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Abstract
The compound 3-iodo-2-(aryl/alkyl)benzo[b]thiophene (4A-F) has been synthesized as an anode catalyst using the Sonoga-
shira coupling reaction and the electrophilic cyclization reaction in moderate to excellent yields. The glucose electro-oxidation 
performance of these catalysts has been investigated by electrochemical methods, such as cyclic voltammetry (CV), chrono-
amperometry (CA), and electrochemical impedance spectroscopy (EIS) in 1 M KOH + 1 M C6H12O6 solution. When Pd 
metal is electrochemically deposited on the organic catalyst to increase the electrocatalytic activities, the Pd@4A catalyst 
exhibits the highest catalytic activity with 0.527 mA/cm2 current density than the 4A. The CA and EIS results prove that 
the Pd@4A catalyst has long-term stability and low charge transfer resistance and may be used in metal–organic catalyst 
systems as an anode catalyst to improve their performance. The results confirm that benzothiophene-based metal systems 
will be environmentally friendly materials in glucose fuel cells.
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Introduction

Non-renewable fossil fuels (coal, oil and natural gas) have 
been main energy sources all over the world for the last cen-
tury.1 With increasing world population and industrialization, 
energy has gained great importance.2–4 It is known that fossil 
fuels increase gas emissions, leading to climate change.5,6 In 

2020, the Intergovernmental Panel on Climate Change pub-
lished comprehensive reports based on scientific, technical, and 
socio-economic assessments.  According to these reports, climate 
change will become a major problem for the future, with increas-
ing risks throughout the world. Therefore, clean energy sources 
are urgently required. Fuel cells are promising as a sustainable 
and efficient energy source for a clean future.7–11

Glucose is an important simple sugar that is abundant in 
nature. It has a high energy density and is a potential hydro-
gen carrier. Morever, it is used as a fuel in direct liquid fuel 
cells with its advantages of easy usability, as well as being 
non-volatile, non-toxic, non-explosive, and cheap.12–14 A 
glucose molecule can produce 24 e- and yield – 2870 kJ/
mol of energy via the complete oxidation to CO2.15 Glucose 
electro-oxidation reactions in alkaline media are as follows:

The slow oxidation kinetics of glucose and the interme-
diate products formed during oxidation cause poisoning of 
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the anode catalyst in direct glucose fuel cells (DGFC).16,17 
Many electrocatalysts have been developed by researchers 
to remove these barriers of DGFC. Basu et al. synthesized 
bimetallic (PdPt/C) and trimetallic (PtPdAu/C) catalysts 
by NaBH4 reduction as anode catalysts for glucose electro-
oxidation. They reported that the trimetallic catalyst exhib-
ited more stable electroactivity in DGFC with 0.52 mW/
cm2 power density.18 Brouzgou et al. studied Pd/C, PdSn/C, 
and Pd3Sn2/C anode catalysts in an alkaline medium. They 
investigated the effects of electrolyte and glucose concentra-
tion on glucose oxidation. They stated that electro-oxidation 
activity increased with increasing glucose concentration.19 
Nickel–cobalt composite materials supported by activated 
carbon were synthesized by Gao et al. for glucose oxida-
tion. They reported that the power density reached 2.40 
mW/cm2 with the synergistic effect of the Ni-Co compos-
ite used as the anode catalyst.20 Likewise, many different 
materials, such as G-ITO,21 PdRh/C,22 Au/GO,23 NiCrCo,24 
Pd3Au7/C,25 C-TNT,26 Pd-Bi/C,27 AuAg/C,28 and Pd-Rh/
CNT,29 have been investigated as anode catalysts in DGFC 
to increase the electro-activity of glucose oxidation.

A variety of heterocyclic compounds have been used 
in medicinal and material applications, and  are also very 
important for the synthesis of organic compounds due to 
their useful properties.30 Recently, we investigated a fuel 
cell anode catalyst by using hetero-aromatic compounds like 
benzothiophenes and indoles.31,32 Benzothiophenes possess 
exciting biological properties, and are unique pharmacoph-
ores of several bioactive molecules.33 Moreover, they have 
high stability, high conductivity, and can easily undergo 
reactions for the formation of active molecules.34,35

In the light of the previous studies,36–38 3-iodo-benzothio-
phene derivatives were synthesized via coupling reactions and 
electrophilic cyclization reactions. After characterization, the 
glucose electro-oxidation activities of these organic catalysts as 
anode catalysts were investigated. In addition, Pd metal was elec-
trodeposited onto the benzothiophene derivatives to discover the 
effects of electrochemical activity. A Pd-doped organic catalyst 
(Pd-4A) was characterized by using electron microscopy with 
energy dispersive x-ray (SEM-EDX) and transmission electron 
microscopy (TEM). Pd-Organic catalyst systems can be impor-
tant to study as fuel cell anode catalysts.

