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Abstract: The greatest challenge of our times is to identify low cost and environmentally friendly
alternative energy sources to fossil fuels. From this point of view, the decarbonization of industrial
chemical processes is fundamental and the use of hydrogen as an energy vector, usable by fuel
cells, is strategic. It is possible to tackle the decarbonization of industrial chemical processes with
the electrification of systems. The purpose of this review is to provide an overview of the latest
research on the electrification of endothermic industrial chemical processes aimed at the production
of H2 from methane and its use for energy production through proton exchange membrane fuel cells
(PEMFC). In particular, two main electrification methods are examined, microwave heating (MW)
and resistive heating (Joule), aimed at transferring heat directly on the surface of the catalyst. For
cases, the catalyst formulation and reactor configuration were analyzed and compared. The key
aspects of the use of H2 through PEM were also analyzed, highlighting the most used catalysts and
their performance. With the information contained in this review, we want to give scientists and
researchers the opportunity to compare, both in terms of reactor and energy efficiency, the different
solutions proposed for the electrification of chemical processes available in the recent literature. In
particular, through this review it is possible to identify the solutions that allow a possible scale-up of
the electrified chemical process, imagining a distributed production of hydrogen and its consequent
use with PEMs. As for PEMs, in the review it is possible to find interesting alternative solutions to
platinum with the PGM (Platinum Group Metal) free-based catalysts, proposing the use of Fe or Co
for PEM application.

Keywords: microwaves; process intensification; joule heating; PEM fuel cells; hydrogen

1. Introduction

It is clear that we need a new formula for the production of chemicals: the chemical
processes still depend heavily on the intense heat generated by fossil fuels. Curbing car-
bon emissions, while maintaining quality of life, is a global challenge for manufacturing
processes that will require process innovation. The decarbonization of energy-intensive
manufacturing industries represents one of the most pressing technological challenges of
the coming decades. Among these industries, the chemical sector (including refineries) is
by far the most significant energy consumer [1]. One solution is to replace the energy pro-
duced by burning carbon-based fuels with energy from “green” sources such as electricity
produced from renewable sources. From scientific literature it is possible to consider that,
very often, the use of electricity is limited to the initial stages of the process such as the
electrocatalytic conversion of water, CO2 and/or nitrogen into hydrogen, carbon monoxide,
syngas, formic acid, methanol or ammonia [2–5]. The subsequent reaction steps are usually
carried out in the conventional way, therefore, by using the classical thermochemical path
through the use of fossil fuels, especially in the case of endothermic reactions. However, if
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the electrocatalytic production of fuels from water is certainly of fundamental importance to
decarbonize the chemical sector, it is equally important to address the possible applications
of electricity in subsequent reactions, which ultimately lead to thousands of products on
the market today. Therefore, it is necessary to understand the role of electricity in chemical
reactors and catalysts in order to identify the limits and advantages of this new technology.
Electrification of conventionally fired chemical reactors has the potential to reduce CO2
emissions and provide flexible and compact heat generation.

So, what are the possible approaches reported in the literature on the use of electricity
for the development of chemical processes? Several techniques are possible: electrocatalytic
or photoelectrochemical processes in which the direct supply of electric current (DC) to the
electrodes results in the transfer of charge across the interface between the electrode and the
treated liquid [6–8]; plasma reactors [9–11], in which highly reactive ionized gases (plasma)
are generated through electricity, so resulting in large numbers of chemically active species,
including electrons, ions, atoms and radicals [1]. Moreover, the transfer of thermal energy
in electrified reactors can be achieved in various ways, such as: microwave-assisted heating,
in which heat is generated through the displacement of dipolar molecules or ions in liquids
caused by the rapidly alternating electric field of the microwaves; ohmic or Joule heating,
in which heat is generated by an electric current passing through a resistive conductor;
induction heating, in which heat is generated by eddy currents, resulting in the conductive
materials by the rapidly alternating magnetic field, so resulting in the Joule heating of those
materials [1]. The comparison among the different electrification methods is summarized
in the following Table 1.

The role of electricity in chemical processes seems to be of particular importance for
all those processes that we can define as endothermic, which require a supply of heat to
develop the reaction and reach favorable thermodynamic equilibrium conditions to obtain
the desired conversion and yield. In particular, electricity can be useful for providing heat
to catalytic systems in a uniform way, avoiding thermal hot spots or large temperature
gradients from the heat source towards the catalyst.

This is the case, for example, of processes such as reforming for the production of
syngas, endothermic processes that require a constant supply of heat to the catalytic sites.

Industrial-scale reformers consist of hundreds of tubular reactors that need to be
heated. Traditionally, heating occurs through the combustion of fossil fuels and the main
mechanism of heat transfer is radiation. For this reason, to ensure the right amount of heat
to the catalyst, combustion takes place at temperatures much higher than the actual reaction
temperature. Energy losses are very high, as are fossil CO2 emissions into the atmosphere.

Conventional reforming presents three main drawbacks [12]:

• Inefficient heat transfer. The heat for the reaction must first be transferred by radiation
from the burning fuel to the outer walls of the reactor tube. Then, from the external
wall, it must reach the inside of the pipe by conduction and finally reach the surface of
the catalyst. Furthermore, generally the supports used for the catalysts are made of
alumina, and therefore are poor thermal conductors.

• The maintenance costs of the reactor are relatively high. The high temperatures
required stress the materials of which the pipes are made. Typically, a tube replacement
is required after an average of 5 years of operation. Additionally, the costs for these
interventions are very high, and can reach millions of dollars [12].

• Large quantities of methane (natural gas) are consumed in providing the heat energy
for the reforming reaction. For example, a typical 1100 ton d−1 ammonia plant requires
approximately 400,000 m3 d−1 of natural gas only for the heating stage. While natural
gas is a relatively cheap fuel today, it is a nonrenewable resource and may not remain
cheap in the future.

• To supply thermal energy to the reforming reaction, it is necessary to burn large
quantities of methane gas. Even though it is a relatively cheap fuel, it is nonetheless a
fossil fuel and therefore not renewable.
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Table 1. Comparison of different alternatives for the electrification of chemical reactors.

Mechanism Principle Pro Cons

Ohmic or Joule

electric current passing through
a resistive conductor produces
heat ð, a conductive structured
support (foam, monolith) is
used on which the catalyst is
deposited as thin film

- with respect to fired reactors and
with electrically heated furnaces (in
which the catalytic tubes are inserted),
there is a minimization of transfer
resistance and a solid–solid heat
transfer (higher rate and efficiency)

- catalysts have a shape different from
conventional fixed/fluid/mobile bed
applications, and should be
optimized for the applications

- avoidance also of mass transfer
limitations, possible gradients
between the catalyst and the gas
phase (at lower T, beneficial to reduce
side reactions)

- problems of adhesion
and stability of the
catalytic film over the
structured support must
be still solved

- necessity for a specific
redesign to optimize
catalyst performance

- possible side negative
effect of structured
substrate

- examples of industrial
development in the area
are not available

Induction
heating

rapidly alternating magnetic
field either generates eddy
currents in conducting
materials, resulting in the Joule
heating of those materials, or
generates heat in
ferro-/ferrimagnetic materials
by the magnetic
hysteresis losses

- studied in literature, known for over
70 years, but scarcely applied to
catalytic reactors

- used in some industrial applications
(fast preheating of petroleum
fractions

- simple design, possible induction
oscillations

- localized heating at the catalyst,
creation of thermal gradients with the
flowing gas phase (rapid quench)

- technology available industrially for
other applications

- need to add a
component which can be
heated by induction

- possible alternations in
stability, selectivity,
potential decrease
productivity

- possible interferences
with integrated Pd
membrane

Microwave/RF
heating

rapidly alternating electric field
of the microwave generates heat
by moving dipolar molecules or
ions in liquids, or by getting
absorbed in the so-called
“dielectric lossy” solid
nonmagnetic materials

industrial experience for fine chemicals
production
relatively simple technology

effective with liquids, less
with gas reactions; main
challenge with heterogeneous
catalysts to achieve uniform
heating; proposed solutions
difficult to scale-up

In the literature, there are several research studies aimed at improving the energy
efficiency of these processes that promote their sustainability. The catalysts currently used
in the industrial sector consist of alumina pellets which, having a low coefficient of thermal
conductivity, offer considerable resistance to the passage of heat [13]. From the studies,
it emerged that the choice of structured catalysts prepared, starting from carriers with
high thermal conductivity, such as silicon carbide, either in monolithic form [14] or in
the configuration of heating element [15], or conductive foams in which the pores are
filled with the catalyst [16], allows to optimize the system from a thermal point of view,
ensuring a more homogeneous radial thermal profile and, therefore, a reduction of hotspots
phenomena [17].

With a view to intensifying chemical processes, different electrification technologies
are being developed. Thanks to the use of renewable sources, they will be able to support
the environmental cause and also to improve the efficiency of the process itself, such as the
thermal transfer.

For this purpose, there are several systems aimed at supplying thermal energy, starting
from electrified solutions, which are proposed in the following paragraphs.
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In particular, this review was focused on the electrification of the methane reforming
processes, in which the heating was obtained by microwave irradiation and the Joule effect.
The produced streams, after further purification stages (not in the scope of the review), for
example, by means of a membrane for obtaining H2 with the desired purity, may be used
for feeding fuel cells for more sustainable and in situ energy production. Among the others,
the PEM fuel cells have been chosen for this review.

