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Adaptive framework CO, catalysis

Nikolay Kornienko'*

Enzymes use adaptive catalytic pocket to accelerate catalysis.
Recently published in Nature Catalysis, Zhong and coworkers have
translated this functionality into a MOF with a Cu-Ni active site in
which the Cu-Ni distance changes to stabilize intermediates along
the CO, to CH,; pathway and give rise to exceptional catalytic

selectivity.

The development of adaptive catalysts
is a long-standing challenge and point
of interest in the fields of chemistry, ma-
terials, and energy science. Synthetic
catalysts are often limited by scaling re-
lations, in which the intermediate-cata-
lyst binding energies scale with respect
to one another along a liner relation-
ship.” This often caps the catalyst effi-
ciency at a certain level as the optimal
point for certain reactions lies off of
this line. Enzymes have long been stud-
ied as a blueprint for catalyst design,
and in contrast to conventional inor-
ganic catalysts, they feature an adap-
tive catalytic pocket that adapts to sta-
bilize key reaction intermediates
through interactions with amino acid
residues within its hydrophobic inte-
rior.” These features are a source for
inspiration for the development of
CO, reduction catalysts that aim to
use light and/or renewable electricity
to generate carbon-based products as
alternatives to fossil fuels.®>* CO, can
be reduced to a wide array of possible
species, and, thus, rationally steering
the reaction pathway toward a partic-
ular one is key to attaining a selective
catalytic system.

Just published in Nature Catalysis,
Zhong et al. have translated the adapt-
ability commonly found in enzymes into
a synthetic metal-organic framework
(MOF) catalyst.” In their system, the
Zr-oxo nodes within MOF-808 were first
functionalized with ethylenediaminete-
traacetic acid (EDTA) flexible tethers,
which then chelated Cu and Ni ions to

generate dual metal site pairs (DMSPs)
and the MOF-808-CuNi final material.
Ab initio molecular dynamics (AIMD)
modeling of the DMSPs elucidated
their flexible nature in which the dis-
tances between the Cu and Ni readily
change.

After characterization with electron mi-
croscopy and X-ray absorbance spec-
troscopy to prove the existence of the
DMSPs, MOF-808-CuNi was evaluated
as a catalyst within a photochemical
CO; reduction system with an acetoni-
trile-water mixed solvent. When com-
bined with a Ru-based photosensitizer
and triethanolamine sacrificial reagent,
MOF-808-CuNi converted CO, to CHy
under simulated solar illumination
with a remarkable selectivity of 97.5%
Figure 1. This selectivity was much
higher than for MOF-808-Cu (88.7%),
MOF-808-Ni (18.8%), or their physical
mixture (36.6%). Similarly superior CH,4
selectivity was seen when CO or
HCOOH were used in place of CO,,
indicating that the DMSPs can readily
adapt to a host of C; species. Electron
spin resonance indicated that Cu(l)
and Ni(l) serve as the active sites for
the reaction. In parallel, in situ diffuse
reflectance infrared Fourier transform
spectroscopy (DRIFTS) was used to
detect several intermediates formed
during the reaction, including *CO,
*CO, *OCHj3 and *CHj;. Theoretical
modeling revealed a plausible reaction
pathway for CO, to CH,4 conversion,
and the sum of the theoretical and

experimental results point to the adap-
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tive nature of the DMSPs as the driving
factor behind the high CH, selectivity of
the system. The distance between the
Cu and Ni can fluctuate between 4
and 5 A, and this distance changes in
response to the intermediate adsorbed
to stabilize. Further, the fluctuating Cu-
Ni distance likely results in the system
passing through a configuration which
minimizes the energy barrier to the
next catalytic step, accelerating the re-
action process.

In all, the work presented is certainly an
interesting demonstration of a powerful
concept in catalysis that has rarely been
demonstrated in synthetic systems. It
would certainly be worthwhile to see if
this can be translated over to other cat-
alytic reactions. For example, can the
reaction be run in reverse to oxidize
CH,4 to CH30H through judicious selec-
tion of photosensitizer and sacrificial re-
agent? Can N-based intermediates be
stabilized to convert N, to NH3? Does
the same adaptive flexibility and cata-
lytic efficacy remain if other transition
metal sites are chelated within the
MOF (e.g., Zn, Co, Fe...)? Finally, while
the selective nature of the reaction is
exceptionally impressive, the quantum
efficiency at 420 nm was only 2.31%.
This certainly has to be improved
upon before the system approaches
economic practicality, along with
finding a suitable oxidation half reac-
tion (ideally water oxidation) instead of
TEOA oxidation.

In parallel, it would be interesting to
translate this concept into an electroca-
talytic setting in which an applied
voltage is used to drive the reaction.
Would the DMSPs within the MOFs
function similarly in a CO, reduction
electrolyzer? Which key aspects are
necessary: do the DMSPs need to be
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Figure 1. Photocatalytic CO, to CH,4 reduction scheme in which the Cu-Ni DMSPs modulate the Cu
distance to stabilize key reaction intermediates en route to CH, generation

grafted within a MOF, or will a similar
chelation strategy suffice if EDTA was
grafted on the surface of any heteroge-
neous scaffold? Extending beyond
catalysis, one can imagine that adaptive
flexibility within such MOFs can find
uses in membranes, gas storage, and
sensing, further underlining the power
of this concept.

While the complexity of the MOF-808-
CuNi system still pales in comparison
to that found in enzymes, the demon-

stration of active site adaptability pla-
ces MOF-808-CuNi in a growing list of
dynamic MOFs®? and is an exciting
concept worth pursuing in the drive to
develop increasingly effective catalysts.
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