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A B S T R A C T   

Porous multi-metallic Pt-based nanostructures (PM-Pt-Ns) electrocatalysts possess various unique structural and 
compositional merits that facilitate their utilization in ethanol oxidation reaction (EOR), which is one of the most 
important parameters in ethanol-based fuel cells. Improving the EOR activity of PM-Pt-Ns electrocatalysts with 
low Pt-content remains a daunting challenge, so various efforts devoted to overcoming these barriers lie in 
controlling nanoparticle shapes/compositions using a variety of methods. This mini-review evaluates the most 
interesting papers related to PM-Pt-Ns (i.e., binary and ternary) electrocatalysts for EOR with annotations in the 
last three years. Different preparation methods, morphologies and compositions of PM-Pt-Ns electrocatalysts on 
the EOR activity are discussed, as well as the challenges for scalable fabrication of PM-Pt-Ns electrocatalysts as 
anodes for practical ethanol-based fuel cells. Finally, the prospects for directing the development of novel PM-Pt- 
Ns for practical applications are emphasized.   

1. Introduction 

The continuous usage of traditional fossil fuels leads to emissions of 
greenhouse gases which are the main drivers of global warming and 
climate challenges [1,2]. Various efforts were dedicated to solving this 
problem, like the conversion of such gases to usable hydrocarbon or less 
hazardous products (i.e., alcohol, glucose, etc) [3–5]. Ethanol-based fuel 
cells are green, cost-effective, efficient and renewable energy sources, 
owing to the low-cost, availability, ease of manipulation/storage of 
ethanol and great energy yield at low operating temperature [6–11]. 
Ethanol oxidation reaction (EOR) is the most important parameter of 
concern in an ethanol-based fuel cell that utilizes high-loading of Pt in 
different electrolytes (Fig. 1a). However, different attempts are being 
made to reduce the Pt-contents to a bare minimum, which led to the 
evolution of multi-metallic Pt-based electrocatalysts [12–15]. The EOR, 
in aqueous electrolytes and at low temperatures, has three expected 
products (acetaldehyde (2e-), acetic acid (4e-) and CO2 (12e-), Fig. 1b) 
with an energy barrier as illustrated in Fig. 1c. Amongst the products, 
acetic acid formation involving incomplete oxidation is the most pre-
dominant product (i.e., major product), particularly for multi-metallic 

Pt-based materials, as it requires low energy and is facile compared to 
CO2 formation (i.e., complete EOR, involving 12e- and C–C cleavage). 
Hence, the mechanism of EOR for acetic acid formation ensures the de- 
carbonization of the system, following two distinct steps: (i) oxidative 
dehydrogenation of ethanol to acetaldehyde and (ii) radical- 
autoxidation of acetaldehyde to acetic acid [16], owing to oxophilic/ 
spill-over effects of the additional metals to Pt electrocatalysts, evi-
denced from high-resolution in-situ electrochemical NMR spectroscopy 
with interdigital electrodes studies [17,18]. 

Mixing Pt with one or two metals (i.e., alloy, core–shell and inter-
metallic) with strategically tailored morphologies and modulated elec-
tronic structures are the main solutions for increased EOR activity, 
likewise reducing the consumption of earth-scarce and expensive Pt 
metal [6–11,19]. Porous multi-metallic Pt-based nanostructures (PM-Pt- 
Ns, i.e., binary and ternary) electrocatalysts possess various inimitable 
merits, like high surface area, low-density and accessible active sites, 
which accelerate the electron and mass transfer, enhance the adsorption 
of reactants and allow their diffusion into stable inner cavities during 
EOR [6–11]. Also, modulating the d-band centre of Pt by one or two 
metals upshift/downshift the Fermi level, which tunes the adsorption 
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energy of reactants/intermediates for higher EOR than monometallic Pt- 
based electrocatalysts [20–23]. Although porous tri-metallic Pt-based 
electrocatalysts are rarely reported, and always have superior activity 
than binary/mono Pt-based electrocatalysts. Notably, porous Pt-based 
electrocatalysts were reported to have significantly increased EOR 
resulting in nearly 159 published articles, however, only 70 published 
articles were reported for PM-Pt-Ns electrocatalysts in the last decade 
according to the Web-of-Science (as of April 30, 2022). So, it is impor-
tant to be updated in this research area and further direct researchers’ 
attention to the exploration of the interesting properties of these mate-
rials for EOR. Several reviews were published recently on porous Pt- 
based electrocatalysts for different applications [24–26]. However, a 
review on porous binary/ternary Pt-based nanostructure electro-
catalysts for EOR is not yet reported, as the major challenges still lie on 
the fabrication approaches for tailoring the physical and chemical 
properties of porous Pt-based electrocatalysts [27–29]. The significance 
of this review is highlighted in Table 1 and compared with related 
articles. 

