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atalytic CO2 reduction with Fe-
porphyrins and Cu nanocubes enhances ethylene
production†

Min Wang,‡a Vasilis Nikolaou, ‡b Anna Loiudice,ac Ian D. Sharp, c

Antoni Llobet *bd and Raffaella Buonsanti *a

Copper-based tandem schemes have emerged as promising strategies to promote the formation of multi-

carbon products in the electrocatalytic CO2 reduction reaction. In such approaches, the CO-generating

component of the tandem catalyst increases the local concentration of CO and thereby enhances the

intrinsic carbon–carbon (C–C) coupling on copper. However, the optimal characteristics of the CO-

generating catalyst for maximizing the C2 production are currently unknown. In this work, we developed

tunable tandem catalysts comprising iron porphyrin (Fe-Por), as the CO-generating component, and Cu

nanocubes (Cucub) to understand how the turnover frequency for CO (TOFCO) of the molecular

catalysts impacts the C–C coupling on the Cu surface. First, we tuned the TOFCO of the Fe-Por by

varying the number of orbitals involved in the p-system. Then, we coupled these molecular catalysts

with the Cucub and assessed the current densities and faradaic efficiencies. We discovered that all of the

designed Fe-Por boost ethylene production. The most efficient Cucub/Fe-Por tandem catalyst was the

one including the Fe-Por with the highest TOFCO and exhibited a nearly 22-fold increase in the ethylene

selectivity and 100 mV positive shift of the onset potential with respect to the pristine Cucub. These

results reveal that coupling the TOFCO tunability of molecular catalysts with copper nanocatalysts opens

up new possibilities towards the development of Cu-based catalysts with enhanced selectivity for multi-

carbon product generation at low overpotential.
Introduction

The electrochemical CO2 reduction reaction (CO2RR) offers the
opportunity to convert CO2 into fuels and chemical feedstocks,
while mitigating anthropogenic CO2 emissions and storing
renewable energy.1,2 Multi-carbon (C2+) compounds (e.g.,
ethylene, ethanol, propanol) are among the most attractive
CO2RR products owing to their commercial value and high
energy densities.1,2 However, optimizing the activity of CO2RR
electrocatalysts towards one particular product remains
a crucial challenge that is not trivial to address becausemultiple
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intermediates are involved in the CO2 to C2+ conversion
pathway.3–5

Cu-based materials have been widely employed as CO2RR
catalysts due to their unique ability to facilitate the electro-
reduction of CO2 beyond two electron reduction products.5,6

Numerous studies on catalyst development and mechanistic
investigations have demonstrated that the surface coverage of
the adsorbed CO (indicated as *CO) regulates the activation
barrier of the C–C coupling step and, thus, the formation of C2+

products.7–9 An attractive approach to realize this high *CO
surface coverage is via tandem catalysis, wherein Cu is coupled
with a CO-producing component to realize the sequential CO2-
to-CO and CO-to-C2+ product conversion on complementary
active sites that are coupled at the nanometer scale.10–21

However, the correlation between the intrinsic catalytic prop-
erties of the CO-generating component (e.g. turnover frequency,
TOF, and overpotential) and its impact on the outcome of
tandem catalysis (e.g. C–C coupling efficiency) is still critically
missing. Thus, the fundamental design principles required to
rationally promote C2+ production while decreasing the over-
potential in tandem catalysis remain to be elucidated.

Bimetallic systems comprising Cu and another metal (Au,
Ag, or Zn) as the CO-producing component have been exten-
sively investigated as electrocatalysts in tandem CO2
Chem. Sci., 2022, 13, 12673–12680 | 12673
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Fig. 1 The Fe-Por molecules synthesized and investigated as
molecular catalysts in this study (top) along with the UV-vis spectra of
the same in THF (bottom).
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reduction.15–21 One drawback of these catalysts is that compo-
sition (e.g. alloying) and morphology can change during
operation.15–18 These changes affect both the physical and
electronic structure, thus complicating the interpretation of the
catalytic behavior and delaying the establishment of design
principles required to further improve the catalytic activity of
these systems.18–22 Additionally, tuning the intrinsic activity and
efficiency of metals is difficult and requires their coupling with
organic modiers.23,24 Consequently, these systems are not ideal
for guiding the understanding of the performance-determining
factors in tandem catalysis.