Experimental

Preparation of Organic Catalysts

Synthesis of (2‑((aryl/alkyl)ethynyl)phenyl)(methyl)sulfane 
(3A)

2-Iodothianisole (1) (1 equiv.), PdCl2(PPh3)2 (0.05 equiv.), 
1-ethynyl-4-methoxybenzene (2) (1.2 equiv.) and CuI (0,05 

equiv.) in THF (10 mL) and triethylamine (15 mL) were 
mixed at room temperature overnight. When the starting 
compound was used up, the mixture was extracted with 
EtOAc (3 × 15 mL). The combine organic phase was dried 
with anhydrous MgSO4, filtered, and then concentrated 
under reduced pressure. The residue was purified by using 
flash column chromatography on silica gel hexane/ethyl ace-
tate (100:1) to give (2-((aryl/alkyl)ethynyl)phenyl)(methyl)
sulfane (3A-F).38

General Procedure for Synthesis of 3‑iodo‑2‑(aryl)benzo[b]
thiophene (4A‑F)

(2-((4-Methoxyphenyl)ethynyl)phenyl)(methyl)sulfane (3A) 
(1 equiv.) in dichloromethane (30 mL) was added to molec-
ular iodide (2 equiv.) at room temperature. After 3 h, the 
reaction mixture was washed with saturated Na2S2O3 and 
extracted with dichloromethane (3 × 20 mL). The combine 
organic phase was dried with anhydrous MgSO4, filtered, 
and then concentrated under reduced pressure. The residue 
was purified by using flash column chromatography on silica 
gel hexane/ethyl acetate (100:1) to give 3-iodo-2-(aryl/alkyl)
benzo[b]thiophene (4A-F).

Electrochemical Measurements

Electrochemical measurements were implemented employ-
ing the CHI 660E potentiostat device to determine the glu-
cose electro-oxidation activities of the catalysts. Cyclic 
voltammetry (CV), chronoamperometry (CA), and electro-
chemical impedance spectroscopy (EIS) measurements were 
performed in a three-electrode system consisting of glassy 
carbon electrode (working electrode), Pt wire (counter elec-
trode), and Ag/AgCl (reference electrode) in 1 M KOH + 1 
M C6H12O6 solution. The effects of the scan rate and KOH 
and glucose concentrations on the glucose electro-oxidation 
were also investigated. The electro-oxidation activities of the 
catalysts were determined via CV at 50 mV/s in the poten-
tial range of − 0.6 V–0.8 V. The Pd was electrochemically 
deposited on the organic catalyst electrode by CV in 0.002 
mmol K2PdCI4 + 2.0 mmol H2SO4 + 0.004 mmol HCl solu-
tion at 10 mV/s scan rate.39 Pd electrodeposition on glassy 
carbon modified with the organic catalyst was continued 
during 20 cycles by CV analysis. Afterward, electrochemi-
cal analyses were realized with this electrode. CA measure-
ments for the stability of Pd@4A catalyst were performed 
at − 0.4V, − 0.2V, 0.0V, 0.2V, and 0.4 V potentials for 1000 
s. The electrochemical resistance of this catalyst was inves-
tigated by EIS at 316 kHz to 0.046 Hz frequency and 5 mV 
amplitude.
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Results and Discussion

Synthesis

Initially, the Sonogashira coupling reaction was applied for 
the formation of (2-((4-methoxyphenyl)ethynyl)phenyl)
(methyl)sulfane (3A). When 2-iodothianisole 1 was allowed 
to react with 1-ethynyl-4-methoxybenzene 2 in the pres-
ence of a Pd/Cu catalyst at room temperature under an inert 
atmosphere, the intermediate 3A was isolated in 88% yields. 
By using the same reaction conditions, six benzothiphene 
derivatives (4B-F) were synthesized with between 72% and 
95% yields (Table I). Recent studies have proved that elec-
trophilic cyclization reactions (ECRs) can be more useful 
synthetic methods for the formation of halogene-substituted 
heterocyclic compounds. ECRs have many advantages, such 
as the high yields, high regioselectivity, and the need for 
cheaper and environmentally friendly catalysts like molecu-
lar iodide. In the present study, 3-iodo-2-(4-methoxyphenyl)
benzo[b]thiophene A was obtained by using ECRs (76% 
yield) (Table I). When heptyne was used as the starting 
alkyne, compound 4B was isolated in 95% yields. To find 
the substituent effects of electro-oxidation, a variety of ben-
zothiophenes, including aromatic and polyaromatics, were 
prepared with moderate to high yields (Table I).

