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Abstract: The thermocatalytic hydrogenation of carbon dioxide (CO,) to methanol is considered as

check for

5 a potential route for green hydrogen storage as well as a mean for utilizing captured CO,, owing
updates

to the many established applications of methanol. Copper-zinc bimetallic catalysts supported on a
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zirconium-based UiO-66 metal-organic framework (MOF) were prepared via slurry phase impregna-
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tion and benchmarked against the promoted, co-precipitated, conventional ternary CuO/ZnO/Al,O3
(CZA) catalyst for the thermocatalytic hydrogenation of CO, to methanol. A decrease in crystallinity
and specific surface area of the UiO-66 support was observed using X-ray diffraction and N,-sorption
isotherms, whereas hydrogen-temperature-programmed reduction and X-ray photoelectron spec-
troscopy revealed the presence of copper active sites after impregnation and thermal activation. Other

characterisation techniques such as scanning electron microscopy, transmission electron microscopy,

doi.org/10.3390/ catal12040401 and thermogravimetric analysis were employed to assess the physicochemical properties of the

resulting catalysts. The UiO-66 (Zr) MOF-supported catalyst exhibited a good CO, conversion of
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27 and 16% selectivity towards methanol, whereas the magnesium-promoted CZA catalyst had a
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CO, conversion of 31% and methanol selectivity of 24%. The prepared catalysts performed similarly
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to a CZA commercial catalyst which exhibited a CO, conversion and methanol selectivity of 30 and
15%. The study demonstrates the prospective use of Cu-Zn bimetallic catalysts supported on MOFs
for direct CO, hydrogenation to produce green methanol.
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1. Introduction

The continuous increase in atmospheric CO; levels propelled by fossil fuel combustion
has caused an unprecedented rise in mean global temperatures [1-4]. The increase in the
atmospheric concentration of anthropogenic CO; contributes vastly to the greenhouse
effect, which culminates in heat being trapped in the Earth’s atmosphere [5]. In recent
Attribution (CC BY) license (https://  years, there has been a collective effort to research ways to capture, store, and utilise CO,. A
creativecommons.org/ licenses /by / possible route for curbing the deleterious effects of global warming caused by greenhouse
4.0/). gas emissions is the conversion of CO; into value-added chemicals such as methanol,
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dimethyl ether, formaldehyde, and acetic acid [5-7]. The thermocatalytic hydrogenation of
CO, is a proven approach towards the production of renewable methanol in substantial
quantities [8-13]. Indeed, “The Methanol Economy” outlined by Olah et al. cites the
advantages of CO; conversion to methanol where each molecule produced consists of
four hydrogen atoms and is, therefore, a suitable energy storage molecule which is a
liquid at ambient conditions. Furthermore, methanol may be used directly as a fuel
in internal combustion engines to further curb the deleterious effects of anthropogenic
CO;, emissions [14]. Since the late 1960s, methanol has been produced from syngas (CO,
CO,, and Hj) over a coprecipitated ternary catalyst, Cu/ZnO/Al,O3, at pressures and
temperatures ranging between 50 and 80 bar and 210 and 290 °C [15-17].

In recent years, Cu/Zn0O/ Al,Oj3 catalysts have been studied for the thermocatalytic hy-
drogenation of CO; to methanol [18-22]. Though the catalysts exhibit CO, conversion and
methanol selectivity, the promoter effects conferred by ZnOx, which induces morphological
changes, and its function as a spacer for Cu active sites are diminished by the temperature
and pressure conditions in the reactor with time [23-25]. The phase separation of Cu/ZnOx
results in the agglomeration, sintering, and poor dispersion of Cu nanoparticles, which con-
sequently decreases activity towards methanol production due to a decrease in the metallic
surface area of the Cu active sites. In addition, the deactivation attributed to the phase sep-
aration and sintering of Cu nanoparticles can catalyse the reverse water—gas shift reaction
(RWGS), which produces carbon monoxide (CO) and water (H,O) from the CO,/H, inlet
gas mixture, thereby decreasing the catalysts’ selectivity to methanol [23,26,27]. The phase
separation of Cu-based catalysts can be circumvented by the deposition and/or encapsula-
tion of Cu/ZnOy nanoparticles into metal-organic frameworks (MOFs) [28,29]. MOFs are
a class of highly crystalline, nanoporous materials prepared via the self-assembly of metal
ion clusters and multidentate organic linkers [30,31]. Recently, MOFs have been identified
as prospective supports for Cu-based CO, hydrogenation catalysts. Rungtaweevoranit
et al., for instance, encapsulated and deposited Cu nanoparticles on a Zr-based MOF (UiO-
66) and observed that the latter exhibited an 8-fold increase in turnover frequency when
compared to the conventional Cu/ZnO/Al,Os catalyst [4]. In addition to the confinement
of Cu nanoparticles by strong support-metal interactions (SMSI), MOFs such as UiO-66
exhibit chemical promotion by charge transfer from Cu to the MOEF, which significantly
enhances the activity of the hybrid catalysts towards CO, hydrogenation [32]. Therefore,
the purpose of this study is to elucidate the performance of novel Cu-Zn bimetallic catalysts
supported on a zirconium-based MOEF, UiO-66(Zr), prepared via slurry-phase impregnation
compared with conventional ternary promoted Cu/ZnO/Al,O3 catalysts.

