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The activity of the oxygen reduction reaction (ORR) on the cathode is one of the dominant factors in the
performance of proton exchange membrane fuel cells. Iron porphyrin has low cost, environmental
benignity, and maximum efficiency of metal usage. Therefore, this material can be a promising single-
atomic metal dispersion catalyst for fuel cell cathodes. The variation of functional groups was proven to
effectively modify the activity of the ORR on the iron porphyrin. However, the influences of functional
groups on the mechanisms of the ORR remain ambiguous. This work paid attention to the substitution
of carboxyl (~COOH), methyl (-CHjs), and amino (—NH,) functional groups at the meso positions of the
porphyrin ring. By using van der Waals density functional theory (vdW-DF) calculations, we found that
the ORR mechanisms can follow the associative and dissociative pathways, respectively. The Gibbs free
energy diagrams revealed that the rate-limiting step occurs at the second hydrogenation step for the
first pathway and the O, dissociation step for the second pathway for all considered functional groups.
The thermodynamic energy barrier at the rate-limiting step was found to be in the following order:
porphyrin—(CHs)4 < porphyrin—(NH,)4 < original porphyrin < porphyrin—(COOH), for the associative
mechanism and porphyrin—(NH>)4 < porphyrin—(CHs)4 < porphyrin—(COOH), < original porphyrin for the
dissociative pathway. The findings suggested that porphyrin—(CH=)4 and porphyrin—(NH,)4 should be the

best choices among the considered substrates for the oxygen reduction reaction. Furthermore, the
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Accepted 6th March 2023 interaction between the ORR intermediates and the substrates was attributed to the resonance of the

d, dy,, and d,, components of the Fe d orbital and the C and N p orbitals of the substrates with the p
orbitals of the oxygen atoms in the intermediates. Finally, the nature of the interaction between the
adsorbent and adsorbate was charge transfer.
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1. Introduction

Hydrogen gas is a clean and renewable energy source for proton
exchange membrane fuel cells (PEMFCs).! The electrochemical
energy conversion of the hydrogen gas easily and silently
happens on the anode of the PEMFCs. However, the oxygen
reduction reaction on the cathode involves many intermediate
steps and energy consumption. The employment of an expensive
Pt catalyst for the ORR at the cathode weakens the
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competitiveness of the PEMFCs in the energy market. Besides,
the presence of contaminant gases such as COy, NO,, and SO,
reduces the active sites on the catalytic surface of the cathode;
and hence, decreases the durability and catalytic performance of
the Pt electrode.” Many strategies have been used to improve the
catalytic efficiency and cut down the precious metal content: (1)
alloy Pt with earth-abundant and low-cost transition metals,** (2)
disperse Pt-based alloys on graphene nanoplatelets,® (3) create
the Pt-skin surface of alloys,* and (4) synthesize the nanoparticles
of Pt-based alloys with carbon supports.*” The literature also
showed that annealing at high temperatures enhanced the ORR
performance and the stability of the Pt-based alloys.*** Notably,
the Pt-free alloys of non-precious metals have been investigated
for the ORR, and found that, they not only offered higher stability
than the Pt-based alloys, but also improved the ORR performance
even better than that of commercial Pt/C nanoparticles.®™
However, the usage of metals faces the problems of electrode
corrosion during the operation of the PEMFCs and environ-
mental unfriendliness.™

Recently, much effort has been made to search for low-cost,
high-performance, and low-metal loading catalysts. Single-
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atomic metal catalysts of non-precious transition metals (Fe,
Co, Mn, Ni, etc.) and nitrogen-doped carbon materials exhibited
promising efficiency and stability for the ORR.***"* Particularly,
the complexes of transition metals and porphyrin known as
metalloporphyrins have attracted much attention due to the
high flexibility of tuning their geometrical and electronic
structures.'® The literature showed that substituting functional
groups such as tetracarboxyphenyl, tetrapyridyl, and N-methyl-
4-pyridyl could modify the ORR mechanism and activity of
metalloporphyrins.””~*® Experimentally, the catalytic activity and
mechanism were often studied via the cathodic current density,
the redox potential of the catalyst, and the half-wave potential
value of the cathodic peak. In particular, the complete reduction
of O, via a 4-electron pathway leading to high energy conversion
efficiency was promoted by the formation of dimers such as
face-to-face cobalt porphyrins*® and linear dimer of iron
porphyrins.** Previous studies have shown that the size of alkyl
groups at meso positions of cobalt porphyrin shifted the half-
wave potential for the ORR to a more negative value and
decreased the number of electrons involved in the ORR from 3.8
e to 2.7 e.*** The other functional groups as pyridyl and car-
boxyphenyl could facilitate the ORR with the 4-electron mech-
anism due to more protons available to reduce the O,
intermediate on iron porphyrin.””** Also, the modification of
the functional groups changed the electrochemical properties
of metalloporphyrins and influenced the oxygen reduction
ability of the metals in the core region of the porphyrin struc-
ture.> Besides, the electron-withdrawing groups in iron tetra-
phenyl porphyrin modified the relationship between reduction
rate and overpotential due to different rate-determining steps.>*
However, no works are available to clarify the influences of
methyl, amino, and carboxyl functional groups on the ORR
mechanism of iron porphyrin. Therefore, this paper is devoted
to solving the mentioned topic using density functional theory
calculations and the thermodynamic model.

