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ABSTRACT: Dehydrogenation promoters greatly enhance
the performance of SiO,—MgO catalysts in the Lebedev
process. Here, the effect of preparation method and order of
addition of Cu on the structure and performance of Cu-
promoted SiO,—MgO materials is detailed. Addition of Cu to
MgO via incipient wetness impregnation (IWI) or coprecipi-
tation (CP) prior to wet-kneading with SiO, gave similar
butadiene yields (~40%) as when Cu was added to the already
wet-kneaded catalyst. In contrast, the catalyst prepared by
impregnation of Cu on SiO, first proved to be the worst
catalyst of the series. TEM, XRD, and XPS analyses suggested

Fresh: Cu? in solid solution

2 /\OH P N + 2 Hzo + H2
i (CuO),
Sio, r- = fresh
& Cung1-xo E
>\ R
%‘ in situ
g
* :
Energy (eV)

In situ: (partial) reduction to Cu®

that, for all catalyst materials, Cu** forms a solid solution with MgO. This was confirmed by UV—vis, XANES, and EXAFS data,
with Cu being found in a distorted octahedral geometry. As a result, the acid—base properties, as determined by Pyridine- and
CDCl;—IR as well as NH;-TPD, are modified, contributing to the improved performance. Operando XANES and EXAFS studies
of the evolution of the copper species showed that Cu?*, the only species initially present, is extensively reduced to a mixture of

Cu’ and Cu", leaving only a limited amount of unreduced Cu**

. This formation of Cu® is the result of the reducing environment

of the Lebedev process and is thought to be mainly responsible for the improved performance of the Cu-promoted catalysts.
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1. INTRODUCTION

SiO,—MgO materials have been extensively explored for the
ethanol-to-butadiene Lebedev process.”” The performance of
these catalysts can be greatly enhanced by the addition of a
third component, typically a transition metal or metal oxide.
These promoters generally improved butadiene yields, by
increasing the amount of acetaldehyde produced via ethanol
dehydrogenation.3 The addition of Cr,>* Ni,° Zn,®> Cu® oxides
and metallic Ag® has, for example, been studied in this respect.
That addition of such metal oxides is not always beneficial was
shown by Natta and Rigamonti, who prepared ZnO- and CuO-
promoted SiO,—MgO materials by coprecipitation (CP) of the
carbonates of Mg with Zn and Cu, respectively.” The reduced
performance shown by these catalysts was attributed to the
formation of an M,Mg,_.O solid solution (with M = Cu or
Zn), resulting in reduced dehydrogenation and condensation
activity. No experimental evidence for this proposed structur-
e—activity relation was reported, however. Moreover, Makshina
et al. showed that simultaneous impregnation of Zn and Mg
nitrates on SiO, resulted in a catalyst giving a lower butadiene
yield than one synthesized by adding Zn(NO;), to a SiO,—
MgO material that was obtained by a wet-kneading procedure;’
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again, this was tentatively attributed to the formation of mixed
Zn, Mg silicates. The latter example furthermore emphasizes
the importance of preparation method and order of component
addition, when using transition metal oxides to promote the
activity of SiO,—MgO catalysts. Finally, Kitayama et al. also
proposed NiO on SiO,—MgO materials to actually consist of
mixed Ni, Mg silicates and Ni dispersed in MgO.5 In their case,
the formation of such a mixed metal silicate was in fact
considered one of the prime reasons for its good catalytic
activity.

Parameters such as promoter oxidation state, loading and
order of addition, will all affect the final catalyst structure and
can thus be optimized with regard to their effect on catalytic
performance. Indeed, as illustrated below and suggested before,
promotion of these MgO-containing materials will affect the
acid—base properties of the catalysts,” the balance of which is
key to butadiene production. Studies on these dehydrogenation
promoters typically report limited characterization data on both
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Table 1. Overview of the Different Preparation Methods for the Various Catalyst Materials Studied Here for the Lebedev

Ethanol-to-Butadiene Process

sample name

Cu0/Si0,—MgO (III)

first step
WK Si0,, MgO

second step

IWI Cu(NO3), on SiO,—MgO (III)

CuO/Si0, IWI Cu(NO;), on SiO, -4

CuO/MgO IWI Cu(NO;), on MgO -
Cu0O/Si0,(IWI)+MgO IWI Cu(NO;), on SiO, WK with Mg(OH),
CuO/MgO(TWT)+Si0, IWI Cu(NO5), on Mg(OH), WK with SiO,
CuO/MgO(CP)+Si0, CP Cu(NO), Mg(NO,), WK with SiO,

“Not applicable. WK, wet-kneading; IWI, incipient wetness impregnation; CP, coprecipitation.

the acid—base and structural properties, making the explan-
ations for the observed beneficial or detrimental catalytic effects
often somewhat speculative.

