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tacked covalent porous polymer
on graphene favors electronic mobility: ensuring
accelerated oxygen reduction reaction kinetics by
an in situ study†

Greesh Kumar,‡a Sabuj Kanti Das,‡a Erakulan E. Siddharthan,b Ashmita Biswas, a

Sakshi Bhardwaj,a Manisha Das,a Ranjit Thapab and Ramendra Sundar Dey *a

The oxygen reduction reaction (ORR) is largely influenced by material conductivity as well as electron

transfer mobility. Usually, covalent porous polymers are fascinating in terms of the surface area and

availability of abundant functionalities serving as active sites. However, this class of materials largely

suffers from electronic conductivity issues, which limits their extensive application in electrocatalytic

reactions. To overcome this long-standing issue, herein, we have developed a metallo [Fe(II)]-porphyrin-

pyrene based pi-conjugated porous polymer (FePP), which was further modified with electrophoretically

exfoliated graphene (FePP@G30/3/7). The interfacing of these two units via p–p interaction introduces the

flexibility of >C–C< bond rotation resulting in-plane flipping of the bridging –Ph ring from out of plane

orientation. The ring flipping-induced co-planarity was investigated through experimental and

computational studies. In situ FTIR and operando Raman studies reveal that the ORR process with the

FePP@G30/3/7 catalyst follows a 4e− reduction pathway. This phenomenon drives axial as well as

equatorial charge mobility within the system influencing the active FeN4 site toward lowering the

overpotential for the ORR.
Introduction

Metalloporphyrin plays a vital role in energy conversion, elec-
tron transfer and O2 activation in nature leading to the oxygen
reduction reaction (ORR) to produce water and energy.1–3 To
mimic the biological process, the scientic community has
been trying to perform O2-activation utilizing synthetic Fe-
porphyrins (FePs) and derivative-based heterogeneous
catalysts.4–7 However, the sluggish reaction kinetics of the ORR
is the main gridlock of energy conversion and storage devices
like fuel cells and metal–air batteries (MABs).8,9 Polymeric
network/framework based molecular heterogeneous electro-
catalysts are considered to have the potential to replace Pt-
based noble metal catalysts, and other Pt-rich materials that
are used as electrocatalysts in fuel cells and MABs.10 A few
obstructions of metalloporphyrin-based porous electrocatalysts
like covalent organic frameworks (COFs), metal–organic
frameworks (MOFs), porous organic polymers (POPs), hyper
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crosslinked polymers (HCPs), conjugated microporous poly-
mers (CMPs) and conjugated porous polymers (CPPs) are (1)
impoverished stability for a long run, (2) metal leaching from
the framework in the electrolyte, (3) poor electrical conductivity
and thus less availability of true active sites for the catalysis and
(4) immobilization of the catalyst to the secondary conductive
element.11,12 To address these issues, several strategies have
been taken into consideration in the recent past. They include
(a) making composites with carbon black or other nanocarbon
materials,13 (b) charge transport through redox hooping,14 (c)
non-covalent functionalization via p-stacking,15,16 and (d)
chemical functionalization in a conductive matrix.17,18

In nature, FeP heme sites act as a catalyst for O2 binding and
its activation, followed by reduction. However, although the
binding site is the heme unit, the activity of the catalyst is
governed by the axial ligands and surrounding environments.
Therefore, synthetic FeP-based catalysts can be systematically
engineered based on the peripheral substituents, which can
play an important role in regulating the electronic modulation,
charge transport and proton relays during the ORR process.
Recently, Cao and co-workers have shown that due to the
imidazole moiety that is coordinated to the ‘Fe’ center of FeP-
based catalysts from the axial position, an electron surge
occurs over Fe from the axial direction, which facilitates O2

activation.14 Similar electronic modulation could be made
This journal is © The Royal Society of Chemistry 2023
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dominant along the equatorial axis via push–pull electronic
interactions of p–electrons through a planar p-conjugated
network where one of the axial positions over the metal active
site remains vacant to interact with O2.19 To address this chal-
lenge, the pyrene unit can be functionalized with a FeP unit as it
contains highly delocalized pi–electron cloud that can act as
a potential electron donor.20 Therefore, FeP moieties together
with pyrene (FePP: Fe(II)-porphyrin-pyrene) containing pi-
conjugated materials have the prociency to increase the elec-
tron density on the metal site through push–pull interaction,
which may play a signicant role in the ORR.

In the recent past, several methodologies have been adopted
to convert an FeP-based molecular catalyst to a heterogeneous
catalyst including (a) drop-casting of the catalyst into
a conductive support, (b) integration of the molecular catalyst
into framework/polymer materials and (c) graing of the cata-
lyst on conductive carbon materials.21–27 Electrophoretic exfoli-
ation is a facile, in situ and environmentally friendly technique
to produce highly stable and easily graed catalysts onto gra-
phene layers. Conventional techniques, like chemical vapour
deposition (CVD), chemical method, and mechanical exfolia-
tion are multi-step processes, where in the rst step, graphene/
reduced graphene oxide has been synthesized followed by
loading the catalyst on the graphene surface. Furthermore,
these methods have several limitations such as requiring high
temperature, long time, being difficult to scale up, low yield,
and sometimes involving hazardous reagents. In contrast,
electrophoretic exfoliation is an in situ synthesis technique,
where functionalization of graphene sheets can be obtained via
a single-step method by exfoliating graphite in the presence of
a catalyst by p–p interaction in aqueous medium. Moreover,
this process can be easily scaled up, and minimize the oxygen
content in the hybrid material and the pristine structure is
retained to realize on-demand properties in the desired
materials.28–30

Bearing all these parameters in mind during the engineering
and designing of the material, in this work, we focused not only
on the improvement of electrical conductivity, but also on the
role of charge-transfer modulation through push–pull interac-
tion via a very facile green synthetic approach and cost-effective
protocol for sustainable heterogeneous electrocatalysis. Herein,
we have synthesized a functionalized p-conjugated Fe(II)-
porphyrin-pyrene (FePP) based 2D porous polymer material
through the Suzuki cross coupling reaction and further
anchored the material on a graphene backbone via in situ
electrophoretic exfoliation of graphite for an economically
viable electrocatalyst for the ORR. In this case, the pyrene unit
in the network plays a dual role. First, it can act as a donor and
provides pi–electron density towards the FeP unit via push–pull
electronic interaction when O2 binds to the heme unit during
the ORR. Secondly, the introduction of the pyrene unit into the
FeP-based networks increases the efficiency of 2D–2D p–p

