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Abstract: Platinum group metal (PGM)-free catalysts for oxygen reduction reaction (ORR) have
attracted increasing interest as potential candidates to replace Pt, in the view of a future widespread
commercialization of polymer electrolyte fuel cell (PEFC) devices, especially for automotive
applications. Among different types of PGM-free catalysts, M-N-C materials appear to be the
most promising ones in terms of activity. These catalysts can be produced using a wide variety of
precursors containing C, N, and one (or more) active transition metal (mostly Fe or Co). The catalysts
synthesis methods can be very different, even though they usually involve at least one pyrolysis
step. In this review, five different synthesis methods are proposed, and described in detail. Several
catalysts, produced approximately in the last decade, were analyzed in terms of performance in
rotating disc electrode (RDE), and in Hy /O, or Hj/air PEFC. The catalysts are subdivided in five
different categories corresponding to the five synthesis methods described, and the RDE and PEFC
performance is put in relation with the synthesis method.

Keywords: PGM-free; synthesis methods; carbon support, N-containing polymer; silica template;
metal organic framework; cost; rotating disk electrode; half wave potential; peak power density

1. Introduction

The extensive use of fossil fuels has led to severe environmental issues, and the effects of climate
change are becoming more impactful every day [1]. Consequently, in the near future, the fraction
of electricity produced via renewables will have to increase considerably, to limit further emissions
of CO; in the atmosphere. Thus, the dependence on non-renewable energy sources like oil, gas,
and coal must be reduced, to favor the transition to an emissions-free way to produce energy [2].
In this context, the development of efficient electrochemical energy conversion processes will be
essential [3]. H represents a sustainable and non-polluting energy carrier that can be used in mobile
and stationary power generators [4]. H; can be obtained from water electrolysis using electricity
produced by renewable energy sources. In this case, H, production and use would be part of a
completely emission-free, clean, and sustainable cycle [5].

A fundamental advance towards a Hp-based energy system are fuel cell vehicles (FCVs). Thus far,
several car manufacturers have already put on the market fuel-cell car models, in areas where hydrogen
fueling stations are available [3]. Nevertheless, several challenges must still be overcome before FCVs
will become a successful and competitive alternative for consumers [6]. A representation of an FCV,
with details showing the core components of the propulsion system, is shown in Figure 1a.

A fuel cell is a device that directly converts the chemical energy of a fuel and an oxidant into
electrical energy. This happens by means of electrochemical reactions that take place at the electrodes
(anode and cathode) [7]. Polymer Electrolyte Fuel Cells (PEFCs) utilize H; as fuel and O, from the
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air as oxidant. PEFCs are advantageous for automotive applications because they operate close to
ambient conditions (below 100 °C), allowing fast start-up and shut-down [8].

The basic structure of a PEFC consists of a solid electrolyte (a polymeric membrane, which
conducts H" ions) in contact with a porous anode and cathode on either side. A schematic
representation of a single PEFC, with the reactants, products, H* ions, and electrons conduction
directions through the cell, is shown in Figure 1b. The whole membrane and electrodes ensemble is
called Membrane Electrode Assembly (MEA) [4].
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Figure 1. (a) Representation of a fuel cell vehicle (FCV) with details of the main components of the
propulsion system; (b) schematic picture of a single Polymer Electrolyte Fuel Cell (PEFC).

To let the electrochemical reactions occur at such low temperatures, the presence of a catalyst
is required at both electrodes. Pt is the best catalyst for both the hydrogen oxidation reaction (HOR)
and the oxygen reduction reaction (ORR) [9,10], and its use has been until now one of the main
impediments to the widespread commercialization of PEFC devices. Pt and the other Platinum Group
Metals (PGMs) are costly raw materials that suffer of price volatility on the stock exchange market (see
Figure 2a,b) [11]. Moreover, the majority of Pt mining production is concentrated in South Africa and
in a few other countries, as shown in Figure 2c [12]; this could cause provision issues in a scenario of
massive production.

In the last decade, significant improvements have been obtained in reducing the amount of Pt
used in PEFC stacks [13]. However, in the scenario of a complete replacement of the entire internal
combustion engine car fleet with FCVs, considering the estimated total world Pt reserves, and a
reasonable Pt recycling rate, the Pt cost is expected to rise tremendously [14,15].

According to the most recent estimations of the U.S.A. Department of Energy, the cost of a PEFC
stack is dictated in large portion by the Pt-based catalyst cost. This portion is getting larger as the
number of stack manufactured per year increases, as shown in Figure 2d [16].

It is easy to understand how the development of cost effective, highly performing, and durable
PGM-free catalysts as alternative to Pt would represent a fundamental breakthrough for the widespread
commercialization of PEFC devices. In this regard, it has to be considered that the Pt loading in PEFCs
is usually higher on the cathode than on the anode. In fact, in the acid environment of PEFC (around
pH 1), the HOR kinetics on Pt is much faster than the ORR. Consequently, about 5-10 times more Pt is
needed at the cathode than at the anode, and for this reason the research is focusing predominantly on
PGM-free catalysts for ORR [12].

Among different types of PGM-free catalysts for ORR, the most promising are carbon-based
materials containing transition metal/nitrogen functionalities, hereinafter indicated as M-N-C.
The active ensembles present on these catalysts are indicated as M-N,/C, where M is a 4th period
d-transition metal (e.g., Fe, Co, Mn), and x indicates the number of N atoms coordinating the metal.
For example x = 4 for a pyridinic in-plane coordination in a single graphitic plane, or x =2 + 2 for a
pyridinic coordination at the edges of two graphitic planes [17,18].
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Figure 2. (a) Variation of the average monthly price (in US $/troy ounce) of Platinum from July 1992 to
September 2018 [14]. (b) Variation of the average monthly price (in US $/troy ounce) of five Platinum
Group Metals (PGMs) (Pt, Pd, Rh, Ir, Ru) in the last 5 years (November 2013-November 2018) [14].
(c) Major countries in global mine production of platinum from 2012 to 2017 [15]. (d) Breakdown of the
2017 projected PEFC automotive stack cost at a volume production of 1 k, 100 k, and 500 k systems per
year [16].

M-N-C catalysts have gained increasing attention due to their promising catalytic activity, along
with the utilization of abundant and inexpensive precursors for their synthesis [19]. In 1964, it was
demonstrated that metallized macrocyclic molecules (i.e., porphyrins and phthalocyanines) could act
as ORR electrocatalysts [20]. However, their stability in acidic medium is poor, due to decomposition.
Subsequently, it was discovered that submitting these molecules to a heat treatment at high temperature
(700-1100 °C) in inert atmosphere increased both the activity and the stability in acidic medium [21].
During the heat treatment, a carbonization takes place, with simultaneous incorporation and of N and
metal atoms in the carbonaceous matrix, to form the active and more stable M-N,./C moieties [22,23].
Subsequently, it was discovered that, due to the structure modification occurring during the heat
treatment (pyrolysis), the use of the metallized macrocycles was not strictly required. Catalytically
active materials can be obtained from pyrolysis of a wide variety of chemical precursors, provided that
a source of carbon (carbon support, organic molecule, polymer), a source of nitrogen (N-containing
organic molecule, polymer, or reactive gas like NH3), and an active transition metal source (e.g., salt)
are present [24-26].

The aim of this review is to present and analyze the most common and effective methods used
to produce M-N-C catalysts for ORR. The catalysts are divided into five different groups, based
on the synthesis method. For each group, the performance of several different catalyst, developed
approximately in the last decade (2008-2018) is reported. Both the performance in rotating disk
electrode (RDE), and in a single PEFC were considered, when available. For RDE tests, the performance
is also put in relation to the catalyst loading on the working electrode. For the single PEFC experiments,
the results of Hy /O, and H, /air tests are shown separately. Moreover, the PEFC performance is put
in relation with the cathode catalyst loading, and with the cell total PGM loading, considering the
amount of Pt used at the anode.
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In this review, only Hj-fueled acidic membrane PEFCs were considered, thus excluding direct
alcohol (and other types of fuels) systems. The application in anion exchange membrane fuel
cells (AEMFCs) was not considered in this review. Even though the use of M-N-C catalysts
for ORR in alkaline medium has been reported extensively in the literature [27-30], only few
works have been published showing the application of such catalysts in Hp-fueled AEMFC with
promising performance [31-33]. In fact, AEMFC research is currently much focused on the membrane
development (durability, conductivity, resistance to carbonation) [34,35] and on understanding the
water management of the cell [36]. In these systems, the ORR catalyst activity should not represent
the main problem, given the enhanced ORR kinetics in alkaline medium on several different types of
PGM-free materials [37,38].

