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Electroreduction of Carbon Dioxide to Acetate using
Heterogenized Hydrophilic Manganese Porphyrins

Maryam Abdinejad*,*® Tiange Yuan*," Keith Tang,” Salatan Duangdangchote,

[b]

Amirhossein Farzi,'¥ Hugo-Pieter Iglesias van Montfort,”” Mengran Li,”’ Joost Middelkoop,”
Madchen Wolff,” Ali Seifitokaldani,”” Oleksandr Voznyy,*™ and Thomas Burdyny*®

Abstract: The electrochemical reduction of carbon dioxide
(CO,) to value-added chemicals is a promising strategy to
mitigate climate change. Metalloporphyrins have been used
as a promising class of stable and tunable catalysts for the
electrochemical reduction reaction of CO, (CO,RR) but have
been primarily restricted to single-carbon reduction products.
Here, we utilize functionalized earth-abundant manganese
tetraphenylporphyrin-based (Mn-TPP) molecular electrocata-
lysts that have been immobilized via electrografting onto a
glassy carbon electrode (GCE) to convert CO, with overall
94% Faradaic efficiencies, with 62% being converted to
acetate. Tuning of Mn-TPP with electron-withdrawing
sulfonate groups (Mn-TPPS) introduced mechanistic changes

arising from the electrostatic interaction between the
sulfonate groups and water molecules, resulting in better
surface coverage, which facilitated higher conversion rates
than the non-functionalized Mn-TPP. For Mn-TPP only carbon
monoxide and formate were detected as CO, reduction
products. Density-functional theory (DFT) calculations confirm
that the additional sulfonate groups could alter the C—C
coupling pathway from *CO—*COH—*COH-CO to *CO—*CO-
CO—*COH-CO, reducing the free energy barrier of C—C
coupling in the case of Mn-TPPS. This opens a new approach
to designing metalloporphyrin catalysts for two carbon
products in CO,RR.

/

Introduction

Electrochemical carbon dioxide (CO,) reduction reactions
(CO,RRs) in aqueous solutions is a promising approach to
address pressing matters of CO, emissions from non-renewable
fuel sources.? Challenges to CO, efforts arise due to the high
stability of the C=0 chemical bond® and the competition of
hydrogen evolution reactions (HERs), creating a tight bottleneck
on the effective implementation of these technologies.” As a
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consequence, catalytic systems designed to overcome high
activation energy barriers are in demand. Several electro-
catalysts driving CO,RR have been reported ranging from
transition metal catalysts®® to molecular complexes,®'” in both
homogeneous and heterogeneous capacities.""'? Although
homogeneous systems offer a simple and cost-effective method
to quickly screen potential molecular complexes,”'® the recycla-
bility of heterogeneous systems make them the de facto
approach to CO, conversion."”

Heterogenization through the immobilization of molecular
electrocatalysts onto conductive surfaces has resulted in
efficient systems that show an increase in current density (j)
and a reduction in applied overpotentials."*' Electrografting of
molecular catalysts onto electrode surfaces®'” is an effective
method to incorporate homogeneous molecules onto a hetero-
geneous surface and offers the benefit of control over their
steric and electronic properties.”®"” Among organometallic
catalysts, metalloporphyrins are attractive due to their stability,
selectivity, and tunability.”®* The metal ion resting in the
porphyrin cavity acts as an electron-transfer (ET) mediator as
well as the CO, capture site.”” In addition, tunability of the
porphyrin electronic environment can be achieved through
facile manipulation of peripheral ligand structures, allowing for
direct control over their catalytic activity.””’ The majority of
studies on metalloporphyrin systems focus only on one-carbon
(Cy) products, such as CO and formate, and the potential for
two carbon reduction products (C,) remains obscure.