Herein, recent advances on the fabrication of porous binary/ternary 
Pt-based electrocatalysts for EOR as a function of preparation methods, 
morphologies and compositions were discussed. This includes the an-
notations on the interesting papers related to PM-Pt-Ns with excellent 
EOR activity in the last three years, despite the existing barriers to the 
rational synthesis of PM-Pt-Ns as anodes for the large-scale EOR appli-
cation. Finally, the prospects and suggestions for controlled synthesis of 
efficient and durable PM-Pt-Ns electrocatalysts for EOR at low Pt- 
content are emphasized to revitalize the attention of researchers in 
electrocatalysis for this application, that there are enormous porous Pt- 
based nanostructured electrocatalysts yet to be explored. 

2. Preparation methods of PM-Pt-based electrocatalysts 

Template-based, galvanic replacement (GR), solvo/hydrothermal, 
chemical-etching and chemical reductions are the main methods 
employed for the preparation of PM-Pt-Ns electrocatalysts. These are 
driven by various mechanisms, including continuous growth, crystallites 
coalescence, seeded growth route, Kirkendall effect, Ostwald ripening 

and dissolution-regrowth [24,30–34]. In continuous growth, metals 
with a higher redox potential are reduced to form nuclei, which serve as 
seeds and provide various nucleation sites for atoms of other metals in 
forming polyhedron shapes, like cubes, octahedrons and tetrahedrons 
[35]. In crystallite coalescence, a high reduction power is needed to 
promote the explosive nucleation forming multiple ultra-small energetic 
crystallites, reducing total surface energy and metal atoms diffusion 
across the interface to form nanocrystals [35]. In the seeded growth 
route, a metal seed serves as a support for the layered (at high lattice 
matching), island-like (at fast reduction kinetics) and intermediate 
growth of other metals [35]. In the Kirkendall effect, the occurrence of 
unequal diffusion among atomic species creates net vacancy flux that 
results in voids with tailored hollow structures [36]. In Ostwald 
ripening, large atoms grow at the expense of smaller atoms through the 
formation and decomposition of intermediate species that leads to 
nanoporous structures [37]. In dissolution-regrowth, hollow structure 
nanoparticles are formed from the self-limiting assembly of building 

Fig. 1. (a) Ethanol-based fuel cell reactions in different electrolytes. Copyright 2021 the Royal Society of Chemistry Ref. [25] (b) Reaction pathways to C1 and C2 
species and (c) Energy barrier for EOR. Copyright 2021 Elsevier Ref. [26]. 

Table 1 
Comparative summary of previously reported reviews related to porous multi- 
metallic Pt-based electrocatalysts and the present study.  

Title Focus Refs. 

Porous multi-metallic Pt-based 
nanostructures as efficient 
electrocatalysts for ethanol 
oxidation: A mini-review  

The current innovations in the 
strategic fabrication of porous 
binary/ternary Pt-based 
electrocatalysts with tailored 
morphologies and compositions for 
improved EOR in the last three 
years. 

This 
work 

Recent advances in porous Pt-based 
nanostructures: synthesis and 
electrochemical applications  

The development of porous Pt- 
based nanostructured materials 
with emphasis on methanol 
oxidation reaction (MOR), EOR, 
oxygen reduction reaction (ORR) 
and glucose sensing. 

[24] 

Platinum-based ternary catalysts 
for the electrooxidation of 
ethanol 

An overview of ternary Pt-based 
catalysts concerning their structure 
and compositions for direct ethanol 
fuel cells. 

