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Abstract

In the last 20 years, direct alcohol fuel cells (DAFCs) have been the subject of tremendous research efforts for the potential
application as on-demand power sources. Two leading technologies respectively based on proton exchange membranes
(PEMs) and anion exchange membranes (AEMs) have emerged: the first one operating in an acidic environment and con-
ducting protons; the second one operating in alkaline electrolytes and conducting hydroxyl ions. In this review, we present
an analysis of the state-of-the-art acidic and alkaline DAFCs fed with methanol and ethanol with the purpose to support a
comparative analysis of acidic and alkaline systems, which is missing in the current literature. A special focus is placed on
the effect of the reaction stoichiometry in acidic and alkaline systems. Particularly, we point out that, in alkaline systems,
OH™ participates stoichiometrically to reactions, and that alcohol oxidation products are anions. This aspect must be con-

sidered when designing the fuel and when making an energy evaluation from a whole system perspective.
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1 Introduction

Fuel cells (FCs) are an electrochemical energy technology
that directly convert the chemical energy of a fuel into
electrical energy [1]. Such energy conversion is based on
the concurrent electrochemical oxidation of a fuel at the
anode and the reduction of an oxidant at the cathode. The
most widely investigated FCs use hydrogen as fuel and
oxygen (pure or within environmental air) as oxidants.
Hydrogen FCs are already available in the market; in the
future, they will play a relevant role in the decarbonization
of transportation, residential usage, and industry [2]. How-
ever, hydrogen FCs require a complex balance of plant and
are not suitable for powering, e.g., small portable devices
[3]. Oppositely, fuels that are liquid at ambient tempera-
ture and pressure show the potential for portable power
applications, as they allow operation at ambient pressure,
with the advantage of a much easier storage [4].

Among the potential liquid fuels for FCs, alcohols have
attracted most of the attention. This is due to the fact that
they are thermodynamically unstable and, in principle,
easy to oxidize with reduction potentials close to that of
hydrogen [5, 6]. This basic fact guarantees that an FC
fed with alcohol, known as the direct alcohol fuel cell
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(DAFC), can show open circuit potentials exceeding 1 V.
The most investigated DAFCs use methanol (direct metha-
nol fuel cells (DMFCs)) and ethanol (direct ethanol fuel
cells (DEFCs)). The use of methanol and ethanol in FCs
has several key advantages: (1) methanol and ethanol are
easy to store and distribute; (2) they possess high volumet-
ric energy density [7, 8]; (3) both can be obtained by fer-
mentation or transformation of biomass and waste biomass
with environmentally friendly processes that contribute to
circular economy [9].

However, there are critical issues that prevent the com-
mercial exploitation of DAFCs. Alcohols have much
lower mass-weighted energy density than hydrogen [10,
11]. Being alcohols relatively more complex compared
to hydrogen, their electrooxidation has knottier kinetics
requiring higher activation energy than hydrogen oxi-
dation. The kinetics also affects the oxidation products.
Indeed, while methanol is usually fully oxidized to CO,
or carbonates depending on pH values, the cleavage of
the C—C bond in ethanol is difficult and the most rel-
evant oxidation pathways lead to the transfer of only 2
or 4 electrons instead of the theoretical maximum num-
ber of 12 electrons. This aspect limits the Faradaic effi-
ciency of the device, significantly reducing the ability of
DEFCs to exploit the energy content of the fuel. Possi-
bly, the complete oxidation of ethanol to CO, is the most
relevant kinetic issue in DAFCs [12]. Many researchers
have indeed worked for developing electrocatalysts able
to cleave the C—C bond in ethanol, but despite of some
interesting advances and successful examples [13, 14], the
complete oxidation is still the less probable pathway.

A further important drawback of DAFCs is the perme-
ability of membranes to the alcohols; this phenomenon is
known as fuel crossover. Crossover affects much the per-
formance of DAFCs for two reasons: (i) the loss of fuel and
(i) the decrease of the cell potential because of the mixed
potentials at the cathode [15]. In the latter case, the alcohol
is oxidized at the cathode, with its electrocatalyst not selec-
tive for the sole reduction reaction but active toward the
oxidation of alcohols. So far, important research has been
carried out on the anodic electrocatalysis, and in parallel,
important effort has also been spent on the cathodic reaction
to avoid mixed potentials. In addition, membranes play a
crucial role as both an ion conductor and a physical separa-
tor to create a barrier for diminishing the negative effects
derived from the alcohol crossover.

In DAFCs, two leading technologies have emerged based
on: (i) proton exchange membranes (PEMs) [16] and (ii)
anion exchange membranes (AEMs) [17]. DAFCs based on
PEMs have been developed mainly for the availability of
commercial membranes (e.g., Nafion) previously developed
for PEMFCs and inherited entirely from that technology.
Later, the increasing availability of efficient commercial
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AEMs (e.g., Tokuyama) has opened new venues in devel-
oping alkaline-based DAFC systems. While the two systems
share the same aim of providing reliable and easy handling
power sources, they have different features and related
issues. Among them, it has to be mentioned that, during the
oxidation of alcohols, alkaline systems provide product mix-
tures in the form of dissolved cations (e.g., carbonates for
methanol oxidation and acetate for ethanol oxidation). This
implies that alkaline DAFCs require stoichiometric amounts
of alkali in the fuel. Indeed, according to the complete reac-
tion scheme of the cell, hydroxides (OH™) are consumed
to balance the charge that forms from the oxidation of the
neutral molecule of an alcohol to a negatively charge ion
[18, 19].

However, alcohol oxidation in acidic conditions has a
more demanding kinetics than in alkali [20]. Moreover,
the use of alkaline electrolytes increases the durability of
the components of the fuel cells. In fact, it is easier to tai-
lor alkaline fuel concentrations to minimize bipolar plate
degradation [21], carbon support dissolution [22] or anodic
catalyst leaching [23]. Alkaline FCs also have a crucial
advantage related to the cathodic reaction. Indeed, in alka-
line media, the gap in the oxygen reduction reaction (ORR)
electrocatalytic activity between platinum group metal
(PGM) and platinum group metal-free (PGM-free) elec-
trocatalysts is significantly reduced compared to in acidic
systems, enabling the use of PGM-free electrocatalysts at
the cathode. The utilization of PGM-free cathodes led to
significant advantages, as PGM-free electrocatalysts are not
active toward the oxidation of the alcohols and avoid poten-
tial drops (mixed potentials) due to the alcohol crossover
from the anode to the cathode [24-26].

A comparative analysis of alkaline and acidic systems for
DAFCs is currently missing in the existing literature. We
believe that such comparison is of paramount importance
to highlight the peculiarity of the systems. The purpose of
this review is to present for the first time such a compara-
tive analysis, also covering the recent advances on materi-
als, operation, and technology of DAFCs. Moreover, so far,
no analysis has been proposed on the effect of the nature
of the oxidation products in acid and alkaline environment.
Remarkably, in acids, the oxidation products are generally
neutral, and the system operates with aqueous solutions of
the alcohols in the anode compartment. Oppositely, alka-
line systems require high concentrations of OH™ that is con-
sumed stoichiometrically. Accordingly, the stoichiometric
OH™ consumption happens to guarantee the reaction charge
balance. This aspect must be considered in the design of the
fuel of alkaline systems and may severely affect the ener-
getics of the reactions. For example, it has been demon-
strated that the kinetics of ethanol electrooxidation in alkali
is affected more by the OH™ concentration than by the etha-
nol concentration [27]. The need for using OH™ also affects
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the energy evaluation of the system as the production of
alkali that happens most with the chloro-soda industry is
highly energy intensive and may contribute importantly to
the energy assessment of the technology. This aspect has
already been demonstrated by the analysis of the case of
electrochemical reforming of ethanol [28, 29] but has not
yet been considered for DAFCs.

This review provides an initial brief description of the
components of the DAFC membrane electrode assembly
(MEA), the core of the fuel cell assembly. A description
of the reactions occurring on the anode and the cathode of
acid and alkaline DAFCs is elucidated. The thermodynam-
ics and kinetics of alcohol oxidation reactions in alkaline
and acid conditions are described, focusing the attention on
the main differences between the two operating conditions.
Then, the materials currently used for the membrane elec-
trode assemblies (MEAs), named electrolytic membranes
and electrocatalysts (anodes and cathodes), are introduced
and described with an emphasis regarding their actual
limitations. Membrane technologies used in acid and alka-
line DAFCs are examined, introducing the most relevant
and promising polymeric materials. Notably, the progress
achieved by utilizing PGM-free electrocatalysts substitut-
ing PGM cathode electrocatalysts is deeply discussed, and
its extraordinary tolerance towards alcohol oxidation is
presented. Advancements in terms of operating condition
optimization and transport phenomenon mitigation/control
are deeply reviewed. The state-of-the-art electrochemical
performance in terms of power density output is reported
and discussed. Durability studies are also presented and con-
sidered. Ultimately, strategies adopted for overcoming prob-
lems are displayed, and future perspectives and outlooks are
provided and suggested drawing a possible roadmap towards
wide commercialization.

1.1 The Core of a DAFC: The Membrane Electrode
Assembly

The MEA is the core of the fuel cell. This first section
will briefly summarize its main constituents (a precise
description of the fuel-cell components and assembly can
be easily found in the already published literature and is
out of the purpose of this review). Minor MEA constituent
changes can be addressed between different FCs, depend-
ing on the fuels adopted for the different half-reactions
[30]. In general, the MEA is constituted by three distinct
elements: (1) an electrolytic membrane; (2) the electro-
catalytic layers; (3) the diffusion layers (Fig. 1). The elec-
trolytic polymeric membrane is positioned at the center of
the MEA,; it is made by a polymeric material which acts as:
(a) a separator between the anodic and cathodic compart-
ments of the fuel cell and (b) an ionic conductor for cer-
tain species (H* for proton exchange membranes, OH™ for

anion exchange membranes) which can migrate between
the two compartments, closing the circuit and permitting
the external current flowing in the cell. The membrane is
also the prime responsible for fuel crossover, a detrimen-
tal phenomenon occurring in DAFCs, in which the fuel
crosses the membrane from the anodic compartment, occu-
pying catalyst active sites otherwise used for the cathodic
reactions. The anodic and cathodic electrocatalytic layers
are placed on the two sides of the membrane and present
themselves in form of thin compact layer composed by
a mixture of a finely dispersed electrocatalyst powders
and ionomers. Particularly, DAFC electrocatalysts can be
divided into two main and general groups: (1) metallic
nanoparticles (for both anodic and cathodic reactions) sup-
ported over a carbon backbone and this is the typical case
of platinum based electrocatalysts (Pt/C); and (2) elec-
troactive functional groups of the type M-N-C with M
being a transition metal such as Mn, Fe, Co and Ni grafted
onto the backbone of the support material (mainly for the
cathodic reactions [31]) and this is the typical example
of PGM-free electrocatalysts. The MEA is completed by
the two diffusion layers (DLs), placed externally, and in
contact with the two electrocatalytic layers. DLs have four
main features that are the desired requisites: (i) porosity,
(i1) electrical conductivity, (iii) chemical stability, and (iv)
mechanical stability. These specific characteristics are
required to: (a) permit the flow of fuel/byproducts to/from
the electrocatalysts, (b) act as a current collector for the
external leads of the FC, and (c) grant structural stability
to the MEA, by sandwiching the electrocatalysts at the two

Anodic
Catalysi

Cathodic
Catalyst

Diffusion Electrolytic Diffusion
Layer (DL) Membrane Layer (DL)
N J

_\/

Anodic Compartment Cathodic Compartment

Fig.1 Schematic diagram of a direct alcohol fuel cell
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sides of the membrane and avoiding electrocatalyst loss
into the fuel. Lab-grade FCs usually operate with carbon
cloth or carbon paper as DLs, while industrial cell stacks
exploit more rigid and durable metallic sponges or meshes
for this particular purpose [32-35].

In this review, the state-of-the-art research on both mem-
brane electrolytes (Sect. 4) and electrocatalytic materials
(Sect. 5) is reported.

2 Alcohol Oxidation Reactions in Alkali
and Acid: Thermodynamics and Kinetics

2.1 Theoretical Reactions and Potentials

Figure 2a and b illustrates the schematic diagrams of DMFCs
operating in acid and alkaline conditions, while Fig. 2c and d
reports the schematic diagrams of DEFCs operating in acid
and alkaline conditions. In acidic operations, the protons
(more precisely the hydronium H;O%) move from the anode
to the cathode while in alkaline operations, the hydroxides
move from the cathode to the anode balancing the redox
reactions. In both cases, the electrons move through the
external circuit producing electricity. Figure 2 lists the theo-
retical half reactions and the overall reactions occurring in
DMFCs and DEFCs operating in acid and alkaline environ-
ment, together with the relative potentials.

2.2 Thermodynamic Considerations: Theoretical
Cell Potentials in Acid and Alkaline Conditions

According to Fig. 2, the theoretical cell potential (E) for
methanol that undergoes complete oxidation both in acid and
alkali is practically the same at pH 0 and pH 14. The only
difference is that, in acid, the oxidation leads directly to CO,,
while in alkali at pH 14, the formation of carbonate leads to
areduction in valuable potential. The situation varies impor-
tantly when ethanol is the fuel. Indeed, partial oxidation may
lead to significant changes in the cell potential. In DEFCs, if
we assume a complete conversion to CO,, the theoretical cell
potential in acid is 1.145 V versus the RHE. However, such
a complete conversion is a minor pathway. The most likely
products coming from the oxidation of ethanol are acetalde-
hyde and acetic acid. A cell that would produce solely acet-
aldehyde would generate a maximum potential of 1.032 'V,
slightly lower than that of the complete conversion to CO,.
However, acetic acid is an important product in these con-
ditions and a cell that would oxidize ethanol selectively to
acetic acid would lead to a potential of 0.432 V with a more
than two-fold reduction compared to the oxidation to CO,. In
real systems, as the oxidation results in a distribution among
2,4 and 12 electrons, the thermodynamic potential will be a
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combination of the previously mentioned values, resulting
in a potential which is significantly lower compared to the
theoretical value. In alkaline DEFCs, the complete oxida-
tion of ethanol leads to the formation of carbonate. A cell
capable of converting ethanol to carbonate has a theoretical
potential of 1.171 V, slightly higher than the potential of
acidic cells. However, the dominant pathway in alkali is the
one that leads to the formation of acetate that still possesses
an important theoretical potential of 1.121 V.

2.3 A Breakdown of Direct Alcohol Fuel Cell
Potentials

The overall potential (E) that an FC could practically deliver
is lower than its theoretical potential (E®). This is due to a
series of efficiency loss contributions summarized in the term
of overpotential (7). These contributions can be consequent
to fundamental and technological factors. Electrolyte and fuel
concentration, fuel crossover, reaction overpotentials and reac-
tion pathways could be named among the fundamental factors
that affect the cell potential. Fuel crossover on PGM cathodic
electrocatalysts is one of them; this could impair ORR effi-
ciency by the occupation of the cathodic catalyst active sites by
the alcohol molecules. On the other hand, the main technologi-
cal limitations could be directly ascribed to the architecture of
the MEA. The sandwich structure that composes the cell, and
the nature of the electrolytic membrane are in fact the main
cause for the ohmic resistance (named as iR drop), and for
the flux of chemicals to/from the electrode surfaces. All these
factors are considered in the overall overpotential # as a linear
combination, as stated in Eq. (1) [42]:

=Mt tn+n 1)

where 7,,, takes into consideration the mixed potentials due
to fuel crossover, #, is the activation overpotential depend-
ent on the chemical nature of the electrocatalyst and on the
distribution of its active sites, #, is the overpotential due to
iR drop taking into consideration all the electrical losses
(mainly due to technological factors), and #, is the overpo-
tential due to fuel transport phenomenon (the depletion of
the fuel concentration in the solution, hindering the reactive
species in reaching the electrocatalyst). The different # terms
have different weights, which are strictly dependent on the
extracted current. At low currents, an increase in # is caused
by the electrocatalyst activation losses, while at high cur-
rents the depletion of electroactive species from the double
layer plays a major role and could induce a strong increase
in overpotential. A constant contribution to the overpotential
could be attributed to the mixed potential effect, while a lin-
ear increase in n with the current (i) can be finally expected
by the iR drop component. The influence of all the param-
eters on the overall i~V curve of alkaline fuel cells as an
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example is summarized in Fig. 3, together with the single
contributions.

