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Herein, a series of three M" corrole monomers were used and their related polymers were prepared through facile
and environmentally friendly electropolymerization methods. Upon functionalized on the electrodes, these
metallocorrole based polymers exhibited the enhanced and tunable electrochemically catalyzed oxygen reduction
reactions. Especially, the electron transfer numbers (n) of the oxidation-reaction process of three polymers p-1a-c
were n = 3.67, 3.43, and 3.63 which tended to be converted to water through selective four electrons (4e’) oxygen
reductions.
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B 0annou pabome bvLna ucnonvzosana cepus u3z mpéx MOHOMEPO8 MEMALIOKOPPOIOS8 U UX NOAUMEPOS HA UX OCHO8eE,
HOMYHUEHHbIX NPOCIBIMU U IKOIOSUYECKU Oe30NACHbIMU Memooamu daekmponoaumepuzayuy. Ilocre @ynxyuonanu-
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Introduction

In 1977, Hideki Shirakawa's group discovered the
conductivity of doped polyacetylene, a breakthrough that
completely rewrote the history of insulating materials
science, for which they were awarded the Nobel Prize in
Chemistry in 2000."! The conductivity mystery of organic
conductive polymers lies in their unique conjugated struc-
ture, which, by alternating arrangement of single and dou-
ble bond systems, forms delocalized n-electron clouds, that
create high-speed conductive channels on the molecular
chain.**! For example, materials with adjustable conduc-
tivity properties such as polypyrrole and polyaniline were
elaborated.”® Especially the conductivity of polyani-
line/graphene composite material has exceeded 5000 S/cm,
comparable to the conductivity of metallic silver.”!
Importantly, the organic conductive polymers have widely
applied in the field of flexible electronics.!'®'?! For exam-
ple, the foldable OLED screen uses poly (3,4-
ethylenedioxythiophene) as the transparent electrode, with a
light transmittance of over 90% and a bending resistance of
over 100000 times.!"" In addition, the organic conductive
polymers are well applied for biomedicine like polypyrrole
sensors, that can detect biomolecules at a concentration of
0.1 nM in real time, providing a new tool for precision
medicine."*"*! On the other hand, the field of new energy is
witnessing a revolutionary breakthrough in organic con-
ductive polymers."'®'"! The conversion efficiency of orga-
nic solar cells constructed from polythiophene derivatives
has reached 18.7%, while supercapacitors based on poly-
aniline can be charged within 3 s with a cycle life of over
100000 times.'"®'! With the advancement of molecular
engineering and nanotechnology, organic conductive poly-
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mers are breaking through the bottleneck of conductivity
and stability.?” Scientists predict that within the next dec-
ade, such materials will bring disruptive innovations in
fields such as neural electrodes, smart skin, and space
cables, redefining the boundaries of human understanding
of "conductivity".

On the other hand, metallocorroles are a type of func-
tional molecule formed by chelation of tetrapyrrole
macrocyclic clathrate ligands with metal ions.*'** Their
unique molecular and electronic structure are becoming star
molecules in the field of coordination chemistry and mate-
rial science.”) Compared with regular tetraphenylporphy-
rins,* the ring-contracted structure and the direct con-
nected "C-C" bond results the stronger coordination ability
and redox activity, providing a new paradigm for designing
high-performance catalysts and functional materials.”*>*"! In
order to programmably control the molecular and electronic
structures, a series of methods could be applied. Upon
selecting the suitable central-ions (such as iron, cobalt, cop-
per) and regulating the meso-/B-/axial-substituents, scien-
tists can precisely modulate the photoelectric properties and
catalytic activities.”**” For example, Co™corroles exhibit
competitive performance to platinum catalysts in oxygen
reduction reactions with overpotentials as low as 320 mV,
opening up a new path for fuel cell cathode materials.?"
Also, when Co''corroles were functionalized on the gold
electrodes, the additional enhancement of electrochemically
catalytic behaviors was also observed.”>?”! In the field of
photodynamic therapy, ruthenium corroles have become a
precise "molecular surgical knife" for anti-cancer treatment
due to the singlet oxygen yield (©,>0.8) excited by near-
infrared light.*"

