7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Reticular synthesis of two-dimensional ionic
covalent organic networks as metal-free
bifunctional electrocatalysts for oxygen reduction
and evolution reactionst

’ M) Check for updates ‘

Cite this: Nanoscale, 2024, 16, 5665

® Ananta Sasmal,
® Arpan Kumar Nayak

€ Subhadip Das,®
€ and

Pampa Jhariat, @ 2° Arjun Warrier,
Shafeeq Sarfudeen, 2 ° Priyanka Kumari,
Tamas Panda (2 @b

Bifunctional electrocatalysts for the oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER) are the heart of metal-air batteries, fuel cells, and other energy storage systems. Here, we report a
series of a novel class of redox-active viologen-based ionic covalent organic networks (vVCONs) which are
directly used as metal-free bifunctional electrocatalysts towards ORR and OER applications. These vCONs
(named vGC, vGAC, vMEL and vBPDP) were synthesized by the well-known Zincke reaction. The installa-
tion of redox-active viologen moieties among the extended covalent organic architectures played a
crucial role for exceptional acid/base stability, as well as bifunctional ORR and OER activities, confirmed
by the cyclic voltammetry (CV) curves. Among all of them, vBPDP showed high ORR efficiency with a
half-wave potential of 0.72 V against a reversible hydrogen electrode (RHE) in 1 M KOH electrolyte. In
contrast, vYMEL demonstrated high OER activity with an overpotential of 320 mV at a current density of
10 mAcm™ and a Tafel slope of 109.4 mV dec™ in 1 M KOH electrolyte solution. This work is exceptional
and unique in terms of directly used pristine ionic covalent organic networks that are used as bifunctional
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Introduction

Carbon emissions and fossil fuel depletion cause air pollution,
global warming and rising sea levels which threaten the world
economy and ecosystem. Therefore, renewable energy resource
demand has soared.' Over the past few years, rechargeable
aqueous metal-air batteries have attracted significant atten-
tion as a resolution for these environmental issues because
they are one of the simplest and most effective, renewable
energy technologies.”> The ORR and OER play a very crucial
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(ORR and OER) electrocatalysts without adding any metals or conductive materials.

role inside the oxygen electrode of metal-air batteries for the
overall performance of the device.> However, high-performing
electro catalysts are essential to minimize the overpotentials
and maximize the efficiencies of the above electrochemical
reactions.” Traditionally, the noble metal-based electrocatalysts
Pt/C and Ir/C served individually as the best choices for the
ORR and the OER, respectively. However, their high cost, scar-
city, and instability pose various challenges.’” In addition, the
ORR and OER require different reaction environments,
especially electric potentials, which inhibits the catalysis
efficiency for both reactions and generates more complications
in reducing significant catalytic activity.>® Thus, non-precious
metals or organic catalysts that perform both ORR and OER
operations are very important for aqueous metal-air bat-
teries.'® However, the majority of transition metal-based cata-
lysts have low catalytic activity, poor conductivity, and limited
lifetime."" Subsequently, researchers have studied metal-free
catalysts'>"® and their composites with carbon nanotubes,'**?
etc. Still, metal-free electrocatalysts for dual ORR and OER
applications are limited in number and experimental.
Recently, metal-free extended organic networks, such as
covalent organic network/polymers (COPs)'® and covalent
organic frameworks (COFs),"””*° have received interest as
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potential electrocatalysts due to their multi-element compo-
sition, high atomic accuracy and structural flexibility. Their
tunable surface area, adjustable structure, and extended
network topology make them excellent single-functional elec-
trocatalysts®® in either OER or ORR applications. Sometimes,
these covalent organic network structures are also fabricated
by mixing or making composites with highly conductive
materials such as graphene, metal nanoparticles carbon nano-
tubes (CNTs), or transition metal complexes to make them
acceptable for bifunctional ORR and OER electrocatalysts.>*>°

However, to the best of our knowledge, pristine covalent
organic network structures directly used as bifunctional elec-
trocatalysts for the ORR and OER are extremely rare and
unprecedented.

