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The efficiency of the oxygen reduction reaction (ORR) on the cathode plays a crucial role in determining the
performance of proton exchange membrane fuel cells. Porphyrin, distinguished by its cost-effectiveness,
eco-friendly nature, and efficient utilization of its metal, stands out as a promising candidate for a metal
single-atom catalyst in fuel cell cathodes. The metal and support modifications significantly impact the
porphyrin's ORR activity. Nevertheless, the effects of Ni, Co, and Fe metals in tetramethyl
metalloporphyrin/MoS,, named MeTMP/MoS,, catalyst on the mechanisms and activity of the ORR
remain unknown. This study elucidates the topic using van der Waals dispersion-corrected density
functional theory (DFT) calculations and thermodynamic model. Results showed that the rate-limiting
step is located at the first and second hydrogenation steps in the associative mechanisms for Ni and Co
(Fe) substitutions, respectively. For the dissociative mechanisms, the dissociation of molecular oxygen to
two oxygen atoms is the rate-determining step on all the NiTMP/MoS,, CoTMP/MoS,, and FeTMP/MoS,
catalysts. The presence of the MoS, support significantly reduces the thermodynamic activation barrier
of the ORR, and hence improves the ORR activity in the dissociative mechanisms. This activation barrier
is 3.45, 0.92, and 1.82 eV for NiTMP/MoS,, CoTMP/MoS,, and FeTMP/MoS,, which is much better
compared to 4.85, 3.34, and 2.19 eV for NiTMP, CoTMP, and FeTMP, respectively. COTMP/MoS; is the
best candidate among the considered catalysts for the ORR. Furthermore, we provide a detailed
explanation of the physical insights into the interaction between the ORR intermediates and the catalysts.
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1. Introduction

The ORR is a critical process in energy technologies, such as
proton exchange membrane fuel cells and metal-air batteries.**
However, the sluggish kinetics of the ORR on the cathodes
hinder the efficiency of these devices. Therefore, finding effi-
cient and sustainable ORR catalysts is crucial for advancing
energy technologies. Metalloporphyrins, incorporating a non-
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precious metal atom in the centre of the porphyrin ring, have
emerged as promising alternatives to traditional noble metal
catalysts.>™* The metal centre, often transition metals such as
iron, cobalt, nickel, and manganese, serves as an active site for
catalysing the ORR.'"* A unique advantage of metal porphyrins
lies in their ability to host a single metal atom as the catalytic
site, minimizing metal usage and maximizing the catalytic
efficiency. Besides, the reactivity of the metal porphyrins toward
ORR is highly dependent on the substituents of the porphyrin
ring functional groups, as evidenced by experimental>** and
theoretical investigations.'™” Our previous study showed that
substituting tetramethyl (-CH;), amino (-NH,), and carboxyl (-
COOH) functional groups at the meso-positions of the iron
porphyrin can alter the electron density distribution within the
ring, affecting the ORR mechanisms and activity of the iron
porphyrin.”> Among the functional groups studied, the amino
and methyl groups exhibited high oxygen reduction activity due
to lowering the activation energy of the rate-determining
steps.*®

Because of the low stability of pure metalloporphyrins, they
are typically coated onto electrodes made of various materials,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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such as glassy carbon and graphite for the ORR.'%'7*°
Porphyrins supported on carbon substrates were found to
significantly enhance the ORR catalytic activity."®** Schilling
et al. also showed that metalloporphyrin membranes integrated
into carbon nanotubes offered superior electrical conductivity,
and significantly improved the ORR activity.'® Electrode mate-
rials with highly porous structures, such as metal-organic
frameworks integrated with metal porphyrin linkers, also
exhibited selective catalytic activity for the ORR via the 4-elec-
tron mechanism.” Although carbon materials are commonly
used as supports for the ORR catalysts, they are corroded under
electrochemical operating conditions of the ORR. Therefore,
they weaken the long-term stability of the catalysts.****

Recently, transition metal dichalcogenides such as MoS,,
a class of carbon-free materials, have attracted much attention
as support materials for electrocatalysts due to the high flexi-
bility and stability of their structure.”*?® For example, under
appropriate conditions, MoS, offered high stability and a large
surface area for dispersing catalysts.”” The literature revealed
that the layered structure of MoS, provides well-defined active
sites for anchoring precious metal catalysts, such as platinum
for electro-catalytic water splitting.>® Additionally, the MoS,-
based materials have been demonstrated as alternative catalysts
for the hydrogen evolution reaction (HER) and the ORR.?>?*?°
The N-doped MoS, supported on carbon catalysts also showed
a dramatic improvement in their ORR activity and stability for
microbial fuel cells.*® Recently, iron porphyrins reinforced on
the MoS, support showed good oxygen reduction activity.**
However, no research is available on the ORR mechanisms and
activity on the metalloporphyrin/MoS, electro-catalysts, partic-
ularly, for the MeTMP/MoS, catalyst with Me = Ni, Co, Fe; and
TMP = tetramethyl porphyrin.

