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a b s t r a c t 

Efficient electrocatalytic rupture of energy-rich molecules (H 2 and O 2 ) is a green approach for gener- 

ating clean energy for modern societies. In this context, porphyry-type molecular electrocatalysts act 

intelligently toward oxygen reduction reaction (ORR), a fundamental process in fuel cells, due to their 

redox-rich chemistry, which involves core metal ions and macrocyclic ligands. The concerned scientific 

community has tried many times to correlate the ORR intermediates with their formation kinetics and 

simplify the associated multi H 

+ /e - stages during the ORR process, constructing several volcano plots be- 

tween catalytic Tafel data, turnover frequencies, and overpotentials for many electrocatalysts. Despite the 

fact that many review articles on molecular electrocatalysts for ORR have been published, understanding 

the strategic implications and molecular catalyst intelligence towards homogenous ORR has been poorly 

explored. This review examined the relationships between volcano plots of current vs. thermodynamic 

parameters and the Sabatier principle in order to explain the intelligence of molecular electrocatalysts 

and approaches for their creation, as well as the difficulties and potential prospects of molecular electro- 

catalysts. These facts distinguish this review from previously published articles and will pique the scien- 

tific community’s interest in avoiding trial-and-error procedures for catalyst creation while also allowing 

for more exact evaluations of the molecular catalyst’s performance. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

.1. Motivation to study oxygen reduction reaction 

Rapid depletion of existing conventional fuels to meet global 

nergy needs is not only increasing their prices but also contribut- 
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 1 , 2 ]. Therefore, it is necessary to find alternative, green, and sus-

ainable energy resources. Within this agenda, the conversion of 

hemical energy, which is stored in chemical bonds in molecules 

ike H 2 , and O 2 , into electrical energy via electrochemical strategies 

an be considered an efficient way to produce clean energy. For 
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nstance, in fuel cells, H 2 and O 2 combine to form water and elec- 

ricity, involving an extremely slow cathode process, oxygen reduc- 

ion reaction (ORR), requiring highly robust electrocatalysts [ 3 , 4 ]. 

.2. Electrocatalysts for oxygen reduction reaction 

From the above-mentioned perspective, Pt-based materials have 

een deemed promising models to catalyze the ORR process; nev- 

rtheless, their scarcity, high price, restricted activity, and dura- 

ility have hampered their practical applications. These challenges 

onfronting scholars motivate the creation of inexpensive, supe- 

ior, and durable electrocatalysts for the advancement of the en- 

rgy sector [5] . Within this agenda, molecular and composite- 

ased electrocatalysts are on trend. Composite-based electrocata- 

ysts have so far shown good activity and stability, with the con- 

traints of easy and precise modifications to further improve their 

lectrocatalytic performances [ 3 , 6 , 7 ]. Moreover, the precise deter- 

ination of real active sites and the development of structural- 

eactivity functional relationships for the composite electrocata- 

ysts are still challenging tasks. These limitations are assumed due 

o the lack of discrete energy levels in composite-based catalysts. 

hus, despite their substantial efforts, scientists remain far from 

vercoming their constraints and making subsequent progress in 

voiding hit-and-trial procedures for their construction [ 8 , 9 ]. 

In 1971, Jalanshki [10] tested Fe-phthalocyanine (a synthetic 

nalogue of Fe-porphyrin with FeN 4 -moieties as the active site 

or O 2 binding) for oxygen reduction reactions electrochemically 

or the first time. After that, the concerned scientific community 

ested similar metal-N 4 -molecular systems, including porphyrin 

11] and phthalocyanine and their analogues, with a variety of 

ransition metals for the same purpose. But Fe-N 4 molecules (Fe- 

hthalocyanines, in particular [12] ), since they possess the optimal 

lectronic and geometrical features, can reduce O 2 efficiently, and 

herefore Fe-molecular systems can be considered ideal models for 

RR. 

In particular, Fe-porphyry type molecular systems can be eas- 

ly modified via chemical treatment to improve their reactivity and 

electivity towards ORR, making them far superior to composite- 

ased electrocatalysts [13–15] . More importantly, for molecular 

lectrocatalysts, the turnover frequency (TOF), as well as overpo- 

ential, can be related by creating their catalytic Tafel plots [16] . 

his approach examines the intrinsic properties of molecular elec- 

rocatalysts, offering their benchmark electrocatalytic ORR perfor- 

ance [17] . In addition, molecular systems have discrete energy 

evels that can be altered by modifying their macrocyclic core 

o optimize their electronic as well as electrocatalytic properties 

 18 , 19 ]. Therefore, substitution effects on their catalytic Tafel plots 

ake it possible to act intelligently towards ORR. Fig. 1 shows 

he systematic illustration of the intelligence of Fe-based molecular 

atalysts during ORR via several factors, including pull-push, induc- 

ive, axial, co-facial, and second coordination sphere effects. Molec- 

lar electrocatalysts act as redox mediators during ORR, therefore, 

he above-mentioned intelligence effects can alter the redox poten- 

ial of these catalysts, benefiting their ORR activity [20] . Besides, 

everal factors, including substituent effects within the metal’s co- 

rdination sphere and linear free-energy relationships that arise 

ue to the electronic structure effects, decrease the driving force 

or the homogeneous ORR by decreasing the maximum rate of re- 

ction [21] . Utilization of these effects in a strategic manner pos- 

esses the promise of boosting the catalytic ORR performance of a 

oor molecular catalyst [22–24] . 

Although there are many review articles that are reported on 

olecular electrocatalysts for ORR, the understanding of these 

trategic effects and molecular catalyst’s intelligence towards ho- 

ogenous ORR is poorly discussed in the literature, which mo- 

ivated us to organize this review article. Herein, we discuss the 
170 
hermodynamics of ORR for the fundamental understanding of the 

RR mechanism with homogenous molecular electrocatalysts. Fur- 

her, we emphasized the intelligence of molecular electrocatalysts, 

ighlighting the electronic as well as electrochemical features and 

heir correlations with electrocatalytic ORR activity by means of 

olcano plots under the light of Sabatier’s principle [ 23 , 25 ]. We

elieve that this mini-review article will build on the fundamen- 

al concepts of science and engineering to design smart electro- 

atalysts and to enjoy their intelligence not only for ORR but also 

or other electrocatalytic reactions. The beginners will get a critical 

nderstanding of ORR mechanisms and other parameters, includ- 

ng overpotential, TOF, catalytic Tafel plots, etc. Because molecular 

lectrocatalysts (MN 4 molecular systems) [26] and atomically dis- 

ersed single-atom/dual-atom metal-nitrogen-carbon (M-N-C) ma- 

erials possess similarities, this review article will also help re- 

earchers to understand the role of active sites during electrocatal- 

sis and how their catalytic performance can be improved further 

y using the strategies discussed in this review. 

. Fundamental of ORR process with molecular electrocatalysts 

Molecular catalysts are catalysts with controllable size, compo- 

ition, and reactivity, making them preferable to other types of 

atalysts with the advantage of comparative investigation isolat- 

ng the influence of structural and electrical modifications to the 

atalyst. Many of them are metal complexes with the ability to be 

hemically modified to increase the rate of chemical reactions [27] . 

n the other hand, when these molecular catalysts allow an extra 

lectron transfer step with the electrode in the electrolyte to be 

ispersed thoroughly into the reaction system, they become ho- 

ogenous molecular catalysts and can offer active sites for ORR, 

his process is termed homogenous ORR [ 28 , 29 ]. 