2. Different Approaches for M—-N-C Catalysts Synthesis

The aim of this section is to present and discuss the most widely used methods for the synthesis
of M-N-C catalysts for ORR that have been reported in the literature. The literature about this topic
is particularly ample, and many works have been published in the last decades, as described in
several comprehensive reviews [13,24,25,39-41]. Thus, the amount of papers that explore the use of
different chemical precursors and synthesis routes, showing physicochemical, morphological, and
electrochemical (mostly using RDE) characterization, is relevant.

The works analyzed in the following subsections, represent a selection among the literature
published approximately in the last decade. A particular attention has been paid to select works where
the catalyst were tested in RDE in acidic electrolyte, and showing PEFC testing results, providing
evidence about the catalyst performance at in-device level. An overview of the RDE and PEFC
performance is provided graphically, enabling a quick comparison between the catalysts synthesized
via different approaches.

In this analysis, we divided the catalysts into five different categories. For the sake of brevity,
hereinafter we will indicate the catalysts synthesis methods as follows:

e  Method 1: catalysts derived from carbon support and nitrogen containing molecule (Section 2.1);

e  Method 2: catalysts derived from nitrogen containing polymer (Section 2.2);

e  Method 3: catalysts derived from silica template and organic precursors (Hard Template Method)
(Section 2.3);

e  Method 4: catalysts derived from metal organic frameworks (MOFs) (Section 2.4);

e  Method 5: catalysts derived from MOFs and additional precursors (Section 2.5).

It is important to note that the proposed subdivision does not represent a universally recognized
standard. Nevertheless, it may be helpful to point out what is behind the idea of producing pyrolyzed
M-N-C materials that possess significantly high ORR activity in acidic medium. Materials with a
certain catalytic activity towards ORR can be obtained also without the presence of any metal, as
demonstrated in several studies, where various C and N precursors are combined [42-45]. However,
their activity in acidic medium is remarkably lower than their metal-containing counterparts, especially
when the most active transition metals (Fe, Co, Mn, etc.) are used. This is true for both pyrolyzed and
non-pyrolyzed materials [23,46-51].

2.1. Method 1: Catalysts Derived from Carbon Support and Nitrogen Containing Molecule

In this synthesis approach, the three key elements, C, N, and metal (M), necessary to produce the
M-N-C catalyst, come from separate precursors. Figure 3 represents a scheme of a typical synthesis
path that can be followed to obtain the catalyst.

The carbonaceous material is used with a double purpose: provide an excess of C atoms, and
act as an electronically conductive support matrix for the ORR active sites. To be effective as support,
the C-based material must have a sufficiently high surface area (to ensure high active sites density)
and a good electrical conductivity. Several types of carbon-based materials have been used, such as
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different types of carbon black (e.g., Ketjen Black, Vulcan XC72, Black Pearls, acetylene black) [46,52-57],
carbon nanotubes [58-61], carbon nano-networks [62], reduced graphene oxide [47,63—66], and ordered
mesoporous carbons [50,67,68]. Some studies have put in evidence the great importance of the carbon
support to provide a good ORR activity to the catalyst. For example, it was demonstrated that the
amount of disordered carbon (as detected by Raman spectroscopy) and the weight loss during the
pyrolysis (assessed by Thermogravimetric Analysis (TGA)) are correlated, and in turn, they also
correlate with the catalyst activity [46,55]. This was attributed to the higher reactivity of the disordered
carbon phase with the N-containing precursors, enabling a higher N incorporation rate compared to
the ordered graphitic carbons [55]. Additionally, the surface area and porosity of the carbon support
play a crucial role, providing higher active sites density and better mass transport properties to the
catalyst [46,69].

The presence of an N-containing molecule is essential to ensure the incorporation of N atoms
in the carbonaceous matrix of the support. A great variety of different molecules have been used.
Among them, N containing ligand molecules, which are able to form complexes in solution with
metallic ions, have been extensively explored. Molecules such as 1,10-phenanthroline [46,56,70],
2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) [71,72], 2,3,5,6-tetra(2-pyridyl)pyrazine (TPPZ) [73],
2,2'-bipyridine [74], melamine [75,76], hexamethylene diamine [77], urea [54], cyanamide [78], and
dicyandiamide [79] have been successfully used as N precursors.

In a comparative work by Nallathambi et al., the effect of 4 different N-containing molecules on
the catalyst performance has been investigated. Keeping constant the nominal N content, bipyridine,
pyrazine, purine, and melamine, having a N:C atomic ratio of 0.2, 0.5, 0.8, and 2.0, respectively, were
used. It was concluded that the N:C ratio in the precursor molecule correlates positively with the
catalyst activity. This was attributed to the higher incorporation of N in the pores of the carbon support
during pyrolysis, which increases the active sites density [80].

NHj is the only N-containing gaseous precursor that has been extensively used. NHj can be the
only N precursor [55] or be used in concomitance with other N-containing molecules [56,81]. Generally,
it was found that flowing NH3 during the pyrolysis has a beneficial effect on the catalyst activity,
increasing the micropores’ content. This relates to an increase of the N and M incorporation during the
pyrolysis, which is the function of the NH3% content in the gas mixture flown during the pyrolysis [82].

As far as the transition metal precursors are concerned, the most commonly used ones are salts,
mainly chlorides, nitrates, sulfates, and acetates. Even though all these types of salts have been
reported to be suitable for the catalyst synthesis, some works have shown that the use of one rather
than other salts may have an influence on the catalyst features and activity [83-85].

Metallized macrocyclic compounds such as phthalocyanines, porphyrins, and corroles, have been
used conveniently, as they contain both the transition metal and N in the same molecule [81,82,86,87].

During the pyrolysis, the high temperatures provide the energy necessary to recombine the
chemical bonds, favoring the incorporation of N and M atoms in the carbonaceous matrix of the
support [22,23]. The incorporation of C atoms contained in the N-containing organic precursor
molecule may also occur.

Pyrolysis is a key process, since it enables the formation of the active sites. For this reason, several
studies have focused on the influence of the pyrolysis parameters on the catalyst properties. Pyrolysis
duration, temperature, and time can be considered as variables. Generally, temperatures above 700 °C
are necessary to form a sufficient amount of active and stable ORR sites. The maximum pyrolysis
temperature that have been used in the catalysts synthesis are between 1000 and 1100 °C, probably
dictated by the technical limitation of the laboratory furnaces used to carry out the process. Several
studies have focused on the pyrolysis temperature optimization, obtaining different values depending
on the precursors used [26,72-74,87]. No clear indication comes out analyzing the literature about
an optimal pyrolysis temperature, however, the optimum is usually found between 800 and 1000 °C,
especially in terms of stability [88]. Submitting the catalyst to a second heat treatment, under the
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same [60] or different [56] conditions compared to the first one, was attempted. Usually, the catalyst
heat treated twice showed better performance compared to the counterpart heat treated once [60,89].

Another step of the catalyst synthesis that is often carried out is the acid leaching treatment after
the pyrolysis. This is done to remove the acid-soluble metal containing compounds (metallic form,
oxides) that are not strongly bonded or embedded in the carbonaceous matrix. Of course, the metal
content of the catalyst is expected to decrease after the acid leach. This helps the subsequent chemical
composition analyses that may be carried out (e.g., X-ray diffraction (XRD), Energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), Electron energy loss spectroscopy (EELS))
to be more informative and meaningful, enabling only to detect the metal that is strongly bonded
to the catalyst surface, which is most likely part of the ORR active sites in acidic medium [60,90].
If an additional acid leaching is done after the second pyrolysis, the metal content in the catalyst
is not expected to decrease. On the contrary, the metal content may actually increase, because the
remaining metallic species are strongly bonded and/or embedded in the carbon support, and at the
same time further C, N, and H atoms can be released in the form of gas molecules during the second
pyrolysis [23,60,91].

Carbon support N-containing Molecule N-containing Polymer
LEarbon nanotubes < N\ 7 ) Polymerizing agent monomer
. z a Q Yy NH, _N)_(N_ (e.g.NH;5,0,) + N2 4

i N

+ N_N ”‘v‘J H N P,

T m{v@r«@n«@ﬂ
| H H H H

graphene
NoSn
|
J -

- ZN
ey iy 13-k
PPY
Y
H n

+  Transition metal salt (Fe, Co, Mn, ...)%"(Cl, S04, NO3, CH3C00, ... )¥~

1 Pyrolysis Catalyst washing
v ~ Inert gas IN
Impregnation (A, N, ..} \ %t \ \ Gas OUT @
Mechanical mixing TRISTeY catal st rzcursors
Reactive gas
(NH,) : ¥

Ball milling -~ —— l

] ) i

\ o g pyrolyﬂs ?

b i Filtering

M — N - C catalyst Drying

7

YY) Y] || E
Y Ex il -

Heat

Figure 3. Scheme representing the typical steps for the synthesis of M-N-C catalysts with Methods 1
and 2.