This study clarifies the effects of metal substitutions in the
metalloporphyrin/MoS, catalyst on the mechanisms and
activity of the ORR using the van der Waals DFT calculations
and the thermodynamic model. The research focuses on iron-
series elements (Fe, Co, Ni) because they are earth-abundant,
and their compounds with porphyrins have shown good ORR
activities, as reported in previous studies.®”** The results of this
work will be useful for designing a rational electrocatalyst for
ORR.

2. Computational details

This study utilizes the metallic phase of MoS, with the distorted
octahedral coordinate structure, denoted as 1T'-MoS,, because
of the following reasons: (1) the semiconducting phase 2H-
MoS, undergoes a phase transition naturally or by heat treat-
ments, and hydrothermal synthesis into the metallic phase 1T'-
MoS,.2**" (2) The metallic phase has a higher electrical
conductivity; therefore, it is beneficial for making an electrode
with a better electrical conductivity and therefore enhances
catalytic performance.®” (3) the recent study showed that the
metallic phase 1T'-MoS, exhibited significantly higher activity
for the electrocatalytic HER in an acidic medium than that of
2H-MoS,.** Based on the primitive unit cell of the monolayer
structure of the 1T'-MoS, phase,* we built a supercell in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

slab model by repeating 3 and 5 times along the a and b unit
vectors or the x and y axes, as shown in Fig. S17 (top view) of ESI,
respectively. The monolayer has one atomic layer of Mo atoms,
sandwiched between two atomic layers of S atoms. Each atomic
layer has thirty atoms. The optimized structure of the supercell
by our DFT calculations has the Mo-Mo distance of 3.17, 3.81,
and 2.77 A along the y-axis and two diagonal axes (Fig. S1t),
respectively. The free space of the supercell along the ¢ direction
(see the side view in Fig. S11) is 17 A, which is large enough for
the adsorption of the metalloporphyrin molecule and the ORR
intermediates on the 1T'-MoS, substrate without the crossing
interaction between the supercell images.

Our previous study also showed that the meso-tetra-methyl (-
CH;) functional group is the best substitution among the
considered substituents." The metal centre (Me) of the metal-
loporphyrin (MeTMP) is replaced sequentially with Ni, Co, and
Fe. Here, we used the oxidation state +2 for Fe, Co, and Ni,
which agrees with the literature.>”~*3*3¢ It is worth noting that
the ORR study for the FeTMP molecule has been done in our
previous work." Therefore, we can use our earlier results for the
FeTMP substrate to make comparisons, from which we can
gauge the new outcomes for the presence of the MoS, support
on the FeTMP/MoS, catalyst.

We designed the MeTMP/MoS, substrates (Me = Fe, Co, and
Ni). We then optimized the MeTMP/MoS, systems with several
initial positions of the MeTMP molecule on the optimized MoS,
surface to search for the most stable configuration of the
MeTMP molecule on the MoS, support via the binding energy
calculation:

Ey = [Epor + Emos,] — Epor/Mos,- 1)

where Epor, Emos,y and Epormos, are the total energies of the
isolated MeTMP molecule, the isolated MoS, support, and the
MeTMP/MoS, system, respectively. The configuration with the
most positive binding energy is the most thermodynamically
stable structure of the MeTMP/MoS, system, which shall be
selected for exploring the ORR, as presented in the next section.

We employed the Vienna Ab Initio Simulation Package (VASP)
to perform DFT calculations with the van der Waals corrections
(vdW-DF), the revised version of the generalized gradient
approximation proposed by Perdew-Burke-Ernzerhof (GGA-
revPBE) for the exchange-correlation energy.”” The vdw-DF
method was chosen due to its rigorous theoretical foundation,
which self-consistently incorporates nonlocal correlation
effects.®®*® Moreover, this method has demonstrated high
accuracy in adsorption energy calculations for similar
systems.*® The projector-augmented wave technique for pseu-
dopotentials was employed with a plane-wave cutoff energy of
450 eV."* The Monkhorst and Pack method was utilized for
sampling the special k-points with a 3 x 3 x 1 k-point mesh
grid.*> We employed the Gaussian smearing method with
a smearing width of 0.1 eV for structural optimization and total
energy calculations, and 0.01 eV for calculating the electronic
density of states. The criteria for the convergence of the force for
atomic position optimization and the energy difference for self-
consistent electronic loops are 0.001 eV A™' and 107" eV,
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respectively. Spin-polarized calculations were performed with
a dipole correction applied to the ¢ direction.

The formula used to calculate the adsorption energy of each
intermediate (A) on the surface of substrate B is as follows:

E, = Eap — [Ea + EB]. (2)

here, E,p represents the total energy of the optimized substrate-
intermediate complex (AB), E, corresponds to that of the iso-
lated intermediate (A), and Eg denotes the total energy of the
clean substrate (B).

The interaction between the substrate and the adsorbed
intermediates is often visualized by charge density difference
plots,**** which can be calculated by

Ap = papc — [pa + pB * pcl. 3)

here, papc, pa, PB, and pc are the charge densities of the full
system with support (the intermediate@MeTMP/MoS, system),
the isolated intermediate, the isolated MeTMP, and the isolated
MoS, support, respectively. The structures of the A, B, and C
components are taken from the optimized ABC system.

