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Structure of MN4 typical molecular versatile catalysts:
metal phthalocyanines (left) and metal porphyrin (right).
M=Cr, Mn, Fe, Co, Ni.

N-4 MACROCYCLICS COMPLEXES
(bioinspired versatile electrocatalysts)
Models for O2 reduction



N-4 MACROCYCLICS COMPLEXES 
(bioinspired versatile electrocatalysts)
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A cobalt porphyrin network enclosing MWCNT for ORR favoring the  
4-electron transfer pathway  
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The development of innovative techniques for the functionalization of carbon 

nanotubes that preserves their exceptional quality, while robustly enriches their properties is a 
central issue for the development of applications. In the actual context of renewable energy, 
we and others envisioned the use of functionalized carbon nanotubes in electrocatalytic 
systems.1-3 In such systems, the catalysts (e.g. metallic nanoparticles or organometallic 
complexes) need to be supported on conducting materials. Carbon nanotubes, because of their 
electrical properties and their high specific surface appeared as the ideal candidate for that 
purpose. 

In this work, we describe the formation of a covalent network of porphyrins around 
MWNTs. Our approach is based on the adsorption of cobalt (II) meso-tetraethynylporphyrins 
on the nanotube sidewalls followed by the dimerization of the triple bonds via Hay-coupling;4 
during the reaction, the nanotube acts as a template for the formation of the polymeric layer. 
The resulting material demonstrates a good stability resulting from the cooperative effect of 
���� �	������� 
-stacking interactions between the porphyrins and the nanotube and by the 
covalent links between the porphyrins. The nanotube hybrids were fully characterized and 
tested as supported catalyst for the oxygen reduction reaction (ORR) in a series of 
electrochemical measurements in acidic conditions. 
Compared to similar systems in which monomeric 
porphyrins are simply physisorbed, MWNT-CoP hybrib 
showed a higher ORR activity with a lower 
overpotential and a higher current density explained by a 
reaction pathway closed to 4.5 
 

Figure: Schematic representation of the MWNT/Co-
porphyrin hybrid system 
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Different surface configurations of intact MN4 catalysts on electrodes





Inner sphere O2 reduction

•6

O2 + 4e + 4H+ ------à 2H2O        Eo=  1.230 V Fuel cells
O2 + 2e + 2H+ -----à H2O2 Eo = 0.695 V
O2 +  e  -----à O2- Eo = -0.695 V   Li batteries



Low cost catalysts are required to avoid the use of 
expensive noble catalysts for O2 cathode in fuel cells 

. $$$$$$$

7Power =   Current x Voltage  / Watts



The role of the catalyst is crucial.  Not only 
increases the rate of the reaction…it increases the 

voltage of the cell



Influence of type of O2 catalyst on the 
performance of a fuel-cell electric car
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identification of good descriptors for a given catalytic reaction, and
it has made it possible to map out optimum regions of descriptor
space to help discover leads for new catalysts. In the present per-
spective, we briefly highlight some of these new developments.

2. Quantifying the bond strength

One of the first challenges toward a quantified heterogeneous
theory of catalysis is determining a suitable quantity, or ‘‘descrip-
tor’’, to represent the ‘‘bond strength’’ of interest. The early lit-
erature often used bulk properties such as the heat of formation
of the metal oxide [22] or suitable compound [23], or the number
of d-orbital electrons [24]. As noted already by Sabatier, the rele-
vant bond strengths should of course be related to bonds at the
surface and not in the bulk or in molecules [3]; however, prior to
the recent advances in computational chemistry, bulk formation
energies were the simplest and most reliably determined quanti-
ties to use. An example using the oxide heat of formation to
describe ammonia synthesis activity is shown in Fig. 2a. It can be
seen that while there is some correlation, the ‘‘volcano relation-
ship’’ is far from convincing.

The volcano plot is much improved when the actual nitrogen
adsorption energies on the relevant metal surfaces are used as
the descriptor (see Fig. 2b). Here the same experimental rates are
plotted against the nitrogen adsorption energies as determined
by density functional theory (DFT) calculations [25].

The improved relationship of the volcano plot in Fig. 2b indi-
cates that the adsorption energy of N⁄ at the surface site provides
a much better quantitative description of the ‘‘bond strength’’ con-
cept of the Sabatier principle than the oxide heat of formation. This
is intuitive, since the N⁄ adsorption energy is a surface property,
and the reaction is mediated by the surface. Furthermore, the N⁄

adsorption energy probes the interactions between the transition
metal and nitrogen (rather than oxygen), which is present in all
intermediates of the ammonia synthesis reaction.

3. Dimensional reduction: scaling relations

While nitrogen is undoubtedly a key intermediate for ammonia
synthesis, there are also several other intermediates and transition
states that play a role in the reaction. In order for the bond strength
to be a valid descriptor, it must describe the interaction between
the surface and all relevant intermediates and transition states.
To illustrate why a single descriptor is sufficient, consider the fol-
lowing very simple mechanism for ammonia synthesis:

N2ðgÞ þ 2$ ! N—N$þ$ ! 2N$

N$ þ 3=2H2ðgÞ! NH3ðgÞþ$

Let us also assume that the first step, N2 dissociation, is rate lim-
iting. Both experiments and theory show that this is the case for
the most active catalysts [26–28]. In this simple model, the rate
is determined by two variables that are in principle independent:
the transition-state energy (activation barrier) for N2 dissociation
(EN–N) (determining the rate of dissociation) and the adsorption
energy of nitrogen (EN) (determining the coverage on the surface).
Fig. 3a shows the rate calculated with this mechanism and a mean-
field kinetic model as a function of these two variables. Values of
(EN, EN–N) of stepped transition-metal surfaces are overlaid on
the plot. It can be seen that there is a clear linear scaling relation
between the two variables. This means that a single variable is
enough to define the catalyst in terms of the ammonia synthesis
rates, thus explaining why the experimental data in Fig. 2b and
the model data in Fig. 3b can be ordered very well using the nitro-
gen adsorption energy as the descriptor.

The approach outlined above for a simple reaction can be gen-
eralized to much more complex reaction networks. Consider for
example the hydrogenation of CO to form methane, methanol, or
ethanol. Even a very simple model for this reaction network con-
tains 52 elementary reactions (a subset of which are shown in
Fig. 4, see Ref. 30 for more details) and therefore, in principle,
has approximately 104 independent energy variables (one reaction
energy and one activation energy for each elementary reaction
step) characterizing the reaction. Understanding trends in a space
with more than 3 dimensions is a daunting task, leaving very little
space for intuition or for developing catalyst design principles. A
very considerable reduction in complexity is needed.

The solution to this problem lies in the generality of the scaling
relations. Fig. 4 shows that the intermediates and transition states
of many different classes of elementary steps can be determined
using only a linear combination of the carbon and oxygen
adsorption energies. In this case, there are two descriptors since

Fig. 1. Schematic representation of the qualitative Sabatier principle.

Fig. 2. (a) Volcano plot for the ammonia synthesis reaction over K-promoted transition-metal catalysts at 523 K and 0.8 bar using oxide heat of formation as a bond strength
descriptor (adapted from Ref. [22]). (b) Volcano plot of the same rates with the nitrogen adsorption energy at stepped metal surfaces as determined by DFT calculations using
the RPBE functional (from Ref. [25]) as a descriptor.

A.J. Medford et al. / Journal of Catalysis 328 (2015) 36–42 37



SEMI-THEORETICAL VOLCANO PLOT 
from Norksov et al. For O2 reduction

nitrogen and fluorine, are respectively a 4S1.5 quartet and
2P1.5 doublet. Dinitrogen is very unreactive at ordinary
temperatures, while difluorine is the most reactive
element. The reactivity of dioxygen falls between the
two. Much of its general lack of reactivity on ordinary
materials (e.g., carbon compounds) at ambient temper-
atures may be explained by its spin state, which also
results in the molecule being paramagnetic. The result is
such that its reactivity is limited by being spin-forbidden.
However, at high temperatures it reacts explosively with
carbon compounds and many metals in highly exother-
mic reactions, in which sufficient energy is released to
excite it to the singlet state before reaction. At low
temperatures, the normal triplet must have a suitable
substrate for bonding, which limits catalysis to paramag-
netic substrates, e.g., transition metals and their ligands.

