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Abstract: Green methanol is a viable alternative for the storage of hydrogen and may be produced
from captured anthropogenic sources of carbon dioxide. The latter was hydrogenated over Cu-ZnO
catalysts supported on an aluminum fumarate metal-organic framework (AlFum MOF). The catalysts,
prepared via slurry phase impregnation, were assessed for thermocatalytic hydrogenation of CO2 to
methanol. PXRD, FTIR, and SBET exhibited a decrease in crystallinity of the AlFum MOF support
after impregnation with Cu-Zn active sites. SEM, SEM-EDS, and TEM revealed that the morphology
of the support is preserved after metal loading, where H2-TPR confirmed the presence of active
sites for hydrogen uptake. The catalysts exhibited good activity, with a doubling in Cu and Zn
loading over the AlFum MOF, resulting in a 4-fold increase in CO2 conversions from 10.8% to 45.6%
and an increase in methanol productivity from 34.4 to 56.5 gMeOH/Kgcat/h. The catalysts exhibited
comparatively high CO selectivity and high yields of H2O, thereby favoring the reverse water-gas
shift reaction. The selectivity of the catalysts towards methanol was found to be 12.9% and 6.9%. The
performance of the catalyst supported on AlFum MOF further highlights the potential use of MOFs
as supports in the heterogeneous thermocatalytic conversion of CO2 to value-added products.

Keywords: CO2 hydrogenation; green methanol; reverse water-gas shift reaction; metal-organic
frameworks; catalysis

1. Introduction

It is evident that the continuous increase in anthropogenic CO2 levels in the atmo-
sphere has resulted in global warming, which leads to higher average temperatures on
Earth and an increase in the acidity of oceans [1–3]. As such, driven by the large-scale
combustion of carbonaceous fossil fuel sources such as coal, natural gas, and oil, CO2 con-
centrations have increased by 20% in the past four decades [4]. Therefore, to abate climate
change, the mitigation of CO2 emissions is required via capture, storage, and utilization.
The latter includes the chemical transformation of CO2 to value-added chemicals such as,
inter alia, methanol, dimethyl ether, organic acids, higher alcohols, and hydrocarbons [4,5].
The valorized products have a myriad of applications as chemical feedstocks and in direct
usage, and in the case of methanol, as fuel sources in internal combustion engines, which
makes it an ideal energy carrier [6,7].
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The chemical conversion of CO2 to methanol is predominantly carried out over ternary
co-precipitated Cu/ZnO/Al2O3 catalysts, which are typically used for methanol pro-
duction from synthesis gas (CO, CO2, H2), at industrial conditions of 210–300 ◦C and
50–80 bar [8–11]. However, the deactivation of the catalysts driven by thermal sintering of
the Cu particles, phase segregation of ZnO and Al2O3 from Cu active sites, and decreased
dispersion result in poor performance concerning the selectivity to methanol, thereby facili-
tating CO production [12–14]. Furthermore, zinc has been reported to react with the Al2O3
promoter to form zinc aluminates, which further deactivates the catalyst [14]. As such, the
preparation of supported catalysts that favor good Cu dispersion, high activity toward
CO2 hydrogenation, and methanol selectivity may prevent the aforementioned catalyst
deactivation mechanisms [15]. Therefore, the usage of metal-organic frameworks (MOFs),
which are materials with exceptional crystallinity, high surface area, and good porosity
with a large surface area as supports for Cu-based catalysts promises to circumvent the
poor performance inherent to ternary, co-precipitated Cu-based catalysts [16,17].

The application of MOFs, characterized by metal-ion clusters coordinated to multi-
dentate ligands, as catalyst supports has been reported to increase methanol selectivity
and turnover frequency [18,19]. Therefore, the ability of MOFs as supports that have high
metallic active phase dispersion makes them attractive in heterogeneous catalysis [20]. In
this study, we present, for the first time according to our knowledge, the loading of Cu-ZnO
on aluminum fumarate MOF (AlFum MOF) for the thermocatalytic hydrogenation of CO2
to methanol.

