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ABSTRACT: Catalysts based on metal-free conjugated porous polymers
(CPPs) are still rare for electrochemical oxygen reduction reactions (
(ORR). In this study, a conjugated porous polymer, TT-TPB, based on Ryt
thieno[3,2-b]thiophene (TT) and triphenylbenzene (TPB), was synthe-

sized applying palladium(0) catalyzed Suzuki coupling reaction and its

ORR activity was investigated in alkaline condition. It demonstrated \ 5 —
comparable electrocatalytic performance of ~0.89—0.9 V E_ . vs RHE ‘ o e
with the commercially available Pt/C. Density-functional theory (DFT) S - :
calculations revealed that TT-TPB featured efficient electrocatalytic active
sites derived from volumetric, areal, and O, adsorbing calculations, which
were in line with the experimental results. Moreover, semiconducting and

surface properties of TT-TPB were investigated in detail using electro- \
chemical and spectrophotometric techniques. This work shows the
potential application of thienothiophene-based metal-free CPP in the electrochemical conversion process.
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B INTRODUCTION

The growing energy crisis and consumption increase the
interest in renewable and environmentally clean energy sources
along with the conversion applications such as solar cells,'
capacitors,4’5 fuel cells,ﬁ_9 and Dbatteries.'”"’ Among these

and active edge sites have been considered one promising

candidate for a high-performing ORR catalytic system.””~*’ In

addition, they have been used in several electronic, optic, and

catalytic applications to solve major challenges of sustainable
. 28,29 .

energy and a clean environment. Thienothiophenes are

applications, fuel cells have important potential as an efficient
energy source including oxygen reduction reaction (ORR) in a
multielectron transfer process. However, ORR has highly
sluggish kinetics leading to a reduced energy efficiency. To
overcome this issue, highly active ORR electrocatalysts having
high electroactive surface area are necessary for fabrica-
tion.”””"> Although Pt-based materials are well-known
catalysts for the ORR, they are not cost-effective for large-
scale production since they suffer from serious anode crossover
and limited stability.'™"® Therefore, efforts have been mainly
focused on the production of more stable and economically
functional materials having catalytic activity with a larger
surface area for ORR applications.'”~*'

Conjugated porous polymers (CPPs) have recently been
categorized as a new class of electro/photoactive and
heterogeneous catalysts, which can remove serious drawbacks
of classic molecular catalysts, owing to their structural stability,
low cost, nontoxicity, and easy designability.””~>> Moreover,
they offer many advantages such as permanent porous surface,
flexible 7-extended network, strong covalent links (e.g., aryl—
aryl bond), adjustable band gap character, and photon
absorption capability. Thus, CPPs with large pore surfaces

© 2022 The Authors. Published by
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fused in two thiophene systems with four isomers, among
which thieno[3,2-b]thiophene (TT) has the utmost impor-
tance as it has the best electron delocalization. It is electron-
rich with two sulfur heteroatoms and flat and has remarkable
optic/electronic and electrochemical oxidation/reduction
properties.”’~** Another important building block is 1,3,5-
triphenylbenzene (TPB), which is a photochemically and
thermally stable chromophore with a 7-extended structure. As
in TTs, TPB has a useful core for various electronic areas such
as OLED, water splitting, triplet—triplet annihilation photon
upconversion, and CO, photoreduction.** ™ Since addition of
sulfur has a positive impact in catalyzing the ORR,>' ™"
combining a porous structure with a thiophene-based back-
bone may help to enhance the ORR activity.
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Scheme 1. Synthesis of Porous TT-TBP
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In this work, the design and synthesis of a novel porous
conjugated polymer (TT-TPB) were described and charac-
terized in detail. Moreover, the ORR performance of the
material was investigated in alkaline conditions. Its electro-
catalytic ORR activity was evaluated by using cyclic
voltammetry (CV) and rotating disk electrode (RDE)
methods. The surface morphology of TT-TPB was studied
by scanning electron microscopy (SEM) to demonstrate its
porous polymer morphology. This work shows the potential
application of thieno[3,2-b]thiophene based metal-free CPP in
the energy conversion process.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals were used without further
purification. Carbon black (Vulcan XC-72) and commercial Pt/C
(20%) were supplied from Fuel Cell Store. Analytical grades of KOH,
isopropyl alcohol, and Nafion solution (S wt %) were supplied from
Sigma-Aldrich. Electrochemical measurements were conducted in a
three-electrode cell configuration. Ag/AgCl (4 M KCl, saturated)
electrode as a reference electrode and Pt spiral wire as a counter
electrode (CE) were applied. Also, a graphite (Gr) counter electrode
was used to observe the contribution of Pt readsorbed nanoparticles
of Pt CE (Figure S3). Since no significant changes were observed in
CV and RDE measurements when graphite was used as the counter
electrode, we continued with Pt CE. Regarding the working electrode,
a catalyst-coated rotating carbon disk electrode (GC, 5 mm in
diameter) was prepared as follows:

TT-TPB (5 mg/mL) and carbon black (5 mg/mL) were mixed
with Nafion (40 L) and Arabic gum (10 yL) in an isopropyl alcohol
(480 puL)—water (480 uL) mixture. Arabic gum was used as a co-
dispersant as it has a strong dispersion ability toward the conjugated
systems.”*® To obtain a homogeneous dispersion, the mixture was
kept in an ultrasonic bath and stirred. Finally, 10 pL of ink was
dropped onto the GC and dried at room temperature. For
comparison, the same recipe was applied for commercial Pt/C and
pristine carbon black.

The ORR electrochemical activities were measured in KOH
solution (0.1M) using a Pine Research WaveDriver 40 DC
biopotentiostat/galvanostat with modulated speed rotator (MSR).
The reference electrode was calibrated in H, purged H,SO, (0.5 M)

using Pt wire as a working electrode. All the measured potentials were
converted to reversible hydrogen electrode using the equation below.

E(RHE) = EAg/AgCl + 0059PH + EOAg/AgCl

The number of electrons involved in the ORR was calculated from the
Koutecky—Levich (K-L) equation using the slope (B) of the graph
between J~! versus o~V/2

It g = B0 (1)

B = 0.62nFCo(D,)**v "¢ 2)

where ] is the measured current density, Jx and J; are the kinetic and
diffusion-limiting current densities, @ is the angular velocity of the
disk, n is the overall number of electrons transferred in oxygen
reduction, F is the Faraday constant (F = 96485 C-mol™"), C, is the
bulk concentration of O,, (Cy = 1.2 X 107% mol-em™), v is the
kinematic viscosity of the electrolyte (v = 0.01 cm®s™"), and D is the
diffusion coefficient of O, in 0.1 M KOH (1.9 X 1075 cm?s71).*’
Rotating ring disk electrode (RRDE) experiments were also
performed at 1200 rpm with a scan rate of 10 mV-s™ in 0.1 M O,
saturated KOH to calculate electron transfer numbers. The related
ring current was simultaneously measured using a Pt ring electrode,
applying a constant potential of 1.1 V vs RHE. The electron transfer
number and HO, % were calculated using the equations below:>*

ID
n=4 &
I+ (3)
/N
HO, % = 200— /N
I + I/N (4)

where I, and I are the disk and ring currents, respectively, and N is
the collection efficiency. The N value in our system was measured in 1
M KNO; with a 10 mM K;[Fe(CN)g4] electrolyte.

Mass corrected Tafel plots were calculated from the equation as
follows:>’

k=010 =D

The diffusion-limiting current densities (J.) values were extracted
from RDE voltammograms at 1200 rpm (at 0.2 V) and used directly
in the formula.
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Figure 1. (a) Absorption, (b) emission spectra, and (c) cyclic voltammogram of TT-TPB.
Table 1. Optical and Electronic Data of TT-TPB
polymer UV, (nm) UVinger (nm) Fl,..* (nm) Stokes shift (nm) Egpuic” (eV) Eox (V) Eeq (V) Ecy (eV)
TT-TPB 389 462 501 112 2.66 1.28 -1.35 2.63
“Absorption and emission maxima in THF. onpﬁc from the onset of absorption spectra. “Ecy = E,, — E,e4.
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Figure 2. (a) DSC and (b) TGA thermograms of TT-TPB.

Temperature (°C)

To determine the electrochemical band gap of TT-TPB, the cyclic
voltammetric measurement was conducted in an acetonitrile/
dichloromethane (4/1) mixture containing tetrabutylammonium
hexafluorophosphate (TBAPF() (0.1 M) as a supporting electrolyte
at a scan rate of SO mV/s, using platinum (Pt) and silver (Ag) wires as
working and reference electrodes, respectively. Cyclic voltammetry
was examined on a Princeton Applied Research Versa STAT 3.

