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Abstract

An important challenge in the valorization of CO. and H> into fuels is the development of a
stable, reusable and easy to handle heterogeneous catalyst. Here, a silica nanofibrous membrane
is investigated as carrier for Ru nanoparticles, themselves encapsulated inside the metal organic
framework (MOF) Cr-MIL-101. The catalytic membrane is investigated for the Sabatier
methanation reaction. The direct electrospinning of a tetraorthosilicate (TEOS) sol results in a
highly thermal resistant silica nanofibrous structure (up to 1100°C) with pores between the
fibers in the um-range, allowing a high gas throughput with low pressure requirements. A
straightforward dip-coating procedure of the carrier was used to obtain a Ru@MIL-101
functionalized silica nanofibrous veil, avoiding Ru clustering. The obtained catalytic membrane
exhibited an apparent turnover frequency of 3257 h' at 250°C. This system therefore paves the
way towards structured reactors for efficient CO2 hydrogenation processes.

Keywords: Silica Nanofibers, Metal-Organic Frameworks, Ruthenium Nanoparticles,

Heterogeneous Catalysis, Structured Catalyst



1. Introduction

Over the past decades, global awareness with respect to environmental pollution has
significantly increased, resulting in a demand for tremendous action [1-3]. Reducing the net
emissions of greenhouse gases, such as CO, is one of the crucial targets. A promising strategy
is chemical conversion, since it is a straightforward way to reduce the emissions, and thus the
concentration in the atmosphere [4-7]. There are already economically viable cases of “CO>
Capture and Utilization” strategies (CCU), such as the production of urea, solvents (e.g.
alcohols) and fuel gases, which clearly demonstrate the interest and relevance of chemical CO>
conversion [8-14].

Among the various routes available, the hydrogenation of CO, to CHs, also known as the
Sabatier reaction, is one of the most challenging routes [15-18]. In general, CO; and H, are
mixed (with a molar ratio of 1:4) under a high pressure and elevated temperatures over a metal-
based hydrogenation catalyst, forming methane (CH4) and water. In this way, an optimal
balance between the temperature required to break the strong CO2 bonds (thus overcoming the
otherwise very slow kinetics), and the exothermic reaction limiting the CO2 conversion (due to
unfavourable thermodynamics at high temperatures) can be achieved. For this, Ru, Ni, Fe, Co,
Pt nanoparticles immobilized on a support material, such as Al203, SiO2 and TiO; are often
used [12,19-31]. Among these various metals, Ru is one of the most promising catalysts in
terms of oxygen binding energy [32-36]. However, as the reaction is known to be structure
sensitive, effects such as sintering should be avoided, allowing the maintenance of a high
dispersion of small Ru nanoparticles during reaction [35,37].

Metal organic frameworks (MOFs) are excellent candidates for applications in for example gas
storage [38-42], separation [43-46], and heterogeneous catalysis [47-49] because of their very

large surface areas (up to 4500 m2 g1), tunable pore size and pore volume. The use of MOFs as



support to encapsulate Ru nanoparticles in the pores can provide the required long-term stability
of the catalyst [50,51]. A schematic presentation of the aimed at ideal encapsulation of Ru in a
MIL-101 Cr-based MOF is given in Fig 1, right.

Even though the encapsulation of Ru nanoparticles in a MOF structure tremendously increases
their stability against clustering, the direct use of the small MOF crystals loaded with Ru
nanoparticles cannot be envisaged on an industrial level. Therefore, shaping procedures should
be applied, such as the compression into pellets to form shaped catalyst bodies which can be
easily manipulated and which do not provoke excessive pressure drops in continuous reactors
[52,53]. This, however, results in a significant decrease of the available surface area of the
nanoparticles, and could lead to diffusional limitations in the catalyst bodies [54,55]. As an
alternative, the catalyst particles can be deposited onto porous, easy-to-handle, and reusable
structured supports [56-59].

The use of membrane structures for the process intensification of heterogeneous catalysis is
very promising. In the first place for (waste) water purification [60-62], but nowadays, the use
of membranes in catalytic reactors is also under intensive investigation [63—72]. The membrane
can act as separation barrier, catalyst or a combination of both [13,23,73-75]. Electrospun
nanofibrous membranes are ideal candidates, due to their highly porous structures (porosity
> 80%) and large surface-to-volume ratio, allowing a high flux through the membrane [76-78].
In most cases, advanced polymers (e.g. PVDF, PEEK) are used because they allow a
straightforward production process and have a relatively high thermal (max. 300-350°C) and
chemical resistance. However, high amounts of toxic solvents are often required to manufacture
these membrane structures [13,79,80].