2. Results
2.1. Characterization
2.1.1. Powder X-ray Diffraction (PXRD) and Fourier Transform Infrared
Spectroscopy (FTIR)

The PXRD patterns of the catalysts supported on AlFum MOF are shown in Figure 1a.
The 7Cu/3ZnO/AlFum MOF catalyst exhibits a diffraction pattern typical of AlFum MOF,
with characteristic peaks at 2θ = 10.2◦, 14.9◦, 21.1◦, 31.8◦ and 42.7◦, with no Cu or Zn
peaks observed, which may be due to low metal loading, and good dispersion [16,21].
Figure 1a also shows the diffraction pattern of the pristine AlFum MOF whereas Figure 1b,
zooms into the 30◦ < 2θ < 40◦ region of Cu/ZnO/AlFum MOF catalysts. In comparison to
7Cu/3ZnO/AlFum MOF, 15Cu/6.4ZnO/AlFum MOF has double the loading of Cu and
Zn and, as a result, a CuO peak at 2θ = 38.7◦ can be observed [7,22]. Furthermore, it can be
seen that the crystallinity of the AlFum MOF in the supported catalysts decreases, which
may be due to the high thermal treatment temperature of 350 ◦C under a constant flow of
argon during thermal activation.

The FTIR spectra of the pristine AlFum MOF and Cu/ZnO/AlFum MOF catalysts
are shown in Figure 1c–e. The broad peak at 3400–3600 cm−1 is ascribed to O-H vibra-
tions from physisorbed or intercrystalline water and/or absorbed moisture [23–25]. The
symmetric and asymmetric vibrations of the fumarate carboxylate group can be seen at
1403 and 1591 cm−1 [21,23]. Furthermore, it can be seen in the Cu/ZnO/AlFum MOF
catalysts, Figure 1c,d, that after impregnation and thermal treatment, the intensity of the
peaks decreases, which corroborates the decrease in crystallinity observed in the PXRD
diffractograms, as shown in Figure 1a,b.
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Figure 1. PXRD patterns of (a) AlFum MOF, 7Cu/3ZnO/AlFum MOF, 15Cu/6.4ZnO/AlFum MOF; 

(b) 7Cu/3ZnO/AlFum MOF, 15Cu/6.4ZnO/AlFum MOF at 30° < 2θ < 40°; and (c–e) FTIR spectra of 

AlFum MOF, 7Cu/3ZnO/AlFum MOF, and 15Cu/6.4ZnO/AlFum MOF. CuO (♦). 
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high Cu dispersion in the framework of the AlFum MOF support with regions of surface 

Figure 1. PXRD patterns of (a) AlFum MOF, 7Cu/3ZnO/AlFum MOF, 15Cu/6.4ZnO/AlFum MOF;
(b) 7Cu/3ZnO/AlFum MOF, 15Cu/6.4ZnO/AlFum MOF at 30◦ < 2θ < 40◦; and (c–e) FTIR spectra of
AlFum MOF, 7Cu/3ZnO/AlFum MOF, and 15Cu/6.4ZnO/AlFum MOF. CuO (�).