We previously showed that the performance of wet-kneaded
Si0,—MgO catalysts could be significantly improved by the
addition of CuO (1 wt %) via incipient wetness impregnation
(IWI, Figure S1A), followed by calcination in stagnant air.” As
Cu-promotion resulted in a significantly increased acetaldehyde
yield, it was proposed that upon addition of Cu the aldol
condensation (see Scheme S2 for the commonly accepted
mechanism) rather than acetaldehyde formation becomes rate-
determining. On the basis of the drop in ethylene and diethyl
ether also observed upon Cu promotion, we also proposed
copper to poison the most acidic sites of the SiO,—MgO
materials. UV—vis results provided some insight into how the
type of Cu species present depended on preparation and
correlated with catalyst performance.® In addition to isolated
CuO species supported on either SiO, or MgO,”” "
subnanometric cluster-like (CuO), species were, for example,
identified, and the extent of their presence was found to
coincide with improvements in butadiene yield'® (Figure S1);
these (CuO), clusters were suggested to enhance the rate-
determining acetaldehyde condensation step.'”'® Transmission
electron microscopy (TEM) showed the morphology of wet
kneaded SiO,—MgO materials not to be modified upon
subsequent Cu-promotion,8 nor were any copper nanoparticles
(NP) detected. Energy-dispersive X-ray spectroscopy (EDX)
did show that Cu is present on both Si- and Mg-rich phases of
the samples, however.® Although TEM is often used to study
Cu(O) NP on SiO,"”™** and metallic copper on MgO,”*~>
reports on TEM imaging of CuO/MgO samples are very
limited. This might be due to lack of contrast between CuO
and MgO or, alternatively, to a very high CuO dispersion.”® El-
Shobaky et al, for instance, did not observe any CuO
reflections by X-ray diffraction (XRD) for CuO/MgO with
up to 23 wt % of copper oxide,”” concluding that a solid
solution is formed for samples treated at 673 K (our samples
were calcined at 773 K, see below). Other have also observed
the formation of CuMg;_,O solid solutions.”®* For our
materials, XRD analysis also did not show any CuO reflections,
perhaps because of low loading or as a result of solid solution
formation. Grirrane et al. suggested that CuO NP can be
formed on MgO and visualized these structures with TEM.”
While the NP are difficult to identify in the TEM images, their
formation might be due to the particular low-temperature
preparation method used, in which solid solution formation
might be prevented. Finally, Ueda et al. proposed that the
insertion of transition metal cations with a slightly larger ionic
radius than Mg?*, e.g,, Cu** (0.65 and 0.69 A, respectively),”" in
MgO increases its basicity.” This was thought to be the reason
for the improved activity and selectivity shown by Cu-
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containing MgO over MgO in the dehydrogenation of 2-
propanol. Cu promotion can thus be expected to affect the
performance of Lebedev catalysts not only by introducing a
redox functionality that aids in acetaldehyde formation but also
by modifying their acid—base properties.

Knowledge of the structural and morphological properties of
Cu in CuO/Si0,—MgO catalysts is thus still very limited.”>*
More insight into the nature, dispersion, and role of CuO, and
in fact metal oxide promoters in general, in the catalysts for the
Lebedev process is therefore highly desired. Furthermore, it is
essential to get insight into any evolution in the nature of the
metal (oxide) promoter under Lebedev reaction conditions;
this has not, however, been studied yet. Indeed, given the
reducing environment of the ethanol-to-butadiene process,
changes in oxidation state of transition metal oxides might be
expected. Ethanol, for instance, is able to reduce both noble**
and non-noble transition metal oxides,> with CuO reduction
by ethanol having been reported at temperatures of >453 K
(i.e., significantly lower than our reaction temperature of 698
K).*® H, is furthermore formed during reaction and could also
cause reduction of CuO. The observation that SiO,—MgO
materials promoted with NiO, ZnO, CuO, or metallic Ag all
performed remarkably similarly in catalysis’ suggests that
similar species might be formed under reaction conditions.

Different materials were synthesized with the expectation
that the order of component addition will impact catalyst
performance by altering the location and nature of Cu species
formed, the (extent of) solid solution formation, and the acid/
base properties of the materials. To this extent, catalysts
prepared supporting Cu on either SiO, or MgO prior to the
addition of the other component during wet-kneading are
compared with a sample synthesized by incipient wetness
impregnation (IWI) of copper on already wet-kneaded SiO,—
MgO (CuO/Si0,—MgO (III)). The as-synthesized materials
were extensively characterized with Fourier transform infrared
spectroscopy after pyridine and deuterated chloroform
adsorption (Pyridine— and CDCl;—IR), temperature-pro-
grammed desorption of ammonia (NH;—TPD), TEM, XRD,
UV—vis, and X-ray photoelectron spectroscopy (XPS), X-ray
absorption near edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS) analyses. These techniques
provided information into the speciation, oxidation state, and
geometry of Cu species in the various samples and into changes
in the acid/base properties upon copper addition. The results
show that the order of addition indeed affects the presence of
(CuO), clusters and thus catalyst performance.” In addition, a
large portion of copper was found to be present in a
CuMg, O solid solution, which again affects the acid—base
properties. Furthermore, one selected CuO/SiO,—MgO
catalyst was studied with X-ray Absorption Spectroscopy
(XAS) under operando conditions to investigate the nature
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Figure 1. Ethanol conversion (left), butadiene yield (middle), and conversion and yield of the main (by-) products for CuO/SiO,—MgO (1II) and

the catalyst materials prepared varying the order of addition of CuO.
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Figure 2. (a) Pyridine-IR spectra at 423 K in the region 1650—1400 cm™" and (b) CDCl;—IR spectra at 323 K in the region 2300—2050 cm™" for

$i0,—MgO (III) and CuO/Si0,—MgO (III).

of the active copper species during ethanol-to-butadiene
conversion. This way, it could be shown that the reducing
atmosphere of the Lebedev process indeed causes reduction of
the Cu®" species originally found in the CuMg,_,O solid
solution to a mixture of unreduced Cu?*, Cu' and large
amounts of metallic copper, the latter of which is held
responsible for the improved ethanol dehydrogenation activity.

2. RESULTS AND DISCUSSION

2.1. Performance of the Catalysts. To study the effect of
copper addition order, Cu(NOj,), was supported on either SiO,
or MgO prior to wet-kneading with the other oxide and
performance compared to the benchmark CuO/SiO,—MgO
(W) catalyst, prepared by copper addition after wet-kneading.
CuO/SiO,(IWI)+MgO was thus prepared by supporting
copper on SiO, by IWI, before wet-kneading with Mg(OH),
(Table 1). Two other samples were prepared by adding CuO to
MgO with two different techniques: CuO/MgO(IWI)+SiO,
was prepared by supporting Cu(NO;), on Mg(OH), via IW],
while for CuO/MgO(CP)+SiO,, Cu(NO;), and Mg(NO;),
were coprecipitated with TMAOH; in both cases, the resulting
solid was then wet-kneaded with SiO,. Lastly, all catalysts were
calcined in stagnant air at 773 K for S h (see Supporting
Information (SI) for experimental details).
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Ethanol conversions, determined at 698 K for 4 h time on
stream (Figure 1), are quite similar for all catalysts, with the
exception of CuO/SiO,(IWI)+MgO, which proved less active.
The latter sample also gave a significantly lower butadiene yield,
showing that deposition of copper on silica first is undesired.
Overall, quite similar product distributions (see the SI for a full
description of products observed) were obtained with very
small variations in acetaldehyde formation and a slightly higher
ethylene yield for CuO/MgO(CP)+SiO,.