2.2. Method 2: Catalysts Derived from Nitrogen Containing Polymer

In this synthesis approach, the C and N atoms necessary to produce the M-N-C catalyst may
come from a polymer. In many cases, a carbon support material is also used, with the same aims as for
Method 1. In any case, in this approach, the N-containing polymer is used as the source of N atoms.
As for Method 1, in most of the cases the source of metal is a soluble salt. This synthesis method is also
represented in Figure 3, considering an N-containing polymer as N precursor.
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The carbonaceous materials that have been used as supports are various, as for Method 1.
For example, in the work of Wu et al., different carbon support materials (multi-walled carbon
nanotubes, Vulcan XC72, Ketjenblack 300J, and BlackPearls 2000) were used to prepare catalysts using
polyaniline (PANI) and Fe, showing that the use of multi-walled carbon nanotubes enabled to improve
the durability [92].

Concerning the different types of polymers that have been used, we can mention the
following categories:

- polymers containing a N atom in their monomeric unit (e.g., polyacrylonitrile, polyamides, resin
urea-formaldehyde) [93-95];

- porous organic polymers (POP), including covalent organic frameworks (COF) [96] and
porphyrin- and phthalocyanine-based polymers [97,98];

- electroconductive polymers.

Among the previous categories, electroconductive polymers are the ones that have been
used more extensively thus far. Materials such as polypyrrole (PPY), polyaniline (PANI),
polyphenylenediamine [99,100], and polythiophene [101] possess mixed metal- and polymer-like
properties, and are considered ideal for many applications due to their low cost, high electronic
conductivity, and redox properties [25]. These materials have been investigated as PGM-free ORR
catalysts in two different ways:

- as catalysts on their own, incorporating metal complexes into the conductive polymer matrix [49,
101-103];

- using the electroconductive polymer as N (and C) precursor material to prepare M-N-C catalysts
via a high-temperature heat treatment, as described in Section 2.1 [104,105].

PPY and PANI contain N atoms in abundance (1 N over 5 or 6 C atoms, respectively), and for this
reason are the most widely used materials for this approach.

Zelenay and coworkers were one of the most active research groups in investigating the use
of electroconductive polymers to produce PGM-free catalysts for ORR. In 2006, a first promising
catalyst based on a mixture of carbon black, PPY, and Co salt (subsequently reduced using NaBHy),
was obtained without any high temperature heat treatment [103]. The same group subsequently
explored the synthesis of heat treated catalysts, using both PPY and PANI, with the latter showing
better performance and durability in PEFC. For the same catalysts, they also explored the use of Fe vs.
Co, and Co + Fe in different proportions. They found that Fe provided higher activity than Co, and
combining the two metals was favorable for performance improvement [106]. This class of catalysts
was then further optimized by a multistep synthesis process followed by acid leaching and a second
heat treatment [105].

An important role in the synthesis of electroconductive polymers is played by the polymerizing
agent. It is generally an oxidant, which is added to the monomer in a 1:1 molar stoichiometry, to
propagate the oxidative polymerization reaction. For the synthesis of PPY and PANI (the two most
common N-containing electroconductive polymers), the most used oxidants are H,O,, FeCls, and
ammonium persulfate ((NHy),S,0g, APS). Their use in the pyrrole polymerization for the synthesis
of a pyrolyzed Co-PPY catalyst supported on carbon has been comparatively explored by Sha et al.,
showing that the best ORR activity was obtained by using FeCls [107]. This could be attributed either to
its best properties as polymerizing agent, or to an additional Fe incorporation in the catalyst during the
pyrolysis. In this regard, it is worth mentioning that APS is the most extensively reported polymerizing
agent for PANI and PPY synthesis for ORR catalysts applications. This is probably because it avoids
the presence of Fe, which would not be controllable in nominal quantity as catalyst precursor, as
happens when FeCl; is used as polymerizing agent. However, APS introduces additional S, which
may also have effects on the catalyst activity. In the work of Ferrandon et al., the use of H;O, was
compared to APS to produce PANI-Fe-C derived catalyst, and the influence of the S contained in APS
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was investigated. The catalyst synthesized using APS showed a better ORR activity than its S-free
counterpart synthesized using H,O,. This is because more Fe carbide, and consequently less Fe-Ny
active sites, was formed in the S-free catalyst [91].

In a comprehensive work from Wu et al. about PANI-carbon black derived catalysts, different
synthesis parameters, as the number of heat treatments, intermediate acid leaching, heat treatment
temperature, metal loading, and type of transition metal (Fe vs. Co) were investigated and
put in relation with the catalyst material properties, ORR activity, ORR selectivity, and fuel cell
performance [89].

As for the synthesis Method 1, NHj3 can also be used during the pyrolysis as reactive gas, to
favor additional incorporation of N, with beneficial effects in catalyst activity [94]. In some works, an
N-containing polymer was used with organic N-containing ligand molecules (like phenanthroline [108],
ethylenediamine [109], or melamine [36]) forming complexes with transition metals, or with metallized
macrocycles (e.g., phthalocyanines [110]). Similarly to the use of NHj3, in these cases the additional N
source helps to obtain a better catalyst activity. The effect of the pyrolysis temperature on the RDE
performance has also been investigated, between 700 and 1000 °C, finding 900 °C as the optimum
temperature to obtain the best ORR activity [36].

An interesting and innovative approach consisting in using an N-containing polymer (PANI)
as a unique source of C and N was proposed in the work by Ding et al., where the authors utilize a
supersaturated NaCl solution to provide the catalyst a three-dimensional (3D) network structure via
NaCl recrystallization [111].

Another interesting approach was described in the work of Liu et al. Here, a solution of
polyacrylonitrile in dimethylformamide was used to produce nanofibers using an electrospinning
setup at high voltage (20 kV). The obtained fibers were then impregnated with different solutions
containing Fe and Co salts, and then heat treated at 1000 °C in NHj3 to obtain the final catalysts [112].

The influence of the transition metal in the catalyst synthesis is an important aspect to consider.
The work of Oh and Kim compares the use of Co and Fe in the synthesis of a catalyst where PPY and
ethylenediamine were used as N precursors. It was found that Co is more effective in increasing the
N content of the catalyst, resulting in higher ORR activity. On the other hand, Fe provides a better
durability, because it favors the formation of graphitic-N that is more stable in the acidic medium
compared to other types of N-bonding (e.g., pyridinic-N). In the same work, for both Fe and Co,
different wt% of metal between 2% and 20% were added in the synthesis. For both metals, the catalyst
containing a 10 wt% nominal metal showed the best performance [113]. A similar investigation was
done in the work of Wu et al., where the nominal amount of Fe in the catalyst precursor was varied
between 0.5% and 20 wt% in the synthesis of a PANI-derived catalyst. Here, the catalyst activity
increased significantly up to 3 wt% Fe, showing that adding more metal does not provide any further
improvement [89]. In the work of Osmieri et al., different Fe amounts (5, 15, and 30 wt%) were added
to a catalyst pyrolyzed once before the second pyrolysis. This addition was found to not be useful
to increase the catalyst activity, being the second heat treatment itself (without any metal addition)
the only factor that helped to provide better activity to the catalyst pyrolyzed twice [50]. The fact
that above a certain metal quantity added, there is no more correlation with the catalyst activity is
explained by the fact that only a relatively small amount of metal atoms are incorporated as atomically
dispersed sites in the M-N, /C moieties, and the excess metal just agglomerates in inactive forms.

In a recent work from Shu et al., the effect of the use of different salts as the Fe precursor in the
synthesis of a catalyst derived from carbon black and the polymerization of p-Benzenediamine was
analyzed. The use of FeCls, Fe(NOs3)s, and Fe(SCN); was explored. The presence of SCN™ ions turned
out to be the most favorable, since they stabilize the Fe during the pyrolysis, enabling the incorporation
in a more dispersed form due to their ligand effect. This resulted in an improved activity in both RDE
and PEFC [84].



ChemEngineering 2019, 3, 16 9 of 32

2.3. Method 3: Catalysts Derived from Silica Template and Organic Precursors (Hard Template Method)

The idea behind this synthesis approach is to take advantage of the shape of a template agent,
usually porous silica, and negatively replicate its structure by the incorporation of the catalyst
precursor(s). After the carbonization process (pyrolysis), to obtain the final catalyst, the silica
template is removed by leaching with an appropriate chemical that only reacts with silica and does
not damage the M-N-C material. A schematic representation of this synthesis method is shown
in Figure 4. The hard template method has been utilized for many different purposes, including
obtaining carbon-based materials with controlled porosity, which in turn can be used as carbonaceous
support materials to produce M-N-C catalysts, using Methods 1 and 2. To produce these ordered
porous carbon-based materials, different methods were used, such as impregnation of C-precursor
(e.g., sucrose) [114], polymerization of the precursor on the support [115], spray pyrolysis [116].

