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Abstract

Abstract

In this work, systematic investigations of the nepion of Cu/ZnO-based methanol synthesis
catalysts are presented. The catalyst precursams pvepared by co-precipitation, followed by
aging, filtrating, washing and drying accordingtb@ proven, but not completely understood
industrial preparation method. Subsequent cal@natind reduction led to the catalytically
active Cu/ZnO/X catalyst, X being a refractory axidcting as structural promoter. The
investigations focus on the chemistry of the zinawalachite precursor that was identified as
the material yielding the best catalytic performamdgth the aim of identifying the role of the
different synthesis parameters on its formation maetsm and properties and of establishing
structure-performance-relationships that explaie tble of the synthesis conditions and the

structural promoter phase X on the final catalgtitivity.

Co-precipitation (Cu:Zn = 70:30) was performed iptr and temperature-controlled (338 K)
manner and enabled homogeneous distribution ofnib&al ions in the amorphous initial
precipitate which transformed into crystalline zémt malachite during aging. This aging step
was found to be critical with regard to the incagimn of Zn into zincian malachite and was
investigated byin-situ methods. Therefore, it had to be decoupled from phior co-
precipitation step using co-precipitation with doobus spray-drying. As a function of aging
pH, two different aging mechanisms were found thBaplain the effect of the synthesis
conditions in the early stages of preparation @ dtiuctural properties of the precursor and
later the resulting catalyst. Low pH-values (5.B)6trigger a direct co-condensation
mechanism, while at high pH values (7.0-8.0) adiem sodium zinc carbonate phase was
observed upon crystallization of the zincian maitecprecursor phase. The Zn incorporation
into the zincian malachite precursor phase wasenighlow pH values. Temperature was found
to accelerate both pathways at a given pH valuse®8an these results, the setting of the
synthesis parameters in the applied catalyst pagiparmethod can be rationalized. They have
been optimized to yield maximal Cu,Zn substitutianzincian malachite which in turn is a

precondition for final nanostructuring of the cgtdl

Also in conventional batch synthesis of Cu/ZnO lyata the application of different pH-values
in the range of pH 6.0-9.0 during co-precipitatimas observed to influence the precursor
chemistry. Application of pH values 6.5 led to higher phase fraction of zincian maitecht
the expense of the undesired Zn-rich by-phase laldite. As a consequence, more Zn was
inserted into zincian malachite after aging, legdim smaller CuO domain size in the calcined

catalyst. For pH-values in the basic regime, foromtof two clearly different substituted
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zincian malachite phases was found indicating inbgeneous Zn distribution in the precursor
material. The pH-dependent switch of the aging raeidm observed during the previously
describedin-situ experiments is a likely explanation for the difieces in Zn incorporation.
However, the highest Cu surface area, which isesepuisite for an efficient catalyst, was
obtained for catalysts prepared at pH 8.5. Unfately, we were not able to track back this
observation directly to the synthesis pH in a serpinthesis parameter—structure—performance
relationship. The batch process is probably moreptex as variation of the parameter pH may
induce numerous changes in the precursor matdradl dan lead to different and partially

compensating effects for the resulting catalyst.

ZnO is known to act as a spacer for the single &tigbes in the Cu/ZnO catalyst and to enable
the widely studied Cu-ZnO synergy which benefigialiffects the activity. MgO was
investigated to act as a substitute for ZnO follayithe substituted malachite preparation
approach. At the same Cu conté8d mol%) the geometric influence turned out to be even
better compared to ZnO but the synergetic effecCofand ZnO during methanol synthesis
from CGOJ/CO/H, was lacking. By subsequent impregnation with Zn@hbgeometric and
synergetic effects were combined in a Cu/MgO/Zn@lgat which exhibited a higher activity
than Cu/ZnO and Cu/MgO. Thus, the geometric anémgetic effects of the oxide components
have been separated during synthesis. Interestirfgthe feed gas was changed to C@Q/H

Cu/MgO was by far most active.

The effect of GgO; as a promoter in the Cu/ZnO/(&3) system was investigated by preparing
a sample series with increasing Ga concentratianc@tents up to 3 mol% were incorporated
in the zincian malachite precursor despite thegghanismatch and changed the characteristics
of the sample dramatically. After calcination, soofethe Ga was incorporated in the ZnO.
After reduction, the Cu surface area was increayetD0% and the methanol synthesis activity
by 60% compared to the binary Cu/ZnO referenceesystHigher Ga contents led to
segregation and inhomogeneous microstructure afethdting catalyst. The functionality of Ga
promotion was found to critically depend on the bgeneous distribution of Ga. The best
distribution was achieved by incorporation into ttiecian malachite precursor phase and a
linear correlation of the (Zn,Ga) content in thisape with the catalytic activity of the final

catalyst was observed.
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Systematische Untersuchungen der Préparation vofZnOdbasierten Methanolsynthese-
Katalysatoren sind Gegenstand dieser Arbeit. Ditalgsatorprékursoren wurden gemaf dem
etablierten aber nur unzureichend verstandenersindilen Syntheseweg hergestellt, der aus
den Schritten Co-Fallung, Altern, Filtern, Wascherd Trocknen besteht. Calcinierung und
Reduktion fihren schlie@lich zum aktiven Cu/ZnO/X at&lysator, wobei X ein
temperaturbestéandiges Oxid darstellt, welches atsktsreller Promotor fungiert. Die
Untersuchungen richten sich auf die Chemie des-Klalachit-Prakursors, der letztendlich zu
einer hohen katalytischen Aktivitat fuhrt. Dabei lleo die Einflisse verschiedener
Syntheseparameter auf die Bildung und EigenschafésnZink-Malachits und Mikrostruktur-
Aktivitats-Korrelationen untersucht werden, um dikatalytische Aktivitat mittels

Syntheseparameter und Promotorphase X erklaretrmek.

Durch pH- und temperaturkontrollierte (338 K) Cdhidg (Cu:Zn 70:30) wird eine homogene
Verteilung der Metallionen im anfanglich amorphedlléngsprodukt erreicht, welches durch
Altern zu Zink-Malachit kristallisiert. Die Alterugn wird als entscheidender Schritt fur die
Einlagerung von Zink-lonen im Zink-Malachit angesehund wurde mit Hilfe vorin-situ
Methoden untersucht. Daflr war eine Entkopplung #envorausgehenden Co-Fallung nétig,
was durch Co-Fallung und kontinuierliche Spruhtragig realisiert wurde. Zwei verschiedene
Alterungsmechanismen wurden, abhangig vom pH-Wetbachtet, welche den Einfluss der
Syntheseparameter in den frihen Praparationsschrauf strukturelle Eigenschaften des
Prakursors und letztlich des Katalysators erkld&@men. Kleine pH-Werte (5.0-6.5) fihren zu
direkter Co-Kondensation, wéhrend fir héhere pH{#/ef7.0-8.0) eine vorlbergehende
Natrium-Zink-Carbonat-Phase beobachtet wurde, béi®rKristallisation der Zink-Malachit-
Phase einsetzte. Bei kleinen pH-Werten konnte erhéhte Substitution von Cu-lonen durch
Zn-lonen im Zink-Malachit erreicht werden. Erhohuder Temperatur fihrte bei gegebenem
pH-Wert zu einer Beschleunigung beider MechanisnBasierend auf diesen Erkenntnissen
kann die Einstellung der Parameter bei dem vortidga Praparationsprozess vorgenommen
werden. Ziel dabei ist eine mdglichst grolR3e Eintagg von Zink im Zink-Malachit, was

wiederum eine Vorbedingung fir die spatere Nanakatrierung ist.

Der pH-Wert spielt auch wahrend der Co-Fallung eimatscheidende Rolle fiur die
Eigenschaften des Cu,Zn-Prakursors (70:30) und evimr@wei Serien von Batch-Synthesen im
Bereich von 6.0-9.0 variiert. Wurden pH-WeHe.5 verwendet, konnte nach dem Altern ein

hoher Phasenanteil von Zink-Malachit neben der wieschten Zink-reichen Nebenphase
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Aurichalcit erzielt werden. Demzufolge konnte mé&lmk in Zink-Malachit eingebaut werden,
was zu einer kleineren Kristallitgréf3e von CuO ndeh Calcinierung fuhrte. Fir pH-Werte im
basischen Bereicte(7.5) wurden zwei deutlich verschieden substitai&ihk-Malachit-Phasen
gebildet, die Zink-Verteilung im Prakursor war deaoh inhomogen. Eine Erklarung fur den
Unterschied der Zink-Substitution liefert mdgliciveise das Ergebnis dés-situ Alterungs-
Experiments, wonach abhangig vom pH-Wert zwei Jeestene Mechanismen ablaufen
koénnen. Eine Voraussetzung fir effektive Katalysatdst letztendlich die Cu-Oberflache, die
fur bei pH 8.5 préaparierte Proben am gré3ten weiddr konnte dieses Ergebnis nicht mit Hilfe
einer Parameter-Struktur-Aktivitats-Korrelation teseben werden. Der gesamte Batch-
Prozess scheint daher sehr komplex zu sein, deatiation des Parameters pH-Wert weitere
Veranderungen im Prékursor hervorrufen kann, dievertschiedenen und moéglicherweise

kompensierenden Effekten fir den resultierendemalidsator fihren.

ZnO fungiert als Abstandshalter fir einzelne CuiRelr in Cu/ZnO Katalysatoren und
ermoglicht auBerdem die Cu-ZnO-Synergie, welche Akgivitat positiv beeinflusst. Die
Verwendung von MgO anstelle von ZnO wurde untersuebbei die Praparation der Cu/MgO-
Katalysatoren analog zu der von Cu/ZnO erfolgta. @deichem Cu-Gehalt (80 mol%) wurde
fur MgO ein besserer geometrischer Einfluss festéffegedoch war kein vergleichbarer Effekt
der Synergie wahrend der Methanolsynthese aus/GUH, messbar. Nachfolgende
Impragnierung mit ZnO fuhrte zu einer Kombinatioer dyeometrischen und synergetischen
Effekte in Gestalt eines Cu/MgO/ZnO Katalysatoes; aktiver war als Cu/ZnO und Cu/MgO.
Daher kénnen geometrischer und synergetischer Effiek Oxidkomponenten sequentiell
wahrend der Synthese eingefihrt werden. Interemsesise war Cu/MgO bei der

Methanolsynthese aus CQ/hhit Abstand am aktivsten.

Der Effekt von GgD3; als Promotor im Cu/ZnO/(G@3)-System wurde durch eine Probenserie
mit ansteigender Ga-Konzentration untersucht. Bis &mol% G& konnten trotz der
abweichenden Ladung in den Zink-Malachit-Prakuesagebaut werden und fihrten zu einer
drastischen Anderung der Probeneigenschaften. NeciCalcinierung konnte ein Teil des Ga
im ZnO nachgewiesen werden. In den reduziertendProturde, verglichen mit der Cu/ZnO-
Referenzprobe, die Cu-Oberflache um 100% und dieviddt in der Methanolsynthese um 60%
erhoht. HOhere Ga-Gehalte fuhrten zu Segregatiod whomogener Mikrostruktur des
resultierenden Katalysators. Die beste Elementante wurde erzielt, wenn Ga vollstandig im
Zink-Malachit-Prakursor eingebaut war. Es wurdeeelmeare Korrelation zwischen dem
(Zn,Ga)-Gehalt in Zink-Malachit und der katalytischAktivitat gefunden.
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Chapter 1: Introduction and Overview

1.1 Catalysis

Catalysis is one of the central concepts in cheynfst organic as well as inorganic processes.
Catalysts accelerate certain chemical reactionsldgyeasing the activation energy of single
elementary reaction steps. As a consequence, toreaan be steered into a desired direction
with the constraint that only the kinetics can hanged but not the thermodynamics.
Nowadays, around 90% of the chemical processeshet®ogeneous catalysts in chemical,
food, pharmaceutical, automobile and petrochemimdilistries. More modern fields are fuel
cells, green chemistry, nanotechnology and bioteldgy. The main advantage of
heterogeneous catalysis is that the catalyst amddaction products can be easily separated
from each other. Biocatalysts (enzymes) are maipplied for the production of fine chemicals
when high (chemo-, regio- and stereo-) selectivd@yrequired whereas inorganic catalysts
(metals, metal oxides) are employed for large sgatecesses. In the latter case, high selectivity
is desirable to save energy and natural resollfces

The understanding of the reaction mechanism duaifgeterogeneously catalyzed reaction is
still limited and recently, there is only one prssgammonia synthesis over iron catalysts)
which can be claimed to be almost fully understadddwever, the direct observation of the
single elementary steps is not possible to dateth@dnechanism was derived from surface
studies with iron single crystdfs. Since the catalyzed reaction requires adsorptidthe educts
and intermediates and takes place on the surfatteeafatalyst,if-situ) surface studies can be
seen as one of the keys to a wider insight intaribde of operation of a catalyst. However, due
to physical limitations, surface sensitive meth@as often only be carried out under low
pressures which are far away framoperandoconditions which usually require high pressures.
The difficulty of transferring the obtained results denoted aspressure gap Thus,
complementary methods of material science are wmeddecorrelate atomic structure and
macroscopic properties. With the acquired knowledigeut these so-called structure function
relationships, the conventional way of trial antbercatalyst development can be shifted to a

more rational catalyst design.
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1.2 Methanol synthesis over Cu/ZnO/A,O3 catalysts

1.2.1 Methanol

Methanol is one of the most important basic comptsén thechemical industry. Th
worldwide production volume was about 45 milliomg$oin 2010, with a rising tendency o
the past year$. The major amount is used to synthesize formaldeKprecursor for organ
synthesis), further products are me-tert-butylether (antiknock agent) and acetic -

(precursor for monomerspnservation)Figure 1-1).

Methyl
Mercaptan

Chloromethane

Figure 1-1: Distribution of global methanol consumption in 2

Furthermore,a steadily increasing fraction and absolute amainmethanol is applied ¢
alternative fuel acting as additive or for the proiibn of biodiesel and dimethylether. T
reasons are that methanol has a high energy confei@26.:kJ mol* . It shows good
combustion properties and is a potential chemic-carrier. One liter contains more hydrog
than pure hydrogen eff and only methane has an equally high H/C raidvantages follov
from the fact, that methanol is liquid at room temrgiure and therefore offers better trans
and storing properties compared to elemental hyaroghe freezing point is at arouncé K,

so an application in cold regions can be perforraegroblematically. On the other ha
methanol requires resistant materials due to itarpharacter unliknorpolar gasoliné®. The
combustion of methandh engines proceeds almost without harmful bypregllike SC, or

NO,, such as being produced from impurities in gasolifhe application in fuel cells is r
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limited to the conventional hydrogen based typéhpitevious steam reforming but also direct
methanol fuel cells are possibiie Impurities like sulfur and produced CO from metblasteam

reforming have to be removed to prevent poisortiregeiectrodes of the fuel c&ll

In the chemical industry, methanol acts as a stanmaterial to produce gasoline, olefins (for
polymers) und aromates. Hence, it competes with nitvemally applied educts from coal,
petroleum and natural gas, otherwise it promisdsigger independence from these fossil

sources?.

1.2.2 Methanol synthesis

Methanol synthesi§” from synthesis gas @4CO and C@ over solid catalysts was first
reported in 1921 by Patdit™. BASF launched the first large industrial methapiaint using
ZnO/Cr0; catalysts, temperatures of 573-633 K and pressoirek50-250 bars'?. In the
1960s, changing feedstock from coal to naphthaatural gas led to less impurities (especially
sulfur) in the synthesis gas and the known Cu/ZngbAcatalysts were favored thenceforth
applying somewhat lower temperatures and pressipe® 100 bar$®. Nowadays, modern
plants produce more than 5000 tons every day. Methaynthesis from synthesis gas is
exothermic AH° < 0) accompanied by decreasing entropy and therééwored to proceed at
low reaction temperatures and high reaction pressirhermodynamically, methanol is one of
the least likely products compared to methane ghéri alcohols. According to ref, the

following reactions are involved:

CO +2H, = CH,0H AH° = -91 kJ mot (Eq. 1.1)
CO, + 3 H, = CH;0H + H,0 AH° = -49 kJ mot (Eq. 1.2)
CO + H,0 = CO, + H, AH° = -41 kJ mot (Eq. 1.3)

The hydrogenation-step can occur on both, CO (EQ.dr CQ (Eqg. 1.2). The water-gas-shift
reaction (Eqg. 1.3) can be regarded as the differef¢Eq. 1.1) and (Eq. 1.2) and thus, is not an
independent reaction. The mechanism and the caborce of industrial methanol synthesis
are still under debate today. In the early 19%0sechanism for methanol formation from CO
over ZnO/CyO; catalysts was reportédf. Later, CO was assumed to be the predominant
carbon source over Cu/ZnO cataly$ts CO, was only regarded to reoxidize T the active

Cu" state. But at the same time, a Russian group texbanethanol to be formed almost
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exclusively from CQ@ These results were obtained over Cu/ZngidAland were based on
kinetic experiment§”*® and radioactively labeled carbon dioxide isotdp&s’. No methanol
was formed when using a pure CQfidixture over Cu/ZnG*? or Cu/ZnO/ALO; . Today,

mechanism starting from G@ mostly accepted when regarding industrial cioi.

Other synthesis routes for methanol formation stéttt CH, or pure CQ. Both substances are
known as "greenhouse gases", hence their econamicersion is desired but not possible to

(3 Supported copper nanoparticles were not only lyideplied as active catalysts in

date
methanol synthesis but, depending on feed compasitemperature and pressure, also in
methanol steam reforming and water-gas shift reactiecause of the similar elemental

reactions.

With a fundamental understanding of the reactioochmaism and correlations between catalytic
activity and surface / bulk structure improved batis can be designéd. However, only for
Cu single crystals the elemental steps of the melhsynthesis are knowff. The questions
concerning the microkinetics and the active centensain still unanswered in the case of the
more complex Cu/ZnO/AD; catalytic systems. Reasons are the varying steicifiCu/ZnO
catalysts accompanied by the change of the catalysiface depending on the ambient

conditions (oxidizing / reducing atmosphef&y®.

1.2.3 Preparation and Characteristics of Cu,Zn based catgsts

Preparation of Cu/ZnO/AD; catalytic systems has been optimized in the l&stydars of
industrial application. Different methods like crepipitation, kneading, impregnation and
leaching have been tested. Currently, most synshesecarried out as a multi-step synthesis as
follows % Mixed metal hydroxy carbonate precursors are &trby controlled co-
precipitation (pH 6.5, T = 338 K) from aqueous Qu&l (6:3:1) nitrate solutions and MaO;
solution as precipitating agent. Chlorides andade$f cannot be used because chloride and
sulfur poison the final catalyst. Subsequently, fnecipitate is aged in the mother liquor,
filtrated, washed, dried and calcined to give thetahoxides. To obtain the desired activity in
methanol synthesis, CuO has to be reduced to meetadpper. Normally, this takes place

directly in the synthesis gas feed by hydrogerapb@n monoxide.

In order to better understand the catalytic systenatationships between preparation
parameters, microstructure and activity of Cu/ZnigDA are investigatef”. All parameters of

the catalyst preparation influence the bulk andaser structure and therewith the characteristics
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and activity of the resulting catalyst. This pheemon is also called the “"chemical memory"
(31]

Depending on the nominal metal composition, marfferdint mixed metal hydroxy carbonate
precursor phases can emerge in the course of satatgparation. With Cu as the major
fraction, these are notably €O@H),CO; (malachite) for pure Cu samples, (G&n,).(OH),CGO;
(zincian malachite) with x < 0.3, (G4Zn,)s(OH)s(CO,), (aurichalcite) with y > 0.5, and
(Cu,Zn)Al ,(OH),6CO;-4H,0 (hydrotalcite-like phase), only when a signifitamount of Af*

is present. The last phase should also be formdathier trivalent ions instead of Al such as
G&* or CP". Controversial discussions are present in thealitee about the relevant precursor
phase. Increased Cu dispersion, intrinsic acti@gtivity per Cu surface area) and overall
activity were reported to be a consequence of tieelgminant presence of the precursors
aurichalcite® or zincian malachité®¥ in the Cu,Zn system and rosasit& in Cu,zn,Al
systems.

In further XRD studies, a shift of the 2and 21) reflection of zincian malachite has been
observed when varying the Cu:Zn raio®®. This is related to the decrease of the d-spacing
which is the result of incorporation of Zrinto the malachite structure (Figure 1-2).

Figure 1-2: Unit cell of zincian malachite according to Behr&fs For clarification, only the Jahn—Teller elongated
bonds of the Cu@units are shown. They are oriented either perpaitati to (2@) (dark grey) or to (21) (light
grey) and are contracted upon Cu/Zn substitutioa ¢&ection of arrows).
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c#* (3d) is a Jahn-Teller ion, Zh (3d") is not. With increased Zh incorporation, the
elongated axial O-Cu-O units (perpendicular to 208 netplanes) in the CuyQbctahedra of
pure Cu malachite are substituted by not elong&teth-O units leading to a decrease of the
average Jahn-Teller distortion. The shift is aatiraeasure for the incorporation of?Zin the
malachite structure and might predetermine the iBpedsion and the activity of the resulting
catalyst. The substitution of €uby Zrf* in zincian malachite was found to be limited to
approximately 28%. Higher Zh contents would lead to the undesired Zn enrichkedse
aurichalcité® ! (Figure 1-3).
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Figure 1-3: Graphic according to Behref! showing d-spacing of the ZOnetplanes of the zincian malachite
precursor phasdl), Cu surface ared) and normalized methanol production ratéy @Ef the final binary model
catalyst as a function of nominal Cu content. Tresence of the phases aurichalcite (A), zincian chéitla (zM) and

malachite (M) is indicated.

During precursor preparation, aging of binary CupZecipitates was reported to be cruéal
%39 and to lead to a loss of the by-phase aurichalulitese yielding more and higher Zn
substituted zincian malachite (Figure 1-4). As assguence, small and well distributed Cu and
ZnO crystallites in the active catalyst lead tatdreperformance in methanol synthesis. During
aging the meta-stable product (amorphous prea®)itst transformed in the thermodynamic
product (crystalline precipitate) by stirring iretimother liquor. The aging process has not been
well understood yet and the proceeding reactiopsstan hardly be optimized independently,

because they are coupled to the synthesis paranikigng co-precipitation.
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2:1 Cu/Zn nitrate MNa,CO4
aquecus solution aguegus soluticn

l Precipitation

Blue Zincian georgeite 2:1 Cu/Zn
l Aging COET

Low-zincian malachite 85:15 Cu/Zn
Blua-orman [ + high-zincian aurichalcile 60:40 CurZn

Aging
r
Elue-gresn High-zincian malachite 2:1 Cu/Zn

Crying, calcination,
reduction

i

Cu/Zno catalyst

Figure 1-4: Proposed reaction scheme for precipitation, agind subsequent stages in the

preparation of 2:1 Cu/Zn catalysts. Graphic acewdd™; redrawn frond*®.

A precondition for superior performance of Cu/Zm0O;) catalysts in methanol synthesis is
definitely a high Cu surface area due to the pbgsilereasing number of active sites. Whereas
the activity of supported catalysts with low metaintent is often referenced to the metal
loading of the active phase, this does not worktifier Cu/ZnO/(AJO;) system because of the
high Cu content where only a small fraction of @ atoms is accessible to the reaction gas.
Linear correlations between Cu surface area anditgchave been reported in literature for
Cu,zn ¥ and Cu,zn,Al systent® “? However, deviations from this behavior have been
observed depending on structural defects, i.e.asi@in® “**! |n general, a non-ideal form

of coppet™ “is required to obtain active sites.

