZnAl,O4 phase.
At these high annealing temperatures only two 2’Al MAS NMR signals are observed:
dobs = 15 ppm, which corresponds to the octahedral coordinated aluminium environment in the
ZnAl>04 crystal structure and dons = 75 ppm, which likely results from a cation inversion defect

of the zinc and aluminium. 226227

What can be concluded is that the low-temperature approach achieves a much higher AI**
substitution of the Zn?* ions in ZnO than the equilibrium concentration would permit.

Furthermore, this high substitution level can be maintained up to a temperature of about 720 °C
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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 concluded that n-doping of

ZnO by Al is thus stable under the conditions relevant for the catalytic process.

Together with the results from the composition series, where the Al,, increased up to xar = 0.01
after the calcination of an aluminium-doped 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 kinetic trap. A further increase in the
aluminium content does not result in an increased number of substituted sites but increases the
side-phase amount in the precursors phase which has a negative effect on the opto-
electrochemical properties. A calcination temperature above 320 °C minimizes the number of
substituted sites and is therefore disadvantageous. The results clearly demonstrate that the
presence of aluminium-doped zinc oxide containing the Alz, species must be considered as

component of a typical methanol catalyst support. 34
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Figure 5.18: Stack plot of the 2’Al MAS NMR spectra of aluminium doped zinc oxide with a
cation-based molar aluminium fraction xai = 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 (*).

5.4 Conclusion

The aluminium speciation was found to be complex when co-precipitation of hydrozincite
precursors, Zns(OH)e(COz3)2, is used as a method inspired by catalyst synthesis to prepare
aluminium-doped zinc oxide support materials. Thermodynamically favoured aluminium
segregation into an aluminium-rich crystalline zaccagnaite side-phase,
ZnsAl(OH)12(CO3) - 3H20, was observed at aluminium contents higher than xa = 0.013, for
long ageing times and after solvothermal treatment. This side-phase was found to be responsible
for a non-uniform aluminium distribution in the precursors and later in the calcined samples.
Still, the results suggest that hydrozincite can take up aluminium in an octahedral coordination

even for xa > 0.02 leading to the formation of defects due to charge compensation in the

101



5 Phase evolution, speciation and solubility limit of aluminium doping in zinc oxide catalyst
supports synthesized via co-precipitated hydrozincite precursors

hydroxycarbonate. Calcination at 320 °C leads to formation of zinc oxide as the only crystalline
phase, but electron microscopy and 2’ Al NMR revealed non-uniform aluminium distribution
and presence of diverse aluminium species for a doping level of xa = 0.03 and larger. Such
complexity is based on the ex-zaccagnaite regions, which were found to segregate into nano-
crystalline zinc oxide with an aligned crystallographic orientation and into amorphous alumina.
At lower aluminium contents, however, the dopant was found preferably on the zinc sites of the
zinc oxide lattice based on the Al3, signal dominating the NMR spectra. The solubility limit
regarding this species was determined to be approximately xai = 0.013 or 1.3 % of all metal
cations. Annealing experiments showed that the substitution of zinc by aluminium is a Kinetic
driven process. The aluminium was kinetically trapped on the Al;,, site up to a substitution limit
which is much higher than the thermodynamic limit set by a segregation into zinc oxide and
ZnAl>O4 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 catalytic reaction will be

addressed in forthcoming work.

Supporting Information

Supporting Information are provided in chapter 11.7 (Supporting Information to ”Phase
evolution, speciation and solubility limit of aluminium doping in zinc oxide catalyst supports

synthesized via co-precipitated hydrozincite precursors”) on page 231.
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Abstract

Beside aluminium gallium can also be used as a dopant of zinc oxide. Because of the similar
ionic radius of gallium to the zinc, a better incorporation into the zincite lattice is assumed. To
synthesize defined zinc oxides, the co-precipitation approach was used. In this investigation
hydrozincite was employed as precursor, which allows a decomposition to zinc oxide at low
temperatures around 320 °C. The materials were characterized by powder x-ray diffraction
(PXRD), infrared, Raman and UV/Vis spectroscopy, N2 physisorption and by NMR
spectroscopy. This combination supports the determination of possible side phases and allowed
estimation of solubility limit of Ga in zincite. Up to xea = 0.04 gallium content the zinc oxides
were equal in their characteristics and no side phase was present in the precursor phase,
suggesting a solubility limit around this concentration. A 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 opto-electronic promotion of zinc oxide is often done by aluminium incorporation. 14+ 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 the Gass orbital with the zinc oxide conducting band does
not decrease the s orbital energy. *° Because of the low substitution limit of aluminium in the
zinc oxide, the worse doping effect of gallium could be probably compensated by a higher
number of substituted zinc sites. 222 The better incorporation should be a result of a closer ionic
radius of the gallium cation to the zinc ion (coordination number = 4: ra3+ = 0.53 A < rga3+ =
0.61 A < rzn2+ = 0.74 A).?® Therefore, gallium incorporated zinc oxide raised increasing
attention due to the possible utilization in LCD displays or other display applications 2%, solar-
or photovoltaic cells *" 2% and as organic LED 2. But the promotion effect is not only of
interest in the field of electrical application but also in the field of heterogeneous catalysis.

Studies on the co-precipitated 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 stage. 2 Thus, a gallium promoted catalyst
demonstrate enhanced methanol activity compared to the unpromoted catalyst. 23 To prove
beside the structural promotion effect also the opto-electronic promotion effect in the context
of catalysis, gallium doped zinc oxide was synthesized by co-precipitation and impregnated
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with copper. ¥ This catalyst was found to be more active in reverse water gas shift reaction and
showed a comparable activity in methanol synthesis compared to the aluminium promoted
catalyst. 3" 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 conversion. 234 The incorporation of
a trivalent cation into the zinc oxide introduces an additional electron and enhances the n-type
semiconducting properties. 2% For an optimum doping effect it is crucial, that the incorporated
cation substitute a zinc site. 3 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 position (Gay,,) to be in the range of 0.5 mol% to 2.8 mol% (metal-
based). These solubility limits were determined after annealing the samples at temperature in
the range of 550 — 1000 °C, based on the analysis methods by: dichromate reduction, electron
microscopy, dissolving experiments with HCI, resistivity measurements and Raman

SpectrOSCOpy. 144,195, 228, 236, 237

Our work was inspired by the typically Cu/ZnO preparation route, where lower temperatures
around 350 °C were used to decompose the precursor phase to the metal oxides. > Based on
previous studies on aluminium doped zinc oxides, the low temperature treatment is expected to

be beneficial for trivalent cation doping of the ZnO. 142143172

However, from the spectroscopic point of view, investigations on aluminium promoted zinc
oxides have demonstrated that 2’ Al NMR spectroscopy was a suitable method to determine the
substitution quality. 42 143 Hence, 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 compared to 2’Al. 2% Nevertheless, the "Ga NMR
should be more favourable than the %°Ga NMR because it has a smaller quadrupole moment
and a larger gyromagnetic ratio. 2 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 result from gallium occupying a zinc site. **® The corresponding
signal was aligned to around 40-50 kHz. % From varying oxygen content in the samples
(oxygen rich or oxygen poor) it was claimed, that the signal of %Ga at around 100 ppm
correspond to gallium on a zinc position. 1*® The doped zinc oxides were synthesized by heating
zinc oxide and gallium metal to 1200 °C. At this conditions the gallium should exchange a zinc

atom, which leave the oxide matrix. 1%
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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 will be presented to resolve the
solubility question in a similar manner like it was performed for the aluminium doping. *? To
ensure a homogeneous distribution of gallium in the sample the synthesis via a co-precipitated
crystalline precursor phase was used, similar to that described in previous works. 12 This
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 phase can be performed at low
temperature around 300 °C and enable the synthesis of a defined and promoted zinc oxide. The
synthesized doped zinc oxides were investigated by their phase purity using X-ray
diffractometry, IR- and Raman- and NMR spectroscopy. That methods will be used in
combination with UV/Vis spectroscopy to estimate a relationship between doping quality and
band gap energy.

6.2 Experimental section

6.2.1 Precursor synthesis

The precursor of the zinc oxide sample was synthesized by co-precipitation. The precipitation
was carried out in an automated stirred tank reactor (OptiMax, Mettler Toledo) from 1 M metal
salt nitrate solution (see Sl, Table SI 11.20 on page 260) at a temperature of 65 °C and at a
constant pH 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 min™. After 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 puS cm*

and dried at 80 °C 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 from co-
precipitation. The calcination was performed at 320 °C with a heating ramp of 2 °C 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 value Xea representing the nominal metal-based ratio of
gallium calculated as shown in equation M 6.1.

_ NGa

NGatNzn M 6.1

Here, n;j is the molar amount of element i (i = Zn, Ga).

XGa

6.3 Characterization methods

Powder x-ray diffraction (PXRD) analysis was performed on a Bruker D8 advance with copper
K-alpha radiation and a LYNXEYE XE-T detector. The diffractograms were recorded in
reflection in a Bragg-Brentano geometry at room temperature between 5° and 90° of the angle
20. Phase analysis was performed by comparing the recorded with structural data from ICSD
and COD databases.

Brunauer-Emmett-Teller (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 100 °C (hydrozincite) and 250 °C (zinc oxide) for 5 h. Afterwards
the isothermal profiles between p/po = 0.0 and 1 referred to a reference cell were recorded. The
multipoint BET surface area was determined by applying the Brunauer-Emmett-Teller equation
in a sample specific range determined by the Micropore-Assistant of the NovaWin software by

only considering the increasing volume.

Infrared resonance spectroscopy (IR) characterization 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 CO; signals from the

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

UV/Vis-Spectroscopy was performed at room 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 determine qualitatively the band

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

RAMAN-Spectroscopy of 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 range of 100 cm™ to
3500 cmt.,

Scanning electron microscopy (SEM) of 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 (TEM) were 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 n-Butanol (spatula tip sample in few drops of n-Butanol) and prepared on Cu

lacey TEM grids.
Solid state NMR-Spectroscopy

All Ga solid-state NMR experiments were performed on the Bruker Avance Neo NMR
spectrometer with a magnetic field of 14.1 T using a Bruker 3.2 mm probe head at a frequency
of 156.375 MHz.

6.4 Results and Discussion

6.4.1 Characterization of the Hydrozincite precursors

The co-precipitated precursors are characterized by PXRD. The patterns are shown in
Figure 6.1. The samples up to xca = 0.04 gallium 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 phase as shown in Figure 6.2 exemplified
on the 200 reflection. For a gallium content xga > 0.04 an additional reflection of a side phase
at around 26 = 12° evolved, which is assigned to a hydrotalcite type crystalline phase. The
mineral of the aluminium rich hydrotalcite type side phase is called zaccagnaite with the
stochiometric formula: ZnsAl,(OH)12(COs) - 3H20. 2% This side phase was also found in a
study about Al incorporation into hydrozincites and zinc oxides. 1’2 In this case now, instead of

aluminium gallium 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 content xga > 0.06,
the main hydrozincite reflections are present, but the reflections are so broadened, that only the
main intense reflections are visible. Additionally, a new reflection at the angle of 26 = 6.45°
and 260 = 19.49° evolved for Xga > 0.06. Since this new evolved position is reproduced by
Xca = 0.1 and xga = 0.15 gallium 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 20 = 19.49° was also observed in a previous investigation with
aluminium as trivalent cation and was found to correspond to a defect enriched hydrozincite
with broken symmetry. "2 Therefore, in situ PXRD during calcination was performed.
Analogous to the Al incorporated hydrozincite 172, the gallium doped precursor decomposed at
around 220 °C to ZnO, which was additionally confirmed by TG analysis (compare Sl
Figure SI 11.49). Contrarily to hydrozincite, the zaccagnaite-like side phase reflection
disappeared at around 120 °C (see Figure 6.3). The additional reflections of the precursor phase
at 260 = 6.45° and 260 = 19.49° behaved like the hydrozincite phase and can be affiliated to that

precursor material.
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Figure 6.1: Powder PXRD pattern of the co-precipitated gallium doped hydrozincite
precursors (a)). In b) is a higher resolution of the range up to 20 = 15° shown, to demonstrate
the zaccagnaite-like phase evolution. The reference pattern was taken from ICSD, hydrozincite
in black (#16583) and the zaccagnaite-like in dark grey (#190041, *). The new and unknown
reflections at 260 = 6.45° and 26 = 19.45° are marked with a triangle. Xca is the metal-based

fraction of gallium.
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Figure 6.2: Demonstration of the 200 reflection broadening of the hydrozincite precursor

phase in dependency of the gallium incorporation. Xga is the metal-based fraction of gallium.
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Figure 6.3: Temperature-resolved PXRD analysis of the thermal decomposition of the
hydrozincite precursor containing 15 % gallium (Xeca = 0.15). The PXRD analysis was
performed in static air. The reflection positions are labelled as followed: zaccagnaite-like (*),

hydrozincite (%) and additional reflections (V).
110



6 Phase evolution and solubility limit of gallium doping in zinc oxide catalyst supports
synthesized via co-precipitated hydrozincite precursors

To determine structural changes, infrared spectroscopy was performed. The spectra are shown
in Figure 6.4. Typically infrared modes for hydrozincite (xca = 0) are the vs mode (1370 cm™
& 1500 cm™) which corresponds to the antisymmetric carbonate stretching and the vi mode
(1045 cmt) which corresponds to the symmetric carbonate stretching mode. 2% Whereas the va
mode (704 cm™) corresponds to the antisymmetric OCO bending mode and the vz mode
(836 cm™) to the out-of-plane OCO bending mode. 21021

Contrarily, the zaccagnaite-like side phase contains three strong signals at 1343 cm™, 767 cm™
and 521 cm™.

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

the modes of the zaccagnaite-like phase are compared to the Ga doped hydrozincite series.

The mode at 521 cm™ is related to a M-OH translation mode 2! and is clearly present in the
zaccagnaite-like sample. Only the hydrozincite doped with 10 % and 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 cm™ of the zaccagnaite-like phase can be assigned to a M-OH translation
mode 21> 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 cation. 172

The mode at 1343 cm™ can be aligned to an antisymmetric carbonate stretching mode (vs). This
mode is also typical for the hydrozincite phase in the region of 1370 cm™ and 1500 cm™. But
this mode is tailored into two separated signals in case for hydrozincite and collapse to one
signal for the zaccagnaite-like material.

The split into two vs modes in the hydrozincite structure is explained by the change of the
carbonate site symmetry to either D3, Cs or to Cs and Cay. 2 If the site symmetry is Cs the vs
and v4 mode will split into two signals, like it can be observed in Figure 6.4.2!! This split in the
modes is a hint of defects and distortions in the carbonate sublattice of the hydrozincite. 2% 240
241 However, the Cs site symmetry seems to be stable up to 4 % gallium incorporation. A higher
incorporation result in the shift of the vs modes towards higher wavenumbers and the collapse
of both signals to one signal started. Simultaneously, the mode v 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 structure as well as the additional modes at 521 cm™,
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which can be related to the zaccagnaite-like side phase, indicates a change in the more
thermodynamically favoured structure. A doping with larger fractions of 10 % gallium may
represent a two-phase system of hydrozincite and zaccagnaite-like material, which will change

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

Interestingly, when the v4 mode in the hydrozincite structure start to decline (xca > 0.04), the
symmetric OCO bending mode v, (836 cm™) appears. Simultaneously, the mode at 623 cm™
increases with the dopant amount. From hydrotalcite studies, the mode at 623 cm™ can be
related to translation of hydroxyl groups. 24 The hydroxyl group increase with increasing
dopant concentration must be due to charge compensation of the Ga®* ion. Since 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
the v3 mode broadened and the v4 mode vanished. However, the carbonates, which are present
in the structure change the position from an antisymmetric (va) to a symmetric OCO bending
site, which is indicated by the appearance of the v> mode. The change in the carbonate sublattice
is also observed by the mode at 950 cm™. This mode disappears when the first structural
changes in the hydrozincite started at xca = 0.02 and represents the hydrogen bond between a
carbonate and a hydroxyl anion. In this early stage (Xca = 0.02) it can be assumed, that the
dopant changed the carbonate orientation, which break up the hydrogen bond. Further increase
of the dopant concentration led to a break in the Cs symmetry of the hydrozincite structure and
carbonate becomes substituted by hydroxide ions for charge compensation introduced by Ga**

incorporation into the hydrozincite lattice.
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For a better insight into side phase formation, Raman spectroscopy on the gallium doped

hydrozincites was performed. The spectra of the samples are presented in Figure 6.5. The

typical carbonate modes are: the antisymmetric carbonate stretching mode vs (vap = 1545 cm™

& v3a=1368 cm™), the symmetric carbonate stretching mode v1 (1064 cm™) and the in phase
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carbonate bending mode va (vap=1545 cm™ & vaa=1368 cm™). 24! The bands below 600 cm™
correspond to M-O or M-OH modes, 2! 215 241 here assigned as vi, zno (384 cm™) and the v,
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 modes. 172 21217

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 sample (xca = 0). Similar as in the IR spectroscopy, the n3 mode start to decline
with Ga incorporation. Especially the van mode is almost vanished for xga = 0.06 whereas the
vza mode was still present. Since this modes indicates the carbonate lattice distortion, as
described in the IR spectroscopy, the mode becomes Raman inactive and disappeared
completely for xca= 0.1 and xca = 0.15 but was still present in the IR spectra (see Figure 6.4).
Due to the broken symmetry in the hydrozincite structure, described in the IR section, the v
mode broadened and vanished for xga > 0.04. In Raman spectroscopy this mode broadened as
well but was still present for higher doping levels than 4 %. The mode separated into signals in
which vapwas still more pronounced compared to the v4a mode. Since for example the vz 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 va4 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 carbonate symmetry.

However, the symmetric carbonate stretching mode (vi) was still Raman active but with
increasing doping levels of xca > 0.01 a blue shift of this mode was observed. This blue shift
seemed to be stable after reaching a level of 4 % Ga in the hydrozincite and was also observed
for the cationic lattice modes like v1, zno and for the Zn-OH mode (compare Figure 6.5 b)). This
blue shift indicates a strengthening of the bonds. Since Ga is slightly heavier than Zn, ??° a
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
hydrozincite structure.

Regarding the phase purity, the signal at 477 cm™ (Me-OH) was described for hydrotalcite
materials. 2*° This mode was only observed for 10 % and 15 % Ga doped hydrozincites, where
indications for a zaccagnaite-like side phase were found in IR spectroscopy but also where this
side phase could be determined by PXRD analysis, described in the previous section.
Regarding, the M-OH active modes, the Zn-OH mode correlates with the increasing Ga amount
in the hydrozincite. This mode was also present in the undoped hydrozincite, so that it is not a
clear indication, that a side phase was formed. But the increase in intensity 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 increase of hydroxyl group corresponding modes in the

spectroscopic methods.

The BET surface areas, shown in Figure 6.6 (white bars), are quite similar and varies between
11 - 19 m?g* over the complete doping range for the (substituted) hydrozincite samples. The

surface areas of the doped zinc oxides will be discussed later.
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Figure 6.6: Evolution of the BET-surface for the gallium doped hydrozincites ( white columns;
HZ) and their zinc oxides (black filled columns; ZnO) after calcination at 320 °C for 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 320 °C in static air they were
transformed to their corresponding zinc oxides. The PXRD pattern of these samples are shown

in Figure 6.7 a).

The reflection positions correspond to zinc oxide without any side phase. Regarding the
detected zaccagnaite-like side phase in the precursor characterization, the absence of additional
reflections in the PXRD pattern led to the expectation, that it was decomposed to a defective
ZnO phase, similar to the zaccagnaite side phase in the ZnO:Al study 2. This expectation is
supported by electron diffractometry during TEM analysis (shown in SI Figure SI 11.55),
where a highly distorted ZnO was found for a decomposed, large single crystal, which is aligned
to the zaccagnaite-like side phase, analogous to the findings in the ZnO:Al investigation 172 and
in analogy to the findings in PXRD of the precursors (Figure 6.1) and SEM microscopy
(Figure SI 11.56). With increasing gallium content, the reflections broaden, which indicates the

successful incorporation of Ga®" in the ZnO lattice.
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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 in black
(#2107059). Xca is the metal-based 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.

The zinc oxide reflections, especially the 002 plane at 20 = 34.5° are affected by increasing
gallium incorporation (see Figure 6.7 b)). The FWHM of the 002-reflection dropped down for
a gallium content of xca > 0.06 because of the hardly to identify 002 reflection. This indicates
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 content than xga > 0.06. It is expected that a
defect rich zinc oxide increases the surface area of this material. In Figure 6.6 (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 to an increase in surface area per mass.
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 ZnO (Figure 6.8). The aggregates of the ZnO decreased in
size with increasing Ga content. Especially, for the ZnO doped with 15 % Ga, additional
platelets on top of the typical ZnO structure were observed. Due to the typical shape for LDH
crystallites and because of the observed side phase reflections of a zaccagnaite-like phase in
PXRD, IR and Raman in the precursor characterization, this platelets are expected to be the
zaccagnaite-like side phase. This is in alignment with the earlier reported study of Al dopes
Zn0. 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 increase of the undoped material, e.g., from 11 m2g? to
31 m2g™ for xea = 0, is related to pore formation, which clearly can be seen in higher resolved
SEM micrographs (SI, Figure SI 11.56). The further increase with increasing Ga content is then
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 4 % was found (compare Sl Figure SI 11.53). Upon
further increase of the gallium content, nanopores as well as larger mesopores were additionally
determined.

The Raman spectra for the samples calcined at 320 °C are shown in Figure 6.9.

The Raman modes, which correspond to the ZnO lattice can be depicted from the undoped ZnO
(Figure 6.9 for xca= 0). The cationic lattice of the Zn ions are Raman active as E2'” mode
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(109 cmY), whereas the anionic oxygen lattice as E2"9" mode (434 cm™) Raman active is. 3¢ 242
243 At 329 cm! the mode is assigned to the difference of E2"9" and E,'°% (E2"9" - E5'°) whereas
the 2E2'° mode, as an overtone of the E2'® mode, at 205 cm™ evolved. 22243 The polar A;™
was assigned for a Raman shift of 381 cm™. The A1 mode typically split into transversal optical
(TO) and longitudinal optical (LO) modes. 2*? 243 For the undoped ZnO only the transversal
optical mode was present. In comparison to the ZnO, the calcined zaccagnaite-like reference

material didn’t show clear Raman signals (SI, Figure SI 11.57).

A low Ga amount incorporated into the ZnO (Xxca = 0.01) resulted in an increase of the E»
modes, compared to the undoped ZnO. Contrarily to the E2 mode, the clear signal of the A;™
mode vanished with Ga incorporation. Possibly, the signal of this mode is broadened and
collapsed with the signal of the broaden E."9" mode. The additional signal of the A;“° (568
cm™?) and the A;™*9 (628 cm™) modes gives evidence for a broadening of the A1"© mode

instead of their absence.

The broadening of the E>"9" mode shows, that the oxygen lattice is affected by the Ga
incorporation. Especially for the Ga amount of xga > 0.06 the E,"9" and E2"9" - E;'* modes
broaden strongly and creates a broad halo for a gallium content of xca = 0.15. This effect on
the oxygen lattice gives evidence, that defects are present in the ZnO structure affected by the
Ga incorporation.

The A: mode corresponds to lattice vibrations parallel to the c-axis, *® and includes also
polarization, which is in parallel to the c-axis for the longitudinal and perpendicular to the c-
axis for the transversal mode 2. In nanocrystalline material, the acoustic phonons beside the
optical phonons can evolve. 2> Therefore, additional overtones as the A;™*-©and A;“A*T°

mode are present.

