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Introduction



CHAPTER 1

1.1 Catalysts

1.1.1 Basic characteristics

When someone has heard of a catalyst before, it has often been explained as a car part that
cleans the exhaust gases. However, there are many more types of catalysts used in the industrial
production of almost any chemical, ranging from enzymes (biocatalysis) for the production of
medicines to solid catalysts for gasoline and plastics production.12 A catalyst is in general a
substance that is used to accelerate a chemical reaction from starting compound A to desired
product B by lowering the activation barrier (figure 1.1A), while the substance itself is not
consumed. 3 For example, inside the three-way catalytic converter in gasoline-type cars several
catalyzed reactions simultaneously occur: hydrocarbons, carbon monoxide (CO), and nitrogen
oxides (NOy) in the high exhaust stream are converted into the less harmful carbon dioxide (CO2),

water (H20), and nitrogen gas (N2). 4

Here, we focus on heterogeneous catalysts, which are solid catalysts used in liquid- or gas-phase

reactions. The active compound in heterogeneous catalysts is often a metal (oxide or sulfide).
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Figure 1.1 (A) Energy diagram of a catalyzed and non-catalyzed chemical reaction with Eact representing the
activation energy. (B) Transfer of electron density from the d-band of a metal to an anti-bonding orbital of a
reactant (here o of an H2 molecule). Back-donation (as indicated by the arrow) induces bond breaking. Adapted

from ref. [3]. (C) Different binding modes of a CO molecule on a metal surface.
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Zeolites are another important example of industrially applied heterogeneous catalysts, and they
are also used as ion exchangers and molecular sieves in purification processes. These
aluminosilicates have microporous channels, which act as molecular sieves, and often are solid

acids that can isomerize or crack long-chain hydrocarbons. 35

Reactions only occur on the surface of active catalysts, mostly transition metals, as reactants are
activated on those surfaces for subsequent reaction steps by the specific electronic interaction
between the metallic surface and the reactant (figure 1.1B). The electrons in the half-filled d-band
of the transition metal are shared with anti-bonding orbitals of the reactant (so-called back-
donation), thereby weakening or even breaking the bond in the reactant molecules. The degree of
interaction between the reactant and the metal nanoparticle is governed by the extent of electron
sharing. This is mainly determined by the active site, the matching between the electronic levels of
the reactant and the Fermi level of the transition metal, and the orientation of the adsorbed
molecule with respect to the metal surface. 3 For example, a CO molecule can adsorb in a bridging
mode with two metal atoms or ‘on top’ of a surface atom (figure 1.1C). These different interactions

with the surface lead to a distinct reactivity. ¢

The catalyst activity is greatly enhanced by small particles compared to macrocrystalline solids. As
an example, the specific surface area of metal is enlarged a million times when a cube with a size of
1cm is divided into 10-nm cubes. In these so-called nanomaterials the large specific surface area

allows to use a low catalyst volume and mass: important parameters in industrial catalysis. 3

Three essential aspects for catalysts are activity, selectivity, and stability. Ideally, the catalyst is
highly active in producing the desired product, without any byproducts, for an infinite amount of
time. The catalyst has a finite lifetime: many thermal, chemical, and mechanical deactivation modes
can make the catalyst less active over time. 7-9 At elevated temperatures and pressures the mobility
of the metal phase is enhanced, leading to particle growth and hence to a loss of active surface area.
Furthermore, irreversible poisoning of the active sites by e.g. chloride and sulfur species 10, but also
the reversible oxidation of an active, reduced metal surface by e.g. CO2 or H20 in the reaction
atmosphere are chemical mechanisms for catalyst activity loss. Another important chemical factor
is leaching, for example nickel loss due to gaseous nickel carbonyl formation during CO
methanation at high CO partial pressures and low reaction temperatures. ! Attrition of the catalyst
in the reactor and carbon deposition could also (partially) block the porous structure of a catalyst,
thereby limiting the access of reactants to reach and products to leave the active site. It is hence key

to not only optimize activity and selectivity of a catalyst but simultaneously also the stability.

As nanometer-sized particles have a high surface-to-volume ratio, they are thermodynamically less
stable than macrocrystalline solids. 7 Typically, the nanoparticles are deposited on a support to
facilitate the preparation of the particles and to minimize their agglomeration and growth. This

support is often chemically and thermally robust, such as graphite or silica 12, but might also play a
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significant role in catalyst activity. For example, reducible supports, such as titania and ceria, are
known to be involved in the Mars-Van Krevelen reaction mechanism during CO oxidation, in which
lattice oxygen is extracted from the support surface by the reactant and replenished by oxygen from
the gas feed. 1314

1.1.2 Carbon materials as model supports

Metal oxides such as silica, alumina, and zirconia are typical catalyst supports used in industry,
because they withstand harsh reaction conditions and the resulting catalysts can be easily shaped
into macroscopic bodies. 1> A major hurdle for fundamental investigation with these conventional
oxide supports is that many promoter species (advantageous components in the catalyst
formulation, discussed in detail in section 1.4) strongly interact with the support. 16-18 The great
advantage of carbon materials as a support is that the interaction between the promoter species and
carbon support is relatively weak 18, thereby enhancing the intimacy between the metal particles
and the promoter. Furthermore, the carbon surface can be modified with oxygen- and/or nitrogen-
containing surface groups (figure 1.2B), which act can as anchoring points for metal nanoparticles

but also as acid-base ligands to the active metal sites altering the catalytic performance. 19-22 Carbon

A) graphite carbon nanotube  carbon nanofiber  activated carbon carbon aerogel

Figure 1.2 (A) Various shapes of carbon materials with electron micrographs of carbon nanofiber, activated
carbon and carbon aerogel adapted from refs. [23—25]. (B) Surface groups that can be present on carbon, based
on ref. [26].
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materials have a low density and hence are very suitable for transmission electron microscopy
(TEM) and X-ray absorption (XAS) studies in contrast with, for example, titania. Hence,
carbonaceous materials facilitate detailed studies of the promoter effects on the catalytic

performance of supported metal nanoparticles.

Activated carbon and carbon black are the most important carbon materials from an industrial
point of view (>900 - 106 kg produced in 2005). 26 Activated carbons are prepared by carbonization
of e.g. sawdust and coconut shells to charcoal and subsequent activation by steam or CO2. The
resulting high porosity of the carbon material (up to 1.2 mL g! due to micropores) is highly
advantageous for purification purposes and the use as a catalyst support. Carbon blacks consist of
amorphous, spherical particles of 10-500 nm in chain-like aggregates and are mainly used in the
rubber industry (ca. 80%) to improve mechanical properties. 27 Carbon materials exist in many
more various shapes, as illustrated in figure 1.2A. In academia, carbon nanotubes, nanofibers, and
aerogels are frequently used as support materials. 28-31 Ordered mesoporous carbons can be
obtained either by nanocasting mesoporous silica materials with dissolved carbon precursors,
subsequent carbonization, and removal of the silica hard template, or directly via self-assembly

processes. 32-34

A practical advantage of carbonaceous supports is the high stability in acidic and basic solutions
compared to silica and alumina. Also deposited precious metals, such as platinum and palladium,
can be easily recovered by burning the carbon support. 26:35.36 Another important property of carbon
materials is the high electrical conductivity, which is typically employed in fuel cells, electrolyzers,
and supercapacitors. 3738 In literature, carbon materials have been reported to even have a
promoting role in the catalyst performance. For example, they might stabilize copper nanoparticles
by confinement 2039-45, provide hydrogen spillover activity to the active site 46, or change the
activation energy of a reaction 4748. Throughout this thesis we extensively use graphitic carbon
supports as they are ideal for the synthesis of supported model catalysts. A direct comparison
between the use of a carbon and silica support on the catalyst effectiveness of copper in the

methanol synthesis was not yet made and is presented in chapter 3.

1.1.3 Impregnation as a key preparation method

There are numerous ways to prepare industrial and model catalysts. The industrially most
preferred methods to synthesize (supported) metal catalysts is via impregnation and precipitation
techniques. Precipitation is favored for highly loaded catalysts such as iron-based catalysts for the
Haber-Bosch process. 4° The synthesis of supported metals, especially precious metals, is often done
by impregnation of macroscopic bodies, as it is facile, low-cost, and fast. 3536 Emerging laboratory-

scale methods for catalyst synthesis include colloidal approaches, atomic layer deposition, and
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electroless deposition. 50 In our work we typically used impregnation of fine powders as the main
preparation method for catalysts, after which the catalysts are compacted, ground, and sieved into

a specific grain size fraction before use.

For impregnation, a porous solid is exposed to a metal precursor solution which enters pores driven
by capillary forces. The volume of the impregnation solution is either in excess (in the case of wet
impregnation) or equal to the total porosity of the solid (for incipient wetness impregnation). After
the impregnation, the material is dried to evaporate (most of) the solvent and to form small
crystallites of mixed metal salt species in the pores of on the support. Finally, the dried impregnate
is treated at elevated temperatures to transform the metal salt, often via a metal oxide, into metal
nanoparticles. For most applications the last activation step involves a treatment of the metal oxide
in a reductive atmosphere, such as H2, CO, or syngas, to obtain the active metallic state of the

nanoparticles. 5-53

During this three-step procedure (impregnation - drying - activation, as presented in
figure 1.3) it is key to uniformly deposit the metal precursor over the support surface. Research
has shown that separation of the drying and activation steps helps to control the final particle size
and redispersion. 5 The pH of the impregnation solution is a critical factor for the deposition of
charged precursor complexes. At a pH higher than the point of zero charge (PZC) of the support,
the support surface groups are negatively charged and cationic metal precursors such as
[Pt(H20)4]2+ adsorb (electrostatic adsorption). Likewise, anionic precursors such as [PtCl4]?- can
adsorb at the positively charged surface groups at a pH > PZC of the support. However, a more
uniform metal distribution can be obtained using an acidified impregnation solution with a lower

pH than the PZC of the support surface, thereby enhancing electrostatic repulsion.

If carefully executed, incipient wetness impregnation and subsequent activation lead to a uniform

spatial distribution of supported metal nanoparticles with a reasonable particle size control and

_ ICu(H,0)elNOy), Cu(NOy),(OH), 2(H,0) S
~ heat (+ H,)
impregnation N drying AN activation IQ\

e | S Y St

Figure 1.3 Synthesis of supported nanoparticles by impregnation, drying, and subsequent activation. Salts are

formed during drying, which are converted to nanoparticles after activation. Adapted from ref. [53].
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moderate metal loadings up to 15 wt%. The metal loadings are limited by the solubility of the metal
precursor in the impregnation solution. Incipient wetness impregnation is a relevant method, both

industrially and academically, to prepare well-defined, copper-based catalysts.

In the remainder of this introduction, we first discuss several important CO/CO2 hydrogenation
reactions for which copper-based catalysts are being used (section 1.2). Subsequently, we discuss
why copper is a particularly interesting metal for those reactions in section 1.3. The catalytic
behavior of supported copper nanoparticles is often enhanced by the intentional addition of other
components. How these so-called promoters enhance the catalytic behavior is described in
section 1.4, both in a general manner and specifically focusing on copper-catalyzed CO/CO2

hydrogenation.

1.2 Synthesis gas conversion

A combination of H2 and CO (synthesis gas or syngas), optionally containing some COz, is the
basis for the synthesis of a wide range of chemicals, including methanol and gasoline-type
compounds. 5556 It might play an important role in a transition towards a more sustainable society,
as syngas can be obtained from alternative resources such as biomass and municipal waste, and its
conversion might include direct CO2 conversion. 57 Syngas is nowadays mainly produced from coal
and petroleum residues by steam gasification (equation (1.1)). To compensate for the heat
consumption due to this endothermic process, heat can be provided by a subsequent highly
exothermic oxidation of solid carbon (equation (1.2)). At temperatures above 971 K the CO2
formed during the oxidation reaction is in turn converted to additional CO (equation (1.3)),
yielding an overall exothermic reaction to an No-diluted, CO-rich syngas (‘producer gas’,
equation (1.4)). 385 Also steam reforming of natural gas (equation (1.5)) 60-62, gasification of
biomass 63, and simultaneous CO2/H20 splitting 64 are used or studied to obtain syngas. All carbon

gasification processes are typically operated between 1073-1773 K and at ca. 30 bar pressure

A:H® (kJ mol?) A:S© (J mol1 K1)  A:GE (kJ mol?)

C+ H202CO + He +131 +134 +91.4 .1
C+022CO2 -394 +2.88 -394 a.2)
C+CO222CO +172 +176 +120 1.3)
3C + H20 + 02 2 3CO + Ha -89.8 +312 -183 a.4)
CHa4 + H20 2 CO + 3H2 +206 +215 +142 a.5)
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depending on the carbonaceous resource. Natural gas yields the preferred high syngas purity (and
composition) used for methanol synthesis, as the methane-rich source contains much less sulfur

impurities (up to 50 ppm) than coal (up to 8,000 ppm). 5860

1.2.1 Methanol synthesis

Methanol is a key chemical building block for the production of a wide range of chemicals
including formaldehyde, olefins, acetic acid, and dimethyl ether, 6566 and might play a role in the
transition towards a more sustainable economy. ¢ The annual methanol production is around
100 million tons, and the demand increases with about 4-5% per year. 6567.68 Since the 1920’s
industrial-scale methanol production is based on syngas conversion 6°-71, although alternatives
routes such as the direct partial oxidation of methane 72-76, pure CO2 hydrogenation 77-8!, and CO2

electroreduction 82-85 to methanol are being investigated.

Methanol synthesis is generally performed at elevated temperatures (473-573 K) and pressures
(40-100 bar), while exposing a Cu/Zn0/Al20s catalyst to a syngas feed containing a small amount
of COx. 8687 The copper (Cu) species are the main active component in this catalyst, while partially
reduced zinc oxide (ZnOx) has a promoting function 8889, and alumina (Al20s3) plays a role in the
structural stability 7.90-92, Characteristic for copper is its high selectivity (typically more than 98%)
towards methanol, attributed to its limited ability to dissociate CO and to form C—C bonds, thereby

also suppressing carbon deposition as a side product. 39:46.93-97
The most important reactions occurring during methanol synthesis are the following: 98-102

AH® (kJ mol)  A:S© (J mol1 K1)  A:GE (kJ mol?)

CO + 2H2 2 CH3s0H -90.5 =219 -25.1 a.e)
CO2 + 3H2 2 CH30H + H20 -49.3 =177 +3.48 a.”?)
CO + H20 2 CO2 + Ho -41.1 -42.0 —-28.6 1.8)

Methanol formation from either CO or CO2 (equations (1.6)-(1.7)) is exothermic (negative
standard enthalpy of reaction, A:H®). The hydrogenation reactions are entropically unfavorable
(negative standard entropy of reaction, A:S©), as reacting gas molecules finish up leading to a lower
number of gas molecules. Under standard conditions, the resulting standard Gibbs free energy of
reaction (A:G®) is negative with an equilibrium constant In(K) of 4.4 for direct CO hydrogenation
(equation (1.6)), indicating a thermodynamically favorable reaction at 298 K and 1 bar. However,
above 410 K at 1 bar the A:G for this reaction becomes positive. Also, the (reverse) water-gas shift

(WGS) reaction (equation (1.8)) may occur simultaneously with the CO and CO2 hydrogenation.
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To enhance the reaction rate elevated temperatures are typically applied, although this is
thermodynamically less favored. Elevated pressures must be applied to drive the equilibria to the
right-hand side at higher temperatures. Efficient heat removal and thermal management are
needed. 103 Figure 1.4 shows the CO + CO2 equilibrium conversion levels as a function of pressure

and temperature.

A)100 T T T T T T T B)100 T T T T T T
_ _ CO, in feed
S CO, in feed 2 0%
= 801 0% 1 & 807 ° -
0 L
n [
o 601 S 60
c [
8 8
~ 401 ~ 404
o (e}
o o
+ i + i
8 20 8 20

0 constant T=533 K 0 constant p = 40 bar

20 40 80 100 120 140 400 450 500 550 600 650

Pressure (bar)

Temperature (K)

Figure 1.4 Equilibrium CO + COz2 conversion levels (A) as a function of pressure at constant temperature and
(B) as a function of temperature at constant pressure. Calculated from equations (1.6)-(1.8), based on
references [98—102]. The feed was composed of H2/(CO + CO2)/He = 60/30/10 vol% and only MeOH, Ha, CO,

H>20, COz2, and He were considered as the possible compounds in the system.

Small amounts of CO2 (2-6 vol%) are added to the syngas mixture to increase the catalyst
activity. 60,94,104-106 Tt is now generally accepted that COz is the main carbon source for methanol
production, although CO hydrogenation is thermodynamically favored over CO2
hydrogenation. 104107-109 During methanol formation from COz2, H20 is formed (equation (1.7)),
which in turn reacts with CO to generate CO2 (equation (1.8)). In this way the H20 concentration
in the reactor is low, which also avoids pronounced particle growth. In other words, a certain CO
partial pressure must be present, especially at high syngas conversions, to remove H20 from the
catalyst surface. 196110 The equilibrium conversion is only slightly lower upon CO2 enrichment of the
feed (figure 1.4). Yet in the case of pure CO2 hydrogenation the methanol formation is often much
lower as high H20 amounts are produced at the catalyst surface, which are not removed by the WGS
reaction (equation (1.8)). In fact, the reverse reaction can take place at elevated temperatures,
resulting in the formation of additional CO and H20. 77-8! In chapter 2 we discuss the combined

effect of COz2 in the syngas feed and the catalyst composition on its performance in more detail.
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Mechanistically, adsorbed CO2 (CO2*) is progressively hydrogenated on a Cu(111) surface with H*
via strongly bound formate (HCOO¥*, -259 kJ mol) and formic acid (HCOOH?*) before scission of
the C—O bond to obtain a hydroxymethoxy group (CH302*). Subsequently, formaldehyde (CH20%)
and methoxy species (CH30%) are formed before the final hydrogenation to methanol (CH3OH¥).
During catalysis the Cu surface is mostly covered with formate species. ! Also, CO* can be
successively hydrogenated to formyl (HCO*), via formaldehyde, up to methanol. The rate-limiting
step is either the formation of the methoxy group or, at high CO2-enrichment of the syngas, the final
hydrogenation to methanol. 11 Tt has to noted that the reaction mechanism can change upon the
catalyst composition, temperature, pressure, and feed composition, especially in the presence of

zinc oxide. 108

1.2.2 Reverse water-gas shift reaction

Combustion of fossil fuels, mainly coal and natural gas, to produce energy and chemicals
concomitantly generates CO2, which contributes to global warming. Renewable alternatives are not
yet mature enough to completely replace fossil fuels and are not easily incorporated into existing
infrastructure. In 2019 the share of renewable energy consumption in the EU was only 18.9%
(2.5 out of 13.4 - 106 GWh). Only about 8.5% (1.1 - 106 GWh) of the total consumption of energy
resources is used for the production of chemicals, whereas chemical production from renewables is
just emerging (<0.1%). 12 Capture of low-value CO2 from flue gasses (for instance in the steel
industry) or natural gas and its conversion into high-value chemicals are hence attractive. 113-115 The
production of CO from CO2 via the reverse water-gas shift (RWGS) reaction (equation (1.9)) in
excess of H» yields syngas, which after drying could be incorporated into the existing

infrastructure. 116-120
AHO (ki mol?)  AiS© (J mol1 K1) AGE (ki mol)

CO2 + H2 2 CO + H20 +41.1 +42.0 +28.6 a.9)

The RWGS reaction is an endothermic process (positive A:H® value) and thus requires a constant
energy input to proceed. It is performed at a temperature of 523-873 K and pressures of 1-20 bar. 121
A typical catalyst consists of highly dispersed and metallic nanoparticles supported on (preferably
reducible) metal oxides, such as ceria and titania. Noble metals, such as platinum, palladium, and
rhodium, are frequently studied with a CO selectivity near 100% 122-124 but are less attractive for

commercialization due to their high market prices.

10
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Supported copper particles are an interesting, low-temperature alternative for the RWGS reaction,
which also plays a role during methanol synthesis (section 1.2.1). Up to date a K-Cu/Al203 catalyst
(5wt% K, 17 wt% Cu) is the best-performing catalyst, producing CO with 99% selectivity at 533 K
for a wide range of pressures and relatively low conversions (4-100 bar, 5-21% CO2 conversion). 12!
CO production is in competition with methanol formation from CO2 (equation (1.7)) in CO2-rich
syngas or pure H2/CO2 feeds. The CO selectivity can be tuned by varying the reaction conditions, as
methanol production is thermodynamically suppressed at higher temperatures and lower
pressures. A main concern is stability as during the reaction H2O is formed, which might lead to

excessive copper particle growth during operation. 125

Currently, there are four different reaction mechanisms proposed for the RWGS reaction. Adsorbed
CO2 can either dissociate directly or via hydrogenation on a carbon-bound carboxyl (*HOCO) or
formate (*HCOO) intermediate. Alternatively, the redox mechanism states that metallic Cu reduces
CO2 to CO, while Ho closes the catalytic cycle by reducing the Cu* to the metallic form by forming
water. The challenge for supported copper catalysts is the balance between the CO selectivity,
activity, and stability: elevated temperatures minimize methanol formation and increase the total

activity, but both factors have adverse effects on the thermal stability.

1.2.3 Higher alcohol synthesis

Copper-based catalysts have limited activity in C—C bond formation, leading to remarkably
high methanol selectivities in syngas conversion. On the other hand, nanosized cobalt and iron
surfaces can catalyze the formation of long-chain hydrocarbons via Fischer-Tropsch synthesis.
Combining these two types of active metals in bimetallic systems could induce the production of
long-chain alcohols. The synthesis of these higher alcohols from syngas is summarized in several

excellent reviews. 55,126-132

Alcohols of intermediate length (Co-Cs) are attractive not only as fuels or fuel additives but also for
many products such as paints, solvents, and adhesives. Longer-chain alcohols (Cs+) are applied in
the synthesis of detergents and surfactants. 129 Nowadays, ethanol (as an important alcohol) is
mainly produced by enzymatic fermentation or ethylene hydration, but these processes either
interfere with food supplies or depend on oil reserves, respectively. 55126 Yet, no commercialized
process with a heterogeneous catalyst for the higher alcohol production from syngas exists

today. 133-135

Next to copper-based catalysts many other catalyst systems are proposed, combining at least two
but sometimes even four different active metals. 55129 Rhodium is the only single metal which is
capable to produce ethanol from syngas with reasonable selectivities (up to 54%) alongside with

hydrocarbons at a high CO conversion (up to 39%), especially when promoted by manganese

1
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oxides. 136 But due to its very high market price of €431,67 per gram (December 2020) 137 and its
moderate activity it is not relevant for this application. Catalysts based on molybdenum sulfide have
also been extensively investigated but need high pressures (50-100 bar) and suffer from a high CO2
selectivity. 128 Efforts were also made to tweak the established Cu/Zn0O/Al203 methanol synthesis
catalysts with base promoters, thereby increasing the selectivity to higher alcohols, but low activity

and significant methanol selectivity are bottlenecks for this catalyst type. 55

Currently, bimetallic copper—(cobalt/iron) based-catalysts are the most promising for the synthesis
of long-chain alcohols. This dates back to the 1970’s when the Institut Francais du Pétrole (IFP)
patented several potassium-promoted copper—cobalt (CuCoOx) bimetals. 138139 The original patent
claimed a higher alcohol selectivity up to 76% over such catalysts at 523 K and 60 bar during
CO/COz2 hydrogenation. However, catalyst and catalysis reproducibility appeared challenging for
commercialization. 133-135 In the following years major efforts were made to understand several
preparation parameters during co-precipitation and impregnation. Also, novel procedures to
reproducibly stabilize the active CuCoOx phase are explored, such as the use of perovskites 140-147,
colloidal synthesis 148-150, citrate complexation 20.151-156 oxalate precipitation 157, deposition-
precipitation 158159, and variations thereof. The combination of these two metals is also relevant for
electro- 160-162 and photocatalysis 163, liquid-phase oxidation 164165 and reduction 140,166-170 reactions,

and gas-phase reactions such as phenol alkylation 17! and carbon nanotube synthesis 172.

In our group Prieto etal.”® found experimentally and computationally that the optimal
Cu/(Cu + Co) molar ratio is 0.30-0.35 to obtain a selective production of higher alcohols. The Cu—
Co proximity and hence interaction was enhanced by stabilization of the Cu and Co species in a
molybdate matrix, leading to a Ca. alcohol selectivity of ca. 27% at low CO conversions (<2%).

Table 1.1 summarizes some recent CuCo-based catalyst formulations reported in high-impact

Table 1.1 Overview of recently published bimetallic CuCo catalysts and performance in higher alcohol synthesis.

Cu/(Cu+Co) H2/CO T p flow S (%c) ©
catalyst @ A . X (%) ref.

molar ratio ratio (K) (bar) (hYH C2,OH HC CO2
K-CuCo/MoOx 0.30 1 543 40 N.A. <2 2694 N.A. NA. [173]
CuCo/N-C* 0.74 1 493 20 4,000 20.4 29.8 38.3 117 [20]
CuCoMnOx 0.65 2 543 25 7,500 29.7 325 51.9 0.4 [174]
CuCo/KIT-6 0.25 2 543 30 9,000% 83.3 43.5 384 1.8 [175]
CuCoZnAlOx 0.33 1 553 60 12,000% 6.0 21.8 28.7 30.0 [176]
Na-CoMnOx +

0.43 2 493 60 2,000% 124 50.7 426 6.3 [177]
CuZnAlZrOx

a N-C = ordered mesoporous nitrogen-doped carbon, KIT-6 = ordered mesoporous silica, last entry = physical

mixture. ® In mL gear’! b7, € C2:OH = higher alcohols, HC = hydrocarbons. 4 Without taking CO2 into account.

12
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journals. Typically, a selectivity between 20-50%c to higher alcohols are reported with
hydrocarbons and CO2 as the main side products. Next to Co-rich catalysts, also Cu-rich catalysts
can be selective to higher alcohols. The nature of the active site in these catalysts is far from clear:
whereas Das and co-workers claim that only metallic Cu and Co are active 29, others report that the
higher alcohol activity results from a synergy between Cu+ and Co® 174, a stable Co2C/Cu® phase 176,
or a Co/Co2C interface altered by CO-inserting additives 177. Computationally, a CuCo(211) stepped
surface is selective towards ethanol at temperatures lower than 523 K, while a CuCo(111) close-
packed surface has a high selectivity for methanol. 178 In chapter 5 we report the synthesis of well-

defined CuCo catalyst on graphitic carbon and their performance in higher alcohol synthesis.

1.3 Copper as the main ingredient

Copper is a relatively abundant metal on Earth 179, explaining its relatively low cost of €6.38
per kg compared to for example platinum (€29.84 per gram) and palladium (€68.48 per gram) (US
market prices in December 2020) 137, The non-precious copper is a frequently used catalyst in the
chemical industry, for example as the main component in methanol synthesis catalysts 8687 or as a

reduction catalyst in iron-based Fischer-Tropsch catalysts 180.

Nanosized copper has the unique property to adsorb CO molecules with a binding energy (BE)
of -83 kJ mol! without breaking the C—O bond but to split H> molecules into H* atoms upon
adsorption (AE = -28 kJ mol-). 1! In other words, the copper surface has a limited activity for
directly breaking the C-O bond in a CO molecule, which has an activation barrier of
+299 kJ mol-L 181 CO2 is adsorbed weakly onto a Cu(111) surface with a BE of -7.7 kJ mol-! and the
direct scission of one of the C—O bonds in CO: still requires an activation energy of +171 kJ mol-L.
Yet, by progressive hydrogenation of adsorbed CO: via formate (HCOO*) and formic acid
(HCOOH*), the so-called H-assisted pathway, the C—O bond in formic acid can be split on a Cu(111)
surface with an activation energy of +100 kJ mol-. 1! This is one of the important reaction steps in
methanol and CO2 hydrogenation (section 1.2). This limited C—O bond breaking activity is due to
the stable filled d-band of metallic Cu that lies low in energy with an electron configuration of
[Ar]3d1°4s! and thus a limited extent of back-donation to the anti-bonding orbitals of the C—O bond.
In contrast, transition metals such as iron, nickel, and cobalt have partially filled d-bands higher in
energy and hence are able to overcome the activation barrier for dissociative CO adsorption via

back-donation. 182

The thermodynamically most stable crystallographic structure of copper is the face-centered cubic
(fce) structure. 183-186 A crystalline copper nanoparticle has various exposed surface planes, of which
the (111) facet is thermodynamically the most stable configuration in vacuum with a surface energy
of 1.33 J m-2. Other facets such as (100), (110), and (211) have higher surface energies of 1.49, 1.56,
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and 1.52 J m-2, respectively. 188 However, the ratio of the exposed facets depends on the gas
atmosphere, pressure, temperature, particle size, and the wettability of the support surface.
Furthermore, copper nanoparticles have a dynamic shape during catalysis. For example, in a highly
reducible syngas atmosphere copper nanoparticles of 4-6 nm spread out over a ZnOx surface, while
in the presence of H20 more spherical particles are formed.!87.188 Figure 1.5A shows the
thermodynamically most stable distribution of surface planes of non-supported copper particles at
varying temperatures and H> partial pressures. 183 The copper particle shape can furthermore be
tuned by selective adsorption of ligands on crystallographic planes, thereby inducing preferential
facet growth using colloidal synthesis (figure 1.5B). 184-186 Finally, copper nanoparticles have a
relatively low melting point (Tm for bulk Cu is 1358 K, for 10 nm spheres 1137 K, and for 3 nm

spheres 620 K 189) and hence we expect that they are highly deformable during reaction conditions.

1

.bar
i

ar

) (110)

— H,pressureat500K —

Figure 1.5 (A) Wulff construction of thermodynamically most stable Cu nanoparticles at different temperatures
and Ha pressures. Only (111) facets are covered with adsorbed H atoms at T' <500 K and p(H2) >1 bar. Adapted
from ref. [183]. (B-F) Various shapes of crystalline Cu nanoparticles (cylinder, cube (fcc), triangle,
dodecahedron, sphere, respectively) obtained by colloidal synthesis in isooctane using docusate ligands and

hydrazine as the reducing agent. Adapted from ref. [184].

1.4 Promoters

This thesis discusses supported copper nanoparticles as catalysts, but to enable their full
potential they are typically modified by additional metal (oxides) to obtain the desired activity,
selectivity, and stability. These added metal (oxides) can be either regarded as a promoter or as a
part of a bimetallic structure (if in the metallic form) or as a catalyst support. A promoter is defined

as a material which enhances the catalyst performance by either modifying the properties of the
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active component or by forming part of an intricate active site but has a limited or no activity on its
own. It is typically present in low concentrations with respect to the active catalyst component. On
the other hand, in bimetallic systems the individual components can both be active for the chemical
reaction but display a distinct catalytic performance. In supported bimetals, such as the CuCoOx
system in section 1.2.3, the characteristics of both active metals are combined, particularly to steer
the product selectivity. Similar amounts of both phases are mostly present in bimetallic systems in

contrast to a promoter.

There is however no clear distinction whether an additional metal oxide acts as a promoter, part of
a bimetallic system, or support. Furthermore, many distinct types of promotion exist and often
depend on the specific reaction conditions. Typically, literature relates promoter effects to their
structure in the initial and used state of a catalyst, while little information is available about the
promoter during operation at relevant reaction conditions. Recent improvements in state-of-the-
art X-ray absorption spectroscopy (XAS) 190-192 enabled us to study the role of the promoter during
catalysis, also named operando spectroscopy. In chapters 3 and 4 we used operando XAS to
observe time-resolved changes in zinc and manganese oxide promoters for copper-supported
nanoparticles. In this section we first introduce several types of promotion after which we focus on

zinc and manganese oxide promoters for supported copper catalysts.

1.4.1 Distinct types of promotion

There are two types of promoters: textural and electronic promoters. 7 Textural promoters
(figure 1.6C) can help to keep the catalytically active surface in a highly dispersed state by
minimizing particle growth during catalyst synthesis and/or catalytic operation. A key factor is the
strong metal—support interaction (SMSI), which can promote the catalyst stability. For example,
the interaction between copper and silica, magnesia, or alumina is much stronger than between
copper and activated carbon, thereby retarding the metal-adsorbate diffusion during catalyst

synthesis and operation. 18

Whether the intentional additive is either a support or a textural promoter is not well-defined but
may be based on its relative amount in the catalyst formulation. For example, the alumina
component in the methanol synthesis catalyst (Cu/Zn0/Al203) comprises only about 10 wt%, which
hence can be more regarded as a structural promoter than a support. Besides enhancing the poison
resistance by bonding sulfur impurities from the feed, alumina limits copper particle movement
over the catalyst surface. 193 A similar stabilizing role of alumina (ca. 17 wt%) has been observed for

macrocrystalline iron catalysts in CO oxidation. 194

Promoters can also adjust the electronic properties of a catalyst, thereby enhancing the activity

and/or selectivity. Alkali promoters, such as Na+ and K+ ions in the form of e.g. Na2O and K20, are
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A)

K/K,0
promoter

support surface

Figure 1.6 Different types of promotion. (A) A partially reduced, electropositive K20x promoter donates
electron density to a metal surface, which increases the back-donation of electron density from the reactant to
the metal surface, thereby facilitating dissociative adsorption of the reactant. LUMO = lowest unoccupied
molecular orbital. Based on refs. [195,196]. (B) A reducible metal oxide as an electronic promoter (P, blue) in
close contact with a supported, active nanoparticle (NP, white). (C) A structural promoter (blue) separates the
active NPs, thereby enhancing the dispersion. Interaction between the NPs and the support surface (indicated
by the arrows) lowers the NP diffusion over the support surface. (D) A reducible support (black) as a promoter,

which partially covers the active NPs.

an important class as they have a highly Lewis-basic nature in the partially reduced form and hence
form a strong positive charge (figure 1.6A). They are typically used in Fischer-Tropsch synthesis,
ethylene epoxidation, and ammonia synthesis to enhance the dissociation of the highly stable
adsorbed CO and Na, respectively. 197-200 Many different mechanisms are proposed to explain the
role of alkali promoters. 20! Generally, the electropositive alkali promoters become strongly
polarized upon adsorption on a metallic surface and effectively donate electron density to the
surface of the catalyst, thereby creating an electric dipole. As a result, the parallel coordination of
the adsorbed reactant to the surface is favored over the terminally coordinated reactant due to the
correlation between dipole moments of the dissociating reactant and the catalyst surface. Due to
the increased electron density on the metal, the anti-bonding 2:* orbital of adsorbed reactants will
accordingly be more filled, also called back-donation, thereby enhancing the dissociation of the
reactant. 3195201 Furthermore, the alkali promoters have a lower surface energy than transition

metals (<0.6 vs >1.2 J m=2) 202 hence they diffuse to the surface of active nanoparticles and only a
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few percent of alkali ions is more than sufficient to enhance the catalytic performance. The alkali

promoters even might influence the exposed facets in iron-based surfaces ammonia synthesis. 203

Other electronic promoters are reducible metal oxides (figure 1.6B). There are many ways how
these materials promote the activity and/or selectivity of the catalyst, but the key feature is that
there is a close intimacy between the active metal surface and the reducible promoter. This synergy
is enhanced when the promoting metal oxide is in the (partially) reduced state. Reducible metal
oxides are typically electron-withdrawing materials, thereby changing the oxidation state of the
active surface species (for example ceria changes the Cu+/Cu® surface ratio in Cu/ZnO/Al203
catalysts 204). They could simultaneously help to keep the active phase in the reduced (i.e. active)
phase. Other examples of promotion by reducible metal oxides is that they can alter the exposed
facets or crystallographic structure of the active phase and change the surface tension of the active

nanoparticles due to their strong interaction with the metal surface. 7

Also the support can have a large electronic influence on the catalytic behavior, promoting the
catalyst activity and selectivity (figure 1.6D). This is especially important for reactions which
proceed at the interface between the active metal and the support, such as in CO oxidation on
Pt/Fe304 catalysts or for nanoparticles/clusters <2 nm. 13 Reducible oxidic supports such as ceria,
titania, and niobia can be partially reduced by hydrogen spillover from the metal nanoparticles. As
a result, the partially reduced support species partially cover the nanoparticles, thereby increasing
the metal-support interface but lower the available metal surface. 205 Also support functionalization
can alter the catalyst stability. For example, copper nanoparticles supported on aminopropyl-
functionalized silica are stabilized during methanol synthesis by increasing the interparticle
distance by the relatively large surface groups. Consequently, the diffusion of copper species is
limited, compared to a non-functionalized silica support with mainly small silanol (Si—OH)

groups. 206

There is, however, an optimum in the surface coverage of active nanoparticles by an electronic
promoter. At increasing promoter concentrations the active surface area decreases until the surface
is fully covered with the promoter species. For instance, an optimum of 11 at% magnesia to carbon-
supported copper nanoparticles enhanced the activity, selectivity as well as the stability in ester
hydrogenolysis, but higher promoter loadings lowered the catalyst stability. 1 Finally, the location,
amount, distribution, and local geometry of the promoting species all heavily influence the exact
promoter effects. On top of that, the catalyst surface is dynamic during operation and hence

operando characterization is needed to fully understand the promoter effects.
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1.4.2 Zinc oxide in supported copper catalysts

Zinc oxide (ZnOx) is produced on a scale of ca. 10,000 tons per year and is mostly used in the
rubber industry (60%) to improve the thermal conductivity and mechanical properties. 207:208 ZnOx
is also industrially used as a promoter in methanol synthesis as well as in hydrogen production 209~
212 Fe-based Fischer-Tropsch synthesis 213-215, and ester hydrogenolysis 216. It is slightly active for
syngas conversion 87217.218 but combined with CuOx species it forms a much more active catalyst

formulation for methanol production.

