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Abstract: Direct methanol fuel cells (DMFCs) have attracted much attention due to their potential ap-
plication as a power source for portable devices. Their simple construction and operation, associated
with compact design, high energy density, and relatively high energy-conversion efficiency, give the
DMFCs an advantage over other promising energy production technologies in terms of portability.
Nowadays, research on DMFCs has received increased attention in both academics and industries.
However, many challenges remain before these systems become commercial, including their costs
and durability. As a key material with a high-value cost, noble metal catalysts for both the anode
and cathode sides face several problems, which hinder the commercialisation of DMFCs. This paper
provides a detailed comprehensive review of recent progress in the development of nanocatalysts
(NCs) for the anode and cathode reactions of DMFCs, based on Platinum, Platinum-hybrid, and
Platinum-free materials. Particular attention is devoted to the systematisation of published exper-
imental results tested in DMFC devices since 2015, with an emphasis on passive DMFC systems.
In addition, a dedicated section was created to include modelling/theoretical studies. Some open
problems and remaining challenges are also highlighted in the final section.

Keywords: direct methanol fuel cell; methanol oxidation reaction; oxygen reduction reaction; nanocatalysts;
passive feed; modelling

1. Introduction

The direct methanol fuel cell (DMFC) is considered to be a suitable green power source
for portable applications owing to its low operating temperature, high energy density,
simplicity, and quick refuelling [1]. Moreover, methanol is an attractive fuel since it is
abundantly available and is a liquid fuel, being more easily produced, stored, and handled
than hydrogen. It also has a high energy density (4820 Wh L~!) compared to hydrogen
(180 Wh L’l) [2] and a lower overall cost than hydrogen, considering production, storage,
and transportation. Additionally, a DMFC has a higher electric energy efficiency than a
proton-exchange membrane fuel cell (PEMFC) [2], being for these reasons the target fuel
cell for small portable devices, overcoming the PEMFC limitations. In the presence of
suitable catalysts, the conversion of the chemical energy of methanol (supplied directly
to the DMFC) and an oxidant (oxygen from air) into electricity, heat, and water, is the
fundamental electrochemical process occurring in the DMFC from [3]. The oxidation of the
methanol to carbon dioxide occurs in the anode catalyst layer (CL), while at the cathode
CL, the oxygen is reduced to water (as shown in Figure 1).
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Figure 1. DMFC working scheme.

According to the process by which reactants reach the CLs, DMFCs are classified
into two types: active and passive. In active DMFCs, the reactant flow is maintained
by an external device (i.e., fan, blower, etc.) while in a passive supply, it is based on
diffusion, capillary pressure, and natural convection [4]. Passive DMFCs are compact and
do not require external energy to operate, presenting low parasitic power losses. Thus,
these systems are a good option to replace the conventional batteries in portable electronic
devices [5]. Moreover, due to their unique properties, these fuel cells can be used in remote
areas where there is no electricity. Although, towards their commercialisation, it is crucial
to achieve an optimum balance between cost, efficiency, and durability [6,7].

The anode and cathode CL structure is aimed to provide an abundant three-phase
boundary (TPB), combining the reactant/product at the catalyst nanoparticles surface,
carbon support (electron conductor), and Nafion® jonomer (proton conductor) in common
sites. Hence, it is in the TPB that the electrochemical reactions actually occur, as illustrated
for the cathode side in Figure 2.
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Figure 2. Schematic overview of the three-phase boundary for the cathode CL in a DMFC adapted
from [8].

The International Union of Pure and Applied Chemistry (IUPAC) classifies porous
materials into three categories according to the pore size, namely, micropores (<2 nm in
diameter), mesopores (2-50 nm in diameter), and macropores (>50 nm in diameter) [9]. The
catalyst layers (CLs) most commonly support carbon, mainly due to its low cost, chemical
stability, high surface area, and affinity for supporting metallic nanoparticles (i.e., the
catalyst), typically conductive carbon black (CB). Generally, when catalyst supports such as
CB have an average pore diameter below 2 nm (micropores), fuel or gas supplies may not
move smoothly in the resulting fuel cell environment, and the catalyst activity starts to be
limited by mass transfer issues. Additionally, the micropores in the amorphous particles of
CBs are poorly connected. Compared with CBs, mesoporous carbon materials (2-50 nm
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in diameter) have fewer or no micropores on their higher surface areas, and mesopore
sizes facilitate smooth mass transport and favour the high distribution of catalyst particles,
yielding high limiting current values [10].

An ideal DMFC would supply any amount of current while maintaining a constant
voltage, 1.21 V, obtained by thermodynamics. However, in a real fuel cell, this is not
achieved due to three irreversible losses occurring during the process: activation, ohmic,
and mass transport. Moreover, the open circuit voltage is lower than the thermodynamic
value due to the methanol crossover. This phenomenon leads to inefficient fuel utilisa-
tion on the anode side and also poisons the cathode catalyst. The sluggish kinetics of
electrochemical reactions, both anode and cathode, is another factor that declines the cell
voltage [11,12]. Therefore, it was early recognised that the DMFC performance would be
considerably improved if a methanol-impermeable membrane or a more active anode and
methanol-tolerant cathode could be used [13].

Platinum-based nanoparticles (NPs) dispersed on a conductive carbon support, carbon
black, have received substantial attention and are the most popular catalysts for DMFC
(Pt—Ru on the anode side for the methanol oxidation reaction (MOR) and Pt on the cathode
side for the oxygen reduction reaction (ORR)) [14-17]. Additional challenges related to
the membrane composition, thickness, and properties are critically analysed in different
review papers [18,19] and are out of the scope of this paper, which provides a detailed
comprehensive review on recent progress in the development of different nanocatalysts
(NCs) for DMFECs’ electrodes. An overview of DMFC technology challenges, also detailing
the factors and parameters affecting its widespread use, can be found in several scientific
publications [2,20-27]. From these, it stems out that the high cost of Pt (Figure 3) and
low electrocatalytic activity and durability of the catalysts remain as key problems for the
commercialisation of DMFCs.
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Figure 3. Price of different chemical elements (in USD/kg) versus their annual production (in kg/yr),
retrieved from [28].

Due to its unique electron structure, Pt can either obtain or lose an electron from or to
the ligands (such as methanol/oxygen and the intermediates) easily. The nanoscale materi-
als have the advantage of inherent increased surface areas, allowing the maximised surface
area of Pt per unit of Pt mass, thus better utilizing the high-value electro-active component.
However, it is also known that their integrity is challenged by NP agglomeration, detach-
ment, and dissolution during long-time DMFC operation, caused by their weak adsorption
to the carbon support [29-31]. Moreover, the traditional carbon support by itself can also
suffer from some corrosion processes under fuel cell operating conditions [14,32-35] which
also affects the NCs’ performance and durability.

All these factors are detrimental to the DMFC performance, which is most signifi-
cantly affected by catalyst poisoning due to the strong adsorption of intermediary carbon
monoxide and other carbonaceous species arising from methanol electrooxidation on pure
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Pt. These species block the catalyst surface and retard the reaction kinetics, leading to
rather low methanol oxidation activity [36]. The reaction mechanism of MOR in a pure Pt
surface is therefore complex and can be summarised by the multi-path mechanism shown
in Figure 4:
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Figure 4. Possible pathways for MOR on pure Pt surfaces in acidic medium, retrieved from [36].

This has been regarded as a “dual/parallel path” mechanism, wherein one reaction
path (as illustrated in the bottom) corresponds to the complete dehydrogenation of CH3;OH
and yields the undesired intermediary adsorbed carbon monoxide (CO,4); while in all
the other possible paths, the incomplete oxidation occurs and leads to the formation of
CO, through a different set of intermediates: formaldehyde (H,CO) (available in the
aqueous solution as methylene diol (CH,(OH);) and formate (in the acidic form (HCOOH)
in solution). These products are able to diffuse into the solution or to re-adsorb onto the
catalyst surface and further react with the hydroxyl groups (from water) to form CO, [37].
The formation of hydroxyl groups by water activation on the Pt surface is a necessary step
for the oxidative removal of adsorbed CO; however, it requires a high potential. In terms of
MOR, such a high potential will limit the fuel cell application of a pure Pt catalyst, leading
to significant overpotential and a loss in DMFC efficiency [38,39]. The solution has been to
alloy the Pt with a second metal that can provide oxygenated species at lower potentials
for the oxidative removal of adsorbed CO (e.g., Ru, Os, Sn, W, Mo, etc). Among them, the
Pt-Ru-based alloy catalyst has been found to be the best active binary catalyst and is still
the state-of-the-art anode catalyst for DMFC [21,40]. The enhanced activity of the Pt-Ru
catalyst, when compared with Pt for MOR, has been attributed to both a bi-functional
mechanism, where the Ru (more oxophilic than Pt) provides oxygenated species to oxidise
(and thus remove) CO adsorbed on Pt at a lower potential than the CO,4q removal potential
on bare Pt, and a ligand (electronic and strain effects) effect where the CO binding strength
on Pt is weakened by the influence of the Ru [41]. These phenomena can be summarised
as follows:

Pt + CH;O0H — PtCO, 4 + 4o~ + 4H* )
Ru + H,O — Ru(OH),q + e~ + H* (2)
PtCO,q + Ru(OH),q4 — CO, + Pt+ Ru+e~ + H* 3)

PtCO,q4 formation (Equation (1)) is the rate-determining step of the MOR [42]. More-
over, Ru dissolved from an anode (especially at high potentials experienced during start-up
and shut-down DMFC) may diffuse across the membrane and cover active sites of the
cathode catalyst, resulting in the severe degradation of ORR and DMEFC efficiency [43-46].
Moreover, when Pt-Ru is used as an anode electrocatalyst, the power density of a DMFC is
about a factor of 10 lower than that of a polymer electrolyte membrane fuel cell operated on
hydrogen if the same Pt loading is used [47]. Therefore, it is of great urgency to design and
fabricate catalysts with superior durability and improved corrosion resistance [48]. On the
cathode side, pure Pt is considered the best electrocatalyst for ORR in DMFCs. However,
due not only to its high cost and scarcity but also to its high susceptibility to the adverse
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effect of methanol crossover from the anode and/or other intermediary species [49], an
alternative should be found. The ORR at the Pt surface is also recognised as a complex
process with sluggish kinetics, which involves two paths (the dissociative and associative),
with the formation of adsorbed intermediary species at the surface of Pt. These reaction
mechanisms of ORR in a pure Pt surface can be summarised by the scheme shown in
Figure 5.
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Figure 5. Possible pathways for ORR on pure Pt surfaces in acidic medium, adapted from [50].

The dissociative pathway is considered the “direct” form of four electron pathways
since no H,O; is formed during this process. In the associative pathway, the reaction
intermediate (HyO; ,4) may be either desorbed from the metal surface and form H,O,
or reduced through additional two-electron transfer to form H,O [50,51]. In fuel cells,
the formation of water through the direct four-electron pathway is highly preferred since
the generation of HyO, can lead to the radical oxidative degradation of the membrane
and the corrosion of the catalyst carbon support [52,53], which are highly undesirable
and detrimental. However, water management is also key to the optimum reliability and
durability of fuel cells. Furthermore, water crossover from the anode to the cathode exag-
gerates flooding at the cathode, which limits the mass transport of oxygen and decreases
fuel cell performance [23,27,54-56]. Therefore, suitable pore structure and the appropriate
hydrophilic/hydrophobic properties of the catalyst and CL should provide efficient water
management, so that O, can have easy access to the surface of the catalysts and H,O can be
easily removed with minimal formation of H,O, intermediate.

Hence, a large amount of effort is being invested in developing nanocatalysts that en-
hance the Pt utilisation efficiency or replace its use with other cost-effective materials, with
outstanding electrocatalytic activities for MOR and ORR with higher methanol tolerance
and durability in DMFCs.

Alternative supports for the catalyst have also been searched; however, the carbon-
based ones have advantages in terms of cost and conductivity. In this way, a great concern
of the development in the nanotechnology field, especially carbon nanomaterials synthesis,
is to create more stable and active supported catalysts. Numerous studies of potential
catalyst supports have been performed, but there are also studies on non-carbon materials.
This has been the subject of recent extensive dedicated compilations provided in the litera-
ture [14,33,57] revealing the importance of the catalyst support in the improvement of the
catalytic activity and enhancing the long-term stability and durability of the catalysts. The
carbon supports can influence the NCs’ properties such as metal particle size, morphology,
metal dispersion, alloyed degree, and stability by providing proper loading sites. They
should also provide pathways for both mass transport and CL electronic conductivity and
NCs stability during the fuel cell operation.

The main goal of this review is to highlight recent advances in the most promising
anode and cathode NCs tested in situ of Nafion®-based DMFCs. Moreover, it will give
relevance to catalysts tested at low temperatures capable of being used in passive DMFCs.
The optimisation of NCs” morphology and compositions becomes difficult to be obtained
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because of the many possible combinations of different materials and supports. In order to
rationalise the design of catalysts, further understand the different interactions involved,
particularly at the atomic scale, and provide confirmation of experimental data or possible
reaction mechanisms, the theoretical /simulation approach has been proven to be an im-
portant tool. Density Functional Theory (DFT) has captured a central role in this rapidly
evolving field [58-61]. Further details on the subject concerning electrocatalysis for DMFCs
will be addressed in Section 4 of this paper. Some open problems and continuing challenges
are also highlighted in the final section.

2. Nanocatalysts for the Anode

The electrochemical methanol oxidation reaction has attracted great attention from
scientists and researchers, and there has been a considerable effort to design catalysts for
MOR that have the potential to enhance DMFC performance by overcoming the surface
poisoning effects while reducing their cost. Different strategies have been adopted besides
using metal NPs and these involve modifying the support materials in order to increase
the stability and dispersion of NPs, combining the Pt with other metals and even the
complete replacement of Pt by other cost-effective materials, as we present next. The main
advantages and disadvantages of the different materials used as NCs for the anode side of
a DMEFC can be found in Figure 6. The focus will be given to the reaction usually performed
in acidic solutions due to the acidic nature of the Nafion® membrane. However, in contrast
to acidic DMFCs, it is known that MOR (and ORR) are improved in basic media since
in alkaline solutions, specifically adsorbing spectator ions, they are much weaker than
in acidic solutions, and there is a higher coverage of adsorbed hydroxyl groups at low
potential, which is required for methanol oxidation [62]. However, the critical issue for
alkaline fuel cells is the anion exchange membrane, which has low chemical stability [63].
One can find in the literature recent reviews for MOR catalysis [64—69] that can help to
understand the context and impact of the following achievements in DMFC acidic medium.

