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\models have also been highlighted.

Abstract: Large scale production of green CH;OH obtained from CO, and green H, is a highly wanted process due to
the role of CH;OH as H,/energy carrier and for producing chemicals. Starting with a short summary of the advantages of
metal-organic frameworks (MOFs) as catalysts in liquid-phase reactions, the present article highlights the opportunities
that MOFs may offer also for some gas-phase reactions, particularly for the selective CO, hydrogenation to CH;OH. It is
commented that there is a temperature compatibility window that combines the thermal stability of some MOFs with the
temperature required in the CO, hydrogenation to CH;OH that frequently ranges from 250 to 300°C. The existing
literature in this area is briefly organized according to the role of MOF as providing the active sites or as support of
active metal nanoparticles (NPs). Emphasis is made to show how the flexibility in design and synthesis of MOFs can be
used to enhance the catalytic activity by adjusting the composition of the nodes and the structure of the linkers. The
influence of structural defects and material crystallinity, as well as the role that should play theoretical calculations in

~

J

1. Introduction

Since green CH;OH is considered as a potentially clean fuel
and one of the important raw materials to produce a wide
range of chemicals,'™ the development of a suitable and
efficient chemical process for the synthesis of CH;OH from
CO, has become a key reaction in the new H, technology
sector.”” To achieve this transformation, a ternary Cu/
ZnO/ALO; catalyst industrially employed for the syn gas
(CO/H,) synthesis of CH;OH has also been proposed as a
benchmark catalyst for the selective CO, hydrogenation to
CH,OH.) However, the catalytic activity of Cu/ZnO/Al,O,
is still not fully satisfactory due to deactivation and there are
also some mechanistic details related to the real nature of
active sites that are still unclear. The current understanding
points to the key role played by Cu/ZnOx interface.'*?

Hu and co-workers have reported the activity of MoS, in
the hydrogenation of CO, to CH;OH and this activity was
proposed to derive from in-plane sulfur vacancies in MoS,
nanosheets.!"” Besides MoS,, In,0; has also been effectively
employed as an efficient catalyst for the hydrogenation of
CO, to CH;0H and the mostly accepted active sites in this
solid are the oxygen vacancies on its surface that further
play the vital role in determining the high selectivity and
activity to CH;OH.""! These precedents have shown that
the activity of In,O; is superior compared to Cu, Co, or
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noble metals as well as ZnO catalyst. Furthermore, the
activity of In,O; can be easily modified by supporting other
active sites to facilitate the activation of both CO, and H,
and stabilizing the key intermediates, thus constituting a
promising material for the sustainable CH,OH
production.®? On the other hand, atomically dispersed Pd
over ZnZrOx to obtain Pd—ZnZrOx solid solution and its
performance was reported in the production of CH;OH.
Interestingly, the activity of Pd—ZnZrOx was superior
compared to bare ZnZrOx and the stability of the former
solid is also reported over 100 h on stream.”!

As commented earlier, Cu/ZnO/Al,O; and other metal
oxides have been widely employed as heterogeneous solid
catalysts for the hydrogenation of CO, to CH;OH. However,
one of the key issues in this conversion is to precisely
determine the nature of reaction intermediates as well as to
identify the reaction pathway. In general, there are two
mechanisms that are widely accepted for this transformation
using Cu/ZnO as a catalyst (Scheme 1).*) One of the
mechanistic pathways is called formate mechanism (a) in
where CO, hydrogenation proceeds through the formation
of adsorbed formate intermediates (HCOO*), and other
route involves the reverse water-gas-shift (RWGS) and CO
hydrogenation mechanism (b), where CO, is transformed
initially to CO which may react by hydrogenation to CH;OH
via adsorbed formyl (HCO*) and formaldehyde (HCHO¥*)
intermediates.”> These different reactions are summarized
in Scheme 1.

Metal-organic frameworks (MOFs) have been among
the most researched heterogeneous catalysts for liquid phase
reactions in the last decades.”™®! There are multitude of
reviews summarizing the state of the art regarding the
activity, nature of active sites and strategies to increase the
performance of these solid catalysts.*** The major reasons
for the wide interest on MOFs as solid catalysts in liquid
phase are the wide range of compositions respect to the
transition metals and the organic linkers, the flexibility in
design and synthesis, the large density of active sites,®*!
multifunctionality,?” as well as the large porosity and
specific surface area of these materials.”**" Active sites in
MOFs can be exchangeable coordination positions around
the metal nodes,*" frequently occupied by easily removable
solvent molecules or water, as well as functional groups on
the organic linkers*?! or even active molecular complexes or
NPs hosted within the internal pores. Since MOFs can be
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Scheme 1. Pathways of CH;OH synthesis from CO, hydrogenation over
Cu-based catalysts. Reproduced with permission from ref. [29] Copy-
right 2019 from MDPI under an open access Creative Commons CC BY
4.0 license.

designed for having an adequate pore dimension,*” these
active sites can be accessible to substrates and reagents. It
has been frequently observed that the catalytic activity of
MOFs in liquid phase reactions overcomes or is comparable
with that of similar soluble metal complexes as homoge-
neous catalysts.” In many cases, it has been found that
immobilization of the active sites in the lattice or encapsula-
tion of the active site within the MOF pores is beneficial
from the point of view of catalytic stability of the active
centre, without introducing diffusion limitation to their
accessibility.*! In addition, the polarity environment of the
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MOF can also produce positive catalytic effects in compar-
ison to homogeneous complexes.”! In addition, MOFs
exhibit well defined sites that can be tuneable in acid
strength and electron density depending on the coordination
with the ligand.’**! Figure 1 summarizes different opportu-
nities to create active sites by appropriate selection of metal
ions and linkers with or without functionalities.

Besides the use of MOFs with intrinsic catalytic activity,
MOFs have also be used as supports.! MOFs have been
widely used as porous host materials for the encapsulation
of metal/metal oxide NPs, frequently observing that the
activity of the resulting solids is often higher compared to
the pristine NPs or NPs on other supports.”**"! This higher
activity is mainly due to the effective stabilization of metal
NPs within the MOF by interaction of the NP guest with the
linkers or the metal nodes present in the nanocavities
offered by these solids. In addition, ligands can also be
functionalized on purpose with carboxylate and amino
groups as electron withdrawing and donating groups,
respectively. In this way, besides direct interaction of these
substituents with the surface of the metal NP, they can also
influence the electronic density of the occluded metal
clusters which in turn is expected to have control over the
charge transfer between metal NPs and MOFs.F!)

