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A series of conductive polymers of thiophene-substituted Co™corrole copolymerized with mono-, bis- and tri-
thiophenes have been prepared by electrochemical polymerization. Compared with the Co™corrole monomer, the
electrocatalytic hydrogen evolution performance was significantly improved. In particular, when the molar ratio of
Co"corrole and bithiophene is 10:1, the conductive polymer prepared shows better electrocatalytic hydrogen
evolution performance. In addition, when comparing the effect of chain length of thiophene, Co™ corrole-trithiophene
showed the greatest improvement on the hydrogen evolution performance, followed by bis- and mono-thiophene.
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Drexmpoxumuyeckoli nonumepusayueri noayuen psao nposodsuUx noaumepos muogenzameweniozo Co'-xoppona,
CONOTUMEPU308AHHO20 ¢ MOHO-, Buc- u mpumuopenanu. Tlo cpasnenuio ¢ monomepom Co™-xoppona, snexmpo-
Kamanumuyeckue Xapakmepucmuki 6bl0eleHUss 8000po0d Obliu 3HAYUMENbHO YIAVHULeHbl, 8 YACMHOCMU, K020d
monsipnoe  coomuowenue Co'-koppona u 6umuopena cocmagnsem 10:1. Yemanoeneno, umo  ynyuuwienue
Xapaxmepucmuk 8vloesieHus 6000p00a YEeIUudU8aemcs no mepe YOIuHeHUus yenu muopena u MaKcumaibha 6
cyuae Co™-koppor-mpumuoden.

11 o
Karouensie ciaoBa: Co -KOppoJ1, TI/IO(I)CH, MMPpOBOASAIINY TOJIMMEDP, BBIACJICHUC BOAOPOJA.

Introduction

Conductive polymer, a highly conjugated organic
cojugated polymeric material, has the approximate metallic
conductivity or semiconductor."*! Importanly, the conduc-
tive polymer has the high electrical conductivity, but the
mechanical properties are generally lack to other commer-
cial polymers.”) As the common methods, the conductive
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polymers could be well prepared by the regular organic
synthesis methods and advanced dispersion technology to
provide the fine-tune electrical properties,*! and they also
have the wide ranges of applications in energy storage,
information technology, photovoltaic power generation,
sensor technology and so on.””' Based on the above
advantages, conductive polymers have attracted the consi-
derable attentions since Alan Heeger et al. Whi won the
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Nobel Prize in Chemistry, and have been extensively
studied by many scholars during the past 20 years.® In
order to highly efficient prepare the conductive polymers,
the chemical oxidation polymerization is one of the best
strategies, which uses monomers to react with suitable
oxidants.”'" For example, the reaction of aniline (mono-
mer) with ammonium persulfate (oxidant) to give
polyaniline with controllable molecular weight.""! More
interestingly, the conductive could also be efficient pre-
pared through electrochemical polymerization by using
simple device, easy control of conditions, uniform and con-
trollable polymer film thickness and simultaneous and
doping polymerizations.!'>"* In the case of electrochemical
polymerization, we should use the functional monomers
with electrochemically active sites which can be synthe-
sized by electrochemical oxidation at room temperature,
such as five-membered aromatic heterocyclic compounds
(pyrrole and thiophene), or six-membered aromatic hetero-
cyclic compounds (aniline).!>"™ For example, polythio-
phenes and their derivatives have been extensively studied
due to their significant increase of the electrical conduc-
tivity that can be used as the conductive polymers by them-
selves or combined with other organic monomers.!"**°