2. Microwaves

Microwaves, which can be produced from the electricity obtained from renewable
energy sources, can be effectively used for heating chemical reactors, which are currently
conducted by using the burning of fossil fuels, thus helping in the chemical industry’s
electrification [18]. Apart from its peculiar characteristics (rapid, volumetric and selective),
the microwave heating can result in a huge process intensification, since it may allow an
improvement in at least one of the main process parameters, such as yield, selectivity,
capital or operating cost, as well as may reduce the environmental impact of a process.
In recent years, microwave heating has successfully been applied in commercial fields,
including food processing, physical and chemical treatments of wood, plastic, rubber and
ceramics [19]. Regarding the application of microwave heating to chemical engineering
processes, some main issues must be further investigated [20]. In the last decade, several
research efforts have been focused in this direction, with several groups investigating
the possibility to intensify some chemical processes, such as ammonia production at
low pressure [21] and methane and biomass valorization [22,23], through the use of the
MW heating. These recent studies evidenced interesting results and pose the basis for
further research. One of the main features of most industrial chemical reactors is that
they have (i) a fixed bed, (ii) a fluidized bed, (iii) slurry or (iv) a monolithic configuration,
thus being multiphase. The MW heating, being selective (microwaves may preferentially
heat a phase or material with respect to others), may have a fundamental importance
in multiphase reactors. For example, in a silicon carbide (SiC) monolith, the selective
heating realized, since only the solid absorbs microwaves (so heating itself), may cause
a temperature difference between the hot solid and the cold gas present in its channels,
therefore influencing the homogeneous and heterogeneous reactions inside the reactor.
This behavior is peculiar for the microwave heating of multiphase reactors and cannot be
obtained in conventional heating [24]. Selective heating can also result in highly localized
heating or hot spot formation [25], sometimes related to arcing or plasma [26], which can
occur in the case of the concentration of the electric field in a small gap between microwave
absorbers, such as activated carbon and silicon carbide [27,28]. So, arcing or plasma occurs
when the electric field strength becomes higher than the dielectric strength of the continuum
phase (~3 MV/m for air) [29]. Sharp edges and other surface irregularities, allowing the
accumulation of free charges with a consequent increase in the charge density and the
resulting electric field, may help arc formation [28,29]. The occurrence of hot spots in
multiphase reactors can be productive [30,31] or deleterious [32]. In fact, hot spots can
either reduce the catalyst activity by promoting, for example, the crystallization of the metal
nanoparticles dispersed on it [33,34], or the localized higher temperature may result in
enhanced reaction performance by obtaining (i) higher temperatures for the heterogeneous
reactions to occur [35,36] or (ii) the desorption of the products from the catalyst surface at a
higher rate [37]. In the past decade, several research groups have focused their attention
on microwave multiphase reactors, such as monoliths [23,37–41], fixed beds [42–45] and
slurry reactors [33–35]. Applications of these studies include polymerization [46], biomass
valorization [47,48], epoxidation [49,50], methane nonoxidative coupling [23], methane
steam reforming [39], MW-assisted CO2 desorption from zeolites 13X [45] and propane
dehydrogenation [41]. The studies evidenced the effective process intensification obtained
through MW heating, since higher yields and selectivity, as well as lower processing time,
have been shown. One of the main issues still remaining is the accurate measurement of
the temperature in MW-assisted processes; in this sense, only in few cases [23,38,40] have
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the temperatures of the different phases been reported with sufficient spatial resolution.
Some reviews have been published in the recent past, either dealing with specific areas of
chemical engineering [51] or providing a broad overview of the applications of microwave
heating in chemical engineering processes [52,53].

In this review, reactions have been chosen as an example of chemical processes in-
tensified by applying MWs. In the following subsections, the most recent advances in
MW-assisted catalytic methane reforming reactions are shown, by also focusing on the
reactor design.

2.1. MW-Assisted Reforming

Three different routes for methane reforming are widely known:

1. Steam reforming of methane, SRM, Equation (1), developed for the first time by
Sabatier and Senderens in 1902 [51];

2. Dry reforming of methane, DRM, Equation (2), which was studied for the first time by
Fischer and Tropsch in 1928 over cobalt and nickel catalysts [54], and then optimized
in 1948 by Reitmeier et al. [55], in whose studies the presence of steam into DRM
feeding stream resulted in suppressing coke formation;

3. Partial oxidation of methane, POM, Equation (3), studied for the first time in 1949
by Lewis et al. [56], whose studies were performed by reforming methane through
oxidizing it with oxygen using supported copper oxide catalyst.

SRM: CH4 + H2O 
 3H2 + CO ∆H0
298K = +206.1 kJ mol−1 (1)

DRM: CH4 + CO2 
 2H2 + 2CO ∆H0
298K = +247 kJ mol−1 (2)

POM: CH4 + 1/2 O2 
 2H2 + CO ∆H0
298K = −36 kJ mol−1 (3)

As evident from the above reported equations, SRM and DRM are highly endothermic
reactions, while POM is a slightly exothermic one [57]. Each of the three mentioned
reforming processes has its peculiarities, resulting in pros and cons in the adoption of a
process with respect to the others. In fact, for example, the Fischer–Tropsch (FT) process can
be used for the synthesis of oxygen-containing chemicals by using the syngas with a H2:CO
ratio higher than two produced by SRM [58], while the use of the syngas with a H2:CO
ratio near to one produced by DRM increases the selectivity of long chain hydrocarbons
during the same FT process [59]. In addition, the reduced energy input needed for POM,
due to its exothermicity, could probably make it more attractive, even if it requires high
purity oxygen feed, with a consequent need for safety control auxiliaries and high operating
cost. SRM and DRM are generally performed at temperatures higher than 800 ◦C by using
heterogeneous catalysts to achieve high methane conversion [60,61]. Different studies
present in the literature have shown that DRM and SRM processes can be performed
at temperatures in the range 400–500 ◦C over highly active Ni-based catalysts [62–64],
but a methane conversion lower than 20% has been reported. Several studies have also
proposed the combination of different reforming processes aimed at eliminating/reducing
the drawback of a particular reforming process. For example, the combination of an
exothermic and an endothermic reaction can result in a decreased high purity oxygen
requirement in the reactor, as well as in enhanced thermal efficiency by exchanging heat
from the different reactions [18]. On the other hand, the combination of DRM and SRM
can allow the presence of the gasification reaction between coke and water on the catalyst
surface (Equation (4)), which can (i) help in reducing the coke formation and deposition
issue and (ii) increasing the H2:CO ratio [65].

C + H2O 
 CO + H2, ∆H0
298K = −131 kJ mol−1 (4)

In the three mentioned reforming reactions performed by using conventional heating,
four steps, below summarized, have been reported in the presence of a heterogeneous
catalyst [66]:
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(i) The first step, considered as the rate-determining one, is the methane activation. The
energy needed for the rupture of C-Hx or CHx-Hx bonds is governed by the surface
properties. Each partially dissociated CHx species is adsorbed on the catalyst surface,
which sees also the presence of active carbonaceous species, C*.

(ii) The second step is the activation of coreactants (H2O, CO2, or O2), whose absorption
and dissociation on the catalyst surface or metal–support interface results in the
formation of active oxygen species.

(iii) The third step is the formation of the O-H group: the reaction between COx and H
radicals or surface O and H radicals allows the formation of surface hydroxyl (OH-)
groups. The interaction of the adsorbed CHx species and the O-H groups results in
the formation of CHxO intermediates, which then decompose to CO and H2. The
catalyst–support interface normally serves as an active site for CHxO formation.

(iv) The fourth step is the oxidation and desorption of intermediates: the oxygen species
on the metal catalyst surface may react with a surface group (CHx group, CHxO or
COsurface). Consequently, the formation of CO through the dissociation of CHxO
and COsurface or the Boudouard reaction (Equation (5)) may be obtained. Other side
reactions affecting the overall reforming performance and product selectivity may
occur, including reverse water gas shift (Equation (6)), and CH4 decomposition shift
(Equation (7)) [66].

CO2 + C* 
 2CO, ∆H0
298K = +172 kJ mol−1 (5)

CO2 + H2 
 COsurface + H2O, ∆H0
298K = +41 kJ mol−1 (6)

CH4 
 C* + H2, ∆H0
298K = +75 kJ mol−1 (7)

Our literature review evidenced that the reaction routes occurring in catalytic MW-
assisted methane reforming seems to be like the ones of conventional methane reforming,
with enhanced performance in the former case, mainly due to two peculiar effects: (i) ther-
mal and (ii) specific or nonthermal. These two effects are briefly summarized in the
following lines.

Thermal effects due to MW irradiation are generally associated with the hot spot
formation and selective heating, considered, as previously mentioned, the main responsible
in the increased reactant conversion and product selectivity in the gas phase reaction. In
fact, in the case of reforming reactions, the localized higher temperatures may result in an
easy activation of adsorbed CH4 and coreactants (O2, CO2, or H2O), with the consequent
formation of syngas [39,65]. As a rule, the thermal effects are mainly related to the ability
of the catalyst to absorb the MW irradiation.

In contrast, the nonthermal effects are due to physical interaction between gaseous
molecules and MWs, but this point is still under debate from the scientific community, in
which conflicting opinions from several theoretical and experimental studies are present.
Regarding this aspect, several review papers discussing on this subject are available, which
can be consulted by interested readers [66,67]. In general, in some studies the hypothesis
that the coupling of MW energy and gaseous molecules may occur, so resulting in the
population of the quantum vibration state, which is defined as the rotational excited state
to promote gaseous molecules’ dissociation. Following such a mechanism, the reduction of
the Arrhenius activation energy for the dissociation of gaseous molecules can be obtained,
as demonstrated by some recent studies in which the catalytic MW-assisted decomposition
of NO to N2 and O2 has been investigated [68,69]. In addition, some recent studies have
been able to attribute the enhanced performance in MW-assisted reactions to nonthermal
effects, through the use of advanced measurement techniques such as in the real time
Raman spectroscopy measurement equipped with fiber optic thermometer [70–72]. More
deep discussions on the nonthermal effects of MWs are present in the works of Stuerga
and Gaillard [73,74]. Other studies are present which use fixed bed reactors and that have
argued that the nonthermal effects resulted in the reduction of the activation energy of
the studied reactions [75–77]. In any case, in these studies, differently from the previously
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mentioned ones, the temperature of the systems was measured through infrared pyrometer
or thermocouples, and therefore with a nonaccurate spatial resolution: so, definitive
evidence is difficult to find.

2.2. MW Reactors

One of the main challenges in the development of microwave heating-based technolo-
gies is the proper design of the microwave cavity, in particular with the aim to scale-up
a MW-assisted reactor. In fact, the sensitive nature of the standing wave pattern of the
electric and magnetic fields and the ineffective heating of the reactor due to the penetration
depth becoming smaller than the reactor size make this step very difficult. Therefore, these
drawbacks must be overcome for a widespread application of MW heating in chemical
processes. In this sense, the fast progress in computational resources and the availability of
user-friendly multiphysics commercial software could be helpful, for example, in providing
the exact distribution of the 3D temperature and electromagnetic field in a microwave cavity
and reactor [78]. However, progress in CFD goes on slowly with respect to the advances
in experimental tests. In fact, the presence of different aspects which must be considered
makes the modeling of microwave multiphase reactors very challenging, aspects which are
related to the peculiar nature of the reactors, simultaneously being multiphase (they are
characterized by the presence of more than one phase, such as gas and solid or gas and
liquid), multiphysics (they are characterized by the presence of different physics, such as
electromagnetism, transport processes and chemical reactions) and multiscale (they are
characterized by a variable length scale, from a single catalyst particle to the microwave
cavity). Due to these difficulties, few comparative studies are present in which the sim-
ulation results are validated with experimental tests [79–83]. In any case, the majority of
these studies have been performed considering only single-phase systems, such as the
microwave heating of liquids in a glass vial [79,80,83]. In the case of multiphase systems,
several simplifications are needed to effectively manage the complexity of the system
and obtain the results in a reduced computational cost. For example, some studies are
available in which a multiphase fixed bed reactor, constituted by uniformly arranged large
particles [43], biphasic solid hydride [84] and zeolites [45,85], was considered a continuum,
and in the simulations the experimentally measured effective permittivity of the sample
was employed. However, these simplifications should be carefully chosen, since they can
introduce large uncertainties in the model predictions, which can result in uncertainties for
the reactor design.

