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Abstract

Alkaline Fuel cells (AFCs) are one of the emerging energy
future energy sources and energy conversion systems. The
use of the anion exchange membrane in alkaline fuel cells
(AEMFCs) has made AFCs more versatile. It has also intro-
duced the use of an abundance of catalysts, mostly non-
Platinum group metals (PGMs), especially for its more favor-
able cathodic oxygen reduction (ORR). The benefits and
importance of the presence of efficient porous carbon supports
to enhance the electroactivity of these catalysts were high-
lighted. Apart from the well-known carbon allotropes used as
catalyst supports, some new and innovative forms of porous
carbon and their composites are discussed. Their performance
as stand-alone catalysts or as support for non-PGMs for ORR
in operating conditions of AEMFCs has given a further boost to
the future availability of low-cost AFC-driven devices.
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Introduction

Fuel cells (FCs) are promising new electrochemical and
power generation devices that directly convert chemical
energy into electrical energy. They are the best choice to
replace batteries for delivering power for a wide range of
applications due to their theoretical efficiency of more
than 80%, continuous electricity to meet future clean
energy generation without long-time charge, and light-
weight [1]. Recent developments in fuel cell knowledge
and technology have made it possible to utilize them as
dependable sources of power. Low-temperature poly-
mer electrolyte membrane FCs are the future of high-
efficiency energy conversion for transportation [Z2].
The proton exchange membrane fuel cell (PEMFC)
possesses a high peak power density operating on H;
fuel with ambient air as the oxidant, even with low Pt
loading (1.24 W/em? at 0.125 mgPt/cmZ) and stable
operation for tens of thousands of hours [3]. However,
PEMFCs have not yet achieved commercial success
despite their great performance. The lack of H; distri-
bution networks may have limited the adoption of these
systems, but their high price tag has been the main
hurdle to market acceptability and penetration in the
transportation sector. The alkaline fuel cell (AFC) has
certain advantages over its acidic counterpart. Among
the most favorable attributes of AFCs are (i) the ability
to utilize any catalyst, apart from the platinum group
metals (PGM); (i1) the favorable thermodynamics of
oxygen reduction in the alkaline media, (iii) the adop-
tion of anion exchange membrane, and (iv) and the
reduction in the corrosion problem faced by fuel cell
stack hardware, [4,5]. These are mostly the main
drawbacks of PEMFCs and demonstrate the potential of
AEMFCs as an alternative to PEMFCs which have
already been commercialized.

An AEMFC stack’s structural design is typically similar to
that of a PEMFC stack. Figure 1 depicts a typical
AEMFC structure, which consists of an anode (AGDL
and ACL) and cathode (CGDL and CCL) electrodes
separated by an anion exchange membrane (AEM). A
liquid electrolyte is used in AFC technology for ionic
conduction between the two electrodes. Potassium hy-
droxide is the most conductive of all alkali metal hy-
droxides and the most commonly used electrolyte in this
application. During operation, the anode electrode

www.sciencedirect.com

Current Opinion in Electrochemistry 2022, 36:101132


mailto:Bose.Fashedemi@nottingham.ac.uk
mailto:Bose.Fashedemi@nottingham.ac.uk
mailto:omobosede.fashedemi@augustineuniverity.edu.ng
mailto:omobosede.fashedemi@augustineuniverity.edu.ng
https://www.sciencedirect.com/journal/current-opinion-in-electrochemistry/special-issue/10RHP24JN8V
https://doi.org/10.1016/j.coelec.2022.101132
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coelec.2022.101132&domain=pdf
www.sciencedirect.com/science/journal/24519103
www.sciencedirect.com/science/journal/24519103

2 Emerging Opinions

Figure 1
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The reaction and mass transfer processes of AEMFC [6].

receives Hj(g/fuel and water, while the cathode elec-
trode receives O, gas and water. Equations (1) and (2)
below describe the electrochemical reactions that occur
at the catalyst surface in an AEMFC with a direct four-
electron pathway. For the anode, much research has
focused on exploring different materials to reduce the
hydrogen binding energy (HBE) and increase the HOR
activity. Since this is the region where water is generated,
the anode catalyst layer (ACL) also faces problems of
water management [6] and hydrogen gas transfer. For the
cathode, the ORR occurs more easily in an alkaline
environment than in acidic environment, allowing the
use of non-PGM as the ORR active center [7]. In addi-
tion, ORR at the cathode is theoretically regarded as an
important reaction in the energy conversion systems such
as hydrogen FCs as well as other alcohol FCs [8—10].