While others have reported several metallated porphyrins
with a variety of metal centers such as Fe,”® Co,®3" N;*?
Zn" etc. Manganese (Mn)-based porphyrins are scarcely

[26]
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reported for electrochemical CO,RR. Compared with Fe—N—C
and Ni—N—C catalysts, the electrocatalytic activity of Mn-N—C
remains a subject of interest.*** |t's been shown that an Mn-
based molecular catalyst can reduce CO, to acetate with a
Faradaic efficiency (FE) of 63% and a current density of
—0.8 mA/cm? at —0.67 V vs. RHE.® Aleksei et al.*” observed
that tuning the Mn—Mn distance of electrografted Mn-porphyr-
ins promoted the number of electron transfers between the
two porphyrin metal centers. In this work, we designed and
investigated the electrocatalytic activity of a manganese-meso-
tetrakis (p-sulfonyl phenyl) porphyrin (Mn-TPPS) compound for
the electroreduction of CO, in a heterogeneous capacity via an
electrografting technique.'®"”

We hypothesized that: i) the coordination of negatively
charged sulfonate (—SO,~) groups in para positions with water
molecules will tune through-structure effects via electrostatic
attraction;***¥ ii) sulfonate substituents with electron-withdraw-
ing functionalities lower the overpotential of CO, reduction and
facilitate C—O bond cleavage;*®*" iii) the tunability of the
Mn—Mn distance can be leveraged to facilitate the electron
transfer between the Mn-porphyrin centers hence improve the
current density; and iv) the vertical molecular geometry of the
immobilized molecules can stabilize key product intermediates
(e.g., *HOCO to *CO) and promote the chance of C—C coupling
towards C, products.

To thoroughly examine this hypothesis and highlight the
role of sulfonate groups, the electrochemical activity of the Mn-
TPPS towards CO,RR will be reported along with its non-
substituted and non-polar analogue (Mn-TPP) shown in Fig-
ure 1. Compound Mn-TPP displayed an overall FE of 55% with a
current density of —1.22 mA/cm? at —1.0 V vs. RHE. Where Mn-
TPPS displayed significant improvement in the overall FE of
94% and current density of —6.1 mA/cm? with a positive shift in
potential to —0.8 V vs. RHE (Table S1). Density functional theory
(DFT) calculations investigating the C—C coupling step reveals
electronic interaction between the metal centers of the Mn-
TPPS structure, showing reduced reaction barriers towards
acetate versus Mn-TPP.

Mn-TPPS

Figure 1. Molecular structure of heterogeneous Mn-TPPS and Mn-TPP
electrocatalysts immobilized on glassy carbon electrodes (GCE).

Chem. Eur. J. 2023, 29, €202203977 (2 of 7)

Results and Discussion

Synthesis, characterization, and heterogenization of
manganese porphyrins on electrode surface

As shown in SchemeS1, the porphyrin derivatives were
synthesized as reported previously with a minor
modification.”**! The proton nuclear magnetic resonance ('H
NMR) shows characteristic information of A;B type of TPP
analogue, as indicated by the asymmetry (multiplet) in the f-
pyrrole H peaks (Figure S1-S2).“® Due to the high molar
absorption coefficient of porphyrin molecules in the UV—
Visible (UV-Vis) region, spectral properties are particularly
important to the characterization of the porphyrin and metal-
loporphyrin species. The UV-Vis absorption spectra comparison
in Figure S3 shows characteristic peaks of porphyrin complexes,
including a Soret absorption peak at 419 nm, and four Q bands
at 513 nm, 555 nm, 589 nm and 648 nm in the case of TPP-
NH,,“” which blue shifted to a A, of 415 nm after sulfonation
(TPPS).

The main steps of covalent immobilization of TPPS-NH, on
the glassy carbon electrode surface, followed by the metalation
process are depicted in Figure 2a. The diazonium porphyrin salt
is produced through diazotation of the amino porphyrin (TPP-
NH,) using NaNO, (2 mM) and HCI (0.5 M) to form TPP-N, (SI-
Part S4).¥ Once the diazotation reaction was completed, the
diazonium cation was reduced on the glassy carbon electrode
in situ between 0 to —0.8 v vs. Ag/AgCl using three cycles of
cyclic voltammogram at a scan rate of 50 mV/s shown in
Figure 2b,“**” followed by metalation using 0.05 M solution of
MnCl, in DMF at 120°C to form Mn-TPPS, consistent with
literature reports.®” Next, the electrode was sonicated in 20 mL
pure DMF for 30 min, followed by another 30 min sonication in
water and rinsing. The same method was used for the non-
substituted Mn-TPP (Figure S4).

