
Bimetallic Metal Sites in Metal−Organic Frameworks Facilitate the
Production of 1‑Butene from Electrosynthesized Ethylene
Mi Gyoung Lee,∇ Sharath Kandambeth,∇ Xiao-Yan Li,∇ Osama Shekhah, Adnan Ozden, Joshua Wicks,
Pengfei Ou, Sasa Wang, Roham Dorakhan, Sungjin Park, Prashant M. Bhatt, Vinayak S. Kale,
David Sinton, Mohamed Eddaoudi,* and Edward H. Sargent*

Cite This: J. Am. Chem. Soc. 2024, 146, 14267−14277 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Converting CO2 to synthetic hydrocarbon fuels is of increasing interest.
In light of progress in electrified CO2 to ethylene, we explored routes to dimerize to 1-
butene, an olefin that can serve as a building block to ethylene longer-chain alkanes.
With goal of selective and active dimerization, we investigate a series of metal−organic
frameworks having bimetallic catalytic sites. We find that the tunable pore structure
enables optimization of selectivity and that periodic pore channels enhance activity. In
a tandem system for the conversion of CO2 to 1-C4H8, wherein the outlet cathodic gas
from a CO2-to-C2H4 electrolyzer is fed directly (via a dehumidification stage) into the
C2H4 dimerizer, we study the highest-performing MOF found herein: M′ = Ru and M″
= Ni in the bimetallic two-dimensional M′2(OAc)4M″(CN)4 MOF. We report a 1-
C4H8 production rate of 1.3 mol gcat

−1 h−1 and a C2H4 conversion of 97%. From these experimental data, we project an estimated
cradle-to-gate carbon intensity of −2.1 kg-CO2e/kg-1-C4H8 when CO2 is supplied from direct air capture and when the required
energy is supplied by electricity having the carbon intensity of wind.

■ INTRODUCTION
Aviation fuels play a significant role in CO2 emissions,
contributing to about 2.4% of global emissions. The aviation
sector is projected to emit approximately 430 Mt of CO2 in
2050, which, given deep decarbonization forecast in other
sectors, could account for as much as 25% of global CO2
emissions by that year.1

These considerations motivate efforts aimed at converting
CO2 (ideally captured from air) to fuels. One avenue is direct
1-butene (1-C4H8) production from CO2; for 1-C4H8, it can
serve as a precursor to synthetic jet fuel.2−4 Unfortunately,
there are as yet no energy-efficient reports converting CO2 to
1-C4H8 via an electrified route. The electrochemical CO2
reduction reaction (eCO2RR) has advanced CO2 conversion
to ethylene, but the conversion of ethylene to 1-C4H8 relies on
high temperature and pressure (10 to 100 bar),5−9 potentially
curtailing integration with low-temperature electrolyzers.

We considered first why C2H4 dimerization fails, in prior
reports, to occur efficiently at atmospheric pressure (1 atm)
and room temperature (25 °C) (ambient conditions). We
posited that the density of active sites may be insufficient for
high-activity reaction among C2H4 molecules at these pressures
and that the absence of confined active sites deteriorates
selectivity in dimerization to 1-C4H8.

10−13

With these considerations in mind, we pursued a metal−
organic framework (MOF)-based approach, seeking to lever a
tunable pore structure to achieve selectivity and to combine
this with open porosity (including periodic pore channels) and

a high surface area to enhance activity.14−23 Specifically, we
focused on a family of bimetallic two-dimensional (2D) MOFs,
M′2(OAc)4M″(CN)4 2D MOF (denoted as H2:M′M″MOF),
which allow the integration of multiple catalytic centers in their
periodic structure through defect-engineering, including via
thermal treatment.18 A thermally treated bimetallic 2D MOF
with high surface area would offer enhanced exposure of
catalytic sites to C2H4 molecules at 1 atm of pressure; and
periodic pore channels would further improve the diffusion of
reactants and selectivity of 1-C4H8 during C2H4 dimerization
reaction.24,25

We then prototype CO2 to 1-C4H8, with a CO2-to-C2H4

electrolyzer whose outlet cathodic gas is fed directly (with the
aid of dehumidification) into the C2H4 dimerizer and where we
use the optimal MOF found herein: M′ = Ru and M″ = Ni in
H2:M′M″MOF. We report a 1-C4H8 production rate of 1.3
mol gcat

−1 h−1 and a C2H4 conversion of 97%. We then
estimate, based on these experimental data, the potential for
decarbonization compared with existing routes.
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■ RESULTS
Computational Screening of M′2(OAc)4M″(CN)4 2D

MOF Catalysts. We posited that hydrogen activation on the
metal surface could create reactive metal hydride species as
intermediates for carbon chain production during C2H4
dimerization. We were inspired by such effects in related
hydrogenation and Fischer−Tropsch reactions.21,26 We there-
fore explored treating the MOF M′2(OAc)4M″(CN)4 at
elevated temperatures in a H2 environment, and our goal
was to remove the acetoxy group (OAc) and leave behind
sufficient porosity for C2H4 adsorption and dimerization to 1-
C4H8. These considerations motivated us to begin with H2-
treated M′2(OAc)4M″(CN)4 2D MOF (denoted as
H2:M’M″MOF), considering the principle of hard and soft
acids and bases applied to the construction of stable 2D
MOFs.27

