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Oxygen reduction reaction over Pt-based catalyst is one of the most significant cathode reactions in fuel
cells. However, low reserves and high price of Pt have motivated researchers worldwide seeking
enhanced utilization efficiency and durability by doping non-noble metals to form Pt-based alloy cata-
lysts. Alloying Pt with Co has been recognized as one of the most effective approaches to achieve this goal.
PtCo bimetal combination is one of the most promising candidates to synthesize highly efficient catalysts
for oxygen reduction reaction (ORR) applications, owing to its relatively more suitable oxygen binding

Keywords: . energy for four-electron transfer reactions. Recently, impressive strategies have been developed to fabri-
Electrochemistry . . . . . . .

Catalysis cate more active and stable PtCo-based multimetallic alloys with tailorable size and morphology. This
Oxygen reduction reaction paper aims to summarize the most recent highlights on the study of the relationship between prepara-
Fuel cells tion strategies, morphologies, electroactivities of the PtCo-based catalyst at atomic level and further the

relevant reaction mechanism. The challenges and opportunities on the further development of electrocat-
alysts for fuel cells are included to provide reference for the practical application.
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1. Introduction

With increasing concerns on environmental pollution and over-
use of fossil fuel resources caused by the surging growth of global
energy demand, extensive attention has been put to develop clea-
ner, cheaper and more renewable energies to address these issues
[1]. However, large-scale implementation of renewable energy net-
work requires electrochemical energy conversion systems with
high efficiency, high reliability, and low cost [2,3]. Fuel cell is rec-
ognized as one of the ideal environment-friendly energy conver-
sion systems in the future, due to its high efficiency, remarkable
environmental friendliness, and wide range of fuel choices, e.g.,
hydrogen, natural gas, methane, and other hydrocarbons [4]. These
advantageous features distinguish fuel cells from conventional
energy conversion and electricity generation. The oxygen reduc-
tion reaction (ORR) is a crucial cathode reaction for fuel cell. How-
ever, the sluggish kinetics and high overpotential have restricted
the practical applications of fuel cells in clean energy technology.
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Hence, designing highly active and stable electrocatalysts for the
ORR has been recognized as a momentous task in the development
of highly efficient and economic fuel cells [5-7].

Among other metal candidates, Pt-based nanocatalysts show
the best overall catalytic activity for ORR [8]. However, the com-
mercial Pt/C catalysts have high cost and significant performance
degradation because of fast agglomeration and Ostwald ripening
of Pt nanoparticles under long-term operation [4]. Hence, it is cru-
cial to develop efficient, stable, and cost-effective catalysts for ORR
to realize the widespread adoption of fuel cells. Alloying Pt with
non-noble transition metals, e.g. Co [9-14], Cu [15-20], Fe [21-
23], and Ni [24-32], is an effective approach to obtain highly active
and cost-inexpensive electrocatalysts. The strain and synergetic
effect due to the formation of bimetallic alloy can tune the adsorp-
tion of reactive molecules on catalyst surface and expose more
active sites for surface reactions.

Among all non-noble metal species, cobalt-based nano-alloys
have attracted a lot of experimental and theoretical attention own-
ing to their potential technological applications in energy conver-
sion and storage field [33-40]. Co metal is oxophilic and
electropositive, abundant, inexpensive, which could change the
oxygen binding energy, facilitate the four-electron transfer rate,
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and improve the catalytic activity for Pt-based catalysts [41].
Hence, PtCo-based alloys can be prepared by various methods,
such as seeded growth [42], copolymer-mediated approach [43],
sonoelectrochemistry [44], and solvothermal method [45] with
improved ORR performances [46-51]. In this context, PtCo
nanocatalysts with different structures have been widely studied,
including nanoflowers [52,53], nanowires [54-57], nanodendrites
[58-60], nanofilms [61-63], monolayer nanoparticles [64-66],
core-shell nanoparticles [67-73], concave nanocube [74], octahe-
dral nanoparticles [75,76], and dodecahedral nanoparticles [77-
79]. PtCo nanoparticles are often immobilized on various kinds of
carbon-based support, e.g. carbon black [80-83], graphene oxide
[84-86], and carbon nanotube to increase the dispersion and sta-
bility [87-91]. PtCo based trimetallic catalysts also have been
widely reported with high performances, e.g. PtCoNi [92-95],
PtCoPd [96,97], PtCoSn [98], PtCoNb [99], PtColr [100,101], PtCoAg
[102], PtCoCu [19,103], PtCoAu [104,105], PtCoMn [106], and
PtCoFe [107,108].

Very limited articles have been reported to summarize the
development of the synthesis techniques for Pt-based nanocata-
lysts with diverse morphologies and tunable compositions [109].
Zhang et al. [4] reviewed the progress in the synthesis of
monometallic Pt-based catalysts and elaborated its reaction mech-
anism. In 2017, Fan et al. [110] reviewed the promising progress of
Pt based catalyst, including some alloys (Pt/Pd, Pt/Ni), made in this
field since 2011. In 2016, Chenitz et al. [10] thoroughly reviewed
the recent advances in ORR for proton exchange membrane fuel
cells (PEMFCs). Clearly, there is a lack of a comprehensive discus-
sion on the latest progress of preparation strategies, morphology
effect and plausible deactivation mechanism of PtCo based alloys
for ORR application, even though PtCo catalysts have been viewed
as most promising for fuel cells. Hence, this work will review and
summarize the latest progress of PtCo based nanoparticles with
controllable morphology and particle size for enhanced ORR per-
formances. In particular, the following aspects will be highlighted
and discussed critically, (a) the synthesis method and conditions,
(b) role of the surfactant, reductant, solutions and metal precur-
sors, (c) the effect of the morphology and support to the electrocat-
alytic activity of PtCo based alloy. This work will provide guiding
information for design of highly efficient and durable electrocata-
lysts for fuel cells application.
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2. Structure Effect of Binary PtCo Metallic Nanocatalysts for ORR
2.1. The fundamentals

The electrocatalysts were evaluated by measuring LSV curves
over painted catalysts on the rotating disk electrode (RDE). The cat-
alysts were usually mixed with ethanol/DI water/isopropanol (IPA)
and Nafion solution, and dispersed on a glassy carbon RDE. The
RDE was polished with Al,03 before coating with catalyst. The
as-prepared electrode was then tested in the solution of O,-
saturated HClO4 solution. The current densities, half-wave poten-
tial (E1/2), mass and specific activities were measured and com-
pared with the commercial Pt/C catalysts. The ORR mechanism of
two-electron and four-electron paths has been widely studied as
the latter path is more favorable thermodynamically with OOH*,
0% OH* as active intermediates [111]. A full mechanism of parallel
ORR pathways over Pt and Co-active sites has been developed with
sequential combination of protons and electrons as shown in Fig. 1
(a), (b) [112]. In the case of Co-N-C active site, there are two plau-
sible concurrent ORR paths that, *—(OOH ),4s can form *—(0),qs and
water (Fig. 1(a)) or H,0, (Fig. 1(b)) [112]. Since Co sites are more
dense than Pt sites, O, gas may contact with Co sites before con-
tacting with Pt sites. Thus, the *—(OOH),qs formed on Co sites
can be converted to H,O directly or converted to H,O, and trans-
ferred to Pt sites to form H,0 indirectly. This mechanism described
the synergistic effect between Pt and Co active sites very well. The
theoretical calculation of the oxygen binding energy according to
the reaction mechanism gives a volcano plot that the activity of
ORR dependents on the hydroxyl intermediate binding energy
(Fig. 1(c)) [111]. Pt-based catalysts located near the top of the vol-
cano plot with a suitable oxygen binding energy might give the
highest ORR activity. If the hydroxyl binding energy is too small,
the reaction rate is controlled by the OH* reduction step. Other-
wise, the reaction rate is controlled by the OOH* formation step
[111].

2.2. Polyhedral PtCo nanoparticles
The experiment studies confirmed the excellent ORR catalytic

performance of Pt-based catalysts with various morphologies, dif-
ferent Pt electronic structure, and different intermediate binding
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Fig. 1. (a) The full mechanism of ORR over Pt and Co-based catalysts [112], (b) the concurrent ORR path of Co-based active sites [112], (c) the ORR activity of Pt-based

catalysts as a function of the hydroxyl intermediate binding energy, AGoy [111].
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energies. PtsCo was reported showing relatively higher activity
than other 3d transition metals due to a weaker oxygen binding
energy than Pt, and a down shift of the Pt d states relative to the
Fermi level [113]. Concave cubic PtCo nanocrystals with Pt-rich
surfaces (7-9 nm, Fig. 2(a)) were synthesized through a facile co-
reduction strategy and tested for ORR in oxygen purged HClO4
solution at a sweeping rate of 10 mV-s~! [114]. Oeylamine (OAm)
affected the uniformity of the shape and particle size significantly.
Concave cubic PtCo/C catalyst displayed higher specific and mass
activity (SA, MA, 2.7 and 1.9 times of Pt/C, Table 1, #1) than the
spherical PtCo catalysts ascribing to the concave structure, Pt-
rich surface, and alloyed composition. The durability test was car-
ried out in 0.1 mol-L~! oxygen saturated HClO,4 solution for 4000
cycles. The concave cubic PtCo catalyst displayed a 27% ECSA loss,
which is lower than 35.3% ECSA loss of the Pt/C catalyst. The differ-
ence of atom size and electronic negativity between Co and Pt lead
to the reducing of the d-band center of Pt, the rearrangement of the
surface electrons of Pt lattices, the changing of the adsorption
behaviors, and thus the increased activity and stability of the cat-

[111) (100)

{110] °

alysts. Furthermore, the dissolution potential of PtCo surface is
higher than the pure Pt surface, thus resulted in a higher stability
[145].

