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ABSTRACT: Metal—organic frameworks (MOFs) have shown
promise in both capturing CO, under flue gas conditions and
converting it into valuable chemicals. However, the development of a
single MOF capable of capturing and selectively converting CO, has
remained elusive due to a lack of a harmonious combination of
selectivity, water stability, and reactivity. For example, Cu(I)-based
MOFs are particularly effective for CO, conversion, but they do not
typically exhibit selective CO, adsorption and often suffer from
instability in the presence of air and moisture. Developing a Cu(I)
MOF that is stable under flue gas conditions while also capturing CO,
from this mixture would likely afford a material capable of selectively
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capturing and converting CO, in an integrated pathway, which would represent a significant advancement in this field. In this study,
we introduce NU-2100, an ultramicroporous Cu(I) MOF, which exhibits both selectivity for CO, adsorption and great stability even
in the presence of moisture and air. Comprehensive evaluations involving exposure to air, oxygen, water, and varying temperatures
reveal that NU-2100 demonstrates superior stability compared to other known Cu(I) MOFs. Utilizing adsorption isotherms and
thermogravimetric analysis coupled with gas chromatography—mass spectrometry (TGA-GCMS), we establish the high selectivity of
NU-2100 for CO, over common flue gas components, including water, nitrogen, and oxygen. Additionally, under mild reaction
conditions (50 °C and H,:CO, = 3:1), NU-2100 exhibits CO, capture and catalytic conversion to formic acid with 100% selectivity.
This study marks an important step toward the design of next-generation MOFs capable of integrated carbon capture and utilization

(iCCU) under industrial conditions.

B INTRODUCTION

The world currently relies heavily on burning fossil fuels like
coal, petroleum, and natural gas to meet its energy needs.
Unfortunately, this method also leads to the production of
significant amounts of carbon dioxide (CO,), a greenhouse gas
that contributes to environmental problems such as global
warming, ocean acidification, extreme weather, and loss of
species diversity.'~* Therefore, reducing emissions and
mitigating atmospheric CO, concentrations are crucial tasks
that require immediate and drastic attention. The primary
sources of CO, emissions are transportation, electricity, and
industry.” While several alternative approaches have been
made to reduce carbon emissions from the transportation and
electricity sectors, such as fuel switching and using renewable
fuel, limited attempts have been made to reduce carbon
emissions in the industry.

Among various industrial sectors, the cement industry is
responsible for almost 8% of CO, emissions.’ Several strategies
have been implemented to achieve carbon neutrality for this
process, including increasing clinker substitution, using
alternative fuels, and improving thermal energy efliciency. As
a result, specific emissions per ton of cement are expected to
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decrease from 730 kg CO, in 2009 to about 540—590 kg CO,
by 2050.° Lower CO, intensity cements have been suggested
as a way to meet required targets, but they are not likely to be
widely adopted. Several commercial technologies can separate
CO, from a gas stream or air, such as amine scrubbing and
calcium looping. However, these technologies have not been
specifically developed for large-scale carbon sequestration
operations that could be used in applications like the cement
industry. Instead, they are designed to capture CO, and, upon
regeneration, produce a high-purity CO, stream for
commercial purposes, such as chemical manufacturing and
food processing.”” According to various NGO-based analysts
like the Intergovernmental Panel on Climate Change (IPCC)
and International Energy Agency (IEA), the most effective
technology group for achieving the necessary emission
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Scheme 1. Reactive Capture of CO, by NU-2100 from a 15% CO, Stream”
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“NU-2100 can convert selectively captured CO, to formic acid in the presence of hydrogen, which is expected to have more energy savings than

the independent capture and conversion processes.
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Figure 1. (a) Single crystal X-ray structure of NU-2100 highlighting the pore channel and the active sites. High-pressure isotherm and isosteric
heats of adsorption (Qy,) of NU-2100 for (b) hydrogen (H,)"* (Reproduced from [ref 14 Copyright [2023] American Chemical Society) and (c)

carbon dioxide (CO,).

reductions is integrated carbon capture and utilization (iCCU)
from these large point source emitters."”'" However, the
development of materials capable of selectively capturing and
converting CO, in an iCCU process has remained elusive.
Metal—organic frameworks (MOFs) have recently garnered
attention as promising solutions to the challenges of both CO,
capture and the catalytic conversion of CO,."" Typically, CO,
streams generated at various point sources are mixed with
components like N,, O,, alkanes, alkenes, SO,, NO,, and water.
Capturing CO, from mixed gases is challenging for both
homogeneous and heterogeneous catalysts due to the need for
precise separation from other gases. While CO, can be
selectively captured using amine, hydroxide, or polarized
bonds, converting CO, into value-added chemicals generally
requires catalytic metal sites.'"’ Unfortunately, these catalytic
sites often lose their reactivity in the presence of water.
Therefore, creating an effective framework for integrated CO,
capture necessitates the harmonious combination of selectivity,
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water stability, and reactivity. Currently, MOFs are designed to
selectively remove CO, from flue gas streams or convert dry
CO, to value-added chemicals like methanol or ethanol.'"'
Despite their potential, no single MOF capable of synergisti-
cally capturing and converting CO, to value-added chemicals
in the presence of hydrogen has been reported in the literature,
to the best of our knowledge (Table S2).