Since the reaction rates of the molecular electrocatalysts of rel- 

vance for practical applications are so high, the steps in their cy- 

le that dictate the reaction rate occur inside the diffusion layer 

lose to the electrode. Most of the homogeneous molecular cat- 

lysts never participate in the reaction at all. A stock of them, 

owever, might be utilized to maintain a constant catalyst concen- 

ration in the diffusion-reaction layer [30] . Since electrode poten- 

ial can change, the abscissa of the catalytic Tafel plots for over- 

otential can shift as well [31] . This phenomenon does not im- 

ly that the driving force for the homogeneous reaction changes, 

ut rather that the concentration of the catalyst at the electrode 

hanges. The Nernst equation is met by the rapid electron trans- 

ort provided by the homogeneous molecular catalyst. In the fol- 

owing subsections, we briefly reviewed the approaches that can 

e used to evaluate ORR’s efficacy, as well as the concepts behind 

sing bond dissociation-free energies to evaluate the ORR perfor- 

ance of molecular electrocatalysts [32] . These approaches allow 

or a direct comparison of the performance of different homoge- 

eous electrocatalysts in a wide diversity of experimental condi- 

ions. 

.1. ORR efficiency and overpotential 

In order to better understand and develop superior molecular 

lectrocatalysts, it is essential to determine the overall ORR ef- 

ciency of such molecular electrocatalysts. Molecular electrocat- 

lysts should be able to maintain high catalytic rates for a long 

ime. Keeping these criteria in mind, electronic properties that are 

sed to measure the ORR efficiency, such as turnover number, TOF, 

nd overpotential ( ƞ), are necessary to explore, as discussed in 

ection 3 . In addition to this, the optimal ORR catalysts exhibit par- 

icular product formations like water vs peroxide [33] . Therefore, it 

s common practice to investigate ORR catalysts over a wide range 

f experimental conditions, which may include the use of a variety 
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Fig. 1. Illustration of intelligence of molecular electrocatalysts towards ORR. 
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f solvents and proton sources [21] . Usually, TOF is measured as 

 ratio between the maximum number of active catalyst molecules 

nd the number of product molecules that are generated in a given 

mount of time. The value of ƞ can be calculated from the differ- 

nce between the potential of the electrode and the standard po- 

ential of half reaction (denoted by E and E °rxn , respectively), and 

hese features are not reliant on the experimental conditions [34] . 

.2. Thermochemical cycle for ORR mechanisms 

Usually, ORR takes place at the cathode and the intrinsic mech- 

nistic, as well as reaction kinetics, can be investigated using cyclic 

oltammetry (CV) and linear sweep voltammetry (LSV). These 

echniques provide the plateau current values as well as half- 

ave potential ( E 1/2 ), which allows the establishment of the re- 

ction mechanism and calculation of rate constants. Within this 

genda, ORR molecular catalysts should function at potentials 

ear to thermodynamic potential (1.23 V) while retaining speedy 

RR kinetics and excellent selectivity (H 2 O vs. H 2 O 2 ). The ORR’s 

hermodynamic potential is influenced by two primary reactions: 

 2 + 2H 

+ + 2e - → H 2 O 2 and O 2 + 4H 

+ + 4e - → 2H 2 O. Al-

hough molecular catalysts can often catalyze both reactions, it is 

ritical to have a solid understanding of the formed products to 

roperly assess and contrast ORR catalysts. Therefore, knowing the 

ertinent thermochemistry of both the above-mentioned reactions 

ould aid when evaluating ORR catalysts in various media. ORR 

nvolves several O-intermediates and multistep of n H 

+ /e - transfer. 

ll of the anticipated free intermediates have known reduction po- 

entials and pKa values in H 2 O, as shown in Fig. 2 (a) (the plot be-

ween relative free energy ( nE °) for O-intermediates and the num- 

er of transferred electrons during O 2 reduction at pH = 7) [35] . 

Many molecular catalysts have been immobilized on carbon 

urfaces as heterogeneous catalysts and then studied for ORR in 

queous environments; this is necessary because molecular cata- 
171 
ysts are insoluble in water and dissolvable in organic solvents like 

 3 H 7 NO (DMF) or CH 3 CN (MeCN). One constraint of such inves- 

igations was, until recently, a lack of knowledge of the standard 

r E 1/2 potential for ORR in such environments. For the first time, 

he O 2 /H 2 O standard potentials ( E °O2/H2O ) in CH 3 CN and C 3 H 7 NO

ere computed in 2015 by Pegis et al. [36] using the thermo- 

hemical cycle as depicted in Eqs. (1–5) . The direct measurement 

f the H 

+ /H 2 couple with a Pt wire is facilitated by the simplic-

ty of this thermochemical cycle, which relies only on the known 

RR and H 

+ /H 2 potentials vs SHE in water, the standard H 

+ /H 2 

otential in nonaqueous environments, and a considerably lower 

alue of �G °H2O (aq → org). It was found that the values of �G °H2O 

aq → org) in CH 3 CN and C 3 H 7 NO were -19 and -64 meV, respec-

ively [37] . As a result, the ORR equilibrium potential in a wide 

ange of acidic/organic environments can be approximated as 1.23 

, which is greater than the reported H 

+ /H 2 potential in similar 

xperimental conditions, assuming that �G °H2O (aq → org) is zero 

37] . 

 2 ( g ) + 4H 

+ 
( eq . ) 

+ 4e −
( SHE ) 

↔ 2H 2 O ( aq . ) E o O 2 / H 2 O 
(1) 

 2 ( g ) ↔ 4H 

+ 
( eq . ) 

+ 4e −
( SHE ) 

E o H + aq . / H 2 
(2) 

H 

+ 
( org . ) 

+ 4e −
( Fc + / 0 ) 

↔ 2H 2 ( g ) E o H + org . / H 2 
(3) 

H 2 O ( aq . ) ↔ 2H 2 O ( org . ) �E o H 2 O ( aq . → org . ) (4) 

 2(g) + 4H ( org. ) + 4e −
( Fc + / 0 ) 

↔ 2H 2 O ( aq. ) E o O 2 / H 2 O( org. ) (5) 
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Fig. 2. (a) ORR intermediates potential and electron transfer curve during ORR at pH 7. (b) CVs of a molecular catalyst in the presence and absence of N 2 /O 2 , with a notation 

of E cat/2 . (c) ORR Tafel plots, indicating 1/2 TOF max , TOF, and E cat/2 data points. Adapted with permission [35] . Copyright 2014 The Royal Society of Chemistry publishing 

group. (d) Relationship between log(TOF max ) and effective overpotential for Fe-tetraphenyl-porphyrin. Adapted with permission [44] , Copyright 2017 American chemical 

society publishing group. 
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.3. Thermodynamics 

Overpotential ( η = E ORR - E appl , where E appl and E ORR are the 

pplied potential and equilibrium potential, respectively) is di- 

ectly related to thermodynamic parameters, which are required 

o estimate the overall ORR energy efficiency for homogeneous 

olecular electrocatalysts. The TOF of the conventional heteroge- 

eous electrocatalyst increases as the overpotential increases. The 

RR Efficiency measures in heterogeneous systems are commonly 

OF/current density at a constant overpotential [38] . The best elec- 

rocatalyst will have the highest TOF at the lowest overpotential 

t a known current density. In contrast, homogeneous molecular 

lectrocatalysts exhibit a distinctive behavior, since their ideal CVs 

ould possess duck-shaped curves that approach a limiting current 

t negative potentials. 

Fig. 2 shows that the current is restricted by chemical processes 

n solution even at zero potential, indicating that nearly all of the 

oluble catalyst has been depleted at this point. A maximum TOF, 

r TOF max , is reached by the catalyst at these potentials. Typically, 

atalyst TOF responds to the electrode potential, which is directly 

elated to overpotential, in a Nernstian fashion in the potential- 

ependent area before the plateaued current. Considering a first- 

rder catalytic mechanism, the log(TOF) vs ( Fig. 2 (b)) molecular 

afel plots, developed by Artero and Saveant [35] , provide a clear 

elationship between log(TOF) and overpotential ( Eq. (6) ). 