2.4 Alcohol Oxidation Kinetics in Acidic
and Alkaline Conditions

Figure 2 reports the oxidation potentials for the complete
and the partial oxidation of the alcohols considered and, in
this case, methanol and ethanol. While these reactions well
schematize the oxidation of a C1 alcohol as methanol, they
did not represent a real screenshot of the reactions that are
actually occurring in the fuel cells operating with alcohols
with 2 or more carbon atoms (e.g., ethanol, glycerol, etc.).
Unfortunately, as stated in Sect. 2.2, the oxidation is more
often partial than complete, in other words, not all the elec-
trons are harvested from the initial molecules and this, in
turn, also reflects negatively on the actual thermodynamic

potential of the systems. In the following sections, the
expected different mechanisms for methanol oxidation
reaction (MOR) and ethanol oxidation reaction (EOR) are
reported.

2.4.1 Methanol

Methanol oxidation reaction (MOR) is still a challenging
reaction despite the relative simplicity of the theoretical
reaction pathway, which does not involve C—C bond cleav-
age. Methanol reaction which leads to complete oxidation
to CO,, as reported in Fig. 2, proceeds according to Eq. (2).

CH,OH + H,0 - CO, + 6H" + 6¢e~ )

Unfortunately, the oxidation mechanism is rather com-
plex and, according to Leger [43], it involves eleven possible

@ Springer
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Fig.3 Cell potential distribu-
tion (anode activation, cathode
activation, iR drop, mass trans-
port) for alkaline fuel cells

N

EIV

E(i) = Ec(i) - Ea(i)

n = nFE(i)/AH

SOSS0| ||BJaAQ

Overg))
E(i) il Potentig iR drop losses
Ecl) ?ath Mass transport
ode potentia] losses
0 S
. 7
A ilA
Ea(i) Anode potential

steps. Still today, the most effective electrocatalysts for the
MOR are based on noble metals, especially Pt and its alloys
(e.g., Pt=Ru). A short survey of the mechanism for the MOR
in acidic conditions on Pt as the state of the art for DMFCs
is presented. The first step of the mechanism is the adsorp-
tion of a methanol molecule on the Pt, according to Fig. 4
Reaction A. After the adsorption step, two main pathways
(Reaction B1 or B2) can be taken by the molecule: the first
step after adsorption is the formation of radical species
with the release of 1 e~ according to Fig. 4. Further mono-
electronic oxidation (Reaction C1 or C2) occurs. Both the
products of Reactions C1 and C2 can be oxidized to Pt-
(CHO),4, through Reaction D1 or D2. The Pt-(CHO),; is
then oxidized to Pt-(CO),,, according to Reaction E (Fig. 4).
This reaction is responsible for the poisoning of Pt-based
catalysts in DMFCs as CO is so strongly adsorbed to Pt
blocking the active sites, thus hampering further oxidation.
In parallel with the formation of the formyl like species and
CO adsorption, OH adsorption could occur as well at the
Pt surface (Reaction F, Fig. 4). Adsorbed OH species may
react with the adsorbed formyl to (i) directly produce CO,
(Reaction G) or (ii) form adsorbed COOH groups (Reac-
tion H) which, according to Reaction I, are successively
oxidized to CO,. To oxidize CO, larger overpotentials are
required. Under such conditions, production of CO, occurs
directly via Reaction J or indirectly via Reaction K followed
by Reaction I (Fig. 4).

@ Springer

This discussion on the mechanism is limited to the acidic
environment, as in these operating conditions, platinum
exhibits the lowest overpotentials for the MOR, thus pre-
venting the electrocatalyst poisoning, and prolonging the life
of the electrocatalyst. Platinum is often alloyed to ruthenium
for the MOR reaction, due to a synergistic effect between
the two metals. Indeed, platinum is very active for the dis-
sociative chemisorption of methanol, while the oxidation
of the carbonaceous adsorbate to CO, is favoured by the
presence of the oxidized form of ruthenium [44]. At present,
platinum-ruthenium alloys are the state-of-the-art electro-
catalysts for the MOR.

2.4.2 Ethanol

Ethanol is receiving much attention for its exploitation as
fuel in DEFCs, largely for its renewable nature, its well-
established distribution infrastructure and lower toxicity as
compared to methanol. Figure 5 reports the variety of oxida-
tion products attainable in principle through electrocataly-
sis. The pathway which leads to complete oxidation to CO,
would give 12 e™ but it is challenging to obtain because it
implies the breakage of the C—C bond. It is then much com-
moner to obtain acetic acid and acetaldehyde (Reactions A,
B and C in Fig. 6), delivering 4 e~ and 2 e, respectively
[45].

As pointed out, complete oxidation is difficult to obtain.
Next, a description of the complex mechanism leading to
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C,H;OH —2& > CH,CHO

4e’ 2e

\

CH,COOH

Fig.5 Possible ethanol oxidation pathways. Readapted with permis-
sion from Ref. [1]. Copyright © 2013, Springer

the formation of the above-mentioned products is reported.
Aldehydes may react through the following pathway to
render acetic acid (Reactions C and E in Fig. 6): CO, is
difficult to obtain; this pathway leads to the formation of
methane from the adsorbed aldehyde (Reactions F and G).
The adsorbed methyl may recombine with adsorbed hydro-
gen (produced by water adsorption, Reaction D1) to produce
methane, freeing both catalytic metal sites (Reaction I). On
the other side, CO may react with the hydroxyl adsorbed at
the platinum surface to produce CO, (Reaction H).

It is important to highlight the role that the adsorbed
hydroxyl species play in the oxidation of ethanol. As for
the methanol oxidation, the presence of adsorbed CO spe-
cies at the platinum surface may hamper the electrocatalytic

tion of the adsorbed hydroxyl at the electrocatalyst surface
are indeed a key for increasing the effectiveness of the etha-
nol electrooxidation.

Lately, ethanol electrooxidation has been widely explored
in alkaline media mainly because Pt can be effectively sub-
stituted by Pd indeed leading to even higher performance.
Nevertheless, the C—C bond cleavage in alkaline environ-
ments has proved to not occur for ethanol at pH > 13 [46],
acetate being the only oxidation product according to

Eq. (3).

C,H,OH + 50H™ — CH,COO" + 4H,0 + 4e" 3)

To obtain the full oxidation to acetate, the adsorption of
hydroxyl is essential. Indeed, it has been demonstrated that
palladium hydroxyl adsorption is the rate determining step
[27], at least at low overpotentials. The addition of mate-
rials which may increase the hydroxyl adsorption rate on
palladium has proved to be effective in enhancing ethanol
electrooxidation. This is the case of Ceria, which is capable
of improving the kinetics via spill-over of the primary oxide
[47].

2.5 Fuel Composition: Acidic Versus Alkaline
Figure 2 summarizes the complete and half reactions

occurring in acidic and alkaline systems. The reactions
show that in acidic conditions, the products are always

@ Springer
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Fig. 6 Ethanol electrooxidation CO,
reaction mechanism [42, 43] H*+e
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neutral (without charge), while in alkali, they are in form
of anions. For methanol, the oxidation in alkali leads to the
formation of carbonate with two negative charges; accord-
ingly, two moles of OH™ are required to oxidize one mole
of methanol. Concerning ethanol, the partial oxidation to
acetate requires an equimolar consumption of the alcohol
and OH™. In passive systems, where the fuel is held in
a tank directly in contact with the anodic electrocatalyst,
the consumption of the fuel leads to the drop of potential
with the time. In active systems, where the fuel is con-
tinuously renewed and flowing at the electrocatalyst, local
variation in the thermodynamic conditions can occur in the
flow field, with a more significant effect in alkaline systems
compared to acidic ones. Remarkably, in the case of oxida-
tion to carbonate, OH™ depletes more rapidly than the fuel.
Indeed, the oxidation of one mole of ethanol provides two
moles of carbonates with the consumption of 4 OH™ for
each mole of ethanol. Accordingly, this affects the ther-
modynamics of the cell more than the molarity of alcohol
itself. This fundamental aspect has been poorly highlighted
in the literature; however, it is of crucial importance as it
has important significance on the system engineering. The
fuel must contain stoichiometric amounts of OH™, possibly
exceeding the concentration of the alcohol. This considera-
tion is due to the faster oxidation kinetics in the presence
of the significant amount of OH™ [48], especially in the
low overpotential regions where, at least for ethanol, the
oxidation kinetics is entirely dominated by the OH™ con-
centration on the electrode surface [49].

2.6 Device Energy Density
As liquid fuels, alcohols show a relatively high energy

density. Table 1 summarizes the energy density of eth-
anol and methanol compared to common fuels. The
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comparison shows that alcohols have a weight energy
density roughly 30% lower than gasoline or diesel. There
are important differences between methanol and other
alcohols with two or more carbon atoms. Indeed, the
energy density of methanol is lower. Oppositely, alco-
hols show an undoubtful advantage when compared to
hydrogen having much larger volumetric energy density,
especially at low pressure.

However, this is a point in favor of alcohols only in
principle. Indeed, there are factors hampering the capabil-
ity to convert the energy of the fuel into electric energy.
In 2012, a study aiming to investigate the system effi-
ciency was conducted on alkaline devices for ethanol
oxidation in passive systems [50] showing a maximum
efficiency of 12%. For DMFC:s, efficiency up to 40% has
been reported [51]. The main reason for this loss of effi-
ciency is the higher complexity of the fuel molecule (etha-
nol > methanol > hydrogen), requiring more steps for the
full oxidation.

The main reason why DEFCs have much lower effi-
ciency compared to DMFCs is the difficulty in breaking
down the C—C bond through electrochemical methods.
For alcohols with two or more carbon atoms, the effi-
ciency is seldom reported. As a result, it was calculated
and found that, in alkaline systems, the energy efficiency
topped the 12% even at a relatively low power generation
[50]. This means that only the 12% of the energy con-
tained in the fuel is transformed, a fact that overshadows
the potential advantage of a high-density liquid fuel as
compared, for example, to pressurized hydrogen. This is
particularly the case for high power application, while it
may leave open a potential exploitation for small power
sources such as, for example, for portable or emergency
applications.
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Table 1 Mass and volumetric Fuel AH/MJ kg™ AHI(MJ m™3) AH/I(kWh kg™ AH/(kWh m™3)
energy densities of ethanol and
methanol compared to various Gasoline —473 —33867 ~13.1 ~9407
fuels Kerosene 4622 —38 346 ~128 ~10652
Diesel fuel —44.8 —37184 —-124 -10329
Ethanol —29.7 —-23278 -8.2 — 6466
Coal (anthracite) -27.0 —36 450 -7.5 —-10 125
Methanol —-22.7 —17855 -6.3 —4960
Hydrogen (HHV)
STP —141.8 -12.7 -394 -35
500 BAR —-6379 —-1772
1 000 BAR —-12759 —3544

3 Electrolytes
3.1 lonic Conducting Membranes for DAFCs

Polymeric membranes play a crucial role within DAFCs
working as physical separators between anode and cathode
reagents/products and as ion conductors to allow protons
flowing from the anode to the cathode (PEM) or anions flow-
ing from the cathode to the anode (AEM). The desirable
properties of a material to be chosen as a membrane for FC
application are: (1) high ionic conductivity and zero elec-
tronic conductivity; (2) electrochemical and chemical stabil-
ity at the operating temperatures (typically >80 °C) in both
oxidizing and reducing environments; (3) high mechanical
durability; and (4) adequate physical barrier to oxidant and
fuel crossover. Moreover, the choice of the electrolyte must
be done considering its cost and readily availability as well
as its environmental impact, preferring easy disposable, bio-
degradable and non-hazardous materials for operators and
hand-users.

Proton conducting membranes tested in DAFCs can be
classified in perfluorinated sulfonic acid membranes, non-
perfluorinated membranes and their corresponding inorganic
and organic composites or blends. In parallel, for alkaline
DAFC technologies, anion conducting membranes are
instead employed as electrolytes.

3.2 Nafion® and Other Perfluorinated Sulfonic Acid
Membranes

Nafion® (DuPont) has been the most utilized polymer
membranes in DAFCs. Nafion® consists of a polytetra-
fluoroethylene (PTFE) backbone and regularly spaced long
perfluorovinyl ether pendant side chains terminated by sul-
fonic functional groups. The general chemical structure of
Nafion® is illustrated in Fig. 7. The hydrophobic polytetra-
fluoroethylene backbone of Nafion® provides thermal and
chemical stability, whereas the perfluorinated side chains
terminating with hydrophilic sulfonic acid (-SO;H) act as

proton-conductive groups. Protons go from the anode to the
cathode of the MEA moving through the hydrophilic chan-
nels providing a relatively high ionic conductivity to the
membrane (i.e., 90-120 mS cm™" at 80 °C under a relative
humidity ranging from 34% to 100%, see Refs. [52, 53]).
However, Nafion® has several disadvantages when used
in DAFCs, such as high production cost, low conductivity
at low humidity or high temperatures, loss of mechanical
stability at high temperatures, restricted operating tempera-
tures and elevated alcohol permeability and Ru crossover
when Pt-Ru bimetallic electrocatalysts are used for alco-
hol oxidation [54]. Alcohol permeability is one of the most
challenging issues in DAFCs, since alcohol permeation at
the cathode induces mixed potential effect with consequent
decline of O, reduction efficiency. The high alcohol perme-
ability explains why Nafion® 115 and Nafion® 117 are usu-
ally preferred to Nafion® 112 widely employed in PEMFCs,
since their high thickness reduces the alcohol crossover (see
Table 2) [55, 56].

Nafion® membranes are susceptible to rapid dehydration
at elevated temperatures, which results in the loss of conduc-
tivity and in some cases irreversible changes in membrane
microstructure. Thus, one of the major challenges in the
current research is to develop alternative membranes with
the ability of working under elevated temperatures or low
humidification of reactant gases.

“(CFCF)¢(CF-CF)-
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Fig.7 General chemical structure of Nafion®, where k=6-7, m=1,
andn=1
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Several companies have developed other fluorinated com-
mercial membranes with structures similar to Nafion® but
with different values of k, m and », such as Hyﬂon® (Solvay
Solexis), Flemion™ (Asahi Glass Engineering, Japan),
Gore-Tex and Gore Select (Gore & Assoc, USA), 3P mem-
branes (3P Energy, Germany) (see Table 2). The latter are
perfluorinated sulfonic acid polymers showing a methanol
permeability 20 times lower that Nafion® membranes allow-
ing to operate with higher alcohol concentration resulting
in turn in a higher power density [57]. However, the lack of
other information in the literature does not allow to have a
complete view about other key properties such as mechanical
durability and lifetime of these membranes. Hyflon® (now
commercialized with the name Aquivion from Solvay Spe-
cialty Polymers Italy) is a short-side-chain proton conduct-
ing perfluoropolymer membrane, characterized by excellent
chemical stability and equivalent weight (i.e., grams of dry
polymer per mole of ion exchange sites) of 850 g eq~!, lower
than conventional Nafion® 117 (1 100 g eq~") ionomer-based
membrane. Its application in DMFCs is reported in Ref. [58]
with a high-power density even if the details about long-
term stability are not reported. The fluorinated membranes
of other companies have been tested as polymer electrolytes
for H, fed FCs [57, 59-61], and their possible application
in DAFCs requires efforts to modify the membranes to face
the challenges typical of using alcohols as fuel.

Nafion-like membranes where —-COOH weak acid groups
replace —SO;H groups are also available, like Aciplex (Asahi
Kasei, Japan) and membranes prepared with copolymers of
tetrafluoroethylene and vinylene, such as the XUS mem-
branes (Dow Chemical, USA). With its short side-chain the
Dow membrane behaves very differently when compared
to Nafion®. The specific conductance of the 800 and 850

EW membranes is 0.2 and 0.12 Q~' em™!, respectively [62].
They are more permeable to methanol than Nafion® 117
but are 50 pm thinner. Experimental tests showed approxi-
mate values of current density due to methanol crossover of
4.0x107%and 2.7x 1071° A cm™2 for the XUS and Nafion®
membranes, respectively [62]. However, to the best of our
knowledge, there are no papers reporting DMFC perfor-
mance data for the Dow membranes.

