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The oxygen reduction reaction (ORR) is pivotal for optimizing the energy output of fuel cells and metal-air
batteries; however, their commercialization is precluded by the intolerable cost, instability, earth-scarcity of
Pt that remains a prestigious catalyst for ORR. Porous ternary Pt-based branched nanostructures (PTB-Pt) with
unique catalytic properties, low-density structural stability, multiple electronic effects, high surface area, and
maximized atomic utilization can maximize the ORR catalytic activity at low Pt content. This review provides
broad and balanced insights on the substantial progress on the rational design of porous PTB-Pt for ORR and their

fundamental mechanisms besides the current challenges and perspectives on designing ideal PTB-Pt catalysts for
efficient ORR and guidance for future development of real-device.

1. Introduction

The Oxygen reduction reaction (ORR) at the cathodes of the proton-
exchange membrane fuel cell (PEMFC) and the metal-air battery is
highly promising efficient, green, and sustainable energy sources due to
the earth-abundance of oxygen, low-cost, and high-energy output.[1-5]
However, these devices remain commercially impractical in automo-
biles, and light-duty vehicles due to the sluggish ORR kinetics and the
high cost of Pt-catalyst that is the indispensable core component in
PEMFC (Fig. 1a). [1-4] Various efforts are dedicated to solving these
barriers, like engineering morphology, size, and composition of Pt-based
catalysts [6-9], besides discovering Pt-free catalysts.[10-16]

Porous ternary Pt-based branched nanostructures, PTB-Pt, (i.e.,
multipod, dendrites, and flowers) combined unique structural merits (i.
e., great surface area, low density, and rich edges/corner), and compo-
sitional properties (i.e., prober surface energy and synergistic effects).
[17,18] Also, modulation of the d-band center of Pt with two metals
allows tunable and facile adsorption and desorption of ORR reactants
and intermediates.[19] Nonetheless, tailored synthesis of porous PTB-Pt
is complex due to various interdependent interactions of constituents (i.
e., reduction of multiple metals with disparate reduction potentials and
their mutual interaction with the surfactants). The research related to
PTB-Pt increased reached ~ 430 articles, including ~ 156 articles of
branched Pt shapes and ~ 30 for ORR according to the Web of Science
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(2010-2021) (Fig. 1b), so it is utterly necessary to provide timely up-
dates of this field. Some excellent reviews highlighted ternary Pt for ORR
in acidic media [20], metal branched nanostructures[17], and porous Pt
for electrochemical applications[18]. However, the reviews about PTB-
Pt for ORR are not yet addressed as far as we found.

This review emphasizes the rational design of PTB-Pt for ORR,
rooting from the fabrication methods and their related mechanisms to
qualitative analysis on salient features of ORR beside the current chal-
lenges and perspectives direction to develop ideal PTB-Pt for ORR.

2. ORR pathways & mechanisms

The ORR can follow the 4, 2, and 1-electron pathways (Fig. 2a). The
ORR mechanism in 4-electron in the acidic electrolyte, including elec-
trocatalytic reduction of Oz and combined with H to form HyO at the
ideal standard potential (E°) of 1.229 V.[21] In the 2-electron pathway,
0O, is reduced to HyO5 and then to HyO at E° of 1.76 V, which is not
favored, due to its lower output current and catalyst poisoning but its
widely used in the industry to produce HyO5. The 1-electron pathway is
essential in understanding the ORR mechanism.