interactions of the matrix with graphene. More interestingly,
the pi-conjugated extended polymeric network contains a freely
rotating –Ph ring that attains co-planarity via ring-ipping when
modied with graphene through 2D–2D p–p interaction and
accelerates the ORR kinetics. The FePP catalyst aer graing
This journal is © The Royal Society of Chemistry 2023
with electrophoretically exfoliated graphene, FePP@G30/3/7, is
able to simultaneously regulate the charge transport and elec-
tron mobility as well as generating favorable active sites for
oxygen reduction. An electrochemical ORR study was exclusively
performed using both the materials (FePP and FePP@G30/3/7)
along with a commercial Pt/C catalyst and the improvement in
the performance of half-wave potential, current density, reac-
tion kinetics, impedance, stability and methanol tolerance was
explored. This study further explored some interesting proper-
ties of the as synthesized electrocatalyst, like 2D–2D p–p

stacking interaction, oating of the free rotation of the –Ph ring
inducing a symmetric reorientation of the perpendicularly
aligned p-orbitals for an extended pi-conjugation among
donor–acceptor units, superior conductivity of the catalyst and
the axial position stacked with graphene sheets pushing elec-
trons towards metal active sites. Both the equatorial and axial
positions play a signicant role in the ORR, which is well proven
through experimental as well as theoretical support.
Experimental details
Catalyst preparation

A donor–acceptor palladium (0) catalyzed Suzuki cross coupling
reaction between 5,10,15,20-(tetra-4-bromo-phenyl) porphyrin
Fe(II) (FeP) and 1,3,6,8 tetrakis-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl) pyrene (PyTBE) was employed to synthesize
a conjugated microporous polymer (CPP) namely FePP. All
experimental procedures for the synthesis of different mono-
mers, associated materials and electrochemical techniques are
described in Section 1 of the ESI.† Also, the NMR study
revealing the step-wise advancement of the reaction and the
formation of monomers PhTBE, Br-porphyrin and FeP was
described and highlighted in the synthesis part of the ESI and is
shown in Fig. S1–S3,† respectively. Thereaer, the as synthe-
sized FePP was further modied with graphene through a facile
electrophoretic exfoliation technique (details schematically
presented in Fig. S4†) under acidic media to obtain the elec-
trocatalyst, namely FePP@Gmg/V/t (here mg, V and t denote the
amount of FePP (mg), voltage (V) and time (t) used for the
exfoliation).31 The striking advantage of the underlying gra-
phene support with the FePP material has been brought to the
front by several experimental techniques, which was nally
corroborated with the electrocatalytic performances of the
catalysts, as discussed in the Results and discussion part.

Formula used for conversion to standard electrode potential.
All the experiments were performed using a three electrode
system, a GC/RDE/RRDE as a working electrode, a graphite rod
as a counter electrode and an Ag/AgCl (3 M KCl) reference
electrode and potentials were converted to standard RHE
(reversible hydrogen electrode) potential using (eqn (1)) as re-
ported in this manuscript. For 0.1 M KOH (pH > 13), the
following equation was considered:

ERHE (V) =EAg/AgCl (3 M KCl) (in V) + (0.059× pH) + 0.210 V (1)

The other formulae for calculation of the number of elec-
trons and H2O2 (% yield) involved during the ORR in alkaline
J. Mater. Chem. A, 2023, 11, 18740–18754 | 18741
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medium are briey discussed in the ESI File.† The electro-
chemical surface area calculation equation is also discussed in
ESI eqn (7).†
Computational details

All the calculations are performed in the Vienna Ab initio
Simulation Package (VASP) using non-spin polarized density
functional theory. The Projected Augmented Wave (PAW)
method is used to describe the potentials of the atoms with
Generalized Gradient Approximation (GGA) considered for
exchange and correlation effects at the Perdew–Burke–Ernzer-
hof (PBE) level. A plane wave cut-off energy of 450 eV is used for
the calculations. A gamma centered 3 × 3 × 1 K-point grid is
used for the Brillouin zone sampling. Structural optimization
was done until the total energy converged to less than 10−5 eV
per atom and themaximum force converged to less than 0.01 eV
Å−1. Grimme's DFT-D2 method was used for van der Waals
dispersion correction. Henkelman's Bader charge analysis is
used for estimating the charges on the atoms. The Fe-
porphyrin-pyrene (FePP) moiety is modelled with the ends of
the carbon atoms terminated with hydrogen atoms. A 9 × 9
graphene supercell and graphene akes with 10 hexagonal
rings are taken as a substrate for FePP. For simplicity and
computational cost, two layers of graphene are taken. To
avoid any periodic interaction along the z-axis, a vacuum of
∼15 Å is taken. The projected density of states (PDOS) of the
d-orbital of FePP, FePP on a single graphene sheet (Ph-ring out
of plane) and FePP between a xed graphene sheet and ake
(FePP@G30/3/7) is discussed in ESI Section 3 and Fig. S27.†
Results and discussion

This workmainly aims to establish the electronic mobility of the
electrocatalyst and electronic transition operating at the active
sites from the molecular orbital perspective, which benignly
participates in an improved ORR performance of FePP@G30/3/7.
It is however known that the electrocatalytic processes require
an electron sufficiency, which could be provided by the adsor-
bents for the subsequent reduction reaction. Fe-porphyrin is
immensely important for the ORR. Despite having an FeN4

active unit, it lags in performance owing to the conductivity
issue. To overcome this, we have adopted an extremely facile
approach by conjugating the FePP system with a graphene
support. The pi-conjugated graphene framework induces –Ph
ring ipping of the FePP unit to achieve an all-planar 2D porous
material. This causes the re-orientation of the perpendicularly
aligned vacant p-orbitals of the constituting elements adopting
an all-symmetric orientation. As a consequence, a continuous
electron ow is achieved along the equatorial plane of FePP
along with an appropriate p–p conjugation axially, between
graphene and FePP as shown in Fig. 1a and b. In order to check
the interaction between graphene and the FePPmoiety, a charge
density distribution study was conducted and the charge
density difference analysis for FePP and FePP@G30/3/7 is
demonstrated in Fig. 1c–h via top and side views. The charge
density distribution plots of FePP top and side views shown in
18742 | J. Mater. Chem. A, 2023, 11, 18740–18754
Fig. 1c and f explained that when the –Ph ring was out of plane,
the Fe atom has less charge on top. Aer exfoliation, we
assumed two models FePP/G (where we kept the –Ph ring out of
plane) and FePP@G30/3/7 (where we obtained an energy opti-
mized structure with the –Ph ring ipping to an in-plane
orientation). In FePP/G, when the –Ph ring was out of plane,
the Fe atom has a less charge accumulated on FeN4 between
graphene sheets, which suggested that the orientation of FePP
did not support the axial charge transfer between the FePP and
graphene moieties. Meanwhile for FePP@G30/3/7, there was
more charge accumulated on FeN4 between graphene sheets,
indicating better charge transfer and thus binding. Secondly,
when the Ph ring was out of plane the charge on the Fe atom is
depleted and for the in-plane case there is alternate charge
accumulation and depletion lobes present on the Fe atom (red
circle region in Fig. 1d and e). Also, the charge on the –Ph ring
from graphene is more when the ring is in-plane (blue box
regions in Fig. 1g and h). These analyses thus showed the
importance of the in/out of plane orientation of the Ph ring for
better charge transfer characteristics of the material and
thereby improved catalytic activity. It can be inferred that, when
the Ph ring is planar better charge transfer occurred that could
aid in better binding of the OOH* intermediates to the charge
sufficient Fe atom, which is usually the PDS and therefore it is
expected to initiate the ORR at a much less overpotential.32–34
Physical characterization of electrode
materials