The Gibbs free energy (AG) for each intermediate step was
calculated using the proton and electron exchange model,***
where the Gibbs free energy involved in the proton and electron
combination process is equivalent to that of JH, in the gas phase
at the reversible hydrogen electrode potential, H' + e~ = 1H,:

AG(U) = AE + AZPE — TAS + neU. (4)

where AE is the energy difference of the reactant and the
product adsorbed on the catalyst surface, which is obtained
from our DFT calculations. AZPE is the change of the zero-point
energies between the reactant and the product in an interme-
diate step, which is obtained from the vibration frequency
calculation for the adsorbed reactant and product. AS is the
entropy change between the reactant and product in the gas
phase, taken from the literature.*” n is the number of electrons
involved in the intermediate reaction step of the ORR. U is the
applied electrode potential referenced to the standard hydrogen
electrode. This work was performed for standard conditions,
ie.,,pH=0,p =1bar,and T =298 K.

The Gibbs free energy for the transition state (TS) of the
dissociation from O, to 20* has been calculated by:

AGrs = AEy, + AZPE — TAS. (5)

where AE,, is the energy barrier from O}, to (TS). Like the ORR,
AZPE and AS are the change of the zero-point energy and the
entropy change between (TS) and O, respectively. However, the
electrode potential does not influence the Gibbs free energy for
the transition state because there is no electron reduction in the
0,-to-20* dissociation process. The asterisk denotes the
adsorbed state of the intermediate on the MeTMP/MoS,
catalyst.

To consider the possibility that the HER can compete with
the ORR on the MeTMP/MoS, substrates, we are going to
investigate the HER, which is

9256 | RSC Adv,, 2025, 15, 9254-9264
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H" +e = 1/2H.. (R1)
This reaction on the MeTMP/MoS, substrate (Sub) is
described as:

Sub* + H" + e~ = Sub-H*, (R2)

Sub-H* = Sub* + 1/2H,. (R3)
For the HER, we calculated the adsorption energy of the H*
intermediate by the equation:

1
Eads = ESub—H* - (Esub + EEI—Iz) . [6)
where Esyp-n+, Esub, and Ey, are the total energy for the MeTMP/
MoS, + H* system, the isolated MeTMP/MoS, substrate, and the
hydrogen molecule in the gas phase, respectively. We also
calculated the Gibbs free energy for the HER as:

AGys = AEys + AZPE — TAS + meU. )

where AEy- is the energy difference between the left and right
sides of the reaction (R2). The number of electrons transferred
in the HER is m.

Furthermore, we studied the dissolution potential for the Fe,
Co, and Ni metals in the MeTMP/MoS, systems to estimate the
electrochemical stability of the substrates. The potential
dissolution reaction is:

MeTMP/MoS, = TMP/MoS, + Me“" + Ze™. (R4)
The dissolution potential for the metals was calculated by
Greeley and Norskov's method,* as follows:

o

Usss = Uy — AE;/Ze, (8)

iss

here, Uy, is the standard dissolution potential of bulk metals
from the NIST database,”® and Z is the number of electrons
released when the metal dissolution occurs. The formation
energy AE; of the MeTMP/MoS, system was calculated by:

AE; = Evermp/Mos, — (ETmpMos, ¥ Eme)- )

where Eyvermp/mos,» ErvmpiMos,, and Ey are the total energy of the
MeTMP/MoS,, TMP/MoS, without metal, and the bulk metal,
respectively. Eye was obtained from our vdW-DF calculations
for the most stable bulk bee, hep, and fee structures of Fe, Co,
and Ni, respectively.>~>*

3. Results and discussion
3.1 Designing the MeTMP/MoS, substrates

Because the metalloporphyrin has a planar structure, we
initially set metalloporphyrin at various locations on MoS, in
the following configurations: (1) inclined, and (2) parallel to the
surface of MoS,. However, we did not consider the vertical
configuration of metalloporphyrin because the vacuum space in
our system is limited. After optimizing the stacking configura-
tions of MeTMP/MoS,, we calculated the binding energy of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of the MeTMP/MoS, substrate: (a) side view and top
view. (b) The binding energy (E,) of the metal porphyrin molecule
(MeTMP) on MoS; varies with its average distance to the MoS, surface,
where Me = Fe, Co, and Ni. Light blue (Mo), orange (S), green (Me), dark
blue (C), violet (N), and yellow (H).

MeTMP molecule, using expression (1), and its optimized
average distance to the MoS, surface. We found that the parallel
configuration is much more stable than the inclined one for
each MeTMP/MoS, system.

Fig. 1a (top and side views) shows that the porphyrin mole-
cule in the parallel configuration is most stable as its metal
atom (green colour) is located on the hollow site of three S
atoms in the upper atomic layer of the MoS, support. Fig. 1b
shows that the binding energy of the porphyrin molecule with
the MoS, support varies with its average distance (d) to the
support surface, where the most stable position of the
porphyrin molecule corresponds to the highest binding energy
versus the average distance. We found that the optimized
average distance is approximately 3.15, 3.08, and 3.07 A with the
highest binding energy of 1.50, 1.92, and 2.17 eV for the tetra
methyl nickel, cobalt, and iron porphyrins, respectively. More-
over, the S atoms on each surface layer are not in the same
plane. Several S atoms are shifted upwards and downwards
compared to those of the ideal structure (see the side view in
Fig. 1a). These most stable MeTMP/MoS, systems (Me = Ni, Co,
and Fe) were chosen for studying the adsorption of the ORR
intermediates and the ORR mechanisms.