To pursue high catalytic activity, we began by screening M′
and M″ sites using density functional theory (DFT)
calculations, comparing reaction barriers of key elementary
steps in the 1-C4H8 formation process (details in Experimental
Methods). Invoking the Cossee−Arlman12 mechanism em-
ployed in modeling the polymerization of alkenes via the
successive insertion of ethylene monomers (Figure
S1),9,12,21,28,29 we considered these four key elementary steps
associated with C2H4 dimerization into 1-C4H8: (1) C2H4
hydrogenation (C2H4* + H* → C2H5*), (2) C−C coupling
(C2H4* + C2H5* → C4H9*), (3) β-H elimination (C4H9* →
C4H8* + H*), and (4) 1-C4H8 desorption (C4H8* + H* →
C4H8(g) + H*)).30,31

We investigated, in silico, candidate thermocatalytic reaction
pathways (Figure 1), starting from C2H4 adsorption and
ending with the desorption of 1-C4H8, looking at six
H2:M′M″MOF catalyst candidates, where M′ = Ru, Rh, and

Pd, and M″ = Ni, Co, Cu, and Fe (Figure S2). We first fixed Ni
as the M″ site in the M″(CN)4 connector while varying M′
elements in the M′2(OAc)4 cluster, since Ni-based MOFs are
known to be effective in C2H4 dimerization. We then
calculated the reaction energies by obtaining transition states
for every elementary step of Figure 1a, where the hydro-
genation of adsorbed C2H4 is relatively easily performed.
Among candidates for the M′ site in H2:M′M″MOF, Ru shows
the lowest energy barrier of 0.80 eV for the C−C coupling step
to interact in a concerted manner with two ethene molecules.
Looking across the full pathway, we observed that the highest
energy barriers (considering candidate MOFs Ru−Ni, Pd−Ni,
and Rh−Ni) are 0.87 eV for 1-C4H8 desorption, 1.09 eV for β-
H elimination, and 1.45 eV for 1-C4H8 desorption.

We then moved to substituting the M″ sites with Co, Cu,
and Fe while keeping Ru fixed at the M′ site. We found that
C−C coupling was the rate-determining step for all elemental
combinations in H2:M’M″ MOFs, where the energy barriers
are 0.91, 0.88, and 0.93 eV. For 2D M′2(OAc)4M″(CN)4
MOFs, two M′ sites in M′2(OAc)4 clusters play a critical role
in optimizing the reaction energy barrier, while the M″ site in
the M″(CN)4 connector does not impact the reaction.

We performed additional DFT calculations to investigate
whether the M″ site in the bimetallic two-dimensional (2D)
MOF of M′2(OAc)4M″(CN)4 may serve as an active site,
considering three configurations of C2H4 adsorption in Figure
S3a,b. We observe the spontaneous desorption of C2H4, as
illustrated in Figure S3d−f. These results indicate that the M″
site with square planar coordination in the 2D
M′2(OAc)4M″(CN)4 MOF structure is not conducive to
C2H4 adsorption, providing one piece of evidence against the
notion that the M″ site serving as a principal active site for
catalyzing C−C dimerization of ethylene results in the
production of 1-C4H8. H2:RuNi MOF shows the lowest

Figure 1. DFT calculation of C2H4 dimerization on different combinations of metals (M′2(OAc)4M″(CN)4 MOF; M′: Ru, Rh, and Pd; M″: Ni,
Co, Cu, and Fe). (a) Energy barriers for four elementary steps of C2H4 hydrogenation, C−C coupling, β-H elimination, and 1-C4H8 desorption.
(b) Complete reaction pathway from C2H4 adsorption to the formation of 1-C4H8 on the H2:RuNi MOF. (c) Corresponding geometries of
reaction centers.
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activation energy for C2H4 dimerization to 1-C4H8, where
Figure 1b plots the full reaction pathway from ethylene
adsorption to the generation of 1-C4H8.

Ru-clusters in this MOF are the major active site centers; the
corresponding atomic configurations of Ru-clusters are shown
in Figure 1c.
Synthesis and Characterization of Bimetallic

H2:M′M″MOF Catalysts. We sought to synthesize and
study the H2:M′M″MOF shown in Figure 2 and Figures
S3−S6. Experimentally, we identified two distinct types of
structures in the reaction of acetate clusters of Ru, in
combination with cyano precursors of Fe, Co, and Ni. The
combination of octahedral K3[Fe(CN)6] and K3[Co(CN)6]
building units with linear ditopic ruthenium acetate clusters
[Ru2(OAc)4]Cl resulted in a three-dimensional MOF (3D
MOF) structure with interpenetrated pcu topology (Figure 2a
and Figure S4).32

We found that it is challenging to create, using H2 treatment,
Ru−H species in these interpenetrated 3D MOFs, as evident
from the no change in porosity based on the N2 sorption study,
a finding we attribute to their dense nonporous structure
(Figure 2b). As in the case of RuFe and RuCo, the tetrahedral
geometry of the Cu(CN)4 building blocks hinders the
formation of the desired 2D MOF structure, and such a
structure has yet to be reported experimentally.