2.1.2. N2 Sorption, and Elemental Loading

The pristine AlFum MOF exhibited a BET surface area (SBET) of 910 m2/g, which
is consistent with previously reported values [26]. The nitrogen sorption isotherms of
the pristine and AlFum MOF-supported catalysts are shown in Figure 2a whereas the
H-K pore volumes and NLDFT PSDs are summarized in Table 1. It can be observed that
the pristine MOF and catalysts exhibit type-I sorption isotherms, which are indicative of
their microporous structure [16]. In addition, the PSDs, shown in Figure 2b, show that
the majority of the pores in the AlFum MOF-support and catalysts are in the micropore
range, with a median pore diameter below 2 nm, as shown in Table 1 [21,23]. Furthermore,
the decrease in SBET observed in the impregnated MOFs to 757 and 416 m2/g is due to
the loading of Cu and Zn active sites and thermal treatment [16,27]. The decrease in SBET
observed in both the AlFum MOF-supported catalysts is consistent with the decrease in
the intensity of the PXRD and FTIR peaks in Figure 1. In addition, a decrease in the pore
volume of 0.344 cm3/g in pristine AlFum MOF upon impregnation to 0.300 and 0.148 cm3/g
in the 7Cu/3ZnO/AlFum MOF and 15Cu/6.4ZnO/AlFum MOF catalysts is shown in
Table 1. Furthermore, SEM-EDX elemental analysis revealed a Cu loading of 11.2 wt% and
18.2 wt% compared with a theoretical composition of 7 and 15 wt% shown in parentheses.
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In addition, the Zn content was 3.12 and 5.77 wt% in the Cu/ZnO/AlFum MOF and
7Cu/3ZnO/AlFum MOF catalysts, respectively. This discrepancy may be attributed to
high Cu dispersion in the framework of the AlFum MOF support with regions of surface
enrichment, potentially leading to higher Cu content albeit it must be noted that SEM-EDX
is a semi-quantitative technique and other techniques such as inductively coupled plasma
optical emission spectroscopy may provide more accurate, quantitative, elemental analysis
results [28,29].
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Figure 2. N2 sorption isotherms at 77 K of: (a) AlFum MOF, 7Cu/3ZnO/AlFum MOF,
15Cu/6.4ZnO/AlFum MOF; and (b) NLDFT pore size distributions of AlFum MOF,
7Cu/6.4ZnO/AlFum MOF, and 15Cu/6.4ZnO/AlFum MOF.

Table 1. SBET, pore volume, mean pore size diameter, and elemental composition of pristine AlFum
MOF and Cu/ZnO/AlFum MOF catalysts.

Sample SBET (m2/g) Pore Volume (cm3/g) d (nm)
Elemental Loading (Weight %)

Cu Zn

AlFum MOF 910 0.344 1.27 - -
7Cu/3ZnO/AlFum MOF 757 0.300 1.23 11.2 (7) 3.12 (3)

15.4Cu/6.4ZnO/AlFum MOF 416 0.148 1.30 18.2 (15) 5.77 (6.4)

2.1.3. Electron Microscopies

The morphology images obtained using SEM and TEM of the pristine AlFum MOF
support and Cu/ZnO/AlFum MOF catalysts are shown in Figure 3. The AlFum MOF
support particles exhibit a lozenge, quadrilateral shape characterized by the geometry
of Al-octahedra coordinated by fumarate linkers [23,30]. The AlFum MOF particles ex-
hibit some degree of agglomeration, which is consistent with literature reports [26]. The
Cu/ZnO/AlFum MOF catalysts, as shown in Figure 3c–f, have a similar quadrilateral mor-
phology to the pristine AlFum MOF prepared via the solvothermal method, as shown in
Figure 3a,b [31]. Therefore, it can be seen that the morphology of the AlFum MOF support
is preserved after impregnation, drying, and thermal treatment. This may be attributed
to the good relative thermal stability of the support [32]. The SEM-EDX elemental maps
of the 7Cu/3ZnO/AlFum MOF and 15Cu/6.4ZnO/AlFum MOF catalysts are shown in
Figure 3g,h.
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Figure 3. SEM and TEM images of: (a,b) AlFum MOF; (c,d) 7Cu/3ZnO/AlFum MOF;
(e,f) 15Cu/6.4ZnO/AlFum MOF; EDX elemental maps of (g) 7Cu/3ZnO/AlFum MOF; and
(h) 15Cu/6.4ZnO/AlFum MOF.

In both catalysts, a uniform, homogenous distribution of Cu and Zn is observed, which
is indicative of successful impregnation. In addition, the micrographs show that in contrast
to the pristine AlFum MOF support in Figure 3a,b, tiny spherical nanoparticles can be
observed on the surface of the MOF support in the catalysts, which may be attributed to
Cu and Zn nanoparticles, as shown in Figure 3c–f. The individual SEM-EDX elemental
maps of each metal in the 7Cu/3ZnO/AlFum MOF and 15Cu/6.4ZnO/AlFum MOF
catalysts are shown in Figures S1 and S2 (Supplementary Material), where the homogenous,
uniform dispersion of Cu and Zn over the AlFum MOF support observed in Figure 3g,h is
further corroborated.
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2.1.4. Thermogravimetric Analysis (TGA) and Hydrogen-Temperature Programmed
Reduction (H2-TPR)