The present work searched for possible reaction intermedi-
ates on the porphyrin substrates with the methyl, amino, and
carboxyl functional groups at the meso positions of the
porphyrin ring. We then explored the structural and electronic
properties of the obtained intermediates. Finally, we proposed
the ORR mechanisms, calculated Gibbs free energy for the
intermediate steps, and built and analyzed the Gibbs free
energy diagrams to understand the mechanisms. The obtained
results were compared to those available in the literature.

2. Computational details

This study was carried out using the van der Waals density
functional theory (vdW-DF) calculations within the revised
version of the generalized gradient approximation of Perdew-
Burke-Ernzerhof (GGA-revPBE) for the exchange-correlation
energy by the vienna ab Initio simulation package (VASP).>® The
projector-augmented wave method®® was applied to smoothen
the core potential with a plane-wave cutoff energy of 450 eV. The
k-point mesh of 3 x 3 x 3 was generated by the Monkhorst and
Pack method*” for the integration in the first Brillouin zone.
This k-point mesh sample has been tested to ensure the
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convergence of total energy. In the present work, Gaussian
smearing with the width of 0.1 and 0.01 eV was used to accel-
erate the geometric optimization and for the calculation of the
electronic density of states, respectively. The dipole correction
along the surface normal of the porphyrin structure was
included for the periodic supercells.

The unit cells must be large enough to contain the porphyrin
structures with the different functional groups and guarantee
the vacuum space of at least 10 A in the xyz plane and 13 A along
the surface normal. Fig. 1 shows the structure of the iron
porphyrin (FePor), meso-tetramethyl iron-porphyrin (FeTMP,
porphyrin—(CHjs),), meso-tetraamino iron-porphyrin (FeTAP,
porphyrin—(NH,),), and meso-tetracarboxyl iron-porphyrin
(FeTCP, porphyrin-(COOH),). All the atomic positions of the
porphyrins and ORR intermediates were allowed freely moving
during the geometric optimization.

The stability of the substrates can be determined via their
formation energy, which is the difference between the total
energy of iron-porphyrin with that of the isolated iron atom and
the isolated porphyrin without iron. The formation energy of
FePor, FeTMP, FeTAP, and FeTCP was —9.02, —8.50, —6.72, and
—8.99 eV, respectively. The negative formation energy of the
substrates implies that the incorporation of the iron atom into
the porphyrin is thermodynamically favorable.

The total oxygen reduction reaction generates water as the
following equation:

O, +4H" +¢7) — 2H,0 (1)

However, it can proceed via many intermediate steps and
involve many reaction intermediates.

The adsorption energy of each intermediate (A) on substrate
(B) was calculated by the formula:

E, = Exp — [Ea + Ep] (2)

where E,g, E5, and Ep are the total energy of the optimized
substrate-intermediate complex (AB), the isolated intermediate
(A), and the clean substrate (B), respectively.

The Gibbs free energy AG for each intermediate step was
determined via the proton and electron exchange model.”*°
The energy combining a proton and electron was equivalent to
the energy of 1H, in the gas phase at the potential of the
reversible hydrogen electrode, H' + e~ = 1H,. In the standard
condition (pH = 0, p = 1 bar, T = 298 K),

a) b) c) d)
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Fig. 1 . The optimized structures of iron porphyrin (a), meso-tetra-
methyl iron-porphyrin (b), meso-tetraamino iron-porphyrin (c), and

meso-tetracarboxyl iron-porphyrin (d). Fe (yellow), C (brown), N
(cyan), H (pink), O (red).
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AG = AE + AZPE — TAS — neU 3)

where AE, AZPE, and AS are the reaction energy, the zero-point
energy correction, and the entropy change of the intermediate
step, respectively. AE and AZPE were determined from the
results of DFT calculations, and TAS was taken from ref. 30. U is
the cathode potential relative to the reversible hydrogen elec-
trode at the same temperature. n is the number of electrons in
each reaction step. All the Gibbs free energies were calculated
relative to the free energy of water as the final product of ORR.
The Gibbs free energy of the oxygen molecule was corrected by
the experimental free energy of the water-splitting reaction (2.46
ev).

3. Results and discussion

3.1. Structural properties

The ORR begins with the adsorption of O, molecules on the
substrate. The hydrogenation steps happen by continuously
loading hydrogen atoms onto the previously adsorbed inter-
mediates. The possible adsorption positions on the porphyrin
substrates are the top of the Fe, C, and N atoms, over the Fe-N,
N-C, and C-C bridges, and the hollow sites of pyrrole and Fe-N-
C rings. After performing the structural relaxation by the DFT
calculations, we obtained the optimized geometric structures of
the substrate-intermediate systems. According to definition (2),
the adsorption structure with negative adsorption energy
should be favorable. The more negative adsorption energy, the
more stable level is. Fig. 2a-h displayed the most stable
configuration of each intermediate on the porphyrin substrate,
which has the most negative adsorption energy, as shown in
Table 1.