Characterization Results

SEM-EDS and mapping analysis were employed to exam-
ine the surface morphology of the Pd@4A catalyst, and the 
results are shown in Fig. 1a–h. Since the catalyst contains 
a low amount of metal, the metal atoms may not be visible 
in the SEM images (Fig. 1a, b). However, as seen in the 
EDS and mapping results (Fig. 1c–h), Pd, O, C, and N were 
obtained on the catalyst surface. According to the results 
of the analysis made from just one point (Fig. 1c), these 
were determined as O (d) turquoise, N (e) yellow, Pd (f) red, 
and C (g) blue colors. In addition, the presence of Pd metal 
atoms by EDS analysis shows that it is electrochemically 
deposited on the organic material.

The morphology and structure of the d@4A catalyst were 
examined via TEM analysis, and Fig. 2a–f shows the TEM 
images and histograms of the catalyst. The TEM images 
indicate that Pd particles are formed without agglomeration 
at certain points. The histograms of the 20-nm and 50-nm 
images were obtained utilizing the ImageJ program. The par-
ticle size was calculated as being an average 2 nm. Although 
it is not clear in the SEM analysis due to the small particle 
size, the Pd particles were successfully deposited on the 
organic material surface, as shown in the EDS and mapping 
results. In addition, it has been emphasized in many studies 

Table I   Synthesis of 3-iodo-2-arylbenzothiophene derivatives
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50 µm 1.00 mm 100 µm
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Element Wt%
C 49.78
N 0.00
O 47.08
Pd 3.14

Total: 100.00

100 µm
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(f) (g)
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Fig. 1   SEM-EDX (a, b, h) and mapping images: mapping and EDX point (c), O (d), N (e), Pd (f), C (g) of the Pd-4A catalyst.
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in the literature that the catalytic activity increases as the 
particle size decreases.40,41

Electrochemical Results

The glucose electro-oxidation activities of organic cata-
lysts were investigated by CV measurements in 1 M KOH 
+ 1 M C6H12O6 solution. CV voltammograms of the cata-
lysts in the potential range of – 0.6–0.8 V are presented in 
Fig. 3. No oxidation peaks were observed in the glucose 

electro-oxidation results of the organic catalysts. Therefore, 
the results have been interpreted over the total current. The 
current values of the organic catalysts are given in Table II. 
The 4E organic catalyst displayed the highest catalytic per-
formance, at 0.025 mA/cm2. The Pd were deposited with 20 
cycles on the organic catalysts to increase the electrochemi-
cal activity. Figure 4 shows CV voltammograms of Pd-doped 
organic catalysts. The oxidation peaks were observed in the 
forward scan direction of the catalysts. These peaks indicate 
electro-oxidation from glucose adsorption.7,29 The Pd@4A 
catalyst performed better than other organic catalysts in 
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Fig. 2   TEM images of (a, c) 20 nm and (b, e) 50 nm with the related particle size distribution (d, f) for the Pd@4A catalyst.
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glucose electro-oxidation. When Pd was doped on the 4A 
organic catalyst, its specific activity increased and reached 
v0.527 mA/cm2. Next, CV results obtained by doped Pd on 
the 4A catalyst in different cycles are presented in Fig. 5. 
Table III includes the specific activities, onset (Eon) and 
peak (Ep) potentials of the Pd-doped organic catalysts. 

The electrocatalytic activities of the catalysts were greatly 
increased by depositing Pd.

The effect of scanning rate, glucose concentration, and 
KOH concentration change of Pd@4A on glucose electro-
oxidation were researched and the results are represented 
in Fig. 6. The highest activity was reached at 100 mV/s in 
experiments performed at different scanning rates ranging 
from 1 mV/s  to 100 mV/s. The glucose electro-oxidation 
activity of Pd@4A was investigated by keeping the KOH 
concentration constant at 1 M and changing the glucose con-
centrations in the range of 0.0025 M–2 M. The highest cata-
lytic activity was achieved at 0.1 M glucose concentration. 
In the study of the effect of KOH concentration on glucose 
electro-oxidation, the glucose concentration was kept con-
stant as 0.1 M and the KOH concentrations were changed in 
the same range. The highest catalytic activity was attained 
at 2 M KOH concentration.
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Fig. 3   Cyclic voltammograms of organic catalysts in (a) 1 M KOH 
and (b) 1 M KOH + 1 M C6H12O6 solution (scan rate 50 mV/s).
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Fig. 4   Cyclic voltammograms of Pd-doped organic catalysts in (a) 1 
M KOH and (b) 1 M KOH + 1 M C6H12O6 solution (scan rate 50 
mV/s).Table II   Electrochemical properties of organic catalysts for glucose 