For several decades, the role of the ZnOx promoter in methanol synthesis catalysts has been
investigated, both experimentally and computationally, in the typical Cu/Zn0O/Al>0s catalyst as well
as for Cu/ZnO model catalysts. Yet, the exact role of the ZnOx promoter is still under debate. 87,219-
221 One of older hypotheses was that ZnOx was only a stability promoter that increased the Cu
dispersion. 222223 Later it became accepted that the synergy between the Cu and ZnOx species was
key. There are various reported mechanisms, e.g. variations in the ZnOx oxidation state as a support
change the morphology of small Cu nanoparticles and thereby the exposed Cu facets 224, and the
hydrogen supply from ZnOx to a Cu surface by spillover under H2-deficient conditions 225226, Now
it is however generally accepted that the partial coverage of Cu nanoparticles by ZnOx is the key
factor for the promotional role of ZnOx. An open question is still if under reaction conditions ZnOx
forms a layer over Cu particles 225227228 if the Cu surface is decorated with Zn0 atoms 89220, or if a
CuZn alloy is developed 224226229, Also it is still not clear if CuZn alloy formation at the surface is

required 8! or unfavorable 22,

The exact understanding of the ZnOx promoter is hampered by the challenge to study its structure
during catalyst operation. For example, conversion level, particle size, activation procedure, and
support might all influence the local coordination and speciation of ZnOx. 18,39,46,93-95,104-106,188,220,230—
234 Furthermore, the reaction mechanism likely changes upon feed and catalyst composition. 108 To
understand the dynamic role of the ZnOx during relevant industrial conditions, time-resolved and
operando XAS needs to be used. In chapter 3 we used this state-of-the-art technique at a high
pressure during methanol synthesis to study the chemical nature and distribution of relevant

promoting ZnOx species.

1.4.3 Manganese oxide in supported copper catalysts

The world-wide consumption of manganese oxide (MnOx) from manganese ores is more than
1.5 million tons per year of which ca. 95% is used for the production of iron—manganese alloys for
the steel industry. 235 Only a small portion of MnOx is used as an electrolyte in batteries or a

component in the catalyst industry. MnOx is industrially used to promote the olefin selectivity for
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CuFe-based Fischer-Tropsch synthesis catalysts. 236.237 When changing the reactor pressure, the
MnOx promoter can also enhance the selectivity to long-chain alcohols using similar CuFeOx
catalysts, but this not yet commercialized. 238-240 In literature several studies report using MnOx as
a promoter for Cu-catalyzed reactions, including higher alcohol synthesis 157.174.241-245  ester
hydrogenolysis 19216, dimethyl ether (DME) synthesis and steam reforming 246247, the aldehyde-

water shift reaction 248, and HCI oxidation 249.

MnOx is not frequently reported as a promoter for Cu-catalyzed CO and/or CO2 hydrogenation to
methanol. From the limited literature we can conclude that MnOx boosts the total activity, either
attributed as a textural promoter by increasing the dispersion of small Cu nanoparticles 250-253 but
also an electronic promoter due to a specific Cu—MnOx synergy 253254, In most cases MnOx is
reported to also increase the methanol selectivity during hydrogenation of a CO-rich syngas feed,
ascribed to optimization of the Cu+/Cu® surface ratio 2525 or the stabilization of specific reaction
intermediates 250. There are also hints that MnOx might increase the thermal stability, but its effect
appears to be less pronounced than a ZnOx promoter. 256,257 There are still many open questions as
some reports suggest the absence of any electronic promotion of Cu nanoparticles by MnOsx, i.e. a
Cu—MnOx synergy 258, or that not the methanol selectivity but the CO selectivity increased upon
MnOx addition 256. In chapter 4 we report the effects of the MnOx promoter on carbon-supported
Cu catalysts in both CO and CO2 hydrogenation under relevant reaction conditions and describe the

MnOx speciation during operation with operando XAS at high pressure and temperature.

1.5 Scope of this thesis

The aim of this thesis is to describe the influence of promoters, such as ZnOx and MnOx, on the
performance of copper-supported catalysts in relevant hydrogenation reactions. These reactions
include both the synthesis of methanol and the related water-gas shift reaction. In combination with
electron microscopy and state-of-the-art operando XAS we ascribe the different catalytic
performances to structural changes in the catalysts in the ex situ state as well as during operation.
We make use of graphitic sheets as a model support to facilitate the intrinsic study of promoter
effects, thereby mitigating any effect of hydroxylated surface groups which are typically present on

metal oxide supports.

Chapter 2 focusses on the combined effect of CO2 enrichment of the synthesis gas and the presence
of the ZnOx promoter on the performance of supported copper model catalysts during methanol
synthesis. Next to absolute methanol formation rates also the remarkable differences in the
methanol selectivity are discussed between pure CO hydrogenation and combined CO/CO2
conversion. Furthermore, an optimum CO2 concentration in the syngas feed for maximum activity

of these catalysts is established under industrially relevant reaction conditions.
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Chapter 3 concentrates on how the use of an oxidic support for CuZnOx nanoparticles influences
the extent of the Cu—ZnOx interaction and hence their catalytic performance during high-pressure
methanol synthesis. With the use of time-resolved XAS during methanol synthesis at high
temperatures and pressures we were able to explain the differences in catalytic performance
between using a graphitic and silica support and provide unprecedented insights into the state of

the ZnOx promoter during industrially relevant conditions.

In chapter 4 we introduce MnOx as a promoter for supported copper nanoparticles in CO and CO2
hydrogenation to methanol and CO. Using operando XAS we underline the synergistic effect

between Cu and MnOx and compare the catalyst performance to a conventional ZnOx promoter.

Chapter 5 covers the synthesis of supported, bimetallic CuCoOx catalysts by two distinct
preparation techniques: incipient wetness impregnation and electroless deposition/galvanic

replacement. We describe the catalyst performance for CO hydrogenation to higher alcohols.

This thesis ends with summaries provided in both English and Dutch.
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Chapter 2

Interplay between carbon dioxide
enrichment and zinc oxide
promotion of copper catalysts in

methanol synthesis

Abstract

Methanol synthesis over Cu/ZnO/Al:0s is a key industrial reaction. Typically, a ZnOx
promoter and CO2 enrichment of the feed are applied to maximize the syngas conversion.
However, understanding the effects of these additives on the performance of the Cu
catalysts is obscured by the strong interaction between the ZnOx promoter and oxidic
supports. Here, we use Cu nanoparticles on graphitic support to study the interplay
between CO2 concentration and ZnOx promotion. CO2 enrichment enhanced the activity
with an optimum at 3 vol% in the feed but only if the ZnOx promoter was present,
demonstrating the intricate interaction between the two. Interestingly, not only the
activity but also the methanol selectivity was enhanced by CO2 enrichment, and even
further by the addition of ZnOx. Understanding not only the role of the individual
components but also the interaction between them is important to design catalysts for
processes with more flexible feed compositions.

Based on: Dalebout, R.; Visser, N.L.; Pompe, C.E.; de Jong, K.P.; de Jongh, P.E. Interplay between Carbon
Dioxide Enrichment and Zinc Oxide Promotion of Copper Catalysts in Methanol Synthesis. J. Catal. 2020, 392,
150-158.



CHAPTER 2

2.1 Introduction

Methanol is a key chemical building block for the production of a wide range of chemicals
including formaldehyde, olefins, acetic acid, and dimethyl ether. 6566 The annual methanol
production is around 100 million tons and the demand increases with about 4-5% per year. 65.67.68
Typically, a CO2-enriched synthesis gas feed (H2/CO/COQ2) is passed over a Cu/Zn0O/Al203 catalyst
at elevated temperatures (473-573 K) and pressures (40-100 bar). 887 Cu is the main active
component in this catalyst, which is promoted by ZnOx, whereas Al203 mainly serves for structural
stability. 88-91 Other catalyst formulations such as Cu nanoparticles supported on ZrO2 197, GaOx 9,
and CeOx204 or in the presence of Al, Ga, Mg, Mn, and/or Zr 93233234 NiGay/SiO2 259:260,

GaPd»/SiO2 261, and In203/ZrO- 262 have also been investigated.

Small amounts of CO2 (2-6 vol%) are generally added to the syngas mixture to increase the
conversion of Cu-based methanol synthesis catalysts. 6094104105 Although CO can be directly
hydrogenated to methanol 94.105108,263-265 it has been clearly documented that in CO2-enriched feed
streams the vast majority of the methanol molecules originates from the hydrogenation of CO2
molecules 104107-109, The water formed in this process drives the water-gas shift (WGS) reaction
(CO + H20 2 COz2 + Ha) 109,266 by reacting with CO in the feed over a Cu surface. In this way constant
but low concentrations of water and COz are sustained in the reaction atmosphere. Due to energy
storage considerations, it can be desirable to operate the process with high concentrations of CO2
in the feed or even with a pure H2/CO2 feed. However, hydrogenation of pure CO2 results in
relatively high water concentrations, which give rise to a poor catalyst stability. 125 Even though the
redistribution of the ZnOx promoter can also play a role, deactivation is mostly due to Cu particle
growth, as investigated in detail in our lab 206267268 and by others 95.269-271, Although the fact that
slight CO2 enrichment increases the catalyst activity and decreases its stability, it is not yet known

how and if the promoter plays a role in this.

Likewise, the influence of ZnOx on methanol synthesis is well known with a standard concentration
of CO2 in the feed 60:87.94,104107,220,272 hyt little is understood about its influence in different CO2
concentrations or while hydrogenating pure CO. Martin et al. 266 showed that for a Cu/Al>O3 catalyst
the methanol formation rate increased by one order of magnitude upon ZnOx promotion in the
absence of CO2 in the feed, while Nielsen et al. 264 reported no significant change in the activity
between 50 wt% Cu/Al>O3 and Cu/ZnO/Al>Os catalysts, whereas Studt et al. 108 and Zander et al. 273
even reported a poisoning effect by ZnOx on the activity of an 86 wt% Cu/MgO catalyst. It hence
seems that the effect of ZnOx also depends on the type of oxidic support used. ZnOx is known to
have a relatively strong interaction with oxidic supports, which also depends on the reaction
conditions. 1718274 As a result, a large fraction of the ZnOx might not be in the form of zinc oxide but
rather present as for instance zinc aluminates or silicates. Hence, oxidic supports might hinder the

understanding of the intrinsic influence of ZnOx on the performance of Cu catalysts. Graphite-like
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materials as a non-oxidic support may limit these effects and has for example been used as a support
for Cu(Zn)Ox particles in methanol synthesis 39, Ru particles in Fischer-Tropsch synthesis 275, and

bimetallic CuNi in dimethyl carbonate synthesis 276.

A decisive factor in catalysis is the selectivity. Methanol synthesis from CO»-containing syngas
delivers a high selectivity, typically more than 98%. 39:46.93-97 This remarkably high selectivity is
typically attributed to the limited effectiveness of Cu to dissociate CO, thereby limiting the
production of the thermodynamically more stable hydrocarbons. Even though the methanol
selectivity is generally high, it is still relevant to investigate the nature of the side products and how

the product distribution is influenced by the ZnOx promoter and the CO2 concentration.

Here, we study the combined effect of different amounts of CO2 (including its absence) to the syngas
feed and ZnOx promotion on the methanol selectivity and formation rate on carbon-supported
Cu(Zn)Ox model catalysts, to obtain insights into how these factors affect the performance of
methanol synthesis catalysts. We use graphitic carbon as a model support for Cu(Zn)Ox
nanoparticles as this avoids strong metal-support interactions 18 and hence is expected to limit

spectator species such as zinc mixed metal oxides.

2.2 Experimental
2.2.1 Chemicals

Copper nitrate (Cu(NO3)2:3H20, Acros Organics, 99%), zinc nitrate (Zn(NOs)2-6H20, Sigma
Aldrich, 299%), high surface area graphite (TIMREX E-HSAG500, TIMCAL Graphite & Carbon),
and nitric acid (HNOs, Merck, 65 wt%) were used as received. Reference was a commercial
Cu/ZnO/Al203/MgO catalyst from Alfa Aesar, containing a Cu/Zn/Al/Mg ratio of
63.8/24.8/10.1/1.3 wt%. Silicon carbide (SiC, Alfa Aesar, >98.8%, 46 grit) was sieved in a
212-425 um fraction, calcined at 1073 K for 10 h, subsequently washed with 65 wt% HNO3 and

rinsed with water until pH 7 was reached, and finally dried at 393 K overnight before use.

2.2.2 Catalyst synthesis

Typically, ca. 2.3 g of powdered high surface area graphite (Brunauer-Emmett-Teller (BET)
surface area 509 m2 g1) was dried at approximately 443 K under dynamic vacuum for 1.5h to
remove water from the pores. After cooling down to room temperature the fine carbon powder was
(co-)impregnated to incipient wetness 277, defined as 95% of the total pore volume by No
physisorption, under static vacuum with a 0.1 M HNOs solution containing 1.8 M copper (and 1.0 M

zinc) nitrates. The impregnated support was subsequently dried at room temperature under
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dynamic vacuum overnight and reduced at 503 K (ramp 2 K min-) in a 100 mL min-! flow of 20 vol%
H2/Na for 2.5 h. To be able to store and handle the catalyst in the oxidized state, it was exposed to a
flow of 100 mL min- of 5 vol% O2/N2 for 1 h, heated to 473 K with a ramp of 1 K min-! and oxidized
at 473 K in 15 vol% O2/Na for 1 h. The obtained X-Cu/C and X-CuZnOx/C catalysts, in which X
represents the surface-averaged CuO size in the fresh catalyst, had a theoretical Cu weight loading
of ca. 8.1 + 0.3 wt% and a ZnO loading of 0.1 or 5.3 wt%.

2.2.3 Catalyst characterization

N2 physisorption isotherms were measured on a Micromeritics TriStar IT Plus apparatus at
77 K. Prior to analysis the sample was dried at 443 K under an N flow overnight. The BET surface
area was determined according to the IUPAC procedure. 278 Pore size distributions were established
via a Barrett-Joyner-Halenda (BJH) analysis, using a carbon black statistical thickness curve
(t=2.98 + 6.45-(p/po) + 0.88-(p/p0)?) with a Faas correction. The total pore volume Vie: was
derived from the amount of N2 adsorbed at p/po = 0.995. The micropore volume Vmicro was obtained
via the t-plot method using the same statistical thickness curve fitted in the linear N2 monolayer
adsorption regime. The mesopore volume Vmeso was derived from integration of the adsorption-
based BJH curve between 2 and 50 nm. Finally, the macropore volume Vmacro was defined as the
difference between the total pore volume and the sum of the t-plot micropore volume and BJH-

derived mesopore volume.

Catalysts were imaged by transmission electron microscopy (TEM) on a Thermo Fisher Scientific
Talos F200X apparatus, operating at 200 kV and equipped with a high-brightness field emission
gun (X-FEG) and Super-X™ energy-dispersive X-ray (EDX) detectors. To this end, holey carbon
film-coated Cu or Au grids (Agar, 300 mesh) were dry-loaded with finely ground sample (<25 pm).
Number-averaged CuO particle sizes (dx) were determined by measuring at least 350 individual
particles at separate locations within the sample. These sizes were translated into surface-averaged

(ds) and volume-averaged (dv) particle sizes, including the standard deviations in the width of the

particle size distribution, via dg + sg = \/J%Zﬁl &+ 1% N (di-ds)? and dy + sy = 3/}%2% &+

’% Zﬁl(di-dV)Q, in which d; indicates the diameter of the i-th particle and N represents the total

number of measured particles. Only the relevant part of the lognormal distribution (>1% of the

modus) was considered for the calculation of average particle sizes.

Qualitative, chemical compositions were mapped by EDX spectroscopy, while imaging in high-
angle, annular, dark-field, scanning transmission electron microscopy (HAADF-STEM) mode. The
elemental maps were acquired using Velox™ analytical imaging software. The acquisition time per

EDX map was at least 15 min, and the probe current was around 700 pA.
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Powder X-ray diffractograms were recorded on a Bruker AXS D2 Phaser diffractometer at room
temperature with a fixed divergence slit. Samples were irradiated by Co Ka radiation (A = 1.790 &)
at 30 kV and 10 mA. Not only fresh catalysts, but also used catalysts were analyzed. These catalysts
were slowly exposed to ambient conditions, separated from the SiC in the reactors, and finely

ground prior to analysis.

Rietveld refinement was performed using Bruker DIFFRAC.SUITE TOPAS software by fitting CuO
(monoclinic, C2/c) and ZnO (hexagonal, P6smc) crystallographic data as Lorentzian functions
between ca. 36 and 48° 26. No crystal strain or preferred orientation in the lattice planes were
incorporated. The background was fitted as a first order Chebyshev polynomial, thereby taking the
complete diffractogram into account. The y-coordinate of the O atom in CuO and the z-coordinate
of the O atom in ZnO were refined. Crystallite sizes were obtained after the fitting converged to a

minimum goodness-of-fit (GOF) value.

Temperature-programmed reduction (TPR) profiles were obtained on a Micromeritics
AutoChem II 2920 apparatus. The sample (50 mg, <75 um granulites) was first dried in situ under
an Ar flow at 50 mL min- at 393 K for 30 min. The cooled sample was then exposed to 5 vol% Ha/Ar
at the same flow and heated to 873 K with a ramp of 2 K min-.. The formed H20 was captured with
a dry ice/isopropanol cold trap, and the reduction profiles were recorded with a thermal
conductivity detector (TCD).

2.2.4 Catalyst testing

Catalysts were evaluated in a 16-reactor setup (Flowrence, Avantium) for 160 h, operating at
40 bar(g) and 533 K using an H>/(CO + CO2) molar ratio of 2. The catalysts powders were pelletized
under a maximum pressure of 1 ton and sieved in granulites between 75-150 pm. The stainless-steel
reactors (inner diameter of 2.6 mm) were loaded with 178 mg 10-Cu/C, 51 mg 6-CuZnOx/C, or 6 mg
commercial Cu/ZnO/Al203/MgO catalysts and diluted with inert SiC (grain fraction of
212-425 pum). This resulted in inert SiC contents between 25 and 92 vol% of the total packed bed,
thereby minimizing the error by dilution to a maximum of ca. 3%. 279 The size difference of the sieve
fractions between the catalysts and diluent facilitated post-analysis by EM and X-ray diffraction
(XRD).

An insitu reduction was performed in 2.8 mL min! of 5vol% H2/No> at 523 K for 3h. The
temperature was lowered to 393 K before the reactors were flushed with syngas (H2/CO/He =
60/30/10 vol%) at a GHSV of 400, 1,400, or 24,600 h-! for 1 h for the 10-Cu/C, 6-CuZnOx/C and
commercial catalysts, respectively. The reactors were pressurized to 40 bar(g) and heated to the
reaction temperature of 533 K with a ramp of 2 K min-L. After obtaining catalytic data for 40 h in an

H2/CO/He gas atmosphere a small amount of CO in the gas feed was replaced by CO2 and the new
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gas composition was equilibrated for 1h. After 30 h on stream in a CO2-enriched feed, the CO2
content was stepwise further increased in a similar way up to H2/CO/CO2/He = 60/23/7/10 vol%.

The flows and catalyst loadings were adjusted to compensate for differences in Cu loading (8 vs
58 wt%) and packing densities of the sieved catalysts (0.52 vs 1.09 g mL) to achieve conversions in
the same range. A tri-phase carbonyl trap (activated carbon, y-Al203, ZnO) was located upstream of
the CO feed to remove metal carbonyls and sulfur species. Products were periodically analyzed by
online gas chromatography every 15 min. After catalysis, the samples were slowly exposed to air at
393 K.

2.2.5 Calculation of catalyst activity and selectivity

The individual CO and CO2 conversions (Xco and Xco2) were calculated according to
equation (2.1), in which A represents the GC peak area of the corresponding compound obtained
after the syngas mixture passed through a SiC-filled reference reactor (i.e. ‘in’) or through a catalyst-
filled reactor (i.e. ‘out’). The conversion levels were calibrated via He as an internal standard. The
combined CO + COz2 conversion (equation (2.2)) was calculated by taking the volume fractions of
CO (gco) and COz2 (@co2) in the syngas into account. The reported conversion levels were calculated
from all products i formed (equation (2.3)) as the carbon mass balance (Cba) was ca. 100 + 1%c
during all stages of catalysis. Here, Yis the yield, Q the volumetric flow rate, RF the response factor,

and Nc the number of carbon atoms.

X = (ACOm/AHe)m i (ACO‘B/AHE) out . 100% [%] @D
CO2) = . o .
@ ( Acoy, /AHe)

in

Pco " Xco + Po,  Xco,
Xco +co, = . [%] 2.2)

N i} N (O
X35 cop = ZYi = [(QC%)"‘“ (QCOZ)“‘] MR O -100% [%] 2.3)
i=1

(Qeo);, + (Qcoz)in

The Cu-normalized total activity and methanol formation rate were calculated via
equations (2.4)-(2.5). Here, Fco and Fcoo represent the molar flow rates in the reaction feed of

CO and COg, respectively. The product selectivity S is calculated according to equation (2.11).
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1\
XC6 (+ coy - (Feo + Feo,)

e 1 o1
Total activity = e, 100% [umolco (+ COp) conv. 8Cu S ] 2.4
Total activity - S,
Methanol formation rate = Y OMeOH (MmOl o o S S (2.5)

100%

The turnover frequency (TOF) was determined at an initial stage (equation (2.6)) and final stage
(equation (2.7)) of catalysis. The initial TOF was calculated from the surface-averaged Cu(Zn)Ox
size in the fresh catalyst (dsinitial) and the activity at t = 0 h, while the final TOF was obtained from
the surface-averaged Cu(Zn)Ox size after catalysis (dsfiral) and the activity at the corresponding time.

The methanol-specific TOFueon was calculated according to equation (2.8).

X% (+con(t=0h) - (Feo + Feo,)

initial
Cusurf (ds 7mCu)

R 1 R
TOFinitial = [10 ’ In0100 (+ CO») conv. In010usm.f S 1] (2.6)

X8 ¢+ con(t =100 h or 150 h) - (Feo + Feo,)

TOFﬁnal = final
Cusurf (dsma ’mCu)

[10_3 mOlCO (+ CO») conv. mOlEjlusurf S_l] (2-7)

TOF - Syeon

TOFyeon = 100%

[10_3 mOlMeOH form. mOlE:lusurf s_l] (2.8)

The molar amount of Cu surface atoms in the catalyst (Cusuf) used in equations (2.6)-(2.8) was
calculated according to equation (2.9), which depends on the Cu dispersion (Dcy, the ratio
between Cu surface atoms and the total amount of Cu atoms) and the molar amount of Cu atoms in
the catalyst (ncu). In turn, the Dcy depends on the Cu molar volume (Vi) and particle area (Am),

which are 7.09 - 102! nm3 and 4.10 - 1022 nm2, respectively. 206

6-Vn 1.04 nm

Am R dS *Ney # dS [nm] *Ncy [mOICusu‘f] (2-9)

Cugyrt = Dey - ey =

Finally, the carbon atom-based selectivity of compound i (S:) was calculated according to
equation (2.10). For the CO2-free methanol selectivity, CO2 was excluded as a product in the

product distribution.

1

_Ai-Nei (Aco,) - (Aco,),, + iAi'NC-i

RF; RFco, L RF,

S; -100% [%c] (2.10)
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2.3 Results and discussion

2.3.1 Structural properties of the catalysts

First, we discuss the particle size and elemental distribution in the catalysts as studied by
electron microscopy and energy-dispersive X-ray (EDX) spectroscopy (table 2.1). Figure 2.1
shows electron micrographs of two selected carbon-supported CuO catalysts, either promoted with
ZnOx or not. 50 In bright-field transmission electron microscopy (BF-TEM) (frames C and A)
particles of respectively ca. 5.4 nm and 9.3 nm (dark dots) are uniformly distributed over the
support surface (light grey). Similarly sized and well-distributed nanoparticles were consistently
found throughout these catalysts. Elemental mapping (frame E) shows that the ZnOx in the fresh
6-CuZnOx/C catalyst was evenly dispersed over the support surface and that the observed particles
in BF-TEM (frames A and C) were hence mostly consisting of Cu(O). However, the elemental
distribution after high-pressure methanol synthesis (frame F) is probably more representative of

the catalyst during action and demonstrates a close intimacy between the Cu and Zn species. The

fresh

dy=55£19nm
(n=351)

fresh

dy=9.3+£3.3nm
(n = 520)

Frequency (%)
Frequency (%)
V77777777 777757

Y 7Z—

AN e

Particle size (nm) Particle size (nm)

Figure 2.1 (A,C) Representative BF-TEM images and (B,D) corresponding particle size distributions of
(A,B) the fresh 10-Cu/C catalyst (8.1 wt%) and (C,D) the fresh 6-CuZnOx/C catalyst (7.7 wt% Cu, 5.3 wt% ZnO).
Surface-averaged CuO particle sizes were 9.9 + 3.3 nm and 5.7 + 1.8 nm, respectively. Elemental distribution of
Cu and Zn in (E) the fresh 6-CuZnOx/C catalyst in the same area of frame C and (F) the used 6-CuZnOx/C
catalyst.
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high surface area carbon support consisted of stacked graphitic sheets. As illustrated in figure 2.2,
the carbon material exhibited a surface area of 509 m2 g1 and a mesopore volume of 0.36 mL g,
while after Cu and Zn deposition 297 m2 g1 and 0.23 mL g were obtained. The high surface area of
the carbon support clearly allowed a uniform distribution of nanoparticles over the

support. 22.276,280,281

Table 2.1 Overview of structural properties of selected catalysts.

loading (wt%) TEM CuO particle size (nm) @ XRD CuO crystallite

catalyst

Cu Zn0 ds dv size (nm) b
10-Cu/C (fresh) 81 0 9.9+3.3 10.4 + 3.5 159+ 0.5
10-Cu/C (used) 11.6 + 4.4 125+ 4.7 13 ¢
10-CuZnOx/C 8.4 0.1 9.3+3.8 10.0 £+ 4.1 -
6-CuZnOx/C (fresh) oo 53 5.7+1.8 6.0+1.8 5.8+0.5
6-CuZnOx/C (used) 8.7+ 3.0 9.2+3.1 12¢
Co/ZnO/AEOI/MEOD o0\ 554 ca.10 58+01

(com cat) (fresh)

a Average CuO sizes with width of the particle size distribution. b Error indicates fitting error by Rietveld

refinement of CuO. ¢ Cu? crystallite size estimated from Scherrer equation at 59° 26, excluding CuOx.

,Ii) 500 —— adsorption ‘_Ez 0.8 c00 ‘_;
& 400177 desorption o) NE
e £ 06 400 =
9 ) e 300 5
= 200, o x| § 0.4 :
£ \OCU'C 9 0] 1200 g
£ 1 Sl 100 E

' " . " o 0.0 L2z : \ g
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Figure 2.2 (A) N2 physisorption isotherms of native graphite and selected catalysts. (B) Corresponding pore
volumes and BET surface areas. Blank = powdered graphite impregnated with HNO3 and activated in the same

way as the catalysts.

Figure 2.1 (frames B and D) shows that the CuO particle sizes were distributed in a lognormal

fashion for the fresh 10-Cu/C and 6-CuZnOx/C catalysts. Based on the histograms the particle size
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distribution was also translated into a surface-averaged size, which is relevant for catalysis, and a
volume-averaged size, which can be directly compared to X-ray diffraction (XRD) (table 2.1). 282,283
Figure 2.3 presents local EM images of selected used catalysts and shows that a few agglomerates
were present, which were not considered for the corresponding particle size averages to obtain a
more relevant representation of the active particle size. The preparation and characterization of
10-CuZnOy/C catalysts containing 0.1wt% ZnO was reproduced three times. For all three
10-CuZnOy/C catalysts similar number-averaged particle sizes (7.3 + 1.1 nm) and distributions were
obtained, proofing that the catalyst synthesis was reproducible. All three carbon-supported
catalysts shown in table 2.1 had a similar Cu loading (8.1 + 0.3 wt%), which was confirmed by
temperature-programmed reduction with Ha (7.7 + 1.4 wt%). These results show that the presence

of sufficient ZnOx, as in the 6-CuZnOx/C catalyst, limited the growth of CuOx nanoparticles during

catalyst synthesis.
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used
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Figure 2.3 Selected local EM images of the (A-B) used 6-CuZnOx/C and (D-E) used 10-Cu/C catalysts after
160 h of catalysis. (A) HAADF-STEM image and (B) corresponding elemental distribution of Cu, Zn, and C in
the same are as frame A. The most representative image of the used catalyst is shown in figure 2.1, taken from
the same catalyst batch. (D-E) BF-TEM images at separate locations within the same EM sample. (C,F) Particle
size distributions, comparing the fresh (the same as in frames B and D of figure 2.1) and used catalysts. Please

note the low frequency of the larger particles in the used catalysts.
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Powder X-ray diffraction patterns of the fresh 10-Cu/C and 6-CuZnOx/C catalysts (figure 2.4,
frame A) showed, next to the graphite diffraction lines at 30.7°, 50.4°, and 64.1° 20, only diffractions
attributed to CuO crystallites at 37.9°, 41.4°, 45.2°, 57.1°, 62.9°, and 68.7° 20. The crystallite sizes
were respectively ca. 16 and 6 nm and corresponded to the volume-averaged CuO particle sizes,
derived from the BF-TEM particle size histograms, of 10.4 + 3.5 nm and 6.0 + 1.8 nm, respectively.
No diffraction peaks due to ZnO were observed for the fresh 6-CuZnOx/C catalyst, which is in line
with the high ZnOx dispersion observed in the fresh catalyst with elemental mapping (figure 2.1,
frame E). After catalysis, the ZnO (partly) crystallized (figure 2.4, frame B), showing crystallites
of 12 nm. This observation agreed with the fact that in the used 6-CuZnOy/C catalyst also some
larger particles were found in the sample (figure 2.3, frame A). In both used 10-Cu/C and
6-CuZnOx/C catalysts (frame B) the diffractions at 50.6° and 59.1° 20 are attributed to 13 and 12 nm
Cu crystallites, respectively. Please note that these Cu? sizes are slightly smaller than the CuO sizes
in the fresh catalysts (table 2.1), but this difference may be explained by the fact that not all Cu is
in the metallic phase. Due to passivation of the samples after catalysis distinct phases of copper

oxide were present.

A) B)

1 80

100 A fresh - used
a | com cat a 601
& e “o; 6-CuZn0,/C
2 50 2 40;
o | )| T 7]
c c c
é 5] 10-Cu/C E 204
ol =sum ——=2Zn0 0 ZnO=m Cu’=a CuO=e
20 30 40 50 60 20 30 40 50 60 70
Angle (°) Angle (°)

Figure 2.4 Powder X-ray diffractograms of (A) selected fresh catalysts and (B) used catalysts after 160 h of
catalysis and subsequent passivation. The diffractograms are vertically offset for clarity. The blue dotted lines
represent Rietveld fittings, and the dashed lines describe the corresponding backgrounds. The peaks below 35°

20 in the com cat were due to mixed metal oxides, based on Al and/or Mg.

As a reference also a commercial Cu/ZnO/Al203/MgO methanol synthesis catalyst (com cat)
prepared by co-precipitation 39.86,89,95.269,284 was included (table 2.1, figure 2.2). XRD analysis in
figure 2.3 (frame A) shows diffractions at 35°, 38° and 42° 20 attributed to ZnO and with a width
corresponding to an approximate crystallite size of 4 nm. The catalyst typically contained ca. 10 nm-

sized Cu(O) particles 8 and 58 wt% Cu with a Zn/(Cu + Zn) molar fraction of 0.28, which was
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similar to our 10-CuZnOx/C catalyst (0.35). The commercial catalyst is known to have a close

intimacy of Cu and Zn species, whereas AloO3 mainly acts as a spacer. 88,90,91

2.3.2 Influence of ZnOx on activity and selectivity during CO hydrogenation

First, we evaluated methanol synthesis with only CO and H> in the feed (hence, without COz).
Figure 2.5 (frame A) shows the CO conversion as a function of time for two selected catalysts,
10-Cu/C and 6-CuZnOx/C, as well as for the commercial Cu/Zn0O/Al203/MgO catalyst to put our
catalysts into perspective. The commercial catalyst was stable from the start, probably because it
had already been exposed to temperatures >573 K 3989, although the stabilizing effect by Al and/or
Mg species may also play a role 86. For both carbon-supported catalysts an activation period of ca.
20 h was observed, which can be explained by the fact that this was the first time that they were
subjected to 533 K and high pressure. The hollow symbols represent a duplicate test from the same
catalyst batch, proving that the catalytic testing was reproducible. All these conversion levels are

well below the thermodynamic equilibrium of 35.7%. 98.285
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Figure 2.5 (A) CO conversion and (B) methanol formation rate over time during CO hydrogenation. Hollow
symbols represent a duplicate test from the same catalyst batch. Conditions: 533 K, 40 bar(g), H2/CO/He =
60/30/10 vol%, flow = 152, 560, 620 mL min gcul and GHSV = 400, 1,400, 24,600 h-! for 10-Cu/C, 6-CuZnOx/C

and com cat, respectively.

