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Abstract

Selective catalytic reduction of CO9 to methanol has tremendous importance in the
chemical industry. It mitigates two critical issues in modern society, the overwhelming
climate change and the dependence on fossil fuels. The most used catalysts are cur-
rently based on mixed copper and zinc phases, where the high surface of active copper
species is a critical factor for the catalyst performance. Motivated by the recent break-

through in the controllable synthesis of bimetallic MOF-74 materials by ball milling,



we targeted to study the potential of ZnCu-MOF-74 for catalytic CO2 reduction. Here,
we tested whether the nano-sized channels decorated with readily accessible and homo-
geneously distributed Zn and Cu metal sites would be advantageous for the catalytic
COs reduction. Unlike the inactive monometallic Cu-MOF-74, ZnCu-MOF-74 shows
moderate catalytic activity and selectivity for the methanol synthesis. Interestingly,
the post-synthetic mechanochemical treatment of desolvated ZnCu-MOF-74 resulted
in amorphization and a significant increase in both the activity and selectivity of the
catalyst, despite the destruction of the well-ordered and porous MOF-74 architecture.
The results emphasize the importance of defects for the MOF catalytic activity, and

the potential of amorphous MOFs to be considered as heterogeneous catalysts.

Introduction

Extensive usage of fossil fuels for the production of energy has led to huge amounts of an-
thropogenic CO, emissions. This represents one of the greatest problems facing our society
and a pressing need to close the carbon cycle. Therefore, it is of tremendous interest to
develop chemical processes that would use carbon dioxide as a feed stock and convert it to
useful products. One example of such value-added reaction is catalytic hydrogenation of
COg, which can non-selectively result in methanol synthesis via hydrogenation, CO through
reverse-water gas shift (RWGS) reaction, CH, through CO, methanation or hydrocarbons by
a combination of CO, reduction with Fischer-Tropsch reactions.! Among them, methanol
is especially important because it is a bulk commercial chemical and is used as a versa-
tile C; source in the chemical industry. If methanol can be efficiently synthesized from
atmospheric COs, it not only mitigates greenhouse gas emissions but can also be used as a
biofuel, hence the origin of the term "methanol economy".? One of the most used industrial
catalysts for methanol synthesis are the ones based on mixed copper/zinc oxide materials,
such as Cu/Zn0O/Al,03.? Cu/Zn0O/Al,03 (CuZnAl) denotes a family of catalysts comprised

of Cu and ZnO nanoparticles, with at least 50 mol% of Cu metal content in the mixture.



The spherical Cu nanoparticles in the industrial catalyst are in a close contact with ZnO
nanoparticles. The two types of nanoparticles form aggregates with moderately high surface
area of the active Cu nanoparticles. Although the exact role of Cu and ZnO constituents is
still debated, a large body of evidence confirms that ZnO dramatically increases the intrinsic
activity of the copper catalyst, a phenomenon better known as Cu-ZnO synergy.®” Further-
more, the AlyO3 is the most commonly used structural promoter for this catalyst family and
leads to increased catalytically active surface area.®?

In constant search for better catalysts, MOFs have garnered special attention due to
their unique properties and high catalytic potential stemming from porous architecture and
the nature of metal nodes and organic linkers.'%!! This is particularly emphasized after the
recent synthetic breakthroughs enabled the preparation of MOF catalysts containing more
than one type of metal node.'? These multi-metallic MOFs displayed enhanced stability and
applicability potential as compared to their monometallic counterparts.!?!? Particularly in-
teresting class of MOFs in this context is MOF-74,'* a family of modular MOFs built from
various divalent metal cations (M = Zn, Mg, Cu, Ni, Co, Mn, Fe, Cd, and others) and
2,5-dihydroxyterephthalic acid (Hydhta, Figure 1), widely studied for catalytic and storage
applications. The metal cations in MOF-74 form rod-like oxometallic chains along the c-
crystallographic axis with a complex interactivity among the metal centers and one open
coordination site per node for coordination of the guest molecule (Figure 1b right). The
oxometallic chains are bridged by fully deprotonated dhta*~ to form highly porous honey-
comb structure with the channel diameter of approximately 12 A.1516 It was shown recently
how the introduction of traces of other metal into the oxometallic chain of MOF-74 will
increase the activity and stability of the resulting heterometallic material. '"'® However, the
controllable introduction of specific heterometallic combinations into the oxometallic chains
of MOF-74 by conventional procedures still presents a significant challenge.'® Only recently
we demonstrated how ball milling can be used for stoichiometry controlled formation of