Zheng’s group [75] reported a simple cetyltrimethylammoni-
umbromide (CTAB)-assisted crystal growth method to synthesize
PtCo alloy with an excavated octahedral shape (15 nm, Fig. 2(b)).
The excavated octahedral PtCo alloy has larger electrochemically
surface area (ECSA) compared to the normal octahedral PtCo alloy
with the same size. The Br~ ions of CTAB play the key role in gen-
erating the excavated octahedral structure. The ORR cyclic voltam-
metry (CV) measurements were performed in a O,-saturated
0.1 mol-L! HClO, solution at the scan rate of 10 mV-s~'. Owing
to the combination of high surface area-to-volume ratio, active
(100) facets and synergistic effect of Pt/Co, the excavated octahe-
dral PtCo/C display 7.4 and 3.5 times higher SA and MA (Table 1,
#2) than that of the Pt/C. In another work, highly ordered trun-
cated cuboctahedral cs-Pt;Co core-shell nanoparticles were syn-
thesized (11.3 nm, Fig. 2(c)) [76]. EDS mapping confirmed the
core-shell structure with a nearly complete Pt monolayer skin pro-

Fig. 2. TEM image of the (a) concave PtCo/C NPs [114], (b) excavated octahedral PtCo alloy NCs [75], (c) cuboctahedral cs-Pt;Co [76], (d)—(g) HAADF STEM and EDS mapping
of cuboctahedral cs-Pt3Co [76], TEM images and EDS mapping of (h), (i) PtCo RD and (j), (k) PtCo NF [115], (1) TEM and SEM images of PtCo ERD NC, and the schematic models
viewed along the (111), (100) and (110) directions [79], (m) schematic illustration of carbon supported Pt;Co nanoplates [6], (n) low-magnification TEM image and the

nanoparticle distribution of Pt3Co/C [6].
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Table 1
Summary of the synthesis conditions and catalytic performance of PtCo catalyst for ORR
#  Nanoalloy structure Size/  Precursor Surfactant, solvent, reducing agent, additive ~Temperature/ Time/ MA to SA to Ref.
nm °C Pt/C Pt/C
1 Concave cubic PtCo/CB 7-9 Pt(acac),, Coy(CO)s 1,2-hexadecane glycol, BE, OAm, OA 210 1.5 2 2 [114]
2 Octahedral PtCo/C 15.0 Pt(acac),, Co(OAc), CTAB, DMF 180 15 3.5 7.4 [75]
3 Octahedral cs-PtCo/C 113 Pt(acac),, Co(acac), DMF 140 20 - 6 [76]
4 Octahedral ps-PtCo/C - Pt(acac),, Co(acac), DMF, H,, Ar 700 2 - 1.2 [76]
5 Dodecahedral PtCo/C 23.0 H,PtClg, Co(acac), OAm, OA 240 0.1 4 6 [115]
6  PtCo ERD NC 38.4 H,PtClg, Co(acac), OAm, OA, formaldehyde 220 10 6 12 [79]
7 Hexagonal Pt3Co/C 17.0 Pt (acac),, Co(acac), Nacl, KCl 800 3 8 21 [6]
nanoplate
8 Dendritic Pt;5Co55 32.0 Pt (acac),, Co(acac), CTAC, L-proline, OAm 180 8 2.8 - [59]
9 Dendritic hierarchical 50- Pt (acac),, Co(acac), CTAC, citric acid, OAm 180 12 13.7 8.9 [116]
Pt4Co 200
10 Dendritic PtCo/PPy 15.9 Pt (acac),, Co(acac), CTAC, OAm, pyrrole monomer 160 8 1.8 - [58]
11  Dendritic PtCo 14.0 K,PtCl,,CoCl, PVP, AA 200 6 9.3 6.7 [117]
12 Core-shell PtCo/C 6.2 H,PtClg, CoCl, KOH, NaBHy, EG 140 5 3.1 2.6 [118]
13 Core-shell PtCo/CB 2.5 PtCly, CoCl, NaBHy,, ethyl alcohol, sodium acetate, 250 0.5 2 - [119]
HClO4
14  Core-shell PtCo/CB 2.5 PtCly, CoCl, OAm, EtOH, NaBH,4 80 1 1.8 1.2 [120]
15 Core-shell PtCo/C 8.0 Co,(CO)g, Pt(acac), DCB, dioctylamine, oleic acid 160 4 8 10 [121]
16  Core-shell Co@PtC 10.0 H,PtClg, Co(NO3), Ethanol, glucose, Na,CO3 180 8 5.8 5.4 [122]
17  Core-shell L1y-CoPt/Pt/C 9.0 Pt(acac),, Co(acac), OAm 300 60 19 38 [78]
18 L1o-PtCo/C 4.6- Pt(acac),, Coy(CO)s OAm, ODE - - 8.6 9 [123]
5.8
19 Core-shell L1yo-PtCo NPs 3.0 Pt(acac),, Co(acac),, W OAm, ODE - - 18 19.5 [124]
(CO)s
20 PtCo NWs/C-hierarchical - Pt(acac),, Co(acac), OAm, CTAC, glucose 160 8 33.7 39.6 [125]
21  PtCo NWs 2.0 Pt(acac),, Co(acac), OAm, Cr(CO)g 180 5 34 - [55]
22 PtCo NWs 37.6 Co(NO3),, K,PtCly CO(NH,;),, AA, KOH 50 - 6.3 1.0 [126]
23 Carbon nanotube 100 K,PtCly, CoCl, F127, AA, KOH RT 2 - 4.3 [89]
supported PtCo
24 PtCo nanoflower 20.3 Pt(acac),, Co(acac)s OAm, CTAC 180 10 2.6 2 [127]
25 PtCo nanoflower 204 Pt(acac),, Co(acac)s OAm, CTAC, 1-nitroso-2-naphthol 180 12 5.6 - [53]
26  PtCo nanoflower 254 Pt(acac),, Co(acac)s OAm, CTAC, glucose 200 10 1.8 - [128]
27  PtCo nanoflower - Pt(acac),, Co(acac)s OAm, CTAC, L-glutamic acid 180 12 2 - [45]
28 PtCo@N-GNS nanoflower  10.0 K,PtClg, Co(NO3), ZIF-8 60 24 20.1 19.1 [129]
29 PtCo nanocubes/reduced  34.0 CoCl,,H,PtClg PVP, glycine, GO 200 9 - 6.7 [130]
graphene
30 PtCo/citric acid modified 2.2 H,PtClg, CoCl, EG, NaOH 130 3 3.2 2.8 [131]
graphene
31 PtCo/CNT 8.0 H,PtClg 2-methylimidazole, PVP, methanol 80 24 4.8 - [77]
32 H-PtCo@Pt/N-doped 7.5 Co(NO3),, K,PtCly 2-methylimidazole, methanol, ethanol, RT 20 8 8 [132]
carbon water
33  PtCo/Co/N-doped carbon - Co(NOs3),, HoPtClg 2-methylimidazole, methanol, n-hexane, - - 5.5 4.9 [133]
tannic acid, KOH
34 PtCo/N-doped carbon - H,PtClg, CoCl, Polyacrylonitrile, NaOH 50 24 - 1.3 [134]
35 PtCo/ZIF 12.7 H,PtClg, Co(NOs3), PVP, ZIF-67 - - 7.9 4.6 [135]
36 PtCo/ ZIF-67 7-10  Co(NOs),, HxPtClg 2-methylimidazole, methanol, ethanol 80 22 - 1.2 [136]
37 PtCoNi/ZIF 3.0 Co(NO3),, Ni(NO3),, 2-methylimidazole, methanol - - 1.2 - [28]
H,PtClg
38 Core-shell PtCoAl/CB 4.0 H,PtClg, Co(NOs3), CB 950 15 20 13 [137]
39 PtCoRh-NDs 60.0 Pt(acac),, Co(acac); Rh  CTAC, OAm 180 10 19 - [138]
(acac)s
40 Cuboctahedron PtCoFe 5.5 Pt(acac),, Co(acac),, Fe  CTAB, Nal - - 15.2 174 [107]
(acac)s,
41 PtCoFe 5.0 Pt(acac),, Co(acac),, Fe  Tetradecanediol, OA, DCB 200 2 4 - [108]
(acac)s,
42  Core-shell PtCoNi/CB 5.0 Pt(acac),, Co(acac),, Ni  PVP, glucose,1-octadecene, OAm 140 - 23 19 [139]
(acac),
43 L1o-Co;Ni;Pt,/C 5.0 Pt(acac),, Co(acac);, Ni  OAm, BBA 300 1 31 58 [140]
(acac),
44 Pt(CoNi), 63- Pt(acac),, Co(Ac),, Ni Trioctylamine, OAm, OA, 1-octadecene 300 0.3 10 5 [141]
73 (Ac)2
45 PtCoNi 25.0 Pt(acac),, Co(Ac), Ni PVP, KI, DMF 150 16 35 12.3 [29]
(Ac)
46 PtCoNi NW 0.8 Pt(acac),, Ni(acac),, Co  CTAC, Mo(CO)s, OAm 160 2 323 26.9 [142]
(acac)s
47  PtCoAu/CB 5.6 Pt(acac),, Co(acac),, Acetone, CB, HNO; 500 7 35 1.4 [143]
KAuCly
48 PtCoCu RNF 22.0 Cu(OAc),, CoCly, Pt AA, OAm 250 - 5.4 16.8 [19]
(acac),
49 PtCoW/graphene 29 H,PtClg, CoCly, W(CO)s NaOH, EG 130 3 12 13 [144]
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tecting the secondary shell of Pt3Co and a Co-rich core (Fig. 2(d)—
(g)). XPS indicated both oxidized and metallic states Co atoms
existed in the c¢s-Pt;Co nanocrystals. The SA of cs-Pt;Co/C
(1.44 mA-cm 2, Table 1, #3) is 5 folds of the spherical sp-Pt;Co/C
(0.24 mA-cm~2, Table 1, #4) and 6 folds of the Pt/C catalyst
(0.22 mA-cm™2) towards ORR. The durability test showed that
there is only 11 mV negative shift in E;, after 5000 cycles. Besides,
the morphology for cs-Pt3Co/C has no observable change, indicat-
ing the good stability of the catalyst.

Yang's group prepared PtCo nanoframes (PtCo NF) by etching
the Co-rich phase of solid rhombic dodecahedra (PtCo RD) using
nitric acid [115]. TEM images and EDS mapping outlined the struc-
ture of the solid PtCo RD at ~23 nm and hollow frame PtCo NF par-
ticles with Pt-rich phase on the edges (Fig. 2(h)—(k)). The obtained
PtCo NF/C exhibit excellent ORR MA and SA (6 and 4 times, Table 1,
#5) than commercial Pt/C in acidic electrolyte (0.1 mol-L~! HCIO,4)
with negligible Co dissolution. The accelerated durability testing
(ADT) after 10000 cycles showed that is 8% loss of ECSA in acidic
conditions. The weakened oxygen binding energy and the down-
shift of the d-band center by the incorporation of Co are the main
reason of better activity and stability. When the ORR test was car-
ried out in alkaline KOH solution, the SA and MA of PtCo NF are 5
and 3 times higher than the commercial Pt/C catalyst. However,
broken edges of PtCo NF and worse durability was noticed in
KOH solution than that in HClO4 due to the strong corrosion of
KOH with the assistance of O,. However, negligible Co dissolution
was observed ascribing to the precorrosion with nitric acid. PtCo
ERD NCs/C with excavated rhombic dodecahedral (ERD) structure
were synthesized by Xie's group using wet chemical method
(Fig. 2(1)) [79]. By tuning the Pt/Co ratio and the amount of
formaldehyde, the convex structure evolved to excavated polyhe-
dra. The SA and MA of as-prepared catalyst are almost 12 and 6
times higher than the commercial Pt/C for ORR, respectively
(Table 1, #6).