The A:***TO mode didn’t show a clear peak but a broad signal for each ZnO, which increased
with increasing Ga incorporation and collapsed almost with the A;"A*-© overtone at Xca = 0.15.
Contrarily, the A;™ " overtone showed a clear signal and started to evolve from the lowest
Ga doping (xca = 0.01, 627 cm™). This overtone showed a clear blue shift with increasing Ga
content (xca = 0.1, 635 cm™). Because of the slightly higher weight of Ga compared to Zn, 2%
this blue shift gives evidence of the Ga incorporation into the ZnO structure. However, the
effect of the Ga incorporation onto the mode perpendicular to the c-axis (A:1'°) is hardly to
evaluate due to the broadening of the E,"9" mode. Nonetheless, the mode parallel to the c-axis
(A1°, 573 cm?) evolved by Ga incorporation (xca = 0.01) but broadened with increasing Ga
content. An increased Ga content of 10 % - 15 % showed the strongest broadening of the A;-°
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mode indicating, that the gallium incorporation caused defects, which affects the c-axis, as it
was also shown in the PXRD analysis by the broadened 002 reflection. Interestingly, even for
this high Ga content, the overtone A;'°*'0 became prominent, whereas for the lower Ga
containing samples only an increased baseline was observed. The mode A;T0*-© results of a
propagation of an extraordinary phonon in an arbitrary directions, indicating isotropic
properties. 24 Compared to the lower Ga amounts, the isotropic effect became suddenly
pronounced for xea = 0.1 and Xca = 0.15 which may can be linked with the smaller aggregates,

found for Xea = 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

"1Ga MAS solid state NMR was performed for the gallium doped zinc oxides, to determine the
coordination sites of the Ga ion incorporated into the ZnO (Figure 6.10). This method allows
to determine and quantify the Ga incorporated onto a Zn position (Gaz,) like it was already
reported for aluminum doped zinc oxides. 4312 From the ZnO:Al case, a sharp signal on a
higher chemical shift for a four-fold coordinated (Ga"V?) would be expected, as a result of the
highly symmetric environment of a gallium ion on a zinc position. 43172 Due to the strong line
broadening of the gallium NMR signal 2%, that sharp and intense signal cannot be observed.
Nevertheless, all doped zinc oxides showed a signal in the region of Ga) (labelled as GaOa).
Comparing the case of the ZnO: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 lattice. 143172 In case of Ga as
dopant, both four-fold coordinated Ga-environments cannot be distinguished and therefore, no
conclusion on the amount of Ga incorporated onto a Zn position can be drawn. However, the
signal for the four-fold coordinated Ga increased in intensity with increasing gallium content
but broadens at the same time. It is highly likely, that after saturation of the zinc position, more
gallium was in a four-fold coordinated environment incorporated into the zinc lattice, which

resulted in the signal broadening.

Nonetheless, for the samples with 10 % and 15 % gallium content additionally the five-fold
(GaM))/GaOs) and six-fold coordinated gallium signal appears (Ga")/GaOg). For this samples,
a zaccagnaite-like 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, that this additional chemical shifts are from

the decomposed zaccagnaite-like side phase.

Ga0s|GaOs
' X=0.15
™
\'\F..-\,\‘IJ \"\n, M“WWM”’W'V‘ MV“"\/W
. X=0.1
%m/ e g 0N
X=0.06
X=0.04
X=0.03
X=0.02
X=0.01

600 500 400 300 200 100 0 -100 -200 &/ppm
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 Sl, Figure SI 11.59). For Xca < 0.06, the Ga:Zn ratio matched to the ratio
determined by AAS, demonstrating, that a homogeneous Ga incorporation into the host
structure was reached. Only the surface seems to be Ga enriched, which would be in alignment

172

with the hypothesis of a surface near segregation of amorphous Ga>O3 or Al2Os species ~~ after
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calcination However, the finding from XPS combined with the NMR spectroscopic results
gives evidence, that an incorporation of more than 4 % Ga result in an increase of Ga
coordination sites, different to the targeted Gay,, doping site, so that a solubility limit around
Xca = 0.04 is expected. Such undesired side phases, present in ZnO are expected to affect the

opto-electronic properties of the material in a negative way. 143172

6.4.2.2 Opto-electronic properties

The optical band gap energies of the series are shown in Figure 6.11. Regarding a perfect
substitution of a zinc site, the band gap of zinc oxide should not change drastically. *** The band
gaps determined at room temperature are in the range of 3.31 eV, which is in line with reported
band gap energies. 182 18 From the values of the doping series, the band gap can be considered
as equal up to 4 % gallium doped zinc oxide. For higher gallium contents, the band gap starts
to increase. This increase can be explained by the Burstein-Moss effect, where the dopant
occupies the lowest energy level of the conducting band, so that the excited electron has to
reach a higher energy level, which results in an increased band gap. **"- 13 The band gap of the
oxide derived from the zaccagnaite-like material was determined to be 4 eV. Therefore, if this
side phase increases during co-precipitation, the average band gap energy of the corresponding
ZnO will increase. Regarding the doping quality it can be concluded, that up to 4 % (metal-
based) gallium content the band gap was not affected and that possible band gap narrowing and
widening effects are compensating. For a larger dopant concentration, the effects for band gap
widening increase. This results support the findings from the NMR and XPS analysis, from

which the solubility limit close to 4 % was expected (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 co-precipitation 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 cations are dispersed by incorporation
leading to a doped ZnO after controlled decomposition. In this investigation, from co-
precipitated gallium doped hydrozincites, a zaccagnaite-like side phase was found by PXRD
analysis for a gallium content above 6 % (metal-based). 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 a zinc oxide without any additional side phase determined by
PXRD. The structural change because of the incorporated gallium ion was confirmed by the
reflection broadening of the PXRD pattern and additionally by Raman spectroscopy. The
chemical environment of the Ga ion was determined by "“Ga NMR spectroscopy and has
shown, that up to Xea = 0.06 no five-fold or six-fold coordinated Ga was present. Unfortunately,
no clear conclusion on the Ga incorporated onto a Zn position in the ZnQO lattice could be drawn,
due to line broadening of the signals and the missing differentiation of the two expected signals
for the four-fold coordinated Ga ion. Considering the line broadening and the XPS results a
solubility limit for Ga incorporation into the ZnO structure around 4 % is expected. From UV-
Vis spectroscopy, a band gap of around 3.3 eV was determined for the Ga:ZnO series up to

Xca = 0.04, supporting a solubility limit around this concentration. A further increase in Ga
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content resulted in an increased band gap, which can be explained either by a Burstein-Moss
effect or by isolating effects of the decomposed Ga enriched zaccagnaite-like side phase present

in samples for xga> 0.06.
Supporting Information

Supporting Information are provided in chapter 11.8 (Supporting Information to “Phase
evolution and solubility limit of gallium doping in zinc oxide catalyst supports synthesized via

co-precipitated hydrozincite precursors”) starting from page 259.
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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 CO»-containing synthesis gas. Herein, we investigate the
poisoning effect using an industrial-type Cu/ZnO/Al;Os catalyst synthesized by co-
precipitation. During steady-state methanol synthesis in a CO2/CO/H. synthesis gas, isobaric
trimethylamine (TMA) and ammonia injections poisoned methanol formation 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 the reaction with CO, 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 longer-term effect, as TMA cannot form a strongly bound carbamate species exclusively

acting as weakly bound site-blocking species.

7.1 Introduction

The industrial methanol synthesis process currently received great attention again because of
the promising potential in power-to-liquid concepts for the mitigation of greenhouse gas
emissions and as an alternative to fossil energy carriers. Methanol is in particular interesting,

because it can be used both in the fuel and the chemistry sectors, 2 51 246-248

Industrially, methanol is synthesized from syngas mixture containing CO, CO2 and H; at
pressures of 50 — 100 bar and temperatures of 200 — 300 °C over Cu/ZnO-based catalysts. * 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 growing fundamental and mechanistic
insight in the last decades. * %! However, the exact detailed reaction mechanism, the nature of
the active sites of high-performance catalysts, and the interplay of the catalyst’s surface with
the feed gas components are debated to this day. 262 Among the most important open question
is the dynamic effect of the so-called “Cu-Zn synergy” on the nature of the active site
responsible for methanol formation. ! New experiments and calculations allow a more and
more detailed understanding, which could be key to a knowledge-based adaption of the current

industrial process for future power-to-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. 2 14 This behaviour may be due to an enhanced methanol formation
route via zinc formate determined by spectroscopy with isotopic labelled carbon dioxide
sources. 24° 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
(COgz-rich) Cu/ZnO can be assumed, which changes via Cu-Zn®* to a Cu-Zn surface alloy for
which ZnO acts as a Zn reservoir at reducing conditions (CO-rich). ?° 20 Hence, the catalyst is
typically activated under strongly reducing conditions (Hz in inert gas and 250 °C), and the Cu-
Zn surface alloy and the activated Cu- Zn%* interface site are likely candidates for the active site
in methanol formation from carbon dioxide. 2°° This surface alloy is found to co-exist with ZnOx
islands, and thus with Cu-Zn®" interface sites, after catalyst activation at temperatures in the
range of 200 — 340 °C. At temperatures above 340 °C a bulk brass alloy is formed by continuous
consumption of the zinc oxide species, which are in close contact with the copper particles. >

Recently, a new experimental approach for surface characterization of working Cu/ZnO/Al,O3
catalysts has been presented. Laudenschleger et al. % introduced high-pressure pulses of
ammonia (NHz) as a new tool to probe the active site of an industrial Cu/ZnO/Al,O3 catalyst
during methanol synthesis. This method complements the traditional ex situ chemisorption
methods based on N.O decomposition and hydrogen temperature-programmed desorption (Hz-
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 contribution of partially reduced zinc oxide to the N>O decomposition
capacity, however, increases the complexity to accurately characterize the catalyst’s surface, %%

99,112 35 the amount of reduced zinc oxide will depend on the pre-treatment conditions **? 1% at

low temperature and might not represent the working state of the catalyst. %

Contrarily to these chemisorption methods, the new operando ammonia pulse experiments are
conducted on the working catalyst and the first results confirmed the important role of Cu-Zn®"
interface sites. 2° 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
CO2 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 Cu? sites, makes this method sensitive to the Zn®*-promoted CO, conversion
sites on the Cu/ZnO catalyst. 2
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Ammonia introduced as pulses was observed to be converted to trimethylamine (TMA). Here,
we report experiments using a well-characterized highly active Cu/ZnO/Al>03z 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 structure-activity correlations. Furthermore, we combine the experimental data
with density functional theory (DFT) to identify the reaction mechanism 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 CO2 hydrogenation to methanol.

7.2 Experimental section

7.2.1 Catalyst synthesis and characterization

The investigated catalyst is an alumina-promoted 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 precursor co-precipitation, 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 has been itself subject of several studies or has been
used as benchmark catalyst for activity comparison and is here abbreviated CZA. In more
details, the precursor of the investigated catalyst was synthesized via co-precipitation according
to Schumann et 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 of 65 °C.
During the precipitation with 1.6 M sodium carbonate solution and using a dosing rate of
2.5 gmin? the pH was held constant at 6.5. Afterwards, the co-precipitate was aged in its
mother liquid without further pH control. After the typical pH drop °” had been observed, ageing
was continued for 1 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 80 °C over night. The recovered powder was grinded and afterwards calcined at
350 °C for 3 h using a heating ramp of 2 °C min? in a muffle furnace with static air. The
calcination temperature deviates from the procedure described by Schumann et al. *” and their
catalyst denoted FHI-Std., 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
hydroxycarbonate precursor but may come at the cost of a slightly lower specific surface area
due to stronger sintering (Table 7.1).
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The metal composition was chosen as 68:29:3 in CZA. The co-precipitated precursor, the
corresponding oxide and the reduced catalyst were characterized by the following methods.

Atomic absorption spectroscopy (AAS) was performed on a Thermo Fisher iCE-3500 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(+/-1.5):29(+/-1.4):2(+/-0.003).

Powder X-ray diffractometry (XRD) patterns of the co-precipitated precursor, the calcined and
pre-catalyst were recorded on a Bruker D8 ADVANCE in Bragg-Brentano geometry with a
LYNXEYE XE-T detector using Cu K-alpha radiation. Phase analysis was performed using
structural data from ICSD and COD databases.

Surface area analysis by nitrogen physisorption of precursors and calcined samples were
determined by applying the Brunauer-Emmett-Teller (BET) equation to the N2 adsorption data
in the range of 0.07 to 0.3 of the pressure ratio measured at -196 °C. The sample was first
degassed under vacuum at 80 °C for 2 h to remove any adsorbates. The determination of the
pore sizes was done by applying the Barrett-Joyner-Halenda (BJH) method to the desorption
isotherm. The measurement was carried out in a BET analysis set-up NOVA 3200e of

Quantachrome and analysed with the NovaWin software.

Temperature programmed reduction (TPR) of 100 mg of a 250 - 355 um sieve fraction was
performed in a quartz glass U-shape tube reactor with an inner diameter of about 4 mm. As
reducing atmosphere 4.6 % H: in Ar with a volume flow of 84.1 ml min' at ambient pressure
was used. Starting from room temperature the sample was heated up to 240 °C with 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 consumed H- via a thermal conductivity detector
(Hydros 100).

N20 reactive frontal chromatography (N20-RFC) was analysed in a similar reactor with the
same mass loading and sieve fraction as used for TPR. Before recording the N>.O consumption
the sample was reduced in a gas containing 2.1 % Ha in He. To ensure a completely adsorbate-
free surface the reduced sample was treated for 1 h at 220 °C in a He stream followed by cooling
to room temperature. The N2O decomposition experiment was performed with 1 % N2O in He
at room temperature and atmospheric pressure. The consumption of N2O was determined by a
calibrated quadrupole mass spectrometer (Balzer GAM 400). Calculating the metal surface

areas and other quantities related to N.O-RFC were performed according to DIN 66136-1. 10
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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 255 - 350 um were
heated to 175 °C with a heating rate of 1 °C min using a gas flow rate of 500 mIy min? gea™
of 2 vol% Hz in N2 for 15 h. Then, the temperature was increased to 240 °C with 1 °C min™ and
held for 30 min.

Aging of the catalyst: To reach steady-state conditions in a relative short period of time, the
corresponding catalyst sample was aged before performing the kinetic experiments. For an
investigation of the initial activity the catalyst was run under kinetically controlled conditions
in 13.5 vol% CO, 3.5 vol% CO2, 73.5 vol% Hz and 9.5 vol% N2 syngas with a volume flow of

666 mIn min™ gear! at 210 °C and 60 bar for one week.

For the further aging process, the reaction temperature was set at 250 °C and the volume flow
to the minimal possible value to reach equilibrium-controlled conditions to ensure a
reproducible deactivation. By exposing the whole catalyst bed to high conversion conditions

according to the study of Fichtl et al. %!, steady state was reached after another week.

High-pressure pulse experiments with NH3 and TMA: Similar to the aging process as standard
syngas mixture, the following composition was used: 13.5 vol% CO, 3.5 vol% CO,
73.5 vol% Hz and 9.5 vol% Nz. The kinetically controlled measurements were performed in the
differential region at 210 °C and 60 bar with a syngas flow of 666 mIn min™ gcataiyst*. A constant
volume of 1 ml N2 containing various mole fractions from 0 to 2000 ppm of 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) calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) 161 162 252 253 jn connection with the Atomic Simulation
Environment (ASE). 2% 2> The Bayesian Error Estimation Functional with van der Waals
correlations (BEEF-vdW) 1 with the projector augmented wave method (PAW) 164 1% and a
plane-wave basis set with a cutoff energy of 450 eV were used. The choice of the BEEF-vdW
functional is motivated by its performance with respect to adsorption energies 2% 257 and
transition states 2 on transition metal surfaces, and in particular by its successful description

of surface processes related to CO> hydrogenation to methanol. 6 2%

Infinite slab models for the Cu 211 termination consist of four layer-thick 3x3 super-cells,
separated by more than 16 A in the z direction. Zink containing alloys were constructed by
substitution of Cu with Zn atoms along the Cu 211 edge (denoted ZnCu 211). 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 a 5x4x1 Monkhorst—Pack k-point grid®
for both, Cu 211 and ZnCu 211. 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
corresponding to the transition vector of the reaction. All adsorption energies were corrected
by zero-point energy (ZPE) contributions. Entropic contributions to the free energy were
calculated within the harmonic 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 the Sl of the published work.

7.3 Results and discussion

7.3.1 Catalyst characterization

The composition (Figure S111.60, Table SI 11.21), the XRD pattern of the precursor
(Figure S111.61) and of the calcined form (Figure S111.62), the N. adsorption isotherms
(Figure S1 11.63, Table SI 11.22), the TPR curve (Figure Sl 11.64 a)) and the N2O-RFC profile
(Figure S1 11.64 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 structure (Figure SI 11.61) and that the typical by-phase 3 of Al-rich hydrotalcite is
hardly observed but cannot be completely ruled out based on the powder patterns. The shift of
the 201 peak correspond to a d-spacing of 2.754 A and is in line to the results obtained by
Schumann et al. %", This value indicates a proper substitution of Cu?* by Zn?* and AI®* cations.
The calcination at 350 °C 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 (Figure SI 11.62). The broad peak at 20 = 35° indicates a nanostructured CuO — ZnO
composite as expected for industrial-type catalyst synthesis. °" The TPR experiment in 5 % H>
showed that the reduction of CuO to Cu® reached a maximum rate at 170 °C and was complete
at 200 °C (Figure SI 11.64 a)). Relating the amount of Cu determined by AAS with the amount

of consumed H>, the degree of reduction was determined to be 100 % after the TPR experiment.

After reduction, metallic Cu® and nanostructured ZnO were identified by XRD analysis
(Figure S1 11.64 c)). According to a simple Scherrer analysis of the Cu 111 reflection, the
crystallite size of metallic copper was determined to amount to 7 nm, which is around 3 nm

larger compared with Schumann et al. ®" which may be due to the slightly harsher calcination

131



7 High-pressure pulsing of Ammonia results in Carbamate as strongly inhibiting Adsorbate
of Methanol Synthesis over Cu/ZnO/AI203

conditions resulting in larger CuO crystallites. The reduced catalyst was also characterized by
N2O-RFC (Figure SI 11.64 b)) resulting in a specific Cu metal surface area of 27 m2 g*
(Table 7.1). In relation to the BET surface of the oxide (93 m2 g%), this value is almost one third
of the previous oxide surface area. The N2O-RFC results of a Cu/ZnO catalysts, however, must
be interpreted carefully. Fichtl et al. 8 demonstrated that partially reduced ZnO1« (e.g., 0Xygen
vacancies) in a Zn-containing catalyst does react with N2O. ®° Partial reduction of ZnO that
contributes to the N.O chemisorption capacity was also reported by Kuld et al. 112, Therefore,
Cu surface area and the Cu dispersion may be over-estimated and the crystallite size under-
estimated by N.O 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 of the N.O

RFC data showing values that are in the range previously reported for industrial catalysts. 6 %

Table 7.1 summarizes key properties of the synthesized catalyst and compares them with data
reported for the original commercial catalyst used by Laudenschleger et al. 2 and to the original
report of the reproduced benchmark catalyst synthesis by Schumann et al. %" 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 specific surface area of the calcined pre-
catalyst and N>O-chemisorption capacity of the reduced catalyst. This could be caused by

enhanced CuO sintering during calcination.

132



7 High-pressure pulsing of Ammonia results in Carbamate as strongly inhibiting Adsorbate
of Methanol Synthesis over Cu/ZnO/AI203

Table 7.1: Characterization of the self-prepared CZA (Cu/ZnO:Al) catalyst in comparison to
the published commercial CZA and FHI-Std. benchmark catalyst. The BET surface area (Aget)
was measured by N2 physisorption. a) The Cu surface area (Acy) and the -dispersion (Dcy) are
calculated from the N2O-RFC method. b) The Cu crystallite size (dcy) was 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 rate (Tmax, Reduction)
was determined from the TPR profile with a heating rate of 1 °C min*(CZA) and 6 °C min*
(FHI-Std. °).

Catalyst property CZA (Cu/znO:Al) Commercial CZA FHI-Std.
of this study reported by reported by
Laudenschleger etal. 2 Schumann et al. *’
AgeT
93 NA 118
m2 gt
ACu 3
27 28 38
m2 g
DCu 3
18 NA 8
%
dCu b)
7 NA 4.47
nm
Tmax, Reduction
o 170 170 211
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7.3.2 Catalytic performance in methanol synthesis

Methanol synthesis was conducted over the above-described catalysts at 210 °C and 60 bar in
a feed composed of 13.5 % CO /3.5 % CO2/ 73.5 % H2 /9.5 % N.. To ensure that the catalyst
is stable in conversion 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 rate (Figure 7.1). After that
drastic loss the deactivation of CZA decelerated and stabilized at around 70 % of its original
activity. Such an initial activity drop is typical for Cu-based methanol synthesis catalysts in the
first 50 h time on stream. 3% 250 Within this time frame the catalyst may lose up to 60 % of its
origin activity. 2! The main reason is thermally induced Cu particle sintering which can be
enhanced if the ZnO spacer additionally is consumed by in situ formation of ZnAl>O4 or Zn-OH
species due to water formation in CO2-containing synthesis gas. > 2% 260 The observed
deactivation of the CZA catalyst was stronger in the first 20 h than expected from a similar
catalyst and similar ageing reported by Fichtl et al. *° resulting in a higher rate constant (k) and
order (m) of the deactivation rate (Figure 1). In contrast to the compared deactivation kinetics
(Figure 1, power-law fit according to Fichtl et al. *°) the CZA catalyst stabilized its productivity
faster at a methanol formation rate of about 336 pmol g* min™, which is in line with previously
reported activity data of about 350 umol gt min? of a similar catalyst at similar reaction

conditions. 16

After about 130 h time-on-stream the catalyst was further aged for one more week at 250 °C
with a lower flow rate of 26 mlx min' under equilibrium-controlled 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 CO/CO./Hz under differential
reaction conditions. The volume flow was set to 666 ml min™ gcawaiyst* at 60 bar and 210 °C.
This procedure was chosen to age the catalyst in the first week while investigating in parallel
the initial thermal deactivation under Kkinetically controlled reaction conditions. The
deactivation values were estimated by fitting a power law to the methanol formation rate
according to Fichtl et al. *. The parameters obtained by Fichtl et al. 3 were determined with
a similar CZA catalyst at similar reaction conditions (220 °C, 60 bar, 1.39 vol% CO,
3.60 vol% CO,, 62.68 vol% Hz, WHSV = 0.51 h1). % The point marked with an asterisk was
calculated by the deactivation data reported by Sun et al. *° for a similar catalyst and synthesis
gas (60 % Cu/28 % Zn/11 % Al; CO2/(CO+CO2) = 0.8). The kinetic parameter are listed in the
Sl in Table SI 11.23.

7.3.3 High pressure pulse experiments

After reaching steady-state conversion, the experiments of Laudenschleger et al. 2° were
reproduced using the CZA catalyst. In Figure 7.2 the results of the temporary poisoning by NHs
are shown using a CO/CO2/Hz synthesis gas at 60 bar and 210 °C. The isobaric injection of
1 ml pure N2 results only in a sharp negative dilution peak in the methanol content of the off-
gas (see Figure 7.2, 0 ppm NH3). The original methanol amount is recovered immediately. Also,
the NHz-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
(Figure 7.2, €.g., 500 ppm NHz3). However, compared with the dilution effect, reacting probe
molecules like NHs have an additional effect on the regeneration time, which strongly increases

with increasing amount of pulsed NHz3 (Figure 7.2, 500 ppm NH3 vs. 2000 ppm NHa).
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This behaviour demonstrates 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
active surface and/or competition of the C; intermediates ending up in methylamine and not in
methanol. To estimate these contributions, the same experiment can be performed pulsing TMA
instead of NH3, 2° The decrease in methanol during the injections of different amounts of TMA
confirms that this molecule also acts as a reversible poison (Figure 7.3). As no further
methylation is possible in case of TMA, this effect is clearly caused by the reversible adsorption
of TMA on the methanol-forming active sites, as it was also previously described by
Laudenschleger et al. 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
methanol mole fraction is recovered quite fast compared with the same amount of pulsed NHs.
In case of pulsing 2000 ppm TMA (Figure 7.3, 2000 ppm TMA) the original methanol
formation rate is reached again after about 25 minutes. For the same amount of NH3 (Figure 7.2,
2000 ppm NHzs), the completely recovered methanol content was reached after about

50 minutes.

