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Abstract

There has been a significant progress toward the development
of highly active and stable platinum group metal-free (PGM-
free) electrocatalysts for the oxygen reduction reaction (ORR)
in polymer electrolyte fuel cells, promising a low-cost
replacement for Pt group electrocatalysts. However, the suc-
cess of such developments depends on the implementation of
PGM-free electrocatalysts that are not only highly active but
importantly, they also exhibit long-term durability under poly-
mer electrolyte fuel cell operating conditions. This manuscript
is an overview of the current status of a specific, most
advanced class of PGM-free electrocatalysts: transition
metal—nitrogen—carbon ORR catalysts. We present an over-
view for the understanding of catalysts’ performance de-
scriptors for metal—nitrogen—carbon materials.
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Introduction

O,/H; fuel cells were invented by Schonbein [1] and
Grove [2] in 1839 and they are still not widely used. The
4-clectron oxygen reduction reaction (ORR) is a very
spontaneous reaction in Hp/O; fuel cells (O; 4+ 2H, —
2H,0), but its kinetics are sluggish on most electrode
surfaces because it involves several electron transfer
steps and consequently several activation barriers [3].
The ORR at the cathode represents the bottleneck in
fuel cell performance. The cathode requires the pres-
ence of expensive catalysts. Most active catalytic ma-
terials contain Pd or Pt-based catalysts (for alkaline and
proton exchange membrane fuel cells, respectively) [4—
8]. Catalysts containing very low amounts of highly
dispersed Pt group metals have been developed, but
they still contribute substantially to the cost of most
fuel cells. For this reason, the search for less expensive
catalysts using earth abundant elements has been active
for five decades [9—15]. Earlier catalytic materials
belonged to the MNy4 or MNy class involving metal-
phthalocyanines, metal-porphyrins, and molecules
alike (refer Figure 1). These molecular catalysts are
cheaper than Pt group metals and exhibit rather high
activities when immobilized on graphitic and carbon
surfaces, but most of them do not have long-term sta-
bility in fuel cells electrolytes, especially in acid [16—
20]. However they have served as models to establish
reactivity descriptors that essentially indicate that the
metal centers need to have a rather positive M (I11)/(IT)
redox potential (ideally close to the O,/H;0 reversible
potential) and moderate M—QO; binding energies
[21,22], essentially similar to those for Pt. On the other
hand, their low stability has been improved by heat-
treatment of intact MNy complexes or by pyrolysis
using ingredients containing the necessary elements C,
N, and a metal, generally Fe. Most MIN4 complexes have
pyrrolic inner ligands, but pyrolyzed materials have
pyridinic inner ligands, and they have been modeled
recently using Fe(phen);N;, chelates [23]. Many pro-
cedures have been reported to prepare these pyrolyzed
materials involving heat treatments up to 1000 °C, and
stability is linked to the method of preparation. Even
though stability is crucial for practical applications, it is
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an issue that has not been addressed with the same
emphasis compared with that for achieving high activity
[24—27]. Hence, it is important to develop unified
stability—activity relationships as guidelines for the
development of realistic catalysts for fuel cells.

Discussion

Recently, the attention has been focused on two reac-
tivity descriptors, the active metal site density
(8D [moly, cm™?], or SDass [site g1, or
8D, [ site cm™3]) and the catalytic turn-over frequency
(TOF [s71] or |electron site=" s~1]), that is the electrons
transferred per active site per second [28]. Increasing
the value of one, or both of these descriptors, predicts
highly active electrocatalysts. The combination of TOF
and SD, together with the Faraday constant K the
number of electrons involved in the reaction, 7, and 7y,
the thickness of the catalyst layer, provide the kinetic
activity of platinum group metal-free (PGM-free) cat-
alysts at a specific potential [29,30]:

Jbin [A cm_z] =nF [C mo/_l]

-TOF [fl] -SD [mo/W /;mfz}
or

Jtin mass [A gil] = 10F [6’/6’()[7”0}1 ﬁ'fflfl]

