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General Introduction



CHAPTER 1

1.1 Copper

Copper (Cu) was amongst the first metals known to mankind.'-® The discovery that
Cu could be alloyed with zinc (brass) and tin (bronze) to produce strong tools and
weapons, strongly accelerated the development of human civilization in the Bronze
Age around 10,000 years ago. Nowadays, Cu is predominantly used for electrical
applications and heat exchangers, due to its high electrical (59 MS/m) and thermal
conductivity (400 W/mK) as compared to other base metals such as Fe (10 MS/m,
80 W/mK) and Ni (14 MS/m, 91 W/mK).# Cu is a transition metal with [Ar]4s13d®
electronic configuration and situated above silver and gold in group 11 of the periodic
table (Figure 1.1).5 Cu, Ag and Au are traditionally used as coinage metals, due to
their high resistance against corrosion, a characteristic for noble metals.? Cu is
more easily oxidized than Ag and Au. Interestingly, when metallic Cu is exposed to
air, only a thin layer of copper oxide is formed. This phenomenon is known as
passivation and protects the underlying metal against further oxidation.
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Figure 1.1: Position of the transition metals in the periodic table of the elements, indicating
the group numbers (italic) for periods 4, 5 and 6 in descending order, and the electron
configuration of the s and d atomic orbitals.

Cu-based materials are also widely used as catalysts in the chemical industry, for
numerous oxidation and hydrogenation reactions, i.e. reacting (organic) molecules
with Oz or Hz, respectively.®10 A catalyst is a compound which accelerates the rate
of a reaction, without being consumed itself.1! In heterogenous catalysis, a catalyst
is used for conversion of reactants in a different phase (solid, liquid or gaseous) than
the catalyst itself. The use of solid catalysts is vital for the efficient liquid- and gas-
phase manufacture of fuels and chemicals, and for environmental technology. More
than 85 % of all chemicals are synthesized through at least one catalyzed production
step.'? Since most chemical reactions only take place on the metal surface, the Cu
catalysts are usually nanoparticles, with a size between 1 and 100 nm.8 13-17 The
metal nanoparticles are generally stabilized on metal oxide support materials with a
high surface area, such as silica (SiO2z), alumina (Alz03) or titania (TiOz), to prevent
the loss of metal surface area due to particle growth during catalysis.0 1821 |n order
to rationally design more efficient and stable catalysts, it is essential to understand
the relationship between the catalyst structure and performance. In the following
sections we shall introduce the catalyst materials and synthesis, catalyzed reactions
and scientific questions related to this thesis.
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1.2 Carbon

Carbon materials have been used for decades in heterogenous catalysis, either as
catalysts or as support materials for metal nanoparticles.?>?* For instance, carbon
materials are applied as catalysts for the synthesis of phosgene and thionyl
chloride,?® removal of NOx and SOx pollutants from flue gas streams?6-2” and various
oxidation reactions.?8-2° Examples of industrial applications of carbon as a support
material include catalysts based on Ru for ammonia synthesis, and3%-31 Pd and Pt
for various hydrogenation reactions, biomass conversion and fuel cell applications, 32
34 while carbon supports were also used in academic studies such as for catalysts
based on NiMo in hydrodesulphurization reactions,®5-36 and Fe and Co for Fischer
Tropsch synthesis.37-3% Metal oxides are typically preferred over carbon supports in
terms of catalyst processing, shaping and stability at elevated temperatures in
atmospheres containing Oz or Hz However, carbon provide several distinct
advantages?2-24 40 sych as high chemical resistance towards acids and bases, facile
recovery of supported precious metals by combustion, and tunable structure, surface
area and surface chemistry, as explained in the following paragraphs.

Cc

Figure 1.2: Schematic illustration of several different carbon structures; a) Amorphous
carbon; b) Graphene; c) Graphite; d) Single-walled carbon nanotube; e) Diamond; f)
Ceo buckminsterfullerene. Figure adapted from reference 4! with permission from The Royal
Society of Chemistry, and reference 42 with permission from Springer-Verlag.

Carbon materials are available in different structures, such as amorphous carbon,
graphene, graphitic carbon, carbon nanotubes and nanofibers, diamond and
fullerenes (Figure 1.2).43-45 The various carbon structures exhibit different structural
and chemical properties, such as surface area, porosity, electrical conductivity and
presence of functional surface groups. Carbon atoms have the ability to bond with
other carbon atoms in various ways (through hybridization of the s and p atomic
orbitals)*¢ which gives either planar or tetrahedral bonding arrangements. Most
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CHAPTER 1

carbon materials used in catalysis are mainly graphitic, such as activated carbon,
carbon black, graphene, graphite and carbon nanotubes, with relatively inert surface
properties and high electrical conductivity.?223 44 The carbon materials used in this
thesis are high surface area graphitic carbons, with approximately 500 m2 g-! surface
area and 0.7 mL g* total pore volume. The graphitic carbons were prepared through
recrystallization and ball-milling of acetylene-derived carbon black (<100 m? g%, <0.3
mL g1), providing significantly higher purity than for carbon materials which are
produced from bio-organic sources.*7-48
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Figure 1.3: Schematic representation of oxygen-containing surface groups on a graphitic
carbon support, showing several acidic (red), neutral (green) and basic (blue) surface groups.

The chemistry of the carbon surface can be modified to tune the polarity and
hydrophobicity, using a variety of oxidation, amination or sulfidation techniques.?? 4%
4950 Carbon surface-oxidation by HNOs oxidation is a well-known method to
introduce a range of oxygen-containing surface groups. These groups may be acidic
such as carboxylic acid and anhydride, phenol and lactone groups, neutral like
carbonyl groups, or basic such as quinone, chromene and pyrone groups
(Figure 1.3).51-53 Moreover, the 1-electron density of the basal planes contributes
(weakly) to the carbon basicity.>* The point of zero charge (the pH at which the
overall electrical charge of the surface is zero) may be tuned between pH=2 and
pH=10, depending on the specific nature and amount of surface groups.%® The
control over structural and chemical properties makes carbon a versatile material to
study supported metal catalysts. In Chapters 2, 3 and 4, we discuss the influence of
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liquid-phase HNO3 oxidation of the carbon surface on the Cu particle size during
catalyst synthesis and catalysis.

1.3 Catalyst synthesis

Common methods to prepare supported metal catalysts include precipitation,
impregnation and drying, ion adsorption and colloidal synthesis routes.” 18 20 These
synthesis routes typically rely on multiple steps to convert metal precursors in
solution to supported metal particles. Deposition-precipitation is a method wherein a
metal (or hydroxide/oxide/sulfide of a metal) is deposited onto the surface of a
support material. The metal precursor is dissolved in the aqueous suspension of
support material. A chemical reaction is carried out which changes the precursor
solubility and leads to precipitation of the metal compound. Co-precipitation involves
the concurrent formation of the metal compound and the support material, from a
solution containing both metal and support precursors. An additional thermal
decomposition or reduction treatment is typically required to obtain metal
nanoparticles supported on the support. Precipitation routes are widely applied to
prepare Cu-based catalyst with high Cu loadings (>30 wt%) on metal oxide supports,
such as Cu/SiO2,%658 Cu/Al203,5960 Cu/Ce02,5162 Cu/Cr204,%3-64 Cu/ZnO/Al,0385-67
and Cu/MnO/Al203.68-69

Impregnation and drying is a method to deposit the metal precursor from solution in
a porous support material, by either applying a large excess of solution (wet
impregnation) or by filling only the support pores (incipient wetness impregnation).
The solvent is evaporated by heating and/or applying vacuum, with subsequent
heating at higher temperatures to decompose the metal precursor. If the interactions
between the metal precursor and support are sufficiently strong, no metal
redistribution occurs during the heating steps. A final treatment such as reduction,
oxidation or sulfidation can be applied, depending on the desired phase for catalysis.
Impregnation is widely applied to prepare catalyst with moderate Cu loadings
(<20 wt%) on supports such as Al203,7071 Si02,%: 71-73 CeO2"% 7 and Ti0O2.7%. 7576

Electrostatic adsorption of metal ions from a precursor solution is a well-known
synthesis route to obtain high dispersions of precious metals, such as Pd and Pt.34
7778 The support is suspended in a large excess of precursor solution. The pH of the
solution is adjusted with respect to the point of zero charge of the surface, to
introduce an electrostatic interaction between the oppositely charged metal
precursor and support material. The adsorption can be classified as either outer
sphere complex formation which concerns mainly electrostatic or Coulombic
interactions, or inner sphere complex formation in which the support surface groups
become directly involved in binding the metal complex in solution.% 7980 The
adsorbed metal ion is subsequently reduced to obtain supported nanoparticles.
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Colloidal synthesis offers accurate control over the metal particle size and shape.
The colloids are commonly prepared by nucleation and particle growth from a
precursor solution, while ligands are present to stabilize the nanoparticles against
extensive growth. Highly mono-disperse patrticle size distributions were reported for
Cu and CuZnOx colloids.-83 However, removal of the ligands often leads to particle
growth and large scale use in catalysis is limited, with only few examples of industrial
application.

Impregnation and precipitation are the most widely applied synthesis methods in
industry, due to the relative simple procedures, low costs and efficient use of the
metal precursors.1® 20.84 |n this thesis, incipient wetness impregnation is applied to
prepare well-defined Cu-based catalysts supported on graphitic carbon, using
moderate Cu loadings (3—20 wt%). A schematic overview of the incipient wetness
impregnation synthesis approach is given in Figure 1.4.

1) Impregnation 2) Nitrate decomposition
3) Reduction

Heat

—

== Porous graphitic Aqueous Cu ® Metallic Cu
carbon nitrate solution nanoparticles

Figure 1.4: Schematic overview for preparing carbon-supported Cu catalysts via incipient
wetness impregnation of a graphitic carbon support, followed by thermal treatments to
evaporate the solvent and decompose the metal precursor, and finally reduction to metallic
Cu nanoparticles.

Itis well-known in the field of catalyst preparation, that small changes in the synthesis
protocol may have a large impact on the properties of the final catalyst.” 15 73.85 The
assembly of carbon-supported Cu catalysts is not trivial and synthesis protocols
used for other supports such as SiO2 or Al20373 86-87 cannot be used directly to obtain
the same Cu nanoparticle sizes. Controlling the Cu particle size well below 10 nm
was observed as a major constraint in literature to prepare carbon-supported Cu
catalysts.®8-92 This limitation likely stems from the weak interaction between the Cu
species and the carbon supports during catalyst synthesis. Moreover, the melting
point of Cu (1,085 °C) is significantly lower than for noble metals such as Pd (1,555
°C) and Pt (1,768 °C).1% % This implies that Cu species are prone to diffuse and
coalesce into larger agglomerates. Surface-oxidation of the carbon support can
enhance the density of oxygen-containing surface groups, which can act as an
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anchoring point to adsorb metal ions from solution 4194 VVan der Lee et al. previously
investigated the deposition precipitation of Ni(OH)z onto (surface-oxidized) carbon
nanofiber supports.®®> The presence of oxygen-containing surface groups was
essential to produce small (8 nm) Ni particles, in contrast to the large Ni particles
(500 nm) obtained in absence of functional surface groups. Suh et al. studied the
influence of carbon surface-oxidation on the dispersion of Pd, using an alkali-
assisted precipitation method for palladium chloride on activated carbon and carbon
black supports.®® They observed that the metal dispersion increased with an
increasing density of oxygen-containing surface groups. To control the structural
evolution of the carbon-supported Cu catalysts during synthesis, we will study the
interactions between the Cu (precursor) species and carbon supports in Chapter 2.

1.4  Methanol synthesis

A major industrial applications of Cu-based catalysts is the production of methanol
from COq-enriched synthesis gas (Hz2, CO, CO2).°"%° More than 75 million tons of
methanol are produced each year, providing synthetic routes to essential chemicals
such as lower olefins, formaldehyde, dimethyl ether and acetic acid.®” Methanol
additionally shows potential as a sustainable fuel.®® Synthesis gas can be produced
from natural gas and coal, or from renewable biomass and solid municipal waste.1°0-
103 The benchmark catalyst for methanol synthesis is co-precipitated Cu/ZnO/Al>Os,
with reactions operated at temperatures between 200 and 300 °C and pressures
between 40 and 100 bar.?® 104 The activity and stability of Cu-based catalysts for
methanol synthesis have been important research topics over the last decades,10%

110 also in our research group with recent work by Van den Berg and Pompe et al.5%
72, 86,111-112

CO2+3H2 & CH3OH + H20 AH298k, 1bar = —50 kJ mol? (Eg. 1.1)
CO +2H; = CHsOH AH295, 1bar = —91 kJ molL (Eq. 1.2)
CO +H20 = COz2+H:2 AH298 K, 1bar = —41 kJ mol? (Eqg. 1.3)

The mechanism for synthesis gas conversion to methanol is complex and consists
of three concurring reactions, namely hydrogenation of CO (Eq. 1.1), hydrogenation
of CO:z (Eg. 1.2) and the water gas shift reaction (Eq. 1.3). The carbon selectivity
towards methanol is higher than 99 %, so the overall reaction can be completely
described by Eq. 1-3. Each of these reactions is reversible and thus limited by a
thermodynamic equilibrium.113-115 The conversion per pass through the reactor bed
is typically low (<30 %) and unconverted reactant gasses hence need to be recycled.
The hydrogenation reactions of CO and CO2 are exothermic and proceed under
volumetric contraction. Low temperatures and high pressures drive the equilibria to
methanol. Fast kinetics and high catalyst activity are hence essential for process
efficiency.®9 109
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There is general consensus that CO: is the main carbon source for methanol,1: 110,
116 while CO acts as an oxygen/water scavenger.5”- % The rate-determining step for
the Cu-catalyzed methanol synthesis from CO: is generally believed to be
hydrogenation of the formate reaction intermediate, since it is the most abundant
carbon-containing surface species under reaction conditions.®% 106. 117 However, the
nature of the catalytic active site for the rate-determining step is still under debate,
and likely different for hydrogenation of CO or CO3.86. 104-106, 108, 116-122 The gadvanced
understanding of the exact nature of the active site and how its occurrence scales
with particle size is crucial to design catalysts with improved performance. However,
the high Cu loading (>50 wt%) and general complexity of the ternary component
Cu/ZnO/AlO3 catalyst hamper the establishment of structure-performance
relationships. Fundamental studies are therefore facilitated by using well-defined
model catalysts, supported on inert materials, and using moderate Cu loadings (<20
wt%). In Chapter 3, we present a synthesis method to tune the Cu and CuZnOx
particle size supported on graphitic carbon, to investigate the particle size effects on
methanol synthesis activity, under industrially-relevant temperature (260 °C) and
pressure (40 bar).

1.5 Hydrogenation of ethyl acetate

The hydrogenation of short alkyl esters, such as methyl acetate (MeOAc) and ethyl
acetate (EtOAc), is a promising route for the production of renewable ethanol via
synthesis gas.'?127 Ethanol is an essential chemical with applications as a fuel,
solvent, and chemical building block for the production of e.g. acetaldehyde,
ethylene, ethylene oxide and ethylene glycol.??® Over 100 billion liters of ethanol
were produced in 2017, mainly by fermentation of (edible) biomass.'?® The
increasing demand for ethanol warrants research into sustainable production routes
using heterogenous catalysis, which focus on utilizing Ci1-4 oxygenates obtained
from (renewable) synthesis gas.'30-131 Dehydration of synthesis gas-derived
methanol gives dimethyl ether, which can be carbonylated to MeOAc.123. 126-127, 132
Hydrogenation of MeOAc yields a mixture of ethanol and re-usable methanol, thus
providing high carbon efficiency.123 125-126, 133135 Ajternatively, ethanol can be
obtained by hydrogenation of EtOAc, which can be efficiently derived from synthesis
gas via acetic acid.10 59,123,136

o Cu o) 2 H OH
)J\ A~ — ) + *O/\ —>2 2 ) (Eq. 1.4)
o ’ A"’298 K, 1 bar =
-1
Ethyl acetate Acetyl Ethoxy Ethanol =75 kJ mol

Reaction intermediates
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The industrial hydrogenation of esters is commonly performed using Cu-based
catalysts. Cu provides advantages over other active hydrogenation metals, such as
Pd, Pt, Ru, Rh and Ni, in the aspect that Cu is less expensive, abundantly available
and exhibits superior selectivity towards C-O ester bonds while leaving C=C bonds
intact when processing fatty acid alkyl esters.5 137-138 The reaction mechanism for
the Cu-catalyzed hydrogenation of MeOAc and EtOAc are relatively well
understood.10: 59 125, 133, 139-140 Both hydrogenation reactions proceed through
dissociation of the C-O ester bond, yielding the acetyl and methoxy/ethoxy reaction
intermediates (Eqg. 1.4). Hydrogenation of the acetyl intermediate to acetaldehyde is
generally considered to be the rate-determining step in both reactions, with
subsequent hydrogenation of acetaldehyde to ethanol.125 133-134 Hydrogenation of
EtOAc yields ethanol at more than 95 % selectivity.133 139. 141 Conversely,
hydrogenation of MeOAc yields a mixture of ethanol and methanol, but also CO, CO2
and water through the reverse methanol synthesis and water-gas shift reactions. In
Chapters 4 and 5, we discuss the Cu-catalyzed hydrogenation of EtOAc under
industrially-relevant temperatures (180-210 °C) and pressure (30 bar), as a general
model reaction for Cu-based hydrogenation catalysis.

1.6 Selective hydrogenation of butadiene

The purification of olefin feedstocks is crucial to produce high quality plastics.142-144
Olefins such as ethene, propene and butenes are mainly produced through steam
cracking of naphtha and gas oil fraction, during which polyunsaturated impurities
such as acetylene, propyne, butyne and butadiene are also formed in concentrations
up to around 5 vol%.142 145 The presence of the alkyne and diene impurities is
detrimental to the polymer quality and may poison the polymerization catalyst.145-146
For instance, the presence of butyne was reported to poison the Ziegler-Natta
(cyclopentadienyl)2-Sc-methyl catalyst used for 2-butene polymerization, by
formation of an unreactive (cyclopentadienyl)>-Sc-butene complex.'4” The
polyunsaturated impurities must hence be removed to concentrations well below 10
ppm.1*2 The industrially-preferred removal method is by partial hydrogenation to the
corresponding mono-olefins, while avoiding the formation of alkanes.4?

The selective hydrogenation of alkynes and dienes is commonly operated using
supported Pd-based materials, at temperatures between 30 and 150 °C and
pressures between 1 and 30 bar.85 144 148-153 Depending on the specific reactants
and catalysts, the process may be carried out in either the gas- or liquid-phase. Un-
promoted Pd catalysts are known to be very active, yet unselective with alkane
formation rising above 10 % upon complete hydrogenation of the polyunsaturated
impurity. Moreover, the Pd-based catalysts suffer from relatively fast deactivation by
oligomer deposition, sometimes referred to as “green oil”.154155 Alloying Pd with a
second metal, such as Ag,55156 Aul57 or Cu,'8-160 or adding catalyst poisons such
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as Pb, S, or quinoline (Lindlar catalyst)!61, has been reported to increase the
selectivity, albeit at lower overall activity, by avoiding the presence of extended Pd
surfaces.144

Interestingly, supported Cu catalysts have been reported to be highly selective for
the hydrogenation of various alkynes62-166 and dienes.”576. 167-170 Nevertheless, the
Cu catalysts in literature consistently showed poor stability, resulting in catalyst
deactivation within several hours on stream. In our group, Masoud et al. recently
showed that the support can have a major effect on the stability of supported Au
catalysts for the hydrogenation of butadiene.’? Significantly higher stability was
observed when using SiO2 compared to TiO2, due to reduced oligomer formation on
the support surface. Using carbon or SiO2 as an inert support for monometallic Cu
may provide relatively stable catalysts. In Chapter 6, we discuss the catalytic
performance of monometallic Cu on carbon for the gas-phase hydrogenation of
butadiene at atmospheric pressure, as a model reaction for selective hydrogenation
catalysis (Eg. 1.5).

H2 H2
NG — O+ N+ ﬁ —X o~ (Eq.15)
1,3-Butadiene Mixture of butenes Butane
AHag5 1 bar = AHags 1 var =
—-118 kJ mol™ -121 kJ mol™!

1.7 Promoter effects

The performance of supported metal catalysts is often enhanced by the addition of
promoters, which are defined as species that exhibit little or no activity alone, but
that boost the catalytic performance when added to a catalytically active phase.??
Promoters are generally believed to change the electronic nature of the active phase,
assist in reactant activation, stabilize reaction intermediates and/or prevent particle
growth.173-175 Metal oxide promoters have been studied in various high-pressure
hydrogenation reactions, such as ZnOx for Cu-catalyzed methanol synthesis,86: 105.
108 ZnOx and MnOx for Cu-catalyzed hydrogenation of alkyl esters, 134137 176-178 MnQx
for Co-catalyzed Fischer-Tropsch synthesis,74-175, 179-180 gnd MnOx for Rh and Co
catalysts for higher alcohols synthesis.'®1-183 The promoters were mainly studied in
literature using metal oxide supports, which can give thermodynamically highly
stable spectator species such as mixed MnTi oxides.174 180. 184 Metal oxide supports
may hence obscure the true nature of the promoters. In Chapter 3, we discuss ZnOx
for the Cu-catalyzed synthesis of methanol from CO and COz, and compare the
promoter efficacy using SiOz and carbon supports. In Chapter 5, we apply graphitic
carbon to investigate the nature of MnOx for the Cu-catalyzed hydrogenation of
EtOAc to ethanol.

10
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1.8 Particle size effects

The reaction rate in catalysis generally depends on the activation energy for the rate-
determining step, the amount and nature of the active sites, and the surface
coverage with reactant, intermediates and products. The surface of metal
nanoparticles is generally believed to consist of different surface sites, such as
facets, corners and step sites.8 14 17. 18 The fraction of the surface sites changes
with increasing particle size. Each surface site exhibits a unique degree of
coordination saturation and hence different adsorption strength and chemical
reactivity. If the reaction intermediates are not adsorbed strongly enough, the
reaction does not proceed. However, if the intermediates are too strongly adsorbed,
the high adsorbate surface coverage may lead to poisoning of the active site.110. 186
The metal particle size for supported catalysts can strongly affect the catalytic
activity, such as for Co and Fe in Fischer-Tropsch synthesis,87-190 Nj in CO and CO:2
methanation!® 191192 gnd Pd and Pt in various hydrogenation and oxidation
reactions.148.192-193 The differences in catalytic activity for varying metal particle sizes
may originate from changes in the particle shape, crystal structure, electronic effects
and/or metal-support interactions.8 15 1% Tgo rationally design optimized supported
metal catalysts, it is crucial to understand how the activity, selectivity and stability
depend on the particle size.

0.1
Cu/ZnO

0.01F

Cu/Zn-silicate

1E-3 } I I

Cu

TOF (s71)

1E-4 . .
0 5 10 15

Copper particle size (nm)
Figure 1.5: Effect of copper particle size on the surface-specific activity (TOF) for the
methanol synthesis reaction from CO2z-enriched synthesis gas, showing un-promoted Cu
(red), Cu/Zn-silicate (green) and Cu/ZnO (blue) catalysts. Reaction conditions: H2:CO:He:CO2
= 60:23:10:7 vol%, 260 °C and 40 bar. Figure reproduced from reference 8 with permission
from Springer Nature.
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Cu particle size effects for hydrogenation reactions are still not fully understood.
Recent investigations of CuzZnOx-based catalysts for methanol synthesis suggest
that the rate-determining step, i.e. hydrogenation of the formate intermediate,
predominantly occurs on defects on the Cu surface which are stabilized by ZnOx, yet
also that the activation barrier was lowered by ZnOx decoration on the Cu sites.105
108,110, 194-197 Cy particle size effects and ZnOx promoter effects are thus difficult to
separate. Computational studies by Kuld et al. suggested that the catalytic activity
was determined by the ZnOx promoter efficacy, and that the Cu particle size only
had an indirect effect via the ZnOx coverage.1%® Alternatively, Van den Berg et al. in
our research group proposed that the methanol synthesis reaction was intrinsically
sensitive to both the Cu and CuzZnOx particle size (Figure 1.5).86 However, the
particle size effects for the un-promoted Cu catalysts were possibly masked by
comparing Cu catalyst on SiO2, Al203 and carbon supports of varying morphologies.
The presence of thermodynamically stable mixed metal oxides spectator species
may conceal the intrinsic promoter and particle size effects. In Chapter 3, we
investigate whether the particle size effects in methanol synthesis originate from
structure sensitivity or from a particle size-dependent coverage of the ZnOx promoter
onto Cu. In Chapter 4, we study the Cu particle size effects on the activity for
hydrogenation of EtOAc. Comparing the Cu particle size effects for the
hydrogenation of CO, CO2 and EtOAc may give general insight to design improved
Cu-based catalysts for various hydrogenation reactions.

1.9 Scope of this thesis

The main aim of this thesis is to correlate the structural properties of carbon-
supported Cu-based catalysts to their performance in various gas-phase
hydrogenation reactions. A strong focus lies on intrinsic Cu particle size effects, and
separating those from support and promoters effects. Synthesis method
development was crucial to tune the Cu nanoparticle size, both the absence and
presence of ZnOx and MnOx as promoters. State-of-the-art transmission electron
microscopy, X-ray absorption spectroscopy and X-ray diffractometry techniques
were applied to elucidate the collective structure-performance relationships for three
industrially-relevant chemical processes, namely methanol synthesis from CO and
COz2, hydrogenation of EtOAc to ethanol and the selective hydrogenation of
butadiene, as schematically summarized in Figure 1.6.

12
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Figure 1.6: Schematic illustration of the catalyst supports, Cu nanopatrticles and metal oxide
promoters for the various hydrogenation reactions as discussed in this thesis.

In Chapter 2 we discuss the synthesis of atomically dispersed Cu?* ions supported
on surface-oxidized graphitic carbon and carbon xerogel. These highly-dispersed Cu
materials were used to investigate the formation and growth of Cu nanopatrticles,
using in-situ X-ray absorption and diffraction techniques, and ex-situ transmission
electron microscopy. Thermal sintering was employed as a synthesis approach to
tailor the Cu size from single ions to 10 nm particles. In Chapter 3 we continue with
the synthesis methods for carbon-supported Cu and CuzZnOx catalyst, with tuning
the particle sizes, by varying the Cu loading and thermal sintering temperature. The
control over Cu and CuZnOx particle sizes between 3 and 14 nm allowed us to
investigate whether the methanol synthesis reaction is intrinsically sensitivity to the
Cu particle size, or whether the Cu size only indirectly affects the ZnOx promoter
efficacy.

In Chapter 4 we discuss the impact of the Cu particle size on the catalytic
performance in the gas-phase hydrogenation of EtOAc. The Cu particle size effects
are compared to those for the methanol synthesis reaction in Chapter 3, suggested
the presence of a common active site for both hydrogenation reactions, with a
maximal Cu weight-normalized activity for Cu particles of around 6 nm. In Chapter
5 we discuss the promoter effects of MnOx for the Cu-catalyzed hydrogenation of
EtOAc. A series of well-defined MnOx-Cu catalysts was prepared, through co-
impregnation of a high surface area graphitic carbon support with aqueous mixed
Cu and Mn nitrate solutions. We deliberately kept the MnOx-Cu particle size constant
around 6 nm, while systematically varying the Mn loading. Advanced transmission
electron microscopy and in-situ X-ray absorption studies were used to study the

13
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catalyst structure and establish structure-performance relationships for the MnOx-
promoted Cu-based catalyst.

In Chapter 6 we expand on the synthesis methods from Chapters 2 and 3 to tune
the Cu particle size from 1 to 23 nm on graphitic carbon. The effects of Cu particle
size and the carbon support are described on the catalytic activity, selectivity and
stability in the gas-phase hydrogenation of butadiene.

In Chapter 7 we summarize the results of this thesis and provide an outlook for
future research.

14



Chapter 2
Atomically Dispersed Cu on Carbon
and Growth into Cu Nanoparticles of
Tailored Size

This chapter is based on the publication: “Atomically Dispersed Cu on Carbon and
Growth into Cu Nanoparticles of Tailored Size” by R. Beerthuis, P. J. Dietrich, G. J.
Sunley, K. P. de Jong and Petra E. de Jongh, Under review.
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Abstract

In this chapter, a practical impregnation method to prepare atomically dispersed Cu?*
on surface-oxidized carbon was reported. The number of deposited Cu atoms was
tuned with respect to the density of oxygen-containing carbon surface groups, to
achieve a uniform distribution of isolated Cu?* ions, in the absence of any
nanoparticles. A combination of in situ X-ray absorption and diffraction techniques
revealed that the Cu?* ions could be reduced to Cu*, with retention of the atomic
dispersion. The complete reduction to Cu® coincided with cluster formation. Thermal
sintering was developed as an approach to tailor the Cu size from sub-nm clusters
to 10 nm particles. This practical method to prepare either single Cu ions or Cu
nanoparticles may facilitate fundamental studies in catalysis.

7wt% Cu?*
ions on carbon

Cu particle
size (nm)

RT 200 400 500 (°c>
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ATOMICALLY DISPERSED CU ON CARBON AND
GROWTH INTO CU NANOPARTICLES OF TAILORED SIZE

2.1 Introduction

Recent research in catalysis focuses on supported single metal atoms or ions.8 17
198-199 Atomically precise materials may combine the beneficial characteristics of
supported metal nanoparticles and single site metal complexes in solution. Most
research is focused on the cost-efficient use of precious metals.1”: 21199 Yet sub-nm
clusters of base metals, such as Cu, Co and Fe, are promising candidates for various
important processes, such as the Cu-catalyzed oxidation of methane and selective
reduction of nitrogen oxide (NOx) pollutants.?%0-203 However, most research is limited
to using zeolites or reducible metal oxides as supports.® Only few reports for single
Cu atom materials are found in literature based on other common support materials.
Conductive carbon-based supports are particularly interesting for the
electrochemical application of Cu-based materials.2%4-207 For example, Li et al.
recently reported the fabrication of single Cu atoms, supported between ultrathin
nitro-doped carbon nanosheets, with remarkable efficiency in the electrocatalytic
oxygen reduction reaction.?%® Yang et al. reported high CO:2 reduction efficiency
using single Cu atoms, prepared via the pyrolysis of Cu-doped metal organic
frameworks.2%° However, base metals generally interact only weakly with the inert
sp2 hybridized carbon surface, hence limiting the control over the metal particle
size?2 84,88,90,210 gnd synthesis techniques for single Cu atom on industrially applied
non-zeolitic supports are not generally available.