We thus conclude in agreement with previous reports that NHs has an additional poisoning
effect, namely the scavenging of C. surface species that are precursors to methanol. It is
assumed that NHs reacts with an intermediate of methanol synthesis to form TMA. 2 However,
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
NHz 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 CO»-free syngas feed consisting of CO and
H>, neither a poisoning effect of NHz nor a conversion of this probe molecule to TMA was
observed suggesting that rather reactant-like early intermediates in the CO. hydrogenation
reaction are selectively reacting with NHs. Regarding the proposed reaction mechanism of CO>
to methanol, 1651 262263 formate species are possible candidates for this reaction. Therefore,
density functional theory (DFT) calculations were conducted to study the hypothesis of a
reaction between adsorbed NHz and surface formate species and their impact on methanol
synthesis.
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Figure 7.2: Methanol formation poisoned by injecting 1 ml N2 containing different amounts of

NH3 into the inlet gas during methanol synthesis in 13.5 vol% CO / 3.5 vol% CO. /

73.5vol% H> /9.5 vol% N2 using 200 mg (sieve fraction 255 — 300 um) 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 stream (0 ppm NHs3).
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Figure 7.3: Methanol formation poisoned by injecting 1 ml N2 containing different amounts of
TMA into the inlet gas during methanol synthesis in 13.5 vol% CO / 3.5 vol% CO; /
73.5vol% H> /9.5 vol% N2 using 200 mg (sieve fraction 255 — 300 um) 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 (lower

curve in each graph).

7.3.31 DFT calculations

In order to shed light on the influence of NHz and possible reaction intermediates formed during
CO2 hydrogenation, we turned to DFT calculations using two structural models of the active
site that have been introduced in earlier work. ¢ Since undercoordinated sites have been shown
to play an important role in methanol synthesis, 2 stepped 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 Cu-ZnOx synergy. 1® Our two models (see Figure 7.4) are thus a stepped Cu
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211 surface and a fully Zn-decorated Cu 211 step, denoted Cu 211 and ZnCu 211, respectively.

We start by investigating the adsorption and activation of NH3z on these surfaces. Figure 7.4
shows the free energy diagram of NH3z adsorption and activation at 500 K. As shown in
Figure 7.4 a), adsorption of NHz is endothermic at these conditions on both surfaces
(AG® =0.24 eV on Cu 211 and 0.30 eV on ZnCu 211). Activation of NH3 on these surfaces
to produce chemisorbed NH>* and H* is also slightly endothermic and accompanied by a rather
high reaction barrier (1.91 eV for Cu 211 and 1.84 eV for ZnCu 211). These results indicate
that copper as well as Zn-modified Cu surfaces are incapable of activating NHz at low
temperatures of 500K, in line with the known fact that Cu is not a good NH3z decomposition
catalyst. 2% During methanol synthesis, conversion of CO, to methanol produces surface
oxygen, that is subsequently hydrogenated forming H20. > % We investigated the effect of
surface oxygen species (O* and OH*) on the activation of NHs. As can be seen in Figure 7.4,
the presence of O* (see Figure 7.4 b)) and to a similar degree OH* (see Figure 7.4 c)) lower the
activation barrier of NHs dissociation substantially and also make the reaction step downbhill in
energy. The reaction barrier for surface oxygen activated step is 0.71 eV and 0.91 eV for Cu
211 and ZnCu 211, respectively. We thus speculate that activation of NH3 is only possible if
oxygen or hydroxyl groups are present on the Cu or Zn-Cu surfaces. This also explains why we
do not observe the poisoning effect of NHs in dry CO/H-containing syngas, as this does not
produce any surface oxygen species. The experimentally observed effect of poisoning of TMA
is initially like that of NHs, but only in the short term (see experimental observations,
Figure 7.3). Our calculated values for the adsorption free energy of TMA is AG®K = 0.21 eV
and 0.3 eV on Cu 211 and ZnCu 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. There should not be large influences when going from NH3 to TMA judged from
the adsorption energies of the various ammonia derivatives. Experimentally, however, TMA
has a less strong poisoning effect than ammonia. In addition, the adsorption free energies 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) NHs activation b) oxygen-assisted NHs activation,
c) OH-assisted NH3 activation, over Cu 211 and ZnCu 211 at T = 500 K, pnnz = 0.05 bar,
pco2 = 2.1 bar, pn2 = 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 eV binding energy.

Table 7.2: Calculated adsorption energies of NHz, MMA, 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.

AH adsorption NH3 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 surface. Figure 7.5 depicts the free energy diagram of the reaction of NHs and CO;
starting with an oxygen-covered surface for both Cu 211 and ZnCu 211. Interestingly, we
identified the reaction of CO2 and NH2* to NH:-COO* (carbamate) of being both
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mechanistically feasible (reaction barriers of 0.82 and 1.03 eV, for Cu 211 and ZnCu 211,

respectively) and downhill in energy. In fact, the chemisorption of carbamate is the lowest
energy point in the reaction mechanism, being -0.50 eV (Cu 211) and -0.46 eV (ZnCu 211).
Further reaction of carbamate through hydrogenation proceeds via NH.-COOH* 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 surfaces that 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 after NH3 pulses in comparison to the
fast activity recovery after TMA pulses (compare Figure 7.2 and Figure 7.3). The reported
simultaneous hydrogenation of ethylene and COz in synthesis gas was not limited by activated
hydrogen. 2 Contrarily, during NHs poisoning, ethylene hydrogenation was unaffected whereas
methanol formation was poisoned but not completely stopped. 2° This observation indicates that
hydrogen was activated rapidly and that dissociative hydrogen chemisorption can be excluded

as a rate-determining step.
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Figure 7.5: a) Calculated Gibbs free energy diagram for the NHz methylation over Cu 211 and
ZnCu 211 in the presence of surface oxygen at T =500 K, pnng = 0.05 bar, pco, = 2.1 bar,
pH, = 44 bar, b) carbamate at Cu 211 edge, c) carbamate at ZnCu 211 edge.

This mechanism can explain the strong poisoning effect of ammonia, as carbamate blocks the
active site on which formate would be hydrogenated to methanol. Since TMA cannot form a
carbamate-like intermediate, the above-described poisoning mechanism cannot be present in
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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 of NHs during the
conversion of syngas (CO2/CO/Hz) to methanol over an industrial-type Cu/ZnQO:Al catalyst is
presented. This catalyst was prepared via co-precipitation and represented in its characteristics
an industrial methanol synthesis catalyst. The poisoning effect during methanol synthesis from
a CO»-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 proposing adsorbed carbamate
(H2N-CO2,a05) as a possible intermediate blocking the active sites. This investigation shows that
carbamate can form readily from the reaction of NH>* and CO> but is a stable species that
undergoes further hydrogenation rather slowly, explaining its strongly poisoning effect.
Importantly, NH2* 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 NH3z and the other methylamines do
not bind strongly to the surface according to the calculated adsorption energies. Hence, TMA

is not as poisonous as ammonia, because it cannot form a strongly bound carbamate species.

Supporting Information

Supporting Information for this article can be found under DOI: 10.1021/acs.jpcc.2c08823 or
in chapter 11.9 (Supporting Information to ”High-pressure pulsing of Ammonia results in
Carbamate as strongly inhibiting Adsorbate of Methanol Synthesis over Cu/ZnO/Al203”)
starting from page 269.
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Abstract

The role of Cu:Co composition in co-precipitated bi-metallic Cu-Co/ZnAl>O4 catalysts on
higher alcohol synthesis (HAS) was investigated at H.:CO=4. The addition of Cu strongly
facilitated Co reduction upon catalyst activation and suppressed coke deposition during HAS.
Formation of predominantly hydrocarbons and higher alcohols was observed on the bi-metallic
catalysts. Co/ZnAl,O4 produced mainly CHs4 and Cu/ZnAl2O4 mainly CH3OH, while at
Cu:Co = 0.6 the best ethanol selectivity of 4.5 % was reached. The microstructure of the spent

catalysts confirmed a close interaction of Cu and Co.

8.1 Introduction

Fischer-Tropsch synthesis (FTS) is an established process technology, based on reformed
natural gas, with a high potential towards the reduction of the CO. footprint if biogas or CO-
reforming of natural gas are used as sources of synthesis gas ' 2%°. Advantages of this process
lie in the possibility to tune the octane/cetane number of combustion fuels and to synthesize

higher alcohols 2.

The FTS can be distinguished into the high temperature (300 °C — 350 °C @ ~30 bar) and the
low-temperature processes (200 °C — 250 °C @ ~30 bar) "4, For the low-temperature process
Co-based catalysts are typically used, yielding long-chain hydrocarbons, which enables a
further product upgrade by a cracking process. °* ™ In Methane and carbon dioxide, formed by
the consecutive water-gas shift reaction, are low-value products and therefore undesired in the
FTS process " ®. 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 industry ¢,

Iron, cobalt and ruthenium are typical FTS-active 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 cost-effective candidate also for HAS (R 8.1) * ’®. Further advantages of Co are
the high activity in the low-temperature process as well as the stability, but it usually exhibits a
high selectivity to hydrocarbons, which is desired in conventional FTS, but not in HAS ™ 78,
To shift the product selectivity from hydrocarbons to higher alcohols, especially for carbon
monoxide-rich synthesis gas, the combination of Co and Cu have been identified as a promising

combination 2,

HAS:  nCO +2n Hz — CaHawiOH + (n-1) H0 Ra.1
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According to a simplified picture of the current knowledge 7% 8 265 267 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 increase the activity to alcohols, primarily to
methanol, which is the major product on pure Cu catalysts, and iso-butanol because of the
associative adsorption of CO and hydrogen spill over. Methane is a typical by-product as the
optimum binding energies of the adsorbed 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 formation (R 8.2) and the higher molar reduction
compared to methanation (R 8.3), low temperature and moderate pressure should
thermodynamically favour the ethanol selectivity. Additionally, formed methanol can also act

as an in-situ synthesized carbon source, facilitating the formation of higher alcohols 882,
Ethanol: 2 CO + 4 Hz — C2HsOH + H20 AH®© = -253.6 kJ mol? R 8.2

Methane: CO + 3 Hy — CHas + H,0 AH© =205.9 kJ mol? R8.3
Theoretically, a Cu-Co -alloy could balance the dissociative CO adsorption on the Cu-Co
surface to enable chain growth and the associative adsorption of CO to enable conservation of
the C—O bond 8% 82, However, according to the phase diagram, Cu and Co do not form an alloy
at temperatures below 600 °C , leading to segregation of the two metals. The controlled
formation of alcohols instead of hydrocarbons with a cobalt-based catalyst thus poses a complex
challenge and requires fine-tuning of the catalyst, its composition and microstructure &. It has
been shown that nanosized alloy formation may occur during reduction, when Cu and Co are
in close contact in a pre-catalyst phase, like in a CuCoMo-catalyst & or in a CuCoAl-catalyst

derived from an ex-hydrotalcite precursor phase .

An early study on alkali metal-promoted CuO/CoO/Cr,O3 catalysts in HAS reported that pure
copper catalysts produced methanol, whereas a Cu-rich Cu-Co/Cr,03 catalyst changed the
selectivity to hydrocarbons or to higher alcohols, depending on the chromium concentrations.
On Co-rich CuO/CoQ/Cr,03 catalysts, rather the formation of hydrocarbons was favoured 28,
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 copper-based catalysts being able to tune the reactant selectivity
between carbon monoxide and dioxide, ¥ but the presence of zinc in Cu-Co tri-metallic

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 limits/mitigates the cobalt

carbide formation 83236, 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 a co-precipitated hydrotalcite precursor phase is a
suitable method as has been previously demonstrated for CuCoAl . In such single-source
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 needed to allow crystallization of the hydrotalcite structure
121 Using AIP* in a Zn:Al atomic ratio of 1:2 will formally give rise to a Cu-Co/ZnAl,04
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 stabilized Cu™ species, which could be beneficial for the
associative adsorption of CO 8. The presence of basic sites, like surface OH-Groups or low
coordinated O%*-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 synthesis 6:8%8%%_ 7inc promotes the formation of methanol from formate,
which leads to the question whether the addition of zinc oxide to the Al>Os-catalyst support

(forming a ZnAl204 spinel), can also promote the formation of higher alcohols.

To address these questions, the group of Muhler investigated a hydrotalcite-derived catalyst
series with systematically varied molar Cu:Co ratios from 1.4 to 3.6 and its catalytic
performance in an equimolar H2:CO synthesis gas at 60 bar and 280 °C 8. Copper enrichment
resulted in a decreased conversion, but an increased selectivity towards methanol and ethanol
and a moderate selectivity to hydrocarbons (below 50 % in total). 8 In comparison, a zinc oxide-
free catalyst has reached a higher CO conversion (36.2 % without Zn vs. 2.2 % with Zn) but

accompanied by a simultaneously increased methane and methanol selectivity & 8°

In this study, we present a series of cobalt-rich Cu-Co /ZnAl,Os catalysts that have been
synthesized by a co-precipitation of hydrotalcite-based 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 pressure, decreased gas hourly space velocity and an increased
hydrogen-to-carbon monoxide ratio compared to the study of Muhler and co-workers
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hypothesizing that these conditions could be beneficial for the higher alcohol yield on a zinc-
promoted copper-cobalt catalyst 8 8, It was suggested that the enhanced catalyst—reactant
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 mechanism by an in situ established water-gas shift
cycle 2% 272 In addition, our catalysts contained zinc and aluminium 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 a ZnAl;04
support the zinc promotion compared to “free” zinc oxide will be moderated to mitigate the
above-described dramatic breakdown of conversion, which may be related by active surface
coverage with zinc species due to strong metal support interaction &. Finally, 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>O4-supported catalysts on the selectivity and coking behaviour in 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 [(Co1xCux)7ZnAl2(OH)]JCO3 - m H2O with
X = Ncu/(Ncut+Nco) Were synthesized via co-precipitation according to Chakrapani et al. 12° in an
automated stirred tank reactor (OptiMax 1001) from Mettler Toledo. Before co-precipitation
was carried out, the reactor was filled with 200 mL deionized water and heated to 50 °C. The
precipitation was carried out at a pH of 8.5 from a 0.4 M metal nitrate solution, prepared from
metal nitrate salts with a purity > 98 % (see also in Sl Table SI 11.25), under stirring (300 rpm)
and with a dosing rate of 2.08 g min. 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 any pH control at the same temperature (50 °C) 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 puS cm™ as measured with an immersion probe. The recovered powder was dried in a

desiccator for 3 days under vacuum. Next, the dried precursor materials were calcined at 350 °C
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with a heating ramp of 2 °C 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 X-ray diffractometry (PXRD) patterns of the calcined pre-catalysts and spent catalysts
after CO hydrogenation were recorded with Mo-K,; radiation on a Stadi-P from STOE,
equipped with a Johansson-type germanium 111 monochromator 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 36° 26. The patterns of the precursors
samples after co-precipitation were recorded on a Bruker D8 advance with Cu-K, radiation and
a LYNXEYE XE-T detector. The patterns were recorded in Bragg-Brentano geometry at room
temperature between 5° and 90° 26. Phase analysis was performed using structural data from
ICSD and COD databases. Rietveld refinements 273 were carried out in TOPAS Academic 2%
Version 6.0. The instrumental contributions to line broadening were determined via a Pawley
fit 24 from a measurement of LaBs (NIST SRM 660c) using a Thompson-Cox-Hastings profile.
Microstructural effects leading to line broadening were modelled as an isotropic size effect and
the volume average column height Dvor. For the samples with larger amounts of hcp Co (in Cu-
Co -catalysts compositions with x = 0 and x = 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 this simplification the Dvoi 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 faults. Thus stacking faults were modelled as implemented

in TOPAS Academic V.6.0 2°, parameters were adjusted manually to achieve a reasonable fit.

Infrared spectroscopic characterization (IR) of the precursors and calcined samples was
performed on a Bruker Alpha—Platinum Fourier-transform infrared (FT-IR) spectrophotometer
with attenuate total reflection (ATR) unit. The spectra were recorded between 400 cm™ and
4000 cm™. The spent samples after catalysis were analysed on a Bruker Alpha-P ATR

spectrophotometer. The recorded range was from 100 cm™ to 4000 cm™.

Chemical composition of the spent catalysts was determined by C, H, N, S analysis in a Euro
EA 3000 elemental analyser from EuroVector. The combustion was performed in excess O at

1000 °C with He as carrier gas. The detection occurred in a thermal conduction cell.
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Thermogravimetric analysis (TGA) was performed for the precursor materials on a STA 449
F3 Jupiter from Netzsch. The sample was heated by a heating rate of 5 °C min™ up to 1000 °C
in synthetic air. The spent samples were analysed in a STA 1600 from Linseis. The sample was

heated up to 1000 °C in synthetic air by a heating ramp of 4 °C min™,

Nitrogen physisorption was measured at 77 K in a Nova 3200e sorption station from
Quantachrome and the data was analysed by the method of Brunauer-Emmett-Teller (BET).
Before recording the isotherms, the samples were degassed under vacuum at 80 °C
(hydrotalcites) or 100 °C (oxides) for 5 h. Afterwards the isothermal profiles between p/po = 0.0
and 1 were recorded. The multipoint BET surface area was determined by applying the BET
equation in an individual range for each sample of p/po only considering the increasing volume

by using the micropore BET assistant of the NovaWin software.

Temperature programmed reduction (TPR) of 30 mg of a 250 - 355 um sieve fraction of the
calcined oxides was performed in a quartz glass U-shape tube reactor on a BelCat-B from Bel
Japan Incorporation. First, the sample was dried by heating up with 7 °C 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, 6.4 vol% H: in Ar with a volume flow of 80 mLn min™ at ambient pressure was
used. Starting from room temperature the sample was heated up to 800 °C with a heating ramp
of 6 °C mint. 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 consumed H> via a thermal conductivity detector.
The TPR profile of the pure copper sample was recorded using a BelCat Il from Bel Japan Inc
using 60 mg of a 250 - 355 um sieve fraction. The pre-treatment and TPR recording were
performed as described above. The 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 in a 16-fold parallel
Flowrence® plant of Avantium. Around 179 mg of a sieve fraction of 38 um — 125 um was
diluted with an equal amount of silicon carbide (SiC). The catalyst bed was placed in between
a pre- and post-catalytic bed of SiC to ensure isothermal properties and to improve the warming
up and mixing of the inlet gas stream. Before CO hydrogenation was performed, the catalytic
materials were activated in pure hydrogen by heating up to with 6 °C min™* to 120 °C under

atmospheric pressure. The total volume flow was set to 200 mLy min™ and divided for the
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individual reactors, meaning that each reactor of the 16-fold plant contained a partial volume
flow of 12.5 mLy 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 hydrogen-to-carbon monoxide ratio of 4 and a total volume flow of 75 mLy min'
resulting in a GHSV of around 2800 h per catalyst bed. The temperature was varied from
200 °C to 300 °C in 25 °C steps at a pressure of 20 bar. Afterwards, the initial temperature of
200 °C was re-adjusted 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 catalysts, the maximum
temperature was raised to 380 °C and held for six hours. After this high-temperature treatment
in synthesis gas, the catalysts were cooled back to 200 °C to 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 enable a smooth ventilation and slow air contact to re-oxidize the
catalysts carefully. The data were evaluated by calculating the average of the two data points,
representing the mean activity data over six hours. The selectivity 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 copper-cobalt ratios as well as the pure cobalt and copper
reference catalysts were synthesized by co-precipitation. The conditions of the co-precipitation
were set to favour the formation of crystalline hydrotalcite materials. The typical chemical
formula of a hydrotalcite mineral with carbonate ions in the interlayer can be as follows:
[MUgM5[(OH)20CO3]-m H20 with M! as divalent cations (Co, Cu and Zn) and M as a
trivalent cation (Al). In order to vary the metal ratios of the catalyst precursors, the composition
was predefined by the metal salt solution and the nominal stoichiometric formula of the
prepared precursors are listed in Table 8.1. The nominal copper fraction of the catalytic active
metals (X = ncy (Ncu+Nco)™) will be used as sample label for the precursors, calcined, reduced

and spent catalysts.
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Table 8.1: Nominal metal composition of the co-precipitated cobalt—copper 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 + Cu).

nominal Co, Cu fractions  Xcu/(cu+Co), nominal nominal precursor composition
0 % Co, 100 % Cu 1 [Cu7ZnAlz(OH)20]COs - m H20
50 % Co, 50 % Cu 0.5 [Co35Cu35ZnAl2(OH)20]CO3 - m H20
62.5 % Co, 37.5 % Cu 0.375 [C04.375CU2.625ZNAl2(OH)20]CO3 - m H20
75 % Co, 25 % Cu 0.25 [C0s5.25CU1.75ZNAl2(OH)20]CO3 - m H20
87.5% Co, 125% Cu 0.125 [Co6.125Cu0.875ZNAl2(OH)20]CO3 - m H20
100 % Co, 0% Cu 0 [Co7ZnAl2(OH)20]COs - m H.0

The powders prepared via co-precipitation were analysed by PXRD, the patterns are shown in
Figure 8.1 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 precursor, which
enables a close contact in the resulting catalyst. Furthermore, with increasing copper content
the 00l reflections (like 26=11.6° and 26=23.4°) become much sharper, indicating an
increased domain size (from 7 nm to 30 nm, see Figure 8.1 b)), i.e. a larger number of stacked
layers. From the severely broadened cross plane reflections Okl (e.g., 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 in-plane domain size is available. The lattice parameters evolve according to the change
in chemical composition. While a shows a near constant value of 3.09 A for x =0 — 0.5 it drops
to 3.05 A for x = 1. Even more sensitive is ¢, which drops from 23.28 A to 22.53 A when
substituting Co?* for Cu?* in a near linear way. The significant contraction of the unit cell along
this axis cannot be explained by the rather similar ionic radii (75 pm 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 co-precipitated [(Co1-xCux)7ZnAl>(OH)20]COs - m H>0
hydrotalcite precursors (a)) with x = ncy (Ncu+nco)>. The reference was taken from the ICSD
database for a Zn-Al-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 the c-axis is 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 Co304-spinel was taken from ICSD
database (#26091). The extracted lattice parameter a and isotropic domain size are plotted in

panel d).

IR spectroscopy (shown and discussed as supporting information in Figure S1 11.65 a)) shows
spectra expected for hydrotalcite materials and support the above-described hypothesis by the
decreasing water deformation mode and the additional weaker hydroxyl stretching mode by
increasing copper content. The calcinations to the corresponding mixed metal oxides (MMO)
were performed at 350 °C in an analogous way as it is known for copper-based methanol
synthesis catalysts. ® This temperature leads to decomposition of the hydrotalcite structure but
does not cause a complete decomposition of the carbonate species. It rather leads to a remainder
of so-called high-temperature carbonate, which is discussed to mitigate metal oxide sintering

and results in a more nanostructured catalyst. %2 This was also confirmed for our copper-rich
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samples by thermogravimetric analysis of all prepared precursors (shown and discussed as
supporting information in Figure SI 11.66). The PXRD patterns of the MMQOs shown in
Figure 8.1 c) confirm the complete decomposition of the precursor phase. On the Co-rich side,
the formation of a spinel phase is evident with a lattice parameter of a = 8.08 A (Figure 8.1 d)).
The broad reflections were refined as isotropic domain size with Dvol = 3.7(5) nm. However, it
should be noted that a discrimination among different spinel phases (e.g., ZnAl.O4 and C0304
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 to x = 0.5 the domain size decreases down to 1.5(5) nm and a
increases slightly to 8.1(1) A. For x = 1 the sample can be regarded as amorphous since only

one broad halo is visible.

Interestingly, the pure cobalt sample (x = 0) has the highest specific surface area after
calcination, shown in as supporting information in Figure SI 11.69. The accessible surface areas
of the precursors were in the same range around 80 m? g1, except for 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 enough to avoid metal oxide sintering
yielding a porous material. ®2 The oxide surface areas of the copper-rich MMOs (x = 0.25-0.50)
were similar and reached values around 100 m2g?. Contrarily, the cobalt-rich samples
(x = 0-0.125) reached even higher surface areas above 160 m2 g* showing that large specific
surface areas of the MMO pre-catalysts can be achieved for the more crystalline samples
(Figure 8.1 c)) that do not contain high-temperature carbonate.

