GDCh
~~—

CO, Methanation

Communications

How to cite: Angew. Chem. Int. Ed. 2020, 59, 16371-16375
International Edition: doi.org/10.1002/anie.202004618
German Edition: doi.org/10.1002/ange.202004618

CO, Methanation via Amino Alcohol Relay Molecules Employing
a Ruthenium Nanoparticle/Metal Organic Framework Catalyst

Xinjiang Cui, Serhii Shyshkanov, Tu N. Nguyen, Arunraj Chidambaram, Zhaofu Fei,

Kyriakos C. Stylianou,* and Paul J. Dyson*

Abstract: Methanation of carbon dioxide (CO,) is attractive
within the context of a renewable energy refinery. Herein, we
report an indirect methanation method that harnesses amino
alcohols as relay molecules in combination with a catalyst
comprising ruthenium nanoparticles (NPs) immobilized on
a Lewis acidic and robust metal-organic framework (MOF).
The Ru NPs are well dispersed on the surface of the MOF
crystals and have a narrow size distribution. The catalyst
efficiently transforms amino alcohols to oxazolidinones (upon
reaction with CO,) and then to methane (upon reaction with
hydrogen), simultaneously regenerating the amino alcohol
relay molecule. This protocol provides a sustainable, indirect
way for CO, methanation as the process can be repeated
multiple times.

The development of new approaches to utilize CO, remains
important due to continued anthropogenic emissions (around
37.1 billion tons in 2018) resulting in global warming. The
catalytic transformation of CO, into useful hydrocarbon fuels
is a key process in C1 chemistry,'! with methanation being
a particularly appealing catalytic process. Catalysts based on
noble metals (Pt, Ru, Pd, Rh) supported on metal oxides
(Ce0,, TiO,, Al,O;, SiO,, ZrO,, MgO) have been extensively
investigated for direct CO, methanation.!*"*! Despite recent
progress, due to the requirement of an eight-electron process
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for the direct reduction of CO, to methane, forcing conditions
are required to overcome the kinetic limitations. At the same
time, CO, methanation is an exothermic reaction; hence, high
temperatures deteriorate the overall performance of the
reaction and lead to the formation of side-products, such as
CO. Thus, the development of catalytic systems operating at
comparatively low temperatures is crucial for improving the
efficiency of the process and avoid the formation of side-
products.t

Recently, we explored an indirect method for CO,
methanation where organic carbonates were used as relay
molecules due to the facile synthesis of carbonates from CO,
and epoxides.' Methane is selectively generated after
hydrogenation of the organic carbonates under mild condi-
tions, simultaneously producing diols. Although the corre-
sponding diols are more valuable than the epoxide precursors,
they are not easily transformed into organic carbonates
making the process complicated! and a superior relay
molecule is needed.

Industrially, the most common methods used for CO,
capture are based on chemical CO, absorption using amines
or amino alcohols as agents producing carbamates.!'*®! Using
such methods, CO, can be separated and stored.* More-
over, the CO, may be liberated from the carbamates by
thermal treatment and the produced amine is regenerated.
Recently, Milstein reported the efficient hydrogenation of
oxazolidinones into the corresponding amino ethanol and
methanol using Ru-based PNN pincer catalysts.'”] However,
to the best of our knowledge, the indirect reduction of CO, via
carbamates to methane has not been reported. Herein, we
describe a catalyst for this process comprising Ru NPs
immobilized on an intrinsically Lewis acidic MOF
(Scheme 1).

In previous studies, MOF materials were used as efficient
catalysts for different reactions™?! including CO, capture
and conversion.?*!I Recently, we synthesized a MOF, named
SION-105, based on Eu™ and a tricarboxylate ligand with
Lewis acidic boron centers, which functions as a heteroge-
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Scheme 1. Indirect pathway for CO, methanation via amino alcohols
employed as relay molecules.
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neous catalyst for the synthesis of benzimidazoles, using CO,
as a C1 building block.®? The three-coordinate B center of the
(tris(p-carboxylic acid) tridurylborane, Hjtctb) ligand of
SION-105 is protected by bulky duryl groups, precluding
irreversible binding with Lewis bases, such as water, thus,
providing exceptional stability and moisture tolerance. At the
same time, B remains accessible for the activation of CO, as
a Lewis acid site.® The Eu'" centers might also act as Lewis
acidic sites enhancing the catalytic activity.** The catalyst was
prepared from SION-105 via an impregnation-reduction
process using RuCly as the NP precursor. The Ru™ ions
anchor within the MOF matrix of SION-105 and following
reduction with H,, Ru NPs anchor to the surface of SION-105,
forming the catalyst termed Ru/SION-105 (see the Support-
ing Information for full details).

