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Abstract: The synthesis of methanol and dimethyl ether (DME) from carbon dioxide (CO,) and green
hydrogen (Hj) offers a sustainable pathway to convert CO, emissions into value-added products.
This heterogeneous catalytic reaction often uses copper (Cu) catalysts due to their low cost compared
with their noble metal analogs. Nevertheless, improving the activity and selectivity of these Cu
catalysts for these products is highly desirable. In the present study, a new architecture of Cu- and
Cu/Zn-based catalysts supported on electrospun alumina nanofibers were synthesized. The catalysts
were tested under various reaction conditions using high-throughput equipment to highlight the role
of the hierarchical fibrous structure on the reaction activity and selectivity. The Cu or Cu/ZnO formed
a unique structure of nanosheets, covering the alumina fiber surface. This exceptional morphology
provides a large surface area, up to ~300 m?2/ g, accessible for reaction. Maximal production of
methanol (~1106 gmethanotKgcu ~+-h™1) and DME (760 gpymeKge, ! -h 1) were obtained for catalysts
containing 7% wt. Cu/Zn with a weight ratio of 2.3 Zn to Cu (at 300 °C, 50 bar). The promising
results in CO, hydrogenation to methanol and DME obtained here point out the significant advantage
of nanofiber-based catalysts in heterogeneous catalysis.

Keywords: electrospinning; nanofibers; catalyst; hydrogenation; CO,; methanol; dimethyl ether
(DME)

1. Introduction

Over the last few decades, the CO, concentration in the atmosphere has increased
rapidly, reaching an unprecedented level of 415 ppm, predominantly due to fossil fuel
burning. The rising levels of CO, and other greenhouse gasses cause global warming
climate change [1-3]. This problem can be mitigated by trapping CO, either from the
atmosphere or from emission sources and converting it into value-added chemicals, such
as light olefins, hydrocarbons, alcohols, and, specifically, methanol (MeOH) and dimethyl
ether (DME) [4-8]. Methanol is a vital industrial chemical that serves as a solvent in
many processes and as a raw material for other chemicals, such as formaldehyde and
acetic acid. Furthermore, MeOH and DME can serve as alternative energy carriers as
multi-purpose fuels. Methanol can be used as a precursor to the familiar gasoline in the
methanol-to-gasoline process [9-12].

At present, industrial-scale methanol synthesis is carried out almost exclusively using
the catalytic reaction of synthesis gas (syngas) over copper, zinc-oxide, and aluminum-
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oxide composite (Cu\ZnO\Al,O3) catalysts [9,11]. Overall, syngas (mixture of CO, CO,,
and Hj gases) reacts by the following reversible reactions (1,2) to form methanol [11]:

CO+2H; +» CH30OH AH7_300x = —90.77 x; 1
mol

CO; +3H; <+ CH30H + H,O AHt_300x = —49.16 2)

mol

The mechanism of methanol formation from syngas is still under investigation. How-
ever, it is widely accepted that metallic Cu is the active phase in methanol synthesis via
either CO or CO; hydrogenation [11,13]. Therefore, in recent years, many studies in-
vestigated pure CO, hydrogenation to methanol over Cu-based catalysts [1,4,10,14,15].
Unfortunately, a major drawback of this approach is the reverse water gas shift (RWGS)
reaction (3), which competes with reaction (2) and is also catalyzed by the Cu-based
catalysts [11,16].

CO; +Hp <+ CO+H;O AHr_300k = 41'211(7]1 3)
To reduce the extent of the RWGS reaction and optimize the catalyst’s effectiveness
towards methanol formation (i.e., methanol selectivity, catalytic activity, and stability),
in many cases, Cu is supported by other metallic/ceramic materials, mainly ZnO and
AlO3, as in commercial catalysts [17-29]. While ZnO was shown as taking an active
part in reaction promotion (sometimes referred as cocatalyst) [18,20,21,27-30], Al,O3 is
considered a chemically inert component that serves mainly as a stabilizer of Cu/ZnO
particles dispersed in the catalyst [11,31]. Still, in few works, where Al;O3 concentration
in the catalysts was relatively high, Brensted and Lewis acid sites on its surface served
as an effective catalyst for MeOH dehydration to dimethyl ether (DME) (4) [23,31-33].
Since DME is also a valuable feedstock and clean energy source [34], its production by the
secondary reaction from MeOH is highly desirable in many works [34-36].