8D ass [sile g71]~e [C e/m‘rwfl]
or

Jbinpol [A mfz] = T0F [e/e/;lr(m 51’;‘571571]
-SD,,; [sz'z‘e [mfs} -€ [G e/m‘ronil]"r(;/‘ [em)

The combination of 7OF and $D can be considered as a
rigorous comparison between catalysts [28]. TOF can be
estimated in different ways and it is very important to
know how they are estimated. A typical technique to
measure both §D, or better the gravimetric site density
SDoass [site g,}], and TOK is represented by the ex situ
low temperature (or cryo) CO chemisorption/desorption
at —80 °C. CO rapidly and strongly adsorbs on oxygen-
free Fe(IT)-Ny sites [31]. Moreover, the amount of CO
adsorbed is monotonic proportional to the ORR activity
[32,33], i.e. one adsorbed CO molecule corresponds to
one Fe(Il)-Ny moiety at the surface of the catalyst.
Thus, the measurement of the CO uptake, 7¢g, allows
calculating the S$D,,,; which can be further used in
combination with Jy;, to calculate the 70K

SD a5/ co [sz'le g;”l] = 1o [mo/ gf;}} -Ny [sz'lg mol 71]

Jl’in,masy [A g,;,l} ‘NA [Sifﬁ mo/fl]
F [Cmol=")-SD 55 c0 [site g} ]

TOFco [Sil} =

A strip protocol of cleaning the catalyst surface of
oxygen, followed by a series of CO pulses to reach
saturation of the active centers and the temperature
program desorption allows a very precise measurement
[32,33].

8D can also be estimated with an zz sizu electrochemical
technique based on the adsorption of nitrite and elec-
trostripping of NO through a 5-clectron reaction on
Fe(IT)-Ny active sites, assuming that one NO molecule
poisons one site. The determination of O, that is the
excess coulometric charge associated with the stripping
peak, together with the number of electrons necessary to
reduce the nitrite ion, 7y, and the specific surface area of
the catalyst, Spgyp allows determining the SD. NOz
anions adsorption largely affects the ORR activity of the
electrocatalyst, by poisoning the active sites. Thus, it is
also possible to evaluate the 7OFat a certain potential by
measuring the kinetic mass current of the catalyst as the
difference of the unpoisoned and poisoned kinetic mass
current values, 4Jy, (]Z';p ZZXM - f;”:l’zf) This tech-
nique has been developed by the group of Kucernak et al.
[29,30,34], it requires a series of subsequent steps of
cleaning, poisoning, and stripping of the reaction prod-
ucts from the catalyst layer for the determination of Qg
and AJM”.

Qvtrip [G g 1]

mzz,\s/NOZ [ma site } ”y[ri/)'F [G mO/ilJ

TOF v [3_1] _ A]%in [Ag_l}
N0z F [Cmol=]-SD,,, /No; [ mol site g=1]

Double layer (DL) capacitance can be used to estimate
the area of electrodes. For pyrolyzed catalysts, the
wetted surface area can be estimated from Electro-
chemical Impedance Spectroscopy (EIS) measure-
ments [35], but it is very dependent on the type of
carbon or graphitic materials, graphitic edges, and
presence of carbon functionalities [36]. Thus, DL ca-
pacitances can vary from as low as 4 pF cm 2 (defect-
free basal plane graphite) to 60 puF cm 2 for more het-
erogeneous carbon/graphitic materials and in the
average, most materials exhibit DL-capacitances
around 20—25 pF cm 2 [36].

Current Opinion in Electrochemistry 2021, 27:100683

www.sciencedirect.com


www.sciencedirect.com/science/journal/24519103

Figure 1
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ORR molecular catalysts clockwise: metal-phthalocyanine, metal-porphyrin, Fe-(phenanthroline),N,, and FePc anchored via a pyridine axial ligand to a

single-walled carbon nanotube. ORR, oxygen reduction reaction.

It is important to know how 70F values are estimated. A
correct TOF estimation should only consider the active
sites available for the reaction. An overestimation will
lead to lower TOF values. For example, a catalyst
containing Fe as active sites, where Fe bulk is not
effective for several reasons: oxygen has no access to
those sites but they are considered in the TOF calcula-
tion. There could be another reason for those sites not
be active: they are partially covered or occupied by
adsorbed intermediates resulting from the reaction and
another: some of those active sites are in the wrong
oxidation state at the particular electrode potential. It is
widely accepted that only M(II) is active.

