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Development of a sustainable and recyclable
oxC60–Ly@Fe GCE electrode: an eco-friendly
catalyst for electrochemical sulfonation to
synthesize benzenesulfonic acids

Karkaz Thalij, a Ebraheem Abdu Musad Saleh, b Amer Alhaj Zen,c

Mohammed B. Alqaraguly,d Abdulrahman A. Almehizia, *e Erkabay Eshchanov, f

Bekzod Madaminov, g Zokir Ataullaev, h Yuldash Rajabovich Takhirov, i

Elyor Berdimurodov, jkl Khasan Berdimuradovmn and Rasulbek Eshmetovo

In this study a reusable and environmentally benign catalyst, oxC60–Ly@Fe, was rationally designed and

synthesized. The catalyst’s efficacy and performance were systematically evaluated in the electrosynth-

esis of chlorobenzenes 1(a-l) and S8 2(a) derivatives, enabling the synthesis of benzenesulfonic acid

derivatives 3(a–i) under mild reaction conditions, specifically at ambient temperature, a current density

of 15 mA, and a reaction time of 1 hour, with urea/ChCl serving as the electrolyte. This electrochemical

process afforded excellent product yields ranging from 87% to 95%. Key electrochemical catalytic

metrics, including the E-factor, atom economy, turnover number (TON), and turnover frequency (TOF),

were calculated, demonstrating the process’s environmental compatibility and superior catalytic

performance. The catalyst is thoroughly characterized (FT-IR, XRD, SEM, EDX/EDS, TGA, XPS, CV, BET),

and the products are confirmed by melting point, NMR, and CHN analyses.

Introduction

Sulfonation is extensively applied across various industrial sec-

tors due to its crucial role; however, conventional sulfonation

synthesis approaches suffer from drawbacks including elevated

reaction temperatures, extended reaction durations, low product

yields, poor compliance with green chemistry protocols, and

suboptimal atom economy. Sulfonation reactions are highly

important in pharmaceutical chemistry because they introduce

sulfonic acid groups (–SO3H) into drug molecules, significantly

enhancing their water solubility, bioavailability, and biological

activity.1,2 Many drugs face challenges such as poor solubility

and slow absorption, which limit their therapeutic effectiveness;

sulfonation can overcome these issues by making molecules

more hydrophilic and thus easier to absorb in the body.3,4

Furthermore, sulfonated compounds often serve as key inter-

mediates or active pharmaceutical ingredients (APIs) in various

medications. Pharmaceutical drugs based on sulfonic acid
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includecelecoxib(anti-inflammatory),5sulindac(anti-inflammatory),6

sulfathiazole (antimicrobial),7 busulfan (anti-cancer),8 sulfadiazine

(anti-infection),9 acamprosate (high blood pressure),10 tolazamide

(diabete),11 taurolidine (antimicrobial),8,12 dobesilic acid (hemor-

rhoid),13 and glimepiride (high blood sugar)10,14 (Fig. 1).

Numerous methodologies for the synthesis of aryl sulfonic

acids have been reported in the literature,15,16 and their repre-

sentative results are summarized in Table 1. As shown, sulfona-

tion has been carried out using reagents such as K2S2O5,

NaHSO3, H2SO4, trifluoroacetylsulfuric acid, and ClSO3H. How-

ever, these conventional procedures suffer from several draw-

backs, including the requirement for elevated temperatures,

prolonged reaction times, and high pressures, as well as the use

of hazardous, corrosive, and toxic reagents. These limitations

not only pose significant environmental and safety concerns

but also contradict the principles of green chemistry and create

substantial barriers to the commercialization of such methods.

Accordingly, the development of a simple, green, reusable electro-

catalytic system with high atom economy, scalability, and

potential for industrial commercialization is of great importance.

Electrosynthesis plays a crucial role in green chemistry and

organic synthesis by providing a sustainable and environmen-

tally friendly alternative to traditional chemical methods.24,25 It

uses electricity as a clean reagent to drive redox reactions,

eliminating the need for hazardous chemical oxidants or

reductants and reducing the generation of toxic waste.26,27

Electrosynthesis allows for precise control of reaction conditions,

such as voltage and current, enabling selective transformations

under mild conditions, often at ambient temperature and

pressure.28,29This approach improves energy efficiency, enhances

atom economy, and supports the use of greener solvents or even

solvent-free reactions.30,31 Moreover, electrosynthesis enables

access to complex organic molecules and functionalized inter-

mediates that are valuable inpharmaceuticals and fine chemicals,

Fig. 1 Market introduction of sulfonation-synthesized drugs.

Table 1 Comparative investigation of organic synthetic routes to sulfonic derivatives

Entry Catalyst Reagent Solvent Conditions Year Yield %

1 Mn K2S2O5 DCM r.t., 4 h 2023 9417

2 Pyridinium dichromate NaHSO3 — 100 1C, 1500 Torr, 10 min, 2020 8518

3 — H2SO4 — 80 1C, 0.5 h 2014 8019

4 — Triflic acid H2O 20 1C, 1 h 2021 9020

5 — H2SO4 — 95 1C, 12 h 2022 9921

6 — ClSO3H DCE 0 1C, 0.5 h 2013 9522

7 — ClSO3H DCE r.t., 12 h 2017 9023
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while also aligning with several green chemistry principles

like waste prevention, safer chemical synthesis, and energy

conservation.32 Its scalability and adaptability to continuous-flow

processes further underscore its potential for sustainable indus-

trial applications.33,34

To address these limitations and streamline the sulfonation

process, an electrode composed of oxC60–Ly@Fe GCE, based on

an inexpensive and readily available metal, was designed and

synthesized. The catalytic performance of this electrode was

investigated in the electro-sulfonation of chlorobenzene deriva-

tives1(a–p) in thepresenceofS82(a), aswell as in the synthesisof a

series of benzenesulfonic acid derivatives 3(a–p) with good to

excellent yield 87–95%. Reactions were conducted under opti-

mized conditions, including ambient temperature, atmospheric

pressure, a reaction time of 1 hour, and a constant current of

15 mA, utilizing a urea/ChCl DES as the reaction medium. The

primary objective of this work was to develop a cost-effective and

accessible iron-based electrode, modified with oxC60 to enhance

the catalyst surface area. This catalyst not only demonstrated high

catalytic efficiency but also exhibited recyclability, reusability,

environmental friendliness, and a superior atom economy,

thereby highlighting its potential for sustainable electrocatalytic

applications.

Material, methods and equipment

All chemicals and materials used in this study, including cho-

line chloride (ChCl), urea, fullerene (C60), nitric acid (80%),

potassium permanganate, hydrogen peroxide (25%), chloro-

benzenes 1(a–l), sulfur, silica gel, silver nitrate, iron trichloride,

L-lysine, sulfuric acid (98%), hydrochloric acid, sodium chlor-

ide, sodium bromide, and potassium chromate, and organic

solvents were obtained in analytical grade and used as received

without any further purification. The following equipment was

employed in this study: an SB162 model heat stirrer, a RE100-

Pro LCD rotary vacuum evaporator, a Buchi B545 melting point

apparatus, and a Pars Azma drying oven. Catalyst characteriza-

tion involved several instrumental techniques: functional

groups were identified using FT-IR spectroscopy (ALPHA II

FTIR, Bruker), crystalline structures were determined by X-ray

diffraction (Bruker D8 XRD), surface morphology was examined

via scanning electron microscopy (SEM), and elemental com-

positions were analyzed through energy-dispersive X-ray

spectroscopy (EDX/EDS) using the SU8600 microscope. Ther-

mal stability was assessed by thermogravimetric analysis (TGA;

Lr-TGA), while X-ray photoelectron spectroscopy (XPS; AXIS

Supra) provided information on bonding types and chemical

states. Electrochemical properties of the electrodes were eval-

uated by cyclic voltammetry (CV), and porosity and surface area

were measured using the BET technique (V-Sorb 2800TP). The

synthesized benzenesulfonic acid derivatives 3(a–p) were struc-

turally confirmed by 1H NMR, 13C NMR (Bruker 400 MHz), and

elemental analysis (CHN; EMA 502) (Fig. 2).

