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HIGHLIGHTS

e Synthetic mechanisms of shape-controlled Pt-based alloy and intermetallic nanocrystals are outlined, and strategies for the design

and development of morphology-controlled Pt-based nanostructures are discussed.
e Advanced characterizations and electrochemical applications of these Pt-based nanocatalysts are highlighted.

e Advances and perspectives in designing outperformance and the long-durability of Pt-based nanocatalysts with shape control in this

electrochemical field are proposed.

ABSTRACT To achieve environmentally benign energy conversion with the car-
bon neutrality target via electrochemical reactions, the innovation of electrocatalysts
plays a vital role in the enablement of renewable resources. Nowadays, Pt-based
nanocrystals (NCs) have been identified as one class of the most promising candi-
dates to efficiently catalyze both the half-reactions in hydrogen- and hydrocarbon-
based fuel cells. Here, we thoroughly discuss the key achievement in developing
shape-controlled Pt and Pt-based NCs, and their electrochemical applications in
fuel cells. We begin with a mechanistic discussion on how the morphology can be
precisely controlled in a colloidal system, followed by highlighting the advanced
development of shape-controlled Pt, Pt-alloy, Pt-based core @shell NCs, Pt-based
nanocages, and Pt-based intermetallic compounds. We then select some case studies

. . . . Y/ : 0
on models of typical reactions (oxygen reduction reaction at the cathode and small : ‘ﬁs.

molecular oxidation reaction at the anode) that are enhanced by the shape-controlled ! Pp“
Pt-based nanocatalysts. Finally, we provide an outlook on the potential challenges

of shape-controlled nanocatalysts and envision their perspective with suggestions.
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1 Introduction

Platinum (Pt) metal, one of the six platinum-group metals as
scarce elements in the earth’s crust, has received wild recog-
nition for its extensive applications, especially in thermal and
electrochemical catalysis [1-3]. Remarkably, at the nanoscale
with precisely controlled morphology, size, composition,
structure, and crystal phase, Pt-based nanocrystals (NCs)
demonstrate intriguing electrochemical performance [4-6].
By incorporating second or multiple metals into the Pt lat-
tice, alloyed catalysts with enhanced performance could be
further created. Unlike random alloy NCs with atomically dis-
ordered arrangements, intermetallic catalysts with atomically
ordered structures usually demonstrate unique electrocatalytic
properties. The disordered alloy NCs can be rationally con-
verted to ordered intermetallic NCs under specific conditions
or vice versa. For most Pt-based systems, random alloy NCs
can be directly produced from a hot colloidal synthesis, and a
post-annealing may convert them into an intermetallic phase
[7-11]. However, there are some “unusual” systems in which
the atomically ordered phase is stable. For example, a col-
loidal synthesis at 240 “C yielded atomically ordered Pt;Sn
nanocubes (NCbs), and further thermal treatment resulted in a
transition to disordered structures with different performances
toward oxygen reduction reaction (ORR) [12].

For Pt-based NCs, their morphology may play a crucial
role associated with their atomic ordering/disordering phase
in the expressed physicochemical properties. A classic exam-
ple can be found in the Pt-Ni system [13—16]. It was proven
that the (111)-facet of Pt;Ni single crystal exhibits superior
electrochemical activity toward ORR in acidic media com-
pared to its (100)- and (110)-facets [13]. Notably, by mini-
mizing their sizes to the nanoscale (e.g.,~ 10 nm), Pt—Ni
octahedral NCs terminated with the exclusive (111)-facets
still show ~ fivefold higher in ORR than that of NCbs with
(100)-facets with a similar size [17], indicating that the fas-
cinating performance of NCs highly depends on their mor-
phology. Inspired by the incredible results, tremendous efforts
have been devoted to the design and development of various
synthetic approaches to control the morphology of Pt-based
NC:s over the past decades [18-22]. In addition to their impact
of morphology and structure on the physicochemical proper-
ties, other factors such as the strong metal-support interac-
tion (SMSI) could affect the catalytic performance as well
[23-26]. A classic strategy of constructing the SMSI is to
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reduce metal nanoparticle (NP) precursors on the supports,
such as metal oxides, metal sulfides, or even carbon-based
materials, followed by heating at a high temperature. Due to
the high surface energy on metal NPs and metal restructuring
during the preparation or heterogeneous catalytic process, the
SMSI has demonstrated efficient inhibition to the sintering,
migration, or leaching of active metals and thus controlled the
catalytic performance well, especially the stability. Although
it is typically hard to observe the classical SMSI effect on
carbon-supported catalysts due to the inert and non-reducible
carbon support, several reports about the SMSI investigation
have just been released recently [24, 27]. For instance, a strong
chemical interaction between Pt NPs and sulfur-doped car-
bon supports was identified, which dramatically inhibits Pt
overgrowth at moderate temperatures (300-700 °C) and then
forms SMSI encapsulation structures on Pt NPs at a higher
temperature (900—-1000 °C) during annealing process [27]. It
was further determined that the SMSI has a positive effect in
promoting electrochemical ORR durability in H,—air fuel cells.

Since it has been widely accepted that the success of shape-
controlled Pt-based NC synthesis is highly sensitive to many
experimental factors (e.g., metal precursors, reaction condi-
tions, and capping ligands), it remains a challenge to guide
a harvest of various Pt-based NCs using a universal theory
and methodology. Therefore, many research groups have
developed their diverse synthetic protocols [2, 28, 29]. This
review mainly covers the recent advances in general principles,
shape-controlled mechanistic insight, established protocols,
and corresponding electrochemical applications of Pt-based
alloy/intermetallic NCs. Eventually, we outline the current
challenges, perspectives, and developing trends in mechanisms
and shape-control protocols based on the summary.

2 General Principles for the Design
of Pt-based Functional Electrocatalysts

NCs are typically synthesized using wet-chemistry methods
referring to a bottom-up approach, which involves batches
of solvents, precursors, capping ligands, and/or reducing
agents. Additionally, the as-synthesized NPs are often sta-
bilized or capped by surfactants in the solvents to confine
their morphology, composition, and size distribution [1, 2].
Typical syntheses of Pt-based NCs prepared in a colloidal
system using tungsten carbonyl (W(CO),) were developed
in the past decade, including Pt—Co, Pt-Ni, Pt-Fe, Pt—Cu
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bimetallic systems and Pt-based trimetallic systems [5, 17,
22, 30-33]. In such a case, W(CO)q serves both functions
of reducing and shape-control by in situ generating metallic
tungsten and reductive carbon monoxide (CO) molecules
through its thermal decomposition. It seems that CO can
be preferentially adsorbed on Pt(100) and promote the evolu-
tion of Pt(100) [34]. Similarly, iron pentacarbonyl (Fe(CO)s)
can also be utilized for synthesizing Pt—Fe NCbs, where
the Fe metal atoms and CO are generated directly from the
decomposition of Fe(CO)s at a suitable temperature range
[35, 36]. It was also reported that the sizes and morpholo-
gies of NCs could be modulated by the ratio of oleylamine
(OAm) to oleic acid (OA), which are typically used as the
solvents and/or capping ligands [37, 38]. For example, with
decreasing the OAm/OA volume ratio from 10:1 to 4:1,
a nano-concave feature can be evolved into a flat-like NP
surface, indicating the overall reduction kinetics are piv-
otal in the shape control at a high OAm/OA ratio [32]. It is
worth mentioning that in order to take into account a col-
loidal synthesis system, more variables (such as metallic
valence in precursor, the ratio of different metal precursors,
the capability of solvents, and reaction temperature) than
the factors discussed above need to be considered from case
to case [22, 39, 40]. Some traceable theoretical principles
can guide the shape-controlled synthesis of colloidal metal
NCs, which will be discussed from the thermodynamic and
kinetic aspects.

2.1 Synthetic Mechanism: Thermodynamic Control vs.
Kinetic Control

To control a chemical reaction, it is necessary to under-
stand its principles and mechanisms with thermodynamic
and kinetic control. Typically, thermodynamics controls
the driving force of a reaction originating from the dif-
ference between the initial and final states, while kinet-
ics governs the energy barriers in the reaction pathway
when it happens [29, 41]. In order to receive the desired
product in a high yield, one needs to figure out whether
the product is in the most stable state under thermody-
namic control or it has the most favorable energy consid-
eration within the reaction process (kinetic control). For
example, Fig. la gives a simple schematic illustration in
which reactants of A and B involve two parallel reaction
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pathways (A+B <> C, or A+ B <> D) [41]. In such a case,
product C is thermodynamically favorable through pathway
one (in black), whereas D is the kinetic-control product
via pathway two (in red). The reaction rate constant (k)
is determined by the Arrhenius equation (Fig. 1a), which
indicates that the higher temperature (7) is, the faster the
reaction will be. Thus, the reaction temperature controls the
conversion yields of products C and D. In other words, a
low temperature favors the generation of product D with a
fast reaction rate, whereas a high temperature promotes the
formation of product C after establishing the equilibrium
in the system. Although the thermodynamically controlled
products are generally obtained with a global minimum of
Gibbs free energy, the product during synthesis could be
easily trapped in many states corresponding to local min-
ima under kinetically controlled conditions. Importantly,
temperature still plays the significant key role in determin-
ing thermodynamic or kinetic products. In this case, it is
reasonable to conduct the synthesis at a relatively low or
high temperature to fabricate either kinetically or thermo-
dynamically controlled products. Considering the colloidal
synthesis of NCs as one chemical reaction or a set of reac-
tions, the abovementioned concept can be applied to the
development of size, morphology, composition, and struc-
ture control using the lever of thermodynamics and kinet-
ics. In this section, we will discuss the thermodynamic- and
kinetic-controlled synthesis of NCs at the atomic level.