Table 2.2 shows the CO conversion, also normalized to the Cu mass in the reactor, as well as the
turnover frequencies based on the particle sizes in the fresh and used catalysts. Note that these
different activities are not directly reflected in figure 2.5 (frame A) as for these tests the flows and

catalyst loadings were adjusted to compensate for differences in Cu loading and packing densities
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Table 2.2 Overview of catalytic results during CO hydrogenation in the absence of COz2. The initial turnover
frequency (TOF) was calculated using the CuO particle size in the fresh catalyst and the activity at t = 0. The final
TOF was estimated from the CuO particle size after 160 h of catalysis and the activity at t = 40 h. The methanol
selectivity included CO2 in the product distribution. The errors indicate the standard deviation between two

measurements unless stated otherwise. Conditions were equal to figure 2.5. “Conv.” = conversion.

CO conv. CO conv. rate  total turnover MeOH selectivity
catalyst :;I—f)SV (%) (umol gculs?) frequency (103s1) e  (%c)

Oh 40h Oh 40 h Oh 40h Oh 40 h
10-Cu/C 400 88 1.3+01 21 0.4 1.6 + 0.6 03+£0.1 0 63+5
6-CuZnOx/C 1,400 151 5.7+0.1 215 6.5 6.0+18 3.8+13 48 75+1
com cat 24,600 6.8 6.2 8.7 7.7 3.0b 2.7b 89 88

a The error in the TOF reflects the width in the CuO particle size distribution from BF-TEM. b The CuO
crystallite size (from XRD) in the fresh catalyst was used in the calculation.

and to achieve conversion levels in the same range. By comparing the activities of the 10-Cu/C and
6-CuZnOx/C catalysts the ZnOx addition clearly led to an activity increase of about one order of
magnitude. After 40 h on stream our 6-CuZnOx/C catalyst had a methanol turnover frequency of
2.8 - 10-3 s, which was similar to the commercial Cu/Zn0/Al203/MgO catalyst with an activity of
ca. 2.4 -10-3 s-1. The turnover frequency of the 6-CuZnOx/C catalyst may be even higher as a few
agglomerates were found in this catalyst but not considered in the particle size average (figure 2.3,
frame A). As mentioned earlier in the introduction, only a few and somewhat contradictory studies
are available regarding the effect of ZnOx while hydrogenating pure CO, which might be induced
using (different) oxidic supports. Therefore, we studied the effect of ZnOx addition during CO

hydrogenation while using an inert graphitic support. 18

Figure 2.5 (frame B) presents the evolution of the methanol formation rate over time. After the
activation period all catalysts showed a stable methanol production. However, the methanol
formation rate (and selectivity from table 2.2) was surprisingly low (<8 umol gcu! s1), even for the
commercial catalyst, compared to what is typically reported for CO:2-enriched syngas
conversion. 399 This might be induced by a slight deficiency in hydrogen 28 and the slightly high
reaction temperature. Although there are few old studies available on Cu/ZnO/Al203
catalysts 94105263 as far as we are aware this is the first time that the methanol formation rates are
reported for carbon-supported Cu particles in the presence and absence of ZnOx during pure CO

hydrogenation.

Figure 2.6 displays the evolution of the other products formed over the 10-Cu/C and 6-CuZnOx/C
catalysts, averaged over at least four separate measurement runs. In both cases CO2 was the main

side product, but also hydrocarbons, ethanol and, in the case of the 6-CuZnOx/C catalyst, dimethyl
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Figure 2.6 Time evolution of side product formation rates during CO hydrogenation for the (A) 10-Cu/C and
(B) 6-CuZnOx/C catalysts. Mind the order of magnitude difference between the frames. All points are the average
over four or six separate measurement runs, with the error bars indicating the spread. Less than
0.4+0.5-10%and 0.4 £ 0.2 - 107 mol gcu s ethanol was formed, respectively. HC = hydrocarbons, DME =
dimethyl ether. Conditions were equal to figure 2.5.

ether (DME) were detected. The hydrocarbon formation rates were ca. 4 orders of magnitude lower
than typically found in iron-based Fischer-Tropsch synthesis. 226 DME was probably formed by
dehydration of methanol (2CH30H 2 (CH3)20 + H20) 226 on the acidic oxygen vacancy sites on the
ZnOx surface 287,288, Interestingly, CO2 was produced from CO, while no water or oxygen was present
in the feed. Other oxygen sources such as ZnOx or contaminations in the feed, SiC diluent, and/or
carbonyl trap do support the observed CO2 production (as discussed in the next paragraph in detail).
This CO2 production can be explained by the co-formation of hydrocarbons, ethanol, and DME. The
total formation rate of these compounds for the 10-Cu/C catalyst (5.1 + 1.1 - 10-8 mol gcu! s1) was
similar to the rate of produced CO: after 40 h of catalysis (6.9 + 3.1 - 10-8 mol gcu! s1). An analogous
observation was made for the 6-CuZnOx/C catalyst (6.3 £ 1.7 - 107 vs 7.2 £+ 1.8 - 107 mol gcul s1).
Hence, the following reaction plausibly occurred (next to direct CO hydrogenation to

methanol 89,94105,108,226,263-265): 2xCO + (x+1)H2 @ xCO2 + CxHax+2.

The contribution of impurities in the catalyst system to the CO2 production was studied in more
detail. A negligible number of Fe-based impurities, which are known to activate C—O bond splitting,
was found in the graphite support, SiC diluent, and the nitrate salts as determined by ICP analysis
(Mikrolab Kolbe, Germany), resulting in less than 11 ppm Fe (w/w) in the reactor. In addition, the
SiC diluent and reactor walls did not show any conversion, and the carbon mass balance was 100%
within error (1%). The carbonyl trap removed 0.96 wt% Fe(CO)s, 0.03 wt% Ni(CO)4, 618 ppm HaS,
and 921 ppm COS after several catalyst tests according to ICP measurements 92, while after
refreshment of the trap no significant changes in the catalyst performance were observed, proving

that the impurities in the CO gas feed did not influence the catalysts. Hence, we excluded any
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significant contribution of metal impurities to possible CO2 production in Cu-catalyzed pure CO

hydrogenation.

As mentioned earlier, the gas feed might be one of the potential oxygen sources for the CO:
production. The maximum possible amount of oxygen atoms from the gas feed was 4.4 pmol in
40 h, contributing only 1% to the total CO2 production. The carbon support contributed ca. 8% and
1% to the total CO2 production for the 10-Cu/C and 6-CuZnOx/C catalysts, respectively, deduced
from the surface group density on the graphite (0.161 + 0.002 nm-2) 22 and the comparison of the
CO2 yield between the catalysts and the native support. The ZnOx promoter in the 6-CuZnOx/C
catalyst can provide a maximum of 4% to the CO2 formation, assuming a complete reduction of the
promoter. Hence, as the combined contributions of the feed, support, and ZnOx can only partially
explain the CO2 production in the 10-Cu/C and 6-CuZnOx/C catalysts during CO hydrogenation, the

CO dissociation played a key role as an oxygen source.

An intriguing question is why the produced CO2 was not (entirely) consumed by hydrogenation to
methanol. From literature it is known that CO: is preferred over CO as the carbon source for
methanol production at high temperatures. 107109 The CO2 concentration in these systems is very
low with a corresponding partial pressure of 0.04 and 0.11 bar for, respectively, the 10-Cu/C and
6-CuZnOx/C catalysts after 40 h on stream, as CO2 was only generated during the reaction. To our
knowledge this is the first time that these relatively low methanol selectivities in a pure H>/CO feed

have been reported and tentatively explained.

2.3.3 Combined influence of CO:2 and ZnOx

In industrial methanol production a CO2-enriched syngas feed is typically used. ¢ Figure 2.7
(frame A) shows the effect of CO2 concentration in the syngas feed on the CO + CO2 conversion for
carbon-supported Cu catalysts with and without ZnOx as well as for the commercial catalyst. Please
note that this is the net conversion, as we cannot determine the extent of (reverse) WGS taking place
in the reactor. The conversion is taken after at least 30 hours on stream in a specific gas
composition. Even 1vol% COz2 in the feed (obtained by replacing 3% of the CO with COz2) increased
the CO + COz2 conversion for the 6-CuZnOx/C catalyst from 5.7% to 11.9%, and with 3 vol% CO2 in
the feed the maximum CO + CO:2 conversion was reached, while with even higher CO2 content the
conversion level again decreased, down to 6.8% with 7 vol% COz2 in the total feed. An effect of CO2
in syngas on the conversion has been observed earlier. 60.87.94.104105,107.220272 A similar conversion
increase was observed for the commercial catalyst for low and increasing CO2 concentrations, but

the decline at higher concentrations was much less pronounced.
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Figure 2.7 (A) Net CO + CO2 conversion at different syngas compositions. The catalysts were exposed to
increasing CO2 contents in the feed at a constant H2/(CO + COz2) ratio. Values were determined after 30 h on
stream in a specific gas composition (40 h on stream for no CO2 in feed). Error bars represent the standard
deviations between 2 measurements. (B) Methanol formation rate of the 10-Cu/C catalyst when activated in
different syngas compositions. The filled squares (m) represent the time-resolved data in frame A and are the
average over two measurements. The empty squares (o) represent a single catalytic test in which the catalyst was
directly introduced to a CO2-enriched syngas feed after insitu reduction in H2/N2 at 523 K. Conditions:
H2/(CO + CO2)/He = 60/30/10 vol%, further equal to figure 2.5.

The decrease in the conversion level for the 6-CuZnOx/C catalyst at higher CO2 concentrations in
the feed (frame A) can be explained by a combination of Cu particle growth, ZnOx promotion loss,
and/or Cu surface oxidation. TEM analysis (table 2.1) showed only a minor CuOx particle growth
to 8.7 + 3.0 nm in the used 6-CuZnOx/C catalyst, although probably a significant amount of the Cu
atoms was in several larger particles (figure 2.3, frame A) but contributing little to the active
surface area. XRD analysis of the used catalyst (figure 2.4, frame B) indicated a significant ZnO
crystallization to approximately 12 nm, even though a close interaction between ZnOx and Cu was
preserved (figures 2.1 and 2.3). Another possible consequence of the higher CO2 concentration
(and the additional H20 formation), and hence a more oxidizing atmosphere, might be a higher

oxygen coverage of the Cu surface, which is reported to render the catalyst less active. 87,104,108

The influence of COz in the syngas feed on the activity of unpromoted supported Cu particles was
so far not clear, as reported results varied depending on the type of oxidic support used. 108264
Furthermore, as we also found (figure 2.7, frame B), Cu-based catalysts can show a long activation
period and performance might be influenced on the activation protocol, which is a topic of further
study. However, based on carbon-supported model catalysts we clearly show that for unpromoted
Cu nanoparticles, in the absence of any oxidic phase, the syngas conversion level (frame A) is not

significantly influenced by the CO2 content. Hence, synergy between Cu nanoparticles and ZnOx (or
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another appropriate oxidic promoter) is clearly needed for effective CO2 hydrogenation, which plays

such an important role in the industrial methanol synthesis process. 108217

Figure 2.8 (frame A) presents the methanol selectivity of the catalysts in different syngas
compositions, thereby not taking CO:2 in account as a possible product in the product distribution,
as a function of the CO2 content in the feed. Interestingly, a modest addition of CO2 boosted the
methanol selectivity by ca. 8%c for the 6-CuZnOx/C and 10-Cu/C catalysts. In CO2-enriched syngas
feeds the commercial catalyst reached a methanol selectivity of >99%c, which was also reported by
our group at similar CO + COz2 conversion levels. 96.289 The lower selectivity for the 10-Cu/C catalyst
(89%c) was also observed for a Cu/SiOz2 catalyst (92%c) and might be caused by its low conversion
level. 290 Tt must be noted that the hydrocarbon formation rate was similar in all syngas atmospheres
(2.7 - 107 mol gcul st or 1.5-104s1 for the 6-CuZnOx/C catalyst), showing that the methanol
selectivity increase was governed by an increased methanol formation rate. This remarkable
improvement with the addition of a small amount of CO2 can be understood for the 6-CuZnOx/C
catalyst by the DME suppression, as sufficient H20O was generated via the CO2 hydrogenation to
methanol. Additionally, the higher H20 content seems to play a role in lowering of the C—O bond
dissociation activity with respect to the methanol formation rate, as discussed in detail in

section 2.3.2.
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Figure 2.8 (A) Carbon atom-based methanol selectivity, thereby not taking CO2 into account as a possible
product in the product distribution (see also equation (2.10)). (B) methanol turnover frequency (TOFmeon) at
different syngas compositions. The data depiction and catalysis conditions are equal to figure 2.5 (frame A).
The TOFueon was estimated using the CuO particle size after 160 h of catalysis. Error bars represent the standard
deviations between two measurements (frame A) or reflect the width in the CuO size distribution in the used

catalysts (frame B).
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Figure 2.8 (frame B) illustrates the methanol turnover frequency (TOFwmeon), serving as a
combination of the CO:2-free methanol selectivity (frame A) and the CO + CO2 conversion
(figure 2.7, frame A). For the ZnOx-promoted catalysts, the trends in the TOFmeon reflect those of
the CO + COz2 conversion. Also, our 6-CuZnOx/C catalyst performed in the same order of magnitude
as the commercial catalyst, hence illustrating the relevance of our model catalyst study. The slightly
lower conversion at higher CO2 contents in the feed might be explained by an increased loss of ZnOx
promoter effect by crystallization, dealloying and/or overcoverage over active Cu surface area 125,220
compared to the stabilized commercial catalyst by metal oxides. For the 10-Cu/C catalyst the
TOFumeon (frame B) did not change at all (2.1-104s1) upon CO2 enrichment of the feed, again

strongly suggesting that the Cu catalyst alone is quite inactive in CO2 hydrogenation.

2.4 Conclusions

We prepared a series of carbon-supported CuZnOx catalysts with a uniform distribution of Cu
nanoparticles and, when present, ZnOx in close contact with Cu during catalysis. While
hydrogenating pure CO ZnOx promoted the activity by about one order of magnitude and led next
to methanol to the production of dimethyl ether. A maximum activity of the promoted catalyst was
obtained with 3 vol% CO: enrichment of the syngas, whereas the methanol formation rate over
unpromoted Cu was not influenced by CO2 addition. Interestingly, alternative products (>10%c)
such as CO2 and hydrocarbons were formed for all catalysts in the absence of COz in the feed in
concomitance with methanol. The methanol selectivity of all catalysts was very high when CO2 was

present in the feed.
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Chapter 3

Insight into the nature
of the zinc oxide promoter

during methanol synthesis

Abstract

Despite the great commercial relevance of zinc-promoted copper catalysts for methanol
synthesis, the nature of the Cu—ZnOx synergy and the nature of the active Zn-based
promoter species under industrially relevant conditions are still a topic of vivid debate.
Detailed characterization of the chemical speciation of any promoter under high-pressure
working conditions is challenging but specifically hampered by the large fraction of Zn
spectator species bound to the oxidic catalyst support. We present the use of weakly
interacting graphitic carbon supports as a tool to study the active speciation of the Zn
promoter phase that is in close contact with the Cu nanoparticles using time-resolved
X-ray absorption spectroscopy under working conditions. Without an oxidic support,
much less Zn species needs to be added for maximum catalyst activity. A 5-15-minute
exposure to 1bar Hz at 543 K only slightly reduces the Zn(II), but exposure for several
hours to 20 bar H2/CO and/or H2/CO/CO:2 leads to an average Zn oxidation number
of +(0.5-0.6), only slightly increasing to +0.8 in a 20 bar H2/COz feed. This means that
most of the added Zn is in a zero-valent oxidation state during methanol synthesis
conditions. The Zn average coordination number is 8, showing that this phase is not at the
surface but surrounded by other metal atoms (whether Zn or Cu), and indicating that the
Zn diffuses into the Cu nanoparticles under reaction conditions. The time scale of this
process corresponds to that of the generally observed activation period for these catalysts.
These results reveal the speciation of the relevant Zn promoter species under methanol
synthesis conditions and, more generally, present the use of weakly interacting graphitic
supports as an important strategy to avoid excessive spectator species, thereby allowing
to study the nature of relevant promoter species.

Based on: Dalebout, R.; Barberis L.; Totarella, G.; Turner, S.J.; La Fontaine, C.; de Groot, F.M.F.; Carrier, X.;
van der Eerden, A.M.J.; Meirer, F.; de Jongh, P.E. Insight into the Nature of the ZnOx Promoter during Methanol

Synthesis. ACS Catal. 2022, 12, 6628-6639.
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3.1 Introduction

Methanol synthesis is an important, decades-old industrial process. Nowadays, a co-
precipitated Cu/ZnO/Al203 catalyst is used to hydrogenate CO2 to methanol in a CO-rich
environment. It has been well established that the methanol is predominantly formed from CO2
rather than from CO. The role of the CO is to supply COz2 via the reaction with water, which also
keeps the water level low. 60,94,104-106,291 Generally accepted is that Cu is the main active component
where ZnOx plays a crucial role in promoting the catalyst activity with about an order of
magnitude. 39:88-91291 Yet, the exact role of the ZnOx promoter is still under debate 219221, especially
due to a lack of detailed knowledge on the ZnOx speciation, structure, and its interaction with Cu
under the typical methanol synthesis conditions at 473-573 K and 20-100 bar 86.87.

Various hypotheses exist to explain the role of the ZnOx promotion. It has been suggested that ZnOx
increases the Cu dispersion and thereby the active Cu surface area 222223 and that the promoter
supplies hydrogen to the Cu surface by spillover 225226, The oxidation state of ZnOx can also play a
role in the morphological change of small Cu particles due to a varying degree of the Cu—ZnOx
interaction, thereby varying the exposed Cu surface planes. 224 However, by now it is universally
accepted that the coverage of Cu nanoparticles with partially reduced ZnO is essential for the
enhanced methanol production. An open question is still whether the promotion is due to the
formation of a ZnOx layer on the Cu particles 225227228292 to the formation and migration of Zn
atoms on (or into) the Cu surface 89.220.229293 or to the creation of active defects upon Cu—ZnOx
interaction 193,225,227 Research is typically performed on catalysts supported on metal oxides, which
may obscure the active ZnOx phase by the formation of mixed Zn metal oxides, and hence may
significantly differ from the relevant speciation and distribution of the active fraction of the ZnOx

promoter.

It is accepted that ZnOx (partially) covers the Cu nanoparticles in reducing conditions. The
fractional coverage of Cu with ZnOx during reaction conditions is mainly influenced by three factors:
the feed composition, governing the degree of ZnOx reduction, the ZnOxloading, and the Cu particle
size. For example, Kuld et al. 220 showed that by applying various feeds during catalyst activation an
optimal Zn coverage over a Cu surface of 0.47 was achieved using a Cu/ZnO/Al203 catalyst of
constant composition during CO/CO2 hydrogenation at ambient pressure. Yet, contradictory results
for the optimal Zn coverage were reported by varying the ZnOx loading under different reaction
conditions. 29429 Also in a pure H2/CO2 feed an optimal Zn coverage of 0.20, or an atomic Zn/Cu
ratio of 1.2-1.6, was reported for Cu/ZnO catalysts. 225227,228,296297 The question remains what the
actual state of the ZnOx is during working conditions in different feeds at high pressure, e.g. H2/CO

feed, syngas enriched with a relevant amount of CO2 (2-6 vol% 60,94104,105291) or an H2/CO2 feed.
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Much effort has been devoted to studying the interaction and oxidation state of ZnOx species in
CuZn-based catalysts in the calcined state 295298-300 and before/after 96:230,299,301-303  or
during 221,298:304-307 exposure to reducing atmospheres at (near-)ambient pressures (up to 8 bar).
Based on those results, it is still inconclusive whether the oxidation state of ZnOx slightly
changes 301302304 and whether Cu—Zn alloys are formed 221303 or not 299:301,305,306, For example,
recent studies reported the formation of a Cu—Zn alloy in a Cu/ZnO/Al:03 catalyst during a
(CO2/)H2 treatment at 15bar and 533 K8, but this alloy formation was absent for a
Cu/ZnO/faujasite catalyst with almost a 1-to-1 ratio of Cu and Zn 8. A unique tool that since very
recently allows to gain insight into the Zn oxidation state and speciation under realistic high-
pressure conditions and in the working state is X-ray absorption spectroscopy (XAS). Very recently
Divins et al. 292 published an interesting operando study at 20-40 bar in a CO2-enriched syngas feed
using silica and alumina supports, ascribing the active ZnOx speciation to a distorted ZnOx phase

with a maximum content of 9 at% Zn° atoms but most of the Zn species present as metal oxides.

Summarizing: a major obstacle until now to know the nature of the active state of the ZnOx promoter
is that typically a large fraction of Zn spectator species is present as formates, oxides, or mixed metal
phases, and is often due to the interaction with the oxidic catalyst support. 18:80.81,96,232,234,292 Hence,
the active promoter species represent only a fraction of the Zn species present in the system, and
averaged information, such as the Zn oxidation state and coordination number, are not

representative for the active ZnOx promoter species.

We present graphitic carbon as a support with very limited interaction with Cu and ZnOx. 18232 In
combination with a relatively low ZnOx loading it allows us to study specifically the ZnOx in contact
with the Cu nanoparticles during methanol synthesis and its speciation and interaction with the Cu,
based on time-resolved XAS experiments under working conditions, also as a function of different

feed compositions.

3.2 Experimental

3.2.1 Catalyst synthesis

A series of CuZnOx/C catalysts, with similar Cu weight loadings (8.0 + 0.4 wt%) but varying
Zn/Cu molar ratios, were prepared via incipient wetness impregnation following a published
method. 291 In brief, powdered high surface area graphite (TIMREX E-HSAG500, TIMCAL Graphite
& Carbon) was dried at ca. 443 K under dynamic vacuum for 1.5 h. The support was impregnated
at room temperature under static vacuum to 95% of the total pore volume with an acidified aqueous
solution containing 1.8 M copper nitrate (Acros Organics, 99%) and 0-1.8 M zinc nitrate (Sigma
Aldrich, 299%). Subsequently, the impregnated support was dried overnight at room temperature

under dynamic vacuum and further reduced at 503 K (ramp 2 K min-!) in a 100 mL min-! flow of

41




CHAPTER 3

20 vol% Ha/N2 for 2.5 h. After cooling to room temperature, the sample was exposed to a flow of
100 mL min-! flow of 5 vol% O2/Nz for 1 h, heated to 473 K with a ramp of 1 K min- and oxidized at
473 Kin 15 vol% O2/Na for 1 h.

The Cu/C (8.1wt% Cu), ZnOx/C (9.9 wt% ZnO) and CuZnOx/SiO2 catalysts were synthesized
following the same procedure as for the CuZnOx/C catalysts using the respective metal nitrate(s).
Only for the ZnOx/SiO: catalyst (10.0 wt% ZnO) a different heat treatment was applied: the dried
impregnate was heated to 723 K (ramp 2 Kmin) in a 200 mL min-! gear! flow of 2 vol% NO/inert
for 1 h. 289 Both SiO2-based catalysts were supported on silica gel (25-75 um, Davisil™, grade 643,
Sigma Aldrich, 299%). All catalysts are named CuZn-X/C or CuZn-X/SiOz2, in which X represents
the molar Zn/(Cu + Zn) ratio expressed as percentage. Please note that the 6-CuZnOx/C catalyst
discussed in chapter 2 is the same as the CuZn-35/C catalyst in this chapter. A commercial
Cu/ZnO/Al203/MgO catalyst from Alfa Aesar, containing a Cu/Zn/Al/Mg ratio of
63.8/24.8/10.1/1.3 wt%, served as a reference.

3.2.2 Catalyst characterization

N2 physisorption isotherms were recorded on a Micromeritics TriStar II Plus apparatus at
77 K. The samples were first dried at 443 K (or at 573 K for the SiO2 support) under an N2 flow
overnight. The BET surface area was determined according to the IUPAC procedure. 278 A Barrett-
Joyner-Halenda (BJH) analysis was applied to obtain pore size distributions, using either a carbon
black or Harkins-Jura statistical thickness curve. The single-point total pore volume Vit was
determined at p/po = 0.995. Integration of the differential pore size distribution (derived from the
adsorption branch) between 2 and 50 nm yielded the mesoporosity. The micropore volume Vmicro

was calculated using the t-plot method.

Transmission electron microscopy (TEM) imaging was performed on an FEI Tecnai 20
apparatus, operating at 200 kV. High-angle, annular, dark-field scanning transmission electron
microscopy (HAADF-STEM) images were obtained on a Thermo Fisher Scientific Talos F200X
apparatus, operating at 200 kV. With the same apparatus chemical maps were recorded using
energy-dispersive X-ray (EDX) detectors. The EM samples for the carbon-supported catalysts were
prepared by deposition of an ethanolic dispersion of the catalyst onto holey carbon film-coated Cu
or Au grids (Agar, 300 mesh). As adequate TEM measurements on the silica-supported catalysts as
such were not possible, they were ultramicrotomed. The catalysts were embedded in a two-
component epoxy resin (Struers, EpoFix), which was heated overnight at 333 K, and cut in
60-70 nm slices on a Leica Ultracut E. The slices were deposited on the aforementioned Au grids,
which were made hydrophilic by glow discharge in a Cressington 208 carbon coater. At least

350 individual particles at various locations within the sample were measured to determine the
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number-averaged Cu(Zn)Ox particle sizes (dn) with the standard deviation (sn) representing the

width of the size distribution. These mean sizes were translated into surface-averaged particle sizes

(ds) via dg + sg = \/ I%Zfil &+ I%Zfi 1(di-ds)?, with d; the i-th particle size and N the total number

of measured particles. Only the relevant part of the lognormal distribution (>1% of maximum) was

considered for the calculation of the average particle sizes.

Powder X-ray diffractograms were recorded on a Bruker AXS D2 Phaser diffractometer at
room temperature with a fixed divergence slit. Samples were irradiated by Co Ka radiation (A =
1.790 A) at 30 kV and 10 mA. Not only fresh catalysts, but also used catalysts were analyzed. These
were exposed to ambient conditions, separated from the SiC in the reactors, finely ground, and

characterized without any further pretreatment.

Temperature-programmed reduction (TPR) profiles were obtained on a Micromeritics
AutoChem II 2920 apparatus. The sample (50 mg, <75 um granulites) was first dried in situ under
an Ar flow at 1 L min- gsam! at 393 K for 30 min. The cooled sample was then exposed to 5 vol%
H>/Ar at the same flow and heated to 873 K with a ramp of 2 K min-L. The formed H20 was captured
with a dry ice/isopropanol cold trap, and the reduction profiles were recorded with a thermal
conductivity detector (TCD). The H2 reduction profiles of the CuZn-15/C and CuZn-15/SiO2
catalysts (25-75 um) were also obtained at a temperature ramp of 5 Kmin- in a 0.5 L min-! gsam

flow without prior drying to directly compare with the H» treatment during XAS.

Time-resolved, operando X-ray absorption spectroscopy (XAS) measurements on
simultaneously the Cu (8979 eV) and Zn K-edges (9659 eV) were performed at the SOLEIL
synchrotron (ROCK beamline). 308 Typically, ca. 3.5 mg catalyst (25-75 um sieve fraction) was
loaded in a quartz capillary (ID 1.5 mm, 50 um thick), which was tightly glued into a frame
connected to gas feed lines. A hot gas blower (FMB Oxford) ensured heating of the capillary. After
the capillary was leak-checked at 20 bar, XAS data was obtained in He at room temperature. The
catalyst was exposed to a 15 mL min-! flow of 20 vol% H>/He and heated to 543 K (ramp 5 K min-)
with a hold time of 5-15 min at ambient pressure. After the Ho treatment the capillary was cooled to
453 K prior to introducing a syngas feed (H2/CO/He = 60/30/10 vol%) at 15 mL min-l. Within ca.
100 min the capillary was pressurized to 20 bar, and subsequently the temperature was increased
to 533K (ramp 5 Kminl) and held for 160 min. For the CuZn-15/C catalyst the feed was
subsequently switched to H2/CO/CO2/He = 60/27/3/10 vol%, recording XAS spectra for 160 min,
and after that to H»/CO2/He = 67.5/22.5/10 vol%. Finally, XAS data were recorded after cooling to

room temperature at 20 bar and in the last experienced gas atmosphere.

During all treatments XAS spectra were recorded while scanning the X-ray energy from 8.70 to
10.65keV (20 averaged scans per 10s) in transmission mode using a Si(111) quick-XAS

monochromator. Methanol production and gas compositions were recorded with a mass
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spectrometer (Cirrus, MKS) at ambient pressure. If the measurement involved CO, a conditioned
carbonyl trap was used upstream the capillary to capture metal carbonyl compounds. ZnO (abcr,
99.999%), CuO (Sigma Aldrich, 99.999%), Cu20 (Sigma Aldrich, >99.99%), in-house synthesized
Zn3Si04, all mixed with boron nitride (Sigma Aldrich, 98%), and Cu (6 pm) and Zn (5 um) foils were

used as references, with their spectra being recorded at room temperature under air.

The macrocrystalline Zn2SiO4 reference was prepared via a solid-state reaction based on the review
of Takesue et al. 39 ZnO (0.73 g, Puratronic®, abcr Chemicals, 99.999%) and an excess of silica gel
(0.59 g, Davisil™, grade 643, Sigma Aldrich, >99%) (Zn/Si molar ratio of 1/1.1) were finely ground
with a pestle and mortar for at least 20 min. The mixed powder was heated in a tubular furnace to
1373 K (ramp 5 Kmin+1) in an N> flow for 4 h. After the solid-state reaction 1.25 g Zn»SiO4 was
obtained and finely ground before use. Figure 3.1 shows X-ray diffraction (XRD) patterns of the
initial ZnO + SiO2 mixture and the final Zn2SiO4 material. Crystalline Zn2SiO4 was obtained with
only a minor amount of the initial powders present. The excess of silica gel led to a higher conversion
level of the ZnO into Zn2SiO4, whereas the leftover amorphous SiO: did not influence the XAS data
on the Zn K-edge. All patterns were measured on a Bruker D8 Advance apparatus with Co Ka
radiation (A = 1.790 A) at 30 kV and 40 mA with a variable divergence slit.
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Figure 3.1 XRD patterns of the in-house synthesized Zn»SiO4 material and the initial ZnO + SiO2 mixture (solid
lines), alongside with ZnO and Zn>SiO4 reference data (bars). Note that the diffraction peaks of the amorphous
(SiO2) are barely visible.

The XAS spectra were processed using the Demeter software package. 310 Spectra were normalized
and background-subtracted by fitting a line to the pre-edge region and cubic splines to the post-
edge region. Spectra were energy-aligned using the Cu and Zn metal foil reference spectra, located

between the second and third ionization chambers, and measured simultaneously with the samples.
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Prior to analyses of the XAS data at the XANES region, the number of principal components was
assessed by principal component analysis (PCA) of the complete time series. In all cases the
cumulative variance explained (CVE) of the first three principal components covered more than
99.99% of the variance of the data, suggesting that three principal components were sufficient to
describe the data by multivariate curve resolution (MCR). Note that a principal component in PCA
is not a pure chemical phase but can represent a linear combination of pure chemical components

in a constant ratio throughout the time series.

The in situ XAS data at the XANES region was analyzed with linear combination fitting (LCF) using
the Athena software. For the Cu K-edge, a spectrum of the macrocrystalline Cu20 reference at 298 K
was used for the Cu+ state, while representative samples were used as references for the Cu2+ and
Cu0 states: a spectrum of the sample recorded at 298 K in a He atmosphere and recorded at 543 K
in an H>/He atmosphere, respectively. For the Zn K-edge, the average Zn oxidation number (ON)
was estimated using Zn metal foil as reference for the Zn0 state and macrocrystalline ZnO and
Zn3Si04 as reference for the Zn2+ state. The LCF was performed in Athena on the normalized u(E)

spectra in the region between -20 to 30 eV from the absorption edge.

MCR with constraints was performed on the data matrix using alternating least squares (ALS),
employing an in-house code written in Matlab® MCR-ALS decomposes a matrix X such that
X = CS + E, where E is minimized using ALS. Here, X represents the data arranged in a way that
every row is a spectrum recorded at various times, i.e. different row index. MCR-ALS allows to set
constraints for the matrix decomposition, which, in comparison to singular value decomposition
(SVD) used in PCA, can help in obtaining more meaningful eigenspectra (or spectral profiles) in S
in terms of spectra that more closely resemble spectra of pure chemical components. Here, the
constraints that are especially useful in the analysis of time-resolved XAS data are non-negativity
and closure, assuming that spectra do not contain negative values and that the concentration of the
element studied is constant. MCR-ALS will then decompose the data matrix into non-negative
eigenspectra in S and concentration profiles in C that sum to unity. We analyzed the data using
these constraints and three components, as determined by PCA as mentioned before. Based on
these results, we further varied the number of components between two and four and the number
of iterations, thereby comparing the obtained MCR-ALS eigenspectra with the reference data,

before selecting the final number of components and iterations.

The EXAFS data was fitted using the Artemis software. The amplitude reduction factor (S¢2) was
calculated from the EXAFS analysis of the known reference materials and used as a fixed parameter
during the fitting procedure for the spectra recorded at room temperature. The coordination
number (CN), energy correction term (AEo), the Debye-Waller factor (02), and the shift in the
interatomic distance compared to the FEFF model structure (AR) were used as free parameters

during the fitting. Multiple k-weight fittings were employed to derive the structural parameters. The
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typical distance fit range was 1.4-3.0 A for Cu K-edge fitting and 1.0-2.3 A for Zn K-edge fitting in

the Fourier transform. No phase correction was applied.

3.2.3 Catalyst testing

A 16-reactor setup (Flowrence, Avantium) was used to evaluate the catalyst performance for
methanol synthesis at 40 bar(g) and 533 K for at least 100 h. The powdered catalysts were pressed,
crushed, and sieved into granules of 75-150 pm and were loaded (3-180 mg) in the stainless-steel
reactors (ID 2.6 mm). The catalysts were diluted with SiC (212-245 um fraction, Alfa Aesar, >98.8%,
46 grit), resulting in SiC contents between 22 and 88 vol% of the total packed catalyst bed. 279 The
SiC had been previously calcined at 1073 K for 10 h, washed with 65 wt% HNOs3, rinsed with MilliQ
water until pH 7 was reached, and dried in static air at 393 K overnight. The varying catalyst
loadings enabled us to achieve similar CO (+ CO2) conversions (ca. 10%). The difference in sieve

fractions between the catalysts and diluent facilitated post-analysis by EM and XRD.