3.1.1 The associative scenario. The O, intermediate
adsorbs most favorably on the iron atom with the end-on
configuration (Fig. 2a). The asterisk (*) denotes the adsorption
state of the intermediate on the substrate. It should be noted
that the side-on configuration of the O} intermediate on the
iron atom was also obtained. However, it is less stable than the
end-on one because its adsorption energy is more positive by
about 0.293 eV. Besides, the adsorption energy of O, on FePor in
the present work agrees with that of (—15.6 £ 0.2 kcal mol ' =
—0.68 + 0.01 eV) obtained by the experiment.** The first
hydrogenation product of the associative scenario, HOO*, also
adsorbs with the end-on configuration (Fig. 2b) and enhances
the adsorption strength in comparison to the O, intermediate,
see Table 1. It is possible that HOO* dissociates into O* + HO*
to become a more stable intermediate. The next hydrogenation
step generates HOOH* (Fig. 2¢) and O* + H,0* (Fig. 2d), where
O* + H,O* is more stable than HOOH*. Besides, HOOH* is less
favorable than HO* + HO* because the magnitude of its
adsorption energy is significantly lower than that of the latter.
Therefore, the HOOH* intermediate is possible to dissociate
into HO* + HO*. The third hydrogenation product is HO* +
H,O0* (Fig. 2e), which has the most negative adsorption energy
among the ORR intermediates. It must be noted that the O* +
HO*, HO* + HO*, and HO* + H,O* intermediates occur in both
associative and dissociative scenarios. Therefore, we have to
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discuss these intermediates in the present paragraph for the
completion of the description. Updating the last (fourth)
hydrogen atom onto HO* of HO* + H,O* can generate two water
molecules, 2H,0%, the by-product of the ORR. This final
product slightly adsorbs on the surface of porphyrin substrates
with the least negative adsorption energy.

3.1.2 The dissociative scenario. The adsorption energy
magnitude of O, is smaller than that of O* + O*. Therefore, two
oxygen atoms can separately adsorb at two different sites in
a more stable state. One oxygen atom is on the top of the Fe
atom, and the other is above the C-C bond of the pyrrole ring
(Fig. 2f). The first and second hydrogenation steps of the O* +
O* intermediate generate O* + HO* and HO*+ HO* (Fig. 2g and
h), respectively. The third and fourth hydrogenation steps
follow the same way as the third and fourth steps of the asso-
ciative scenario accordingly.

We obtained stable structures for the ORR intermediates on
the FePor, FeTMP, FeTAP, and FeTCP substrates. We found that
the adsorption site and configuration of each intermediate are
similar for these substrates. Table 1 also shows that the
adsorption strength of each intermediate is highest on FeTAP.
Furthermore, the adsorption energy is negative, while the zero-
point energy is positive. The stability of each intermediate
depends on the competition between the adsorption energy and
the zero-point energy. As shown in Table 1, the intermediates
are stable except for HOOH* on FePor, and 2H,0* on all the
substrates. Remarkedly, the 2H,O0* intermediate exhibits
a much higher zero-point energy than the absolute value of its
adsorption energy. Therefore, it perhaps leaves the adsorption
surface after completing the oxygen reduction reaction. For the
intermediates that have the same number of hydrogen atoms
(0; vs. O* + O*, HOO* vs. O* + HO*, and HOOH* vs. HO* +
HO%*), the intermediate with atomic oxygens will adsorb
stronger than the intermediate with the molecular oxygen on
the substrate surface. The HO* + H,O* intermediate is the
strongest adsorption intermediate compared to the others. This
finding is in good agreement with the previous publication that
the HO* intermediate covered the Fe site in a wide range of
electrode potentials.*?

One oxygen atom of each intermediate always adsorbs on the
iron site (Fig. 2) with the O-Fe bond distance of about 1.6 to 1.9
A except for that of about 2.5 A for 2H,0*, while the 0-O
distance increases as the number of hydrogen atoms in the
intermediates increases (Table S1 in ESIt). The second oxygen
atom in the dissociative adsorption scenario is always at the
boundary of the substrates. Particularly, each intermediate in
the dissociative state shows a significantly large O-O distance
compared to that of the associative state. The more the negative
adsorption energy, the more the elongated O-O bond length of
the oxygen atoms.

3.2 Electronic properties

The nature of the interaction between the ORR intermediates
and the porphyrin substrates can be explained via the electronic
structure properties, i.e., the Bader point charge, the charge
density difference, and the electronic density of states.

RSC Adv, 2023, 13, 8523-8534 | 8525
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Fig. 2 The most favorable adsorption configuration of the ORR intermediates. The top view (above) and the side view (below). Fe (yellow), C

(brown), N (light blue), O (red), and H (pink).