The formation of the conjugated porous polymer material
(FePP) was conrmed through solid state 13C-nuclear magnetic
resonance (NMR) analysis by assigning different chemical
environments of carbon atoms present in the polymer network
(Fig. 2a). The solid-state NMR peak for pyrrolic ‘C’ adjacent to
the ‘N’ atom (a) in the porphyrin ring appeared at 154.2 ppm.
NMR signals for carbon atoms (b and c) from the phenyl ring
connected with the porphyrin ring and pyrene ring adjacent to
the phenyl ring along with other aromatic carbons were shown
at 135 and 129 ppm, respectively. The NMR peaks for another
pyrrolic and aliphatic carbon atom of FePP designated as (d)
and (e) appeared at 109 ppm.35 Furthermore, one-pot electro-
phoretic exfoliation of graphene from graphite in acidic
medium was carried out in the presence of the FePP material to
obtain the desired conductive material FePP@G30/3/7. To
investigate the structural conrmation and amorphous or
crystalline nature of the materials (FePP and FePP@G30/3/7), the
powder X-ray diffraction (PXRD) pattern was recorded in the 2q
value range of 10 to 70° (Fig. 2b). In the PXRD pattern, a broad
peak appeared for FePP in the range of 15 to 30°, which indi-
cated the amorphous nature of the material. Meanwhile,
FePP@G30/3/7 showed a peak with maxima at 26.4°, clearly
indicating the merging of two PXRD peaks with each other,
which established the formation of an FePP-loaded graphene-
based 2D hybrid material FePP@G30/3/7.36 The morphology of
both the electrocatalysts FePP and FePP@G30/3/7 has been
studied using high-resolution transmission electron
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the limitations with (a) FePP and (b) FePP–graphene interaction induced electron mobility in FePP@G30/3/7.
Charge density and charge density difference plots of (c) an FePP flake covering pyrene and the Ph ring with the Ph ring out of plane, (d) FePP on
a single graphene sheet (Ph-ring out of plane), and (e) FePP between a fixed graphene sheet and flake, where the Ph ring is completely in-plane.
(Top view) and (f–h) the same from the side view of FePP, FePP on a single graphene sheet (Ph-ring out of plane), and FePP between a fixed
graphene sheet and flake, where the Ph ring is completely in-plane, respectively. Isosurface value is 1.6 × 10−4 e Bohr−3. Yellow colored lobe
indicates the charge-accumulated region and blue colored lobes indicate the charge-depleted region. Green, grey, blue and brown colored
spheres represent hydrogen, carbon, nitrogen and iron atoms respectively.
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microscopy (HRTEM) analysis, presented in Fig. 2c and d,
respectively, where a 2D sheet-like morphology was observed for
FePP. In the HRTEM images of FePP@G30/3/7, a clear visuali-
zation of FePP on the graphene sheet conrmed the successful
graing of the porous polymer material into the exfoliated thin
graphene sheet. The tapping-mode atomic force microscopy
(AFM) technique was used to characterize the FePP@G30/3/7

catalyst, as illustrated in Fig. 2e. As expected, it has been
observed that the FePP material is stacked onto the graphene
sheets, which is shown in Fig. 2e. We have also measured the
thickness of 2D sheet-like FePP@G30/3/7 and found it to be
∼3.74 nm for the graphene sheet and ∼7 nm for the FePP
material as shown in Fig. 2f. Raman spectroscopic analysis was
conducted to conrm the two-dimensional nature of the elec-
trocatalysts, namely FePP@G30/3/7, FePP and exfoliated gra-
phene (EG), as shown in Fig. 2g. In the Raman spectrum of
FePP, D and G bands appeared at 1336 and 1574 cm−1 along
This journal is © The Royal Society of Chemistry 2023
with a broad peak in between 2200 and 3000 cm−1 with
a maximum at 2698 cm−1, which revealed the 2D nature of the
extended pi-conjugated polymer network. It is worth
mentioning that the D and G bands had similar intensity with
a calculated ID/IG ratio of 0.93. This indicated disorderness in
the material, attributed to the presence of the FeN4 unit within
the carbon framework of the porphyrin unit. The Raman spec-
trum of exfoliated graphene (EG) was also obtained and the
ID/IG ratio was calculated to be 0.89 due to the distortions in
the basal carbon framework. The Raman spectra of the
FePP@G30/3/7 hybrid material resembled that of FePP with
a sharp 2D band at 2600 cm−1 along with the very familiar D and
G bands at 1341 and 1574 cm−1, respectively. A decrease in the
ID/IG ratio to 0.87 in FePP@G30/3/7 compared to EG (0.89) indi-
cated the proper graing of FePP onto the graphene backbone
to achieve a planar 2D sheet like architecture through pi–pi
stacking between the FePP and exfoliated graphene sheets. A
J. Mater. Chem. A, 2023, 11, 18740–18754 | 18743
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Fig. 2 (a) Solid state 13C-NMR spectra of the FePP catalyst. (b) XRD pattern of FePP and FePP@G30/3/7 catalysts. (c) HRTEM image of FePP and (d)
FePP@G30/3/7 catalysts. (e) AFM image and (f) height profile of FePP@G30/3/7. (g) Raman spectra of FePP@G30/3/7, FePP and EG catalysts. (h) N2

adsorption/desorption isotherm with pore size distribution (inset) of the FePP@G30/3/7 catalyst.
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slightly lowering of defects in the hybrid FePP@G30/3/7 materials
might be due to some structural transformation to achieve
planarity from a non-planar phenyl ring connected with pyrene
and iron-porphyrin moieties.37 These results are also summa-
rized in Table T1 in the ESI.† However, the specic surface area
and porosity of both the electrocatalysts were investigated
through a volumetric N2 adsorption/desorption study at 77 K
(Fig. 2h and ESI, S5†). According to the IUPAC (International
Union of Pure and Applied Chemistry) classication, the ob-
tained Brunauer–Emmett–Teller (BET) results of FePP and
FePP@G30/3/7 belongs to Type-I isotherm followed by Type-IV
isotherm. The specic surface area of FePP and FePP@G30/3/7