ZnO acts not only as dispersant and stabilizemag also reported to cause synergetic effects
and to provide the active centers due to the iatercontact with the copper phaSe*®. That
results in a beneficial electronic structure forsagtion of reactants and products. As a
conseguence, the activity of Cu/ZnO is several ritades higher than that of individual Cu or
ZnO. Different active species have been proposgdQei-Zn alloy formed during reducti8f,
dissolved Ctiin ZnO®” or electron rich Cu at Schottky-junctiofid. In a recently published

model of the active site of industrial methanoltegsis over Cu/ZnO/AD;, that was partially
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based on the work presented in this thesis, therggtic effect was accounted for by strong
metal support interaction (SMSI¥, which has been observed in high-performance\csisaby
HRTEM and XPS. Therein, the intrinsic activity bitexposed Cu surface area scaled with the
abundance of stacking faults in Cu nanoparticldsis Torrelation was rationalized by the
generation of high energy sites at the surfacehat pgositions, where the planar defect
terminates. Also residual oxygen in Cu as a rasfultcomplete reduction might play a role for
the defect structure of active Cu. SMSI betweena@d ZnO has previously been reported in
literature and studied by Cu surface area detetinm8®, EXAFS?” and IR spectroscopy of
CO adsorptiofr?.

For industrial applications of Cu/ZnO during metblasynthesis, mostly AD; is used as a
promoter. A}O; inhibits thermal sintering of the particles, pretge poisoning of the active
metal surface and ensures additional chemical lzernial performance stability, which is very
important for industrial catalyst&*®. Furthermore, addition of AD; leads to higher intrinsic
activities*?. Other promoters like zirconl, silica®, gallia and chromi&” are also able to
beneficially affect Cu dispersion, stability, adtiyvand selectivity of the catalyst. Saito et3l.
reported that addition of metal oxide promoters kawe different effects, first the increase of
the Cu dispersion in the case of alumina or zif@psecondly the improvement of the specific
activity in the case of gallia and chromia. Thehaus$ claim that the latter feature is due to the
optimization of the CUCL ratio on the Cu surface under reaction conditffhsRecently, we
found that an Al content of around 3 mol% in thenaey Cu/ZnO/AJO; system leads to an
optimized beneficial promoting effelf!. The obtained precursor during preparation was pur
zinc (aluminum) containing malachite without anyialalcite or Cu,Zn,Al hydrotalcite. After
calcination, Al was introduced into the ZnO phaseZe’* sites in tetrahedral coordination.
Alike ZnO, the function of the AD; promoter was divided into a geometrical and a gyate
contribution. The former affects the Cu dispers&m leads to an increase of the Cu surface
area. The latter promotes the intrinsic activityGaf and was related to the incorporation of Al

into the ZnO lattice and an influence onto the @WAynergy.

The lifetime of industrial Cu/ZnO/AD; catalysts lies in the range of years. Deactivation
processes of Cu based catalysts mainly compriserisig and poisoning. The first is diminished
by the presence of ZnO and.@k and can be regarded as a mechanical spacing Bff&tt*

The latter can be alleviated by ZnO which absotliis(present as §$) from the feed gd3"
64]
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1.3 Outline of the work

This work contains systematic studies concerniegptieparation and characterization of Cu,Zn-
based catalytic systems for methanol synthesis.bifery Cu,Zn system presents a functional
model system of the industrially applied Cu,ZnAfstem, but with less complexity.
Correlations between preparation parameters, nircicisire and catalytic activity in methanol
synthesis shall be identified and investigated. uA8ag zincian malachite as the relevant
precursor phasé”, the preparation of phase pure samples with honemes metal distribution
is targeted to enable unambiguous structure-fungttationships. Especially correlations of
precursor chemistry (e.gl,,7 value of zincian malachite) with properties of fireal catalyst
(e. g. activity) are of great interest. Due to tlthemical memory", reproducibility of all

preparation steps is an important factor.

One strategy is to perform systematic variatiopraparation parameters for a system of fixed
composition (here: Cu:Zn = 70:30). In order to &etinderstand the aging process of the initial
Cu,Zn precipitate during precursor preparatiors #tep is decoupled from co-precipitation and
investigated independently with the help oEsitu energy dispersive X-ray diffraction.
Application of different aging parameters like ptilwe and temperature shall reveal the
influence on the process of precursor crystalloratiAdditionally, the pH value during co-
precipitation is varied. Although studies for ttenary Cu,Zn,Al system are availati& %,

data of comprehensive investigation of the lessptexnbinary Cu,Zn system is still lacking.

The second strategy is to work with constant piapar conditions and apply modifications on
the system. Promoting the binary Cu,Zn (70:30)esyswith small amounts of Alwas recently
reported to lead to phase pure zincian malachigeyssors with high Zn incorporation and
subsequent higher activitiés’. The incorporation of Af itself into the zincian malachite
structure is possible but limited due to the charjgmatch. Similar results are expected when
using G&" as a promoter because of the not too differenicioadii of A" and G&" and
analogous modifications of the oxides. The advantfgusing G& instead of Al* is a better
access to spectroscopic methods (XAS) which caouwntcfor elucidation of the promoter
effect. Therefore, Cu,Zn,Ga samples with differ&#* concentrations up to 10 mol% are

prepared.

Although the phenomenon of Cu-ZnO-synergy is comrsially discussed in literature, the

beneficial effect on the activity in industrial rhatol synthesis is not questioned. We recently
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reported that the generation of “methanol coppey”induced by strong metal support
interactions (SMSI) in the presence of zZf8. If this image is right, then MgO cannot
adequately replace ZnO, despite a possible enhamtariCu dispersion. A combination of the
effects of ZnO and MgO on Cu might lead to catalyesthibiting a large and highly active Cu

surface area.

Characterization data of the samples is presentmd flifferent stages of their preparation
(precursors, calcined and reduced samples) withecédo crystalline phases (XRD), surface
area (BET), thermal properties (TG-MS), reductiaghdwior (TPR), morphology and real
composition (SEM, TEM, XRF) and Cu surface aregQMRFC). Selected samples are
subjected to further characterization (XAS) anditgsin methanol synthesis. The process of

aging is studied by in-situ energy dispersive XRDigersity of Kiel, HASYLAB).
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Chapter 2: In-situ EDXRD Study of the Chemistry of Aging of Co
precipitated Mixed Cu,Zn Hydroxycarbonates — Consegences for the

Preparation of Cu/ZnO Catalysts

Stefan Zander, Beatrix Seidlhofer, Malte Behrens

Abstract

In order to better understand the critical influeiof the synthesis parameters during preparation
of Cu/ZnO catalysts at the early stages of prefmarathe aging process of mixed Cu,Zn
hydroxide carbonate precursors was decoupled frenptecipitation and studied independently
under different conditions, i.e. variations in pgkeimperature and additives, usingsitu energy-
dispersive XRD andn-situ UV-Vis spectroscopy. Crystalline zincian malachitee relevant
precursor phase for industrial catalysts, was fdrinem the amorphous starting material in all
experiments under controlled conditions by agingsatutions of similar composition to the
mother liquor. The efficient incorporation of Zrtarzincian malachite can be seen as the key of
Cu/ZnO catalyst synthesis. Two pathways were oleserirect co-condensation of €wand
Zn* into Zn-rich malachite at 5 pH > 6.5, or simultaneous initial crystallization of @ah
malachite and a transient Zn-storage phase. Thésnediate re-dissolved and allowed for
enrichment of Zn into malachite at pH 7 at later stages of solid formation. The former
mechanism generally yielded a higher Zn-incorporatOn the basis of these results, the effect
of synthesis parameters like temperature and gicadé discussed and their effect on the final

Cu/ZnO catalyst can be rationalized.
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2.1 Introduction

Due to the enormous economical relevance of sddiglysts in chemical industhy, their

skillful synthesis and phenomenological optimizatioften is far more advanced than the
understanding of the rationale behind the resultimtividual values of synthesis parameters.
Modern analytical methods can help to develop phwmmlogical catalyst synthesis towards
knowledge-based design. The Cu-based methanolesiatbatalyst is a prominent example for

this evolution.

Binary Cu/ZnO samples (Cu:Zn ca. 70:30) serve amwdel system for the industrially applied
Cu/ZnO/ALO; catalyst, which contains ca. 5-10 mol%.,@d as a structural promoter.
Performance of the catalysts scales linearly withaccessible Cu surface area, but only within
certain families of Cu/ZnO catalyst, which were gaeed by a similar method, e.g. by co-
precipitation or from citric acid melt8. This observation highlights the crucial influerafethe
synthesis route on the catalytic properties of @@# which is also termed the “chemical
memory” of the systel The difference among the material families argtatted to intrinsic
promoting effects. Cu dispersion and intrinsic \agti are beneficially influenced by the
presence and homogeneous distribution of ZnO incttalyst. Firstly, it stabilizes small Cu
nanoparticles acting as a geometrical spacer batwlem”® Secondly, strong metal-oxide
interactions between ZnO and Cu are assumed toilootet to thein-situ formation of
catalytically active sites. Different models foristHatter synergetic effect are discussed in

literature!®*®!

The most successful and industrially applied sysitheoute of Cu/ZnO catalysts follows a
multi-step procedure in which mixed metal hydroxic&rbonate precursors are formed by
controlled co-precipitation from aqueous Cu/Zn/(Aljrate solutions using soda solution as
precipitating agert” Subsequently, the precipitate is aged in the moligeor, filtrated,

washed, dried, calcined and finally reduced todyitde active catalyst. It is described in
literature, that aging is a crucial step duringtbgsis of the precursor and that it is essential fo

preparation of a successful cataKst™"

In the following, we will discuss the influence afiing conditions on the properties of the
catalyst on the basis of the recently publishedehotihierarchical meso- and nano-structuring
of industrial methanol synthesis catalysts, whixpl@ns the benefit of the hydroxide carbonate
precursor method for preparation of Cu/ZnO catalfGgure 2-1af*® In brief, the co-

precipitate undergoes two micro-structure direcsiteps during preparation. Firstly, a mixture
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of zincian malachite crystallizes from the initjaimorphous c-precipitate zincian george™?
during aging, both with the elemental formula (GY,(OH),(COs)."® This step is associat
with a minimum in pH and a color change from bloebtuish green Figure 2-1b). Small
amouns of aurichalcite, (Cu,Zs(COs),(OH)s are often observed as a sjglease. Further agir
was reported to lower the fraction of the aurichalgphase in favor of zinc enrict
malachitd* ® Crystallization of zincian malachite occurs prebéyain form of ven thin and

interwoven needles, which leads te proper porous meso-structure.

(a)

. <@
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. et

|
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Figure 2-1: (a) Cartoon of the preparation of Cu/ZnO catalystspr@simg precipitation of zincian georgeite, aging
form zincian malachite (messtructuring), decomposition in CuO/ZnO aggregates(-structuring) and activatio
by reduction to Cu/ZnObj pH evolution during precipitation and aging ofypical binary sample with change
sample color and crystallinity dug aging (insets) The marked reflections in the XR&ttgyn refer to th
aurichalcite by-phase, (Cu,Z(E0s),(OH)e. All other reflections are due to zincian malaeli€u,Zn,(CO;)(OH),.

Secondly, the nanstructuring of the individual precursor needlesmgitermal decompositic
yields aggregates of CuO and ZnO nanoparticless,Tthe hierarchical pore structure of
final catalyst is already predetermined at theestaigthe precurs. Here, the Zn concentratic
in zincian malachite needles is the crucial parametince significant amounts of atomice

distributed Zn in the joint cationic lattice of zian malachite lead to an effective stabiliza
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of the Cu phase in high dispersion in the decontiposproduct (Figure 2-1&)% Due to solid
state chemical constraints, the minimal Cu:Zn raticthe zincian malachite phase is near
70:30%% For an efficient nano-structuring, the highestsiale fraction of the available Zn

amount should be incorporated in the zincian médlagitecursor during aging.

The Zn fraction in this phase can be determinechftioe peak position of the 20@eflection in
the XRD pattern of zincian malachite. A low corres@ing d-spacing is indicative of a high Zn
content, which can be explained by a gradual cotitra of this net plane distance caused by
the average lowering of Jahn-Teller distortionstlvé octahedral M@ building blocks in
malachite as Ciiis gradually replaced by ZH*® 2! The shift of the 20 reflection in the XRD
pattern is, thus, a direct measure of the desitearporation of Zfi into the malachite structure

and serves as an estimate of the Cu dispersidreifirtal catalyst.

Hence, aging, i.e. the period of crystalline phHasmation of the precursor, plays a key role for
catalyst preparation and for the so-called chemizainory of Cu/ZnO catalysts. However, the
effects of synthesis parameters like pH, tempeeatur mother liquor composition on the
precipitate are not well understood and are sadkted to the catalytic performance of the
resulting Cu/ZnO catalyst only in a merely phenoategical manner. This lack of
understanding can be seen as a major hindrancduftirer rational optimization of the
Cu/ZnO/(ALO;) system and requires a systematic and fundamstudy of the chemistry of
precipitate aging. Such a study is complicatedH®y fact that variation of a given parameter
affects upstream precipitation as well as aginge @mbiguity if an observed change in the
properties of the precipitate is a result of maudifichemistry of aging or of changes in the
precipitation process (resulting in a differentrtitg material for downstream aging), requires
experimental decoupling of both events. Furthermapglication ofin-situ methods is desirable
to ensure complete monitoring of all transformagidmappening during aging of the co-
precipitate. In-situ energy-dispersive X-ray diffraction (EDXRD) haseheshown to be a
powerful method to study the mecharfihand kinetic&® of solid state reactiorf¥;*® e.g.

under hydrothermal conditio8 or in intercalation/de-intercalation reactidfs.
In this paper we report a novel approach for theestigation of the aging process during

preparation of Cu/ZnO catalysts using decouplectipttation and aging steps and-situ

EDXRD and UV-Vis spectroscopy to monitor the latter
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2.2 Experimental

2.2.1 Precursor Preparation

Decoupling of precipitation and aging was realiZeg continuously feeding the initial
amorphous co-precipitate slurry directly into aagpdryer in order to suppress aging by fast
drying. This “quenching technique” was necessamy tuthe fact that zincian georgeite is quite
unstable in the mother liquor against crystall@atiln course of the preparation, constant pH
co-precipitation was performed in an automated riaooy reactor (Mettler-Toledo LabMax, 2
L, prefilled with 400 mL water) at T = 338 K and pHfrom aqueous 1.6 M N@O; solution
and 1 M aqueous metal nitrate solution (Cu:Zn =3@p:It is noted that the conditions of co-
precipitation correspond to the conventional pragian process described in literature and were
similar to the conditions of industrial catalysteparation. A graphical representation of the
precipitation log file can be found as supportinfpimation (Figure S2-1). The resulting slurry
was continuously removed from the co-precipitatieactor at the rate of addition of solutions
(23 mL/min) and directly spray-dried (Niro Minor Mibe, T = 473 K, Toutet = 373 K) after

an estimated residence time of less than 20 mihdrreactor and the connecting tubes. This is
well below the aging period necessary for crystatlbn of the precursor material considering
that pH minimum and color change are not expectfdre ca. 30 minutes of stirring in the
mother liquor under these conditidf$.Thus, the dried, solid product was X-ray amorphous
except for some NaN{resulting from crystallization of the counter iodsring spray-drying
(not shown). To remove NaNQhe precursor was thoroughly washed with cold wated
spray-dried again leading to completely X-ray arhous zincian georgeite. The Cu:Zn ratio of
the solid was confirmed to be 73:27 (£ 2%) by XREe resulting precursor is referred to as
“unaged” despite its residence time of 20 min i thother liquor because of the fact that it still
was amorphous. Using this procedure, which is selieally summarized in Figure S2-2, we
were able to employ a batch of unaged zincian gei@ras identical starting material for aging
experiments under different conditions (T, pH, &dds) in mother liquor-analogous media

without affecting the co-precipitation process.

2.2.2 In-situ EDXRD and UV-Vis Spectroscopy during Simulaed Aging

In order to simulate the aging process, 200 mghef grecursor were suspended in 2 mL of
aging solution in a glass tube (internal diametdd: mm; volume: 7 mL). To keep the
concentrations of the relevant ions in the agingtsm near to the concentrations in the real

mother liquor, it was freshly prepared by mixingoegpriate amounts of the basic precipitating
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agent (1.6 M alkaline carbonate solutiopC&;, A = Na, K) and HN@ of a concentration
corresponding to that of the mixed metal nitratetsan (1 M) until the desired pH was reached
and stable. Thin-situ measurements were started directly after preparati the suspension.
The uncovered glass tube was placed into a maiak pivhose temperature was controlled by
an oil bath. The suspension inside the glass tsestirred during the aging experiment using a

magnetic stir bar.

All in-situ aging investigations were carried out at the bewmF3 at HASYLAB/DESY,
Hamburg, Germany. The beamline station receivesevdyinchrotron radiation from a bending
magnet with a critical energy of 16 keV and givgsoaitron beam energy of 4.5 GeV allowing
detection of an energy range from 10 to 60 keV witmaximum in intensity at about 20 keV.
An energy dispersive germanium detector was usedidaitor the diffracted beam after
transmission through the sample at a fixed anglichwwas chosen as approximately 3.6°
covering a d-spacing range of 2.6 to 12.2 A. Thanbevas collimated to 100 x 100 pm. An
acquisition time of 120 s yielded time-resolved ay-powder patterns with sufficient counting
statistics. The time span from placing the samplihé sample holder and start of recording the
first diffraction patterns was less than 60 sece Tésulting spectra were evaluated using the
EDXPowd®® program package. More details on the experimesetaip used can be found in the
supporting information (Figure S2-3) and literatGfePhase evolution was followed by plotting
the integral intensity of selected well-resolvefietion as a function of time. Additionally, the
change of the color of the samples was tracked WWi$ spectroscopy in order to monitor the
conversion of blue amorphous zincian georgeiteréeiy crystalline zincian malachite. Diffuse
reflectance measurements were performed with aar@gtics optical fiber probe placed in the
suspension well above the synchrotron beam. Thebepravas connected with a
TopSensorSystems halogen lamp and an OceanOptigh heésolution spectrometer
HR2000CG-UV-NIR. The acquisition time was set t® E2er spectrum

2.2.3 Ex-situ Characterization

All samples subjected to EDXRD measurements weotedato room temperature after time
situ experiments within 5 minutes, filtrated and washeith water. Conventional X-ray
diffraction (XRD) measurements were performed wihSTOE STADI P transmission
diffractometer equipped with a primary focusing @enochromator (Cu-iK radiation) and
position-sensitive detector to determine the peaditipns more accurately than was possible
with EDXRD. All XRD patterns are presented as suppg information (Figure S2-4). The

samples were mounted in the form of a clamped sahdef small amounts of powder fixed
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with a small amount of grease between two layerthiof polyacetate film. Refinements were
done in the @ range 4-80° using the software package TOPASDomain sizes were
determined from the XRD peak widths and are giveraume weighted mean column heights.
Surface area determination was performed in a @QuaAmdme Autosorb-6 machine by,-N
adsorption-desorption using the BET method. Cuatios of the samples were obtained from

X-ray fluorescence (XRF) measurements using a Br8KePioneer X-ray spectrometer.
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2.3 Results and Discussion

2.3.1 General

Using the method of sample preparation describedh&n experimental section allowed
simulating the aging process of an amorphous bizargian georgeite co-precipitate under
controlled conditions similar to those used in seuof preparation of industrial methanol
synthesis catalysts (Figure 2-In)-situ EDXRD and UV-Vis measurements allowed insight into
the chemistry of aging, which is of crucial impaorta for the phase formation of the catalyst

precursor and, thus, for the preparation of higidive catalysts.

The catalyst precursor was aged at different teatpers (323-343 K), starting acidities (pH
5.0-8.0) and using different counter cations ‘(N@d K). Crystalline zincian malachite
(Cu,Zn}h(OH),(COs) was finally detected by XRD after aging for albnditions applied
(supporting information, Figure S2-4). It is intstiag to note that minor amounts of
aurichalcite are typically observed for the Cu:Zatioc of 70:30, e.g. after aging in a
conventional 2-L batch reactor at 338 K and pH ©f (8ee also marked reflections in Figure
2-1b)™ The presence of aurichalcite was barely detectahitee samples after simulated aging
by ex-situXRD (supporting information, Figure S2-4). Inclosiof the aurichalcite phase in the
Rietveld fits led to improved R-values for some plm and resulted in varying amounts of
aurichalcite between 0 and 13 wt.% (Table 2-1). Bleav, due to the poor crystallinity of the
sample and the low amount of this phase the esrestimated to be at least + 5 wt.%. A typical
graphical representation of a typical Rietvelddigiven in Figure 2-2. In addition to the small
differences in phase composition among the ageglsamvariations in crystallinity, Zn content
of the zincian malachite phase and specific suréaea as a result of different aging conditions
are reflected in the XRD domain sizes scatteringgvéen 9.2 and 10.9 nm, thk,7 value
ranging between 2.757 and 2.775 A and the BET seréaeas being between 69 and 8§'m
(Table 2-1). These observations confirm the sefitsitiof relevant properties of the Cu,Zn
precursor to the exact conditions of crystallizatior the same starting material and a

systematic discussion will be given in the follogin

2.3.2 Phase Evolution

The phase evolution during precursor aging wildiszussed for the experiment conducted at T
= 323 K and pH 7.0 using a Naontaining aging solution (ID 7 in Table 2-1). pis the X-

ray amorphous dry starting material, some very WeRID peaks are already observed in the
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first in-situ pattern of the slurry recorded after less than 480 after starting the experiment
(Figure 2-3a). After an aging time of some minugesteep increase in Bragg peak intensity is
observed and two phases can be clearly distingdigRigure 2-3b): Sodium zinc carbonate,
Na,Zn3(C0Os),+3H,0.BY and the target material zincian malachite, (Cu@hl),(CO;).*? At

the end of the experiment, only zincian malachites wbserved as the final product (Figure
2-3c¢). Sodium zinc carbonate Mas(C0Os),+3H,0O has been reported before in literature in the
context of Cu/ZnO catalyst preparation. It was tdiexd as the initial precipitate in Zn-rich or
pure Zn systems, which upon aging transformed antdichalcite or hydrozincité® ** In one
study, it has probably also been detected in ai@usystem as a transient phase during

aging™® but was assigned as “crystalline zincian georjeite

Table 2-1: Summary of aging parameters and aging resultss@hmple ID 0 refers to the unaged precursor.

Aging In-situ results Ex-situ results

Conditions (EDXRD data) (recovered samples after EDXRD measurement)
Na,Zn Reaction Aurichalcite Znin FWHM- Cu:Zn XRF

T A'in Inter- Onset Time wt%] dye7; zMP BET  Lvol™ [mol%]
ID pH [K] A,CO; mediate [min] [min]®  (+5 wt%) [%\] [%] [m2/g] [nm]  (+ 2 mol%)
o - - - - - - - - - 15 - 73.3:26.7
1 5 333 Na - 20 - 6 2.757 29.2 85 9.9 73.2:26.8
2 6 333 Na - 34 - 8 2.759 285 81 9.7 72.3:27.7
3 6.5 333 Na - 36 - 8 2.760 284 83 10.0 72.8:27.2
4 7 333 Na X 12 30 0 2.767 26.2 82 9.6 73.8:26.2
5 7.5 333 Na' X 12 34 0 2.767 26.3 80 9.8 72.1:27.9
6 8 333 Na X 14 34 0 2.768 26.0 83 9.6 72.5:27.5
7 7 323 Na X 24 98 0 2.775 23.8 81 9.2 73.9:26.1
8 7 343 Na X 6 16 0 2.765 26.7 72 10.9 73.9:26.1
9 7 333 K' - 56 - 13 2.767 26.2 77 9.8 72.3:27.7
10 7 343 K' - 18 - 11 2.775 23.8 69 10.0 72.0:28.0

[a] Time interval between appearance and comptatsumption of the intermediate.
[b] Zn content in zincian malachite (zM) calculafedm d, 7 values see also Figure 2-7.

[c] Crystallite sizes of zincian malachite deteredrfrom the half width of the XRD peaks using tH@PRAS refinement software.