[26]  
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blocks with controlled reorganization [38]. These methods are feasible 
with other methods, like solvothermal and GR. In GR, a metal seed with 
a lower redox potential reduces another metal with a higher redox po-
tential via the initial adsorption of metal over seeds to allow subsequent 
electron transfer and diffusion of seeds into the solution [35]. The GR is 
tuned via surfactants and/or facet-specific agents to promote the growth 
of high-index facets. Reducing agent (i.e., NaBH4, ascorbic, and hydra-
zine), surfactant (i.e., Pluronic-F127, polyvinylpyrrolidone (PVP), 
cetyltrimethylammonium chloride (CATC)), oxidants (i.e., O2 and ha-
lides) and facet-directing agents (i.e., I and Br) are the main factors for 
realizing porosity [35,39,40]. Ordered porosity is achieved using hard 
templates (like anodic aluminium oxide) and mesoporous silica tem-
plates (i.e., FSM-16 and SBA-15)), while non-order porosity is realized 
with soft templates (like PVP, CTAC and F127) [24,40–42]. 

3. Porous binary Pt-based electrocatalysts 

Mixing Pt with another metal is an efficient way of promoting EOR 
activity than mono-Pt. Hierarchical 3D-PtPd/graphene nanosheets (3D- 
PtPd/GNS) at varied compositions were prepared by an electroless 
deposition over Cu-foam, followed by the chemical-vapour-deposition 
(CVD) that allowed GNs growth at 1000 ◦C (25 min) and subsequently 
etched Cu with (NH4)2S2O8 [43]. The formation mechanism of 3D-PtPd/ 
GNs consisted of wrapping effect of the GNS on the PtPd nanoparticles 
(NPs). Significantly enhanced EOR was reported for 3D-Pt51Pd49/GNs 
compared to 3D-Pt61Pd39/GNS, 3D-Pt36Pd64/GNS, 3D-Pt/GNs and Pt 
black by at least 1.6 times, due to its 3D continuous and non-order 
porous structure and excellent uniform dispersion that influenced its 
more accessible active sites, high electrochemically active surface area 

(ECSA = 87.9 m2/g), fast charge-transfer and good tolerance to CO 
poisoning. 

Microemulsion/impregnation/chemical-reduction methods were 
used to prepare Pt/Ni(OH)2 nanoflakes, achieved by the formation of 
micelles/nuclei and then growth using organic surfactant/solvent, 
which its high porosity with well-dispersed Pt facilitated abundant 
active, high intrinsic surface area and ions mobility for excellent EOR 
activity and stability [44]. A dynamic gas bubble template method was 
employed to prepare Pt on honeycomb-like porous AuH/Au (Pt/AuH/ 
Au) [45]. The formation mechanism of Pt/AuH/Au consisted of simul-
taneous electrodeposition of Pt on Au and gas evolution, and thus 
showed EOR of 5.1, 10.5 and 13.5 times to Pt/Auc-3/Au, Pt/Auc-1/Au 
and Pt/Au, respectively, because of its unique morphology and porosity 
that affected its high surface area and active sites with fast electron/ 
mass transfer and low impedance for facile EOR. Electrospun Pt-SnO2/ 
carbon nanofiber (Pt-SnO2/CNF) was achieved with polyacrylonitrile 
(PAN) and polyvinylidene fluoride (PVDF) as a carrier and pore-forming 
agents, respectively [46]. The formation mechanism of Pt-SnO2/CNF 
encompassed wrapping of the Pt-SnO2 nanoparticles on the CNF support 
during electrospinning. The porous structure of Pt-SnO2/CNF with PVDF 
at an optimized ratio (1:0.8) provided more active sites, surface area, 
facile charge mobility and low chemical resistance that endeared its 
electrocatalysis of 3.3 times more than Pt/SnO2/CNF without PVDF, 
thus, its superior EOR with high ECSA (54.30 m2/g) and specific activity 
(140.14 mA/cm2). Magnus’s salt ([PtCl4]2- with [Pt(NH3)4]2+ and [Cu 
(NH3)4]2+) needle template method at varied ratios (1:1:0, 2:1:1, 3:1:2, 
and 1:0:1) was adopted to synthesize hierarchically porous Pt-Cu mac-
robeams through chemical reduction with dimethylamine borane 
(DMAB) or NaBH4 (Fig. 2a) [47]. Pt/Cu (3:1:2) utilized DMAB possessed 