Transmission electron microscopy (TEM) and high-angle
annular dark-field (HADDF) imaging were used to charac-
terize the Ru/SION-105 catalyst (Figures 1 and S1). As shown
in Figure 1a, the Ru NPs are uniformly dispersed and have
a narrow size distribution of 1.5-3 nm with an average
diameter of 2.16 nm, suggesting the formation of the NPs
was controlled on the surface of the MOF support (Fig-
ure 1f). The high-resolution TEM (HRTEM) image shows
a typical Ru NP with an interplanar spacing of 2.0 A P+
corresponding to a face-centered cubic (fcc) lattice structure
with a (101) surface. HADDF-STEM was used to further
investigate the size range and elemental distribution of the Ru
NPs (Figure 1¢,d), and energy-dispersive X-ray (EDX)
spectroscopy confirms the presence of Ru, Eu, and O
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Figure 1. Characterization of the Ru/SION-105 catalyst: a) Bright field
TEM image; b) HR-TEM image; c,d) HAADF-STEM images; e) TEM-
EDX; f) size distribution based on 80 NPs.
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(Figure 1e). Ru NPs supported on carbon or Al,O; supports
are considerably larger and more aggregated in the case of the
latter support (see Figures S1 and S2). It is known the porous
structure of MOFs with functionalized surface provide
a suitable environment for the growth of NPs leading to the
formation of NPs with smaller sizes and more surface metal
sites.?*3¥ Indeed, TEM characterization revealed that the Ru
NPs formed on Ru/SION-105 are smaller than those on Ru/C
and Ru/Al,O;, presumably leading to the higher catalytic
activity observed for Ru/SION-105 (Table 1). Moreover,
compared to the absorbed oxygen or lattice oxygen on the
surface of C and AlO;, the oxygen in the MOF matrix is
comparatively stable and does not appear be involved in
reaction leading to higher a selectivity for CH,.

The electronic structure of the Ru NPs immobilized on
SION-105 was probed with X-ray photoelectron spectroscopy
(XPS). In the overall XPS survey, due to the overlap of peaks
around 285 eV corresponding to C 1s and Ru 3d, assignment
is hampered (Figure S4), and hence Ru 3p was used for the
analysis. Figure 2b presents the Ru 3p;, spectrum of the Ru/
SION-105 catalyst. The binding energy (BE) of 462.4 eV was
attributed to metallic Ru, whereas the low-intensity peak at
463.7 eV® ' may be related to the formation of Ru-O linkages

Table 1: Optimization of the hydrogenation of 4-isopropyl-2-oxazolidi-
none (1a).”!

o]

W . HAN{J -

\C 2a
Entry  Catalyst t Conv. Yieldof CH, CO, CO

(9% 2a[%]"”

1 Ru/SION-105 6 36 31 90 9 1
2 Ru/SION-105 9 50 45 98 1 1
3 Ru/SION-105 12 63 54 98 1 1
4 Ru/SION-105 15 81 66 98 1 1
5 Ru/SION-105 18 92 69 98 1 1
6 Ru/SION-105 20 99 71 98 1 1
7 Ru/C 20 56 39 70 29 1
8 Ru/ALO, 20 49 31 56 42 2
9 Pd/C 20 15 8 48 39 13
10 Rh/C 20 17 11 51 41 8

[a] Reaction conditions: catalyst (0.3 mol% of metal), Ta (0.5 mmol),
solvent (0.5 mL), H, (70 bar), 205 °C. The gas phase was analyzed by GC-
TCD. [b] Conversion was estimated by "H NMR spectroscopy with
diphenylmethanol used as an internal standard.
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Figure 2. a) TGA curve of the Ru/SION-105 catalyst and b) XPS
spectrum for Ru 3p of Ru/SION-105.
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between the edge of the Ru NPs and the carboxyl groups of
the MOF. This interaction may be relevant in controlling the
size and dispersion of the Ru NPs on the surface of SION-
105.% Moreover, XPS analysis revealed more oxidized Ru
species are present in Ru/C and Ru/Al,O; (Figure S5), which
probably decrease their catalytic performance. Compared to
SION-105,* the powder X-ray diffraction (XRD) profile of
Ru/SION-105 displayed no additional peaks attributable to
very small Ru NPs (Figure S6).