Anode nanocatalysts for a DMFC

) Alternative
More Effective strategy to .
o o materials to
vulnerability for maximize Pt
) ] ] o overcome the
poisoning with utilization and o
. i . . poisoning and the
intermediate improve catalytic )
o high costs, but have
compounds activity
a low performance

Pt-only Pt-hybrid Pt-free
NCs NCs NCs

Cost-effective materials

Figure 6. Main advantages and disadvantages of the different materials used as NCs for the anode
side of a DMFC.
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2.1. Pt-Only

Pt by itself presents strong differences in electrocatalytic behaviour, considering sur-
face structure and crystallography since the CO-stripping reaction is surface-sensitive [70].
Several studies of the single-crystal surfaces of bulk Pt have shown that high-index planes
generally exhibit much higher catalytic activity because there is a high density of atomic
steps, edges, and kinks. They usually serve as active sites for breaking chemical bonds and
forming oxygen-containing species compared to the terrace sites [62,71-74]. Furthermore,
this ability has proven to be dependent on Pt particle size. In practical applications, Pt
nanocrystals with high-energy surfaces of small sizes (sub-10 nm) have shown superior
high-mass activity [75]. This can be attributed to the larger number density of surface de-
fects, which becomes more pronounced with decreasing size. The adsorption of both CO,4q
and OH,4 on Pt particles is greatly enhanced, leading to a decrease in electrocatalytic activ-
ity for MeOH oxidation due to restricted CO,q surface mobility, as well as a size-dependent
interaction between CO,4q and OH,q [3,71,76-78]. Moreover, it is well-known that, depend-
ing on the size, shape, morphology, and nature of the support material, supported Pt nanos-
tructures show improved catalytic performance since high efficiencies may be achieved.
This occurs due to the unique properties of nanomaterials, which include the possibility of
higher surface areas (due to better dispersion of the Pt), sufficient chemical resistivity, and
superior mechanical strength, along with charge and mass transfer reaction paths (see ref-
erences cited before). In this regard, we emphasise the recent advances in the architectures
and nature of some carbon support nanomaterials that have shown potential to be used in
DMEFCs, including the three-dimensional spheres and zero-dimensional dots (when size
is below 10 nm) (CSs & CDs) [79,80], one-dimensional nanotubes (CNTs) [81-83], layered
configurations such as graphene (G) [84] and reduced graphene oxide (rGO) [85,86], two-
dimensional materials, and combinations among them [87-90]. Other promissory results
were also achieved with three-dimensional mesoporous carbon (MC) supports that ensure
high surface areas [91-93], besides polymer modifications of the carbon supports with dif-
ferent morphologies and properties (stability and conductivity) favouring porosity, such as
poly [2,2-(2,6-pyridine)-5,5'-bibenzimidazole] (PyPBI) and CB [94], polyaniline (PANI) and
rGO [95] or CNTs [96], polyvinylpyrrolidone (PVP) and GO [97] or CB [98], and / or acidifica-
tion for further functionalisation [99-101]. In this way, it is possible to decrease the amount
of catalyst used in the DMFC without losing performance by improving Pt NPs dispersion
with a narrow diameter distribution in porous supports. This was also the motivation for
performing metal hybrid modifications of the supports, taking advantage of nanomate-
rials like rGO/SnO; [102], TiN and TigoCug 1N [103], TiggVo2N [104], CNTs@TiN [105],
MoOs3/rGO [106], CNTs@TiCoN [107,108], PANI/TiO,—C [108], TiO,/graphitised nan-
odiamond (GND) [109], AIOOH-SiO; /graphene [110], SiO, /graphene [111], TIO,@RFC
(resorcinol-formaldehyde based carbon) [112], and TiO; nanotubes [113], among others.

All these studies have widened the scope of these materials for Pt catalysts of MOR
and revealed, by electrochemical testing in the three-electrode system (ex situ fuel cell), a
potential use as an alternative for DMFCs. From these kinds of tests, one also highlights
the studies performed with zeolite NPs, porous crystalline aluminosilicate composites
as Pt supports [114-117]. These have attracted much attention because of their unique
geometrical configuration, structural features, and excellent physical properties, such as
a very large specific surface area, nanometre-scale fine pores, and excellent structural
stability. It shows a vital role of reducing the poisoning of the catalyst surface by adsorbed
carbonaceous substances, which is beneficial for their use as catalyst supports. More
detailed information about zeolite-modified electrodes for potential alcohol (methanol and
ethanol) fuel cell application can be found in the review paper from Daas et al. [118].

The number of Pt-only catalysts for MOR really tested in DMFCs is very limited and
focused on enhancing its catalytic performance by tuning the support. A blend of two
different polymers was examined as a supporting material for dispersing Pt NPs [119],
namely a novel electrospun chitosan (CH) and polyvinyl alcohol (PVA) with incorporated
CuO and Co304 NPs based on Sesbania sesban plant (PVA-CuO-Co30,) nanofibers. They
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have unique properties such as a high surface area-to-volume ratio, high porosity, good
thermal stability, and well-controlled composition. It also showed that CuO and Co304
metal oxides facilitate the oxidation of the adsorbed CO species and their removal from
the Pt surface which leads to the enhanced catalytic activity for MOR. A real DMFC was
designed, assembled and tested with Pt/PVA-CuO-Co30,/CH as the anodic catalyst;
however, no comparison with the commercial counterparts was provided by the authors.

A different study [120], using an N,F-codoped TiO, mixed carbon as the support of
the Pt catalyst for MOR showed that it can effectively improve the catalyst activity and
stability since it had a positive effect on reducing the particle size and improving the
dispersion of obtained Pt NPs in the support. Furthermore, there was a strong electronic
interaction between N,F-TiO, and Pt that was beneficial for weakening adsorption and
facilitating the oxidative removal of CO on Pt-active sites. A DMFC employing the Pt-
N,FeTiO,/C anode catalyst had a power density that was 1.65 times that of analogous fuel
cells employing a Pt/C commercial catalyst, confirming the potential of Pt-N,FeTiO,/C
as an anodic catalyst. For more details dealing with the methanol photo-oxidation on
Pt/TiO, and Pt-M/TiO; (M = Ru, Ni) catalysts for DMFCs, highlighting the effect of TiO,
morphology, NPs or 1D nanostructures, this can be found on the MOR activity under
illumination in a recent detailed but concise review by Antolini [121]. This kind of catalyst
is still under development, and the trend is to combine the Pt with other metals to reduce
CO poisoning and the cost of the device.

2.2. Pt-Hybrid Metals

The use of bimetallic or multi-metallic Pt-based NCs has been known as an effective
strategy to maximise Pt utilisation and improve catalytic activity as stated above. Thus, the
study of new Pt-hybrid metallic electrocatalysts is very important for the development of
improved DMFCs. Numerous studies on novel NCs for MOR with three-electrode system
characterisation can be found in the scientific literature; however, we will focus on the ones
reported with real DMFC application, since the three electrodes characterisation gives only
the intrinsic activity of the catalysts, not taking into consideration the processes inherent to
the real fuel cell environment. Figure 7 presents a performance comparison of the different
Pt-hybrid materials used as nanocatalysts towards the MOR that will be explained in detail
in this section. It should be noted that the maximum power density corresponds to the best
performance obtained in each work. Other results can be found in detail in each reference.
In spite of most significant recent progress and research, it is considered that currently there
is still no better alternative to Pt-Ru electrocatalysts for MOR in DMFC [64,66,122].

2.2.1. Core-Shell Structured Catalysts

Major efforts are devoted to optimising this system with a focus on preparing NPs
with controlled shape, size, composition, and structure. This is well detailed in the study
presented by Xie et al. [48], which demonstrated that the atomically ordered Ru-core Pt-shell
(Ru@Pt) NPs exhibited substantial enhancement in both activity and durability towards
MOR in DMEFC testing, compared with commercial Pt-Ru nano-alloy electrocatalysts,
typically with the Pt:Ru atomic ratio of 1:1. The authors considered that in the commer-
cial NCs, the Ru components are exposed directly to the redox environment. Therefore,
substantial dissolution followed by the reconstruction and agglomeration of NPs occurs,
while for the core-shell structured catalysts, the highly ordered Pt shell packing at the
ordered Ru core surface can serve as a capsule to prevent the core from direct contact
with the redox environment. Moreover, the ordered Ru core, due to its geometrical and
internal confinement, improves the long-term stability of the catalysts, which is significant
for the development of high-performance DMFCs with long-term durability. This kind of
architecture was further explored to build selective electrocatalysts to run a DMFC at high
concentrations of methanol, along with the combination of different precious metals [1].
For that, researchers have taken advantage of the strong electronic coupling effects in
the Au@Ag,S@Pt nanocomposites, where the core-shell Au@Ag,S NPs are used as seeds
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for the deposition of Pt metal in a core—shell-shell construction. These nanocomposites
display superior activity for MOR, low activity for ORR, and better durability for MOR
compared with commercial Pt/C. This strategy was also applied for the cathode side to
develop core-shell Au@Pd NPs with thin Pd shells as selective electrocatalysts for ORR,
based on the synergistic effect between Au and Pd components. Thus, the as-fabricated
DMEFC with core-shell-shell Au@Ag,S@Pt nanocomposites at the anode and the core—shell
Au@Pd NPs at the cathode maintains good performance at a methanol concentration of up
to 15 M. This way, the authors claimed that this concept may shed some light on the design
of more cost-effective and efficient DMFC systems. More information on the generic use of
Ag-based catalysts in the heterogeneous selective oxidation of methanol and other alcohols
can be found in the review from Torbina et al. [123].

2.2.2. Other Supports

The design of new supports has been an alternative strategy followed by different
research groups to enhance the anode catalyst and also lower its cost. Regarding the carbon
supports, in the last few years, the use of novel synthetic carbon supports has attracted
much attention. It has been shown that the use of carbon materials with an ordered structure
and high electrical conductivity improves the electrocatalysts” activity, lowers the loading of
Pt-Ru, and increases the true surface area of the catalyst. As a result, electrocatalysts even
more active than those supported on CBs can be produced. Among these, carbon nanofibers
(CNFs) have shown to be an excellent carbon support for their suitable textural properties
and their high electrical conductivity. However, it has also been shown that Pt-Ru catalysts
supported on CNFs synthesised by different methods presented very different catalytic
activity in a three-electrode system, even though similar metal content (20 wt.%) and a
similar atomic ratio (Pt:Ru 1:1) can be obtained by all methodologies [124]. These same
NCs, when tested as anodes in a DMFC, also showed different behaviour in agreement
with the results achieved at the three-electrode system. The researchers demonstrated that
CNFs’ support may offer lower current resistance in comparison to the CB used as support
in a commercial catalyst under specific conditions [125]. Moreover, for these same kinds of
supports, it promises the modification with metal oxides like TiO,, whose properties we
have mentioned before, and CeO; is long recognised as one of the most attractive materials
as a structural and electronic promoter of heterogeneous catalytic reactions [126,127]. A
previous three-electrode system study showed significantly greater activity and stability
for Pt-Ru NPs supported on a C-CeO, composite NFs (Pt-Ru/CECNFs) compared to the
catalyst layer using a commercial Pt—-Ru/C [128]. The increased activity was attributed
to the strong interaction between the metal and oxide in the embedded CNF structure
fabricated by electrospinning, and this has prompted the investigation for the optimised
CeO; content of the CNF support of Pt—Ru catalyst in practical DMFC environment [129].
The researchers were able to run a DMFC with the Pt—-Ru/CECNF exhibiting more than
2.5 times the maximum power density at half the Pt-Ru load of the commercial catalyst Pt—
Ru/C. A similar strategy was followed for Pt-Ru NPs supported on C-TiO, composite NFs
(Pt-Ru/TECNFs) [130-133]. The most recent studies showed that the Pt-Ru/TECNFs with
different Pt-Ru contents (between 20 wt.% and 50 wt.%) presented higher mass activities
compared to those of commercial Pt-Ru/C. However, the highest mass activity in DMFC
testing was obtained by the catalyst with 30 wt.% which was about two times higher
than the commercial one. With higher catalyst loading, the power density of the DMFC
decreased due to the increased catalyst layer thickness which increased concentration
overvoltage. Thus, showing that in the development of fuel cell electrocatalysts, the catalyst
layer structure is also important, as well as the reactivity of the catalyst itself.

A previous evaluation of the Pt—-Ru/C-TiO, anode electrocatalyst for DMFC applica-
tions has already pointed out that TiO, provides better performance as compared to the
traditional commercial anode electrocatalyst [134]. TiO, materials were incorporated into
commercial Pt-Ru/C anode electrocatalysts with different TiO, weight ratios (5, 15, and
25 wt.%) and tested as anodes of DMFCs under various operating conditions. The results
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of these tests showed that the introduction of 5 wt.% of commercial TiO, into the com-
mercial Pt-Ru/C anode electrocatalyst improves its stability characteristics significantly.
Accordingly, to the authors, the performance decrease in DMFC with the increase in the
amount of TiO, could be associated with the fact that an excessive amount of TiO; may
prevent the transportation of the electrons to the Pt-Ru anode electrocatalyst by creating
an additional barrier between the electrons and Pt—-Ru. Furthermore, the additional OH
species, which originate from the presence of TiO,, may also obstruct the adsorption of
CH3O0H by occupying the active areas. A recent work by Yang et al. [135] suggested a
boron (B)-doped TiO; use as a co-catalyst for Pt/BC. The hybrid Pt-BTO,4/BC exhibited
higher electrochemical activity, CO tolerance, and durability compared to the Pt-TiO,/BC
and Pt-Ru/C. The authors consider that the boron doping improves the electrocatalytic
properties of these catalysts due to the strong adsorption ability of B to oxygen species,
the increase in the oxygen vacancy concentration of TiO;, and the downward shift of the
d-band centre of Pt.

