7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

Robust interaction of cobalt phthalocyanine and
o hitrogen-doped ordered mesoporous carbon for

Cite this: Green Chem., 2024, 26, - - - . .

362 CO; reduction paired with the electro-oxidative

synthesis of sulfonamide derivativest

{ M) Check for updates ‘

Samin Barat-Abtahi,® Faranak Jafari-Hafshejani,® Fahimeh Varmaghani, () *°

Babak Karimi 2 *3° and Hamzeh H. Veisi (22

In this work, a high-performance hybrid electrocatalyst based on cobalt phthalocyanine combined with
N-doped ordered mesoporous carbon (CoPc@GIOMC) was developed for CO, reduction. To achieve this
goal, we designed an innovative paired electrolyzer that integrates CO, reduction to CO with the efficient
oxidative coupling of certain phenylhydroxylamines to produce biologically important sulfonamide and
organosulfone derivatives. The hybrid electrode exhibited a significant partial current density of 33 mA
cm™2 in the selective reduction of CO, to CO at an overpotential of 0.57 V vs. RHE (the onset potential
was 0.3 V vs. RHE) and a faradaic efficiency of 90% in a near-natural aqueous solution (pH = 7.4). This
excellent performance can be attributed to a high nitrogen content, numerous defect sites, and a large
surface area of our N-doped mesoporous carbon material, which facilitated the strong and stable attach-
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ment of CoPc on GIOMC. Furthermore, in the context of coupling cathodic CO, reduction with the syn-
thesis of biologically important sulfonamide and organosulfone derivatives, the electrolysis system
demonstrated a high anodic faradaic efficiency, reaching nearly 100% at 6 mA cm™ after 135 minutes of

rsc.li/greenchem electrolysis together with a satisfactory energy efficiency of up to 70%.
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Introduction

The ever-increasing dependence on fossil fuel consumption
has resulted in a continuous increase in carbon dioxide emis-
sions in recent decades. Thus, to enhance the quality of life,
protect the earth, and mitigate the effects of climate change, it
is crucial to find solutions that either lower carbon dioxide
emissions or develop innovative, sustainable methods for
transforming carbon dioxide from fossil fuels into valuable
and/or environment-friendly products. Among the wide range
of products produced from CO, conversion, CO is an impor-
tant synthetic target, for it is utilized as an inexpensive C;
building block in chemical industries.” In addition, a mixture
of carbon monoxide and hydrogen in different proportions is
mainly utilized for producing hydrocarbon-based fuels via the
Fischer-Tropsch process.>
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Among the current methodologies, one of the most promis-
ing approaches to reduce the CO, level is the electrochemical
CO, reduction reaction (eCO,RR), which can effectively trans-
form waste CO, into value-added chemicals and carbon-based
fuels using electricity from renewable energy sources, environ-
ment-friendly reaction conditions, mild operations, and an
atom efficient method.’”> However, the electrolysis process in
water is associated with certain challenges, such as the hydro-
gen evolution reaction (HER), a poor selectivity and activity for
the desired products, and a high over-potential and current
density. The use of catalysts and catalytic reactions can help to
reduce energy consumption and enhance the selectivity and
activity of the process.®”

Numerous electrocatalysts have been extensively investi-
gated for the electrochemical reduction of carbon dioxide
(eCO,RR). Among them, molecular complexes, specifically
cobalt phthalocyanine (CoPc), are of great interest owing to
their highly active catalytic sites, ability to tune their electronic
structure through ligand manipulation, well-defined structure-
catalytic mechanism, and improved CO, reduction for selective
product formation.*! However, it has been observed that
CoPc exhibits a significantly low electrical conductivity.'>™*
Thus, to address this limitation, researchers have proposed the
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synthesis of hybrids consisting of CoPc and carbonaceous
materials, which can serve as effective electrocatalysts. Indeed,
carbonaceous materials have the potential to function as suit-
able substrates for anchoring CoPc, thereby presenting a sig-
nificant opportunity for the development of highly efficient
supported molecular catalysts. Among the various carbon-
aceous materials, ordered mesoporous carbons (OMCs) have
attracted significant attention due to their abundant pores,
regular structure, large and accessible surface area, and high
electrical conductivity. These unique properties make OMCs
highly promising for applications in energy storage devices
and electrocatalysis.””™° Furthermore, the introduction of
nitrogen doping in OMCs enhances their performance,
leading to exceptional characteristics. N-doped OMCs with a
significant number of defect sites have been synthesized to
increase their charge density and surface activity.>°>> N-doped
OMCs have been increasingly applied in the eCO,RR in
aqueous solution, given that they can possess a broad range of
nitrogen contents and pore size distribution and potentially
improve the electrode/electrolyte interface by increasing the
wettability and conductivity.”*> These materials can also
serve as a platform or matrix to anchor molecular catalysts,
offering great opportunities to build highly efficient supported
molecular catalysts. In CoPc@N-OMCs, the high surface area
of OMCs and abundant defect sites caused by the embedded
nitrogen in the carbon framework facilitate the efficient
loading of CoPc, whereas the strong n-n stacking interaction
between CoPc and N-doped OMCs suppresses the problem of
weak electrical conductivity.”® It is highly probable that the
lone-pair electron associated with certain embedded nitrogen
can also play a role in facilitating the efficient dispersion of
CoPc centers on N-doped carbon platforms most likely
through coordination with the vacant orbitals of cobalt
centers.

Although substantial efforts have been dedicated to the
development of efficient catalysts for eCO,RR by employing
phthalocyanine-based carbon composites to date, there is
still ample opportunity to enhance their efficiency. In recent
years, our research efforts have been focused on the field of
N-doped OMCs through the documentation of the synthesis
process of various carbon materials derived from ionic
liquids using the nanocasting technique. These materials
have been utilized in diverse organic transformations as a
support for various metal nanoparticles.>’**> Additionally,
they have been employed in numerous significant electro-
chemical investigations owing to their exceptional electronic
characteristics.**” In particular, Karimi et al. reported the
application of guanine-rich ionic liquid-derived ordered
mesoporous carbon (GIOMC)*® and studied the efficiency of
this material as a catalyst for fructose dehydration®® and
electrocatalytic oxygen reduction.*® GIOMC was synthesized
by carbonizing a homogeneous mixture of 1-methyl-3-phe-
nethyl-1H-imidazolium hydrogen sulfate and guanine as
both carbon and nitrogen sources in the presence of
SBA-15 mesoporous silica as a hard scaffold.® Recently, we
further showed the role of nitrogen in GIOMC for the spon-
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taneous non-covalent attachment and electro-grafting of
redox-active materials.?”

