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Abstract: Passive small direct alcohol fuel cells (PS-DAFCs) are compact, standalone devices capable
of electrochemically converting the chemical energy in the fuel/alcohol into electricity, with low
pollutant emissions and high energy density. Thus, PS-DAFCs are extremely attractive as sustain-
able/green off-grid low-power sources (milliwatts to watts), considered as alternatives to batteries
for small/portable electric and electronic devices. PS-DAFCs benefit from long life operation and
low cost, assuring an efficient and stable supply of inherent non-polluting electricity. This review
aims to assess innovations on PS-DAFC technology, as well as discuss the challenges and R&D needs
covered on practical examples reported in the scientific literature, since 2018. Hence, this compilation
intends to be a guidance tool to researchers, in order to help PS-DAFCs overcome the barriers to
a broad market introduction and consequently become prime renewable energy converters and
autonomous micropower generators. Only by translating research discoveries into the scale-up and
commercialization process of the technology can the best balance between the economic and technical
issues such as efficiency, reliability, and durability be achieved. In turn, this will certainly play a
crucial role in determining how PS-DAFCs can meet pressing sustainable energy needs.

Keywords: low-power; microgenerators; passive small direct alcohol fuel cells (PS-DAFCs); portable
applications; recent R&D innovations; review analysis; sustainability

1. Introduction

The urgent need for energy storage alternatives toward a fully sustainable decar-
bonized energy paradigm change is becoming increasingly clear [1-5]. Moreover, the
energy requirements of innumerable portable electronic devices, as well as electrical ap-
pliances, presenting high power input due to increasing functionalities or small energetic
but long consumption periods (even in remote places or off-grid), are rapidly increasing.
These are aspects which have reactivated the interest in fuel cells of all types [6-11]. A
comparison of fuel cells to alternate electrochemical technologies, such as capacitors and
batteries, can be achieved by using the so called “Ragone plot”, representing their power
densities or specific power (W-kg~!) versus energy densities or specific energy (W-h-kg™1).
This representation puts in evidence that fuel cells can be considered high-energy devices,
whereas supercapacitors and capacitors exhibit high power, while batteries have intermedi-
ate power and energy characteristics [12]. Note that supercapacitors, batteries, and fuel
cells all consist of two electrodes in contact with an electrolyte solution. However, while
electrochemical capacitors (or supercapacitors) store the energy within the electrochemical
double layer at the electrode/electrolyte interface and not via redox reactions, the use of
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the terms anode and cathode may not be appropriate. In fuel cells, similar to batteries, the
electrical energy is generated by conversion of chemical energy via redox reactions at the
two electrodes (cathode and anode) in contact with an electrolyte. However, in contrast to
batteries, fuel cells are open systems that do not require recharging and are able to operate
as long as fuel continues to be provided, thus making them an attractive alternative to
batteries. Direct alcohol fuel cells (DAFCs) cause increased interest as environmentally
friendly and efficient energy conversion devices, since they generate electric power directly
from the electrooxidation of liquid fuels (alcohols), with water and carbon dioxide (CO;) as
the main products, along with heat. Thus, when derived from sustainable and renewable
sources, these fuels can be considered an alternative to the standard sources of energy,
such as fossil fuels, helping to achieve most pressing climate challenges, including carbon
neutrality. Moreover, in comparison to traditional hydrogen-fed polymer electrolyte mem-
brane fuel cells (PEMFCs), alcohols have a higher volumetric energy density, in addition
to being easier to handle and store [13-19]. Thus, DAFCs are considered as alternative
and green power sources. Among the different possible alcohols, methanol (CH30OH or
MeOH) is the simplest and the most used one. It is easily produced (from fossil fuels or
biomass), stored, and handled, in addition to having a high energy density in comparison
with hydrogen. Therefore, commercialization of direct methanol fuel cells (DMFCs) has
encouraged R&D in companies and institutions to create better, simpler, and more eco-
nomical prototypes, leading to some niche markets [11,14-16]. For other alcohols (ethanol,
ethylene glycol, propanol, etc.) being used as fuel, the C-C bond cleavage is an extra factor
to consider. Moreover, their oxidation to CO, involves more intermediates and pathways
than that of methanol. Hence, more active catalysts are required, particularly at lower
temperatures. Consequently, their commercial deployment has been hampered by the
relatively complex and sluggish alcohol oxidation reaction (AOR) in acidic medium and the
high cost of platinum (Pt)-based electrocatalysts traditionally used [16,18-21]. However,
one should point out that direct ethanol fuel cells (DEFCs) are gaining attraction, as this
fuel, compared to methanol, offers higher energy density and a low price, in addition to
being less corrosive and nontoxic. Ethanol (C;HsOH or EtOH) can be obtained in large
amounts through fermentation of agricultural renewable crops and waste, such as corn
and sugarcane [22-27]. Some examples of DAFC portable commercial products based on
different alcohol fuels are presented in Table 1.

Table 1. DAFC portable commercial applications. Reproduced from [18] with permission from Elsevier.

Field Products Manufacturer Characteristics
Methanol CD-ROM-sized fuel Antig Technology Electric power of 45 W for 8 h of normal
cell pack laptop use
Methanol A. laptop. Samsung Maximum output of 20 W
L docking station
aptop
. Provided between 10 W and 20 W of
Methanol Battery charger Panasonic power with 200 mL of methanol
Methanol  Fuel cell notebook PCs Antig Techpology Produced power of 10 W and voltage of
& Toshiba 72V
Methanol Off-grid SFC Energy Power output of 500 W
power generators
Power output of 250 W for the larger
Military /industrial ~ Methanol ~ Army field power pack SFC Energy unit at 12 or 24 V and 100 W at 28 V for
the smaller one
Methanol Portable generators, SFC Energy Capacity of 50 W

chargers, and batteries
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Table 1. Cont.

Field Fuel Products Manufacturer Characteristics

Danish Technological ~ Supply 2.5 mW continuously for 24 h at

Medical Methanol Hearing aid Institute a voltage above 350 mV with less than
(DTT)/WIDEX® 200 pL of methanol
Methanol Battery charger Antig Technology Power output 3 W and voltage of 5.5 V
Dvnario™ Power output of 2 W with a single
Telecommunication =~ Methanol yn Toshiba injection of 14 mL of concentrated
(Battery charger) .
methanol solution
Methanol Mobile and remote Neah Power System Power density level gxceedmg
power source 80 mW/cm
Power output of 3-250 W and
Ethanol Power pack NDC Power operational time 3700 h
Bio-energy Horizon Fuel
Others Methanol discovery kit Cell Technology Generated power of 10 mW

Capacity of 100 mW for 35 h player
usage with single 3.5 mL or 300 mW for
60 h with single 10 mL of concentrated
methanol solution

Methanol Mobile audio player Toshiba and Hitachi

The technology fundamentals of a DAFC device can be roughly divided into its
core components: the membrane electrode assembly (MEA) and the general system /cell
structuring and packaging (e.g., the current collectors (CCs) and the end plates). Figure 1
presents an exploded-view schematic of the DAFC main components.

Connector plates

Anode

End plate Diffusion lyers Cathode

Emd plate

M&mhrmt—lf lectrodes
Assembly (MEA)

[solating p

Figure 1. DAFC main components: exploded-view schematic.

In order to better understand the examples presented, it is important to detail the
traditional structure of a DAFC, accompanied by the most used acronyms. The MEA
is constituted by a polymer electrolyte membrane or proton exchange membrane (PEM)
sandwiched between the electrodes, in which catalyst layers promote the oxidation and
reduction reactions to generate electricity at the anode and cathode, respectively. Hence,
sequential parts of an MEA can be identified as the anode diffusion layer (ADL), anode
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catalyst layer (ACL), PEM, cathode catalyst layer (CCL), and cathode diffusion layer (CDL).
Both electrodes are supported on macroporous carbon paper or cloth called the “diffusion
layer”, often named the “gas diffusion layer” (GDL) and sometimes smoothed out by a
thin microporous layer (MPL), made of carbon black (CB) and polytetrafluoroethylene
(PTFE). The GDLs provide the transport channels for the reactants (fuel and oxidant) and
reaction products. The PEM most commonly used in DAFCs is Nafion®, a perfluorinated
sulfonic acid ion-exchange membrane, developed by DuPont (Wilmington, DE, USA). This
polymer/proton conductive membrane, in addition to being the electrolyte, serves as the
barrier between the two electrodes and a barrier to fuel crossover/permeation, as further
detailed later. The electrons released in the AOR at the anode are not conducted by the
membrane, but by the anode CC and returned to the cathode by the cathode CC, via an
external electric circuit. On the cathode side, the oxygen reduction reaction (ORR) occurs in
air, promoted by the CCL, to form water. In this manner, the redox pair (AOR and ORR)
provides the path to directly, in an efficient and clean way, convert the fuel’s chemical
energy into electrical energy, and these power generator devices can be used in the different
applications (as presented in Table 1) [16,18-20,28,29].

The performance of these devices can be characterized by their open-circuit voltage
(OCV) or voltage at which no load is applied, peak /maximum power density (PD) obtained
from polarization (current-voltage) curves, and operating temperature (T) [7,30]. Despite
the clear advantages in terms of kinetics when operating at higher temperatures, this
requirement is not suitable for the PEM structural stability. Hence, these devices are
considered to belong to the “low-temperature” category (typically bellow 95 °C) [7,16].
Their low operation temperature allows an uncomplicated start-up, in addition to being
a quick and easy response to changes in load and/or operating conditions, even at room
temperature. In practical applications, a series of connected single cells, named a “fuel cell
stack” (or simply “stack”), are used instead of a single cell. Partitioning the adjoining cells
stacked on one another and serving as the transmitter /connector of an electric current to
the outside, like the CCs of the single cell, there are conductive separators called bipolar
plates (BPs). Thus, the CCs or BPs are also key components in these devices, since they
account for about 80% of the total weight of the cell and are essential to ensure the uniform
compression of the MEA and a minimum contact resistance. They connect electrically and
supply reactants/remove reaction products through different flow field/channel designs,
to/from both electrodes. Depending on how the fuel and oxidant are supplied, DAFCs can
be categorized into two major operation modes: active or passive (Figure 2) [16].

u Alcohol Al Alcohol reservoir

irﬂ
ANODE| PEM |CATHODE ANODE| PEM [cATHODE
; : ; : < Air
AD W cc cp AD ] ccl cp

flow carrect current flow anode current colector cathode current colector
channel colector colector channel

(a) (b)

Figure 2. General main operating modes of DAFCs: (a) active and (b) passive. Reproduced from [16]

with permission from 2018 Elsevier.

For small/portable power applications there is a strong need to minimize the size of
the components [31]. Therefore, passive DAFCs seem more suitable with an attractive cost-
to-power ratio compared to active DAFCs. The passive feeding system does not require
auxiliary supplying devices; thus, a fuel pump along with an air blower is not present. The
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flow of reactants and products is based on diffusion, as well as natural convection. Hence,
the fuel is provided to the ADL and ACL from a reservoir/tank build in the anode end
plate, whereas the oxygen to the CDL and CCL comes from the surrounding air through
the open cathode end plate (often called “air-breathing” mode). In this way, no additional
power consumption is needed, and the parasitic power phenomenon due to the external
components is minimized. Thus, a significant system volume reduction is achieved [16].
Moreover, with the rapid development of micromachining technologies, miniature (milli-
or micrometer scale) passive DAFCs (PS-DAFCs) represent a promising application as
micro-energy power sources aimed at a niche market. These can be used as substitute for
batteries in small portable devices, such as mobile phones (0.1-3 W) or laptops (5-50 W)
and digital cameras (5-20 W), as well as other cordless systems (3-50 W), including next-
generation portable consumer electronics, such as wearable electronics and medical devices,
very sensitive to the weight and volume of micropower sources [32-34]. Nevertheless, with
the decrease in size, an evident effect on internal gas-liquid two-phase transport appears.
The absence of an external flowing force to remove CO, bubbles and water droplets leads
to their internal accumulation, as they are constantly produced by the anode and cathode
reactions. Thus, this hinders further reactions by blockage of mass transfer and the electrode
surface. Moreover, PS-DAFCs can also suffer from fuel crossover from anode to cathode,
since the Nafion® membrane is not completely impermeable to alcohol molecules. This is
particularly significant when the cell is operated with high concentrations of small alcohols,
so-called “methanol crossover” (MCO). This process can decrease the cell performance,
due to cathode poisoning and fuel wasting during device operation. In turn, low alcohol
concentrations could lead to an inadequate fuel supply, reducing the cell performance
and rendering the power output of the passive DAFC unacceptable for real applications.
However, this raises another important issue affecting the performance and integrity of
these devices, i.e., the water management during operation. The water flux through the
Nafion® membrane is due to the coupled effect of diffusion and electroosmotic drag. In a
proper balanced operation, the water present on the cathode side (caused by accumulation
from both water diffusion through the membrane and water generated in the cathode side)
should be removed to prevent severe flooding of the electrode and increased resistance of
oxygen transfer. On the anode side, water should be provided to compensate for the water
crossover through the membrane. All these factors are substantially critical for PS-DAFCs,
compared with their active counterparts, mostly caused by the use of a low concentration
fuel and a decline in the cathode catalytic activity.

In summary, one can point out as the major setback of PS-DAFC commercialization
the lack of low-cost materials (electrocatalysts, electrodes, and electrolyte/ membrane)
providing stable and satisfactory performance [15,16,18]. Up to now, the most effective
catalysts in PS-DAFCs have been precious metal group (PMG)-based nanoparticles (NPs)
including Pt, Ru, Pd, and Au, supported on high-surface-area carbon. Pt-based alloys
such as PtRu show high tolerance to the poisoning effect of intermediary CO, providing
stability and improved kinetics toward the AOR, particularly for methanol. Even so, the
high loadings of PMG NPs required for reasonable power output of PS-DAFCs raise the
costs and impact of the technology. This aspect, together with the catalyst durability
(improving the performance of the catalysts and its supports), is driving recent research
in the field [18,35-41]. For fuel cells in general, two material-based strategies have been
tackled. One is to decrease PGM (platinum group metal) usage by increasing its activity
(so-called “low-PGM catalysts”) [42-47], while the other one is to develop alternative PGM-
free catalysts to completely replace PGM with Earth-abundant materials [48-56]. Thanks
to the significant efforts in recent years on alternative catalysts for active DMFC systems
in acidic medium, PGM-free catalysts, such as Fe-N-C catalysts (commercially available
from Pajarito Powder manufacturing company), have demonstrated an improved ORR
activity and methanol-tolerant behavior, when used as a cathode electrode, with reasonable
power outputs [57-61]. Overall, these results demonstrated the promising prospect for
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high-performance and inexpensive DAFCs using PGM-free or low-PGM-based catalysts for
ORR and AOR, with tuned selectivity and tolerance to a range of fuels and chemicals [62].

Even so, for this kind of catalyst, the acidic environment of conventional PEM-DAFCs
still imposes stability challenges, mainly due to Fe dissolution and carbon corrosion under
operational conditions, involving mechanisms such as dissolution, agglomeration, and/or
detachment of the carbon support from the catalytic NPs [63]. The use of solid anion-
exchange membranes (AEMs) as an alternative electrolyte has led to increasing interest
in alkaline DAFCs (AEM-DAFCs), since non-precious metal catalysts can be employed to
overcome problems associated with PEM-DAFCs [64—66]. AEMs usually contain a main
polymer backbone covalently bound to cationic functionalities (such as simple quaternary
ammonium groups or other more complex and stable groups) that confer anion selectivity.
The most common anion species transported in AEMFCs is represented by hydroxyl ions
(OH™) produced by ORR at the cathode, and the MEAs can be fabricated using commercial
AEMs such as Tokuyama A201 (Tokuyama Corporation, Tokyo, Japan) and Fumasep® FAA-
3 (FUMATECH BWT GmbH, Bietigheim-Bissingen, Germany). However, despite a flurry
of recent research activity and the improved performance of AEMFCs, their durability is
still lower than that of PEMFCs [67-75]. Thus, further advances in AEM-DAFCs are also
conditional on improving the performance of electrocatalysts along with AEM stability
and durability, required to achieve highly effective devices [73-81]. As a final remark, the
devices (PEM-DAFC or AEM-DAFC) generally require oxygen as the electron acceptor
(oxidant), typically from the ambient air in the passive mode. Nonetheless, their application
in air-free environments such as outer space and underwater requires an additional oxygen
tank in the system, lowering the energy density of the whole fuel cell system. An alternative
approach, which has received increasing attention, is to use the hydrogen peroxide (H,0;)
reduction reaction (HPRR) instead of ORR, primarily because this is a simpler and easier
(two-electron transfer) process, leading to a low activation loss and the possibility of using
non-Pt catalysts. In addition to improving the cell performance, since the theoretical voltage
of the fuel cell is substantially increased, water flooding problems are avoided due to its
intrinsically liquid nature. All these aspects were addressed in the pioneering research
published by Yan et al. [82], who demonstrated the concept for an acid DMFC (run in active
mode with their synthesized Prussian Blue (PB)/carbon nanotubes (CNTs) catalyst for the
HPRR, considered inexpensive), as well as in a previous paper [83] on an alkaline DEFC,
also in active mode with non-Pt catalysts. More recent examples regarding PS-DAFCs are
presented in Section 3; however, for those particularly interested in fuel cell-based power
systems for unmanned aerial vehicles (UAVs), some advances and challenges can be found
in [84].