Silica template

Ordered porous silicas:

N-containing Molecule Polymer
HN  CHy HC

Transition metal salt

Ay A B
@ 0o
Metalllzed I\

PPY H
Polymenzmg N
agent - A /
(€8 NH.S 08] mcnomer
\ i
L/
<
M -porphirin MaCrocyde i 1
M = Fe, Co, Cu, Mn, Ni, .. I

SBA-15

MCM-41

@Q@ XX
%\{

MCM-48
Solvent evaporation

(Fe, Co,Mn, ...) "
(€1,504, NO, CH4C00, ... )5~

KIT-6

M-phthalocyanine N

A~
X 0

Pyrolysis Silica removal

SN e

Inert gas IN
(Ar, N, ...)

Wet impregnation

HF or
concentrated
alkali solution

Ball milling F

M-N-C

Figure 4. Scheme representing the typical steps for the synthesis of M-N—-C catalysts with Method 3.

Unlike in Methods 1 and 2, the main advantage of Method 3 is the possibility to avoid the use
of a carbon support, since the high surface area and the desired porous structure are induced by the
structure of the hard template used.

Of course, one of the most important parameters to consider in this type of synthesis is the
porous silica to be used, since it affects strongly the morphology and porosity of the final catalyst.
Different types of silica have been used to properly tune the catalyst towards the desired features.
Laboratory-made silica (e.g., SBA-15, SBA-16, KIT-6, MCM-41, MCM-48) are usually prepared from
a solution containing a surfactant (e.g., Pluronic® block copolymer), and tetraethoxysilane (TEOS)
used as Si precursor [23,117,118]. The different ordered porous silica can be obtained by varying
some synthesis parameters, like reaction temperature and time, surfactant type and concentration in
solution, and the TEOS-to-surfactant ratio. After allowing a sufficient time for the TEOS to polymerize
and replicate the surfactant structure in the solution, the solvent is evaporated and the silica is finally
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obtained by subsequent calcination in air atmosphere at high temperature (400-600 °C) to remove
the residual surfactant by combustion [117,119]. Different grades of commercially available silica
(Cab-O-5il®, Cabot Corp., Boston, MA, USA), having different surface area, were also used extensively
by Atanassov and coworkers [120-122]. Several works investigated the effect of the type of silica
template on the performance of the M-N—C catalyst, showing the importance of choosing appropriately
the template [118,123,124].

As catalysts precursors, different chemicals can be used. N-containing polymers and organic
molecules together with metal salts, and N-containing organic molecules forming complexes with
metal ions, have been utilized as precursors to prepare catalysts via hard template method. Metallized
macrocyclic compounds have been also used in several works, taking advantage of the fact that they
can be used as a unique C, N, and metal precursor [123,125,126].

To enable the replica of its structure, the silica template must be somehow mixed with the catalyst
precursor(s). The mixing may be done through different methods: solvent evaporation [127], ball
milling [124,128], or wet impregnation [23,129]. After this, the pyrolysis heat treatment is done to form
the M-N, /C active sites, as in Methods 1 and 2. The final step of the synthesis is usually the removal
of the silica template. This is effectively done by a washing treatment with an HF solution (usually in
the concentration of 5-10 wt%). As an alternative, a concentrated alkaline solution (NaOH or KOH)
can be used, as reported in some works [115,125,130]. This alternative should be considered especially
in those labs where the use of HF is limited or prohibited due to safety issues.

An interesting innovative “soft-template” approach was recently proposed by Mun et al.
In this work, the organic N and Fe precursor (a Fe-phenanthroline complex) was mixed in solution
with Resol (precursor of a phenol-formaldehyde resin), TEOS, and a surfactant (Pluronic® 127).
The silica formation takes place together with the casting, and the catalyst precursor is simultaneously
incorporated in the matrix. The H, /O, fuel cell test provides better results compared to a similar
catalyst prepared using the hard template method by wet impregnation on SBA-15 silica [129].

2.4. Method 4: Catalysts Derived from Metal Organic Frameworks (MOFs)

Metal organic frameworks (MOFs) are materials composed of metal ions and organic linkers
that, joined together, can form highly ordered crystalline structures, which have the particularity to
be porous. The counter ions (negatively charged) that balance the positive charge of the metallic ions
are located inside the pores, together with residuals molecules of solvents that can remain trapped
during the synthesis process [131]. The possibility to finely tune their structure by appropriately
choosing the metal ion and the organic ligand molecule gives MOFs a unique feature: they can be
flexibly used to synthesize materials according to a wide range of specific needs [132]. In fact, in the
last decade, MOFs have been used for several different applications, including storage of gases (e.g.,
H; adsorption) [133], fabrication of proton conducing membranes [131,132], electrocatalytic materials
(e.g., for ORR, CO; reduction) [134,135], separation of gases [132], and energy storage (i.e., Li-ion
batteries, supercapacitors) [136].

The use of MOFs as precursors for the synthesis of PGM-free ORR electrocatalysts is relatively
recent compared to the synthesis approaches described in the previous sections. Using MOFs to
synthesize M-N-C catalytic materials turned out to be very convenient, due to their facile synthesis
procedure and to their properties. Indeed, MOFs can be formed by metal ions and N-containing
organic ligands, strongly linked in a well-ordered structure, with a high density of coordination sites.
The possibility of retaining at least partially this ordered structure after the pyrolysis suggested the idea
of using a MOF as a catalyst precursor, with the aim to increase the density of atomically-dispersed
M-N,./C active sites, preventing or limiting to a minimum the agglomeration of the metal into
catalytically-inactive particles [137,138].

Several recently published comprehensive reviews have extensively described the wide variety
of PGM-free catalysts for ORR derived from MOFs [135,139,140]. Here, we will limit the description
to a specific focus on the synthesis variables that have been leveraged to tune some of the relevant
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properties of the MOF-derived catalysts. A representation of a typical synthesis process using MOFs is
illustrated in Figure 5.

A particular type of MOF, identified as the Zeolitic Imidazolate Framework (ZIF), is among
the most extensively reported for the synthesis of highly-active M-N-C catalysts for ORR. ZIFs
contain imidazole-type ligands and transition metals ions coordinated in a tetrahedral structure.
For example, one of the most commonly used imidazole-type ligand is 2-mtethylimidazole (Melm),
which can be combined with Zn?* ions to form the so-called ZIF-8, or with Co%* ions to form the
so-called ZIF-67 [141]. ZIF-7 is produced using Zn?* ions and benzimidazole as ligand [142]. Lee et al.
investigated different synthesis methods to produce ZIF-8: solvothermal using dimethylformamide
(DMF) and methanol as solvents, microwave-assisted, sonochemical, mechanochemical (ball milling),
dry-gel conversion, and continuous microreactor. All of the methods were effective, and produced
ZIF-8 with similar textural properties. However, sonochemical and dry-gel methods produced smaller
primary particles, and dry-gel and mechanochemical methods enabled to obtain higher product yields
than the others [143].

It was found that pyrolyzing ZIF-8 and ZIF-67 alone does not lead to obtain very active ORR
catalysts. In fact, ZIF-8 only contains 7Zn2* ions, which are not active to produce ORR catalysts. On the
other hand, ZIF-67 contains Co?* ions that, even though suitable to produce active ORR catalysts,
after the pyrolysis result in agglomeration in the form of Co-rich particles This probably happens
because Co?* ions are present in a too high density in the precursor [141,144]. An example of MOF
containing only Fe ions was reported by Afsahi and Kaliaguine using 1,3,5-tris(2H-tetrazol-5-yl)
benzene hydrochloride as a ligand. After the pyrolysis, the resulting catalysts showed a high content
of Fe-rich nanoparticles (carbides, metallic Fe), most likely due to the too high concentration of Fe in
the MOF precursor [145], as in the case of pyrolyzed ZIF-67. Another example of MOF containing
only Fe ions as metal precursor was reported by Zhao et al. using 2-aminoterephthalic acid as ligand.
The latter was only tested in alkaline conditions [146].

Thus, to incorporate a greater number of the highly active Fe-N, and Co-N, moieties, taking
advantage of the MOF properties, the approach of producing a bimetal MOF was attempted.
This approach enabled to obtain improved results compared to using MOFs containing only one
metal. In this approach, ZIF-8 is often used as base MOF, since Zn has the beneficial properties
of providing high surface area and enhance the microporosity, due to its evaporation during the
pyrolysis [135]. The incorporation of the additional active ion (usually Fe or Co) takes place by
dissolving a metal salt together with the Zn salt and Melm to form ZIF-8. In the work of You et al., Co
was added in different proportions to substitute Zn in the synthesis of ZIF-8, up to 100% (to obtain
ZIF-67). Different pyrolysis temperature were attempted, finding that the most active catalyst was the
one synthesized using a molar proportion of Zn:Co = 0.8:0.2, pyrolyzed at 900 °C. This sample showed
a higher surface area compared to pyrolyzed ZIF-67 due to the beneficial Zn evaporation effect [147].