One suitable, well resolved peak of both phasesclvasen for further EDXRD data evaluation.
The phase fraction of zincian malachite was repteseby the integral intensity of the 220
peak, sodium zinc carbonate by the 222 peak. Theghvolution with time is shown in Figure
2-4a. The sodium zinc carbonate phase crystallizparallel to the zincian malachite phase and
re-dissolves upon prolonged aging. The onset dftaltjzation occurs after 24 min and the re-
dissolution of the sodium zinc carbonate occurg 88emin without a significant increase in the

zincian malachite phase.

21



Chapter 2: In-situ EDXRD Study of the ChemistryAgfing of Co-precipitated Mixed Cu,Zn

Hydroxycarbonates — Consequences for the PreparaftiGu/ZnO Catalysts

The amorphous starting material (“zincian geordgitehard to comprehensively characterize.
IR-spectroscopic studies of the unaged materia¢ lsdmown the presence of both hydroxide as
well as carbonate anioHs'® Here, we describe the starting precipitate asworpghous double-
salt with unknown anionic composition: a{3(OH)«(CO3)o.7.x2ZNo s(OH)(CO5)0.3.2 IN the
presence of varying amount ot®, OH,q and CQZ'aq we can write for the two steps of the

aging reaction:

a-Cup AOH)(CO3)0.7¢2ZNg (OH)(CO3)p 5.y12 + Z Ndaq (Eq. 2-1)
- (Ch.7ZN<0.3)2(OH),CO; + 2/2 NaZnz(COs)423H,0
- (CLb_7Zn0_3)2(OH)2CO3 +z Ndaq

Intensity [a. u.]

I R A T e AR II\HIH I I

MMMMWW%WWMMMWWWWW

10 20 50 60 70 80
Diffraction angle 26 [°]

Figure 2-2: Rietveld refinement of thex-situXRD pattern of the sample agadsitu at pH 6.5 and 333 K (ID 3) for
guantitative analysis of the phase composition.dexrpental data (circles), background (dotted), emlnd peak
(dashed, due to the grease used as sticking agkaep the sample in place on the sample hold&dulated pattern
zincian malachite (green), calculated pattern hatite (orange), total calculated curve (line) difference curve
(grey, offset -100). This plot is representativetfee other aged samples. In this case the ratinofan malachite to

aurichalcite was calculated to be 92% to 8%.
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Figure 2-3: EDXRD patterns (converted to6Zalues of Cu K radiation) during aging of the amorphous precursor
at pH 7 and 323 K (ID 7) after two (a), 26 (b) &@&Imin (c). At the bottom PDF 72-75 (green barg) BDF 1-457
(red bars) are shown as references for zincian ahisda (Cu,Zn)(COs)(OH), and for sodium zinc carbonate
Na,Zn3(COs)4-3 HO, respectively. Than-situ EDXRD spectra are representative for all conduetgueriments. The
position of the 20 peak of zincian malachite is shifted comparedhi® pure malachite reference because of zinc
incorporation (see text).
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Figure 2-4: Integral intensity of selected EDXRD peaks vs. ggime (a); in NagCO;; pH=7; T = 323K (ID 7).
Zincian malachite, (Cu,Zp)OH),(CO,), is represented by the ROpeak (green), sodium zinc carbonate
Na,Zns(COs).-3 HO by the 222 peak (red). Corresponding d-spacingefd peak of zincian malachite (b).
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If we assume N&n;(COs)423H,0 to be a pure Zn-phase with no Cu incorporatibe,initially
formed zincian malachite should be poor in Znha following aging step, the sodium zinc salt
acts as a Zn storage phase slowly deliberatingnitsontent by dissolution. This fraction of Zn
can either re-precipitate in form of a Zn-phase detectable by XRD, or — as proposed in
equation (1) — it can be incorporated into zinai@aachite by re-crystallization increasing the
Zn-content of this phase. The latter possibilitysigoported by the evolution of the 2@peak
position (Figure 2-4b). As the Zn storage phasdisselves, the peak is shifted to a lower d-
spacing, indicating further incorporation of Zndrgincian malachite. It is noted, however, that
a final proof of this mechanism is still lacking there is a peak overlap of the126f zincian
malachite around 32.8 8for Cu K, radiation) and the 422 of the sodium zinc salated at
32.2 °D according to PDF 1-457. The intensity ratio ofsthéwo peaks is around 5:1 in this
stadium. Diminishing of the latter peak due to disBon may alone result in an artificial profile
shift to higher angles in the EDXRD patterns. Utfoately, the quality of thm-situ EDXRD
patterns is not sufficient for a whole patternmefnent. After all, the above made assumption of
an intrinsic peak shift of the 20of zincian malachite seems reasonable, becausamowing

of the peak profile with time was observed, whicbuwd be associated with decrease of a
shoulder (see supporting information, Figure S2Fa)rithermore, the intensity of the 422 of
sodium zinc carbonate is only 20% of the most isitenreflection of that phase, while the120
of zincian malachite is the strongest reflectiontltié phase. In Figure 2-3a, where only the
sodium zinc carbonate phase is present, no signifinitensity due to the 422 can be seen at a
position corresponding to ca. 328°Zor Cu K,, suggesting that the contribution of the

overlapping to the peak position of the phase mixhas only a minor influence.
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Figure 2-5: UV-Vis results for simulated aging in M20O; at pH 7; 323 K (ID 7). a) Measured diffuse refsate
before and after aging. b) Difference of normalizeéctra relative to the initial spectrum at t mif. c) Wavelength

of the maximum intensity in the UV-Vis spectraliretrange of 425 to 900 nm as a function of time.

The UV-Vis diffuse reflectance spectra of the suspan corresponding to the starting material
and the final product (aging conditions pH 7, 323IR 7) are shown in Figure 2-5a. The
change of the position of the broad signal from &515 nm reflects a change in crystal field
splitting around the Ciiions and the transition from blue to bluish grE&8mifference plots of
the normalizedn-situ recorded spectra are shown in Figure 2-5b. It lmarseen that several
smaller bands contribute to the spectra. The poesehan isosbestic point near 510 nm was
observed for all experiments and suggests thastdmting material directly transforms into a
single optically active product. This does not cadict the transient presence of the sodium
zinc carbonate phase, but rather confirms the gssmmthat this phase does not contairf'Cu
ions and does not contribute to the reflectancth@nVis-range of the optical spectrum. The
green part of the spectrum does hardly changetatahibe seen that the change of color from

blue to green is mostly due to an increase inctftece in the yellow regime of the spectrum,
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which is much stronger compared to the increaskdrblue part. The temporal evolution of the
UV-Vis spectrum shows only minor changes in theitndgg of the reaction up to aging times
of 22 min. During this period a slight decreaseraffectance in the yellow and blue part is
observed, which started directly as the startingen® was in contact with the aging medium.
In accordance with the EDXRD results, abrupt changgeur at an aging time of 24 min and
reflectance in these parts of the spectrum shangeases. Interestingly, the color change is
finished almost immediately (after less than 4 naindl again only little changes are observed at
26 <t < 120 min, while the process of phase foimnabbserved by EDXRD persists for 98
min. This clearly shows that the change of the rcolothe precursor slurry is not a suitable
indicator for the end of the chemical changes haimgeduring aging. UV-Vis spectroscopy
probes changes on the molecular level, which niyupaecede the detection with (ED)XRD
technique as crystallization requires “oversatordtiof the newly formed complexes, which
happens over a longer time scale under the condipplied. In Figure 2-5c, the maxima of the
broad reflectance signal are shown as a functioagwig time, showing again the step-like

change at the time of crystallization of malachite.

S (a) D4 (p ID8 c ID 1 D9 =
o, . pH 7.0 );- N pH 7.0 ( ) pH 5.0 (d) pH 7.0 g
® . 333K | oW EETEF gp3y . 333K 333 .| '©
Q . Na,CO, Na,CO, et Na,CO, K.CO, eniif=a ¢
< " [ o ;:
X ) n h* : A
(4] -
S |y ™ b . S
2.78 w - -
. 2.7
- (e) D4 | W (f) D8 @) RRITS ID9 8
— 276/ & . : 276 L
< L ; Py
= ", iy v - =
IS 2.74 Trnfirurge2 74 Q
N . S
T 272 wf. 272

0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
Aging Time [min] Aging Time [min] Aging Time [min] Aging Time [min]

Figure 2-6: Measured features vs. aging time for samples niotetle plot (cf. Table 2-1). Top row a-d: Integral

intensity of selected EDXRD peaks of zincian malec0L, (green) and sodium zinc carbonate 222, (red).oBott

row e-h: Evolution ofl,,7 values of zincian malachite.

No residual sodium zinc carbonate or other by-phagre detected after 120 min of aging. In

particular, no aurichalcite was detected inithgitu EDXRD patterns. Aurichalcite might play

a similar role as a Zn-uptake phase during aging.

Waller et al” investigated the aging mechanism of a Cu:Zn =®%y&tem and observed that

at first a mixture of crystalline zincian malach{f@u:Zn= 85:15) and aurichalcite (Cu:Zn

26



Chapter 2: In-situ EDXRD Study of the Chemistry?gfing of Co-precipitated Mixed Cu,Zn

Hydroxycarbonates — Consequences for the PreparaftiGu/ZnO Catalysts

60:40) were formed and subsequently transformeaxzimc richer malachite (Cu:Zzn67:33) at
the expanse of aurichalcite. We previously fourat for conventional batch aging of a binary
precursors (Cu:Zn = 70:30) for 2 hours at 338 K lamounts of the zinc richer phase
aurichalcite co-exist with zincian malachite shogvim Zn content of 27%¢ * As mentioned
above, low amounts of aurichalcite were detectedbgitu XRD indicating that this phase
indeed may act as a stable sink for Zn, but itstarhprobably is too little to be detectediny
situ XRD or that it has crystallized only upon dryinitiee samples.

2.3.3 The Effect of Temperature

At an aging temperature of 323 K, the sodium ziatbonate storage phase was re-dissolved
within 16 - 98 min upon aging at pH 7.0, dependinghe temperature (Figure 2-4a and Figure
2-6a,b, Table 2-1, ID 7, 4, 8). The change of thierg assigned to the beginning formation of
crystalline zincian malachite, always occurred with few minutes and was tracked by UV-

Vis-spectroscopy (Figure 2-5c¢).
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Figure 2-7: Calibration of thed,,7 values versus the Zn content in zincian malacHite three solid data points
stem from reference samples described in#&f*!! and were used for linear extrapolation. The opata goints
positioned onto the extrapolated line refer touvthkies observed in this study (frar-situXRD). The resulting Zn-

contents are given in Table 2-1.

Increasing the temperature from 323 K to 333 or B4®hanged the kinetics of aging and led to
earlier onset of crystallization and a shorter tipegiod of existence of the sodium zinc phase

(Figure 2-6a,b and Table 2-1, ID 4, 7 and 8), butthanges in the mechanism of aging were
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observed. The monotonous shift to lowlggt values (Figure 2-6e,f) indicates the incorporation
of Zn into zincian malachite with time after cryifation. Ex-situ XRD was applied on the
recovered samples, which allows for a more accudatermination of the absolute peak
positions thann-situ EDXRD due to higher instrumental resolution, longequisition time,
more precise calibration and lower contributiorthe background. The effect of temperature on
the final degree of Zn incorporation in zincian addlite is reflected in the shift of thk,z
spacing (Table 2-1, ID 4, 7 and 8). Whilg,7 was similar for the higher temperatures, it was
found to be significantly larger for the zincian laghite sample prepared at 323 K indicating a
lower final degree of Zn incorporation at this tesrgdure. This observation shows that, despite
stemming from the same amorphous starting matdhial,degree of Zn incorporation can be
affected by the aging conditions. The detrimenttiect of low preparation and aging
temperatures has been reported in the liter&tuf A lack of Zn has been also observed for
ternary Cu/ZnO/AIO; catalysts prepared at low pH or low temperattir®ur results suggest
that this effect can be explained with a lack ofiZthe zincian malachite precursor phase. This
is consistent with observations recently made dutitmation experiment&! showing that the
precipitation pH of ZA' is shifted to higher pH values as temperature ede@s. Thus, the
applied aging pH value may not be sufficiently basi keep all Zn in the solid state at low
temperatures and Znmay be leached out of the precipitate at low teaipees and pH values.
Interestingly, XRF measurements of the sample mxealsafter aging at different temperatures
all showed the same average Cu:Zn ratio near {0&@le 2-1). We thus conclude that the final
pH is high enough to completely precipitate’Zalso at 323 K, but suggest that during the
crystallization process, which is associated with iatermediate minimum in pH peaking
roughly a full pH unit below the initial aging pHhder these conditioH8 (Figure 2-1b), a
transient leaching of Zf from the starting material may occur at low terapares during the
pH minimum. This can explain a lack of Zn in thacan malachite phase due to (partial) Zn
dissolution at the time of its crystallization. eatre-precipitation leads to formation of low
amounts of undetected Zn-rich phases resultingiénsame average composition, but in an

inhomogeneous and thus unfavorable Zn distributighe product.

Thus, equation 1 has to be revised as @ 3)-(OH),CO; is not an appropriate representation
of the final product, which exhibits variationsiia Cu:Zn ratio. We add an unknown Zn phase
denoted Zip as sink for “extra-lattice” Zn. The nature of thiase may be residual but

undetected sodium zinc carbonate, amorphous otadiesv abundance undetectable crystalline

aurichalcite or another form of Zn-containing hyxid® or basic carbonate. As a function of the
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aging conditions this phase is present in variousuants and affects the Cu:Zn ratio in zincian

malachite by limiting the available amount of Zn:

a-Cp AOH)(CO5)0.7-52ZNg (OH)(CO3).3.y12+ Z Na+aq (Eq. 2-2)
= (CUs0.7ZNc<0.9)2(OH),COs + 2/2 NaZny(CO3)4°3H;0
— (CU>0.7Zn<0_3)2(OH)ch3 +Z Né'aq +wW an

A quantification of the Zn-content in the final zian malachite phase is possible by assuming a
Vegard-type behavior of this lattice spacing andbcating the obtainedl,,7 values with
reference values from (zincian) malachite sammed$rém its limit of Zn incorporation. This is
shown in Figure 2-7. If the data points are arrdnge the extrapolated line according to their
d,o1 Vvalues, they cover variations in the Zn-contentzioician malachite between 23.8 and
29.2% Zn as a function of different aging condiioffable 2-1). The largest Zn-contents
determined with this method are very close to thiminal Cu:Zn-ratio applied during synthesis
of 70:30, but exceed the Zn-content of the startmgterial determined by XRF. This
discrepancy is attributed to the difference of twe methods and their calibration errors. In
case of the sample obtained at 323 K the Zn comterincian malachite is only 23.8%, while
the rest of Zn is trapped in a relatively large amtmf the Zn-sink phase ZnAt 333 or 343 K,
the amount of Zp is lower and the Zn-content in zincian malach#e26.2 and 26.7%,

respectively.

It is noted that a beneficial effect of lowering ttemperature on the crystallite size is observed,
which decreases with temperature from 10.9 nm atk3# 9.2 nm at 323 K. Accordingly, the
lowest BET surface areas were found for the sampkyzared at 343 K (Table 2-1).

In summary, the effect of increasing temperatueelgcate the crystallization kinetics, leads to
larger crystallites and, thus, is detrimental foe tmeso-structure of the catalyst precursor.
Lowering the temperature to 323 K, however, leaditermediate leaching of Zhfrom the
co-precipitate and to an unfavorable Zn distributiesulting in a lower degree of Cu,Zn-
substitution of the zincian malachite phase. Thiglérs an effective nano-structuring of the
catalyst. Thus, the empirically optimized aging pemature around 338 K can be understood
from the chemistry of aging of the precursor andsaged as the optimum of two antagonistic

trends.
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Figure 2-8: d,,1 values of zincian malachite (froex-situXRD) depending on the pH value of simulated aginhgo
different groups can be observed: The zincian rhétlacsamples crystallized without intermediate fation of

sodium zinc carbonate (pH 5-6.5) show laly,; values indicating high Zn content. Crystallizationia the

intermediate (pH 7-8) led to high,1 values or low Zn content, respectively. Linesgu@es for the eye.

2.3.4 The Effect of Acidity

The effect of different pH values during aging vimgestigated at 333 K with Nacontaining
aging solutions. The phase evolution data for agingH 7.0 is shown in Figure 2-6a and only
minor differences were observed if the experimeas wonducted at a higher pH of 7.5 or 8.0
(Table 2-1, ID 4-6; supporting information: Figug2-6). Also the crystallite sizes, specific
surface areas and Zn contents of the resultingiazinmalachite precursors were similar.
Reducing the pH, however, strongly affected thelhmasm of the aging process. Most striking
is the absence of the sodium zinc carbonate phiasewapH associated with a delay of
crystallization (Table 2-1, ID 1-3). Only for pH7 sodium zinc carbonate was detected, while
zincian malachite crystallized from the amorphotertslg material at pH< 6.5 without
participation of any other EDXRD-detectable phddee corresponding evolution of crystalline
phases is presented in Figure 2-6¢ for aging ab pidd as supporting information for the other
pH values (Figure S2-6). The decrease of interigitifigure 2-6¢ is probably due to partial
dissolution of zincian malachite at low pH valuégufe 2-6g shows that,,7 is constant or
even slightly increasing directly after the cryiraltion period suggesting that there is hardly
any change of the Zn-content in zincian malachiith wging time for these samples. Thus, a
second, simpler mechanism of aging is presentovith one detectable step:

a-Cup AOH),(CO3)0.7.x2Z Mo 5(OH),(CO3)0. 3912 (Eq. 2-3)

30



Chapter 2: In-situ EDXRD Study of the Chemistry?gfing of Co-precipitated Mixed Cu,Zn

Hydroxycarbonates — Consequences for the PreparaftiGu/ZnO Catalysts

- (Clp.7ZN<0.9)2(OH),COs + w Zn| (Eq. 3)

It can be seen from Table 2-1 that this mechanisonstallization seems kinetically hindered
as longer isothermal induction periods are requicethpared to reactions following the
mechanism of equation 2 at the same temperature.pféferred Zn-sink phase Ztor this

mechanism can be identified as aurichalcite (Taklg.

Interestingly, despite the presence of significamounts of aurichalcite, there was a
significantly higher degree of Zn-incorporationtive resulting zincian malachite if crystallized
in absence of the sodium zinc carbonate accordingquation 3. Accordinglyex-situ XRD
evaluation suggested the presence of two grougzresfursors (Figure 2-8): The precursors
crystallized without sodium zinc carbonate obtairsdlow pH with large amounts of Zn
incorporated in the cationic lattice of zincian awlite (smalld,,7, 28.4-29.2% Zn in zincian
malachite) and the ones obtained at higher pH sighificantly lower amounts of Zn on Cu-
sites (largel, o7, 26.0-26.3% Zn in zincian malachite). The ove@itZn ratio of the recovered
solid detected by XRF was always near the statimmposition for all samples (Table 2-1)
suggesting again that other non-detectable Zniichhases Zj are present and act as a sink
for Zn, in particular if crystallization occurred lsigh pH in presence of sodium zinc carbonate.
The highest Zn incorporation of this study was dtete for the samples obtained at T = 333 K
and pH 5. According to Figure 2-7, the Zn contdrgtincian malachite is 29.2%. The successful
minimization of any form of Zn segregation — likeettransient crystallization of sodium zinc
carbonate or the formation of the Zn-rich aurichialphase — helps to prepare a homogeneous
precipitate capable of efficient nanostructuringimiy thermal decomposition according to the

scheme presented in Figure 2-1a.

2.3.5 The Effect of Potassium Counter lons

In case of the mechanism described by equationi® tempting to relate the lack of Zn in the
zincian malachite precursor to the amount of Znictviinas intermediately formed the sodium
zinc salt. In order to test this hypothesis, anailsgexperiments were performed using an aging
solution based on neutralized,®0O; solution. The absence of M@ should suppress the
formation of the transient sodium salt also at arghH and therefore may have a promoting

effect on the desired incorporation of Zn in zimcraalachite at these conditions.

The experiments at pH 7 (T = 333, 343 K) were regzbasing KCO; instead of NgCGO;s in the

aging medium (Table 2-1, ID 9,10). As expectedsadium zinc carbonate and no other by-
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phases were found in contrast to the aging expetimigh NgCO; under the same conditions.
This observation highlights the unexpected infleené the alkali metal counter ion on the
chemistry of aging under these conditions. The tallygation of zincian malachite in the
absence of Nawas strongly delayed (Figure 2-6a,d cf. ID 4 aR®IF; Table 2-1, cf. ID 4, 8
and 9, 10). With exception of the first two patsgrthere was no significant down-shiftdg,t
indicating the absence of any other transient drnagie phase (Figure 2-6h). Surprisingly,
although the transient formation of sodium zindcaiate was suppressed, the fidgj; values

of the resulting zincian malachite phase were coalga to those obtained with peO;. The
crystallization of (Cu-rich) malachite can happestér if a transient storage phase for Zn can
form, but the final degree of Zn incorporation iimaan malachite is similar at a given pH
value. This indicates that Zn incorporation is eatldetermined by the acidity of the aging
medium, i.e. by thermodynamics, than affected lgytthnsient segregation chemistry, i.e. by
kinetics. It is the availability of H which seems to promote or limit the zinc incoggmn into
zincian malachite and balances the ratio of Zn diégd into the Zn-sink phase ZFigure 2-8)
via the one or the other pathway. The lower linfittee pH value is, however, given by the
partial dissolution of Zfi in acidic environment leading to incomplete sdiddition®® or

leaching and unfavorable Zn distribution (cf. set?.3.4).
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Figure 2-9: Radar plots illustrating the influence of the agpagameters pH value (a, at T = K) and temperature
(b, at pH = 7) on the aging reaction and the prig®iof the resulting zincian malachite materiahrigtion of pH
leads to different aging mecharnis below pH 6.5 (a, broken lines) and above pH, Tufl lines) and affects the z
content of the catalyst precursor. Temperaturesletada gradual change of the aging kinetics (bl, [fnks).
Substitution of Naby K in the aging solution at the sa temperature (a, dotted lines) has a pronouncedtedfe
the aging reaction and the phase composition, bubn the Zn content of the zincian malachite preau As ¢

function of temperature, a variation of the Zn emttis observed with M and K'.

2.4 Conclusion

The aging process of mixeCu,Zn hydroxycarbonate precursors was decoupled fromr
precipitation and studied independently usin-situ EDXRD andin-situ UV-Vis spectroscopy.
Crystalline zincian malachite, the desired preaurghase for Cu/ZO catalysts, wa
successfully formed from the amorphous startingeniat in all experiments by aging

solutions with a composition near to the mothewudig under controlled «precipitation
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conditions. As a function of different aging comalits, a variation of the Zn content in zincian
malachite between ca. 24 and 29% was observedtedbpi same nominal Zn-content in the
starting material of 30% indicating that a varyiingction of Zn was present in an undetected
phase “Zn” acting as a sink for Zn. Two mechanisms to apghodhe maximal Zn
incorporation into the zincian malachite catalyseqursor were observed: by direct co-
condensation of Ciiand Zi" into Zn-rich malachite, or by first simultaneouystallization of
Cu-rich malachite and a transient Zn-storage phabkigh in course of aging re-dissolved and
allows for later Zn-enrichment of malachite. Thédamechanism is favored at pH7 in the
presence of Naleading to crystallization of sodium zinc carb@as Zn-storage phase. The
former mechanism was observed at pH > 6.5 and yields a higher Zn-incorporation into
zincian malachite. The radar plots shown in Fig@® summarize the effects of pH,
temperature and alkali cation on the aging prodéssin be seen that variation in pH changes
the aging mechanism, while variation of temperatatepH 7) leads to gradual changes. Thus,
the acidity of the aging medium was identified he tmost critical synthesis parameter to
determine the final Zn-content in zincian malachitaterestingly, Zn incorporation is
independent of the crystallization mechanism. Eirerthe absence of Nasuppressing the
transient crystallization of the sodium zinc carbienstorage phase, a lower degree of Zn
incorporation was observed in the final samplethZpalthough the reaction was following the
direct co-condensation mechanism. The effect ofividdal synthesis parameters like
temperature or acidity during catalyst preparatiam be better rationalized on basis of the
complex chemistry of precursor aging. They shouwdptimized to give a low amount of Zn
and a maximal Zn-substitution in malachite approaghthe nominal Cu:Zn ratio of the

synthesis.
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Chapter 2: Supplementary Information

Supplementary Information

Table S2-1:Aging parameters and internal sample numberssa@ihgle ID 0 refers to the unaged precursor.