This is illustrated in Figure 2a and shows a clear volcano
correlation for several MIN4 molecular catalysts adsorbed
on a smooth graphite surface. Hypothetically, it is
assumed that all active sites are accessible to oxygen as
the adsorbed MNj4 molecules are lying flat on the

graphite surface, and there are no MN4 molecules
imbedded in the graphite. Those electrodes were made
of graphite crystals, so porosity is very low or absent.
NiPc shows low activity because the interaction be-
tween Ni and O; is too weak. The opposite is true for
CrPc. The classical arguments for the low activity of
CrPc would be that most active sites are occupied by
strongly bound oxygen intermediates. However, the
most important factor contributing to the low activity of
CrPc is that its Cr(IIT)/(IT) redox potential is too
negative compared to the potential at which ORR cur-
rents are compared. Thus, most Cr sites are in the
inactive state Cr(III). However, if the currents are
divided by the fraction of sites fy(py in the active state
M(II) for all MNy catalysts, the volcano correlation be-
comes a linear correlation and the activity per active
sites increases going from weak oxygen binding catalysts
(right) to strong binding catalysts (left). The same
happens if the 7OF values are plotted versus the M—O,
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Figure 2
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(a) Activity volcano and linear correlation for the catalytic activity toward ORR of a series of MN4 complexes adsorbed on a smooth graphite surface
versus M—0, binding energy. The linear correlation involves log(i/fmiy), where iy is fraction of Fe(ll) sites estimated using the Nernst equation for
adsorbed species. Data extracted from Zagal & Koper [50]. (b) Plot of log(T OF)g for ORR versus the M—O, binding energy for several MN4 molecular
catalysts. Data taken from Figure 2a. ORR conditions for both graphs: 0.1 M NaOH and 25 °C. ORR, oxygen reduction reaction; TOF, turn-over frequency.

binding energy in Figure 2b, as log(#/0yian)E values are
directly proportional to 7OF values but with the slight
difference that for strongly binding catalysts » = 4 (O,
reduction to OH ™) and for weak binding catalysts 7 = 2
(O3 reduction to peroxide).

In Figure 2a CrPc shows very low activity but exhibits
the highest 7OF in Figure 2b. The best catalyst illus-
trated in Figure 2a is FePyPz that shows a TOF value
almost 5 orders of magnitude lower than the poor CrPc
catalyst. Yang et al. [37] reported a series of 7OF values
for the activity of FePc for ORR in 0.1 M KOH using
several carbon substrates and they report values that
vary in the range from 0.5 to 2.8 at £ = 0.868 V vs RHE.
However, these values are underestimated because that
particular potential is the formal potential of the
Fe(IIT)/(IT) couple of FePc. At this potential
Oreary = 0.5, consequently the 7OF values are under-
estimated by a factor of 2. Therefore, errors can be
introduced if the potential for comparing ORR currents
is close to the potential of that redox couple. For pyro-
lyzed materials, @y cannot be estimated easily as
most of these materials exhibit no clear redox signals
that can be attributed to the M(IIT)/(II) redox couple.

The two m situ and ex situ techniques mentioned before
let the estimation of reactivity descriptors of PGM-free
catalysts with a high degree of precision, and with
comparable results. Usually, 7OF values estimated from
CO chemisorption result slightly lower that those
calculated by nitrite stripping because of the over-
estimation of the related $D, or different way to calcu-
late the kinetic current in the two methods [33].
Moreover, also the difference between gas-phase

