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Impact of the Local Environment of Amines on the Activity

for CO, Hydrogenation over Bifunctional Basic — Metallic

Catalysts

Jakub Pazdera,” Dilara Issayeva,” Juliane Titus,” Roger Glaser.,” Olaf Deutschmann, and

Andreas Jentys*®

Bifunctional basic-metallic catalysts proved to be efficient for
the selective hydrogenation of CO, to methanol. The activity of
these catalysts depends on the cooperative interaction between
the amine groups and metallic sites, which is a function of
amine group density, Pd particle perimeter length and the
geometric properties of support pores. The pore width has the

Introduction

Carbon capture processes are considered to be essential in
order to establish a sustainable carbon neutral society." The
majority of climate change predictions reach the conclusion
that it will be impossible to restrict global warming without a
large scale deployment of negative emission technologies.”
Reaction routes allowing to convert CO,, removed by capture
processes, to fuel components or base chemicals would
increase the economic efficiency compared to CO, sequestra-
tion. One option is to use CO, from adsorptive capture as feed
in conventional methanol synthesis. However, a more efficient
approach is to combine CO, capture and conversion into a
single, integrated process connecting adsorption and subse-
guent reactive regeneration. Several concepts were demon-
strated over the last decade.” One developed by Klankermayer
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highest effect on the activity, increasing the methanol yield by
about half an order of magnitude. Confining the space leads to
a three-dimensional utilization of the available metal surface
sites compared to a two-dimensional distribution of the bifunc-
tional sites in larger pores, where the metal particle diameter is
the decisive factor for the catalytic properties.

and Leitner et al™ uses an alcohol as additive to form ester

intermediates while the other, developed by Sanford,***! Olah
and Prakash®® employs amines to form carbamates (R-NCOO")
and subsequently amides (R-NCHO). These additives provide a
thermodynamic driving force to hydrogenate CO, and to
overcome the primary barrier of the endergonic step of
hydrogenating CO, to the formic acid level (i.e., carbamate).”

Solid Pd-functionalized materials proved to be efficient
catalysts for amine formylation to amides, i.e., hydrogenation of
CO, to the aldehyde level.” Kothandaram et al. used supported
Pd-catalysts for amine assisted hydrogenation of CO, in
condensed phases. Although achieving reasonable yields for
amides, the Pd catalysts were unable to reduce the amides to
methanol, but rather yielded methylated amines caused by a
selective C—O bond cleavage.”! Studies on molecular hydro-
genation catalysts revealed that a basic moiety close to the
metal center is crucial for the selective C—N bond cleavage.”’
This metal ligand cooperation facilitates heterolytic H, cleavage,
which is highly beneficial for H, addition to carbonyl species.
Additionally, the base acts as proton shuttle, transferring H
from the O to the N atom of the hemiaminal intermediate,
thereby retarding the C—O bond cleavage.”'” Several studies
on metal nanoparticles on basic supports showed that the
interaction between the base and the metal particle results in
heterolytic H, cleavage, accelerating carbonyl group hydro-
genation and in changing the selectivity towards unsaturated
bonds.™"

Only three heterogeneous systems for selective C—N bond
cleavage were published."®'? The group of Milstein developed
a system comprised of Ag particles on basic y-AlLO, that
hydrogenates amides selectively via C—N bond cleavage. The
interaction of the basic support and the metal particles proved
to be crucial for the reaction facilitating heterolytic H,
cleavage."'3 Kar et al. explored the use of solid supported
sorbents, which can be easily separated and reused, but to this
date solid catalyst systems that combine basic CO, capture sites

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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with metal-based hydrogenation sites in a single material were
not published.?®

In our previous work, we showed that Pd - amine
functionalized silica can bind and selectively convert CO, to
methanol. The reaction proceeds via a carbamate formed upon
reaction of two amines with one CO, molecule and the
corresponding formamide, formed by the reaction of the
carbamate with H,. In the last step the formamide undergoes
selective hydrogenolysis yielding methanol, while recovering
the primary amine."”

In this work we present an integrated solid sorbent and
catalyst, which adsorbs and selectively converts CO, to meth-
anol and focus on the effect of structural and electronic
properties on the activity of this material.