As Santos and Schmickler have pointed out [70, 102],
the importance of understanding the oxygen reduction
reaction at low temperature is vital for the development of
electrochemical energy conversion devices. They hope that
the use of DFT calculations may aid this. Koper has also
edited a book that addresses this subject [103]. To avoid
concentration polarization problems in the electrolyte and
the consequent loss of cell voltage, it is important to only
use strong acid or strong alkaline electrolytes in low
temperature fuel cells. Both have disadvantages: the first
have inferior oxygen reduction kinetics to those in alkaline
media and have a limited choice of both construction and
electrocatalytic materials due to stability considerations in
the medium; the second have technical problems, e.g., the
well-known difficulty of carbonate formation in the
electrolyte even when purified air is used and the parallel
need for very pure hydrogen feedstock. Some computa-
tional approaches using DFT calculations have been made
on the electrocatalysis of the ORR in acid electrolyte, but
they include metals which are unstable in such media [104,
105], so their practical application is difficult to determine.
In this work, Nørskov et al. [104, 105] examined the
alternative rate-determining steps:

Oads þ Hþ þ e" ! OHads ð23Þ

O2ðadsÞ þ Hþ þ e" ! O2Hads ð24Þ

They assumed that the adsorbed intermediates were
identical with the species derived from water oxidation. By
determination of free energies of adsorption (which are
dependent on coverage), they computed the equilibrium
rates as a function of these free energies using Sabatier
principle analysis [71], also called Brønsted–Evans–Polanyi
plot by these authors. Results show a calculated volcano
plot with a rising side (positive free energy of adsorption)

with a Brønsted slope of +1.67 and a falling side (lower
positive free energy of adsorption to negative free energy)
of −0.6 (see Fig. 8). The volcano maximum occurs at a free
energy of adsorption of about +1.5 eV, where Pt (111)
occurs. In conclusion, they stated that the results would be
similar if second non-dissociative rds is regarded as being
rate determining.

The earlier paper by Bligaard et al. quoted above [105]
addresses Sabatier effects for chemical reactions involving
gaseous species in which the first step is dissociative
adsorption, followed by reaction with a second species to
give another adsorbed intermediate, which then desorbs. In
it, all adsorption phenomena are assumed to be Langmuir-
ian. The resulting kinetic analysis is relatively complex
because of the algebra involved in the dissociative
reactions, but the conclusion is that a volcano will result
with a rising portion as a function of more negative free
energy of adsorption at high coverage of the dissociate,
whose desorption is rate determining. This will be followed
by a region of falling rate at low coverage, in which the
dissociative chemisorption is rate determining. This corre-
sponds to the analysis of the Volmer–Heyrovsky hydrogen
evolution reaction discussed earlier, in which the adsorption
is rate determining at low coverage and the desorption is
rate determining at high coverage. This appears to be a
general rule, provided we assume Langmuir adsorption.
The Nørskov et al. paper [104] does assume that a proton is
involved in the rds; however, this assumption has not been
universal. The Lawrence Berkeley Laboratory workers have
always maintained [3–8] that the rds of the reaction is
simply O2+e

−→O2
−, apparently based on the fact that the

overpotential for the process in acid solution is about the same
as that in alkaline solution. This conclusion is meaningless
since any such reaction would be expected to have no pH
dependences on going from acid to alkaline solution.

Fig. 8 Volcano plot for the reduction of O2 plotted versus the oxygen
binding energy. Adapted from Nørskov et al. [106]

1824 J Solid State Electrochem (2011) 15:1811–1832
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• An asteroid believed to be carrying up to 90 million tons of 
platinum in its core, as well as other rare and precious 
materials,  passed our planet in July 2015.

• .
The platinum-rich asteroid officially named 2011 UW158, is 452 
meters by 1,011 meters in size and passed Earth at a distance 
of an estimated 2.4 million kilometers, according to the 
Goldstone Radar Observatory. It was 30 times closer to Earth 
than the closest planet of the Solar system. ‘Platinum’ asteroid 
potentially worth $5.4 trillion

Pt is 
expensive 
on earth 
but..



REACTIVITY DESCRIPTORS OF
MN4 MOLECULAR CATALYSTS FOR ORR

• Classical descriptor:   M-O2 binding energy

• Donor acceptor intermolecular hardness 
(M-O2 hardness, frontier orbital energy 
gap)

• M(III)/(II) formal potential of the catalyst

• Factors that affect these parameters:

• Electron-withdrawing power of the N4

ligand

• Presence of an e-withdrawing axial ligand.



Donor acceptor intermolecular 
hardness (M-O2 hardness, frontier 

orbital energy gap)



Tuning the Co(II)/(I) redox potential with groups on the
ligand
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Fig (A) Relative energies of frontier orbitals of O2 and Co-Pcs. (B) Plot of log k vs. 
ƞDA for oxygen electroreduction catalyzed by different Co-Pcs adsorbed on OPG.  
Apparent rate constants obtained at -0.24 V vs SCE Zagal & Cardenas  J Phys 
Chem, 2003

Donor-acceptor Intermolecular 
hardness.  Parr & Pearson.  
Higher reactivity for less hard 
systems

Mukerjee et al.
JACS, 135 (2013), 15443
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EFECT OF M(III)/(II) REDOX POTENTIAL:Volcano plots of catalytic 
activities for the ORR in alkaline media) for different MN4 catalysts at E = 

0.24 V versus SCE,  Zagal & Koper, Angewandte Chemie, (2016)

electron catalysts in acid, such as cofacial dinuclear Co
porphyrins[65, 68–70, 72] and dimeric Co porphyrins,[65] for which
Tafel slopes of !0.060 V decade!1 have been reported. It is
assumed that, for these complexes, the breaking of the O!O
bond is facilitated by the simultaneous interaction of O2 with
two Co centers. NiIIPc does not undergo redox processes
centered on the metal center[21, 23] and Ni has a low affinity for
O2 (see Figure 3), so the ORR proceeds through a two-
electron process. From the Tafel slope, the rate-determining
step for two-electron catalysts is the first step [Eq. (3d)]:

½MII-OH2#ad þ O2 þ e! ! ½MII-O2
!# þ H2O ðrdsÞ ð3dÞ

For CoN4 complexes, catalytic currents for the ORR are
observed over a wide range of potentials, including potentials
more negative than the CoII/CoI transition, so it appears that
CoI is also active and actually promotes the four-electron
reduction of O2.

[53,81] This change in selectivity is opposite to
that of FeN4 complexes, for which the mechanism changes
from four-electron to two-electron reduction at potentials
when FeI is formed.[51, 80] Vitamin B12 catalyzes the four-
electron ORR at potentials where CoI exists, so this reduced
state of vitamin B12 is definitely active in the reaction.

2.6. Activity Correlations and Reactivity Descriptors

The linear correlation existing between the M-O2 binding
energy and the potential of the MIII/MII transition, as
illustrated in Figure 3, probably originates from the fact that
the redox potential of reaction (1a) depends on the binding
energy of OH! , in combination with the fact that the binding
energies of different oxygenates to the metal center correlate
in a linear fashion (see Figure 4).[42–44] The data in Figure 3
suggest that the formal potential of the catalyst is a good
descriptor of the catalytic activity of these metal complexes,
as suggested in previous studies.[20,21, 45, 48,51–54, 79, 82] However, in
the above reaction scheme, it is assumed that MII binds to
superoxide O2

! , not to O2, but it is expected that a correlation
such as that shown in Figure 3 versus MII-O2

! would show
a similar behavior.[44]

Both volcano[21, 52, 48, 51] and linear correlations[21, 40,52, 53]

have been reported in previous studies that compared the
catalytic activity of MN4 catalysts versus the MIII/MnII redox
potential. Figure 6 shows a correlation with a rather large
number of catalysts in alkaline media. Cr, Mn, Fe, and some
CoN4 catalysts fit within a linear correlation (labeled as 1),
where the activity increases as the MIII/MII formal potential of
the catalyst becomes more positive. This can be taken as the
ascending portion of a volcano correlation. Another correla-
tion (labeled as 2) groups CoN4 catalysts. In this case, Co
phthalocyanines seem to follow a linear correlation that is
somewhat parallel to correlation 1, thus departing from the
volcano correlation. It is not clear why Co phthalocyanines
group into a linear correlation which seems to have the wrong
tendency compared with the dashed line that is shown to
illustrate a possible volcano correlation. All the catalysts on
the right-hand side of Figure 6 are two-electron catalysts,
including CoTMPP. In contrast, the catalysts located on the

left-hand side are four-electron catalysts, with the exception
of Cr-TSPc.

A similar correlation to that shown in Figure 6 is shown in
Figure 7 for acid media, with a rather sharp volcano
correlation suggested. Catalysts of the four-electron reduction
group on the left-hand side of the volcano correlation and

Figure 6. Plots of catalytic activities for the ORR in alkaline media as
current densities divided by the number of electrons involved in the
reaction (n) for different catalysts and recorded at E =!0.24 V versus
SCE. n = 4 for Cr, Mn, and Fe catalysts, and n= 2 for Co catalysts.
Data from Refs. [12,21,23,25,51–53,56,57,74,75]. Data for CoTMPP
were taken from Tanaka et al.[82]

Figure 7. Activity volcano correlation versus the MIII/MII redox potential
of several MN4 catalysts impregnated on Norit BRX carbon for the
reduction of O2 in 8m H2SO4. Activities in A mg!1 of catalyst, adapted
from van Veen et al.[48]

Angewandte
ChemieMinireviews
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Left: correlation between the M-O2 binding energy and the M(III)/(II) redox
potential . Right: Volcano correlation for ORR (pH=13) for different MN4 catalyst
versus the MO2 binding energy. Zagal & Koper Angewandte Chemie
Int.Ed. 55 (2016) 14510. DFT data from Wang et al. J. Chem. Phys. 2013, 139,
204 and Zhang et al. J. Phys. Chem. C 2007, 111, 7084

M-O2   binding MN4 complexes adsorbed on graphite



Figure 3. Activity volcano for ORR on different MN4 catalystsfrom Zagal & 
Koper, Angewandte Chemie Int.Ed. 55 (2016) 14510
Figure 4. Volcano correlation Taken from Norskov et al. J Phys Chem B
108 (2004) 17886.