In summary, previous research has laid the foundation for the fundamental knowledge
regarding how the structural design and operating conditions influence the performance of
the different types of DAFCs. However, significant market penetration of these devices has
not yet been achieved. The fuel cell industry must face the challenge of how to overcome
techno-economic barriers toward competing technologies, in order to achieve end-user
acceptance and a competitive advantage for commercialization. These aspects in turn
are interdependent on the reliability and durability of the devices (low durability leads
to fuel cell repair, an increase in maintenance costs, and a decrease in reliability) [85,86].
Moreover, in order to evaluate the feasibility of concrete DMFC applications, a recent cost
analysis study of DMFC stacks for mass production pointed out that the introduction
of innovative approaches can result in further cost savings [87]. Hence, research is in
progress to overcome all these difficulties and achieve optimized (stable and durable)
cost-effective fuel cells. In this review, we summarize the recent progress and highlight
R&D innovations in PS-DAFC technology over recent years, which will certainly play a
crucial role in determining how PS-DAFCs can meet the energy needs of small portable
power applications.
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2. DMEFCs: Single Cells (Acidic or Alkaline) and Stacks

Particular emphasis is given to DAFCs that use methanol as fuel (DMFC), because
DMECs have been the most studied DAFC. This and other aspects regarding DMFC
device technology were discussed and critically analyzed in the recent book by Dutta
released in 2020 [88]. In this publication, it is possible to find full chapters devoted to
passive DMFCs and DMFCs for portable applications, focused on the transition from lab
to commercial scale, among other critical technological aspects of DMFCs. We highlight
also the holistic picture of the key component design of DMFCs provided by Xia et al. [19],
as this paper gathered the strategies addressing the DMFC technology and presented the
most recent advances in material and structural designs, with an emphasis on the catalyst,
membrane, electrode architecture, and flow fields considering multiscale applications.
Another comprehensive and critical review focusing on the recent findings for different
materials related to anode catalysts (comprising PGM or PGM-free MOR electrocatalysts)
was presented by Yuda et al. [89]. This paper reviewed the effects of manipulating the
catalyst, structure of the support materials, electrolyte conditions (pH dependence), and
synthesis method. Additionally, the challenges in developing commercial micro-DMFCs
were also discussed. In fact, benefiting from a high energy density and low operating
temperature, DMFCs have been rated as the most likely portable energy device to replace
traditional lithium batteries. Their theoretical energy density is 15 times greater than
that of a lithium-ion battery, and their replenishment is easily and quickly achieved, by
replacing or refilling the fuel cartridge within seconds [90]. Thus, micro-DMFCs have been
extensively used in academia and industry, owing to their ability to provide power in
different engineering applications [91]. Herein, we provide a compact review of practical
examples and recent developments of PS-DMFCs (passive small direct methanol fuel cells)
(as single cells or stacks), as well as the challenges reported in the field, from 2018 onward.

2.1. Acidic DMFCs

In view of the possible use of PS-DMFCs as a replacement for batteries, we start by
presenting a novel button-type PS-DMFC reported by Zhu et al. [92]. This design combines
the layout of the traditional block-type DMFC and that of the conventional button-type
battery (Figure 3). In this way, the researchers were able to eliminate bolts in the packaging
structure, which was considered a major drawback for the miniaturization process, since
bolts cover a large area, thus reducing the specific energy (energy per unit weight), as
well as power density (power per unit area), of the device. Thus, the novel button-type
PS-DMFC allowed improving the effective area ratio of the cell, which was 1.77 cm?.

1. Cell cup; 2. Cathode stainless steel wire mesh; 3. Sealing gasket; 4. Cathode GDL;
5. Proton exchange membranewith eatalyst;6, Anode GDL; 7. Anede stainless steel wire mesh;
8. Springs; 9. Cell lid; 10. Gaslyuaid separation membrance

Figure 3. Schematic of a novel button-type PS-DMFC. Reproduced from [92].

Furthermore, in order to guarantee GDLs with an optimal porosity, following their
previous studies [93] and after testing several different configurations, the researchers
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used carbon paper (CP) and three-dimensional graphene (3DG) as the cathode and anode
GDL, respectively. Additionally, to ensure good internal electric contact, a titanium-plated
stainless-steel (SS) wire mesh was positioned between the GDL and the end plate on both
electrodes, with SS springs as CCs. The end plates of the button-type PS-DMFC were the lid
and cup of standard lithium battery as assembled in a packaging machine for lithium-ion
button batteries. After packaging, the best performance reached a volumetric power of
11.85 mW-cm 2 (or maximum power density of 4.78 mW-cm~2), when using 1 M methanol
solution in ambient conditions.

A self-constructed traditional single small DMFC (MEA with an active area of 4.0 cm?)
was used to investigate the influence of the different modes of operation on the DMFC
performance [94]. In the active mode, the authors varied the methanol concentration
(2 to 8 M) and the flow rate (1 to 4 mL-min~'), while air or high-purity oxygen was
supplied in both modes. The results showed that incrementing the methanol concentration
and flow rate, until certain values, improved the DMFC performance. Moreover, for
all the parameters tested, the active mode feed with oxygen yielded the highest power
density (10.41 mW-cm~2), followed by the active mode with air (8.39 mW-cm~2) and
the passive DMFC system (5.93 mW-cm~2). However, one should keep in mind that, in
real applications, an active system has higher requirements in terms of cost and space,
which can be detrimental or even impossible for small and portable applications. As
aforementioned, a passive system relies only on natural forces to work; however, this
leads to mass transport limitations adding to the already sluggish electrode kinetics. Due
to all of these issues, the cell performance in passive mode can be negatively impacted.
Regarding the water management issue, previous studies have shown that one method
to circumvent this problem is to facilitate water withdrawal and oxygen transfer using
suitable flow field patterns or similar structures. Hence, Yuan et al. [95] proposed the
use of a simple self-made expanded metal mesh as the cathode flow field in a DMFC,
made without any pretreatment or additional component. Although the metal was not
explicitly identified by the authors, they made reference to their previous published studies
regarding the effects of the SS expanded mesh used as a flow field in a passive DMFC [96].
Stability tests were performed in a transparent prototype PS-DMFC (end plates made of
polymethylmethacrylate (PMMA) with an MEA active area of 3 x 3 cm?, at a constant
discharging current density of 40 mA-cm~2 (condition of higher performance) for 120 min.
In this way, the researchers compared the ability of water removal with expanded metal
meshes and traditional perforated flow fields, including the circular hole array (CH) and
parallel fence (PF) patterns, with open ratios of 38.5% and 65.3%, respectively. During
their experiments, a similar expanded mesh was used as the anode flow field, along with a
methanol concentration of 8 M. The results showed a similar decrease in cell voltage in the
first 8 min, justified by the fact that the GDL (carbon paper) was gradually blocked by water
bubbles, which grew into larger slugs before detachment to the flow channels. However,
when the expanded mesh was used, the water accumulation occurred only at the bottom
and covered very few openings. Consequently, the cell voltage was relative stable and
decreased by about 23 mV (11.3%) within 120 min. On the other hand, in the case of the PF
pattern within the same time, the cell voltage decreased by around 55 mV (32.6%), whereas,
for the CH pattern, the voltage decreased to zero within 72 min. Thus, this study verified
that water flooding /accumulation could be attenuated with the use of the expanded mesh
as the flow field, which is of great importance for improving PS-DMFC performance. An
alternative approach to enhance water management and fuel efficiency was also reported
by the same research group, taking advantage of both the super-hydrophilic and the
super-hydrophobic properties of flow field patterns [97]. Thus, the flow field layer was
manufactured “in-house” from copper fiber sintered felt (CFSF) with tunable wettability,
through a solution-immersion method previously reported [98]. This porous material
exhibits good stability and conductivity; moreover, due to its three-dimensional network
structure and interconnected pores resulting from the fiber sintering process, it can be used
to optimize the mass transport on the cathode side of PS-DMFCs. The results obtained
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showed that the super-hydrophilic flow field was better at low methanol concentrations
(the optimal methanol concentration was 2 M, and the optimal porosity was 60%), having
excellent water removal ability but poor ability to control MCO. At higher concentrations,
the super-hydrophobic cathode flow field enhanced the cell performance, by promoting
the water backflow and preventing MCO. The best performance (with a maximum PD of
18.4 mW-cm~2) was achieved with a 4 M methanol concentration and a flow field porosity
of 60%. Moreover, even at a higher methanol concentration (6 M), this cathode flow field
performed reasonably, since it was able to control the MCO. In order to reduce the MCO
effect and promote the cell performance, the same research group reported the application
of another “in-house” prepared porous material in the PS-DMFC, i.e., carbon nanofiber
webs (CNWs), which were located between the MEA and the anode CC. These fibers were
prepared from polyacrylonitrile (PAN) via electrospinning and heat treatment [99]. It was
expected that, due to their porous structure, the CNWs acted as a methanol barrier by
increasing mass transfer resistance. Moreover, the hydrophilicity of CNWs could also
promote water transport and inhibit methanol transfer. The researchers also investigated
the effect of PAN concentration and carbonization temperature on the material properties,
particularly its microstructure, and they verified that a higher concentration led to a larger
nanofiber diameter and lower porosity, whereas a higher temperature for carbonization
helped to enhance the conductivity of the final material. Hence, they demonstrated that
the use of CNWs served as a methanol barrier, reducing the MCO and increasing the
cell performance, especially at lower methanol concentrations. Therefore, the researchers
observed an increase in PD up to 53.54% when the CNWs were employed, in contrast with
the conventional PS-DMFC fed with a 2 M methanol solution. However, at higher methanol
concentrations, the positive effect of the CNWs declined. This effect was explained by an
increase in difficulty of CO, removal, caused by the CNW barrier effect.

Regarding the CO, removal issue, a novel structure allowing its release to the sur-
roundings directly from the ADL of PS-DMFCs, through a super-hydrophobic lateral
venting design, was proposed by Li et al. [100]. In this design (Figure 4), the interior surface
of the anode end plate, with six lateral venting micro channels (0.2 mm depth x 0.2 mm
width), was coated with a super-hydrophobic fluoropolymer [101]. Using this novel cell
configuration, the researchers also implemented a conventional anode end plate (without
lateral venting channels) to be used as a reference. Moreover, for both designs, to evaluate
the effect of the lateral venting design on gas removal, the researchers also fabricated
models were the inlet/outlet holes and other seams were carefully sealed (totally enclosed).
In addition, as the SS anode CC was replaced by a porous carbon plate to avoid MCO
during high-concentration operation, they named it “cell-CP”.

By testing the three types of PS-DMFCs (totally enclosed, opened, and high-concentration
cells), with and without lateral venting, the researchers demonstrated that the novel struc-
ture could considerably prevent the formation of a CO, barrier. Additionally, they showed
that, with the lateral venting configuration, the performance of the totally enclosed PS-
DMEC was slightly lower than that of the opened one. The authors justified these findings
by the fact that, when the pressure was high, the MCO reduced the output voltage dramati-
cally. Thus, even for higher methanol concentrations (14 M) a more stable output voltage
was achieved on discharging tests, performed with the cell-CP, when compared with the
totally enclosed PS-DMFC. The same research group reported a study regarding a new cath-
ode water backflow structure to prevent the issue of water accumulation/flooding [102]. In
a conventional cathode, a high loading of PTFE on the MPL is normally used to remove wa-
ter. This, however, hinders oxygen transport and increases ohmic resistance. Therefore, the
researchers designed a novel CDL by doping graphene oxide (GO) using a stainless-steel
fiber felt (SSFF) as the base material. The resulting composite material was then reduced at
high temperatures and subject to hydrophobic treatment on the exterior of the cathode, by
brushing 5% and 10% PTFE solutions. This composite was used as both the cathode CC
and the cathode support layer for the catalyst. Hence, due to its hydrophobic properties,
the water backflow effect at the cathode was achieved, preventing the obstruction of the air
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inlet channels by water droplets and enhancing the oxygen transfer efficiency. In addition,
the reduced GO (rGO) facilitated charge transport without increasing the electrode contact
resistance. As a reference, a conventional cell with carbon paper as the CDL was also
assembled and used. Comparing the performance of the fuel cells (both with an active area
of 1.2 x 1.2 cm?), the researchers verified that the best results were obtained using the 10%
PTFE-treated film (see Table 2). To investigate the long-term operation stability, the new cell
was discharged under a constant current density of 80 mA-cm~2 at 25 °C for 160 min, which
was 33.3% longer than the conventional one due to an accumulation of water droplets on
the cathode surface of the conventional cell. This topic was further explored in another
publication [103], which reported the use of three-dimensional graphene frameworks (3D
GFs) on the cathode MPL of DMFCs, due to the unique microstructure and hydrophobic
characteristics of the 3D GF. This novel cathode MPL design not only held smaller, more
uniform pores compared to its traditional counterpart, but was also free of mud cracks.
This greatly increased the capillary pressure for water backflow in the CCL, which led
to improved oxygen transfer and reduced MCO. To illustrate how the performance of a
typical PS-DMFC (1 cm? active area) varied with the cathode MPL structure, the researchers
used different CB, 3D GF, and PTFE mass ratios during the fabrication process.

Cathode Cathode Anode Anode Mettianol
End Current  Gasket Current End Reser‘voj.r
Plate Collector Collector Plate

e ’.4 ”Mnh \
Lateral Venting ;
(a) Micro Channels

(h)

Figure 4. (a) Schematic configuration of PS-DMFCs with a super-hydrophobic lateral venting design
of micro channels, and (b) detailed view of the six lateral venting micro channels. Reproduced
from [100] with permission from Elsevier 2018.

Further studies regarding the cathode side were also pursued by Deng et al. [104],
who reported the design and fabrication of a novel cathodic trilaminar catalytic layered
MEA structure (1.15 x 1.15 cm? active area), made of three porous layers, with the
central/middle layer presenting lower porosity than the inner and outer ones. This
new configuration created a water pressure gradient, which enhanced the water backflow
and the oxygen transport, by reducing MCO and cathode flooding. These findings were
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confirmed by simulation results from a three-dimensional static study, carried out in a two-
phase thermal model for a PS-DMFC supported by the finite element method, employing
COMSOL Multiphysics® software. The researchers prepared three different cathodes
with the same catalyst loading but different structure/porosity, using a pore-former (PFr)
component—NH4HCOj3. In the absence (conventional formulation) or presence of the
PFr agent, the cathode was named “No PFr” or “Full PFr”, respectively. The trilaminar
catalytic layered cathode structure was achieved using a mix of both, called the “Partial PFr”
cathode. These different cathodes were assembled in MEAs tested in a PS-DMFC, where
the cathode CC had hole openings (open ratio of 37%), while the anode CC had parallel
channels (open ratio of 50%), as shown in Figure 5. The performance evaluation of the cells
with different cathodes, operating with 2 and 4 M methanol solutions at 25 °C, showed
that the Partial PFr cathode achieved the best results, in contrast to No PFr, while the Full
PFr cathode performed intermediately for both concentrations. However, for the higher
methanol concentration, the PD decreased in all cases, which the researchers assumed to
be due to the methanol permeability critical effect. However, for the PS-DMFC with the
Partial PFr cathode (trilaminar catalytic layered), the water backflow effect reduced the
MCO and cathode flooding, increasing the cell potential. In addition, with the stability tests
performed for 120 min under 80 mA-cm~2 when discharging 2 M methanol at 25 °C, the
researchers also observed that the Partial PF cathode structure was more stable compared
with the No PFr cathode. These findings clearly point out that this structure may be a
viable option to improve the performance and stability of PS-DMFCs.

(b)

Figure 5. Pictures of the PS-DMFC assembled with trilaminar catalytic layered from (a) the cathode
and (b) the anode side. Reproduced from [104].