Thermogravimetric analysis (TGA) was used to examine
the structural stability of the SION-105 support and the Ru/
SION-105 catalysts. As shown in Figure 2 a, the Ru/SION-105
catalyst displayed two weight loss steps. The weight loss below
100°C corresponds to the desorption of encapsulated solvent/
water. As the temperature is increased, the catalyst remains
stable up to 360 °C, which is comparable to the decomposition
temperature of SION-105 (Figure S7), showing that the
immobilized Ru NPs do not affect the thermal stability of
SION-105. At around 400°C a sharp weight loss is observed,
initiated by the decarboxylation of organic linkers.[!! Never-
theless, the decomposition temperature is well above 300°C,
which is more than sufficient for the catalyst to endure the
reaction temperatures required for methanation. CO, iso-
therms on SION-105 and Ru/SION-105 collected at 195 K
and 1 bar revealed that the total CO, uptake of both materials
is comparable (Figure S8). This suggests that the presence of
Ru NPs on SION-105 does not affect the sorption behavior of
the material.

Fluorescence spectroscopy was used to evaluate the effect
of the Lewis acidic Eu' centers in Ru/SION-103. Irradiation
of Ru/SION-105 with UV (4., =365 nm) in THF solution led
to a bright-red Eu"-based emission centered at 618 nm
(Figure S9). The addition of the substrate, 4-isopropyl-2-
oxazolidinone (1a, see below), in THF at concentrations of
0.2 and 0.4 mmol L™ resulted in a luminescence quenching
response indicating an interaction of 1a with the Eu™ ions.
Considering the electronic configuration of Eu™ and its large
ionic radius (94.7 pm), high coordination numbers are possi-
ble.*>#1 It is therefore likely that the Eu' ions can expand
their coordination sphere, possible forming Eu™—O bonds
with the C=0 group in 1a, resulting in fluorescence quench-
ing and activating the C=O bond. The observed quenching
might also be due to the formation of H-bonding interactions
between 1a and coordinated water molecules to Eu.

To evaluate and optimize the reaction conditions for the
indirect hydrogenation of CO,, 4-isopropyl-2-oxazolidinone
(1a) was chosen as a substrate (Table 1). After reaction at
205°C for 6 h using 2-pyrrolidinone as solvent, 36 % con-
version was observed with 31 % yield of valinol (2a) formed
as the main liquid product (determined using 'H NMR
spectroscopy). The gaseous products were analyzed by gas
chromatography-thermal conductivity detection (GC-TCD)
and methane was the main product (90 % selectivity) with
traces of CO (1% ) and CO, (9 % ) detected (Table 1, entry 1).
The formation of CO, is presumably due to the hydrolysis of
1a in the presence of water in the solution or the water
produced during the reaction. As expected, the conversion of
1a increases as the reaction time is prolonged and full
conversion was observed after 20 h (Table 1, entries 2-6,
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Table S2). Interestingly, CO, produced at the earlier stage of
the reaction is converted to methane after prolonged reaction.
Note that methane was not detected under the same reaction
conditions in the absence of 1a, indicating that CO, is derived
from 1a and the 2-pyrrolidinone solvent is inert and not
involved in the reaction (Table S3).