Scanning electron microscopy (SEM) images were recorded on a
HITACHI SU 5000 VP-FEG-SEM&EDS, having Schottky gun at an

13286

acceleration voltage of 15 kV at different magnifications. Before the
SEM operation, the sample was applied on a conductive double-sided
adhesive carbon tape. Thermal gravimetric analysis (TGA) was
performed on a PerkinElmer Diamond TA/TGA with a heating rate
of 10 °C-min"" under nitrogen flow. Differential scanning calorimetry
(DSC) was conducted on a PerkinElmer Diamond DSC with a
heating rate of 10 °C-min™' under nitrogen flow, covering
temperatures of 30—320 °C. BET equipment (NOVA 2200e BET)
was used to measure the surface area of TT-TPB. Fourier-transform

https://doi.org/10.1021/acsaem.2c01830
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Figure 3. Scanning electron microscopy (SEM) images of TT-TPB at different magnifications (a—d).

infrared (FTIR) spectra were recorded on Perkin-Elmer Spectrum
One spectrometer having an ATR accessory (ZnSe, Pike Miracle
Accessory) and mercury cadmium telluride (MCT) detector.

Synthesis. TT-Br3®° and TPB-Boron3*® were synthesized
following our previous and other literature reports.

Synthesis of TT-TPB. To a mixture of TT-Br3 (0.3 g, 0.665
mmol) and TPB-Boron3 (0.45 g, 0.665 mmol), dissolved in THF (25
mL) and degassed for 45 min with N,, were added K,CO; (2.5 mL, 2
M) and Pd(PPh;), (0.0065 mmol). The reaction was left stirring for 2
days at 90 °C, after which the precipitate was filtered and washed with
various solvents (water, THF, methanol). Following a Soxhlet
extraction in MeOH and THF (1 day each), it was dried under
vacuum at 90 °C overnight to obtain the title compound as a brown
powder in 85% yield. Porosity and apparent BET (Brunauer—
Emmett—Teller) surface area of TT-TPB were evaluated by nitrogen
isothermal adsorption/desorption measurements (Supporting Infor-
mation, Figure S1, Table S1). On the basis of the N, adsorption
isotherm at 77 K, the BET specific surface area of TT-TPB was
calculated to be 69.91 m?/ g, indicating that TT-TPB has a typical
microporous polymer nature (Scheme 1). FTIR (ATR, diamond)
spectrum of TT-TPB displayed bands at 2367, 1592, 1509, 1183, 817,
and 498 cm™ (Figure S2).

B RESULTS AND DISCUSSION

Photophysical properties (UV—vis and fluorescence) of TT-
TPB were investigated in THF dispersed solution (Figure 1a,b,
Table 1) since the TT-TPB is not soluble in THF as expected.
While the maximum z—7z* absorption wavelength (1) of
TT-TPB was 389 nm, its maximum emission wavelength
appeared at 501 nm (ex. at A,,,), producing a mega Stokes
shift of 112 nm, which could be due to a fast relaxation from
the excited state to the ground state as a result of
intramolecular energy-transfer between the conjugated groups.
The optical band gap (E,,.) of TT-TPB was calculated as
2.66 eV from the onset wavelength of the absorption spectra.
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Figure 4. (a) CV curves of the TT-TPB electrode in N, and O,
saturated 0.1 M KOH solution at a scan rate of 20 mV/s (b) RDE
polarization curves at different rotation rates at a scan rate of 10 mV/
s, (c) RDE polarization curves at 1200 rpm of pristine carbon, TT-
TPB, and Pt/C electrodes, and (d) mass corrected Tafel plots of TT-
TPB and Pt/C electrodes.
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Figure 5. Optimized geometry of TT-TPB molecule. The triphenyl groups were found at 19 A far from each other (with respect to the atoms

labeled with an asterisk (*) in the figure).

Eg =3.53 eV

-5.20 eV s HOMO

2 2

Figure 6. Frontier orbitals and the corresponding energy levels of TT-
TPB.