CuO/SiO, and CuO/MgO, prepared as reference samples
for the characterization studies, both showed much lower
ethanol conversion levels (Figure S2) with no or very little
(1%) butadiene formation, respectively. Moreover, CuO/SiO,
showed the highest amount of acetaldehyde, confirming that
MgO or MgO-containing catalysts are required for the aldol
condensation step in the mechanism. Previously, NiO/SiO, and
NiO/MgO were also found to be essentially inactive toward
butadiene formation.” These results further support the notion
that both components are required, with the presence of both
MgO and the magnesium silicates that formed upon wet-
kneading being essential for catalysis,”” also in the case of Cu-
promoted materials.

2.2. Acid—Base Properties of the Catalysts. Different
characterization techniques were used to compare the acid—
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base properties of one selected Cu-containing sample, ie.,
Cu0/Si0,—MgO (III), with the corresponding, unpromoted
material. Pyridine-IR results reported in Figure 2a show that
only Lewis acid sites are present in both materials;* Larina et
al, on the other hand, recently reported both Lewis and
Bronsted acid sites to be present on SiO,—MgO catalysts, prior
and after promotion with ZnO.” Although the similar
intensities observed by Pyridine-IR suggest similar amounts
of acidic sites, NH;-TPD shows the Cu-promoted sample to
have less acidic sites (Table 2). We previously already observed

Table 2. Amount of Acidic Sites Obtained by NH;-TPD
Analysis, Butadiene and Ethylene Yields for Si0,—MgO (III)
and Cu0/Si0,—MgO (III)

number of acidic sites butadiene ethylene
sample (mmol g™*) yield (%) yield (%)
$i0,—MgO (III) 0219 16 12
CuO/SiO,— 0.180 37 4
MgO (II1)

a similar discrepancy between these techniques and attributed
this to the difference in probe molecule size, with NH; able to
probe a higher and more realistic amount of acidic sites.*” The
results thus show that some acidic sites of the original SiO,—
MgO material are poisoned upon Cu addition.

Figure 2b shows the remarkable differences between basic
sites found on the promoted and unpromoted SiO,—MgO (III)
as probed by CDCl,—IR (see ref 40 for detailed assignments).
In particular, the FT-IR peak due to weak basic sites shifted to
lower wavenumbers for the Cu-containing sample (ie., from
2256 to 2252 cm™); such a shift indicates that the relative
strength of these sites is higher in CuO/Si0,—MgO (1I1).*!
Moreover, a slightly larger amount of weak basic sites is seen
for the promoted sample.

The increase in amount and relative strength of weak basic
sites might be the result of solid solution formation between
CuO and MgO, as discussed below. It is indeed in line with the
proposal by Ueda et al. that solid solution formation causes a
distortion in the MgO crystal lattice resulting in increased
basicity.” The FT-IR peak assigned to medium basic sites at
2213 cm™" is similar in both position and intensity in the two
samples. The intensity of the two FT-IR peaks assigned to
strong basic sites of the Mg—O(H)-Si type,” ie., those at
~2139 and 2089 cm”), is significantly lower for the CuO/
Si0,—MgO (III) sample, however. This suggests copper

addition to also poison the strong basic sites in the Cu-
containing material.

The much lower yields of ethylene generally seen upon Cu-
promotion (Table 2),° are in line with the lower amount of
acidic and strong basic sites observed for CuO/SiO,—MgO
(1II). The significantly higher butadiene yield observed for the
promoted sample might be not only the result of the
dehydrogenation activity of Cu but also the result of the
increase in relative strength and amount of weak basic sites that
are beneficial for the aldol condensation step. To better
understand the reasons behind the modified acid—base
properties and the effect of the different preparation on the
nature of Cu species, the set of samples was extensively
characterized, as detailed below.

2.3. Catalyst Morphology, Structure, and Copper
Geometry. Figure 3 shows the TEM images of CuO/SiO,—
MgO (III), CuO/MgO and CuO/SiO,. No copper species can
be seen on CuO/MgO and CuO/SiO,—MgO (III). On the
contrary, well-defined, quite monodisperse (~2—3 nm) CuO
NP are present on CuO/SiO,.

XRD analyses (Figure 4) show that the intensity of the peaks
associated with the crystalline periclase MgO phase varies for

- = MgO
* Si0,
4 CuO

e)
T T T f)
80 90 100

" 4o " 70

5 60
20 (°)
Figure 4. XRD patterns of (a) CuO/MgO, (b) CuO/MgO-
(IWI)+Si0,, (c) CuO/MgO(CP)+SiO,, (d) CuO/Si0,—MgO (1II),

(e) CuO/SiO,(IWI)+MgO, and (f) CuO/SiO,.

the MgO-containing samples. For all wet-kneaded samples, the
broadening (with reference to CuO/MgO) and reduced
intensity suggests significant chemical changes in the MgO
component. Moreover, the two low-intensity peaks at ~41 and
45 20 degrees seen for CuO/SiO, and assigned to a tenorite