The TPR results of the catalyst series are shown in Figure 8.2. The temperature labels refer to
the temperature of highest rate of hydrogen consumption. The cobalt-free sample (x = 1) shows
a slight increase in the hydrogen consumption signal starting at ~200 °C and reaching the
maximum rate at about 334 °C. 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 attributed to zinc oxide reduction
and brass formation. > A similar behaviour was observed for the pure cobalt sample (x = 0),
where the low-temperature reaction is assigned to CozO4 reduction 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 250 — 355 um of the prepared pre-catalysts. The

reduction was measured in 6 vol% H; in Ar with a heating rate of 6 °C min™. The labelled

temperatures indicate the maximum hydrogen consumption.

The TPR analysis of the binary Cu-Co samples demonstrates that the copper reduction is
lowered gradually to 180 °C with increasing amounts of cobalt. The typical shape of the CuO
reduction with a shoulder assigned to intermediate Cu(l) formation 2’® 2’7 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 the Cu-Co samples. This additional
peak was similar in shape to the second reduction process 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 hydrotalcite-derived copper catalysts at
these low temperatures 2’® 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
freshly formed copper metal particles &. With lowering cobalt content, this second feature can
be shifted down in temperature to 247 °C for the equimolar sample (x = 0.5), in comparison to
612 °C in the pure cobalt sample (x = 0, Figure 8.2). A small amount of copper (x = 0.125) does
already facilitate the reduction of cobalt oxide, but the maximum hydrogen uptake at high
temperature is shifted only to 345 °C. These findings suggest that after the activation of the
catalysts at 250 °C with pure hydrogen, only the copper-rich binary catalyst x = 0.5 can be

safely expected to contain fully reduced copper and cobalt species before CO hydrogenation
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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 be 200 °C to remain in the
Kinetic regime preventing thermodynamic limitations. The binary Cu-Co catalysts performed
in a similar manner in the catalytic activity tests. Cs+ products were sometimes present but only
as a very minor fraction. Therefore, the discussion of the catalyst’s composition-dependent
activity and selectivity will be conducted in the following for three selected ZnAl,O4-supported
catalysts, the pure Co- (x = 0), the pure Cu- (x = 1) and the binary catalyst with an equal molar
ratio Cu:Co =1 (x = 0.5) based on the selectivity for linear C1 to C4 products. The conversions
and selectivity of all investigated Cu-Co catalysts are shown and discussed as supporting
information in the Figure SI 11.71 to Figure S1 11.75. The process parameters over the time on

stream of the catalytic test are also provided as supporting information in Figure SI 11.70.

8.3.2.1 CO hydrogenation at 20 bar

After activation in pure hydrogen at 250 °C for 4 h, the pure Co and Cu catalysts reached low
CO conversions at 200 °C and 20 bar as shown in Figure 8.3 a). Generally, low conversion was
expected for Cu catalysts compared to Co. Based on the TPR profiles (Figure 8.2), the reduction
temperature of 250 °C likely resulted in an incomplete reduction of these MMOs giving rise to
the low activities for both catalysts. The high CO content in the product gas stream (shown as
supporting information in Figure SI 11.73 a)) indicated on-going reduction and supports this
assumption. The pure cobalt and copper catalysts formed only low amounts of hydrocarbons or
long chain alcohols (Figure 8.3 b) - ¢)) from which the water molecule could be re-consumed
by water-gas-shift reaction to form CO.. Therefore, the CO> selectivity rather indicates on-

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 20 bar are shown. Below are the corresponding selectivity
and product distribution (n-C1 to n-Cy) in the alkane- (b) and alcohol- (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 total volume flow was set to 75 mLy min
with H,:CO = 4 and GHSV = 2800 ht.

The binary Cu-Co (x = 0.5) catalyst showed higher conversion and selectivity to hydrocarbons
and the increase in reaction temperature by 25 °C further enhanced the activity of Cu, Co and
CucCo catalysts but also the hydrocarbon selectivity. Traces of ethanol was formed for the pure
Co catalyst (x = 0) at 225 °C (Figure 8.3 ¢)). The binary Cu-Co (x = 0.5) catalyst formed
alcohols, but less with lower selectivity level than at 200 °C. On the pure Cu catalyst (x = 1),
the product distribution shifted towards methanol with increasing temperature with a
simultaneous selectivity of around 10 % for C1to C4hydrocarbons. Because of this hydrocarbon
formation with water as a by-product, the selectivity of CO, was for this catalyst almost constant

over the temperature range and is assigned to the water gas shift reaction.
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Temperatures of 250 °C — 300 °C at 20 bar resulted in complete CO conversion for all cobalt-
containing catalysts (compare Sl Figure SI 11.71). Thus, the catalytic performance will be
discussed only in the kinetic region at 200 °C — 225 °C. The datapoint at 200 °C before the
catalyst has been exposed to harsher catalytic conditions (250 °C — 300 °C) will be compared
to the datapoint after returning to 200 °C in temperature program (compare process scheme in
Sl Figure S1 11.70)) as a rough measure of catalyst stability. Back at 200 °C (after T-variation
in Figure 8.3), the activity was enhanced, compared to the initial catalytic performance at
200 °C, for the pure Co catalyst and slightly lowered for the mixed Cu-Co catalyst (x = 0.5)
but almost equal for the copper catalyst, which formed, as expected, mainly methanol with only
a small amount of ethanol (compare Sl Figure SI 11.71 b)-c)). The increase in the activity of
the Co catalyst (x = 0) can be attributed to a more complete reduction under high pressure in a
strongly reducing H2/CO atmosphere which might compensate the need for higher temperature
as it was expected from TPR results (Figure 8.2). Simultaneously, the hydrocarbon selectivity
increased, with predominantly methane being formed, and the selectivity towards ethanol
completely vanished, as expected for a pure cobalt catalyst. 8 The 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 C; to Csalcohol formation at 200 °C was observed only over the Cu-Co mixed catalysts.
This selectivity is ascribed to the interplay between both metals and confirms the promotional
effect of bi-metallic catalysts explained by theory  and reported in the literature 8 88
Interestingly, as shown in the SI Figure SI 11.71, already a relatively low amount of copper
(12.5 at% Cu in the catalyst with x = 0.125) in the cobalt catalyst resulted in an increase of the
ethanol selectivity from 0.3 % to 4 % at 200 °C and 20 bar after the temperature treatment. The
best catalyst at these conditions, was a cobalt-rich binary sample with x = 0.375 with an ethanol
selectivity of 4.5 % (shown in the SI Figure SI 11.71 c¢) and Figure S1 11.74).

8.3.2.2 CO hydrogenation at 60 bar

The increase of the pressure from 20 to 60 bar favours the CO conversion as is expected for a
reaction with volume contraction such as HAS (R 8.1). The CO conversion of the pure Co
catalyst (x =0) increased with increasing pressure roughly by factor of three (compare
Figure 8.3, second run (after T-variation) at 200 °C with Figure 8.4, first run at 200 °C).
However, the conversion increased only slightly for the copper-containing catalysts. The
observed formation of the C;- to Cs-alcohols at low temperatures (<250 °C) and the formation
of hydrocarbons with increasing temperature (>225 °C) agrees with theory 8. 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 200 °C at 60 bar (Figure 8.4, 200 °C, after T-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 200 °C, indicating a stable performance and product
distribution.

In comparison with reported results on similar catalysts, our ethanol selectivity are modesty
(Figure 8.4 c)). The herein reported copper-cobalt catalyst with equimolar ratio (x = 0.5)
reached a selectivity to ethanol of 2.5 % at a full conversion at 60 bar and 250 °C whereas a
similar catalyst prepared in the group of Muhler reached a selectivity of 7.5 % at a conversion
of 9.3 % at 60 bar, a higher GHSV around 9600 h™ and 280 °C ., In the herein presented study,
no ethanol formation was observed at a temperature around 250 °C for our self-prepared Cu-Co
catalyst (x = 0.5, GHSV = 2800 h%, 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 experiments (H2:CO = 4 vs H2:CO = 1), 8 which is a composition
closer to methanation stoichiometry than to ethanol formation. An additional difference is the
copper content, which was x = 0.6 of the above-mentioned literature reference 8 and x = 0.5 for
the herein reported catalyst.

The CO conversion on the pure cobalt catalyst (x = 0) 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 from 26 % to 84 % during the
temperature variation in between of the two measurements at 200 °C of the first and second run
(Figure 8.4). The main products were hydrocarbons. This activity increase must be related to
some structural changes of the pure cobalt catalyst (x =0). The absence of CO, formation
during the temperature treatment (SI, Figure SI 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 manner as it is known from copper-methanol catalysts was not observed for
cobalt catalysts but a stabilizing effect was reported covering the catalyst activity 8. Therefore,
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=0.5andx =1
(right bar)) at 60 bar shown. Below are the corresponding selectivity and product distribution
(n-C1 to n-Cy) in the alkane- (b) and alcohol- (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 (after 380 °C) to
reference activity changes due to possible sintering effects. The total volume flow was set to
75 mLy min?twith H,:CO = 4.

During the following thermal stability test at 380 °C still further improvement of the CO
conversion to 93 % was observed after returning to kinetic control at 200 °C (see Figure 8.4
and Sl Figure SI 11.72). Again, at the 380 °C test no CO, formation was observed. The high
selectivity of hydrocarbons and the absence of alcohols (compare SI Figure SI 11.72 b) - ¢))
lead more to the conclusion, that probably the products have changed the active site of the
cobalt catalyst. Since it is known that 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. 2’8 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 sample (compare
Figure 8.5 b)). 27928

A slightly increased CO conversion over the pure Cu catalyst (x = 1) from 2 % at 200 °C before
380 °C and 60 bar (Figure 8.4 a)) to 4 % at 200 °C after 380 °C and 60 bar and an increased
CO; selectivity during CO hydrogenation at 380 °C (Figure SI 11.73 b)) were observed and
may indicate an on-going 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 10 % from 89 % to 99 %. This behaviour might be explained by enhanced strong
metal-support interaction as the ZnAl>O4 support starts to reduce at higher temperatures in
accordance with the hypothesis that a Cu—Zn surface alloy can favour methanol synthesis 24 154,
Also, on-going sintering can lead to a gradual activity increase of supported Cu catalysts .

In summary, it was shown, that the cobalt catalyst (x = 0) changed the active site during reaction
after reaching full activation and that for the hydrotalcite-derived copper catalyst (x = 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 temperatures of these samples.

Instead, the CO conversion of the mixed Cu-Co catalysts decreased only slightly over 63 hours
of time (SI Figure SI 11.72 and Figure SI 11.70) during the temperature variation test up to
300 °C at 60 bar, likely due to particle growth caused by the strongly reducing atmosphere and
the relatively high temperature that, according to the TPR profiles (Figure 8.2), should lead to
a full reduction. Their performance in the run at 200 °C and 60 bar resulted in an unaffected
selectivity towards alcohols from C» to C4 (SI Figure Sl 11.72 c)) 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 at 200 °C at 60 bar,
the catalysts reached 150 hours on stream before the thermal stability test at 380 °C was
performed.

During the high temperature catalysis at 380 °C, the binary catalysts reached full conversion
and formed only hydrocarbons (compare SI Figure SI 11.72). Their catalytic performance in
CO conversion was reduced by half comparing the kinetic experiments at 200 °C of the initial
run and after 380 °C. The maximum activity loss of 55 % was observed for a cobalt rich x = 0.25
catalyst. This activity loss could be caused by metal sintering or coking. However, the

selectivity were unaffected by the temperature treatment.

160



8 Cu-Co/ZnAl204 catalysts for CO conversion to higher alcohols synthesized from co-
precipitated hydrotalcite precursors

8.3.3 Characterization of the spent catalysts after passivation in air

To better understand the state of the catalysts and especially the above-described dynamic
changes of the copper-free Co catalyst (x = 0), the spent samples were analysed after careful air
contact as described in the experimental section. The PXRD patterns of the spent catalysts are
presented in Figure 8.5 a). They were all analysed with Rietveld refinement to extract the lattice
parameters and the quantitative composition of the assigned phases (shown in Si
Figure SI 11.79). Due to a partial overlap of reflections and correlation with the background,
the estimated error in the quantification was 1 % - 2 % 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 ccp phase 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 material 2.

All samples contain a spinel phase after catalytic treatment up to 380 °C, which is assigned to
the ZnAl>O4 support. It accounts in all samples for ~ 40 wt% (see Figure 8.5 b)) of the sample
and a significant inversion between Zn?* and AI** across their sites of ~30 % was found. The
expected weight fraction of the ZnAl2O4 in a fully reduced catalyst with composition
Cu7ZnAl204 (c.f. composition of the precursor) would be ~30 %. This overestimation of the
weight fraction by ~ 10 % 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
(Figure 8.5 c¢)). The domain size shows a minimum at around x = 0.25 — 0.375, which indicates
either a smaller crystallite size or could also be caused by substitution. A substitution of Zn?*
by Co?* seems to be a likely case 28!, 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 the copper-rich
samples with x = 1 and 0.5 only ccp metal was found, while for lower values of x a coexistence
of ccp and hcp metal was observed (Figure 8.5 b)). The sample with x = 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 highest catalyst test temperature (380 °C). The

coexistence of both polymorphs in various specimen and the complex dependency on heat
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treatment and particle size is long known. 282 However, alloying with other metals (e.g., Zn)
could contribute to further stabilizing (partially) the ccp phase, since a Co rich alloy with Zn
adopts the ccp structure 2, The lattice parameters of both phases are well in agreement with
those reported in literature for hcp and ccp Co 284, Secondly, the metal phases show a much
higher crystallinity in the pure cobalt catalyst (x = 0, Figure 8.5 a)) as compared to all other
compositions. As soon as copper is introduced the domain size of the metal phases decreases
substantially from 35 nm for x =0 to 6.5 nm for x = 1 (see Figure 8.5 d)), where the most
significant drop down to 10 nm already occurs with a small addition of copper, i.e. for x = 0.125.
It should be noted that these domain sizes rather underestimate the actual domain size, since no
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 consist of several domains. Furthermore,
the formation of Cu2O due to passivation will also reduce the average domain size of the ccp
phase since the oxide will grow at the expense of the metal.

When tracing the evolution of the cell parameter of the ccp phase (see Figure 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 additional phases to fit the patterns and favour such
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 lattice parameters, 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 catalyst 2+ 154 28 there is a reasonable possibility
that cobalt and zinc form mixed particles or a surface alloy with a cobalt-rich core under
reaction conditions in a ccp phase 2®°, which can be undetected by XPRD as in the case of
Cu/ZnO. Additionally, it can be discussed, that the Cu-Co mixed phase creates a CuCo surface
alloy representing multiple weak CO adsorption sites lowering the C-O dissociation and
increasing the selectivity towards oxygenated FTS products 2%, 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 Cu-Co mixed phase whereas 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 methanol .

162



8 Cu-Co/ZnAl204 catalysts for CO conversion to higher alcohols synthesized from co-
precipitated hydrotalcite precursors

Additionally, all copper containing samples contain a detectable amount of Cu.O that increases
with x (Figure 8.5 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
Cu20 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 reduction of 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 at 9.8° and 10.9° 26, which remain unassigned after
searching the databases. Based on IR and TGA results (see
Sl Figure S1 11.76 - Figure S1 11.78) they are tentatively assigned to crystalline fractions of
hydrocarbon waxes or other carbonaceous deposits 2.

The formation of cobalt carbide and graphitic hydrocarbons was observed previously on Cu-
Co catalysts with different cobalt-to-copper ratios 28, Formation of cobalt carbide was not
observed in the PXRD patterns of the spent samples (Figure 8.5 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 amorphous state if present 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 performance, which was observed before to stabilize only after
40 h time on stream 28289 Sych a behaviour was not found in this study supporting the absence

of cobalt carbides in these Cu-Co/ZnAl.O4 catalysts at the applied reaction conditions.
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Figure 8.5: Powder XRD analysis of the spent catalysts after CO hydrogenation at 20 bar /
60 bar 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 ZnAl,O4 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 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, 622435, 44989). 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 Sl in Figure SI 11.76) shows for the copper
containing catalysts, absorption bands between 1541 cm™ and 1393 cm™, 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 CO». Only for the pure cobalt catalyst with x = 0, strong absorption
bands around 3000 cm™ and 1500 cm™ were observed. These strong bands at 1474 cm™ and

1460 cm™ can be assigned to methyl groups of formed coke or aliphatic hydrocarbons.
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Asymmetric C—H bending can give rise to the band at wavenumber 1460 cm™. 2021 |n the
range of 3000 cm™ and 2800 cm™, C—H stretching modes are excited. 2! The band at 2953 cm™
could be assigned to asymmetric CHs stretching, whereas the bands at 2912 cm™* and 2844 cm™?

could be C—H stretching modes of CH3 or CHz groups. 2%

IR spectroscopy thus gives evidence
of carbon enrichment in the pure cobalt catalyst, which was also confirmed by C, H analysis
(Figure S1 11.77), were carbon was found to be 30 wt% of the recovered catalyst. Additionally,
a thermogravimetric analysis of the spent sample shows a drastic mass loss around 300 °C of
about 28 % of the cobalt catalyst (Figure SI 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 copper-containing catalysts contained only small amounts of carbon and hydrogen, which
can be assigned to carbonate groups or re-adsorbed water, as neither the IR spectra nor the TG
analysis delivered clear further evidence for coke formation or burn-off. The TGA curves
showed a mass gain due to metal oxidation rather than a mass loss due to burn-off of deposited
hydrocarbons. This also confirms that the catalyst passivation was successful and substantial
fraction of the catalyst have remained in the metallic 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 by Cu-Ni or Cu-Co catalysts in other reaction
systems 2%2-2%4 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 250 °C in Cu-Co/ZnAl;O4 catalysts. Bi-metallic
catalysts showed a clearly different 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
pressure (20 bar) and temperatures above 225 °C result in complete conversion at an GHSV of
around 2800 h'! in a synthesis gas stream of a H2:CO ratio of 4. Unfortunately, these process
conditions were found not to result in an increase in the HAS activity of the catalysts. Compared
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 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
hydrogen-rich synthesis gas. Another 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 necessity of higher temperatures to reach a completely activated state of this Cu/ZnAl>O4
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 temperature or pressure
variation. Even though significant coke formation was found for this catalyst, it showed —just
like the other hydrotalcite-derived catalysts studied here— a stable catalytic performance after it
was fully activated up to 165 hours on stream.

Supporting Information

Supporting Information for this article can be found under DOI: 10.1002/cite.202200171 or in
chapter 11.10 (Supporting Information to ”Cu-Co/ZnAl204 catalysts for CO conversion to
higher alcohols synthesized from co-precipitated hydrotalcite precursors”) starting from page
279.
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9 Conclusion and Outlook

The role of Al and Ga as secondary promotor was investigated in a copper-based catalyst and
evaluated regarding the structural promotion and the catalytic performance. It was found that
the secondary promotor (e.g., Al or Ga) increased the microstructure during co-precipitation
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 reduction of the ZnO was found by chemisorption
methods. This enhanced ZnO reduction resulted in an increased amount of Zn"™¢ species 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 confirmed that the secondary
promotor stabilizes the Zn vacancies and improves the ZnO reduction to form Zn"™ surface
species which was determined 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 ZnO was prepared according to the catalyst preparation via co-precipitation.
Thermodynamically favoured segregation into an aluminium-rich crystalline zaccagnaite side-
phase, ZnsAl2(OH)12(CO3) - 3H20, was observed at aluminium contents higher than xai = 0.02,
for long ageing times and after hydrothermal treatment. This side-phase was found to be
responsible for a non-uniform aluminium distribution in the precursors and later in the calcined
samples. Still, the results suggest that hydrozincite can take up aluminium in an octahedral
coordination even for xai > 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 and 2’Al NMR revealed non-uniform aluminium
distribution and presence of diverse aluminium species for a doping level of xai = 0.03 and
larger. Such complexity is based on the ex-zaccagnaite regions, which were found to segregate
into nano-crystalline zinc oxide with an aligned crystallographic orientation and into
amorphous alumina. At lower aluminium contents, however, the dopant was found preferably
on the zinc sites of the zinc oxide lattice based on the Al7,, signal dominating the 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 the Al site and segregated into zinc oxide and ZnAl204 spinel 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 investigation. Co-precipitation was
performed at lower Temperatures and with short ageing time. The zaccagnaite-like side phase
was determined for Ga contents >6 %, which was almost double of the aluminium content. A
careful analysis 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 methanol 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 the PXRD pattern additionally by Raman spectroscopy confirmed. In both
analytics an effect on the c-axis of the ZnO structure was determined due to Ga incorporation.
The chemical environment of the Ga ion was determined by "*Ga NMR spectroscopy and has
shown, that up to xca = 0.06 no five-fold or six-fold 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 signals for the
four-fold coordinated Ga ion. From UV-Vis spectroscopy, a band gap of around 3.3 eV was
determined for the ZnO:Ga. Up to xca = 0.04, the band gap could be considered as equal for the
lower doped ZnO and supports a solubility limit around this concentration (Xca = 0.04). A
further increase in Ga content resulted in an increased band gap, which can be explained either
by a Burstein-Moss effect or by isolating effects of the decomposed Ga enriched zaccagnaite-
like side phase present in samples for Xca > 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 of syngas (CO2/CO/H>). The
catalyst was prepared via co-precipitation 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 performed. The study confirms but
also extends the hypothesis of Laudenschleger et al.,?® 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 NH>* and CO> but is a stable species that undergoes further

hydrogenation rather slowly, explaining its strongly poisoning effect. Importantly, NH>* can
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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 ethylene hydrogenation further
demonstrated that hydrogen can be activated readily under these conditions, both for the

hydrogenation of ethylene and CO>, and is thus not the rate determining step.

Beside the investigation of copper in methanol synthesis, it was also used as a promotor in
Fischer-Tropsch to improve the higher alcohol synthesis with cobalt as the FTS active metal.
The investigation of a varying copper contents in cobalt rich ratios of Co:Cu/ZnAlO4 catalysts
have demonstrated, that the addition of copper prevents coke formation on cobalt catalysts and
enhances the selectivity towards alcohols at temperatures below 250 °C in Cu-Co/ZnAl204
catalysts. Bi-metallic catalysts showed a clearly different 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 pressure (20 bar) and temperatures above 225 °C result in complete conversion
at an GHSV of around 2800 h! in a synthesis gas stream of a H2:CO ratio of 4. These process
conditions were found not to result in an increase in the HAS activity of the catalysts. Compared
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 phase compared 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
hydrogen-rich synthesis gas. Another 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 necessity of higher temperatures to reach a completely activated state of this Cu/ZnAl>04
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 temperature or pressure
variation. Even though significant coke formation was found for this catalyst, it showed — just
like the other hydrotalcite-derived catalysts studied— a stable catalytic performance after it was

fully activated up to 165 h on stream.