Interestingly, high surface area carbons are commonly applied to remove metal ions
from waste water streams, via ion adsorption onto oxygen-containing surface
groups.*! These surface groups can be efficiently introduced by various liquid or gas
phase oxidation techniques.?? 49 211 The surface groups may also provide an
anchoring point during the synthesis of supported Cu clusters. The strong
electrostatic adsorption of metals from an excess of precursor solution, is a well-
known synthesis route for the preparation of small metal nanoparticles (<5 nm) on
metal oxide supports.?® Regalbuto et al. demonstrated that electrostatic adsorption
may also be combined with incipient wetness impregnation.”” Van der Lee et al.
previously investigated the adsorption of Ni species onto carbon nanofiber supports,
during the deposition precipitation of Ni(OH)2. The presence of oxygen-containing
surface groups was essential to produce small (8 nm) Ni particles, compared to the
large Ni particles (500 nm) obtained in absence of functional surface groups.® The
metal particles were believed to form during the decomposition of precursor
complexes. However, the mechanisms for metal ion adsorption and particle
formation are generally complex and still not fully understood.8 20

In this chapter, we report the synthesis of Cu ions dispersed over a carbon support,
using incipient wetness impregnation. Tuning the ratio between the amount of
deposited Cu atoms and carbon surface groups allowed us to prepare up to 9 wt%
of atomically dispersed Cu?* sites, as evidenced by X-ray absorption spectroscopy.
We investigated the mechanism of Cu particle formation and growth, to tailor the Cu
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size from single ions to 10 nm particles, by varying the heat treatment temperature
and gas atmosphere. This practical synthesis approach may facilitate the study and
application of single Cu atoms and Cu clusters in catalysis.

2.2 Experimental Methods

Carbon synthesis and functionalization

Two carbon support types were used in this chapter, namely turbostratic high surface
area graphite and carbon xerogel. The pristine graphite support (HSAG-500, kindly
provided by Timcal Ltd.) was referred to as PG. The carbon xerogel was prepared
by adaptation of a published procedure.?2 Herein, resorcinol (17.3 g) and sodium
carbonate (34 mg) were dissolved in deionized water (24.0 mL). Next, formaldehyde
(23.6 mL; 37 % in H20, stabilized by 10-15 wt% methanol) was added while
vigorously stirring. The resulting carbon gel was aged in a closed vessel for several
days at different temperatures. First, the gel was kept for 24 h at room temperature,
subsequently for 24 h at 60 °C and finally for 72 h at 90 °C. After cooling down to
room temperature, the carbon gel was crushed and washed three times by soaking
(1h, 1h and 16h) in acetone (500 mL), while decanting the solvent after each washing
step. The gel was dried at room temperature for 72 h, to slowly evaporate the solvent.
The dried gel was crushed and pyrolyzed by heating to 800 °C (5 °C min-) with 10
h isothermal hold at 800 °C, under Ar flow (10 mL min-t g?). Finally, the pristine
carbon xerogel was collected after cooling down to room temperature, and referred
to as PX. The porosity of the turbostratic graphite support arises from stacking of the
plate-like graphitic sheets, giving a broad pore diameter distribution, with most
porosity exhibited below 30 nm pore diameter. The carbon xerogel is largely
comprised of amorphous carbon, in which the porosity originates from the stacking
of spherical carbon particles, with an average pore diameter of 23 nm. The BET
surface areas of bare pristine graphite and bare pristine xerogel carbon were
approximately 500 m? gt and 680 m? g1, respectively.

The pristine carbon supports were surface functionalized by liquid-phase oxidation
using concentrated nitric acid. Herein, ~10 gram of the pristine carbon material was
suspended in HNO3 aq) (65 %; 40 mL g1), inside a 1 L round-bottom flask fitted with
a reflux condenser. The pristine graphite material was heated to 80 °C in
approximately 25 min, and kept at 80 °C for 110 min. Alternatively, the pristine
xerogel was heated to 120 °C in approximately 40 min, and kept for 55 min hold at
120 °C. Thereatfter, the reaction was quenched by diluting the suspensions with ~1.6
L of cold deionized water (25 °C). The surface-oxidized carbons were allowed to
sediment for 30 min and the supernatants were decanted. The solids were washed
with deionized water until a pH of around 7 was reached. After the final washing step,
the carbons were dried overnight at 120 °C and crushed into powders. Finally, all
carbon supports were dried for 90 min at 170 °C, under dynamic vacuum, to remove
traces of adsorbed water, and kept inside an Ar-filled glovebox (Mbraun LABmaster;
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<1 ppm H20; <1 ppm O3), The surface-oxidized carbon supports were referred to as
OG for surface-oxidized graphite and OX for surface-oxidized xerogel.

Cu/C sample preparation

A series of carbon-supported Cu samples was prepared by impregnating of the
(surface-oxidized) carbon supports to incipient wetness using Cu(NOz)2 precursor

solutions. The metal concentration in the precursor solution was adjusted to control
mass Cu ) "

mass CuO+mass support

the metal loading, which was calculated as Cuwt%=(

100 . The metal precursor was dissolved in 0.1 M HNOz3 (aq) to yield a pH of ~1. The
samples (8_Cu/PG, 3 _Cu/OG, 7_Cu/OG and 9_Cu/OX) were labelled as X_Cu/Y,
in which X shows the Cu wt% and Y indicates the surface-oxidized graphite (OG) or
surface-oxidized xerogel (OX) support.

In a typical synthesis, ~2 g of the dried carbon support was impregnated, by adding
the solution by syringe, in a round-bottom flask, under static vacuum. After the
impregnation, the sample was first stirred for 24 h to homogenize the metal content,
then dried for 24 h while stirring under dynamic vacuum, both steps at room
temperature. In the preparation of the sample with 8 wt% Cu on pristine graphite
(8_Cu/PG), the dried impregnated sample was first purged at room temperature for
30 min under Nz flow (~100 mL min g1) and subsequently heated to 230 °C (2 °C
min) under 20 vol% H2/N2 flow (~100 mL mint g'1). Subsequently, the sample was
left to cool down and was purged at room temperature for 5 h under N2 flow (~100
mL min-1 g1). Next, the sample was treated, first for 1 h at room temperature using
a flow of 5 vol% O2/N2 (~100 mL min-t g1), followed by a heating step to 200 °C (1
°C min-1), and finally for 1 h at 200 °C under a flow of 15 vol% O2/N: flow (~100 mL
min g1). In the case of the 3_Cu/OG, 7_Cu/OG and 9_Cu/OX samples, the dried
impregnated material was heated to 230 °C (0.5 °C min!) with 1 h hold at 230 °C,
under a flow of pure N2 (~100 mL min* g). The Cu/C samples were transferred to
an Ar-filled glovebox without exposure to air, and finally passivated by overnight
exposure to air at room temperature.

The 3_Cu/OG and 7_Cu/OG samples were heated ex-situ to grow the sub-nm Cu
species into Cu nanoparticles. The samples were loaded into a glass plug-flow
reactor and first purged for 30 min under a flow of N2 (~100 mL min*? g?) and
subsequently exposed to a flow of 20 vol% H2/N2 (100 mL min-t g'1). Next, the sample
was heated to 150 °C (2 °C min-1), followed by 120 min hold at 150 °C, and finally
heated to 400 °C (2 °C min1), with 1 h hold at 400 °C. The materials were left to cool
down to room temperature and passivated by exposing them overnight to air, and
referred to as 3_Cu/OG_400 and 7_Cu/OG_400.
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Cu/C characterization

The support porosity was characterized by N2 physisorption (Micromeritics TriStar
3000 V6.08). Before the measurements, the samples were outgassed for 14 h at 150
°C under dynamic vacuum. Isotherms were measured at =196 °C, using Carbon
Black STSA as reference. The specific surface area was calculated using the multi-
point Brunauer-Emmet-Teller (BET) method, with P/Po between 0.05-0.25. The total
pore volume was calculated as single point pore volume at P/Po of 0.995. The
micropore area and volume were calculated using the t-plot method. The pore
diameter distribution was determined using the Barrett-Joyner-Halenda method
applied to the isotherm adsorption branches.

Potentiometric titration was performed using a TitraLab pH-meter. The amount of
acidic and basic surface groups was determined in separate measurements. The
sample was suspended in 65 mL of 0.1 M KCl@ag) solution, using ~25 mg for the PG
and PX supports, and ~8 mg for the OG and OX supports. The carbon suspension
was de-gassed for 5 min using a flow of N2, under vigorous stirring. Next, the
titrations were performed using solutions of either 0.01 M NaOHag) or 0.01 M HClag),
both prepared in 0.1 M KClag). The density of the acidic and basic surface groups
was calculated from the equivalence point of the titration curves, after subtraction of
the value for a blank measurement to adjust for any dissolved COx.

Thermogravimetric analysis was performed on a PerkinElmer balance (Pyris 1),
coupled to Pfeiffer mass spectrometer. The sample (5—10 mg) was first purged under
a flow of Ar (20 mL min-t) at 50 °C. Thereafter, the sample was heated to 600 °C (5
°C min), either under a flow of either pure Ar or 5 vol% H2/Ar (20 mL min1).

Temperature programmed reduction analysis was performed on a Micromeritics
Autochem Il ASAP 2920 apparatus. The Hz consumption was determined using a
thermal conductivity detector. Prior to the measurement, the sample was dried at
120 °C for 30 min under a flow of Ar (~1 mL min-t mg), and cooled down to 30 °C.
All experiments were performed using a flow of 5% H2/Ar (~1 mL min-t mg?). Two
methods were applied to study the reduction behavior for the Cu/C samples. In the
first experiment, the sample was heated from 30 to 150 °C (2 °C min1), with 2 h
isothermal hold at 150 °C, and subsequently heated to 350 °C (5 °C min). In the
second experiment, the sample was heated continuously from 30 to 400 °C (2 °C
min-t). The amount of H2 consumption was calculated by integration of the TCD peak
area.

Scanning transmission electron microscopy (STEM) in high-angle annular dark-field
(HAADF) mode, coupled with energy-dispersive X-ray spectroscopy (EDX) was
performed on an FEI Talos F200X microscope operated at 200 kV. The Cu/C
materials were ground into a fine powder and directly deposited onto a holey carbon
coated Ni grid (Agar 300 mesh). The surface-averaged Cu particle size (ds) was

20



ATOMICALLY DISPERSED CU ON CARBON AND
GROWTH INTO CU NANOPARTICLES OF TAILORED SIZE

calculated as d; = g;iljlz . Herein, di is the diameter of the i" particle and N the
i=1%i
number of counted particles. The standard deviation in width of the particle size

distribution (ogs) represents the typical difference between di and ds, and was

JEN (i - do)?.

1

calculated as o45 = J (E
In situ X-ray absorption spectroscopy was conducted at the MRCAT Sector 10
Insertion Device Beamline at the Advanced Photon Source, Argonne National
Laboratory.?1® Samples were loaded into a single well of a 6-well sample holder, and
placed in a 1 inch quartz tube, thus encompassing the in situ measurement cell.
Ultra-torr fittings with welded Swagelok ball valves were used to supply gases and
seal the tube environment. Kapton (polyimide) windows were present at both ends
of the measurement cell. A thermocouple touching the sample holder was used to
monitor temperature. All experiments were conducted in transmission mode. Sample
amounts were calculated to give an absorbance (ux) of 2.0. This corresponded to 22
mg for 3_Cu/OG, 12 mg for 7_Cu/OG and 10 mg for 9_Cu/OX. Prior to scanning,
the samples were pre-treated under a flow of 20 vol% Oz/He (50 mL min-t) at room
temperature. Following the pre-treatment, the sample was sealed under the 20 vol%
O2/He atmosphere and transferred to the beamline. The samples were purged with
pure He to remove all Oz, then scanned initially under a flow of He (1.5 mL mintmg-
1). Thereafter, the gas composition and temperature profile was set according to the
specific experiment.

The X-ray absorption spectra were normalized and background subtracted by
standard methods in the Athena software package. XANES fitting was performed by
linear combination fitting with reference spectra for Cu?*, Cu*, and Cu® states, in
Athena. Reference spectra for the linear combination fitting were the initial spectrum
of 3 _Cu/OG measured under He at room temperature (Cu®), the spectrum of
3 _Cu/OG measured under Hz/He at 162 °C (maximum intensity of the 8982 eV
feature in the first derivative, and the point at which CNcu-o was 2, parameters
consistent with only Cu* species in the sample), and the spectrum of 3_Cu/OG after
120 min at 300 °C, where complete reduction was determined. Note that we chose
to not only use bulk references (Cu foil, Cu20, CuQ) as the specific geometry of the
Cu atoms and their resulting cluster sizes can result in measurably different XANES
spectra,?* so it is best practice to use representative reference spectra.

The coordination numbers were calculated, by considering only the first Cu—O and
Cu-Cu coordination spheres, using a FEFF quick first shell fit in the Artemis software
package. Pathway parameters were determined by first fitting a Cu foil (for Cu—Cu
path) and Cu(OAc): (for Cu—O path). EXAFS fitting results were fitted with a
temperature-corrected Debye-Waller factor (DWF), indicating that all CN are
corrected for temperature effects. A correlation between DWF and temperature
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(DWEF is a function of temperature) was determined for the Cu—Cu path by fitting the
spectrum for the 3_Cu/OG sample at 300 °C (under 3.5 vol% Hz/He atmosphere)
and immediately after cooling to room temperature, and assuming that Ncu-cu was
the same for both (i.e. no growth during cooling). A DWF correlation for the Cu-O
scattering pathway was similarly determined using the 3_Cu/OG sample compared
at 150 °C (under 3.5 vol% Hz/He atmosphere) and room temperature. This allows
for the CN to be corrected for temperature effects and directly compared.

The Cu-Cu coordination number from EXAFS was obtained after correcting for the
fraction of oxide (CNcu-cu = CNraw/Fraction Cu®). In this approach, the coordination
of the metal phase was estimated by assuming it were the only phase in the system.
All fits were performed on the Fourier Transform (FT; 1<R<3) of the k? EXAFS, with
FT taken between 2.6<k<11.8. Goodness of fit was determined by visual comparison
of the magnitude and imaginary part of the FT, as well as considering the R-factor if
multiple fits were compared. Absolute uncertainty in EXAFS fitting is generally
regarded as +10 % for estimated coordination numbers, +0.01 A for the bond
distances. Uncertainty in the XANES fitting is regarded as <5 %, but that assumes
perfect references, which is not necessarily the case here. Particle sizes were
estimated from the coordination numbers from EXAFS using a correlation developed
by Jeff Miller et al.?'5> The uncertainty in particle sizes is approximately 0.5 nm.

Powder X-ray diffraction (XRD) was performed on a Bruker D8 diffractometer
equipped with a Co-Ka1 2 radiation source (1=1.79026 A) and Lynxeye detector. The
diffractometer was operated at 30 kV, 45 mA and using a V20 variable slit. The in
situ measurement was performed using an XRK 900 Anton Parr insertion device,
equipped with gas manifold to control the gas composition and flow rate.
Diffractograms were recorded continuously from 40 to 67 °26 during the experiment.
The sample (~20 mg) was first purged for 30 min under a flow of pure He (200 mL
min?). Next, the gas flow was changed to 10 vol% Hz/He (200 mL mint) and the
sample was heated to 250 °C (2 °C min'). After 120 min isothermal hold at 250 °C,
the temperature was increased to 510 °C (2 °C min-1). The diffractogram of the bare
surface-oxidized graphite support was subtracted as a baseline for each
diffractogram. The Cu crystallite size was determined by applying the Scherrer
equation to the Cu® (111) diffraction peak at 50.7 °20, using a shape factor k of 0.89
and a line broadening factor of 0.1. A trendline curve for exponential growth of the
crystallite size with temperature was fitted using the formula y =y, + A4 *
e(®*=x0)/t1) " which gave y = 1.97 + 0.11 * e(*=139/875)  The apparent activation
energy (Ea) for Cu crystallite growth was calculated from the linear slope (between
300-460 °C) in the Arrhenius plot, by using the increase in crystallite size as a
function of the reciprocal absolute temperature (K).
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2.3 Results and Discussion

Atomically dispersed Cu on carbon. We first prepared a carbon-supported Cu
sample via a standard impregnation method, using an aqueous Cu(NO3s)2 solution
(Figure 2.1).56.72-73, 86, 88,134,176, 216 The sample contained 8 wt% Cu on a pristine high
surface area graphite support, and was labelled as 8_Cu/PG. In general, all samples
discussed in the results section will be labelled as X_Cu/Y, where X signifies the Cu
wt% and Y indicates the carbon support, i.e. pristine graphite (PG), surface-oxidized
graphite (OG) or surface-oxidized xerogel (OX). All impregnated samples were
heated to 230 °C to fully decompose the nitrate precursors , but the heating rate (0.5
or 2 °C min't) and gas composition 20 vol% H2/Nz or pure Nz varied. In the case of
the 8_Cu/PG sample, the heating rate was 2 °C min-! and the gas atmosphere 20
vol% H2/He, which gave a surface-averaged Cu patrticle size of 10.4+4.3 nm. The
Cu patrticle size on carbon was much larger than Cu particle sizes on metal oxide
supports as reported in literature.56 72. 86,176,216 For example, preparing a sample with
15 wt% Cu on SiO2 previously yielded 2.4 nm Cu particles, using similar synthesis
conditions.® Furthermore, we observed next to the Cu particles, also sub-nanometer
Cu spread over the carbon support (Figure 2.1c). This indicated that small Cu
species could be stabilized on the carbon support, likely by anchoring to oxygen-
containing surface groups. However, the molar ratio of Cu atoms to oxygen-
containing surface groups was around 11 for this sample, hence representing a large
excess of Cu atoms (Table 1). We therefore increased the density of surface groups
and lowering the Cu loading as a strategy to increase the Cu dispersion.
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Figure 2.1: Transmission electron microscopy analysis for the 8 _Cu/PG sample, prepared by
incipient wetness impregnation of a pristine graphite support, showing a) Micrograph in bright-
field mode and b) corresponding particle size distribution fitted with a lognormal curve and the
surface-averaged Cu particle size (ds) with standard deviation in the particle size distribution

(bus); ¢) Cu distribution map (green) by energy-dispersive X-ray spectroscopy, with enhanced
magnification inset (orange square).

Liquid-phase HNOs oxidation was applied to the graphite and carbon xerogel
supports. We optimized the oxidation conditions to introduce a large density of
surface groups, while minimizing the loss of support porosity (Figure 2.2a,b). The
oxidation treatment resulted in a minor decrease in surface area from 500 to 440 m?
g for the graphite support, and from 680 to 590 m? g-* for the xerogel support.The
density of basic surface groups was negligible for carbon supports (Figure 2.2c),
while the acidic surface groups increased from 0.14 to 0.65 nm- for the graphite
support, and from 0.02 to 2.1 nm2 for the xerogel support (Figure 2d). The surface-
oxidized carbon supports were hence acidic in nature with a predominant surface
coverage of carboxylic acid groups.22 40211
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Figure 2.2: Physicochemical characterization of the bare carbon support materials, for pristine
graphite (PG; black), surface-oxidized graphite (OG; blue), pristine xerogel (PX; green) and
surface-oxidized xerogel (OX; orange). a) N2 physisorption isotherms; b) Pore diameter
distribution determined using the Barrett-Joyner-Halenda method applied to the isotherm
adsorption branches; c and d) Potentiometric titration curves using solutions of ¢) HCIl and d)
NaOH.

The surface-oxidized carbon supports were used to prepare three Cu/C samples
with varying Cu loadings (Table 1). We hence tuned the molar ratio between Cu
atoms and oxygen-containing surface groups between 0.75 and 2.5 (Figure 2.3).
Variations in the temperature profile and gas atmosphere during the precursor
decomposition, strongly affected the final Cu particle size. For example, heating the
3_Cu/OG sample with 5 °C mint to 230 °C under a flow of 20 vol% H2/N2 yielded 5
nm Cu crystallites, as determined by XRD analysis. However, heating the 3_Cu/OG
sample with 0.5 °C min't to 230 °C, under pure N: flow resulted in the absence of
crystalline Cu. Remarkably, for all samples that were prepared on surface-oxidized
carbon and heated (230 °C, 0.5 °C min't) under pure N2 flow, no crystalline CuOx
nanoparticles were observed, and the sub-nanometer Cu was uniformly spread, as
evidenced by STEM analysis.
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Table 2.1: Chemical properties of the carbon-supported Cu (Cu/C) materials.

Cu Surface Pore Density of Cu/Surface
Sample . .

loading area volume surface group group ratio

(Wt%) (m2 g1 (mL g1)2 (nm-2)p (mol/mol)
8 Cu/PG 7.7 500 0.70 0.14 11.4
3_Cu/0G 3.0 440 0.63 0.63 1.00
7_Cul/OG 7.1 680 1.10 0.65 2.50
9_Cu/OX 8.7 590 0.93 2.10 0.75

a) BET surface area and total pore volume for the bare carbons, as determined by N2
physisorption; b) Density of acidic surface groups for the bare carbons, as determined by
potentiometric titration.

Figure 2.3: STEM micrographs in HAADF mode (above) with corresponding EDX Cu
distribution maps (below). a) 3_Cu/OG; b) 7_Cu/OG and c) 9_Cu/OX. The carbon-supported
Cu samples were prepared by incipient wetness impregnation of surface-oxidized graphite
(OG) or surface-oxidized xerogel (OX) as the support material, and using 3 to 9 wt% Cu.

The nature of the Cu species was investigated by X-ray absorption spectroscopy.
Figure 2.4a shows the X-ray absorption near edge structure (XANES) spectra for the
Cu/C materials, which were prepared by heating to 230 °C under N2 flow and
subsequently passivated in air at room temperature (3_Cu/OG, 7_Cu/OG and
9 Cu/Ox). The edge energies were located around 8,985 eV, with a characteristic
white line feature around 8,997 eV, which proves that the Cu/C materials contained
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predominantly Cu2* species. While short range Cu-O scattering (R= 1-2 A) was
observed in the EXAFS spectra, no significant long-range scattering (R= >2 A) was
observed for any Cu/C material (Figure 2.4b). These results, when compared to the
bulk Cu(ll) oxide reference standard, strongly indicating the presence of either
atomically dispersed Cu?* ions or Cu-oxide clusters of at most a few atoms in size.
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Figure 2.4: X-ray absorption spectra for the passivated 3_Cu/OG (green), 7_Cu/OG (orange)
and 9_Cu/OX (blue) materials, prepared by impregnation of surface-oxidized graphite (OG)
or surface-oxidized xerogel (OX), with variation of the Cu loading between 3 to 9 wt%,
including Cu® foil, bulk CuO, and isolated Cu* and Cu?* references (dashed lines), spectra
acquired at room temperature in He flow, a) Baseline-corrected and intensity-normalized
spectra; b) k>-weighted Fourier transforms in R-space.

The Cu-0O coordination number (CNcu-o) calculated from EXAFS fitting was 3.0 for
the 3_Cu/OG and 9_Cu/OX samples. A Cu—carboxylate interaction would account
for a CNcu-o of 2, with Cu?* binding to both oxygen atoms. The CNcu-o of 3.0 shows
that each Cu?* ion is bound to another oxygen-species. Since the ratio between Cu
atoms and carbon surface groups was 1.0 or less for these samples, the Cu?* ions
cannot on average bind to more than one carboxylate group, with an averaged
distance of 1.25 nm between individual carboxylate surface groups. The third oxygen
atom binding to the Cu?* ions might be part of an extra ligand anion such as —OH-,
originating from the decomposition of the Cu(NO3)2*(H20)x precursor. Heating the
samples for 1 h at 230 °C excludes the presence of NOx ligands, as evidenced by
thermogravimetric analysis. The 7_Cu/OG sample with a Cu atom to surface group
ratio of 2.5 showed a CNcu-o of around 3.5. This value is slightly higher than the
3_Cu/OG sample, and as it is unlikely that more coordinating ligands are present,
we tentatively explain this by the presence of sub-nanometer Cu-oxide clusters.
Tuning the Cu atom to surface group ratio to 1.0 or less, hence resulted in the
coverage of the carbon surface groups with isolated Cu?* ions, while applying excess
Cu resulted in additional sub-nanometer CuOx clusters. Strikingly, the Cu-
carboxylate complex was thermally stable at 230 °C under N2 flow.
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Stability of the atomically dispersed Cu species. To assess the stability of
the highly dispersed Cu?* ions and sub-nanometer Cu-oxide clusters, we performed
two sets of temperature-programmed reduction experiments under 5 vol% Ha2/Ar flow
(Figure 2.5). During a continuous temperature ramp from 30 to 400 °C (Figure 2.5a),
the Cu?* species were reduced in two discrete steps, first from Cu?* to Cu* and
subsequently from Cu* to Cu®. A two-step reduction was earlier reported for the
reduction of CuO particles supported on SiO2 and Al203.56: 70.73.217 The temperatures
for the two reduction peaks were the lowest for the 7_Cu/OG sample (145 and 169
°C), intermediate for 3_Cu/OG (160 and 217 °C) and highest by 9 Cu/OX (194 and
217 °C). In the second experiment, we increased the temperature step-wise, first
from 30 to 150 °C and subsequently to 350 °C (Figure 2.5b). The amount of hydrogen
consumed during the isothermal stage at 150 °C, corresponded to the full reduction
of all Cu?*in the 7_Cu/OG sample to Cu®. However, for the 3_Cu/OG sample the
amount only corresponded to reduction Cu*. The complexed Cu?* ions were hence
more stable than the sub-nanometer Cu-oxide clusters, in line with theoretical
calculations on Cu clusters.218-219
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Figure 2.5: Hz temperature-programmed reduction profiles for the 3_Cu/OG (green),
7_Cu/OG (orange) and 9_Cu/OX (blue) materials. H2 consumption is shown as a function of
temperature during a) Continuous heating to 400 °C (2 °C min't); b) Step-wise heating, first
to 150 °C (2 °C min), followed by 2 h isothermal hold at 150 °C, and finally heating to 350 °C
(5 °C min).

The structural changes upon reduction of the Cu?* species were investigated by in
situ X-ray absorption spectroscopy (Figure 2.6). The 3_Cu/OG sample was heated
to 90 °C under a flow of 3.5 vol% Hz/He. This gave a decrease in the white line
feature around 8,997 eV, with a concurrent increase in the 8,981 eV edge feature
(Figure 2.6a), which confirms the reduction of Cu?* to Cu*. After 30 min at 150 °C,
the sample contained only Cu* species, while still no significant Cu—Cu scattering
(R= >2 A) was observed in the EXAFS spectra, even after 2 h at 150 °C
(Figure 2.6b). A decrease in the Cu—O scattering intensity (R= <2 A) and
corresponding drop in CNcu-o from approximately 3 to 2, in absence of either Cu—
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Cu coordination or other long-range coordination, indicated that the Cu* ions were
still atomically dispersed.

Upon heating the 7_Cu/OG sample to 150 °C, an extra feature appeared around
8,979 eV in the XANES spectra, corresponding with reduction to Cu® (Figure 2.6c).
A significant decrease in the Cu—O scattering intensity (R= <2 A) coincided with an
increase in the Cu—Cu scattering intensity (R= >2 A), as shown in Figure2. 6d. The
estimated Cu-Cu coordination number (CNcu-cu) from EXAFS fitting was 7.2,
corresponding to an average Cu® particle size of 2 nm, according to the correlation
published by Miller et al.?!> Finally, heating the 9 _Cu/OX to 150 °C gave only minor
reduction of Cu?* to Cu*, with no significant change in Cu—O scattering intensity.
Even though the 9_Cu/OX sample had the highest Cu loading, it was prepared with
the lowest Cu atom to surface group ratio (0.75), and showed the highest stability.
Tuning the Cu atom to surface group ratio was an efficient tool to vary the Cu size
and thermal stability on carbon.
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Figure 2.6: In situ X-ray absorption spectra acquired during heating to 150 °C (2 °C min-t)
and 2 h isothermal hold at 150 °C, under a flow of 3.5 vol% H2/He, for samples 3_Cu/OG (a,b)
and 7_Cu/OG (c,d), showing the baseline-corrected and intensity-normalized spectra (a,c)
and k2-weighted Fourier transforms in R-space (b,d), including Cu®, Cu* and Cu?* reference
spectra (dashed lines). Arrows indicate the direction of increasing temperature.
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Observing in situ Cu particle formation. The mechanism for Cu particle
formation and growth was in more detail investigated by heating the 3 _Cu/OG
sample to 300 °C under 3.5 vol% H2/He (Figure 2.7). The reduction of Cu* to Cu°
coincided with a decrease in the CNcu-o from around 2 to 0. Concurrently, the CNcu-
cu increased from 0 to approximately 8. The estimated Cu® particle size from EXAFS
analysis was approximately 4 nm at 300 °C, and did not significantly increase after
2 h isothermal hold at 300 °C. The Cu/C particles were hence found to be thermally
stable. Intriguingly, the reduction of Cu* to Cu® also coincided with Cu agglomeration
when heating under a pure He flow, albeit at higher temperatures. These findings
suggest that mobile Cu species, for instance surface-bound Cu—H, Cu—OH or Cu—
HCOO complexes,?? facilitate the formation of larger Cu® nanoparticles. A tentative
schematic representation for the particle formation mechanism is given in Figure
2.7c.
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Figure 2.7: In situ XAS analysis for the 3_Cu/OG sample during heating to 300 °C (2 °C min"
1). a) Evolution of the Cu oxidation state (OScu) as a function of temperature, indicating
fractions of Cu?* (green squares), Cu* (blue circles) and Cu® (orange triangles) as measured
by linear combination fitting of the XANES; b) EXAFS coordination numbers for Cu—O (CNcu-
o, red diamonds) and Cu—Cu (CNcu-cu, cyan circles); ¢) Schematic illustration of the Cu
particle formation starting from complexed Cu?* ions on surface-oxidized carbon.
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Cu particle growth by thermal sintering. The temperature-dependent particle
growth of Cu was monitored for 7_Cu/OG by in situ XRD under 10 vol% H2/He
(Figure 2.8). No crystalline Cu was observed at room temperature, indicating that
the Cu species were uniform and highly dispersed. Two broad Cu® diffraction peaks
appeared around 170 °C (Figure 2.8a), corroborating the temperature for particle
formation derived from the X-ray absorption spectroscopy experiments. Interestingly,
the Cu0 crystallite size only increased from 2.2 to 2.4 nm, when heating from 170 to
250 °C. Moreover, the size did not significantly increase during 2 h isothermal hold
at 250 °C. Heating to 510 °C gave to 9.4 nm Cu® crystallites, with an exponential
increase in the Cu® crystallite size as a function of temperature (Figure 2.8b). Van
den Berg et al. previously reported the formation of Cu particles from a copper-
phyllosilicates precursor. 5 nm Cu particles had formed after heating for 30 min at
250 °C under 1 mbar of Hz, which still grew to 8 nm during 2 h isothermal hold at 250
°C.221 On carbon supports the reduction of Cu* to Cu® hence occurs at much lower
temperatures than on oxide supports, which allows to prepare Cu particles as small
as 2 nm, and tailor the particle size by varying the temperature.
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Figure 2.8: In situ XRD for the 7_Cu/OG sample during heating to 510 °C (2 °C min-1), under
a flow of 10 vol% Hz/He. a) Carbon baseline-corrected diffractograms; b) Cu® crystallite sizes
(cyan squares) as a function of temperature, including an exponential fit (dashed orange line).