The chemical, structural information, and surface character-
ization of the electrografted porphyrins were examined and
monitored during the reaction using X-ray photoelectron
spectra (XPS). The full XPS survey scan shows the characteristic
binding energy regions corresponding to Mn 2p, O 1s, C 1s, N
1s, and S2p, proving the presence of those elements, hence
successful immobilization of the compounds onto the electrode
surface (Figure 2c). The N 1s at 399.2 eV is related to four N
species, including Mn—N pyrrolic N species at 398.0 eV, pyrrolic
N species at 400.7 eV and graphitic N species at 401.5 eV.**!
The spectra of Mn 2p exhibit two distinct peaks centered on
642.4 and 654.5 eV, corresponding to Mn 2p*? and Mn 2p'?,
respectively. The peak at 530.7 eV indicates that O is present in
the O?~ state and binds with Mn atoms.®**¥ The XPS measure-
ments were also performed after CO, electrolysis, which
confirms that the peaks for Mn 2p, C 1s, N 1s and S2p are
positioned at the same energy regions confirming the stability
of the catalysts (Figure S6).

Using a ferricyanide redox probe (aqueous 2.5 mM K;Fe-
(CN)¢/200 mM KNO,), a clear suppression of current density was
observed after electrografting, which indicates the successful
formation of the organic layer on the electrode surface
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Figure 2. (a) Electrografting of non-metallated porphyrin (TPPS-NH,) reaction on a glassy carbon electrode (GCE) followed by metal insertion process to form
Mn-TPPS; (b) Electrografting voltammogram of 5 mM TPPS in 2 mM NaNO, in 0.5 M HCl at a scan rate of 50 mV/s; (c) X-ray photoelectron spectroscopy (XPS)
survey spectra comparison of immobilized TPPS and Mn-TPPS in 2.5 mM [Fe(CN),]*"*~ and 0.2 M KNOj;; and (d) Nyquist diagrams of TPP, Mn-TPP, TPPS, and

Mn-TPPS in 2.5 mM [Fe(CN)¢**~ and 0.2 M KNO,.

(Figure S5).5¥ The decrease in the current density of the probe’s
redox profile before and after molecular deposition, which
indicates the lower access of the probe to the electrode due to
the formation of the porphyrin layer on the electrode surface."®
To further evaluate the metal center and SO;~ substituents
effect on the electron distribution, Electrochemical impedance
spectroscopy (EIS) was applied on both metallated and non-
metallated heterogeneous porphyrin using a 2.5 mmol K;Fe-
(CN)s redox probe in 0.2 M KNO; solution (Figure 2d). The
Nyquist plots in Figure 2d show TPP (3545.1 +31.5 Q) with the
largest charge transfer resistance (R.,) followed by Mn-TPP
(3507 £72.1 Q), TPPS (2581+39.6 Q) and Mn-TPPS (1726+
31.4 Q), respectively. The lowest R, in the case of Mn-TPPS,
suggests a favorable Faradaic process, which is evidence of the
improvement in electrical conductivity the metal center and
sulfonate groups offer.®!

The surface concentration (I') of both Mn-TPPS and Mn-TPP
was calculated according to Equation (1).

r=— (1)

where Q is the total charge, n is the number of electrons
transferred (1e7), F is the Faraday constant (96485 C/mol), and A
is the electrode surface area (0.071 cm?). The total charge was
obtained by integrating the first electrografting CV peak. The
surface concentration of the electrografted Mn-TPPS and Mn-
TPP was calculated as 3.5 x 10~° mol/cm? and 6.5 x 107" mol/
cm?, respectively. A ~50-fold increase in the Mn-TPPS molecular
catalyst deposited on the electrode surface can be attributed to

Chem. Eur. J. 2023, 29, e202203977 (3 of 7)

the electrostatic coordination of the sulfonate group in Mn-
TPPS with water molecules, hence better surface coverage,
which allows the molecular catalyst to be more homogenously
dispersed during deposition.

To further investigate the surface area rate of electron
transfer between the Mn-porphyrins and electrode surface in
both cases, the electroreduction of CO, of Mn-TPP and Mn-TPPS
were evaluated at various scan rates of 20, 40, 60, 80 and
100 mV/s (Figure S7a and S7b). A linear relationship between
the reduction peak currents and the square root of the scan
rate (v'/?) was observed.®® According to the measured electro-
chemical surface area (ECSA) in Figure S7¢, the ECSA for Mn-
TPPS (0.164 cm?) is higher than Mn-TPP (0.058 cm?), which
indicates that Mn-TPPS offers a more accessible charge surface
in the electrolytic process which could be due to better
synergistic interaction with the electrode and Mn-TPPS mole-
cules.