Regarding the trivalent cation doping of the state-of-the-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 incorporated into the ZnO structure

without additional side phases. Therefore, an increased amount of Ga is expected to improve
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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 performance by similar improvement 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 impregnation of the doped ZnO 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 doping level up to the solubility limit (xai = 0.013 and Xca=~ 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 the state-of-the-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) above the 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 be conducted 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 together
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 more favourable incorporated into the targeted ZnO
phase whereas the other species segregates as structural catalyst promotor 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 of prepared precursors

Table S1 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 time pH =9
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Sample Xal XGa Comment
BM-CP-029 0.03 ageing time pH =8
BM-CP-030 0.03 ageing timepH =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 S1 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 Ga-Zaccagnaite
BM-CP-111 0.67 Zn-Ga-Spinel

Table SI 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 synthesis, pH =9
BM-CP-035 Reproduction old synthesis, pH =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-072-HT

BM-CP-100

BM-CP-101

BM-CP-102

hydrothermal ageing

Ultraturrax dispersed

reference to 68-UT

hydrothermal ageing (long time)
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Table SI 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-ZnI-002 CM(70:30)+ 5 wt% Zn
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assumed meaning of the chemisorption capacities is summarized at the bottom.
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Schematic visualization of the Cu microstructure and the Cu-Zn interaction
depending on the secondary promoter. The value of the PXRD crystallite size is
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as a blue ring and the Cu*'"™+Zn"® sites are presented as a yellow surface......... 53
Methanol yield of the CZA (black), CZG (red) and CZ (blue) catalysts
(125 — 250 um particle size fraction) at 235 °C and GHSV = 1700 h™. The feed
gas was H2:COx=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 BYES. .........coveiiee i, 54
Methanol yield during CO hydrogenation of the catalysts CZA (black), CZG
(red) and CZ (blue), all with a 125-250 pum size fraction. In a) the hydrogen partial
pressure variation at 1700 ht, 30 bar, 220 °C, in b) the pressure variation at 1700
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at H2:CO = 2, 220 °C and 30 bar and in d) the temperature variation at 1700 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
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 represent the 95 % prediction band. b) Relative methanol production
evolution of each catalyst normalized the initial methanol formation rate to 100
%. Reaction conditions: 235 °C, H,:CO = 2, 30 bar and GHSV of 1700 h......58
Reduced catalysts after methanol synthesis for around 1200 h time on stream at
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PXRD data of a co-precipitated zinc-aluminium precursor with an aluminium
content of xa = 0.02 at different ageing times. The ageing was performed between
0 min (immediately after co-precipitation) and 120 min. The remaining
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is an overview, while b) shows a more detailed zoom for better identification of
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patterns are sorted HKEWISE 8S IN @). ....ccevvervirieiiiiiesieee e 78
SEM images depicting the morphology of the precursor materials recovered at
different ageing times after co-precipitation at 65 °C and a pH of 6.4 of a zinc-
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Cell volume and volume weighted average domain size estimated from the h00
reflections of the hydrozincite samples versus cation-based molar aluminium
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Temperature-resolved PXRD analysis of the thermal decomposition of the
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in black (#2107059). Xca is the metal-based fraction of gallium. In b) is the
reflection broadening as the fullwidth of the half maximum (FWHM) in
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Band gap energies of the gallium doped zinc oxides. The line is to guide the eyes.
........................................................................................................................... 122

Ageing of CZA in a mixed synthesis gas containing CO/CO2/H, under differential
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and synthesis gas (60 % Cu/28 % Zn/11 % Al; CO2/(CO+CO3) = 0.8). The kinetic
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Methanol formation poisoned by injecting 1 ml N> containing different amounts
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Powder XRD pattern of the co-precipitated [(C01-xCux)7ZnAl2(OH)20]COs - m
H20 hydrotalcite precursors (a)) with X = ncy (Ncu+nco)®. The reference was taken
from the ICSD database for a Zn-Al-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 the c-axis is 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 Co030s-spinel was taken from ICSD database
(#26091). The extracted lattice parameter a and isotropic domain size are plotted
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In a) the CO conversion of selected catalysts and temperatures (x = 0 (left bar),
x =0.5 and x =1 (right bar)) at 20 bar are shown. Below are the corresponding
selectivity and product distribution (n-Cy to n-Cy) in the alkane- (b) and alcohol-
(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 total volume flow was set to 75 mLn min* with H2:CO = 4 and
GHSV = 2800 N7 .ottt 156
In a) are the CO conversion of selected catalysts (x = 0 (left bar), x=0.5and x =1
(right bar)) at 60 bar shown. Below are the corresponding selectivity and product
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°C was performed after 380 °C (after 380 °C) to reference activity changes due to
possible sintering effects. The total volume flow was set to 75 mLy mint with
H2iCO S 4. e ettt bbb 159
Powder XRD analysis of the spent catalysts after CO hydrogenation at 20 bar /
60 bar and 200 °C - 380 °C after passivation at room temperature with air. The
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11.6.1 Catalyst preparation

Table S1 11.5: List of the used metal salts for the co-precipitation of the catalyst precursors.

Chemical Supplier purity
Cu(NOgz)2 - 3H20 Carl Roth GmbH + Co. KG >98 %
Zn(NOs)2 - 6 H20 Carl Roth GmbH + Co. KG >99 %
AI(NO3)s - 9 H20 Carl Roth GmbH + Co. KG > 98 %
11.6.2 Characterization methods
11.6.2.1 Atomic absorption spectroscopy

Atomic absorption spectroscopy was performed on a Thermo Fisher iCE-3500 AAS after
dissolving the sample in nitric acid overnight. Elemental analysis (EA) of C, H, N, S was carried

out by combustion of the sample together with V20s in a EuroVector EA3000.

Table SI 11.6: Detailed atomic absorption analysis of the investigated precursors. The
trivalent cation in the case of CZA is aluminium and in the case of CZG gallium. The values

are related to the mass of the precursor.

Sample X(cuimprecursor)  X(znmPrecursor) Xy lmprecursory  N(CImPrecursor)  X(HimPrecursor)
wt% wt% wWit% wt% wit%
CZA-Prec. 46+19 19+2.2 0.8 +£0.07 4.69 £ 0.06 1+0.05
CZG-Prec. 38+16 16+1.9 1.7+0.05 499+0.06 1.13+0.05
CZ-Prec. 39+16 17+2 0 5.12+0.07 0.88+0.04
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Table S1 11.7: Detailed atomic absorption spectroscopic analysis of the calcined samples. The
trivalent cation in the case of CZA is aluminium and in the case of CZG gallium. The values

are related to the mass of the calcined pre-catalyst.

Sample X(cu/moxide) X(zn/moxide) X (1 mOxide) X(c/moxide) X(HimOxide)
Wi% Wi% wt% W% W%
CZA-Calc. 50+2.1 20+24 0.68 + 0.05 1.43+£0.02 0.24 £0.01
CZG-Calc. 49+ 2 21+24 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 TG analysis (Figure SI 11.1), a strong decomposition step around 350 °C was
measured for the binary CZ precursor. The trace of high-temperature stable carbonates was
determined to be 4 % which starts to decompose at 380 °C. Besides that, the ternary oxides
contained around 10 % high-temperature carbonates after calcination, which is roughly

determined from the TG data because of their initialized decomposition at temperatures around

440 °C.
160 \
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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/ZnO/Al,O3 (CZA, lower curve),
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Cu/Zn0O/Gax03 (CZG, middle curve) and Cu/znO (CZ, upper curve)) as a function of
temperature in synthetic air (20 % Oxygen content). The black line at 350 °C shows the

calcination temperature, which was used to create the pre-catalysts in a muffle furnace

containing static air.

11.6.2.3
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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/Al,O3 (CZA, lower graph), Cu/ZnO/Ga203 (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
Brunauer-Emmett-Teller (BET) equation to the N» adsorption data in the range of 0.07 to 0.4
of the pressure ratios measured at -196 °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

Figure SI 11.2. The corresponding pore diameter and pore volumes are listed in Table SI 11.8.

Table S1 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 0.2 m? g%, the mean 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
CZG 123 105 23 27 699 722
Ccz 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 of 125-250 um of particle size. Therefore, a pressure
of 2 tons was supplied for 2 minutes onto the powders. As a result of this pressure impact, the
surface area as well as the pore size decreased (compare Figure SI 11.3 and Table SI 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, the characterization 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 fractions (e.g., 100 m? g* before and
47 m2 g1 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 thumb estimation for catalytic activity

since the exposed surface is important for gas phase catalysis. Simultaneously, the copper
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surface areas, determined by N2O-RFC, 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 as the “normal” surface areas. The main difference
was that the samples were first reduced, as described for the TPR analysis (275 °C for 4 h in
5 % Ha/Ar, p =2 °C mint). Afterwards, the sample was transferred to a glove box of MBraun
with Argon atmosphere to the quartz glass sample tube 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 into the analysing device 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 the mass of oxide is needed.
Therefore, calibrated TPR experiments of the same batch of sample analysed with 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 equation M 11.1. The corresponding masses and the calculated weight fraction are listed in
Table SI111.10.

Xcu,0xide,AAS
Moyide 100

Xcured. = 100 % M11.1

Moyide — Nu, " Mo

Afterward, the oxidic mass of the analysed sample can be recalculated from the weight of the
reduced state as followed:

Moxide = Myeq. + "My 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 m2 g* reduced and 47 m2 g* oxidic, compare
in Table SI 11.9) compared to the oxidic state but also compared to the other catalysts. Even
for CZG the total surface area increased by 15 m2 g after 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 and hence would increase the overall surface area.
Additionally, the consumption of ZnO to form the surface alloy under these conditions °*, or
even the migration of ZnO around the Cu nanoparticles > 2% 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 and could 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 in Figure S1 11.4.

Using the N2O 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 to equation M 11.3.

Acun,0-rrc * 100 %

DACu vs.Ager —

ABET, red. M11.3
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Figure SI 11.3: Nitrogen physisorption isotherms for the determination of BET surface area
and pore volume of the 125-250 um sieve fraction of the calcined pre-catalysts (a) and of the
corresponding reduced catalysts (b).The catalysts are sorted from button to top in each graph
like: (Cu/ZznO:Al (CZA, lower graph), Cu/ZnO:Ga (CZG, middle graph) and Cu/ZnO (CZ,

upper graph)).
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Table S1 11.9: Comparison of the surface areas of the 125-250 um 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 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 0.2 m2 g%, the mean pore size has an accuracy of 1 nm, and the total pore volume

was determined with an accuracy of 0.82 pl g™.

Samp|e ABET, calc. ABET, red. dpore, mean dpore, mean Vpore, total dpore, total
m?2 g_l(Oxide) m2 g-l(Oxide) (Calc.) (red.) (Calc.) (red.)
nm nm pl g_l(Oxide) pl g'l(Oxide)
CZA 47 12 8 9 133 213
CZG 50 65 8 9 141 193
CzZ 34 26 12 14 118 167

Table S1 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 MOoxide 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 is CZ. The label “sieved” correspond to the sieve fraction of 125-
250 pum.

11.6.2.4 Nitrogen capacities from chemisorption experiments
H,(ads.) O:;* H,(ads.) Oiu*
calc. TPR H,-TA N,O-RFC H,-TA N,O-RFC

Scheme SI 11.1: Series of chemisorption experiments performed to determine the copper
surface area. The orange circle depicted for H2-TAs represents adsorbed hydrogen. The blue
circle depicted for N2O-RFCs represents an oxidic layer of Cu™ on the copper nanoparticles.

Before each step, the reactor is purged to receive a clean, adsorbate-free surface.

The copper surface area of CZ-red., CZA-red. and CZG-red. was determined by H> transient
adsorption (H2-TA) and N2O reactive frontal chromatography (N2O-RFC) experiments
performed in a certain series (see Scheme Sl 11.1). The series adapts the measurement protocols
of Kuld et al.*? and Fichtl et al. ® on their chemisorption analyses of Cu-based catalysts and
takes into consideration their findings and conclusions. Starting from the calcined material, the
catalyst is activated by a temperature-programmed reduction to 275 °C. This results in a

material consisting of metallic copper nanoparticles, zinc oxide and a partially reduced zinc
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species (Zn™4) which correspond to the Cu-Zn surface alloy, that is formed at this reduction
temperature®4. In a subsequent Hz-TA, the Cu® surface is covered with hydrogen. In an Ho-
TPD experiment up to 400 K Fichtl et al.®® showed that for a reduced CZA catalyst, no hydrogen
desorbs from the Zn"d.% Thus, for our Ho-TA experiment, we can conclude that Zn"? does not
interact with hydrogen and does not affect the hydrogen uptake, respectively. After purging at
elevated temperatures to clean the surface, N2O flows into the reactor. By that, the surface of
the reduced copper is oxidized to Cu*and the Zn™ is oxidized to Zn®*. The reoxidation and
segregation into the corresponding oxides appeared as the break-up of the Cu-Zn surface alloy
in oxidative atmospheres.’™> In a second Hz-TA, Cu'* is reduced back to Cu® and 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 second N2O-RFC is performed. The surface
of the copper nanoparticles is again oxidized to Cu™. But different from the first NoO-RFC, no

reaction with Zn" takes place as it already is in an oxidized state.

According to Kuld et al. 12, the copper surface area can be calculated by comparing the results
of the Hz-TAs subsequent to reduction and to N2O exposure, respectively. The Ha uptake after
reduction originates from adsorption of hydrogen on the Cu® surface, whereas the uptake after
N2O exposure stems from a reduction of Cu* to Cu® plus subsequent hydrogen adsorption on
Cu®. Thus, the difference between those experiments gives the H. uptake caused by the
reduction of the Cu* oxidic layer only. This value can then be converted into the exposed copper
surface area. Furthermore, both Kuld et al.'*? and Fichtl et al.%® pointed out that for zinc-
containing catalysts, the copper surface area determined by N>O-RFC is too high as the N.O
not only oxidizes the Cu®, but also the Zn"™d. We want to show that this can be avoided by
applying our chemisorption series. In the second N2O-RFC, the initial state of the material is
composed of Cu® and ZnO only, without Zn™" being present. That is why the second N2O-RFC
can be referred to as a ”Zn"™ corrected N2O-RFC” for reducible oxides. Because of the
overestimation of the exposed copper surface by the presence of Zn™d both N,O-RFC
measurements can only be compared to the consumed N2O/evolved N2 molecules. Therefore,
the No-capacity, which describes the molar amount of released N> molecules 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 N20O reactive
frontal chromatography (N2O-RFC)

The evolution of N2 molecules in N2O-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 1.47-10%° atoms m was used 3. All other quantities were calculated
according to DIN 66136-1 *°. The integration borders were set to the beginning of nitrogen

evolution and the intersection of the decreasing nitrogen evolution and increasing N2O signal
(compare Figure SI 11.7).

CZ 139 °C

CZG

76 °C

“\w\»‘\“»\»\“\“\»\\V\\

50 100 150 200 250 300

TCataIyst /°C

Figure SI 11.5: Temperature programmed reduction of the investigated pre-catalysts to their
corresponding activated catalysts (99.3 mg Oxide of Cu/ZnO:Al (CZA, lower profile), 111.5

mg Oxide of Cu/ZnO:Ga (CZG, middle profile) and 106.8 mg Oxide of Cu/ZnO (CZ, upper
profile)).
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Table SI1 11.11: Comparison of the temperature-programmed reduction of the investigated

Catalysts and their degree of reduction.

Sample Tmax XCu, reduced
°C 3

CZA 164 1.01288

CZG 168 1.03201

cz 156 1.07963

S mm
e

Figure Sl 11.6: The original re-resentaie HR-TEM image of the microstructure of CZA-red.
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Figure SI1 11.7: N2O-RFC for the determination of the No-capacities of the activated catalysts
(100 mg Oxide of 125-250 um sieve fraction). The reduction was performed at 275 °C, 2 °C
min for 4 h in 5 vol% H. in Argon. The N,O concentration is shown as light coloured and the

N2 concentration is shown as dark coloured spheres.
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Figure SI 11.8:Transient hydrogen adsorption (H2-TA) of the prepared catalysts after

reduction (Cu/ZnO:M#7 dark-coloured curves) and after re-oxidation by N.O-RFC
(Cu20/ZnO:M™, light coloured curves). The Ho-TA was performed at 60 °C for 60 Min in 2

vol% H> in Helium.
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Figure SI 11.9: N2O-RFC for the determination of the N»-capacities of the re-reduced copper
sites in a former H>-TA experiment of the catalysts (100 mg Oxide of 125-250 um sieve
fraction). The Ho-TA was performed at 60 °C for 60 Min in 2 vol% H, in Helium. The N2O

concentration is shown as light coloured and the N2 concentration is shown as dark coloured

spheres.
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Table SI 11.12: Ratio of Zn™®:Cu*'" sites (expected Zn"d:Cu™" ratio of 1:1.5 = 0.67)
determined by N2-capacities.

Sample Nj-capacities
oA 0.80
CZG 0.38

oV 0.67
200 -
N,O-RFC-2

—

(%))

(=]
1

H,-TA

H,- / N,-capacity / umol ggxide
. =
o L=

0

CZA CZG cz
Figure SI 11.10: Comparison of the Hz- and N»-capacities of the Cu*“"" determined by Ha-TA

and the reoxidation of the Cu® sites by NoO-RFC after prior reduction with Ho-TA method.

11.6.2.6 DRIFTS

The catalysts were reduced by H. as specified in the experimental section before the exposure
to the CO probe gas. The MS signals of the product gases were continuously monitored to
observe the extent of the reduction. The profiles of the mass/charge of 18 corresponding to H20O,
the product of the reduction, are plotted in Figure SI 11.11 which shows quite comparable TPR
profiles and seemingly the full reduction of the catalysts, despite the different compositions.
Next, the samples were exposed to the probe CO mixture and the evolution of the carbonyl
band/s was monitored during 40 min of adsorption. The spectra at 1 min, representing the early
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stage of adsorption, as well as 40 min, representing the surface saturation, are compared in
Figure SI 11.12.

11.6.2.6.1 CO adsorption

For the CZ catalyst, the formation of two distinct bands at 2140 cm™ and 2105 cm™ in addition
to a shoulder feature at 2093 cm™ was clearly visible in the first minute of exposure
(Figure S1 11.13 and Figure SI 11.12). After 2 minutes of exposure to CO, the carbonyl band
absorbance does not further increase, resulting in a saturation of the adsorption sites.
Interestingly, the band at 2140 cm™ disappears in the end while the other two were broadened
over the course of the experiments. The CZG catalyst showed no carbonyl band at an early time
and only a double band of gas-phase CO in the end. On the other hand, the CZA, showed a very
small band at 2091 cm™ at early time which grew to a small extent until 40 min. While the
bands at smaller wavenumber can be reasonably assigned to Cu® species, possibly at different
coordination environments, the one at 2140 cm™ indicates the presence of Cu*. This band could
be then reduced by CO and the corresponding site can be blocked due to the formation of
carbonates which can be inferred from the spectra for the carbonates region as shown in
Figure SI 11.12. The stacked spectra over time (see Figure SI 11.13) also show that this band
on CZ disappears after 1 min. Not observing carbonyl band as significant as the ones on CZ,
suggests that there could be a strong metal-support interaction and possibly the coverage and
blocking of the Cu sites by a layer of the reducible oxide support, which is in agreement with
previously reported DRIFT analysis of a CZA catalyst 1%° and the dynamic synergetic effect
between Cu and ZnO ** 221 However, the carbonyl band for the CZ catalyst gives evidence
for a less pronounced SMSI, which could be related to a more difficult ZnO reduction, as it was
described in the DFT section.
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Figure SI 11.11: MS signal of the catalysts for mass/charge of 18 corresponding to H2O during

the reduction.
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Figure SI 11.12: Adsorption DRIFT spectra of the carbonyl region recorded at 1 and 40 min

of exposure to 0.2 vol% CO in He.
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Figure SI 11.13: Time resolved signal evolution of the CO adsorption in the DRIFT spectra.

The catalysts were exposed to 0.2 vol% CO in He for 40 minutes after reduction at 275 °C for

1 hour in hydrogen.
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11.6.2.7 X-ray absorption spectroscopy and linear combination analysis

Table SI 11.13: Results of linear combination fit of the Ga-K-edge XANES of CZG and the
experimental Ga-oxide-reference spectra, which were a-Gaz0s, f-Gax03, y-Ga203, ZnGax0s-
spinel and ZnO/3 %Ga203 (ZnO3Ga). Prior to the fitting procedure, all references were energy
aligned, the background was subtracted and normalized. For the CZG data, 9 XANES spectra
recorded at 250 °C for 1 h were merged. The pre-edge region of the merged spectrum was
modelled with the aim to refine the data and facilitate the fitting procedure for this part of the
absorption spectrum. The fitting procedure was applied in the region of -30 eV to 100 eV
relative to the Ga-K-edge. The energy shift due to the fitting were always close to 0.3 eV. It is
apparent that Ga in the reduced CZG is in a similar state as in the ZnO/3 %Ga»Os reference,

as it was found in the results of the fit.

Fitno. Energ R- a- Zn03 ZnGa2 V- Cuzn3 - total
y shift Factor Gallia Ga 03 Gallia Ga Gallia
x 1073
1 0.3085 2.737 0.1458 0.7860 0.0682 0 - - 1
2 0.3334 2761 0.1462 0.7871 - - 0.0667 0 1
3 0.3259 2814 0.1746 0.7820 - 0.0434 0 - 1
4 0.3372 2.841 0.2171 0.7829 0 - - - 1
5 0.3252 3.090 - 0.7981 - - 0.2019 0 1
6 0.3221 3.088 - 0.7967 - 0.0159 0.1874 0 1
7 0.3248 3.090 - 0.7980 0.0012 - 0.2008 0 1
8 0.2548 3.155 - 0.7951 0.2049 0 - - 1
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Figure SI 11.14: XANES region of the CZG spectra and 8 best fits.
Zn0,Ga
—ZnGa,0,
1 Ga0,
J\’_\/—— CuZn;Ga
B-Gay,
L
=1 J\.\/,__ CZG

_f_/__

10340 10360 10380 10400 10420 10440
Energy /eV
Figure SI 11.15: XANES region of the CZG spectra and the references used for LCA.
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11.6.3 DFT calculations
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Figure SI 11.16: Structures of Zn0(110), Zn0-1(110), Zn_10(110), GaZn0(110), GaZzn0-1(110),
Gazn.10(110), Zn0-bulk, Zn0z-bulk, Zn.10(110)-bulk.

The structure data used for the calculations are shown in the last section of the supporting

information in the online version of the published manuscript.
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11.6.4 Catalysis

11.6.4.1 Overview
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Figure SI1 11.17: Methanol yield (left) and methanol formation rate (right) of the CZ-based
catalysts (black CZA, red CZG and blue CZ, the dashed line is calculated equilibrium yield) at
235 °C, GHSV = 3600 h%, H2:COx=2 and 125 — 250 um particle size.

11.6.4.2 Activity in CO hydrogenation

The apparent activation energy for the methanol formation in CO synthesis gas was determined
to Arrhenius’ law with k as rate constant, ko as pre-exponential factor, Ea as the activation
energy and R as the ideal gas constant and T as temperature.

Ea

k=ko-e KT M 11.4
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Figure S1 11.18: Arrhenius plot for determining the apparent activation energy in CO
hydrogenation at 30 bar, H2:CO = 2, GHSV = 1700 h** and T = 205-245 °C for CZA (grey),
CZG (red) and CZ (blue). The solid lines are the fit and the coloured area are the confidence

interval of 95 %.

Table SI 11.14: Determined kinetic parameters of the Arrhenius plot end determined activation
energy for each catalyst in methanol formation at 30 bar, H2:CO = 2, GHSV = 1700 h'! and
T =205 °C -245 °C.

Sample ko Ea R?
umol g min’ kJ mol! %
CzZA 13.2+0.9 99.1 99.7
CzG 139+0.7 104.4 99.8
Cz 14.4 £ 2 109.4 98.8
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11.64.2.1

Deactivation

Table S1 11.15: Kinetic data of the fitted deactivation of the investigated catalysts during CO
hydrogenation at 235 °C, GHSV = 1700 h!, H2:CO=2 and 30 bar.

Sample m y R?
h! mol kg! ! %
CZA -5.64-10* +5.6-10° 2.75+0.02 65.703
CZG -6.07-10% + 1.8-10° 1.73£0.01 95.773
Cz -3.73-10% £ 2.5:10° 0.87 £0.01 81.173
11.6.5 Characterization of the spent catalysts
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Figure S1 11.19: PXRD analysis of the spent catalysts after 1200 h TOS at 235 °C with a GHSV
of &) 1200 ht and b) 3600 h*. The asterisk corresponds to metallic copper reflections whereas
the diamond marks reflections corresponding to silicon. The reference pattern were taken from
COD database in black for CuO (004105685) and in grey for ZnO (002300450).
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Table S1 11.16: Copper crystallite size before and after (spent) methanol synthesis of the
reduced catalysts. Reduction was performed at 275 °C, 2 °C min?®, 4 h in 5 % H, in Ar.
Methanol synthesis was performed mainly in CO feed gas at 235 °C. The crystallite sizes
correspond to the GHSV of 1700 h™ for CZA and GHSV of 1200 h*! for CZG and CZ.

Sample Cu 111, PXRD fresh dCu 111, PXRD spent
nm nm
CZA 7 12
CZG 6 13
cz 17 19
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11.7.1 Description of the crystal structure of hydrozincite

The layered structure of hydrozincite (see Figure Sl 11.20) consists of layers made up of edge-
sharing Zn-O octahedra with ordered voids. Above and below these voids, additional Zn?*
resides in tetrahedral coordination, where the COs? anion connects the tips of the tetrahedra
with octahedra of the adjacent layer. A detailed description of the hydrozincite structure was

reported by Ghose et al. 1%,

Figure S1 11.20: Crystal structure of hydrozincite with viewing direction parallel to the layers.