2CH3HO ) 4+ CH30CHs3g) + HyO(y) AHY = —23.50 i (4)

Achieving simultaneously high methanol and DME selectivity and CO, conversion
(Xco,) in Cu-based catalysts is challenging [1]. For example, Yao et al. [37] achieved high
methanol selectivity of 80%, but with low CO, conversion of approximately 1.5% (Yaeon =
1.2%) using Cu-In-Zr-O catalysts (at 523 K and 2.5 MPa). On the other hand, Li et al. [24]
achieved higher CO, conversion of ~17% but lower selectivity of ~45% (Yameon = 7.65%) at
similar reaction conditions (533 K and 3 MPa) using Cu-Al-Ce-O catalysts. Additionally, in
the same work, the trend of increasing conversion with decreasing methanol selectivity as
a function of reaction temperature (constant pressure) is presented. At 473 K, selectivity of
85% and conversion of 2.9% were obtained, while at 553 K, the selectivity decreased to 22%
and conversion increased to 23.7%. The methanol yield in these works was 2.5% and 5.2%,
respectively. A similar trend was presented by Lam et al. [31], varying residence time in the
reactor (instead of temperature). Working with y-Al,O3-Cu catalyst for methanol and DME
production (at 503 K and 2.5 MPa), the authors obtained Xcp, = 0.9%, Spmeon = ~16.5%,
and Spyg = ~27.5% at contact time of 0.15 s-gcat-mL’l, but Xco, =5.7%, Smeon = ~9%, and
Spme = ~14% at contact time of 2.5 s-gcat-mL_l.

In other cases, where both conversion and selectivity are relatively high, reaction
conditions are extreme or platinum-based catalysts were used. For instance, Samson
et al. [38], using Cu-Zr-O catalysts and applying a pressure of 80 bar and a temperature
of 533 K in the reactor, managed to obtain relatively high conversion and selectivity at
the same time (Xcp, = 15%, Spmeon = 86%, and Yjeon = 12.9%). On the other hand,
Men et al. [39] conducted the reaction under relatively low temperature (303 K) and under
atmospheric pressure to achieve quite impressive results (Xco, = 37%, Speon = 62.6%, and
Ynmeon = 23%); however, the authors used an expensive Pt-In-O-based catalyst and a special
dielectric barrier discharge (DBD) plasma reactor.
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In addition to the catalysts” composition and reaction conditions, the catalytic perfor-
mance is greatly affected by the catalyst’s structure. [16] Le Valent et al. [28] and Tisseraud
etal. [27,29] investigated the synergistic effect of Cu-ZnO nanoparticle catalysts in methanol
synthesis. Their main objective was to increase methanol selectivity over the RWGS reac-
tion. It was shown that Cu@ZnO core-shell catalysts were superior in their activity and
selectivity towards methanol formation (Xco,= 2.3%, Spmeon = 100%, and Ypeon = 2.3%), in
comparison with Cu-ZnO catalysts produced by coprecipitation or by mechanical mixing
(Xco,= ~0.9%, Spmeon = 100%, and Ypre0n = 0.9%). All catalytic measurements were con-
ducted at 523 K and 30 bar. This feature was attributed to a greater contact areas between
Cu and Zn0O in the Cu@ZnO core-shell catalysts, in which a CuxZn; _,)Oy composite oxide
phase with oxygen vacancies is formed and serves as the active site for methanol formation.
According to a simplified mechanism proposed in these works, hydrogen is adsorbed and
dissociated on the Cu surface. Adsorbed hydrogen atoms directed, via spillover, both to
ZnO surface and ZnOy at the Cu/ZnO interface that serve as adsorption sites for CO,. It
was then shown that hydrogenation of CO, on the ZnO surface is more efficient for CO
formation via RWGS, while ZnOy is the active site for methanol formation.

The most commonly used catalysts in this field are nanoparticle-based powders [10].
However, other catalysts” morphologies are expected to improve performance [1,10]. One-
dimensional nanostructures, such as nanofibers and nanobelts, could be of a great advan-
tage in such a heterogeneous reaction. In fact, nanofibers possess high surface-area-to-
volume ratio beneficial for heterogeneous catalysis [40-42]. Furthermore, novel porous or
core-shell shapes with designed architecture and composition are applicable to nanofibers
and can be ideal for catalytic purposes [43-45]. Due to their structure, nanofibers are ex-
pected to exhibit enhanced stability under stream compared with the powder nanoparticle-
based catalysts [46—48].

To maximize the benefits of the above qualities, Sun et al. [49] produced catalysts
based on carbon nanotubes as a support on which a Cu\ZrO; catalytic layer was anchored.
This catalyst showed improved performance (Xco, = 11.5%, Speon = 75%, Ymeon = 8.64%,
and methanol production of 1022.1 gl\/[eOHkgCu_lh_1 at 533 K and 3 MPa). In addition,
it was shown that the fibrous structure provided the catalyst with greater stability under
reaction conditions.