Today, the best combination of structural integrity, and thermal and chemical resistance is
obtained by the use of inorganic alternatives [74,81,82]. This results in a catalytic support

withstanding extreme conditions [68,83-85]. To ensure a good mechanical stability, direct
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electrospinning of a ceramic network is preferred, leading to dense, continuous and flexible
fibers. Nevertheless, most studies make use of a well-spinnable organic polymer which is added
to the electrospin solution to promote the nanofiber production, after which a post calcination
treatment is applied to obtain an inorganic nanofibrous veil [86-88]. This leads to an inherent
reduction in sample robustness, and thus brittle nanofibrous veils which are less suitable as
stand-alone structures.

In this work, we use the direct electrospinning of a sol-gel solution of a tetraethyl
orthosilicate (TEOS) precursor to prepare flexible silica nanofibrous veils which exhibit a
thermal resistance up to 1100°C and show an outstanding stability in acidic environments [89—
92].The silica nanofibrous membranes were used as support for MOF-encapsulated Ru
nanoparticles, see Fig 1. More specifically, the Cr-based MOF, denoted as MIL-101, was used
to embed the Ru particles because of its high thermal and chemical stability [93,94]. Moreover,
the success of this encapsulation has been before [50,51]. As a proof of concept, the resulting
materials were evaluated in the Sabatier reaction using a layer construction of the catalytic
structure inside a tubular reactor, see Fig 1 left. It is demonstrated that a (silica) nanofibrous
membrane is an excellent catalytic carrier material, and therefore paves the way towards
membrane reactors and research into process intensification of inorganic nanofibrous
membranes as highly thermal and chemical resistant catalytic carrier in a broad range of

applications.



CHy + 2 Hy0 “
Fig 1. Scheme of the incorporation of silica nanofibrous veils as support for MIL-101
nanostructures loaded with Ru nanoparticles to catalyze the hydrogenation of CO> to CHa, also
known as the Sabatier reaction. In this way, an easy-to-handle, macroscopic heterogeneous
catalyst is created.

2. Materials and methods
2.1. Materials

All chemicals were purchased from TCI Europe, Sigma-Aldrich or Fluorochem and applied
without additional purification. For the electrospinning process, the silica precursor tetraethyl
orthosilicate (TEOS, reagent grade 98%) and the catalyst (hydrochloric acid; HCI, 37%) were

obtained from Sigma-Aldrich and used as received.
2.2.  Synthesis of MIL-101

A hydrothermal synthesis approach was utilized in which a Teflon lined container was filled
with 4 mmol terephthalic acid, 4 mmol of Cr(NOz3)3.9H20 and 20mL demineralized water. The
mixture was stirred for 10 minutes and placed in an autoclave, which was heated to 210°C over
2 hours and held at this temperature for 8 hours. After filtration of the solid, several washing
steps were performed to purify the material. Firstly, the MOF was stirred in DMF for 24 hours
to remove any organic residues. Next, the powder was collected through filtration, and placed
in 1 mol L™t HCI for 12 hours to remove any excess of Cr salts. Hereafter, the material was
washed with water until neutral pH. The purified MIL-101 material was dried under vacuum at

110°C overnight prior to use.



2.3. Encapsulation of Ru nanoparticles within MIL-101

The ruthenium precursor, RuCls, was introduced into the MIL-101 support material based on
the procedure described by Fang et al. [95]. A solution of 287 mg RuCls in 56 mL acetone was
added to a suspension of 700 mg MIL-101 in 14 mL acetone. The mixture was left to stir for
24 hours after which the RuCls@MIL-101 was collected through filtration.