2. Results and Discussion
2.1. Characterisation
2.1.1. X-ray Diffraction and (XRD) Thermogravimetric Analysis (TGA)

The XRD analytical results of the co-precipitated commercial and CuO/ZnO/Al,O3/MgO
catalysts are shown in Figure 1la, where the crystalline phase of CuO is observed at
35° < 20 < 39° whilst that of ZnO can be seen at 31, 33, and 37° [5,18,33-35]. The aver-
age crystallite sizes of CuO at 26 = 38.7° in the commercial and CuO/ZnO/Al,O3/MgO
catalysts, calculated using the Debye-Scherrer equation, were found to be 5.2 and 7.8 nm,
respectively. The smaller CuO crystallite sizes in the commercial catalyst can be attributed
to a high Cu dispersion [36,37]. The XRD results of the pristine UiO-66 support and
Cu/Zn0O/UiO-66 also shown in Figure la are typical of the crystalline phase with peaks at
20=74,85and 14.1, 14.7, 17, 18.6, and 19.1° [38,39]. Neither the copper nor zinc phases
(Cuo, CuO, Cuy0, or ZnO) could be observed in Cu/ZnO/UiO-66, potentially attributed to
the high Cu and Zn dispersion over the framework or low metal loading [3].
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Figure 1. (a) XRD patterns and (b) TGA profiles of commercial catalyst, Cu/ZnO/Al,O3/MgO
catalyst, UiO-66, and Cu/ZnO/UiO-66. 4 ZnO, ¥ CuO.

The thermal stabilities of the commercial and Cu/ZnO/Al,O3/MgO catalysts as
well as the MOF-supported catalyst were determined using thermogravimetric analy-
sis in comparison to the commercial catalyst shown in Figure 1b. The commercial and
Cu/Zn0O/Al,03/MgO catalysts were observed to exhibit thermal stability up to 900 °C.
The mass loss observed in UiO-66 and Cu/ZnO/UiO-66 from 100 to 350 °C is attributed
to the removal of dimethylformamide (DMF), ethanol, H,O, and residual carboxylic acid
groups (Figure 1b) [38,40]. The almost linear weight loss of UiO-66 and Cu/Zn/UiO-66
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between 300 and 500 °C is indicative of the high thermal stability of the Zr-based MOF,
after which ZrO, is formed due to the degradation of the organic linkers [41]. Furthermore,
the thermal stability of UiO-66 decreases after impregnation and thermal activation at
350 °C. The thermal stability of the catalysts is essential for the stability under reactor
conditions at 230 °C and 50 bar to prevent catalyst deactivation due to thermal degra-
dation and MOF-support structural collapse. Therefore, all the as-prepared catalysts are
anticipated to be relatively stable over time on stream while the reactor operates con-
tinuously for CO, hydrogenation. Furthermore, it can be seen that the commercial and
Cu/Zn0O/Al,0O3/MgO catalysts are relatively more thermally stable than UiO-66 and the
Cu/ZnO/UiO-66 catalyst, respectively.