On the other hand, metalloporphyrins, the 18w conju-
gated molecules with the unique structures and the wide
ranges of applications, have received considerable attention
in the past decades. In particular, they have outstanding
performances in the field of energy-related small-molecules
activations including hydrogen evolution (HERs), oxygen
evolution (OERs), oxygen reduction (ORRs), and even
carbon dioxide reduction (CO,RRs).*'?* As the metal-
porphyrin derivative, metallocorrole, in the absence of a
meso-site and a contracted macrocyclic ring compared to
porphyrins, can stablize metal ions with specific oxidation
states. Thus, metallocorroles were also widely applied for
molecular or material catalysis. >?”! Based on the same
advantages, the researchers have succeeded in preparation
and metallocorrole-based conductive polymers and they
also have satisfied catalytic properties compared to a series
of metal-containing catalysts.”®*") Therefore, when with
electrocatalytic active centers were polymerzied through
electrochemical process, the conductive polymer signifi-
cantly improves the catalytic performance than the mono-
mer catalysts.”**'! However, the current results are still
lack of investigations on the copolymerization of
metallocorroles with other functional molecules. Herein, we
tested the copolymerization of Co™corrole with mono-, bis-
and tri-thiophenes through electrochemical processes, and
the cobalt center could be rationally dispersed by copoly-
merized with thiophenes. Also, their electrochemically
catalytic hydrogen evolutions will be investigated.

Experimental
Synthesis

Co™PPh;-5,15-bis(2-thiophenyl)-10-phenylcorrole (1).
Firstly, 15-bis(2-thiophenyl)-10-phenyl-corrole (54 mg, 0.1 mmol)
was put into a round-bottomed flask, and Co(OAc),"4H,0 (126
mg, 0.5 mmol) and PPh; (132 mg, 0.5 mmol) were added. Then,
CH,Cl, (10 mL) and MeOH (40 mL) were added and stirred at
75°C for 1 hour. After removal of the organic solvents, the pro-
ducts were purified by column chromatography (eluent:
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CH,Cl,/hexane (1:1, v/v)). The target compound Co™PPh;-5,15-
bis-(2-thiophenyl)-10-phenylcorrole (1) was obtained as a deep-
red solid state compound in a yield 61.85% (53.2 mg). 'H NMR
(400 MHz, CDCls) 8 ppm: 8.72-8.60 (m, 4H), 8.31 (d, J=4.4 Hz,
3H), 8.13 (d, J = 4.8 Hz, 2H), 7.64 (ddd, J = 28.2, 14.4, 6.2 Hz,
7H), 7.43-7.32 (m, 3H), 7.05 (t, J = 7.4 Hz, 3H), 6.77-6.62 (m,
6H), 4.77-4.56 (m, 6H).

Preparation and electrocatalysis of conductive polymers

Electrochemical polymerization of the compound was
carried out by a cyclic voltammetry, referring to the three-
electrode system: carbon paper electrode (platinum clip), auxiliary
electrode platinum wire, reference electrode Ag/AgCl electrode.
Carbon paper electrode for polymerization (HCPO30N) (thickness:
0.30+0.01 mm, area: 21.0x20.0 cmz, mass per unit area: 0.78 g~cm‘2,
resistivity: 3 m-Q-cm™) was separated into 1.0x1.0 cm for electro-
polymerization and electrocatalysis. The actual area of the platinum
clip carbon paper is 0.8 cm? and the carbon paper was cleaned
with ethanol-acetone-ethanol ultrasonic and dried in N, before
use. The polymeric solution was CH,Cl,/CH;CN (3:2, v/v) mixed
solution with tetraethyl ammonium tetrafluoroborate (TEAT) as
the supporting electrolyte. After electropolymerization, the carbon
paper electrode was directly used for electrocatalytic hydrogen
evolution, unless otherwise indicated. Ag/AgCl and platinum wire
were used as the reference electrode and the counter electrode,
respectively, to electrocatalyze hydrogen evolution in 0.5 M
H,S0O,. The LSV curve was tested and the corresponding Tafel
slope was fitted. To evaluate the catalytic reaction kinetics and
electron transport rate of the materials, electrochemical impedance
(EIS) was measured at 0.1 M Na,SO, using the same three-
electrode system.

