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In recent years, development to increase the performance of Pt-based catalysts and reduce the cost has
received significant attention. Among them, the preparation of Pt-based catalysts with high atom
utilization efficiency can induce more active sites between the Pt atoms and participating molecules,
resulting in improved mass activity. In addition, the combination of high atom utilization efficiency with
well-controlled surface structure and composition could boost the mass activity for Pt-based catalysts.
This review describes recent progress in the design and synthesis of Pt-based catalysts with high atom
utilization efficiency and their enhanced catalytic performance in electrochemical catalytic reactions.
The significance for the fabrication of nanostructures and single atom catalysts with high atom
utilization will be presented in the introduction section. We discuss the synthetic strategies according to

Received 5th October 2018, two routes: (1) the rational design of Pt nanostructures, including porous, nanowire, core-shell and

Accepted 6th December 2018 hollow structures; and (2) preparation of Pt single atom catalysts and the stabilization of single atoms.

DOI: 10.1039/c8ee02939¢ Additionally, we discuss the superior electro-catalytic applications of Pt-based catalysts with high atom

utilization efficiency. These recent advancements in rational design of Pt-based catalysts offer numerous

rsc.li/ees cases for potential industrialized catalysts with high mass activity and reduced cost in the future.

Broader context

Pt-Based catalysts have attracted increased attention due to their unique electrochemical catalytic properties, involving the oxygen reduction reaction, hydrogen
evolution reaction etc. Notwithstanding the superior properties of Pt catalysts, the low abundance of Pt and subsequent high cost hinder the commercial
application of Pt catalysts. With the development of heterogeneous catalysis, surface science and nanotechnology, it has been extensively proved that the
improvement of the atom utilization efficiency (AUE) of Pt catalysts can effectively reduce catalyst cost and simultaneously improve their electrochemical
properties. To achieve a high AUE of Pt, Pt nanocrystals were rationally designed as some specific structures (such as porous, nanowire, core-shell and hollow
structures). Additionally, a maximum efficiency of 100% can be reached when the size of Pt catalysts is reduced to single atoms. This review focused on
synthetic strategies of high AUE Pt-based catalysts from nanostructures to single atoms. The rational design of Pt-based catalysts with high AUE will lead to new
highly active Pt catalysts for electrochemical reactions. Additionally, the systematic synthesis of Pt catalysts would provide useful experience for preparation of

other noble metal catalysts.

1. Introduction

Noble metal nanocatalysts are widely seen in several industrial
applications due to their unique intrinsic properties and catalytic
activities. Pt, as one typical noble metal, has received increased
attention due to its irreplaceable catalytic properties in many areas,
including the energy, pharmaceutical, petroleum, and automotive
industries."™ In recent years, Pt has been considered to be an
effective catalyst in fuel cell-related reactions. Pt-Based catalysts
exhibit great electrochemical performance in both anode and
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cathode catalytic reactions.”™® At this point, several types of fuel
cells have achieved being commercialized. For example, the Toyota
Mirai, which is equipped with a proton exchange membrane fuel
cell, was unveiled at the November 2014 Los Angeles auto show.’
Direct methanol fuel cells and direct formic acid fuel cells can
produce a small amount of power over a long period, ideal for
mobile phones and other portable electronics.®™** Notwith-
standing the superior properties of Pt catalysts, the low abun-
dance of Pt and subsequent high cost hinder the commercial
application of Pt catalysts.

With the development of heterogeneous catalysis, surface
science and nanotechnology, it has been extensively proved that
the properties of Pt catalysts are highly dependent on their
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composition, atom arrangement on surfaces and surface
area.*™® With the fabrication of bimetallic or trimetallic
catalysts, the performance can be improved due to ensemble
and ligand effects. For example, with the formation of a PtNi
bimetallic structure, the oxygen reduction reaction (ORR) prop-
erties can be significantly improved compared with pure Pt
catalysts.”®>® However, the alloy structure is not stable during
the ORR test, and Ni atoms tend to be corroded during the
reaction. As a result, the alloy structures can not maintain good
stability during long-term testing. Another route for enhancing
the electrochemical activity is to design the surface structure of
Pt-based catalysts. With the understanding of growth theories
of nanocrystals, Pt catalysts with different surface arrange-
ments have been successfully prepared. Pt catalysts with
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high-index facets exhibited greatly enhanced activity towards
formic acid oxidation.?”** It should be pointed out that most of
the well-controlled Pt catalysts have a large particle size, which
induces a smaller surface area. Accordingly, most of the
catalysts exhibit good specific activity normalized by the elec-
trochemically active surface area (ECSA); yet their mass activity
was not obviously improved. Among various different routes for
improving the activity of Pt catalysts, one of the most direct
routes to increase mass activity for Pt catalysts is to increase the
atom utilization efficiency (AUE) by designing some specific
structures (such as porous, nanowire, core-shell and hollow
structures) or reducing the particle size to single atom catalysts.
The AUE is the ratio of atoms exposed on the surface to the total
atoms in the catalysts. The AUE can be increased by reducing
the particle size, thus providing more active sites between the
Pt atoms and participating molecules. For example, the AUE of
Pt atoms can be increased from 9.5% to 26% by reducing the
edge length of a Pt cube from 11.7 to 3.9 nm. However, Pt
catalysts with extremely small size tend to sinter (form larger
particles) and detach from the support during operation.
Consequently, it is of great importance to develop synthetic
strategies for Pt based catalysts with high AUE. In recent years,
significant progress has been made on this point and several
different types of nanostructures and Pt-based single atom
catalysts have been successfully synthesized. However, most
reviews have focused on a summary of the composition or
shape-controlled synthesis of Pt-based catalysts. Few discussions
on the AUE of Pt catalysts can be found in recent reviews. As such,
a comprehensive and inspiring summary of Pt-based nanocrystals
with extremely high AUE for catalytic applications is meaningful to
present. This review describes recent progress on the syntheses,
characterization and catalytic applications of Pt based catalysts
with high AUE. The summary of improvement of AUE is described
through two routes: (1) the rational design of Pt nanostructures;
and (2) the preparation of Pt single atom catalysts. In regards to
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the rational design of Pt structures, we discuss four typical
structures to improve; these are porous structures, ultrathin
nanowires, core-shell nanoparticles with ultra-thin shells and
nanocages with subnanometer walls. We will also discuss a
number of synthetic strategies for controlling Pt single atom
catalysts and improving the stability of single atom catalysts and
clusters. Furthermore, we highlight several important electro-
catalytic applications and enhanced mechanisms of Pt based
catalysts with high AUE, including the ORR, methanol/formic
acid oxidation reaction and hydrogen evolution reaction (HER).

2. Rational design of Pt nanostructures
2.1 Pt-Based porous structures

2.1.1 Hard template and soft template replication methods.
Due to the high surface energy of small clusters, Pt particles tend
to sinter and aggregate during the catalytic reaction. For this
reason, Pt-based porous structures are fabricated both to avoid
aggregation and provide a high AUE. The interior atoms of the
porous structures can take part in the reactions due to the
channels on the surface. To fabricate porous Pt nanostructures,
hard template and soft template replication methods are
considered two effective protocols. For the hard template
process, three main steps are involved to create Pt porous
structures: (1) the preparation of a sacrificial template (silica,
polymer, etc.), (2) deposition of Pt in the pores, and (3) removal
of the template.*® Based on this protocol, Kuroda and co-workers
fabricated a dual template composed of assembled silica arrays
and a Pluronic P123 block copolymer to synthesize cage-type
mesoporous Pt nanostructures with adjustable large mesopores
and rough surfaces.*® Yamauchi et al. obtained olive-shaped
mesoporous Pt nanoparticles by reducing Pt sources in a
mesoporous silica (SBA-15) template (Fig. 1A and B).** Then,
Yamauchi extended the hard template method to prepare
mesoporous Pt-Ru alloy particles. Mesoporous Pt-Ru alloy
particles with a pore size of 3.0 nm were obtained by using
mesoporous silica as the template.>®

Soft template replication is another route to prepare Pt
mesoporous structures. Lyotropic liquid crystals (LLCs), made
of highly concentrated surfactants, possess long-range periodic
nanostructures in the mesoscale range, which make them good
soft templates for the preparation of mesoporous materials. In
1997, Attard and coworkers fabricated mesoporous Pt NPs from
LLCs for the first time.?” Yamauchi and co-workers found that
the pore size of the obtained Pt mesoporous structure can be
rationally designed by using LLCs composed of diblock copolymers.
Mesoporous Pt particles with giant mesocages (approximately
15 nm) were synthesized via electrochemical deposition (Fig. 1C
and D).*® Another approach using soft templates is to use a micelle
assembly in a low-concentration surfactant solution. In this
procedure, surfactant micelles can form when the surfactant
concentrations were set above the critical micelle concentration
(CMC). Mesoporous Pt films with a wide range of controlled
mesopore sizes can be constructed by using different surfactants
and added organic expanders through potentiostatic deposition.*
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Fig.1 (A and B) Scanning Electron Microscope (SEM) images of the
mesoporous Pt particles prepared from mesoporous silica (SBA-15).
Adapted with permission from ref. 35. Copyright 2012 Wiley-VCH. (C
and D) SEM images of the mesoporous Pt particles prepared by using
LLCs composed of diblock copolymers as the soft template. Adapted with
permission from ref. 38. Copyright 2008 Wiley-VCH. (E) SEM and trans-
mission electron microscope (TEM) images of the Pt fibers prepared from
the LLCs and PAAMs. Adapted with permission from ref. 43. Copyright
2008 American Chemical Society.

In addition, bimetallic mesoporous films (Pt-Au, Pt-Ru and Pt-Pd)
with tuneable composition can be obtained in the presence of
different precursors.’®™** Furthermore, the hard template and
soft template methods can be combined in one reaction
system. Yamauchi prepared Pt mesoporous fibers by a dual-
template route, which used LLCs as mesostructural direct
templates and porous anodic alumina membranes (PAAMs)
as morphological direct templates (Fig. 1E).*?