2.1.2. N Physisorption, Fourier Transform Infrared Spectroscopy (FTIR), and
Metal Loading

The surface area and pore volume of the catalysts and pristine UiO-66 were char-
acterised using nitrogen adsorption—desorption isotherms where the results are listed
in Table 1. The Brunauer-Emmett-Teller (BET) surface area of UiO-66 was 1238 m?/ g
with a pore volume of 0.47 cm?®/g. The reported values are consistent with data previ-
ously reported for UiO-66 [38,40]. The nitrogen sorption isotherms of pristine UiO-66,
Cu/Zn0O/Ui0-66, Cu/Zn0O/Al,03/MgO, and commercial catalysts are shown in Figure 2.
It is clear from Figure 2b that both pristine and impregnated MOFs exhibit type-I sorption
isotherms owing to their microporous structure. Furthermore, the decrease in specific
surface area (SSA) observed in Cu/ZnO/UiO-66 can be attributed to the presence of Cu
and Zn nanoparticles which occupy available surface sites of the UiO-66 support [3,32]. The
commercial catalyst had a higher SSA compared to the CuO/Zn0O/Al,O3/MgO catalyst.
The effect of larger crystallite sizes, corroborated by the XRD derived data in Figure 1a,
culminates in a relatively low SSA when compared to the commercial catalyst [33,42].
The functional groups of the organic linkers present in the samples were studied using
FTIR (Figure 2c). The peak at 656 cm™! is attributed to the vibration of u3-O in the
Z1604(OH)4(CO3)12 nodes of UiO-66, whereas the peak at 550 cm ™! is due to asymmetric
Zr-(OC) vibrations which further indicate successful coordination of the Zr secondary
building units (SBUs) to the organic benzene dicarboxylate (BDC) linkers [3,40,43]. The
stretching symmetric and asymmetric vibrations of the carboxylate group can be observed
at 1572 and 1392 cm~!, whereas the 7t C = C vibration in the aromatic benzene ring in the
linker can be observed at 1508 cm ™! [40,44]. The decrease in the intensity of peaks can be
observed in the Cu/ZnO/UiO-66 catalyst, which may be attributed to the decrease in the
amount of the functional groups, due to partial degradation, associated with UiO-66 after
impregnation and thermal treatment, which is corroborated by the decrease in crystallinity
and SSA seen in Figures 1a and 2b [45].

The inductively coupled plasma-optical emission spectroscopy (ICP-OES) results
showed that the concentration of Cu in the Cu/ZnO/UiO-66 catalyst was 12 wt%, which
confirms successful Cu impregnation although it was slightly higher than the nominal
loading of 7 wt%. The amount of Zn was also found to be 4.2% compared to a loading
of 3%. The discrepancy in nominal loading may be due to inhomogeneous dispersion
over the UiO-66 framework, albeit scanning electron microscopy-electron dispersive X-ray
spectroscopy (SEM-EDS) elemental maps revealed a good dispersion of both Cu and Zn
(Figure S1). The amount of Cu, Zn, Al, and Mg in the Cu/Zn0O/Al,O3/MgO catalysts
was found to be 61.7/27.7/10.6/0.1 weight% (wt%) compared with the nominal loading
of 64.2/24.5/9.8/1.3 wt%. In addition, the elemental map shows good dispersion of all
the elements, and Mg was not observed in the analysis, most likely due to its low loading
(Figure S2). Similarly, the EDS results of the commercial catalyst showed a good dispersion
as seen in Figure S3 and a loading of 59.9, 27.5, 10.1, and 2.54 wt%, which corresponds to the
certificate of analysis issued by the supplier, reporting a loading of 64.2/24.5/9.8/1.3 wt%.
The elemental loading in each catalyst is summarised in Table 1.
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Table 1. Specific surface area, pore volume, and elemental loading of prepared materials.
Pore Volume
2 o, o,
Sample SSA (m*/g) (cm®/g) Cu wt% Zn wt%
Commercial catalyst 97 0.188 59.9 27.5
Cu/ZnO/Al,03/MgO 38 0.103 61.7 27.7
UiO-66 1238 0.471 - -
Cu/ZnO/Ui0O-66 561 0.200 12 4.2
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Figure 2. Nitrogen sorption isotherms at 77 K of (a) commercial catalyst and Cu/ZnO/Al,O03/MgO
catalyst; (b) UiO-66 and Cu/ZnO/UiO-66; and (c) FTIR spectra of UiO-66 and Cu/ZnO/UiO-66.