Results and Discussion
Characterization

The synthesis method applied allows to adjust the Pd content
of the catalyst over a wide range by controlling the Pd
concentration in the precursor solution (Figure 1a). Higher Pd
loadings lead to consistently higher amine loadings (Figure 1b),
indicating the preferential anchoring of the amines at the
circumference of the metal particles (which is confirmed by XPS
measurements (Figure10d) and discussed later). The BET surface
area (Figure 1c) of the catalyst decreased significantly after
grafting amines onto the surface, which resulted from pore
blockage of smaller pores (micropore volume of the calcined
material is lost entirely) as well as from the occupation of space
on the surface support."
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Figure 1. (@) Metal loading in the final catalyst scales linearly with the metal
content in the precursor solution used for the sol-gel synthesis. (b) Amine
content increases with the Pd loading of the catalyst precursor. (c) BET
surface area (1 wt.—% Pd) decreases with increasing amine loading due to
pore blockage and occupation of the surface. (d) *Si MAS NMR confirms the
covalent bond of the propylamine to Si-OH groups.
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The formation of covalent bonds between the aminosilane
and the silica surface is confirmed by *Si (MAS) NMR (Fig-
ure 1d).

TEM micrographs show that the direct incorporation during
the sol-gel process yields relatively large Pd particles with a
broad size distribution that are evenly distributed on the
support (Figure 2).

Catalytic activity

The typical course of the most significant masses recorded
during the reaction with an on - line mass spectrometer is
shown in Figure 3. During the last step of the cycle, the
temperature was increased from 343 K to 413 K, which led to
the desorption of strongly bound CO, followed by methanol
and water as products. Other products such as CO or CH, were
not observed within the detection limits.'"¥ The reaction

showed a stable activity of the catalyst for 9 consecutive cycles
Additionally,

(SI Figure 7). X-ray absorption spectroscopy
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Figure 2. (a) TEM image of a bifunctional catalyst. (b) Pd particle size
distribution of Si/Pd(6.0)-NH..
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Figure 3. Reaction sequence used to study the catalytic activity of the
materials. Measured ion currents are converted to partial pressures using
prior determined response factors.
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Table 1. Bifunctional amine-metal-catalysts investigated for their CO, hydrogenation activity. For each group I-Ill one parameter (dark grey) was varied, and
the influence on the activity was studied.
No. Sample N BET Amine density Pd Median pore diameter
[mmolg™"] [m?] [NH, nm™2] [wt.-%)] [nm]
I 1 Si/Pd-NH,(1.1) 1.1 226 29 6.0 17.3
2 Si/Pd-NH,(1.4) 14 137 6.1 6.0 19.8
3 Si/Pd-NH,(1.7) 1.7 85 12.0 6.0 204
I 4 Si/Pd(1.5)-NH, 17 89 11.5 1.5 19.8
5 Si/Pd(3.0)-NH, 16 83 11.6 3.0 19.6
6 Si/Pd(6.0)-NH, 17 85 12.0 6.0 204
n 7 Si(5.7)/Pd-NH, 1.0 341 1.8 3.1 5.7
8 Si(8.0)/Pd-NH, 1.1 281 2.3 3.0 8.0
9 Si(9.5)/Pd-NH, 1.1 302 2.1 3.0 9.5
10 Si(12)/Pd-NH, 1.1 221 2.7 32 12.0
11
, . . (a) =
showed that the catalyst is stable under the reaction conditions 10+ N
(see S4 & S5). 2 o N
A series of bifunctional basic-metallic catalysts with varying § al Mo
amine and metal loadings as well as pore diameters were g . w
synthesized to study the influence of the metal-amine-interface SN AN .
on the activity (Table 1). g = M
In every group of materials (I-1ll) one parameter was varied 5 S
(highlighted in dark grey), while the others were kept constant. 4

. o 09 1 111213 14 15 16 17 18
Please note that the materials of group | and Il exhibit a

hierarchical pore structure with a broad distribution of pore _ : .NHzmwlmo‘ gvi .
widths, hence, the influence of the pore structure cannot be —3’ 4004 (b) "-
assessed from these samples. Therefore, SBA-15 with defined % /
pore width was used as a support for group Il of materials. = s of
Details of the synthesis procedures can be found in the §2007 ’
experimental section. £ = 3
For materials of group | we used the same Pd loaded silica % 1004 ol
catalyst and varied the amine density. The CO, sorption capacity o}
and the total methanol yield per cycle increased significantly = m ‘ ‘ - ‘