Recent studies have suggested that CO-producing molecular
catalysts are alternative candidates to metals in tandem
schemes.25–27 Molecular components offer additional versatility
compared to metals because their electronic and structural
features can be tuned via synthetic modications.28–31 While the
examples are still limited, studies in the literature on tandem
catalysts including CO-producing molecular catalysts and Cu
are encouraging.25–27 For example, the addition of either an iron
porphyrin or a cobalt phthalocyanine to sputtered Cu resulted
in enhanced C2+ product yields.25,26 Specically, the coupling of
iron porphyrin with sputtered Cu resulted in increased faradaic
efficiency for ethanol from 29% to 41% and in a shi the
detection potential of this product from −0.84 to −0.82 V vs.
RHE.25 The cobalt phthalocyanine/Cu catalyst enhanced the
faradaic efficiency for C2+ products from 45% to 82% in a highly
basic electrolyte.26 Instead, the combination of a cobalt phtha-
locyanine with a Zn–N–C catalyst promoted formation of
methane with a total faradaic efficiency of 18%, a product not
observed on the pristine Zn–N–C, again in a highly basic elec-
trolyte.27 However, these studies have so far focused only on the
integration of commercial molecular catalysts in tandem
CO2RR, thus not proting from the chemical tunability of these
systems. Furthermore, they remain a few isolated examples
each utilizing a different electrocatalyst and with testing per-
formed under different conditions, which make any compar-
ison among them difficult to make.

Herein, we exploit the intrinsic tunability of molecular
catalysts (in terms of TOFCO and overpotential) to understand
the impact of the CO-generating component on subsequent C–C
coupling on Cu surfaces during tandem catalysis. Iron
porphyrin (F-Por) molecular catalysts are selected as the CO-
producing entity because of their high efficiency for CO2 to
CO conversion at neutral pH when immobilized on conductive
substrates.32–34 Furthermore, their versatile chemistry enables
facile tuning of their redox behaviors via modication of the p-
system.35–37 To this end, we synthesized three Fe-Por with
different numbers of orbitals involved in the p-system. Colloi-
dally dispersible Cu nanocubes (Cucub) were chosen as Cu
catalysts. Their intrinsic selectivity towards C–C coupling, and
ethylene production in particular, as well as the demonstrated
possibility to integrate them in different electrochemical cell
designs, justies this choice.38–41 Furthermore, the fact that
both Fe-Por and Cucub catalysts can be employed as inks is
benecial for catalyst processability, scalability, and device
integration. By studying the designed series of Fe-Pormolecules
in tandem CO2RR, we investigate how their TOFCO impacts the
12674 | Chem. Sci., 2022, 13, 12673–12680
C–C coupling on Cucub. Importantly, we discover that the most
active Fe-Por generates an optimal local environment that
boosts the intrinsic activity of Cucub towards ethylene while also
increasing energy efficiency by anodically shiing the potential
at which this product is detected.

Results and discussion

A series of Fe-Por complexes with a varying number of orbitals
involved in the p-system of the porphyrin ligand were synthe-
sized and tested as molecular catalysts for CO2RR (Fig. 1). These
complexes are iron(III)-chlorido-tetrabicyclo[2.2.2]octadiene-
tetraphenyl porphyrin (Fe-TbcTPP), iron(III)-chlorido-
tetraphenyl porphyrin (Fe-TPP), and an iron(III)-chlorido-
tetrabenzo-tetraphenyl porphyrin (Fe-TBTPP). The synthesis of
Fe-TPP was carried out following a procedure reported in the
literature,42 whereas Fe-TbcTPP and Fe-TBTPP were prepared
according to the synthetic approach described in detail in the
ESI and illustrated in Scheme S1†. In brief, the initial step
corresponds to the synthesis of the free base porphyrin H2-
TbcTPP via a “Lindsey condensation reaction”.43 Reuxing H2-
TbcTPP in a tetrahydrofuran (THF) solution containing FeBr2
and 2,6-lutidine generates the desired Fe-TbcTPP. The last step
is a retro-Diels–Alder reaction achieved by heating the Fe-
TbcTPP complex at 200 °C under vacuum to produce Fe-TBTPP.
The 1H and 13C-NMR spectra of H2TbcTPP are presented in
Fig. S1 and S2,† while the MALDI-TOF spectra of the iron-
derivatives (Fe-TbcTPP and Fe-TBTPP) are provided in Fig. S3
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and S4.† The aromatic delocalization effect in Fe-Por is revealed
by optical absorption spectroscopy (Fig. 1 and Table S1†).
According to expectation, as the number of p-orbitals contrib-
uting to the system increases, the respective Soret band red-
shis, following the peak wavelength (lmax) order lmax