The TGA profiles of the pristine AlFum MOFs and Cu/ZnO/AlFum MOF catalysts
are shown in Figure 4a whereas the derivative TGA plots are shown in Figures S3–S5
(Supplementary Material). The TGA profile of the pristine AlFum MOF is consistent with
previously reported literature results, where the initial mass loss below 100 ◦C is attributed
to physisorbed water, which is in accordance with the -OH bending vibration FTIR peak at
3300–3600 cm−1 in FTIR, as shown in Figure 1c–e [21,24]. The weight loss peak at 172 ◦C is
due to the removal of residual DMF solvent used during the synthesis step, as shown in
Figure 4a [24]. The derivative TGA plot of the pristine AlFum MOF is shown in Figure S3
(Supplementary Material), where an additional weight loss peak at 469 ◦C indicates the
thermal degradation of the fumarate organic linkers [21]. In addition, the TGA profiles
and derivative TGA plots (Supplementary Material, Figures S3–S5) reveal that the thermal
stability in the catalysts decreases after impregnation and thermal activation, where the
weight loss of the fumarate organic linker temperatures shifts from 469 ◦C in the pristine
AlFum MOF to 375 and 370 ◦C in the 7Cu/3ZnO/AlFum MOF and 15Cu/6.4ZnO/AlFum
MOF catalysts (Supplementary Material, Figures S3–S5). The rapid weight loss indicates
the decomposition of the organic linkers followed by the formation of relatively thermally
stable metal oxides [21,33,34].
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The H2-TPR profiles of 7Cu/3ZnO/AlFum MOF and 15Cu/6.4ZnO/AlFum MOF
catalysts exhibit α reduction peaks indicative of the presence of CuO at Tmax = 213 ◦C
(α1) and 229 ◦C (α2), as shown in Figure 4b. The β peaks at Tmax = 339 ◦C (β1) and 340
Tmax = 340 ◦C (β2) indicate the presence of a second phase of CuO that formed after thermal
treatment [35]. The α peaks indicate the reduction in Cu ions or CuO clusters that are in
close contact with the AlFum MOF whereas the β peaks indicate the reduction in “bulk-like”
CuO particles [36]. Furthermore, the α peaks indicate the reduction in finely dispersed CuO
particles over the surface of the AlFum MOF support [37]. The H2-reduction peaks further
corroborate the successful loading of Cu and the formation of the desired CuO species after
thermal treatment. The pristine peak of AlFum MOF did not show any reduction peaks
due to the absence of Cu active sites.

2.1.5. X-ray Photoelectron Spectroscopy (XPS)

The surface oxidation states of the Cu and Zn active sites in the catalysts are shown in
Figure 5. Conventionally, the peaks at 932.5 ± 0.2 and 952.3 ± 0.2 eV indicate Cu+ 2p3/2
and 2p1/2 oxidation states whereas the peaks at 933.7 ± 0.2 and 953.6 ± 0.2 eV are ascribed
to Cu2+ 2p3/2 and 2p1/2, respectively [38,39]. In addition, a satellite peak at 943.2 eV is
indicative of Cu2+ [39]. In both catalysts, the peaks at 935 and 954 eV are indicative of the
Cu2+ species, which is further corroborated by the satellite peak at 944 eV, respectively [40].
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The XPS spectra confirm the presence of CuO in both catalysts. Figure 5b shows the spectra
of Zn 2p, where the peaks at 1022 and 1046 eV indicate the presence of Zn2+ 2p3/2 and
2p1/2 [41].
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2.2. Catalysts’ Testing and Evaluation
Conversions, Selectivity, and Productivity