08 1 12 14 16 18 2

with increasing amine loading (Figure 4b). By increasing the INP—

amine loading from 1.1 to 1.7 mmolg™, a fourfold increase in
the CO, capacity was observed. This resulted in a twofold rise of Figure 4. (a) CO, conversion, based on the total CO, adsorption capacity
the methanol yield, while the conversion based on the overall  (determined by TGA) at 343 K as a function of amine loading (1 wt.~% Pd).
CO, adsorption capacity decreased with increasing amine (b) CO, adsorption capacity and methanol yield as a function of amine
loading (Figure 4a). This indicates that the majority of the sites 0249
available for grafting of the amines at the metal circumference
were already occupied at lower amine loadings, while the ‘ . ‘ ‘ .
additional amines were grafted at positions on the support ]
without direct contact to the metal. Hence, the CO, adsorption 45
capacity was enhanced due to the presence of additional amine /
groups on the surface, but the CO, molecules were not /
hydrogenated due to the absence of H formed on the metallic L35
sites by dissociative adsorption of H,. This trend confirms the
hypothesis that sites at the metal circumference are preferred s 3
during the amine grafting and are occupied first (see Figure 1a). -
Therefore, an increased amine loading can only increase the & s
activity if the number of available sites at the Pd particle 1 2 3 4 5 6
perimeter is also increased during the synthesis. metal loading Awth

For group Il of materials the amine content was kept
constant and the metal Ioading was varied (Table 1). The Co, Figure 5. CO, conversion (based on total CO, adsorption capacity at p(CO,)-

. . . . =100 mbar and T=343 K determined with TGA).

conversion increased with the metal loading, however, the
effect was rather small (Figure 5) as the particle size of the
metal clusters increased simultaneously (SI Figure 1). As we

~N
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assume that the reaction occurs only at the interface between
the Pd particles and the amines grafted to the silica support,
the total perimeter of all particles should be the crucial factor
determining the activity. Calculations show that decreasing the
particle size is a more efficient way to increase the perimeter
than increasing the Pd loading (SI Figure 3).

The selectivity to methanol was, as expected, not affected
by the particle size, as we assume that the reaction takes place
at the interface between Pd and amine. Therefore, the pathway
of the reaction is only controlled by the formation of the
reaction intermediates on amine (as discussed below).

Group Il of the materials was prepared to examine the
influence of the pore width on the activity. For a precise control
over the pore width we first synthesized a series of SBA-15
supports using hydrothermal synthesis!" and varied the pore
width by adjusting the duration of the hydrothermal
treatment."” All materials in this group showed an almost
complete conversion of irreversibly bound CO, (95-98%),
indicating that on these materials all amine sites were in direct
contact with a metal particles. The CO, adsorption capacity and
amine efficiency (adsorbed CO,/NH,, maximum=0.5, since two
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Figure 6. Methanol yield (blue) and methanol yield per amine group (green)
as a function of pore width.

Scheme 1. Decreasing the pore diameter (at constant amine loading and
density) brings amine groups and metal particles closer together, thereby
increasing the available interface for the reaction.
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amine groups are necessary to bind one CO, molecule!**'®)
were very low on these materials due to the low amine loading.
At 343K only 70 umol/g CO, were adsorbed, however, the
material (Si(5.7)/Pd-NH,) yields 22 umol/g methanol per cycle
by converting 31% of the adsorbed CO..

The methanol yield as a function of the pore width is shown
in Figure 6. A smaller pore width resulted in a higher methanol
yield, which indicates that in materials with small pores CO,
adsorbed on amine groups present around the metal particles
can be converted. In contrast, for materials with larger pores
CO, can only be converted if adsorbed on amine groups at the
perimeter (see Scheme 1).

These results reveal that the activity is not determined by
the absolute number of amine and/or metal sites, but only by
the fraction of sites present at the metal-amine interface. When
the pore width is significantly larger than the length of the
propylamine chain, the perimeter of the metal and the amine
density appear to be significant as only the two-dimensional
perimeter can be utilized. With decreasing pore width, the
surface amine density becomes less important and, due to the
curvature of the pore, amine groups from the adjacent side of
the pore are in contact with the metal surface and thus can act
as additional active sites for binding and converting CO, to
methanol. Therefore, the entire surface of the metal particle can
be utilized resulting in an enhanced methanol yield (Figure 6).

CO, adsorption properties

Surface species present under reaction conditions were inves-
tigated by IR spectroscopy to distinguish reactive and unreac-
tive CO, adsorption sites. Experimental and theoretical publica-
tions have shown that CO, adsorption (i.e., physisorbed CO,
and various types of chemisorbed CO,) depends on the amine
density, the partial pressure of CO, and the sorption
temperature.'™'® The properties of the materials selected to
study the influence of the amine group density and the
functionalization with Pd on the CO, adsorption are summar-
ized in Table 2. CO, chemisorption on primary amines proceeds
via the formation of carbamates and/or carbamic acid.!'*>'8-'%%"
IR-spectra during the adsorption of CO, (Figure 9) show that
carbamate formation is favored under conditions typical for
post combustion capture (p(CO,)=100 mbar, 343 K). The for-
mation of carbamates requires two amines in proximity and
results in a maximum amine-efficiency of 0.5, i.e., one molecule
of CO, is bound to two —NH, groups.