3.2 Proposed reaction scenarios and mechanisms

The total ORR is as follows:

O, + 4H" +e7) 2 2H,0. (R5)

This reaction can proceed through many steps. Scheme 1
shows our proposed possible reaction intermediates and path-
ways, ie., step 1: the adsorption of molecular oxygen on the
MeTMP/MoS, surface transforming O, to O;. According to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

9 (10)

20%*—— O* +HO* HO* + HO*
®) @)

\11‘)
(1) (2) (5) (6) (12)

2
0,* — HOO* —— 0*+H,0* ——— HO* + H,0* ——* 2H,0
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Scheme 1 Possible pathways for the ORR on the substrates.

hydrogen standard electrode model,* we replaced H" + e~ by
one hydrogen atom (H). Therefore, the proton and electron
transfer processes can be modelled via the successive hydro-
genation steps of the ORR intermediates by sequentially adding
a hydrogen atom to an oxygen atom of the previously formed
intermediate, starting from transforming O, to HOO* (step 2).
There are three possibilities for the subsequent step in con-
verting HOO#, i.e., (1) by loading an H atom onto the available
O* atom of HOO* to form HOOH* (step 3), and then HO* +
H,O* (step 4); (2) by loading a H atom onto the O atom near the
H atom of HOO* to form O* + H,O* (step 5), and then transform
to HO* + H,0* (step 6); (3) HOO* can also dissociate into O* +
HO* (step 7). Besides the molecular oxygen adsorption state, O,
can also dissociate into two separate oxygen atoms, O* + O* or
20%* (step 8). The hydrogenation of O* + O* can transform it to
O* + HO* (step 9), then HO* + HO* (step 10), and HO* + H,O
(step 11). The final product of the ORR is 2H,O due to trans-
forming HO* + H,O* (step 12).

From the proposed intermediates and pathways, we can
formulate the ORR process explicitly by the following reaction
equations:

O, +4(H" + e )>HOO* +3(H' +¢), (R6)

HOO* + 3(H* + ¢7) » HOOH* + 2(H* + ¢"), (R7)
HOOH* + 2(H" + e7) > HO* + H,O* + (H" +e7), (R8)
HOO* + 3(H" +¢7) —» O* + H,0* + 2(H" +¢7),  (R9)
O* + HyO* + 2(H" + ¢7) » HO* + H,0* + (H" + ¢7), (R10)
HOO* + 3(H" +e7) » O*+ HO* + 3(H" +¢7),  (R11)
0, —20%, (R12)

20%+4(H" +e) > O*+ HO*+ 3(H" +¢7),  (R13)

O* + HO* + 3(H" + ¢7) > HO* + HO* + 2(H" +¢"), (R14)
HO* + HO* + 2(H* + ¢7) —» HO* + H,O* + (H" + ¢7), (R15)

HO* + H,0* + (H" + ¢7) — 2H,0. (R16)

3.3 Explore the adsorption of ORR intermediates on
MeTMP/MoS,

As shown in Scheme 1, the possible intermediates of the ORR
include O;, HOO*, HOOH*, O* + H,0*, HO* + H,0%*, 20%*, O* +
HO*, and HO* + HO*. Each reactive intermediate undergoes

RSC Adv, 2025, 15, 9254-9264 | 9257
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c) HOOH* d) O* + H,0*

Fig. 2 Most favourable adsorption configuration of the ORR intermediates on the MeTMP/MoS, substrates from the top and side views. Light
blue (Mo), orange (S), green (Me metal), dark blue (C), violet (N), yellow (H), and red (O).

structural optimization, with the vdW-DF calculations, at
various adsorption sites on the MeTMP/MoS, surface. The
adsorption energy of each configuration is determined via
formula (2) to assess its adsorption strength. It should be noted
that we optimized the structure of O,, HOO, HOOH, and HO +
H,O to obtain the total energy of these isolated intermediates as
a reference for calculating the adsorption energy of O,, HOO¥,
HOOH?*, and HO* + H,O%*, respectively. However, the isolated
O + 0, O + HO, and HO + HO (O + H,0) intermediates do not
exist naturally in the gas phase, so they have no physical
meaning to use as references. Therefore, we used the total
energy of the isolated O,, HOO, and H,0, for calculating the
adsorption energy of the O* + O*, O* + HO*, and HO* + HO* (O*
+ H,0%*) intermediates, respectively.