In a following step, the ruthenium precursor was reduced using 9.3 mL of a 0.486 mol L*
NaBHjs solution to form the ruthenium nanoparticles. This solution was added dropwise to an
aqueous dispersion of 700 mg RuClz@MIL-101 in 23.3 mL of demineralized water, after which
it was left to stir for 35 minutes at room temperature. Finally, the resulting encapsulated
structure denoted as Ru@MIL-101 was collected through filtration and was washed with

demineralized water, ethanol and acetone.
2.4.  Electrospinning of TEOS-based nanofibers for membrane production

Silica nanofibers were made according to a methodology that combines electrospinning with
sol-gel chemistry, as described in previous works [89,90,96]. Prior to electrospinning, the
viscosity of the sol was measured using a Brookfield viscometer LVVDV-I11. The electrospinning
experiments were executed on a rotating drum collector using a dual moving needle set-up
(length of 50 cm and diameter of 12 cm). The tip-to-collector distance was fixed at 15 cm, with

a flow rate of 1 mL h*! and a voltage of 22 kV.
2.5.  Attachment of catalytic nanoparticles on the electrospun silica nanofibrous veil

Both a pre- and a post-incorporation of the silica nanofibrous veils with Ru@MIL-101
nanoparticles was examined. Incorporation prior to electrospinning was achieved by mixing the
Ru@MIL-101 nanoparticles in the sol on a stirring plate at room temperature. A mass ratio of
the TEOS-based sol and the Ru@MIL-101 nanoparticles of 1:0.01 was used. Post-incorporation

was performed via dip-coating of the pristine silica nanofibrous veils in a homogeneous
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Ru@MIL-101 suspension using a computer-controlled dip-coating unit from KSV Instruments
in a clean room facility (class 100,000/1000). A mass concentration of 2.00 g Ru@MIL-101
particles L™ in absolute ethanol resulted in a homogeneous suspension. Absolute ethanol as dip-
coating solvent resulted in the highest long-term stability, enabling a stable dip-coating process.
The samples were immersed for 2 minutes, removed at a speed of 170 mm min™ and dried at
room temperature for 24 hours. The maximal coating speed of the equipment was used, leading
to the highest particle loading as proven in previous research [97]. To increase the loading,
varying the amount of coating cycles was investigated. A new coating was applied after
complete drying of the previous coating.

Since it is possible to have a continuous production of electrospun nanofibrous membranes on
an industrial scale, a direct dip-coating could can be incorporated in an upscaled production line
without a large increase in cost price, making this a competitive catalytic carrier material

compared to other support materials described in literature [12,19-22,24-31].
2.6. Characterization of Ru@MIL-101@Silica nanofibrous veils

Nitrogen sorption analyses were performed on a Bel Japan Inc. Belsorp mini Il instrument at
77K. Prior to the N2 sorption measurements, the samples were degassed at 120°C under vacuum
in order to remove any residual solvent molecules.

The Powder X-Ray Diffraction (XRD) measurements were performed on a Thermo Scientific
ARL X’TRA Powder X-ray Diffractometer using Cu Ka radiation (A= 1.5406 A) at 40.00 kV
and 30.00 mA under ambient conditions.

Annular dark field scanning transmission electron microscopy (ADF-STEM) and energy
dispersive X-Ray (EDX) spectroscopy experiments were carried out using a FEI Titan
transmission electron microscope operated at an accelerating voltage of 200 kV and equipped

with a probe spherical aberration corrector unit and a Super-X EDX system [98]. The



morphology and the diameters of the silica nanofibers and functionalized nanofibrous veils
were examined using a Phenom Pharos Desktop Scanning Electron Microscope (SEM) at an
accelerating voltage of 10 kV. Prior to analysis the samples were coated with a 15 nm coating
using an automatic sputter coater (Plasmatool-SC Benelux Scientific, Au coating). Image J
software was used to determine the nanofiber diameters by taking an average of
50 measurements.

Induced Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) analysis was performed
on a Varian Vista-MPXTM CCD instrument. Prior to analysis, the samples were dissolved
using a 15.8 mol L™* HNOs solution at 110°C.

Hydrogen adsorption experiments were performed using a Quantachrome Autosorb-iQ
instrument. The sample was first activated under constant helium gas flow at 120°C, after which
it was exposed to the analysis gas (H2) until saturation. It was then evacuated at 120°C to
remove the physisorbed gas (reversible adsorption; residual pressure < 1 mbar). The remaining
adsorbed gas was assigned to the adsorption corresponding to the Hz-chemisorption. An

average of three measurements is reported, confirming a high reproducibility.
2.7.  CO2 methanation experiments