3.3 Composite Fluorinated Membranes

The creation of composite membranes is an effective
approach to improve the performance of perfluorinated
membranes. The strategy is to introduce inorganic com-
pounds in the perfluorinated polymer with the aim to reduce
methanol crossover, or acidic-basic polyaryl to reduce meth-
anol crossover and increase conductivity.

The properties of hybrid organic—inorganic membranes
are largely determined by the interactions in the mineral-
organic interface [63]. Several inorganic fillers were pro-
posed and tested to prepare Nafion® composite membranes
and among them noble metals have deserved attention in
relation to applications in DAFCs (mainly DMFCs). Noble
metals such as Au, Pd, Pd and Ru are employed as nano-
particles or 1D nanostructures or as thin films to provide
an effective barrier layer onto the electrolyte surface [54,
64—74]. The efficacy of this strategy depends on the noble
metal load, distribution, and stability and in the case of thin
films by the mechanical properties of the layers.

Another widely investigated filler is SiO, employed to
prepare Nafion® membranes as received or after functionali-
zation [73-88], or as organic silica [75-81]. The addition of
these fillers to Nafion® can improve thermal stability, proton

Table 2 Property overview of the most relevant proton and hydroxyl conducting membranes; wt% means the weight percentage; 1 M = 1 mol

L—I
Polymer Dry Equivalent Water Conductivity/(S cm™') Manufacturer Methanol crossover/
thick- weight/(g mol™!  percentage/ (x 10% mol min~! em=2 orx 107 cm? s~1)
ness/pm SO3"1) (Wt%)
Nafion® 105 125 1 000 - - DuPont
Nafion® 112 50 1100 20.7+0.5  0.065 DuPont
Nafion® 1135 89 1100 21.1+0.6  0.11 DuPont
Nafion® 115 127 1 100 219406  0.09 DuPont 19.8 cm?s™! (25 °C and 2 M)
4.66 mol min~!' cm™2 [146]
(25°C and 1 M) [128]
Nafion® 117 183 1100 232404  0.08 DuPont 14.1-17.2 cm? 57" at 60 °C; 3.48 and
0.78 mol min~' cm™2 (65 and 25 °C,
1.5M, and OCV) [118]
65cm?s™' (30 °C and 1 M) [114]
Flemion 50 1 000 38 0.14 Asahi Glass
Gore Select  5-20 900-1 100 32-43 0.028-0.096 Gore
Aciplex 120 1 000 43 0.108 Asahi Chemical
XUS 125 800 54 0.114 Dow Chemical
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conductivity and, notably, resistance to methanol crossover
[54, 61, 65-71, 75-79, 82-96]. Zeolites [82-91], montmo-
rillonite [92-102], silicate [103], aluminophosphate [103],
aluminosilicate [104], calcium phosphate [105], zirconium
phosphate [106-112], and zirconium sulphophenyl phos-
phate [113] were also tested as inorganic fillers able to mini-
mize methanol crossover. Some Nafion® binary inorganic
composites have been studied in relation to DMFCs, such
as silicotungstic acid-SiO, [114], phosphotungstic acid-SiO,
[114, 115], phosphotungstic acid-mesoporous SiO, [116],
and Pd-SiO, [117].

Modification of Nafion® through the addition of silica is
a common strategy for enhancing membrane performance
in DMFCs. Nafion®-silica membranes have been prepared
using silica powder [118-120], diphenylsilicate (DPS) [78],
sol—gel reaction with tetraethylorthosilicate (TEOS) [121],
Si0, and phosphotungstic acid (PWA) [114]. Nafion®-silica
membranes show good performance at 7> 100 °C due to
low levels of dehydration allowing to get peak power density
up to 240 mW cm™2 for an oxygen-fed cell with a meas-
ured methanol crossover rate of 4 x 107% mol min™! cm™2.
Mesoporous SiO, layers were exploited as well to modify
the surface of Nafion® 117 membrane via a simple dip-coat-
ing technique [122] reaching a proton conductivity of 68.5
mS cm™! at 80 °C with a methanol diffusion coefficient of
6.95x 1078 cm? s, significantly lower with respect to the
diffusion coefficient in Nafion® 117 estimated in the same
condition. The modification of Nafion® membranes through
the addition of molybdophosphoric acid (MoPh-a) has been
shown to increase the proton conductivity 2.0-2.5 times, but
with slightly increased methanol crossover [118].

Inorganic fillers such as zirconium phosphate (ZrP),
a layered acidic inorganic cation-exchange material
with the formula Zr(HPO,),-2H,0, has been explored
to improve the performance of Nafion®. Indeed, ZrP is
known for its great thermal and chemical stability, as well
as its high ion conductivity and mechanical strength, and
can be integrated into Nafion®-based membranes [123].
Nafion®-zirconium membranes can be prepared by start-
ing with an extruded film such as Nafion® 115, that can
then be impregnated with zirconium phosphate (ZrP) via
an exchange reaction involving zirconium ions followed
by precipitation of zirconium phosphate by immersion of
the membrane in H;PO, solution. The result is an insolu-
ble ZrP entrapped in the pores of the Nafion® membrane.
Nafion® zirconium membrane is stable at 7= 150 °C with
dry oxidant. The membrane resistance was measured to be
0.08 Q cm? and maximum power densities of 380 and 260
mW cm™2 for a DMFC with this membrane were achieved
with oxygen and air feeds, respectively [107]. The ZrP
additive can enhance water retention, raise the maximum
working temperature, and increase the dry weight and
thickness of the membrane by 23% and 30%, respectively

[107, 124]. More recently, other attempts of ZrP composite
membrane fabrication led to comparable performance in
terms of power density [125-127].

Nanocomposite membranes have been synthesized by
in situ polymerisation of furfuryl alcohol (PFA) within
commercial Nafion® membranes to reduce hydrophillic-
ity of the latter. Furfuryl alcohol is miscible in water and
alcohol mixtures (it penetrates the hydrophilic channels of
Nafion®) and becomes hydrophobic following polymeriza-
tion via acid catalysis. The Nafion®-8 wt% (wt% means the
weight percentage) PFA membrane has a methanol crossover
of 1.72x 107 mol min~! cm~" and a proton conductivity
of 70.4 mS cm™! at room temperature. The corresponding
properties of Nafion® 115 are 4.66 x 107% mol min™' cm™!
and 95.3 mS cm™! [128], thus the lower conductivity of
Nafion®-8 wt% PFA is compensated by the significantly
lower methanol permeability.

Composite membranes have also been prepared by using
conductive polymers (i.e., polyaniline and polypyrrole), and
introduced into Nafion® to reduce methanol permeability
[128-132]. The membranes obtained by the electropolym-
erization of aniline at Nafion®-coated Pt electrode has lower
ionic conductivity and lower methanol permeability com-
pared with Nafion® membranes [130]. Sungpet developed
an impure Nafion® membrane modified with polypyrrole
[129]. The presence of polypyrrole in Nafion® membrane
resulted in the decrease of the percentage of sorption capac-
ity of methanol and the decrease of the methanol flux to
the one third of that of Nafion®. Smit et al. developed a
modified Nafion® membrane with in-situ polymerized
polypyrrole with reduced methanol permeability [131]. The
electrochemical modification of Nafion® membranes with
polyaniline results in the reduction of one order of magni-
tude in methanol permeability at the cost of a slight decrease
of their proton conductivity [132].

Among the composite fluorinated membranes, it is impor-
tant to mention Pall IonClad® membranes, produced by Pall
Gelman Sciences Inc., which are based on tetra-fluoroethyl-
ene/perflouropropylene. TonClad® R-1010 (36 pm thick) and
IonClad® R-4010 (63 pm thick) have 2.5-3.0 times lower
methanol crossover than Nafion® 117 (180 pm thick) at 60
°C and a comparable conductivity at 20 °C [133].

3.4 Non-fluorinated Membranes

Several non-fluorinated alternative polymers have been pro-
posed for DAFCs, mainly based on sulfonated ionomers with
an aromatic or aliphatic hydrocarbon skeleton [134]. The
main advantage compared to Nafion® relies in avoiding the
utilization of fluorinated compounds that are toxic especially
at their end of life. Among them sulfonated polyether ether
ketone (sPEEK) has been widely investigated due to their
good mechanical properties, thermal and chemical stabilities
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[135]. Moreover, sPEEK is relatively cost-effective [136]
and its ionic conductivity could be easily controlled by the
degree of sulfonation. Narrow and more branched pores
of SPEEK showed less methanol permeability in DMFCs
in comparison with Nafion® [137]. However, excessive
swelling of sSPEEK due to a high degree of sulfonation may
hamper its long-term use in DMFCs [138]. Many attempts
have also been made to prepare polyblends. Wu et al. pre-
pared sSPEEK-poly (vinylpyrrolidine) blend membranes
that could decrease the methanol crossover in DMFCs
without affecting the ionic conductivity [139]. To reduce
the methanol crossover and increase the ionic conductivity
in DMFCs inorganic oxides (SiO,, ZrO,, TiO,, etc.), phos-
phates and heteropolyacids were incorporated into sSPEEK
[140-142]. The modification of SPEEK with methane sul-
fonic acid and zeolite 4A (sSPEEK-MSA-zeolite 4A) results
in an improvement of ionic conductivity and decrease in
methanol crossover [143]. The addition of inert (no charge/
hydrophobic) polyphosphazene to sSPEEK was also studied
to assess the effect on methanol crossover in DMFCs [144].
Other acid-base non-fluorinated polymers tested as proton
conducting membranes in DMFCs are sulfonated polyphos-
phazene membranes [145] and sulfonated poly(ethylene-alt-
tetrafluoroethylene) membranes [146].

Other widely studied non-fluorinated membranes are
those based on polybenzimidazole (PBI), a non-ionic poly-
mer that becomes a proton conductor when doped with a
strong acid (i.e., the sulphuric or phosphoric acid [147]).
Indeed, PBI is a basic polymer (pK,=5.5) and doping with
acid forms a single-phase polymer electrolyte that has a good
oxidative and thermal stability, and mechanical flexibility at
elevated temperatures 7'<200 °C [148]. At T> 100 °C, these
membranes possess high proton conductivity, low electroos-
motic drag (ca. 0 compared to 0.6 for Nafion®), low metha-
nol crossover (an 80-pm-thick PBI membrane has a metha-
nol crossover of 1/10 with respect to that of a 210-pm-thick
Nafion® membrane) [148]. The major disadvantage is the
leaching of the acid used for the doping once exposed to
methanol solutions at high temperatures. Better performance
can be achieved by using a silica impregnated phosphoric
acid doped polybenzimidazole (PA/PBI/SiO,) composite
membrane [149]. The composite membrane shows a proton
conductivity of 29-41 mS cm™! at temperatures between
200 and 250 °C allowing DMFCs delivering a peak power
density of 136 and 237 mW cm™2 at 260 °C using the Pt/C
and PtRu/C as the anode electrocatalysts, respectively.

Sulfonated polyimides (sPIs) are another type of iono-
mers extremely suitable as polymer electrolyte membranes
(PEMs) for fuel cell applications, except for their poor water
stability. Crosslinking is a method that is commonly used
to improve the weak hydrolytic stability of sPI membranes
allowing to get performance in DMFCs comparable to that
of Nafion® 212 [150].
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Polyvinyl alcohol (PVA) based membranes are one such
class which has receiving increasing attention in DMFC
application [151]. Because PVA is not a proton-conducting
polymer, it should be sulfonated by using different sulfonic-
carboxylic acids forming crosslinked polymers. The research
efforts on this kind of membranes as well as their perfor-
mance in terms of methanol crossover and proton conductiv-
ity are summarized in [152, 153].

Non-fluorinated acid membranes can be also prepared in
blend with polyvinylidene fluoride (PVDF), whose mechani-
cal strength, thermal stability and good chemical resistance
make it suitable to improve the properties of sulfonated
polymers. Blend of PVDF with sulfonated polyimide [154],
sulfonated polyether sulfone [155], sulfonated polyether
ether ketone [156], and sulfonated poly [bis(benzimidazobe
nzisoquinolinone)] [157] has been used as polymer electro-
lyte for DMFCs. More recently, copolymers of poly(methyl
methacrylate)-co-poly(2-acrylamido-2-methyl-1-propane
sulfonic acid) (PMMA-co-PAMPS) have been blended
with polyvinylidene fluoride (PVDF) and sulfonated PVDF
(S-PVDF) to prepare proton conducting membranes [158],
showing low methanol permeability (22 x 10~ cm?s™").

3.5 Anion Exchange Membranes for Alkaline DAFCs

Alkaline DAFCs are very promising due to the several
advantages with respect to the acidic counterparts. Indeed,
the kinetics of both anodic oxidation of alcohols and
cathodic oxygen reduction in alkaline media is more favour-
able than in acidic solution. Moreover, in alkaline media the
cathodic catalysts are more methanol tolerant and the metha-
nol crossover due to electro-osmotic drag would be reduced
in OH™ conducting membranes [22, 159]. Anion exchange
membranes (AEMs), which act as both the ionic conduc-
tor and electronic insulator, need to have high hydroxide
conductivity, high electrochemical and mechanical stability
[160-162].

Some commercially available AEMs have been used in
DAFCs. MORGANE®-ADP membranes from Solvay, ordi-
narily used for salt electrodialysis, were used as the solid
polymer electrolytes for DMFCs [163—166]. They are cross-
linked fluorinated polymers, whose exchange group is qua-
ternary ammonium. They have thickness ranging between
150 and 160 pm when fully humidified with a resistance of
0.5Qcm?’in 1 M (1 M=1 mol L™!) NaOH [164]. Encour-
aging performance were obtained, with the highest power
density of 20 mW cm™2. They show to be less permeable to
methanol compared to Nafion®, but they are not very stable
in strong alkaline media.

Tokuyama Co. Japan is studying few ammonium-type
AEM membranes and particularly, A201 and A901 were
used for alkaline DEFCs [167-169], while AHA has been
tested in DAFCs by using other alcohols [170].



Electrochemical Energy Reviews (2023) 6:30

Page 130f 50 30

Ongoing research on AEMs is mainly focused on pol-
yvinylidene fluoride (PVDF, -[CH,CF,],—) and poly
(tetrafluoroethene-co-hexafluoro propylene) (FEP,
—[CF,CF,],[CF(CF;)CF,],,-) films grafted with vinylben-
zyl chloride using radiation-grafting [171, 172]. The FEP
membranes showed good properties suitable for the fuel
cell application, but their cost is relatively high. Cationic
polymers with high ion exchange capacity (IEC), such as
quaternized cationic polymers, are the preferred materials
for the preparation of AEMs with high hydroxide conductiv-
ity [173, 174].

Many kinds of AEMs based on quaternized polymers
containing a quaternary ammonium group have been
developed and tested in DAFCs, such as polysiloxane con-
taining quaternary ammonium groups [175], aminated
poly(oxyethylene) methacrylates [176], quaternized poly-
ethersulfone cardo [177], quaternized poly(phthalazinon
ether sulfone ketone) [178], and quaternized polyvinyl alco-
hol [179]. The best performance obtained with the latter in
DMEFCs and DEFCs with utilizing QPVA-based membranes
allowed to get peak power densities of 272 and 144 mW
cm™2, respectively.

An alternative approach to the production of AEMs is
doping or reacting polymer films with KOH. Polybenzimida-
zole membrane was doped in alkaline solution and showed at
room temperature higher conductivity than acid doped PBI
[180]. MEAs prepared by using such membranes yielded
power densities of ca. 30 mW cm™2 for methanol [181] and
60-70 mW cm™? for ethanol [182]. Even higher peak power
densities (125 mW cm™2) are reported for alkali-doped PBI
in a DEFC using Pt-free catalysts [183]. Recently, in-situ
crosslinked, side chain polybenzimidazole-based anion
exchange membranes for alkaline direct methanol fuel cells
allowed to deliver a maximum power density of 152.6 mW
cm~2 using 5 M KOH and 3 M methanol fuels at 80 °C
[184].