2.1.1 Thermodynamic Control

In general, the thermodynamic control in a bulk reaction
can be simply determined by the total free Gibbs energy
change (AG,; ) driven by the starting state and final state
[41]. Typically, AGy, in bulk is negative when products
are energetically more favorable than the reactants. Equa-
tion (1) indicates that the equilibrium depends on the
overall enthalpy change (AH), entropy change (AS), and
temperature (7'). If both AH and AS are negative for the
reaction, AGy,; will be dominated by AH at low tempera-
tures and by —T'AS at high temperatures in order to allow
the reaction process.

AGy = AH —TAS (1)

In a nanoscale system, the surface energy [ 7,,,dA,,;,) must
be considered accordingly, which is generally the key
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Fig. 1 Energy and LaMer diagrams. a simple energy landscape, illustrating two reaction pathways controlled thermodynamically (in black) vs.
kinetically (in red). Adapted with permission from Ref. [41] and modified. Copyright 2015 Wiley-VCH. b Idealized LaMer diagram, indicating
the generation of atoms, nucleation, and subsequent growth as a function of time. Reproduced with permission from Ref. [4]. Copyright 2009

Wiley-VCH

dominant factor in the NC synthesis. Equation (2) presents
a typically modified Gibbs’ free energy:

AG, 0 = AGpy + / Y 9A n )

where the y,,, is the specific surface free energy of a given
crystallographic facet and A, is its surface area [4]. For lig-
uid droplets or amorphous NPs, the y,,, is independent of the
direction as they are isotropic, but facets of anisotropic NCs
usually have specific surface free energies because they have
different surface ligands, coordination numbers (CNs), and
charges. This makes it possible to control the size and mor-
phology of NCs. For instance, without considering the cap-
ping ligand and other factors, an ideal facet is more stable in
a given NC when its surface atoms have the largest CN. The
7 Of the low-index facets on face-centered cubic (fcc) metal
NCs generally follow the order of y( 11y < ¥100) < ¥(110)»
implying that the (111)-facet formation is more energetic
and favorable than the two other types of facets. For a body-
centered cubic (bcc) structure of metallic NCs, interestingly,
the order is altered as y(;19) < Y00y < Ya1ny [1, 4, 29]. In
a colloidal synthesis, other factors, such as defect, hybrid,
and surface-to-volume ratio (§/V), should also be consid-
ered synergistically. This makes thermodynamic control
more complex [42, 43]. Nevertheless, this concept guilds
the NC synthesis in general, allowing a possibility to predict
and identify the dominant driving force theoretically and
experimentally.

© The authors

2.1.2 Kinetic Control

Unlike thermodynamics which solely relies on the starting
state and ending state, kinetic control of a bulk chemical
reaction is dramatically influenced by various factors within
a set of elemental steps [44]. For example, there exists a
kinetic barrier to generate nuclei in a homogeneous solu-
tion in the classic theory of the LaMer model [4]. Figure 1b
illustrates the proposed stages in the synthesis of metallic
NCs, including the supplied atoms from precursors (stage
1), nucleation (stage II), and seeds growth (stage III) [45].
At the initial stage (Stage I), metal atoms are generated from
chemical reactions (such as reduction or decomposition),
and the concentration of atoms accumulates gradually up on
the reaction time. During this stage, it allows the concentra-
tion exceeds the level of saturation (C,) without forming any
stable nuclei. Once the concentration of atoms reaches the
floor of supersaturating (designated as C7: ), stable seeds
will be generated through homogeneous nucleation after
overcoming the energetic barrier. Normally Stage II lasts
for a very short period as these nuclei seeds consume large
amounts of metal atoms, leading to a fast drop in the con-
centration of atoms below the level of Cfn”in. As a result, no
additional nuclei will be created due to the lack of supersatu-
rated atoms at this moment, and the residue metal atoms in
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the system would prefer to deposit onto the existing nuclei.
These nucleated seeds will finally grow into NCs with con-
trolled size and morphology in Stage III. Kinetic control is
involved in each stage, that is, the reducing rate of metal
atoms in Stage I, the energetic barrier of nuclei in Stage II,
and the deposition rate versus the reducing rate in Stage III.

It has been wildly recognized that seed-mediated growth
can be facilitated for shape control. In such a case, both
the atom deposition rate (Vgeposition) and surface diffu-
sion rate (Vgieruion) are key kinetic parameters and can be
manipulated by tuning the reaction conditions to harvest
the desired kinetic products. The Vge,qiion can be expressed
in Eq. (3):

VdepOSition = k[AT'[BY 3)

where [A] stands for the concentration of a metal precursor
A; [B] is the concentration of another reagent B (such as a
reducing agent), x and y are the reaction orders of A and B,
respectively; and k is the rate constant. The Vi ogition €an be
controlled in several options, including adjusting [A], [B],
altering the reaction temperature, and changing x and y by
adopting different types of precursors or the other reagent.
On the other hand, V¢ ,qion 1S @nother kinetic parameter that
can be determined by the diffusion coefficient (D) that can
be calculated as expressed in Eq. (4) [29]:

D= Doe(_Ediffusion /RT) )

where Dy, is the diffusion factor, Egyi¢rygon 15 the energy bar-
rier of the random atomic jumping, R is the ideal gas con-
stant, and T is the reaction temperature. It is obvious that
Viitfusion 1S Mainly determined by the T and E j;¢¢,4i0n, Whereas
E gitrusion INVOlves the bonding energy (BE) between the sur-
face atom to its neighbors and the surface functional groups
(i.e., capping ligand).

Taking the shape-controlled synthesis of palladium@
platinum (Pd@Pt) core@shell NCs as an example [46],
Fig. 2a illustrates the mechanism of forming Pd@Pt NCbs
and concave NCbs with kinetic control. Initially, Pt atoms
were deposited at the corners/edges on the Pd cores owing
to the high local surface energy. The growth pathway
strongly depends on the ratio of Vieposiion/ Vaittusion- 1f
Veposition < Vaitfusion> MOst of the deposited atoms at the
corners migrated to the facets adequately, and the epitaxial
growth would prevail along < 100 > direction, producing
Pd@Pt NCbs (Fig. 2b). In contrast, if Vyeposiiion > Viitfusions
most of the Pt atoms remained at the corners/edges,
and Pd@Pt concave NCbs were developed alternatively
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(Fig. 2c). Similarly, this strategy can be extended to other
Wulff shapes of NCs, such as octahedra, decahedra, and
icosahedra [3].

2.2 Morphology Control: Growth Mechanism
and Assessment

In order to design functional NCs with morphology con-
trol, it is critical to understand how their facets develop in
the synthesis. Tracing back to 1873, Gibbs proposed that
the equilibrium shape of a droplet of matter is determined
by surface energy minimization. Later on, when Wulff con-
struction was used to predict the equilibrium shape of NCs
[47], the surface energy was considered to be proportional to
a normal vector drawn from the crystal center to an external
surface. This model can be rationally extended from liquid
droplets to solid NCs. Generally, the growth rate in a direc-
tion perpendicular to a high-surface-energy facet is faster
than that to the low-surface-energy facet. Thus, the high-
surface-energy facets will eventually disappear, leaving
the low-surface-energy facets terminated on the NCs. Note
that, in practice, the surface energy of a facet cannot be sim-
ply determined using the “ideal” order given in Sect. 2.1.1
which is usually determined under a vacuum condition.
In a colloidal synthesis, solvents and surfactants are com-
monly used to modify the total surface energy by preferential
adsorption on specific facets, regulating the relative growth
rates in directions perpendicular to different facets to realize
the shape control of NCs. Although several thermodynamic-
and kinetic-based mechanisms have been proposed, the facet
development at the atomic scale still remains mysterious
primarily due to the lack of in situ/Operando observation.
Thanks to the fast development of microfabricated lig-
uid cells equipped with transmission electron microscopy
(TEM) with a high spatial and temporal resolution (Fig. 3a),
making it possible to directly monitor the nucleation and
subsequent evolution of the facets of NCs [48-52] (i.e.,
Stages II and III in Fig. 1b). For example, the Livisatos
group has observed two different growth pathways using
in situ liquid cell TEM [51, 52]. They determined that Pt
NCs can grow either by monomer attachment from solution
or by seed coalescence, suggesting that colloidal NCs take
different growth pathways due to the differentials of surface
energies based on their size- and morphology-dependent
internal energies. Using a liquid cell TEM technique, the

@ Springer
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Pt atoms ... ..................
.. ..
[ ] [ ]
(1 (2), 3"