Table 2. Materials used to study the effect of different amine densities on
the CO, adsorption behavior. Numbers in parenthesis denote the amine
density of the sample.

Sample NH, BET Amine density
[mmolg'] [m?] [NH, nm™3]

Si-NH,(3.3) 25 421 33

Si-NH,(7.2) 35 290 7.2

Si-NH,(15.7) 4.7 182 15.7

Si/Pd-NH,(12.0) 1.7 85 12.0

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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The amine efficiency as function of amine density and
temperature is shown in Figure 7. The amine efficiency strongly
depends on the amine density and, therefore, it is expected to
determine the activity of the catalyst.

The adsorption isotherms of CO, recorded at 343 K and
363 K are shown in Figure 8a. The uptake at 343 K can be
described with a dual-Langmuir isotherm, revealing the addi-
tional contribution of physisorption. At higher temperatures the
experimental data can be fitted with a single Langmuir
isotherm, indicating that chemisorption dominates with increas-
ing temperature. With increasing local amine density an addi-
tional stabilization of chemisorbed CO, may occur via hydrogen
bonding to neighboring amines.""®"’

The heterogeneity of the adsorption sites is reflected by the
decrease in the differential adsorption enthalpies from an initial

o
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Figure 7. Amine efficiency for materials with different amine densities as a
function of temperature.
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Figure 8. (a) CO, adsorption isotherm of Si - NH,(15.7). Experimental data
were fitted with a Langmuir and Dual-Langmuir (dotted line) (343 and 363 K)
model. (b) Differential heat of adsorption obtained during measurement of
the isotherms.
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value of 140 kJmol™ to around 60 kJmol™" with increasing CO,
coverage (Figure 8b).2"

IR spectroscopy revealed that the ratio between carbamates
and carbamic acid formed depends on the partial pressure of
CO,, as higher pressure favors carbamic acid formation and on
the amine density (see Figure 9, detailed band assignments can
be found in the S| table S1 & table S2). High amine density
(Figure 9a) resulted in a lower formation of carbamic acid
(1697 cm™"). This shows that CO, adsorbs in various config-
urations on the surface and different degrees of stabilization,
which will influence the reactivity of the adsorbed species.
While detailed correlations remain to be investigated, these
results indicate that the density of sites and their interaction as
well as the external conditions affect the nature of adsorbed
species and thus the reactivity of the catalyst.

Electronic properties of Pd

The electronic interaction between the Pd particles and amines
on the surface was studied by XPS. The Pd 3ds, and 3d;,
spectra of PdO, Pd® and Pd’NH, are compared in Figure 10a.
The binding energies (BE) of the 3d;, and 3d,,, levels of PdO
and Pd® match the values reported in literature,”” generally
shifting to lower BE with lower oxidation state. The BE of the
amine functionalized catalyst Pd’-NH, decreased by 0.9 eV
relative to Pd°, indicating a charge transfer from the amine to
the Pd-particles.” The charge transfer was additionally con-
firmed by IR-spectra of adsorbed CO on Pd, showing a shift to
lower wavenumbers on amine functionalized Pd (S| Fig-
ure 6).Electron density donation to the Pd from a neighboring
species was demonstrated to enhance the N-formylation
activity of Pd.” The N 1s XPS of Pd and amine functionalized
materials (Figure 10b) showed a broadening of the peak relative
to the Si-NH, sample. Deconvolution of the N 1s peak reveals
that the peak is comprised of two contributions at 399.1 eV and
400.6 eV (S| Figure 2). The first one is attributed to NH, and the
latter to electron deficient NH,, i.e, hydrogen bonded NH,,
NH;" or NH, interacting with Pd.*¥ Peak fitting indicated that
the peak broadening is caused by a change of the relative

@ 1550 1495 ®)
b —— 004 mba 1546 1495
© ——0.5 mbar |
5} —— 1 mbar
% ——3 mbar L2 1435
2 ——35 mbar /| 1383
2 —— 10 mbar A 1
= 30 mbar 1697 1622, A !
= 50 mbar .a
75 mbar b
100 mbar| W)
t J = T T 1 ¥
1800 1650 1500 1350 1700 1530 1360

wavenumber / cm™ wavenumber / cm™

Figure 9. IR - spectra of CO, adsorption isotherm on amine functionalized
silica. At low pressures carbamates (1626, 1550,1495, 1435 cm™') are the
dominating species, whereas at higher pressures carbamic acid is increas-
ingly formed (1693 cm™). (a) Difference spectra of CO, adsorption on Si-
NH,(15.7). (b) Difference spectra of CO, adsorption on Si-NH,(3.3).
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Figure 10. XPS of Pd and Pd-NH, materials. (a) Pd 3d spectra show a shift to
lower binding energies with increasing electron density at the metal. (b) N
1s region spectra. Pd loading (sample Si/Pd-NH,(1.4)) results in a broadening
of the peak, caused by a changing ratio of the underlying peaks. (c) The
peak broadening increases with increasing metal loading. (d) Lowering the
amine loading at constant metal loading results in significant broadening of
the peaks, which means that at lower amine loading, a higher fraction of the
amines are interacting with the metal.

intensity of the peak at higher BE (400.6 eV), confirming that
the amines interact with Pd and donate electron density to the
metal (S| Figure 2).