2.1.2 Highly branched Pt nanostructures. In recent years,
highly branched Pt nanostructures have received a tremendous
amount of attention due to their large surface area, high
density of edge/corner atoms and tunable composition.**™>”
Shelnutt et al. first reported the fabrication of Pt dendrites
through an aqueous reduction method.’® The uniform Pt
dendrites can be prepared by using sodium dodecyl sulfate
or polyoxyethylene (23) lauryl ether (Brij-35) as the surfactant
and ascorbic acid as the reducing agent. Yamauchi prepared
dendritic Pt nanoparticles by using the Pluronic F127 block
copolymer (PEO;4oPPOgPEO; o) as the surfactant.”” The Pluronic
chains, which adsorbed on the Pt surface during the Pt deposition
in this system, could form cavities and then facilitate the for-
mation of the porous structure. The as-prepared dendritic Pt
nanoparticles had a surface area of 56 m* g, much higher than

This journal is © The Royal Society of Chemistry 2019
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that of Pt black. In addition, the size of the porous Pt dendrites can
be controlled from 13 nm to 53 nm by adjusting the reaction
temperature.*® Recently, Jin and coworkers developed a universal
approach to prepare Pt, Pd and Au nanodendrites.*® An amino acid
based surfactant, sodium N-(4-n-dodecyloxybenzoyl)-1-isoleucinate,
was employed as the surfactant due to its pH-dependent self-
assembly properties. The porous Pd, Pt and Au structures can be
obtained by controlling the pH at 5.0 for the formation of vesicles
of the surfactant.

In comparison to pure Pt metals, Pd-Pt bimetallic porous
structures exhibited much better performance. Xia and
co-workers prepared Pd-Pt dendrites through a seed-mediated
growth method.” The 23.5 nm bimetallic nanodendrites consisted
of a dense array of Pt branches on a core of truncated octahedral
Pd (Fig. 2). Both homogeneous and heterogeneous nucleation of Pt
occurred at very early stages of the synthesis. The truncated
octahedral Pd seeds provided multiple nucleation sites for Pt
atoms to attach on their surfaces.”® In addition, the introduction
of Pd seeds helps avoid overlap and fusion between the Pt
branches during the growth process. The porous particles showed
a single crystalline structure, indicating a highly ordered orienta-
tion of Pd and Pt atoms. The exposed facets were concluded to be a
mixture of {100}, {111} and {110}, together with some high-index
facets. The mass activity of the porous structure is 2.5 times that of
commercial Pt/C due to the high surface area and the exposure of
particularly active facets. A similar Pd-Pt dendritic structure is
obtained by reducing platinum(u) acetylacetonate (Pt(acac),) in a
diphenylether/oleylamine mixture in the presence of preformed
5 nm Pd nanoparticles as seeds.® The as-prepared Pt on Pd
dendrites exhibited both excellent activity and stability towards
the oxygen reduction reaction (ORR). To develop a one-pot synthesis
of Pd-Pt porous structures instead of seed-mediated growth,

Fig. 2 (A and B) TEM and HAADF-STEM images of Pd—Pt nanodendrites
synthesized through seed-mediated growth in an aqueous solution. (C—-E)
High-resolution transmission electron microscopy (HR-TEM) image recorded
from the center and edge positions of one Pd—Pt nanodendrite. Adapted
with permission from ref. 50. Copyright 2009 American Association for the
Advancement of Science.
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Yamauchi reduced Pt and Pd precursors simultaneously in the
presence of Pluronic P123 as a surfactant.® Thanks to the
different standard reduction potentials of Pd and Pt, the Pd
cores formed first, followed by the deposition of Pt dendrites on
the cores. By supporting the as-prepared Pt-on-Pd bimetallic
dendrites on graphene nanosheets, the electrochemical perfor-
mance of the catalysts can be further enhanced due to the
improved dispersion and the interface between the metal and
graphene. Based on this point, graphene/bimetallic nano-
dendrite hybrids were prepared by depositing Pd atoms on
graphene nanosheets, followed by the selective deposition of
Pt on Pd particles.”® The size and different numbers of Pt
branches can be precisely controlled by adjusting the amount
of Pt precursor.

In addition to Pd-Pt bimetallic dendrites, several Pt-based
porous structures with different compositions were fabricated.
For instance, Wang et al. synthesized Pt-on-Au bimetallic
dendrites through a one-step wet-chemical reduction route.
The reduction kinetics for Pt is much slower than that of Au,
which resulted in the formation of Au cores and Pt nanobranches.>®
Besides the doping of noble metals, 3d-transition metals were
introduced by simultaneously reducing Pt and 3d-transition metal
precursors. Li and co-workers prepared highly branched Pt-Ni
nanocrystals by simultaneously reducing Pt(acac), and Ni(acac), at
250 °C.>° Sun et al. demonstrated a facile one-pot synthetic strategy
to produce PtFe and PtRuFe nanodendrites.®® During the reaction,
Fe atoms were formed at the initial stage; then galvanic replacement
of Fe with Pt species in the solution led to the growth of PtFe alloyed
dendrites. With the introduction of Ru precursors into the synthesis
system, Ru could be coreduced with Pt and alloyed into PtFe
dendrites, forming ternary PtRuFe nanodendrites.

2.2 Pt-Based ultra-thin nanowires

Although nanoporous structures can maintain a high AUE for
Pt catalysts, the exposed surface facets are complicated due to
the uneven surface atom arrangement. Shape-controlled synthesis
can obtain a nanocrystal with a smooth surface, which has specific
facets exposed. Among various nanostructures, ultra-thin nano-
wires are considered a nanostructure with high AUE due to their
extremely high length-diameter ratio.®*”* Lou and Wang fabri-
cated ultrathin (3 nm) Pt nanowires by reducing chloroplatinic
acid hexahydrate in a mixed solvent of KOH, N,N-dimethyl-
methanamide (DMF) and ethylene glycol.®* The formation process
of nanowires follows an oriented attachment mechanism instead
of seed-mediated growth, with KOH playing an important role. In
addition, the as-prepared nanowires tended to self-assemble into
bundles with a diameter of 30 nm, due to their high surface
energy. Ultra-thin Pt nanowires can also be prepared by symmetric
growth from dumbbell seeds.®* The length of the nanowires (with
a uniform diameter of 2-3 nm) can reach up to several microns
after the seed-mediated growth. In this case, the formation of
dumbbell-like nuclei played a pivotal role in the formation of the
Pt nanowires. In addition to the wet-chemical reduction method,
ultra-thin Pt nanowires can be prepared by a modified phase-
transfer method by using n-dodecyltrimethylammonium bromide
as the phase-transfer agent.®® The width of nanowires is controlled
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Fig. 3 (A-C) STEM image, TEM image and HR-TEM image of subnan-
ometer Pt nanowires, respectively. Adapted with permission from ref. 66.
Copyright 2017 American Association for the Advancement of Science. (D
and E) TEM and HR-TEM images of ultrathin Pt nanowires grown on NCNT.
Adapted with permission from ref. 68. Copyright 2009 Wiley-VCH. (F and
G) TEM and HR-TEM images of Pt NWs on single-layer Ni(OH),. Adapted
with permission from ref. 69. Copyright 2015 Nature Publishing Group.

to be 2.3 nm and the length is over 30 nm. In addition to pure Pt
nanowires, Huang et al. prepared Pt, PtNi, PtCo and PtNiCo
subnanometer alloy nanowires in an oleylamine system.®® Four
to five atom wide Pt nanowires can be obtained by using oleyl-
amine as a reducing agent and cetyltrimethylammoniumchloride
(CTAC) as the surfactant (Fig. 3A-C). To reduce Ni and Co
precursors together with Pt, glucose is used as the reducing agent
instead of oleylamine. The length of nanowires can be tuned from
9 nm to 35 nm by adjusting the amount of Mn(CO). Thanks to the
atomic level character and alloy effect, the as-prepared Pt-based
alloy exhibited boosted ORR activity. In another study, by reducing
Pt(acac), with Fe(CO)s in the presence of oleylamine solution, PtFe
ultra-thin nanowires can be prepared through a solution-phase
reduction method.®” In this case, the Pt/Fe composition of the
nanowires can be tuned from 0.8:1 to 2.4 : 1; furthermore, the PtFe
nanowires have a high electrochemical area of 52 m* g~ * and a Pt
utilization of 76%.

To avoid the aggregation of free-standing nanowires, the
direct growth of Pt nanowires on active supports can effectively
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improve the stability of Pt nanowires. Sun and co-workers
synthesized ultra-thin Pt nanowires with a diameter of 2.5 nm
and length of 100 nm on nitrogen-doped carbon nanotubes
(N-CNTs) (Fig. 3D and E).°® The Pt nanowires were grown on
N-CNTs by a very simple aqueous solution method at room
temperature. The defects associated with N incorporation in
N-CNTs promoted Pt nucleation on the N-CNTs and the aniso-
tropic growth of ultrathin nanowires. Tang et al. report a design
strategy for the growth of Pt nanowires on two-dimensional
single layered Ni(OH), nanosheets (SL-Ni(OH),) (Fig. 3F and G).*°
In this reaction system, formamide acts as both the solvent for
dispersing SL-Ni(OH), nanosheets and the reducing agent for
generation of Pt nanowires. The introduction of KOH increased
the reducing ability of formamide, which aids the heterogeneous
growth of 1D Pt nanowires. This Pt nanowire/SL-Ni(OH), hybrid
material exhibited 4-5 times higher HER activity in alkaline
conditions compared to a commercial Pt/C catalyst.

2.3 Pt-Based core-shell structures with ultra-thin shells

Among various nanostructures, core-shell structures have
exhibited unique properties due to their bimetallic character.
Although many efforts have been made for the preparation of
X-Pt (X = Cu, Au, Pd) core-shell structures, most of the
as-prepared Pt shells are too thick (>5 nm). It can be expected
that when the thickness is reduced to less than 4 atomic layers,
the AUE of catalysts can exceed 25%. To achieve an ultra-thin Pt
shell, Adzic and co-workers developed a method for depositing
Pt monolayers involving the galvanic displacement by Pt of
an underpotentially deposited (UPD) Cu monolayer on a Pd
substrate.”> A full monolayer of Cu can be deposited on Pd
through electrodeposition, with Pt atoms being irreversibly
deposited onto the Pd substrates through a galvanic replace-
ment reaction. During the Pt deposition process, the UPD Cu
layer lowers the rate of Pt deposition and enhances surface
diffusion of Pt adatoms, resulting in a smooth Pt monolayer.”®
As the Pt shell is very thin, the properties of the Pt monolayer
may be greatly influenced by the core material. By changing the
Pd core to PdyAu,, the stability of Pt monolayer catalysts was
significantly enhanced. The Pt/PdoAu; catalysts showed minimal
degradation in mass activity (only 8%) over 100000 cycles
durability test; while the Pt/Pd electrocatalyst declined to 37%
after 100000 cycles.”” In addition, Liao and co-workers pre-
pared Pd;Ru;Ni, alloy nanoparticles as the core by a chemical
reduction method for the deposition of a Pt monolayer. They
found that the addition of Ni to the core played an important
role in enhancing the oxygen reduction activity and stability.”®

In addition to the galvanic replacement reaction method,
Liao and Adzic reported a pulsed electrodeposition method for
direct growth of ultra-thin Pt layers on TiNiN substrates.”® The
Pt catalyst was deposited on a TiNiN support, which avoids
carbon-support corrosion. Besides the pulsed electrodeposition
method, Toyoda et al. fabricated an epitaxial Pt thin film with a
thickness of 1.5 nm on a TaB,(0001) single-crystal substrate by
vacuum deposition at room temperature.®® With the electronic
effect of Ta on Pt, the d-band center for the PtTa alloy is lower
than pure Pt, thus the as-prepared Pt/TaB, exhibited enhanced

This journal is © The Royal Society of Chemistry 2019
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ORR specific activity (normalized by the ECSA). Moreover, with
the formation of an ultra-thin Pt shell, the mass activity is six
times higher than that of Pt/C.

