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The human craving for energy is continually mounting and becoming progressively difficult to gratify. At
present, the world's massive energy demands are chiefly encountered by nonrenewable and benign
fossil fuels. However, the development of dynamic energy cradles for a gradually thriving world to lessen
fossil fuel reserve depletion and environmental concerns is currently a persistent issue for society. The
discovery of copious nonconventional resources to fill the gap between energy requirements and supply
is the extreme obligation of the modern era. A new emergent, clean, and robust alternative to fossil fuels
is the fuel cell. Among the different types of fuel cells, the direct ethanol fuel cell (DEFCs) is an
outstanding option for light-duty vehicles and portable devices. A critical tactic for obtaining sustainable
energy sources is the production of highly proficient, economical and green catalysts for energy storage
and conversion devices. To date, a broad range of research is available for using Pt and modified Pt-
based electrocatalysts to augment the C,HsOH oxidation process. Pt-based nanocubes, nanorods,
nanoflowers, and the hybrids of Pt with metal oxides such as Fe,Os, TiO,, SnO,, MnO, Cu,0O, and ZnO,
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Accepted 17th April 2021 and with conducting polymers are extensively utilized in both acidic and basic media. Moreover, Pd-
based materials, transition metal-based materials, as well as transition metal-based materials are also
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1. Introduction

Over the last few decades, fuel cells have attracted the attention
of researchers as a renewable energy source and a potential
alternative to fossil fuels (a non-renewable energy source) for
the alleviation of the energy crisis and greenhouse gas emis-
sion, due to its high fuel conversion and electrical efficiency.
Fuel cells are broadly employed in numerous fields such as
transportation, and stationary and portable power generation.
Among the different types of fuel cells, Solid Oxide Fuel Cells
(SOFC), and Molten Carbonate Fuel Cells (MCFC) are examples
of high-temperature fuel cells while Alkaline Fuel Cells (AFC),
Proton Exchange Membrane Fuel Cells (PEMFC), Phosphoric
Acid Fuel Cells (PAFC), and Direct Alcohol Fuel Cells (DAFC) are
examples of low-temperature Fuel Cells.**

There are two types of direct alcohol fuel cells, namely,
DMFC (Direct Methanol Fuel Cell) and DEFC (Direct Ethanol
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progress of the EOR process concerning noble metals and transition metals-based materials.

Fuel Cell). As compared to the direct methanol fuel cell, the
direct ethanol fuel cell shows remarkable advantages, such as
greater safety in transportation, and storage, as well as lower
costs for ethanol production and handling.>” For example,
methanol is more toxic and tends to cross over the membranes
more easily than ethanol. Health experts observed that inhaled
methanol may seriously damage the central nervous system,
and may cause blindness.? Ethanol is more economical than
methanol because of its large-scale production in the agricul-
ture sector, continuous availability, and cheaper resources.
Ethanol is preferred over methanol due to its high energy
density as complete oxidation of ethanol produces 8.0 k W h™*
Kg ! while complete oxidation of methanol produces 6.1 kW
h™' kg™ '. Moreover, due to low operating temperature and
integrated system design, DEFCs demonstrate promising
applications in portable power devices for vehicles and
electronics.”’

The main objective of a DEFC is the conversion of ethanol
into carbon dioxide through a direct, and complete oxidation
process involving 12 electrons. Therefore, as compared to the
methanol oxidation process where complete oxidation proceeds
via a 6-electron process, greater energy is produced in ethanol
oxidation. The reasons for the sluggish kinetics are the type of
catalyst, the ethanol structure, fuel structure, membrane
thickness, and physical factors such as temperature and
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concentration, as well as reaction intermediates formation,
which poison the fuel cell catalyst.*"**

1.1. Different types of alcohol fuel cell

At present, different types of under-developed fuel cells include
both high (>400-500 °C), and low (<100 °C) temperature
systems: oxygen-ion proton-conducting electrolytes, solid/
liquid electrolyte-based systems, and direct and indirect
ethanol fuel cells. In the case of indirect alcohol fuel cells,
alcohol is first converted to H, and CO, which can be further
utilized as a fuel in the solid oxide or molten carbonate fuel cells
(high-temperature fuel cells), while in the proton exchange
membrane fuel cell (low-temperature fuel cell), the CO is con-
verted to H, and CO,. Besides ethanol, other alcoholic fuels
being utilized in fuel cells include methanol (CH;OH), and
ethylene glycol (CH,OH),. The number of electrons involved in
the complete oxidation of the hydrogen, methanol, ethanol, and
ethylene glycol are 2, 6, 12, and 10, respectively. The operating
temperature conditions for polymer membrane-based electro-
lytes are 20-120 °C and 600-800 °C for ceramic-centered elec-
trolyte fuel cells. Moreover, in the case of alcohol-based
systems, the water formation occurs on the anode side in
oxygen and hydroxyl ion-conducting electrolyte and on the
cathode side in the proton-conducting electrolyte. Water also
participates as a reactant in both of the above-mentioned fuel
cells as illustrated in Fig. 1.%'*"*

2. Ethanol oxidation

Ethanol is a renewable alcohol that is readily obtained from
food crops (corn, sugarcane, and beetroot), unedible parts of
food plants, or from other biomass resources such as poplar,
grass, and forest residue. Ethanol is obtained by the fermenta-
tion of biomass, processing of biomass residues, and through
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the catalytic reaction of ethene with steam. Ethanol can be
oxidized in two different types of environments: acidic and
basic environments. The reaction mechanism is different in
both environments, but the products are the same. The
complete ethanol oxidation mechanism through the direct and
indirect paths is represented here (Fig. 2).*

2.1. Ethanol oxidation in an acidic medium

The ethanol oxidation reaction occurs at pH lower than 5 in an
acidic type of fuel cell and the membrane used is called a proton
exchange membrane (Nafion 115 or Nafion 117), which permits
the movement of cations in the given electrolyte. Due to high H"
concentration, the cations of the membrane are easily
exchanged in acidic media than in alkaline environments, and
the Pt is effectively utilized as an electrocatalyst in an acidic
medium. During the electrochemical reaction, the water
consumption and then reformation occur at the anode and
cathode, respectively. With time, the ethanol concentration
tends to decrease in the anode compartment, which needs to be
replenished, while in the cathode compartment, the concen-
tration of water increases, which needs to be removed to prevent
flooding and fuel cross-over problems. In acidic media, the Pt

Total oxidation
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Fig. 2 Schematic diagram of the parallel pathways during the ethanol
oxidation reaction. Reproduced from ref. 13, Copyright 2005, Elsevier.
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Fig. 1 Schematic illustration of the electrochemical reactions of different types of alcohol fuel-based fuel cells. Reproduced from ref. 12,

Copyright 2015, Elsevier.
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activity is maximum due to fewer blockages of active sites, and
the dissolution of salts formed during the reaction. However,
other noble metals such as Au, and Pd show less reactivity in an
acidic medium owing to the corrosive nature of the co-catalyst,
and the support, but gives a good response at higher pH."**

2.2. Ethanol oxidation in an alkaline medium

As compared to an acidic cell, ethanol oxidation occurs at
higher pH (8-12) in an alkaline medium. Due to low H'
concentration, the proton exchange membrane (PEM) is not
considered a good option because of slow kinetics, so the anion
exchange membrane (AEM) is preferably employed, which
allows anion exchange from the anode towards the cathode in
the presence of an alkaline medium. During the electro-
chemical reaction, the water consumption and reformation
occur at the cathode and anode surface, respectively (opposite
to the PEM). Over time, the concentration of water in the
cathode compartment tends to decrease, which may lead to the
problem of fuel crossover.'®'®

There are a large number of differences in both types of cells.
However, the following points indicate the alkaline cell supe-
riority over the acidic cell. (i) In an alkaline cell at high pH,
a large number of OH™ ions provide oxygen for the oxidation
process and result in improved reaction kinetics as compared to
low pH. The catalyst is effectively utilized for the ethanol
oxidation reaction instead of water dissociation to get more and
more OH™ ions. (ii) In an acidic cell, to promote the Pt catalytic
activity, a support such as Ru, Ir, or Au is added since these
supporting materials promote water dissociation to get more
OH' ions, which further oxidizes the ethanol. (iii) In an alkaline
medium, non-Pt catalysts show better activity as well as
stability. For example, the literature shows that palladium
performance is four times better as compared to Pt in basic
media, so the expensive Pt can be easily replaced by the
comparatively less costly Pd, Au, Ag, Fe, Co, Ni, etc. (iv) Catalysts
show good stability and high current density response due to
the less corrosive nature of an alkaline medium as compared to
an acidic medium. (v) In an alkaline fuel cell, alcohol perme-
ation can be restricted by reversing the ionic current direction
due to OH  conduction against the traditional proton-
conducting system. (vi) Low anodic overpotential.'”**?
However, the problem associated with an alkaline medium is
the formation of carbonate and bicarbonate ions by the reaction
of OH™ ions with the CO,, which then reacts with added base
(KOH or NaOH) to form carbonated salts (e.g. Na,COjz or
K,CO3). These carbonated salts destroy the electroactive layer of
the catalyst, block and restrict the diffusion of the ions in the
medium, and lead to poor cell performance.®

2.3. Limitations of the direct ethanol fuel cells and their
solutions

Direct ethanol fuel cells possess the prodigious potential for
commercialization but the optimization of their performance
encounters some challenges, particularly the sluggish kinetics
of the ethanol oxidation process at the anode, incomplete
oxidation, ethanol crossover, the high cost of cell materials,
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catalyst poisoning by the reaction intermediates, catalyst
stability, water, and heat management. The catalyst in the direct
ethanol oxidation process is a site that provides an active
surface for the ethanol oxidation to proceed at a lower activation
energy with a higher rate. The lower activation energy signifi-
cantly affects the energy consumed during the breaking and the
forming of the reactant and the product bonds, respectively,
whereas, the higher rate reduces the time required for the
reaction to proceed. The ethanol oxidation proceeds via
different pathways, most of which result in partially oxidized
products, e.g. acetaldehyde, and acetic acid; this partial oxida-
tion, which is due to nearly unbreakable C-C bonds, leads to
efficiency loss. An efficient catalyst is, therefore, required for the
complete oxidation process.”®**** Ethanol crossover is
comparatively lower in DEFC as compared to methanol cross-
over in DMFC. However, the permeation or ethanol crossover
from the anode towards the cathode generates a mixed poten-
tial at the cathode and affects the cell performance. The fuel
crossover is in turn greatly influenced by the temperature,
ethanol concentration, and flow rate.”®* Heysiattalab et al.
recommended that there is a direct relationship between the
cell operating temperature, and the electrocatalytic activity by (i)
enhancing the electrochemical kinetics of both the anodic
(EOR) and cathodic (ORR) processes, and by minimizing the
activation loss; (ii) by improving the conductivity of the OH™
ions, and by lowering the ohmic loss; (iii) elevating the trans-
port of both the ethanol and oxygen with consequent inferior
concentration loss.”®

Li et al suggested that too-high ethanol concentrations
mitigated the cell performance for two reasons: (i) coverage of
electroactive sites with ethanol and less adsorption of OH™ ions,
and (ii) the excess ethanol reduces the level of OH™ ionization
and results in increased cell resistance due to the restricted
movement of ions.***°

Alzate et al. observed that the increased fuel solution flow
rate improved the cell performance in the high current density
region. This feature is due to the enhanced mass transfer of
both the C,H;OH and the OH ™ ions from the flow-field towards
the electrocatalyst layer.** This problem can be resolved by the
modification of the membrane (the core of the DEFC). Since the
ethanol concentration entered at the anode catalyst layer,
dilution of the ethanol solution can assist to prevent ethanol
crossover, but this may cause specific energy losses in the direct-
ethanol fuel system.>**

Platinum has been recognized as an efficient electrocatalyst
for a DEFC at the atomic level due to its distinctive, and
tremendous electrocatalytic properties; however, (i) poisoning
of Pt-catalyst by reaction intermediates (CO, CH3;CHO, etc.)
through an ethanol oxidation process results in a sharp decline
in the current response (electrocatalytic activity); (ii) controlled
platinum dosage due to high cost, as well as the incorporation
of other metals into Pt, can reduce the cost.?*3*