ID pH T [K] A*in A,CO; Internal sample number
0 - - - 7005
1 5 333 N& 7037
2 6 333 N& 7057
3 6.5 333 N& 7064
4 7 333 N4 7045
5 7.5 333 N& 7036
6 8 333 N4 7038
7 7 323 N4 7044
8 7 343 N& 7043
9 7 333 K 7063
10 7 343 K 7058
600
500
400 £
1 £
5 300 3
1 >
200 o
4 g
100 A
] 0
3 T T T T T T T T T T T
0 5 10 15 20 25 30

Dosing Time [min]

Figure S2-1:Evolution of pH (red curve) with added Cu,Zn solatigreen curve) and NMao; solution (blue curve)
during co-precipitation of the Cu,Zn (70:30) precurs the continuous process. The slurry was cootisly fed

into a spray-dryer.
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f=

Cu?, Zn?* =
r ¥ [Na,Co
nitrate
7 [ N
- L
Continuous synthesis Conventional batch synthesis

No Aging (Direct Spray Drying) | Aging

Unaged amorphous precursor
“Zincian Georgeite”

Aged crystalline precursor
Zincian Malachite (Cu,Zn),(CO,)(OH)

This study:
in-situ investigation of
“simulated” aging

Intensity [a. u.]

Intensity [a. u.]

-
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Diffraction angle 26 [°] Diffraction angle 26 [°]
Figure S2-2: Schematic representation for the and pHeontrolled precursor preparation from aqueous &nlg
using an automated laboratagactor. The c-precipitation and aging stages (right hand sidefewstecoupled b
continuously removing the “unaged” precursleft hand side) and subsequent aging studies gtngaconditions
with the same starting material (red arrow). Theked reflections in the lower right hand corner XRaltern refe
to the aurichalcite byphase, (Cu,Zi5(COs),(OH)s. All other reflection are due to zincian malach
(Cu,Zn)(OH),COs.
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Figure S2-3: Detailed experimental setup in-situ EDXRD reaction cell at the F3 beamline at HASYL/
Hamburg, Germany.
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Figure S2-4: Ex-situ XRD patterns of all recovered sample (labeling see Table 2-1)he 20-1 reflection of
malachite and the characteristic peaks of auridiesdce marked. The labeling refers to the enumber of Table 2-1
in the main article.
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Figure S2-5: Evolution of the FWHM ofthe 20-1 reflectiorof zincian malachite from the EDXRD spectra dui
simulated aging at pH 7, 323 (ID 7). In all aging experiment where reflections o tsodium zinc intermedia
were detected, the FWHM difie 2(-1 reflectionof zincian malachite did not decrease duidisappearance of the
sodium zinc carbonate phase. Thus, the :of the 20-1 reflection seenmot to be an effect of overlapping pei

from both phases but rather of Zn incorporation thie zincian malachite pha
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Figure S2-6:Integral intensity of selected EDXRD peaks of detdgthases vs. aging time in,CO; at T = 333 K
at different pHvalues. Zincian malachite (Cu,z(OH),(COs) is represented by the 20réflectior (green), sodium
zinc carbonate NZn3(CGOs),-3H,0 is represented by the 222 peak (I
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Chapter 3: Correlations between Preparation and Microstructureof
Cu/ZnO Catalysts for Methanol Synthesis — Influencef the pH value
during Synthesis of Cu,Zn Hydroxy Carbonates

Stefan Zander, Igor Kasatkin, Gisela Weinberg, iektKurr, Benjamin Kniep, Malte Behrens.

Abstract

The co-precipitation of mixed Cu,Zn hydroxide carate precursors is the first step during
preparation of Cu/zZnO catalysts for methanol sysithelrhe pH value influences the precursor
chemistry because it controls the precipitationavédr and also the subsequent aging process.
Application of different pH values in the rangepil 6.0-9.0 were chosen based on previous
results. To check for the reproducibility of thenddically controlled co-precipitation process,
two sample series were prepared under identicadlitons. Use of pH valueg 6.5 led to
higher phase fraction of zincian malachite at tkpease of the undesired Zn-rich by-phase
aurichalcite. As a consequence, more Zn was irgsé@rte zincian malachite which was verified
from the position of the 20reflection by Rietveld refinement of the XRD pati® of the
precursors. Samples prepared at pH 7.5 and higlogresl a split up signal of the R@eflection
indicating two different zincian malachite phaseghwdifferent Zn substitution. Samples
prepared at 6.8 pH< 7.0 exhibited a better homogeneity of the Zn distron within the
zincian malachite. After calcination, samples pregaat pH 6.0 showed the largest CuO
domain size. Reduced Cu/ZnO samples exhibited CGfacmi areas in the range of 18 to
20 nf g*. Only samples prepared at pH 8.5 showed a largesuBface area of around 25 gt.

No simple correlation was found between the Cu ameérfarea and any microstructural
characteristics of the samples. It is expectedtti@bctivity of the catalysts scales linearly with

the Cu surface area.
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3.1 Introduction

Cu/ZnO/(ALO;) catalysts are of major industrial interest ay thave been successfully applied
in methanol synthesis for over 40 years. Theselysataare also used in methanol steam
reforming and water-gas-shift reaction. The syrithesute for preparing Cu/ZnO/(£Ds)

catalysts follows a multi-step procedure includitgmperature- and pH-controlled co-
precipitation of aqueous Cu,Zn,Al nitrate solutiawith sodium carbonate solution as
precipitating agent. Subsequently, the precipitatgged in the mother liquor, filtrated, washed
and dried to obtain the mixed metal hydroxy carlemaecursor phase. After forming the metal

oxides by calcination, reduction of CuO to metatipper yields the active catal{3t

All parameters applied in every single step ofdatalyst preparation can influence the bulk and
surface structure and therewith the characteristio$ activity of the resulting catalyst. This
phenomenon is also called the "chemical memory" ratates to the influence of early stage
parameters on the characteristics of the precynisase and, finally, on the microstructure and
activity of the resulting cataly$t®. Accordingly, the precipitation and aging condisowere
shown to have a significant impact on the finalbat ™ *“**. Regarding the activity of the
resulting catalyst, co-precipitation of Cu,Zn,Alsggms turned out to be most successful
applying pH 7 and a temperature of 343%". Baltes et al™ reported that variation of pH
values and temperature during the first step of dhlyst preparation for the industrially
relevant ternary system (Cu:Zn:Al = 60:30:10) yeslddifferences in Cu surface areas which
were found to be linearly correlated with the omts activity in methanol synthesis. While
their study was rather focused on the physico-cbaingiroperties of the calcined and reduced
samples, we herein report a systematic study of/giihtion on the properties of the hydroxy

carbonate precursors.

To reduce the complexity of ternary Cu,Zn,Al syssemften binary Cu,Zn functional model
systems are applied. Bems et al. investigated pfoaegation and thermal decomposition of
precursors with different Cu:Zn ratios and found,(CiH),CO; (malachite) for pure Cu
samples, (CuZny)(OH),CO; (zincian malachite) with x < 0.3 and (Gin,)s(OH)s(COs),
(aurichalcite) with y > 0.5 as the predominant preor phases. In the XRD patterns, they
observed a shift of the 20reflection of zincian malachite with increasing Zontent in this
phasé®, which also was reported earlier by Porta et“8l. This shift can be correlated to the
accessible copper surface area of the final cdtalyd to a first approximation also to the

[15

catalytic activity!™®. Thus, the critical role of the precursor cheryistas been emphasized as

follows: To obtain highly active catalysts, zinciamlachite is the relevant precursor phase
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because it combines effects of particle morpholmgy Zn content better than aurichalcite. As a
result, a higher Cu surface area is obtained afteso- and nanostructuring during catalyst
synthesis. Nevertheless, the presence of aurithahclicates that the maximal Zn incorporation

into the zincian malachite phase is reached.

The critical step for precursor phase formatiorthis aging of the precipitate upon which it
crystallizes. In a recent in-situ study of the agimocess, we identified pH of 6.5 and lower and
temperatures of 333-343 K to result in the highastincorporation in the zincian malachite
phase for decoupled precipitation and aging inardscaled synthesis of a few milligraffs.
The aim of the present study was to elucidaterntipact of the pH value during precipitation for
larger batch synthesis using a 2 L-volume reacitr welds in the 0.1 kg scale. Furthermore,
analysis of calcined and reduced samples shouideda@lorrelations between synthesis pH and
microstructure, in particular test the proposedadation of the position of the 20reflection of
zincian malachite with the accessible copper saréaea which is closely related to the catalytic

activity in methanol synthesis.

3.2 Experimental

3.2.1 Sample Preparation

Metal hydroxy carbonate precursors with fixed Curatio (70:30) were synthesized by co-
precipitation from acidic Cu,Zn nitrate solutiondalNgCO; solution as basic precipitating agent
in an automated lab reactor (LabMax, Mettler To)ealader controlled conditions like dosing,
stirring, temperature (338 K) and constant pH valigile all other parameters were fixed, the
pH value was varied in different experiments betw&® and 9.0 in steps of 0.5 pH units. The
range of pH was chosen because pH values lower@l@alead to incomplete Zn precipitation,
pH values higher than 9.0 to oxolation of the piates to form CuO, which is undesired in
this stage of preparatidil. The co-precipitate slurry was aged until a transpH drop® *°
was observed and stirred for additional 30 min. iThée slurry was filtered, the aged
precipitate was washed several times with water apdaydried (Niro minor mobile,
Tinet = 473 K, Touer = 373 K). Calcination was carried out in staticai 603 K (2 K miﬁ) for

3 h. The high Cu:Zn ratio of 70:30 is typically &épd in industrial catalyst preparation and
aims at a maximal incorporation of Zn into the zmcmalachite precursor phaSd. The

designations of the samples are given in Table.S3-1
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3.2.2 Characterization

X-ray fluorescence spectroscopy (XRF) of the ca&disamples was performed with powders or
after glassing with LLB,O; in a Bruker S4 Pioneer X-ray spectrometer.

X-ray diffraction (XRD) was applied to the catalystecursors and calcined samples. The
samples were measured on a STOE STADI P transmighfractometer equipped with a
primary focusing Ge monochromator (Cy; Kadiation) and a linear position sensitive detecto
(moving mode, step size 0.1 °, counting time 1tep/sresolution 0.01 °, total accumulation
time 634 s). The samples were mounted in the fdrenalamped sandwich of small amounts of
powder fixed with a small amount of grease betwwem layers of thin polyacetate film. The
phase composition was determined by full pattefimement in the @ range 4-80 ° according
to the Rietveld method using the TOPAS softwifeand crystal structure data from the ICSD

database.

Specific surface areas were determined RypNysisorption in a Quantachrome Autosorb-6
machine after degassing the samples at 353 K for [Botherms were recorded at liquid
nitrogen temperature and evaluated according tBEE method. The recorded isotherms of all
precursors and calcined samples featured the dbeasdics of mesoporous substances (not

shown).

Thermogravimetric experiments (TGMS) were done METZSCH Jupiter thermobalance in
flowing air at a heating rate of 2 K minThe gas evolution was measured with a quadrupole

mass spectrometer (Pfeiffer Vacuum, Omnistar).

Scanning electron microscopy (SEM) images werentd@hke Hitachi S-4800 field emission gun
(FEG) system. Transmission electron microscopy (JBEMas performed with a Philips
CM200FEG microscope operated at 200 kV and equipptédan EDX spectrometer. For TEM
investigation, the samples were reduced up to gdeamure of 523 K and transferred to the
microscope in inert atmosphere. The coefficiensmlierical aberration was Cs = 1.35 mm and
the information limit was better than 0.18 nm. Higisolution images with a pixel size of
0.016 nm were acquired at the magnification of TO8& with a CCD camera, and selected
areas were processed to obtain power spectra égaidhe Fourier transform of the image),
which were used for measuring interplanar distaacesangles (accuraayl% and * 0.5 deg,
correspondingly) for phase identification. Projecegeas have been measured and equivalent
diameters calculated for 1500-3000 Cu particlegach sample. In all cases the values of

standard error of the mean diameter wefel nm. Frequency distributions of the particleesi

44



Chapter 3: Correlations between Preparation anddginicture of Cu/ZnO Catalysts for Methanol

Synthesis — Influence of the pH value during Sysithef Cu,Zn Hydroxy Carbonates

fitted well to Lognormal functions. EDX analysesregerformed for 5-15 larger aggregates

containing at least several hundred particles ol asample.

Temperature programmed reduction (TPR) was perfonvith around 40 mg of each sample in
a glass reactor, fixed by means of quartz wool glithe reduction was carried out in a CE
instruments TPDRO 1100 machine with 80 mL This% H, in Ar up to a temperature of 623 K
(6 K min). The K-values according to Monti and Baik&f were 100-120 s, the P-values
according to Caballerd® 10-12 K. The reduction progress was followed waih internal
thermal conductivity detector. Analysis was perfechwith regard to the temperature with the
highest H consumption (}ay) and the total Hlconsumption with respect to the CuO content in
the sample (compared with a pure CuO referencethdrfollowing, the term "reducibility” is
used for the latter feature. The CuO content ofsdraples was derived from XRF data with the
assumption that only CuO and ZnO were present arruneglect of residual carbonate

species (see below).

The copper surface area was determined by appMi®@ reactive frontal chromatography
(N,O-RFC) based on the method proposed by Chincheh . Around 100 mg of a sieve
fraction (100-20Qum) of each sample were placed in a stainless ste¢ebe reactor and fixed
by means of quartz wool plugs. The prior reducticass carried out in the same device and
conditions as for TPR, but only up to a temperatdirg23 K and with a holding time of 30 min.
The reduction progress was additionally followethva quadrupole mass spectrometer (Pfeiffer
Vacuum, Omnistar). After cooling down to 303 K, ttegtalyst has been flushed for 30 min in
pure Ar and 15 min in pure He in order to achiemeadsorbate-free reduced catalyst surface.
N,O-RFC was performed with 10 mL min 1% N,O in He, at which the D reacts
guantitatively with the Cu surface atoms forming-gpaase B The specific Cu metal surface
area has been calculated from the formed amouN} aking a value of 1.47*1datoms per m

for the mean Cu surface atom density. The errothef specific Cu surface area is about
+1nfg™
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3.3 Results and Discussion

Two identical sets of samples were prepared tokchacthe reproducibility of our preparation
and estimate the role of possible “batch effects”tbe results. All characterizations were
performed for both sets of samples unless othemased. The designation of the binary Cu,Zn
samples was chosen with regard to pH value of theigitation, respectively. CZ6.0 means that
the sample(s) were prepared at pH 6.0. For reagbrisualization, the shown values in the
plots and tables include values of the original #ralreproduction experiment as well as the
average values. The endings of the given error tegesent the real values obtained for the
two samples for each precipitation pH value ana ghformation about the reproducibility of

the sample preparation.

3.3.1 Precipitation and aging

A typical evolution of pH value and turbidity dugrprecursor preparation is shown in Figure
3-1 and is similar to the data described in ¥éfin detail. The pH value is kept at a constant
value (here: 8.5) during simultaneous dosing ofafrealution and precipitation agent. After the
end of dosing (ing= 0), the free aging begins and is characterizeanbuncontrolled evolution
of the pH value. The pH drop.dty = 14 min) is accompanied by an increase in theidity and

a change of the color of the slurry from blue teagr. The initially amorphous precipitate is

transformed into a crystalline proddfct.

Having a closer look to the recorded pH tracesllofamples during the aging of the freshly
precipitated solids (after dosing) some trendshEonbserved within the whole pH series. First,
we inspect the duration until the local minimumtleé pH drop (Figure 3-2a). For CZ6.0 the
averaged time amounts 142 minutes and decreaseas two®? minutes for CZ8.0. After this

minimum, the value increases again up to 33 ming@29.0). An earlier pH drop with

increasing preparation pH values was also observedir former study where we decoupled
precipitation and aging and investigated the agingess at different pH values from 5.0 to 8.0
131 The error bars, i.e. the reproducibility withimat experiments, of the obtained values in
Figure 3-2a are remarkably low. Only CZ7.0 showagié error bars indicating differences in

the crystallization kinetics between the two runs.
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As a second feature, the depth of the pH drop wakuated as a hint, how pronounced the
chemical transformations during the pH drop argfé 3-2b). Again, the largest deviation
between the two experiments was observed for tmthegis conducted at pH 7.0. With
exception of pH 6 and the one experiment at pHnfilar values without a general trend were

observed.

Another characteristic is the ratio of addeds€@nd metal (Cti + Zrf") ions. While the
reproducibility is good for all experiments, the@mt of CQ” ions in the reaction mixture is
generally higher for higher precipitation pH valu&his is expected, because,N@); is used to
regulate the pH value during precipitation wher#tas amount of added €uand Zi* ions
stays the same for every preparation (Figure 3{4eyertheless, two different regions can be
identified. In the precipitation range of pH 6.0 pdl 7.0, the consumption of M@O; is

relatively constant, whereas a linear increasebeambserved starting at pH 7.5.

The kinetics of crystallization of the hydroxiderlsanate precursors will depend on the €O
and OH concentrations and this dependency is reflectechanges in the time period until
occurrence of the pH drop and its depth. The detaid elementary steps of this event are not
easily probed experimentally and no obvious coti@acan be established between the
observed changes in pH and specific chemical @atilt is known that the pH drop can be
assigned to modifications in the phase composhipdissolution and re-precipitation leading to
crystallization of the initially amorphous preciié zincian georgeite to crystalline zincian
malachite and aurichalcité® ®. Effectively, such a reaction will be related totransient
exchange of anions (and cations) between the gpoidursor and the solution leading to the

observed characteristic pH traces.

To check for a complete precipitation of all Cugpecies, the Cu,Zn oxides (calcined samples)
were subjected to elemental analysis by XRF. Theeimental values (Table S3-1) were in
good agreement with the nominal Zn content of 38% € Xz, = 100%) from the initial Cu,Zn
solution, with two exceptions: For CZ7.5, there vealow, but significant increase of the Zn
content. It should be noted, that this behavior vegsoducible but was not found in the results
of Baltes et alt¥ for the Cu,zn,Al system. CZ9.0 showed a loss of However, regarding the
large error in this case, reproducibility seemsb#o limited at this pH value. These minor
variations are tentatively related to formationsofuble species at the respective pH or by loss
of Cu- or Zn-enriched materials during recovering samples, e.g. due to preferred sticking to

the walls of the glass reactor.
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3.3.2 Precursor and calcined materials

Figure 3-3 shows the XRD patterns of one set oftymsors which is also qualitatively
representing the set of reproduced samples. Ascegheaurichalcite and zincian malachite

were identified as the only crystalline phasesafbprecursor samples.
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Figure 3-3: XRD patterns of one selected precursor sampledon @reparation pH value. The well-resolved peaks
of aurichalcite are marked with a star. All otheflections can be assigned to zincian malachit® @n overlap of
peaks from both phases.

XRD patterns of all precursor samples and calcisathples were subjected to Rietveld
refinement for phase identification and determoratof composition and crystallite domain
sizes. As a representative example, the refineme=nilt of a sample prepared at pH 7.5 is
depicted in Figure 3-4a. It is noted that the aatudetermination of the exact weight fractions
in the phase mixture is difficult due to the low @amts of aurichalcite, the generally low
crystallinity and the high noise of the XRD patterithe absolute values of individual samples
depend on the fitting constraints and have to lmepesed with care. However, the general trend
seen within the series of samples are regardedliable, as the used fitting constraints have
been equal for all samples. Depending on the patiparpH, some fits in the region between 31
and 33 ° B were dissatisfying and the corresponding 2€flection signal of zincian malachite
appeared to be split up into two peaks (inset, féig8+4a). Since the position of the120
reflection is a measure for the degree of Zn inoafion in the zincian malachite phase,

apparently two differently Zn-substituted zinciamlachite phases were present. This double
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peak can already be seen in Figure 3-3 for CZ7dbGiZ8.0. A Rietveld refinement using two
independent zincian malachite phases (and auritdjaled to a better agreement of the
experimental data with the simulated data in thatioeed region (Figure 3-4b). As reported in
ref.*®!, where the aging process was investigated inldetai different mechanisms can lead to
the formation of zincian malachite: 1) direct caydensation of Cii and ZA" into a Zn-rich
malachite; 2) first simultaneous crystallization@d-rich malachite and a transient Zn-storage
phase, which in course of aging re-dissolves almivalfor later Zn-enrichment of malachite.
The former mechanism was observed at @< 6.5, resulting in a higher Zn-incorporation
into zincian malachite. The latter mechanism wasmébto be favored at ZpH<8 in the
presence of Naleading to crystallization of sodium zinc carb@as Zn-storage phase. The
observation of two different zincian malachite @@ the precursor material recovered at pH
7.5 and pH 8.0 indicated that in our experiment$ Inechanisms may operate simultaneously.
The Zn-richer component was presumably formed vechmanism 1), while the Zn-poorer

fraction of zincian malachite has formed via megsmr).
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Figure 3-4: Rietveld refinement for the XRD pattern of a preocursample prepared at pH 7.5: With one zincian
malachite phase (a); with two zincian malachitesaisa(b); experimental data (black), total calcdaterve (red),
background (light grey), difference curve (greydlcalated pattern zincian malachite 1 (orange gQurvalculated
pattern zincian malachite 2 (green curve), caledlgiattern aurichalcite (blue curve). The thick keandicate the

positions of the Bragg reflections.

In Figure 3-5a (black symbols), the fractions afichalcite in the precursor samples are shown.
CZ6.0 contained most aurichalcite (30 wt%) at tkeemse of zincian malachite. Precipitation
pH values of 6.0 and higher led to a fraction ofo510 wt% aurichalcite but no distinct
minimum was detected. The averaged BET surfaceaeias (Figure 3-5a, grey symbols) for
precursors lay in the range of 49 gt (CZ7.5) to 127 rhg™ (CZ6.0) again without an obvious
trend with variation in synthesis pH value.
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Figure 3-5: Results of XRD full pattern refinement and BET sugfaceas of Cu,Zn hydroxy carbonate precursors
and calcined samples in dependence on the prampitpH value. The zincian malachite phase “zM1t &aM2”
refer to the refinement with two different zinciemalachite phases: weight fraction of the aurichalphase (black)
and BET surface areas (grey) of the precursorsitaacing of the Z0reflection of zM1 (red) and zM2 (green) (b);
difference between théd,,7; values of both zincian malachite phases zM1 an@ £8); Zn-content (x, + Xzn =
100%) in zM1 (red), zM2 (green) and overall weighta’erage Zn content in both zincian malachite ghdklack)
(d); domain size of CuO (black) and BET surface angmey) of the calcined samples (e). Shown values a
representing average values, endings of the eair iepresent the real values obtained for thesamaples for each

precipitation pH value. Lines are guides for thesy

In Figure 3-5b, thel,,7 values are shown. These were obtained resultiowy fiull pattern
refinement using two different zincian malachiteagds for all samples, even those which can

be satisfactorily fitted with only one zincian metiite phase, to allow comparability. The,1

52



Chapter 3: Correlations between Preparation anddginicture of Cu/ZnO Catalysts for Methanol

Synthesis — Influence of the pH value during Sysithef Cu,Zn Hydroxy Carbonates

value can be used as a quantitative measure ahtleporation of non Jahn-Teller-distorted
Zn* into this phase and was first reported by Portalét”. Low d,,; values correspond to
high incorporation. Thd,,7 value of pure malachite, @@®H),CO;, is about 2.863 A. The zZn-
richer phase is labeled Zincian malachite 1 (zMd, symbols) and exhibits a lowéy,7 value
than that of zincian malachite 2 (zM2, green sympdtor CZ6.0 and CZ6.5 thk,7 values of
zM1 and zM2 are almost identical confirming thatéad only one zincian malachite phase with
a homogeneous Zn content is present. For pH valué® and higher, the two curves separate
indicating inhomogeneous Zn distribution within thiacian malachite. The lowed},7 values

for zM1 were obtained for CZ7.5 and CZ8.0 (2.75 A).