(Fe-TBTPP) > lmax (Fe-TPP) > lmax (Fe-TbcTPP).
To understand the impact of the different porphyrin ligands

on the electrocatalytic properties, we performed cyclic voltam-
metry (CV) experiments in homogeneous conditions (Fig. 2 and
ESI† for details). A very similar behavior was observed for all
Fe-Por, with each characterized by three redox processes that
Fig. 2 Cyclic voltammetry of 0.25 mM Fe-Por dissolved in DMF
containing 0.1 M TBAPF6 as the supporting electrolyte, carried out at
a scan rate of 100 mV s−1. Fe-TbcTPP (red), Fe-TPP (gray), and Fe-
TBTPP (blue).

Fig. 3 (a) LSV curves of the Fe-Por catalysts measured at a scan rate of 10
for each catalyst; (b) FECO and (c) TOFCO as a function of applied potentia
cm−2 on carbon nanotubes deposited onto glassy carbon electrodes (S=
The carbon nanotubes were chosen as commonly used as a conductive
covalent interactions.32–34 The reported FE and TOF values are the ave
standard deviations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
are assigned to FeIII/FeII, FeII/FeI, and FeI/Fe0, as depicted in
Fig. 2 and Table S1.† The second and third reduction waves are
associated with two consecutive one electron reductions that
are mainly ligand-based.44,45 As expected, the different degree of
p-delocalization of the Fe-Por results in a signicant shi of the
respective redox potentials. More specically, the Fe-TbcTPP
containing the more s-donating and less p-accepting bicyclo
[2.2.2]octadiene groups has the lowest potentials. On the other
hand, the Fe-TBTPP containing benzo groups and phenyl
substitution at the meso positions has more anodic values. The
Fe-TPP with no additional functionalization onto the pyrrole
moieties has redox potentials between those of Fe-TbcTPP and
Fe-TBTPP.

We then investigated the CO2RR catalytic properties of the
Fe-Por in an H-cell using CO2 saturated 0.1 M KHCO3 as the
electrolyte (see ESI† for details). Results of these experiments
are presented in Fig. 3. Linear sweep voltammetry (LSV) (Fig. 3a)
reveals an anodic shi of the onset potential (i.e. the potential at
which the current starts to be detectable from the background)
for CO2 reduction from−0.57 V (Fe-TbcTPP) to−0.50 V (Fe-TPP)
and to −0.40 V (Fe-TBTPP) vs. RHE (Reversible Hydrogen Elec-
trode). This anodic shi follows the p-delocalization trend of
the Fe-Por reported above.46–48 Furthermore, the faradaic effi-
ciency for CO (FECO) is higher for Fe-TBTPP than for either Fe-
TPP or Fe-TbcTPP across the entire potential range (Fig. 3b and
S5†), with a maximum of 91% at −0.55 V vs. RHE. The TOFCO
(see ESI† for details) follows the same trend, with TOFCO (Fe-
TBTPP) > TOFCO (Fe-TPP) > TOFCO (Fe-TbcTPP) (Fig. 3c).
Specically, Fe-TBTPP exhibits the highest TOFCO (0.26 s−1)
compared to Fe-TPP (0.11 s−1) and Fe-TbcTPP (0.02 s−1) at
−0.95 V vs. RHE.

Following the analysis of the Fe-Por, we prepared the Cucub/
Fe-Por bymixing the Fe-Por and the Cucub (Fig. S6†) (see ESI† for
details). The inks were then drop cast onto glassy carbon elec-
trodes and the activities of the tandem catalysts were tested
from −0.45 V to −1.05 V vs. RHE. Fig. 4 and S7† provide an
overview of the obtained data. At low potentials (−0.45 V and
mV s−1, with the vertical dashed lines representing the onset potentials
l. These measurements were performed at Fe-Por loadings of 16 nmol
1.33 cm2) using an H-cell with CO2 saturated 0.1 M KHCO3 electrolyte.
support to homogeneously disperse the molecular catalysts via non-

rage of three independent experiments with error bars indicating the

Chem. Sci., 2022, 13, 12673–12680 | 12675
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Fig. 4 (a) Total FEs and (b) FEC2H4
for Cucub/Fe-TBTPP, Cucub/Fe-TPP, Cucub/Fe-TbcTPP and Cucub as a function of potential; (c) C2H4 product