To obtain a high yield of 2a, the effect of various solvents
with different polarities, such as dodecane and ethylene
glycol, on the catalytic performance of Ru/SION-105 were
studied (Table S3). Compared to 2-pyrrolidinone, dodecane
resulted in a lower conversion of 1a (34 %) and a yield of 2a
of 21 %, presumably due to mass transfer limitations based on
the poor solubility of 1a and H, in dodecane.*! As expected,
the catalytic performance of Ru/SION-105 was improved in
ethylene glycol, with a conversion of 81 % and a yield of 2a of
57%, where hydrogen bonding between 1a and ethylene
glycol could help to activate the substrate.””! However, the
hydrogenolysis of ethylene glycol occurred during the hydro-
genation, leading to the formation of isopropanol and
water.'¥ The in situ formed water leads to hydrolysis of 1a
lowering the selectivity to methane (87 % ) and increasing the
CO, content to 12 %. Consequently, 2-pyrrolidinone was used
as the optimal solvent for subsequent studies.

For comparison, Ru/C and Ru/ALO; catalysts were
investigated as catalysts for this reaction, which led to 56 %
and 49% conversion of 1a and lower yields of the amino
alcohol 2a and methane (Table 1, entries 7 and 8). Moreover,
other precious metal catalysts were also investigated, which
also resulted in lower conversions and yields of 1a (Table 1,
entries 9 and 10). Moreover, the amino alcohol product 2a is
further converted into 2-propanol and propane due to the
hydrogenolysis/hydrolysis, lowering the yield of 2a.

The influence of reaction temperature on the catalytic
performance of Ru/SION-105 was studied in the range of
165-205°C (Figure 3a). Under 70 bar of hydrogen pressure
after 20 h, the conversion of 1a increases from 12 % at 165°C
to 99 % at 205°C with methane formed with a selectivity of
99%. The yield of 2a increases to 71 % (Figure S10). Note
that the amino alcohol can be obtained with high selectivity at
lower reaction temperatures, although the conversion is low.
The effect of H, pressure on the reaction was also studied
(Figure 3b), with the conversion dramatically affected. Only
13% conversion was obtained under 40 bar of hydrogen, but
increasing the pressure to 70 bar leads to full conversion at
205°C after 20 h. The selectivity to methane in all cases is
>99% (Figure S11).

The stability and recyclability of the Ru/SION-105
catalyst were evaluated (Figure S12), with only a slight
decrease in catalytic activity and selectivity observed after
five successive runs. TEM analysis of the used catalyst reveals
that the size of the Ru NPs increased to 3.0 nm after five
cycles, rationalizing the decrease in catalytic activity (Fig-
ure S3. XRD analysis of the used catalyst shows that it is
essentially unchanged relative to the pristine catalyst (Fig-
ure S6). Furthermore, the XPS spectrum of the recycled
catalyst remains similar to that of the pristine catalyst
(Figure S13) and Ru leaching was not observed (Table S1).

The reaction of 3-methyl-2-oxazolidinone (1b) was exam-
ined in 2-pyrrolidinone using the Ru/SION-105 catalyst,
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Figure 3. Influence of the reaction conditions on the reaction:

a) 0.5 mmol substrate, 0.3 mol % of Ru, 0.5 mL solvent, 70 bar H,,
20 h; b) 0.5 mmol substrate, 0.3 mol % of Ru, 0.5 mL solvent, 205 °C,
20 h.

efficiently undergoing conversion to 2-(methylamino)ethanol
(2b) and methane in 69% and 97% yields, respectively
(Table S4, entry 1). Urea (1c¢) was also investigated, with
methane obtained in 41% yield and 99 % selectivity at
a slightly lower temperature of 180°C. Under the applied
conditions, the urea decomposes to afford fulminic acid.*!
Notably, direct hydrogenation of 2b using Ru/SION-105
catalyst under the same conditions did not afford any
methane or CO (Table S4, entry 3). This indicates that the
cyclic carbamate intermediate is essential for the production
of methane.

In conclusion, we described an indirect and sustainable
CO, methanation route employing amino alcohols as relay
molecules. The transformation was achieved using a catalyst
comprising Ru NPs supported on a MOF (Ru/SION-105),
with the benefits of the MOF support material demonstrated.
Due to the small particle size and narrow size distribution of
Ru NPs, the Ru/SION-105 catalyst is highly active for the
reaction. Since oxazolidinones are easily prepared from the
reaction of amino alcohols and CO,, they are superior to
other classes of relay molecules, that is, those based on diols
or amines. This work paves the way towards the discovery of
new efficient catalysts for the methanation of CO,.
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