According to the definition of eqn (2), the more negative the
adsorption energy, the more stable the adsorption is. We found
that the most favourable adsorption site for the ORR interme-
diates is around the metal site (Me) of the MeTMP molecules of
the cobalt, nickel, and iron tetramethyl porphyrins/MosS,
substrates (Fig. 2). We found that the molecular-oxygen-

9258 | RSC Adv, 2025, 15, 9254-9264

containing intermediates, i.e., O;, HOO*, and HOOH* adsor-
bed with the end-on configurations, where one oxygen atom is
on the top of the metal atom Me and another one is over the
hollow site of the Me-N-C ring of the MeTMP molecules
(Fig. 2a-c). Meanwhile, the atomic-oxygen-containing interme-
diates such as O* + H,O*, HO* + H,O*, 20*, O* + HO*, and HO*
+ HO* adsorbed most stably with one oxygen atom always on
the top of the metal atom (Me), and the other oxygen atom can
be over the hollow site or another place of the porphyrin ring
(Fig. 2d-h).

Table S11 shows the bond distances from the nearest oxygen
atom to the metal atom Me of the MeTMP molecule, dg_y, and
between two oxygen atoms of the intermediates, do_o. We also
found the values of these bond distances for the FeTMP
substrate in our previous publication.” For all MeTMP/MoS,
substrates, we found that the do  value of O, (row 1) is always
significantly larger than that of 20* (row 6). Meanwhile, do_y; of
HOO* (row 2, column 2) > dg_y; of O* + HO* (row 7, column 2)
and do v of HOOH* (row 3, column 2) > dg_y of 2HO* (row 8,
column 2) for the NiTMP/MoS, substrate, and dg_; of HOO* =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption energy (eV) of the ORR intermediates on metal tetra-methyl porphyrins (MeTMP, where Me = Ni, Co, and Fe) with and

without MoS, support

Intermediates NiTMP/MoS, CoTMP/MoS, FeTMP/MoS, NiTMP CoTMP
O; —-0.15 —0.68 —0.48 —0.20 —0.75
HOO* —0.61 —1.29 —1.30 —0.44 —1.29
HOOH* —0.05 —-0.37 —0.44 —0.29 —0.46
O* + H,0* 0.13 —1.48 —2.06 —0.06 —1.40
HO* + H,O* —1.84 —2.61 —2.79 -1.73 —2.65
20%* 1.14 —0.41 —0.96 1.03 —0.01
O* + HO* -1.13 —-1.99 —2.13 —0.92 —-1.89
2HO* —0.38 —1.44 —1.45 —0.19 —1.13

do-m of O* + HO* and dg_y of HOOH* = dg_ of 2HO* for the
CoTMP/MoS, and FeTMP/MoS, substrates. Remarkably, the do-
o value of the molecular-oxygen-containing intermediates is
always much shorter than that of the atomic-oxygen-containing
intermediates with the same number of hydrogen atoms, i.e.,
do-o of Oy < do_o of 20%, do_o of HOO* < do o of O* + HO¥,
and do_o of HOOH* < dg_o of 2HO* for all the MeTMP/MoS,
substrates. It should be noted that the O* + H,O* and HO* +
H,O* intermediates belong to both molecular and atomic
oxygen adsorption scenarios, which have the do and doo
bond distances in the middle range between that of the
molecular-oxygen-containing intermediates and that of the
atomic-oxygen-containing ones for all the MeTMP/MoS,
substrates.

Table 1 presents the adsorption energy of the ORR inter-
mediates in their most favourable configuration on the
substrates. The negative and positive adsorption energies
indicate the thermodynamically favourable and unfavourable
adsorption of the intermediates, respectively. Therefore, we
found in Table 1 that the O* + H,O* and 20* intermediates on
NiTMP/MoS, and 20* on NiTMP are unfavourable. For each
substrate with and without the MoS, support, HO* + H,O* has
the greatest negative adsorption energy among all the ORR
intermediates. We also compare the adsorption energy calcu-
lated by the same vdW-DF scheme for the FeTMP molecule in
ref. 15. Notably, the substitution of Ni, Co, and Fe metals into
the tetramethyl porphyrin molecule causes a modification in
the adsorption energy in increasingly negative order: Ni < Co <
Fe for all the intermediates except for O,, which follows the
order: Ni < Fe < Co on all the MeTMP/MoS, and MeTMP
substrates. This order has a similar trend as the previous

study,> where the authors investigated the ORR on phenyl
metalloporphyrins and metal phthalocyanines without
supports.

In the presence of the MoS, support, the adsorption energy
of all the ORR intermediates on FeTMP/MoS, uniquely becomes
less negative than that on the FeTMP (ref. 15). However, the
MoS, support affects the adsorption of the intermediates
differently for the Ni and Co substitutions. By comparing the
second with the fifth and third with the sixth columns of Table
1, we found that the adsorption strength of O,, HOOH*, O* +
H,0%, and 20* on NiTMP/MOoS,, O,, HOO*, HOOH*, and HO* +
H,O0* on CoTMP/MoS, decreases and otherwise increases,
compared to that on NiTMP and CoTMP, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4 Electronic properties