MOFs are usually synthesized by dissolving the metal salt and the organic ligand in a suitable
solvent, to achieve a complete dissolution of both precursors. Solvents like methanol, ethanol, water,
DMF, and N,N’-dimethylacetamide (DMA) have been used [138,141,148-150]. Thus, the chemical
properties of the solvent and the organic solute, and their relative proportion in the solution, are crucial
factors to consider in the synthesis. Additionally, the use of surfactants for the synthesis in aqueous
solution was found to be useful, as described in the work of Wang et al. [150]. Here, two surfactants
(Span® 80 and TWEEN® 80) were dissolved with Melm, FeZ*, and Zn?* ions in water. The surfactants
help to prevent OH™ ions to bind to Zn?* to form alkaline salts, enabling the preferential binding
with Melm. In the same work, it was found that carrying out the bimetal MOF synthesis under inert
atmosphere rather than under air, enables to increase considerably the ORR activity and selectivity
towards a complete 4 e reduction in acidic medium. The catalyst derived from the MOF synthesized
under Ar showed a half wave potential (E;,;) of 0.82 V vs. RHE (reversible hydrogen electrode)
and almost null H,O; generation, while its counterpart synthesized under air showed E; , = 0.65 V
vs. RHE and a molar H,O, generation between 10 and 20%. The better performance of the catalyst



ChemEngineering 2019, 3, 16 12 of 32

synthesized under inert atmosphere was attributed to the fact that Fe ions remain under the reduced
Fe2* form, while in the presence of O, they tend to be oxidized to Fe3*. In fact, Fe?t and Zn?* ions
are isovalent, and the former can more easily homogeneously replace the latter in the ZIF-8 structure
without excessive distortion, which happens instead with Fe®*, leading to a less stable configuration.
Thus, having Fe?* helps to generate a more uniform Fe dispersion at atomic level during the pyrolysis,
while with Fe®*, catalytically inactive Fe-containing aggregates are formed in larger amount [150].

Another interesting aspect was investigated in the work of Zhang et al. [138]. Here, the authors
produced a series of Fe-doped ZIF-8 with a wide range of nanocrystals size (between 20 and 1000 nm)
using methanol as solvent. This effect was obtained by varying the molar ratio between Zn?* and
methanol in the solution. The most active catalyst was found to be the one showing a nanocrystal size
of 50 nm. The influence of the pyrolysis temperature was also investigated, ranging between 600 and
1100 °C. The catalyst pyrolyzed up to 1100 °C was found to be the most active and the most selective
towards 4 e~ ORR.

A recently published work from Wu et al. investigated the Co doping amount in ZIF-8. This was
done considering that ZIF-67 is isomorphic with ZIF-8, and for this reason, the amount of Co?* ions
substituting Zn?* can be adjusted with a continuous trend going from 0 (ZIF-8) to 100% (ZIF-67).
The optimum activity in RDE was obtained for a Co content of 20%. The influence of the pyrolysis
temperature was also investigated, finding that, as in the case of Fe-ZIF, the best activity is obtained by
pyrolyzing at 1100 °C [151].

It is worth noting that by using the bimetal MOF approach, the additional treatments (such as
acid leaching and second pyrolysis), which were found to be useful to increase the catalysts’ activity in
the synthesis approaches described in the previous sections, can usually be avoided [150].

A method to increase the surface area was developed through the introduction of the N-rich
ligand 1-H-1,2,3-triazole into the ZIF-8 structure by a solvent-assistant-linker-exchange. This molecule
goes through a rapid decomposition during the heat treatment, generating gaseous molecules (i.e., CO,,
NOy, NO, HCN, Npy), resulting in a higher pore volume surface area compared to the regular ZIF-8 [152].
This strategy could result beneficial in improving the mass transport properties of Fe-Zn and Co-Zn
MOF-derived catalysts, even though it has not explored so far.
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Figure 5. Scheme representing the typical steps for the synthesis of M-N-C catalysts using a pyrolyzed
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2.5. Method 5: Catalysts Derived from MOFs and Additional Precursors

In this method, precursors containing additional sources of N and M are added to ZIF-8 or other
Zn-based MOFs. This is an alternative method compared to the bimetal MOF approach, to incorporate
Fe, Co, or Mn ions into the MOF-derived catalyst. In fact, since MOFs possess a highly porous structure,
it is possible to absorb additional molecules inside their pores. Thus, in this case, we can imagine
the MOF acting as the carbon support materials described in Methods 1 and 2. However, unlike
carbon supports, which are inactive towards ORR, MOFs can be effectively used as a “host” ordered
structured to incorporate the active metal ions into atomically dispersed M-Ny, sites after the heat
treatment, as described in Method 4 [135]. A schematic representation of this synthesis method is
illustrated in Figure 6.

N-containing organic molecules and various metal precursors (e.g., salts) are usually added to
ZIE-8 or other Zn-based MOFs to incorporate Fe-N,, Co-Ny, or Mn-N, ORR active sites. NHj3 can
also be used as an additional source of N as pyrolysis gas [153], as in Methods 1 and 2.

In 2011, in one of the first works published utilizing MOF to produce M-N-C catalysts for ORR, a
Co-based MOF (ZIF-67) was mixed with piperazine (diethylenediamine), and pyrloyzed at different
temperatures between 500 and 900 °C. The sample pyrolyzed at 750 °C showed the best ORR activity
in RDE. Doing an acid leaching treatment after the pyrolysis was also found to slightly improve the
ORR activity [149].

A particular synthesis method was used by Zhao et al. First, an Fe-imidazolate framework was
prepared using ferrocene and imidazole, and then ball milled together with ZIF-8. This mixture was
then pyrolyzed first under inert gas and then under NHj3 flow [154].

Fe complexes with 1,10-phenanthroline (Fe-phen) have been used extensively as an Fe and
N additional precursor in combination with ZIF-8 [153,155-157]. A catalyst derived from the
incorporation of Fe-phen on ZIF-8 showed higher PEFC performance compared to a counterpart
catalyst synthesized incorporating Fe-phen on carbon black (Black Pearls 2000) [158]. In another work,
the effect of the type of complex was also investigated, using three different precursors that were
added to ZIF-8, and subsequently pyrolyzed. An Fe salt only (Fe(Il)acetate), a complex of Fe(Il)acetate
and 1,10-phenanthroline with molar ratio 1:6, and tris-1,10-phenanthroline Fe(II)perchlorate were
examined, the latter showing the best activity in PEFC. This suggests that the coordination strength in
the precursor plays an important role in the final catalyst performance [70,159].

A comprehensive work by Zhao et al. investigated the effect of four different ligands
(2-methylimidazole, imidazole, 2-ethylimidazole, and 4-azabenzimidazole) in the synthesis of ZIFs
using ZnO as Zn precursor, and tris-1,10-phenanthroline Fe(Il)perchlorate as an additional N and Fe
precursor. Interestingly, unlike the others, the catalyst produced using 2-methylimidazole showed
a foam-like structure after the pyrolysis. This was attributed to the highly porous structure of the
2-methylimidazole ZIF precursor. In the PEFC testing, this catalyst was the best performing one,
most likely due to enhanced mass transport properties due to the porous structure, despite the
2-ethylimidazole-derived catalyst showed the best RDE performance [160].

Recently, Li et al. published the first work about the development of a Mn-doped ZIF-8 catalyst,
showing promising activity in both RDE and PEFC. The catalyst was synthesized in two steps. First,
Mn3* and Zn?* ions were mixed with MeIm in a DMF solution. Different catalysts were prepared
varying the Mn content in the ZIF-8 precursor from 0 to 30%. The different Mn-doped ZIF-8 were
then submitted to a first heat treatment under N, at 1100 °C, an acid leaching step, and a second
heat treatment under N at 900 °C. The one with an initial Mn content of 20% was found to be the
most active in RDE. In the second step, the catalyst was dispersed in a solution containing additional
Mn?* ions in combination with N-containing organic compound, to adsorb more Mn and N the
catalyst. After recovering the catalyst by centrifugation, another pyrolysis at 1100 °C under N, was
done. Four different N-containing organic compounds were tested: dipicolylamine, phenanthroline,
melamine, and cyanamide, with the catalysts synthesized using cyanamide showing the best RDE
performance [161].
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An interesting synthesis method was presented in the work of Shui et al,, where MOF
embedded in polymeric nanofibers were produced by electrospinning a dispersion containing ZIF-§,
tris-1,10-phenanthroline Fe(II)-perchlorate in DME. Polyacrilonitrile and polymethylmethacrilate were
also added as a polymeric matrix. The nanofibers were then cured at 200 °C in air, and pyrolyzed
at 1000 °C under Ar atmosphere for 1 h. Then, the temperature was decreased to 900 °C, and NHj3
was flown for 40-60 min. Finally, the catalyst was acid leached and heat treated again under NHj at
700 °C for 1 h. When tested in a PEFC, this catalyst showed a much better performance compared to
a counterpart catalyst synthesized using a carbon black instead of the polymeric electrospun fibers.
This was attributed to the improved mass transport induced by the highly macroporous structure of
the nanofibers [156].