The metallic fixed-bed tubular reactor consists of a tube with a length of 15 cm and an inner
diameter of 8 mm, and is surrounded by an isolating oven to control the temperature. The
reactor was loaded with the Ru@MIL-101 nanoparticles, and Ru@MIL-101@Silica
nanofibrous veils to compare the catalytic activity. The powder was used as produced, and the
nanofibrous veils were cut in small pieces and stacked in the reactor to allow use of the same
reactor, with a total mass of respectively 15 and 100 mg. A mixture of CO> and H> was diluted
with inert He gas to a molar ratio of 1:4:5 respectively. A total flow rate of 20 mL min* was

used. All lines were heated to 120°C to avoid any product condensation. The effluent gases go



through an online gas chromatography setup (Varian CP3 800 with a Flame lonisation Detector
and Thermal Conductivity Detector and Hayesep Q, Molsieve 5A and CP-SIL-5CB columns) to
measure the conversion of CO> and the production of CH4. Stability tests were performed in the

same reactor setup under the same conditions, simply altering the exposure time.
3. Results and discussion
3.1. Characterization of the Ru@MIL-101 material

The XRD patterns of the pristine MIL-101 and Ru encapsulated in MIL-101 material (denoted
as Ru@MIL-101) are displayed in Fig 2a. No change in the XRD pattern of the MIL-101 occurs
upon the introduction of the Ru nanoparticles; in other words, the crystal structure of the
framework remains intact. This was confirmed by means of Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) measurements, as similar spectra were observed for
both the Ru-loaded and pristine MIL-101 nanoparticles, see FigS1 in the Supporting
Information.

Nitrogen adsorption analysis was performed to evaluate the porosity of both the pristine and
the modified material, see Fig 2b. The specific surface area (Sget) of MIL-101 and Ru@MIL-
101 are 2480 and 1600 m? g* respectively, whereas the pore volume of the pristine MOF
support and Ru@MIL-101 material are 1.47 and 0.95 cm® g* respectively. Both decreases are

a result of the encapsulation of Ru into the cages of the MIL-101 structure.
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Fig 2. (a) XRD patterns of the unmodified MIL-101 and the Ru@MIL-101 material. The
diffraction pattern of MIL-101 is not affected by the incorporation of Ru nanoparticles.
(b) Nitrogen adsorption isotherms of MIL-101 and Ru@MIL-101 showing a decrease in
adsorbed volume due to the Ru encapsulation, resulting in a decreased specific surface area by
approximately a third according to the BET model.
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A combination of ADF-STEM imaging and EDX spectroscopy was applied to investigate the
distribution of Ru within the MIL-101 framework. Fig 3 depicts an ADF-STEM image and the
corresponding EDX spectrum, showing a clear Ru signal. The bright contrast zones on the
surface of the MIL-101 crystal corresponds to Ru-rich zones, of which a more detailed view is
given in Fig 4. Inside the hosting MIL-101 crystal heavier Ru particles are also showing up in
a periodical manner (see evenly spread of red dots in Fig 3b) — this could be seen as a fingerprint
of filled pores. The indent of Fig 4 shows that both the smaller and larger pores of the Cr-MIL-
101 structure (as schematically depicted in Fig 1) can be filled with Ru. An in-depth study of
the encapsulation of Ru into MIL-101 MOF particles has been reported previously by Meledina

et al. [50]. The same synthesis method has been used in this work.
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Fig 3. (a) ADF-STEM image to@ether with the corresponding (b) EDX map for Cr (green) and
Ru (red). (c) EDX spectrum of Ru@MIL-101 nanoparticles.
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Fig4. HR ADF-STEM images of Ru@MIL-101 particles viewed along the [011] direction of
MIL-101. The Ru appears brighter than the Cr-MIL-101 structure, showcasing a widespread
filling of the both types of Cr-MIL-101 pores. In the indent, examples of both types are
indicated using arrows. The larger pores of the Cr-MIL-101 cages are indicated with black
arrows, and the smaller ones with white arrows.

Another important property of the catalytic powder is its thermal stability, since this determines
the operation conditions of the reactor. Thermogravimetric analysis (TGA) of both the as-
prepared MIL-101 and the Ru@MIL-101 framework show complete decomposition at 470°C,
with degradation starting from 350°C onwards (see Fig S2 in the Supporting Information). The
thermal stability of the MIL-101 material is not altered upon the introduction of the Ru

nanoparticles.
3.2.  Silica nanofibrous veils as macroscopic and porous carrier of Ru@MIL-101