The difference of the both obtained,; values (zM1 and zM2) gives an insight into the
homogeneity of the Zn distribution within the ziaci malachite phases (Figure 3-5c).
Homogeneous distribution, i.e. a single zincianaohite phase zM1 = zM2, was found for
CZ6.0, where the difference is quite small, and@&6.5, where it is exactly zero. For CZ7.0,
the difference is still quite small, but higher pidlues lead to larger differences caused by
inhomogeneous Zn distribution. Remarkably, the adpcibility of this feature is very good.
The error bars are small and in some cases, regfiodulelivers again the same values. Low
reproducibility was again detected for CZ9.0. Inlog@neity of the particle morphology and
fluctuation of the local Cu:Zn ratio was also olveer by SEM-EDX investigation on selected

samples (for details see supporting information).

Thed,,7 value can be directly converted into the Zn confgs, + Xc, = 100%) in the zincian
malachite phase according to the correlation of@hgn system shown i 223 The results
are plotted in Figure 3-5d and extreme values dotimed for zM2 (13%, CZ7.5, green
symbols) and zM1 (32%, CZ8.0, red symbols). It @ded that the latter value exceeds the

proposed maximum of 28% synthetic zincian malacsaraples prepared at pH ¥4

Including the phase fractions of zM1 and zM2, amrall weighted average Zn content in the
malachite phases was calculated (Figure 3-5d; dgokbols). These averaged Zn contents are
below the nominal Zn content of 30% used duringlsgsis and the XRF results. The remainder
of Zn is assumed to be present in the aurichalpitphase. The lowest average value of 16%
was found for CZ6.0, the sample that also showshighest aurichalcite fraction. All other
samples exhibited average Zn contents in the zinamalachite component between 23%
(CZ6.5) and 26% (CZ8.0).

53



Chapter 3: Correlations between Preparation anddginicture of Cu/ZnO Catalysts for Methanol

Synthesis — Influence of the pH value during Sysithef Cu,Zn Hydroxy Carbonates

To interpret the data obtained from XRD pattermneghent, it is important to recapitulate that
zincian malachite is the relevant precursor phasebtain highly active catalyst§’. These
results show that not only the average Zn incotmranto this catalyst precursor phase plays a
decisive role, but that at higher precipitation pldo the homogeneity of the Zn distribution
within the zincian malachite phase fraction habaaonsidered. Both features can influence the
dispersion of CuO particles, separated by ZnO ¢asgj after calcination. Higher Zn
incorporation into the zincian malachite shouldréase the inter-dispersion of ZnO and CuO
particles. A more homogeneous Zn distribution i zmcian malachite should cause a narrower

statistical distribution of the CuO patrticle size.

Under these assumptions, the samples prepared &t(pkan be estimated to result in poor
catalysts, because they show large fractions atlaaicite and therefore contain little Zn in the
zincian malachite phase, although it is homogerigadistributed. The preparation at pH 6.5
and higher results in an increased Zn incorporatamples prepared at pH 6.5 and 7.0 seem to
be most suitable because they additionally showaa gnomogeneity, in contrast to pH 7.5 and
higher. In the latter case, the nanostructurinthefCuO after calcination will proceed probably
not equally efficiently for both the zM1 and the 2Mphases, while there might be a
compensating effect of the Zn-richer domains fa #m-poorer fraction of the catalyst. With
these considerations in mind, the calcined santpee been investigated to shed more light on

this issue.

The process of calcination has been monitored b}-EGA and the results of this study are
reported as supporting information. Due to the Isimphase contrast of ZnO and CuO,
statistical evaluation of TEM data of the calcirgimples is not easy and here we use the
domain size of the CuO crystallites as determirechfXRD as a proxy for the particle size.
“Domain (crystallite) size” values from XRD shouldt be mistaken for the real “particle size”
as observed (in projection) in TEM images, whichugially higher because particles may
consist of several domains. This has been shovandietailed XRD and TEM study for reduced
Cu/ZnO/ALO; catalysts by Kasatkin et &?. However, in nanostructured samples, where the
particle size is in the low nm-range and each gartiontains several hundreds or thousands of
unit cells, there usually is a clear relation betw&XRD and TEM size, because the number of
domain boundaries in one particle is limited by metrical reason&?. Typically a reliable

correlation of XRD and TEM size is observed in socdterials.
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Rietveld refinement of the XRD patterns of the ced samples (not shown) revealed CuO as
the main phase and only small amounts (up to 2 wif%6)ystalline ZnO indicating that most of
the ZnO is amorphous or finely dispersed. The dons@e of CuO is shown in Figure 3-5e
(black symbols). CZ6.0 exhibited the largest donmsiie (5.5 nm) as expected from the poor
inter-dispersion of CuO and ZnO as a result of Bswincorporation into the zincian malachite
phase. All other values are very similar arosnd nm and the differences are probably not
significant with regard to the error bars. The elifince between CZ6.0 and the other samples
5.5 and 4 nm seems to be small but a simple gemnoaidiculation reveals that the surface area
of spherical particles increases from 100% (5.5 tt1)37.5% (4 nm) at a constant total mass.
The BET surface areas of the calcined samples i§igtbe, grey symbols) exhibited somewhat
higher values compared to the precursors (Figusb, 3jrey line) with the exception of CZ6.0,
which cannot undergo efficient nanostructuring kdgrcalcinations due to a lack of Zn in the
zincian malachite precursor phase. All other samplereased their surface area after thermal
decomposition. This effect was most prominent f@6® and CZ7.5, where the surface area
was increased by around 75%. The BET values a@eniarrower range of 797g" (CZ6.0) to
105 nf g* (CZ6.5, CZ8.0 and CZ8.5) compared to the precumsaterials. They were in line
with the double maximum around pH 6.5 and 8.5 found Baltes et al. for ternary
CuO/ZnO/ALO; samples (Fig.3 for T =338 K = 65 °C in réf)). An inverse correlation is
observed between BET surface areas and CuO doimainTéis is expected because small CuO

domains are a result of better nanostructuring wkgads to higher BET surface areas.

To conclude this part, it was shown that the pHigalf synthesis has only a low impact on the
phase composition regarding zincian malachite amétlzalcite for pH> 6.5 and on the Zn
incorporation into the former phase. However, anpumced effect on the Zn distribution in the
zincian malachite precursor was observed. Inhomegen Zn distributions with a Zn-poorer
and a Zn-richer zincian malachite component wersepked for pH> 7.5. The pH range
typically applied for catalyst preparation of 6.57-0 yields homogeneous zincian malachite
precursors with a high and uniform degree of Znorporation. An effect of the Zn
incorporation on the ZnO-CuO inter-dispersion aftafcinations and on the microstructural
homogeneity of the resulting catalysts is expeetadl will be in the focus of the next section of

this work.
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3.3.3 Reduction and reduced sample

The reduction behavior of the calcined Cu,Zn oxddenples was investigated by tempera

programmed reduction (TPR) in hydrogen and the lt®esare reported as supporti

information.

TEM investigation was done on one reduced sample on CZ6.5 and QOZpi@senting the tw
precursor families with homogeneous and inhomogemedn distribution in the zincie
malachite precursor. CZ6.5 shov round shaped Cu patrticles (Figure &-&nd a mean C
particle size of around 11rim (Figure 3-6b). Accorishg to the local elemen' composition
from TEM-EDX at different spots, the Cu:Zn ratio was 69.8230he low standard deviatit
(2.0) shows, that the sample was quite homogenaadsthe composition is in reasona

agreement with the findings from XRIf the calcined sample.

4594 particles

Frequency

0 5 10 15 20 25 30 35
Cu particle diameter [nm]

Figure 3-6: Transmission electron microscopy images of rediedn sample prepared at 6.5 (a,b) and pH 9.0
(c,d) showing the typical arrangement of Cu parsi¢B, theparticle size distribution (b), areas before etattbearr

sintering (c) and fused Cu particles after electream sintering (¢
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CZ9.0 turned out to be very unstable during thesmeament. Although some images at lowest
magnification were taken (Figure 3-6¢), rapid @dntir complete fusing of the Cu particles was
observed for many areas. This effect was worsenvthe electron beam was concentrated on
them at higher magnification (Figure 3-6d). ZnO hedstabilizing effect against sintering
because areas with high Cu:Zn ratio (76:24) wese $table than areas with low ratio (58:42).
The former can be assigned to ex zincian maladaiteains, the latter to ex aurichalcite. In the
Zn rich stable area, the Cu particle size was @&fhl but probably this value is not
representative for the whole sample. Figure 3-@swshthat in agreement with the observation
of Baltes et al™, that the Cu/ZznO aggregates still exhibit the psemorphology of the

zincian malachite precursor needles.

The observed differences in microstructural homeggrare in agreement with the result of the
precursor material analysis. Despite the presemce similar amount of aurichalcite in this
sample, at pH 6.5 a homogeneous microstructurbssreed. The major fraction of the material
stems from the zincian malachite precursor andldbal compositions are similar to those
determined for this precursor phase by XRD. Thaseaains exhibit a fine distribution of Cu
and ZnO particles with a unimodal Cu particle siiribution. In case of the sample prepared
at pH 9, the ex-zincian malachite domains are bista the electron beam, which is tentatively
related to the very Cu-rich zM2 phase, which canoffér much stabilization of the Cu

nanoparticles against sintering by inter-dispersiith ZnO.

Cu surface area determination of the reduced cdtalyith NO-RFC revealed a maximum
averaged value of around 25 gu.¢* for CZ8.5 (Figure 3-7). All other pH values led @u
surface areas in a small region between 18 and?2.gt. CZ6.0 had the largest CuO domain
size and showed the lowest Cu surface area. ThiBeaxplained with the large amount of the
aurichalcite by-phase in this sample, which acta simk to Zn, which is in turn not available as
a stabilizer against sintering in the ex-zinciarlaohite domains. It was surprising that CZ8.5
has a Cu surface area completely different from.G28 CZ7.0. The observed clear maximum
in copper surface area for the sample CZ8.5 cansesasprise as it was not predictable from
any characteristics of the precursor or the cattimeaterial. However, because of the
inhomogeneity of this sample and the complexitypoksible compensating effects on the
macroscopic observables of the different areas h@ materials possessing a different
microstructure, it will be very difficult to findhie reason for the maximal copper surface area of

this sample on basis of the available data.
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Figure 3-7: Cu surface areas of reduced Cu,Zn samples with cegpéhe calcined sample mass. Shown values are

representing average values, endings of the eaiwr iepresent the real values obtained for thesamaples for each

precipitation pH value. The dotted line is a guidiethe eyes.

Because the Cu surface area is known to scalerline@h the activity in methanol synthesis
within the same Cu,Zn catalytic syst&ff the highest activity is expected for samples preg

at pH 8.5. Accordingly, the intrinsic activities,high are a measure for the density of
catalytically active sites on the surface of the f2uticles, are expected to be similar for all

samples.

Literature data from ref'®* revealed precipitation pH values around 7 to ythkllargest Cu
surface areas and activity in methanol synthesisvever, this data was obtained for Cu,Zn,Al

systems which might behave different from the byirau,Zn system applied in this study.

3.4 Conclusions

It was shown that the variation of the pH valueimyirthe precipitation of Cu,Zn hydroxy
carbonate precursors (Cu:Zn = 70:30) had an infle@m the subsequent aging process and also
on the ratio of the obtained precursor phasesv@gttanalysis was performed on the XRD
pattern of the precursors. For pH 6.0, large fomdiof the by-phase aurichalcite were found
beyond zincian malachite as the main phase. Higittrvalues decreased the aurichalcite
fraction, with the consequence, that more Zn wa®duced into the zincian malachite phase,
visible from the shifted position of the 2@eflection. Samples prepared at pH 7.5 and higher

showed a split up signal of the R@eflection indicating two clearly different Zn sthuted
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zincian malachite phases. Samples prepared at |6-0< 7.0 showed a better homogeneity of
the Zn distribution within the zincian malachites A consequence of the Zn incorporation, the
calcined samples prepared at pH 6.0 showed thedafguO domain size. Cu surface areas of
the reduced Cu/ZnO catalysts revealed similar walnethe region of 18 to 20°g™*. Only
samples prepared at pH 8.5 showed a larger Cucsudeea of around 25°g™. Activity in
methanol synthesis was not measured but is experthle linearly with the Cu surface area.
This study has shown the complexity of a catalystlgesis by co-precipitation. The properties
of the precursor materials obtained by aging ofcihvprecipitate have decisive influence on the
structural properties and performance of the ficatialysts. Unfortunately, directly tracking
back the catalytic performance to the synthesisrpl simple synthesis parameter—structure—
performance relationship was found to be very cemms variation of the parameter pH
induced numerous changes in the precursor matthal lead to different and partially

compensating effects for the resulting catalyst.
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Supplementary Information

Table S3-1: Denotation of samples according to their precipta pH value. Averaged Zn content
(Xzn + Xcu = 100%) of the calcined samples from XRF. Listelll@a are representing average values, errors given

brackets represent the real values obtained famtbesamples for each precipitation pH value.

Label Precipitation ~ Precursor sample Calcined sample  Zn content Tra Redugibilit)}b]
pH value number (internal)  number (internal) [%] [K] (%]

10785 10786

Cz6.0 6.0 295 (+0.3) 473 (1) 102 (£ 1)
10787 10788
7399 7400

Cz6.5 6.5 20.2 (£0.3) 477 (+4) 99 (£ 2)
10084 10085
7192 7193

Cz7.0 7.0 202 (£0.2) 476 (+2) 95 (+ 3)
10783 10784
7852 7853

Cz7.5 75 33.8(£0.3) 475(x0) 104 ( 2)
9385 9386
7282 7283

Cz8.0 8.0 29.3(£0.3) 479 (+3) 97 (£ 1)
7632 7633
7938 7939

Cz8.5 8.5 29.7 (£0.2) 475 (+0) 103 (+ 1)
10147 10148
6501 6521

Cz9.0 9.0 275(x2.1) 475(x1) 97 (£ 1)
10086 10087

[a] Temperature of maximumztonsumption rate during TPR
[b] Hydrogen consumption relative to the CuO congdter TPR

Scanning electron microscopy

SEM investigation was done on one precursor samp@ch case of CZ7.0, CZ7.5 and CZ9.0
with respect to the question whether evidence lier rnentioned inhomogeneity was found.
Exemplarily, images of CZ9.0 showing round shapedd aggregates are depicted in Figure
S3-a,b. This droplet-like shape is a result ofgpeay-drying of the washed precursor slurry. No

obvious differences in the morphology were founthimithe three investigated samples.

Indeed, no homogeneous morphology of the primangigbes was observed, but needles,
platelets, particles and some areas with smootfaces were found in the samples (Figure
S3-c,d). The needle like morphology was predominamd was already observed in the
Cu,Zn,Al-system where this was assigned to zincimlachite!™. All samples additionally

contain different phases of zincian malachite andchalcite. The range of observed Cu:Zn
ratios measured by EDX at different spots (at ld@sper sample) was similar for CZ7.0 and
CZ7.5 & from 55:45 to 75:25) and somewhat narrower for 048 from 63:37 to 72:28). Zn

richer spots should be due to the presence of laldite and Cu rich spots due to zincian

malachite. Because in CZ7.5 the spot with the lowfs content measured by EDX was
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25 mol% no spot of pure zM2 with an expected Zn contérit5% (Zn poor zM2, according 1
XRD, Figure 3-5eas detected. This is due to the fact that EDX otibe applied to infinitel
small regions. The elemental composition of thesaead spots is probably a superpositiol
many small crystalies from different phases (aurichalcite, zM1, zM2) gives rather ¢
averaged picture than a detailed re

Figure S3-1: Scanning electron microscofimages (2.5 keVf a Cu,Zn hydroxy carbonate precursor sar
prepared at pH 9.0 showing an overview image witimdish primary particles (a), a primary partid®, (zincian
malachite needles, platelets and particles (chepbaeas (c

Thermal analysis

Thermal decmposition of the precursors was performed to obtainc-sized CuO and Znt
particles. This calcination step was monitored hgrmogravimetric measurements (1
combined with evolved gas analysis (EGA). The-EGA experiments were executed ug
973 K, incontrast to the calcinations for catalyst preparativhich is performed up to 6 K.
Anions in the Cu,Zn hydroxy carbonates are decoegpasmder emission of water and carl
dioxide. XRD patterns of all samples after thermaatment up to 9°K revealed well-

crystalline CuO and ZnO (not show
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Exemplarily, the evolutions of the mass loss arel tbrmalized LD and CQ traces for a
Cu,Zn hydroxy carbonate precursor sample prepdrptl &.5 are depicted in Figure S3-. EGA
shows that the decomposition mainly proceeds ieetlsteps. After the release of physisorbed or
incorporated water (range |, up to 403 K), the sdcstep is characterized by simultaneous
emission of HO and CQ (range I, ca. 403-673 K). In the third step, oI, is emitted at
high temperatures (range Ill, ca. 673-873 K). Téason of this last decomposition step is the
presence of temperature stable carbonate specie€Q4") which are probably located at the
interface between the formed CuO and Zfith The role of this residual carbonate, which is
still present after calcination at not too high pawatures, is debated and it has been proposed
that it can stabilize oxidized copper species réduced catalyst and increase the actiflity
The abundance and the thermal stability of theseiep are suggested to be a measure for the
amount and the strength of the interactions adrassfaces and grain boundaries of CuO/ZnO
aggregates. Therefore, pure malachite(Chl),CO; and hydrozincite ZgiOH)s(CGOs), do not

show the emission of these spe&és’.

The theoretical mass losses for zincian malachiey ¢n,),(OH),CO; and aurichalcite
(CuryZny)s(OH)s(COs), can be calculated to 28% and 26%, respectively, gepend only
slightly on the Cu:Zn ratio because of the simitawlar masses of Cu and Zn. Thus, samples
containing low zincian malachite fractions accogdio XRD should show low mass losses.
Indeed, CZ6.0 exhibits the lowest value of 26.9 wligure S3-a) and all other precipitation

pH values show higher mass losses (28.2 to 29.2 dtf# to lower aurichalcite fractions.

The HT-CQ* decomposition temperatures indicate the strengihtefaction between CuO and
ZnO particles. The averaged values are in the rémge around 720 (CZ7.5 and CZ8.0) to
750 K (CZ8.5) but no simple trend can be observeidufe S3-b) and the error bars are
relatively large. The HT-C§ amount can be calculated from the fraction of HJ,@elated to
the overall C@ emission in a semi-quantitative manner based ernntiegrals of the MS traces.
This fraction is relatively constant around 48-5086 precipitation pH values up to 7.0 and
ranges between 38 and 45% for higher pH valuesu(€i§3-c). The smallest proportions are
detected for pH 7.5 and 8.0 with about 40%. Thesasples also showed the lowest
temperature for HT-COemission. Again, no clear trend with preparatibhgan be observed.
Because the calcination of the precursors is pmddronly at 603 K, the high temperature
carbonate species stays present in the samplaslsuggested that it can contribute to increased

activity by the formation of copper suboxide speéie
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Figure S3-2: TG-MS results of hydroxy carbonate precursor sarppépared at pH 7.5: mass loss (black), MS traces
of H,O (blue) and C®(green).

6.0 6.5 7.0 7.5 8.0 8.5 9.0

§ T T T T T
L 294 T ]
E ] i i __________ . ]
g 28 - { i
® 27_- _
g " 4 _
7504(P) e ]
< 740 f { ]
720 { _____ ]
X 50-(0){_'__“__...5 -------- i _-
S *1 e I
=401 “fot ]
35 . .

T T T
6.0 6.5 7.0 7.5 8.0 8.5 9.0
Precipitation pH
Figure S3-3: TG-MS results of Cu,Zn hydroxy carbonate precursonass loss after heating to 973 K (a),
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Temperature programmed reduction

Description of the reduction profiles with a singleak was not possible because at least one
shoulder was observed (Figure S3-). This can bibatiéd to the reduction of CuO in multiple
steps®, reduction of multiple CuO species, e.g. frometiéint precursor phasgs or reduction

of other components than CuO.

All reduction profiles were analyzed with respeot the temperature of the highest H
consumption (473-479 K) and the reducibility of C(85-104%). The results were summarized

in Table S3-1. Within the series, neither disticitnges nor clear trends were observed.

TCD detector signal [V]
w

0-

400 45 500 550
Temperature [K]

Figure S3-4:TPR profile of a calcined Cu,Zn sample prepared6 5.
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Chapter 4: Development of Cu-Catalysts for Methanol Synthesis
from CO, and CO

Stefan Zander, Edward Kunkes, Manfred E. Schudtdig Schumann, Gisela Weinberg, Robert
Schlégl, Malte Behrens.

Abstract

In this work we compare the classical zincian maitaederived Cu/ZnO with a new Cu/MgO
catalyst at a fixed molar ratio of Cu to Zn and Mgspectively, of 80:20. The geometric
influence of MgO turned out to be better compaednO but the synergetic effect of Cu and
ZnO during methanol synthesis from €00/H, was unequaled. Both geometric and synergetic
effects were combined by preparation of Cu/MgO/&ample which exhibited a higher activity
than Cu/ZnO and Cu/MgO. Changing the feed gas tiHg@u/MgO was most active.
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4.1 Introduction

The development and optimization of industriallykgd high performance catalysts is usually
a continuous process that to a large extent isdbasdahe experience of the manufacturer. The
accumulated knowledge from the combination of eioglitrial-and-error experimentation and
an afterward structure-function-relationship-guidgdtimization approach within the boundary
conditions of a feasible and scalable synthesendftads to very complex recipes — sometimes
generalized as the “black magic” of catalyst prapan. In the last years, we have worked on
better understanding the synthesis and functignalfitthe Cu/ZnO/AJO; methanol synthesis
catalyst using the well-documented industrially l@gbpreparation route” as starting point.
As a result of this effort, we have elaborated aehof the so-called “chemical memoR of
catalyst preparation and of the active site in taglyst systeff! Here, we show how this

knowledge can be used to develop a new family eb&sed catalysts.

With the help of structure-performance-relationshgbserved within a series of functional
powder catalysts and DFT calculations, the actite af industrial methanol synthesis was
identified as a combination of a surface defec€ofand the presence of partially reduced Zn
species at this defe, explaining the widely studied “Cu-ZnO synerdy® Within the
industrial synthesis, high concentrations of theges can be realized by preparation of
defective Cu nanoparticles and migration of Zr#pecies onto the Cu surface as a result of
strong-metal-support interaction (SM8RA**? and an intimate interface contact of both catalyst
components. At the same time, the total acces€iblsurface area (Sf) is large, because the
bulk-catalyst is prepared with a porous microstrtegt *¥ from a co-precipitated precursor
compound. In this context, ZnO acts as a geomésjzacer between the Cu nanoparticles and
helps to increase and stabilize the Cu dispef$ishThus, ZnO has two functionalities in the
final catalyst: (i) as nanopatrticles it acts ashwgsjcal spacer between the Cu particles stabilizing
the porous microstructure and (ii) as a thin lagethe surface of the Cu particles it is an
essential ingredient for the active site. The wprksented here was guided by the idea to

separate these two effects.