enhancement factor of the Cucub/Fe-Por compared to the pristine Cucub (enhancement factor = (FEC2H4
of Cucub/Fe-Por)/(FEC2H4

of Cucub) as
a function of potential; (d) jC2H4/ECSA for Cucub/Fe-TBTPP, Cucub/Fe-TPP, Cucub/Fe-TbcTPP and Cucub as a function of potential. The electrodes
for these experiments were prepared by loading 3.12 × 102 nmol cm−2 of Cucub and 8 nmol cm−2 of the Fe-Por onto glassy carbon electrodes.
The reported values are an average of three independent experiments with error bars indicating the standard deviations.
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−0.55 V vs. RHE), the addition of the Fe-Por to Cucub suppresses
the hydrogen evolution reaction (HER) and enhances the
production of CO and formate. However, no evidence of C–C
coupling reactions is observed at these potentials (Fig. S7†). The
HER suppression and CO2RR promotion induced by the Fe-Por
become more pronounced at more negative potentials (−0.65 V
to −1.05 V vs. RHE, Fig. 4a). Indeed, the enhancement of C2H4

faradaic efficiency from Cucub/Fe-Por relative to Cucub is clearly
observed for all tandem-catalysts (Fig. 4b). Interestingly, C2H4 is
produced at a potential as low as −0.65 V vs. RHE for the Cucub/
Fe-TBTPP, which maintains the highest FEC2H4

across the entire
potential range (Fig. 4b), reaching a FEC2H4

of 36% at −1.05 V vs.
RHE. By comparison, the Cucub in the absence of Fe-Por only
achieved a FEC2H4

of 19% at the same potential. At more negative
potential, CH4 is favored over C2H4 (Fig. S8†). Thus, while Fe-
TBTPP still promotes C–C coupling, the FEC2H4

decreases
(∼25% at−1.15 V). The FEC2H4

was much lower also for Cusphere/
Fe-TBTPP (∼15% at −1.05 V), which highlights the importance
of the Cu morphology to maximize ethylene production
(Fig. S9†).

To quantify the impact of the Fe-Por on C–C coupling, we
dene an enhancement factor for C2H4 production as the ratio
of FEC2H4

of Cucub/Fe-Por to the FEC2H4
of Cucub at a given
12676 | Chem. Sci., 2022, 13, 12673–12680
potential. The corresponding enhancement factors for Cu/Fe-
TBTPP, Cu/Fe-TPP and Cu/Fe-TbcPP are 21.5, 9.5 and 3.2 at
−0.75 V vs. RHE, respectively (Fig. 4c). Analysis of the electro-
chemically active surface area (ECSA) of Cucub/Fe-Por reveals
a decreased solid/liquid contact area compared to the Cucub,
which is likely a consequence of the blocking of Cu active sites
by the molecules (Fig. S10†). However, the ECSA-normalized
current density (jC2H4/ECSA) indicates an increase in the
intrinsic activity of the unpassivated sites in the presence of the
Fe-Por, with a trend that is consistent with the FE and the
enhancement factor (Fig. 4d).

To exclude the contribution of C1 product suppression on
the observed trends and to provide further evidence for the
tandem mechanism, we analyzed the C1 products in greater
detail (Fig. 5). The FEC1

and the jC1,ECSA of the Cucub/Fe-Por
catalysts are generally higher than those for the pristine Cucub
across the entire potential range (Fig. 5a, b and S11†).
Furthermore, the trend of FEC1

and jC1/ECSA among the Cucub/Fe-
Por follows that of the FEC2H4

, which are higher values measured
for higher molecular TOFCO. The improved capacity of Cucub to
catalyze C–C coupling at more negative potentials results in an
increase of FEC2+

/FEC1
for all catalysts at higher overpotentials

(Fig. 5c). The decrease of FECO (Fig. 5d) and the saturation of jCO
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) FEC1
and (b) partial current density for the C1 products (jC1

) normalized by ECSA, (c) FE ratio of C2+ to C1 products, (d) FEs and (e) partial
current density for CO (jCO) normalized by ECSA of Cucub/Fe-TBTPP, Cucub/Fe-TPP, Cucub/Fe-TbcTPP and Cucub at different potentials. The
reported values are an average of three independent experiments with error bars indicating the standard deviations.