In this review, the attention was focused on multiphase reactors, which in general can
be classified as fluid–fluid (which in turn are divided into dispersed and biphasic) and
fluid–solid (which in turn are divided into slurry, fixed bed and structured bed), depending
on the phases involved. In the following subsections, more details are reported regarding
the recent studies on the MW-assisted heating of multiphase reactors, also giving an outlook
on the challenges and opportunities in achieving an effective process intensification driven
by microwaves.

2.2.1. Fluid–Fluid Systems

The most typical fluid–fluid systems are composed by two immiscible fluids which,
being in contact with each other, are selectively heated by MWs depending by their different
dielectric properties. As shown in Figure 1, the fluid–fluid systems can be either dispersed
(one phase can be dispersed in the other), usually used in the emulsion polymerization
of various monomers [86–88], or biphasic (two bulk phases with the formation of a single
interface), usually used for reactive extraction applications [89–91], such as in biomass con-
version. In the former case, the rate and product distribution of emulsion polymerization is
sensitive to the dielectric properties of monomers and solvents, which must be properly
chosen. In the latter case, the different dielectric properties of the two bulk immiscible
liquids may allow the formation of a temperature gradient between them when exposed to
the MW field. The characteristic selective heating of one phase obtained by using MWs,
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coupled to the solubility of the solute depending on temperature, can play a crucial role in
reactive extraction.
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2.2.2. Fluid–Solid Systems

The fluid–solid systems represent the main part of the applications of microwave
heating in multiphase systems, with a particular attention on heterogeneous catalytic
reactors, which, as known, play an essential role across the chemical industry. As mentioned
in the previous section, selective MW heating may result in increased reactant conversion
with reduced reaction time. Moreover, the presence of a temperature gradient with a “hot”
solid catalyst and a “cold” fluid due to MW irradiation may be helpful in limiting/avoiding
the homogeneous gas phase reactions, so resulting in higher selectivity to the desired
products if compared to conventional heating. In the fluid–solid systems, the three different
reactor configurations shown in Figure 2 are usually employed, addressed as (a) slurry,
(b) fixed bed and (c) structured bed reactors.
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The attention of the authors is focused to structured reactors, whose peculiar prop-
erties can allow to overcome some disadvantages of the fixed bed ones. In fact, the use
of structured reactors (Figure 2c) instead of fixed bed ones may result in (i) more uniform
temperature distribution, (ii) lower hot spot formation, (iii) decreased pressure drop and (iv)
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better heat and mass transfer rates [92] due to their higher heat conduction properties com-
pared to fixed beds [93]. In the MW-assisted reactions, the most used structured catalysts are
in the monolith and open-cell foam configuration, made of silicon carbide or cordierite. The
former material has a well-known high thermal conductivity (up to 400 W m−1 K−1) and is
a very good microwave absorber (εr = 9.72 − 2.01j); in contrast, the latter material has both
a low thermal conductivity and MW susceptivity (up to 3 W m−1 K−1 and εr = 1.5 − 0.007j,
respectively). For these reasons, the use of a structured catalyst prepared on a cordierite
support in a MW-assisted reaction strongly depends on the dielectric properties of the
catalyst coating. For example, the increase in the loss tangent of a cordierite monolith from
0.004 to 0.020 may be obtained after coating it with a silver–copper oxide (tan δe = 1.029)
catalyst [94]. In addition, the uniformity of the catalyst coating is mandatory for a success-
ful MW-assisted process when using cordierite: in fact, the presence of a thicker catalyst
coating results in hot spot formation due to preferential heating. In this way, a boost of
reactivity is obtained, with a consequent inhomogeneous accumulation of side products,
such as coke (its presence is detrimental for the microwave field leading to microwave
decoupling). In the case of SiC monoliths, a more uniform temperature profile can be
obtained even with an irregular catalyst coating [95].

In recent years, different experimental investigations have been performed aimed at
demonstrating that an effective process intensification in terms of selectivity to the desired
product and production rate may be possible by using MW-heated structured reactors.
In these studies, the selective heating of the solid with respect to the gas phase led to
a clear temperature difference between the two phases, with the solid having a higher
value. Therefore, a higher catalytic reaction rate and the suppression of the gas-phase side
reactions were obtained, so resulting in a significant intensification of yield and selectivity.
At present, SiC-based monoliths are ideal material for developing structured reactors.
However, the research of new and innovative materials with nonconventional geometries
could be helpful in increase the availability of structured reactors. Their peculiar properties
make the structured reactors usable in different MW-assisted processes, not only chemical
transformations, including also, for example, hydrogen release from metal hydrides [96].

Most of the studies in the literature focused on fluid–solid systems in which the fluid is
a gas. Some examples are also present in which liquids are fed to structured reactors, such
as in the case of the MW-assisted degradation of malachite green (an organic pollutant), by
using CoFe2O4/SiC foam [97].

The reforming reactions belong to the gas–solid multiphase reactors, and in the fol-
lowing Table 2, a summary of the performance of the most recently developed catalysts in
the MW-assisted ones is given.

Table 2. Summary of the performance of the most recent developed catalysts in MW-assisted
reforming processes.

Process Catalyst MW Input Operating Condition XCH4; XCO2

Energy
Consumption
kWh Nm−3H2

Reference

DRM Ni/Al2O3 P = 45–60 W

CO2/CH4 = 1
T = 800 ◦C
WHSV =

11,000 mL g−1 h−1

XCH4 = 90%
XCO2 = 90% - [58]

DRM Pt/C P = 45–60 W

CO2/CH4 = 1
T = 800 ◦C
WHSV =

11,000 mL g−1 h−1

XCH4 = 90%
XCO2 = 90% - [58]
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Table 2. Cont.

Process Catalyst MW Input Operating Condition XCH4; XCO2

Energy
Consumption
kWh Nm−3H2

Reference

DRM Ni/Al2O3-SiC P = 45–60 W

CO2/CH4 = 1
T = 800 ◦C
WHSV =

11,000 mL g−1 h−1

XCH4 = 90%
XCO2 = 90% - [58]

DRM Ni/SiC P = 45–60 W

CO2/CH4 = 1
T = 800 ◦C
WHSV =

11,000 mL g−1 h−1

XCH4 = 90%
XCO2 = 90% - [58]

DRM 7Ru/SrTiO3 P = 36.99 kW CO2/CH4 = 1
T = 940 ◦C.

XCH4 = 99.5%
XCO2 = 94% 18.58 [98]

DRM Fe/HZSM-5 P = 700 W CO2/CH4 = 1
WHSV = 2.4 L h−1 g−1

XCH4 = 63.03%
XCO2 = 91.27% - [24]

DRM LaxSr2−xCoO4-Mn P = 140 W CO2/CH4 = 1
WHSV = 10 L h−1 g−1

XCH4 = 80%
XCO2 = 80% 3.98 [99]

DRM Co-Mo/TiO2 P = 100 W CO2/CH4 = 1
WHSV = 10 L h−1 g−1

XCH4 = 81%
XCO2 = 86% - [100]

DRM Cu-Mo/TiO2 P = 100 W CO2/CH4 = 1
WHSV = 10 L h−1 g−1

XCH4 = 76%
XCO2 = 62% - [100]

DRM Ni-Co/ZrO2-CaO
+ SiC -

CO2/CH4 = 1
WHSV = 10 L h−1 g−1

T = 800 ◦C

XCH4 = 97.1%
XCO2 = 99.2% - [101]

DRM 10Ni/AC -
CO2/CH4 = 1

WHSV = 33 L h−1 g−1

T = 650 ◦C

XCH4 = 48%
XCO2 = 51% - [102]

DRM Ni/MgO/AC -
CO2/CH4 = 1

WHSV = 33 L h−1 g−1

T = 650 ◦C

XCH4 = 82%
XCO2 = 85% - [102]

SRM
15%Ni/CeO2-

Al2O3
on a SiC monolith

P = 800 W @
GHSV = 3300 h−1

P = 1000 W @
GHSV = 5000 h−1

GHSV = 3300 and
5000 h−1

T = 550–950 ◦C
P = 1 bar
S/C = 3

CH4 equilibrium
conversion

T = 800 ◦C—GHSV =
3300 h−1

T = 850 ◦C—GHSV =
5000 h−1

3.8 [39]

2.3. Remarks

The literature survey and the consequent discussions reported in the above subsec-
tions revealed that the higher performance of the MW-assisted catalytic reforming reactions
compared to the conventional ones are attributed to both thermal and nonthermal effects.
More detailed fundamental investigations are, however, required to better explain and
unravel the role of the latter. A future direction for improving the knowledge, and a wider
use of the MW-assisted processes, is the better understanding of how to tune the solid–fluid
temperature difference as a function of the operating conditions and materials. In this sense,
the very recent introduction of fixed bed micromonoliths could introduce some advantages,
such as the improvement of catalyst loading, thereby allowing flexibility in material selec-
tion and the avoidance of hot spots formation [103]. Moreover, additive manufacturing,
enabling the production of complex structures, could be effectively employed in the future
years for the development of microwave-heated reactors.
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3. Electrical Resistive (Joule) Heating

Another technology for the supply of heat through electricity is ohmic or Joule heating,
using those called “Resistance-heated reactors” [1]. In this regard, an interesting concept
was presented in a recent article by Wismann et al., which proposed a new electric reactor
heated by the Joule effect for the steam reforming of methane [104].