Analysing the electronic structural characteristics, such as the
Bader charge and the charge density difference, can expose the
physical insights into the interaction between the ORR inter-
mediates and the MeTMP/MoS, substrates. The Bader charge in
Table S21 indicates that the metal Me and C atoms of the
MeTMP molecule consistently donate the negative charge (e”).
Meanwhile, the N and H atoms of the MeTMP molecule always
accumulate the charge for every case, including having the
adsorption of the ORR intermediates. However, in the presence
of the MoS, support, the H atoms of the MeTMP molecule can
donate or accumulate the charge for different intermediates. As
a result, the clean MeTMP molecules (without MoS, support)
retain their neutral charge (0.000 e™). However, they become
positively charged in the presence of the MoS, support or they
donate the negative charge of about 0.5 e~ to the MoS, support,
thereby strengthening the bond between the MeTMP molecule
and MoS,. The charge gain of MoS, can be arranged in the
following order of magnitude: NiTMP/MoS, < CoTMP/MoS, <
FeTMP/MoS,, which is consistent with the trend of the
maximum binding energy of the MeTMP molecule on the MoS,
support, as analysed in Section 3.1. In the presence of the ORR
intermediates, the MeTMP molecules with and without the
MoS, support always donate the charge to the intermediates for
all cases. Moreover, the MeTMP molecule always transfers
a significant amount of its charge to the MoS, support.

For each case of intermediate adsorption, by comparing
MeTMP/MoS, to MeTMP (the Bader charge for the FeTMP
substrate found in Table 2, column 4 of ref. 15), we found that
the MoS, support causes the Me and C atoms to donate more
and less charge, except for Me=Fe in the HOOH*@FeTMP/
MoS, system and C atoms in the [O* + HO*|@NiTMP/MoS,
system, respectively. The MoS, support causes the N and H
atoms to gain less charge for every case of the ORR intermediate
adsorption when compared to the MeTMP molecule without the
MoS, support. Furthermore, the charge accumulation of the
dissociative intermediates is significantly higher than that of
the associative intermediates, i.e., 20* > OZ, O* + HO* > HOO*,
and HO* + HO* > HOOH*. The charge gains of O* + H,O* and
HO* + H,0* lie within the middle range of that of the disso-
ciative and associative intermediates. This agrees with the trend
of their do_\ and do-o bond distances, as analysed previously.
Upon adding the MoS, support, we observed a reduction in the
charge accumulation of the ORR intermediates, particularly in
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Table 2 Activation barrier (eV) for the ORR steps at U = 1.23V, i.e., the Gibbs free energy difference of the unfavourable step compared to the

previous one, and %Hz =H"+e"

ORR intermediates NiTMP/MoS, CoTMP/MoS, FeTMP/MoS, NiTMP CoTMP
05 4 2H, > HOO* + 3/2H, 1.20 1.05 0.84 1.15 1.10
HOO* + 3/2H, —» HOOH* + H, 0.59 1.08 1.03 0.60 1.01
HOO* + 3/2H, — O* + H,0* + H, 0.99 0.06 0.00 0.89 0.15
O* + H,0* + H, > HO* + H,0* + JH, 0.00 0.06 0.46 0.00 0.00
HO* + H,0* + IH, — 2H,0 0.00 0.00 0.01 0.00 0.00
0} 4 2H, »20* + 2H, 3.45 0.92 1.82 4.85 3.34
20% + 2H, — O* + HO* + 3/2H, 0.00 0.07 0.49 0.95 0.92
O* + HO* + 3/2H, — HO* + HO* + H, 0.00 0.00 0.85 0.00 0.00
O* + HO* + 3/2H, — O* + H,0* + H, 1.48 0.74 0.29 0.10 0.00

the case of O* + HO* and HO* + HO*. Most importantly, we
found that the charge exchange between the MeTMP and
MeTMP/MoS, substrates with the ORR intermediates is signif-
icant. Therefore, we can conclude that the nature of the inter-
action between the intermediates and the substrates is due to
the charge exchange.

The charge density difference of the MeTMP/MoS, substrates
with the adsorbed ORR intermediates, calculated by the formula
(3) (Fig. S2-S4 in ESIt), shows that the centre of the charge gain is
always the oxygen atoms of the ORR intermediates. While the
metal and C atoms of MeTMP porphyrins donate, the upper
atomic layer of the S atoms gains the charge. These results agree
with the Bader charge analysis, as shown above.

3.5 Mechanism of oxygen reduction reaction on MeTMP/
MoS,

The Gibbs free energy for each side of the reactions (R6) to (R16)
was calculated relative to that of two water molecules, which are
the final product of the ORR. The Gibbs free energy was studied
at the standard condition. The values are listed in Table S3.}
Dissociating O, into 20* is possible if overcoming an energy
barrier at the transition state (TS), Ers, which was identified
using the nudged elastic bands method, as shown in Fig. 3 for
MeTMP/MoS, and Fig. S51 for MeTMP. The calculation involved
the initial and final states (denoted as (IS) and (FS)) corre-
sponding to the most stable molecular adsorption configura-
tion of the O, molecule and the most stable atomic adsorption

configuration of 20*. Once the transition state structure was
determined, the total energy and the Gibbs free energy of (TS) +
2H, were calculated following eqn (5).