To make the discussion simple, we divided the porphyrin
structures into the core region and the functional group.
According to this partition, the functional groups include the H
atoms, -CH3, -NH,, and -COOH for the porphyrin substrates.
The core region includes the Fe, C, and N atoms of the original
iron porphyrin, see Scheme 1. The Bader charge has been
calculated by subtracting the charge of the neutral atoms from
the charge of the corresponding atoms in the substrate. The
Bader charge of the clean substrates in Table 2 shows that, for
the different functional groups, the Fe and C atoms in the core
region of the porphyrin ring always donate, while the N atoms
always accumulate, the negative charge (e¢”) compared to their
neutral state. As a result, the core region of clean FePor and
FeTMP gains, while that of clean FeTAP and FeTCP loses
a negative charge. The functional groups have to compensate

for the charge variation of the core region so that the substrates
become neutral. Particularly, while the H and TMP functional
groups donate, the TAP and TCP groups gain the charge. This
finding implies that the H and TMP groups exhibit the charge-
donating to, while the TAP and TCP show charge-withdrawing
nature from, the core region of the porphyrin. On the other
hand, according to the classical viewpoint of chemistry, the
influences of functional groups on the charge distribution to be
defined as the electron-donating and -withdrawing are based on
the charge gain and loss of the reaction center, the Fe atom in
this study. For the substitution of the functional groups, we
found that the charge loss of the Fe atom decreases for TMP and
increases for TAP and TCP compared to FePor. Therefore, TMP
reveals electron-donating while TAP and TCP show electron-
withdrawing properties. Besides, the Bader charge of TAP

Table1 The adsorption energy (eV) of the ORR intermediates on iron porphyrin (FePor), tetra-methyl porphyrin (FeTMP), tetra-amino porphyrin

(FeTAP), tetra-carboxyl porphyrin (FeTCP). Zero-point energy (eV) in parenthesis

Intermediates FePor FeTMP FeTAP FeTCP

foX —0.704 (0.141) —0.734 (0.142) —0.997 (0.143) —0.675 (0.143)
HOO* —1.513 (0.408) —1.544 (0.413) —1.859 (0.403) —1.516 (0.403)
HOOH* —0.487 (0.606) —0.733 (0.611) —0.960 (0.617) —0.661 (0.617)
O* + H,O* —2.389 (0.691) —2.466 (0.693) —2.856 (0.689) —2.372 (0.689)
HO* + H,0* —2.808 (0.954) —2.852 (0.949) —3.281 (0.982) —2.797 (0.946)
2H,0%* —0.481 (1.258) —0.445 (1.250) —0.658 (1.262) —0.453 (1.254)
O* + O* —1.291 (0.174) —1.287 (0.172) —1.492 (0.170) —1.250 (0.174)
O* + HO* —2.221 (0.414) —2.211 (0.436) —2.490 (0.453) —2.222 (0.458)
HO*+ HO* —1.414 (0.715) —1.460 (0.639) —1.943 (0.626) —1.475 (0.717)
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Scheme 1 The core region is inside, and the functional group is
outside the blue polygon boundary.

shows a large negative charge accumulation due to the charge-
gaining nature of the N atoms of the TAP group. Furthermore,
the charge loss of the Fe metal center decreases in the following
order FeTAP > FeTCP > FePor > FeTMP.

Upon the adsorption of the intermediates, the Fe, C, and N
atoms retain the charge donation and accumulation properties
as that of the clean substrates. However, the detailed variation
for each atom of the core region will be different. We found that
all the intermediates significantly gain the charge from the
substrates except for the final product 2H,0* donating the
charge to the substrates, which indicates that the nature of the
interaction between each intermediate and the substrates is the
charge exchange. The charge difference, 6C, for the Fe, C, and N
atoms in the core region and the functional group of the FePor,
FeTMP, FeTAP, and FeTCP substrates shows the minus or plus
signs depending on the various intermediates. Even though the
core region of each substrate with the adsorption of the inter-
mediates, except for 2H,0* on FeTCP, always loses the charge
relative to the clean substrate. The significant charge loss of the
core region was found to mainly stem from the donation of the
Fe and C atoms of the porphyrin ring.

Table S2 in ESI,T shows the charge of the oxygen atoms of the
intermediates alone. We found that the oxygen atoms of all the
intermediates are the centers of the charge gain that also exhibit
in the charge density difference (Fig. 3). We also can see the
charge loss clouds occurring near the Fe and C atoms. The total
accumulating charge of the two oxygen atoms for each inter-
mediate was presented in Fig. 4. The higher the order of
hydrogenation, i.e., from blocks 1 to 6 for the associative and 7
to 9 for the dissociative scenario, the higher the total charge
gain of the oxygen atoms is. It should be noted that the inter-
mediates in blocks 4, 5, and 6 are considered as those that
belong to both the associative and dissociative adsorption
pathways. By comparing the molecular state with the atomic
state of the intermediates, blocks 1 with 7, 2 with 8, and 3 with
9, we found that the charge gain of the oxygen atoms of the
intermediates is more significant in the dissociative adsorption
than the associative one. The total charge difference between
the pairs of these blocks is about 1.0 to 1.2, 0.7 to 0.8, and 0.4 to
0.6 e, respectively. Physically, when two oxygen atoms of the
intermediates gain more charge, the coulomb-repulsive force
between them increases. This force pushed two oxygen atoms

© 2023 The Author(s). Published by the Royal Society of Chemistry
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away to form more stable states. Therefore, the dissociative
intermediates have more negative adsorption energy and longer
0O-0 bond distance compared to the associative ones with the
same number of hydrogen atoms, as shown in Table S1 in ESL.{