Here, we report a series of template-free redox-active violo-
gen-based ionic covalent organic networks (vCONs) synthesized
by a solvothermal-assisted Zincke reaction between the Zincke
salt L1 (1,1-bis(2,4-dinitrophenyl)-[4,4-bipyridine]-1,1-diium
dichloride) and the corresponding triamines [GC: guanidine
hydrochloride, GAC: 1,2,3-triaminoguanidine chloride, MEL:
melamine and BPDP: N,N-bis(4-aminophenyl)benzene-1,4-
diamine], named vGC, vGAC, vMEL and vBPDP, respectively. All
the vCONs are very stable in 6 M HCI and 1 M NaOH aqueous
solutions at 25 °C for 72 h. The outstanding chemical stability
and inherent redox viologen moieties in the framework architec-
ture of these vCONs showed good efficiency towards bifunc-
tional electrocatalytic ORR and OER applications. Among all of
them, vBPDP displayed the highest ORR activity with a half-
wave potential of 0.72 V against a reversible hydrogen electrode
(RHE) in 1 M KOH electrolyte solution. On the other hand,
VMEL showed the highest OER efficiency among all the other
vCONs with an overpotential of 320 mV at a current density of
10 mA cm™? in 1 M KOH solution. This report is unique in
terms of directly using pristine covalent organic networks as
bifunctional electrocatalysts without performing any further
modification such as pyrolysis, doping, metal incorporation, etc.

Experimental section

The organic linker L1 (1,1-bis(2,4-dinitrophenyl)-[4,4"-bipyri-
dine]-1,1-diium dichloride) and the corresponding triamines
[guanidine chloride (GC), 1,2,3-triaminoguanidine chloride
(GAC), melamine (MEL) and N,N-bis(4-aminophenyl) benzene-
1,4-diamine (BPDP)] were used as starting materials to syn-
thesize all vCONs via the Zincke reaction. First, a sealed tube
was charged with L-1 (0.5 mmol, 0.28 g) and respective tria-
mines (0.5 mmol) in a 10 mL solution mixture of ethanol and
water (4:1 ratio) under an N, atmosphere. Then the reaction
mixture was degassed through three freeze-pump-thaw cycles
and kept in a preheated oven at 120 °C for 72 h. After the com-
pletion of the reaction, the precipitate was collected via cen-
trifugation followed by vacuum filtration and washing with
polar solvents like dimethylformamide (DMF), dimethyl-
acetamide (DMAc), ethanol (EtOH), boiling water (H,O),
methanol (MeOH), dichloromethane (DCM) and acetone to
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remove the small polymers, oligomers and other impurities.
After washing, the desired product was kept in a mixture of
chloroform and tetrahydrofuran (1 : 1) solutions for three days.
Finally, the product was collected via vacuum filtration and
dried overnight at 120 °C. The details of experimental pro-
cedures are available in section S2, ESL. ¥

Results and discussion
Synthesis of viologen CONs and their characterization

Viologens or 4,4-bipyridinium salts exhibit excellent redox
behaviour and undergo two consecutive electron reduction
reactions from the dicationic phase to form the radical cation
and neutral bipyridinylidene.>® Hence, viologens have been
recently used as attractive components for the building of
adjustable charged covalent organic networks.>” Such cationic
organic networks would enable the insertion of greater electro-
static forces for host-guest identification. In addition, the
redox-active sites would allow for the creation of a wide range
of tunable properties and functionalities.”® These dicationic
viologen-based covalent networks also have an inherent oppor-
tunity to convert to radical cationic states, which might
enhance several properties including catalytic functions.?® The
unique nature of such redox-active network structures motiva-
ted us to synthesize a new series of viologen-based covalent
organic networks (vCONs) and investigate their exclusive
electrocatalytic properties. Four unique template-free vCONs
(vGC, vGAC, VMEL and vBPDP) were synthesized solvo-
thermally by reacting 0.5 mmol of L1 with 0.5 mmol of the
respective triamines (BPDP, MEL, GC and GAC) in the presence
of a 4:1 EtOH : H,O solvent mixture at 120 °C for 72 h (Fig. 1,
S1 and Section S2, ESIT). Various combinations of solvent mix-
tures have been used for the synthesis of these vCONSs
(Table Sia to S1d}). However, we found that using a
4:1 mixture of EtOH and H,O solvents is the ideal option to
obtain the pure phase product because the water has the
ability to protect the Zincke salt from deterioration.*® The four
as- synthesized vCONs were activated by exchanging the 1:1
solvent mixture of dry THF and chloroform for 72 h followed
by the treatment of dry DCM for 12 h at 25 °C. After filtration,
all the samples were dried and activated at 120 °C under
vacuum for 12 h. All these activated pristine vCONs samples
(solvent-free) were characterized by FT-IR spectroscopy, PXRD,
TGA, solid UV-vis spectroscopy, BET surface area analysis,
solid-state cross-polarization magic angle spinning *C-NMR
(CP-MAS) spectroscopy, solid-state EPR spectroscopy, XPS ana-
lysis, FESEM, HR-TEM and DLS particle size analysis. The
FT-IR spectra (Fig. S2a-dt) of all vCONs showed the absence of
the peak at 1550 cm™" corresponding to the ~NO, groups of
the 2,4-dinitroaniline unit of linker L1, which supported the
formation of the desired product by the Zincke reaction. The
absence of ~NH, symmetric and asymmetric stretching bands
at 3412 and 3437 cm™ " corresponding to the amine group of
the starting triamine precursor also confirmed the completion
of the polymerization process by the Zincke reaction. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of the synthesis of vCONs (vGC, vGAC, vMEL, and vBPDP) by the Zincke reaction of L1 with the respective triamines