With that goal in mind and to reduce the cell cost (by reducing the catalyst loadings,
as shown in Table 2) and weight, Braz et al. [105] reported the use of different materials
in the anode and cathode CCs of a PS-DMFC. The cell had and active area 25 cm? and
two acrylic end plates, one with an open window of 25 cm? (cathode side) and the other
with a fuel reservoir of 12.5 cm® (anode side). The CCs featuring flow fields with a
circular-hole array pattern (open ratio of 34%) were made from 316 SS, Au-plated (1 pm
thickness coating) 316 SS (SS + Au), and titanium (Ti). The cell performance was evaluated
through polarization and stability tests, using electrochemical impedance spectroscopy (EIS)
measurements and an innovative equivalent electric circuit (EEC) to accurately describe
the PS-DMFC. Regarding the different CC materials tested, the best performance was
achieved using SS and Ti as the cathode and anode CC, respectively. The maximum PD of
5.23 mW-cm 2 was achieved using a 7 M methanol concentration. Moreover, the stability
tests revealed a loss of efficiency of 41% for a lifetime of 200 h, which they assigned to the
degradation of the membrane and corrosion of the cathode CC (higher ohmic resistance),
as well as degradation of the anode and cathode catalysts (higher activation resistances).
Nevertheless, the researchers pointed out that, despite its higher cost, the use of Ti as
the CC was very advantageous, allowing an increase in cell efficiency and stability, along
with a decrease in system weight. They also pointed out that the use of lower catalyst
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loadings (3 mg-crrf2 Pt/Ruand 1.3 mg~cm’2 Pt) allowed a 13% reduction in fuel cell cost,
when compared to the common loadings (4 mg-cm 2 PtRu and 4 mg-cm~2 Pt). Thus, their
work proposed a PS-DMFC with lower cost and weight, capable of working with higher
methanol concentrations and less MCO, with a significant impact on further deployment
of the technology, particularly for portable applications. These studies were also supported
by a previous study from the same research group [106], concerning the effect of CC
design/geometry on the performance of the PS-DMFC. The researchers designed and
tested three different perforated CCs made from SS with different open ratios (namely,
34%, 41%, and 64%), in addition to an open window frame CC, used at both the anode and
the cathode sides of the PS-DMFC. The results showed that feeding the cell with 1 to 7 M
methanol concentrations and using the CC with the lowest open ratio (34%) on both the
anode and the cathode sides allowed achieving the best power output (3.14 mW-cm~2)
with 2 M methanol. This was explained by the fact that a lower open ratio at the anode
side led to lower MCO, lower contact resistances, and higher area for electron conduction.
Similarly, a cathode CC with a lower open ratio allowed a higher metallic area for electron
conduction and MEA support with higher compression, which decreased the contact
resistance between the different fuel cell layers. Furthermore, a lower open ratio on the
cathode side allowed increasing the water backflow and consequently decreasing the MCO.
These findings were complemented by an experimental study carried out to evaluate the
effect of the CDL properties on the power output of a PS-DMFC [107]. Their main goal
was to explore the use of commercially available materials considered state-of-the-art
components of CDLs for PS-DMFC systems. Therefore, four different carbon cloths and
papers, presenting different properties such as thickness and surface treatment were tested.
The maximum PD of 3.00 mW-cm~2 was achieved for a concentration of 5 M methanol,
employing carbon cloth without MPL and a lower thickness as the CDL. This, according
to the researchers, was mainly due to its higher porosity, which enabled higher oxygen
and water diffusion rates, thus resulting in lower cathode activation losses. Additionally,
regarding the MPL effect on the CDL structure, the authors verified that this was only
advantageous when carbon paper was used. A similar study, this time exploring the effect
of ADL properties on the performance of a PS-DMFC, was reported in [108]. The best
performance was achieved using carbon cloth with MPL, presenting lower thickness and
higher porosity, when the fuel had higher concentrations of methanol (maximum PD of
3.00 mW-cm~? reached with a methanol concentration of 5 M). These improvements were
mainly attributed to a better methanol transport and MOR rate on the anode side, combined
with a lower MCO when operating the device with higher fuel concentrations. All these
studies clearly showed that changes in the fuel cell structure and configuration are effective
means to improve the performance and costs needed for real applications. Complementary
to these studies, the work reported by Munjewar et al. [109] explored the effect of CC
roughness on PS-DMFC performance. The researchers tested CCs made of 3 mm thick
SS 316 perforated plates (with circular holes having an open ratio of 49.25%), obtaining
different roughness on each pair of CC plates (cathode and anode) using a polishing
machine. Hence, the roughness value depended on the sandpaper grade used, number of
passes through the polishing machine, and the feed rate given to the sandpaper. In this
way, seven pairs of CCs with average roughness values from 0.179 um to 2.591 um were
fabricated. The cathode and anode GDLs were made of carbon cloth with a porosity higher
than 70% and an MPL. These were assembled in a PS-DMFC with an active area of 5 cm?
and a structure similar to that shown in Figure 1. To evaluate the assembled PS-DMFCs,
the researchers performed polarization tests after OCV determination, as well as EIS and
scanning electron microscopy (SEM) analysis. Additionally, they developed a mathematical
model for mass transport resistance based on one-dimensional steady-state flow, which
was obtained from EIS testing. In this way, they observed that the CC roughness had a
significant impact on the PS-DMFC performance, and the best performance (maximum PD
of 5.865 mW-cm ™2 using 4 M methanol) was achieved with an optimum CC roughness
of 0.869 pm. Moreover, the cell performance increased with the CC roughness as the
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contact resistance decreased until reaching an optimal value, after which further increases
in CC roughness were detrimental. In addition, since the tightening force was maintained
constant for all cell assemblies, the variation in ohmic resistance was fully attributed to
the surface roughness of the CC; accordingly, increasing the CC roughness increased the
contact between the CC and GDL, thereby decreasing the ohmic resistance. From the SEM
analysis, it could be clearly seen that increasing the surface roughness increased the surface
area of the CC.

Considering the support provided by numerical models in exploring the PS-DMFC
performance, the study by Zuo et al. [110] should also be mentioned. Their research, based
on a temperature-induced convection effect model, showed that counterclockwise fuel
circulation in the anode tank had a great impact by distorting the temperature distribution
over the PS-DMFC, under open-circuit conditions. This effect was more obvious and
significant for higher methanol concentrations. Moreover, for experimental verification
of the model, a PS-DMFC was designed and manufactured, using 316L SS (thickness of
0.3 mm) CCs and PMMA to fabricate the fuel storage tank. The assembled cell with an
active area of 4.0 cm? is depicted in Figure 6.

(a) (b)

Figure 6. Assembled PS-DMFC: (a) schematic of the structure; (b) picture of the device. Reproduced
from [110] with permission from Elsevier 2018.

The results obtained indicated that, with an increase in the methanol concentration
from 0.5 M to 3.0 M, the temperature increased, whereas the OCV decreased from 570 mV
to 409 mV, respectively, due to MCO. Thus, this work can provide a theoretical basis and
optimal operating parameters for safe start-up of DMFCs. Additionally, it is important to
recall a previous study [111], in which the effect of non-isothermal conditions and gravity
on the inner methanol concentration and thermal distribution of a PS-DMFC were taken
into account to explore the cell operating process and performance. The simulation results
showed that a more uniform reactant concentration and a higher temperature were obtained
with the gravity effect. Again, the simulation results were experimentally confirmed, by
operating a smaller PS-DMFC device (active area of 1 cm?) using 316 SS CCs (thickness of
0.6 mm) with a single serpentine patterned flow field (Figure 7).
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Figure 7. Assembled PS-DMFC: (a) schematic of the structure; (b) picture of the device. Reproduced
from [111] with permission from Elsevier 2018.

The fuel cell was tested in three positions: horizontal orientation with the anode
above the cathode (“Pattern A”), horizontal orientation with the anode below the cathode
(“Pattern B”), and vertical orientation (“Pattern C”). The experimental results (polarization
and power density curves) revealed that, within a certain methanol concentration range,
the PS-DMFCs in Pattern A yielded better performance (maximum PD of 17.1 mW-cm 2
and 18.3 mW-cm 2 for methanol concentrations of 2.0 M and 3.0 M, respectively). It was
also found that the cell performance in Pattern C (less affected by MCO due to gravity)
surpassed that in Pattern A for high operating currents. However, for the high methanol
concentration tested (4.0 M), operation in Pattern B reached a peak PD of 15.4 mW-cm 2
(higher than other two cell orientations) due to the complex tradeoff between the generated
CO, bubbles and the optimal methanol concentration. Moreover, the researchers fully
analyzed the anode CO; outflow and the cathode water backflow. The experimental results
were in good agreement with simulation, demonstrating that both removals, CO, from
anode and water from cathode, became more effective with gravity. Furthermore, they
also highlighted that polarization curves in Pattern B tumbled in the high-current region,
due to a greater generation of CO, bubbles at the anode, which moved upward due to
buoyancy, thus blocking the methanol supply. This phenomenon was further investigated
and presented in another paper [112], where the dynamic processes of bubble generation,
growth, merging, and detachment in porous media and microchannels were analyzed
in detail. The force responsible for bubble formation in the anode reaction region was
calculated using a two-phase dynamic model. Both simulation and experimental results
(obtained using a transparent PS-DMFC with an effective area of 1 cm?) showed that the size
and number of CO; bubbles were highly correlated with the fuel cell operating conditions.
When the anode reaction was more intense, more CO; was produced, and smaller bubbles
were observed. Thus, any method that accelerates the anode reaction can change the
characteristics of the CO, bubbles. This can be achieved by increasing the operating
temperature and/or methanol concentration. However, as mentioned before, establishing
the best methanol concentration for a PS-DMEFC is a tradeoff between increasing the cell
temperature and increasing the methanol permeation toward the cathode. Furthermore,
for any specified methanol concentration, the temperature of the cathode CC increase
with the current density, while small CO, bubbles are more easily separated from the
GDL and discharged to the microchannels. Yet, the movement of the bubbles in the
microchannels is limited by the flow rate. Accordingly, when the flow path is a hydrophilic
surface, the CO;, bubbles move more easily in the channels and are more easily discharged
from the flow field. Thus, on the basis of the relationship linking the viscosity, velocity,
and methanol solution temperature at different current densities, the research group also
reported the development of a thermal control microvalve channel structure [113]. The
expectation was that the microvalve structure could achieve a self-adaptive fuel supply
and effectively increase the power and stability during the PS-DMFC operation. According
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to the model calculations of the whole cell (Figure 8) established using the COMSOL
Multiphysics program, it was possible to see that the device operating at a small current
density effectively reduced MCO. When the current density increased, the heat generated
by the cell increased and the flow rate at the outlet of the microvalve increased, which was
favorable for an increase in the cell reaction output.

MEA—n

L L (O  — Anode
Cathode ALY struture
channels

" Micro
valves
Anode ___.._.
channels
Back side Front side

Figure 8. Schematic of the three-dimensional fuel cell model incorporating the microvalve struc-
ture [113].

The results obtained using the assembled self-adaptive PS-DMFC reached a maximum
PD value of 16.56 mW-cm~2 when fed with a 2 M methanol solution, which was up to 7%
better performance than a conventional one. Thus, the microvalve structure allowed the fuel
cell to adaptively adjust the methanol solution flow rate, satisfying the proper demand of
reactants throughout the operating process and effectively improving the working efficiency
and stability, without external equipment, as it was simply driven by the heat generated by
the device. Therefore, a further investigation of the self-adaptive thermal control design
was pursued by the research group [114], in order to ensure that the PS-DMFC was always
operating at an optimal temperature. Hence, according to the simulation and experimental
analysis, a self-adaptive thermal control design of the fuel cell anode was realized using
an “in-house” silicone heating sheet (5CS) together with a single-chip microcomputer in
a PS-DMFC setup (active area of 1 x 1 cm?). Thus, when operating the cell at an optimal
temperature of 60 °C, the researchers revealed significant improvements in terms of the
fuel cell system’s output power and utilization compared with the traditional fuel cell.
Moreover, while liquid water condensation and accumulation at the CCL are unavoidable
in the conventional design, for the proposed cell with thermal control, no water drops
appeared at the cathode, indicating excellent drainage characteristics. This was justified by
the fact that the water produced in the ORR at the cathode evaporated due to the increased
temperature and was removed from the fuel cell by convection. The same research group
proposed another innovative approach, based on the particle swarm optimization (PSO)
algorithm, to achieve an optimal thermal layout analysis and design of a PS-DMEFC stack
using printed circuit board (PCB) substrate [115]. In this work, it was possible to see that the
three-dimensional thermal simulation model was in good agreement with their previous
experimental results. This is of crucial importance since the heat transfer in the different
designs of a DMFC had an influence on the temperature of each DMFC and the PS-DMFC
stack assembled through the PCB, which can be used in portable electronic applications.

All of these conditions (environmental temperature and atmospheric pressure, as
well as cell orientation and environmental conditions) can be considered external to the
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system, as explained in a recent comprehensive study reported by Wang et al. [116], who
investigated their effect on the performance of a PS-DMEFC. In contrast, they considered
internal/structural factors to include the hot press parameters of the MEA (temperature,
pressure, and time), flow channel patterns (horizontal stripe pattern (HSP), vertical strip
pattern (VSP), and circle pattern (CP)), and CC open ratios (35.8%, 45.6%, and 52%). They
adopted both experimental and simulation methods based on previous studies [117]. Using
this multivariable approach, results indicated that VSP was preferred for both anode
and cathode CCs, with open ratios of 45.6% and 35.8%, respectively, in order to obtain
the best performance. This was explained by a better discharge of the reaction products
(CO, bubbles and water), along with a slight reduction in MCO. The first experimental
polarization and power density curves were generated with a methanol concentration of
4 M, at 25 °C and approximately 75% relative humidity, using an MEA with an active area
of 1.69 cm?. In these conditions, the best performance, 14.91 mW-cm™~2, was achieved using
the MEA hot press parameters of 1.0 MPa, 135 °C, and 4 min. When exploring the effects
of the external conditions, the researchers were able to reveal their significant impact on
the performance of the fuel cell. Specifically, the vertical orientation with VSP channel was
found to have the best performance, attributed to the high mass transport due to stronger
natural convection. In addition, it was verified that the fuel cell performance increased
with the vibration frequency from 0 up to 30 Hz, followed by a stabilization at higher
frequencies (30 to 100 Hz). The external vibration (up to 30 Hz) could help in overcoming
the surface tension forces between the liquid and the gas phase, promoting the discharge of
CO; bubbles and facilitating methanol transport. Lastly, it was also verified that increasing
the environmental temperature and atmospheric pressure had a positive impact on the
PS-DMFC performance. The maximum PD increased from 5.5 to 17.5 mW-cm~2 when the
temperature increased from —10 to 50 °C, due to an enhanced electrochemical reaction
rate, reduced membrane resistance, and increased methanol diffusion rate at the anode
side. Regarding the atmospheric pressure variation from 0.02 to 0.1 MPa (range selected to
simulate the real atmospheric pressure changes with altitude, temperature, and weather),
the decrease in PS-DMFC performance was explained according to the ideal gas law. A
decrease in the oxygen concentration with a decrease in the atmospheric pressure led to a
less favorable ORR at the cathode side. Overall, the researchers considered these findings
useful as a guide for the development of high-performance and reliable portable power
sources based on PS-DMFCs.