Procedure for synthesis of urea/ChCl DES

Tosynthesizeurea/cholinechloride (ChCl)DES,ureaandChClare

combined ina2 : 1molar ratio (typically 50 gurea to25gChCl) and

placed in a clean, dry 200mL round-bottom flask equipped with a

heater stirrer and a magnetic bar. The mixture is gently heated to

70 1C with continuous stirring. Heating and mixing are main-

tained until the solids are fully melted and a homogeneous,

transparent liquid forms, which generally requires about

60 minutes. Care should be taken not to exceed 100 1C to prevent

decomposition. Upon complete dissolution andhomogenization,

the resulting DES is allowed to cool to room temperature, with

stirring continued until a stable liquid is obtained. The synthe-

sizedurea/ChCl DES should be stored in a tightly sealed container

to prevent moisture uptake, as H2O can affect its physical and

chemical properties. The final product is a clear andviscous liquid

(Fig. 3).35

Functionalized fullerene to oxC60 using modified Hummers’

method

Fullerene oxide was prepared using a refined Hummers’ method,

employing fullerene powder as the precursor, as illustrated in

Fig. 4. Initially, 3.0 g of fullerene powder (particle size o40 mm,

Sigma-Aldrich) was introduced into a two-necked 100 mL flask

equippedwithamechanical stirrer. To this, 90mLofconcentrated

H2SO4 was carefully added, and the suspension was stirred con-

tinuously for 1 hour under a fume hood to ensure proper disper-

sion and activation of the fullerene surface.

Following this, 30 mL of concentrated HNO3 (80%), known

for its oxidizing and gas-evolving properties, was gradually

incorporated dropwise into the reaction mixture while main-

taining vigorous stirring and an ice-water bath to control the

Fig. 2 Electro-organic synthesis of benzenesulfonic acids 3(a–p).

Fig. 3 Synthesis of urea/ChCl DES.

Fig. 4 Oxidation of fullerene to oxC60.
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exothermic reaction and avoid overheating. Once the tempera-

ture was stabilized at approximately 8 1C, 13 g of KMnO4 was

slowly added in small portions under continuous stirring and

ice cooling to facilitate controlled oxidation of fullerene for

2.5 hours at ambient temperature, with the reaction proceeding

inside the fume hood to safely vent gases and vapors. Themixture

was then carefully diluted by adding 400 mL of deionized H2O

dropwise, preventing excessive heating or violent reactions, fol-

lowedby1.5hours of stirring at roomtemperature to complete the

oxidation stage. Subsequently, 17 mL of 25% H2O2 solution was

introduced, which rapidly reduced the manganese species, trans-

forming the dark suspension into a yellow, frothy solution indi-

cative of fullerene oxide (oxC60) formation. After decanting the

supernatant, the solid product was collected by filtration and

subjected to sequential washing. The solid was first washed twice

with 150 mL portions of deionized water to remove residual acids

and manganese by-products. Then, the solid was treated with a

mixture of 6 mL HCl (30%) and 6 mL of 25% H2O2, followed by

stirring for 1 hour to further purify and remove any remaining

manganese dioxide (MgO) particles. This washing and centrifuga-

tion procedure was repeated four times to ensure thorough

purification. Finally, the dark solid residuewaswashed repeatedly

with distilled water until the pH of the filtrate reached neutrality

(pH E 6–7), requiring approximately 200 mL of H2O per every

10 washing cycles. The fully purified fullerene oxide (oxC60) was

thendriedunder vacuumat 70 1C for 15hours to yield a stable, dry

powder suitable for subsequent characterization and application.36

Procedure for synthesis of oxC60–Ly@Fe

In a 250 mL two-neck round-bottom flask equipped with a

condenser, magnetic stirrer, and thermometer, 200 mg of oxC60

and 200 mg of L-lysine were added, followed by 25 mL of

toluene. The reaction mixture was heated to reflux and stirred

continuously for 4 hours to promote the functionalization of

oxC60 with L-lysine. After completion of the reaction, the

mixture was allowed to cool to room temperature. The cooled

mixture was then subjected to ultrasonic irradiation at a power

of 300 W for 25 minutes in the presence of 150 mg of FeCl3 to

enhance dispersion and facilitate reaction completion. The

resulting mixture was filtered under reduced pressure using

vacuum filtration. The obtained solid product was washed

thoroughly with hot toluene to remove organic impurities,

followed by washing with warm water to eliminate any residual

soluble byproducts. Finally, the purified precipitate was dried

at 80 1C for 3 hours to yield the L-lysine-functionalized oxidized

fullerene (oxC60–Ly@Fe) as a dry powder (Fig. 5).37

Fabrication of oxC60–Ly@Fe on GCE

For the stabilization of oxC60–Ly@Fe on the GCE, the electrode

surface was first thoroughly cleaned by washing with MeOH to

remove any impurities or residues. Following the cleaning step,

the electrode was dried at 60 1C to ensure complete removal of

solvent and moisture. Subsequently, a single drop of conductive

adhesive was carefully applied onto the GCE surface and evenly

distributed to create a uniform adhesive layer. Then, 50 mg of

oxC60–Ly@Fe composite material was deposited on top of the

adhesive-coated GCE and left to dry at ambient temperature for

3 hours. This protocol ensured strong adhesion and stable immo-

bilization of the functionalized oxC60 composite on the GCE

surface, facilitating its use in subsequent electrochemical applica-

tions (Fig. 6).

General procedure for electro-organic synthesis of

benzenesulfonic acids 3(a–p)

A 60 mL electrolysis cell equipped with a mechanical stirrer and

magnetic stir bar was charged with chlorobenzene 1(a–p)

(1 mmol), S8 2(a) (1 mmol), and urea/ChCl DES (15 mL). The

resulting solution was stirred at ambient temperature. Subse-

quently, a graphite rod anode and an oxC60–Ly@Fe-modified

GCE serving as the cathode were installed in the system.

Electrolysis was carried out at a constant current of 15 mA

using a DC power supply, with stirring maintained for 1 hour.

The progress of the reaction was monitored by thin-layer

chromatography (TLC) employing a 1 : 6 ethyl acetate:hexane

mobile phase. Upon completion, the current was discontinued

and both electrodes were removed from the mixture. To the

reaction mixture, ethyl acetate (20 mL) and distilled H2O (20 mL)

were added, and the mixture was stirred at room temperature for

5 minutes. The organic and aqueous layers were separated via a

separatory funnel. The aqueous phase, containing urea/ChCl, was

collected, concentrated under reduced pressure at 70 1C using a

rotary evaporator, and reserved for reuse in subsequent processes.

The organic phase was treated with 1 g silica gel, concentrated

under reduced pressure, and subsequently subjected to column

Fig. 5 Procedure for synthesis of oxC60–Ly@Fe.

Fig. 6 Fabrication of oxC60–Ly@Fe on GCE.
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chromatography on silica gel (30 cm length, 2 cm diameter),

employing hexane:ethyl acetate (6 : 1) as the eluent. The purified

product was dried in a vacuum oven at 50 1C for 2 hours (Fig. 7).

Protocol for quantifying chlorine content employing Mohr’s

titrimetric analysis

To elucidate the reaction mechanism and confirm the genera-

tion of chlorine species within this electrocatalytic system,

Mohr’s titration was carried out using a standardized silver

nitrate AgNO3 solution as the titrant and K2CrO4 as a chromo-

genic indicator. An aliquot of approximately 20 mL was with-

drawn from the reaction mixture after 1 hour and transferred

into a clean, dry conical flask. K2CrO4 solution (3 mL) was then

added, imparting a pale-yellow coloration that served as the

visual indicator. The titration proceeded by gradual addition of

the AgNO3 titrant from a burette under continuous stirring to

maintain homogeneity. During this process, silver ions (Ag+)

selectively precipitated chloride ions (Cl�) as insoluble AgCl,

forming a white precipitate.38 Once all chloride ions had fully

precipitated, further addition of Ag+ ions reacted with the

chromate ions to form a red-brown silver chromate (Ag2CrO4)

precipitate. The endpoint of the titration was unequivocally

signaled by a distinct color change from pale yellow to brick

red, indicating total chloride ion consumption. This rigorous

titrimetric analysis not only provided qualitative evidence for

chlorine (Cl2) evolution but also enabled quantitative determi-

nation of chloride concentration, thereby substantiating gen-

eration of chlorine species during the electrochemical

transformation.39

Benzenesulfonic acid (3a). White crystal, Rf = 0.62 (4 : 1

hexane : EtOAc), yield = 94%; m.p. = 47–50 1C; 1H NMR

(400 MHz, D2O): dH = 7.51–7.64 (m, 3H, Ar-H), 7.86 (m, 2H,

Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 125.3, 129.2, 131.6,

142.4, 165.7 ppm. Anal. calcd for C6H6O3S: C, 45.56; H, 3.82; O,

30.35; S, 20.27%. Found: C, 45.59; H, 3.79%.