Titanium nitride (TiN) is another attractive support for the Pt-Ru electrocatalyst [136].
The TiN presents higher electrical conductivity and corrosion resistance compared to carbon.
Though CB supports cost less than TiN NPs, increased durability obtained from the novel
TiN NP supports can reduce the lifetime costs of the fuel cell system, with the increased
advantage that for the same amount of loading and particle size, the number of Pt particles
on the surface of the TiN NP support will be higher compared to a CB support of the same
dimensions due to the difference in the density of TiN (5.1 g em~3)and C (1.9 g cm %) [137].
The tests on DMFC performance showed 56% improved maximum power density and
superior electrochemical stability for an in-house synthesised (Pt-Ru/TiN) catalyst com-
pared to that of commercial Pt-Ru. This was attributed to the uniform dispersion of Pt-Ru
achieved on the nanostructured TiN yielding, higher electrochemical active surface area,
and lower charge transfer resistance. Thus, it was demonstrated the potential of nanos-
tructured TiN as a support for Pt-Ru-based anode electrocatalysts for DMFC applications
despite its higher cost. More information about TiN and the other transition metal nitrides
and carbides can be found in the reviews from Zhong et al. [138] and Ham et al. [139].
Mesoporous carbon nitride (MCN) is also an alternative material support for Pt-Ru as a
result of its well-ordered porous structure with a conductive and basic CN network, which
may be beneficial for the growth of small NPs in the pore channels. The presence of free
NH, groups on the surface of the MCN has also been recognised as a help to stabilise the
formed catalysts NPs inside the mesochannels and avoid the agglomeration. This was
demonstrated by using Pt-Ru/MCN as an anode catalyst in ethanol [140] and most recently
methanol [141] fuel cells, in comparison with the commercially available Pt-Ru-supported
MWCNT and CB. Moreover, there were also reports that N atoms were highly important
for the enhancement of stability in Pt-Ru electrocatalysts, mitigating both anode metal
dissolution and Ru crossover [142,143]. This was the principle behind the design of new
Pt-Ru electrocatalysts, with highly stable CO tolerance and durability, in which the Pt-Ru
NPs are embedded in N-doped carbon layers derived from the carbonisation of PVP. This
structure was assembled on previous PVP [144] or polybenzimidazole (PBI) [145]-coated
CB in order to cap the micropores on CB before Pt-Ru deposition. The embedded Pt-Ru
electrocatalysts were applicable in real DMFC operation, and their performance showed
that they present a higher power density than the commercial Pt-Ru/CB. This was ascribed
to the higher activity toward MOR and to the highly stable CO tolerance and durability
gained using the N-doped carbon protective layers that decelerated the Ru dissolution.

A final selected example of the importance of the tuning of the catalyst and cata-
lyst support is given by the work reported by Ganesan et al. [146]. These researchers
showed that the electrodeposition of Pt-Ru alloy NPs on the surface of pyrolysed PANI
and melamine on ZrO, enhances the catalyst utilisation and its durability. They considered
that such behaviour was due to the formation of Pt shell with Ru core on the high surface
area of pyrolysed ZrO, /PANI-melamine during the pulse electrodeposition. The choice of
71O, as the catalyst support was preferred for its enhanced performance and, particularly,
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for its durability on methanol oxidation, reinforced by the fact that the pyrolysis of PANI
and melamine on ZrO, forms a highly porous, graphene-like structure and improves the
formation of particular C-N bonds. Due to the high surface area and stability of both the
catalyst support and the catalyst, the loading of precious metals can be reduced in the
DMEC anode. Compared to commercial catalysts, 98% of the Pt-Ru usage was reduced
in this method, which was the first of its kind ever reported. The researchers assume that
the cost and size of DMFCs can be reduced significantly using this catalyst. Hence, this
type of ultra-low loading of the Pt—Ru catalyst has viable potential in commercializing
DMECs. The use of PANI as an efficient catalyst support material for improved deposi-
tion of Pt—-Ru electrocatalyst NPs towards application in MOR was further investigated
by Das et al. [147], showing that the enhanced dispersion of electrocatalysts resulted in
suppression/elimination of the catalyst poisoning effect. For that, they used PANI different
nanostructures, namely nanofibers (NFs) and nanowhiskers (NWs), and compared them
with the commercial Vulcan® carbon supports. The obtained DMFC results followed the
performance trend of Pt-Ru/PANI NWs > Pt-Ru/PANI NFs > Pt-Ru/C. Pt-Ru/PANI
NWs also exhibited better stability, and the PANI NWs support exhibited better dispersion,
higher utilisation of the deposited Pt—-Ru catalyst NPs, and the lowest deposited catalyst
particle size. Hence, this kind of support can be an effective route to reduce the loading
and increase the efficiency of the state-of-the-art Pt-Ru catalyst. Further details on recent
progress in nanocomposites based on conducting polymers can be found in recent reviews
reported by Rhazi et al. [148], even if focused on their applications as electrochemical
sensors, or the one by Pasti et al. [149] for electrochemical energy conversion and storage
applications. Nevertheless, as stated before, from an economic viewpoint, it is also im-
portant to find alternatives to noble metal use as catalysts, and this has been the focus
of several studies in the most recent years: combining the advantages of tuning proper
catalyst supports with Pt-non-precious/noble metal hybrids. Veizaga et al. [150] verified
the promoting synergetic effect of tin (Sn) in Pt anodic catalysts supported on MWCNTs
(NT), mesoporous carbon, and Vulcan® carbon (VC) for DMFCs. They have shown that
these Pt-5Sn catalysts supported on VC and NT, when tested in a DMFC, gave a better
power density than a commercial one, but only at low current densities. This was overcome
by a different strategy presented by Amani et al. [151], by synthesising a Vulcan® carbon-—
polyaniline (C-PANI) composite to support Pt-Sn catalysts. This study will be discussed in
Section 2.4.

It should be pointed out that, even if an effective DMFC efficiency is not reached, the possi-
bility of using less expensive materials is a real gain. As an example, Maya-Cornejo et al. [152]
reported the synthesis of a series of Pt-Ru and Pt-Mo bimetallic catalysts supported on
single-wall carbon nanotubes (SWCNTs) for hydrogen and methanol electrooxidation in
fuel cells applications. They concluded from their experimental and simulated polarisation
curves obtained from DMFCs that Pt-Ru/SWCNT and Pt-Mo/SWCNT electrocatalysts
exhibited higher power and current density values compared with the Pt/SWCNT electro-
catalyst. Additionally, a previous study on nanosized Mo-doped CeO; co-catalysts [153]
showed that the activity and stability of Pt for methanol oxidation can be significantly
enhanced. CeO; is of particular interest due to its oxygen vacancy, i.e., oxygen storage ca-
pacity, able to supply sufficient OH,q4 at low potential to efficiently eliminate the poisoning
intermediates formed during methanol electrooxidation [154-156]. Other advantages are
its lower price, as well as the good mechanical resistance and anticorrosion ability in acidic
media; the major disadvantage is its low electrical conductivity, which is surpassed by
the presence of other conducting metals [157]. Thus, the modification of Pt catalysts with
Mo-doped CeO; materials with more oxygen vacancies and high electrical conductivity
can effectively remove adsorbed intermediate species, resulting in remarkably improved
electrocatalytic performance for methanol oxidation. Furthermore, a DMFC incorporating
Pt/Ceg7Mo( 30,_5—C as the anode catalyst exhibited a maximum power density 1.8 times
higher than that of an analogous fuel cell using the commercial Pt/C. More information
on the fundamentals and catalytic applications of CeO,-based materials can be found in
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the review paper of Montini et al. [158]. The review by Lykhach et al. [159] focuses on the
recent efforts towards the fabrication of single-atom catalysts on nanostructured CeO, and
their reactivity, in the prospect of their employment as anode catalysts. In a different work
reported by Du et al. [160], a composite comprised of a CeO;nanowire/MnO;nanosheet
heterogeneous structure was designed and synthesised by a facile hydrothermal approach.
This system has shown improved catalytic properties by achieving more defective struc-
tures through the slight manganese (Mn) doping. However, to the best of our knowledge,
no application of these kinds of materials as DMFC anodes has been implemented. Al-
ternatively, the cost-effective transition metal Mn, particularly in its most common form,
MnOs,, has also been combined with conductive carbon materials to overcome its poor
electrical conductivity and has been proven that it can boost Pt electroactivity towards the
MOR [161-163].

It is known that the oxidised form of graphene, i.e., tGO, acts as a conductive material
to modulate the electrochemical reaction in a controlled fashion, with low-cost production
and easy processability. Further information on the applications of rGO for electrocatalysis
and fuel cell technology can be found in several recent review papers [164-169]. Herein, we
highlight the fact that, in contrast to pristine graphene, the presence of functional groups
such as -OH, -COOH, -CHO, and epoxides on rGO nanosheets provides sites for metal
catalyst anchoring, and their 2D structure (high surface to volume ratio) allows higher load-
ing of nanosize catalysts, contributing to higher current efficiency during MOR, as one can
verify from the numerous different studies presented in the literature [86,97,170-177]. Fur-
thermore, the hydrophilic nature of rGO promotes water activation at a lower potential and
induces the oxidation of CO,q on active Pt sites of pure Pt or Pt m NCs, by the bi-functional
mechanism. Among numerous reported bimetallic Pt-based catalysts, Pt-Co is considered
a better catalyst, as the incorporation of cobalt (Co) into the lattice of platinum introduces
enhanced Pt d-band vacancies due to its oxophilic nature. The modified electronic structure
of Pt—Co alloys affects the Pt-Pt bond distance, resulting in easier adsorption of oxygen
moieties onto alloy NPs and reduced CO poisoning [178,179]. The synergistic effect of rGO
and Pt-Co alloy to enhance the electrooxidation of methanol was taken into consideration
by Baronia et al. [180,181]. Their results showed that the Pt—Co (1:9)/rGO catalyst had
higher CO tolerance, resistance to methanol crossover, and higher power density, even
when using 5 M methanol fuel feed, indicating its commercial potential as anode material
in real DMFC devices. An efficient and CO-poisoning tolerant anode catalyst was pro-
posed by Tian et al. [182], depositing Pt-Ru alloy nanoparticles on nanoporous gold film
(NPG-Pt-Ru). NPG substrate plays dual functions in DMFC anodes, the synergetic effects
with Pt-Ru nanoparticles, and the nanoscale and nature structure characteristics of NPG
film. This last one provides a large specific surface area and rapid electron conduction
in contrast with conventional carbon powder supports. The DMFC with NPG-Pt;Ruy
(0.2 mgp; cm~2 and 0.3 mga, cm~2) achieved a maximum power density of 96 mW cm 2,
about a six-fold enhancement of the Pt efficiency of commercial Pt-Ru/C (1 mgp; cm 2,
78 mW cm~2). A group of researchers presented a Pt-Ru nanoalloy supported on porous
graphitic carbon (PC) prepared by a simple method involving hydrogen co-reduction in
the Pt and Ru precursors at 300 °C, followed by thermal treatment at 700 °C [183]. The
high-temperature treatment promotes the development of a Pt-Ru/PC-H nanocatalyst
with high electrocatalytic performance and CO tolerance. In a DMFC, this catalyst exhibited
a maximum power density of 83.7 mW cm 2, which is about 1.9 and 3.1 times more than
commercial Pt-Ru/C and Pt/C, respectively.
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Performance of Pt-hybrid NCs towards the MOR
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Figure 7. Performance comparison for different Pt-hybrid NCs towards the MOR.
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2.3. Pt-Free

The search for cost-effective, non-precious metal or even metal-free catalysts efficient
for fuel cell devices is a hot topic of research [184-188]. However, their use as anode
catalysts in the acidic environment of DMFCs has not yet been successfully implemented,
and only very few studies have been reported on the subject.

One of these studies [189] involved the fabrication of a cost-effective, non-noble metal
supported on a conducting polymer composite such as copper/polypyrrole graphene
oxide (CupO/PPy-GO) as an anode catalyst for methanol oxidation in DMFC. The authors
took advantage of the reactivity as well as the stability of cuprous oxide (Cuy0); it can
be improved by using a suitable supporting matrix system like GO with PPy, another
conducting polymer, which can enhance the electro-chemically active surface area of cat-
alysts and catalytic performance in DMFCs. The sponge-like porous structure of PPy in
the CuyO/PPy-GO can trap the CuyO NPs within the boundary system, preventing their
leaching into the solution. Hence, PPy-grafted GO as a support matrix for cuprous oxide
contributes to the enhancement of the number of electrocatalytic active paths for efficient
electron transfer. In addition, the GO sheets permitted the uniform dispersion of PPy
and the synergetic effect employed between the active support, conducting polymer, and
catalyst NPs of CuyO/PPy-GO, coupled with the close contact and substantial stabilisation
influenced the highest DMFC performances. Thus, Cu,O/PPy-GO NPs can be consid-
ered a cost-effective alternative for the Pt—-Ru/C system to execute practical applications
in DMFCs.

A similar approach was used with another cost-effective and abundant transition
metal, nickel (Ni), by Das et al. [190]. It is well known that Ni NPs exhibit promising results
in the MOR when used in combination with Pt since they promote electronic interaction
and provide oxygen-containing groups (Ni (hydro)oxides) which enhance the rate of
CO oxidation [191]. However, the prospect of using Ni alone as a catalyst under acidic
conditions for methanol oxidation has been hindered by its relatively low stability in acidic
medium, which the authors circumvented by using partially sulfonated PPy (SPPy) as a
catalyst support. Since, in a previous study, using different support materials (Vulcan®
carbon, PAN], and partially sulfonated PANI (SPANI)), they concluded that sulfonic acid
(-SO3H) dopant within the parent polymer interacts positively with the deposited catalyst
particles, thus assisting in producing better dispersion, distribution, and utilisation of metal
catalyst particles [192]. The results, thus obtained, were better than those obtained for the
commercial Pt-Ru/C but not superior to the Cu,O/PPy-GO system.

In effect, the route to cost-effective non-precious metal NCs as anode catalysts for
DMECs passes through the use of conducting polymers on their support, benefitting from
their protonic and electronic conductivity, besides their large specific area, good mechanical
strength, and excellent stability.