Figure 3.
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TEM images of (a) CuO/MgO, (b) CuO/SiO,, and (c) CuO/Si0,—MgO (III).
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phase,”” i.e., crystalline CuO NP, show that they can indeed be
detected with XRD even at these low Cu loadings of 1 wt %. It
is therefore telling that all MgO-containing samples show no
such peaks; given that all materials were thermally treated in the
same way, this clearly shows that the reason CuO is not seen by
TEM in the other samples is not because of lack of contrast, but
is rather the consequence of improved copper dispersion.
The UV—vis spectra of these materials proved quite complex,
with a number of features contributing to the observed intensity

(Figure S). For the CuO/SiO, material, a very broad d—d

a)

i

T T T T 1
400 500 600 700 800

Wavelength (nm)

200 300

Figure 5. UV-vis spectra of (a) CuO/MgO, (b) CuO/MgO-
(CP)+Si0,, (c) CuO/MgO(IWI)+SiO,, (d) CuO/Si0,—MgO (1II),
(e) CuO/SiO,(IWI)+MgO, and (f) CuO/SiO,. The spectra are offset
for clarity. i, bands assigned to LMCT transitions; ii, bands assigned to
d—d transitions.

transition is detected at ~625 nm, well in line with the 636 nm
reported for bulk CuO (see Figure S$3).*** The UV-vis
spectra of all ternary oxides and CuO/MgO are, however, very
different, suggesting copper not to be in the square planar
geometry of (bulk) CuO. Indeed, the absorption bands
observed in the 200—300 nm region can be assigned to
ligand-to-metal charge transfer (LMCT) bands of isolated CuO
species on different supports.”'”"> For example, Bravo-Sudrez
et al. attributed a band at ~260 nm detected for CuMgAlO, to
an LMCT of Cu®" in an octahedral field.'® Moreover, the d—d
transitions seen at 700—800 nm are also indicative of Cu®*
species in a (distorted) octahedral field.

The 300—500 nm absorption band, previously assigned to
LMCT transitions of subnanometric (CuO), clusters,"”'"'
has a similar intensity for the three catalyst materials that show
a similar, superior performance, ie, CuO/MgO(CP)+SiO,,
CuO/MgO(IWI)+SiO, and CuO/SiO,—MgO (III); the same
feature is also observed in CuO/MgO. On the other hand, for
the worst catalyst, CuO/SiO,(IWI)+MgO, the 300—500 nm
absorption band is negligible in intensity. With this shoulder
also being absent in CuO/SiO,, this means that the formation
of small (CuO), clusters is favorable on MgO-containing
materials but not on SiO,.

TEM and XRD results thus show CuO NP to be present on
CuO/SiO, but not on any of the MgO-containing materials.
Moreover, the UV—vis results suggest the copper species in all
MgO-containing samples to have a (distorted) octahedral
geometry. All of this points at solid solution formation with the
Cu’* atoms being located at crystal lattice sites of MgO. XPS,
XANES, and EXAFS analyses, discussed below, further confirm
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this and provide additional insight into nature, oxidation state
and geometry of Cu species in the various samples.

A selected number of samples were studied with XPS and
binding energies (BE) of the Cu 2p5,, Si 2p and Mg 2p signals
are reported in Table 3. In line with the TEM, XRD, and UV—

Table 3. Binding Energies of Cu 2p;/,, Si 2p, and Mg 2p
Levels in the Various Samples

Cu 2p;/, BE Si 2p BE Mg 2p BE
sample (eV) (eV) (eV)
Cu0/Si0, 934.8 1042
CuO/MgO 933.5 - 49.7
Cu0/8i0,—MgO (III) 934.0 102.8 50.3
CuO/Si0,(IWI)+MgO 9339 103.0 50.0
CuO/MgO(IWI)+Si0, 933.7 102.5 49.8

“The element is not present in the analyzed sample.

vis results, the BE of in CuO/SiO, is in good agreement with
the one observed for pure SiO,.” Interestingly, the Si 2p values
for the CuO/SiO,—MgO samples are significantly lower,
however, and correspond well to the range Si 2p BE reported
for a number of (magnesium) silicates by Okada et al.*® The BE
of Si 2p of 102.6 eV reported for talc (a magnesium silicate that
can be formed upon wet-kneading of SiO, and MgO)37 is
similar to the BE of Si observed for the various CuO/SiO,—
MgO samples.

The XPS data also showed all copper to be Cu®* in all
samples, based on the characteristic shakeup satellite peaks®” at
approximately 943 eV alongside a BE of the Cu 2p;, core level
(Table 3) in the range of 933—935 eV; indeed, the BE of bulk
CuO is reported in the range of 933.2—934.2 V,***’ whereas
Cu’ and Cu" species are generally found at ~932.0—932.5 eV.>’
The low amount of Cu detected at the surface of all MgO-
containing samples hinders the deconvolution of the signal for
Cu 2p;, into contributions of different copper species. The Cu
2p3,, region can thus only be used for semiquantitative analysis
of Cu abundance and to assess the variation in BE position
among the different samples. Moreover, the high-resolution Cu
2ps, spectra (Figure S4) show the surface Cu amounts to vary
widely, being the highest on CuO/SiO,. For CuO/MgO, it is
below the quantification limit, which implies that the copper
must be distributed throughout the bulk of the sample (see
UV—vis and XAS below). Indeed, this provides further
evidence for solid solution formation and inclusion of copper
in the crystal lattice of MgO. Finally, for all CuO/SiO,—MgO
samples a surface copper amount intermediate between that of
CuO/SiO, and that of CuO/MgO was observed; this might be
due to Cu being present on both oxides, as well as on the
magnesium silicates formed during wet-kneading. The BE of
Cu 2p;/, was observed to vary as well and follows the order:
Cu0/Si0, > Cu0/Si0,—MgO (1II) ~ CuO/SiO,(IWI)+MgO
CuO/MgO(IWI)+SiO, > CuO/MgO. Bennici et al.
proposed shifts to higher binding energy to correlate with the
acidity of the support for CuO supported on SiO,—AlL,0;.*" In
our case, the order listed above also seems to be in line with the
overall acidity/basicity of the supports.

