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Alkaline direct ethanol fuel cells (ADEFCs) offer a promising solution to reduce reliance on fossil fuels. Despite
their advantages over hydrogen and methanol fuel cells, the anodic ethanol oxidation reaction (EOR) in ADEFCs
faces challenges such as sluggish kinetics and high overpotentials, leading to reduced efficiency. To address these
issues, highly active electrocatalysts are essential. This review highlights recent advancements in Pd-based high-
entropy materials (HEMs) and single-atom catalysts (SACs) for EOR. Additionally, MXenes, a novel family of two-
dimensional materials, have shown promise as supports for these electrocatalysts. We discuss the fundamental

principles of EOR, the unique properties of these emerging materials, and their applications in EOR electro-
catalysis. Finally, we provide an outlook on future research directions to enhance the commercialization of Pd-
based electrocatalysts for ADEFC technologies.

1. Introduction

The provision of affordable, green, and sustainable energy poses a
global challenge, and the development of innovative technologies is
necessary to pivot away from fossil fuels [1-3]. Fuel cells emerge as a
promising solution for mobile power supply, primarily due to their
environmental friendliness. Presently, hydrogen, methanol, and ethanol
are the main fuels under investigation for fuel cells, each presenting
unique advantages and disadvantages, with the choice contingent upon
specific requirements. Based on its superior volumetric energy density of
6.28 kWhL, ethanol emerges as the preferred fuel over Hy (0.18 kWhL’
1y and methanol (4.82 kWhL') [4-6], thus sparking significant interest
in alkaline direct ethanol fuel cells (ADEFCs), particularly with the
development of anion exchange membranes (AEMs) [7].

In alkaline media, the cathodic oxygen reduction reaction (ORR) has
reached a mature stage of development, attributed to its favorable
electrokinetics in alkaline electrolytes, making it more conducive for
non-noble metals-based electrocatalysts, with FeCo/C being among the
simplest of them [8-11]. Electrocatalysts such as FeCo/C combine non-
noble metals with readily available carbons like Vulcan carbon, effec-
tively lowering the overall price of the fuel cell. Additionally, the hy-
droxide anion transport from the cathode to the anode reverses electro-
osmotic drag and helps lower ethanol cross-over in the fuel cells, thus
reducing the poisoning effect of ORR catalysts. It is also possible to
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alleviate the issue of voltage drop usually associated with carbonate
formation during operations; simply by changing the electrolyte or
increasing the operating temperature [12,13]. However, anodic ethanol
oxidation experiences sluggish reaction kinetics, meaning the partial
oxidation of ethanol to acetate and 4 electrons predominates over the
full oxidation to CO3 and 12 electrons. This necessitates the presence of a
proper electrocatalyst for ethanol oxidation reaction (EOR) to occur.

Among the state-of-the-art electrocatalysts, those based on Pd have
been tested to be the best, particularly in alkaline media [14,15]. The
traditional strategy of alloying Pd with other transition metals is widely
recognized as an efficient approach to developing advanced electro-
catalysts due to various synergistic mechanisms among the elements
incorporated in the alloys such as alloy effect and electronic effects [16].
However, the grand challenge of promoting EOR activity and stability
remains unresolved. As a result, the quest for highly effective electro-
catalysts and support materials tailored for ethanol oxidation reaction
(EOR) is an ongoing focus in this field.

This review aims to provide a brief overview of recent advancements
in emerging Pd-based EOR electrocatalysts and support materials.
Among the myriad emerging EOR electrocatalysts, high-entropy mate-
rials and single-atom catalysts (SACs) are gaining prominence due to
their superior performance as EOR electrocatalysts, particularly in
cleaving the ethanol C—C bond during the oxidation process. Addi-
tionally, MXenes also present themselves as emerging non-carbon
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supports for EOR. This review begins with an introduction to EOR fun-
damentals including mechanistic pathways, half-cell testing protocols,
and performance metrics including specific activity (SA), mass activity
(MA), electrochemical active surface area (ECSA), durability, and
Faradaic efficiency (FE). The application of HEMs, SACs, and support
materials such as newly developed carbons and Mxenes for pushing the
boundaries of catalytic activity for EOR is briefly surveyed. The review
then concludes by exploring opportunities, challenges, and prospects
associated with these emerging electrocatalysts and support materials.

2. Fundamentals of electrocatalytic ethanol oxidation

The use of ethanol in ADEFCs is based on its remarkable properties,
including high theoretical energy density, easy transportability, storage,
and non-toxicity. As a means of lowering the carbon footprint, various
countries have embarked on producing it on a humongous scale, with
the US taking over 50 % of global ethanol production between 2017 and
2021 as indicated in Fig. 1a [3]. The existing ethanol supply chains and
its ease of production make ethanol an even more sustainable fuel
choice. Ethanol can be extracted from crops such as beetroot and sug-
arcane via fermentation processes as well inedible parts of food plants or
biomass resources such as grass, poplar, and forest residue, as well
through the catalytic reaction of ethene with steam makes the use of
ethanol sustainable than the other fuels [17,18].

The oxidation of ethanol can occur in either acidic or alkaline en-
vironments, and the reaction mechanism under these conditions remains
the same. However, the downside of low-pH environments is their
general corrosiveness, which may negatively impact the stability of
electrocatalysts. In contrast, alkaline fuel cells benefit from abundant
OH™ ions that can adsorb on electrocatalytic surfaces to form OHggs
without water dissociation, facilitating the oxidation of intermediates
and resulting in facile electrokinetics than in acidic environments [20].
The generally facile electrokinetics allows for the use of non-Pt

Inorganica Chimica Acta 574 (2025) 122377

electrocatalysts such as Pd, as well as non-noble, cheap, and readily
available co-electrocatalysts such as Ni, Fe, Co, Mg, etc [21-23].
Consequently, proton exchange membranes (PEM) are unsuitable for
alkaline media due to low H" concentrations which may cause sluggish
kinetics. Instead, anion exchange membranes (AEMs), which allow
anion exchange from the anode to the cathode are preferably employed
[7].

2.1. EOR mechanism in alkaline media

Pioneering studies into the EOR mechanism emerged during the
1950 s, eventually progressing into a dual pathway referred to as the C1
and C2 pathways. Although early research on DEFCs commenced in
acidic environments, it was subsequently discovered that the kinetics of
cleaving the resilient C—C bond during the oxidation process are
significantly hindered in acidic electrolytes [24]. Cui et al. [25]
employed density functional theory (DFT) calculations to demonstrate
that the dehydrogenation of ethanol, is hindered by the absence of OH
species for prompt removal of adsorbed hydrogen (H,gs). This deficiency
ultimately impedes the electrooxidation process. Thus, alkaline condi-
tions based on sodium hydroxide (NaOH) and potassium hydroxide
(KOH) were proposed. Amongst these two, KOH emerged as a preferred
electrolyte due to its less corrosive nature, high conductivity, and ability
to reduce Ohmic overpotential better than NaOH [26].

The release of the total chemical energy in ethanol is attainable via
the C1 pathway where 12 electrons are released. This pathway com-
mences with the chemisorption of ethanol in the initial stages followed
by consecutive dehydrogenation steps to produce CH3CH0 /
CH3CHO,4/CH3CHO,q intermediates [27-29], which may undergo C—C
bond cleavage into C1 species (CHx and CO) and can be oxidized into
CO%~" or CO; as a final product (C1 pathway, Fig. 1b) or directly
oxidized into acetate (CH3COO~) without further oxidation (C2
pathway) [30]. The oxidation of CHO,4 (and other C1 species such as
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Fig. 1. a) Chart showing predictions of worldwide bioethanol production by country [18], b) EOR parallel pathways [19], ¢) Schematic: glassy carbon electrode
drop-casting technique, and a typical three-electrode set-up for ethanol electrooxidation experiment, d) Typical cyclic voltammetry curves for determining the
electrochemical surface area on Pd-based electrocatalysts. The oxygen desorption region (shown by the arrow in the negative scan) is utilized for determining the
electrochemically active surface area by integrating the PdO reduction peak (area marked by red lines). H-adsorption and H-reduction peaks are poorly defined for
Pd-based electrocatalysts and thus may not be suitable for ECSA calculations. e) Typical EOR CV where current is normalized by electrocatalytic loading.
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CHy a) may also undergo direct and indirect pathways in the early stages
of the oxidation process, accompanied by the production of CO,q which
can be further oxidized to CO, or carbonate.