4-Methoxybenzenesulfonic acid (3b). White crystal, Rf = 0.64

(4 : 1 hexane : EtOAc), yield = 97%; m.p. = 82–84 1C; 1H NMR

(400 MHz, D2O): dH = 3.72 (s, 3H, OMe), 6.91 (dd, J = 6.9, 2.1 Hz,

2H, Ar-H), 7.63–7.65 (m, 2H, Ar-H) ppm. 13C NMR (100 MHz,

D2O) d = 55.6, 114.1, 127.2, 134.8, 161.2 ppm. Anal. calcd for

C7H8O4S: C, 44.67; H, 4.28; O, 34.00; S, 17.04%. Found: C,

44.63; H, 4.25%.

4-Methylbenzenesulfonic acid (3c). White crystal, Rf = 0.61

(4 : 1 hexane : EtOAc), yield = 95%; m.p. = 100–102 1C; 1H NMR

(400 MHz, D2O): dH = 2.23 (s, 3H, Me), 7.22 (d, J = 8.1 Hz, 2H, Ar-

H), 7.57 (d, J = 7.9 Hz, 2H, Ar-H) ppm. 13C NMR (100 MHz, D2O)

d = 20.3, 125.2, 129.4, 139.3, 142.5 ppm. Anal. calcd for

C7H8O3S: C, 48.83; H, 4.68; O, 27.87; S, 18.62%. Found: C,

48.86; H, 4.65%.

4-(Ethoxycarbonyl)benzenesulfonic acid (3d). White crystal,

Rf = 0.64 (4 : 1 hexane : EtOAc), yield = 92%; m.p. = 68–70 1C;
1H NMR (400 MHz, D2O): dH = 1.41 (t, J = 7.2 Hz, 3H, Me), 4.42

(q, J = 7.1 Hz, 2H, OCH2), 7.92 (d, J = 8.3 Hz, 2H, Ar-H), 8.14 (d,

J = 8.3 Hz, 2H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 13.3,

62.5, 125.6, 130.1, 132.3, 146.5, 167.8 ppm. Anal. calcd for

C9H10O5S: C, 46.95; H, 4.38; O, 34.75; S, 13.92%. Found: C,

46.91; H, 4.35%.

4-Fluorobenzenesulfonic acid (3e). White crystal, Rf = 0.66

(4 : 1 hexane : EtOAc), yield = 91%; m.p. = 90–93 1C; 1H NMR

(400 MHz, D2O): dH = 7.26–7.35 (m, 2H, Ar-H), 7.84–7.92 (m, 2H,

Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 115.8, 128.2, 138.5,

164.2 ppm. Anal. calcd for C6H5FO3S: C, 40.91; H, 2.86; F, 10.78;

O, 27.25; S, 18.20%. Found: C, 40.92; H, 2.84%.

4-Chlorobenzenesulfonic acid (3f). White crystal, Rf = 0.63

(4 : 1 hexane : EtOAc), yield = 95%; m.p. = 94–96 1C; 1H NMR

(400 MHz, D2O): dH = 7.32 (d, J = 8.1 Hz, 2H, Ar-H), 7.04 (d, J =

8.3 Hz, 2H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 126.7,

128.9, 136.6, 140.6 ppm. Anal. calcd for C6H5ClO3S: C, 37.41; H,

2.62; Cl, 18.40; O, 24.92; S, 16.64%. Found: C, 37.38; H, 2.65%.

4-Bromobenzenesulfonic acid (3g). White crystal, Rf = 0.61

(4 : 1 hexane : EtOAc), yield = 95%; m.p. = 93–94 1C; 1H NMR

(400 MHz, D2O): dH = 7.47–7.52 (m, 2H, Ar-H), 7.51–7.57 (m, 2H,

Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 125.4, 127.2, 131.8,

141.3 ppm. Anal. calcd for C6H5BrO3S: C, 30.40; H, 2.13; Br,

33.71; O, 20.25; S, 13.52%. Found: C, 30.43; H, 2.16%.

2-(Methoxycarbonyl)benzenesulfonic acid (3h). White crys-

tal, Rf = 0.65 (4 : 1 hexane : EtOAc), yield = 92%; m.p. = 64–66 1C;
1H NMR (400 MHz, D2O): dH = 4.02 (s, 3H, OMe), 7.64–7.69 (m,

1H, Ar-H), 7.69–7.76 (m, 2H, Ar-H), 7.99–8.04 (m, 1H, Ar-H)

ppm. 13C NMR (100 MHz, D2O) d = 53.7, 127.3, 128.2, 130.5,

131.3, 131.7, 139.8, 171.3 ppm. Anal. calcd for C8H8O5S: C,

44.44; H, 3.73; O, 37.00; S, 14.83%. Found: C, 44.41; H, 3.76%.

2-Cyanobenzenesulfonic acid (3i). White crystal, Rf = 0.67

(4 : 1 hexane : EtOAc), yield = 91%; m.p. = 120–123 1C; 1H NMR

(400 MHz, D2O): dH = 7.62 (t, J = 7.8 Hz, 1H, Ar-H), 7.82–7.87 (m,

1H, Ar-H), 7.99–8.03 (m, 1H, Ar-H), 8.11 (t, J = 1.5 Hz, 1H, Ar-H)

ppm. 13C NMR (100 MHz, D2O) d = 111.8, 118.7, 129.3, 130.1,

130.3, 135.2, 143.7 ppm. Anal. calcd for C7H5NO3S: C, 45.90; H,

2.75; N, 7.65; O, 26.20; S, 17.50%. Found: C, 45.92; H, 2.77%.

[1,10-Biphenyl]-4-sulfonic acid (3j). White crystal, Rf = 0.65

(4 : 1 hexane : EtOAc), yield = 94%; m.p. = 132–134 1C; 1H NMR

(400 MHz, D2O): dH = 7.23–7.31 (m, 3H, Ar-H), 7.41 (d, J = 6.9

Hz, 2H, Ar-H), 7.48 (d, J = 8.3 Hz, 2H, Ar-H), 7.73 (d, J = 8.3 Hz,

2H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 126.1, 127.1,

127.3, 128.1, 129.1, 139.1, 141.3, 143.2 ppm. Anal. calcd for

C7H5NO3S: C, 45.90; H, 2.75; N, 7.65; O, 26.20; S, 17.50%.

Found: C, 45.92; H, 2.77%.

2-Isopropylbenzenesulfonic acid (3k).White crystal, Rf = 0.62

(4 : 1 hexane : EtOAc), yield = 90%; m.p. = 108–110 1C; 1H NMR

(400 MHz, D2O): dH = 1.31 (d, J = 6.9 Hz, 6H, Me), 3.83–3.94 (m,

Fig. 7 Electro-organic synthesis of benzenesulfonic acids 3(a–p).
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1H, CH), 7.33–7.38 (m, 1H, Ar-H), 7.56–7.68 (m, 2H, Ar-H), 7.92

(d, J = 7.9 Hz, 1H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 23.5,

29.2, 125.9, 126.7, 127.8, 132.2, 139.6, 147.9 ppm. Anal. calcd

for C7H5NO3S: C, 45.90; H, 2.75; N, 7.65; O, 26.20; S, 17.50%.

Found: C, 45.92; H, 2.77%.

4-Sulfobenzoic acid (3l).White crystal, Rf = 0.64 (4 : 1 hexane :

EtOAc), yield = 92%; m.p. = 68–71 1C; 1H NMR (400 MHz, D2O):

dH = 7.86 (d, J = 8.3 Hz, 2H, Ar-H), 8.04 (d, J = 8.3 Hz, 2H, Ar-H)

ppm. 13C NMR (100 MHz, D2O) d = 125.7, 130.1, 134.3, 145.8,

170.9 ppm. Anal. calcd for C7H6O5S: C, 41.59; H, 2.99; O, 39.57;

S, 15.86%. Found: C, 41.56; H, 2.95%.

4-(Methylsulfonyl)benzenesulfonic acid (3m). White crystal,

Rf = 0.68 (4 : 1 hexane : EtOAc), yield = 93%; m.p. = 126–127 1C;
1H NMR (400 MHz, D2O): dH = 3.57 (s, 3H, SMe), 7.42 (d,

J = 8.3 Hz, 2H, Ar-H), 7.74 (d, J = 8.2 Hz, 2H, Ar-H) ppm. 13C

NMR (100 MHz, D2O) d = 22.3, 125.9, 126.1, 138.8, 142.7 ppm.

Anal. calcd for C7H8O5S2: C, 35.59; H, 3.41; O, 33.86; S, 27.14%.

Found: C, 35.54; H, 3.45%.