MN4 Metal complexes Pure metals

4 e-
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O2 + 4e + 4H+ ------à 2H2O        Eo=  1.230 V
O2 + 2e + 2H+ -----à H2O2 Eo = 0.695 V



Does the maximum corresponds to an optimum 
interaction of M with O2 red. intermediates?

two-electron reduction catalysts, which are CoN4 complexes,
appear on the right-hand side. In this case, the CoN4 catalysts
show no deviations from the volcano correlation, as observed
in Figure 6 for Co complexes. However, this is not conclusive,
since there is only one phthalocyanine on the right-hand side
of the volcano curve.

Figure 8a shows a volcano correlation comparing the
activity of several MN4 catalysts for the ORR in alkaline
media versus Eb(O2). The DFT-calculated binding energies of
O2 to the metal center were reported independently by two
groups.[43, 64] It is interesting to note again that the two sides of
the volcano essentially separate four-electron catalysts
(strong binding side) from two-electron catalysts (weak
binding side). The only exception is CrPc, which is a two-
electron catalyst.[21,51] Vitamin B12 is a special case of a CoN4

catalyst because, in contrast to other Co complexes, the CoIII-
OH/CoII couple is shifted to much more negative poten-
tials[74, 75] (Eo’=+ 0.0944 V), compared to, for example CoPc
(E8’=+ 0.88 V). The onset potential for the ORR for
vitamin B12 is close to the CoIII/CoII transition and the
currents track the 0.060 V/pH dependence of this transition.
To the best of our knowledge, there are no reports in the
literature regarding Eb(O2) for vitamin B12. However, a rough
estimate can be made using the linear correlation in Figure 3
and a CoIII/CoII redox potential of + 0.0944 V for vita-
min B12.[74] The estimated value for the O2 binding energy
is !0.82 eV. This positions this catalyst on the strong binding
side of the volcano of Figure 8a (see red square) and this
could explain why vitamin B12 is a four-electron catalyst,
which is atypical of mononuclear CoN4 catalysts.

On the other hand, it is important to point out that CrPc,
4(Ph)FePc, and MnPc have MIII-OH/MII formal potentials
that are more negative than the potential used for comparing
the reaction rates. This means that for CrPc at E =+ 0.0044
versus SHE, most active sites are poisoned by OH! as CrPcIII-
OH, and the fraction of catalytically active CrII would be very
small. The fraction of CrIIPc is VCr(II) = GCr(II)/Gtotal and can be
estimated using the Nernst equation for adsorbed species,
assuming ideal behavior (i.e. E = E8’!1/0.059 log{V-
[OH!]/(1!V)}). The calculated value of VCr(II) at E =+
0.0044 V using the formal potential E8’Cr(III)/(II) =!0.5556 V
versus SHE is 10!8.49. Similar calculations for 4(Ph)FeP
(E8’Fe(III)/(II) =!0.4456 V), FeMeOPc (E8’Fe(III)/(II) =
!0.0506 V), and MnPc (E8’Mn(III)/(II) =!0.0056 V) give values
of VFe(II)4(Ph)P = 10!6·35, VFe(II)MeOPc = 0.542, and VMn(II) = 0.87,
respectively. This confirms that the very low activity of CrPc
on what appears to be the falling region of the volcano (strong
oxygen binding) could be attributed to the very low concen-
tration of CrII active sites and that most of the catalyst is
present in the catalytically inactive CrIIIPc-OH state at that
particular potential. An interesting observation results when
the current density for each particular catalyst is divided by
the fraction V of catalytically active sites. V is practically
equal to unity for catalysts having a MIII/MII formal potential
much more positive than 0.0044 V. This is true for FeTSPc,
FeTPyPz, 16(Cl)FePc, FePc, 16(F)CoPc, CoPc, CoTSPc,
CoTNPPc, and CoMeOPc. However, for the other catalysts,
four of them (labeled with arrows pointing upwards) move up
from their original positions in the volcano when log(i/V) is
plotted (see red triangles in Figure 8b). The most pronounced
changes are observed for CrPc and 4(Ph)FePc. CrPc and
4(Ph)FePc now seem to fit into a linear correlation that
appears as a prolongation of the “weak binding” side of the
volcano, as these rates are for sites that are not poisoned by
OH! . FeMeOPc and MnPc move up only a small amount, as
their formal potentials are close to 0.044 V. In the most
extended linear correlation (slope close to !0.11 eVde-
cade!1), most complexes, with the exception of 4(Ph)FePc
and FeTPyPz, are two-electron reduction catalysts. The above
discussion assumes that the reaction is first order in the MII

surface concentration.
Figure 9 shows three Pourbaix diagrams for FeN4, vita-

min B12, and CoN4 catalysts adsorbed on ordinary pyrolytic
graphite (OPG). These diagrams illustrate the different pH

Figure 8. a) Activity volcano correlation for the reduction of O2 in
0.1m NaOH on different molecular MN4 catalysts adsorbed on
ordinary pyrolytic graphite (OPG). Kinetic data taken from
Refs. [12,21,23,25,51–53,56,57,74,75]. M-O2 adsorption energies re-
ported by Wang and co-workers (black squares)[43] and Shi and Zhang
(yellow squares).[64] Eb(O2) for vitamin B12 and CoTMPP were estimat-
ed from Figure 3. b) Same data as shown in Figure 6a. The red
triangles for CrPc, 4(Ph)FeP, FeMeOPc, and MnPc represent currents
as log(i/V) divided by the fraction of catalyst present in the MII state
at E =0.044 V.
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Does the maximum corresponds to an optimum 
interaction of M with O2 red. intermediates?

two-electron reduction catalysts, which are CoN4 complexes,
appear on the right-hand side. In this case, the CoN4 catalysts
show no deviations from the volcano correlation, as observed
in Figure 6 for Co complexes. However, this is not conclusive,
since there is only one phthalocyanine on the right-hand side
of the volcano curve.

Figure 8a shows a volcano correlation comparing the
activity of several MN4 catalysts for the ORR in alkaline
media versus Eb(O2). The DFT-calculated binding energies of
O2 to the metal center were reported independently by two
groups.[43, 64] It is interesting to note again that the two sides of
the volcano essentially separate four-electron catalysts
(strong binding side) from two-electron catalysts (weak
binding side). The only exception is CrPc, which is a two-
electron catalyst.[21,51] Vitamin B12 is a special case of a CoN4

catalyst because, in contrast to other Co complexes, the CoIII-
OH/CoII couple is shifted to much more negative poten-
tials[74, 75] (Eo’=+ 0.0944 V), compared to, for example CoPc
(E8’=+ 0.88 V). The onset potential for the ORR for
vitamin B12 is close to the CoIII/CoII transition and the
currents track the 0.060 V/pH dependence of this transition.
To the best of our knowledge, there are no reports in the
literature regarding Eb(O2) for vitamin B12. However, a rough
estimate can be made using the linear correlation in Figure 3
and a CoIII/CoII redox potential of + 0.0944 V for vita-
min B12.[74] The estimated value for the O2 binding energy
is !0.82 eV. This positions this catalyst on the strong binding
side of the volcano of Figure 8a (see red square) and this
could explain why vitamin B12 is a four-electron catalyst,
which is atypical of mononuclear CoN4 catalysts.

On the other hand, it is important to point out that CrPc,
4(Ph)FePc, and MnPc have MIII-OH/MII formal potentials
that are more negative than the potential used for comparing
the reaction rates. This means that for CrPc at E =+ 0.0044
versus SHE, most active sites are poisoned by OH! as CrPcIII-
OH, and the fraction of catalytically active CrII would be very
small. The fraction of CrIIPc is VCr(II) = GCr(II)/Gtotal and can be
estimated using the Nernst equation for adsorbed species,
assuming ideal behavior (i.e. E = E8’!1/0.059 log{V-
[OH!]/(1!V)}). The calculated value of VCr(II) at E =+
0.0044 V using the formal potential E8’Cr(III)/(II) =!0.5556 V
versus SHE is 10!8.49. Similar calculations for 4(Ph)FeP
(E8’Fe(III)/(II) =!0.4456 V), FeMeOPc (E8’Fe(III)/(II) =
!0.0506 V), and MnPc (E8’Mn(III)/(II) =!0.0056 V) give values
of VFe(II)4(Ph)P = 10!6·35, VFe(II)MeOPc = 0.542, and VMn(II) = 0.87,
respectively. This confirms that the very low activity of CrPc
on what appears to be the falling region of the volcano (strong
oxygen binding) could be attributed to the very low concen-
tration of CrII active sites and that most of the catalyst is
present in the catalytically inactive CrIIIPc-OH state at that
particular potential. An interesting observation results when
the current density for each particular catalyst is divided by
the fraction V of catalytically active sites. V is practically
equal to unity for catalysts having a MIII/MII formal potential
much more positive than 0.0044 V. This is true for FeTSPc,
FeTPyPz, 16(Cl)FePc, FePc, 16(F)CoPc, CoPc, CoTSPc,
CoTNPPc, and CoMeOPc. However, for the other catalysts,
four of them (labeled with arrows pointing upwards) move up
from their original positions in the volcano when log(i/V) is
plotted (see red triangles in Figure 8b). The most pronounced
changes are observed for CrPc and 4(Ph)FePc. CrPc and
4(Ph)FePc now seem to fit into a linear correlation that
appears as a prolongation of the “weak binding” side of the
volcano, as these rates are for sites that are not poisoned by
OH! . FeMeOPc and MnPc move up only a small amount, as
their formal potentials are close to 0.044 V. In the most
extended linear correlation (slope close to !0.11 eVde-
cade!1), most complexes, with the exception of 4(Ph)FePc
and FeTPyPz, are two-electron reduction catalysts. The above
discussion assumes that the reaction is first order in the MII

surface concentration.
Figure 9 shows three Pourbaix diagrams for FeN4, vita-

min B12, and CoN4 catalysts adsorbed on ordinary pyrolytic
graphite (OPG). These diagrams illustrate the different pH