Scheme 1. The general electropolymerzation methods of metallocorroles based polymers p-1a-c.
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Electropolymerized Metallocorroles for Enhanced Electrocatalyzed Oxygen Reductions

Till now as our best knowledge, the electropolymerized
linear shape Co"'corrole polymers have exhibited the more
satisfied electrocatalytic hydrogen evolution behaviors, and
their electrocatalytic behaviors could be accelerated through
co-polymerization with thiophene derivatives or changing
the electronic structure of metallocorrole monomers.*>>
Based on the all advantages of above mentioned metallo-
corroles and polymers, we herein designed three metallo-
corroles with different metal-centers including cobalt,
manganese and copper, and their electrochemically cata-
lyzed oxygen reduction behaviors were also investigated.

Experimental
General

The preparation of metallocorrole monomers including
Co"™PPhscorrole 1a, Cu'corrole 1b and Mn'corrole 1¢ was car-
ried out according the literature reported procedures.””? The
metallocorrole based conductive polymers were prepared through
the electrochemical polymerization method, and the three-elect-
rode cyclic voltammetry method was used (working electrode:
carbon paper electrode (platinum clip), auxiliary electrode: plati-
num wire, and reference electrode: Ag/AgCl electrode). The car-
bon paper electrode was selected the hydrophilic type with 1 cm?
surface area (the actual area is about 0.8 cm?). Before use, the
carbon paper electrode was cleaned with the mixed organic sol-
vent (ethanol:acetone = 1:1; v/v) through ultrasonication for 10
min to remove oil and impurities on the surface of the carbon
paper. The electrochemical polymerization was applied in the
mixed solution of CH,CIl,/CH;CN (3:2, v/v) solution containing
0.1 M metallocorrole 1a-¢ as the monomers and 0.1 M tetraethyl-
ammonium tetrafluoroborate (TEAT) as the supporting electro-
lytes. In addition, the electrochemical polymerization was
performed within the potential range of E=-1.8 Vto 1.5 V (E vs.
Ag/AgCl), and the modulation the metallocorrole polymers
including electropolymerized Co"corrole p-1a, Cu'corrole p-1b
and Mn'corrole p-l¢ were achieved by changing the different
scan rates and polymerization cycles (Scheme 1). Thus, the most
satisfied polymerization parameters for subsequent electrocatalytic
tests could be obtained.

Preparation of Electrodes

After preparing the metallocorrole-based conductive poly-
mers through electropolymerization, the conductive polymers,
which were separated in the solution, were used. In order to well
construct the electrodes, we firstly prepared a mixed solution
contain 2 mg multi-walled carbon nanotubes (MWCNT), 1 mL
isopropanol and 40 pL Nafion perfluorinated resin, and dispersed
by ultrasound for 30 min. For the electrocatalytic hydrogen evolu-
tion (HER) test, 2.5 pL of above prepared MWCNT solution was
dropped onto the surface of a glassy carbon (GC) electrode (® =
0.25 cm). After the surface of GC electrode has been well dried,
4.0 uL of metallocorrole p-la-c¢ based polymer solutions were
dropped to provide a uniformly dense polymer film covering the
electrode surface. For the electrocatalytic ORR test, 4.0 puL of
above prepared MWCNT, 6.0 pL of metallocorrole p-la-c based
polymer solution, and the central-GC (® = 0.4 cm) coated rotating
ring disk electrode were used instead.