OF = 

TO F max 

1 + exp [ F 
RT 

(
E ORR − E cat 

2 

)
exp 

[
− F 

RT 
η
] (6) 
t

172 
In a low-overpotential window, the molecular Tafel plot’s slope 

as found to be 59 mV/dec. At the negligible driving force, TOF can 

e measured by extrapolating the Tafel plot for the heterogeneous 

lectrocatalysts, much like the exchange current density may be 

omputed in a similar way using homogeneous molecular electro- 

atalysts. The exponential terms in the denominator of Eq. 6 tend 

oward zero in the higher overpotential window. Almost all of the 

atalysts have been consumed at this point, displaying an equality 

f TOF with the TOF max [35] . Therefore, analyzing the log(TOF) at 

he effective overpotential ( Eq. 7 ) for ORR catalysis is an alternate 

pproach for evaluating catalyst performance [39–41] . The effectiv- 

ty parameter ηeff = E ORR - E cat/2 , where E cat/2 is the potential at 

hich the TOF is 1/2 of the maximum TOF (TOF max/2 ) (black dot 

n Fig. 2 (c)). If E cat/2 is found to be very close, E cat/2 can be re-

laced by E 1/2 in the following equation, allowing the direct com- 

arison between effective overpotential and TOF for the different 

lectrocatalysts. This is true, however, only under a narrow range 

f reaction circumstances, and only when the mechanisms being 

ompared have the same reaction order with the catalyst [28] . 

eff = E ORR − E cat / 2 (7) 

In molecular electrocatalysts, one of the most difficult chal- 

enges involves precisely quantifying the maximum turnover fre- 

uency based on the current which is recorded by cyclic voltam- 

ogram. This condition is especially difficult for the four-electron 

xidation-reduction reaction. Based upon the homogenous cata- 

ysts, the turnover frequency is the moles of product per mole cat- 

lysts per unit of time. For molecular imputes, the correlation be- 

ween the turnover frequency and catalytic current is highly com- 
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licated since the reaction takes place only thin solution layer near 

he electrode surface known as the diffusion layer [ 42 , 43 ]. For the

alculation of turnover frequency, the catalysts which occupy the 

iffusion layer should only be counted. 

Within this paradigm, utilizing a Fe-tetraphenylporphyrin 

olecular electrocatalyst, Pegis et al. [44] demonstrated that scal- 

ng relationships of ORR intermediates could be broken. They 

howed that the TOF max scales with effective overpotential under 

ifferent reaction circumstances by decoupling the e - /H 

+ transfer 

athway for the ORR. Further, it was demonstrated that the scaling 

f log(TOF max ) with effective overpotential can be predicted using 

he concepts of rate law as well as Nernst law over a wide range

f overpotential windows in organic solvents. For instance, chang- 

ng the O 2 partial pressure (mPO 2 ), the acid concentration in so- 

ution (mHA), the pK a of the H 

+ resource (mpK a ), and the TOF max 

ith the Fe 3 + /Fe 2 + redox potential (m E 1/2 ) yields multiple slopes 

log(TOF max )/eff) ( Fig. 2 (d)) [ 35 , 39 ]. The arrow in Fig. 2 (d) indicates

hat the ORR driven by organic solvents containing HOC 6 H 4 CO 2 H 

s 10 4 times faster than predicted by the previous scaling formula 

ased on the catalyst’s E 1/2 [34] . 

This type of study predicts the existence of such correlations for 

ll molecular electrocatalysts and shows that the kinetics and ther- 

odynamics of catalytic reactions are extremely malleable. Mea- 

uring the effective or ordinary overpotential of soluble ORR cat- 

lysts under varying conditions makes it possible to compare and 

enchmark these systems. Electrochemical strategies and soluble 

eductants are both useful for determining the TOF max of a cat- 

lytic system. One can get insight into the current-limiting mech- 

nism and better optimize the catalytic system by studying the 

ependence of the TOF max and effective overpotential on circum- 

tances (catalyst, proton source, solvent, etc.) [ 41 , 45 ]. Mechanistic 

nsights may inspire readers to change catalyst conditions to re- 

uce effective over potential without reducing maximum turnover 

requency. Researchers plan to use soluble catalysts and molecular 

hemistry to establish structure or activity conditions and improve 

RR intermediate energies and batteries. These studies should help 

o design molecular catalysts and heterogeneous materials for de- 

ice structure. 

Sabatier’s principle and volcano plots, which serve as guid- 

ng principles to inspire the development of better catalysts, have 

ound widespread use in the study of electrocatalysis mediated by 

urface active sites, particularly for the electrocatalytic ORR pro- 

ess at the metallic surfaces. Generally, reaction intermediate stabi- 

ization not only reduces the activation energy required for forma- 

ion but also slows the reaction’s progression to the final products 

nd the subsequent regeneration of active sites for further catalytic 

rocesses. Thus, to maximize the typical rate constant, it is neces- 

ary to strike a balance between the above-mentioned outcomes 

uring the catalytic process [46] . In this paradigm, Sabatier’s prin- 

iple demonstrates that a plot of TOF vs. intermediate energy will 

roduce maximum TOF, the volcano’s peak, at an energy that cor- 

esponds to an intermediate that is neither too static nor too dy- 

amic. Although these ideas were proposed in the late 1950s, they 

re still the subject of ongoing dispute [47–49] , and their use in 

olecular catalysis has not been as prevalent as in heterogeneous 

atalysis [ 39 , 50 ]. 

By displaying TOF vs. primary intermediate stability, it has 

emonstrated [51] that volcano peaks can arise or go. Their con- 

lusion is conditional on the reaction mechanism and maybe on 

ther variables that change from one electrocatalyst to another 

ne. There is a trade-off between the kinetics of the irreversible 

omogeneous catalysis that forms C and re-produces catalyst P and 

he equilibrated formation of reduced catalyst state Q, which leads 

o the TOF. At a given overpotential, there may be a trade-off be- 

ween a powerful driving force for the homogeneous catalysis in- 

olving Q and the first creation of appropriate Q ( Fig. 3 (a, b)). This
173 
ould be the case if the initial creation of adequate Q requires a 

ufficient amount of Q. Even while the traditional reduction poten- 

ial is very low for highly negative potentials, the concentrations 

f Q may greatly increase, which suggests that such a compromise 

nd the subsequent appearance of a volcanic peak may not take 

lace at these extremely negative potentials ( Fig. 3 (c-e)) [52] . 

. Smart tailoring of molecular catalysts towards ORR 

Among the most interesting features of molecular catalysts is 

hat they possess distinct frontier energy levels, which can be ma- 

ipulated via smart tailoring of their molecular core. These tailor- 

ng strategies for porphyry-type molecular models include the in- 

roduction of electron-donating and -withdrawing groups on the 

igand framework, axial ligation, a change in the substituent’s posi- 

ion, as well as a change in the secondary coordination sphere, and 

an offer fine tuning of their frontier energy levels. These frontier 

nergy levels are directly associated with their O 2 binding abil- 

ty as well as their redox potential, which play a key role during 

he O 2 catalysis. The entire ORR pathway, including O 2 adsorp- 

ion as well as its reduction steps on these molecular catalysts, 

an be controlled by monitoring the energy gap between the high- 

st occupied molecular orbital (HOMO, eg-orbital) of the molecular 

atalyst and π ∗ orbital of O 2 . The smaller gap between these en- 

rgy levels can offer the optimum electronic coupling, and the O 2 

olecule can be bound tightly on the active site of these molec- 

lar catalysts [53–55] , improving the O 2 binding energy ( E b O 2 ). 

esides, it is believed that the eg-orbital of the central metal 

tom of molecular catalysts is associated with their M(III)/M(II) re- 

ox potential, which acts as an ORR mediator during ORR. There- 

ore, tailoring the energy levels of molecular catalysts alters their 

(III)/M(II) redox potential [ 56 , 57 ], affecting their ORR activity. In 

he next sub-sections, a series of influences and smart tailoring 

trategies to change the detailed catalytic electrochemical perfor- 

ance of molecular electrocatalysts have been discussed in detail. 

.1. Through electron withdrawing/donating substituents 

An intriguing property of molecular catalysts is that their elec- 

ronic structure can be tuned by adjusting their molecular core. 

n addition, substitution on their molecular core also affects their 

RR overpotential as well as the turnover frequency. For instance, 

lectron-withdrawing groups (EWGs) can reduce the electron den- 

ity on the active site (central metal atom), making the active site 

ore accessible for extra electron injection, allowing the active 

tate of the catalytic site to be accessed at lower potentials and 

hereby lowering the overpotential [58–60] . Similarly, electron- 

onating groups (EDGs) on the core of molecular catalysts increase 

lectron density on the active site, making its reduction more dif- 

cult and increasing the overpotential towards ORR. 

