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Molecular macrocycles are very promising electrocatalysts for the reduction of carbon dioxide into value-
added chemicals. Up to now, most of these catalysts produced only C; products. We report here that iron
phthalocyanine, a commercially available molecule based on earth-abundant elements, can produce light
hydrocarbons upon electrocatalytic reduction of CO, in aqueous conditions and neutral pH. Under applied

electrochemical potential, C; to C4 saturated and unsaturated products are evolved. Isotopic labelling
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X-ray spectroscopic analysis show that the molecular catalyst remains intact during catalysis and is

DOI: 10.1039/d2sc04729b responsible for the reaction. On the basis of experiments with alternate substrates, a mechanism is
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Introduction

Atmospheric carbon dioxide (CO,) has been used as a feedstock
to produce all biomass," including fossil fuels, since photo-
synthesis developed on Earth more than two billion years ago.
Industrialized societies are eagerly searching for such a solar-to-
chemical conversion process, which would help mitigate their
carbon dioxide emissions while providing alternative ways to
produce staple chemicals.”? The electrochemical CO, reduction
reaction (CO,RR) has been proposed as a viable technology to
convert this gas into valuable chemicals. At present, the most
common products of CO, reduction are carbon monoxide (CO)
and formic acid (HCOOH). Although these C, products are near
the market-ready level, they only reflect a few of the chemicals
that can be generated from CO,.* Great efforts have been
directed to further reduce CO, to higher value products,
particularly those including C-C bonds. Starting from the work
of Hori and co-workers* in the 80s, copper-based catalysts have
shown remarkable activity towards the formation of light
hydrocarbons, such as methane and ethylene.> Despite these
performances, the precise nature of the active sites involved
remains debatable,® partly because of the restructuring of
copper during catalysis.”® Recently, single-atom catalysts (SACs)
have gained significant attention in the field of CO, reduction
due to their low metal content and high activity.® While the
reduction of CO, on SACs yields mostly CO, other more reduced
products have been obtained,'®'* including C,. products such

Synchrotron SOLEIL, Route Départementale 128, I'Orme des Merisiers, 91190
Saint-Aubin, France. E-mail: benedikt.lassalle@synchrotron-soleil. fi
(ESI) DOIL:

+ Electronic  supplementary  information available.  See

https://doi.org/10.1039/d25c04729b

550 | Chem. Sci, 2023, 14, 550-556

proposed for the C-C bond formation step.

as ethanol™ and acetone.” Although SACs properties are ex-
pected to be favorable to the reduction of CO, beyond CO,* the
heterogeneity of their structures® prevents establishing detailed
reaction mechanisms.

Molecular complexes catalyze the reduction of CO, to CO
with high efficiency and stability,">*® and the homogeneity of
their chemical structure allows establishing precise reaction
mechanisms.””*® Transition metal macrocycles such as
porphyrins or phthalocyanines®*-** have shown very promising
results in the electrochemical reduction of CO,, both as
homogeneous®® and heterogeneous systems.>* Beside their
efficiency and robustness, these molecular catalysts also offer
chemical tunability, which allows orienting their reactivity
towards higher turnover numbers (TONs),> higher selectivity,*®
or the synthesis of a specific compound.” While most molec-
ular species catalyzed the CO, to CO reduction, a handful of
examples have shown that C; products such as methane***® or
methanol**° can be produced by catalysts with M-N, structure.
Ethanol and acetic acid were found as a product of CO,
reduction on cobalt and manganese corrole species, respec-
tively.****> There is, however, no example of C,, compounds
produced from CO, reduction by a catalyst for which the
molecular nature during catalysis is demonstrated.

We report here on the electrocatalytic formation of saturated
and unsaturated light hydrocarbons (C;-C,) from CO, using
a heterogenized molecular iron phthalocyanine catalyst in
a flowing system (see Fig. 1 and S1t). The analysis of the
products formed under applied electrochemical potential
shows that, besides CO and H,, small amounts of methane,
ethylene, ethane, propene, propane, and n-butane are detected
along with traces of Cs products. Electrocatalytic experiments
using alternate substrates such as carbon monoxide (CO) or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic side view of the electrochemical cell and simplified
CO, reduction process on the surface of the working electrode. The
dark green circles represent iron phthalocyanine (FePc), the molecular
catalyst used in this study, whose structure is shown in the right corner.
WE, CE, and RE stand for "working electrode”, “counter electrode”, and
“reference electrode’, respectively. The scheme is not drawn to scale.

formaldehyde (HCHO) support a mechanism involving
a terminal carbene as a critical species on the way to C,.

compounds.