When we reacted ditopic [Ru2(OAc)4]Cl with square planar
tetratopic K2[Ni(CN)4] precursors, we obtained a 2D MOF
having the desired sql topology (Figure 2c). We believe that it
is the 2D layered architecture of this structure that enabled
more efficient reactant diffusion and, thus, the generation of
catalytically active Ru−H functionalities upon H2 treatment.
When we sought axially to link Ru2(OAc)4 with tetra-cyano
(CN)-functionalized [NiCN4]2 building blocks, we obtained

Figure 2. Design and characterization of M′M″ MOF catalysts. (a) Construction of RuFe MOF by the reaction of K3[Fe(CN)6] with
Ru2(CH3COO)4Cl. (b) N2 uptake of RuFe MOF before and after the H2 treatment. (c) Structure of RuNi MOF before and after H2 treatment. (d)
TGA profiles and (e) PXRD patterns of H2:RuNi MOF with different H2-treated temperatures. (f) FTIR spectra of RuNi MOF and 170H2:RuNi
MOF.
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(PXRD) evidence of the bimetallic RuNi MOF structure
(Figure 2d and Experimental Methods).33

In light of DFT calculations, we explored the possibility of
replacing the Ru precursor with either Rh or Pd precursors
(Figure S5). However, in the case of the (Ru2(OAc)4Cl)
paddle wheel precursor, the cluster has a combination of
mixed-valent Ru2+ and Ru3+ metal ions, allowing negatively
charged [NiCN4]2− and [Fe(CN)6]3− units to connect axially
with the Ru metal ions in the (Ru2(OAc)4) cluster.32

Unfortunately, the mixed-valent cluster of Rh and Pd
([M2(OAc)2Cl], where M = Rh and Pd) is not seen.
Nevertheless, the reported paddle wheel clusters of
[Rh2(OAc)4]

34 and [Pd2(OAc)4] contain metal ions of a
single oxidation state, i.e., Rh2+ and Pd2+. As a result,
experimentally, the axial connection of negatively charged
[NiCN4]2− units to [Rh2(OAc)4] or [Pd2(OAc)4] clusters and
the subsequent 2D MOF construction do not arise. In line
with DFT conclusions, RuNi is the only combination among
H2:MM MOFs that forms the targeted 2D MOF structure with
accessible porosity following H2 treatment.

After synthesizing the 2D RuNi MOF, we treated it using H2
at temperatures ranging from 150 to 200 °C and our goal was
to produce the catalytically active (Ru−H) sites for C2H4
dimerization by eliminating CH3COOH (Figure 2c).21 Post-
treatment characterization with thermogravimetric analysis
(TGA) and powder X-ray diffraction (PXRD) revealed the
high structural stability of the MOF upon H2 annealing at
temperatures up to 200 °C (Figure 2d,e and Figures S6 and
S7). This is accounted for by noting that the ruthenium
carboxylate linkages (Ru-COO) play no active role in
framework construction;35 as a result, the MOF structure is
not altered when the Ru−H catalytic site is formed by cleaving
the Ru-COO coordination.

A broad peak was seen in the PXRD pattern of the
200H2:RuNi MOF from 40° to 45°, indicating the formation
of excessive defects in the 200H2:RuNi MOF. The retention of
PXRD peaks of RuNi MOF over a range of hydrogen
annealing temperatures (from 150 to 200 °C) indicates its high
structural stability.

We checked for evidence of structural degradation of RuNi
MOF to Ru−Ni nanoparticles during H2 treatment: the PXRD
of H2:RuNi MOF samples does not show extra diffraction
peaks corresponding to other RuNi structures; this is
evidenced from the comparison with simulated PXRD
patterns.36−38

In addition, to identify changes in the function of the RuNi
MOFs following H2 treatment, we conducted SEM-energy
dispersive X-ray (EDX) spectroscopy (Figure S8). The EDX
measurements show that the nitrogen content of the MOF
samples did not decrease but rather increased from 8.6 to
10.9%, while the carbon content decreased from 24.2 to 23.1%
following H2 treatment. This suggests that cleavage of the
−CN functional group is not a major occurrence.

Fourier transform infrared (FTIR) spectroscopy was also
used to query whether chemical linkages have been formed in
the RuNi MOF (Figure 2f and Figure S9). The increase in
−C�N− stretching frequency (2145 cm−1) of RuNi MOF in
comparison to that of the K2[Ni(CN)4] precursor (2120
cm−1) was ascribed to the complexation of Ru within the
[Ru2(O2CMe)4]Cl cluster with the −C�N− functionalities of
K2[Ni(CN)4].

39 The generation of catalytically active Ru−H
functionalities in RuNi MOF upon H2 treatment was witnessed
via the emergence of a new peak at 1990 cm−1 in FTIR spectra
following H2 treatment, indicative of the formation of Ru−H
bonds.21,39

Figure 3. C2H4 dimerization performance under ambient conditions and gas uptake study. (a) Selectivity, and production rate of H2:RuNi MOF at
different H2-treated temperatures. (b) Selectivity comparison between 170H2:RuNi MOF and 180H2:RuNi MOF. (c) TOF and (d) selectivity (1-
C4H8) of C2H4 dimerization catalysts (Ni- and Ru-containing MOFs and homogeneous catalysts that are commercial catalysts) under different
pressure and temperature conditions. Red circles indicate 170H2:RuNi MOF. Detailed information is available in Table S2. Twenty-three types of
catalysts are compared with H2:RuNi MOF. Because the TOFs of the four commercial homogeneous catalysts listed in Table S2 (entries 21−24)
are low, these four catalysts appear only in the selectivity comparison. (e) Adsorption isotherms of C2H4, N2, and CO for H2:RuNi MOF at
different H2-treated temperatures.
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Scanning and transmission electron microscopies (SEM and
TEM) show that the morphology and shape of the H2:RuNi
MOF are similar to those of the pristine RuNi MOF, regardless
of the temperature of H2 treatment (Figures S10−12).