In comparison to the massive use of MOFs as catalysts
for liquid phase reactions, these solids have been used as gas
phase catalysts in a limited number of cases.’***! The main
obvious reason for this is the lack of thermal stability of
these hybrid organic-inorganic materials.®! Most frequently,
due to the organic ligand, MOFs start to undergo structural
collapse at temperatures around 250°C and beyond this
temperature also the organic ligand can undergo gradual
decomposition.’¥ While this general thermal instability of
organic moieties is certainly a disadvantage in gas-phase
reactions, there are examples of structurally highly robust
MOFs that can stand temperatures of 350 °C without under-
going structural collapse or without significant ligand
decomposition. In one of these examples, Daturi, Ferey,
Serre and co-workers studied the thermal stability of MIL-
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Figure 1. lllustration of the various possibilities to introduce and modify active sites on MOFs either at the linker (strategies a) or at the metal
nodes (b). SBU: secondary building unit, PSM: post-synthetic modification. Reproduced with permission from ref. [47] Copyright 2019 American

Chemical Society.

100(Fe) having trimeric Fe;-pu;0’" nodes and 1,3,5-benzene-
tricarboxylate (BTC) as linker.” These studies established
that at temperatures above 250°C for 12 h, Fe(III) under-
goes reduction to Fe(II), but this reduction was reversed
upon cooling. MIL-100(Fe) was able to stand several heating
at 250°C and cooling cycles, decomposing at 280°C.F
Furthermore, the Cr-analogue [MIL-100(Cr)] does not
undergo any change either in the oxidation state of the
metal or ligand at 300°C, decomposing at 327°C.F7 In
another example, Bordiga and Lillerud proved that UiO-66
having Zr(u;-OH),u;-O,">" nodes and 1,4-benzenedicarbox-
ylate (BDC) linkers can be heated at 400°C without
structural collapse. In the case of UiO-66, the structure
undergoes thermal dehydration, but this change can be
reversed upon cooling.”™® According to thermogravimetric
analysis starting at 540°C, UiO-66 lattice breakdown occurs
with the rupture of the coordinative bond between the
linker and the inorganic node and also the bond between
the benzene rings and the terminal carboxyl group. In this
way, the formation of benzene and CO, fragments are
detected in the gas phase by mass spectroscopy.” However,
since thermogravimetry is performed by increasing the
temperature with time at a fixed rate, it could be that
prolonged heating at temperatures lower than 540°C could
produce already a structural damage. In any case the
thermal stability of UiO-66 is remarkable compared to other
MOFs. There are other examples of remarkable stability as
for instance the case of MIP-177(Ti)-HT or the ZIF-series
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showing that some particular MOFs can be used at temper-
atures above 300°C without structural damage.*"!

Although gas phase reactions can be carried out at
temperatures much higher than 400°C in which most of
MOF organic ligands will not survive, there is certainly a
compatibility window between MOF thermal stability and
suitable temperature of a gas phase reaction in which MOFs
could be used as catalysts that would be worth to
explore.**? This is the case of CH;OH synthesis from CO,
hydrogenation. As it is indicated in Eq.1, CO, hydro-
genation to CH;OH is one of the few exothermic reactions
for CO,. According to thermodynamics, this reaction should
be carried out at low temperature, increasing the temper-
ature being unfavourable for the CH;OH proportion at the
equilibrium. In fact, CO, hydrogenation to CH;OH com-
petes with CO, hydrogenation to CO (Eq. 2), corresponding
to the RWGS reaction, that being an endothermic reaction
is favoured by temperature increase. However, although
thermodynamics indicate that low temperatures are prefera-
ble, kinetically the high energy barrier related to CO,
activation makes necessary to increase the temperature to
achieve any measurable reaction rate and CO, conversion.
Most typically, CO, hydrogenation to CH;OH is carried out
at temperatures between 250 to 300°C. Lower temperature
than at 250°C results in very low reaction rate and small
CH;0H production. Higher temperatures than 300°C result
in the prevalence of CO formation that kinetically is an
easier reaction than CH;OH formation. This temperature
window between 250 and 300 °C could possibly allow the use
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of certain MOFs as gas phase reaction catalysts, at least for
the thermally most stable ones.

CO, +3H; CH30H +H0  AG(25 °C) = -0.47 kJ mol! D

CO,+ H, === CO+H0 AG(25°C) = 23.4 kJ mol! )

The present minireview wants to pay attention to the
compatibility of various MOFs with CH;OH synthesis from
CO, and comment on the efforts already made to gain
selectivity in this process. The importance of applying MOFs
to CH;OH synthesis derives from the consideration of two
aspects. On one hand, in the new H, technology and targets
for diminishing CO, emissions to the environment, CH;OH
could play a new role as liquid organic H, carrier and as
energy vector. On the other hand, there is still not an ideal
catalyst that is able to perform CO, hydrogenation with
sufficient CH;OH productivity, meaning high selectivity and
high rate, therefore there being a need for the development
of more advanced catalysts. Inspired by the activity of
MOFs in liquid phase reactions, it can be easily anticipated
that MOFs can also exhibit high efficiency for this reaction,
provided that their structure does not collapse. It is the
purpose of the present minireview to briefly describe the
current state of the art on this specific, important, gas phase
reaction and to provide some hints for further development
of this area. Furthermore, MOFs have been used as
sacrificial templates under thermal annealing under various
atmosphere and conditions to produce the corresponding
porous carbon-supported metal NPs, porous metal oxides,
metal sulphides and other MOF derived materials. In these
transformations, the organic linker is completely removed
upon the treatment, resulting in active sites of different
nature as those of the MOF. Thus, although MOF derived
materials exhibit very interesting catalytic activity, these
solids are beyond the scope of this minireview.

2. MOFs having intrinsic catalytic sites for selective
CO, hydrogenation to CH,OH

The most widely used industrial catalysts for CH;OH syn-
thesis from syn gas are based on supported mixed copper/
zinc oxide materials, such as Cu/ZnO/ALO; (CuZnAl).[*!
CuZnAl denotes a family of catalysts comprising Cu and
ZnO NPs, with at least Cu/Zn mol ratio in the mixture of 1
or above. The spherical Cu NPs in the industrial catalyst are
in close contact with ZnO NPs. 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
generally indicated as Cu—ZnO synergy.!®*