(GC, GAC, MEL, and BPDP).

solid-state '*C CP-MAS NMR spectra of all vCONs displayed a
wide signal in the 110-170 ppm region, which confirms the
presence of aromatic carbons in the polymeric network of the
structures of all vCONs (Fig. 3c-f). In the case of vBPDP,
carbons marked as ‘a’ (Fig. 3f) exhibited a greater downfield
chemical shift (~157 ppm), owing to their attachment to the
nitrogen and conjugation with an aromatic ring. Meanwhile
the pyridinium carbons exhibited chemical shifts in the range
of 130-160 ppm denoted as e, f, and g. In vGAC, the carbons
attached to the amines, denoted as ‘a’ (Fig. 3d), were most de-
shielded toward the downfield (~160 ppm) due to their con-
nection to three nitrogen atoms with a delocalized positive
charge. The pyridinium carbons of vGAC exhibited a region of
130-160 ppm, approximately the same as those of vBPDP. On
the other hand, for vMEL the carbon denoted as ‘a’ (Fig. 3e)
was shifted more towards the downfield due to the presence of
nitrogen adjacent to the carbon (approx. ~170 ppm).In the
case of vGC, the carbon denoted as ‘a’ shows a similar type of
downfield shifting to the remaining vCONSs (Fig. 3c). It should
be noted that crystalline viologen-based polymeric networks
are rare and most of the reports mentioned that such viologen-
based polymeric networks are amorphous in nature.’'*> We
used several combinations of solvents to get crystalline pro-

This journal is © The Royal Society of Chemistry 2024

ducts of these vCONs (Table Sila to S1df). However, our
attempts to improve the crystallinity of vGC and vBPDP were
unsuccessful every time and they exhibited broad hump peaks,
indicating the amorphous nature of both compounds (Fig. S3
and S47). Interestingly, we found the crystalline nature of
vGAC and vMEL by using an EtOH : H,O (4 : 1) solvent mixture,
which was also confirmed by experimental PXRD (Fig. 3a).
vGAC displayed crystalline peaks at 20 = 2.44° (6.44 A) and
small hump intense crystalline peaks at 26 = 13.10° (6.70 A)
and 16.32° (5.43 A) in the experimental PXRD profile (Fig. 3a
and S5t). The crystal structure of vGAC was solved in the
monoclinic P112; space group and a probable two-dimen-
sional crystal structure was constructed using Materials Studio
software after the models were geometrically optimized using
a Forcite-based module. After analyzing the crystal data, we
found that the vGAC structure is similar to a distorted honey-
comb, as both the building unit L1 and GAC structures are
non-planar in nature. The bipyridinium rings of viologen moi-
eties are in rotational mode with respect to each other and
also with the GAC moiety. As a result, the structure of vGAC
becomes a distorted shape. The simulated powder pattern of
the AA-stacking structure has good agreement with the experi-
mental powder pattern of vGAC (Fig. S22+). Furthermore, this

Nanoscale, 2024, 16, 5665-5673 | 5667
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Fig. 3 Comparison of experimental PXRD pattern with the simulated
powder pattern of (a) VGAC and (b) VMEL. Solid-state *C CP-MAS NMR
spectra of (c) vGC, (d) vGAC, (e) vMEL and (f) vBPDP.