Fig. 2. (a) Chemical reduction synthetic scheme, (b) TEM and (c) EOR CV of macrobeam Pt/Cu. MDPI Ref. [47], (d) Template-free solvothermal synthetic scheme, 
(e) cocentric multicube morphology and (f) EOR CV of PtNi, (g) nanocrystal TEM image, (h) EOR CV, and (g) EOR mechanism of Pt2Ir/C. Copyright 2020, 2021 
American Chemical Society Refs. [50,52]. 
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combined microtube and macrobeam structures (Fig. 2b) and showed 
the best EOR amongst other ratios (Fig. 2c) and those prepared with 
NaBH4, due to its highly porous structure that made Pt and Cu more 
accessible during the EOR. The formation method of porous Pt/Cu 
macrobeams or macrotubes originated from the charge balance disso-
lution mechanism during the reduction process. Thermally synthesized 
metal–organic framework (MD-PtCo/C allowed Pt4+ to replace partially 
dispersed Co2+ from Co3[Co(CN)6]2 precursor [48]. MD-PtCo/C fabri-
cation mechanism involved in-situ reduction of gases for Pt/Co nano-
particles anchorage on C–N co-ordinating network during 
decomposition. MD-PtCo/C gave an EOR activity that was 1.57 times 
more than commercial Pt/C because of its increased electron transfer, 
dispersed active sites and optimal Pt utilization, traced to N from CN– 
linkers, Co dispersed sites and moderately diffused Pt into Co3[Co 
(CN)6]2 frameworks, respectively. 3D porous PtSn with tailored com-
positions (81:19; 73:27; and 67:33) were synthesized via a liquid-phase 
reduction process driven by the Ostwald ripening growth mechanism, 
where Pt/Sn atoms first nucleated from the metal salts and then grew to 
Pt/Sn NPs using NaBH4 reducing agent [49]. Pt73Sn27 had a unique 
interconnected and 3D porous structure that induced rich active sites, 
external carriers, synergistic effects and prolonged Sn leaching that are 
beneficial for its high EOR activity and excellent CO-tolerance without 
morphological change compared to Pt81Sn19, Pt67Sn33 and Pt/C. 
Template-free solvothermally synthesized cocentric PtNi multicubes 
(Fig. 2d) at varied oleylamine/oleic acid ratios with curcumin, had 
multi-dimensional nano-architectonics morphology (Fig. 2e), high- 
index facets and alloying effects that maximally utilized Pt for high 
EOR activity with specific activities of 9.03 times than Pt/C (Fig. 2f) 
[50]. The formation mechanism of PtNi multicubes was attributed to the 

in-situ isolation of nucleation from the oriented attachment of epitaxial 
growth. Pt/Bi(OH)3 nanoframes prepared by a solvothermal method 
revealed porous nanostructure, which influenced its increased surface 
area and copious defects that led to EOR mass activity of 13.5 times 
more than commercial Pt/C and exceptional stability [51]. The pro-
duction mechanism of Pt-Bi(OH)2 involved electrochemical leaching of 
Bi atoms and oxidation of Bi0 residual to Bi3+ in the form of Bi(OH)3. 
Wet-chemical reduction method was used to prepare porous-Pt2Ir/C 
nanocrystals with interconnected 1D rough branches (Fig. 2g), which 
boosted the EOR activity (Fig. 2h) by 3.1 and 7.2 times those of p-Pt/C 
and commercial Pt/C-JM, respectively [52]. This was due to the unique 
porous features of p-Pt2Ir/C (i.e., atomic steps/corners, abundant and 
accessible active sites) which accelerated mass transfer, enhanced CO- 
tolerance, eased cleavage of C–C bond and maximized the utilization 
of Pt/Ir during EOR. Notably, the fabrication process of p-Pt2Ir/C was 
based on the crystallites’ coalescence mechanism, due to the high 
reduction power of ascorbic acid under sonication, meanwhile octade-
cene acts as a template to drive formation of porous branched shape. A 
proposed mechanism of EOR on p-Pt2Ir/C revealed facile C–C cleavage 
for C1 product formation (Fig. 2i), although this claim was not experi-
mentally supported by an in-situ products formation studies. 