126 Colour code: red: oxygen, brown: carbon, grey: zinc. **/

11.7.2 Materials used for co-precipitation

Table SI 11.17: List of the used metal salts and their purities for co-precipitation.

Chemicals Supplier Purity
Zn(NOs)2 - 6 H20 Carl Roth GmbH + Co. KG >99 %
AI(NOg3)s - 9 H20 Carl Roth GmbH + Co. KG >98 %
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11.7.3 Time resolved ageing of xai= 0.02 Al doped hydrozincite
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Figure S1 11.21: PXRD data of the time resolved ageing of aluminium doped hydrozincite for

T R . e Lo
1 1

Xa1 = 0.02. The ageing was performed from 0 min (immediately after precipitation) to 120 min
in the precipitation reactor. The residue after 120 minutes ageing time was treated
solvothermal at 130 °C. References are from ICSD: the black bars correspond hydrozincite
(#16583) and the grey bars correspond to zaccagnaite (#190041), whose main reflections are

marked with an asterisk.
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x
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Figure S1 11.22: Overview SEM images of the time resolved ageing experiment with an
aluminium incorporation of xa = 0.02 into the precursor phase. The times indicate after which
ageing time the sample was taken out of the synthesis reactor. After 120 minutes ageing, the
suspension was treated at 130 °C for additional 12 hours in a solvothermal reactor with Teflon
liner (picture on the bottom, right, 120 Min + solv.).
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Figure SI1 11.23: micrographs of the ZnO:Al synthesized from the precipitates after co-
precipitation of a zinc-aluminium solution with an aluminium content of xai = 0.02 and different
ageing times. After 120 minutes ageing, the solution was treated at 130 °C for additional
12 hours in a solvothermal reactor with Teflon liner (picture on the bottom, right,
120 Min + solv.). Calcination was performed at 320 °C with a heating ramp of 2 °C min for

4 h in static air.
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Figure SI 11.24: Evolution of the specific surface area as function of ageing time of the co-
precipitated aluminium doped hydrozincites (Prec.) and their corresponding zinc oxides

(Oxide). The precipitation was carried out with a zinc-aluminium solution, containing an
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aluminium amount of xa = 0.02. After 120 minutes ageing time the suspension was aged for
additional 12 hours in a hydrothermal reactor with Teflon liner at 130 °C (+720 (HT)).

The morphology of the hydrozincite powders with xa = 0.02 aluminium incorporation aged for
different temperatures is shown in Figure SI 11.22 and Figure SI 11.23. The SEM images show
that in the first 10 minutes ageing time the aggregates grew and almost reached their final size
(Figure S1 11.22). A closer look into the particle morphology, shown in Figure SI 11.23,
demonstrates the change in morphology in dependency of the ageing time. After co-
precipitation, the aggregates are formed by small platelets. After 10 minutes, the platelet
structure is more clearly present. At 120 minutes, larger additional platelets are observed and
aligned to the hydrotalcite side phase (zaccagnaite), as discussed in the main text. From this
observation it can be concluded that the aluminium favours an incorporation into a hydrotalcite
side phase. The Al enrichment in a hydrotalcite side phase could be thermodynamically
favoured, that is why the side phase evolved after 120 minutes ageing time and increased in the
solvothermal ageing step. These additional platelets grew out of the aggregates. At the same
time, the morphology of the bulk structure was changed to smaller platelets. The further
treatment at 130 °C in a solvothermal reactor resulted in an enhanced grow of the larger
platelets, which were afterwards substantially thicker. Simultaneously, rods are also formed and
present besides the typical aggregates as observed after 10 minutes ageing time.

Simultaneously to the larger platelets, the specific surface area of the precipitate as determined

by nitrogen physisorption increased (Figure SI 11.24).
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11.7.4 Synthesis of the aluminium-rich side-phase zaccagnaite
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Figure SI1 11.25: Powder XRD data of the co-precipitated zaccagnaite precursor a) with
reference from ICSD (#190041) and the calcined samples at different temperatures b) with
reference for ZnO from COD (#2107059, black, broad bars) and zinc-aluminium spinel from
ICSD (#75628, grey bars).

The aluminium-rich side-phase zaccagnaite synthesized as a reference material should
nominally contain 33 % of aluminium (metal based). The precipitation was carried out in an
automated stirred tank reactor (OptiMax, Mettler Toledo) from 0.4 M metal salt nitrate solution
at a temperature of 50 °C and at a constant pH of 8.5. As precipitating agent, 0.09 M sodium
carbonate together with 0.6 M sodium hydroxide solution were used. The dosing rate of metal
solution was adjusted to 2.08 g mint. After precipitation the precipitate was aged for 60
minutes without further pH control in the mother liquor. The precursor was washed with
deionized water 10 times, to reach a conductivity of the wastewater lower than 100 puS cm™ and

dried at 80 °C for minimum 14 hours.
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The PXRD characterization of the phase pure precursor and the calcined sample is shown in
Figure SI 11.25. Calcination at 320 °C resulted in an amorphous solid. The position of the
evolved broad halo between 26=30° —40° is in a range where ZnO as well as the spinel exhibit
strong reflections. After calcination at 1000 °C, ZnO as well as the spinel crystallized and

segregated. The reflections are quite sharp and small, indicating macroscopic crystallites.

11.7.4.1 Beam damage of the prepared zaccagnaite reference material in
TEM investigation

the prepared zaccagnaite in the TEM: a) shows the pristine material while figure b) was

recorded after a beam exposition of some minutes including electron diffraction and EDX

analysis. The measurement was performed at room temperature.

In Figure S1 11.26 the morphology change of the zaccagnaite material during TEM-analysis is
shown. The measurement was performed at room temperature. From TG-analysis of that
material, shown in Figure SI 11.32, the material decomposes at around 150 °C, which is a quite
low temperature. Because of the high vacuum and the radiation energy input at TEM-
investigations, an earlier decomposition may happen. Therefore, a degradation of the material
cannot easily prevent and takes place, as it was observed in a loss of oxygen determined by
EDX, which is associated with the emission of the decomposition products H,O and CO. Such
change in chemical composition because of beam exposure is known and also found in
investigations of nickel-iron layered double hydroxides. 2%2% From the finding it was assumed
that the zaccagnaite sample decomposed into defect enriched zinc oxide, as the d-values
determined by electron diffraction are in the range of ZnO but with a deviation up to 5 %. This
result correlates to the reported investigation on nickel-iron layered double hydroxides. 2

To demonstrate the origin of the defect enriched ZnO that originates form thermal
decomposition of zaccagnaite, in situ PXRD analysis of the calcination was performed. The
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decomposition starts with a pronounced shift of the 00I reflections at around 150 °C as shown
in Figure SI 11.27, which is assigned to the loss of inter-layer water and the resulting
contraction of the inter-layer distances. A slow crystallization of ZnO was observed by a
monotonic change of the PXRD patterns with further increasing temperature. Only above 550
°C, the main reflections of the ZnO became clearly visible. These results support the suggestion
that the beam-damaged state and the state after mild thermal decomposition are similar.
Furthermore, they provide support for the assumption that the defect enriched ZnO with
oriented domains found in the calcined samples, shown in the main text in Figure 5.11, have

their origin in the decomposed hydrotalcite-structure of zaccagnaite.
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Figure SI1 11.27: Temperature resolved PXRD analysis of the decomposition of the
Zaccagnaite precursor. The PXRD analysis was performed with silicon as standard and in
static air. Reflections of Si (*) and ZnO (#) are indicated by labels.
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11.7.5 Characterization of the hydrozincite precursors of the
aluminium concentration variation
11.75.1 Powder XRD and SEM analysis
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Figure S1 11.28: PXRD data of the co-precipitated aluminium doped hydrozincite precursors

Al:Zns(OH)e(CO3)2. xar is the metal based aluminium ratio. The black bars correspond to the
reference of hydrozincite (ICSD#16583).
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Figure SI1 11.29: Lattice parameter of the refined PXRD pattern of the aluminium doped

hydrozincites in dependency of the aluminium content.
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Figure S1 11.30: Morphology comparison in dependency of the aluminium content in
aluminium-doped hydrozincites Al:Zns(OH)s(COz). after co-precipitation and drying. The
larger hexagonal platelets are assigned to the aluminium-rich side-phase zaccagnaite (see

main text for details).

The influence of the aluminium doping on the particle morphology was determined by SEM
analysis of the hydrozincite with xa =0.01 (Figure SI111.30 left side) and xa = 0.1
(Figure S1 11.30 right side) aluminium content. For low doping amounts, inter-grown platelets
that form spherical aggregates were observed. The doping with xar = 0.1 aluminium content
resulted also in spherical aggregates, but they were built up of much smaller primary particles
of a platelet shape. Simultaneously the morphology is no longer uniform. Large hexagonal
platelets (compare Figure SI 11.30 right image) are present in addition. These platelets are
aluminium enriched, which was confirmed by EDX analysis (compare Figure SI 11.31) as
listed in Table SI11.18. The higher doping level resulted into inhomogeneous distributed
aluminium in the precursor material due to the segregation of this aluminium-rich side-phase,
which was identified as zaccagnaite (see main text for details). This result was also found in the
hydrozincite sample with xa = 0.03, where also a hydrotalcite signal was present in the
corresponding PXRD pattern (Figure 5.3 b)).
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Figure S1 11.31: SEM images of the recorded EDX point spectra of the large hexagonal
platelets, from left Spectrum 1, Spectrum 2 and Spectrum 3 the analysed spot is marked with an
asterisk. The pictures of a) contained to hydrozincite doped with XAl = 0.1 aluminium. The
pictures of b) contained to hydrozincite with xa = 0.03 aluminium amount (Spectrum19 (left)
and Spectrum 20 (right)).

Table S1 11.18: Aluminium and zinc ratio of the analysed platelets by SEM-EDX, shown in
Figure SI 11.31.

Zn Al
# Spectrum XAl/(Zn+Al) \ER\Y

at% at%

1 70 30 0.3 2

2 74 26 0.3 3

3 72 28 0.3 3

19 92 8 0.1 12

20 81 19 0.2 4
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11.75.2 Thermogravimetric analysis of the precursor samples
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Figure SI1 11.32: Thermogravimetric analysis of the decomposition of the hydrozincite

precursors in synthetic air with heating ramp of 6 °C mint up to 1000 °C. xai is the metal-based

fraction.
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Figure SI1 11.33: Differential thermogravimetric analysis of the decomposition of the

hydrozincite precursors in synthetic air with heating ramp of 6 °C min™ up to 1000 °C. Xa is

the metal-based fraction.

The decomposition of the co-precipitated hydrozincites and of the zaccagnaite reference

compound were analysed by thermogravimetric measurements on a STA 1600 from Linseis
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(shown in Figure S1 11.32 and Figure SI 11.33) in synthetic air heating the sample from room
temperature to 1000 °C with a heating ramp of 6 °C min‘t, The hydrozincites start to decompose
at around 220 °C and the decomposition process is completed at 300 °C. Therefore, the
calcination temperature of 320 °C is high enough to ensure complete transformation but is low
enough to create high-surface area materials and to prevent sinter effects. At xa = 0.04 and
higher aluminium contents, the DTG signal shows a shoulder or second event at higher
temperatures indicating an additional phase beside the hydrozincite. Because of the presence of
the zaccagnaite side phase in this samples, found by PXRD analysis, the two decomposition
steps could be assigned to the separated decomposition of hydrozincite and hydrotalcite.

However, the zaccagnaite reference was found to decompose at lower temperature.

11.75.3 Infrared analysis
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Figure SI 11.34: Complete range infrared spectroscopy of the aluminium doped hydrozincites

Al:Zns(OH)e(CO3)2 in comparation with the aluminium rich hydrotalcite side phase

zaccagnaite. xai is the metal-based fraction of aluminium.

In Figure SI 11.34 the stack plot of the measured infrared spectra of the aluminium doped
hydrozincite samples are shown. The main text provides a brief discussion on the changes in
the spectra observed with varying aluminium content. Here, the general assignment of the bands

and further details are discussed.

In the range of 3600 cm™ to 3200 cm™ the stretching band of OH" ions should be detectable,

which hints to stacking disorders. 4! In our synthesis series only one broad weak absorption
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band around 3300 cm™ was detected (Figure SI 11.35). This band is originated by the hydrogen
bond between a hydroxyl-group and an oxygen of a carbonate ion as well as by the stretching
mode of the hydroxide groups. 2% In contrast, this mode is more pronounced in the hydrotalcite

reference material, caused by the higher amount of hydroxide groups. 24

The w3 modes of the hydrozincite broaden as more aluminium was incorporated. Simultaneous
a shift of the 13 absorption peak from ~1370 cm™ (xai = 0) to a higher wavenumber 1422 cm'?
(xa = 0.1) was induced. The mode at around 1490 cm™ did not shift. The 11 mode showed a
similar behaviour. This absorption became weaker and simultaneous a shift towards higher
wavenumbers can be observed (1041 cm™ to 1081 cm™). In contrast to this observation, the v4
modes became only weaker and did not shift. The signal of the out-of-plane OCO bending mode
(w) was in all hydrozincite samples present without shifting, but a second v, mode appeared
for higher aluminium content samples. Typically, an LDH phase contains only one 3
absorption mode 211212214 The hydrozincites with xai = 0.06 and xa = 0.1 aluminium content

seem to change in the vz absorption modes towards a hydrotalcite like signal.

The infrared mode at 621 cm™ appeared for xai > 0.01 and increased with the aluminium
content. From hydrotalcite-like materials with different divalent cations, the mode in this region
was found to be induced by translation of the hydroxyl groups between the sheets. 24 The
increase in the absorption band in the hydrozincite samples is larger than the mode in the
aluminium rich Zaccagnaite sample. Therefore, this mode corresponds more probably to the
Zn-OH and to the Al-OH in the hydrozincite, which simultaneously explains the broadening
with increasing aluminium content. An increase in the translation mode of hydroxyl-groups
does indicate that the amount increased. Therefore, the possibility of an increased number of
sheets is given and demonstrates the sublattice change as an incorporated additional charge. An
increased number of sheets will result in more but smaller primary particles and in increased

defect sites of the host lattice.
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11.7.6 Characterization of the zinc oxides

11.7.6.1 Elemental composition and nitrogen physisorption

The metal amount was determined with an Avio 200 ICP Optical Emission Spectrometer with
a PerkinElmer S23 Autosampler. Before analysis, 5 mg of the metal oxide was dissolved in
nitric acid. In Figure SI 11.37 the measured aluminium ratios in comparison with the nominal
ratios are plotted. The targeted ratio was reached for samples with lower aluminium content
than 6 %. For higher aluminium contents (xai > 4 %) the deviation of the measured composition

from the nominal targeted composition was larger.
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Figure SI 11.37: Metal based aluminium content determined by ICP analysis of the oxides. The

line between the datapoints if to guide the eye.
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11.7.6.2 Nitrogen physisorption, pore size distribution and pore volume

105

mill

¢ 0.005 0.01 0.02 0.03 0.04 0.06 0.1
Xal

Figure S1 11.38: BET-surface area evolution of aluminium doped hydrozincites (HZ:

hydrozincite precursors) and the resulting zinc oxides (ZnQ) after calcination at 320 °C for 4 h

in static air. xai indicated the cation-based molar aluminium fraction.
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Figure S1 11.39: Pore size and -volume distribution of the aluminium doped zinc oxide series.

Xal 1S the metal-based fraction of Al. The lines are to guide the eye.
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11.7.6.3 Raman spectroscopy
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Figure SI 11.40: Raman spectra of the aluminium doped zinc oxides in comparation with the

aluminium rich hydrotalcite side phase (ex-zaccagnaite). The calcination was performed at
320 °C for 4 h in static air. The modes are labelled with abbreviations for: Longitudinal optical
mode (LO), transversal optical mode (TO) and transversal acoustical mode (TA). The Raman
spectra were recorded with a wavelength of 785 nm and 90 mW at 45° rotated sample at room

temperature.

To determine the influence of the aluminium incorporation onto the zinc oxide, Raman spectra
of the doped zinc oxide samples were recorded (compare Figure SI 11.40). The classification
of the modes was performed by the description from Arguello et al. ?® and Cuscé et al. 2** The
spectra show the non-polar Ez and the polar A1 modes as well as some side modes like the
acoustic overtone of the E2'°" signed as 2E,'°". 2*° The labelled spectrum “ex Zaccagnaite” is
the synthesized reference sample of the side-phase, described above, which was calcined under
the same conditions as the hydrozincites. The E2'°” mode is a result of the vibration of the zinc
ions whereas the E2"9" mode is more assigned to the oxygens moving perpendicular to the c-
axis. The oxygen dominated A1 mode shows the movement of the oxygen ions in parallel to the
c-axis whereby an oscillating polarization by the zinc ions is induced. 2*° This causes splitting

into a longitudinal optical (LO) and a transversal optical (TO) mode. 29300

Raman spectroscopy should also be sensitive to side phases in a sample. 3 Compared to the
aluminium doped zinc oxide samples the undoped sample had a higher intensity at the E"'9" (O

sublattice) mode than at the E2'°Y (Zn sublattice) mode, but the positions of the bands are
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independent of the dopant amount. The ex-zaccagnaite sample was used to verify, at which
position a Raman shift can be expected, if this side phase was calcined under the same
conditions. Interestingly, only two sharp peaks are visible. One at around 112 cm™ and the
second one at around 1085 cm™. Both peaks are shifted by ca. 5cm™ towards higher
wavenumbers compared to the zinc oxide samples. In case of side-phase formation in the
aluminium doped samples, the A;79*-C overtone mode appears more pronounced with
increasing aluminium content, especially for the sample containing xai = 0.06 and xa = 0.1
aluminium. Since this mode was also present in the undoped zinc oxide sample and since this
mode is a second order mode, it cannot be related to aluminium substituted zinc sites. 243
However, this overtone can be assigned to the naturally occurring defects in zinc oxide. 2** By
increasing the aluminium content, the PXRD pattern have shown that the 002 reflection (c-axis)
was affected by the incorporation. This finding can be supported by the increase in the A;T©*0

mode, which involves the c-plane.

The Raman spectrum of the ex-zaccagnaite sample shows only few Raman modes, which
correspond to ZnO, but the shift of about 5 cm™ could support a defect-enriched state of this
phase, which is present in high inter-dispersion with additional amorphous aluminium-rich

material. 3! This finding is in accordance with the results observed by TEM analysis.
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11.7.6.4 TEM-EDX analysis

Position
1

2
3
4

Figure S1 11.41: STEM-EDX-analysis of an aluminium doped zinc oxide sample with
Xa1 = 0.03. The windows visualize the analysed regions from which the mean metal-composition

was determined, which are shown in the table.
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11.7.6.5 UV/Vis analysis
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Figure S1 11.42: UV-Vis spectra of the aluminium doped zinc oxides. The spectra were
recorded at room temperature (a), at -185 °C (b) and at 27 °C (c). The spectra are recorded in

transmission geometry and are automatically normalized to 0 for 4 = 800 nm.
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In Figure SI 11.42 the recorded UV/Vis spectra of the zinc oxide samples are shown. The
calcination was performed at 320 °C for each sample. The band gap determination was
performed by differentiation of the raw data (Figure SI 11.42), to determine the changing point.
This mathematical treatment results in an optimum function, where the minimum corresponds
to the changing point. Therefore, the wavelength of this minimum (changing point in
Figure SI 11.42) was used to calculate the Band gap energy. Because of the doping effect it is
assumed that the absorbance shift towards higher or lower wavelength, as it can be seen by the
data in Figure S1 11.42. However, this shift in absorbance can be followed by the shift of the
changing point, which can be mathematically evaluated and reduces evaluation errors. The
change of these values with variation of the aluminium doping level is discussed in the main

text.

To determine the reliability of the measured data, additional measurements were performed
with a UV/Vis spectrometer 2600i of Shimadzu in the range of 200 nm to 900 nm. The sample
was pressed into the solid sample holder to create a flat surface. The spectra were recorded in
reflection with BaSOs as reference material. The band gap evaluation was performed as
described above. These results are similar to the measurements in transmission mode as it is
shown in Figure SI 11.43. To determine the error caused by the preparation method, three
additional batches of zinc oxide containing 3 % aluminium (xa = 0.03) are additionally
analysed. These batches correspond to different batches of co-precipitated hydrozincite
samples. The results are shown in Table SI 11.19. The similar results in band gap energies
demonstrate, that the reported data visualize the material properties of the herein reported

doping series in a reproducible way.
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Figure SI1 11.43: Comparison of the Band gap energies determined in reflection and

transmission mode at room temperature.

Table S1 11.19: List of the reproduced Band gap measurements of different synthesis batches
of ZnO:Al with 3 % Al content (xa = 0.03).

Eq Eq
Xal
eV eV
) measured in reflection mode  measured in transmission
Synthesis number
at25°C mode at 25 °C
0.03-S1 3.32 3.32
0.03-S2 3.32 -
0.03-S3 3.32 -
0.03-S4 3.32 -
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11.7.6.6 High temperature calcination series
11.7.6.6.1 Precursor characterization and reference calcination temperature
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Figure SI 11.44: PXRD pattern of the a) precursor (reference from ICSD: 16583, bars) and b)
zinc oxide (Reference from COD: 2107059, bars) after calcination at 320 °C of undoped and

with 3 % aluminium doped samples (xa = 0.03). The label S1 and S2 are assigned to two
different synthesis batches of the same materials. These batches were investigated in the high

temperature annealing experiment.
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For the comparative high-temperature calcination experiments, the sample with xa = 0.0 and
Xal = 0.03 needed to be reproduced to provide enough material for these investigations. The
PXRD pattern of the precursors and of the samples calcined at 320 °C of the new batch S2 and
the original batch S1 are compared in Fig. S25 showing that the major sample characteristics
could be reproduced and that similar materials have been obtained. The following data has been
obtained with the batch S2.
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Figure SI 11.45: Powder XRD pattern of the undoped zinc oxides after calcination of the
hydrozincite precursors at different temperatures with 2 °C min' heating ramp and 4 h holding
time in static air. The reference pattern of zinc oxide (bars) was taken from COD database
(#2107059).

For comparison, an undoped zinc oxide was treated in the same way as the 3 % aluminium
doped zinc oxide (see main text). In Fig. S26 the powder XRD pattern are shown. The reflection
width decrease was similar as described for the doped zinc oxide material in the main text,

indicating an increased crystallite size, as it was also confirmed by SEM analysis.
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Figure SI 11.46: Qualitative change of the 2’4l MAS NMR signal at dobs= 82 ppm of the

aluminium enriched zinc oxides, xai=o.0s, with different annealing temperatures applied. Similar
measurement conditions were applied for the individual measurements , i.e. it was assumed

that the quadruple parameters do not change while recycle delays were bigger than 3-Ts.
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Figure SI 11.47: Sheared 2’Al 2D quintuple-quantum MQMAS NMR spectrum of zaccagnaite

acquired at a spinning frequency of 20 kHz. The acquisition was performed at 20.0 kHz sample
spinning frequency using a three-pulse sequence with a zero-quantum filter 3°2, with rotor-
synchronized sampling of the indirect dimension and a recycle delay of 4 s. The hard pulses
were optimized separately, and a selective soft pulse (90°) was determined from 2’Al nutation

experiments.
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11.8.1 Precursor synthesis

Table S1 11.20: List of the used chemicals and their purity used for co-precipitation.

Chemicals Supplier Purity

Zn(NO3), - 6 H20 Carl Roth GmbH + Co. KG >99 %

Ga(NOs)s - x H.0 Alfa Aesar >99 %

11.8.2 Synthesis of the gallium rich side phase Zaccagnaite

The gallium rich side phase, the zaccagnaite-like Ga,Zn LDH, was synthesized by co-
precipitation. The precipitation was carried out in an automated stirred tank reactor (OptiMax,
Mettler Toledo, 1L) from 0.4 M metal salt nitrate solution at a temperature of 50 °C and at a
constant pH of 8.5. As precipitating agent, 0.09 M sodium carbonate together with 0.6 M
sodium hydroxide solution was used. The dosing rate of metal solution was adjusted to 2.08 g
mint. After precipitation the precipitate was aged for 60 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 uS cm™ and dried at 80 °C over night in a drying

cabinet.