The alloy structure, excavated morphology, less agglomeration,
modified d-band center, synergetic effect, rearranged surface
atoms, and the lattice strain of Pt are the reasons of higher activity
and stability. Hexagonal Pt3Co nanoplates with face center cubic
(fcc) structure rather than L;, phase were synthesized by
molten-salt synthesis method in the absence of capping agent
[6]. Molten NaCl and KCl created a dense condition for forming
the specific nanostructure. Fig. 2(m) displayed the schematic illus-
tration of carbon supported Pt3Co nanoplates. TEM images indi-
cated a plate shape with 17 nm diameteer and 2 nm thickness
(Fig. 2(n)). The MA and SA of hexagonal Pt3Co/C nanoplates is 8
and 21 times higher than that of the commercial Pt/C catalyst
attributing to the particle size effect, facets, and specific geometry
(Table 1, #7). The incorporation of Co caused d-band shift of Pt and
affected the Pt—OH, Pt—Pt, and Pt—Co band energy. This process
followed a four-electron pathway for ORR as confirmed by the
experimental study and calculation results. The durability test
showed there is significant dissolution of the active metal after
40000 cycles.

We can conclude from the above discussion that excavated
structure PtCo nanocrystals can provide higher activity than the
non-excavated ones benefitting from the larger surface area. The
structure direct agent and solvent have significant effect to the
shape and size of the nanoparticles.

2.3. Dendritic PtCo nanoparticles

3D dendritic PtCo alloys have gained a lot attention due to the
highly porous structure and large surface area on account of the
numerous arms on every dendrite [146,147]. Detailed investiga-
tion by Wang et al. [59] showed uniform PtCo alloyed dendritic
assemblies (Pt;5Co,5 NDAs) in the presence of OAm, cetyltrimethy-

lammonium chloride (CTAC) and L-proline which played a role of
reductant and structure directing agent. The well-defined dendritic
architectures with an average size about 32 nm were confirmed by
the STEM images (Fig. 3(a)—(b)). The concentration of CTAC has
important effect to the morphology of the PtCo alloy. The forma-
tion mechanism showed that CTAC may coordinate with high-
index facets of the precursors dissolved in OAm to liberated Cl~
which can coordinate to the (110) facet to form step surface. Pt
nuclei formed at first place and facilitated the following Co salt
reduction. The interaction between CTA" and L-proline may drive
the oriented attachment of Pt and Co atoms to form self-
assembled PtCo dendrites (Pt;5Co,5 NDAs) to reduce the total sur-
face energy. The ORR polarization curves with this catalyst were
recorded in O,-saturated 0.5 mol-L~' KOH. The Eqj> of Pty5C055
NDAs (0.95 V) is much larger than that of Pt black (PtB, 0.87 V).
Furthermore, they obtained the electronic transfer number based
on the K-L equation, which indicated a four-electron pathway
and a direct reduction of O, to hydroxide species under alkaline
conditions. The durability test showed there is small decline of
the E;» and nearly unchanged morphology after 1000 cycles. The
good performance of Pt;5Co,s NDAs (MA: 2.8 times of PtB, Table 1,
#8) is benefited from the cooperative effects of the Pt and Co, and
the dendritic structure with large surface area. To replace the L-
proline with citric acid in above synthesis process, wave-like hier-
archical Pt4;Co multidendrites (MDs) with rich defects and low
coordinated atomic steps were produced using citric acid as an
eco-friendly reducing agent (Fig. 3(c)) [116]. The appropriate citric
acid concentration and the reaction temperature played the essen-
tial role of in the synthesis. The formation mechanism of Pt,Co
MDs is quite similar with that of Pt;5Co,5 NDAs [59]. The perfor-
mance of PtyCo MDs for ORR was measured in O,-saturated
0.1 mol-L~! HClO,, which displayed enhanced MA and SA (13.7
times of Pt/C, Table 1, #9) relative to the PtB due to enhanced dif-
fusion of active species and suppressed Ostwald ripening. The
other groups also provided evidence that forming surface defects
is favorable to improve the electrocatalytic activity and structure
integrity of intermetallic NPs [120,127,128,148]. They further
investigated the ORR kinetics and obtained an electron transfer
number of 4, indicating a four-electron pathway and direct reduc-
tion of oxygen to water. The accelerated durability test (ADT) of
Pt4,Co MDs showed there is negligible difference of the E;j,, but
19.8% and 19.9% decline of SA and MA after 1000 cycles. The
decline of activity might be due to the aggregation and dissolution
of the active metal species. Jung’s group proposed the mechanism
of Pt dissolution, that Pt leaching might occur as the reduction of Pt
oxides by the following reactions: PtO + 2H*—Pt**+H,0, PtO, + 4-
H*-Pt*"+2H,0, PtO, + 4H"+2e~ - Pt>*+2H,0 [38,149]. Jiang’s group
studied the degradation mechanism of PtCo/C and Pt/C catalyst
(Fig. 3(e),(f)) [39]. For the Pt/C catalyst, they noticed the reduction
of Pt sites and ORR activity due the structure transformation from
partial-coverage PtO layer to the full-coverage PtO layer of the
outer surface and partial-coverage of the subsurface PtO layer
(Fig. 3(e)) [39]. For the PtCo/C catalyst, the outer Pt layer thickness
increased due to the segregation and dissolution of CoO species
(Fig. 3(f)) [39].

Dendritic PtCo nanoclusters immobilized on polypyrrole (PtCo/
PPy, 15.86 nm, Fig. 3(d)) composing by several thin petals were
reported by Wang’s group [58]. Pyrrole and CTAC were applied
as the reductant and capping agent, respectively. The Pt/Co ratio
played an important role to form this structure by controlling the
crystal growing process. Hence, the PtCo/PPy (178.91 mA-mg ™,
Table 1, #10) showed the best MA among Pt3Co/PPy, PtCos/PPy
and Pt/C catalysts (100.7 mA-mg'). Except for the metal composi-
tion, the enlarge ECSA with more active sites and the good conduc-
tivity of the PPy facilitated the catalytic performance. A one-step
strategy was reported for synthesizing PtCo nanodendrites
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(14 nm, Fig. 3(g)—(j)) in aqueous solution without any organic sol-
vent [117]. The presence of (111), (110), (100), (200), (220) and
(311) facets are confirmed. The MA and SA of PtCo nanodendrites
(1.21 mA-pug~!, 1.61 mA.cm~2, Table 1, #11) are 3 and 2.5 folds
of the PtCo nanoflowers (0.45 mA-ug~!, 0.64 mA.cm2) and 9.3
and 6.7 folds of the Pt/C (0.13 mA-ug~', 0.24 mA-cm~2). The porous
dendritic surface of PtCo nanodendrites provided abundant active
sites for ORR. Furthermore, the presence of Co altered the elec-
tronic structure of Pt and prevented the formation of poisonous
Pt oxides. According to the calculation of K-L equation, the electron
transfer number is 4.06 for PtCo NCs/PPy, indicating a four-electron
pathway for ORR. The ADT test showed the E;; has a 9 mV shift,
which is lower than 34 mV of Pt/C after 1000 cycles, indicating
good stability of the PtCo NCs/PPy.

2.4. Core-shell PtCo nanoparticles

Core-shell PtCo alloy has special embedded porous structure,
large specific surface area and thick Pt skin which can effectively
protect the nanoparticles from aggregation and corrosion, thereby
enhance the durability and activity for ORR [150]. Furthermore,
atomistic simulations and DFT calculations suggested that the
core-shell nanostructure prevent the dissolution of Co during the
annealing process to maintain the bimetallic composition for cat-
alytic activity enhancement.

Zhu et al. [118] synthesized carbon supported PtCo nanoparti-
cles with stable Pt-rich shell and ordered Co core by a polyol reduc-
tion process. In this process, the annealing temperature was
maintained at 700 °C to avoid unfavorable excessive particle
growth at higher temperature. The as-synthesized PtCo NPs pos-
sess 8 nm-Co core and 1 nm-Pt shell as confirmed by the STEM
and EDS. The XPS results indicated that high content of highly
active metallic Pt° existed in the as-prepared PtCo catalysts. The
electrochemical tests showed that the MA of Pt3Co/C-700 (0.50
A-mg!, Table 1, #12) is higher than that of the commercial Pt/C
catalyst (0.16 A-mg~!) for ORR in O,-saturated 0.1 mol-L~! HCIO,4
solution. They observed that by controlling the annealing temper-
ature, they can obtain chemically ordered structure, of which the
geometric and ligand effect increased the activity of the catalyst.
The catalyst annealed at 700 °C has relatively higher degree of lat-
tice contraction and more suitable binding energies. The electron
transfer number for Pt3Co/C-700 catalyst was calculated to be
4.0, indicating a four-electron pathway of ORR. The stability test
showed Pt3Co/C-700 has better structural stability even after
5000 cycles, due to the integrity of the Pt rich surface and ordered
Co rich core. For core-shell PtCo nanocatalysts, the effect of post
thermal annealing (PtCo-Pt-annealed) and additional Pt reduction
(PtCo-Pt-chem) process to the catalytic activity have been studied
[119]. The mass activities towards ORR are found to increase in the
order of commercial Pt/C (3.5 nm, 0.19 mA-g~!) < PtCo-Pt/C (an-
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nealed, 42 nm, 034 mAg!) < PtCo-Pt/C (chem, 2.5 nm,
0.38 mA-g~!, Table 1, #13). PtCo-Pt/C (chem) possessed much
smoother and thicker Pt skin layer due to the extra Pt reduction
than the PtCo-Pt/C (annealed). The thick Pt-skin prevented the Co
leaching and improved the structure integrity of PtCo alloy at some
degree as confirmed by XRD and XPS.

Bimetallic PtCo core were encapsulated in a stable Pt shell to
obtain PtCo@Pt/C which displayed SA and MA of 1.2 and 1.8 times
of the commercial Pt/C for ORR in PEMFCs (Fig. 4(a), Table 1, #14)
[120]. In this synthesis process, the PtCo core was not damaged
ascribing to the presence of hydride from Hantzsch ester, which
concentrated CI~ on the Pt frame and generated defects with neg-
ative charge. Bimetallic Pt;Co nanoparticles with size around
4.96 nm was uniformly distributed on the surface of the shell iso-
lated nanoparticles [151]. The obtained Pt;Co catalyst showed a 5-
fold improvement in activity compared to monometallic Pt catalyst
due to the weak *O adsorption arise from electronic effect of PtCo
alloy as confirmed by the DFT calculations. The presence of Co can
generate strain and/or ligand effects and shift the Pt d-band to the
Fermi level, thus change the Pt—O bond strength. A valid descriptor
for the strain effects is the Pt —Pt bond distance which can be mod-
ified by changing the Co content [152]. Besides, they study the
effect of pH on the performance of Pt;Co for ORR. They observed
that the Pt3Co catalyst has inferior activity in alkaline solution

compared to in the acid solution, due to the OH adsorption and
CO segregation.