To overcome the challenges associated with developing a
MOF-based iCCU material for potential use in cement
industry point sources, the ideal MOF should feature open
metal sites (OMS) available for catalytic CO, conversion,
demonstrate high temperature and moisture stability, and
selectively capture CO, from other flue gas components. In
this regard, Cu(I) MOFs are well-known for their catalytic
CO, conversion capabilities, making them a promising class of
MOFs for use in this application.'”"” However, the Cu(I) sites
are typically rapidly oxidized upon exposure to humid air
conditions. In contrast, our previously reported Cu(I) MOF
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NU-2100 (Cu,(BBTA), H,BBTA = 1,5-Dihydrobenzo[1,2-
d:4,5-d’]bis([1,2,3 Jtriazole)) exhibits excellent thermal, mois-
ture, and air stability,'* suggesting that it may meet the
conditions required for an iCCU material. In this work, we
investigated NU-2100 for use in the integrated capture and
conversion of CO, (Scheme 1). We found that this MOF
displays excellent selectivity for CO, and H, over other gases
such as methane, ethane, ethylene, nitrogen, carbon monoxide,
and water. Due to both the high density of NU-2100 and the
hydrophobic nature of the H,BBTA ligand, this MOF exhibits
high CO, capture selectivity over water, and the open Cu(I)
sites are available for catalysis, even under humid reaction
conditions. Based on these combined properties, we found that
upon exposure to 15% CO, and in the presence of 3 equiv H,
(with respect to CO,), NU-2100 selectively captures and
hydrogenates CO, to formic acid with 100% selectivity
through an iCCU process. More broadly, this approach
provides a new opportunity for the targeted capture and
conversion of CO,, even in humid conditions.

B RESULTS AND DISCUSSION

We recently synthesized a robust Cu(I) MOF, NU-2100,
which was synthesized de novo upon heating a 2:3 ratio of
ZnCl, and CuCl, with H,BBTA in N,N-dimethylformamide
(DMEF) at 140 °C for 2 days."* Notably, NU-2100 features two
types of open Cu(I) sites in distinct environments. While one
Cu unit adopts a tetrahedral environment, the other unit
resides in a nearly linear geometry (Figure 1a). Previously, we
observed that NU-2100 demonstrates one of the highest initial
isosteric heats of adsorption for hydrogen (Q = 32 kJ/mol)
(Figure 1b)."* We also collected CO, adsorption isotherms at
240, 270, and 296 K at the National Institute of Standards and
Technology (NIST), which revealed good physisorption
interactions between NU-2100 and CO, (Q, = 22—28 kJ/
mol) (Figure 1c). The isosteric heat of adsorption for
hydrogen gas is notably higher than that of CO,, which is a
prerequisite for the CO, hydrogenation reaction.'"'® We
hypothesize that NU-2100, due to its ability to interact with
both CO, and H,, along with its excellent thermal and air
stability and high density of open Cu(I) sites per cubic
centimeter, might be a suitable candidate to carry out the
Cu(I)-mediated hydrogenation of CO,."""*

Selectivity for Gases. An ideal iCCU material should
selectively capture CO, from large point sources, such as
industrial facilities, and subsequently convert it to chemical
feedstocks, even with other contaminants present in the gas
stream.” Typically, postcombustion flue gas contains approx-
imately 8—14% CO,, along with water, oxygen, and nitrogen as
the major components, as shown in Table 1. It also includes
minor components such as sulfur oxides (SO,), nitrogen
oxides (NO,), and particulate matter. In contrast, cement kiln
off-gas generally contains around 19% CO,, with the remaining

Table 1. Major Components of Various Post Combustion
Flue and Cement Kiln Gases'”'®

Natural gas-fired power Coal-fired power Cement Kiln
Gas plants (v/v% plants (v/v%) (v/v%)
CO, 8—10% 12—14% 19%
H,0 18—20% 8—10% 13%
0, 2-3% 3-5% 8%
N, 67—72% 72-77% 61%

composition including water vapor, oxygen, and nitrogen,
along with SO, and NO,. Pollution control technologies can
effectively remove SO, and NO,, but the selective capture and
conversion of CO, from other major component gases remains
challenging.'”

Previously, we observed that NU-2100 exhibits negligible
uptake of either N, (77 K) or Ar (87 K)."* To further explore
the adsorption properties of NU-2100 toward other major
components in flue gas mixtures, we collected both O, and
H,O adsorption isotherms. We found that NU-2100 exhibits
negligible O, uptake at both 195 and 298 K, which is expected
since O, has a larger kinetic diameter (346 pm) compared to
Argon (340 pm) (Figure 2a). Interestingly, NU-2100 also
displays very low water uptake at 298 K (Figure S1). To gain a
better understanding of the selectivity of NU-2100 for CO,
over H,0, we employed real-time thermogravimetric analysis
coupled with a gas chromatography mass spectrometer (TGA-
GCMS) (Figure 2b)."” In this experiment, NU-2100 was first
exposed to 1 bar CO, at a relative humidity (RH) of 50% at
298 K for 60 min. The sample was then heated at 120 °C and
the adsorbed gases were identified using GCMS. Analysis of
the TGA-GCMS results revealed that NU-2100 adsorbs
approximately 3 wt % of the gas mixture, and this mixture is
comprised of almost entirely CO, and a negligible amount of
H,O (Figure 2b). The overall amount of adsorbed CO,+H,0
is also consistent with the weight loss measured by TGA
analysis (Figure S4). We plotted the integrated intensities of
the chromatograms corresponding to CO, (m/z: 44) and H,O
(m/z: 18) against the retention time of GCMS (Figure 2b).
The calibration curves for CO, and H,O from standard
calcium oxalate are shown in Figure S2. We believe that
negligible water uptake by NU-2100 is linked to the high
crystal density and hydrophobic nature of the ligand, which
helps maintain the +1 oxidation state of the Cu sites and
preserves their reactivity properties.