In the C2 pathway, the C—C bond is not broken, especially in low-
temperature fuel cells. In this pathway, the partial oxidation of
ethanol releases only 2 to 4 electrons, inevitably leading to the release of
only ~ 36 % of chemical energy from ethanol [29]. It is worth
mentioning that the inertness of the C—C bond is brought about by the
high activation energy (87.3 kcal/mol) of C—C bond cleavage and the
orientation of ethanol’s atoms which sterically hinders the C—C bond
[26]. Moreover, amongst the possible intermediates,CO,q is the most
stable, blocking the active sites, and preventing the proceeding of EOR at
low potentials. At first, Pt was regarded as the benchmark electrocatalyst
to drive the EOR process, but research in the last three decades Pd has
emerged as a catalyst of choice, particularly in alkaline media. The main
reason for this is that Pt is more prone to catalytic deactivation due to
easy poisoning by the CO intermediate, while, on the upside, Pd is more
electrocatalytically stable, more geologically abundant (fifty times more
abundant than Pt), and demonstrates high electrocatalytic activity,
particularly in alkaline media resulting to satisfactory power densities of
up to 170 mWem 2 at relatively high potentials [2,25]. However, a
major drawback of Pd-based electrocatalysts lies in their tendency to
selectively oxidize ethanol to acetate ions in highly alkaline environ-
ments. Consequently, each ethanol molecule can only yield a maximum
of four electrons, rather than the theoretically possible twelve electrons
from complete oxidation to carbonate resulting in low Faradaic effi-
ciency (FE). While this low FE can be compensated by the generally
facile electrokinetics for improved power densities, Pd-based electro-
catalysts exhibit a second drawback at potentials values of 0.6 V vs
reversible hydrogen electrode (RHE) in half cells and 0.15 V vs RHE in
monoplanar DEFCs, in that surface adsorbed Pd - OH,ys species (Eq.1)
active for the oxidation of ethanol, begin to convert to inactive Pd-O
following Eq.2 and Eq.3 [31]. This results in the reduction of active
sites and ultimately slows down or inhibits the ethanol oxidation
process.

Pd + OH —Pd - OHu + e~ [1]
Pd-OHys + OH - Pd-0O + H,O + e [2]
Pd-OHys + OH - Pd-0O + H,O + e [3]

In as much as it has been reported that the Pd oxidation to Pd-O on
the DEFC anodes can be minimized by the addition of small amounts of
NaBH, into the anolyte compartment to reduce Pd-O to Pd [32], the
design of effective EOR electrocatalysts, particularly those that can
oxidize Pd° to Pd - OH,g, to facilitate a continuous EOR process remains
imperative.

2.2. Fabrication protocols and performance metrics

A full fuel cell test of a given catalyst via MEA is a complicated and
quite a tedious process, usually complicated by various engineering
factors in the design of the MEA. The MEA comprises of three major
compartments: electrode supports (i.e. anode and cathode), electrolyte,
and electrocatalysts [7]. The main purpose of electrocatalysts, particu-
larly the anode catalysts, is to provide a surface for the anodic oxidation
of ethanol to occur at lower activation energy, extended duration, and
improve the reaction rate [33]. However, a full cell test of a given
electrocatalyst via MEA is associated with tedious and time-consuming
steps owing to various complicated engineering factors in the MEA.
Therefore, a simple alternative for rapidly screening and evaluating the
EOR electrocatalyst typically relies on half-cell experiments conducted
in three-electrode systems, usually composed of Pt, Ag/AgCl glassy
carbon as a counter (CE), reference (RE), and the working electrode
(WE), where a Luggin capillary is preferably used to separate the CE and
RE to avoid cross-contamination by chlorine anions [30]. The
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electrocatalyst is typically homogenously dispersed in a proper solvent
(e.g. isopropanol + H,O, ethanol, plus Nafion as a binder), and
deposited on the WE surface. Catalyst deposition can be done via drop-
casting as indicated in Fig. 1c [4], electrodeposition, or physical vapor
deposition [30,34]. The electrocatalyst loading can be determined
before loading using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Prior to electrochemical measurements, the
electrolytes (e.g. 1 M KOH, 0.5 HySO4, or HCIO,4) are purged with N or
Ar to remove dissolved Oy and other contaminants, helping maintain
stable and clean electrode surfaces, which is crucial for accurate and
reproducible measurements. The loaded electrocatalysts are typically
first activated by carrying out consecutive cyclic voltammetric (CV)
scans under the Ar/N, purged electrolytes to obtain stable CV curves.
For the electrochemical active surface area (ECSA), the electrocatalysts
are scanned at a lower scan rate. To determine the efficiency of an
electrocatalyst, while maintaining lower noble metal loading with
improved fuel utilization efficiency in fuel cell devices, the following
parameters are very essential: electrochemical surface area (ECSA),
specific activity (SA), mass activity (MA), Onset potential (Eonset), jr/Jr
ratio, Faradaic efficiency, and durability.

2.2.1. Critical parameters for evaluating EOR

ECSA, SA, MA, and Eypset.

The electrochemical surface area (ECSA) is a crucial parameter for
directly determining the catalyst utilization efficiency. A larger surface
area typically exposes more active sites where reactions can occur. For
Pd-based electrocatalysts, the ECSA can be determined via the oxygen
desorption region by integrating the PdO reduction peak and working
out the area according to Eq. (4).

ECSApio = % [4]
where Q is the Coulombic charge, S is the charge required to reduce
monolayer Pd (0.424 mCm™2), and I (mgcm’z) is the electrocatalytic
loading. The determination of ECSA using this method conveniently
avoids complications of using poorly defined hydrogen peaks associated
with Pd (see Fig. 1d), or surface contamination observed with other
methods such as Cypq and CO stripping [35,36]. More importantly, the
ECSA parameter serves to represent the activity for a single active site
and thus reflects the intrinsic electrocatalytic activity of an electro-
catalyst [21]. SA can be defined as the oxidation forward peak current
(jr) normalized by the ECSA. The SA of electrocatalysts can be typically
determined by catalyst active sites such as electronic and local coordi-
nation environments and these can be tailored by engineering ligand
environment [37], lattice strain [38], controlling the exposed facets
[39], etc. On the other hand, MA refers to the oxidation forward current
(jf) normalized by the electrocatalytic mass loading (see Fig. 1e) [40]. It
can also be obtained as a product of SA and ECSA and thus can be
boosted by improving both the ECSA and SA. This parameter is crucial in
that it reveals the mass of the noble metal required to achieve a
particular current output [30]. Eqpse is generally the potential at which
the EOR initiates and generates a measurable current. This parameter is
essential for indicating the ease of the EOR electrocatalysis process, i.e.
the more negative the value, the easier the electrocatalysis [41].

The controversial jy /j, ratio.

The j¢ peak indicates the oxidation of freshly chemisorbed ethanol
while ji, has been suggested to represent the oxidation of residual in-
termediates [42]. Following the work by Lui and co-workers [42], the j;/
Jjp ratio is used to describe a catalyst’s ability to tolerate poisoning by the
carbonaceous species. Under this interpretation, a higher ratio indicates
a sufficient ethanol oxidation process during the forward scan, with few
carbonaceous residues left, thus suggesting a high EOR electrocatalysis
process [34,41,43]. However, investigations by Hofstead-Duffy and
colleagues showed through a series of in situ surface-enhanced IR
adsorption spectroscopic (SEIRAS) experiments that the j;/j, empirical
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criterion is not appropriate for gauging the CO-tolerance and catalytic
activity of electrocatalysts and, thus no longer suitable for this purpose
[44]. Instead, CO stripping experiments are highly recommended to
understand the CO tolerance of any electrocatalyst better [45].

Faradaic efficiency.

Faradaic efficiency (FE) refers to the ratio of the actual amount of a
desired product generated during an electrochemical reaction to the
theoretical amount that could be produced based on Faraday’s law. In
the context of EOR the key desired product in a complete oxidation
process is CO,, while acetate is a significant product when incomplete
oxidation occurs. FE is calculated as a ratio of the experiment charge (Q)
to the theoretical charge (Qeoretical) required to produce the measured
amount of CO,. Based on Faraday’s law of electrolysis, the theoretical
charge is expressed as [16];

Qtheoreticat = ZNF [5]

where z is the theoretical number of electrons to form the CO5 product, n
is the number of moles produced, and F is the Faradaic constant
(~96485 Cmol ™). Thus, FE can be expressed as a % as indicated in Eq.
(6).

FE(%) = % x 100% [6]

However, it is worth mentioning that owing to the difficulty in cleaving
the C—C bond in the C1 pathway, EOR often involves the C2 pathway
which produces acetate with only 4-electron transfer, which greatly
lowers the utilization efficiency of ethanol (~36 % utilization fuel effi-
ciency). In this respect, the identification and quantification of the
possible by-products are critical for evaluating the selectivity of the C2
pathway to quantify the FE and understand the reaction mechanism,
which often requires multiple analytical approaches, including the ion
chromatography [46], nuclear magnetic resonance (H NMR) [46], in
situ IR [47,48], and differential electrochemical-mass spectrometry
(DEMS) [47].