result was validated through the Pawley refinement with a
good profile fitting (R.p-3.43%). The unit cell parameters of
vGAC are as follows: a, 45.0069; b, 37.0058; ¢, 15.0022; a, 90.00;
S, 90.00; 7, 120.00. On the other hand, the vMEL structure exhi-
bits a crystalline peak at 20 = 2.36° (34.5 A) and small hump
peaks at 13.47° (6.57 A) and 16.62° (5.33 A). There are also two
low-intensity peaks residing at 8.46° (10.45 A) and 9.67°

5668 | Nanoscale, 2024, 16, 5665-5673

(9.13 A) (Fig. 3b, Fig. S61). The crystal structure of vVMEL was
resolved in the monoclinic P2; space group and the structure
was arranged as an inter penetrable honeycomb structure in
three-dimensional directions. The powder pattern of the AA-
stacking model structure has good agreement with the experi-
mental powder pattern and after Pawley refinement, with very
good (Fig. S23t) refinement fitting (Ryp-1.24%). The unit cell
parameters for vMEL are as follows: a, 33.4728; b, 9.9472; c,
33.4507; a, 90.0000; 3, 59.8337; 7, 90.0000.

In general, viologen moieties display three distinct inter-
mediates, i.e., dicationic, radical cationic and neutral states. In
order to investigate the existence of the radical cation state
from the synthesized dicationic state, 30 mg of each pristine
and degassed vCON was immersed in an over-saturated
aqueous solution of alkaline sodium dithionite under an N,
atmosphere. The mixtures were stirred at 25 °C for 30 minutes
and significant colour changes were observed for all the
VvCONs due to the formation of their radical cationic state
(Fig. S71). In the case of vGC, a colour change was observed
from yellow to dark brown, and vGAC changed to blackish
green from yellow colour. On the other hand, vMEL and
vBPDP transformed from dark juniper to dark brown and from
dark blue to black, respectively (Fig. S7). These color changes
in vCONs indicate the formation of a radical cationic state and
are further confirmed by solid-state ESR and UV-vis spec-
troscopy techniques. All the radical cationic states of these

This journal is © The Royal Society of Chemistry 2024
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vCONs exhibited a prominent paramagnetic peak in the solid
state ESR spectra due to the presence of unpaired electrons,
whereas the pristine vCONs were silent in the ESR spectra
because of their diamagnetic nature in the dicationic state
(Fig. 2a-d).** In general, the viologen radical cations show the
g-factor approximately in the range of 2.002-2.004 due to their
single unpaired electrons.** All four vCONs displayed similar
g-factor values aligned with theoretical values (Fig. 2a-d).

The g-factors shown by vGC, vGAC, vMEL and vBPDP are
2.002, 2.003, 2.002 and 2.004, respectively, which clearly
confirm the formation of radical cationic intermediate states
of these four viologen-based covalent organic networks. The
solid-state UV/vis spectra of all four alkaline sodium dithio-
nite-treated vCONs exhibit a prominent viologen radical peak
centered at approximately between 600 and 900 nm, confirm-
ing the formation of the radical cationic state of vCONs
(Fig. S87).

The FE-SEM micrographs of all vCONs demonstrated a high
degree of self-aggregated morphological diversity under the
same experimental conditions (Fig. 2). The morphology of vGC
was similar to that of nanorods (Fig. 2a) with an average
length of 320 nm and a width of 142 nm. As shown in Fig. 2b,
the arrangement of molecules in vGAC was similar to the
arrangement of the petals that is generally observed in flowers.
The average diameter of each flower was 122.4 pm, which indi-
cates the micro-flower-like morphology among the structural
networks (Fig. S12a-dt). The morphology of vMEL was similar
to that of microtubes with an average length 5.5 um and an
average width of 2 pum (Fig. 2¢). These microtubes are further
self-assembled together and grow in three-dimensional direc-
tions. The FESEM image of vBPDP shows a uniformly arranged
spherical-like morphology (Fig. 2d). The arrangements of all
spheres are very uniform but the diameters of these spheres
are different. The average diameter of the bigger spheres is
~5 um and other spheres have a diameter of approximately
2 pm. The HR-TEM micrographs of vCONs (Fig. S137). were
found to be similar to the FESEM images of vGC, which dis-
played a rod-shaped structure, while vGAC and vMEL demon-
strated a tubular morphology, as shown in Fig. S13a-c.} In
contrast, vBPDP exhibited a spherical morphology (Fig. S13d¥).
The hydrodynamic diameters of vCONs were measured by the
dynamic light scattering (DLS) method, and were found to be
93.83 nm, 82.76 nm, 73.85 nm and 110.30 nm with polydisper-
sities of 1.3, 1, 0.75 and 0.02 for vGA, vGAC, vMEL and vBPDP,
respectively. SFESEM-EDX analysis and mapping (Fig. S207) of
all vCON's clearly showcase the existing C, N and CI ions homo-
geneously distributed among the structural moieties
(Fig. S15-187). The analysis showed that the order of weight %
of N content is as follows: VMEL (3 8.0%) > vGC (31.6%) >
VGAC (30.5%) > vBPDP (16.3%). vMEL has the highest weight
% of nitrogen content among the four vCONs. This finding
also has a significant impact on the electrochemical properties
of vCON s that are discussed later.