(ii) Videposition > Vdiffusion

(1): Atom deposition dsendan PPYY, LY~ ]
(2): Surface diffusion I_f

Fig. 2 Mechanistic study of Pt-atom deposition on Pd nanocubes. a A schematic illustration, showing Pt-atom deposition on Pd cubic seeds
through deposition and surface diffusion steps. b High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image of the Pd—Pt nanocube (the inset shows the zoom-in view of an individual Pd—Pt nanocube with a scale bar of 5 nm). ¢ HAADF-STEM
image of Pd—Pt concave nanocubes (the inset shows the zoom-in view of Pd—Pt concave nanocubes with a scale bar of 10 nm). Reproduced with
permission from Ref. [46]. Copyright 2014 American Chemical Society

Electrochemical Liquid Cell

o

Fig. 3 The facet development of a Pt nanocube. a Schematic overview of TEM visualization of colloidal nanocrystal growth and electrochemi-
cal liquid reactions. b Schematic illustration of the growth of a nanocube in a liquid solution. ¢ Real-time imaging of the growth of Pt nanocube
using the liquid cell. Reproduced with permission from Ref. [54] and modified. Copyright 2017 American Chemical Society

Zheng group, later on, imaged a real-time growth of Pt;Fe  orientation, and shape corrections [53]. They subsequently

nanorods from solution-based NC building blocks, which  reported their observation on one Pt NCb growth as well
experienced shape-directed NP attachment, straightening, [49] by monitoring the real-time shape-development. By
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focusing on an individual Pt NP growth process (Fig. 3b),
it was found that the initial growth rates of low-index fac-
ets are similar during the nucleation (Stages I and II) until
the {100} facets stop the growth (beginning of Stage III)
[54]. The successive growth (Stage III) of the rest facets
(especially the {111} facets) leads to the final evolution of
{100}-terminated Pt NCb (Fig. 3c).

The in situ liquid cell TEM can also be extensively applied
to monitoring the preferential etching and, thus, shaping of
NCs using a top-down strategy [55-57]. For example, the
elective adsorption of surface ligands associated with their
inhibiting behavior was observed through the etching of Pd
NCs [58]. It revealed that the etching rate could be exclu-
sively controlled by adjusting the concentrations of ligands.
At a low ligand concentration (0.1 mM iron acetylacetonate
(Fe(acac);)), a rapid etching primarily occurs at (100) fac-
ets, resulting in concave NCs, whereas at a high ligand con-
centration, the etching rate is reduced due to the sufficient
ligand coverage on (100)-facets, eventually evolving round
NCs. Both the direct investigation and Ab initio calculation
suggested that the differences in the adsorption energy of
inhibitor molecules on Pd facets were responsible for the
etching control.

3 General Synthetic Strategies for Pt-Based
Nanocrystals

Approaches to fabricating metal NCs in a colloidal system
can be fundamentally classified into two categories: (1)
top-down and (2) bottom-up. The top-down strategy is to
reduce the bulk materials to nanoscale dimensions using
physical or chemical methods. In contrast, the bottom-up
design involves the construction of NCs from nucleation,
deposition, and assembly of atoms, molecules, or clusters
[59-61]. By adopting physical techniques such as optical
lithography, electron beam lithography, and ball milling pro-
cess [62—-64], the top-down physical strategy is beneficial to
fabricate nano-patterns and large-quantity NPs. With kinetic
energy provided by the ball milling, for example, bulk mate-
rials can be ground into NPs in high yield [60]. However,
the as-prepared NPs might be inferior due to the signifi-
cant damage to their crystallographic surfaces. Another
universal approach under the top-down category is chemi-
cal engraving (such as selective de-alloying and template
etching) and emulsification, to produce the nanostructures
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[65]. For instance, de-alloying is generally used to remove
one metal component from metal alloy NCs, producing
porous nanostructures, nanocages, or nanoframes (NFs)
[39, 66, 67]. The Strasser group has systematically inves-
tigated the de-alloying process (acidic de-alloying process
or electrochemical leaching process) in Pt—Cu, Pt—Co, and
Pt—Ni systems and reported that the morphologies and nano-
structures of the de-alloyed products highly rely on their
sizes [68—70]. For example, individual core—shell Pt—-Co@
Pt and Pt—-Cu@Pt NPs with a Pt-rich shell were exclusively
observed after a de-alloying process if the size (diameter)
is less than 10—15 nm. For those with a size between 10-15
and 30 nm, irregularly shaped structures could be generated
after this process. For Pt—Co and Pt—Cu NPs with a diameter
(of multiple cores) over 30 nm, nanoporous structures on the
surface of Pt—Co NCs were determined [69].

In contrast to the top-down strategy, the bottom-up design
has been much more commonly used to precisely control
NCs in size, composition, and morphology [4, 60, 71, 72].
Various methods, such as colloidal synthesis, microwave-
assisted synthesis, and thermal pyrolysis, have been estab-
lished [1]. In addition, by combining the “bottom-up” and
“top-down” subsequently, nanohollows, frameworks, and
nanocages of metals or metal alloys have been prepared
with fascinating properties [73]. For example, a protocol
of de-alloying PtNi, tetrahexahedral (THH) NCs into high-
indexed Pt;Ni NFs through a Mond process consisting of
two stages has been developed [67], in which PtNi, THH
NCs were first synthesized from a hot colloidal solution, and
the Ni atoms in the NCs were then selectively etched along
the < 100 > orientation using carbon monoxide (CO), gener-
ating gaseous Ni(CO),. The resultant Pt;Ni alloy THH NFs
contain segregated Pt thin layers with compressive strain and
exhibit much improved electrocatalytic performance toward
ORR. Similarly, there have been many other achievements
using combined synthetic approaches. In this section, recent
progress in the morphology-controlled synthesis of Pt-based
alloy and intermetallic compounds is centralized.

3.1 Morphology Control of Pt NCs

The shape-controlled syntheses of metallic NCs are usu-
ally implemented through the following routes: (1) direct
one-pot synthesis with homogeneous nucleation, (2) seed-
mediated epitaxial growth, and (3) galvanic replacement [1,
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Table 1 Summary of some synthesized Pt NCs in various morphologies

Pt Morphology Preparation condition References
Low-index Cube Pt(acac), + W(CO), at 240 °C [31]
Pt(acac), + Mn,(CO),, or CO at 240 °C [81]
Cube Pt(acac), + OAM/OA +Fe(CO)s (yrace amouny) at 200 °C [82]
Cube, rod, pod Pt(acac), +H, from 40 to 100 °C [83]
Octahedron Na,PtCls+PVP at 990 °C [77, 84]
Pt(acac), + Mn,(CO),, at 210-230 °C [81]
High-index Concave Na,PtCls+ glucose + CTAB at 160 °C [77]
Decahedron [Pt(NH;),][PtCL,]+ OAm at RT [78]
Icosahedron [Pt(CH;NH,),][PtCl,]+ OAm at 150 °C [78]
Pt(acac), +Mn,(CO), at 190-210 °C by size-selective precipitation [81]
Pt(acac), + Y(acac),+CO at 210 °C by the hot injection [85]
Tetrahexahedron Pt nanospheres + 30 mM ascorbic acid+0.1 M H,SO, under the specific [79]
square-wave potential range
Sb, Bi, Pb, and Te + Pt precursors at 900 °C under Ar/H, [80]

OAm oleylamine, OA oelic acid, acac acetylacetonate, CTAB hexadecyltrimethylammonium bromide PVP poly(vinyl pyrrolidone)

74]. The mechanism of the first route has been discussed in
Sect. 2.1.2, and this method could generate Pt NCs in vari-
ous morphologies (i.e., NCb, octahedron, decahedron, ico-
sahedron, and tetrahexahedron), exposing with low- or high-
index crystallographic facets, as summarized in Table 1.
Typically, Pt NCs are terminated with low-index facets such
as {100}, {111}, and {110} due to their relatively low spe-
cific surface free energies. It should also point out that the
homogenous reaction media is usually applied to these syn-
theses but not the only cases. For example, the Fang group
reported a synthesis of Pt NCbs using tungsten hexacarbonyl
(W(CO)y) as the reducing agent [31]. It was identified that
W(CO); is crucial to control the Pt-atom generation and
nucleation processes (Stages I and II). It is believed that
the tungsten (W) decomposed from W(CO)4 can facilitate
the reduction of Pt precursors with its low reduction poten-
tial, regulate the feedstock of Pt atoms, and lead to a fast Pt
nucleation, whereas the CO decomposed from W(CO)4 can
stabilize the {100} facets of Pt seeds through its preferen-
tial adsorption on Pt {100} facets, preserving these facets
in Stage II before the capping ligands such as OAm and
OA maintain these facets during the crystal growth (Stage
II). By replacing W(CO), with other reducing agents such
as Mn,(CO),, and H,, Pt NCbs can also be yielded at an
optimized reaction temperature. It was even reported that
CO can solely facilitate Pt NCbs without the assistance of

© The authors

other capping ligands [34]. However, this single CO proto-
col cannot produce binary Pt-alloy NCbs (vide infra) [75].
Since the specific surface free energy of Pt(111) (y(y1y)) is
lower than that of Pt(100) ( yq¢)) intrinsically, octahedral
Pt NCs should be more stable thermodynamically than Pt
NCbs if yy;1) and y(;o0) would not be significantly changed
in a colloidal system. Thus, by lowering the concentration
of the reducing agent and adjusting reaction time, Yang and
Xia groups have successfully demonstrated their syntheses
of truncated cubes, cuboctahedra, truncated octahedra, octa-
hedra, cubes, and concave Pt NCs, respectively [76, 77]. As
depicted in Fig. 4a, Pt NCs in various shapes could be read-
ily generated at different reaction-time scales [77]. When the
synthesis was carried out with glucose at a low concentration
of reducing agent (glucose, 0.1 M), a series NCs enclosed
with a mixture of (100)- and (111)-facets can be produced
after 1, 2, and 3 h, whereas sufficient reaction time (e.g.,
4 h) could lead to perfect octahedral Pt NCs. Alternatively,
by increasing glucose concentration to 0.167 M, Pt NCbs,
larger NCbs, and concave NCbs could be obtained after 1, 2,
and 4 h, respectively. This indicates that the reduction kinet-
ics, as determined by the glucose concentration, is largely
responsible for the diversified Pt NCs in shape and size.