Electrochemical characterization of heterogeneous Mn-
porphyrins towards CO,RR

Electrocatalytic CO,RR activity of the heterogeneous synthe-
sized porphyrin derivatives was evaluated in 0.1 M KHCO; in a
two-compartment H-cell electrolyzer. A three-electrode, sealed
system including a modified glassy carbon working electrode,
platinum counter electrode and silver chloride (Ag/AgCl)
reference electrode was employed. The CV comparison of Mn-
TPP and Mn-TPPS in Figure 3a clearly shows a dramatic
enhancement of current density upon saturation of solution

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. (a) Cyclic voltammetry (CV) comparison of electrografted Mn-TPP and Mn-TPPS under CO, and Ar in 0.1 M KHCO;. Faradaic efficiency comparison of
(b) Mn-TPP, and (c) Mn-TPPS at various potentials of —0.6 to —1.1 V vs. RHE in 0.1 M KHCO;. Partial current density comparison of reducing CO, products using
(d) Mn-TPP; and (e) Mn-TPPS. (f) *C NMR spectrum of the liquid products from electrocatalytic reduction reaction of Mn-TPPS under '*CO,/>CO, (1:1 ratio) at

—0.8 V vs. RHE in 0.1 M KHCO; solution.

with CO, beginning at —0.9, and —0.6 V vs. RHE, respectively.
This result highlights the importance of the sulfonate group in
catalyzing CO,RR at a lower overpotential owing to their
electron-withdrawing properties group, which could facilitate
the C—-O bond cleavage.®”*®

To determine the optimal potential for CO,RR of this system,
controlled constant potential electrolysis was attained for both
Mn-TPP and Mn-TPPS using chronoamperometry at the con-
stant potential of —0.6, —0.7, —0.8, —0.9, and —1.1V vs. RHE
(Figure S8). The current density increased linearly at more
negative potentials as HER became more kinetically favored.
The reduced gaseous products were periodically sampled from
the cathodic chamber headspace and analyzed by gas
chromatography (GC). Liquid products were analyzed using
High-performance liquid chromatography (HPLC) and nuclear
magnetic resonance (NMR) spectroscopy. H, and CO were the
only gaseous products detected by GC, while formate and
acetate were observed as liquid products.

Comparing the Faradaic efficiency of Mn-TPP at various
potentials of —0.6 to —1.1V vs. RHE, the highest catalytic
activity was obtained at —1.0 V vs. RHE with the highest CO and
formate selectivities (Figure 3b). At this potential, CO and
formate were observed as the reduced products with the
highest FE,, of 55% (FEco: 40%, FEq,mae: 15 %) at the current
density of —1.22 mA/cm” No acetate was observed at any
applied potentials. In contrast, Mn-TPPS reacted differently

Chem. Eur. J. 2023, 29, €202203977 (4 of 7)

(Figure 3c). CO production was first detected at —0.6 V vs. RHE.
At a more negative potential of —0.7 V vs. RHE, formate and
acetate were observed, which reached the maximum amount at
—0.8V vs. RHE, where acetate became the primary reduction
product with the FE,,: 94% (FEco: 10%, FEroimate: 22 %, FEcetate:
62%) and current density of —6.1 mA/cm” The ability for Mn-
TPPS to achieve a greater catalytic performance at a more
positive potential indicates CO,RR as the dominant catalytic
pathway over HER compared to Mn-TPP under the same
conditions highlighting the important role of the sulfonate
group in improving the overall electrochemical activity.

The comparison of the partial current density of the reduced
products for Mn-TPP (Figure 3d) and Mn-TPPS (Figure 3e) shows
that Mn-TPPS produces a larger amount of reduced products.
With a significant increase in acetate, the formation was
observed at the optimal potential of —0.8 and —0.9 V vs. RHE.
Achieving C, products using Mn-TPPS can be attributed to the
orientation afforded by the negatively charged sulfonate
groups - causing them to be perpendicular to the plane of the
electrode. To evaluate the stability of Mn-TPPS, it was operated
at — 0.8 V vs. RHE for 6 hours, and we found that the selectivity
of acetate was maintained with 3.2% degradation (Figure S10).