One major concern with using a low-coordinated Cu(I)
center for CO, reduction is carbon monoxide (CO) poisoning,
which will coordinate with Cu sites and render them
inactive.”*™** To investigate whether CO can access the
internal Cu(I) sites within the pores of NU-2100, we collected
CO adsorption isotherms for NU-2100 at both 195 and 298 K.
Interestingly, NU-2100 exhibits very low CO uptake at these
temperatures, which suggests the Cu(I) active sites should
remain stable under a CO environment (Figure 2a). This result
is consistent with the larger kinetic diameter of CO (376 pm)
relative to that of CO, (330 pm) due to the polarized nature of
CO.>® We further explored the stability of NU-2100 following
exposure to CO (both at 25 and S0 °C) by collecting powder
X-ray diffraction (PXRD) data, X-ray photoelectron spectros-
copy (XPS) and CO, sorption isotherms, which are both
comparable to those collected prior to CO exposure and
confirm that the crystalline and porous nature of NU-2100
remains intact, along with the oxidation state of the Cu(I)
center (Figures S3 and SS). In addition to CO isotherms, we
also collected ethane and ethylene adsorption isotherms at 298
K, as these gases are primary components found in point
sources in the petrochemical industry.”* Due to its limited pore
size, NU-2100 exhibits negligible ethane or ethylene uptake
under these conditions, suggesting that it is also a viable
adsorbent for selective CO, capture from other point sources
as well (Figure 2a).

Stability in Air and Moisture. Next, we were interested in
examining the durability of NU-2100 when exposed to air and
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Figure 2. (a) Gas selectivity of NU-2100 over Ethane (red), Ethylene (blue), Argon (pink), Nitrogen (green), carbon monoxide (CO, dark blue)
and oxygen (purple). (b) Integrated intensity of desorbed CO, (green) and H,O (red) obtained from TGA-GCMS analysis.
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Figure 3. (a) Aging experiments on NU-2100. The sample was exposed to 80% RH at 50 °C and the PXRD was monitored with silica as an
internal standard. Quantitative analysis was performed by comparing the area under the peaks of silica (peaks at 28.5° and 47.5°) and NU-2100
(10.0°). (b) CO, isotherm of before and after Aged (80% RH at S0 °C) sample for 7 days.

moisture, as this is crucial for industrial applications.
Previously, we found that NU-2100 did not exhibit any
oxidation after exposure to air for 7 days.'* The room-
temperature O, adsorption isotherm (Figure 2) suggests
limited diffusion of O, into the pores of NU-2100, which
likely prevents the aerial oxidation of Cu(I) sites. To study the
stability of NU-2100 upon exposure to moisture, we
performed accelerated aging experiments in which we heated
NU-2100 in a humidity oven at 50 °C and RH = 80% for 7
days. Quantitative PXRD analysis that employed silica as an
internal standard indicates that NU-2100 maintains its
crystallinity under these conditions (Figure 3a).”> Further-
more, the CO, adsorption isotherm (298 K) collected
following this accelerated aging experiment is almost identical
to that of the pristine NU-2100 (Figure 3b), indicating
excellent stability and no loss of porosity upon exposure to
these harsh conditions. We attribute the negligible water
uptake of NU-2100 to its high crystal density and the
hydrophobic nature of the ligand. These factors contribute to
maintaining the Cu sites in their +1 oxidation state, thereby
preserving their reactivity.

Stability in SO, and pH. We are also interested in
evaluating the stability performance of NU-2100 under real
flue gas conditions, which has 200—1000 ppm of SO,
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components depending on the source.”® We exposed NU-
2100 to 1000 ppm of SO, for 36 h and measured the PXRD,
XPS and CO, isotherm to check the crystallinity and porosity,
respectively. The CO, adsorption isotherm (298 K), XPS and
PXRD analysis collected following this SO, exposure experi-
ment are almost identical to that of the pristine NU-2100,
indicating robust stability under low-concentration (<1000
ppm) SO, conditions (Figure S4—S5). We also evaluated the
stability of NU-2100 across different pH levels. The sample
was immersed in water for 10 h with pH values ranging from 1
to 14, adjusted using varying amounts of HCl and NaOH.
Interestingly, NU-2100 demonstrated outstanding stability
throughout this entire pH range, indicating its suitability for
use under diverse conditions (Figure S6).

Recyclability in Air and Moisture. Since typical
postcombustion flue gas mixtures contain approximately 8—
14% CO,, along with nitrogen and water as other major
components (Table 1) and typical cement kiln gas contains
19% CO, along with the water and nitrogen, it is crucial to
assess the material’s recyclability under both humid CO, and a
mixture of 15% CO, with 85% N,. Therefore, we employed
thermogravimetric analysis (TGA) to collect isobars at
ambient pressure, beginning with a 15% CO, and 85% N,
stream under dry conditions (Figure S7). After 4 h exposure to
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this gas stream at 30 °C, the sample was heated to 120 °C for 1
h and found to lose 3.5% of its mass. After 10 cycles
(adsorption: 30 °C, 60 min, desorption: 120 °C, 30 min) for
1300 min, no loss in capacity was observed (Figure S8). Next,
we collected isobars using humid 100% CO, by first passing
CO, through a water bubbler at room temperature before it
enters the sample chamber. The sample was first activated
under N, at 150 °C for 20 min, exposed to the humid CO,
stream for 20 min at 30 °C, then heated to 150 °C for 20 min
during desorption. Throughout 3000 min of cycling for a total
of 32 cycles, 88% of the overall capacity was maintained upon
repeated exposure to a humid 100% CO, stream, suggesting
adequate stability for NU-2100 under these conditions (Figure
S9).