One of the simplest approaches to mimic this system in a
MOF is to prepare a bimetallic Cu/Zn MOF in which the
two metals are in the nodes. This approach was realized with
ZnCu-MOF-74 that is a MOF with dipositive transition
metal ions (Cu*™ and Zn**) and dihydroxyterephthalic acid
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as linker. It was expected that MOF-74 porosity will have
significant influence on the facile accessibility of CO, and H,
to nodal Zn and Cu metal sites uniformly located inside the
ZnCu—MOF-74 channels. One of the syntheses for this
bimetallic MOF-74 was ball milling solid-phase synthesis
starting from the solid metal salts and organic precursors.[®!
The control samples indicated that the monometallic
Cu-MOF-74 is inactive for CO, hydrogenation reaction,
however, ZnCu—-MOF-74 affords moderate activity and
selectivity towards CH;OH. However, the activity and
selectivity of CH;OH of amorphous, mechanochemically
desolvated ZnCu—MOF-74 was significantly increased com-
pared to solvothermal synthesis of this material (Figure 2).
In this way, the activity of crystalline ZnCu—MOF-74 sample
was increased by 4-7 fold upon amorphization. The surface
area of amorphous ZnCu—MOF-74 was about 250-times
lower compared to its crystalline precursor which illustrates
the role of defective sites as highly efficient catalytic centres
for MeOH synthesis despite the low area of the amorphous
ZnCu—MOF. Powder XRD of the sample used as catalyst
indicated the formation of only traces of copper NPs in the
amorphous matrix under reaction conditions. This study
clearly proved the enhanced activity of the resulting
amorphous solid, a fact that was attributed to the presence
of defects and their beneficial influence on the catalytic
activity. Isolated Cu atoms or small Cu clusters within the
crystalline MOF favour the competitive RWGS reaction,
while the amorphization tends to promote CH;OH produc-
tion. Therefore, the optimal ZnCu—MOF catalyst does not
necessarily need to be the most crystalline sample, opening
the door for the preparation of other MOF-like samples
with the appropriate structure of the ZnCu centres, without
necessarily pursuing the highest crystallinity.

Chen and co-workers have reported the importance of
the ZnO/ZrO, interface with active Zr—Zn sites for CO,
adsorption and observed formate intermediate on both Zn
and Zr metal centres.” In another work, the existence of
Zn in the ZrO, lattice in a Zr—O—Zn solid solution was
supported by characterization data and based on isotopic H/
D exchange experiments at 280 °C it was proposed that this
Zr—0O—Zn sites can adsorb H, and activate H-H bond
splitting.®!  Furthermore, Zn—O-Zr sites in this solid
solution can adsorb CO, as shown by temperature-pro-
grammed desorption of CO, and promote its conversion to
CH;OH. This type of Zn—O—Zr site is very easy to be
mimicked on Zr MOFs with the advantage that the sites can
be better defined, obtained in a high density, distributed
uniformly in the solid and being accessible to reagents
through the pores. In this context, Lin and co-workers have
reported the formation of Zn>*—O-Zr*" sites in a Zr-MOF
by post-synthetic treatment of Zrs(u3-O),(pus-OH), nodes of
MOF-808 with ZnEt, to obtain MOF-808-Zn (Figure 3).
MOF-808 contains Zry(p;-O)4(u3-OH), nodes, also present
in UiO-66 and several other Zr—-MOFs, and BTC as linker
having a large specific surface area (about 1300 m”g~"). The
internal pores of MOF-808 have two types of cages with
tetrahedral (4.8 A diameter) and adamantane-like (1.8 A
diameter cavities) shapes. Note that both cages are acces-
sible to CO, and H,. Due to the association of Zn*" to the
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Figure 2. Evolution of MeOH molar productivity as a function of the reaction temperature during the catalytic experiments using related MOF-74
materials. Prefixes “a-" or “c-" means amorphous or crystalline, respectively. Reproduced with permission from ref. [65] Copyright 2021 American
Chemical Society.
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Figure 3. Synthesis of MOF-808-Zn and the structure of Zr**—O—Zn’" sites proposed as responsible for selective CO, hydrogenation to CH,OH.
Reproduced with permission from ref. [68] Copyright 2021 American Chemical Society.

MOF nodes, this MOF catalyses CO, hydrogenation to
CH,OH.I® MOF-808-Zn achieves >99% selectivity to
CH;OH in CO, hydrogenation with a high spatial time yield
to CH;OH (STY is0n) of 190.7 mgyeongz. 'h™ at 250°C.
The catalytic activity was maintained for at least 100 h. X-
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ray absorption spectroscopy (XAS) indicated the presence
of Zn**—O—Zr*" sites and the absence of Zn, O, clusters.
Temperature-programmed desorption measurements con-
firmed that H, activation occur at Zn®>" centres. Interest-
ingly, Zn®" sites attached to Zr-based nodes of other MOFs
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without open Zr*" sites failed to afford MeOH. The need
for open Zr*" sites in combination with the H, activating
metal to enhance CH;OH production was already demon-
strated in other previous studies.”” This work nicely
characterized the role of well-defined Zn*"—O-Zr*" struc-
tures appended to metal-oxo nodes in MOFs to form an
optimal catalytic site with the enhanced activity and
selectivity to CH;OH. It can be predicted that similarly to
the Zn**—O—Zr*" centres combinations of Zn** with other
nodal metals, particularly those involving Cu, and even tri-
or multimetallic sites could even result in an improved CO,
activity with still high or complete CH;OH selectivity.
Theoretical calculations could shed light on the nature of
these nodal metals. On the other hand, DFT calculations
have clearly shown that Zn*" is primarily responsible for H,
activation and the Zr*" site favours the adsorption of CO,
and its conversion through the formation of formate as the
reaction intermediate. The unique advantage of this solid is
the well-defined local structure around the MOF lattice
providing the opportunity for activation and adsorption
through synergistic catalysis.

3. MOFs as porous supports of active guests

Due to the large pore volume, pore geometry with strictly
regular dimensions, MOFs are also widely used as hosts to
incorporate molecular guests and NPs with catalytic activity.
These structural MOF properties suit particularly well for
the preparation of supported metal and metal oxide NPs as
catalysts for CO, hydrogenation. Supported metal NPs for
CO, hydrogenation is an area that has received considerable
attention,'®”7" with MOFs being still rarely used as hosts
due to the thermal stability concerns as previously men-
tioned.

Continuing with the activity for MeOH production by
the Zr—Zn couple of modified MOF-808,% the catalytic
activity of ZnO—ZrO, mixed metal oxides,” ZnO-ZrO,
aerogels,” and ZnO—ZrO, solid solutions have received
some attention.””! The superior performance of these solid
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catalysts is due to the metal synergy between Zn and Zr in
ZnO or ZrO, supported solids, while catalysts without ZnO
exhibited negligible activity.