Considering the high nitrogen content of GIOMC and its
suitable electrocatalytic activity observed in our previous
studies, we postulated that the utilization of this mechanically
robust and electrically conductive N-doped carbon has the
potential to significantly enhance the strong interaction
between phthalocyanine and carbon, leading to the develop-
ment of a stable electrode with improved electrochemical per-
formance in eCO,RR. The initial idea behind this hypothesis
is based on the fact that GIOMC with a high surface area and
considerable number of nitrogen defect sites possesses at least
two additional distinct characteristics, i.e., superior conduc-
tivity and hydrophobic framework. Altogether these character-
istics may provide a means for strong interaction with the
hydrophobic phthalocyanine aromatic rings and vacant Co
orbitals, thereby greatly improving the electrochemical
efficiency of the resulting phthalocyanine-based carbon
composites.

Alternatively, one of the critical challenges in improving the
efficiency of eCO,RR is the design of an appropriate electroly-
zer. Generally, it is important to note that the oxidation of
water, as the anodic reaction, occurs in a typical eCO,RR elec-
trolyzer. This reaction is characterized by slow kinetics and
necessitates high oxidation potentials. However, through the
implementation of paired electrosynthesis, it is possible to
replace the ineffective and useless water oxidation with a more
advantageous anodic process that occurs at significantly lower
oxidation potentials.**** Paired electrochemical systems can
potentially lead to the production of valuable products at both
the anode and cathode ends, resulting in up to a 50%
reduction in energy consumption.**> Taking cues from these
distinct advantages, several paired electrochemical methods
have been introduced thus far to address this issue and
increase the efficiency of eCO,RR simultaneously.*> In line
with this, we hypothesized that a promising alternative to the
kinetically slow formation of O, during the undesirable oxi-
dation of water may be accomplished by pairing the anodic
production of medicinal-based products in aqueous and mild
conditions with the cathodic eCO,RR, which is an innovative
approach that has not been explored to date. Among the
biological products, sulfonamides, also known as sulfa
drugs, are an important class of chemical medicines that
contain sulfonamide functional groups.** Sulfonamides are
inherently bioactive compounds that are commonly used as
enzyme inhibitors and for correcting pathological con-
ditions. Since the Second World War, sulfonamides have
been widely used in the development of antimicrobial, anti-
tumor, anti-inflammatory, and antiviral drugs, following
their initial use in the treatment of severe injuries.***®
Additionally, organosulfones have gained significance in the
field of chemistry due to their biological activity and wide-
ranging applications in medicinal chemistry.*® Consequently,
it is important for the pharmaceutical industry to synthesize
organosulfones, particularly various types of structurally
diverse sulfonamides under environmentally friendly and
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mild conditions. Sulfonamides and organosulfones are typi-
cally synthesized through multiple steps and rigorous reac-
tions. Nevertheless, there have been limited instances where
green electrochemical methods have been utilized for the
synthesis of these compounds.*’~>°

To test the above-mentioned hypotheses, we aimed to
create a paired electrolysis setup for CO,RR. This setup
involved using a hybrid of CoPc@GIOMC as the cathodic elec-
trocatalyst, while simultaneously oxidizing phenylhydroxyl-
amine derivatives and catechol in the presence of arylsulfinic
acids in the anodic part. The goal was to produce five new and
four known sulfonamide and organosulfone derivatives under
environmentally friendly conditions. In this case, a hybrid
material based on CoPc was prepared by impregnating CoPc in
GIOMC. Subsequently, this material was used to modify the
working electrode in a CO, electrolyzer. In the second part of
the current study, we developed a paired electrolysis system for
the selective electro-reduction of CO, to CO, which was
coupled with the electrochemical synthesis of sulfonamides
under environmentally friendly conditions. It was anticipated
that the electrochemical oxidation of phenylhydroxylamine (or
N-(p-tolyl)hydroxylamine, 4-(hydroxyamino)benzoyl chloride,
or catechol) would occur in the anodic region in the presence
of arylsulfinic acids. The lower oxidation potentials of these
materials compared to water oxidation significantly reduced
the applied voltage and increased the energy efficiency to a
great extent.

Experimental
Chemicals

Chemicals and reagents including cobalt(in) phthalocyanine
(CoPc), Nafion, P-123, tetraethyl orthosilicate, alkyl bromide,
1-methylimidazole, phosphoric acid, acetic acid, toluene, di-
chloromethane, sulfuric acid, hydrochloric acid, 4-chlorosulfi-
nic acid, benzene sulfinic acid, 4-toluenesulfinic acid (TSA),
nitrobenzene (NB), 4-nitrotoluene (NT), 4-nitrobenzoyl chlor-
ide (NBCl), ammonium chloride, zinc powder, dimethyl forma-
mide, and sodium hydroxide were purchased from Merck and
Sigma-Aldrich. Also, 2-bromo-1-phenylethane, guanine and
cesium hydride were prepared from Across Systems. 5% Nafion
(ethanolic solution) and Nafion 117 were purchased from
Electrochemi Baspar Company. All chemicals were used as
received with no further purification. Graphite paper (99%)
was purchased from Nano-bazar.

Material characterization

FTIR analysis was performed using a Bruker-Vector 22 instru-
ment. A 200 kv Schottky field emitter transmission electron
microscope (TEM) was used to determine the presence of
pores and structures in the CoPc@GIOMC hybrid. The nitro-
gen adsorption-desorption analysis was performed using a
BELSORP-MAX analyzer at 77 K. The materials were degassed
for 6 h at 353 K before analysis. The BET method was used to
determine the surface area. The Barrett-Joyner-Halena (BJH)
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and DH techniques were utilized to determine the pore size
distribution. The surface morphology analysis and elemental
mapping of the materials were performed using a scanning
electron microscopy (TESCAN MIRA 2). The Raman spectra of
GIOMC and CoPc@GIOMC hybrid were recorded using a Ram-
532-004. Thermogravimetric analysis (TGA) was performed
using a NETZSCH STA-404 in the temperature range of
25-700 °C under an N, atmosphere. The possible liquid pro-
ducts during electrochemical CO, reduction were assessed
using a KNALIER D-14163 instrument with RI (K-2301) and UV
(K-2600) detectors. XPS analysis was performed using a SPECS
instrument, model: FlexPS. XRD data was obtained using an
XRD Bruker D8 Advance. Gas chromatography was used for
the analysis of the gas products on an Agilent 7890A. The GC
was equipped with a Plot Q/molecular sieve column.
Helium was used as the carrier gas with FID/TCD detectors.
NMR analysis was performed using a Bruker-400 MHz instru-
ment. The GC data for the determination of the anodic fara-
daic efficiency was recorded using a Varian CP-3800 gas chro-
matograph instrument (GC) equipped with a capillary column
and flame-ionization detector (FID) using an internal standard
method. UV-Vis spectra were obtained with a Cary 100 Bio.
The pH values of the solutions were reported using a Metrohm
pH meter. ICP-MS was performed on a PerkinElmer model:
ELAN 9000.