As tabulated in Table 1, Pt NCs enclosed with high-index
facets, such as concave cubes, decahedra, icosahedra, and
tetrahexahedra, were also prepared successfully. The Yan

https://doi.org/10.1007/s40820-023-01060-2
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Fig. 4 a Schematic illustration of two different growing pathways of Pt nanocrystals with distinctive shapes as a function of reaction time.
Reproduced with permission from Ref. [77] and modified. Copyright 2018, Elsevier. b Growth mechanism of Pt nanodecahedra and nanoicosa-
hedra. ¢ HRTEM images of Pt nanodecahedra and nanoicosahedra with incident direction on two/three/fivefold axis. Reproduced with permis-

sion from Ref. [78]. Copyright 2012 Wiley-VCH

group reported their syntheses of Pt nanodecahedra (NDs)
and nanoicosahedra (NIs) through a reduction of Pt com-
plexes [78], [Pt(NH;),][PtCl,] and [Pt(CH;NH,),][PtCL,].
The success is attributed to the unique structure of the linear
Pt(II) complex precursors that possess strong metal-metal
interactions and their long slow reduction rates, which were
identified as the prerequisites to the formation of Pt multi-
ply twinned particles, as illustrated in Fig. 4b. TEM images
of these NDs and NIs are displayed in Fig. 4c. The Sun
group has demonstrated their preparation of Pt-THH NCs
(ca. 200 nm in size) in a high yield through an electrochemi-
cal treatment on Pt nanospheres supported on glassy carbon
using square-wave potentials [79]. The single crystal THH
NC is enclosed by 24 high-index and high-energy facets. The
Mirkin group also reported their preparation of Pt-THH NCs
(10-500 nm) using a ligand-free solid-state reaction method
[80]. This alloying-dealloying (shape-regulating) process
is distinct from the classical additive-growth process in a
colloidal system. Pt-based THH NCs were first generated
on silicon wafers or other catalytic supports by heating the
metal precursor in a tube furnace with atmosphere from a
trace amount of foreign elements (such as antimony (Sb),
bismuth (Bi), lead (Pb), or tellurium (Te)) to stabilize high-
index facets ((210) planes). Then, the in situ de-alloying

| SHANGHAI JIAO TONG UNIVERSITY PRESS

process of the trace element (e.ge.g., Sb) occurred kineti-
cally from the initial Pt—Sb alloy NCs, eventually producing
Pt-THH NCs.

3.2 Morphology Control of Pt-Alloy NCs

It has been widely recognized that some physicochemical
properties of Pt-alloy NCs are superior to those of pure
Pt NCs [1, 3]. Pt-alloy NCs are usually prepared through
the first synthesis route discussed in Sect. 3.1 using either
a combination of reduction-thermal decomposition or co-
reductions of precursors. For example, monodisperse Pt-Fe
NCs were first synthesized as early as 2000 by the reduc-
tion of platinum acetylacetonate coupled with a decomposi-
tion of iron pentacarbonyl in the presence of OAm and OA
[36]. After altering the reaction solvent and optimizing other
conditions of this synthesis strategy, the successful prepara-
tion of Pt-Fe NCbs was shortly reported by the Sun group
[35]. Alternatively, Pt;Co, Pt;Fe, and Pt;Ni NCbs can also
be co-reduced in a hot organic solution in the presence of
capping ligands and W(CO)y, using the same approach [31]
discussed in Sect. 3.1. As shown in Fig. 5a-1, Pt, Pt;Co,

@ Springer
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Pt;Fe, and Pt;Ni NCbs prepared through this co-reduction
strategy present perfect cubic morphology. Their corre-
sponding selected area electron diffraction (SAED) pat-
terns and HRTEM images confirm the structures and high
crystallinity. Significantly, Pt;Cu, [40, 86] and Pt;Ni [17]
nano-octahedra have also been fabricated by adjusting the
reaction conditions using this synthesis strategy.

Besides Pt-based NCs with low-index facets, high-index
Pt-based NCs can also be synthesized either in a one-pot col-
loidal solution [32, 67] or by a multi-step protocol [39, 67,
87]. For example, monodisperse PtNi, THH NCs with well-
defined (730) facets were synthesized by co-reducing PtCl,
and NiCl,-6H,0 in the presence of OAm in 1-octadecene [67].
The temperature remained at 180 °C for ~ 10 min first to gener-
ate Pt-based seeds, followed by fast heating to 290 °C within
5 min and quenching immediately once reaching the desired
temperature. Next, CO was used to de-alloy Ni components
from PtNi, THH NCs at 170 °C, resulting in Pt;Ni THH NFs
(Fig. 5m). Alternatively, Pt—-Ni THH NCs can be synthesized
by co-reducing Pt(II) and Ni(Il) acetylacetonate in the pres-
ence of dodecyltrimethylammonium chloride, OAm, and OA at
180 °C for 3 h [87]. By adjusting the fractions of OAm and OA,
Pt—Ni rhombic dodecahedra (RD) can be produced in a similar
system. Subsequently, these Pt—-Ni THH and RD NCs can be
etched with acetic acid at 100 °C for 10 h and converted to
THH and RD NFs (Fig. 5Sn—o). Using a similar strategy, Pt—-Co
RD NFs (Fig. 5p) were synthesized by etching Pt-Co RD NCs
using 2 M HNO; at 60 °C under vigorous stirring for 1 h in air.
The resultant Pt—Co RD NFs showed higher activity toward
ORR than their Pt—Ni counterparts [88]. Earlier, it was reported
that OAm-capped PtNi; RD NCs could transform into hollow
Pt;Ni NFs in solution by either keeping them in nonpolar sol-
vents such as hexane and chloroform under ambient conditions
for 2 weeks or heating them in a similar system at 120 °C for
12 h [39]. A schematic illustration of the interior erosion stages
and corresponding TEM images in each representative stage
are shown in Fig. 5q. The resultant hollow 3D RD NFs possess
Pt-rich composition on the surface of each edge and the high
surface area-to-volume ratio [90], exhibiting improved per-
formance toward ORR. It is expected that the aforementioned
fabrication methods of NFs could be readily applied to other Pt-
alloy systems, such as Pt—Cu, Pt—Co, Pt/Rh-Ni, and Pt/Pd—Ni.
With different experimental conditions, Table 2 outlines some
typical syntheses of Pt-alloy nano-polyhedra and NFs.

© The authors

3.3 Morphology Control of Pt-Based Core@Shell NCs
and Pt-Based Nanocages

In opposition to the first route (directly one-pot synthesis)
on a shape-controlled synthesis of Pt or Pt-alloy NCs, the
second and third routes are commonly applied to the devel-
opment of core@shell NCs. As discussed in Sect. 2.1.2,
the products from a seed-mediated growth are typically
governed by competition of thermodynamics and kinet-
ics (Veposition V- Vaiffusion) The growth modes for thin film
deposition and NCs can generally be broken into three
types: (1) layer-by-layer deposition (Frank-van der Merwe
Mode), (2) island growth (Volmer-Weber mode), and (3)
the intermediate mode (Stranski—Krastanov mode). For
instance, highly faceted cubic Pt seeds can be used to direct
the shape-controlled formation of a secondary metal such
as Pd or Au through the epitaxial overgrowth [93]. This
concept led to the successful preparation of core @shell
structured Pt@Pd NCs in different morphologies (NCbs,
cuboctahedra, and octahedra) and Au nanorods on cubic Pt
seeds. Subsequently, the preparation of monodisperse Au@
Pd and Au@Ag core—shell NCbs through epitaxial growth
on octahedral Au seeds was also reported [94]. Furthermore,
it was claimed that the thickness of the shell layer could be
controlled thermodynamically and kinetically [46, 95-98]
on Pd@Pt core—shell NCs in various morphologies such as
concave NCbs, nano-octahedra, truncated nano-octahedra,
concave NDs, and NIs as summarized in Table 3. In addi-
tion, due to the lower standard reduction potential of Pd%t/Pd
(0.951 V) than that of Pt>*/Pt (1.180 V), the Pd core can be
selectively oxidized and etched out from the NCs by FeCl,/
HCI or HNOj in this approach, generating Pt-based nanoc-
ages in different morphologies (Table 3).