In one of the recent reports using MOF as porous
support for the Zn—Zr couple, ZnO NPs of 9nm were
incorporated within Zr-based MOF constructed by Zr;,(us-
0)g(u3-OH)g(1,-OH)g  clusters with biphenyldicarboxylate
(bpdc) linkers and the activity of the resulting solid (ZnO/
Zr,-bpdc) was tested in the CO, hydrogenation to
CH,OH.®™ As shown in Figure 4, ZnEt, was coordinated to
us-O atoms of the metal cluster forming ZnEt—O—Zr ,-bpdc,
which was subsequently oxidized to ZnO NPs to form ZnO/
Zr,-bpdc catalyst. ZnO/Zr,-bpdc catalyst exhibited a CO,
conversion of 7.5 % with a STY of 110 mgyon Zeatarys 0~ OF
440 mgyeon 8z 'h™' with >95% selectivity to CH;OH at
250°C. No evidence of ZnO particle growth was observed
after 100 h of reaction at 250°C. As an important data
hinting for future directions in the field, the activity of ZnO/
Zr,-bpdc was further enhanced by Co doping (ZnO/Zr,,-
bpydc-Co(NO3),), reaching a STY of 219 Mgyeon Geatayst 1~
at 16% CO, conversion under similar conditions. This
enhanced activity of ZnO/Zr,-bpydc-Co(NO;), is attributed
to the synergistic effect derived from the presence of three
metals. Obviously, the possible combinations of three or
more metals and determination of their optimal proportions
opens a vast chemical space with a high potential for leading
to an increase in the catalytic activity for CH;OH produc-
tion. It is, however, worth to comment that linkers of long
dimensions, such as bpdc, result generally in MOFs of lower
thermal stability, due to the large pore dimensions of these
materials. Considering the dimensions of reagent (CO, and
H,) and product (CH;OH) it appears that no large pore size
is not necessary to perform the reaction. Control experi-
ments indicated that Zr)-bpy-Co preferentially converts
CO, to HCOO* while the Zn—Zr site favours the hydro-
genation of HCOO* to CH;OH. Thus, this work nicely
illustrates the assembly of Zr,,-bpy-Co site and the Zn—Zr
sites as complementary targeting for steps in the hydro-
genation of CO,.

X g eC
= &g, > ) =
Zn0/2zr,,—bpdc ®Zr
Zn
\ &
# zno

ZnEt—2Zr ,—bpdc

Figure 4. Preparation of well-defined ZnO—Zr catalysts via post-synthetic metalation of Zr,,-bpdc MOF and subsequent oxidation. Reproduced with

permission from ref. [80] Copyright 2021 American Chemical Society.
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As it has been sufficiently stressed, one of the main
problems of MOFs for gas phase reactions is the lack of
thermal stability, illustrated in the previously commented
case of MOF-74. One original way to overcome this draw-
back that has been proposed is the post-synthetic treatment
of a MOF by incorporating siliceous linkers. The resulting
so-called Si-infused UiO-66 (s-UiO-66, Figure 5) still exhib-
its well-developed porosity but in addition a significant
thermal and structural stability.*!! This sample, s-UiO-66
containing silicone linkers was used as a host to confine
homogeneously dispersed ultrafine CuO NPs (CuO/s-UiO-
66) that should act as active sites. Selective hydrogenation of
CO, to CH;0H using CuO/s-UiO-66 as catalyst exhibited
STY cizon Of 2649 mgge, h™ which is significantly higher
than to Cu/ZrO,-based (159 gyeonkge: 'h™') catalysts (Fig-
ure 6).*" Interestingly, the activity of CuO/s-UiO-66 catalyst
(4.35 wt % Cu) was about two-fold higher than to commer-
cial Cu/ZnO/ALO; catalyst at 240°C under the same
reaction conditions. This enhanced activity of CuO/s-UiO-66
is proposed to derive from its robust structure at the
reaction temperature, preventing the agglomeration of CuO
NPs. Characterization of spent catalyst reveals that no
sintering of Cu NPs or appearance of a ZrO, phase occurs
after 130 h of time on stream. Moreover, in situ character-
izations indicate that a key factor in the activation of H, is
the generation of metallic Cu NPs, while s-UiO-66 matrix
contributes adsorbing CO, in the form of carbonate species.
Furthermore, detailed in situ DRIFTS spectra measure-
ments have revealed that Cu’ is identified to be responsible
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for the activation of H, while s-UiO-66 adsorbed CO, in the
form of carbonate species. Later, these adsorbed species are
subsequently reduced with the assistance of activated H,
leading to the formation of carbonyl and formate intermedi-
ates, which were later hydrogenated to CH;OH.

CuO NPs have also been incorporated in Zr/Hf-based
MOFs and their activity has been compared with that of
other supports for CO, hydrogenation to CH;OH.®? The
series of catalysts that were compared in the study includes
Cu/y-ALO;, Cu/ZIF-8, Cu/MIL-100 and Cu/UiO-66."! Cata-
lytic measurements showed that UiO-66 as support results in
the highest activity. For instance, Cu/UiO-66 showed a
production of CH;OH 70 times higher than to Cu/y-Al,O;
under identical conditions. Interestingly, the replacement of
Zr** by Hf*' in UiO-66 tripled the formation rate of
CH;0OH (Figure 7). Furthermore, Cu/UiO-66-COOH af-
forded a three-fold enhancement in the production of
CH;OH compared to UiO-66 or UiO-66-NH,. These cata-
lytic data firmly indicate that it is possible to enhance the
catalytic activity of the incarcerated Cu NPs by modulating
the interaction of the MOF structure with the incorporated
Cu NPs and this can be achieved by selecting the nature of
the metal at the nodes and by substituents on the linker.
Apparently, the MOF linkers interact with the surface of the
metal oxide NPs modulating the electron density at the Cu
sites. While this is well known in molecular complexes and
the ligand effect in colloidal metal NPs is also known, this
tool remains mostly unexplored in catalysis by metal NPs
within MOFs and can result in unforeseen results. The

1). Loading Cu?*
2). Calcination

Si infusion i /" \ - .
S\ B oy

%,

1). Loading Cu?*
2). Calcination

1). Loading Cu?*
2). Calcination

@ : siliceous linker

. : organic linker (BDC?")

@ (-) : big (or fine) CuO particles

Figure 5. Schematic illustration of three post-synthetic modifications of UiO-66 to obtain Cu containing material either loading Cu®* followed by
calcination or etching ligands with or without Si infusion Cu catalysts (BDC?": 1,4-benzenedicarboxylate anions; e-UiO-66: etched UiO-66; s-UiO-
66: Si-infused UiO-66; siliceous linker: oligomeric siliceous species). Reproduced with permission from ref. [81] Copyright 2023 Wiley.
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Figure 6. a) Comparison of the catalytic performance at three different temperatures of CuO/UiO-66, CuO/e-UiO-66, CuO/a-ZrO,, CuO/ZrO,/
mSiO,, CuO/ZrO,@mSiO,, and CuO/s-UiO-66 at a weight hourly space velocity of 18000 mLg,.,. 'h™' (see color codes for each sample) b)
STYcrzon of CuO/s-Ui0-66 (4.35 wt % of Cu) (green) and commercial Cu/ZnO/Al,O; (orange) at different mass flow rates and temperatures. c)
Stability test of CuO/s-UiO-66 (4.29 wt % of Cu) at 240°C and 18000 mLg,,, 'h~". See Roman numerals in the plots corresponding to the same
numerals in the y-axis scale. Reaction pressure is 3.0 MPa. Reproduced with permission from ref. [81] Copyright 2023 Wiley.

reason is that the number of groups (carboxylic acid and
carboxylate in the case of Cu/UiO-66-COOH) surrounding
the Cu NPs can be controlled and this number is countable
and located at precise geometrical positions. Since ligands
generally decrease the catalytic activity in colloidal NPs by
blocking or competing with the active sites, the fact that in
MOF cavities there are only 12 carboxylic groups, and that
even this number can be further diminished and optimized
in mixed ligand MOFs, gives the opportunity to have a high
control on the electron density and of the NP surface with
these ligands, as illustrated here, for the case of Cu NP. It
would have been interesting to combine the two parameters
(Hf and COOH groups of the linker) in a single MOF
material to reach the highest possible CH;OH production
enhancement. Although authors claim that the rate-deter-
mining step for the conversion of CO, to CH;OH is
hydrogenation of formate, no experimental data to explain
the mechanism were provided.