Durability.

The durability of electrocatalysts is crucial for assessing their elec-
trocatalytic efficiency in practical applications. Over extended electro-
catalytic experiments conducted under harsh electrochemical
conditions, electrocatalysts may undergo an Oswald ripening process or
aggregation, resulting size increase. This increase in particle size can
eventually destabilize the electrocatalyst, leading to detachment from
electrode surfaces. Moreover, catalysts’ active sites may also be sus-
ceptible to attack or blockage by undesired hydroxides, causing a
reduction in the apparent surface area (SA) and electrochemically active
surface area (ECSA) [49,50]. On the other hand, Pd-based electro-
catalysts may also be poisoned by carbonaceous species such as CO over
extended operations [4]. To characterize the electrocatalyst’s durability,
two methods are widely employed: chronoamperometry (CA) and CV
cycling stability measurements, carried out in a mixture of ethanol and
KOH. CA evaluates current drop at a fixed potential, while for cycling
measurements, CV curves are recorded over extended periods (usually
hundreds, thousands, or even more), to check the oxidative current
decay by comparing the initial and the last CV scans [51]. Observations
during EOR stability tests using CA have shown current drops of over 70
% within the first hour while they can perform hundreds of cycles
without obvious current decay using CV [52-57]. This can be attributed
to the removal of toxic species at high potential regions during CV scans
but will accumulate during CA tests. Therefore, since DEFCs are oper-
ated at specific potentials in practical applications, it becomes more
reasonable to evaluate long-term durability tests using CA [58].

3. Emerging EOR electrocatalysts

Conducting the EOR process in alkaline media has opened the pos-
sibility of utilizing non-noble metals, lowering the production cost of
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DEFCs [4]. Although Pt-based electrocatalysts employed in acidic en-
vironments may be adaptable to alkaline conditions, Pd-based electro-
catalysts exhibit superior efficacy owing to their higher oxophilicity and
comparatively inert characteristics [59]. Pure Pd when used alone may
be highly susceptible to poisoning by notorious intermediates such as
CO, limiting their stability and durability. Alloying Pd with one or more
oxophilic metals such as Ni, Sn, Mn, Fe [14,59,60], metal oxides such Ni
(OH), [4], SnO, [57], CeO, [6], etc, is the most traditional method of
improving EOR activity. The alloying process can improve the electro-
catalytic process by synergism and increase lattice strain. This ulti-
mately alters the electronic environment of Pd, altering its d-band center
and affecting the adsorption of intermediates in favor of improved EOR
electrocatalysis. On the other hand, oxides are known to promote the
adsorption of OH (OH,qs) at lower potentials to transform CO-like in-
termediates on Pd surfaces to CO5 or other products releasing blocked
active sites for further electrochemical reaction [61]. As an upgrade to
traditional mono, bimetallic, and trimetallic Pd-based electrocatalysts,
high entropy materials are attracting immense research interest for EOR
electrocatalysis [40,62-66].

3.1. Pd-based high-entropy materials

Recent advancements in the field of electrocatalysis have highlighted
the significant potential of high-entropy materials (HEMs) in enhancing
catalytic performance [64,65,67,68]. Traditional low-entropy (1-2
metals) and medium-entropy (3-4 metals) catalysts, although effective,
often face limitations such as poisoning by reaction intermediates and
suboptimal stability under extreme conditions. HEMs offer a promising
alternative due to their unique structural and compositional character-
istics. High-entropy materials (HEMs) represent a new class of materials
e.g. high-entropy alloys (HEA), with attractive electrocatalytic proper-
ties. As opposed to the traditional low entropy and medium entropy
electrocatalysts, HEMs are flexible and inclusive, typically composed of
five or more elements uniformly mixed to form solid solutions and
exhibit enhanced configurational entropy (S), as given by Eq. (7), which
imparts remarkable stability and catalytic activity [69].

1.1 1 1 1.1 1
ASpix = 7R<flnf +In =+In> +....... +7ln7> = —Rln =
n n n n n n n

=Rlnn [71

where n is the number of elements, and R is the molar gas constant such
that for a material with five elements, the expression becomes
ASmix = RIn 5~ 1.61R, but there is no maximum number of ele-
ments in HEMs [69-72]. The synergistic effects of multiple elements
provide different adsorption sides, facilitating optimal adsorption of
reaction intermediates to achieve ideal reaction rates [73]. HEMs also
exhibit excellent catalytic stability, thanks to the entropic and hysteresis
diffusion effects, rendering them highly resilient under extreme reaction
conditions such as high/low-temperature conditions and strong acidic/
alkaline electrolytes [74].

The distinct physical and chemical properties, including excellent
electrochemical properties of HEMs, originate from the following four
effects indicated in Fig. 2:

e high-entropy- is associated with confining multiple atomic species

into the same lattice to the benefit of the formation of stable single-

phase solid-solution structures rather than fragile intermetallic

compounds [68,75];

lattice distortion- is formed due to the large difference in the atomic

sizes of the elements comprising the HEM;

o Sluggish diffusion- this effect is closely linked to lattice distortion in
the sense that severe lattice distortion raises the energy barrier of
atomic diffusion within the HEM sub-lattice endowing stability to the
material [76];
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Fig. 2. Core effects in HEMs.

e “cocktail” effect- means that the synergistic response among the
various element components in the HEM gives rise to various unique
properties [77,78].

HEMs can be subdivided into high-entropy alloys (HEAs) and high-
entropy ceramics (HECs). HEAs are composed solely of metallic com-
pounds whereas HECs can include non-metallic groups. HECs encom-
pass a variety of materials including high-entropy oxides [70,72,79],
high-entropy borides [80,81], high-entropy sulfides [82], high-entropy
silicides [83], high-entropy nitrides [84], high-entropy fluorides [85]
amongst others. Amongst these HEMs, HEAs are the ones predominantly
applied in ADEFCs.

Low-entropy and medium-entropy Pd-based electrocatalysts are
prone to poisoning by intermediate products such as CO, resulting in
reduced selectivity for C1 products during EOR oxidation. The incor-
poration of more elements to form high-entropy material electro-
catalysts is an effective approach to mitigate this issue. It is worth
mentioning that when designing HEMs for EOR electrocatalysis, it is
crucial to incorporate Pd (including Pt) as the most active site for EOR.
Other studies introduce active sites such as Rh, Os, etc., to facilitate C—C
bond cleavage, and Ru is employed as an active site for oxidizing reac-
tion intermediates. The composition of HEMs is adjusted to modify the
coordination environment of the active sites, aiming to tailor the
adsorption energy of ethanol and its intermediates at these sites, for
enhanced EOR activity. To develop economically viable ADEFCs, while
maintaining or improving the overall efficiency, low-cost elements such
as Ni, Fe, Mn, etc are usually incorporated. This allows the interaction
between the components to modify the electronic structure of the Pd/Pt
active centers, shift their d-band center, and facilitate the optimal
bonding of the electrocatalyst with CO,CHy,CH3CO ™, acetaldehyde
(C2H40), among others. This interaction can also influence the bonding
of the electrocatalysts with the OH,qs to promote the oxidative removal
of CO [63]. As an example, abundant and low-cost Fe, Ni, Co, and Mn,
based on their ability to easily form solid solutions with Pd/Pt, were
used to rationally design a septenary HEA composed of Pt, Pd, Fe, Co, Ni,
Sn, and Mn (denoted as PtPd HEA). The elements demonstrated entan-
gled electronic and synergistic effects in the HEA. These carefully
selected elements maximized the utilization of precious Pt and Pd metals
while leveraging the beneficial properties of the low-cost, more abun-
dant Fe, Co, Ni, Sn, and Mn to attain a 17 times more EOR activity for the
PtPd HEA electrocatalyst that commercial Pt/C. First-principle calcula-
tions using DFT revealed that Fe, Co, and Mn prevent Pt and Pd sites
from reacting with water to form Pt/Pd-OH*, which would otherwise
hinder the EOR process. While Ni and Sn were both found to enhance CO
tolerance, Ni lowered the EOR activation barrier, while Sn promoted
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C—C cleavage [16].