was 840 and 350 m2 g−1, respectively. Aer the exfoliation, the
surface area might be decreased because of the strong interac-
tion between the polymer network and graphene sheet in the
hybrid materials. The pore size distribution (PSD) was calcu-
lated employing the NLDFT (non-local density functional
theory) method on the N2 adsorption/desorption isotherm
where the PSD is found to be 1.7 for FePP and 2.7 nm for
FePP@G30/3/7, which are displayed in the inset of Fig. 2h and ESI
S5.† The obtained average pore diameter of both the materials
indicates that the FePP material possesses both micro- and
meso-pores in its polymeric network, whereas the FePP@G30/3/7

material is mainly mesoporous in nature. The presence of
highly accessible mesoporosity is very suitable for facile ion
transportation that makes it a superior electrocatalyst. The
mesoporosity with a moderately high surface area together with
the metal coordinated to electronegative N atoms with extensive
pi-conjugation and graed on the conducting graphene sheet
can make the material a worthy electrocatalyst for the ORR.

An insight into the surface chemical composition and
valence states in both the materials (FePP and FePP@G30/3/7)
18744 | J. Mater. Chem. A, 2023, 11, 18740–18754
was attained from X-ray photoelectron spectroscopy (XPS)
analysis (Fig. 3a and b, ESI, S6 and S7†). The comparative survey
spectra of FePP and FePP@G30/3/7 reveal that the carbon content
in the latter is expectedly more than that of the former, owing to
the underlying graphene support. The elemental composition
of FePP@G30/3/7 and FePP catalysts is included in ESI, Table
T2.† The deconvoluted peaks of C 1s spectra of both the mate-
rials FePP and FePP@G30/3/7 appeared at almost the same
positions of 284.14 (C]C/C–C), 285.02 (C]N) and 286.09 eV
(ESI, Fig. S6a and S7b†). The deconvoluted N 1s spectra of both
the materials also displayed similar peak positions at 398.01,
399.7, and 401.7 and 398.02, 399.63, and 401.69 eV for Fe–N,
pyrrolic N, oxidized N in FePP and FePP@G30/3/7, respectively
(Fig. 3a and ESI, S7c†). For the high-resolution Fe 2p spectra of
FePP, intense peaks appeared at 711 and 723.6 eV along with
a satellite peak (ESI, Fig. S7d†) corresponding to Fe 2p3/2 and Fe
2p1/2, respectively. Meanwhile for the FePP@G30/3/7 material two
signals for the respective Fe 2p3/2 and Fe 2p1/2 appeared slightly
shied at 710.92 and 723.33 eV, respectively, along with the
characteristic satellite peak (Fig. 3b).38 This conrms that the
chemical composition of FePP remains unaffected aer exfoli-
ation, while the peak shiing again proved the pi–pi stacking of
the FePP onto the graphene moiety suggesting that its valence
electrons increased.

To gain further insight into the noteworthy details of the
chemical state and coordination environment of Fe atoms in
the framework matrix, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
spectroscopy were performed. The XANES spectra at the Fe K-
edge for FePP@G30/3/7, FePP, and references, such as iron
phthalocyanine (FePc) and Fe2O3, were collected to analyze
their coordination states (Fig. 3c). The XANES spectra of
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 High resolution deconvoluted (a) N 1s and (b) Fe 2p XPS spectra of the FePP@G30/3/7 catalyst. Structural characterization of Fe atoms in the
FePP and FePP@G30/3/7 catalysts. The normalized XANES spectra and the Fourier transform of EXAFS spectra at the (c and d) Fe K-edge of the
FePP and FePP@G30/3/7 catalysts and the reference materials. Corresponding EXAFS fitting of FePP and FePP@G30/3/7 catalysts at r space spectra
in (e and f), and the inset shows a schematic structure of FeN4: Fe (red), N (blue), H (grey), and C (black).
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FePP@G30/3/7 and FePP catalysts at the Fe K-edge were
compared with those of the reference materials indicating that
the absorption edge line position of both the catalysts were
located between those of Fe foil (Fe(0)) and Fe2O3 (Fe3+)
samples, suggesting that the Fe in FePP@G30/3/7 and FePP was
in a +2 oxidation state, matching with the results obtained from
the XPS analysis.39,40 The EXAFS of the Fe K-edge shows that the
magnitude of the Fourier Transform (FT) spectra of the FePP
and FePP@G30/3/7 samples also closely resembles that of the
original FePc reference curve. The amplitude and shape of the
rst strong absorption peak located at 1.52 Å in the FT plot,
which was equivalent to Fe–N scattering, indicate that the
bonding environment in the rst shell of FePP@G30/3/7 and
FePP catalysts was the same as that of FePc suggesting that one
Fe atom connects with four N atoms. In addition, there was no
peak observed corresponding to Fe–Fe at 2.2 Å in both synthe-
sized catalysts (Fig. 3d), reecting the nonexistence of any iron
particles or clusters in FePP and FePP@G30/3/7 catalysts. To gain
better understanding, quantitative EXAFS tting was performed
to study the local chemical coordination environment around
the Fe atom in FePP and FePP@G30/3/7 catalysts and tting
parameters, including atomic distances and coordination
numbers, are arranged in ESI Table T3.† The rst coordination
shell tting results for FePP (Fig. 3e) and FePP@G30/3/7 (Fig. 3f)
indicate that the Fe–N shells have average distances in R-space
of 2.04 and 1.98 Å, which correspond to the coordination
numbers of 3.99 and 4.08, respectively. The tting k3 space
This journal is © The Royal Society of Chemistry 2023
results of FePP and FePP@G30/3/7 catalysts are also shown in ESI
Fig. S8 and S9.† These results are in agreement with the
experimental data, and similar to Fe–N coordination environ-
ment present in the catalysts, where the Fe atom is coordinated
with four nitrogen atoms in both FePP and FePP@G30/3/7 cata-
lysts as shown in the insets of Fig. 3e and f.41,42