Another approach to achieve enhanced power outputs in PS-DMFCs was reported
by Rao et al. [118], where MEAs (active area of 2.89 cm?) were sandwiched between two
similar Al reservoirs and CCs with flow channel plates having a rectangular and trapezoidal
cross-sectional geometry. The microelectromechanical systems (MEMS) technology was
employed for the fabrication of the microflow channels, etched in silicon wafers and finished
with a metallic layer (Cr—Au) by sputter deposition, for enhanced electric conduction
properties. This study showed for the first time that the flow channels with a trapezoidal
cross-section enhanced the maximum PD output (6.64 mW-cm~2) when compared with
the rectangular cross-section (3.9 mW-cm~2) for a 7 M methanol solution (concentration
found to be optimum for the devices operating under passive mode in a vertical orientation
at 25 °C). The researchers explained that these results were due to the higher reactant
flow velocity, caused by the smaller cross-sectional area of the trapezoidal flow channels
compared to the rectangular flow channels, with the same open ratio. In another study
reported by Yang et al. [119], the silicon-based MEMS technology and CNTs were used
to build porous silicon electrodes. Using plates exhibiting differences in terms of flow
field and diffusion layer structure, distinct electrodes with a hill-like structure (HLS) and a
through-hole silicon (THS) structure were manufactured. In addition, CNTs were used on
the GDL surface to serve as a catalyst support, expanding the area for chemical reactions,
thus improving their performance. As a control, conventional carbon paper (CP) GDLs
were also used to evaluate the PS-DMFC performance at room temperature fed with a
2 M methanol solution. The THS electrode was placed only on the cathode side because
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its relatively large holes were considered unsuitable for methanol diffusion. Thus, two
anode—cathode combinations were investigated by the researchers, HLS (anode) with THS
(cathode) and HLS (anode) with HLS (cathode), in addition to the control, CP (anode) with
CP (cathode). The results revealed that the HLS-THS combination achieved the optimal
performance (maximum PD of 0.186 mW-cm~2), which was 4.4 times higher than the
performance of the conventional CP-CP (control) electrodes. According to the researchers,
this was probably due to the dissimilar structure of the HLS-THS that provided a larger
reaction area. In addition, the THS structure at the cathode had a higher contact with the
PEM; thus, more oxygen could reach the catalyst, resulting in a more efficient process.
Hence, the HLS-THS combination resulted in a device configuration with lower impedance
and higher performance. Additionally, in this study, the researchers modified the methanol
fuel, by adding surfactants (nonionic poly(ethylene glycol) (PEG) and anionic sodium
dihexyl sulfosuccinate (SDSS)) to reduce the surface tension and enhance its wettability, as
well as CO; removal capacity. According to the several tests performed, it was verified that,
although PEG led to a greater improvement in wettability of the methanol solution than
the SDSS surfactant, it severely obstructed the MOR. Therefore, the HLS-THS electrode
combination was selected to explore the effects of adding SDSS (0%, 0.1%, and 0.5%) on
the fuel cell performance. Through a comparison, the researchers confirmed that the use
of SDSS substantially stabilized the voltage changes and prolonged the duration of the
device. However, at higher concentrations, it enhanced both fuel wettability and MCO,
consequently accelerating fuel consumption. Hence, an appropriate amount of surfactant
can improve the CO, removal of PS-DMFCs.

Other variations in the methanol characteristics to overcome MCO were highlighted
in the review by Abdelkareem et al. [120]. Specifically, by supplying high concentrations of
methanol (reaching 100 wt.%) to the anode surface in the vapor phase through a gas layer
where it was condensed, MCO could be greatly reduced to the level of using 2—4 M liquid
methanol solutions. Thus, two possible types of PS-DMFCs, low methanol concentration
(liquid-fed) and high methanol concentration (vapor-fed), as shown in Figure 9, were
described in detail, not only from the thermodynamic point of view, but also in terms of
the operation and structural conditions.

This is very pertinent since methanol transport and water transport are different in
these two types of cells. As aforementioned, in liquid-fed DMFCs, water flooding of the
cathode is a common problem that limits the oxygen access to the active cathode sites.
On the other hand, in vapor-fed DMFCs, water deficiency appears at the anode, and the
possibility of an incomplete MOR is higher, especially at low operating temperatures. Thus,
in the vapor-fed passive DMFC, a water management layer (WML) was added to the
cathode surface to reduce water loss to the surrounding atmosphere and to enhance the
water back-diffusion from the cathode to anode. However, despite the possibility of using
high methanol concentrations, the authors reported that no commercial products are yet
available. Nevertheless, they pointed out that good porosity and high hydrophobicity
are important characteristics for liquid- and vapor-fed PS-DMFCs. Furthermore, the
application of graphene on the composite membrane structure of Nafion® was shown
to be promising, since it did not affect the ionic conductivity and allowed restricting the
MCO. The effect of typical GDLs (PTFE-treated carbon paper or cloth) on the performance of
liquid- and vapor-fed PS-DMFCs, under active operation conditions, was also investigated
by Abdelkareem et al. [121], in line with a previous study from Oliveira et al. [122] for the
liquid-fed PS-DMFC. It was shown that the GDL properties played a crucial role in the
performance of these devices, and, although catalyst utilization was higher when using
carbon paper than when using carbon cloth, the fuel cell performance using the latter was
enhanced in both liquid- and vapor-fed PS-DMFCs. The researchers credited the results
from this comparative study to the uniform distribution of the pores, rougher surface, and
lower tortuosity of the carbon cloth, which allowed homogeneous mass transfer at the
anode and cathode. Furthermore, it was verified that the detachment of water droplets was
easier in the case of the carbon cloth, due to its higher dynamic hydrophobicity [123].
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Figure 9. Schematic diagram of passive DMFCs: (a) liquid-fed; (b) vapor-fed. Reproduced from [120]
with permission from Elsevier 2018.

An alternative approach to supply high-concentration methanol solutions in a limited
fuel tank was reported by Zuo et al. [124]. These researchers developed and tested the
performance of a fuel cell with an anode dual cavity using a simpler structure (Figure 10),
where the barrier layer in the middle of the cavity could be easily replaced.
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Figure 10. PS-DMFC with anode dual-cavity structure: (A) schematic diagram; (B) picture of the
assembled device; (C) picture of the experimental setup. Reproduced from [124] with permission
from John Wiley and Sons 2021.

The major goal of this approach was to make the structure suitable for use in small
DMECs, in order to supply high-concentration methanol solutions. Thus, the effect of
the SS felt, plastic porous dielectric barrier layer, and hydrophilic and hydrophobic filter
membrane on the performance of a PS-DMFC was explored. The experimental results
showed that the maximum performance with a dual-cavity structure was higher than that
with a traditional structure (maximum PD of 17.3 mW-cm~2). Moreover, the researchers
also demonstrated that the dual-cavity structure with a high methanol concentration could
effectively extend the cell discharge time, especially under high current densities. In
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addition to the fact that the mass transfer barriers with different pore sizes had obvious
differences in methanol barrier performance, hydrophilic and hydrophobic membranes
could effectively affect the methanol permeability. Thus, as stated by the researchers, an
appropriate filter membrane (efficient, easy to prepare, and replaceable) should be selected
according to the substrate and ability to maintain a constant concentration in the low-
concentration cavity during cell operation. As pointed out by the authors, these issues need
to be further studied, along with a strategy for increasing the fuel concentration without
hindering the anode water supply.

A more radical approach to a new type of PS-DMFC was presented by Lu et al. [125],
which they called the “all-solid-state” passive DMFC. It was based on “solid methanol”
fuels prepared by combining a methanol solution and an absorbent material. Thus, it was
very different from conventional liquid-fed devices, as highlighted in Figure 11.

End plate Current collector End plate Current collector

Solid methanol

Fuel chamber Fuel chamber
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Figure 11. Schematic diagram of passive DMFCs: (a) conventional liquid-fed device; (b) new solid-
state device. Reproduced from [125] with permission from Elsevier 2020.

It should be recalled (as the authors pointed out) that the freezing point of methanol is
as low as —97.8 °C, a temperature that is not suitable for operating DMFCs or for easily
obtaining solid methanol (i.e., by freezing methanol and methanol aqueous solutions). Thus,
to explore a feasible method for preparing “solid methanol”, various functional /absorbent
materials were used, namely, absorbent cotton, commercial super absorbent polymer (SAP)
(which is composed of 88% sodium polyacrylate, 10% water and 2% crosslinker), and
silica aerogel. In this way, the researchers showed that the newly proposed all-solid-state
PS-DMEC could be operated in any orientation, while the performance remained stable.
The results showed that the solid fuels improved the mass transport, mainly due to the
disappearance of CO, bubbles on the anode side, which diffused directly outside the
cell without hindering methanol and water transport. Furthermore, compared to the
liquid methanol solution, using “solid methanol” in PS-DMFC increased the maximum
PD and the discharge energy of the DMFC, under the same experimental conditions. The
best performance using a “solid methanol” fuel was achieved using SAP, 20.5 mW-cm™2,
which was 30.8% higher than that using a liquid methanol solution. In addition, the
antileakage properties of the “solid” fuels made the PS-DMFCs safer and more portable.
However, as pointed out, despite the good results achieved with the SAP-based “solid
methanol” fuel, this material needs to be produced in advance, rendering it unsuitable for
continuous supply. Another variation was reported in the comprehensive study performed
by Boni et al. [126], where the effect of two ACLs (PtRu/black and PtRu/C), as well as
the CC open ratio, on the performance of a PS-DMFC was investigated, along with the
incorporation of a liquid electrolyte (LE) layer. The LE layer consisted of piled hydrophilic
filter papers, which were soaked in a diluted sulfuric acid solution and introduced between
two Nafion® membranes. In this case, the aim was to reduce the MCO and to improve the
performance of the PS-DMFC, following previously reported studies [127]. Therefore, a
conventional PS-DMFC (active area of 25 cm?) was assembled with SS 316L CC plates with
opening ratios of 45.40%, 55.40%, and 63.05%, and operated with 1-5 M methanol solutions.
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The experimental results showed that the fuel cell performance was improved when using
the MEA with two ACLs (PtRu/black + PtRu/C, MEA-2) compared with the conventional
one using the same loading with only one type of ACL (PtRu/C, MEA-1) (see Table 2).
The maximum PD (3.872 mW-cm~2) was obtained with the two ACLs and the CC with an
open ratio of 55.40%, using a 3 M methanol solution. However, it was also shown that the
optimum methanol concentration, that which gave the best cell performance, depended on
the CC open ratio, since a higher open ratio promoted the mass transfer of the reactants
and facilitated product removal, thereby improving the cell performance, but also leading
to an increase in MCO, which adversely affected the cell performance. The results also
showed that the fuel cell performance was improved by incorporating the LE layer, due to
a decrease in the MCO and a decrease in the mass transfer losses on the cathode side.
Concerning different approaches to fabricate affordable and efficient DMFCs, it should
be highlighted that improving the activity and reducing the Pt loading are two main issues
that must be addressed by the scientific community. Thus, there has been an enormous
effort by researchers of the Fuel Cell Institute, Universiti Kebangsaan Malaysia, to address
these issues. Ramli and Kamarudin [128] provided a review paper focused on the activity
of Pt-based catalysts combined with alloys, metals, transition metals, metal carbides, metal
nitrides, and various different carbonaceous materials as their support. Ishak et al. [129]
compiled information regarding the synthesis and characterization of advanced biogenic
Pt nanoclusters from several plant extracts drawn from agricultural waste (such as banana
peels, pineapple peels, and sugarcane bagasse extracts) to improve the MOR in DMFCs.
Another paper, previously mentioned [37], summarized the recent progress on anode
catalysts, both noble and noble-free, in acidic/alkaline electrolyte for MOR, as well as on
the types of catalyst support materials for DMFC anodes. This paper also highlighted the
major challenges and future perspectives in achieving the optimum performance from
the perspective of tailoring the properties of MOR electrocatalysts. However, a more
focused compilation/review regarding the analysis of the current status, opportunities,
and challenges in fuel cell catalytic application of aerogels was provided by Shaari and
Kamarudin [130]. This report included aerogel synthesis methods for catalysts and catalyst
supports, and it discussed the potential of aerogel in fuel cells in terms of electrochemistry
and power density, as well as the structure and operating conditions. Lastly, the report
provided by Shaari et al. [131] regarding the application of carbon quantum dot (CQD) and
graphene quantum dot (GQD) composites in fuel cells should be mentioned, in which their
potential to enhance the performance of this technology was clearly stated. These studies are
highlighted since they can be a reference for researchers to identify different opportunities
to improve fuel cell performance, which relies heavily on costly PGM catalysts, such
as Pt and Ru. The goal should be to modify the catalyst structure and morphology in
order to increase the performance of the devices, while reducing their overall cost toward
their commercialization. Accordingly, Jeong et al. [132] proposed the use of Ru-sputtered
Pt/C-based MEAs in PS-DMEFCs, reducing the use of Ru by more than 80% compared to
the conventional Pt-Ru/C (50:50 wt.%)-based MEAs. The results showed an increase in
performance and catalytic durability using the Ru-sputtered MEAs (active area 1 x 1 cm?)
and a 4 M methanol solution. The OCV and the maximum PD for the Ru-sputtered
MEA were 0.417 V and 3.28 mW-cm~2, whereas values for the standard (Pt/C) MEA
were 0.52 V and 3.01 mW-cm~2, respectively. In addition, while monitoring the OCV
for 1 h, it was found that the Ru-sputtered MEA presented an 11.2% decrease from the
initial value, while the standard MEA presented a decrease of 17.4%. The researchers
demonstrated that the different fabrication process allowed a reduction in the cost, since
the industrial infrastructure for sputtering is easily available, due to the development of
the semiconductor industry. As a further step in the use of PGM catalysts, Jeong et al. [133]
studied the deposition of both PGMs (Pt and Ru) by sputtering on the electrolyte membrane.
The thickness of the sputtered Pt and Ru was also tested to determine the structural effect
of sputtered layers. The MEAs with four different levels of surface roughness were first
prepared by rubbing Nafion® 117 with different sandpapers. The performance of the
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PS-DMFCs with the new sputtered MEAs was measured, and that the comparison revealed
that the device with a thin ACL (75 nm thick Ru on 150 nm thick Pt) showed a higher PD
(0.053 mW-cm~?2) than that with a thick ACL (0.033 mW-cm~2). Although both power
curves apparently exhibited an increasing tendency, the PS-DMFC with a thicker CL
could not outperform the thin one at high current densities, due to the disturbance of
mass transport by the thick ACL. The OCV of the PS-DMFC with a thin CL was lower
(0.177 V) than the OCV of that with a thick one (0.216 V), due to an insufficient loading
of Pt and deficient active sites, since these were formed only at the interface between
the electrolyte and the electrode by the sputtering process. The researchers observed
that the performance of the PS-DMFCs using the as-prepared MEAs (0.053 mW-cm~?2)
was improved as the roughness of the MEA was increased (the best value obtained was
0.086 mW-cm_z) ; however, excessive roughness induced a deterioration of the performance
(0.046 mW-cm~2). Consequently, it was concluded that further investigations into the
relationship between the roughness of the electrolyte membrane and the electrochemical
performance were required to clarify the processes inside the PS-DMFCs and the sputtered
ACLs. Nevertheless, two meaningful results were obtained: (1) sputtered Pt and Ru
can be used as the ACL for PS-DMEFCs; (2) the structure of the ACL (thickness of PtRu)
and the roughness of the electrolyte membrane are significant parameters affecting the
DMEFC performance.

In a more conventional approach, an alternative strategy to enhance the electrocatalyst
performance is the optimization of its interaction with the support material (as stated
earlier). Therefore, an ideal catalyst support should offer good catalyst—support interaction
and electrical conductivity, as well as a large surface area and mesoporous structure, to
bring the catalyst NPs close to the reactants. Some practical examples applied to PS-DMFCs
can be found in the study reported by Fard et al. [134], which investigated the application
of N-doped CNTs as catalyst supports for PtRu and Pt NPs in a DMFC. They designed and
fabricated different MEAs with an active area of 4 cm?, with CB (MEA1), CNT (MEA2),
and N-CNT (MEAB3) as the catalyst supports, using 20% PtRu and 20% Pt as the anode and
cathode catalysts, respectively. The PS-DMFC was tested at room temperature with 2, 3,
and 4 M methanol solutions. The results showed that the cell with PtRu/N-CNT (MEA3)
presented the best performance, with a PD of 26.1 mW-cm ™2, which was 18% and 62%
higher than that obtained for MEA2 and MEAL1, respectively. The researchers concluded
that N-CNTs remarkably improved the physical and electrochemical characteristics of the
catalyst by increasing the electrical conductivity, due to a more uniform distribution of
smaller metal NPs. This boosted the interaction between the support and the catalyst,
as well as enabled the long-term stability of the MOR. Following the same logic, another
approach was reported by Abdullah et al. [135], whereby a novel titanium dioxide carbon
nanofiber (TiO,-CNF) support was introduced on a PtRu catalyst. The TiO,-CNF was
prepared by electrospinning, followed by carbonization and PtRu deposition (PtRu/TiO,-
CNF). The synthesized electrocatalyst, PtRu/TiO,-CNF, was tested in a PS-DMFC, and the
performance was compared with a commercial electrocatalyst (PtRu/C) using the same
composition (20 wt.% of PtRu), an MEA with an active area of 4 cm?, and a 3 M methanol
solution. The PtRu/TiO,-CNF showed a higher performance (3.8 mW-cm~2) than the com-
mercial electrocatalyst (2.2 mW-cm~2), almost twofold higher. The researchers attributed
the highest catalytic activity to the nanofiber catalyst structure and the introduction of TiO,
as support. The researchers reported other research work regarding the optimization of
the ratio between the main catalyst (PtRu) and supporting material (TiO,-CNF), as well
as the electrocatalyst loading, toward a high DMFC performance [136]. The optimization
process involved a screening process followed by a response surface methodology (RSM),
a collection of statistical and mathematical techniques that allow evaluating the interaction
between different parameters, generating substantial data from fewer experiments. In this
study, the PtRu composition and the electrocatalyst loading were varied in the ranges of
15-60 wt.% and 0.45-0.7 mg-cm 2, respectively. It was verified that the cell optimization
using RSM, with the PtRu catalyst composition and electrocatalyst loading as factors and
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the current density as a response, resulted in a quadratic model with good correlation
between the predicted and experimental data (error of 0.4%). The best PtRu/TiO,-CNF
performance was confirmed by an experimental test, achieving a power density identical
to the one predicted. Alias et al. [137] reported a different application for TiO,, since this
material was added to the CNF and CB material used in the MPL of the anode. The surface
characterization of the modified MPL with different porous layers was performed using
SEM analysis. The modification of the CNF and CB MPL with TiO, allowed achieving a
maximum PD of 10.73 mW-cm 2 and 11.47 mW-cm~2 with a 3 M methanol solution and a
reduction in these values by 2.8% and 11.9% using a 5 M methanol solution, respectively,
at room temperature. The TiO, modification was advantageous, since it could provide
good electron conductivity and control the methanol transport. Moreover, the EIS tests
showed that the addition of TiO; provided a good mass transfer and lower charge transfer
resistance, facilitating CO, removal and methanol transport to the ACL. Long-term anal-
ysis of the modified MPL with different porous layers showed that the resulting current
increased and was more stable. The reductions observed after 3 h of operation with a
3 M methanol solution using CNF-TiO, and CB-TiO, were estimated to be only 0.31%
and 1.37%, respectively. It should be highlighted that the catalyst loadings used in this
study (see Table 2) were significantly higher than those used in other studies; thus, a direct
comparison of their performance needs to consider this factor.