The wet-chemical reduction method is also an effective route
for the preparation of uniform ultra-thin Pt shells. However,
during the direct growth of Pt shells through wet-chemical
reduction, the Pt atoms often take an island growth mode
because of strong bonding between Pt atoms. To avoid the
self-nucleation of Pt atoms, Xia and co-workers introduced
a solution-phase method for the conformal deposition of
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ultrathin shells of Pt on Pd nanocrystals with control on the
atomic scale.®”®> A high temperature (200 °C) and slow injec-
tion rate of Pt precursors are key for the formation of Pd@Pt
core-shell structures with smooth Pt shells. The atomic layers
of Pt can be precisely controlled from 1 to 8 layers by adjusting
the amount of Pt precursor. As shown in Fig. 4A-C, the Pt atoms
are evenly deposited on Pd nanocubes, maintaining the initial
core surface structure. The growth mechanism contains two
steps: the deposition of Pt atoms at the corner of Pd cubic
seeds and the diffusion of Pt atoms from corners to surfaces.

Fig. 4 Low-magnification HAADF-STEM images, HAADF-STEM images of individual particles and atomic-resolution HAADF-STEM images of four
Pd@Pt core-shell structures with different morphologies: (A—C) nanocubes; (D-F) octahedrons; (G-I) icosahedrons; (J—-L) decahedrons. Adapted with
permission from ref. 81 (Copyright 2014 American Chemical Society), 86 (Copyright 2015 American Chemical Society), 89 (Copyright 2015 Nature

Publishing Group) and 91 (Copyright 2015 American Chemical Society).
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The diffusion rate is greatly dependent on the reaction tem-
perature and when the reaction was carried out at 180 °C, the
products exhibited a concave structure. Thanks to the ultra-thin
shell, the large Pd@Pt core-shell structures (~20 nm) exhibited
higher mass activity compared with commercial Pt/C. In addition
to catalyzing the ORR, the cubic Pd@Pt catalysts were also applied
to the HER and photocatalytic water splitting. The ultra-thin Pt
shell provided an opportunity to investigate the surface polariza-
tion mechanism for enhanced HER performance of Pt catalysts.*
By depositing the cubic Pd@Pt catalysts on TiO,, the well-designed
nanocrystals acted as good co-catalysts for photocatalytic water
splitting.®*

As {111} facets exhibit higher ORR activity than {100} facets,
the growth system was extended to the preparation of octahedral
PA@Pt catalysts.®® Because Pd(111) has a much lower surface free
energy than Pd(100), the injection rate must be slower than that
for preparation of cubic structures to avoid the formation of Pt
clusters. The Pd@Pt octahedra can be obtained in aqueous
systems at a much lower temperature by using a weak reducing
agent.®® As shown in Fig. 4D-F, the Pt atoms prefer to deposit on
{100} sites due to the relatively higher surface energy of {100}
facets. When using Pd nanoplates as the seeds, two different types
of PdA@Pt nanoplates can be fabricated by using polyol- and water-
based protocols. In contrast to cubic and octahedral seeds, the
surface energy of the side faces is much higher than the top
surface due to the presence of twin boundaries. As a result, evenly
covered Pd@Pt nanoplates can be obtained in a polyol-system due
to the high atom diffusion rate; while the Pt atoms only selectively
deposited on the side faces in water-based protocols.®”

The catalytic activity of Pd@Pt core-shell structures with
high AUE can be further increased through Pd seeds with twin
defects. With the introduction of surface strain, the binding
properties of adsorbates can be modified. For instance, Yang
and coworkers reported that the specific activity (normalized by
the ECSA) of Pt;Ni icosahedra, whose surface was under a
tensile strain, was 1.5 times that of Pt;Ni octahedra with a
similar size.®® Therefore, the combination of high AUE, {111}
facets and twin defects can enhance the ORR activity further
than any singular effect. With the deposition of Pt atoms on
Pd icosahedrons, the Pt overlayers are forced to evolve into a
compressed, corrugated structure due to the lateral confine-
ment imposed by the boundaries of twin defects (Fig. 4G-I).
Density functional theory (DFT) calculation results showed that
the introduction of a compressive strain weakens the binding
energy of OH, allowing the Pd@Pt,; icosahedra to exhibit
substantial improvement in both activity and durability
towards the ORR.® Similar to icosahedra, Pd decahedra also
contain the boundaries for twin defects, which may have
strong ORR performance.’®®' Yang et al. reported a facile
approach that allows one-pot epitaxial growth of a uniform
Pt shell on Au decahedral cores with a starlike geometry.®® The
introduction of an amine decreased the surface energy of Pt,
promoting epitaxial growth on the Au cores. In addition, Xia
and co-workers prepared Pd@Pt decahedra with twin bound-
aries as shown in Fig. 4]-L.°" The as-prepared Au-Pt and Pd-Pt
decahedra catalysts both exhibited better ORR performance
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than Pt/C, due to the strong electron interaction arising from a
lattice-matched interface.

2.4 Pt-Based hollow structures

2.4.1 Pt-Based nanocages with subnanometer walls.
Generally, nanocage structures can be fabricated by a galvanic
replacement reaction, with Ag nanocubes being widely used as
the seeds for fabrication of Au, Pd and Pt nanocages.”>%* The
sizes and shapes of the Pd and Pt nanocages are determined
primarily by the Ag nanocube sizes and reaction temperatures.®*
Pd seeds can also be used as the seeds for the preparation of
Pt-based nanocages. For example, Han and co-workers prepared
cubic and octahedral Pt nanocages with 8 nm thick walls.*®
However, the thickness of nanocages prepared from galvanic
replacement or one-pot synthesis is too large, with a low AUE.
To obtain nanocages with ultra-thin walls, an effective route is to
fabricate core-shell structures, followed by the selective etching of
interior cores. Thanks to the successful preparation of Pd@Pt
core-shell nanostructures with ultra-thin shells, cubic and
octahedral Pt nanocages with subnanometer-thick walls can
be obtained by selectively etching Pd cores with FeCl; and HCl
(Fig. 5A-D).°® These nanocages are approximately 6-7 atomic
layers thick. The formation of a channel to dissolve the Pd
atoms was the key for the generation of nanocages. DFT results
showed an energy barrier of 0.99 eV for the diffusion of Pt
adatoms across a Pd(100) surface. In contrast, a Pt adatom can
substitute into the Pd surface, with a barrier of just 0.74 eV,
which means that some Pd atoms will be incorporated into the
Pt shell (Fig. 5E). Upon contact with the etchant, the Pd atoms
in the outermost layer are oxidized to generate surface vacancies.
The underlying Pd atoms then diffuse to these vacancies and are
continuously etched away, leaving behind atom-wide channels
(Fig. 5F). The morphology of nanocages is highly dependent on
the Pd@Pt core-shell structure. For example, plate-like Pt nano-
cages and Pt nanorings are obtained from the Pd@Pt nanoplates
prepared in polyol and water-based systems, respectively.®”

Pt-based icosahedral nanocages whose surfaces are enclosed
by both {111} facets and twin boundaries were prepared using
Pd@Pt icosahedra as seeds (Fig. 6).°”°® During the selective
etching of Pd cores, the Pt atoms on the shell reconstruct and
the lateral confinement imposed by the twin boundaries no
longer exists in the nanocage structure (Fig. 6E). Thanks to the
synergistic effect of {111} facets, twin defects, and ultrathin
walls, the icosahedral nanocages exhibited a mass activity of
1.28 A mg ', which is 6 times that of Pt/C catalysts. Unlike the
coating of a Pd icosahedral seed, the Pt atoms prefer to stay at
the vertices and edges/ridges of a decahedral seed even when
the deposition is conducted at 200 °C, naturally generating a
core-shell structure covered by concave facets.”’ After the
etching process of the concave decahedra, some of the {111}
facets were etched away, whereas the majority of Pt atoms on
the edges/ridges and vertices of the decahedra were retained.

2.4.2 Pt-Based nano-frame structures. Similarly, Pt-based
nanoframes can also be obtained through a seed-growth and
selective etching method, using Au nanoparticles as seeds.’>'*
However, the as-prepared Pt nanoframes (nanorings, nanowires)

This journal is © The Royal Society of Chemistry 2019
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(A and B) STEM image and coresponding atomic model of Pt cubic nanocages. (C and D) STEM image and coresponding atomic model of Pt

octehedral nanocages. (E) Schematic illustrations showing interdiffusion of deposited Pt atoms and Pd cores. (F) Schematic of the major steps involved in
the continuous dissolution of Pd atoms from a Pd@Pt cube to generate a Pt cubic nanocage. Adapted with permission from ref. 96. Copyright 2015

American Association for the Advancement of Science.

have thick edges. Contrasting with the fabrication of ultra-thin
nanocages, most of the nanoframe structures with high AUE are
obtained through one-pot synthesis.'®* ™' In addition, with the
synergistic effect of composition and high AUE, the as-prepared
Pt-based nanoframe structures exhibit excellent electrochemical
performance in both anode and cathode related reactions.

For example, Yang and Stamenkovic prepared Pt-Ni nano-
frames by corroding the PtNi; rhombic dodecahedrons in
hexane, followed by a thermal treatment in an inert gas (Ar)
atmosphere at 370 °C.'%* The as-prepared hollow Pt;Ni nano-
frames with Pt-rich skin contain 24 2 nm-thick edges that retain
the high crystallinity of the parent structure (Fig. 7). Li et al
reported an efficient method for synthesizing Pt-Ni nano-
frames by transforming truncated octahedral Pt-Ni alloy
particles through a priority-related chemical etching process.'®
The corresponding DFT calculation results showed that the diffu-
sion rate of Ni atoms at (100) facets is faster than Pt atoms,
providing a channel for chemical etching of the cores. In addition,
the etching mechanism followed the Kirkendall effect stemming
from distinct diffusion coefficients of Ni and Pt. Jung and Lee
prepared a phase-segregated octahedral PtNi nanoparticle at
170 °C under 1 atm of CO.'* With the introduction of sodium
oleate into the reaction system, the Ni shell growth was interrupted

This journal is © The Royal Society of Chemistry 2019

due to the coordination effect between Ni and sodium oleate,
resulting in a nanoframe structure.