Ex situ XAS analysis provided further information on Cu
speciation, coordination, and chemical environment in the as-
synthesized samples. The XANES spectra show two pre-edge
features (labeled 1 and 2 in Figure 6). This feature at ~8979
eV, originating from the dipole forbidden 1s — 3d transition, is
considered a signature for Cu*" species.”’ This, together with

~
~
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Figure 6. Normalized XANES spectra of (a) CuO, (b) CuO/SiO,, (c)
Cu0/Si0,(IWI)+MgO, (d) CuO/Si0,~MgO (III), (e) CuO/
MgO(IWI)+SiO,, and (f) CuO/MgO.

the absence of a feature at 8982 eV characteristic of Cu"
confirms all copper to be present as Cu* in all samples. Pre-
edge feature 2, due to a 1s — 4p transition, is again
characteristic of Cu®".>> The position of this feature depends
on local copper symmetry, in addition to its charge.” Feature 2
is centered at ~8987 eV for CuO and CuO/SiO,, implying it to
be very similar to bulk CuO (as confirmed by EXAFS analyses,
see below). Cu’ in tenorite has been described as square
planar (i.e., with four oxygen atoms at ~1.95 A),>* but can also
be considered as strongly distorted octahedral when taking into
account the two oxygen atoms at 2.78 A (see Table S2).
Notably, feature 2 is found at a different energy for all MgO-
containing samples, ie, at ~8989 eV, and shows Cu to be
predominantly present in an octahedral environment. This pre-
edge feature 2 is known to progresswely shift to higher energy
with decreasing octahedral distortion.” Also in line with our
results, Hilbrandt et al. noted a shift to higher energy for feature
2 for CuO/MgO compared to bulk CuO and attributed this to
copper in CuO/MgO being in an octahedral or distorted
octahedral geometry, occupying Mg lattice sites in a solid
solution.*®

It has been reported that electron spin resonance (ESR)
measurements can distinguish between two types of copper, i.e.,
Cu®, in an octahedral field in the bulk of MgO and Cu*" in an
unclear geometry close to the surface, in such a MgO crystal

lattice.”” The nature and geometry of Cu species in our
materials is expected to be further complicated, however, by the
third SiO, component and by the magnesium silicates. EXAFS
analyses nonetheless provided more insight into the geometry
and bond distances of Cu present in our samples (see Table 4
and Figure SS).

Expectedly, the EXAFS data for CuO/SiO, and reference
bulk CuO were seen to be quite similar (Table 4 and Table S1),
in line with the XRD, TEM, XPS, and XANES results. A very
different situation is observed for CuO/SiO,—MgO (III),
CuO/MgO(IWI)+Si0,, and CuO/MgO (see Table 4).
Importantly, no Cu—Cu contributions could be found for
these samples; instead, Cu—Mg bond distances fitted for these
samples are in the range 2.98—3.02 4, i.e., similar to the Mg—
Mg distance of 2.97 A observed in periclase,”® corroborating
the presence of copper in the crystal lattice of MgO. An initial
fit of the EXAFS data showed Cu to coordinate to four oxygen
atoms at a bond distance of 1.92—1.94 A (Table S2 and Figure
S6), which is smaller than the Mg—O distance of ~2.10 A in
MgO> and reflects the significant distortion of the crystal
lattice caused by copper atom insertion; this distortion can
contribute to the alteration in acid—base properties of our Cu-
promoted SiO,—MgO materials.” The presence of only four
Cu—O0 contributions is not in line, however, with the UV—vis
and XANES results that show Cu to be in a distorted
octahedral geometry in CuO/MgO, CuO/SiO,—MgO (III)
and CuO/MgO(IWI)+SiO,. Interestingly, Asakura et al. also
observed Cu in an octahedrally distorted geometry to be
present in a MgO crystal lattice to have an oxygen CN of less
than six.’" Given the strong indications for octahedral
coordination, the EXAFS spectra were again analyzed with
the assumption that two additional O atoms could be present.
The latter fit gave results with a similar goodness-of-fit as the
initial one, with two additional oxygen atoms now located at a
distance of ~2.40 A. This corresponds very well with the
average Cu—O,,, distances of 300 (well- deﬁned) CuOg
complexes (Cambridge Structural Database).’’ Specifically,
the structure search showed these CuOy coordination spheres
to have a distorted octahedral geometry with bond distances in
the ranges 1.88—2.00 and 2.30—2.50 A for equatorial and apical
oxygen atoms, respectively. The values obtained by EXAFS
analysis of 1.94 and 2.40 A for CuO/MgO (Table 4) can thus

Table 4. Parameters Obtained from Analysis of Cu K-Edge k*-Weighted EXAFS of the Different Samples

sample shell

Cu-0O
CuO/SiO, Cu—0 (2)
Cu—Cu

CuO/Si0,(IWI)+MgO“ Cu-0

Cu0/Si0,~MgO (III)” Cu-0
Cu-0 (2)

Cu—Mg

CuO/MgO(TWI)+Si0," Cu-0
Cu—0 (2)

Cu—Mg

CuO/MgO" Cu-0
Cu—0 (2)

Cu—Mg

CN* r (A) DW* Ef
4.0 1.94 0.006 -1.0
2.9 2.79 0.012 3.6
3.2 2.86 0.012 14.2
2.8 1.93 0.008 0.9
4.0 1.94 0.009 4.7
1.5 2.48 0.149 0.3
4.6 3.02 0.019 2.9
4.0 191 0.009 8.5
L1 2.39 0.013 12.5
3.7 3.00 0.016 —-0.9
4.1 1.94 0.009 7.7
LS 240 0.013 0.1
4.7 2.98 0.008 3.0

“The shells higher than the first one could not be fitted due to the presence of at least two contrlbutlons in antiphase. ®The values for the parameters
in the original fit of these samples are reported in the SI Table S2. “Coordination number. “Distance averaged over the shell. “Debye—Waller factor.