In the present study, we propose a different approach to prepare such nanofibrous cat-
alysts by utilizing electrospinning (ES), which produces 1D nanostructures with controlled
morphology and phases [41,42,50]. These resulting nanofibers demonstrate a unique
surface architecture with high BET surface area and meso- and macro-porous surface.
Nanofibrous catalysts were produced by decoration of electrospun alumina nanofibers (Al-
NFs) with Cu or Cu&Zn, to give rise to high conversion and methanol production, beyond
the current state of the production in a hierarchical fibers’ structure of nanosheets anchored
to the alumina surface. The exceptional surface structure of produced catalysts provides
large accessible surface for reaction, which is expected. To the best of our knowledge, this
is the first time that this type of hierarchically structured catalyst is used for the hydro-
genation of CO; into high value-added chemicals such as methanol and DME. We have
investigated the interplay between the nanofibers’ composition, morphology, and catalyst
performance. Up to 1106 gMeOHKgcu’l-h’1 and 760 gDMEKgCu’Lh’l were obtained at
50 bar and 300 °C with AINFs-1Cu2.3Zn-7 catalyst containing 7% wt. of Cu&Zn. Obtained
results demonstrate the beneficial effect of surface structure of decorated electrospun alu-
mina nanofibers that provides large accessible surface for reaction in comparison with the
other AlyO3-ZnO-Cu-based catalysts (see Table S1). The promising results obtained in
this work open the way for further optimization of this kind of catalyst and increase their
performance in methanol and DME syntheses.
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2. Experimental Section
2.1. Nanofibers Catalysts Preparation

Electrospun alumina nanofibers AINFs were produced similarly to earlier work [43].
The ES precursor solution consisted of 13 wt% Al(acetylacetonate); (Aldrich, St. Louis, MO,
USA), which was mixed and stirred with acetic acid glacial (Frutarom, Herzliya, Israel)
(60 wt%) and 96% ethanol (Bio-Lab, Jerusalem, Israel) (20 wt%) for 30 min until a homoge-
nous yellowish solution was obtained. Polyvinylpyrrolidone (PVP) (M, = 1,300,000 g/mol,
Aldrich, St. Louis, MO, USA) was added to the solution (7 wt%). After overnight stirring,
the final viscosity of the precursor solution was ~300 cPs.

The precursor solution was electrospun in the NS 24 Electrospinning Machine (In-
ovenso, Turkey). Applied voltage was 16kV/—3kV with a tip-to-collector distance (TCD)
of 15 cm and a precursor feed rate of 1 mL/h. The relative humidity inside the system con-
tainer was 45%, and the temperature was in the range of 20-30 °C. After ES, the resulting
“green” fibers mats were dried overnight under vacuum at 40 °C. Next, the fibers mats
were cut to approximately 2 x 2 cm? squares and calcined in air at 973 K for 1 h in a box
furnace (Nabertherm, Germany), as described elsewhere [43].

After calcination, the resulting alumina nanofibers were decorated with Cu and Zn
precursors by impregnation of aqueous solutions containing Cu(NOs), (Carlo Erba Reagents
S.rl., Cornaredo, Italy), Zn(NOs), (Alfa Aesar, Haverhill, MA, USA), or Cu(NO3)2+Zn(NO3),,

keeping a constant Zn/Cu wt. ratio of 2.33, as this ratio showed high yields to methanol

in previous works [27,28]. The total metal loading defined as mass o{ﬂ;::; er ir; ;j}SquZn -100,

was changed from 1.5% to 10% (1.5, 3, 7, and 10%). Next, the samples were placed in
a preheated furnace at 80 °C and dried for 24 h. Finally, dried product was heated in
air at 400 °C for 6 h (heating rate 5 °C min~!) to decompose nitrate residues and form
metal-oxide phase. In total, 12 catalysts were synthetized (Table S2).

2.2. Materials Characterization

Raw, sintered, and decorated alumina nanofibers were characterized using a high-
resolution scanning electron microscope—HRSEM (ULTRA plus; Zeiss, Switzerland). Ele-
mental distribution in decorated alumina nanofibers samples was performed qualitatively
using mapping function of the HRSEM’s EDS detector (XFlash Detector 4030, Bruker AXS,
Billerica, MA, USA).

Quantitative analysis of Cu and Zn in the decorated alumina nanofibers was carried
out by inductively coupled plasma—optical emission spectroscopy (ICP-OES) (720-ES ICP-
OES, Agilent, Santa Clara, CA, USA) with axially viewing and simultaneous CCD detection.
Data were treated in the ICP ExpertTM software (version 2.0.4) to allow estimations of the
weight percentages of elements in each sample. To achieve representative results, triplicates
of each sample were prepared for analysis, and each replicate was analysed three times.

Elemental concentrations in the samples were also determined by energy dispersive
X-ray fluorescence (EDXRF) analysis (M4 Tornado, Bruker, Billerica, MA, USA). A Rhodium
X-ray tube (50 kV /600 pA (30 W)) with a polycapillary lens was used, enabling excitation of
an area of 200 um. The detector used for these measurements was a Silicon-Drift-Detector
Si(Li) with <145 eV resolution at 100,000 cps (Mn K«), which was cooled with a Peltier
cooling (253 K). The measurement was taken under a vacuum (20 mbar). Quantitative
analysis was conducted using fundamental parameter (FP). More than 30 points were
measured for each sample to cover the entire surface sample.