Electrochemical measurements

An Autolab PGSTAT 30 with a three-electrode system was used
for cyclic voltammetry and chronoamperometry and a two-elec-
trode setup used for the potential-time plots. The electrolysis
in either non-paired or paired CO, reductions and also electro-
chemical reduction of 4-nitrotoluene (NT) and 4-nitrobenzyl
chloride (NBCI) were carried out using an Atomlab potentio-
stat with a digital Coulomb counter. Impedance (EIS) measure-
ments were carried out using Zahner/Zennium instrument. All
electrochemical experiments of eCO,RR were performed in a
two-compartment H-type cell with Nafion 117 as the mem-
brane separator. In the cyclic voltammetry experiments, the
cell was equipped with a modified glassy carbon (GC)
(surface area: 0.034 cm”) and a platinum wire as the
working and counter electrode, respectively. A 0.7 cm?” piece
of graphite paper modified with the CoPc@GIOMC hybrid
was used as the working electrode in chronoamperometry
and electrolysis under the controlled potential of CO,RR. A
soft graphite plate (20 mm length, 5 mm width and 40 mm
height) was utilized as the counter electrode. The constant
current electrolysis was performed with CoPC@GIOMC/
graphite paper as the cathode and graphite plate as the
anode. The electrochemical reduction of NT and NBCl was
performed in a divided home-made cell consisting of three
soft graphite plates (surface area of each plate: 20 cm?) as
the working electrode accompanied with a graphite plate
(10 cm?) as the counter electrode. The working electrode for
voltammetric studies of the anodic part during paired elec-
trolysis was a bare glassy carbon electrode. The electrolyte
in the cathodic part of the CO, electrochemical cell was 0.5
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M KHCO; saturated with CO, (pH = 7.4). The electrolyte in
the anodic part of the CO, electrochemical cell in the non-
paired configuration was also 0.5 M KHCOj;. In all electro-
chemical analyses, Ag/AgCl (3 M) was used as the reference
electrode and converted to RHE according to eqn (1).

Erug = Eag/agcl + 0.059pH +- 0.2 (1)

In the electrochemical data, iR corrections were exerted.
The gas products were analyzed from the headspace of electro-
lysis cell by injection via a gas-tight syringe.

The faradaic efficiency (FE) was obtained according to
eqn (2).

nmF
FE = —— x 100 (2)

where m is equal to mol of CO (or H,) for FE of the cathodic
and consumed substrate for FE of the anodic part. n, F, i and ¢
are equal to the number of electrons, faradaic constant,
current (A) and electrolysis time (s), respectively.

The partial current density of CO and H, was calculated
according to eqn (3).

jCO orH, — FECO orH, X itotal (3)
Turnover Frequency (TOF) was calculated with eqn (4).
iFE

TOF(s ) = ———M ——
( ) 2 X 96485 X Nncae

(4)
where 7., is mole of catalyst (CoPc) loaded on the electrode
surface. In addition, the energy efficiency of the paired electro-
lysis coupled with oxidation of catechol in the presence of
4-toluenesulfinic acid (TSA) was estimated using eqn (5).

E° x FEco + E9 x FE
EEY = —o2/C0: YR 77T 100 (5)
Ecen
where EG, o, and Eg o are —0.11 and 0.795 V (ref. 51) vs.

SHE, respectively. The cathodic and anodic reactions were per-
formed in a solution with pH values of 7.4 and 3.0, respect-
ively. E° vs. RHE was determined to be —0.56 and +0.618 V for
the reduction of CO, to CO and oxidation of catechol (H,Q) to
quinone (Q), respectively, according to the Nernst equation

(eqn (6)).

Egyp = Egyyp — 0.059 x pH (6)

Preparation of CoPc@GIOMC hybrid

Firstly, 3 mg of GIOMC was dispersed in 2 mL of DMF under
sonication for 30 min. Next, 2 mg of CoPc was added to 2 mL
of DMF and stirred for 30 min. Then, 0.3 mL of CoPc in DMF
was added to dispersed GIOMC, followed by 30 min sonication
to obtain CoPC@GIOMC (0.9%). Different amounts of CoPc
were used for other ratios of CoPC to GIOMC to prepare the
other hybrids. In the next step, 20 pL of Nafion 5% (v/v) dis-
solved in ethanol was added to the suspension and further
sonicated for 30 min. The hybrid was ready to use after 20 h
stirring at room temperature.
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Modification of the GC electrode and graphite paper with
CoPc@GIOMC hybrid

For the voltammetry studies, the GC electrode was polished
with two pieces of felt cloth containing 0.3 and 0.05 pm
alumina and thoroughly washed with water. Thereafter, 2 pL of
ink was dropped on the surface of the GC electrode. In the
chronoamperometry studies, the graphite paper was washed
with acetone, and then modified by drop-drying 60 pL of the
hybrid on 0.6 cm® of the surface paper (loading: 1.37 x 107°
mol CoPc).

Chemical synthesis of hard template of SBA-15

Ordered mesoporous silica was synthesized based on the pre-
vious work.>®*® In brief, Pluronic acid (P-123) surfactant and
tetraethyl orthosilicate as the silica source were mixed in
acidic solution. Then, the mixture was placed in static con-
ditions for 24 h to produce the desired silica mesoporous
structure. Subsequently, the solid was filtered and washed
several times with ethanol. The surfactant was removed after
two days using Soxhlet apparatus and ethanol solvent.

Synthesis of 1-methyl-3-phenethyl-1H-imidazolium hydrogen
sulfate (MPIHS)

The preparation of MPIHS was described in the previous
report.*®*® Briefly, 80 mmol 2-bromo-1-phenylethane and
73.1 mmol 1-methylimidazole were dissolved in 50 mL dry
toluene. The solution was refluxed under an argon atmosphere
for 24 h. At the end of the reaction, the contents of the flask
were cooled to room temperature. The reaction mixture turned
into two phases. The obtained ionic liquid was refluxed in
100 mL of dry toluene for 3 h, and then dried. To anion
exchange Br~ with HSO,~, 30 mmol of 1-methyl-3-phenylethyl
imidazolium bromide (8 g) was added to a flask containing
100 mL of dry dichloromethane. Then 98% sulfuric acid
(30 mmol, 1.6 mL) was slowly added to the flask in an ice bath
and refluxed for two days. The solvent was evaporated under
vacuum conditions and the obtained MPIHS was dried in a
vacuum oven at 60 °C.