At anode: 2H; + 4OH™ — 4H,;0+4¢™; Eg = —0.828 V (1)

At cathode: O, + 2H;0+4e™ — 40H; Ey = 0.401 V (2)

For most electrocatalysts employed in FC devices, sup-
port materials play a critical role in determining catalytic
activity and durability, as well as mass transfer and water
management [11]. Pt-based catalysts, which effectively
avoid the shortcomings of sluggish kinetics reaction in
the ORR process, have been widely regarded as the most
effective catalysts to make oxygen molecules undergo
efficient reduction reactions at the cathode [12]. How-
ever, Pt-based catalysts have several disadvantages of
high cost, low stability, and insufficient reserves, which
bring huge challenges in practical applications and force
the development of cheap, robust, and high-efficiency

non-precious metal catalysts [13]. An ideal ORR elec-
trocatalyst should have an active surface responsible for
catalyzing the ORR process and a conductive bulk to
facilitate the charge transfer [14]. Due to their unique
characteristics, such as being stable in both acidic and
basic environments, meeting the majority of the desirable
requirements for suitable support, and being removable
from electrocatalysts by burning off, carbon materials
have been used in heterogeneous electrocatalysts as a
support for a long time [15,16]. Carbon materials are
characterized by their very high surface area, high elec-
trical conductivity, appropriate porosity, and presence of
active sites (functionalized form) which can suitably
disperse metal nanoparticles. They also have better
electron transfer and adequate water management,
resulting in enhanced performance of FC devices. Various
carbon materials in diverse forms such as carbon black
(CB), activated carbon, graphene (GR) [17,18]., carbon
nanotubes (CN'I5) [19], nano carbons onions [20],
carbon nanoribbons [21] reduced graphene oxide (rGO)
[22], carbide-derived carbon (CDC) [23], carbon nano-
onions [24], nitrogen-doped hollow carbons (NHCs)
[19], carbon-BP200 [25], carbon nanohorns (CNHs),
carbon nanodots (CNDs) [26], and activated carbon
(AC-) [27] have been employed in different electro-
catalysts. Functionalizing some of these carbon supports
like CN'Ts,and graphene, with organic groups like hy-
droxyl (OH), amines (NH;), and acetyl (CO) via weak
covalent T- T stacking has been seen to improve both
their catalytic activity and hydrophilic nature in active
FC operations [28]. As any large-scale and sustainable
deployment of AEMFCs should minimize the use of both
PGMs and even critical raw materials (CRMs) [29],
recent studies have focused on the use of doped carbon
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substrates as cathode catalysts in AEMFCs. Doping the
different nano carbon forms with heteroatoms such as N,
S, B, and O also improves electrocatalytic activity. N-
doped carbon forms (N—C) and metal-nitrogen—carbon
(M-N-C) are very well known as effective stand-alone
electrocatalysts or electrocatalytic supports for ORR in
FC applications [30]. The former was investigated by
Biemolt et al. who utilized an ACL of NisFe/C/and N-
doped carbon as CCL in an AEMFC operation and thus,
achieving a maximum power density of 56 mWem % ata
current density of 138mAcm 2. According to the authors,
this 1s among the highest values reported to date for
CRM-free electrocatalyst systems [31]. It is believed
that nitrogen dopants donate electrons to the Tt-orbital in
carbon, which can then be transferred to the T*-orbital of
O,, facilitating the splitting of oxygen bonds and
increasing the ORR kinetics. As a result, non-PGM
catalystscan- be employed in the AEMFC cathode cata-
lyst layers due to carbon support for nanomaterials,
particularly single-atom catalysts. Thus, this article
highlights some key research on carbon allotropes used as
supporting materials for catalysts in AEMFC based on
material design, catalyst fabrication, and FC test process.
The goal is to provide an instructive perspective that
scientists and researchers may utilize to better under-
stand carbon supports and stimulate the use of such
innovative materials in AFC technologies.

Anion exchange membrane fuel cells

Despite the efficiency and improved working perfor-
mance of PEMFCs [32], it is yet to become commer-
cially viable as a result of their relatively high cost. Cruz
ct al. suggested an effective way to circumvent this
limitation by the modification of PEMFC cell chemistry
[2] which can be carried out via acidic to alkaline
membranes transition thus creating AEMFC. Thus, an
obvious advantage of AEMFC over PEMFC is that the
former operates at higher pH and therefore creates an
environment that is less corrosive. Higher pH affords
AEMFC the comparative advantage of using less
expensive materials for cell components such as mem-
branes, catalysts, and bipolar plates [2].