Heat management of the DEFC (Direct Ethanol Fuel Cell) is
required since the products released during the electrochemical
reaction include CO,, acetic acid, and acetaldehyde. Acetalde-
hyde selectivity increases with the increase of the operating
temperature, and decreased selectivity of acetic acid occurs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagram of the proton exchange membrane fuel
cell. Reproduced from ref. 1, Copyright 2016, Elsevier.

under constant current operation. The existing acetaldehyde
and acetic acid could lower the direct ethanol fuel cell effi-
ciency. Furthermore, high acetaldehyde concentration lowers
the ethanol concentration and results in voltage decline.
Therefore, by heat management, the products of the ethanol
oxidation process can be controlled.****’

Without H,O management, the fuel cell performance will be
disturbed by the generated cell resistance. A marvelous amount
of H,O crossover through the membrane can cause water loss in
the anode compartment and flooding in the cathode compart-
ment and can promote short-circuiting inside the device.***

To address these challenges, the research and development of
an appropriate electrode catalyst play a vital role in fuel cell
electrochemical reactions.*>** These problems can be lessened or
even removed by (a) the development of an economical non-Pt
catalyst with high efficiency, and stability, controlled concentra-
tion, and the flow rate of the ethanol; (b) the establishment of
a new membrane with mitigated ethanol crossover; (c) heat and

4—02

Polyalcohols —

Valuable
chemicals

Cathode CL

Anode CL

Fig.4 Schematic diagram of the Anion Exchange Membrane Fuel Cell.
Reproduced from ref. 44, Copyright 2017, Elsevier [CL = catalyst layer,
DL = diffusion layer, AEM = anion exchange membrane].
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water management; (d) the development of the catalyst crystal
structure to ensure complete ethanol oxidation before reaching
to the anode-membrane interface (Fig. 3 and 4).*

3. The direct ethanol fuel cell

The direct ethanol fuel cell is fundamentally a proton exchange
membrane fuel cell with C,H;OH(,q) as a fuel, two electrodes
where oxygen reduction and ethanol oxidation occur at the
cathode and anode, respectively, and a state-of-the-art Nafion
membrane separating the electrodes and allowing the proton
diffusion from the anode towards the cathode. A membrane
electrode assembly (MEA) is the collective term used for the
combination of electrodes and the membrane. During the ethanol
oxidation process (a) an aqueous solution of ethanol is fed from
the anode side, and reaches the electrode surface, gets oxidized,
and produces CO, along with electrons and protons; (b) the
diffusion of protons and electrons occurs through the membrane
and external circuit, respectively; (c) oxygen is reduced at the
cathode surface by accepting the external electrons, and the
internal protons."**** The reaction is represented as follows:

CH;0H + 30, — 2CO; + 3H,0

3.1. Ethanol oxidation in acidic media

In acidic media, the ethanol reacts with water and produces
carbon dioxide, protons, and electrons, while at the cathode,
the reduction of oxygen generates the water. The complete
reaction is given below:

Reaction at the anode:

C,HsOH + 3H,0 — 2CO, + 12H" + 12¢™, E° = 0.09 V

Reaction at the cathode:

30, + 12H" +12¢~ — 6H,0, E° =123V

Overall reaction:>***

C,HsOH + 30, — 2CO, + 3H,0, E° = 1.14 V

3.2. Ethanol oxidation in alkaline media

In alkaline media, ethanol reacts with hydroxyl ions and
produces carbonate ions, water, and electrons, while at the
cathode, the reduction of oxygen generates hydroxyl ions. The
complete reaction is given below :>**¢

Reaction at the anode:

C,HsOH + 120H™ — 2C0O;>~ + 9H,0 + 12¢~, E° = —0.743 V

Reaction at the cathode:

0, +2H,0 +4e~ — 4OH , E° =040V

RSC Adv, 2021, 11, 16768-16804 | 16771
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Overall reaction:

C,HsOH + 30, — 2CO, + 3H,0, E* = 1.143 V

3.3. The mechanism of the ethanol oxidation process on the
Pt surface

The ethanol oxidation process on the Pt surface follows sluggish
kinetics due to the complex mechanism, and incomplete oxida-
tion. Although a detailed reaction mechanism needs further
research, good agreement about the reaction pathways validates
that acetaldehyde and acetic acid are the main products of the
electrooxidation of ethanol on the Pt electrode surface in acidic
solution. At a potential of 0.6 V, even the C-C bond remains
intact, and 2 or 4 electrons are produced; however, further
oxidation results in the cleavage of the C-C bond after acetalde-
hyde readsorption and produces the CO intermediate. COyqg
limits the adsorption of the reactants by blocking the active sites
of the Pt; however, at potentials above 0.6 V, the water oxidation
produces Pt-OH or Pt-O on the Pt surface, which then oxidizes
the CO to CO,, so CO, is produced at high potential only.**°

Pt + CH;CH,OH — Pt(CHOH-CHj;),qs + H" + ¢~ (1)
Pt(CHOH-CHj3),4s — Pt + CHO-CH; + H" + e (2)
Pt + CHO-CH; — Pt(CO-CH3),qs + H" + ¢ (3)

Pt(CO-CH3)uqs + Pt(OH™),qs — 2 Pt + CH;COOH (4)

Pt(C07CH3)ads + Pt — Pt(co)ads + Pt(CH3)ads (5)
Pt(CH3)a4s + Pt(H),qs — 2Pt + CHy (6)
P{(CO).qs + H,O — Pt + CO, + 2H* 7)

Another proposed mechanism. In the 1% step, Pt metal
reacts with alcohol and the dehydrogenation of the alcohol
occurs along with the CO, production. In the 2™ step, the
alcohol dehydrogenation produces an intermediate of Pt-OR,
while in the 3™ step, the Pt hydrolysis generates the interme-
diate of Pt-OH along with a proton and electron. In the 4% step,
the intermediates of the 2" and the 3™ steps combine and re-
produce Pt accompanied by CO,, a proton and electron; in this
way, ethanol is completely oxidized to CO,.

Dehydrogenation:
Pt + R-OH — Pt + CO, + nH, (8)
Dehydration:
Pt + R-OH — Pt-RO + H,O 9
Hydration:
Pt + H,0 - Pt OH + H" + ¢~ (10)
Pt-RO + Pt-OH — 2Pt + CO, + H" + ¢~ (11)

16772 | RSC Adv, 2021, 11, 16768-16804
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The reaction on the Pt surface in the presence of a 2" metal.

The 1°° and 2" reaction steps are identical to the above
mentioned 2™ step accompanied by a little change in the 3™
step, where metals other than Pt undergo the hydration step,
and the intermediate of this step reacts with the intermediate of
the 2™ step, and the final product is again CO, along with two
metals.

Dehydrogenation
Pt + R-OH — Pt + CO, + nH, (12)
Dehydration:
Pt + R-OH — Pt-RO + H,0 (13)
Hydration:
M+ H,O0 > M-OH + H" + ¢~ (14)
Pt-RO + M-OH — Pt+ M + CO, + H" + e~ (15)

where M is Pd, Au, or Pt.

3.4. The mechanism of the ethanol oxidation process on the
Pd surface (alkaline medium)

The detailed ethanol oxidation mechanism on the Pd surface is
shown below. In the 1° step, the Pd metal reacts with OH™ ions
provided by an alkaline medium. In the 2"¢ and 3" steps, the Pt
reaction with dissociated alcohol occurs in an alkaline medium,
and gives Pd (CH3CO),.qs at the potential of —0.7 V. The strongly
adsorbed (CH;3CO) o4, on the active sites of the palladium metal
surface was stripped off from the catalyst surface by the
adsorbed OH™ species, so the ethanol was continuously
oxidized with an increase in the potential. The reaction in the
fourth step is the rate-determining step. The adsorbed CH;CO
on the Pd surface slows down the reaction process by blocking
the active sites.>*>*

Pd+ OH™ — Pd-OH,qg + ¢~ (16)
Pd + CH;CH,OH — Pd(CH3CH,OH),q; (17)
Pd(CH3CH,OH),q + 30H™ — Pd(CH;CO),qs
+3H,0 + 3¢~ (18)
Pd(CH3CO),qs + Pd-OH,q, + OH™ —
2Pd + CH;COO™ + H,0 (19)

3.5. The mechanism of the ethanol oxidation process on the
Pd-M surface

The first step is the adsorption of alcohol on the two metal
surfaces followed by alcohol dehydrogenation in the 2™ step. In
the 3™ step, metal hydroxylation gives M-OH ,q, which
combines with the ethoxy intermediate, and acetic acid is the
final product in this reaction, which then reacts with hydroxyl
anions to give acetate ions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Pd-M + C2H50H - Pd—M—(CszoH)ads (20)

Pd-M—(C,HsOH),q, + 30H~ — Pd-M—(CH;CO),qs
+ 3H,0 + 3¢ (1)
PdM + OH™ — Pd M OH,y, + ¢~ (22)

Pd-M—(CH3CO),q4s + Pd-M-OH,4; —

2Pd + 2M + CH,COOH (23)
CH,COOH + OH~ — CH;COO™ + H,0 (24)

3.6. The mechanism of the ethanol oxidation process on the
Ni surface

The reaction on the Ni surface is mentioned below, and the
reaction on the cobalt surface proceeded in the same way as that
on the nickel surface. In the first step at the potential of 0.45 V
vs. Hg/HgO, the Ni (OH), in an alkaline medium is oxidized to
NiOOH, which then combines with alcohol and oxidizes it to
CH;CHO, which is one of the possible products. However,
another option is the reaction of the NiOOH with CH;CHO to
give acetic acid as a final product.>»*

Ni(OH) , + OH™ — NiOOH + H,O + ¢~ (25)
NiOOH + CH3;CH,OH — CH3;CHO + Ni(OH) , (26)
NiOOH + CH;CHO — CH;COOH + Ni(OH) , (27)

Or
Ni (OH) , + OH~ — (NiO)OH + H,0 + e— (28)

NiO(OH) + CH5;CH,OH + 50H™ — Ni(OH) , + CH;COO

+ 4H,0 + 4e~ (29)

3.7. Material design based on the mechanism for an effi-
cient OER process. Some characteristic features of a highly
efficient electrocatalyst for complete ethanol oxidation to CO,
include the following: (i) appropriate surface active sites for the
cleavage of the C-C bond, (ii) suitable surface composition for
enhanced selectivity towards the CO, formation, (iii) a bifunc-
tional influence to smoothen the adsorption, as well as the
activation of H,O to formulate the OH,q4, for the exclusion of
CH, species and CO.

In the case of the OER process, the electrocatalyst micro-
structure plays an important role, so the controlled shape, size,
and morphology are the main controlling factors.
Nanostructure-engineered controlled morphology is normally
employed to enhance the surface areas or to provide the special
facets for promoting reaction kinetics of the metal catalysts,
particularly Pt and Pd. At present, many novel schemes are
utilized to synthesize Pd and Pt electrocatalysts with copious
nanostructures including nanowires, nanosheets,
particles, and nanopores. Moreover, different Pt-based alloys
prepared by the mixing of Pt with oxyphilic atoms such as Bi,

nano-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Sn, Zn, Cu, etc. also improve the catalytic activity. Specifically,
the bimetallic Pt-Sn alloys display advanced electrocatalytic
activity for the ethanol oxidation process in both basic and
acidic media due to the bifunctional mechanism since Sn can
provide OH™ species by speeding up the water dissociation
process at a lower overpotential that smoothens the interme-
diate oxidation process. The exceptional catalytic EOR perfor-
mance in both the acidic and basic media also stems from the
enormous exposed surface area of the (111) facet of the Pt-Sn
nanosheets, which facilitates the C-C bond cleavage process,
and removes poisonous reaction intermediates like CO.

Concerning the morphology, the nanowire array of the
electrocatalysts generally has high aspect ratios,
coordination sites, few grain boundaries, and privileged
crystal growth favorable for the ethanol oxidation process. Pt
nanowires show better performances than Pt nanoparticles due
to the plentiful exposed active sites. In addition to the more
developed nanowires, multiple nanostructures like nanoframes
and nanocages were constructed to accommodate the huge
surface to volume ratio and abundant active sites. The ethanol
oxidation selectivity on the Pt surface markedly depends on the
surface features. The ethanol oxidation process is comprised of
(i) the initial ethanol dehydrogenation and (ii) the acetyl
(CH3CO) oxidation. The open surface Pt facet is the best option
to fully and efficiently oxidize ethanol at low potential.