To verify the source of carbon in the products, we
performed an isotopic labelling control experiment using *CO,/
2CO, (1:1 ratio) (Figure 3f and Figure S11). The "C NMR
spectrum reveals two signals at 23 ppm and two at 181 ppm,

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWWOD BA 181D 8|cedldde aup Aq pauenof a1e ol e O ‘88N 4O Sa|nJ 10} ArIg1T8UIIUO A8]IM U (SUORIPUCD-PUR-SLLBI WD A3 1M ARe.q1 Ul |UO//:SAHY) SUORIPUOD pue SWB | 84} 88S *[£202/20/02] Uo AreiqiTauliuo A8|im ‘Wied nL Ad £26€02202 Weud/z00T OT/I0p/wod s im Areiq1puljuo-adoune-Ans ueyo//sdny wol pepeojumod ‘4T ‘szIJz 'S9/€TZST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202203977

European Chemical
Societies Publishing

Chemistry—A European Journal

which belong to acetate, and one peak at 170 ppm belongs to
formate, which verifies the presence of fully *C-labeled acetate
and formate. Using proton NMR under *CO, and '>CO, electro-
chemical reactions, the mixture of characteristic proton peaks
assigned to acetate and formate was observed. The resulting 'H
NMR in Figure S12 shows the proton peak belonging to the
methyl group of acetate (at 1.74 ppm) was symmetrically split
into two peaks (at 1.59 and 1.91 ppm) in the case of using
labelled *CO, which is due to the large coupling constant
between CO, and H.®¥ The results are in agreement with
previous reports.**!

To elucidate the local electronic structure comparison of the
Mn center in Mn-TPP and Mn-TPPS, the Mn K-edge X-ray
absorption near-edge spectroscopy (XANES) was measured and
reported in Figure 4, where the ‘edge’ refers to an absorption
band generated by the promotion of a core electron to an
unoccupied orbital and the oxidation state of the metal.®*" A
large shift of 10-15 eV was observed in Mn-TPPS compared to
Mn-TPP, which can be attributed to the electron-withdrawing
effect of the sulfonate groups, affecting the electronic structure
of the Mn in Mn-TPPS.

This could redistribute the electrons on the Mn site upon
CO, adsorption, resulting in the transfer of electrons from the
Mn center to 2p orbital of carbon in CO, to form a CO," "~
species in the case of Mn-TPPS.®'%? This result is in agreement
with the reported in the literature.

Mechanistic study

In this project, we successfully reduced CO, to CO, formate and
acetate by engineering the molecular structure and surface
topology of heterogeneous Mn-porphyrin-based electrocata-
lysts. A similar observation of the reduction of CO, to CO and
HCOO~ with  metalloporphyrins has been reported
previously.***" In the current work, Mn-TPP and Mn-TPPS acting
as metal-active porphyrin species possessing the ability to
stabilize *CO,*” and consequently, reduce it to CO via 2e”

1.5
RN
4
e}
(]
N
©
0.5
g — Mn-TPP
2 Mn-TPPS
0.0 T T
6500 6550 6600 6650
Energy (eV)

Figure 4. The Mn K-edge X-ray absorption near-edge spectroscopy (XANES)
comparison of Mn-TPP and Mn-TPPS.
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transfer followed by the formation of acetate via 8 e™ transfer.
Unlike non-substituted Mn-TPP, which only produces CO and H,
with lower catalytic activity, Mn-TPPS showed increased cata-
lytic activity at lower overpotential for CO,RR electroreduction
to both C, (CO and formate) and C, (acetate) products. This task
was further evaluated through an operando IR thermography,””
which confirms the higher activity of Mn-TPPS at a lower
overpotential compared to Mn-TPP (Figure S15-S16, part S4).