Results and Discussion

Electropolymerization and characterization of
conductive polymers

The conductive polymer was synthesized through
electrochemical polymerization by using method from
E=-15~15V (Vvs. Ag/AgCl, scanning speed: 50 mV/s,
100 cycles), and the ratios of Co''corrole 1 and mono-, bis-
and tri-thiophenes are all 10:1. As shown in Scheme 1 and
Figure 1, the shape of CV curves have been significantly
changed during the polymerization process, and the
comparison of CV curves before and after polymerization
was also obtained. Upon electropolymerization, the
Co"corrole-thiophene polymers were deposited on the
surface of the carbon paper electrode that decreased the
electron conductivity of carbon paper electrode. It should
be noted here, all electrochemical polymerization processes
are repeatable, and little or no changes were obtained for
different measurements. Based on the above results and the
established mechanism of thiophene polymerization
through electrochemical process, we predict that the
mechanism of Co"corrole-thiophene copolymerization is
similar to that of thiophenes -electropolymerization
themselves through the defined process of o-H oxidative
coupling of thiophene. The electrochemical process leads to
the separation of the a-site hydrogen atoms of thiophene to
form a radical cation, and then the coupling of two
thiophene corrole radicals to form a dimer, or continuous
oxidative coupling between free radicals to form a polymer,
in which the hydrogen radical cation attack other sites of
thiophene will promote its irreversible oxidation process.
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The morphologies of co-polymerized Co"'corrole-

thiophenes modified carbon papers were clearly confirmed
by the scanning electron microscope (SEM) and EDS
mapping analysis. As shown in Figure 2, when Co'"'corrole
1 copolymerized with mono- (up), bis- (middle) and tri-
thiophenes (bottom), the uniform and dense nanosheets
with regular and ordered structures were confirmed, and the
average size was about 5 um. This result suggested that the
Co"corrole-thiophene conductive polymers were success-
fully prepared, and the potential active surface area and
electron transport rate can be inferred from their morpho-

thiophene

Yuan Lu et al.

logical characteristics, which is advantageous for electro-
chemical catalysis. In order to characterize the distribution
of C, N, S and Co elements on carbon paper electrodes, the
EDS mapping analysis of Co"'corrole-trithiophene conduc-
tive polymers were investigated. As shown in Figure 3,
according to the density and distribution of the bright spots,
the unique N and Co elements of Co'"'corrole in the copoly-
mer are shown. It is proved that the electrochemical copoly-
merization of Co™corrole 1 and trithiophene is successfully
carried out, and the conductive polymer modified electrode is
prepared by loading on the surface of carbon paper electrode.

2,2'-bithiophene 2,2".5',2"-terthiophene

Scheme 1. The synthesis of Co™corrole 1 copolymerized with mono-, bis- and tri-thiophenes.

1b : 2,2":5"2"-Terthiophene =10:1
100 cycles 50 mViS

ib . 2,2:52"-Terthiophene =10:1
—— before 100 cycles
— after 100 cycles

0 15

4.0 05 00 05 1
Potential (V vs RHE)

10 05 00 05 10
Potential (V vs RHE)

404 10: 2.2-Bithiophene =10:1
100 cycles 50 mVIS

[X]

; 2
o d (mAfem?)

. j(mAlcm?)

@
o

60 1b : 2,2'-Bithiophene =10:1
= before 100 cycles
after 100 cycles

[*]
o

&
o

-1.0 1.5

0.5 0.0 0.5 1.0
Potential (V vs RHE)

-1.0 15

05 0.0 0.5 1.0
Potential (V vs RHE)

1b:Thiophene =10:1
100 cycles 50 mVIS

1b : Thiophena=10:1
4 —— before 100 cycles
—— after 100 cycles

40 05 00 05 1.0
Potential (V vs RHE)

40 05 00 05 10 15
Potential (V vs RHE)

Figure 1. The CV polymerization curves of Co™corrole 1 copolymerized with mono-, bis- and tri-thiophene (left) and CV comparison

chart before and after 100 cycles electropolymerizations (right).
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Figure 2. The SEM images of Co™corrole 1 copolymerized with mono- (first row), bis- (second row) and trithiophene (third row)
modified carbon papers.