To better understand the Cu particle growth, we calculated the apparent activation
energy (Ea) for particle growth from the Arrhenius plot. The value for Ea was 59 kJ
mol! and thus in good agreement with previous studies on grain growth for
nanocrystalline Cu materials (56—-68 kJ molt). Thermogravimetric analysis under Hz-
containg flow indicates that the reduction to Cu® coincided with the decomposition of
the carboxylate surface groups to CO.. After removal of the carboxylate groups, the
weak interaction between the mobile Cu species and graphite support likely led to
Cu? agglomeration, while further particle growth may be diffusion limited.
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Figure 2.9: a) STEM micrograph in HAADF mode for the 3_Cu/OG_400 sample, prepared by
ex-situ heating of the 3_Cu/OG sample to 400°C under 20 vol% H2/N2; b) EDX Cu distribution
map; c) Cu particle size distribution with lognormal fit, surface-averaged Cu particle size (ds)
and standard deviation in the width of the particle size distribution (ous).

The homogeneity of the thermally sintered Cu nanoparticles was evaluated by STEM
(Figure 2.9). Heating the 3_Cu/OG and 7_Cu/OG samples ex-situ for 1 h at 400 °C
under a flow of 20 vol% H2/N2 gave surface-averaged Cu particle sizes of 5.0£1.8
nm (3_Cu/OG_400) and 7.3t2.4 nm (7_Cu/OG_400), respectively. The
homogeneous distribution of Cu?* on the surface-oxidized carbon support hence
gave a relatively narrow Cu particle size distribution after the thermal sintering
treatment. This uniquely allowed us to tailor the Cu structure from single atoms to 10
nm particles on carbon.

2.4 Conclusions

In this chapter, a series of carbon-supported Cu samples on two different surface-
oxidized carbon supports was prepared using incipient wetness impregnation. The
ratio between Cu atoms and carbon surface groups was varied to tune the Cu size
and stability. A combination of electron microscopy and X-ray absorption
spectroscopy studies revealed the uniform distribution of either atomically dispersed
Cu?* ions and/or Cu-oxide clusters of a few Cu atoms, depending on the Cu atom to
surface groups ratio. The carboxylate coordinated Cu?* ions were reduced to Cu*
with retention of the dispersion. Upon complete reduction to Cu®, the Cu species
became mobile led to formation of Cu® nanopatrticles. Increasing the temperature
gradually to 500 °C allowed us to tailor the Cu size from isolated atoms to 10 nm
particles. This synthesis method opens up practical approaches to investigate
atomically dispersed Cu in catalysis.
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Chapter 3

Disentangling Promoter, Support and
Particle Size Effects in Methanol Synthesis

This chapter is based on the publication: “Disentangling Promoter, Support and
Particle Size Effects in Methanol Synthesis” by R. Beerthuis,” C. E. Pompe,” R.

Dalebout, K. P. de Jong and P. E. de Jongh, Submitted (# authors contributed
equally).
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Abstract

The efficiency and energy requirement of many industrially processes strongly
depends on the performance of nanoparticulate metal catalysts. Tuning the catalyst
composition and metal particle size is a general strategy to boost the catalytic
activity. However, the role of the copper (Cu) particle size in methanol synthesis from
CO and CO: is still debated. In this chapter, we prepared carbon-supported catalysts
with Cu particle size between 3 and 14 nm, both in the absence and presence of
zinc oxide (ZnOx) as a promoter. Under industrially relevant temperature (260 °C)
and pressure (40 bar), the surface-normalized activity increased approximately 4-
fold, with increasing Cu size from 3 to 10 nm and became size-independent for larger
particles. Using carbon as a chemically inert support material revealed the intrinsic
ZnOx promoter and Cu particle size effects, proving that the methanol synthesis
reaction is intrinsically sensitive to the Cu patrticle size below 10 nm.

H,/CO/CO, Cu size Methanol

cl’\ d

Support Zn0O,
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3.1 Introduction

Over 75 million tons of methanol are produced annually from COz-enriched synthesis
gas (H2, CO, CO>), using co-precipitated Cu/Zn/Al>O3 catalysts.?® The conversion of
synthesis gas to methanol proceeds via three concurring reactions, namely
hydrogenation of CO, hydrogenation of CO2 and the water gas shift reaction, as
described by Eq. 1.1-1.3 in Chapter 1 of this thesis. Although high specific surface
areas were correlated to high activity,*® the Cu and CuZnOx patrticle size effects are
still not comprehensively understood, with uncertain consequences to the catalytic
performance. Recent studies indicate that the rate-determining step in methanol
synthesis, i.e. hydrogenation of the formate intermediate, predominantly occurred on
Cu surface defect sites and that the activation barrier was lowered at ZnOx decorated
Cu sites.105, 108,110, 194-197 The effects of Cu particle size and ZnO promoter are hence
often intertwined.

An important open question in literature is whether particle size effects in methanol
synthesis originate from structure sensitivity or from a particle size-dependent
coverage of the ZnOx promoter onto Cu. Computational studies by Kuld et al. from
Haldor Topsge suggested that the catalytic activity was dictated by the ZnOx
promoter efficacy, and that the Cu particle size only affected the ZnOx coverage.18
Alternatively, Van den Berg et al. proposed that the methanol synthesis reaction is
intrinsically sensitive to the CuZnOx particle size and surface structure,8® originating
from a size-dependent abundance of different surface sites with unique chemical
reactivities.1®5 192 However, the particle size effects for the un-promoted Cu catalysts
were likely masked by comparing Cu catalyst on SiO2 and Al203 supports of varying
morphologies.8 Both Zn and Cu species can strongly interact with the metal oxide
supports, forming thermodynamically highly stable mixed metal oxides such as Zn—
silicate or Cu—aluminate compounds, which may conceal the intrinsic promoter and
particle size effects.20 99, 105, 112, 222

In this chapter, we report a methodology to tune the Cu and CuZnOx particle size
between 3 and 14 nm on a graphitic carbon support, by varying the Cu loading,
support functionalization and applying controlled thermal sintering. The approaches
for metal particle size control may offer wide applicability in catalysis. By using
carbon as a chemically inert support, we demonstrate that the methanol synthesis
reaction is intrinsically sensitive to the Cu particle size below 10 nm, under
industrially relevant temperature (260 °C) and pressure (40 bar). The particle size
effects were observed both in the absence and presence of ZnOx, suggesting that
the size-dependence in CuZnOx activity originates from combined intrinsic Cu
particle size effects and effective ZnOx coverage onto the Cu particles. Disentangling
the promoter, support and particle size effects may guide the rational design of
catalysts with optimized performance.
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3.2 Experimental methods

Catalyst assembly

All carbon-supported Cu and CuzZnOx catalysts were prepared using turbostratic
graphitic carbons as the catalyst support materials. High surface area graphite
(HSAG-500, kindly provided by Timcal Ltd.) was used either pristine (as-received)
or after surface-oxidation by liquid-phase HNO3s treatment as described in Chapter
2. Both the pristine and surface-oxidized carbon supports were dried under dynamic
vacuum at 170 °C for 1.5 h to remove residual absorbed water and finally stored in
an Ar-filled glovebox (Mbraun LABmaster; <1 ppm H20; <1 ppm Oz2) until further use.

The Cu and CuZnOx catalysts were prepared by incipient wetness impregnation of
the dried powdered support, using mixed aqueous solutions of Cu(NOsz). and
Zn(NO3)2, in 0.1 M HNOgs, followed by drying and thermal treatment to decompose
the metal precursors. Incipient wetness impregnation is one of the most reliable and
scalable techniques for the industrial preparation of heterogeneous catalysts,
allowing accurate regulation of the catalyst composition.'® 20 In the case of the
CuZnOx catalysts, a Cu:Zn molar ratio of 65:35 was applied. The Cu and Zn loadings
were controlled by adjusting the concentration of their respective metal nitrate
precursors in aqueous solution for impregnation. The final Cu and Zn weight loadings
therefore correspond to the nominally added amounts, calculated as

C
Cu wt% = ( mass ~u ) * 100 % and Zn wt% =
mass CuO+mass ZnO+mass support

( mass Zn )*100%.

mass CuO+mass ZnO+mass support

In a typical synthesis procedure, around 2 g of dried powdered carbon was
impregnated to incipient wetness, in a round-bottom flask under static vacuum. The
impregnated sample was stirred for 24 h under static vacuum to homogenize the
metal content, and subsequently dried for 24 h while stirring under dynamic vacuum,
at room temperature. The dried impregnated sample was transferred to a plug-flow
reactor, without exposure to air, and subsequently heated to decompose the metal
precursors.

In the case of the Cu and CuzZnOx catalysts prepared using the pristine carbon
support, the dried impregnate was heated to 230 °C (2 °C min-1) with 1 h isothermal
hold at 230 °C, under 20% H2/N2 flow (100 mL min-* g'1). The sample was left to cool
down to room temperature and flushed with N2 (100 mL min-t g'1). Next, the catalyst
was heated to 200 °C (1 °C min-1) with 3 h isothermal hold at 200 °C, under 5 vol%
O2/N2 flow (100 mL mint g1). The gas flow was exchanged for 15 vol% O2/Nz flow
(200 mL min-t g%) with 1 h isothermal hold at 200 °C. After allowing to cool down to
room temperature, the catalyst was collected.

In the case of the Cu and CuZnOx catalyst prepared using the surface-oxidized
carbon support, the dried impregnated sample was heated to 230 °C (0.5 °C min-1)
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with 1 h isothermal hold at 230 °C under N2 flow (100 mL min-t g-1). The sample was
left to cool down to room temperature and first flushed for 3 h with a flow of 20 vol%
02/N2 (100 mL mint g'1) and subsequently flushed with for 30 min with a flow of pure
N2 (100 mL mint g1). Next, the sample was heated to 150 °C (2 °C mint) with 2 h
isothermal hold at 150 °C, under 5 vol% H2/N2 flow (100 mL min? g?1). The
temperature was increased at 2 °C min? to the final heat treatment temperature
(250—400 °C) with 1 h isothermal hold at the final temperature. The CuZnOx/C
catalyst was heated for 1 h at the final temperature of 250 °C. After allowing to cool
down to room temperature and flushing for 30 min under N2 flow (100 mL min-t g1),
the catalyst was transferred in a closed vessel to an Ar-filled glovebox (Mbraun
LABmaster; <1 ppm H20; <1 ppm O2). Finally, the sample was passivated by
overnight exposure to air at room temperature.

The Cu/SiO2 and CuZnOx/SiO: catalysts were prepared by adaption of previously
reported methods by Van den Berg et al.86 and Pompe et al.>¢ The Cu/SiO: catalyst
was prepared using a SiO2 gel with 805 m? g1 BET surface area and 0.56 mL g!
total pore volume (Grace-Davison). The CuZnOx/SiO: catalyst was prepared using
a SiO2 gel with 520 m? g! BET surface area and 0.82 mL g total pore volume
(Merck). Prior to the impregnation, the SiO2 gels were dried for 2 h at 170 °C under
dynamic vacuum. The SiO2 gels were impregnated to incipient wetness using
aqueous solutions of Cu(NOs)2 and Zn(NOs)2 in 0.1 M HNOs, subsequently dried
under dynamic vacuum for 48 h, and finally heated to 250 °C (2 °C min-1) with 90
min isothermal hold at 250 °C, under 20 vol% H2/N: flow (28 mL mint g1).

Catalyst characterization

The support porosity was studied by N2 physisorption on a Micromeritics TriStar
3000 V6.08 apparatus. Isotherms were measured at —196 °C, using Carbon Black
STSA as a reference. Prior to the measurements, the carbon samples were
outgassed at 150 °C under dynamic vacuum for 14 h. Specific surface areas were
calculated using the multi-point Brunauer-Emmet-Teller (BET) method, with P/Po
between 0.05-0.25. The total pore volume was calculated as single point pore
volume at P/Po of 0.995 and pore diameter distribution were determined using the
Barrett-Joyner-Halenda (BJH) method applied to the adsorption branches of the
isotherms, while the micropore surface area and volume were determined using the
t-plot method.

Raman spectra of the bare carbon supports were recorded in powder form on a
Renishaw inVia Raman microscope between 1,000-3,000 cm using laser
excitation at A = 532 nm. Spectra were averaged over at least 10 different areas.

Acid-base potentiometric titrations were performed using a TitraLab pH meter. The

pristine carbon (~25 mgq) or surface-oxidized carbon (~8 mg) support was suspended
in 65 mL of 0.1 M KCl(aqg) solution. The resulting suspension was pre-treated by
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degassing with N2 flow for 5 min under vigorous stirring. Next, the titration was
performed using solutions of either 0.01 M NaOH(aq) or 0.01 M HCl(aq), both in 0.1
M KCl(ag), in separate measurements. The total density of acidic and basic surface
groups were calculated from the final equivalence point of the titration curves, after
subtraction of a blank measurement to adjust for the presence of any dissolved COx.

Temperature programmed reduction (TPR) measurements were performed using a
Micromeritics Autochem 1l ASAP 2920 apparatus, with H2 consumption measured
using a thermal conductivity detector. In a typical measurement, the sample was first
dried at 120 °C for 30 min under an Ar flow (~1 L min-t g*) and cooled down to room
temperature. Next, the samples were heated to 250 °C (5 °C min1) under 5 vol%
Hz/Ar flow (~2 mL mint g1). The onset temperature for the reduction peaks was
calculated from the interception of the baseline by the slope at the first inflection
point.

Transmission electron microscopy (TEM) and powder X-ray diffraction (XRD) were
used as the main characterization tool to determine the Cu and CuzZnOx particle size
and estimate the geometric surface area. Herein, the particles were assumed to be
spherical and fully accessible. These methods for particle size analysis provide
greater accuracy than alternative techniques such as N2O and Hz chemisorption, for
which the measurement of the Cu specific surface area is obscured by interaction of
the chemisorption probe gasses with the ZnOx promoter and possibly with the SiO2
Support.“’ 86, 223

TEM imaging was performed on a Tecnai 20 (FEI), and scanning transmission
electron microscopy with a high-angle annular dark-field detector (STEM-HAADF),
combined with energy-dispersive X-ray spectroscopy (EDX) was performed on a FEI
Talos F200X microscope. Both microscopes were operated at 200 kV. To avoid
particle growth due to beam-induced sintering, TEM images were acquired with a
maximum electron dose-rate of approximately 5 electrons nm=2 s'1. Samples were
prepared by grinding the catalyst into a fine powder, which was deposited directly
onto a holey carbon coated Cu sample grid (Agar 300 mesh Cu) for TEM and a gold
sample grid (SubstratekTM 300 mesh Au) for STEM-HAADF-EDX analysis. The
particle sizes were determined by measuring the diameter of the spherical
approximation of the projected particle shape, for at least 200 individual particles on
10 different sample areas. A small number of very large (>50 nm) particles was
detected in some samples, which likely results from slight over-impregnation, and
was hence not included in the particle size analysis. The number-averaged particle

size (dn) and corresponding standard error in the particle size (gan) were calculated
using: d, + gg, = % N di+ dF;. The surface-averaged particle size (ds) and
corresponding standard error in the particle size (oas) were calculated using: d, +

_ Ziidf | dn

Ogs = T
ds = N a? — VN

. The standard deviations in particle size distributions (Opsp,dn and
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1
Opspds) Wwere calculated as apSD,dnz\/E YN,y —d)? and opspgs =

[% YN .(ds — dy)?. Herein, di is the diameter of the i" particle and N the number of

counted particles. EDX spectra were processed using Esprit software (Bruker AXS).

Powder XRD analysis was performed on a Bruker D8 powder X-ray diffractometer
equipped with a Lynxeye detector, using a Co-Ka1,2 (4 = 1.79026 A) radiation source,
operated at 30 kV, 45 mA and a V20 variable slit. Diffractograms were collected both
on the reduced and passivated catalysts. Diffractograms for the Cu and CuZnOx
catalysts prepared using pristine carbon, were first measured for the passivated
samples in air and later for the reduced samples after an additional step. Herein, the
samples were heated to 250 °C (2 °C min-t) with 1 h isothermal hold at 250 °C under
5 vol% H2/N2 (250 mL min-? g?1). Diffractograms for the Cu and CuZnOx catalysts
prepared using surface-oxidized carbon, were taken directly after the final reduction
step in the synthesis. The reduced samples were transferred in an air-tight container
to a Ar-filled glovebox (Mbraun LABmaster; <1 ppm H20; <1 ppm O3z), where a XRD
specimen holder was loaded and sealed with an air-tight transparent dome-like cap
(A100B33, Bruker AXS) to measure the XRD under inert atmosphere. All
diffractograms were collected at room temperature from 5-95° 26, with 0.1°
increment and normalized to the intensity of the (002) diffraction peak for graphitic
carbon at 30.9° 20. Cu crystallite sizes were calculated using peak deconvolution
software (Topas V5, Bruker AXS), applying the Scherrer equation with a shape factor
k = 0.89 and line broadening = 0.1 to the Cu° (111) diffraction at (50.7° 26) and the
Cu® (200) diffraction at (59.3° 268). No background corrections or smoothing was
applied to the displayed diffractograms.

Catalysis

All catalytic experiments were performed on a high-throughput fixed-bed reactor
system, equipped with 16 parallel channels (Flowrence®, Avantium N. V.). The
catalysts were pelletized (2 cm diameter) using a hydraulic press at 1,500 kdf,
equivalent to 460 bar pressure, ground and sieved to obtain a granulate size of 75—
150 um. The catalyst (10-160 mg) was diluted with SiC granules (212-425 um;
purified by a HNOs treatment at room temperature and calcination at 800 °C) to a
total catalyst bed volume of 0.3 mL. The diluted catalyst was loaded into a stainless-
steel reactor (2.6 mm inner diameter) which was pre-loaded with an aliquot of SiC
granules (0.5 mL) onto a stainless-steel frit. The Cu mass per reactor was
approximately 10.0 mg for all un-promoted Cu catalyst, while 0.77 mg of Cu was
used for the CuZnOx catalysts. The GHSV based on the packed bed volume without
dilution with SiC varied between approximately 600—7,000 h-1. The WHSV was kept
constant at 5.8 gco+co2 geu? ht for the Cu/C catalysts, and 66 gco+coz geu? ht for
the CuZnOx«/C catalysts.
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The Cu catalysts were reduced in situ by heating to 200 °C (2 °C mint), while the
CuzZnOx catalysts were heated to 250 °C, both with 120 min hold at the final
temperature, under a flow of 20 vol% Hz/Ar at 3.1 mL min-! per reactor. After that,
the temperature was lowered to 150 °C and the reactor was purged with the reaction
gas mixture (H2:CO:He:CO2 = 60:23:10:7 vol%) under a total gas flow of 2.2—-2.5 mL
min-! per reactor. After 4 h purging, the pressure was gradually increased during 2 h
to 40 bar(g). Finally, the temperature was increased from 150 to 260 °C (2 °C min-1)
and kept at this temperature during the reaction. The effluent gas composition was
analysed every 15 min using a three-channel gas chromatograph. After 48 h, the
catalyst was left to cool down to 90 °C and passivated by exposure to air at 90 °C.

The CO and CO: gas feeds were purified using carbonyl traps composed of HY
zeolite in the protonated form (USY, Zeolyst) in 0.6—1 micrometer grains, mixed with
grains of activated carbon (Norrit RB3). The trap for the CO: feed was maintained at
a constant temperature of 50 °C, to keep the CO2 adsorption stable. The effluent gas
composition was analyzed every 15 min using an on-line three-channel gas
chromatograph (GC, Agilent 7890B). Hz, CO, He and CO: were separated on a
MolSieve 5A column (2.4 meter x 1/8 inch inner diameter) and quantified using a
thermal conductivity detector. Alcohols and alkanes were separated using a GS-
GasPro column (GS-Gaspro 30 m x 0.32 mm ID) and a HP-Innowax column (6 m x
0.32 mm ID), and analyzed by flame ionization detectors. Gas phase compositions
were calculated from the integrated peak areas, using He as internal standard.

To validate that the reaction was not mass transfer limited, we performed
measurements with several Cu/C catalysts of using granulate sizes of 75-150 ym,
150-425 pym and 425-630 um. No substantial difference in the conversion profiles
was observed, indicating that the reaction was not hindered by internal or external
mass transfer limitations. Three reference measurements using the pristine carbon
support, surface-oxidized carbon support and SiC diluent, showed no conversion at
260 °C. Several catalytic experiments were performed in multifold to ensure
reproducibility.

The standard deviation in CO+CO2 conversion (Oconversion) Was defined as the typical
distance of a data point (x) from the mean value (p) and calculated by the formula

Oconversion = \/ (ﬁ) NG — 1?2 A general value for gconversion Of approximately 5
% was obtained from an experiment using 12 reactors with an equal loading of a
commercial Cu/ZnO/Al20s methanol synthesis catalyst (Alfa Aesar). The CO+CO:2
conversion was calculated from the CO and CO: inlet and outlet molar flows

(molco+coz min-t), using the formula CO + CO, conversion =

CO+COy Inlet f1 — CO+CO; Outlet fl .
( 2 T O 2 Outletflow) " The methanol product selectivity was calculated
CO+CO; Inlet flow

based on the analyte concentrations in the effluent gas and corresponding carbon
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. s _ Concentrationyethanol
numbers (#), using the formula Selectivityyeon = T ——— The

standard deviation in TOF (oror) was calculated from orop = J 0Zonversion T OBSD dn -

Curves for the TOF trends were fitted by applying an exponential model using the
equation y = a(1 — e )¢ for the measured Cu/C catalysts and TOF values from
Cu/SiO2 from literature,® with a, b and c values of 1.98+0.33, 0.44+0.28 and
6.4348.61 for Cu/C and 2.31+0.48, 0.34+0.46 and 1.90+2.98 for Cu/SiOx.

The turnover frequency (TOF) was calculated per surface Cu atom, using the formula

TOF = CTY * ";C“, in which CTY was the Cu-time-yield (umolco+co2 s geu?) at the
Cu

maximum CO+CO2z conversion (within 10 h on stream at 260 °C). Mcu is the
molecular weight of Cu, and Dcu is the dispersion of surface Cu atoms. The value of
Dcu is calculated from ds, assuming fully accessible spherical particles using the

Veg* Ant . . .
formula D¢, = 6 * %. Herein, Acu is the molar area occupied by surface Cu

S

atoms (4.10*10%2 nm?) and Vcu is molar volume occupied by Cu atoms in bulk metal

(7.09*102% nm3). Dcu is hence calculated as D¢, = 1?“, with ds in nm.172

Results and Discussion

Tuning the Cu size on carbon. The first strategy we employed to tune the Cu
size, was varying the Cu weight loading, using impregnation of a pristine graphitic
carbon support, followed by thermal decomposition of the Cu(NOs)2 precursor
salts.”® 86 Representative transmission electron microscopy (TEM) images and
corresponding Cu particle size distributions are displayed in Figure 3.1a,b. Well-
distributed Cu particles were observed throughout the catalysts, with surface-
averaged Cu particle sizes ranging from 8.6 to 13.4 nm, for 6.3 to 11.7 wt% Cu
loadings. XRD studies on the reduced catalysts revealed 7.3—-10.9 nm Cu® crystallite
sizes, in good agreement with TEM analysis (Figure 3.2a,b). Moreover, XRD
analysis on both the reduced and passivated catalysts showed no other crystalline
phase. The dependence of particle size on the Cu weight loading is summarized in
Figure 3.1c. Varying only the Cu loadings from around 6 to 12 wt% provided a
suitable synthesis approach to tune the Cu particle size between 8—-14 nm, with the
strongest impact >10 wt%. Cu particles smaller than 8 nm were not obtained, even
for Cu loadings well below 6 wt%, which likely stems from the weak interaction
between the Cu (precursor) species and pristine carbon support. Resultingly, Cu
species may agglomerate already during the drying procedure. To overcome this
limitation and synthesize Cu particles significantly smaller than 8 nm, we proceeded
to combine carbon surface modification with variation of the heat treatment
conditions.
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Figure 3.1: lllustration of the influence of Cu loading on the final particle size for Cu/C
catalysts. Transmission electron micrographs, Cu particle size distributions with lognormal fits,
number-averaged (dn) and surface-averaged (ds) Cu particle sizes including standard
deviations in the width of the particle size distributions, for catalysts with a) 6.3 wt% Cu and
b) 12 wt% Cu; c) Dependence of surface-averaged Cu particle size on Cu weight loading,
including exponential fit (dashed line), for catalysts prepared by impregnating a pristine carbon
support with an aqueous Cu(NOs3)2 solution and heated to 230 °C under 20 vol% H2/N2 flow.
Error bars represent the standard error in the particle size and are generally smaller than the

data markers.
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Figure 3.2: X-ray diffractograms for Cu/C and CuZnOx/C catalysts, normalized to the graphitic
carbon (002) diffraction peak intensity around 30.9° 26 and stacked with individual offset for
visual clarity. a) Reduced and b) Passivated Cu/C catalysts prepared using pristine carbon
and variation of the Cu loading; ¢) Reduced and d) Passivated Cu/C catalysts prepared using
surface-oxidized carbon and variation of the final heat treatment temperature; e) Reduced and
f) Passivated CuZnOx/C catalysts prepared using either pristine or surface-oxidized carbon.
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To enhance the interaction of the Cu (precursor) species with the carbon support,
liquid-phase HNO3 oxidation was applied to functionalize the carbon surface, which
is known to mainly introduce carboxylic groups.?? 211 The surface-oxidation treatment
slightly reduced the BET surface area from 505 m? g* to 440 m2 g1, while the total
pore volume decreased from 0.70 mL g to 0.62 mL g* (Figure 3.3a). Analysis of
the pore diameter distributions show that the largest number of pores was present
below 20 nm for both the pristine and surface-oxidized carbon support, and that most
of the pore volume is present within the mesopores of the plate-like turbostratic
graphite structure (Figure 3.3b). No significant structural changes were observed by
XRD analysis (Figure 3.3c), with both carbon materials exhibiting the characteristic
diffraction peaks of graphitic carbon include the intense (002) peak at 30.9° 26, broad
(100) peak at 49.6° 26, overlapping (100) and (101) peaks at 52.2 °26 and minor
(004) peak at 64.3°26.

Raman spectroscopy was applied to determine the degree of graphitization (Figure
3.3d). Three well-defined peaks were observed for the pristine and surface-oxidized
carbon supports, corresponding to the graphitic peak (G band; around 1,570 cm-?),
the first disorder peak (D band; around 1,340 cm-?) and the second disorder peak
(2D; around 2,700 cm1).224 The G band is assigned to sp? hybridized carbon, while
the D band is attributed to defects, lattice disorder and graphite sheet curvature.
Finally, the 2D band is typical for bulk graphite. The intensity ratio between D and G
bands (Io/lg) indicates the degree of graphitization. The pristine carbon support
exhibited a Io/le ratio of 0.28, indicating high graphitization. The surface-oxidized
carbon support showed a Io/lc ratio of 0.66, which suggested that although some
defects were introduced, the carbon structure retaining most graphitic
characteristics.

Notably, the oxidation treatment increased the density of acidic surface groups, from
0.14 nm2 to 0.63 nm2, as quantified by potentiometric titration (Figure 3.3e). The
amount of basic surface groups was negligible, both before and after the oxidation
treatment (Figure 3.3f). A large density of acidic surface groups was hence
introduced onto the carbon support, with main retention of the graphitic carbon
morphology.

A catalyst batch was prepared by impregnation of the surface-oxidized carbon
support with an aqueous Cu(NO3)2 solution. The dried impregnate was subsequently
heated to 230 °C under flowing N2 to decompose Cu(NOs3)z2, left to cool down to room
temperature, and subsequently heated to 250 °C under a flow of 5 vol% H2/N2. TEM
analysis revealed a Cu particle size of 3.1+0.2 nm, using 6.3 wt% Cu. Fractions of
the same batch of dried impregnate were used as a starting point to increase the
particle size by applying thermal sintering.
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Figure 3.3: Physicochemical characterization for the bare pristine (blue) and bare surface-
oxidized (orange) carbon support materials. a) N2 physisorption isotherms; b) Pore diameter
distribution curves, as determined from the isotherm adsorption branch using the Barrett-
Joyner-Halenda (BJH) method; c) Normalized X-ray diffractograms, stacked with individual
offset; d) Raman spectra, stacked with individual offset; Potentiometric titration curves using
titrant solutions in 0.1 M KCl (aq) containing €) 0.01 M NaOH (ag) and f) 0.01 M HCI (aq).

Varying the final heat treatment temperature between 250-400 °C, yielded 3.1-
7.3 nm Cu particles, all using 6.3 wt% Cu. Representative TEM images and Cu
particle size distributions are displayed in Figure 3.4a,b. XRD analysis revealed 2.0—
6.3 nm CuO crystallite sizes, in good agreement with TEM analysis (Figure 3.3c,d).
The oxygen-containing surface groups decomposed during the heat treatment under
H2-containing flow.22 The support functionalization was hence only used as a
synthesis tool and the carbon surface in the final Cu/C catalysts was similar to that
of the pristine carbon support. Varying only the heat treatment temperature between
250-400 °C provided a suitable method to prepare Cu particles between 3—7 nm on
carbon (Figure 3.4c). Combining the synthesis approaches of Cu loading variation,
support functionalization and controlled thermal sintering, uniquely allowed us to
tune the carbon-supported Cu particle size from 3 to 14 nm.
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Figure 3.4: lllustration of the influence of final heat treatment temperatures on the final particle
size, for Cu/C catalysts prepared with 6.3 wt% Cu. Transmission electron micrographs, Cu
particle size distributions with lognormal fits, number-averaged (dn) and surface-averaged (ds)
Cu particle sizes including standard deviations in the width of the particle size distributions,
for catalysts sintered at a) 250 °C and b) 400 °C; c) Dependence of surface-averaged Cu
particle size on the final heat treatment temperature, including exponential fit (dashed line),
for catalysts prepared by impregnating an surface-oxidized carbon support with an aqueous
Cu(NOs3)2 solution and heated between 250-400 °C under 5 vol% H2/Nz flow. Error bars
represent the standard error in the particle size (0us).
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To place the performance for the Cu/C catalyst in a broader perspective and allow a
direct comparison to literature results, we prepared two ZnOx-decorated Cu/C
catalysts and one un-promoted Cu/SiO: catalyst. The CuzZnOx catalysts were
prepared with an approximate molar ratio Cu/Zn of 2, which is sufficiently high to
induce a strong promoter effect for Cu on carbon.® The first CuZnOx catalyst was
prepared with 7.7 wt% Cu using the pristine carbon support and exhibited
9.8+0.6 nm particles (Figure 3.5). The second CuZnOx catalyst was prepared with
6.3 wt% Cu using the surface-oxidized carbon support, and contained 4.2+0.3 nm
particles. STEM-HAADF-EDX studies revealed uniformly distributed CuzZnOx
particles over both carbon supports, with ZnOx localized in proximity of Cu.

d =87+22nm
d,=9.8+25nm
4 (n =267)

Frequency

12 16 20
Particle size (nm)

Energy (keV)

Figure 3.5: Scanning transmission electron microscopy (STEM) analysis for the
9.8_CuZnOx«/C catalyst. a) high angular annular dark field (HAADF) micrograph; elemental
distribution maps by energy dispersive X-ray spectroscopy (EDX) for ¢) Cu; d) Zn; e) Cu and
Zn; f) EDX spectrum after background correction and element specific normalization; f)
CuZnOx particle size distribution with a lognormal fit, number-averaged (dn) and surface-
averaged (ds) particle sizes including standard deviations in the width of the particle size
distributions

Quantification of the elemental composition at the nanometer scale for
9.8_CuzZnOx/C, demonstrated a 66:34 atomic Cu:Zn ratio, in excellent agreement
with the bulk Cu:Zn ratio of 65:35 (Figure 3.5e). Cu® crystallite sizes of 1.9 and
8.0 nm were observed for the reduced and 9.8 _CuZnOx/C catalysts, respectively,
and no crystalline ZnO was detected. Finally, 2.7£0.1 nm particle and 2.4 nm
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crystallite sizes were measured for the Cu/SiO: catalyst, hence allowing a direct
comparison between carbon and SiO2 as catalysts supports. The catalysts in this
study were denoted as X_Cu/Y and X_CuZnOx/Y, where X represents the Cu or
CuzZnOx surface-averaged particle size in nm, and Y indicates the support material.
All catalyst designations, compositions and textural properties are summarized in
Table 3.1.