In a consecutive step, the Ru@MIL-101 particles were distributed onto the electrospun silica
nanofibrous membranes to enhance the recyclability, avoid particle clustering during catalysis,
and create a heterogeneous catalytic material on a macroscopic scale that is easy to manipulate,
incorporate in reactor systems, and to recover and reuse. The carrier was created using both
incorporation by mixing the particles with the sol prior to electrospinning, and post-

incorporation of the as-spun silica membrane via a dip-coating technique.
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A critical parameter to allow the incorporation of Ru@MIL-101 particles in the electrospin
solution is the dynamic viscosity, and the alteration thereof upon mixing in of Ru@MIL-101
particles. In general, for TEOS-based sols, electrospinning is performed between 100 and
200 mPa s [90]. Addition of the catalytic particles is therefore limited to the range in which it
does not alter the dynamic viscosity drastically. Otherwise, the fibers become too thick, or
electrospinning is not possible anymore because the electric field cannot overcome the surface
tension of the solution. Stable electrospinning was achieved upon the addition of 1 wt%
Ru@MIL-101 particles (1 g particles/100 g sol) to the prepared sol at 0.9 mL h*?, 21 kV and a
needle-to-collector distance of 15 cm. Although this resulted in continuous fibers with a small
diameter, the particles were completely encapsulated by the silica matrix. In addition, some
thicker beads were formed, probably due to clustering of the Ru@MIL-101 particles in the sol
(Fig 5a). Furthermore, a higher loading of the sol resulted in a non-electrospinnable solution.

Dip-coating of the electrospun membrane in a solution with the dispersed nanoparticles was
investigated as an alternative route. The prepared Ru@MIL-101 particles were dispersed in
absolute ethanol using a concentration of 2 g L™%. This resulted in a stable suspension for dip-
coating. Lower Ru@MIL-101 concentration resulted in lower particle loading after coating,
and higher mass concentrations resulted in less stable coating solutions. It was proven that the
Ru@MIL-101 particles remain stable in absolute ethanol for at least one year, allowing long-
term storage and usage as a dip-coat solution (see Fig S3 in the Supporting Information). To
account for the polarity of the solvent, superhydrophilic silica nanofibrous veils were used,
which were obtained after a thermal treatment at 500°C for 1 hour at atmospheric pressure in
air [97]. The nanofibrous veils were immersed in the coating solution for 2 minutes, after which
they were removed at a withdrawal speed of 170 mm min. The resulting Ru@MIL-101
coatings showed a good distribution of the individual particles on the fibers, and only minor

fractions of clusters were observed (Fig 5b). To increase the overall loading, multiple coatings,
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using the same coating solution, were performed, with a drying step in between, see Fig 5c-d.
The quantitative amount of Ru present in the obtained membranes is presented in Table 1.
Increasing the number of coating cycles up to three, results in an increase of the Ru loading (up
to 8.1 mgry g7 instead of 1.4 mgru g1). A further increase in the number of cycles however,
did not result in a further enhanced Ru loading. Thus, a silica nanofibrous veil coated with a
2 g L't Ru@MIL-101 solution at a speed of 170 mm min™ for 3 cycles was chosen as catalysts
for the Sabatier reaction. To remove the particles that were only loosely attached to the support,
a sample with this optimized coating was flushed with pressurized air for 15 s, later on denoted
as brushing treatment. This resulted in a 25% decrease of the Ru loading (Table 1), but is

expected to result in a more durable catalyst.
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Fig 5. SEM images of silica nanofibrous veils functionalized with Ru@MIL-101 nanoparticles
using two different methods: (a) inline functionalization with 1 wt% in the sol prior to
electrospinning, and post-functionalization via dip-coating in a 2 g L™ dispersion in ethanol
absolute at 170 mm min for (b) 1 cycle, (c) 2 cycles and (d) 3 cycles. Dip-coating results in a
good distribution of the particles, without significant loss in porosity of the nanofibrous veils.
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Table 1. Overview of the Ru content per gram sample determined using IPC-OES of the
functionalized MIL-101 nanoparticles, and the resulting dip-coated silica nanofibrous
structures before and after catalytic testing. To enhance the long-term stability, an air brushing
treatment was applied prior to catalysis.