2.1.3. Electron Microscopies

The scanning and transmission electron microscopy (SEM and TEM) images of the
samples are shown in Figure 3. The morphology of pristine UiO-66 (Figure 3a,b) is typical
of octahedral-shaped crystals with a homogeneous particle size distribution [15,21,25].
The octahedral shape of UiO-66 is also preserved after impregnation with Cu and Zn
(Figure 3c,d). The commercial catalyst (Figure 3e,f) exhibited irregular shapes which are
typically observed when the ageing time in the mother liquor after co-precipitation is
too short [46]. The CuO/Zn0O/Al,O3/MgO catalyst (Figure 3g,h) exhibited a needle-like
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morphology similar to those observed by Mota, et al., being characteristic of catalysts
prepared via the zincian malachite precursor as were prepared in this study [34].

A

s D

)

Figure 3. SEM and TEM images of (a,b) UiO-66; (c,d) Cu/ZnO/UiO-66; (e f) commercial catalyst;
and (g,h) CuO/Zn0O/Al,03/MgO catalyst. The images were taken at different magnifications.

The TEM images of the pristine UiO-66 and Cu/ZnO/UiO-66 catalyst shown in
Figure 3b,d corroborate the octahedral shape of UiO-66 particles seen in Figure 3a,b. Fur-
thermore, on the surface of the UiO-66 particles in the Cu/ZnO/UiO-66 catalyst, small
spherical nanoparticles can be seen which are indicative of CuO/ZnO nanoparticles [4,28].
These nanoparticles are well dispersed on the surface of UiO-66 particles as indicated by
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SEM-EDS (Figure S2). The micrographs confirm the successful dispersion of Cu and Zn in
the Cu/ZnO/UiO-66 catalyst.

2.1.4. X-ray Photoelectron Spectroscopy (XPS)

The XPS results revealed that Cu was indeed successfully loaded on the surface of the
UiO-66 support (Figure 4a,b). Cu was present as cupric hydroxide (Cu(OH),) after drying
at 160 °C in air. Furthermore, the 2p;,, and 2p3/, peaks at 934.5 and 953.6 3eV, and the
satellite peak at 943 4 0.2 eV, corroborate the presence of Cu* species (Figure 4b) [47,48].
Therefore, to ensure the preferential formation of the Cu?* precursor to the copper active
phase precursor, Cu’, the dried pre-catalyst was activated by thermal treatment under a
constant flow of argon at 350 °C. CuO is desired as it is the precursor phase to the metallic
Cu active phase formed by reduction with H, at temperatures between 200 and 300 °C [15].
Furthermore, Zr was present as ZrO, as revealed by the peak at Zr 3d5,, at 182.1 eV and
the Zr 3d;3/, peak at 185.2 eV, respectively (Figure 4c) [45]. XPS analysis did not detect any
Zn, probably due to its low loading or high dispersion [3]. It is also likely that the analysis
depth of the X-rays used in the XPS analysis are beyond the penetration depth of the Zn
nanoparticles [4]. Furthermore, near ambient pressure XPS would be required to ascertain
the surface and subsurface oxidation states of nanoparticles smaller than 4 nm [49]. Zn
was, however, observed using SEM-EDS with a good dispersion due to the relatively high
analysis depth of SEM-EDS which extends to 1-3 uM, whereas XPS is limited to up to
10 nm of the surface (Figure S1) [50,51]. The XPS results of the pristine UiO-66 support are
shown in Figure S54.

@ . (b) Cu2psa Cuzpd
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E E
= B
d T v T T T T T T T T T T T T T T T T T T
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Figure 4. XPS spectra of (a) Cu/ZnO/UiO-66 full survey, (b) Cu2p3, and (c) Zr3d.
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2.1.5. Hydrogen Temperature-Programmed Reduction (H,-TPR)