Lao et al [86] reported an fcc-structured Pd-enriched-HEA-core and
Pt-enriched-HEA-shell NPs (PdAgSn/PtBi HEA NPs) prepared by a sim-
ple low-temperature method. The material possessed many active sites
and enhanced Pd (and Pt) sites thanks to their unique coordination
environment. DFT studies revealed that Pt sites exhibited a positive d-
band center while Pd sites employed a relatively positive d-band center
relative to the Fermi level, where the former enhanced OH* adsorption,
but the latter decreased CO* adsorption. Moreover, the cascade C1 and
C2 reactions were promoted by various binding groups closely linked to
the various element-based sites at optimal binding energies. Electro-
chemical studies revealed that the PAAgSn/PtBi HEA NPs exhibited EOR
mass activity of 3386 mAmg'(})dert) which was 5.4 and 4.9 times higher
than those of the commercial Pd/C and Pt/C counterparts (Fig. 3a). DFT
calculations were performed and Fig. 3b shows the step-by-step oxida-
tion of the a-C atom of ethanol to CH3COOH via the C2 pathway (R;-R7)
and CO5 (R1-Rg) via the C1 pathway with C2-pathway dominating. The
DFT predictions indicated that EOR is more favorable on the Pd sites
compared to the Pt sites because of the relatively unstable adsorption of
C1/C2 intermediates (such as CO* and CH3*) on the Pd site, which is
associated with more negative d-band value relative to the Fermi level.

Stability, as revealed by long-term CV tests, shows that the as-
synthesized HEM maintained EOR mass activity of 47.5 % MA after
500 potential cycles. Post-mortem analysis indicated that the PdAgSn/
PtBi HEA NPs kept the fcc structure with limited compositional changes.
In another study, Li et al [87] alloyed immiscible elements into a qua-
ternary alloy with 98 % Al to form a precursor AIPdNiCuMo high-
entropy alloy, which was later de-alloyed by electrochemical cycling
in 0.5 M H2S04, The de-alloying process removed a portion of Al, Ni, Cu,
and Mo and XPS spectra showed that after cycling in the acid, the in-
tensity of Pd became stronger with peak shifting to higher binding en-
ergy levels, indicating a highly exposed Pd on the surface, accompanied
by a downshift in the d-band center, resulting in enhanced EOR activity.
The HEA exhibited a mass activity of 2.67 A mgpd. A two-electrode
flexible cell solid-state ethanol fuel cell was then assembled, and it
delivered an energy density of 13.63 mWhem 2 with just 3 mL ethanol
(Fig. 4a), which is remarkable when compared with other solid-state
energy devices. XRD and STEM results showed that the structural
integrity of HEA nanoparticles was maintained after a long-term oper-
ation (0.5 mAcm’z) without any microstructure coarsening.

Given that Pd is a highly active site for EOR, it remains critically
important to expose Pd-active sites on catalyst surfaces. In this context,
Zeng et al [88], reported a surface-decorated FeCoNiSn non-noble HEA
as a core and decorated its surface with Pd to form an NHEA@NHEA-Pd
core-shell (see Fig. 4b). The non-noble FeCoNiSn provided a high-
entropy coordination environment in the sense that they were
spatially distributed around the catalytically active Pd site and thus
altered its electronic environment for enhanced performance.

Indeed, the NHEA@NHEA-Pd core-shell demonstrated high elec-
trocatalytic activity for EOR with an MA of 7.34 A mgp{, high stability
(>91.8 % retention after 2000 cycles), and excellent CO tolerance. This
work demonstrates the critical role of high-entropy coordination and
morphological control in HEA catalysts toward improved activity, and
stability, at a significantly reduced cost. In situ surface-enhanced
infrared absorption spectroscopy (SEIRAS) investigation provided in-
sights into the electronic structure of the NHEA@NHEA-Pd and Sn@Sn-
Pd high-entropy alloy catalysts during the electrocatalytic reaction. The
spectra obtained from SEIRAS indicated that Pd atoms in the high-
entropy alloy catalysts are in a unique electronic state different from
those of bulk Pd and that they interacted with the neighboring alloying
elements. Moreover, the results showed that the addition of Sn or NHEA
onto the Pd surface increases its catalytic activity. This implies that high-
entropy alloy catalysts have unique electronic, chemical, and structural
properties that contribute to their catalytic activity, highlighting their
potential as effective electrochemical catalysts.

In another study, Wu and co-workers [40] combined all the PGMs via
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a facile wet chemical method to synthesize RuRhPdOsIrPt HEA (PGM-
HEA) nanoparticles based on the premise that PGMs possess various
active sites ideal for the catalysis of complex reactions involving several
reactants and intermediates. CV tests proved that the PGM-HEA effec-
tively catalyzed the EOR process to the delivery of 12 electrons exhib-
iting MA(SA) 2.5 (3.2), 6.1 (9.7), and 12.8 (3.4) higher than commercial
Pd/C, Pd black and Pt/C at 0.45 V, respectively (Fig. 4c). The PGA-HEA
even outperformed Au@PtIr/C, an electrocatalyst known for the highest

EOR performance ever recorded. Additionally, the PGM-HEA showed
remarkable stability towards EOR. For confirmation, gas detectors
indicated that more CO5 was released than CO for the PGM-HEA, indi-
cating higher selectivity for the C1 pathway as compared to commercial
Pd/C.

Prussian blue analogs (PBAs), represent a class of perovskite-type
materials whose application is yet to gain ground in electrocatalysis.
On this basis, Xu et al [89], utilized simple co-precipitation of four metal
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cations (i.e.,Co®* , Zn®* , Cu®* , and Ni® " ) and Ks[Fe(CN)g], fol-
lowed by NH3-H20 etching to fabricate high-entropy Prussian blue an-
alogs (HE-PBA-e) for EOR. Compared to the non-etched counterpart, HE-
PBA-e exhibited remarkable ECSA and rich nano-pores for boosted
electron transfer and mass transport. Moreover, HE-PBA-e possessed a
high concentration of high oxidation state of metals believed to be the
real active species for the electrooxidation of ethanol. Thus, HE-BPA-e
achieved a current density of ~ 250 mAcm ™2 while HE-BPA delivered
50 mAcm 2 (at 1.5 V vs RHE), as indicated in Fig. 4d with respective
Tafel slopes of 144 mVdec' and 576.1 mVdec”, demonstrating high
activity and high EOR kinetics on the HE-BPA-e electrocatalyst. In
another study, Fan et al [90] reported on the synthesis of PAPtCuAgAu
HEA nanowires (NW) using one using a one-pot strategy with the help of
a carboxylic N-(carboxymethyl)-N,N-dimethylhexadecane-1-aminium
bromide (C;6N-COOH(Br)) as a structure directing agent. The C;gN-
COOH(Br’) surfactant was selected based on the ability of Br- to rapidly
exchange with PdCly to form PdBr, which can facilitate mild Pd
reduction at lower redox potential, which is favorable for the growth of
the nanowire morphology. PdPtCuAg, PdPtAuAg, and PdPtCuAu,
PdPtAu, bimetallic PdPt, and monometallic Pd NW network were also
synthesized using following the same procedure for comparison pur-
poses. PAPtCuAgAu HEA NWs exhibited excellent electrocatalytic ac-
tivity (Fig. 4e) than the other catalysts, thanks to its structural
anisotropy which boosted the mass activity via improved electron/mass
transfer and enhanced the catalyst utilization efficiency. Upon conduc-
tion chronoamperometry of 5000 s, the PAPtCuAgAu HEA NW electro-
catalyst maintained its original morphology, indicating high stability
and high CO tolerance. The authors attributed the high performance of
the electrocatalyst to the four core effects i.e. high-entropy, lattice
distortion for high mass activity, sluggish diffusion, and cocktail effects
for poisoning resistance.