Ramli et al. [138] explored the use of alternative catalyst supports, namely, carbon
nanocages (CNCs) for PtRu, due to their high specific surface area and electrical conductiv-
ity, good structural properties, and low cost. The purpose of this study was to demonstrate
the electrocatalytic activities of four synthesized Pt-based bimetallic compounds, PtRu,
PtNi, PtCo, and PtFe, on the new carbon support. The CNC support was synthesized from
a polypyrrole source by pyrolysis, followed by the preparation of the electrocatalysts by
employing a microwave-assisted ethylene glycol reduction method, which was considered
by the researchers to be a simpler and faster method. The properties of all electrocatalysts
and supports were structurally and morphologically characterized, followed by testing in a
PS-DMEFC, in conditions similar to those used by Abdullah et al. [135]. The new electro-
catalysts were used at the anode side, and a 2 M methanol solution was fed to the system.
The results showed that the PtFe/CNC electrocatalysts had a better CO tolerance than
PtRu/CNC, PtNi/CNC, and PtCo/CNC. The tests in the PS-DMFC with the PtRu/CNC
electrocatalysts showed a maximum PD of 3.35mW-cm 2, which was 1.72 times higher than
that obtained with a PtRu/C commercial electrocatalyst. This was due to the advantages
of the CNC over C as a support material, as well as to the synergetic interaction with the
bimetallic PtRu, which enhanced the MOR process. Hence, PtRu/CNC was considered a
promising anode catalyst for PS-DMFCs.

2.2. Alkaline DMFCs

As mentioned before, recent advances in the preparation of chemically stable AEMs
opened a window of opportunity for the development of high-performance fuel cells,
including PS-DMFCs. Thus, Golmohammadi et al. [139] reported a sustainable approach
for the fabrication of alkaline MEAs using new PGM-free electrocatalysts for the ORR,
such as nickel-cobalt (Ni-Co) oxides, with biomass-based CNFs as the support. This
strategy had some important advantages including the use of renewable and abundant
resources, eco-friendliness, easy processing, and low cost. In fact, the researchers resorted
to an endogenous plant called “Karrapo” (KP), which they had previously investigated
due to its ability to form porous structures [140]. In this way, KP was used for the first
time as a low-cost biomass to produce nanofibers in order to serve as the framework to
synthesize Ni-Co nanocapsules with a large surface area. According to the researchers,
preparing the KP and Ni—Co (Ni-Co/NFKP) materials was simpler and did not involve
expensive and toxic materials. The new electrocatalysts were compared to commercial Pt/C
catalysts, testing two different MEAs, i.e., MEA-1, where Pt/C was used as the cathode
and anode catalyst, and MEA-2, where Ni-Co/NFKP was used as the cathode catalyst
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and Pt/C was used as the anode catalyst. The active area of each MEA was 4.75 cm?,
and an AEM A-006 (OH™ form, Tokuyama membrane) membrane was used, along with
316 SS as the CCs. A methanol solution (5%) with KOH (10%) was employed as the
fuel for operating the AEM-PS-DMFC. The results showed similar polarization curves,
with the major differences observed for the low-current-density region, where MEA-2
had a higher activation overpotential than MEA-1. Moreover, in the stability test, MEA-2
showed a lower decrease in the current density than MEA-1, indicating that the use of
Ni—Co/NFKP at the cathode led to a better electrocatalytic activity and stability. One could
argue that the PD obtained with the proposed material did not show an improvement
and that the stability test was not overwhelmingly clear; however, considering the overall
eco-sustainable approach, it is relevant to further investigate this MEA fabrication route.

A different fabrication route was presented by Farzaneh et al. [141], where, in continu-
ation of their previous work [142], nanostructured pyridinic-rich nitrogen-doped graphene
was applied as an electrocatalyst for ORR in alkaline fuel cells. In this study, the per-
formance of hydrothermally produced nitrogen-doped reduced graphene oxide (NRGO)
with a nitrogen content of 4.6 wt.% was compared with a commercial Pt/C as the cathode
electrocatalyst for a PS-DMFC using an AEM electrolyte. The device (an “in-house” AEM-
PS-DMFC with an active area of 4.75 cm? and 316 SS CCs) and the operating conditions
used were very similar to those used in a previous study [142]. The AEM was A-006
(OH™ form, Tokuyama membrane), the ACL was a commercial 20 wt.% Pt/C catalyst,
and methanol solutions of 1.5, 3.0, and 4.5 M were used with 1 M KOH as fuel. An extra
reference electrode was placed in the methanol solution tank to allow recording the cathode
polarization curves. The results obtained indicated that the cell with the NRGO cathode
could operate at higher methanol concentrations, since, for the same methanol concen-
tration (3 M), the maximum PD, the fuel or faradaic efficiency, and the current stability
(measured at 0.4 V for 7 h) were about 309%, 369%, and 177% higher than when using Pt/C.
Moreover, a higher cathode CC temperature was observed in the cell with Pt/C (in spite
of its lower power output), which is evidence of the oxidation of permeated methanol on
the cathode surface (exothermic MOR). This observation was validated by EIS, since the
researchers found that the COads (an MOR intermediate) oxidation reaction on the cathode
side of the cell with Pt/C led to a large impedance of the overall cell operation, in contrast
to that using NRGO. In summary, the results showed that using an efficient metal-free and
highly methanol-tolerant ORR electrocatalyst, such as NRGO, is a promising approach for
designing more efficient and cost-effective AEM-PS-DMEFCs.

2.3. DMFC Stacks

In spite of all the advances and improvements reported for PS-DMFCs, with an acidic
or alkaline electrolyte, it should be recalled that a single-cell voltage output is limited to
less than 0.5 V; thus, for small portable applications, with higher voltage requirements
(usually higher than 2.0 V), this value cannot be achieved using a single cell. Thus, a
DMEC stack, which is sometimes referred to as a cell network, can be a solution to this
problem. Moreover, simulation tools can help by providing crucial information regarding
the different devices, as previously shown for single cells. An example for mini portable
applications, such as cell phones, tablets, and battery chargers, targeting a current and
voltage of 1400 mA and 3.7 V, respectively, for a cell network power of 5.18 W, was reported
by Ismail et al. [143]. Their approach was based on the development of an optimization
model describing DMFC stacks, via a cell integrated network. Thus, a superstructure
model was presented, which accomplished the design parameters for a target voltage and
current of 3.7 V and 1400 mA, respectively. This was achieved through the optimization
of 16 cells arranged in series using Matlab. In summary, an active area of 128 cm? was
necessary, which resulted in an individual active area of 8 cm?. Moreover, the model also
predicted the fuel requirements and the total CO, emission flow rate via the cells. The
volume for the cell network was estimated to be 334.60 cm® with a price of 1400 USD,
according to the economic analysis provided in the study. Therefore, this work presented
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a detailed optimization model and economic analysis for the design of DMFC stacks. In
order to optimize the output characteristics and the energy conversion of the PS-DMFC
stack and to take a step further in the analysis, Fang et al. [144] presented a new modeling
approach, based on the Debye-Hiickel ionic atmosphere theory, to describe the charge
conduction and electrochemical kinetics during the polarization coupling process of each
cell unit within the stack. The proposed model was solved numerically by LabVIEW
of National Instruments, using a model structure of a PS-DMFC stack made of four-cell
units interconnected in series. The simulated current-power profiles obtained from the
model were experimentally validated by assembling an “in-house” PS-DMFC stack made
of four-cell units (with an unitary active area of 1.2 x 1.2 cm?) connected according to the
geometry and physical parameters of the presented model (Figure 12).
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Figure 12. Schematic of the assembled PS-DMEFC stack to verify the model based on Debye-Hiickel
ionic atmosphere theory in exploded view. Reproduced from [144] with permission from Else-
vier 2021.

The tests were performed with increasing methanol concentrations from 1 to 4 M. For
the higher methanol concentration, different oxygen concentrations were tested, whether
obtained directly from the air environment (volume fraction of 21%) or using an air-tight box
(volume fraction of 50% and 95%). The effect of operating temperature, which was increased
from 20 to 60 °C, was also assessed using an incubator. In summary, this new approach
allowed the analysis and simulation of the polarization curves with a reduced error (about
8%). An improvement in the output power was achieved (by about 2%, on average) when
increasing the oxygen concentration. Moreover, it was also observed that increasing the
operating temperature weakened the coupling forces within the stack. Additionally, by
analyzing the results of the dynamic operation of the stack while continuously changing
the operating current, it was shown that the polarization coupling caused a voltage peak
during unloading. Furthermore, high loading currents and unloading speed raised the
voltage peak. These dynamic discharge profiles of instant loading and unloading are
important to be considered, since they characterize the momentary switching process of
the device. Moreover, as the MCO decreased, it was demonstrated that the dynamic energy
conversion efficiency of the assembled PS-DMEFC stack was higher. Therefore, the proposed
model was considered as a breakthrough for solving the polarization coupling between
PS-DMEFC stacks and modern microelectronic portable systems, which will be addressed in
future studies.

Another strategy for the design and fabrication of a quick-fit architecture PS-DMFC,
which was extended to two- and six-cell stack working prototypes, was reported by Abra-
ham and Chetty [145]. The authors presented a novel clamping mechanism (a single SS
tightening cylinder) as an alternative to the conventional screw-bolt-based clamping design
for planar PS-DMFCs with an active area of 3 x 2 cm?. This new clamping mechanism was
able to hold the cell components together firmly, avoiding fuel leakage and limiting cell



Energies 2022, 15, 3787

25 of 48

resistance, in addition to being easily extendable for stack operation, providing the possibil-
ity of individual cell diagnostics, and allowing the replacement of a faulty individual cell.
Moreover, the researchers also used these new configurations to evaluate the performance
of Pt and PtRu catalysts prepared by pulse electrodeposition on Ti mesh-based electrodes,
which were employed and compared to the traditional carbon-based electrodes on the basis
of their previous studies [146] and the well-known beneficial physicochemical properties of
Ti mesh. In this study, the Ti mesh was used in order to decrease the MEA overall thickness,
by acting as a catalyst support and a CC. The researchers showed that it was even able
to replace the GDL at the anode. For the cathode side, the absence of a GDL drastically
reduced the cell performance, which was attributed to limited diffusion of O,. Thus, the
best performance was achieved with a 2 M methanol solution, PtRu on an 80 mesh (47%
open ratio) Ti anode, and Pt/C-coated GDL with 40 mesh (71% open ratio) Ti cathode,
reaching an OCV of 0.496 V and a maximum PD of 2.7 mW-cm 2. This optimized single
cell was extended to two-cell and six-cell mini-stacks, by connecting the cells in series using
copper wires with alligator clips on each end (Figure 13).
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Figure 13. Schematic of novel quick-fit PS-DMFCs stacks: (a) configuration of the two-cell mini-stack;
(b) exploded view depicting the various components and (c) picture of the device; (d) configuration
of the six-cell mini-stack and (e) picture of the device. Reproduced from [145] with permission from
Elsevier 2021.

The six-cell mini-stack (total active area of 36 cm?) reached an OCV of 2.9 V and a
maximum PD of 1.7 mW-cm~2, while the two-cell mini-stack (total active area of 12 cm?)
reached an OCV of 1 V and a maximum PD of 2.5 mW-cm~2. The decrease in power for the
six-cell stack could be explained by an increase in resistance owing to the higher number of
cell connections. Nevertheless, further tests were performed with the six-cell PS-DMFC
stack, which was able to operate at 1.5 V for 2 h with a 2 M methanol solution and was also
used to power a small fan motor, as proof of concept.

As mentioned above, an important consideration in the DMFC stack structure design
is the internal connections, and this aspect was highlighted in the paper by Wang et al. [147].
The main objective of their study was to develop a high-performance low-cost bipolar
passive DMEFC stack for portable applications, using a novel CC design, which seamlessly
integrated internal and external electrical connections, thereby reducing the resistance
losses. In this way, the researchers assembled in series a typical four-cell passive DMFC
stack, where each MEA had an active area of 2.0 x 2.5 cm? (Figure 14). The maximum PD of
the passive stack, when tested under different methanol concentrations, was 18.7 mW-cm 2
at 3 M. Moreover, the researchers also studied the effect of two orientation modes for
the BPs on the performance of the PS-DMFC stack, which they called modes A and B,
corresponding to the cathode air channels placed parallelly and vertically, respectively.
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The results indicated that the PS-DMFC stack in mode B exhibited a better and more
stable performance than its counterpart in mode A when discharging high currents, with
almost no difference when discharging low currents. These findings were explained by
the fact that, in mode B, the water produced and accumulated in the air channels at the
cathode under high discharging currents can be easily transferred to the outside through
the air channel by gravity. Additionally, during long-term testing, they observed that the
PS-DMEC stack in mode B had a better performance and, thus, better MOR and ORR
kinetics. Lastly, a “good” performance of the bipolar passive DMFC stack was confirmed
by powering a micro fan (rated power 150 mW) every 20 days for 100 days. This test also
revealed that the stack performance deterioration aggravated with time; on the 100th day,
the performance was only 83.33% of the initial value. This was explained by the attenuation
of the catalytic performance in the MEAs, caused by MCO and catalyst contamination by
pollutant compounds present in the environment, such as sulfides.
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bipolar current collector

Bipolar plate Crshion

MEA

(b)

Figure 14. (a) Schematic of the proposed bipolar PS-DMFC stack structure; (b) the tested orientations
of bipolar plates (BPs); (c) picture of bipolar PS-DMFC stack applied to power a small operating fan.
Reproduced from [147] with permission from Elsevier 2017.

Further research regarding the quest for alternatives to metallic BPs was also explored
by Hao et al. [148]. As previously pointed out, this is a key issue, since these components
should have high electrical conductivity and excellent mechanical properties, as well as
low fabrication costs. However, they can be corroded in the acidic environment of the
PEM fuel cell anode, even if anticorrosion coatings are applied. Hence, this study was
pertinent, where BPs made of magnesia phosphate cement (MPC) composite with two
different patterns (nine and 16 circular holes with same total hole area) fabricated through a
hot-press-assisted hydration process were used, following their previous studies [149,150].
According to the authors, the MPC material satisfied both the technical and the cost targets
of the US Department of Energy 2015 requirements. Both the single-cell PS-DMFC (with
an active area of ~4.52 cm?, approximate to the total area of the BP holes) and the fuel cell
stack (composed of three of these single cells in series) were assembled using the novel
MPC-based BPs (Figure 15).
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Figure 15. Pictures of (a) the single cell PS-DMFC and (b) the fuel cell stack assembly using MPC-
based BPs. Reproduced from [148] with permission from Elsevier 2019.