electro-oxidation

Catalyst Total current of 
KOH, mA/cm2

Total current of 
C6H12O6, mA/cm2

Normal 
current, mA/
cm2

4A 0.172 0.188 0.016
4B 0.131 0.133 0.002
4C 0.233 0.216 − 0.020
4D 0.118 0.149 0.031
4E 0.173 0.198 0.025
4F 0.166 0.163 − 0.003
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In order to determine the stability of the Pd@4A cata-
lyst, CA measurements were taken at – 0.4 V, − 0.2 V, 0, 
0.2 V, and 0.4 V potentials for 1000 s, and the CA curves 
are shown in Fig. 7. An initial rapid current density drop 
followed by a slow current density drop was observed at all 
potentials. This rapid initial decline can be explained by the 
poisoning of the electrode surface by intermediate species 

formed during electro-oxidation. The longest and highest 
stability of the Pd-doped organic catalyst was obtained at 0.4 
V potential. Then, it was compared with the organic catalyst 
at a potential of 0.4 V, from which it can be seen that the 
current stability of the Pd-doped organic catalyst was higher 
than the organic catalyst.

Nyquist curves from the EIS results were used to deter-
mine the resistance to glucose electro-oxidation. In the Nyquist 
diagrams, as the diameter of the semicircle decreases, the 
charge transfer resistance decreases, and therefore the electro-
catalytic activity increases.42 Lower charge transfer resistance 
(Rct) means a larger electroactive surface area and faster elec-
tron transfer rate between the electrolyte and the electrode.43 
EIS measurements were performed at different potentials of 
− 0.6V, − 0.4V, − 0.2V, 0, 0.2V, and 0.4 V. As seen in Fig. 8, 
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Fig. 5   Cyclic voltammograms of 4A doped with Pd at different cycles 
in (a) 1 M KOH and (b) 1 M KOH + 1 M C6H12O6 solution (scan rate 
50 mV/s).

Table III   Electrochemical properties of Pd-doped organic catalysts for 
glucose electro-oxidation

Catalyst Specific activity, mA/
cm2

Ep, V Eon, V

Pd@4A 0.527 − 0.04 − 0.52
Pd@4B 0.180 − 0.01 − 0.57
Pd@4C 0.078 0.025 − 0.58
Pd@4D 0.053 0.06 − 0.57
Pd@4E 0.370 − 0.03 − 0.50
Pd@4F 0.261 0.01 − 0.49
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Fig. 6   Cyclic voltammograms of Pd@4A catalyst for (a) different 
scan rates, (b) different glucose concentrations, (c) different KOH 
concentrations.
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the impedance behavior of the Pd-doped organic catalyst 
changed as the applied potential changed. The lowest charge 
transfer resistance was reached at a potential of 0.4 V. This 
result was consistent with the results from CA.

Conclusions

The compound 3-iodo-2-(aryl/alkyl)benzo[b]thiophene 
(A-F) was synthesized via Pd-catalyzed Sonogashira 
cross-coupling reaction and electrophilic cyclization reac-
tion. The isolated yields of the desired products changed 
between 72% and 95% yields. Their performance was 
investigated as anode catalysts for glucose electro-oxida-
tion. Surprisingly, when benzothiophene derivatives were 
electrodeposited with Pd metal, the glucose electro-oxi-
dation activities of Pd depositing on the organic catalysts 
increased. The highest catalyst performance was observed 
for the Pd@4A catalyst system at 0.527 mA/cm2 current 
density with high stability and low charge transfer resist-
ance. The Pd@4A catalyst s characterized by advanced 
surface characterization techniques, such as SEM-EDX 
and TEM. The characterization results confirmed the 
successful deposition of Pd particles on the catalyst. As 
a result, our catalyst has significant properties such as 
cheaper than metal catalysts and more environmentally 
friendly than metals. Pd@benzothiophene catalyst systems 
may be worth further study as an anode catalyst in glucose 
electro-oxidation.
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