The nature and features of the pre-equilibrium, as well as the 

ate-determining step (RDS), are also affected by the substituents 

n the molecular catalyst’s core, which in turn impacts their TOF. 

hether a pre-equilibrium or RDS [50] , the first and most impor- 

ant step in ORR is the binding of O 2 with the active site, pro-

ucing the O 2 -adduct. Therefore, in the context of an electronic 

ush-pull process, the action that makes the overpotential more 

or less) favorable is predicted to decrease (or raise) the affinity be- 

ween the active site and O 2 . This justification is based on the ‘iron

aw’, which states that modifying a catalyst’s substituents changes 

he catalyst’s electronic structure, resulting in a positive change in 

ne parameter but a negative change in another. By analyzing how 

ltering catalyst substituents affect succeeding stages in the reac- 

ion mechanism, the reality and degree of this ‘iron law’ may be 

roven. For example, tetra-substituted iron porphyrins ( Fig. 4 (a–

)) displayed 4e − ORR in protonated N, N-dimethylformamide. The 
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Fig. 3. Scheme for the (a) conversion of reactant into product electrochemically and corresponding rate constants, and (b) free energy curve. (c) The plot between the 

normalized rate constant, k / k 0 , vs. applied driving force for various molecular catalysts. (d) Tafel plots at the potentials mentioned in curve (c), and corresponding (e) 

Volcano plots simulated. Adapted with permission [ 51 , 52 ], Copyrights 2019 American chemical society publishing group. 
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ost important feature of these molecular models is that they ex- 

ibit Fe 3 + /Fe 2 + redox couple, which acts as ORR mediator. 

Moreover, for these molecular electrocatalysts, the rate of the 

verall ORR process was found to be dependent on the concen- 

ration of both the O 2 and DMFH 

+ , involving the k 1 and k 2 rate

onstants, as depicted in Fig. 5 (a). When E °cat is used as a ther-

odynamic index, the overall rate constant, k cat = K 2 k 3 , seems to 

ave a strong Hammett-type association with it ( Fig. 5 (b)). For in- 

tance, EDGs with these molecular catalysts increase the basicity of 

he O 2 -adduct and decrease its acidity, making the O 2 -adduct pro- 

onated more quickly, and vice versa for the catalysts with EWGs. 

gain, the relationship between TOF and E °cat is steady with the 

iron rule’ ( Fig. 5 (c)), as evidenced by the catalytic Tafel plots in

ig. 3 (d). 

Recently, Han et al. [61] exhibited significant catalytic activity of 

ePc in a chemically regenerative redox fuel cell ( Fig. 5 (d)), which 

as accomplished by the Fe 3 + /Fe 2 + redox pair of FePc. Following 

he reduction of the Fe 3 + state of Fe in FePc to a Fe 2 + state at

he carbon electrode surface in the electrolyte, the re-oxidation of 

he Fe 2 + state into the Fe 3 + state of Fe in FePc was begun by O 2 

dsorption, resulting in the endowment of 4e - ORR. They hypoth- 

sized that first of all, O 2 adsorbs on the Fe 2 + site of FePc, then

 2 gets reduced, generating an O 2 -adduct, which on protonation 

roduces Pc-Fe 3 + and Pc-Fe 3 + -O 2 H species. The further reduction 

f H 2 O 2 and succeeding intermediates eventually took place on Pc- 

e 2 + , resulting in H O and a free Pc-Fe 2 + active site, demonstrating 
2 t

174 
n increase in maximum power density from 170 to 249 mW/cm 

2 

n the process. This improvement shows that using naturally oc- 

urring molecular electrocatalysts could be a good way to improve 

he performance of chemically regenerative redox fuel cells in the 

uture. 

.2. Through axial ligand and substituent’s position effects 

Most naturally occurring porphyry-type molecular models and 

heir synthetic analogues possess D 4h symmetry with a planar 

etra-aza environment around the central metal atom. Therefore, 

xial ligation at the active site is an often-overlooked factor in O 2 

inding to molecular catalysts and their subsequent reactivity. Usu- 

lly, the effect of axial ligation has been the subject of a significant 

mount of research in the context of heme enzyme reactivity [62–

6] . The ORR activity of molecular catalysts is influenced by the 

lectron density on the active site, which is directly affected by 

xial ligand coordination at the fifth position of the active site. On 

he other hand, very few studies have investigated how axial lig- 

tion affects the overpotential and TOF for ORR using molecular 

lectrocatalysts. 

Solomon et al. [67] investigated the effect of axial ligation with 

 tetrakis(4-N-methylpyridyl)-Fe(III)P (TMPyFe 3 + P) molecular cat- 

lyst on the reduction rate of O 2 •. The results revealed that the 

igher lability of the aqua ligand facilitated the inner-sphere e- 

ransfer path with the direct creation of an O -adduct with the 
2 
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Fig. 4. Molecular structure of porphyrin derivatives and cyclic voltammograms of [Fe(TPP)] [51] . 
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MPyFe 3 + P catalyst, but with the other axial ligands, TMPyFe 3 + P 
roceeded to outer-sphere e-transfer ORR. On the other hand, to 

reate a heterogeneous molecular catalyst, Cao et al. [68] adopted a 

imilar strategy, attaching FePc to single-walled carbon nanotubes 

ia linking pyridine at an axial position of FePc ( Fig. 6 (a)). The elec-

rocatalytic ORR experiments demonstrated that the produced cat- 

lyst outperformed the standard Pt/C catalyst in terms of activity 

nd durability ( Fig. 6 (b, c)). Theoretical studies showed that the 

RR was significantly improved due to a dramatic shift in elec- 

ronic as well as geometric structures of FePc brought about by 

he re-hybridization of 3d-orbitals of Fe with the axial pyridine or- 

itals. 

In addition to the axial effect, the substituent position effect 

an also affect the catalytic activity of molecular electrocatalysts. 

s these molecular systems possess e- rich as well as e- poor 

ubstitution sites on their molecular core, therefore, EDG/EWG on 

uch positions will affect the d-orbital of the central metal ion, al- 

ering the catalytic activity of the catalyst. For instance, Lv et al. 

69] examined the effect of substituent position on the ORR activ- 

ty of 2,4,6-OMe-CoP and 3,4,5-OMe-CoP ( Fig. 6 (d, e)) in a different 

tudy. According to the findings, 3,4,5-OMe-CoP showed effective 

RR activity and good durability in comparison to 2,4,6-OMe-CoP 

 Fig. 6 (f-i)). Due to the presence of the -OMe group on the reactive

ites of CoP, 3,4,5-OMe-CoP exhibits increased charge as well as 

ass transfer, and hydrophilicity, endowing its ORR performance. 

his work presents an efficient approach for further enhancing cat- 

lytic activity by introducing the effect of substituent location on 

olecular electrocatalysts. These reports verify the effects of axial 

igation as well as substituents position on the ORR performance of 
u

175 
eterogeneous (molecular systems immobilized on carbon/material 

upport) as well as homogeneous molecular catalysts and provide 

ovel approaches for the rational design of low-cost, long-lasting 

ntelligent molecular electrocatalysts for electrocatalytic ORR. 