CO, Hydrogenation Reaction. After confirming the
selectivity of NU-2100 for CO, and H, and its excellent
stability, we explored its catalytic activity in the hydrogenation
of CO,. We conducted solid-state batch experiments by adding
NU-2100 to a Parr reactor and screened various ratios of H,/
CO, and temperatures (Table S1). After 24 h, the product was
extracted from NU-2100 using deuterated chloroform
(CDCl;) and quantified by '"H NMR spectroscopic analysis
using hexamethylbenzene as an internal standard. The optimal
condition for catalysis was determined to be a 3:1 (v/v) H,/
CO, gas mixture at 50 °C. Under these conditions, NU-2100
produced formic acid with 100% selectivity and a turnover
number (TON) of 8 (Table S1). Aside from CO, and H,, no
other gas products were detected in the headspace (Figure
S24). Control experiments performed under analogous
conditions with NU-2100 replaced by H,BBTA (Figure
S11), CuCl, (Figure S12), CuCl (Figure S13), Cu(OAc),
(Figure S14), Cu(II)-MFU-4l (Figure S21), or Cu,CL,(BBTA)
(Figure S22) did not produce any detectable quantity of formic
acid (Table 2). To the best of our knowledge, this is the first

Table 2. Screening of Different Cu-Salts and Ligand for the
CO, Hydrogenation”

H, CcO, Product
(bar) (bar) Catalyst (mmol) (mmol) TON
3 1 NU-2100 (0.035) 03 8.3
3 1 H,BBTA (0.035) Nil Nil
3 1 CuCl, (0.035) Nil Nil
3 1 CuCl (0.035) Nil Nil
3 1 Cu (0.5) Nil Nil
3 1 Cu(OAc), (0.035) Nil Nil
3 1 No catalyst Nil Nil
3 1 CuCl,/H,BBTA (0.035 Nil Nil
each)
3 1 CuCl/H,BBTA (0.035 Nil Nil
each)

“Reaction Catalytic condition: Catalyst (0.035 mmol), Temperature:
50 °C, Time = 24 h.

example of a MOF that can perform integrated CO, capture
and utilization (iCCU) by selectively adsorbing and converting
CO, into a value-added product like formic acid (Table S2).
Previously, Cu(I) complexes have been shown to perform the
hydrogenation of CO, in the presence of a strong base.”” In
these systems, the catalytic activity is believed to originate from
the coordination of low-coordinate Cu(I) species with the
base, which generates a reactive hydride species. Based on the
strong binding affinity of NU-2100 to H,,"* the first step could
potentially involve the formation of a Cu(I)-coordinated

polarized H, molecule, which then readily reacts with CO, and
generates the formic acid. However, we found that a reaction
performed under 3:1 H,/CO, but with a 2:1 mixture of
CuCl,/CuCl and H,BBTA did not produce any formic acid
(Figure S16 - S17), which indicates that the active site in which
Cu(I) coordinates to the BBTA>™ linker is crucial for this
reactivity. This observation corroborates previous work that
illustrated the coordination of 1,8-diazabicyclo[5.4.0]undec-7-¢
(DBU) to a Cu(I) center is crucial for reactivity.27

To corroborate that the iCCU reaction takes place within
the pores of NU-2100, we first poisoned the surface copper
sites™ by exposing NU-2100 to CO at 1 bar for 24 h, then
subjected this material to the same catalysis conditions.”* Since
NU-2100 shows negligible CO uptake at room temperature
(Figure 2a), this eliminates the possibility of CO quenching
the inner Cu(I) active sites in the pores. The CO-exposed NU-
2100 performed similarly (TON = 8.1) compared to pristine
NU-2100 (TON = 8.3), confirming that CO, hydrogenation
occurs within the pores of NU-2100 rather than on the surface
(Table 3, Figure S18). We also confirmed the stability of the

Table 3. Screening of Different Cu-MOFs for the CO,
Hydrogenation Reaction”

H, (bar) CO, (bar) Catalyst (mmol) Product (mmol) TON

3 1 NU-2100 (0.035)* 0.28 8.1
3 1 NU-2100 (0.035)" 0.28 8.1
3 1 NU-2100 (0.035)" 0.31 82
3 1 Cu(II)-MFU-4/ (0.035) Nil Nil
3 1 Cu,CL(BBTA) (0.035) Nil Nil

“NU-2100 was exposed to CO at *(25 °C, 1 bar for 24 h), #(50 °C, 1
bar for 24 h) and Exposed to SO, at "(25 °C, 1000 ppm for 36 h).
Catalytic condition: Catalyst (0.035 mmol), Temperature: SO °C,
Time = 24 h.

catalyst during the reaction. We heated the sample to 50 °C
with 1 bar of CO and assessed its performance. The sample
also retained its crystallinity, porosity, and reactivity, making it
a suitable catalyst under a CO environment (Table 3, Figure
S19). A typical flue gas stream is mixed with SO,
components.”® To screen the stability of NU-2100 in SO,,
we have also exposed NU-2100 to 1000 ppm of SO, for 36 h
at 25 °C. The SO,-exposed NU-2100 was reactivated and
subjected to catalysis. Notably, the SO,-exposed NU-2100
performed similarly (TON = 8.2) compared to pristine MOF
(Table 3, Figure S20). To verify that catalysis occurs because
of the presence of Cu(I) active sites rather than the confined
pore structure, we conducted analogous experiments using the
Cu(II)-based MOFs Cu(1l)-MFU-4/ and Cu,CL(BBTA) in
place of NU-2100 (Table 3). Despite comparable Cu-amine
linkages for Cu(II)-MFU-4/, CuCL,(BBTA), and NU-2100,
the former Cu(Il)-based MOFs do not afford any observable
amount of formic acid under these conditions, suggesting that
the Cu(I) sites in NU-2100 are necessary for catalysis. It is also
worth noting that Cu(II) does not interact well with hydrogen,
leaving the &)ossibility of polarized hydrogen for the catalytic
reaction.””?