Figure 8. a) Activity volcano correlation for the reduction of O2 in
0.1m NaOH on different molecular MN4 catalysts adsorbed on
ordinary pyrolytic graphite (OPG). Kinetic data taken from
Refs. [12,21,23,25,51–53,56,57,74,75]. M-O2 adsorption energies re-
ported by Wang and co-workers (black squares)[43] and Shi and Zhang
(yellow squares).[64] Eb(O2) for vitamin B12 and CoTMPP were estimat-
ed from Figure 3. b) Same data as shown in Figure 6a. The red
triangles for CrPc, 4(Ph)FeP, FeMeOPc, and MnPc represent currents
as log(i/V) divided by the fraction of catalyst present in the MII state
at E =0.044 V.
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two-electron reduction catalysts, which are CoN4 complexes,
appear on the right-hand side. In this case, the CoN4 catalysts
show no deviations from the volcano correlation, as observed
in Figure 6 for Co complexes. However, this is not conclusive,
since there is only one phthalocyanine on the right-hand side
of the volcano curve.

Figure 8a shows a volcano correlation comparing the
activity of several MN4 catalysts for the ORR in alkaline
media versus Eb(O2). The DFT-calculated binding energies of
O2 to the metal center were reported independently by two
groups.[43, 64] It is interesting to note again that the two sides of
the volcano essentially separate four-electron catalysts
(strong binding side) from two-electron catalysts (weak
binding side). The only exception is CrPc, which is a two-
electron catalyst.[21,51] Vitamin B12 is a special case of a CoN4

catalyst because, in contrast to other Co complexes, the CoIII-
OH/CoII couple is shifted to much more negative poten-
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(E8’=+ 0.88 V). The onset potential for the ORR for
vitamin B12 is close to the CoIII/CoII transition and the
currents track the 0.060 V/pH dependence of this transition.
To the best of our knowledge, there are no reports in the
literature regarding Eb(O2) for vitamin B12. However, a rough
estimate can be made using the linear correlation in Figure 3
and a CoIII/CoII redox potential of + 0.0944 V for vita-
min B12.[74] The estimated value for the O2 binding energy
is !0.82 eV. This positions this catalyst on the strong binding
side of the volcano of Figure 8a (see red square) and this
could explain why vitamin B12 is a four-electron catalyst,
which is atypical of mononuclear CoN4 catalysts.

On the other hand, it is important to point out that CrPc,
4(Ph)FePc, and MnPc have MIII-OH/MII formal potentials
that are more negative than the potential used for comparing
the reaction rates. This means that for CrPc at E =+ 0.0044
versus SHE, most active sites are poisoned by OH! as CrPcIII-
OH, and the fraction of catalytically active CrII would be very
small. The fraction of CrIIPc is VCr(II) = GCr(II)/Gtotal and can be
estimated using the Nernst equation for adsorbed species,
assuming ideal behavior (i.e. E = E8’!1/0.059 log{V-
[OH!]/(1!V)}). The calculated value of VCr(II) at E =+
0.0044 V using the formal potential E8’Cr(III)/(II) =!0.5556 V
versus SHE is 10!8.49. Similar calculations for 4(Ph)FeP
(E8’Fe(III)/(II) =!0.4456 V), FeMeOPc (E8’Fe(III)/(II) =
!0.0506 V), and MnPc (E8’Mn(III)/(II) =!0.0056 V) give values
of VFe(II)4(Ph)P = 10!6·35, VFe(II)MeOPc = 0.542, and VMn(II) = 0.87,
respectively. This confirms that the very low activity of CrPc
on what appears to be the falling region of the volcano (strong
oxygen binding) could be attributed to the very low concen-
tration of CrII active sites and that most of the catalyst is
present in the catalytically inactive CrIIIPc-OH state at that
particular potential. An interesting observation results when
the current density for each particular catalyst is divided by
the fraction V of catalytically active sites. V is practically
equal to unity for catalysts having a MIII/MII formal potential
much more positive than 0.0044 V. This is true for FeTSPc,
FeTPyPz, 16(Cl)FePc, FePc, 16(F)CoPc, CoPc, CoTSPc,
CoTNPPc, and CoMeOPc. However, for the other catalysts,
four of them (labeled with arrows pointing upwards) move up
from their original positions in the volcano when log(i/V) is
plotted (see red triangles in Figure 8b). The most pronounced
changes are observed for CrPc and 4(Ph)FePc. CrPc and
4(Ph)FePc now seem to fit into a linear correlation that
appears as a prolongation of the “weak binding” side of the
volcano, as these rates are for sites that are not poisoned by
OH! . FeMeOPc and MnPc move up only a small amount, as
their formal potentials are close to 0.044 V. In the most
extended linear correlation (slope close to !0.11 eVde-
cade!1), most complexes, with the exception of 4(Ph)FePc
and FeTPyPz, are two-electron reduction catalysts. The above
discussion assumes that the reaction is first order in the MII

surface concentration.
Figure 9 shows three Pourbaix diagrams for FeN4, vita-

min B12, and CoN4 catalysts adsorbed on ordinary pyrolytic
graphite (OPG). These diagrams illustrate the different pH

Figure 8. a) Activity volcano correlation for the reduction of O2 in
0.1m NaOH on different molecular MN4 catalysts adsorbed on
ordinary pyrolytic graphite (OPG). Kinetic data taken from
Refs. [12,21,23,25,51–53,56,57,74,75]. M-O2 adsorption energies re-
ported by Wang and co-workers (black squares)[43] and Shi and Zhang
(yellow squares).[64] Eb(O2) for vitamin B12 and CoTMPP were estimat-
ed from Figure 3. b) Same data as shown in Figure 6a. The red
triangles for CrPc, 4(Ph)FeP, FeMeOPc, and MnPc represent currents
as log(i/V) divided by the fraction of catalyst present in the MII state
at E =0.044 V.
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Biomimetic O2 reduction on UP and 
DOWN configurations of back ligand
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Activity Volcano plot for ORR (0.1 M NaOH) on two complexes: FePc and 
16(Cl)FePc in different configurations.   P
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MN4 CATALYSTS ADSORBED ONTO 
SWCNT/MWCNT and ANCHORED by a AXIAL 

LIGAND. ORR CATALYTIC ACTIVITY 

Ruiguo Cao, Ranjit Thapa, et al. Nature Communications 4, 2076, (2014)

C. A. Gutierrez, F.J. Recio, J. H.Zagal et al. Electrocatalysis (2014)
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Tafel plots for ORR on different electrodes with and 
without 16(Cl)FePc

H
N
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with the spectrum of (16)ClFePc. This indicates that the addi-
tion of CNT–Py increases the electron density around the iron
atom, contrarily to the observed in the CNT–Py–FePc sample.
Nevertheless, the intensity of the Fe2+ contribution to the
spectrum of CNT–Py–(16)ClFePc is lower than that to the spec-
trum of FePc, which implies that the CNT–Py–(16)ClFePc
sample is an intermediate situation between FePc and CNT–Py–
FePc.

ORR polarization curves are presented in Fig. 2a. In the
presence of the axial ligand, the overpotential for the ORR is
reduced by 80 mV. The onset potential of the electrocatalytic
waves starts at 0.55 V for electrodes modied with CNT–Py–FePc
and at 0.56 V for the CNT–Py–16(Cl)FePc. The coordination of
both axial positions in FePc (octahedral complex geometry) is
energetically much more favourable than single axial site
coordination (square pyramidal geometry of the complex).24

The total number of electrons determined by Koutecky–
Levich extrapolation (inset, Fig. 2a) for the catalysts is
summarized in Table 1. The pentacoordination favoured the
4e! reduction process, as opposed to CNT–FeN4, which
promoted 2e!. The production of hydrogen peroxide was also
corroborated by RRDE, as shown in Fig. 2b. In the absence of
the axial ligand, more peroxide is formed. The CNT–16(Cl)FePc
catalyst is the most active in terms of peroxide formation,
while in the presence of the pyridine ligand very low amounts
of peroxide are detected. The peroxide formed on electrodes
only modied with CNT–Py is presented as a comparative
reference.