A simplified scheme of the relevant properties afZhO methanol synthesis catalysts is shown
in Figure 4-1a. Three prerequisites have to belledfin order to generate a high performing
catalyst. The material should have a high-t& expose a large number of active sites; the Cu
phase must be defective to achieve a high denéigctve sites at the surface; and SMSI-
induced synergetic effect of ZnO must be presenadiivate the defect sites for methanol

synthesis. Only if all three factors come togetherthe darkest shaded region of Figure 4-1a,
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the catalyst will be highly active for methanol #yesis. The defects are nerated by the
careful and delicate preparation method yieldirgjaiited Cu nanopatrticles in close contac

the oxide phase, while the other two propertiesgarerned by function (i) and (ii) of the Zr

component.
a) b)
M-substituted
Malachite
(CuyxMy)2(OH),CO;
High SA¢,
X << 0.7 \ =05
Calcination
Defects Zn0O

& steps SMS| - %:o
® Mo %@
*,

Low inter-dispersion High inter-dispersion
Moderate SA, High SA.,

Figure 4-1: a) Schematic represeaiibns of the necessary ingredients for a high perémrce methanol synthe:

catalyst. b) Scheme of the role of precursor coitiposfor the Cu dispersion in the final catal

The synthesis route for praring Cu/ZnO/(A,Os) catalysts follows a mu-step procedure
including T- and pH-controlled c-precipitatiof! of aqueous Cu,Zn,Al nitrate solution w

sodium carbonate solution followed by ag™

washing, and drying to yield a hydrox-
carbonate precursor. This material is calcined fimally activated by reduction of CuO
metallic Cu. Low amounts of ,O; acts as a structural promoter in the industriafylied

catalyst'®*"!

The relevant precursor material has been identiisdthin needles of zincian malach
(Cu,Zn)(OH),CO,.®! The incorporation of Z%* into the cationic lattice of malachite favors

nanostructuring of the CuO/ZnO aggregates formed upaltimation due to the perfe
distribution of both species in the joint crystattice of the precursor compound. This car
understood as a purefjeometric effect, which is schematically showiFigure4-1b and is the

basis for the functionality (i) of ZnO. * is well suited for this purposbecause exhibits the
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same charge and an ionic radius similar t*@avoring substitution. However, incorporation
into the malachite lattice is limited to < 30% dwesolid state chemical constraffitsthat are
likely due to the differences in the coordinatiowvieonment between the Jahn-Teller-ion’Cu
(d®) and zA* (d'%). Mg?* is an interesting replacement for’Zrbecause its charge matches and
its ionic radius differs, alike Zf by less than 2% from that of €u Furthermore,
(Cu,Mg)(OH),CGO; crystallizes in the rosasite crystal structureiciwhis closely related to that
of malachite and should open the door for a contpp@narecursor chemistry between Cu,Zn and
Cu,Mg compounds. Moreover, (Cu,M@H),CO; is naturally occurring as the mineral
McGuinessité®?” and can incorporate more fghan CG*, which has not been achieved for
zincian malachite. Thus, a more efficient dilutimithe C3* ions might be possible with Mg
compared to Zii by application of lower amounts of Cu to furtheomote the nanostructuring

and increase the Cu dispersion.

In this work we compare the classical zincian mataederived Cu/ZnO with a new Cu/MgO
catalyst at a fixed molar ratio of Cu to Zn and Mespectively, of 80:20. At this ratio, Zn
incorporation into malachite does not exceed titeeal Zn concentration in zincian malachite
to assure synthesis of phase-pure precursor cordpa@sulting in high comparability of the
Cu,Zn and Cu,Mg systems and in uniform catalystesehproperties can be easily traced back
to the precursor compounds. Both precursors wezpaped from mixed nitrate solutions by
controlled co-precipitation with sodium carbonatduson and subsequent ageing in the mother

liquor. They are denoted CZ and CM in the following

4.2 Experimental

4.2.1 Catalyst Preparation

Hydroxide-carbonate precursors of CZ and CM weretl®sized by co-precipitationl (=
338 K) from Cu,Zn and Cu,Mg (80:20) nitrate solaBoand NgCO; solution as precipitating
agent in an automated lab reactor (LabMax, Mefttdedo). The pH was set to 6.5 for CZ and
9.0 for CM. The precipitates were agedé0 min), filtrated, washed and dried. Calcinatioas
carried out in air at 603 K (2 K mifih for 3 h. One part of the calcined CM was impreagda

with Zn citrate solution, dried and calcined agaithe samd.
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4.2.2 Characterization

X-ray fluorescence (XRF) was performed using a Bruk4 Pioneer X-ray spectrometer. XRD
was measured on a STOE STADI P transmission diffiraeter using Cu & radiation.
Specific surface areas were determined by pgMysisorption at liquid nitroge in a
Quantachrome Autosorb-6 machine.sgvas determined in a custom-made setup by applying
N,O reactive frontal chromatography ANRFC) at 303 K?? after reducing the catalysts at
523 Kin 5% H. For TEM investigations, a FEI Titan Cs 80-300 mogzope operated at 300 kV
and energy-dispersive X-ray (EDX) analyzer was uSgiherical aberrations were corrected by
use of the CEOS Cs-corrector reaching an informadiinit of 0.8 A. HRTEM pictures were
processed to obtain the power spectra which weed s measure interplanar distances and
angles for phase identification. The reduced sasnplere transferred in a glovebox to the

microscope without contact to air.

4.2.3 Catalytic performance

Catalytic tests in Cohydrogenation were carried out in a fixed bed fleactor. 200 mg (100-
200 um, mixed with 2 g of crushed SjGhips) were loaded into a 10 mm inner diameter
stainless steel reactor tube. The catalysts wetecesl at 573 K (1 K mir) for 1.5 hours in
20% H in He. Upon completion of the reduction, the reagtas cooled to 523 K, a 3:1L,/&0,
mixture (100 mL mii') containing 4% Ar (as internal standard) was ihticed into the reactor,
and the pressure was raised to 30 bars. Onlingsasalf products was performed with a gas
chromatograph (Agilent 7890A). After the start bétreaction, the catalysts were allowed to
stabilize for 6 hours time on stream at 523 K. G@rbhgenation was performed at the safme
andp in the same set up, but using a 6 mm stainlegt mtactor tube and 50 mg of catalyst
diluted with 0.7 g SiQ The feed gas contained 14% CO, 59% #%6 Ar and balance He.
Performance under synthesis gas conditions wasndeed after switching the gas composition
gradually to a compaosition of 6% CO, 8% £69% H and balance He.
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4.3 Results and discussia

XRD of the precursorsonfirmed the formation of single phase materiath & crystal structur
similar to malachite Rigure 4-2a). In comparison to the literature paiteaf malachite,
pronounced shift of the 20-peak is seen in both compounds. This is an indicafiw the
incorporation of non-Jahmeller cations in the lattice of malachite and frima similar positiol
of the reflections in both patterns a similar degoé substitution can kestimated Table 4-1)
suggesting that the non-Jalieller ions have been completely incorporated thi malachite
structure in both samples. It is noted that CM kits significantly broader XRD pea
indicative of small crystallitesAlso the particle morphologpf CM looks rather spongy
compared to CZwhich exhibits larger and w-separated patrticles (Figure3t-Accordingly, a

larger BET surface arad the CM precurschas been observed (Table 4-1).

(a) (b)

—_—
-
-
-~

(120)
(220)
(20-1)

Intensity [a.u.]
Intensity [a.u.]

Diffraction angle 20 [°] Diffraction angle 20 [°]

Figure 4-2: a) XRD patterns of the precursor materials of CZdgjeand CM (red). The pattern of malachite (bl:
ICSD: 7275) is shown as bar graph. b) XRD patterns of th@red samples CZ (green), Cired) and CMZ (blue).
CuO (black; ICSD: 80r6) is included as referen

‘ . ¢ M .~
Figure 4-3: Scanning electron microscopy ima((2.5 keV) of CZ (a) and CM (b)
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Table 4-1: Properties of the CZ, CM and CMZ catalysts (precrecprsor material, ca = calcined material

. . D/ nm SAger / ng'l [d] 5> 1
Sample Cu:M ratio prec. // calc. prec. // calc. SAcy™ /M Gear
cz 80:20% 26.6 /5.8 36// 83 16.0
CM 83:17 8.0//2.8 81//73 20.3
CMZ 80:16:4” 8.0//3.9 81// 80 24.2

[a] molar, determined by XRF, + 1 n36l

[b] molar, estimated

[c] Crystallite domain size of (Cu,MJOH),CO; (precursor) and CuO/MO (calcined), + 0.2 derived from XRD peak profilt
[d] Specific Cu surface ares the reduced cataly determined by dO-chemisorption, = 1 Ag*

12-1Zn0

Figure 4-4: (HR-)TEM images of the reduceCZ catalyst.The insets show power spectra of the neighbot
particles and are used for phase identificz.

Upon calcination at 603 K, poorly crystalline Cu©fdormed in both samples as evidence(

XRD (Figure 4-d), while the ZnO and MgO components are mos-ray amorphous. Agai
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CM exhibits a significantly smaller crystallite siaccording to the XRD peak wii, but a
slightly smallerspecific surface areiTable 4-1). Furthermore, CMelds a by more than 30

higher specific Cu surface a after reduction.

011 Cu

Cu

01-1
100 Mgo

Figure 4-5: (HR-)TEM images of the reduceCM catalyst.

TEM investigation of the reduced catalysts showeat tthe general icrostructurc of CZ
(Figure 4-4a,b) and CM~{gure4-5a,b,c) is similaand characterized by arrangements of rc
shaped Cu particles separated by differently stagstallites of ZnO or MgO, spectively. A
few CuO particles are found that probably have formed tueslight re-oxidation of the
reduced catalysts upon sample tran The presence of larger Cu particles in CZ compéo

CM is consistent with the difference in Cu surfaceas(Table 4-1).This result indicals that
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MgO is intrinsically a better geometrical spacempared to ZnO as even at the non-ideal
substitution level of 20% Cu particles can be atgdithat with an average size below 10 nm
are similarly small as found in state-of-the-art/ZWO/Al,O; catalysts. Thus, the structurally

promoting role of ZnO has been successfully readi¢h MgO.

High resolution TEM showed that the Cu particlesbisth samples contain planar defects,
which have been shown to contribute to the methaywihesis activity in Cu/ZnO catalysts

(CZ: Figure 4-4c; CM: Figure 4-5d). Thus, the intpot defectiveness of Cu is probably a
result of the precursor decomposition approach comno both catalysts, which leads to

crystallization of distorted Cu crystallites atatdlely mild T.

Both catalysts have been tested in methanol syistheth various feed gas composition, i.e.
hydrogenation of pure GOa CQ/CO mixture and pure CO. The results are shownigare
4-6. In the hydrogenation of pure g@Z showed a much higher activity than CM showing
clearly that the methanol synthesis rate is noy @nfunction of the exposed Cu surface area
alone (Figure 4-6a). According to Figure 4-1, the Bctivity of CM can be explained with the
absence of the synergetic SMSI-effect as MgO israducible oxide that does not show SMSI
in the relevantT regime. The situation is similar if methanol isoguced from a typical
synthesis gas mixture with G@nd CO in the feed (Figure 4-6b). CZ shows a 8iigower
rate of methanol production compared to the,/8Q feed, while CM remains essentially
inactive despite the large exposed Cu surface atezse results strikingly confirm the crucial

synergetic role of the ZnO-promoter that has bedjest of many literature reports.

(a) 30 bar | (b) 30 bar (c) 30 bar
—_, 20 503 K —207 503 K — 20+ 503 K
‘ng ‘TU;S ‘TmS
T 15 | e 15 e 15
© © _g
E 10 E 10 £ 10-
° E E
S 5 T 5 G 5
< < <
° © 0]
=, . . =, = .
cz CM CMz cz CM CMz Ccz CM CMz
CO,/H, CO,/CO/H, CO/H,

Figure 4-6: Catalytic results of methanol synthesis of the CZ, @Ml CMZ catalysts in different feed gas

compositions at 30 bar and 503 K.
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011
3112n0

=

Zn0O

011 Cu20

211Zn0

Figure 4-7: (HR-)TEM images of the reduc¢«CMZ catalyst.

With the idea to “switch on” the lacking -ZnO synergy by addition of Zna-similar has been

reported earlier for model cataly ™7

— a third catalyst, labeled CMZ, was prepal
Impregnation of the calcined CM with 5 wt% ZnO résd in a catalyst that was indeed abls
convert CQ and thesynthesis g¢ mixture into methanol at much higher rates than (Figure
4-6a,b). HRTEMinvestigation oiCMZ (Figure 4-7) showed similar generaicrostructure an
particle morphology lik&€M (Figure 4-5) but additionally confirmetie presence of ZnO at t
surface of the Cu/MgO aggrega (Figure 4-7c). The weighiased methanol production r:
from synthesis gasf CMZ was even higher than that of CZ, wt is a result of the better C
dispersion in the Cu/MgG@ggregates. The intrinsic rates perg, are very similar for CZ an
CMZ in this experimen{not shown, which points to another advantage of using MgOQda

dispersion instead of ZnO, namely its la specific weight. At the same molar Cu conten
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80% (metal-based) the effective Cu loading of CNsshigh as 86 wt%, while that of CZ is 75
wt%. The very high value for CM shows that the ms&tructure of this kind of catalyst should
not be described as a classical supported systeinjtd sponge-like microstructure also

resembles an “oxide-stabilized Raney-Cu”.

These results show that the functions of the orm®ponent can be successfully separated in
Cu-based methanol synthesis catalysts. It was sHowm given catalyst composition as a
proof-of-principle that this approach enables prafian of high-performance catalysts and
leaves additional degrees of freedom for futurénaipaition. In particular, Cu dispersion can be
optimized within the proven malachite-precursor et by increasing the Cu substitution
without being bound to the constraints of the Cu&stem. Furthermore, the method of
addition and amount of the synergistic promoter banvaried for a given highly-dispersed
Cu/oxide system to switch on the production of raath from CQ or synthesis gas. In CMZ
areas of relatively large particles of very cryistal ZnO have been observed (Fig. 6¢). These
domains probably do not contribute to the synecgedialytic effect and point to the possibility

to further improve this catalyst by optimizationtbé ZnO addition.

Interestingly, the catalytic performance of the pl® is completely changed when a CO/H
feed is used for methanol synthesis. Here CM shawery high methanol production rate,
which clearly exceeds that of CZ or CMZ in the otfe=d gases (Figure 4-6¢). This result is in
line with previous studie€*?¥ that have shown that MgO-supported Cu is a poweZ
hydrogenation catalyst. Interestingly, while it wasrerequisite for methanol production in
CO,-containing feeds, the addition of Zn to CM wasride¢ntal in this reaction possibly by
partially covering of the active surface. Thus, addition of being a very powerful CO
hydrogenation catalyst, the Cu/MgO and derived @Q@XZnO systems also represent a
suitable material basis for conducting basic stdia the roles of synergy, dispersion and

structural dynamics for methanol synthesis in dife feed gases.

In summary, the high comparability of the threeabyats due to the similar general morphology
found by TEM investigation, allows tracing back tiferences in activity of the samples to the
influence of the oxide phase(s) ZnO and/or MgO.sEhisvo oxides do not only act as structural
promoters, but also determine the preferred pathefagethanol synthesis from GOr CO as

carbon source.
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4.4 Conclusion

We propose that the presented synthetic approaehsothe door to exploit new room for
knowledge-based optimization of the proven Cu/ZngbA catalyst system. It seems in
particular promising to combine the highest possilibstitution of Ci in malachite by a
suitable diluent like M@ for proper structural promotion with the right amé of a reducible
oxide at the surface of the Cu particle like Zn® gcoper synergistic promotion. Furthermore,
the presented materials show potential to fertitiees progress in the long-lasting studies of the
mechanism of methanol synthesis by providing furelatal insight into the role of different
material components. Future studies in our lab aiith at better understanding the observed
differences, which point to fundamental differendasthe active sites for CO and €O
conversion over the same catalysts, in particulidn vegard to the involvement of Zn in the
latter, but not in the former. Thus, in addition lzéing a very powerful CO hydrogenation
catalyst, the Cu/MgO and derived Cu/MgO/ZnO systalss represent a suitable material basis
for conducting basic studies on the roles of syyedispersion and structural dynamics for

methanol synthesis in different feed gases.
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Supplementary Information

Table S4-1:Internal sample numbers

Sample Precursor Calcined Reduced
Ccz 7749 7750 13284
CM 9278 10639 13121

CMZ (9278) 13188 13572
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Chapter 5: Promoting Methanol Synthesis Catalysts:

Correlations between Microstructure and Activity in Cu/ZnO/Ga,03

Stefan Zander, Julia Schumann, Igor Kasatkin, @iséleinberg, Gregor Koch, Thorsten

Ressler, Patrick Kurr, Benjamin Kniep, Malte Betsen

Abstract

We report on introduction of gallia as promotertive Cu,Zn system. Samples with different
promoter content were prepared by co-precipitatiGharacterization results (XRF, XRD,
N, physisorption, TGMS, TPR, SEM, TEM, UV-Vis, and XES) during different stadia of
the catalyst preparation process as well as catalygults in methanol synthesis are presented.
The promoting effect is most effective for low amtsiof G&" (< 3 mol%). An increase in
absolute methanol synthesis activity of 60% congbaie the binary Ga free system was
observed. Promotion is characterized by a geomaetadification which is expressed by a
higher Cu surface area. In contrast, addition ofl€zals to slightly lower intrinsic activities
(related to Cu surface area), probably by modificabf the ZnO phase by incorporated Ga
species and consequences for Cu-ZnO synergy. Ttkatexf the geometric and the synergetic
effect depends on incorporation of”Zand G&' into the zincian malachite precursor phase and
a linear correlation of the (Zn,Ga) content in thigse with the catalytic activity of the final

catalyst was observed.
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5.1 Introduction

Cu/ZnO/(ALOs) catalysts are of major industrial interest ay thave been successfully applied
in methanol synthesis for over 40 years. Furtheemdhney are active in methanol steam
reforming and water-gas-shift reaction. The syrithesute for preparing Cu/ZnO/(£KDs)

catalysts follows a multi-step procedure includimgmperature and pH-controlled co-
precipitation of aqueous Cu,Zn,Al nitrate solutiaith sodium carbonate solution, aging,

washing, drying, calcination and finally activatiby reductiorf"’.

Metallic copper which is present as nanoparticleegarded as the active spefesut there

is still no general agreement about the naturehef active sites in Cu/ZnO catalySts
However, it is known that highly productive catafysxhibit a high copper surface al&aThis
requires an optimal dispersion of the active coggese but additionally, the "quality" of the
active Cu surface area plays a decisive role. Znkhown to act as a geometrical spacer and to
increase the Cu dispersih Thus, it leads to higher exposition of the acteface to the
reaction gas. Beyond this geometrical influence) Zmas reported to cause synergetic effects
due to the interface contact with the copper plfasBroposed active species are Cu-Zn alloy
formed during reductiofl!, dissolved Cliin ZnO™® or electron rich Cu at Schottky-junctions
B In our recently published model of the activee siff industrial methanol synthesis over
Cu/ZnO/ALQO;, the synergetic effect is accounted for by stromgal support interaction (SMSI)
19 which has been observed in high-performance ysitalby HRTEM and XPS. SMSI
between Cu and ZnO has previously been reportéiteiature and studied by Cu surface area
determinatiod, EXAFS™ and IR spectroscopy of CO adsorptith

We showed that the intrinsic activity of the expb€ surface area scales with the abundance
of stacking faults in Cu nanoparticlé¥. This correlation was rationalized by the generatif
high energy sites at the surface at the positioiere the planar defect terminates. Also
residual oxygen in Cu as a result of incompleteucdidn might play a role for the defect
structure of active Cu. In this context, the rol@pmmoters like alumina is of interest. Saito et
al. ™ reported that addition of metal oxide promoters teve different effects, first the
increase of the Cu dispersion in the case of alammzirconia, secondly the improvement of
the specific activity in the case of gallia andarhia. The authors claim that the latter feature is
due to the optimization of the @G ratio on the Cu surface under reaction conditions.

Furthermore, AIO; is known to enhance the thermal and performaratglisy ™5°.
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We have recently found that an Al content of aroBndol% is sufficient to obtain a beneficial
promoting effect™”. Al was introduced into the ZnO phase at®Zsites in tetrahedral
coordination. Alike ZnO, the function of the /&; promoter was divided into a geometrical and
a synergetic contribution. The former affects thedispersion and leads to an increase of the
Cu surface area. The latter promotes the intriraitivity of Cu and was related to the
incorporation of Al into the ZnO lattice and anlignce onto the Cu/ZnO synergy. In this work,
we report on the effects of gallia on Cu/zZnO todgtuwhether the role of the structural
promoter A}O; can be generalized. Part of the data on gallia dliasady been published

previously™".

In the literature studies dealing with promotershea Cu,ZnO system are often carried out with
high fractions of up to 25 mol% and mdé¥e’®%! Here, we concentrate on the region of smaller
contents £ 4 mol%) for which great promotion of catalytic fimance has been observed for
Al,O; containing Cu/ZnG'". Additionally, some higher contents are applied domparison.
We report on introduction of gallia as promotethe Cu,Zn system (Cu:Zn = 70:30). Aspects
of precursor preparation and microstructural chiaramation as well as catalytic results in

methanol synthesis are presented.

5.2 Experimental

5.2.1 Sample Preparation

Metal hydroxy carbonate precursors with fixed Curdtio (70:30) and different Ga contents up
to 13 mol% (metal base) were synthesized by cojpitatton from acidic Cu,Zn,Ga nitrate
solutions and N&O; solution as basic precipitating agent in an autethdab reactor
(LabMax, Mettler Toledo) under controlled conditidike dosing, stirring, temperature (338 K)
and pH value (6.5). After aging (60 min after ptbglr the slurry was filtrated, the precipitate
washed several times with water and spraydriedo(iinor mobile, et = 473 K, Toutet =
373 K). Calcination was carried out in air at 603K min?) for 3 h. The high Cu:Zn ratio of
70:30 is typically applied in industrial catalyseparation and aims at a maximal incorporation

of Zn into the zincian malachite precursor pHade
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5.2.2 Sample Labeling

The designation of the samples was chosen withrddgathe nominal Ga content, respectively.
Ga4.0 means a nominal Ga content of 4.0 mol% ofnadtal species [Cu+Zn+Ga]. The

designation Ga0.0 refers to the binary Cu,Zn refezesample without any trivalent promoter.

5.2.3 Elemental Analysis

All Cu,Zn,Ga calcined oxides were subjected to eletal analysis by XRF (Table 5+Results of

calcined sample characterization and Cu surfacagard he determined Cu to Zn ratios were near the
nominal ones of 70:30. The measured Ga contenti¥4rhased on metals) are slightly smaller
than the nominal values. Probably, the deviatioms due to the not exactly defined water

content of the metal salts used for the synth&&ist of all, Ga-nitrate is very hygroscopic.