A deeper understanding of the nature of the interaction
between the ORR intermediates and the substrates can be
exposed via the analysis of the electronic density of states (DOS).
Fig. 5 (also Fig. S1 and S2 in ESI}) describes the DOS of the
substrate-intermediate systems for the intermediates in the
associative and dissociative scenarios. The resonance or overlap
of the DOS peaks between the adsorbate and the adsorbent
identifies the nature of their interaction, which induces the
charge transfer from the substrates to the intermediates as
mentioned in the Bader charge analysis of Table 2. In Fig. 5 (and
Fig. S1 and S21t), we only drew the most significant orbitals near
the Fermi level. Also, the Fe d,, and Fe d,, orbitals are identical
in all plots. Therefore, we plotted one of them, i.e., the Fe d,,
orbital. Fig. 5, S1, and S21 show that the p states (p, more often
than p, and p,) of the oxygen atoms of the intermediates around
the Fermi level participate in the interaction with the
substrates. Simultaneously, the z-components of the Fe
d orbital, ie., d,, (d);) and d, of the substrates are the main
contributors to the interaction with the ORR intermediates. In
several cases, for example, OZ on FeTCP, HOO* on FeTAP,
HOOH* on FeTMP, and the others, the C p, and N p, orbitals
also make a significant contribution. Generally speaking, the z-
components of the Fe d orbitals and the C and N p orbitals of
the substrates with the O p orbitals of the intermediates around
the Fermi level are attributed to the physical nature of the
adsorbate-adsorbent interaction for the ORR on the porphyrin
substrate. The DOS was found to support the Bader charge
analysis.

3.3. Mechanisms of oxygen reduction reaction

Based on the obtained ORR intermediates, the total oxygen
reduction reaction (1) can proceed in two scenarios, ie., the
dissociative and associative pathways, as described in Fig. 6.

The associative mechanism starts with the molecular
adsorption of O, on the substrates as follows:****

0, +*-0,, (5)

0, +H" +e” >HOO*, (6)

HOO* + H" + e~ —» HOOH*, (7)
HOO* + H* + e~ — O* + H,0%, (8)
HOOH* + H" + ¢~ — HO* + H,O%, (9)
O* + H,0* + H" + e~ —» HO* + H,0%, (10)
HO* + H,O* + H' + e~ — * + 2H,0. (11)

For the dissociative mechanism, the adsorbed O, can
dissociate into two oxygen atoms before the protons and elec-
trons transfer on the surface of substrates. The transition state

RSC Adv, 2023, 13, 8523-8534 | 8527
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Table 2 Bader point charge (e™): positive and negative signs indicate the charge gain and loss, respectively. The charge difference (6C) (in e™)
after versus before the adsorption of the intermediates is presented in the parenthesis. Error for point charge calculation is of about 0.005 e~