.3. Through the M(III)/(II) redox potential 

During oxygen reduction reaction (ORR), molecular catalysts’ 

(III)/(II) redox potential often acts as redox mediators, particu- 

arly those containing Mn and Fe transition metals. It is believed 

hat maximum ORR activity may be reached if M(III)/(II) redox po- 

ential is close to O 2 reduction potential [70] . Therefore, M(III)/(II) 

edox Potential can be considered the key activity descriptor for 

orphyry-type molecular catalysts of Mn and Fe transition metals. 

ince the M(III)/(II) redox potential of the molecular catalysts is as- 

ociated with the eg-orbital of the central metal atom, the shift- 

ng of M(III)/(II) redox potential in the anodic region (up-shift in 

 g energy level) brings about the fine-tuning of their ORR activity. 

his anodic shift in M(III)/(II) redox potential can be achieved via 

lectron-withdrawing group substitution on their molecular frame- 

ork (in the case of Fe and Mn-phthalocyanines, whereas it is vice 

ersa for Co-porphyrins). Fig. 7 (a) demonstrated the plots of ORR 

ctivities in basic media as current densities divided by the num- 

er of electrons involved in the reaction ( n ) for various metallo- 

hthalocyanines, supporting the crucial role of M(III)/(II) redox po- 

ential in ORR activity [53] . Within this framework, the theoreti- 

al aspects were also investigated by several research groups, and 

he results suggested that peripheral substitution on the molec- 

lar framework of metallo-porphyrins [ 11 , 71 ] as well as metallo- 
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Fig. 5. (a) Role of Fe 3 + /Fe 2 + as mediator during ORR. (b) The Hammett-type linear correlation between logTOF ( k cat ) and E °cat of Fe 3 + /Fe 2 + redox couple for FeP molecular 

catalysts. And the corresponding (c) Tafel plots shifting diagonally towards higher rates as well as higher overpotential with the EDGs. Taken with permission [51] . Copyrights 

2017, American Chemical Society publishing group. (d) Representation of a chemically regenerative redox fuel cell using FePc as redox mediator catalyst. Adapted with 

permission [61] , Copyright 2019 American Chemical Society publishing group. 
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hthalocyanines [72–75] could significantly alter their ORR activi- 

ies, and the enhancement in their ORR activity was ascribed to the 

hange in the energy of their d-orbital center. Therefore, molecular 

esigners are putting their effort s into scripting the ideal molec- 

lar catalyst, having M(III)/(II) redox potential close to ORR poten- 

ial to offer the best coupling between the ORR onset potential and 

(III)/(II) redox potential, thereby achieving the highest ORR activ- 

ty. 

Abe et al. [76] adsorbed Fe-azaphthalocyanine (FeAzPc) on ox- 

dized multiwall carbon nanotubes (ox-MWCNTs) in dimethyl sul- 

oxide (DMSO) and tested for ORR activity ( Fig. 7 (b)). The results 

xhibited superior ORR with far better durability compared to par- 

nt FePc and commercial Pt/C due to the electron-withdrawing 

EW) properties of the pyridinic-N atoms in FeAzPcs. The EW na- 

ure of pyridinic-N atoms in FeAzPcs decreased the electron den- 

ity of Fe-sites, resulting in an anodic shift in Fe(III)/(II) redox po- 

ential, which acted as an ORR mediator, as compared to FePc, 

hereby, enhancing the ORR activity of FeAzPc ( Fig. 7 (c)). Further, 

n order to support the FeN 4 moieties as the active sites for ORR 

n FeAzPc, they performed an ORR test in KCN and found that CN- 

ons were adsorbed on Fe-sites, reducing the overall ORR perfor- 

ance of the FeAzPc catalyst ( Fig. 7 (d)). This work opens the door

o possibilities for designing similar analogues of FePc with strong 

WGs on their molecular core to improve the ORR performance of 

orphyry-type molecular systems further. 
176 
Considering the similar concept of Fe(III)/(II) redox poten- 

ial and enhancement of active site density in ORR, Zhang 

t al. [77] polymerized iron-phthalocyanine (pFePc) via a one-pot 

icrowave-assisted strategy ( Fig. 7 (e)). The pFePc displayed ex- 

remely high ORR performance, showing activity much better than 

hat of the FePc monomer and 20 wt% Pt/C. The increased ORR ac- 

ivity of pFePc over monomeric FePc was attributed to a shift in 

he Fe(III)/(II) redox potential in the anodic region caused by in- 

reased pi-pi conjugation ( Fig. 7 (f, g)). Moreover, an edge-closing 

rotocol has been proposed with the aim of enhancing the stabil- 

ty of pFePc in a basic environment via the removal of edge anhy- 

ride groups. The best performance of high-power density as high 

s 452 mW/cm 

2 is reported using edge-closed pFePc as a cathode 

atalyst in alkaline polymer electrolyte membrane fuel cells. 

Recently, our research group also prepared conjugated poly- 

ePc through the polymerization of 1,2,4,5-tetracyanobenzene in 

he presence of FeCl 2 in microwave conditions. The prepared poly- 

ePc was tested for its ORR activity, and the results demonstrated 

hat poly-FePc exhibited higher ORR activity than monomeric FePc, 

nd the improved ORR activity of poly-FePc could be attributed 

o the extended pi-pi conjugation in poly-FePc, which could sig- 

ificantly shift the Fe(III)/(II) redox potential in the anodic region, 

hich acted as an ORR mediator, enhancing the ORR activity of 

oly-FePc than monomeric FePc ( Fig. 7 (h, i)) [78] . Theoretical stud- 

es demonstrated that the 4e - ORR pathway was followed because 
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Fig. 6. (a) Systematic representation of CNTs-pyridine axially coordination with FePc. (b) ORR LSVs of FePc-CNTs, FePc-Py-CNTs, and Pt/C catalysts. (c) ORR Tafel plots for 

the FePc-Py-CNTs and Pt/C electrocatalysts. Taken with permission [68] . Copyrights 2013, Elsevier publishing group. Chemical structures of (d) 2,4,6-OMe-CoP and (e) 3,4,5- 

OMe-CoP, molecular catalysts. (f) LSV curves, (g) Tafel slopes, and (h) e - transfer number of the molecular electrocatalysts during ORR. (i) The stability plot for both the 

2,4,6-OMe-CoP and 3,4,5-OMe-CoP molecular electrocatalysts. Taken with permission [69] . Copyrights 2021, Nature publishing group. 
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he significant conjugation in poly-FePc lowered the energy of the 

z 2 -orbital of Fe, putting it closer to the pi ∗-orbital of O 2 . The find-

ngs of this study revealed that modifying the electrical topologies 

f the molecular catalysts could improve ORR performance. 

Further, Venegas et al. [79] reported the effect of fifth coordi- 

ation on the Fe(III)/(II) redox couple and, as a result, on the ORR 

ctivity of the 16 (Cl)FePc molecular catalyst in a similar manner. 

ig. 8 (a) illustrates the CNTs modified with pyridine (CNTs-Py) in 

 2 saturated 0.1 M H 2 SO 4 electrolyte and FeN 4 (FePc as well as 

6 (Cl)FePc) in the presence or absence of a Py-axial link. The re- 

ults show that the Fe(III)/(II) redox couple has a higher redox po- 

ential in 16 (Cl)FePc than in unsaturated FePc, which may be due 

o the distribution of the electron-withdrawing Cl-group across the 

h-ligand. The basic nature of CNTs makes them capable of chang- 

ng the electron density of Fe via pi-pi electronic communication. 

RR catalysis is favoured by the shift of Fe(III)/(II) redox potential 

o the anodic region ( Fig. 8 (b, c)) [ 4 , 30 ]. Fig. 1 (c) represents H 2 O 2 

roduction corroborated by a rotating ring disc electrode (RRDE). 

he formation of H 2 O 2 becomes more pronounced if the axial lig- 

nd is absent. CNTs- 16 (Cl)FePc is the most potent catalyst for H 2 O 2 
177 
roduction, while Py ligand is reported to reduce H 2 O 2 production 

o very low levels ( Fig. 8 (d)). The reason may be the decoupling of

he metal center due to coordination from CNTs, which eventually 

elps alter the geometrical and electronic structure to restrict the 

 2 O 2 formation. Further, they suggested that although the activity 

f 16 (Cl)FePc was not higher compared to FePc, the EWGs (Cl) on 

ePc disfavour the coupling of O 2 with Fe, resulting in a mismatch 

n the energy of the frontier orbitals, which shifted the Fe(III)/(II) 

edox potential ( Fig. 8 (e)) and thus lowered the ORR activity. 