5.2.4 Characterization

X-ray fluorescence spectroscopy (XRF) was perforafeel glassing the calcined samples with
Li,B4O; in a Bruker S4 Pioneer X-ray spectrometer. X-riffyattion (XRD) was applied to the
catalyst precursors and calcined samples. The samptre measured on a STOE STADI P
transmission diffractometer equipped with a primémgusing Ge monochromator (Cu,K
radiation) and a linear position sensitive dete¢tooving mode, step size 0.1 °, counting time
10 s/step, resolution 0.01 °, total accumulationeti634 s). The samples were mounted in the
form of a clamped sandwich of small amounts of pemwfiked with a small amount of grease
between two layers of thin polyacetate film. Theagd composition was determined by full
pattern refinement in theB2ange 4-80 ° according to the Rietveld method gusihe TOPAS
software®” and crystal structure data from the ICSD datab&gecific surface areas were
determined by M physisorption in a Quantachrome Autosorb-6 maclafter degassing the
samples at 353 K for 2 h. Isotherms were recorddidud nitrogen temperature and evaluated
according to the BET method. Thermogravimetric expents (TGMS) were done on a
NETZSCH Jupiter thermobalance in flowing air. Thasgevolution was measured with a

qguadrupole mass spectrometer (Pfeiffer Vacuum, Gtaun)i

Scanning electron microscopy (SEM) images werentdhke Hitachi S-4800 field emission gun
(FEG) system. Transition electron microscopy (TEMps performed with a Philips
CM200FEG microscope operated at 200 kV and equipgttdan EDX spectrometer. For TEM

investigation, the samples were reduced up to gdesture of 523 K and transferred to the
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microscope in inert atmosphere. The coefficiensferical aberration was Cs = 1.35 mm, and
the information limit was better than 0.18 nm. Higisolution images with a pixel size of
0.016 nm were acquired at the magnification of D08% with a CCD camera, and selected
areas were processed to obtain power spectra é&gfidhe Fourier transform of the image),
which were used for measuring interplanar distaseesangles (accuraayl% and * 0.5 deg,
correspondingly) for phase identification. Projecteas have been measured and equivalent
diameters calculated for 1500-3000 Cu particlegash sample. In all cases the values of
standard error of the mean diameter wefel nm. Frequency distributions of the particleesi
fitted well to Lognormal functions. EDX analysesregerformed for 5-15 larger aggregates

containing at least several hundred particles ahmsample.

Temperature programmed reduction (TPR) was perfonmth around 40 mg of each sample in
a glass reactor, fixed by means of quartz wool lithe reduction was carried out in a CE
instruments TPDRO 1100 machine with 80 mL Thi&% H, in Ar up to a temperature of 623 K
(6 Kmin'). The K-values according to Monti and Baiké} were 100-120 s, the P-values
according to Caballer§® 10-12 K. The reduction progress was followed waih internal
thermal conductivity detector. Analysis was perfechwith regard to the temperature with the
highest H consumption (}ay) and the total Hlconsumption with respect to the CuO content in
the sample (compared with a pure CuO referencethdrfollowing, the term "reducibility” is
used for the latter feature. The CuO content ofsmaples was derived from XRF data with the

assumption that only CuO, ZnO and,Gawere present and under neglect of HT:£0

UV-Vis spectra were recorded in a Perkin-Elmer LdmB50 High Performance Spectrometer
equipped with a Harrick Praying Mantis diffuse eetiance attachment. The band gap energy
(direct transition) was calculated by linear extdagion of the function [F(Rhv]¥? versus h

to 0, as suggested by Barton €f@l This procedure results from a linearization & theory of

direct and indirect band gap transitions in senic@tors.

X-ray absorption spectra were conducted of Ga Kee(dd.367 keV) at the X1 beamline at
HASYLAB at DESY (Hamburg, Germany). Measurementgevearried out in transmission
mode. Intensities were detected in ion chambersrdéefamples and behind samples and behind
reference foils. With respect to maximal absorptdrthe samples at the Ga K-edge samples
were diluted with wax and pressed with a force tdrifor 30 seconds to pellets with 13 mm in

diameter. The spectra were calibrated to the positi K-edge of a reference foil (zZn foil for
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Zn K-edge and Ga K-edge). Subsequently, backgrarordection and normalization were
performed. The software Athena 0.8.061 was (ied

The copper surface area was determined by appMi®@ reactive frontal chromatography
(N20-RFC) based on the method proposed by Chinehen.™. Around 100 mg of a sieve
fraction (100-20Qum) of each sample were placed in a stainless stk¢ebe reactor and fixed
by means of quartz wool plugs. The prior reducticass carried out in the same device and
conditions as for TPR, but only up to a temperatirg23 K and with a holding time of 30 min.
The reduction progress was additionally followethvé quadrupole mass spectrometer (Pfeiffer
Vacuum, Omnistar). After cooling down to 303 K, ttegalyst has been flushed for 30 min in
pure Ar and 15 min in pure He in order to achiemeadsorbate-free reduced catalyst surface.
N,O-RFC was performed with 10 mL min 1% NO in He, at which the )D reacts
guantitatively with the Cu surface atoms forming-gphase M The specific Cu metal surface
area has been calculated from the formed amouN} aking a value of 1.47*1datoms per m

for the mean Cu surface atom density. The errothef specific Cu surface area is about
+1nfg™

5.2.5 Catalytic testing

Catalytic testing in methanol synthesis was peréatmsing an 8-channel parallel fixed bed
reactor setup working at 60 bars of a synthesisygasire (59.5% H 8.0% CQ, 6.0% CO, rest
inert). Gas analytics was done by gas chromatogra?®0 mg of each catalyst sample (sieve
fraction 100-20Qum) was loaded to the reactor and reduced pridngarieasurement in diluted
hydrogen at 523 K at ambient pressure. After a &ion period of 48 hours on stream at
523 K, the catalytic activity was measured for dRrds and stable conversions were detected.
Afterwards, the reaction temperature was loweredB® K and the performance was measured
again for 12 hours. The methanol weight time yi€W#dY) were calculated using the methanol

concentration in the outlet gas.
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5.3 Results and Discussion

5.3.1 The influence of gallia on the precursor chemistry

Different mixed metal hydroxy carbonate precurstrages can emerge in the course of
precursor preparation, notably £0OH),CO; (malachite) for pure Cu samples,
(CuZny)2(OH),CO; (zincian malachite) with x < 0.3, (€Zn,)s(OH)s(COs), (aurichalcite)
with y>0.5, and (Cu,Zghl,(OH);CO;-4H,0O (hydrotalcite-like phase), only when a
significant amount of Al is present. The last phase should also be fornigdother trivalent
ions instead of AT, such as GA

The critical role of the precursor chemistry hagrbemphasized in our earlier wdfR. All
parameters applied in each single step of theysttpteparation influence the bulk and surface
structure and therewith the characteristics andvigctof the resulting catalyst. This
phenomenon is also called the "chemical memory" @meéns the influence of early stage
parameters or rather the characteristics of theupser phase on the microstructure and activity
of the final catalyst?>?.

For the industrially applied ternary system (CuZdrs 60:30:10), a comprehensive study was
accomplished by Baltes et al. wherein the influeat®H value and temperature during the
precursor preparation was investigatét. For T =343 K and pH 6-8, the best catalytic
performance was achieved. A comprehensive undelisqof the effect of addition of Al or Ga
can only be achieved if all stages of catalyst grajon, precursor, calcined oxides and active

catalyst, are carefully characterized.

5.3.1.1 XRD analysis

All precursor samples were subjected to XRD ansalykir phase identification and
determination of composition and crystal structuféigure 5-1 shows the XRD patterns of
selected precursors with 1.5, 2.5 and 3.5% nontalcontent, respectively. Three different
crystalline phases can easily be identified bycietenot-overlapping reflections, namely (020)
at 14.8 °B for zincian malachite, (400) at 13.06°%or aurichalcite and (003) at 11.66°%or a
hydrotalcite-like phase.
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5(003) Hydrotalcite (ICSD: 37-629)
1(400) Aurichalcite (ICSD: 17-743)
L 1 (020) Malachite (ICSD: 72-75)
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Figure 5-1: Selected XRD patterns of Cu,Zn,Ga hydroxy carbopegeursors with different Ga contents. Bars of the

references malachite (green), aurichalcite (red)tgmrotalcite-like phase (blue) are included.

The phase compositions and domain sizes of theurses were determined by Rietveld
refinement. As representative example, the refimgmesult of Gal.0 is depicted in Figure 5-2.
It is noted that the accurate determination ofakact weight fractions in the phase mixture is
difficult due to the low amounts of some compongtite generally low crystallinity and the
high noise of the XRD patterns. However, the gdrieeads seen within the series of samples
are regarded as reliable, while the absolute vadfiésdividual samples depend on the fitting
constraints and have to be compared with care.lReasfuthe full Ga series are shown in Figure
5-3. The binary Cu,Zn reference sample Ga0.0 cmmtaibout 88% zincian malachite and 12%
aurichalcite as crystalline phases (Figure 5-3a).ificreasing Ga content (Gal.5), the fraction
of aurichalcite is slightly increased up to 19%lett expense of zincian malachite. In Ga2.0, the
zincian malachite fraction is heavily increased agaches 100% in Ga2.5. But as mentioned,
one has to be very careful with this statemergtlfirbecause of the limits of this evaluation and
secondly because it is only valid for crystallifeapes which can be detected by XRD. Further
increase of the Ga content leads to the formatismall but clearly detectable amounts (up to
2%) of a hydrotalcite-like phase. The phase frastido not change significantly and stay nearly

constant for Ga contents up to 13 mol%.
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Figure 5-2: Rietveld refinement for the XRD pattern of a Cu,Za @ droxy carbonate precursor sample containing
1.0% Ga, experimental data (black), total calcalatarve (red), background (light grey), differermeve (grey),
calculated pattern zincian malachite (orange curealculated pattern aurichalcite (blue curve). Thiek marks

indicate the positions of the Bragg reflections. Tihgquality is comparable for the fits of all otheamples.

Also the domain size of zincian malachite can leaeked from the Rietveld refinement in form
of the volume weighted mean column heights. Asiit be assumed from the broadening of the
XRD reflections (Figure 5-1), the crystallinity dfis phase seems to decrease with increasing
Ga content. Indeed, in the Ga series, the domaen (§iigure 5-3b) steadily is decreasing from
Ga0.0 (23.1 nm) to Ga4.0 (6.3 nm) and then rem@apnstant. Only Gal.5 does not follow this
trend (22.4 nm). Analysis of a reproduced sampép@red at the same conditions confirms the
result and indicates that this effect is real. Bhaallest domain size for zincian malachite is
reached for a Ga content of 3 mol%. At higher Gaceatrations, only a low amount of

hydrotalcite-like phase is formed and the zincialaohite stays nanocrystalline.
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Figure 5-3: Results of XRD full pattern refinement of Cu,Zn,Galtoxy carbonate precursors. Top: phase fraction
of zincian malachite (green), aurichalcite (redy arydrotalcite-like phase (blue); Top: domain sifezincian

malachite (black) and,,7 value (grey); errors of domain sizes are smatiantused symbols.

An important feature to estimate the potential afgalyst is the position of the P0eflection
of the precursor phase zincian malachite in the XRRerns. It is correlated to the amount of

4. Thed,,; value can be

Zn incorporation in this phase as was first regbiig Porta et a
used as a quantitative measure of the incorporatioron Jahn-Teller-distorted ions like Zn
Ga* (or AI*) into this phase. Lowl,,1 values correspond to high incorporation (@hgr value
of pure malachite, G(OH),CO;, is about 2.863 A). Compared to Ga0.0 (2.790 A@, talues
become smaller for the Ga promoted samples (FigtB) and reach a minimum for Ga2.5 to
Ga3.5 (2.754 A). This value corresponds to a Zronperation of 31% assuming that the
correlation of the binary system showni¥*" is also valid for the ternary precursors. Again,
Gal.5 delivers a runaway value. Ga4.0 and Ga5.W fwne scattering but in Ga8.0 and

Gal3.0 the value seems to level off.

Remarkably, the domain (crystallite) sizes of zmcimalachite and the Zn (Ga) content in
zincian malachite (obtained frody,1 values) show a very similar qualitative trend witthe

Ga series (Figure 5-3b). Plotting these two featagrinst each other delivers an approximately
linear correlation (Figure 5-4). It can be concldidhat the degree of Zn (Ga) incorporation in

the zincian malachite directly influence the crilggasize and can be controlled by the Ga
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content at a constant Cu:Zn ratio. An inverse datian is found for the measured BET surface
areas (Figure 5-4). For Ga0.0, the BET surface iarahout 60 g * and is heavily raised for
increasing Ga contents up to 150gm for Ga3.0 whereupon a stable value of around

145 nf gt is reached for higher Ga contents. Again Gal.5 doe follow the trend.
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Figure 5-4: Zincian malachite domain sizes (black) and BET aeefareas (red) of Cu,Zn,Ga hydroxy carbonate

precursors in dependence from Zn (Ga) incorporatitmzincian malachite ant,,7 value, respectively.

These results from XRD analysis of the precursaiggsest that the limit for the Zn (Ga)
incorporation into the zincian malachite structisreeached for a concentration of the promoter
at around 2.5-4.0 mol% corresponding to a high @Hection of zincian malachite and a low
crystallite size. Beyond this concentration, thg7 value cannot be further decreased. In
contrast, it is slightly increased and settles daiva constant value probably due to competing
incorporation of Zn and Ga in the hydrotalcite-ligbase. Thus, low concentrations of Ga
promote the incorporation of the Zn into zincianlachite. With increasing promoter content,
the fraction of Zn-rich aurichalcite is reducediding to a decrease of thg,7 value indicating

a higher Zn (Ga) substitution of zincian malachiKer promoter contents below 2.5 mol%, no
crystalline phases originally containing*Mons were found, suggesting that either'Ga
present as an amorphous phase which cannot betatbteg XRD, or introduced into the
aurichalcite or the zincian malachite structureehtion into zincian malachite is known for*Al
7l and should be transferable to*Gas well. In this case, the excess of positive gindy G&"
ions on CG" or Zrf* sites has to be compensated. Possible mechanignteeaformation of
cation or proton vacancies. For Ga contents hitjfaer 2.5 mol%, the R ions probably cannot

be further inserted into the zincian malachite phéige to the charge mismatch.
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Unlike the results for Al as promotéY!, the fraction of the hydrotalcite-like phase stays
surprisingly stable at only 2 wt%. No GaOOH wasedtdd. This indicated, that at high Ga
contents, a Ga containing phase is formed whickiay amorphous. Using Al as a promoter,
large fractions of a hydrotalcite-like phase alswéhbeen observed when exceeding a critical
promoter content”. The critical promoter contents for high incorgaa of Zn and Ga in
zincian malachite and a large fraction of this ghaee in the range of 2.5-4.0 mol% for both,
Ga and Al.

5.3.1.2 Scanning electron microscopy

The precursor sample Gal3.0 was investigated v & study the Ga distribution and find

evidence for a segregated Ga-rich phase. As expettte sample is inhomogeneous. Figure
5-5a shows an overview about a typical region & sample. The backscattered electron
microscopy image of the same area delivers a mesmi@number contrast (Figure 5-5b) and

shows a brighter area which should correspondhiglaer mean atomic number.

Altogether, the predominantly observed morpholodythe Cu,Zn,Ga precursor in spot 1
(Figure 5-5c) is consistent with an earlier study the Cu,Zn,Al system, where zincian

malachite was described as needles of 20xn200 nm [2°,

Energy-dispersive X-ray
spectroscopy (Figure 5-5e) of six different regianth the mentioned morphology showed an
average local elemental composition of 64 + 2% (@&)+ 1% (Zn) and 11 + 2% (Ga) which

agrees to the results from XRF in Table 5-1 (6325:

But aside this finding, some smaller regions witffedent morphology, e.g. platelets or
particles, were detected. In spot 2 (Figure 5-Bd)needles were observed but the particle looks
sponge-like. The local composition showed high Gatents at the expense of Cu which
explains the brighter area of spot 2 in Figure 5-Bire Ga-richest composition was 33:26:41
where the M" to M** ratio & 3:2) does not fit to that of a hydrotalcite-likbgse (3:1). Since
EDX cannot be applied to infinitely small regioitsgannot be finally clarified whether this is a
matter of a single phase or a superposition of ari€u phase (zincian malachite) and an
unidentified Ga rich phase. Interestingly, the Zmtent in all measured regions was constant
within 24-28 mol% and thus independent of the Cdi @a fraction.

92



Chapter 5Promoting Methanol Synthesis Cataly
Correlations between Microstructure and Activitydn/ZnO/G,O3

£ 7
* “needles
oIES L B i
platelets /&
&N

.

0.50

zincian \ 0.25
malachite Ga'rich
+63:25:12 33:26:41
/. (QuZnGa) ./ (CuZnGa) L ggp
0.00 0.25 0.50 0.75 1.00 Ga

Figure 5-5: Electron microscopymages (2.5 keV) and EL-resultsof the Gal3.0 hydroxy carbonate precul
showing an overview (a), the same overview in beaattered electron mode (b), zincian malachite resedhd som
platelets (c), Gaich area (d) and local elemental distribution frE6EV-EDX (e).
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Table 5-1: Results of precursor sample characterization

BET Phase composition [wt%] Domain Thermal Analysis
Sample surface - size dos
Label number Zincian Hydrotalcite- zincian %\01 Mass ] HT-CO,M
i area .. Aurichalcite like i (Al loss max 0
(internal) 217 malachite malachite K] [9%0]
[m“g7] phase [nm] [wt9)]
Ga0.0 7399 61 88 12 0 23.1 2790 277 723 92
Ga0.5 10220 88 85 15 0 17.2 2772 284 747 90
Gal0 10210 87 84 16 0 15.9 2772 283 760 90
Gal5 10222 77 81 19 0 22.4 2789 281 756 92
Ga2.0 10216 118 94 6 0 11.1 2759 283 775 49
Ga25 10224 137 100 0 0 9.2 2754 284 789 45
Ga3.0 10212 149 99 0 1 9.3 2754 288 776 45
Ga3.5 10482 146 98 0 2 7.3 2756 283 788 46
Gad.0 12045 143 98 0 2 6.3 2763 281 785 37
Ga5.0 12063 147 100 0 0 6.9 2754 274 792 39
Ga8.0 12079 143 99 0 1 6 2761 2658 783 38
Gal3.0 12158 143 99 0 1 5.8 2762 265 781 31

[a] Temperature of maximum G@mission
[b] CO, emission above 673 K relative to overall £&nission according to MS signal

5.3.1.3 Thermal analysis

Thermal decomposition of the precursor is necessargbtain nano-sized CuO and ZnO

particles. This calcination step can be followed thgrmogravimetric measurement (TG)

combined with evolved gas analysis (EGA). In casitta the calcination, which is performed

up to a temperature of 603 K, the TG-EGA experimamtre executed from 303-973 K. The

anions in the Cu,Zn,X hydroxy carbonate are decampander emission of water and carbon
dioxide. Exemplarily, the results for Ga2.5 areidial in Figure 5-6, showing the development
of the mass loss and the normalize®tand CQ traces. XRD patterns of the samples thermally
treated at 973 K revealed crystalline CuO and ZnGt §hown). The domain sizes of both

phases decreased by a factor of around three witieirGa series indicating the geometrical
effect of the promoter. The XRD patterns of Ga8ral &al13.0 showed weak and broad
reflections of ZnGg0,.
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Figure 5-6: TG-MS results of Ga2.5 hydroxy carbonate precunswss loss (black), MS traces ofH(blue) and
CO, (green).

The theoretical mass losses for pure zincian maa¢lw.2Zn,),(OH),CO; and aurichalcite
(CuryZny)s(OH)s(COs), account for 28% and 26%, respectively, and sholy an slight
dependence on the Cu:Zn ratio because of the simidéar masses of Cu and Zn. However, the
Ga incorporation and charge compensation effedisese phases as well as the varying amount
of incorporated or physisorbed water were negledeang this calculation. The theoretical
mass loss for the hydrotalcite-like phase 4(£2m,)s(Gap(OH)sCOs-4H,0 is 20%. Thus, the
highest mass loss is expected for pure zincianchaéa Indeed, Figure 5-7a shows the highest
mass loss of 28.8% for the sample Ga3.0, whichnighe regime of phase-pure zincian
malachite according to XRD. For Ga contents highlean 3 mol%, the mass loss is
monotonically decreasing down to 26.5% (Gal3.0)AESBiows that the decomposition of
Cu,Zn,Ga hydroxy carbonates mainly proceeds iretsteps (Figure 5-6). After the release of
physisorbed, incorporated or interlayer water (earig up to 403 K), the second step is
characterized by simultaneous emission gdtand CQ (range Il, ca. 403-673 K). In the third
step, only CQ@is emitted at high temperatures (range lll, c&-873 K). The origin of this last
decomposition step is the presence of temperatat#escarbonate species (HT-E®which

are probably located at the interface betweendhmdd CuO and Zn&* ¥ The role of this
residual carbonate, which is still present aftelcination at not too high temperatures, is
debated and it has been proposed that it can ig&aloikidized copper species in the reduced
catalyst and increase the activify). The abundance and the stability of these spemies
suggested as measures for the amount and theygofathe interfaces and grain boundaries of
CuO/ZnO aggregates, respectively. Accordingly, pnatachite Cy(OH),CO; and hydrozincite
Zns(OH)s(COs), do not show the emission of these spedie¥: *
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Figure 5-7: TG-MS results of Cu,Zn,Ga hydroxy carbonate premstsmass loss after heating to 973 K (a),
temperature of highest GGmission rate (b) and GGmission above 673 K relative to overall £@mission

according to MS trace (c).

The HT-CQ* decomposition temperature first increases with Gaent from 723 (Ga0.0) up
to a temperature of 792 K (Ga2.5) and then stagsyheonstant indicating very stable HT-€O
(Figure 5-7b). This indicates stronger interactioin CuO and ZnO with higher Zn (Ga)
incorporation into zincian malachite.

The HT-CQ* amount can be calculated from the fraction of HJ,@elated to the overall GO
emission in a semi-quantitative manner. This foactis relatively constant around 50% for
Ga0.0 to Ga2.0 and then starts to diminish dowB18 in the Ga series (Figure 5-7c). Thus,
the HT-CQ® cannot be intrinsic to the unidentified Ga-phasedsiginates from the synthetic
Cu,Zn hydroxy carbonate. The decrease rather stgygieat the Ga-rich by-phase contains
loosely bound carbonate itself and contributeséo@Q emission in range 1l (Figure 5-6).
These results show that the effect of the Ga prenmat precursor chemistry is also reflected in

the thermal properties of the carbonate, whichiliggsesent in the catalyst after calcination.
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5.3.2 Calcined samples

5.3.2.1 XRD analysis

Exemplarily, the XRD pattern of Ga2.5 after caltio@ is shown in Figure 5-8. All patterns
were analyzed by Rietveld refinement (not showeyealing CuO as the main phase and only
small amounts (up to 1wt%) of crystalline ZnO. §alline ZnGg0, spinel, which is
commonly formed during calcination of hydrotalciphase, was not found. Due to the
homogeneous metal distribution in the precurs@oad dispersion of CuO and ZnO should be
achieved. The CuO domain sizes are listed in Tae For Ga0.0 it is 4.7 nm and decreases
down to 2.9 nm in the region between Ga2.0 and @abere it reaches a minimum of 2.4 nm
for Ga3.0. Higher Ga contents do not much affeet@O domain size. A roughly inverse trend
is observed for the BET surface areas (Table 34k is expected because small CuO domains

are a result of better nanostructuring which l¢adsgher BET surface areas.

Zincite ZnO ICSD 79-206

Gaz2.5

Intensity [a.u.]