Thus, Cs are a specific type of FCs characterized by the
alkaline electrolyte used in the cell. AFCs consist of
typical FC components, including the anode, cathode,
electrolyte, and catalysts [33,34]. Anion exchange
membranes (AEMs) are gaining popularity for use in
AFC technologies to replace traditional AFCs, creating
the anion exchange membrane fuel cells (AEMFCs).
Anion exchange membrane (AEM) is the core compo-
nent of AEMFCs, which not only separate the cathode
and anode catalyst layers (making up the membrane
electrode assemble — MEA), but also plays a vital role in
ion transport [35]. Being the main part of the MEA, the
region where electrochemical reactions and mass trans-
port occur, it plays an important role in power density
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output. Therefore, it directly determines the perfor-
mance of AEMFCs. Ideally, AEM should have high ionic
conductivity, good alkali stability, and excellent me-
chanical strength. However, since the transfer coeffi-
cient of OH™ is only one-fourth of H", the ionic
conductivity of AEM is generally lower than that of
proton exchange membrane (PEM).

Key characteristics and challenges

AFCs have a number of distinct characteristics as a
result of the alkaline environment in the cell. One of the
most important is the effect on the rates of reactions at
the anode and cathode. The rates of the oxygen
reduction reaction (ORR) and the oxygen evolution
reaction (OER) at the cathode are higher in an AFC
compared to an acidic cell due to the highly alkaline
environment [36]. The slow ORR and OER rates in
PEMFC typically necessitate the use of platinum cata-
lysts to achieve adequate cell voltages. However, this
increases the overall cost of the cell [37]. Because the
ORR and OER rates are higher in an AFC [38], platinum
catalysts are not as necessary, thus permitting the use of
non-PGMs at the cathode with a large selection of cheap
polymers and carbon supports with good durability [36].
On the other hand, hydrogen oxidation reactions (HOR)
and hydrogen evolution reactions (HER) at the anode
occur at a significantly lower rate in alkaline media when
compared with acidic media [38]. The challenge (HOR)
originates from the demand to maintain a partly oxide-
free metal surface up to an anode potential of 0.1 V
versus the reversible hydrogen electrode (RHE) and
preferably higher, as required for the bonding of H,qs
intermediates in the relevant potential range. This is a
difficult requirement for a non-PGM catalyst; thus,
appropriate catalysts need to be developed for hydrogen
reactions in AEMFCs. Moreover, AEMFCS have low
fuel crossover which means they can be operated with an
extended use of alternative fuels to hydrogen-like al-
cohols (mainly methanol and ethanol, polyols-glycerol,
glucose, and ethylene glycol and N-based fuels-
hydrazine and ammonia). In contrast, classical AFCs
are susceptible to CO; poisoning if the cell is exposed to
air. AEM carbonation occurs when air instead of O;
reacts with OH-anions in the anion-exchange ionomers
to form HCO3;™ and COj3 as CO; readily reacts with
alkaline hydroxides which are the media for these fuels,
to form negatively charged carbonate (COj3; ) and bi-
carbonate ions (HCO;3 ), leading to cell performance
losses [36,39]. This carbonation problem at the cathode
not only reduces the conductivity of the electrolyte
membrane but also leads to up to 50% performance
reduction and a fast decrease in the ion conductivity
[11]. Fortunately, as recent and ongoing development
has shown, the use of solid membranes (alkaline anion
exchange membranes) has minimized the carbonation
and fuel crossover issues associated with aqueous hy-
droxides mainly, KOH [40,41].
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In AEMFCs, water plays different roles: at the cathode,
water acts as a reactant, whereas at the anode, it is a
reaction product. The dehydration and flooding of the
cathode and anode, respectively, are more prominent in
AEMFCs than PEMFCs, which inevitably leads to poor
cell performance. Thus, water management needs to be
addressed in AEMFCs. The ionomer (which is mixed
with the catalyst) content has a prominent effect on
controlling the water management in both the elec-
trodes in AEMFCs [42].