Table 3.1: Physicochemical properties of the supported Cu and CuZnOx catalysts.

Catalyst Cu/zn T dcu, xrp | dn*0udn dst0ods OpPsD,dn | OPSD, ds Dcu

(Wt%)? | (°C)° | (nm)° (nm)° (nm)° (nm)“ (nm)® | (%)°
3.1_Cu/C 6.3/- 250 2.0 2.6+0.2 | 3.1+0.2 0.8 0.9 34
4.2_Cu/C 6.3/- 330 2.6 3.7£0.2 | 4.2+0.3 1.0 1.1 25
5.2_CulC 6.3/- 350 4.2 4.3+0.3 | 5.2#0.3 1.4 1.6 20
6.5_Cu/C 6.3/- 375 5.1 5.8+0.4 | 6.5+0.4 1.5 1.5 16
7.3_CulC 6.3/- 400 6.0 5.9+0.3 | 7.3%0.4 1.6 2.4 14
8.6_Cu/C 6.3/- 230 7.3 6.8+0.4 | 8.6x0.5 2.4 2.9 12
9.1_Cu/C 7.0/- 230 7.3 6.5+0.2 | 9.1+0.2 2.9 3.8 11
9.5 _Cu/C 8.0/- 230 5.5 6.5£0.2 | 9.5+0.3 3.9 4.7 11
9.8 _Cu/C 9.0/- 230 6.0 6.8+0.2 | 9.8+0.3 4.0 5.0 11
10.0_Cu/C 10.0/- | 230 8.9 7.8+0.2 | 10.0+0.2 3.2 3.8 10
11.7_Cu/C 11.0/- 230 10.2 8.5+0.3 | 11.7+0.3 3.9 51 8.8
13.4_Cu/lC 11.7/- 230 10.9 8.9+0.3 | 13.4+0.4 4.3 6.2 7.8
4.2 CuZnOx/C | 6.3/3.6 | 250 1.9 2.310.1 | 4.2+0.3 1.3 2.3 25
9.8 CuzZnOx/C | 7.7/4.3 | 230 8.0 8.7+0.5 | 9.8+0.6 2.2 25 11
2.7_Cu/SiO2 13.5/- 250 2.4 2.310.1 | 2.7+0.1 0.7 0.8 39

a) Nominal Cu and Zn weight loadings for the final catalyst; b) Temperature of the final heat
treatment under Ho/N2 atmosphere during catalyst assembly; c¢) Cu® crystallite size as
determined by XRD, applying the Scherrer equation to the Cu® (111) and Cu® (200) diffraction
peaks; d) Number-averaged particle size (dn) calculated as (dn =Y~ d; / Y, ) with standard
error in the particle size (odan), and surface-averaged particle size (ds) calculated as (ds =

N a3 1 XN, d?) with standard error in the particle size (0as), as determined by TEM wherein
di indicates the diameter of the i" particle and N stands for the total amount of measured
particles. e) Cu dispersion calculated from ds, by assuming fully accessible spherical particles.

Activity and selectivity in methanol synthesis. The performance of the Cu
and CuznOx catalysts was investigated at 260 °C and 40 bar, with a gas feed
consisting of 60:23:7 vol% H2:CO:CO2. An example of a typical reaction profile is
displayed in Figure 3.6, for the 5.2_Cu/C catalyst. The CO+CO: conversion slightly
increased during the first 6 h, while the selectivity towards methanol increased from
93 to >98 % and was maintained at this high value afterwards, with methane as the
main by-product. Such an induction period is commonly observed in Cu-based
hydrogenation catalysis and is generally attributed to nanoparticle restructuring
and/or oxidation state changes.?% 109. 112,225 The induction period for 5.2_Cu/C was
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followed by a gradual decrease in conversion of 26 % between 6—48 h. This
deactivation was only slightly larger than most literature values under similar reaction
conditions, e.g. 6 nm Cu/SiOz2 (3-13 %),% 6 nm CuZnOx/SiO2 (29 %)8 and 10 nm
Cu/ZnO/Al203 (3—-14 %),?%> thus showing that the un-promoted Cu catalysts on
carbon were relatively stable.

Particle growth is a well-known cause of activity loss in methanol synthesis.109
Therefore, we compared the Cu particle sizes of representative catalysts before and
after 48 h catalysis. The Cu sizes increased from 5.2+0.3 to 6.3+0.3 nm, 10.0£0.2 to
10.3+0.5 nm and 13.4+0.4 to 13.7+0.6 nm. The initial smallest Cu particles grew the
most, which was ascribed to shorter interparticle distances and larger driving forces
towards sintering.5¢- 225 To evaluate the effect of catalyst deactivation, we calculated
the surface-normalized turn-over frequencies (TOF; molco+co2 Molsurface cu™t s1) for
the 5.2_Cu/C catalyst, at both the maximum and final CO+CO2 conversion,
correlated to the initial and final Cu particle size, respectively. The TOF was
approximately 0.8*10- s'1for both the initial and final Cu particle sizes, indicating that
particle growth was indeed the main cause of activity loss over time. This allowed us
to compare the TOF values for the Cu/C catalysts with different initial Cu particle
sizes, based on the maximum CO+CO:2 conversion within 10 h on stream.
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Figure 3.6: Characteristic profiles for CO+CO2 conversion (blue squares) and selectivity
towards methanol (red triangles) for Cu/C catalysts as a function of time on stream (TOS, t=0
at 260 °C), the displayed example is for the 5.2_Cu/C catalyst. The relative standard deviation
in CO+CO2 conversion was approximately 5 %. Reaction conditions:
H2:CO:He:C02=60:23:10:7 vol%, 260 °C and 40 bar.

Intrinsic Cu particle size effects. Animportant un-resolved question in literature

is whether particle size effects in methanol synthesis are intrinsic and/or originate
from a particle size-dependent coverage of the ZnOx promoter.8é 198 The TOF for
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Cu/C increased approximately 4-fold with increasing Cu particle size from 3to 10 nm
(0.5*10% s1 to 1.9*10® s'1), and became size-independent above 10 nm (Figure 3.7).
This is the first time that this Cu particle size range was investigated, using carbon
support materials. The size-dependence in activity unequivocally demonstrates that
the methanol synthesis reaction rate is intrinsically sensitive to the Cu particle size
below 10 nm, in absence of ZnOx as promoter. However, the particle size effect is
moderate as compared to that in other systems such as Co for Fischer Tropsch
synthesis (~10-fold increase TOF between 2 and 6 nm),18” or Ag for ethylene
epoxidation (~10-fold increase TOF between 20 and 90 nm).226
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Figure 3.7: Particle size-activity relationships for Cu/C (blue squares) and CuZnOx/C (green
triangles) for the methanol synthesis, including exponential fit (dashed line). TOF values were
calculated from the maximum CO+CO2 conversion within the first 10 h on stream and the
initial surface-averaged Cu or CuZnOx particle size. Horizontal error bars represent the
standard error in the particle size and vertical error bars display the relative standard deviation
in TOF. The TOF evidently increased with increasing Cu size up to 10 nm, and became
constant above 10 nm. The ZnOx promoter effect was illustrated by the strongly enhanced

TOF for the CuZnOx/C catalysts compared to Cu/C. Reaction conditions: H2:CO:He:CO2 =
60:23:10:7 vol%, 260 °C and 40 bar.

The reaction rate towards methanol depends on the activation energy of the rate
determining step, the amount and nature of the active sites and the site coverage
with reaction intermediates. Higher adsorption strengths were reported for
oxygenate intermediates on a stepped Cu (211) surface, compared to the more
densely packed Cu (111) surface.105117.186 The defect-rich stepped surfaces contain
Cu atoms of an intermediate coordination saturation, compared to highly coordinated
terrace sites on flat surfaces.® DFT calculations by Behrens et al. proposed that the
higher binding energy at step sites, lowered the energy barrier for the surface
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hydrogenation of the formate intermediate, which is commonly recognized as the
rate determining step towards methanol from CO2-enriched synthesis gas.86: 97. 99. 105,
108,222 |f formate is too strongly adsorbed, for example at corner and edge sites with
a low coordination saturation, the high formate surface coverage can lead to active
site poisoning.1% 186 |n Jine with the Sabatier principle, adsorption sites with
intermediate binding strength, such as step and kink sites, were proposed to give
the highest activity.% 105 172, 222 DFT studies by Rensburg et al. predicted that Cu
size effects predominantly originate from the surface-specific amount of defect
sites,186 while Karelovic et al. reported that the activation energy for CO:
hydrogenation did not dependent on the Cu particle size.1°¢ The nature of the active
site is therefore likely size-independent, while the abundance of the active site
increases with increasing Cu patrticle size up to 10 nm.

The surface structure of metal nanoparticles is known to be size-dependent.185 188,
227 Wulff constructions models by Van Hardeveld and Van Helden showed that the
surface of face centered cubic (fcc) metals primarily consists of (111) and (100)
facets with exposed terrace sites, while edge and corner sites terminate the facets.
The fraction of extended facets increased with increasing particle size, while the
relative amount of corners and edges decreased. At the facet interfaces, unique
atomic arrangements represent stepped (211), (221) and (321) facets, which expose
step and kink sites. Each of these sites exhibits a different local electron density, due
to the varying degree of coordination saturation. Interestingly, the fraction of the step
and kink sites gradually increases up to 10 nm.185 188 Recent studies propose that
the defects at extended Cu facets, such as step sites, are the active sites in methanol
synthesis from CO2-enriched synthesis gas.105 108 110, 194-197 The current Cu particle
size-activity relationship is therefore attributed to structure sensitivity, i.e. the size-
dependence of the fraction of surface sites that is catalytically most active. The fact
that the particle size dependence is only moderate can be coined to the prevailing
hydrogenation reactions and the absence of CO dissociation in methanol
synthesis.13

ZnOy promoter effects. The activity enhancement by ZnOx was compared for Cu
catalysts supported on carbon and SiOz (Table 2). Clearly and irrespective of using
SiO2 or carbon as the support material, ZnOx was an efficient promotor for methanol
synthesis. Moreover, the activity increased with increasing CuZnOx particle size on
both supports, demonstrating that particle size effects are present both in the
absence and presence of ZnOx. The TOF for the CuZnO,/C catalysts (11-15*103s
1) in this study, were in line with previously reported values for carbon-supported
CuZnOx catalysts (11-31*10-® s'1) under similar reaction temperature and pressure.86
Interestingly, the measured copper-normalized productivity was 0.12 molco+co2 gcu
ht for the 4.2_CuZnO/C catalyst, and thus higher than 0.07 molco+co2 gcu h'! for a
measured commercial Cu/ZnO/Al203 methanol synthesis catalyst (Alfa Aesar).
Moreover, the presence of ZnOx enhanced the TOF significantly stronger on carbon
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(8—20 fold) than on SiO2 (3-7 fold). The activities for CuzZnOx«/SiO2 and Cu/ZnOx
catalysts with particle size around 9—10 nm, were previously reported to be 10*10-
3s1 and 15*103s?, respectively. The lower TOF for the SiO2-supported CuZnOx
catalyst suggested an unfavorable effect of the SiO2 support on the promoter
efficacy. In contrast, the presence of carbon allowed for maximum ZnOx promotion
(15*103s1).

Table 3.2: ZnOx promoter effect, for representative Cu catalysts on carbon, SiO2 and
ZnOx.

Particle SupportP TOF TOF Promoter
size Cu CuzZnOx enhancement
(nm)? (103%s1) (103%s7?) factore®

4 C 0.5 11 20

10 C 1.9 15 8.1

4 SiO2 1.2 3.9 3.3

10 SiO2 15 10 6.7

9 ZnOx - 15 -

a) Representative examples of catalysts with surface-averaged particle sizes of approximately
4 and 10 nm; b) Catalyst support type indicating carbon (C), silica (SiO2) and zinc oxide
(ZnOx). TOF values for Cu/SiO2, CuZnOx/SiO2 and Cu/ZnOx catalysts were included for direct
comparison, as measured by Van den Berg et al. under similar reaction conditions;®® c)
Promotion expressed as the ratio between TOF for Cu catalysts of similar particle size, with
and without ZnOx. Reaction conditions: H2:CO:He:CO2 = 60:23:10:7 vol%, 260 °C and 40 bar.

It is generally believed that part of the ZnOx promoter is reduced to Zn°® under
reaction conditions and that Zn species diffuse to the Cu particle surface.105. 108, 228-
229 The efficacy of the ZnOx promoter may therefore depend on the thermodynamic
stability, and the high stability of zinc-silicates may limit the efficient ZnOx coverage
onto Cu under reaction conditions. The stronger promoter effect of ZnOx for the inert
carbon support compared to SiO2 may be explained by a higher ZnOx coverage of
the Cu nanoparticles, due to the preference for ZnOx to situate on top of the Cu
particle rather than on the weakly interacting carbon surface.1®® Considering the
slightly lower activity of un-promoted Cu on carbon than SiOz, it is likely that the
presence of ZnOx creates additional active sites or affects the Cu particle
morphology.??? We propose that the size-dependent CuZnOx activity originates from
a combination of intrinsic Cu particle size effects and effective coverage of ZnOx onto
the Cu particles.

Carbon and SiO; support effects. An intriguing observation was the difference
in activity for Cu/C compared to Cu/SiOz observed in this study and reported in
literature (Figure 3.8).56.72.86 A consistently lower TOF was observed for Cu particles
below 10 nm on carbon compared to SiOz, while the TOF was similar above 10 nm.
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Figure 3.8: Particle size-activity relationships for measured Cu/C (blue squares, this work)
and Cu/SiO2 (fully red triangle, this work) catalysts, and previously reported values for Cu/SiO2
(empty red triangles, as measured by Van den Berg et al. under similar reaction conditions).
TOF values were calculated from the maximum CO+CO:z conversion within the first 10 h on
stream and the initial surface-averaged Cu particle size. Horizontal error bars represent the
standard error in the particle size and vertical error bars show the standard deviation in TOF.
The activity increased with increasing Cu size up to 10 nm on both supports, while the TOF
were lower for Cu particles below 10 nm on carbon compared to SiO2. Exponential fits (dashed
lines with highlighted areas) were added to guide the eye. Reaction conditions: H2:CO:He:CO:2
=60:23:10:7 vol%, 260 °C and 40 bar.

Possible origins include electronic effects, changes in the Cu particle shape and
structure, and metal-support interactions.15 71.230-231 Tg elucidate possible electronic
support effects, we applied H2 temperature-programmed reduction to several
representative passivated Cu and CuZnOx catalysts, both on carbon and SiOz, with
particle sizes around 3-4 nm (Figure 3.9). Interestingly, the support did not
significantly affect the onset temperature for H2 reductions, yet the rate of CuO
reduction was significantly lower for the catalysts on SiO> compared to carbon. The
higher hydrophilicity of SiO2 may lead to a stronger retention of the in situ generated
water, both during the TPR experiment and catalysis. A higher local water
concentration may result in a more oxidizing local environment and partial oxidation
of the Cu® surface. Enhanced activity of Cu* sites compared to Cu® sites was
previously reported.®® 121. 222 The smallest Cu particles are likely most susceptible
towards oxidation, which potentially explains the higher TOF for Cu on SiO:
compared to carbon.
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Figure 3.9: Temperature-dependent Hz reduction profiles for Cu and CuZnOx catalysts with
particles of around 3—4 nm in size, supported on carbon and SiO2, with Hz uptake as a function
of temperature, under a flow of 5 vol% Hz/Ar. Measurements performed with equal Cu mass
per measurement; Above) Overview of onset temperatures for the reduction peak, calculated
from the slope at the first inflection point in the reduction profile; Below) Overview of the onset
and peak temperatures.

Alternatively, differences in support surface energies can affect the Cu-support
interaction strength. This may influence the Cu-support contact angle, which alters
the particle shape and thereby the nature of the exposed surface facets.?3! Previous
studies on pristine and amine-functionalized SiO2 supports indicated that the support
can alter the Cu—support contact angle (125-135 °) and TOF (0.7-0.9*103 s1).72
Although the effects might seem small, the metal-support interaction may affect the
particle shape and lead to a different abundance of the catalytically active surface
sites. However, proving this by measuring the contact angles under industrially
relevant reaction conditions is very challenging.

Interestingly, while the un-promoted Cu catalysts showed a higher activity on SiO2
than on carbon, this trend was reversed in the presence of ZnOx. It might be related
to, as mentioned before, the fact that a different fraction of the ZnOx promoter is
actually present on the active Cu particles under reaction conditions. This suggested
that also the nature of the support plays a subtle role in the catalytic activity, and the
dependency on particle size and promoters, which showed that one has to be careful
to investigate structure-performance relationships using different support materials.
Using a series of catalysts all prepared on the same carbon support allowed us to
distinguish the intrinsic Cu particle size effects from support and promoter effects in
the methanol synthesis reaction.
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3.4 Conclusions

In this chapter, we reported the assembly of carbon-supported Cu and CuZnOx
catalysts with particle sizes between 3—14 nm, which was achieved by combining
the synthesis approaches of Cu loading variation, support functionalization and
controlled thermal sintering. The accurate control over the carbon-supported Cu
particle size unequivocally demonstrated that the methanol synthesis reaction is
intrinsically sensitive, though weakly, to the Cu particle size below 10 nm. The 4-fold
increase in TOF with increasing Cu particle size was attributed to the size-dependent
surface structure of the Cu particles. A consistently higher activity was observed for
un-promoted Cu below 10 nm, when supported on SiO2 compared to carbon.
However, the ZnOx promoter boosted the TOF around 20 times for Cu on carbon,
and outperformed the CuZnOx catalysts on SiO2, which suggested that the
chemically inert nature of the carbon support provided the highest ZnOx promoter
efficacy. We demonstrated that the CuzZnOx particle size effects in methanol
synthesis originate from a combination of intrinsic Cu particle size effects and the
effective coverage of ZnOx onto the Cu particles, and that the nature of the support
also plays a significant role in determining the activity of these methanol synthesis
catalysts.
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Chapter 4
Cu Particle Size Effects in
Ethyl Acetate Hydrogenation
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Abstract

In this chapter, we discuss the role of the Cu particle size in the hydrogenation of
ethyl acetate, using a series of carbon-supported Cu catalysts with Cu particle sizes
tuned between 3 to 14 nm. At temperatures of 180 to 210 °C and a pressure of 30
bar, the surface-normalized activity increased around 4-fold with increasing Cu
particle size from 2 to 10 nm, yet became constant above 10 nm, hence showing
that the Cu-catalyzed hydrogenation reaction is weakly sensitive to the Cu surface
structure. The apparent activation energy for the reaction was around 94 kJ mol-!
and similar for all Cu patrticle sizes, which suggests that the nature of the active sites
was size-independent, whereas the abundance of the active surface sites increased
with increasing Cu particle size between 2 to 10 nm. A maximal weight-normalized
activity was achieved with Cu particles of around 6 nm, providing an optimal balance
between intrinsic activity and available surface area. These findings may guide
optimization strategies for catalysts in reactions where the hydrogenation of
relatively stable intermediates is rate-limiting.

Ethyl acetate + H, Ethanol
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0 4 8 112 116
CluF pakticlersize (nim)

60



CU PARTICLE SIZE EFFECTS IN
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4.1 Introduction

The catalytic performance for a range of important industrial processes strongly
depends on the metal particle size, such as for Co and Fe catalysts in Fischer-
Tropsch synthesis,*®7-18 Pd and Pt for hydrogenation catalysis,®>1%2 and Ag for
ethylene epoxidation.??® The catalyst activity is often influenced by the size and
structure of metal particles below ~20 nm.13 In the Cu-catalyzed methanol synthesis
reaction, a weak but significant particle size effect has been reported by Van den
Berg et al.8¢ and was further discussed in Chapter 3 of this thesis. However, the role
of the Cu particle size in hydrogenation catalysis is still not fully understood. This
partly originates from the complexity of the methanol synthesis reaction, which
proceeds via concurrent CO hydrogenation, CO2 hydrogenation and (reverse) water
gas shift reactions.

The establishment of structure-performance relationships is facilitated by using well-
defined supported metal catalysts and model reactions. The hydrogenation of short
chain alkyl esters, such as ethyl acetate (EtOAc) to ethanol is a promising reaction,
since the reaction mechanism is relatively simple and well understood (Eg. 1.4 in
Chapter 1 of this thesis).133. 141. 232 Moreover, the reaction typically proceed with high
selectivity towards ethanol (~95 %),125 133,136, 233 Tq rationally design optimization
strategies for Cu-based hydrogenation catalysts in general, it is crucial to understand
how activity, selectivity and stability are affected by varying Cu particle sizes for
various reactions.

In this chapter, we investigate the effect of varying Cu patrticle size on activity and
stability in the hydrogenation of ethyl acetate, under industrially-relevant
temperatures (180 to 210 °C) and pressure (30 bar), as a model reaction for Cu-
based hydrogenation catalysis. A series of Cu catalysts with Cu particle sizes
between 3 and 14 nm was used, to determine whether the hydrogenation of EtOAc
was sensitive to the Cu particle size. Additionally, the influence of the initial Cu
particle size, poly-dispersity and interparticle Cu distance was evaluated on the
extend of particle growth. High surface area graphite was used as the support
material, to minimize the metal-support interactions?? and reveal the intrinsic Cu
particle size effects.

4.2 Experimental methods

Cu/C catalyst preparation

A series of carbon-supported Cu (Cu/C) catalysts was prepared by incipient wetness
impregnation using 2.0-3.3 M aqueous Cu(NOa3)2 solutions, followed by drying and
thermal treatment to decompose the Cu precursor. The Cu particle size was tuned
by adaptation of the synthesis methods as reported in Chapter 3. As an example of
a typical synthesis procedure, a Cu/C catalyst containing 16.4 wt% Cu was prepared
by impregnating around 2 g of a dried powdered carbon support to incipient wetness,
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in a three-necked round-bottom flask. An agueous solution of 5.0 M Cu(NOs3)2in 0.1
M HNOs (pH ~1) was added drop-wise using a syringe through a septum, while
stirring under vacuum. The impregnate was stirred for 24 h to advance the uniform
distribution of the metal precursor throughout the support. Subsequently, the sample
was dried overnight at room temperature, while stirring under dynamic vacuum. The
dried sample was transferred to an Ar-filled glovebox and loaded into a tubular flow
reactor. Next, the sample was heated with 0.5 °C min-1 to 230 °C with 1 h hold with
230 °C under a flow of 5 vol% H2/N2 flow (~100 mL min? g?'; GSHV ~4,000 h-1),
resulting in decomposition of the nitrate precursor and formation of Cu nanoparticles.
Finally, the catalyst was passivated by exposing it overnight to air at room

temperature. The Cu weight loading in the final catalyst was calculated as Cu wt% =
mass Cu

(mass CuO+mass support

X_CulY, in which X represents the surface-averaged Cu particle size in nm by TEM

analysis, and Y indicates the carbon support material.

) * 100 %. The Cu/C catalysts in this chapter were denoted as

Catalyst characterization

Transmission electron microscopy (TEM) was performed on an FEI Tecnai 20
microscope, operated at 200 kV. Samples were prepared by dispersing the dry
catalyst powder onto a Ni sample grid, coated with holey carbon (Agar 300 mesh
Ni). The Cu particle size was determined by measuring the diameter of the spherical
approximation of the projected particle shape, for at least 200 individual particles on
10 different sample areas. A small number of large (>50 nm) particles was detected
in some samples, which likely results from slight over-impregnation and were hence
not included in the particle size analysis.The number-averaged Cu particle size (dn,
also referred to as d [1,0]) and surface-averaged Cu particle size (ds, also referred
to as d [3,2]), including the standard deviation in the particle size distribution (o),

were calculated using the formulas d, + g4, = 1 N, di+ \/l ¥N . (d, —d)?* and

dst 04 = Z}Vld; +\/ »N .,(ds —d;)? , in which di indicates the diameter of the it

particle and N stands for the total number of measured particles.

The Cu—Cu interparticle distance (dcu-cu) was estimated from the catalyst surface
area and surface-averaged Cu particle size. Herein, only the mesoporous surface
area (by BET analysis of Nz physisorption isotherms) was assumed to be accessible
for Cu particles >2 nm. The Cu nanopatrticles were consistently located on the edge
locations of the graphite nanosheets. Previous investigations on the structure of
similar high surface area graphite supports, suggest that roughly 75 % of the carbon
structure contained graphitic carbon, while the remained was comprised of
disordered carbon. To account for the higher density of Cu particles on the edge
positions, the carbon surface area (SAcarbon) where the Cu particles were located,
was assumed to be comprised of disordered carbon. The total volume of all Cu
content (Vcu) was calculated based on the specific mass of Cu per catalyst and the
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bulk density of Cu (pcu; 8.96 g mL1) according to Vcu=mcu/pcu. To calculate the
volume of an individual Cu particle, we used the surface-averaged Cu patrticle size
(ds) and assumed the particle shape to be hemispherical, calculated as Vcu particle =
0.5*4/3*11*r3. Next, the total number of Cu particles (#cu particles) Was calculated using
#cu particles=Vcu total/ Veu particle. TO determine the distribution of Cu particles on the
graphite support, we adjusted for the mass of the carbon support (Mcarbon) Within the
mass of the final catalyst (Mcatalyst), &S Mcarbon = Meatalyst— Mcu. The averaged surface
area per Cu particle (SAcarbon cu particle) Was calculated as SAcarbon cu particle=SAcarbon/#cu
particles. By taking the square root of SAcarbon cu pariicle, the distance between the center
of each Cu particle (dcu-cu center). Finally, we subtracted ds from dcu-cu center, tO
estimate the distance between the periphery of each individual Cu particle (dcu-cu).

Powder X-ray diffractometry (XRD) was performed on a Bruker D8 powder X-ray
diffractometer equipped with a Co-Ka1,2 radiation source (1 = 1.79026 A) and a
Lynxeye detector. Diffractograms were taken directly after the final step in the
synthesis under reductive atmosphere, or after an additional reduction treatment (1
h at 250 °C in 20 vol% H2/N2, ~100 mL mint g?), without exposure to air. The
reduced catalyst was loaded into an airtight XRD specimen holder (A100B33, Bruker
AXS) inside an Ar-filled glovebox (Mbraun LABmaster, <0.1 ppm H20, <0.1 ppm O3).
Diffractograms were continuously acquired with 0.1 °26 increment between 5-95
°20, in approximately 2-3 h. The diffractograms were normalized to the peak
intensity of the graphitic (002) diffraction peak at 30.9 °20 and carbon baseline
subtracted. The Cu° crystallite size was determined by applying the Scherrer
equation to the main Cu® (200) diffraction peak at (59.3 °28), with a shape factor k
of 0.1.234

Temperature-programmed reduction (TPR) profiles were measured on a
Micromeritics Autochem Il ASAP 2920 apparatus, with H2 consumption detected by
a thermal conductivity detector. Prior to the measurement, the passivated catalysts
were dried at 120 °C for 30 min under Ar flow (~1 mL min-t mgcar?) and left to cool
down to 50 °C. Next, the reduction profiles were determined by heating the catalyst
with 2 °C min? to 400 °C, in a flow of 5 vol% H2/Ar (~1 mL min? mgca?). The
reduction profiles were base-line corrected and normalized to the amount of Cu. The
onset temperature was estimated from the intercept of the slope at the first inflection
point of the peak with the baseline.

Catalysis

Catalytic experiments were performed on a high-throughput fixed-bed reactor
system, equipped with 16 parallel channels (Flowrence®, Avantium N. V.). The
catalysts were pelletized (2 cm diameter) using a hydraulic press at 1,500 kdf,
equivalent to 460 bar pressure, ground and sieved to obtain a granulate size of 75—
150 um. All experiments were done using ~6.0 mg of Cu mass per reactor. The
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required amount of catalyst (30—100 mg) was calculated from the Cu weight loading.
The Cu/C catalysts were physically diluted with SiC granulates (212-425 um). The
SiC diluent was pre-treated by washing with HNOs3(aq) (68 %; 10 mL gsic) and
calcining at 800 °C, to remove any metal or organic contaminants. The volume of
the diluted catalyst bed was kept constant at 0.3 mL. The catalyst was loaded into a
stainless-steel reactor tube (2.6 mm inner diameter) on top of SiC granules (0.5 mL),
which were pre-loaded onto a stainless-steel frit. A hollow glass wool fibre was
placed on top of the catalyst bed, up to the entrance of the reactor, to ensure
constant vaporization of the liquid reactant.

The Cu/C catalysts were re-reduced in situ by heating with 2 °C min-! to 200 °C, with
2 h hold at 200 °C, under a flow of 20 vol% H2/Ar (2 mL min? per reactor).
Subsequently, the temperature was lowered to 140 °C and the reactor was purged
for 2 h using a mixture of Hz2:He in a 10:1 molar ratio (6.2 mL min-! per reactor). Next,
the EtOAc feed was introduced in the gas phase (0.6 mL mint per reactor). The
reaction mixture consisted of H2:He:EtOAc in a 10:1:1 molar ratio (6.8 mL min-! total
flow per reactor). The GHSV based on the packing density of the diluted catalyst and
the total flow per reactor was approximately 1,350 h-1, and the WHSV was around
325 getoac geut h'l. Next, the pressure was gradually increased during 75 min to 30
bar(g). Finally, the temperature was increased to 180 °C with 2 °C min-! to start the
catalytic experiment. Between isothermal stages, the temperature was increased
with 1 °C min-1. After the reaction, the catalysts were left to cool down to 90 °C and
passivated by exposure to air.

The effluent gas composition was analysed every 19 min by on-line gas
chromatography (GC, Agilent 7890B). Hz2 and He were separated on a MolSieve 5A
column (2.4 meter x 1/8 inch inner diameter) and quantified using a thermal
conductivity detector. Oxygenates and hydrocarbons were separated using a GS-
GasPro column (GS-Gaspro 30 m x 0.32 mm ID) and a HP-Innowax column (6 m x
0.32 mm ID), and analyzed by separate flame ionization detectors. The gas phase
composition was calculated from the integrated peak areas, using He as the internal
standard.