2.4. Passive Feed Systems

As passive DMFCs have a promising future, this section is intended to present the
advances in anode NCs with the potential to be used in passive systems. An advantage
of these systems is that they operate at room temperature; however, the catalysts tested at
higher temperatures do not always have the same behaviour at room temperatures. Thus,
the nanocatalysts tested in DMFCs at temperatures below 45 °C will be presented in this
section and are summarised in Table 1.
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Table 1. Comparison of DMFC performance towards MOR optimisation.
Pt Load [CH30H] o DMEC Max. Power Density
NGCs (mg cm~—2) M) TCO Mode (mW cm~—2) Ref.
Pt@RFC 0.75 . 33.8
Pt-Ru/C-commercial 2.0 1 40 Active 27.7 [193]
Pt-Ru/CNF-BM (7.0)
Pt-Ru/CNF-SFM (7.7)_
Pt-Ru/CNF-SFMTT 2.0 2 40 Active (7.2)* [125]
Pt-Ru/CNF-MeOH (6.8)
Pt-Ru/C-commercial (5.4)
Pt-Sn/C-PANI . 4
Pt-Ru/C-commercial 4 2 (RT) Passive 351 [151]
Pt-MnO, /rGO-L 26.31
Pt-MnQO, /rGO 2 2 60 Passive 21.11 [194]
Pt/rGO 16.13
Pt-Ru-Fe/NG 48 2 40 Active 57 [195]
Pt-Ru-Fe-Co/NG 4¢ 2 40 Active 68 [196]
Pt+-Ru/NGA 321
Pt-Ru/GA 25¥ . 251
Pt-Ru/C-commercial 2 30 Active 231 [1971
Pt/C-commercial 25 131
Pt-NiTiO3/C 0.5 0.5 45 Active 9.6 [198]
Pt-Ru/N-CNT 26.10
Pt-Ru/CNT . 22.12
Pt-Ru/C 4 3 (RT) Passive 16.13 [199]
Pt-Ru/C-commercial 2-17

() values in mW mg*1 ; RT: room temperature; ot specified, inferred from the plot; ¥ identified as “Pt-Ru”;
§ identified as “Pt-Ru—Fe”; ¢ identified as “Pt-Ru-Fe”.

Li et al. [193] developed a novel structured catalyst with Pt nanoparticles partially em-
bedded in porous resorcinol-formaldehyde-based carbon spheres (Pt@RFC) (with variation
of the embedded architecture by controlling the reaction duration) in order to achieve a low
Pt-loading and higher fuel cell performance. This new catalyst presented great enhance-
ments in the electrocatalytic activity and stability towards MOR. Upon the integration of
Pt@RFC into a DMFC, the device exhibited a comparable power density to the commer-
cial Pt-Ru/C catalyst with only one-third of the noble metal loading, as well as a slower
degradation rate of the catalyst due to a higher corrosion resistance. Calderon et al. [125]
tested Pt-Ru catalysts supported on CNFs and demonstrated that the MEA containing
the commercial catalyst Pt-Ru/C showed the lowest performance towards the MOR at
40 °C. These results were explained based on the higher conductivity of the CNFs over the
carbon support. Amani et al. [151] synthesised a Vulcan® carbon-polyaniline (C-PANTI)
composite to support Pt-Sn catalysts that were used in a passive DMFC. The cell with
the Pt-5n(70:30) / C-PANI catalyst showed a higher power density and lower methanol
crossover compared to the commercial Pt-Ru/C catalyst. Furthermore, they estimated
that the presence of PANI in the anode catalyst layer reduced the methanol crossover up
to 30% due to a synergism of the Vulcan® carbon and PANI, as well as to a faster MOR
kinetic on the anode catalyst surface of the modified MEA. Therefore, the obtained results
indicated that the synthesised Pt-Sn(70:30) /C-PANI catalyst may be a good candidate to
replace the commercial Pt-Ru/C electrocatalysts. Yuan et al. [194] introduced MnO, as
a co-catalyst and used graphene as a support for Pt NPs. By taking advantage of in situ
carbonisation using L-ascorbic acid (L) as the carbon source, they were able to prepare a
carbon riveted Pt-MnQO, /rGO-L that showed a higher electrochemical surface area and
catalytic activity towards the MOR. This catalyst exhibited a stronger ability of CO poi-
soning and a better stability than the Pt~-MnQO, /rGO and Pt/rGO catalysts. The authors
concluded that the performance improvement of the proposed catalyst could be attributed
to the synergistic effects between MnO, and Pt and the anchoring effect of L-ascorbic acid.
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Rethinasabapathy et al. [195] focused their work on taking advantage of the synergetic
effect of nitrogen-doping graphene support (NG) by the conversion of rGO, along with
the bifunctional and ligand effects of Pt and Ru with low-cost iron (Fe). Further, to min-
imise the use of noble metals, they studied the incorporation of low-cost metals such as
Co [196], showing that this kind of catalyst has the potential for both MOR and ORR with a
remarkable reduction in the fuel cell costs. Zhao et al. presented, for the first time, N-doped
graphene aerogel (NGA) with porous structures and uniformly distributed Pt-Ru NPs
(Pt-Ru/NGA), which exhibited an unprecedented performance towards the MOR [197].
Notably, these 3D graphene-based NCs, with an easy synthesis and simple manufacturing
process, showed high performances due to their high catalytic activity, good CO tolerance
and excellent stability for methanol oxidation. The Pt-Ru/NGA catalysts are very promis-
ing for the replacement of the conventional carbon-based catalyst in practical fuel cell
applications. Thiagarajan et al. studied the effect of adding NiTiO3 to Pt/C and Pt-Ru/C
catalysts on the DMFC performance [198]. The cell with Pt-NiTiO3/C as the anode catalyst
demonstrated almost twice the performance of the one with the conventional Pt/C catalyst.
The power density improvement when Pt-Ru-NiTiO3/C was used as the anode catalyst
was ~22% regarding a Pt-Ru/C catalyst. These results are due to the strong interaction
between Pt, Pt-Ru, and NiTiO3, which promotes high stability and MOR activity. These
studies were performed with a low Pt loading of 0.5 mg cm~2 and at a temperature of 80 °C.
The effect of the temperature was also evaluated, and a test at 45 °C using Pt-NiTiO3;/C
as an anode catalyst was also performed. Although the performance decreases with a
decrease in the temperature, it is possible to operate the DMFC at 45 °C, where the use of
NiTiO3/C can become an alternative for passive feed systems. Fard et al. [199] studied the
effect of using three different supports, CB, CNT, and nitrogen-doped carbon nanotubes
(N-CNT), for the bimetallic catalyst Pt—-Ru and Pt nanoparticles on the performance of a
passive DMFC. The DMFC performance with Pt-Ru/N-CNT was 18% and 62% higher
than a cell with P-Ru/CNT and Pt-Ru/CB, respectively. The maximum power density
(26.1 mW /cm?) was obtained for the cell with N-CNT as the support. Nitrogen doping
enhanced the electrochemical and physical characteristics of the catalyst through increasing
the electrical conductivity and the surface area, boosting interaction between the support
and the metal.

These works showed promising catalysts to be used as anode catalysts in passive
DMFCs, showing the importance of carrying on fuel cell tests at low temperatures.

3. Nanocatalysts for the Cathode

For the DMFC cathode, the fundamental challenges for NCs are how to enhance the
sluggish oxygen reduction reaction kinetics and circumvent the parasitic methanol presence
due to crossover, demonstrating, therefore, high methanol resistance. The methanol floods
the cathode and limits the mass transport of O,. Thus, methanol crossover causes a
drastic decrease in cathode performance, which is generally overcome by using “excessive”
amounts of noble metal catalysts. As explained before, among pure metals, Pt is the
best electrocatalyst for ORR in DMFCs. However, it is costly and highly sensitive to the
presence of even small amounts of fuel. As a result, there have been concerted efforts to
improve its methanol tolerance and mass utilisation efficiency. Singh et al. [49] compiled
an overview of all the advances in regard to the design, synthesis, and ORR activity of
Pt-based cathodes for DMFCs during the period 2000-2013. In this review, we focus on
the reported developments since 2015 for Pt-based cathodes used in DMFCs and their
supports, as well as the recent advances reached for non-precious metal NCs, in a similar
manner as performed before for MOR. It should be noted that the cathodes usually suffer
from more severe corrosion and degradation because of the higher potential compared to
anodes. Therefore, the development of more durable and efficient cathode materials should
couple with the design of more durable and efficient anode catalysts [57]. For a broader
vision on the subject of ORR catalysis, the following recent review papers can be very
useful [28,59,198,200-203] as well as [204,205] if one is focused on Pt-based electrocatalysts.
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Figure 8 summarises the main advantages and disadvantages of the different materials
used as NCs for the cathode side of a DMFC.

Cathode nanocatalysts for a DMFC
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Figure 8. Main advantages and disadvantages of the different materials used as NCs for the cathode
side of a DMFC.

3.1. Pt-Only

Most of the time, these studies aimed at variations in the hydrophobic/hydrophilic
nature of electrode materials, as well as optimised pore structures, which help to create
more pathways for water removal and reactant access to the catalyst active sites. As
mentioned before, carbon supports are necessary to obtain a high dispersion and a narrow
distribution of Pt NPs, which is the prerequisite to preparing high-performance catalysts
and they should also present an adequate mesoporous structure with a pore size in the
range of catalyst particles to favour catalyst stability and durability [10,206-209]. Thus,
several studies recently reported in the literature covered this subject mainly focused on
optimising the porosity of the materials for the cathode side of a DMFC. Figure 9 shows a
performance comparison based on the maximum power density achieved, for the different
Pt-only nanocatalysts used towards the ORR, which are presented in detail in this section.

One interesting example is given by Zhao et al. [210] who investigated the impact of
the pore size (ranging from 4.0 nm to 8.1 nm) of ordered mesoporous carbon (OMC) FDU-
15-supported Pt catalysts on ORR. They rationalised these findings, considering that the
specific area of FDU-15 enlarges in response to an increase in the pore size, ensuring a better
dispersion of Pt particles on the larger surface area of the FDU-15 samples. However, when
the pore size of FDU-15 reaches a value greater than 6.5 nm, the particle size of the FDU-
15-supported Pt catalysts becomes independent of the specific surface area of the FDU-15
sample. Their tests allowed to infer the relevant impact of the optimised pore size of OMC
FDU-15-supported Pt NCs on ORR. A similar approach for the same type of ORR catalyst
but with a different carbon support, hollow graphitised carbon spheres (HGS), but also
with the mesoporous structure was presented by Tesfu-Zeru et al. [211]. At catalyst loading
close to 1.5 mgp; cm~2, MEA with HGS exhibited the best performances compared to MEA
with Vulcan®-supported cathodes. This result is an indication of the optimal morphology
of the HGS and allows for the better accessibility of catalyst active sites compared to the
chain-like Vulcan® structure. However, at higher catalyst loadings, the reverse trend was
observed. This was attributed to mass transport limitation in HGS-based CL, evidenced by
electrochemical impedance spectroscopy (EIS). This way, the researchers were able to show
that for DMFC applications, where the catalyst loading of at least 2 mgp; cm ™~ is usually
required to yield acceptable power densities, the diameter of HGS should preferentially lie
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in the range of 50-100 nm in order to reduce dead volume, electrode thickness, and as a
consequence, mass transport loss contribution in the cathode CL.

In the quest for the design of a low-cost and high-methanol-tolerant Pt cathodic elec-
trocatalyst for DMFCs, Yang et al. [212] described a new methanol-tolerant electrocatalyst.
It was fabricated from the chemical modification of CB by coating it with PVP after be-
ing wrapped in PBI. The PVP layer blocks the methanol adsorption and oxidation and
slightly affects the O, diffusion and reduction due to the different sizes of methanol and
oxygen. The PVP/Pt/PBI/CB NCs in the DMFC cathode showed four- and five-times
higher performance when compared to non-coated and commercial electrocatalysts, re-
spectively, even with 12 to 20 M methanol fed to the anode. This was an improvement
in relation to their previous work [213] in which the Pt-NPs supported on MWNTs were
coated by poly(vinylphosphonic acid) (PVPA) after being wrapped in a thin layer of PyPBI
(1-2 nm). In the cathode of a DMFC, the polymer-coated electrocatalyst reached only a
~2.3 times higher power density compared to using the commercial when fed with 8 M
methanol. Replacing the MWNTs with the less-expensive CB, the researchers showed that
the PVP/Pt/PBI/CB NCs are a promising candidate for the cathode side of the DMFC, and
these studies offer useful information for the preparation of effective methanol-tolerant
electrocatalysts using the “polymer coating” strategy.

The effect of different structures of carbon supports for cathode catalysts on the perfor-
mance of DMFC, like CB, MWNTs, and rGO, had already been reported by Liu et al. [214].
The authors explained that the significant differences in the DMFCs’ performances are due
to the compression ratios and hydrophilic/hydrophobic properties of CLs with different
structures of carbon supports, which strongly affect electrochemical active sites and mass
transport in cathodic CLs. The long-term testing of DMFCs indicated that Pt/MWNTs
exhibited superior stability. Thus, the researchers found that MWNTs’ support enhanced
the formation of TPB and ordered CL, which favours the performance of fuel cells. Ad-
ditionally, the results revealed that the Pt/MWNTs catalyst possesses 1.2 times higher
durability than the Pt/C catalyst in DMFCs since it has a stronger corrosion resistance than
CB. Based on an overall consideration of the power and lifetime of DMFC, they considered
MWNTs as an “optimal” candidate among the three investigated carbon supports. One
should point out that these tailoring effects do not restrain the NPs” support, but they were
also explored for the NPs by themselves on the ORR progression under a DMFC environ-
ment. The understanding of particle size effects of catalyst NPs on their activity is one of
the essential objectives in heterogeneous catalysis, particularly for ORR, and has been the
subject of extensive research efforts. For a detailed review on tuning NPs into advance
NC:s for efficient ORR under fuel-cell reaction conditions, one can refer to the works of
Guo et al. [215], Mistry et al. [216], and Lu et al. [217]. For a more generic approach, one
refers to the paper from Calle-Vallejo et al. [218], which explains why conclusions from Pt
model surfaces do not necessarily lead to enhanced NP catalysts for the ORR, or the paper
from Tian et al. [74], which reports the synthesis of tetrahexahedral platinum nanocrystals
with high-index facets and high electro-oxidation activity. Additionally, we also highlight a
previous publication from Shao et al. [219], who studied the size-dependent specific and
mass activities of the oxygen reduction in HCIO4 solutions on the Pt NPs in the range of
1-5 nm. They determined that mass activity increases two-fold from 1.3 to 2.2 nm and
decreases as the particle size further increases. On the other hand, the specific activity
increases rapidly four-fold as the particle grows to 2.2 nm and then slowly as particle size
further increases. The maximal mass activity at 2.2 nm was well explained based on the
DFT calculations also reported (further information on DFT can be found in the following
section). The authors considered that the presence of the edge sites was the main reason for
the low specific activity in NPs due to very strong oxygen binding energies at these sites.
They also confirmed that the state-of-the-art Pt/C catalyst with an average particle size of
2.5 nm has almost the maximum mass activity that conventional Pt NPs can achieve. Hence,
their results emphasised the importance of facet sites in the particles for ORR and clearly
demonstrated that the catalytic activity highly depends on the shape and size of the NPs,
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thus the importance of designing better catalysts, with size and shape controlled. Moreover,
one should also point out the work performed by Li et al. [220] on synthesizing ultrafine
jagged platinum nanowires, which enabled ultrahigh mass activity for the ORR (nearly
double previously reported best values) and recognised as a promissory advance catalytic
system to be translated to real fuel cell applications [221]. This work clearly demonstrated
the advantages of hollow NPs in electrocatalysis, since they can expose a high proportion
of active surfaces while saving the amounts of expensive precious metals. An extensive
review on this topic was recently performed by Park et al. [222] as one advice reading for
further complementary information on the subject. Kim et al. [223] proposed a simple
hierarchical cathode structure consisting of unsupported Pt (Pt black) as the inner CL
(sublayer close to the membrane) and carbon-supported Pt (Pt/C) as the outer CL (sublayer
close to the gas diffusion layer). The same catalysts function as the CLs in a conventional
MEA without any additive such as Pt-Ru, so the only difference was the cathode structural
properties since the thickness of the Pt black layer (5.6 um) is much thinner and less porous
than the Pt/C layer (11.8 um). Additionally, Pt black has a more hydrophilic surface than
Pt/C due to the absence of carbon support. Their EIS studies showed that the charge
transfer resistance for the MEA with its hierarchical structure is considerably lower, as it
has more electrochemically active sites for the ORR. The researchers argue that the inner
CL with the compact structure decreases the CL thickness and prevents the methanol
contamination of the Pt sites as the cathode outer CL with the porous structure increases
the electrochemically active surface area and reduces more oxygen owing to clean Pt sites
free from the permeated methanol. They demonstrated that the newly developed MEA
applied in DMFCs can maintain the high ORR activity of the cathode catalysts offsetting
the adverse effect of methanol crossover. At a high methanol concentration (3 M), it showed
a high maximum power density compared with the conventional devices. Unfortunately,
so far as we know, there was no reference to the durability and long-term stability of this
simpler solution.