MnOx/mesoporous Co;0, catalyst was reported as an
efficient solid catalyst to produce CH;OH by hydrogenation
of CO, at mild temperature (250°C) and pressures
(6 bar).®! Although MnOx/mesoporous Co;O, exhibited
high activity, CH;OH selectivity was moderate due to the
formation of other products like hydrocarbons and/or CO
and, a further improvement would be to increase this

Angew. Chem. Int. Ed. 2024, 63, €202311241 (9 of 19)

CH;OH selectivity without affecting negatively to the
activity. Thus, in a study to use MOFs to enhance and gain
control on the activity of Cu NPs in CO, hydrogenation,
individual Cu nanocrystals (NCs) were surrounded by the
framework of UiO-66 and the activity of the resulting
Cu(core)CUiO-66(shell) solid was tested in the hydrogena-
tion of CO, to CH;OH.® The size of Cu NC was 18 nm and
it was at the centre of the UiO-66 shell about 100 nm
(Figure 8). The catalytic activity of CuCUiO-66, was
compared with that of Cu on UiO-66 (external surface), Cu
on ZrO,, and Cu/ZnO/Al,O; for CO, to CH;0OH reaching
the TOF values of 3.7x1073, 1.7x107%, 0.42x1073, and
0.45x107°s™", respectively at 175°C and 10 bar using CO,
and H, in a 1:3 molar ratio. In contrast, no activity was
observed with Cu NCs on MIL-101(Cr) and Cu NCsCZIF-8
under similar conditions. Furthermore, CuCUiO-66 af-
forded 8-fold higher yield with 100 % selectivity to CH;0H
compared to the benchmark Cu/ZnO/Al,O; catalyst. XPS
analysis of CuCUiO-66 revealed that Zr 3d binding energy
is shifted to lower oxidation state when UiO-66 embeds Cu
NC, suggesting the presence of a strong interaction between
Cu NC and Zr oxide in the MOF, thus, explaining the very
high activity of the core-shell system. Authors have
postulated that metallic Cu species are responsible for the
activation of H, and formate intermediates are stabilized by

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U017 SUOWIWOD) 8AITER1D) 3dedldde sy Ag peusenob afe ssoiie YO ‘8sn JO Sa|nu oy Areiqi8uljuO 8|1 UO (SUOTPUOD-pUR-SULIRY/LIO" A3 M Afe.q 1[I |UO//SANY) SUORIPUOD PUe SWB | 3U1 88 *[7202/20/7T] Uo AkeiqiTaulluo 48| eious e A 80 Bo1UIBH |0 RIS eAIUN AQ TyZTTEZ0Z 31Ue/Z00T 0T/I0p/L0d A8 | Areiqijpul|uoy/sdny woly papeojumod ‘¢ ‘vZ0g ‘€LLET2ST



Minireviews

An die

Chemie

GDCh
~_7
= 4001 20r
% i 15
8 L
S 300 'OT
3 5i-
g. - L
-~ ™\ 2\ \
3 200._ 0‘5\??. »(v\ QQ\G?.
s . *'Yy» 1>Q \\«'\
@ 100+
=

o * l\ b
T ol S S -
C o o 0 o
.\o 6’0 98 r\\\:\
SR
> ©

Figure 7. STY of CH;OH synthesized from CO, and H, using Cu/y-Al,O; and various Cu/MOF composites catalysts. The number of defects was
estimated from the discrepancy of the ideal formula Zr;O,(OH),(BDC), with the empirical for [ZrsO,(OH),(BDC); ], [ZrsO4(OH)4(BDC),.5(AcO);]
and [Zr,O,(OH),(BDC);.6 (AcO), 4] for Zr—UiO-66-1, Zr—UiO-66-2 and Zr—UiO-66-3, respectively. AcO: acetate. Reproduced with permission from
ref. [82] Copyright 2019 Royal Society of Chemistry under Creative Commons Attribution 3.0 Licence.

Figure 8. TEM images of (a) CuCUiO-66 (single Cu NC inside UiO-66 of well defined octahedral morphology), (b) Cu on UiO-66. Reproduced with

permission from ref. [69] Copyright 2016 American Chemical Society.

cationic Cu species. However, no spectroscopic data to
support these conclusions were provided.

In other study, Cu NPs were deposited over UiO-66
MOFs at two different levels of Cu exchange to obtain Cu/
UiO-66-a (43.2% OH exchange by Cu) and Cu/UiO-66-b
(18.3 %) (Figure 9) and the activity of these two solids was
examined in the CO, hydrogenation to CH;OH." Cu/UiO-
66-a exhibited a remarkable rate of CH;OH production to

Angew. Chem. Int. Ed. 2024, 63, €202311241 (10 of 19)

4.7 mol¢yyzopmole, 'h™ at 250°C at 32 bar pressure. This
production rate was almost an order of magnitude higher
compared to benchmark catalysts, Cu/ZrO, and Cu/ZnO/
Al,O;, and almost two orders of magnitude higher than to
Cu/UiO-66-b. This significant difference in the activity
among these catalysts was ascribed to the specific anchoring
of Cu NPs to the support. On the other hand, Cu/UiO-66-a
afforded 29 % selectivity to CH;OH compared to 7 % with
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Figure 9. (a) lllustration showing a missing linker in the UiO-66 structure being replaced by two —OH/OH, groups, which are specific sites for ion
exchange to anchor metal ions, such as Cu®", onto the Zr; nodes of the MOF; (b) Proposed reaction for Cu anchoring (H* exchange) in aqueous
solution and plausible structure of the resulting site with activity in CO, hydrogenation to CH;OH. Reproduced with permission from ref. [70]
Copyright 2020 Nature Portfolio under a Creative Commons Attribution 4.0 International License.