As compared to Pt, Pd is more abundant, economical, and
oxyphilic in nature to facilitate the oxidative desorption of
reaction intermediates. The unique features of Pd-based elec-
trocatalysts are also important for boosting electrocatalytic
activity. Alloys of Pd with metals such as Ni, Ag, Sn, Au, Rh, Cu,
Ru, metal oxides, and hydroxides develop multicomponent
systems with operational durability and optimized catalytic
performance. Moreover, the combination of the 2D configura-
tion with the metal alloys (such as 2D PdAg nanodendrites)
leads to remarkable electrocatalytic activity and stability due to
abundant active sites, an enlarged surface area, as well as Ag-
induced feeble binding between the adsorbate and Pd. The
excellent performance of Pt-Pd composites with metal phos-
phide is credited to the hybridization between the metal phos-
phide and Pt/Pd during the synthesis and favors CO oxidation
as a result of its dynamic role in the water activation process.
Furthermore, metal oxides also arise as promising additives to
enhance electrocatalytic activity. For example, the enhanced
activity of the CeO,-modified Pt/Ni electrocatalyst is ascribed to
the bifunctional mechanism, where CeO, accelerates the CO
oxidation on the Pt surface by providing chemisorbed oxygen.
The substitution or partial replacement of the Pt/Pd with non-
noble metals such as nickel not only reduces the cost, it also
promotes surface oxidation by forming NiOOH, particularly in
an alkaline solution. Other non-precious metal alloys based on
Fe and Co have also attracted considerable attention from
researchers. However, to improve the conductivity of these
metals, the incorporation of other metals like Cd, and Cr to
form co-catalysts also promotes the oxidation process since Cd
is more prone to CAOOH formation.

Trimetallic catalysts showed more progressive catalytic
performance towards the EOR than bimetallic catalysts, and
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monometallic electrocatalysts such as the hierarchical TiO,/
ZnO nanostructures coupled with Pt showed very good
responses towards the OER by delivering high current
densities.”®

4. Preparation methods for
electrocatalytic materials

It is a well-known fact that the surface properties (shape and
size) significantly affect the features of metal nanomaterials.
Consequently, it is obligatory to enhance the efficient processes
for the fabrication of nanoparticles with controlled morphology
and size. One of the most promising approaches is the deco-
ration of catalyst nanoparticles on the conductive supporting
materials for the EOR. Innumerable synthetic approaches have
been successfully established to prepare the metal nano-
particles on the supporting surfaces with valuable physical, and
chemical characteristics as there is a strong relationship
between the synthesis approaches and the surface coordination
chemistry. However, in the synthetic process, even a single
parameter variation influences the electrocatalytic activity.
Recently, researchers have presented many synthetic schemes
for loading the metal nanoparticles on the surface of the sup-
porting materials, such as the solvothermal process, hydro-
thermal process, chemical reductions process, wet chemical
method, microwave-assisted polyol process, and electrodeposi-
tion, etc.

4.1. Hydrothermal synthesis

The hydrothermal process is a widely accepted method for the
fabrication of materials for the MOR due to multiple advantages
associated with it such as low-temperature synthesis, easy
handling, precise control of the stoichiometry, and the one-step
surfactant-free process. Different parameters such as precursor
concentration, temperature, pressure, and reaction time all
control the crystalline shape and particle size. This technique
comprises a heterogeneous reaction in the presence of water
under high temperature and pressure in a sealed system like
Teflon-lined autoclaves inside a stainless-steel container.
Ahmadi et al. in 2012 reported hydrothermally synthesized
Fe;0, nanoparticles and studied the effect of reaction temper-
ature on the magnetic properties of the nanoparticles, while in
2019, Xu et al. introduced hydrothermally synthesized rod-like
MnO nanoparticles and studied their use for dye removal and
degradation purposes. Nanorods of cobalt-iron layered double
hydroxides (CoFe-LDH) fixed with graphene oxides were directly
fabricated by Yang et al. on nickel foam (NF) for use as an
electrocatalyst for the methanol oxidation process.**7°

4.2. The solvothermal approach

The solvothermal technique is one of the most commonly used
liquid phase techniques, where the reaction proceeds in
a closed stainless steel vessel (autoclave) by developing an
internal pressure above the solvent boiling point. A single
solvent or mixture of solvents can be utilized for the synthesis
depending on the reaction requirements. Most commonly used
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solvents include water, dimethylformamide (DMF), ethanol,
methanol, and acetone, etc. Low-temperature reactions are
carried out in a glass vial while for the high-temperature reac-
tions, Teflon-lined autoclaves are utilized. In the solvothermal
method, a solvent acts as a reacting medium that exists in the
liquid and vapor phase. One end of the vessel is hot while the
other end is cooler, so the temperature gradient is developed. By
the process of convection of heat, the product moves from the
hotter to the cooler part and is deposited at the low-temperature
part with the size of the material being in nanometers. Yaqoob
et al. in 2020 introduced the solvothermally synthesized
hexagon-shaped Fe-NiNH, BDC MOF/CNTs composites with
high electrocatalytic activity. Noor et al. in 2019 reported the
solvothermally synthesized NiO nanoparticles and their rGO
composites and applied them as anode catalysts for the meth-
anol oxidation reaction in an alkaline medium.*"*>

4.3. Chemical reduction method

A chemical reduction approach was used for the synthesis of
metal nanoparticles, as well as the conductive support. Mate-
rials required for the process include precursors salts, reducing
agents and a stabilizer to fabricate the nanoparticles. In most
cases, a catalyst along with heating is required. During the
synthetic process, the metal precursors are reduced in the
presence of reducing agents such as potassium borohydride,
sodium borohydride, and ethylene glycol. The strong interac-
tion between the metal nanoparticles and the supporting
surface help in the growth of metal nanomaterials on the
surface of the support. To prevent the agglomeration of the
metal nanoparticles, polymer, ligands, and surfactants are
added. The main features of the process are as follows: (1)
production of the bulk quantities of the nano-alloys and
nanoparticles, (2) easy scale-up process for mass-manufacturing
needs, (3) particle size can be controlled to the size of 1 nm, (4)
economical method as compared to other techniques. Alden
and colleagues prepared PtPd nanoparticles through the
chemical reduction method and studied their electrocatalytic
activity for the methanol and formic acid oxidation process.®

4.4. Microwave-assisted polyol synthesis

The microwave-assisted polyol synthetic approach is a novel
method for the development of metallic nanoparticles with
well-controlled shape, size, and monodisperse precursors of
metals in a liquid polyol (ethylene glycol). The polyol solvent is
the most suitable option for the microwave method because of
its high dipole moment and reducing power. The synthesis of
nanostructures with novel morphologies and enhanced reac-
tion kinetics are the salient features of this method. As
compared to the polyol method, microwave synthesis requires
less time but excess selective energy consumption. It is a no-
solvent or very small amount of solvent reaction process
through which a good quantity of material can be obtained.
This process can be performed with various precursors, heat
treatment, and dispersion agents to get the product of the
desired morphology. The implementation of microwaves at
different powers by providing different reaction energies leads
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to different kinetics during the ultrafast nucleation process and
growth step. Hsieh and collaborators in 2015, tested the elec-
trocatalytic activity of the rGO-supported Pd-Rh nanoparticles
for the methanol oxidation process after their successful
synthesis by the microwave-assisted polyol method.**

4.5. Wet chemical method

Wet chemical synthesis is one of the promising approaches for
the precise control of the synthesis of complex nanoparticles
involving various interfaces, ie. metal-metal, and metal-
support. The wet-chemical synthetic method is usually initi-
ated from the formation of metal atoms by the reduction or
thermal decomposition of noble metals, followed by
nanoparticle-controlled aggregation. Wet-chemical synthesis
has proven to be a very promising alternative, leading to the low
cost, high-yield, and mass production of materials in the solu-
tion phase. Chen et al. prepared Au-Pt nanoparticles on the
carbon-based support by an easy and facile wet-chemical
strategy in the presence of caffeine, working as a capping
agent and shape director without the precipitation of polymer
or surfactant. Lv and co-workers processed a proficient, and
facile single-step wet chemical approach for the synthesis of the
porous Pt-Au nanodendrites homogeneously spread on the
surface of rGO at room temperature by utilizing cytosine as
a morphology director in the absence of any surfactant, seed,
organic solvent, or complex instruments, and studied the elec-
trocatalytic activity of the material towards the reduction of 4-
nitrophenol.®%

4.6. Electrodeposition method

The electrodeposition is a simple synthetic strategy for the well-
defined control of the size, shape, and dispersion of noble-
metal NPs without any intrusive additive. The other advan-
tages associated with the electrodeposition include its being
a clean, rapid, and facile process, with high particle purity,
oversight control, distribution of trivial sized particles,
improved control of distribution densities, and uniform
dispersion of the metal nanoparticles on the support surface
without any reductant or oxidant. Generally, a galvanostatic or
potentiostatic technique, including a direct and pulse
approach, is employed for the electrodeposition. This process
involves both phase change and electron transfer and can be
classified as cathodic electrodeposition or anodic electrodepo-
sition based on the mechanism of the reaction. Different types
of electrodeposition methods depending on the different
applied current signals include square wave potential, square
wave current, cyclic voltammetry, and constant current pulse
electrodeposition. Surfactants such as polyethylene glycol and
polymers with their nonionic nature have been added to elec-
trolytic baths due to their selective adsorption to control the
morphology and crystal growth. In electrocatalyst synthesis, the
purpose of the addition of surfactants is to prevent catalyst
agglomeration. Feng et al. in 2018 introduced PtRulr nano-
particles synthesized by the electrodeposition method and
analyzed their electrocatalytic behavior towards the oxygen
evolution reaction (OER), and oxygen reduction reaction (ORR),
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while Thulasi Radhakrishnan utilized the same technique to
fabricate Pt nanocrystals (100 plane) on the rGO surface to test it
for the methanol oxidation process.****7*

5. Materials for the ethanol oxidation
reaction

5.1. Platinum and platinum-based compounds

At present, the Pt-based electrocatalysts have been established
as anode catalysts with the most potential in the DEFCs owing
to their loftier activity towards C,HsOH electro-oxidation.
However, the poisonous reaction intermediates (e.g. CO and
CH,) engendered during the electrocatalytic process results in
the surface poisoning of Pt-comprising catalysts and lead to the
sluggish kinetics of the ethanol oxidation process along with
pathetic service performance. Therefore, the extraordinary cost
of Pt and the comparatively low stability are the main obstacles
in the wide range of applications of the Pt electro-catalysts.
Extensive efforts have been made by researchers to develop
binary Pt-based catalysts to reduce the Pt loading or to carefully
control the microstructures as well as to fabricate the Pd-based
and other non-noble metal-based potential substitutes.”””*
Fabrication of the nanosized electrocatalyst with specified
shape, geometry, and composition is also very fruitful for the
oxidation process. As compared to bulk particles, the Pt-based
materials, with narrow pore size, and completely ordered
structure, possess a huge surface and show excellent electro-
catalytic activity due to the smooth mass transfer of reactants,
and the facile electron movement. The incorporation of
a second metal can bring variations in the particle shape, size,
surface structures, chemical selectivity, catalytic activity, as well
as their alloy structures. Compared with single-metal systems,
the rational design of the bimetallic nanostructures can provide
more active sites through an enlarged surface area for the
enhancement of the catalytic properties. A variety of dimetallic
nanostructures have been fabricated such as nanotubes,
nanowires, dendrites, and flowers.”*”” Moreover, the incorpo-
ration of the mesoporous conductive support further promotes
electrocatalytic activity and stability. The supportive materials
such as carbon-based CNTs, GO, rGO, graphite, and the non-
carbon-based silica and metal oxides exhibit a promoting
effect on the Pt-based materials.®>**

Overall the key features of supportive materials for practical
implementation are as follows:

(i) A strong contact between the catalyst and support

(i) Huge surface area

(iii) Excellent water management

(iv) Facile catalyst recovery

(v) Mesoporous morphology

(vi) Good resistivity towards corrosion in acidic media

Pt possesses three types of morphologies, namely, Pt (100),
Pt (110), and Pt (111), and it has been observed that Pt (111)
produces greater current density than the other two forms. To
study the influence of the morphology on alcohol oxidation,
Dimos and colleagues in 2010 reported nanoporous and planar
Pt and studied their catalytic activities for the methanol and
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ethanol oxidation reactions. Surface area analysis confirmed the
greater surface area of the nanoporous Pt as compared to planar
Pt, and the electrocatalytic response of the nanoporous Pt was
also superior to the planar one. The reason was the presence of
a greater fraction of Pt (111) than the other two phases, which
was responsible for the high current density. For ethanol under
basic conditions, the onset potential for nanoporous carbon
was more positive than planar Pt accompanied by comparatively
high stability. The greater anodic peak ratio of nanoporous Pt
also reflects its tendency to oxidize the CO more efficiently.
Nanoporous Pt also delivers greater current density in basic
medium as compared to an acidic medium.**

Huang et al. in 2011 fabricated concave Pt nanocrystals
containing high-index facets comprised of a high density of low-
coordinated surface atoms, which therefore had enhanced
electrocatalytic activity as compared to low-index faces. A sol-
vothermal approach was employed to develop a concave nano-
crystal in the presence of PVP and methylamine surfactant. The
presence of high-index {411} exposed facets endowed the
concave Pt nanocrystal with outstanding electrocatalytic activity
for the ethanol oxidation reaction. The current density of 2 mA
cm 2 was produced by Pt nanocrystals at the peak potential of
0.6 V vs. SCE and this current response was 4.2 and 6.0 times
greater than the Pt black and Pt/C, and the reason was high-
index {411} facets.*

Mesoporous carbon (MPC), utilized as an individual nano-
scale reactor, and a new melt-diffusion approach was employed
to load the precursor by Chen and colleagues in 2010 to fabri-
cate the ethanol oxidation catalyst. Highly dispersed Pt-NPs
(nanoparticles) confined in the small mesopores of the
channel (Pt/MPC) and the pore wall were synthesized after the
reduction of the precursors by hydrogen gas. The Pt/MPC (Pt
mesoporous carbon) catalyst displayed a much enhanced cata-
lytic activity and long-term stability for ethanol oxidation. The
as-synthesized catalysts possess higher reactivity towards the
C-C bond-breaking process and better selectivity for the
complete conversion of ethanol to CO,. The improved electro-
catalytic behavior was attributed to 3 aspects: (a) MPC possesses
a large pore volume and specific surface area, as well as inter-
penetrated small-sized mesopores in the walls of the pore,
which help in the uniform dispersion of the Pt NPs confined in
MPC, and smooth mass transport of the reacting species. (b)
The formation of Pt nanoparticles with small coordination sites
is due to small mesopores and mesochannels, which limits the
growth of the Pt NPs. (c) The unremitting carbon components in
the mesoporous carbon channels enhance the electrical
conductivity and improve the effective utilization of the Pt
nanoparticles due to the melt-diffusion strategy employed for
the precursor loading. In the CV experiment, it was observed
that the current density of 675 mA cm™> was delivered at the
peak potential of 0.64 V vs. SCE, and stability was ensured
through cyclic stability and chronoamperometric tests and the
maximum amount of current density was retained until 1800
seconds and 4000 cycles.**

To study the effect of the morphology on the electrocatalytic
activity of the material, in 2013, MourdiKoudis and coworkers
described the synthesis of water-soluble Pt nanodendrites in
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dimethylformamide by utilizing a polyethyleneimine (PEI)
stabilizer. The porosity of the dendrites (size = 20-25 nm) was
tuned by varying the concentration of the metal precursors. The
high surface area of the dendrites (up to 22 m”> g~ ') was ensured
by BET measurements, while the presence of high-index facets
was revealed by X-ray diffraction in the face-centered-cubic
(FCC) crystal structure of Pt. The as-prepared nanodendrites
showed excellent electrocatalytic activity towards the oxidation
of ethanol in alkaline solution as the current density of 197 mA
cm 2 was delivered at the peak potential 0.77 V vs. RHE, while
the forward and backward current density ratio, an indication of
ethanol oxidation activity, was also greater in porous Pt;PEI as
compared to the Pt;PEI and Pt,PEI having a nonporous struc-
ture. The nanodendrites' high porosity appears to have a robust
impact on the electrocatalytic process.**

In 2015, Bu and colleagues reported the synthesis of hier-
archical Pt-Co nanowires enclosed with high-index facets
through a vigorous wet-chemical approach on the large scale as
an electrocatalyst for fuel cell applications. Among all the
synthesized Pt-Co NWs/C catalysts, the Pt;Co NWs/C electro-
catalyst displayed the highest electrochemical active surface
area (ECSA) of 52.1 m”® g~ because of its high-density dendritic
structure analogous to that of the commercial Pt/C (58.8 m>g ™)
catalyst. This feature leads to impressive electrocatalytic
activity, and durability towards the ethanol oxidation reaction.
Pt;Co NWs/C showed excellent activity by displaying an excep-
tional specific activity of 1.55 mA cm™ > and great mass activity
of 0.81 A mg ', which are 3.78 and 3.37 times higher as
compared to commercial Pt and Pt/C, respectively. Moreover,
the reported catalyst delivers a current density of 14.2 mA cm >
at the peak potential 0f 1.0 V vs. RHE.*®

In 2017, Suleiman et al. successfully fabricated the octahe-
dral Pt, 3Ni/C nanocatalyst of average size ~10 nm as an elec-
trocatalyst for the ethanol oxidation process. The as-synthesized
octahedral Pt, ;Ni/C showed higher electrocatalytic activity than
the conventional Pt,Ni/C and commercial Pt/C (around 2.4 and
3.7 times, respectively) regarding forward peak current density.
To monitor the reaction intermediates and products in situ,
FTIR studies were conducted and it was observed that Pt/C
showed higher selectivity towards CO, as compared to acetic
acid. However, CO poisoning may lead to both low stability and
activity. The alleviated issue of CO poisoning was noticed on the
octahedral Pt,;Ni/C owing to its greater preference for C2
reaction pathways and resulted in faster kinetics on C2 path-
ways than on the C1 pathway. Moreover, the catalyst
morphology and the synergetic effect of two metals are also
activity-controlling factors. The peak current density response
of the octahedral Pt, ;Ni/C (1.46 mA cm ™ %) was 2.4 and 3.7 times
higher than the conventional Pt,Ni/C and Pt/C, respectively. The
forward to backward peak current ratio, an indication of
complete ethanol oxidation, was also higher on the octahedral
Pt, 3Ni/C as compared to the conventional Pt,Ni/C and Pt/C
along with long-term stability for 1800 seconds.®”

Ultrathin nanowires of Pt-Mo-Ni (Pt-Mo-Ni NWs) with
lengths of several micrometers and an average diameter of
~2.5 nm were prepared by Mao et al. in 2017 by the HASR (H,-
assisted solution route). The purpose of this catalyst design was
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as follows: (a) a large number of surface atoms on the ultrathin
NWs increases the efficiency of Pt at the atomic level and lowers
the catalyst cost; (b) Ni incorporation produces defects on the Pt
surface leading to high catalytic activity by the adsorption of
OH™ species and the removal of CO intermediates; (c) Mo
incorporation increases the stability of both Pt and Ni atoms,
confirmed by density functional theory and experiment. As
compared to Pt black and Pt/C, the high current density (2.5 mA
cm 2 at 0.6 V vs. SCE), mass, and specific activity, as well as
greater stability of Pt-Mo-Ni NWs, validate its potential appli-
cation for the ethanol oxidation process. To study the effect of
Mo incorporation on the stability of Pt-Ni alloy, Density Func-
tional Theory (DFT) calculations were performed on the step
edges of Pt-Mo-Ni NWs. The comparatively higher atomic
cohesive energy (E.on) of Mo as compared to Pt and Ni increases
the E..,, of both of the metals and also allows Mo to be retained
in Pt-Ni NWs by creating strong bonds with both Pt and Ni. As
a result, the Mo atoms in nanowires stabilize the Ni and Pt
towards the diffusion and dissolution process.*®

In 2017, Liu et al. reported a one-pot scheme to formulate the
monodisperse, uniform, narrow size distributed (4.6-5.1 nm)
PtCu alloy polyhedrons. The specific activity and the mass
activity on the PtgsCus, nanoalloy (19.3 mA cm™ 2, 2.33 Amg ™)
were greater than on PtgsCu, s (5.76 mA cm ™2, 0.81 Amg™ ') and
Pt/C (1.63 mA cm 2, 1.10 A mg ), respectively, while the peak
current density on the PtsgCu;, nanoalloy was 11.8 times greater
than that on the commercial Pt/C (—0.1 V vs. Ag/AgCl). More-
over, the onset potential of the PtsgCus, nanoalloy was much
lower than that on Pt/C, which suggests the faster reaction
kinetics toward the C,H;OH oxidation. In a chro-
noamperometry experiment, the current density response of the
PtssCus, nanoalloy was much larger than others and was
maintained for a longer time (3600 s). The calculated I¢/I;, ratio
on the PtggCus, nanoalloy was (1.89) much higher than that on
Pt/C (1.21) and it indicated less CO adsorption, and an easier
ethanol oxidation process. The enhancement of the catalytic
performance for the as-synthesized Pts3Cu;, nanoalloy may be
ascribed to the following: (i) the monodisperse, small-sized
polyhedron structure that can meaningfully increase the
number of edges, low coordination atoms, and corners pre-
vailing in the PtCu nanoalloy surface; (ii) the synergistic effect
between the Cu and Pt modify the chemical, and electronic
properties of Pt metal via ligand and strain effects; (iii) a down-
shift of the Pt d-band, weakened binding of Pt with the OER-
active OH™ species instead of poisonous intermediates.*

In 2015, Zhang et al. fabricated graphene nanoplates (GNPs)-
supported PtzCu; nanocrystals (Ptz;Cu; NCs) with different
morphologies via a facile wet-chemistry synthetic approach by
only varying the solution pH before Pt and Cu precursor
reduction, where the in situ growth of metal nanocrystals on the
GNPs effectively maximized the contact between the metal NCs
and GNPs and thus attained the desired high electrocatalytic
performance. Among the tested samples, the peak potential of
Pt;Cu, was lower as compared to the Pt catalyst, which suggests
that the introduction of Cu can significantly decrease the acti-
vation barrier for the ethanol oxidation process. The mass and
specific activities of tested samples follow the order of Pt/C-JM <
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Pt/GNPs < Pt;Cu;/GNPs < W-/GNPs Pt;Cu; < D-Pt;Cu,/GNPs
where, in particular, the current decay response of the Pt;Cu,/
GNPs was significantly slower than other samples and it also
followed the order of their e transfer coefficients in the
C,H;OH oxidation. Moreover, high current density (3 A mg ') at
peak potential (—0.35 V vs. SCE), and long-term stability (3600 s)
are the salient features of D-Pt;Cu,/GNPs in alkaline medium.
The thorough analysis proved that GNPs act as a morphology
controlling factor by effecting the nucleation and growth
processes of nanocrystals.*

Kung et al. in 2014 reported a novel hierarchically structured
composite material of platinum ruthenium nanoparticles
uniformly grown on the huge surface area of the 3D graphene
foam (3D GF) through the CVD method. PtRu NPs produced
through the reduction method were tested for the methanol and
ethanol oxidation process, respectively. A PtRu/3D GF nano-
catalyst exhibited greater tolerance towards CO poisoning and
showed improved electrocatalytic activity for both the ethanol
oxidation reaction (EOR) and methanol oxidation reaction
(MOR). The particle size of the PtRu NPs on 3D graphene was
reduced to 3.5 nm and correspondingly, the active surface area
was improved to 186.2 m? g~ *. Consequently, the EOR and MOR
rates were almost doubled on the PtRu/3D GF as compared to
PtRu/C and PtRu. Cyclic voltammetry results showed that
a current density of 78.6 mA cm ™ > was exhibited at 0.91 V vs.
SCE and after about 900 cycles, the current density response was
25.5 mA cm ™ in cycling stability tests. The I¢/I, ratio, an indi-
cation of CO tolerance (1.0) in the case of PtRu/3D GF, was also
greater than PtRu and PtRu/C, which proves its excellent
performance for ethanol oxidation. The 3D multilayered struc-
ture of graphene foam with huge surface area and conducting
pathways works as a free-standing electrode with minimum
resistance and facile charge transfer. Moreover, the fine
dispersion of metal nanoparticles on the GF surface prevents
material agglomeration and leads to excellent electrocatalytic
activity.”*