In their article, they describe how to integrate the electrically heated catalyst directly
into a steam reformer to produce hydrogen. With this reactor and catalytic configuration,
there is an intimate contact between the electrical heat source and the reaction site on the
catalyst, which favors the achievement of thermodynamic equilibrium conditions and
reduces the formation of byproducts. In detail, Wismann et al. propose an experimental
reformer heated by the Joule effect, consisting of tubes made of Fe-Cr-Al alloys inside
which the reaction takes place, for which the heat is supplied by direct electric current
applied to the reactor through connectors of electrical copper. On the internal surface of
the tubes, a layer of zirconia washcoat is present, and nickel has been deposited as an
active species. The most important advantage of this type of reactor lies in the significantly
smaller radial temperature gradients obtained with a thin catalyst layer on the tube wall,
which is heated by the Joule effect, compared to a conventional method of a heated tube
containing a fixed bed of catalyst pellets. They have also evidenced that an electrified
compact reactor can be designed with overall dimensions potentially 100 times smaller
than conventional ones [105]. Below is a figure extracted from the work of Wismann et al.
representing the system described (Figure 3).
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Figure 3. Electrified compact reactor with temperature profile on catalyst surface with thermal
heating (a) and electrical heating (b). Reprinted from [104].

An interesting study concerns the endothermic reaction of DRM, in which metal
catalysts supported on La-ZrO2 were used [106]. In particular, the catalytic activity was
examined in the presence of an electric field generated by two stainless electrodes inserted
inside the reactor, with each end connected as a contact to the catalyst bed. The results
showed that with the application of the electric field, with a current of 3 mA, it is possible
to appreciate an activity even at 523 K, already having a CH4 conversion of 5%. The electric
field acts on the reaction rate by promoting the dissociative adsorption of CH4 on the surface
of the catalyst. In addition, the possibility of working at “low temperatures” compared to
the traditional DRM determines the achievement of high selectivity, high H2/CO ratios
and, in particular, low coke deposition. A schematic representation of electrified catalyst
used in this study is reported below (Figure 4).
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Figure 4. Schematic representation of the experimental setup and electrified catalyst. Adapted
from [106].

Rieks M. et al. [107] developed an electrically heated reformer for dry and steam
reforming reactions. They use a reactor with an internal electrical resistance heating, with
an axial structure consisting of FeCrAl alloy elements coated with a catalytic layer of
LaNixRuyOz and connected to an electrical power source. In order to define the optimal
reaction conditions during the experiment, different parameters were evaluated. The
experimental tests were carried out in a range of 750–900 ◦C and, as expected, as the
temperature increases, the conversion of CH4 also increases. However, this effect is reduced
at a temperature of 900 ◦C. The increase in the CO2/CH4 ratio in the 1.5–3 range, keeping
the CH4 partial pressure constant, leads to a lowering of the reaction rate: this effect was
explained through the difficulty of CH4 to adsorb itself on the surface of the catalyst.
Interesting experiments were conducted with heating elements covered with different
catalyst amounts. The results demonstrate that the reaction rate was strongly influenced by
the catalytic load, showing again the influence of internal diffusion, leading to a decrease
of the catalyst effectiveness for thicker washcoat layers. In this reactor configuration, the
catalyst is the origin of the reactor heating: this reduces the problems related to heat transfer
that are typically faced in externally heated reactors [107].

Spagnolo et al. [12] studied the electro-steam reforming of methane on a metal screen
washcoated with Ni/Al2O3 and demonstrated energy efficiency compared to the traditional
process. The authors proposed a novel approach to steam reforming where the principle of
resistive heating (due to the use of electrical energy) was used for supplying heat directly
to the catalyst surface. In their work, the catalyst was prepared starting from a resistant
metal screen used as support, which was covered first with a washcoat of alumina and
then with nickel as the active species. The reactor consisted of a relatively large diameter
(1–2 m) ceramic-lined pressure vessel, in which properly designed and realized feedthrough
terminals were used for the connection of the two sides (upper and lower) to an AC supply.

Specifically, the catalyst proposed by Spagnolo et al. consisted of various corrugated
steel sheets, coated with a layer of gamma alumina (14%) and nickel (9.5%), rolled up on
themselves [12].

Below is a schematic of the reactor configuration proposed by the authors (Figure 5):
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The performance of this catalyst was evaluated both in terms of CH4 conversion and
as energy required to produce hydrogen. The electrical energy (ER) required to produce
hydrogen expressed in [kJ L−1 of produced H2] is given by:

ER = 6× 104 EIN

FMCEn
(8)

where CE is the conversion efficiency, calculated as:

CE = 1− CH4

CH4 + CO + CO2
(9)

Ein is the electrical energy input to the catalyst in kW, FM is the inlet methane flow in
mL min−1 and n is the molar ratio of H2 produced to CH4 converted. In this work, Spagnolo
et al. showed interesting results in terms of methane conversion, thermal profiles and
energy consumption. Considering the thermal profiles, the presence of an axial temperature
profile was found, with minimum temperature values at the outlet end of the reactor below
400 ◦C due to heat losses by conduction through the power supply terminal.

Calculating the overall energy to produce a certain amount of hydrogen, the heat
necessary for the generation of steam was not considered, as was also the case in other
bibliographical data [12,15]. The net of heat losses, the energy spent to produce 1 Nm3 of
hydrogen, amounted to approximately 2.78 kWh Nm−3 of hydrogen, a value consistent
with the data reported in other scientific articles and not far from the energy values required
by conventional industrial-scale reformers, as also reported by Atwood and Knight [108].
The electrification of catalysts in steam reforming processes is certainly an interesting
solution which, however, sees strong limitations on an industrial scale [12]. If we consider
that most of the hydrogen produced by the steam reforming process is used to produce
ammonia, it should be noted that about 60% of the ammonia production cost derives from
the cost of methane gas used not only as a raw material of the process but also as a fuel.

The important energy contribution given by methane is therefore difficult to replace
with electricity. A competitive, low-cost, long-lasting and high-potential electrical energy
source is required in order to meet the requirements of the process. However, if one thinks
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of an electrified reformer, one should not necessarily think of large industrial scales, but,
on the contrary, these reformers lend themselves well to the concept of compact, small and
distributed hydrogen modules. Traditional reformers cannot be downsized. Furthermore,
another interesting advantage of electrified reformers lies in the maintenance cost: since
the material does not have to reach high temperatures on the surface of the tube, it does
not undergo severe thermal stress and damage.

Renda et al. studied the electrification of a structured catalyst consisting of a SiC
resistance covered with a washcoat based on a silica–mullite composite covered with Ni for
the dry and steam reforming reactions. The catalyst was heated by the Joule effect. In this
way, it was possible to supply heat to the catalyst directly from the inside, thus reducing the
resistance to heat transport. From the data obtained in terms of hydrogen production and
energy consumption, it can be seen that, as expected, the energy consumption of the system
is strictly linked to the H2 productivity [10,15]. As also reported by Spagnolo et al. [12], the
higher energy consumption was observed at lower space velocity values. This behavior
can be explained considering that, with the laboratory scale, the effects of heat dissipation
in the reactor have a big role with respect to the low gas flow rate fed to the reactor.

Sekine et al. conducted a catalytic reforming experiment at low temperatures
(423 K) [109]. The experimental setup used for this work was a fixed bed reactor con-
nected to two stainless steel bars used as electrodes. In the feed ratio used, S/C was
equal to 2, and 200 mg of catalyst was used. Initially, the experiments were conducted to
evaluate the effect of an electric field for catalytic reforming on metal catalysts (Pt-, Pd-,
Rh-, Ni-) supported on CeO2. Steam reforming on these catalysts was carried out with
and without the electric field, and performed at low temperatures in a range from 423 K
to 773 K. It was noted that at low temperature, conventional reforming gave almost zero
conversion; subsequently, with the application of the electric field, conversion increased
exponentially, especially for the Rh/CeO2 catalyst. In this study, the authors evaluated
the effect of the doping of these catalysts with zirconia in different amounts. It was noted
that the conversion of methane increased with the increase of the zirconium content. It
was therefore possible to observe that the metal catalysts supported on CexZr1−xO2 are the
best among those observed, since they showed a higher activity; in fact, the conversion of
methane for electro-reforming increased as the Ce/Zr ratio decreased [109].

It is not always easy and immediate to find data on the energy consumption of these
electrified catalytic configurations. Often, since these are applications for heterogeneous
catalysts used in endothermic reactions to produce hydrogen, we tend to define the effi-
ciency of the catalyst alone in terms of reagent conversion and product yield, neglecting
the aspects linked to the necessary energy consumption and to the homogeneous and
lasting heating of the catalyst. Furthermore, the reactor configurations proposed in the
literature are very different from each other, and making a comparison is difficult. In
this regard, we want to propose a summary table (Table 3) which shows some types of
technologies chosen for the electrification of heterogeneous catalysts used in dry and steam
methane reforming reactions, in which, in addition to the data relating to the yield and
conversion of the reagent, provide information relating to electrical parameters, play and
energy consumption. The latter, in particular, are not always available in the literature.
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Table 3. Energy consumption among the electrified-structured catalyst proposed in literature for
electrified reforming processes and their operating condition.

Process Heating
Element Catalyst Electric

Parameters
Operating
Condition XCH4; YH2

Energy
Consumption
kWh Nm−3H2

Reference

DRM
SiC heating

element (Joule
Effect)

Ni/Al2O3 P = 218 W CO2/CH4 = 1
T = 790 ◦C.

XCH4 = 85%
YH2 = 82% 5.1 [15]

SRM
SiC heating

element (Joule
Effect)

Ni/Al2O3 P = 220 W CH4/H2O = 3
T = 790 ◦C.

XCH4 = 80%
YH2 = 80% 4.8 [15]

DRM
Stainless
electrode

(Joule Effect)
Ni/La-ZrO2

I = 12 mA
V = 0.4 kV

P = 5 W

T = 576 K
CH4/CO2 = 1

XCH4
30.2%

YH2 = -
18 [106]

SRM
Stainless

electrode rode
(Joule Effect)

Ni/CeZrO2
Ce/Zr = 3

I = 3 mA
EPC = 1.29 W

T = 190 ◦C
H2O/CH4 = 2

XCH4
12%

YH2 = -
3.98 [109]

SRM
Stainless

electrode rode
(Joule Effect)

Ni/CeZrO2
Ce/Zr = 1

I = 3 mA
EPC = 1.53 W 3.21 [109]

SRM
Stainless

electrode rode
(Joule Effect)

Ni/CeZrO2
Ce/Zr = 0.3

I = 3 mA
EPC = 2.54 W 3.75 [109]

3.1. Reactor Configuration for Resistive (Joule) Heating

Considering the current reactor configurations proposed for endothermic processes,
they typically include the internal flow of the reactants through a tube configuration
in which the heat is supplied from the outside by burning a fossil fuel [110] Therefore,
the heating efficiency in these configurations is compromised due to multiple thermal
resistances. On the contrary, thinking about the application of resistances for heating the
catalysts, they generate heat distributed evenly in the catalyst in direct contact with the
fluid. For this purpose, it is interesting to observe which are some of the possible simple
reactor configurations that satisfy this requirement. The solutions proposed concern, almost
always, schemes of modular reactors with heating by electrical resistance designed for
applications in endothermic reactions. The idea of using modular configurations is justified
by the energy requirement, and by the difficult scalability of the system thus proposed. In
particular, the following two reactor schemes proposed in the literature can be considered,
as they represent the configurations more easily applicable even with any changes [105].