Cyclic voltammetry (CV) measurement was performed to
investigate the electrochemical properties of TT-TPB (Figure
1c). The oxidation and reduction potentials (E,,, E,.) were
observed to be 1.28 and —1.35 V, respectively. The
electrochemical band gap was found to be in good alignment

with the optical band gap of TT-TPB, which was obtained to
be 2.63 eV, using Ecy = E,, — E 4 equation.

Thermal properties of TT-TPB were investigated by
applying differential scanning calorimetry (DSC) and thermal
gravimetric analyses (TGA) under nitrogen flow (Figure 2).
DSC analysis of TT-TPB showed a high T, of 136 °C (Figure
2a), and its TGA displayed two gradual endothermic
decompositions at 190 °C, which could be due to the release
of the trapped solvents in the pores and 600 °C with around 15
and 30% weight losses, respectively. Moreover, with a gradual
increase of temperature up to 900 °C, around 65% of TT-TPB
remained without ash, demonstrating that TT-TPB has
excellent thermal stability, which is a highly desirable
parameter for the preparation of a stable and durable electronic
material.

The morphological feature of TT-TPB was investigated
using scanning electron microscopy (SEM). Considering that
the SEM analysis is conducted on a very small area, several
images were recorded from different parts at varying
magnifications, which indicated a consistent, porous morphol-
ogy in nanometer size (Figure 3a—d). Through this porous
structure, O, molecules could easily diffuse and interact with
the active sites resulting in noticeable ORR activity.

To evaluate ORR performance of the TT-TPB catalyst, CV
measurements were conducted in N, and O, purged KOH (0.1
M) solution, respectively (Figure 4a). A reduction peak at 0.75
V and a broad oxidation peak with a center of 0.45 V vs RHE
were obtained in the N, purged KOH solution. When oxygen
was purged, a new intense peak related to the reduction of
oxygen appeared, starting from ~0.9 V (E,,.) and ending at
0.75 V, along with the reduction peak at 0.63 V, where the
reduction peak observed at 0.75 V in N, shifted to 0.63 V in
the presence of oxygen. A similar trend was also observed for
the oxidation peak, which shifted from 0.45 to 0.27 V after

https://doi.org/10.1021/acsaem.2c01830
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Figure 7. Optimized geometry of the interaction of TT-TPB with dioxygen molecule.

purging oxygen. RDE measurements were also conducted at
different rotational rates (from 400 to 2000 rpm) to support
the activity of TT-TPB toward ORR (Figure 4b). As expected,
the limiting current density exhibited a typical increase with
the rotation rate due to the shortened diffusion layer. The
number of transferred electrons during ORR was calculated at
different potentials, using the Koutecky—Levich equation
deduced from the polarization curves (Figure S4) and applying
the RRDE method (Figures SS and S6). A linear relationship
between j~! and @™ '/? for TT-TPB suggested a first-order
ORR with respect to dissolved O, concentration. Besides, the
K-L plots of TT-TPB showed parallel straight lines with similar
slopes at lower potentials (Figure S4a). However, at high
potentials, the K-L plots started to exhibit different slopes
through the contribution to the current density from the
reduction (broad peak between 0.4 and 0.7 V vs RHE) of
carbon powder and TT-TPB itself. In alkaline conditions,
ORR can occur in a single step over 4e” transfer with a direct
reduction of O, to OH™.®" Alternatively, oxygen can be
reduced via an indirect peroxide pathway consisting of two
steps. The transferred electrons, calculated for per O, molecule
from the K-L equation vs potential, are presented in Figure S4b
for the TT-TPB catalyst. The number of electrons was found
to be between 2.6 and 3.2, suggesting a mixture of two- and
four-electron mechanisms. Similar electron transfer numbers
were obtained applying RRDE method as well, which was
supported by the production of HO, % (Figure S6). Although
the onset potential of the TT-TPB electrode was not as good
as commercial Pt/C (=1 V), it was enhanced from ~0.73 to
~0.89—0.9 V (E,/, = 0.8 V) compared to the pristine carbon
electrode (Figure 4c). This onset potential was found to be
comparable with the literature values (Table §2).2661767 To
obtain more information about the ORR mechanism and
kinetics, Tafel analysis was employed for the TT-TPB and Pt/
C electrodes using mass corrected current densities (Figure
4d). The Tafel slope measured with TT-TPB was 63 mV/dec,
while that obtained with Pt/C was 98 mV/dec. This difference
in the Tafel slope values indicated different ORR mecha-

nisms.®® In addition, the low Tafel slope suggested that the
TT-TPB catalyst easily adsorbed and activated O, on its
surface, supporting a strong electrocatalytic performance
toward ORR. Stability/durability is one of the key parameters
for judging the performance of new ORR electrode catalysts.
Figure S7 exhibits a long-term stability measurement of the
TT-TPB electrode by chronoamperometry at 0.21 V vs RHE
in the O,-saturated KOH solution. After S h, a notable
decrease in the current density was not observed (decreased
from 0.34 mA/cm? to 0.3 mA/cmZ).