The potential bias and the energy levels for ORR with different
transition states are the main parameters to decipher the ORR mecha-
nism, which all involve the adsorbed OOH*, OH*, and HOOH* species
(Fig. 2b).[22] Mechanism 1 includes O2 adsorption and its O-O splitting
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Fig. 1. (a) Components of PEMFC and their costs. (b) Number of articles vs. year of ternary Pt and branched Pt nanostructures published between 2010 and 2021,

obtained from Web of Science.
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Fig. 2. (a) ORR reactions in various electrolytes and their thermodynamic potentials and (b) ORR mechanisms. Copyrights 2008 Elsevier.[22]

then hydrogenation of atomic O* to OH and then H»O. Mechanism 2
involves the protonation of Oy to OOH that dissociates to O and OH,
which protonate to OH and H30, respectively. In mechanism 3, Oy is
protonated to OOH and then to HOOH, dissociating to OH. Then OH is
hydrogenated to H,O. Mechanism 1 is the most favored among 3-mech-
anisms, and OH removal is the rate-limiting step at ORR equilibrium
potential of 1.23 V.[22] The synergetic effect is preferred for boosting
the ORR activity due to its ability to facilitate OH removal, ease proton/
electron transfer, and O-O scission.

3. Fabrication mechanisms of PTB-Pt
Pt is easily integrated with two metals to form PTB-Pt using strong or

mild reducing agents under mild conditions based on various mecha-
nisms.[17,18,23,24]

3.1. Overgrowth mechanism (OGM)

In OGM, Pt prefers to grow into low-index facets polyhedral shapes,

but using proper structural directing agents can form TB-Pt dendrites,
thorns, and stars with high-energy facets.[17,24] Mainly, one metal
should be initially reduced to form nuclei to serve as seeds for sup-
porting homogeneous or heterogeneous nucleation of other metals fol-
lowed by subsequent quick atomic addition to form branched shapes.
[17] Various PTB-Pt were prepared by OGM like PtNiCo[25], PtPdCu
[26], FePtPd[27], PtRuCu[28], and PtAgFe[29], and PtPdCu (ORR).
[30] The OGM depends on precursors, seed morphology, reducing agent
power, and surfactants, but the effect of these factors on TB-Pt should be
optimized.

3.2. Diffusion-limited aggregation (DLA)

In the DLA, the colloidal nanocrystals (NCs) with great interfacial
energy and collision frequency coalesce together along a specific crys-
tallographic to usually form nanowires and chains but PTB-Pt shapes
could be formed using some surfactants.[17,24] NCs diffuse by Brow-
nian motion, minimize the interfacial energy and provide thermody-
namic driving forces for the coalescence and DLA. The weak interaction
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Fig. 3. (a) Preparation scheme of PtPdRu nanocages. TEM image of (b) PtPdRu NDs, (c) PtPdRu nanocages, (d) linear sweep voltammetry (LSV) in O-saturated 0.1
M HCIO,4 at 20 mV s’l, (e) specific/mass activities at 0.6 V, (f) electrochemical active surface area (ECSA), and (g) half-wave potential (E; /). ORR stability of (h)

naocages and (i) NDs. Copyrights 2015 ACS.[36]
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Fig. 4. (a) Formation scheme of PNC and PNCH. TEM image of (b-d) PCN and PNCH (c-e). (f) LSV at 20 mV s~ ! at 1600 rpm of PNCH and Pt/C and their mass/
specific activities at 0.9 V in Op-saturated 0.1 M HClO,4. Copyrights 2016 RSC.[39]

of legend with NCs, high temperature, and strong reduction power
promote DLA to form PTB-Pt. Using L-Proline, Triton X-114, oleic acid,
and F127 surfactants formed branched PtRuPd[31], PdAuCu[32], and
AuPtAg|[33]. Notably, the DLA is not studied enough to synthesize TB-Pt.

3.3. Oxidative etching (OEt)

The OEt occurs on edges to transform polyhedral shapes to TB-Pt
when the synthesis is conducted under air in the presence of etchants

like halides Fe(IlI), and NH4OH/H30,.[17,24] The OEt is easily com-
bined with DLA to form Pt(NiCo), Pt(FeNi), and Pt3(NiCo),; nano-
dendrites.[34] In galvanic replacement (GR), one metal with a higher
redox potential can reduce or replace the seeded metal. Mainly the
cations of the second metal are initially deposited on the surface of the
seeded metal to allow electron transfer from seed to metal, then the
positively charged ions of the seed migrate away from the deposition
sites and diffuse into solution. The dissolution initiates from the high
surface-energy facet of seeded metals, but deposition occurs on the low
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surface energy facet. The surfactants tune the deposition and dissolution
process to form branched shapes with desired facets.