The Cu-normalized time yield (CTY, molewoac gcu? h't) was used to calculate the turn-
over frequency (TOF, moletoac MOlsurface cu ) using the formula: CTY*Mcu/Deu, in
which Mcu stands for the molecular weight of Cu and Dcu the fraction of surface Cu
atoms. The value of Dcy is calculated from the Cu ds, assuming fully accessible and
spherical particles using the formula 6*(Vcu Acul)/ds. Herein, Acu is the molar area
occupied by surface Cu atoms (4.10*10%2 nm?) and Vcu is the molar volume occupied
by bulk Cu atoms (7.09*10%! nm?3). Dcu is thus calculated as 1.04/ds, with ds in nm.172
The initial TOF at 180 °C was determined after around 30 h on stream, and
calculated from the Cu ds of the fresh Cu/C catalyst. The final TOF at 180 °C was
calculated after around 150 h on steam, and calculated from the Cu ds after catalysis.
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To be concise, the initial reaction times will be referred to as 30 and 50 h on stream,
yet precise reaction times may vary £2.5 h depending on moment of GC sampling.
The standard deviation in TOF (oTor) was determined from an experiment using 12
reactors with an equal loading of a commercial co-precipitated CuZnMgOx«/Al203
catalyst (Alfa Aesar). Herein, otor was defined as the typical distance of a data point
(x) from the mean value (M) and calculated by the formula oor =

\/( ! ) N (i — w? and found to be approximately 8 %.

N-1

To validate that the reaction was not mass transfer limited, we performed
measurements with Cu/C catalysts of granulate size ranges of 75-150 ym, 150-425
pm and 425-630 um. No substantial differences in conversions were observed,
indicating that the reaction was not hindered by internal or external mass transfer
limitations. Three reference measurements using the pristine and surface-oxidized
carbon supports and SiC, showed no EtOAc conversion at 210 °C.

The Ea and A values in the Arrhenius model were obtained from the slope of a linear
fit line through the In(r) values and the intercept with the y-axis, respectively. Herein,
the rate r was either defined as the weight-normalized CTY (mmolewon gcu? ht) or
surface-normalized CTY (mmoleion mcu? h't), at conversions of ethyl acetate <25 %.
In the Arrhenius model, the CTY at 180 °C was determined from the final isothermal
stage, to minimize the influence of initial activation during the first 30 h on stream.

4.3 Results & Discussion

Tuning the Cu particle size. A series of carbon-supported Cu (Cu/C) catalysts
was prepared, by variation of the synthesis method as reported in Chapter 3 of this
thesis. Here, we prepared three Cu/C catalysts with the same Cu particle size, but
using different Cu loadings (6.3 or 16.4 wt%) and/or support materials (pristine or
surface-oxidized carbon). The first sample was prepared using 6.3 wt% Cu and
pristine carbon as the support. After heating to 230 °C in 20 vol% H2/N2, Cu particles
of 8.6 nm were obtained (8.6_Cu/PC; Figure 4.1a). The second sample was
prepared using the same Cu loading (6.3 wt%), but using surface-oxidized carbon
as the support. In general, oxidizing the carbon support leads to smaller particles.
To obtain the same Cu particle size of around 8 nm, the second sample had to be
heated to 400 °C in a flow of 5 vol% H2/Nz, which resulted in Cu particles of 7.3 nm
(7.3_Cu/OC; Figure 4.1b). The third sample was prepared using a higher Cu loading
(16.4 %) on the surface-oxidized carbon support. This sample was heated to only
230 °C, yielding 8.0 nm Cu particles (8.0_Cu/OC; Figure 4.1c). The Cu patrticle size
was ~8 nm for the three different Cu/C catalysts, with similar particle size
distributions (Figure 4.1d) and poly-dispersity indexes (PDI) or around 33-34 %
(Table 1). However, the estimated interparticle Cu distance (dcu-cu) was significantly
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higher for the Cu/C catalysts with the lowest Cu loading, for example 38 nm for the
8.6_Cu/PC catalyst with 6.3 wt% Cu, compared to 16 nm for the 8.0_Cu/OC catalyst
with 16.1 wt% Cu. XRD studies on the reduced Cu/C catalysts (Figure 4.1e), showed
similar CuP crystallite sizes between 6.0 and 7.3 nm. The Cu/C catalyst with 16.4
wt% Cu exhibited the most intense Cu® (200) diffraction peak, which was expected
since it contains the highest Cu loading. These examples illustrate how we can
control the Cu particle size by tuning the synthesis parameters, and allowed us to
assess the influence of the carbon pre-treatment and interparticle distance on
stability during catalysis.The Cu/C catalysts were denoted as X_Cu/Y, in which X
shows the surface-averaged Cu particle size in nm and Y indicates the type of carbon
support material. The physicochemical properties for the full series of Cu/C catalysts
were summarized in Table 4.1.
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Figure 4.1: Characterization of the carbon-supported Cu catalysts with Cu particle size
around 8 nm, displaying transmission electron micrographs for a) 6.3 wt% Cu on pristine
carbon (PC); b) 6.3 wt% Cu on surface-oxidized carbon (OC) and c¢) 16.4 wt% Cu on surface-
oxidized carbon (OC); d) Cu particle size distributions by TEM, with lognormal fits; e) X-ray
diffractograms, normalized to the intensity of the carbon (002) diffraction peak, carbon
baseline subtracted and stacked with individual offset for visual clarity.

66



CU PARTICLE SIZE EFFECTS IN
ETHYL ACETATE HYDROGENATION

Table 4.1: Physicochemical properties of Cu/C catalysts with varying Cu
particle size.

Catalysta Culoading | T® | dcu® xro | dntOdn | dstods | PDI | Estimated
(Wt%) (°C) (nm) (nm)e (nm)d | (%)¢ | dcu-cu (NM)f
3.1_Cu/OC 6.3 250 2.0 2.6x0.8 | 3.1+0.9 29 7
4.2_Cu/OC 6.3 330 2.6 3.7¢1.0 | 4.2+1.1 26 12
5.2_Cu/OC 6.3 350 4.2 43+£1.4 | 52+16 | 31 17
7.3_Cu/OC 6.3 400 6.0 59+1.6 | 7.3¥2.4 | 33 29
8.0_Cu/OC 16.4 230 7.1 6.6+2.2 | 8.0+2.7 | 34 16
8.6_Cu/PC 6.3 230 7.3 6.8£2.4 | 8.6£29 | 34 38
9.1_Cu/PC 7.0 230 7.3 6.5£2.9 | 9.1£3.8 | 42 39
9.5_Cu/PC 8.0 230 55 6.5+3.9 | 9.5+4.7 | 49 38
9.8_Cu/PC 9.0 230 6.0 6.8+4.0 | 9.845.0 | 51 37
10.0_Cu/PC 10.0 230 8.9 7.8+3.2 | 10.0+3.8 | 38 35
11.7_Cu/PC 11.0 230 10.2 8.5+£3.9 | 11.7#5.1 | 44 43
13.4_Cu/PC 11.7 230 10.9 8.9+4.3 | 13.4+6.2 | 46 51

a) Carbon-supported Cu catalysts denoted as X_Cu/Y, in which X indicates the surface-
averaged Cu particle size in nm by TEM, and Y denotes the type of carbon support material,
i.e. either pristine carbon (PC) or surface-oxidized carbon (OC); b) Heat treatment
temperature for reduction during catalyst synthesis; ¢) Cu number-averaged particle size (dn)
calculatedas YV, d;/ ¥, and d) Surface-averaged particle size (ds) calculated as Y., d?
/ Z{‘Ll dl-2 where di indicates the particle diameter by TEM, including standard deviations in the
width of the particle size distributions (odan and ous); €) Poly-dispersity index (PDI) calculated
as 04¢/d, ; f) Estimated average interparticle distance between the surface of individual Cu
nanoparticles, assuming a hemispherical Cu particle shape.

Impact of Cu particle size on catalyst performance. Figure 4.2 shows the
EtOAc conversion and Cu-normalized time yield (CTY) for several representative
Cu/C catalysts at 180-210 °C. In all cases, the conversion increased during the first
30 h on stream (Figure 4.2a). This activation behavior is common for Cu-catalyzed
hydrogenation reactions and is generally believed to be caused by catalyst
restructuring.19% 112, 225 Catalyst stability was evaluated by comparing the
conversions after 30 and 150 h on stream, both at 180 °C. Only minor changes in
conversion were observed during catalysis. Overall, the highest conversion was
observed for Cu particles of around 6 nm. Remarkably, the selectivity towards
ethanol was >99.5 % for all Cu/C catalysts, with ethane and acetaldehyde as the
main by-products. It was significantly higher than reported values in literature for
supported Cu-based catalysts, which are typically ~95 % in the same temperature
and conversion range.125 133,136,233 The superior selectivity for the Cu/C catalysts are
ascribed to the chemically inert nature of the carbon support.?2 235
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Figure 4.2: EtOAc conversion and Cu-normalized time yield (CTY), for three representative
Cu/C catalysts of various Cu particle sizes. Conversion shown as: a) a function of time on
stream (TOS) at different temperatures; b) over different temperature, at the end of the
isothermal stage (30, 60, 90 and 120 h on stream). Reaction conditions: H2:EtOAc:He = 10:1:1
molar ratio, 180—-210 °C and 30 bar(g).

Next, we assessed the Cu particle growth during catalysis. Patrticle growth is known
to be a main deactivation mechanism for Cu-based catalysts, and can be affected
by the Cu particle size, the poly-dispersity in particle size distribution, the interparticle
distance, and hence the Cu loading.10. 19. 56, 93. 236 Here, we discern the influence of
two main mechanisms for particles growth, i.e. particle diffusion followed by
coalescence, and Ostwald ripening, as schematically depicted in Figure 4.3a. We
compared the Cu particle size for the fresh and used Cu/C catalysts after 150 h on
stream (Figure 4.3b). No significant influence of the carbon support oxidation
treatment was observed. However, the smallest Cu particles grew consistently more
than the larger Cu particles. For example, the 3.1 nm particles grew to 7.0 nm after
150 h catalysis, while the 13.4 nm particles did not significantly grow. The faster
growth of the smallest Cu patrticles is possibly due to the typically shorter interparticle
distances for the smallest Cu particles, e.g. 7 nm for 3.1_Cu/C and 51 nm for
13.4_Cu/C (Table 1).

The stability for the three Cu/C catalysts with particle size ~8 nm (7.3_Cu/OC,
8.0_Cu/OC and 8.6_Cu/PC) was compared. Of these catalysts, the interparticle
distance was the largest for the 8.6_Cu/PC catalyst, which also showed the most
stable conversion over time and least particle growth. The poly-dispersity index
increased with increasing particle size, e.g. 29 % for 3.1_Cu/OC and 46 % for
13.4_Cu/PC (Table 1). Considering the fact that the largest particles with the largest
poly-dispersity were the most stable in size, Ostwald ripening was excluded as a
main growth mechanism as it is strongly enhanced by high poly-dispersities.>
Coalescence was therefore assumed to be the main pathway for particle growth, as
it strongly depends on the interparticle distance.?3: 237
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Figure 4.3: a) Schematic illustration of the two main mechanisms for particle growth, through
coalescence and Ostwald ripening; b) Correlation between the initial and final Cu surface-
averaged particle sizes after 150 h on stream, for the Cu/C catalysts prepared using pristine
carbon (blue) or surface-oxidized carbon (gray) as the support.

The relationship between turn-over frequency (TOF) and Cu particle size is
displayed in Figure 4.4, Both the initial and final Cu particle sizes were correlated to
the activities after the 30 and 150 h on stream, respectively. Limited particle growth
is expected during the initial activation period of 30 h at 180 °C, since particle growth
is known to be accelerated at elevated temperatures. The good correlation between
initial and final TOF values around the same Cu particle same validate our approach,
and allow us to determine the TOF from 3 to 14 nm. The TOF increased around 4-
fold for increasing Cu particle size from 3 to 10 nm, i.e. 0.6*102 s1 for the 3 nm Cu
particles, up to 2.0*10-3 s for 10 nm Cu particles. For Cu particles above 10 nm, the
TOF was size-independent. This is the first report on the Cu particle size effects for
EtOAc hydrogenation, and it demonstrates that the reaction is sensitive to the Cu
particle size below 10 nm. A similar 4-fold increase in activity with increasing Cu
particle size below 10 nm was observed in Chapter 3 for the Cu-catalyzed methanol
synthesis reaction. Even though the EtOAc, CO and CO: reactants are distinctly
different in chemical nature, the proposed rate-determining steps are quite similar,
i.e. hydrogenation of the acyl intermediate for EtOAc hydrogenation®® 19 and formate
hydrogenation in methanol synthesis.'?> These similar trends suggest a common
active site for both reactions. Interestingly, the Cu particle size effects are moderate
compared to the ~10-fold increase in Fischer-Tropsch activity for increasing Co
particle size from 2 to 6 nm,'8” and ~10-fold increase in ammonia synthesis activity
for Ru particles increasing from 1 to 6 nm.13 238 For the Fischer Tropsch and
ammonia synthesis reactions, the rate-determining steps are not surface
hydrogenation reactions, but rather the dissociation of CO and N3, respectively.
These findings show that the chemical reactivity does not only depend on the nature
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of the active site, but is also correlated to the nature of the intermediates for the rate-
determining step.!3
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Figure 4.4: Turn-over frequencies (TOF) 180°C and 30 bar(g), as a function of the surface-
averaged Cu particle size. Both TOF after 30 h on stream (cyan symbols) and after 150 h on
stream (orange symbols) are displayed as independent data points, which were correlated to
the Cu particle size of the fresh and used catalysts, respectively. The Cu catalysts were
prepared using either pristine graphite (circle and square symbols) or surface-oxidized
graphite (triangle and diamond symbols) as the support material. An exponential curve was
fitted as a trendline for the TOF values. The error bars represent the relative standard
deviation in TOF, which was only 8 % and therefore error bars may lie behind the data
markers. Reaction gas mixture as H2:EtOAc:He in 10:1:1 molar ratio.
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The Cu/C catalysts were significantly more active than previously reported un-
promoted Cu catalysts. For example, Lu and co-workers described TOF values of
just 0.8*10 s1 at 280 °C, for 13—23 nm Cu catalysts supported on SiO2, Al2Os and
Zr02,36 while we measured TOF between 0.2—-2.2*10-2 st at 180 °C. The different
synthesis methods may play a crucial role. The Cu catalysts on SiO2, Al20z and ZrO>
were prepared using Na2SiOs and Na>COs reagents,3¢ whilst it is known that Na*
may poison the Cu surface in hydrogenation reactions.?3° Another explanation for
the higher TOF in this study may be the water content in the EtOAc reactant. Karl
Fischer titration showed that the water concentration in our study was less than 50
ppm. The purity of the EtOAc feed can have a strong influence on the catalytic
performance,!® 146 and may explain the superior activity of the Cu/C catalysts under
our experimental conditions.
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Origin of Cu particle size effect. In general, particle size effects may be caused
by size-dependent changes in the electronic nature, metal-support interactions and
the particle surface structure. All Cu/C catalyst contained Cu particles of 2 nm or
larger, for which electronic support effects are expected to be negligible.’®> Moreover,
carbon only weakly interacts with the Cu particles. Therefore, metal-support
interaction is an unlikely origin of the observed particle size effects. We evaluated
the catalyst reducibility, by H2 temperature-dependent reduction analysis on the
passivated Cu/C catalysts (Figure 4.5a). All catalysts were completely reduced to
CuYC at 200 °C under a flow of 5 vol% Hx/Ar. The largest change in the reduction
temperatures was observed for increasing Cu particle size from 3 to 5 nm
(Figure 4.5b). Above 5 nm, the reduction temperatures did not strongly change.
Hence, it is unlikely that the reducibility explains the observed Cu patrticle size effect.
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Figure 4.5: a) Temperature-dependent Hz reduction profiles for the Cu/C catalysts with Cu

particle size between 3 and 13 nm; b) Overview of onset and peak temperatures. The

reduction profiles were normalized to the amount of Cu per measurement and acquired at 2
°C min't under a flow of 5 vol% Ha/Ar.

Next, we examined the role of water. In our experiments, the formation of ethane
(<0.5 % product selectivity) coincided with water production (<100 ppm in the gas-
phase). The ratio between the partial pressures of water and Hz2 was hence less than
0.001. Oxidation of the Cu® catalyst to CuO may lead to deactivation.1% 1° We
simulated the thermodynamically equilibria of Cu oxidation states under reactions
conditions, i.e. at 30 bar(g) and 180 °C. First we assuming a molar reactant ratio in
Cu:H2:EtOACc:H20:He of 1:10%10%102%10? to calculate thermodynamic equilibria
compositions regarding Cu%:Cu20:CuO. These conditions were applied to mimic the
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reaction conditions. Accordingly, the Cu®:Cu20:CuO composition was found to be of
the order 1: 10-%: 106. The Cu catalysts will thus be predominantly present in the Cu®
oxidation state, with less than 1 in 105 Cu atoms present as Cu* or Cu?*. Although
the fraction is likely higher for nanoparticulate Cu, the results suggest that electronic
effects are unlikely to explain the particle size dependence in catalytic activity.
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Figure 4.6: Arrhenius plot for three representative Cu/C catalysts of varying Cu patrticle size,
with r expressed as the weight-normalized CTY in mmolewon geu® ht.

The apparent activation energy (Ea) was calculated using the Arrhenius model
(Figure 4.6). In order to determine the Ea, it is important to consider the reaction
kinetics. From literature it is known that for a 10-fold excess of Hz over EtOAc,
between 190-300 °C, the reaction orders with respect to both H2 and EtOAc were
close to zero, indicating a saturated surface coverage.1?5 133,141, 232 Accordingly, a
zero™ order dependency of the EtOAc concentration on the reaction rate was
assumed. The Ea was determined from rates (rather than rate constants) over the
temperature range of 180-210 °C. We used the EtOAc conversion at the final stage
at 180 °C (after 150 h) to minimize the influence of the catalyst activation behavior.
The Ea was calculated independently as a function of both the initial and final particle
sizes (Figure 4.7a). The apparent Ea ranged between 89-103 kJ mol?, with an
average value of 94 kJ molL. Fascinatingly, the Ea for the Cu/C catalyst was hence
found to be independent of the Cu particle size. Although the exact value of Ea
depends on specific reaction conditions such as temperature and pressure, the
results for Cu/C are in good agreement with reported values of 74 kJ mol- for
Cu/ZrO2,**° 107 kJ mol? for Cu/SiO2 ,**' 88 kJ mol* for Raney Cu 222 kJ mol* and
119 kJ mol? for macroscopic Cu.'® This confirms that electronic effects scaling with
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size are not the cause of the Cu particle size effects, but that they must rather be
due to an increase in relative abundance of the active sites with increasing size.
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Figure 4.7: a) Apparent activation energy (Ea) and b) pre-exponential factor (A) displayed as
a function of the surface-averaged Cu particle size. The A values were derived from the
Arrhenius model using r as the surface-normalized reaction rate, i.e. mmoleton meu? h't. The
Ea and A values were displayed both after 30 h on stream (cyan squares) and after 150 h on
stream (orange circles), as independent data points. Reaction conditions: H2:EtOAc:He =
10:1:1 molar ratio, 180—210 °C and 30 bar(g).

We also calculated the pre-exponential factor (A), which can be correlated to the
number of active sites for catalysis, assuming that their nature does not change with
size (Figure 4.7b). The value of A was derived from the Arrhenius model using the
surface-normalized CTY, defined as mmoleion mcu?2 h"t and using an averaged Ea of
94 kJ molt. An approximate 4-fold increase in A was observed for Cu particles from
3 to 10 nm (0.8*10%° to 3.2*1019), correlating to the 4-fold increase in TOF for the
same particle size range. This indicates the presence of a well-defined and size-
independent active Cu site responsible for EtOAc conversion, for which the
abundance increased with increasing particle size up to around 10 nm.

Nature of the active site. To evaluate the nature of the catalytic site, we need to
consider the Cu surface structure. The particle shape and surface structure of face
centered cubic metal nanoparticles are known to be size-dependent.185 188, 227 Tq
describe the complete surface nature of Cu particles up to 16 nm, we extrapolated
the models by Van Hardeveld!® and Van Helden®® for front facing cubic metal
structures. The Cu surface mainly consists of (111) and (100) facets with exposed
terrace sites, but also exhibits different defects sites with lower coordination numbers
such as corner, edge, step and kink sites. In general, the surface sites with the lowest
coordination numbers exhibit the highest adsorption strengths.1%? The different
surface sites therefore may have distinctly different chemical reactivities.
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Figure 4.8: Turn-over frequencies (TOF) and the theoretical fraction of Cu step and kink
surface sites, as a function of the surface-averaged Cu particle size. Both TOF after 30 h on
stream (empty squares) and after 150 h on stream (empty circles) are displayed as
independent data points, which were correlated to the Cu particle size of the fresh and used
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was only 8 % and therefore error bars may lie behind the data markers. Reaction gas mixture
as H2:EtOAc:He in 10:1:1 molar ratio. The fractions of the different Cu surface sites were
calculated by extrapolation of the particle models by Van Hardeveld!® and Van Helden?®8 for
fcc metals.
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We compared the size-dependence of the TOF with the abundance of each type of
surface site. The fractions of corner and edge sites decreased with increasing Cu
particle size above 2 nm, and were therefore excluded as the active site for the
hydrogenation reaction. The corner and edge sites are likely too small to
accommodate both dissociated hydrogen and the oxygenate intermediates.13: 15 240-
241 The fractions of Cu (111) and Cu (110) terrace sites steeply increased with
increasing Cu particle size up to around 6 nm, and are hence unlikely to strongly
contribute to the catalytic activity. Interestingly, the fraction of step and kink sites
gradually increases up to around 8 to 10 nm, thus closely matching the experimental
TOF values. (Figure 4.8). The B5A step, B5B step and B6 kink sites can be found at
the interface of different Cu (111) and Cu (100) planes, which represent the
geometrical equivalent of higher Miller index Cu (311), Cu (221) and Cu (321)
surfaces, respectively.!5 188 The differences between the theoretical fraction of step
and kink sites and experimental TOF values may originate from structural deviations
between the free-standing particle models and actual supported Cu particles under
reaction conditions. In line with Sabatier’s Principle, we propose that these sites with
intermediate coordination saturation and adsorption strength are responsible for
activity in Cu-based hydrogenation catalysis.
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This is the first systematic investigation of the impact and origin of Cu particle size
effects for the hydrogenation of EtOAc. Investigating the nature of the active site for
the Cu-catalyzed hydrogenation reaction, was greatly facilitated here by using
carbon as a support material. We showed that the relative abundance of step sites
scales with both our measured pre-exponential factor in the Arrhenius model and
TOF values, and therefore propose structure sensitivity as the origin of the observed
Cu particle size-activity relationships. A maximum conversion was obtained with Cu
particles of around 6 nm, which may guide optimization strategies for Cu-based
catalysts in a plethora of hydrogenation reactions.

4.4 Conclusions

In this chapter, the effects of Cu particle size between 3 and 14 nm were investigated
for the hydrogenation of ethyl acetate. High surface area graphite was used as an
inert catalyst support, to investigate the intrinsic Cu particle size effects. The
catalysts with Cu particles of 8 nm or larger were the most stable in this study. The
TOF increased approximately 4-fold when increasing the Cu particle size from 3 to
10 nm, and became size-independent for particles above 10 nm. The apparent
activation energy was independent of the Cu patrticle size, suggesting that the nature
of the active site did not change with Cu particle size. However, the pre-exponential
factor in the Arrhenius model suggested that relative abundance of the active site
increased with Cu particle size up to 10 nm, which was ascribed to a size-dependent
increase in the fraction of step and kink surface sites. A maximal yield was obtained
with Cu particles of around 6 nm, giving an optimal balance between intrinsic activity
and available surface area as a function of Cu particle size.
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Chapter 5

Manganese Oxide Promoter Effects
in Ethyl Acetate Hydrogenation

This chapter is based on the publication: “Manganese Promoter Effects in Copper-
Catalyzed Hydrogenation of Ethyl Acetate” by R. Beerthuis, N. L. Visser, J. E. S. van

der Hoeven, J. M. S. Deeley, G. J. Sunley, K. P. de Jong and P. E. de Jongh, Under
review.
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Abstract

In this chapter, manganese oxide is discussed as an efficient promoter for the Cu-
based hydrogenation of ethyl acetate. A series of nanoparticulate MnOx-Cu catalysts
was prepared by incipient wetness impregnation of a high surface area graphitic
carbon support. Tuning the synthesis parameters allowed us to keep the MnOx-Cu
particle size constant around 6 nm, while varying the Mn loading between 0 and 33
mol% Mn(Cu+Mn), without changing the Cu loading or support structure. Under
industrially-relevant temperatures (180-210 °C) and pressure (30 bar), the presence
of 11 mol% Mn to Cu gave a 7-fold enhancement in activity, while also boosting
catalyst stability and maintaining high selectivity towards ethanol as compared to an
un-promoted Cu catalyst. The MnOx promoter effect on Cu-based activity was
attributed to a lower energy barrier of the rate-determining step at the MnO-Cu
interface, as apparent from a drop in the apparent activation energy from ~100 to 50
kJ mol1. Varying the water concentration in the ethyl acetate feed showed that the
MnOx promoter significantly enhanced the resistant against water-induced
deactivation. Below 11 mol% Mn loading, the activity increased during catalysis, due
to the diffusion of mobile Mn species as evidenced by HAADF-STEM. However,
higher Mn loadings led to higher Mn oxidation states as evidenced by XANES and
to catalyst deactivation over time, which was attributed to Mn diffusion and partial
coverage of the Cu particles. An intermediate Mn loading (11 mol%) provided an
exceptional combination of high activity, selectivity and stability.

H, + Ethyl acetate Ethanol

(0]
Cu MinZie©

- €arbon support
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5.1 Introduction

Supported metal catalysts are widely applied for industrial hydrogenation reactions,
with added metal oxide promoters to boost the performance.59 134 137. 177 promoters
are defined as species that exhibit little or no activity alone, but that improve the
catalytic performance when added to a catalytically active phase.'”2 Copper chromite
catalysts are heavily used for industrial hydrogenation reactions.137. 242243 However,
carcinogenic Cr5* and Cr8* species may form during catalyst manufacturing and
regeneration,?*4 and environmental legislation therefore enforces the implementation
of more environmentally-friendly alternatives. Early studies by Brands et al. indicated
manganese oxide (MnOx) as a promising promoter in the hydrogenation of alkyl
esters, yet the MnOx promoter effects for Cu are still poorly understood.133. 137, 176

In this chapter, we investigated the impact of the structural and electronic properties
of MnOx-promoted Cu catalysts on the activity, selectivity and stability in the
hydrogenation of ethyl acetate towards ethanol (Eq. 1.4 in Chapter 1 of this thesis).
High surface area graphitic carbon was applied as a chemically inert support material
to investigate the intrinsic promoter effects and optimal loading for MnOx. The
catalyst performance is evaluated under industrially relevant temperatures and
pressure (180-210 °C and 30 bar).133. 139,141, 232 |n Chapter 4, the Cu particle size
effects for the hydrogenation of ethyl acetate were discussed, which showed that the
highest conversion was obtained using Cu particles around 6 nm.8 Therefore, a
MnOx-Cu particle size of 6 nm was targeted, while systematically varying the Mn
loading. The developed methodologies for catalyst preparation and combination of
state-of-the-art characterization techniques allowed us to study the promoter effects
in-depth, which is important in guiding the rational design of promoted catalysts for
a broad range of reactions.

5.2 Experimental methods
Catalyst preparation

A series of manganese oxide-promoted carbon-supported copper (MnOx-Cu/C)
catalysts was prepared, using high surface area graphitic carbon as the catalyst
support (Graphene nanoplatelets (GNP-500 from XG Sciences), with ~500 m? g
BET surface area and 0.84 mL g total pore volume). First, the support was dried in
a round-bottom flask for 90 min at 170 °C, while stirring under dynamic vacuum, and
subsequently stored in an Ar-filled glovebox (Mbraun LABmaster, <0.1 ppm H20,
<0.1 ppm O2) until further use.

Aqueous precursor solutions of Cu(NOs). and/or Mn(NOs). were prepared by
dissolving the copper nitrate (Cu(NOs)2*3H20, Acros Organics, 299 %) and
manganese nitrate (Mn(NO3)2+4H20, Sigma Aldrich, 297.0 %) precursor salts in de-
ionized water. The solutions were acidified using 0.10 M nitric acid (HNOs3 (aq), Merck,
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65 %) to ensure a pH <1. The concentrations of Cu(NOs). and Mn(NQOs)2 in the
precursor solution were adjusted to control the Cu and Mn loadings in the final
catalyst. In a typical synthesis procedure, ~2 g of dried carbon powder was
impregnated to incipient wetness, in a round-bottom flask under static vacuum. The
volume of the impregnation solution was approximately 95 % of the total pore volume
by N2 physisorption analysis. The solution was added dropwise by syringe through
a rubber septum, under vigorous stirring. The Cu loading was kept constant around
8 wt%, while varying the Mn loading between 0 and 3.4 wt%, resulting in a mol/mol
ratio of Mn/(Cu+Mn) between 0 and 33 mol% Mn/(Cu+Mn). A Cu-free MnOx/C
sample was prepared using the same synthesis method.

The impregnated sample was stirred for 24 h to homogenize the Cu and Mn content.
Next, the impregnated sample was dried during 24 h at room temperature, while
stirring and under dynamic vacuum. The dried catalyst precursor was transferred to
an Ar-filled glovebox, and subsequently loaded into a plug-flow reactor, without
exposure to air. The dried sample was heated to 230 °C (0.5 °C min-1) with 1 h
isothermal hold at 230 °C, under a flow of N2 (0.1 mL min-t mg?). Thermogravimetric
analysis indicated the complete removal of the nitrate residues at this temperature,
as observed from the disappearance of the nitric oxide (NO, M/Z = 30) signal as
followed by mass spectrometry. After letting the sample cool down to room
temperature, it was purged for 3 h with a flow of 10 vol% O2/N2 (0.1 mL min-t mg1).
Subsequently, the sample was purged for 30 min with N2 to remove any residual Oz
and heated to 170 °C (2 °C min-1), with 2 h isothermal hold at 170 °C, under a flow
of 10 vol% H2/N2 (0.1 mL mint mg?) and finally heated to 400 °C (2 °C min1), with
1 h isothermal hold at 400 °C. After letting the catalyst cool down to room
temperature, it was transferred to an Ar-filled glovebox, without exposure to air, to
allow for XRD characterization of the reduced catalysts. Finally, the catalyst was
collected by slowly passivating it in air.