Electrochemical Catalysis

The metallocorrole based conductive polymer modified GC
electrodes were used as the working electrode, platinum wire was
used as the electrode, and the calomel electrode (for oxida-
tion/reduction reaction, ORR) and/or Ag/AgCl electrode (for
HER) were used as the reference electrodes. In addition, the elec-
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trochemically catalyzed oxygen reductions were measured in
0.1 M KOH with the test potential range of electrocatalyzed oxy-
gen reductions are £ = —0.9~0.1 (£ vs. Hg/Hg,Cl,) with saturated
nitrogen and saturated oxygen at a scanning speed of 100 mV/s,
respectively. Upon changing the rotational speed (400~1600 rpm)
in a saturated oxygen solution, the Rotating ring-disk electrode
(RRDE) polarization curves were with a scanning speed of 10
mV/s. Also, the RRDE polarization curves were obtained in satu-
rated nitrogen and saturated oxygen solutions at 1600 rpm. Mean-
while, the electrochemical impedance spectroscopy (EIS) meas-
urements were tested in a mixed solution of potassium ferro-
cyanide (KCl 0.1 mol/L, K4Fe(CN)s-3H,0 5 mmol/L, K3Fe(CN)g
5 mmol/L) at E = —1.2 V; Change the scan rate to 5, 10, 15, 20,
25, and 30 mV/s in 0.1 M KOH to test the CV curve and calculate
the double-layer capacitance. Finally, in a 0.1 M KOH solution
dissolved in saturated nitrogen at a speed of 1600 rpm.

Results and Discussion
Characterizations of metallocorrole monomers

Metallocorroles generally have two major absorption
bands at around A = 400 nm (Soret-band) and 600 nm (Q-
band). Upon introducing different meso- and/or B-substi-
tuents, coordinating metal-centers, and axial ligands, the
absorption properties will be changed. As shown in Figure 1,
in CH,Cl,, these metallocorroles have Soret and Q-band ab-
sorptions at A = 387 and A = 562 nm for Co™'corrole 1a, A =
420, 543 and 1. = 644 nm for Cu"'corrole 1b and A = 538 and
613 nm for Mn"'corrole 1¢. Comparing with regular metallo-
triphenylcorroles, 1a-¢ have red-shifted absorption bands by
introducing electron-donating thiophene-units and meso-
5,15-positions. In addition, these three metallocorroles have
similar FT-IR spectra, but the major difference were
concentrated at 1600-900 cm™. In Figure 1 (right), the
peaks appearing at 3121-2835 cm™ were assigned by the
stretching vibration of C-H on the pyrrole benzene ring, the
peaks at 1750-1452 cm’™ are the skeletal vibration of the
pyrrole and benzene ring, and the peak at 1150-960 cm’
indicates the presence of M-N formed by transition metals
and N inside the corrole rings.

Electropolymerization

As shown in Figure 2, by comparing the cyclic volt-
ammetry curves of metallocorroles 1a-¢ and p-la-c before
and after 100 cycles of electropolymerization at a scanning
rate of 100 mV/s, it has been found that the CV curves tend
to flatten out with the progress of polymerization, and no
obvious oxidation-reduction peaks are formed after
polymerization. This is due to the decrease in the solubility
of the conductive polymer during the electrochemical
polymerization progresses, and the current density gradu-
ally decreases. Based on the above results, the plausible
mechanism of thiophene-substituted metallocorroles is
similar to that of thiophene, so called a-H oxidative cou-
pling, expect the electrochemical process was applied.
During the electropolymerization, the hydrogen atom at the
a-position of thiophene ring to detach and form a free radi-
cal cation two thiophene-substituted metallocorrole free
radicals couple to form a dimer, or continuous oxidative
coupling occurs between free radicals to form a polymer.
The attack of hydrogen radical cation on other sites of
thiophene promotes its irreversible oxidation process.
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Figure 1. UV-vis (in CH,Cl,, left) and FT-IR (right) spectra of metallocorroles 1a-c.
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Figure 2. Cyclic voltammetry curves of metallocorroles 1a-c and metallocorrole based polymers p-1a-c.
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Figure 3. UV-vis spectra of Co™

In order to confirm the structure of thiophene-based
polymers, we tested high-resolution electrospray ionization
mass spectrometry (ESI-MS) of electropolymerized
Co"corrole p-1b. When we analyze the mass to charge
ratio (m/z) of ions between 400 and 3000, the observed
peaks can indicate the Co''corrole based polymer p-1a was
formed with different polymerization degrees. Similarly,
we also confirmed the mass spectra of Cu"'corrole based
polymer (p-1b) with different polymerization degrees. On
the other hand, we have prepared Co"'corrole based
polymer p-1a with 20, 40, 60, 80, and 100 scanning cycles