Specific surface area (SSA) and pore structural properties of support/scaffold and
decorated alumina nanofibers were investigated by BET analysis at 77 K (3Flex appara-
tus, Micromeritics, USA). Phase composition of decorated and not decorated alumina
nanofibers were characterized by X-ray diffraction—XRD (SmartLab 9 kW; Rigaku, Japan).
Average crystal sizes of decorated and undecorated samples were determined using the
Scherrer equation.

High-resolution transmission electron microscopy (HRTEM) imaging was carried
out using a ThermoFischer Titan Themis 300 S/TEM with a Schottky X-FEG electron
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source operating at 300 kV. Particles of the catalyst were deposited on a holey carbon film
supported on a gold grid without using solvents. The microscope is equipped with a probe
aberration corrector and a monochromator, allowing a special resolution of 70 pm and an
energy resolution of 150 meV. The microscope is equipped with a Super-X windowless 4
quadrant SDD (silicon drift detector) detection system for the STEM —energy-dispersive X-
ray (EDX) mapping and several annual dark field detectors. The experiment was performed
with a spot size of approximately 500 pm, a semiconvergence angle of 20 mrad, and a probe
current lower than 100 pA. For the high-angle annular dark-field (HAADF) images, the
collection angles were between 50 and 200 mrad. The STEM—EDX mapping was performed
with a dwell time of 15 um/px, with continuous scanning over several frames during a
total time of 10-15 min per acquisition.

2.3. Catalytic Testing

The catalytic performance was evaluated at the REALCAT platform (Villeneuve
d’Ascq, France) using a Flowrence high-throughput unit (Avantium, Netherlands), which
comprises 16 isothermal fixed-bed, stainless steel micro-flow bed reactors, and has the
capability to simultaneously screen 16 catalysts (see Figure S1). Each catalyst was loaded
into a stainless steel fixed-bed reactor after mixing it with a silicon carbide (SiC) diluent
(100 pm) at a weight ratio of 1:1. Prior to test, the catalysts were activated (in situ) by reduc-
tion of CuO to Cu metal under 3 mL/min of a mixture of Hy and N, (H, /N, =1/5 vol.),
at a pressure of 1 bar and a temperature of 300 °C (heating rate 1 °C/min), for 3 h. After
reduction, the system was cooled to 150 °C and purged with the reaction mixture gas (feed)
until stabilization. The inlet gaseous mixture (in mol%) was composed of 77.5% of Hy,
19.4% of CO,, and 3.1% of He (used as internal standard for GC analysis), corresponding to
a Hp /CO, molar ratio of 4:1. Feed flowrate of each of the 16 reactors was set to 1.3 mL/min
(STP), and each reactor was loaded with 30 mg of catalyst so that the weight hourly space
velocity of CO, (WHSV) was set at 1 hr 1.

Catalysts were tested (screened) at 10, 30, and 50 bar and at 225, 250, 275, and 300 °C.
The screening procedure was performed as follows: First, the pressure was increased to
10 bar. Then, the temperature was increased by 1 °C/min to 225 °C, which is the first
temperature tested. After a stabilization time of one hour, the effluent of each reactor was
analysed by GC, and the temperature was increased by 25 °C to reach the next tested
temperature, namely 250 °C. At 250 °C the same one-hour stabilization time and outgas
analysis was performed. This procedure was repeated for 275 and 300 °C. The entire
process was then carried out at pressures of 30 and 50 bar. The durations of the catalytic
experiments at 225 °C at each pressure was 7.5 h and 12.5 h at 250-300 °C.

The reaction products were analyzed using an on-line GC (Agilent Technologies,
model 7890A, United States) equipped with two TCD (PPQ and HayeSepQ/Molecular
Sieve columns) and an FID (CP-Sil5 column) detectors. The catalysts” performance was
characterized by CO, conversion, yield, and selectivity to CO, CHy, methanol, and dimethyl
ether (DME). Details of the calculations of conversion, selectivity, yield, and thermodynamic
limit are presented in Supplementary Materials.

3. Results and Discussion
3.1. Nanofiber Characterization

Raw and calcined nanofibers (AINFs) had a round, smooth surface (Figures 1a, S2 and
53) and a bimodal diameter distribution, with average diameters of 540 nm and 240 nm,
respectively (Figure 54). The nanofibers decorated by ZnO, CuO, or ZnO&CuO were termed
AINFs-Zn, AINFs-Cu, and AINFs-1Cu2.3Zn. As shown in Figure 1b-d, for 7% wt. loading,
the fiber surface is covered with nanosheets (<10 nm thick) extending perpendicularly from
the fiber surface. This unique structure was observed at all loadings (1.5, 3, 7, and 10% wt.
of Zn, Cu, or Zn&Cu). However, as expected, nanosheets are larger at higher metal-oxide
loadings. Representative HRSEM images of AINFs-1Cu2.3Zn at different loadings are
presented in Figure S5.
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Figure 1. HRSEM images of (a) AINFs and (b-d) AINFs decorated by 7 wt% Zn in the form
of ZnO (sample AINFs-Zn-7), 7 wt% Cu in the form of CuO (sample AINFs-Cu-7), and 7 wt%
Zn&Cu in the form of ZnO&CuO (AINFs-1Cu2.3Zn-7) in a wt. ratio of 2.3 Zn/Cu. The inserts are
larger magnifications.