An in situ reduction was performed in 2.8 mL min- of 5 vol% H2/N2 at 523 K for 3 h after which the
temperature was lowered to 393 K. The reactors were exposed to a 2.2 mL min-! flow of CO»-free
syngas (H2/CO/He= 60/30/10vol%) or CO2-enriched syngas (H2/CO/CO2/He =
60/27/3/10 vol%), leading to a flow of 0.2-2.1 L. min-! gcu! and a gas-hourly space velocity (GHSV)
of 400-53,200 h-l. The reactors were pressurized to 40 bar(g), heated to 533 K (ramp 2 K min-),
and the reaction was run for at least 100 h. Alternatively, the ZnOx/C and ZnOx/SiO: catalysts were
alternately exposed to the pre-defined Ho/CO/He and H2/CO/CO2/He feeds. A tri-phase carbonyl
trap (activated carbon, y-Al2Os, ZnO) was located upstream of the CO feed to remove metal
carbonyls and sulfur species. Products were periodically analyzed by online gas chromatography
every 15 min. After catalysis, the samples were slowly exposed to air at 393 K. Details on the
calculations of catalyst activity and selectivity are given in section 2.2.5. The stability of the

catalyst activity was calculated by equation (3.1).

X8 ¢+ cop(t =100 h)
X8 (+cop(t=50h)

Stability = -100% [%] (3.1)

3.3 Results and discussion

3.3.1 Structural properties of the catalysts

Figure 3.2 shows representative electron micrographs, including elemental maps, of
CuZn-15/Si02 (frames A-C) and CuZn-15/C (frames D-F) catalysts both with 8.1 wt% Cu and
1.8 wt% ZnO. Note that the number in the catalyst names refers to the Zn/(Cu + Zn) fraction of
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15 at%. The silica as support consists of aggregated spheres of ca. 8 nm, whereas the graphitic
carbon has a sheet-like morphology of a few nanometers thick. Both materials have a high specific
surface area (>260 m2 g1) and ca. 50-60% of the total pore volume consists of mesopores (see also
figure 2.2 in the previous chapter), making these materials suitable supports for model catalyst

studies.

CuZn-15/Si0,

Figure 3.2 Representative EM images of the (A-C) CuZn-15/SiO2 and (D-F) CuZn-15/C catalysts. Frames A
and D involve BF-TEM, and frames B-C and E-F involve HAADF-STEM with an elemental map overlay.
Number-averaged Cu(Zn)Ox particle sizes are 3.4 + 0.8 nm (frames B-C) and 4.2 + 1.7 nm (frame D) for the fresh
CuZn-15/Si02 and CuZn-15/C catalysts, respectively. The used catalysts (frames C and F) are after 150 and 100 h
of catalysis in an Ho/CO/COz feed, respectively.

Frame A shows no clear Cu(Zn)Ox nanoparticles on the silica support, demonstrating that it was
challenging to distinguish metal particles on the silica support due to the limited phase contrast.

Only by imaging ultramicrotomed slices we were able to obtain a representative HAADF-STEM
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micrograph with an elemental map (frame B). Cu(Zn)Ox particles of ca. 3-4 nm (bright spots) were
observed for the CuZn-15/SiO2 catalyst, corresponding to mainly Cu species (blue dots) and ZnOx
species (red dots). The distribution of Cu and ZnOx looked similar after 150 h of catalysis (frame C),

which is probably more representative for the catalyst during catalysis.

When using a graphitic support (frame D) CuOx nanoparticles of ca. 4 nm were clearly discernable
by TEM and well-distributed (dark spots indicated with white arrows) on the carbon surface (light
grey). The distribution was confirmed by the elemental maps of Cu and Zn species, projected on a
HAADF-STEM image (frame E). There was a strong correlation between the location of the Cu
nanoparticles and the distribution of the ZnOx species, both in the fresh CuZn-15/C catalyst and
after catalysis (frames E-F). The characteristics of the full series carbon-supported CuZnOx/C
catalysts with varying Cu/Zn ratios, both in the fresh and used state, are presented in table 3.1 and
shows similar Cu(Zn)Ox particle sizes (dnx = 5-9 nm) with varying ZnOx loadings. The catalysts were
extensively characterized by N2 physisorption, X-ray diffraction and H2 reduction profiling, but only
a concise discussion is presented for clarity. Overall, we showed that in both catalysts well-
distributed Cu(Zn)Ox particles of similar size were present and that the relatively thin sheets of
graphitic carbon as a model support facilitated the determination of the particle sizes by electron

microscopy.

Table 3.1 Number-averaged Cu(Zn)Ox particle sizes of the CuZnOx/C, CuZn-15/SiO2, and ZnOy/SiO2 catalysts
in the fresh and used state (after 100 h of catalysis in an H2/CO/CO2 feed) by TEM analysis. Independent of the
7ZnOx loading, the number-averaged Cu(Zn)Ox particle size was 5.1 nm, while with (almost) no ZnOx the average

size was 8.9 nm. After catalysis, the Cu(Zn)Ox particles grew to an average of 9.5 nm in all catalysts.

loading (wt%) dn[CuO] (nm)

catalyst
Cu ZnO fresh used

Cu/C 81 0 9.3+33 1.0+ 6.7«
CuZn-1/C 8.4 0.1 85+£3.7 10.8+58¢«
CuZn-5/C 8.4 0.6 51+24 1.8+ 9.0
CuZn-15/C 81 1.8 42+17 10.0 £ 6.2
CuZn-25/C 7.9 3.4 56+22 6.3+23a
CuZn-35/C 7.7 5.3 54+18 6.9+38
CuZn-50/C 7.4 9.5 51+2.3 9974
CuZn-15/Si02 8.0 1.8 34+£08b 59x27a

a After 150 h of catalysis. b Obtained from HAADF-STEM images.
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3.3.2 Influence of the support and feed composition

In this section we compare the catalytic performance of CuZn-15/SiO2 and CuZn-15/C
catalysts, which were prepared and tested in the same way and have similar Cu(Zn)Ox particle sizes
and ZnOx loadings but only have a different support. Figure 3.3 shows the methanol formation
rate under industrially relevant temperature and pressure as a function of time in an H2/CO feed as
well as in an H2/CO/COz2 feed (mimicking industrially relevant conditions 60:94104.105291) Table 3.2
provides additional information on the conversion levels, turnover frequencies (TOFs), and

Cu(Zn)Ox particle growth during catalysis.
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Figure 3.3 Methanol formation rate of the CuZn-15/SiO2 (red circles) and CuZn-15/C (black squares) catalysts
in a CO2-free (open symbols) or -enriched (filled symbols) syngas feed. The data points of the CuZn-15/C catalyst
in H2/CO and H2/CO/CO2 are the average over 4 and 2 separate runs, respectively. Conditions: 533 K, 40 bar(g),
H2/CO/He = 60/30/10 vol% or H2/CO/CO2/He = 60/27/3/10 vol%.

The TOF for the carbon-supported catalyst (3.9-15.3 - 10-3 s1) was always higher than for the silica-
supported catalyst (1.6-3.0 - 10-3 s1) (table 3.2). Strikingly, the beneficial effect of CO2 enrichment
of the syngas feed on the methanol formation rate was much larger for the CuZn-15/C catalyst
(factor 3.5) than for the CuZn-15/SiO»> catalyst (factor 1.7) (figure 3.3). Upon CO2 enrichment the
methanol selectivity increased from 83 to 99 %c and from 85 to 98 %c after 100 h on stream for,
respectively, the CuZn-15/Si02 and CuZn-15/C catalysts, in line with earlier published results 29
and significantly higher than recently reported for CuZnOx/Al203 292, In literature enhancement
factors upon CO:2 enrichment of 2-4 are reported for Cu/Zn0/Al203 catalysts depending on the
reaction conditions 104105232 and differences were also observed between silica- and alumina-
supported CuZnOx particles 292, However, our results, obtained in the same reaction conditions and

with similar Cu particles sizes, unequivocally proves that promotion with a given amount of ZnOx
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Table 3.2 Catalytic performance of the CuZn-15/SiO2 and CuZn-15/C catalysts, with or without CO2 in the feed.
Errors represent the standard deviation between 2 or 4 separate measurements unless stated otherwise.
Conditions: 533 K, 40 bar(g), H>/CO/He = 60/30/10 vol% or H>/CO/CO2/He = 60/27/3/10 vol%.

CO2 flow CO (+ CO2) conv. (%) TOF (103 s1)a
catalyst . .

infeed (mL min?!ger?!) 50h 100 h initial & final ¢

no 211 12.2 10.4 3.0+£0.7 1.6 £ 0.7
CuZn-15/Si02

yes 63.8 5.8 5.0 26+0.6 3.0+134d

no 35.2+0.1 91+0.4 8.2+0.3 49+19 39+15
CuZn-15/C

yes 87.5+0.2 11.6 £ 0.3 9.6 £ 0.6 11.2+4.4 15.3+ 8.4

a Error reflects the width in the CuO particle size distribution. b Calculated from the average CuO size in the
fresh catalyst and activity at t = 0 h. < Calculated from the average CuO size in the used catalyst and activity
att =100 h. 4 After 150 h of catalysis.

is much more efficient using a carbon than using an oxide support. Under all conditions the ZnOx
promotion is more effective in the CuZn-15/C catalyst than in the CuZn-15/SiO2 catalyst, but the

effect is especially pronounced with CO2 enrichment of the feed.

It is known that ZnOx itself can also act as a methanol synthesis catalyst, albeit with a lower activity
than in combination with Cu. 87217218 Supported ZnOx species without Cu were investigated under
similar reaction conditions to check if the catalysis by ZnOx on graphitic carbon contributed
significantly. The ZnOx/SiO2 and ZnOx/C catalysts have the same ZnO loading (both 10 wt%) with
ZnOx particle sizes of 7.7 and ca. 4.5 nm, respectively. Figure 3.4 shows the CO (+ COz2) conversion
versus time on stream in the presence and absence of CO2 and for both an oxidic and a carbon

support.

Irrespective of the syngas composition, carbon-supported ZnOx species were more active than
silica-supported ZnOx species, even when taking the slightly different Zn surface areas into account.
TEM analysis showed no Zn-based nanoparticles in the fresh ZnOx/SiOz2 catalyst, whereas they were
present in the ZnOx/C catalyst. During pure CO hydrogenation the ZnOx/C catalyst had a significant
conversion of ca. 2% (of which ca. 1.3% was methanol). The activity of both supported ZnOx species
clearly decreased in the presence of CO2. The conversion level was restored when switching back to
an H2/CO feed. This demonstrates that the negative CO2 effect on the conversion is not related to
e.g. irreversible changes in the catalyst morphology but can be attributed to the significant
reduction of ZnO in a CO2-free feed, making it a more efficient methanol synthesis catalyst. Yet, the
activity of the supported ZnOx was too small to explain the overall effects of CO2-enrichment in
methanol synthesis of CuZnOx-based catalysts. Nevertheless, these results clearly show that an
oxide support has a strong interaction with the ZnOx and leads to a different speciation than for the

weaker interacting carbon supports.
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Figure 3.4 CO (+ CO2) conversion of silica- and carbon-supported ZnOx (10 wt%) in various syngas
compositions. Label ‘+3% CO2’ in the total feed corresponds to a CO2/(CO + CO2) volume fraction of 0.10.
Conditions: 533 K, 40 bar(g), H2/(CO + CO2)/He = 60/30/10 vol%, 21.9 mL min gearl.

3.3.3 Influence of the ZnOx loading on activity and stability

For the carbon-supported catalysts we investigated in more detail the effect of the ZnOxloading
on the activity and stability of supported Cu nanoparticles. Figure 3.5 shows the specific activity
as a function of the ZnOx loading in a syngas atmosphere with and without CO2 (please note the

logarithmic scale) for ca. 5.1 nm Cu nanoparticles supported on either a carbon support (black lines)

-
o
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Figure 3.5 Initial methanol turnover frequency (TOFmeon) of CuZnOx/C (black squares) and metal oxide-
supported (red circles) catalysts in an H2/CO (open symbols) or an H2/CO/CO:2 (filled symbols) feed (at t = 0).
‘Si02” = CuZn-15/Si0z2 catalyst. ‘com cat’ = commercial, co-precipitated Cu/Zn0O/Al203/MgO catalyst (58 wt%
Cu, ca. 10 nm CuO particles). Conditions: 533 K, 40 bar(g), H>/CO/He = 60/30/10 vol% or Ho/CO/CO2/He =
60/23/7/10 vol%.
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or an oxide support (red markers). The activity increased when CO2 was in the feed for all studied
ZnOx-promoted catalysts. After the initiation period all catalysts had a methanol selectivity >97%c
in COz-enriched syngas. The highest TOFueon values were obtained for carbon-supported catalysts
with Zn/(Cu + Zn) molar fractions between 0.15 and 0.25, irrespective of the presence of CO2 in the
feed. These ZnOx loadings are lower than the well-established optimal loading for the commercially
used Cu/ZnO/Al203/MgO methanol synthesis catalyst as well as for other oxide-based Cu catalysts

in literature (Zn/(Cu + Zn) content of 29-47 at%). 86.89.220,225,227,228,284,294-297

Another key factor in catalysis is the stability. In figure 3.6 this stability is defined as the ratio
between the activity after 100 h and after 50 h on stream. The addition of only 5 at% ZnOx was
sufficient to increase the catalyst stability from 74 + 8% to 84 + 3% upon syngas conversion.
Further increasing the ZnOx content to 15-35 at% maximized the stability to 91 + 2% and 83 + 3%
in an H2/CO and H2/CO/CO:2 feed, respectively. In the most heavily promoted CuZn-50/C catalyst
the stability was somewhat lower. We ascribe the stability improvement for intermediate amounts
of ZnOx to the fact that the presence of 15-35 at% ZnOx clearly limited the CuZnOx particle growth
during catalysis as evident from TEM analysis (table 3.1). Hence, ZnOx is not only an activity

promoter but also a stability promoter for carbon-supported Cu catalysts.
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Figure 3.6 Stability between 50 and 100 h on stream of CuZnOx/C catalysts (black squares), the CuZn-15/SiO2
catalyst, and a commercial Cu/ZnO/Al203/MgO catalyst (com cat) (red circles) in a CO2-free or -enriched syngas
feed. Error bars represent the standard deviation between two separate measurements. Conditions: 533 K,
40 bar(g), H2/CO/He = 60/30/10 vol% or H2/CO/CO2/He = 60/23/7/10 vol%. After 50 h on stream all catalysts

had a CO (+ CO2) conversion of ca. 10%, unless stated otherwise in table 3.2.
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3.3.4 Catalyst evolution during reduction in H»

From literature it is known that the coverage of the Cu surface with ZnOx species 220 and the
reduction degree of these ZnOx species 221301 are parameters that determine the effectiveness of
ZnOx as a promoter. However, mostly metal oxides are employed to support CuZnOx particles,
which can result in the formation of spectator species such as zinc silicates and aluminates 3996307,
hampering the study of the active fraction of the ZnOx promoter. The presence of the mixed Zn
metal oxides may hence obscure the results also of operando X-ray absorption spectroscopy (XAS)
measurements. Hence, our hypothesis was that our use of a carbon support would allow us to much
better study the formation, oxidation state, and structure of the relevant ZnOx promoter by time-

resolved, operando XAS at simultaneously the Cu and Zn K-edges at 20 bar and up to 533 K.

A first piece of information about the interaction between CuOx and ZnOx species can be derived
from the reduction profiles. Figure 3.7 shows the ex situ H2 reduction profiles of the CuZn-15/SiO2
and CuZn-15/C catalysts. The theoretically maximum Cu surface coverage by a monolayer of Zn
atoms is 75-95% for these catalysts with 15 at% ZnOx. The maximum CuO reduction temperature
(Tmax) as well as the offset temperature for reduction (Tofiset) were clearly lower for the CuZn-15/C
catalyst than for the CuZn-15/SiO2 catalyst (Tmax of 465vs 475K, Tofsee of 421 vs 434K,
respectively). Hence, the CuO is more easily reduced on a carbon support than on a silica support.

We ascribe this to a stronger interaction of CuOx with silica.

H, uptake (a.u.)

350 400 450 500 550 600
Temperature (K)

Figure 3.7 Ex situ reduction in 0.5 L min™ geat! flow of 5vol% Haz/Ar at 5 Kmin? in 1bar, mimicking the

conditions used during in situ H» treatment monitored by XAS.

The reducibility of the CuZn-15/SiO2 and CuZn-15/C catalysts was also investigated with in situ XAS

under similar conditions as for the ex situ Ho treatments. Time-resolved X-ray absorption spectra
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at the Cu K-edge (we refer the interested reader to figure S3.1 at the end of this chapter) were
analyzed by fitting linear combinations of the macrocrystalline references to extract the Cu
oxidation state evolutions, showing that the CuO species in both catalysts were fully reduced to Cu®
via the formation of Cu+ upon an Ho treatment up to 543 K for 5-15 min. This was confirmed by a
more in-depth study using multivariate analysis in which no prior information on the component
spectra was imposed but which yielded eigenspectra that corresponded well to the macrocrystalline
Cu references (see figure S3.1). This full reduction of CuO in ZnOx-promoted CuO nanoparticles

has also been reported in literature. 221.292,306,311

During the Ho treatment we also studied changes in the ZnOx oxidation state by in situ XAS.
Figure 3.8 presents the time-resolved, normalized X-ray absorption near edge structures
(XANES) and first derivatives at the Zn K-edge before and upon the Ha treatment. We start with
ZnOx species in the Zn(IT) oxidation state for both CuZn-15/SiOz2 (frames A and C) and CuZn-15/C

(frames B and D) catalysts, as clear from the comparison to the first derivative of the ZnO reference.

A) IO , ﬁ\ CuZn-15/SiO, B) IO A Vo CuZn-15/C

) ' = M -

|- i -

° °

Q Q

= N

© ©

E E

o before H o before H

= in H, ’ = / inH, ’

C) D) ;

@ o Zn(0)

-E reference E reference

© © AN

'2 ke ey .2 ””” 1 - A=

N I R A N R a

o © :

i% 10.1 E N 10.1

e ——
965 966 967 9.68 965 966 967 968
Energy (keV) Energy (keV)

Figure 3.8 (A-B) Time-resolved, normalized absorption and (C-D) corresponding first derivatives of in situ
XANES spectra at the Zn K-edge of the (A,C) CuZn-15/SiO2 and (B,D) CuZn-15/C catalysts (solid lines). The
spectra are depicted in the initial state at 298 K, during a treatment in 20 vol% H>/He up to 543 K in 1 bar each
ca. 5.7min, and finally in an H> atmosphere at 453 K. Dashed lines show the first derivatives of the

macrocrystalline ZnO, Zn2SiO4, and Zn foil references at 298 K.
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Upon heating in an H> atmosphere the Zn K-edge shifted to a lower energy (indicated by the
arrows), showing that partially reduced ZnOx was formed in both catalysts. The dominant features
were still due to the presence of Zn2?+, as clear from the peak at 9.6626 keV on the first derivatives,

although its intensity had slightly decreased.

Interestingly, the CuZn-15/SiO2 catalyst (frame A) displayed two distinct peaks in the normalized
XANES spectra (indicated with a and f8). This peak combination has been reported before and is
ascribed to the presence of zinc silicates in a single phase such as Zn»SiOa. 96309.312-314 Yet, the
CuZn-15/C catalyst (frame B) only had one single, broad peak (indicated with y), in line with a ZnOx
phase which was also observed in electron microscopy (figure 3.2, frame E). The estimated,
average Zn oxidation number (ON) was slightly lower for the CuZn-15/C catalyst than for the
CuZn-15/Si0z2 catalyst (+1.3 vs +1.6). Multivariate analysis on the Zn K-edge is more challenging
than for the Cu K-edge, as the XAS signal is lower. Extraction of the components suggests the
presence of three distinct phases for the CuZn-15/SiO2 catalyst (we refer the interested reader to
the multivariate analysis in figure S3.2 at the end of this chapter). The eigenspectrum of one of
the components resembles that of Zn2SiO4 and its contribution is relatively stable throughout the
experiment, indicating the presence of a substantial amount of Zn spectator species in the
CuZn-15/Si02 catalyst. For the carbon-supported catalyst a significant contribution of a compound
with a relatively high absorption at lower energies is found. The phases do not fully match with the
macrocrystalline Zn references, which indicates highly dispersed species of low crystallinity and/or
not very well-defined mixed phases. This confirms the impact of the support on the ZnOx speciation:
on an oxidic support the majority of the Zn species is irreducibly bound to the oxidic support and a
fraction of the Zn is bound in silicate species, while on a carbon support a highly dispersed ZnOx
phase with an average Zn oxidation number significantly lower than +2 is present, which might be
due to a high defect density in the ZnO (creating oxygen vacancies and a lower average ZnO state)

or possibly the intermixing of fully reduced Zn in the compounds.

3.3.5 Nature of the ZnOx under working conditions

The in situ Ha-treated catalysts were used for high-pressure methanol synthesis by CO,
CO/CO2, and CO2 hydrogenation. Upon catalysis no significant changes in the oxidation state and
local coordination of the Cu® were detected, in line with results published earlier. 80,230 Figure 3.9
shows the normalized, operando XAS spectra on the Zn K-edge in the XANES region after 160 min
in an H»/CO feed and after 160 min of subsequent H2/CO/CO:z2 feed for the CuZn-15/SiO2 (frames A
and C) and CuZn-15/C (frames B and D) catalysts. The numerical results in CO2 hydrogenation are
presented in table 3.3. Note that due to the XAS setup restrictions, the amount of catalyst and
hence the conversion was limited. For the CuZn-15/SiOz2 catalyst, the ZnOx was only slightly further
reduced during methanol synthesis (frames A and C) with an estimated Zn ON of +1.1. This was
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Figure 3.9 (A-B) Normalized absorption and (C-D) corresponding first derivatives of operando, normalized
XANES spectra at the Zn K-edge of the (A,C) CuZn-15/SiO2 and (B,D) CuZn-15/C catalysts (solid lines).
Depicted during H2/CO (and subsequent H2/CO/CO2) conversion at 20 bar and 533 K, each after 160 min. Gas
compositions: Hz/CO/He = 60/30/10 vol% and H2/CO/CO2/He = 60/27/3/10 vol%. Dashed lines show the
initial catalyst state (ZnO), macrocrystalline Zn2SiO4, and Zn foil at 298 K.

confirmed by a measurement after cooling the catalyst down to room temperature to obtain sharper
features (average Zn ON of +1.2). Features that were attributed to zinc silicates were dominant at
all stages in the XAS spectra for the CuZn-15/SiO2 catalyst, as confirmed by multivariate analysis
(see also figure S3.2). The fact that only a slight reduction of the Zn(II) is observed when using
oxidic supports and that the Zn species strongly interact with the support is in line with earlier

reports using oxidic supports. 80,96

Remarkably, in the CuZn-15/C catalyst a large fraction of metallic Zn was formed during methanol
synthesis at 20 bar (figure 3.9, frames B and D). This observation was confirmed by multivariate
analysis, which showed a resemblance of the independently extracted eigenspectrum of the Zn
species to the XAS spectrum of metallic Zn (see also figure S$3.2). The average Zn ON was only
ca. +0.6. Assuming that the Zn species are either in the Zn(II) or Zn(0) oxidation state, this means
that about 70% of the Zn species was completely reduced. With the addition of 3 vol% CO: in the

feed, a slightly less reducing gas atmosphere was created. Nevertheless, the Zn ON decreased
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Table 3.3 Average Zn oxidation number (ON) by XANES analysis, and average Zn coordination number (CN)
and bond length (R) by EXAFS analysis. The CNs and Rs are determined for the first Zn—O and Zn—-M (M = Cu
or Zn) shells using a fixed So? value of the reference materials. The first-shell Zn—O CN of macrocrystalline ZnO
is 4 with R = 1.97 A (So2 = 0.89 = 0.05), and the first-shell Zn—Zn CN of Zn® foil is 12 with R = 2.66 A (So? =
0.71+ 0.07).

stage during CuZn-15/Si02 CuZn-15/C
XAS Zn ON Zn CN R(A) || ZnON Zn CN R(A)
before Ho 2.00 £ 0.19 4 1 (Zn-0O) 1.97 1.92 £ 0.14 4 1 (Zn-0) 1.97
in Ho 1.63 £ 0.16 3.7+ 0.4 (Zn-0) 1.97 1.27+£0.13 3.8 £0.5(Zn-0) 1.94
. 2.6 + 0.5 (Zn-0) 1.95 1.8 + 0.2 (Zn-0) 1.92
in H2/CO 111+ 0.16 0.59 + 0.11

2.2 +14 (Zn-M) 2.55 6.1 +1.3 (Zn—-M) 2.54
. 1.7 + 0.3 (Zn-0) 1.92
in Ho/CO/CO2 - - - 0.45+0.11

6.1+ 1.3 (Zn-M) 2.54
2.0+ 0.2 (Zn-0) 1.92

in H2/CO2 - - - 0.56 £ 0.11
8.0£0.8(Zn-M) 2.53
. 2.6 + 0.5 (Zn-0) 1.96 2.0+ 0.2 (Zn-0) 1.94

after catalysis 1.22 £ 0.16 0.78 £ 0.12
2.2 +1.4 (Zn-M) 2.55 8.0+ 0.8(Zn-M) 2.54

further with time to ca. +0.5 after nearly 3 h in the H2/CO/CO2 feed, which is probably rather an
effect of time than feed composition. Upon switching to a pure H2/CO2 feed, the average Zn ON
slightly increased to +(0.6-0.8). An increase is expected in a more oxidizing gas feed, as it is also
predicted computationally that there will be a slight dependence of the ON (and hence probably the
Zn coverage) on the exact feed composition. 220 However, even under these conditions most of Zn
species remain in the fully reduced state under operando conditions. This means that the relatively
high Zn ONs in methanol synthesis systems reported until now (in the presence of an oxidic
support) can probably be explained by a strong promoter—support interaction, and hence a large
fraction of the Zn promoter species is being chemically bound to the oxidic support (and hence
inactive). In contrast, our use of a weakly interacting carbon support allows to assess an average Zn
oxidation state and coordination number that are much more representative of the true nature of

the active ZnOx promoter phase during methanol synthesis.

Several hypotheses have been postulated for the ZnOx speciation during Cu-catalyzed methanol
synthesis. Firstly, the beneficial effect of the ZnOx promoter was ascribed to the so-called strong
metal—support interaction (SMSI) with slightly reduced ZnO having a high affinity for the Cu® metal
and partially covering the Cu nanoparticle surface. 301315 Alternative explanations involve the
influence of ZnOx on the structure of the Cu nanoparticles. For instance, it was proposed that
specific steps sites were exceptionally active sites on the Cu® surface and that these step sites were

stabilized by Zn? atoms. 89.108.230 Metallic Cu and Zn are quite miscible; up to 33 at% Zn can dissolve
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in Cu (solid solution) at temperatures between 473 K and the melting point (>1175 K). 316 Some
groups proposed that the active site was related to the decoration of Cu® nanoparticles with Zn°
atoms and shallow diffusion of Zn© atoms into the Cu surface. 220,224 However, results from ex situ
and low-pressure studies have limited value, as it is known that the catalytically active phase
dynamically adjusts to the working conditions. 317 A recent high-pressure operando study, based on
oxidic supports, concluded that a distorted ZnOx layer was the majority phase under working
conditions with at most 9% of the Zn being present as Zn0 atoms. 292 Our experiments clearly show
that, if a strong interaction of the Zn species with an oxide support is avoided, a much more truthful
picture of the active fraction of the Zn promoter species under high-pressure methanol synthesis
conditions is obtained, and that this fraction is clearly reduced to zero-valent Zn upon prolonged

methanol synthesis conditions (figure 3.9).

Zooming in on the local coordination of the Cu and Zn atoms during high-pressure methanol
synthesis, we analyzed the extended X-ray absorption fine structure (EXAFS) region of the XAS
data. Figure 3.10 shows the EXAFS data on the Zn K-edge in R-space for the CuZn-15/SiO2
(frame A) and CuZn-15/C (frame B) catalysts in the initial state and upon heating in an H»
atmosphere. Selected EXAFS fitting parameters are available in table 3.3. The initial spectra of
both catalysts have a main peak at 1.50 A in the Fourier transform, which corresponds to first-shell
Zn—0 bonds such as in ZnO with a bond length of 1.97 A. The R-space of the CuZn-15/SiO: catalyst
(frame A) closely resembles that of the Zn2SiO4 reference, showing that a majority of the Zn atoms
is bound to the oxide support, as reported before. % No contribution of second-shell Zn—Zn bonds
was observed (frames A-B) (which could be expected in crystalline ZnO at 2.91 A in the non-phase
corrected Fourier transform, corresponding to a real bond length of 3.2 A 305), indicating the
absence of larger ZnO crystallites in both samples and in line with the high ZnOx dispersion
observed by TEM (figure 3.2). During in situ H2 reduction the Zn—O bond intensity at 1.50 A
apparently decreased for both catalysts, but this was simply due to the increasing measurement
temperature 30! as the overall peak intensities were significantly increased in the spectra taken at
room temperature after catalysis (purple lines in frames C-D) compared to the spectra taken during
the last stage of catalysis at high temperature. It is important to note that in neither of the catalysts
Zn° formation was observed during reduction in atmospheric-pressure H2 (the Zn—Zn or Zn—Cu
bond fingerprint is expected at 2.30 A in the non-phase corrected Fourier transform, its position is
indicated with an unlabeled arrow in the frames). After the in situ H2 reduction the first-shell Cu—
Cu coordination number (CN) in metallic Cu was ca. 11 (for bulk Cu® this CN is 12) and it remained
unchanged for both catalysts, independent of the exact feed. This means that no change in the Cu
nanoparticles was observed upon exposure to working conditions: neither a significant fraction of
oxidized copper nor the presence of highly dispersed copper. This is in agreement with the fully
reduced Cu observed in the spectra at the XANES region.
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Figure 3.10  Fourier-transformed EXAFS spectra at the Zn K-edge of the (A,C) CuZn-15/SiO2> and
(B,D) CuZn-15/C catalysts (solid lines). (A-B) Depicted during in situ reduction in the initial state at 298 K and
in an H2 atmosphere at 453 K after an H> treatment at 1 bar (for conditions, see figure 3.8). (C-D) Depicted
during high-pressure H2/CO (and subsequent H2/CO/COz2) conversion at 533 K and 20 bar (for conditions, see
figure 3.9) and after catalysis. Dashed lines depict the macrocrystalline ZnO, Zn2SiOs, and Zn foil references.

The unlabeled arrows indicate the position of Zn—Zn or Zn—Cu bond formation.

We continue the EXAFS analysis under operando methanol synthesis conditions by focusing on the
Zn local surrounding. Figure 3.10 (frames C-D) shows selected R-spaces from the EXAFS data on
the Zn K-edge for both catalysts. For the CuZn-15/SiO2 catalyst during CO hydrogenation, only a
very minor fraction of metallic Zn was observed (signal around 2.30 A indicated with the arrow in
frame C), in line with earlier reports on oxide-supported catalysts. 292301315 Nevertheless a change
was observed, as the first-shell Zn—O CN decreased from 4 (as in bulk ZnO and Zn2SiO4) t0 2.6 + 0.5
and a very low second-shell Zn—Zn or Zn—Cu (from here onwards denoted as Zn—-M) CN of 2.2 + 1.4
was obtained (for bulk Zno this CN is 12). This indicates a very slight change in the average Zn
surroundings, but due to the minor changes and the very similar Zn-Zn and Zn—Cu bonding
distances it is not possible to analyze this in detail. Overall, the signal remains dominated by
features that are attributed to Zn silicate species, and there is very little difference between the

reduced fresh catalyst and that under working conditions.
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Interestingly, the CuZn-15/C catalyst (frame D) displayed substantial changes when switching to
working conditions, which was already expected from the zero-valent Zn as evidenced by the
XANES analysis (figure 3.9 (frame B)). An average Zn—M bond length of 2.54 A (close to that of
2.66 A of the Zno foil reference) and a quite high Zn—M CN of 6.1 + 1.3 were obtained. This is clear
supporting evidence for the large fraction of zero-valent Zn species in the active catalysts. Upon
prolonged exposure (while slightly enriching the feed with CO2), the increase in coordination
number continues to a Zn? CN of ca. 8. This means that most of the Zn promoter species is present
in metal nanoparticles. The very similar Zn-Zn and Zn—Cu bonding distances do not allow to
unequivocally derive the nature of these metal nanoparticles. However, very likely the zero-valent
Zn is in Cu—Zn nanoparticles. The high Zn—M coordination number suggests that the Zn does not
remain as ad-atoms or a monolayer on the outside of the Cu particle. The diffusion coefficient of
Zn0 in Cu® strongly depends on the Cu particle size and temperature 189318319 but is high enough to
support a full distribution of the Zn throughout the relatively small Cu? particles at the time scale

of hours.

Interestingly, the time scale of the formation of highly coordinated zero-valent Zn is quite in line
with the generally observed activation period for Cu methanol synthesis catalysts exposed to
high-pressure working conditions. 88291 To our knowledge no clear explanation for this activation
period has so far been reported in academic literature, but our results suggest that the gradual

reduction of Zn(II) to active Zn(0) promoter species might be a principal factor in this activation.

Figure 3.11 summarizes the results of our study by depicting the ZnOx speciation in silica- and
carbon-supported Cu catalysts containing 15 at% Zn/(Cu + Zn) after reduction as well as during
high-pressure methanol synthesis. On both supports, the Cu2+ nanoparticles (depicted in dark blue)
were fully reduced to Cu® nanoparticles in 5-15 min exposure to 1 bar H» at 543 K. Even during high-
pressure methanol synthesis with a H2/COz feed, no significant subsequent change in the oxidation
state of the Cu was observed. Using an oxidic support, which is standard in commercial catalysts
and most academic studies, it was difficult to derive detailed information about the speciation of
the Zn component (depicted in red) that was active as a promoter. Only slight changes in the average
Zn speciation were observed (in line with earlier literature), as the signal was dominated by Zn
species that had a strong interaction with the oxidic support (depicted as a layer of ZnSiOx), and
these species remained dominant under all (also methanol synthesis) conditions. In contrast, using
a much less strongly interacting carbon support, allowed us to follow the fraction of the Zn species
that was closely affiliated with the Cu nanoparticles, and hence most likely represents the active Zn
promoter species during catalysts. Under methanol synthesis conditions, the relevant ZnOx phase
is in a deeply reduced state with an average Zn oxidation number of only +0.6. Assuming that only
Zn2+ and ZnO species exist, this means that ca. 70% of the ZnO is fully reduced to Zn°. The Zn—-M
coordination number was as high as 8 during methanol synthesis working conditions, showing that

the Zn? is almost fully coordinated with other metal atoms, and has likely mostly diffused into the
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Figure 3.11 Schematic representation of the ZnOx speciation in the (A-C) CuZn-15/SiO2 and (D-F) CuZn-15/C
catalysts, depicted (A,D) in the initial state, (B,E) after reduction and (C,F) under working conditions at 20 bar
and 533 K. The various shades of between blue (Cu) and red (Zn) in the CuZn particles represent the relative

extent of Zn? incorporation into the Cu® nanoparticles based on the estimated Zn ONs from the XANES analysis.