In addition to PtNi bimetallic nanoframes, studies about the
shape-controlled preparation of PtCu structures attract more
and more attention due to their good electrochemical perfor-
mance in methanol oxidation and formic acid oxidation.
Among them, various types of PtCu nanoframes were prepared
in recent years. Lou and co-workers prepared cubic PtCu,
nanoframes by reducing H,PtCls-6H,0 and Cu(acac), in the
presence of cetyltrimethylammonium bromide (CTAB) and
oleylamine at 170 °C for 24 h (Fig. 8A).""” In this case, CTAB
was found to affect the reduction rate of Pt and Cu species and
Cu atoms were first to be reduced. The following galvanic
replacement of Cu nanocrystals with Pt species in the solution
finally leads to the formation of PtCu; hollow nanoframes.
Octahedral Pt-Cu nanoframes were prepared in a polyvinyl-
pyrrolidone (PVP), glycine, Nal and ethanolamine system, with
the latter two playing a significant role as surface controllers for
the octahedral structure (Fig. 8B).'°® The introduction of glycine
above a certain amount can influence the reduction rates of Pt and
Cu species, promoting the formation of nanoframe structures.
In addition to the cubic and octahedral nanoframes, excavated
rhombic dodecahedral (ERD) PtCu; alloy nanoframes were
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Fig. 6 (A) TEM and (B) low-magnification HAADF-STEM images of the Pt icosahedral nanocages. (C) Bright-field and (D, E) atomic-resolution HAADF-
STEM images taken from a single nanocrystal. (F) HAADF-STEM image of an icosahedral nanocage and the corresponding energy-dispersive X-ray (EDX)
mapping of Pd and Pt. Adapted with permission from ref. 97. Copyright 2016 American Chemical Society.
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Fig. 7 (A-D) Schematic illustrations and corresponding TEM images of the Pt—Ni bimetallic nanocrystals obtained at four representative stages during
the evolution process. (E) EDX elemental mapping results for PtzNi nanoframes. Adapted with permission from ref. 104. Copyright 2014 American
Association for the Advancement of Science.

prepared in DMF solution in the presence of n-butylamine and the rhombic dodecahedron geometry. Differing from the
CTAC (Fig. 8C-F)."” The controlled experiments showed that galvanic replacement of Cu with Pt atoms, the excavated
n-butylamine can selectively adsorb on {110} facets, resulting in rhombic dodecahedral PtCu; forms due to block growth along
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Fig. 8 (A) HR-TEM image of PtCus cubic nanoframes. Adapted with permis-
sion from ref. 107. Copyright 2012 American Chemical Society. (B) HAADF-
STEM image of octahedral Pt—Cu nanoframes. Adapted with permission from
ref. 108. Copyright 2013 Royal Society of Chemistry. (C—F) Characterization of
ERD PtCus alloy nanocatalysts. Adapted with permission from ref. 109. Copy-
right 2014 American Chemical Society. (G) TEM image of rhombic dodecahe-
dral PtCu nanoframes. Adapted with permission from ref. 110. Copyright 2015
Wiley-VCH. (H) TEM image of Pt—Cu HTBNSs. Adapted with permission from
ref. 111. Copyright 2015 Wiley-VCH.

(110) edges of the octahedral seeds. Meanwhile, the {110} facets
are stabilized, causing the formation of {110} facets in the octa-
hedral corner area. Alternatively, Guo and Huang report a facile
method for the preparation of highly open rhombic dodecahedral
PtCu alloy nanoframes (Fig. 8G)."'° The as-prepared PtCu bimetallic
catalysts exhibit enhanced performance in methanol oxidation.
Furthermore, Zeng et al. prepared novel ordered Pt-Cu alloy
hierarchical trigonal bipyramidal nanoframes (HTBNFs) in an
ethylene glycol system (Fig. 8H).""* The Cu UPD atoms on the
surface forced the atoms to selectively deposit on the corner of
plate-like seeds forming the HTBNF structure. In addition, the
particle size can be controlled from 110 nm to 250 nm by
tuning the introduced amount of KI.

3. Pt clusters and single atom catalysts
3.1 Pt clusters and their size effects on performance

For the evaluation of catalytic performance, the specific activity
and mass activity are two important factors. The specific

This journal is © The Royal Society of Chemistry 2019
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activity is usually normalized by the ECSA, and is greatly
dependent on the surface active sites of the catalyst. In con-
trast, the most important route for improving the mass activity
is to obtain high AUE catalysts. The direct way to improve the AUE
is to decrease the particle size of Pt catalysts. Based on this point,
several studies have investigated the relationship between Pt
catalyst particle size and the catalytic performance."”"**
Shao and co-workers prepared a series of Pt catalysts with
different particle sizes on a carbon support by replacing the Cu
under-potential-deposition (UPD) layer with Pt atoms.'"” The
average particle sizes of the catalysts can be controlled to be
1.3,1.84, 2.46, and 4.65 nm as shown in Fig. 9. They simulated that
the truncated octahedral particles between 0.8 and 3 nm had 38,
79, 116, 201, 314, 586, and 807 total Pt atoms, respectively.
The electrochemically active surface area increases gradually
with the decrease in particle size. However, the mass activity
and specific activity of the catalysts did not increase with the
improvement in AUE. The specific activity of the catalysts with
an average particle size larger than 2.2 nm was 4 times larger
than that of 1.3 nm catalysts. The obvious increase in specific
activity can be attributed to the increase in the number of {111}
active sites. With the size of Pt catalysts further increasing, the
activity slightly increased from 0.11 mA cm > to 0.13 mA cm >
due to the increase of {111} facets. Differing from the trend of
specific activity (normalized by the ECSA), the 2.2 nm catalysts
exhibited the best mass activity and the performance decreased
with larger particle sizes. It is evident that the best ORR mass
activity results from the combination of a high ratio of {111}
surface sites and a high AUE. Arenz and co-workers employed a
Pt-black catalyst, a polycrystalline Pt sample and four high

Fig. 9 TEM images of Pt particles with various sizes, which were sup-
ported on carbon black. The average particle sizes for (A), (B), (C), and (D)
are 1.3, 1.84, 2.46, and 4.65 nm, respectively. Adapted with permission
from ref. 117. Copyright 2011 American Chemical Society.

Energy Environ. Sci., 2019, 12, 492-517 | 501


https://doi.org/10.1039/c8ee02939c

Published on 07 December 2018. Downloaded by University of Western Ontario on 5/25/2021 3:48:59 AM.

Energy & Environmental Science

surface area carbon supported catalysts with sizes of 1 nm,
2 nm, 2-3 nm and 4-5 nm to examine the influence of the size
of Pt nanoparticles on the ORR performance.**® They found
that the activity trend for the ORR performance is indepen-
dent of the electrolyte. The specific activity (normalized
by the ECSA) rapidly decreases going from polycrystalline Pt
to unsupported Pt black particles and HSA carbon supported
Pt NPs. The mass activity exhibited the opposite trend
compared to the specific activity, indicating that the AUE
performs a significant role for improving the mass activity of
the catalysts. Shao-Horn et al. examine the ORR activity of
carbon supported Pt catalysts with particle sizes ranging from
1.6 nm to 4.7 nm in HClO, and H,S0,.""° To generate particles
with larger diameters, the Pt/C catalyst containing 46% Pt
nanoparticles was further treated in Ar at 900 °C for one
minute or two hours. The Pt/C catalysts exhibited a five-fold
reduction in the specific ORR activity in H,SO, relative to
HClO,, due to the strong adsorption of sulfate. In addition,
the specific activities of the catalysts are similar at 0.9 V vs.
RHE (reversible hydrogen electrode). They mentioned that the
specific ORR activity on majority terrace sites is much greater
than those of minority under-coordinated sites, which is
responsible for the size-independent activity. The mass
activity increased with smaller particle sizes, due to the greatly
increased AUE.
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3.2 Pt single atom catalysts

As the AUE scales with particle size, a maximum efficiency of
100% can be reached when the Pt catalysts are reduced to
single atoms. Recently, different single atom catalysts have
been developed through photochemical reaction, wetness
impregnation, and atomic layer deposition methods etc.'>*"*3?
With the formation of single atom catalysts, the Pt single atom
catalysts exhibited distinct catalytic performance when compared
to Pt nanoparticles.

3.2.1 Wetness impregnation method. Wetness impregna-
tion is a commonly used preparation method for the synthesis
of heterogeneous catalysts. In a typical preparation process, the
active metal precursor is dissolved in an aqueous solution and
mixed with a catalyst support. The mixture can be dried and
calcined to drive off the volatile components within the solution,
depositing the metal on the catalyst surface (Fig. 10A). When the
loading amount of metal is reduced to a very low level, single atom
catalysts can be obtained on the support.** In addition, the
uniformity of the single atom catalyst dispersion is also highly
dependent on the precursor-support interactions that occur
through chemical or physical forces. Therefore, the selectivity of
the support is very important.

Lee and co-workers employed TiN nanoparticles as the
support and obtained Pt single atoms through an incipient
wetness impregnation method."*® The Pt single atom catalysts

Cc
® L

Galvanic replacement

UV light

Freeze Pt single atoms

Photochemical reduction

Intermediates Il Pd single atoms

Q.

r
(e ]

Spatial Confinement Strategy

Fig. 10 Summarized synthetic methods for the preparation of Pt single atoms. Adapted with permission from ref. 127 (Copyright 2013 Nature Publishing
Group), 144 (Copyright 2017 Nature Publishing Group) and 147 (Copyright 2018 Nature Publishing Group).
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can be observed at a very low loading amount of 0.35 wt%; while
Pt nanoparticles formed at higher mass loadings (2 and 5 wt%).
DFT calculations indicated that Pt single atoms can be stabilized
on an N-vacancy site on the TiN support. In addition to the TiN
support, g-C;N, was an effective support for anchoring Pt single
atoms through impregnation. The N/C-coordinating framework of
2-C3N, can facilitate the binding of Pt atoms into the matrix,
providing a potential scaffold for trapping the active Pt single
atoms. Wu et al. prepared 0.16 wt% loading Pt single atoms on
2-C3N, by mixing g-C3N, with H,PtCls followed by annealing
at a low temperature.”*® The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
image and extended X-ray absorption fine structure (EXAFS)
spectroscopy clearly confirmed the dispersion of Pt single
atoms on the g-C;N, network (Fig. 11). The as-prepared Pt,/C;N,
catalysts exhibited enhanced photocatalytic H, generation perfor-
mance compared to Pt nanoparticles. Sun et al. successfully
prepared Pt single atoms on N-doped carbon black with a Pt
loading of 0.4%. In this preparation, carbon black, urea and
H,PtCls were used as a support, and N and Pt precursors,
respectively. The mixed powder was then pyrolized at 950 °C
for 1 hour, resulting in Pt single atoms on the support.'*” The
Pt single atoms on N-doped carbon black were confirmed by
scanning transmission electron microscopy (STEM) and syn-
chrotron analysis. When no N is doped into the carbon support,
Pt nanoparticles are also formed together with individual Pt
atoms. These result indicated that pyridinic-N sites are a strong
anchoring point for the deposition of Pt atoms. In addition,
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DFT calculations showed that the single-pyridinic-nitrogen-
atom-anchored Pt single atom centres are the main active sites,
which greatly improved the electrochemical performance.