bimetallic M1IM2-MOF-74 with 1:1 M1:M2 molar ratio (Figure 1a).?° The strategy exploits



different binding capabilities of carboxylic and phenolic functionalities of Hydhta that allow
for the selective and controllable binding of target metals to specific position, affording a
series of bimetallic MOF-74 materials with homogeneous distribution of heterometals, high
porosity, and stability.

Among other bimetallic MOF-74 materials in the series, we have prepared ZnCu-MOF-74
with 1:1 ratio of Zn and Cu nodes and Brunauer-Emmett-Teller (BET) surface of almost
1000 m?/g.?° The Zn and Cu cations are in a close proximity and complex interaction (Fig-
ure 1b). In this work, we wanted to establish whether this arrangement, together with a
high porosity of ZnCu-MOF-74, could be exploited in the catalytic hydrogenation of CO to
methanol. It was recently shown that MOFs can be utilized as support for active nanopar-
ticles (NPs), prevent their aggregation and phase separation, and achieve better selectivity
towards methanol synthesis.>?!23 Here, we have prepared crystalline ZnCu-MOF-74 (c-
ZnCu-MOF-74) and have compared its catalytic performance to monometallic Cu-MOF-74
and the industrial Cu/ZnO/Al,O3 catalyst. Additionally, we were interested to see whether
the introduction of defects and collapse of the porous MOF-74 structure via mechanochemi-
cal amorphization might play a role in this solid-gas phase heterogeneous catalytic reaction.
The results show that, even more than the high porosity and accessibility of Zn and Cu metal
nodes, the mechanochemical amorphization has a profound effect both on the catalytic ac-

tivity and the selectivity of the bimetallic MOF-74 catalyst.
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Figure 1: a) Two-step mechanochemical synthesis of bimetallic crystalline ZnCu-MOF-74
(c-Zn-MOF-74) from ZnO and Cu(OH),; b) cross-sections of Zn-MOF-74 (left), Cu-MOF-74
(center), and idealized ZnCu-MOF-74 (right) walls along the crystallographic c-axis. The
nearest distances among metal nodes in the oxometallic chain are denoted on the right.
CSD denotes the Cambridge Structural Database codes. Color scheme: Zn-yellow, Cu-blue,
O-red, C-grey, H-white.

Experimental

Mechanochemical milling reactions where performed using InSolido Technologies IST-500
vibratory ball mill. Reactions were conducted at 30 Hz, in 14 mL PMMA jars and with one
2.7 g tungsten carbide ball as milling media.

Mechanochemical synthesis of ¢-ZnCu-MOF-74 was carried out in a stepwise manner
following recently described procedure (Figure 1).2° Firstly, 1.5 mmol of ZnO was milled
with 1.5 mmol of 2,5-dihydroxyterephtalic acid (Hsdhta) in the presence of 150 pL of HO.
Liquid assisted grinding (LAG) reaction was conducted for 90 min and after nonporous 2-D
[Zn(H,dhta)(H,0),]n coordination polymer was formed,?* 1.5 mmol of Cu(OH), was added
together with 250 uL. of MeOH. Finally, after 90 more minutes of milling, brown-reddish

powder which corresponded to c-ZnCu-MOF-74 was formed, washed three times with a



small volume of MeOH and vacuum-dried. In order to amorphize the crystalline bimetallic
MOF and prepare a-ZnCu-MOF-74, ¢-ZnCu-MOF-74 was held under vacuum at 150 °C
overnight to remove the guest and coordinated solvent, after which the sample was milled
for 90 min (Figure 2a).?