4. Ternary Pt-based electrocatalysts 

Porous ternary Pt-based electrocatalysts are the most promising for 
EOR than binary and mono Pt-based electrocatalysts. Porous PtRhCu 
cubic nano-boxes at different compositions were synthesized by a GR 
method (Fig. 3a), where Pt2+ gained e- from Cu2O to yield Pt nano-
crystals, which subsequently reduced Rh3+ catalytically and then 

Fig. 3. (a) Galvanic reduction/oxidative etching synthetic scheme, (b) TEM, and (c) EOR of Pt54Rh4Cu42, Pt54Cu42 and Pt-hm. Copyright 2018 Wiley-VCH Ref. [53], 
(d) Self-template method involving Kirkendall effect and Oswald ripening, (e) TEM, and (f) EOR of PtRhTe derivatives. Copyright 2018 the Royal Society of 
Chemistry Ref. [55], (g) TEM, (h) CV in KOH only (i) EOR activities of PtPdCu (different morphologies), Pd/C and Pt/C. Copyright 2020 Elsevier Ref. [56]. 
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oxidative etching [53]. The fabrication process of PtRhCu nanocrystals 
comprised the reduction of Pt2+ by Cu2O to produce Pt nuclei following 
Nernst equilibriun potential, then subsequently reduction of Rh3+ by the 
Pt nulei following catalytic growth and simultaneous diffusion of Pt, Rh 
and Cu atoms. The porous feature of Pt54Rh4Cu42 with nano-boxes 
morphology (Fig. 3b), induced increased surface area and ionic 
mobility that resulted in significantly high EOR mass activities by 1.6 
and 2.3 than Pt58Cu42 and Pt-hm (Fig. 3c). PtPdNi nanoparticles were 
prepared by galvanic replacement on different carbon supports: (i) 
biomass-derived activated carbons (PtPdNi/a-BC and PtPdNi/b-BC), (ii) 
nano-casted ordered micro-mesoporous (NOM) carbon (PtPdNi/CMK-3) 
and (iii) carbon black (PtPdNi/Vulcan) [54]. The fabrication method of 
porous PtPdNi on the carbon supports involved the simultaneous 
dissolution of the Pt, Pd and Ni atoms, where the Ni atom enabled the co- 
reduction of both Pt and Pd ions for explosive nucleation, growth and 
coalescence of PtPdNi voids. PtPdNi/CMK-3 (302 mA/mg) showed high 
EOR than PtPdNi/a-BC (202 mA/mg), PtPdNi/b-BC (217 mA/mg) and 
PtPdNi/Vulcan (202 mA/mg). The suitability of NOM support was 
attributed to its porous nature with uniformly dispersed nanoparticles 
and ease of mass transport of reactants/intermediates. Self-templated 
1D PtRuTe nanotubes were prepared at varied compositions (5:1:6; 
7:1:6 and 2:1:7) following the Kirkendall effect and Oswald ripening 
(Fig. 3d) [55]. The formation process of porous PtRuTe involved un-
equally diffusion of Pt, Ru and Te vapours to form a net vacant flux of 
voids and concurrent growth of Pt on Ru/Te atoms via the formation and 
decomposition of intermediation metals’ ions species to form hollow 
nanostructures. The porous Pt5RuTe6 had unique tubular morphology 
(Fig. 3e) with more exposed active surfaces for quick adsorption/ 
desorption of reactive species and thus increased its EOR activity by 1.6, 
2.5, 3.0 and 5.1 times to Pt7RuTe6, Pt2RuTe7, PtTe and Pt/C, respec-
tively (Fig. 3f). PtPdCu nanocrystals, with different morphologies: 
nanodendrites (NDs, (Fig. 3g), dimers and nanosphere (NS)), PtPd and 
PtCu were hydrothermally synthesized [56]. The porous PtPdCu for-
mation mechanism comprised co-reduction of the metal ions with PVP, 
while potassium iodide (KI) directed the nanocrystals’ structures by 
slow reduction kinetics for the complexation of I- ions with Pd precursor 
and oxidative etching effect of I-/O2 during nanocrystals growth. The 
porosity of PtPdCu NDs influenced stepped surfaces that provided 
abundant active sites with facile diffusion of reactive species, high sur-
face to volume ratio, reduced ionic and mass transfer resistance and 
strong synergy for excellent EOR amongst others with enhanced mass 
and specific activities of 6.4 and 3.6 times the commercial Pt/C (Fig. 3h 
and 3i). Pulsed-laser-deposition of trilayered Rh/Pt/SnO2/CP at varied 
Rh compositions (0, 5, 10, 20 and 50) were synthesized [57]. The porous 
Rh/Pt/SnO2 trilayered nanocrystals were formed on carbon paper (CP) 
support in a stepwise manner of high power laser absorption of the Rh, 
Pt and Sn ions, formation of the plasma plume, deposition of the plasma 
plume on CP, nucleation and growth of the Rh/Pt/SnO2 films. Rh5/Pt/ 
SnO2/CP (179.2 mA/mg) gave boosted EOR activity and CO-tolerance 
compared to Rh10/Pt/SnO2/CP (142.0 mA/mg), Rh20/Pt/SnO2/CP 
(149.9 mA/mg), Rh50/Pt/SnO2/CP (108.8 mA/mg), binary counterparts 
and Pt/CP(79.5 mA/mg) because the porosity of Rh5/Pt/SnO2/CP 
impelled enhanced OH– promotional effects by both Rh and SnO2, ease 
of ions diffusion and charge transfer, in addition to facile C–C cleavage 
by the lowest thickness of Rh (low amount). The synthetic approaches, 
morphologies and EOR activities of PM-Pt-Ns electrocatalysts in the last 
three years are summarized in Table 2. Moreover, the use of computa-
tional simulations will be a great deal of assistance in strategically 
designing suitable PM-Pt-Ns to establish structures, morphologies, 
compositions and EOR electrocatalysis relationships, prior to experi-
mental synthesis and applications [58–60]. 