Furthermore, the electronically well-connected 2D frame-
work of FePP@G30/3/7 was expected to be conductive enough as
compared to EG. In order to check that, comparative sheet
resistance was measured with all synthesized materials using
the 2-probe technique by changing the bias from−1 to +1 volt in
the device.43 The current–voltage (I–V) characteristics of
FePP@G30/3/7 and EG show linear plots, indicating a higher
slope as compared to the slope of the FePP material (Fig. 4a).
The electrical sheet resistance of FePP@G30, EG and FePP
catalysts is 28.90 U, 19.63 U and 1.976× 107 U respectively. This
impressively low resistance of FePP@G30/3/7 could result from
an unattenuated and easy electronic transition throughout the
conductive catalyst system (FePP@G30/3/7) with a low energy
difference (De: delocalization energy) between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) (De1 > De2 as evident for FePP and
FePP@G30/3/7, respectively) as demonstrated in Fig. 4b.44–46 This
inference accorded well with the red-shied peak at 330 nm
corresponding to the p to p* transition in the ultra violet-visible
(UV-vis) absorption spectrum of FePP@G30/3/7, while FePP dis-
played a peak at 307 nm (Fig. 4c).37 This red-shied peak
J. Mater. Chem. A, 2023, 11, 18740–18754 | 18745
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position in FePP@G30/3/7 could also be attributed to the partial
recovery of conjugation with the graphene network and also
a coupling effect of different functional groups on the surface of
the graphene framework and FePP polymeric material. The –Ph
ring ipping aer stacking with graphene sheets produced the
opportunity to intra- (from pyrene to FeP) and inter- (graphene–
FePP) layer charge distribution and increased the number of
active sites. Further conrmation of co-planarity and proper
heterostructure formation of the FePP with graphene in the
FePP@G30/3/7 catalyst was obtained with photoemission spec-
troscopy measurement. Solid-state photoluminescence (ss-PL)
spectroscopy of FePP, FePP/G and FePP@G30/3/7 was per-
formed as shown in Fig. 4d. All the materials were excited at
310 nm and emission was recorded in the range of 380–450 nm
with 200 nm min−1 rates. The ss-PL spectrum of the FePP
material shows very less emission at 395 nm, whereas upon
introducing FePP into the graphene sheet (Fe-PP@G30/3/7) the
emission intensity increases up to 36 000 counts per second.
This effect is ascribed to aggregation-induced emission (AIE) in
the hybrid material.47,48 Upon formation of Fe-PP@G30/3/7 via in
situ electrophoretic exfoliation of graphene, the FePP unit sits
between the graphene layers by maintaining planarity. This
restricts the intermolecular rotation (RIR) of the introduced
phenyl ring of FePP by increasing p–p stacking, resulting in
inducing emission caused by aggregation. On the other hand,
we have also checked the ss-PL of FePP/G material; the stacking
of the phenyl ring was improper causing a rotated phenyl ring in
the case of FePP/G. Upon exciting this material at the same
wavelength, it shows very less PL activity may be due to the
improper composite formation, which restricts the rotation of
the phenyl ring. The observed results are well corroborated with
UV-visible data. The p–p stacking interaction between gra-
phene and FePP induces co-planarity in the FePP system, which
has been thus conrmed from UV-visible, Raman and photo-
luminescence spectroscopy. Owing to this co-planarity of the –

Ph ring, the p–electron mobility gets enhanced from the pyrene
ring to the porphyrin ring through push–pull interaction, which
is responsible for extended pi–electron delocalization through
the polymeric network as well as increasing the electron density
on the electroactive metal center (FeN4), which is further
benecial for the electrocatalytic performance of the catalyst.
Therefore, the charge transfer mobility dramatically enhances
the electrical conductivity of the system, or in other words
lowers the electrical resistivity, providing accessible charge
carriers, which has also been conrmed from the lowered work
function of the FePP@G30/3/7 system (F = 4.34) as compared to
FePP (F = 5.77) (Fig. 4e). The work function (F) values were
analyzed by ultraviolet photoelectron spectroscopy (UPS) upon
applying a −10 V bias voltage to obtain a sharp cut-off edge of
the secondary electrons. Thus, our nal material with a lowered
work function is more prone to adsorb O2 on its surface with
better accessible free charge carriers, which eventually lead to
a low overpotential for the catalytic process. These factors
directly impacted the kinetics of the ORR, which have been
vividly discussed in the following section.

These experimental results due to the –Ph ring ipping
through 2D–2D interaction led to different kinds of changes of
18746 | J. Mater. Chem. A, 2023, 11, 18740–18754
the structural and electrochemical properties of the materials,
which are further supported by quantum chemical calculations
for the lowering of overpotential towards the ORR. In this case,
the coplanarity of the 2D layered FePP is gained with the co-
planar graphene sheet through the rotation of the –Ph ring
resulting in better electron mobility throughout the catalyst
surface.

Electrocatalytic ORR study

To evaluate the oxygen reduction reaction activity of the as
synthesized electrocatalysts, electrochemical measurements
with a rotating disk electrode (RDE) were carried out in 0.1 M
KOH electrolyte solution in a standard 3-electrode electro-
chemical cell. First, the cyclic voltammetry (CV) technique was
employed with the as-synthesized FePP and FePP@G30/3/7 and
commercially available Pt/C (20 wt%) in Ar- and O2-saturated
electrolyte solutions at a scan rate of 10 mV s−1. As shown in
Fig. S10a–c (ESI),† a quasi-rectangular shape voltammogram
appeared in the Ar-saturated solution, while a well distin-
guished cathodic peak appeared in the O2-saturated electrolyte
solution which indicates the efficiency of the FePP@G30/3/7

catalyst towards O2 reduction. Linear sweep voltammetry (LSV)
was carried out with FeP, FePP, FePP@G30/3/7, FePP/G and Pt/C
at 1600 rpm with a 10 mV s−1 scan rate as shown in Fig. 5a. The
FePP@G30/3/7 catalyst exhibits excellent ORR catalytic activity
with a better positive half-wave (E1/2) potential of 0.84 V vs. RHE
out performing all the control catalysts (the E1/2 of FePP was
found to be 0.71 V). This dramatic improvement of O2 reduction
potential was observed due to modication of FePP with the
graphene material where the conformational changes of FePP
through –Ph ring ipping towards in plane geometry caused
awless electron mobility over the FePP system and FeP moie-
ties together with pyrene containing pi-conjugated materials
have the prociency to increase the electron density on the Fe-
metal site through push–pull interaction. For the optimisation
of catalytic activity, LSV studies have been done with all the as-
synthesized materials like FePP@G20/3/7, FePP@G30/3/7, and
FePP@G40/3/7 containing different amounts (20 mg, 30 mg and
40 mg respectively) of FePP with exfoliated graphene, while
retaining all other experimental conditions (ESI, Fig. S11†). The
achieved half-wave potential for FePP@G30/3/7 outperformed
that of the other control samples, probably owing to the lowered
active site content in FePP@G20/3/7 and improper stacking
interaction in the case of FePP@G40/3/7. The electrochemical
ORR activity of the composites of FePP with commercially
available activated carbon, such as XC-72 and SuperP (1 : 1), has
been determined for comparison with the catalyst. The ORR
performance for other controlled samples, such as FePP@G30/