accessibility (CO chemisorption) and electrochemical
accessibility (nitrite reactivity) plays a role in the
different values obtained by measuring the S$D by  situ
or e¢x situ methods. In fact, the electrochemical surface
can match rather well the gas-phase surface for Fe—N—
C materials with low Spg7 (specific surface area, that is,
relatively low amount of micropores), although the two
values can be quite different in the case of high Sprz
where the micropore area is prevalent [33]. However,
Fe—N—C materials have modest intrinsic catalytic ac-
tivity, lower than Pt, especially in acid, obliging
increasing the catalytic loading at the cathode to
compensate for the overall activity [28,38—40]. In
addition, thicker catalytic layers represent a limitation in
terms of mass transport resistance, electronic resistance,
and proton resistance [38], not only at RDE level but
especially at MEA (membrane electrode assembly)
level, when testing polymer electrolyte fuel cells [40—
42]. In fact, when working at high power density, thin
electrodes are required to limit mass-transport—related
voltage losses [43]. Thus, enhanced proton transport
properties of the active site are essential for a high 70F
in acid [44]. Just as an example, Pt-based catalysts can
easily reach TOF values ranging between 10 and 42 ¢~
site sl at reported conditions [28,43], whereas Fe—
N—C materials are at much lower order of magnitude,
not overcoming 2 ¢ site”! 71 at reported conditions
[33,45].

Catalysts based on N4s-metal chelates

Different groups have investigated MNy4 macrocyclic
complexes not subjected to any heat treatment. They
provide simple models to identify some reactivity de-
scriptors because active sites are clearly identified,
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especially the metal centers in the MN4 moiety [21] as
showing well-defined CV redox peaks attributed to
metal-centered redox processes. The charge under
those reversible peaks allows the accurate determina-
tion of the amount or electroactive catalysts present as
8D [moly,, cm=?]. Most reports agree that they lack the
long-time stability/durability required for fuel-cell per-
formance, especially in acid. However, Cao et al. [46]
reported that FePc can exhibit higher activity than Pt/C
in alkaline media and a stability higher than 1000 cycles,
when anchored on carbon nanotubes via a pyridine axial
ligand (FePc-Py-SWCNT) (refer Figure 1). Yang et al.
[37] have studied FePc as well and directly deposited on
different nanocarbons. The activity depends strongly on
the type of carbon substrate used. Figure 3a illustrates
the 70OF values for FePc on different carbon supports
and the highest 7OF value is observed when C450, a 3D
nanoporous C with macropores of 450 nm, is used [37].
The low stability of FePc-based catalysts having high
TOF values could be due to the fact that highly reactive
sites for ORR can also be highly reactive to other species
and/or intermediates such as peroxide and OH radicals
that are generated faster than less active catalysts
attacking those sites, besides carbon corrosion [35].
Similar mechanisms have been described for pyrolyzed
metal—nitrogen—carbon catalysts [33,46].

Yang et al. [37] calculated these TOF values according to

TOF T+11 — z'[A fm’z]
[5 ] N 4'QFeﬂ(:liW[G ””72]

where 7 is the current at 0.868 Vryg and O, 4ive represents
the amount of electrochemically active centered Fe ion,

Figure 3
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estimated from the area of the Fe(IIl)/(I) redox peak
determined by cyclic voltammetry under Nj-saturated 0.1
KOH. O 4ive depends on the morphology of the carbon
support (specific surface area, pore structure, and rough-
ness of the surface of the carbon), which affects somehow
the amount of FePc deposited on the support itself at equal
deposition procedures [37].

As explained before, those 7TOF values in Fig. 3 are
probably underestimated because the number of Fe(II)
active sites could be lower than the total sites NV (mol
cm™?). In fact, at that particular potential, a fraction of
the sites are in the oxidation state Fe(III) as 0.868 Vrug
is too close to the Fe(IIT)/(II) formal potential of the
catalyst. A rough estimation using a formal potential of
0.868 VRyE using the Nernst equation (estimated from
the peak of CV curves reported, which coincides with
the potential used for comparing activities) indicates
that only ca. 50% of the catalyst is active as Fe(II).
Fe(III) in alkaline media does not catalyze ORR as those
sites are strongly binding OH™ ions [21]. However, the
order of activity totally changes after a chro-
noamperometry at 0.868 VRyg, showing that the most
durable catalyst (that is the one that lasted longer before
reaching the 50% current loss) was the one with the
lowest TOF value (FePc/KBC) [37]. Interestingly, the
results denote a shorter durability with 7OF increasing.
This effect can be explained considering that a low TOF
value implies a slower formation of reaction in-
termediates during ORR, such as HO;, which can
partially hinder the active site. Thus, degradation is
limited compared with catalysts with higher TOF values.