Ru Content Ru content

Type of material Pre catalysis Post catalysis

(mg g sample) (mg gt sample)
Ru@MIL-101 113
Ru@MIL-101@Silica nanofibrous veil — 1 x coated 14+05
Ru@MIL-101@Silica nanofibrous veil — 2 x coated 3.0+£04
Ru@MIL-101@Silica nanofibrous veil — 3 x coated 8.1+1.3 3.5
Ru@MIL-101@Silica nanofibrous veil — 3 x coated 6.3 46

+ brushing treatment

3.3.  Ru-catalyzed CO2 methanation

The synthesized Ru@MIL-101@Silica nanofibrous veil was evaluated for the CO2 methanation
reaction using a tubular reactor in which the CH4 formation was analyzed as a function of time,
as described in Section 2.7. The specific activity of the nanofibrous veil was determined and
compared to the activity of the pure Ru@MIL-101 nanoparticles at 200°C. For completeness,
an overview of the activity of the pure RU@MIL-101 is given in Fig S4 of the Supporting
Information. For this, the Ru contents determined with ICP-OES (Table 1) were used. For both
the Ru@MIL-101 nanoparticles and the functionalized nanofibrous veil, the specific activity at
200°C amounts to 0.09 mmolcra gre2s™ (see Fig 6). With this, it is showcased that applying
the Ru@MIL-101 nanoparticles onto silica nanofibrous membranes as macroscopic carrier
material preserves the catalytic performance of Ru for the Sabatier reaction.

An in-depth investigation of this new stand-alone catalytic material was performed by varying
the reaction temperature (namely 200, 225, 250 and 300°C), and analyzing the CO- conversion,
long-term stability and the resulting apparent turnover frequency. These temperatures were
chosen to optimize both the conversion and selectivity, allowing the optimal balance between

the conflicting kinetic and thermodynamic effects. More specifically, low conversion rates
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ensure that the actual intrinsic specific activity is measured (far enough from the
thermodynamic equilibrium), and low operating temperatures allow high CH selectivity. In all
cases, a CH4 selectivity above 99% was achieved. As expected, the catalytic activity increases
significantly upon increasing the temperature, see Fig 6. Optimal determination of the activity,
and thus also the apparent turnover frequency, is established in the low CO2 conversion
regime [99]. Because all experiments in Fig 6 were measured with the same reactor loading,
and thus resulting in a different total Ru loading for the catalytic nanofibrous veils compared to
the Ru@-MIL101 particles on their own, the CO, conversion increases upon increasing the
temperature (see Fig S5 in the Supporting Information). Therefore, the measured specific
activity is slightly lower than the expected exponential Arrhenius increase upon increasing the

reaction temperature (as exemplified in Fig S4 in the Supporting Information).
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Fig 6. CO, methanation activities of the Ru@MIL-101@Silica nanofibrous veils with a
brushing treatment as a function of the reaction temperature (blue) and of the Ru@MIL-101
powder at 200°C as comparison (grey). It is showcased that the catalytic veil possesses high
potential as macroscopic catalytic material.

Further investigation of the potential of the silica nanofibrous veils as macroscopic carrier of
nano-scale catalysts was conducted by performing an introductory stability test for 48h at
225°C, see Fig 7. For completeness, a comparison of the Ru@MIL-101@Silica nanofibrous

veils with and without a brushing treatment is reported. The non-treated catalyst showcases a

16



progressive decrease of the activity in time, which is readily circumvented using the airbrushing
treatment. This resulted in a lower initial Ru content in the Ru@MIL-101@Silica nanofibrous
veil (Table 1), but in a significant increase in the stability of the catalytic fibers (Fig 7).
However, more prolonged durability studies on an optimized pilot scale setup are required in
future work to support these data [100]. Based on the Ru content after catalytic testing, it can
be noted that handling, cutting and loading of the nanofibrous veils in the reactor resulted in a
decrease of the amount of Ru. This points to some of the Ru@MIL-101 particles tending to
detach from the veils. This was confirmed by SEM images of the silica nanofibers before and
after the catalytic experiments, which show that the small particles remain on the fibers and a
lower number of larger clusters are observed (see Fig S6 in the Supporting Information). Upon

applying the brushing treatment, the adhesion of the remaining nanoparticles on the fibers is

improved.
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Fig 7. Long-term stability measurements of the Ru@MIL-101@Silica nanofibrous veils with
and without brushing treatment at 225°C (expressed as the evolution of the specific activity in
time), proving the relevance of the brushing treatment to allow a stable macro-catalyst.