The performance tests were conducted at 70-90 °C, by placing them horizontally inside
an oven. The results showed that the use of MPC-based BPs enabled a good performance,
since they were electrochemically stable and presented low impedance. Moreover, the
PS-DMEC stack assembled with 16-hole MPC-based BPs achieved a maximum current
density of 79.78 mA-cm~2 and a PD of 25.54 mW-cm~2 at 80 °C, when fed with 6.0 M
methanol solution. In addition, the researchers demonstrated that the mass and heat
transfer of the 16-hole MPC-based BPs provided better performance than the that of
the nine-hole ones (see values in Table 2), which was attributed to the denser channel
arrangement, making the distribution of methanol through the anode more uniform and
ensuring a fast MOR rate. Furthermore, in the fuel availability test, a 3.5 h running
time was achieved under a current density of 25 mA-cm~2. The post-test investigation
indicated that some reinforcements on the BP surface would be required for improving
the long-term operation performance. Santiago et al. [151] published a study concerning
the selection of thermoplastic polymers, for potential use as BPs in DMFC applications,
due to their low density and cost. Additionally, thermoplastic polymers can be used in
three-dimensional (3D) printing techniques for the manufacture of BPs prototypes, with the
advantage of being easily recyclable. Therefore, their use in BPs would drastically reduce
the environmental impact of the DMFC life cycle, as well as enhance commercialization.
Santiago et al. [151] applied four multicriteria decision-making (MCDM) methods, in
order to carry out a reliable selection among seven thermoplastic materials. Additionally,
long-term experiments with these polymers were carried out in a simulated environment,
which reproduced the conditions inside the DMFCs, in order to collect reliable data on
the behavior of the materials during the selection process. By applying such methods, the
researchers found that acrylonitrile butadiene styrene (ABS) was the preferred material
for stationary applications, in which the cost, degradation rate, and dimensional stability
were the dominant criteria, whereas density, degradation rate, and dimensional stability
were the key factors for portable devices. By contrast, polycarbonate (PC) was the most
appropriate material for DMFCs on board unmanned aerial vehicles (UAVs), where, in
addition to density and dimensional stability, solution absorption is also relevant. Hence,
the authors concluded that their methodology allowed a reliable choice of the most suitable
thermoplastic polymers for use in BPs for DMFC applications.
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Table 2. Best performance of PS-DMFC devices (single or stack) and principal conditions.

Type [MeOHI/M Membrane Anode Cathode Operating T OCV (mV)c (ml\&;);';i 2) Refs
Single-Button 1 Nafion® 117 4 (mg-cm~2) PtRu/C, 3DG 2.0 (mg-cm~2) Pt/C, CP RT (n.d.) ~500 * 478 [92]
Single 4 Nafion® 117 4 (mg-cm~2) Pt-Ru Black 2.0 (mg-cm~2) Pt Black RT (n.d.) ~650 * 5.93 [94]
Single-CFSF 4 Nafion® 117 4 (mg-cm~2) Pt-Ru, CP 2.0 (mg-cm~2) Pt/C, CP (w/MPL) 26 °C ~500 * 18.4 [97]
Single-CNW 2 Nafion® 117 4 (mg-cm~2) Pt-Ru, CP 2.0 (mg-cm~2) Pt, CP (w/MPL) 25°C ~780 * 27.53 [99]
Single 2 Nafion® 117 4 (mg-cm~2) Pt-Ru, CP 2.0 (mg-cm~2) Pt, CP (w/MPL) 25°C ~750 * 17.93 [99]
Single-oNovel 4 Nafion® 117 (Commercial electrode) (Commercial electrode) 23 °C ~550 * ~18.5% [100]
Single-eNovel 4 Nafion® 117 (Commercial electrode) (Commercial electrode) 23 °C ~550 * ~17.0* [100]
Single-oCon 4 Nafion® 117 (Commercial electrode) (Commercial electrode) 23°C ~570* ~17.5* [100]
Single-oCPNovel 14 Nafion® 117 (Commercial electrode) (Commercial electrode) 23°C (n.d.) 13.2 [100]
Single- rGO 4 Nafion® 117 (Commercial electrode) 2.0 (mg~cm’2) Pt/C, SSFF-rGO 25°C ~600 * 25.04 [102]
Single 2 Nafion® 117 (Commercial electrode) 2.0 (mg-cm_z) Pt/C, CP 25°C ~580 * 20.54 [102]
-2
Single-3D GF 3 Nafion® 117 4 (mg-cm~2) Pt-Ru, CP Z'OC(?%;%D )Gl;t)/ C 25°C ~750 * 276 [103]
Single 3 Nafion® 117 4 (mg-cm~2) Pt-Ru, CP 2.0 (mg-cm~2) Pt/C, CP 25 °C ~650 * 19.4 [103]
Single 7 Nafion® 117 3 (mg-cm~2) Pt-Ru, CC (w/MPL) 1.3 (mg-cm~2) Pt, CC 20 °C ~650 5.23 [105]
Single 2 Nafion® 117 3 (mg-cm~2) Pt-Ru, CC (w/MPL) 1.3 (mg-cm~2) Pt, CC 20 °C ~650 * 3.14 [106]
Single 5 Nafion® 117 3 (mg-cm~2) Pt-Ru, CC (w/MPL) 1.3 (mg-cm~2) Pt, CC 20 °C ~720 * 3.00 [107,108]
-2
Single 4 Nafion® 115 4 (mé'g?w /)I\}I)ltjf)“/ < 2 (mg-cm~2) Pt/C, CC (w/MPL) 25-27°C ~550 * 5.865 [109]
Single 2 Nafion® 117 4 (mg-cm~2) Pt-Ru Black 4 (mg-cm~2) Pt Black RT (n.d.) ~464 * 12.05 [110]
Single-A 3 Nafion® 117 (n.d.) (mg-cm~2) Pt-Ru (n.d.) (mg-cm~2) Pt RT (n.d.) ~600 * 18.3 [111]
Single-B 4 Nafion® 117 (n.d.) (mg-em~2) Pt-Ru (n.d.) (mg-cm~2) Pt RT (n.d.) ~570 * 15.4 [111]
Single 10 Nafion® 117 4 (mg-cm~2) Pt-Ru/C, CC 4 (mg-cm~2) Pt/C, CC RT (n.d.) 602 26.614 [112]
Single-SA 2 PEM (n.d.) (n.d.), CC (n.d.), CC RT (n.d.) 650 16.56 [113]
Single 2 PEM (n.d.) (n.d.), CC (n.d.), CC RT (n.d.) 650 15.37 [113]
Single-SCS 2 Nafion® 117 (n.d.) (mg-cm~2) Pt-Ru (n.d.) (mg-cm~2) Pt 60 °C ~750 * 52.16 [114]
Single 2 Nafion® 117 (n.d.) (mg-cm~2) Pt-Ru (n.d.) (mg-cm~2) Pt 20°C ~750 * 20.8 [114]
Single 4 Nafion® 117 2 (mg-cm~2) Pt-Ru, CP 4 (mg-cm~2) Pt, CP 25°C (nd.) 14.91 [116]
Single-MEMS/T 7 Nafion® 117 3.5 (mg-cm~2) Pt-Ru, CP 3.5 (mg-cm~2) Pt, CP 25°C ~700 * 6.64 [118]
Single-MEMS/R 7 Nafion® 117 3.5 (mg-cm~2) Pt-Ru, CP 3.5 (mg-cm~2) Pt, CP 25°C ~575 * 3.90 [118]
Single-MEMS/Si 2 Nafion® 117 (n.d.) (mg-em~2) Pt/CNTs, HLS  (n.d.) (mg-cm~2) Pt/CNTs, THS RT (n.d.) 501 0.186 [119]
Single-MEMS/CP 2 Nafion® 117 (n.d.) (mg-cm~2) Pt, CP (n.d.) (mg-cm~2) Pt, CP RT (n.d.) 265 0.042 [119]
Single-MEA1 4 Nafion® 117 4 (mg-cm~2) Pt-Ru/C, CC 2 (mg-cm~2) Pt, CC RT (n.d.) ~530 * ~2.50 * [126]
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. Max. P
Type [MeOH]/M Membrane Anode Cathode Operating T OCV (mV)c (mW-cm-2) Refs.
em-2) (Pt-
Single-MEA?2 4 Nafion® 117 4 (nllf;’;‘ /bl)a(it) Rc“é C+ 2 (mg-cm~2) Pt, CC RT (n.d.) ~570 * 3.36 [126]
em-2) (Pt
Single-MEA?2 3 Nafion® 117 4 (nll%f{r;‘ /bl)a(cit) Ré‘(/: C+ 2 (mg-cm~2) Pt, CC RT (n.d.) ~580 * 3.872 [126]
. . 4 (mg-cmfz) (Pt-Ru/C + 2
Single-MEA2/LE 5 Nafion® 117 BURu/black), CC 2 (mg-cm~2) Pt, CC RT (n.d.) ~650 * ~5.05 * [126]
. . 1.0 (mg-cmfz) _
" ® . 2
Single-SPUT. 4 Nafion™ 117 RuspurTeren-Pt/C, CP 1.0 (mg-cm™) Pt/C, CP RT (n.d.) 417 3.28 [132]
Single Nafion® 117 1.0 (mg-cm~2) Pt/C, CP 1.0 (mg-cm~2) Pt/C, CP RT (n.d.) 520 3.01 [132]
. . 4 (mg-cm~2) Pt-Ru/NCNT, 2.0 (mg-cm~2) Pt/NCNT,
- ®
Single-NCNT Nafion® 117 CP (w/MPL) CP (w/MPL) RT (n.d.) 730 26.1 [134]
em—2 oy
Single-TiO,-CNF 3 Nafion® 117 2 (mg-cm )Igg“/ Ti0,-CNF, 2 (mg-em~2) Pt/C, CC RT (n.d.) ~500 * 38 [135,136]
Single 3 Nafion® 117 2 (mg-cm~2) PtRu/C, CC 2 (mg-cm~2) Pt/C, CC RT (n.d.) ~450 * 22 [135,136]
Single 3 Nafion® 117 8 (mg-cm~2) Pt-Ru Black/CB, CC 8 (mg-cm~2) Pt Black, CC RT (n.d.) ~680 * 11.10 [137]
Single 5 Nafion® 117 8 (mg~cm*2) Pt-Ru Black/CB, CC 8 (mg-cmfz) Pt Black, CC RT (n.d.) ~650 * 10.8 [137]
-em-2) Pt-
Single-CNF 3 Nafion® 117 8 gf;%lf;’(‘:N;Pé gu 8 (mg-cm~2) Pt Black, CC RT (n.d.) ~620 * 13.17 [137]
em-2) Pt-
Single-CNF 5 Nafion® 117 8 ](;f;ﬂ‘ilf/“é:N;Pé gu 8 (mg-cm~2) Pt Black, CC RT (n.d.) 480 9.98 [137]
em-2) Pt-
Single-TiO, 3 Nafion® 117 8 1(3111;%13%0) Pé gu 8 (mg-cm~2) Pt Black, CC RT (n.d.) ~500 * 7.44 [137]
27
em-2) Pt-
Single-TiO, 5 Nafion® 117 8 1(31;;1%1:/1%0) Pé gu 8 (mg-cm~2) Pt Black, CC RT (n.d.) ~600 * 711 [137]
27
em-2) Pt-
Single-TiO,-CB 3 Nafion® 117 slg(g /CT’;“O )CI;; E‘é 8 (mg-cm~2) Pt Black, CC RT (n.d.) ~660 * 11.47 [137]
2- y
em-2) Pt-
Single-TiO,-CB 5 Nafion® 117 glg(g s )CI]); E‘é 8 (mg-cm2) Pt Black, CC RT (n.d.) 630 10.10 [137]
2_ 7
em-2) Pt-
Single-TiO,-CNF 3 Nafion® 117 B?a(cri‘%g ():IE}':R(?C 8 (mg-cm2) Pt Black, CC RT (n.d.) 640 * 1073 [137]
2" y
cem-2) Pt-
Single-TiO,-CNF 5 Nafion® 117 B?a(cri‘%rg ég;RgC 8 (mg-cm~2) Pt Black, CC RT (n.d.) 560 10.42 [137]
2" y
Single-CNC 2 Nafion® 117 2 (mg-cm~2) PtRu/CNC, CC 2 (mg-cm~2) Pt/C, CC RT (n.d.) ~500 * 3.35 [138]
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Table 2. Cont.

Max. P

Type [MeOHI/M Membrane Anode Cathode Operating T OCV (mV)c (mW-cm-2) Refs

Single 2 Nafion® 117 2 (mg-cm~2) PtRu/C, CC 2 (mg-cm~2) Pt/C, CC RT (n.d.) ~430 * 1.95 [138]
Single K(g;l "igod/ ) A 006 Tokuyama 2.0 (mg-cm~2) Pt/C, CP 2.0 (mg-cm~2) Pt/C, CP RT (n.d.) ~450 * ~1.2% [139]

Single-NFKP K(gl/{ TSS} y  A006 Tokuyama 2.0 (mg-cm~2) Pt/C, CP 2.0 (mg-cm~2) NiCo/NFKP, CP RT (n.d.) ~500 * ~0.9* [139]

. 3 and KOH _n D)

Single-NRGO M A 006 Tokuyama 2 (mg-cm™°) Pt/C, CP 5 (mg-cm™<) NRGO, CP RT (n.d.) 681 4.332 [141]
Single 15 ag‘idKOH A 006 Tokuyama 2 (mg-cm~2) Pt/C, CP 5 (mg-cm~2) Pt/C, CP RT (n.d.) 645 1.818 [141]
Single 2 Nafion® 117 4 (mg-cm™2) Pt/Ru/Ti 2 (mg-cm~2) Pt/C, CP (w/MPL) RT (n.d.) 496 2.7 [145]

Stack (2 cells) 2 Nafion® 117 4 (mg-cm~2) Pt/Ru/Ti 2 (mg-cm~2) Pt/C, CP (w/MPL) RT (n.d.) 1000 2.5 [145]

Stack (6 cells) 2 Nafion® 117 4 (mg-cm~2) Pt/Ru/Ti 2 (mg-em~2) Pt/C, CP (w/MPL) RT (n.d.) 2900 17 [145]

Stack (4 cells) BP 3 PEM (n.d.) 4 (mg-cm~2) (n.d.), CP 2 (mg-cm~2) (n.d.), CP 20°C 1260 18.7 [147]

Staﬁ}[‘églcgus) 6 Nafion® 117 1.0 (mg-cm~2) Pt/Ru/C, CP 1.0 (mg-cm~2) Pt/C, CP 80 °C 1340 25.24 [148]

Single-MPC16 6 Nafion® 117 1.0 (mg-cm~2) Pt/Ru/C, CP 1.0 (mg-cm~2) Pt/C, CP 85°C 452 791 [148]

Single-MPC9 4 Nafion® 117 1.0 (mg-cm~2) Pt/Ru/C, CP 1.0 (mg-cm~2) Pt/C, CP 85 °C 480 5.17 [148]

(RT = room temperature; n.d. = not disclosed; * value estimated from the plot; w/ = with; CP/CC = carbon paper/carbon cloth).



Energies 2022, 15, 3787

31 of 48

3. Other Alcohols and Alternative Oxidants

While the practicability of fuel cell technology for portable power applications has
been demonstrated with PS-DMFCs, the issue of which alcohol and alternative oxidants
can be used to operate these devices is still very much open. The environmental impacts
of these kind of devices can be found in a detailed review by Abdelkareem et al. [152].
Moreover, a systematic assessment of the fuel safety and health aspects for DAFCs was
also reported by Elsaid et al. [153], calling attention to these issues and their strong impact
on the safer operation of the devices, for portable and mobile applications. Thus, there is a
clear concern from the research community when tackling these matters, not only in terms
of the diversity of materials tested but also how operational conditions can be tuned in
order to enhance the performance of the devices and flexibility of applications, in a safer
and more sustainable manner. Some examples, supported by the published papers in the
field, which strive to advance fuel cell technology for R&D and further commercialization,
are discussed in this section.

3.1. Ethanol

As already mentioned, ethanol is considered as the most plausible candidate to replace
methanol in DAFCs [154]. Shrivastava et al. [24] studied the parameters that significantly
affect the fuel cell performance by developing and using a PS-DEFC with 25 cm? active area
and a Nafion® 115 membrane as electrolyte. This device showed a performance improve-
ment with an increase in the ethanol feed concentration, until it reached a maximum, after
which a decrease in performance was observed with an increase in the ethanol concentra-
tion. A similar trend in the cell performance was observed with an increase in the ambient
temperature and bolt torque. The maximum cell performance of 7 N-m was observed
with a 4 M ethanol feed concentration, at 60 °C (Table 3). Furthermore, they verified that
the device performance was improved (by 8.5% to 13%) when operated in the horizontal
orientation compared to the vertical one, due to the fact that the horizontal orientation
provided better CO, removal, as well as better cathode water removal. Therefore, this study
reinforced that an improvement in PS-DEFC performance can be obtained by carefully
selecting the working parameters of the cell.