The intrinsic three-dimensional nature of the CL is important and commonly over-
looked in the electrode structure research that can affect the overall performance and cost
of the fuel cell. Glass and Prakash [224] investigated the effect of the different individual
CL thicknesses and loadings of the cathode DMFC. The drawdown method was performed
at thicknesses varying from 1 mil to 8 mils, with Pt loadings ranging from 0.25 mgcm 2 to
2.0 mgcm~2. They observed that the MEAs with thicker individual layers performed better
overall than those prepared with thinner individual layers. One reason for that, according
to the authors, is the tortuosity of the CLs in the MEAs. Thinner individual layers can lead
to higher tortuosity and higher mass transfer resistance of the O, in the cathode CL, as
verified in their EIS measurements. Another possible detrimental aspect linked with the
higher tortuosity is the flooding caused by both water crossover as well as from the ORR.
The higher tortuosity in the CLs leads to longer more winding pathways for the water to
travel along, leading to an increase in flooding in the cathode compartment. This can possi-
bly be a significant detriment to the overall fuel cell performance. Moreover, they reported
that the maximum power density for the different loading levels followed an exponential
decrease in Pt utilisation at the higher loading levels, indicating a loss in catalyst utilisation.
Thus, the 4 mil layer thickness displayed a 95 % increase in power density over the 1 mil
layers at a loading of 0.25 mg cm 2, while this increase in performance decreases to around
5% at the 2.0 mgcm 2 Pt loading. This trend can be due to the penetration depth of the
gases flowing in the cathode side of the MEA. At higher loadings, only a fraction of the CL
is electrochemically active, leading to lower catalyst utilisation and only minor increases in
cell performance.

It is evident that the complexity of the numerous variables regarding the fuel cell CLs,
even for Pt, make it the state-of-the-art, most-studied catalyst for the ORR. Further research
is still needed to uncover and optimise the conditions of the cathode catalyst in order to
achieve DMFCs with superior performance.
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Figure 9. Performance comparison for different Pt-only NCs towards the ORR.

3.2. Pt-Hybrid Metals

The doping of Pt with other metals, as previously mentioned for MOR, is also an
effective way of enhancing Pt catalytic activity towards ORR. As such, there have been
intense research efforts to eliminate or substantially reduce the loadings of Pt in various
catalytic systems. These efforts have resulted in a plethora of heterogeneous Pt-hybrid met-
als catalyst morphologies beyond the traditional supported spherical NP, that maximises
activity and durability while minimizing precious metal loading.

A published work from Hunt and Romén-Leshkov [225] describes the principles and
methods for the rational design of core—shell nanoparticle catalysts with ultralow noble
metal loadings, pointing out that in this way, the unique benefits of the many emerging
noble metal architectures could be preserved while their fundamental limitations could
be overcome through reformulation via a core—shell morphology. They considered that
such core—shell architectures offer the promise of ultralow precious metal loadings, while
ceramic cores (comprising elements from Groups 4, 5, and 6 of the periodic table with
a nonmetal) hold the promise of thermodynamic stability and access to unique catalytic
activity/tunability. Thus, they pave the way to design highly active, stable, and low-cost
materials with high precious metal utilisation for both thermo- and electrocatalysis. This
prospect of Pt-based nanostructures for the electrocatalytic reduction in oxygen is shared by
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Wang et al. [204], who in their Viewpoint paper provided an assessment for the continued
development of ORR electrocatalysts, focusing on recent advances and guidelines for
maximizing the efficient use of Pt. Recent examples are discussed that demonstrated
the growth of Pt shells on non-precious core materials, and they note promising gains
in durability without significant sacrifice of the mass activity or cost. Hence, core—shell
nanostructures can still possess the beneficial mechanisms of bimetallic catalysts, such as
the strain effect arising from the lattice mismatch between the two dissimilar metals and
additional ligand effects for cases where the precious metal shells are thin. These effects
were first described by Stamenkovic et al. [226] in their paper focused on how variations
in the electronic structure determine trends in the catalytic activity of the ORR across the
periodic table. They show that Pt alloys involving 3D metals are better catalysts than Pt
because the electronic structure of the Pt atoms on the surface of these alloys has been
modified slightly. Based on that, they established an interesting volcano-shaped variation
in the electrocatalytic activity (Figure 10). In this way, they have established a new approach
for the screening of new catalysts for the ORR, by looking for surfaces that bind oxygen a
little weaker than Pt or, specifically, for Pt overlayers or “skins”, meaning surfaces with a
downward shift of the Pt d states relative to the Fermi level, which results in increasing
occupation and weaker adsorbate bonding.
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Figure 10. Activity versus the experimentally measured d-band centre, relative to platinum (activity
predicted from DFT simulations is shown in black, and the measured activity is shown in red),
retrieved from [226].

The general asymmetric volcano trend in the ORR activity was further improved by
Calle-Vallejo et al. [227] in order to include graphitic materials with active sites composed
of four nitrogen atoms and transition metal atoms belonging to groups 7 to 9 in the periodic
table, which are active towards the ORR, and later on by Li et al. [228], to incorporate the
site-blocking effect that dominates catalysts with low redox potential or strong binding
energy. Early studies reported by Stamenkovic et al. [229] concerning the electrocatalytic
trends on PtsM (M = Ni, Co, Fe, Ti, V) surfaces between the experimentally determined
surface electronic structure (the d-band centre) and activity for the ORR confirmed this
“volcano-type” behaviour, where the maximum catalytic activity is governed by a balance
between the adsorption energies of the reactive intermediates and surface coverage by
spectator (blocking surface) species. These were further incorporated in the study presented
by Greeley et al. [230], who describe a new set of ORR electrocatalysts consisting of Pd
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or Pt alloyed with early transition metals such as Sc or Y. These studies were prompted
by the previous discovery that the Pt3Ni [111] crystal surface can exhibit an exceptionally
high ORR activity as reported by Stamenkovic et al. [231]; however, the demonstration of
their practical viability, particularly both high initial Pt-normalised mass activity and high
long-term stability in realistic fuel cells, still remains limited [232]. Ni and Co atoms are
smaller than Pt atoms and therefore exert a compressive strain on the Pt surface atoms.
Compression weakens the binding to the oxygen-containing reaction intermediates; thus,
a mild weakening increases the catalytic activity of Pt for oxygen reduction [233]. Since
these discoveries, Pt-based alloy nanomaterials have been extensively investigated, aim-
ing to achieve the advanced catalytic performance in practical high-surface-area catalysts.
Escudero-Escribano et al. [234] demonstrate how the lanthanide contraction can be used to
control strain effects and tune the activity, stability, and reactivity of PtsM (M = lanthanum,
cerium, samarium, gadolinium, terbium, dysprosium, thulium, or calcium) alloy electrocat-
alysts. Highly crystalline multimetallic nanoframes with 3D electrocatalytic surfaces were
synthesised by Chen et al. [235] by exploiting the structural evolution of platinum-nickel
(Pt-Ni) bimetallic nanocrystals. Furthermore, in a different study, Bu et al. [236] reported
Pt-Pb /Pt core-shell nanoplates that exhibit large biaxial strains and boost oxygen reduction
catalysis. Moreover, as referred before, the most recent developments point out hollow
nanostructures as a novel NCs design motif (Figure 11) [222]. Hollow nanostructures can
have metal alloy compositions, enabling very high catalytic activities requiring significantly
lower amounts of expensive precious metals due to the high proportion of active surfaces.
This includes hollow-structured Pt-based ORR catalysts that have shown significant activ-
ity enhancement as compared to commercial Pt/C. It is recognised however that are still
great barriers to their application in fuel cells in terms of the performance and structural
robustness during catalysis. Further efforts are necessary to overcome the limitations of
Pt-based, hollow-structured ORR catalysts.
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Figure 11. Schematic illustration of a brief history of the development of Pt-based ORR electrocata-
lysts, retrieved from [222].

Hence, the implementation of these new Pt-hybrid metal NCs in the cathodic CL of real
DMEFCs is not so much explored, since researchers in the field have focused their attention
on non-precious metal catalyst alternatives (as will be demonstrated in the next section).
Alternatives such as Pt-Ni alloy nanosheets [237] and Pd [238] are two examples tested
in fuel cells and will be explored in this section as potential catalysts for passive DMFCs.
Another different solution to improve DMFC efficiency was presented by Yan et al. [239]
by using a novel cathode architecture involving an additional thin reaction layer (TRL)
with 5-7 um thickness, in contrast with the cathode CL that is approximately 50 pm. The
TRL interfaced with the membrane in order to chemically oxidise the permeated methanol
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at the cathode before reaching the effective cathode CL. This TRL is composed of Pt-Ru
NCs supported on silica and Nafion® ionomer, in which the reaction between methanol
and oxygen spontaneously takes place; hence, the permeated methanol can be chemically
consumed before it reaches the cathode CL. It should be noted that, as the silica catalyst
support is an electron insulator, triple-phase boundaries cannot be formed in the TRL, so
there are no electron pathways. The experimental results obtained with DMFC fed with
increasing methanol concentration (1 to 5 M) showed that the adoption of the proposed
cathode not only increased the open-circuit voltage due to a reduced mixed-potential loss
but also led to better performance, with the peak power density showing an increase for
the higher methanol concentrations when compared with the conventional cathode with no
TRL. Further electrochemical tests performed confirmed a decrease in the desorption peaks
of the intermediates on the cathode catalyst (Pt) surfaces as a result of an alleviation in
Pt-poisoning. Hence, accordingly to the authors, the overall fuel cell performance exhibits
a substantial improvement. However, one has to notice that the TRL-modified MEA gained
extra 15% catalyst loading, which was not compensated in the conventional MEA, as
far as we can understand from the description provided. The above work presented has
demonstrated the benefits of using Pt-hybrid metals; however, the number of tests in DMFC
devices is not very prolific. These compounds still present some important limitations and
due to the presence of Pt and other precious metals, the focus has been, as observed in the
following section, on the study of non-precious metal catalysts.

3.3. Pt-Free

In recent years, there has been significant progress in replacing platinum group metals
(PGMs) with earth-abundant materials for the cathodes of proton exchange membrane
fuel cells [28,184,240-243]. As explained before, the ORR is very sensitive to the surface
electronic properties and electronic surface atomic arrangement or coordination of the
catalyst. The most active sites for ORR are commonly viewed as metal centres coordi-
nated by nitrogen atoms bound to the carbon matrix [244-246]. Hence, among the studied
catalyst formulations, heteroatom-doped carbon materials and metal/carbon hybrid mate-
rials with unique nanostructures and nitrogen-doped carbon structures were commonly
used [183,247,248]. Typically, these kinds of electrocatalysts are produced by mixing an
external carbon source, which acts as support, with a nitrogen precursor and a transition
metal and then subject to pyrolysis or heat treatment. This process plays a crucial role in
increasing the concentration of available ORR active sites while at the same time improves
the catalyst stability since it favours proper metal-nitrogen coordination occurring on
the carbon support as a result of the tuning of their micropore structures [249]. These
carbon-nitrogen-based catalysts exhibit electrocatalytic activity due to the unique elec-
tronic interactions between the lone-pair electrons of nitrogen and the m-system of graphitic
carbon. Unfortunately, most of the explored heat-treated, non-precious metal-nitrogen
catalysts show relatively low activity and stability compared to Pt-based catalysts in the
acidic operating environment of a real fuel cell. Their low activity implies the use of rela-
tively thick cathodic CLs (Figure 12), which can lead to severe transport losses, and in turn
limits high current density operation, thus presenting relatively low durability/stability of
the device [183,239,250-252]. However, manipulating the ligand or increasing the electron-
withdrawing properties of the graphitic environment surrounding the active sites can be
effective ways to design better catalysts towards ORR [253-255]. Nevertheless, these novel
materials, due to their unique intrinsic tolerance to methanol, are considered to provide a
great opportunity to be used in DMFCs’ acidic environment, enabling the implementation
of cost-effective and tolerant methanol contamination cathodes [256].

Therefore, these are great challenges that need to be addressed, particularly in the
fuel cell environment, where the high density of active sites and the 3D porous structure
are favourable for active-site exposure and mass transfer. This benefits the penetration of
electrolytes and the transportation of ions and O,, thereby leading to high ORR activity,
assuming that transport phenomena do not negatively affect the performance of the de-
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vice. In this consideration, the engineering porosity and microarchitecture of the cathode
CL in the fuel cell is critical, and Serov et al. [257] showed, for the first time, PGM-free
cathodic CL morphology in an MEA for a Hj /air fuel cell. This pioneering work allows
the researchers to identify morphology-dependent transport losses in the thick PGM-free
electrodes [258] associated with the high hydrophobicity and water expulsion, creating
additional space within the CL, which introduces longer pathways for all species’ transport.
Thus, these studies confirm the need to take a holistic approach (i.e., both catalyst and CL
design) to enhance the development of low-cost, efficient, stable, and durable fuel cells, as
discussed previously.
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Figure 12. Comparison of O, and proton transfer between (a) thin Pt-based CL and (b) thick CL of
PGM-free catalysts, adapted from [251].