The porosities of these vCONs were measured by nitrogen
gas adsorption isotherms at 77 K. All vCONs exhibited revers-
ible type-Il and type-IV N, adsorption isotherms. The

This journal is © The Royal Society of Chemistry 2024
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Brunauer-Emmett-Teller (BET) surface areas were 34.20,
33.77,47.20 and 22.2 m* g~* for vGC, vGAC, vMEL and vBPDP,
respectively (Fig. S19a-d}). The low surface areas among all
the vCONs were due to the existence of charged chloride
counter ions inside the pore area. Such a low surface area in
the viologen-based covalent networks is aligned with the exist-
ing report.*> Our attempt to derive the pore size distributions
using non-local density functional theory (NLDFT) was inap-
propriate due to the presence of several Cl™ ions inside the
framework architecture. The chemical and solvent stabilities
of the vCONs were ratified through their unchanged physical
appearance as well as the constant stretching bands in FT-IR
spectroscopy. We have tested the water, acid and alkaline stabi-
lities of these four vCONs. 10 mg of each vCON sample was
individually immersed in 10 mL of boiling water (100 °C), 6 M
aqueous HCI (25 °C), and 1 M aqueous NaOH solution (25 °C)
for 72 h. After discarding the acid, alkaline solution and
boiling water, the products were washed with ethanol and
dried in air. All the treated vCON samples were characterized
by FTIR spectroscopy. As shown in Fig. S10,T the boiling water-
, acid- and alkaline-treated vGC samples maintain all the peak
positions corresponding to their pristine sample, indicating
the preservation of the structural integrity of vGC. Similar
results have also been observed in the FTIR spectra of 1 M
aqueous NaOH, 6 M aqueous HCIl and boiling water-treated
vGAC, vMEL and vBPDP samples (Fig. S10a-df). For, vGAC and
VMEL, we recorded the PXRD patterns as well for acid-, base-
and boiling water-treated samples (Fig. S10a’ and b'f). In all
these cases the powder patterns of treated samples were
matched with that of the parent sample, which proves that the
structural integrity was preserved even after such harsh treat-
ment. These results clearly show that all the vCONs are very
stable in acid, alkaline and boiling water. To study in more
depth the chemical stability of these vCONS, we checked their
stability in different polar solvents and confirmed their stabi-
lity from the FT-IR spectra. 20 mg of each vCON was immersed
in a variety of organic solvents such as DMF, DMSO, NMP,
THF, methanol and DCM for 72 h at 25 °C. Then, the solids
were washed with water, followed by acetone and dried at
40 °C for 12 h. The FTIR spectral analysis of these solvent-
treated samples showed (Fig. S11a and bf) that all the bands
are constant in their corresponding pristine samples. These
results clearly indicate that the four unique vCONs were excep-
tionally stable in various polarities of solvents as well.
Thermo-gravimetric analysis of vGC, vGAC, vMEL, and
vBPDP showed excellent thermal stability up to decomposition
temperatures of 460 °C, 415 °C, 430 °C and 440 °C, respectively
(Fig. S9t). During the first heating, slight weight losses were
observed due to the evaporation of trapped solvents. At higher
temperatures, an increased weight loss was observed, which is
consistent with framework deterioration. To elucidate the
nature of chemical bonding in the vCONs, we performed an
X-ray photoelectron spectroscopy (XPS) analysis. All four
vCONs exhibited C1s, N1s, O1s and Cl 2p peaks in the XPS
spectra, which gave a clear indication towards the purity of
samples (Fig. S21at). In the case of Cls, we found three
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different peaks at 284.4, 287.1 and 285.8 eV, indicating the
presence of C-C/C=C, C-N and C=N bonds, respectively
(Fig. S21b-et). The N 1s spectra of vCONs could be deconvo-
luted into four types of peaks with binding energies of 398.5,
400.5, 402.5 and 406.0 eV (Fig. 2e-h). The peak at 398.5 eV was
assigned for the triazinic nitrogen for vMEL and the quatern-
ary nitrogen or the guanidine nitrogen for vBPDP, vGAC and
vGC respectively. The peak at 402.5 eV is denoted as the dica-
tionic nitrogen (N'') of the viologen moiety for all vCONs.
Interestingly, all vCONs showed a prominent peak at 400.5 €V,
which indicates the presence of a reduced radical cationic
nitrogen state (N"') of the viologen moiety. Intriguing aspects
of this finding clearly indicate the redox-active nature of the
viologen moiety. In the case of the Cl 2p orbital, we found
peaks at 197.3 and 198.5 eV assigned to Cl™ 2ps, and Cl™
2p1j2, respectively (Fig. S21f-it). For some cases, we fitted
peaks at 200.3 and 201.9 eV for the Cl 2p,,, and Cl 2p3,, orbi-
tals. Sometimes Cl~ ion insertion occurs inside the aromatic
ring due to the high temperature, which results in CI-C bond
formation.