The core-shell Co@Pt nanoparticle with Pt shell (1 nm) and Co
core (8 nm) preparing by Wang’s group displayed 6.2 times
improvement in catalytic activity (2.24 mA-cm~?) versus commer-
cial Pt/C catalysts (5 nm, 0.36 mA-cm~2) in 0.1 mol-L~! HCIO,4 due
to the larger particle size and electrochemically active surface area
(ECSA, Table 1, #15) [121]. During the potential cycling study,
dynamic surface restructuring was observed over Co@Pt catalyst
due to dissolution, migration and redeposition of Pt on the surface.
DFT calculation indicated that the Pt-skin surface has weaker bind-
ing with the OH, O, OOH, COOH, and CO groups comparing to the
pure Pt species. As the thickness of Pt skin increases, the ORR activ-
ity increases at the beginning and declines after, following a vol-
cano type of trend. When there is two-monolayer of Pt skin, the
ORR activity reached the peak [121,153]. Compounding 2D
sandwich-like Co@PtC samples (~10 nm) were synthesized by a
general wet-chemical seed-medicated growth method [122]. The
sample exhibited high activity and durability attributing to the car-
bon layer and Pt shell protection in 0.1 mol-L~! O,_saturated HClO,4
solution for ORR. Co@PtC samples with different thickness of Pt
shell have different activities following the trend of Co@Pt/C-1 n
m > Co@Pt/C-2 nm > Co@Pt/C-0.5 nm > Pt/C. The Co@Pt/C-1 nm
catalyst has 5.8 and 5.4 times higher MA and SA activity than Pt/
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C (Table 1, #16, 0.21 A-mg~', 0.33 mA-cm~2) and follows a four-
electron pathway. The DFT calculations indicated that the com-
pressive surface strain induced by Pt growing on the Co core has
an essential role in reducing the absorption ability of the surface
Pt atom (~1 nm) and raising ORR activity. Furthermore, the Pt shell
can protect the Co core from leaching out, thus improve the stabil-
ity of the catalyst. The ADT study showed there is 19.8% and 12.7%
decline of MA and SA after 40000 cycles, which is lower than 62.8%
and 69.5% of Pt/C. PtCo alloy with Pt skin immobilizing on carbon
with large surface area was prepared and evaluated for ORR in the
presence of H,SO4 to study the effect of sulfate [154]. Pt-PtCo/C
(3.3 nm) has 0.3-0.4 nm thick Pt layers (1-2 atomic) displayed
about 2 times higher ORR activity and more tolerant to the trace
amounts of sulfate than the commercial Pt/C under the operating
conditions of fuel cells in the presence of H,SO4. In the absence
of sulfate, O, tend to adsorb in the bridging configuration and form
H,0 molecules via four-electron reduction. However, the sulfate
may block the adsorption sites for O, adsorbing in a linear config-
uration in the presence of sulfate. Hence, the formation of H,0,
more likely undergo a two-electron reduction pathway.

Uchida’s group successfully rearranged the fcc + fct (face cen-
tered tetragonal) structure to fcc phase by dissolving Co species
of PtCo alloy [155]. The SA and durability of disordered fcc-
Pt3Co/C were higher than the ordered fct-Pt3Co/C for ORR under
the practical operation conditions of PEMFCs [156]. However, Sun’s
group observed that the fct CoPt/Pt showed higher activity than the
etched fcc CoPt [78]. The fct-CoPt/Pt nanoparticles have hard-
magnet core-shell structures with a shell being 2 ~ 3 atoms thick
of Pt. The mass and specific activities increased in the order of com-
mercial Pt/C (0.12 mA-g~', 0.22 mA.cm 2) < etched fcc-CoPt
(0.15 mA-g!, 070 mA-cm 2) < fct-CoPt/Pt (2.26 mA-g !,
8.26 mA-.cm~2, Table 1, #17). The L1, order core structure, the
ligand effect and the Pt shell of the fct-CoPt/Pt can stabilize Co
and weaken the oxygenated species-binding energetics on the Pt
surface as confirmed by the DFT calculations [78]. In another work,
the fcc PtCo nanocrystals (4-5 nm) have been transformed to the
fct phase by thermal annealing to vary the concentration of Co in
the system [123]. Increased ORR activity of PtCo/C was ascribing
to the existence of fcc-PtCo and fct-PtCo phases as demonstrated
with XRD (Table 1, #18) [123]. High temperature annealing may
cause high degree of aggregation and particle size increasing. Car-
bon support and oxide coating can effectively control the particle
size during the annealing process [157]. Sun’s group applied a
one-pot method to coat metal precursors with a layer of MgO to
prevent PtFe NPs from sintering and particle size growing at high
annealing temperatures [157]. Fujimori [158] and Huang’s group
[159] reported that SiO, could be used as coating to protect the
particles from sintering during the annealing process. Furthermore,
N-doped carbon coating also inhibit the coalescence and the metal
dissolution [22]. Thus, it is easier to synthesize ordered metallic
NPs with relatively small particle size by annealing process. W-
doped ordered L1o-PtCo nanocatalyst with ultrasmall particle size
(3 nm) was synthesized by wet-chemical and high-temperature
annealing method (Fig. 4(b)) [124]. L1,-W-PtCo/C displayed good
MA and SA which are 18 and 19.5 folds of the commercial Pt/C cat-
alyst, respectively (Table 1, #19) [124]. The ADT test showed there
is 7.7% loss of MA which is far less than the loss of the commercial
Pt/C (26.9%). The good activity and stability are attributed to the Pt
rich shell (2-3 atomic layer), ordered L1, structure, optimal Pt—Pt
bond length and compressive strain on the catalyst surface.
Ordered fct-PtCo/CCCS catalysts were oreoared by migrating the
Co species in the N-doped carbon shell up to the Pt surface [160].
The MA of PtCo/CCCS catalyst (0.39 mA-g~!) is three-fold to the
commercial Pt/C (0.14 mA-g~!). Ternary-fct ordered PtCoCu/C cat-
alyst with high crystallinity and ordered crystal phase was
reported exhibiting high MA and SA (1.31 mA-g~!, 0.59 A.cm2)

than commercial Pt/C catalyst [103]. The presence of Co and Cu
modified the Pt—Pt bond length and retained the ordered phase
under acid environment, thus improved the electrochemical activ-
ities. The associative and dissociative mechanisms on L1,-PtCo/Pt
(111) surfaces for ORR were explored by DFT calculation [161].
The fct-PtCo/Pt (111) surfaces showed superior activity for ORR
comparing to the fcc Pt (111) surface attributing to the weaker
bond between the reaction intermediates and the fct-PtCo/Pt sur-
faces comparing to the fcc Pt (111) surface. Furthermore, they also
noticed that the strain and ligand effects become dominant to the
ORR activity for Pt over layer thickness of more than three atomic
shell layers. Wu et al. [162] also came to the same conclusion when
they calculated the adsorption energies of OH, OOH, and O on var-
ious tetragonal structured alloy with Pt skins to understand the fct
structures. The geometrical role of the fct core indicated that other
non-Pt fct structures can be adopted as the core to further reduce
the composition of Pt. Core-shell Pt-PtCo/GCB were prepared and
supported on graphitized carbon black by depositing additional
Pt layer on Co-enriched nanocore with two layers of Pt [163]. Pt-
PtCo/GCB provided three times higher MA of a commercial Pt/C
catalyst for the ORR. Gan'’s group also prepared a carbon supported
PtCos with durably thin Pt shells (<0.6 nm) by high temperature
thermal annealing [164]. The PtCos; annealed at 600 °C showed a
slightly larger particle size (5.1 nm) but enhanced activity
(740 mA-mg~', 1.74 mA.cm2) compared to the PtCo; annealed
at 400 °C (630 mA-mg!, 1.18 mA-cm 2) and the Pt/C catalyst.
The durable thin Pt shells and the ordered core with high Co con-
tent are viewed as the main reason of the high performance.

The synthesis of core shell structure nanoparticles is a feasible
method to improve the durability of PtCo based alloys for the
application of PEMFCs under harsh conditions. The lattice mis-
match generated surface strain and synergic effect between the
Pt-rich shell and Co-rich core, which plays a dominant role for
enhancing ORR activity. The core-shell structure can lower d-
band center of Pt and the adsorption energy of —OH. Furthermore,
the Pt-rich shell protected the Co metal from dissolution in acidic
conditions.

2.5. PtCo nanowires

Various ultrathin Pt-based nanowires (NWs) have been
reported with excellent performance for ORR due to the large per-
centage of surface atoms with high dispersity and high stability.
Hierarchical fcc PtCo NWs with ordered intermetallic structure,
Pt rich surface and high-index facets were synthesized using
Co(acac)s and Pt(acac), as the precursors by wet-chemical method
in the presence of OAm, CTAC and glucose [125]. TEM images
revealed that each NW exhibited uneven diameters, Pt-rich surface
and crenel-like shape along the entire length (Fig. 5(a)). The
growth mechanism study indicated that ultrathin pure Pt nano-
wires (2 nm) formed within 30 min at the early stage of the synthe-
sis process. The nanowire become uneven, the diameter of which
increased from 2 to 5 nm at the reaction time around 1 h, due to
the reduction of Co species. Afterward, obvious humps were
detected after 3 h due to the further increase of Co content. Around
5 h, typical hierarchical PtCo NWs were obtained. The generation
of the hierarchical structure are mainly ascribing to the difference
of reduction potentials and diffusions between Pt and Co species.
Furthermore, a dependence of the Co(acac); amount ascribing to
the different reduction/diffusion behavior of Co was observed.
The performance of PtCo NWs/C were evaluated for ORR in O, sat-
urated 0.1 mol-L~! HCIO, solutions. The MA and SA (3.71 Amg~!,
7.12 mA-cm 2, Table 1, #20) of the Pt;Co NWs for ORR are 39.6
and 33.7 folds of the commercial Pt/C catalyst, attributing to the
active threefold hollow sites on the Pt-rich (110) and (310) high-
index facets. The compressive strain due to smaller atomic size
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of Co can weaken the oxygen-surface binding, thus improve the
ORR performance. Besides, the PtCo NWs were found having better
anti-aggregation properties due to high temperature annealing
process. The ADT test showed there is 9.1% loss of MA of Pt;Co
NWs/C after 20000 cycles in strong acid solution, which is 31 times
higher than that of Pt/C ascribing to the high anti-aggregation
properties.

Efficient and stable carbon-supported ultrathin PtCo NWs were
produced in OAm and Cr(CO)g, which decomposed into Cr°/CO and
acted as reducing and structure directing agent [55]. TEM image
exhibited a uniform nanowire morphology with thin middle part
and large ends (diameter about 2 nm, Fig. 5(b)). The MA of PtCo
NWs/C catalyst (291.4 mA-mg !, Table 1, #21) is 3.4 times higher
than commercial Pt/C catalysts (85.5 mA-mg~!) attributing to the
1D alloy structures with more accessible active crystal facets and
untrathin diameter. The improved ORR kinetics are ascribing to
the enhanced electron and mass transfer from lattice shrinkage
and changed electronic structure. The ADT study showed there is
45.2% decline of MA and 32.5% decline of ECSA after 10000 cycles.
The size increasing due to aggregation decreased the number of
active sites. Furthermore, the Ostwald ripening and the loss of Co
metal in acidic conditions were observed.