Nitrogen physisorption performed on initial AINFs support showed a type-IV isotherm
with hysteresis type 2 (Figure S6a) due to the fibers” meso-porosity [51]. This was also con-
sistent with the sample’s BJH desorption average pore diameter of 4.1 nm and BET surface
area of 257 m?/g [51]. On the other hand, decorated AINFs showed type-II isotherm with
hysteresis type 3 (Figure S6b—g), corresponding to the presence of elongated, slit-like macro-
pores in the sample [51], consistent with the relatively large gaps between the nanosheets
observed in Figures 1 and S5. Compared with the initial AINFs support, the BET surface
area of decorated fibers initially tended to increase at low amounts of metal-oxide loading
and then decreased as the amount of loading increases (Table S2). We believe that at low
loading, some of the support’s mesopores were still exposed, while at higher loadings they
gradually became blocked; thus, the specific surface area (SSA) decreased.

Similar nanosheet-covered ceramics have been reported for various metal oxides
in different applications. For example, Tian et al. produced microparticle pigment of
BipW1_xMoxOg [52], Lu et al. produced nanocomposites photocatalyst of SnO, [53], Li et al.
produced thermal insulators microspheres of Fe-doped Si—-C-N [54], and Landman et al.
produced Ni(OH), nanosheets on metallic Ni-nanofibers in an electrochemical process
where the hydroxide layer grew via an electro-oxidation process [55]. In all mentioned
works, there is no explicit explanation of the formation of such a structure; however, this
appears to be a dissolution/ precipitation process during synthesis. In our case, the structure
is formed during drying, after impregnation (Figure S7), where precipitation takes place.

Elemental analyses using ICP and XRF were performed to confirm the amount of each
element in the samples (Table S3). Results of both techniques werre relatively close to the
expected values, indicating that the amount of Cu and Zn in the deposit was identical to
the starting solution. Additionally, SEM-EDS was performed on representative samples,
including AINFs decorated with 7% Cu, 7% Zn, and 7% Zn&Cu, to ensure homogeneous
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distribution of the elements in the fibers” mat (Figure S8). The measurements showed

homogeneously distributed elements in the fibers” mat.

The crystallographic structures of the initial and coated fibers with 10 wt% Cu, 10 wt%
Zn, and 10 wt% Zn&Cu in their fresh and reduced form are shown in Figure 2. AINFs
presented an amorphous alumina phase with small peaks corresponding to x-Al,O3 (corun-
dum) phase. It is known that x-Al,O3 forms at much higher temperatures (~1100 °C) [56]
than what is used in this study to form Al-O-NFs (700 °C). The formation of x-Al,Oj is
attributed to local overheating in the fibers, resulting from the exothermic thermal decom-
position of their organic content during calcination. After calcination, decorated samples
presented much clearer peaks of x-Al,Os. This observation is surprising since during
calcination, the decorated samples were heated only up to 400 °C. In addition, thermal
decomposition of metal-NOj3 precursors is not necessarily exothermic [57]; therefore, the
sample’s temperature was not expected to rise above the set-point temperature in the
furnace. Here, growth of the x-Al,O3 grains was promoted by the presence of either ZnO
and/or CuO on the x-Al,O3 grains [58,59]. This phenomenon was seen previously when

Al,O3 was interacting with other oxides, such as CaO and SiO; [60,61].

(iii)

(ii)
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Figure 2. XRD patterns of (a) fresh and (b) reduced samples. (i)—(gray curve) AINFs, (ii)—(red
curve) AINFs decorated by 10 wt% Cu (catalyst AINFs-10-Cu), (iii)}—(blue curve) Al-O NFs decorated
by 10 wt% Zn (catalyst AINFs-10-Zn), and (iv)—(green curve) AINFs decorated by 10 wt% Zn&Cu in
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a wt. ratio of 2.3 Zn/Cu (catalyst AINFs-10-1Cu2.3Zn).

Apart from distinct alumina peaks, the diffraction of the fresh samples showed some
broad characteristic peaks which, in the case of copper loading, matched the Al,CuOy4
spinel and, in the case of the zinc loading, matched the zinc aluminum oxide gahnite
(AlpO4Zn). After reduction in Hy /N, atmosphere, the diffraction pattern did not change
in the cases of alumina and ZnO, but in the case of alumina and Cu loaded catalysts, it
showed a transition from the CuO (Al,CuQOy) phase to metallic copper. On the basis of the
Scherrer equation, the broad peaks of AINFs decorated with 10 wt% Cu and 10 wt% Zn
represented crystallites size in the range of 1.6-4.2 nm. In contrast, the distinct x-alumina
peaks in the samples were correlated to much larger crystallites of ~50 nm (Table S4).