We can write the reaction series as,
O; + 2H, — (TS) + 2H, —20* 4+ 2H,. The energy barrier for the
dissociation process of O, into 20*, which is the energy of the
(TS) state relative to that of the (IS) state, is 3.69, 1.43, 1.94, 5.89,
and 4.79 eV on NiTMP/MoS,, CoTMP/MoS,, FeTMP/MoS,,
NiTMP, and CoTMP, respectively. The energy barrier of 2.67 eV
for this process on FeTMP was given in our previous publica-
tion.” We found that the MoS, support could significantly
reduce the energy barrier for the O, dissociation. Therefore, it
can facilitate the dissociative pathway of the ORR.

Fig. 4 displays the Gibbs free energy diagrams of ORR for the
associative (left panel) and the dissociative (right panel) mech-
anisms on MeTMP/MoS, (upper panel) and MeTMP (lower
panel). As shown in Fig. 4a-d, forming O} + 2H, on all of the
substrates is automatic and does not require any activation
energy. Fig. 4a shows that the first two hydrogenation steps go
uphill, except for the second hydrogenation converting HOO* +
3/2H, to O* + H,O* + H, (the red dashed line) on the FeTMP/
MoS, substrate, indicating the need for an activation energy.
The third hydrogenation step converting HOOH* + H, and O* +
H,O* + H, to HO* + H,O0* + %HZ goes downhill, except for
transforming O* + H,O* + H, to HO* + H,O* + 1H, on the
CoTMP/MoS, and FeTMP/MoS, substrates. The fourth hydro-
genation goes downhill on NiTMP/MoS, and CoTMP/MoS,, and

a) (TS) b)
NITMP/MoS,

Erg=143eV

3} Erg=393eV

)

Energy (eV)
Energy (eV)
o
o

c)

CoTMP/MoS, FeTMP/MoS,

Ers=194 eV

Energy (eV)

2 N 5 1
Reaction goordinatel}A) 0

2 4.
Reaction fazoordinate (A)

5 0 1 5

2 3 4
Reaction coordinate (A)

Fig. 3 Dissociating O; to 20*, from the initial state (IS) overcoming the transition state (TS) to the final state (FS), on NiTMP/MoS; (a), CoTMP/
MoS; (b), and FeTMP/MoS; (c). Light blue (Mo), orange (S), gray (Ni), green (Co), brown (Fe), dark blue (C), violet (N), yellow (H), and red (O).
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Fig. 4 Relative Gibbs energy diagrams for the associative pathways on MeTMP/MoS; (a) and MeTMP (b), and the dissociative pathways on
MeTMP/MoS; (c) and MeTMP (d) at the reversible electrode potential of U = 1.23 V. The dashed lines depict the Gibbs free energy level of O* +

H,O* + H,, while the solid lines depict the remaining ones.

slightly uphill on FeTMP/MoS,. We also found the same char-
acteristics for the Gibbs free energy diagrams of the associative
pathway on MeTMP without MoS, support (Fig. 4b) with a slight
increase of the energy level of O* + H,O* + H, on CoTMP, so that
it is almost the same height as that of HO* + H,0* + IH, on
CoTMP. The downhill steps do not require activation energy,
and can proceed automatically.

For dissociation mechanisms on MeTMP/MoS, (Fig. 4c), to
proceed in the forward direction (from left to right of the
diagram), the ORR must overcome an activation barrier at the
dissociation step converting O; to 20*. Afterward, the first,
second, third, and fourth hydrogenation steps go uphill except
for the third hydrogenation that converts HO* + HO* + H, and
O* + H,0* + H, to HO* + H,0* + 1H, on NiTMP/MoS,, and the
fourth hydrogenation that transforms HO* + H,O0* + 1H, to
2H,0 on the NiTMP/MoS, and CoTMP/MoS, substrate. For the
dissociation mechanisms on MeTMP without MoS, support
(Fig. 4d), the relative position of the Gibbs free energy levels is
more complicated. However, the most striking feature is that
the activation barrier for the O;-to-20* dissociation is much
higher than that on MeTMP with the MoS, support.

For the backward direction (from right to left of each
diagram), the Gibbs free energy levels of HO* + H,0* + 1H, and
O* + H,O* + H, in the associative mechanisms (Fig. 4a and b)
and HO* + H,O* + 1H,, O* + H,0* + H,, O* + HO* + 3/2H,, and
O* + O* + 2H, in the dissociative mechanisms on the FeTMP/
MoS, substrates are lower than that of 2H,0. These results

© 2025 The Author(s). Published by the Royal Society of Chemistry

indicate that the backward processes of the ORR may occur, and
therefore hinder the catalytic efficiency of the FeTMP/MoS,
substrate. The activation barrier for the associative and disso-
ciative mechanisms on various substrates is listed in Table 2.
The highest activation barrier determines the rate-limiting step
for each reaction pathway. For the associative pathways, we
found that the rate-limiting step occurs at the first hydrogena-
tion step for NiTMP/MoS, and NiTMP, and the second hydro-
genation step for FeTMP/MoS,. However, the presence of the
MoS, support modified the rate-limiting step of the ORR from
the first hydrogenation on COTMP to the second hydrogenation
on CoTMP/MoS,.