Small diameter metallic NWs decorated on carbon nanospheres
were obtained by a simple scalable wet chemical synthesis proce-
dure [165]. XRD confirmed that Co has been alloyed into the Pt
after annealing process. SEM and TEM showed PtCo/C NWs
exhibiting 10-50 nm in length, with diameters of 2-3 nm for the
shaft and 4-5 nm for the tip (Fig. 5(c)). PtCo-NW/C showed higher

MA than the commercial Pt/C catalyst for ORR. Core-shell NWs
(200-300 nm in diameter, Fig. 5(d)—(e)) were obtained by coating
Co NWs with Pt by partial galvanic displacement [166]. PtCo NWs
exhibited MA and SA (793 mA-mg ', 2.78 mA-cm~2) which are 2.6
and 9.2 times greater than Pt/HSC in 0.1 mol-L~! HClO, solution. Co
was selected to avoid migrating through the membrane and plate
on the anode. By the same displacement method, Chen’s group
[126] fabricated PtCo NWs via galvanic displacement between

PtCli’ and Co(0), and then supported on carbon foam network
(PtCo-NWs/CF). Ascorbic acid was used as inductive agent to pro-
mote the dissolution of Co(0) nanocrystals. TEM and SEM images
displayed rough surface and thin carbon framework with average
diameters of 88.2 nm and length of 2.93 pum (Fig. 5(f), (g)). The
MA of PtCo-NW/CF (2.03 A-mg~', Table 1, #22) is 6.3 times higher
than the commercial Pt/C (0.32 A-mg~') due to the high conductiv-
ity and stability of hierarchical porous carbon support. Moreover,
the nanowire-like structure can enlarge the surface area and
increase the accessible active sites promoting electron migration
from O, to surface Pt. The stronger O, adsorption on Pt surface
leads to the fast broken of the O—O bond and thus improved the
0, reduction efficiency. The kinetics study indicated the first-
order reaction towards the concentration of dissolved O,. The n
number calculated to be 4 based on K-L equation, indicating a
four-electron oxygen reduction process to H,O. The ADT was per-
formed in O, saturated 0.1 mol-L"' KOH. The E; 12 and limiting cur-
rent have almost no shift or decline after 1000 cycles. However,
there is more than 20 mV shift of E;, for the commercial Pt/C cat-
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alyst. 1D PtCo mesoporous nanotubes (PtCo MNTs) were obtained
by a facile dual-template strategy in aqueous solutions at ambient
temperature [89]. The mesoporous PtCo nanotube was formed by
galvanic replacement reaction in the presence of Te NWs and
F127 as soft template. The SEM image showed that PtCo MNTs
has uniform mesopores with pore size of 20 nm on the nanotube
wall. The diameter, wall thickness and the mesoporous size of
the nanotube decreased with the decreasing of Pt content. The
SA of the PtCo MNTs (0.99 mA-cm 2, Table 1, #23) is 4.3 folds of
Pt/C (0.23 mA-cm2), owing to the presence of Co and mesoporous
nanotube structure. The large percentage of surface atoms with
high dispersity and high stability attributed to the high activity
of the PtCo based NWs. Carbon black-supported PtCo NWs (PtCo
NWs/C) for PEMFCs were prepared via a soft template method
[167]. TEM image showed that PtCo NWs retained the nanowire
structure after being immobilized on the carbon black support
(2.2 nm). The activity of the PtCo NWSs/C (125 mA-mg !,
0.25 mA-cm2) are 1.5 and 1.6 folds of commercial Pt/C
(85 mA-mg !, 0.16 mA-cm 2). The stability is of PtCo NWs/C is
higher than the Pt/C catalyst due to the interconnected NWs net-
work structure. In addition, reduced interatomic Pt—Pt distance
of PtCo alloy is favorable for the adsorption of oxygen.

PtCo alloy nanowires with high-index facets showed higher
activity. However, the Pt utilization efficiency of the nanowires
with large diameter is still relatively low. Paradoxically, the high-
index facets vanished gradually under harsh operating conditions
if the diameter of the nanowire is too small. Hence, it is interesting
but challenging to synthesize nanowires with fewer atomic layers
with more exposed surface Pt atoms and lattice contraction.

ZIF-8

PtCo@2DZIF-8 .-~

2.6. PtCo nanoflowers

Highly dispersed flower-like structures PtgoCos; NSNSs
(20.3 nm, Fig. 6(a)) assembled by numerous nanosheets were syn-
thesized through a co-reduction solvothermal approach in CTAC,
OAm and allantoin [127]. The concentrations of precursors and
the allantoin played key role in obtaining the desired nanoflower
structure. XPS indicated that Pt® and Co® are predominant in the
sample, which would endow the catalysts with high catalytic activ-
ity. The formation mechanism study showed that the variation of
the allantoin concentration drove the morphology evolution of
the nanoparticles. Around the 4th hour reaction, small nanoparti-
cles (12.5 nm) formed. As the reaction time prolonged to 8 h, clean
and distinct sheet-like nanoparticles (19.8 nm) emerged. The
diameter of the nanoparticles keeps growing as the reaction time
further increased to 12 h and the ill-defined nanodendrites
(30.6 nm) were finally obtained. They concluded that the metal
complexes are generated by the Van der Waals’ force and the elec-
trostatic adsorption between the metal precursor and other
reagents. Afterward, the metal complexes were reduced to metallic
Pt and Co atoms by the reductants. Pt and Co assembled into PtCo
nuclei in the presence of allantoin to decrease the total surface free
energy. The PtCo nuclei gathered to form PtggCos; NSNSs through
crystal fusion and orientated growth. The MA and SA
(101.93 mA-mg~', 0.5 mA-cm~2, Table 1, #24) of PtggCo3; NSNSs
catalyst are 5.1 and 5 times higher than PtgsCoys NPs
(19.96 mAmg~!, 01 mAcm2) and PtB (39.73 mA-mg !,
0.25 mA-cm2) ascribing to the synergistic effect of PtCo and more
accessible active sites. Furthermore, the enlarged ECSA and suffi-
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Fig. 6. (a) TEM images and the size distribution of PtsgCo3; NSNSs [127]; HRTEM images of (b) Pt;;Co,9 LNFs [53], (¢) Pt ¢Co NFs [128]; (d) TEM images of Pt;5Co,4 NMs [45],

(e) the synthesis of PtCo@N-GNS [129].
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cient surface defects facilitated the oxygen reduction, the mass dif-
fusion, and the electron transport. The ADT study showed there is
40 mV negative shift of have-wave potential of PtggCo3; NSNSs
after 1000 cycles, which is smaller than the PtB (42 mV). Alloyed
lamellar nanoflowers Pt;;Co,9 LNFs were synthesized using 1-
nitroso-2-naphthol and CTAC as co-structure directing agents
[53]. Synthesized CTA" with long alkyl chain is favorable to dis-
perse the nanocrystals uniformly. TEM images showed that the
nanoflowers with particle size around 20 nm were assembled with
ultrathin nanoflakes (Fig. 6(b)). The Pt;;Co9 LNFs displayed 5.6
times higher MA (128.29 mA-mg~!, Table 1, #25) for ORR than
those of commercial PtB (22.91 mA-mg~!). The ADT study showed
there is a 22.3% MA decline of Pt;;Co,g LNFs and 30.1% decline of
PtB catalyst after 1000 cycles in acid solution. Uniform Pt,¢Co
nanoflowers were prepared using glucose and CTAC as the reduc-
ing and capping agent [128]. TEM showed that the product with
highly rough surface contains well-defined flower-like nanostruc-
tures (25.44 nm, Fig. 6(c)). The MA of Pt, sCo NFs (43.97 mA-mg !,
Table 1, #26) is 1.8 times higher than that of Pt;;Co NCs and PtB
(23.84 mA-mg~'). The enlarged ECSA, low-coordinated atomic
steps and surface defects offered numerous accessible active metal
sites, promoted O, diffusion and suppressed the Ostwald ripening,
thus enhanced the ORR performance. The same group also con-
structed Pt;6Co24 nanomyriapods (NMs) using L-glutamic acid to
replace the glucose as the green reductant [45]. Myriapod-like
structures with particle length around 15.28 nm were obtained
as observed by the TEM images (Fig. 6(d)). The MA of Pt;5C024
NMs (105.26 mA-mg~!, Table 1, #27) was 2.2 times higher than
the PtB (47.35 mA-mg~!) for ORR. PtCo nanoalloys supported on
N-doped graphene (PtCo@N-GNSs) with hierarchical nanoflower
structure were synthesized by hydrolysis and pyrolysis method
[129]. ZIF-8 was hydrolyzed with Pt precursors and Co precursors
progressively and carbonized to obtain PtCo@N-GNSs (Fig. 6(e)).
The formation mechanism study confirmed the major effect of Co
species and negligible effect of Pt species on the morphology. The
noticed that the sample calcined at 800 °C displayed the highest
ORR activity and E; 2. The MA of PtCo@N-GNSs is 20.1 times higher
than commercial Pt/C for ORR in O,-saturated 0.1 mol-L~! HCIO,
solution (Table 1, #28), attributing to the facilitated charge transfer
and reduced kinetic energy barrier of the special hierarchy 2D/3D
structure. The number of electrons transferred was calculated to
be 3.95, implying a four-electron oxygen reduction process. The
ADT study showed there is only 10 mV shift of E;j, after 50000
cycles, which is smaller than 35 mV shift of commercial Pt/C cata-
lyst after 20000 cycles. The alloying of PtCo inhibited the Pt oxida-
tion by the oxide-cleansing effect of Co. It is apparently the
morphology control is quite a key method to acquire higher elec-
trocatalytic activity and durability. It is essential to explore new
methods to synthesize desiring morphologies with superior
performance.

3. Support Effect of PtCo Nanoalloy for ORR

For the commercialization of fuel cells, it is extremely impor-
tant to find a catalyst with both high electrocatalytic activity and
long durability. However, metallic nanoparticles present serious
dissolution and aggregation. Catalyst supports can effectively dis-
perse nanoparticles and protect them from agglomeration, as well
as catalyst dissolution during operation, leading to durable electro-
chemical activity. Furthermore, the synergistic effect between the
support and the metal atom can promote the electron transfers
and accelerate the sluggish ORR kinetics ascribing to the lower
Fermi level and higher Pt electronic density [168]. The modifica-
tion of the supports with dopants can improve the catalytic perfor-
mance for ORR effectively [132]. Hence, it is essential to find a

feasible support with high surface area, porous structure and nar-
row pore size distribution, to increase the electronic conductivity
and stabilize the architectures of metallic nanoparticles (Fig. 7),
e.g. carbon black [169-172], graphene [173,174], carbon nanotube
[175-177], N-doped carbon [132,178], and Zeolitic Imidazolate
Framework (ZIF) [135,179]. Carbon black has been widely applied
for ORR ascribing to the high specific surface area and conductivity.
However, the electrooxidation causes activity loss during long-
term run. Thus, another candidate supports have been
investigated.