3.3.1. Pd-Based

Regarding DMFCs, Pd has been considered an alternative material to catalyse ORR
due to its similarities with Pt and lower cost, as pointed out in the review compiled by
Gomez et al. [259]. However, the ORR activity of conventional Pd NPs is at least five
times lower than their Pt counterparts [260], preventing their direct use as a replacement
for Pt. Although, recent efforts are focused on developing more advanced Pd-based
NCs, increasing their activity approaching surface modification, alloying, composition
and morphology control, and support promotion, in a way similar to what happens with
Pt [261,262]. Additionally, one has to keep in mind that all PGMs are extremely rare on
Earth’s surface. Pd has a lower cost than Pt because of limited use (low demand), not
high supply, which in turn can limit its use in fuel cell technology. This way, the research
is currently addressed to the development of PGM-free electrocatalysts, in particular
transition metal-nitrogen—carbon (TM-N-C) materials, with the TM being Fe or Co. These
are considered cheap and sustainable catalysts for the ORR in the acidic environment of
the DMFCs [263,264]. An excellent mini-review presenting the analysis of this kind of
catalysts mounted at the cathode of a DMFC or investigated in rotating disk electrode
(RDE) configuration for the ORR in the presence of methanol was compiled recently by Lo
Vecchio et al. [186].

Herein, we intend to confront these kinds of NCs with all the others, comparing their
effective performance in real DMFC application, stability, and durability according to the
information gathered from the different studies. To this end, we highlight the work reported
by Gavidia et al. [265] who developed specific carbon-supported Pt-free catalysts (Pd, Pd-
Fe, Pd-Ir, and Pd-Fe-Ir). The performance of the Pd-Fe-Ir/C catalyst was evaluated as
cathode material in a DMFC and compared with commercial Pd/C and PdsPtys/C. A
significant improvement in both power output and open circuit voltage (OCV), was given
by the MEA with Pd—Fe-Ir/C. The researchers related these results to the “third-body
effect” of methanol on the ternary catalyst surface, due to the presence of iron and iridium
oxides, where the adsorbed molecules block the catalyst surface sites but do not oxidise,
and consequently the mixed potential at the cathode could be avoided. Thus, the MEA
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with a cathode containing Pd-Fe-Ir/C catalyst yielded elevated performance in DMFC,
while the electrode cost was dramatically reduced. However, despite Pd-Fe-Ir/C’s low
Pd content, the presence of iridium results in a cost increase compared to the bimetallic
Pd-Fe catalyst for equivalent Pd loadings in the electrode. Therefore, with a view to
enhancing cost savings, the researchers decided to further study the DMFC performance of
the synthesised bimetallic catalyst Pd-Fe/C cathode and Pd/C and compare them with
carbon-supported Pd and Pt commercial catalysts [266]. These tests revealed enhanced
performance from Pd-Fe/C, especially when operating with high methanol concentration
(10 M). More specifically, the MEA based on Pd-Fe/C achieved 25% and 18% higher power
density than those based on commercial Pd/C and Pt/C catalysts, respectively. A DMFC
stability test was carried out for the best-performing cathode, Pd-Fe/C, to evaluate cell
performance; it showed a 44% loss in the maximum power density after 16 h of operation
at 0.4 V. Thus, the insertion of Fe into Pd NPs aids the electrocatalytic activity for the ORR,
which was ascribed accordingly to the authors to the electronic conjugation by superficial
iron oxide and metallic Pd, accompanied by the interplanar spacing decrease that they
detected by XRD (X-ray diffraction) and TEM (Transmission Electron Microscopy) analysis.
Hence, the authors concluded that the utilisation of partially oxidised surface species
based on abundant transition metal alloys with cheaper Pt-free metals such as palladium
offered a new path in the search for novel catalysts with high oxygen electro-reduction
selectivity and low cost. In a similar study, but this time resourcing to Pd and Pd—-Co
alloys supported on carbon black as cathode catalysts for DMFCs [267], the researchers
were able to evaluate their performance. The Pd-based electrodes have shown to be very
appropriate for their use as cathode catalysts in DMFC in terms of a reduction in costs
and an increase in the energy density of the device since they are much more tolerant
to permeated methanol than a benchmark Pt/C catalyst. In fact, the cell based on the
Pd /KB catalyst provided higher performance than that based on Pt/C at a high methanol
concentration (>5 M). Additionally, the OCV of the cells based on the Pd /KB and Pd—Co/KB
cathodes showed similar behaviour as the methanol concentration increased, whereas the
reference cell equipped with the Pt/C cathode exhibited a significant decrease in OCV with
methanol concentration. This result was another clear indication of the better tolerance
toward the methanol crossover of the MEA based on Pd catalysts. Moreover, the durability
tests highlighted the advantage of including a small amount of cobalt in the crystalline
structure of Pd in terms of stability and resistance to corrosion phenomena. Thus, this
study also reinforces that Pd-based electrodes represent a reliable way to minimise the
cost of DMFCs, providing a higher performance than that of Pt-based electrodes at high
methanol concentrations with inherently lower costs compared to their Pt counterparts.
Both solutions (Pd—Co and Pd-Fe) present rather equivalent results, since one takes into
consideration the different metal loading used in the studies.

3.3.2. Other Supports

In relation to the alternative lower-cost TM-N-C catalysts, several different studies
reporting their use as cathode catalysts can be found in the literature in the most recent
years. Hu et al. [268] used PANI nanofiber-derived catalysts as standard to evaluate the
promotional effect of including other species like the phosphorus doping on the activity
of the iron-nitrogen—carbon (Fe-N-C) catalyst for the ORR. Even the obtained doped and
undoped catalysts exhibited mostly the same nanorod morphologies and structures; the
phosphorus doping caused the catalyst to exhibit a much-enhanced ORR performance.
The researchers considered that the phosphorus doping process might not have altered
the nature of active sites but led to the increase in the ORR active site density and/or
better dispersion of them on the catalyst surface. Furthermore, they tested the activity and
stability of the Fe-NP-C catalyst in DMFCs and compared them with the Pt/C cathode-
based fuel cell. However, even if the Fe-NP-C cell performance was rather stable and
durable, the maximum current density and peak power density were about one-fourth of
those for the Pt/C cathode-based cell due to the less efficient mass transport in the thick
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Fe-NP-C catalyst layer, thus implying the further optimisation of the electrode fabrication
for the Fe-NP-C catalyst to be a viable alternative as a cathode in a DMFC. Another
variation to the PANI nanofiber-derived catalysts was reported by Karim et al. [269,270],
who further study transition metal macrocycle-based catalysts. There are several types
of macrocycles that have attracted attention, such as porphyrin (P), phthalocyanine (Pc),
tetramethylphenylporphyrin (TMPP), phenanthroline (Phen) complexes, and others due
to their reasonable activities, remarkable selectivities of the catalysis of ORRs, and high
tolerance to methanol [271]. Cobalt phthalocyanine (CoPc) presents low reactivity towards
the ORR, although it is highly inert to methanol, and in a previous theoretical study [272],
the researchers showed that tungsten atom adsorption on CoPc can improve its ORR
performance, and led to reaction pathways that produced water as the main product. The
CoPc/C-W130Oy9 catalyst was also applied in DMFCs as the cathode catalyst, and the power
density of the cell was higher than with non-platinum macrocycle-based catalysts with
modified structures such as PANI-FeTsPc [273]. The use of W1gO49 as a support enhanced
the ORR activity of CoPc.

The importance of the support in these kinds of catalysts has been evidenced in
various works. Negro et al. [274] reported Fe-N supported on graphitic carbon 3D nano-
networks (Fe-N/CNN) as ORR catalysts. In previous studies, they have shown that
CNNs can be successfully used as a more durable support for Pt catalysts compared to
commercially used CNTs, while their performance is comparable to CNTs with a less
expensive production. Therefore, they tested its behaviour in conjunction with Fe-N. They
achieved 15 mW cm~2 at 90 °C, with a MeOH concentration of 2 M and they considered that
this was an interesting alternative to state-of-the-art Pt-based electrocatalysts. However, the
excellent result presented, where the resistance of the new catalyst to MeOH contamination
is significant, with no direct comparison to the equivalent Pt/CNN catalyst in a DMFC
environment. This was somewhat circumvented in the study provided by Li et al. [275], who
studied Fe-N and a different carbon material, reduced graphene oxide (rGO), presenting a
new method to prepare highly a porous graphene catalyst for the ORR cathode in DMFCs.
This way, they showed that, while the morphology of 2D rGO was largely preserved, the
resulting Fe-N-rGO catalyst provided a more unique porous structure. The performance of
the Fe-N-rGO cathode exceeded the performance of the Pt/C cathode when the methanol
feed concentration was higher than 2 M. Moreover, the OCV measured with the Fe-N-rGO
catalyst was higher than that of Pt/C even at the lowest methanol feed concentration of
0.5 M. This work demonstrated the viable possibility of using Earth-abundant catalysts
for DMFEC technologies, particularly at higher methanol concentrations since one of the
most desirable characteristics for a cathode catalyst in a DMFC is a high tolerance to the
presence of methanol. Park et al. [276] reinforced these findings by resorting to a nano-sized
graphene-based Fe/Co-N-C catalyst, derived from the heat treatment of a ball-milled GO.
The results showed that the graphene-based catalyst (GbC) was capable of tolerating a
highly concentrated methanol feed up to 10 M without a considerable activity loss from
methanol crossover. Because of the trade-off effects from both the ionomer and catalyst
contents in the electrode, the best performance was observed with an ionomer content and
catalyst loading of 66.7 wt.% and 5.0 mg cm 2, respectively. The maximum power density
was ca. 32 mW cm~2 with a 1 M methanol feed concentration at a relatively low Pt-Ru
content (2 mgpt_ry, cm~2). This performance is comparable to other high-performing Fe(Co)-
N-C catalysts. However, even though it has a very outstanding methanol-tolerant property,
the maximum power density at the optimised cathode compositions is still very low
compared with that of Pt/C. Therefore, to successfully replace commercial Pt cathodes with
graphene-derived Fe(Co)-N-C catalysts in DMFC systems, further activity improvement
and additional stability issues need to be more clearly resolved in the near future.