Cu nanoparticles. It is likely that this Zn speciation for the active promoter species is also relevant
for the more conventional oxide-supported catalysts, to which much more Zn must be added to
reach an optimum promoter effect, which is probably explained by the fact that a large fraction of

the added Zn is not active as promoter.

3.4 Conclusions

Cu nanoparticulate catalysts on graphitic carbon were prepared, and compared to SiO2-
supported catalysts, to better understand the interaction between the Cu and the Zn-based
promoter species and the speciation of Zn acting as a promoter during high pressure methanol
synthesis. With a modest amount of ZnOx promoter, the methanol formation for the CuZnOx/C
catalyst was significantly faster than for a CuZnOx/SiO2 catalyst with similar Cu particle size in a
pure H2/CO feed. This difference was even much more pronounced in a CO2-enriched syngas feed.
Importantly, the use of graphitic carbon model supports allowed us to reveal the true speciation of
the active fraction of the Zn-based promoter under commercially relevant methanol synthesis
conditions. The vast majority of the Zn(II) is reduced all the way to Zn(0) during methanol synthesis
at 20 bar. Also the Zn coordination number was high, making it likely that the Zn(0) diffused into
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the Cu nanoparticles. The characteristic time for this diffusion corresponds to the activation time
that is generally observed with this type of catalysts. For the first time this gives direct insight into
the nature of the active fraction of the Zn-based promoter in high pressure methanol synthesis, not
obscured by the commonly large fraction of Zn species that strongly interacts with an oxidic

support, and hence dominates the structural characterization results.
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Figure S3.1 Time-resolved XANES spectra at the Cu K-edge of the (A) macrocrystalline references in air at
298 K, and of the (B) CuZn-15/Si0O2 and (C) CuZn-15/C catalysts during an H» treatment (solid lines from black
to red). The Cu oxidation state evolution of the CuZn-15/C catalyst during this treatment, determined by (D) LCF
and (E) MCR-ALS (500 iterations) with (F) extracted eigenspectra. Conditions: 20 vol% H2/He, from 298 to
541 K (ramp 5 K min™), 1 bar.
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Figure S3.2 (A) Macrocrystalline Zn references at 298 K. (B,D) Extracted eigenspectra and
(C,E) corresponding concentration profiles by multivariate analysis (MCR-ALS) of time-resolved XAS spectra at
the Zn K-edge of the (B-C) CuZn-15/SiO2 (5,000 iterations) and (D-E) CuZn-15/C catalysts (25,000 iterations).
The concentration profiles are presented at various stages during the experiments (Hz = during an H» treatment
from 298 to 543 K; press = during pressurization to 20 bar in an H2/CO feed at 478 K; H2/COx = during catalysis
at 533 Kand 20 bar). The extracted components do not resemble pure Zn-based compounds but either represent
a relatively stable combination of various Zn-based compounds. Deviations can also be due to differences in the
particle size, temperature effects, the relatively weak XAS signal, and the interference with Cu forming
metastable phases. The eigenspectrum of component C2 in frame A mostly represents Zn»SiO4 and its
contribution is relatively stable throughout the experiment, indicating the presence of a substantial amount of

Zn spectator species in the CuZn-15/SiO2 catalyst.
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Manganese oxide as a promoter
for copper catalysts in CO2 and

CO hydrogenation

Abstract

In this chapter, we discuss the role of manganese oxide (MnOx) as a promoter in Cu
catalysts supported on graphitic carbon during hydrogenation of CO2 and CO. MnOx is a
selectivity modifier in an H2/CO2 feed and is a highly effective promoter in an H2/CO feed.
Interestingly, the presence of MnOx suppresses the methanol formation from CO2
(turnover frequency (TOF) of 0.7 £ 0.2 - 10-3 s at 533 K and 40 bar) and enhances the
low-temperature reverse water-gas shift reaction (TOF = 5.7 +2.0-10-3s1) with a
selectivity to CO of 87%c. Using time-resolved X-ray absorption spectroscopy (XAS) at
high temperature and pressures, we find significant adsorption of CO2 to the MnO, which
is reversed if COz2 is removed from the feed: a feature which is not observed for ZnOx-
promoted catalysts (see also chapter 3). A low concentration of H atoms might explain
the formation of CO instead of methanol. This work reveals fundamental differences in
the promoting effect of MnOx and ZnOx and contributes to a better understanding of the
role of reducible oxide promoters in Cu-based hydrogenation reactions.

Based on: Dalebout, R.; Barberis L.; Visser, N.L.; van der Hoeven, J.E.S.; van der Eerden, A.M.J.; Stewart, J.A.;
Meirer, F.; de Jong, K.P.; de Jongh, P.E. Manganese Oxide as a Promoter for Copper Catalysts in CO2 and CO

Hydrogenation, ChemCatChem, 2022, accepted.



CHAPTER 4

4.1 Introduction

Promoters are found in many supported catalysts. 320321 They are generally present in low
concentrations and, while usually being catalytically inactive for a specific reaction, they
substantially boost catalyst activity, selectivity, and/or stability.” For instance, in methanol
production from CO2-enriched syngas (H2/CO) the addition of a ZnOx promoter to the Cu/Al203
system leads to an activity enhancement of an order of magnitude, as presented in
chapters 2-3. 3989 This activity increase has made the Cu/ZnO/Al>0Os3 catalyst the established
industrial catalyst for the synthesis of methanol from syngas since the 1960s. 87 Another interesting
feature of this reaction is that it has been shown that it is the COz in the feed that is converted into
methanol 94104105291 and hence this system can form an important starting point for Cu-catalyzed

pure CO2 hydrogenation.

Elucidating the change in catalyst properties induced by various feed compositions is of significant
importance. The rising CO2 concentration in the atmosphere has pushed the interest in research to
convert CO2 in large industrial processes such as methanol synthesis from syngas. Yet, catalysts for
use in a feed purely based on CO2 and Ha2 face challenges. For example, without CO in the feed
Cu/ZnO/Al203 catalysts face faster thermal growth of the Cu particles and a significantly lower
methanol selectivity. % The Cu particle growth is accelerated by the extra water formed during CO2
hydrogenation to either methanol (equation (1.7)) or CO (the reverse water-gas shift (RWGS)
reaction, equation (1.9)). CO2 hydrogenation to methanol is an exothermic reaction but
entropically very unfavorable, hence high pressures are needed to reach reasonable equilibrium
conversion (e.g. 26.2%c methanol at 40 bar and 473 K with an H2/CO2 ratio of 3). On the other
hand, the RWGS reaction is endothermic and entropically slightly favorable. It is hence expected
that control over the experimental conditions such as pressure, temperature, and gas composition
is key to selectively obtain the desired product. Additionally, promoters can play a key role in

product selectivity.

Reducible metal oxides are particularly effective promoters in gas-phase hydrogenation reactions.
Their rich chemistry is based on the changes in the oxidation state of the metal, facile and reversible
creation of oxygen vacancies, and metal-metal interactions of the oxide. 108,273,322-324 Starting from
a high oxidation state, reduction to a lower metal oxidation state forms an oxygen vacancy. In turn,
this results in an excess of electrons, which is redistributed to the cation empty energy level causing
a change in the oxidation state of the cation Mn+ to M(»-D+, For this reason, metals that contain half-
filled d and forbitals, and hence have a variety of stable oxidation states, typically are redox
active. 14325 The presence of electropositive sites (vacancies) can have important effects during
catalysis, particularly influencing the adsorption properties of reactants and intermediate species,
e.g. favoring CO: adsorption and activation due to its electrophilic character. 250326327

Improvements in catalytic performance in methanol synthesis resulting from the use of reducible

66



MANGANESE OXIDE AS A PROMOTER FOR COPPER CATALYSTS IN CO2 AND CO HYDROGENATION

oxides as promoters in Cu-based catalysts have been reported for many reducible oxides, with ZnOx
being the most recurrent, but the nature of the metal-metal oxide interaction has been far from

fully understood. 220.252,323,328,329

MnOx is an interesting oxide as Mn has a rich variety of metal oxidation states (+2, +3, +4, +5, +6,
+7), low cost, and high abundancy. Despite this, only limited literature is available regarding the
use of MnOx as a promoter in hydrogenation reactions, specifically for Cu-catalyzed CO2 and/or CO
hydrogenation. MnOx has been reported to boost the total activity, either attributed to changing the
size and dispersion of the Cu nanoparticles 250-253330, to electronic promotion due to a specific Cu—
MnOx synergy 253254330, or to its influence on the concentration of basic surface sites that increase
the CO2 dissociation activity 330. As an example of electronic promotion, for NO reduction by CO the
formation of oxygen vacancies in (CuMn)304, specifically Cuw-D+—o—Mn®-D+, is reported to be the
main active site for N2 production as proven by in situ spectroscopy and DFT calculations. 327 MnOx
is also reported to increase the methanol selectivity during high-pressure hydrogenation of a COo-
rich syngas feed, which is proposed to be due to the presence of surface Cu+ species 25125 or
stabilization of specific reaction intermediates 2%0. There are also hints that MnOx might increase
the thermal stability of Cu nanoparticles 330, but its effect appears to be less pronounced than for a
ZnOx promoter 256,257 and mechanistic details remain unclear. There are still many open questions
as other reports suggest the absence of any electronic promotion of Cu nanoparticles by MnOx 258

or that not the selectivity to methanol but to CO increased upon MnOx addition 25.

The complexity of supported catalysts, e.g. partial mixture of the oxidic promoter and oxidic
support, has partly been responsible for the limited knowledge about the role of reducible oxides in
catalysis. 18,232 Recently, we reported that a silica support for ZnOx-promoted Cu nanoparticles plays
a significant role in reducing the efficacy of the ZnOx promoter due to the formation of a large
fraction of inactive Zn spectator species bound to the silica (chapter 3). The use of an inert support
such as graphitic carbon allows reducing this complexity and enables a more targeted investigation

of structure, properties, and catalytic functioning of reducible oxide-promoted catalysts.

Another reason why the promotion of Cu nanoparticles by reducible oxides is far from fully
understood is the dynamic nature of the catalysts under working (high-pressure) conditions 33! and
hence the need for operando studies. In situ X-ray absorption spectroscopy (XAS) is a powerful
technique with the ability to elucidate the nature of metal-oxide species under reaction
conditions. 80,8332 In this work, operando XAS has been employed as a tool to study the dynamic
changes in Cu and Mn interaction by following the oxidation state, electronic structure, and local
bonding environment during in situ reduction and high temperature and pressure CO2 and/or CO

hydrogenation to methanol.

Here, we investigate the impact of MnOx as a reducible oxide promoter on the activity, selectivity,

and stability of the Cu-catalyzed hydrogenation of CO and CO2. The nature of the MnOx—Cu
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interaction and the changes in the MnOx phase upon changing the feed composition are studied by
in situ XAS. We also highlight the fundamental difference in the promoting effect between MnOx
and ZnOx.

4.2 Experimental
4.2.1 Chemicals

Copper nitrate (Cu(NO3)2:3H20, Acros Organics, 99%), manganese nitrate (Mn(NO3)2:4H20,
Acros Organics), high surface area graphite (XG Sciences, xGnP® graphene nanoplatelets, grade
C-500 HP, Brunauer-Emmett-Teller (BET) surface area of 490 m2gl, total pore volume of
0.84 mL g1), and nitric acid (HNOs, Merck, 65%) were used as received. As a reference we used a
series of CuZnOx nanoparticles supported on graphitic carbon with varying Zn/Cu molar ratios but
similar Cu particles sizes, as previously discussed in chapter 3. Silicon carbide (SiC, Alfa Aesar,
>98.8%, 46 grit) was pressed and sieved in a 212-425 um fraction, calcined at 1073 K for 10 h,
subsequently washed with 65% HNO3, rinsed with water until pH 7 was reached, and finally dried
at 393 K overnight before use.

4.2.2 Catalyst synthesis

A series of CuMnOx/C catalysts, with similar Cu weight loadings (8.4 wt%) but varying Mn/Cu
molar ratios, were prepared via incipient wetness impregnation, according to a previously reported
method. 19 Typically, ca. 2 g of high surface area graphite was dried at 443 K under dynamic vacuum
for 1.5 h. After cooling to room temperature the fine carbon powder was (co-)impregnated to
incipient wetness, which means that the added liquid corresponds to 95% of the total pore volume
(0.84 mL g1) as measured by N2 physisorption at a p/po value of 0.995, under static vacuum with a
0.1 M HNOs aqueous solution of ca. 1.8 M copper nitrate and up to 0.9 M manganese nitrate. The
impregnated support was equilibrated at room temperature under static vacuum for 2 h prior to
drying under dynamic vacuum for 24 h. The dried material was transferred to an Ar-filled glovebox
and subsequently divided over two plug-flow reactors (1 g each) without exposure to air. The dried
precursor was decomposed at 503 K (ramp 0.5 Kmin) in an N2 flow of 100 mL min- g-! for 1 h.
After cooling to 303 K the material was exposed to 10 vol% O2/Na for 3 h and subsequently to pure
N2 for 30 min. Finally, the sample was reduced at 443 K (ramp 2 K min-) in a 100 mL min-! g flow
of 10 vol% Ha/Nz for 2 h, directly followed at 673 K (ramp 2 K min-!) for 1 h. A part of the reduced
catalyst was stored in an Ar-filled glovebox, whereas the remainder was slowly passivated in air at

room temperature. The obtained CuMnOy/C catalysts are named CuMn-X/C, in which X represents
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the molar Mn/(Cu + Mn) fraction in percentages. An MnOx/C catalyst (7.2 wt% Mn) was in a similar

manner. The Cu/C catalyst used in this chapter is the same as discussed in chapters 2-3.

4.2.3 Catalyst characterization

Structural characterization. Catalysts were imaged by transmission electron microscopy
(TEM) using a Thermo Fisher Scientific Talos L120C apparatus, operating at 120 kV. The samples
were prepared by loading finely ground, dry sample (<25 pm) onto holey carbon film-coated Cu
grids (Agar, 300 mesh). At least 540 individual particles at various locations within the sample were

measured to determine the number-averaged CuOx particle sizes (dx). Also surface-averaged sizes

(ds) were calculated using dg + sg = \/%Z{il &+ % N.(d;-ds)2, in which sg represents the width

of the lognormal particle size distribution, d; the diameter of the i-th particle, and N the total
number of measured particles. Only the relevant part of the lognormal distribution (>1% of

maximum) was considered for the calculation of the average particle sizes.

Powder X-ray diffractograms of the catalysts were recorded in the reduced state and after air
exposure on a Bruker AXS D8 Advance diffractometer at room temperature with a variable
divergence slit. Samples were exposed to Co Ka radiation (A = 1.790 A) at 30 kV and 45 mA. The
Scherrer equation was used to calculate the CuOx crystallite sizes from the peak widths, thereby
taking the instrumental line broadening of the X-ray diffraction (XRD) apparatus (ca. 0.1°) into
account. All diffractograms were normalized between O and 1, i.e. between the lowest intensity

at 20° and the maximum peak intensity due to the (002) reflection of graphite at 30.9°.

Temperature-programmed reduction (TPR) by H> was performed on a Micromeritics AutoChem II
2920 apparatus. Prior to the reduction the samples (50 mg each, <75 pm granulites) were dried at
393 K under an Ar flow of 50 mL min+ for 30 min and cooled to room temperature. Reduction
profiles were recorded with a thermal conductivity detector when the samples were exposed to a
5vol% Ha/Ar flow of 25 mL min- up to 973 K with a ramp of 2.5 K min-. H20 was captured with a
dry ice/isopropanol cold trap.

XAS analysis. Operando, quick X-ray absorption spectroscopy measurements on
simultaneously the Cu (8979 eV) and Mn K-edge (6540 eV) were performed at the SOLEIL
synchrotron (ROCK beamline). 308 Typically, 2-4 mg CuMn-11/C, CuMn-33/C, or MnOx/C catalyst
(25-75 um sieve fraction) was loaded in a quartz capillary (internal diameter 1.2 mm, 20-50 um
thick), which was tightly glued into a frame connected to gas feed lines. A hot gas blower (FMD
Oxford) controlled heating of the capillary. After the capillary was leak-checked at 20 bar, XAS data

was obtained in He at room temperature. The catalyst was exposed to a 10 mL min-! flow of 20 vol%
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H>/He and heated to 543 K (ramp 2.5 K min-1) at ambient pressure with a hold time of 20-30 min
(or 130 min for the MnOx/C catalyst).

After the Ha treatment the capillary containing the CuMn-11/C catalyst was cooled to 453 K prior to
introducing a syngas feed (H2/CO/He = 60/30/10 vol%) at 10 mL min-l. Within ca. 100 min the
capillary was pressurized to 20 bar after which the temperature was increased to 533 K (ramp
2.5 K min?) and held for 160 min. The feed was switched to H2/CO/CO2/He = 60/27/3/10 vol%,
recording spectra for at least 200 min, and similarly to H2/CO2/He = 67.5/22.5/10 vol%. The
CuMn-33/C catalyst was only measured under the H2/CO2 atmosphere. Finally, spectra were

recorded for both catalysts after cooling to room temperature under 20 bar of H2/COa.

During all treatments XAS spectra were obtained in the rocking mode, switching from the Cu
K-edge (8.70-9.86 keV, 50 scans, 35 s) to the Mn K-edge (6.40-7.10 keV, 60 scans, 40 s) using 10 s
to switch between each edge. The setup was configured in the transmission mode using as Si(111)
quick-XAS monochromator. The product gas compositions were recorded with a mass spectrometer
(Cirrus, MKS) at ambient pressure. When flowing CO gas, a carbonyl trap was used upstream of the
capillary reactor. MnO (Sigma Aldrich, 99%), MnCOs (aber, 99.985%), Mn20s (Sigma Aldrich,
99%), MnO2 (Sigma Aldrich, >99%), CuO (Sigma Aldrich, 99.999%), Cu20 (Sigma Aldrich,
>99.99%), all mixed with boron nitride (Sigma Aldrich, 98%), as well as Cu (6 um) and Mn (4 pm)
foils were used as references with the spectra being recorded at room temperature under air. The
XAS spectra were processed using the Demeter software package 319, as described in more detail in
section 3.2.2 for the Zn K-edge. For specifically these data: for the principle component analysis
(PCA) only two principle components were needed to cover more than 99.99% of the cumulative
variance explained (CVE), and for the linear combination fitting (LCF) crystalline MnO and MnCOs
were used as references for the Mn(II) oxidation state and Mn20s was used as reference for the

Mn(III) oxidation state.

4.2.4 Catalyst testing

Catalysts were assessed in a 16-reactor setup (Flowrence, Avantium) for at least 80 h, operating
at 20-40 bar(g) and 473-533 K using various CO2 and CO feeds. The catalyst powders were
pelletized and sieved into granules with a size of 75 to 150 um. The stainless steel reactors (internal
diameter 2.6 mm) were loaded with similar amounts of catalysts (ca. 26 or 39 mg) and diluted with
400-450 mg inert SiC (sieve fraction of 212-425 um), resulting in SiC contents of ca. 83 vol% of the
total packed bed. 279 The size difference of the sieve fractions of the catalysts and the diluent

facilitated separation after catalysis and hence post-analysis by EM and XRD.

Two separate catalytic tests were performed to evaluate the influence of various parameters, such

as the gas composition, temperature, pressure, and flow rate, on the catalyst performance. Prior to
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both tests, the catalysts were in situ reduced in a 20 vol% H2/N2 flow at 10.9 mL min-! and 543 K for
2 h after which the temperature was lowered to 393 K. During the first test (see figure 4.3 for an
overview as a function of time) the reduced catalysts were exposed to a 2.2 mL min! flow of
H2/CO2/He = 67.5/22.5/10 vol% at 690 mL min-! gcu! and a gas-hourly space velocity (GHSV) of
ca. 1,800 h7, after which the reactors were pressurized to 40 bar(g) and heated to 533 Kat 5 K min-l.
After 22 h the temperature was lowered to 473 K and consecutively increased in steps of 10 K to
533 K, recording data for 15 h at each reaction condition. In the same test, this temperature protocol
was directly repeated in a flow of Ho/CO/He = 60/30/10 vol% at 40 bar(g). In the second test (see
figure 4.8 for an overview as a function of time), freshly reduced catalysts were exposed to varying
gas compositions (H2/CO2/He, H2/CO/CO2/He = 60/27/3/10 vol%, and H2/CO2/He) at a pressure
of 20 bar, maintaining constant flow rate of 1.0 mL min- ges? at ca. 2,700 h'! and temperature of

533 K. In the same test, this specific protocol was directly repeated at a pressure of 40 bar.

A tri-phase carbonyl trap (active carbon, y-Al>03, ZnO) was located between the CO feed and the
reactor to remove metal carbonyls and sulfur species. Products were analyzed by online gas
chromatography every 15 min. After catalysis, the samples were slowly exposed to air at 338 K.
Details on the calculations of activity and selectivity are given in section 2.2.5. The gas hourly
space velocity (GHSV) was calculated by equation (4.1) using ppacking as the packed bed density of
the sieved catalyst without considering the dilution by SiC.

GHSV = Qfeed * Ppacking [h-1] 4.1

cat

4.3 Results
4.3.1 Structural properties of the catalysts

A main challenge in studying the influence of a promoter is to vary the promoter content while
keeping all other variables constant, such as the size of the metal nanoparticles. 19333 Figure 4.1
(frames A-H) shows electron micrographs of selected CuMnOx/C catalysts with the corresponding
particle size distributions. The surface-averaged particle sizes are summarized in table 4.1 (note
that the Cu/C catalyst is the same as the one presented in chapters 2-3). All Cu(Mn)O,/C catalysts
had a Cu loading of ca. 8.5 wt%, but their Mn/(Cu + Mn) molar content ranged from 0 to 33 at%,
as indicated in the sample name. For example, the CuMn-11/C catalyst contained 11 at% MnOx. In
all cases a good spatial distribution of the CuOx nanoparticles (black dots) over the sheet-like carbon
support (light grey) was obtained. The average particles sizes were between 5 and 7 nm, irrespective
of the MnOx loading (table 4.1). The Cu/C catalyst had slightly larger particles (10 nm) as it is
challenging to synthesize small CuOx particles supported on carbon without any additives. 334 MnOx

is thus also a structural promoter in Cu/C catalysts by enhancing or stabilizing a smaller Cu particle
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size. An MnOx/C catalyst with 7.2 wt% Mn was prepared as a reference. The catalyst synthesis 1°
was reproducible as shown by three batches of the CuMn-20/C catalyst, which had surface-average
particle sizes of 5.5 + 1.9 nm, 5.7 + 1.6 nm, and 5.1 + 1.7 nm, respectively.
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Figure 4.1 (A,C,E,G) TEM images and (B,D,F,H) corresponding particle size distributions of the MnOx/C,
CuMn-33/C, CuMn-11/C, and CuMn-5/C catalysts, respectively. The Cu/C catalyst is presented in figure 2.1.
(I) XRD patterns of selected CuMnOx/C catalysts in the reduced state; vertically offset for clarity.

Table 4.1 Surface-averaged CuMnOx particle diameters (in nm) of CuMnOx/C catalysts in the fresh and used

state determined by TEM. The particles were passivated under ambient conditions prior to the measurement.

catalyst fresh used

Cu/C 99+33 1l6+44¢«
CuMn-5/C 5.8+1.6 6.3+1.8
CuMn-11/C 69+23 65+20
CuMn-20/C 55+19 6.7+24
CuMn-33/C 54+13 6.6 +2.1
MnOx/C 48+14 9.3+4.0

a After 160 h of catalysis as described in chapter 2.
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The presence of crystalline phases was detected by X-ray powder diffraction (XRD), both after
catalyst synthesis in the reduced state and after passivation. The diffractograms of selected reduced
catalysts are shown in figure 4.1 (frame I). After catalyst preparation, during which temperatures
up to 673 K were used, the crystallinity of the carbon support was preserved, as demonstrated by
the (002) diffraction line of graphite at 30.9°. The peaks at 50.9° and 59.5° for the CuMn-5/C and
CuMn-11/C catalysts correspond to metallic Cu crystallites with an average size of only 3-4 nm,
whereas for the CuMn-33/C catalyst the peaks are attributed to Cu® crystallites with a size of ca.
7-8 nm. Specifically focusing on MnOx, no crystalline Mn phases were detected in any of the
catalysts. The amorphous background of the diffractograms increased when more MnOx was
present in the catalyst, which suggests that the MnOx promoter was highly dispersed and/or

amorphous.

4.3.2 Interaction between Cu and MnOx

We investigated the interaction of MnOx with Cu in our carbon-supported samples by ex situ
reduction by Ho as well as in situ, time-resolved X-ray absorption spectroscopy (XAS). Figure 4.2
(frame A) shows the ex situ reduction profiles of selected catalysts. Note that probably all carbon
surface groups were already reduced before this measurement, as the catalysts were Ha-treated at
673 K during catalyst synthesis. The Cu-free MnOx species were (partially) reduced around 587 K,
as indicated by the arrow. The reduction profiles changed significantly with the addition of Cu: a
peak around 433 K was observed, corresponding to the reduction of CuO to Cu0 335336, while the
high-temperature reduction of MnOx became much less pronounced. Furthermore, the offsets of
the reduction peaks around 433 K were slightly higher for the CuMn-33/C (407 K) than for the
CuMn-11/C catalyst (396 K). The increase in the reduction temperature at higher MnOx loadings is
a general trend observed across all CuMnOx/C catalysts. Hence, from the ex situ reduction profiles
it appears that Cu influences the reduction of MnOx, indicating close contact between Cu and MnOx,

but in situ XAS is needed to study in more detail what happens.

Figure 4.2 (frames B-F) shows the evolution of the oxidation states of the Cu and Mn species
during in situ Hatreatment. The oxidation states were obtained by fitting linear combinations (LCF
analysis) of the macrocrystalline references to the time-resolved XAS data depicted in figure S4.1
at the end of this chapter for the interested reader. In all Cu-based catalysts (frames C-D) the CuO
clearly was reduced in a two-step process to Cu® via the formation of Cu+, which is a typical two-
step conversion also reported in literature. 306335 Furthermore, the Cu species in the CuMn-11/C
catalyst had an oxidation state slightly below +2 (+1.90, frame C), while the CuMn-33/C catalyst
contained fully oxidized CuO (frame D). The CuO reduction was not significantly affected by the

presence of MnOx.
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Figure 4.2 (A) Reduction profiles of selected CuMnOx/C catalysts, which are vertically offset for clarity and
normalized by the support amount (50 mg catalyst). The arrow indicates the (partial) reduction of MnOx species.
Conditions: dried at 393 K in Ar, TPR with 5 vol% Hz/Ar, ramp 2.5 K min, 0.5 L min! g'. (B-F) Results from
linear combination fitting (LCF) of the Cu and Mn oxidation states of the CuMn-11/C, CuMn-33/C, and MnOx/C
catalysts, derived from time-resolved XAS measurements. Conditions: 20 vol% H>/He, ramp 2.5 K min, ca.

2.5-3.3 Lmin? g. ON = oxidation number.

Focusing on the Mn species, in the absence of Cu the MnOx was slowly reduced from Mn203 to
mainly MnO upon holding for 2 h at 543 K (frame B), in agreement with the ex situ H> profiling
(frame A). On the contrary, Mn203 in the CuMnOx/C catalysts (frames E-F) was reduced at a much
lower temperature around 405 K and exactly at the same temperature as CuO. The combined

reduction proceeded at a slightly lower temperature in the CuMn-11/C catalyst (400 K) than in the
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CuMn-33/C catalyst (410 K), in line with the ex situ reduction by H2 (frame A). Hence, with in situ
XAS we showed that (virtually) all MnOx was influenced by the close vicinity of Cu and that Cu

induced the reduction of Mn20s at a very low temperature as soon as metallic Cu was formed.

The MnOx species consisted of (amorphous) Mn20s in the initial state, whereas upon heating in an
H> atmosphere the Mn oxidation number (ON) decreased to between +2 and +3. The Mn203 species
were reduced to a somewhat lesser extent in the CuMn-11/C catalyst (+2.24, frame F), while a higher
extent of reduction took place in the CuMn-33/C catalyst (+2.03, frame E). The same Mn ON was
obtained for the Cu-free MnOx/C catalyst (+2.05) after a prolonged exposure at 543 K (frame B).
The Cu and Mn oxidation states were confirmed by a more in-depth study using multivariate
analysis in which no prior information on the component spectra was imposed and which yielded
eigenspectra that corresponded well to the macrocrystalline Cu and Mn references with only a
minor variation in the white line intensities (figure S4.1). Hence, we demonstrated for the first
time that closely interacting Cu catalyzed the Mn203 reduction at much lower temperatures and
determined the real Mn oxidation state in reduced CuMnOx/C catalysts using time-resolved, in situ
XAS.

4.3.3 Impact of MnOx on the catalyst activity and selectivity

The catalytic performance of the Cu catalysts in CO2 and CO hydrogenation was influenced by
the presence of MnOx. Figure 4.3 shows a typical measurement in an H2/CO2 feed (frame A) and
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Figure 4.3 (A) CO2 and (B) CO conversion as a function of time for selected CuMnOx/C catalysts, measured in
a single test. The numbers in the top banners represent the reaction temperatures in K. Conditions: 40 bar(g),
690 mL min! gyl ca. 1,800 h', 3.2 mg Cu, H2/CO2/He = 67.5/22.5/10 vol% or H2/CO/He = 60/30/10 vol%.
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consecutively in an H2/CO feed (frame B) at 40 bar pressure but different reaction temperatures.
All catalysts lost activity during the first 22 h on stream at 533 K (frame A) after which the
conversion was relatively stable, especially at lower temperatures (473-513 K). When returning to
the same reaction conditions after 92 h of catalysis only a slight additional loss of activity was
observed, e.g. from 16.1% to 15.5% for the CuMn-11/C catalyst (indicated by the arrows in frame A).
This means that, although carbon supports are known to have a relatively weak interaction with
metal nanoparticles 18, these catalysts are remarkably stable. In all cases we worked at conversion
levels well below the thermodynamic equilibrium (e.g. 22.1% at 533 K in the H2/CO2 feed) to study
the intrinsic catalytic properties of these materials. The non-promoted Cu/C catalyst showed a
considerable particle growth to at least ca. 12 nm, which was also observed in similar hydrogenation
reactions (chapter 2, table 2.1), while the Cu particle size was stable in CuMnOx/C catalysts (e.g.
from 5.8 + 1.6 to 6.3 + 1.8 nm for the CuMn-5/C catalyst) (see also table 4.1). In other words, it is
the MnOx promoter that induces the unexpectedly high stability in these carbon-supported catalysts
by suppressing the Cu particle growth.

Figure 4.4 (frame A) shows the CO2 conversion of selected catalysts as a function of temperature,
based on the same Cu mass (3.2 mg) for each catalyst. The Cu/C reference catalyst showed a CO2
conversion up to 12.2% at 533 K, while the MnOx/C reference sample did not show any significant
CO2 conversion. Combining MnOx species and Cu nanoparticles only slightly increased the CO2
conversion for intermediate MnOx contents compared to the non-promoted Cu/C catalyst. The
CuMn-11/C catalyst had a conversion 0of 15.2% at 533 K with an estimated turnover frequency (TOF)
of 6.4+2.2-103s1, which is in the same order of magnitude as for the Cu/C catalyst
(7.5 +2.5-10-3s1). At all measured temperatures, an MnOx content of 5-11 at% was sufficient to
optimize the total activity, while at higher MnOx loadings the conversion decreased. Frame B shows
the Arrhenius plots of the selected catalysts (assuming zero-order kinetics, which is reasonable at
the low conversion levels), which are translated in frame C to the apparent activation energy E. as
a function of the Mn content. The E. to convert CO2 appears to be independent of the Mn content
and has an average value of 88.1 + 1.4 kJ mol?, suggesting that in each of these catalysts the active
site for CO2 conversion is the same. For each promoted catalyst, the E. for CO formation
(95.7 £ 1.9 kJ mol?) is higher than the Ea for methanol formation (59.0 + 1.2 kJ mol?). Frame D
presents the pre-exponential factor A as a function of the Mn loading using the average E. for CO2
conversion as a fixed value. The CuMn-5/C and CuMn-11/C catalysts have a slightly larger A,
describing a higher probability of catalytic turnover and/or a higher density of active sites, and is in
agreement with the higher total activity of these catalysts. However, the impact of MnOx on the Cu

activity in CO2 conversion is minor.

The performance of the CuMnOx/C catalysts was also evaluated for the hydrogenation of CO,
consecutive to the CO2 hydrogenation experiment. Figure 4.5 (frame A) shows the CO conversion

as a function of the reaction temperature for selected catalysts. Please note the smaller scale on the
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Figure 4.4 (A) CO2 conversion as a function of temperature for selected CuMnOx/C catalysts determined from
the activity after ca. 15 h at each temperature, neglecting the initiation period at 533 K. The data are fitted by an
exponential curve. (B) Arrhenius plots based on the total amount of converted CO2 using linear fits without
restrictions. (C) Apparent activation energy as a function of the Mn content, determined for the total CO2
conversion, MeOH formation, and CO formation. (D) Apparent pre-exponential factor as a function of the Mn
content based on the total CO2 conversion using a fixed activation energy of 88.1 + 1.4 kJ mol.. The error bars
represent the error in the determination of the pre-exponential factor, while the shaded area indicates the width
induced by the error in the fixed activation energy. Conditions: 40 bar(g), 690 mL min-! gy, ca. 1,800 h-l,
3.2 mg Cu, Hy/CO2/He = 67.5/22.5/10 vol%.

ordinate compared to figure 4.4 (frame A). The MnOx/C and Cu/C catalysts showed a very limited
activity, but the CO conversion was greatly enhanced by the addition of MnOx to supported Cu

nanoparticles. In our series, the MnOx content of 11 at% showed the highest total activity at each
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Figure 4.5 (A) CO conversion as a function of temperature for selected CuMnOx/C catalysts determined from
the activity after ca. 15 h at each temperature, neglecting the initiation period at 533 K. The data are fitted by an
increasing exponential curve. (B) Turnover frequency as a function of the Mn content determined at 533 K using
surface-averaged particle size of the used catalysts. (C) Arrhenius plots using linear fits without restrictions.
(D) Apparent activation energy as a function of the Mn content, determined for the total CO conversion and
MeOH formation. Conditions: 40 bar(g), 690 mL min!gcy?!, ca. 1,800 h?l, 3.2mg Cu, H2/CO/He=
60/30/10 vol%.

tested reaction temperature. As an example, at 533 K the CO conversion increased from 0.8% for
the Cu/C catalyst to 6.6% for the CuMn-11/C catalyst. When taking the surface-averaged particle
size in the used catalysts into account (table 4.1), the MnOx promotion led to a total TOF
enhancement of an order of magnitude as shown in frame B. This promotional effect is even more

pronounced when focusing on the methanol formation (0.12 + 0.05 to 3.3 + 1.0 - 10-3 s1). Using
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Arrhenius plots of the CuMnOx/C catalysts in the H2/CO feed (frame C), the apparent activation
energy E. for the total CO conversion (frame D) was determined. The large activity increase upon
MnOx promotion is explained by a ca. 1.7times decrease in the E. from 99 +16 to
57.3 £ 1.3 kJ mol-. Our results clearly show that MnOx acts as a very efficient activity promoter for

supported Cu nanoparticles in CO hydrogenation, while having little effect in an H>/COx feed.