Catalyst characterization

Transmission electron microscopy (TEM) was performed on an FEI Tecnai 20
microscope, operated at 200 kV. The catalysts sample was dispersed as a dry
catalyst powder, onto a Cu sample grid coated with holey carbon (Agar 300 mesh
Cu). The particle size was measured for at least 250 individual particles and on 10
different sample areas. The number-averaged Cu patrticle sizes (dn) and surface-
averaged Cu particle sizes (ds), including the standard deviations in the widths of the
particle size distributions (o4, and g,), were calculated using the formulas d, +
= 3Tt [LEN (- d)? and dy £ogs = B LA -

111

which di indicates the diameter of the i particle and N stands for the total count of
measured particles.
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Scanning transmission electron microscopy (STEM) was carried out at an FEI Talos
F200X operated at 200 kV. The catalysts sample was dispersed as a dry catalyst
powder, onto a Ni sample grid coated with holey carbon (Agar 300 mesh Ni). The
images were acquired in high-angle annular dark-field (HAADF) mode. Energy-
dispersive X-ray spectroscopy (EDX) mapping was performed to analyse the
distribution and amount of the Mn, Cu and C content in the catalyst before and after
catalysis. The Mn and Cu distribution was analysed by acquiring high resolution EDX
maps at high magnification (910,000-1,300,000 times) using a probe current of
around 700 pA and total map acquisition time of 800—1,000 s to obtain sufficient EDX
signals for Cu and Mn. To determine the average metal composition, EDX maps
were acquired at a much lower magnification (40,000-60,000 times) and
concentrations quantified using the Cliff-Lorimer method. The high resolution EDX
intensity maps were used to characterize the distribution of Mn and Cu in the
samples. To this end, the EDX intensity maps were analysed as line scans in the
direction perpendicular to the Cu-Mn interface.

X-ray diffractometry was performed on a Bruker D8 powder X-ray diffractometer
equipped with a Co-Ka1,2 radiation source (1 = 1.79026 A) and a Lynxeye detector.
Diffractograms were taken directly after the final step in the synthesis under reductive
atmosphere, without exposure to air. The reduced catalyst was loaded into an airtight
XRD specimen holder (A100B33, Bruker AXS) inside an Ar-filled glovebox (Mbraun
LABmaster, <0.1 ppm H20, <0.1 ppm O). Diffractograms were continuously
acquired with 0.1 °28 increment between 5 and 95 °28, in approximately 2 to 3 h.
The diffractograms were normalized to the peak intensity of the graphitic (002)
diffraction peak at 30.9 °26 and carbon baseline subtracted. A bi-modal Cu crystallite
size distribution was observed for several MnOx-Cu/C catalysts. The presence of
larger Cu crystallites (>20 nm) was attributed to slight over-impregnation during
catalysts synthesis. Since no bulk particles were observed by TEM analysis, any
particles >20 nm were neglected in the Cu size analysis. The Cu® crystallite size was
determined by applying the Scherrer equation to the Cu® (200) diffraction peak at
(59.3 °20), with a shape factor k of 0.1.234

Thermogravimetric analysis was performed on a PerkinElmer Pyris 1 balance,
coupled to a Pfeiffer mass spectrometer. The sample (5—10 mg) was first purged for
30 min at 50 °C and subsequently heated to 600 °C (5 °C min-1), under a flow of Ar
(20 mL min-?).

Temperature-programmed reduction profiles were measured on a Micromeritics
Autochem Il ASAP 2920 apparatus, with Hz2 consumption quantified using a thermal
conductivity detector. Prior to the measurement, the catalysts were dried for 30 min
at 120 °C under Ar flow (=1 mL mint mg?) and afterwards the temperature was
lowered to 50 °C. Next, the reduction profiles were determined by heating the
catalyst to 400 °C (2 °C min?), in a flow of 5 vol% Hz/Ar (~1 mL min* mg?). The
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reduction profiles were base-line corrected and normalized to the amount of Cu per
measurement.

X-ray absorption spectroscopy (XAS) data was acquired in transmission mode at the
XAFS (BM26A) Dubble beamline at ESRF. The passivated sample was pelleted and
placed inside a stainless-steel in situ cell, equipped with Kapton foil windows. The
sample was surrounded by a tubular furnace for temperature control. The
measurement cell was connected to a gas manifold to control the gas flow and
composition. The XAS data were recorded near the Mn K-edge (6,340-7,890 eV) or
Cu K-edge (8,779-9,629 eV) during separate experiments, using fresh pellets for
each measurement. All data were acquired under continuous gas flow of either pure
He or 4 vol% Hz/He (~1 mL min-! mg), at ambient pressure. The sample was initially
purged with He at room temperature for 15 min, before acquiring XAS data to
analyze the passivated sample. Next, the gas flow was exchanged for 4 vol% H2/He
and purged for 15 min at room temperature. Subsequently, the temperature was
increased to 250 °C (5 °C min1), with 1 h isothermal hold at 250 °C, and a final XAS
spectrum of the reduced catalysts was recorded. Reference spectra were recorded
using commercial Cu foil, Cu20, CuO, MnO, Mn203 and MnO: standards. The XAS
data was analyzed using Athena data processing software.?*> The average Cu
oxidation state was calculated by linear combination fitting of the XANES between
8,790-9,010 eV. The Cu—Cu coordination number (CNcu-cu) was calculated by fitting
the first shell Cu—Cu scattering from the EXAFS spectra after in situ reduction. The
average Mn oxidation states were calculated using the method developed by
Johnson et al., which uses a linear correlation between Mn oxidation state values
and the energy of the pre-edge feature.1’*

The collected EXAFS spectra were background corrected and analyzed using the
Athena software package. The Cu coordination number (CNcu-cu), the difference of
the Debye—-Waller factor with respect to the reference (Ac?), the correction of the
threshold energy (AEo) and the Cu—-Cu distance (R) were treated as free parameters
during the fitting. The amplitude reduction factor (Se?) of 0.855 for Cu was obtained
by fitting the EXAFS data of the Cu foil reference, with CNcu-cu defined as 12.0 for
bulk Cu. The structural parameters were determined by multiple k-weight fitting
within a distance fit range between 1.4-3.0 A. The quality of the fit was evaluated by
visual comparison of the magnitude and imaginary part of the Fourier transform,
which indicated good agreement between experimental and fitted data for samples.
An overview of the EXAFS fitting parameters is given in Table 5.1.
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Table 5.1: EXAFS fitting parameters for several representative MnOx-Cu/C catalysts,
after reduction at 250 °C under 4 vol% Hz/He flow.

Sample CNcu-cu | AG?(*103) | Eo(eV) | R(A)

Cu foil (ref.) 12.0 8.44 4.16 2.54

0_MnOx-Cu/C 11.3 9.60 3.56 2.54

4.8_MnOx-Cu/C 10.4 10.20 3.17 2.53

11 _MnOx-Cu/C 10.8 9.80 3.35 2.53

20_MnOx-Cu/C 10.2 10.46 3.18 2.53
Catalysis

Catalytic experiments were performed using a gas-phase fixed-bed reactor system,
equipped with 16 parallel channels (Flowrence®, Avantium N. V.). The catalysts
were pelletized (2 cm diameter) using a hydraulic press at 1,500 kgf, equivalent to
460 bar pressure, ground and sieved to obtain a granulate size of 75-150 um. The
catalysts were diluted with SiC granulates (212—-425 pm), to maintain the volume of
the diluted catalyst bed constant (~3.0 mL). The SiC diluent was pre-treated by
washing with HNOs(aq) (68%; 10 mL gsic') and calcined at 800 °C, to remove
organic and metal impurities. The diluted catalyst was loaded into a stainless-steel
tubular reactor (2.6 mm inner diameter) on top of SiC granules (0.5 mL), which were
pre-loaded onto a stainless-steel frit. A hollow glass wool filament (~ 10 cm) was
placed in the head space above the catalyst bed, up to the entrance of the reactor,
to ensure continuous evaporation of the EtOAc reactant. The GHSV, as calculated
by using the packing density of the undiluted catalyst, was varied between 2,000 to
17,000 h,

The MnOx-Cu/C catalysts were purged for 1 h with pure He (2 mL min-! per reactor)
and subsequently re-reduced in situ by heating to either 200 °C (for the Mn-free
0.0_MnOx_Cu/C catalyst) or to 250 °C (2 °C mint), with 2 h isothermal hold at the
final temperature, under a flow of 20 vol% H2/He (2 mL min-! per reactor). Afterwards,
the temperature was lowered to 140 °C and the reactor was purged for 2 h with 9
vol% Hz/He (6.2 mL min-t per reactor). Next, the EtOAc feed was introduced (0.6 mL
min- per reactor). The concentration of water in the EtOAc feed was determined by
Karl Fischer titration, using standard method ASTM D 1364. The reaction gas
mixture consisted of Hz:He:EtOAc in a 10:1:1 molar ratio (6.8 mL min-! per reactor).
Next, the pressure was gradually increased during 75 min to 30 bar(g). Finally, the
reactor temperature was increased to either 180 °C or 200 °C (2 °C minl), to start
the catalytic experiment. Between isothermal stages at 180-210 °C, the temperature
was increased with 1 °C min-L. After the reaction, the temperature was lowered to 90
°C and the catalysts were passivated by overnight exposure to air at this
temperature. The effluent gas composition was analysed by on-line gas
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chromatography at 19 min intervals (GC, Agilent 7890B). He and H2 were separated
on a MolSieve 5A column (2.4 meter x 1/8 inch inner diameter) and quantified
analyzed using a thermal conductivity detector. Hydrocarbons and oxygenates were
separated on a HP-Innowax column (6 m x 0.32 mm ID) and GS-GasPro column
(GS-Gaspro 30 m x 0.32 mm ID), and quantified by two separate flame ionization
detectors. The analyte concentrations were calculated from the peak areas, using
He as the internal standard.

The Cu weight-normalized time yield (CTY, molewoac gcu? ht) was used to calculate
the turn-over frequency (TOF, moletoac MOlsuface cu S') using the formula:
CTY*Mcu/Dcu, in which Mcuy stands for the molecular weight of Cu and Dcy the fraction
of surface Cu atoms. The value of Dc is calculated from the Cu ds, assuming fully
accessible and spherical particles using the formula 6*(Vcu Acut)/ds. Herein, Acu is
the molar area occupied by surface Cu atoms (4.10*1022 nm?) and Vcu is the molar
volume occupied by bulk Cu atoms (7.09*1021 nm3). Dcy is thus calculated as 1.04/ds,
with ds in nm.172 Herein, we relied on TEM to calculate the surface-averaged particle
size and determine the Cu surface area. TEM is considered a reliable technique to
determine the Cu particle size and estimate the Cu surface area.8® Other
characterization techniques, such as N20 and Hz chemisorption, were found to also
probe metal oxide defect sites,??® thus rendering them unsuitable for the MnOx-
promoted catalysts. The initial TOF at 180 °C was determined after around 30 h on
stream, and calculated from the Cu ds of the fresh Cu/C catalyst. The final TOF at
180 °C was calculated after 150 h on steam, and calculated from the Cu ds of the
used catalyst. To be concise, the initial reaction times are referred to as 30 and 150
h on stream, yet precise reaction times may vary £2.5 h depending on GC sampling
time.

The activation energies (Ea) were determined from the slope of a linearly fit line
through the In(r) values in the Arrhenius plot. Herein, the reation rate r was defined
as CTY (mmolewon geu? h1), at conversions of ethyl acetate <25 %. In the Arrhenius
model, the CTY at 180 °C was determined from the final isothermal stage, to
minimize the influence of initial activation during the first 30 h on stream. In our
calculations, a zero order dependency of CTY on EtOAc concentration was
assumed, based on the 10:1 molar excess of Hz over EtOAc.

The relative standard deviation in TOF (ororF) was determined by testing 12 reactors

with the same loading of a commercial co-precipitated CuZnMgOx/Al203 catalyst

(Alfa Aesar). Herein, oror was defined as the typical distance of a data point (x) from
1

E) (s — w?and

found to be approximately 8 %. To corroborate that the reaction was not mass
transfer limited, we performed measurements with Cu/C catalysts of different
granulate size ranges, i.e. 75-150 uym, 150-425 ym and 425-630 um. No significant

the mean value () and calculated by the formula oror = \/(
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differences in conversions were observed, indicating that the reaction was not
hindered by internal or external mass transfer limitations. Two measurements using
the bare carbon support and SiC diluent showed no conversion at 210 °C.

5.3 Results and Discussion

Structural properties of MnOyx-Cu catalysts. Transmission electron
micrographs (TEM) and patrticle size distributions for two representative MnOx-Cu/C
catalysts are shown in Figure 5.1a and 1b. In all cases, bright-field TEM analysis
showed highly dispersed nanopatrticles, mainly situated on the edge positions of the
graphitic carbon sheets. This is further supported by the broad Cu® diffraction peaks
in the powder X-ray diffractograms for all reduced MnOx-Cu/C catalysts (Figure
5.1c). Moreover, the absence of diffraction peaks between 40 and 45 ° 20 indicates
that no crystalline manganese oxide phases were present for any MnOx-Cu/C
catalyst. Table 5.2 shows that the MnOx-Cu patrticle size and Cu® crystallite size
consistently remained around 5 to 6 nm, even upon increasing the Mn loading from
0 to 3.4 wt%, while keeping the Cu loading around 8 wt%. The catalysts were
denoted in this chapter as X_MnOx-Cu/C, in which X represents the Mn loading as
mol% Mn/(Cu+Mn).
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Figure 5.1: Transmission electron micrographs with arrows indicating some representative
MnOx-Cu nanoparticles, with corresponding particle size distributions and number-averaged
MnOx-Cu particle sizes (dn), as determined by counting n number of particles, displayed for a)
0.0_MnOx-Cu/C and b) 33 _MnOx-Cu/C catalysts; c) Powder X-ray diffractograms of the
reduced MnOx-Cu/C catalysts, the Cu-free (100_MnO«/C) sample and bare graphitic carbon,
stacked with individual offset for visual clarity.
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The size and location of the MnOx promoter was investigated by energy-dispersive
X-ray (EDX) analysis, since Mn and Cu have similar Z-contrast and cannot be
distinguished by bright-field TEM analysis. All catalyst showed the presence of
distinct Cu nanoparticles of around 5 nm. With increasing Mn loadings, the MnOx
promoter appeared to accumulate as small MnOx islands in close proximity to the Cu
nanoparticles. Additionally, MnOx was also detected in sub-nanometer species
dispersed over the carbon support. The MnOx islands were smaller than the Cu
nanoparticles and therefore gave only a minor contribution to the MnOx-Cu particle
size analysis by bright-field TEM. Quantification of the elemental composition at the
nanometer scale indicated 32 mol% Mn for 33_MnOx-Cu/C and 10 mol% Mn for
11_MnOx-Cu/C. The local compositions hence corroborated the bulk loadings, and
showed homogeneous Cu and Mn distributions throughout the catalysts.

To also study the supported MnOx promoter, we prepared a Cu-free sample with 7.3
wt% Mn (100_MnOx/C). TEM showed MnOx particles of approximately 2.3 nm in
size, while XRD analysis did not show any crystalline manganese oxide phases
(Figure 5.1c). Hence, a series of well-defined MnOx-Cu catalysts was synthesized
via co-impregnation of an inert carbon support with mixed Cu and Mn nitrate
solutions. Fine-tuning the synthesis parameters uniquely allowed to prepare similar
MnOx-Cu particle sizes over a wide range of Mn promoter loadings.

Table 5.2: Structural properties for the full series of carbon-supported MnOx and/or Cu

samples.
Catalyst? Cu Mn XRD dcu® | TEM dn £ 0an | TEM ds % Ods
(Wt%)° | (wt%)® (nm)e© (nm)? (nm)d
0_MnOx-Cu/C 8.7 0 6.9 50+£1.2 56+13
2.4_MnOx-Cu/C 8.7 0.2 6.3 53+x1.2 58+13
4.8_MnOx-Cu/C 84 0.4 6.3 51+£13 57+14
11_MnOx-Cu/C 8.5 0.9 5.6 56+1.3 6.2+15
20_MnOx-Cu/C 84 1.8 54 55+1.7 6.7+2.0
33_MnOx-Cu/C 7.9 34 6.3 55+1.2 6.0+1.3
100_MnO«/C 0 7.3 - 23+1.0 34+£16

a) Catalysts denoted as X_MnOx-Cu/C, with X indicating the Mn loading in mol% Mn/(Cu+Mn);
b) Nominal Cu and Mn weight loadings for the final catalyst; c) Cu® crystallite size as
determined by XRD on the reduced MnOx-Cu/C catalysts; d) Number-averaged MnOx-Cu
particle size (dn = YN ,d;/ ¥N,), surface-averaged MnOx-Cu particle size (ds = YN, d?/

N . d?) and standard deviations in the width of the particle size distributions (Gdan and ous),
wherein di indicates the diameter of the i" particle and N stands for the total count of measured
particles.
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Impact of Mn loading on catalyst performance. An overview of the EtOAc
conversion as a function of time and at different temperatures, is given for the MnOx-
Cu/C catalysts in Figure 5.2a,b. The conversion typically increased during the first
30 h on stream (at 180 °C). Similar activation periods were previously reported to
originate from Cu nanoparticle restructuring and oxidation state changes.109. 112, 225
The Cu-free 100_MnO«/C sample showed no significant EtOAc conversion, but the
presence of MnOx increased the EtOAc conversion for all Cu-based catalysts. For
example, the EtOAc conversion after 30 h at 180 °C increased from 2.3 % for un-
promoted 0.0_MnOx-Cu/C up to 12.7 % for 11_MnOx-Cu/C. The temperature was
increased at 30 h intervals from 180 to 210 °C, and finally lowered again to 180 °C
to evaluate the catalysts stabilities. Interestingly, the conversion for 4.8_MnOx-Cu/C
continuously increased throughout the experiment. However, the conversion
decreased after 60 h for catalysts with 211 mol% Mn, reflecting a combination of
activation and deactivation behavior. The presence of MnOx hence greatly affected
both the activity and stability.

To investigate how the presence of MnOx affected the Cu-based activity, the
apparent activation energy (Ea, Figure 5.2c) for the MnOx-Cu/C catalysts was
calculated from the slope of the Arrhenius plot. It is known from literature that this
reaction is close to zero order with respect to both H2 and EtOAc, when applying a
10-fold excess of Hz2 over EtOAc, under similar reaction conditions.133 139, 141, 232 A
zero order dependency of the EtOAc concentration on the conversion was therefore
assumed. The presence of MnOx decreased the Ea, from 102 kJ mol* for 0.0_MnOx-
Cu/C to 52 kJ mol? for 11_MnOx-Cu/C. For Mn loadings above 11 mol%, the Ea
remained approximately constant, i.e. 54 kJ mol* for 20_MnOx-Cu/C and 58 kJ mol-
1 for 33_MnOx-Cu/C. This suggests that a relatively small amount of MnOx efficiently
lowered the Ea, while excess of MnOx accumulated as spectator species or possibly
passivated part of the Cu surface as related to the lower activities for higher Mn
loading, as observed in Figure 5.2b. The Ea values in this chapter are in good
agreement with reported values of 119 kJ mol-! for macroscopic Cu,32 94-107 kJ
mol-1for un-promoted supported Cu 4! and 74 kJ mol-* for ZrOz-promoted Cu.3 The
lowered Ea indicate that the MnOx promoter altered the nature of the active catalytic
site. Close proximity between the MnOx promoter and the Cu® phase is hence
present in our catalysts, which is essential to effectively boost the catalytic
performance.
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Figure 5.2: Catalytic performance for MnOx-Cu/C catalysts with varying Mn loading between
0-33 mol% Mn/(Cu+Mn), prepared using high surface area graphitic carbon as support.
EtOAc conversions as a function of a) time on stream (TOS) at different temperatures, and b)
after 30 h at each temperature stage between 180-210 °C; c; Apparent activation energy (Ea)
as a function of Mn loading; d) Turn-over frequencies (TOF) at 180 °C, at t = 30 h and
correlated to the particle size of the fresh catalyst after synthesis. Error bars indicate the
relative standard deviation in TOF, which was around 8 % and may therefore lie behind data
markers. Reaction conditions: Hz:He:EtOAc = 10:1:1 vol%, 50 ppm water in EtOAc, 180-210
°C, 30 bar and GHSV between 6,200-7,200 h.

The relationship between Mn loading and turn-over frequency (TOF; at 180 °C) is
displayed Figure 5.2d. Herein, we calculated the initial TOF after 30 h and correlated
to the MnOx-Cu particle size after catalyst synthesis. The presence of 11 mol% Mn
increased the initial TOF approximately 7-fold, from 1.2*10- s for 0.0_MnOx-Cu/C
up to 7.7*103 s for 11_MnOx-Cu/C. However, further increasing the Mn loading did
not enhance the initial TOF but even slightly lowered it, consistent to the decrease
in Ea up to 11 mol% Mn. By comparison, Wang et al. reported that a maximum TOF
for MeOAc hydrogenation was obtained using around 10 mol% Zn/(Cu+Zn) for SiO--
supported Cu catalysts.?*6 Van den Berg et al. previously demonstrated that a
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maximum TOF in methanol synthesis was achieved using around 5 mol%
Zn/(Cu+Zn) promoter, giving a 6-fold enhancement of TOF compared to un-
promoted Cu.®® The MnOx and ZnOx promoter effects are hence most pronounced
at loadings around 5-10 mol%.

The MnOxCu/C catalysts were significantly more active than (promoted) Cu catalysts
in literature. For example, Santiago et al. reported a TOF of 2.7*10-3 s'1 at 250 °C for
Cu/Si02,'* and Lu et al. reported TOF values around 1.1*10-3 s at 280 °C for Zn-
promoted Cu catalysts supported on SiO2z, Al20s and ZrO2,'3¢ while we measured
TOF between 1.2 and 7.7*10-2 s at a significantly lower temperature of 180 °C. An
explanation for our higher TOF may be the use of a high purity EtOAc reactant, with
approximately 50 ppm of water, as determined by Karl Fischer titration. To
investigate the influence of water in the EtOAc feed, we incrementally increased the
concentration during an experiment at 200 °C and 30 bar (Figure 5.3). A
concentration of 400 ppm lead to a 3-fold lower activity for the 11 _MnOxCu/C catalyst
and no significant activity for the unpromoted Cu/C catalyst, compared to the initial
50 ppm concentration. The promoted catalysts were consistently more active than
the un-promoted Cu catalysts, indicating that the MnOx promoter enhanced the
stability against water-induced deactivation.
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Figure 5.3: EtOAc conversion as a function of water concentration in the EtOAc feed.
Conversions were determined after 45 h on stream for each water concentration between 50
and 400 ppm. Reaction conditions: Hz:He:EtOAc = 10:1:1 vol%, 50—-400 ppm water in EtOAc,
200 °C, 30 bar and GHSV between 6,200—7,200 h.

Remarkably, the selectivity towards ethanol was larger than 99.5 % for all MnOx-
Cu/C catalysts (Figure 5.4). The selectivity decreased with increasing EtOAc
conversion in all cases. However, the presence of Mn improved the ethanol
selectivity when comparing at similar EtOAc conversions, with >99.9 % for the
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11 _MnOx-Cu/C catalyst even at 25 % EtOAc conversion. Ethane was observed as
the main by-product, with traces of acetic acid and acetaldehyde. The selectivity for
MnOx-Cu/C was significantly higher than reported in literature for supported Cu-
based catalysts, which were typically <95 % under similar reaction conditions.5 125.
136,139,233 The lower literature values were probably caused by acidic or basic surface
groups on the metal oxide supports,3° which were absent on our carbon support.
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Figure 5.4: Ethanol selectivity as a function of EtOAc conversion, for MnOx-Cu/C catalysts
with Mn loading between 0—-33 mol% Mn/(Cu+Mn), prepared using high surface area graphitic
carbon as support. Reaction conditions: Hz:He:EtOAc = 10:1:1 vol%, 50 ppm water in EtOAc,
180-210 °C, 30 bar and GHSV between 6,200—7,200 h1.
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Origin of MnOx promoter effects. The observed phenomena raise the
guestions which MnOx species are responsible for the enhanced activity, and how
the nature of the Cu particles is affected under reaction conditions (Hz flow, 180-210
°C). To address these questions, we studied the Cu and Mn oxidation states before
and after in situ reduction at 250 °C. First of all, temperature-programmed reduction
analysis showed Hz consumption between 100-250 °C, corresponding to the
reduction of CuO to Cu20 and subsequently to Cu® (Figure 5.5).56: 7273, 86,8 The H»
consumption was larger than H2:Cu=1:1 mol/mol for all MnOx-promoted catalysts. A
broad reduction peak between 300-600 °C was observed for all MnOx-promoted
catalysts, which was ascribed to MnOx reduction.?*” The intensity was weaker for the
MnOx-Cu/C catalysts than for the Cu-free 100_MnOx«/C sample, which likely results
from the higher Mn loading and/or higher average Mn oxidation state for the Cu-free
MnOx/C sample. These results suggest that the close proximity of Cu? facilitated the
partial reduction of MnO below 250 °C.137. 176,184 136,248 Ng consistent variation in the
CuOx reduction temperature was observed upon increasing the Mn loading,
indicating that MnOx did not significantly affect the electronic nature of the Cu
particles.
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Figure 5.5: Temperature-programmed Hz reduction profiles for the MnOx-Cu/C catalysts,

during heating to 600 °C (2°C min1), under 5 vol% H2/Ar flow. Profiles stacked with individual
offset for visual clarity.

In situ X-ray absorption (XAS) spectroscopy was applied to investigate the Cu and
Mn oxidation states contributions under reaction conditions. The Cu K-edge
absorption energies for the catalysts after synthesis (passivated) were consistently
located between the Cu* and Cu?* references within 8,970 to 9,010 eV
(representative example for 33_MnOx-Cu/C shown in Figure 5.6a), corresponding to
average Cu oxidation states between 1.3-1.6. After in situ reduction (1 h at 250 °C,
4 vol% Ha/He flow) all spectra were similar to the Cu foil reference, thus showing
complete reduction to Cu°, irrespective of the Mn loading (Figure 5.6a). The Cu—Cu
coordination number (CNcu-cu) was calculated from the EXAFS (Figure 5.6b), and
ranged from 10.2 to 11.3 for all MnOx-Cu/C catalysts. The CNcu-cu Were close to the
bulk CNcu-cu 0f 12, and thereby corroborated the size range of 5-6 nm as detected
by TEM and XRD analysis.?1 249250 The CNcu-cu Was slightly higher for the un-
promoted Cu/C catalyst (11.3) compared to MnOx-Cu/C catalysts (10.2-10.8),
suggesting a larger Cu particle size, in agreement with the Cu crystallite analysis by
XRD. Moreover, the close overlap between the fitted and measured spectra indicate
that no significant amounts of Cu oxides or mixed CuMn oxides were present, hence
confirming the complete reduction of CuOx to Cu® at 250 °C.
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Figure 5.6: X-ray absorption spectroscopy for several representative MnOx-Cu/C catalysts
after synthesis (passivated) and after in situ reduction for 1 h at 250 °C under 4 vol% H2/He
flow (reduced), including spectra for Cu®, Cu*, Cu?*, Mn?*, Mn®* and Mn** references (dashed
lines); a) near Cu K-edge normalized XANES; b) k?>-weighted EXAFS in R-space for Cu; ¢)
near Mn K-edge normalized XANES; d) k?>-weighted EXAFS in R-space for Mn.

The Mn K-edge absorption energies for both the MnOx-Cu/C catalysts after synthesis
(passivated) and after in situ reduction were consistently located between the Mn2*
and Mn3* references within 6,535 to 6,565 eV (Figure 5.6c). EXAFS analysis for the
passivated catalysts showed that both the Mn-O (R= 1.0-1.5 A) and Mn-Mn (R=
2.5-3.0 A) scattering increase with increasing Mn loadings, suggesting Mn
accumulation as MnOx particles. However, the MnOx particle size analysis was
hampered due to overlapping signals for Mn?* and Mn3* oxides (Figure 5.6d). Upon
reduction at 250 °C, all Mn (pre-)edge absorption energies shifted to lower values.
The Mn oxidation state decreased from 2.3-2.9 to 2.2-2.5, supporting the partial
reduction of MnOx as observed by Hz-TPR. Interestingly, the Mn oxidation state for
the MnOx-Cu/C catalysts increased from 2.2 to 2.5 with increasing Mn loading from
2.4 to 11 mol%, yet remained approximately 2.5 when further increasing in the Mn
loading (Figure 5.7). This indicates that the active promoter species are Mn?* oxides,
for instance the MnO islands in close proximity to the Cu® nanoparticles as observed
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by EDX analysis. Upon increasing the Mn loading, additional MnOx accumulates as
Mn oxide nanoparticles dispersed over the inert carbon support, with a higher
averaged Mn oxidation state. MnOx promoters have been reported to polarize
reactants via Lewis acid sites and the electron lone pairs on the oxygen atoms.174
179. 182, 251 The Lewis acid sites in MnOx can facilitate the initial C—O ester bond
cleavage and stabilize the resulting ethoxy and acyl reaction intermediates.173-175
The close proximity of MnO next to Cu® hence lowered the activation barrier for the

rate-determining step in the reaction, i.e. hydrogenation of the acyl intermediate.125
135, 139, 174
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Figure 5.7: Average Mn oxidation state as a function of Mn loading, for MnOx-Cu/C catalysts
after synthesis (passivated) and after in situ reduction (1 h at 250 °C, 4 vol% H2/He flow), as
determined from the linear correlation between Mn oxidation state values and the energy of
the pre-edge feature between 6,535 to 6,545 eV in the XANES.

Evolution of catalyst structure and activity. We investigated the influence of
MnOx on the structure during catalysis. Particle growth is a major deactivation
mechanism for nanoparticulate Cu catalysts, but it is also known that promoters may
enhance the stability.19 74252253 The MnOx-Cu particle sizes by TEM were compared
for the fresh catalysts after synthesis and used catalyst after 150 h on stream at 180—
210 °C (Figure 5.8a). The Cu particle size of the un-promoted 0.0_MnOx-Cu/C
catalyst increased from 5.0 nm to 9.7 nm. The presence of MnOx limited the particle
growth, e.g. from 5.1 nm to 5.5 nm for the 4.8_MnOx-Cu/C catalyst. The MnOx
promoter hence not only enhanced the conversion and selectivity, but also limited
Cu particle growth, again with an optimal efficiency at 211 mol% Mn.
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Figure 5.8: a) TEM particle size analysis for the fresh MnOx-Cu/C catalysts after synthesis
(initial, orange squares) and used catalysts after 150 h catalysis at 180—210 °C (final, cyan
circles); b) Turn-over frequencies (TOF, at 180 °C) are given both after 30 h and correlated to
the initial particle size (orange squares) and after 150 h and correlated to the final particle size
(cyan circles). Error bars indicate the relative standard deviation in TOF, which was around 8
% and may therefore lie behind data markers. Reaction conditions: H2:He:EtOAc = 10:1:1
vol%, 50 ppm water in EtOAc feed, 180—210 °C, 30 bar and GHSV between 6,200-7,200 h.