After confirming that NU-2100 is active for the selective
capture and hydrogenation of CO, under 1 bar CO,, we then
explored the catalytic activity of NU-2100 at lower CO,
concentrations that are more comparable to those found in
flue gas mixtures. Based on TGA experiments (vide supra),
NU-2100 adsorbs approximately 3 wt % CO, from a 15% CO,

https://doi.org/10.1021/jacs.4c08757
J. Am. Chem. Soc. 2024, 146, 27006—27013


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

and 85% N, gas stream (Figure S4), suggesting NU-2100
should be a competent iCCU catalyst under similar conditions
described previously. Indeed, the solid-state batch reaction in
which NU-2100 is added to a Parr vessel and pressurized with
a mixture of 0.15 bar CO,/0.85 bar Ar with 3 bar H, afforded
formic acid with 100% selectivity and a TON of 3.5 (Table 4,

Table 4. Screening of Catalytic Conversion of CO, and H,
to Formic Acid by NU-2100“

H, CO, Catalyst Product

(bar) (bar)  Addition (bar) (mmol) (mmol) TON

3 015  Ar (0.85) NU-2100 0.12 3.5
(0.035)

045 015  Ar (0.85) NU-2100 0.11 32
(0.035)

3 015  Air (0.85) NU-2100 0.12 3.5
(0.035)

3 1 D,0 (0.5 mL) NU-2100 0.29 8.1
(0.035)

“Catalytic condition: Catalyst (0.035 mmol), Temperature: 50 °C,
Time = 24 h.

Figure S23). This relatively lower TON is consistent with the
lower concentration of CO, used in this reaction (compared to
a TON of 8.3 when 1 bar CO, is used, Table 1). Decreasing
the H, pressure to maintain the 3:1 H,/CO, ratio (i.e., 0.1S
bar CO,/0.85 bar Ar/0.45 bar H,) affords similar results with a
TON of 3.2 (Table 4, Figure S25). To explore further, we
utilized a mixture comprising 15% CO, diluted with air
(specifically, 0.15 bar CO,/0.85 bar Air (3:1 N,/0,)/3 bar
H,). This mixture effectively produces the desired formic acid
with a TON of 3.5, demonstrating that the reaction is
unaffected by the presence of oxygen (Table 4, Figure S26).
Opverall, this result confirms that NU-2100 can perform iCCU
at lower CO, concentrations that are comparable to those
found in typical flue gas streams, indicating that flue gas
streams would not need to be pressurized for this catalyst to
operate. Notably, given its performance, NU-2100 appears to
be well-suited for handling also cement kiln gas, which
contains a higher CO, concentration (19%) compared to
postcombustion flue gas (15%).

To check the effectivity of catalyst in water, we conducted
the catalysis in the presence of 0.5 mL D,O (chosen for
improved NMR quantification) within the reaction vessel. The
vessel was pressurized with a 3:1 (v/v) H,/CO, gas mixture at
50 °C. After 24 h, the product was extracted using CDCl; and
analyzed by '"H NMR. The NMR results indicated that NU-
2100 is capable of generating formic acid (TON: 8.1) in the
presence of water (Figure S27).

Having established that NU-2100 is a MOF capable of
iCCU, we then explored whether NU-2100 could maintain
this performance over multiple cycles. These experiments were
conducted in Parr vessels with an H,/CO, ratio of 3:1. After
each catalytic cycle, the product was extracted using CDCl,,
and the remaining material was dried and resubmitted to the
reaction. '"H NMR spectroscopic analysis of the reaction
products revealed that NU-2100 selectively produces formic
acid during the first and second cycles but only contains peaks
corresponding to linker degradation products during the third
cycle (Figure S28), suggesting that NU-2100 loses structural
integrity during the third cycle through the concomitant
oxidation of Cu(I) sites to Cu(Il) and linker degradation.
Indeed, X-ray photoelectron spectroscopic (XPS) analysis

27011

performed on the NU-2100 sample isolated during these
cycles confirms the presence of Cu(II) species, which
presumably terminate the catalytic reaction (Figure S29). To
explore the origin of this degradation, we monitored the
stability of NU-2100 in formic acid by adding 10 v/v% formic
acid to the MOF. PXRD and XPS analysis conducted on NU-
2100 following exposure to formic acid indicates oxidation and
degradation of the MOF, suggesting that a similar oxidation
process may occur under the catalytic reaction conditions after
multiple cycles. Our current efforts are targeted toward better
understanding this degradation pathway so that we can
improve the structural integrity and catalytic activity of NU-
2100.