The reducibility of the catalysts was studied using hydrogen temperature-programmed
reduction (H,.TPR) where the reduction profiles are shown in Figure 5. All the Cu-loaded
catalysts exhibited hydrogen uptake. The commercial and Cu/ZnO/Al,O3/MgO cata-
lysts showed reduction peaks at Tmax = 195 °C and 223 °C (Figure 5a). The reduction
peaks are indicative of CuO crystallite formed after calcination. The broader curve of the
Cu/Zn0O/Al,O3/MgO may be due to the larger CuO crystallite size of 7.8 nm compared to
5.2 nm in the commercial catalyst [5,34]. The H,-TPR profiles of UiO-66 and Cu/ZnO/UiO-
66 are in Figure 5b, where no Cu reduction peak was seen for pristine UiO-66. H, uptake,
conversely, was observed in Cu/ZnO/UiO-66 at Tmax = 209 °C; the reduction peak further
corroborates the presence of Hj-active copper species on the surface of UiO-66 [45]. The
peaks at Trmax = 446 °C in Figure 5b indicate the reduction of Zr species in the metal centre
or clusters of the UiO-66 framework. It can also be seen that the loading of Cu and Zn on
UiO-66 shifts the Trax of the ZrO, reduction peak to 446 °C, which may be due to the ease
of reduction facilitated by H; spillover from Cu and Zn, respectively [45,52].

(a) (b) :
—— Cu/ZnO/Al O /MgO CwZnOmioes| T, = 446 °C

— Vi0-66 )

—— Comm ercial catalyst

T__ =223°C
pe T, .=209°C

TCD signal (a. w.)
BN
TCD Signal (a. u.)

100 200 300 400 500 600

100 200 300 400 500 A
Temperature (*C)

Temperature (°C)

Figure 5. H,-TPR profiles of the prepared catalysts: (a) Commercial and Cu/ZnO/Al,O3/MgO
catalysts; (b) UiO-66 and Cu/ZnO/UiO-66.

2.2. Catalyst Testing and Evaluation
Conversion, Selectivity and Productivity

The CO; conversion results of all catalysts are shown in Figure 6. In the study, it was
predominantly CO, MeOH, and methane (CHy) that were formed as products in addition to
H,O. The reaction progresses through the exothermic CO, hydrogenation reaction shown
in Equation (1). CO is formed via the endothermic reverse water—gas shift reaction in which
CO; is reduced to CO and H,O, Equation (2) [4,10,15,26]. In addition, CH4 was presumably
formed via the Sabatier reaction, in which CO, methanation takes place to form CH4 and
H,0, Equation (3) [53]. The highest average CO, conversion after 24 h online was exhibited
by the Cu/ZnO/Al;,03/MgO catalyst (30.6%) followed by the commercial catalyst (29.8%)
and the Cu/Zn0O/UiO-66 catalyst (26.7%). Furthermore, all the catalysts tested exhibited a
good stability within the 24 h evaluation period.

CO, +3H, « CH30H + H,O AH = —49.47 K] /mol 1)

CO, +H, + CO+ H,0 AH = 41.14 K] /mol A @)
CO, +4H, «» CHy+2H,0 AH = —165 KJ /mol 3)
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Figure 6. CO, conversions of catalysts. T =230 °C; P = 50 bar; Qv, 0 = 40 mL-min—1; GHSV = 10,000 h—1.

The selectivity of the catalysts towards methanol was also evaluated, where the
Cu/Zn0O/Al,O3/MgO catalyst exhibited the highest selectivity towards methanol (24%)
followed by the Cu/ZnO/UiO-66 catalyst (16%), whereas the commercial catalyst had
the lowest selectivity of 15.0% (Figure 7a). Furthermore, owing to the competing RWGS
in thermocatalytic CO, hydrogenation, the selectivity of the catalysts towards CO was
evaluated [54]. As can be seen in Figure 7b, the selectivity of the catalysts towards CO was
very high for all catalysts with the highest, at 84%, exhibited by the commercial catalyst,
despite small CuO crystallites and a high SSA, which are anticipated to suppress CO
selectivity [23,26]. In contrast, the Cu/ZnO/Al,O3/MgO and Cu/ZnO/UiO-66 catalysts
had relatively lower CO selectivities of 74 and 83%, respectively. In addition, CHs was
also observed in the product streams of all the catalysts, which is presumably from the
Sabatier reaction in which CO, methanation occurs [53]. As such, the Cu/ZnO/UiO-66
and Cu/Zn0O/Al;,O3/MgO catalysts had the most selectivity towards CHy at 1.6 and 1.7%,
respectively, with the lowest observed in the commercial catalyst (0.9%). The methanol
productivity, space-time yield (STY), of the Cu/ZnO/UiO-66 catalyst commercial cata-
lyst was 128 gnmeor /Kgeat /h, followed by the commercial catalyst at 52 gyveor /Kgeat/h
(Figure 7d). The Cu/Zn0O/Al,O3/MgO catalyst had the lowest methanol productivity at
37 gmeon / Kgeat /h, which may be attributed to the relatively large CuO crystallite size and
consequently low SSA [54].