.4. Through controlling the M-O 2 binding energy 

It is established that metal (M)-O 2 binding energy ( E b(O2) ) on 

olecular catalysts can be controlled via chemical modification of 

he molecular core of the catalysts. For instance, the volcanic re- 

ationship between ( E b (O 2 )) and ORR activity demonstrated that 

e-based molecular catalysts with high O 2 -affinity enhanced ORR 

ctivity, while Co-based molecular catalysts displayed lower ORR 

ctivity since they had a poor affinity for O 2 , as shown in Fig. 9 (a)

53] . This idea was also correlated with the M(III)/(II) redox po- 
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Fig. 7. (a) Plots between ORR activities and current densities for various molecular electrocatalysts in an alkaline environment. Adopted with permission [53] , copyrights, 

2019. Elsevier publishing group. (b) Chemistry structure of FePc and iron-tetra-2,3-pyridinoporphyrazine (FeAzPc-4N). (c) CV curves for FePc, and FeAzPc-4N composites in 

N 2 -saturated 0.1 M KOH. (d) LSVs for FePc, and FeAzPc-4N composites in O 2 -saturated 0.1 M KOH before (black) and after (red) the addition of 10 mM KCN [76] . (e) Chemistry 

structure, (f) CVs, and (g) LSVs, of monomeric FePc and poly-FePc (p-FePc). Adopted with permission [77] , copyrights, 2019. ACS publishing group. (h) CVs recorded in N 2 - 

saturated 0.1 M KOH, and (i) LSVs, of monomeric FePc, poly-FePc, and 20% Pt/C. Adopted with permission [78] , copyrights, 2022. Elsevier publishing group. 
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ential, suggesting that EWGs on the molecular core are capable of 

hifting the M(III)/(II) redox potential (for Fe and Mn-based cata- 

ysts, in particular) in the anodic region. In contrast, for Co-based 

olecular catalysts, the M(II)/(I) redox couple acts as an ORR me- 

iator; therefore, the EDGs enhance their O 2 binding affinity and 

hus help in improving the ORR activity. Within this approach, Sun 

t al. [80] used the density of functional theory (DFT) calculation 

n Fe- and Co-based molecular catalysts to figure out the link be- 

ween (Eb(O 2 )) and ORR activity. Fig. 9 (b) displays the optimum 

nergy levels for the M-O 2 adducts in the B3 states of FePc and 

oPc. On the basis of the data, it seems that the Pcs framework 

ncludes both occupied (1u) and unoccupied (2e g ) molecular or- 

itals, as well as a1g (dz 2 ), b1g (dx 2 -y 2 ), 1e g (d zx , d yz ), and b 2g 

d xy ) 3d-orbitals, and the eg-orbitals of FePc, being more energetic 

han CoPc, can contribute electron density into the pi ∗-orbital of 

 2 easily to weaken the O-O bond and thus endow high ORR ac- 

ivity ( Fig. 9 (b)). 

Apart from the above, there is also a correlation between a 

olecular catalyst’s ionization potential (IP) and its O 2 -binding ca- 

acity, as proposed by Shi et al. [81] . Ionic potential (IP) and charge

ver the catalyst molecules are the two most crucial factors in de- 

ermining O 2 -binding capacity. It was hypothesized that ORR activ- 

ty would improve in proportion to increases in IP and O 2 -binding 

nergy. According to DFT investigations, different types of central 

etal ions, ligands, and EW/ED-substituents affect the molecular 

atalyst’s O -binding ability. The EDGs increase and EWGs decrease 
2 i

178 
he O 2 -binding capacity of CoPcs ( Fig. 9 (c)). It is possible to ac-

ount for the observed ORR activity pattern in phthalocyanines and 

orphyrin frameworks by considering their IP and O 2 -binding ca- 

abilities. 

On the other hand, Hui et al. [82] used DFT simulations to 

onfirm the electronic effect of O 2 , OH, and H 2 O 2 species on the 

e/Co-based molecular catalysts. The putative adsorption energy 

f ORR intermediates (OH and H 2 O 2 ) and O 2 molecules adsorbed 

n different Fe- and Co-based molecular catalysts is shown in 

ig. 9 (d). Typically, the adsorption energy of ORR intermediates 

OH 

∗ and H 2 O 2 
∗) was proportional to the adsorption energy of O 2 

n the catalyst (O 2 
∗). On the basis of their theoretical results, they 

uggested that (i) adsorption energies of O 2 and ORR intermediates 

OH and H 2 O 2 ) on the molecular catalysts are mostly determined 

y the type of metal center, (ii) adsorption of O 2 and ORR interme- 

iates on molecular catalysts can be modified through EDG/EWG 

ubstitution on the molecular framework, and (iii) in order to sup- 

ort the effective 4e - ORR route, it is necessary to disrupt the O-O 

ink, which necessitates N-M-N like structures with an appropriate 

-to-N distance and N-to-M electronic collaboration [159]. 

.5. Through inductive electronic effects 

A positive influence on either the overpotential or the TOF 

ay result from the substituents having an inductive electronic 

mpact on the framework of the molecular catalyst. This con- 
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Fig. 8. (a) CVs, and (b) LSVs, of CNT-FePc, CNT-Py-FePc, CNT-16(Cl) FePc, CNT-Py- 16 (Cl)FePc, and CNT-Py, recorded in N 2 and O 2 -saturated 0.1 M H 2 SO 4 solution at 100 mV/s 

and 5 mV/s scan rate, respectively. (b) H 2 O 2 oxidation activity on Pt ring electrode; (c) ORR polarization curves for CNT-16(Cl) FePc and CNT-Py- 16 (Cl)FePc recorded in O 2 - 

saturated 0.1 M H 2 SO 4 solution at 5 mV/s scan rate. (d) H 2 O 2 produced at Pt ring electrode with CNT-16(Cl)FePc; or CNT-FePc; CNT-Py-FePc; CNT-Py-16(Cl)FePc; or CNT-Py in 

O 2 -saturated 0.1 M H 2 SO 4 solution. (e) Plots between ORR activity (log i / G ) and Fe(III)/(II) redox potential, recorded in O 2 saturated 0.1 M H 2 SO 4 . Adopted with permission 

[79] , copyrights, 2022. Royal Society of Chemistry Publishing group. 

Fig. 9. (a) Volcano relationships between ORR activity and O 2 binding energy on various metallo-phthalocyanines. Adopted with permission [53] . Copyrights 2017, American 

Chemical Society Publishing Group. Elsevier publishing group. (b) Optimized M-O 2 adducts at the B3 state for (a) FePc, (b) CoPc, with corresponding Energy levels (a = spin- 

down orbital; b = spin-up orbital), Adopted with permission [80] . Copyrights 2019, American chemical society publishing group. (c) Correlations between Mulliken charges 

on central metal and IPs for various metallo-phthalocyanines. Adopted with permission [81] . Copyrights 2007, American Chemical Society Publishing Group. (d) Relationships 

between calculated adsorption energy of the OH (blue circles)/H 2 O 2 (red squares) and calculated adsorption energy of the O 2 on the Fe and Co-based molecular catalysts. 

Reproduced with permission [82] . Copyright 2019, American Chemical Society Publishing Group. 
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Fig. 10. Chemical structures for the (a) Collman, Chang, and Hangman’s porphyrin-based molecular models [86] . (b) Cofacial Co-porphyrin-based molecular electrocata- 

lysts for ORR catalysts. Taken with permission [90] . Copyrights 2009, American Chemical Society Publishing Group. (c) The expected ORR mechanism with the selectivity- 

determining step [90] . (d) Graphical abstract of co-facial arrangement of FePcs in 1D architecture, (e) LSV curves, and (f) Tafel plots of the monomeric FePc, co-facial FePc, 

and Pt/C catalysts. Taken with permission [91] . Copyrights 2022, American Chemical Society Publishing Group. 
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ept may allow for more realistic experimental circumstances, 

ven if such molecular electrocatalysts can only lead to diago- 

al moves in catalytic Tafel plots. However, overcoming the lim- 

tations as per the ‘Iron rule’ by components affecting the cata- 

yst’s electronic structure under the influence of inductive effect is 

 much more formidable challenge. The key intermediates can be 

tabilized by both through-structure effects and the spatially ex- 

ended functions of some substituents [83] . These effects could be 

aused by the electrostatic attraction or repulsion that occurs be- 

ween charged substituents. The ORR serves as a classic illustra- 

ion of this principle, in this case, the tetra(2-pyridyl) FeP man- 

ges to avoid the linearity of the ‘iron law’ relationship [84] . This 

s explained by the fact that 2-pyridyl substituents can undergo 

rotonation to offer electrostatic action. Through-space effects in 

olecular catalysts, like environmental effects that occur at active 

ites contained by enzymes with non-anticipated influential effects 

85] . 