vCONSs for the oxygen reduction reaction (ORR)

The excellent redox-active nature, high N content and out-
standing acid and base stabilities of all the vCONs motivated
us to measure their electrocatalytic properties. At first, we
tested these vCONSs as potential electro-catalysts for the oxygen
reduction reaction (ORR). Our initial step was to conduct cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) experi-
ments by using one by one pristine vCONSs as active electroca-
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talysts coated on glassy carbon electrodes in 1 M KOH electro-
Iyte solution. To maintain a homogeneous ionic concentration
surrounding the working electrode and to avoid the build-up
of O, bubbles, all measurements were performed on a rotating
disc electrode (RDE) revolving at a rate of 1000 rpm. Fig. S24a—
df in the ESI show the CV curves of all electrodes in N,- and
0,-saturated KOH electrolytes at a scan rate of 10 mV s~ with
1000 rpm. The current densities of all the vCONs were found
to show a remarkable enhancement in O,-saturated KOH elec-
trolyte. However, negligible current densities were observed of
these vCONs in N,-saturated KOH electrolyte. Fig. 4a shows the
LSV curves of all four vCONs at 1000 rpm (Fig. S25F). vBPDP
showed a high value in the LSV curve, which indicates the
highest effective ORR activity of vBPDP compared with the
other vCONSs. The onset potential (E,) and the half-wave poten-
tial (E2) of vBPDP are 0.80 V and 0.72 V, respectively, with a
diffusion-limit current density (jji,) of 6.2 mA cm™> (Fig. 4a),
which is the highest among all the vCONs. vGAC displayed an
E value of 0.71 V with E, and jjn, values of 0.79 V and 6.11 mA
cm™?, respectively. On the other hand, the E; values of vVMEL
and vGC are 0.67 V and 0.69 V with jj,, values of 5.35 and
5.65 mA cm >, respectively (Fig. 4a). This indicates that vGC
and vMEL were less effective towards the electrocatalytic ORR.
From the above results, we conclude that electrocatalytic
activity towards the ORR is expected to be ~vBPDP > vGAC >
vGC > vMEL. In addition, we have also measured and com-
pared the ORR activity of commercial Pt/C (state-of-the-art
catalyst for the ORR) under the same instrumental conditions.
The E,, E: and jji, values of Pt/C were found to be 0.87 V,
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Fig. 4

(a) LSV curves of all vCONs, (b) K—L plot of vBPDP, (c) methanol stability of vBPDP, (d) EIS spectra of all vCON:ss, (e) LSV curves for the OER of