Cu/ZnO/ALO;. The superior performance of Cu/UiO-66-a
derives from the small size of metallic Cu NPs and the high
population of Cu—O—Zr interfacial sites that were proposed
as responsible for selective CH;OH synthesis. Interestingly,
the production rate of CH;OH with Cu/UiO-66-a was stable
for 50 h on stream, suggesting that the MOF can stand these
conditions. Furthermore, XANES measurements of the
fresh and the spent Cu/UiO-66-a were identical, thus
showing the notable structural stability under reaction
conditions, even without change in the proportions between
metallic and cationic Cu. Efforts to identify the reaction
intermediates for the conversion of CO, to CH;OH by in
situ IR study failed to detect any species.

Cu NPs and Cu—ZnO nanocomposites have been
incorporated into amorphous UiO-66 (amUiO-66) to obtain
Cu/amUiO-66 and Cu—ZnO/amUiO-66 (Figure 10). These
samples were prepared by spray-drying method in which
DMF droplets containing seeds of UiO-66 and salts of Cu
with or without Zn salts are quickly evaporated.®™ Under
these conditions, immediate formation of amUiO-66 con-
taining the metal NPs occurs. amUiO-66 synthesised in this
way has high porosity, but lacks the long-range order
expected for crystalline UiO-66 samples and responsible for
the characteristic XRD patterns. am-UiO-66 solids were
characterized by HRTEM, EDX, powder XRD and EXAFS

Angew. Chem. Int. Ed. 2024, 63, €202311241 (11 of 19)

to gain information on the structure of the nanocomposites
and MOF. It can be concluded that amUiO-66 was
essentially the same structure and coordination bonds as of
UiO-66. The performance of Cu/amUiO-66 for CO, hydro-
genation to CH;OH was 3-fold higher compared to Cu/
crystalline UiO-66.5 Furthermore, Cu—ZnO/amUiO-66
reached STY for MeOH production of 710.5 pmolge, 'h™",
surpassing by a factor of 1.5-fold to the performance of Cu/
amUiO-66 and 2.5-fold to the productivity value for
Cu—ZnO/y-Al,O; (Figure 10). In situ FT-IR spectroscopy
and XPS measurements were performed to characterize the
nature of support and understand its high activity. The
results from these analyses indicate that Cu NPs stabilized in
Cu/amUiO-66 and Cu—ZnO/amUiO-66 are distributed uni-
formly within the pores and the relatively few defects of am-
UiO-66 favour the stabilization of zero valent Cu as small
clusters or single atoms respect to Cu NPs in crystalline
UiO-66 and Cu—ZnO/y-Al,O;. In addition, amUiO-66 is also
believed to play an important role promoting the dissocia-
tion of H, and its spillover to low coordinated Zr sites in Cu/
amUiO-66 and Cu—ZnO/amUiO-66 increasing the conver-
sion of CO, to CH;OH. This study nicely illustrates the
possible positive role that defects can play to increase the
catalytic activity in MOF supported Cu NPs. The two main
bottlenecks that still would be important to overcome are
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Figure 10. (a) Cu/amUiO-66 and Cu—ZnO/amUiO-66 synthesized by the spray-drying method; (b) Amount of CH;OH produced from CO, and H,
by Cu NPs in crystalline UiO-66 (Cu/cryUiO-66), Cu/amUiO-66, Cu—ZnO/y-Al,Os, and Cu—ZnO/amUiO-66 catalysts. Reproduced with permission

from ref. [84] Copyright 2021 Wiley.

the low specific surface area (190 vs. 702 m*g™" for Cu/am-

UiO-66 in comparison to crystalline UiO-66) and the
relatively large size of the metal NPs formed (25.1£5.0 for
Cu/am-UiO-66 in comparison to 13.1+3.9 nm on crystalline
UiO-66). Optimization of these two important factors is,
certainly, a reasonable direction to further improve the
activity of these amorphous MOFs as selective catalysts.
Efforts to identify the reaction intermediates in the con-
version of CO, to CH;OH with this catalyst would certainly
assist a better understanding the reaction process.

ZrO, has been reported as an effective support to
promote the dispersion and reaction stability of CuO—ZnO
NPs, thus making CuO—ZnO/ZrO, solids as one of the state-
of-the-art Cu-based catalysts in the CO, hydrogenation to
CH,OH.®**! Unfortunately, Cu NPs on CuO-ZnO/ZrO,
catalyst tend to aggregate gradually at the reaction temper-
atures normally used in CO, hydrogenation, resulting in a
decrease in the population of active Cu/ZnO, interfaces
along the time on stream. On other hand, separated Cu
particles lacking Zn are more prone to promote the RWGS
reaction resulting in lower selectivity of CH;OH. Therefore,
one of the key roles of the support should be to increase the
stability of Cu—ZnO, particle size and maintain Cu—Zn
interfaces by establishing strong metal-support interactions
that should result in an improved catalyst performance. In a
new strategy for the construction of stable CuO—ZnO/ZrO,
catalyst, UiO-66 was used as support for the encapsulation
of a series of Cu—Zn catalysts with various metal loadings by
employing the deposition-precipitation method.®” The cata-
lytic activity of Cu—Zn@UiO-66 solids was tested in the
hydrogenation of CO, to CH;OH. Among the various solids
prepared and tested for this reaction, the highest activity
was achieved with Cu—Zn@UiO-66 catalyst with Cu—Zn
loading of 35wt% (Cu/Zn mol ratio: 2.5) that exhibited
91% vyield of CH;OH with 185% CO, conversion
(STY czon of 2.4 mmolcyson g h™') at 240°C (Figure 11).
Under these conditions, the catalyst was stable for 100 h.
This superior activity was ascribed to the ultra-small Cu—Zn

Angew. Chem. Int. Ed. 2024, 63, €202311241 (12 of 19)

NPs (4 nm), high density of Cu/ZnO, interfaces confined
within UiO-66 framework and the strong interaction
between Cu and ZnO,.

Mesoporous zeolites have also been reported to prevent
agglomeration of metal NPs by confining them in their
nanochannels.®™ " In view of these precedents and consider-
ing that zirconia is a good support of Cu NPs, not
surprisingly, porous MOFs can combine both the confine-
ment effect within the pores and the strong metal-support
interactions with Zr-metal oxo clusters and metal-coordinat-
ing sites at ligands to develop suitable supports for Cu-based
CO, hydrogenation catalysts. As a realization of this idea,
Lin and co-workers have reported the combination between
2,2'-bipyridyl (bpy) and Zr,(pu;-O)4(p3-OH), clusters to form
UiO-bpy able to stabilize ultra small Cu/ZnO, NPs (1 nm)
encapsulated within the voids, avoiding their agglomeration
(Figure 12). Bipyridyl should play the role of internal ligands
around the Cu/ZnO NPs incorporated within the pores. The
MOF cavities provide also well-defined compartmentaliza-
tion of Cu and ZnO, for which confinement effect can
apply.’! At 250°C and 4 MPa with a H,/CO, ratio of 3, the
activity of Cu/ZnO,@UiO-bpy catalyst exhibited a STY up
to 2.59 mgy.onge, h™ with complete selectivity to CH;OH.
Besides, the catalyst was also stable for 100 h. The high
activity of this solid was attributed to the strong metal-
support interaction between NPs and the organic chelates
and the metal-oxo clusters. These results clearly encourage
for the development of related catalysts taking advantage of
the availability of a wide range of MOFs with different
linkers able to act as ligands of Cu and ZnO, and oxo metal
clusters interacting with them, but enjoying higher thermal
stability that could allow to perform the reaction to some-
what higher temperature. Authors believe that H, is
homolytically dissociated on the Cu surface by forming
Cu—H species. The dissociated H, spillovers to Zr sites
present on the SBUs and defect sites on ZnOx. Also, CO, is
adsorbed on unsaturated Zr sites and ZnOx by forming
carbonates and bicarbonates, which are rapidly hydrogen-
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Reproduced with permission from ref. [87] Copyright 2022 Elsevier.