Based on the earlier studies on Mn-complexes,?%¢3%%¢7) the
manganese metal center undergoes one or two-electron
reduction leading to the conversion of Mn'/Mn" to Mn'/Mn",
which reacts with CO, molecule. In the case of Fe and Mn
porphyrin-like structures, although CO* is proposed to bind
strongly enough to produce other C; products, the possibility
for C—C coupling towards C, products from CO has been
ignored.® Applying transitional metal centers in phthalocya-
nines has also shown a good selectivity towards CO formation,
but the smaller energy gap between *CO and CO release
eliminates the possibility for C—C coupling.”® To gain further
insight into the reaction mechanism and investigate the critical
C—C coupling steps in the case of Mn-TPPS, DFT calculations
were conducted. We consider *CO as an initial intermediate
based on observing CO and acetate both as products. Two
possible pathways could lead to C—C coupling and acetate
formation (Figure 5a, Figure S15-516). The first pathway involves
the proton-coupled electron transfer (PCET) step to form *COH,
followed by the addition of CO to create *COH-CO (*COH
pathway). The second possible pathway involves a CO addition
as the initial step, followed by a PCET step to *COH—CO (*COCO
pathway). Once *COH—CO forms on the catalyst, it can undergo
several PCET steps to form acetate.””

(a)

rco *COH-CO
00000
MnC N O H
*C0-CO
(b)  mn-TPP (c)  Mn-TPP-sO,
1.
0 1.0 CoR
] ]
*COH 1.00eV ¢ '
=0.5 1 =05
R et v 2 / J*COH-CO
4 00{—C0 4COH-CO | ¥4 g,0{ —CO M
< 0.0 < 0.0 —===—L
-‘ It— 0.30 eV
i
0.5 |\ ; 0.73 eV 0.5
1 *co-co/

Reaction Pathway Reaction Pathway

Figure 5. DFT investigation in C—C coupling on Mn-TPP and Mn-TPPS. a)
geometries of two possible C—C coupling pathways towards C, product
formation on Mn-TPPS. Energy calculations for two C—C coupling pathways
on b) Mn-TPP and ¢) Mn-TPPS with the favored rate-determining steps
highlighted in red circles.
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With *CO as the starting point step and *COH—CO as the
endpoint for our DFT study, the energy barriers for two possible
C—C pathways were calculated on Mn-TPP (as control) and Mn-
TPPS. Both Mn-TPP and Mn-TPPS showed similar binding
geometries. As shown in Figures 5b and 5c¢, the PCET steps
(*CO—*COH, *CO—CO—*COH—-CO) are uphill in the energy on
both Mn-TPP and Mn-TPPS, while CO addition steps (*CO—
*CO—CO, *COH—*COH—CO) show downhill energy barriers. On
Mn-TPP, *COH pathway has a lower energy barrier (0.64 eV)
compared to *CO—CO pathway (0.73 eV). With the addition of
SO, functional groups on Mn-TPP, *CO—CO pathway exhibits
the lowest energy barrier (0.30 eV), and *COH pathway has the
highest energy barrier (1.00 eV). Based on our calculations, the
presence of SO;~ on Mn-TPP could lower the energy barrier
from 0.64 eV to 0.30 eV, thus promoting C—C dimerization and
leading to acetate formation. To our knowledge, our study is
the first in the field to investigate the actual C—C coupling
mechanism on Mn-based porphyrins catalysts. The revealed
binding geometries as well as the effect from additional groups,
can guide future work to design novel catalysts for generating
high-value C, products.

Conclusion

In summary, our study demonstrates the importance of
synthetic strategy for heterogeneous molecular electrocatalysts
designed for CO,RR. We have theoretically and experimentally
investigated the influence of SO*~ substituents on the perform-
ance of Mn-porphyrin CO,RR catalysts, immobilized via electro-
grafting in an aqueous environment. The Mn-catalyst demon-
strated an excellent FE at a low potential for the conversion of
CO, to acetate. This enhancement in catalytic performance is
owed to the electrostatic interaction of the SO;~ group with
water molecules, allowing higher surface coverages of the
catalyst at an orientation more favorable for coupling processes.
Another great advantage of this methodology is that the water-
soluble TPPS, can serve as a heterogeneous catalyst in an
aqueous solution through a strong porphyrin covalent bond
with the electrode surface. Using heterogeneous hydrophilic
compounds in aqueous environments opens a new approach to
designing and optimizing next-generation heterogeneous elec-
trocatalysts for CO,RR. The focus of our current study was to
show the potential of electrografting combined with molecular
catalysts can produce high-value two-carbon products in an H-
cell system which can be scaled up using GDEs and membrane
electrode assembly (MEA) cells.
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