Results and discussion
Electrocatalysis and distribution of products

Based on the design of Ager and co-workers,** CO, reduction
experiments were performed in an electrocatalytic flow cell
consisting of two chambers for the cathodic and anodic reac-
tions, separated by a Nafion® membrane (see Fig. 1 and S17).
The cathode consists of a glassy carbon electrode, on which an
ink containing iron phthalocyanine (FePc) and a carbon powder
is drop-casted with a surface concentration of around 80 nmol
cm ™ (see ESIT for electrode preparation procedure). A reference
electrode is arranged in the cathode chamber, and the anode
consists of a nickel plate. Two independent reservoirs contain
the catholyte and anolyte (KHCO; 0.1 M), which are flown
independently in the anodic and cathodic chambers. The
headspace of the cathodic compartment is analyzed during the
experiment by an online gas chromatograph that performs
automatic sampling every thirty minutes (see Fig. S2At).

Fig. 2A shows the chronoamperometric curves of constant
potential electrolysis under Ar or CO, for two hours. After
poising an FePc-modified electrode at —1.1 V vs. RHE under
a CO, atmosphere, peaks corresponding to ethylene (C,H,),
ethane (C,Hg), propene (CsHg), propane (CsHg) and n-butane
(C4H,0) clearly stand out in the chromatogram (see Fig. 2B).
Other peaks corresponding to unsaturated C, as well as n-
pentane and unsaturated Cs products can also be observed,
although with a lower intensity. Methane (CH,) is also clearly
present on another module of the gas chromatograph (see
Fig. $31). The catholyte was analyzed by "H NMR to check for
liquid products, but none was detected (see Fig. S41). Control
experiments were performed to ensure that FePc catalyzed the
reduction of CO, into the products observed. When a FePc-
modified electrode was set under catalytic conditions in an
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Fig. 2 (A) Chronoamperometric curves and (B) module B gas chro-
matograms of FePc-modified electrodes under Ar in 0.1 M KCl (red)
and CO, in 0.1 M KHCOg3 (blue) and an H,Pc-modified electrode under
CO; in KHCOs3 (black). Chronoamperometric experiments are per-
formed at —1.1 V vs. RHE for two hours, after which a gas chromato-
graph (GC) samples their resulting gaseous products.

Ar-saturated KHCOj; electrolyte, hydrogen was the major
product detected after two hours of electrolysis, with a trace
amount of CO and hydrocarbons (see Fig. S5T). The observed
carbon products can be attributed to the small amount of CO,
that exists in equilibrium with the KHCO; electrolyte. In fact,
a similar FePc-modified electrode, at the same potential, under
a CO,-free environment (Ar-saturated 0.1 M KCI electrolyte),
produces only H, (see Fig. 2B and S3t). The current density
observed is higher than under CO, (see Fig. 2A), indicating
a high activity of FePc towards hydrogen evolution in a CO,-free
environment at high overpotential. When an H,Pc-modified
electrode was poised at —1.1 V in a CO,-saturated KHCO;
electrolyte, a twenty-fold decrease in current density was
observed as compared to an FePc-modified electrode, indicating
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a negligible catalytic activity without the Fe center. In agree-
ment with the low catalytic activity, the main product detected
was H,, with a miniscule amount of CO (Fig. S31). These results
strongly indicate CO, as the source of the carbon products
observed and underline the essential role of the metal center in
the catalytic process.

To confirm the origin of the carbon atoms in the C,, prod-
ucts observed in the chromatograms, gas chromatography
coupled mass spectrometry (GC-MS) experiments were per-
formed. Fig. 3 shows the GC-MS chromatograms corresponding
to the retention time of C, products (190-240 s). We focus on
the C,H; signal since it has the highest intensity of all C,
products without overlapping the signal of CO, or CO. The m/z
= 56 mass, which corresponds to a C;Hg species containing four
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Fig.3 GC-MS chromatograms for mass m/z = 56 of 12C4Hg and mass
m/z = 60 of BC4Hg at the retention time of C, products. Chro-
noamperometric experiments were performed on FePc-modified
electrodes at —1.1 V vs. RHE for two hours, after which the GC-MS
sampled the resulting gaseous products. The chromatograms were
averaged from three independent experiments.
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2C atoms, shows a peak when '>CO, is used as the substrate,
while it does not appear in the presence of **CO,. The opposite
behavior is observed with the m/z = 60 mass, which corresponds
to a C,Hg species with four *C atoms. The GC-MS chromato-
gram of the m/z = 41 mass at the region of the retention time of
C; and C, products is shown on Fig. S6.f The m/z = 41 mass,
which corresponds to a C3Hs fragment (originating from both
C; and C, products) shows two distinguishable peaks when
2C0, is used, which disappear with '*CO,. These isotopic
labelling experiments demonstrate that the origin of the carbon
atoms in the hydrocarbons observed is indeed CO,.