For example, the higher ion exchange capacity (IEC) of
the ionomers at the cathode resulted in a reduction in
OH"™ ionic resistance and thus improved cell perfor-
mance, while the relatively lower IEC of ionomer at the
anode avoids detrimental effects such as ionomer disso-
lution and anode flooding. Also, too much ionomer con-
tent results in the blockage of the surface pores of
catalysts supports and the shielding of the active catalyst
surface of the electrode, thereby decreasing the effi-
ciency of the catalysts’ utilization. Generally, the forma-
tion of a proper TPB (three-phase boundary) formation is
essential for maximum catalyst utilization. Thus, the
utilization of ionomers should be such that it uniformly
coats the catalyst but does not block the gas diffusion in
the porous carbon substrates. Some authors have
observed that the use of low-molecular-weight ionomers
with hydrophobic blocks would lead to the promotion of
systematic phase separation which create ion conduction
and gas diffusion channels leading to better mass trans-
port and improved FC performance [43].

Another drawback is the cell durability. According to a
recent technical target provided by the U.S. Department
of Energy, a viable single-cell AEMFC needs to operate
above 60 °C at a current density of over 600 mA/cm? for
2000 h with less than 10% voltage degradation [44].
Stability issues can be difficult to attribute to a single
component in the integrated device, since electro-
catalysts, catalyst supports, alkaline anion exchange
membranes (AAEMs), anion exchange ionomers (AEIs),
and their interfaces are all prone to degradation under
AEMFC operating conditions [37]. However, regarding
the catalyst layer (CL); the catalyst on the electrode
surface can be easily detached during long FC operations.
A stable catalyst support with highly exposed active
facets, surface area, and strong corrosion resistance
coupled with high mechanical stability will be desirable
to maintain steady durability coupled with active per-
formance [45].

Several PGM-free catalysts have shown ORR activity
similar to platinum in preliminary liquid half-cell tests,
reliable PGM-free catalysts with long-term high perfor-
mance in an AEMFC are scarce. In particular, PGM-free
electrodes generally require high catalyst loading due to
their relatively low active-site density, which leads to
thick electrodes that make oxygen and water transport

difficult. Therefore, in addition to the need for high ORR
activity, achieving high-performance PGM-free cathodes
in AEMFCs also requires mass transport to be more
effectively managed. This can be overcome by use of
appropriate supports in the form of carbon due its afore-
mentioned properties. This will ultimately reduce the
amount of catalysts required in building the catalysts
layer. Moreover, obtaining a balanced pore structure
(meso and macro) of such carbon supports will readily
facilitate the mass transport in the system.

Main catalysts used in AFCs

Catalysts used in ORR

The general assertion is that ORR readily takes place in
basic medium. This is because there is a change in
thermodynamics as the pH of the solution increases thus
changing the potential difference (acidic medium with
1.229 V and alkaline medium with 0.401 V). This
reduction in potential difference causes the surface-free
energy to increase, which then increases oxygen and its
intermediates’ adsorption by lowering free energy.
However, only a few catalysts such as Pt in acidic medium
have sufficient O, adsorption-free energy to allow effi-
cient binding on the surface and occurrence of ORR. On
the other hand, alkaline electrolytes allow surface re-
actions to occur, thus allowing other materials apart from
Pt to be used as catalysts in ORR. Some of the other
catalysts which have been used in ORR are PGMs-based
catalysts including platinum alloys, and, PGM-free cat-
alysts (non-PGM-based noble metals, carbon-based
catalysts, and transition metal oxides) [33].