Hydrogen chemisorption experiments were conducted to have an estimation of the amount of
accessible Ru atoms in both the Ru@MIL-101 and the air-brushed functionalized silica
nanofibrous catalysts. The previously given Ru contents, measured through ICP-OES, give the

total Ru present in the material, whereas H> chemisorption provides the amount of Ru that is
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accessible for H.. The Ru nanoparticles embedded in the MIL-101 cages have a nanoparticle
size of 2-3 nm, resulting in a theoretical dispersion slightly above 20%. Accordingly, a reaction
rate can be calculated based on the total amount of Ru, and an apparent turnover
frequency (TOF) can be calculated based on the surface accessible Ru (Table 2), since the
number of active sites in heterogeneous catalysis is not directly defined. In the latter case, this
is still an ‘apparent TOF’ since not all Ru surface atoms will be actual active sites. Optimal
determination of the TOF is obtained when the conversion rate in the reactor is low. Combined
with the optimal temperature to level out the opposite kinetic and thermodynamic effects of the
Sabatier reaction [101], the TOF at 200°C was established for both the nanofibrous and powder
catalyst. A reaction rate based on the total amount of Ru of 32 and 34 h! for the Ru@MIL-101
and Ru@MIL-101@Silica nanofibrous veils was obtained respectively. The Ru@MIL-101 has
a 11.3 wt% Ru loading, of which 9% is available at the surface for H,. This results in an
apparent TOF of 358 + 46 h™! at 200°C. For the Ru@MIL-101@Silica nanofibrous veils, 8.5%
of the Ru is surface accessible. This corresponds to an apparent TOF of 404 + 6 h! at 200°C
(based on surface accessible Ru). In case of the catalytic membranes, the conversion in the used
reactor remained below 30% till 250°C, as a result of the lower amount of Ru in the reactor
(0.63 mg vs. 3.39 mg). Therefore, the TOF at elevated temperatures is worthwhile reporting
(Table 2), namely the apparent TOF at 250°C of the Ru@MIL-101@Silica nanofibrous veil is
as high as 3257 + 19 h'X. For completeness, the measured reaction rate and TOF at 300°C is
also provided (see italic line in Table 2), but due to the high CO2 conversion the actual TOF

will be higher.
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Table 2. Comparison of the apparent turnover frequencies for the Ru@MIL-101
nanoparticles and the Ru@MIL-101@Silica nanofibrous catalyst for the Sabatier reaction.

Catalyst Amount  Catalyst T COz Reaction rate—  TOF - based
of Ruin dispersion (°C) conversion based on total on Hz
reactor (%) (%) Ru content @ accessible Ru ®

(mg) (h™) (h™)

Ru@MIL-101 3.39 9 200 19 324 358 + 46

200 3.2 34=x1 4046

Ru@MIL-

101@Silica 063 . 225 16 175+2 2064 + 29

nanofibrous veil + ' ' 250 26 277+ 1 3257 + 19

brushing treatment
300 40 436 + 5¢ 5134 +59¢

a Determined with ICP-OES analysis after catalytic testing. ® Determined with H, chemisorption analysis.
¢ Underestimated because calculated at too high conversion level.

This results in a catalyst with a TOF in the same order of magnitude and competitive with the
state-of-the-art heterogeneous nanoscale catalyst for the Sabatier reaction [14,19,22,101-107].
An overview of some other catalysts investigated for the Sabatier reaction is given in Table 3.
As compared to the results obtained by Kim et al. on a highly active Ru/TiO> (rutile) catalysts
[22], using the same experimental set-up and conditions, we observe that the TOF is very
similar (216 h' vs. 404 h'! for the catalytic veils). Another study on a Ru/Al,Os catalyst was
also carried out in similar conditions, reaching a TOF of 4720 h at 280°C (vs. 3257 h™! for the
catalytic veils, at 250°C). A broader comparison with other systems reported in the literature is
difficult because the reaction conditions (gas composition, temperature, pressure, contact time)
differ significantly over the various studies [14]. Further, many studies focus on the maximal
CO2 conversion, which means that no reliable values of intrinsic specific activity or TOF can
be determined. From Table 3, however, it is evident that the specific activity and TOF values
obtained with the new catalytic veils presented here compare well with values that are typically
reported with more classical (powdery) catalysts. It is important to note that the proof-of-
concept testing described in this work does make use of a reactor designed for powder materials,
and is thus not adapted for the specific membrane structure. This however still results in a
competitive catalyst, proving the large potential of this catalyst.
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Development of a membrane reactor for the Sabatier reaction are of interest in the process
intensification logic because membrane reactors are multifunctional reactors, since they
combine the possibility for reaction and separation steps in the same apparatus [23,108,109]. In
addition, having a macroscopic and easy-to-handle catalytic material at our disposal with a large
available surface area and tunable Ru loading based on non-sintering Ru nanoparticles,
constitutes a decisive advantage towards the design of an efficient high throughput CO:

methanation process compared to the catalytic nanoparticles on their own.