B CONCLUSIONS

In conclusion, we have demonstrated the first example of a
MOF capable of integrated CO, capture and utilization
(iCCU) with hydrogen as a coreactant to produce formic acid.
In the presence of a 3:1 mixture of H,/CO, at 50 °C and 1 bar
CO,, the robust Cu(I)-MOF NU-2100 can capture CO, and
convert it to formic acid with 100% selectivity and a turnover
number (TON) of about 8. Moreover, NU-2100 exhibits the
same selectivity for formic acid when exposed to 0.15 bar CO,
under comparable conditions, which aligns with CO,
concentrations typically found in postcombustion flue gas
streams. Isotherm experiments demonstrate the high selectivity
of NU-2100 for CO, over many other gases typically present
in flue gas mixtures, including N,, O,, and H,0O, as well as
other gases like CO and ethylene. This likely originates from
the ultramicroporous structure of NU-2100 that kinetically
excludes these molecules. Isobar cycling experiments per-
formed using TGA-GCMS analysis with humid CO, confirm
the selectivity of NU-2100 for CO, over water and its ability to
retain a significant portion of its CO, uptake capacity after
repeated adsorption—desorption cycles under these conditions.
Although the moderate instability of NU-2100 to formic acid
results in limited recyclability for this catalyst, our work
represents a significant advance as NU-2100 can perform a
single-step iCCU reaction, potentially offering a more
economical path for CO, capture and utilization compared
to processes where capture and utilization are separate steps.
Moving forward, we will explore other catalytic pathways to
demonstrate the generality of this catalyst design approach.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c08757.

Experimental procedures, characterization, NMR spectra
and isotherms, and data (PDF)

B AUTHOR INFORMATION

Corresponding Author
Omar K. Farha — Department of Chemistry and Department

of Chemical and Biological Engineering, Northwestern

University, Evanston, Illinois 60208, United States;

International Institute of Nanotechnology, Northwestern

University, Evanston, Illinois 60208, United States;
orcid.org/0000-0002-9904-9845; Email: o-farha@

northwestern.edu

https://doi.org/10.1021/jacs.4c08757
J. Am. Chem. Soc. 2024, 146, 27006—27013


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08757?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08757/suppl_file/ja4c08757_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+K.+Farha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9904-9845
https://orcid.org/0000-0002-9904-9845
mailto:o-farha@northwestern.edu
mailto:o-farha@northwestern.edu
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Authors
Debabrata Sengupta — Department of Chemistry,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0001-7212-3761
Saptasree Bose — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000-0002-3189-5236
Xiaoliang Wang — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000-0002-6501-1136
Neil M. Schweitzer — Department of Chemical and Biological
Engineering, Northwestern University, Evanston, Illinois
60208, United States; © orcid.org/0000-0002-8284-6944
Christos D. Malliakas — Department of Chemistry,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0003-4416-638X
Haomiao Xie — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000-0001-7688-6571
Joshua Duncan — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000-0003-1335-8709
Kent O. Kirlikovali — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/OOOO—OOO1—8329—1015
Taner Yildirim — NIST Center for Neutron Research,
National Institute of Standards and Technology,
Gaithersburg, Maryland 20899, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c08757

Notes

The authors declare the following competing financial
interest(s): O.K.F. has a financial interest in NuMat
Technologies, a startup company that is seeking to commerci-
alize MOFs.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge the U.S. Department of
Energy’s Office (DE-EE0008816, DE-SC0022332 and DE-
§$C0023383) and Defense Threat Reduction Agency
(HDTRA12210041) for financial support. This work made
use of the IMSERC (RRID:SCR_017874) Crystallography
and Physical Characterization facility at Northwestern
University, which has received support from the Soft and
Hybrid Nanotechnology Experimental (SHyNE) Resource
(NSF ECCS-2025633), and Northwestern University. Fur-
thermore, the REACT Facility of the Northwestern University
Center for Catalysis and Surface Science is supported by a
grant from the DOE (DE-SC0001329). We are thankful to Dr.
Vinita Dubey for providing the reactor design.

B REFERENCES

(1) Hills, T.; Leeson, D.; Florin, N.; Fennell, P. Carbon Capture in
the Cement Industry: Technologies, Progress, and Retrofitting.
Environ. Sci. Technol. 2016, 50, 368—377.

(2) Sanz-Perez, E. S.; Murdock, C. R; Didas, S. A.; Jones, C. W.
Direct Capture of CO, from Ambient Air. Chem. Rev. (Washington,
DG, U. S.) 2016, 116, 11840—11876.

(3) Rennert, K; Errickson, F.; Prest, B. C.; Rennels, L.; Newell, R.
G.; Pizer, W.; Kingdon, C.; Wingenroth, J.; Cooke, R.; Parthum, B.;
Smith, D.; Cromar, K.; Diaz, D.; Moore, F. C.; Muller, U. K.; Plevin,
R. J.; Raftery, A. E.; Sevcikova, H.; Sheets, H.; Stock, J. H.; Tan, T,;

Watson, M.; Wong, T. E.; Anthoff, D. Comprehensive evidence
implies a higher social cost of CO,. Nature (London, U. K.) 2022, 610,
687—692.

(4) Jones, M. W,; Peters, G. P.; Gasser, T.; Andrew, R. M,
Schwingshackl, C.; Giitschow, J.; Houghton, R. A.; Friedlingstein, P.;
Pongratz, J.; Le Quéré, C. National contributions to climate change
due to historical emissions of carbon dioxide, methane, and nitrous
oxide since 1850. Sci. Data 2023, 10, 158S.

(5) Liu, Z; Deng, Z.; Davis, S. J.; Giron, C.; Ciais, P. Monitoring
global carbon emissions in 2021. Nat. Rev. Earth Environ 2022, 3,
217-2109.

(6) IEA Cement. https://www.iea.org/reports/cement (accessed 7—
25-2024).