The CO2 conversion results of all tested catalysts, including a commercial catalyst, are
shown in Figure 6. The main reaction of interest is the exothermic, direct CO2 hydrogenation
to methanol shown in Equation (1). In addition to methanol, the catalysts formed CO, H2O,
and CH4, with no other products observed. The competing, endothermic reverse water-gas
shift reaction (RWGS) results in the formation of CO, where CO2 is hydrogenated to CO
and H2O, as shown in Equation (2) [8,12,17,42,43]. In addition, CH4 was a by-product that
was formed in the reactor presumably from the Sabatier reaction, where CO2 methanation
occurs to form CH4 and H2O as shown in Equation (3) [44]. The 15Cu/6.4ZnO/AlFum MOF
catalyst (45.6%) had the best average CO2 conversion after 24 h onstream in comparison
to the commercial catalyst (29.8%) and the 7Cu/3ZnO/AlFum MOF catalyst (10.8%),
respectively. In addition, the catalysts showed relatively good stability over the 24-h
testing period. In our previous studies of the thermodynamic equilibrium of the CO2
hydrogenation reaction, it was shown that the best H2 and CO2 conversions and the
optimal CH3OH selectivity are obtained at low temperatures. For example, at 50 bars and
230 ◦C, the conversion of CO2 could achieve 37% and 25% for H2 conversion [45]. At high
temperatures, the additional increase in CO2 conversion up to 45% is clearly correlated
with CO production with 100% selectivity. Such high conversion (45.6%) observed in the
15Cu/6.4ZnO/AlFum MOF catalyst at a lower temperature of 230 ◦C is phenomenal and
could be correlated to the changes in the selectivity and thus extensive CO production
and the presence of CH4. The continuous increase in the slope of the CO2 conversion
for 7Cu/3ZnO/AlFum MOF catalyst could be attributed to the reconstruction of the
catalytic active sites during reaction; more precisely, the formation of metallic copper
nanoparticles stabilized by the concomitant structure. Due to the low copper loading in the
7Cu/3ZnO/AlFum MOF catalyst, the nanoparticles grow, and stabilization may take time:

CO2 + 3H2 ↔ CH3OH + H2O ∆H = −49.47 KJ/mol (1)

CO2 + H2 ↔ CO + H2O ∆H = 41.14 KJ/mol (2)

CO2 + 4H2 ↔ CH4 + 2H2O ∆H = −165 KJ/mol (3)
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The methanol selectivity of the catalysts was also investigated. The commercial
catalyst exhibited the highest selectivity (15.0%) whereas 7Cu/3ZnO/AlFum MOF and
15Cu/6.4ZnO/AlFum MOF exhibited relatively lower methanol selectivity of 12.9% and
6.90%, as shown in Figure 7a. In addition, CO was produced by all the evaluated catalysts
due to the competing RWGS reaction [46]. The evaluated catalysts’ selectivity to CO was
significant in all catalysts, with the highest at 88% displayed by the 15Cu/6.4ZnO/AlFum
MOF catalyst followed by the 7Cu/3ZnO/AlFum MOF catalyst (85.2%) whereas the selec-
tivity of the commercial catalyst was the lowest at 84%, as shown in Figure 7a. In addition,
the catalysts produced CH4, which is attributed to the CO2 methanation reaction [44].
Therefore, the 15Cu/6.4ZnO/AlFum MOF and 7Cu/3ZnO/AlFum MOF catalysts had the
highest selectivity to CH4 at 5.17% and 1.82%, respectively, whereas the commercial catalyst
had the lowest CH4 selectivity at 0.93%. Furthermore, the mole product distribution, as
shown in Table 2, indicates that the catalysts form a significantly larger amount of CO and
H2O, which further corroborates the high selectivity towards CO, which is attributed to the
RWGS reaction. Furthermore, all the catalysts produced 48–50% of H2O due to both the
RWGS and CO2 to methanol reaction shown in Equations (1) and (2), respectively.
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Table 2. Product distribution for all the evaluated catalysts.