For mechanochemical synthesis of Cu-MOF-74, Cu(OH), (292 mg, 3 mmol) and Hydhta
(297 mg, 1.5 mmol) were placed into 14 mL poly(methyl methacrylate) (PMMA) jar along
with 400 uL of methanol. The mixture was ground with one 2.7 g WC ball for 30 min at
30 Hz using IST-500 vibratory ball mill (InSolido Technologies). The product was washed
three times with S5mL of MeOH then filtered and vacuum dried. Resultant compound was
analyzed by PXRD and FTIR-ATR and subjected to the further analyzes described in the
main text.

Solid-state *C magic-angle spinning (MAS) NMR spectra were recorded on a 600 MHz
Varian VNMRS spectrometer equipped with 1.6 mm HXY Varian MAS probe. MAS fre-
quencies ranged between 32 kHz and 40 kHz. The spectra of copper-containing samples
were obtained with Hahn echo sequence. Duration of 90- and 180-degree pulse was 2 us and
4 us, respectively, and the inter-pulse delay was equal to one rotation period. Repetition
delay between consecutive scans was 100 ms and the number of scans was 800 000. 'H-13C
cross-polarization (CP) MAS NMR spectrum of Zn-MOF-74 was recorded at MAS frequency
of 32 kHz using a ramp during 5 ms CP block and high-power XiX proton decoupling during
acquisition. Repetition delay was 2 s and number of scans was 3200. All 3C shifts are
reported relative to the position of the 3C signal of tetramethylsilane (TMS).

Scanning electron microscopy (SEM) was performed on SUPRA35 VP(Carl Zeiss) cou-
pled with EDS detector Inca 400 (Oxford Instruments). The samples were coated by 3 nm
of Au using calibrated Precision Etching and Coating System, Gatan 682.

Ny physisorption was used to obtain specific surface areas and other parameters. Mea-
surements were performed on Micromeritics ASAP 2020, with the degassing at 150 °C for

20 h with 50 mg of sample. BET surface area and pore volume were determined using



adsorption data.

Catalytic tests were performed in a parallel reactor system with online gas composition
analysis using gas chromatography (Agilent 490 Micro GC, TCD detectors equipped with
CP-Molsieve and PoraPlot U columns). Gas mixture with ratio Hy/COy=3 was prepared by
mixing Hy (99.999%, Messer) and COq (99.999%, Messer). Samples (200 mg) were mixed
with SiC (1 g, 300 pm) to ensure sufficient thermal conductivity and uniform gas flow.
Mixtures were then inserted into packed bed reactors and prereduced at 230 °C for 12 h in
pure Hy at 1 bar. The catalytic tests were performed between 160-230 °C, 20 bar and flow
33,000 NmL/g..:h. Commercial CuZnAl catalyst HiFuel W230 (particle sizes 240-400 pm)

was used as a reference for methanol synthesis.

Results and discussion

Mechanochemistry, i.e., chemical reactivity in the solid state induced by mechanical ac-

26,27 24,28

tion, emerged recently as a sustainable method for the rapid and green production
of several functional MOFs.2? 32 These mechanochemical procedures were developed without
using bulk solvents, and are applicable even in a continuous production on pilot scales using

a twin-screw extrusion. 3334

Moreover, the mechanochemical procedures offer a unique level
of selectivity and control. An efficient mechanochemical preparation of bimetallic MOFs is
demonstrated by either: (a) milling together already synthesized MOFs in a mechanochem-
ical alloying approach,3¢ or (b) using a bottom-up approach where bimetallic MOFs are
synthesized in a stepwise manner starting from inorganic sources and organic ligands thus
gaining a control over the metals stoichiometric ratio and minimizing solvent consumption.