In 2020, Hang et al. prepared mixed Ru-Sn oxides and
deposited them on a high surface area carbon support through
the thermal decomposition of Sn and Ru acetylacetonate
complexes. The adsorption of preformed Pt nanoparticles
generated an electrocatalyst with enhanced activity at a low
potential for ethanol oxidation in aqueous sulfuric acid under
ambient conditions (80 °C) in a Proton Exchange Membrane
Fuel Cell (PEMFC). The change in the oxide composition
(Rug 38Sn0.6,0, to Rug 6,51 330,) did not significantly affect the
catalyst's activity but elevated the stability in the acidic solution.
However, higher stability was experienced in the PEM cell,
where the anode catalyst Pt/Rug 555n,.450,/C provided compar-
atively higher currents at a lower potential than a commercial
Pt/C catalyst for C,HsOH oxidation. A thermal processing
technique was utilized for the fabrication of the anode by
coating a carbon fiber paper support layer repeatedly with
carbon black, Ru acetate, Sn acetate, and Pt nanoparticles. Pt/
Ruy 67Sn0.330,/C showed a current density response of 113.2 mA
ecm™? at the peak potential of 1.65 V vs. RHE, while the
maximum amount of current was maintained until 3500
seconds (stability response) with minor variations. The
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synergistic effect between Sn and Ru in the mixed oxide support
was attributed to the high conductivity and strong ligand effect
of SnO, with the strong bifunctional effect of RuO, leading to
greater electrochemical activity.*?

In 2014, Asgardi et al. presented the catalytic behavior of
a 20 wt% Pt-Sn supported anode catalyst for the Direct Ethanol
Fuel Cell (DEFC). Pt-Sn NPs with different Pt : Sn ratios (1: 1
and 3 : 1) were mounted on the carbon nanofibers and carbon
black. Physicochemical characterization techniques showed the
fine dispersion of metal nanoparticles (4.0 nm) on the carbon
supports. XRD analysis confirmed the presence of both SnO,
and Pt-Sn (1:1). The as-prepared catalysts were thoroughly
studied in acidic media by carbon monoxide stripping voltam-
metry, cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometry (CA) in a 3 electrode assembly. It was
found that Pt-Sn-supported electrocatalysts on the carbon black
displayed higher electrocatalytic activity as compared to those
deposited on carbon nanofibers (CNFs). The reason for the poor
performance towards ethanol oxidation on carbon nanofibers is
the low tendency for C,HsOH adsorption, deprotonation, and
C-C bond cleavage. In acidic media, Pt;Sn;/CNF showed para-
mount current response as compared to its counterparts as the
current density of 8 mA cm™? was produced at the peak
potential of 0.8 V vs. RHE accompanied by long-term stability
until 800 seconds.”

In 2016, Rizo et al. employed a formic acid reduction method
(FAM) for the preparation of Pt-Sn electrocatalysts supported
on different carbonaceous materials with different metal load-
ings (Pt-Sn 3 : 1, 1 : 1, 1 : 3), and with good dispersion to study
their behavior toward the ethanol oxidation reaction and CO
stripping. Fine particle dispersion on a carbon support, iden-
tical particle sizes (~4-5 nm), and the presence of SnO were
observed in all samples. Sn present in a high oxidation state
helped in the oxidation of Pt. Ethanol oxidation was thoroughly
studied in both acid and alkaline media by cyclic voltammetry
and chronoamperometry. A higher anodic current was obtained
with a gradual increase in the amount of tin in all the samples
when supported on CNF as compared to carbon black support.
The addition of Sn also shifted the onset potential for ethanol
oxidation towards more negative values than Pt. It appeared
that instead of an atomic ratio, the carbonaceous support
strongly affected the CO tolerance. Cyclic voltammograms
showed the inferior activity of Pt-Sn 1 : 3 as compared to the Pt-
Sn 1:1 catalyst but identical stationary currents were estab-
lished for both formulations in current transient curves, irre-
spective of the electrolyte and the carbon support. This
important outcome proved the low noble metal (Pt) content in
a sample with good activity. In all the cases, the electrocatalytic
activity of the Pt-Sn 1: 3 was found to be higher in alkaline
media than in acidic media. Long-term stability for 700 seconds
and a current density of 2 mA cm™ are the salient features of
Pt;Sn;/CNFs.*

In 2014, Chen and collaborators reported a green, one-pot,
surfactant-free approach to develop PtPd NPs on the graphene
nanosheets (PtPdNPs/GNs) by using an economical and readily
accessible ethanol solvent as a reducing agent, and graphene
nanosheets as the supporting material for metal nanoparticles.
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Metal nanoparticles of different morphologies such as spherical
NPs (Pt,Pd;NPs), nanoflowers (Pd@PtNFs), and nanodendrites
(Pt;Pd;NPs) were produced on the surface of GNs. The GNs not
only increased the surface area, but also promoted the electron
transfer process during the EOR. Among the tested samples, the
PtPdNPs/GNs demonstrated better electrocatalytic activity in
terms of high current density and negative onset potential. The
negative shift of the anodic onset potential reflects the easy
oxidation of the ethanol on the PtPdNPs/GNs. The delivered
peak current density of the PtPANPs/GNs (22.4 mA cm > at
—0.1 V vs. Ag/AgCl), was approximately 2.5, 3.0 and 1.6 times
greater than PtNFs/GNs (9.1 mA cm ™ ?), PANPs/GNs (7.5 mA
ecm ), and PtPdNPs/C (14.2 mA cm ?), respectively. These
results also coincide with electrochemically active surface area
data since a greater surface area results in higher catalytic
activity. The grander electrocatalytic performance of the tested
material is attributed to 3 factors: (i) the functionalized GNs
facilitate the CO removal from the surface of metal nano-
particles, (ii) the modified electronic structure of Pt with
increased d-band vacancies due to Pd addition and favorable
interatomic Pt-Pt distance, (iii) the oxophilic nature of Pd
promotes CO removal from the Pt surface, (iv) graphene nano-
sheets with high surface area help in the fine dispersion of
electrocatalyst and lead to the remarkable performance of the
material.*

Zhang et al. in 2020 prepared the Pt;_,Pd,/C electrocatalyst
by varying the Pd concentration (x = 0, 27, 53, 77, and 100%) by
the formic acidic reduction method for C,H;OH electro-
oxidation in acidic and basic media. The stability and the
catalytic performance of the composite for the ethanol oxida-
tion were studied under both acid and alkaline conditions by
cyclic voltammetry and chronoamperometry in terms of the
effects of the ethanol and electrolyte concentrations, as well as
the effect of the scan rate. In acidic media, an obvious double
layer region appeared, which is not visible in alkaline medium
since OH ion adsorption may even start in the H, adsorption-
desorption region and result in metal oxide formation. The
reason for this better activity is the higher oxyphilic character of
Pd/C and the comparatively inert nature of Pd/C towards C-C
bond cleavage. The Pt/Pd ratio shows the significant impact on
the alcohol oxidation in acidic and basic media as the Pt,;Pd-,/
C electrocatalysts present the highest electrocatalytic perfor-
mance with a good mass and specific peak current, high current
density (2453.7 mA mg~ ' at —0.2 V vs. SCE), and long term
stability (3600 s) in acidic and alkaline media.®®

Ren and colleagues in 2013 introduced a clean and facile
method for the development of PtPd/rGO (reduced graphene
oxide) catalysts with different Pt/Pd ratios without using any
surfactant, stabilizer, and external energy in the form of
temperature and pressure. The obtained catalysts were
completely characterized by TEM, XRD, Raman spectroscopy,
XPS, ICP-AES, and electrochemical measurements. The
composition of all synthesized samples was controlled by the
ratio of PtPd precursors and the particle size was in the range of
4-7 nm. Both cyclic voltammetry and chronoamperometry
results validated that bimetallic (PtPd) catalysts possess supe-
rior ethanol oxidation activity as compared to the single metal
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Pt or Pd catalyst and the best performance was shown by the
PtPd (1 : 3)/RGO catalyst. The current density of 105.9 mA cm™>
was delivered by PtPd (1 : 3)/rGO at a peak potential of —0.3 Vvs.
SCE in 1.0 M KOH/1.0 M C,H;OH solution, while the stable
current response was maintained until 3600 seconds. The
reason for the enhanced catalytic activity was due to (i) the
synergetic effect of two metals and (ii) the ligand effect
according to the Hammer Norskov d-band theory, (iii) large
surface, high conductivity, and more active sites provided by
rGO support.”

In 2014 Li et al revealed a simple, one-pot water-soluble
approach for the synthesis of porous dendritic Pt-Pd nanogar-
lands on the rGO surface at room temperature by using NP-40
(octylphenoxypolyethoxyethanol) as a soft template. The elec-
trochemical testing showed that the as-prepared composites
displayed significantly improved electrocatalytic activity and
enhanced stability towards ethanol oxidation in an alkaline
media. The electrochemically active surface area of PtPd/RGO
(83.1 m? g7') is greater than that of Pt/RGO (16.3 m”> g™ '),
commercial Pd (19.7 m? g~ %), and Pd/RGO (12.5 m* g~ * under
identical circumstances). A negative shift of the onset potential,
high mass and specific activity, high current density (210 mA
em ? at —0.1 V vs. SCE), and long-term stability (4000 s/200
cycles) are other salient features of the dendritic PtPd/rGO
composite. The improved electrocatalytic activity of the PtPd/
RGO can be attributed to larger EASA with more active sites,
the synergistic effects between Pd and Pt, the high catalyst
loading and fine dispersion of the porous dendritic Pt-Pd
garlands on the rGO surface, and the outstanding conductive
nature of the graphene.*®

Monodisperse nanoparticles of dimetallic and trimetallic
alloys involving Ni, Pt, and Pd on the rGO support, synthesized
through a surfactant-free solvothermal approach, were reported
by Bhunia et al. in 2018. The HRTEM image of optimized Pt;-
Pd,,Nig NPs shows {111} planes of multi-metals through the
lattice spacing of 2.4 A° after the incorporation of small-sized Ni
atoms into the Pd and Pt lattice. The calculated ECSA of the
tested multimetallic alloy NPs/rGO composites follow the order
of Pt;oPd,4Nig/rGO (185 m* g™ ') > Pt;3Pd,,/rGO (160 m> g~ 1) >
Pt,4Nis6/TGO (147 m® g ') > PdggNis,/rGO (142 m* g~ ) > Pt/C (86
m?> gfl). The assessed R. data follow the sequence of Pty,-
Pd,;Nig/tGO (8.3 Q) < Pt;3Pd,,/rGO (9.57 Q) < Pty4Niye/rGO
(15.45 Q) < PdgNi3,/rGO (20.74 Q) < Pt/C (29.75 Q). The reasons
for the enhanced catalytic activity of Pt,,Pd,,Nis/rGO are the
electronic structure, composition, fast reactants diffusion,
reactants concentration, and scan rate. Upon Ni addition to the
PtPd (bimetallic) NPs, the increase in the binding energy of Pd
3d and Pt 4f decreased the activation energy barrier for the
oxidation reaction and poisoning effect due to carbonaceous
species made on the surface of the electrocatalyst. Moreover,
the smaller resistance value of the Pt;,Pd,,Nis/rGO is also
believed to be from the high electronic conductivity and the
close contact of metal NPs with 2D rGO sheets. The oxygen-
containing groups present on the GO surface (rGO precursor)
act as strong anchoring sites for positively charge metal ions,
which allows the firm attachment of metal NPs to the rGO
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surface with subsequent faster charge transfer and high elec-
trocatalytic activity.”