The PXRD characterization of the phase pure precursor is shown in Figure SI 11.48 a) and the

PXRD characterization of the calcined sample is shown in the same figure b).
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Figure SI 11.48: PXRD characterization of the co-precipitated Ga,Zn LDH (Zaccagnaite-like)
precursor (a) with reference from ICSD (#190041) and the calcined samples at 320 °C (b) with
reference for ZnO from COD (#2107059, black, broad bars) and zinc-gallium spinel from ICSD
(#237886, red, small bars).
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11.8.3 Characterization of the Hydrozincite precursors
40 e _zaccagnaite-like (Ga,Zn LDH)
259 °C Xg,= 0.15

£ 35 -prms B o T S T P R L
fEé 30 - \;{_251 ° Xm0
= “\J 245°C Xg= 0.06
2,5 -~ e Bl
§ | 24320 Xea~ 0.:...,5,
— 2 - Il'
a 20 J Xg,= 0.03
14} Y e

15+ /
E \f Xg,= 0.02
% 10 ~ " r5Te B e o

Ly =
E 5 B “ '\v\-u--.',w-\--\--».n.'.rwm\-nu.wrwuan-uwm--mvxvggmﬁgw:ne\‘:'ﬂ
= V 237 °C _
© 0 ~ - ..,..\..,.,,,._m..\.,.,“...*.._A.-,u,q.,..wm),(w@ﬁw_wg
\/ 240°C
'5 T l* T T T T T T T

160 200 300 400 S00 600 700 800 900 10|00

T/°C
Figure SI 11.49: Differential plot of the thermogravimetric analysis of the decomposition of
the hydrozincite precursors in synthetic air into zinc oxide in comparison to the synthesized
zaccagnaite-like Ga,Zn LDH. The labelled temperatures correspond to the minimum. Xga is the

metal-based fraction.

The decomposition of the co-precipitated hydrozincites were analysed by thermogravimetric
measurements on a STA 409 PC from Netzsch (shown in Figure SI 11.49). The hydrozincites
start to decompose at around 220 °C. The transformation into a zinc oxide is completed at
300 °C. Therefore, the calcination temperature of 320 °C is high enough to ensure complete

transformation but is low enough to create maximum surface area and to prevent sinter effects.
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Figure S1 11.50: Temperature resolved PXRD analysis of the decomposition of the

hydrozincite precursor containing xca = 0.15. The PXRD analysis was performed in static air.
The reflection positions are labelled as followed: zaccagnaite = * hydrozincite = # and

additional reflections caused by defects = I7.
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Figure S1 11.51: Complete range infrared spectroscopy of the gallium doped hydrozincites in

comparison with the gallium rich zaccagnaite-like side phase (a)). Xca is the metal-based
gallium fraction. In b) a higher resolution in the range of 4000 — 2200 cm™ is demonstrated, to

show the OH-" stretching mode (around 3300 cm™).

The most details about infrared and Raman spectroscopy was discussed in the main text. For a
better understanding, details of the aligned of the 950 cm™ mode in IR spectroscopy

(Figure SI 11.51) towards hydrogen bond is discussed.
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The Infrared signal at about 950 cm™ cannot be assigned to an infrared mode by reference
spectra. From hydrotalcite infrared and Raman investigations the range around 950 cm™ is
assigned to hydroxyl groups and hydrogen bond interactions with the anionic lattice.?*? 23 From
the crystallographic investigation it was found, that for one carbonate two sites are covalent
bond to one tetrahedral coordinated and one octahedral coordinated zinc atom.*?® The third
oxygen of the carbonate is hydrogen bonded to three hydroxyl groups.'?® In the range of
~1500 cm™ to =600 cm™ mainly carbonate vibrations are present, which can overlap in the
range of ~1100 cm™ to ~890 cm™ with hydroxyl liberations.?!* Therefore, the peak in the
infrared spectra at 950 cm™ can be assigned to a hydrogen bond between a carbonate- and a
hydroxyl group. The carbonates link the zinc sheets to form a three dimensional network of the

hydrozincite.!?

( }
X, = 0.15 |

e, = 0.1
X, = 0.06
X, = 0.04
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X, = 0.02
X, = 0.01
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Figure SI1 11.52: Complete range Raman spectra of the gallium doped hydrozincites in

comparation with a Raman spectrum of a hydrozincite from the RRUFF database. Xga is the

metal-based fraction of gallium.
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11.8.4
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Figure S1 11.53: Pore size and pore volume distribution for the gallium doped zinc oxides.

The calculation was performed on the desorption isotherm by BJH method. X is the metal-based

fraction of gallium.

264

Pore

/nm

Characterization of the Zinc oxides

x =0.15

0.05 r0.40
o———0
Pl o35
+ 0.04- e
2 » F0.30
E /
= [
s F0.25
G 0.034 ° o
< 3
= Fo.20 2
H g
< 0024 F0.15 >
> Fo.10
S 0.01
Fo.05
0.00 T T T T T T ¥ T T T t 0.00
0 10 20 30 40 50 60 70 80 90 100 110 120
dpore / NM
0.05 % =006 r0.40
Fo.3s
~ 0.04-
o F0.30
£
S 003 JRE— o 027,
(o e g
~ F Y. -
5 & 020 2
g ! g
£ 0021 o Loas <
@
&
K Fo.10
T 0.014 g4
. +0.05
o
00044 —— T 0.00
0 10 20 30 40 50 60 70 80 90 100 110 120
dpore / NM
0.05-% =008 r0.40
o35
< 0.04-
2 F0.30
£
= 0.25 +
S 0.03 o 5
3 f_?
= +0.20 2
5 v
g <
£ 0021 Logs <
4
&
> 0.10
S 0.01
Fo.05
0.00 —— T 0.00
0 10 20 30 40 50 60 70 80 90 100 110 120
dpore / NM
0.05 %7001 r0.40
o35
~ 0.04-
2 F0.30
£
= 0.25 +
S 0.03 5
e~ 3
= Fo0.20 £
5 v
g :
£0021 Lo <
4
&
K Fo.10
S 0.01
Fo.05
0.00 0.00

d

Pore

T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120

/nm



11 Appendix

0.20

0.15

:0.10

[

0.05+

0.00 . . T .
0.00 0.05 0.10 0.15 0.20

xGa, nominal

Figure SI 11.54: Metal based gallium content determined by AAS analysis of the ZnO doped
with Ga.

The metal composition of the synthesized zinc oxides was determined by atomic absorption
spectroscopy (AAS). The results are shown in Figure SI 11.54 in comparison to the ideal
composition, shown as straight line. The doping of the zinc oxides was successful, and the

nominal composition was reached due to the preparation route.

Figure S1 11.55: TEM analysis and corresponding electron diffraction micrographs of a
medium Ga doped ZnO (xca = 0.04) and a heavy Ga doped ZnO (Xca = 0.15).

TEM analysis of selected Ga doped ZnO are shown in Figure SI 11.55. The electron diffraction
of the low doped (Xca = 0.04) ZnO shows for ZnO typical diffraction pattern. The analysis of a
larger platelet in the heavy doped ZnO (xca = 0.15) showed a distorted electron pattern different
for typical ZnO. This larger platelet is to be assumed a zaccagnaite-like side phase, as it was
observed for the Al doped series as well. 12 Even, in case of Al as dopant, the decomposition

of the side phase resulted in a highly defective ZnO. "2 The main difference is that in case of
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Ga as dopant, the side phase at higher doping levels in the hydrozincite precursor phase
(Xca > 0.04) evolved.

AL :
200 nm XGa_ 0.01 200 nm Xg.= 0.04 m

Figure S1 11.56: SEM micrographs with a higher resolution of selected Ga doped ZnO.

zaccagnaite-like
(Ga,Zn LDH)

|nten5itYnormalized
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VRaman shift f CITI

Figure S1 11.57: Complete range Raman spectra of the gallium doped zinc oxides in
comparison with the gallium rich side phase (zaccagnaite-like Ga,Zn LDH).

In Figure S1 11.57 the stack plot of the measured Raman spectra of the gallium doped zinc
oxide samples are shown.
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Figure SI 11.58: UV-Vis spectra of the gallium doped zinc oxides. The spectra are normalized

to 100 for 4 > 480 nm.

In Figure SI 11.58 the recorded UV/Vis spectra of the zinc oxide samples in comparation with
the calcined LDH (ex-Ga,Zn LDH) sample are shown. The calcination was performed at 320
°C for each sample. The data were recorded at room temperature with BaSO4 as reference
material. The band gap determination was performed by differentiation of the raw data, to
determine the changing point. At this point the wavelength was calculated to the electrical

energy in eV.
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Figure SI 11.59: Metal composition determined by XPS compared to the composition

determined by AAS of the gallium doped zinc oxides. Exin, 1ow COrrespond to the surface-near

layer, whereas Exin, nigh to the bulk correspond.

By XPS analysis the near surface layer should be investigated. It was expected that the gallium
content would be reach the targeted, e.g., the AAS determined ratios, because of the
homogeneous distribution. For Ga and Zn one can distinguish between high energy electrons,
which are expected to come from the bulk and low energy electrons, which are expected to
come from the near surface layer of the solid. The XPS results in Figure SI 11.59 demonstrate,
that the bulk composition determined by XPS has reached the AAS determined composition
for gallium contents lower than Xca = 0.06. The near surface layer was gallium enriched. This
picture shifted for a gallium content higher or equal to xca = 0.06. The gallium composition was
determined to increase for both the bulk and the near surface layer and reached values above
the composition determined by AAS. That indicates that the gallium segregated into more
enriched islands, whereas the nominal composition of the sample was reached. This result
implies that because of the well-defined precursors the gallium must be enriched on local sides

in the ZnO during the calcination process.

X-Ray Photoelectron Spectroscopy (XPS) was recorded on an ULVAC-Phi Versaprobe I1 TM
spectrometer using a monochromatized Al-Ko. beam with a beam size of 100 pum and a spectral
resolution of 0.5 eV. A dual beam charge compensation of electrons and slow-moving Argon
ions was used to reduce charging effects. All spectra were referenced to the position of the
carbon peak at 284.8 eV binding energy. The detected peaks were fitted using the software
CasaXxPS.
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1191 Characterization methods

The catalyst was characterized regarding its metal composition to confirm the success of co-
precipitation. In Table S1 the results for the precursor and the calcined oxide are listed. The
targeted molar ratio of Cu:Zn:Al 68:29:3 was not exactly reached but close approximated with
69:29:2 (Figure Sl 11.60).

Table S1 11.21: Atomic absorption spectroscopy (AAS) of the precursor and calcined sample
of the Cu/ZnO:Al (CZA) catalyst. The value of weight percent is based on the mass of

investigated precursor or oxide.

X(cu) Xzn) XA
Sample
wit% wt% wt%
CZA-precursor 38+1.6 172 0.44 £ 0.03
CZA-calcined 48 + 2 2024 0.61 £0.05

2+0.03 at.-%
Al

29+ 1.4 at.-%
Zn

69 + 1.5 at-%
Cu

Figure SI1 11.60: Molar metal ratio of the pre-catalyst (after calcination), determined by

atomic absorption spectroscopy.
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11.9.1.1 Powder XRD characterization of the investigated catalyst

The co-precipitate was washed and dried after synthesis. Afterwards, the powder pattern was
recorded (Figure Sl 11.61) to determine phase purity and the shift of the d-spacing of the 201
lattice planes compared to a pure malachite reference. With the latter value, the success of zinc
and aluminium incorporation into the malachite structure can be determined. This 201 d-
spacing was determined using the Bragg equation (M 11.5) and the Cu Ko wavelength to
2.754 A,

2dsin(0) = na
M 11.5

Cu-MaIachit\e& / Precurosr
|
|
|
2 I
)
c
) |
=
T
AM Malachite: ICSD #15384
A A, /V! A/W\{\MJ\/\ AWW NI\/\ N[\/\J\)\I}M /‘\/\f\}fkl 2ol
10 20 30 40 50 60 70 80

20/°
Figure SI1 11.61: XRD-Pattern of the co-precipitated precursor with a copper-zinc-malachite

(260813) as references from the ICSD database.

The calcination of the precursor at 350 °C for 3 h in static air resulted in an oxidized
CuO/ZnO:Al pre-catalyst (Figure SI 11.62). A crystalline residue of the zincian malachite
precursor is indicated by the presence of the 120 malachite-reflection and demonstrates an
incomplete conversion. Nevertheless, the main phase was nanostructured copper oxide and zinc

oxide.
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Figure SI 11.62: XRD-pattern of the CuO/ZnO:Al pre-catalyst after calcination at 350 °C for
3 h in static air. The 120 reflection shows crystalline residues of the malachite precursor,

demonstrating an incomplete conversion.

11.9.1.2 Surface characterization by N2 physisorption method

825 -
750
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5251 oxide

450 4 Ager 93 Mg
375
300
225 4
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754 Aggr: 106 m3/g
O T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0
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Figure SI 11.63: Nitrogen physisorption measurement to determine the BET surface area

at -196 °C for the calcined oxide (upper graph) and the malachite precursor (lower graph).

The samples were exposed to vacuum for 2 h at 80 °C to clean the surface from any adsorbate.

Volumegp / cc g™

The characterization by N2-physisorption demonstrates the evolution of the surface area of the

synthesized catalyst. After co-precipitation the material had a specific surface area of about
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106 m2 g%, as shown in Table SI 11.22. The physisorption isotherm (Figure SI 11.63) shows a
profile with a H3 hysteresis loop representative of a material with slit-shaped pores. %
Calcination has not drastically changed the isotherm profile and the pore size, but it has slightly
lowered the overall specific surface area, which was reduced by 13 m2 g to 93 m2 g* by metal

oxide sintering during calcination at 350 °C.

Table S1 11.22: Nitrogen physisorption analysis using the BET method of the precursor and
calcined samples of CZA. The specific surface areas were determined in a partial pressure
range of 0.07 to 0.4. The pore size was calculated using the BJH model using the desorption

branch of the isotherm.

AgeT Pore size
Sample
mz2/g nm
CZA-precursor 106 16.2
CZA-calcined 93 16.2
11.9.1.3 Reduction behaviour of the synthesized catalyst and N2O-RFC
profile

The calcined pre-catalyst was activated at 250 °C in diluted hydrogen, as shown in the TPR
profile in Figure SI 11.64 a). The XRD analysis confirms the reduced state of the copper
particles (Figure S1 11.64 c)). The copper crystallite size of 7 nm was determined by applying
the Scherrer equation (M 11.6) on the 111 reflection of Cu. After activation, the specific copper
surface area was determined by N2O-RFC. The evaluation of the N.O consumption by equation
(M 11.7) results in the specific copper surface area. The surface area of a single copper atom
(acu) was assumed to be 68-10—21 m2 ** The dispersion of the copper atoms was calculated
according to equation (M 11.8). This dispersion is overestimated caused by the ZnO present in

the catalyst. °

. kA
™ Brwnm * cos(8y) M11.6
A w0 Nyacy
Cu ™ x M 11.7
_ nNzoM
—Wx M 11.8
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Figure S1 11.64: a) TPR- and N2O consumption profiles of the CZA catalyst (250-355 xm sieve

o
rel. Intensity

N,O consumption

fraction). TPR was measured in 4.6 % Hydrogen in Argon. b) N2O-RFC was measured at room
temperature with 1 % N2O in He to determine the copper surface area. ¢) XRD-pattern of the
reduced Cu/ZnQ:Al catalyst. Reduction before XRD was performed at 240 °C in 2 % Ha/No.
The catalyst was afterwards removed from the reactor in an inert manner and transferred into
the XRD without air contact. The reference patterns were taken from the COD data base (grey
Zn0: 002300450, in black Cu: 001512504).

11.9.2 Catalytic performance in methanol synthesis

The accuracy of the fit in Figure 7.1 of the main text with the determined parameter k and m
was 97 % of the experimental data. The fit was performed according to Fichtl et al. ** by simple
power law (PL) expression (M 11.9). The determined parameter allows a better comparison of
the deactivation behaviour of the catalysts. The higher value in m (determined: m = 12;
reported: m = 4) shows that the deactivation of the catalyst of this study was much faster than
in case of the catalyst reported in the literature *°. Comparing the two curves (Figure 7.1, PL-
fit and PL-fit according to Fichtl et al.) this becomes obvious, since the CZA catalyst
synthesized here showed a strong activity drop in the first 20 h, contrarily to the estimated
deactivation calculated from Fichtl et al. *° which would be expected caused by a similar
catalyst and reaction conditions. The deactivation of the herein reported catalyst fits to the
observed deactivation by Sun et al. *° for a similar catalyst and feed gas composition. > The
difference between both models can be easily seen in Figure 7.1 in the main text: the
deactivation kinetics reported by Sun et al. > represents well the short-term (<10 h) behaviour
of the catalyst. Contrarily to this observation, the reported deactivation kinetics by Fichtl et al.
30 describes well the long-term (>10 h) behaviour of that catalyst. % % So, both models
complement each other and can describe the complete deactivation behaviour of the typical
industrial CZA catalyst.
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ot = kara®) M 11.9
Tymeon(t)
Va t) =
rel( ) rMeOH,max(tO) M 11.10

Table S1 11.23: Kinetic parameter of the deactivation rate of methanol formation. A power law
expression (M 11.9) fitted to the methanol formation rate. The data from Fichtl et al. *° were
taken from the publication and plotted to the methanol rate shown in Figure 7.1 in the main

text.
k
m
h-l
PL-fit 0.0224 12

PL-fit from Fichtl et al. 3° 0.0043 4

Table S1 11.24: List of the DFT calculated energies (Etot), ZPE, S and CpdT for the gas phase

species, intermediates, and transition states on Cu 211 and ZnCu 211 surfaces.as phase

Gas phase gt ZPE S CpdT
eV eV eV eV
CO2(g) -18.004 0.312 0.0025029 0.186
H2(g) -7.072 0.284 0.0015044 0.151
H20(g) -12.810 0.580 0.0022150 0.183
NH3(g) -18.429 0.930 0.0022894 0.183
MMA(g) -33.487 1.715 0.0028110 0.245
DMA(g) -48.702 2.474 0.0032613 0.324
TMA(Q) -64.023 3.215 0.0036665 0.409
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Gas phase Elot ZPE S CpdT
eV eV eV eV
Cu211
intermediates

plain -14.064
o* -19.103 0.072 0.0002471 0.071
OH~* -23.648 0.357 0.0004797 0.12
NHs* -33.196 1.007 0.0010287 0.20
NH>* -29.215 0.694 0.0002753 0.042
NH.COO* -48.188 1.09 0.0014996 0.321
NH,COOH* -51.360 1.38 0.0018423 0.377
NH,CHO* -45.984 1.253 0.0015019 0.299
NH>.CH.O* -49.570 1.451 0.0011701 0.287
NH>CH,OH* -53.195 1.878 0.0018027 0.336
NH2CH»* -43.430 1.174 0.0008114 0.201
MMA* -48.368 1.784 0.0013246 0.275
DMA~* -63.604 2.522 0.0017274 0.368
TMA* -78.877 3.26 0.0021302 0.462

Cu211
Transition States

NH2---H -31.517 0.934 0.0008066 0.181
NH.H---O -37.606 1.085 0.001169 0.265
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Gas phase Etot ZPE S CodT

eV eV eV eV
NH2H---OH -42.220 1.229 0.0014312 0.284
NH2---COO -46.972 1.002 0.0009384 0.199
NH.COO---H -50.403 1.175 0.0016174 0.365
NH2CHO-OH -53.778 1.574 0.0013976 0.265
NH2HOC---H -48.724 1.5 0.0013870 0.309
NH2CH.0---H -52.145 1.795 0.0013328 0.328
NH2CH2---OH -52.278 1.7 0.0013469 0.328

ZnCu 211
intermediates
plain -7.299

o* -12.661 0.072 0.0002471 0.071
OH* -17.029 0.357 0.0004797 0.12

NHsz* -26.356 1 0.0010287 0.2
NH2* -22.486 0.701 0.0004941 0.131
NH.COO* -41.567 1.096 0.0013688 0.317
NH.COOH* -44.403 1.38 0.0018423 0.377
NH2CHO* -39.084 1.258 0.0015019 0.303
NH2CH.0* -42.781 1.451 0.0008701 0.287
NH2CH2OH* -46.379 1.878 0.0014027 0.336
NH2CH2* -36.648 1.174 0.0008114 0.201
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Gas phase Etot ZPE S CodT
eV eV eV eV
MMA* -41.5483 1.784 0.0013246 0.275
DMA* -56.739 2.522 0.0017274 0.368
TMA* -72.096 3.26 0.0021302 0.462
ZnCu 211
Transition States
NHz---H -24.747 0.934 0.0008066 0.181
NHzH---O -30.838 1.065 0.0010154 0.216
NH2H---OH -35.426 1.259 0.0014312 0.284
NH2---COO -40.185 1.004 0.0009384 0.199
NH.COO---H -43.512 1.161 0.001652 0.363
NH>CHO-OH -47.021 1574 0.0014707 0.267
NH2HOC---H -41.857 1.49 0.0014065 0.311
NH2CH.0---H -45.168 1.687 0.0014333 0.328
NH2CH---OH -45.590 1.83 0.0012911 0.328

The DFT structures are only shown in the publication file (DOI: 10.1021/acs.jpcc.2c08823).
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11.10.1 Catalyst synthesis and characterization

Table S1 11.25: Chemicals and their purities which were used for the co-precipitation of the

CuCoZnAl hydrotalcite series.

Chemicals Supplier Purity
Co(NO3z)2- 6 H20 Carl Roth GmbH + Co. KG >99 %
Cu(NQO3z)2- 3 H20 Carl Roth GmbH + Co. KG >99 %
Zn(NO3)2- 6 H20 Carl Roth GmbH + Co. KG >99 %
Al(NO3)3- 9 H20 Aldrich Chemistry 98 %

NaOH Bernd Kraft GmbH 98 %
Na,COs AppliChem GmbH 99,5 %
b
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Figure Sl 11.65: a) Infrared spectra of the synthesized [(C01-xCux)7ZnAl2(OH)20]COs - m H>0
hydrotalcite precursors and b) their corresponding mixed metal oxides after calcination with
X = ncu (Ncu+Nco) L. The calcination was performed at 350 °C for 3 h in static air with a heating

ramp of 2 °C min..

The IR spectroscopic results of the precursors, prepared from the salts listed in Table SI 11.25,
are shown in Figure S1 11.65 a). The typical hydroxyl-stretching mode (von at 3480 cm™) as
well as the water deformation mode (Sw,0 at 1641 cm™) are clearly visible together with the
different carbonate stretching modes (vs) 12124, The bands are more pronounced for the cobalt-

containing samples than for the pure Cu-Zn-Al hydrotalcite sample (x = 1). The band at a
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wavenumber of 1055 cm™ could be attributed to the v1 vibration of the carbonate, becoming IR
active by a lowered symmetry caused by a high charge density, as it is known for Ni-Al-
hydrotalcite type materials 2% 212 214 Nevertheless, the fingerprint of the IR spectra
demonstrates that the synthesized precursors are layered materials, and no side phases could be
identified. In comparison to the calcined samples, shown in Figure SI 11.65 b), the loss of
carbonate by thermal decomposition in air can be demonstrated. The samples with a copper
content between x = 1 and x = 0.25 had some carbonate species covered at 1500 cm™ and 1400
cmt, which probably corresponds to the high-temperature stable carbonates. These stable
carbonates should act as structural promoter species in catalysis ®2. The OH" stretching mode,
of the calcined samples, around 3500 cm™ and the water bending mode (Sw,0 at 1646 cm™) was

probably caused by a rehydration of the samples after calcination 3%,
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Figure S1 11.66:  Thermogravimetric analysis of the precursor decomposition
[(C01:xCux)7ZnAl2(OH)20]CO3 - m H>0 with x = nCu (nCu+nCo)* after co-precipitation. a)
mass loss of the samples as a function of the temperature. The vertical black line visualizes the
calcination temperature at 350 °C. The additional lines between the curves demonstrates the
change of high temperature carbonates as a function of the composition. b) differential mass
loss per time as a function of the temperature. The thermogravimetric analysis was performed

in synthetic air up to 1000 °C with a heating ramp of 5 °C min™.