As evidenced from Figure 2a, a-ZnCu-MOF-74 lacks long-range crystal ordering and ex-
hibits a broad PXRD pattern absent of characteristic Bragg peaks. FTIR spectra of c-ZnCu-
MOF-74 shows sharp signals that broaden and shift upon amorphization. However, the most

notable difference is the appearance of a new band at 1727 ¢m™1 which is assigned to the



a)

a-ZnCu-MOF-74

¢-ZnCu-MOF-74

Intensity / a.u.

J Cu-MOF-74 (CSD code: COKNIB)

l Zn-MOF-74 (CSD code: WOBHIF)

T T T T
10 20 30 40
2Theta/°

/\ a-ZnCu-MOF-74
1727 / \
VW

¢-ZnCu-MOF-74

b)

Transmittance / a. u.

T T T T T T T 1
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumbers / cm’

Figure 2: a) PXRD patterns of mechanochemically synthesized c-ZnCu-MOF-74 and a-
ZnCu-MOF-74 compared to monometallic Zn-MOF-74 and Cu-MOF-74; b) FTIR spectra
of mechanochemically synthesized c-ZnCu-MOF-74 and a-ZnCu-MOF-74. New band that
appears in a-ZnCu-MOF-74 at 1727 cm™! is highlighted.

stretching vibration of uncoordinated carbonyl group. This suggests that the amorphization
proceeds via partial breakage of the node-linker carboxylate bonds, thus creating a defective
coordination spheres around copper and zinc nodes. The recent theoretical study has shown
that the linker-metal bonds in MOF-74 materials are dynamic and can brake under certain
conditions.?” Similar observations of the appearance of uncoordinated carbonyl group were
also recently described in the case of mechanochemical amorphization of Ni-MOF-74, where
the amorphization led to spin-crossover and significant drop in magnetization.?® Further-
more, there seems to be a correlation between the mechanochemical amorphization and the
introduction of defects as observed by Bennett et al. in zirconia-based MOFs. 38

The established BET surface area of the here prepared bimetallic ¢-ZnCu-MOF-74 is

about 660 m?/g, which is slightly lower than the reference (910 m?/g).?° There is a large
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Figure 3: Nitrogen adsorption-desorption isotherms measured at 77K for crystalline and
amorphous ZnCu-MOF-74 catalysts prepared by mechanochemical processing.

difference in porosity between the crystalline and amorphous samples (Figure 3). The surface
area of a-ZnCu-MOF-74 is 250-times lower than surface area of c-ZnCu-MOF-74 (2.6 m?/g).
Also, the pore volume of materials drops from 0.56 cm?®/g in ¢-ZnCu-MOF-74 to 0.029
cm?®/g after the mechanochemical treatment. Mechanochemical incorporation of defects to
activated c¢-ZnCu-MOF-74 thus leads to the fast collapse of the open and porous MOF-74
structure, as was already observed for Ni- and Zn-MOF-74.%

The difference in guest accommodation properties for two materials is also visible from
thermogravimetric analysis (TGA). The initial mass loss in ¢-ZnCu-MOF-74 starts almost
immediately upon heating, denoting the loss of MeOH and water guests from the channels
(Figures S7 and S8). Amorphous a-ZnCu-MOF-74 exhibits a less pronounced step in the
same temperature region, due to the presence of a limited amount of guests in the collapsed
MOF structure. Both materials show similar decomposition profiles in the range of 400-900
°C, indicating that the collapse of the long-range ordering had little effect on the thermal
stability of ZnCu-MOF-74 materials.

In order to probe local ordering of metals in c-ZnCu-MOF-74 and a-ZnCu-MOF-74 solid