Figure 3. The EDS mappings of
Co™corrole-trithiophene conductive
polymer modified carbon paper.
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In addition, to further explore the electronic states of
C, N, S and Co of co-polymerized Co"'corrole-trithio-
phenes (10:1 ratio) modified carbon papers, X-ray photo-
electron spectroscopy (XPS) analysis was performed. As
shown in Figure 4, the full spectra shows that Co, S and N
atoms are successfully dispersed on the surface of the
carbon paper electrode upon electropolymerization. Firstly,
the XPS analysis of Cls orbital has five peaks assigned as:
2843 eV (C=C), 284.9 eV (C-C), 2859 eV (C-N),
287.5 eV (C=N) and 289.0 eV (O=C-0), where the C-C and
C=C bonds are attributed to carbon materials and corrole
conductive polymers, the C-N and C=N bonds are
attributed to the corrole conductive polymer, and O=C-O is
attributed to the hydrophilic groups in the hydrophilic
carbon paper. Secondly, the XPS analysis of N1s has three
peaks which assigned as: 398.8 eV (Co-N), 400.2 eV
(Pyrrolic N) and 400.9 eV (Graphitic N), which were all
attributed to the Co"'corrole-thiophene conductive polymer
on the surface of carbon paper. On the other hand, the XPS
data of S2p has three peaks at 164.1 eV (S2p3/2), 165.2 eV
(S2p1/2) and 168.5 eV (satellite peaks), and Co2p has four
peaks at 780.8 eV (Co2p3/2), 796.0 eV (Co2pl/2),
785.1 eV and 801.0 eV (satellite peaks). It should be noted
here, all peaks from S and Co elements were attributed to
Co"corrole-trithiophene conductive polymers.

Yuan Lu et al.
Co"corrole-thiophene copolymers for HERs

Considering the introduction of mono-, bis- and tri-
thiophenes to Co"'corrole-thiophene conductive polymers
will enhance the atom dispersion of cobalt center, we firstly
tried to investigate the optimal molar ratio of Co™corrole 1
and different thiophenes. As shown in Figure 5 and Table 1,
we choose 2,2-bisthiophene as the example to test the effect
of molar ratio on the electrocatalytic behaviors, and all of
them have satisfied performance on the LSV measurements
in 0.5M H,SO,. When we tested the ratio from 10:10, 10:5,
10:3, 10:1, 10:0.5 (1:bisthiophene), the best results were
obtained as the 10:1 and 10:0.5 ratios with overpotential
E=0.078 and 0.081 V, and Tafel slop values 98 and 87
mV/dec. Thus, we can easily determined that the copoly-
merization of thiophene can easily enhance the electro-
chemically catalyzed hydrogen evolution behaviors of pure
Co"corrole-polymers, but the excess amount of 2,2-bisthio-
phenes may further decrease the catalytic ability probably
due to the lack of electron conductivity. Meanwhile, we
also tested the EIS measurements of Co' corrole-trithio-
phenes with different molar ratios, and the similar trends
were clearly obtained when we compared with the results
we obtained from LSV measurements.
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Figure 5. LSV measurements, the calculated Tafel slope and EIS diagram of Co™corrole-bisthiophene copolymers with different molar

ratios modified carbon papers.

Table 1. Summary of overpotential and Tafel slope of Co™corrole 1 copolymerized with different thiophene molecules in different molar

ratios modified carbon papers in 0.5 M H,SO,.

Overpotential (V)