3,5-Dimethylbenzenesulfonic acid (3n). White crystal, Rf =

0.71 (4 : 1 hexane : EtOAc), yield = 91%; m.p. = 122–125 1C;
1H NMR (400 MHz, D2O): dH = 2.33 (s, 6H, Me), 7.24 (s,1H,

Ar-H), 7.41 (s, 2H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 20.4,

122.6, 132.9, 139.5, 142.3 ppm. Anal. calcd for C8H10O3S: C,

51.60; H, 5.41; O, 25.77; S, 17.22%. Found: C, 51.56; H, 5.46%.

3-Phenylpropane-1-sulfonic acid (3o). White crystal, Rf = 0.69

(4 : 1 hexane : EtOAc), yield = 92%; m.p. = 101–105 1C; 1H NMR

(400 MHz, D2O): dH = 1.91–2.04 (m, 2H, CH2), 2.68 (m, 2H, CH2),

2.86 (m, 2H, CH2), 7.19–7.25 (m, 3H, Ar-H), 7.27 (t, J = 7.3 Hz, 2H,

Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 25.6, 33.4, 50.5, 126.3,

128.6, 128.5, 141.6 ppm. Anal. calcd for C9H12O3S: C, 53.98; H,

6.04; O, 23.97; S, 16.01%. Found: C, 53.92; H, 6.09%.

5-Phenylpentane-1-sulfonic acid (3p).White crystal, Rf = 0.67

(4 : 1 hexane : EtOAc), yield = 94%; m.p. = 99–102 1C; 1H NMR

(400 MHz, D2O): dH = 1.18–1.27 (m, 2H, CH2), 1.38–1.51 (m, 2H,

CH2), 1.59–1.71 (m, 2H, CH2), 2.43 (t, J = 7.2 Hz, 2H, CH2), 2.71–

2.79 (m, 2H, CH2), 7.03–7.08 (m, 3H, Ar-H), 7.14 (t, J = 7.2 Hz,

2H, Ar-H) ppm. 13C NMR (100 MHz, D2O) d = 24.1, 27.7, 30.4,

35.2, 51.3, 125.5, 128.4, 128.5, 142.6 ppm. Anal. calcd for

C11H16O3S: C, 57.87; H, 7.06; O, 21.02; S, 14.04%. Found: C,

57.83; H, 7.11%.

Result and discussion

The synthesizedcatalystwas comprehensively characterizedusing

multiple analytical techniques to clarify its structure, composi-

tion, and function. FT-IR identified surface functional groups,

while XRDdetermined crystalline phases and structural ordering.

SEM provided microstructural and particle size information, and

EDS/EDX mapping established elemental composition and spa-

tial distribution. BET analysis quantified specific surface area and

porosity, and TGA assessed thermal stability and decomposition

behavior. XPS probed elemental oxidation states and bonding

environments,whereas cyclic voltammetryevaluated the catalyst’s

electrochemical behavior and potential reaction mechanisms

under operating conditions.

The results of the FT-IR analysis are shown in Fig. 8. According

to these results, the black curve corresponds to C60. The FT-IR

spectrum of pristine C60 fullerene exhibits a limited number of

characteristic absorption peaks due to its highly symmetric ico-

sahedral structure, which restricts the number of IR-active vibra-

tionalmodes. Themostprominentbandsappear at approximately

527, 571, 1186, and 1430 cm�1, each corresponding to specific

vibrational transitions within the fullerene cage. The band at

around 527 cm�1 is attributed to tangential deformation modes

of the carbon framework, representing the bending vibrations of

the fused pentagonal and hexagonal rings. The peak at 571 cm�1

corresponds to a radial breathing-type vibration associated with

symmetric stretching of C–C bonds directed toward and away

from themolecular center, reflecting the spherical integrity of the

C60 cage. The absorption near 1186 cm�1 is assigned to tangential

C–C stretching vibrations along the fullerene surface, indicative of

conjugated sp2 carbon bonding. The most intense peak at

1430 cm�1 arises from in-plane stretching of CQC double bonds,

confirming the presence of delocalized p-electron systems within

the carbon network. The absence of any additional peaks, such as

those associated with oxygen-containing functional groups

(e.g., O–H around 3400 cm�1 or CQO near 1700 cm�1), indicates

that thematerial is chemicallypureandstructurally intact,withno

surface oxidation or functionalization. This spectral profile is

therefore characteristic of high-purity pristine fullerene C60.

The FT-IR spectrum of oxidized fullerene (oxC60, red curve)

exhibits significant differences compared topristineC60, confirm-

ing the successful introduction of oxygen-containing functional

groups. New absorption bands appear at 548 cm�1, which are

attributed to wagging vibrations of hydroxyl (–OH) groups.

Furthermore, prominent bands arise between 1043 and

1399 cm�1, including a peak at 1043 cm�1 assigned to the C–O–

C ether (epoxide) stretch, and peaks at 1399 cm�1 corresponding

to C–OH stretching vibrations. An intense band observed near

1624 cm�1 and 3262 cm�1 is generally associated with bending

modes of CQO and CO2H functional group. These spectral features

collectively confirm the successful covalent functionalization of the

C60 cage with oxygen-bearing groups such as epoxides, hydroxyls,

Fig. 8 FT-IR analysis of C60, oxC60, and oxC60–Ly@Fe.
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andpossibly carbonylmoieties formedduring theoxidationprocess.

The presence of these functional groups alters the electronic and

chemical properties of fullerene, enhancing solubility and reactivity,

which is advantageous for subsequent applications.

The FT-IR spectrum of the synthesized catalyst oxC60–Ly@Fe

(blue curve) displays distinctive absorption bands that sub-

stantiate the successful functionalization of fullerene oxide

with L-lysine and the coordination of Fe species. The bands at

531 and 576 cm�1 are indicative of vibrations associated with

the C60 fullerene cage and Fe–O bonds, confirming the reten-

tion of the fullerene backbone and the presence of iron–oxygen

functional groups. The absorption peak at 1084 cm�1 corre-

sponds to C–O stretching vibrations, which are typical of ether

or epoxide groups introduced during oxidation and further

functionalization. The bands at 1187 and 1413 cm�1 are

attributed to C–N and C–H bending vibrations, supporting

the covalent attachment of the L-lysine moiety to the oxidized

fullerene surface. Furthermore, the broad absorptions observed

at 3159 and 3385 cm�1 correspond to O–H and N–H stretching

vibrations, respectively, indicating the presence of hydroxyl and

carboxylic acid groups, alongside amino functionalities origi-

nating from L-lysine. The peak at 1632 cm�1 is characteristic of

CQO stretching vibrations from amide or carboxyl groups,

confirming effective grafting of the amino acid ligand. Addi-

tionally, the band appearing at 1715 cm�1 signifies carbonyl

groups linked to the coordination of Fe species. Collectively,

these spectral features affirm the successful covalent modifica-

tion of oxidized fullerene with L-lysine and the incorporation of

Fe, resulting in a catalyst with a unique chemical environment

and improved functional properties.

XRD analysis of the C60 sample (Fig. 9, black curve) confirms

a well-defined crystalline structure characteristic of pristine

fullerene. The diffraction pattern exhibits prominent peaks at

2y values of approximately 9.061, 16.21, and 19.41, which

correspond to the (111), (222), and (311) crystallographic planes

of the face-centered cubic (fcc) lattice, respectively. These

distinct peaks affirm the high crystallinity and ordered cubic

packing of C60 molecules in the solid state. The sharpness and

intensity of these peaks indicate the preservation of the sphe-

rical shape and icosahedral symmetry of the fullerene cage,

which is vital for maintaining its unique electronic and

mechanical properties. The regular repetition of these lattice

planes contributes to the molecular stability and characteristic

behavior of fullerenematerials. In contrast, theXRDpatternof the

oxC60 (Fig. 9, red curve) exhibits diffraction peaks at 2y values of

31.31, 32.71, 33.01, 35.91, 37.21, and 44.61, marking significant

lattice modifications due to oxidation. The peak observed at 31.31

reflects lattice expansion caused by oxygen-containing functional

groups such as epoxides, hydroxyls, or carbonyls intercalated

within the fullerene matrix. Peaks at 32.71 and 33.01 suggest

structural rearrangements andpossible formationofnewoxidized

phases. Peaks at 35.91, 37.21, and 44.61 indicate distortions in

lattice parameters due to altered carbon frameworks or domains

with varying packing densities, highlighting successful covalent

functionalization that modifies the crystal environment and

impacts electronic and chemical properties, essential for catalysis

and material applications.