‘ll ...|.,LL...
60

20 30 40 50 70 80

Diffraction angle 26 [°]
Figure 5-8: XRD pattern of calcined Ga2.5 sample.
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Table 5-2: Results of calcined sample characterization andutface areas

Sample Ga- cu:zn BET Domain TPR results Cu surface
Label  number cont((’e nt ratio surface Size T a Hy area
(internal) [g‘%é")] (XRF) [rﬁngf‘l] E;l:n? il C%ns? [M? geuo™]
(%]
Ga0.0 7400 0 71:29 110 4.7 481 101 253
Ga0.5 10221 0.4 71:29 96 5.3 474 104 38.4
Gal0o 10211 0.8 71:29 97 3.9 476 95 43.4
Gal5 10223 1.2 71:29 91 5.3 475 101 38.2
Ga2.0 10217 1.5 70:30 117 2.9 479 26 47.9
Ga25 10225 2 71:29 117 3.3 480 101 48.1
Ga3.0 10213 25 71:29 108 2.4 475 96 515
Ga3.5 10483 2.9 71:29 115 3.7 474 101 45.7
Ga4.0 12046 35 70:30 117 3.3 474 103 511
Ga5.0 12065 4.4 71:29 131 2.7 483 100 45.9
Gag8.0 12081 7.2 71:29 118 3.4 480 100 50.6
Gal3.0 12159 12 71:29 126 3.2 476 97 47.8

& Temperature of the highesp Bonsumption rate according to TCD signal

b H, consumption relative to the amount of CuO containgtie sample

5.3.2.2 The influence of gallia on ZnO

To gain more insight into the state of the Ga pramnm the samples, K-edge X-ray absorption
spectroscopy was applied for selected samplesiamaxidic Ga referencesi{gallia, p-gallia,
y-gallia, ZnGaO, and ZnO doped with 3 mol% of Ga). To confirm t& is incorporated in
ZnO in the ZnO/3%Ga reference sample, UV-Vis mearsents were performed with pure ZnO
and ZnO/3%Ga in order to confirm the change ofdptic properties due to doping. The band
gap energy (direct transition) of pure ZnO (3.289 &¥s decreased to 3.13 eV for ZnO/3%Ga
(Figure 5-9). This band gap energy reduction wesadly seen by eye, because ZnO/3%Ga has
a yellow color whereas gallia is white and ZnO ohbs a slightly yellow touch. Change of
optic properties by doping ZnO with small amounit$3a or Al has been reported in literature
140431 and naturally is accompanied also by the changelagftrical properties. The calcined
sample Ga2.5 was chosen because it was derived drpfmase pure precursor material and
should not contain large amounts of segregatediaags. However, the results were found to

be similar to those of Ga3.5 reported in F&f, whose precursor was not phase-pure.
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Figure 5-9: Determination of absorption edge energies from\W¥ measurements by the intercept of a linear fit.

The experimental Ga-K-XANES spectrum of Ga2.5 wiasukated as a linear combination of
oxidic Ga reference spectra using the software meh@8.061*Y according to the method of
least squares fit. The fitting procedure was appiethe fitting region of -20 to 50 eV (related
to the Ga-K-edge of 10367 eV) for all possible dinbinations of the five referencesgallia
seemed not to contribute and was excluded. Thdtsesfithe remaining 11 fits (Table 5-3)
were sorted by fit quality, represented as R-valudereas the lowest R-value refers to the best
fit. The B-shifts were smaller than 0.3 eV in all cases. fitresults show that in principle each
of the remaining Ga oxide referencesgéllia, B-gallia, ZnGaO,, ZnO doped with 3 mol% Ga)
can be present in the sample Ga2.5 because thdu&svaf fits 1-4 are similar. But it is
apparent that no satisfying fit is possible withasing the Ga-doped ZnO and ZnGaspinel
reference. Especially simulating the region aroa0888 eV needed the contribution of this

reference which is visible in Figure 5-10 showihg best linear combination fit.
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Figure 5-10: Ga K-edge XANES of the calcined Ga2.5 sample @laad results of the linear combination fit in the
range of -20 to 50 eV (related to the Ga-K-edg@&)giexperimental spectra of Ga oxide reference riadde

Table 5-3: Results of linear combination fit of the Ga-K-edgaANES of the calcined Ga2.5 sample by Ga-oxide-

reference spectra (the lowest R-value correspanttstbest fit).

Fit-Nr. R-value (*1073) a-Ga,0; B-Ga,04 ZnGay0, ZnO/3%Ga
1 0.50 19% 0% 45% 36%
2 0.50 19% - 45% 36%
3 0.55 - 13% 59% 29%
4 0.64 - - 64% 36%
5 1.11 52% - - 48%
6 1.11 52% 0% - 48%
7 1.20 - 35% 65% -

8 1.20 0% 35% 65% -
9 2.49 14% - 86% -
10 3.76 - 47% - 53%
11 4.08 51% 49% - -

In agreement with the results reported inféfthe Ga promoter in the calcined samples seems
to be present in different oxidic species, oneheit Ga incorporated into ZnO where®Gia
tetrahedrally coordinated by oxygen. Hence, Gabtsonly increasing the Zn incorporation into
the zincian malachite precursor but also modiffessZnO component in the resulting catalyst
by partial substitution of Z#A with G&”*. This leads to a change of different propertiés |
redox behavior, electronic structure and defectrisiey. The redox properties are changed as it
can be seen from a comparison of TPR profiles vasepeire ZnO shows no signal but in the
case of ZnO doped with 3 mol% Ga probably a smadtion of ZnO is reduced (Figure 5-11).
The change of the electronic structure is obviosomfthe different band gaps (Figure 5-9). A

modified defect chemistry of doped ZnO has beeorted in literaturé*“*! and is expected to
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be present in our Ga containing samples as weibgather, the changed properties will affect

the intrinsic activity of the Cu/zZn(Ga)O probablnodified Cu-ZnO synergy.

400 -

300

200

TCD signal [mV]

100

200 400 600 800
Temperature [°C]
Figure 5-11: TPR profiles of ZnO (black) and ZnO/3%Ga (blue).

5.3.2.3 Temperature programmed reduction

The reduction behavior of the calcined samples iwasstigated by temperature programmed
reduction (TPR) in hydrogen. It was not possibleléscribe the reduction profiles with a single
peak because at least two shoulders were obsdfigdd 5-12). Reasons might be reduction of
CuO in multiple step$’®, reduction of multiple CuO species, e.g. from efiéit precursor
phased*”, or reduction of other components than CuO. Thetlgo possibilities seem unlikely

at least for the catalyst derived for phase pumneiain malachite precursors.

Reduction profiles were analyzed and the resuéisammarized in Table 5-2. No big change or
clear trend were observed neither for the tempe¥atd the highest Hconsumption (474-
483 K) nor for the reducibility of CuO (95-104%5%). This is a striking example that the
careful characterization of the early preparatitages may reveal a much greater wealth of

information compared to the later steps of Cu/Za@lyst synthesis.

101



Chapter 5: Promoting Methanol Synthesis Catalysts:

Correlations between Microstructure and Activitydn/ZnO/GaOs

TCD signal [mV]

Gas.0
Gabs.0
Ga4.0
Ga3d.5
Ga3.0
Gaz2.5
Ga2.0
Ga1l.5
Ga1.0
Ga0.5
Ga0.0 | } |
150 175 200 225 250
Temperature [°C]

Figure 5-12: TPR profiles of Cu,Zn,Ga calcined samples.

5.3.3 Activated samples

5.3.3.1 Transmission electron microscopy

Selected reduced samples were subjected to TEMysaasialGa0.0 as reference, Ga2.5, the
sample with the lowest,,7 value and Gal3.0. In all cases a porous arrangeofignundish
copper particles separated by zinc oxide partislas found indicating that the nanoparticulate
microstructure of the calcined samples was condeafter reduction (Figure 5-13). The Cu
particles sizes were around 11.1 nm (Table 5-4% [Blwvest value was found for Ga2.5. The
local elemental composition was determined with TEDIX at different locations of the
samples. The average results are shown in Tableadddshow a good agreement with the
composition obtained by XRF (Table 5-2). NeverthgleGal3.0 shows a conspicuously large
standard deviation for elemental distribution of @ud Ga, which is in agreement with the
findings from SEM of the precursor. From a triarsguTEM-EDX composition diagram it
becomes apparent that there is a positive comeladf the Zn and the Ga contents (Figure
5-14a; dotted line). For an independently varyiragtion of a pure Ga and a "binary" Cu/Zn
(70:30) component, a negative correlation woulexeected (full line). The data points can be
extrapolated to a Zn content of 33% on the binanyGa line, which equals the spinel
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conposition. It can be concluded that the elementaipsition of the individual single spots
a superposition ofwo different phases, the first originating frooma@an malachite (Cu:Zn

70:30) and the second is Zr,0O, spinel (Zn:Ga = 67:33). The latteavas observed as sm
crystallites on the Cu particleFigure 5-14b). The formation of Zngay, by solid state reactic
from separated ZnO and ga is unlikely at the low temperatures applied. Altgbuhe trend o
the local elemental distribution in the precursample (Figure 5-5e) isot tha pronounced
with respect to the tendency of spinel compositibis quite probable that the precursor of

spinel was an amorphous Zn,Ga hydrota-like phase what would answer the question of

unidentified precursor phase.

Figure 5-13: TEM image of the reduced Ga2.5 sample showingyibiedl arrangemer

Table 5-4:Results of reduced sample characterization anditgateasuremen

TEM results Interface ratio MeOH Intrinsic

Label TEM-EDX . ) of Cu particles productivity activity

[mol%] Cu particle size [g}] (relative) (relative)

Cu Zn Ga [nm] ° (%] [%]

Ga0.0 69.8(2.0) 30.2(2.0) 0 11.1 (4.5) 41 100 100
Gal.0 - - - - - 134 80
Ga2.0 - - - - - 151 82
Ga25 67.6(1.6) 30.0(1.7) 2.4(0.1) 10.5 (4.3) 19 165 90
Ga3.0 - - - - - 162 83
Ga3.5 - - - - - 163 95
Gal3.0 59.7(9.2) 25.1(1.7) 15.2 (4.4) 11.5 (4.4) 11 - -
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ZnGa,0, || [01

Figure 5-14: Results from transmission electron microscopy ofuced Ga,Zn,Ga samples. Gal3.0: eleme
composition from TEMEDX showing a strong tendency of Zr,O, spinel formation (a) and TEM image of ¢
particles covered with ZnGQ, spinel and ZnO (b). Ga2.5lemental composition from TE-EDX showing
homogeneous distribution (c) and TEM image of aljiste a-gallia (d).

In contrast, TEM investigation of Ga2.5 showed hgemeous local elemental distributi
(Figure 5-14) and images with some small crystallitesx-gallia (Figure 514d) in agreement
with the XANES results where-gallia was found to be present according to theliest fits. It
is assumed that this phase is formed during precwalcination by segregation. Anott
possibility is the formation ai-gallia during redutton which can lead to a separation of Cu
Ga. No crystalline ZnG®, spinel was found in HRTEM imag

5.3.3.2 Cu surface areas

Because the overall Cu content in the reduced smglightly decreases with increasing

content, Cu surface areas fror,O-RFCwere calculated for a better comparison in relat@
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the contained CuO before reduction based on XRFEmuassumption that only CuO, ZnO and
Gallia were present. A pronounced difference of@uesurface areas of Ga0.0 (25.3gx.0 %)

and Ga0.5 (38.4 figcuo V) can be observed in Figure 5-15a. Hence, alreawyl @mounts of
Ga improve the Cu dispersion or the gas accedgibilVith increasing Ga contents up to
3 mol%, the Cu surface area is increased up to &g . For Ga contents higher than
3 mol%, the values scatter in the region betweerad® 51 ri gc,o & With regard to the
increased Cu surface areas of Ga2.5 and Gal3.0acechpp Ga0.0 at a very similar particle
size (from TEM), the effect of increased Cu surfama can be explained by less embedment of
the Cu particles in the oxidic phase which resintbetter gas accessibility due to increased
porosity. A correlation between Cu surface areakthe CuO domain sizes was found for the

Ga containing samples (Figure 5-15b).
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Figure 5-15: Cu surface areas of reduced Cu,Zn,Ga samples edjpect to the calcined sample mass (a) and
contained CuO mass (b). The error was estimatee to1 nig™ in the top graph. CuO domain sizes of the calcined

samples are given for comparison (c). Errors fondio sizes were smaller than the used symbols.

From the TEM Cu particle size and known Cu contartheoretical Cu surface area (assuming
isolated roundish particles) was calculated. Compar with experimentally obtained Cu
surface areas from -RFC delivered the interface ratio of Cu particte®l indicated their
degree of embedment. Therein, contact with othep&ticles or the oxidic matrix is possible.
Although the absolute values are very inaccuraee friend of decreasing interface ratio (equals

decreased embedment) with increasing Ga conteliggsrnable (Table 5-4).
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5.3.4 Methanol synthesis activity

The activity in methanol synthesis was measureddtected Ga samples. The promoting effect
of Ga on the catalytic performance is clearly \lsitStarting from Ga0.0 (Figure 5-16), the
activity increased and reached a maximum at Gahibhais 60% higher than the value for the
unpromoted sample Ga0.0. After this, the activity mbt change significantly for Ga contents

up to 3.5 mol%.

2 175%-_ ] 6?0
= . 130 O
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O 1 (]
D> 75%- o
S | 415 <
© 50%- N
> ] Y
= 110 _~
©  25%- -
g ] S
gy c

0 1 2 2.5 3 3.5 <

Nominal Ga content [mol-%]

Figure 5-16: Methanol productivity of selected Cu/ZnOAiGg catalysts in methanol synthesis relative to the

unpromoted sample Ga0.0 (blue bars) and contenomflahn-Teller ions (Zfiand G&") in the zincian malachite

structure (red points) calculated fralyy7 values of the binary Cu,Zn system accordingo

The corresponding, 7 values of the precursors are converted into césitaimon-Jahn-Teller-
ions (Zrf* and G&") in the zincian malachite according to the cotietafound for the binary
Cu,zn systenf®. These values are added in Figure 5-16 and shewsame trend like the

activities so that a linear correlation can be assii

The correlation between activity and Cu surfacea gret shown), however, shows little but
significant scattering. This can be explained Wjedent intrinsic activities of the exposed Cu
surface areas, calculated by dividing the actiayythe Cu surface area (Figure 5-17). The
highest intrinsic activity is found for Ga0.0. Innxiple, the density of catalytically active sites
on the surface of the Cu particles is describeddiffidrent intrinsic activities have often been

reported for different Cu based catalytic systém#
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Figure 5-17: Intrinsic activities (related to the Cu surfacearef Cu/ZnO/GgO; catalysts in methanol synthesis

relative to the unpromoted sample Ga0.0.

In the case of Ga, the promoting effect, which $etadincreased activity, can only be explained
by the strong increase of the accessible Cu sugesze up to 52 frge,o * (Ga3.0) compared to
25 nf gewo - (Ga0.0) which means a doubling. This geometridtdce is promoted by Cli
dilution in the zincian malachite precursor withnA@ducible cations. On the other hand, the
overall activity is only improved by 60% (Ga3.0) i implies a lower intrinsic activity
compared to Ga0.0. This effect is probably relatedhe modification of the ZnO phase by
incorporated Ga which might have a negative effectCu-ZnO synergy. Another explanation
would be that the intrinsic activity is related ttte degree of embedment. Less embedment
means also less contact to the ZnO phase. Theal@menf active centers which require the

presence of ZnO is probably reduced.

The measured activity has to be regarded as a hdioro of Cu surface area and intrinsic
activity. In this sample series, the resulting ioy@d activity due to Ga promotion is achieved
due to a beneficial geometrical dispersion efféttioaigh the intrinsic activity is lowered. Both,
geometrical and synergetic function of Ga promotam be traced back to incorporation of

G&* in the zincian malachite precursor, explainingdbeelation ofd,,7 and activity data.

5.4 Conclusions

In summary, it was shown that Basimilar to AP, has a promoting effect on Cu/ZnO

methanol synthesis catalysts. The promoting effentost effective if only low amounts of Ga
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— around 3 mol% — are added to the preparatiomédiga loadings lead to a Ga segregation
and formation of amorphous Znga spinel in the final catalyst. Thus, the microstuane of

the catalyst becomes inhomogeneous with Ga-richafltsnof presumably lower catalytic
activity. Low amounts of G4 can be incorporated into the zincian malachiteymsor phase
and lead to an increase in methanol synthesisitgctif’ 60% compared to the binary Ga free
system. The promoting effect is mainly traced b&mka geometric contribution: The Cu
dispersion is increased by Ga due to better dilutibCW* in the precursor by Zhand G&',
leading to a better interdispersion of metallic axétlic components and a higher porosity of
the resulting Cu/ZnO aggregates. This effect ldadsn increase of the accessible Cu surface
area by 100%. Apparently, the presence of Ga $lighininishes the intrinsic activity of the
exposed Cu surface area . This effect is probadbted to the fraction of Ga species that are
found to be incorporated into the ZnO phase afédciation of the precursor, leading to a
modification of the properties of ZnO associatethva negative effect on the well-known Cu-
ZnO synergy. The lack of synergy might also be enbd by less embedment of the Cu
particles leading to less interface contact witloZihe functionality of Ga promotion depends
critically on the homogeneous distribution of GaheTbest distribution is achieved by
incorporation into the zincian malachite precurgbase and a linear correlation of the (Zn,Ga)

content in this phase with the catalytic activifytte final catalyst was observed.
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Chapter 6: Final Summary and Conclusion

The results presented in this work give insighte preparation of methanol synthesis catalysts
by systematic investigation of the precursor chémwisin particular, they allow to better
understand the crucial role of the zincian malacii€u,zZn)(OH),CG;, precursor phase and its

properties on the performance of the resultinglgsts

Zincian malachite was prepared by co-precipitatiolpwed by aging, filtrating, washing and
drying. Subsequent calcination and reduction lethéocatalytically active Cu/ZnO catalyst. Co-
precipitation (Cu:Zn = 70:30) was performed in a-pkhd temperature-controlled (338 K)
manner and enabled homogeneous distribution ofriél ions in the amorphous suspended
solid, a Cu,Zn hydroxide carbonate, which transtmnmto crystalline product during aging.
The influence of synthesis parameters, especialthe early stages of catalyst preparation was

investigated.

The aging step of Cu,Zn hydroxy carbonates iscatitwith regard to the incorporation of Zn
into zincian malachite and was investigatedrbgitu energy dispersive x-ray diffraction amd

situ UV-Vis spectroscopy. To study the aging proceskemendently, it had to be decoupled
from the prior co-precipitation step by a continsopreparation. The obtained “unaged”
amorphous precursor phase was transformed to Biystaincian malachite under controlled
conditions by aging in solutions of similar compimsi to the mother liquor. By varying the pH-
values (5.0-8.0), two different aging mechanismsaweund. Low pH-values (5.0-6.5) showed
direct co-condensation of €uand Zi*. This mechanism led to higher Zn incorporation as
indicated by the shifted position of thel2@&flection. The second pathway was observed for pH
> 7 and showed simultaneous initial crystallizatminCu-rich malachite and a transient Zn-
storage phase, sodium zinc carbonate. This inteateede-dissolved and allowed for
enrichment of Zn into malachite at pH7 at later stages of aging. As a function of défe
aging conditions, a variation of the Zn contentimcian malachite between ca. 24 and 29% was
observed despite the same nominal Zn-content irstdréing material of 30% indicating that a
varying fraction of Zn was present in an undeteqtedse “Zn” acting as a sink for Zn.
Variation of temperature (at pH 7) only led to gradchanges. Thus, the acidity of the aging
medium was identified as the most critical synth@sirameter to determine the final Zn-content
in zincian malachite. Interestingly, Zn incorpooatiwas independent of the crystallization
mechanism. Even in the absence of ,Naippressing the transient crystallization ofshdium

zinc carbonate storage phase, a lower degree dhé&mporation was observed in the final
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sample at pH 7, although the reaction was followimgydirect co-condensation mechanism. The
effect of individual synthesis parameters like tenapure or acidity during catalyst preparation
can be rationalized on basis of the complex cheynist precursor aging: They should be

optimized to give a low amount of Zrand a maximal Zn-substitution in malachite apphiag

the nominal Cu:Zn ratio of the synthesis.

Application of different pH-values in the rangep 6-9 during co-precipitation and aging in a
batch synthesis also has a highly reproduciblaiémite on the precursor chemistry. Rietveld
refinement was performed on the XRD patterns ofptiteeursors. For pH 6.0, large fractions of
the undesired Zn-rich by-phase aurichalcite wersdobesides zincian malachite as the main
phase. Application of pH values 6.5 led to higher phase fraction of zincian mail&cht the
expense of aurichalcite with the consequence, ti@me Zn was introduced into the zincian
malachite phase. Samples prepared at pH 7.5 ahmérhgihowed a split up signal of the120
reflection indicating inhomogeneous distributionZsf within two different zincian malachite
phases. Samples prepared at6gH < 7.0 showed a better homogeneity of the Zn distiobu
Thus, precursors in this sample series can be dieaized by the degree of Zn incorporation
into the zincian malachite phase and also the hematy of the Zn distribution within this
compound. The largest CuO domain sizes were foanddlcined samples prepared at pH 6.0.
Cu surface areas, which are a prerequisite fop#inormance of the reduced Cu/ZnO catalysts
revealed similar values in the range of 18 to 2@ Only samples prepared at pH 8.5 showed

a larger Cu surface area of around Z5jth

The abovementioned results revealed the complafitye interplay of synthesis parameters
during catalyst preparation by co-precipitation.eTproperties of the precursor materials
obtained by aging of the co-precipitate influenbe structural properties, which in turn will

affect the performance of the final catalysts. Wnfioately, directly tracking back the catalytic

performance to the synthesis pH in a simple syighearameter—structure—performance
relationship is difficult as variation of the paret®r pH induced numerous simultaneous
changes in the precursor material that lead temdifft and partially compensating effects on the

resulting catalyst.

ZnO is known to act as a spacer for the single &tigbes in the Cu/ZnO catalyst and to enable
Cu-ZnO synergy which beneficially affects the atyivMgO was investigated to act as a
substitute for ZnO. The geometric influence turoed to be better compared to ZnO but the
synergetic effect of Cu and ZnO during methanoltlsgsis from CQCO/H, was unequaled.

Both geometric and synergetic effects were combimegreparation of Cu/MgO/ZnO sample
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which exhibited a higher activity than Cu/ZnO and/l@gO. Changing the feed gas to C@Q/H

Cu/MgO was most active.

Industrial methanol synthesis catalysts are prodhdte small amounts of refractory oxide,
typically Al,Os. In the present thesis, the effect of Ga as a ptemn the Cu,Zn catalytic
system for methanol synthesis was investigatedrbggring a sample series with increasing Ga
concentration. Already small Ga contents up to Bfnehanged the characteristics of the
samples dramatically. Despite the charge mismatoime G& was incorporated into the
zincian malachite precursor phase. Higher Ga lagdied to a Ga segregation and formation of
amorphous ZnG&®, spinel in the final catalyst. Thus, the microstane of the catalyst became
inhomogeneous with Ga-rich domains of presumabletocatalytic activity. After calcination,
some of the Ga was incorporated in the ZnO which vaaified by X-ray absorption near edge
structure spectroscopy. After reduction, the Cuasear area was doubled and the methanol
synthesis activity increased by 60% compared tobihary Ga free Cu,Zn reference system.
The promoting effect was mainly traced back to anggtric contribution: The Cu dispersion
was increased by Ga due to better dilution ot @uthe precursor by Zhand G&', leading to

a better interdispersion of metallic and oxidic paments and a higher porosity of the resulting
Cu/ZnO aggregates. This effect led to an increésieeoaccessible Cu surface area. Apparently,
the intrinsic activity of the exposed Cu surfaceaawas lowered by the presence of Ga. This
effect is related to the fraction of Ga speciesiporated into the ZnO phase after calcination of
the precursor, leading to a modification of thepemies of ZnO associated with a negative
effect on the well-known Cu-ZnO synergy. This miglgo be enhanced by less embedment of
the Cu particles leading to less interface contattt ZnO. The functionality of Ga promotion
depended critically on the homogeneous distributb®a. The best distribution was achieved
by incorporation into the zincian malachite preourphase and a linear correlation of the

(Zn,Ga) content in this phase with the catalytitivity of the final catalyst was observed.

In summary, these systematic studies on an apphedhighly complex catalytic system like

Cu/ZnO/X provide a better understanding of the deesnunderlying catalyst preparation and,
most important, reveal relationships between swithearameters, microstructure and activity
that help to explain the role of the structuralrpoter phase X. These findings shall not only
contribute to the fundamental knowledge about thislyst, but also guide the way to a more

rational catalyst design in the future.
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