3.1.1. Parallel Wire (PW)

In the PW configuration, the reactor is formed by many parallel wires, where each one
undergoes the same ∆V as the supply gases flow between the wires.

A schematic unit can be represented as multiple layers of PW, Figure 6, in which each
layer of wires can also be located so to reduce the effective hydraulic radius. Such units
can be positioned along the flow direction, which is addressed as the “PW module”. In a
PW module, each unit can be subject to a fixed voltage difference independently, allowing
for a customized heating rate and satisfying electrical constraints (e.g., voltage limitation
and/or maximum current) [105].
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3.1.2. Parallel Tube Reactor (PTR)

This configuration is like the traditional configuration used in endothermic processes
(e.g., steam reforming), except that the heating is provided by electricity and by the combus-
tion section. In the PTR, the stacked parallel tubes, each passed through the feed gases, are
maintained separate from each other and undergo the same ∆V between inlet and outlet
(Figure 7).
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In this arrangement, the fluid flows internally and has the same direction of the
electric current flow. Conversely, in the PW configuration, the fluid flows externally
and its direction is perpendicular to the electric current flow. We note that the practical
implementation of these reactor configurations can only be achieved if they can be expanded
and adapted to the discontinuous nature of renewable energy.

It should be noted that, when covering a wire or tube with a catalytic layer of average
thickness between 20–100 µm, the feed gases flow over the electrically heated wires or
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tubes where the catalytic reaction and the local composition and temperature are strictly
linked. In fact, the temperature of the gas phase next to the floss may cause reforming
or other reactions in the gas phase (homogeneous reactions). To identify the materials
with the desired catalytic and electrical properties, and to be able to correctly interpret
the experimental results in the hypothesis of a scale-up of the process, the understanding
of homogeneous–heterogeneous chemistry coupled to local flow conditions and velocity
is fundamental. The analysis of this system always requires the characterization of the
catalytic properties, in particular of the washcoat, as well as a deep understanding of the
transport phenomena [105,111,112].

The factors in terms of both design and operating parameters affecting the conversion
of the limiting reactant may be evaluated through small-order models, in which the fluid
flow, heat and mass transport are simultaneously coupled in micro–mesoscale. In this
sense, different parameters may be considered, including wire properties, the density of
catalytic sites, the spacing between wires/tubes, the heating rate, the feed composition, the
inlet temperature and the flow rate. For example, in Wismann’s work, the evaluation of the
functionality of the electrified catalyst was based on a model in which the heat flow was
studied on a single heating element consisting of an iron of Fe-Cr-Al characterized by very
small temperature gradients [104].

In order to evaluate the possibility that the SiC element, if connected to the electrical
grid, can act as heating medium by means of the Joule effect, Renda et al. propose the
modeling of the heating element (SiC) and the simulation, which allowed them to evaluate
the variation of the electric potential V along the SiC element length and the heat transfer
in the solids. The results confirm that, if connected to the electric grid, the SiC element
can heat itself by means of the Joule effect, so allowing its use as a support for a catalyst
and, consequently, its use in process intensification as a contemporary heating medium
and catalyst support [15].

An important and peculiar aspect of these reactor configurations with electrified
catalysts is their flexibility and modularity. In fact, it is possible to adjust the number of
wires or pipes in the base unit according to the current–voltage and/or power constraints,
together with the conversion level to be achieved and the heating requirements. One more
important advantage of the modular design of an electrified reactor is that both the shorter
start-up and shut-down operations (in the order of magnitude of seconds) may be obtained
compared to the several hours or days needed by large traditional fossil fuel reactors.
This allows to quickly adapt the number of operating units based on the available power
supply [58,105,110].

The idea of electrifying the catalyst, studying in particular the effect of the washcoat,
of the interaction between the gas and the electrified catalytic surface, will certainly have
further developments, as it is an approach that has interesting characteristics, especially for
endothermic reactions.

In fact, with the electrification of the catalyst, heated by the Joule effect, we notice
that the heat is generated on the catalytic surface where it is required, thus making the
heat transfer much more efficient. Furthermore, the maximum temperature occurs inside
the catalytic structure, and no longer in correspondence with the containment walls. This
means that the materials of the reactor will also have a greater resistance over time. It
is important to underline that, in the proposed configurations, the reactor walls are not
subjected to excessively high temperatures, therefore the operating temperature for the
reforming processes can be reduced (it is no longer necessary to reach values of 1000 ◦C
to obtain values of 850 ◦C on the catalyst, and there is no risk of thermal hot spots that
can damage the reactor walls). To heat the catalyst, it is possible to use electricity from
renewable sources: this saves nonrenewable natural gas, thus reducing CO2 emissions.

3.2. Remarks

The most interesting aspects of the solutions proposed in the literature for the electrifi-
cation of reactions for the hydrogen production concern the aspects relating to the transient
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time, which, in these cases, is of the order of seconds compared to traditional reactors that
take from several hours to a day, and the modularity of the rectors. Perhaps the latter is the
most interesting feature of electrified solutions for reforming reactors, already highlighted
by some studies in the literature [15,105]. Indeed, it is possible to design the reactor based
on the local energy availability of the proposed projects and their modularity, flexibility
and ease of scalability. The reactor configurations that provide resistive heating (due to
the Joule effect), proposed in various bibliographic studies, can be sized according to the
availability of local (renewable) energy. Therefore, a strong interest in this solution emerges
from the literature. The researchers carried out their studies both by performing modeling
and simulations to understand the behavior of the heat flow along the heating element,
and in other cases also trying to validate the data obtained experimentally. The results
obtained so far are interesting and certainly need further confirmation and further studies,
such as more detailed analyses of flow models, pilot-scale experiments and evaluation of
the stability of the catalyst.

4. PEM Fuel Cells

In recent years, many countries and companies have invested heavily in researching
and developing new alternative energy sources such as solar, wind, biomass and geothermal
energy [113,114]. Hydrogen fuel cells are considered among the most interesting and most
suitable energy sources to overcome the problems related to greenhouse gases, climate
change and energy shortages [115].

A fuel cell is an electrochemical device capable of directly converting chemical energy
into electrical energy through a constant temperature process in which a fuel (typically
hydrogen) is combined with oxygen to form water [116].

H2 +
1
2

O2 → H2O (l) (10)

Hydrogen is the most used fuel, but alcohols or gasoline can also be used. Fuel cells
are among the most promising systems to produce electrical energy, both for their positive
environmental and energy characteristics and for the breadth of possible applications,
including distributed generation for power companies, residential and industrial cogen-
eration, portable generation and traction [116]. A typical fuel cell is made up of three
basic elements: an anode, a cathode and an electrolytic membrane (Figure 8). In the cell,
hydrogen passes through the anode while oxygen passes through the cathode. In the
anode, the hydrogen molecules are split into electrons and protons using a catalyst. Protons
pass through the porous membrane of the electrolyte, while electrons are forced through a
circuit, thus generating an electric current and heat. On the cathode, protons, electrons and
oxygen combine to produce water molecules [117].
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Fuel cells are receiving considerable attention in scientific research, as they appear to
be a very promising alternative for generating clean energy using highly efficient renewable
electrolytic hydrogen. Furthermore, fuel cells have the advantage of producing electricity if
a fuel source is supplied, thus not needing to be recharged periodically like batteries [117].

4.1. Proton Exchange Membrane Fuel Cells

There are various types of fuel cells which differ in the operating temperature and the
type of electrolyte used. Proton exchange membrane fuel cells (PEMFC) are among the
most interesting, as they appear to be the most reliable and ready for use in larger scale
applications, including the automobile industry and portable devices [118]. In the PEMFCs
there is a polymeric electrolytic membrane for the proton conduction. Hydrogen ions,
generated by the hydrogen oxidation at the anode, are recombined at the cathode through
the polymeric electrolyte membrane with migrating electrons and oxygen, producing
water, while electrical energy is generated by electrons in an external circuit connected to a
load [119].

The chemical half reactions for the PEMFC are as follows:
Hydrogen Oxidation Reaction (HOR), on the anode [120]:

H2 → 2H+ + 2e− (11)

Oxygen Reduction Reaction (ORR), on the cathode [120]:

1
2

O2 + 2H+ + 2e− → H2O (12)

In PEMFCs (Figure 9), hydrogen, lower alcohols (like methanol and ethanol) and acids
(like formic acid) can be used as fuels [121]. However, hydrogen is the most used and
recommended since, compared to other usable fuels, its weight-based energy density is
the largest and is the easiest to oxidize under the near conditions of room temperature
and atmospheric pressure. Furthermore, since oxygen (in air) is used as a comburent, the
only products obtainable are electricity, heat and water, thus making it a zero-emission
process (greenhouse gas and pollution free) [121]. PEMFCs have significant advantages
over other types of fuel cells, including high power densities, low operating temperatures,
quick start-up times and easy stacking [118]. In this paragraph, some research progress of
platinum-based catalysts and platinum group metal (PGM)-free-based catalysts for PEMFC
applications achieved in recent years will be described.

Energies 2022, 15, x FOR PEER REVIEW 20 of 35 
 

 

 
Figure 9. Schematic illustration of PEMFC operation principle. Reprinted from [121]. 

4.1.1. Pt-Based 
Platinum-based catalysts are the choice to realize the optimal adsorption of oxygen-

ate produced in the oxygen reduction reaction (ORR) [122]. Due to the sluggish ORR ki-
netics at the cathode, and the not particularly high stability of commercial platinum-based 
catalysts, research is focusing on the development of a catalytic formulations capable of 
meeting the performance and durability requirements for any applications, and in partic-
ular for the automotive one [123]. In this section, the results of some articles focused on 
the use of platinum-based catalyst in PEMFC applications are briefly argued. A summary 
table (Table 4) is provided at the end of the section to highlight the results in terms of peak 
power density (P), mass activity (MA), specific activity (SA) and electrochemical active 
surface areas (ECSA). 