3.4. Template-based synthesis

Ionic/non-ionic copolymer and lyotropic liquid crystals (LLC) are
adsorbed on metal atoms during nucleation via a specific functional
group and self-assembled into micelles that serve as templates to form
PTB-Pt with controlled porosity, pore-volume, and branches.[17,24]
The nucleation is naturally isolated from the growth step, resulting in
uniform porous branched shapes. The template method works on a small
scale, at mild heating, and the template is involved in the reaction and
porosity, and branches depend on the template type.

4. Pt-ternary nanodendrites (NDs)

Eid et al. rationally designed PtPdRu NDs (22 nm) with open
branches (2-4 nm) by the reduction of NayPdCly, KoPtCls, RuCls by
ascorbic acid (AA) (0.4 M) in pluronic F127 solution at 25 °C.[35] The
formation mechanism is based on isolation of nucleation from growth
step driven by dissimilar reduction kinetics of 3-metals. Pd is initially
reduced to act as seeds and provide multisite for deposition of Pt and Ru;
meanwhile, pluronic F127 is adsorbed on the PtPdRu nuclei with its poly
(propylene oxide) group to assembly into a dendritic structure. The ORR
activity of PtPdRu NDs was higher than PtPd nanoflowers and com-
mercial Pt/C catalyst at the same Pt loading beside high stability for 5 K
cycles.[35] The same method was used to form PtPdRu NDs but using
poly(vinylpyrrolidone) (PVP) (Fig. 3a) with a surface area of (94.5 m?
g 1) followed by soaking in HNO3 to form PtPdRu nanocage with
branched structure and high surface area (179 ng’l). The mechanism
includes adsorption of PVP via pyrrolidone ring or carbonyl group to

form NDs and selective etching power of HNO3 towards Pd to form
nanocage, and the cage size depends on Pd content (Fig. 3c).[36]

The ORR activity of PtPdRu nanocages was higher than PtPdRu NDs
and Pt/C (Fig. 3d-i).[36] The mass activity (MA) of PtPdRu nanocages
(2.61 mA pg’l) was 2.08 and 14.1 times greater than PtPdRu NDs (1.25
mA pg~1) and Pt/C (0.185 mA pg™1), respectively (Fig. 3e). PtPdRu
nanocage outperformed PtFeCu nanorods (0.222 mA pg~'), PtPdBi
nanowires (1.16 mA pgfl), and PtPdBi nanospheres (0.67 mA pg’l).
After 10 K cycles, E;1 2 PtPdRu nanocages degraded only by 3.7 mV, due
to stable ECSA and nanocage shape (Fig. 3g-i). Au@PtNi NDs formed by
reduction of metal salts by AA in Brij 58 solution and then heating at
60 °C for 1 h showed ORR MA (0.538 A mg 1) that was higher than
Au@Pt (0.335 A mg™ 1) and Pt/C (0.428 A mg~!) at 0.80 V beside a
greater stability for 10 K cycles, due to trimetals and NDs shape.[37]
PtNilr/C NDs formed by the hydrothermal method at 230 °C showed
ORR specific activity (SA) (1.58 mA cm2) 7-times higher than Pt/C.
[38] Although the MA and SA of PtNilr/C were close to PtNi/C, it
showed only a 5.5 % activity loss after 12 K cycles compared to PtNi/C
(24 %) and Pt/C (53.2%), implying the better durability of ternary than
metal than binary metal. Pt@Ni@Co nanohexapod (PNCH) was pre-
pared by HNO3 etching of Pt@Ni@Co octahedral (PNC) for boosting
ORR (Fig. 4a).[39] CoCly slows down the growth of PtNi NCs and sup-
presses Pt diffusion, and HNO3 etches Pd to form hexapods. [39] PNC
had an octahedral shape (~20 nm size), lattice space (0.205 nm), and
shell of Co and Ni (Fig. 4b-d), while PNCH had a nanohexapod shape
(~15 nm size) and lattice space (0.195 nm) (Fig. 4c-e).[39] The MA (0.8
A mg~'p) and SA (1.6 mA cm 'py) of PNCH were 2.7 and 6.5 times
higher than Pt/C, respectively, due to branched shape, alloying effect,
and stable ECSA (Fig. 4f-g).[39] PdgoCugPt14 NDs formed by reducing
Pd, Cu, and Pt by AA in pluronic F127 solution containing HCl at 90 °C
enhanced the ORR MA (1.73 A mg’lpt) 14 times than Pt/C and
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durability for 5 K cycles.[40] F127 acts as a template while HCI tunes the
reduction power of AA and acts as a facet directing agent to form NDs.