We used X-ray photoelectron spectroscopy (XPS) to
investigate further the chemical composition and coordination
environment (Figures S13 and S14 and Table S1). This
showed the coexistence of Ru, Ni, O, and C. The C 1s spectra
overlap with Ru 3d spectra, with peaks at 288.5, 286.4, and
284.8 eV corresponding to O−C�O, C−O, and C�C bonds,
respectively.40,41 The signals at 281.9 and 286.4 eV are
assigned to Ru 3d5/2 and Ru 3d3/2.

42 Peaks at 463.9, 486.5,
462.7, and 485.2 eV belong to Ru0 3p3/2, Ru0 3p1/2, Rux+ 3p3/2,
and Rux+ 3p1/2, respectively.42−44 The Ni 2p spectral features
at 856.9 and 875.4 eV are Ni 2p3/2 and Ni 2p1/2, respectively,
the peaks characteristic of Ni2+. The O 1s spectra were
deconvoluted into three peaks with their binding energies at
531.2 eV, 532.0, and 532.8 eV. These peaks are assigned to Ni
(Ru)−O, O−C�O, and absorbed water species.45 The XPS
results agree with the expected structure of the H2:RuNi MOF:
Ru-based carboxylate paddle wheel clusters have a mixed
valence of Ru (Ru2+ and Ru3+) that bridges the CN
functionalities of the [NiCN4]2− complex, which facilitates
the formation of extended MOF structures.
C2H4 Dimerization under Ambient Conditions. Using

gas chromatography equipped with mass chromatography and
nuclear magnetic resonance spectroscopy (1H NMR and C
NMR), we tracked the selectivity and production rate when we
employed [Ru2(OAc)4]Cl and K2[Ni(CN)4] clusters, the
building block components of the MOF and bimetallic RuNi
MOF with different Ru−H functionalities (Figure 3a). We
observed no measurable >C4 products (Figure S15). Previous
work46 has similarly reported C4 products as the most
selectively produced ones from C2H4 dimerization at near-
atmospheric pressure and temperature.

We investigated the catalytic activity of [Ru2(OAc)4]Cl and
found that it does not provide C2H4 dimerization; this was
ascribed to the absence of Ru−H functionalities. Conversely,
the Ni(CN)4 clusters produced 1-C4H8 with 80% selectivity,
but the production rate was a low 0.265 mol gcat

−1 h−1, which
we assign to the nonporous nature of the catalyst. From this,
we conclude that the square planar Ni unit within K2Ni(CN)4
may contribute to the C2H4 dimerization activity, potentially
accounting for the catalytic activity observed in the pristine
MOF.

We then assessed the C2H4 dimerization performance of
RuNi MOF, which showed an improved production rate of 5
mol gcat

−1 h−1; however, its selectivity values were 56% to 1-
C4H8, 24% to trans-2-C4H8, and 20% to cis-2-C4H8. We note
that the absence of Ru−H functionalities and also the limited
BET surface area (19 m2 g−1, Figure S16a) caused the limited
selectivity of RuNi MOF.

After H2 treatment, both the selectivity and production rate
of 1-C4H8 increased significantly to 84% and 15.2 mol gcat

−1

h−1 (at H2-treated temperatures of 180 and 170 °C),
respectively. We link this to the increase in BET surface
area, in addition to the existence of Ru−H functionalities
following H2 treatment, indicative of an increase in porosity
and access to active sites, thus enabling reaction with C2H4, in
line with trends seen in the DFT studies presented above.
Treating with H2 at high temperatures (>190 °C) adversely
affected C2H4 dimerization activity and selectivity to 1-C4H8.

This may arise due to a loss of surface area and an increase in
structural deformation (PXRD, Figure 2d).

To assess the operating stability of the H2:RuNi MOF, we
monitored the C2H4 dimerization reaction using 170H2:RuNi
MOF and 180H2:RuNi MOF for 40 h (Figure 3b). The
170H2:RuNi MOF showed a consistent 1-C4H8 selectivity of
90% for 40 h (Figure S17a), whereas 180H2:RuNi MOF was
limited to 55% 1-C4H8 selectivity for 12 h. A similar
deterioration of 1-C4H8 selectivity was also detected in the
190H2:RuNi MOF (Figure S17b). We propose that the loss of
porosity at high H2-treated temperature could have an
undesirable influence on 1-C4H8 selectivity in long-term
stability tests. To study the origins of unstable C2H4
dimerization after H2 treatment higher than 180 °C, we
investigated the change in the thickness of the H2:RuNi MOF
particle using atomic force microscopy (AFM) (Figure S18).
We found that the thickness of the H2:RuNi MOF particle
catalyst declined from 5 to 1 nm after increasing the H2-treated
temperature from 170 to 180 °C. We offer that blocking the
open pores of 180H2:RuNi MOF leads to poor selectivity and
yields into 1-C4H8.