TFermi energy (edge position).
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be considered common for a Jahn—Teller distorted Cu?* ion in
a CuOy4 environment.

Differently from all other samples, EXAFS analysis did not
find one specific element in the second Cu shell for CuO/
$i0,(IWI)+MgO due to two or more contributions in
antiphase in the Fourier transform (FT). This is surprising
considering that the XANES data showed features quite similar
to the other samples containing both CuO and MgO. CuO/
SiO,(IWI)+MgO showed different UV—vis features and
catalytic performance, though, indeed suggesting differences
in Cu speciation. As EXAFS measures an average for the
contribution of the various Cu species present, those present in
small amounts can be difficult to discern with this technique.
The EXAFS results showing most of the Cu in a solid solution
with MgO thus do not exclude the presence of minor amounts
of other species ((CuO), clusters, Cu on SiO, or Cu present in
magnesium silicates), as suggested by other techniques.

Summarizing the ex situ characterization results, it can first
be noted that the TEM and XPS results indeed support the
formation of surface magnesium silicates during wet-kneading.
The XAS spectra show CuO/SiO,—MgO (III), CuO/MgO-
(IWI)+SiO,, and CuO/MgO to be similar and have copper
mainly present in the MgO crystal lattice sites. The solid
solution formation is reflected by the distorted octahedral
geometry seen for Cu’*. Although the XRD and XANES data
suggests that CuO/SiO,(TWI)+MgO also can be best described
as a solid solution, the UV—vis and the EXAFS data show that
this material is structurally somewhat different from a copper
perspective. Finally, all copper was observed to be present with
oxidation state +2 only.

The results thus show that the samples prepared supporting
Cu(NO;), on MgO or coprecipitating the nitrates of Cu and
Mg have remarkably similar features, implying a similar end-
state for both samples. In particular, the use of a CP method for
CuO/MgO(CP)+SiO, might allow for the direct formation of a
solid solution, which is also obtained eventually with the other
sample where Cu is supported on MgO by IWI, by
redistribution of Cu species either during wet-kneading or the
thermal treatment. Additionally, these samples possess similar
crystallinity and nature of copper species as compared with
Cu0/Si0,—MgO (III), the benchmark catalyst of this study.
Remarkably, the method chosen for copper addition, be it to
MgO or SiO,—MgO, then only affects the final structure to a
very limited extent. On the other hand, the sample prepared by
impregnating Cu(NO;), on SiO, prior to wet-kneading with
MgO, ie., CuO/SiO,(IWI)+MgO, does show a number of
structural differences such as a highly reduced crystallinity of
the periclase phase, the lack of CuO subnanometric clusters and
copper location and geometry.

Copper addition was furthermore shown to alter the acid—
base properties of the samples (shown here for (CuO/)SiO,—
MgO (III)). The reduction in amount of acidic and strong basic
sites explains the lower amounts of unwanted dehydration
products that are formed. At the same time, Cu-promotion
brings about a slight increase in the amount of weak basic sites,
thought to be beneficial for the aldol condensation step.

2.4. Operando XAS Measurements of the Evolution in
Copper Speciation. Changes in the nature of the Cu species
in CuO/Si0O,—MgO (III) were studied by XAS under
operando conditions following two different approaches
(Figure 7). First, the effect of the chemical potential of the
Lebedev process on the nature of copper was assessed under
standard reaction and pretreatment conditions (experiment 1).
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Figure 7. Graphical summary of the two experiments studying the
evolution of copper in CuO/SiO,—MgO (III) under operando
conditions, including the labels of the different steps.

The capillary reactor was heated to 698 K over 1 h in N, flow
before allowing ethanol onto the catalyst, after which XAS data
was collected for 4 h time on stream. In the second experiment,
the sample was prereduced by allowing pure H, over the
catalyst for 2 h at 698 K. After reduction, the system was
flushed with pure N, for 4 h to ensure all H, was removed
before switching to EtOH/N, and again monitoring the
reaction for 4 h.

To ensure operando conditions, EtOH consumption and
formation of the main products were monitored by online MS.
Butadiene is indeed formed, as shown by the product
composition of step 1b (Figure 8); in fact, after an initial
induction period ethanol conversion, as well as butadiene and
acetaldehyde yields, were all found to be stable for 4 h time on
stream. The product compositions observed during steps 1b
and 2d are in fact very similar. The slightly higher amounts seen
for all compounds during experiment 2 should be interpreted
with caution, as these can be due to small variations in the
amount of ethanol fed or to small changes in flow as a result of
packing of the catalyst bed. The time required to reach a steady
state in terms of butadiene production is different for the two
experiments, though, i.e,, 1 h for 1b and 3 h for 2d.

XANES analysis provided insight into changes in Cu
oxidation state during reaction. The X-ray absorption spectra,
recorded over an energy range of 8965—9055 eV, were fitted
with four reference samples: the spectrum of CuO/SiO,—MgO
(1) was used as reference to account for Cu species that
remained unchanged; Cu foil and Cu,O were used to assess any
changes in oxidation state of Cu occurring during reaction;
finally, CuO/SiO, was included to account for the possibility of
CuO NP formation.