Dmitry D. Spasov et al. [124] synthesized a platinum-based catalyst supported on 
SnO2-modified carbon for PEMFC applications. The influence of the SnO2 load, varied be-
tween 5% and 40% by weight, was evaluated. The authors demonstrated that the for-
mation of Pt-SnO2 clusters significantly affects the catalyst structure and performance. The 
increase of the SnO2 load promotes the uniformity in the Pt-SnO2 clusters distribution on 
the carbon support surface, resulting in improved performance. However, an excessive 
load of SnO2 favors particle agglomeration and negatively affects the uniformity of the 
SnO2 particle distribution, decreasing the catalyst performance. 

Meenakshi Seshadhri Garapati et al. [125] tested a new cathode catalyst for single-
cell measurements of PEMFCs, consisting of partially exfoliated carbon nanotubes 
(PECNTs) on which nanoparticles of the Pt3Sc alloy have been deposited as an active 
phase. This catalyst has shown very interesting performances, both in terms of ORR ac-
tivity and durability, above all thanks to the Pt3Sc alloy nanoparticles which, due to the 
excellent interaction with the partially exfoliated carbon nanotubes, allow adsorbing the 
oxygen molecules with a lower binding energy than Pt. 

Reza Alipour MoghadamEsfahani et al. [126] tested a platinum-based catalyst on a 
NbO combined with multiwalled carbon nanotubes support. The obtained catalyst 
showed interesting performances for PEMFC applications, as the presence of NbO im-
proved the metal–support interactions and gave the catalyst a high resistance to corrosion. 

Padmini Basumatary et al. [127] have developed, for a PEMFCs application, a new 
catalyst supported by three-dimensional nanoflower-like structures of MoS2 deposited on 
graphene sheets, while PtScNi nanoparticles have been grafted on the support as active 
phases. They also studied the effect of the different doping ratios of Sc, which had a posi-
tive effect on the electrocatalytic properties, increasing the activity surface area and the 

Figure 9. Schematic illustration of PEMFC operation principle. Reprinted from [121].



Energies 2022, 15, 3588 20 of 34

4.1.1. Pt-Based

Platinum-based catalysts are the choice to realize the optimal adsorption of oxygenate
produced in the oxygen reduction reaction (ORR) [122]. Due to the sluggish ORR kinetics at
the cathode, and the not particularly high stability of commercial platinum-based catalysts,
research is focusing on the development of a catalytic formulations capable of meeting
the performance and durability requirements for any applications, and in particular for
the automotive one [123]. In this section, the results of some articles focused on the use
of platinum-based catalyst in PEMFC applications are briefly argued. A summary table
(Table 4) is provided at the end of the section to highlight the results in terms of peak power
density (P), mass activity (MA), specific activity (SA) and electrochemical active surface
areas (ECSA).

Table 4. Platinum-based catalyst for fuel cells application: Peak power density (P), mass activity
(MA), specific activity (SA) and electrochemical active surface areas for selected catalyst for each
article (ECSA).

Catalyst P
[W cmPt−2]

MA
[A mgPt−1]

SA
[mA cmPt−2]

ECSA
[m2 gPt−1] Ref

Pt/10wt%SnO2/C 0.25 (40 ◦C) - - 57 [124]
Pt3Sc/PECNTs 0.76 (60 ◦C) 0.0803 - 102.1 [125]
Pt/NbO/CNTs 0.772 (80 ◦C) 0.057 - 81.62 [126]

PtSc0.5Ni/MoS2@graphene 0.0517 (50 ◦C) 3.579 4.1 86.27 [127]
Pt-Ni-Ir/C

Pt:Ni:Ir = 2:2:1 0.4 (80 ◦C) 0.0004 - 85 [128]

Pt/VC 0.9 (80 ◦C) 0.096 56.4 [129]
Pt/rGO - - 10.5 0.51 [130]

Pt/Ti3O5Mo0.2Si0.4 0.97 (80 ◦C) - 2.35 89.6 [131]
Pt/CNT-Ti3C2Tx (1:1) 0.175 (60 ◦C) 0.163 0.26 63 [132]
Pt NWs/Ti3C2Tx-CNT 0.182 (180 ◦C) 0.32 0.21 63.59 [133]

Pt/TiN–TiO2 0.392 (70 ◦C) - - 73 [134]
Pt/GCNT 0.38 (160 ◦C) - - 59 [135]
Pt-YOx/C - 0.108 0.204 52.82 [136]
PtxMg/C 1.275 (80 ◦C) 1.09 2.67 40 [137]

Au−Pt−Co/C-0.015 - 0.386 0.535 72.2 [138]
Pt-Co/3D rHPGO - 0.167 0.31 53.1 [139]

Pt/rEGO2-CB3 0.537 (60 ◦C) 0.006416 4.682 41.73 [140]
Pt/CB-SiO220%, - 0.26 0.933 29.27 [141]

Pt/CA-200 0.642 (80 ◦C) - - 187.9 [142]
Pt-PBI/MWCNT 0.047 (180 ◦C) - - 43 [143]

Dmitry D. Spasov et al. [124] synthesized a platinum-based catalyst supported on
SnO2-modified carbon for PEMFC applications. The influence of the SnO2 load, varied
between 5% and 40% by weight, was evaluated. The authors demonstrated that the
formation of Pt-SnO2 clusters significantly affects the catalyst structure and performance.
The increase of the SnO2 load promotes the uniformity in the Pt-SnO2 clusters distribution
on the carbon support surface, resulting in improved performance. However, an excessive
load of SnO2 favors particle agglomeration and negatively affects the uniformity of the
SnO2 particle distribution, decreasing the catalyst performance.

Meenakshi Seshadhri Garapati et al. [125] tested a new cathode catalyst for single-cell
measurements of PEMFCs, consisting of partially exfoliated carbon nanotubes (PECNTs) on
which nanoparticles of the Pt3Sc alloy have been deposited as an active phase. This catalyst
has shown very interesting performances, both in terms of ORR activity and durability,
above all thanks to the Pt3Sc alloy nanoparticles which, due to the excellent interaction
with the partially exfoliated carbon nanotubes, allow adsorbing the oxygen molecules with
a lower binding energy than Pt.
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Reza Alipour MoghadamEsfahani et al. [126] tested a platinum-based catalyst on a
NbO combined with multiwalled carbon nanotubes support. The obtained catalyst showed
interesting performances for PEMFC applications, as the presence of NbO improved the
metal–support interactions and gave the catalyst a high resistance to corrosion.

Padmini Basumatary et al. [127] have developed, for a PEMFCs application, a new
catalyst supported by three-dimensional nanoflower-like structures of MoS2 deposited on
graphene sheets, while PtScNi nanoparticles have been grafted on the support as active
phases. They also studied the effect of the different doping ratios of Sc, which had a
positive effect on the electrocatalytic properties, increasing the activity surface area and the
density of the active sites, thus favoring the ensemble effect and the interactions between
the nanoparticles of the active phases and the support.

Rui Lin et al. [128] evaluated the performance of a Pt-Ni-Ir ternary alloy used as the
active phase of a C-based catalyst for PEMFC applications. The catalyst achieved good
performance, both in terms of activity and durability, as the combined presence of Ni and
Ir increases the active surface area and improves the uniformity of the Pt distribution.

Fengjuan Zhu et al. [129] reported a synthesis strategy for the realization of a Pt/C-
based catalyst, in which citric acid and acetic acid solutions were used to allow pH regu-
lation and facilitate the Pt NPs distribution and the metal active sites generation. Thanks
to the synergic effect of these two acids, a catalyst with a high Pt content and a fine and
uniform Pt NPs distribution was obtained. The authors believe that these factors have
allowed a decrease in the local oxygen transport resistance of the catalyst, thereby providing
attractive performance for PEMFC applications.

Jemin Kim et al. [130] carried out a study on the catalytic performance of oxygen
reduction catalysts for PEMFCs. Platinum nanoparticles were synthesized on graphene
oxide in three reduction states: unreduced, partially reduced and reduced. The results
showed that a low concentration of oxygen containing functional group can positively
affect the ORR, improving the performance of the catalyst both in terms of activity and
durability. Therefore, the catalyst supported by reduced graphene oxide showed the best
performance, as it had the lowest concentration of oxygen containing functional group
among the tested catalysts.

Reza Alipour Moghadam Esfahani et al. [131] tested the durability of a platinum-
based catalyst supported on dual-doped titanium suboxide Ti3O5Mo0.2Si0.4 for PEMFC
applications. This catalyst showed considerable durability during the performed tests
due to the ability of the support to stabilize the platinum nanoparticles, thus increasing
the resistance to nanoparticles segregation and, consequently, increasing the resistance to
deactivation. Furthermore, the presence of Si as a dopant improved both the conductivity
of the support and its resistance to corrosion.

Chenxi Xu et al. [132] reported the use of a hybrid material MXene (Ti3C2Tx)–carbon
nanotube (CNT) used as a support for a Pt NPs-based catalyst in PEMFC applications.
This hybrid support was prepared by self-assembly of negatively charged Ti3C2Tx flakes
and positively charged CNTs. This catalyst showed superior performance compared to a
commercial Pt/C catalyst, mainly due to the synergic effect of the hybrid support materials.

Ranran Wang et al. [133] evaluated the performance of a catalyst for HT-PEMFC
applications consisting of Pt nanowires loaded on a Ti3C2Tx–CNT hybrid support. With
the same support, the Pt nanowire-based catalyst showed superior performance compared
to the Pt nanoparticle-based catalyst, both in terms of ORR activity and thermal stability,
thanks to the better Pt nanowires electron transport capacity.

Lai Wei et al. [134] evaluated the performance of a Pt-based catalyst in which a TiN-
TiO2 hybrid material was used as a support. This material was obtained starting from TiN
treated with alkali to transform a part of it into TiO2 in order to combine the TiN high
conductivity and the TiO2 high corrosion resistance. Thanks to the combined effect of
the two materials and the highly specific surface area of the hybrid support, this catalyst
achieved superior performance compared to a commercial Pt/C catalyst, both in terms of
ORR activity and stability, making it an interesting catalyst for PEMFCs application.
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Yilser Devrim et al. [135] studied the effect of graphitization on multiwalled carbon
nanotubes used as a catalytic support in PEMFCs. The carbon nanotubes graphitization
assured an improved durability to the final catalyst, enhancing the interactions between
the platinum nanoparticles and the support, and thus making the catalyst more resistant to
particle sintering.