System Element” FePor FeTMP FeTAP FeTCP
Clean substrate Fe —1.369 —1.359 —1.394 —1.391
> C —8.952 —8.664 —-12.717 —9.513
>N 10.345 10.323 10.295 10.567
> core 0.024 0.300 —3.816 —0.337
> func —0.024 —0.300 3.816 0.337
O;/substrate O; 0.439 0.466 0.504 0.393
Fe —1.533 (—0.164) —1.542 (—0.183) —1.511 (—0.117) —1.523 (—0.132)
>C —9.093 (—0.141) —8.756 (—0.092) —13.153 (—0.436) —9.413 (0.100)
SN 10.182 (—0.163) 10.168 (—0.155) 10.250 (—0.045) 10.419 (—0.148)
> core —0.444 (—0.468) —0.130 (—0.430) —4.414 (—0.598) —0.517 (—0.180)
>func 0.005 (0.029) —0.336 (—0.036) 3.910 (0.094) 0.124 (—0.213)
HOO*/substrate HOO* 0.469 0.497 0.558 0.472
Fe —1.552 (—0.183) —1.563 (—0.204) —1.540 (—0.146) —1.595 (—0.204)
SC —9.139 (—0.187) —8.920 (—0.256) —13.055 (—0.338) —9.562 (—0.049)
SN 10.229 (—0.116) 10.200 (—0.123) 10.277 (—0.018) 10.421 (—0.146)
> core —0.462 (—0.486) —0.283 (—0.583) —4.318 (—0.502) —0.736 (—0.399)
S func —0.007 (0.017) —0.214 (0.086) 3.760 (—0.056) 0.264 (—0.073)
HOOH*/substrate HOOH* 0.517 0.667 0.691 0.613
Fe —1.539 (—0.170) —1.623 (—0.264) —1.582 (—0.188) —1.616 (—0.225)
SC —9.172 (—0.220) —8.848 (—0.184) —13.205 (—0.488) —9.378 (0.135)
>N 10.185 (—0.160) 10.249 (—0.074) 10.268 (—0.027) 10.234 (—0.333)
> core —0.526 (—0.550) —0.222 (—0.522) —4.519 (—0.703) —0.760 (—0.423)
S func 0.009 (0.033) —0.445 (—0.145) 3.828 (0.012) 0.147 (—0.190)
O* + H,0O*/substrate O* + H,0* 0.735 0.734 0.74 0.722
Fe —1.642 (—0.273) —1.625 (—0.266) —1.565 (—0.171) —1.640 (—0.249)
SC —9.147 (—0.195) —8.74 (—0.076) —13.133 (—0.416) —9.378 (0.135)
SN 10.120 (—0.225) 10.085 (—0.238) 10.132 (—0.163) 10.085 (—0.482)
S core —0.669 (—0.693) —0.280 (—0.580) —4.566 (—0.750) —0.933 (—0.596)
> func —0.066 (—0.042) —0.454 (—0.154) 3.826 (0.010) 0.211 (—0.126)
HO* + H,O*/substrate HO* + H,0* 0.505 0.532 0.564 0.501
Fe —1.572 (—0.203) —1.589 (—0.230) —1.522 (—0.128) —1.588 (—0.197)
S C —9.013 (—0.061) —8.709 (—0.045) —13.088 (—0.371) —9.280 (0.233)
>N 10.164 (—0.181) 10.150 (—0.173) 10.210 (—0.085) 10.204 (—0.363)
S core —0.421 (—0.445) —0.148 (—0.448) —4.400 (—0.584) —0.664 (—0.327)
> func —0.084 (—0.060) —0.384 (—0.084) 3.836 (0.020) 0.163 (—0.174)
2H,0*/substrate 2H,0* —0.013 —0.008 —0.002 —0.035
Fe —1.422 (—0.053) —1.424 (—0.065) —1.399 (—0.005) —1.420 (—0.029)
SC —9.006 (—0.054) —8.663 (0.001) —12.950 (—0.233) —9.277 (0.236)
>N 10.411 (0.066) 10.353 (0.030) 10.351 (0.056) 10.399 (—0.168)
> core —0.017 (—0.041) 0.266 (—0.034) —3.998 (—0.182) —0.298 (0.039)
> func 0.030 (0.054) —0.258 (0.042) 4.000 (0.184) 0.333 (—0.004)
O* + O*/substrate O* + O* 1.599 1.506 1.56 1.546
Fe —1.694 (—0.325) —1.597 (—0.238) —1.648 (—0.254) —1.684 (—0.293)
SC —9.973 (—1.021) —9.630 (—0.966) —13.874 (—1.157) —10.342 (—0.829)
>N 10.131 (—0.214) 10.103 (—0.220) 10.178 (—0.117) 10.272 (—0.295)
> core —1.536 (—1.560) —1.124 (—1.424) —5.344 (—1.528) —1.754 (—1.417)
> func —0.063 (—0.039) —0.382 (—0.082) 3.784 (—0.032) 0.208 (—0.129)
O* + HO*/substrate O* + HO* 1.312 1.305 1.318 1.276
Fe —1.578 (—0.209) —1.545 (—0.186) —1.514 (—0.120) —1.581 (—0.190)
>C —9.989 (—1.037) —9.631 (—0.967) —13.695 (—0.978) —10.254 (—0.741)
SN 10.221 (—0.124) 10.126 (—0.197) 10.175 (—0.120) 10.280 (—0.287)
> core —1.346 (—1.370) —1.050 (—1.350) —5.034 (—1.218) —1.555 (—1.218)
> func 0.034 (0.058) —0.255 (0.045) 3.716 (—0.100) 0.279 (—0.058)
HO* + HO*/substrate HO* + HO* 1.144 1.120 1.139 1.116
Fe —1.600 (—0.231) —1.598 (—0.239) —1.550 (—0.156) —1.568 (—0.177)
>C —9.505 (0.553) —9.154 (—0.490) —13.510 (—0.793) —9.868 (—0.355)
3N 10.084 (—0.261) 9.978 (—0.345) 10.144 (—0.151) 9.993 (—0.574)
S core —1.021 (—1.045) —0.774 (—1.074) —4.916 (—1.100) —1.443 (—1.106)
> func —0.123 (—0.099) —0.346 (—0.046) 3.777 (—0.039) 0.327 (—0.010)

“The ) denotation implies the summation of the charge.
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HO" + H,0"

HO™ + HO"

Fig.3 The charge density difference of the [FePor + intermediate] systems. Accumulation charge (yellow) and donation charge (cyan). The other
substrates also exhibit the same feature of charge accumulation for the oxygen atoms. The iso-surface value is 0.0015 e Bohr~>.

4 F M FePor
H FeTMP

3 F FeTAP
M FeTCP

Total charge (e-)
N

[a=y
T

o

Order number

Fig. 4 The total accumulating charge of two oxygen atoms of each
intermediate. Blocks 1-9 presents OZ, HOO*, HOOH*, O* + H,0O%,
HO* + H,O* 2H,0* O* + O* O* + HO* and HO* + HO¥*,
respectively.