ated from spillover. Meanwhile, H, spillover also reduces
some Zr(IV) to Zr(IIT) and some Zn(II) to Zn(0) as shown
by XPS. The synergistic processes like H, activation on Cu
and CO, activation on ZnOx and Zr SBUs sites favour to
achieve superior activity by the catalyst. This proposal is
shown in Figure 13.

In another study, Pt NPs (average size 3.64+0.7 nm) were
embedded within the framework of UiO-67 and the activity
of Pt@UiO-67 sample was tested in the hydrogenation of
CO, to CH;0H at 170°C and 1-8 bar pressure.”) CH,OH
selectivity increased from 3 to 19% (TOF: 0.01s™') when
the pressure raised from 1 to 8 bar, with only a slight
increase in methane selectivity from 1.2 to 1.6%. In
comparison, Pt/Al,O; showed the formation of methane and
CH;0H, with CH;0H selectivity reaching 10% at 8 bar
pressure. In contrast to Pt@UiO-67, methane selectivity in
Pt/AL,O; increased substantially with increasing pressure.
For Pt/SiO, and Pt/C as catalysts, CO was the only product
detected. The available evidence suggests that CH;OH is
formed as consequence of the possible influence of the
interface between Pt NPs and defective Zr nodes favouring
the formation of formate intermediates attached to the Zr
nodes.

Later, the same group has extended their work by
studying the dynamic role of the Zr-node in Pt@UiO-67 and
the influence of H,O on the CO, hydrogenation at 170°C.["!
This work has shown that an increasing number of Zr-node
defects enhances the formation of both CH;OH and
methane. In addition, CO, hydrogenation on prehydrated
Zr-nodes exhibited higher initial CH;OH and methane
formation rates than dehydrated Zr-node. Experimental
evidence by transient kinetics suggest that these results are

Angew. Chem. Int. Ed. 2024, 63, €202311241 (13 of 19)

due to the competitive adsorption between CH;OH and
water.

The composition of the metal nodes of UiO-66 can be
tuned by introducing other metals besides Zr*". In this way,
Cu?' ions have been supported on UiO-66(Zr) and UiO-
66(Ce/Zr), testing their activity in the hydrogenation of CO,
to CH;OH."” The results indicated a significant increase in
CH,;OH selectivity for bimetallic UiO-66(Ce/Zr) compared
to monometallic UiO-66(Zr), but without increasing in the
CH;O0H production rate (Figure 14). This study experimen-
tally showed that the selectivity of CH3;OH can be
influenced by the nodal composition of UiO-66, opening the
way for an optimization of the CH;OH selectivity by
selecting the appropriate metal on the node. However, the
situation is much more complex when H, activating metal
such as Cu is already present in the structure. In this way, as
shown in Figure 14, due to the presence of Cu, selectivity to
CH;OH even decreases slightly in Cu/UiO-66(Ce/Zr) com-
pared to monometallic Cu/UiO-66(Zr) and CH;0H produc-
tivity significantly decreases for the bimetallic Cu/UiO-
66(Ce/Zr). Computational calculations should clarify the
interplay between nodal metal ions and CH;OH selectivity
and productivity and should lead the experimental work by
providing the most suitable combination of metal nodes to
enhance CH;OH production.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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4. Theoretical calculations on MOFs as catalysts for
CH;OH synthesis from CO,

As just commented, calculations on active site models can
provide detailed understanding on the influence of composi-
tional and structural parameters on the reaction. The
periodic structure of MOFs is particularly suited for these
calculations, although the number of atoms of the models
and the calculation cost in MOFs are usually very high.
Development of single-site heterogeneous catalysts has
become one of the strategies to achieve highly efficient
catalytic processes.”* In one of the earliest precedents
applying density functional theory (DFT) calculations to
gain understanding on the mechanism of CO, hydrogenation
on MOFs, Cu-alkoxide-functionalized MOF-5 was found to
be a suitable catalyst for CO, hydrogenation to HCOOH."
Furthermore, UiO-67-supported molecular iridium complex
catalyst was also designed for CO, hydrogenation to
HCOOH.™ In addition, MIL-101-supported Pt single-atom
catalyst was synthesized and found to be more active and

Oy OH ~
J
AN
Q00
J

0" OH
NHC-MX-carboxylate ligands

Zr6 SBU S

selective for CO, hydrogenation to CH;OH than the
counterpart having Pt nanocrystals.’”! These results encour-
aged to develop N-heterocyclic carbene (NHC) of coinage
metal hydrides M(I)-H (M=Cu, Ag, and Au) anchored to
the UiO-68 organic linker (Figure 15).”® The activity of
UiO-68 decorated with NHC-M(I)-H was studied as a
single site catalyst for CO, hydrogenation to CH;OH by
DFT calculations. Detailed investigations on this solid
revealed a three-stage sequential mechanism for CH;0OH
formation through the intermediacy of HCOOH and
HCHO. Furthermore, these calculations have led to the
conclusion that UiO-68 decorated with NHC-Cu(I)-H
should perform better compared to other Ag and Au
analogs. These calculations have proposed three descriptors
of the catalyst performance based on their linear relation-
ships for the Gibbs energy barrier of CO, hydrogenation to
HCOO intermediate with them. The first descriptor is the
natural bond orbital charge of the hydride in NHC-M(I)-H.
The second one is on the electronegativity of M. The third
proposed indicator of catalyst performance on CH;OH

Figure 15. (a) Modified UiO-68 decorated with NHC—M (I)—X prepared from Zr, secondary building units and NHC—MX-carboxylate ligands (X=Cl,
OH, etc.); (b) Further modification of UiO-68 with the generation of NHC—M(1)—H either by reacting M ()—X with H, or with hydride donors such
as silanes and pinacolborane. Taken with permission from ref. [98] Copyright 2021 American Chemical Society.