Pt3(NiCo);, formed by DLA mechanism using Fe(acac)s to control the
nucleation and crystal overgrowth of NDs revealed ORR MA 10 times
higher than Pt/C and greater durability due to the higher surface area
and ternary composition.[34] Au@PtsPd NDs formed by the self-
assembly gelation strategy showed ORR MA and SA higher than Pt/C
and durability for 5 K cycles.[41] The same method was used to prepare
PtPdNi mesoporous with a branched surface (MNs)[42] and PtPdCo
MNs([43], which both enhanced the ORR activity than PtPdNi NDs, PtPd
MNs, and Pt/C, due to porosity and branching that maximize the usage
of metals during ORR.

Pd@PtPdNi mesoporous-truncated octahedral (MTOs) was obtained
by reduction of Pt, Ni, and Pd salts by AA in pluronic F127 and HCI
solution, followed by etching in HNO3 to form PtPdNi MTOs nanocages
(MTONSs) (Fig. 5a-e).[44] The mechanism involves the reduction of Pd to
act as seeds for supporting add atom of Pt and Ni via isolation growth
from nucleation step to form MTOs, while HNOg3 etches Pd to form
MTONSs. The ORR activity (MA, SA, Ej,2, and kinetics) and stability of
MTONSs were higher MTOs and Pt/C, owing to mesopores, branches, and
cage shape, which maximize utilization of Pt, Pd, and Ni and accelerate
mass transfer during ORR (Fig. 5f-k). The 4-electron pathway is ach-
ieved using MTONSs. Recently, PtRuPd NDs made by reduction of Pt, Pd,
and Ru in hexadecyl pyridinium chloride monohydrate (HDPC) by AA
based on Ostwald repining growth mechanism (ORGM) showed ORR
MA (1.368 A mg~1) higher than Pt/C (1.1 A mg~!), PdRu NDs (1.159 A
mg’l), and PtPd NDs (0.717 A mg’l).[Sl] This is due to porous NDs
shape and alloy Pt with Pd and Ru, which enhance adoption of reactants
and reduce binding energy of ORR intermediates. AuPtPd NDs were
formed by ORGM in L-proline solution contains NaOH and displayed
higher MA (58.49 mA mg_l) than AuPt NCs (39.69 mA mg_l), AuPd NCs
(5.97 mA mg ™), Pt blacks (26.68 mA mg™ '), and Pd black (22.02 mA
mg 1) and durability for 1 K cycles. This is due to the synergetic effect of
ternary metals and NDs shape.[45] L-Proline with its a-amino group and
a-carboxylic interact strongly with Pt, Pd, and Au, tune the crystal
growth kinetics and facilitate ORGM.