(TS) structure of the O, dissociation was determined via three
steps: first, the initial state (IS) of O, and the final state (FS) of
O* + O* were found by the DFT calculations, then the TS
structure was interpolated based on the initial and final state
structures. After that, the TS structure was optimized using the
NEB - DFT method, and the total energy of the optimized TS
structure was calculated. As shown in Fig. 7, the O, dissociation
must overcome an activation barrier of 4.32, 2.67, 1.67, and
2.73 eV on FePor (a), FeTMP (b), FeTAP (c), and FeTCP (d),
respectively. It should be emphasized that the barrier obtained
by NEB only includes the electronic effect (disregard zero-point
energy, entropy, and electrode potential). The dissociative
mechanism can proceed in the following reaction series:*»**

© 2023 The Author(s). Published by the Royal Society of Chemistry

0, —0* + 0%, (12)
O*+0*+H" +e — O* + HO*, (13)
O* + HO* + H" + e —» HO* + HO*, (14)
O* + HO* + H" + e~ — O* + H,0%, (15)
HO* + HO* + H" + ¢~ —» HO* + H,0%, (16)
O* + H,O* + H" + e~ — HO* + H,0%, (17)
HO* + H,O* + H' + e~ — * + 2H,0. (18)

The Gibbs free energy for each intermediate step, relative to
that of the isolated by-product 2H,0 in eqn (11) and (18), was
calculated at the temperature of 300 K, the pressure of 1 bar, pH
= 0, and the electrode potential of U = 1.23 V. The zero-point
energy and entropy changes (AZPE and TAS) of each interme-
diate reaction were calculated by subtracting the corresponding
values of the reactants from that of the products in the revers-
ible hydrogen electrode conditions (H" + e = 1H,).

Table 3 presents the obtained values for the Gibbs free
energy of the ORR intermediate steps in the associative and
dissociative pathways, see eqn (5)-(18). The Gibbs free energy
for the transition state (TS) of the O dissociation into O* + O*
was calculated in the same manner as those for the ORR
intermediate steps by including the contributions of zero-point
energy, entropy, and electrode potential. Fig. 8 and 9 show the

RSC Adv, 2023, 13, 8523-8534 | 8529
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Fig.7 The minimum energy path from the initial state (IS) to the final state (FS) of the O; dissociation must overcome an activation barrier of 4.32,
2.67,1.67, and 2.73 eV at the transition state (TS) on FePor (a), FeTMP (b), FeTAP (c), and FeTCP (d), respectively.

Table 3 Gibbs free energies (eV), relative to that of isolated 2H,0, for
different intermediates in the associative and dissociative pathways at
the equilibrium electrode potential of 1.23V, and H" + e~ = %HZ

ORR intermediates FePor FeTMP FeTAP FeTCP
O; +2H, —1.09 —1.05 —1.31 —0.99
HOO* + 3/2H, —0.24 —0.20 —0.52 —0.44
HOOH* + H, 0.95 0.78 0.55 0.85
O* + H,0* + H, —0.87 —0.87 —1.27 —0.79
HO* + H,0* + IH, —0.09 —0.07 —0.46 —0.02
2H,0 0 0 0 0.00
TS + 2H, 1.99 1.14 0.39 1.40
O* + O* + 2H, —1.65 —1.58 —1.78 —1.54
O* + HO* + 3/2H, —0.95 —0.84 —1.11 —0.83
HO* + HO* + H, 0.13 0.08 —0.41 0.14

free energy diagrams for the associative and dissociative path-
ways, respectively. We found that the ORR on all substrates is
going downhill from O, + 2H, to O + 2H,, which implies that
the + 2H, step can proceed automatically without an energy
supply for both reaction pathways.

Fig. 8 shows that, in the forwarding direction from left to
right, the first hydrogenation step from O, + 2H, to HOO* + 3/
2H,, the second hydrogenation from HOO* + 3/2H, to HOOH* +
H,, the third hydrogenation from O* + H,O* + H, to HO* +
H,O0* + %HZ, and the fourth hydrogenation from HO* + H,O* +

© 2023 The Author(s). Published by the Royal Society of Chemistry

1H, to 2H,0 are going uphill. This result implies that generating
the corresponding intermediates, i.e., HOO*, HOOH*, HO* +
H,0%*, and 2H,0* requires activation energy. Besides, the other
hydrogenation steps, from HOO* + 3/2H, to O* + H,O0* + H,,
and HOOH* + H, to HO* + H,O* + %Hz, can proceed automat-
ically because they are going downhill. Furthermore, the
formation of O* + H,O* + H, occurs more easily than that of
HOOH¥*, even though they contain the same number of

1l HOOH" + H,

2H,0

0, +2H,

; ,Lo* +HO" + 112 H,

O + HyO" + Hy

Reaction Steps

Fig. 8 Gibbs free energy diagram for the oxygen reduction reaction in
the associative mechanism at the electrode potential of U =123V on
FePor (red), FeTMP (blue), FeTAP (green), and FeTCP (black).
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Table 4 The thermodynamic barrier (eV) for the uphill steps of the ORR at U = 1.23 V, which is the Gibbs free energy difference between the