3.3.3. Sacrificial Support Method

A strategy to improve both the activity and stability of TM-N—C catalysts derived from
H,-fed fuel cell research has been replacing the carbon support in the synthesis procedure
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by a non-carbonaceous sacrificial support with an ordered structure (such as silica, alumina,
zirconia), designated as a sacrificial support method (SSM) [277,278]. This sacrificial sup-
port is mixed with the precursor(s) containing nitrogen, carbon, and transition metal, and
it is removed after the pyrolysis step, which results in a self-supported TM-N-C catalyst
with high pore volume and good accessibility to active sites. This alternative synthesis
was employed in the work reported by Videla et al. [279], who used iron phthalocyanine
(FePc) as Fe-N-C source and templated with an ordered mesoporous silica (SBA-15) to
synthesise a self-supported PGM-free catalyst for the ORR [280]. They showed that the
resulting catalyst was composed of a self-standing Fe-N-C framework, which was not only
methanol-tolerant but also active enough for fuel cell portable applications. The cathodic
catalyst was not dramatically affected by the presence of methanol, showing only a 12%
drop in maximum power density with the highest methanol concentration of 10 M fed
at the anode. A 3D multi-dimensional DMFC model incorporating computational fluid
dynamics (CFD) was also implemented in this study and it agreed with the experimental
data. This showed that the presence of condensed water, and consequently the barrier
effect, limited the ability for oxygen diffusion to reach the triple-boundary reactive phase
on the active ensembles of the Fe-N-C catalyst, representing one of the major limitations
of the cell performance using a non-noble catalyst on the cathode side. Wang et al. [281]
recognised the importance of the matter and successfully promoted triple-phase interfaces
in micropores of Fe-N-C catalysts by controlling the distribution of a hydrophobic additive,
dimethyl silicon oil (DMS), not filling them fully. Such a proper distribution of DMS can
help to form a robust triple-phase interface in micropores and prevent water flooding, but
it cannot block O, transport seriously. They recognised that the main difficulty was that
small-sized micropores (<2 nm) can also be easily fully filled by hydrophobic additives to
block both O, and proton transport channels, which is not obvious for the mesopore and
macropore characteristics of the traditional Pt/C catalyst layer. The key was then to control
the DMS distribution on the Fe/N/C catalyst by screening the DMS molecular weights,
size, and viscosity. This approach effectively addressed the problem of micropore water
flooding of the Fe/N/C catalyst. They used an Fe-N—C catalyst derived from the pyrolysis
of poly-m-phenylenediamine (PmPDA)—coated carbon black and FeCls, known to possess
high activity for the ORR in acid medium [282]. The Fe-N-C(DMS) cathode exhibited
good durability, with only a 12.7% voltage loss after a 20 h test at 0.10 A cm~2, which is
even superior to that of the Pt/C cathode (15%). When the methanol concentration was
increased from 3 to 15 M, the Fe-N-C(DMS) cathode performance only showed a negligible
decay (8%), whereas the bare Fe-N—-C cathode exhibited a severe decay of 27%. The Pt/C
cathode could not run at all when the methanol concentration was increased to 10 M due
to the severe methanol crossover and mixed potential. This way, the proposed strategy
was considered a contribution to engineering a microenvironment of catalyst active sites to
boost the performance and durability of non-precious-metal catalysts for fuel cell devices.
Another contribution was presented by Osmieri et al. [283] who synthesised an Fe-N-C
catalyst by the impregnation of Fe(II)-phthalocyanine (Fe-Pc) on SBA-15 silica used as a
sacrificial template, resulting in a material with an extremely high specific surface area
and high microporosity (around 50%) (more details about the procedure can be found in
their previous paper [284]). This catalyst presented a composite morphology where it was
possible to identify the presence of longer nanotubes interconnecting different rod-like
particles. The best results for the Fe-N—C catalyst as a DMFC cathode were obtained with
no Vulcan addition, 50 wt.% Nafion® content, and a catalyst loading of 2.5 mg cm~2. The
maximum power density obtained in these conditions was 19.6 mW cm~2 (at 90 °C and
using 2 M MeOH), which was close to the results obtained by other groups using similar
Fe-N-C catalysts in similar testing conditions (FeAAPyr 2.7) [285] and (FeABZIM) [286],
which will be explored in the next section. A short-term durability test was also performed,
showing a deactivation of 64% in terms of the maximum power density, which the re-
searchers ascribed to the flooding of the micropores and/or to the active site’s deactivation.
However, the performance loss of the Fe-N-C catalyst was considerably lower compared
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to a commercial Pt/C catalyst after a 3 h test, making the Fe-N-C catalyst a potentially
good candidate for Pt replacement in DMFC cathodes, since it leads to a considerable
decrease in the total MEA cost. Nevertheless, the performance of this Fe-N—-C catalyst in
DMECs is still lower than a commercial Pt/C catalyst, leaving open space for future work
in performance improvement. The same researchers also reported their results concern-
ing the investigation of the effect of four carbonaceous materials (acetylene black (AB),
multi-walled carbon nanotubes (MWCNT), silica mesoporous nanoparticles (MPC), and
silica nano-powder (CNS)) [287]. These were used as a support to synthesise Fe-N-C
catalysts for the ORR by impregnation with a Fe(IlI)-1,10-phenanthroline (Phen) complex
and subsequent pyrolysis in an inert atmosphere. As mentioned before, due to the fact that
the Fe-Phen complex contains Fe, N, and C, with nitrogen atoms coordinating the metal,
it has aroused the interest of researchers in the field of ORR catalysts as an alternative to
Pt-based ones [288]. However, to achieve enhanced catalytic performance, particularly in
the fuel cell environment, it is necessary to assure the good mass transport of reactants
and products, and a possible approach is to properly tune the structural features of the
carbonaceous support, as these researchers showed. The ORR activity performance of the
catalysts prepared is related to the different structural features of the carbonaceous support
materials, such as the specific surface area and the pore size distribution, and to the weight
loss during the pyrolysis. These characteristics play an important role, particularly in acidic
environments, like in DMFCs, as evidenced by the results obtained when tested as cathodes
in real fuel cell devices. The DMFC prepared using Fe-N/MPC1 had a maximum power
density of about 73% of that of commercial Pt/C, whereas Fe-N/MPC2 showed a slightly
lower performance, with about 57% maximum power density compared to Pt/C. This fact
could be explained by the higher microporosity of Fe-N/MPC2, which can be problematic
in fuel cell operation because it is subjected to water flooding. Fe-N/CNS, Fe-N/MWCNT,
and Fe-N/AB catalysts have considerably lower performance; thus, a short-term durability
test in DMFCs was carried out only for the two most-performing catalysts (Fe-N/MPC1
and Fe-N/MPC2). The results obtained with the two Fe-N/MPC catalysts are considerably
better compared to that of Pt/C and the Fe(Il)-phthalocyanine-based catalyst they synthe-
sised and we presented before [283]. Hence, it evidenced their high methanol tolerance
and consequent higher durability compared to Pt/C catalysts. Nevertheless, these Fe-N-C
catalysts still need improvements since their ORR electroactivity in acidic media compared
to commercial Pt/C is low. It should be pointed out that these results clearly show that
if one only cares about the cost reduction, choosing, for example, a carbon black support
(e.g., AB), the risk of producing a catalyst with a too-poor final ORR activity is high. Hence,
much attention must be paid to the choice of an adequate C-support and its synthesis.
In this regard, the use of a sacrificial template such as a mesoporous silica to obtain the
final desired structural features was demonstrated to be effective. Another system studied
was the highly active Fe-N-C catalyst derived from the pyrolysis of a nitrogen-containing
charge transfer organic salt: nicarbazin (N,N’-bis(4-Nitrophenyl)urea compound with
4,6-dimethyl-2-pyrimidinone) and Fe salt, denoted as Fe-NCB [289]. Accordingly, computa-
tional calculations (DFT) demonstrated that Fe-N4 and Fe-N2C2 active sites preferentially
adsorb oxygen with much higher energy than methanol, ethanol, and products of partial
ethanol oxidation (0.73-1.16 eV stronger adsorption), while nitrogen—carbon related sites
(pyridinic and graphitic nitrogen) are much less selective towards ORR. The feasibility of
DMEFC operation based on high methanol concentration (up to 17 M) due to the utilisation
of Fe-N—C cathode catalyst was demonstrated. Hence, the researchers proposed a new
strategy for the commercialisation of direct alcohol fuel cells (DAFCs), considering that
using noble metals only at the anode side (in combination with other cheaper ad-metals
like Ru or Sn) and highly tolerant PGM-free catalysts (M-N-C) in the cathode allows the
extension of the device energy density compared to PGM-based catalysts at both electrodes.
Moreover, in the pursuit to achieve a large-scale commercialisation of cost-effective DMFCs,
Lo Vecchio et al. [290], in a recent published work, reported a new template-free procedure
leading to low-cost Me-N-C (Me = Fe or Co) electrocatalysts derived from EDTA (ethylene
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diamine tetra acetic acid). These cathode catalysts were prepared by chelating the metal
with the biological environmentally friendly nitrogen precursor EDTA, followed by deposi-
tion on a high surface carbon support (Ketjenblack, KB). Four samples, CoNC8, CoNC10,
FeNCS8, and FeNC10, were investigated in a DMFC under reliable conditions (low-Pt load-
ing at the anode). These tests showed that FeNC8 was the best-performing low-cost cathode
catalyst in terms of higher ORR activity and methanol tolerance, achieving a maximum
power density of 10.5 mW-cm~2 when using MeOH 2M and 90 °C. This was correlated to
the fact that it also showed the largest percentage of C-N defects, pyridinic/pyrrolic ratio,
and N-Fe interaction. Instead, in this work, the metals are derived from metal nitrates,
the nitrogen precursor was a low-cost and easily available bio-compound (EDTA), and a
template-free preparation procedure was involved. So, as the researchers recognised, the
optimisation of the synthesis procedure is necessary in order to obtain more active ORR
catalysts based on non-noble metals and earthly abundant compounds, but this can be a
more sustainable route to that.

3.3.4. PGM-Free Materials

A research paper integrated, for the first time, a PGM-free (Fe-N-C) electrocatalyst,
commercially available on market into the cathodic layer of a DMFC [291]. The authors
tested the effect of catalyst loading, ionomer content, and methanol concentration at
two temperatures (60 °C and 90 °C). A high cathodic catalyst loading of 6 mg cm 2
demonstrated counteraction of the increases methanol crossover rate by the use of high fuel
concentrations. Regarding the ionomer content, the best compromise between the increased
catalytic sites number and the suitable conductivity of the layer was obtained with 45 wt.%
Nafion. The highest power density (=76 mW c¢m~2) was provided with Fe-N-C loading of
6 mg cm~2 for a methanol concentration of 2 M at 90 °C. This catalyst allows reaching the
best performances recorded for PGM-free cathode in a DMFC under similar conditions. Xu
et al. presented a novel Fe-N—C catalyst (ZIF/MIL-10-900), which is derived from a mixture
of ZIF-8 and MIL-101(Fe) precursors and atomically dispersed FeNy structures [292]. The
authors verified that ZIF-8-derived support provides abundant specific surface area and
nitrogen, while MIL-101(Fe) supply iron to from the atomically dispersed active sites.
The proposed catalyst exhibited comparable ORR activity, better stability, and superior
methanol tolerance compared to the commercial Pt/C, with a maximum power density
2.8-fold higher in the same conditions. It was demonstrated to be a promising alternative
to precious metals for DMFC cathodes. All these findings clearly indicate that heteroatom-
doped carbon nanomaterials of the type transition metal-nitrogen—carbon (TM-N-C) are
promising non-PGM electrocatalysts for ORR in acidic fuel cells and, in this way, pave the
way to more efficient, stable, and cost-effective DMFCs. Lastly, particular attention should
be paid to the catalyst layer porosity and TBP interaction since they affect the mass transfer
and utilisation of active sites in the CL, which further determines the fuel-cell performance
and durability. To address such challenges, further efforts should be attempted toward
understanding the fundamental problems of catalyst layers and finding the best solutions
to solve or minimise them. This route implies a holistic approach by developing new NCs
and tailoring the design of the electrodes.

3.4. Passive Feed Systems

The developments on cathode nanocatalysts for DMFC devices operating at tempera-
tures below 45 °C will be presented in this section and summarised in Table 2, since they
may be suitable for passive systems, where the operating temperature is lower.
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Table 2. Comparison of DMFC performance towards ORR optimisation.

Pt Load [CH30H] o DMEC Max. Power Density
NGCs (mg cm~—2) M) TCO Mode (mW cm~—2) Ref.
Pt/C-commercial 2 30.2
Pt/C (DLC1) 1 2 25 Passive 29.1 [293]
Pt/C (DLC2) 2 39.4
Pt/C-commercial 0.83 15.5
Pt/C-commercial 1 174
Pt/C-commercial 2 2 25 Passive 254 [294]
Pt/C (S-Pt) 0.12 15.1
Pt/C (D-Pt) 0.22 20.8
Pt/CFX (O, LF) . 23
Pt/C (O, LF) 4 1 30 Active 1ai [295]
Pt/C 16.2
Pt/MWNTs (3:1) 14.7
Pt/MWNTs (1:1) 1 . 18.1
Pt/MWNTs (1:2) 2 25 Passive 285 [296]
Pt/MWNTs (1:3) 242
Pt/MWNTs (1:2) 0.5 19.2
Pdy9Pt; /C 2 451
Pdlgptl /C 4 40 i
PdoPt; /C . 6 . 351
] . 238
Pt/C 2.8 5 30 Active 301 [238]
Pt/C 4 231
Pt/C 6 151
Pt NSs/C 1.0 30.6
Pt-Ni NSs/C 0.8 . 32.2
Pt/C 1.0 2 25 Passive 174 [237]
Pt/C 2.0 29.9
Pt-Ni NTs . 25.1
Pt/C 1.0 4 RT Passive 186 [297]
FeAAPyr 7.4 7.4 %4 OF
FeAAPyr 2.7 2.7 %% 10 30 Active @)1 [285]
Pt/C 1 G
FeABZIM 3.0 *** 10 30 Active 6.7 [286]
i
Fe-N-C () %’Z ”s 1;1
2'97 1 Active i [298]
Fe-N-C (S) 174 40 4i

* identified as “metal”; *** identified as “catalyst”; | not specified, inferred from the plot; () values in W g~ Pt MEA.

In order to reduce the Pt catalyst loading in the cathode side of passive DMFCs,
Pu et al. [293] reported a reduction of up 50% by using Pt nanorod assemblies (linear
aggregates of Pt NPs in the range of 30-60 nm) in a double-layered configuration (DLC). A
DMEFC with a conventional cathode based on a commercial Pt/C was used as a reference to
evaluate the potential of the DLC for the reduction in the Pt loading and the system costs.
The improved performance of the DLC was ascribed to an increase in the catalyst utilisation
and a decrease in the charge-transfer resistance in the cell, confirmed by the EIS data. Based
on that, the authors considered that the Pt nanorod-based systems have a great potential
in reducing the DMFC costs. Wang et al. [294] used an ordered nanostructured cathode
based on controlled, vertically-aligned Pt nanotubes fabricated by combining the sacrificial
template method and in situ galvanic replacement for ultra-low Pt-loading passive DMFCs.
The proposed catalyst exhibited an electrochemical specific area which is three times higher
than that of conventional Pt/C, and when used for the ORR, exhibited similar activity but
better durability than the commercial catalyst. By using vertically aligned Pt nanotubes, it
was possible to reduce the Pt loading by approximately one-seventh without sacrificing
the fuel cell performance. This method may provide a new way to fabricate ordered
nanostructured cathodes for ultra-low Pt-loading fuel cells. Viva et al. [295] studied the
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use of fluorinated carbon as a Pt support (Pt/CFy) in comparison to a commercial Pt/C
catalyst. Overall, the Pt was well dispersed on the CFy support, with a homogeneous
average particle size of 4.5 nm (smaller than the commercial unmodified Pt/C). Further
electrochemical characterisation showed that the ORR with Pt/CFx proceeds mostly to
water, with a yield of >99%, and the amount of H,O, generated was smaller than that
usually reported for Pt/C (2-4%). When the Pt/CF, was used in the cathode of a DMFC,
it was observed that there was an improvement in the performance and an increase of 60
to 70% in the peak power density at low O, and air flows. Moreover, the results showed
that the cell performance using Pt/CFy does not decrease as abruptly as the one using
a commercial catalyst when the O, flow decreases. This was explained by the fact that
the fluorinated carbon surface extends the O, residence time as it flows through the cell
compartment improving the reaction kinetics. They considered that further experiments
need to be carried out, and the new support is an interesting option for decreasing the
amount of Pt in the fuel cell cathodes. Pu et al. [296] used a new MEA with an MWCNT-Pt
nanocomposite cathode catalyst in a passive DMFC. This new cathode catalyst layer has
a 3D network structure that requires a significantly lower Pt loading while maintaining
a similar performance than the one obtained with a conventional MEA with twice the
Pt loading. The enhanced performance was attributed to the discontinuous distributions
of the Pt MWCNT structures and the formation of a cross-twined network within the
cathode CL. The EIS data showed that the new cathode CL decreases the charge transfer
resistance of the ORR and greatly increases the catalyst utilisation in comparison with the
conventional MEA.

Choi et al. [238] prepared a carbon-supported Pd-rich Pd-Pt bimetallic nanoparticle
electrocatalyst with a metal content of 60% that was used as cathode catalyst in a DMFC. The
results demonstrated that when Pd-rich electrocatalysts (Pdi9Pt; NPs) were used, the cell
performance decreased slightly with an increase in the methanol concentration (from 2 to
6 M), while the one using a Pt electrocatalyst decreased rapidly. Additionally, by the rotating
disk electrode measurements, it was possible to see that the Pd-rich electrocatalysts have
an excellent methanol tolerance compared to Pd-free Pt electrocatalysts. Thus, the authors
considered that Pd-rich Pd-Pt electrocatalysts could be a viable candidate to minimise the
use of Pt in the DMFC cathodes, especially for highly concentrated methanol solutions.