Monomer (il = 10 mA/em?) Tafel (mV/dec)
1 0.069 100
2,2'-Bithiophene 0.009 131
1:2,2'-Bithiophene = 10: 10 0.043 119
1:2,2'-Bithiophene = 10: 5 0.060 109
1:2,2'-Bithiophene = 10: 3 0.069 98
1:2,2'-Bithiophene = 10: 1 0.078 98
1:2,2'-Bithiophene = 10: 0.5 0.081 87
1:2,2":5"2"-Trithiophene = 10:3 0.082 126
1:2,2":5"2"-Trithiophene = 10:1 0.107 87
1:2,2":5'2"-Trithiophene = 10:0.5 0.090 106
1:Thiophene = 10:3 0.059 104
1:Thiophene = 10:1 0.080 92
1:Thiophene = 10:0.5 0.069 99
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In addition, when 2,2":5',2"-trithiophene (trithiophene)
was used instead, the effect of chain length of Co"'corrole-
trithiophene copolymers on the electrochemically catalyzed
hydrogen evolutions was investigated. As shown in Figure
6 and Table 1, the extension of the chan in length may con-
tinually increase the electrocatalyzed hydrogen evolution
behaviors, and the most satisfied results were observed
when the 10:1 ratio was used (1:trithiophene; £ = 0.107 V,
Tafel slop: 87 mV/dec). On the other hand, Co"corrole-
trithiophene copolymers also have tunable EIS radius from
460 Q (10:1) to 820 Q (10:3). In contrast, we also tested the
electrochemically catalyzed hydrogen evolution behaviors
of Co™corrole-thiophene copolymers. As shown in Figure 7
and Table 1, we received the similar results that we
obtained from Co''corrole-thiophene copolymers. When

10:1 molar ratio was applied, we received the positive-shift
of the overpotentials (£ = 0.08V), the decreased Tafel slope
and EIS radius (92 mV/dec and 740 Q), respectively.

From the overpotential and Tafel slope, it can be deter-
mined that the introduction of mono-, bis- and tri-thiophenes
with molar ratio of 10:1 are more appropriate, and all of them
have the enhanced hydrogen evolution performance. Upon
increasing the amount of thiophenes, the hydrogen evolution
performance gradually decreases, due to the introduction of
excess amount of thiophenes which block the electron trans-
fer on the carbon paper electrodes. When we combined the
electrocatalytical results, it has been well indicated that
Co"corrole-trithiophene with larger length of copolymeriza-
tion linkers has the accelerated electrochemically catalyzed
hydrogen evolution behaviors and smaller EIS radius.
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Figure 6. LSV plot, Tafel slope and EIS diagram of Co"corrole 1 copolymerized with 2,2°:5°2”-trithiophene in different molar

ratios modified carbon papers.
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Figure 7. LSV plot, Tafel slope and EIS diagram of Co"corrole 1 copolymerized with thiophene in different molar ratios modified

carbon papers.
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Figure 8. LSV plot, Tafel slope and EIS diagram of Co"corrole 1 and three thiophenes in a molar ratio of 10:1 modified carbon

papers.
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Figure 9. Catalytic hydrogen evolution mechanism of Co™-corrole 1 copolymer conductive polymer.

The proposed mechanism

The mechanism of hydrogen evolution is shown in
Figure 9. First, Co"™-PPh; loses an electron to [Co“]’,
which is accompanied by the dissociation of PPh;, and
then [Co""] continues to lose an electron and is reduced to
[Co'T", which combines with H' to form [Co"-H], and
[Co"-H] continues to react with H™ to release H,. It then
recombines with PPh; to form Co™'-PPh;. The preparation
of conductive polymer can improve its catalytic hydrogen
evolution performance mainly due to its long-range
ordered structure, which increases the electron transport
rate, exposes more metal active centers, and has a larger
active surface volume.

Conclusions

In summary, three thiophene molecules including
mono-, bis- and tri-thiophenes were successfully copoly-
merized with Co"'PPh;-5, 15-bis(2-thiophenyl)-10-
phenylcorrole, through electrochemical polymerizations.
The structural information was investigated by SEM, EDS
and XPS analysis. Interestingly, these Co''corrole-
thiophene-copolymers have the significant increase of the
electrochemically catalyzed hydrogen evolutions com-
pared with pure Co'"'corrole-polymer, and their catalytic
abilities could be tunable modulated by the length of
thiophene chain and the amount of thiophene molecules.
Considering the  Co'"corrole-trithiophene-copolymers
have the better performance, the higher dispersion of
cobalt catalytic center is an effective strategy for enhan-
cing the electrochemical catalytic behaviors. Considering
highly conjugated conductive polymers have a wide range
of potential applications, the current investigations may
provide useful information for future porphyrin and
material science investigations.

Acknowledgements. This work was supported financially
by the National Natural Science Foundation of China
(21701058) and Innovation Project of JiangSu Province
2024.