Maxpoeemepoyuxnvt / Macroheterocycles 2025 18(3) 124-133

0.4
——0 cycles
=20 cycles
——40 cycles
0.3+ —— 60 cycles
———80 cycles
- ——100 cycles
202
w
0.1+
0.0 T T T T T 1
450 500 550 600 650 700 750

Anm

corrole based polymer p-1a with different polymerization cycles in CH,Cl, at 298K.

to compare the relationship between different polymeri-
zation degrees and spectroscopic properties. As shown in
Figure 3, the UV-vis of Co'corrole based polymer p-la
with different polymerization degrees exhibited the
characteristic Soret and Q bands. However, the shape of
absorption bands was gradually expanded with the number
of polymerization cycles, especially the Q-bands have been
clearly red-shifted. This phenomenon could be explained as
the expansion of Co"'corrole m-conjugation system to form
a smaller HOMO-LUMO gap and red-shifted main
absorption bands.
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Figure 5. EDS mapping analysis of metallocorrole based polymers p-1a-c.
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In order to further confirm the morphological charac-
teristics of metallocorrole based polymers p-la-¢ by com-
paring with their related monomers, the scanning electron
microscopy (SEM) was applied and the carbon paper was
used as the supporters. As shown in Figure 4, the bare car-
bon paper has a pure smooth carbon fiber structure, while
the metallocorroles 1a-c all have the amorphous material
structures on the carbon paper surface. On the other hand,
metallocorrole based polymers p-la-c exhibited the thin
layered sheet structure with 2—5 pm diameters. In addition
to confirm the formation of different elements, the EDS
analysis (energy dispersive spectrometer) was used to
investigate the C, N, S, P elemental analysis of metallo-
corrole based polymers p-la-c. Figure 5 shows the distri-
bution of elements (C, N, S, P, and M) in the polymerized
conductive polymers p-la, p-1b, and p-lc. Based on the
distribution of bright spots and density in the figures, the
unique elements of the compounds are displayed, which
highly matches the distribution in the SEM image. This
once again indirectly verifies the successful synthesis of
conductive polymers.

Electrochemical Catalysis

In addition, the electrochemical impedance spectros-
copy of metallocorroles 1a-c and its electropolymerized p-
la-c to were tested to confirm the electronic conductivity of
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their functionalized GC electrodes. This is because the
relationship between polymer conductivity and catalytic
activity is explored by studying the effect of polymer films
on electron transfer on electrode surfaces. In EIS testing,
we used an equivalent circuit model to fit the R (CR)
model. The diameter of the semicircle in the figure corre-
sponds to the charge transfer resistance (Rct), and the
smaller diameter indicates the faster surface charge transfer.
In Figure 6, the trends of semi-circular diameter were
ordered as 1a (861Q) < 1c¢ (1183Q) < 1b (1378 Q) which
corresponding to the smaller resistance faster electron trans-
fer process. Upon electropolymerization, the trends of semi-
circular diameter of three polymers are similar with the
related monomers in the order of p-la (861Q) < p-lc
(1183Q) < p-1b (1378 Q), but are all smaller than the
related monomers. To evaluate the catalytic activity of con-
ductive polymers, we further analyzed the electrochemical
catalytic active area, namely the double layer capacitance
(Cq). In 0.1 M KOH, we tested the CV curves and calcu-
lated the double-layer capacitance using 5, 10, 15, 20, 25,
and 30 mV/s. As shown in Figure 7, the double-layer
capacitance of p-1a (3.15 mF/cm?) is greater than that of p-
1b (2.18 mF/cm?) and p-1c (2.88 mF/cm?), indicating that
the conductive polymer of p-1a has a larger electrochemical
active surface area, followed by p-lc¢ and finally p-1b.
Compared to monomers, conductive polymers greatly
enhance their electrochemical active surface area, which is
consistent with the trend of EIS testing.
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Figure 6. (a) EIS measurements and (b) the double-layer capacitances of metallocorroles and their related polymers p-1a-c.
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Figure 7. Cyclic voltammetry curves of metallocorrole monomers and their conductive polymers in 0.1M KOH saturated by N, and O,.
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Scheme 2. The plausible mechanism of enhanced electrocatalytic ORR of p-1a-c.