CO2 hydrogenation over supported Cu nanoparticles can lead to the formation of either CO or
methanol. 120121 For example, at 533 K and 40 bar in our H2/CO2 feed the thermodynamically
expected selectivity to CO is 55.2%c at an equilibrium CO2 conversion of 22.1%. Figure 4.6
(frame A) shows the selectivity to CO in CO2 hydrogenation at 533 K as a function of the MnOx
content (filled symbols). For comparison, the same experiments were performed with the
CuZnOy/C catalyst series from chapter 3 and are included in the frame (hollow symbols). In an
H2/CO:z feed the major product was CO (>72%c) for all catalysts, which was formed by the reverse
water-gas shift (RWGS) reaction in concentrations much higher than the equilibrium concentration
(dashed line in frame A). This might be related to an ineffective catalyzation of methanol synthesis.
Remarkably, MnOx promotion had no effect on CO selectivity and remained high at 86%c, while
ZnOx addition slightly decreased the CO selectivity from 86%c to 73%c.
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Figure 4.6 Selectivity to CO during CO2 hydrogenation, as a function of (A) MnOx or ZnOx loading at 533 K
(M = Mn or Zn metal) and (B) reaction temperature (CO2 conversion = 1.1-15.1% and 4.8-20.2% for CuMn-11/C
and CuZn-15/C catalysts, respectively). The selectivity was determined after 15 h at each reaction condition. The
dashed lines refer to the expected carbon-based CO selectivity at thermodynamic equilibrium, e.g. at 533 K the
equilibrium composition is H>/CO/CO2/H20/H>/He = 61.1/2.9/18.4/5.2/2.3/10 vol%. Conditions: 40 bar(g),
690 mL min"! gcy'?, ca. 1,800 h-1, 3.2 mg Cu, H2/CO2/He = 67.5/22.5/10 vol%.
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Figure 4.6 (frame B) shows the selectivity to CO in an H2/CO: feed at 533 K as a function of
temperature. The CuMn-11/C catalyst is compared to a reference CuZn-15/C catalyst from the
CuZnOy/C catalyst series of chapter 3, which has a similar Cu-to-promoter ratio. For both catalysts
more CO is produced at increasing temperatures, as expected for the endothermic RWGS reaction
(equation (1.9)). Interestingly, at all tested temperatures the CuMn-11/C catalyst was much more
selective to CO than the CuZn-15/C catalyst, especially at low temperatures. This makes the
CuMn-11/C catalyst a low-temperature RWGS catalyst with respect to ZnOx-promoted Cu particles.
In section 4.3.4 we further explore this remarkable difference between MnOx and ZnOx promotion

of Cu-based catalysts in hydrogenation reactions.

Reaction conditions such as temperature, pressure, and gas flow per catalyst volume are key to tune
the catalyst performance, specifically for CO2 hydrogenation. 118 Figure 4.7 shows for the
CuMn-11/C catalyst and at 20 bar pressure, the effect of the gas flow expressed as gas hourly space
velocity (GHSV) by equation (4.1) on the Cu mass-normalized CO formation rate (frame A) and
the CO selectivity (frame B). The CO formation rate increased from 8.7 to 24.4 umol gcu! s for a
higher gas flow per catalyst volume by a factor of 6. Also the CO selectivity slightly increased from
95%c to 98%c upon increasing the GHSV. These observations indicate that the methanol formation

is suppressed at higher flow rates by promoting the desorption of adsorbed CO from the catalyst
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Figure 4.7 (A) CO formation rate and (B) CO selectivity as a function of gas hourly space velocity (GHSV) for
the CuMn-11/C catalyst. The only other product was methanol with traces of CHs (<0.3%c). Conditions: 533 K,
20 bar(g), 1.1-6.4 mg Cu, H>/CO2/He = 67.5/22.5/10 vol%. Under these conditions the thermodynamic

equilibrium concentration consists of 82.3 %c CO. The data are fitted by an exponential curve.
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surface, possibly by effectively removing adsorbed H20. Hence, supported CuMnOx is an effective
RWGS catalyst at low temperature and high GHSV.

4.3.4 Comparison between MnOx with the ZnOx promoter

An interesting question is whether the MnOx promoter acts in a similar manner as the well-
established ZnOx promoter for methanol synthesis. Figure 4.8 presents the catalytic performance
of selected promoted Cu-based catalysts at 20 bar for the hydrogenation of either CO2, CO, or a
combination to methanol, mimicking the conditions during the operando XAS experiments. The
activity of the CuMn-11/C catalyst is directly compared to a CuZnOx/C reference catalyst with a
Zn/(Cu + Zn) molar fraction of 0.15 and similar Cu particle size (see also chapter 3). All catalysts
stabilized within the first 22 h in a pure H2/CO: feed (frame A). Only a slight additional loss of

activity was observed when returning to the same reaction conditions after 74 h of catalysis.

A) CO, CO0,/CO CO : CO, ,E) CO, CO,/CO CO : CO,

=30 , : : w 30 . . :

‘n CuZn-15/C 1 ! =i g : :

=3 bi;“ooo\ ! ! S : : !

S e S A - o

g 20'. CuMn-11/C ! |~ %0d 5 20 : ; ;

= h. i AMaA, c i E

2 [ : 2 Cuzn-15/C ;

2 10_Culc 000000y 8 40 i ; .

e ' [ umng § { CuMn-11/C

= /. 2 :

[+ | f T “‘AAI 1

E . || . 3\ 200000 o et ©0000d
0 20 40 60 80 = 0 20 40 60 80

Time on stream (h) Time on stream (h)

Figure 4.8 (A) Total activity in terms of converted CO2 and/or CO and (B) methanol formation rate as a
function of time on stream for the Cu/C and CuMn-11/C catalysts as well as for a reference CuZn-15/C catalyst.
Conditions: 533 K, 20 bar, 1.0 L min! gcu?, ca. 2,700 h', 2.1 mg Cu, feeds: Ho/CO2/He = 67.5/22.5/10 vol%,
H,/CO»/CO/He = 60/3/27/10 vol%, and Hz/CO/He = 60/30/10 vol%.

The ZnOx promoter behaved as expected from literature in the various feed compositions 77:94108;
frame A shows a higher activity for the CuZn-based catalyst in H2/CO2 than in H2/CO, mainly due

to an increased RWGS reaction activity leading to ca. 87%c CO, while frame B shows that the
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highest methanol formation was observed when a small amount of CO2 was added to the syngas
feed.

The behavior of the MnOx promoter is quite different: the 3 vol% COz2 in H2/CO gave a very low total
activity (frame A) and methanol formation rate (frame B) for the CuMn-11/C catalyst. Another
striking difference is that in the absence of CO2 in the feed, MnOx promotion is much more effective
than ZnOx promotion. Specifically, the total activity and the selectivity to methanol (80 vs 68%c),
and hence the methanol formation (5.8 vs 1.3 umol gcul s1), were ca. 4.5 times higher for MnOx
promotion than for the ZnOx-promoted catalyst. A third major difference is that in an Ha/CO2 feed
the MnOx-promoted catalyst had a much lower methanol selectivity than the CuZn-15/C catalyst
(4%c vs 13%c). These observations were observed at a pressure of either 20 or 40 bar and
irrespective of the Cu/promoter ratio. These results suggest that the interaction of CO2 with the

MnOx promoter is fundamentally different than with the ZnOx promoter.

4.3.5 MnOx speciation measured with operando spectroscopy

The oxidation state and local surroundings of Cu and Mn species and the evolution of the MnOx
structure were studied by XAS experiments under working conditions (also termed operando) of
20 bar and 533 K at the ROCK beamline of SOLEIL, simultaneously at the Cu and Mn K-edges.
Figure 4.9 shows a selection of normalized X-ray absorption spectra and corresponding first
derivatives in the X-ray absorption near-edge structure (XANES) energy region. The spectra of
several MnOx references are shown in frames A-B. Spectra for the CuMn-33/C and CuMn-11/C
catalysts in an H2 atmosphere and during subsequent CO2 hydrogenation are given in frames C-F.
The speciation of the fully reduced Cu in the CuMnOy/C catalysts (figure 4.2) did not change
during catalysis, not even in the more oxidizing gas feed of H2/COz, in line with literature on CuZnOx

catalysts 80,230, The result was confirmed by a more in-depth multivariate analysis (data not shown).

Focusing on the promoter, the MnOx in the CuMn-33/C catalyst (frame C) consisted of almost
exclusively Mn(I1)-O with an Mn ON of +2.03 after the in situ H» treatment. During 3.5 h of high-
pressure CO2 hydrogenation the white line of MnO at 6554.7 eV shifted to a lower energy by 2.2 eV
(as indicated by the arrow) and after catalysis resembled the MnCOs reference. This reference is
typical for Mn(II) strongly coordinated to a carbonate species, or in other words via an oxygen bond
to CO2 (i.e. Mn(II)-O—CO2). This spectral shift was already observed during pressurization to
20 bar in Ho/CO2 at 453 K in ca. 2 h (figure 4.10), conditions that are well below typical methanol
synthesis reaction temperatures and pressures. 8687 To verify the formation of an Mn(II)-O-CO2-
like compound we cooled the CuMn-33/C catalyst to room temperature in H2/CO2 (denoted as
“after cat.”) to obtain a more pronounced spectrum, still resembling that of the MnCOs reference.

Please note that after catalysis no crystalline MnCOs was observed in the XRD patterns of the
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Figure 4.9 (A) Reference (Mn203, MnO, and MnCO3) XANES spectra and (B) corresponding first derivatives
on the Mn K-edge at 298 K. (C-F) Operando XANES spectra and corresponding first derivatives on the Mn
K-edge of the (C-D) CuMn-33/C and (E-F) CuMn-11/C catalysts. Depicted (1) in an H» atmosphere at 453 K after
a treatment in 20 vol% Hz/He up to 543 K in 1 bar for ca. 25 min, (2) during subsequent H2/CO and H2/CO2
conversion at 20 bar and 533 K after 160-210 min, and (3) after catalysis in H2/CO2 at 20 bar and 298 K. Gas
compositions: H2/CO/He = 60/30/10 vol% and H2/CO2/He = 67.5/22.5/10 vol%. The arrows indicate the

formation of Mn(II) coordinated to a carbonated species upon H2/COz2 conversion.

CuMnOx/C catalysts (data not shown). The average Mn ON did not further change during catalysis
(ca. +2.04 at room temperature in a 20 bar H2/CO2 feed, see also table 4.2), in line with a non-
redox phase transition like that from Mn(I1)-O to Mn(II)-O—CO2. The two isosbestic points at
6548 and 6558 eV provide a strong indication that Mn(II)-O binds COz2 to form only one other

species. 337 Also in the first derivative plot of the normalized absorption (frame D) the resemblance
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Figure 4.10 Operando XANES spectra of the CuMn-33/C catalyst during pressurization in an H2/CO2
atmosphere at 453 K, displaying gradual transformation of Mn(II)-O to Mn(II)-O—-CO2. This process took
110 min. Conditions: H2/CO2/He = 67.5/22.5/10 vol%, 15 mL min-..

Table 4.2 Percentual distribution of Mn(I1I)-O, Mn(I)-O, and Mn(II)-O-COz2 species and the Mn oxidation
number (ON) by fitting linear combinations (LCF) of the XANES data using macrocrystalline references (Mn203,
MnO, and MnCOs3). Average Mn coordination number (CN) and bond length (R) by EXAFS analysis.

stage during XANES analysis EXAFS analysis @
XAS Mn(III)-O Mn(II)-O Mn(I)-O-CO2 MnON | MnCN R(A)

2.4 £ 0.2 (Mn-0) 1.90
before Ho 100 +1.4 010 - +3.00

- 2.99

3.9+ 0.3 (Mn-0) 2.05
in H2 241+18 759+15 - +2.24

44 +1.7(Mn-Mn) 3.13
. 3.8+ 0.4 (Mn-0) 2.05
in H2/CO 242+19 758zx16 - +2.24

6.7+ 3.0 Mn—-Mn) 3.14

3.8+ 0.3 (Mn-0) 2.05
inH2/CO/CO2  24.7+19 753x16 - +2.25

6.7+2.6 (Mn—-Mn) 3.14
in Ha/CO2 145+09 484+21 371zx12 +2.14 4.0 £ 0.9 (Mn-0) 2.06
after catalysis 55+1.0 489+21 45.6+13 +2.05 5.0 £ 1.5 (Mn-0) 2.10

a The CNs and Rs are determined for the first Mn—0 and second Mn—Mn shells using a fixed So? value of the
reference materials. The first-shell Mn—-O CN is 6 with R = 2.20 A (So2 = 0.81) and R = 1.99 A (S¢2 = 0.9) for
MnO and Mn20s, respectively. The second-shell Mn—Mn CN is 6 with R = 3.15 A (S¢> = 0.81) and R = 3.13 A
(So? = 0.9) for MnO and Mn203, respectively.

of the catalyst spectra in an H2/CO2 feed and the MnCOs reference is clear (as indicated by the
arrows). Hence, operando XAS in an H2/CO:2 feed strongly suggests the formation of Mn(II)

strongly bound to a carbonate species because of the CO2 interaction with Mn(II)-O.
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The influence of the gas composition on the MnOx speciation is studied in more detail for the
CuMn-11/C catalyst (frames E-F). After the in situ reduction, we started with a mixed MnOx phase
with an average Mn ON of +2.24 (see also figure 4.2), which is in between the MnO (Mn(II)) and
Mn203 (Mn(IID)) references. The spectral features of the CuMn-11/C did not change during more
than 2.5 h of H2/CO conversion. Even subsequent enrichment of the syngas feed with 3 vol% COz,
which had a large influence on the promoter in the case of ZnOx-promoted methanol
synthesis 94104105291 did not influence the shape of the spectra (data not shown). Yet, with the switch
to an H»/COz> feed, an Mn(I1)-O—CO2 complex was formed (frames E-F). These observations are
supported by multivariate analysis on the Mn K-edge of the CuMn-11/C catalyst during subsequent
changes in feed gas composition (figure S4.2). In particular, the Mn speciation remained constant
until the introduction of the H>/CO»> feed, after which a clear fingerprint of an Mn(II) carbonate-
like compound was observed and became dominant after ca. 3 h. The formation of an Mn(I1I1)-O—
CO2 complex during catalysis (figure 4.8) indicates a strong CO2 adsorption on the Mn promoter
and probably a local depletion of adsorbed H atoms, which may explain the lower total activity and
methanol selectivity of the CuMnOx/C catalysts when CO2 is present in the feed. Therefore, during
working conditions CO2 has a strong impact on the local surroundings of the Mn species in

CuMnOx/C catalysts, thereby influencing the MnOx promotion.

To differentiate between Mn(II)-O strongly binding CO2 and crystalline MnCOs formation, it is
important to consider the local coordination of the Mn atoms in the MnOx promoter during high-
pressure CO2 and CO hydrogenation by inspecting the extended X-ray absorption fine structure
(EXAFS) energy region. Figure 4.11 shows the Fourier-transformed EXAFS region of
macrocrystalline Mn references in standard conditions (frame A) and the CuMn-33/C (frame B)
and CuMn-11/C (frame C) catalysts in the reduced state, during working conditions in an H2/COz2
feed, and after catalysis. The coordination numbers (CNs) and bond lengths from the EXAFS data
analysis are summarized in table 4.2. After the in situ reduction two significant signals were
observed in both catalysts: the first-shell Mn—O bond at R = 1.55 A and next an Mn—Mn bond at
R =2.65 A, both resembling the MnO reference. In the CuMn-11/C catalyst the signal corresponding
to the Mn—Mn bond is less intense than for the CuMn-33/C catalyst and significantly lower than
for the Mn—Mn bond of the Mn20s reference. This result indicates a short-range ordering of the
MnOx promoter in the CuMn-11/C catalyst, in line with the theoretical partial coverage of MnOx

over the Cu® surface in this catalyst (73%).

The local environment of the MnOx promoter did not change upon high-pressure conversion of
H2/CO. Also enriching the syngas feed with 3 vol% COz2 for 4 h did not change the state of the MnOx
promoter, but that might be due to the slow CO2 introduction at 20 bar. Only when CO2 was
hydrogenated under working conditions, the spectra for both catalysts (figure 4.11) significantly
changed: the signal at R = 2.65A corresponding to the second-shell Mn—-Mn bond of MnOx

decreased, and therefore resembled the Mn(II) carbonate reference. Interestingly, for the
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Figure 4.11 Fourier-transformed EXAFS spectra at the Mn K-edge of (A) macrocrystalline references (Mn20s3,
MnO, and MnCOs3) at 298 K, (B) CuMn-33/C and (C) CuMn-11/C catalysts. The spectra of the catalysts are
depicted (1) in an H2 atmosphere at 453 K after in situ reduction and (2) during high-pressure H2/CO and
subsequent H2/COz2 conversion at 533 K (for exact conditions, see figure 4.9).

CuMn-33/C catalyst a fraction of the MnO phase remained present after catalysis, whereas for the
CuMn-11/C catalyst the second-shell Mn—Mn bond peak completely vanished. The decrease in this
peak intensity might be attributed to redispersion of the MnOx phase 19, which is supported by the
XRD analysis of the used CuMnOx/C catalysts in which no crystalline MnOx phases were observed
(data not shown). Using operando XAS at simultaneously the Cu and Mn K-edges we unequivocally
showed that the MnOx promoter is predominantly in the MnO phase after in situ reduction and
high-pressure CO hydrogenation, whereas during CO2 hydrogenation the promoter speciation

changes drastically and an Mn(II)—O—COz2-like surface is formed.
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4.4 Discussion

We observed a strong change in the MnOx speciation in an H2/COz2 feed with operando XAS,
while such effects were absent for ZnOx in oxide-supported CuZnOx catalysts. 292301315 We
investigated the thermodynamic properties of the formation of MnCOs3 (as a representation for the
Mn(II)-O—-CO2 complex) and ZnCOs in high-temperature CO2 hydrogenation %8 to understand the
different behavior of the MnOx and ZnOx promoters. Equations (4.2)-(4.3) show the
thermodynamic parameters for the reactions of MnO and ZnO with CO2 at 533 K and 1bar.
Interestingly, under these conditions the formation of MnCOs is favored (negative A:G), whereas
ZnO cannot spontaneously react with CO2 to form ZnCOs (positive A:G). Even though the negative
entropy (A:S) shows that the Gibbs free energy becomes more negative at higher pressure (e.g.

20 bar), CO2 significantly binds stronger to MnO than to ZnO.

ArHs33x (kJ mol)  ArSs3sk (J molt K1) ArGsssk (kJ mol-t)
MnO ) + CO2(g 2 MnCO3s) -101 -164 -13.6 “4.2)

ZnO ) + CO2 (g 2 ZnCO3s) —68.7 -169 +21.6 4.3)

The binding of CO2 to MnO can represent various structures (figure 4.12). For example, it can
indicate strongly adsorbed CO2 on the manganese and oxygen atoms of Mn(II)-O (structure A) or
the closely related formation of crystalline MnCOs (structure B). For the first structure it implies
that the Mn(I1)-O—CO2-type complex only forms at the surface of the MnOx promoter and hence
lacks long-range crystallinity, while for the second structure the diffusion of CO2 into the MnO is

required. During catalysis we observed that the methanol productivity is influenced in a reversible

05— @) H
N\ 25 I Cu |
5 C\\ & J/ © AN \’ P Cf\
(e} (0] (0] O
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structure Av~ structure B X structure C x

Figure 4.12 Theoretically possible structures for the Mn(II)-O—CO2-type complex of which only structure A is
supported by our data.
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manner by changing between CO-rich gas and pure syngas feeds (figure 4.8) and after catalysis
no crystalline MnCOs was observed in the XRD patterns of the CuMnOy/C catalysts (data not
shown), making the second structure unlikely. Also the low Mn CN of 4.0 + 0.9 for the first-shell
Mn-0 bond in an H2/CO2 feed is in line with structure A, while it makes the formation of crystalline
MnCOs (having a corresponding Mn—0 CN of 6) highly unlikely. Alternatively, the Mn(II)-O—CO2-
like structure might be envisioned as an adsorbed, oxygen-bound formate (HCOO¥) species, which
is a reaction intermediate typically found in Cu-catalyzed CO2 hydrogenation 11, on an Mn0 surface
formed following an H atom spillover from the Cu? surface (structure C). According to the binary
phase diagram up to 26 at% Mn? can dissolve into Cu® nanoparticles at 533 K, forming a CuMn solid
solution in coexistence with CusMn and CusMn phases. 316 Yet, no metallic Mn was observed in the
XANES (figure 4.9) or EXAFS analysis (figure 4.11), which would be needed to support the Mn0—
HCOO structure, thereby making the formation of formates on the MnOx promoter surface also
highly unlikely. Hence, the spectral change upon H2/CO2 exposure is most probably related to the
formation of strongly bound CO2 to Mn(I1)-O (structure A).

It must be noted that MnC» (amongst the Mn carbides) is a stable compound under the studied
reaction conditions, while Zn carbides are highly unstable. This suggests that MnC2 might be
(partially) formed during catalyst synthesis by the strong interaction between the graphite support
and MnO in the presence of H2 with concomitant H20 formation. However, figure 4.2 does not
show any signal that can be attributed to MnCo. Furthermore, the formation of MnC: from CO2
under working conditions would require the scission of the C—O bond in the CO molecule, which is

not expected to take place on Cu nanoparticles 399495, an MnO surface, or a Cu—MnOx interface.

The first step in CO2 hydrogenation is the adsorption of CO2 on a catalyst surface (also termed
CO2*), which can either dissociate into O* and CO* directly or via a hydrogenated, carbon-bound
carboxyl (HOCO*). The binding strength of the adsorbed CO on a Cu/oxide interface is a key factor
for the product selectivity in CO2 hydrogenation. 18 A weak CO* binding to the interface facilitates
the desorption of CO* from the surface, while stronger bound CO* is likely to further hydrogenate
to a carbon-bound formyl species (HCO*), one of the possible intermediates leading to the
formation of methanol. 326 Figure 4.6 shows that the CO selectivity is not influenced upon MnOx
promotion of the supported Cu nanoparticles, while for the CuZnOx/C catalysts the CO selectivity
decreased from 86 to 73%c in favor of methanol. This can be explained by the weak interaction of
CO* with Mn(II)-O or the Cu/MnO interface, while CO* has probably a stronger interaction with
ZnOx. Another important factor for the product selectivity is the surface coverage of adsorbed H
atoms and COz2, which both are needed to form either CO or methanol. To complete one turnover
from CO2 to CO requires only one H> molecule (i.e. two H* atoms) while three H> molecules are
needed to produce one methanol molecule. The observed Mn(II)-O-CO: structure in the
CuMnOx/C catalysts by operando XAS (figures 4.9-4.10) indicates a high CO2* coverage on the

MnO promoter, and hence a locally low Ha-to-CO2 ratio. In this way, the relatively low H* surface
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concentration may suppress the hydrogenation of formyl species (HCO¥), or the related oxygen-
bound formate species (HCOO¥) 111, to methanol and can explain the decrease in the methanol
formation when COz is added to the H2/CO feed (figure 4.8).

Figure 4.13 schematically depicts the proposed MnOx speciation in CuMnOx/C. The MnOx
structure in the CuMn-33/C catalyst (frames A-B) is discussed first. After in situ H> reduction the
average Mn ON of the MnOx promoter in the CuMn-33/C catalyst is +2.03 (figure 4.2, frame E),
and there is close contact between the Cu and Mn as evidenced by the reduction profile (figure 4.2,
frame A). As the amount of MnOx corresponds to a 2.1-3.4 monolayer coverage of Mn atoms at the
Cu0 surface, the majority of the MnO is probably in a layer around the Cu® particles. As the MnOx
loading was relatively high in this catalyst, also separate MnO particles can be envisioned
(figure 4.1). These particles are in close proximity to Cu® nanoparticles as the reduction of Mn203
to MnO at intermediate temperatures is facilitated, as shown by ex situ Hz profiling (figure 4.2,
frame A). Upon CO2 hydrogenation and subsequently after catalysis a significant amount of MnO is
left in the CuMn-33/C catalyst (figure 4.11, frame B). Mn(II)-O—CO2 compounds probably only
form at the MnO surface, as the diffusion of the required CO2 into the MnO is limited. 338 This
suggests the formation of a layered Cu®~MnO-Mn(II)-O-CO:2 structure (from core to surface) in
an H2/CO:z feed.
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Figure 4.13 Schematic representation of the proposed MnOx speciation in the (A-B)CuMn-33/C and

(C-D) CuMn-11/C catalysts, depicted (A,C) after in situ reduction (and high-pressure CO hydrogenation) and
(B,D) during CO2 hydrogenation. Note that a limited amount of CuxMn alloys might be formed at each case.
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The MnOx speciation of the CuMn-11/C catalyst (figure 4.13, frames C-D) has similar features as
the CuMn-33/C catalyst after in situ H2 reduction and high-pressure catalysis. The main difference
is that the MnOx content is much lower, corresponding to ca. 0.7 monolayers of Mn on the CuOx
nanoparticles. As a result, upon CO2 hydrogenation almost all MnOx, mostly at the surface of Cu®
particles, is transformed in an Mn(II)-O—CO2 compound, supported by the nearly complete
depletion of the Mn—Mn peak resembling MnO in EXAFS analysis (figure 4.11, frame C).

4.5 Conclusions

Cu particles on graphitic carbon were prepared to study the MnOx promotion in the
hydrogenation of either CO2 or CO. In an H2/CO feed only a modest amount of MnOs, in close
interaction with Cu, was sufficient to enhance the activity of Cu/C thereby producing mainly
methanol, and was much more effective than a CuZnOx/SiO2 catalyst with a similar promoter
content. In CO2 hydrogenation MnOx promotion also increased the total activity with a selectivity
to CO up to 87%c while retaining this high selectivity irrespective of the Mn content, even at lower
temperatures (473 K), making CuMnOx/C a low-temperature reverse water-gas shift catalyst. From
X-ray absorption spectroscopy studies at high temperature and pressure we can explain this by the
reversible formation of an Mn(II)-O—CO2 complex, which has not been observed for the ZnOx
promoter. This surface-specific Mn speciation may indicate a high coverage of adsorbed CO2 on
MnOsx, while the local H atom coverage is relatively low; essential to suppress subsequent
hydrogenation to methanol and lead to the desorption of adsorbed CO. This gives a direct insight
into the nature of MnOx promotion in Cu-based syngas conversion and allows a more rational use

of reducible oxides in catalyst design.
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Figure S4.1 (A-B) Macrocrystalline Mn references at 298 K. (B,F,I) Time-resolved XANES spectra at the Mn
K-edge of the (C) MnOx/C, (D) CuMn-33/C, and (E) CuMn-11/C catalysts during an H2 treatment (solid lines
from black to red). (D,G,J) Extracted eigenspectra and (E,H,K) corresponding concentration profiles by
multivariate analysis (MCR-ALS) of the (D-E) MnOx/C, (G-H) CuMn-33/C, and (J-K) CuMn-11/C catalysts. The
extracted components Cl and C2 clearly have a good resemblance to the macrocrystalline Mn(III)-O and
Mn(I1)-O references. Yet, for the CuMn-11/C catalyst the whiteline of component C2 is significantly lower than
for the corresponding reference. The trends in the concentration profiles resemble the LCF analysis in
figure 4.2. Conditions: 20 vol% H2/He, from 298 to 541 K (ramp 2.5 K min), 1 bar.
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Figure S4.2 (A) Extracted eigenspectra and (B) corresponding concentration profiles obtained by multivariate

analysis (MCR-ALS) of time-resolved, operando XAS spectra at the Mn K-edge of the CuMn-11/C catalyst during

various stages of the experiment (all at 20 bar and 533 K; H2/CO feed =

H2/CO/He = 60/30/10 vol%;

Ha/CO/CO2 feed = Ha/CO/CO2/He = 60/30/3/10 vol%; Ha/CO2 feed = Ha/CO2/He = 67.5/22.5/10 vol%). The

first 2h in frame B correspond to pressurization and reactor heating in the H2/CO feed. The extracted

eigenspectra reasonably match the macrocrystalline Mn(II) oxide and Mn(II) carbonate references at 298 K

(dashed lines in frame A). Intensity differences can be ascribed to temperature and particle size effects. Please
note that it is not possible to directly compare the Mn fraction obtained by MCR-ALS (frame B) to LCF

(table 4.2), as for MCR-ALS only two components were considered during the analysis.
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Chapter 5

Exploratory study of the synthesis
of bimetallic copper—cobalt
catalysts by impregnation and

electroless deposition

Abstract

Intimacy between different surface atoms plays a key role in bimetallic catalysts, for example in
Cu—Co catalysts to obtain a high selectivity to long-chain alcohols upon CO hydrogenation. A
major hurdle, however, is the preparation of bimetallic catalysts with high intimacy and to
maintain this intimacy under reaction conditions. In this chapter we explore the effect of the
synthesis method and Cu/Co ratio on the structural properties of supported CuCoOx
nanoparticles. We show that CuCoOx nanoparticles of 3-4 nm can be synthesized by the co-
impregnation of a graphite support with Cu and Co species, and their particle size is rather
insensitive to a variation of preparation parameters. The stable particle size is due to the
addition of Co, thereby limiting the total particle growth during catalyst synthesis. Yet, larger
CuCo crystallites of ca. 7 nm can be prepared by a mild oxidation and subsequent reduction of
supported CuCoOx nanoparticles. Alternatively, we also show that electroless deposition (or
galvanic replacement) of the outer layer of pre-deposited Co nanoparticles with metallic Cu via
the redox reaction of Cu* ions in oleylamine with metallic Co is an effective method to prepare
silica-supported CuCoOx nanoparticles with a high Cu—Co intimacy. These particles better
retain the intimacy between Cu and Co during CO hydrogenation than the impregnated
catalysts but have lower activities. More research is needed to better understand the interesting
observations between the preparation methods.



CHAPTER 5

5.1 Introduction

The choice of the active metal is based on the adsorption strength of key intermediates in the
reaction, which its turn depends on the extent and nature of electron density sharing between
adsorbates (reactants, intermediates, and products) and the active metal. This determines not only
the activity but also the selectivity in a catalyzed reaction. For example, rhodium is the only single
metal that can effectively form C—C bonds on its surface but has a moderate activity for C—O bond
breaking of adsorbed CO molecules. As a result, upon CO hydrogenation long-chain alcohols,
especially ethanol, can be formed with a product selectivity up to 40 %c. 339 Yet, rhodium is not
commercially relevant for ethanol synthesis due to its high price and relatively modest activity

compared to homogeneous catalysts. 137

To limit the use of precious metals, it is considered to partially replace it by less precious metal or
to replace it completely by a combination of two less precious metals that mimic the same
properties. For the synthesis of alcohols by CO hydrogenation, bimetallic CuCo (oxides) are
interesting. In laboratory-scale CO hydrogenation, the combination of Co and Cu can lead to the
production of long-chain alcohols. 5 This bimetallic system is for instance also relevant for the
activation of H202 to form free radicals for the degradation of organic pollutants, and the Cu and
Co redox pairs have a wider pH stability window compared to the typically used Fe2+/Fe3+ redox

pair. 340-342

The intimacy between the Cu and Co plays a key role in the catalyst performance. The CO
hydrogenation activity to form long-chain alcohols is either attributed to Cu?/CoOx 140,168,
Cu?/Co2C 176, Co/Co2C 177, or synergy between Cu+ and Co? 174. The close interaction between Cu and
Co is also important for a high activity in oxidation reactions: it is believed that lattice Cu2+ ions
partially exchanges lattice Co2+ in CuO/Co304, thereby creating lattice strain and active oxygen
vacancies. 156343 Next to electronic effects, Co is also reported to act as a textural promoter for Cu

nanoparticles enhancing its dispersion 160.167.344 and vice versa 172.

One of the major challenges is to prepare surfaces with Cu and Co in close vicinity, as
macrocrystalline CuCo alloys are not thermodynamically stable below 800 K. 345346 At these
temperatures, the solubility of Co within Cu is very limited and vice versa. As the mixing enthalpy
is +10 kJ mol! at an equimolar Cu—Co composition, the entropy gain upon mixing is important to
establish CuCo alloying. 189.202:319.347 Also the different reducibility of Cu and Co oxides to their
metallic form is a challenge and can result in metal segregation. 173 Yet, in nanosized CuCo a small
window of stable CuCo surface compositions might be kinetically allowed as surface species melt at
a significantly lower temperature than bulk materials (especially for nanoparticles smaller than

10 nm) and atom diffusion is faster at the nanoscale. 189,202,319,347
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Several preparation routes have been proposed to stabilize the active CuCo(Ox) phase and to
minimize metal segregation during catalyst operation. For example, Prieto et al. 173 stabilized both
Cu and Co species in a molybdate matrix using co-precipitation. Other procedures to stabilize the
active CuCoOx phase are reported, such as the use of perovskites 140-147, colloidal synthesis 148150,
citrate complexation 20151-156  oxalate precipitation 57, deposition-precipitation 158,159,
dipcoating 172348349, and variations thereof. Recently, the synthesis of a modified zeolitic
imidazolate framework (ZIF) and subsequent carbonization/pyrolysis obtains embedded CuCo
alloys in nitrogen-functionalized carbon materials. 160.169,343,350,351 Yet, these emerging techniques for

the synthesis of bimetallic CuCo catalysts might be challenging to scale up.

Galvanic replacement, also known as electroless deposition, is an industrially widely used technique
for the synthesis of electrodes, to modify metal surfaces, and to coat CoP with a copper layer in the
semiconductor industry. 352353 At a smaller scale this method is applied to synthesize bimetallic and
also hollow nanostructures with good control over the particle composition. 354355 The galvanic
replacement is a redox reaction between metal ions in solution and a solid metallic phase without
the use of an external current. The reaction is solely driven by the difference in the reduction
potentials of the metal ions in solution and the ions that emerge from the metallic phase. In this
way the metal ions from solution are reduced and deposited on the metallic phase, simultaneously
with the oxidation of the metallic phase and its (partial) dissolution. The reaction is self-limiting:
after the top layer is replaced by the more noble metal, the replacement stops. This allows very even

coating of surfaces and nanostructures.

In this exploratory chapter we discuss the synthesis and properties of bimetallic CuCo nanoparticles
supported on graphitic carbon or silica in detail. To this end, we compared two preparation
methods: more conventional incipient wetness co-impregnation (see also section 1.1.3) of a
graphite support and a new method: partial galvanic replacement of predeposited Co particles on
silica by a surface layer of Cu. We explore the influence of the preparation parameters and applied
new combinations, such as impregnation under vacuum and using a functionalized support as well
as applying galvanic replacement on pre-deposited Co nanoparticles. We used CO hydrogenation

as a probe reaction to examine the stability of the bimetallic catalysts.