Although the wetness impregnation method is a simple and
economical method for the preparation of single atom cata-
lysts, the Pt loading amount is very low. To solve this problem,
Li and co-workers prepared Ni(OH), with abundant vacancy
defects to stabilize Pt single atoms. The Pt loading amount
can reach 2.3 wt%."*® Choi and co-workers employed S-doped
zeolite-templated carbon as a support to fabricate Pt single
atom catalysts with higher loading (5 wt%)."*® The Pt/high
S-content zeolite-templated carbon catalysts (Pt/HSC) were pre-
pared by a conventional wet-impregnation method, followed by
H, reduction. EXAFS spectroscopy shows no appreciable Pt-Pt
coordination, indicating the formation of a uniformly dispersed Pt
single atom catalyst. Interestingly, the as-prepared Pt/HSC exhibited
selectivity for a two-electron ORR pathway producing H,0,, instead
of a four-electron pathway like most Pt catalysts.

3.2.2 Co-precipitation method. The co-precipitation method
is also an effective route for the fabrication of single atom catalysts
(Fig. 10B). Zhang et al. prepared Pt single atoms on FeO, by
co-precipitation of an aqueous solution of chloroplatinic acid
and ferric nitrate (Fig. 12A and B)."* In this case, Pt single atoms
can be achieved with a loading of 0.17 wt%. When the Pt loading is
increased to 2.50 wt%, Pt clusters consisting of 10 Pt atoms formed
(Fig. 12C and D). The FeO, support played a significant role for the
performance enhancement of the Pt single atom catalysts. With
the formation of a Pt-FeO, interface, the electrons transfer from Pt
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Fig. 11 (A) HAADF-STEM image of Pt single atoms on g-CzN4. (B) Fourier transforms of the Pt L3-edge EXAFS oscillations of Pt/g-CsNg4, K>PtClg, and Pt
foil. (C) Comparison of EXAFS curves between the experimental data and the fit of the Pt single atoms on g-CzNy4. (D) Schematic models of Pt-CzNj,.

Adapted with permission from ref. 136. Copyright 2016 Wiley-VCH.
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Fig. 12 (A and B) HAADF-STEM images of Pt single atoms on the FeO,
support. (C and D) HAADF-STEM images of Pt single atoms, together with
two-dimensional Pt rafts consisting of fewer than 10 Pt atoms (black
circles) and three dimensional Pt clusters of size about 1 nm. Adapted
with permission from ref. 125. Copyright 2011 Nature Publishing Group.

atoms to the FeO, surface, inducing positively charged Pt
atoms and strong binding of Pt single atoms. As a result, the
as-prepared Pt;/FeO, catalysts exhibited greatly enhanced CO
oxidation performance.

Besides, Zhang’s group has also achieved Ir single atom
catalysts using the co-precipitation method."**'*° The as-prepared
single atom catalysts are widely applied in CO oxidation, hydro-
genation, water gas shift and oxidation of carbon monoxide
reactions. However, the co-precipitation method is difficult for
synthesis of single atoms on supports other than metal oxides.
This is limiting, as metal oxide supports are not suitable for
electrochemical testing due to their low conductivity and weak
stability under acidic conditions.

3.2.3 Atomic layer deposition method. In addition to tradi-
tional wet-chemical preparation methods, atomic layer deposition
(ALD) is a powerful approach for preparation of single atom
catalysts. Moreover, it is also helpful for studying the relationship
between the catalysts’ structure and their catalytic performance, as
it is able to precisely control the deposition of single atoms and
nanoclusters.

In 2013, Sun and co-workers first fabricated single atoms
and sub-nanometer clusters of Pt on the surfaces of a graphene
nanosheet support through ALD."?” During the ALD process,
the Pt precursor (methylcyclopentadienyl)-trimethylplatinum
(MeCpPtMe;) first reacted with the adsorbed oxygen on the
surface of graphene to form CO,, H,O and hydrocarbon fragments.
Then the subsequent oxygen will convert the precursor ligands to
Pt-O species to form a new adsorbed oxygen layer on the Pt surface
(Fig. 10D). During the whole ALD process, the Pt loading amount
and particle size can be precisely controlled by adjusting the
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number of ALD cycles. After 50 ALD cycles, the Pt single atoms
are dominantly distributed on the surface of graphene nanosheets.
With more ALD cycling up to 100 and 150 cycles, the particle size
increased from single atoms to 1-2 nm and 4 nm, respectively. Due
to more low-coordination and unsaturated 5d orbitals of the
Pt single atoms, the catalysts showed much higher activity for
methanol oxidation and superior CO tolerance compared to
the commercial Pt/C catalyst. Very recently, Sun and co-workers
deposited Pt atoms on nitrogen-doped graphene nanosheets
(NGNs) instead of graphene, and the Pt single atom catalysts
exhibited extremely high performance for the hydrogen evolution
reaction (HER)."®® As shown in Fig. 13A, numerous individual Pt
atoms, as well as very small Pt clusters, are uniformly dispersed on
the NGNs for the ALD50Pt/NGN catalysts. After 100 ALD cycles,
some Pt clusters grew to particles as shown in Fig. 13B. DFT
calculation results showed that the Pt atom prefers to directly bond
to the N-dopant (Fig. 13C). In addition, the Pt single atoms are
mixed with the N-2p orbitals around the Fermi level, inducing a
positive charge on the Pt atoms. As a result, the Pt single atoms on
the N-doped graphene contain more unoccupied 5d orbitals. In
addition, the X-ray absorption near edge structure data showed
that the ALD Pt atoms have a high density of unoccupied 5d states,
which agrees well with the partial density of states calculation.
Thanks to the high AUE and the unique electronic structure
originating from the adsorption of the Pt single atoms on the
N-doped graphene, the mass activity of the ALD50Pt/NGN catalyst
was much higher than the Pt/C catalyst towards the HER.

In addition to Pt single atom catalysts, Lu and co-workers
precisely synthesized Pt dimers on graphene through ALD.'*
The Pt dimers are obtained by depositing Pt single atoms on

Fig. 13 (A and B) Annular dark field STEM images of ALD Pt/nitrogen-
doped graphene nanosheet (NGN) samples with (A) 50 and (B) 100 ALD
cycles. (C) Schematic illustration of the Pt ALD mechanism on NGNs.
Adapted with permission from ref. 128. Copyright 2016 Nature Publishing
Group.
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graphene, followed by selectively attaching a secondary Pt atom
to the preliminary one. The type of surface nucleation sites,
selective deposition, the self-limiting nature of ALD, and the
high stability of Pt single atoms all played a key role for
successful preparation of the Pt, dimers. STEM images, X-ray
absorption spectroscopy, and theoretical calculations suggest
that the Pt, dimers are in the oxidized form of Pt,O,. The
as-prepared graphene supported Pt, dimers exhibit much bet-
ter activity than graphene supported Pt single atoms and Pt
nanoparticles towards hydrolysis of ammonia borane for hydro-
gen generation. With the formation of Pt, dimers on graphene,
the adsorption energies of both ammonia borane and H,
molecules significantly decreased, which is the major reason
for the high activity.

3.2.4 Galvanic replacement with substrates. The Pt single
atoms are very active and mobile due to their extremely high
surface energy, causing agglomeration during the preparation
process. As a result, the Pt loading of Pt single atom catalysts is
usually very low on substrates. The development of an effective
method to achieve high loading of Pt SACs is still a great
challenge for their future commercial application. As the support
plays an important role in determining the interaction between Pt
and substrates, the selectivity of substrates is also important for
the dispersion of single atoms.

For example, Zeng and co-workers selected MoS, for the
dispersion of Pt single atoms. They obtained Pt monomers on
MoS, with a Pt mass loading of 7.5% (Fig. 14). The Pt/MoS,
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catalysts were synthesized by injecting K,PtCls solution into a
solution containing MoS, nanosheets via a syringe pump, with
the introduced Pt atoms replacing the Mo atoms in the nanosheets
(Fig. 10C)."** The Pt mass loading (1.0%, 5.0% and 7.5%) can be
precisely controlled by tuning the concentration and amount of
K,PtClg solution (Fig. 12A-F). They found that the 7.5% Pt/MoS,
catalysts contained a high ratio of neighbouring Pt monomers
(Fig. 12I), which have lower energy barriers compared to isolated Pt
single atoms; this results in more active CO, hydrogenation.

3.2.5 Photochemical reduction method. During a photo-
chemical reduction process the atomic dispersion and separa-
tion, as well as the isolation of precursors on the substrates is
vital. Secondly, to avoid the migration and agglomeration of Pt
single atoms, the reaction phase is usually solid during the
ultraviolet (UV) light treatment. For instance, Wang and Liu
fabricated well-defined Pt single atoms on nitrogen-doped
porous carbon (NPC) through a photochemical solid-phase
synthesis (Fig. 15A). The PtCls>~ was adsorbed on the NPC
support, followed by a UV light treatment (Fig. 15B and C). The
loading amount of Pt can reach 3.8 wt%. The formation of
pyridine-type Pt-N, coordination in the catalyst stabilized Pt
single atoms, and it also serves as the active site for HER and
ORR electrocatalysis."*?

Wu and co-workers demonstrated a facile approach to
generate Pt single atoms on various substrates, including
mesoporous carbon, graphene, carbon nanotubes, TiO, nano-
particles and ZnO nanowires, via photochemical reduction of
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Fig. 14 (A-C) HAADF-STEM image and structural model of 0.2% Pt/MoS,. (D—F) HAADF-STEM image and structural model of 7.5% Pt/MoS,. (G and H) Pt
K-edge X-ray absorption near edge spectra and K-edge EXAFS in R space for atomically dispersed Pt/MoS, and Pt nanoparticles/MoS;. (I) Histogram of
the contents of isolated Pt monomers, neighbouring Pt monomers, and patches of Pt monomers for atomically dispersed Pt/MoS, with different Pt
loadings. Adapted with permission from ref. 142. Copyright 2018 Nature Publishing Group.
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Fig. 15 (A) Schematic illustration of the photochemical formation of the
Pt single atom/NPC catalyst. (B and C) HADDF-STEM images of the Pt
single atom/NPC catalyst. Adapted with permission from ref. 143. Copy-
right 2018 American Chemical Society.

frozen H,PtClg solutions using UV light.'** They found that the

traditional UV irradiation of H,PtCls aqueous solutions produced
2 nm Pt crystals. Interestingly, the iced-H,PtCls aqueous solutions
led to high density areas of isolated Pt atoms during the photo-
chemical reduction process (Fig. 10E). The related DFT calculation
results indicated that the formation of Pt single atoms in solution
is an essential step for the fabrication of Pt single atoms on various
substrates.