(7) Freyman, M. C.; Huang, Z.; Ravikumar, D.; Duoss, E. B.; Li, Y,;
Baker, S. E.; Pang, S. H.; Schaidle, J. A. Reactive CO, capture: A path
forward for process integration in carbon management. Joule 2023, 7,
631—651.

(8) Wang, Q; Luo, J.; Zhong, Z.; Borgna, A. CO, capture by solid
adsorbents and their applications: current status and new trends.
Energy Environ. Sci. 2011, 4, 42—5S.

(9) Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K;
Kadner, S.; Zwickel, T.; Eickemeier, P.; Hansen, G.; Schlémer, S.; von
Stechow, C.; Matschoss, P. Renewable Energy Sources and Climate
Change Mitigation: Special Report of the Intergovernmental Panel on
Climate Change; Cambridge University Press: Cambridge, 2011.

(10) Bose, S.; Sengupta, D.; Rayder, T. M.; Wang, X.; Kirlikovali, K.
O.; Sekizkardes, A. K; Islamoglu, T.; Farha, O. K. Challenges and
Opportunities: Metal-Organic Frameworks for Direct Air Capture.
Adv. Funct Mater. 2023, 2307478.

(11) Ding, M,; Flaig, R. W.; Jiang, H.-L.; Yaghi, O. M. Carbon
capture and conversion using metal-organic frameworks and MOF-
based materials. Chem. Soc. Rev. 2019, 48, 2783—2828.

(12) An, B,; Li, Z.; Song, Y.; Zhang, J.; Zeng, L.; Wang, C.; Lin, W.
Cooperative copper centres in a metal-organic framework for selective
conversion of CO, to ethanol. Nat. Catal. 2019, 2, 709—717.

(13) Zheng, T.; Liu, C; Guo, C.; Zhang, M,; Li, X;; Jiang, Q.; Xue,
W,; Li, H; Li, A;; Pao, C.-W,; Xiao, J.; Xia, C.; Zeng, ]J. Copper-
catalysed exclusive CO, to pure formic acid conversion via single-
atom alloying. Nat. Nanotechnol. 2021, 16, 1386—1393.

(14) Sengupta, D.; Melix, P.; Bose, S.; Duncan, J.; Wang, X.; Mian,
M. R; Kirlikovali, K. O.; Joodaki, F.; Islamoglu, T.; Yildirim, T;
Snurr, R. Q;; Farha, O. K. Air-Stable Cu(I) Metal-Organic Framework
for Hydrogen Storage. J. Am. Chem. Soc. 2023, 145, 20492—20502.

(15) Deutz, S.; Bardow, A. Life-cycle assessment of an industrial
direct air capture process based on temperature-vacuum swing
adsorption. Nat. Energy 2021, 6, 203—213.

(16) An, B; Zeng, L; Jia, M; Li, Z.; Lin, Z.; Song, Y.; Zhou, Y,;
Cheng, J.; Wang, C.; Lin, W. Molecular Iridium Complexes in Metal-
Organic Frameworks Catalyze CO, Hydrogenation via Concerted
Proton and Hydride Transfer. J. Am. Chem. Soc. 2017, 139, 17747—
17750.

(17) Song, C.; Pan, W.; Srimat, S. T.; Zheng, J.; Li, Y.; Wang, Y.-H,;
Xu, B.-Q.; Zhu, Q.-M. Tri-reforming of methane over Ni catalysts for
CO, conversion to syngas with desired H,/CO ratios using flue gas of
power plants without CO, separation. Stud. Surf. Sci. Catal. 2004, 153,
315-322.

(18) US,, N. E. T. LCement Kiln Flue Gas Recovery Scrubber Project;
UNT Digital Library; University of North Texas Libraries,
2001.https://digital.library.unt.edu/ark:/67531/metadc721230/.

(19) Bose, S.; Sengupta, D.; Malliakas, C. D.; Idrees, K. B.; Xie, H.;
Wang, X.; Barsoum, M. L.; Barker, N. M.; Dravid, V. P.; Islamoglu, T;
Farha, O. K. Suitability of a diamine functionalized metal—organic
framework for direct air capture. Chemical Science 2023, 14, 9380—
9388.

(20) Fry, H. C,; Lucas, H. R.; Narducci Sarjeant, A. A.; Karlin, K. D.;
Meyer, G. J. Carbon Monoxide Coordination and Reversible
Photodissociation in Copper(I) Pyridylalkylamine Compounds.
Inorg. Chem. 2008, 47, 241-256.