Polyvinyl alcohol composite membranes for use in
alkaline DAFCs have also been investigated [185—188].
Polyvinyl alcohol (PVA) is a cheap synthetic polymer
with selective permeability of water molecules over meth-
anol molecules [189, 190]. PVA based blend and nano-
composites were prepared for alkaline DMFC operations
[191-193]. Good performance has been obtained by using
silica/PVA-pyridine hybrid anion exchange membranes
thanks to the good thermal stability, mechanical proper-
ties, OH™ conductivity up to 9.6x 107> S cm™" at 80 °C
[194], and with PVA-based block copolymer successfully
employed in DMFCs with a maximum peak power density
of 99.6 mW cm™? [195].

4 Electrocatalysts
4.1 Anode Electrocatalysts for Acid DAFCs

Pt is the most promising material among the pure metals for
application in DAFC anodes because it exhibits the highest
activity for the dissociative adsorption of alcohol (methanol
or ethanol). Yet, pure Pt electrocatalysts are easily poisoned
by CO, which is an intermediate of the methanol/ethanol
oxidation reaction [196—199]. The electrocatalytic activity of
Pt depends on structure, morphology, particle size and sur-
face oxidation states [200—203]. The addition of Ru to Pt has
proven effective in overcoming the poisoning of active sites
by CO, due to OH groups generated on Ru sites (bifunctional
mechanism) [204-208]. At present, three types of PtRu elec-
trocatalysts can be found in the literature: PtRu alloy [209,
210], Ru@Pt core—shell structure [211, 212] and Pt modified
with Ru atoms or clusters [213, 214]. The highest activity
for methanol oxidation for a Pt—Ru electrocatalyst can be
observed when Ru is in a solid solution with Pt [215]. An
optimal Ru content of 50 at% (at% means the atomic per-
centage) was found for the MOR at temperatures from 90 to
130 °C [216]. At room temperature, methanol oxidation is
faster on pure Pt—Ru alloys having low Ru content (10 at%);
whereas, at intermediate temperatures (60 °C) the process is
faster on alloys with 33 at% Ru content [217].

Pt-Ru cost is one of the main obstacles to the scaled
application of DMFCs [218]. This issue can be addressed
by modifying Pt electrocatalysts with cost-effective metals
or metal oxides able to form surface-oxygenated species at
lower potentials. Until now, almost all the transition metals
(such as Ru, Rh, Pd, Os, Ir, Sn, Ni, Cu and Au.) have been
alloyed with Pt and investigated for MOR [219-225]; among
these, Ru has been found to be the most active. To reduce the
amount of noble metals and increase the catalyst utilization,
the approach of dispersing active nanoparticles onto suitable
conductive supports, such as carbonaceous materials, has
been used [226-228] (several researchers have also pursued
the synthesis of multiple-component electrocatalysts such as
PtRuM [229-240] and PtMO, M =Ti, V, Mn, W, Ni, Mo,
etc.) [241-244]). Furthermore, integrating Pt or PtRu with
CeO, [245, 246], TiO, [247], ItO, [248, 249], Tiy ;W ,C
[250], CoP [251], Ni,P [252] and heteroatom doped carbon
[253-255] could also enhance the MOR activity. Increas-
ing interest, as demonstrated by a huge number of publi-
cations in the last few years [256, 257], has been devoted
to 1D nanoarchitectures, such as nanorods, nanowires, and
nanotubes, able to provide high resistance to corrosion, large
catalytic preferential facets or crystalline defects, which
would deliver sufficient reaction sites with enhanced activ-
ity, open pores and interconnected channels, which would
accelerate the mass transport of reactants (methanol) and
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products (carbon dioxide). Moreover, the advantage of these
structures is related not only to mass transport, but also to
improved conductivity. Recent results reported in the litera-
ture in the last decade concerning the electrocatalytic activ-
ity for MOR of new electrocatalyst formulations are shown
in Table 3.

The ethanol oxidation reaction (EOR) is even more com-
plicated and sluggish in kinetics than the MOR because it
involves not only the ethanol dehydrogenation but also the
C—C bond cleavage [258]. Accordingly, the efficiency of a
DEFC is significantly limited by the formation of partial
oxidation products (such as acetaldehyde and acetic acid)
and strongly adsorbed intermediates [259]. The most inves-
tigated electrocatalyst, also in the case of EOR, is the binary
Pt-Ru system, but other oxophillic metals (e.g., Sn or Rh),
in combination with Pt, have been largely employed [13,
221, 260-262]. The most significant enhancement in DEFC
performance has been observed in the case of Pt—Sn elec-
trocatalysts [263], with the 3:1 atomic ratio being the most
active for EOR [264]. As reported by Antolini and Gonza-
lez [265], the “state” of Sn metal phase (relative amount of
Pt—Sn alloy and SnO,) affects significantly the DEFC perfor-
mance in terms of electrochemical activity (and maximum
power density). The most significant recent advances in elec-
trocatalytic activity for EOR are reported in Table 4. High
mass activity is essential for reducing the usage of noble
metals in DMFCs and DEFCs. Specific activity is obtained
from MOR/EOR current normalized by the electrochemi-
cally active surface area (ECSA), indicating the intrinsic
activity of electrocatalysts.

As reported in Tables 3 and 4, many electrocatalytic
systems show high activity for MOR/EOR; yet much work
remains to be done to accelerate DAFC commercial applica-
tions. It must be considered that three-electrode cell results
give information about the electrocatalytic activity for a spe-
cific reaction, excluding many other factors (such as con-
ductivity of the catalytic layer, three-phase boundary in the
presence of solid electrolyte, CO, removal from the catalytic
layer, methanol crossover and water-flooding in the cathode)
involved in real fuel cell environment. Therefore, to have a
complete analysis of the suitability of an electrocatalyst, it is
mandatory to test the performance in a real fuel cell.

4.2 Anode Electrocatalysts for Alkaline DMFCs

Pt and Pd are also the prime electrocatalyst selection for
high pH electrolytes, especially when used jointly with other
less noble metals or oxides for both methanol and ethanol
electrooxidation.

Methanol oxidation requires the use of Pt based materials
in acidic DAFCs. However, as alkaline conditions are less
severe in terms of material corrosion, other materials can
effectively be used. A recent review [302] has highlighted
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the materials that have been currently exploited for the oxi-
dation of methanol in alkaline environment. Pt based mate-
rials are as effective in alkali as in acids. Remarkably, the
addition of Ru to Pt does not improve the kinetics of MOR
in alkaline media [303]. Bimetallic catalysts containing
gold and silver have been explored with significant effects
on the activity. Remarkably, in [303], it was shown that an
Au;Pt catalyst has the same specific activity as that of a
full Pt catalyst. At first, gold might not be considered as
suitable material since it is also a precious metal. However,
the replacement of at least a portion of platinum with gold
has a significant advantage. Indeed, gold, despite its cost
which is currently higher compared to Pt, does not belong
to the family of the critical raw materials (CRMs), while
platinum is one of the most critical resources. This aspect
has been highlighted by the recent reports on critical raw
materials released by the European Commission [304]. To
reduce the Pt loading, materials other than Ag and Au have
been considered. So far, nickel appears to be one of the most
promising. In [305], it was shown that low platinum alloys,
PtNi; and PtNi,, are extremely promising for MOR in alka-
line media. PtIn alloys have also been explored. Santos et al.
have tested MOR in catalysts with up to 50% atomic indium.
They found that the best atomic ratio was 70:30 (Pt:In),
attributing the improvement in the activity to the electronic
effect and the occurrence of oxy-hydroxy interactions [306].
Palladium based materials are also effective for methanol
oxidation in alkaline media. In [307], it was demonstrated
that nanoparticles with a Pd shell can effectively oxidize
methanol. Pd alloys in alkaline media were also considered
in other studies with the purpose to determine selectivity
and energy performance. In [308], the oxidation of methanol
in alkaline electrolytes was investigated by electrochemical
methods and high pressure liquid chromatography (HPLC)
determining that the oxidation can be incomplete and lead-
ing to the formation of formaldehyde and formate. However,
while Pd is less effective than Pt in the oxidation of methanol
in alkali, the catalytic activity is improved with bimetallic
Pd alloys. As pointed out in [309], the use of bimetallic Pd
catalysts may significantly change this basic fact making Pd
based nanoalloys competitive with Pt catalysts (e.g., Ni, Ag,
Au, Pt, Sn) [310-315]. The use of bimetallic alloys might
enable CO oxidation and removal from the surface of the
electrocatalyst [309, 316], a key step in the complete elec-
trooxidation of methanol. While more abundant than Pt, Pd
is also in the list of critical raw materials and its use should
be limited and whenever possible avoided [304]. To over-
come the limitations related to the use of precious and rare
resources, the use of electrocatalysts free of Pt and Pd has
also been proposed. Nickel and nickel alloys and copper-
based materials appear to be promising. In [317], Mansor
et al. reviewed the state of the art of such materials that
manifest significant current density even if they are still far
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Table 3 Recently published MOR electrochemical activity results of different electrocatalysts in acid media

Electrocatalyst ECSA/(m? g7h) Mass activity/(mA  Specific activity/ Electrolyte References
mg~lp) (mA cm™)
Pt/CeO, NWS 30.2 438 1.45 0.5 M H,SO, [266]
PtCu NWNs 82 1287 1.87 0.5 M H,SO, [267]
PtRu nanosponge 48.4 410 - 0.5M H,SO, [268]
PtRuCuW 26 467 1.8 0.5 M H,SO, [269]
Pt—Cu/GNs-CD 44.6 1360 - 0.5 M HCIO, [270]
Pt-Ni/GNs-CD 26.5 960 - 0.5 M HCIO, [270]
Pt—Co/GNs-CD 30.2 840 - 0.5 M HCIO, [270]
Pt/GNs-CD 20.4 500 - 0.5 M HCIO, [270]
FePtSn/C 40.7 1077 1.27 0.1 M HCIO, [271]
PtRu/N-GA - 668 - 0.5 M H,SO, [272]
PtFe/C - 575 1.6 0.5 M H,SO, [273]
Pt nanowires 22.6 1312 5.8 0.1 M HCIO, [274]
PtCu porous nanotubes 37.0 2252 6.1 0.5 M H,SO, [275]
PtRu nanowires 71.3 820 1.2 0.1 M HCIO, [276]
PtPd nanorod arrays 19.1 510 2.7 0.1 M HCIO, [277]
Hierarchical PtCo nanowires 52.1 1020 2.0 0.1 M HCIO, [278]
PtAg nanowires - 1038 - 0.5M H,SO, [279]
CuPt nanotubes - 374 - 0.1 M HCIO, [280]
PtNiRh nanowires 69.1 1720 2.5 0.1 M HCIO, [281]
PtNiCo nanodendrites 30.5 1500 4.9 0.5 M H,SO, [282]
PtNiPb core-multishell nanowires 77.4 2 400 3.1 0.1 M HCIO, [283]
PtRu coated Cu nanowires 29.0 464 1.6 0.1 M HCIO, [284]
PtPdCu nanodendrites 59.6 688 1.2 0.5 M H,SO, [285]
PtRuFe nanowires - - 2.3 0.1 M HCIO, [235]
PtPdRuTe quaternary nanowires 42.6 1262 3.0 0.5 M H,SO, [238]
Pt decorated CeO, nanowires - 714 8.1 0.5 M H,SO, [286]
PtRu/PC-H 38.0 1674 441 0.5 M H,SO, [287]
Pte,Ru ¢Niy;-O NWs 55.5 2720 4.36 0.5 M H,SO, [288]
PtRuCu/C 34.57 1350 522 0.1 M HCIO, [289]
PtNi CNCs 51 696 1.37 0.5 M H,SO, [290]
PtCu NTs 38 2252 6.09 0.5 M H,SO, [275]
Pt—Ag alloy nanotubes 31.3 2080 6.63 0.1 M HCIO, [291]
PtPb CNCs 46.6 970 2.09 0.1 M HCIO, [292]
Pt/OMC-WO; 80.6 410 - 0.5 M H,SO, [293]
PtRu/CNF 142 390 0.5 M H,SO, [294]
PtRu/CXG 30.4 205 0.68 0.5 M H,SO, [295]
PtRu/C +1rO, - 280 - 0.5 M H,SO, [287]
PtAu nanowires 85.71 22823 - 0.1 M HCIO, [296]
Table4 Recently PUthhed Electrocatalyst ECSA/(m? g™h) Mass activity/  Specific activity/ Electrolyte References
EO'R. electrochemlc'al (mA mg~p) (mA cm™)
activity results of different
electrocatalysts in acid media Rh@Pt, 5, 44.6 809 1.18 0.l MHCIO, [297]
PtRh NWs 74.6 1550 2.08 0.1 M HCIO, [298]
Pt;Sn/C - 90 0.03 0.1 M HCIO, [299]
Pt;Sn-SnO,/NG 54 469 - 0.1 M HCIO, [300]
PtysIr NCs - - 1.80 0.1 M HCIO, [301]
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from competing with the stability and the performance of the
electrocatalysts based on Pt and Pd. Recent results reported
in the literature in the last decade concerning the electrocata-
lytic activity for MOR of new electrocatalyst formulations
are shown in Table 5.

4.3 Anode Electrocatalysts for Alkaline DEFCs

Much effort has been devoted to the development of anode
electrocatalysts for ethanol in alkaline media. The subject
has been extensively reviewed recently by Monyoncho et al.
in [323] reporting an extensive table of the major catalysts
along with the performance. As introduced in Sect. 3.4.2,
ethanol electrooxidation is favored in alkaline media for
both Pt and Pd based electrocatalysts [323] because of the
increased presence of OH,4 on the surface of the electrode.
The adsorbed hydroxide species might also promote the
C-C bond cleavage (enhancing the Faradaic efficiency of
the cell) [324, 325], aiding the transition from poisonous
CO,,, into CO,. However, at high pH values the major oxi-
dation products especially on palladium catalysts remain
acetate. In recent years, a wide research effort in the field
of EOR electrocatalysis has mainly shifted towards alkaline
electrolytes, for their better oxidation kinetics in respect to
acidic systems.

Platinum, when used as a single metal electrocatalyst,
works best for the complete oxidation of ethanol. This is
more pronouced in alkaline electrolytes in respect to acidic
ones [326]. It has been found that residual oxides, like the
ones that can be found after the reduction of a Pt oxide film,
increase the activity towards EOR by a factor of 30 [327].
However, it has been shown that Pt suffers from CO poison-
ing as well in alkaline electrolytes, limiting its stability and
durability.

Studies performed on ordered monocrystalline surfaces
showed a strong dependency of EOR performance and
durability on the surface crystal terminations. It has been
observed that surfaces with low coordination sites (e.g., high
index facets) boost the oxidation current, and are less prone

to deactivation [328] (e.g., on Pt(110) only adsorbed CO was
observed whereas adsorbed CH, was only found on Pt(111)
terrace sites). To overcome the problem of Pt deactivation,
platinum was coupled with other elements or compounds,
exploiting the bimetallic synergies. Pt was coupled with,
e.g., W and Sn [329-333]. While less effective than in acids,
the addition of ruthenium has also been considered [181,
329, 334].

Palladium was also deeply studied in the past decade
as an alternative to platinum (at least until its cost per unit
mass was lower in respect to Pt). Pd shows both advan-
tages and disadvantages in respect to platinum. It is less
prone to CO poisoning especially at pH values higher than
13, where the C—C bond cleavage is difficult, and the major
oxidation product is acetate [335]. Also, the only product
of ethanol through incomplete oxidation on palladium is
acetate. This selectivity decreases the fuel efficiency of
FCs, limiting Pd usage as standalone anodic catalysts. On
the contrary, it has been seen that the conjunction of Pd
with less noble, oxyphilic metals could favor the complete
oxidation of ethanol. Carbon supported Pd materials have
been largely investigated, delivering excellent energy per-
formance in DEFCs [329, 336-342]. Palladium has also
been applied to supports other than C. In [7], it was shown
that titania nanotube arrays grown onto the surface of tita-
nium non-woven webs can deliver excellent performance,
with current densities higher than 1 A cm™ and power
densities exceeding 300 mW cm~2.