An exceptionally performing HEM for EOR electrocatalyst was re-
ported by Chang and co-workers [16]. The authors used solvothermal
synthesis to meticulously develop a septenary PtPdFeCoNiSnMn (PtPd
HEA) electrocatalyst for ethanol oxidation reaction (EOR), incorpo-
rating Pt, Pd, and non-noble metals Fe, Co, Ni, Sn, and Mn. This elec-
trocatalyst features a Pt/Pd-rich surface but an ultra-low loading of
platinum group metals (PGM). After elucidating and proving the role of
each element in the PtPd HEA, the non-PGM metals were found to play
an active role in stimulating the EOR activity of Pt and Pd active centers.
Fe, Co, and Mn adsorbed water and made the Pd and Pt clean and ready
for EOR. The PtPd HEA demonstrated FE>92 % for complete ethanol
oxidation on a wide potential range as illustrated in Fig. 4f. The two key
competing reactions toward complete EOR are referred to as C—O
coupling and C—C cleavage of the CH3CO* intermediate as indicated in
Egs. (8 and 9), respectively [91]:

CH3CO* + OH % — CH3COOHx* + * [8]1

CH5CO* + % -»CHszx + CO * [9]

Theoretical studies of EOR on Pt(111) and Pd(111) surfaces of Pt/Pd
HEA reveal that the reaction barrier for C—C cleavage was lower for the
HEA than for Pt and Pd alone (see Fig. 4g). DFT calculation further
revealed different ethanol adsorption strengths at various metal sites on
HEA surfaces, as well as on Pt(111) and Pd(111), in both horizontal and
vertical configurations (Fig. 4h). Calculations showed that ethanol binds
more strongly on pure metal surfaces compared to the HEA surface,
which makes it difficult for the products of EOR to desorb, leading to
blocked active sites. The adsorption strength decreased from 2.58 and
1.53 eV on the Pd(111) and Pt(111) surfaces, respectively, to 1.11 and
0.80 eV on the Pd and Pt sites of PtPd HEA as indicated in Fig. 4h. The
addition of non-PGM elements resulted in a suitable adsorption strength
for ethanol on the Pt and Pd sites of PtPd HEA. Ethanol adsorption on Pt
and Pd slightly favors horizontal configurations, while Co, Ni, Sn, and
Mn prefer vertical configurations. On the Fe site, ethanol dissociates into
OH* and CoH4* horizontally, but vertically, it adsorbs with the highest
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energy. For most other sites, the difference in adsorption strengths be-
tween configurations is minimal (<30 meV). Thus, the presence of
multiple adsorption sites with similar energies is advantageous for
ethanol adsorption and oxidation. Therefore, ethanol is expected to first
adsorb on non-PGM elements, with nearby Pt and Pd facilitating thor-
ough oxidation on the PtPd HEA. After demonstrating negligible (0.01 %
and 0.03 % respectively) EOR performance decay after 30 000 and
50 000 cycles, respectively, the assembled DEFCs using Pt/Pd HEA ob-
tained a maximum power density of 0.72 Wem 2 and a durable opera-
tion for 1,200 h, which was higher than that of commercial
electrocatalysts for DEFCs as indicated in Fig. 4i. The authors concluded
that the PtPAHEA/C electrocatalysts shows great promise for practical
application, particularly in solving the storage and transportation issues
associated with Hj fuel cells.

The results of EOR electrocatalysis by the Pd-based HEMs are tabu-
lated in Table 1. It is worth noting that the EOR performance demon-
strated by these materials is commendable and promising for practical
applications. It is also demonstrated that these materials can maintain
enhanced activity for a long period, indicating outstanding electro-
chemical durability and stability with the PtPdFeCoNiSnMn HEA being
the most stable EOR electrocatalyst (Fig. 5). The excellent electro-
chemical activity of HEMs is based on the rational design where ele-
ments are carefully selected to maximize the utilization of precious
metal Pd (including Pt) while leveraging their beneficial properties such
as low cost and abundance. As a result, detailed mechanism studies
reveal that most HEMs can catalyze the EOR process in a 12-electron
process, which suggests a great potential for HEMs to drive the com-
plete oxidation of ethanol.

4. Pd-based single-atom electrocatalysts

It is worth mentioning that despite the unique abilility of HEMs to
stabilize multiple elements in a single-phase structure, resulting to
exceptional features such as enhanced catalytic performance and sta-
bility, there is room for improvement. Active sites in HEMs are often part
of a complex, multi-element matrix, potentially hampering the catalytic
efficiency. In contrast, single atom catalysts (SACs) provide a more
efficient catalytic environment offering isolated, highly active sites,
leading to superior catalytic performance, especially in reactions like
EOR. This is because it has been well established that the size of nano-
particles has a significant effect on their catalytic performance. So, it is
well expected that tuning the structure of an electrocatalyst at an atomic
level and decreasing the size of the metal nanocluster could be key in
maximizing the efficiency of atomic utilization for improving electro-
catalytic performances [92]. However, the surface free energy of metals
significantly increases with particle size decrease, leading to unwanted
aggregation. To circumvent this, appropriate support materials that
strongly interact with SACs provide stabilization to prevent the aggre-
gation process and thus form finely dispersed metal clusters. Xu and
colleagues demonstrated that it is possible to to combine the merits of
HEMs and SACs, where HEMs would act as support structures for SACs
[85]. The authors demonstrated this possibility by stabilizing Pd SACs
onto high-entropy fluorite oxides, (CeZrHfTiLa)Oy, creating what they
termed PA@HEFO. This can be an avenue worth exploring for EOR to
take advantage of the synergies between SACs and HEMs.

The transition from bulk complexity of HEMs to atomistic precision
of SACs opens a new avenue for engineering catalysts with unprece-
dented performance and stability. In this context, it is paramount to
understand that the genesis of the ‘single atom catalysis’ concept traces
back to the pioneering studies by Zhang and co-workers in 2011 [93,94].
The authors reported Pt SACs stabilized on a FeOx support for the syn-
thesis of Pt/FeOx electrocatalyst which was both highly active and
stable for CO oxidation. They proposed that the presence of more vacant
d-orbitals, owing to electron transfer from Pt to the FeOx support, was
responsible for the extraordinary binding and stabilization of the single
Pt atoms. The positively charged Pt accounted for the superb catalytic
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Table 1
Pd-based HEMs as electrocatalysts for ethanol oxidation in alkaline environments.
HEM Synthesis method Observed properties Electrochemistry Stability Refs.
electrocatalyst
PdAgSn/PtBi HEA Low-temperature Pd-rich core and Pt-rich shell with ~ Mass activity of 3386 mAmggha po), Activity retention of 54.6 %  [86]
method highly exposed active sites. after 7200 s CA and 47.5 %
after 500 CVs.
NHEA@NHEA-Pd Two-step thermal FeCoNiSn core, with Pd atomically ~ Egpser of 0.37 V, Mass activity of 7340 mAmgi}d, Activity retention of 98.8 % [88]
shock process dispersed on the shell. High Pd specific activity of 6.20 mAcm ™2 after 2000 CVs
utilization efficiency.
PGM-HEA Polyol method Intrinsically possess various active ~ Mass activity of 1 600 mAmgpy - [40]
sites with high stability
AlPdNiCuMo HEA Precursor alloy design Hierarchical nanoporous structure ~ Mass activity of 2 670 mAmgpy, 13.63 mWhem 2 - [87]
and chemical with 3 mL ethanol, discharge durability of ~ 120
dealloying hr.
HE-PBA-e Co-precipitation and High concentration of high Current density ~ 250 mAcm 2@ 1.5 V(vs RHE), - [89]
etching oxidation state of metals, and rich  Tafel slope of 144 mVdec™.
nano-pores.
PdPtCuAgAu HEA One-pot synthesis Well-dispersed nanowire with Mass activity of 7.7 Amggba s po, Activity retention of 60 % [90]
NWs method average diameter ~ 3.5 nm after 500 CVs
PtPdFeCoNiSnMn Solvothermal synthesis ~ PtPd rich surface, average Eonset Of 0.255 Vg, Mass activity of 24.3 Amgpgys  Activity retention of 99.99 [16]
HEA diameter ~ 0.65 nm, homogenous at 0.815 V gug, Power density of 0.72 Wem 2@ 1.3 % after 30 000 CVs and

distribution of elements

Acm 2, stability of 1200 h (50 days)

99.97 % after 50 000 CVs,

PtPdFeCoNiSNMn HEA

99.99% after 30000 CVs :

A NHEA@NHEA-Pd

PdPtCuAgAu HEA NWs

98.8% after 2000 CVs

PdAgSn/PtBi HEA
60% after 500 CVs

47.5% after 500 CVs.

Fig. 5. Flow chart showing the percentage current density retained after a
specific number of voltammetry cycles during EOR using HEM.

activity. Since then, SACs have continued to garner much attention in
recent years, arousing great interest in heterogeneous catalysis [95-99].

To further show that heterogenous catalysis with SACs is no longer a
dream, various SACs have been fabricated and applied for EOR. For
example, Pei et al. [54], outlined an approach of rationally designing a
multi-metallic catalyst comprising of multiple active sites consisting of
Pd nanoclusters and Ru single atoms anchored on the defective sites of
Ni(OH),, as shown in Fig. 6a. The authors based their approach on the
fact that metal hydroxides SACs can offer ample adsorbed hydroxyl
(OHags) species, which are suggested to aid in the oxidative elimination
of CO from Pd surfaces through the Langmuir-Hinshelwoood mechanism
and thus improve EOR stability. The Pd;sRus/Ni(OH)/C electrocatalyst
attained higher electrocatalytic activity (3.724 A mgpdr,) compared to
the other electrocatalysts (Fig. 6b and c). Ni(OH), coordinated to Ru
facilitated the oxidative removal of reaction intermediates, thereby
improving the stability of the Pd;»,Ru3/Ni(OH),/C material. Electro-
chemical in situ FTIR measurements indicated improved selectivity for
CO5 production by the PdjsRus/Ni(OH),/C electrocatalyst, indicating
the role of the tri-component synergy of Pd, Ru, and Ni(OH),: Ru single
atoms provide improved adsorption of OH*, Pd clusters adsorb ethanol,
and the OH* expedites the oxidative elimination of reaction in-
termediates (i.e. CO,q, CH3COO,4 etc).