To verify the electrochemical catalytic oxygen reduc-
tion activity of three metallocorroles and their polymers, we
used a rotating disk electrode to measure the CV curves (£
=0.1-1.2V; E vs. RHE) in 0.1 M KOH solutions containing
saturated nitrogen and oxygen, respectively. As shown in
Figure 7, both metallocorroles 1a-¢ and their related poly-
mers p-la-c (40 cycles electropolymerization) all exhibited
the oxygen reduction catalytic activity, and the polymers p-
la-c show the positive-shift of potential values, which
demonstrating that the metallocorrole based polymers with
expanded conjugation system have the better electro-cata-
Iytic ORR activity (Scheme 2).

In order to investigate the effect of electrochemical
polymerization degree on catalytic performance, we
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achieved regulation by controlling the number of polymeri-
zation cycles. As shown in Figure 8 and Table 1, we pre-
pared metallocorrole based polymers p-1a-¢ with of 20, 40,
60, 80, and 100 polymerization cycles, and their RDE
polarization curves were measured at a 10 mV/s scan rate
with the 600 rpm rotation speed. When the 40 cycles of
electropolymerization were applied, all three polymers p-
la-c exhibited the positive-shift of onset and half-wave
potential values, as well as the higher current densities.
These results indicate that the 40 cycles are suitable condi-
tions of electrochemical polymerization which have the
better electrocatalytic ORR performance. Furthermore, the
RDE polarization curves of three polymers p-la-c were
also tested after 40 cycles of polymerization at of 400, 625,

Maxpoeemepoyukivl / Macroheterocycles 2025 18(3) 124-133



900, 1225, and 1600 rpm rotating disk electrode speeds. As
shown in Figure 8b, with the continuous increase of rota-
tional speed, the diffusion current uniformly increases,
indicating that the oxygen reduction reaction on the
electrode surface is diffusion controlled. On the other hand,
the electron transfer numbers (n) of the ORR process were
also calculated by using the K-L equation (Figure 8c, Table

Yu Chen et al.

1), and the electron transfer numbers of polymers p-la-c
were n = 3.67, 3.43, and 3.63, respectively. Compared to
the oxygen reduction of electron transfer numbers
metallocorroles 1a (2.87), 1b (2.75), and 1c¢ (2.84), the
electropolymerized p-la-c¢ significantly improved their
ORR performance and tended to be converted to water
through four electron oxygen reduction.

0 0 0
(a) p-1a 1600 rpm p-ib 1600 rpm p-1c 1600 rpm
=1 1 A
.24
- = ~-2
E E2 E
3 -
< -3
£ £33 E
-4 —=—20 cycles ~ =20 cycles -~ —=—20 cycles
——40 cycles —+—40 cycles -4 ——40 cycles
54 60 cycles -4 ~—60 cycles —— 860 cycles
——80 cycles =80 cycles ——80 cycles
——100 cycles —+—100 cycles S ——100 cycles
-6 -5 T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 08 1.0
Potential(V vs RHE) Potential(V vs RHE) Potential(V vs RHE)
0 0

(b) °

=== 400 rpm

—=— 400 rpm -4 1 ~=— 400 rpm

= 625 rpm —— 625 rpm —— 625 rpm
5 —— 900 rpm -4 4 i 900 rpm 5 —— 900 rpm
ah —— 1225 rpm —— 1225 rpm 7 —— 1225 rpm
—+— 1600 rpm —+— 1600 rpm —+— 1600 rpm
-6 T T T u T -5 T T T T T 6 T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs RHE) Potential (V vs RHE) Potential (V vs RHE)
0.50 0.50 0.55
(C) = 02V m 02V m 02V
0451 o o03v 0451 o 03V 050{ @ 03V
A 04V A 04V A 04V
~%4°7 v osv <01 v osv 0451 v o5V
Eoas{ ¢ 06V So0a3s] ¢ 06V 5 * 06V
- - - 0.40
< < <
£0.301 £0.30 E
: B < 0.35-
= = =
0.254 0.25
1 1b 0.301 1
0.20 p-ia 0.20 ~ L Pie
K =76755 n=367 K=8.2125 n=3.43 0.254 K =7.7647 n=3.63
0.15

0.025 0.030 0.035 0.040 0.045 0.050
w—“ﬂ(rpm-ﬂ?)