Binary and ternary Pd alloys have also been largely
explored with beneficial effects to the electrocatalysis. Bime-
tallic alloys with Au, Sn, Ir, Ni, Ru and Cu were explored
showing an improvement in current density and onset poten-
tial values compared to Pd alone [167, 186, 187, 336-338,
340, 343-351]. Ternary Pd alloys have also been considered.
Notable examples are Pt—-Ni—Sn, Pt—-Ru—W, Pd—Ni-Zn and
Pt-Ru—Mo [168, 329, 338]. Excellent activity enhancement
has also been achieved by exploiting the coupling of Pd with
promoting oxides (e.g., CeO,, NiO, SnO,). In [50], it was

Table 5 Recently published

- Electrocatalyst ECSA/(m? g7') Mass activity/ Specific activ- Electrolyte References
MOR electrocheml.cal (mA m g_lmct) ity/(mA cm™)
activity results of different
elect.rocatalysts in alkaline Pd-PdO porous nanotubes  23.7 11113 4.69 1 M KOH, [318]
media 1 M methanol
Hollow Pd/Te nanorods 73.1 2296.4 3.14 1 M KOH, [319]
1 M methanol
PdNiP/C 105 2019.5 1.92 1 M KOH, [320]
1 M methanol
Pd-PPy/NGE (1:50) 6.94 1192.7 17.2 1 M KOH, [321]
1 M methanol
Ni/WC@C 0.42 1363 325 1 M KOH, [322]

1 M methanol
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shown that the addition of CeO, to a Pd/C catalyst produce
a 100% increase in the cell efficiency at an even Pd loading.

An interesting approach to the improvement of the elec-
trocatalytic activity of Pd based electrocatalysts for alkaline
ethanol oxidation was proposed by Sun. In 2007, Tian et al.
showed that THH palladium nanoparticles with (730) termi-
nations show outstanding ethanol oxidation activity in alkali
[352]. This investigation suggests that the engineering of the
Pd particle crystal termination is an effective way to enhanc-
ing ethanol electrooxidation.

The major issue with Pd electrocatalysts seems to be
the stability of the materials [19]. In the latest years, it has
been shown that the oxidation of the palladium surface can
compete with the ethanol oxidation reactions even in the
conditions that the materials experience in fuel cells [353,
354]. Such oxidation can result in the partial dissolution of
the nanoparticles that may lead to significant decrease of
the surface area [355]. Such dissolution can be prevented
by avoiding the exposure to excessive anodic stress, e.g.,
by avoiding the DEFC potential to drop below values that
produce anode potentials larger than 0.6 V versus the RHE
[19]. Pd oxidation can even be mitigated by the addition of
small concentration of NaBH, to the fuel as showed in [18].

Remarkably, a new approach to the electrooxidation of
ethanol based on the use of supported organometallic com-
plex has been proposed. In [47], an anode based on a Rh(I)
diolefin amine complex was prepared and tested for the elec-
trooxidation of ethanol both in half cell and in a complete
fuel cell. The anode delivered a specific current density up
to 10 000 A gg,,~'. This high value was the result of using
the organometallic complex spreading over the surface
of a Ketjen Black carbon support. The fuel cells obtained
with such an approach to the fabrication of the anode were
defined as organo metallic fuel cells (OMFCs) [47]. Recent
results reported in the literature in the last decade concern-
ing the electrocatalytic activity for EOR and glycerol oxida-
tion reaction (GOR) of new electrocatalyst formulations are
shown in Table 6.

4.4 Cathode Electrocatalysts

Generally, the electrocatalysts of choice for the cathode of
acidic DAFCs are restricted to two categories: Pt-based
electrocatalysts (mainly Pt/C) and M-N-C PGM-free elec-
trocatalysts (where M is a transition metal, mainly Fe or
Co) [31]. Pt-based electrocatalysts have the advantage of
showing higher performance, but they suffer from poor
alcohol tolerance. On the other hand, the use of PGM-free
electrocatalysts is limited to the M—N—C type, since transi-
tion metal oxides (e.g., Mn, Ni, and Co oxides) are gener-
ally unstable in acidic media and undergo corrosion [31].
M-N-C electrocatalysts show poor ORR performance due
to their lower active-site density and turnover frequency.

However, this drawback is compensated by their excellent
alcohol tolerance, which makes them the optimal choice to
mitigate the detrimental effect of alcohol crossover observed
with Pt-based electrocatalysts.

For the cathode alkaline DAFCs, the electrocatalyst
selection should fall on PGM-free materials rather than on
PGM ones for three main reasons: (i) the performance gap
between PGM-free and PGM electrocatalysts in alkaline
media is generally much lower than in acidic media; (ii)
PGM-free electrocatalysts show excellent alcohol tolerance;
and (iii) PGM-free electrocatalysts show good stability in
alkaline media. For example, unlike in acidic media, vari-
ous transition metal oxides highly active towards ORR like
Mn, Ni, Co, and Fe oxides (and their combinations) do not
undergo corrosion and can be used at the cathode of alkaline
DAFCs. However, the oxides are not very efficient towards
the reduction of oxygen following the 4-electron pathway.
In the end, PGM-free electrocatalysts show lower cost in
respect to PGM materials, finally favoring the utilization of
the former ones in respect to the latter ones at the cathode
of alkaline DAFCs.

Transition metal oxides are generally easily synthesizable
and cheap. However, compared to M-N-C materials, they
show lower specific surface area, and they may suffer from
poorer electronic conductivity. In the following sections, the
electrocatalysts used for the cathode of DAFCs in acid and
alkaline configurations are presented.

4.5 Cathodes for Acid DAFCs

In acid DAFCs, Pt-based electrocatalysts for ORR show
good performance but unfortunately, they are also very
active towards alcohol oxidation reactions. Thus, Pt-based
electrocatalysts at the cathode are not effective consider-
ing the problem of the crossover of alcohol from the anode
to cathode, which dramatically decreases the cell open cir-
cuit voltage. The formation of a mixed potential (oxygen
reduction and alcohol oxidation occurring simultaneously
on the active sites of the cathodic electrocatalyst), causes
a significant performance loss when Pt/C electrocatalysts
are used at the cathode of a DAFC. Figure 8 clearly shows
the impact of alcohols on ORR in acid environment for a
commercial Pt/C electrocatalyst and a Fe—-N—C electrocata-
lyst [25, 31, 379-387]. The ORR activity of the Fe-N-C
electrocatalyst is not affected by the presence of alcohols,
demonstrating the high tolerance of PGM-free electrocat-
alysts towards the presence of alcohols at the cathode of
DAFCs. It has been demonstrated that the presence of just
2 mM alcohols impacts significantly on Pt/C, reducing the
ORR activity. When the concentration of alcohol reaches
200 mM, clearly the Pt/C catalyzes their oxidation, as vis-
ible by the decrease of the ORR current density towards the
MOR and EOR. Thus, the development of alcohol tolerant
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Table 6 Recently published EOR & GOR electrochemical activity results of different electrocatalysts in alkaline media
Electrocatalyst ECSA/(m? g1 Mass activity/(mA Specific activity/  Electrolyte References
mg_lmel) (mA cm™?)

Ultra-small Pt nanoparticles - 5150 15.51 0.5 M KOH, 1 M ethanol [356]

Pd; sAg/MWCNT - 1620 - 1 M NaOH, 0.5 M alcohols [357]

CGCulPdl/SDIrQ03 NSs/NPG 75.96 (CO) 7 105 9.35 1 M KOH, [358]
1 M ethanol

Pd,Ag, nanosheets - 1 866 - 1 M KOH, [359]
1 M ethanol

Ag@Pd,pP,, 108.3 7240 6.55 1 M KOH, [360]
1 M ethanol

RhPb-PbO,/C - 2 636 - 1 M KOH, [361]
1 M ethanol

CPI@Au, 5 NSs/NPG 83.45 (Cu UPD) 8 796 10.54 1 M KOH, [362]
1 M ethanol

Core—shell Ni,,@Pd,Rh,,/C 1.696 6 835 0.403 1 M KOH, [363]
1 M ethanol

Nanoporous Au (NPG) 13 308 2.37 1 M KOH, [364]
1 M ethanol

Pd/Cu-NiO/Ti 16.02 152 0.949 1 M KOH, [365]
1 M ethanol

Pd/AG-Ni;N 149.39 3499.5 2.342 1 M NaOH, [366]
1 M ethanol

Core—shell Au@FePd-0.5 65.0 13 300 20.5 1 M KOH, [367]
1 M ethanol

PdNiP/C 105 949.0 0.91 1 M KOH, [320]
1 M ethanol

PdNiP/C 105 3014.7 2.87 1 M KOH, [320]
1M EG

PdSn, ,/TiO,-GO ~200 ~4 800 ~2.4 1 M NaOH, [368]
1 M ethanol

Pd aerogel 75.37 3787 5.025 1 M NaOH, [369]
1 M ethanol

Pt;sAug,/CNTs 56.0 1746 3.13 1 M KOH, [370]
1 M ethanol

t-PdCu/NF 65.8 1694.7 7.9 0.5 M NaOH, [371]
0.5 M ethanol

RhyBi,(OH),/C 93.2 3500 3.75 1 M KOH, [372]
1 M ethanol

AgAu nanohybrids - 1834 - 1 M KOH, [373]
1 M ethanol

Pd-PPy/NGE (1:50) 6.94 499 7.2 1 M KOH, [321]
1 M ethanol

Pd-PPy/NGE (1:50) 6.94 2177 314 1 M KOH, [321]
1 M EG

Pd/Ti;,C,T,@NG 34.5 2262.2 6.56 1 M KOH, [374]
1 M ethanol

COF@Pd@PEDOT 62.8 606 9.65 0.5 M KOH, [375]
1 M ethanol

3D-superstructure Pd aerogel 79.14 1016 1.28 1 M KOH, [376]
1 M ethanol

Pt5,Bis,@CA 95.2 236.1 0.243 1 M KOH, [377]
1 M ethanol

TPL-Pd;Sn,, 53.70 3246 60.44 0.1 M NaOH, [378]
0.5 M ethanol
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ORR electrocatalysts is fundamental for the commercializa-
tion of DAFCs.

4.6 Cathodes for Alkaline DAFCs

The performance of alkaline DAFCs is usually superior
compared to their acid counterparts, because of the faster
kinetics of both oxidation and reduction reactions in alka-
line environment. Moreover, in alkaline DAFCs, the alcohol
crossover effect is mitigated by the OH™ dragging alcohol
molecules back to the anode side [388]. Nevertheless, selec-
tive and alcohol-tolerant ORR electrocatalysts are required
to avoid as much as possible the cathode potential drop low-
ering the cell voltage [31]. PGM-free electrocatalysts are the
suitable materials to be used at the cathode side. Generally,
electrocatalysts in alkaline environment show a high stability
compared to acid conditions [303, 388]. Table 8§ summarizes
the activity reached in recent years in alkaline DAFCs, fed
either with methanol or ethanol.

5 Fuel Cell Performances

5.1 Effect of Membrane Electrode Assembly
Configuration on Power Output

As no standard conditions have been selected by the scien-
tific community and industries, MEA fabrication conditions
are very much variable among the reported studies and often
difficult to compare fairly. Importantly, the operating condi-
tions significantly affect the power output and durability of
DAFCs, independently from their operations in acidic or
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Fig. 8 Effect of the presence of alcohols (methanol and ethanol) on
ORR activity for a commercial Pt/C catalyst and a PGM-free Fe-N—
C-catalyst, obtained in a half-cell configuration, 0.5 M H,SO,, 1 600

alkaline environment. In DAFCs, it is difficult to compare
different power outputs, due to the different operating con-
ditions. The MEAs fabrication procedure can also largely
affect the power output. The MEA is formed by an anode
electrode, a cathode electrode, and an electrolyte membrane.
In turn, the electrodes are composed of a mixture of elec-
trocatalyst, and ionomer applied over a DL. The variation
of each component is crucial for an optimal power output.
Considering the anode, as mentioned above, the electrocata-
lysts used are generally Pt/Ru supported over a carbona-
ceous matrix. It has been shown that anodic kinetics is quite
poor and so an increase in anode electrocatalyst loading is
important in improving the electrochemical output. In fact,
an increase in anode catalyst loading from 1 to 4 mg cm™>
led to an increase in power density of 10%—30% for DMFCs,
operating at the same conditions [25, 389, 390]. Consider-
ing DEFCs, moving from an anode catalyst loading of 2 to
4 mg cm~2, the increase in power density is less pronounced
[25]. Despite a twofold or fourfold increase in the loading,
a non-proportional increase in power output was recorded
indicating that a positive effect is produced. However, not
all the electrocatalyst fully utilized and an optimized elec-
trocatalyst utilization should be pursued. Considering that in
DAFCs operating with PGM-free cathode electrocatalysts,
the anode Pt—Ru electrocatalyst counts as most of the MEA
cost, and an increase in its loading led to an increase in the
overall cost. Solutions might be pursued by tuning the anode
catalyst layer and loading along the anodic flow field [391].
Therefore, a trade-off between performance and cost should
be analyzed for each specific case and optimized.

Different cathode electrocatalysts, belonging to the family
of PGM and PGM-free, have also been tested as reported
above. Also in this case, the cathode electrocatalyst loading
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N-C). Adapted with permission from Ref. [25]. Copyright © 2017,
Elsevier Ltd.
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affects the power output. Generally, an increase in electrocat-
alyst loading led to an improved power output but typically
with a trade-off. In fact, it was shown an increase in DMFC
power output while increasing the cathode electrocatalyst
loading (Fe-N—C electrocatalyst) from 2 to 4 mg cm™2 and
finally to 6 mg cm~2 [392]. Similarly, in another study, it
was shown an increase in power output by doubling the
electrocatalyst layer from 2.5 to 5 mg cm™2 [393]. How-
ever, the benefit of a greater loading diminished with oper-
ating temperature moving from 30 to 90 °C, indicating that
other factors might be influencing the DMFC performance.
Another study on DMFCs has shown that the power density
decreased when increasing the catalyst loading from 4 to
8 mg cm™2 [25]. This might be due to the thicker catalytic
layer whose thickness increases importantly with the load-
ing and leads to other parasitic losses such as mass transport
issues for both reagents and products. An optimal cathode
electrocatalyst loading should be found and correlated with
the cathode catalyst layer thickness and porosity.

The cathode ionomer also plays a crucial role in the
power output of DAFCs. It was found that among 35 wt%,
45 wt% and 55 wt% Nafion® ionomer used in the cathode
electrocatalytic layer of an acid DMFC, 45 wt% was the
most performing [392]. Similarly, an increase of Nafion®
ionomer from 4 wt to 35 wt% and finally to 50 wt% led to
an improvement in DMFC performance and then a decrease
at the upper limit [394]. Consequently, an optimum ionomer
content must be found to enhance the power output.

Also, the polymeric membrane affects importantly the
power density. In hydrogen fuel cells, the general trend
indicates that a decrease in the thickness of the membrane
lowers the ohmic losses resulting in higher power density.
This is not the case for DAFCs with PGM cathode electro-
catalysts, where a thicker membrane is used to reduce the
alcohol crossover transport phenomena and consequently
mitigate the mixed potentials. Due to the high methanol tol-
erance of the PGM-free cathode electrocatalysts, a thinner
membrane can be used successfully as shown very recently
with a power density of 135 mW c¢cm™2 obtained by using a
Fe/Co-N-C cathode electrocatalyst operating at 80 °C under
methanol-air conditions.

5.2 Effect of Operating Conditions on Power Output

Several operational parameters such as temperature, alcohol
molarity, cathode airflow rates and water management have
a critical role in the power output of DAFCs [395].
Operating temperature is an important parameter affect-
ing the reaction kinetics of DAFCs and in turn the power
output [25, 389, 396]. Generally, an increase in cell tem-
perature leads to an increase in power output, independently
from the electrolyte pH [25, 397]. However, limitations in
the operations are given by the polymeric electrolytes that
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reduce their stability at higher conductivities. It was men-
tioned above that a narrow set of polymeric membranes
(anion exchange or cation exchange depending on the
selected environment) are used for low temperatures (below
100 °C). Moreover, as the temperature increases, the poly-
meric membranes (e.g., Nafion®) can suffer from increased
ohmic resistance due to the loss of water molecules. At last,
an increase of temperature can generally lead to an increase
in fuel crossover phenomena which in turn lead to a lower
utilization of fuel and therefore a lower Faradaic efficiency.