47,48

We conducted a performance analysis of the H2:RuNi MOF
in comparison with previously reported MOFs and homoge-
neous catalysts for C2H4 dimerization. As shown in Figure 3c,d
and detailed in Table S2, the selectivity and turnover frequency
(TOF) of the 170H2:RuNi MOF are similar to those of
reference catalysts, but this was achieved in the present study
under ambient temperature and pressure conditions. On the
C2H4 dimerization performance of H2:RuNi MOF, we
performed gas uptake studies under carbon monoxide (CO),
nitrogen (N2), and C2H4 environments.

To clearly query the formation of defects (i.e., Ru−H
functionality) in H2:RuNi MOF, we used a CO molecular
adsorption probe (at 298 K), because the C−O vibrational
stretching mode is particularly sensitive to metal coordination
and therefore provides information on the nature and
characteristics of adsorption sites.39 The measurement of the
CO sorption isotherm revealed the irreversible binding of CO
in H2:RuNi MOF (Figure 3e and Figure S19). This rise in the
level of CO uptake suggests that more open metal sites
(defects) are generated in the H2:RuNi MOF as the H2-
treatment temperature increases. We observed the formation
of a new FTIR peak at 2088 cm−1 after the CO sorption of the
H2:RuNi MOF (Figure S20). This peak is attributed to the Ru-
CO bond, which was generated by the interaction of CO with
open Ru metal sites.35

Gas Uptake Studies to Relate Active Sites and
Dimerization Performance. To investigate the effect of
catalyst features�Ru−H functionalities, surface area, and
C2H4 affinity�we also analyzed N2 and C2H4 sorption to
measure the surface area and C2H4 affinity of H2:RuNi MOF,
respectively (Figure 3e and Figures S16 and S21). While the
CO (at 298 K) uptake continued to increase with an increased
temperature of the H2 treatment, N2 (at 77 K) and C2H4 (at
298 K) uptakes reached an optimum value at 170 and 180 °C,
respectively, but decreased with a further temperature increase.
Of all H2:RuNi MOFs, 170H2:RuNi MOF and 180H2:RuNi
MOF displayed the highest C2H4 uptake (8.7 cc g−1),
associated with a surface area of 287 m2 g−1. These findings
reveal that the simultaneous presence of Ru−H active sites,
high C2H4 affinity, and highest BET surface area lead to the
high selectivity and production rate of the 170H2:RuNi MOF
catalyst.
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1-C4H8 Synthesis Using C2H4 Produced from eCO2RR.
We used a CO2 electrolyzer to supply C2H4 for C2H4
dimerization. We built an electrochemical-thermochemical
system composed of two units: (1) a membrane electrode
assembly (MEA) electrolyzer for the eCO2RR to C2H4 and (2)
a dimerization system for thermochemical conversion of C2H4
to 1-C4H8. We use the term “low-carbon-intensity 1-C4H8
production” (Figure 4a,b and Figures S22−S24; details in
Experimental Methods) to describe this route, with our
premise that electricity could be provided from renewable
sources. We define cascade selectivity as the fraction of
electrons (which are consumed in the eCO2RR) that go to the
ultimate production of 1-C4H8 (detailed in Experimental
Methods).

We varied the flow rate of CO2 in the CO2-to-1-C4H8
system with CO2 (Figure 4c). It produced three main C4
products: 88% 1-C4H8, 11% C4H10, and 1% 2-C4H8. This
corresponds to a cascade selectivity of 47% at 16 sccm of CO2
and a current density of 156 mA cm−2 (Figure 4c,d). We
believe that butane (C4H10) in the product stream, which is
atypical compared to prior C2H4 dimerization reactions,49 may
arise from humidity in the cascade system. We thus evaluated
the operational stability of CO2 to 1-C4H8 when we introduced
a moisture trap between the two systems. When we operate at
a constant current density of 156 mA cm−2, we observed a 1-
C4H8 selectivity of 97 ± 1% with a stable full-cell potential of
−3.6 ± 0.05 V over 10 h of continuous operation (Figure 4e
and Figure S22). The tandem system maintained a 1-C4H8
production rate of 1.3 mol gcat

−1 h−1 and a C2H4 conversion of
97% for 10 h (Figure 4f).

We assessed the reusability of the H2:RuNi MOF and found
that the recycled catalyst recovered 80% of C2H4 dimerization
activity compared to a fresh catalyst after 10 h of reaction
(Figure S25). XPS measurements revealed that the chemical
state and functional groups of the H2:RuNi MOF remain intact
(Figure S26).

We estimated the energy intensity and cradle-to-gate carbon
footprint of 1-C4H8 production with assumptions appropriate
for a technology-readiness level (TRL) of 250,51 (Figure 5).