The ratio between the peaks at 399.1 eV and 400.6 eV was
used for a quantitative determination of the fraction of amine
groups in direct contact to Pd. Peak deconvolution of the XPS
of Si-NH, and Si/Pd(6.0)-NH, shows a relative contribution for
the peak at 400.6 eV of 23.6% and 47.5%, respectively, which
indicates that 23.9% of amines are located at the perimeter of
the Pd particles. Since the amine efficiency for the CO, sorption
on this sample was 0.25, around 6% of the adsorbed CO, was
bound to basic sites in close proximity to Pd and thus can be
converted to methanol. It should be noted that this value is in
agreement with the conversion observed on this material,
which was ~5% (Figure 4). Increasing the metal loading at
constant amine loading resulted in an increase in the contribu-
tion of the peak at higher BE (Figure 10c), indicating a higher
fraction of amines present at the NH,-Pd interface. Deconvolu-
tion of the peaks (SI Figure 2) revealed an increase of the NH,-
Pd interface of 23% from Si/Pd(3.0)-NH, to Si/Pd(6.0)-NH,,
which is in agreement with the relative increase in activity
observed for these samples (Figure 3). Figure 11 shows the CO,
conversion as function of the area of the XPS peak at 400.6 eV,
which is attributed to amines in direct contact with Pd particles

ChemCatChem 2022, 14, €202200620 (6 of 10)
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beeing active for the cooperative CO, conversion (Deconvolu-
tion of XPS can be found in the SI Figure 2).

Decreasing the amine loading resulted in a significant
broadening of the peak, indicating that a larger fraction of
amines is located at the Pd perimeter at lower loadings. This is
in accordance with the reactivity observed (Figure 4a) and
additionally supports the hypothesis that sites at the Pd
perimeter are preferential grafting sites (Figure 1b).

Spectroscopic investigation of surface species (Amide
hydrogenolysis)

It is commonly accepted that amine-assisted CO, conversion to
methanol proceeds via an amide intermediate.*“%** which was
demonstrated previously by insitu IR spectroscopy on this
catalyst system.™ CO, was adsorbed as carbamate and
carbamic acid was hydrogenated to the corresponding amide
in the first step and followed by the selective hydrogenolysis to
methanol and the primary amine in the second step. As amides
exhibit a high stability on the surface, amide functionalized
catalysts were used to investigate the selectivity of the hydro-
genolysis step (being the r.d.s.) in detail.

We hypothesize that only amide species interacting with a
metal particle can be reduced, thus, in presence of H, there
should be a limited number of amide species being converted
to methanol. The time resolved IR spectra obtained during
hydrogenolysis of amide functionalized Pd/Si are shown in
Figure 12. The decrease of the amide | and Il bands at
1683 cm™' and 1512 cm™' was accompanied by an increase of a
band at 1594 cm™', attributed to the deformation vibration of
primary amine NH, groups. The C—H stretching region was
unaffected, indicating that the cleavage of the propyl group or
the formation of methylated amine did not occur. Therefore, we
can assume that the decrease of the amide bands resulted
exclusively from the C—N bond cleavage leading to the
formation of methanol. Comparing the areas of the amide |
band before and after the reaction reveals that around 18% of
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Figure 12. Time resolved IR- spectra of the hydrogenolysis of N-propylforma-
mide grafted onto a Pd loaded silica at 413 K. (a) Absorbance spectra. (b)
Difference spectra relative to the first spectrum of the reduction. The inserts
show the increase of the NH,-deformation band of the primary amine at
1594 cm™.