all vCONSss, and (f) Tafel plots of all the vCONs.
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0.74 V and 7.0 mA cm™ > respectively, which are highly compar-
able with those of vBPDP. Even though vBPDP exhibits less
efficiency than the Pt/C catalyst, however, the observed value of
vBPDP is excellent in terms of metal-free bare vCONs as elec-
trocatalysts. As per our knowledge, vBPDP is the exceptionally
rare example of a metal-free viologen-based covalent organic
network that shows high ORR performance (Table S2%). A
possible reason for the high performance of vBPDP is the elec-
tron-donating nature and hole-transporting nature of the
organic linker BPDP (Fig. 1). Hence, the BPDP linker coupled
with the bipyridine unit is very effective towards the electro-
catalytic ORR. In order to calculate the number of oxygen
transfers (n) per ORR cycle, we analyzed the Koutechy-Levich
(K-L) equation. The linear K-L plots for all four vCONs indi-
cate the first-order kinetics for oxygen reduction reactions
(Fig. 4b). The electron transfer number (n) for vBPDP was
found in the range of 3.8-3.95, which implies the selectivity of
vBPDP followed a four-electron pathway for the ORR. It should
be noted that the four-electron pathway for the ORR leads to
the formation of H,0, which is also the preferred reaction
pathway in metal-air batteries. The unique catalyst vBPDP is
selective for H,O formation and one of the greatest outcomes
as an electrocatalyst for further application. The current-time
chronoamperometric measurements of vBPDP display bench-
mark stability and the operating efficiency exhibits a fairly
stable response at higher current densities (Fig. 4c). The afore-
mentioned measurements justified the high efficiency and
enhanced robustness of the vBPDP sample toward the ORR
activity. We also recorded the electrochemical impedance spec-
troscopy (EIS) spectra of four vCONs at 1.606 V under ambient
conditions. The corresponding Nyquist plots (Fig. 4d and
S2971) were fitted to an equivalent circuit composed of two
semicircles, one in the region of high frequency and another
in the low frequency region, owing to the intrinsic/contact re-
sistance (R;) and charge transfer resistance (R.), respectively.
The calculated R values followed the order: vBPDP (6.8 Q) <
VGAC (7.15 Q) < vGC (7.39 Q) < VMEL (7.73 Q). The lower R
value of vBPDP signifies an efficient electron transfer pathway
inside the structural integrity that facilitates the high ORR
activity as well.

vCONS for the oxygen evolution reaction (OER)

Next, we investigated the electrocatalytic activity of all vCONs
toward the oxygen evolution reaction (OER). The experiments
were performed by using a standard three-electrode system in
O,-saturated 1 M aqueous KOH electrolyte solution. Fig. 4e dis-
plays the LSV curve after the iR compensation of all four vCON
electrocatalysts. vVMEL (Fig. 4e) showed high catalytic efficiency
towards the OER at an overpotential (7,0) of 320 mV with a
current density of 10 mA cm™? compared to the others. vGC,
VvGAC and vBPDP exhibited inferior electrocatalytic OER
activity with overpotentials of 339, 350 and 370 mV at 10 mA
em ™2, respectively (Fig. 4e). To calculate the electrical double-
layer capacitance Cgq;, we first recorded the cyclic voltammo-
grams (CVs) of all vCONs in the non-faradaic region in 1 M
KOH solution at a scan rate of 10-100 mV s~ " and in a poten-
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tial range of 0.05-0.15 V (Ag/AgCl) (Fig. S267). The calculated
Cq1 values (Fig. S287) for vGC, vGAC, vMEL, and vBPDP were
found to be 62, 57.6, 61.6 and 60.4 pF cm™> respectively. The
roughness factors (R¢) of vGC, vGAC, vMEL and vBPDP have
also been calculated, which were found to be 22.24, 20.57, 22
and 21.57 respectively. The electrochemically active surface
area (ECSA) of the four vCONs samples were determined by
using Cgq;, and the details of comprehensive calculations are
provided in Section S-2, ESI.T The ECSAs of vGC, vGAC, vMEL
and vBPDP were found to be 1.55, 1.44, 1.54 and 1.51, respect-
ively (Fig. S277). The larger ESCAs of vMEL and vGC reveal that
their pore areas are more permeable to electrolytes than
vBPDP and vGAC. Although vGC and vMEL have similar ECSAs
and roughness factors, the overpotential of vMEL is higher
than that of vGC. The wide surface area and redox-active cat-
ionic structure of these vCONs increase the electrolyte’s ability
to carry a larger number of reactant species on the electrode
surface. To understand the kinetics and mechanism of the
vCON-driven OER, Tafel slopes were calculated as shown in
Fig. 4f. The Tafel slopes of vGC, vGAC, vVMEL, and vBPDP were
calculated as 143.5, 195.7, 109.4 and 191.6 mV dec ™", respect-
ively (Fig. 4f). vMEL exhibited the lowest Tafel slope, which
also validates that vMEL is a good electrocatalyst towards the
OER. IrO, is the state-of-the-art material known to be the best
electrocatalyst for OER performance, and hence we compared
the electrocatalytic activity of IrO, with the activities of these
VvCONSs. IrO, displayed an overpotential of 250 mV at a current
density of 10 mA cm™>. Even though VMEL showed relatively
less activity (320 mV at 10 mA cm ™) compared to the bench-
mark IrO,, it is still the highest among the other metal-free
bare organic polymer electrocatalysts (Table S2t). We assume
that the strong coupling interactions and electronic structural
alteration in vMEL (due to the multiple redox centers and high
N content)*® enhance the electrocatalytic OER activity.