Adabi et al., 2021 [46] reported the use of Fe—N—C
cathode electrocatalyst for AEMFCs and the result ob-
tained showed a peak power density exceeding 2 Wem ™2
with very good voltage durability for more than 150 h.
Furthermore, a half-wave potential of 0.846 V was re-
ported. Further tests carried out showed that H,/O;
integration gave a current density of >7 A cm 2, while
CO;-free air when integrated showed a current density
>3.6 A cm 2. When Fe—N—C cathode was used with
low-loading PtRu/C anode, the total PGM loading of
0.125 mgp(ru cm ™2 (0.08 mgp; Cm_z) which gave power
output peaking at 10.4 W mgp(ﬂ\/f1 (16.25 W mgp, -h,
thus surpassing the highest DOE milestone performance
reported for AEMFC reported in 2022. The use of non-
precious transition metals (Co, Fe, and CoFe), N-doped
carbide and CN'T nanocomposites used as cathode cat-
alysts for AEMFCs revealed that CoFe—N-CDC/CNT
gave the best catalytic performance with a power density
of 1.12 W em ™2 as compared with 1.06 W cm 2 and
0.88 W cm ™2 respectively shown by Co-N-CDC/CNT
and Fe-N-CDC/CN'T. Furthermore, Co-N-CDC/CNT,
Fe-N-CDC/CNT, and CoFe-N-CDC/CN'T showed cur-
rent densities of 0.47 A cmfz, 0.35 A cmfz, and 0.47
Acm™? respectively at 0.75 V. These values are among
the highest reported for precious metal-free cathode
catalysts reported in literature [23].
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Figure 2
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SEM micrographs with lower (a—c) and higher magnification (d—f) for Fe-N-CDC/CNT (a, d), Co-N-CDC/CNT (b, e€) and CoFe-NCDC/CNT (c, f). With
permission from Ref. [23] (g) Polarization and power density curves and (h) in situ stability operation at a constant current density load of 0.6 A cm™2 using
CoFe-N-CDC/CNT as the cathode catalyst, (i) Polarization and power density curves using various cathode catalysts shown in the legend and (j) CoFe-N-
CDC/CNT AEMFC in situ stability operation at a constant current density of 0.6 A cm™2 [19].
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Figure 3
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(a) Synthetic route to synthesize Fe,-CNT @NHC materials, Stability tests (b) MeOH crossover effect tests of Feg 1-CNT@NHC (c) and the commercial Pt/
C catalyst at 0.6 V vs. RHE at 1600 rpm. (d) Schematic illustration of the Fe ¢ 1-CNT@NHC for efficient ORR electrocatalysis [8].

A similar study by Zeng et al., 2022 on the use of non-
precious transition metal nitrides as ORR electro-
catalysts for AFCs revealed that CozN/C, MnN/C, and
FesN/C produced the best catalytic performance with
Co3N/C being the highest with mass activity at approx-
imately 170Ag_1 and E1/, 0.862 Vvs RHE. The observed
ORR activity is however lower than that observed for Pt/
C with Co3N/C showing a lower Tafel slope value of
37 mV dec™ ! while Pt/C showed a value of 66 mV dec ™.
This is an indication that ORR kinetics on Pt/C are
controlled by the first proton transfer in alkaline
medium.

Carbon supports for catalysts in AEMFCs
Microstructure and the fabricating method of electrodes
associated with their transport resistances and

electrochemical kinetics are critical for the improvement
of cell performance. Modern AEMFC electrocatalyst
layers are usually composite structures of anion con-
ducting ionomer material and noble or non-noble metal
catalysts, usually supported on carbon. The characteris-
tics of a good catalyst support material include the
presence of surface functional groups that promotes
catalyst—support interaction, a mesoporous structure
that improves the triple phase boundary, electrochemical
stability, high electrical conductivity, a high surface area,
low surface poisoning, and corrosion resistance. The use
of carbon-based support with various structural and
morphological properties improves the stability and
electrocatalytic activity of the catalyst. With the use of
carbon support, mass transfer and electronic conductiv-
ity in the catalyst layer are found to be enhanced [34,47].
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Porphyrin powder used for the synthesis of the FeP aerogel (a) FeP aerogel (b), and the aerogel after the heat treatment-HT800-FeP (c) and ADF-S
STEM images of (a) pristine FeP aerogel, (b)HT600-FeP aerogel, (¢) HT700-FeP aerogel, (d) HT800-FeP aerogel, (e) HT900-FeP aerogel, and (f)
HT1000-FeP aerogel (yellow circles show examples of iron ions within the aerogel samples).

One of the basic prerequisites of catalyst supports is the
high surface area that facilitates and promotes uniform
dispersion of catalyst nanoparticles (NPs). Another
factor is porosity, which impacts the mass transit of re-
actants, the homogeneity of the distribution of catalytic
nanoparticles on supports, and the accessibility of
embedded catalysts to the electrolyte. Thus, the pres-
ence of macropores and mesopores allows for easier gas
flow and higher accessibility of electrolyte to the elec-
trocatalytically active sites. The presence of a large
surface-to-volume ratio and strong binding of the

nanoparticle catalyst on the support will enhance the
catalytic activity of the electrochemical reaction while
preventing detachment of catalysts during long runs of
FC operations [45].