The performance of PGM-free based MEAs ready for commercialization in portable power
applications was achieved with a catalyst produced using a polyacrylonitrile-polymethacrylic acid
copolymer, together with ZIF-8 and Fe powder in a DMF dispersion. After drying under vacuum,
the mixture was heat treated in air in a multistep process, followed by a first ball milling, a pyrolysis
at 1100 °C under Ny, and a second ball milling. Then, the excess Fe was removed via multiple acid
leaching. After filtering, vacuum drying, and grinding, a further heat treatment at 700 °C under Nj,
followed by ball milling, was performed [162].

Another explored approach consists in dispersing the MOF on a carbonaceous support. This is
done with the aim to prevent the aggregation of MOF nanocrystals into larger particles, that was
observed during the pyrolysis. This caused a decrease in the overall surface area, and consequently,
of the number of active sites exposed and available for the ORR [135]. Multi-walled carbon
nanotubes functionalized with concentrated acids (HNO3; and/or Hy,SOy) [163,164], and reduced
graphene oxide functionalized with polyvinylpyrrolidone [165], have been used as carbon supports
for MOFs. Unfortunately, in these works, the ORR activity of the resulting catalysts was only tested in
alkaline medium.
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Figure 6. Scheme representing the typical steps for the synthesis of M-N—C catalysts with MOF and
additional precursors (Method 5).

3. Catalysts Performance Analysis and Comparison

One of the most evident factors that affects the ORR performance of an M-N-C catalyst is the metal
used in the synthesis. Several transition metals have been utilized for the synthesis. More specifically,
if we consider only the fourth period d-block transition metals (from Sc to Zn), the two metals found
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to be by far the most active are Fe and Co. For this reason, these two metals are also the ones that
have been more extensively investigated in the literature. Mn, Ni, Cu, and Cr are also able to provide
some ORR activity, but to a lower extent compared to Fe and Co [11,23,110]. Zn does not provide
any activity if used alone; however, if used together with another active metal, it is useful to provide
desirable features to the catalyst, such as higher surface area and N fixation [22,166].

In recent studies, TGA coupled with mass spectroscopy pointed out how the pyrolysis is associated
with the evolution of different gases and concomitant weight loss of the catalyst precursor. The low
thermal stability and high volatility may cause the sublimation/evaporation of the N-containing
organic precursor before a sufficiently high temperature is reached to form the M-N, /C sites during
the pyrolysis [22,23]. If this happens, a relevant amount of the N-containing molecules will be no
more in contact with the carbonaceous support and the metal ions. This may lead to disadvantageous
consequences, like a low number of active sites produced, and clustering of the metal in catalytically
inactive (or less active) forms (i.e., oxides, carbides, nitrides, metallic), avoiding the formation of
atomically dispersed catalysts.

Depending on the precursors used, the resulting catalyst shows different characteristics that
influence the ORR activity. The graphitization degree (investigated with different techniques like
Raman spectroscopy, XPS, XRD), was reported to influence the catalyst stability. However, less
graphitic catalysts have been found to be more active due to the presence of more surface defects
which may host more ORR active sites [55]. The graphitization degree is most likely dictated by the
structure of the carbon support material (if used), and by the heat treatment process. The catalyst’s
surface area and pore size distribution also affect the catalyst performance, since they influence the
reagents and products mass transport during fuel cell operation [46].

The aim of the following subsections is to screen and analyze the performance measured in RDE
and PEFC (H, /O, and Hj;/air) for several M-N-C catalysts reported in the literature in the last decade.

It is important to note that the RDE and PEFC performance data reported here are referred to the
beginning of test. Even though in several works the durability of the PGM-free catalysts is assessed in
RDE or MEA (or in both systems), analyzing and comparing performance results referred to durability
tests is extremely complicated, and could lead to misleading interpretations. In fact, for PGM-free
catalysts, a universally recognized and standardized durability testing protocol has not been developed
thus far, neither for RDE nor for single PEFC. For example, some of the variables of a durability test
that may significantly affect the results are: potential (or current) constant hold or cycling, potential
(or current) hold value, potential (or current) hold duration, cycling potential (or current) extremes,
type of cycling wave (square or triangular), scan rate, presence of inert or reactive atmosphere in the
cell during cycling, and number of cycles. Having available such high number of variables, many
different durability protocols have been used by different labs, making the comparison difficult, and
the analysis of durability tests results beyond the scope of this review.

Another important aspect to consider when comparing different catalysts is their cost.
Nevertheless, it is not easy to provide in this review a comprehensive and detailed analysis. Indeed,
all of the works cited in this review, as many others, describe the synthesis of the catalyst carried out at
lab scale. From this information, we cannot provide a reliable estimation of a catalyst production cost.
In fact, we could only base our calculation on the prices of the reagents purchased at lab scale (order of
magnitude of few grams), while a hypothetical industrial production plant would most likely purchase
the reagents at the order of magnitude of several hundred kg, or more. In addition, the synthesis steps
at lab scale (as reported in Figures 3-6 of this review) may be considerably different than at industrial
scale, and the process units involved can be considerably different as well, making a fair estimation of
the utilities cost difficult. Thus, the scale-up of the synthesis process from lab-scale to industrial scale
is not trivial. After all these considerations, it is easy to understand how an attempt of estimate the
catalyst production cost based on a lab scale process could lead to meaningless results.

Providing a reliable catalyst cost estimation based on a likely industrial production process is
therefore a not trivial task, which would require a big mole of work; this is beyond the scope of this



ChemEngineering 2019, 3, 16 16 of 32

review. However, an interesting tool named CatCost, which could be used to provide such type of
estimation, has been developed recently by the Energy Material Network, a consortium of U.S.A.
National Laboratories funded by the U.S.A. Department of Energy. CatCost includes several features,
such as raw materials pricing, capital and operating production costs for a new-build, dedicated
catalyst production plant, and process templates for production of common catalyst types that can
enable a reliable catalyst cost estimation [167].

3.1. RDE Performance

For both Pt-based and PGM-free catalysts, RDE is the most utilized method to test the ORR
activity [168], most likely because it is fast and allows a high level of reproducibility. When investigating
ORR catalysts for PEFC applications, it has to be considered that RDE has important limitations. In fact,
it is not an in-device level technique. The electrode is immersed in a liquid electrolyte, where O; is
dissolved, with consequent mass transport limitations occurring even at relatively low overpotentials.
For this reason, the measured current densities are usually between 1 and 10 mA-cm~2, depending on
the electrode rotation speed, that is usually set between 200 and 3600 rpm (more commonly 900 or
1600 rpm). These current densities are between 1 and 3 orders of magnitude lower than the typical
values achieved in a real PEFC operating with O, or air at the cathode. Thus, the RDE testing conditions
are very different compared to a real PEFC system.

In spite of these limitations, RDE remains a robust technique that can be conveniently utilized
for a fast initial screening of ORR catalysts activity. If a newly developed catalyst shows a promising
performance in RDE, then it has to be tested in a real operating PEFC to confirm its goodness.

The RDE performances of several catalysts, belonging to all the five different previously discussed
synthesis methods, are shown in Figure 7. Here, the performance parameter that has been chosen
is the half wave potential (E;/;), universally defined as the potential where half of the maximum
current density of a polarization curve is reached. Even if not explicitly reported in all the examined
papers, it is easy to extract the E; /, value from a RDE polarization curve plot. As an alternative, the
onset potential (Eon) could have been chosen as the performance parameter. However, E, definition
is more arbitrary. In some works, it has been defined as the potential required to obtain a faradaic
current of 0.1 mA cm~2 in a RDE polarization experiment conducted in “static” conditions (staircase
voltammetry). However, in other works, the threshold current value could be different, since no
standardized definition exists. Moreover, when not explicitly listed in a table or in the text, it is more
difficult to extract the Eon value from a simple RDE plot. Also, in many works, the RDE experiments
are not conducted in “static” conditions (i.e., using the staircase voltammetry technique), but rather by
using a linear sweep voltammetry. This makes the Ey, extraction even more arbitrary and uncertain,
due to the relevant contribution of the capacitive currents at low ORR overpotentials, especially if the
ORR polarization curve has not been corrected for the background current measured in the electrolyte
saturated with inert gas [169-171].