In 2017, to improve the catalytic activity of materials for the
alcohol oxidation process, Themsirimongkon et al. functional-
ized carbon nanotubes and decorated them with noble metal
alloys (Pt,M,, where M = Pd and Au; x and y = 1-3) via
a reduction method. Material characterization was carried out
by XRD, SEM, and TEM while electrochemical testing was done
through CV, LSV, CA, and EIS. A uniform distribution of the
spherical-shaped PtAu metal nanoparticles with diameters of 2—-
6 nm on the CNTs surface resulted in a large surface area (206.6
m?” g~ "), low onset potential (0.28 V), high peak current density
(22.5 mA ecm™? at 0.62 V vs. Ag/AgCl), small charge transfer
resistances, high I¢/I;, ratio (0.88), durability (800 cycles), and
better tolerance towards the CO poisoning during the ethanol
oxidation reaction. The enhanced electrocatalytic activity of the
as-prepared sample was attributed to (i) the high surface area
and conductivity achieved through the uniformly dispersed
small-sized metal NPs on the surface of the functionalized
CNTs, (ii) improved electron transfer between the catalyst, CNTs
channels, and electrolyte due to the highly conductive nature of
the functionalized CNTs, and (iii) the incorporation of a second
metal (synergistic effect), leading to easy CO oxidation.”®

A facile and simple approach was used by Gnanaprakasam
et al. in 2015 to synthesize a Pt thin film on the Au as Au@Pt
core-shell nanoparticles and deposited on the reduced gra-
phene oxide (rGO) surface via copper under potential deposi-
tion (UPD) tracked by a galvanic platinum replacement
reaction. The driving force for the deposition of Pt on the Au
surface by replacing copper is the reduction potential, and the
rGO support helped in the fine dispersion of NPs. The charac-
terization of the as-synthesized catalysts was performed by
energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
Raman spectroscopy, X-ray diffraction (XRD), and electro-
chemical studies. rGO-Au@Pt NPs exhibited exceptional elec-
trocatalytic activity during the ethanol oxidation reaction in
alkaline medium due to enhanced specific and mass activities.
Furthermore, the stability and the electrocatalytic activity of the
as-synthesized electrocatalyst were compared with the
commercially available Pt,,/C and Pt,,/C decorated electrodes.
It was proved that the mass activity was 6.2 A mg™", and the
durability of the synthesized catalyst was significantly greater,
even after 1000 seconds, as compared to the commercial cata-
lysts; the basic reasons for this behavior include the following.
(a)The strain effect leads to dissimilar bond lengths between the
two metal atoms in the shell (core-shell nanoparticles) as
compared to single-metal nanoparticles, (b) heterometallic
interactions between the substrate and surface atoms (ligand
effect) alter the chemical properties of the surface by altering
the material electronic structure. (c) In heterometallic systems,
the mixing of two metals with different Fermi levels produces
lower energy levels, which alters the metal work and enhances
the electrocatalytic activity through the strong binding of metals
with the substrate, like ethanol, and increases its oxidation. (d)
The rGO surface prevents metal NPs agglomeration and func-
tional groups on the rGO surface attract the OH ™ of alcohol and
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enhance the analyst concentration close to the Pt surface with
consequently enhanced activity. (e) Pt is the active center for
alcohol oxidation and Au acts as a promoter for Pt.**

Paulo et al. in 2019 studied the ethanol oxidation activity of
Pt nanoparticles (10-20 nm) in acidic media without ceria and
with the CeO,-modified (1 and 5 wt%) electrode prepared by
a novel Pechini method. During the experiments, it was
observed that the incorporation of 1 wt% of CeO, remarkably
improved the activity of Pt NPs. This enhancement was ascribed
to the lower microstrain of this catalyst as compared to the pure
Pt, and strong interaction between CeO, and the Pt. The
incorporation of minute amounts of CeO, (Ce**) was respon-
sible for a negative shift in the binding energy of Pt and a more
oxidized CeO, resulted in weaker interactions between the Pt
and CO and the easy oxidation of CO to CO,. The current density
of 1.5 mA cm™ 2 was delivered at a peak potential of 0.75 V vs.
SCE and the maximum current was retained until 900
seconds.**

In 2018, Bai et al. reported the fabrication of the bimetallic
PtRh nanodendritic alloy with tunable configuration by
a simple complex-reduction synthetic approach under hydro-
thermal conditions. During the synthetic process, the difference
in interaction strength between the metal precursors and pol-
yallylamine altered the original reduction order. The formation
mechanism, structural/morphological features, and the elec-
trocatalytic activity of PtRh nanodendrites were thoroughly
investigated by various physical techniques and electrochemical
methods. The preformed nuclei of the Rh crystal effectively
catalyzed the Pt>* precursor reduction and gave the PtRh alloy
due to the atomic inter diffusion method and catalytic growth,
and generated the dendritic morphology. Pt;Rh; ANDs
demonstrated solution pH-dependent and chemical
composition-dependent electrocatalytic activity for the OER
process. At 0.88 V vs. RHE, the anodic current of Pt;Rh; ANDs
(9462.1 A g') was 8 times higher than the Pt nanocrystals
electrocatalyst (57.5 A g '), so the lower onset potential and
larger oxidation current reflected the catalyst's best electro-
catalytic performance. The PtRh ANDs also showed 2 times
higher electrocatalytic activity in basic media than in the H,SO,
electrolyte. The higher EOR peak current and lower EOR peak
potential of Pt;Rh; ANDs indicated that in an alkaline solution
there was faster reaction kinetics than in an acidic solution, and
composition, as well as morphology, are responsible for this
activity.'*

In 2010, Shen and colleagues studied the electrocatalytic
activity of carbon-supported PtRh electrocatalysts, synthesized
by the microwave-assisted polyol method. The CV results
confirmed that under alkaline conditions, among all the
samples, the Pt,Rh/C catalyst possessed a greater electro-
catalytic response in terms of peak current density, I/I;, ratio,
and the onset potential for the EOR process as compared to Pt/
C. The onset potential on the Pt,Rh/C catalyst (0.55 V) was
50 mV less than that of Pt/C, the peak potential (0.08 V vs. Hg/
HgO) was 20 mV lower than that of Pt/C, while the peak current
density (0.172 A ecm ?) was higher than that of Pt/C. Most
interestingly, the j¢/j;, ratio on Pt,Rh/C (1.9) was twice as large as
compared to Pt/C. Moreover, the Tafel slope of Pt,Rh/C (112 mV
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dec ") was less than that of Pt/C at a lower overpotential and the
exchange current density calculated through the Tafel slope was
1.5 x 10~ °® A cm™>. The reason for the enhanced electrocatalytic
activity was an improvement in the C-C bond cleavage process
in the presence of Rh and faster oxidation of CO to CO , due to
the synergistic effect of two metals.'®*

To study the effect of morphology and composition, in 2019
Jin et al. introduced a facile and effectual self-templating tech-
nique to synthesize uniform and well-defined 1D ternary Pt-Rh-
Te nanotubes with diverse compositions as a highly efficient
electrocatalyst for C,H;OH oxidation. The compositions of
these ternary Pt-Rh-Te nanotubes were precisely controlled by
regulating the amount of H,PtCls. The correlation of the
structure, composition, and electrocatalytic performance was
also examined. As compared to the Pt/C and PtTe nanotubes,
the optimized sample of Pt;RhTes nanotubes exhibited 5.08 and
2.98 times greater mass activity for the ethanol oxidation
process. Physicochemical characterizations and electrocatalytic
measurements revealed that the porous walls, hollow interior,
and unique tubular morphology helped to expose more surface
electroactive sites. The incorporation of Rh atoms stimulated
the C-C bond cleavage with the remarkable elimination of
poisonous CO,q4s intermediates. The high current density (3500
mA mg " at —0.15 v vs. Ag/AgCl), low onset potential, high mass
activity, high Ii/I,, ratio (2.30), high TOF (216 h™"), and main-
tenance of current density for a longer time (3600 s) as
compared to PtTe nanotubes and Pt/C are other salient features
of the tested sample.***

In 2013, Lee et al. prepared dendritic-shaped PtIr alloy
nanoparticles (NPs) as a 3D structure for an enhanced C,H;OH
oxidation reaction (EOR) by employing the thermal-
decomposition technique in the presence of surfactant, cetyl-
trimethylammonium chloride (CTAC). The PtIr alloy dendritic
form with 3D structure was analyzed by XPS, TEM, and XRD.
Specifically, the PtIr alloy showed 2.74 times greater electro-
chemical active surface area (EASA) than the commercially
available Pt/C due to the 3D dendritic structure. The observed
lower onset potential of the d-PtIr/C (0.341 V) than the spherical
PtIr/C (0.344 V) and commercial Pt/C (0.353 V), indicated the
improved electrochemical activity of the dendritic PtIr/C
nanocatalyst for the EOR. The maximum current density
response of the dendritic PtIr/C was 13.76 mA cm™ > at 0.9 V vs.
RHE. The I¢/I,, ratios of the reported d-PtIr/C, and s-PtIr/C were
1.55, and1.54, respectively, which were ~1.2 times higher than
Pt/C and this implies the complete ethanol oxidation reaction
as compared to that on the pure Pt electrocatalyst, due to the
facile C-C bond breakage after Ir addition. The improved elec-
trocatalytic activity and durability of the PtIr alloy in EOR are
credited to dendritic structures, huge surface, the electro-
catalyst surface state, and the precise electronic structure due to
the presence of Ir metal.**

In 2014, Ramesh and colleagues successfully fabricated the
ordered ZrPt; NPs with two different morphologies, the cubic
ZrPt; NPs and the hexagonal ZrPt; NPs, by endorsing the
transformation of the bulk-structure through controlled
annealing (900 and 1000 °C). It was observed that the h-ZrPt;
NPs displayed better catalytic activity than the c-ZrPt; NPs by
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showing enhanced oxidation activity toward ethanol and
enhanced stability towards the repeated electrochemical cycles
(200 cycles). The current density of 1.2 mA cm ™ was delivered
by h-ZrPt; NPs at a peak potential of 0.7 V vs. Ag/AgCl. The
reason for the enhanced electrocatalytic performance of the h-
ZrPt; NPs was the transformation of the bulk structure from
cubic to hexagonal, which increased the surface energy to
compensate for the lowering of the bulk free energy. DFT
calculations supported that the higher surface energy of h-ZrPt;
NPs, 1.47 ] m~? (most stable facet) as compared to the c-ZrPt;
NPs, 1.34 ] m ™2 resulted in high electrochemical performance
since it promotes the adsorption and decomposition of ethanol
and formic acid molecules on the surface and increases the
catalyst stability by lowering the bulk free energy.