Another parameter affecting the power output of DAFCs
is the alcohol molarity fed on the anode compartment for
the oxidation reaction [25, 398, 399]. Due to the problems
related to alcohol crossover, in the presence of PGM cath-
ode electrocatalysts, a mixed potential is created that in turn
lowers the OCV and the power output. Therefore, usually,
the alcohol concentration fed to the anode is lower than the
stoichiometric. As alcohol is diluted, an increasing concen-
tration from 0.5 to 1 M and to 2 M leads to an increase in
power output [25, 390]. However, further increase in molar-
ity (>2 M), has the effect of enhancing the mixed potential
on the PGM cathode electrocatalyst lowering importantly
the OCV and power output [25]. This is not necessary the
case when PGM-free materials are used as electrocatalysts
at the cathode. In fact, as PGM-free electrocatalysts do not
interact with alcohol molecules, being defined as alcohol
tolerant electrocatalysts, it was shown that an increase of
methanol molarity up to 5 M led to an increase in power
output [25, 390, 399]. Further increase in methanol molar-
ity slightly lowers the power output. The increase in ethanol
molarity instead, leads to a slight decrease in power output,
but this can be ascribed to the sluggish anodic electrocataly-
sis rather than the cathodic one [25]. With the utilization of
PGM-free electrocatalysts at the cathode, it was shown the
possibility of operating at alcohol concentration up to 17 M,
which is the stoichiometric ratio, without having high losses
due to the alcohol crossover.

Another parameter affecting the power output of DAFCs
is the reagent flow rate. It was shown that an increase in
the liquid anodic flow rate can lead to an increase of the
power output [400]. Particularly, despite OCV and activa-
tion overpotentials are not affected by the liquid anodic flow
rate, limiting currents and concentration polarization might
occur at earlier current densities. This phenomenon can be
ascribed to the reaction occurring in the anode side creat-
ing a diphase flow. In fact, as methanol or ethanol mixtures
entering the anode are completely liquid, the anodic reaction
generates CO, gas as final product meaning that with the
gaseous bubble within the flow field, part of the electrode
is not wet, meaning that is not directly involved in the reac-
tion. The increase in the inlet flow rate would decrease the
“dead zones” and in turn would decrease the residence time
of the gas within the flow field. This leads to a more efficient
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utilization of the active electrodes and in turn higher power
output would be produced.

Similarly, the airflow at the cathode can also affect impor-
tantly the power output of a DAFC. In fact, a greater air flow
might lead to an increase in the pressure within the cathode
flow field that in turn increase the oxygen partial pressure
being beneficial for the power output. Moreover, a greater air
flow might also remove the alcohol that moves from anode
to cathode (crossover), “cleaning” the electrocatalyst active
sites from the alcohol and reducing the mixed potentials.
However, a high air flow might lead to dehydration of the
membrane lowering its ion conductivity and in turn being
detrimental for the power output. Therefore, a humidified
airflow would be required increasing in turn the operational
costs.

Water management is a key issue in all the low tempera-
ture fuel cells including DAFCs. An excessive presence of
water on the cathode side might lead to flooding phenomena
[381, 401-405] and lower the electrochemical performance.
In parallel, the lack of water might dry the membrane and
dramatically increase the membrane ion conductivity and in
turn lower the performance. Therefore, an optimum has to be
found in terms of anodic and cathodic feeding, temperature
and utilization of GDLs. GDLs, often not considered criti-
cal, also have an important effect on the water management
[406], methanol crossover [407] and finally power output
[406].

5.3 Acidic versus Alkaline DAFCs
5.3.1 Performance of DMFCs in Acid Electrolytes

DMEFCs with Pt/C electrocatalysts at the cathode exhibit
peak power density (PPD, mW cm™) ranging from 30 to
90 mW cm2 [25, 408, 409] at temperatures up to 90 °C.
The use of multiwall carbon nanotubes subjected to spe-
cific heat-treatment allowed to reach PPD up to 108 mW
cm~2 [409]. In this specific case, Pt nanoparticles have been
deposited on medium-unzipped multiwall carbon nano-
tubes (Pt/MU-MWCNT) with a tailored 3D nanoarchitec-
ture which allowed to better exploit the performance of Pt
towards ORR.

Considering the alcohol crossover phenomenon, bime-
tallic electrocatalysts are preferred. The use of Pt- and Pd-
based alloys or bimetallic electrocatalysts (Pt—Pd, Pt—Ru,
Pt-Ni, Pt-Co, Pt—Fe) was investigated with good success
[410-413]. As an example, Pd—Pt bimetallic electrocata-
lysts highly rich in Pd demonstrated to be highly active and
methanol tolerant in DMFCs, reaching a performance of
112 mW cm™2 when the amount of Pt is the lowest [410].
In fact, electrocatalysts with a higher Pt/Pd ratio showed
a lower performance due to the high activity of Pt towards
MOR. Evidence of DMFCs working at temperatures above

90 °C is also present in literature. Such devices showed a
dramatic increase of power densities when cathodic Pt is
alloyed with Ru (400 mW cm™ using pure oxygen [216],
280 mW cm™2 using air [414]). Experimental evidence
also suggested a strong influence of membrane materials
on power density. The use of composite membranes could
enhance power density output up to 400 mW cm™2 [415].

PGM-free electrocatalysts are very promising because
of their high alcohol tolerance [381, 392, 416-418]. How-
ever, their ORR activity is relatively low due to the poor
ORR kinetics in acidic medium, reaching PPD between 40
and 70 mW cm™2 at 60 °C. However, with PGM-free elec-
trocatalysts, the MEA fabrication process plays a crucial
role. Wang et al. [418] demonstrated that realizing a good
triple-phase interface in the catalyst layer is necessary to
boost the ORR activity. A good mixing of micropores,
mesopores and macropores is necessary to assuring an
optimal oxygen transport to reach the active sites, enhanc-
ing the electrode performance [419]. They demonstrated
that with an engineered MEA with sufficient hydrophobic-
ity and mass transport properties, the performance of a
DMEFC can increase by more than 40% on the maximum
power peak density. They reached this result by introduc-
ing dimethyl silicon oil (DMS) in the electrode fabrication,
increasing the performance of their Fe—-N—C catalyst from
72 to 102 mW cm™2. Osmieri et al. [393] showed that a
proper optimization of the electrocatalyst loading and the
ionomer content in the electrocatalytic layer is also crucial
to enhancing the DMFC performance by using a Fe—-N-C
electrocatalyst at the cathode. An engineered MEA can
also prevent flooding of the cathode, enhancing the per-
formance of the DMFC [381, 418, 420].

Bimetallic Fe—Co electrocatalysts can enhance DMFC
performance as well. Shi et al. [421] reached a performance
of 130 mW cm™? (in air) with a dual-site Fe/Co-N-C
electrocatalyst. The electrocatalyst was synthesized as a
Co—N-C from a Co-doped ZIF-8 precursor with a controlled
Zn/Co ratio, subsequently doped with Fe ions. A Zn/Co ratio
equal to 11/2 was identified an optimal value. In fact, with
an excessive Co-doping, the inactive Co-based metal species
led to a promising ORR activity. The authors demonstrated
that doping the basic Co—N-C catalyst with Fe allowed
increasing the specific surface area and mesoporosity, which
both favor oxygen diffusion to the active sites in the MEA.

An interesting approach to overcome the actual low
performance of PGM-free electrocatalysts is the mixed
approach adopted by Kosmala et al. [422]. A hybrid Pt/FeNC
electrocatalyst, rich of FeN, sites and Pt@FeO, particles,
showed excellent durability in acid media, together with a
high tolerance to methanol. The physical-chemical charac-
terization of the Pt/FeNC electrocatalyst containing only 2
wt% Pt showed the coexistence of Pt nanoparticles encap-
sulated by a thin Fe-oxide shell and FeN, sites. The core/
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shell structure of the electrocatalyst, where Pt is covered by
a layer of Fe-oxides, makes this material inert to methanol
oxidation and highly stable thanks to the stability of FeO,
in acid environment. The high activity demonstrated by the
hybrid materials can be attributed to the tunneling effect of
Pt electrons through the FeO, ultrathin layer at the core/shell
interface. In fact, electrons from the surface of Pt can tun-
nel through the Fe oxide thin layer and catalyze the oxygen
reduction. Such an effect is present only when the thickness
of FeO, surrounding the Pt nanoparticles is ultralow, other-
wise the tunneling effect decreases progressively with the
increase of thickness of the FeO,. Thus, the core/shell Pt/
FeNC electrocatalysts can be envisaged as promising materi-
als for stable PGM-free surfaces in acid media, and tolerant
to methanol. Interestingly, these Pt@FeO, electrocatalysts
could also be interesting HOR electrocatalysts for PEMFC
anodes, thanks to their tolerance to species known to poison
exposed Pt nanoparticles.

5.3.2 Performance of DEFCs in Acid Electrolytes

The use of ethanol in acid DAFCs is somehow limited
because of the sluggish kinetics of the anodic EOR (involv-
ing C—C bond breaking) reaction compared to MOR, and of
course the crossover of ethanol from the anode to cathode
across the membrane. Similar to methanol, ethanol crosso-
ver results in parasitic EOR at the cathode, with the for-
mation of a mixed potential and consequent lower fuel cell
efficiency. With a Pt/C ORR electrocatalyst, the PPD does
not overcome 9 mW cm™2 [25, 167] (Table 7). An ethanol-
tolerant ORR electrocatalyst can mitigate the oxidation of
ethanol at the cathode side. Few examples are available in
the literature, where the most interesting electrocatalyst is
the one described by Meenakshi et al. [423]. They developed
a mixed Pt-TiO,/C electrocatalyst, using the so-called strong
“d—d type” metal support interaction (SMSI) effect between
Pt and TiO,. With this electrocatalyst, they obtained a PPD
three times higher, reaching 31 mW cm™? at 60 °C. Thanks
to the SMSI effect, the Pt—H and Pt—CO bonds which limit
the ORR are substantially weakening till suppression of
intermediate formation. Transition metal oxides like TiO,
and WOj; are well-known for this effect. In fact, water mole-
cules trapped inside the oxide network provide a hydrophilic
behavior, which favors the OH™ transfer within the system,
avoiding the formation of intermediates, with consequent
spillover of primary oxide over metallic electrocatalyst par-
ticles [424] and improvement of the ORR performance.

An example of acid DEFCs with PGM-free cathode
electrocatalysts is reported by Sebastian et al. [25]. In this
work, they compared MEAs with a Pt/C and a Fe-N-C elec-
trocatalyst at the cathode. With the Fe-N-C catalyst, they
reached a PPD of 12 mW cm~2 at 60 °C by feeding a 2 M
ethanol solution (14 mW cm™2 at 90 °C with 5 M ethanol
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solution). They also performed a chronoamperometric test of
75 h to assess the stability of the PGM-free electrocatalyst.
The MEA had a rapid decrease of performance in the initial
10 h of the experiment, with a current density loss rate of
3.5% per hour. Then, the current density loss was lower,
stabilizing at a rate of about 0.2% per hour. Investigations on
the reasons of the irreversible performance decay with time
highlighted that it could be rather caused by the degradation
of other MEA components, such as the anodic electrocata-
lyst for the alcohol oxidation catalyst (anode), or the ionomer
or the membrane, rather than the cathodic electrocatalyst. It
is well known that Ru present in the anodic electrocatalyst
is susceptible to leaching out [425].

Figure 9 shows the morphology of some of the electro-
catalysts listed in Table 7.

5.3.3 Performance of DMFCs in Alkaline Electrolytes

Concerning DMFCs in alkaline environment with PGM-free
cathode electrocatalysts the performance is relatively low,
mostly because methanol oxidation leads to CO, genera-
tion, which causes a rapid carbonation of the OH™ exchange
membrane. For example, Ratso et al. [426] did not overcome
7 mW cm™2 as PPD at 50 °C with Fe-N—C or Co-N—C elec-
trocatalysts. A typical reference material for ORR in alka-
line environment is MnO,, thanks to the effectiveness of
the redox couple Mn*+4* [388, 427]. MEAs with a cathode
composed of only MnO, reached a PPD of 27 mW cm™2 at
40 °C [428]. The addition of M—N-C materials to MnO,
allowed reaching 41 mW cm~2 as PPD at 40 °C [428]. In
this specific case, Fe—-N-C electrocatalysts were prepared
from urea—formaldehyde resins mixed with MnO,. Alkaline
DMEFC:s displayed a superior ORR electrocatalytic activ-
ity thanks to the formation of Fe-N, active sites and high
amounts of pyridine-N. A chronoamperometric test showed
an excellent durability with a minimal cell voltage decay
after 39 h of testing.

Other examples in the literature show that a mix of oxides
such as Fe,0; and Mn,O; (in the ratio 3:1) can reach a PPD
of 46 mW cm~2 at 60 °C [429]. The good performance
is ascribed to the formation of numerous heterojunctions
between the two oxides, which form an intensive internal
electric field favoring the electron transfer and thus the ORR.
They demonstrated that the heterojunctions increased with
the increase of the Fe/Mn ratio. In addition, the presence
of Fe,0;, which is an n-type semiconductor, enhanced the
oxygen storage capability of the electrocatalyst, favoring the
Fe?*’?* redox couple.

The highest performance reported so far in the literature
has been reached with a hybrid electrocatalyst composed of
three-dimensional Mn,0O; oxide deposited on ultrathin and
porous nanosheets of Co; ,Ni, ;O,. With this electrocatalyst,
Liu et al. [430] reached the remarkable PPD value of 120
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Table 7 Activities in DAFCs: acid environment (the fuel: MeOH or EtOH)

Cathode Anode Membrane Fuels 7/°C PPD/(mW cm™2) References
Acid DMFC
Pt black (1 mg cm™?) PtRu black (4 mg cm™?) Nafion 115 1 M MeOH (1 mL min™"), 70 55 [408]
0, (90 mL min~")
Pt/C commercial (JM) PtRu black (4 mg cm™?) Nafion 212 (4 cm?) 0.5 M MeOH 80 90 [409]
(1 mg cm™?) (1 mL min™Y), 0, (72 in air)
(100 mL min™")
Pt/Mu-MWCNT PtRu black (4 mg cm™?) Nafion 212 (4 cm?) 0.5 M MeOH 80 108
(1 mgem™2) (1 mL min™"), O, (84 in air)
(100 mL min~")
Pt/C (0.9 mg cm™?) PtRu black (4 mg cm™?) Nafion 212 2 M MeOH 80 50 [421]
(0.5 mL min™h), air (1
000 mL min~!)
Fe/Co—N-C (with Zn/ PtRu black (4 mg cm™2) Nafion 212 2 M MeOH 80 130
Co ratio of 11/2) (0.5 mL min~Y), air (1
(5 mg cm™2) 000 mL m™")
Pd,,Pt,/C (2.8 mgcm™2)  PtRu black (5 mg cm™) Nafion 117 2M MeOH (1 mL min™"), 70 112 [410]
0, (500 mL min~")
Fe-N-C (2.5 mg cm™2) PtRu black (2.5 mgcm™2) Nafion 115 2M MeOH (2 mL min™"), 60 40 [381]
0O, (100 mL min~")
Fe-N,—C (4.5 mg cm‘z) Unsupported PtRu Nafion 115 2 M MeOH (2 mL min™"), 60 30 [416]
(1.0 mg cm™?) 0, (100 mL min~")
Pt/C (commercial) PtRu black (1.0 mg cm™?) Nafion 115 (5cm? 5M MeOH (2 mL min~!), 60 31 [25]
(4 mg cm™?) 0O, (100 mL min~!)
Fe-N-C (Fe-NCB) PtRu black (1.0 mg cm™2) Nafion 115 & cm?) 5 M MeOH (2 mL min~™"), 60 35
(4 mg cm™2) 0, (100 mL min~")
FeNC (Fe-(commerial Unsupported PtRu Nafion 115 2M MeOH (2 mL min™"), 60 50 [392]
Pajarito)) (4 mg cm™2) (1.0 mg cm™2) 0, (100 mL min~")
Fe-N-C (5 mg cm™?) Unsupported Pt Nafion 211 3M MeOH (1 mL min™"), 60 72 [418]
(2.0 mg cm™?) 0, (100 mL min~")
Fe-N-C-DMS Unsupported Pt Nafion 211 3M MeOH (1 mL min™"), 60 102
(5 mg cm™2) (2.0 mg cm™?) 0, (100 mL min~!)
Pt/Fe-N-C (Pt, (Fe, ) PtRu/C (2 mg cm™2) Nafion 117 (25 cm?) 2 M MeOH 100 50 [422]
(4 mgem™2) (50 mL min™"), O, (4
000 mL m™")
Acid DEFC
Pt black (3 mg cm_z) PtRu black (3 mg cm‘z) Nafion 117 (2 cmz) I MEtOH (4 mL min™"), rt. 8 [167]
0, (100 mL min~")
HT-Pt-TiO,(2:1)/C Pt-Sn(3:1)/XC-72 Nafion 117 (4 cm? 2MEtOH 2 mL min™"), 60 31 [423]
2mgem™3) 2mgem™3) 0, (300 mL min~")
Fe-N-C (4 mg cm™2) PtRu black (1.0 mg cm™2) Nafion 115 (5cm?) 2MEtOH 2 mL min™!), 60 9 [25]

Fe-N-C (4 mg cm™?) PtRu black (2.0 mg cm™?)