Angew. Chem. Int. Ed. 2024, 63, €202311241 (15 of 19)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U017 SUOWIWOD) 8AITER1D) 3dedldde sy Ag peusenob afe ssoiie YO ‘8sn JO Sa|nu oy Areiqi8uljuO 8|1 UO (SUOTPUOD-pUR-SULIRY/LIO" A3 M Afe.q 1[I |UO//SANY) SUORIPUOD PUe SWB | 3U1 88 *[7202/20/7T] Uo AkeiqiTaulluo 48| eious e A 80 Bo1UIBH |0 RIS eAIUN AQ TyZTTEZ0Z 31Ue/Z00T 0T/I0p/L0d A8 | Areiqijpul|uoy/sdny woly papeojumod ‘¢ ‘vZ0g ‘€LLET2ST



GDCh
=

synthesis is the gap between the lowest unoccupied molec-
ular orbital of CO, and the highest occupied molecular
orbital of the catalyst. These theoretical findings should be
useful to design MOF-based catalysts for CO, hydrogena-
tion reaction and need experimental data to validate them.
On the other hand, while descriptors are an oversimplifica-
tion compared to the full mechanistic study, they can be
computed at much lower cost and can be very useful to
rationalize the key steps in the process and predict further
directions for the experimental work.

In another report, a MOF with frustrated Lewis acid-
base pair, namely, UiO-67-(NBF,), in which BF, units are
the Lewis acid and N atoms are the basic sites was prepared
and its activity was theoretically predicted using DFT
calculations for the CO, hydrogenation to CH;OH." The
leading concept in the design was that in this type of solids
the frustrated Lewis acid-base pair could promote the
heterolytic dissociation of H, preferentially to CO, chem-
isorption, thus avoiding the poisoning of active sites. This
concept was supported by calculations that predict the
heterolytic dissociation of H, into H™ and H" bound to
Lewis acid and base sites, respectively. Therefore, this facile
heterolytic H, dissociation facilitates a series of simulta-
neous transfer of three hydrogens to CO, to produce
CH;OH. Since frustrated Lewis acid base pairs in homoge-
neous solution are well established catalysts for CO,
activation and this concept has been recently implemented
in MOFs,'™ it can be expected that it is widely applied for
the selective CO, hydrogenation to CH;OH, particularly
after realizing that frustrated Lewis acid-base pairs in MOFs
could be more general than expected and related to the
presence of defects.!'””!

In one of the few existing examples, Jiang and co-
workers have reported detailed DFT studies using a
defective UiO-66 lacking some linkers and the resulting
defects acting as a frustrated Lewis acid-base pairs promot-
ing the hydrogenation of CO, to CH;OH.""" The defective
UiO-66 model with frustrated Lewis acid-base pairs was
found to be an efficient catalyst for CO, hydrogenation to
CH;OH. These calculations have shown the possible
sequential steps for the conversion of CO, to CH;0H
through HCOOH and HCHO intermediates. These defec-
tive MOFs with frustrated Lewis acid-base pairs can promote
the heterolytic dissociation of H, affording proton and
hydride as the crucial step in this mechanism of CO,
hydrogenation. These theoretical calculations should be
considered to develop advanced MOF materials with well-
defined defective sites for this reaction. It should be
interesting to note that MOFs with frustrated Lewis acid-
base pair sites for heterogeneous catalysis have attracted up
to now limited interest, although recent proposals suggest
that this activation mechanism could be more general than
expected.™!

In another precedent of theoretical studies, quantum
mechanical calculations using periodic density functionals
have been performed to examine the quantitative effects of
missing linkers at the Cu—Zr node interface in Cu,@UiO-66
in the activation of H, and CO, to produce CH;OH.'"™
These studies have shown that catalytic efficiency and
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product selectivity are highly influenced by the presence and
density of linker defects. Further, these defective sites
diminish the steric hindrance, facilitating easy access to the
catalytic interfacial sites, resulting in the generation of
vacancy sites on the Zr ions. However, too many missing
linker defects in the UiO-66 structure are detrimental, since
CO, establishes stronger binding with Zr node than at
interfacial sites, thus impeding CO, hydrogenation. An
optimum number of missing linkers about 5-7 per unit cell
was predicted to achieve the highest catalytic efficiency.

5. Conclusions and Future Prospects

The above examples have shown that the use of MOFs as
gas phase catalysts for CH;OH synthesis from CO, hydro-
genation has recently started, most of the reported studies
having appeared in the last five years. Not surprisingly, in
view of the remarkable stability of UiO-66, most of the
studies have focused on using this type of MOF, either as
matrix of Cu and Cu/Zn NPs or even providing the active
sites by incorporating atomically dispersed Zn or Cu atoms
attached in satellite positions to the metal nodes. In some
cases, it has been found that the crystallinity of MOFs does
not play a major role, provided that the material still has
porosity and surface area. It can be easily predicted that
other remarkably stable MOFs such as some of the MIL-
series as well as Ti based and other Zr MOFs could also
equally be used as an alternative to UiO-66. In fact, stability
at the reaction temperature, in the presence of H,O, under
pressure and under operating conditions is the key issue to
solve in this area. If this point of structural stability becomes
solved, the large versatility of MOFs regarding the design of
the active sites at atomic scale with spatial precision in the
control of the various components will make MOFs as
unbeatable catalysts. Steps in these directions include not
only the use of structurally robust MOFs, but also post-
synthetic strategies to increase structural stability further, as
for example, infusion of Si components to maintain metal
nodes and linker in place under reaction conditions. These
opens considerably the range of transition metals that can
be present in the nodes tuning the electronic density and the
energy of the electrons at the Cu—Zn active sites to the most
appropriate value for the reaction. Multimetallic nodes are
also a direction to explore to increase activity and selectivity,
but assistance from computational quantum calculations is
needed to rationalize experimental results and to propose
the optimal composition. Similarly, insights from computa-
tional chemistry on the role of the cage-structure, the
density of missing linker and the Lewis acidity of MOFs on
CO, adsorption and activation will be very valuable.

Besides the metal node, also the linker could play several
roles. One of these could be modulating the electronic
density of the nodes by inductive effects pulling from or
donating the electrons to the nodes as it has been shown in
the liquid phase conditions."” Furthermore, these ligands
can also have substituents that can interact with embedded
metal NPs providing a suitable stabilization and tuning the
polarity environment.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Regarding polarity and hydrophilicity, it must be consid-
ered that water is a reaction product. Therefore, generation
of a hydrophobic environment around the active sites could
favour the reaction as it has been shown in the liquid phase
where hydrophobic zeolites are used to shift reaction
equilibrium when water is a product.!'® In any case, realiz-
ing the temperature compatibility window between CH;OH
synthesis from CO, and MOF as gas phase catalysts opens a
wide range of explored possibilities that could result in a
definite catalyst that could bring selective CO, hydrogena-
tion to CH;0H to a large industrial scale process in the
future.
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