Fig. 4 shows the product distribution in terms of faradaic
efficiency (FE) for each of the products obtained after a 2 hours
electrocatalytic experiment under CO,. The potential range is
chosen where there is significant CO, reduction activity without
generating hydrogen bubbles that would make the system
unstable. Between —0.7 V and —0.9 V, CO and H, are the only
products observed. Although the current density at high over-
potential slightly decreases over time, the selectivity of all
products remains constant (see Fig. S7t). The amount of
hydrogen increases steadily from —0.7 Vto —1.1 V up to 65% FE
at the expense of CO. Noticeable amounts of hydrocarbons can
be observed starting from —0.9 V, methane being the main of
them with up to 4% at —1.0 and —1.1 V. Ethylene, ethane,
propene, propane and n-butane are produced with faradaic
efficiencies of 0.1-0.25% each, making the total of C,. products
to be around 1%. It should be noted that the amount of ethylene
is underestimated because of the high background generated by
CO, in the chromatograph column. Despite the low amounts of
products generated, their distribution was reproducible, as
shown by the replicates performed on three different electrodes.

Catalyst characterization

In order to determine the nature of the catalyst under operating
conditions and check its integrity, we performed in situ and
operando X-ray absorption spectroscopy (XAS) experiments at
the iron K-edge in the exact same electrochemical cell (see
Fig. 1, S1 and S2Bf). Fig. 5 shows the X-ray absorption near-edge
structure (XANES) spectra of the FePc-modified electrode under
open circuit potential (OCP) and under catalytic conditions, in
a CO, atmosphere, with the corresponding non-normalized
spectra in Fig. S8.f The spectrum of the electrode under
resting state presents the same features as the pure, starting
compound, showing the chemical robustness of the FePc cata-
lyst after dropcasting and in the presence of an electrolyte.
When poising the electrode at a potential of —1.1 V (at which
C,. products are observed), the spectrum shows a shift to lower
energies (—2.7 eV at half-edge jump) while keeping the features
that are characteristic of phthalocyanines,* ie. two pre-edge
peaks at 7114 eV and 7118 eV. A XANES spectrum was also
recorded in situ after performing electrocatalytic experiments
under a CO, atmosphere, and it was remarkably similar to the
one collected on the starting electrode. The non-normalized
spectra indicate a 10% material loss after 4.5 hours of contin-
uous flowing, which is standard in this type of experiment.**
The comparison between the spectra collected under i situ and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Product distribution observed as faradaic efficiencies with
FePc-modified electrodes as a function of applied potential. The total
current density is plotted for each potential as the blue lines. The
amount of ethylene (C,Hy) is underestimated due to the high back-
ground generated by CO, in the chromatograph column.

operando conditions and those of reference compounds
(metallic iron, Fe;0,) clearly rule out the presence of metallic
iron or iron oxide nanoparticles that would be produced by the
decomposition of the molecular catalyst. Altogether, these
spectroscopic data collected under in situ conditions clearly
demonstrate the molecular nature and the stability of the
catalyst throughout the experiment.
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Fig. 5 In situ and operando X-ray absorption spectra collected on an
FePc-modified electrode under different conditions and on reference
samples. The spectra at the top correspond to an FePc-modified
electrode under a CO, atmosphere poised at of FePc (green), on
a metallic sheet of iron (gold), and on a pellet of FesO4 (purple). The
two dashed lines indicate the pre-edge features of FePc at 7114 eV and
7118 eV. OCP (black), at —1.1 V vs. RHE (red) and going back at +0.8 V
vs. RHE (blue). The spectra at the bottom correspond to ex situ
reference spectra collected on a pellet.

In addition, infrared (IR) spectra were recorded on the FePc
catalyst powder and FePc-modified electrodes before and after
electrolysis at —1.1 V vs. RHE (see Fig. S91). The spectra recor-
ded show close similarity, agreeing with the XAS results con-
cerning the stability of the catalyst during electrolysis.

C-C bond formation mechanism

The demonstration that a molecular electrocatalyst can form
several consecutive C-C bonds poses the question of their
formation mechanism. Since the major product observed upon
reduction of CO, is CO, we postulated that the first intermediate
for the formation of C-C bonds could be an FePc-CO species
(see Fig. 6). Indeed, electrolysis with CO as substrate shows the
formation of similar hydrocarbon products as observed for CO,,
albeit with faradaic efficiencies approximately twice as low (see
Fig. S107). We attribute this lower faradaic efficiency to the low
solubility of CO in water (1 mM) as compared to that of CO, (33
mM). As observed in other studies,**® we surmised that the
difference in initial concentration of substrate was responsible
for this difference in efficiency and performed finite element
calculations to simulate concentration profiles upon CO,
reduction. The results show that the concentration of CO
generated by CO, reduction within 5 pm from the working
electrode ranges from 1.5 to 4.5 mM (see ESI}), supporting
arelationship between the amount of C,, products and the local
concentration of CO. These experiments confirm that FePc-CO
is indeed an intermediate on the way to C,; products.