https://doi.org/10.1021/jacs.4c08757
J. Am. Chem. Soc. 2024, 146, 27006—27013


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debabrata+Sengupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7212-3761
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saptasree+Bose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3189-5236
https://orcid.org/0000-0002-3189-5236
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoliang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6501-1136
https://orcid.org/0000-0002-6501-1136
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neil+M.+Schweitzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8284-6944
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christos+D.+Malliakas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4416-638X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haomiao+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7688-6571
https://orcid.org/0000-0001-7688-6571
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+Duncan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1335-8709
https://orcid.org/0000-0003-1335-8709
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kent+O.+Kirlikovali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8329-1015
https://orcid.org/0000-0001-8329-1015
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taner+Yildirim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08757?ref=pdf
https://doi.org/10.1021/acs.est.5b03508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-05224-9
https://doi.org/10.1038/s41586-022-05224-9
https://doi.org/10.1038/s41597-023-02041-1
https://doi.org/10.1038/s41597-023-02041-1
https://doi.org/10.1038/s41597-023-02041-1
https://doi.org/10.1038/s43017-022-00285-w
https://doi.org/10.1038/s43017-022-00285-w
https://www.iea.org/reports/cement
https://doi.org/10.1016/j.joule.2023.03.013
https://doi.org/10.1016/j.joule.2023.03.013
https://doi.org/10.1039/C0EE00064G
https://doi.org/10.1039/C0EE00064G
https://doi.org/10.1002/adfm.202307478
https://doi.org/10.1002/adfm.202307478
https://doi.org/10.1039/C8CS00829A
https://doi.org/10.1039/C8CS00829A
https://doi.org/10.1039/C8CS00829A
https://doi.org/10.1038/s41929-019-0308-5
https://doi.org/10.1038/s41929-019-0308-5
https://doi.org/10.1038/s41565-021-00974-5
https://doi.org/10.1038/s41565-021-00974-5
https://doi.org/10.1038/s41565-021-00974-5
https://doi.org/10.1021/jacs.3c06393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-020-00771-9
https://doi.org/10.1038/s41560-020-00771-9
https://doi.org/10.1038/s41560-020-00771-9
https://doi.org/10.1021/jacs.7b10922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-2991(04)80270-2
https://doi.org/10.1016/S0167-2991(04)80270-2
https://doi.org/10.1016/S0167-2991(04)80270-2
https://digital.library.unt.edu/ark:/67531/metadc721230/
https://doi.org/10.1039/D3SC02554C
https://doi.org/10.1039/D3SC02554C
https://doi.org/10.1021/ic701903h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic701903h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(21) Huang, Y.-Y. Infrared study of copper(I) carbonyls in Y zeolite.
J. Am. Chem. Soc. 1973, 95, 6636.

(22) Su, G. M; Wang, H.; Barnett, B. R;; Long, J. R.;; Prendergast,
D.; Drisdell, W. S. Backbonding contributions to small molecule
chemisorption in a metal-organic framework with open copper(I)
centers. Chem. Sci. 2021, 12, 2156—2164.

(23) Matteucci, S.; Yampolskii, Y.; Freeman, B. D.; Pinnau, L. In
Transport of gases and vapors in glassy and rubbery polymers; John
Wiley & Sons Ltd.:2006; p 1.

(24) Oelfke, R. H.Separating carbon dioxide and ethane from a
mixed stream. US20150013377, 2015.

(25) Wang, X.; Alzayer, M.; Shih, A. J.; Bose, S.; Xie, H.; Vornholt, S.
M.; Malliakas, C. D.; Alhashem, H.; Joodaki, F.; Marzouk, S.; Xiong,
G.; Del Campo, M.; Le Magueres, P.; Formalik, F.; Sengupta, D.;
Idrees, K. B.; Ma, K; Chen, Y,; Kirlikovali, K. O.; Islamoglu, T;
Chapman, K. W,; Snurr, R. Q; Farha, O. K. Tailoring Hydrophobicity
and Pore Environment in Physisorbents for Improved Carbon
Dioxide Capture under High Humidity. J. Am. Chem. Soc. 2024,
146, 3943—3954.

(26) Meunier, N.; Laribi, S.; Dubois, L.; Thomas, D.; De Weireld, G.
CO, Capture in Cement Production and Re-use: First Step for the
Optimization of the Overall Process. Energy Procedia 2014, 63, 6492—
6503.

(27) Zall, C. M; Linehan, J. C.; Appel, A. M. A Molecular Copper
Catalyst for Hydrogenation of CO, to Formate. ACS Catal. 2015, S,
5301-5308S.

(28) Eren, B.; Zherebetskyy, D.; Patera, L. L.; Wu, C. H.; Bluhm, H,;
Africh, C.; Wang, L.-W.; Somorjai, G. A.; Salmeron, M. Activation of
Cu(111) surface by decomposition into nanoclusters driven by CO
adsorption. Science (Washington, DC, U. S.) 2016, 351, 475—478.

(29) Sakamoto, N.; Sekizawa, K.; Shirai, S.; Nonaka, T.; Arai, T;
Sato, S.; Morikawa, T. Dinuclear Cu(I) molecular electrocatalyst for
CO,-to-C3 product conversion. Nat. Catal. 2024, 7, 574—584.

(30) Barnett, B. R; Evans, H. A; Su, G. M;; Jiang, H. Z. H,;
Chakraborty, R.; Banyeretse, D.; Hartman, T. J.; Martinez, M. B.;
Trump, B. A,; Tarver, J. D,; Dods, M. N.; Funke, L. M,; Borgel, J.;
Reimer, J. A.; Drisdell, W. S.; Hurst, K. E.; Gennett, T.; FitzGerald, S.
A.; Brown, C. M,; Head-Gordon, M.; Long, J. R. Observation of an
Intermediate to H, Binding in a Metal-Organic Framework. J. Am.
Chem. Soc. 2021, 143, 14884—14894.

27013

https://doi.org/10.1021/jacs.4c08757
J. Am. Chem. Soc. 2024, 146, 27006—27013


https://doi.org/10.1021/ja00801a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC06038K
https://doi.org/10.1039/D0SC06038K
https://doi.org/10.1039/D0SC06038K
https://doi.org/10.1021/jacs.3c11671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c11671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c11671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.egypro.2014.11.685
https://doi.org/10.1016/j.egypro.2014.11.685
https://doi.org/10.1021/acscatal.5b01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aad8868
https://doi.org/10.1126/science.aad8868
https://doi.org/10.1126/science.aad8868
https://doi.org/10.1038/s41929-024-01147-y
https://doi.org/10.1038/s41929-024-01147-y
https://doi.org/10.1021/jacs.1c07223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