Table 3. Overview of Ru-based CO> methanation catalysts reported in literature.
Catalyst H2:CO2 T COz CH4 TOF? Reference
(v/Iv%) (°C) conversion selectivity (™
(%) (%)
150 0 0 0
200 15 68 290
Ru/TiO, 4:1
250 40 78 770
300 70 85 1350 [110]
200 0 0 0
RuO,/TiO; 4:1 250 25 75 450
300 50 85 900
RU/TiO2 4:1 200 37 >99 216 [22]
Ru/y-Al,03 4:1 280 <1 > 99 4720 [111]
225 5 >99 224
RU/CGo_gcro,lox 4:1 [112]
250 70 > 99 540
200 1] > 99 15
RuU/TiO, 31 250 3 > 99 45 [36]
300 8-20 > 99 119 - 298
Ru/MnOy 4:1 300 25 90 180
Ru/Al;03 4:1 300 32 94 1368 (3]
Ru/CeO- 4:1 300 83 99 540
Ru/znO 4:1 300 i 6 14.4
Ru/Ce0 4:1 450 55 99 - [113]
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150 <10 99 22+0.1 [114]

200 35 > 99 -

Ru/CeO, 4:1
250 90 > 99 - [24]
300 93 - -
200 0 - -

Ru/a-Al,O3 4:1 250 5 > 99 25+0.2 [24]
300 55 - -

Ru/TiO; 80.9:15.5 350 60 > 99 83 [37]

@ Based on total Ru content

Also note that the use of the silica nanofibrous carrier avoids the need for pellet formation of
the Ru@MIL-101 nanoparticles, which is required for the use of nanoscale catalysts on an
industrial level. In this way, a significant decrease of the TOF, as a result of the decrease in
surface area and thus dispersion of the Ru [22]. Additionally, the Ru modified nanofibers
possess the important practical advantage of easy handling and recovery. Moreover, using this
catalyst design in a reactor compared to pellets generally results in a lower pressure drop of the
feed stream [115], making this catalytic composite material the ideal candidate for further
investigation in the process intensification of the Sabatier reaction. Ultimately, it is showcased
that investigation into the use of inorganic catalytic nanofibrous carriers, which showcase a
high thermal and chemical resistance, in membrane reactors is a very promising route to allow

process intensification.
4. Conclusion

The use of Ru nanoparticles encapsulated in MIL-101 MOF structures, distributed onto silica
nanofibrous veils has been studied as structured heterogeneous catalyst for the Sabatier
reaction. An efficient catalyst is obtained by using a two-step Ru-encapsulation method to
obtain Ru@MIL-101 particles. Silica nanofibrous membranes prepared by direct
electrospinning were used as carrier of the Ru@MIL-101 nanoparticles to obtain a catalytic

material that is easy to handle. By dip-coating of the nanofibers in an ethanolic suspension of
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Ru@MIL-101 (3 consecutive coatings at 170 mm min™ in a 2 g L™ solution), a homogenous
distribution of the particles was obtained, without loss in porosity of the membrane and large
cluster formation of the nanoparticles.

Both the Ru@MIL-101 nanoparticles and the Ru modified silica nanofibrous veils were active
in the hydrogenation of CO, to CHa, with an apparent TOF as high as 358 h™* and 404 h*! (based
on the surface accessible Ru) at 200°C for the Ru@MIL-101 nanoparticles and for the
Ru@MIL-101@Silica nanofibrous veil respectively. The apparent TOF reached 3257 h*! at
250°C for the catalytic veil, for which an air brushing step was introduced to remove the loosely
bound nanoparticles from the fiber matrix and ensure a better on-stream stability. Therefore,
the use of silica nanofibrous structures as macroscopic carrier for the Ru@MIL-101 is proven
to be an attractive alternative for nanoscale powder-based catalysts due to the significant
advantages of being easy to handle, recover and reuse, and the low pressure requirements of the
gas feed. Thus, this system, namely inorganic nanofibrous membranes as catalytic carrier, paves
the way towards membrane reactors and research into process intensification of inorganic
nanofibrous membranes as highly thermal and chemical resistant catalytic carrier in a broad
range of applications.
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