Chem. Sci., 2023, 14, 550-556 | 553
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substrates. The colour code for substrates and products is as follow:

respectively.

By analogy with what happens during the Fischer-Tropsch
synthesis of long-chain hydrocarbons, we hypothesized that
a terminal FePc=CH, carbene species could be the precursor to
all C,, products. This transient species would be formed, via
a hydroxycarbene species, by reaction of an FePc-CO adduct
with either H, formed locally or with protons and electrons
available in large amounts. This species would then further
react either with more H, (or protons and electrons) to form
methane. To form a C-C bond, the iron carbene species
undergo CO insertion similar to Fischer-Tropsch mechanism.
This CO insertion pathway is different from the carbene
coupling involved in the formation of ethylene on metallic
copper since there are no adjacent active sites in iron phthalo-
cyanine. The process could continue a few times following
various pathways and lead to the formation of longer saturated
or unsaturated hydrocarbon chains (see Fig. 6).

To verify this hypothesis, we used formaldehyde as
a substrate, expecting it to form an FePc=CH(OH) hydrox-
ycarbene species by direct reaction with the activated form of
the catalyst®” (see Fig. 6). In these conditions, the product
distribution shows similar multi-carbon products as with CO,
or CO as substrates, although in much lower amounts
(Fig. S107), as well as methane (2%) and traces of methanol

554 | Chem. Sci,, 2023, 14, 550-556

blue, purple, and red for high, intermediate, and low concentrations,

(Fig. S10 and S137). While the concentration of formaldehyde
(30 mM) is similar to that of saturated CO, in water at 25 °C (33
mM), the very low faradaic efficiencies observed for C,, prod-
ucts can be explained by the absence of any CO to be inserted in
the FePc=C bond of the putative carbene species. Without any
CO to react further, the carbene species is preferentially reduced
into methane, leading to a 6-fold increase in the faradaic yield
of methane as compared to the CO substrate. In order to
confirm the reaction of CO with an FePc carbene species, we
performed electrolysis with HCHO in a CO, atmosphere, as CO,
reduction could provide the necessary CO to increase the C,,
formation with the carbene species generated from HCHO.
Indeed, at —1.1 V vs. RHE, the total faradaic efficiency of C,.
products is one order of magnitude higher than observed in
HCHO without CO, (see Fig. S11 and S127), thus confirming our
hypothesis of a reaction between CO and a carbene species
obtained from formaldehyde. At less negative potentials, where
the formation of CO from CO, is more favorable, the total C,,
faradaic efficiency increases further, reaching a maximum value
of 1.5% at —0.9 Vvs. RHE, ca. three times higher than when only
CO, is used as substrate (see Fig. S12t). The higher selectivity of
C,. products after electrolysis of HCHO under CO, clearly
supports the hypothesis that the formation of C,. species

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involves CO insertion on an intermediate FePc carbene species,
as described in Fig. 6.

The existence of an FePc=CH, intermediate on the way to
C,. products is supported by the fact that several carbene
species of iron porphyrin (a macrocycle similar to FePc) have
been reported, either as transient®®* or stable species,*® and
that FePc itself has been reported as an efficient catalyst for the
cyclopropanation of alkenes,** which involves FePc-carbene
intermediates. Iron porphyrins are also known for catalyzing
the insertion of carbenes into N-H, S-H, or C-H bonds.***?
These precedents, as well as the experiments described here
with alternate substrates, strongly support the involvement of
an FePc carbene species on the way to C,. hydrocarbons.

Conclusions

We reported in this paper on the electrocatalytic activity of iron
phthalocyanine, a molecular macrocycle based on earth-abun-
dant elements, towards the reduction of CO, into light hydro-
carbons with up to three C-C bonds. Using operando X-ray
absorption spectroscopy, we showed that the catalyst keeps its
molecular structure throughout the electrocatalytic process.
Based on experiments involving carbon monoxide or formal-
dehyde, we showed that the local concentration of CO is key to
the formation of C-C bonds and propose a terminal carbene as
an intermediate on the way to C,, products. These results
indicate that the formation of several consecutive carbon-
carbon bonds can be catalyzed by single-site transition metal
macrocycles under mild electrochemical conditions. The
mechanistic insights that we provided open a perspective for
the design of both molecular and material-based catalysts with
enhanced selectivity towards C,+ products.
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