3.2.6 Spatial confinement strategy. The spatial confine-
ment strategy was considered as an effective route to fabricate
and stabilize single atom catalysts. Spatial confinement can
be achieved by separating and encapsulating suitable mono-
nuclear metal precursors with the aid of porous materials, such
as zeolites, MOFs, etc. For example, the [Pt(NH;),]*" complex
can be confined by the molecular-scale pores of the KLTL
zeolite. Then, the Pt(NH;),>"/KLTL zeolite was oxidized at
633 K to obtain a well-defined Pt single atom catalyst."*> Corma
and co-workers prepared Pt single atoms and clusters in the
MCM-22 structure. The Pt species were entrapped in the cups
and cages during transformation from the two-dimensional
into the three-dimensional MCM-22 zeolite."*®

Li and co-workers reported that noble metal nanoparticles
(Pt, Pd and Au) can be transformed into well-dispersed stable
single atoms at above 900 °C in an inert atmosphere on a
ZIF-8 support.'*’ They firstly prepared Pt nanoparticles on ZIF-8
nanocrystals to form Pt@ZIF-8 composites. Then the Pt@ZIF-8
nanocomposites were heated at 900 °C for 3 h to obtain Pt
single atoms. The whole transformation process was system-
atically investigated on Pd@ZIF-8 composites. The particles
grew bigger due to disorderly movement and intensive
collisions within the supports at the initial stage; then the
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size of particles decreased again through collision and
coordination of surface metal atoms with the derived CN
support (Fig. 10F). Density functional theory calculations
revealed that the formation of single atoms at high-temperature
was driven by the formation of the more thermodynamically stable
noble metal-N, structure.

In addition to porous materials, two-dimensional materials
were also effective supports to achieve spatial confinement
of Pt species. Recently, Wang and co-workers synthesized
partly charged Pt single atoms on anatase TiO, via an
electrostatic-induction ion exchange and two dimensional
confinement strategy (Fig. 16A)."*® The [Pt(NH3),]*" complex
intercalated into the interlayers of Na,H, ,Ti;O, (x = 0.75)
nanotubes through ion exchange with interlayered ions Na®.
Then the Pt single atoms on TiO, were obtained by calcination
at 400 °C, followed by treatment at 160 °C in a 5% H,/N,
atmosphere (Fig. 16B and C). The partially charged Pt single
atoms on anatase TiO, exhibited better activity, optimal
selectivity and excellent reusability toward anti-Markovnikov
alkene hydrosilylation compared to commercial Pt/C.

3.3 Pt-Based single atom alloy catalysts

When Pt single atoms are deposited on metal substrates, they
might exhibit some specific physical and chemical properties
(such as catalysis) due to the formation of alloy structures. The
as-prepared catalysts are referred to as single atom alloys. It
should be emphasized that single atom alloys are not bimetallic
dimers of two different single atoms alloyed together. The creation
of Pt-based single-atom alloys is based upon deposition of Pt single
atoms on another host metal surface.

Flytzani-Stephanopoulos and Sykes prepared Pt single atoms
on a clean Cu(111) surface using physical vapour deposition
held at 380 K."*>'*° Scanning tunnelling microscopy images
clearly showed that Pt atoms incorporate both directly into Cu(111)
terraces and in areas above surface step edges via place exchange.
Alternatively, single atom alloy catalysts can be obtained
through a galvanic replacement reaction.'*"'*? Firstly, Cu
nanoparticle catalysts were synthesized by immobilizing
polyvinylpyrrolidone-stabilized copper nanoparticles onto a
silica support followed by calcination at 300 °C in air. Then
the Pt single atoms were deposited onto Cu particles by
galvanic replacement. The Pt to Cu ratio can be tuned by
controlling the amount of Pt precursor. The as-prepared Pt-Cu
single atom alloy catalysts exhibited distinct catalytic perfor-
mance in several reactions, such as selective hydrogenation of
1,3-butadiene, CO adsorption, selective formic acid dehydro-
genation and C-H activation reactions, compared to tradi-
tional Pt catalysts.

Although Pt single atom alloy catalysts have been success-
fully prepared through physical vapour deposition and galvanic
replacement reactions, they are rarely applied in electro-
chemical catalytic reactions. Hence, the rational design of Pt
single atom alloys with multiple compositions should be
explored in the future, as bimetallic catalysts can exhibit
improved performance compared to the pure metals for
electrocatalytic reduction.

This journal is © The Royal Society of Chemistry 2019
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Fig. 16 (A) Schematic illustration of the formation of the partially charged Pt single atom/TiO, catalyst via an electrostatic-induction ion exchange and
two dimensional confinement strategy. (B and C) HAADF-STEM-EDS element mapping and HADDF-STEM images of the Pt single atom/TiO, catalyst.
Adapted with permission from ref. 148. Copyright 2018 American Chemical Society.

3.4 Strategies for improving the stability of Pt single atom
catalysts

Due to the high surface energy of single atom catalysts, the
Pt atoms tend to diffuse and aggregate on the support during
the catalytic reactions. Atom trapping is an applicable way for
protecting single atom catalysts. The strong interaction between
Pt and the support plays an important role in enhancing the
stability of single atoms. It has been reported that the N atoms on
a substrate such as N-doped carbon black, N-doped graphene and
TiN can effectively anchor Pt single atoms. Thanks to the
formation of Pt-N bonding, the single atom catalysts not only
exhibited good stability, but also much improved catalytic
properties. Besides, several metal oxides are known to influence
heterogeneous catalyst stability through strong metal-support
interactions. For example, Datyel et al. found that when Pt/Al,O;
was mixed with CeO, rods, the Pt atoms transferred to the ceria
forming an atomically dispersed catalyst."** With the deposition of
Pt on well-controlled CeO,, ceria helped to trap atomically dis-
persed Pt, meanwhile the strong interaction between Pt and ceria
also helped preserve the surface area of polyhedral ceria.

To stabilize Pt nanoparticles on a support, Flytzani-
Stephanopoulos and co-workers used small amounts of alkali
ions (sodium or potassium) to modify the Pt catalysts on alumina
or silica."®® The subnanometer Pt clusters and atoms present on

This journal is © The Royal Society of Chemistry 2019

the Na-modified silica surfaces were stable after several heat
treatments in air at 400 °C. Both experimental evidence and DFT
calculations suggest that a partially oxidized Pt-alkali-O,(OH),
species is the active site for the low-temperature Pt-catalyzed
WGS reaction. To further understand the enhanced mechanism,
Flytzani-Stephanopoulos et al. recently created Pt-Na,~O,~(OH),
clusters by co-impregnation of Pt and Na onto a 1000 °C-annealed
MWNT surface (Fig. 17A).">* The atomically dispersed platinum
species are stabilized by the addition of sodium. These
subnanometer-sized active sites improve the water-gas shift
activity to levels comparable to those obtained with highly
active Pt catalysts on metal oxide supports. In situ atmospheric
pressure X-ray photoelectron spectroscopy (AP-XPS) experiments
demonstrated that oxidized platinum Pt-OH,. contributions in the
Pt 4f signal are higher in the presence of sodium. This result
provided evidence for a previously reported active-site structure
of the form Pt-Na,~O,~(OH),. By binding Pt to sodium ions
through —O ligands, they can obtain single-atom-centric Pt sites
on TiO,, 1-zeolites, and mesoporous silica MCM-41 (Fig. 17B-D)."*®
The single-atom-centric Pt sites stabilized by sodium through —O
ligands are active and stable in realistic WGS reaction mixtures
from ~ 120 to 400 °C. These results also reveal that the properties
are invariant to the choice of the support.

In addition to the creation of strong interactions between Pt
and the support, encapsulation is another effective strategy for
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Fig. 17 (A) HAADF-STEM images of 1 wt% Pt;Nag on carbon multiwalled carbon nanotubes after use in the WGS reaction. Adapted with permission from
ref. 154. Copyright 2014 American Chemical Society. (B—D) HAADF-STEM images of Na-containing Pt single atom catalysts on (B) TiO,, (C) L-zeolites,
and (D) mesoporous silica MCM-41. Adapted with permission from ref. 155. Copyright 2015 American Chemical Society.

stabilizing single atom catalysts. Because of their microporous
cavities/channels and high thermal stability, zeolite materials
appear to be promising supports for preparing encapsulated
single atom catalysts. Gate and co-workers encapsulated Pt
single atoms in zeolite KLTL by mixing zeolite KLTL and
aqueous [Pt(NH3)4](NO;),, followed by oxidizing the mixture
at 633 K."** The Pt single atoms maintained isolated sites after
the oxidation and catalytic CO oxidation reactions. Recently,
Corma et al. presented a new strategy for encapsulating Pt
single atoms and clusters with MCM-22 during its transforma-
tion process from two-dimensional into three-dimensional
structures."*® Pt atoms are incorporated into the cups and
cages of the MCM-22 zeolite, exhibiting exceptionally high
stability. The Pt single atoms and clusters maintained their
size after calcination in air at 650 °C. The ALD deposition of
metal oxide around Pt catalysts has been proven as another
effective way to encapsulate Pt clusters (Fig. 18A). Sun et al
developed a facile approach to encapsulate Pt atoms in ZrO,
nanocages by area-selective ALD."*® By using oleylamine as the
blocking agent, ALD ZrO, was selectively deposited around Pt
atoms, which avoided the diffusion and aggregation of Pt atoms

508 | Energy Environ. Sci., 2019, 12, 492-517

(Fig. 18B-D). For the ORR performance, the ZrO,-protected Pt
catalysts showed nine and ten times more stability than ALDPt/
NCNT and Pt/C catalysts, respectively.

4. Electrochemical applications of
Pt-based catalysts with high AUE

4.1 Oxygen reduction reaction

Until now, the commercial cathode catalysts in proton-exchange
membrane fuel cells are still Pt-based nanoparticles, due to their
excellent performance for the ORR. According to a 2012 report
from the Department of Energy, the Pt loading in a PEMFC must
be reduced by at least 4-fold to meet the cost requirement for
widespread commercialization."*® In addition, the mass activity
for the U.S. Department of Energy’s 2017 target is 0.44 A mgp, .
With the increase of the AUE of Pt-based catalysts, the ORR
performance can be greatly enhanced and meet the Department
of Energy’s target.