the amide present on the surface was reduced, which is
consistent with the estimation from the XPS that around 25%
of the amines are close enough to a Pd particle in order to
exhibit electronic interactions. These results additionally sup-
port our hypothesis, that the reaction takes places exclusively
on the Pd-amine interface. The detailed mechanism resulting in
the selective C—N bond cleavage is still under investigation.
Suarez et al. demonstrated that selective C—N bond cleavage in
amides by Noyori-type catalysts results from a transition state
stabilization (i.e. stabilization of the hemiaminal) by either the
amine ligand of the catalyst or by another amide molecule from
the substrate™ Note that heterolytic H, cleavage favors the
selective hydrogenolysis.**) Recent work by Martinez-Prieto
et al. demonstrated the heterolytic H, cleavage at the Ru-NH,
interface of Ru nanoparticles supported on N doped graphene
oxide""™ yielded a H™ on the metal and H* at the base. Wang
et al. showed heterolytic cleavage between unsupported Pd
and various nitrogen containing bases.”® Detailed mechanistic
investigations on the Pd-NH, system used in this work are
currently ongoing.
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tively acting sites (amine and metal) on the surface is not
sufficient to achieve a high activity. Instead, the local arrange-
ment of the sites is essential for CO, adsorption, where amine
density determines the amine efficiency i.e., the maximum of
potentially convertible CO, and the chemical nature of
adsorbed CO,. Providing a more confined space leads to an
almost four times higher methanol yield in the subsequent CO,
hydrogenation. With large pores, the amine-Pd interface is
limited to the two-dimensional space at the particle perimeter.
Decreasing the pore width enables the three-dimensional usage
of the pore volume resulting in a high amine utilization despite
low amine surface densities.

Experimental Section

Chemicals

(3-aminopropyl)trimethoxysilane (APTMS, Sigma-Aldrich, 97% pu-
rity), phenyltrimethoxysilane (PTMS, Sigma-Aldrich, 95% purity) and
tetraethylorthosilicate (TES40, Wacker, 40% SiO,) were used as sol-
gel precursors,. A propylene oxide/ethylene oxide block copolymer
((PO)11(EO)27(PO)11, Pluronic RPE1740, BASF), benzyl alcohol
(Merck, 99% purity) and palladium acetylacetonate (Sigma-Aldrich,
99%  purity) were used for catalyst synthesis. (3-
aminopropyl)trimethoxysilane (APTMS, Sigma-Aldrich, 97% purity)
was used for grafting in anhydrous toluene (Sigma-Aldrich, 99.8 %)
as solvent. De-ionized water, ethanol (technical grade), isopropanol
(technical grade) and toluene (technical grade) were used for
washing of the final materials. (3-aminopropyl)trimethoxysilane
(APTMS, Sigma-Aldrich, 97% purity) and methyl formate (Merck,
97% purity) were used for the synthesis of N-(3-trimeth-
oxysilylpropyl) formamide. All chemicals were used ab obtained
without further purification.

Catalyst preparation

Materials of Group | & Il

A mixture of 4.1 g RPE1740, 2.7 g Benzyl alcohol (24.97 mmol) and
a variable amount of Pd(acac), was prepared and vigorously stirred
for at least 40 min. In parallel, a mixture of 4.1g APTMS
(22.87 mmol), 1.5g PTMS (7.56 mmol) and 2.1g TES40 was
prepared and stirred for 10 min. After stirring for the appropriate
1h both components were mixed and blended together for
another 10 min. The resulting mixture was injected into a water
filled reactor column, where solid spheres were formed. The
particles were washed with water immediately afterwards to
remove any precursor left. The spheres produced in this process
were kept in water for at least two days to ensure that the siloxane
precursors remaining inside the particle were completely hydro-
lyzed. Afterwards, the materials were washed with water (3x
100 mL) and ethanol (3x100 mL). The particles were pre-dried at
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100°C for at least 3 h and calcined at 550°C for 4 h using a stream
of 100 mLmin™' of synthetic air.

Amine functionalization was done by grafting with a 1:1 vol.-%
mixture of a trimethyoxysilane modified amine and anhydrous
toluene. The amine content was controlled by the grafting
procedure. After grafting, the particles are washed with ethanol (1 x
100 mL-150 mL), iso-propanol (1x100 mL-150 mL) and toluene
(1x50 mL-100 mL) are subsequently dried in vacuum at room
temperature for 30 min and at 393 K for 3 h.

Catalysts with controlled pore size (Group Ill)

SBA-15, was synthesized in a cooperative self-assembly process.
The template (surfactant), a non-ionic triblock copolymer (Pluronic
P-123 obtained from BASF), was dissolved in 1 M HCI for four hours
at 40°C. Next, TEOS (obtained from Wacker) was added slowly to
the mixture (mass ratio of TEOS/P123=2) and the stirring was
continued for another two hours. The mixture was subsequently
transferred to an autoclave, where a hydrothermal synthesis was
carried out at 120°C for reaction times between 16 and 66 hours.

The mixture was filtered, washed with deionised water and dried
for 20 to 68 hours at a temperature 120°C. The obtained powder
was calcined at 450°C for 4 h in 100 mLmin™"' synthetic air.