Tafel plots exhibit slopes that vary from!0.085 V to!0.104 V
dec!1, which could be attributed to a mixture of two parallel
mechanisms with different rate-determining steps. A schematic
mechanism based on previous studies4,24,39,41 is presented in
Scheme 1. The mechanism provides two pathways for the rate-
determining step. The pathways are polarization dependent
and consider that Fe2+ species are thermodynamically favour-
able at high polarization. It must be noted that the reactions
proposed in Scheme 1 are only possible mechanistic steps that
occur aer the rate-determining step.

As observed for FeN4 macrocyclics adsorbed directly on
graphite electrodes,15,27–29 for CNT–MN4 and CNT–Py–MN4, the
onset potential for the ORR also appears close to the Fe(III)/(II)
formal redox potential, so the reaction essentially starts when
Fe(II) active sites are generated on the surface from the reduc-
tion of Fe(III). Fig. 2c shows the relationship between the formal
potential of the catalysts and the catalytic activity expressed as
log I (E ¼ cte) normalized by FeN4 surface concentration (G).

Table 1 Fe(III)/(II) formal potential, Tafel slope, number of electrons transferred during the ORR, and surface concentration values determined by
the integration of the redox peaks of the Fe(III)/(II) redox couples for CNT–FePc; CNT–Py–FePc; CNT–16(Cl)FePc; or CNT–Py–16(Cl)FePc

Complex E(Fe(III)/Fe(II))# (V vs. SCE) Tafel slope (V dec!1) No e! G (mol cm!2)

CNT–FePc 0.352 $ 0.004 !0.085 $ 0.012 2.56 $ 0.07 1.62 % 10!8

CNT–Py–FePc 0.395 $ 0.003 !0.098 $ 0.003 3.57 $ 0.02 3.92 % 10!9

CNT–16(Cl)FePc 0.613 $ 0.003 !0.104 $ 0.016 1.73 $ 0.02 3.68 % 10!8

CNT–Py–16(Cl)FePc 0.648 $ 0.006 !0.086 $ 0.002 3.45 $ 0.07 8.87 % 10!9

Fig. 1 (a) Electrochemical characterization by cyclic voltammetry and
schematic representation of CNT–FePc; CNT–Py–FePc; CNT–16(Cl)
FePc; CNT–Py–16(Cl)FePc; and CNT–Py. Conditions: N2 or O2 satu-
rated 0.1 M H2SO4 solution and a scan rate of 0.1 V s!1 (b) XPS Fe 2p
spectra of FePc; CNT–Py–FePc; 16(Cl)FePc; and CNT–Py–16(Cl)FePc.

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A
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This conrms once more that regardless of the spatial cong-
uration of the FeN4 complexes, shis of Fe(III/II) to more positive
potentials are benecial to the catalysis of the ORR, as the redox
potential is a reactivity descriptor that predicts the increase of
reactivity4,13,14,28,30 in these catalysts. Although this trend is

followed in the presence of the axial ligand that anchors the
MN4 complex to the CNTs, the increase in activity is more
pronounced for FePc than for 16(Cl)FePc. Thus, the electron
withdrawing groups reduce the gap between the energy of the
frontier orbitals of the metal complex and the O2 molecule.4,43,44

The back-bonding processes could explain the difference
between the behaviour of FePc and 16(Cl)FePc. When O2 binds
to the metal in MN4, its 2p electrons interact with the partially
lled d orbitals of the same. These processes are accompanied
by intermolecular electron transfer, in which O2 accepts charge
density from the partially lled d orbitals of the metal via back-
bonding to the p* antibonding orbital, and donates charge
from a lled pmolecular orbital to a half-lled dz orbital of the
metal.2,11,12 The formation of the bond between O2 and Fe
requires that the energies of the predominant d orbitals be the
same as or similar to those of the charge transfer intermediate
species.4,15,30,43 Therefore, the active site in the anchored
complex is harder compared to the adsorbed catalyst. A hard
active site in FePc and 16(Cl)FePc (from hard–so acid base
(HSAB) principle) would promote high activity for the ORR, as
O2 is a hard base.4,30,42,43 In the case of the CNT–Py–16(Cl)FePc
derivative, the metal centre suffers the inductive effects of
chlorine atoms located on the ligand, and the inuence of the
pyridine axial ligand, which promotes a higher oxidation state.10

However, this decrease in the electron density of the metal

Fig. 2 (a) Polarization curves recorded at electrodes modified with CNT–FePc; or CNT–Py–FePc; or CNT–16(Cl)FePc; or CNT–Py–16(Cl)FePc.
Conditions: O2 saturated 0.1 M H2SO4 solution, 400, 800, 1200, and 2400 rpm, and a scan rate of 0.005 V s!1. (b) H2O2 oxidation measured at
a Pt ring electrode when the disk was modified with CNT–16(Cl)FePc; or CNT–FePc; CNT–Py–FePc; CNT–Py–16(Cl)FePc; or CNT–Py.
Conditions: O2 saturated 0.1 M H2SO4 solution. A Pt ring polarized at 0.6 V, while the disk was rotating at 1200 rpm and a scan rate of 0.005 V s!1.
(c) Plots of catalytic activity as log i/G measured at 0.2 V vs. the formal potential of Fe(III)/(II) for CNT–FePc; CNT–Py–FePc; CNT–16(Cl)FePc; or
CNT–Py–16(Cl)FePc. Conditions: O2 saturated 0.1 M H2SO4 solution and 1200 rpm.

Scheme 1 Proposed ORR mechanism for CNT–Py–FeN4.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry A Communication

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
in

ds
or

 o
n 

01
/0

6/
20

17
 1

1:
53

:4
5.

 

View Article OnlineORR in 0.1 M H2SO4 on FeN4 with and without axial 
ligand , anchored on CNT  Zagal, Tasca et al J. Mat. 
Sci. A (in press)



EFECT OF M(III)/(II) REDOX POTENTIAL:Volcano plots of catalytic 
activities for the ORR in alkaline media) for different MN4 catalysts at E = 

0.24 V versus SCE,  Zagal & Koper, Angewandte Chemie, (2016)

electron catalysts in acid, such as cofacial dinuclear Co
porphyrins[65, 68–70, 72] and dimeric Co porphyrins,[65] for which
Tafel slopes of !0.060 V decade!1 have been reported. It is
assumed that, for these complexes, the breaking of the O!O
bond is facilitated by the simultaneous interaction of O2 with
two Co centers. NiIIPc does not undergo redox processes
centered on the metal center[21, 23] and Ni has a low affinity for
O2 (see Figure 3), so the ORR proceeds through a two-
electron process. From the Tafel slope, the rate-determining
step for two-electron catalysts is the first step [Eq. (3d)]:

½MII-OH2#ad þ O2 þ e! ! ½MII-O2
!# þ H2O ðrdsÞ ð3dÞ

For CoN4 complexes, catalytic currents for the ORR are
observed over a wide range of potentials, including potentials
more negative than the CoII/CoI transition, so it appears that
CoI is also active and actually promotes the four-electron
reduction of O2.

[53,81] This change in selectivity is opposite to
that of FeN4 complexes, for which the mechanism changes
from four-electron to two-electron reduction at potentials
when FeI is formed.[51, 80] Vitamin B12 catalyzes the four-
electron ORR at potentials where CoI exists, so this reduced
state of vitamin B12 is definitely active in the reaction.

2.6. Activity Correlations and Reactivity Descriptors

The linear correlation existing between the M-O2 binding
energy and the potential of the MIII/MII transition, as
illustrated in Figure 3, probably originates from the fact that
the redox potential of reaction (1a) depends on the binding
energy of OH! , in combination with the fact that the binding
energies of different oxygenates to the metal center correlate
in a linear fashion (see Figure 4).[42–44] The data in Figure 3
suggest that the formal potential of the catalyst is a good
descriptor of the catalytic activity of these metal complexes,
as suggested in previous studies.[20,21, 45, 48,51–54, 79, 82] However, in
the above reaction scheme, it is assumed that MII binds to
superoxide O2

! , not to O2, but it is expected that a correlation
such as that shown in Figure 3 versus MII-O2

! would show
a similar behavior.[44]

Both volcano[21, 52, 48, 51] and linear correlations[21, 40,52, 53]

have been reported in previous studies that compared the
catalytic activity of MN4 catalysts versus the MIII/MnII redox
potential. Figure 6 shows a correlation with a rather large
number of catalysts in alkaline media. Cr, Mn, Fe, and some
CoN4 catalysts fit within a linear correlation (labeled as 1),
where the activity increases as the MIII/MII formal potential of
the catalyst becomes more positive. This can be taken as the
ascending portion of a volcano correlation. Another correla-
tion (labeled as 2) groups CoN4 catalysts. In this case, Co
phthalocyanines seem to follow a linear correlation that is
somewhat parallel to correlation 1, thus departing from the
volcano correlation. It is not clear why Co phthalocyanines
group into a linear correlation which seems to have the wrong
tendency compared with the dashed line that is shown to
illustrate a possible volcano correlation. All the catalysts on
the right-hand side of Figure 6 are two-electron catalysts,
including CoTMPP. In contrast, the catalysts located on the

left-hand side are four-electron catalysts, with the exception
of Cr-TSPc.