Preparation of guanine-rich ionic liquid-derived ordered
mesoporous carbon (GIOMC)

A solution of 0.5 g guanine and 5 g MPIHS at 100 °C was
added to 1 g SBA-15. The resulting paste was carbonized at
800 °C for 3 h under argon gas. The silica template was
removed by stirring with HF.>%3%

Chemical synthesis of phenylhydroxylamine (PHA)

Nitrobenzene (1 mL, 9.75 mmol) was dissolved in a mixture of
ethanol/water (5 mL/10 mL) containing ammonium chloride
(0.615 g, 11.5 mmol), and then vigorously stirred. While stir-
ring, zinc dust (1.3 g, 20 mmol) was added over 20 min.
Thereafter, the stirring was continued for another 20 min. The
solution at the end of the reaction was filtered and washed
with distilled hot water. Then, it was centrifuged until a clear
and bright yellow solution of PHA was obtained.
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Electrochemical synthesis of N-(p-tolyl) hydroxylamine (THA)
and 4-(hydroxyamino)benzoyl chloride (HABCI)

4-Nitrotoluene (1 mmol, 0.136 g) (or 4-nitrobenzoyl chloride
(1 mmol, 0.184 g)) was added to an electrochemical cell con-
taining ethanol/phosphate buffer (0.5 M, pH = 3.0) (20/80
v/v%). The electrolysis was carried out under a controlled
potential condition at —0.38 V vs. Ag/AgCl until the substrate
was completely converted to its reduced form at the surface of
the cathode. The progress of the reaction was monitored by
cyclic voltammetry.

Electro-organic synthesis of sulfonamide and organosulfone
derivatives in the anodic part of an H-type cell

PHA (or THA, HABCI or catechol) was added to the anodic part
of an H-type cell containing 4-toluenesulfinic acid sodium salt
(1:1 ratio) (benzensulfinic acid or 4-chlorosulfinic acid) in
100 mL ethanol/phosphate buffer (0.5 M, pH = 3.0) (20/80
v/v%) under stirring. At the end of the reaction, the solvent
was evaporated until the white solid product appeared signifi-
cantly. The obtained solid was washed with water and dried at
room temperature. The product was characterized employing
spectroscopic techniques.

Results and discussion
Synthesis and structural properties of CoPc@GIOMC hybrid

Firstly, GIOMC was prepared by carbonizing a homogeneous
mixture of 1-methyl-3-phenethyl-1H-imidazolium hydrogen
sulfate and guanine as both the carbon and nitrogen sources
in the presence of SBA-15 mesoporous silica as a hard scaffold
following our previous reported procedure. The XPS analysis of
GIOMC showed the presence of carbon (75.6%), oxygen
(10.6%) and high content of nitrogen (13.8%). Deconvolution
of the nitrogen region showed four signals related to pyridinic,
pyrrolic, graphitic and nitros-oxide nitrogens. The TEM ana-
lysis together with the BET and BJH results revealed well-
ordered mesoporous structures with a regular arrangement of
meso channels, reflecting the ideal replication of hexagonal
structure of SBA-15 and narrow pore distribution.>®3®

The CoPc@GIOMC hybrid was obtained by adding an
optimal volume (0.3 mL) of a DMF solution of CoPc to a pre-
sonicated GIOMC suspension in DMF and sonicating the
mixture, as described in the Experimental section. Among the
solvents investigated, including DMF, acetone, and ethanol,
DMF was determined to be a notably more appropriate solvent
due to its effective carbon dispersion capabilities. Numerous
reports have been published on the investigation and elucida-
tion of the n-m stacking interaction between metal phthalo-
cyanine and carbon structures.’’>® Therefore, the hybridiz-
ation of CoPc and GIOMC was also expected to enhance
eCO,RR because of the strong interaction between CoPc and
the carbon structure, generating n-n stacking interaction
between the phthalocyanine ligand and carbon plane in a
similar way. It was also supposed that the direct interaction of
the immobilized Co species and embedded nitrogen in the
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nanospaces of GIOMC (Co-N interactions) modulates the elec-
tronic properties of the Co atom. In addition, the high electri-
cal conductivity of GIOMC was confirmed in our recent
report.”” Therefore, it is reasonable to speculate that the high
conductivity of GIOMC can reduce the electrical resistance.
Consequently, any applied potential during electrolysis would
facilitate the electron transfer process rather than having to
overcome the resistance. With this hypothesis, a series of the
hybrids was prepared with different weight ratios of CoPc and
GIOMC.

Given that the Co atom plays a key role in electrocatalytic
reduction, the obtained hybrids were labeled according to
their theoretical Co percentage. The SEM images of GIOMC
and CoPc@GIOMC (0.9%) are shown in Fig. 1I and II, respect-
ively, indicating that the incorporation of CoPc in GIOMC did
not significantly affect the carbon structure. The elemental
mapping of the hybrid (Fig. 11II) confirmed the uniform distri-
bution Co species throughout the surface of GIOMC, thus
strongly highlighting the notion that the nitrogen is crucial for
the effective dispersion of CoPc. This is most likely due to the
acidic properties of the Co species and basic nature of the
embedded nitrogen atoms. This strong affinity of Co to nitro-
gen with electron-donating properties ensures the diffusion of
CoPc into the nanospaces of GIOMC, thus providing a means
for the homogeneous distribution of CoPc on the
CoPc@GIOMC hybrid. The amount of Co loaded on the elec-
trode, which was calculated with ICP-MS, was 0.85%, in good
agreement with the theoretical value of 0.9%. This indicates
that the majority of the CoPc complexes were anchored in the
hybrid structure. The structural pattern of the hybrid was
investigated using TEM. Fig. 2 and Fig. S1{ show the ordered
arrays of carbon rods replicated from the pores of SBA-15.

0201 g, (1 ogu

1 pm EHT - 10.00 BV
C Kal 2 0O Kal Co Lal 2 N Kal 2
Mum’ Mum! T

Fig. 1 The SEM images of (l) GIOMC, (ll) CoPc@QGIOMC (0.9%) hybrid,
and (Ill) elemental mapping analysis of C, O, N, and Co.
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Fig. 2 The TEM image of the CoPc@GIOMC (0.9%) hybrid.