Zhang et al. in 2016 reported a facile one-pot strategy to
prepare highly ordered dendritic Pt/PtxPb core/shell nanowires
(NWs). As compared to the reported NWs, the reported hierar-
chical core/shell NWs displayed the assimilated features of the
1D structure, core/shell features, high surface area, and alloy
effect. The sequential incorporation of Pb and precursors was
mainly responsible for the large surface area; however, the
composition of the ordered Pt-Pb NWs could be tuned by varying
the amount of Pt (acac),. Among the six tested samples, these
newly-developed Pt-Pb NWs showed the highest EOR mass and
specific activity. The PtPb, ,; NWs reported mass activity was 2.1,
3.9, and 4.8 times greater than Pt NWs, PtPb,,; NPs, and
commercial Pt/C and after 1000 cycles; 74.9% of the initial mass
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Table 1 EOR electrochemical data for Pt and Pt-based compounds
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activity was retained, which is an indicator of high stability.
Moreover, no change in the composition and morphology
occurred after the stability test. The current of 1.8 mA was
delivered at a potential of 0.6 V vs. SCE and minor attenuation in
current was recorded after 1000 cycles (Table 1).*”

To study the effect of composition, structure, and
morphology, Duan et al. in 2019 reported interconnected
ultrathin trimetallic nanowires of PtPbPd synthesized by the
octylphenoxypolyethoxyethanol (NP-40)-facilitated one-step
aqueous method using in situ-generated H, bubbles as
a dynamic template. It was observed that the precursor type and
NP-40 concentration are critical in the synthesis process. The
as-synthesized material showed remarkable upgrades in the
catalytic properties for the EOR (ethanol oxidation reaction),
and ORR (oxygen reduction reaction) as compared to PtPd NWs,
PdPb NWs, PtPb NWs, and commercial Pt/C (20 wt%). Specifi-
cally, the greater mass/specific activity, higher current density,
positive shift in on set potential and long-term stability are
salient features of the reported catalyst in 0.5 M KOH solution.
The reasons for the excellent catalytic performance include (i)
electronic modulation and synergies between three metals, and
(ii) abundant and exposed electroactive sites due to inter-
connected nanowires (Fig. 5).'%®

5.2. Palladium and palladium-based compounds

Among the numerous electrocatalysts, Pt seems to be the best
electrocatalyst and is extensively utilized for the ethanol

Peak potential V

Current density

Electrocatalyst Electrolyte/methanol molarity Electrode (RHE) Tafel slope mV dec™'/stability (s) mA cm > Ref.
Nanoporous Pt 1M KOH/1 M C,H;0OH Silica/Au  0.855 V —/1000 s 24.3 82
Concave Pt 0.1 M HCIO,/0.1 M C,H;0H — 1.65V — 2.0 83
Pt/MPC 0.1 M HCIO,/0.1 M C,H;0H GCE 1.69V —/800 s, 4000 cycles 674.0 84
Pt;-PEI 1.0 M NaOH/1.0 M C,H;0OH GCE 0.77V — 197.0 85
Pt;Co/C NWs 0.1 M HClO,/0.1 M C,H;OH  GCE 1.00 V — 14.2 86
Pt, 3Ni/C 0.1 M HCIO,/0.2 M C,H5;0H GCE 092V —/1800 s 1.5 87
Pt-Mo-Ni NWs 0.5 M H,5S0,/2.0 M C,H;OH  GCE 1.65V —/1500 s 2.5 88
PtssCus, nanoalloy 0.5 M KOH/0.5 M C,H;OH GCE 1.03 V —/3600 s 19.3 89
D-Pt;Cu;/GNPs 0.5 M KOH/0.5 M C,H;0H GCE 0.72V —/3600 s 42.4 90
PtRu/3D GF 0.1 M H,S0,/1.0 M C,H;0H GCE 1.96 V —1/900 cycles 78.6 91
Pt/Rug 675N, 550, 0.5 M H,50,/0.2 M C,H;OH  CFP 1.65V —/3500 s 113.2 92
Pt,Sn,/CNF 0.5 M H,S0,/2.0 M C,H;OH  GCD 0.80 V —/800 s 8.0 93
Pt;Sn;/CNF 0.1 M NaOH/1.0 M C,H;OH GCD 1.00 V —/700 s 2.0 94
PtPd NPs/GNs 1.0 M NaOH/1.0 M C,H;0OH GCE 0.82V —/1000 s 22.4 95
Pt,;Pd,,/C 1.0 M KOH/1.0 M C,H;OH GCE 0.85 V —/3600 s 173.3 96
PtPd (1 : 3)/rGO 1.0 M KOH/1.0 M C,Hs0H GCE 0.77 V —/3600 s 105.9 97
D-PtPd/rGO 1.0 M KOH/1.0 M C,H;O0H GCE 097V —/4000 s 210.0 98
Pt,oPd,,Nis/rGO 1.0 M KOH/0.5 M C,H;OH GCE 0.80 V — ~79.0 99
PtAu/CNTs 0.5 MH,S0,/0.5 M C,H;OH GCE 1.68V —1/800 cycles 22.5 48
rGO-Au@Pt NPs 0.5 M NaOH/0.5 M C,H;OH GCE 0.79 V —/1000 s 173.6 100
PtCeO, 0.5 M H,S0,/1.0 M C,H;OH  GCE 1.75V —/900 s 1.5 101
Pt;Rh, (dendritic) 1.0 M KOH/1.0 M C,H;0H GCE 0.88V —/2000 s, 1000 cycle 32.6 102
Pt,Rh/C 1.0 M KOH/1.0 M C,H;O0H GCE 0.86 V 102 mV dec™/— 172.0 103
Pt;RhTes nanotubes 1.0 M KOH/1.0 M C,H;OH GCE 0.88V —/3500 s, 500 cycles 247.2 104
d-Ptlr/C 0.1 M HCIO,/0.2 M C,Hs0H GCE 1.68V —/7200 s 13.8 105
h-ZrPt; NPs 0.5 M H,S0,/1.0 M C,H;OH  GCE 1.73 V —/200 cycles 1.2 106
PtPb, ,; NWs 0.1 M HCl0,/0.15 M C,HsOH GCE 1.70 V —/1000 cycles 9.2 107
PtPbPd NWs 0.5 M NaOH/0.5 M C,H;OH GCE 1.24V —/10 000 s 105 108
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(a) CVs and (b) histogram of the mass activities and specific activities of different Pt-based catalysts for the EOR in 0.1 M HCIO4 and 0.2 M

ethanol solution. Reproduced from ref. 86, Copyright 2016, Nature. (c) SEM images and (d) CV polarization curves of Pt/C and Pt,3Ni/C.
Reproduced from ref. 87, Copyright 2017, ACS Catalysis. (e) CV polarization curves of Pt Pb nanowires and (f) comparison of the specific activity
and mass activity of Pt Pb nanowires. Reproduced from ref. 107, Copyright 2017, ACS Catalysis.

oxidation reaction. However, its high cost, limited resources,
and deactivation/poisoning by the reaction intermediates,
particularly CO, CH;COO™, etc., hinder its practical application.
To resolve this issue, researchers have done a lot of work to
prepare a catalyst with a low Pt dose to reduce the catalyst cost
or to prepare a highly efficient non-Pt catalyst, and it was
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observed that Pd is the best alternative to Pt due to its
comparatively lower cost, great abundance, and good catalytic
activity at low onset and overpotential.'®

In 2016, Li et al. prepared a novel Pd@g-C;N,/GC composite
with a width of ~200 nm and thickness of ~15 by an ethylene
glycol microwave heating reduction scheme from the Na,PdCl,
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precursor. In this scheme, the following features were reported:
(i) the nanosheet-like structure of the graphite carbon support
was prepared by an economical low-temperature (850 °C) Ni-
catalytic route through a cheaper ion-exchange resin; (ii) the
nano-islands of the ultra-thin g-C;N, (5 nm) were successfully
placed on the surface of the graphite C support, which facili-
tated the electron transfer process and diffusion of electrolyte;
(iii) the electron coupling effect of the GC support and g-C3N,
can support the Pd nanoparticle fixation on the support surface;
(iv) the pyridinic nitrogen-rich structural units of g-C;N, induce
a large number of electrochemically active points after inter-
action with the Pd metal. The analysis of the sample showed
that the correct amount of g-C3;N, can enhance the electro-
catalytic effect of Pd by lowering the activation energy required
for ethanol oxidation, but an excessive amount would be
counterproductive due to the tendency of graphitic nitrogen to
combine with ethanol. The maximal peak current density of
Pd@g-C3N,/GC (2156 A g~ at 0.85 V vs. RHE) was 1.87 times
greater than Pd/GC (1150 A g~ ') and even after 200 CV cycles,
the retained peak current density was 1904 A g, while for Pd/
GC it was only 966 A g . In EIS, the curvature radius of Pd@g-
C;3N,/GC between Pd/AC and Pd/GC reflected the adequate
electrical conductivity and desirable dynamics of Pd@g-C3;N,/
GC.IIO

In 2014, Jin et al. reported N-doped carbon-supported Pd
nanoparticles and studied their electrocatalytic response
towards the ethanol oxidation reaction. It has been confirmed
that the fine dispersion of catalyst, the valence state of Pd, and
the structural properties such as BET surface area (324 m* g™ ),
as well as the porous structure of the support, may affect the
performance of the catalysts. The reported electrochemical
surface area ECSA of the PA@CN electrocatalyst was is 1.4 and
1.9 times greater than the hydrothermal carbon-supported Pd
(Pd@HC) and activated carbon-supported Pd (Pd@AC),
confirmed by XPS. The current density of 2300 A g~' was
delivered at —0.22 V vs. SCE and the maximum current was
retained even after 2000 seconds. Complete analysis proved that
the incorporation of N into the carbon matrix upgraded the Pd°
percentage due to the positive inductive effect of nitrogen
(proved by XPS), which offered more electroactive sites and
amplified the Pd binding energy as a result of a down-shift of
the d-band of Pd leading to the weak binding of the adsorbent
on the Pd surface in PA@CN and consequently enhanced the
electrocatalytic activity. Moreover, the analogous particle size
and uniform dispersion of Pd nanoparticles in the catalysts
eliminated the strong CO adsorption and in turn, resulted in
promoted activity.'"*

Hu et al. in 2012 synthesized self-assembled palladium
nanocrystals on helical carbon nanofibers. First, the helical
carbon was functionalized with benzyl mercaptan (Pd-S-
HCNFs) and then Pd nanocrystals were fixed on the function-
alized HCNF by Pd-S bond by a simple self-assembly method.
The complete characterization of the as-prepared materials was
done by X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDX), X-ray diffraction spectroscopy (XRD), cyclic vol-
tammetry (CV), and fuel cell testing. TEM images of the
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synthesized materials displayed that surface nanofibers
uniformly adhered to Pd nanocrystals (5 nm). Fuel cell testing
and CV measurements demonstrated that both the electro-
catalytic activity and the stability of Pd-S-HCNFs were signifi-
cantly better than commercial electrocatalyst Pd/XC-72. This
activity is attributed to the highly crystalline nature of the Pd
nanoparticles, the good conductivity of HCNFs, their uniform
structure, and the strong adherence of the carbon support to the
nanocatalysts. The current density of 9 mA cm™> was delivered
at —0.35 Vvs. SCE and a minor attenuation in current response
was observed after 6000 seconds in stability testing.'*?

Zhang et al. in 2016, demonstrated a microwave-assisted
ascorbic acid reduction method to fabricate NS co-doped
graphene-braced PdO,-rich Pd catalysts. The NS co-doped gra-
phene provided uniformly distributed active sites for the
deposition of PdOx-rich Pd nanoparticles. The stronger inter-
action between the support and the PdOx-rich Pd particles
effectively suppressed the agglomeration and exfoliation of the
particles after a long-term stability test for 7000 seconds. The
Pd/NS-rGO electrocatalyst also possessed a large electrochemi-
cally active surface area (35.7 m”> g ), higher forward current
density (1054 mA mg ™" at —0.17 v vs. SCE), forward to backward
current density ratio (1.45), and tolerance towards the
poisoning of reaction intermediates.*

Krittayavathananon et al. in 2019 studied the effect of PdO
on the catalytic activity of Pd for the ethanol oxidation reaction.
Experiments and a theoretical approach revealed that the oxide
layer significantly enhanced the electrocatalytic performance of
Pd in a basic solution as it altered the catalyst active sites, and
modified the surface morphology, which led to the different
reaction mechanisms and kinetics. Few nanometers thick
nanoscale PdO {101} layers on the surface of Pd {111} strongly
interacted with ethanol and reaction intermediate species (i.e.
acetic acid and acetaldehyde), leading to an extraordinary
current density response. The surface roughness and electro-
active sites of the PdO {101} layer stabilized the adsorbed
intermediates, accompanied by high autocatalytic decomposi-
tion and consequent overall productivity, even though the bulk
PdO {101} was poor in terms of productivity and electrocatalytic
activity. The modification of the metal surface by nanoscale
metal oxide layers is, therefore, an uncertain process in terms of
improving productivity and electrocatalytic activity. The
binding energy between the catalyst and ethanol was deter-
mined by DFT calculation. The calculated binding energies of
ethanol molecules on the surface of PAO and PdO/Pd were
6.51 keal mol ™" and 12.53 keal mol ™", respectively. Based on the
E.,as, it was observed that ethanol was preferably adsorbed on
the surface of PdO/Pd, where oxygen is responsible for the
stabilization of the ethanol layer with its subsequent decom-
position and resulted in enhanced activity.'*