A similar study was conducted by Li et al. [100], where they reported
on a hybrid catalyst consisting of Pd nanoparticles uniformly dispersed
on a carbon framework-supported Ni SACs to form Pd NPs@Ni SAC for
EOR, as indicated in Fig. 6d. TEM showed Pd nanoparticles with an
average size between 2 to 5 nm (Fig. 6e), while HR-TEM showed lattice

fringes of (111) with a d-spacing of 0.224 nm (Fig. 6f), demonstrating
high crystallinity. The authors confirmed the presence of Ni-OH bonds
using XPS, EXAFs, and XANES where Ni SACs were well dispersed on the
carbon support through Ni-OH and Ni-O coordination. The Pd NPs@Ni
SAC material obtained superb MA of 1093 mA mgi;ld at 0.92V, exceeding
that of Pd NPs@Cu SAC and Pd NPs@C at 965 and 787 mA mgi}d,
respectively, as illustrated in Fig. 6g. Thanks to the facile oxidative
removal of reaction intermediates, the electrocatalyst exhibited high
electrocatalytic stability and high Faradaic efficiency (Fig. 6j).

Metallenes have emerged as materials with great potential in elec-
trocatalysis. Metallene are 2D materials exhibiting expansive lateral
dimensions, abundant active sites, and superior electronic conductivity.
Combining metallenes with single-atom doping is appealing, especially
if they are assembled into 3D nanostructures to form nanomaterial
aerogels. In this way, the properties of metallenes (e.g., high electrical
conductivity, excellent catalytic activities, and special plasmonic
behavior) and those of aerogels (e.g., self-supported feature, continuous
porous structure, and superior specific surface area) are synergized to
fabricate better electrocatalysts. On this premise, Wang, and co-workers
[101] intelligently doped Pd metallene aerogels (Pd MAs) with W single-
atoms to create SA W-Pd MAs. The authors followed a bubbling CO-
induced gelation method in acetic acid at 50 °C, as indicated in
Fig. 7a, to obtain hierarchical nanoporous metallene Pd structure and
single-atom W-doped electrocatalysts with high activity and selectivity
for C1 EOR process. The W-doping facilitated an excellent EOR yielding
an MA of 5.29 A mgﬁ& and SA of 10.9 mA cm 2 (Fig. 7b) which are
respectively 3.1 and 1.4 and 2.3 and 1.3 times higher SA than both
commercial Pd/C and Pd/C. The EIS plot in Fig. 7c shows that SA W-Pd
MAs has facile electrokinetics than the commercial counterparts. In situ
FTIR and 1H NMR analysis demonstrated high selectivity of the C1
pathway, and DFT calculations indicated that the SA W-Pd MAs had its
d-band center shifted by 0.06 eV relative to Pd as illustrated in Fig. 7d,
suggesting that the W single atoms altered the electronic structure of
surface Pd. This alteration caused a reduction in the adsorption energies
of reaction intermediates and thus explains excellent EOR catalysis that
favors the C1 reaction pathway.

As part of an ongoing endeavor to address the problem of poor sta-
bility of SACs, the prospect of utilizing metal frameworks as supports
emerges as a promising strategy for enhancing the stability of SACs in
electrocatalytic contexts. This approach is predicated on the establish-
ment of strong metal-metal bonds that can tune the electronic envi-
ronment of active sites and optimize the binding strength with reaction
intermediates for improved electrocatalytic activity and stability. The
class of SACs born from this interaction are referred to as single atom
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alloys (SAA). Besides the merit of improved stability, SAAs boost ad-
vantages such as easy scalability of synthesis routes and availability of
more active sites which is beneficial for efficacy enhancement of elec-
trocatalytic systems [102]. In view of this, Wang and co-workers [56]
described ionic liquid (IL)-functionalized PdBi SAA aerogels formed by
dispersing Bi single atoms on Pd nanowires (IL/PdsoBi;) via NaBH4
reduction, as illustrated in Fig. 7e, for the electrocatalysis of EOR. The
metallic states of Bi L3-edge XANES spectra of IL/PdsoBi; and Bi powder
were found to be similar (Fig. 7f) while EXAFs indicated the existence of
Bi-Pd and Bi-O bonds (Fig. 7g). Electrochemical studies showed that
Eonset, MA, and stability for the SAA were superior for IL/PdsBi; than
IL/Pd and commercial Pd/C. CO tests further indicated high tolerance
towards poisoning by reaction intermediates, with the CO oxidation
reaction occurring at lower potentials for the IL/PdsoBi; electrocatalyst.
DFT calculations revealed that the Bi single atoms reduced the energy
barrier of the rate-determining step, thus causing a facile EOR process
and high electrocatalytic activity as indicated in Fig. 7h. The authors
concluded that both the Bi single atoms and IL contributed to the elec-
tronic modulation effect and that the 3D aerogels backbone offered more
access to the active sites resulting in enhanced mass transport and
electron transfer and this high EOR efficiency for the IL/PdsoBi; mate-
rial. Table 2 summarizes the efficient SAC electrocatalysts reported so
far together with their synthesis methods, properties, and EOR electro-
chemistry in alkaline media.

5. Emerging supports

Improving the stability of the catalyst holds equal significance in

achieving sustained, uninterrupted power output in ADAFCs. It is
observed that the anodic catalysts degrade over prolonged operations
due to various factors. Notably, the aggregation and detachment of Pd
nanoparticles from the catalyst support, along with the corrosion of
carbon support, are primary causes of catalyst degradation. Both issues
predominantly hinge on the oxidation stability of the catalyst support.
Hence, it is imperative to investigate stable catalyst supports that
facilitate rapid charge transfer during the fuel oxidation process. The
catalyst support serves several crucial functions, and any material
considered for this role must meet specific desirable criteria, such as
high specific surface area, enhanced electronic conductivity, suitable
porosity, and strong-metal-metal interaction [103]. Vulcan carbon (XC-
72R) is the most prevalent carbon substrate utilized for anchoring Pd-
based EOR electrocatalysts, although its susceptibility to carbon corro-
sion is widely recognized owing to its hydrophilic properties, diminished
graphitization content, and improved surface defect density [104,105].
Alternative materials like carbon nanotubes, graphene, carbon nano-
fibers, and graphitized carbon have been utilized to augment the
longevity of Pd-based electrocatalysts [106,107]. These carbonaceous
substrates offer superior characteristics compared to conventional
Vulcan carbon, such as improved electronic conductivity, enhanced
metal-support interaction, and better graphitic structure, all of which
are crucial for retarding the kinetics of carbon corrosion [108,109].

5.1. Newly developed carbon supports

A study by Zhao et al. [19], outlined that despite the advancements in
making durable carbon supports and strategies to mitigate carbon
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Fig. 7. a) Scheme showing the proposed model for a bubbling CO-induced gelation method for SA W-Pd MAs synthesis, b) MA and SA for EOR at peak potentials and
¢) EIS for SA W-Pd MAs, Pd and commercial Pd/C, d) PDOS plot of the Pd d-band for Pd and SA W-Pd. Reproduced from Ref. [101], with permission from ACS NANO,
Copyright (2022). e) Schematic illustration of the synthesis of IL/Pds(Bi; hydrogels, f) XANES spectra at Bi L3 edge and g) k3-weighted y(k) function of the EXAFS
spectra of Bi powder, Bi»O3, and IL/PdsoBi; aerogels, h) CV curves of IL/Pd, IL/PdsoBi;, and PdsoBi; aerogels and commercial Pd/C catalysts in Ny-purged 1.0 M
KOH/1M EtOH at 50 mVs ', Reprinted from Ref. [56], with permission from Wiley-VCH, Copyright (2021).

corrosion, support corrosion remains an unavoidable aspect during
prolonged fuel cell operations. Consequently, logical progression de-
mands the pursuit of highly stable carbon supports or the exploration of
support materials with minimal carbon content or entirely devoid of
carbon. Such endeavors are essential for achieving an exceptionally
stable catalyst while maintaining optimal electrocatalytic activity levels.