To further prove the calculations using the Scherrer equation, HAADF-HRSTEM
imaging and EDX were utilized on the AINFs decorated with 10 wt% of Cu (AINFs-Cu-10
catalyst) reduced prior to the analysis (Figure 3). In a small magnification, it was observed
that elements were homogenously distributed in the sample (Figure 3a—d); however, in
larger magnification, small (~1-5 nm) Cu islands were observed (Figures 3a—d and 4a—c),
consistent with the XRD results. Moreover, HAADF-HRSTEM imaging conducted on
AINFs decorated with 7 wt% of Cu (AINFs-Cu-7 catalyst) reduced prior to the analysis
(Figure 4d—f). Compared with the AINFs-Cu-10, the Cu particles in AINFs-Cu-7 were
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better dispersed and had smaller size (<1 nm), pointing to their potentially improved
catalytic activity.

Figure 3. HAADF-HRSTEM EDX patterns of AINFs decorated with 10 wt% of Cu (AINFs-Cu-10
catalyst) reduced prior to the analysis: (a—d) small magnification and (e-h) large magnification.

Figure 4. HAADF-HRSTEM patterns of AINFs decorated with 10 wt% of Cu (a—c) and AINFs
decorated with 7 wt% of Cu (d—f). Catalysts were reduced prior to the analysis. White arrows point
to few Cu nanoparticles in the sample.

3.2. Catalytic Performance

The catalytic results of CO, hydrogenation to methanol and DME at 10, 30, and 50 bar
and at 225, 250, 275, and 300 °C are presented in Figures 5-13 and in Tables S5-512. CO,
conversion as a function of temperature, pressure, and Cu, Zn, or Cu&Zn loadings in the
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catalysts is presented in Figure 5 and in Table S5. For all catalysts, CO, conversion increased
gradually with reaction temperature and pressure. The catalytic activity clearly depends
on the catalysts’ metal loading. All AINFs-Zn catalysts decorated with ZnO, showed
relatively low catalytic activity, reflected by their low conversion and negligible methanol
and DME yields, compared with Cu or mixed Cu/ZnO catalysts (Figures 5, 7 and 8 and
Tables S5-57). These results confirm that the reaction occurred on the surface of copper
particles [62]. The highest catalytic activity was obtained at 30 and 50 bar and 300 °C with
the catalysts containing 7 and 10 wt% of Cu (catalysts AINFs-Cu-7 and AINFs-Cu-10). These
two catalysts presented similar catalytic performance, reaching a CO; conversion of 27-28%
and total methanol and DME yield of 12.3-14%, which are close to the thermodynamic
equilibrium values (29.6% and 13.7%, respectively) (Tables S5-57 and Figures S9 and S10).

Selectivity to methanol and DME was strongly affected by temperature and pressure,
as seen in Figure 6 for the AINFs-Cu-10 catalyst. Increasing temperature correlated with
a progressive decrease in oxygenated products’ (MeOH and DME) selectivity in favor of
carbon monoxide. Increasing pressure correlated with a progressive increase in oxygenated
products’ selectivity at the same temperature. However, as conversion increased dramat-
ically with temperature (Figure 5), the overall contribution of reaction temperature was
positive to obtain higher methanol and DME yields (Figures 7 and 8), which as stated
above, reached the thermodynamic limit (Figures S9 and 510).
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Figure 6. Selectivity to CHy, CO, DME, and methanol for AINFs-Cu catalyst containing 10wt.% of
Cu at pressures of 10, 30, and 50 bar and temperatures of 225, 250, 275, and 300 °C.
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Figure 9. Production of methanol per gram of Cu for AINFs-Cu and AINFs-1Cu2.3Zn catalysts at
pressures of 10, 30, and 50 bar and temperatures of 225, 250, 275, and 300 °C.
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As stated above, the highest catalytic activity in formation of oxygenated products was
observed in the tests of AINFs-Cu catalysts with the highest Cu loadings (7 and 10 wt%),
and the maximum yield of oxygenated products was obtained with AINFs-Cu-10 catalyst
(Figures 7 and 8, Tables S6 and S7). At a pressure of 10 bar, a maximum selectivity to
DME and methanol of ~40% was obtained at 225 °C. Increase in temperature at the same
pressure (10 bar), led to a drastic decrease in DME and methanol selectivity, in favor of CO
selectivity, that increased from 60% to 95% when the temperature increased from 225 °C to
300 °C. The maximum formation of oxygenated products was obtained at 50 bar. Under
these conditions, the selectivity reached 60% at 225 °C and 43% at 300 °C. The total yield of
methanol and DME products reached 6% at 225 °C and 14% at 300 °C.

The temperature at which maximum methanol and DME yields were obtained varied
with the pressure and the catalyst type (Figures 7 and 8). For AINFs-Cu catalysts, maximum
methanol yield at 10 and 30 bar were obtained at 275 °C, while at 50 bar, the optimal
temperature shifted to 300 °C. In the case of DME production, the optimal formation
temperature increased from 250 °C at 10 bar to 275 °C at 30 bar and to 300 °C at 50 bar. For
AINFs-ZnCu catalysts, 300 °C was the optimal temperature to obtain the maximum yield
of methanol and 275 °C of DME, at all pressures.