3.1. PtCo nanoalloy supported on graphene

As a superior carbon-based nanomaterial, graphene has high
mechanical strength, largely available surface area, excellent con-
ductivity, as well as low thermal expansion coefficient [180,181].
Anchoring PtCo-based alloys on graphene can improve the disper-
sity and endurance of PtCo catalysts due to the presence of
carboxyl- and carbonyl-groups on the surface of reduced graphene
oxide (rGO), as well as the strong affinity between rGO and PtCo
nanoparticles [182]. Wang et al. [84] used a facile solvothermal
strategy to support sheet-like PtCo nanocrystals on rGO (Pt;3Co5,/
rGO) via anisotropic and crystal growth in the presence of L-proline
and ethylene glycol (EG, Fig. 8(a)). The amino and carboxyl groups
on L-Proline can form chelates with the metal salts and decrease
the reduction rate [173]. TEM images showed that the sheet-like
crystals (10.8 nm) dispersed uniformly on the rGO sheets. The
MA of Pt;5C05, NCs/rGO (83.64 mA-mg~!) is 5.8-time higher than
PtB (14.30 mA-mg ). The electron transfer number they obtained
is around 4, indicating a four-electron pathway for ORR. The ADT
study showed that there is only 1.1% decline of the current density
for Pt;gCo,, NCs/rGO after 1000 cycles, which is lower than that of
Pt/C (9.3%) ascribing to the graphene support. They also studied the
methanol tolerance for Pt;gCo,, NCs/rGO catalyst, little activity
loss was observed due to decreased Pt-Co bond energy. Spherical
PtCo alloy (3-4 nm, Fig. 8(b)) was immobilized on the surface of
single-layer rGO sheets through a facile hydrothermal method
using 1,2-hexadecanediol (HAD) as reductant [174]. The MA of
PtCo/rGO-HAD (37.4 mA-mg ') is slightly higher than PtCo/rGO
(32 mA-mg~!). The presence of HAD promoted the reduction of
Co resulting in the further contraction of the lattice. The addition
of HAD enhanced the catalytic activity of PtCo/rGO slightly, but
displayed a negligible effect on the size and morphology of the
PtCo alloy. PtCo concave-nanocubes (CNC, Fig. 8(c)) and concave-
polyhedrons (CPH, Fig. 8(d)) bounded by (hkl) and (hkO) high-
index facets were distributed on rGO [130]. They found that one-
pot strategy to prepare PtCo/rGO could maximize contact between
PtCo nanoparticles and rGO. The SA of the CPH PtCo/rGO
(1.53 mA-cm 2, Table 1, #29) and CNC PtCo/rGO (1.14 mA-cm 2)
are 6.7 and 4.9 folds of the commercial Pt/C (0.23 mA-cm~2). The
CNC PtCo/rGO displayed higher SA than that of supportless CNC
PtCo NCs (0.86 mA-cm~2). The superior performance was attribu-
ted to the strong binding between PtCo nanocrystalls and the
rGO, which promoted the p-electron polarization and accelerate
the electron transfer from rGO to PtCo nanocrystalls.

Pt;»,Co nanoparticles were deposited on N-doped defective gra-
phene and explored the adsorption energetics, structural features,
and electronic properties by the DFT computations (Fig. 8(e)) [183].
N-doped graphene has strong hybridization with the sp? dangling
bonds at the defect sites, which are anchoring sites for PtCo NPs
[183]. The deposited PtCo NPs has lower adsorption ability of the
O species, thus higher oxygen reduction reaction kinetics and effi-
ciency, comparing to the freestanding PtCo NPs [183]. Wu et al.
[85] annealed the Pt nanoparticles supported on nitrogen/metal
doped graphene tubes (NGTs, Fig. 8(f)) and obtained PtCoNi/NGT
catalyst. Metal/nitrogen co-doped graphene tubes supplied intrin-



112 W. Yan et al./Chinese Journal of Chemical Engineering 53 (2023) 101-123

Graphene
High mechanical strength.

Largely available surface area.
Excellent conductivity.

ILow thermal expansion coefficient.

N-doped carbon
High stability with less dissolution
of active metal species during ORR.

High density of active sites
ascribing to the synergistic effect.

Carbon nanotube
Large surface area.

High stability and conductivity.

Long aspect ratio for electron
transfer.

ZIF
High conductivity.

Good Intrinsic activity for ORR.

Rich nitrogen, carbon, and
transition metal species.

Porous structure with large surface
area and accessible paths.

Carbon black
High specific surface area.

High conductivity.

Activity loss due to the
electrooxidation during long-term

nn.

Fig. 7. Supports of PtCo-based nanoalloy for ORR.

sic active sites and appropriate mesopore/macropore distribution
which enhanced the mass transfer and the activity of the PtCoNi/
NGT catalyst. Furthermore, the synergistic effect between Pt and
graphene tubes can prevent carbon corrosion and agglomeration
of Pt nanoparticles, leading to higher stability of the Pt based cat-
alysts. PtCo alloy was anchored on citric acid modified graphene
to obtain PtCo/CA-G materials (2.2 nm) which showed higher MA
and SA (0.48 mA-mg~!, 0.66 mA-cm~2, Table 1, #30) than the com-
mercial Pt/C (0.15 mA-mg~!, 0.24 mA-cm~2) [131]. The features
peaks of fcc structure Pt were observed by XRD. The citric acid
modification of graphene formed oxygenated functional groups
to promote proton transfer without decreasing the electron con-
ductivity or destroying the architecture of graphene. The hydrogen
bonding networks connecting with the residual oxygenated func-
tional groups anchor the water molecules in the interlayer of gra-
phene. Furthermore, the interaction of adsorbed water molecules
and the functional groups on the surface of graphene form hydro-
gen bonding networks and generate upstream and downstream
fluxes of protons. Thus, the hydrogen-bonding networks generated
from the interaction between water molecules and oxygenated
groups led to fast proton transfer, thus to high proton conductivity,
as depicted by Fig. 9. Hence, the superior performance is ascribed
to the higher proton transfer ability and the functional groups of
CA-G support.

3.2. PtCo nanoalloy supported on carbon nanotube

Carbon nanotubes (CNTs) are widely used as catalyst supports
ascribing to the large surface area, high stability and conductivity,
and a long aspect ratio for electron transfer [176]. However, the
hydrophobic surface of CNTs usually has many carbonaceous

impurities, insufficient binding sites, and thus poor compatibility
with metal species [177]. Thus, the surface modification is desired
to immobilize more metal nanoparticles. Doping of N or S on the
surface can tune the size of the crystal, depress the agglomeration
of nanoparticles, and serve as defect sites for nucleation of
nanoparticle [177]. Furthermore, S-doped or N-doped CNTs are
considered to be more effective than the un-doped ones, ascribing
to the various functional groups and higher dispersion of NPs on
the tube walls [184]. N-doped CNTs with a “bamboo-like” struc-
ture and S-doped CNTs were produced by chemical vapor deposi-
tion and annealing treatment (Fig. 8(g),(h)) [175]. Pt3Co alloy
nanocrystals (2 nm) were supported on the as-prepared N-CNTs
using ionic liquid as stabilizing agent. The Pt3Co/N-CNT catalysts
showed higher electrocatalytic performance than the Pt3Co/S-
CNT and commercial Pt;Co/C catalyst due to the nature of the N-
CNTs. Pt3Co/N-CNT has lower quantity of H,O, generated during
the oxygen reduction reaction, and higher resistance against the
degradation than that of commercial Pt3Co/CB. PtCo was supported
on polyaniline (PAN)-wrapped CNT (PtCo/PAN-CNT, Fig. 8(i)) and
evaluated for ORR [176,177]. The increasing of the PAN content
on the surface of CNT can improve the catalyst stability, electrode
conductivity, hydrophilic property, and the ECSA of the PtCo cata-
lyst. Wei et al.[77] constructed a MOF like matrix of bionic catalytic
network in which hollow PtCo nanoparticles are anchored on car-
bon nanotubes (PtCo/CNTs). The HRTEM images displayed that
PtCo/CNTs (8 nm) was consisted with interconnected CNTs with
various channels for species transporting to the active sites. The
activities of the PtCo/CNTs (850 mA-mg ', 1.38 mA-cm 2, Table 1,
#31) are 4.8 and 4.3 folds of the commercial Pt/C catalyst, attribut-
ing to the hollow structure and the polyhdral MOF-like
morphology.
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Fig. 8. (a) TEM image of Pt;3Co,, NCs/rGO [84], (b) HRTEM image of PtCo/rG-O [174], (c) TEM image and structural model of CNC Pt-Co/rGO [130], (d) HRTEM, size
distribution and structural model of CPH Pt-Co/rGO [130], (e) the lowest energy structure of configurations of PtCo/N-doped graphene [183], TEM image of (f) Pt CoNi /NGT

[85], (g) PtsCo/N-CNT [175], (h) PtsCo/N-CNTHT [175], (i) PtCo-10PAN-CNT [177].

Critic acid modified Graphene
Fig. 9. The protons transfer through the hydrogen-bonding network generated

from the interaction between water molecule and oxygenated functional group
[131].

3.3. PtCo nanoalloy supported on N-doped carbon

The application of N-doped carbon is an effective strategy to
alleviate the coalescence and the dissolution of nanoparticles dur-
ing the operation of fuel cells under harsh conditions. The N-doped
porous carbon supported catalysts exhibited high stability with
less detrimental dissolution of the active transition metals from
the alloy structure during the fuel cell operation ascribing to the

higher affinity of the nitrogen compounds (e.g. azide, dopamine)
to the metal nanoparticles [132,181]. Furthermore, the synergistic
effect between the metal and the N-doped carbon can improve the
electron density of the active sites [135]. Chou et al. [132] con-
structed quasi-Pt-allotrope catalyst with hollow Pt;Co alloy cores
and N-doped carbon shell (PtN-C). The STEM-EDS showed the Pt
and Co projected distributions in the particles (Fig. 10(a),(b)). XPS
spectrum of Co 2p observed that the Co® Co?*, and Co>" coexisted
which indicated both metallic and oxidized Co presented in the
samples. The activity of Pt;Co@Pt-NC (1200 mA-mg !,
2.39 mA.cm~2, Table 1, #32) are about 8 times higher than the
Pt/C (150 mA-mg !, 0.3 mA.cm 2). The holey structure of
Pt;Co@Pt-NC formed internal-external double active layers,
exposed abundant active sites, provided accessible tunnels for O,
and protected these highly active fine nanoparticles from agglom-
eration. Co(OH),/CoPt/N-CN catalyst with foam-like morphology
has been reported with good activity and durability for ORR
[178]. SEM and TEM images showed that PtCo nanocrystals
(4.7 nm, Fig. 10(c),(d)) were consisted of a mixed morphologies
including flakes, spheres, and sheets. These 3D structures maxi-
mized the mass transport and prevented the aggregation, decom-
position, and coalescence of the PtCo nanoparticles. The existence
of PtCo alloy, Co(OH), laminar structure, and the integration of
these two, ensured the high ORR activity and stability with
super-long cycling life. Chen et al. [133] produced PtCo/NHPCC
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Fig. 10. (a) ABF image and (b) STEM-EDS mapping of H-PtCo@Pt1N-C [132], SEM and TEM images of (c, d) Co(OH),/CoPt/N-CN [178] and (e, f) PtCo/Co@NHPCC [133].