Proposed mechanism for bifunctional electrocatalysis

The preceding electrochemical experiments established that
all vCONs are bifunctional in nature. We propose here the
possible mechanism of the bifunctional electrocatalytic pro-
perties of these vCONs. As per the literature report, if a struc-
ture contains both pyridinic and quaternary nitrogen atoms,
then the electron-withdrawing pyridinic nitrogen (p-type) is
the active side area for the OER, whereas the electron-donating
quaternary nitrogen sites (n-type) are responsible for the
ORR.?” Additionally, recent DFT studies have shown that not
only the integrated nitrogen atoms but also the adjacent
carbon atoms bonded with the respective nitrogen have lower
energy barriers for electrocatalysis due to the charge induced
by nitrogen atoms thoroughly redistributed inside the
n-conjugated system.?”*® We expect that in all vCONs, the adja-
cent carbons of the pyridinic nitrogen of the viologen unit
(p-type) and the quaternary nitrogen of the amine moiety
(n-type) also act as the active site zone for the individual OER
and ORR, respectively (Fig. 5). The coexistence of both p-type
and n-type domains in each of these vCON structures could be
the possible reasons for their bifunctional behaviors. In fact,
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Fig. 5 Possible mechanism and active site regions for the bifunctional
electrocatalysis. Here we represent the simulated structure of vGAC to
understand the active sites and probable mechanistic pathways for the
ORR and OER in a single framework.

our experimental trend of ORR and OER results in these
vCONSs supports this prediction. We found that vBPDP showed
high ORR activity and vMEL displayed the high performance
in the OER. Note that the viologens unit (p-type) is common
for all vCONs and hence the contribution of viologen moieties
towards the OER will be similar in all vCONs. However, in
vBPDP, the linker BPDP contains tertiary amine (quaternary
nitrogen) that is well known for its inherent redox-active
nature (already discussed above) and that shows high ORR
activity. On the flip side, the weak OER activity of vBPDP is
only due to the contribution of viologen moieties (p-type). In
the case of vVMEL, the ORR activity is significantly diminished
as n-type domains (the absence of quaternary nitrogen) are
inactive in this structure. However, the structure of vMEL con-
tains a large number of pyridinic N domains (p-type) from
melamine addition with p-type viologen units, which enhances
the OER efficiency. To understand the clear mechanism of the
bifunctional electrochemical behavior of these vCONSs, detailed
computational studies are necessary.

Conclusion

In conclusion, we successfully synthesized a series of viologen-
based covalent organic networks vCONs. They are very stable
in various polar solvents, boiled aqueous solutions, and harsh
acidic [6 M HCI] and basic [1 M NaOH] solutions. All the
VCONs are highly redox active in nature due to the unique
architecture made by the viologen moieties as building blocks
and they can also undergo a transition from a dicationic to a
radical cation state. These pristine vCONSs are directly used as
excellent bifunctional electrocatalysts toward the ORR and
OER (confirmed from the CV curves). vBPDP exhibits high
efficiency towards the ORR with a half-wave potential of 0.72 V
and a diffusion-limiting current density ( jijj;) of 6.2 mA cm™,
The K-L plot of vBPDP also supports the high ORR activity
achieved by the four-electron pathway with the formation of
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water as the final product. On the other hand, vMEL showed
high OER efficiency with an overpotential of 320 mV at a
current density of 10 mA cm™> and a Tafel slope of 109.4 mV
dec™ in 1 M KOH solution. These four pristine vCONs exhibit
inherent bifunctional behaviour without the fabrication of any
metals or conductive materials or pyrolysis products. We
strongly believe that these types of vCONs are potential
efficient bifunctional electrocatalysts towards the ORR and
OER, which will be applicable in next-generation energy
storage devices.

Abbreviation

vCONs Viologen-based covalent organic networks
GC Guanidine hydrochloride

GAC 1,2,3-Triaminoguanidine chloride

MEL Melamine

BPDP  N,N'-Bis(4-aminophenyl)benzene-1,4-diamine
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