It is challenging but interesting to choose a non-precious
metal as the core seeds. A practical strategy is to develop the
core @shell nanostructures using 3d transition metals such
as Cu, Ni, or Fe as the cores [107]. One of the successful
examples is the monodisperse core @shell Ni@FePt NPs
via a seed-mediated growth with controlled shell thickness
(~ 1 nm) [107]. The success in harvesting this kind of core@
shell structured NPs highly relies on the interface of the
Ni seeds. Oxidation on the surfaces of the Ni seeds would
prevent uniform growth of Pt or Pt-alloy shell around them.

https://doi.org/10.1007/s40820-023-01060-2
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(a)

Fig. 5 TEM images, diffraction patterns, and schematic illustrations of Pt-based nanocrystals. a—¢ Pt nanocubes. d—f Pt;Co nanocubes. g—i Pt;Fe
nanocubes. j-1 Pt;Ni nanocubes. a, d, g and j show TEM images (data bars represent 50 nm); b, e, h and k show the selected area electron diffrac-
tion (negative) patterns of the nanocubes; ¢, f, i and 1 show high-resolution TEM images of the NCbs (scale bars represent 2 nm). Adapted with
permission from Ref. [31] and modified. Copyright 2009 American Chemical Society. m—0 HAADF-STEM images of nanoframes. m Pt;Ni tet-
rahexahedral nanoframes supported on carbon and evolved through CO thermal annealing. Reproduced with permission from Ref. [67] and modi-
fied. Copyright 2017 American Chemical Society. n Pt-Ni tetrahexahedral nanoframes generated by etching Pt—Ni tetrahexahedral nanocrystals
using acetic acid at 100 °C overnight under stirring. 0 Pt-Ni rhombic dodecahedral nanoframes produced by etching Pt—Ni rhombic dodecahedral
nanocrystals using acetic acid at 100 °C overnight under stirring. Reproduced with permission from Ref. [87] and modified. Copyright 2016
American Chemical Society. p TEM image of Pt—Co rhombic dodecahedral nanoframes yielded by etching Pt—Co RD nanocrystals using 2 M
HNOj under vigorous stirring at 60 °C for 1 h in air. Reproduced with permission from Ref. [88] and modified. Copyright 2020 American Chemi-
cal Society. q Schematic illustrations of the interior erosion stages and corresponding TEM images in each representative stage of the Pt;Ni rhom-
bic dodecahedral nanoframe development. Reproduced with permission from Ref. [89]. Copyright 2020 American Chemical Society
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Table 2 Summary of some synthesized Pt-alloy NCs in various morphologies

Metal/alloy Morphology Composition Preparation condition Refs
Pt—Co Cube Pt;Co Pt(acac), + Co(acac),-4H,0 4+ W(CO); at 240 °C [31]
Concave cube Pt;Co Pt(acac), + Co(Ac),-4H,0 + W(CO), with a high ratio of [30]
OAm/OA at 240 °C

Excavated Octahedron PtCo Pt(acac), + Co(Ac),-4H,0 + CTAB [91]

Rhombic Dodecahedra (RD) Pt,,Coyq H,PtCl4-6H,0 + Co(Ac),-4H,0 4+ OAm + OA at 240 °C [88]

RD NFs Ptg;Coy; Pt—Co RD+2 M HNO; at 60 °C [88]

Pt-Fe Cube Pt;Fe Pt(acac), + FeCl, -4H,0 + W(CO); at 240 °C [31]
Cube Pt-Fe Pt(acac), + Fe(CO)s+ OAm/OA at 205 °C [35]

Concave cube Pt;Fe Pt(acac), + Fe(acac); + W(CO)g at 240 °C [32]

Pt-Ni Cube Pt;Ni Pt(acac), + NiCl,-6H,0 + W(CO), at 240 °C [31]
Octahedron Pt;Ni Pt(acac), + Ni(acac), + W(CO), at 240 °C [17]

Pt, sNi, PtNi, PtNi; 5 Pt(acac), + Ni(acac), + DMF at 120 °C [92]

Concave octahedron Pt;Ni 1. Pt(acac), + Ni(acac), + PVP Ibenzoic acid at 150 °C [73]

2. Pt-Ni alloy NCs + dimethylglyoxime + acetic acid

Tetrahexahedron PtNi, PtCl, 4+ NiCl,-6H,0 at 290 °C [67]

THH NF Pt;Ni PtNi, THH+CO at 170 °C [67]

RD PtNi, H,PtCl,-6H,0 + Ni(NO,),-6H,0 + OAm at 270 °C [39]

RD NFs Pt;Ni PtNi; RD + O, etching [39]

Pt—Cu Cube Pt;Cu Pt(acac), + Cu(acac), + 1,2-tetradecanediol at 230 °C [37]
Octahedron Pt;Cu, Pt(acac), + CuCl + CuCl, + W(CO), at 240 °C [40]

OAm oleylamine, OA oleic acid, acac acetylacetonate Ac acetate, PVP poly(vinyl pyrrolidone), DMF dimethyl formamide

Table 3 Summary of some Pt-based core @shell NCs and Pt-based nanocages in various morphologies

Morphology Preparation condition References
Core@shell NCs

Pd@Pt core@shell Cube Pd cubic seeds + AA + PVP +KBr+Na,PdCl, at 80 °C [46]
Concave cube Pd cubic seeds + PVP +KBr+ H,PtCl, at 90 °C [99]
Octahedron Pd octahedral seeds +PVP + CA + KBr + K,PtCl, at 95 °C [98]
Truncated Octahedron Pd octahedral seeds +PVP + AA 4+ KBr+EG + Na,PtCl¢ at 200 °C [98]
Concave Decahedron Pd decahedral seeds +PVP + AA + KBr+ Na,PtCl, at 200 °C [100]
Icosahedron Pd icosahedral seeds + PVP+ AA +KBr + Na,PtClg at 200 °C [101]
Nanocage

Pt-Pd Cubic cage Pd@Pt core @shell NCbs + FeCl;/HCl etching [97]
Octahedral cage Pd@Pt core @shell octahedra + FeCl;/HCI etching [97]
Icosahedral cage Pd@Pt core @shell icosahedra+ HNO; etching [102] [103]
Concave Decahedron Pd@Pt concave decahedra+ FeCl;/HCI etching [100]

Pt—Cu Nanocage H,PtCl¢ + Cu(acac), + CTAB at 170 °C [104]

Pt-Ni Bunched Nanocage Pt(acac), + Ni(acac), + CTAB at 180 °C+HNO; [105]

PtCuPd@Ru Yolk-cage Pt-Cu core @shell nanoplates — growth with Ru— electrochemically [106]

etching of PdCu

AA ascorbic acid, PVP poly(vinyl pyrrolidone), acac acetylacetonate, CTAB hexadecyltrimethylammonium bromide

Consequently, protection from oxidation on Ni seeds could ~ was polyhedra rather than a single type of shape desired.
favor the formation of core@shell nanostructures. Usu-  Recently, a synthetic protocol of CuNi octahedral core-based
ally, the morphology of the resultant core@shell products ~ CuNi@Pt—Cu core@shell NPs was developed [3, 108],

© The authors https://doi.org/10.1007/s40820-023-01060-2
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consisting of a seed-mediated method coupled with selective
galvanic replacement in a colloidal system (Fig. 6a). While
the ratio of Vyeposition/ Vaiftusion Was precisely tuned by opti-
mizing the parameters such as the capping ligand, growth
temperature, and the ramp rate of heating, uniform Pt-based
shells could eventually grow on the CuNi octahedral cores
(Fig. 6b) with a thickness of < 1 nm (Fig. 6¢). The structure,
morphology, and local composition of the resultant CuNi@
Pt—Cu NPs have been confirmed by the TEM and HAADF
images as well as the EDX maps (Fig. 6¢). Considering
the CuNi cores are subject to surface oxidation easily, the
presence of the consecutive oxide shell would suppress the
growth of the Pt-alloy shell on the core template. It was

segregation

@ Pt

|
1
C
|
1
1
1

QOctahedral CuNi@Pt-Cu
- |

identified that more optimal reaction conditions are required
in the 3d-transition-metal-core-based synthesis. For this rea-
son, a fast ramp rate of heating is necessary to protect the
intermediates from possible oxidation. However, a hasty
heating rate (e.g.,>6 °C min™') would result in branched
structures in the products since Veposiiion™> > Viiftusion- On the
other hand, the Pt-precursor plays another role. For exam-
ple, a replacement of PtCl, with Pt(acac), would generate
“core-satellite”-like nanostructures. Recently, the Zhang
group also reported a hydrogen intercalation method to tune
the lattice of Pt on specific Pt facets while Pd/PdH, 4,; NCs
were used as the cores (Fig. 6d), and thus demonstrated their
success in preparing Pd@Pt core @shell NPs via epitaxial