Cao et al. [46] did not provide any 7OF, §D values, or CV
profiles that could allow the estimation of (. The
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(a) Turn-over frequency (TOF) of catalysts containing FePc attached to the surface of different carbon supports (KBC, Ketjen Black carbon; VC, Vulcan
carbon; WMCNTS8, multi-wall carbon nanotube with diameter 8—15 nm; WMCNT20, multi-wall carbon nanotube with diameter 20 nm; SMCNT3, single-
wall carbon nanotube with diameter 3—5 nm; nC450, 3D nanoporous carbon with macropores 450 nm; mC140, mesoporous carbon with macropores
140 nm). (b) Time for 50% current loss as a function of TOF at 0.868 V vs RHE. Data from Yang et al. [37].
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enhancement of the activity of FePc when using a pyri-
dine back-ligand seem to be associated to the electron-
withdrawing effect of pyridine that would shift the
Fe (IIT)/(IT) redox potential in the positive direction and
push the catalyst up towards the top of the volcano cor-
relation of (log/) g versus the £0'pe (i of the catalyst
[21]. The beneficial effect of an electron-withdrawing
axial ligand on Fe phthalocyanines has been demon-
strated using several FePcs attached to carbon nanotubes
[48,49] substrates and gold (111) [50]. These axial li-
gands seem to mimic the action of similar ligands in
enhancing the catalytic activity for ORR of cytochrome-c
in the respiratory chain of aerobic life [47,51].

C—N materials show ORR activity even in the absence
of any transition metal. Chakraborty et al. [52] have
proposed a method for evaluating the active SD of
metal-free nitrogen-doped carbon using catechol as an
adsorbate. These catechol provide well-defined redox
peaks that facilitate an indirect estimation of the mass-
specific active SD (8D,,,;) evaluated from the electrical
charge involved in these redox processes according to:

SD s [active siteg™ 1} =

Integrated CVarea A4 V]-Ny [sitemol "]
n-scanrate|Vs—1)-F [Cmo/— 1 } g

where Ny is the Avogadro number, # the number of elec-
trons, 7 is the catalyst’s mass. The rest of terms have the
usual meaning. The electrochemical surface area can be
estimated according to (using the normalizing factor of
611 pC cm 2 as charge of unit surface area on graphite
[53]):

_ Cat ggscharge|C)
2 —17 adls' L
BSAlom e ] = 5 T en ]

Chakraborty et al. [52] double checked their electro-
chemical surface area estimation using the equation
mentioned previously using the BET-specific surface
area (Spp7) and multiplied it by the total pyridinic ni-
trogen percentage, as reported by Guo et al. [53] and
found comparable results suggesting the accuracy of the
equation aforementioned. This is important for intact
and pyrolyzed catalysts as nonmetallic sites can
contribute to the catalytic process.

Conclusions

Most intact MN4 complexes do not exhibit long-term
stabilities that can be compatible with fuel perfor-
mance. This is less critical in alkaline media, and there
are some reports that might promise some success in
this sense if the FeN4 complexes are attached to carbon
nanotubes directly or linked via pyridinic axial ligands.

The combination of 7OFand §D can be considered as a
rigorous comparison between catalysts [28]. There are
different ways of estimating 7OF values and the values
obtained depend on the method used. This is relevant
to both intact and pyrolyzed materials. §D should
consider only active sites that are available for ORR.
Bulk sites do not count. When using 7OF values, special
care needs to be taken in estimating the amount of
M(II) active sites present under operating conditions
(electrode potential) because some complexes could
exhibit M(IIT)/(IT) redox potentials close to the oper-
ating potential.

Finally, it has been suggested recently that intact com-
plexes, which possess pyrrolic N inner nitrogens are not
representative of real active sites present in MNy py-
rolyzed catalysts, which predominantly pyridinic N
inner ligands. In this case, complex having phenan-
throline inner ligands can serve as better models for
future studies.
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