The evolution of activity during catalysis was evaluated by comparing the initial and
final TOF values (Figure 5.8b). In absence of Mn, the TOF for the un-promoted
0.0_MnOx«-Cu/C catalyst increased 2-fold from 1.2*10-3 s to 2.1*10-3 s1, while the
Cu particle size increased from 5.0 to 9.7 nm. The increase in TOF was ascribed to
a Cu particle size-dependence in hydrogenation activity, in agreement with previous
studies.®® In presence of 2.4-11 mol% Mn, the TOF significantly increased during
the reaction (from 1.6—7.7*10° s to 2.5-10.7 *10-3 s1). This increase in TOF was
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not caused by particle growth, which was limited in the presence of MnOx (Figure
5.8a). Alternatively, changes in the oxidation state or distribution of the MnOx
promoter during catalysis likely lead to enhanced activity.174-177. 180 However, the TOF
slightly decreased for catalysts with 220 mol% Mn (from 6.8-7.9*10-3 s to 5.9—
7.7*103 s1). The final TOF therefore showed a maximum activity of around 10.7*10-
3 s for the Cu catalyst with 11 mol% Mn promoter. Moreover, the catalyst stability
was also studied under isothermal reaction conditions, i.e. during 225 h at 200 °C
(Figure 5.9). The isothermal experiments confirm that the conversion increased over
time at low Mn loadings, while deactivation was accelerated at too high Mn loadings.
The catalysts with an intermediate Mn loading (5—-11 mol%) were both the most
active and stable.
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Figure 5.9: EtOAc conversion profiles under isothermal conditions, for the MnOx-Cu/C
catalysts with varying Mn loadings between 0-33 mol% Mn/(Cu+Mn), prepared using high
surface area graphitic carbon as support. Reaction conditions: Hz:He:EtOAc = 10:1:1 vol%,

50 ppm water in EtOAc feed, 225 h at 200 °C, 30 bar and GHSV tuned between 2,000-17,000
h! to achieve 15+5 % EtOAc conversion after 50 h on stream.
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To evaluate the changes in activity over time, we analyzed the Mn distribution for the
fresh 33_MnOx-Cu/C catalyst after synthesis and used catalyst after 150 h catalysis
at 180-210 °C (Figure 5.10). The elemental distribution maps for Cu and Mn by
energy-dispersive X-ray spectroscopy (EDX) are shown in Figure 5.10a. The plots
in Figure 5.10b show Cu and Mn distributions over several representative areas in
the EDX maps for the fresh and used catalysts. For the fresh catalyst, distinct MnOx
nanoparticles were observed in close proximity to the Cu nanoparticles. For the used
catalyst, the MnOx promoter was spread more evenly over the carbon support,
suggesting that re-dispersion of MnOx occurred during catalysis. Quantification of
the Mn concentration showed approximately 33 mol% Mn/(Cu+Mn) before and after
catalysis, indicating that no leaching occurred. The spreading of MnOx was even
more clearly seen for the Cu-free 100_MnOx/C sample after exposure to reaction
conditions. The EDX analysis showed that the used sample contained significantly
smaller MnOx particles (1.2+0.3 nm) than the fresh sample (2.3+1.0 nm). This shows
that irrespective of Cu being present, the MnOx promoter readily spreads over the
catalyst support upon exposure to reaction conditions. The presence of EtOAc and
traces of water (~50 ppm) likely played an important role in forming mobile Mn
species at elevated temperature.

The 3-dimensional intensity plots in the EDX signal (Figure 5.10c,d) clearly show
that the Mn species are closely affiliated with the Cu particles after synthesis, but
upon exposure to reaction conditions spread uniformly over the support surface. The
EDX analysis confirms that for 33 mol% Mn, a large part of the MnOx content is
present as a spectator. The theoretical number of Mn monolayers on the Cu patrticles
surface was calculated to assess the Cu surface accessibility. For example, the
presence of 20 mol% Mn corresponded to 1.4 monolayers. Considering that Mn is
present as both MnOx nanopatrticles and spread over the carbon support, it is evident
that only a fraction of the Cu surface was covered by MnOx. The MnOx always re-
dispersed under reaction conditions, but while this leads to an increase in activity
over time at <11 mol% Mn loadings, it decreased the activity at higher Mn loadings.
These findings demonstrate the importance of a balanced Mn loading for optimum
catalytic performance of the Cu nanoparticles.
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Figure 5.10: STEM-HAADF-EDX analysis for the fresh 33 _MnOx-Cu/C catalyst after
synthesis and used catalyst after 150 h catalysis at 180-210 °C. a) 2-dimensional EDX maps
showing the elemental distributions for carbon (blue), Cu (green) and Mn (red), including
regions A-D for line scan analysis (dashed white boxes); b) Cu and Mn line scan analysis,
displaying EDX intensity over the length of the indicated regions (A-D); ¢ and d) 3-
dimensional intensity plots in Cu and Mn EDX signals, acquired over the x,y-planes as
indicated in the EDX maps.

5.4 Conclusions

In this chapter, the preparation of a series of well-defined MnOx-Cu catalysts via co-
impregnation was reported, using high surface area graphitic carbon as the catalyst
support. Tuning the synthesis parameters allowed us to keep the MnOx-Cu patrticle
size constant around 6 nm, while varying the Mn loading between 0 and 33 mol%
Mn(Cu+Mn). The methodology for catalyst preparation may be relevant for a wide
range of metals and promoters. The presence of 11 mol% Mn induced a 7-fold
increase in TOF, compared to the un-promoted Cu/C catalyst. This enhanced activity
was correlated to a decrease in the apparent activation energy, from 102 to 52 kJ
mol1, suggesting that the MnOx promoter changed the nature of the active site for
catalysis. Decreasing the concentration of water in the EtOAc feed strongly
increased the catalytic activity, while the MnOx promoter enhanced the stability
against water-induced deactivation. The selectivity towards ethanol was >99.5 % for
all catalysts, which was much higher than reported in literature. A combination of
state-of-the-art electron microscopy and in situ X-ray absorption spectroscopy
techniques revealed that the reduced MnOx-Cu/C catalysts contained MnO islands
in close proximity to Cu® nanoparticles. The origin of the promoter effect was
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attributed to a lowering of the energy barrier in the rate-determining hydrogenation
of the acyl reaction intermediate, at the MnO— CuC interface. At low Mn loadings, the
diffusion of mobile Mn species enhanced the activity over time. However at too high
Mn loadings, MnOx diffusion led to partial coverage of the Cu particles and resulting
deactivation. Tuning the Mn loading to an intermediate level (11 mol%) provided an
exceptional combination of high activity, selectivity and stability in hydrogenation
catalysis.
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Chapter 6

Carbon-Supported Copper Catalysts for
Selective Hydrogenation of Butadiene

This chapter is based on the patent: “W02019/233961, Selective Hydrogenation of
Polyunsaturates” by R. Beerthuis, G. J. Sunley, K. P. de Jong and P. E. de Jongh,
and the publication: “Silica- and Carbon-Supported Copper Catalysts for Selective
Hydrogenation of Butadiene” by G. Totarella, R. Beerthuis,” et al. and P. E. de
Jongh, In preparation (* authors contributed equally).

101



Abstract

In this chapter, the activity, selectivity and stability of mono-metallic copper on carbon
(CulC) catalyst are discussed in the hydrogenation of butadiene, in excess of
propene. The Cu particle size was varied from 1 to 23 nm and the effects of Cu
particle size on the catalyst performance were evaluated. All Cu/C catalysts gave
rise to less than 0.05 % propene conversion, even at full conversion of butadiene
and this selectivity did not depend on the Cu particle size. The 3 and 7 nm Cu/C
catalysts retained around 90 and 50 % of the initial butadiene conversion,
respectively, after 100 hours on stream at 110 °C, which is significantly more stable
than other Cu catalysts in literature. Moreover, the propene conversion decreased
from 0.05 to below 0.005 % during the first 20 h on stream. The high selectivity and
stability for Cu/C may guide the design of efficient non-precious metal catalysts for
selective hydrogenation reactions.
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6.1 Introduction

The selective removal of alkyne and diene impurities from mono-olefin feedstocks is
a crucial step in the production of high quality plastics.142144 Mono-olefins such as
ethene, propene and butenes are mainly produced through steam cracking of
naphtha and gas oil fractions, while poly-unsaturated impurities such as acetylene,
propyne, butyne and butadiene are also formed in concentrations up to around 5
vol%.142 145 The poly-unsaturated impurities may poison the polymerization catalyst
and lower the polymer quality, and hence must be selectively removed while avoiding
alkane formation.15>146 The selective hydrogenation of alkynes and dienes is
typically done in industry using supported Pd-based catalysts, such as PdAg/Al2Os3,
PdS/CaCOs and PdPb/CaCOs, at relatively low temperatures (30-150 °C) and
pressures (1-30 bar).85 144, 148-153

Supported Cu catalysts have been reported to be highly selective for the
hydrogenation of various alkynes62-166 and dienes.?576. 167-170 Nevertheless, the Cu
catalysts in literature consistently showed deactivation within several hours on
stream. In our research group, Masoud et al. recently reported that the support had
a major effect on the stability of supported Au catalysts for the hydrogenation of
butadiene.'” Significantly higher stability was observed when using SiO2 as a
support compared to TiO2, due to reduced oligomer formation on the support
surface. Similarly, using carbon as an chemically inert support for mono-metallic Cu
may provide catalysts with high catalyst stability.

In this chapter, we discuss the preparation of well-defined Cu catalysts supported on
carbon, with variation of the Cu particle size between 1 and 23 nm. The catalytic
performance of mono-metallic Cu on carbon was investigated for the gas-phase
hydrogenation of butadiene at atmospheric pressure, in excess of propene as a
model reaction for selective hydrogenation catalysis (Eq. 1.5 in Chapter 1 of this
thesis). The Cu particle size effects were evaluated, and the carbon-supported
catalyst stability was compared to metal oxide-supported Cu catalysts in literature.

6.2 Experimental methods

Catalyst assembly

A series of carbon-supported Cu (Cu/C) catalysts was prepared by adaption of the
synthesis methods from Chapter 3 of this thesis. The Cu particle size was tuned by
variation of the Cu loading (3—12 wt%), the final heat treatment temperature (200—
500 °C) as well as applying HNOs3 surface-oxidation of the graphitic carbon support.
Pristine graphitic carbon (HSAG-500, Timcal) and surface-oxidized graphitic carbon
(110 min at 80 °C, concentrated HNO3) were used as the catalyst support materials.
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For the synthesis of all Cu/C catalysts, around 2 g of dried powdered carbon support
was impregnated to incipient wetness, using an aqueous Cu(NOgs)2 precursor
solution. The Cu(NOs)2 concentration was adjusted to control the Cu weight loading
on the final catalyst. The solution was added by syringe in a round-bottom flask,
while stirring under vacuum. The impregnated sample was stirred for 24 h to
homogenize the metal precursor throughout the support. Next, the impregnate was
dried overnight at room temperature, while stirring under dynamic vacuum.
Subsequently, the dried impregnate was transferred to an Ar-filled glovebox (Mbraun
Labmaster dp; <1 ppm Hz20; <1 ppm O3z) and loaded into a plug-flow reactor without
exposure to air.

In the case of the Cu/C catalysts prepared using surface-oxidized carbon, the dried
impregnate was heated to 230 °C (0.5 °C min-1), followed by 1 h isothermal hold at
230 °C, under Nz flow (100 mL mint g%) to decompose the nitrate precursor. The
sample was left to cool down to room temperature and purged with 20 vol% O2/N2
flow (100 mL min-t g1) for 3 h at room temperature. Next, the sample was purged
with pure N2z flow (100 mL min-t g1) for 30 min and subsequently reduced by heating
to 150 °C (2 °C min), with 2 h isothermal hold at 150 °C, under 5 vol% H2/N2 flow
(100 mL mint g1). Next, the temperature was increased to either 200, 250 or 400
°C (2 °C min1), with 1 h isothermal hold at the final temperature, to obtain the
1 Cu/C, 3_Cu/C and 7_Cu/C catalysts, respectively. In the case of the 23 _Cu/C
catalyst, the temperature was first increased to 400 °C (2 °C mint), with 1 h
isothermal hold at 400 °C, under 5 vol% H2/Nz flow (100 mL min-! g'1). Next, the gas
flow was exchanged for pure N2 (100 mL min't g1) and the sample heated to 500 °C
(2 °C min), with 1 h isothermal hold at 500 °C. After letting cool down to room
temperature, the reduced catalysts were transferred to an Ar-filled glovebox, without
exposure to air to allow XRD characterization of reduced Cu/C. Finally, the catalysts
were collected after exposure overnight to air at room temperature.

In the case of the Cu/C catalyst prepared using pristine carbon, the dried impregnate
was transferred to a plug-flow reactor and heated to 230 °C (2 °C min't) with 1 h
isothermal hold at 230 °C, under 20 vol% H2/N2 flow (100 mL min-t g1). The sample
was left to cool down to room temperature and flushed with N2 (100 mL min-t g1).
Next, the catalyst was heated to 200 °C (1 °C min't) with 3 h isothermal at 200 °C,
under 5 vol% O2/N2 flow (100 mL mint g?1). Still at 200 °C, the gas flow was
exchanged for 15 vol% O2/N2 (100 mL min-t g1) with 1 h isothermal hold at 200 °C.
The 13_Cu/C catalyst was collected after letting it cool down to room temperature.
An ex situ reduction treatment was done to allow XRD analysis on the reduced
13_Cu/C catalyst. Herein, around 200 mg of catalyst was loaded in a plug-flow
reactor and heated to 200 °C (2 °C min't) with 1 h isothermal hold at 200 °C, under
20 vol% H2/N2 flow (200 mL mint g1). The catalyst was left to cool down to room
temperature and was transferred to an Ar-filled glovebox, without exposure to air.
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The catalysts in this study were denoted as X_Cu/C where X stands for the surface-
averaged Cu particle size in nm.

Catalyst characterization

Transmission electron microscopy (TEM) was performed on either an FEI Tecnai 20
microscope and an FEI Talos F200X microscope, both operated at 200kV. The
catalyst was dispersed as a fine powder directly onto a holey carbon coated Ni grid
(Agar 300 mesh). The Cu Particle sizes were determined by measuring at least 200
individual particles, on 10 sample areas. The surface-averaged Cu particle size (ds)
and standard deviation in the particle size distribution (oas) were calculated using the

il a4}
formula d + 0,45 = SR

i=1%i

of the ith particle and N the total number of counted particles.

+ \/% »N . (ds —d;)? , in which di stands for the diameter

Powder X-ray diffraction (XRD) was carried out on a Bruker D8 diffractometer
equipped with a Lynxeye detector, using a Co-Ka 12 radiation source (1 = 1.78897
A). The reduced catalyst was loaded into an airtight transparent sample holder
(A100B33, Bruker AXS) inside an Ar-filled glovebox. Diffractograms were acquired
at room temperature from 5 to 95 °26, with 0.1 ° increment, and were normalized to
the intensity of the graphitic (002) diffraction peak at 30.9 °26. The Cu° crystallite
sizes were calculated by using the Scherrer equation with a shape factor of k = 0.1,
on the Cu® (111) diffraction at (50.7 °26) and the Cu® (200) diffraction at (59.3 °26).234

Temperature-programmed desorption experiments were performed on the catalysis
setup (see Catalysis section), coupled to a mass spectrometer (Hiden QGA) using a
secondary electron multiplier detector. The gas outlet of the setup was connected to
the mass spectrometer using a 6 meter nylon tube (1/18t™ inch inner diameter) and
a 1 meter stainless-steel line. The mass spectrometer was calibrated before each
individual experiment. The 7_Cu/C catalyst (250 mg) was loaded into a glass U-
shaped reactor (10 mm inner diameter) fitted with a thermocouple, onto a glass frit.
Glass wool plugs were placed on top of the catalyst bed to keep the bed in place.
The catalyst was first purged under pure N2 flow (120 mL min-1 g) for 30 min, and
subsequently reduced by heating to 200 °C (2 °C min-1) under pure Hz flow (200 mL
min-t g*) with 60 min isothermal hold at 200 °C. The catalyst was left to cool down
to 50 °C and purged overnight at 50 °C with a flow of either butadiene/propene/Hz/He
= 0.15/15/10/24.85 mL mint or butadiene/He = 0.15/49.85 mL min-l. Next, the
catalyst was purged under a flow of pure N2 (200 mL min-tg?) for 10 min and heated
to 300 °C (10 °C min-t), while monitoring the concentration of the analytes by on-line
mass spectrometry.
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Catalysis

The catalyst performance was measured using a gas-phase fixed-bed reactor
system at atmospheric pressure, that was described in earlier studies by Masoud et
al. in our research group.1’t 254 The as-synthesized Cu/C catalysts were pelletized
(2 cm diameter) using a hydraulic press at 1,500 kgf, equivalent to 460 bar pressure,
ground to a powder and sieved to obtain a granulate size of 90-212 um. The catalyst
granulates were physically mixed with SiC diluent (212—425 um). The amount of Cu
for each measurement was kept constant at 1.28 mg, with a constant catalyst bed
height of 1 cm. As such, 20.0 mg of the catalysts with 6.3 wt% Cu (3_Cu/C, 7_Cu/C
and 23 _Cu/C) was diluted with 155 mg of SiC. The catalyst with 2.7 wt% Cu
(1_Cu/C) was loaded using 47.4 mg of catalyst mixed with 85 mg of SiC, while the
catalyst with 12.1 wt% Cu (13_Cu/C) was loaded using 10.6 mg of catalyst mixed
with 190 mg of SiC. The diluted Cu/C catalyst was loaded into a quartz U-shaped
reactor (4 mm inner diameter) onto a glass frit, with glass wool plugs placed on top
of the catalyst to keep the bed in place.

The catalyst was reduced in situ by heating to 200 °C (2 °C min1), with 1 h isothermal
hold at 200 °C under pure Hz flow (20 mL min%; 99.999 vol% purity, Linde). The
reduced catalyst was left to cool down to either 30 or 80 °C, depending on the
specific experiment, and was subsequently exposed to a pre-mixed reaction gas
mixture which consisted of 0.30 vol% butadiene (99.5 %, Air Liquide), 30.0 vol%
propene (99.95 %, Air Liquide), 20.0 vol% H2 (99.999 %, Linde) and balance He
(99.999 %, Linde), with a total flow rate of 50.0 mL min-t. The resulting gas hourly
space velocity was approximately 22,500 h1, based on the catalyst bed net volume.
During the temperature ramping experiments, the in situ reduced catalyst was
allowed to cool down to 30 °C under the pure H2 flow after the reduction treatment.
Next, the catalyst was exposed to the pre-mixed reaction gas mixture to start the
catalytic measurement. The catalyst was heated to 195 °C (0.5 °C mint) while gas
phase samples were taken any 15 minutes (vide infra), subsequently left to cool
down to 30 °C, and finally measured again during heated again to 195 °C (0.5 °C
mint). During the isothermal experiments, the catalyst was left to cool down to 80
°C under H: flow, directly after the reduction treatment. Next, the catalyst was
exposed to the reaction mixture. Subsequently, the temperature was increased to
110 °C (2 °C min') to start the catalytic measurement for 100 h on stream. Finally,
the catalyst was left to cool down to room temperature and passivated by overnight
exposure to air at room temperature.

The composition of the effluent reaction gas mixture was analysed every 15 min by
on-line gas chromatography (Interscience Trace 1300 GC, with a sebaconitrile 25 %
Chromosorb PAW 80/100 Mesh column), equipped with a flame ionization detector
(Perichrom PR 2100). The GC peak areas were calibrated for butadiene, trans-2-
butene, cis-2-butene, 1-butene, isobutylene, butane, propene and propane using a
pre-mixed calibration gas. The gas phase concentrations were calculated from the
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integrated peak areas. Throughout this paper butadiene refers to buta-1,3-diene and
butane to n-butane. Isobutylene was not observed in any catalytic experiment. It
must be noted that the butadiene feed gas already contained around 0.25 vol% of
cis-2-butene impurity, while the propene feed gas contained around 0.025 vol%
propane impurity. No significant influence on reaction kinetics was expected for
these trace amounts of impurities. Nevertheless, for the product analysis of cis-2-
butene and propane, the initial concentrations were subtracted from the measured
values under reaction conditions.

To corroborate that the reaction was not limited by mass transfer, the conversion
was measured for several Cu/C catalysts with three different granulate sizes (38—
90, 90-212 and 212-425 pym) during continuous temperature ramping experiments.
No significant differences in conversion were observed, hence indicating that the
reaction was not hindered by internal or external mass transfer limitations. A blank
measurement was performed, using only the bare carbon support, SiC diluent and
glass wool plugs, under typical reaction conditions. No butadiene or propene
consumption was observed at 300 °C. Several catalytic measurements were
performed multiple times to ensure reproducibility of the results. The standard
deviation was determined as the averaged variation in butadiene conversion during
a duplicate measurement using the 7_Cu/C catalyst at 110 °C, resulting in an relative
standard deviation in conversion of 5.5 %.

The Cu weight-normalized reaction rate (CTY; molbutadiene gcu? ht) was determined
to calculate the turn-over frequency (TOF; moloutadiene MOlsurface cu™® S1) using the
formula: CTY*Mcu/Dcu, in which Mcu stands for the molecular weight of Cu and Dcu
the fraction of surface Cu atoms of total Cu atoms. Dcu is calculated from the Cu
particle size, assuming fully accessible and spherical particles using the formula
6*(Vcu Acut)/ds. Herein, Acu is the molar area occupied by surface Cu atoms
(4.10*10%2 nm?) and Vcu is the molar volume occupied by bulk Cu atoms (7.09*102%
nm?). Dcu is hence calculated as 1.04/ds, with ds in nm.172

6.3 Results and Discussion

Varying the Cu particle size on carbon. A series of carbon-supported Cu
(Cu/C) catalysts was prepared, by adaption of the synthesis methods as described
in Chapter 3 of this thesis. The Cu particle size was tuned by using a combination of
carbon surface-oxidation, and variation of the Cu loadings and heat treatment
temperatures, as summarized in Table 6.1. Impregnation of surface-oxidized carbon
with 2.7 wt% Cu, followed by heating to 200 °C gave a surface-averaged Cu particle
size of 0.9 nm. Using a Cu loading of 6.3 wt% on surface-oxidized carbon and
heating to either 250, 400 or 500 °C gave surface-averaged Cu particles sizes of 3.1,
7.3 and 22.6 nm Cu patrticles, respectively. Using a Cu loading of 11.7 wt% on
pristine carbon and heating to 230 °C gave a surface-averaged Cu particle size of
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13.4 nm. The Cu® crystallite sizes by XRD analysis on the reduced Cu/C catalysts
were in good agreement with the particle sizes by TEM. Controlling the synthesis
conditions hence gave control over the Cu particle size between 1 and 23 nm. The
catalysts were labelled as X_Cu/C, in which X indicates the surface-averaged Cu
particle size in nm, as determined by TEM analysis.

Table 6.1. Physicochemical properties of the carbon-supported Cu catalysts.

Catalyst | Carbon | Culoading | T° | dcu®xrp | dst0das | Decu
support? (Wt%) (°C) (nm) (nm)e | (%)¢
1 _Cu/C Oxidized 2.7 200 - 0.9+0.4 | 100
3 Cu/lC Oxidized 6.3 250 2.0 3.1+0.9 34
7 _CulC Oxidized 6.3 400 6.0 7.312.4 14
13_Cu/C | Pristine 11.7 230 10.9 13.446.2 8
23 _Cu/C | Oxidized 6.3 500 11.6 22.618.1 5

a) Pristine graphitic carbon or surface-oxidized graphitic carbon obtained by HNO3 oxidation
(110 min at 80 °C in conc. HNOs ag); b) Final heat treatment temperature during catalyst
synthesis; c) Surface-averaged Cu particle size (ds) calculated as Y., d? / 3N, d? from TEM
analysis, wherein di indicates the measured particle size of the i particle for N amount of
particles, including standard deviation in the width of the particle size distribution (oas); d)
Dispersion of Cu particles calculated from Dcy=1.04/ds.

Activity in butadiene hydrogenation. The conversion of butadiene as a
function of temperature is shown in Figure 6.1, for the in situ reduced Cu/C catalysts.
In all cases, the catalysts showed no butadiene conversion below 100 °C. A steep
increase in butadiene conversion was observed around 110 to 130 °C. The Cu/C
catalysts with Cu particle sizes of 1 to 13 nm reached full conversion between 120
and 160 °C. However, the 23 _Cu/C catalyst did not reach full conversion, even at
195 °C. The 3_Cu/C and 7_Cu/C catalysts were the most active. The surface-
normalized turn-over frequencies (TOF; approximately 110 °C) were 9*102 s for
3_Cu/C and 31*103 st for 7_Cu/C, and hence 3-fold higher for the 7 nm Cu particles
compared to 3 nm particles. The Cu particle size-dependence in hydrogenation
activity was in agreement with Cu particle size effects on activity for methanol
synthesis from CO and CO2 and hydrogenation of ethyl acetate, as described in
Chapters 3 and 4 of this thesis. The TOF for 7_Cu/C was similar to the TOF for 5 nm
Cu supported on TiOz2, as reported in literature (32*10-2 s at 105 °C).”® Interestingly,
the Cu/TiO2 were already active around 60 °C, which was attributed to enhanced
activity at the Cu-TiOz interface.”® "1 The Cu-based activity for butadiene
hydrogenation is higher than for Au/SiO2 (4*102 s at 120 °C)%%* and Ag/SiO:2
(0.2*103 s1 at 120 °C),%* yet lower than for Pd/Al203 (11*10-2 st at 40 °C),%55 as
measured under similar reaction conditions.
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Figure 6.1: Butadiene conversion as a function of temperature for Cu/C catalysts with Cu
particle size varied between 1 and 23 nm. Reaction conditions: butadiene/propene/Hz/He =
0.15/15/10/24.85 mL mint, 30-195 °C (heating ramp 0.5 °C min?), 1 bar(a) and 1.28 mg of
Cu per measurement.

Interestingly, a steep increase in conversion between 100 and 120 °C was previously
also reported for the hydrogenation of various alkynes,63 165 yet the origin is
unknown. A possible cause for the activity onset above 100 °C is the recovery of the
metallic Cu surface under reaction conditions.256-260 The presence of trace amounts
of O2 (~50 ppm) in the reaction gas mixture may lead to Cu surface oxidation and
catalyst inactivity.?17-237. 261 \We compared the activity during two consecutive heating
ramps for the 7_Cu/C catalyst, either after in situ Hz reduction or after N2 pre-
treatment (Figure 6.2). The non-reduced catalyst was inactive up to 135 °C during
the first heating ramp, corresponding to the onset temperature for Hz reduction of
CuOx nanoparticles, as discussed in Chapter 4 of this thesis. Trace amounts of Oz
may have hence lead to Cu surface oxidation below 100 °C, while this effect is
negligible at higher temperatures when CuOx is reduced by the H in the reaction
mixture. The influence of O: traces on the activity and selectivity of Cu-based
hydrogenation catalysts is part of ongoing studies by Totarella et al. in our research

group.
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Figure 6.2: Butadiene conversion as a function of temperature for the 7_Cu/C catalyst, either
after in situ reduction (1 h at 200 °C, pure Hz flow; square data markers) or N2 pre-treatment
(1 h at 200 °C, pure Nz flow; triangle data markers). Two consecutive heating ramps were
performed, showing the first heating ramp (solid data markers) and second heating ramp
(empty data markers). Reaction conditions: butadiene/propene/Hz/He = 0.15/15/10/24.85 mL
mint, 30-195 °C (heating ramp 0.5 °C min), 1 bar(a) and 1.28 mg of Cu per measurement.

Reactant and product selectivity. The propene conversion as a function of
butadiene conversion during continuous temperature ramping (30-195 °C) is shown
in Figure 6.3. The propene conversion was independent of the Cu particle size and
less than 0.05 % for all Cu/C catalysts, even at full butadiene conversion. The
propene conversion at full butadiene conversion was significantly lower than for
Cu/TiOz catalysts in literature (>2 %), as measured under similar reaction
conditions.”>76. 169, Possibly, the presence of highly active sites at the Cu-TiO:2
interface are responsible for propene hydrogenation, while such sites are absence
for Cu particles supported on chemically inert carbon. The propene conversion for
Cu/C was significantly lower than for Pd-based catalysts (>1 %)148 159. 262 and even
slightly lower than for Au-based catalysts (~0.1 %).17% 254 The high selectivity for the
Cu/C catalysts was ascribed to a stronger adsorption and lower apparent activation
energy for butadiene compared to butene and propene.263-265
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Figure 6.3: Propene conversion as a function of butadiene conversion for Cu/C catalysts with
Cu particle size varied between 1 and 23 nm. Reaction conditions: butadiene/propene/Hz/He
= 0.15/15/10/24.85 mL min't, 30195 °C, 1 bar(a) and 1.28 mg of Cu per measurement.

It is important to also assess the product distribution, since butene isomerization
typically occurs during the hydrogenation of butadiene, giving a mixture of the
desired 1-butene product, and cis-2-butene and trans-2-butene isomers. All Cu/C
catalysts gave around 80 % of 1-butene and less than 0.2 % butane, even at full
butadiene conversion. The high product selectivity was attributed to the low
isomerization activity on Cu and consistent with previous studies.?6: 163, 169-170, 266
Moreover, the butene products apparently desorbed from the Cu surface after their
formation, while avoiding butane formation.170. 263265 The Cu/C catalysts were hence
highly selective for the hydrogenation of butadiene.

Influence of support on catalyst stability. The evolution of butadiene and
propene conversion during 100 h on stream is shown in Figure 6.4a,b, for the in situ
reduced 3_Cu/C and 7_Cu/C catalysts. A temperature of 110 °C was applied to
evaluate the catalyst stability at relatively high propene conversion, and to allow
direct comparison with stability measurements for Cu/TiO2 catalysts reported in
literature.”76. 169 To evaluate the catalyst stability, a zero order dependence of the
butadiene concentration on the reaction rate was assumed, based on literature
reports for Cu-catalysts as measured under similar reaction conditions.63 266 The
butadiene conversion for 3_Cu/C decreased from 91 to 46 % during the first 30 h on
stream, and remained constant afterwards with 48 % after 100 h (Figure 6.4a). The
7_Cul/C catalysts showed a decrease in butadiene conversion from 99 to 95 % during
the first 30 h, and retained 93 % of the initial conversion after 100 h. We compared
the stability of our Cu/C catalysts to a 5 nm Cu on TiO: catalyst and a 2 nm ZnOx-
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promoted Cu/TiO2 catalyst as measured under similar reaction conditions by Wang
et al.’6 18 The 5 nm Cu/TiO: catalyst lost nearly all activity after several hours on
stream.”® Interestingly, the 2 nm CuZnOx/TiO2 catalyst retained around 75 % of the
initial conversion after 20 h on stream. The presence of ZnOx as a promoter greatly
improved the stability, likely by limiting oligomer formation on the TiO> surface.'6®
Remarkably, the mono-metallic Cu catalysts on carbon were significantly more
stable than the Cu catalysts supported on metal oxides as reported in literature.