with Co-based MOFs and immobilized which in N-doped carbon.
PtCo/NHPCC has a uniform porous capsule-like morphology con-
sisting of small alloy NPs and large Co nanocrystals. The PtCo/
NHPCC demonstrated good activities (570 mA-mg ', 0.88 mA-cm 2,
Table 1, #33) which are 5.5 and 4.9 folds of commercial Pt/C
(102 mA-mg~!, 0.18 mA-cm~2). The superior performance is owing
to the small particle size, the N-doping hollow porous carbon cap-
sules with large surface area, and the synergistic effect between
metal particles and carbon support. PtCo nanoalloys (Co-N-C/Pt,
sub-10 nm) was prepared by introducing Pt and Co precursors in
graphene-like N-doped carbon [134]. The as-prepared catalyst
showed 1.3 times of SA for ORR (Table 1, #34) than the Pt/C
attributing to the synergistic catalytic effect of Co-N,-C and PtCo
nanoalloys. The synergistic effect of PtCo alloy and Co-N,-C was
proposed and depicted in Fig. 11 [134]. For the first step, the oxy-
gen molecule adsorbed on the Co-N,-C active site with one oxygen
atom. The other oxygen atom then anchored on PtCo alloy. The
interatomic bond of O, broke and accepted proton and electrons
(step 2 and step 3). Finally, the final water molecules divorced from
the Co-N,-C and PtCo active sites to complete the four-electron
pathway of ORR (step 4) [134].

3.4. PtCo nanoalloy supported on ZIF

ZIF, with imidazole as organic linker with metals, has rich nitro-
gen, carbon and transition metal [28]. Highly conducting ZIF with
large surface area is a potential catalyst support for low tempera-
ture fuel cells. The porous structure provided ample paths with
large surface area for proton transport and ion exchange, and
enable the incorporation of active metals. For ORR, the bonds
between nitrogen and metal nanoparticles both served as catalytic
active sites [185]. Hence, ZIF can be used as conducting network,
supports, precursors, as well as intrinsically active components to
catalyze the ORR [136]. Various Co-ZIF-derived catalysts with
intensively distributed active sites have been reported highly
active for ORR. N-doped carbon-supported PtCo/ZIF (12.7 nm,
Fig. 12(a), (b)) synthesizing by thermal decomposition of PtCo-
based ZIF displayed 7.9 and 4.4 times higher activity (820 mA-mg !,
1.32 mA.cm 2, Table 1, #35) in acidic media than the Pt/C [135].

The prolong annealing time resulted in a decrease in the thickness
of the carbon framework. A highly active electrocatalysts with
ultralow Pt composition was reported by Liu’s group by using Co-
or bimetallic Zn-ZIF as precursors (Fig. 12(c)) [179]. During the
thermal treatment of Co-ZIF, Co®" is converted to metallic
nanocrystallites and Co-N,-C, sites. PtCo nanoparticles dispersed
uniformly over Co-N,-C, sites forming a core-shell structure
(5.6 nm, Fig. 12(d)). PtCo-ZIF achieved higher MA (1770 mA-mg~!)
than that of PtCo (1080 mA-mg~!) for ORR, attributing to the syn-
ergistic effect between PtCo and Co-N,-C, sites. Kannan et al. [136]
synthesized highly active PtCo/ZIF-67 catalyst by pyrolysis of ZIF-
67 and Pt precursor. The TEM image of PtCo/ZIF-67 shows the Pt
nanoparticles uniformly dispersed on the multi-walled N-CNTs
(7-10 nm, Fig. 12(e)). PtCo/ZIF-67 showed the higher limiting cur-
rent of 5.4 mA-cm 2 (Table 1, #36) than the Pt/C (4.6 mA-cm 2) in
O, saturated electrolyte. Kannan et al. [28] reported a bimetallic
pyrolyzed NiCo-ZIF supported well-dispersed Pt alloy as shown
in the STEM image (3 nm, Fig. 12(f)). XRD showed there are some
unalloyed (Ni/Co) particle in PtNiCo/NC sample due to the Ni/Co
(111) diffraction. The MA of PtNiCo/NC catalyst (9 W-mg !, Table 1,
#37) is higher than Pt/C (7.8 W-mg~!), which is owing to the syn-
ergistic impact of N-doped nano-porous carbon and the defect rich
surface.

4. Composition Effect of Multi-metallic PtCo-based
Nanocatalysts for ORR

A simple and effective method to improve the performance and
utilization efficiency of PtCo based-catalyst, various additional
transition metals, e.g. Ti [186], Ni [139-142,187], Cu [103], Nb
[99], Pd [188,189], Mn [106], Sn [98], W [144], La [190], Ir [191-
193], Cr [56,194], Au [143,195,196], Ag [102], Al [137], Rh [138],
and Fe [41,197,198] are introduced to Pt-based catalytic system
aiming to downshift the d-band center by ligand and compressive
strain effects, shorten the Pt—Pt bond distance, and change d-band
vacancy to further improve the activity and durability of the
bimetallic nanoalloy. Jiang et al. [137] produced a nanoporous
PtCoAl nanoparticles with in-situ grown atomic layer Pt skin by a
facile alloying/dealloying approach. The activity (2200 mA-mg !,
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Fig. 12. (a) SEM and (b) TEM images of PtCo@NC-10 [135], (c) LP@PF catalyst structure [179], (d) HRTEM image of Pt-Co alloy NP [179], (e) TEM image of PtCo/ZIF-67 [136], (f)
STEM image of PtNiCo [28].
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3.40 mA-cm~2, Table 1, #38) of PtCoAl nanocatalyst for the ORR are
20 and 13 folds of the commercial Pt/C, respectively. The compres-
sive strain effect and synergistic ligands due to the strong PtAl and
CoAl bonds can weaken the oxygen adsorption energy and sup-
press the evolution of Pt skin. In the core, the rigid PtsAl inter-
metallic lattice can stabilize Co atoms and thus improve the
activity.

Wang et al. [138] prepared triple-layered RhCoPt NDs by con-
secutive reduction of the Rh, Co and Pt precursors in the presence
of OAm, CTAC and creatinine. Rh atoms formed initially and acted
as seeds to assist the reduction of Co and Pt by regulating the
sequential reduction kinetics. TEM image revealed the highly dis-
persed and uniform dendritic shape with numerous thin branches
(60 nm, Fig. 13(a)). The MA of RhCoPt NDs (61.86 mA-mg !, Table 1,
#39) is 1.9, 2.0, and 5.9 folds of Pt/C, PtCo NPs, and PtRh NDs
towards ORR.

Fe-based PtCo alloy with Pt-rich surface and abundant high
index facets were also prepared by Wang'’s group by co-reduction
of metal salts in formamide [107]. Nal, formamide and CTAB acted
as reducing agent, solvent, and capping agent and played vital roles
to tune the morphology of nanoparticle. The high proportion of
metallic state Pt° can raise the number of free Pt sites with
enhanced activity. The activities (2590 mA-mg~', 4.18 mA-cm 2,
Table 1, #40) of trimetallic alloy superlattices are 15.2 and 17.4
folds of commercial Pt/C, owing to the ordered structure of PtCoFe
which can provide larger surface area, more accessible active sites
for the adsorption and activation of small molecules. Mozaffari
et al. [197] anchored PtCoFe nanoparticles on the S-doped gra-
phene. The presence of SO; groups led to stronger adsorption of
alloy to the support and increased durability of electrocatalysts.
Gan et al. [108] prepared ternary PtFeCo alloys and studied the
effect of metal compositions. They found that Co can prevent the
NPs from sintering and Fe can facilitate the atomic diffusion and
thus structural ordering. Moreover, the PtCoFe catalyst exhibited
the highest stability and catalytic performance (650 mA-mg~ !,
Table 1, #41) due to the synergy between Fe and Co, thinner Pt
shell and high degree of ordering (Fig. 13(b)). The Pt shell and
ordered structure can prevent the etching of non-noble metals
and the forming of porous structures. Huh's group synthesized
quaternary PtRuFeCo supporting on N-doped graphene [41]. The
MA and SA of PtRuFeCo/NG were 0.73 mA-mg ' and 0.80 mA-cm 2,
respectively. The presence of additional Ru, Co, and Fe plays impor-
tant role in adsorbing the OH species, exposed more Pt active sites
and decreased the Pt—Pt bond distance.

Li et al. [139] prepared ordered L1,-PtNiCo NPs (5 nm, Fig. 13(c))
using a bifunctional Pt/NiCoO, precursor in the mixture of
1-octadecene, OAm, glucose and PVP. The L1,-PtNiggCoq, catalyst
exhibited extremely high activities (2280 mA-mg !, 4.38 mA-cm 2,
Table 1, #42), which are 23 and 19 folds of the commercial Pt/C
(100 mA-mg~! and 0.23 mA-cm~2) ascribing to the modified elec-
tronic structure and the significantly high crystal ordering struc-
ture. DFT calculations suggest that the L1y-PtNiggCog, core can
optimize the Pt—O binding energy and enhance the reaction rate
by tuning the surface strain of Pt shell. Hyperbranched dendritic
PtNiCo nanoparticles (63-73 nm) with good dispersity and high
crystallinity were prepared by a thermal reduction strategy
[141]. Sun’s group also synthesized L1o-CoNiPt (5 nm) catalysts
successfully by organic-phase synthesis followed by annealing
and acid-post treatment method to convert the A1 to L1, structure
with a thin Pt shell surface [140]. STEM and EDX images showed
core-shell structure of L1y3-Co;Ni;Pt, with alternative layers of Pt
and Co/Ni, as well as thin (2-4 layers) Pt shell (Fig. 13(d)-(f)). It
was observed that L1, structured can only be obtained by anneal-
ing the Co;Ni;Pt,, rather than the samples with other composi-
tions, e.g, CoiNi,Pt3 and Ni;Pt;. The characterization results
indicated L1o-Co;Ni;Pt,/C has the largest compression along the

(111) direction among all the catalysts prepared. The presence of
Pt shell protected the inner core from further dissolution of non-
noble metals during the acid treatment. Furthermore, the lattice
mismatch between the Pt shell and the L1y core can generate Pt
surface strain. L1o-Co;Ni;Pt,/C displayed a MA (3.1 A mg~') and
SA (9.3 mA-cm~2), which is 31 and 58 folds of the commercial Pt/
C, respectively (Table 1, #43). After 30000 cycles, there is only
16% drop of MA at 60 °C in 0.1 mol-L"" HClO,4. The composition of
the used catalyst has no significant change comparing to the fresh
catalyst. This good performance is consistent with the theoretical
DFT and eigenforce model calculations to predict anisotropic
strains levels on distorted (111) Pt surface. L15-CoNiPt was found
has the near-optimum strain levels to provide good performance
for ORR due to the anisotropic compressive strain by introducing
of Co and Ni metals.