1.5/7, FePP@G30/5/7, FePP@G30/3/5, FePP@G30/3/10, FePP@G20/3/7,
and FePP@G40/3/7, was checked. The electrochemical response
of all the controlled samples is presented in ESI Fig. S11 and
S12,† and the results are also summarized in ESI Table T4 and
T5.† Thus FePP@G30/3/7 has been considered as the optimized
material with respect to E1/2 and JL and further used for all the
electrochemical measurements. To evaluate the standard of
performance of our active material, it is crucial to have
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Electrical sheet resistance measurement (i–v) curve of FePP@G30/3/7, FePP and EG catalysts. (b) Molecular orbital diagram of FePP and
FePP@G30/3/7 catalysts. (c) UV-visible absorbance spectra of FePP@G30/3/7 and FePP catalysts. (d) Solid-state photoluminescence spectra of
FePP, FePP/G and FePP@G30/3/7. (e) The work function (F) of FePP@G30/3/7 and FePP catalysts.
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a comparative study with the state-of-the-art catalyst (Pt/C). The
commercial Pt/C (20 wt%) showed an E1/2 value of 0.86 V, which
is comparable to that of FePP@G30/3/7. Additionally, the
FePP@G30/3/7 catalyst shows a higher diffusion-limiting current
density (JL, 5.2 mA cm−2) and kinetic current density (JK) of
56.62 mA cm−2 (calculated by using eqn (2), ESI†) at 0.62 V. All
the electrochemical parameters of the controlled samples are
This journal is © The Royal Society of Chemistry 2023
listed in Table T4, ESI.†We have also compared our results with
those of other Fe-porphyrin based materials, iron oxides and
metal nanoparticles in the literature (Table T6, ESI†), and our
results were comparable to those of other reported ORR cata-
lysts. The electrochemical surface area (ECSA) of the as
synthesized material was calculated by using eqn (7) (ESI).†
To calculate the ECSA of both the catalysts (FePP and
J. Mater. Chem. A, 2023, 11, 18740–18754 | 18747
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Fig. 5 (a) LSV curves of the as synthesized electrocatalysts and Pt/C catalyst in O2-saturated alkaline electrolyte solution. (b) Tafel plots of all
catalysts and comparison with the Pt/C catalyst. (c) Number of electrons involved and %H2O2 yield formed during the ORRwith the FePP@G30/3/7

catalyst in alkaline solution. (d) Diagrammatic representation of molecular orbital interaction between FePP@G30/3/7 and O2. (e) Chro-
noamperometry curve of FePP@G30/3/7 and FePP and comparison with the Pt/C catalyst. (f) Linear sweep voltammetry polarization curve before
and after the LSV cycling stability test of FePP@G30/3/7 and FePP catalysts in O2-saturated 0.1 M KOH electrolyte solution. (g) Atomic percentage
of iron before and after stability measurement.
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FePP@G30/3/7), CV analysis was performed in the non-Faradic
region with different scan rates from 20 to 150 mV s−1 in
alkaline solution as shown in ESI, Fig. S13.† The double layer
capacitance (Cdl) values of 57 mF and 9.57 mF, respectively, were
calculated from the slope of the current vs. scan rate plots of
FePP@G30/3/7 and FePP, respectively (ESI, Fig. S13†). The
18748 | J. Mater. Chem. A, 2023, 11, 18740–18754
electrochemically active surface area (ECSA) values were calcu-
lated, taking specic capacitance (Cs) as 40 mF cm−2.49 The ob-
tained ECSA values of FePP@G30/3/7 and FePP were 1.42 and
0.24 cm2, respectively. It is worth mentioning here that the
obtained higher Cdl value for the FePP@G30/3/7 catalyst as
compared to the FePP catalyst is mainly due to the higher
This journal is © The Royal Society of Chemistry 2023
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electrical conductivity, mesoporosity, and increased electro-
chemically active sites in FePP@G30/3/7, which proves the higher
ECSA value of FePP@G30/3/7 as compare to the FePP catalyst. It is
clear that the higher ECSA of FePP@G30/3/7 as compare to FePP
helps to achieve better electrocatalytic activity of FePP@G30/3/7

towards the ORR. The Nyquist plots obtained from the elec-
trochemical impedance spectroscopy (EIS) study suggest that
the FePP@G30/3/7 catalyst has a smaller semicircle diameter
than the FePP catalyst (ESI, Fig. S14†), which indicates a lower
charge transfer resistance (RCT), consistent with its more
favourable charge transfer process. Our claim of the facile
electron mobility throughout the catalyst and an electron
sufficiency over the mesoporous active surface of the material
reinforces the charge transfer rate at the electrode–electrolyte
interface, as reected by the lower RCT value.50 In addition, all
LSV plots were recorded at a slow scan rate of 1 mV s−1 for Tafel
slope measurements. The Tafel slope of the FePP@G30/3/7

catalyst was obtained as 72 mV dec−1, which was smaller than
that of the Pt/C catalyst (77 mV dec−1) as well as FePP (92 mV
dec−1). The Tafel slope of other controlled samples (FePP/G and
FeP) is shown in Fig. 5b, and summarized in ESI Table T4.† The
faster reaction kinetics of FePP@G30/3/7 than that of FePP as well
as Pt/C also suggested the more accessible active catalytic sites
of the mesoporous catalytic surface along with facile electron
transfer towards metal centre through the electron push effect
of the pyrene ring as shown in Fig. 5b.51 To assess the ORR
pathway of the FePP@G30/3/7 catalyst, RDE measurements at
various rotational speeds (625 to 4900 rpm) were carried out
(ESI, Fig. S15†). As observed, the reduction current increases
with increase in the rotational speed due to a convectional
phenomenon and the shortening of the formed diffusion layer
on the electrode surface. The Koutecky–Levich (K–L) equation52

(ESI, eqn (4)†) and the corresponding parallel K–L plots (ESI,
Fig. S16†) suggested that the FePP@G30/3/7 catalyst follow the
rst order reaction kinetics towards the concentration of dis-
solved O2 gas.53,54 Moreover, the rotating ring disk electrode
(RRDE) measurements (ESI, Fig. S17†) reveal that the undesir-
able H2O2 yield of the FePP@G30/3/7 catalyst remains below 5%
in the applied potential range (0.72 to 0.42 V vs. RHE), corre-
sponding to a high electron transfer number of 3.91 calculated
by using eqn (5) and (6) in the ESI† (Fig. 5c). The H2O2 yield and
electron transfer number demonstrate that the FePP@G30/3/7

catalyst possesses a 4e-reaction path for the alkaline ORR. LSVs
at all rotations, K–L plots, the number of electrons and %H2O2

of FePP are shown in ESI, Fig. S18a–c,† which show a lower ORR
activity as compare to the FePP@G30/3/7 catalyst. As discussed
from the above results, the enhanced performance of the
FePP@G30/3/7 catalyst can be explained by the presence of
pyrrolic N, which is coordinated with the Fe atom in the form of
FeN4 as determined from the XPS and EXAFS analyses. A high JK
value of the catalyst indicates substantial spin density and
density of states near the Fermi level. The abundant FeN4 active
sites and highly conducting nature of catalyst is responsible for
the 4e− pathway during the ORR. The high content of pyrrolic N
and –Ph ring ipped in a plane with pyrene and porphyrin units
strongly encouraged an extended pi-conjugation followed by
push–pull interaction with graphene in the catalyst. The
This journal is © The Royal Society of Chemistry 2023
electron transfer during oxygen reduction on the FeN4 active
site from oxygen to metal and back donation of the electrons
from metal to the vacant orbital of oxygen are represented in
Fig. 5d, which is responsible for excellent ORR activity in the
alkaline medium.