5. Conclusions and future perspectives 

This article summarizes the recent advances in the controlled fabri-
cation of porous binary and ternary Pt-based nanostructure 

electrocatalysts for excellent EOR activity in the last three years. Porous 
binary Pt51Pd49/GNs, Pt/Ni(OH)2, Pt/AuH/Au, Pt-SnO2/CNF, Pt2-:Pt2+: 
Cu, MD-PtCo/C, PtPd, Pt73Sn27, PtNi, Pt-Bi(OH)3, and p-Pt2Ir/C were 
synthesized for EOR using various methods, like template-based, 
chemical-reduction, and solvothermal. Pt-Bi(OH)3 displayed the high-
est reported mass activity of 6.87 A/mgPt, due to the porous nano-
structure, increased surface area and copious defects. Porous ternary 
Pt54Rh4Cu42, Pt65Pd25Ni15/CMK-3, Pt5Rh6Te-NTs and PtPdCu-NDs 
nanodendrites were prepared by GR, template, and hydrothermal 
methods, respectively, and tested for EOR. PtPdCu NDs showed the 
highest mass activity of (5.59 A/gPtPd), due to the great synergy and 
unique features of porous dendritic shape, which maximized the atomic 
utilization during EOR. 

Table 2 
Comparison of the EOR activities on PM-Pt-Ns electrocatalysts in the last three 
years. *Refers to the specific activity.  

Catalysts Morphology Synthetic methods Mass/ 
Specific 
Activity 

Refs. 

3D Pt51Pd49/ 
GNs 

3D-hierarchical 
nanosheets 

Electroless 
deposition and 
Chemical-vapour- 
deposition 

*0.030 A/ 
cm2 

@-0.15 VAg/ 

AgCl 

[43] 

Pt/Ni(OH)2 Nanoflakes Microemulsion/ 
impregnation/ 
chemical- 
reduction 

n.a [44] 

Pt/AuH/Au 3D honey- 
comb like 

Dynamic gas 
bubble template 

*0.182 A/ 
cm2 

@0.9 VSCE 

[45] 

Pt-SnO2/CNF 
(1:0.8) 