The XRD analysis of the oxC60–Ly@Fe catalyst (Fig. 9, blue

curve) shows an even more complex diffraction pattern with

peaks at 29.11, 33.41, 34.61, 35.91, 37.31, 39.41, 40.91, 46.21, and

48.11, reflecting the multifaceted crystalline structure induced

by L-lysine functionalization and Fe incorporation. The 29.11

peak corresponds to fullerene lattice planes slightly distorted

by metal coordination, while peaks at 33.41 and 34.61 signify

lattice strain or new phases due to Fe coordination. Peaks at

35.91 and 37.31 correspond to Fe–O or related species, eviden-

cing Fe integration into the matrix. The 39.41 and 40.91 peaks

likely arise from overlapping fullerene and iron-containing

crystalline domains, indicating synergistic interaction. The

high-angle reflections at 46.21 and 48.11 indicate the presence

of well-ordered crystalline domains. Together, these XRD pat-

terns illustrate how L-lysine grafting and Fe modification trans-

form the crystalline structure, producing a multi-phase catalyst

combining original fullerene crystallinity with new iron-related

phases. This multi-phase crystallinity enhances the catalyst’s

chemical activity and stability, as modifications create active sites

and improve electron transfer within the catalytic framework.

Fig. 10 presents the scanning electron microscopy (SEM)

images of C60 (panels a and b) and oxC60–Ly@Fe (panels c and d)

samples at different magnifications, demonstrating distinct mor-

phological features due to functionalization and metal modifica-

tion. Panels a and b illustrate the C60 sample, revealing a uniform

dispersion of spherical particles with smooth surfaces. The parti-

cles arewell-definedwithnarrowsizedistribution, predominantly

ranging fromsub-micron to a fewmicrometers, forming a densely

packedmorphology. The high degree of regularity and absence of

surface roughness reflect the pristine nature of C60, consistent

with its crystalline and molecularly symmetric structure.

In contrast, panels c and d illustrate the surface morphology

of the oxC60–Ly@Fe catalyst. The images demonstrate signifi-

cant changes in particle texture and aggregation compared to

pristine C60. The particles appear larger and more irregular

with rough, porous surfaces, indicative of successful oxidationFig. 9 XRD analysis of C60, oxC60, and oxC60–Ly@Fe.
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and functionalization with L-lysine and Fe incorporation. The

aggregation of spherical particles into Grape-like agglomerated

microsphere clusters suggests strong inter-particle interactions

likely mediated by the organic ligand and metal sites. The

roughened surface textures and irregular particle sizes confirm

the introduction of defects and a more complex surface chem-

istry, which are beneficial for increasing the catalyst’s surface

area and active sites for enhanced catalytic performance. Overall,

the SEM analysis highlights the morphological transformation

from smooth, uniform fullerene spheres to rough, aggregated,

and functionalized clusters in oxC60–Ly@Fe, demonstrating effec-

tive chemical modification that impacts surface chemistry and

catalytic behavior.

The EDS spectra presented in Fig. 11 confirm the elemental

composition of the synthesized materials at different stages of

modification. Spectrum A, corresponding to pristine C60, shows

a dominant peak associated solely with carbon, confirming the

high purity of the fullerene and the absence of heteroatom

contamination. In spectrum B, attributed to oxC60, in addition

to the carbon peak, a distinct oxygen signal is observed, which

verifies the successful oxidation of the fullerene cage and the

introduction of oxygen-containing functional groups, such as

C–O, CQO, and O–CQO. The relative increase in oxygen

content compared to pristine C60 indicates enhanced surface

functionalization, which improves the reactivity and dispersi-

bility of oxC60 in polar media.

Spectrum C, corresponding to oxC60–Ly@Fe, displays car-

bon and oxygen peaks along with noticeable nitrogen and Fe

signals. The appearance of nitrogen confirms the successful

incorporation of L-lysine (Ly), which contains amine and car-

boxyl functional groups. Furthermore, the Fe peaks provide

clear evidence of Fe immobilization onto the oxC60–Ly support,

indicating successful metal loading. The coexistence of carbon,

oxygen, nitrogen, and Fe elements in the final composite

verifies the stepwise functionalization and formation of the

Fe-supported fullerene-based nano catalyst.

The EDX elemental mapping analysis of the oxC60–Ly@Fe

nanocomposite confirms the uniform spatial distribution of all

Fig. 10 SEM analysis of (a) and (b) C60 and (c) and (d) oxC60–Ly@Fe.

Fig. 11 EDS analysis of (a) C60, (b) oxC60, and (c) oxC60–Ly@Fe.
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constituent elements across the sample surface. The carbon

map illustrates the dominant presence of carbon originating

from the C60 backbone, providing evidence of a continuous

carbonaceous structure. The oxygen signal is homogeneously

dispersed, indicating successful oxidation of the fullerene sur-

face and the formation of oxygen-containing functional groups,

which play a crucial role in anchoring other components. The

nitrogen distribution further verifies the incorporation of

L-lysine onto the oxC60 surface, demonstrating effective func-

tionalization through nitrogen-containing moieties from the

amino acid structure. Additionally, the Fe map shows a well-

dispersed distribution of Fe NPs throughout the composite,

confirming their successful immobilization and preventing

aggregation. The uniform co-localization of carbon, oxygen,

nitrogen, and Fe elements supports the successful stepwise

synthesis of the oxC60–Ly@Fe hybrid structure and suggests

strong interactions among the components (Fig. 12).

Fig. 13 illustrates the nitrogen adsorption–desorption iso-

therms for pristine C60, oxC60, and the functionalized catalyst

oxC60–Ly@Fe. For the C60 sample, the isotherm resembles a

Type II isotherm, characteristic of mesoporous materials with

unrestricted monolayer-multilayer adsorption. The initial sharp

uptake at low relative pressure (P/P0 o 0.1) indicates strong

adsorbate–surface interactions, followed by a gradual increase

as multilayer adsorption proceeds. The minimal hysteresis loop

suggests a surface with limited mesoporosity and primarily

external surface adsorption. The oxC60 isotherm demonstrates

a noticeable change with enhanced adsorption capacity and a

more pronounced hysteresis loop appearing in the relative

pressure range 0.4 to 0.8, indicative of mesoporous structure

development due to oxidation and introduction of oxygen-

containing functional groups. This change signifies a decrease

in surface area and increases pore volume and average pore

compared to pristine C60. The hysteresis loop indicates capillary

condensation in mesopores, reflecting pore size distribution

heterogeneity introduced upon oxidation. The oxC60–Ly@Fe

sample exhibits further enhanced adsorption behavior with a

more significant hysteresis loop similar in shape to oxC60 but

with lower volume adsorbed across the pressure range, indicating

increased mesoporosity and surface area resulting from L-lysine

functionalization and Fe incorporation.

The BET analysis summarized in Table 2 provides important

insights into the textural properties of C60, oxC60, and oxC60–

Ly@Fe. The pristine C60 exhibits a relatively high specific surface

area of 404m2 g�1, a pore volume of 0.17 cm3 g�1, and an average

pore diameter of 1.7 nm, which lies at the boundary between

micro- and mesoporous structures. After oxidation, the surface

area slightly decreases to 384.9 m2 g�1 for oxC60, while the pore

volume increases significantly to 0.36 cm3 g�1, and the average

poresizeexpands to3.7nm, indicating the introductionofoxygen-

containing functional groups. These groups likely disrupt the

fullerene packing and open new mesoporous channels, enhan-

cing the porosity. Upon further functionalizationwith L-lysine and

incorporation of Fe NPs to form oxC60–Ly@Fe, the surface area

decreases further to 351.7 m2 g�1 due to partial blockage of pores

by the organic ligand and metal species. Similarly, the pore

volume slightly reduces to 0.29 cm3 g�1, while the average pore

diameter remainswithin themesoporous rangeat 3.4nm.Despite

the decrease in surface area, the preserved mesoporous structure

facilitates mass transfer and provides accessible active sites,

confirming that oxC60–Ly@Fe retains suitable textural properties

for catalytic applications.

TGA curve of the C60 sample shows a distinct thermal

degradation behavior with a significant mass loss event occur-

ring at approximately 390 1C. The sample remains thermally

stable up to this temperature, indicating that the pristine

fullerene structure maintains its integrity under heating. At

around 390 1C, a sharp and substantial mass loss of 99.2% is

observed, corresponding to the decomposition or sublimation

of the fullerene material. This dramatic weight loss signifies the

transition from the solid fullerene phase to gaseous degrada-

tion products, consistent with the known thermal properties of

C60, which sublimes or decomposes at high temperatures. The

steep slope in the derivative thermogravimetric (DTG) curve

corroborates the rapid degradation process within a narrow

temperature range, illustrating the high purity and uniformity

of the sample with a single major degradation step (Fig. 14a).