The CO2-to-1-C4H8 system required 386 GJ to produce one
tonne of 1-C4H8 under base conditions (Table S3). The
cradle-to-gate decarbonization potential of the process
discussed herein using this base condition set (considering
the carbon intensity of Ru production) is estimated to be −2.1
kg-CO2e/kg-1-C4H8 when assuming an electricity carbon

Figure 4. Tandem system implementing eCO2RR followed by C2H4 dimerization. (a) Schematic illustration of the experimental apparatus and
device structure. Between the two reactors, a moisture trap is installed. (b) Cell type, components, and operating conditions for two types of
reactors: MEA-based CO2 electrolyzer and continuously stirred single cell reactor. (c) Selectivity and cascade selectivity under different CO2 flow
rates and at a current density of 156 mA/cm2. (c) Selectivity and cascade selectivity under different current densities at a CO2 flow rate of 8 sccm.
(d) Product distribution and full cell potential for 10 h. (e) C2H4 conversion and production rate for 10 h. (f) Comparison of selectivity between
fresh and recycled 170H2:RuNi MOF during 10 h. We performed consistent operations of the cascade system at a constant current density of 156
mA/cm2 and a constant CO2 flow rate of 8 sccm.

Figure 5. Carbon footprint for 1-C4H8 production. For electro-
chemical processes, we considered renewable wind electricity with a
carbon footprint of ∼7 g-CO2eq/kWh51 (details are provided in
Table S4). Reproduced from ref 51 with permission from the Royal
Society of Chemistry. Available under CC-BY 3.0. Copyright [2020]
[Royal Society of Chemistry].
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intensity of ∼7 g-CO2e/kWh (wind)52 and CO2 supplied by
direct air capture (Table S4).

■ DISCUSSION
We synthesized bimetallic H2:RuNi MOF catalyst and studied
their activity of C2H4 dimerization to 1-C4H8, which is a
precursor of SAF. Through a cascade electrochemical-
thermochemical system, 1-C4H8 was directly produced from
CO2 under ambient conditions, achieving an impressive. These
outcomes were made possible by leveraging the synergistic
effects of Ru−H and open metal sites within the MOF
structure. This cascade route represents the strategic path for
generating renewable fuel, ultimately realizing the goal of
attaining net-zero carbon emissions in aviation. It serves as a
pivotal element in shaping a future global aviation sector that
operates with zero-carbon impact.

■ EXPERIMENTAL METHODS
DFT Calculations. All spin-polarized density functional theory

(DFT) calculations were performed by employing the projector-
augmented wave method (PAW) as implemented in the Vienna Ab
initio Simulation Package (VASP). The generalized gradient
approximation in the parametrization of Perdew−Burke−Ernzerhof
was implemented to describe the exchange-correlation functional
(GGA-PBE). A plane-wave cutoff of 450 eV and 3 × 4 × 3 k-point
grids generated by the Monkhorst−Pack scheme were used for all the
calculations. The zero damping DFT-D3 correction was employed to
capture long-range dispersion interactions. For the structural
optimization, the electronic self-consistent energy and force were
converged to 10−6 eV and 0.01 eV/Å, respectively. The constructed
atomic models are described as below. For a series of reactions for
ethylene dimerization to 1-C4H8 formation, we used, by applying the
VASP-VTST tool, the climbing image nudged elastic band (CI-NEB)
method to search possible transition states for each elementary step.
The M′2(OAc)4M″(CN)4 MOFs (M′M″ MOFs) were constructed to
screen the best combination of M and M″ (for the C2H4 dimerization
to 1-C4H8, where M′ = Ru, Pd, and Rh, and M″ = Ni, Co, Fe, and
Cu) (Figure S3). Considering the H2 treatment, all MOF systems
removed a (OAc) that is −CH3COOH to provide an energy space for
C2H4 adsorption and dimerization to 1-C4H8. The complete reaction
pathways for six MOF catalysts were calculated based on the previous
Cossee−Arlman mechanism (Figure S1). The four key elementary
steps are shown as follows.

C H hydrogenation: C H H C H2 4 2 4 2 5
* + * *

C C coupling: C H C H C H2 4 2 5 4 9* + * *

H elimination: C H C H H4 9 4 8* * + *

1 C H desorption: C H H C H (g) H4 8 4 8 4 8
* + * + *

All atomic configurations are shown in Figure S2, which include all
the adsorption intermediates and transition states in reaction per
MOF catalyst system.
Synthesis of Tetra-μ-acetato-di Ruthenium(II, III) Chloride

([Ru2(CH3COO)4]Cl). The [Ru2(O2CMe)4]Cl cluster was prepared
by a reported procedure in the literature.52 Briefly, 1 g of ruthenium
chloride hydrate (RuCl3·xH2O) and 1 g of anhydrous lithium chloride
(LiCl) were refluxed in a mixture of glacial acetic acid (35 mL) and
acetic anhydride mixture (7 mL) overnight. The reaction mixture was
agitated by constant bubbling of slow stream of oxygen during reflux.
The reaction mixture was then cooled, and the red precipitate was
collected by centrifugation. After washing with methanol and hexane,
the precipitate was dried under vacuum.
Synthesis of RuNi MOF. A stock solution of 150 mg (0.58 mmol)

of K2[Ni(CN)4] in 30 mL of water and 549 mg (1.15 mmol) of
[Ru2(CH3COO)4]Cl in 450 mL of methanol was initially prepared. A