The TG analysis in Figure SI 11.66 was performed to determine the precursors decomposition
in comparison with the calcination temperature. There are three regions of weight loss
identified. The first is in the range up to 200 °C, where the interlayer water will be removed
and first dehydroxylation appears 3. Between 200 °C and 250 °C the dehydroxylation becomes
more pronounced, followed by a slight mass decrease due to the decarboxylation and the
formation of the high-temperature, carbonate-stabilized MMOs 3%, For the copper-rich

samples, up to x =0.375 (Cu:Co = 3:8 (at/at)) a fourth decomposition region was identified in
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TG analysis, which is above 400 °C and above the chosen calcination temperature. At this third
decomposition step, the high-temperature carbonates were removed, followed by sintering of
the metal oxides, forming large crystals, as it is demonstrated by the XRD pattern of the samples
after TG analysis in Figure SI 11.67 2 3%, This decomposition step of the high-temperature
carbonates showed a shift towards lower temperatures, as more cobalt was in the precursor
incorporated (compare Figure SI 11.66 a)) and vanished, if the copper content has reached one
quarter (x=0.25). The absence of high-temperature carbonates for cobalt-rich MMOs
(x < 0.25) was confirmed by IR spectroscopy (Figure S 11.65 b). The vz mode of the carbonate
was after calcination split into two contributions of the carbonate ion (CO3?") which should be
a vi1 and a vz carbonate mode, as it was observed for the copper-containing catalysts with
x > 0.125 213, Samples which showed no third decomposition step of the stable carbonate form,
showed simultaneously weak v1 and v, carbonate modes in the range of 1500 — 1380 cm™. The
stabilization effect of the high-temperature carbonates, i.e., the prevention of metal oxide
sintering and the nano-structuring of the catalysts, was the motivation to calcine the precursors
at 350 °C.
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20/°
Figure S1 11.67: Powder PXRD pattern of the calcined [(Co1.xCux)7ZnAl2(OH)20]CO3 - m H>0

hydrotalcite precursors with X = ncu (ncu+nco)™. The powder patterns were recorded after
thermogravimetric analysis at 1000 °C in synthetic air with a heating ramp of 5 °C min™.The
black bars correspond to the ZnAl,O4 reference (ICSD#185709), the broad, dark grey bars are
aligned to a CuO reference (ICSD#67850).
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The PXRD pattern of the spent samples after TG analysis are shown in Figure SI 11.67. The
spinel segregation was observed for all samples as well as the formation of CuO. In comparison

to the calcination conditions, the sharp reflections indicate a large crystallite size.
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Figure S1 11.68:  Nitrogen  physisorption isotherms of a) the co-precipitated
[(Co1xCux)7ZnAl2(OH)20]COs - m H-O hydrotalcite precursors and b) their corresponding
oxides with x = ncy (ncu+nco) ™. Before recording the isotherms, the samples were degassed in
a vacuum at a temperature of a) 80 °C and b) 100 °C for 5 h. The calcination was performed

at 350 °C for 3 h in static air with a heating ramp of 2 °C min™.

The N2 physisorption isotherms are visualized in Figure SI 11.68. The isotherms are similar for
the precursors and calcined samples. The cobalt-containing samples were predominantly
mesoporous, whereas the pure copper sample had a poor porosity. The evaluation of the
adsorption isotherm resulted in the BET surface areas, shown in Figure SI 11.69, and discussed

in the main text.
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1804 Oxide
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Figure SI1 11.69: BET-surface evolution for the synthesized precursors and their

corresponding oxides in dependence of the copper-cobalt ratio. With the hydrotalcite (HT)

precursor phase in white- and the corresponding MMO (Oxide) in black bars.

11.10.1.1 TPR Results

First, the slight increase in the TCD signal (compare main text Figure 8.2) between 200 °C and
300 °C of the pure copper sample (x = 1) will be discussed. In this temperature range, copper
oxide starts to reduce and built up the metastable Cu2O species 2°. In general, CuO will be
reduced fast and in an autocatalytic manner to metallic Cu 3% 3%, However, the amorphous
XRD pattern of the oxide (Figure 8.1 b)) does exclude completely segregated large crystallites
of CuO. Therefore, the reduction is also overlayed with possible CuO segregation from the
ZnO/Al;0s3 oxidic matrix 2’8, Once segregated, CuO will be reduced to Cu 27® 3% to induce the
autocatalytic pathway of the reduction, nuclei of Cu® next to CuO are needed 3%’. Such nuclei
are formed in the range of 200 °C to 300 °C followed by the autocatalytic accelerated reduction
of the bulk CuO at 334 °C, showing a typical reduction profile of CuO. The peak at 537 °C
could be attributed to strong interactions of CuO with AI** of the host oxidic matrix, to form

CuAl204 or to brass formation by the reduction of zinc oxide 8 154 308,309

The reduction of the pure cobalt sample (x = 0) appeared also in two steps. One reduction
proceeded around 283 °C followed by a clearly separated reduction at 612 °C. The lower
reduction temperature seems to be the reduction of easily accessible Co®** to CoO, analogous to

the reduction of copper oxide & 3%, The higher reduction temperature is attributed to the
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reduction of bivalent bound Co?* (like CoO) and to probably strong interactions of the cobalt-

aluminium ions 88309310,

11.10.2 Activity test in CO hydrogenation
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Figure SI1 11.70: Process scheme of the performed catalysis of the prepared Co-, CuCo- and
Cu-based catalysts. The total volume flow was set to 75 mLy min (GHSV = 2800) with
H»:CO =4, GHSV = 2800 h*’.

The catalytic evaluation of the prepared catalysts was performed by the process conditions
shown in Figure SI 11.70. The corresponding activity and selectivity graphs are shown in
Figure SI 11.71 and Figure SI 11.73 a) for 20 bar and in Figure SI 11.72 and Figure S1 11.73 b)
for 60 bar. Each set of bars corresponds several catalysts at the same conditions and are sorted
from left to the right as followed: x = 0, x = 0.125, x = 0.25, x = 0.375, x = 0.5 and x = 1. For an
easier demonstration of the results, the selectivity up to C4 for linear products (hydrocarbons

and alcohols) are shown in the main text and in the above-mentioned figures.

The conversion and selectivity were calculated by the following equations:

Xeo = (1 — 2% ™ ) 100
co Ngo + 2V * Iy °

M11.11

Vi . ni
Sj=—— -100%
XV n M 11.12
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The sum of products was determined to 100 % for the carbon balance. The product distributions
including CO., alkanes, alkenes and oxygenated hydrocarbons are shown in Figure SI 11.75 for
each catalyst and process point. The highest carbon number resolved by GC was found to be

C17 for the alkanes, C14 for the alkenes and C7 (heptanol) for the oxygenated products.

If the selectivity does not sum up to 100 % of the herein shown graphs, this means, that the
catalyst also produced products of Cs. or isomers. The selectivity of such products were found
to minor fractions. That was the reason, to focus only on the products up to Cs. Due to the full
CO conversion of cobalt-containing catalysts at temperatures above 225 °C, the results of the
lower temperature are only discussed in the main text. For completeness, the overall catalytic
data of the investigation are shown in the following graphs.

11.10.2.1 Activities and Selectivity at 20 bar
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Figure SI 11.71: Temperature-dependent conversions of 100 mg of the prepared catalysts
diluted with an equal mass of silicon carbide at 20 bar, H2:CO = 4 and with a GHSV around
2800 h* are shown in a). The corresponding selectivity of n-C; to n-Cs b) -alkanes and
c) -alcohols are represented below. The copper amount (x = ncu (Ncu+Nco)™?) increases from
left to the right of each bar set (x = 0 (left), x = 0.125. x =0.25, x = 0.375, x =05, x =1

(right)).
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The activity data (Figure SI1 11.71) at 20 bar demonstrate that with increasing temperature, the
CO conversion increased to 100 %. Simultaneously, the selectivity towards hydrocarbons
increased and reached 100 % for C1 to C4 at 300 °C for all cobalt containing catalysts. Only the
pure copper catalyst showed a kinetic behaviour over the complete temperature range, which
was not limited by mass transport effects or thermodynamics. The increasing temperature led
to an increase in hydrocarbon formation of this catalyst but cooling down to 200 °C resulted in
a reproducible activity with selectivity towards methanol. Probably the hydrocarbon formation
was a result of reached thermodynamic limitation of the methanol synthesis. Therefore, the
higher activity will be led to an increased hydrocarbon formation, which than becomes more
favoured by thermodynamics.

11.10.2.2 Activities and Selectivity at 60 bar
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Figure SI 11.72: Temperature-dependent conversions of 100 mg of the prepared catalysts
diluted with an equal mass of silicon carbide at 60 bar, H2:CO = 4 and with a GHSV around
2800 h* are shown in a). The corresponding selectivity of n-C; to n-Cs4 b) -alkanes and
c) -alcohols are represented below. The copper amount (X = ncu (Ncu+nco)™) increases from
left to the right of each bar set (x =0 (left), x =0.125. x=0.25, x = 0.375, x = 0.5, x =1
(right)).
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The activity data at 60 bar (Figure SI 11.72) are comparable to the activity data at 20 bar. The
cobalt-containing catalysts reached complete conversion at temperatures between 250 and 300
°C and a selectivity to hydrocarbons of C; to C4 of 100 % at 275 °C. Only the pure cobalt
catalyst has reached a complete conversion already at 225 °C and demonstrated no activity loss
over the complete run. Contrarily, the pure cobalt catalyst showed a continuous activity
increase, which was related to some structural changes during catalysis.

An additional activation was observed for the pure copper catalyst at 380 °C by a pronounced
CO. formation (Figure SI 11.73). The oxygen balance should give clear picture, what
happened, but unfortunately the water content in the gas effluent could not be determined during
the catalytic tests. Therefore, an oxygen balance cannot be calculated. Nevertheless, the
afterwards increased conversion activity of CO at 200 °C gives evidence that the catalyst was
completely activated. The observed activation could be a result of increased strong metal-
support interactions (SMSI) by enhanced zinc oxide reduction due to the high temperature and

strong reducing gas phase >,
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Figure SI 11.73: Temperature-dependent selectivity to CO; at a) 20 bar and b) 60 bar of 100
mg of the prepared catalysts diluted with an equal mass of silica carbide at 20 bar, H»:CO =4
and with a GHSV around 2800 h™. The copper amount (x = ncu (Ncu+nco)?) increases from left
to the right of each bar set (x = 0 (left), x = 0.125. x = 0.25, x = 0.375, x = 0.5, x = 1 (right)).
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11.10.2.3 Comparison of selected activity data
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Figure SI 11.74: Ethanol selectivity over the CO conversion at 200 °C after temperature

treatment (second run of 200 °C) of 20 bar (complete coloured) and 60 bar (inner white) with
H2:CO = 4 and a GHSV around 2800 h! for the prepared CuCo catalysts in comparison to the

monometallic Co- and Cu-reference catalysts.

Ethanol was found to be the main alcohol product of cobalt-containing catalysts. Therefore, the
selectivity over the conversion is shown in Figure SI 11.74. The conversion of the binary
catalysts increased, as more cobalt the catalyst contained. The selectivity of ethanol was quite
similar (=3.6 %) for the copper-rich binary catalysts (x = 0.5 — 0.25). Both values result in an
increased ethanol yield, as higher the conversion was determined, ergo as more cobalt the binary
catalyst contained. The highest ethanol yield of 0.29 % at 20 bar and 200 °C was reached by
the cobalt rich x = 0.125 Cu-Co catalyst. The low yield demonstrates the predominant
hydrocarbon formation at these conditions. This finding is in alignment of earlier reported
literature of CuCoCr catalysts, where the alcohol selectivity increased with the copper content
if it exceeded about 50 % at reaction conditions of: 290 °C, 60bar, H.:CO = 2,
GHSV= 4000 h* 268,
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Figure SI1 11.75: Product distribution of the investigated catalysts as a function of the

temperature and pressure (for 20 bar left graph and for 60 bar right graph) during CO
hydrogenation with H,:CO= 4 and a GHSV around 2800 h™®. The copper content
(X = ncu (Ncutnco)?) increase from left to the right of each bar set (x = 0 (left), x = 0.125.
x=0.25,x=0.375, x = 0.5, x =1 (right)). The selectivity are shown for CO> (bottom), alkanes
including isomers for C1 to C17 (green with lines to left bottom), alkenes including isomers for
Cz to Cus (purple) and oxygenated hydrocarbons including alcohols and aldehydes, ketones,

and esters for C1 to C7 (yellow, with lines to right bottom).

The product selectivity distinguishing the hydrocarbon classes by alkanes, alkenes and
oxygenated hydrocarbons are shown in Figure SI 11.75. The graphs visualize that the
oxygenated products, including alcohols, are formed at temperatures below 250 °C for cobalt-
containing catalysts. The pure copper reference catalyst synthesized over the complete
temperature range methanol (4.6 % - 99 % depending on temperature at 60 bar). Therefore, it
could be expected that the methanol formation in a binary CuCo catalyst would favour the
formation of other alcohols. The oxygenated products were found to vary in the range of 0 %
to 21.1 %. The highest value was reached by the Cu-Co catalyst with x = 0.125 at 200 °C and
20 bar right after activation. However, the results of the catalytic investigation demonstrate
that besides the cobalt reference catalyst the mixed CuCo catalyst predominantly formed
alkanes. The temperature-dependent selectivity distribution would result in the question if
higher alcohol formation with the selected process conditions could be enhanced at lower
temperatures than 200 °C. Regarding the activated state of the pure cobalt catalyst (x = 0) and
the increased selectivity of the Cu-Co catalysts after catalyst activation at 200 °C, on could
assume, that CoO catalyses higher alcohol synthesis rather than metallic cobalt. This should be
scope of following investigations.
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11.10.3 Characterization of the spent catalysts after passivation in air
The spent catalysts were recovered from the reactor and the diluent, SiC, was separated from

the catalyst by sieving, because of its higher particle size (>125 pm vs. dCatalyst = 38-125 pum).

The full XRD pattern of all spent catalysts are shown in the main text in Figure 8.5 a). After
catalysis, all samples contained a spinel phase. In case of the copper reference catalyst, the
formed water as a byproduct of hydrocarbon formation could have enhanced the spinel
segregation and crystallization 8. Copper is highly active in CO hydrogenation to methanol 4.
The observed crystalline spinel segregated over the reaction process should not result in catalyst
deactivation, contrarily, it stabilizes the metal particles. This assumption, is confirmed by the
enhanced conversion rate and methanol selectivity, demonstrated in the main text in Figure 8.4
at 200 °C before and after the treatment at 380 °C. However, all spent samples contained
fractions of the reduced metals as a result of sinter effects. Only the cobalt reference catalyst
contained diffraction reflections around 26 = 10°, which are assumed to be somehow crystalline

waxes, as they were observed in reported investigations 2%

The IR spectroscopy (Figure SI 11.76), as well as the elemental analysis (Figure SI1 11.77) and
TG analysis (Figure SI 11.78) confirmed the assumed coke formation. From the elemental
analysis the carbon amount was determined to 30 wt%, which is in accordance with the mass
loss of around 28 % determined by TG. Because of the reoxidation, observed in TG analysis
for the copper-containing catalysts, the missing 2 % of the mass loss in TG can be related to an
overlay carbon burn off and reoxidation of the cobalt. The mass increase as a result of oxidation
was determined to around 10 % for the cobalt-containing catalysts and to around 5 % for the

copper reference catalyst.
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Figure SI1 11.76: Infrared spectroscopy of the spent catalysts after CO hydrogenation at

20 bar /60 bar and 200 °C —380 °C after passivation at room temperature with air. The

cobalt—copper ratio is described by: X = ncu (Ncu+nco) ™.

The IR spectroscopy of the spent samples (Figure SI 11.76) showed some C-H stretching and
bending modes around 2900 cm™ and 1470 cm™. These modes are explained in the main text.
The spectroscopic analysis gave evidence of coke formation in the pure cobalt catalyst.

Therefore, a C and H analysis of the spent samples was carried out (Figure SI 11.77).
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Figure SI1 11.77: C, H analysis of the spent catalysts after CO hydrogenation at 20 bar/60 bar

and 200 °C — 380 °C after passivation at room temperature with air. The cobalt—copper ratio

is described as: x = ncu (Ncu+nco)™.
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Figure SI 11.78: Thermogravimetric analysis of the spent catalysts after CO hydrogenation at

20 bar/60 bar and 200 °C — 380 °C after passivation at room temperature with air. The cobalt-

copper ratio is described by: x = ncy (Ncu+nco)?. TG analysis was performed up to 1000 °C

with heating ramp of 4 °C mint in synthetic air.
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Figure S1 11.79: The difference plots for the Rietveld refinements of all spent catalysts with
x =0, 0.125, 0.25, 0.375, 0.5 and 1 are shown in a)-f) respectively. The signal in c) marked
with an asterisk is likely an artefact due to the extremely narrow half width. In a) the fitted

range is smaller to omit the unidentified reflections at 9.8 and 10.9° 26 from the calculation of

the r-value (weighted profile r-factor, rwp) and goodness of fit (gof).

294



12 Publications

12 Publications

Peer reviewed publications

1.

L. Pandit, A. Boubnov, G. Behrendt, B. Mockenhaupt, C. Chowdhury, J. Jelic, A.-L.
Hansen, E. Saraci, E.-J. Ras, M. Behrens, F. Studt, J.-D. Grunwaldt, ChemCatChem 2021,
13, 4120.

G. Behrendt, B. Mockenhaupt, N. Prinz, M. Zobel, E.-J. Ras, M. Behrens, ChemCatChem
2022, 14, e202200299.

Mockenhaupt, B., Ozcan, F., Dalebout, R., Mangelsen, S., Machowski, T., de Jongh, P.E.
and Behrens, M. (2022), Cu-Co/ZnAl204 Catalysts for CO Conversion to Higher Alcohols
Synthesized from Co-Precipitated Hydrotalcite Precursors. Chemie Ingenieur Technik, 94:
1784-1797. DOI: 10.1002/cite.202200171.

Benjamin Mockenhaupt, Philipp Schwiderowski, Jelena Jelic, Felix Studt, Martin Muhler,
and Malte Behrens, The Journal of Physical Chemistry C 2023 127 (7), 3497-3505, DOI:
10.1021/acs.jpcc.2c08823

Mockenhaupt, B., Wied, J. K., Mangelsen, S., Schiirmann, U., Kienle, L., auf der Giinne,

J. S., and Behrens, M. (2023). Phase evolution, speciation and solubility limit of aluminium
doping in zinc oxide catalyst supports synthesized via co-precipitated hydrozincite
precursors. Dalton Transactions, 52(16), 5321-5335. DOI: 10.1039/D3DT00253E.

Poster and Oral presentations

1.

2.

F. Ozcan, B. Mockenhaupt, K. Friedel Ortega, M. Behrens, Insights into the Activity of

Ga/Ni Intermetallic Compounds as CO:2 Hydrogenation Catalysts Derived from
Layered Double Hydroxides, 52. Jahrestreffen Deutscher Katalytiker, Weimar,
Germany, 2019.

Andreas Hiittner, Fatih Ozcan, Benjamin Mockenhaupt, Gereon Behrendt, Malte Behrens,

Malachite-based precursors for alcohol synthesis from COx, 52. Jahrestreffen

Deutscher Katalytiker, Weimar, Germany, 2019.

Benjamin Mockenhaupt, Fatih Ozcan, Remco Dalebout, Thomas Machowski, Klaus
Friedel Ortega, Petra E. de Jongh, Malte Behrens, Cu-Co/ZnO/Al2O3 Catalysts for CO
Conversion to Higher Alcohols synthesized from co-precipitated LDH precursors,
EuropaCat 2019, Aachen, Germany, 2019.

295



12 Publications

10.

296

Fatih Ozcan, Benjamin Mockenhaupt, Remco Dalebout, Klaus Friedel Ortega, Petra E. de

Jongh, Malte Behrens, Co-precipitated Ga-Ni Metal Catalysts for CO2 Conversion,
EuropaCat 2019, Aachen, Germany, 2019.

Benjamin Mockenhaupt, Fatih Ozcan, K. Friedel Ortega, Malte Behrens, Synthesis and

Characterization of Bimetallic NixGay catalysts for Methanol Synthesis from Carbon

Dioxide, 3™ European Summer School on Catalyst Preparation, Vogué, France, 2019.

Benjamin Mockenhaupt, Fatih Ozcan, Remco Dalebout, Thomas Machowski, Klaus
Friedel Ortega, Petra E. de Jongh, Malte Behrens, Cu-Co/ZnO/Al203 Catalysts for CO
Conversion to Higher Alcohols synthesized from co-precipitated LDH precursors,
CENIDE Celebration, Essen, Germany, 2019

Benjamin Mockenhaupt, Gereon Behrendt, Lakshmi Pandit, Oleg Prymak, Jil Gieser,

Alexey Boubnov, Erisa Saraci, Jan-Dierk Grunwaldt, and Malte Behrens, Malachite- and
Layered Double Hydroxide-based Catalyst Precursors for Methanol Synthesis from
COz-rich Synthesis Gas, 17" International Congress on Catalysis, Abstract-book, USA,
2020

B. Mockenhaupt, F. Ozcan, T. Machowski, K. Friedel Ortega, M. Behrens, Cu-
Co/Zn0O/Al203 Catalysts for CO Conversion to Higher Alcohols synthesized from co-

precipitated LDH precursors, CENIDE, Essen, Germany, 2020

B. Mockenhaupt, J. K. Wied, L. Kampermann, Characterization of aluminium and

gallium doped zinc oxide regarding the electronic promotion, as a support for a model
methanol catalyst, 20. Vortragstagung fir Anorganische Chemie 2020, Online, Germany,
2020

B. Mockenhaupt, K. Friedel Ortega, M. Behrens, Aluminium and gallium doped zinc

oxides as a model of the electronic promotion in the copper/zinc oxide/aluminium
oxide methanol catalyst, 54. Jahrestreffen Deutscher Katalytiker, Online conference,
Germany, 2021.



12 Publications

11. B. Mockenhaupt, M. Behrens, Zinc oxide promoted nickel catalysts in the reverse

water gas shift reaction, 55. Jahrestreffen Deutscher Katalytiker, Weimar, Germany,
2022,

Student works

The following student work was performed at the University of Duisburg-Essen in the group of
Prof. Behrens in the context of the presented thesis. Benjamin Mockenhaupt participated in the
definition of research questions, the planning of experiments with appropriate analytics, the

evaluation and interpretation and the supporting the preparation of a scientific report.

Hongxiao Xiang, Raman-Spektroskopie von verschiedenen Festkdrpern sowohl als Pulver
als auch in Suspension, Practical Course (12/2019 — 02/2020)

297



298



13 Curriculum vitae

13 Curriculum vitae

Der Lebenslauf ist in der Online-Version aus Griinden des Datenschutzes nicht enthalten.

299



13 Curriculum vitae

13 Curriculum vitae

Der Lebenslauf ist in der Online-Version aus Griinden des Datenschutzes nicht enthalten.

300



13 Curriculum vitae

13 Curriculum vitae

Der Lebenslauf ist in der Online-Version aus Griinden des Datenschutzes nicht enthalten.

301



13 Curriculum vitae

13 Curriculum vitae

Der Lebenslauf ist in der Online-Version aus Griinden des Datenschutzes nicht enthalten.

302



303



304



14 Declaration of Authorship (Eidesstattliche Erklarung)

14 Declaration of Authorship (Eidesstattliche Erklarung)

Ich versichere, dass ich die Arbeit mit dem Titel: ,,On the promotion effect of trivalent cations on zinc
oxide and their influence on catalyst activity” selbststdndig verfasst und ohne fremde Hilfe und ohne
Benutzung anderer als der angegebenen Quellen angefertigt habe und dass die Arbeit in gleicher oder
ahnlicher Form noch keiner anderen Prifungsbehorde vorgelegen hat und von dieser als Teil einer
Prifungsleistung angenommen wurde. Alle Ausfliihrungen, die wortlich oder sinngemaR Gbernommen

wurden, sind als solche gekennzeichnet.

Essen, den 04.09.2023

Benjamin Mockenhaupt

305