The fitting of the XANES recorded during all experimental
steps (1,—1b, 2a—2d) resulted in satisfactory R-factors of
<0.002. Indeed, the good match between the experimental and
fitted data for experiments 1 and 2 (Figure S7) shows that the
deconvolution procedure captures the chemical evolution of
copper species well. The XANES obtained during step 1, (RT,
nitrogen flow) should be identical to the observed for CuO/
Si0,—MgO (III) XANES measured ex situ (see above). This
thus allowed us to estimate the experimental uncertainty of our
fitting calculations to be ~10% (see experimental section). As
compared with step 1, no changes are again observed in the
XANES upon heating the sample under nitrogen to 698 K
(step 1a, data not shown). Only upon introduction of ethanol,
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Figure 8. Online MS analysis of the product composition during
operando XAS analysis of steps 1b (top) and 2d (bottom) as
described in Figure 7.

the spectra show a remarkable change in copper speciation. In
particular, the XANES data at steady state of step 1b shows
severe reduction of copper to give a composition of ~60% Cu’,
20% Cu*, and 20% of the Cu®* species found in the initial state
of CuO/Si0,—MgO (III). It is difficult to say if the observed
reduction is due to ethanol or to the H, formed, both being
competent reductants under the applied conditions.”® The

features associated with reduced copper species appear almost
instantaneously upon introduction of ethanol and the final
copper composition is reached within 1 h. Importantly, no
further changes are detected for the remaining 3 h time on
stream.

The XAS data obtained for step 2a, again showed the nature
of Cu to be very similar to the ex situ XAS analysis and to the
sample measured at 298 K (i.e,, step 1,). Indeed, the inclusion
of CuO NP (1,) and reduced copper species (2a) in the fit
again reflects the experimental uncertainty (~10%, see
experimental section). In step 2b, pure H, is allowed in the
reactor and reduction of copper is observed within the first 0.5
h after which the XANES spectra do not change any more.
Quantification of copper species present after prereduction (i.e.,
during step 2c) again shows Cu’ to be predominant; in fact, the
fits obtained for step 2c and 1b are, given the experimental
uncertainty, very similar (Figure 9). Finally, switching to
Lebedev conditions in step 2d, only slightly changed the
composition to give ~65% Cu’, 16% Cu" and 18% Cu*". This
shows that the same ratio of copper oxidation states is obtained,
whether the sample was subjected to a prereduction step or not.

The incomplete reduction of Cu®* could be due to the
presence of unreducible copper species or to slow reduction
kinetics of some species with the 2 h reduction step being too
short. The former is more likely, given the lack of change in the
XANES spectra at the end of the reduction step 2b. Indeed,
given that the different steps taken to reach the operando
conditions of 1b and 2d essentially give the same outcome as
far as copper is concerned, it seems that a quasi-steady-state
situation is reached. It is difficult to establish which of the Cu*"
species do not undergo reduction, but for similar systems, it has
been suggested that some of the Cu®" in a solid solution can
retain its original oxidation state under reducing atmosphere.
Although no examples could be found for copper reducibility in
a Cu,Mg,_,O solid solution, Ni** species in Ni,Mg,_,O have
often been observed to undergo reduction at significantly
higher temperatures as compared with other Ni species.””®*
Similarly, Cu®* in a solid solution with CeO, was also shown to
be less reducible than bulk Cu0.®**

Fitted amount Cu species (%)

I CuO/SiO,-MgO (Ill) | ¢ 002
Cu foil
R Cu,0
E== Cu0/sio,
| |
S
o
©
L 0,001 u‘f—’
0’4
L 0,000

Experiment step

Figure 9. Amount of the different species estimated by fitting the different contributions in the XANES region and R-factor expressing the goodness-
of-fit for each experimental step. Note that as steps 1a and 2a are identical, only the latter is included here.
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Operando EXAFS data again provided further insight into
the nature of copper with regards to coordination number
(CN) and nearest-neighbor contributions (Table S and Figure

Table 5. Parameters Obtained from Analysis of Cu K-Edge
k*-Weighted Operando EXAFS Data“

experiment step shell CN”  r (A)* DW* E¢
1, Cu-0O 4.4 1.94 0.009 3.5
Cu-0 (2) 20 242 0020  —88

Cu—Mg 3.7 2.87 0.015 8.8

1b Cu-0O 2.2 191 0.020 15.0
Cu—Cu 3.6 2.54 0.008 =23

Cu—Mg 3.3 291 0.002 9.5

2a Cu-0O 33 1.94 0.011 8.4
Cu-0 (2) 18 242 0020 100

Cu—Mg 4.0 292 0.020 0.5

2c Cu-0O 14 1.93 0.134 13.8
Cu—Cu 3.6 2.54 0.008 -2.3

Cu—Mg 33 291 0.003 9.5

2d Cu-0O 1.1 1.93 0.011 13.8
Cu—Cu 3.6 2.54 0.008 -2.3

Cu—Mg 33 291 0.002 9.5

“The experiment steps are shown in Figure 7. 1, refers to the EXAFS
spectrum taken at RT prior to thermal treatment, ie. before la.
b o e d

Coordination number. “Distance averaged over the shell. “Debye—
Waller factor. “Fermi energy (edge position).

S8). For step 1, the Cu—O and Cu—Mg distances are, as
expected, very similar to those observed for the sample
analyzed ex situ, no Cu—Cu contributions are seen, and the
data fits to Cu found in a distorted octahedral geometry at
MgO crystal lattice sites. The EXAFS data for step 2a, ie., at
698 K, essentially shows the same situation, with bond
distances being quite similar to 1, whereas CN are slightly
different. For all steps, the EXAFS results are thus in good
agreement with the XANES data. Notably, EXAFS shows the
appearance of Cu—Cu contributions in step 1b, with distances
being similar to metallic Cu (ie., 2.55 A; see Table S2), thus
confirming that a large percentage is now completely reduced
and that Cu’ particles are formed. As a result of Cu’ and Cu*
formation, the number of O and Mg atoms coordinated by Cu
is lower. A similar trend is observed in 2c¢ and 2d, the main
difference with 1b being the slightly lower number of O atoms
coordinating to Cu.