This section looks into the fabrication and develop-
ment of new porous carbon supports and carbon com-
posite supports that have been shown to assist the
catalyst in enhancing their catalytic activities. These
carbon supports have promoted selectivity, durability,
surface area, and exposure of the active sites as well as
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Figure 5
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(a) The synthetic procedure of FePc@N,P-DC catalyst showing N.P-DC substrate and FePc and (b) ORR polarization LSV of FePc@N,P-DC mea-
surement before and after 5000 and 10,000 cycles at the scan rate of 50 mV s~ with the rotation speed of 1600 rpm. The inset figure indicates the two
kinds of ORR active sites (the topological defect on N.P-DC and FePc) during ORR process. (Adapted and modified from original figures in Ref. [49]).

excellent conductivity especially for oxygen reduction
catalysis in AEMFCs. Other carbon supports in view of
being tested in active AEMFCs are also featured.

Carbide-derived carbon (CDCs)

It is widely known that CDCs are known to be one of the
carbon materials which stands out due to the large
specific surface area (higher than 1000 ng'l), and easily
tunable pore size [61]. CDCs also have other additional
benefits, one of which is that they impart extremely
high stability features to ORR catalysts. CDC materials
can be produced from numerous carbide sources (e.g.
SiC, TiC, ZrC, Mo;C). Their porous structure can be
easily modified, via the chlorination temperature and
the initial carbide source. As a result, their composites
could be used to make materials with both micro- and
mesoporous pore sizes. Liloja et al. [23] developed some
ORR catalysts with a combination of N-doped CDC and
CNT. As shown in Figure 2. The carbon support N-
doped CDC/CNT incorporated with CoFe(CoFe-N-
CDC/CNT showed no decline in current after 10,000
consecutive cycles, gave a power density of app 1120
mWem ™2 with H,/O; FC operations.

N-doped hollow carbon cubes (NHCs)

This was innovatively designed using MOF precursors
and was incorporated with CN'T grown with Fe in situ,
to produce Fey,-CNT@NHC as shown in Figure 3. Chai
et al. reported Feg 1-CNT@NHC with a power density
output of 105.9 mWem 2 which is comparable to Pt/C
with 134 mW cm 2. A limiting current density of 164.8
mAcm % was also observed with a 73% current retention
after 1200 s. The authors attributed this exceptional
result with only Fe as the metal catalysts to: (i) presence
of meso-macropores contained in the hollow structure
which facilitates the transfer of O, and electron; (ii) the
carbon network which provides effective support and
exposure for highly active FeN/Fe;C3 species, and (iii)

the in situ grown CN'T which greatly increased its con-
ductivity to enhance its ORR activity.

Porphyrin-derived aerogels (FeEHT800)

Porphyrin-derived aerogels were synthesized from
Fe(I1I)-5,10,15,20-(tetra-4-aminophenyl) porphyrin
(FeP) and heat treated from 600 to 1000 °C at intervals
of 100 °C to produce a carbonaceous framework in form
of FeP aecrogels as shown in Figure 4. The pyrolysis
temperature was optimized to ensure structural changes
did not result in loss of activity due to the release of
carbon and nitrogen from the aerogel matrix, especially
at higher temperatures. FeP aerogel heat treated at
800 °C-FeHTS800-(Figure 4 ¢ and d) retained the
highest catalytic performance (activity and selectivity)
as cathode catalysts in AEMFCs reaching a peak power
density of 580 mW cm % and a limiting current density
of as high as 2.0 A cm 2. Although a duration test was
not included in this study, FeHT800 has been consid-
ered the state-of-the-art for PGM-free-based AEMFCs.
It should also be noted that its performance was
achieved with low catalyst loading of 1.25 mg cm 2,
which represents only 0.033 mg cm 2 of metal loading

Figure 6
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SEM (a), and TEM (b) images of HSG, respectively (adapted from the
original figure, reference [50]).
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(a) SEM image, (b) TEM image, (c) High-resolution TEM image and (d) selected area electron diffraction of CeN-10% [51].

(based on 2.64 wt.% iron content). This catalyst loading
was observed to be close to the average PGM-free
M—N-—C cathode loading reported in the recent liter-
ature [48].

N, P-doped defective carbon nanosheets (N, P —DC)
A facile non-pyrolysis strategy was used to synthesize
high-effective well-define atomic-scaled metal-N-C
catalysts by directly coordinating the metal (Iron) —Ny4
organic macrocyclic molecules (FePc) to the N-doped
sites of nitrogen phosphorus-doped defective carbon
nanosheets (N, P-DC) to produce FePc@N,P-DC
catalyst. FePc@N,P-DC  was shown to exhibit
enhanced catalytic ORR activities in terms of the half-
wave potential, 0.903 V vs, a hi§h kinetic current den-
sity (Ji) value of 7.64 mA cm™“ in 0.1 M KOH with a
very low tafel slope of 29 mV dec™! coupled with a
catalytic durability of no-appreciable ORR current loss
after 10,000 cycles.