5 T T r r T
0.025 0.030 0.035 0.040 0.045 0.050
w'2(rpm2)

0.025 0.030 0.035 0.040 0.045 0.050
w2(rpm1'2)

Figure 8. RDE polarization curves with different number of polymerization cycles (a) different rotating speeds (b); K-L curves of

conductive polymers p-1a-c (c).

Table 1. The summary of £, £1» and n data of metallocorrole 1a-c and their related polymers p-1a-c.

No. Onset-potentials (V) Half-wave Potentials (V) n (RDE)
1a 0.88 0.78 2.87
1b 0.74 0.68 2.75
1c 0.85 0.76 2.84

p-la 0.91 0.80 3.67

p-1b 0.77 0.71 3.43

p-lc 0.87 0.77 3.63
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Figure 9. RDE polarization curves (left) of metallocorrole monomers and their conductive polymers and i-t curves (right) of conductive

polymers.

More importantly, the RDE polarization curves of
metallocorroles 1a-c¢ and their related polymers p-1a-c were
compared at 1600 rpm rotating speed. As shown in Figure 9
and Table 1, it can be seen that all three metallocorrole
based polymers p-1a-c¢ have the positive-shift of onset and
half-wave potential values compared to their monomers 1a-
¢. Among them, the Co"'corrole based polymer p-la has
the best electrocatalytic performance with onset and half-
wave potential values at E = 0.91 and 0.80 V, respectively.
The trends were followed by Mn'"corrole based polymer p-
1c (0.85 and 0.76V) and Cu''corrole based polymer p-1b
(0.74 and 0.68V). This result indicates that the metal cen-
ters have the significant influence impact on the electro-
chemical catalytic performance. At the same time, the i-t
curves of metallocorrole based polymers p-la-c¢ were also
tested by chronoamperometry at 1600 rpm in 0.1 M KOH
containing saturated oxygen for 7200s (Figure 9b). Within
7200 seconds, all three polymers p-la-c¢ exhibited stable
peak currents (j values), which demonstrating good cata-
lytic stability for all three polymers. The current intensity
was p-la > p-lc > p-1b, consistent with the trends we
obtained in other electrochemical tests. Meanwhile, we
have compared the electrochemically catalyzed oxygen
reduction behaviors of a series of metallcorrole based cata-
lysts (Table S1, details see ESI), the metallocorrole based
polymers p-la-c are the most satisfied catalyst for
electrocatalyzed oxygen reduction to water through selec-
tive four electrons (4¢’) oxygen reductions.

Conclusion

In summary, a series of three M'"'corrole monomers
(M = Co, Cu, Mn) were prepared, and the related polymers
were prepared through facile and environmentally friendly
electropolymerizations. In addition, these polymers were
characterized by mass, SEM and EDS mapping analysis.
Upon functionalized on the electrodes, these metallocorrole
based polymers with expanded material structures exhibited
the smaller resistance and the higher double layer capaci-
tance. In addition, these polymers exhibited the enhanced
and tunable electrochemically catalyzed oxygen reduction
reactions, and the electron transfer numbers (n) of the ORR
process of three polymers p-la-c were n = 3.67, 3.43, and
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3.63 which tended to be converted to water through selec-
tive four electrons (4e-) oxygen reductions, especially the
Co"corrole based polymer p-1a has the most satisfied per-
formance. Considering highly conjugated conductive poly-
mers have the wide range of applications in several high-
tech fields, the current investigation may provide useful
information for future design, characterization and applica-
tion of novel functional conjugated materials.
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