Nafion 115 (5 cm?)

0O, (100 mL min~h)

2MEtOH 2 mL min™"), 60 12
OQ(IOOmLmin")

mW cm™2 at 55 °C (70 mW cm™2 at 28 °C). The tolerance
to methanol was very high, also at a concentration of 2 M.
The durability of the performance was monitored by keep-
ing the MEA at a constant current density of 30 mA cm™2
for 120 h. The voltage remained practically constant, show-
ing almost no degradation effects. XRD analysis after the
durability tests conducted on the cathodic electrocatalyst
showed unchanged diffraction peaks, demonstrating the high
stability of this hybrid electrocatalyst in alkaline environ-
ment. The excellent electrochemical activity of the Mn,0; @

Co, ,Ni, 4O, could be attributed to the narrow band gap of
Co, ,Ni, 4O,, which accelerates the electrons jumping from
the valence band to the conduction band. Consequently,
Mn** is fast oxidized into Mn** providing an electron to
the absorbed oxygen. Indeed, the excellent stability can be
attributed to the high stability of Mn,O; and to the partial
substitution of Ni with Co in the Co, ,Ni, gO, mixed oxide.

Interestingly, Liu et al. [431] developed a highly per-
forming and stable cathodic electrocatalyst based on
NiC,0,. They obtained 151 mW c¢m™ as PPD at 65 °C,

@ Springer



30 Page 24 of 50

Electrochemical Energy Reviews (2023) 6:30

Fig.9 Morphology of some of the cathodic electrocatalysts for acid
DMECs listed in Table 7. a Scheme and TEM image of the unzipped
Pt/MU-MWCNT. Adapted with permission from Ref. [409]. Copy-
right © 2019, American Chemical Society. b TEM image and EDS
spectrum of the carbon-supported Pd,¢Pt;. Adapted with permission
from Ref. [410]. Copyright © 2015, Elsevier Ltd. ¢ TEM image
of the Fe-N,—~C. Adapted with permission from Ref. [416]. Copy-

compared to 18 mW c¢cm~2 reached with a commercial Pt/C
at the cathode side. Stability tests performed monitoring
the voltage during galvanostatic test at 10 and 50 mA cm—2
at room temperature for 90 h demonstrated a very stable
electrocatalyst, with limited cell voltage loss. The high
activity towards ORR is provided by Co* surface ions,
which act as functional active sites [432]. In fact, Co>*

spinel metal oxides works as donor/acceptor reduction site.
When Co®* is oxidized to Co**, it donates an excited elec-
tron to oxygen, which is reduced to OH™ in a faster way
compared to the reduction that can occur when the elec-
tron comes from the external circuit. The latter, instead,
reaches easily the Co** ions to reduce them back to Co**
Considering that the developed NiCo,0, electrocatalyst
has a high specific surface area thanks to its particular
“desert-rose” morphology (Fig. 10), this electrocatalyst
exhibited an extremely high activity. The authors con-
cluded that Co* ions facilitate the direct electron capture
by oxygen favoring thus an efficient reduction to OH™.
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ev

right © 2016, John Wiley & Sons, Inc. d STEM-EDXS images of
the Pt, jFe, (~N-C, with the highlight on a single Pt-rich nanoparti-
cle. Adapted with permission from Ref. [422]. Copyright © 2020,
American Chemical Society. e HAADF-STEM image and relative
EELS analysis of the Fe/Co—N-C electrocatalyst, with Zn/Co=11/2.
Adapted with permission from Ref. [421]. Copyright © 2020, the
Royal Society of Chemistry

Tan et al. [433] also developed a Pt-free and Fe-free
electrocatalyst based on NiCo,0, at the cathode, able to
reach 126 mW cm™~2 as PPD (26 mW cm™2 when using air
instead of pure oxygen). SEM analyses revealed that the
morphology of NiCo,0, has a series of porous nanosheets
of about 1 pm thickness. This highly porous structure of
the nanosheets shows a BET specific surface area of 54
m? g~! and pores with an average size of 17.6 nm. The
MEA prepared with this NiCo,0, electrocatalyst exhib-
ited significant stability along a 200-h test at room tem-
perature where the current density was kept constant at
50 mA cm~2. At the end of the durability test, the cell
voltage dropped only by 20%.

5.3.4 Performance of DEFCs in Alkaline Electrolytes

Pt-based electrocatalysts are generally less effective in alka-
line than in acidic conditions because of the limited activity
of Pt towards ORR in alkaline media [434]. The best activ-
ity reached with a Pt/C at the cathode has been recorded by
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Fig. 10 Morphology of some of the cathodic catalysts for alkaline
DAFC:s listed in Table 8. a TEM, HRTEM and EDS elemental map-
ping of Fe-N-C/MnO,. Adapted with permission from Ref. [428].
Copyright © 2019, Elsevier B.V. b SEM of Mn,0;, SEM, TEM,
HRTEM, SAED patterns and EDX mapping of Mn,0;@Co, ,Ni, O,.
Adapted with permission from Ref. [430]. Copyright © 2018, Amer-
ican Chemical Society. ¢ FESEM and EDS elemental mapping of
Fe,03/Mn,0; in the ratio 3:1. Adapted with permission from Ref.

Fujiwara et al. [167], who obtained 58 mW cm~2 as PPD at
room temperature, feeding air.

MnO,-based electrocatalysts at the cathode have been
used also for alkaline DEFCs, but the performance was low.
For example, Gaurava et al. [435] reached 52 mW cm~? as
PPD at 45 °C with a 4 MEA simple stack fed with air.

Promising results have been achieved also by using metal
oxides as perovskites [436]. With a cathode composed of
La, Sty ;MnOj; perovskite it was possible to reach 28 mW
cm™2 as PPD at 30 °C. In-situ half-cell measurements
demonstrated the high tolerance of this perovskite toward
ethanol.

Higher performance has been achieved with M-N-C
cathode electrocatalysts, due to enhanced ORR kinetics
in alkaline media and extraordinary tolerance to alco-
hols [437]. With Fe—-N-C obtained from a mesoporous
carbon derived by sacrificial templating of mesoporous

Qi —»

A13)—>»

[429]. Copyright © 2018, the Royal Society of Chemistry. d SEM,
TEM and HRTEM of NiCo,0,. Adapted with permission from Ref.
[431]. Copyright © 2017, Elsevier B.V. e SEM of NiCo,0,. Adapted
with permission from Ref. [433]. Copyright © 2019, American
Chemical Society. f STEM and TEM of Fe-Co-N-C. Adapted with
permission from Ref. [438]. Copyright © 2018, John Wiley & Sons,
Inc

silica, the maximum PPD recorded was 72 mW cm™? at

90 °C. Accelerated stability tests showed a remarkable
performance decay after few hours of operation, with ca.
45% loss in the peak power density. Interestingly, the ini-
tial performance was fully recovered after a purging/dry-
ing procedure. This procedure consisted in flowing dry
nitrogen at 90 °C for half an hour. The purging procedure
demonstrated that the performance loss was mainly due
to flooding problems (too high-water presence within the
cathode catalytic layer) rather than deactivation of the
electrocatalyst.

With a similar sacrificial template procedure, Osmieri
et al. [394] synthesized a series of bimetallic FeCo—N-C
electrocatalysts, which reached 28 mW cm~2 as PPD in a
passive DEFC at room temperature with important stabil-
ity. In this case, the activity was most likely due to the
presence of Co—Fe@C nanoparticles. Figure 10 shows
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the morphology of some of the electrocatalysts listed in
Table 8.

5.4 Energy Efficiency: Dependency on Acidic Versus
Alkaline Working Environment

Energy efficiency data for DAFCs are rather scarce in lit-
erature despite being a crucial parameter to be considered.

In Table 9, some examples related to alkaline and acidic
media for ethanol and methanol are reported identifying
studies targeting the determination of energy efficiency; for
the sake of comparison, the potential efficiency (estimated
from the power curve) of some state-of-the-art examples is
reported as well. The potential efficiency is the ratio of the
cell potential to the theoretical thermodynamic potential for
the reaction. The conversion is defined as the moles of fuel

Table 8 Activities in DAFCs: alkaline environment (the fuel: MeOH or EtOH)

Cathode electrocatalyst
and loading

Anode electrocatalyst
and loading

Membrane type and
active area

Fuels

7/°C PPD/(mW cm™2) References

METHANOL
Fe-N-C (1.73 mg cm™2)

Co-N-C (1.83 mg cm™?)

MnO, (24 mg cm™2)

Fe-N-C/MnO,
(24 mg cm™?)

Fe,03/Mn, 05 (Fe:Mn,
3:1) (24 mg cm™?)

Mn,0;@Co, ,Ni, 3O,
(10 mg cm"z)

NiCo0,0, (10 mg cm™2)

NiCo0,0, (10 mg cm™2)

ETHANOL
Pt black (3 mg cm™2)

MnO, (3 mg cm™?)

Lag ;Sry sMnO;
(45 mg cm™?)

Fe-N/C (MPC1)
(2.5 mg cm™?)

Fe-N—C (2.5 mg cm™2)

Fe-Co-N-C
(2 mg cm™?)

Pt/C (1.27 mg cm ™)
Pt/C (1.27 mg cm™)
Pt—Ru/C 60 wt%

(5 mg cm™?)

Pt—Ru/C 60 wt%
(5 mg cm™?)

Pt—Ru/C 60 wt%
(5 mg cm™?)

Pt—Ru/C 50 wt%
(6 mg cm™?)

Pt—Ru/C 40 wt%
(6 mgcm™2)

Pd/Co-CeO,/C
(5 mg cm™?)

PtRu black (3 mg cm™?)

Pt black (1 mg cm™2)

Pt-Ru/C 40 wt%, Pt,
20 wt% Ru (1.5 mgp,

cm™2

Pt-Ru/C 45 wt%
(1.33 mg cm™?)

Pt—Ru/C 45 wt%
2mgem™2)

Pd/C (1.3 mg cm™)

Fumatech FAA3 (5.29 1 M MeOH and 0.1 M 50 7 [426]
cm?) KOH, (0.2 mL min™),
0, (200 mL min~")
Fumatech FAA3 (5.29 1 M MeOH and 0.1 M 50 6.2 [426]
cm?) KOH (0.2 mL min™"),
0, (200 mL min~1)
PFM 5 M MeOH and 40 27 [428]
4MKOH, O,
(20 mL min™")
PFM 5 M MeOH and 40 41 [428]
4MKOH, O,
(20 mL min™1)
PFM 5 M MeOH and 60 46 [429]
4MKOH, O,
(20 mL min™")
PFM 5M MeOH and 55 120 [430]
4MKOH, O, 28 70
(20 mL min™")
PFM 5 M MeOH and 65 151 [431]
4MKOH, O,
(20 mL min™1)
PFM 5 M MeOH and 60 126 [433]
4MKOH, O, (26 in air)
(20 mL min1)
Tokuyama AAEM (2 I MEtOH+0.5MKOH rt 58 [167]
cm?) (4 mL min™h), 0,
(100 mL min™")
Stack composed of 4 2 M EtOH+3 M KOH 25 50 [435]
MEAs KOH (4 mL min~h), air 45 55
(80 mL min1)
Tokuyama AEM A-006 1 M EtOH and 6 M 30 28 [436]
(4 cm?) KOH (10 mL min™"),
0, (200 mL min~")
PBI doped with KOH 2 M EtOH and 20 72 [437]
(4 cm?) 2 M KOH, 0,
(200 mL min~")
PBI doped with KOH 2 M EtOH and 92 62 [394]
(4 cm?) 2 M KOH, 0,
(200 mL min~")
Tokuyama A-201 (1 2 M EtOH and 2 M rt. 28 [438]

cm?)

KOH 8 mL (reservoir),
air (passive configura-
tion)

@ Springer



30

Page 27 of 50

(2023) 6:30

Electrochemical Energy Reviews

(157l - - %Y 16°0 LL (D0 09) 6€ Fde1qid IND/VAd qoe[q Yid  [OUBYRIN
[osy] - - %8¢ 90 G8 (D0 09) 6¢€ ond Sd/VAd O/MYid  [oueyRN
(6771 - - %y 150 88 St SAN f0RdPN L11 uoyeN SIN Pd  [OUBYIOIN
(8] - - %0¢ Y20 8¢ 89 ond 107V ewrednyog, O/MYid  [oueyvN
[ovv] %ST - - - - - d L11 uoyeN d  [ouByRN
[evp] %91 %¢€9 %0¢ Y20 €8 0C Fde1qid L11 uoyeN Foeiqnygid  [OUBYRIN
(1¥¥] BLI %98 %Y (ST €€) 6770 06 (D0 09) 9T Fdeiqid L11 uoyeN Foeiqnyid  [OUBYRIN
igdl %81 %6°CL %LY 860 99 (D0 OV) 8¢ ond L11 uoyeN O/MYid  [OuedN
[e8T1] - - %9 0 0s¢ (D0 09) 0T O/dUdINL  (e[ozepruriozuaqAtod) 194 J/IAY [oueyyg
[Ly¥] - - %TE 9¢0 08¢ (D0 09) 001 D/00—°d 11¢ uogeN J/'NPd [oueyyg
[Leg] - - %S¢ 8C°0 0ce (D0 09) 06 D/00—°d 107V euwrednyog, D/FINPd oueqy
[891] %TY %S S1/%9% %6¢ 0 00$ (- 08) 091 D/00—°d 10TV ewednyol,  D/(uZ-IN)—pd oueyg
[6cp] %S9 WY 1%y %S1 LT°0 0LT Ly D/00—°d 107V eurednyog, O/fF0°0-Pd [oueyyg
[9r¥] - - %ee LEO SSl 8¢ ond CI1 uogeN O/mdpd oueyg
[6¢] - - %TE 6£0 0¢l [4Y ond Gl uoyeN O/USd [oueyiy
[ceel - - %8¢ €0 6 0€ ond GI1 uoyeN Offusfiy  oueyy
[9%7 - - %L1 61°0 69 el OAd L1T uoyeN o/Mg—d oueqy
a%d - - %TE 60 06 S OAd L11 uoyeN D/uS—d ouey
(o pun)/Kys
an (,_ud <Ev\ﬁ_\ -uop Jomod Xe]N
Koudroyjo 4
SOOUQIQNOY  AJUSIOYJO [[BIOAQ  HJ/UOISIOAUOD)  [BNUO] QOUBULIOLIO] apoyle) QUBRIQUIdIA Jpouy ong

(oread oAIno 1oM0d Y} WOIJ PAyRWNS ST ASUIIOYJS oY) ‘Funjor] oIe SJUWLIAAXS AD J0 DD 2I9UM SILIUD J} J0J) SWIAISAS JIPIOE pue uI[ey[e J0J elep ASUSIOyJo ASIoUQ JO ISI V6 d|qel

pringer

a's



30 Page 28 of 50

Electrochemical Energy Reviews (2023) 6:30

consumed compared to the total moles fed; this affects also
Faradaic efficiency that takes also into account the selectiv-
ity of the oxidation in terms of number of electrons trans-
ferred. The main factor limiting the efficiency of the systems
is the low fuel rate, since the decrease of the concentration
hinders the mass transport generating potential losses that
decrease the potential efficiency. Another limiting factor (for
ethanol) is the incomplete oxidation of the alcohol due to
the inability of cleaving the C—C (in particular in alkaline
media), producing less charge for one mole of fuel, reducing
the Faradaic efficiency and, in turn, the total energy effi-
ciency. For example, ethanol when oxidized to acetic acid
delivers 4 electrons instead of 12 for each molecule, reduc-
ing to 33% the maximum energy efficiency. Methanol does
not suffer this problem as the oxidation selectively produces
carbon dioxide (or carbonate). Due to these drawbacks, the
reported overall efficiencies are rather low. The highest
energy efficiency for ethanol in alkaline media was reported
by Wang et al. [439] for Pd-(CeO,)/C anode electrocatalyst
with a conversion from 46% to acetic acid (4 electrons) and a
Faradaic efficiency of 15% with an overall energy efficiency
(fuel to electrical energy) of 6.5% (the product energy con-
tent was not considered as gain). Similar results are reported
by Bianchini et al. with a nanostructured Pd—NiZn/C anodic
electrocatalyst and a Fe—Co/C cathodic electrocatalyst in
alkaline media [168]. In acidic media instead, the high-
est reported energy efficiency for methanol is 25%, by Seo
et al. that studied extensively the methanol crossover losses
in various experimental conditions [440]. Another notewor-
thy study by Jiang et. al reported a conversion up to 86% for
methanol with a peak power density of 26 mW cm™ but a
lower overall efficiency of 17% [441]. These studies used
Pt-Ru alloy at the anode and Pt at the cathode with a Nafion®
117 membrane as electrolyte [440—443].