Product Distribution (mol%)

Catalyst MeOH CO CH4 H2O

Commercial 12.8 36.0 2.50 48.7
7Cu/3ZnO/AlFum MOF 6.50 42.8 0.9 49.8

15Cu/6.4ZnO/AlFum MOF 3.48 44.6 2.62 49.3

In contrast, Bonura et al. observed a methanol selectivity of 49% using copper-zinc-
zirconia catalysts at 240 ◦C, 30 bar, and GHSV of 10,000 h−1. However, the catalysts had a
relatively low degree of CO2 conversion of 16.8% compared with 15Cu/6.4ZnO/AlFum
MOF catalyst (45.6%) [47]. Furthermore, An et al. also reported a comparatively high
methanol selectivity of 100% albeit the CO2 conversion was 3.3% at 250 ◦C, 40 bar, and
GHSV of 6000 h−1 [40]. Though the 15Cu/6.4ZnO/AlFum MOF catalyst showed relatively
low selectivity toward methanol, it exhibited a superior degree of CO2 conversion. As such,
the dispersion of Cu and Zn active sites on AlFum MOF demonstrates the advantages of
using highly crystalline, high surface area, porous materials, where 10–15% of the active
sites may be loaded on the catalysts as opposed to 70% in conventional, co-precipitated
catalysts. Furthermore, AlFum MOF is commercially sold by BASF as Basolite A520TM

,
and a water-based green synthesis procedure has been adopted for the production of green
AlFum MOF at a ton-level. Therefore, the scalability of the AlFum MOF via a green, hy-
drothermal process makes the MOF, Basolite A520TM

, a sustainable and alternative support
for Cu-based catalysts to drive sustainable CO2 capture and utilization [26,30,31,48].

The methanol space-time yield (STY) obtained over 15Cu/6.4ZnO/AlFum MOF
catalyst was found to be 56.5 gMeOH/kgcat/h followed by the commercial catalyst at
51.8 gMeOH/kgcat/h, whereas 7Cu/3ZnO/AlFum MOF catalyst led to the lowest STY of
34.4 gMeOH/kgcat/h (Figure 7b). The methanol STY increased with an increase in the Cu
loading: 11.2% (7Cu/3ZnO/AlFum MOF), 18.2% (15Cu/6.4ZnO/AlFum MOF), and 64.2%
(commercial catalyst). It appears that increasing the loading of Cu on high surface area
microporous materials such as MOFs enhances the catalytic activity with respect to CO2
conversion and methanol productivity due to the high dispersion conferred by the porous
support [17,49].

3. Methods and Materials
3.1. Reagents

Aluminum chloride hexahydrate (AlCl3·6H2O, Associated Chemical Enterprises,
Theta, Johannesburg, South Africa), cupric nitrate trihydrate (Cu(NO3)2·3H2O, Associated
Chemical Enterprises, 99.9%, Theta, Johannesburg, South Africa), N,N-dimethyl formamide
(DMF, Associated Chemical Enterprises, 99.5%, Johannesburg, Theta, South Africa), sodium
hydroxide (NaOH, Associated Chemical Enterprises, Theta, Johannesburg, South Africa),
and fumaric acid (C4H4O4, Sigma-Aldrich, 99.9%, Louis, MO, United States) were procured
and used directly without any purification. De-ionized water from a water demineraliza-
tion system, Thermo Fischer Barnstead Smart2Pure, located in the laboratory was used.
The commercial catalyst was bought from Alfa Aesar. The pelletized catalyst with a compo-
sition of 64.2/24.5/9.8/1.3 wt% (Cu/Zn/Al/Mg) was crushed to a powdery texture prior
to usage.

3.2. Synthesis of AlFum MOF

The solvothermal synthesis of AlFum MOF was carried out at ambient pressure. In the
procedure, 19.62 g of AlCl3·6H2O and 14.76 g of fumaric acid were simultaneously added
to 400 mL of DMF in a round-bottom flask. Thereafter, the resultant mixture was stirred at
250 rpm and 130 ◦C for 4 days. The suspension was then washed twice with acetone and
methanol, collected using centrifugation, and dried at 80 ◦C in an oven. The samples were
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activated at 90 ◦C, under vacuum using a rotary evaporator. Before impregnation with Cu
and Zn, the AlFum MOF support was sieved to a size fraction of 50–125 µm.