Strikingly, the initial propene conversion was less than 0.05 %, but even decreased
to below 0.005 % during the first 30 h on stream (Figure 6.4b). At the same time, the
selectivity towards butane decreased to below 0.005 % (example for 7_Cu/C in
Figure 6.4c), thus validating the use of propene as a model compound for butadiene
hydrogenation in excess of a mono-olefin. After the first 30 h on stream the butene
product distribution was around 80 % of 1-butene, 10 % of cis-2-butene and 10 % of
trans-2-butene for 7_Cu/C and around 76 % of 1-butene, 13 % of cis-2-butene and
11 % of trans-2-butene for 3_Cu/C. Moreover, the concurrent decrease in butadiene
and propene conversions suggests the presence and deactivation of an active site
which is responsible for the hydrogenation of both reactants.
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Figure 6.4: a) Butadiene conversion (solid data markers) and b) propene conversion
(empty data markers) as a function of time on stream (TOS) for the 3_Cu/C (green squares)
and 7_Cu/C (blue circles) catalysts; c) Corresponding Cs product distribution for 7_Cu/C,
showing the selectivity to 1-butene (blue circles), cis-2-butene (green squares), trans-2-
butene (red diamonds) and butane (orange triangles). Reaction conditions:
butadiene/propene/Hz/He = 0.15/15/10/24.85 mL min*? 110 °C, 1 bar(a) and 1.28 mg of Cu
per measurement.
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To investigate the origin of the catalyst deactivation, we compared the Cu particle
sizes for the as-synthesized catalysts (fresh) and after 100 h catalysis (used). While
the Cu particle size increased from 3.1 to 6.5 nm for the 3_Cu/C catalyst, the 7_Cu/C
catalyst did not significant grow from 7.3 to 7.4 nm (Figure 6.5). The initial TOF were
36*10-3 s°1 for the fresh 7_Cu/C catalyst and 14*10- s’ for the fresh 3_Cu/C catalyst,
and hence slightly higher than the TOF during the continuous temperature ramping
measurements. Interestingly, the TOF for the used 3_Cu/C catalyst with 6.5 nm Cu
particles (15*10- s1) was significantly lower than for the used 7_Cu/C catalyst with
7.4 nm Cu particles (34*10-% s1), which suggests that part of the Cu surface lost
activity during catalysis. We note that more extensive metal nanoparticle growth for
initially smaller particles has been observed for Cu/C catalysts in hydrogenation of
ethyl acetate as described in Chapter 4 of this thesis, and previously for Ni catalysts
in methanation?¢” and liquid-phase reforming reactions.268
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Figure 6.5: Transmission electron micrographs for the as-synthesized 3_Cu/C and 7_Cu/C
catalysts (fresh, solid bars) and after 100 h catalysis (used, striped bars), with corresponding
particle size distributions and surface-averaged Cu particle sizes including standard
deviations in the particle size distributions.

A likely cause for catalyst deactivation in olefin hydrogenation reactions is surface
coverage by carbonaceous residues, either from oligomerization side-reactions on
the catalyst surface or from oligomer and/or aromatic impurities in the feedstock.144
165 However, the amount of oligomers could not be accurately determined, for

114



CARBON-SUPPORTED COPPER CATALYSTS
FOR SELECTIVE HYDROGENATION OF BUTADIENE

instance by thermogravimetric analysis or Raman spectroscopy, due to the difficulty
to distinguish the carbonaceous residues from the carbon support material. The
observation that the catalysts were stable after the first 30 h on stream suggests that
the deactivation was not caused by feedstock impurities, and also that the oligomer
formation likely did not occur on the carbon surface but rather on the Cu particle
surface. The 3 nm Cu particles deactivated faster than the 7 nm particles, which may
be due to a higher surface coverage for the 3 nm particles in combination with more
extensive Cu particle growth. The nature of the active site where oligomers may be
are formed is unclear, yet it is known that the fraction of different Cu surface sites
depends on the Cu particle size, as discussed in Chapter 4, and it appears that the
7 nm particles are the most stable in this study. Using carbon as a chemically inert
support for mono-metallic Cu gave an exceptional combination of activity, selectivity
and stability in the hydrogenation of butadiene.

6.4 Conclusions

In this chapter, a series of well-defined Cu catalysts was prepared via incipient
wetness impregnation of graphitic carbon supports. Tuning the Cu loading and heat
treatment temperature gave control over the Cu particle size between 1 and 23 nm.
The catalyst performance was evaluated for the hydrogenation of butadiene, in 100-
fold excess of propene as a model reaction for selective hydrogenation catalysis.
The catalysts with Cu particles of around 3 to 7 nm were the most active. The
conversion of propene was less than 0.05 % for all carbon-supported Cu catalysts,
and found to be size-independent. Remarkably, isothermal catalyst measurements
showed a decrease in butadiene conversion during the first 30 h on stream, with
stable conversion afterwards. At the same time, the propene conversion decreased
from 0.05 to below 0.005 %. The initial deactivation behavior was tentatively ascribed
to oligomer formation on the Cu surface, blocking catalytically active sites
responsible for both butadiene and propene conversion. The high selectivity and
stability in this study indicate the carbon-supported Cu nanoparticles as promising
base metal catalysts for various selective hydrogenation reactions.
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Summary

Fundamental studies in catalysis rely on well-defined catalyst materials and
reactions. In this thesis we focused on the synthesis, characterization and
performance of carbon-supported Cu-based materials in hydrogenation catalysis.
The main aim was to investigate the effects of the Cu nanoparticle size, support
interactions and metal oxide promotion, on the catalytic performance in three
industrially-relevant gas-phase hydrogenation reactions, namely methanol synthesis
by hydrogenation of CO and COz, selective hydrogenation of butadiene in excess of
propene, and hydrogenation of ethyl acetate to ethanol, a new reaction in our
research group. In Chapter 1, we give a general introduction to the hydrogenation
reactions, the challenges to prepare well-defined Cu catalysts on carbon supports,
and the concepts of particle size effects and catalyst promotion related to the work
in this thesis.

In Chapter 2 the rational design of carbon-supported Cu catalysts is discussed. A
series of highly dispersed Cu materials was prepared via incipient wetness
impregnation of surface-oxidized carbon supports, using aqueous Cu nitrate
precursor solutions. The number of deposited Cu atoms deposited was tuned with
respect to the density of oxygen-containing carbon surface groups, to achieve a
uniform distribution of carboxylate-coordinated Cu?* ions on surface-oxidized
carbon, without forming any nanopatrticles. The highly dispersed Cu materials were
used as a starting point for the formation of well-defined Cu nanoparticles, as
monitored by in-situ XAS and XRD studies. The complete reduction to Cu® coincided
with formation of Cu® particles of several nanometers in size. Thermal sintering was
applied to gradually grow the sub-nanometer Cu clusters at room temperature to 10
nm Cu particles at 500 °C. The practical synthesis methods discussed in this chapter
allowed efficient preparation of both highly dispersed Cu?* ions and Cu nanoparticles
of tailored size.

In Chapter 3 we discuss the effects of Cu and CuzZnOx particle size on the activity
in methanol synthesis. A series of Cu catalysts with particle sizes between 3 and
14 nm was prepared, both in the absence and presence of ZnOx as promoter. The
Cu surface-specific activity increased approximately 4-fold with increasing Cu
particle size from 3 to 10 nm and became size-independent for particles above 10
nm. Concurrent with the increasing activity, the specific Cu surface area decreased,
which gave the highest Cu weight-normalized conversion for Cu particles of around
6 nm in size. The presence of ZnOx enhanced the activity around 20 times compared
to the un-promoted Cu nanopatrticles on carbon. The activity of the ZnOx-decorated
Cu catalysts was at least 50 % higher when supported on carbon compared to silica,
indicating superior ZnOx promotion of Cu on carbon, and the activity increased with
increasing particle size up to 10 nm, also in the presence of ZnOx. We therefore
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propose that the size-dependence in CuzZnOx activity originates from a combination
of intrinsic Cu particle size effects and effective ZnOx coverage of the Cu patrticles.

In Chapter 4 the impact of Cu particle size on the catalytic activity, selectivity and
stability in the hydrogenation of ethyl acetate is discussed. Based on the synthesis
methods described in Chapter 3, the Cu particle size was varied from 3 to 14 nm,
using graphitic carbon as the support material. The Cu surface-specific catalytic
activity increased 4-fold with increasing Cu particle size from 3 to 10 nm, and became
constant above 10 nm. The correlation between Cu particle size and activity was
hence similar in the hydrogenation of ethyl acetate and methanol synthesis,
suggesting that a similar Cu surface site is involved in the rate-determining step in
both hydrogenation reactions. The apparent activation energy was around 94 kJ mol-
1 for all Cu catalysts and thus independent of the particle size, suggesting that the
nature of the activity site did not change with Cu particle size. However, the pre-
exponential factor in the Arrhenius model increased 4-fold with Cu particle size
increasing from 3 to 10 nm and became constant above 10 nm, suggesting a size-
dependent abundance of the active sites on the Cu particle surface. Theoretical
analysis of Cu surface structure indicated step and kink sites, which represent higher
Miller index surfaces, as the active sites in the gas-phase hydrogenation reaction.

Chapter 5 described a study of the effectivity of MnOx as a promoter on the activity,
selectivity and stability in the Cu-catalyzed hydrogenation of ethyl acetate. A series
of MnOx-promoted Cu catalysts was prepared via co-impregnation of a graphitic
carbon support, using agueous mixed Mn and Cu nitrate precursor solutions. As
discussed in Chapters 3 and 4, the highest Cu weight-normalized activities for the
hydrogenation reactions were obtained with Cu particles of around 6 nm in size. We
therefore tuned the synthesis conditions to keep the MnOx-Cu particle size constant
around 6 nm, while systematically varying the Mn loading between 0-33 mol%
Mn/(Cu+Mn). The presence of 11 mol% Mn strongly enhanced the catalytic activity,
by lowering the activation energy for the rate-determining step from 102 to 54 kJ mol-
1. The promoter effect was attributed to the formation of highly active sites at the
interface between MnOx and Cu. Tuning the Mn loading to an intermediate level of
around 11 mol% provided a combination of high catalyst activity, selectivity and
stability.

In Chapter 6 we discuss the activity, selectivity and stability of carbon-supported Cu
catalysts for the selective hydrogenation of butadiene in a 100-fold excess of
propene. The synthesis methods for carbon-supported Cu catalysts as described in
Chapter 3, were expanded to vary the Cu particle size from 1 to 23 nm. A clear
influence of the Cu size on the catalytic activity was observed, with the highest
weight-normalized activity for Cu particles around 3 to 7 nm. All Cu catalysts showed
more than 99.95 % reactant selectivity towards butadiene. The 7 nm Cu on carbon
catalyst retained 93 % of the initial conversion after 100 hours catalysts under
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isothermal reaction conditions, and thus clearly outperformed Cu catalysts on metal
oxide supports reported in literature, which was attributed to limited oligomer
formation. The high reactant selectivity and catalyst stability make the Cu on carbon
catalysts promising candidates for a range of selective hydrogenation reactions.

In summary, the physicochemical phenomena involved in catalyst assembly were
investigated on the nanometer scale for a series of carbon-supported Cu catalysts,
which allowed us to prepare model catalysts with tailored structures. The work
presented in this thesis showed that disentangling the effects of Cu particle size,
supports and promoters, facilitated the establishment of structure-performance
relationships in three important hydrogenation reactions. The advanced
understanding of these relationships may assist in developing more active, selective
and stable Cu-based hydrogenation catalysts, which may ultimately contribute to
more efficient use of energy and materials resources.
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Outlook

The methods for preparing carbon-supported Cu catalysts as described in this thesis
may facilitate fundamental studies for other Cu-catalyzed reactions, such as the
(electrochemical) hydrogenation of carbon dioxide or oxidation reactions. The
carboxylate-coordinated Cu ions on surface-oxidized carbon are promising as
catalysts with high atom efficiency and may offer unique catalytic properties as
compared to conventional nanoparticulate Cu catalysts. Although our research
showed that smaller Cu nanoparticles exhibit a lower intrinsic hydrogenation activity
than larger particles, it may be particularly interesting to study the activity in Cu-
catalyzed oxidation reactions. The systematic approaches to vary the metal particle
size, and deconvolute the support, promoter and particle size effects, may be also
applicable for other metals and promoters.

An interesting question in methanol synthesis is how the ZnOx promoter interacts
with both the active Cu nanopatrticles, as well as the catalyst support. In the case of
the industrial Cu/ZnO/Al2Os catalyst, a potentially large amount of Zn-based
spectator species can hinder the advanced understanding of the ZnOx promoter
effects. In our research, the use of graphitic carbon proved a strong tool, to
investigate the intrinsic Cu-based catalyst. As reported in Chapter 3, ZnOx-promoted
Cu particles as small as 4 nm were prepared. Moreover, un-promoted Cu particles
as small 1 nm were reported in Chapter 6. Well-defined and ultra-small CuzZnOx
nanoparticles open up possibilities from XAS analysis, in particular to monitor the
changes in the Zn oxidation state and dispersion during catalysis, to elucidate the
nature of the active site in ZnOx-promoted Cu catalysts for methanol synthesis.

It is generally known that the composition of the reaction gas mixture (CO, COz2, Hz)
for methanol synthesis, can play a major role on the catalytic activity. To better
understanding of the complex reaction mechanisms, it could be beneficial to
elucidate the effects of Cu particle size and promoters on the activity in the (reverse)
water gas shift reaction. With the increasing interest in CO2 utilization, it would be
also interesting to also investigate Cu particle size effects, promoters or bi-metallic
catalysts for methanol synthesis from CO: in absence of CO.

MnOx is an active, selective and stable promoter for the Cu-catalyzed hydrogenation
of ethyl acetate in Chapter 5. The production of renewable short chain oxygenates
warrants research into other ester reactants, such as methyl acetate and various
alkyl oxalates. In addition, it could be interesting to compare the efficacy of different
promoters, such as oxides of Mn, Zn, Cr, Mo, Fe and Mg, using carbon as an inert
support material. Finally, the influence of catalyst poisons, such as water and
chlorine species is largely neglected in academic literature, yet is crucial for efficient
operation in the chemical industry. The MnOx promoter limited the growth of Cu
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particles in the presence of water, under reaction conditions. This indicates the
potential of MNOx as a promoter in other hydrogenation reactions where water is
largely present, such as Co- and Fe-catalyzed Fischer Tropsch synthesis. A detailed
study into poisoning of MnOx-promoted Cu catalyst, in the hydrogenation of ethyl
acetate as a model reaction, could benefit the design of more efficient promoted
catalysts and reaction conditions.

Using carbon as a support material for Cu was essential to achieve high catalyst
stability in the selective hydrogenation of butadiene. An unresolved question is
whether Cu-based activity can be increased, while maintaining high selectivity and
catalyst stability, which could be investigated for metal oxide-promoters and bi-
metallic catalysts such as alloys of Cu and Ni, Co or Fe. Finally, alkynes such as
acetylene and propyne are generally more reactive than dienes, and it would thus
be interesting to study the general applicability of the carbon-supported Cu catalysts
for the selective hydrogenation of alkynes in excess of mono-olefins.
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Nederlandse samenvatting

Katalyse

Meer dan 85 % van alle chemische producten (denk hierbij aan plastics, benzine,
verf en medicijnen) heeft ten minste één gekatalyseerde chemische omzetting
ondergaan tijdens het productieproces.’? Katalyse is daarom een essentieel
onderdeel van de chemische industrie, welke voor 8 % van het bruto-binnenlands
product bijdraagt aan de Nederlandse economie. Wat is dan eigenlijk een
katalysator? Een chemische omzetting heeft doorgaans een energiebarriére, die met
verhoogde temperatuur overwonnen moet worden, om de reactie plaats te laten
vinden. Een katalysator is een materiaal dat de reactie versnelt of zelfs Uberhaupt
mogelijk maakt, zonder daarbij zelf te worden verbruikt. De katalysator verlaagt de
energiebarriére, door de uitgangsstoffen met elkaar in contact te brengen waardoor
de reactie bij lagere temperatuur kan plaatsvinden. Een chemische reactie kan
vergeleken worden met het fietsen over een berg heen (Figuur 7.1). Er is veel
energie nodig om op de bergtop te komen, maar daarna volgt gemakkelijk afdalen
naar het dal. Als de berg echter hoog is, duurt het erg lang of is het zelfs onmogelijk
om er over heen te komen. Een katalysator verlaagt de bergtop aanzienlijk, waardoor
er minder energie nodig is en het dal sneller bereikt kan worden. Het gebruik van
katalysatoren leidt derhalve vaak tot een lager energieverbruik, minder afval en
speelt een essentiéle rol voor de overgang van fossiele naar hernieuwbare
grondstoffen.

Energie-
barriéres

Energie

|

>
Reactie-verloop

Figuur 7.1: Schematisch energieprofiel voor een chemische reactie van uitgangsstof A naar

product B over een energiebarriére. De katalysator verlaagt de benodigde temperatuur om
over de berg heen te komen, door een alternatieve route te bieden.
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Het chemische element koper is een zeer interessant metaal voor katalytische
toepassingen, door de grote natuurlijke aanwezigheid, lage prijs en speciale
eigenschappen. In dit proefschrift worden de eigenschappen van koper-gebaseerde
katalysatoren onderzocht voor het versnellen van hydrogeneringsreacties in de
gasfase, dat wil zeggen het koppelen van waterstof aan verschillende
uitgangsstoffen. Een praktisch voorbeeld van een hydrogeneringsreactie is de
omzetting van onverzadigde plantenolién naar margarine. Een ander interessant
voorbeeld is de hydrogenering van het broeikasgas koolstofdioxide naar methanol
als een waardevolle chemische bouwsteen. Wanneer waterstof bindt aan koper, kan
het waterstofmolecuul uit elkaar vallen en gemakkelijk gekoppeld worden aan de
uitgangsstoffen, en zodoende de hydrogeneringsreacties versnellen. De
aanwezigheid van bijvoorbeeld chroomoxide, zinkoxide of mangaanoxide als
promotor (een toegevoegde stof die zelf niet reactief is, maar wel de eigenschappen
van koper verbetert) maken kopermaterialen tot veelgebruikte katalysatoren voor
industriéle reacties.

Nanodeeltjes

De meeste chemische reacties vinden alleen plaats op het oppervlak van het metaal.
Het is daarom gunstig om fijn verdeelde poeders met een groot metaaloppervlak per
eenheid van gewicht van het metaal te gebruiken. De meeste metalen die gebruikt
worden in de katalyse bestaan derhalve uit nanodeeltjes, dat wil zeggen deeltjes met
een diameter van 1 tot 100 nanometer. Het voorvoegsel nano- komt van het Latijnse
woord nanus (dwerg) en wordt gebruikt om aan te geven dat een nanometer één
miljard keer Kkleiner is dan een meter. De verhouding tussen de diameter van de
aarde (1,3*10” m ofwel 13.000.000 meter) en een voetbal (2,2*10-*m ofwel 0,22
meter) is ongeveer dezelfde als de verhouding tussen de voetbal en een metaal
nanodeeltje dat bestaat uit zo’'’n 500 atomen'®® (2,2*10°m ofwel 0,000000022
meter), zoals weergegeven in Figuur 7.2.
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1,310’ m 2,2*10"'m 2,2*10°m

Figuur 7.2: Verhouding tussen diameters van de aarde, een voetbal en een typisch
metaalnanodeeltje.

De eigenschappen van metalen hangen typisch sterk af van het soort metaal en hoe
fijn het metaalpoeder verdeeld is. Zo worden sieraden van zilver, goud en platina
gemaakt, omdat deze edelmetalen niet door de lucht aangetast worden en hun glans
lang behouden, in tegenstelling tot onedele metalen zoals koper en ijzer die aan de
lucht roesten. Nanodeeltjes van zowel onedele metalen als edelmetalen worden
gebruikt als katalysatoren voor chemische reacties. Nanodeeltjes hebben namelijk
andere eigenschappen dan grote deeltjes. Dit komt voornamelijk doordat het
oppervliakte van een nanodeeltie veel reactieve atomen bevat, die de
uitgangsstoffen sterker binden en gemakkelijker tot product omzetten, vergeleken
met grote deeltjes. Om de reactieve metaaldeeltjes stabiel te houden, worden deze
doorgaans verankerd op een poreus dragermateriaal zoals silica, titania of koolstof.
Nanodeeltjes zijn niet zichtbaar met het menselijk oog en zelfs de beste optische
microscopen bieden geen uitkomst om de deeltjesgrootte nauwkeurig te kunnen
beschrijven. Om te nanodeeltjes te kunnen “zien”, zijn speciale microscopen nodig,
die niet werken met zichtbaar licht, maar met een versnelde elektronenbundel. De
transmissie of de weerkaatsing van de elektronen wordt in een
elektronenmicroscoop omgezet in een digitale foto.
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Doel van dit onderzoek

Om op rationele wijze betere katalysatoren te ontwerpen, in plaats van gissen en
uitproberen, is het belangrik om te begrijpen hoe de metaaleigenschappen
samenhangen met de katalytische werking. Ondanks dat koperkatalysatoren al
decennialang gebruikt worden op industriéle schaal, resteert een aantal uitdagende
wetenschappelijke vragen. Zo is het nog grotendeels onduidelijk wat de invloed is
van de koperdeeltjesgrootte onder de 20 nm, op de katalytische activiteit in
verschillende hydrogeneringsreacties. Daarnaast is er maar beperkte kennis over de
interacties tussen de kopernanodeeltjes en het dragermateriaal en/of promotoren,
en hoe deze interacties de katalytische werking beinvloeden. Het voornaamste doel
van dit onderzoek was het systematisch en van elkaar afzonderlijk bestuderen van
de deeltjesgrootte-, drager- en promotor-effecten op de katalytische eigenschappen
in hydrogeneringsreacties.

Fundamenteel onderzoek is gebaat bij goed gedefinieerde materialen. De
katalysatoren in dit proefschrift zijn daarom ontwikkeld met specifieke
deeltjesgrootten. Het gebruik van grafitisch koolstof als dragermateriaal voor
kopernanodeeltjes was erg belangrijk. Elektronenmicroscopie heeft in dit onderzoek
een belangrijke rol gespeeld in de karakterisering van de katalysatoren. In Hoofdstuk
2 worden het ontwerp en de bereiding van koolstof-gedragen kopermaterialen
besproken. De ontwikkelde methodes leidden tot de bereiding van koper-
gebaseerde katalysatoren met afgestemde deeltjesgrootten (Hoofdstukken 2, 3, 4
en 6) en verschillende promotoren (Hoofdstukken 3 en 5). De Kkatalytische
eigenschapen voor drie industrieel-relevante hydrogeneringsreacties staan
beschreven in dit proefschrift, namelijk de hydrogenering van koolstofmonoxide en
koolstofdioxide naar methanol, de hydrogenering van ethylacetaat naar ethanol en
de selectieve hydrogenering van butadieen naar buteen. Hieronder staat in detail
uitgelegd wat de belangrijkste bevindingen in ieder hoofdstuk zijn.

In Hoofdstuk 1 wordt een inleiding over de verschillende onderwerpen gegeven die
relevant zijn om dit proefschrift te begrijpen. Voor de verschillende onderwerpen
worden zowel de wetenschappelijk achtergrond toegelicht als de vragen die wij
willen beantwoorden.

In Hoofdstuk 2 worden het ontwerp en de bereiding van koolstof-gedragen
koperkatalysatoren besproken. De typische bereidingsmethode begint de
impregnatie van een poreuze koolstof drager met waterige oplossingen van
kopernitraat, gevolgd door een droogstap om het water te verdampen en uiteindelijk
een hittebehandeling om het kopernitraat te ontleden. Het dragermateriaal was
grafiek en stond de bereiding van koperdeeltjes kleiner dan 10 nanometer niet toe.
Een oplossing om toch kleinere deeltjes te kunnen maken, was de introductie van
zuurstof-bevattende oppervlaktegroepen, door middel van oppervlakte-oxidatie van
het dragermateriaal met een geconcentreerde salpeterzuuroplossing (HNO3z). Door
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het aantal koperatomen nauwkeurig aan te passen aan het aantal
oppervilaktegroepen, zijn wij er in geslaagd om afzonderlijke koper-ionen te
stabiliseren op de koolstof drager. Daaropvolgend hebben wij deze materialen
gebruikt als startmateriaal, om de vorming en groei van kopernanodeeltjes te
bestuderen door middel van geavanceerde rontgen-absorptie en -diffractie
methodes. De volledige reductie tot metallisch koper leidde tot de vorming van
koperdeeltjes met een grootte van enkele nanometers. Het geleidelijk verhogen van
de temperatuur tot 500 °C stelde ons in staat de deeltjesgroei tot 10 nanometer te
controleren. De praktische bereidingsmethodes die staan beschreven in dit
hoofdstuk maken de weg vrij voor de bereiding van koper katalysatoren met op maat
afgestemde deeltjesgrootte.

Hoofdstuk 3 beschrijft de invioed van de grootte van koper- en koperzinkoxide-
deeltjes op de katalytische activiteit tijdens de hydrogenering van koolstofmonoxide
en koolstofdioxide naar methanol. Met behulp van de methodes uit Hoofdstuk 1, was
er voor het eerst een serie van koper- en koperzinkoxide-katalysatoren op basis van
koolstof bereid met afgestemde deeltjesgrootten tussen de 3 en 14 nanometer. De
oppervlakte-specifieke katalytische activiteit werd ongeveer viermaal groter voor een
toenemende koperdeeltjesgrootte tussen 3 en 10 nanometer, terwijl de deze
onafhankelijk was van de deeltjesgrootte boven 10 nanometer. De toenemende
deeltjesgrootte ging echter ook gepaard met een afhemende hoeveelheid
koperoppervlakte per gram koper, wat resulteerde in de hoogste koper gewichts-
specifieke conversie voor deeltjies van ongeveer 6 nanometer in diameter. Het
gebruik van koolstof als dragermateriaal was essentieel om deze intrinsieke
deeltjesgrootte-effecten te onthullen. Tevens had het dragermateriaal een
aanzienlijke invloed op de promotoreffecten, vermoedelijk door een verschil in de
effectieve bezetting van het koperoppervlakte met zinkoxide. Deze inzichten geven
een leidraad voor de ontwikkeling van meer actieve katalysatoren voor de synthese
van methanol uit koolstofmonoxide, koolstofdioxide en waterstof.

In Hoofdstuk 4 wordt de invloed van de koperdeeltjesgrootte tussen de 3 en 14
nanometer op de katalytische activiteit, selectiviteit en stabiliteit in de hydrogenering
van ethylacetaat naar ethanol beschreven. De correlatie tussen koperdeeltjesgrootte
en Kkatalytische activiteit lijkt sterk op de waargenomen trends voor
methanolsynthese, zoals beschreven in Hoofdstuk 3. Dit duidt op de aanwezigheid
van plaatsen op het opperviakte van de kopernanodeeltjes die actief zijn in de
snhelheidsbepalende stappen voor beide reacties. De activeringsenergie bleef bij
benadering constant, terwijl de fractie van actieve plaatsen steeg met toenemende
deeltjesgrootte. Theoretische modellen die de samensteling van het
koperoppervlakte uit verschillende opperviakteplaatsen beschreven, duidden de
oppervlakteplaatsen met gemiddelde adsorptiesterkte aan als de actieve plaats voor
de hydrogeneringsreactie.
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In Hoofdstuk 5 worden de effecten van mangaanoxide als promotor gerapporteerd,
op de activiteit, selectiviteit en stabiliteit in koper-gekatalyseerde hydrogenering van
ethylacetaat. Een serie van koperkatalysatoren met mangaanoxide als promotor
werd bereid door middel van de gelijktijdige impregnatie van grafitisch koolstof als
dragermateriaal met samengestelde waterige koper- en
mangaannitraatoplossingen. Zoals beschreven in Hoofdstukken 3 en 4, was de
hydrogeneringsactiviteit op basis van kopergewicht het hoogste voor koperdeeltjes
van 6 nanometer. Daarom hebben wij de deeltjesgrootte voor koper-mangaanoxide
katalysatoren constant gehouden rond 6 nanometer, terwijl de mangaanbelading
systematisch gevarieerd werd tussen 0 en 33 mol% Mn/(Cu+Mn). De aanwezigheid
van 11 mol% Mn verhoogde de katalytische activiteit sterk, wat samenviel met een
verlaging van de schijnbare activeringsenergie van 102 naar 54 kJ mol-. De fysische
raakpunten tussen de kopernanodeeltjes en mangaanoxide nanodeeltjes speelden
een grote rol voor de verbeterde katalytische werking, met de hoogste activiteit,
selectiviteit en stabiliteit voor de katalysatoren met een mangaanbelading van 11
mol%.

In Hoofdstuk 6 worden de activiteit, selectiviteit en stabiliteit van koolstof-gedragen
koperkatalysatoren besproken voor de selectieve hydrogenering van butadieen in
100-voudige overmaat van propeen. In deze reactie is het essentieel dat butadieen
deels gehydrogeneerd wordt naar buteen, maar dat buteen vervolgens niet
gehydrogeneerd wordt naar butaan. De synthesemethodes zoals beschreven in
Hoofdstuk 3 en 4, werden uitgebreid om de koperdeeltjesgrootte te variéren van 1
tot 23 nanometer. Een duidelijke invioed van de koperdeeltjesgrootte werd
waargenomen, met de hoogste gewichts-specifieke activiteit voor koperdeeltjes van
3 tot 7 nanometer. Alle koperkatalysatoren waren meer dan 99.95 % selectief voor
de omzetting naar buteen. De koperdeeltjes van 7 nanometer behielden 93 % van
de initiéle omzettingssnelheid na 100 uur bij constante temperatuur, wat een sterke
verbetering betekende ten opzichte van de koperkatalysatoren op basis van
metaaloxide als drager zoals gerapporteerd in de wetenschappelijke literatuur. Deze
verbetering werd toegeschreven aan een aanzienlijk lagere vervuiling van het
koperopperviakte met het gebruik van de niet reagerende koolstofdrager, ten
opzichte van metaaloxidedragers zoals titania. De bijzonder hoge selectiviteit en
stabiliteit van de koolstof-gedragen kopernanodeeltjes, duiden dit type katalysator
aan als een veelbelovende kandidaat voor verschillende selectieve
hydrogeneringsreacties.

Samenvattend hebben wij de fysische en chemische fenomenen die betrokken zijn
bij de katalysatorbereiding onderzocht voor koolstof-gedragen koperkatalysatoren.
Dit stelde ons in staat om een serie modelkatalysatoren te bereiden met
systematische variatie van de deeltjesgrootte. De methodes voor
katalysatorbereiding kunnen ook algemene toepassing vinden voor andere metalen
en promotoren. Het onderzoek in dit proefschrift heeft aangetoond dat zowel de
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koperdeeltjesgrootte als de aard van de dragermaterialen en promotoren een sterke
invioed hebben op de werking van de koperkatalysatoren in verschillende
hydrogeneringsreacties. Deze nieuwe inzichten kunnen helpen bij de ontwikkeling
van meer actieve, selectieve en stabiele katalysatoren, die uiteindelijk bijdragen aan
een efficiénter gebruik van energie- en materiaalgrondstoffen voor de productie van
essentiéle chemicalién.
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