Epitaxial
growth of Pt

Hydrogen
ntercalatiol

=

Fig. 6 Synthesis of Pt-based core@shell nanocrystals. a Schematic illustration of CuNi@Pt-Cu core@shell nano-octahedra through a seed-
mediated process. b TEM image, HADDF-STEM image, and corresponding EDX elemental map of CuNi nano-octahedron core. ¢ TEM image,
HAADF-STEM image, and corresponding EDX elemental map of CuNi@Pt—Cu core@shell nanostructures. a—c¢ Adapted with permission
from Ref. [3] and modified. Copyright 2021 Wiley-VCH. d Schematic illustration of Pd@Pt and PdH, ,;@Pt core @shell NPs. e, f HAADF-
STEM image, and corresponding EDX elemental mapping images of Pd@Pt nanoparticles. g, h HAADF-STEM image, and corresponding EDX
elemental mapping images of PdH,, 4;;@Pt core @shell nanoparticles. Adapted with permission from Ref. [109] and modified. Copyright 2021

American Chemical Society
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growth and subsequently evolving into PdH,, ,;@Pt NPs
[109]. As shown in Fig. 6e-h, HAADF-STEM and EDX
elemental mapping images validated the formation of Pd@
Pt NPs and PdH,, ,; @Pt NPs. After hydrogen intercalation,
the Pd core could convert to PdH,, 43, and the core lattice
expansion led to the lattice enlargement of the Pt shell.
The Xia group further demonstrated their synthesis of
nanocages (Fig. 7) by depositing a few atomic layers of Pt
as conformal shells on facet-defined Pd NCs while the Pd
template was subsequently etched away. The schematic rep-
resentation of the dissolution of Pd and formation of Pt cubic
nanocages is shown in Fig. 7a. TEM and HAADF-STEM
images verified the formation of Pt cubic nanocages termi-
nated with {100} facets (Fig. 7b—c) and Pt octahedral nanoc-
ages bounded with {111} facets (Fig. 7d—e), respectively.
Importantly, the thermal stability of the Pt-based nanocages
was investigated using in situ electron microscopy, reveal-
ing a thermodynamically driven process that transforms
nanocages into NFs upon the heating process and demon-
strating the possibility to enhance their thermal stability
by controlling the surface morphology and location of the
pores. Figure 7f illustrates the nanocage evolution, includ-
ing (1) pre-existing pores on the surface of the nanocage are
enlarged; (2) the edges and corners are thickened due to the
migration of atoms away from the pore-decorated side faces;
(3) the resultant formation of an NF with open side faces.
Figure 7g—j are in situ HRTEM images, demonstrating the
morphology change of the nanocage upon different heating
conditions. The morphology development of the nanocage
confirmed the schematic assumption displayed in Fig. 7f.

3.4 Morphology Control of Pt-Based Intermetallic
Compounds

A single-phase solid solution consisting of mixed Pt and
other components generally refers to an alloy, in which the
atoms are randomly distributed across the lattice. There-
fore, such a solid solution structure is also called a random
alloy. A structurally ordered alloy is usually categorized as
an intermetallic compound that has strict stoichiometry, an
atomically ordered arrangement, and a well-defined atom-
binding environment [2, 111]. Some simple random alloys
and their corresponding intermetallic crystal structures are
displayed in Fig. 8a. As a transition example between the
alloys and intermetallics, the conversion from alloy Pt-Fe

© The authors

in dumbbell-like Fe;0,—PtFe NPs to intermetallic Pt-Fe via
reductive annealing/interdiffusion is schematically illus-
trated in Fig. 8b. The A1-PtFe (fcc phase alloy) was first
synthesized at 200 °C using a similar approach described
in Sect. 3.2 [36], followed by the overgrowth of Fe;O, from
the oxidation of excess amount of Fe(CO)s, forming dumb-
bell-like Fe;O,—PtFe NPs [11]. During the next reductive
annealing stage at 700 °C for 6 h in 5% H,/Ar, vacancies are
created from the Fe;0, due to the removal of oxygen and
this promotes the full conversion of intermetallic L1,-PtFe
from the dumbbell-like Fe;O,—PtFe alloy NPs through the
diffusion of metallic atoms to the generated oxygen vacan-
cies [112, 113]. The HAADF-STEM image, elemental map,
and line-scanning profile confirm the formation of L1,—PtFe
NP (Fig. 8c—f) [112].

Compared to the alloy phase of Pt-based NCs that are
usually yielded at relatively low synthesis temperatures, Pt-
based intermetallic counterparts are typically generated at
higher annealing temperatures through a disorder-to-order
transition process. This thermal annealing protocol is more
prevalent in producing Pt-based intermetallic NCs with a
structure-ordered phase, and we have reviewed these sys-
tems previously [2, 3]. Interestingly, there are still some
exceptions, such as the Pt—Sn, Pt—Pb, Pt-Bi, and Pt-Ga
intermetallic compounds, which can be directly achieved in
a hot colloidal solution. The details are outlined in Table 4.
For instance, monodisperse intermetallic Pt;Sn NCbs were
directly synthesized by co-reducing Pt and Sn precursors at
240 °C in a colloidal system using a hot injection method
[12]. The ordering degree of these Pt;Sn NCbs could be fur-
ther reduced by thermal treatment at 200 and 250 °C (around
the phase transition temperature of Pt;Sn) in air, while their
shape and size were preserved.

Unfortunately, the phase transition temperatures of most Pt-
alloys, such as Pt—Co, Pt-Ni, and Pt—Fe, are much higher than
250 °C, requiring a high annealing temperature (> 500 °C)
to allow the disorder-to-order transition. This impedes mor-
phology preservation during the thermal treatment due to the
lack of capping ligands or protecting templates to stabilize the
high surface energy atoms at the high annealing temperature,
leading to nano-polyhedra or nanospheres after the interme-
tallic conversion [112, 115, 116]. For example, the surface
evolution and composition-dependent ordering transformation
processes of Pt—Fe NCbs have been in situ observed on the
single-particle level using electron microscopy [117]. During
vacuum annealing, this ordering occurs via either “surface

https://doi.org/10.1007/s40820-023-01060-2
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Fig. 7 Schematic illustration and TEM images of Pt-based nanocages. a Schematic illustration of Pd atoms dissolution from a Pd@Pt nano-
octahedron, generating a Pt octahedral nanocage. b, ¢ TEM and HAADF-STEM images of cubic nanocages, respectively. d, ¢ TEM and
HAADF-STEM images of octahedral nanocages, respectively. b—e: Reproduced with permission from Ref. [89]. Copyright 2020 American
Chemical Society. f Schematic illustration of the process by which a Pt nanocage breaks down under thermal stress. g—j In situ HRTEM images,
showing the evolution of a Pt cubic nanocage (g) before and h—j after different stages of heating treatment: h 400 °C for 20 min, i 400 °C for
60 min, and j 500 °C for 30 min. All the data bars represent 5 nm. Reproduced with permission from Ref. [110] and modified. Copyright 2018

Wiley-VCH

nucleation and growth” or “interface” mechanism, resulting in
a core—shell configuration. Meanwhile, the cubic morphology
was converted to a spherical shape, instead of facet preserva-
tion. To tackle this difficulty, the Xia group recently employed
an epitaxial growth strategy and developed Pt—Co@Pt octa-
hedral NPs that feature intermetallic, face-centered tetrago-
nal (fct) Pt—Co cores and ultrathin Pt-shells terminated with

SHANGHAI JIAO TONG UNIVERSITY PRESS

{111} facets [114]. As illustrated in Fig. 8g—i, the disordered
Pt—Co alloy NCs synthesized from a typical colloidal system
were first loaded on a carbon support, followed by reductive
annealing at 600 °C under H,/Ar. This resulted in a transi-
tion from the fcc Pt—Co alloy to fct Pt—Co intermetallic NCs.
Meanwhile, the surface of each NC was also coated with a
conformal and ultrathin shell of Pt, generating fct Pt—-Co@
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Fig. 8 a Illustration of some simple alloy structures and their corresponding intermetallic structures. b Schematic of structural conversion
from dumbbell-like Fe;O,—PtFe NPs to L1,—PtFe via reductive annealing. ¢ TEM image of dumbbell-like Fe;0,~PtFe alloy nanoparticles. d—f
HAADF-STEM image, elemental map, and line-scanning profile of the converted L1,—PtFe nanoparticle, respectively. Reproduced with permis-
sion from Ref. [11] and modified. Copyright 2009 American Chemical Society. g Schematic illustration of the three major steps involved in a
typical synthesis of fct-Pt-Co@Pt/C catalyst. h Atomic-resolution STEM image of the Pt—-Co@Pt octahedral nanocrystal along the [110] direc-
tion. i Schematic of this nanocrystal featuring an intermetallic core, a Pt shell of about three atomic layers thick, and (111) facets. The red- and
green-colored atoms correspond to Pt and Co, respectively. Reproduced with permission from Ref. [114]. Copyright 2021 American Chemical

Society

Pt octahedral NCs. The atomic-resolution STEM image indi-
cates that the resultant NC was composed of a highly ordered
intermetallic core with alternating Pt and Co atomic layers and
a smooth Pt shell of three or four atomic layers in thickness
(Fig. 8h). Figure 8i shows a 3D model of such an NC with the
layer-by-layer atomic arrangement.