Selected area electron diffraction (SAED) of different parts of
the hybrid did not show a crystalline structure related to CoPc
in the hybrid, which is most likely due to its efficient distri-
bution in the carbon structure. Fig. 3I displays the XRD
pattern of CoPc, GIOMC and CoPc@GIOMC (0.9%). The diffr-
action peaks at 20 = 7.58° and 9.82° for CoPc correspond to
the (100) and (102) crystal planes of -CoPc, respectively. The
XRD pattern of the hybrid did not reveal any clear character-
istic peaks related to CoPc, which can be attributed to either
the low loading of CoPc on GIOMC or the strong interaction of
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Fig. 31I shows a comparison of the Raman spectra of GIOMC
and CoPc@GIOMC (0.9%). The Raman spectrum of GIOMC
shows two distinct peaks corresponding to the D and G bands
at 1334 and 1566 cm™ ", respectively. It is well-known that the
G band is due to the graphite nature of the carbon structure
and the D band is related to structural defects and edge
effects. The relative ratio of the D to G bands (Ip/Ig) is more
than 1, indicating the presence of significant defect sites in
the structure of GIOMC due to the presence of nitrogen in
GIOMC. Generally, the presence of heteroatoms increases the
number of defect sites in carbon structures. It is worth noting
that the ratio of the D and G bands in the CoPc@GIOMC
hybrid increased to 1.3, which is attributed to the increase in
the number of defect sites in the hybrid by introducing CoPc
in the structure. Moreover, the increase in Ip/Ig may be a result
of the close interaction of CoPC with GIOMC via n-n stacking
interaction and the change in the aromaticity of the carbon
structures.”®>® A close look of the spectra revealed two
additional signals located at 1540 and 1480 cm™', corres-
ponding to the C=N and C-N bonds of CoPc, respectively.
Furthermore, the slight shift in the G band (from 1566 to
1556 cm™ ") confirms the robust interaction via n-n stacking
interaction of CoPc to GIOMC.**">® The structural properties of
the CoPc@GIOMC hybrid were also analyzed by means of
FTIR spectroscopy. Fig. S21 shows the vibration bands of CoPc
at 733, 1286, 1333, 1462 and 3677 cm™*, which can be assigned
to Co-N, C-N, C=N, and C=C of the macrocyclic ring and C-
H, respectively. In addition, Fig. 3III shows a comparison of
the FTIR spectra of GIOMC and CoPC@GIOMC (0.9%), reveal-
ing the appearance additional characteristic signals at 680,
1117, 1261 and 3149 cm™', which are related to the vibration
of Co-N, C-N bending, C-N stretching of isoindole and C-H

stretching, respectively. The signals appearing at 2925 and
1

each CoPc molecule with the graphitic planes of GIOMC. 2958 cm™ are possibly related to the stretching vibration of
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Fig. 3 (I) The XRD pattern of pure CoPc, CoPc@GIOMC (0.9%) hybrid, and pure GIOMC. (ll) The Raman spectra, (lll) FTIR spectra, (IV) N, adsorp-
tion—desorption isotherm, and (V) pore size distribution of GIOMC and the CoPc@GIOMC (0.9%) hybrid. Table: surface area, pore diameter, and

average pore size of GIOMC and the CoPc@GIOMC (0.9%) hybrid.
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the C-H bonds in DMF, which is trapped in GIOMC.
Additionally, the shift in the vibration bands of CoPc in the
hybrid compared with that of free CoPc indicates the inter-
action of CoPc with surface functional groups of GIOMC. On
the other hand, the signals of GIOMC also shifted, further con-
firming the strong interaction of CoPc with a carbon structure.
Fig. 3IV displays the nitrogen adsorption-desorption diagram
and Fig. 3V shows the pore size distribution for both GIOMC
and CoPc@GIOMC (0.9%) in GIOMC. Both plots show the
pattern of type IV isotherm in the pressure ratio (P/P,) range of
0.4 to 0.8, which reflects the characteristic of mesoporous
structures. The total pore volume and BET surface of the pris-
tine GIOMC decreased from 0.443 m® g* and 545.8 m* g ' to
0.24 ecm® ¢7' and 200.3 m? g7' for CoPc@GIOMC (0.9%),
respectively. This clearly indicates the successful incorporation
of CoPc in the mesochannels of GIOMC. TGA analysis under
N, atmosphere was comparatively performed for GIOMC, CoPc
and the CoPc@GIOMC (0.9%) hybrid (Fig. S3t). GIOMC
showed a small weight loss below 100 °C, which is most likely
attributed to water or other surface adsorbed species. The
weight loss gradually started and increased from 200 °C
onward, indicating the decomposition of the carbon structure.
On the contrary, CoPc@GIOMC (0.9%) tended to exhibit
greater stability than GIOMC against weight loss under identi-
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cal conditions, demonstrating a possible synergistic stabilizing
effect between the supported CoPc species and GIOMC.

Electrocatalytic behavior of CoPc@GIOMC electrocatalyst
toward eCO,RR in non-paired electrochemical cell

After the characterization of CoPc@GIOMC (0.9%), next we
studied the electrocatalytic behavior of the electrode modified
with CoPc@GIOMC (0.9%) using cyclic voltammetry with a
three-electrode system in an H-type cell by drop-coating 2 pL of
ink on the working electrode. As low as 4.5 x 10~*° mol of CoPc
was loaded on the electrode surface and the voltammetric
responses of the modified electrode in 0.5 M KHCO; aqueous
solution were measured. The potential was swept toward nega-
tive potentials in the range of +0.5 to —1.1 V vs. RHE in 5 mV
s~! in solution under two different conditions, i.e., N,-solution
saturated and N,-plus CO,-saturated solution (Fig. 4I). The
current density significantly increased in the CO,-saturated
solution, clearly confirming the electrocatalytic reduction of
CO, with an onset potential of —0.3 V vs. RHE (overpotential of
—0.21 V for CO in pH = 7.4). Voltammetry was further con-
ducted in CO,-saturated 0.5 M KHCO; solution with the elec-
trode modified with different ratios of CoPc to GIOMC to opti-
mize the amount of CoPc (Fig. 41II). As can be clearly seen, the
modified electrode exhibited a low current density at high
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Fig. 4 (I) The cyclic voltammograms of the CoPc@GIOMC (0.9%)-modified electrode in N»- and CO,-saturated 0.5 M KHCOj3 solution at 5 mV s™%;
(I) the cyclic voltammograms of the electrode modified with CoPc@GIOMC with various Co loadings of (a—e) 0.9%, 1.6%, 0.6%, 6.3%, and 7.8%; (lll)
the chronoamperograms of CoPc@GIOMC with various ratios of CoPc to GIOMC at —0.68 V vs. RHE; (IV) the chronoamperograms of CoPc@GIOMC
(0.9%) at different potentials in CO,-saturated 0.5 M KHCOs, (V) the UV-vis spectra of CoPc loaded on the electrode before and after 1 h electrolysis
at —0.66 V; and (VI) a comparison of the FTIR spectra of CoPc@GIOMC loaded on the electrode before and after 1 h electrolysis at —0.66 V.
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CoPc concentrations (6.3% and 7.8%), which is most probably
due to CoPc aggregation on the electrode surface. The aggre-
gated CoPc molecules have low conductivity, which can signifi-
cantly reduce the catalytic efficiency, and consequently, the
current density. It is noteworthy that the current density was
smoothly increased by decreasing the amount of loaded CoPc
on GIOMC, demonstrating the higher activity of the Co species
due to the strong interaction of the individual Co centers with
the embedded nitrogen atoms and robust anchoring of CoPc
by n-=n stacking interaction.