3.3. Synthesis of AlFum MOF-Supported Catalysts

Cu(NO3)2·3H2O (5.50 mmol) and Zn(NO3)2·6H2O (2.33 mmol) were dissolved using a
magnetic stirrer in deionized water (30 mL) in a round-bottom flask. Thereafter, the Cu and
Zn-nitrate solution was added slowly to 4.50 g of AlFum MOF whilst stirring continuously.
The obtained slurry was continuously mixed at 90 ◦C, 50 rpm, at ambient pressure for 2 h
in a rotary evaporator. Thereafter, the temperature was decreased to 65 ◦C and the vacuum
was activated and maintained for 4 h to furnish a dry, free-flowing powder. The catalyst
was labeled 7Cu/3ZnO/AlFum MOF. A similar procedure was followed to produce a
catalyst with double the loading of Cu and Zn by mixing Cu(NO3)2·3H2O (9.44 mmol)
and Zn(NO3)2·6H2O (4.00 mmol) with AlFum MOF (3.16 g). The catalyst was labeled
15Cu/6.4ZnO/AlFum MOF.

The dried catalyst precursors were heated at 350 ◦C under a constant flow of argon.
The precursors were heated at a rate of 5 ◦C/min with a hold time of 4 h to furnish catalysts
with a theoretical weight percent (wt%) composition of 7/3/90 (7Cu/3ZnO/AlFum MOF)
and 15/6.4/78.6 (15Cu/6.4ZnO/AlFum MOF), respectively.

3.4. Characterization

Powder X-ray diffraction (PXRD) was used for crystallinity and the identification
of different phases. A Rigaku Ultima IV diffractometer was equipped with Ni-filtered
radiation (0.154 nm), 40 kV voltage, and 30 mA current at ambient temperature (Akishima-
shi, Tokyo, Japan). All analyses were carried out at 2θ = 3–90◦ with steps of 0.01◦ s−1.

The Mettler Toledo, TGA/SDTA 851e instrument (Mettler Toledo, Greifensee, Switzer-
land) at a heating rate of 10 ◦C min−1 to 900 ◦C under a constant flow of nitrogen was used
for thermogravimetric analysis (TGA). In the analysis, 10 mg of sample was used.

The ASAP 2020 HD analyser (Micromeritics Instrument Corporation, Norcross, GA,
USA) was employed to determine the porosity and surface area. The Brunauer-Emmett-
Teller (BET) surface areas were measured with nitrogen gas adsorption-desorption isotherms
at −196 ◦C and relative partial pressures (p/po) of up to 1. Non-linear density functional
theory (NLDFT) was used for the estimation of the pore size distributions (PSDs). H-K
isotherms were used to determine the pore volumes. Prior to analysis, all samples (>0.2 g)
were outgassed under vacuum at temperatures between 150 and 200 ◦C.

A PerkinElmer Spectrum 100 FTIR spectrometer (PerkinElmer, Waltham, MA, USA)
was used for Fourier transform infrared spectroscopy (FTIR) analysis. The spectra were
collected at 4000–550 cm−1.

Helium pycnometry was used to determine the apparent density of the samples.
A Micromeritics AccuPyc II 1340 pycnometer (Micromeritics Instrument Corporation,
Norcross, GA, USA) was employed with the analysis pressure of helium gas maintained at
135 kPa.

An Auriga Cobra focused-ion beam scanning electron microscope (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) (Zeiss, Oberkochen, Germany) was used for
imaging, elemental mapping, and elemental loading determination in the pristine AlFum
MOF and Cu/ZnO/AlFum MOF catalysts. All samples were coated with carbon prior
to analysis.

Transmission electron microscope (TEM) imaging was carried out using a JEOL-Jem
2100 model (Joel, Tokyo, Japan), where, prior to analyses, each sample was dispersed
in ethanol via ultrasonication for 20 min, transferred to a carbon-coated copper grid,
and left to dry overnight. The samples were then mounted onto the stage and analyzed
under vacuum.