The TGA and DTG curves of oxC60 reveal a complex multi-step

thermal decomposition process. Around 322 1C, a sharp DTG

peak corresponds to nearly 19% mass loss, likely from the

breakdown of stable carbonyl or carboxyl groups (Fig. 14b). A

much larger and steeper mass loss, approximately 56%, occurs

at about 380 1C, indicating the catastrophic collapse of the

fullerene cage, rapid volatilization, and gas release. After

400 1C, the residual mass stabilizes with minimal further

change, suggesting the formation of thermally robust graphitic

or partially oxidized carbon material. These results demon-

strate that oxC60 decomposes through several well-defined

thermal events, and its oxygen-containing defects promote

stepwise degradation, resulting in greater thermal stability

and residue compared to pristine C60. The TGA spectrum of

oxC60–Ly@Fe, an oxidized C60 fullerene functionalized with L-Fig. 12 EDX mapping analysis of oxC60–Ly@Fe.
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lysine and loaded with Fe, reveals a multi-stage thermal degra-

dation profile reflecting its composite nature (Fig. 14c). Initial

mass loss of 4.93% at 110 1C is due to the evaporation of

moisture and solvents, followed by a 12.82% loss at 220 1C from

L-lysine breakdown and weaker C–O bond cleavage. A gradual

decline to 19.77% by 460 1C suggests the loss of resilient oxygen

groups, while a sharp 46.66% loss at 540 1C indicates major

fullerene cage rupture, possibly catalyzed by Fe. The process

concludes with a total loss of 84.16% by 700–800 1C, leaving a

15.84% residue of Fe–O or metal–carbon composites. To a dust

indicating 15% Cu metal coated on the catalyst.

The high-resolution XPS analysis of oxC60–Ly@Fe is illu-

strated in Fig. 15. The survey spectrum (Fig. 15A) confirms the

presence of characteristic peaks for C 1s, N 1s, O 1s, and Fe 2p,

identifying the principal elemental composition of the material.

The C 1s spectrum (Fig. 15B) is deconvoluted into five distinct

peaks, corresponding to C–C (291.2 eV), CQC (290 eV), C–O

(288.7 eV), CQO (287 eV), and C–N (285 eV) bonds, indicative of

diverse carbon bonding environments. The O 1s spectrum

(Fig. 15C) exhibits peaks at binding energies of 528.8 eV, 527.8 eV,

and525.9eV,whichareattributable toC–O,CQO,andFe–Obonds,

respectively, consistent with the presence of carbonyl, ether/

hydroxyl, and amide functionalities. The N 1s spectrum

(Fig. 15D) displays peaks at 392.4 eV and 391.9 eV, assigned to

C–N and Fe–N bonds, respectively. The Fe 2p high-resolution

spectrum (Fig. 15E) reveals characteristic peaks at 723 eV and

710.5 eV, ascribed to Fe(II), reveals characteristic peaks at 725.2

and 711.8 eV and 710.5 eV, ascribed to Fe(III) oxidation states,

respectively, suggesting that thepredominant formofFe inoxC60–

Ly@Fe is oxidized, with a minor contribution from metallic Fe.

These findings collectively elucidate the complex chemical

Fig. 13 BET of C60, oxC60 and oxC60–Ly@Fe.

Table 2 BET analysis of C60, oxC60 and oxC60–Ly@Fe

Sample
BET surface
area [m2 g�1]

Pore volume
[cm3 g�1]

Average pore
diameter [nm] Type of pore

C60 404 0.17 1.7 Mesoporous
oxC60 384.9 0.36 3.7 Mesoporous
oxC60–Ly@Fe 351.7 0.29 3.4 Mesoporous
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environment and oxidation states of the constituent elements

within the synthesized material.

Fig. 16 presents the cyclic voltammetry (CV) analysis results,

investigating the influences of current, electrolyte type, and

electrode material on the electrosynthesis process. In Fig. 16A,

CV curves obtained at currents of 5, 10, 15, and 20 mA show

that the potential window peaks at 10 mA, while 15 mA is

identified as the optimal current for the highest reaction

efficiency. Fig. 16B compares various electrolytes including

NaCl, NaBr, and urea/choline chloride (urea/ChCl) DES. Among

these, urea/ChCl DES demonstrates superior performance due

to its ability to form extensive hydrogen bonding networks and

provide an ionic environment, which enhances electrical

conductivity, stabilizes reaction intermediates, and lowers

activation energy barriers, thereby improving electrocatalytic

efficiency. The effect of electrode type is examined through CV

measurements using Fe rod, Fe foam, and the synthesized

oxC60–Ly@Fe GCE electrodes. Notably, the oxC60–Ly@Fe GCE

electrode exhibits a wider potential window and more efficient

electron transfer kinetics, resulting in greater catalytic activity

compared to Fe rod and Fe foam electrodes. These electrochemi-

cal findings are consistent with the optimization data presented

in the accompanying table, validating the superior catalytic per-

formance of the oxC60–Ly@Fe GCE electrode in the studied

electrosynthesis.

The optimization of the electrocatalytic reaction between

chlorobenzene 1(a) and S8 2(a) was systematically performed in

a 50 mL electrolysis cell equipped with a graphite rod anode, Fe

rod cathode, heater-stirrer, and a 1 cmmagnetic stir bar. MeOH

served as the initial solvent, and NaCl (30%) as the electrolyte

under ambient temperature for 4 hours at an applied current of

25 mA, resulting in a modest 24% yield (Table 3, entry 1).

Exploration of alternative solvents EtOH, iPrOH, DMF, H2O,

and MeCN produced improved yields of 29%, 31%, 35%, 28%,

and 42%, respectively (Table 3, entries 2–6). Switching the

electrolyte from NaCl to NaBr raised the yield to 48%, while

an increased concentration of NaBr (50%) had no additional

effect (Table 3, entries 7 and 8). Temperature elevation to 70 1C

led to a yield of 49%, signifying negligible improvement with

conventional parameter changes (Table 3, entry 9). Remarkable

improvement was achieved by employing ChCl/urea DES as

both solvent and electrolyte, increasing yield to 60% (Table 3,

entry 10), attributed to the DES high ionic conductivity,

enhanced intermediate stabilization, and a reduction in reac-

tion energy barrier. Evaluation of different cathodes Fe foam, Pt

rod, and oxC60–Ly@Fe GCE increased yields to 74%, 91%, and

94%, respectively, with oxC60–Ly@Fe GCE outperforming even

Pt, thus significantly increasing the system commercial viability

(Table 3, entries 11–13).

Optimization of the applied current indicated no further

increase in yield when decreasing from 25 to 20 or 15 mA; the

yield remained at 94% (Table 3, entries 14–15). However, a

decrease to 10 mA resulted in a reduced yield of 79% (Table 3,

entry 16), establishing 15 mA as optimal. Similarly, reducing

reaction time from 4 to 3 and 1 hour maintained a 94% yield,

whereas 0.5 hour resulted in only 61% (Table 3, entries 17–19),

indicating 1 hour as the optimal reaction duration. Conse-

quently, the optimal conditions established were 15 mA cur-

rent, 1 hour reaction time, ambient temperature, and an oxC60–

Ly@Fe GCE anode. Mechanistic investigations showed that no

product was formed in the absence of oxygen, confirming the

requirement of O2 for S8 oxidation to SO3H (Table 3, entry 20).

Additionally, graphite rod electrodes under atmospheric O2

also failed to yield product, establishing the pivotal role of Fe

Fig. 14 TGA analysis of (a) C60, (b) oxC60, and (c) oxC60–Ly@Fe.
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in facilitating the oxidation (Table 3, entry 21). Strikingly, the

reaction conducted under nitrogen with the addition of 0.5 mL

distilled H2O (3 eq.) achieved a 91% yield (Table 3, entry 22),

demonstrating that in the presence of H2O, the process proceeds

efficiently even without atmospheric O2, further highlighting the

efficacy of the optimized electro-catalytic conditions.

After optimization of the reaction conditions, a series of

benzenesulfonic acid derivatives 3(a–p) were synthesized using

chlorobenzene 2(a–p) and S8 2(a) as reagents, yielding products

with excellent isolated yields ranging from 90% to 97%. The

catalytic system employed demonstrated robust activity through-

out the process. To evaluate the environmental impact of the

synthesis, the E factor was determined, revealing low values

between 0.03 and 0.11, indicative of a process withminimal waste

generation andhigh environmental compatibility. Further assess-

ment of the chemical efficiency was conducted via calculation of

the atom economy for the synthesized derivatives, which ranged

from 82% to 87%, underscoring the process’s high synthetic

efficiency. Additionally, the catalytic performance was quantita-

tively analyzed by turnover number (TON) and turnover frequency

(TOF), which were found to vary from 141 to 211 and 2.75 to 3.5,

respectively. These metrics reflect the high catalytic activity and

stability of the electrocatalytic system employed in this study.