Recently, Alfonso and co-workers [110] reported on an interesting
carbon material derived from corncob, an agricultural waste product
from corn, referred to as biochar. This corncob biochar was obtained by
pyrolysis of corncob powder at 900°C under N, and subsequently used as
a Pd support to form Pd/CB900 for EOR electrocatalysis. Physico-
chemical characterization revealed more surface roughness and irreg-
ular porosity (see Fig. 8a) than conventional Vulcan carbon. The novel
support also possessed oxygen functional groups which served as sites
for Pd adsorption. According to XRD analysis, Pd/CB900 possessed
smaller crystallite sizes than Pd/C, i.e. 3.26 nm and 7.28 nm, respec-
tively, owing to the nature and the textural properties as well as the
dispersion and favorable interaction between Pd the biochar support.
Consequently, the Pd/CB900 material exhibited enhanced EOR activity
(ECSA~31.51 m?g ™!, Tafel slope = 297.6 (mVdec™), Egpser ~ 0.587 V,
MA~20.77 mAcm™2) than Pd/C (ECSA~22.56 m?g~!, Tafel slope =
309.27 deec'l, Eonset ~ 0.537 V, MA~17.59 mAcm~2). Our research
group reported on the use of a carbon hybrid material derived from
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nanodiamond pyrolysis [111], as a support for EOR. This new carbon
material consists of distinct multi-layer concentric architecture and is
thus referred to as onion-like carbon (OLC). In this work, CeO, was
incorporated into the OLC support through a sol-gel process, culmi-
nating in the synthesis of CeO,/OLC. Subsequently, Pd was impregnated
onto the CeO2/OLC composite, yielding Pd-CeO5/OLC nanostructures
(see Fig. 8b). Experimental and theoretical investigations showed that,
unlike carbon black, OLC had a strong influence on the alteration of the
electronic states of Pd-CeO,, resulting in improved EOR performance for
the Pd-CeOy/OLC electrocatalyst. As a result of the synergic contribu-
tion of OLC and CeO,, the Pd-CeO,/OLC electrocatalyst exhibited a
superb power density of 27.15 mWem 2 (Fig. 8c) with remarkable sta-
bility (Fig. 8d) after 48 h on a membrane-free 3D-printed ADEFC, with
powgr density 1.38, and 7.58-times higher that of Pd/OLC (19.72 mW
cm” 4).

5.2. Mxenes as a fascinating support material for EOR

Mxenes have emerged as a possible non-carbon support for the
deposition of Pd and Pd-based electrocatalysts for EOR. Mxenes are a
class of 2D transition metal nitrides, carbides, carbon-nitrides with
layers of M, 11X, T,, where M represents a transitional metal (e.g., Sc, Ti,
Zr, Hf, V, Nb, Ta, Cr, or Mo), “A” is an element from groups III-VI in the
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Table 2
Pd-based SACs electrocatalysts for ethanol oxidation in alkaline environments.
SAC Synthesis method Observed properties Electrochemistry Refs.
electrocatalyst
Pd;,Rus/Ni Galvanic replacement Multiple active sites: Pd nanoclusters, Ru as single atoms, MA of 3.724 A mgﬁﬁ)d, 20.9 % selectivity for C1 [54]
(OH)y/C method and Ni(OH), as defective sites. pathway
Pd NPs@Ni Two-step method; freeze- Graphene-line carbon sheets, Pd NPs sized between 2 to 5 MA of 1093 mA mgpy; 28 % selectivity for C1 pathway; [100]
drying and thermal nm, Ni as single atoms. 90 % MA retention after 4000 CVs, 50 % MA retention
annealing. after 17 000 s CA.
SA W-Pd MAs Bubbling CO-induced Abundant active sites, hierarchical nanoporous and W single ~ MA of 5.29 A mgpql, SA of 10.9 mA cm 2, 25.8 % [101]
gelation in acetic acid at atom-doped metallene Pd structure, average diameter of selectivity for C1 pathway higher MA retention after
50 °C 1.21 nm, 2D microstructure 5000 s CA
IL/Pds50Biy One-step NaBH,4 reduction Accessible active sites, Bi as single atoms, 3D architecturesof =~ Earlier Egpser;1.6- and 4.1-times higher MA than IL/Pd [56]
method interconnected porous and extended nanowires with an and Pd/C; higher MA retained after 1 h CA

average diameter of 5.1 nm.

periodic table (such as Al, Ga, In, Tl, Si, Ge, Sn, Pb, P, As, Bi, S, or Te),
and “X” is carbon and/or nitrogen and T represents chemical functional
groups on the surface such as -OH, —O, —F and —Cl and n can be three
integers 1, 2, 3, with n + 1 layers of transition metals sandwiching the n
layers of carbon/or nitrogen or their mixtures [103,112,113]. Typically,
Mxenes are generated by selectively etching using HF, to remove the “A”
elements from M,,1AX, phases, (see Fig. 9a). This process naturally
generates —OH, —O, or —F groups at the terminations, resulting in
MXenes with the formula M, 1X,T,. These terminations are believed to
play crucial roles such as enhancing hydrophilicity and controlling the
electrical structure of MXenes thereby enabling the application of the
materials in energy conversion and energy storage [112]. More impor-
tantly, these terminations facilitate the adsorption of metal precursors
by electrostatic interactions, thus allowing the anchoring of metal
nanoparticles [114].

The exploration of MXenes as supports for EOR electrocatalysts may
have been inspired by previous studies on TiC and TiN-based nano-
particles which have been deployed as corrosion-resistant supports for
Pt and its alloys for oxygen reduction reaction (ORR) and methanol
oxidation (MOR) [115,116]. Given that MXenes resemble TiC and TiN-
based nanoparticles, where Ti and C were observed to confer respective
corrosion resistance and electrical conductivity for ORR and MOR, it is
widely believed that these properties can be extended to Ti-based
MXenes. Moreover, Ti-MXenes possess a large surface area conducive
for the deposition of metal nanoparticles, while the surface functional
groups (such as -OH and —F) impart well-balanced hydrophilicity and
hydrophobicity. Additionally, the —F termination endows stability in
harsh electrolytes, resisting carbon corrosion and catalyst aggregation,
dissolution, and Ostwald ripening, as opposed to the traditional Vulcan
carbon catalyst support [103,109]. On the other hand, 2D Ti3C,Tx has
been reported to effectively alter the electronic structure of deposited
metal nanoparticles for enhanced electrocatalytic activity and CO
poisoning resistance. Recent theoretic simulations and experimental
findings have also indicated robust strong metal-support interactions
(SMSI) between 2D MXenes and deposited nanoparticles, a feat that
endows enhanced stability [117,118].