The EXAFS data thus also shows that in all cases (i.e., 1b, 2c
and 2d) a quasi-steady-state is reached in terms of Cu
speciation, as indicated by same number of Cu and Mg
scatterers found in the first shell, for example. While the larger
amounts of Cu® fitted to the XANES of steps 2c and 2d are
within the experimental error, EXAFS analysis does show a
reduction in the average number of O atoms around Cu in 2¢
and 2d, thus suggesting that these might indeed be slightly
more reduced than 1b.

The time required for the measured butadiene yields to
stabilize under the operando XAS conditions seems to coincide
with the time required to reach a steady state in copper
oxidation state. It is likely that the Cu” species formed are
mainly responsible for the boost in butadiene yield seen upon
Cu-promotion. Indeed, Iwasa and Takezawa showed ethanol
dehydrogenation to occur rapidly on prereduced but not on
unreduced Cu-based catalysts.”® Similarly, Marchi et al.
attributed the initial increase in activity of a Cu/SiO, catalyst
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for 2-propanol dehydrogenation to reduction of CuO to
metallic Cu.®’ Finally, Carotenuto et al. used three commercial
Cu-based catalysts for ethanol dehydrogenation with operando
XANES,” proposing Cu’ species formed in situ to be
responsible for ethanol adsorption and dehydrogenation. That
Cu’® generated in situ is responsible for increased dehydrogen-
ation activity could then also explain the similar performance
reported for SiO,—MgO Lebedev catalyst promoted with
metallic Ag and Cu0Q.°

We previously proposed that acetaldehyde self-condensation
is rate-determining for the Cu-promoted materials,® whereas
acetaldehyde formation itself is thought to be rate-determining
for the unpromoted SiO,—MgO catalysts.é9 This is in
agreement with Makshina et al,’ who also observed
acetaldehyde accumulation for Ag-promoted SiO,—MgO
materials and concluded that more MgO was required to
perform the subsequent aldol condensation step. This shift in
rate-determining step then also explains why the amount of
dehydrogenation promoter introduced does not affect the
overall butadiene yield for our Cu-promoted materials (in the
range of 0.5—2 wt %, see ref 8), as also previously reported for
Ag- and Zn-promoted ones.” Apparently, a small amount of
promoter is already sufficient to produce more acetaldehyde
than can be converted by the sites responsible for aldol
condensation. While solid solution formation has been
previously suggested for CuO-, ZnO-promoted SiO,—MgO
Lebedev catalysts® and the formation of mixed Ni, Mg silicates
have been proposed, our operando results show for the first
time that the oxidation state and location of Cu changes during
reaction; such an in situ reduction might also occur for
promoters which are chemically similar to Cu (e.g., Ni). Finally,
it should be noted here that a considerable amount of copper
(ie., ~ 40%) is present with oxidation state +1/+2, Cu species
that are still expected to also contribute to the different steps of
the Lebedev process. These Cu,O species are for instance
believed to poison those sites responsible for ethanol
dehydration, given the significantly lower ethylene yield with
promoted SiO,—MgO materials.

Finally, the operando XAS studies shed light on the
deactivation shown by the Cu-promoted catalysts during 24 h
time on stream (Figure S9). UV—vis spectra of the spent CuO/
Si0,—MgO samples showed considerably more carbonaceous
materials to be present on these samples than on the
unpromoted catalysts (cf. Figures S10 and S11), suggesting
that deactivation should be attributed to blockage of the active
species. Alternatively, deactivation might be the result of
sintering of the Cu’ particles formed during reaction. Marchi et
al,, for instance, held sintering of metallic copper formed in situ
on Cu/SiO, catalysts responsible for the drop seen in 2-
propanol dehydrogenation activity.”” The fact that Cu—Cu CN
is the same in 1b, 2¢, and 2d, together with the observation that
the Cu—Cu CN calculated at different times of step 2d (not
shown) does not vary during reaction, seems to exclude any
sintering of Cu’. Also taking into account that only a small
amount of Cu’ is needed to shift the rate-determining step, loss
of active Cu’ dehydrogenation sites by blockage rather than
sintering is thought to be the main reason for the slight, yet
gradual deactivation that is observed.

3. CONCLUSION

The higher butadiene yields obtained with Cu-promoted SiO,—
MgO catalysts are attributed to improved dehydrogenation
activity and modified acid—base properties as compared with
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unpromoted SiO,—MgO catalysts. Here, we show how
different preparation methods and addition orders of Cu affect
both the structure and performance of Cu-promoted SiO,—
MgO catalysts. In particular, the two materials where Cu was
supported on MgO prior to wet-kneading with SiO, showed
overall performances very similar to the benchmark catalyst
(prepared by impregnation of copper on SiO,—MgO). On the
other hand, the catalyst material prepared by adding copper to
SiO, prior to wet-kneading with MgO results in significantly
worse performance. The reduced performance of the latter
sample coincides with the absence of CuO subnanometric
clusters, proposed to favor the aldol condensation of
acetaldehyde. Extensive characterization shows all copper to
be Cu®" and in the MgO-containing samples, to be present in
an octahedrally distorted geometry in a CuMg; O solid
solution. The presence of Cu®** in the crystal lattice of MgO
also contributes to the modification of the acid—base properties
of Cu-containing SiO,—MgO materials as compared with
unpromoted ones.

Operando XAS measurements provided valuable insights
into the dynamics of the copper species and on their catalytic
role. In fact, the majority of Cu®" is rapidly reduced to Cu’
under reaction conditions. Furthermore, a quasi-steady-state
situation in terms of ratio of Cu’, Cu*, and Cu®* species is
obtained regardless of the pretreatment history. With Cu® being
the dominant species under reaction conditions and given the
similar performance reported for Cu- and Ag-promoted SiO,—
MgO catalyst materials, it is proposed that metallic copper is in
fact mainly responsible for the increased dehydrogenation
activity and, as a result, the observed butadiene yields. Finally,
deactivation of the copper-containing catalysts was ascribed to
carbonaceous deposits on the active sites rather than to
sintering of the promoter.
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