In Figure 7, Eq /; is plotted in function of the catalyst loading deposited on the RDE tip. Table A1l
lists all the catalysts plotted in Figure 7, with their respective reference.

From Figure 7, two aspects are immediately evident. First, in the majority of the published papers,
the catalyst loading is 0.6 mg-cm~2. Second, there is a general increasing trend of E; /, with loading.
In fact, lower Ej /, values (e.g., below 0.6 V vs. RHE) are mostly obtained with loadings <0.6 mg-cm 2,
regardless of the catalyst synthesis method. On the contrary, almost all the high E; /, values (e.g., above
0.75 V vs. RHE) are obtained with loadings >0.6 mg-cm 2. These two aspects are most likely
related together In fact, many researchers, during their experiments, could have found that with a
loading of 0.6 mg-cm ™2 an optimum compromise between loading and performance was achieved.
This performance evaluation in function of catalyst loading on RDE tip has been reported in some
works [51,172,173]. For this reason, a normalization of the catalyst activity for the loading, or for a
parameter indicating the exposed electrode active area (e.g., specific capacitance), is recommended to
enable a fairer comparison between RDE test results with different catalyst loadings.
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In addition to the increase of ORR performance (i.e., Eon and Ej /5), it was also found that the
H;,0O; generation decreases with the loading increase. This happens because on most M-N-C catalysts,
ORR may proceed through a path with an intermediate formation of H,O,, which, with a low catalyst
loading (i.e., thinner electrode layer) has a higher probability to diffuse into the bulk electrolyte,
before being re-adsorbed and reduced to H,O [174], or disproportionate within the catalyst layer [51].
It is important to consider that with these high catalyst loadings on the RDE tip, the validity of the
Levich thin electrode model is questionable. Moreover, ORR does not fulfill the assumptions of the
Koutecky-Levich method. Thus, the calculation of the number of electrons transferred in ORR via
the Koutecky-Levich equation can lead to misleading conclusions [175]. All of these considerations
have to be kept in mind when testing M-N-C catalysts in RDE, and when comparing results between
different labs.
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Figure 7. E; /; measured in a rotating disc electrode (RDE) in acidic electrolyte for M—-N-C catalysts
synthesized using the five different synthesis methods described in Section 2. See Table Al
for references.

With all the previous considerations in mind, if we look again to Figure 7, we notice that the
catalysts having better RDE performance are generally the ones synthesized with Methods 2, 4, and 5.
Only a couple of catalysts synthesized with Method 3, and one catalyst synthesized with Method 1,
show E;/; > 0.75 V vs. RHE, suggesting that MOFs and N-containing polymers precursors are helpful
to produce more active ORR catalysts. This can be attributed to a better stabilization of the direct
M-N coordination, limiting the coordination bond cleavage during the pyrolysis (with consequent
formation of metal-rich catalytically inactive forms), and leading to a higher number of atomically
dispersed M-N active sites.

Catalysts synthesized with Method 1 showed mostly E; /» < 0.75. This might be explained by the
fact that in Method 1, low molecular weight N-containing organic molecules are used as N precursor.
These molecules are more volatile, and consequently, less thermally stable during pyrolysis compared
to a polymer or a MOF, thus being less efficient in converting M and N precursors into atomically
dispersed M-Ny active sites. The same reasoning can be done for the catalysts obtained with Method 3,
which are also synthesized using a low molecular weight N-containing organic molecule. Even though
the silica template plays a beneficial role in giving the catalyst a more controlled and tuned morphology
(which may improve the mass transport properties), it does not play any role in the “chemistry” of an
efficient incorporation of atomically dispersed M-Ny active sites. By concluding, from this analysis, it
seems that taking advantage of the properties of MOFs (both “alone” or with additional precursors, i.e.,
Methods 4 or 5) and polymers (Method 2) is the right path to be followed to get higher ORR activities.
Perhaps, focusing on combining MOFs and N-containing polymers can be an effective, still poorly
explored, strategy.
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Once again, we want to bring the attention to the fact that the data shown in Figure 7 are the
beginning of test results. Durability is an important factor to consider for M-N-C catalyst reliability;
however, as previously stated, its comparative analysis is made difficult by the high number of different
testing protocols that have been used by different labs.

The readers interested in analyzing the durability behavior of the catalysts shown in Figure 7 can
examine each single reference. To help this analysis, the catalysts that were submitted to a durability
tests in RDE are marked in the corresponding column of Table A1.

3.2. Hy/O; and H,/Air PEFC Performance

Testing the catalyst in a single Hy-fueled acidic membrane PEFC is usually the final step of the
development of a new PGM-free catalyst which showed a promising performance in RDE.

In this section, the PEFC performance of several M-N—C catalysts published in the last decade is
examined, considering the different synthesis processes used to produce the catalysts, as done for RDE
in Section 3.1. The parameter used to evaluate the PEFC performance is the maximum power density
reached at beginning of test (initial peak power density, IPPD). IPPD was chosen accordingly to what
commonly used in the literature as PEFC performance comparison parameter [40,176].

When comparing the PEFC performances of different PGM-free catalysts, it has to be considered
that many factors may have an influence. The MEA fabrication method, in particular regarding the
cathode catalyst layer, plays a crucial role in this sense. A careful optimization could be necessary
for each different catalyst, taking into account all the variables, such as: ionomer content, catalyst
loading, catalyst ink composition (i.e., concentration, solvents), ink deposition method (blade coating,
spray coating, hand brush painting, etc.), application of the catalyst on the gas diffusion media or
on the membrane, hot pressing, type of membrane, type of diffusion media, and compression of the
cell. As evident, this careful optimization is a demanding task, and, to the best of our knowledge, no
systematic and comprehensive works have been published thus far for PGM-free catalysts. However,
for our analysis, we may assume that each research group may have tried to optimize their MEA
fabrication method at least at an early stage, before publishing their results. Additionally, the PEFC
testing conditions, such as cell temperature, pressure, gas flow rate, and relative humidity, have a
strong influence on the IPPD, and should be taken into account when comparing results. Only when
keeping in mind all of these aspects we can start out performance comparison analysis.

The plots in Figure 8a,b show the IPPD measured in a single H, /O, PEFC in function of the total
M-N-C catalyst loading at the cathode (Figure 8a), and the Pt loading at the anode (Figure 8b).

In Figure 8a, it is evident that in the majority of the works analyzed, the cathode catalyst loading
is 4 mg-cm~2. More than a mere coincidence, this may result from a preliminary (and mostly not
reported in the papers) optimization done by the authors, or by a recurrent attempt of homologation
with the most widely used loading in the literature already published. Among all the parameters listed
before, the cathode catalyst loading can be considered as the most relevant MEA fabrication variable
related to the catalyst itself, which influences the overall performance. Analyzing the performance
in terms of synthesis method, the highest absolute IPPD values (> 600 mW-cm~2) were achieved by
the catalysts synthesized with Methods 2 and 5. There are only two exceptions: one for Method 1
and one for Method 3. All the other catalysts synthesized with Methods 1 and 3 show IPPD below
600 mW-cm~2. This trend is similar to what was found in Section 3.1 for RDE tests. The plot area was
also divided into three portions, delimited by dotted lines, which represent the specific power densities
areas of > 250 mW-mg~!, between 100 and 250 mW-mg~!, and < 100 mW-mg~!. Additionally, in
terms of specific power density, Methods 2 and 5 seem to provide the best performances.

In Figure 8b, the IPPD is plotted in function of the anode Pt loading. This parameter may give an
indication of the cost of each specific MEA in relation to its absolute performance. The Pt loading is less
useful to be related to the overall performance, since in acidic PEFC, the anode is usually not a limiting
factor. In fact, the points on the chart are dispersed in a more random way. However, if we look at the
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specific IPPD (W~mgpt’1) the best results are obtained with Methods 2, 4, and 5, being almost all the
catalysts produced with Methods 1 and 3 located in the zone of specific IPPD < 1 W-mgp; !

Analogously, the plots in Figure 8c,d show the initial IPPD measured in a single H, /air PEFC in
function of the total M—-N-C catalyst loading at the cathode (Figure 8c), and the Pt loading at the anode
(Figure 8d). The number of papers that show Hj/air tests is lower compared to the ones showing
H, /O, tests, as evident comparing the number of points on the plots on Figure 8a,b and Figure 8c,d,
and also from Table A2. In spite of this, observing Figure 8¢, it is even more evident that the only
methods that enable to achieve IPPD > 300 mW-cm 2 are Methods 2 and 5. All the catalysts produced
with Methods 1 and 3 (with only one exception) show IPPD < 200 mW-cm 2, Regarding the specific
IPPD, values > 100 mW-mg ! are only obtained with Methods 2 and 5. Figure 8d further confirms the
effectiveness of Methods 2, 4, and 5, which are the only ones that enable to overcome the specific IPPD
value of 1 W~mgpf1.