TON and TOF measurements highlight the efficiency of the

catalytic system, providing insight into its potential for scale-up

and commercial applications. Overall, this electrochemical

Fig. 15 XPS analysis of oxC60–Ly@Fe.
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protocol aligns with green chemistry principles by minimizing

environmental impact, maximizing material utilization, and

enabling economically attractive and scalable synthesis of

sulfonic acid derivatives.

The reaction mechanism illustrated in Fig. 17 proceeds

through a well-defined sequence of electrochemical activation

and organometallic transformations. In the first step, chloride

ions (Cl�) present in the electrolyte are oxidized at the anode to

generate molecular chlorine (Cl2), which serves as a reactive

halogenating agent.44 The in situ generated chlorine reacts with

Fe to produce FeCl2 and FeCl3 via a redox process. This FeCl2
and FeCl3 species subsequently coordinates with chloroben-

zene 1(a), forming the transient organometallic intermediate

phenyliron(III) chloride (a). This intermediate constitutes the

catalytic core of the reaction and initiates the iron-mediated

transformation pathway (represented as the green catalytic

cycle in the figure). Simultaneously, S8 2(a) undergoes electro-

philic activation by chlorine, resulting in ring cleavage and the

formation of eight moles of sulfur dichloride (SCl2) (b). The

lone pair on the sulfur atom in SCl2 acts as a nucleophile and

attacks the phenyliron(III) chloride intermediate (a). This

nucleophilic substitution displaces FeCl2 and FeCl3 and gen-

erates a key sulfur-containing intermediate, trichloro(phenyl)-

l
4-sulfane (c), which represents a crucial branching point in the

reaction pathway.

From this stage, the mechanism diverges into two possible

oxidative routes. In the presence of atmospheric O2, molecular

O2 participates directly in the oxidation of the sulfane inter-

mediate. Alternatively, in an oxygen-free environment (N2 atmo-

sphere), the reaction can still proceed through hydrolytic

oxidation in the presence of three equivalents of water, demon-

strating that the system is not strictly dependent on external

oxygen. In both scenarios, a nucleophilic attack by oxygen

occurs on the sulfane intermediate, leading to stepwise

dechlorination and oxidative transformation. Initially in the

proposed radical electrochemical pathway, H2O or dissolved

oxygen undergoes anodic oxidation at the electrode surface,

leading to the formation of oxygen radical anions and/or

hydroxyl radicals. Then, chlorination of sulfur generates S–Cl

functionalities that strongly withdraw electron density from the

sulfur center, rendering it the most electrophilic and thus the

weakest site in the intermediate. Under these conditions,

oxygen-centered radicals or nucleophiles (�OH, RO�, or H2O/

O2-derived species) preferentially attack sulfur rather than

chlorine, populating the antibonding s* orbital of the S–Cl

bond, which is primarily localized on sulfur. This interaction

Fig. 16 Evaluation of different types of (a) currents, (b) electrolytes, and (c) electrodes.
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weakens the S–Cl bond and promotes stepwise departure of

chloride anion radical (Cl��), while concomitant S–O bond

formation progressively increases the oxidation state of sulfur.

Iterative sequences of ‘‘oxygen attack - S–O bond formation

- S–Cl bond cleavage convert the initial sulfane chloride

species (S–Cl type fragments) into higher-valent sulfur oxo

intermediates (sulfenyl, sulfinyl, and sulfonyl species), which

are ultimately oxidized to sulfate (SO3H) under the anodic

conditions. This stepwise dechlorination–oxidation sequence

is fully consistent with established multi-step radical mechan-

isms reported for the electrochemical and aerobic oxidation of

reduced sulfur species to sulfate.45

The interaction between the reactants and the oxC60–Ly@Fe

GCE catalyst was investigated using density functional theory,

with the mechanistic sequence depicted in Fig. 18. Chloroben-

zene residing in the interstitial pores of oxC60–Ly@Fe reacts

with Fe NPs, surmounting an energy barrier of 11.3 kcal mol�1

to form the intermediate trichloro(phenyl)-l4-sulfane. In parallel,

S8 engages with Cl2 to generate the intermediate hypochlorous

thioanhydride after crossing a barrier of 7.3 kcal mol�1. Subse-

quent coupling of these intermediates, followed by a nucleophi-

lic attack of hypochlorous thioanhydride on phenyliron(III)

chloride, requires overcoming a barrier of 13.5 kcal mol�1 to

yield trichloro(phenyl)-l4-sulfane. Coordination of the Fe NPs to

atmospheric oxygen weakens the C–C bond and facilitates the

reaction with O2, promoting oxidation and culminating in the

formation of benzenesulfonic acid with a reaction free energy

change of 19.6 kcal mol�1. This sequence highlights the roles of

the NPs Fe sites in activating substrates, mediating radical and

polar steps, and directing the oxidation to the sulfonic acid

product.46

The SEM and performance data for oxC60–Ly@Fe after 10

catalytic cycles indicate a clear deterioration in recyclability. The

reuse test shows the catalyst yield dropping from 94% in the

initial run to 82% after ten cycles, representing a substantial loss

of activity over time (Fig. 19a). The accompanying SEM analysis

(Fig. 19b) reveals pronounced morphological changes particle

aggregation and notable pore blockage, with exposed surfaces

becoming more irregular and many micro- and mesopores

appearing clogged by deposition products. This morphological

Table 3 Optimization electro-catalytic reaction conditions for synthesis

of Benzenesulfonic acids 3(a–p)

Entry Xb (eq.)
Current
(mA)

Time
(h)

Heat
(1C) Solvent

Yielda

(%)

1 NaClc 25 4 r.t. MeOH 24ei

2 NaClc 25 4 r.t. EtOH 29ei

3 NaClc 25 4 r.t. iPrOH 31ei

4 NaClc 25 4 r.t. DMF 35ei

5 NaClc 25 4 r.t. H2O 28ei

6 NaClc 25 4 r.t. MeCN 42ei

7 NaBrc 25 4 r.t. MeCN 48ei

8 NaBrd 25 4 r.t. MeCN 48ei

9 NaBrc 25 4 70 MeCN 49ei

10 Urea/ChCl 25 4 r.t. — 60ei

11 Urea/ChCl 25 4 r.t. — 74fi

12 Urea/ChCl 25 4 r.t. — 91gi

13 Urea/ChCl 25 4 r.t. — 94hi

14 Urea/ChCl 20 4 r.t. — 94hi

15 Urea/ChCl 15 4 r.t. — 94hi

16 Urea/ChCl 10 4 r.t. — 79hi

17 Urea/ChCl 15 3 r.t. — 94hi

18 Urea/ChCl 15 1 r.t. — 94hi

19 Urea/ChCl 15 0.5 r.t. — 61hi

20 Urea/ChCl 15 1 r.t. — NRhij

21 Urea/ChCl 15 1 r.t. — NRii

22 Urea/ChCl 15 1 r.t. — 91hijk

a Isolated yield. b X=NaCl,NaBr, electrolyte. c (30%). d (50%). e Fe rod. f Fe
foam. g Pt rod. h oxC60–Ly@FeGCE. i Graphite rod. j N2 gas.

k H2O (0.5 cc).

Fig. 17 Reaction mechanism for electro-synthesis of benzenesulfonic acids 3(a–p).
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evolution provides a mechanistic basis for performance decay, as

blocked active sites and altered transport pathways reduce

accessible surface area and hinder diffusion of reactants to the

active sites.

The XRD patterns of the fresh oxC60–Ly@Fe catalyst (Fig. 20,

blue curve) and the reused catalyst after 10 consecutive reaction

cycles (Fig. 20, orange curve) reveal noticeable structural changes

that explain the decline in catalytic performance from 94% to

82% yield. In the fresh sample, well-defined and sharp diffrac-

tion peaks are observed, indicating a high degree of crystallinity

and a stable arrangement of iron-containing active sites sup-

ported on the oxidized fullerene framework. After 10 cycles, the

intensity of these characteristic peaks is significantly reduced

and partially broadened, suggesting a loss of crystallinity and

partial structural disorder within the catalyst (Table 4).