It was seen that the ORR activity of FePc@N,P-DC was
a result of the synergetic ORR activities on both the
FePc surface and the topological defects on the N,P-DC
as depicted in Figure 5 below:

A list of other factors given by the authors as the reason
for the outstanding electroanalytical activity of the
FePc@N,P-DC catalyst were attributed to the syn-
thesized N,P-DC carbon substrate. The main qualities
highlighted are: (i) the presence of the thin carbon,
N,P-DC, nanosheets with high conductivity allow
efficient electron transportation and mass transport
during the electrochemical ORR process, favoring
effective accessibility of the intrinsic active sites
(enhancing ORR activity); (ii) the P-doped sites
probably played an important role in modulating the
charge distribution over the carbon skeleton and even
the Fe—Ny active center, leading to optimizing the
adsorption behaviors of the reaction zone and thus
tailoring the activity of the electrochemical catalysts;
and (iii), due to the electron-withdrawing property of
N and P substitutions, the FePc molecules with T
electron can be firmly captured on the N,P-DC, and
thus maintaining the structural stability during long-
cycling test (enhancing ORR stability) [49].

3D porous graphene-doped Fe/N/S (FeNSG3)
A new type of graphene, 3D porous graphene-doped
with  Fe/N/S (FeNSG3) was synthesized, by
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Table 1

Catalysts/Carbon-support composites and their performance in direct alkaline alcohol fuel cells.

Catalysts/Carbon support Cathode Catalyst mass Anode/mass loading Fuel Cell test conditions Open Circuit Voltage (V) Peak power density Ref.
(Cathode catalysts) loading (mW cm™32)
FeFPc@C-BP2000 2 mg cm—2 Pt/C 0.6 mgPt cm™2 80 °C 0.98 165 [25]
(Fluorinated Iron H,/O,, 0.5 L min~", 500
Phthalocyanine) sccm with 100% RH
N,P-SiCDC/CNT 2 mg cm—2 Pt—Ru/C (0.8 mg pi—Ru 60 °C 0.98 583 mWcm ™2 [62]
cm'2 H2/02
CoOx@CoNy/NCNF 1.26 mg cm-2 Pt/C 0.2 mg cm™2 Pt 60 °C with Ho/O» =0.92 =80 [52]
Fe/Co/IL—CNF-800b 2mgNPMC cm™2 (0.4 mg Pt 0.6 mgPt-Ru cm=2 60 °C with Hy/O5 195 [53]
cm™2)
Fe—-N-C 1 mg cm=2 PtRu/C 0.6 mg cm™—2 60/60/60 °C, Ho/O5 0.9 2100 [46]
FeCoN-MWCNT 0.745 mg metal cm—2 PtRu 0.7 mg cm™2 60/58/57 °C 0.98 692 [54]
Ho/O2
Feo.1-CNT@NHC 1.46 105.9 [19]
N-GLC Ho and O, 6 [55]
CF-vC 3.4 mg 0.7 mgPtRu cm2 70 °C, Hy/O5 0.85 1350 [56]
Ag/C 1.0 mg 0.8mgcm~—2 70 °C, Ho/O2 0.4 200 [57]
N-CDC/CNT 0.4 mgem™2 0.1 mgp; cm™ 60 °C 260 [23]
FeMn-N-MPC 2 mgem—2 Pt—Ru 0.6 mg cm~2 H,/0,/60 °C 1.0 474 [58]
Ag/MWCNT 1.0 mg cm-2 PY/C 70 °C with H, and O, 356.5 [59]
0.8 mg cm~2
NiCo/NCNTs 4.0 mg cm™2 0.12 mg p; cm—2 H»/04/100% RH 0.96 65 [60]