Linear sweep voltammetry (LSV) curves were also recorded
for GC electrodes modified with CoPc@GIOMC with different
percentages of Co, as well as for the electrodes modified with
pure CoPc and pure GIOMC (Fig. S4f). To ensure a valid com-
parison, the quantities of pure CoPc and pure GIOMC de-
posited onto the electrode were adjusted to match the amount
used for CoOPc@GIOMC (0.9%). As clearly observed, the current
density observed for the electrode modified with GIOMC was
much lower than that of the hybrids with 0.9% to 1.6% Co.
The low current density of the electrode modified with GIOMC
indicated that it did not play a direct role in the reduction of
CO,. The significant increase in current density observed in
the hybrid with 0.9-1.6% of Co indicates that GIOMC is a suit-
able support for CoPc. The remarkable increase in the current
density was due to the super electrical conductivity of GIOMC,
the considerable nitrogen content, and the high surface area
of the mesoporous carbon. In addition, although the amount
of CoPc in the electrode modified with pure CoPc and
CoPc@GIOMC (0.9%) was the same, the current density
observed in the hybrid was significantly higher. This demon-
strates the effectiveness of GIOMC in enhancing the conduc-
tivity, and also effectively isolating the Co centers on the elec-
trode surface. The CoPc@GIOMC (0.9%)-modified electrode
was finally chosen as the actual electrocatalyst system having
the optimal loading of CoPc for the subsequent studies. Lower
CoPc values than 0.9% were found to be less efficient because
of the presence of insufficient electro-active sites.

In the next stage, we continued our studies by conducting a
chronoamperometry experiment under the same conditions of
cyclic voltammetry using a piece of graphite paper (0.7 cm?) as
the working electrode. To ensure that the optimal CoPc/
GIOMC ratio that resulted in the best output in the voltamme-
try studies also worked well for the chronoamperometry
investigations, the same screening using different
CoPc@GIOMC ratios was also conducted in the chronoamper-
ogram measurement (Fig. 4III). Accordingly, it was found that
the modified electrode comprised of CoPc@GIOMC samples
with 6.3%, 1.6% and 0.6% of CoPc resulted in inferior activity
compared to the material having 0.9% Co species. These
results once again confirmed that the highest current density
can be obtained in the chronoamperometric studies using
modified electrode with CoPc@GIOMC (0.9%). The electro-
chemical performance of CoPc@GIOMC (0.9%) was evaluated
at different applied potentials in a CO, atmosphere and its
chronoamperograms were recorded (Fig. 4IV). The current
density sharply increased at —0.66 V vs. RHE, reaching the
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maximum of 37 mA cm™" by exerting an overpotential of 0.57
V, which indicates its significant activity toward eCO,RR. The
reduction of CO, at a potential —0.66 V was easily performed
without any kinetic restrictions. The presence of mesochan-
nels and high porosity of the CoPc@GIOMC hybrid material
increased the mass transfer of the electrolyte and CO,.
Consequently, even with a slight increase in potential, the
current density experienced a significant increase. For electro-
chemical catalysis using modified electrodes, the stability of
the electrode system and steady-state and reproducible
responses are important issues that should be resolved.
Therefore, the chemical and physical stability of the CoPc-sup-
ported species were assessed by comparing the UV-Vis spectra
of the CoPc@GIOMC (0.9%) modified electrode before and
after 1 h of electrolysis. This study showed that CoPc remained
largely stable on the surface of the electrode after electrolysis.
Subsequently, to shed light on this observation, the UV-Vis
spectra were also obtained by dissolving CoPc from the surface
of the spent electrode in DMF with sonication and measuring
the absorbance of the resulting solution (Fig. 4V). The same
experiment was also applied to a solution obtained by dissol-
ving CoPc from the fresh electrode surface before electrolysis
employing essentially the same protocol. The absence of any
remarkable difference between the UV spectra of two solutions
of CoPc clearly confirmed the high stability of CoPc on the
electrode (Fig. 4V). The stability of the hybrid materials was
further confirmed by FTIR spectroscopy (Fig. 4VI). The FTIR
spectra of CoPc@GIOMC (0.9%) on the electrode before and
after 1 h electrolysis were recorded and compared. There was
no significant difference in these spectra, indicating that CoPc
did not apparently undergo any chemical or physical changes
during electrolysis. X-ray photoelectron spectroscopy (XPS) was
performed on the hybrid before electrolysis and after 1 h elec-
trolysis at —0.66 V. Fig. 5 shows the cobalt photoemission
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Fig. 5 XPS spectra for the Co 2p region of CoPc@GIOMC (0.9%) (1)
before electrolysis and (Il) after 1 h electrolysis at —0.66 V vs. RHE.
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region for the CoPc@GIOMC (0.9%) hybrid. It should be noted
that the high-resolution XPS core spectrum for Co2p in the
fresh CoPc@GIOMC hybrid could be easily fitted. In both
cases, Co 2p;, and Co 2p;,, were deconvoluted using a peak
separation of 14.62 eV and the peaks constrained to a 3:2 area
ratio at binding energies (BE) of 781.27 eV and 795.89 eV,
respectively. These signals can be attributed to the presence of
Co®" oxidation state (Fig. 5I). It is very important to note that
the XPS spectrum of the CoPc@GIOMC (0.9%) sample after
1 h electrolysis remained almost unchanged, confirming the
high stability of the CoPc species under the described con-
ditions (Fig. 5II). In addition, the absence of any additional
detectable intensities in both samples also indicated that the
presence of nitrogen in GIOMC did not apparently affect the
oxidation state of the cobalt species. After ensuring the stabi-
lity and high activity of the CoPc@GIOMC (0.9%)-modified
electrode under the indicated electrochemical conditions, we
turned our attention to studying the selectivity of the present
electro-catalyst toward eCO,RR. Here, the products of electroly-
sis were analyzed by GC and HPLC for gaseous and liquid pro-
ducts, respectively (Fig. 61).