A similar correlation to that shown in Figure 6 is shown in
Figure 7 for acid media, with a rather sharp volcano
correlation suggested. Catalysts of the four-electron reduction
group on the left-hand side of the volcano correlation and

Figure 6. Plots of catalytic activities for the ORR in alkaline media as
current densities divided by the number of electrons involved in the
reaction (n) for different catalysts and recorded at E =!0.24 V versus
SCE. n = 4 for Cr, Mn, and Fe catalysts, and n= 2 for Co catalysts.
Data from Refs. [12,21,23,25,51–53,56,57,74,75]. Data for CoTMPP
were taken from Tanaka et al.[82]

Figure 7. Activity volcano correlation versus the MIII/MII redox potential
of several MN4 catalysts impregnated on Norit BRX carbon for the
reduction of O2 in 8m H2SO4. Activities in A mg!1 of catalyst, adapted
from van Veen et al.[48]
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Metal phthalocyanines, metal 
porphyrins and vitamin B12
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CoPc =  2 e  (gives peroxide)

Vit B12 = gives 4 e, gives H2O



CoPc climbs the volcano correlation and goes 
from weak binding to strong binding 

faavouring the 4-e reduction of O2
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Crucial step in electrocatalysis:

(i)  O2 + M + e→M-O2- DG ad  = 0  K = 1
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Crucial step in electrocatalysis:
(i)  O2 + M + e→M-O2- DG ad  = 0  K = 1
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MNx PYROLYZED CATALYSTS. These are the best candiadtes for 
fuel cell applications, but there still problems.  Possible Iron 

Active Site Structures on Nanocrystal Graphite: (a) top and (b) 
side view 

J.Liu  et al.Catalysts 2015, 5, 1167
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Trends in reactivity of  pyrolized  MNX catalysts (v.the 
redox potential up to 1000Co O2 reduction in acid (0.05 

M H2SO4)
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A Possible Interpretation for the High Catalytic Activity of
Heat-Treated Non-Precious Metal Nx/C Catalysts for O2
Reduction in Terms of Their Formal Potentials
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In this paper we compare the catalytic activitites of untouched metal macrocyclic and pyrolyzed catalysts for ORR in acid versus
the formal potential of the catalyst and find in general that the catalysts reported in the literature exhibiting more positive formal
potentials are more active for ORR. These trends observed could serve as a hint for the development more active non-precious metal
catalysts for fuel cells.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.032206esl] All rights reserved.
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The need for the development of efficient and low cost energy pro-
duction and storage systems have made fuel-cells an important and
permanent topic of research. However, their massive application has
been hampered in part, by the high cost of catalytic materials for the
O2 cathode that usually employ Pt or its alloys.1 On the other hand,
intensive research has focused on the search of non-precious metal
materials which can be afforded in commercial applications of fuel-
cells. For example metallophthalocyanines and metallo-porphyrins
are well known as electrocatalysts for the reduction of O2 and have
been extensively investigated since the discovery in 1965 by Jasinki2, 3

that cobalt phthalocyanine presents activity for ORR. Phthalocyanines
are not expensive. However they lack the long-term stability in the
aggressive environment of a fuel cell. Pyrolysis at temperatures up to
1000 ◦C or even higher values improves both stability and catalytic
activity of these materials. Many papers have been published 4–13 de-
scribing different treatments consisting of heating MN4 metal macro-
cyclics complexes or transition metal salts in an inert atmosphere to-
gether with carbonaceous materials, nitrogen containing compounds
like nitroaninile,12 ammonia13 or conducting polymers like polypyrrol
or polyaniline at temperatures up to 1000 ◦C8, 9 to produce materials of
ill-defined structure. No clear explanation has been given in the liter-
ature for the high activities of pyrolyzed materials. On the other hand
in several papers3, 11–17 our group has demonstrated that the catalytic
activity for ORR of transition metal macrocyclics in basic media is
directly linked to the M(III)/(II) formal potential of the catalyst, the
more positive the potential the highest the activity.3, 15, 16 In these cor-
relations, the activity expressed as log i or log k at constant electrode
potential, is plotted versus the formal potential of the catalyst. These
plots give linear correlations with slopes (δEo ′/δlogi)E close to +0.140
V/decade.3, 15, 16 Also, similar comparisons of activities expressed as
potential at constant current the M(III)/(II) formal potential of the
catalyst give also linear correlations with slopes close to unity, as
predicted by theory.18 In this work we compare the activities of some
intact and several pyrolyzed catalysts versus their formal potential
with data obtained at pH = 1.0 reported in the literature.4, 6, 8, 11–13

Results and Discussion

Figure 1A compares cyclic voltammograms reported by Dodelet
et al.6 obtained in 0.5 M H2SO4 on a glassy carbon electrode coated
with carbon impregnated with ClFeTMPP, and FePc and with FePc
treated at 800 ◦C. The redox peak observed at 0.15 V with ClFeTMPP
is attributed to the Fe(III)/(II) transition. This transition is asigned to
peaks at 0.6 V with FePc and 0.62 V with FePc heat treated at 800 ◦C.
Figure 1B shows Tafel plots for ORR on rotating electrodes coated
with, ClFeTMPP/C, FePc/C or FePc/C 800 ◦C. Data from polarization
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curves reported in6 and corrected for mass-transport according to: ik
= i iL/(iL-i)4 where i is the rotating disk current and iLis the diffu-
sion limiting current. The slopes are − 0.112 V for FePc/C (800 ◦C),
− 0.118 V for intact FePc and − 0.145 V for intact ClFeTMPP/C
suggesting that a first one-electron is rate-determining. Figure 1C
compares the activity of several Fe-containing intact and heat-treated
catalysts for the reduction of O2 in 0.05 M H2SO4 in oxygen satu-
rated solution at 25 ◦C at a constant potential of 0.6 V vs NHE. In
this figure we have used data obtained with electrodes using carbon
impregnated with intact ClFeTMPP, intact FePc and FePc treated at
800 ◦C and taken from the Tafel correlation in Figure 1B. We also
include data obtained with a rotating disk glassy carbon electrode
coated with carbon impregnated by FeTPTZ (Fe tripyridyltriazine)
treated at 800 ◦C reported by Bezerra et al.11 and corrected for mass
transport as discussed for Figure 1B. This catalyst exhibit a Fe(III)/(II)
signal at 0.65 V. Data obtained with carbon impregnated with a cat-
alyst obtained by heat-treating PANI with Fe (PANI-FeC) reported
by Zelenay et al.8 was taken from the supporting information of Ref.
8. This catalyst shows a Fe(III)/(II) reversible peak at 0.64 V. This
is the most active catalyst of the series illustrated in Figure 1C. Data
obtained by Atanasoski et al.12 with a catalyst obtained using heat-
treated 4-nitroaniline precursor a Fe salt and carbon is also shown in
Figure 1, but this catalyst is included only for a matter of comparison
since kinetic the data was obtained at 80 ◦C. We do not claim here
that this data point can be strictly correlated with the other data ob-
tained at 25 ◦C. However, just to have an idea on how the temperature
can affect the reaction rate, Wilkinson et al.19 examined the catalytic
activity of several Fe phthalocyanines in acid in a temperature range
between 20 and 80 ◦C and the largest enhancement in the rate found
by increasing the temperature from 20 to 80 ◦C was a factor of 15.
So we expect that the current with the catalyst reported by Atanasoski
et al.12 could decrease by an order of magnitude (illustrated by an
arrow) by decreasing the temperature from 80 ◦C to 25 ◦C. We have
included this data in Figure 1 only to show a catalyst that exhibits a
very positive formal potential (0.78 V).

As suggested by a referee we have also compared the catalytic
activity of a great variety of heat-treated catalysts versus the for-
mal potential where several research groups compare catalysts ob-
tained by many different methods and starting materials in a single
publication.13 These results cannot be compared with the data in
Figure 1C since activities are reported as currents per gram of catalysts
(Ag− 1) instead of current densities. According to an early theoretical
paper published by Ulstrup18 when analyzing the ORR electrocat-
alytic activity of metallophthalocyanines, he predicted that a plot of E
versus Eo′

i.e. potentials at constant current versus the formal poten-
tial of the catalysts should give a linear correlation of slope (δE/δEo′

)I
close to unity. We checked this with data obtained with graphite elec-
trodes coated with monolayers of metallophthalocyanines for ORR
in alkaline media and obtained a slope of 0.8.3, 15 Figure 2A shows a
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Pyrolized catalysts:  High activity attributed to modification of 
the chemical environment around the metal aupon pyrolysis 
(up to 1000�C) S- Mukerjee et al. : Effect of Lewis Basicity of 
Ligand on Redox Potential, JACS (2013).  Dramatic shift of 
Fe(III)/(II) upon pyrolysis
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Single site direct (parallel): 
4 e- mechanism

Single site consequential: 
2 x 2e- mechanism

Dual site consequential: 
2 x 2e- bi-functional mechanism
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S

O2 H2O2

S*

H2O

O2 H2O2 H2O

S1 S2

Transition Metal-containing 
PGM-free catalysts derived 
from Nitrogen-Carbon 
family, regardless of the 
synthetic route are highly 
chemically heterogeneous 
(and morphologically 
heterogeneous as well).
It is not realistic to assume a 
simple active site, but rather 
a competition between 
several sites. 