Fig. 6 (a) FEC2H4
and (b) jC2H4/ECSA of Cucub/Fe-TBTPP, Cucub/Fe-TPP,

Cucub/Fe-TbcTPP and Cucub at different loadings of the Fe-Por (2, 4, 8
and 16 nmol cm−2) at −0.95 V vs. RHE in CO2 saturated 0.1 M KHCO3

H-cell. The reported values are an average of three independent
experiments with error bars indicating the standard deviations.
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(Fig. 5e) with increasing overpotential is consistent with the
increased consumption of CO as more ethylene is generated via
the tandem catalytic mechanism. In contrast, FECO and jCO
remain approximately constant for pure Cucub across all
potentials, reecting the unmodied native activity of the
nanocubes in the absence of tandem CO generation.

To investigate possible changes of electronic and chemical
properties of Cucub due to interactions with the molecular
constituents, which could inuence the overall catalytic prop-
erties of the Cucub/Fe-Por, we performed X-ray photoelectron
spectroscopy (XPS) (Fig. S12†). The analysis of the Cu 2p peaks
and Cu LMM spectra indicated that Cu is present in its metallic
form in all systems. Furthermore, the absence of any peak shis
in spectra from Cucub/Fe-Por compared to Cucub indicated that
there are no changes in surface composition and/or charge
transfer effects. This lack of a specic chemical or electronic
change of the Cu surface, together with the systematic correla-
tions between C–C coupling efficiency of Cucub/Fe-Por with the
TOFCO trends among Fe-Por, indicates that overall selectivity
and activity is governed by the tandem catalytic process.

Having established that a tandem mechanism is dominant
in dening activity and selectivity of Cucub/Fe-Por, optimization
of ethylene production requires understanding of the relation-
ship between the loading of the CO-generating component and
the CO conversion rate of the Cu catalyst. With this aim, we
tested the impact of Fe-Por loading on enhancing C–C coupling
in Cucub/Fe-Por tandem catalysts (Fig. 6). We observe that the
FEC2H4

increases with the Fe-Por loading until reaching its
maximum value at 8 nmol cm−2 (Fig. 6a). This trend suggests
that addition of more Fe-Por results in the local accumulation of
CO in the vicinity of Cucub, which promotes C–C coupling.
However, a further increase of the Fe-Por coverage leads to
decreased C2H4 selectivity. Concomitantly, the FECO increases
© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 12673–12680 | 12677
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Fig. 8 Schematic representation of the proposed mechanism for
C2H4 promotion in Cucub/Fe-Por tandem catalysts. The C–C coupling
enhancement and C2H4 promotion correlate with the Fe-Por selec-
tivity and conversion rate for CO.
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(Fig. S13†), which indicates that the additionally generated CO
escapes the system.

As discussed above, the Fe-Por molecules also block Cu
active sites. Consistent with this conclusion, we observe
a continuous decrease of the ECSA with increased loading
(Fig. S14†). The enhancement in intrinsic activity of the
unpassivated sites on the Cucub compensates the decreasing
concentration of sites, but only up to a certain loading. Above
that point, the C2H4 selectivity is suppressed, which is also re-
ected in the jC2H4,ECSA (Fig. 6b). In particular, the jC2H4,ECSA in
Cucub/Fe-Por increases up to 8 nmol cm−2 and thereaer
saturates.

The comparison of different Fe-Por at the same loadings
reveals more efficient C2H4 production for the Cucub/Fe-TBTPP.
Furthermore, we note that lower loadings of the Fe-TBTPP
generate higher FEC2H4

and jC2H4/ECSA compared to higher load-
ings of the Fe-TbcTPP (e.g. 4 nmol cm−2 of Fe-TBTPP vs. 8 nmol
cm−2 of Fe-TbcTPP). As the Fe-TBTPP possesses the highest
TOFCO, these data prove that the CO production rate plays
a crucial role in achieving optimal C–C coupling in the tandem
catalysts.
Fig. 7 (a) FE and partial current density for the C2H4 product
normalized by ECSA (jC2H4,ECSA) and (b) FE and partial current density for
the CO product normalized by ECSA (jCO,ECSA) for Cucub/Fe-TBTPP at
different loading of Cucub (3.12 × 102, 6.24 × 102 and 9.36 × 102 nmol
cm−2) with the same Fe-TBTPP loading (16 nmol cm−2) at −0.95 V vs.
RHE in the CO2 saturated 0.1 M KHCO3 H-cell. The reported values are
an average of three independent experiments with error bars indi-
cating the standard deviations.