catalysts, we utilized solid-state nuclear magnetic resonance spectroscopy (ssNMR).3%40 As
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Figure 4: ¥C MAS NMR spectra of c-ZnCu-MOF-74 and a-ZnCu-MOF-74, compared to the
corresponding spectra of the crystalline Zn-MOF-74 and Cu-MOF-74. Left panel shows full
spectra; asterisks above the spectrum of Cu-MOF-74 mark the spinning sidebands; in the
spectrum of a-ZnCu-MOF-74 individual broad contributions, as identified by the spectral
deconvolution, are shown by black solid lines; red and blue vertical dotted lines mark the
positions of the ¥C signals of Zn-MOF-74 and Cu-MOF-74, respectively. Right panel shows
only a selected part of the spectra; contributions of MeOH, Zn-MOF-74 domains, PMMA
impurities, and potential -COO™ groups are denoted.
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evident from Figure 4, neither the '3C MAS NMR spectrum of c-ZnCu-MOF-74 nor the
spectrum of a-ZnCu-MOF-74 is a simple sum of the spectra of Zn-MOF-74 and Cu-MOF-
74. This indicates that the two bimetallic samples are not mixtures of two single-metal
phases and are not composed only of single-metal domains. The *C MAS NMR spectra of
c-ZnCu-MOF-74 and a-ZnCu-MOF-74 are rather similar, but not identical one to another.
They both exhibit several narrow signals in the range between 0 and 240 ppm, and several
broad signals in the range between 0 and 800 ppm. The narrow signals belong to carbon
atoms in diamagnetic amorphous species. In the spectrum of a-ZnCu-MOF-74 the signals
at 18, 45, 52, and 178 ppm belong to PMMA, an impurity introduced by milling, whereas
the signals at 123, 155 and 170 ppm belong to domains of amorphous ZnCu-MOF-74. There
is an additional narrow signal present at about 213 ppm, which might correspond to the
unbound and deprotonated -COO™ groups of the linker molecules. The broad signals belong
to carbon atoms, which are close to paramagnetic Cu centres. Strong hyperfine coupling
among the unpaired electronic spins of copper ions and nuclear spins of 3C nuclei gives rise
to huge shifts and broadening of these signals. The number, the positions and the widths
of the broad signals of ¢-ZnCu-MOF-74 and a-ZnCu-MOF-74 are different from those in the
spectrum of the pure crystalline Cu-MOF-74. This strongly suggests that Zn and Cu atoms
are partially well dispersed and ’intimately’ mixed within the two mixed-metal frameworks,
giving rise to a number of different chemical environments for the nearby carbon atoms. As
already mentioned, *C MAS NMR spectra of c-ZnCu-MOF-74 and a-ZnCu-MOF-74 are
somewhat different one from another. In the spectrum of the crystalline material we can
notice a strong, sharp signal of MeOH, which is not present in the spectrum of the amorphous
material. More interestingly, the spectra of the two bimetallic samples exhibit differences
also in the broad signals resonating in the range between 300 and 800 ppm; these complies
with the results of the IR analysis indicating that the connectivity of Zn and Cu within the
frameworks of the crystalline and amorphous ZnCu-MOF-74 are somewhat different.

Mechanochemical synthesis afforded the c-ZnCu-MOF-74 material particles with irreg-
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Figure 5: a) SEM micrographs for a) and b) crystalline ZnCu-MOF-74; ¢) amorphous ZnCu-
MOF-74; and d) amorphous ZnCu-MOF-74 after catalysis.

ular shape and a broad size ranging from 10 to 80 nm (Figures 5a and b). Based on the
performed SEM-EDS analysis, both the crystalline and amorphous ZnCu-MOF-74 materials
have homogeneous distribution and similar loading of copper and zinc metals on the sur-
face (Figures S9-S11). The crystalline sample exhibits hierarchical structure of separated
porous MOF particles thus showing potential for excellent gas transport properties. On the
other hand, amorphization changes catalyst morphology and the a-ZnCu-MOF-74 material
consists of smaller particles of average size of 5-30 nm, which are dispersed without much
agglomeration (Figure 5¢). This arrangement may assist in allowing the direct access of
gases to Cu- and Zn-based phases on the catalyst surface. After the catalytic process, the
amorphous particles form conglomerates with diameter of 50-200 nm, again consisted of
nano-sized MOF particles (Figure 5d).