For the Pd impregnation the silica was stirred in deionised water.
The pH was increased to 8 by addition of concentrated NH,OH. The
desired amount of palladium salt (PdAcAc) was dissolved in 5 mL of
deionised water and then added to the silica slurry. The mixture
kept stirring for one hour at room temperature. Next, the mixture
was filtered and washed with water. The residue was then collected
and dried for 20 hours at 120°C The samples were subsequently
calcined at 450°C for 4 h in 100 mL synthetic air.

Elemental composition

The carbon, hydrogen and nitrogen content of samples was
determined using a HEKAtech Euro EA Elemental Analyzer. Samples
were oxidized at 2073 K, the combustion gasses were chromato-
graphically separated and detected using a TCD detector. Atomic
absorption spectroscopy (AAS) was used to determine the Pd-
content in the samples using a Solaar M5 Dual Flame graphite
furnace AAS spectrometer from ThermoFisher. For analysis, 50—
80 mg of the sample was dissolved in hydrofluoric acid, which was
subsequently evaporated and the solid residue was dissolved in
sulfuric acid and analyzed.

BET Analysis

The sample was activated in vacuum at 433 K for 4 h and then
cooled to 77K where N, adsorption was carried out with a
Sorptomatic instrument. Mesopore volume and area were deter-
mined with the BJH-method on the desorption branch in a range of
p/py=0.25 to 0.95 using the universal Harkins-Jura-isotherm
defined in the ASTM D4641-87 standard. A t-plot was obtained by
converting the data using the de Boer isotherm and the micropore
volume was determined through a linear regression in the range of
t=0.6 nm to 0.8 nm

Si MAS NMR

#Si MAS NMR spectrum of the catalyst was acquired at a Bruker
DRX-400 WB spectrometer (Bruker Biospin, Karlsruhe, Germany)
equipped with a 4 mm MAS BB/1H probe operating at Larmor
frequencies of 79.49 MHz and 400.15MHz for *Si and 'H,
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respectively. Tetramethylsilane was used as an external reference.
The speed of spinning was set to 12 kHz and a recycle delay time of
60 s was applied. A single-pulse direct excitation on *Si was used,
1024 scans were accumulated at a radio frequency of 42 kHz as a
7t/2 pulse. During the acquisition, proton decoupling was applied
using SWTPPM scheme at the radio frequency of 100 kHz.

XPS

X-ray photoelectron spectra (XPS) data were collected with a Kratos
Axis Supra spectrometer at a base pressure <10 ®torr using
monochromatic Al K, radiation (E=1486.6 eV), a charge neutralizer,
and pass energies of 160 eV (survey spectra) and 80 eV (region
spectra). The binding energy was calibrated using the 1s photo-
emission peak for adventitious carbon at 284.8 eV. Data analysis
and modelling were performed with Origin using a Shirley back-
ground and Voigt line shapes.

CO, Adsorption

CO, adsorption measurements were carried out at ambient
pressure and under flow conditions in a Setaram SENSYS Evo TG-
DSC. The samples were activated in N, for 4 h at 433 K with a flow
of 175mLmin~". CO,-adsorption isobars were measured after
saturating the samples in a stream of diluted CO, (10% CO, in N,,
188 mLmin™") and purging with 175 mLmin™" N, for 5h. At the
desired temperature the gas flow was switched between CO, and
N, during the cycle experiments. The sorption kinetics was followed
by isothermal CO, adsorption at 303, 323 and 343K and a CO,
partial pressure of 100 mbar.

Adsorption isotherms were measured in a modified Setaram TG-
DSC 111 balance attached to a vacuum system. The samples were
activated for 4 h at 433K in vacuum (10°° mbar) and cooled to
343 K. The CO, was dosed into the system until a predefined
pressure was reached and equilibration of the sorption process was
established (after approx. 30 min for each pressure step). During
this process, the mass of the sample and the heat flow were
recorded every 2 s.

Catalytic activity

The catalytic activity was measured using a fixed-bed tubular
reactor at 1bar and temperatures between 343K and 413K,
applying dynamic changes in the reactant feed in order simulate
the periodic operation of a CO, (pressure-swing) absorber. CO,
adsorption was carried out with 10% CO, in He at 343 K, followed
(after purging with He) by hydrogenation using 78% H, in He at
the sorption temperature for 120-210 min and by a linear temper-
ature increase (5 Kmin™') to 413 K.