The nitrogen adsorption–desorption isotherm of oxC60–

Ly@Fe after 10 catalytic cycles (Fig. 21) clearly demonstrates

significant textural degradation compared to the fresh catalyst.

While the original material exhibited a mesoporous structure

withaBETsurfaceareaof351.7m2g�1, porevolumeof0.29cm3g�1,

andanaveragepore diameter of 3.4 nm, after 10 reuse cycles these

values drastically decreased to 118.5 m2 g�1, 0.05 cm3 g�1, and

1.7 nm, respectively, as shown in Table 5. This substantial

reduction in surface area and pore volume indicates partial pore

collapse and blockage, likely due to deposition of reaction bypro-

ducts, accumulation of sulfur- and chlorine-containing residues

within the pore channels during repeated catalytic cycles.

Fig. 22 provides a comprehensive assessment of the stability

and durability of the oxC60–Ly@Fe GCE electrode under opera-

tional electrochemical conditions, specifically utilizing cycling

durability and leaching analyses to support the evaluation of its

scalability for advanced applications. Panel A presents the

results of the cycling durability test, wherein the electrode

maintains a stable current density (J) of 15 mA cm�2 over a

50-hour period. This consistency in current output confirms the

electrode’s exceptional electrochemical durability, with no

appreciable decline in performance throughout prolonged

operation. The maintenance of constant current density serves

as evidence for the sustained catalytic activity and structural

integrity of the oxC60–Ly@Fe GCE, underscoring its suitability

for long-term or large-scale application scenarios.

Panel B illustrates the outcomes of the leaching analysis,

performed via ICP-OES, which tracks the percentage of Fe%

present in the reaction solution across varying durations. The

Fig. 18 Comparative thermodynamic analysis of the oxC60–Ly@Fe GCE

electrocatalytic setup and starting materials.

Fig. 19 (a) Reusability test and (b) SEM analysis of oxC60–Ly@Fe after 10 runs.

Fig. 20 XRD analysis of fresh and after 10 runs of oxC60–Ly@Fe.
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data reveal a gradual rise in Fe concentration from 2%at 10 hours

to 13% at 35 hours, indicative of a controlled but progressive

leaching of Fe ions from the electrode material. Such metal

leaching is a notable contributor to performance degradation

and parallels the observed reduction in reaction yield from 94%

to 82%. This underscores the critical importance of leaching

analyses for uncovering the underlying causes of efficiency loss

and for evaluating the long-term stability and potential recycl-

ability of the electrode during scale-up investigations.

In summary, these results collectively indicate that while the

oxC60–Ly@Fe GCE electrode demonstrates strong current sta-

bility during extended cycling; however, gradual Fe leaching

and structural alterations diminish its long-term catalytic effi-

ciency. After recycling, the material undergoes a transition from

a mesoporous to a predominantly microporous structure,

which restricts mass transfer and reduces access to active sites.

These structural changes together with Fe species aggregation

or loss, surface oxidation, and partial blockage of active sites by

Table 4 Electro-organic system for synthesis of Benzenesulfonic acids 3(a–p)

Product R1 n M.p. (1C) lit M.p. (1C) Yielda (%) E/f bc A/ed TONe TOF f (min�1)

3a H 0 45–4919 47–50 94 0.07 82 211 3.5
3b 4OMe 0 83–8540 82–84 97 0.03 84 177 2.95
3c 4Me 0 99–10319 100–102 95 0.05 83 194 3.2
3d 4CO2Et 0 — 68–70 92 0.09 87 145 2.4
3e 4F 0 89–9240 90–93 91 0.1 84 189 3.1
3f 4Cl 0 9541 94–96 95 0.06 85 173 2.88
3g 4Br 0 91–9440 93–94 95 0.06 84 141 2.35
3h 2CO2Me 0 — 64–66 92 0.09 86 154 2.56
3i 2CN 0 — 120–123 91 0.11 84 182 3
3j 4Ph 0 134–13642 132–134 94 0.11 87 142 2.3
3k 2iPr 0 — 108–110 90 0.11 85 166 2.76
3l 2CO2H 0 68–6943 68–71 92 0.09 86 165 2.75
3m 4SMe 0 — 126–127 93 0.07 88 171 2.72
3n 3,5diMe 0 — 122–125 91 0.08 86 175 2.65
3o H 3 — 101–105 92 0.1 84 177 2.68
3p H 5 — 99–102 94 0.09 83 168 2.57

a Isolated yield. b The reaction conditions involved dissolving chlorobenzenes 1(a–p) and S8 2(a) in 15 mL of urea/ChCl DES. Electrolysis was
performed in an undivided cell equipped with graphite and oxC60–Ly@Fe GCE electrodes. A constant current of 15 mA was applied for 1 hour
throughout the reaction. c E factor. d Atom economy. e TON. f TOF.
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reaction residues contribute to the decline in catalytic effi-

ciency from 94% to 82% after 10 cycles. XRD analysis also

reveals slight peak shifts indicative of minor structural strain

and ongoing deterioration of the catalyst framework. Addi-

tional factors, including pore fouling, framework restructuring

or sintering, ligand degradation, and the formation of surface

oxides or carbonaceous deposits, further limit the number of

accessible active sites and progressively compromise catalytic

performance during repeated cycling.

Table 6 presents a detailed practical and comparative ana-

lysis of electro-organic sulfonation reactions. In 2018, Yong

et al. reported an 88% yield for the electro-sulfonation reaction

using a Ni electrode in MeCN solvent, with a current of 12 mA

applied for 3 hours at room temperature (Table 6, entry 1).

Subsequently, Han and Zhan independently reported yields of

75% and 76%, respectively, in 2019 using Pt electrodes in

DMSO and MeCN solvents, applying currents of 5 and 10 mA

for reaction times of 10 and 4.5 hours under ambient condi-

tions (Table 6, entries 2 and 3). In 2020, Yin and Yavari et al.

achieved yields of 81% and 82%, respectively, employing Pt and

stainless-steel electrodes in H2O and MeOH solvents at 40 mA

current, with 3 and 10 hours reaction times at room tempera-

ture (Table 6, entries 4 and 5). Yu and Ming, in 2021, reported

yields of 66% and 77% using Pt electrodes in MeCN solvent,

operating under currents of 5 and 2 mA for 6 and 10 hours at

ambient conditions (Table 6, entries 6 and 7). Collectively,

these studies highlight limitations such as prolonged reaction

times, the use of expensive electrodes impeding commercial

scalability, moderate yields, and reliance on hazardous

reagents. In contrast, the electrocatalytic system developed in

this work, utilizing a cost-effective, environmentally benign,

and reusable oxC60–Ly@Fe GCE electrode in conjunction with a

recyclable urea/ChCl DES electrolyte, demonstrated enhanced

performance with a 94% yield at 15 mA current, 1-hour reaction

time, and ambient temperature (Table 6, entry 8). This advance-

ment underscores the improved commercial feasibility and

robust catalytic efficiency of the proposed method.

Conclusion and outlook

In conclusion, the development of the sustainable and recycl-

able oxC60–Ly@Fe GCE electrode offers a highly eco-friendly

catalytic platform for the electrochemical sulfonation of benze-

nesulfonic acid derivatives. This catalyst effectively overcomes

the drawbacks of traditional sulfonation methods, providing

mild reaction conditions, high product yields (90–97%), and

excellent adherence to green chemistry principles as evidenced

by favorable E-factor, atom economy, TON, and TOF values.

Comprehensive physicochemical characterizations confirm the

catalyst’s structural integrity and functionality, while detailed

Fig. 21 BET analysis of oxC60–Ly@Fe after 10 runs.

Table 5 BET analysis of oxC60–Ly@Fe after 10 runs

Sample
BET surface
area [m2 g�1]

Pore volume
[cm3 g�1]

Average pore
diameter [nm] Type of pore

oxC60–
Ly@Fe

118.5 0.05 1.7 Microporous

Fig. 22 (a) Cycling durability and (b) leaching test of oxC60–Ly@Fe GCE.
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analyses of the sulfonic acid derivatives validate the success of

the electro-synthetic methodology.

Looking forward, this electrocatalytic approach holds great

promise for scalable industrial applications, enabling sustainable

production of sulfonated aromatic compounds. Further explora-

tion of the catalyst’s mechanistic pathways and extension to

broader substrate scopesmay enhance its versatility andefficiency,

contributing to the advancement of greener andmore sustainable

synthetic methods in organic chemistry. The catalyst also exhibits

chirality, enabling its application in enantioselective reactions.

also, its chiral nature presents opportunities for detailed investiga-

tion of stereoselective catalytic performance and the potential for

commercial development in asymmetric synthesis.
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