During CO; reduction using MOF samples, we observed a formation of HyO, CO and
MeOH. Compared to the monometallic Cu-MOF-74 catalyst, the activity toward MeOH
synthesis increased by 4-6 times when using the bimetallic ¢-ZnCu-MOF-74 (Figure 6). It

is already established that zinc increases the binding energy of the reaction intermediates
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on Cu surface in commercial catalysts, causing a formation of more active catalytic sites by
lowering activation energy of critical elementary steps toward MeOH.? One important factor
for the activity of commercial CuZnAl catalyst is the high surface area of active copper
species achieved by dispersion in ZnO/Al,O3 matrix. We expected here the crystalline and
highly-porous ¢-ZnCu-MOF-74 to readily compete with the commercial CuZnAl catalyst.
However, the observed catalytic methanol production rise further when using amorphous
a-ZnCu-MOF-74, with collapsed structure and very low porosity (Figure 6). The activity
of a-ZnCu-MOF-74 even increases during catalytic test at 230 °C. MeOH molar fraction
increased in 2 hours by 1, 5 and 21% for Cu, ¢-ZnCu and a-ZnCu(-MOF-74) at 230 °C
respectively. Large increase of the MeOH synthesis rate with a-ZnCu-MOF-74 is highly
likely due to the lack of rigid structure, active metal sites on disordered MOF surfaces,
and the sintering of Cu particles, which all cause MeOH TOF increase.**? Change of the
reaction rate was much lower when catalytic tests were repeated by lowering temperature
down to 160 °C (Figure 6). Overall, the ¢-ZnCu-MOF-74 sample activity increased by 4-
7 fold after amorphization. The surface area of a-ZnCu-MOF-74 is about 250-times lower
than the one of the crystalline sample which points to the fact that, for this industrial setup,
the introduction of defects in the MOF catalyst enables the creation of more active sites
for MeOH synthesis and plays more important role than the well-ordered and porous MOF
architecture. The PXRD analysis of the catalyst after the catalytic cycle reveal traces of
copper nanoparticles in amorphous matrix (Figure S12).

The impact of the catalyst structure and composition on the catalytic properties was
examined using Arrhenius plot (Figure 7). The concentration of MeOH and CO of the last
four stable points at single temperature step were averaged and plotted. The CO concentra-
tion below 1073 % could not be determined due to experimental limitations. The apparent
activation energies (E4) were determined at temperatures below 200 °C to avoid mistakes
due to the possible mass transfer limitation or proximity to equilibrium. Due to the high

gas flow rate (WHSV=33.000 NmL/g..:h) the COy conversion at the highest conversion of
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Figure 6: The evolution of MeOH molar productivity during the catalytic experiments.
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MOF are low (0.9% for a-ZnCu-MOF-74). Therefore, the decrease of the MeOH productiv-
ity due to the proximity to the chemical equilibrium at high temperature is not expected.
It is observed that at higher temperatures the log of rate of MeOH formation for a-ZnCu-
MOF-74 and Cu-MOF-74 deviates from linear Arrhenius correlation, indicating intraparticle
mass transfer limitation. 434 Artificial linear correlation at T>200 °C is observed for ¢-ZnCu-
MOF-74, because the data points obtained are from the part of the catalytic tests where
temperature is increased, causing morphology change and increased activity. The appar-
ent activation energy and preexponential factor of COy to CO reaction (RWGS) are much
higher for ¢-ZnCu-MOF-74 in comparison to a-ZnCu-MOF-74 catalyst, pointing to a large
difference in the reaction mechanism. The rate of competitive RWGS reaction of crystalline

sample increases nearly up to the rate of MeOH synthesis at 230 °C.

Table 1: The values of E4, A and r parameters for MeOH and CO formation at 200 °C.