The particle size is a significant factor in the ORR perfor-
mance of Pt catalysts. Due to the various types of electrolyte, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 (A) Schematic diagram of Pt encapsulated in ZrO, nanocage structures fabricated by area-selective ALD. (B—D) HRTEM images of ALD ZrO,-Pt/
NCNT catalysts with 50 cycles of ALD ZrO,. Adapted with permission from ref. 130. Copyright 2015 Wiley-VCH.

different types of Pt catalysts and various testing conditions,
the relationship between the mass activity and particle size is
not consistent in the references. For instance, Shao and Peles
showed that 2.2 nm Pt nanoparticles exhibited a mass activity
of 0.11 A mgp, ', the best amongst the Pt particles ranging in
size from 1-5 nm.""” Shao-Horn found that the mass activity
increased from 0.07 to 0.3 A mgp, ', with the size decreasing
from 4.7 nm to 1.7 nm."*® When the particle size is decreased to
the single atom scale, the peroxide reduction reaction would be
supressed due to the site-blocking spectator species and low
Pt-content. As a result, H,O, would be yielded instead of
H,0."*%'% For example, Pt-Hg/C nanoparticles with isolated
Pt atoms on the surfaces exhibited a selectivity of hydrogen
peroxide up to 96% and a mass activity of 26 A €noblemetal - at a
50 mV overpotential.’®” As shown in Fig. 19A and B, Pt/HSC
catalyses the ORR reaction predominately through a two-
electron pathway (n = 2.1)."*° When the reaction is carried out in
an electrochemical H-cell, Pt/HSC showed a 97.5 mmol h™* cm ™2
H,0, production rate during the initial 1 h. It should be
pointed out that the support plays a significant role for the
performance of single atom catalysts. Soon and Lee prepared
single-atom Pt catalysts on TiC and TiN supports. The Pt/TiC
catalyst showed much better activity and stability for the
reduction of O, to H,0,.'*® DFT calculation results indicated
that the oxygen species have stronger bonding to Pt/TiN; while
the Pt/TiC surface could promote oxygen-oxygen bonding,
which resulted in higher selectivity for H,O, production. What
is more, the support can even determine the ORR route. When
single atoms were deposited on N-doped carbon black, they
exhibited great ORR performance.””” DFT calculations indicate
that the single-pyridinic-nitrogen (P-N)-atom-anchored Pt single

This journal is © The Royal Society of Chemistry 2019

atom centres are the main active sites, which are highly active
for the ORR.

Well-controlled Pt nanostructures exhibit much better mass
activity than the smaller sized particles. The cubic PdA@Pt core-
shell nanocrystals with 2-3 Pt atomic layers exhibited a mass
activity of 0.24 A mg~ " at 0.9 V (normalized by Pt), combined
with a good stability after 10 000 cycles.®* DFT results showed
that the binding of OH to Pt,;*/Pd(100) surfaces was weaker
than pure Pt nanocubes, which promoted OH hydrogenation
during the ORR. Compared to the cubic structures with {100}
facets, octahedral Pd@Pt core-shell catalysts showed a mass
activity of 0.49 A mg™" at 0.9 V (normalized by Pt), which is
almost two times larger than cubic core-shell surfaces.®®
Furthermore, with the formation of PA@Pt icosahedral core-
shell structures, the Pt layers are forced into a compressed,
corrugated structure, due to the tensile stain of the five-fold
twinned Pd seeds.®® DFT calculation results indicated that the
compressive strain imposed on the Pt overlayers, together with
the core-shell structure, weakened the binding strength of
reaction intermediates. As a result, the mass activity of PA@Pt, 7,
icosahedra was measured to be 0.64 A mg™~" at 0.9 V (normalized
by Pt), 7.2 times higher than that of traditional Pt/C catalysts.®® Xia
et al. also tried to overgrow Pt on Pd decahedra with twin defects.
Due to the strong adsorption of Pt adatoms on edge/ridge sites,
the obtained Pd@Pt core-shell decahedra exhibited a concave
structure.”® The concave structure provided a positive effect for
enhancing the specific activity (normalized by the ECSA) of the
catalysts. Together with the high AUE, ligand effect and strain
effect arising from the lattice mismatch between Pd and Pt, the
mass activity of concave Pd@Pt core-shell decahedra reached
1.6 A mg ' at 0.9 V (normalized by Pt). After 10000 cycles, the
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Fig. 19 (A) ORR activities of the Pt single atom catalysts on LSC, HSC and ZTC supports (ZTC: zeolite-templated carbon, LSC: low S-content ZTC, HSC:
high S-content ZTC). (B) H,O, production selectivity. Adapted with permission from ref. 126. Copyright 2016 Nature Publishing Group. (C and D)
Comparison of the ECSAs and mass activities for the carbon-supported Pt nanocages and the commercial Pt/C catalyst. Adapted with permission from
ref. 96 (Copyright 2015 American Association for the Advancement of Science), and 97 (Copyright 2016 American Chemical Society). (E) ORR polarization
curves of Pt/C and PtsNi/C catalysts. (F) Mass activities of Pt/C and PtzNi/C catalysts measured at 0.95 V, and improvement factors versus Pt/C catalysts.
Adapted with permission from ref. 104. Copyright 2014 American Association for the Advancement of Science.

mass activity decreased to 0.69 A mg™ " at 0.9 V (normalized by Pt),
still a marked improvement over other core-shell catalysts. It
should be mentioned that, for PdA@Pt core-shell structures, when
the mass activity is normalized by the total amount of noble metal
(Pd + Pt), the mass activity decreases significantly. For example, the
mass activity of octahedral PA@Pt catalysts (normalized by Pd + Pt)
is approximately 0.15 A mg™ ', much smaller than the Pt normal-
ized mass activity of 0.49 A mg~'.*® To further increase the mass
activity of the core-shell structures, the selective etching of Pd
cores would fabricate nanocage structures, which could provide
interior atom active sites for the ORR. Based on this point, cubic,
octahedral and icosahedral nanocages are fabricated through a
selective etching method. Thanks to the additional active sites
provided by the interior walls, the nanocage structures exhibited
two times higher mass activity than core-shell structures.

510 | Energy Environ. Sci,, 2019, 12, 492-517

Specifically, the mass activity for cubic, octahedral and icosa-
hedral nanocages was 0.38, 0.75 and 1.28 A mg™ ' at 0.9 V as
shown in Fig. 19C and D.?*™*®

As Ni can reduce the d-band of Pt atoms, the activity for
PtNi is much higher than pure Pt. With the combination
of high AUE and multi-composition, the ORR activity for
Pt-based catalysts can be further increased. For example, Pt;Ni
nanoframes exhibited a mass activity of 5.7 A mg™" at 0.9 V,
which is more than an order of magnitude greater than the
U.S. Department of Energy’s 2017 target (Fig. 19E and F)."** In
addition, the Pt;Ni nanoframes showed remarkable durability
for a duration of 10000 cycles. The Pt-skin surfaces lowered
the coverage of oxygenated intermediates and protected the
subsurface transition metal from electrochemical corrosion.
PtNiCo nanowires with a diameter of 4-5 atomic layers
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demonstrate a mass activity of 4.20 A mg' at 0.9 V.°
Furthermore, the as-prepared ultra-thin alloy nanowires are
very stable with negligible activity decay over the course of
30000 cycles.

4.2 Methanol and formic acid oxidation reactions

In direct methanol fuel cells and direct formic acid fuel cells,
the most expensive component is the Pt-based catalysts.
As the whole fuel cell system contains several parameters, it
is necessary to develop a facile reaction system to estimate the
activity of Pt catalysts. Therefore, methanol and formic acid
electrochemical oxidation are employed as the references to
determine the performance of the catalysts.
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According to the catalytic mechanism model for the methanol
oxidation reaction (MOR) on a Pt surface, three Pt atoms are
required to fabricate an active site for the MOR." As a result, Pt
single atoms did not show any activity. With the formation of Pt
clusters, activity for the MOR appears and the onset potential
decreased with the decrease of cluster size."*' Pt nanowire struc-
tures also exhibited great performance for the MOR. As shown in
Fig. 20A and B, the specific and mass electrocatalytic activities of
ultrathin nanowires were recorded at 2.48 and 1.74 times those of
the commercial Pt/C electrocatalyst for methanol oxidation.®?
Moreover, PtRuM (M = Ni, Co and W) alloy nanowires were
fabricated for improving the activity for the MOR. The Pt;Ru,Fe
nanowire catalysts exhibited a specific activity of 1.10 mA cm >
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Fig. 20 (A and B) Comparative specific and mass activity for methanol oxidation before and after 3000 cycles of Pt nanowires and commercial Pt/C

electrocatalysts. Adapted with permission from ref. 63. Copyright 2013 American Chemical Society. (C) Methanol electrooxidation curves of rhombic
dodecahedral PtCu nanoframes, commercial Pt/C and Pt black catalysts. (D) Specific activity (hormalized by the ECSA) and mass activity of rhombic
dodecahedral PtCu nanoframes. Adapted with permission from ref. 110. Copyright 2015 Wiley-VCH. (E) The mass activities of ERD PtCus alloy NCs and
commercial Pt for the formic acid oxidation reaction. Adapted with permission from ref. 109. Copyright 2015 American Chemical Society. (F) Mass
activities of Pt—Cu HTBNFs with different Pt/Cu ratios for formic acid oxidation. Adapted with permission from ref. 111. Copyright 2015 Wiley-VCH.
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(normalized by the ECSA), better than that of nanowires with other
compositions.®” With the introduction of Ru in Pt, the onset
potential decreased due to the formation of Ru-OH species. The
presence of Fe lowered the d-band center of Pt and thereby altered
the electronic properties of the overall alloy. In addition, Pt-Cu
alloy nanoframes are another effective catalyst for the MOR.
Huang and co-workers reported that rhombic dodecahedral PtCu
nanoframes have a mass activity of 0.98 A mg ™" at 0.63 V, which is
1.72 and 10.1 times greater than the mass activities of commercial
Pt/C (0.57 A mgp ') and Pt black catalysts (0.097 A mgp V),
respectively (Fig. 20C and D)."*°

The formic acid oxidation reaction is another potential
anode fuel cell reaction which has attracted increased atten-
tion. For excavated rhombic dodecahedral (ERD) PtCu; alloy
NCs, the mass activity for formic acid oxidation at 0.65 V in the
forward potential scan is 0.815 A mg™ !, which is much higher
than that of commercial Pt black (Fig. 20E).'*® For formic acid
oxidation, the ratio of the forward oxidation current density
peak (J¢) to the reverse peak (ji,) (i-e., ji/jp) reflects the catalyst
tolerance. The j¢/j;, ratio of ERD PtCu; alloy NCs is in the range
from 0.85 to 0.95, indicating high antipoisoning ability for
these catalysts. Pt-Cu HTBNFs with different Pt/Cu ratios also
exhibited good activity for formic acid oxidation. The mass
activities of Pt,¢,Cu (0.64 A mgp, '), Pt;3,Cu (0.78 A mgp, 1),
and Pt; gsCu(0.56 A mgp, ') HTBNFs are 1.7, 2.1, and 1.5 times
larger than Pt/C, respectively (Fig. 20F)."*" Although the ECSAs
of the Pt catalysts are smaller than commercial Pt/C, the
improvement of mass activity is attributed to synergetic effects
between Pt and Cu. In addition, the j¢/j,, ratios are approxi-
mately 0.7, which is much higher than 0.23 for Pt/C, indicating
good durability.