According to thermodynamics, increasing the temperature favors the formation of
methanol and, hence, raises the selectivity to methanol in the fraction of oxygenated prod-
ucts. At 30 bar, methanol selectivity increased from 17.6% to 40.2% when the temperature
was raised from 225 °C to 300 °C. At 50 bar, the same tendency was observed (Figure S11).
The catalytic results of AINFs-Cu and AINFs-1Cu2.3Zn catalysts presented in current study
followed the above-described tendency with two exceptions. First, the chemical equilib-
rium was shifted towards methanol. Maximum selectivity to methanol in the fraction of
oxygenated products obtained at 300 °C varied between 50 and 70%. Second, in the case
of AINFs-Cu-7 catalyst, temperature had no influence on methanol selectivity, and in the
case of AINFs-Cu-10 catalyst, increasing in temperature favored the formation of DME
(Figure S11).

The highest production of methanol and DME per gram of Cu was obtained with
the AINFs-1Cu2.3Zn catalysts containing 7 and 10 wt% of Cu&Zn (Figures 9-13 and
Tables S10-512). Up to 1106 gmethanolKgCuA h~! and 760 gDMEKgCU’1 h~! were ob-
tained at 50 bar and 300 °C with AINFs-1Cu2.3Zn-7 catalyst containing 7 wt% of Cu&Zn.
The highest methanol and DME production per gram of Cu, for catalysts loaded with
Cu only, obtained with the AINFs-Cu-7 catalyst, reached 686 gmethanolKgCu’l-h’l and
469 gDMEKgCu’1 -h~1, at the same conditions. Increasing the loading to 10 wt% decreased
production of oxygenated products per gram of Cu. Supported by TEM analysis (Figure 4),
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this effect can be due to sintering of Cu particles and decrease of surface active sites in
the catalysts.

Correlation between Cu content and production of methanol and DME per gram of
Cu presented in Figures 11-13 show the synergy between Cu and ZnO in methanol and
DME synthesis. According to Zander et al. [63], ZnO improves the dispersion, stabilizes
the structure, and prevents the sintering of copper particles, which affects the adsorption
properties of CO, on the copper particles. According to Burch et al. [62], ZnO is capable
of storing hydrogen in a readily available atomic form that diffuses to Cu and interacts
with Cu formate molecule to form more stable hydrogenated intermediate of methanol
synthesis. However, in a recent study, Wang et al. [64] used in situ FTIR to show that CO,
is adsorbed mainly on the Al,O3 and ZnO support, forming carbonate species, and that Cu
facilitates Hy dissociation. Then, hydrogen atoms react with the adsorbed carbonates on
the Al,O3 support and ZnO, transforming them to formate and additional intermediates.
Additional and more powerful operando spectroscopy methods, such as ambient-pressure
X-ray photoelectron spectroscopy (AP-XPS) and in situ (5)TEM, were recently used to
characterize reactive interfacial structures in situ [65-69]. In future study, such operando
spectroscopy characterization can be highly beneficial to study the catalytic mechanism in
the current catalysts.