5.2 Experimental

5.2.1 Surface oxidation of graphite

Ca. 10 g of high surface area graphite (xGnP® C-500 HP, XG Sciences) was dispersed in 400 mL
65 vol% HNOs (Merck) in a 1 L round-bottom flask. The mixture was heated to 353 K and held for
2h at this temperature while magnetically stirring at 1000 rpm. The evolving NOx gasses were

trapped in downstream H20 bottles. After the heating step the mixture was quickly quenched by
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addition of ca. 500 mL cold, demineralized H2O. The material was washed and decanted until the
effluent reached a pH of 6-7. The obtained oxidized graphite (0xC) was dried at 393 K at static air
for several days and finely crushed afterwards. Further drying was at 423 K for 2 h under dynamic

vacuum (ca. 1 mbar) and transferred to an Ar-filled glovebox before use.

5.2.2 Catalyst synthesis

CuCoOy/0xC catalysts by impregnation. First, ca. 1g of oxC was evacuated under
dynamic vacuum at room temperature to remove the Ar from the pores. An aqueous impregnation
solution of Cu and Co nitrates (Acros Organics, >99%), acidified to pH 1 with HNOs (Merck,
65 vol%), was used to impregnate ca. 90 vol% of the pores of 0xC (total pore volume = 0.86 mL g1)
under static vacuum while heavily stirring. After 1 h of equilibrating the liquid within the sample at
static vacuum, the impregnate was dried under dynamic vacuum (ca. 1 mbar) at room temperature
for 24 h, resulting in ca. 1.3 g of dried pre-catalyst. Around 1.1 g of this material was loaded into a
tubular reactor without exposure to air and reduced using a bottom-up flow of 200 mL min-! gear?
of 5vol% Ha2/N2 and heating to 623 K (ramp 0.5 Kmin?) for 2 h. The reactor was flushed with
nitrogen at room temperature before the reduced powder was transferred to an Ar-filled glovebox.
In this way CuCoOx/0xC catalysts with a total metal loading of 10 wt% but varying Cu/(Cu + Co)

molar ratios were synthesized.

Co/Si0O:2 catalyst by impregnation. Silica gel (Davicat® SI 1351, Grace Davison) was dried
under dynamic vacuum at 573 K up to 3 h and impregnated with an HNOs-acified, aqueous solution
containing Co nitrate as previously described. After equilibration and drying under vacuum, the
material was heat-treated in a tubular reactor at 573 K (ramp 2 K min) for 1h in an N2 flow and
subsequently reduced at 723K (ramp 5Kmin?) for 2h in a 10vol% H2/N» flow at
100 mL min! gear’l. The reduced 8.5 wt% Co/SiO2 sample (according to ICP-OES) was stored in an
Ar-filled glovebox.

CuCo00x/SiO:2 catalysts by galvanic replacement (GR). Inspired on the synthesis procedure
from Nafria et al. 356 the CuCoOx/SiO2 catalysts were prepared by galvanically replacing pre-
deposited Co® nanoparticles on SiO2 by Cu®+ ions using Schlenk line techniques. First,
o-dichlorobenzene (Sigma Aldrich, 99%), oleylamine (OLA, Sigma Aldrich, 70%), and
demineralized water (H20) were dried under dynamic vacuum and flushed with N2 at elevated
temperatures. Typically, 15 mL of 10 mM copper(I) chloride (Sigma Aldrich, >99%) or copper(II)
nitrate in respectively degassed oleylamine or water was cold-injected to 200 mg reduced Co/SiO2
sample. This resulted in a theoretical molar Cu/(Cu + Co) ratio of 0.3-0.4. The mixture was quickly
heated (60 K min-) to either 458 or 363 K for 30 min. The CuCoOx/SiO2 catalysts were retrieved by

centrifugation and redispersion (5-7 times) in the used solvent and ethanol. The catalysts were
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dried in static air at 333 K for 1 h, at 393 K overnight and under dynamic vacuum at 353 K for 3 h.
Organic ligands were removed by first drying the catalyst at 393 K (ramp 5 K min-) for 30 min in
pure Na, subsequently for 30 min in 20 vol% O2/N2 for, and finally at 723 K (ramp 5 K min?) for 1 h
at a flow of 200 mL min- gearl. A reference CuCoOx/SiO2 catalyst (3.9 wt% Co, 2.3 wt% Cu,
according to ICP-OES) was prepared by co-impregnation to incipient wetness (as described for the
Co/SiO2 sample) and treated in a 200 mL min-! gear! N2 flow at 573 K (ramp 2 K min-) for 1 h. All
catalysts are denoted as X-CuCo/[sup] with X = the Cu/(Cu + Co) molar ratio with [sup] either oxC
or SiOa.

Equations (5.1)-(5.4) show the standard reduction potentials relative to the normal hydrogen
electrode (NHE, at 298 K, 1atm, and in H20) involved in the synthesis of bimetallic CuCo
nanoparticles by galvanic replacement. The combination of these half reactions shows that Co has
to be in the Co® oxidation state to enable Cu+ or Cu2+ ions to spontaneously deposit on the Co®
surface without applying an external current (equations (5.5)-(5.6)). 357 This is also a practical
disadvantage as metallic Co is readily oxidized in air and hence the reaction must be performed in

an inert or reducing atmosphere.

Cuzt+2e- 2 Cu ES®=+0.34V (5.1)
Cut + e 2 Cu ES®=+052V (5.2)
Co?*+2e- 2 Cof E®=-0.28V (5.3)
Co*+ e- 2 Co?* ES®=+192V 5.4)
2Cut +Co® 2 2Cu® + Co2* AES =+0.80V AG® = -155 kJ mol" (5.5)
Cu?*+Co® 2 Cul + Co?* AES =+0.62V AG® = -120 kJ mol! (5.6)

5.2.3 Catalyst characterization

Acid-base titration and PZC determination. The amount of acidic surface groups on
graphite was determined on a TitraLab TIM880 Titration set-up. To this end, 20 mg carbon
material was dispersed in 65 mL 0.1 M KCl (Acros Organics, 299%) in H20. Throughout the whole
procedure the solution was stirred at 500 rpm and purged with N2 to remove dissolved CO2 from
the solution. After 5 min of purging the dispersed carbon material was titrated with 0.01 M NaOH
(Merck, 299%) in 0.1 M aqueous KCl. The acid surface group density was calculated using the BET
surface area obtained from N2 physisorption. The point of zero charge (PZC) was determined by

stepwise dispersing small amounts of graphite in an aqueous 0.1 M Ba(NOs)2 solution while
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measuring the pH. The PZC was reached when the pH did not significantly change upon sample
addition.

EM imaging. Catalysts were imaged by transmission electron microscopy (TEM) on an FEI
Tecnai 20 apparatus, operating at 200 kV. High-angle, annular, dark-field scanning transmission
electron microscopy (HAADF-STEM) images were obtained on a Thermo Fisher Scientific Talos
F200X apparatus, operating at 200 kV. With the same apparatus chemical maps were acquired
using energy-dispersive X-ray (EDX) detectors and Velox™ analytical imaging software. To this
end, finely ground sample (<25 um) was dispersed in ethanol and deposited onto holey carbon film-
coated Cu or Au grids (Agar, 300 mesh). Number-averaged CuO particle sizes (dx) were determined
by measuring at least 280 individual particles at various locations within the sample. Only the
relevant part of the lognormal distribution (>1% of the modus) was considered for the calculation

of average particle sizes.

N2 physisorption. N2 physisorption isotherms were recorded on a Micromeritics TriStar II Plus
apparatus at 77 K. The samples were first dried at 443 K (or at 573 K for the SiO2 support) under an
N2 flow overnight. The BET surface area was determined according to the IUPAC procedure. 278 A
Barrett-Joyner-Halenda (BJH) analysis was used to obtain pore size distributions, using either a
carbon black or Harkins-Jura thickness curve. The single-point total pore volume Vit was
determined at p/po = 0.995. Integration of the adsorption branch of the pore size distribution
between 2 and 50 nm obtained the mesoporosity. The micropore volume Vmicro Was calculated by

using the t-plot method with the same thickness curves.

TG-MS analysis. Mass loss by thermogravimetric analysis (TGA) was recorded on a PerkinElmer
TGA 8000 apparatus connected to a Hiden Analytical HPR-20 mass spectrometer. The carbon
support stability was probed by reduction of a vacuum-dried Co/C impregnate in 5 vol% Ha/Ar
(100 mL min-) at 623 K (ramp 2 K min-!) for 8 h. The effective Co loading was determined by drying
a Co/C catalyst (as synthesized according to section 5.2.2) at 393 K in Ar (80 mL min?) for
30 min, cooling down to 323 K, and a full oxidation at 1073 K (ramp 5 K min-) in 20 vol% O2/Ar
(80 mL min<). The oxidation temperature to remove organic ligands on CuCoOx/SiO2 catalysts
prepared by GR was determined by the same oxidative TG-MS procedure. The mass loss patterns

and mass spectrometry (MS) profiles were corrected for buoyancy effects.

TPR and TPO profiling. Temperature-programmed reduction (TPR) by H» and oxidation (TPO)
by O2 were performed on a Micromeritics AutoChem II 2920 apparatus. Prior to the reduction the
sample (60-75 mg) was dried at 393 K under an Ar flow of 50 mL min-! for 30 min and cooled down
to room temperature. Reduction profiles were recorded with a thermal conductivity detector (TCD)
when the CuCoOx/0xC samples were exposed to a 5 vol% Ha/Ar flow of 170-570 mL min-! gsam™ up

to 1073 K with a ramp of 2-5 K min-L. Similarly, oxidation profiles were recorded in a 5 vol% O2/He
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flow of 180 mL min-! gsam. H20 was captured with a dry ice/isopropanol cold trap. MS data was
recorded on a Hiden Analytical QGA apparatus.

XRD analysis. Powder X-ray diffractograms of the reduced and air-exposed catalysts were
recorded on a Bruker AXS D8 Advance or D2 Phaser diffractometer at room temperature. Samples
were irradiated by Co Ka radiation (A = 1.790 A) at 30 kV and 45 mA. The Scherrer equation was
used including the instrumental breadth of the XRD apparatus (ca. 0.1°) to determine crystallite

sizes. All diffractograms were normalized between 0 and 1 and vertically stacked.

5.2.4 Synthesis gas conversion experiments

Powdered catalysts were pressed into granulites between 75-150 um and were loaded
(32-61 mg) in stainless steel reactors (ID 2.6 mm) in a 16-reactor setup (Flowrence, Avantium). The
catalysts were diluted with SiC (212-245 um fraction, Alfa Aesar, >98.8%, 46 grit), resulting in a SiC
content ca. 87 vol% of the total packed catalyst bed. 27 The SiC had been previously calcined at
1073 K for 10 h, washed with 65 vol% HNO3, rinsed with MilliQ water until pH 7 was reached, and
dried in static air at 393 K overnight. The difference in sieve fractions between the catalysts and

diluent facilitated post-analysis by EM and XRD.

An in situ reduction was performed in at least 1.5 L min- gcuco™ 0f 5-10 vol% H2/N2 for 3.5 h at 523 K
for Cu/oxC, 623 K for all other CuCoOx/0xC catalysts or 723 K for the SiO2-supported catalysts after
which the temperature was lowered to 393 K. The reactors were exposed to a 2.5-3.8 mL min-! flow
of CO»-free syngas (H2/CO/He = 60/30/10 vol%), leading to a gas-hourly space velocity (GHSV) of
1,900 h-1. The reactors were pressurized to 40 bar(g), heated to 533 K (ramp 2-5 K min-), and held
for at least 125 h. The CuCoOx/0xC catalysts were exposed to varying amounts of COz2 in the feed
(up to 3 vol%) but did not have any effect on the catalyst performance. The CuCoOx/SiO: catalysts
were also tested at 60 bar(g) after 82 h on stream. A tri-phase carbonyl trap (active carbon, y-Al203,
ZnO) was located upstream the CO feed to remove metal carbonyls and sulfur species. Products
were periodically analyzed by online gas chromatography every 23 min. After catalysis, the samples
were slowly exposed to air at 393 K. The calculations of activity, selectivity, and stability are detailed

in section 2.2.5.

5.3 Results and discussion

5.3.1 Structural properties of the impregnated catalysts

We functionalized the surface of the graphitic support via liquid-phase oxidation in HNOs
according to a published method. 334 Figure 5.1 shows for the pristine and oxidized graphite the
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acid-base titration curves (frame A), N2 physisorption isotherms (frame B), X-ray diffraction
patterns (frame C), and point of zero charge (PZC) determination (frame D). The pristine graphite
has a native acidic surface group density of 0.14 nm-2 (frame A). 358 Upon oxidation the acidic
surface group density increased 5-fold to 0.66 nm-2 (frame A), while the decrease in surface area
and total pore volume was only 14% (frame B). Also, the crystallinity of the carbon material
remained intact upon surface oxidation (frame C). The strength of the acidic groups increased, as
indicated by a decrease of the PZC from 3.2 to 2.1 (frame D). These values are important as they
reflect the local pH in the pores of the graphite during catalyst synthesis via impregnation at a high
support surface area to liquid volume ratio (0.8 mL g1 = ca. 48 wt%). From this characterization
we conclude that the liquid-phase oxidation of graphitic carbon is an appropriate method to
introduce acidic surface groups. These might serve as anchoring points for metal species and

influence the local pH in the pores during catalyst preparation.
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Figure 5.1 Characterization of graphite (C) and oxidized graphite (0xC) supports. (A) Acid-base titration
curves, also indicating acidic surface group (SG) densities. (B) N2 physisorption isotherms (inset = volume-based
pore size distribution). (C) Vertically offset XRD patterns with peaks attributed to crystallographic planes.
(D) PZC determination.
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Using the oxidized graphite, we synthesized a series of CuCoOx/0xC catalysts via incipient wetness
co-impregnation and subsequent reduction at 623 K, all with a total CuCo loading of 10 wt% but
varying Cu/Co ratios. Figure 5.2 shows representative transmission electron microscopy (TEM)
images (frames A-E) and corresponding particle size distributions of the catalysts (frames F-J). In
each case a uniform spatial distribution of CuCoOx particles (black dots) over the graphitic support
(light grey) was obtained. The Cu/oxC catalyst (frame A) had significantly larger CuOx particles
(5.8 + 2.1 nm) than the (Cu)CoOx/0xC catalysts (2-4 nm) (frames B-E), even though the reduction

temperature was lower (523 vs 623 K). An enhanced Cu dispersion by CoOx was also reported in
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Figure 5.2 (A-E) BF-TEM images of fresh CuCo/oxC catalysts with varying Cu/(Cu + Co) molar ratios: 1, 0.8,
0.5, 0.2, and 0, respectively. (F-J) Particle size distributions and number-averaged particles sizes in nm. The
catalysts were reduced in 5 vol% H2/N> at 623 K (ramp 0.5 K min™) for 2 h (at 523 K for Cu/oxC to minimize Cu
particle growth).
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literature for impregnated SBA-15 and for CuCoOx/C prepared by ZIF pyrolysis. 160,167 The CoOx acts

as a textural promoter, enhancing the Cu dispersion upon catalyst synthesis by impregnation.

Figure 5.3 shows the spatial distribution of Cu (frame A) and Co (frame B) species in the
0.2-CuCo/0xC catalyst probed by energy-dispersive X-ray (EDX) spectroscopy. The nanoparticles
(white dots) mostly consisted of Co species, but the Cu species were generally located in the same
position, suggesting a strong intimacy between the two components. The ratio of the intensity of
the Cu/Co signals in the corresponding X-ray spectrum matches the theoretical Cu/(Cu + Co) ratio

of 20 at% (namely, 21.4 at%), showing that Cu and Co species were uniformly distributed in the

fresh catalyst.

Figure 5.3 EDX maps with an overlay of the corresponding HAADF-STEM image of the fresh, impregnated
0.2-CuCo/0xC catalyst for (A) Cu and (B) Co in the same area.

The reducibility of the carbon-supported CuCoOx nanoparticles was studied with H2 reduction
profiling (figure 5.4). The peaks between 420-460 K are mainly attributed to the reduction of CuO
to Cu®. The temperature onset of these reduction peaks increased from ca. 395K to 433 K with
increasing Co loading. Interestingly, the total H2 consumption around this temperature is 3.5 and
1.9 times higher than only corresponding to the reduction of CuO to Cu® for the 0.2-CuCo/oxC and
0.5-CuCo/oxC catalysts, respectively. The additional H> uptake implies that CoOx was reduced
simultaneously with CuO around 450 K, suggesting that more than 36% of the CoOx in the catalysts
(as CoO) was reduced due to the close intimacy to Cu species. This means that Cu increases the
reducibility of CoOx. As the catalysts were previously Ho-treated at 623 K (523 K for the Cu/oxC
catalyst) during catalyst synthesis, probably most carbon surface groups were already removed
before the H2 reduction profiling. In literature metallic Cu and Co were formed at a much higher
temperature (520 and 920 K) in respectively a co- precipitated K-Cu/MoOx and K-Co/MoOx
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Figure 5.4 Reduction profiles of air-exposed CuCo/oxC catalysts with tangent lines at the peaks around
420-460 K. The numbers indicate the Cu content in at%. The patterns are vertically offset for clarity. Conditions:
dried at 393 K in Ar, cooled down to RT, reduction with 5 vol% Ha/Ar, ramp 2 K min-!, 170-330 mL min- g-1.

catalyst, while a bimetallic CuCo phase was formed upon reduction around 630 K in the combined
K-CuCo/MoOx catalyst. 173 For Al2Os-supported CuCoOx particles the main reduction peak was
reported around 575K, while CuO reduced at 467 K in Cu/Al2Os.168 Hence, the reduction
temperatures on our graphitic carbon support are significantly lower than for CuCoOx particles on
oxidic support (see further also figure 5.10 (frame B) for our CuCoOx/SiO: catalysts), suggesting

a close intimacy between the Cu and Co species.

Next to the intimacy between the catalyst components, catalyst stability under working conditions
is a highly relevant parameter. For example, during H2 reduction profiling shown in figure 5.4
support methanation was observed at 745 K for the Co/oxC catalyst. The stability of the carbon
support is further studied in a reducing atmosphere by heating graphitic carbon as well as a Co/C
impregnate in a hydrogen feed while recording the mass loss. The bare carbon support had a
negligible mass loss, but also the Co/C catalyst showed only a minor (2.1 wt%) mass loss upon
holding for 8 h at 623 K. This suggests that the support methanation was limited when the catalysts

were reduced at this temperature during catalyst synthesis or before catalysis.

The minimal support degradation upon reduction of the Co/C catalyst was verified with an
additional, separate experiment to determine the effective Co loading after a full oxidation.
Figure 5.5 (frame A) shows the mass loss upon oxidation as a function of temperature for the
carbon support and the Co/C catalyst with a theoretical Co loading of 10.0 wt%. The carbon material
in both samples was fully oxidized to COz2 in a two-step process (frame B). The pure graphite was
completely oxidized at 1025 K, while the conversion of the Co/C catalyst to Co304 was finished
around 900 K, showing that Co catalyzed the oxidation of graphitic carbon. The effective Co304
loading was 14.0 wt% (i.e. 10.3 wt% Co) after the total oxidation, which agrees with the theoretical
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Figure 5.5 (A) Mass loss of the 10.0 wt% Co/C catalyst and C support when heating in an oxidative atmosphere.
(B) First derivatives of the mass loss patterns in an oxidative atmosphere and normalized COz signals from MS.
Conditions: dried at 393K in Ar, cooled down to RT, measurement with 20 vol% O2/Ar, ramp 5 K min%,

80 mL min.

Coloading. Hence, the carbon support with deposited Co(-rich) nanoparticles is stable in a reducing

atmosphere up to 623 K as the effective Co loading did not change.

5.3.2 Robustness of the CuCoOx/0xC catalyst synthesis by impregnation

Impregnation of graphite to incipient wetness, subsequent drying, and activation is a facile
method to synthesize CuCoOx/0xC catalysts. Yet, little is known about the influence of various
preparation parameters on the average CuCoOx particle and crystallite sizes and the size
distribution. Table 5.1 lists the effect of varying heat treatment parameters for graphite-supported
CuCoOx nanoparticles with 20 at% Cu and 80 at% Co. In almost all cases, an average CuCoOx size
of 3-4 nm was obtained, regardless of the support functionalization, the gas atmosphere (H2, N2,
02, or CO), and the impregnation solvent (H20 or EtOH). The 0.2-CuCo/o0xC catalyst discussed in
section 5.3.1 had been reduced at 623 K (first entry), resulting in an average particle size of
2.6 + 0.7 nm. An additional heat treatment in N2 up to 773 K only slightly increased the average size
to 3.8 + 1.0 nm. The TEM particle sizes of all catalysts were in line with the crystallite sizes derived
from XRD, suggesting that the nanoparticles consist of single crystallites. Only after reduction in
H2 at 673 K the 0.2-CuCo/C catalyst had slightly larger particles with a broader distribution
(6.0 £ 4.4 nm) compared to the other catalysts in table 5.1, probably due to the high mobility of
reduced CuCoOx over the flat graphitic surface and the higher total metal loading, i.e. smaller

interatomic distance. Overall, the synthesis of graphite-supported, Co-rich CuCoOx nanoparticles
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Table 5.1 Number-averaged particle sizes of 0.2-CuCo/oxC and 0.2-CuCo/C catalysts synthesized under
various conditions. Treatment abbreviations: R = reduction in 5 vol% H», HT = heat treatment in No2, OX =
oxidation in 5vol% 02, CO = reduction in 10 vol% CO, number = temperature in K. In all cases a flow of

200 mL min-! gea'! was used.

ramp hold time total loading TEM: dn XRD: dcu20/co0

support treatment (Kmin?) (h) wt%) (am) (am)
R623 0.5 2 10 2607 3.0
R623-HT723 0.5-2 2-1 10 35+09 34

oxC R623-HT773 2-2 2-2 10 3.8+1.0 -
HT523-R623-HT773 5-5-5 2-4-2 10 41+14 28
HT523-wet @ 5 4 10 48+1.8 N.A.
HT523-0X303-R623  2-cool-2 2-3-2 11 3.0+£12 35
0X493-R623 2-2 2-2 11 41+22 3.6
0X473-R623 2-2 5-2 11 3.0+£1.0 3.0

C HT523 0.5 4 15 2607 3.2
HT523-R673 0.5-2 4-2 15 6.0£44 39(6.7)d
R623-EtOH b 2 2 10 3.7+12 -
CO673-EtOH b 2 2 10 43+13 3.7(.7)4

oxC-300 ¢ R623 2 2 5.4 36+£11 27
R623-wet @ 5 2 54 40+14 N.A

a In an H20-saturated feed. b With an ethanolic impregnation solution. ¢ Oxidized graphite with BET of
236 m? g and Vior of 0.28 mL min-l. 4 dcuojcoo in parentheses.

by incipient wetness impregnation yields well-defined nanoparticles of 3-4 nm, irrespective of

several preparation parameters.

The synthesis of Co-rich CuCoOx nanoparticles larger than 3-4 nm can be required for a specific
catalytic performance, for example to avoid excessive methane formation upon syngas
conversion. 3% We envisioned to achieve larger nanoparticles by using various synthesis parameters
as listed in table 5.1 but did not result in significantly varied sizes. To explore an alternative
strategy to vary the particle size, we discuss a specific method in more detail: oxidation of the
impregnate at various temperatures and subsequent reduction. Figure 5.6 shows the O2 uptake
profiles for the first oxidation step in the 0.2-CuCo/oxC catalyst synthesis. At 538 and 736 K two
major peaks corresponding to graphite combustion to CO2 and H20 were observed, resembling the
mass loss in figure 5.5 (frame B). The small peak at 463 K indicated the oxidation of mixed metal
nitrates with the release of NOx gases, suggesting the start of the phase transformation to CuCoOx
nanoparticles. Three various oxidation temperatures were accordingly chosen for the first step in

the catalyst synthesis: 463 K which mimics the start of the CuCoOx phase formation, 523 K which
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Figure 5.6 O:2uptake profiles as a function of temperature for the 0.2-CuCo/oxC impregnate. The impregnate
was ex situ dried under vacuum at room temperature, stored in an Ar glovebox, and loaded from the glovebox

without exposure to air. Conditions: 2 K min’, 5 vol% O2/He, 180 mL min! gearl.

is just below the temperature of significant support degradation, and an intermediate temperature
of 493 K.

Figure 5.7 presents electron micrographs (frames A-C) and corresponding particle size
distributions (frames D-F) of the 0.2-CuCo/o0xC catalysts after an initial oxidation treatment at the
various temperatures (463, 493, and 523 K). We observed the formation of ultrasmall
particles/clusters after oxidation at 463 K (frame A), showing the start of the phase transformation
to CuCoOx nanoparticles at this temperature. At higher temperatures (frames B-C) CuCoOx particles

of around 3 nm were formed, in line with the observations listed in table 5.1.

After the initial oxidation treatment at various temperatures, the 0.2-CuCo/oxC catalysts were
subsequently reduced in an H2 atmosphere at 623 K to obtain the active metal phase. Figure 5.7
(frames G-L) shows EM images and accompanying particle size distributions of the reduced
0.2-CuCo/oxC catalysts after their exposure to air at room temperature. Around 3 nm CuCoOx
particles (frame G) were formed for the reduced catalyst, which was previously oxidized at 463 K.
However, significantly larger particles and size distributions of 4.2 + 2.6 and 7.0 + 4.9 nm were
obtained for the reduced catalysts, which were previously oxidized at 493 K (frame H) and 523 K
(frame I), respectively. The larger particle sizes and distributions can be explained by the partial
support combustion in these catalysts, leading to an effective higher Cu + Co loading (13.1, 16.1, and
18.9 wt% for oxidation at 463, 493, and 523 K, respectively, according to mass loss analysis) and
hence a smaller interatomic distance. Larger particles were not observed in the 0.2-CuCo/oxC
catalysts after the initial oxidation treatment (frames B-C) but only after subsequent reduction

(frames H-I), as Cu and Co oxides have a significantly lower mobility than metallic Cu and Co. 360
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Hence, heat treatments by mild oxidation and subsequent reduction is an effective method to obtain

larger CuCo particles in impregnated carbon supports.

Particle size (nm) 3%

Figure 5.7 Representative TEM images and corresponding particle size distributions of the 0.2-CuCo/oxC
catalyst (A-F) prepared via an oxidation treatment of the dried impregnate at 463, 493, or 523 K and
(G-L) subsequent reduction at 623 K. Conditions: 5vol% O2/N2 or 5vol% H2/N>, ramp 2 Kmin, hold 2 h,
200 mL min- gearl.

Figure 5.8 shows the XRD patterns of the 0.2-CuCo/oxC catalysts prepared by various oxidation
treatments and subsequent reduction at 623 K. At higher oxidation temperatures the formation of
a crystalline CuCo204 phase (indicated with ) was observed. After subsequent reduction at 623 K
a diffraction peak at 51.6° was observed, located between the (111) peaks of Cu® and Co°. Hence,
most probably a mixed CuCo phase was formed with a crystallite size around 7-9 nm. Here, we
showed that well-defined and robust CuCoOx nanoparticles of 3-4 nm are obtained for many
impregnated, Co-rich CuCoOx/0xC catalysts and that a subsequent oxidation-reduction treatment

allows the growth into larger particles around 7 nm.
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Figure 5.8 XRD patterns of the fresh 0.2-CuCo/oxC catalysts prepared via various oxidation treatments and
subsequent reduction at 623 K (see also figure 5.7). The reduced catalysts were measured without exposure to

air. a = CuCo peaks, = CuCo204 peaks.

5.3.3 Galvanic replacement as an alternative catalyst preparation

Galvanic replacement (GR), or electroless deposition, is an alternative procedure to synthesize
bimetallic particles. For instance, Co@Cu core-shell colloids can be prepared, which are
subsequently deposited on a support. 356 We explored a new strategy: to synthesize supported Co®
nanoparticles on silica gel (BET = 340 m2 g, Viot = 1.20 mL g1) by incipient wetness impregnation
and subsequently to selectively deposit a Cu layer on the Co nanoparticles using GR. The initial
Co/Si02 impregnate was heated in N2 at 573 K and subsequently Ho at 723 K to obtain the catalyst
and had a Co loading of 8.5 wt% (according to ICP-OES analysis). After the initial N> treatment, the
Co304 crystallite size in the Co/SiO> catalyst was 8.1 nm, as derived from XRD, and is in line with
the 7-12 nm-sized CoOx particles observed by TEM in the subsequently reduced catalyst, which were
typically located within agglomerates up to 100 nm (data not shown).

The reduced Co/SiO:2 catalyst was used as a (partial) sacrificial template to deposit Cu® from a
solution containing Cu®+ ions onto the Co® nanoparticles. Here we discuss two selected
CuCoOx/SiO2 catalysts prepared by GR with either Cu(NOs)2 as the Cu precursor in an aqueous
solution or with CuCl as the Cu precursor dissolved in oleylamine (OLA). For both catalysts, a
Cu/(Cu + Co) ratio of 0.38 upon GR was expected. Galvanic replacement was successful: Cu was
deposited onto both catalysts according to ICP-OES analysis, which resulted in a molar
Cu/(Cu + Co) ratio of 0.34 and 0.21 for the catalysts prepared in H20 and OLA, respectively. This
means that almost all Cu2+ ions in aqueous environment were reduced to Cu® and deposited on Co®
nanoparticles, while ca. 55% of the Cu* ions was deposited on the Co® nanoparticles in the

CuCoOy/Si02 catalyst by the OLA-based synthesis. Furthermore, ca. 1.1-1.2 times more Cu was
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deposited onto both catalysts than Co was dissolved, thereby taking the different charge of the Cu

precursors into account using equations (5.5)-(5.6), and might indicate partial Co leaching.

Figure 5.9 shows chemical maps of the two selected CuCoOx/SiO2 catalysts prepared with H2O
(frames A-F) or OLA (frames G-L) as GR solvent. Cu and Co species with much smaller Co particles
were obtained using an aqueous-based synthesis (frames A-B) than in the initial Co/SiO2 catalyst.

The smaller Co particle size in the CuCoOx/SiO2 catalyst can be explained by the slightly acidic

0.34-CuCo/SiO,
with Cu(NO,), in H,0

50 nm 50 nm
L] ]

after GR ——— > after OX ———— after CAT
(o]1] I) G o K)

0.21-CuCo/SiO,
with CuCl in OLA

Figure 5.9 Chemical maps with HAADF-STEM overlays of two selected CuCoOx/SiO2 catalysts prepared with
(A-F) Cu(NO3)2 as Cu precursor in H20 as solvent or with (G-L) CuCl as Cu precursor in oleylamine (OLA) as
solvent. Samples are depicted after galvanic replacement (GR), an oxidation treatment at 723 K (0OX) and 60 h
of syngas conversion (CAT). Frames C and E show the HAADF-STEM images with zoomed insets and arrows

indicating CoSiOx. Frames D and F show the corresponding combined Cu + Co chemical maps.
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solution (ca. pH 3.8) of the aqueous GR solution. At this pH H* ions can oxidize the Co®
nanoparticles to Co2+ (AE = +0.06 V, AG = —11 kJ mol-), which can lead to partial dissolution and
redispersion of Co nanoparticles. Note that the driving force is larger for the oxidation of Co® by
Cu?+ (AE® = +0.62 'V, AG® = —120 kJ mol-), i.e. galvanic replacement. When OLA is used as GR
solvent, particles of ca. 14 + 5 nm were observed (frames G-H) with a strong correlation between

the position of the Cu and Co species, indicating the formation of CuCoOx nanoparticles.

After GR and subsequent washing, the surface of the OLA-prepared CuCoOx/SiOz2 catalyst was still
covered with adsorbed OLA molecules, as clear from the mass loss when heating in O2. Figure 5.9
(frames C-D and I-J) shows the elemental distribution of two selected CuCoOx/SiO2 catalysts after
the oxidation treatment at 723 K to remove organic ligands. For the catalyst prepared in an aqueous
solution, CuOx nanoparticles of 12 + 5 nm were formed, which had a limited correlation to the
position of the Co species (frame D). Several 3 nm-sized CoOx particles as well as needle-like and
mainly Co-based structures were present in the catalyst as indicated by the white arrows (frame C).
A similar catalyst structure was observed for the catalyst after prolonged syngas conversion
(frames E-F). For the OLA-prepared CuCoOx/SiOz catalyst no notable change in the average particle
size and the relative position of the Cu and Co was observed neither upon ligand removal
(frames I-J) nor during long-term exposure to syngas (frames K-L). Hence, it seems that after
ligand removal the high intimacy between Cu and Co species is maintained using OLA as GR solvent

but is limited using an aqueous solution for the synthesis.

Figure 5.10 (frame A) presents XRD patterns of the two selected CuCoOx/SiO2 catalysts after GR

and the subsequent ligand removal by oxidation as well as a silica reference. The CuCoOx/SiO2
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- CoSiO, inH,0| 3
g (] :
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Figure 5.10 (A) XRD patterns of selected CuCoOx/SiO2 catalysts prepared with OLA or H2O as solvent.
Depicted after galvanic replacement (GR) and after oxidation at 723 K in synthetic air (OX). The diffractograms
are vertically offset for clarity. a = CuCo peaks, # = CuCo204 peaks, y = Cu20/CoO. (B) Reduction profiles of
similar CuCoOx/SiO2 catalysts after removal of ligands (0X). Conditions: dried in Ar at 393 K, reduction with
5vo0l% Ha/Ar, ramp 5 K min’, ca. 570 mL min! gearl.
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prepared in an aqueous solution contained Cu20 and/or CoO with a crystallite size of ca. 10 nm
without crystalline Co0. It therefore seems that the Co® nanoparticles were indeed (partially)
dissolved and redeposited with the additional formation of several larger crystallites, which were
not detected by EM analysis. After GR using OLA as the solvent crystalline Cu®/Co° with Cu20/CoO
domains were observed, which were transformed into a CuCo204 phase with a crystallite size of
12.0 nm upon oxidation, in agreement with EM analysis in figure 5.9 (frames C-D). Hence, the
CuCoOx/SiOz catalyst prepared in OLA has well-defined CuCo204 crystallites/nanoparticles of 12-14 nm,

which might be favorable for catalysis.

The intimacy between the Cu and Co species in the CuCoOx/SiO2 can also be derived from H>
reduction profiling. Figure 5.10 (frame B) shows the reduction profiles of the two oxidized
CuCoOx/SiO2 catalysts, prepared by using H20 or OLA as the solvent. Two separate reduction peaks
were observed for the H2O-prepared CuCoOx/SiO2 catalyst: a sharp peak at 501 K due to the
reduction of CuO to Cu®36! and a broad, large peak at 982K attributed to the reduction of
CoSiOx 56:362, The fact that CoOx was not simultaneously reduced with CuO points to the lack of a
close intimacy between the Cu and Co in this catalyst and to an extensive reaction of highly
dispersed CoOx with the silica support most likely during the reduction experiment. For the catalyst
prepared in OLA, the Ha2 reduction profile featured three distinct peaks. The peaks at 592 and 670 K
are ascribed to a two-step reduction of CuCo204 to bimetallic CuCo, whereas the peak at 921 K
indicated a small fraction of CoSiOx. These CuCo0204 reduction temperatures were in the same
temperature region as reported for CuCoOx/Al203 catalysts 168 and significantly higher than for our
CuCoOx/0xC catalysts (figure 5.4), indicating a strong interaction between the oxidic support and
CuCoOx nanoparticles and a high intimacy between Cu and Co. Here, we showed for the first time
that applying GR on pre-deposited Co® nanoparticles is a suitable method to synthesize
CuCoOx/SiO2 catalysts with a high intimacy between Cu and Co species.