In comparison to An et al., who observed a 100% methanol selectivity, the Cu/ZnO/UiO-
66 catalyst showed a relatively low methanol selectivity of 15.7%. However, they also
reported relatively low CO, conversions of 3.3% at a GHSV of 18,000 h~! compared to
10,000 h~1, as high GHSV results in low per-pass conversion [55]. Furthermore, the com-
mercial and Cu/Zn0O/Al,03/MgO co-precipitated catalysts also exhibit superior CO,
conversion when compared to the 11% observed by Portha et al., although their catalyst,
with a copper—zinc-alumina composition, exhibited a methanol selectively of 43% com-
pared to the 24% of the Cu/Zn0O/Al;,0O3/MgO catalyst in this work [56]. These results
highlight the promise of using Cu-based MOF-supported catalysts for CO, hydrogenation
to methanol due to the relatively good catalytic performance of Cu/ZnO/UiO-66 despite
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having ten times less the Cu loading compared to the Cu/ZnO/Al,O3/MgO and commer-
cial catalysts. The high CO, conversion and relative methanol STY may be attributed to the
good dispersion of Cu over UiO-66, the high SSA, and the enhancement of the active sites
by the ZrO, secondary building units [4,57].
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Figure 7. Catalysts’ (a) methanol selectivity; (b) CO selectivity; (c) methane selectivity and (d) space—
time yield.

3. Materials and Methods
3.1. Reagents and Chemicals

Ethanol (Associated Chemical Enterprises, 95%), N,N-dimethyl formamide (Asso-
ciated Chemical Enterprises, 99.5%), cupric nitrate trihydrate (Cu(NOj3)-3H,0, Associ-
ated Chemical Enterprises, 99.9%), magnesium nitrate hexahydrate (Mg(NO3),-6H,O,
Associated Chemical Enterprises, 98%), zinc nitrate hexahydrate (Zn(NOs),-6H,O, Associ-
ated Chemical Enterprises, 99.9%), zirconium tetrachloride (ZrCly, Sigma-Aldrich, 99.5%),
terephthalic acid (Sigma-Aldrich, 98%), and aluminium nitrate nonahydrate (Al(NOs3)-9H,O,
Sigma-Aldrich, >98%) were commercially sourced from Associated Chemical Enterprises
Pty Ltd. (Johannesburg, South Africa) and Merck KGaA (Darmstadt, Germany),and used
without further purification. De-ionised water was sourced from a water demineralisation
system (Instrubal, Zeneer Power II) located on-site. A copper-based methanol synthesis
catalyst was procured from Alfa Aesar, Thermo Fischer Scientific (Kandel, Germany). The
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pelletised catalyst with a percentage composition of 64.2/24.5/9.8/1.3 (Cu/Zn/Al/Mg)
was ground to a powder with a pestle and mortar before any use.

3.2. Catalysts’ Synthesis
3.2.1. Cu/ZnO/Al,0O3/MgO Catalyst

The Cu/ZnO/Al,O, /MgO catalyst was prepared via a co-precipitation method. In the
procedure, a catalyst with a mass percentage loading of 64.2/24.5/9.8/1.3 (Cu/Zn/Al/Mg)
was prepared by dissolving 50.5 mmol of Cu(NO3)-3H,0, 11.9 mmol of Zn(NO3),-6H;0,
10.3 mmol of AI(NO3)-9H,0O, and 1.55 mmol of Mg(NOs),-6H,O in demineralised water
(90 mL) followed by acidification with 20 mL of 65% HNOj to give a 1 M metal nitrates’
solution. The solution, maintained at 60 °C, was dosed with 1 M Na,COj solution at a rate
of 3 mL/min whilst stirring at 400 rpm. Once the solution reached a pH of 6.5 £ 0.5, it was
left to age for 1 h. The solution was then filtered, and the precipitates were washed several
times with demineralised water and then dried overnight at 90 °C. The dried precursors
were then calcined in open air at 330 °C for 3 h.