A Micromeritics Autochem II 2920 analyser (Micromeritics Instrument Corporation,
Norcross, GA, USA) was used to determine the reduction profiles of the catalysts via
hydrogen temperature-programmed reduction (H2-TPR). A heating rate of 10 ◦C/min to
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150 ◦C under constant helium flow was used to degas the samples, which were positioned
between glass wool in a quartz U-tube. After cooling to 50 ◦C, each sample was heated at
10 ◦C/min to 900 ◦C whilst a constant flow (50 mL/min) of 5% H2/Ar was maintained. A
thermal conductivity detector (TCD) was used to measure the consumption of hydrogen.

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical state
of the Cu and Zn active sites. A Thermo Scientific ESCALAB 250Xi instrument (Thermo
Fischer Scientific, Kandel, Germany) at 300 W, 100 eV, and X-ray aluminum source at
1486.7 eV was used. All analyses were performed in ultrahigh vacuum of <10−8 mbar.

3.5. Catalyst Testing

A fixed-bed tubular reactor with dimensions of 27 cm length, internal diameter of
1.01 cm, and external diameter of 1.27 cm was used to evaluate the performance of the
catalysts. Each catalyst was sieved to 50–125 µm followed by loading in a catalyst bed
with glass wool and placed in the middle of the reactor. After loading in the reactor, the
catalysts were reduced with hydrogen at a flow rate of 40 mL/min for 2 h, temperature
of 250 ◦C, and pressure of 20 bar. Subsequently, the temperature of the tubular reactor
was decreased to 50 ◦C, and the gas flow changed to 72% H2, 24% CO2, and 4% Ar
from a gas bottle mixture. The reactor was then left for 12 h for the gas composition to
stabilize. The hydrogenation of CO2 was performed for 24 h under reactor conditions:
temperature = 230 ◦C; pressure = 50 bar; flow rate = 40 mL/min; and GHSV = 10,000 h−1.
An Agilent gas chromatograph instrument: Model 7890B (Agilent Technologies Inc., Santa
Clara, CA, USA) was employed for analysis. The hydrocarbons, CH4 and CH3OH, were
analyzed using a flame ionization detector (FID) and the other gases, CO, CH4, CO2, and Ar,
were measured with two TCDs. The concentration of the gases was analyzed online and the
condensate (CH3OH and H2O) was collected in a steel trap immersed in an ice-water bath
and analyzed offline. The conversions of CO2, X, were calculated according to Equation (4):

XCO2 =

[
1−

(
CO2, out

co2, in

)
×

(
Arin
Arout

)]
× 100 (4)

Selectivity to methanol, CO, and CH4 was calculated using Equations (5)–(7):

SCH3OH =
nCH3OH

nCH3OH + nCH4 + nCO
× 100 (5)

SCO =
nCO

nCH3OH + nCH4 + nCO
× 100 (6)

SCH4 =
[
1−

(
SCO + SCH3OH

)]
× 100 (7)

where CO2 (in/out) and Ar (in/out) refer to the initial and outgoing concentrations
of CO2 and Ar, respectively; and S and n refer to the selectivity and moles of each
compound, respectively.

4. Conclusions

In this work, Cu-based catalysts supported on AlFum MOF were, for the first time,
successfully prepared and evaluated for thermocatalytic hydrogenation of CO2. The catalyst
preparation method resulted in a homogenous, uniform dispersion of Cu and Zn active sites.
Doubling the copper loading resulted in a 4-fold increase in CO2 hydrogenation from 10.8%
to 45.6% and an enhancement in methanol productivity. The catalysts exhibited relatively
high selectivity toward CO and low selectivity toward methanol when benchmarked with
a commercial-grade catalyst. Furthermore, the evaluated catalysts favored the reverse
water-gas shift reaction and thereby formed considerable amounts of CO and H2O under
the catalyst testing conditions employed in this study.
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tal maps of 15Cu/6.4Zn/AlFum MOF. (a) Al Kα1; (b) Cu Kα1; and (c) Zn Kα1; Figure S3: Derivative
TGA plot of AlFum MOF. Figure S4: Derivative TGA plot of 7Cu/3ZnO/AlFum MOF; Figure S5:
Derivative TGA plot of 15Cu/6.4ZnO/AlFum MOF.
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