Moreover, similar to what was presented for PS-DMFCs, for PS-DEFCs, it is also
possible to find examples of sustainable biomass-supported alternative approaches. As
stated earlier, the alkaline medium is ideal since Pt-based catalysts can be readily replaced
by non-noble metals (and their alloys). Moreover, unlike the MOR, the EOR in alkaline
solution is more feasible with palladium (Pd) than Pt-based catalysts, as supported by
Fashedemi et al. [155]. This work covered not only passive but also active DAFCs, includ-
ing methanol- and ethanol-fed devices and the new core—shell Pd-based electrocatalysts
developed by the authors. These new catalysts were prepared using cost-effective tran-
sition metals (Fe, Co) and Pd as the shell (FeCo@Fe@Pd) through a microwave-assisted
solvothermal method, which induced top-down nanostructuring. The as-prepared na-
noelectrocatalysts were also supported on carboxylated multiwalled carbon nanotubes
(CNT-OH) as substrates, following the previous experiences of the researchers [156-159].
Then, the new catalysts were used in the preparation of anodes supported on a 5.13 cm?
nickel foam plate. These, together with a commercial Tokuyama A-201 AEM and cathodes
containing a Fe—-Co/C electrocatalyst on carbon cloth, constituted the MEAs tested in a
homemade device, run with a 10% alcohol and 2 M KOH fuel solution in ambient air.
In this way, the researchers were able to compare the cell performance when using the
core—shell nanoelectrocatalyst (FeCo@Fe@Pd /CNT-OH) and its monometallic Pd coun-
terpart (Pd/CNT-OH). Outstanding performance of the core-shell FeCo@Fe@Pd catalyst
was observed compared to the single Pd metal on the same substrates, even at moderate
temperatures (15 to 18 °C). Specifically, fourfold and threefold increases in the PD value
were observed for the DEFC and DMFC, respectively (Table 3). In addition, taking advan-
tage of the information gathered from the galvanostatic curves obtained when running
both devices at 102 mA, the researchers estimated the faradaic efficiency for both catalysts,
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which was calculated as the ratio of the actual and theoretical discharging capacity. The
values obtained indicated that the (FeCo@Fe@Pd /CNT-OH) nanoelectrocatalyst had 50%
better efficiency than its Pd counterpart (Table 4).

These experimental findings were further corroborated by density functional theory
(DFT) calculations, which were performed in order to further characterize the surface activ-
ity of both nanocatalysts toward the AOR. The simulations revealed an increased electronic
involvement in the partially filled d-orbitals of the FeCo@Fe@Pd /CNT-OH core-shell cata-
lysts in contrast to those of the p-orbitals of Pd/CNT-OH, thus resulting in an improved
conductivity of the Pd surface of the core—shell nanocatalyst and promoting its catalytic
properties in both alkaline PS-DAFCs. These results clearly demonstrated the attractiveness
of alkaline PS-DEFCs as a more renewable and clean energy power source devices. A
similar approach can be found in the work from Fuku et al. [160], where the synthesis of a
novel bioinspired metal oxide support for a Pd-based catalyst and its application in AEM-
PS-DEFC were reported. The goal was to improve the activity, efficiency, and selectivity of
the Pd catalysts, consequently improving the device performance. Thus, according to the
researchers, Pd NPs were supported on NiO/C, through a green facile one-step process,
using pomegranate peel extracts as the reducing agent. Performance tests were carried
out using an alkaline passive fuel cell consisting of an AEM (N15 A201) MEA with an
active area of 2.25 cm?, provided by Tokuyama Corporation, and commercial catalysts
in the anode and cathode, namely, commercial-Pd/C (anode) and FeCo/C (cathode), as
well as “in-house” Pd-NiO/C (anode) and Pd/C(commercial-cathode) electrocatalysts.
Enhanced fuel cell performances relative to the commercial Pd/C catalyst were obtained
under passive conditions using 1 M ethanol in 1 M KOH, with a current density and PD of
66 mA-cm~2 and 26 mW-cm 2, respectively. These results showed an important increase
in the fuel efficiency due to the inclusion of NiO/C-support catalysts. Hence, this work
encouraged application of the green protocol for synthesis of bioinspired electrocatalysts to
a wide range of materials, especially in PS-DAFC applications for smart electronic devices
and manufacturing processes.

Other alternative approaches can be found in different studies that investigated the
effect of using MEAs fabricated with PGM-free catalysts on the performance of AEM-PS-
DEFCs. Osmieri et al. [65] presented a study concerning the synthesis and full character-
ization of an Fe—Co—N-—C electrocatalyst for the ORR, employing a sacrificial method,
where pyrrole was used as a unique and inexpensive precursor for N-doped carbonaceous
materials. As aforementioned, conducting polymers such as polyaniline and polypyrrole
can be conveniently employed in the preparation of PGM-free ORR catalysts. In particular,
polypyrrole has received much attention as a catalyst support and electrode material due to
its peculiar metallic/semiconductor properties, excellent conductivity, facile synthesis, and
remarkable environmental stability [161]. Thus, the new Fe-Co-N-C PGM-free catalyst
was used as a CCL together with Pd on CB as the ACL and an AEM (Tokuyama A-201) to
construct an alkaline MEA with an active area of 1 cm?. This MEA was tested in a PS-DEFC
fed with a mixture of 2 M EtOH and 2 M KOH, at room temperature. The researchers
obtained a high OCV value despite alcohol crossover, showing that the cell potential was
not much affected, since the PGM-free catalyst was very active toward the ORR and had no
catalytic activity toward ethanol oxidation. A maximum PD of 28 mW-cm~2 was achieved
with the proposed catalyst. Another study concerning the cell performance and ethanol
crossover, this time in an acidic PS-DEFC stack, was reported by Ekdharmasuit [162]. In this
case, to reach the voltage requirement needed for most electronics, a dual-cell stack with
a single ethanol tank was designed and tested. This also had the advantage of reducing
the weight and volume of the device for practical applications. The MEA was made by
applying thin layers of an “in-house” (Pt-Sn/C) anode and a commercial Pt/C cathode on
each side of a treated Nafion® 115 membrane and pressing them together. The dual-cell
stack was fabricated by gathering two fuel reservoirs in one or two end plates and two
single cells (Figure 16).
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Figure 16. Schematic of assembled dual-cell PS-DEFC stack. Reproduced from [162] with permission
from EDP Sciences 2020.

The cell performance and alcohol crossover rate were determined at different ethanol
concentrations (1 to 3 M). The stability or degradation of the stack performance was
assessed using a long-term steady voltage discharging measurement (conducted under
a constant voltage of 1 V for 5 h) and EIS. It was reported that, before the stability or
degradation test, the optimum ethanol concentration was 2 M, achieving a maximum
PD of 1.516 mW-cm—2. However, since the alcohol crossover increased with the ethanol
concentration, a concentration in excess of 2 M led to a detrimental impact on the OCV
and cell performance. Nevertheless, after stability or degradation testing, the best ethanol
feed concentration was changed to 3 M (with a maximum PD of 1.319 mW-cm~?2), and EIS
results showed that the cell resistance was apparently reduced. These results were justified,
due to the difference in current density discharged during long-term operation and the
fact that the mass transport of both liquid fuel and air reached an equilibrium during
the long-term operation. In summary, the dual-cell PS-DEFC stack gave the best results
with a 2 M ethanol solution, but the stability was hampered by long-term constant voltage
discharge. Therefore, further improvements for practical applications are mandatory.

3.2. Other Alcohols

Following the pioneering study published in 2007 by Gojkovi¢ et al. [163], in which
mixtures of methanol and 2-propanol were used as a potential fuel for DAFCs, Munje-
war et al. [164] investigated the effect of adding small concentrations of 2-propanol on
the PS-DMEFC performance using a traditional PtRu/C catalyst. Therefore, different al-
cohol concentration ratios (ACR) were used while keeping the methanol concentration
constant and varying the 2-propanol concentration in the solution. As elucidated by the
researchers, the tests were carried out not to obtain the maximum PD, but to discuss
and analyze the performance of PS-DAFCs, which increased with the addition of a small
amount of 2-propanol. The performance increased by 63% with an ACR of 1:0.5 fora 4 M
methanol solution, reaching the maximum power output of 3.707 mWem 2. It was also
observed that a further increase in 2-propanol concentration led to the generation of a
higher amount of CO,, which deteriorated the fuel cell performance. It was also pointed
out that an increase in the alcohol concentration in the tank led to an increase in the alcohol
crossover, an increase in the amount of water at the cathode side, and an obstruction of
the oxygen supply. Moreover, it was also found that the introduction of 2-propanol in
methanol improved the exothermic reaction rate, resulting in a higher cell temperature
(~10 °C increase for the higher ACR). Hence, due to the higher temperature of the cell, the
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AOR and ORR were kinetically enhanced, improving cell performance. All these findings
highlight the potential of using a mixture of methanol and 2-propanol as fuel to improve
the PS-DAFC performance.

Another possibility is to use other alcohols, such as glycerol (G) (CH,OH-CHOH-
CH,OH and ethylene glycol (EG) ((CH,OH),), also called ethane-1,2-diol, the simplest
member of the glycol family of organic compounds. These are the most investigated poly-
hydric alcohols for alkaline DAFCs, as their oxidation, although incomplete, is considered
to be better performed than in acid medium [77]. These alcohols have a relatively high the-
oretical energy density, 5.2 kW-h-kg ! and 5.0 kW-h-kg ! for ethylene glycol and glycerol,
respectively. Furthermore, they are biomass-derived; glycerol is the primary product in
biodiesel production through transesterification of plant oils and animal fat, while ethylene
glycol is obtained from oxidation of ethylene. Thus, both alcohols can be produced in
renewable and environmentally friendly ways [158]. For more information regarding selec-
tive electrooxidation of glycerol into value-added chemicals, the short overview compiled
by Coutanceau et al. [165] is recommended, as well as the review from Antolini [166]
regarding the glycerol electrooxidation reaction (GOR) in alkaline media and alkaline
DGECs. Further R&I studies regarding electrocatalyst development toward the GOR can
be found in the review paper presented by Othman et al. [167]. It should be pointed out
that Pt- and Pd-based catalysts have been employed in DGFCs. Pt-based catalysts lead to
better kinetics but suffer from CO poisoning, while Pd-based alloy nanostructures show
enhanced electrocatalytic activities in alkaline media. Moreover, Pd-Au bimetallic catalysts
are considered a good combination, resulting in extremely active NP catalysts toward the
GOR [158,165-167]. Thus, Yahya et al. [21,168] reported the study of a nanostructured
Pd-Au-based electrocatalyst in a PS-DGFC. Their aim was to synthesize and characterize
the catalytic activity of Pd1Aul supported by vapor-grown carbon nanofiber (VGCNF)
anode catalyst. The new catalyst was prepared via a chemical reduction method, such
that the presence of mesoporous VGCNF as a support enabled minimization of the Pd-Au
loading. Therefore, the high electrocatalytic activity of Pd; Au; /VGCNEF could be related
to the high dispersion of the metal NPs and to the intrinsic properties of the VGCNE.
To test the materials, different MEAs (with an active area of 2.0 x 2.0 cm?) consisting of
two single-sided electrodes and an AEM membrane (FAA-3 membrane, FumaTech) were
assembled. The new materials (Au/VGCNF, Pd/VGCNE, and Pd;Au; /VGCNF) were
applied as the ACL, while Pt/C was used as the CCL. The performance of the MEAs was
evaluated through polarization curves and EIS measurements. The maximum PD of the
PS-DGFC was 3.9 mW-cm 2, for the fuel mixture of 2 M glycerol and 5 M NaOH. The EIS
data indicated that Pd; Au; /VGCNF had a smaller kinetic resistance in comparison with
the other two electrocatalysts. Furthermore, in terms of electrocatalyst prices, the price for
Pd;Au; /VGCNF is 0.26 USD/mg cheaper than the price for commercial Pd black, which
is 0.41 USD/mg. As the power output of the device was affected by GDL morphological
defects and AEM stabilities, in addition to MEA manufacturing, further investigations of
the alkaline fuel cells are needed to address this problem, since it is vital for the long-term
operation of PS-DGFCs. In line with this necessity, Olivares-Ramirez et al. [169] reported
a study focused on the evaluation of the energy generated in AEM-based PS-DGFCs us-
ing glycerol from different sources, namely, high-purity glycerol (HPG), saponification
process-derived glycerol (SPDG), crude glycerol from sunflower oil biodiesel (CGSOB),
and crude glycerol from cooking oil biodiesel (CGCOB). The device used was assembled by
sandwiching the MEA between two epoxy-based SU-8 CCs and placing them between two
PMMA pieces. A square window of 1.1 x 1.1 mm? was milled through the acrylic pieces to
allow the addition of reactants. The design of this device was very compact (classified as a
micro fuel cell), and the active area of the MEA was 0.25 cm? (Figure 17).
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Figure 17. Schematic drawing showing the cross-section of the assembled AEM-based PS-DGIyFC.
Reproduced from [169] with permission from John Wiley and Sons 2019.
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Thus, the AEM-PS-DGEFC tests only needed 15 pL of 0.1 M glycerol in 0.3 M KOH,
introduced at the anode reservoir, which was facing upward. This solution permeated
through the microchannels of the ACC to reach the ACL. The cathode, which was facing
downward, was filled with oxygen from ambient air by natural convection. Regarding
the performance of the fuel cell, it was observed that the OCV was 0.6 V for all glycerol
samples, while the maximum PD was 1.008, 0.932, 0.871, and 0.865 mW-cm 2 for HPG,
SPDG, CGSOB, and CGCOB, respectively. Additionally, the current density obtained using
HPG (5.389 mA-cm~2) was higher than that when using SPDG, CGSOB, and CGCOB (4.934,
4.729, and 4.67 mA-cm 2, respectively). The researchers also evaluated the energy price and
demonstrated that the energy cost generated through HPG was approximately 16.5 times
the energy cost of SPDG and 130 times the energy cost of CGCOB. It was concluded that,
although a decrease of 14.19% in the power density was observed when CGCOB was
employed, its lower cost favors its use as a fuel in AEM-based PS-DGFCs. This work
highlighted the potential of a compact power source that can benefit from the advantages
associated with crude glycerol, such as high chemical density, availability, and low cost.

3.3. Alternative Oxidants

In view of the application of fuel cells in air-free environments, such as outer space and
underwater, the use of hydrogen peroxide (H,O;) acting as an oxidant to replace air or pure
oxygen has been extensively investigated. Thus, hybrid or alkaline-acid (AA) fuel cells
(also known as split pH fuel cells) running with ethylene glycol (in alkaline solution) as
fuel and H,O; (in acid solution) as oxidant were proposed by Pan et al. in active [170,171]
and passive [172] modes. This device takes advantage of the pH split between the fuel
and oxidant feed (~0 and ~14 at the cathode and anode, respectively), which increases
the theoretical cell voltage and the oxidation rate of the fuel, leading to a higher fuel cell
performance. This work was complemented by a one-dimensional mathematical model
considering the ethylene glycol molecules and hydroxyl ions at the reaction sites, where
the mass/charge transport and electrochemical reactions showed good agreement with
the experimental data [173]. A scheme of the working principle of the AA-PS-DEGEFC is
shown in Figure 18a. The MEA with an active area of 2.0 x 2.0 cm?, consisted of a Pd-based
anode catalyst, a cation-exchange membrane (Nafion®-pretreated to assure the transport of
potassium ions from the anode to the cathode, completing the internal ionic circuit), and an
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Au-based cathode catalyst. An end plate, a heating plate, and a CC were added to both
sides of the MEA (Figure 18b).

Anode Anode CEM Cathode Cathode
DL CI= L DL

(b)

End plate

Heating plate Anode current collector

/ Anode CEM  Cathode
N \\ iy I .
En @i | \ / / End plate
L {’ Heating plate

Gaskets
Cathode current collector

Figure 18. Schematic of AA-based PS-DEGFC: (a) working principle; (b) exploded view of the
structure. Reproduced from [172] with permission from Elsevier 2019.