Since the data shown in Figure 8 are referred to beginning of test conditions, it is important to
consider that PEFC fabricated using PGM-free catalysts at the cathode have shown so far important
durability issues compared to their Pt-based counterparts. The durability of M-N—C catalysts in PEFC
has been documented and discussed by several articles and reviews [88,106,155,162,177,178]. However,
as previously stated, it is difficult to compare the performance of the different catalysts at the end of
durability test, due to the wide variety of durability protocols that were used in the different works.
However, it is important to bring the attention of the reader to consider the durability of the M—-N-C
catalysts, which is still a major issue for the development and consequent large scale utilization of
these catalysts in PEFC devices.
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Figure 8. (a) IPPD in function of cathode M-N-C catalyst loading and (b) IPPD in function of anode
Pt loading, for MEAs prepared using different M-N-C catalysts synthesized using the five methods
described in Section 2 and tested in single Hy /O, acidic membrane PEFC. (c) IPPD in function of
cathode M-N-C catalyst loading and (d) IPPD in function of anode Pt loading, for MEAs prepared
using different M-N-C catalysts synthesized using the five methods described in Section 2 and tested
in single Hj /air acidic PEFC. See Table A2 for references.
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For a deeper analysis, we refer the readers interested to this aspect to evaluate the durability
behavior of the catalysts shown in Figure 8 by consulting each single reference. In this regard, the
catalysts that were submitted to a durability tests in single PEFC are marked in the corresponding
column of Table A2.

4. Conclusions and Perspectives

Along several decades of research, a great effort has been put in the development of PEFC with
high performance and durability, which finally lead to the commercialization of several types of FCVs.
However, the use of Pt as the preferred catalyst in PEFC causes many issues in terms of cost and large
scale supply, as pointed out in the Introduction of this review (see Figure 2). Therefore, for several
decades, a considerable research effort has also been dedicated to develop PGM-free catalysts for ORR,
with remarkable advancements.

In this review, we focused on analyzing specific types of PGM-free catalysts, the M-N—-C materials,
which have been found to be the most promising in terms of catalytic activity. Several M—N-C catalysts
developed in the last decade were reviewed and discussed, with specific focus on the synthesis method.
In particular, five different main synthesis methods were identified:

e  Method 1: catalysts derived from carbon support and nitrogen containing molecule;

e  Method 2: catalysts derived from nitrogen containing polymer;

e  Method 3: catalysts derived from silica template and organic precursors (Hard Template Method);
e  Method 4: catalysts derived from metal organic frameworks (MOFs);

e  Method 5: catalysts derived from MOFs and additional precursors.

Each method showed specific aspects that are worth to be discussed, considering the influence
that they may have on the catalyst activity. The subdivision in different categories based on the
synthesis method may be helpful for the scientists working in this field, because it gives insights
on particular aspects that may deserve a deeper investigation in order to optimize the synthesis
process, and achieve better performances. Several patents have been released in the last three years
(2016-2018) about M-N-C catalysts development, using all the synthesis methods examined in this
review, demonstrating a continuous interest in this research field for industrial applications [179-185].

Finally, the catalysts performance in RDE and in single H, /O, and H; /air PEFC were reviewed,
and put in relation with the synthesis method used to produce the catalysts. The performance in RDE
was also analyzed in function of the catalyst loading on the electrode tip. For PEFC performance,
the M-N-C catalyst loading on the cathode, and the Pt loading on the anode were also considered.
From the analysis, it can be deduced that the synthesis methods that use MOFs and polymers as
catalyst precursors (Methods 2, 4, and 5), lead to obtain the most performing catalysts, suggesting
that these are the most promising paths to be pursued for the future development of new PGM-free
M-N-C catalysts.

Funding: This research did not receive any specific funding.

Conflicts of Interest: The author declares no conflict of interest.
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Appendix A

Table Al. RDE performance measured in acidic electrolyte for the catalysts reported in Figure 7.

Synthesis Method Ey/; (V vs. RHE) Catalyst Loading on RDE Tip (mg-cm~2)  Reference  Durability Test Done

1 0.68 0.60 [186] X
1 0.70 0.64 [46]
1 0.73 0.40 [187]
1 0.85 0.20 [84] X
1 0.75 0.20 [188] X
1 0.75 0.20 [189]
1 0.64 0.60 [73]
1 0.65 0.10 [72]
1 053 0.50 [47] X
1 0.70 0.71 [79]
1 0.73 0.71 [190]
1 0.72 0.32 [191]
1 0.75 0.60 771
1 0.70 0.60 [192] X
2 0.65 0.10 [116]
2 0.60 0.32 [50]
2 0.77 0.51 [36] X
2 0.72 0.20 [94]
2 0.80 0.60 [105] X
2 0.80 0.60 [193] X
2 0.75 0.60 [106] X
2 0.68 0.60 [194]
2 0.80 0.60 [89]
2 0.78 0.60 [91]
2 0.62 0.06 [195]
2 0.72 0.60 [111]
2 0.79 0.60 [108] X
2 0.84 0.60 [100]
2 0.66 0.35 [113]
3 0.77 0.60 [121] X
3 0.65 0.20 [121] X
3 0.60 0.22 [127]
3 0.84 0.60 [123] X
3 0.70 0.63 [22] X
3 0.72 0.63 [126]
3 0.75 0.20 [196]
3 071 0.60 [197]
3 0.75 0.60 [128]
3 0.63 0.08 [124] X
4 0.57 0.08 [152]
4 0.80 0.56 [150] X
4 0.85 0.80 [138] X
4 0.81 0.80 [145]
4 0.76 0.60 [147] X
4 0.65 0.60 [149]
4 0.69 0.40 [141]
4 0.78 0.75 [148] X
4 0.80 0.80 [151] X
5 0.80 0.80 [161] X
5 0.80 0.40 [156] X
5 0.76 0.40 [160] X
5 0.77 0.60 [153] X
5 0.74 0.40 [154]




ChemEngineering 2019, 3, 16 22 of 32

Table A2. Hj-fueled acidic PEFC performance for the catalysts reported in Figure 8.

Synthesis Maxim.um Power Maxin}um Po“fer Cathode ('Zatalyst Anod.e Pt Durability
Method Density H,/O; Density Hy/Air Loading Loading Reference Test Done
(mW-cm™?2) (mW-cm™2) (mg-cm™2) (mg-cm™2)
1 730 41 0.30 [187]
1 600 - 6.0 1.00 [84]
1 600 270 4.0 0.40 [189] X
1 230 50 10.0 0.10 [198] X
1 160 70 1.6 0.30 [73]
1 300 - 2.0 0.40 [80] X
1 210 - 4.0 1.00 [79] X
1 225 - 4.0 0.25 [190] X
1 140 65 35 1.00 [191] X
1 425 - 4.0 0.25 [77] X
1 275 - 2.0 0.25 [86] X
1 - 70 5.0 0.30 [72]
2 1000 400 3.3 0.20 [94] X
2 500 4.0 0.25 [105] X
2 900 400 40 2.00 [193]
2 375 4.0 0.25 [106] X
2 600 4.0 0.30 [111]
2 1050 380 40 0.20 [108] X
2 1040 4.0 0.40 [100] X
2 62.5 5.0 0.30 [116]
2 72.5 6.0 6.00 [103] X
2 325 4.0 0.10 [36] X
2 160 4.0 0.25 [199] X
2 270 3.0 0.25 [194] X
2 280 4.0 0.25 [89] X
3 560 4.0 0.50 [121]
3 450 2.0 0.50 [200] X
3 720 15 0.42 [123] X
3 100 2.5 0.30 [22]
3 105 2.5 0.30 [126]
3 104 4.0 8.00 [127] X
3 130 2.0 6.00 [201] X
3 192 4.0 0.40 [128]
4 305 4.0 0.50 [145]
4 560 280 4.0 0.20 [151] X
5 460 170 4.0 0.25 [161] X
5 900 3.0 0.30 [156]
5 603 3.8 0.40 [159]
5 750 570 4.0 0.10 [162] X
5 910 3.9 0.50 [158] X
5 620 2.2 0.25 [160] X
5 380 3.0 0.30 [153] X
5 470 220 4.0 0.5 [202] X
5 - 425 49 0.5 [155] X
5 - 287 1.6 0.5 [154] X
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