K2[Ni(CN)4] stock solution was added dropwise to the
[Ru2(CH3COO)4]Cl methanol solution in a 1 L round-bottom
flask at room temperature. The reaction mixture was then stirred for 4
h. After the orange-brown color was obtained, the precipitate was
collected by centrifugation. The precipitate was then repeatedly
washed with water and methanol and then dried under vacuum (yield:
85%). The resulting Ru2(OAc)4Ni(CN)4 MOF (denoted by RuNi
MOF) is constructed from Ru-CN-Ni coordination linkages, which
make up the entire MOF structure.
H2 Treatment of RuNi-Based MOF. H2 treatment of RuNi MOF

was performed on an Autochem II 2920 machine (Micromeritics).
The MOF powders were loaded in a quartz U tube sandwiched
between two quartz wools. The quartz U tube was then connected to
a gas line, which is connected to a furnace. The MOF samples were
initially activated by heating at 150 °C under helium gas flow (50
mL/min) for 1 h to remove the solvent and other adsorbed gas
impurities. After this activation, MOF samples were subjected to H2
treatment at different temperatures, ranging from 150 to 200 °C,
under a constant flow of H2 (50 mL/min) and helium (50 mL/min)
mixture for 1 h.
Characterization of Catalysts. The morphology of the H2:RuNi

MOF and Cu catalyst was characterized by field emission scanning
electron microscopy (SEM, Hitachi SU5000, MERLIN Compact,
JEISS) and transmission electron microscopy (TEM). Powder X-ray
diffraction (PXRD) patterns were collected using a Bruker D8
ADVANCE diffractometer using a Cu Kα radiation source (at 40 kV
and 40 mA). Surface composition was analyzed with X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific K-
Alpha) using Al Kα X-ray radiation. XPS spectra were calibrated
with the C 1s peak at 284.5 eV. Fourier-transform infrared
spectroscopy (FTIR, ThermoFisher Scientific Nicolet iS50) was
conducted to analyze the chemical state and functional groups of Ru
and O for the RuNi MOF.
Adsorption Isotherms of N2, C2H4, and CO. Gas adsorption

measurements were made using a Micromeritics 3-Flex Surface
Characterization Analyzer with increased corrosion resistance (ECR).
Liquid nitrogen baths at 77 K were used to regulate the cryogenic
temperatures during N2 adsorption measurements. A thermostat bath
set at 298 K was used to regulate the ambient temperature for the
adsorption studies of CO and C2H4. To prevent any exposure to CO,
CO adsorption measurements were performed in a ventilated cage. As
a preventative measure, appropriate STANDGAS sensors were
employed.
Gas Diffusion Electrodes for CO2RR. The gas diffusion

electrodes for the carbon dioxide reduction reaction (CO2RR) were
prepared by spray-coating a catalyst ink onto a polytetrafluoro-
ethylene (PTFE) substrate (Cu/PTFE). Cu/PTFE was prepared by
sputtering Cu onto a hydrophobic PTFE substrate (450 nm average
pore size) using pure Cu target (99.999%) in an Angstrom Nexdep
sputtering tool at a base pressure of 10−6. Sputtering was conducted
with a constant sputtering rate of 0.80 Å/s until a catalyst thickness of
approximately 200 nm. For a typical electrode geometric area of 5
cm2, the catalyst ink was prepared by adding 80 mL of a polymeric
binder (Nafion 1100W, perfluorinated resin solution, 5 wt % in
mixture of lower aliphatic alcohols and water, containing 45% water)
to the ink containing 20 mg of Cu NPs (Sigma-Aldrich, 25 nm
particle size (TEM), 99.5%) and 10 mL of isopropanol (Sigma-
Aldrich). The resulting ink was then continuously sonicated for 1 h in
an ultrasonic bath and spray-coated onto Cu/PTFE until a final
catalyst loading of 1.0 mg/cm2 was achieved. Nominal catalyst loading
was ensured by monitoring the weight difference during catalyst
deposition. The resulting gas diffusion electrode was then vacuum-
dried for 12 h before performing eCO2RR. Note that an excess
amount of catalyst ink was prepared by considering the materials loss
during spray deposition. The crystal structure and morphology are
shown in Figures S18 and S19.
C2H4 Dimerization. The C2H4 dimerization activities over the

M′M″ MOF catalysts were evaluated in a continuously stirred single
cell reactor with an agitator. Typically, 25 mg of catalyst was dissolved
in 200 mL of toluene (suitable for HPLC, 99.9%, Sigma-Aldrich).
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Before adding the catalysts into toluene, it was dried under vacuum
condition and 80 °C. Prior to detection of the product, the M′M″
MOF catalysts were reacted under the ambient conditions (25 °C and
1 atm) for 1 h and a feed (humidified C2H4 to mimic the condition of
the CO2 electrolyzer) flow rate of 30 sccm. In these works, C2H4
dimerization was typically processed with an addition of 1 mL of
activator such as diethylaluminum chloride (Et2AlCl), which
promoted C2H4 dimerization without changing the reaction
mechanism. Experimentally, we confirmed that there is no other
side reaction to generate C4 products during the C2H4 dimerization
process on M′M″ MOF catalysts. The effluent gas products of C2H4
dimerization reaction were collected 3 times in 1 mL volumes with
frequent time intervals and analyzed using gas chromatography−mass
spectroscopy (GC-MS) equipped with a detector of FID (column: Rt-
Alumina, BOND/KCl PLOT, 30m, 0.32 mm ID, 5.00 um) and
nuclear magnetic resonance spectroscopy (1H NMR and C NMR),
which were used for the analysis of C1−C4 and products with higher
carbon number, respectively.
Efficiencies for the C2H4 Dimerization Reaction. Dimerization

selectivity was defined using eq 1. Dimerization selectivity represents
the ratio between a specific product and all of the products.

a
selectivity (%)

moles of carbon in specific group of products (1 C H )
moles of carbon in the overall detected hydrocarbons

100

4 8=

× (1)

C2H4 conversion into C4 hydrocarbons was calculated using eq 2.