Transition metal appears to be associated  (but 
is not strictly needed) for the reduction of O2 to 
H2O2. Transition metal appears to be required for 
the reduction of O2 to H2O (4 e- stoichiometry), 
yet there is agreement on the mechanism (2 x 2 
e- or 4 e-) and the number of active sites 
required for ORR completion.  

ORR on PGM-free Electrocatalysts  Plamen  Atanassov
Hypothesis on the mechanism and number of active sites



Systematic Tuning of Heme Redox Potentials
and its effects on O2 reduction rates Marschall, Robinson
,Lu ,JACS (2014)

The same trends is found , i.e. The more positive the redox 
potentilas the higher the activity
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Hydrazine oxidation Dahiatsu Motor Co. 
Pt-free fuel cell



Co(II)/(I) redox process
shifts to more positive
potentials with surface
concentration.



The interaction between neighboring CoF16Pc affects 
the electron density on the Co center and this is not 

observed with other phthalocyanines



Volcano vs Linear correlation for N2H4 oxidation on 
CoN4/OPG when the Nernstian surface 
concentration of [Co(II)]ad is considered
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the M(II) active oxidation state at the potential of the electrode ii)
to the dumping effect of (1-!ad) that becomes gradually less than
0.5 in the falling region; iii) Hydrazine coordinates weakly to M(I)
and more strongly to M(II) by lone-pair donation.

In Zagal et al., 2013 [5] we reported that for 16(F)CoPc the foot
of the catalytic wave for hydrazine oxidation appears at a potential
below that of the peak of the Co(II)/(I) process. In a following paper
[8] we reported on the effect of neighboring 16(F)CoPc molecules on
the Co(II)/(I) formal potential. This is illustrated in Fig. 2 that shows
the influence of the surface concentration on the Co(II)/(I) formal
potential of the catalyst. For Co(II) the formal potential does not
change but it does for 16(F)CoPc and more details can be found the
the previous publication [8]. However, it will be discussed briefly
that when we decrease the coverage of the electrode surface ! with
16(F)CoPc, it becomes harder to oxidize the Co center, while with
higher concentrations of l6(F)CoPc we facilitate the reduction of
Co(II). Therefore the redox potential of Co(II)/(I) varies at different
surface concentrations of this complex. It can be suggested that
this happens because the neighboring molecules act as electron-
withdrawing agents on the Co center in one single molecule of
16(F)CoPc and this issue needs to be investigated in more detail
in future work since it is not observed for other Co complexes.
When comparing catalytic activities of electrodes coated with dif-
ferent surface concentrations of 16(F)CoPc, as log(i/!) (! is the
total surface concentration of 16(F)CoPc) versus the Co(II)/(I) for-
mal  potential, it was possible to reproduce the falling region of a
volcano correlation obtained by comparing the activity of several
CoN4 macrocyclics and reported before [5,6,9,35] as illustrated in
Fig. 3. So 16(F)CoPc serves to incorporate more data point in the
falling region of the volcano (Fig. 3) with open circles (data obtained
from [8]).

For Fe macrocyclics the kinetic parameters are slightly different
compared to Co complexes: the Tafel slope is ca. 0.040 V/decade
instead of 0.060 V/decade, the order in hydrazine is still 1 but the
order in OH− is now 2 so a different reaction scheme is proposed
as follows:

[RnPcFe(I)]−ad ! [RnPcFe(II)]ad + e− (Ib)

N2H4 + [RnPcFe(II)]ad + 2OH−

→ [RnPcFe(I) − −N2H2]−ad + 2H2O + e−rds (IIb)

[RnPcFe(I) − −N2H2]−ad ! [RnPcFe(I)]−ad + •N2H2 (IIIb)

•N2H2 + 2OH− fast−→N2 + 2H2O + 2e− (IVb)

As in the case of Co macrocyclics step (IVb) can involve more
than one-electron transfer steps but we write it like this just for
simplicity. An expression for the reaction rate for the electrocat-
alytic oxidation of hydrazine on Fe macrocyclics can be written as
follows:

i = nFko[Fe(II)Pc]ad[N2H4]aq[OH−]2
aq(1 − "ad) exp[ˇ(E − Erds)F/RT]

× exp[−ˇ#Gad/RT] (1b)

where [Fe(II)Pc]ad is the surface concentration of Fe(II)Pcs at the
electrode potential E, [N2H4]aq is the concentration of hydrazine in
the bulk, (1-!ad) is the surface coverage of Fe(II) free sites, Erds is
the reversible potential of the rate determining step II and $Gad is
the free energy of the dissociative adsorption of N2H4 on Fe(II) in
step IIb with the loss of a proton as in CoMN4 catalysts. In contrast
to Co complexes, the rate expression is now potential dependent in
two terms, namely the surface Fe(II) concentration that is given by
the Nernst equation and the potential dependent exponential term
of the rate determining step.

Fig. 4. Volcano correlation for hydrazine oxidation as in Fig. 2A with added data
obtained with different surface concentration of 16(F)CoPc obtained from [8] (open
circles). Potentials in V vs SCE.

Fig. 5. Correlation between log(i/!Fe(II)) (currents divided by the Fe(II) surface con-
centration at -0.56 V) versus the Fe(II)/(I) formal potential of the catalyst. Hydrazine
oxidation in 0.05 M N2H4 + 0.1 M NaOH deareated solution). Data taken from [6].
Potentials in V vs SCE.

Fig. 4 shows the same data of Fig. 2-D but plotted as (log
i/!Fe(II))E versus E◦’ where E◦’is the formal potential of the catalyst
measured from cyclic voltammograms as in Fig. 1 The currents are
now divied by the real Fe(II) surface concentration calculated using
the Nernst equation as !Fe(II) = !total/[1 + exp-F/RT(E- E◦’)] where
!total is the surface coverage of the FePcs estimated from cyclic
voltammograms as in Fig. 1. The volcano shaped curve of Fig. 2D
becomes now a linear correlation. This correlation is essentially a
free-energy linear correlation similar to a Tafel plot but in this case
the driving force of the electrode is constant and the driving force
changes for each catalyst depending on its formal potential as in
redox catalysis. The slope of the linear correlation is 0.090 V/decade
which is a bit lower than an hypothetical slope of 2RT/F assuming
that the symmetry factor " is different from 0.5, i.e. an asymmet-
rical energy barrier. Note that the adsorption step IIB is also the ET
rate determining step so " appears in both exponential terms of
the expression (1b).

The same exercise shown in Fig. 4 for FeN4 catalysts can be
repeated for CoN4 macrocyclics, i.e. to divide the currents by the
Co(II) surface concentration of the corresponding catalysts at the
potential of the electrode E. This is illustrated in Fig. 6 and including
data obtained with 16(F)CoPc at differenmt surface concentration
of this catalyst. Again, a linear correlation is obtained, with a slope
of 0.120 V/decade which shows that in this case the energy barrier
is symmetrical with "’ equal to 0.5. Note that for this particular case
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to the dumping effect of (1-!ad) that becomes gradually less than
0.5 in the falling region; iii) Hydrazine coordinates weakly to M(I)
and more strongly to M(II) by lone-pair donation.

In Zagal et al., 2013 [5] we reported that for 16(F)CoPc the foot
of the catalytic wave for hydrazine oxidation appears at a potential
below that of the peak of the Co(II)/(I) process. In a following paper
[8] we reported on the effect of neighboring 16(F)CoPc molecules on
the Co(II)/(I) formal potential. This is illustrated in Fig. 2 that shows
the influence of the surface concentration on the Co(II)/(I) formal
potential of the catalyst. For Co(II) the formal potential does not
change but it does for 16(F)CoPc and more details can be found the
the previous publication [8]. However, it will be discussed briefly
that when we decrease the coverage of the electrode surface ! with
16(F)CoPc, it becomes harder to oxidize the Co center, while with
higher concentrations of l6(F)CoPc we facilitate the reduction of
Co(II). Therefore the redox potential of Co(II)/(I) varies at different
surface concentrations of this complex. It can be suggested that
this happens because the neighboring molecules act as electron-
withdrawing agents on the Co center in one single molecule of
16(F)CoPc and this issue needs to be investigated in more detail
in future work since it is not observed for other Co complexes.
When comparing catalytic activities of electrodes coated with dif-
ferent surface concentrations of 16(F)CoPc, as log(i/!) (! is the
total surface concentration of 16(F)CoPc) versus the Co(II)/(I) for-
mal  potential, it was possible to reproduce the falling region of a
volcano correlation obtained by comparing the activity of several
CoN4 macrocyclics and reported before [5,6,9,35] as illustrated in
Fig. 3. So 16(F)CoPc serves to incorporate more data point in the
falling region of the volcano (Fig. 3) with open circles (data obtained
from [8]).