Wang et al. [237] reported a study using interconnected nanoparticle-stacked two-
dimensional Pt and porous Pt-Ni alloy nanosheets (NSs) as cathode electrocatalysts in pas-
sive DMFCs. The cell with Pt NSs (1.0 mgp¢ cm~?) and porous Pt-Ni NSs (0.8 mgpt cm™2?)
exhibited excellent performance, with satisfactory stability at 25 °C, which was slightly
higher than the one with Pt (2.0 mgp; cm~?2). The performance improvement of the cells
with Pt NSs and porous Pt-INi NSs was attributed to higher electrocatalytic activity and a
lower charge transfer resistance of the cathodic CL, confirmed by EIS. This technique also
showed that the Pt-Ni NS-modified MEA shows a much smaller charge transfer resistance
than that of Pt NS, which may be due to the porous structure of Pt-Ni NSs that could be
beneficial to expose the active sites and provide additional channels for mass transport.

Fan et al. [297] used a Pt-Ni alloy nanotube catalyst towards the ORR in a passive
DMEFC, obtaining a maximum power density 35% higher than the one obtained with Pt/C.
This catalyst exhibited enhanced ORR activity and excellent durability, which was attributed
to the Pt-Ni alloy effect and the hollow nanotube structure effect, respectively. This study
revealed an interesting alternative to decrease the use of noble metals in these devices.

Sebastian et al. [285] synthesised and tested a highly active non-PGM catalyst for
the ORR by modified SSM in order to control the morphology and hydrophobicity of
the transition metal-nitrogen—carbon material (M-N-C). This catalyst was evaluated by
SEM (Scanning electron microscopy), TEM, and BET (Brunauer-Emmett-Teller), and the
catalyst’s activity towards the ORR and tolerance to methanol poisoning were studied
by RDE. This catalyst was used in the cathode of a DMFC working at different methanol
concentrations (1 to 10 M) and operating temperatures (30 to 90 °C). The results showed
that the Fe-AAPyr catalyst has an extraordinarily high tolerance to methanol crossover,
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with no significant decay of performance up to a methanol concentration of 10 M. The
durability tests showed a DMFC performance decay of up to 70% after 100 h of operation.
Despite the lower performance when the cell was operated at 30 °C, the cell performance
with the proposed catalyst was better than the one using Pt/C, being a good alternative to
passive systems. Considering that the Fe-AAPyr cost is two orders of magnitude lower
than Pt, this catalyst can be used as a highly active, methanol-tolerant and inexpensive
catalyst in DMFC systems. The same authors investigated alternative synthesis procedures
to develop an improved catalyst based on Fe-N-C for the ORR, one of them being derived
from pyrolysed Fe-aminobenzimidazole (Fe-ABZIM), a highly nitrogen-rich organic pre-
cursor [286]. This formulation consisted of a well-developed 3D porous structure with a
high density of active sites, presenting higher activity towards the ORR than the Fe-AAPyr
catalyst [285]. The Fe-ABZIM catalyst showed a remarkably high tolerance to methanol,
resulting in higher ORR performance compared to Pt/C, even in real DMFC operating
conditions. Moreover, the durability tests showed an enhanced performance behaviour
with the operating time, reaching a power density decay of about 40% after 100 h of opera-
tion, similar to that obtained by a commercial Pt-based catalyst. Martinaiou et al. [298] also
reported a study with a non-precious metal catalyst, Fe-N-C, which was prepared using
polyaniline, dicyandiamide, and iron acetate as precursors. The activity and the influence of
the methanol concentration on the catalyst performance were tested in a half-cell set up in
acidic media. The influence of the operating temperature (from room temperature to 80 °C)
on the catalyst activity (in the absence of methanol) was also studied in order to estimate
its activation energy. When the catalyst was used in a DMFC, the cell performance was as
good as the one obtained with other Fe-N-C catalysts. However, a comparison with the
conventional Pt/C catalyst was not performed, and the maximum power density decreased
by 85% during the DMFC operation. Mossbauer spectroscopy measurements indicated that
the decrease in the catalytic performance seems to go along with the demetallation of the
FeN4 sites and the subsequent formation of iron and iron oxide clusters. Thus, Fe-N-C (S)
is a promising cathode catalyst for the DMFCs; however, the stability needs to be improved,
and the factors that contribute to its degradation should be investigated.

Many efforts have been made to replace the traditional Pt/C catalyst in the DMFCs,
being the catalysts tested at low temperatures a promising alternative for passive systems.
Even so, it is essential to continue the research in this area towards the development of
catalysts with higher performances and durability and lower costs.

4. Theoretical/Modelling Approaches

Opver the last decade, theory and modelling have become increasingly powerful in fuel
cell electrocatalysis. For further insights into such an extensive and challenging subject,
one can reference the compilation of Eslamibidgoli et al. [61], which focused on the first
principles of electrochemical modelling but put emphasis on aspects beyond the capabilities
of DFT, including metal charging and solvent effects. The electronic properties derived from
DEFT calculations can provide information concerning the energy gaps between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
which in turn can be related to the stability of the materials. Despite its limitations, one
should note that, due to the enhanced ability of DFT to scale with the number of electrons,
it has captured a central role in this rapidly evolving field. This is also recognised by an
excellent review provided by Seh et al. [299]. The authors explained how design strategies
for state-of-the-art, heterogeneous electrocatalysts can be rationalised based on combining
theory and experiments toward developing improved catalysts. A case study presented
by Ismail et al. [300] showing how the effects of catalyst agglomerate shape in polymer
electrolyte fuel cells can be investigated by a multi-scale modelling framework is also
mentioned. This way, they presented a catalyst synthesis process more modelling-led and
significantly saved cost and time by reducing the amount of experimental trial-and-error to
improve the performance of the fuel cell. Finally, among many others, one highlights also
the pioneering work of Zawodzinski et al. [301], who evidenced the synergy that can be
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established between theoretical and experimental studies for fuel cell electrocatalysts in an
integrated approach.

In a prospective DMFC context, a pertinent review of data regarding Ru—Pt catalysts
was performed by Moura et al. [58]. The authors aimed to present a coherent frame of the
recent experimental and computational breakthroughs for Ru-Pt catalytic activity towards
the MOR in an inclusive perspective, filling the gap of the transversal analysis. This
way, they analysed the various recent theoretical approaches for determining the pathway
of methanol oxidation and systematised their validation with the experimental data. A
short overview of the current research of catalysts for the MOR in DMFC, merging the
experimental and theoretical aspects, was also reported by Karim et al. [302]. Several metal
alloys and catalyst supports have been reviewed in this paper together with a discussion
about the durability of the catalysts. In addition, the DFT study to find the most stable
condition of methanol adsorption is highly encouraged. The researchers pointed out
that the determination of the mechanism reaction using DFT is important since different
pathways will give different activation energy during the MOR. Additionally pertinent
are the numerical modelling and simulations of DMFC systems under various ambient
temperatures and operating conditions [303-306]. This kind of study is also important
in optimising each component and understanding the internal processes (mass and heat
transport). Since most of these processes are difficult to follow directly in experiments,
mathematical models can be applied to obtain hints for the development of DMFC optimal
control and operating strategies. However, this perspective is out of the scope of the
present paper.

The aim of this section is to grasp how the theoretical insights from the structure—
catalytic activity relationship of the NCs can be used to optimise the development of
cost-effective materials and the performance of real DMFCs. One example of this ap-
proach can be found in the first principles study on the CO removing mechanism on
Pt-decorated oxygen-rich anode surfaces (Pt; /0-MO;(110), M = Ru and Ir) in DMFC re-
ported by Liu et al. [307]. The authors applied DFT to investigate the adsorption of CO
and H;O on pristine Pt, /MO,(110) and the oxygen-rich Pt, /0-MO,(110) surfaces. They
found that the application of the oxygen-rich surfaces significantly reduces the adsorp-
tion energies of CO and H;O molecules as well as the major reaction barrier reactions
forming CO,. Their detailed analyses of the electronic interaction between the catalysts
and adsorbates indicated that Pt; /0-MO,(110) may be a promising DMFC anode material
since it reduces the CO poison problem. Thus, they successfully explained the previous
experimental observations [308] of better Pt dispersion with the inclusion of RuO, and IrO,
species and the high catalytic performance of the MOR with efficient CO removal. Another
theoretical study on the kinetic energy of a novel metal composite for anode catalysts in
DMEFCs was reported by Basri et al. [309]. They intended to investigate the doping effect
of adding Ni and Fe to Pt-Ru in order to improve the MOR kinetics. They analysed the
NCs structures using Materials Studio DMol3, a modelling program that uses DFT, to
simulate chemical processes and predict the properties of the material. The simulation
results indicated that Pt—-Ru-Ni-Fe had the potential to improve the performance of the
catalyst due to the lower calculated adsorption energies and the presence of Fe?* and Ni%*
ions, which increased the electron density. Theoretical studies showed that Pt-Ru—Fe-
Ni/MWCNTs had more favourable energy values than Pt-Ru/MWCNTs. The optimum
geometry for the CNT was experimentally confirmed from Raman analysis. Therefore,
the researchers concluded that Pt-Ru-Fe-Ni/MWCNTs are more stable and should have
a higher reaction rate than Pt-Ru/MWCNTs. Moreover, this enhanced stability should
be responsible for the increased durability of the Pt—-Ru—Fe-Ni catalyst in comparison to
Pt in fuel cells. A similar study, in order to understand the basic interfacial properties of
the catalyst—catalyst support, but this time employing nitrogen-doped, partially-exfoliated
carbon nanotubes (PECNTs) as anode catalyst support materials for DMFCs was reported
by Ghosh and Ramaprabhu [310]. They presented evidence that the MOR kinetics can
be increased by employing PECNTs, wherein the partial exfoliation of CNT gave rise to
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abundant straight edges, which possess superior electron-donating properties and could
also act as active anchoring sites for catalyst dispersion. Further, DFT calculations revealed
that doping nitrogen in the PECNT framework significantly reduced the LUMO-HOMO
energy gap. The physical properties elucidated a significant enhancement in the specific
surface area and an increment of about ten times in pore size. This increment led to im-
proved methanol diffusion, thereby resulting in an increase in the number of TPB and
MOR kinetics at the anode. They also verified that the enhancement in diffusion coefficient
led to a reduction in the mass transfer loss during DMFC measurement, which resulted
in a maximum power density of 92 mW cm 2 at 80 °C. These results clearly indicated
a promising application of PECNTs as a catalyst support and confirmed the theoretical
findings. Liu et al. [311], exploring high-activity electrocatalysts for ORRs, also supported
their experimental findings by DFT by using DMol3 to perform geometry optimisation and
total energy calculations. They presented the advantages of using N-doped hierarchical
porous carbon nanosheets (N-HPCNSs) in the cathode of various fuel cell devices, includ-
ing DMFC. This was considered to be a template-free, economic, and environmentally
friendly strategy for the scalable synthesis of N-HPCNSs with biomass water lettuces as the
carbon precursor. The N-HPCNSs were demonstrated to possess 3D hierarchical porous
structures with a high surface area and uniform N-doping. A systematic electrochemical
study revealed that the N-HPCNSs not only hold numerous active sites but also manifest
high intrinsic activity for each of the active sites toward ORRs in pH-universal electrolytes
of alkali, acid, and neutral. All the experimental and theoretical results gathered by the
researchers pointed to the increase in surface area and porosity of the N-HPCNSs as the
additional factors in enhancing the activity of ORRs. With the N-HPCNSs as cathode
electrocatalysts, three types of home-made fuel cells were set up that run in alkaline, acidic,
and neutral media, i.e., a Zn-air alkaline fuel cell, a direct methanol fuel cell, and a microbial
fuel cell, respectively. Here, we refer only to the results obtained with the DMFC type.
The N-HPCNSs-DMFC presented an OCV of around 0.654 V and a Ppax of 3.815W m 2
at the current density of 15.51 Am~2. These values indicated a performance close to the
Pt/C-DMFC (OCV = 0.566 V, Pmax = 4.111 Am~2) and better methanol tolerance. The
330 h durability test performed indicated that the N-HPCNSs-modified DMFC is capable of
producing steady electricity upon long-term operation, further demonstrating its potential
to replace the high-cost Pt-based electrocatalysts for practical applications. Owing to the
multiple attracting features, including high catalytic activity, good durability, low cost, and
scalable production, the as-developed pH-universal N-HPCNS electrocatalysts presented
in this study may open a promising avenue for developing the next-generation cathode
electrocatalysts for fuel cells of practical significance.

5. Concluding and Perspectives

In recent years, there has been tremendous progress in the nanomaterial field, and
employing NCs with tailored size and surface configurations is now routine. These tech-
nologies allow the enhancement of the intrinsic catalytic activity of the materials and their
utilisation as electrodes, with a particular impact in the domain of the fuel cells where
the scarcity, high cost, and poor long-term stability of Pt and Pt-based catalysts (the most
widely used) are the main obstacles for the large-scale commercialisation of these devices.

In fact, the rational design and sophisticated fabrication of catalytic nanomaterials are
becoming two of the top priorities in heterogeneous catalysis, with the potential to allow
the precise control of the nanostructure of solid catalysts to be used as electrodes in the fuel
cells and to deepen the understanding of the catalytic processes. In this way, the concept
of morphology-dependent NCs provides a new strategy for finely tuning catalytically
active sites.

The results reviewed herein demonstrate that there has been significant progress
for both MOR and ORR, and the development of ultra-low but highly efficient Pt or
Pt-based materials, as well as alternative Pt-free catalysts on real DMFC devices is a
reality. The focus of the discussion was to shed light on the current status of the different
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development approaches of the materials and an understanding of how their integration
as electrodes of the DMFC affects the durability and stability of the catalyst layer and
ultimately the performance of the device. The high density of active sites, the 3D porous
structure, favourable for active-site exposure and mass transfer, as well as the synergism
of physical morphology and chemical reactivity are the common elements for efficient
catalytic performance.

It is clear that progress in the science of catalyst layer design is dependent on excellent
electrode structuring, where, ideally, the catalyst is optimally dispersed in the layer and
fully utilised, while the support is stable, and the ionomer-to-catalyst ratio is appropriate.
This way, creating optimised TPB interfaces without limiting mass or charge transport,
minimizing the methanol crossover, and flooding effects. To achieve this goal, proper
structuring of the catalyst layer is fundamental. Hence, focus should be put towards
rational design and the fundamental understanding of the catalyst layer morphology
(experimental and theoretical) coupled with in and ex situ analysis of its performance
on real DMFEC devices. Thus, the finding of an optimum structure that balances the cost,
efficiency, and durability of DMFCs can be achieved.
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