5. Ternary Pt-based nanoflowers (NFs)

Au-Pd-Pt NFs/rGO was obtained by the reduction of Au, Pd, and Pt
salts by AA in pluronic F127 and HDPC solution, followed by addition of
rGO under stirring (Fig. 6).[46] The mechanism involves the self-
assembly of pluronic F127 and HDPC to form Au NFs (Fig. 6a-b) that
grow into nanowires and act as seeds for supporting deposition of Pd and
Pt to yield Au-Pd-Pt NFs/rGO (Fig. 6¢). pluronic 123 and brig 58 instead
of F127 formed urchin-like (Au-Pd-Pt NUs) and snowflake structure (Au-
Pd-Pt NSs). The ORR activity and stability of Au-Pd-Pt NSs/rGO were
higher than Au-Pd-Pt NFs, Au-Pd-Pt NUs, Au-Pd-Pt NSs, and Pt/C
(Fig. 6d-i). The MA of Au-Pd-Pt NFs/rGO (0.212 A mg 'p; and 0.145 A
mg papy) was 2.4 and 1.63 times greater than Pt/C beside only 16 %
loss after 6 K cycles compared to Pt/C (25 %). This is due to NFs shapes,
rGO support, and electronic interaction, enhancing reactants’ adsorp-
tion and weakening intermediates’ adsorption. The ORR pathway in-
cludes 4 electrons, and the ORR mechanism includes O.-activation,
protonation, and electron transfer to form OOH before O-O splitting and
the adsorbed O and OH formed on Au-Pd-Pt NSs/rGO surface after
dissociation. So alloying Pt with Pd/Au lessens the d-band center and Pt
and reduces intermediates’ binding energy.

Pt-Pd-Ag NFs formed by co-reduction of metal salts by AA in solu-
tions of hexamine enhanced the ORR MA by 17, 22, and 187 times than
Pt/C, Pd/C, and Pt-Pd-Ag/C NCs, respectively, and higher stability, due
to NFs shape and alloying Pt with Pd/Ag.[47] PtCoNi FNs formed by
reducing Pt, Co, and Ni in an ice-bath by KBH4 enhanced the ORR MA by
1.92, 2.17, and 5.51 fold than PtNi NCs, PtCo NCs, and Pt black,
congruently.[48] PtNiCo NFs/C obtained by hydrothermal method fol-
lowed by heat treatment under Ny/Hj at 700 °C boosted the ORR SA by

Electrochemistry Communications 136 (2022) 107237

6.74 fold than PtNiCo NCs and 12.35 fold than Pt/C besides higher
durability, due to tri-metallic composition and NFs shape.[49] PtNiCo
NFs/C outperformed other ternary shapes like wires, cubes, and octa-
hedrons. [49] However, the ORR performance of ternary Pt-based NFs is
not studied enough relative to other shapes.

6. Conclusion and prospects

PTB-Pt NDs are relatively more studied than NFs; however, both are
not studied enough for ORR compared with other shapes. Chemical
reduction by AA in non-ionic copolymers like pluronic F127 and PVP
solutions is the most common method for synthesizing PTB-Pt NDs.
Using HCI with copolymer can form mesoporous branched PtPdNi MNs,
PtPdCo, and Pd@PtPdNi. HNOg etching using and chemical reduction
formed novel PtPdRu nanocages, and Pt@Ni@Co nanohexapods. The
hydrothermal method was used to produce AuPtPd NDs, PtNilr/C NDs,
and Au@Pt3Pd NDs. PTB-Pt NDs enhanced the ORR than their coun-
terparts binary Pt-based and Pt/C. Various PTB-Pt NFs like Au-Pd-Pt, Pt-
Pd-Ag, and PtNiCo/C were formed by chemical reduction or hydro-
thermal method using hexamine and HDPC with pluronic F127 as a
template. PtCoNi FNs were formed by KBH4 as a reductant without
surfactant that is highly promising for large-scale applications. PTB-Pt
NFs promoted the ORR than binary Pt-based and Pt/C

For the future perspective, it is crucial to develop facile methods for
high-mass production of ternary Pt-system as the current methods are
not feasible or the practical applications. Rationally designed PTB-Pt
with high yield at room temperature in situ supported to allow their
mixing at the atomic level rather than segregation that is useful for
augmenting ORR. This could be achieved by combining several ap-
proaches, like chemical reduction with template-method. Also, using
carbon materials as support for ternary Pt-system can enhance their
activity. Using novel materials like MXenes and graphdiyne with their
unique catalytic properties can promote the ORR activity of ternary Pt.
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