As the heating plates also served as solution reservoirs, two holes were drilled on the
top surface of the heating plate. One was designed for injecting the anolyte or catholyte
(electrolyte solution on the anode or cathode side, respectively), while the other was de-
signed for placing the heating rod. Different operating conditions were tested to investigate
their effects on the AA-PS-DEGFC performance. It was found that, although a thicker
membrane reduced the alcohol crossover problem, a thinner one showed a significant
reduction in the ohmic loss, resulting in a higher cell performance. Therefore, the per-
formance of this fuel cell under the optimal operating conditions exhibited an OCV of
1.58 V (the theoretical voltage was 2.47 V) and a maximum PD of 65.8 mW-cm 2, with an
aqueous anolyte (5.0 M EG and 9.0 M KOH) and catholyte (1.0 M H,SO,4 and 4.0 M H;05)
at an operating temperature of 60 °C. Moreover, the results obtained indicated that the
H,0O; self-decomposition reaction had a negligible effect on the total heat released over
the discharging process, and electrochemical reactions on both the anode and the cathode
played a dominant role. This work achieved values that were more than twofold the OCV
and more than fivefold the maximum PD obtained using a PS-DEGFC with oxygen as the
oxidant, which was mainly due to the simple and faster HPRR when compared to the ORR.
Subsequently, motivated by the higher voltage requirements of most electronic devices,
the researchers designed, fabricated, and tested an AA-PS-DEGFC stack composed of two
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single cells similar to a previous study (unitary active area of 3.0 x 8.0 cm?) connected in
series (Figure 19) [174].

y\\

Owidizer tank End plate
\\‘\ [Acrylic) (1Cr18NisTi)
\ CEM  Cathode
e Gasket

Current
(PTFE] collector
[LCr1BNIGTI)
Gashat

Fuel tank Current IFIE]
[Aerylic) collector

End plate [1Cr18NISTI)
[1Cr18NiaTi)

Figure 19. Schematic of the AA-based PS-DEGFC stack. Reproduced from [174] with permission
from Elsevier 2019.

By using the optimal reactant-feeding concentrations of 5 M ethylene glycol and 9 M
KOH as anolyte and 4 M H,O, and 1.0 M HpSOy as catholyte, an OCV of 3.0 V, a maximum
current of 860 mA, and a maximum power of 1178 mW were achieved at room temperature,
resulting in a twofold higher PD than the maximum PD (24.5 mW-cm~2) of a passive stack
using the same type of fuel, but air as the oxidant (12 mW-cm~2). However, the OCV of
the stack (3.0 V) was significantly lower than the theoretical one (4.94 V), due to the fact
that HyO; is not stable and can be decomposed to water during the HPRR occurring at the
cathode, as well as during oxygen production in the H,O, oxidation reaction (HPOR). This
established an internal HyO,-based fuel cell and led to the formation of a mixed potential
at the cathode, decreasing the expected OCV. This phenomenon was previously recognized
and modeled [175]. Additionally, the oxygen produced could have covered the catalyst sites,
reducing the electrochemical active surface area, whereby the presence of oxygen in the
diffusion layer and CL pores blocked the pathways for the reactant transport, contributing
to activation loss and a lower OCV. Nevertheless, the passive stack was applied to power
an electric fan, and it was observed that, in ambient conditions, the fan only worked when
the air was replaced by HyO; and ethylene glycol was used as fuel, with a total running
time of almost 3 h. Similar results were obtained when testing in a mimetic underwater
environment, without air supply and using ethylene glycol as fuel, while H,O, was used
as the oxidant.

Another study that evaluated the performance of a direct ethylene glycol-hydrogen
peroxide fuel cell (DEGHPFC) and direct glycerol-hydrogen peroxide fuel cell (DGHPFC)
using pH split was reported by Kepeniené et al. [176]. The main goal was to provide
a comprehensive study of the enhanced capability of AuCeO,/C and Au/C catalysts
(prepared using a microwave irradiation method) for AOR (methanol, ethanol, ethylene
glycol, and glycerol) in alkaline medium. Thus, through electrochemical testing in a
standard three-electrode conventional cell, it was shown that AuCeO, /C had enhanced
electrocatalytic activity toward the oxidation of the mentioned alcohols compared to Au/C,
due to a strong synergistic effect between CeO, and Au in the catalyst composition and to
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the fact that the AuCeO, /C catalyst was more tolerant to surface poisoning than the Au/C
catalyst. Therefore, the use of these catalysts in PS-DAFCs with alcohols that provided the
best results (ethylene glycol and glycerol) was also evaluated. The cell had a AuCeO,/C
catalyst at the anode and a Pt sheet at the cathode, separated by a Nafion® 117 membrane,
and it was filled with the corresponding aqueous electrolyte; the anolyte was composed of
an alkaline mixture of 1 M glycerol or ethylene glycol and 4 M NaOH, while the catholyte
was composed of 5 M H,O, and 1.5 M HCL. The results showed that the maximum PD
increased with temperature in both AA-PS-DAFCs, with DGHPFC presenting a better
performance than DEGHPFC. However, as the temperature increased from 25 to 55 °C, the
difference between both results decreased from 2.1 times to 1.3. Nevertheless, according to
the authors, in general, the PDs obtained in this study were higher than those described
in the literature. Another less disruptive approach can be found in the work reported by
Lu et al. [177], which studied a passive DMFC using H,O, as the oxidant, i.e., a passive
direct methanol-hydrogen peroxide fuel cell (DMHPFC). This fuel cell had a theoretical
voltage of 1.76 V (higher than 1.21 V for the traditional DMFC) and could be used in an
oxygen-free environment. In this work, Prussian Blue (PB), a non-noble metal catalyst,
was used, taking advantage of the excellent HPRR kinetics. This material, Fe4[Fe(CN)s]s,
is a well-known ancient pigment which can be used as the CCL, since it is unaffected
by MOR and is a highly efficient catalyst for HPRR [82]. The PB was combined with
a 1GO support (through a low-temperature hydrothermal method) to obtain a low-cost
rGO-coated nanocube PB composite that was used as the cathode catalyst. In addition,
both the PB and the H,O; solution could be kept stable in the acidic environment of the
fuel cell. In this study, MEAs (with an effective area of 2 x 2 cm?) were prepared and used,
featuring a Nafion® 115 membrane and PB/rGO and PtRu catalysts at the CCL and ACL,
respectively. The PS-DMHPEC tests, using a 6 M methanol solution at the anode and a
mixture of 30% HyO; and 2 M H,SO; at the cathode, showed good performance with a
maximum PD of 20.5mW-cm 2, even at 85 °C. However, the OCV (0.6 V) was much lower
than the theoretical value (1.76 V), due to the mixed potential at the cathode, as explained by
the researchers using a mechanistic approach. Moreover, through the polarization and EIS
tests performed, it was also demonstrated that the fuel cell had good dynamic and transient
responses. Hence, the researchers concluded that, compared with the traditional PS-DMFC,
the PS-DMHPFC using the non-noble metal catalyst PB/rGO instead of Pt/C at the cathode
greatly reduced the cost while improving performance, due to the electrocatalyst’s unique
3D structure. In addition, the device can be used not only in an oxygen-free environment
but also in high-temperature conditions, highlighting the prospects of using the DMHPFC
to power small devices in the near future.
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Table 3. Best performance of PS-DAFCs devices (single or stack), along with the principal fuel and oxidant used.
Type Fuel/Oxidant Membrane Anode Cathode Operating T OCV (mV) Max. P Refs
yp P g (mW-cm~—2)
. . . _ 2.0 (mg-cm‘z) Pt/C, o
® . 2 ~ *
Single Ethanol 4 M/ air Nafion® 115 4 (mg-cm™*) PtRu/C, CC (w/MPL) CC (w/MPL) 60 °C 480 1.124 [24]
Single Ethanol 2M and KOH2 M/air  A201 Tokuyama 1.3 (mg-cm~2) Pd/C, CP 2 (mg-cm~2) FeCo/NC, CP RT (n.d.) 860 28 [65]
. Methanol 10% and KOH n.d. (mg-cm~2) 5 o
Single 2 M/air A201 Tokuyama FeCo@Fe@Pd /CNT-OH, NiF n.d. (mg-cm™=) FeCo/C, CC 16 °C 763 21.63 [155]
Single Metha“‘)zl 11/? //‘;iar“d KOH A201 Tokuyama n.d. (mg-em~2) Pd/CNT-OH,NiF  n.d. (mg-cm~2) FeCo/C, CC 16°C 716 7.69 [155]
Single Ethanol 10% and KOH 2 M/air A201 Tokuyama n.d. (mg-cm"2) n.d. (mg-em~2) FeCo/C, CC 16 °C 741 23.26 [155]
FeCo@Fe@Pd /CNT-OH, NiF ¢ img ’ :
Single Ethanol 10% and KOH 2 M/ air A201 Tokuyama n.d. (mg-cm~2) Pd/CNT-OH, NiF n.d. (mg-cm~2) FeCo/C, CC 16 °C 611 5.12 [155]
Single Ethanol 1 M and KOH 1 M/air A201 Tokuyama 1.5 (mg-cm~2) Pd/C, NiF n.d. (mg-cm~2) FeCo/C, CP 25°C 470 18 [160]
Single Ethanol 1 M and KOH 1 M/ air A201 Tokuyama 1.5 (mg~cm‘2) Pd-NiO/C, NiF n.d. (mg-cm‘z) PdC/C, CP 25°C 680 26 [160]
Stack (2 cells) Ethanol 2 M/ air Nafion® 115 2.0 (mg-cm~2) Pt-Sn/C, CC 0.5 (mg-cm~2) Pt/C, CC RT (n.d.) 1243 1516 [162]
. Methanol 4 M and 2-propanol . ® o 2 (mg-cm~2) Pt/C, oo _E10) * ,,
Single 2 M/air Nafion® 115 4 (mg-cm™*) PtRu/C, CC (w/MPL) CC (w/MPL) 25-27°C 510 3.707 [164]
. Glycerol 2 M and NaOH } 1.0 (mg-cmfz) PdAu/VGCNE, 1.0 (mg-cm*Z) Pt/C, o
Single 5 M/air FAA-3 FumaTech CC (w/MPL) CC (w/MPL) 25°C (n.d.) 3.9 [168]
Single Glycero(l) %’ij\f;?d KOH A201 Tokuyama 1 (mg-cm~2) PtRu/C, CC 1 (mg-cm~2) Pt/C, CC RT (n.d.) ~600 1.008 [169]
. EG 5M and KOH 9 M/H,O . _ _ °
Single 4 M and H,80, 1 M 22 Nafion® 211 1.0 (mg-cm~2) Pd/C, CC 2.66 (mg-cm~2) Au/C, CC 60 °C 1580 65.8 [172]
EG 5 M and KOH 9 M/H,0, . _ _
Stack (2 cells) 4 M and HyS0; 1 M 22 Nafion® 211 1.0 (ng-em~2) Pd/C, CC 2.75 (mg-em~2) Au/C, CC RT (n.d.) 3000 245 [174]
Single Memamll_élzl\s/[o/flzz% 30% and Nafion® 115 3 (mg-cm~2) PtRu, CC 6.7 (mg-cm~2) PB/rGO, CC 85°C 600 205 [177]
. EG 1M and NaOH 4 M/H,0 . _ _ o "
Single 5 Mand HCl 15 1\//1 22 Nafion® 117 (n.d.) (mg-cm~2) AuCeO,/C (n.d.) (mg-cm~2) Pt 60 °C ~800 17.30 [176]
Single Glycerol 1 M and NaOH Nafion® 117 (n.d.) (mg-cm~2) AuCeO,/C (n.d.) (mg-cm~2) Pt 60 °C ~800 * 22.96 [176]

4 M/H,0, 5M and HCl 1.5 M

(RT = room temperature; n.d. = not disclosed; * value estimated from the plot; w/ = with; CP/CC/NiF = carbon paper/carbon cloth/nickel foam).
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Table 4. Faradaic efficiency evaluation of the nanocatalysts, adapted from [155].

Catalyst DAFC Type Faradaic Efficiency (%)
FeCo@Fe@Pd /CNT-OH AEM-PS-DMFC 40.48
Pd/CNT-OH AEM-PS-DMEFC 6.92
FeCo@Fe@Pd /CNT-OH AEM-PS-DEFC 86.75
Pd/CNT-OH AEM-PS-DEFC 15.65

4. Concluding Remarks

PS-DAFCs are considered promising alternatives to batteries as small power sources
(milliwatts to watts), as they benefit from a high power density, long lifetime, and low cost.
Thus, they are capable of ensuring an efficient and stable supply of inherent nonpolluting
electricity for next-generation portable applications. However, there is still plenty room for
research targeting the well-identified technology gaps of reliability and durability, which
have hampered the commercialization of PS-DAFC systems and their widespread applica-
tion. In this review, we summarized the recent progress and highlighted R&D innovations
in PS-DAFC technology since 2018. The main developments targeted traditional PEM-
based DMFCs; however, other alcohols and other oxidants, as well as AEM applications for
both single cells and stacks, were also covered.

From this work, it is clear that new catalysts and membranes have played a key
role in enhancing the performance of the devices, and they will be needed for future
advances. However, the development of new materials is not the only issue to consider;
researchers must also control the content and location of reactants and products when
operating the devices. The ultimate goal is to support and facilitate the deployment of
different configurations of PS-DAFCs into broad commercial markets. However, this is only
achievable by translating the research discoveries into the scale-up and commercialization
processes of the technology. The practical examples systematized and discussed in this
review can provide guidance on how innovative increments in PS-DAFC systems can meet
the energy needs to power small portable applications foreseen in the near future.
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3D GF Three-dimensional graphene frameworks
3DG Three-dimensional graphene

AA Alkaline-acid

ABS Acrylonitrile butadiene styrene

ACL Anode catalyst layer

ACR Alcohol concentration ratio

ADL Anode diffusion layer

AEMs Anion-exchange membranes

AOR Alcohol oxidation reaction

BPs Bipolar plates
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CB

CC
CCL
CCs
CDL
CFSF
CGCOB
CGSOB
CH

CL
CNCs
CNF
CNT-OH
CNTs
CNWs
cp

cpP
CQDs
DAFCs
DEFCs
DEGHPFC
DFT
DGHPEC
DMFCs
DMHPFC
EEC
EG

EIS
EOR
EtOH
G

GDL
GO
GOR
GQDs
HLS
HPG
HPOR
HPRR
HSP
KP

LE
MCDM
MEA
MEMS
MeOH
MOC
MPC
MPL
NiF
NPs
NRGO
oCcv
ORR
PAN
PB

PC

Carbon black

Carbon cloth

Cathode catalyst layer

Current collectors

Cathode diffusion layer

Copper fiber sintered felt

Crude glycerol from cooking oil biodiesel
Crude glycerol from sunflower oil biodiesel
Circular-hole array

Catalyst layer

Carbon nanocages

Carbon nanofiber

Carboxylated multiwalled carbon nanotubes
Carbon nanotubes

Carbon nanofiber webs

Carbon paper

Circle pattern

Carbon quantum dots

Direct alcohol fuel cells

Direct ethanol fuel cells

Direct ethylene glycol-hydrogen peroxide fuel cell
Density functional theory

Direct glycerol-hydrogen peroxide fuel cell
Direct methanol fuel cells

Direct methanol-hydrogen peroxide fuel cell
Equivalent electric circuit

Ethylene glycol

Electrochemical impedance spectroscopy
Ethanol oxidation reaction

Ethanol

Glycerol

Gas diffusion layer

Graphene oxide

Glycerol oxidation reaction

Graphene quantum dots

Hill-like structure

High-purity glycerol

Hydrogen peroxide reduction reaction
Hydrogen peroxide reduction reaction
Horizontal stripe pattern

Karrapo

Liquid electrolyte

Multicriteria decision making

Membrane electrode assembly
Microelectromechanical systems
Methanol

Methanol crossover

Magnesia phosphate cement
Microporous layer

Nickel foam

Nanoparticles

Nitrogen-doped reduced graphene oxide
Open-circuit voltage

Oxygen reduction reaction
Polyacrylonitrile

Prussian Blue

Polycarbonate
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PCB Printed circuit board

PD Power density

PEG Poly(ethylene glycol)

PEM Polymer electrolyte membrane or proton exchange membrane
PEMFCs Polymer electrolyte membrane fuel cells

PF Parallel fence

PFr Pore-former

PGM Platinum group metal

PMG Precious metal group

PMMA Polymethylmethacrylate

PS-DAFCs  Passive small direct alcohol fuel cells
PS-DMFCs Passive small direct methanol fuel cells

PSO Particle swarm optimization
Pt Platinum
PTFE Polytetrafluoroethylene
rGO reduced GO
RSM Response surface methodology
RT Room temperature
SAP Super absorbent polymer
SCS Silicone heating sheet
SDSS Sodium dihexyl sulfosuccinate
SEM Scanning electron microscopy
SPDG Saponification process-derived glycerol
SS Stainless steel
SSFF Stainless-steel fiber felt
THS Through-hole silicon
UAVs Unmanned aerial vehicles
UAVs Unmanned aerial vehicles
VGCNEF Vapor-grown carbon nanofiber
VSP Vertical strip pattern
WML Water management layer
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