The cycle for the catalytic experiments is shown in Scheme 2. The
species desorbing from the catalyst were detected with an
OmniStar mass spectrometer from Pfeiffer Vacuum. For the
quantitative evaluation of the mass spectra a calibration was
performed for H,, CO, CH;OH and H,O relative to He (internal
reference) by feeding the gasses with 4-5 different partial pressures
for each compound

The temperature for the CO, loading step was selected to be typical
for the temperature of the flue gas after the desulphurization unit
in a commercial coal fired power plant.””? Although methanol
formation was already observed at temperatures as low as 363 K, it
was necessary to increase the temperature to completely remove
methanol from the catalyst.
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’ In situ measurements were performed using a quartz capillary
He micro-reactor setup. (1 mm o.d., 20 um thickness). The capillary was
He heated from below with a hot-air gas-blower (Oxford FMB). Gas
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Scheme 2. Experimental conditions used for activation and catalytic cycles.
Typically, 10 sorption/reaction cycles were carried out in each experiment

IR - spectroscopy

In situ infrared spectroscopy was carried out in a Thermo Fisher
Nicolet iS50 FT-IT spectrometer equipped with a vacuum cell. This
cell is designed for transmission measurements and has CaF,
windows. It is equipped with a heated sample holder in which a
self-supporting wafer pressed from pulverized material can be
placed. Prior to experiments, samples were activated for 4 h at
433K in vacuum (10 °mbar) and cooled to the temperature for
adsorption while still in high vacuum. In the next step, the
adsorbate was dosed into the system and IR spectra were collected
until the sorption equilibrium was reached at the predefined
pressure.

TEM

Transmission electron microscopy (TEM) analysis was performed at
a JEM-2100Plus instrument (Jeol) operated at an accelerating
voltage of 200 kV. The TEM is equipped with a LaB, cathode and
high-resolution pole piece. The images were recorded with a 4 K
CMOS camera (TVIPS) and EDX analysis was done by Octane T
Optima (EDAX) windowless silicon drift detector. Sample prepara-
tion for TEM was performed by grinding in ethanol (99.5%, VWR).
The dispersed particles were supported on a holey carbon Cu-TEM
grid.

XAS

X-ray absorption spectroscopy (XAS) measurements were per-
formed at the P65 beamline of the German electron synchrotron
(DESY) in Hamburg, Germany.”® The PETRA Ill storage ring operated
at 6 GeV energy and 100 mA beam current in top-up mode. A
water-cooled Si311 double crystal monochromator (DCM) was used
for obtaining monochromatic X-rays. Two Rh-coated plane mirrors
were installed in front of the DCM to reject higher harmonics. The
DCM was calibrated for Pd K-edge measurements by measuring a
Pd-foil and setting the first inflection point to 24350 eV. A Pd foil
was placed between the second and third ionization chamber for
the energy calibration of each measured spectrum. The data were
monitored for any signs of X-ray beam damage and several
successive scans were averaged to reduce signal-to-noise ratio and
improve the data quality. X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
analyses were performed using Athena and Artemis software
packages.” For XANES analyses, the spectra were normalized and
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to 393K (5 Kmin~"). XANES measurements were performed con-
tinuously during the temperature ramp and EXAFS measurements
were performed after reaching 393 K. After measurements in H,
flow at 393 K, the gas flow was switched to CO, and XANES and
EXAFS measurements were performed under CO, flow. Finally the
gas flow was switched to a mixture of CO, and H, and the
temperature was increased to 483 K (5 Kmin~'). XANES measure-
ments were performed continuously during the temperature ramp
while spectra for EXAFS analysis were measured after reaching
483 K.

Synthesis of N-(3-Trimethoxysilylpropyl) Formamide
functionalized Si/Pd

In a round bottom flask, 10 mL (3-Aminopropyl)trimethoxysilane
(APTMS, 10.3 g, 57.5 mmol, 1eq.) were cooled to 0°C. Over the
next 5min, 4 mL methyl formate were added dropwise. This
mixture was stirred for 10 min, then heated to room temperature
and stirred for an additional 4 h. Immediately afterwards, volatiles
were removed at 1 mbar for 1.5 h to stop the reaction. Further
purification was performed by heating the crude mixture in vacuum
(95°C, 0.09 mbar) to remove any remaining APTMS. This yielded to
10.95 g (52.8 mmol, 92.0%) of a clear liquid containing the E- and
Z-rotamers of the product in a ratio of 4:1

Amide functionalization was done by grafting with a 1:1 vol.-%
mixture of a trimethyoxysilane modified amine and anhydrous
toluene. The amine content was controlled by the grafting
procedure. After grafting, the particles are washed with ethanol (1 x
100 mL-150 mL), iso-propanol (1x100 mL-150 mL) and toluene
(1x50 mL-100 mL) are subsequently dried in vacuum at room
temperature for 30 min and at 393 K for 3 h.
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