To enhance the catalytic activity of the Pd, in 2014, Dong and
collaborators reported copper-incorporated Pd nanoparticles
braced on a graphene support. According to SEM, TEM, and
EDX, the particle size, and the distribution of nanoparticles on
the graphene surface can be tuned by varying the initial
concentration of the reducing agent and Cu precursor. Elec-
trochemical measurements showed that Pd/Cu/graphene-1 had
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the largest forward/backward current ratio (4.98) as compared
to other materials. Pd/Cu/graphene-2 displayed the most
optimal long-term stability and Pd/Cu/graphene-3 delivered the
highest current density of 392.6 mA mg ' at —0.26 V vs. SCE.
The most probable reason for this excellent performance is an
interaction between Cu and Pd, as well as the support of
nanosheets of graphene. Graphene nanosheets not only provide
support, they also control the growth of material. Moreover,
oxygen-containing functional groups present on edges and
surfaces strongly anchored the metal NPs and resulted in
improved conductivity and reactivity."**

A series of PdCu-containing trimetallic nanocrystals (PdCuM
NCs), including PdCu, PtCuCo, and PdCuNi, were fabricated on
a large scale via a wet-chemical approach and were then readily
converted into hierarchal intermetallic structures via simple
annealing at 375 °C by Jiang et al. in 2014. The newly developed
structurally ordered intermetallic PdACuM nanocrystals demon-
strated an interesting metal composition-reliant electrocatalytic
performance, where the Co-based sample showed the best
ethanol oxidation activity with 12.9 and 17.5 times greater mass
activity than commercial Pt/C and Pd/C electrocatalysts for the
EOR. Moreover, PtCuCo also exhibited higher stability than the
Pt/C, and Pd/C catalysts by retaining the maximum amount of
the initial current density (0.72 A mg ™" at 0.72 V vs. RHE) even
after 10 000 sweeping cycles. The DFT calculations disclosed
that the improved ORR activity of the PdACuM NCs originated
from the electrocatalytically active hollow sites arising from the
ligand effect and the compressed strain on the surface of Pd due
to the small size of Ni, Cu, and Co.'*”

Wang et al. in 2014 demonstrated an electrodeposition
approach for the production of a novel and flexible PdCo
nanotubes array on a carbon fiber cloth support and tested its
ethanol oxidation activity. The calculated electrochemically
active surface area (ESCA) of PdCo NTAs/CFC was 50.13 m> g,
remarkably greater than Pd NTAs/CFC (28.11 m”> g~ ') and
commercial Pd/C catalysts (23.82 m? g~ ). This enhanced ESCA
of PdCo NTAs/CFC was due to the hollow nanotube structure,
a high proportion of metallic Pd, the electronic effect of Co on
Pd, and the hierarchical structure in the PdCo nanotube walls.
The mass peak current density of PdCo NTAs/CFC was ~1.7
times greater than Pd/CFC NTAs and ~4 times higher than
commercial Pd/C. The PdCo NTAs/CFC electrocatalysts dis-
played significantly enhanced catalytic activity and cycling
stability during the ethanol oxidation process, indicating the
auspicious potential of PAdCo NTAs/CFC for the EOR. Most
significantly, because of the invariant presentation under
several distorted states, such as bending, normal, and twisting
states, the PdCo NTAs/CFC provides a fundamental chance for
the growth of flexible catalysts. The current density delivered by
PdCo NTAs/CFC was about 1450 A mg™ ' at a potential of 0.92 V
vs. RHE and even after 600 s of stability testing, 90.6% of the
original current was retained by the sample. The key reasons for
the elevated electrocatalytic response are as follows: (i) due to
their porosity, the nanotube arrays along with carbon fiber cloth
provide a large surface area with easy electrolyte diffusion. (ii)
The nanotube array and the carbon fiber cloth are both stable
toward the dissolution and aggregation process. (iii) The CFC
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and PdCo NTAs are both flexible in nature. (iv) The optimized
Pd Co ratio obtained through the electrodeposition technique
resulted in improved catalytic activity.**

Zhang and colleagues, in 2017, employed a novel method to
fabricate ultrafine PdCo bimetallic nanoparticles encapsulated
in nitrogen-doped porous carbon nanocapsules
(PACo@NPCNs) through the one-pot Co and Pd precursor-
mediated polymerization of dopamine on the surface of SiO,
nanospheres, accompanied by the carbonization and engraving
of the SiO, template. In this catalyst, the carbon shell of 5.6 nm
thickness served as a barrier to thwart PdCo NPs aggregation
during the annealing route to attain the 4.1 nm PdCo NPs.
Moreover, the existence of cobalt in PACo@NPCNs can meri-
toriously augment the content of N in NPCNs during the
carbonization step, which results in the improved performance
of the electrocatalysts. Consequently, the optimized
PdCo@NPCNs comprising 3.68 wt% PdCo loading revealed
a better electrocatalytic performance (current density of 1350 A
mg " at 0.84 V vs. RHE), and stability (8000 s) toward EOR in an
alkaline medium as compared to commercial Pd/C catalysts,
and Pt/C respectively. According to DFT calculations, these
nanocapsules exhibited the BET surface area pore volume of
730.2 m* g ' and 1.31 ecm?® g7, respectively. The pore size
distribution data demonstrated that PACo@NPCNs with mes-
opores and micropores centred at 4 and 0.6 nm, respectively
possessed a hierarchical porous structure responsible for the
growth and diffusion of PdCo NPs, the release of volatile
material during the annealing step, and the carbonization of
dopamine.*”

Wang et al. in 2015 introduced a simplistic one-pot solution-
based approach via the in situ thermal decomposition of lead
acetate and iron pentacarbonyl in a refluxing dimethylforma-
mide solution where the ultrafine Fe-Pd alloy was initially
formed and mounted on the Fe,O; NPs surface and then evenly
dispersed on the surface of MWNTSs. The Fe-Pd alloy formation
was confirmed by the composition and crystal structures
studied through XPS, XRD, and TEM, while electrochemical
testing was done through CV, CA, and EIS, which depicted the
enhanced electrocatalytic activity of the FePd-Fe,O;/MWNTs
nanocatalyst towards the EOR as compared to PA/MWNTs. The
modified electronic structure of Pd by Fe incorporation pre-
vented the formation of the poisonous intermediate, and the
best combination of Fe,0; (promoter) and MWNTSs was mainly
responsible for the greatly improved ethanol oxidation activity.
The enhanced tolerance towards the poisoning species and
depressed charge resistances obtained in CA and EIS corre-
spond to the down-shifting of the d band center of the Fe-Pd
alloy, easily generated oxygenated species on the surface of
Fe,03, and the stability provided by MWCNTs. High EASA (120.4
m?” g™ "), greater current density (1.24 A mg™" at —0.25 V vs.
SCE), greater stability (1000 s), and minimum resistance are the
prominent features of the FePd-Fe,0;/MWNTSs nanocatalyst.'*®

In 2010, Maiyalagan and collaborators mounted Pd-Ni
nanoparticles on the carbon nanofiber (CNF) support through
a chemical reduction approach with NaBH, as the reducing
agent. The Pd-Ni/CNF anode catalysts were thoroughly char-
acterized by X-ray diffraction, scanning electron microscopy,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01841h

Open Access Article. Published on 06 May 2021. Downloaded on 10/22/2025 9:49:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

transmission electron microscopy, and electrochemical vol-
tammetry analysis. TEM and SEM images showed that the 4.0
nm-sized Pd-Ni nanoparticles were quite homogeneously
distributed on the surface of the carbon nanofibers, which
provided a large surface area with a greater number of active
sites. The onset potential was low at 0.2 V and the anodic peak
current density (199.8 mA cm ™2 at —0.15 V vs. Hg/HgO) was four
times higher as compared to Pd/C for the ethanol oxidation
reaction; the electrocatalytic response was further enhanced
with an increase in the temperature from 20 to 60 °C. The
reasons for the paramount activity were the uniform distribu-
tion of the metal nanoparticles on the CNF support, and the
addition of Ni, which significantly decreased the overpotential,
and the formation of NiOOH on the catalyst surface enhanced
the electrocatalytic activity for C,HsOH oxidation.'*

To design a carbon support and binder-free core-shell
Ni@Pd-Ni nanowire array electrode for a superb ethanol
electro-oxidation process, Guo et al. in 2018 reported facile
template-assisted, self-supported nanowires of Ni@Pd-Ni with
a solid Ni core (~99.5 nm in diameter) and a shell of gauze-like
Pd-Ni alloy (~40 nm thick). The optimized sample Ni@Pd-Ni
NAs possesses a huge electrochemically active surface area
(ECSA) of 64.4 m*> g~ *. Furthermore, the presence of Ni in the
Pd-Ni alloy provides oxygen-based species that assist in the
removal of C,HsOH molecules or intermediates. Consequently,
the catalyst revealed an extraordinary peak current density of
1100 A g ' at —0.15 V vs. SCE and retention of 96.7% current
even after 50 cycles. The reported carbon and binder-free elec-
trode of the Ni@Pd-Ni NAs microstructure with open and low-
tortuosity circumvents the issues of active site blockage and
ECSA degradation.*

The highly active Pd/Ni-NSC catalyst of size 200-300 nm was
obtained by the annealing treatment of the metal-organic
framework (M = Ni, L = vanillic thiosemicarbazone) and was
tested for the ethanol oxidation reaction by Yang et al. in 2017.
In the tested sample, the synergistic effect between Ni, N, S, and
Pd supported the formation of OH radicals on the surface of
a metal, N, and S at lower potential and reacted with species on
the Pd surface to give the (CH3CO).qs intermediate, and
provided free active sites. Besides, the e~ donating effects of the
S and N atoms improved the dispersion and prevented the
agglomeration of the Pd NPs and consequently, Pd/Ni-NSC
showed surprising stability (1600 s) and catalytic activity
(current density = 110.3 mA cm ™2 at —0.29 V vs. SCE) for the
electrochemical ethanol oxidation reaction as compared to the
commercial Pd/C catalyst. The good stability response of the Pd/
Ni-NSC catalyst is ascribed to (a) well-dispersed Pd nano-
particles and (b) the stronger binding between the Pd NPs and
co-doped S and N to inhibit particle agglomeration. Moreover,
according to Density Functional Theory calculations (DFT), the
improved catalytic activity and stability originated from the
stimulated production of OH radicals on the Ni electroactive
sites, which facilitated the removal of the carbonaceous inter-
mediates through oxidation and interaction with CH3;CO radi-
cals on the contiguous Pd electroactive sites. The electron-
accepting S and N species can divulge a comparatively high
positive charge density on adjacent OH ™ in alkaline media, and
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the OH,q45 is more easily generated on the surface of S and N
than on the Pd surface at low voltage, leading to enhanced
activity.***

To provide a detailed study of the effect of an increased
number of active sites of oxyphilic metal and noble metal and
the shortened distance between them on durability and elec-
trocatalytic activity, in 2016, Chen et al. reported Pd-Ni-P
ternary nanocatalysts prepared through a facile strategy. Elec-
trochemical testing and DFT calculations highlighted that the
integration of Ni/P nanoparticles and the shortening of the
distance between the Ni and Pd active sites greatly expedited the
formation of OH radicals and thus facilitated the interaction
between CH3CO and OH radicals (rate-determining step). The
CO tolerance tendency was also enhanced, and the catalyst had
long-term stability and impressive EOR activity as compared to
commercial Pd/C catalysts. With the upsurge in the Ni/Pd ratio
from 4/6 to 5/5 and then 6/4, the NPs became more uniformly
dispersed and prevented particle agglomeration, which is
responsible for high activity. The peak current densities of
Pd;;Nis;Pie (2.74 A mg '), PdsgNigsPy; (442 A mg™'), ND
Pd,;NizePy7 (4.9 Amg ™' at —0.9 V vs. RHE) NPs were respectively
almost 3.81, 5.68, and 6.1 times higher than commercial Pd/C
(0.72 A mg™ ). Moreover, according to the TEM analysis, the
nanocatalysts with no noticeable change in the particle size and
shape after electrocatalysis accounted for the good stability of
the material. A cluster model was also proposed to analyze the
effect of nickel and phosphorus incorporation on OH formation
and *OH desorption through DFT calculation. It was observed
that Ni was preferentially adsorbed on the Ni surface due to
attraction between the Ni (+ve charge) and the OH™ (-ve
charge). The Pd-Ni-P ternary nanoparticles showed the
maximum adsorption energy for OH™ (115.7 kcal mol ") and
the minimum deso