uphill step and the previous one, and H" + e~ = %HZ

ORR intermediates FePor FeTMP FeTAP FeTCP
0} + 2H, > HOO* + 3/2H, 0.84 0.85 0.79 0.55
HOO* + 3/2H, — HOOH* + H, 1.19 0.98 1.07 1.29
O* + H,0* + H, — HO* + H,0* + 1H, 0.78 0.80 0.81 0.77
HO* + H,0* + IH, — 2H,0 0.09 0.07 0.46 0.02
O; + 2H, = O* + O* + 2H, 3.08 2.18 1.7 2.39
O* + O* + 2H, — O* + HO* + 3/2H, 0.70 0.74 0.67 0.71
O* + HO* + 3/2H, — HO* + HO* + H, 1.08 0.92 0.70 0.97
O* + HO* + 3/2H, — O* + H,0* + H, 0.08 0.04

hydrogen atoms, and both can convert into HO* + H,O*. The
conversion of HO* + H,O* into 2H,0 requires a smaller acti-
vation energy on FePor, FeTMP, and FeTCP than that on FeTAP.
The thermodynamic barriers for the different reaction steps
were listed in Table 4. From the left to right side of the Gibbs
free energy diagram in Fig. 8, the highest thermodynamic
barrier was found at the second hydrogenation step that
converts HOO* to HOOH*. Therefore, the rate-limiting step in
the associative mechanism should be the second hydrogenation
step. The finding of HOOH* on the substrates supports the
experimental finding,* where both H,0, and H,O were the
products of the reaction.

In the dissociative mechanism, we incorporated the transi-
tion state of the O, dissociation to 20* into the Gibbs free
energy diagram, Fig. 9. This figure demonstrates that the
formation of O* + O* + 2H, from O; + 2H, must overcome
a large energy barrier. The first hydrogenation step from O* +
O* + 2H, to O* + HO* + 3/2H,, the second hydrogenation from
O* + HO* + 3/2H, to HO* + HO* + H,, and the third hydroge-
nation step from O* + H,O* + H, to HO* + H,O* + %Hz, are going
uphill and request the corresponding activation barrier (Table
4). However, these thermodynamic barriers for the hydrogena-
tion steps are significantly lower than that of the O, dissocia-
tion. Therefore, the rate-limiting step in the dissociative
mechanism locates at the dissociation step of the O, interme-
diate into 20*. In the backward direction from the right to the

0, +2H,

HO* + HO* + H,

AG (eV)

0"+ Hy0" + Hy

v

O +2H, Vo

0" +0" +3/2H,

Reaction Steps

Fig. 9 Gibbs free energy diagram for the oxygen reduction reaction
following the dissociative mechanism at the electrode potential U =
1.23V on FePor (red), FeTMP (blue), FeTAP (green), and FeTCP (black).
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left side of the diagrams in Fig. 8 and 9, the conversion from
2H,0 to HO* + H,0* + 1H, to O* + H,0* + H, occurs auto-
matically on all substrates because the O* + H,O* and HO* +
H,O* intermediates adsorbed too strongly as shown in Table 1.
This result agrees with the Sabatier principle, which states that
the adsorption strength between a catalyst and reactant should
be neither too strong nor too weak for good catalytic perfor-
mance. Therefore, there are possibilities that these intermedi-
ates will be long-lasting on the surface and block the catalytic
active sites of the substrates. This result is also in good agree-
ment with the theoretical finding that the HO* intermediate
always occurs on the porphyrin.** Based on the thermodynamic
energy barriers, we found that the associative mechanism on
FeTMP requires the lowest activation energy. Similarly, the
dissociative mechanism needs to overcome the smallest acti-
vation barrier on FeTAP. Even though, the reconversion of 2H,0
into the more stable intermediates perhaps hinders the catalytic
performance of all substrates for both associative and disso-
ciative mechanisms. Combining with the second lowest acti-
vation barrier for both mechanisms, we can conclude that
FeTMP and FeTAP should be the best choices among the
considered substrates for the oxygen reduction reaction.

Furthermore, the highest electrode potential at which the
molecular oxygen spontaneously reduced to 2H,O is the onset
potential.** Our calculations obtained the onset potential of
0.39, 0.38, 0.42, and 0.46 V for the associative mechanism, and
0.53, 0.49, 0.56, and 0.52 V for the dissociative mechanism on
FePor, FeTMP, FeTAP, and FeTCP, respectively. The results
implied that the onset potential for the ORR varies with the
functional groups. Particularly, 0.39 and 0.53 V for the asso-
ciative and dissociative pathways on FePor agree with 0.67 V
obtained by the previous experiment.”*

4. Conclusions

The present work studied the oxygen reduction reaction on the
original porphyrin and the porphyrin with different functional
groups using density functional theory calculations and a ther-
modynamic model. The study has been performed in the
following steps: (1) searched for the possible intermediates and
their favorable adsorption configurations. (2) Clarified the
interaction between the intermediates with the porphyrin
substrates. (3) Proposed the reaction mechanisms, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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associative and dissociative ones. (4) Calculated the Gibbs free
energy for each intermediate step in the proposed mechanisms.
(5) Plotted the Gibbs free energy diagrams for each mechanism.
The analysis showed that the rate-limiting step for the asso-
ciative and dissociative mechanisms is the second hydrogena-
tion step converting HOO to HOOH and the dissociation of O,
into 20, respectively. The -CH; and -NH, groups offered small
activation barriers; therefore, better catalytic activity for oxygen
reduction reaction among the considered functional groups
and the original porphyrin.
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