Tiankuo Chu et al. [136] investigated the influence of yttrium oxides on Pt/C catalysts
for PEMFC applications. The yttrium oxides can be easily adsorbed on the Pt crystal
surface, thus allowing an increase in the ORR activity and limiting the Pt nanoparticles
agglomeration.

Emmanuel Batsa Tetteh et al. [137] studied the performance for PEMFC applications of
a carbon-based catalyst in which a platinum–magnesium alloy was used as an active species.
This catalyst showed very good catalytic performances, mainly due to the high charges
transfer that occurs from Mg to Pt due to the large difference in electronegativity between
the two metals. This phenomenon allows the Pt to remain constantly in an electrons-rich
state, minimizing its oxidation.

Feng Wang et al. [138] evaluated the performance of an Au-doped Pt-Co/C catalyst
for PEMFC applications. The presence of Au allows to obtain a catalyst with a high Pt
load already at lower temperatures (≈150 ◦C) than the typical heat treatments adopted.
Furthermore, Au plays a key role in preventing the metal elements leaching during the
process. These factors have allowed the catalyst to achieve superior performance, both in
terms of ORR activity and stability, compared to a commercial Pt/C catalyst.

Rui Lin et al. [139] used a honeycombed graphene 3D hierarchical porous structure
(3D HPG) as a support for a Pt-Co NPs-based catalyst for PEMFC applications. The support
was modified with an addition of oxygen groups to allow a better Pt-Co NPs dispersion.
The presence of the honeycomb structure protects the Pt-Co NPs from the direct impact
of the electrolyte on the catalytic interface, while the presence of the oxygen groups limits
the Pt-Co NPs agglomeration, with consequent improved performance compared to a
commercial Pt/C catalyst, both in terms of ORR activity and durability.

Zhahoqi Ji et al. [140] have prepared a new hybrid material to be used as a support for
platinum-based catalysts in hydrogen fuel cells by combining, in different ratios, reduced
electrochemically exfoliated graphene oxide (rEGO) with carbon black (CB). This catalyst,
especially in the case of the ratio rEGO:CB = 2:3, showed excellent catalytic performance:
the presence of functional groups -NH2 and graphitic N improved the ORR activity while
the structure of the hybrid support hindered the catalyst agglomeration and coarsening.

Jahowa Islam et al. [141] studied the effect of silica coating on the carbon black support
in Pt/C-based catalysts for PEMFC applications. The silica-coated carbon-supported
catalyst showed better durability than a commercial Pt/C catalyst, as the presence of
the silica layer allowed to block the contact between the carbon and the oxygen species,
improving catalyst corrosion resistance, and to mitigate the direct contact between Pt and
carbon, improving catalyst metal dissolution resistance.

Kevin Gu et al. [142] have developed a Pt-based catalyst supported by a porosity-
tunable carbon aerogel (CA) as an alternative to the carbon black (CB) support. Due to
the high accessibility of its pores and its higher BET surface area and ECSA compared to
the CB-based catalyst, the CA-based catalyst has shown very interesting performance for
PEMFC applications.

Enis Oguzhan Eren et al. [143] prepared a platinum-based catalyst using polybenzimi-
dazole (PBI) wrapped carbon nanotubes (MWCNTs) as a support and tested it for possible
applications in high-temperature PEMFCs. From the tests carried out, the catalyst proves to
be very interesting, especially from the durability point of view. However, the performance
of this catalyst in the fuel cell is lower than the commercial Pt/C catalyst, probably due to
the polybenzimidazole film over the nanotubes, which can make some of the framework’s
catalytic areas inaccessible during the single-cell operations.
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4.1.2. PGM-Free-Based

Given the high cost and scarcity of Pt, the U.S. Department of Energy (DOE) 2020
target for the total PGM loading in PEMFCs is 0.125 mgPt cm−2, including 0.025 mgPt cm−2

at the anode and 0.100 mgPt cm−2 at the cathode [144]. Therefore, the significant reduction
of Pt appears to be a determining factor for the development of fuel cells. Over the years,
significant investments have been made into the research and development of Platinum
Group Metal (PGM)-free catalysts for the proton exchange membrane fuel cells in order
to enable the first deployment of commercial products [145]. In this section, the results of
some articles focused on the use of PGM-free-based catalysts in PEMFC applications are
briefly argued. A summary table (Table 5) is provided at the end of the section to highlight
the results in terms of peak power density (P), mass activity (MA), specific activity (SA)
and electrochemical active surface areas (ECSA).

Table 5. PGM-free-based catalyst for fuel cells application: Peak power density (P), mass activ-
ity (MA), specific activity (SA) and electrochemical active surface areas for selected catalyst for
each article.

Catalyst P
[W cm−2]

MA
[A mg−1]

SA
[mA cm−2]

ECSA
[m2 g−1] Ref

MgO@Phen-Fe-800-3/1 0.63 (70 ◦C) - - - [146]
TPI@Z8(SiO2)-650-C 1.18 (80 ◦C) - - - [147]

1.5Fe-ZIF 0.67 (80 ◦C) - - 556 [148]
FeN4/HOPC-c-1000 0.69 (80 ◦C) - - - [149]

Co–N–C@F127 0.87 (80 ◦C) - - - [150]
CrN@H-Cr-Nx-C 0.533 (80 ◦C) - - - [151]

Co/N/C 0.64 (80 ◦C) - - - [152]
Co–N–PCNF 0.71 (80 ◦C) - - - [153]

P(AA–AM)(5-1)/Co/N/C 0.66 (80 ◦C) - - - [154]
Mn-N-C-HCl-800/1100 0.6 (80 ◦C) - - - [155]

Sn/N/C - 0.0009 - - [156]
SiO2-Fe/N/C >0.3 (80 ◦C) - - - [157]

Fe/N/C
100 nm; I/C = 0.6 0.610 (94 ◦C) 0.001 - - [158]

FeNC-1:30
Ferrocene:ZIF-8 = 1/30 0.602 (70 ◦C) - - - [159]

Fe/N/C-300 1.08 (80 ◦C) - - - [160]
Fe SAC-MOF-5 0.84 (80 ◦C) - - - [161]

0.14Co0.01Fe–CB 0.465 (80 ◦C) - - - [162]
FeSa/HP 0.266 (240 ◦C) - - - [163]
IrRu2/C - - 7.69 - [164]

Ce SAS/HPNC 0.525 (80 ◦C) - - - [165]

Yunfeng Zhan et al. [146] synthesized an Fe/N/C catalyst in which an MgO template
was used to favor the FeNx active sites generation and avoid the Fe/Fe3C species formation
and the metallic Fe agglomeration. The obtained catalyst showed good ORR activity and
stability thanks to the FeNx active sites’ higher density and to the improved mass transport
properties due to the catalyst mesoporous structures.

Xin Wan et al. [147] synthesized a concave-shaped Fe/N/C single atom catalyst
(TPI@Z8(SiO2)-650-C) and tested it for PEMFC applications. The presence of densely
dispersed Fe-N4 moieties, and the large external surface area, have provided the catalyst
with a high density of active sites and, consequently, a high ORR activity.

Hanguang Zhang et al. [148] prepared an N-C-based catalyst doped with Fe in zeolitic
imidazolate framework (ZIF)-8 precursors for PEMFC applications. This catalyst showed
respectable ORR activity, mainly due to the high density of FeN4 species in the catalyst.
The amount of Fe plays a fundamental role in obtaining a high density of the FeN4 species,
as the authors found that too low an Fe amount in the precursors results in an insufficient
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density of FeN4 sites, while too high an Fe amount leads to the formation of inactive clusters
and a consequent significant loss of activity.

Mengfei Qiao et al. [149] prepared and tested, for PEMFC applications, an FeN4-based
catalyst starting from single Fe-doped ZIF-8 crystals carbonized to obtain a hierarchically
ordered porous carbon skeleton. The annealing temperature and the Fe doping content
were also optimized. The FeN4/HOPC-c-1000 catalyst (annealing temperature of 1000 ◦C)
achieved good results in terms of activity and durability thanks to its ordered porous
structure. Furthermore, annealing temperatures above 800 ◦C can also enhance the fuel cell
performance thanks to an improved chemical stability and electron conductivity.

Yangua He et al. [150] have developed, for PEMFC applications, a new carbon-based
catalyst doped with CoN4, using the synergistic action of a surfactant (Pluronic F127) and
ZIF-8 nanocrystals, in order to obtain a higher density of atomically dispersed CoN4 sites
on a core–shell structure. The higher density of the CoN4 active sites, and the ability of the
carbon shell to effectively retain the dominant micropores and to prevent the agglomeration
of the single atomic Co sites, are among the main reasons of the good performance obtained
by this catalyst.

Hui Yang et al. [151] developed a catalyst in which chromium nitride nanoparticles
have been synthesized by the pyrolysis of a ZIF-8@chromium–tannic acid and encapsu-
lated into hollow chromium–nitrogen–carbon capsules. This catalyst (CrN@H-Cr-Nx-C)
provided good performance in PEMFC applications, both in terms of activity and stability,
thanks to the synergistic effect of the CrN nanoparticles and the CrNx active sites.

Xiaohong Xie et al. [152] tested the single-atom Co/N/C catalyst for PEMFC applica-
tions. The tests have shown a high ORR activity, mainly due to the excellent dispersion
of the atomic Co, and a very good durability, due to the promising resistance towards
demetallation shown by this catalyst.

Xiaohong Xie et al. [153] have developed, for PEMFC applications, an innovative
Co-based M/N/C catalyst whose structure is made up of interconnected porous carbon
nanofiber networks with hierarchical structures. The catalyst was prepared by the electro-
spinning technique with Co-doped ZIFs and dual carrying polymers. The presence of extra
graphitic N dopants surrounding the CoN4 moieties, and the high graphitization of the
carbon matrix, are the main reasons for the good performance of this catalyst, both in terms
of activity and durability.

Zhengpei Miao et al. [154] used a double crosslinking (DC) hydrogel technique for
the preparation of a Co-N-C catalyst, for PEMFC applications, obtained starting from a
copolymer of acrylic acid (AA) and acrylamide (AM) coordinated with Co2+. This catalyst
has a high CoNx and doped nitrogen sites density, and a large surface area, thanks to
which it has provided good performances in terms of ORR activity. Moreover, the used
preparation technique allowed the Co2+ metal to strongly stabilize within the reticular
structure, thus avoiding the metals Co agglomeration and consequently ensuring a high
catalyst stability.