For Fe macrocyclics the kinetic parameters are slightly different
compared to Co complexes: the Tafel slope is ca. 0.040 V/decade
instead of 0.060 V/decade, the order in hydrazine is still 1 but the
order in OH− is now 2 so a different reaction scheme is proposed
as follows:

[RnPcFe(I)]−ad ! [RnPcFe(II)]ad + e− (Ib)

N2H4 + [RnPcFe(II)]ad + 2OH−

→ [RnPcFe(I) − −N2H2]−ad + 2H2O + e−rds (IIb)

[RnPcFe(I) − −N2H2]−ad ! [RnPcFe(I)]−ad + •N2H2 (IIIb)

•N2H2 + 2OH− fast−→N2 + 2H2O + 2e− (IVb)

As in the case of Co macrocyclics step (IVb) can involve more
than one-electron transfer steps but we write it like this just for
simplicity. An expression for the reaction rate for the electrocat-
alytic oxidation of hydrazine on Fe macrocyclics can be written as
follows:

i = nFko[Fe(II)Pc]ad[N2H4]aq[OH−]2
aq(1 − "ad) exp[ˇ(E − Erds)F/RT]

× exp[−ˇ#Gad/RT] (1b)

where [Fe(II)Pc]ad is the surface concentration of Fe(II)Pcs at the
electrode potential E, [N2H4]aq is the concentration of hydrazine in
the bulk, (1-!ad) is the surface coverage of Fe(II) free sites, Erds is
the reversible potential of the rate determining step II and $Gad is
the free energy of the dissociative adsorption of N2H4 on Fe(II) in
step IIb with the loss of a proton as in CoMN4 catalysts. In contrast
to Co complexes, the rate expression is now potential dependent in
two terms, namely the surface Fe(II) concentration that is given by
the Nernst equation and the potential dependent exponential term
of the rate determining step.

Fig. 4. Volcano correlation for hydrazine oxidation as in Fig. 2A with added data
obtained with different surface concentration of 16(F)CoPc obtained from [8] (open
circles). Potentials in V vs SCE.

Fig. 5. Correlation between log(i/!Fe(II)) (currents divided by the Fe(II) surface con-
centration at -0.56 V) versus the Fe(II)/(I) formal potential of the catalyst. Hydrazine
oxidation in 0.05 M N2H4 + 0.1 M NaOH deareated solution). Data taken from [6].
Potentials in V vs SCE.

Fig. 4 shows the same data of Fig. 2-D but plotted as (log
i/!Fe(II))E versus E◦’ where E◦’is the formal potential of the catalyst
measured from cyclic voltammograms as in Fig. 1 The currents are
now divied by the real Fe(II) surface concentration calculated using
the Nernst equation as !Fe(II) = !total/[1 + exp-F/RT(E- E◦’)] where
!total is the surface coverage of the FePcs estimated from cyclic
voltammograms as in Fig. 1. The volcano shaped curve of Fig. 2D
becomes now a linear correlation. This correlation is essentially a
free-energy linear correlation similar to a Tafel plot but in this case
the driving force of the electrode is constant and the driving force
changes for each catalyst depending on its formal potential as in
redox catalysis. The slope of the linear correlation is 0.090 V/decade
which is a bit lower than an hypothetical slope of 2RT/F assuming
that the symmetry factor " is different from 0.5, i.e. an asymmet-
rical energy barrier. Note that the adsorption step IIB is also the ET
rate determining step so " appears in both exponential terms of
the expression (1b).

The same exercise shown in Fig. 4 for FeN4 catalysts can be
repeated for CoN4 macrocyclics, i.e. to divide the currents by the
Co(II) surface concentration of the corresponding catalysts at the
potential of the electrode E. This is illustrated in Fig. 6 and including
data obtained with 16(F)CoPc at differenmt surface concentration
of this catalyst. Again, a linear correlation is obtained, with a slope
of 0.120 V/decade which shows that in this case the energy barrier
is symmetrical with "’ equal to 0.5. Note that for this particular case

(A) Rates plotted versus Eo and (B) rates corrected for the real number of Co(II) 
surface active sites
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• The M(III)/(II) redox potential 
• Is an experimental reactivity 

descriptor.
• The redox potential needs to 

be “tuned” to obtain the 
highest catalytic activity and 
this is true for many reactions

• The donor-acceptor 
intermolecular hardness 
predicts reactivity trends..

• Interesting similarities 
between volcano correlations 
for MN4 catalysys and those 
for pure metals.

Conclusions
electron catalysts in acid, such as cofacial dinuclear Co
porphyrins[65, 68–70, 72] and dimeric Co porphyrins,[65] for which
Tafel slopes of !0.060 V decade!1 have been reported. It is
assumed that, for these complexes, the breaking of the O!O
bond is facilitated by the simultaneous interaction of O2 with
two Co centers. NiIIPc does not undergo redox processes
centered on the metal center[21, 23] and Ni has a low affinity for
O2 (see Figure 3), so the ORR proceeds through a two-
electron process. From the Tafel slope, the rate-determining
step for two-electron catalysts is the first step [Eq. (3d)]:

½MII-OH2#ad þ O2 þ e! ! ½MII-O2
!# þ H2O ðrdsÞ ð3dÞ

For CoN4 complexes, catalytic currents for the ORR are
observed over a wide range of potentials, including potentials
more negative than the CoII/CoI transition, so it appears that
CoI is also active and actually promotes the four-electron
reduction of O2.

[53,81] This change in selectivity is opposite to
that of FeN4 complexes, for which the mechanism changes
from four-electron to two-electron reduction at potentials
when FeI is formed.[51, 80] Vitamin B12 catalyzes the four-
electron ORR at potentials where CoI exists, so this reduced
state of vitamin B12 is definitely active in the reaction.

2.6. Activity Correlations and Reactivity Descriptors

The linear correlation existing between the M-O2 binding
energy and the potential of the MIII/MII transition, as
illustrated in Figure 3, probably originates from the fact that
the redox potential of reaction (1a) depends on the binding
energy of OH! , in combination with the fact that the binding
energies of different oxygenates to the metal center correlate
in a linear fashion (see Figure 4).[42–44] The data in Figure 3
suggest that the formal potential of the catalyst is a good
descriptor of the catalytic activity of these metal complexes,
as suggested in previous studies.[20,21, 45, 48,51–54, 79, 82] However, in
the above reaction scheme, it is assumed that MII binds to
superoxide O2

! , not to O2, but it is expected that a correlation
such as that shown in Figure 3 versus MII-O2

! would show
a similar behavior.[44]

Both volcano[21, 52, 48, 51] and linear correlations[21, 40,52, 53]

have been reported in previous studies that compared the
catalytic activity of MN4 catalysts versus the MIII/MnII redox
potential. Figure 6 shows a correlation with a rather large
number of catalysts in alkaline media. Cr, Mn, Fe, and some
CoN4 catalysts fit within a linear correlation (labeled as 1),
where the activity increases as the MIII/MII formal potential of
the catalyst becomes more positive. This can be taken as the
ascending portion of a volcano correlation. Another correla-
tion (labeled as 2) groups CoN4 catalysts. In this case, Co
phthalocyanines seem to follow a linear correlation that is
somewhat parallel to correlation 1, thus departing from the
volcano correlation. It is not clear why Co phthalocyanines
group into a linear correlation which seems to have the wrong
tendency compared with the dashed line that is shown to
illustrate a possible volcano correlation. All the catalysts on
the right-hand side of Figure 6 are two-electron catalysts,
including CoTMPP. In contrast, the catalysts located on the

left-hand side are four-electron catalysts, with the exception
of Cr-TSPc.

A similar correlation to that shown in Figure 6 is shown in
Figure 7 for acid media, with a rather sharp volcano
correlation suggested. Catalysts of the four-electron reduction
group on the left-hand side of the volcano correlation and

Figure 6. Plots of catalytic activities for the ORR in alkaline media as
current densities divided by the number of electrons involved in the
reaction (n) for different catalysts and recorded at E =!0.24 V versus
SCE. n = 4 for Cr, Mn, and Fe catalysts, and n= 2 for Co catalysts.
Data from Refs. [12,21,23,25,51–53,56,57,74,75]. Data for CoTMPP
were taken from Tanaka et al.[82]

Figure 7. Activity volcano correlation versus the MIII/MII redox potential
of several MN4 catalysts impregnated on Norit BRX carbon for the
reduction of O2 in 8m H2SO4. Activities in A mg!1 of catalyst, adapted
from van Veen et al.[48]
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• The maximum in the volcano
• correlation is non-Sabatier.
• For ORR and N2H4 oxidation
• Enhancement in activity by
• Axila ligand might be due to
• A shift of M(III)/(II) redox pot.

• The falling side of the volcano 
cannot be attributed to high 
surface coverage of 
adsorbed intermediates but to 
the lack of active sites in the 
M(II) active state.

Conclusions Axial ligand



Conclusions
• There is a substantial 

enhancement in the catalytic 
activity of both FePc and CoPc 
complexes for ORR when 
linked to a Au(111) surface via 
pre-formed SAM of aromatic 
thiols.

• Both complexes retain their 
selectivity to catalyze the ORR, 
i.e FePc via 4-electrons to give 
water whereas CoPc only 
promotes the ORR via 2-
electrons to peroxide
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Simplified Mechanism for ORR catalyzed by 
adsorbed metal macrocyclics in alkaline 

media

[M(III)OH]ad +e D [M(II)]ad + OH- fast      (1)              

[M(II)]ad + O2 + e ¨ [M(III) O2
-]ad r.d.s.      (2)

[M(III) O2
-]ad + e ¨ prods. + [M(II)]ad (3)   rds

Step 2 is related to DG�ad of O2
Binding to M(II) active sites
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