4.3 Hydrogen evolution reaction

Hydrogen is a clean energy carrier, as the by-product is only
water. As a result, hydrogen is believed to be one of the most
promising energy sources, and can be applied in novel-energy
areas. Currently, the main route for hydrogen production is
through steam-reformed methane, sourced from fossil fuel
reserves, with a substantial amount of CO, being generated
during the reaction. Therefore, the development of environ-
mentally friendly routes for hydrogen production remains a
great challenge. Water electrolysis is one promising alternative
route to generate hydrogen; however, the sluggish kinetics of
the HER causes high overpotentials and an associated large
energy consumption, which greatly hinder the practical appli-
cation of electrochemical production of hydrogen. The HER
activity is greatly dependent on the heterogeneous catalysts on
the working electrode. In the HER test, parameters including
the onset potential, current density (specific activity and mass
activity), overpotential at 10 mA cm ™2, Faradaic efficiency, Tafel
slope and durability are usually measured to evaluate the
electrocatalytic efficiency.'®® Up till now, Pt is considered the
most effective electrocatalyst for the HER. Nevertheless,
increasing the mass activity of Pt is always the ultimate goal
for electrocatalysts designed to achieve cost-effective hydrogen
production.
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Xiong et al. prepared a PA@Pt core-shell structure with ultra-
thin Pt shells on graphene, which reached the 10 mA cm™> metric
at an overpotential of around 15 mV.** DFT results showed that
distinct interfacial polarization occurs when the Pt atoms are
1-2 atomic layers thick, resulting in substantial negative
charges. The increase in electron density on the Pt shell surface
is responsible for the enhanced HER activity. In addition,
simulations reveal that the graphene support can facilitate
charge transfer and ionic interchange to enhance the activity
for the HER.

In addition to core-shell structures, Pt single atom catalysts
exhibited extremely high mass activity for the HER due to their
high AUE of almost 100% (Fig. 21A). It is found that the specific
activity (normalized by the area of a glassy carbon rotating-disk
electrode) of Pt single atoms on NGNs was only around 2 times
larger than commercial Pt/C."*® When normalized to the Pt
loading, the mass activity of the HER for the ALD50Pt/NGN
catalysts at an overpotential of 0.05 V was 10.1 A mg
37.4 times greater than the Pt/C catalyst (Fig. 21B). Thanks to
the strong bonding energy between Pt and nitrogen doped
graphene, the activity of ALD50Pt/NGN catalysts dropped only
4% at an overpotential of 0.05 V after 1000 cycles (Fig. 21C and D).
In addition, a smaller Tafel slope, 29 mV dec™ ', was obtained in
comparison to the 31 mV dec™ ' of Pt/C catalysts further demon-
strating the increased HER progress. The Pt single atoms on the
N-doped graphene contain more unoccupied 5d orbitals. During
the HER process, the 5d orbitals of the Pt atoms interact strongly
with the 1s orbital of the H atoms, leading to electron pairing and
hydride formation. Aside from the N-doped graphene support,
SL-Ni(OH), was found to be an effective support for enhancing
Pt based catalysts. A Pt nanowire/SL-Ni(OH), catalyst exhibited
a specific activity (normalized by the ECSA) of 2.48 mA cm 2
and a mass activity of 1.59 A mg ' at an overpotential of
0.07 V in 1 M KOH solution, 9 and 4.5 times larger than that
of commercial Pt/C, respectively.®® The activation of the HO-H
bond by Ni(OH), and the active sites of Pt nanowires are
responsible for the enhanced HER activity. Furthermore, Pt
nanowire/SL-Ni(OH), keeps 95.7 and 98.3% of its initial activity
in 1 and 0.1 M KOH after 11 hours. As a comparison, without
the combination of SL-Ni(OH),, pure Pt nanowires only main-
tain 61.6 and 79.0% of their initial activity in 1 and 0.1 M KOH
after 11 hours, indicating the stabilizing influence of Ni(OH),
on the Pt nanowires. In addition, most of the Pt nanowires
maintained their 1D ultrathin structure, aiding their superior
durability.

5. Summary and outlook

Regarding nanostructured Pt-based catalysts, there is a strong
correlation between their electrochemical mass activity (for the
ORR, HER and MOR) and the atom utilization efficiency; as
such, many studies focus on the development of synthetic
strategies for Pt-based catalysts with high AUE. Most of the
new achievements have been discussed in this review. For
example, porous structures are usually fabricated through an

This journal is © The Royal Society of Chemistry 2019
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Fig. 21 Electrocatalytic properties. (A) The HER polarization curves for ALD Pt/NGN and Pt/C catalysts. The inset shows the enlarged curves at the onset
potential region of the HER for the different catalysts. (B) Mass activity at 0.05 V (versus RHE) of the ALD Pt/NGN and the Pt/C catalysts for the HER. (C)
Durability measurement of the ALD 50Pt/NGN. (D) STEM images of ALD 50Pt/NGN samples after durability testing. Adapted with permission from

ref. 128. Copyright 2016 Nature Publishing Group.

oriented attachment mechanism. Ultra-thin nanowires also
have a high Pt AUE due to their extremely thin diameter and
high length-diameter ratio. Well-controlled core-shell struc-
tures can be obtained through galvanic replacement of Cu and
direct deposition onto Pd substrates. During the direct growth
process, the formation of ultra-thin uniform Pt shells is highly
determined by the deposition rate and diffusion rate. In addi-
tion, ultrathin nanocages can be prepared from core-shell
structures through a selective etching method. It should be
mentioned that the relationship between mass activity and AUE
cannot be applied in all catalytic reactions, as the catalytic
reaction route might be tuned with the transformation from
nanoparticles to clusters and single atoms. For example, Pt
single atoms may not be an effective catalyst for the reduction
of O, to H,O. With a decrease in particle size, Pt single atoms
with an AUE of almost 100% can be obtained by co-precipitation,
wet-impregnation and ALD methods. Although several synthetic
strategies have been developed for the preparation of Pt catalysts
with high AUE, more research should be directed to the following
aspects:

(i) The synergistic effect between the high AUE, surface
control and composition of nanostructured Pt catalysts. As
previously mentioned, the performance of nanostructured
Pt-based catalysts can be improved by tuning their AUE, surface
structure and composition. However, most studies focus on one
or two factors to improve the activity and durability of Pt-based
catalysts. It is difficult to accomplish surface control and reduce

This journal is © The Royal Society of Chemistry 2019

particle size at the same time, due to the ratio increase of edge/
surface atoms with the decrease in particle size. The rational
design of nanostructured Pt-based catalysts (nanowire, core-
shell, and hollow structures) can combine a high AUE, a well-
controlled surface structure and a multiple composition
catalyst to offer more possibilities for further enhancing their
mass activities.

(ii) The stability of single atom catalysts. As single atom
catalysts are rich in low-coordination atoms, the surface energy
is extremely high. The atoms are highly mobile and tend to
aggregate during the catalytic reactions. It has been reported
that the interaction between the metal atom and its support
plays a critical role in their stability and activity. Several studies
showed that single Pt atoms on nitrogen-doped carbon black,
graphene and nitrogen-doped graphene can form strong
coordination, thus exhibiting good stability during catalytic
processes. In the future, it is of great importance to system-
atically understand the internal relationship between single
atom coordination structures, the single atom-support inter-
actions, and the support properties. In addition, more studies
should focus on the development of effective stabilizers. For
example, the selective deposition of metal oxide around Pt
catalysts can protect Pt atoms from aggregation. The rational
design of porous substrates to pin the Pt atoms in pores may
also increase the stability of single atom catalysts.

(iii) The high loading of Pt in single atom catalysts. Although
several different methods have been developed for the preparation

Energy Environ. Sci., 2019, 12, 492-517 | 513
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of Pt single atoms, the majority of reported Pt single atom
catalysts are lower than 5 wt%. It is still a great challenge to
achieve higher loading of Pt (10-20 wt%) on the support.
Successful high single atom Pt loading could introduce single
atom catalysts to more catalytic reactions and accelerate their
applications in industrial areas.

(iv) Scaling up the synthesis. Currently, 1-5 nm Pt particles
can be obtained through industrial production. However, the
fabrication of Pt single atoms or well-controlled nanostructures
remains exclusively at the laboratory-scale. The loading amount
of Pt single atoms on supports is still very low, a hurdle for
further commercial applications. As a result, it remains a great
challenge to increase the loading amount of Pt single atom
catalysts to the same level as commercial Pt/C catalysts. For
well-controlled nanostructures, the uniformity of particle size
and morphology would be reduced when simply increasing the
reactant amount in the reaction system, due to the influence
of heat and mass transfer during the process. Therefore, it
remains a great challenge to scale up novel Pt-based catalysts
with high AUE. Recently, continuous flow synthesis based on
droplets provided a creative platform for the synthesis of well-
controlled Pd and Ag nanoparticles, which is promising for the
large scale production of well-controlled Pt-based catalysts.'®"®>

(v) Applications in real industrial reaction systems. As we
described in the review, most of the Pt-based catalysts were
applied in the ORR and methanol/formic acid oxidation reac-
tion to evaluate their electrochemical performance. To move
from evaluation models to industrial applications, more studies
should focus on the application of these catalysts in whole fuel cell
systems, such as direct methanol fuel cells and proton exchange
membrane fuel cells.

Although these recent advancements in the development of
Pt-based catalysts with high AUE are still limited in terms of
large-scale applications, they offer many solutions for optimiz-
ing the structures of the catalysts to meet the performance
required in industry. Furthermore, a systematic study on the
syntheses of Pt-based catalysts with high atom utilization
efficiency would provide worthwhile insight for preparation of
other noble metal NCs.
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