No liquid product was detected, and carbon monoxide (CO)
was produced as the main product, together with small quan-
tities H,. This high selectivity towards the formation of carbon
monoxide can undoubtedly be attributed to the significance of
the presence of cobalt centers in our hybrid-based electrode
system. The faradaic efficiency (FE) was calculated in the
potential range of —0.38 to —0.68 V vs. RHE. The FE reached
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Fig. 6 () The FE and (Il) partial current density of CO and H, measured
in the electrolysis of CO, at different potentials using CoPc@GIOMC
(0.9%) in the same solution as mentioned in Fig. 4l. (lll) A plot of 5 vs.
—logjco for CO production in the electrolysis of CO, using
CoPc@GIOMC (0.9%) at various overpotentials in 0.5 M KHCO3, and (IV)
the recorded current density during 8 h electrolysis of CO, at —0.66 V
vs. RHE.
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the maximum of 90% at —0.68 V versus RHE, with a TOF of
11.2 s~'. The observed high FE (faradaic efficiency) and
current density can be attributed to the efficient mass transfer
and adsorption of carbon dioxide on the CoPc@GIOMC
surface in close proximity to the cobalt centers. This is due to
the high surface area and electron-donating properties of the
embedded nitrogen in the GIOMC framework, thus finally
facilitating the effective electroreduction of absorbed CO,.
Fig. 6II shows the partial current density for CO and H, at
different exerted potentials. The current density for CO was
much higher than that for H, at almost all the applied potentials.
The slope of the Tafel plot (logjco-logn) was calculated to be
144 mV dec ™", reflecting the kinetics and mechanism of eCO,RR
using CoPc@GIOMC (0.9%) (Fig. 6III). The slope is close to the
theoretical value of 118 mvV, verifying that the rate-determining
step is most likely the electroreduction of CO, to the *COOH
intermediate.”” The operation of the bulk electrolysis was also
studied over time at —0.66 V versus RHE. Accordingly, the stability
of the CoPc@GIOMC (0.9%)-modified electrode was tested by per-
forming continuous electrolysis for 8 h, which resulted in a stable
and nearly constant current density of 20 mA cm ™", thus indicat-
ing the high stability and durability of our electrocatalyst system
(Fig. 6IV). Table 1 compares the performance of the present cata-
lyst with other CoPc based-electrocatalysts reported for eCO,RR,
demonstrating the clear efficiency of CoPc@GIOMC. The kinetic
performance of the catalyst toward eCO,RR was also examined
with electrochemical impedance spectroscopy (EIS), which
showed a low solid/electrode charge-transfer resistance (R.), as
evidenced by the Nyquist plot (Fig. S5t). This issue is most likely
related to the significant electrical conductivity of GIOMC.
Alternatively, the high concentration of the electrolyte increased
the conductivity of the solution.

Design of electrolyzer for eCO,RR on CoPc@GIOMC electroca-
talyst coupled with electro-oxidative synthesis of sulfonamide
and organosulfone derivatives

Anodic part: In the anodic part, the process involved the
electrochemical oxidation of some electroactive species with
an oxidation potential significantly lower than water, including
N-phenylhydroxylamine  (PHA),  N-(p-tosyl)hydroxylamine
(THA), 4-(hydroxyamino)benzoyl chloride (HABCl) and cate-
chol in the presence of arylsulfinic acids as nucleophiles. PHA
derivatives were prepared through the chemical reduction of
the corresponding substituted nitrobenzenes using a mixture
of ammonium chloride and zinc powder as the reducing agent
and catalyst, respectively. The electrochemical properties of
the various PHAs are discussed in detail in the ESL.{ Having
the optimized electrochemical synthesis of THA by applying
the controlled-potential electrolysis of NT at —0.4 V vs. RHE in
a divided cell, as outlined in the ESI,f we set out to perform
parallel paired electrolysis for the transformation of CO, to CO
in the cathodic part and simultaneous electro-oxidation of
PHA in the presence of 4-toluenesulfinic acid (TSA) at the
anodic section. A three-electrode configuration in an H-type
cell equipped with a working electrode (catalyst) made of
CoPc@GIOMC (0.9%)-modified graphite paper and a counter
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Table 1 Comparison of electrocatalytic CO, reduction to CO over CoPc electrocatalysts with the current study

Catalyst Main Partial j
Catalyst loading (mol cm™?) Electrolyte products (%) TOF (s V vs. RHE (mA cm™2) Ref.
CoPc@GIOMC 2.28%x107° 0.5 M KHCO; CO, 90 11.2 —0.68 33.2 This study
CoP¢/MWCNT 2.33x107° 0.5 M KHCO; Co, 92 4.08 -0.68 13.1 58
CoPc-CN/CNT 3.5 wt% 0.5 M KHCO; CO, 88 1.4 —0.46 5.6 12
CoFPc 1.3x1078 0.5 M KHCO; CO, 93 1.6 -0.8 4.4 59
CoPc-1 3.78x107° 0.5 M KHCO; CO, 94 0.29 —0.54 2.2 60
CoPc2@carbon powder 1.44 x 1078 0.5 M KHCO; CO, 93 6.8 —-0.68 18.1 58
CoPc-P1-COF 3.7 wt% 0.5 M KHCO; CO, 95 4.9 -0.9 21.2 61
CoTNPc 6.57 wt% 0.5 M KHCO; CO, 94 — —0.88 12.6 10
CoOCPc 5.04 wt% 0.5 M KHCO; CO, 91 — —0.78 6.8 10
CoPPc-CNT 5.6 wt% 0.5 M KHCO; CO, 96 0.41 -0.6 3.6 62
CoPPc@g-C3N4-CNT 6.5 wt% 0.5 M KHCO; CO, 95 4.9 -0.8 21.9 63
electrode made of graphite plate was employed. The working A 1 . 1 038V

| T——

electrode was immersed in a CO,-saturated 0.5 M KHCO;
aqueous solution as the catholyte, while the counter electrode
was immersed in a solution of PHA as the substrate and TSA
as the nucleophile (1: 1 ratio) in ethanol/water (aqueous phos-
phate buffer solution, 0.5 M, pH = 3) (20/80 v/v%) as the
anolyte. The Ag/AgCl reference electrode was placed as near as
possible to the working electrode. The electrolysis was con-
ducted at —0.66 V vs. RHE and the progress of the electrolysis
in the anodic part was monitored with cyclic voltammetry
(Fig. 71). The A; and A, signals correspond to the oxidation of
PHA and TSA, respectively. These signals decreased gradually,
while the A; peak related to the corresponding product
appeared. This clearly verifies the inhibition of the water oxi-
dation and the progress of the desired reaction by the efficient
oxidation of PHA. Neither the oxidized form of TSA nor the
over-oxidized products were detected, verifying that only PHA
molecules were oxidized at the surface of the counter elec-
trode. Generally, the oxidation process with the lowest required
potential occurs during electrolysis. The oxidation potential of
the species in the electrolysis cell followed the order of water >
TSA > product > PHA. The initial view is that concentration
polarization occurs parallel to the decrease in PHA. Therefore,
in addition to PHA, it is possible for other species to partici-
pate in the electro-oxidation process. However, the high level
of purity observed in the products suggests efficient electron
transfer and a high current density. The chronoamperograms
were recorded at different applied potentials to further assess
the electrolysis process using the same procedure as the non-
paired electrolysis (Fig. 71I). The current density reached a
maximum of 40 mA cm™> at —0.68 V vs. RHE. The data clearly
confirms the efficiency of the designed electrolyzer, which is
due to the lower oxidation potential of PHA compared to water
oxidation. Fig. S8f shows the representative chronoampero-
grams of the eCO,RR cell coupled with THA and catechol in
the presence of TSA at different potentials. Similar outcomes
were also achieved using PHA in comparison to that for THA.
The current densities observed in the chronoamperograms of
the electrolysis cell during the oxidation of THA and catechol
were measured to be 39 and 30 mA cm™> at a potential of
—0.68 V, respectively. In the next stage, the electrolysis was