.6. Through the secondary coordination-sphere effects 

Many attempts have been made to boost the ORR performance 

f molecular electrocatalysts by imitating the effects of consolidat- 

ng and stimulating the O 2 -adducts of metalloenzymes [86] . These 

ttempts have been met with varying the secondary coordina- 

ion sphere (SCS) in molecular electrocatalysts, modifying the elec- 

ronic structure of active sites and their ability towards O 2 bind- 

ng as well as O 2 activation [87–89] . These SCS effects originate 

rom the hydrogen-bonding donors (HBDs) and Lewis acid moi- 

ties in the molecular framework of the catalyst during the ORR 

rocess. 
180 
One of the key challenges in the early stages of O 2 -binding in- 

estigations was to examine the differences in the relative binding 

trengths of O 2 and CO with the Fe-site of the porphyrin ring in 

aemoglobin and myoglobin, which strongly favors CO [ 92 , 93 ]. It 

as been determined through many studies [ 94 , 95 ] that the pres-

nce of HBDs in the active site pocket is responsible for this dif- 

erence. It is hypothesized that the HBDs have the capability of 

tabilizing the bound superoxide adduct. In addition, a wide range 

f porphyrin-based molecular catalysts that have HBDs in the SCS 

as been designed, synthesized, and evaluated for their potential 

o facilitate the electrocatalytic ORR. The formation of unfavorable 

imers and oxo-adducts by metallo-porphyrins can be prevented 

y HBDs, as these factors limit the ORR activity of molecular elec- 

rocatalysts. The HBDs not only raise the affinity for O 2 binding, 

ut also raise ORR activity. For instance, several research groups 

 93 , 96 , 97 ] have constructed molecular catalysts with acidic groups 

r HBDs serving as H 

+ relays and investigated the electrocatalytic 

RR [98–101] ( Fig. 10 (a)). The O-O link rupture can be promoted 

irectly by the presence of acidic groups or HBDs near the O 2 - 

inding site [ 102 , 103 ], which is a crucial fundamental step in reg-

lating ORR activity with high selectivity. 

.7. Through the co-facial dual atom sites 

In traditional molecular catalyst research, covalently coupled 

o-facial dual-atomic molecular electrocatalysts for ORR have 

rawn a lot of attention in addition to monomeric molecular cata- 

ysts. The majority of single-atomic molecular catalysts exhibit 2e - 

RR, generating H 2 O 2 . This has prompted the scientific commu- 

ity to develop co-facial molecular structures to stabilize the per- 
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Table 1 

ORR performance of some porphyry-type molecular electrocatalysts. 

Molecular electrocatalysts Electrolyte E Onset (V) E 1/2 (V) Refs. 

Face-to-face stacked nanorods 0.1 M KOH + 0.97 V vs RHE + 0.91 V vs RHE [91] 

Face-to-face stacked iron phthalocyanine 0.1 M KOH -0.04 vs SCE -0.14 vs SCE [91] 

Face-to-face stacked cobalt phthalocyanine 0.1 M KOH -0.20 vs SCE -0.34 vs SCE [106] 

Face-to-face stacked zinc phthalocyanine 0.1 M KOH -0.30 vs SCE -0.43 vs SCE [106] 

Iron phthalocyanine/Graphene oxide 0.1 M KOH - -0.32 vs SCE [74] 

Iron phthalocyanine/ Graphene oxide/ Multi-walled carbon nanotubes 0.1 M KOH -0.07 vs SCE - [74] 

Tetra-CP substituted iron phthalocyanine 0.1 M KOH -0.069 vs SCE -0.23 vs SCE [107] 

Iron phthalocyanine/Carbon black 0.1 M H 2 SO 4 -0.09 vs Hg/HgSO 4 - [108] 

Bi-nuclear iron phthalocyanine/Carbon black 0.1 M H 2 SO 4 -0.01 vs Hg/HgSO 4 - [108] 

Iron phthalocyanine/N-doped graphene sheets 0.1 M H 2 SO 4 -0.02 vs Hg/HgSO 4 - [108] 

Bi-nuclear iron phthalocyanine/N-doped graphene sheets 0.1 M H 2 SO 4 0.12 vs Hg/HgSO 4 - [108] 

Iron porphyrin/graphene 0.1 M KOH + 0.98 V vs RHE + 0.88 V vs RHE [109] 

Cobalt porphyrin/Reduced graphene oxide 0.5 M KOH + 0.98 V vs RHE + 0.88 V vs RHE [110] 

Iron porphyrin/Reduced graphene oxide 0.1 M KOH + 0.95 V vs RHE + 0.86 V vs RHE [111] 

Iron porphyrin/Multi-walled carbon nanotubes 0.1 M HClO 4 + 1.0 V vs RHE + 0.88 V vs RHE [112] 

Hemin/CNTs/Reduced graphene oxide 0.1 M KOH + 0.98 V vs RHE + 0.89 V vs RHE [113] 

Hemin/Carbon nanotubes 0.1 M KOH + 0.91 V vs RHE + 0.81 V vs RHE [113] 

Hemin/Reduced graphene oxide 0.1 M KOH + 0.94 V vs RHE + 0.86 V vs RHE [113] 

Hemin/Carbon black 0.1 M KOH + 0.92 V vs RHE + 0.78 V vs RHE [114] 

Heat-treated hemin/ Carbon black 0.1 M KOH + 1.0 V vs RHE + 0.86 V vs RHE [114] 
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xide intermediate and prefer 4H 

+ /4e - ORR, via direct O-O link- 

ge breaking [ 91 , 104 ]. Although most co-facial molecular systems 

ave been immobilized on carbon electrode surfaces as hetero- 

eneous electrocatalysts and tested for ORR performance, recent 

tudies have shown that they also have excellent ORR activity in 

 homogeneous phase, and their catalytic properties are highly de- 

endent on the distance and angle between both active sites in- 

orporated into the co-facial molecular framework [ 86 , 90 , 105 ]. Co-

acial porphyrins ( Fig. 10 (b)), for example, showed ORR in PhCN 

ith HClO 4 and Me 2 Fc. Due to the formation of a Co-O-O-Co 

dduct between both Co-active sites, only these molecular cata- 

ysts possess 4e - ORR with high selectivity [105] . The kinetic in- 

estigation of this catalyst revealed that RDS is dependent on the 

eductant concentration, so the reaction was classified as a first- 

rder reaction. Furthermore, the experimental rate laws suggested 

hat proton-coupled electron transfer (PCET) from Co 3 + /Co 2 + to O 2 

ith the Me 2 Fc immediately began the intramolecular O-O bond 

reakage with the Me 10 Fc, resulting in a 4e - mechanism during 

RR ( Fig. 10 (c)). 