12678 | Chem. Sci., 2022, 13, 12673–12680
To test whether the bottleneck for further improving C2H4

generation with the highest Fe–Por loading is the CO
consumption, we tested increased Cu-cube loadings for the
best performing Cucub/Fe-TBTPP (Fig. 7 and S15†). The
Fe-TBTPP loading was kept at 16 nmol cm−2 for comparison
with Fig. 6. An increase in Cucub loading from 3.12 × 102 to
6.24 × 102 nmol cm−2 does improve the C2H4 production, with
both the FEC2H4

and jC2H4
,ECSA increasing (Fig. 7a). A FEC2H4

of
33% is thus measured at −0.95 V vs. RHE. The concomitant
decrease FECO and jCO,ECSA (Fig. 7b) indicates that the CO
produced by Fe-TBTPP is indeed further consumed by the
increased Cucub loading.

For higher Cucub loading (9.36 × 102 nmol cm−2), the FEC2H4

and jC2H4
,ECSA decrease and the FECO and jCO,ECSA don't change

further. In a similar manner to the Fe-Por loading experiments,
the ratio between the CO-generating component and the CO
conversion rate of the Cu catalyst must be balanced for optimal
performance.

Finally, we characterized the Fe-Por by Fourier-transform
infrared spectroscopy (FT-IR) and ultraviolet-visible spectros-
copy (UV-vis) (Fig. S16 and S17†), and the Cucub morphology by
TEM (Fig. S18†), which proved the intact structure of Fe-Por and
cubic shape of Cucub aer 1.5 hours of electrolysis. Further-
more, the best performing tandem catalyst in terms of C2H4

production, which is Cucub/Fe-TBTPP, displayed an excellent
stability and selectivity over 10 hours of electrolysis (Fig. S19†).
Altogether, these data indicate that the addition of the Fe-Por
has a stabilizing effect on the morphology of the Cu cubes.
While a dedicated study is needed, we speculatively attribute
the origin of this observation to the formation of the CO
intermediate on a different surface than Cu.
Conclusions

In summary, we built tandem catalysts including Fe-Por with
tunable CO2 to CO selectivity (Fe-TBTPP > Fe-TPP > Fe-TbcTPP)
and Cucub. We discovered that the C–C coupling enhancement
in these tandem catalysts correlates directly with the Fe-Por
selectivity and conversion rates for CO, with the Cucub/Fe-TBTPP
being the best performing one.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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We found a 100mV anodic potential shi for C2H4 detection,
a 22 times enhancement of C2H4 production at −0.75 V vs. RHE
and a doubled FEC2H4

of 36% at−1.05 V vs. RHE in the Cucub/Fe-
TBTPP compared to the Cucub. This performance is comparable
to the state-of-the-art in this class of catalysts.25–27 Going beyond
it, these results demonstrate that the rate and potential at which
CO is generated plays a dening role for the selectivity and
overpotential of multiple-carbon products in tandem schemes
(Fig. 8).

Overall, this study encourages further investigations on the
design of the homogenous catalyst as a promising strategy to
further optimize molecular-based tandem systems.
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3 Y. Y. Birdja, E. Pérez-Gallent, M. C. Figueiredo, A. J. Göttle,
F. Calle-Vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732–745.

4 T. K. Todorova, M. W. Schreiber and M. Fontecave, ACS
Catal., 2020, 10, 1754–1768.

5 S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld,
S. Horch, B. Seger, I. E. L. Stephens, K. Chan, C. Hahn,
J. K. Nørskov, T. F. Jaramillo and I. Chorkendorff, Chem.
Rev., 2019, 119, 7610–7672.

6 A. A. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl and
J. K. Nørskov, Energy Environ. Sci., 2010, 3, 1311–1315.

7 J. Li, Z. Wang, C. McCallum, Y. Xu, F. Li, Y. Wang,
C. M. Gabardo, C. T. Dinh, T. T. Zhuang, L. Wang,
© 2022 The Author(s). Published by the Royal Society of Chemistry
J. Y. Howe, Y. Ren, E. H. Sargent and D. Sinton, Nat. Catal.,
2019, 2(12), 1124–1131.

8 A. J. Garza, A. T. Bell and M. Head-Gordon, ACS Catal., 2018,
8(2), 1490–1499.
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