C
C H conversion (%)

molar flow rate of C H in molar flow rate of H out
molar flow rate of C H in

100

2 4

2 4 2 4

2 4
=

× (2)

Turnover frequency (TOF) was calculated using eq 3.

TOF (h ) (number of ethylene consumed)

/(catalytic active site time (h))

1 =
× (3)

eCO2RR in Neutral Media. The eCO2RR experiments were
conducted in a membrane electrode assembly (MEA) using a neutral
media anolyte. Performance testing was conducted via an electro-
chemical test station. The test station was equipped with a
commercial MEA electrolyzer (Dioxide Materials), a current booster
(Metrohm Autolab, 10 A), a mass flow controller (Sierra, SmartTrak
100), a humidifier, an electrolyte container, and a peristaltic pump
with silicon tubing. The MEA setup was composed of a titanium
anode and stainless-steel cathode flow-field plates, both with
geometric flow-field areas of 5 cm2. The MEA was assembled using
three components: a cathode electrode (Cu NPs on Cu/PTFE), an
anode electrode (IrOx supported on a titanium (Ti) felt (Fuel Cell
Store)), and an anion exchange membrane (AEM, Sustainion X37-
50). The cathode electrode was taped onto a stainless-steel plate by
using a Cu tape frame, which was then covered by a Kapton tape. The
cathode electrode was physically separated from the anode electrode
using an AEM in between. The AEM was rinsed with DI water for 10
min prior to the cell assembly. The MEA was then assembled by
applying a compression torque to the each of associated bolts. The
cathode and anode flow field plates were equipped with flow channels
having a serpentine configuration. The cathode flow field was
responsible for the continuous supply of humidified CO2 over the
backside of the cathode gas diffusion electrode, whereas the anode
flow field was responsible for the continuous supply of the anolyte
through the anode electrode. The IrOx-Ti electrode was prepared
using a procedure that involves (1) dipping the Ti felts into an ink
containing 2-propanol, iridium(IV) chloride dehydrate (Premion,
99.99%, metal basis, Ir 73%, Alfa Aesar), and hydrochloric acid (HCl),
(2) drying for 10 min at 100 °C and sintering for 10 min at 500 °C,
and (3) repeating the first two steps until a final Ir mass loading of 1

mg/cm2 was achieved. Upon completion of the electrolyzer assembly,
the anolyte (0.1 M KHCO3) was continuously supplied to the anode
chamber with a constant flow rate of 10 mL min−1, and the humidified
CO2 was supplied to the cathode with a constant flow rate of 8 sccm.
A constant current density of 100 mA cm−2 was applied to initiate the
eCO2RR, and then the current density was gradually increased with
50 mA cm−2 increments. The current increments were made upon
complete stabilization of the cell potential, typically requiring 30−40
min. For each current density, gas products of CO2RR were collected
3 times in 1 mL volumes with frequent time intervals and analyzed
using gas chromatography (GC). The liquid products of the CO2RR
were collected from both the cathodic and anodic downstream.
CO2RR operation was performed under the current density, enabling
the highest FE toward CO2RR products and, hence, the lowest FE
toward hydrogen evolution reaction (HER).e
eCO2RR Product Analysis. The GC spectra obtained from each

gas injection were used to calculate the Faradaic efficiency toward
each gas product as follows (eq 4).

N F v r i VFaradaic efficiency (%) /( )m= × × × × (4)

where N is the number of electrons transferred, F is the Faradaic
constant, v is the gas flow rate at the cathodic downstream, r is the
concentration of product(s) in ppm, i is the total current, and Vm is
the unit molar volume of product(s). The gas flow rate at the cathodic
downstream was measured using a bubble flow meter before
collecting the gas samples via gastight syringes. The liquid products
of CO2RR were analyzed by using 1H NMR spectroscopy (600 MHz
Agilent DD2 NMR Spectrometer) with water suppression. Dimethyl
sulfoxide (DMSO) was used as the reference standard, and deuterium
oxide (D2O) was used as the lock solvent. The NMR spectra obtained
at each current density were used to calculate the Faradaic efficiency
toward liquid products of CO2RR as follows (eq 5).

N F n QFaradaic efficiency (%) /product= × × (5)

where N is the number of electrons transferred, F is the Faradaic
constant, nproduct is the total mole of product(s), and Q = i × t is the
total charge passing through the liquid product collection.
Efficiency for the Cascade eCO2-to-C4 System. Cascade

selectivity (CO2-to-C2H4-to-C4H8) was calculated by using eq 6.

cascade selectivity (%)

FE (%) C H conversion (%)

dimerization selectivity (%)
C2H4 2 4= × ×

(6)

The cascade production rate (mol gcat
−1 h−1) was calculated using

eq 7.

cascade production rate (mol g h )

produced amounts of 1 C H catalyst mass (mg)

reaction time (h)

cat
1 1

4 8

=

÷

÷ (7)
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