Mengjie Chen et al. [155] prepared a Mn/N/C catalyst by an aqueous solution syn-
thesis and an acid-assisted step-pyrolysis technique. With this preparation technique, a
catalyst with very promising performances for PEMFC applications has been synthesized,
mainly due to the high catalyst surface area and high graphitic carbon corrosion resistance.

Fang Luo et al. [156] evaluated the performance of a p-block Sn-based M/N/C catalyst
for applications in PEMFCs. The catalyst showed good performance, in terms of activity
and selectivity, for the ORR reaction, mainly due to the presence of stannic Sn(iv)Nx single
metal sites and pyridinic N-combined Sn atoms, which are the catalytically active sites.

Xiaohua Yang et al. [157] investigated the effect of SiO2 on the performance of a
Fe/N/C catalyst in PEMFCs applications. The presence of SiO2 significantly enhanced the
amount of pyridinic-N and defects in the carbon matrix, thus increasing the ORR activity.
Furthermore, the properties of mass transport were also improved, as the presence of SiO2
increased the mesopores of the catalyst and gave the surface greater hydrophobia.
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Aman Uddin et al. [158] investigated the performance of an Fe-N-C-based catalyst,
in which the Fe particle size and ionomer content were optimized in order to prepare a
high-power density cathode for PEFMC applications. The authors found that Fe particle
size plays a critical role for fuel cells performance. If the particles are too small, too narrow
pores are obtained which do not allow adequate ionomer infiltration, while, if the particles
are too large, tortuous paths of the ionomer around the particles are formed, thus causing
higher internal resistance to the proton conduction in the catalytic micropores. The results
obtained by this catalyst are very promising; however, the degradation rate of the assembled
cathode is still high, and further developments are required.

Jinchang Xu et al. [159] synthesized a Fe/N/C catalyst, by means of a two-step
pyrolysis technique, to be used in PEMFCs. Ferrocene was used as a Fe precursor while
ZIF-8 was used as a carbon source. Through this procedure, the obtained catalyst has a
homogeneous distribution of Fe, N and C, and a high specific area which, combined with
the high active site content, allowed it to provide good performance in ORR activity.

Shiyang Liu et al. [160] synthesized a Fe-N-C catalyst, for PEMFC applications, ex-
ploiting the combined action of the FeNx active sites and Fe NPs. The catalyst was pre-
pared by Fe-doped carbonized ZIF-8, optimizing the doped Fe loading. According to
the authors, the strong interaction between the FeNx active sites and Fe NPs favors the
adsorption/desorption of the ORR products and intermediates; furthermore, Fe NPs al-
lows greater exposure of the usually inaccessible FeNx active sites, thus improving mass
transport. Thanks to these factors, the catalyst showed excellent performance in terms of
ORR activity and good stability.

Xiaoying Xie et al. [161] evaluated the performance of a carbon-supported Fe-based
catalyst in which the metal organic framework MOF-5 (Zn4O(1,4-benzenedicarboxylate)3)
was used as a precursor for the preparation of a highly porous carbonaceous support. The
carbon derived from MOF-5 has a high specific surface area and external surface area,
thanks to which it was possible to increase the FeNx active sites density and provide very
interesting performances for PEMFC applications.

Weikang Zhu et al. [162] synthesized a carbon black-supported Co-Fe nanoalloy
catalyst obtained by a CoFe-ZIF precursor optimization. A catalyst with highly dispersed
and highly active CoFe sites was thus obtained and, thanks to the synergic effect of the
Co-Fe alloy nanoparticles and the CoFe-Nx active sites, good performances were achieved
in PEMFC applications.

Yi Cheng et al. [163] tested, for high-temperature PEMFC applications, an iron single-
atom-based catalyst supported by a carbon nanotube in which hemin porcine (HP,
C34H32ClFeN4O4) was used as iron precursor. The high density of the iron active sites and
the high conductivity of the carbon nanotubes have led to promising results in terms of
ORR activity. Furthermore, this catalyst showed good stability during tests, as it has a good
tolerance to phosphoric acid poisoning.

Seung Woo Lee et al. [164] have prepared, for possible PEMFC applications, a carbon-
based catalyst in which an Ir-Ru alloy has been used as the active species. This catalyst
has shown superior performance compared to the commercial Pt/C catalyst, as the strong
interaction between Ir and Ru improves the HOR activity. The durability of this catalyst
was also superior, as the Ir-Ru alloy can suppress the ORR kinetics, thus protecting the
cathode catalytic layer.

Mengzhao Zhu et al. [165] synthesized an M/N/C catalyst for PEMFC applications
in which Ce single atom sites (SAS) have been incorporated into a hierarchically porous
N-doped carbon (HPNC). This catalyst has provided very interesting performances in
the ORR activity, thanks to its 3D hierarchically ordered porous architecture, which has
improved mass transport and the amount of exposed active sites.

4.1.3. Remarks

With the continuous depletion of the most used energy sources, such as oil and coal,
and the worsening of the climatic problems due to their use, reliance on alternative energy
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sources that are renewable and that do not negatively affect the surrounding environment
is increasingly fundamental. For this purpose, proton exchange membrane fuel cells are one
of the most promising technologies for energy production, as they can convert renewable
chemical energy into electrical energy with high theoretical efficiency and power density
in an environmentally friendly way. However, platinum-based catalysts commercially
available still exhibit evident performance and durability problems. Furthermore, the high
cost and scarcity of platinum has led the U.S. Department of Energy (DOE) to impose limits
on the platinum amount that can be used for fuel cells application. For this purpose, the
research is focused on two possible ways to solve these problems:

- The first is to improve the platinum-based catalyst performance by mainly acting
on the catalytic formulation using Pt-M alloys or by acting on the catalyst support.
The studies have shown that high electrochemical active surface areas and strong
interactions between platinum nanoparticles with the catalytic support and/or a
second metal can enhance ORR performance, improving, at the same time, the catalyst
durability.

- The second is to eliminate the platinum dependence using PGM-free-based catalysts.
Although great strides have been made in this field, thanks to very promising metals
such as Fe and Co, these catalysts are still not able to meet the required performance
and durability standards. However, the studies performed on this type of catalyst
have led to very interesting results, making their use very promising for PEMFC
applications.

5. Conclusions

The last century has clearly demonstrated the impact of technology on society. The
development and use of alternative technologies are mandatory for the transition towards
more sustainable industrial processes, aiming at limiting their environmental issues. In fact,
the industrial sector, in this challenge towards sustainability, is considering the necessity to
fulfil both the peculiar (for example, performance and quality requirements) surrounding
(for example, health, safety and environmental risks) requirements of the processes. In fact,
the huge contribution of the industry to environmental damages (pollution, climate change,
biodiversity loss and resource scarcity) is a reality. In this review the attention has been
focused on heating transformation processes, since they are present in any industrial pro-
cess, impacting the environment with different negative effects, including the consumption
of energy and water, or waste generation (including greenhouse gas emissions). In any
case, these processes are fundamental for obtaining the transformation of raw materials
into the desired products or intermediates that give them added value. In this sense, the
generation of energy through electrification is a very promising approach for obtaining
more environmentally friendly industrial processes with lower CO2 emissions compared
to conventional technologies in which fossil fuels are employed. Among the others, the
reforming processes for producing hydrogen (the clean energy vector of the future) are
widely studied for being intensified by electrification. Both resistive/Joule and MW heating
may result in an effective enhancement of the performance of catalytic reactors for methane
reforming, since they result in the direct heating of the catalyst. So, the increased reaction
rate and product selectivity may be obtained. Moreover, smart and compact reactors may
be designed and used with a decreased impact on the environment.

6. Outlook

In this context, further efforts are needed for a wide industrialization of the electrified
reactors, mainly for the MW-assisted ones. In fact, the scientific community is focused on
solving some main issues in which these reactors are still involved. Among the others,
(i) methods for the accurate measurement of temperature must be still optimized, and
(ii) a deep understanding and knowledge of the hot spot formation due to variation of
electromagnetic properties with temperature is mandatory. These issues may be solved by
coupling experimental tests and simulation software, which could provide the required
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information for low-cost process intensification, but the modeling tools must be further
optimized, too, in order to give more precise predictions of the electrified catalytic systems.

Among fuel cells, proton exchange membrane fuel cells can be considered a ma-
ture technology for large-scale applications, including for the automotive industry and
portable devices. However, further efforts are needed to design efficient and low-cost
catalytic systems.

The integration of the different reviewed systems in the way, for example, of a dis-
tributed hydrogen production is possible, but only if some main engineering challenges
are solved. In fact, (i) the integration of the electrified methane reforming unit with the
PEMFC to maximize the energy efficiency may be obtained only if H2 is effectively sep-
arated from the stream exiting the electrified reactor (for example, by using a water–gas
shift stage after the reaction step, or a membrane for the H2 separation) in order to feed
high-purity hydrogen, and (ii) more robust and high performing catalysts with a long
lifetime are necessary.

Thus, as an important contribution to a sustainable future, the industry and its prod-
ucts can be adapted to a circular economy—a system aimed at eliminating waste, circulating
and recycling products, and saving resources and the environment.
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Nomenclature

CA Carbon aerogel
CB Carbon black
CE Conversion efficiency
DC Direct current
DOE Department of Energy
DRM Dry reforming of methane
Ein Electrical energy input to the catalyst in kW
ECSA Electrochemical active surface areas
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ER Electrical energy
FM Inlet methane flow in mL min−1

HOPC Hierarchically ordered porous carbon
HOR Hydrogen oxidation reaction
HPNC Hierarchically porous N-doped carbon
MA Mass activity
MOF Metal organic framework
MW Microwave
N Molar ratio of H2 produced to CH4 converted
ORR Oxygen reduction reaction
P Peak power density
PECNTs Partially exfoliated carbon nanotubes
PEMFCs Proton Exchange Membrane Fuel Cells
PGM Platinum group metal
POM Partial oxidation of methane
PTR Parallel tube reactor
PW Parallel wire
rEGO Reduced electrochemically exfoliated graphene oxide
SA Surface activity
SAS Single atom sites
SiC Silicon carbide
SRM Steam reforming of methane
ZIF Zeolitic imidazolate framework
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