© The authors

4 Case Study: Electrocatalytic Applications
of Pt-Based Nanocrystals

Prior to the characterization and catalytic evaluation, NCs
synthesized from the colloidal system need to be isolated
from the reaction media by centrifugation, followed by
dispersion into a non-polar solvent and precipitation (via

https://doi.org/10.1007/s40820-023-01060-2
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Table 4 Summary of some Pt-based intermetallic NCs synthesized in colloidal solutions

Morphology Preparation condition References
Pt-Bi 2D nanoplate Pt(acac),+ Bi(Ac);+ AA + NH,Br at 160 °C [118]
Pt-Ga - Pt(acac), + GaCl; at 300 °C [119]
Pt-Pb 2D nanoplate nanorod Pt(acac), + Pb(acac), + L-AA at 160 °C Pt(acac),+ Pb(acac), + 1-adaman- [120, 121]
tanecarboxylic acid + hexadecanethiol + tert-butylamine borane complex at
180 °C
Pt-Sn Cube PtCl,+ SnCl, -2H,0 + tetradecanediol 4+ dodecylamine at 240 °C [12]
Concave nanocube Pt(acac),+ SnCl, -2H,0 + PVP at 180 °C [122]
Pt—Co Octahedron Ordered Pt-Co NCs + K,PtCl,+ citric acid at 80 °C [114]

L-AA L-ascorbic acid, PVP poly(vinyl pyrrolidone), acac acetylacetonate, Ac acetate

centrifugation) with polar solvent for several cycles to
remove the byproducts and majority of the surfactants. It
is believed that, in such a case, the NCs are still stabilized
against agglomeration by a small amount of adsorbed sur-
factants, which could seriously affect the property assess-
ment. If necessary, the NCs can be further cleaned after
they are loaded on substrate or support (to avoid their accu-
mulation). There are several additional methods for further
removing the surfactants capped on the NCs, including (1)
electrochemical activation [123, 124], (2) solvent washing/
ligand exchange process [125-127], and (3) thermal anneal-
ing treatment [128—-130]. A straightforward procedure for
removing surfactants (i.e., PVP, OAms, OA) from the
obtained Pt-based NCs can be conducted by electrochemi-
cal potential cycling in acid (e.g., 0.5 M H,SO,) or alkaline
media (e.g., 0.5 M NaOH solution) until achieving a stable
cyclic voltammogram. It was reported that the electrochemi-
cal potential cycling in acidic media with an appropriate
upper potential limit can remove most PVP, OAm, and OA
on Pt NCbs but less effectively compared with the alkaline
media [123], especially for the removal of PVP. For the
removal of some organic acids (e.g., OA or acetic acid),
the use of NaOH-ethanol solution is a good choice [127,
131]. In addition, it was also reported that annealing the
NC:s in air, after loading onto carbon black, at an optimized
temperature for a certain period could have the NC surface
cleaned effectively without altering the size and morphology
[129, 130]. Compared to oxidative annealing or UV-ozone
processing [132], plasma treatment is another attractive
method to remove the organic species from NCs [133]. In
order to maximize the removal of organic species without
changing NC in size, morphology, and composition, the
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aforementioned cleaning protocols are sometimes combined
prior to the assessment of catalytic performance.
Heterogeneous catalysis usually involves diffusion of
reactants, adsorption on the interface of different phases,
reactions, and desorption of products. It has been over a
century since Paul Sabatier proposed the Sabatier principle
when he studied the hydrogenation and dehydrogenation of
catalysts [2]. This general principle stated that the BE should
be balanced properly to optimize its catalytic performance
(i.e., reactivity and selectivity). In recent years, modern
electronic structure theory allows the quantitative analy-
sis of the “reactivity on the catalyst surface.” To uncover
the nature of the active sites on metal catalysts, the linear
Brgnsted-Evans-Polanyi (BEP) relationship was postulated
by Bligaard and Ngrskov [134, 135]. The BEP lines pro-
vide a protocol to break down the structure sensitivity into
independent geometrical and electronic effects. Thanks to
the fast development of computation methods/models in
quantum chemistry, the density functional theory (DFT)
is an electronic density function-based calculation, instead
of wave-function-based calculation (the Ab initio method),
and now has been a popular tool to simulate the surface
electronic structure and investigate the surfaces reaction
mechanisms [119, 135-137]. With the systematic combina-
tion between experimental characterization techniques and
theoretical quantum chemistry, an in-depth understanding of
the reactant interaction on heterogeneous catalysts becomes
possible, facilitating the reaction improvement through opti-
mizing the catalysts. Based on these perspectives, in this
section, we outline some recent studies on the electrochemi-
cal applications of Pt-based NCs by focusing on ORR and
small molecular (e.g., methanol and formic acid) oxidation
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reactions, and highlight how the morphology of NCs affect
their electronic surface density and catalytic performance.

4.1 Oxygen Reduction Reaction

Pt-alloy NCs are considered the most promising candidates
as cathode catalysts to promote ORR kinetics. To minimize
the BE between oxygen species and Pt active sites which is
generally too strong, there have been substantial efforts in
developing Pt-based bimetallic NCs and optimizing their
electronic structures by tuning the Pt fraction toward ORR of
proton-exchange membrane fuel cell (PEMFC) [138-140].
Typically, three strategies have been used to boost the ORR
performance: (1) incorporation of 34 transition metals into
Pt lattice with size, composition, and morphology con-
trol, (2) transformation of the most ORR-promising crys-
tal facets from single crystal to NCs, and (3) development
of core—shell NPs where the Pt or Pt-alloy component is
designed as the shell [1, 2, 4, 6, 29, 31, 141, 142].

In 2007, the Markovic group stated that Pt;M (M =Ti,
V, Fe, Co, Ni) surface exhibits “volcano-type” behavior
when they studied the relationship between the d-band
center and ORR activity (Fig. 9a), indicating high ORR
activity on Pt;Ni and Pt;Co surfaces [14]. Importantly,
by showing the enhanced ORR specific activity (SA)
on Pt;M surfaces corresponding to their average d-band
center positions, Fig. 9a implies that most Pt-alloys pos-
sess favorable electronic structure modulation toward
ORR compared to pristine Pt. They also determined that
extended single crystal surfaces of Pt;Ni(111) exhibited
an enhanced ORR SA that is tenfold higher than that of
Pt(111) and 90-fold higher than that of state-of-the-art
Pt/C catalysts [13]. The superior ORR activity indicates
an unusual electronic structure (i.e., d-band center posi-
tion) and surface atom arrangement. Compared with the
pure Pt(111), the d-band center for Pt;Ni(111) shifts down-
ward about |Ad,;;|= ~0.34 eV. The facet-dependent activ-
ity on extended single crystal surfaces (100) and (110)
was also studied. Since Pt;Ni(111) single crystal surface
exhibits the highest ORR activity, a W(CO)¢-based syn-
thesis protocol was developed later on (see Sect. 3.2) and
the Pt;Ni(111) surface was “transferred” to nanophase by
successfully presenting monodisperse Pt;Ni nano-octa-
hedra which are exclusively terminated with {111} [17].
As expected, the Pt;Ni nano-octahedra exhibit the highest
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ORR performance (both in mass activity (MA) and SA at
0.9 V) in comparison with {100}-bounded Pt;Ni NCbs and
Pt NCbs in a similar size (Fig. 9b). This ORR performance
was significantly improved shortly after the Pt—Ni nano-
octahedra were post-treated with acetic acid [22], reaching
MA value of ~3.3 A mgp,~! which is 17 times as high as
that of state-of-the-art Pt/C catalyst (Fig. 9c) with 64-fold
SA value as high as that of Pt/C catalyst (Fig. 9d).

Seed-mediated epitaxial growth has been used to sys-
tematically develop shape-controlled core @shell Pt-alloy
NCs. For example, Pt was deposited on shape-controlled Pd
on atomic scale NCs to generate Pd@Pt core @shell nano-
structures in various morphologies (cubes, concave cubes,
octahedra, icosahedra, and concave decahedra) while the
thermodynamic and kinetic parameters were well-controlled
[29, 46,97, 98, 102]. In the process of Pd@Pt concave NDs,
Pt atoms prefer to stay at the vertices and edges/ridges of the
Pd decahedral seeds owing to the twin boundaries and twin
defects over the surface of Pd cores. This is different from
the other shapes of Pd cores, such as NCb, nano-octahedron,
and NI. As a result, the Pd@Pt concave NDs with 2 atomic
Pt layers exhibit the highest ORR MA (1.60 A mgp, ") com-
pared to Pd@Pt NCs in other shapes [100].

An elemental dissolution (or leaching) problem always
exists on Pt-alloy or core @shell NCs when they are used as
ORR electrocatalysts, due to the different activities between
Pt and the other element. One of the solutions to mitigate
this issue is to adopt Pt-based intermetallic NCs. In such a
case, the mobilities and leaching rate of the second metal
atoms could be significantly reduced due to their stronger
binding with Pt atoms. This has been demonstrated using
PtCo and PtFe systems, showing intermetallic L1,-PtCo and
L1,-PtFe NCs possess significantly enhanced compositional
stability and ORR durability, as well as improved MAs
(Fig. 9e—-f) [112, 116]. However, as mentioned in Sect. 3.4,
the disordered-to-ordered transition for most Pt-based sys-
tems requires high-temperature annealing (> 500 °C). Itis a
challenge to preserve the NC morphology during this ther-
mal treatment process.