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (l) The cyclic voltammograms of the anodic compartment of the
paired electrolysis at —0.66 V vs. RHE containing 0.4 mmol 4-PHA and TSA
at GCE at 100 mV s™%; (Il) the chronoamperograms of the cathodic com-
partment of the paired electrolysis of eCO,RR coupled with the electro-
chemical oxidation of PHA in the presence of TSA at different potentials;
(Il) the E—t plot of the two-electrode setup of the paired electrolysis of
eCO,RR coupled with the electrochemical oxidation of THA in the presence
of TSA at various current densities; and (IV) the E-t plot for paired electroly-
sis in two-electrode setup containing (a) THA, (b) PHA, and (c) catechol in

the presence of TSA in anodic part at 2 mA cm™2.

tested by applying different constant currents to evaluate the
cell voltage and its variation over the time. Fig. 7III shows the
current densities in the chronoamperograms, demonstrating
the voltage and its variations for the two-electrode eCO,RR cell
coupled with electrochemical oxidation of THA in the presence
of TSA at a current density of 2, 4 and 6 mA cm™>. Notably, a
cell potential as low as 1.22 V was obtained at 2 mA cm™.
However, the cell voltage smoothly increased with an increase

in the current density from 1.22 to 1.32. The cell voltage in the
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two-electrode system was determined by the potential differ-
ence between the anode and cathode. Due to the relatively low
oxidation potential of THA, the potential difference between
the anode and cathode was reduced in comparison to the non-
paired system. By increasing the current from 2 to 4 and 6 mA
em ™2, an elevated overvoltage was required to facilitate rapid
electron transfer. Consequently, the anodic and cathodic
potentials underwent a shift towards more positive and nega-
tive values, respectively. Therefore, the potential difference
increased until the water underwent oxidation. However, the
results indicate that when the current density increased from 2
to 6 mA cm™>, there was only a marginal increase of 0.1 V in
the potential. This suggests that the electron transfer rate was
sufficiently high and there was no occurrence of water oxi-
dation with an increase in current.

Subsequently, the stability of the anodic half-reaction of the
oxidation of THA in the presence of TSA was evaluated during
3 h electrolysis in a two-electrode cell configuration. Moreover,
the electrolysis at a constant current of 2 mA cm ™ exhibited a
stable voltage of 1.22 V for 3 h (Fig. 7IV). The consistent
anodic and cathodic potential difference observed over time
suggests that the anodic and cathodic processes remained
unchanged. Furthermore, as the concentration of PHA
decreased, it is evident that the water oxidation reaction did
not substitute the PHA oxidation reaction. It is noteworthy that
a product of high purity was obtained following a three-hour
electrolysis process. Curve b and c in Fig. 7IV and Fig. S97 col-
lectively demonstrate the same trend for the electrochemical
oxidation of PHA and catechol in the presence of TSA. Table 2
lists the structures of five new (entries 1-5) and three known
sulfonamides (entries 6-8) produced by the eCO,RR-paired
electrolysis. Fig. S10f shows the overall reaction of the oxi-
dation of catechol in the presence of TSA.

It should be noted that because of the slight oxidation of
the PHA derivatives by oxygen or their slight instability in
water, the anodic faradaic efficiency could not be determined
accurately. Hence, the FE values for the anodic portion were
determined by conducting the electrochemical oxidation of
catechol, which is known to be more stable in air and water
compared to PHA derivatives in the presence of TSA (Fig. 8).%*
In this regard, a two-electrode electrolysis cell was created by

Table 2 Anodic reactions in the eCO2RR electrolyzer

oH
Entry R, R,
1 CHj; CH;
2 CHj; H
3 CH; Cl
4 COCl CH;
5 COCl H
6 H CH;
7 H H
8 H Cl
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Fig. 8 (I) The cyclic voltammograms of the anodic part of the paired

electrolysis (a) at the start and (b) after 135 minutes electrolysis in a two-
electrode set-up at 14 mA cm™2 containing catechol and TSA in the
anodic part, and (ll) the plot of FE% vs. current density for the anodic
part of the electrolysis mentioned in part I.

adding 1 mmol catechol and 1 mmol TSA in ethanol/water (0.5
M phosphate buffer solution pH = 3) in the anodic compart-
ment and CO,-saturated 0.5 M KHCO; in the cathodic com-
partment. The resulting two-electrode cell was subjected to a
current density of 14 mA cm™> for 135 min of electrolysis.
Fig. 81 shows the cyclic voltammograms at the beginning
(curve a) and after 135 min of electrolysis (curve b). The con-
sumed catechol was calculated by using the difference in the
peak currents in curves a and b. The magnitude of the anodic
peak observed at 0.9 V, which corresponds to the oxidation of
catechol, exhibited a decrease as the electrolysis progressed,
concomitant with the depletion of catechol. Therefore, the
reduction in the magnitude of the anodic peak was directly
proportional to the number of moles of catechol that under-
went oxidation. The same procedure was repeated by applying
current densities of 8, 10, 20 and 22 mA cm™2. The faradaic
efficiencies reached 90-100% at current densities of 8 to
18 mA cm™?, respectively, indicating the excellent performance
of the system (Fig. 8II). The high FE indicates that the electri-
cal energy is primarily utilized for the oxidation of catechol.
The FE experienced a decrease at higher current densities,
which is primarily attributed to the presence of competitive
background water oxidation. However, at higher current den-
sities, water oxidation emerged as a significant side reaction,
which is attributed to the concentration polarization and a
potential shift towards more positive values. We also studied
the oxidative electrochemistry of catechol by measuring the
anodic FE using GC analysis (Fig. S11-13}). The chromato-
grams of the solutions were recorded before and after 135 min
electrolysis. The calculated FE values were in good agreement
with the results obtained from the voltammetric method. The
energy efficiency (EE) was also calculated as a criterion of
energy consumption. The theoretical cell voltage was calcu-
lated based on the theoretical electrode potential of both the
anode and cathode processes. The energy efficiency for
eCO,RR coupled with the oxidation of catechol in the presence
of TSA at 2 mA cm™> in the two-electrode setup was calculated
to be 70%.

This journal is © The Royal Society of Chemistry 2024
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Conclusion

In summary, we successfully prepared the CoPc@GIOMC
hybrid material as a high-performance electrocatalyst toward
eCO,RR. The electrocatalyst exhibited a high current density of
33 mA cm™2 at —0.68 V vs. RHE in 0.5 M KHCO; with an FE of
90% for CO and TOF of 11.2 s, demonstrating the fast cata-
Iytic kinetics. In addition, we designed paired electrolysis for
eCO,RR using a CoPC@GIOMC/graphite paper composite as
the cathode coupled with the oxidation of PHA derivatives and
catechol with a significantly lower oxidation potential than
water on the graphite plate as an anode to synthesize sulfona-
mide and organosulfone derivatives. This study will open an
avenue to develop novel paired eCO,RR with the synthesis of
various types of value-added medicinally important materials
under mild and green conditions.
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