3.2.2. UiO-66 (Zr) MOF Synthesis

UiO-66 MOFs were prepared via a modified solvothermal method reported by Ren
et al. (2014) [38]. In the procedure, terephthalic acid (4.54 mmol) and ZrCl, (4.54 mmol)
were dissolved in 500 mL of dimethylformamide (DMF) and dissolved by magnetic stirring
in a beaker at room temperature. After dissolution, 171.3 mL of formic acid (0.453 mmol)
was added as a modulator. The crystallisation of UiO-66 was carried out at a constant
reaction temperature of 120 °C under static reflux for 4 h. The white precipitate was
recovered by vacuum filtration, washed by immersing in a round-bottom flask with hot
ethanol at 60 °C overnight, vacuum filtered, and dried at 90 °C for 24 h.

3.2.3. UiO-66 (Zr) MOF-Supported Catalyst Synthesis

Cu((NO3),-3H,0 (9.97 mmol) and Zn(NO3),.6H,0 (4.06 mmol) were dissolved in
14 mL of ethanol. Thereafter, UiO-66 (8.005 g) was added slowly to the metal nitrate
ethanolic solution with continuous stirring. The mixture was then dried overnight at
ambient temperature. The dried, light blue, catalyst precursor was thermally treated at

350 °C for 4 h under a constant flow of argon and a heating rate of 5 °C/min to furnish a
7/3/90 wt% Cu/ZnO/UiO-66 catalyst.

3.3. Characterisation

Powder X-ray diffraction (PXRD), for phase identification, was conducted with a
Rigaku Ultima IV diffractometer with a Ni-filtered radiation of 0.154 nm, a voltage of 40 kV,
and a current of 30 mA at room temperature (Akishima-shi, Tokyo, Japan). A scanning
range of 20 = 3-90° at a rate of 0.01° s~! was used for all the samples.

The thermal stability of the precursors and catalysts was measured using thermo-
gravimetric analysis (TGA) using the Mettler, Toledo TGA /SDTA 851€ instrument (Mettler
Toledo, Greifensee, Switzerland). In the procedure, 10 mg of the sample was heated to
1000 °C at a rate of 10 °C min~! in nitrogen.

Surface area and porosity measurements were performed with an ASAP 2020 HD
analyser (Micromeritics Instrument Corporation, Georgia, United States of America), and
high purity (99.999%) grade nitrogen (N7) gas. The Brunauer—-Emmett-Teller (BET) surface
area and pore volume were determined using N, gas sorption isotherms at 77 K and relative
partial pressures (p/p,) of up to 1. Prior to each analysis, the samples (>0.2 g) were degassed
under vacuum using a Micromeritics SmartVac with heating to no more than 200 °C.

Fourier transform infrared spectroscopy (FTIR) was recorded on a PerkinElmer Spec-
trum 100 FTIR spectrometer at a mid-IR range of 4000-550 cm ! (PerkinElmer, Waltham,
United States of America).
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The powder skeletal density of the samples was determined using a Micromerit-
ics AccuPyc II 1340 pycnometer and helium gas at 135 kPa (Micromeritics Instrument
Corporation, Georgia, United States of America).

The morphology of the samples was imaged using an Auriga Cobra focused-ion
beam scanning electron microscope coupled with energy-dispersive X-ray spectroscopy
(Zeiss, Oberkochen, Germany). Prior to imaging and elemental mapping, the samples
were mounted on an adhesive carbon tape loaded on a sample holder and coated with
carbon to prevent charging. An FEI Tecnai T12 transmission electron microscope (Thermo
Fischer Scientific, Kandel, Germany) was used to image the Cu/ZnO/UiO-66 catalyst.
The sample was crushed to a fine powder, dispersed in ethanol by ultrasonication, and a
drop was placed on a carbon-coated copper grid which was loaded into the microscope.
Elemental analyses were done using EDS for the commercial and Cu/ZnO/Al,O3/MgO
catalysts, whereas inductively coupled plasma-optical emission spectroscopy was used for
the MOF-supported catalyst. The latter was digested in aqua regia using a microwave, the
digest made up to 50 mL with deionised water and analysed using ICP-OES PlasmaQuant
9100 (Analytik Jena GmbH, Jena, Germany).