MeOH CcO
Sample Ea* | log(A)** | r(200 °C)** | Ea* | log(A)** | r(200 °C)**
a-ZnCu-MOF-74 | 78.6 5.9 1.6-1073 91.1 6.3 1.1-107%
c-ZnCu-MOF-74 | 69.2 4.0 2.2-107* 168 14.0 3.2-107°
c-Cu-MOF-74 | 69.1 3.3 5.0-107° na na na
CuZnAl 62.8 4.8 7.4-1073 149 13.8 2.0-1073

*unit kJ/mol, ** unit mol/(geq:h)

The Table 1 contains E4, pre-exponential factors A and the rates of MeOH and CO
synthesis (r), including comparison with commercial CuZnAl catalyst. It is observed that
the activation energy for methanol synthesis catalyzed by MOF samples is similar to the one
when using CuZnAl catalyst. The catalytic properties for CO formation of a-ZnCu-MOF-74
sample are very special with a large difference in the value of apparent activation energy
(91.1 kJ/mol) comparing to the CuZnAl sample (149 kJ/mol). This could occur due to a
difference in the exposure of terminal crystal plane of Cu, since apparent energy for CO
formation varies from 78 kJ/mol on Cu(110) to 135 kJ/mol on polycrystalline Cu, while it
is significantly more constant for MeOH synthesis where it varies between 67 and 77 kJ/mol

for Cu(110) and polycrystalline Cu respectively.*
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Figure 8: MeOH selectivity (Speon) at the same CO, conversion (xcp,) increases in or-
der: Cu-MOF-74<c-ZnCu-MOF-74<a-ZnCu-MOF-74<CuZnAl. Commercial CuZnAl cata-
lyst is, as expected, objectively more selective at certain catalyst activity. a-ZnCu-MOF-74
displays significantly higher selectivity than crystalline c-ZnCu-MOF-74. MeOH selectivity
converges to 100% at zero CO, conversion as expected by chemical equilibrium by decreasing
temperature below 140 °C as determined using Gaseq.

The selectivity toward MeOH therefore increases by defects introducing into the bimetal-
lic MOF structure (Figure 8), allowing copper phase agglomeration, which is also in line
with the conclusions about the basis for activity of the industrial CuZnAl catalyst. The
performance enhancing parameters in CuZnAl system are presence of the Cu surface plane

4,42 and strong metal-support interaction (SMSI) which

steps by increasing Cu particle size
enables high degree of Cu substitution with Zn atoms and consequently favorable binding
of reaction intermediates.?*7 Addition of Zn to the c-Cu-MOF-74 increases MeOH synthesis
selectivity by 4.7 times which is a consequence of incorporation of Zn into the active Cu
phase. The amorphization of ¢-ZnCu-MOF-74 decreases the surface area, but also reduces
the particle sizes and change the coordination sphere of the metal nodes in MOF-74, thus
increasing the MeOH selectivity by a factor of 8.3. Separated Cu atoms or small Cu clusters

in crystalline MOF tend to promote competitive reverse water gas shift reaction, while the

amorphization leads to the promotion of methanol synthesis.
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Conclusion

To summarize, unlike the monometallic Cu-MOF-74, bimetallic crystalline ZnCu-MOF-74
prepared by mechanochemical procedure shows activity for the catalytic reduction of CO,
to methanol. Mechanochemical treatment of the activated and degassed crystalline ZnCu-
MOPF-74 results in the formation of amorphous and non-porous a-ZnCu-MOF-74 with similar
distribution of heterometal nodes as in the crystalline phase. The spectroscopic analyses
show that the coordination sphere of the nodes is changed upon amorphization, most likely
due to breaking of carboxylate-metal bonds. The catalyst activity is significantly higher for
the amorphous ZnCu-MOF-74 than the crystalline counterpart due to the additional active
sites formed during the amorphization. More importantly, the selectivity of process changes
upon amorphization of the ¢-ZnCu-MOF-74. In reaction catalyzed by amorphous ZnCu-
MOF-74 the selectivity towards methanol formation is comparable even to the industrial
Cu/Zn0O/Al;0O3 benchmark. For the methanol synthesis reaction, the introduction of defects
via amorphization thus seems to be more important than the catalyst porosity, revealing that
the CO4 reduction is conducted on the surface of the MOF catalyst. Our future work will
be directed towards exploiting the potential of mechanochemical MOF transformations?® for

expanding the portfolio of catalytically active non-conventional MOF materials.
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