Apart from the ORR activity, the long-time durability and
methanol resistance ability of the synthesized catalyst are other
essential concerns for the applications of device fabrication. In
this current study, the chronoamperometric (CA) technique was
used in O2-saturated alkaline electrolyte solution for the study
of long-term durability at 0.62 V constant potential. The
FePP@G30/3/7 catalyst was found to be highly stable for 12 hours,
retaining 87% of the initial current density, and FePP retaining
77% of initial current, while that of the Pt/C catalyst degraded up
to 57% (Fig. 5e). Further for better understanding the stability of
the as synthesized catalysts, LSV cycling was also performed at
1600 rpm with a 10 mV s−1 scan rate and it was found that there
was very less negative shi (5 mV vs. RHE) in the half-wave
potential aer 1200 cycles in the case of the FePP@G30/3/7 cata-
lyst (Fig. 5f), which indicates that the catalyst was highly stable in
the harsh alkaline environment during the ORR, while compara-
tively a higher shi of negative potential (17 mV vs. RHE) was
observed in the FePP catalyst as shown in Fig. 5f. The shiing in
the potential in the FePP catalyst might be due to metal leaching
during the cycling test in alkaline media. In order to verify the
metal leaching from the porphyrin ring, XPS analysis has been
performed for FePP@G30/3/7 and FePP catalysts aer the stability
test as shown in Fig. S19 and S20, ESI.† High resolution XPS
analysis of deconvoluted C 1s, N 1s, and Fe 2p peaks for both the
FePP@G30/3/7 and FePP catalysts obtained aer stability revealed
similar results in comparison to their before stability results. The
elemental analysis results from XPS measurement before and
aer the stability experiment are summarized in Table T2 in the
ESI,† which reveals that the atomic % of Fe is drastically reduced
(1.05 to 0.51) in the FePP catalyst aer the stability test unlike the
FePP@G30/3/7 catalyst, where there are insignicant changes in the
elemental composition noticed as shown in Fig. 5g. These data
suggested that due to p–p stacking of the catalyst in between the
graphene sheets, the metal has not leached out, which helps to
improve the stability of the FePP@G30/3/7 catalyst. To check the
viability of the catalyst to be used in direct methanol fuel cells,
chronoamperometric measurement was conducted at a constant
potential of 0.62 V, where aer 700 s, 1 M CH3OH was added into
the catalytic solution. The current density of the FePP@G30/3/7

catalyst remained constant till continuous 3600 s of CA run;
moreover the CA curve of the Pt/C catalyst drops rapidly when
methanol was added into the electrochemical cell (Fig. S21, ESI†).
Additionally, the CV response in the presence and absence of 1 M
CH3OH in O2-saturated alkaline solution demonstrated no
noticeable change in the reduction current of the FePP@G30/3/7

catalyst in terms of onset potential and E1/2 but in the case of the
Pt/C catalyst the CV curve drastically changed in the presence of
methanol (ESI, Fig. S22 and S23†). Therefore, the stability of the
FePP@G30/3/7 catalyst in comparison to the commercially available
Pt/C catalyst towards the methanol resistance ability shows the
acceptability of the catalyst for practical applications in zinc–air
batteries and direct methanol fuel cells. So, employing the
J. Mater. Chem. A, 2023, 11, 18740–18754 | 18749
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exfoliation technique the modied catalyst FePP@G30/3/7 gained
an improvement of various electrochemical ORR parameters like
E1/2, overpotential, reaction kinetics and ECSA. These enhance-
ments of catalytic efficiency occurred mainly due to the electronic
mobility modulation from pyrene to the metalloporphyrin centre
along with interlayer electron transfer among FePP and the con-
ducting surface of graphene.

Reaction kinetics and mechanism of
the ORR on the catalyst surface

Although effective catalysts for the ORR have been found, the
fundamental obstacle is still the selectivity of the reaction
Fig. 6 (a) In situ Raman spectra of FePP@G30/3/7 in argon saturated 0.1 M
oxygen saturated 0.1 M KOH electrolyte solution at different potentials.
FePP@G30/3/7 in oxygen saturated 0.1 M KOH electrolyte solution at vario
formation during the ORR study. (f) Proposed dynamic mechanistic of th

18750 | J. Mater. Chem. A, 2023, 11, 18740–18754
mechanism that proceeds via the 4e-transfer path generating
water. Strong adsorption on the active site and charge polari-
zation on the active material surface, which can easily polarize
the electron cloud of the stable and neutral molecule, will
enable O–O bond breaking, which is necessary for the creation
of water from molecular oxygen. If there is less O–O cleavage,
the ORR uses the 2e-route to produce hydrogen peroxide. The
RRDE experiment already conrmed the ORR process following
the 4-electron path using the FePP@G30/3/7 catalyst. This
prompted us to provide mechanistic insights to shed light on
the catalytic processes. For better understanding the mecha-
nistic path, we have performed the electrochemical and oper-
ando Raman analysis of the FePP@G30/3/7 catalyst in Ar- and O2-
KOH electrolyte solution. (b) In situ Raman spectra of FePP@G30/3/7 in
(c) The in situ experimental setup of FT-IR. (d) In situ FT-IR spectra of
us potentials (V vs. RHE) and (e) in situ FTIR spectra showing the water
e ORR at the FePP@G30/3/7 catalyst surface.