Temperature-programmed reduction was used for reducibility testing using a Mi-
cromeritics Autochem II analyser (Micromeritics Instrument Corporation, Georgia, United
States of America). Each sample, placed between two pieces of glass wool in a U-tube,
was degassed at 150 °C at a heating rate of 10 °C/min under a constant flow of helium for
30 min and then cooled to 50 °C. Thereafter, the sample was heated to 900 °C at 10 °C/min
under a 50 mL/min flow of 5% H;/Ar. The hydrogen consumption was measured using a
thermal conductivity detector.

The surface oxidation state of Cu, chemical composition of the SBUs, and metal
oxide bonds were characterised using X-ray photoelectron spectroscopy (XPS). A Thermo
Scientific ESCALAB 250Xi instrument was used with a monochromatic X-ray Al source
with an energy of 1486.7 eV, which was operated at 300 W and a pass energy of 100 eV.
The analysis was conducted under an ultrahigh vacuum of <10~8 mbar (Thermo Fischer
Scientific, Kandel, Germany).

3.4. Catalyst Testing

Synthesised catalysts were tested in a fixed-bed reactor. The reactor was 21 cm in
length with an internal and external diameter of 1.01 cm and 1.27 cm. Typically, the catalyst
was sieved to a 50-125 uM size fraction, weighed and packed between two pieces of inert
glass wool, and positioned at the centre of the reactor. Before each run, the catalyst was
reduced under a stream of pure hydrogen for approximately 2 h at 40 mL/min, 250 °C,
and 20 bar. Thereafter, the reactor was cooled to 50 °C, and a pre-mixed gas consisting of
3:1:0.2 Hy /CO, / Ar was introduced into the reactor and left for 12 h to stabilise. A CO,
hydrogenation reaction was then carried out at 230 °C, 50 bar, and a flow rate of 40 mL/min
with a constant GHSV of 10,000 h~! for 24 h. The analysis of the outgoing products was
carried out using an Agilent 7890B gas chromatograph instrument (Agilent Technologies
Inc, California, United States of America) equipped with an FID (CH30OH, CHy) and two
TCDs (Ar, CO, CO,, CHy, and Hy). Online analysis was carried out for all the outlet gases,
whereas the liquid products were condensed in a trap maintained at 0 °C and injected into
the GC. The conversions of CO, were calculated according to Equation (4).

COZ out) ( Arin >}
Xco, =1— | =224 ) 4
o {< €02, in Atout @

The selectivity for methanol, CO, and CH,; were calculated using Equations (5)—(7):

NCH;0H
ncH,0H + NcH, +1co

©)

ScH,0H =

nco
Sco = (6)
ncH,0H + NchH, +Nco
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Scr, =1— (Sco + ScHs0H) (7)

4. Conclusions

In this study, a Zr-based MOEF, UiO-66, was used as a support to prepare catalysts
via slurry phase impregnation with Cu as well as Zn and tested for the thermocatalytic
conversion of CO; to methanol. The catalyst was benchmarked against the conventional, co-
precipitated, MgO-promoted ternary catalyst, and a CZA commercial catalyst. Hydrogen
uptake shown by TPR revealed the presence of active Cu species for H, uptake and a good
dispersion of Cu and Zn over the UiO-66 support was observed from SEM-EDS elemental
maps. Furthermore, the performance of Cu/ZnO/UiO-66 displayed a good CO, conver-
sion, selectivity towards methanol, and the highest methanol space-time yield, making
MOFE-supported Cu-based catalysts promising for their utilisation in the thermocatalytic
hydrogenation of CO; to methanol.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ catal12040401/s1, Figure S1: Elemental maps of Cu/ZnO/UiO-
66; Figure S2: Elemental maps of Cu/ZnO/Al,03/MgO catalyst; Figure S3: Elemental maps of
commercial catalyst; Figure S4: XPS results of UiO-66: (a) full survey, (b) Zr3d, and O1s scans.
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