Peng and co-workers [114] supported ultrathin layers of Pd metal-
lenes on TizC, Ty MXene (Pdene/Ti3C2Ty) via in-situ growth under mild
conditions. Due to the strong SMSI, the Pdene/Ti3C,Ty electrocatalyst,
after optimization, exhibited an exceptional MA of 7.47 A mgpq “linim
KOH, high CO tolerance resulting in excellent stability and high selec-
tivity for C1 pathway. After in-situ attenuated total reflection-infrared
(ATR-IR) spectroscopy studies and DFT calculations, the authors
attributed the excellent EOR performance to strong Pd-OH bonds which
facilitated oxidative removal of toxic CO intermediates and that the Pd
metallenes stabilized on the Ti3CyTy support reduced the energy barrier
of *CH3CO intermediates. The interaction between supports and loaded
Pd atoms can be further improved by doping MXenes with heteroatoms.
The doping effect modifies the electronic structure of MXene support
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even further for a stronger SMSI, preventing agglomeration, and en-
hances the EOR electrocatalytic activity. Chen et al [119] reported an N-
doped Ti3C, supported Pd-based electrocatalyst for application as an
anode material for EOR. After optimizing HF etching times (i.e. 28 hrs
selected as the most suitable time), the authors used NH3H,0 as an N
dopant to form Pd/N-Ti3Cy-28 h, which exhibited higher Pd content (at
the same loading) than the non-doped Pd/ Ti3Cy-28 h material. This
suggests that the doping effect facilitated a better Pd dispersion,
resulting in a high ECSA and ultimately a better EOR efficiency than the
non-doped material and commercial Pd/C. In the same vein, the same
group [120] outlined another study where they co-doped Ti3Cy with B
and N using dimethylamine borane (DB) as a co-doping precursor and a
Pd reducing agent for making a Pd/DB-Ti3Cy through a one-step method
for application in EOR as indicated in Fig. 9b. The co-doping process
resulted in the electronic modulation of Pd electrons in Pd/DB-Ti3Co
marked by a lower d-band center which was far from the Fermi energy.
This effect broadened the D bandwidth and caused a negative shift in the
d-band center, resulting in poor adsorption of the reaction intermediates
on the catalyst surface, thus improving the EOR electrocatalysis. To this
effect, the catalyst showed excellent durability of 91.1 % MA after 2000
s CV cycles, far better than that of commercial Pd/C. Li and co-workers
[121] reported an interesting study where Ti3C,Tx nanosheets were
utilized as a ‘spacer’ to prevent the agglomeration of graphene. Gra-
phene tends to agglomerate irreversibly due to strong n-n interactions,
van der Walls forces, and hydrophobic interactions, ultimately leading
to the significant reduction of its specific surface area and porosity. The
authors used a hydrothermal, and Pd salt reduction method to interca-
late Ti3CyTx into nitrogen-doped-graphene (NG) and subsequently
immobilized Pd to obtain Pd/Ti3CyTx@-NG. The resultant highly porous
and large surface area (confirmed by Brunauer-Emmett-Teller) Pd/
Ti3CaTx@-NG exhibited high activity and high stability, retaining ~
31.4 % MA after 500 CV cycles, far better than Pd/NG (18.8 %) and
commercial Pd/C (8.6 %). The authors attributed the high performance
of the electrocatalyst to the intercalated, highly conductive TizCyTx
which opened more pores and channels for enhanced mass transport
charge transport, respectively, resulting in more exposed growth sites
for embedding Pd nanocrystals. Peng et al. [35] unveiled an interesting
strategy of using sulfur stabilization to combat sintering associated with
HEA nanoparticle synthesis at extremely high temperatures. HEAs are
usually produced via carbothermal shock (~2000 K), fast-moving bed
pyrolysis (~923 K), microwave heating (~1850 K), etc, which may lead
to thermal sintering, unavoidably resulting in significantly reduced
specific surface area and a steep decrease in catalyst activity. The au-
thors introduced sulfur stabilization where S-modified MXene
(S—Ti3CyTy) supported a PtPdCuNiCo HEA by forming strong metal-
sulfur bonds. This resulted in significantly increased interfacial adhe-
sion strength, hence greatly suppressing HEA nanoparticle sintering by
impeding both particle migration and metal atom diffusion. The resul-
tant quinary PtPdCuNiCo HEA-S-Ti3C, Ty exhibited ultra-high MA 7.03 A
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Fig. 8. a) SEM micrograph of Pd/CB900. Reprinted from Ref. [110], with permission from The Chemical Society Located in Taipei & Wiley-VCH GmbH, Copyright
(2024), b) High-magnification TEM images of Pd, CeO, and Pd-CeO,/OLC and FFT transforms of Pd and CeO,, ¢) Voltage-power curves, galvanostatic discharge
stability test of the Pd-CeO,/OLC and other electrocatalysts in 2.0 M EtOH/2.0 M KOH solutions. Ref.

Adapted from [111].

mgﬁtﬂpd, which was respectively 5.17 and 4.34 times higher than those
of the commercial Pd/C and Pt/C catalysts. The catalyst also showed
remarkable stability, retaining 93 % MA after 500 accelerated cycles,
thanks to the strong SMSI. Table 3 summarizes the features of emerging
carbon materials and MXenes as support materials for EOR.

6. Challenges, outlook, perspectives, and concluding remarks

ADEFCs have emerged as a promising alternate energy source.
However, Faradaic efficiency is a critical problem specific to ethanol
oxidation since it is unlikely to undergo the C1 pathway leading to
reduced fuel utilization efficiency and low Faradaic efficiency (typically
< 30 %) [30]. Research attempts to cleave the C—C bond are still
ongoing. This article reviews recent advances in emerging EOR elec-
trocatalysts, particularly Pd-based HEMs and SACs, and summarizes
their electrocatalytic properties for EOR. New developments in catalytic
supports are also discussed with special emphasis on newly developed
carbons and MXenes. HEMs boast of quadruple effects namely entropy,
lattice distortion, sluggish diffusion, and cocktail effects, endowing
unique catalytic properties capable of improving EOR. These materials
provide diverse surface metal sites with highly tunable adsorption en-
ergies for reaction intermediates. For example, the ample active sites of
PGM-HEA efficiently catalyzed the C—C bond cleavage for EOR catalysis
via the 12 electron/12 proton process. On the other hand,
NHEA@NHEA-Pd exhibited the highest activity retention of 98.8 % after
2000 CVs. However, PtPdFeCoNiSnMn HEA (Pt/Pd HEA) represents the
highest performing Pd HEM electrocatalysts for EOR today with
approximately 100 % Faradaic efficiency for C—C cleavage, and 99.99
% and 99.97 % current density retention after and 30 000 and 50 000,
respectively. Its assembled ADEFC demonstrated a power density of 0.72
Wem 2 with a durable operation for 1200 h (50 days). This clearly
shows that HEMs are capable of defeating the sluggish EOR process.
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Despite SACs having highly exposed active sites, one of their observed
limitation is the low C1 selectivity. The highest C1 selectivity reported
for a SAC to date was that reported for the Pd NPs@Ni SAC electro-
catalyst, at only 28 %. The same SAC electrocatalyst retained a mere 50
% MA after 17 000 s CA. This may suggest that the single-site feature
may limit the application of SACs in catalytic processes where cascade
reactions are involved, and where multimetal active sites are maybe
suitable. However, a study showing the synergies of SACs and HEMs for
EOR has not been reported to date, which means that this is a route that
is yet to be explored. To fully understand how active sites, elemental
distribution and defect impact EOR catalytic properties, it is necessary to
incorporate advanced characterisation tools such as machine learning-
assisted data acquisition to capture critical dynamic changes in HEMs
during the EOR electrocatalytic process. Moreover, information such as
lattice strain, surface atomic structure, chemical diffusion, and elec-
tronic structure of HEMs may also be obtained, providing more input for
theoretical calculations and insights into the reaction pathways. This
can allow ML to significantly aid in the design and optimization of
electrocatalysts i.e. HEMs and SACs for ethanol oxidation reaction. Thus,
by accurately predicting the properties and behaviors of these materials,
ML can streamline the discovery and development of superior electro-
catalysts [125,126].

Due to poor electrical conductivity, MXenes (~1.2 x 10! Sem™)
may need to be doped with heteroatoms (e.g. N, S, etc) for them to
compete with Vulcan carbon (3.4 x 101 Scm’l) for EOR electrocatalysis
[127,128].. On another note, Vizza’s laboratory demonstrated that it is
possible to improve the stability of EOR electrocatalysts by combining
Vulcan carbon supports with CeO; which can facilitate the oxidation of
Pd° to Pd - OH,y, for improved EOR [6]. Thus, Pd-based HEMs can be
stabilized on Vulcan carbon-CeO; to form Pd-based HEMs/C-CeO,. For
instance, our laboratory is exploring the utility of Pd-based HEMs such
as Pd-HESOx/C-CeO;, for the electrocatalysis of EOR.
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Table 3
Emerging carbon and MXene support materials for Pd-based electrocatalysts for EOR.
Support Support name  Preparation method Properties Electrocatalyst durability Refs.
type
Carbons CB900 Pyrolysis of corncob biochar powder at Oxygen functional groups on the surface enhance the 50.64 + 2.99 % geometric activity ~ [110]
900°C under H,. adsorption of Pd. after 3000 s CA
Onion-like Pyrolysis of high purity nanodiamond at ~ Nature of the carbon material exerted a strong influence =~ ~78 % voltage retention duringa  [111]
carbon 1300°C under Hy on the electronic states of Pd-CeO, 48-hour discharge
MZXenes TizCaTx in-situ growth under mild conditions Pd atoms embedded in Ti vacancies. Pd forms strong Pd- 74 % MA retention after 500 CVs [114]
C bonds with C atoms.
N-Ti3Cy One-step hydrothermal method using N doping provided high Pd dispersion. 78.3 % MA retention after 200 [119]
NH3-H,0 as N source CVs
DB-Ti3Cy B, N co-oping with DB as the precursor B-doped MXene provided a highly efficient support for 91.1 % MA retention after 2000 [120]
via hydrothermal reaction Pd. CVs
TizCoTx@-NG Simple hydrothermal procedure Spacer for graphene to prevent its agglomeration. ~31.4 % MA retention after 500 [121]
CVs
S—TizCoTy Freeze-drying Support for PtPdCuNiCo HEA via the formation of strong 93 % MA retention after 500 CVs [35]

metal-S bonds. Prevents HEA sintering.
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