Besides the significant development, single or dual-atomic 

olecular electrocatalysts still do not possess satisfactory durabil- 

ty during ORR. It can be attributed to the de-metalation of the 

etal active site in the electrolyte from their molecular frame- 

ork, losing their performance, and it is therefore very challenging 

o realize molecular catalysts for practical use in energy devices. 

ence, there is a need to develop several strategies to benchmark 

he performance of such molecular electrocatalysts, enabling the 

eplacement of costly materials in such technologies [51] . The most 

mportant aspect of molecular electrocatalysts is their transforma- 

ion from molecular phase to stable and redox-active 1D/2D/3D 

ngineering (using covalent, non-covalent, or coordination-based 

trategies) to make them usable at a practical level with superior 

erformance in energy conversion devices. Very recently, our re- 

earch group constructed 1D architecture (nanorods) incorporating 

he FePc molecules in co-facial arrangement ( Fig. 10 (d)) [91] . The 

onstructed FePc architecture displayed excellent ORR performance 

n terms of activity, selectively as well as durability ( Fig. 10 (e, 

)). The findings of advanced characterization techniques suggested 

hat O 2 was inserted between two Fe-sites, forming a trans Fe-O- 

-Fe adduct, which facilitated the fast ORR (direct O-O bonding 

upture), avoiding H 2 O 2 formation. Table 1 shows the ORR perfor- 

ance of some porphyry-type molecular electrocatalysts. 
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. Conclusions 

.1. Summary 

To sum up, the search for suitable alternatives to expensive 

t electrocatalysts for ORR is still going on for the advancement 

f fuel cell technology. Among various developed classes of elec- 

rocatalysts, porphyry-type molecular catalysts have been used as 

romising ORR catalysts. This article discusses the thermodynam- 

cs of ORR for a fundamental understanding of the ORR mecha- 

ism with molecular electrocatalysts. Further, it deals with the fun- 

amental chemistry of molecular catalysts, highlighting their elec- 

ronic and electrochemical features and correlations with electro- 

atalytic ORR activity, and discussing the volcano plots under the 

uidance of Sabatier’s principle. 

Depending on the nature of the active site and type of molec- 

lar core, these molecular models offer end-on or side-on adsorp- 

ion configurations for O 2 on the central single-atom site, display- 

ng 4e - /2e - ORR process. Under the light of activity descriptors, 

ncluding redox potential, O 2 -binding energy, frontier energy lev- 

ls (HOMO-LUMO), the close proximity of dual-atom sites, ion- 

zation potential, and Mullikan charge on the central metal atom, 

he ORR activity and selectivity of porphyry-based molecular cata- 

ysts can be controlled by modifying them chemically. On the other 

and, understanding volcano plots for ‘O 2 binding energy vs. activ- 

ty’ and ‘redox potential vs. activity’ provides a useful prospect for 

he tailoring of porphyry catalysts to improve their catalytic ORR 

ctivity. 

According to the findings of these volcano plots, electron- 

ithdrawing group-substituted Fe-based molecular electrocatalysts 

isplay an anodic shift in Fe(III)/Fe(II) redox potential, improving 

he O 2 binding energy on the Fe-site, thereby enhancing the ORR 

atalytic activity. Since the M(III)/M(II) redox potential represents 

he eg-orbital of molecular electrocatalysts, the optimum electronic 

oupling between the eg-orbital of molecular systems and π ∗- 

rbital of O 2 will represent the onset potential of the ORR polar- 

zation curve. This fact opens the door for the further modification 

f molecular electrocatalysts to achieve their desirable ORR perfor- 

ance. 

Also, porphyry-type molecular models with co-facial arrange- 

ents can provide the precise configuration of dual-atomic sites 

or the mutual coordination of both the O-atoms of O 2 , forming a 
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Fig. 11. Schematic representation of molecular catalysts with other components 

from fundamental chemistry, material science, and electrochemistry to design ef- 

ficient molecular catalysts for ORR. 
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is- or trans-O 2 adduct and, as a result, a direct breaking of the O-

 bond, which makes them more selective for 4e - ORR.This strat- 

gy can be extended to the design of various dual-atomic molec- 

lar as well as metal-nitrogen-carbon materials. Although ongo- 

ng advancements have been achieved for porphyry-type molecular 

lectrocatalysts for ORR, several issues with these catalysts related 

o the precise control of the electronic structure of the central ac- 

ive site, limited activity, and durability remain to be addressed, as 

iscussed in the next subsection. 

.2. Challenges and future prospects 

Applying the Sabatier rule and analyzing the volcano plots of 

urrent vs. thermodynamic parameters is an appealing strategy for 

ptimizing molecular electrocatalysts, offering many advantages to 

haracterize catalytic reactions, and create novel electrocatalysts 

ith benchmark performance. This fascination is not simply due 

o the breathtaking landscapes that it inspires, but also because 

lectrocatalysis is described via a single variable. Both of these fac- 

ors contribute to the overall appeal of this approach. Neverthe- 

ess, it is believed that a catalytic reaction cannot be conceived as 

 solitary elementary process, and this strategy is not relevant to a 

arge number of molecular catalysts. This is because a catalytic re- 

ction involves more than one elementary step. On the other hand, 

he primary intermediate’s free energy is not the only criterion for 

escribing catalytic processes. This is why it seems that standard 

atalysts are more fruitful than volcano hunting. In addition, the 

atalytic Tafel plots, which establish a relationship between TOF 

nd overpotential, make it possible to provide a more comprehen- 

ive explanation of the kinetics of catalysis. It also serves as a solid 

oundation for standard catalysts and evaluating novel concepts in 

atalyst design. The catalytic Tafel plot associates many parameters 

hat regulate the catalytic activity of the catalysts, and therefore, 

ore precise investigations on these concepts are required to in- 

ent the ideal molecular catalyst for ORR. 

On the other hand, a thorough and extensive study for incor- 

orating suitable components into the catalyst structure to have 

n inductive effect on the active site is required to interplay via 

pace instead of the catalyst’s framework to get around the so- 

alled “iron rule”. The electrochemical conversion of dioxygen to 

ater by substituted porphyry-type molecular systems has been 

mproved via space effects under the influence of electrostatic as 

ell as hydrogen bonding, nevertheless, advanced research is re- 

uired to apply these concepts to molecular catalysis. In this con- 

ext, quantum chemical calculations may have a potential role in 

hemical ingenuity. However, it is crucial to remember that com- 

arative estimations that demonstrate a tendency are dependable 

ompared to actual values, especially those that are derived from 

he most cutting-edge methods. Therefore, a physico-mathematical 

nvestigation is required in order to find the bare minimum num- 

er of non-dimensional regulating parameters. This is a preferred 

pproach for utilizing ‘theoretical simulation’ methodologies, how- 

ver, it does require one to assess all experimental resources, such 

s scan rate effect and change, order of reaction of the catalyst, 

ubstrate, and co-substrate. Repetition of tests/methods is neces- 

ary if a new catalyst needs to be produced to derive mechanistic 

nowledge. 

Moreover, although substantial efforts are made for the durabil- 

ty enhancement of porphyry-type molecular electrocatalysts, these 

lectrocatalysts still exhibit poor stability. To remedy this prob- 

em, it may be necessary to investigate the concept of thermal- 

reatment and conductive materials as support in order to identify 

he most likely solution to enhance their stability during catalytic 

peration. Fig. 11 illustrates the linking of (i) molecular models and 

heir catalytic activity, controlling the activity descriptors, (ii) ac- 

ivity and durability, employing the concepts of material science, 
182 
nd (iii) durability and molecular models, measuring the electro- 

atalytic parameters to approach the molecular catalysts at large 

cale. In addition, precursors used in the fabrication of molecu- 

ar catalysts are expensive. In addition, the procedures involved 

n the creation of molecular catalysts are costly, rendering the en- 

ire endeavor unfeasible from an economic point of view. Discov- 

ring inexpensive precursors is necessary for resolving these diffi- 

ulties. Extensive research is required to find a low-cost method 

or producing molecular catalysts, reducing the total cost to a 

evel where these electrocatalysts can be used commercially. This 

chematic representation of molecular catalysts with other com- 

onents from fundamental chemistry, material science, and elec- 

rochemistry shows the possibilities and future directions for de- 

igning efficient molecular catalysts for ORR. We hope this review 

rticle will assist readers in gaining a better understanding of fun- 

amental scientific and engineering concepts to design effective 

olecular and atomically dispersed single-atom/dual-atom metal- 

itrogen-carbon (M-N-C) electrocatalysts and to comprehend 

heir ORR mechanism, over potential, TOF, catalytic Tafel plots, 

tc. 
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