This journal is © The Royal Society of Chemistry 2023
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saturated alkaline electrolyte solutions. The Raman setup for
the operando study is shown in ESI, Fig. S24.† We observed D
and G bands in the Ar-saturated alkaline electrolyte media at
positions 1337 and 1576 cm−1, respectively (Fig. 6a) and there
are no other peaks found on holding potential in chro-
noamperometry for 10 min each. The Raman data are recorded
at various potentials in the O2-saturated electrolyte, which is
shown in Fig. 6b. We observed strong peaks at 1087 cm−1 and
734 cm−1 with D and G bands which conrmed the formation of
*O2

− and *OOH intermediates respectively,55,56 and following
the 4e-path for the ORR catalyzed over the FePP@G30/3/7 catalyst
in alkaline medium. The operando Raman data also conrm
that Fe–Nx works as the active site during the ORR in alkaline
media. Furthermore, the attenuated total reection Fourier
transform infrared (ATR-FTIR) spectroscopic analysis was
carried out in alkaline media to identify the corresponding
intermediates formed during the ORR process (Fig. 6c). There is
no peak in the Ar-saturated electrolyte solution (ESI, Fig. S25†),
which reects that all peaks that appear in O2-saturated solu-
tion are attributed to the ORR intermediates formed during the
ORR. Fig. 6d shows peaks corresponding to the O–O stretching
mode of adsorbed O2 as an *O2

− intermediate on the
FePP@G30/3/7 catalyst surface at 1085 cm−1 and 1426 cm−1

during the ORR and H–O–H bending at 1518 cm−1.57–59 Further
Fig. 7 (a) Top and side views of the Fe-porphyrin-pyrene (FePP) moiety w
ring out of plane) and FePP@G30/3/7, and FePP between a fixed graphene
blue and brown colored spheres represent hydrogen, carbon, nitrogen
FePP with the Ph ring out of plane at 45°. (c) Free energy plot for the ORR
energy plot for the ORR on Fe in FePP between a fixed graphene sheet

This journal is © The Royal Society of Chemistry 2023
we have run chronoamperometry for 10 min and recorded
spectra at various potentials 1.0, 0.95, 0.90, 0.85, 0.80, 0.75, 0.70,
0.65 and 0.60 V vs. RHE, and found the enhancement of the
peaks at 1518 cm−1 and 3000–3400 cm−1, which conrmed the
production of water during the ORR process as shown in Fig. 6e.
The mechanistic representation of ORR kinetics is shown in
Fig. 6f, which illustrate the formation of the different interme-
diates during ORR process. Therefore, operando Raman and in
situ FTIR coupled with an electrochemical study conrmed that
the ORR process on the FePP@G30/3/7 catalyst follows the four-
electron pathway and Fe–Nx works as the active site.

The drastic improvement in the ORR performance of the
FePP@G30/3/7 catalyst was attributed to the Ph ring ipping to
an all-planar orientation. To acquire more insight into the
extent of ring ipping and the energy optimized structures and
to deduce the mechanistic pathway for the ORR, we sought the
help of a density functional theory (DFT) based study. Top and
side views of the Fe-porphyrin-pyrene (FePP) moiety with the Ph
ring out of plane at 45°, FePP on a single graphene sheet (Ph-
ring out of plane) and FePP@G30/3/7, and FePP between a xed
graphene sheet and ake, where the Ph ring is completely in-
plane are shown in Fig. 7a. In all the cases, Fe is taken as the
active site for estimating the ORR activity. ORR free energy steps
under alkaline conditions are as follows
ith the Ph ring out of plane at 45°, FePP on a single graphene sheet (Ph-
sheet and flake, where the Ph ring is completely in-plane. Green, grey,
and iron atoms respectively. (b) Free energy plot for the ORR on Fe in
on Fe in FePP on a single graphene sheet (Ph-ring out of plane). (d) Free
and flake with the Ph ring completely in plane.

J. Mater. Chem. A, 2023, 11, 18740–18754 | 18751
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DG1 = O2 + 2H2O + 4e− / OOH* + H2O + OH− + 3e− (2)

DG2 = OOH* + H2O + OH− + 3e− / O* + 2OH− + H2O +

2e− (3)

DG3 = O* + 2OH− + H2O + 2e− / OH* + 3OH− + e− (4)

DG4 = OH* + 3OH− + e− / * + 4OH− (5)

Here * represents the active site on the surface. The structural
models of adsorbed intermediates and their corresponding
binding energies are given in ESI Fig. S26.† It was found that, in
the case of free FePP, the Ph ring is out of the plane with an
angle of 45°. The ORR overpotential on Fe as the active site with
this model is calculated to be 0.72 V (Fig. 7b). FePP on a single
graphene sheet (Ph-ring out of plane) shows an ORR over-
potential of 0.81 V (Fig. 7c). Experimentally, upon electropho-
retic exfoliation with graphene, the Ph ring of the FePP polymer
network happened to reorient itself planarly with the under-
lying graphene making an almost 0° angle with adjacent pyrene
and porphyrin units. Therefore, FePP with periodic graphene at
the top and bottom was used. Hence, the atoms in the graphene
sheet and ake are xed, where the Ph ring is now completely in
plane. The overpotential for this structure is calculated to be
0.64 V (Fig. 7d) from the free energy plot. In both the cases the
OOH* formation is the potential determining step (PDS). The d-
band centre which is a well-known catalytic activity descriptor
for metals is also calculated (see ESI, Fig. S27†). There is also
a small increase in the state near the Fermi level for the in-plane
case (indicated by the arrow in Fig. S27†). The change in the d-
band centre is too small to explain the underlying reason for the
enhanced catalytic activity. So, Bader charge distribution and
charge density analyses have been performed. From the anal-
yses, the Fe atom is naturally charge decient in the FeN4

environment. In FePP, the charge deciency from the Fe atom is
1.11 jej, while that on FePP/G and FePP@G30/3/7 is 1.15 jej and
1.05 jej respectively (positive represents charge deciency). This
matches well with the overpotential trend and our charge
density distribution analyses. A comparative summary of all the
electronic as well as electrochemical parameters of FePP@G30/3/

7 and FePP catalysts is given in ESI, Table T7.† Overall, the
graphene substrate helps in maintaining the Ph ring planarity
which leads to improved ORR activity due to a better charge
transfer effect.
Conclusions

In conclusion, a new noble-metal-free conjugated porous poly-
mer (FePP) has been synthesized having a high surface area and
superior electrochemical activity towards the ORR. Further we
graed the catalyst onto a graphene sheet via a one-step elec-
trophoretic exfoliation technique under acidic conditions. A
strong pi–pi interaction not only facilitates the exfoliation but
also allows the phenyl ring ipping to attain an all-planner
geometry, which increased the pi–electron mobility to the
active center of the catalyst. This modication helps to achieve
a symmetric alignment of the p-orbitals of all the constituent
18752 | J. Mater. Chem. A, 2023, 11, 18740–18754
elements facilitating a free charge cloud movement, which
improved the catalytic efficiency by decreasing the electrical
resistivity of the covalent porous polymer. DFT study has shown
that the graphene support facilitates the phenyl ring's in-plane
orientation which aids in better charge accumulation on the
active site, thereby improving the ORR efficiency and the 4-
electron mechanistic pathway has been revealed and advocated
by in situ Raman and FTIR studies. This eco-friendly, simple
and cost-effective technique would certainly open a new avenue
for improvisation of the less conductive polymer materials
towards the ORR as well as different electrochemical applica-
tions in the near future.
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