Maxpoeemepoyuxnvt / Macroheterocycles 2024 17(3) 247-254

References
1. LinL., Zhang Q.,Ni Y.X., et al. Chem. 2022, 8, 1822-1854.
2. Fabretto M.V., Evans D.R., Mueller M., et al. Chem. Mater.

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

2012, 24, 3998-4003.

Kaur G., Adhikari R., Cass P., et al.
37553-37567.

Liu Y.S., Lyu S.S., Wen F.L., et al. J. Mater. Sci. Technol.
2024, 172, 33-50.

Das T.K., Prusty S. Polym-Plast. Technol. 2012, 51, 1487—
1500.

Alegret N., Dominguez A.A., Mecerreyes D. Biomacro-
molecules 2018, 20, 73-89.

Gerard M., Chaubey A., Malhotra B.D. Biosens. Bioelectron.
2002, /7, 345-359.

Zhu T.Y., Sternlicht H., Ha Y., et al. Nat. Energy 2023, 8,
129-137.

Chouki T., Machreki M., Emin S. Int. J. Hydrogen Energy
2020, 45, 21473-21482.

Liu J.L., Tang D.Y., Hou W.W., et al.
2023, 74(4), 109329.

Yan J., Sy S., Wang H., et al. Int. J. Electrochem. Sci. 2020,
15,12644-12653.

Qiang G., Wang W., Ma Y., et al. Talanta 2004, 62,477-482.
Wu H., Lian K. J. Power Sources 2014, 271, 534-537.

Kim S., Jang L.K., Park H.S., et al. Sci. Rep. 2016, 6, 30475.
Ranathunge T.A., Ngo D.T., Karunarathilaka D., et al. J.
Mater. 2020, 8, 5934-5940.

Liu P., Wang X., Li H.D. Synth. Met. 2013, 181, 72-78.
Rueda F.C.G., Gonzalez J.T. Electrochim. Acta 2020, 347,
136272.

Kitani A., Satoguchi K., Tang H.Q., et al. Synth. Met. 1995,
69, 131-132.

Cao G., Cui HH., Wang L.L., et al.
Mater. 2020, 2, 2750-2759.

Sharma P.S., Pietrzyk-Le A., D'Souza F., et al. Anal. Bioanal.
Chem. 2012, 402, 3177-204.

Lee K., Vikneshvaran S., Lee H., et al
Energy 2024, 51(C), 1184-1196.

Wei W., Liang H.W., Parvez K., Zhuang X.D., et al. Angew.
Chem. Int. Ed. 2014, 126, 1596-1600.

Feng J.X., Xu H., Ye S.H., et al. Angew. Chem. Int. Ed. 2017,
56, 8120-8124.

Ma D.D., Han S.G., Cao C., et al. Energy Environ. Sci. 2021,
14, 1544-1552.

Zheng Y., Jiao Y., Li L.H., et al. ACS Nano 2014, 8, 5290—
5296.

RSC Adv. 2015, 5,

J. Energy Storage

ACS Appl. Electron.

Int. J. Hydrogen

253



Co™Corrole Copolymerized with Mono-, Bis- and Tri-Thiophenes

26. Li M.S., Ma X.B., Luque R., ef al. Catal. Today 2021, 368,
1-290.

27. Zhao XJ., Li S., Cheng H.F., et al
Interfaces 2018, 10, 3912-3920.

28. Zhang X.H., Zhang X.F., Zhu W.H., et al. Dalton Trans.
2022, 51, 6177-6185.

ACS Appl. Mater.

254

29. Darby M.T., Réocreux R., Michaelides A., et al. ACS Catal.
2018, 8, 5038-5050.

30. Patra B.C., Khilar S., Manna R.N., et al. ACS Catal. 2017, 7,
6120-6127.

31. Liu L., Zha D.W., Wang Y., et al. Int. J. Hydrogen Energy
2014, 39, 14712-14719.

Received 05.04.2024
Accepted 01.06.2024

Maxpoeemepoyurnvt / Macroheterocycles 2024 17(3) 247-254