suoluidp Buibiawg 01
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CNF-Carbon nanofibres; IL-ionic liquid; CNT-carbon nanotube; NHC-N-doped hollow carbon; N-GLC -nitrogen-doped graphene-like carbon; N-CDC-nitrogen-doped carbide-derived carbon; MWCNT-multi-
walled carbon nanotube, NCNT-nitrogen-doped carbon nanotube N-MPC-n-doped mesoporous engineered catalyst carbon support, N,P-SiCDC/CNT-nitrogen and phosphorus dual-doped silicon carbide-
derived carbon/carbon nanotube.
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simultaneously introducing N, S, and Fe into
honeycomb-like structured graphene (HSG) by using
melamine formaldehyde resin (MFR), as a soft template
and nitrogen supply, benzyl disulfide (BD) and the
cheap Fe precursor ferric chloride. The 3D porous
graphene doped with Fe/N/S (Figure 6) was further used
as a substrate to incorporate with Fe3O4 nanoparticles
(Fe304/FeNSG) by a pyrolysis method. HSG has been
known to exhibit a distinct honeycomb-like porous ar-
chitecture, with high conductivity, structural defects,
and a desirable initial surface area, and it has been
demonstrated to show great advantages in alternative
carbon catalysts. With the added modification, Fe3O4/
FeNSG exhibited a very high surface area
(530.5 m? gfl), the highest amount (74.4%) of active N
species (pyridinic N and graphitic N) together with the
highest content of S doping (2.11%), and homoge-
neously embedded Fe species (e.g., Fe—N—C, Fe304) in
the graphene sheets, in comparison to the other pre-
pared catalysts by the authors. It also showed the
highest ORR performance, 1.70 A mgPt—l, which was
14.2 times greater than the mass activity of commercial
Pt/C (0.12 A mgPt—l) among all of the counterparts
tested. Furthermore, this novel Fe;O4/FeNSG electro-
catalyst exhibited much better methanol resistance and
stability than the commercial Pt/C catalyst in alkaline.

N-doped nano-hollow capsule carbon nanocage
(CeN-800)

Nano-hollow capsules porous carbon was prepared in a
simple and low-cost way with good morphology based
on self-assembly of polyethylene oxide-polypropylene
oxide-polyethylene oxide (PEO-PPO-PEQO) three-
block copolymer (F127), polyvinyl pyrrolidone (PVP)
and Zn (OH); which served as the carbon source, ni-
trogen source, and morphology retaining agent,
respectively, in the self-template method to create a
metal-free N-doped carbon nanocage via pyrolysis. The
obtained porous carbon used as ORR catalyst not only
presents the hollow capsule structure (as seen in
Figure 7 a, b, and c¢) but also has high content of N. In
an O, bubbled KOH experiment, the onset potential,
limit current density, and half-wave potential of CeN-
800 were 0.87 'V, 5.45 mA/cm? @0.45 V, and 0.73 V, all
of which are close to that of commercial 20% Pt/C
catalysts. An efficient durability was observed after
5000 CV cycles, where the corresponding values drop-
ped to 0.77 V, 5.34 mA/cm2 @0.45 V, and 0.66 V. The
retention rate of the limiting current density reached
88.25%. The initial potential and halfwave potential
showed almost no loss and the authors attributed the
slight reduction of limiting current density as a result of
the oxidation of porous carbon at high potential. They
further argued fabricating hollow capsule metal-free
carbon-based electrocatalysts for ORR via block
copolymer self-assembly is a promising direction to-
wards fabrication of Carbon forms of non-PGM ORR
catalysts [51].
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Table 1 presents metal catalysts on other porous carbon
nano supports not listed above and their performances
in DAFCS.

Conclusion
Before the technology of AEMFCs can advance to the
same extent as that of its PEMFC counterparts and earn
a large percentage of the market for FC power, several
important challenges need to be addressed, including
the following:

At both electrodes, PGM-free catalysts must be used, as
a result, more research and development is required to
create new ground-breaking porous carbon supports
with majority of the properties mentioned in the text.

Doping these carbon supports with mono and multi
heteroatoms should be one of the essential properties of
these new forms of carbon allotropes as creating addi-
tional mesopores (2—50 nm diameter) or macropores is
expected to be an efficient approach to improving the
mass transport of M-N-C cathodes. However, their
porosity should not impair conductivity, so incorporating
them with high electrical conducting carbon forms such
as CN'Ts may be required. This will further promote
their mechanical strength and durability.

Active FC test performances reported for most catalysts
on porous carbon supports are qualitative as operating
conditions used to differ. A more quantitative compari-
son can be achieved if testing is carried out under similar
operating cell conditions for example testing with air
instead of pure O; in order to consider such catalyst as
useful for practical applications.
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