6 Market Perspectives

Up to now, the DMFC market includes portable, stationary
and transportation devices, with portable applications cover-
ing the largest share (approx. 64%), followed by transporta-
tion (25%) and stationary (11%), as back-up power systems.
For portable applications, DMFCs offer the most feasible
option thanks to their high energy density and fast recharg-
ing options, compactness and lightweight. Methanol, in fact,
can be easily stored, supplied and handled, sometimes also
mixed with water (50/50 or 60/40 methanol/water).

The main players in DMFC companies are mostly located
in North America (Ensol System in Canada, MeOH Power
in the U.S.A.), North Europe (SFC Energy AG in Germany,
Advent Technologies A/S in Denmark), and Asia Pacific
(Samsung SDI Co. Ltd. in the Republic of Korea; Toshiba
Corporation, Fujikura Ltd. and Panasonic Corporation in

@ Springer

Japan). Table 10 provides an overview of the main DMFC
commercial products available on the web.

Considering the major drawback and limitations of
DMFCs, the global market size is limited compared to
other power source systems such as batteries. In 2020, the
DMFC market size reached 1.73 million USD, with an
expected growth to 5.85 million USD in 2028, equivalent to
a compound annual growth rate (CAGR) of 16.6% [452]. In
Europe, the company SFC Energy AG (Germany) declared
in its Quarterly Release Q3/2022 almost 44 million EUR of
sales as “Clean Energy” products (hydrogen/methanol fuel
cells and integrated products) in the period January—Septem-
ber 2022, with an increase of +45% compared to the same
period in 2021 [453]. The largest contribution to sales was
determined predominantly by fuel cell solutions for indus-
trial applications (almost doubled compared to the same
period of the previous year), while sales to customers for
private or recreational use decreased remarkably. For SFC
Energy AG, the breakdown of sales by region has Europe
as the top buyer (more than 47% of the market share), fol-
lowed by the United States (43%), Asia (9%), and the rest of
the world. The even more pressing request of clean power
sources, combined with the availability and ease of handling
of methanol will facilitate the market penetration of DMFCs.
In fact, DMFCs, can provide high energy conversion together
with flexible and clean operation when direct electrification
and batteries cannot cover the request. Considering the 2030
Climate Target Plan [454] issued by the European Commis-
sion following the Paris Agreement (reducing greenhouse
gas emissions to at least 55% below 1990’ levels by 2030
and achieving climate neutrality by 2050), the forecast sales
for fuel cells are expected to increase by 2023 notwithstand-
ing the global economy has become increasingly depressing
because of the unstable geo-political circumstances, increas-
ing inflation and unpredictable COVID policy around the
world.

7 Problems to Overcome and Future
Outlook

Actual DAFC:s still suffer from limitations mainly related
to the activity of the anode electrocatalysts. So far acidic
DMECs are the most developed systems and have reached
the commercialization stage. In 2019, a logistic vehicle
powered with DMFCs has been launched in China [459]
and DMFCs have also been proposed as range extenders
for battery vehicles. However, a future of DMFCs in high
power applications is still hard to imagine for the concur-
rency of hydrogen systems, even on the light of the sig-
nificant critical raw materials loading utilized. In almost
all the cases, Pt loading usually exceeds 1 mg cm™2, and
more often, to guarantee more stability and performance,
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Table 10 Main commercial DMFC products from worldwide companies, and related technical characteristics, when available

Company

Product

Characteristics

References

Ensol Systems, Canada

SFC Energy AG, Germany

Oorja Models T-1/T-3

EFOY 80/EFOY 150

Prime power source for remote locations (genera-
tor, PLC/SCADA systems, mountain top repeaters,
remote access monitoring & control)

Weight: 68 or 95 kg

Power: 1.5 or 2.5 kW

Operating environment: —40-45 °C

Fuel: methanol/deionized water various concentrations

Fuel consumption: 0.8/0.75 L kWh™!

Power generators for leisure, temporary operation (sail-
boat, motorboat, caravan, camper, motorhome)

Dimensions: (L) 448 mm X (W) 188 mm X (H) 275 mm

Weight: 6.5/6.9 kg

Power: 40/75 W

Voltage output: 12-24 V

Charging current: 3.75/9.17 A

Operating environment: —20-50 °C

Fuel: 100% methanol in EFOY cartridges

Power generators for leisure, continuous operation
(sailboat, motorboat, caravan, camper, motorhome)
Dimensions: (L) 448 mm X (W) 198 mm X (H) 275 mm

Weight: 6.5/7.2/7.8 kg

Power: 42/82/125 W

Voltage output: 12/24 V

Charging current: 3.75/9.17/20.83 A
Operating Environment: —20-50 °C
Fuel: 100% methanol in EFOY cartridges

[455]

[456]
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Table 10 (continued)
Company Product Characteristics References

EFOY Pro 12000 Duo

SFC Jenny 1200
r . .7_ ~

[
(=
e

S

T

Stationary applications, for better performance (trans-
mitter stations, repeater stations, local micro-grid,
rural areas)

Dimensions: (L) 640 mm X (W) 441 mm X (H) 310 mm

Weight: 32 kg

Power: 3 kW

Voltage output: 12-24 V

Operating environment: —20-50 °C

Fuel: 100% methanol in EFOY cartridges

Portable power generator for remote military use (in a
backpack)

Dimensions: (L) 184 mm X (W) 74 mm X (H) 252 mm

Weight: 1.7 kg

Energy supply: 600 Wh d™!

Rated capacity: 25 W

Voltage output: 10-30 V

Operating environment: —32-55 °C

Maximum operating altitude: 4 000 m

Fuel: 100% methanol in 0.35 mL (371 g, up to 350 Wh,
14 h of use at 25 W) or 2.5 L (2.2 kg, up to 2.5 kWh,
50 h of use at 50 W) fuel cartridges

Portable power generator for remote military use (in a
backpack)

Dimensions: (L) 215 mm X (W) 96 mm X (H) 264 mm

Weight: 3.3 kg

Energy supply: 1 200 Wh d~!

Rated capacity: 50 W

Voltage output: 10-30 V

Operating Environment: —20-49 °C

Maximum operating altitude: 4 000 m

Fuel: 100% methanol in 2.5 L (2.2 kg, up to 50 h of
use) or 5 L (4.3 kg, up to 110 h of use) fuel car-
tridges approved for air transport in accordance with
UN3473

@ Springer
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Table 10 (continued)

Company Product Characteristics References

SFC Emily 3000 Mobile power source for electrical devices in command
and multipurpose vehicles for remote military use

Dimensions: (L) 476 mm X (W) 206 mm X (H) 286 mm

Weight: 12.5 kg

Energy supply: 3 000 Wh d~!

Rated capacity: 125 W

Voltage output: 12/24 V

Nominal current: 10/5.2 A

Operating environment: —25-50 °C

Fuel: 100% methanol in 10 L (8.4 kg, up to 88 h at 3
000 Wh d™!) or 28 L (23.4 kg) cartridges

Fujikura Co., Japan Unit for portable electric devices [457]

Dimensions: (L) 135 mm X (W) 75 mm X (H) 23 mm

1 kW DMFC Unit for emergency power generators (for earthquakes
or long-term blackouts) or power sources for special
vehicles (forklifts, drones)

Dimensions: (L) 600 mm X (W) 440 mm X (H) 330 mm

Antig Fuel Cell Innovation A5 Blade Lightweight, hand-held charger for portable devices [458]
(cell phones, PDAs, and digital cameras)

Power: 5 W

Voltage output: 5 V

Dimensions: (L) 150 mm x (W) 105 mm X (H) 25 mm

Weight: 300 g

Operating environment: — 545 °C

@ Springer
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Table 10 (continued)
Company Product Characteristics References
A25 Cube Robust external charger for use in stand-alone or sta-

A50 Brick

tionary applications
Power: 25 W
Voltage output: 5,9, 12, 19 V
Dimensions: (L) 169 mm X (W) 190 mm X (H) 210 mm
Weight: 4 kg
Operating environment: — 545 °C

Back-up generator or charger for light electric vehicles
Power: 50 W

Voltage output: 12,24 V

Dimensions: (L) 280 mm X (W) 110 mm X (H) 130 mm
Weight: 5 kg

Operating environment: — 545 °C

3 mg cm~2 Pt loadings are used with many examples in the
literature that sometimes even exceed 5 mg cm™2. Acidic
ethanol systems are less developed compared to methanol.
Still, most of the reported works use large PGMs loading.
The most relevant challenge in DEFCs is the conversion to
CO, that is still a minor oxidation product and that leads to
low energy conversion efficiencies. Despite a large research
effort most relevant electrocatalysts are far from achieving
a complete conversion. Stability is also an issue and the tar-
gets of hydrogen PEMFCs are still far to be achieved. The
reasons for the performance drops are various. In acidic sys-
tem, the problem of cathode flooding generates a significant
drop in the performance. Moreover, anode electrocatalysts
suffer from stability issues. For the oxidation of methanol
and ethanol, the most developed electrocatalysts are Pt—-Ru
alloys (50%/50% at.). These systems are prone to Ru leach-
ing that has been demonstrated even in the first 20 h. of
operation. The depletion of the Ru content at the surface of
the electrocatalysts is a significant problem as Ru has the
role to reduce CO poisoning and in turn improve durability.

A further issue that affects the acidic systems is alcohol
crossover with the onset of mixed potential that determines
loss in cell potential and ultimately in energy efficiency. This
problem is mostly related to the use of cathode electrocata-
lysts that beside being efficient for the ORR are also effective
for alcohols oxidation. The use of PGM-free electrocatalysts
such as single atoms iron and cobalt catalysts is the most
promising strategy to mitigate the problem of crossover,
together with the development of new membranes that show
less permeability to alcohols. The problem is less relevant
in alkaline DEFCs because in alkaline conditions PGM-free
electrocatalysts are more effective and show larger stability.

@ Springer

A major drawback seldom reported of alkaline systems is
the use of a fuel mixed with concentrated alkali. Oppositely,
acidic system exploits the acidity of the membrane only,
allowing the use of fuels consisting of alcohols in deionized
water solutions. The reason why alkaline systems require
the use of concentrated alkali resides in the stoichiometry
of the reaction. Indeed, the oxidation of alcohols in alkaline
environment leads to the formation of anions (e.g., carbonate
and acetate) as products. The rightmost negative charge is
balanced by the stoichiometric consumption of the OH™ at
the reagent side. This fact combines with the kinetics of
the oxidation reaction that, e.g., in the case of ethanol is
dominated by the adsorption of OH™ at the surface of the
electrocatalyst at least at low overpotential (anode potential
lower than 0.5 V RHE), a region that is extremely important
for the fuel cells. The effect of fuel depletion has been sel-
dom studied in the literature, but investigations shows that
when the concentration of OH™ in the fuel drops below 1 M
the performance significantly decreases. This aspect must
be considered while engineering systems to maximize the
efficiency in the fuel utilization. The need to use OH™ also
affects the energetics of the whole system, as the produc-
tion of alkali, usually by the chloro-soda industry, is very
energy intensive and can give a significant contribution
to the energy balance of the direct alcohol fuel cells. This
aspect has already been shown in the analysis of the elec-
trochemical reforming of ethanol [28, 29]. However, this
point has never been stressed for the DAFCs. We believe
that the implication of such facts is that when evaluating the
energy input of alkaline DAFCs the energy content of the
OH™ should be considered in addition to that of the alcohols.
This is a direct consequence of the stoichiometric OH™ con-
sumption that leads to the final conclusion that the OH™ shall
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be considered as a component of the fuel and not just as a
tool to modify the pH of the anode compartment.

The use of alkaline electrolytes however has also positive
implications. Indeed, the anode is immerged in a strongly
conductive electrolyte. This allows the use of electrodes con-
sisting of thick layers of easy-to-handle materials as reported
in [7]. These systems, thanks to an extremely high mass
transport have achieved power density over 300 mW cm™2 in
the case of DEFCs, even if using Pd loading up to 8 mg cm™>
with current densities largely exceeding 1 A cm~2. Remark-
ably, the anode catalyst layer engineering in alkaline systems
could be much different from that of acidic systems, as the
ion transport can be provided by the electrolyte itself whitout
the need of ionomers and binders. The catalyst layers consist
(e.g., titania nanotube arrays deposited onto titanium non-
woven web [35, 460, 461]).

A further issue related to the alkaline system is safety.
High performance systems need indeed highly concen-
trated alkali that must be handled with care during refu-
eling. Moreover, eventual leakage of the systems may be
dangerous for the devices and for the safety of the opera-
tor. This is not an issue for acid systems whereas men-
tioned above the fuel only consists of a solution of alco-
hols in water.

Fuel composition is also an issue. Indeed, neither in
acidic nor in alkali can alcohols be used in pure forms.
Diluted concentrations must be used to guarantee the best
performances.

In alkaline systems most of the experiments have dealt
with 1 M or 2 M ethanol solution. This means that the
energy density of the fuel is limited by the low concentra-
tion of the alcohol. Moreover, the weight energy density is
affected by the need to load the system also with hydrox-
ide. The need to load alkaline DEFCs with alkali also
affects the energy density of the fuel. Indeed, the addition
of NaOH equimolar to e.g. ethanol, approximatively halves
the energy density of the fuel.

Also, in acidic systems, due to alcohol crossover con-
straints, fuel concentrations are ranging between 1 and
2 M, reaching in some case 5 M solutions, when inno-
vative (mainly composite) membranes with lower fuel
permeability are used. Only few examples, using Fe-N-C
electrocatalysts at the cathode, have demonstrated the fea-
sibility of DAFC operation with high fuel concentration.

All these aspects suggest that while the high energy
density of alcohols as fuels have been largely advocated
as an advantage, translating it into practical applications
is completely a different matter spotting on the light sev-
eral important issues. Kinetics imposes severe constraints
on the concentration of the alcohols in the fuel and the
need to have them diluted in water decreases much the
volumetric and the weight energy density of the devices.

In alkaline systems the need of the equivalents of alkali
makes the situation even worse.

For all what said above, there is the need for substantial
multidisciplinary research to improve the performance of
the devices. In the opinion of the authors, the reduction
of PGM electrocatalyst loadings and the increase of the
alcohol concentration in the fuel are among the most rel-
evant issues demanding a substantial research effort. Sec-
ondarily, there is the need to improve the energetics of the
anodic processes. Anode performances are indeed the most
relevant in terms of potential drops and electrocatalysts
with improved kinetics would improve the performance.
Membranes also deserve much attention. Indeed, crossover
is a limiting factor for the performance and the efficiency
of the devices and depends much on the membrane. The
problems interrelate with the concentration of the alcohol
in the fuel; higher concentrations of alcohol in the fuel
result in higher crossover. The limitation of crossover can
come from leap in the membrane technology through the
use of composite materials.
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