Pt3(NiCo), displayed superior mass and specific activities,
which are about 10 and 5 folds to the commercial Pt/C catalyst
(Table 1, #44) attributing to the ternary metal composition and
the dendritic morphology. Flower-like PtNiCo alloy were obtained
by a solvothermal approach followed by annealing process [29].
TEM studies revealed the flower-like structure with approximately
eight arms (8 nm) has average diameter of 25 nm (Fig. 13(g)). XRD
results observed a reducing of Pt—Pt bond distance due to the for-
mation of alloy nano-structure by introducing additional Co and Ni
metals in Pt matrix. The MA and SA (542.7 mA-mg~ !, 2.47 mA.cm 2,
Table 1, #45) for PtNiCo are 3.5 and 12 folds of Pt/C. Trimetallic
PtNiCo nanowires with fcc structure displayed a high ECSA of
82.2m? g ! (Fig. 13(h)) [142]. The PtNiCo nanowires demonstrated
exceptional mass and specific activities (4200 mA-mg !,
5.11 mA-cm2, Table 1, #46) which are 32.3 and 26.9 times higher
than those of the commercial Pt/C, respectively. The excellent per-
formance is due to the abundant (111) facets and the Pt-rich shell
in the subnanometer PtNiCo nanowires as confirmed by DFT
simulations.

Core-shell Pt3Co@Pd catalysts are prepared and showed good
activity for ORR attributing to the optimum oxygen adsorption
energies on stable active sites [188]. The DFT calculation indicated
that the 3d values of the optimum model catalysts are similar to
that of pure Pt (111) and fall around the top of the volcano plot.
Wang et al. [189] synthesized PtPdCo mesoporous nanoparticles
in an aqueous solution in the absence of any organic solvent or
hard template. AA is used for the co-reduction of the trimetallic
precursors. Ptgs.15Pd3072C05.13 MNs with a highly porous structure
(105 nm, Fig. 13(i)) exhibited good activity and stability for ORR
due to the synergy of components and structure effects.

Lee et al. [143] synthesized an Au-doped PtCo/C catalyst via gas-
phase reduction and galvanic replacement (Fig. 13(j)). TEM images
showed AuPtCo particles with uniform distribution of Au have an
average nanoparticle size about 5.6 nm. The current density of
the AuPtCo/C (810 mA-mg~!, Table 1, #47) was higher than com-
mercial Pt/C catalysts (230 mA-mg '). DFT results proved that
the presence of Au suppressed the segregation of Co atoms to the
surface. Coutanceau et al. [195] synthesized spherical PtgAu,Co,
and bean-like PtgAu,Cu, nanoparticles dispersing on carbon sup-
port using a water-in-oil micro-emulsion method for ORR. The Ptg-
Au,Co, displayed higher activity than the PtgAu,Cu, due to the
spherical structure with higher surface area. Wadayama et al.
[196] prepared Au-doped PtCo@Pt nanoparticles which has higher
stability and SA than the non-Au-doped PtCo nanoparticles. STEM-
EDS mapping of the alloy indicated that Au tended to deposit on
the corners and edges with low-coordination sites (Fig. 13(k)).
Au-PtCo@ Pt showed activity of 5 folds of the commercial Pt/C,
but lower activity than the bimetallic PtCo@Pt due to the decrease
in the ECSA of Au-PtCo@ Pt. Lee et al. [19] synthesized ternary
PtCuCo RNFs with reinforced vertex structure by doping Co to
the PtCu nanoframes. The reducing power of AA and the Cl~ from
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Fig. 13. (a) TEM image and the particle-size distribution of Rh@Co@Pt-skin NDs [138], (b) STEM image of dealloyed PtCoFe-H4 [108], (c) TEM image of C-L1,-PtNiggCog 2 NPs
[139] and (d) STEM image of a L1,-CoNiPt NP with thin Pt shell [139], (e) a schematic of L1,-CoNiPt and (f) elemental mapping images, where Pt is red, Ni is blue, and Co is
yellow [139], (g) PtNiCo-16 h/C [29], (h) STEM image of PtCoNi NWs [142], (i) TEM image of the PtPdCoMNs [189], (j) scheme of the Au-doped PtCo catalyst preparation [43],
(k) structural model of the Au-PtCo@Pt NP [196], TEM image of (1) Co-PtCu RNC and (m) Co-PtCu RNF [19], (n) DFT modeling of a PtIrCo model [191].

CoCl, have significant effect to the generation of rhombic dodeca-
hedral Cu core. The edges of CoPtCu RNC and PtCuCo RNF are
around 23.6 and 22.2 nm, respectively, indicating a slight decrease
of the particle size after etching process (Fig. 13(1), (m)). The activ-
ities of CoPtCu RNF/C (1560 mA-mg~', 5.03 mA-cm 2, Table 1, #48)
are superior to those of PtCu RNC/C (770 mA-mg ', 2.56 mA-cm 2)
and Pt/C (290 mA-mg~', 0.30 mA.cm~2), attributing to the lower

Pt-OH,q binding energy by alloying Co component to Pt surface
atoms and the open frame structure.

Tungsten (W), a refractory 5d transition high valency metal, can
significantly enhance the electrocatalytic performance of Pt based
catalyst for the ORR, ascribing to the unique physical and chemical
properties. Graphene-supported ternary PtCoW alloy (2.9 nm) was
synthesized by a polyol co-reduction method [144]. The highly
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Fig. 14. Summary of the catalytic performance of PtCo catalyst with different morphologies for ORR.

alloyed PtCoW showed superior activities (2250 mA-mg !,
3.41 mA-cm~2, Table 1, #49), which are 4.2 and 4.3 folds of PtCo
alloy and 12 and 13 folds of Pt/C. The W atoms can strengthen
the adsorption of oxygen molecules and facilitate desorption of
the oxygenated intermediates on the adjacent Pt active sites,
ascribing to the stronger electronegativity, higher unsaturated 5d
orbitals, and higher valency coordinated with the oxygenated
groups. Pastor et al. [194] synthesized graphitized carbon sup-
ported Pt,CrCo catalysts via the borohydride reduction method.
XRD and XPS analysis indicated that Cr,03 and ordered Pt;Cr alloy
formed at higher annealing temperature. The catalyst annealed at
700 °C showed the highest activity, attributing to the shortest
Pt—Pt bond distance and the super-lattice planes of the ordered
Pt5Cr alloy. Adzic et al. [191] prepared PtirCo (Fig. 13(n)) and
demonstrated higher MA and SA (750 mA-mg ', 0.3 mA-cm2) than
that of PtIr catalysts. The PtIrCo synergistic effect changed the elec-
tronic/geometric structure and led to segregation effects.

So far, PtNiCo catalyst displayed the best catalytic performance
among all the catalysts being reported in the past decades (Fig. 14).
The finding is consistent with the volcano plot which was pre-
dicted by DFT calculation by Arenz’s group [111]. It is reasonably
that PtNi and PtCo both located near the apex of the volcano plot.

5. Conclusions

This work summarized the recent progress of the synthesis,
morphology and the electrocatalytic performance of PtCo-based
multimetallic alloy nanocatalysts for ORR. The synthesis method,
size, morphology, and the catalytic performance have been sys-
tematically summarized and critically analyzed. The superior

activity of PtCo nanoalloys are ascribing to the following factors:
(1) Alloying Pt with Co can generate strain and synergetic effect,
which can make the down-shift of the Pt d-band center, change
the Pt 5d band vacancy, tune the Pt—Pt bond distance, modify
the Pt electronic structure, weaken the adsorption of the interme-
diates to the neighboring Pt atoms, and expose more active sites,
thus eventually enhance the catalytic activity, stability, and Pt uti-
lization efficiency. (2) The size, morphology, crystal planes, and
surface defects can affect the catalytic activity significantly. The
ordered structure NPs have higher stability compared to the disor-
dered ones. The core-shell structure can effectively protect the Co
species from dissolution, thus improve the stability of the catalysts.
Defect-rich surfaces and high index facets are desired for highly
active catalysts for ORR. Larger ECSA can improve the diffusion of
the active species and facilitate the electron transport, thus
enhance the activity for ORR. (3) The synthesis method and proper
operating conditions have significant effect to the morphology of
the PtCo based alloys, e.g., the metal precursors, the surfactant, sol-
vent, capping and reducing agent. The preparation temperature
and the annealing process also affect the performance significantly.
At proper annealing temperature, the disordered PtCo can trans-
form to ordered structure with minimum aggregation. (4) The sup-
port has significant effect to the electrocatalytic performance and
durability by effectively disperse the active nanoparticles and pro-
tect them from collapse and aggregation. Furthermore, the syner-
gistic effect between metal atom and support can accelerate the
sluggish ORR kinetics.

For future work, more attentions need to be paid on following
aspects: (1) The new strategies to precisely control the size and
morphology of the Pt-based alloys are needed to be further inves-
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tigate. The reaction parameters, kinds of metal precursors, solvent
and reducing/capping/structure directing agents should be regu-
lated. (2) Ternary PtNiCo catalysts displayed the highest MA and
SA for ORR comparing to the other catalysts as reviewed and sum-
marized above (Fig. 14). The nature of the adding metal, the metal
composition, and the preparation methods should be considered to
obtain highly active multimetallic catalysts. (3) Both the activity
and stability of the catalysts needs to be considered for the practi-
cal application. Hence, new supports with highly porous struc-
tures, high conductivity, large ECSA, and good stability are
extremely desired. Graphene has great potential as supports for
application in fuel cells, however, the massive and inexpensive
production of graphene with less defects and impurities needs to
be further studied. (4) The utilization efficiency of Pt is still low
to make the catalyst more economical. Catalysts with lower pro-
portion of precious Pt metal in alloy, even Pt-free alloy, should
be paid more attention, e.g., multi-metallic Pt based nanoalloys,
core-shell structure Pt based nanoalloys with Pt skin and non-Pt
metal core. Otherwise, non-Pt-based Co catalysts have aroused
much attention and made some progress [40], e.g., Co-based N-
doped carbon materials (Co-N-C) [199,200], heterometal (Cu, Fe,
Ni) co-doped Co-N-C materials [201-204], and nonmetal (S, B, P)-
doped Co-N-C materials [205,206]. (5) The reaction and catalyst
deactivation mechanism of the ORR process over Pt based nanoal-
loys should be thoroughly studied by both experimental and DFT
calculation methods to understand the structure-activity relation-
ship to the atomic level to guide the rational design of electrocat-
alyst for ORR. Therefore, more efforts should be devoted to the
above-mentioned directions to developing highly active, economic,
and durable catalysts for the commercialization of fuel cell
systems.
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