For the dissociative mechanisms, we found that the rate-
limiting step always occurs at the dissociating step, forming
20* + 2H, from O; + 2H, for all substrates. The highest ther-
modynamic barrier for the dissociative mechanisms on NiTMP/
MoS,, COTMP/MoS,, and FeTMP/MoS, is 3.45, 0.92, and 1.82 €V,
which is much lower than 4.85, 3.34, and 2.19 eV on NiTMP,

Table 3 Adsorption energy (eV) of H* on the MeTMP/MoS, substrate.
The optimized structures of the H* adsorption configuration on the
MeTMP/MoS; substrates are shown in Fig. S6

Adsorption site CoTMP/MoS, FeTMP/MoS, NiTMP/MoS,
Metal (Fe, Co, Ni) atom  0.17 0.54 0.89
S atom 0.12 0.12 0.17
Mo atom 1.05 1.03 1.03
S-S bridge 0.68 0.57 0.78
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Fig. 5 Gibbs free diagram of the HER for the most favourable configurations of H* on MeTMP/MoS, at zero potential (a) and the equilibrium

potential (b). The line for H-on-S/FeTMP/MoS; is identical to that for H-

CoTMP, and FeTMP,* respectively. We also found that the MoS,
support does not lower the energy barrier for the associative
mechanisms. However, it does significantly lower the energy
barrier for the dissociation ones. In particular, it made the
CoTMP/MoS, and FeTMP/MoS, systems the best and second-best
catalysts among the considered ones for the dissociative mecha-
nisms, respectively. Notably, nickel does not favour the ORR for
both mechanisms. Considering all forward and backward direc-
tions, we can conclude that COTMP/MoS, is the superior catalyst.

The superior catalytic activity of COoTMP/MoS, is because of
its most significant reduction in the thermodynamic energy
barrier, as seen in Fig. 4c, which stems from its lowest energy
level of the transition state for the O} to 20* conversion. Also,
the electronic configuration of the Fe, Co, and Ni atoms is [Ar]
3d®4s?, [Ar] 3d”4s?, and [Ar] 3d%4s?, respectively. We find that
the number of electrons existing in the 3d orbital of the valence
state of the Fe, Co, and Ni atoms is 6, 7, and 8, respectively. We
guess that the odd number of electrons in the 3d orbital of the
Co atom is responsible for the superior catalytic activity of
CoTMP/MoS, over the FeTMP/MoS, and NiTMP/MoS,
substrates.

For the HER, we optimized the position of H* at all possible
sites, such as on the metal (Fe, Co, and Ni), S atom, Mo atom, S-S
bridge, and hollows. We found the optimized configuration, as
shown in Fig. S6.7 The positive adsorption energy of H* (Table 3)
indicates that the adsorption of H* is unfavourable on the
MeTMP/MoS, substrates, which differs from the negative adsorp-
tion energy of the ORR intermediates. We then calculated the
Gibbs free energy of reaction steps (R2) and (R3) under standard
thermodynamic conditions (pH = 0, 298 K, and 1.0 bar). According
to reactions (R1) and (R2), we have m = 1 and AEgx = E,qs.

Fig. 5 shows that HER is thermodynamically unfavourable
when it requires an activation energy. This energy is significantly
lower than or comparable to the activation barrier of about 1.0 eV
for the ORR at the electrode potential of U = 1.23 V. However, the
reverse process of HER occurs spontaneously for all of the

Table 4 Formation energy and dissolution potential of MeTMP/MoS,

Metal AE; (eV) Epe (V) Ugiss 2° (V) z>* Udiss (V)
Co —4.97 —3.62 —0.28 2 2.21
Fe —4.55 —4.92 —0.45 2 1.82
Ni —5.16 —-1.91 —0.26 2 2.32

9262 | RSC Adv, 2025, 15, 9254-9264

on-S/CoTMP/MoS,.

substrates. Therefore, there are always protons on the surface of
the substrates, indicating that the HER does not interfere with
ORR.

The dissolution potential, presented in Table 4, shows that
the Co, Fe, and Ni metals are stabilized in the MeTMP/MoS,
system because their dissolution potential is much higher than
the equilibrium potential of 1.23 V for the ORR.

4. Conclusions

Using vdW-DF with the revised PBE version of the generalized
gradient approximation and thermodynamic model, this study
elucidated the impact of metal substitution in MeTMP/MoS, on
the overall catalytic performance of the ORR. The Co atom is the
best substitution in the MeTMP/MoS, catalysts. In the associa-
tion mechanisms, the first and second hydrogenation steps
emerge as the rate-determining steps for NiTMP/MoS, (NiTMP)
and FeTMP/MoS,, respectively. However, the rate-limiting step
is the first hydrogenation for CoTMP and the second hydroge-
nation for COTMP/MoS,. Notably, the dissociation mechanisms
have the rate-determining step occurring at the O}-to-20*
dissociation on all substrates. The metals in the MeTMP/MoS,
catalyst are stable due to their high dissolution potentials.
Moreover, the HER does not interfere with the ORR. The charge
exchange dominates the interaction between the ORR inter-
mediates and the substrates.
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