A further investigation regarding the interaction between O,
and TT-TPB was conducted through theoretical calculations
of molecular structure and the related properties on a model
TT-TPB unit. The global minimum geometry of TT-TPB was
optimized with density functional theory (DFT) at the
B3LYP/6-311G(d,p) level of theory in the Gaussian 16
program package.”” The optimized structure and the related
frontier orbital energy level diagram are given in Figures 5 and
6, respectively.

The triphenylbenzene groups were found to be 19 A far
from each other. The volume of the molecule was calculated to
be in an order of 9300 A%, and the related properties, i.e.,
molecular area and the collisional diameter, were predicted as
302 A’ and 21.2 A, respectively (Figure S8). The electron
delocalization and electrostatic potential map of the TT-TPB
system were investigated (Figure S9), along with the
calculation of partial atomic charges (Figure S10), the results
of which indicated the electrocatalytic activities of the system.
The LUMO was found to be delocalized throughout the
molecular backbone, demonstrating a good charge-trans-
porting property. Adsorption of O, molecule was also modeled
and the configuration, in which the dioxygen molecule was
adsorbed onto the TT ring of the system, was found to have a
minimum energy structure (Figure 7). It may be reasonable to
deduce that the electron has to move from the HOMO of TT-
TPB to the LUMO of the dioxygen molecule. Such an electron
transfer looks favorable as the LUMO of O, is 0.21 eV lower in
energy than that of the HOMO of TT-TPB. The condensed f°
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Fukui functions, which is accountable for the radical attack,
have also been calculated to further investigate the active site
of TT-TPB (Figure S11). The susceptible moiety for free
radical attacks was expected to be the TT unit in the molecular
framework. As a consequence, the theoretical results
demonstrate that TT-TPB material serves as a porous active
site for ORR activity and agree with the experimental results.

B CONCLUSION

We have demonstrated a design approach for the synthesis of a
new conjugated porous polymer (CPP), TT-TPB, as a metal-
free electrocatalyst, which showed activity toward oxygen
reduction reaction (ORR). The structure of the TT-TPB
polymer, composed of thieno[3,2-b]thiophene (TT) donor
and triphenylbenzene (TPB) spacer, led to a facile electron
transfer throughout the system. Electronic, optical, thermal,
and surface properties of the resultant polymer were
investigated. The combination of TT and TPB units as a
porous structure resulted in remarkable features, i.e., mega
Stoke’s shift of 112 nm, optical band gap of 2.66 eV, electronic
band gap of 2.63 eV, and excellent thermal stability up to 900
°C. Moreover, the porous structure of TT-TPB was clarified
by scanning electron microscopy (SEM) at different
magnitudes ranging from 1 to 20 um, which was supported
by BET measurement. The electrocatalytic activity of TT-TPB
toward ORR was examined in alkaline media, which exhibited
a new intense peak at 0.9 V vs RHE related to oxygen
reduction. According to K-L analysis, the ORR took place via
mixture of two- and four-electron mechanisms. Besides the
experimental and surface measurements, the relevance between
O, and TT-TPB, energy configurations, porous molecular
areas, and theoretical calculations were performed on a TT-
TPB model. The distance between the farthest atoms on the
main core and the total volume were calculated as 19 A and
9300 A3 respectively, and the HOMO level of TT-TPB was
determined to be higher than LUMO level of O,, proving a
perfect porous active side and adsorption of O, molecule onto
the TT unit. Although the porous material of TT-TPB
displayed reasonably comparable activity with the materials
available in the literature, considering the use of thienothio-
phene for the first time, the results are considered to be
promising. As TT is a versatile compound to be modified easily
to construct new materials possessing TT, it is hoped that this
work could open a new way to construct electrocatalysts with
TT and TPB cores as active sites for efficient catalytic reactions
in conversion applications.
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