4. Conclusions

A series of electrospun alumina nanofibers decorated with different amounts of Cu,
ZnO, or Cu/ZnO has been synthetized and studied as catalysts for CO, hydrogenation to
methanol and DME as a function of temperature and pressure using the high-throughput
equipment of the REALCAT platform. Decoration was achieved by precipitation on nitrate-
based solutions of the respective metals, which led to formation of metal nanosheets
perpendicular to the fiber surface. We found that the catalytic activity depends on the
metal loading and the Cu/Zn ratio. Nanofibers decorated with Cu and Cu/ZnO showed
higher catalytic activity compared with nanofibers decorated with ZnO only. It was found
that under the same reaction conditions, the hydrogenation rate of CO, to methanol and
DME is principally affected by the Cu ratio in catalyst and the synergy between Cu and
ZnO. Maximal methanol production of ~1106 gmethanolKgcu ' -h ' and DME production
of 760 gpmeKgcey, 1 -h ™! were obtained for AINFs-1Cu2.3Zn-7 catalyst containing 7 wt%
of CuO and ZnO (at 300 °C, 50 bar). The combined methanol and DME yield was ~6%,
and their combined production was 1866 gMeOHJrDMEKgCu’Lh’l, which surpasses the
best results published so far in the literature. It should be emphasized that in this work,
the Cu/ZnO ratio and the metal loading had not been optimized. Such optimization
has already begun and will be the subject of future work that is aimed to improve the
production of methanol and DME. In addition, control over the degree of reduction of the
initial CuO particles in the catalysts could also optimize our catalyst activity. For example,
this could be achieved by tuning the reduction temperature or by varying the percentage
of Hj in the reducing H, /N, gas. Moreover, to achieve an understanding of the catalytic
mechanism, operando spectroscopy characterization, methods such as AP-XPS and in situ
(S)TEM, can be used.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano13040635/s1, Figure S1 Photos and scheme of Flowrence
and reactors loading; Figure S2 SEM images of raw alumina nanofibers in different magnifications,
(a) 5 k and (b) 15 k; Figure S3 SEM images of calcined (at 973 K) alumina nanofibers in different
magnifications, (a) 5 k and (b) 50 k. (c) is a histogram of fibers” diameter (94 fibers); Figure S4:
Histograms of alumina nanofibers’ diameter. (a) raw nanofibers (87 fibers) (b) calcined nanofibers
(94 fibers); Figure S5. HRSEM images of AINFs decorated by 10 (a, b), 7 (¢, d) 3 (e, f) and 1.5 (g, h)
wt% of Zn&Cu in the form of ZnO&CuO, in a wt. ratio of 2.3 Zn/Cu; Figure S6: N, physisorption
isotherms of calcined alumina nanofibers AINFs (a) and few calcined alumina nanofiber decorated
with Cu, Zn and Cu\Zn: AINFs-Cu catalysts decorated with 1.5 wt% (b), 7 wt% (c) and 10 wt% (d)
Cu, AINFs-1Cu2.3Zn catalysts decorated with 1.5 wt% (e) and 7 wt% (f) Cu and Zn (Cu/Zn=1:2.3),
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AINFs-Zn catalyst decorated with 7 wt% Zn (g); Figure S7: SEM images of pre-calcined AINFs
decorated by 7 wt% Zn and Cu (in a wt. ratio of 2.3 Zn/Cu) in the form of Zn(NO3); and Cu(NO3),.
(a)—(d) are magnifications of 5 k, 15 k, 50 k and 150 k, respectively; Figure S8: SEM-EDS results of
decorated alumina nanofibers: (a) AINFs-Zn-7—-alumina nanofiber decorated with 7 wt% of Zn (in
form of ZnO); (b) AINFs-Cu-7-alumina nanofiber decorated with 7 wt% of Cu (in form of CuO); (b)
AINFs-1Cu2.3Zn-7—-alumina nanofiber decorated with 7 wt% of Cu and Zn (in form of CuO and
Zn0) in a wt. ratio 1:2.3; Figure S9: Effect of temperature on CO, conversion and yields to Methanol,
Dimethyl ether and CO at equilibrium at 30 bar pressure and H, /CO,=4 ratio; Figure S10: Effect of
temperature on CO; conversion and yields to Methanol, Dimethyl ether and CO at equilibrium at
50 bar pressure and Hy /CO,=4 ratio; Figure S11. Selectivity to methanol in oxygenated products
(MeOH and DME) fraction for some AINFs-Cu and AINFs-1Cu2.3Zn catalysts at pressures of 30
and 50 bar and temperatures of 225, 250, 275, 300 °C; Table S1 Comparison of the results of the
present study to those of the literature; Table S2 Cu, Zn or Cu&Zn weight loadings on Electorspun
Alumina nanofibers in each catalyst and BET SSA for chosen catalysts; Table S3 ICP and XRF results
in wt%. Wt. % is defined as Me/(Al,O3+MeO), when Me can be Zn, Cu or both. Deviation superior
to 1% from expected values are marked in orange; Table S4: particles’ sizes of AINFs-1Cu2.3Zn-10
alumina nanofibers decorated with 10 wt% of Cu and Zn in a wt. ratio 1:2.3 as calculated by Scherrer
equation; Table S5 CO; conversions for all catalysts at pressures of 10, 30, 50 bar and temperatures
of 225, 250, 275, 300 °C; Table S6 Methanol yield for all catalysts at pressures of 10, 30, 50 bar and
temperatures of 225, 250, 275, 300 °C; Table S7 DME yield for all catalysts at pressures of 10, 30,
50 bar and temperatures of 225, 250, 275, 300 °C; Table S8 CO yield for all catalysts at pressures
of 10, 30, 50 bar and temperatures of 225, 250, 275, 300 °C; Table S9 CHy yield for all catalysts at
pressures of 10, 30, 50 bar and temperatures of 225, 250, 275, 300 °C; Table S10 Space time yield of
methanol per gram of Cu for AINFs-Cu and AINFs-1Cu2.3Zn catalysts at pressures of 10, 30, 50 bar
and temperatures of 225, 250, 275, 300 °C; Table S11 Space time yield to DME per gram of Cu for
AINFs-Cu and AINFs-1Cu2.3Zn catalysts at pressures of 10, 30, 50 bar and temperatures of 225, 250,
275, 300 °C; Table S12 Space time yield to Methanol and DME per gram of Cu for AINFs-Cu and
AINFs-1Cu2.3Zn catalysts at pressures of 10,30,50 bar and temperatures of 225, 250, 275, 300 °C.
References [70,71] are cited in the Supplementary Materials.
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