5.3.4 Catalyst stability during CO hydrogenation

Bimetallic CuCo (oxide) catalysts are relevant for various gas- and liquid-phase reactions, as
described in the introduction (section 5.1). Yet, they are highly sensitive to metal segregation due
to their thermodynamic instability, and this separation is especially enhanced in a reducing
atmosphere at high temperatures and pressures. We used high-pressure CO hydrogenation as a tool
to assess the stability of the bimetallic CuCo (oxide) catalysts under reducing conditions by
following the product distribution over time. Highly intimate, metallic Cu and Co species are able
to catalyze the formation of long-chain alcohols 55173, whereas separate Cu and Co particles give
selectivity to methanol and hydrocarbons, respectively. Furthermore, methane can be formed on

Co particles. 35
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The Cu—Co distribution is visualized in figure 5.11 for the impregnated 0.2-CuCo/o0xC catalyst by
EDX spectroscopy after 150 h of high-temperature and -pressure CO hydrogenation. Frames A-D
show agglomerates of ca. 50 nm, indicated by the orange window. These particles consisted of a Co-
rich core and a Cu-rich shell, suggesting the formation of Co@Cu core-shell particles during
catalysis. According to EDX spectra (frames E-G) the large CuCoOx particles were significantly
enriched with Cu (frame F) with respect to the overall Cu distribution in the 0.2-CuCo/oxC catalyst
(frame E). On the other hand, in a region with smaller particles (light blue window) a depletion of
Cu occurred (frame G). The reason why Cu is mainly located at the outside of the large particle
(orange window) after high-pressure CO hydrogenation is probably related to the different surface
tension of reaction intermediates with Cu and Co during reaction. 363 Note that under vacuum or
inert conditions the surface tension of Cu of lower than of Co, influenced by the lower melting point
of bulk Cu (1358 K) compared to bulk Co (1768 K). 189,364 Interestingly, the 0.21-CuCo/SiO2 catalyst
prepared by GR in OLA (figure 5.9, frames K-L) maintained the high intimacy between Cu and Co
species after catalysis, yet a support effect cannot be excluded here. Here we showed that the Cu

species become mobile at high temperatures and pressures in a reducing atmosphere, which

resulted in the segregation of the Cu and Co species.

Energy (eV)

Figure 5.11 (A) HAADF-STEM image and (B-D) EDX maps of the used 0.2-CuCo/oxC catalyst in the same
area for Co, O, and Cu, respectively. (E-G) EDX spectra corresponding to the colored areas. Conditions catalysis:
523 K, 40 bar, Ho/CO/He = 60/30,10 vol%, 150 h.
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Figure 5.12 (frame A) shows the total activity as a function of time for the impregnated
CuCoOx/0xC catalysts with varying Cu/(Cu + Co) ratios but equal Cu + Co reactor loadings. A
significantly higher conversion was obtained when more Co was present in the catalyst. For the
0.8-CuCo/oxC and Cu/oxC catalysts the conversion was very low. Co-rich catalysts were more stable
during CO hydrogenation. The activity of the CuCoOx/SiO2 catalysts prepared by GR as a function
of time is shown in frame C. The 0.34-CuCo/SiO2 catalyst prepared in H20 did not show significant
activity, which we attributed to the large portion of non-reduced CoSiOx and the lack of Cu—Co
intimacy, as was determined by H> reduction profiling (figure 5.10, frame B). At 40 bar only a
small amount of hydrocarbons (of which ca. 80%c was methane) was formed but not at 60 bar. The
galvanically replaced 0.21-CuCo/SiO: catalyst prepared in OLA was active upon CO hydrogenation
(frame C) but had a significantly lower activity than the co-impregnated 0.2-CuCo/oxC catalyst
(frame A) with a similar metal composition. The activity of the OLA-prepared CuCoOx/SiO2 catalyst

A)  100= B) 70
N RN - ColoxC A\ 0.2-CuCol/oxC cH
~ B 604 A, o
‘w804 L~ BN ADLDA === == - ADABDLAL =
> 8 CuCoO0,/oxC :\°B 504
2 78 60 by IWI > 401
[T _0-0-9. —
E é ./o ® o-o.._.‘\ ; 30 He
S o5 404 0 2-CuColoxC| A L s s AN
23l PR S 20
o \.—.-._. (2] o/
g_ 20 0/.A5-ACUC0/0XC 10 ROH,, MeGH
DR "ol 0.8-CuCo/oxC & CuloxC | 2880000000 22 22 $S U
0 Jrowe-tue A‘.‘“-, 4o o oo s b it bt i 0 HAAC Lt E0:- 4'4-4”-" *ﬂ
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Time on stream (h) Time on stream (h)
¢) 100 40 bar 60 bar D) 70
-—
~ : 601
o 801 0.36-CuCo/SIO, (impregnated) . e
z ¢ 0.21-CuColSiO, (GR in OLA) © OToaraatsarsdananrtratasan
> <3 60- —e— 0.34-CuCo/SiO, (GR in H,0) = CH,
s o > 401
Sz i L 3
5 g 40 ; B 301
b i 2
- : @ 204
204 H
e 5 104 ROH,,
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Time on stream (h) Time on stream (h)

Figure 5.12 CO conversion as a function of time for (A) impregnated CuCoOx/0xC catalysts with equal Cu + Co
reactor loadings and (C) selected CuCoOx/SiO2 catalysts prepared by galvanic replacement. Frame C includes a
co-impregnated 0.36-CuCo/SiO2 reference catalyst. (B,D) Product distribution as a function of time for the
impregnated 0.2-CuCo/oxC and galvanically replaced 0.21-CuCo/SiO2 catalysts, respectively. ROH2: = Ca+
alcohols; HC2+ = C2+ hydrocarbons. Conditions: 523 K, 40 (or 60) bar, H2/CO/He = 60/30/10 vol%.
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was also lower compared to a co-impregnated 0.36-CuCo/SiO2 catalyst (frame C), which has a
slightly higher Cu content. This lower activity might be attributed to some inactive CoSiOx species
(figure 5.10, frame B) and the relatively large CuCoOx particle size (figure 5.9, frames G-L), thus
a lower active surface area. Interestingly, the stability of the 0.21-CuCo/SiO2 catalyst prepared in
OLA was much higher than for the two impregnated catalysts: 0.2-CuCo/oxC (frame A) and
0.36-CuCo/SiO2 (frame C). This remarkable stabilization suggests that GR is a suitable method to

obtain a more stable CuCoOx structure compared to impregnation.

Figure 5.12 (frame B) presents the product distribution of the most active, impregnated
CuCoOx/0xC catalyst, 0.2-CuCo/0xC, as a function of time. Methane was the main product, which
can be due to the presence of small (<3 nm) Co nanoparticles typically having a high surface
pressure of adsorbed H atoms during hydrogenation reactions. 35° Mostly hydrocarbons but also
methanol were produced in significant amounts. Up to 8.5%c of long-chain alcohols with a chain
growth probability (a) of 0.463 + 0.019 were obtained, which is a significantly lower selectivity to
long-chain alcohols than recently reported in literature for CuCo-based catalysts (>20%c). 20:173-177
After ca. 30 h of catalysis the long-chain alcohol selectivity slowly decreased, which can be explained
by gradual CuCoOx segregation as is supported by EM analysis (figure 5.11). These catalysts with
a Cu—Co intimacy may be suitable bimetallic catalysts for reactions under milder conditions than
those used in this study, such as aerobic oxidation reactions in the liquid phase 156.164 and radical

reactions for organic pollutant removal. 340,341

Focusing on the product distribution of the 0.21-CuCo/SiO: catalyst prepared in OLA (frame D),
more long-chain hydrocarbons, less methane, and no methanol were produced compared to the
0.2-CuCo/0oxC catalyst (frame B). These observations suggest the absence of extended Cu surfaces.
Interestingly, the galvanically replaced catalyst has a stable but low production of long-chain
alcohols with a selectivity of 4.5%c and an a of 0.38 + 0.05. This stability is supported by the close
intimacy between the Cu and Co species in the fresh as well as the used catalyst, as derived by EM
analysis (figure 5.9, frames K-L). These results strongly indicate that in all tested catalysts a high
intimacy between Cu and Co exists, leading to the production of long-chain alcohols upon CO
hydrogenation, but a support effect cannot be excluded. Whereas for the active, impregnated
CuCoOx/0xC catalysts the metals slowly segregate over time, leading to the production of both
methanol and hydrocarbons, the 0.21-CuCo/SiO2 prepared by GR has intimately mixed Cu and Co

and no separate Cu nanoparticles but separate Co nanoparticles.

The Anderson-Schulz-Flory (ASF) distribution for the hydrocarbon formation can be used to extract
additional textural properties of the catalysts as it depends on the distribution of Cu and Co surface
atoms. The chain growth probability (a) describes the chance of CH2* insertion in an adsorbed
hydrocarbon over chain termination of the hydrocarbon. The ASF plots of the impregnated
CuCoOx/0xC catalysts in figure 5.13 (frame A) show that the a decreased from 0.792 + 0.009 for
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Figure 5.13 ASF plots of hydrocarbon formation for (A) CuCoOx/0xC catalysts prepared by impregnation and
(B) the 0.21-CuCo/SiOz catalyst prepared by GR and a co-impregnated CuCoOx/SiO2 reference. Impregnated

CuCoOx/0xC catalysts form a large portion of non-ASF methane, attributed to small Co nanoparticles.

Co/oxC to 0.526 + 0.012 and 0.462 + 0.012 for the 0.2-CuCo/oxC and 0.5-CuCo/oxC catalysts,
respectively. This means that the high chain propagation property of a pure Co surface is mitigated
by the local presence of Cu, showing the intimacy between Cu and Co species. Furthermore,
significantly more methane was produced in all impregnated CuCoOx/0xC catalysts than expected
from the ASF distribution, indicating the presence of small Co nanoparticles or clusters. 35 The
galvanically replaced 0.21-CuCo/SiOz catalyst prepared in OLA (frame B) had a significantly lower
a of 0.472 £ 0.015. Also, the amount of produced methane was as expected, based on the ASF
distribution. This means that the 0.21-CuCo/SiO2 catalyst did not contain small, metallic Co
nanoparticles. Interestingly, CO hydrogenation is an effective tool to assess the stability and the
extent of phase segregation of CuCoOx particles in a reductive atmosphere and harsh conditions.
Using this technique, we demonstrated that with galvanic replacement as the preparation method
for supported CuCoOx nanoparticles, a higher CuCo phase stability yet lower activity was obtained

than for impregnation for reasons not fully understood.

5.4 Conclusions

We explored the influence of various synthesis methods on the textural properties of
supported, bimetallic CuCo nanoparticles, using co-impregnation and galvanic replacement. We
showed that the presence of Co in graphite-supported Cu nanoparticles limits the Cu particle growth
during catalyst synthesis by co-impregnation. The impregnation procedure is robust and yielded
3-4 nm CuCoOx nanoparticles on a graphitic support, but larger particles of ca. 7 nm were obtained

by using a mild oxidation and subsequent reduction. Galvanic replacement using pre-deposited Co®
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nanoparticles on a silica support partially replaced by Cu® in oleylamine is an effective method to
prepare CuCoOx nanoparticles with a high Cu—Co intimacy. The stability of the supported CuCo
bimetals was probed by CO hydrogenation at high temperature and pressure. In all catalysts, a Cu—
Co intimacy was observed as indicated by the production of long-chain alcohols, except for the
galvanically replaced CuCoOx/SiO2 catalyst prepared in an aqueous solution, which probably
contained a significant amount of cobalt silicate. Surprisingly, the catalyst prepared by galvanic
replacement had a higher CuCo phase stability than for impregnated catalysts under harsh
reductive conditions but a lower activity, although a support effect cannot be excluded in this

respect.
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Summary and outlook

Understanding catalyst performance and its dependence on the structure of the individual
catalyst’s components is important to enhance the economical (and sometimes even
environmental) impact and adds to the rational design of new generations of catalysts. Typically,
catalysts contain multiple components that improve the activity, selectivity, and/or lifetime. A
prime example of such a component is a promoter, which boosts the catalyst performance without
significantly being active for the reaction itself. The role and structure of promoters are often
studied remotely from industrially relevant conditions, while it is well known that catalysts are
dynamic entities under working conditions at high temperatures and pressures. Also, the influence
of the promoter is often challenging to discern from the roles of the other components within the
catalyst, such as a strongly interacting support, thereby hampering the identification of the active

state of the promoter.

This thesis covers the role of several promoters in supported copper catalysts used in the conversion
of syngas (H2/CO, hence CO hydrogenation) and during CO2 hydrogenation. We extensively used
graphitic carbon as a model support instead of the frequently used metal oxides, to facilitate analysis
by transmission electron microscopy and X-ray absorption spectroscopy (XAS). Reactions were
performed at high temperatures and pressures, but even more importantly, the catalysts were also

characterized under working conditions as much as possible.

Chapter 1 provides a detailed background of the catalyst components and hydrogenation reactions
allowing the reader to become acquainted with the topics discussed in the following chapters.
Impregnation as a catalyst synthesis technique is discussed, and the uniqueness of copper (Cu) in
catalysis is highlighted. We thoroughly describe distinct types of promotion, thereby specifically
focusing on zinc oxide (ZnOx), manganese oxide (MnOx), and cobalt (Co) promoters for Cu-

catalyzed reactions.

In chapter 2 we treat the ZnOx promoter. From literature it is well known that promotion by ZnOx
and the CO2 enrichment of syngas enhance the copper catalyst activity for this reaction, but little is
reported on the mutual influence of these two activity-enhancing effects. In this chapter we present

the combined effect of ZnOx and CO2 promotion on the catalyst performance using carbon-
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supported copper catalysts. We find that without CO2 in the syngas feed, the activity of the
supported Cu nanoparticles is boosted by an order of magnitude by ZnOx promotion, and alternative
products are formed next to the main product methanol, regardless of the presence of the ZnOx
promoter. Unpromoted Cu nanoparticles are not affected by CO2 addition in the syngas feed. For
the ZnOx-promoted catalyst, a maximum activity is obtained with 3 vol% CO2. The methanol
selectivity of all catalysts is very high when CO: is present in the syngas feed. The results in this
chapter showed that the combined effect of ZnOx promotion and CO2 enrichment of the syngas to
enhance the catalyst performance is complex and was unraveled using graphitic carbon as a model

support.

In chapter 3 we elaborate on the structure of the ZnOx promoter during methanol synthesis using
operando XAS. A comparison is made between oxide- and carbon-supported Cu nanoparticles. Our
experiments clearly show that ZnOx-promoted Cu nanoparticles supported on carbon produce
methanol faster than supported on silica in a pure H2/CO feed but especially in a CO2-enriched
syngas feed. In literature the active state of the ZnOx promoter is thought to contain Zn in its
divalent state. Using a graphitic support for Cu nanoparticles the true speciation of the active
fraction of the Zn-based promoter was elucidated under industrially relevant temperature and
pressure. Strikingly, a significant part of the relevant ZnOx promoter is reduced all the way to Zn0
during catalysis, likely forming Cu-Zn alloys. In this chapter we present the use of weakly
interacting graphitic supports as an important strategy to avoid the excessive presence of promoter

spectator species.

In chapter 4, the effect of MnOx promotion is presented. With in situ XAS, we find that the
promoter is reduced from the Mn(III) to (mainly) Mn(II) oxidation states at the same temperature
at which the CuO nanoparticles are reduced to metallic Cu, showing close intimacy and direct
interaction between MnOy and Cu. During CO as well as CO2 hydrogenation only a small amount of
MnOx is needed to improve the activity, selectivity to methanol, and stability. The selectivity during
CO2 hydrogenation is further influenced by the temperature, pressure, and gas flow. More
importantly, the MnOx promoter is fundamentally different than the ZnOx promoter discussed in
chapters 2 and 3. Using XAS under working conditions we show that CO2 in a syngas feed strongly
binds to MnO, which probably forms an MnCOs phase. This carbonate formation is absent for the
ZnOx promoter and hence clarifies the lower activity of the MnOx-promoted Cu nanoparticles in a

COq-enriched syngas feed.

In chapter 5 we introduce Co as a modifier for supported Cu catalysts. A combination of the high
methanol selectivity of Cu and the ability of Co to form C—C bonds can in principle lead to the
formation of long-chain alcohols upon CO hydrogenation. This chapter focuses on the preparation
and the catalyst formulation of bimetallic CuCo nanoparticles, where catalysis is used to determine

the stability at high temperature and high syngas pressure. We present impregnation as a suitable
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method to prepare bimetallic CuCo catalysts with varying Cu/Co ratios, yielding supported
nanoparticles with a size around 3 nm. This technique is not very sensitive to synthesis parameters,
such as the support functionalization, gas atmosphere during activation, and nature of the
impregnation solvent. Larger nanoparticles of 7 nm were synthesized by activating the impregnates
by a mild oxidation and a subsequent reduction. We also find that with galvanic replacement (or
electroless deposition) a Cu layer can be selectively deposited on supported Co nanoparticles. These
catalysts better retain the intimacy between Cu and Co during CO hydrogenation at high
temperatures and pressures than the impregnated catalysts but have lower activities. The intimately
mixed Cu and Co lead to a stable production of 5% long-chain alcohols, while separate Co

nanoparticles mainly produce hydrocarbons.

All together, we show the effect and structure of several promoters on the catalyst performance of
supported Cu catalysts in syngas conversion and CO2 hydrogenation. High surface area carbon
materials are typically regarded as less useful catalyst supports than oxides for non-noble metals.
One of the main reasons is the lack of compressibility of graphitic carbon to shape the final catalyst
into macroscopic bodies, a method typically used industrially. However, in this thesis we show that
carbonaceous materials are important model supports to study the relevant promoter structure by
facilitating the characterization by electron microscopy and XAS. This strategy is also applicable to
other catalyst types. As discussed in chapter 3, we also find a positive side effect of graphitic carbon
as a model support: less promoter material is needed to maximize the methanol formation by the
Cu nanoparticles than when an oxidic support is used, showing that the promoter is more efficiently
used in carbon-supported catalysts. Hence, carbon—metal oxide composites as a support for
nanoparticles may be a good option to lower the promoter material costs while retaining sufficient
structural stability for shaping the catalysts in macroscopic bodies. We present that carbon-
supported metal catalysts are valuable model systems for academic research that may be less distant

from industrially used catalysts than you might have thought.
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Katalysator, dragermateriaal, promotor, synthesegas: deze termen vormen een belangrijke
basis voor het begrip van het onderwerp van dit proefschrift, namelijk het gebruik van promotoren
om de katalytische prestatie van koper te bevorderen. Maar wat is een katalysator, wat wordt

bedoeld met synthesegas en hoe zit het met promotoren?

Een katalysator is een stof die een bepaalde chemische reactie versnelt. Een belangrijk voorbeeld
van een (chemische) katalysator is te vinden in de uitlaat van een auto. Een katalysator bestaat
veelal uit een collectie van vele kleine metaaldeeltjes van maar enkele nanometers groot
(1 nanometer = 0.000000001 meter), die aangebracht worden op een dragermateriaal. Een drager
kan het best beschreven worden als een spons met heel veel porién en die daardoor een groot
specifiek oppervlak heeft. Het geheel vormt de katalysator en is in het geval van de veelgebruikte

koolstofdrager in dit proefschrift een zwart poeder (vergelijkbaar met Norit®).

De reden dat zulke kleine deeltjes gebruikt worden, is dat hun actieve oppervlak per gram materiaal
enorm groot is. Stel je een knikker voor met een diameter van 1 centimeter. Wanneer deze wordt
opgedeeld in piepkleine bolletjes van 10 nanometer (“nanodeeltjes”), dan wordt het oppervlak maar
liefst een miljoen keer groter. Het is precies dit grote oppervlak dat een sleutelrol speelt in de
functionaliteit van een katalysator, omdat een chemische reactie doorgaans alleen plaatsvindt aan

het oppervlak.

Het tweede onderdeel van een katalysator is het dragermateriaal dat meestal niet bijdraagt aan de
activiteit van de katalysator. Toch is het wel van cruciaal belang voor de stabiliteit, omdat er een
drijvende kracht is voor de enorm kleine nanodeeltjes om samen te smelten tot één groot geheel
waardoor het actieve oppervlak afneemt. Dit proces wordt versneld wanneer de katalysator onder

hoge temperatuur en druk gebruikt wordt.

Katalysatoren worden al vele decennia toegepast om materialen, zoals brandstoffen, plastics en
medicijnen, op grote schaal te produceren. Daarbij zijn drie elementen van de katalysator van groot
belang: de mate waarin de katalysator de chemische reactie versnelt (activiteit), de formatie van het

gewenste product met een minimale hoeveelheid aan bijproducten (selectiviteit) en de levensduur
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van de katalysator (stabiliteit). Al deze aspecten dragen bij aan de effectiviteit van omzetting,
bijvoorbeeld in de chemische industrie, en daarmee worden het energieverbruik en de afvalstroom
verminderd en worden uiteindelijk dus kosten bespaard en milieu gespaard. Daarom is het begrip
van katalysatoren, hun synthese en hun gebruik, de wetenschapsdiscipline van de katalyse, zo

belangrijk.

Koper is een goed ingrediént voor katalysatoren: het komt relatief veel voor op de aarde en is
daardoor relatief duurzaam en goedkoper dan veelgebruikte edelmetalen (ongeveer vijfduizend
keer dan bijvoorbeeld platina). Het metaal is al decennia de hoofdcomponent in de katalysator voor
onder andere de reactie van waterstof (H2) met koolstofmonoxide (CO) naar methanol. Reacties
van waterstof met andere moleculen worden hydrogenatiereacties genoemd. Methanol is een
belangrijke bouwsteen voor de chemische industrie waarvan jaarlijks maar liefst meer dan honderd
miljoen ton wordt geproduceerd. Het gasmengel van H2 en CO, waaruit onder andere methanol
wordt geproduceerd, is zo belangrijk dat het een eigen naam heeft gekregen: “synthesegas”. Naast
methanol kunnen vele andere stoffen, zoals benzine en diesel, uit synthesegas gevormd worden met

behulp van katalysatoren.

Vergeleken met edelmetalen heeft koper wel een nadeel: koperen nanodeeltjes hebben een relatief
lage katalytische activiteit. Om de volledige potentie te benutten worden vaak toevoegingen
gebruikt om zo de gewenste activiteit, selectiviteit en stabiliteit te verkrijgen. Deze additieven
worden ook wel promotoren genoemd. Zinkoxide is hiervan onder chemici een bekend voorbeeld;
het verhoogt de activiteit van koperkatalysatoren voor de synthese van methanol uit synthesegas.
Mangaanoxide als een promotor voor de door koper gekatalyseerde conversie van synthesegas
wordt minder vaak gebruikt, maar is zeker niet minder interessant. Ondanks de vele studies over
de rol van de promotor in katalytische reacties is nog niet alles bekend en is soms nog veel

controverse over wat op nanoniveau gebeurt.

En dan komt de lastige vraag: hoe kunnen we al deze diverse materialen bekijken? Nanodeeltjes
zijn namelijk niet met het blote oog zichtbaar. Microscopie is een van de technieken die in elk
hoofdstuk van dit proefschrift genoemd wordt. Met behulp van elektronen in plaats van zichtbaar
licht kunnen deeltjes van slechts enkele nanometers worden bekeken. Het interessantst is hoe de
katalysator eruitziet tijdens een chemische omzetting die vaak plaatsvindt op hoge temperatuur en
bij hoge druk zoals in methanolsynthese. Onder die omstandigheden ziet een katalysator er meestal
anders uit dan aan de open lucht op kamertemperatuur, omdat onder ruwe omstandigheden de
nanodeeltjes continu vervormen en zich verplaatsen over het dragermateriaal. Hieraan wordt veel
aandacht besteed in dit proefschrift. Door het meten van absorptie van rontgenstralen door de
katalysator (“rontgenstralenabsorptiespectroscopie”) kunnen de structuur en positie van de

promotoren ontrafeld worden onder veelgebruikte reactiecondities. Deze techniek heeft zich in de
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afgelopen paar jaar sterk ontwikkeld en vormt een belangrijk gereedschap in ons onderzoek om de

meest interessante rol van de katalysator te bestuderen.

De keuze van het dragermateriaal is erg belangrijk om de structuur van de promotor te kunnen
onderzoeken. Een veelgemaakte keuze voor industri€le katalysatoren is silicium- of
aluminiumoxide, omdat deze materialen mechanisch zeer sterk zijn, alsook erg stabiel zijn in veel
verschillende gasatmosferen op een hoge temperatuur en bij hoge druk. Een groot nadeel is echter
dat de promotor vaak een sterke wisselwerking heeft met deze dragermaterialen, waardoor de
chemische structuur van de promotor flink verandert. Hierdoor kan de promotor de katalytische
prestatie van de koperdeeltjes minder goed bevorderen en gaat de effectiviteit van de promotor
deels verloren. De keuze voor het dragermateriaal is gevallen op grafiet dat de eigenschap heeft om
metalen nanodeeltjes en promotoren maar relatief zwak te binden. Verder heeft grafiet een vlakke
morfologie  vergeleken met veelgebruikte metaaloxides, wat karakterisatie —met

elektronenmicroscopie en rontgenstralenabsorptie-spectroscopie vergemakkelijkt.

Wat te vinden is in dit proefschrift

In dit proefschrift beschrijf ik de structuur van promotoren en hun bijdrage aan de katalytische
prestatie van gedragen koperkatalysatoren, alsook hoe hier het dragermateriaal een rol in speelt.
De katalysatoren zijn uitvoerig getest voor de omzetting van synthesegas, een gasmengsel van
waterstof en koolstofmonoxide, onder hoge temperatuur en druk. Ook de reactie van waterstof met
koolstofdioxide (CO2) onder soortgelijke condities is bestudeerd. De zinkoxidepromotor wordt als
eerste besproken in hoofdstukken 2 en 3, waarna de rol van de mangaanoxidepromotor wordt
aangesneden in hoofdstuk 4. Het laatste hoofdstuk presenteert het effect van kobalttoevoeging op

gedragen koperkatalysatoren.

Hoofdstuk 1 geeft een uitvoerige achtergrond over het dragermateriaal, de bereiding en het
gebruik van katalysatoren, specifiek voor koperkatalysatoren in hydrogenatiereacties, om zo de
volgende hoofdstukken beter te kunnen begrijpen. Speciale aandacht wordt hierbij besteed aan wat
bekend is in de wetenschappelijke literatuur over de rol van zink-, mangaan- en kobaltoxides als

doelbewuste additieven voor koperkatalysatoren.

Het vervolg van het proefschrift richt zich als eerste op zinkoxide als promotor voor
koperkatalysatoren voor de synthese van methanol uit synthesegas. Naast het toevoegen van
zinkoxide heeft ook het toevoegen van een paar procent CO2 in het synthesegasmengsel invloed op
de Kkatalytische activiteit. Hoofdstuk 2 voegt deze twee belangrijke parameters in de

methanolsynthese samen.
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Eerst wordt het effect van het zinkoxide tijdens de omzetting van puur synthesegas naar methanol
besproken. Het toevoegen van zinkoxide aan de koperdeeltjes zorgt ervoor dat de activiteit ongeveer
tien keer zo hoog wordt en dat de koperdeeltjes zowel methanol als dimethylether vormen. COo-
verrijking van het synthesegas heeft een positief effect: een maximale activiteit wordt bereikt
wanneer 3% COz in het synthesegas aanwezig is. Voor de koperkatalysator zonder zinkoxide is dit
verhaal anders; hiervoor blijkt de methanolproductie niet beinvloed te worden door de toevoeging
van COa2.

In dit hoofdstuk is ook aandacht voor de selectiviteit van de katalysator. In afwezigheid van CO2
worden alternatieve producten zoals CO2 en koolwaterstoffen geproduceerd, ongeacht of de
zinkoxidepromotor is toegevoegd of niet. Dit is een bijzondere observatie, omdat voor de synthese
van methanol over op koper gebaseerde katalysatoren doorgaans een selectiviteit van meer dan 98%
wordt gerapporteerd. Een soortgelijke selectiviteit wordt inderdaad bereikt door het toevoegen van

minimaal 1% CO2 in de gastoevoer.

Nadat de optimale COz-concentratie in het synthesegasmengsel was vastgesteld voor onze
koolstofgedragen koperkatalysatoren, hebben we de structuur van de zinkoxidepromotor onder
relevante reactiecondities onder de loep genomen. In hoofdstuk 3 wordt de staat van de promotor
beschreven onder reactiecondities, waarbij we de focus leggen op de rol van het dragermateriaal.
Eerst hebben we een serie koperkatalysatoren gesynthetiseerd met een constante lage
koperbelading en met variérende hoeveelheden van de zinkoxidepromotor. Deze serie hebben we
vergeleken met een soortgelijke katalysator gebaseerd op een siliciumdioxidedrager op de
katalytische prestatie onder hoge temperatuur en druk. We zien dat de zinkoxidepromotor ongeveer
vijf keer zo efficiént wordt gebruikt wanneer de katalysator een koolstofdrager bevat in plaats van

een siliciumdioxidedrager.

Deze bijzondere observatie verklaren we met behulp van rontgenstralenabsorptiespectroscopie op
hoge temperatuur en bij hoge druk. Ons onderzoek laat zien dat een groot deel van de
zinkoxidepromotor tijdens de reactie is gereduceerd tot zinkmetaal. Tot nu toe dacht men dat het
zinkoxide nauwelijks gereduceerd werd onder reactiecondities. In dit hoofdstuk tonen wij aan dat
op koolstofgedragen katalysatoren dit grotendeels wel het geval is. Hierbij hebben we aangetoond
dat het gebruik van een koolstofdrager een geschikt hulpmiddel is om de eigenschappen van de

zinkoxidepromotor te bestuderen.

In hoofdstuk 4 maken we de stap naar een alternatieve promotor: mangaanoxide. Een reeks van
koperkatalysatoren met variérende hoeveelheden mangaanoxide op een koolstofdrager zijn
gesynthetiseerd. Met behulp van réntgenstralenabsorptiespectroscopie zien we dat de promotor
dicht in de buurt is van de koperen nanodeeltjes en dat de promotor een directe wisselwerking
ermee heeft. We vinden dat een kleine hoeveelheid mangaanoxide (5 tot 11%) in de katalysator een

positief effect heeft op de alle drie belangrijkste punten tijdens katalyse: activiteit (in zowel een CO2-
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rijke gastoevoer als de conversie van synthesegas), selectiviteit (naar methanol) en stabiliteit.
Tijdens de hydrogenatiereactie van puur CO:2 naar methanol wordt voor het merendeel
koolstofmonoxide gevormd in plaats van methanol. Dit zou nuttig kunnen zijn om CO> om te zetten
en om synthesegas te vormen voor de chemische industrie. We laten in onze experimenten zien dat
de selectiviteit naar methanol of koolstofmonoxide gestuurd kan worden door de temperatuur, druk

en toevoersnelheid tijdens de reactie te veranderen.

Een belangrijke vraag die in dit hoofdstuk wordt beantwoord is of de mangaanoxidepromotor een
andere werking heeft dan de zinkoxidepromotor zoals besproken in hoofdstukken 2 en 3. Tot onze
verrassing is de mangaanoxidepromotor minder effectief wanneer er ook maar een beetje CO2 in
het synthesegas aanwezig is: een resultaat dat in sterk contrast staat met de zinkoxidepromotor. Dit
fundamenteel verschil kunnen we uitleggen met experimenten met rontgenstralenabsorptie onder
hoge temperatuur en druk. Hierbij hebben we gevonden dat het CO2 in de gastoevoer sterk bindt
aan het mangaanoxide, waarbij waarschijnlijk ook een laagje mangaancarbonaat wordt gevormd.
Deze vorm van de promotor is blijkbaar minder effectief om de katalytische prestatie van de

koperen nanodeeltjes te bevorderen.

Ten slotte is kobalt een erg interessant metaal dat de katalytische prestatie van gedragen
koperkatalysatoren kan beinvloeden. Waar koperen nanodeeltjes methanol vormen uit synthesegas
op hoge temperatuur en bij hoge druk, zijn kobaltdeeltjes in staat om benzineachtige moleculen
zoals koolwaterstoffen en alcoholen te produceren onder deze omstandigheden. De combinatie van
deze twee metalen kan in principe verschillende soorten alcoholen opleveren, waarvan ethanol de

bekendste is. Het is echter een grote uitdaging om beide metalen dicht bij elkaar te houden.

In hoofdstuk 5 verkennen we het effect van twee types preparatiemethodes en de samenstelling
op de structuur van gedragen koper—kobaltnanodeeltjes, waarbij we katalyse hebben gebruikt als
een manier om de stabiliteit te onderzoeken. De twee methodes zijn impregnatie en de zogeheten
galvanische vervanging, technieken die veelvuldig gebruikt worden in de chemische industrie voor
het bereiden van respectievelijk katalysatoren en elektrodes, maar nog niet eerder direct met elkaar
vergeleken zijn. Door middel van impregnatie zien we dat het toevoegen van kobalt aan koperen
nanodeeltjes leidt tot kleine nanodeeltjes met een grootte van 3 tot 4 nanometer. Deze methode is
bestand tegen uiteenlopende parameters tijdens de bereiding, zoals de temperatuur en gassoort.
Ook de synthese van grotere koper—kobaltnanodeeltjes van 7 nanometer is mogelijk. Met
galvanische vervanging kan kopermetaal specifiek worden afgezet op kobaltnanodeeltjes die van
tevoren zijn geplaatst op een siliciumdioxidedrager. Het gebruik van deze bereiding leidt tot een
redelijk stabiele katalysatorstructuur onder hoge temperatuur en druk in synthesegas maar

vooralsnog een lage activiteit.

Samenvattend hebben we het effect en de structuur van uiteenlopende promotoren voor

koperkatalysatoren onderzocht tijdens de conversie van synthesegas of een mengsel van waterstof
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en CO2. Het begrijpen van zowel de rol van de individuele componenten van de katalysator als de
wisselwerkingen tussen hen is belangrijk om katalysatoren te ontwikkelen voor processen met
flexibele gascomposities. Hierbij is het gebruik van koolstofdragers een belangrijke methode om de
relevante promotorstructuur te bestuderen bijvoorbeeld met elektronenmicroscopie en
rontgenstralenabsorptiespectroscopie: een strategie die ook ingezet kan worden voor andere types
katalysatoren. Ten slotte hebben we laten zien dat gelegeerde koper—kobaltkatalysatoren
gesynthetiseerd kunnen worden met relatief simpele technieken en met een goed gedefinieerde
structuur. Deze katalysatoren zouden gebruikt kunnen worden voor chemische reacties onder milde
condities, zoals oxidatiereacties of voor het verwijderen van organische vervuilingen in een vloeistof

(een alternatief voor zogenaamde op ijzer gebaseerde Fentonchemie).
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