Nanofiber Electrospinning 0.305A/ 
mgPt; 
0.140 A/cm2 

@0.9 VSCE 

[46] 

Pt2-:Pt2+:Cu 
(DMAB,3:1:2) 

Macrobeams 
and 
macrotubes 

Magnus’s salt 
needle salt- 
template 

12.0 A/gPt 

@-0.20 VAg/ 

AgCl 

[47] 

MD-PtCo/C Nanoporous Annealing 0.85 A/mgPt 

@0.0 VAg/ 

AgCl 

[48] 

Pt73Sn27 3D 
nanostructure 

Liquid-phase 
reduction 

≈ 0.4 A mgPt
-1 

@0.8 VSCE 

[49] 

PtNi Multicubes Template-free 
solvothermal 

0.0013 A/ 
cm2; 2.86 A/ 
mgPt 

@0.7 VRHE 

[50] 

Pt-Bi(OH)3 Nanoframes Solvothermal 6.87 A/mgPt 

@-0.30 VSCE 

[51] 

p-Pt2Ir/C Nanocrystals Wet-chemical 
reduction 

1.019 A/ 
mgpt 

@-0.70 VSCE 

[52] 

Pt54Rh4Cu42 Cubic 
nanoboxes 

GR *15 mA/ 
cm2, 
4 A/gPt 

@0.8 VRHE 

[53] 

Pt65Pd25Ni15/ 
CMK-3 

Hierarchical 
porosity 

GR 0.302 A/ 
mgPt 

@-0.20 VAg/ 

AgCl 

[54] 

Pt5RhTe6 1D nanotubes Self-template 3.37 A/ 
mgpt+Rh 

@-0.15 VAg/ 

AgCl 

[55] 

PtPdCu NDs Nanodendrites Hydrothermal 5.59 A/ 
mgPtPd; 
*0.0158 A/ 
cm2 

@1.1 VRHE 

[56] 

Rh5/Pt/SnO2 Porous 
tri-layered 

Pulsed-laser- 
deposition 

*0.0215 A/ 
cm2; 
0.179 A/ 
mgPt 

@0.70 VAg/ 

AgCl 

[57]  
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Notably, tri-metallic Pt-based catalysts are rarely reported compared 
to bi-metallic Pt-based for EOR. This is plausibly due to the complica-
tions related to the reduction kinetics of three-metals with dissimilar 
atomic radii, electronic structures, and redox potential besides their 
mutual interaction with surfactants. Porous ternary Pt-catalysts are 
deemed the best electrocatalysts for EOR, as multiple electronic effects 
(i.e., strain and synergism) are merged with the exceptional structural 
features (i.e., great surface area, low density and maximized atom uti-
lization). The rational design of PM-Pt-Ns electrocatalysts for EOR is not 
well-studied: as only 17 articles were published in the last three years. 
Hence, the attention of researchers in electrocatalysis is directed toward 
exploring these interesting materials for ethanol electrooxidation. 
Moreover, in-situ studies of EOR on PM-Pt-Ns electrocatalysts are 
necessary to reveal/confirm the most preferred product formed rather 
than speculating that CO2 is the major product, as this would further 
corroborate the decarbonization and renewability of ethanol-based fuel 
cells. 

From an outlook view, further studies are highly needed to develop 
simple, one-step, template-free and green methods for high mass- 
production (several grams in one run) of PM-Pt-Ns electrocatalysts at 
room temperature to allow their utilization in large-scale applications. 
This could be achieved via strong/mild reductants for three/two metals 
with relatively close redox potential in the presence of water-soluble 
copolymers (i.e., PVP, CTAB, and Brij) as structural directing agents. 
Considering the distinct physicochemical merits of high-entropy alloys 
(HEA), porous Pt-based HEA electrocatalysts should be an interesting 
area to be explored for EOR, as no studies have been reported so far. The 
in-situ growth of PM-Pt-Ns electrocatalysts over solid substrates, like 
carbon paper, carbon cloth and Ni-foam, should be explored to allow 
their feasibility for practical applications. Also, computational simula-
tion should be coupled with experimental studies to further sort out the 
relationship between EOR performance and the structure of PM-Pt-Ns 
electrocatalysts, as well as understand their pathway or mechanism. 
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