Two strategies have been reported to produce Pt-based
intermetallic NCs with exclusive facets. One is the epitaxial
growth on an intermetallic core, and the other is a low-
temperature disordered-to-ordered transition. For example,
it has been demonstrated that intermetallic fct Pt-Co@Pt
nano-octahedra could be produced by epitaxially growing
Pt layers on intermetallic fct Pt—Co truncated octahedral
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Fig. 9 a Relationships between experimentally measured specific activity for the ORR on Pt;M surfaces in 0.1M HCIO, at 333K and the
d-band center position for the Pt-skin surface. Reproduced with permission from Ref. [143] and modified. Copyright 2019 Wiley-VCH. b Com-
parison of the ORR activities among the three types of nanocatalysts (evaluated at 0.9 V vs. RHE at 295 K). Reproduced with permission from
Ref. [17]. Copyright 2010 American Chemical Society. ¢, d Comparison of Pt mass activity and specific activity of Pt/C (TKK), Pt;Ni/C (TKK),
and octahedral Pt, sNi/C, respectively. Reproduced with permission from Ref. [22]. Copyright 2013 American Chemical Society. e Specific
activity and mass activity of comm. Pt/C, etched A1-CoPt, and L1,~CoPt/Pt (measured at 0.9 V vs. RHE). Reproduced with permission from
Ref. [116]. Copyright 2018, Elsevier. f Mass activity of L1,~FePt tested at the beginning of life (BOL) and after the ADT test (5,000 cycles at
60 °C in oxygen-saturated 0.1 M HCIO,). Reproduced with permission from Ref. [112]. Copyright 2018 American Chemical Society. g Mass
activity and specific activity of different catalysts at 0.9 V vs. RHE based on the Pt mass loading. Reproduced with permission from Ref. [114].
Copyright 2021 American Chemical Society. h Mass kinetic current densities normalized by the ECSA that was measured after each ADT cycle
of the Pt;Sn nanocubes with different degrees of ordering at 0.9 V vs. RHE. Reproduced with permission from Ref. [12]. Copyright 2020 Ameri-
can Chemical Society
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cores that were pre-converted from as-synthesized fcc Pt—Co
nano-octahedra at 600 °C for 4 h (Fig. 8g—i) [114]. The
resultant intermetallic core@shell NCs show over the five-
fold enhancement of MA (2.82 A mgpt_l) toward ORR com-
pared to the fcc Pt—Co octahedral alloy NCs (0.57 A mgpt_l),
and also exhibit remarkable durability with activity largely
retained even after 30,000 cycles of accelerated durability
test (Fig. 9g). As mentioned in Sect. 3.4, some Pt-alloys,
such as Pt;Sn, possess low disordered-to-ordered transition
temperature, making the morphology-preserved annealing of
NCs possible. For example, it was recently reported that the
ordering degree of Pt;Sn NCbs could be altered by varying
the annealing temperatures (200 and 250 °C) in air [12]. The
high ordering degree of Pt;Sn NCbs results in better elec-
trocatalyst stability against the dissolution of the elements
during the electrocatalysis, whereas the low ordering degree
seems to offer higher catalytic activity as shown in Fig. Sh.

4.2 Small Molecule Electro-Oxidation Reaction
4.2.1 Oxidation Reaction in Acidic Media

Except for hydrogen oxidation reaction (HOR), small
organic molecules, such as methanol, formic acid, and
ethanol, can also be used as the anode fuels in PEMFCs.
Consequently, the anodic electrocatalysts play a criti-
cal role in facilitating these reactions. Due to the "suit-
able" electronic structure, Pt-based NCs are still one
class of the most promising nanocatalysts at the anode
of PEMFCs. The Fang group produced several classes
of Pt-based NCs and investigated their electrochemical
oxidation performances [17, 30, 37, 67, 108, 144]. These
anodic catalysts include shape-controlled Pt—Cu NCs,
Pt—Ni THH NCs, and CuNi@Pt—Cu core@shell nano-
octahedra. For instance, they have pioneered the electro-
oxidation catalysis of Pt—Cu NCbs toward methanol oxi-
dation reaction (MOR) in 0.1 M HCIO, + 1.0 M methanol
[37]. As shown in Fig. 10a, Pt—-Cu NCbs exhibited the
highest current density (4.7 mA cm~2) toward MOR in
comparison with Pt—Cu nanospheres (3.1 mA cm™2) and
Pt nanospheres (1.1 mA cm™2). Shortly, they reported
the formic acid oxidation reaction (FAOR) performance
of Pt—Cu nano-octahedra, NCbs, and Pt NCbs in 0.1 M
HC1O,+ 0.5 M HCOOH. The highest current density
was observed on Pt—Cu NCbs in the range of 0.6~0.9 V
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vs. reversible hydrogen electrode (RHE), whereas the
Pt—Cu nano-octahedra showed the lowest current density
for FAOR [40]. These catalytic behaviors toward FAOR
indicate that the Pt—Cu NCbs are more favorable for
FAOR than pure Pt NCbs due to the weaker BE between
CO and Pt—Cu NCbs, which is caused by the introduc-
tion of Cu into the Pt lattice. Furthermore, the Pt—Cu
catalyst activity for FAOR was facet-dependent, that is,
Pt—Cu(100) facet was more active than Pt—Cu(111) facet.
Recently, morphology-controlled CuNi@Pt—Cu octahedral
NPs were successfully developed [108] (see Sect. 3.3), and
these NPs supported on active carbon showed superior
MA (0.99 A mgp,~!) and SA (7.49 mA cm~2) toward elec-
trochemical MOR compared with their counterparts, car-
bon-supported CuNi@Pt—Cu nanospheres (MA =0.66 A
mgp, !, SA=5.57 mA cm~2) and benchmark Pt/C catalyst
(MA=0.23 A mgPt_', SA=1.30 mA cm_z), indicating that
the (111)-profiled Pt—Cu shell facets and lattice mismatch
between the CuNi core and the Pt—Cu shell contribute to
the improvement of this catalytic performance. As shown
in Fig. 10b, hydrogen intercalation of core@shell Pd@
Pt NCs can further expand the Pt-shell lattice, leading to
a significantly enhanced performance of MOR on both
Pt(100) and the Pt(111) [109]. These results suggest that
the lattice expansion could endow both (100) and (111)
facets of Pt with improved catalytic activities.

Recent studies also revealed that high-index facets of
noble metal (such as Pt) NCs could improve the electro-
catalytic activity toward small molecule oxidation reactions
since these facets expose abundant active sites with low
CNs of Pt-like atoms [79, 145]. One of the examples is that
Pt;Ni THH NFs/C that were derived from {730}-terminated
PtNi, THH NCs through a Mond process (see Sect. 3.2) [67]
exhibited higher FAOR SA (~8.5 mA cm™2) compared to
the benchmark Pt/C catalyst as shown in Fig. 10c, indicat-
ing they have much better tolerance on CO poising due to
the low CNs of Pt atoms on frames as well the compressive
strain from surface Pt-skin. It was also reported that PtCo-
excavated rhombic dodecahedral (ERD) NCs showcased
remarkably higher activity toward MOR, benefiting from
the excavated structure and the alloying feature [146].

Pt—Sn NC is a special system, which is used to study the
facet and disorder/order effect on electrochemical catalysis
due to its low phase transition temperature between random
alloy and intermetallic compound (see Sect. 3.4). In addi-
tion to the influence on ORR performance (see Sect. 4.1),
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Fig. 10 a CV profiles of methanol oxidation on Pt—Cu nanocubes, Pt—Cu nanospheres, and Pt nanospheres in 0.1 M HCIO, + 1.0 M methanol
(scan rate: 20 mV s~"). Reproduced with permission from Ref. [37]. Copyright 2009 Wiley-VCH. b CV curves of methanol oxidation of ¢-Pd@
Pt, c-PdH,) ,;@Pt, 0-Pd@Pt, 0-PdH,) ,;@Pt, and commercial Pt/C electrocatalysts measured in 1.0 M KOH containing 1.0 M methanol, where
the ¢ stands for the cubic, and o stands for the octahedral. Reproduced with permission from Ref. [109]. Copyright 2021 American Chemical
Society. ¢ Comparison of electrocatalytic activity per unit Pt surface area between Pt;Ni tetrahexahedra/C and Pt/C (CVs in 0.1 M HCIO, + 0.5
M HCOOH at a scan rate of 0.1 V s™!). Reproduced with permission from Ref. [67] and modified. Copyright 2017 American Chemical Society.
d Cyclic voltammograms in 0.1 M HCIO, + 1 M methanol of disordered high Sn**, disordered low Sn**, ordered high Sn**, and ordered low
Sn** Pt;Sn nanocubes. Reproduced with permission from Ref. [147]. Copyright 2021 American Chemical Society. e CV (50 mV s™') measured
at 0.45 V (vs. SCE) of ethanol oxidation in 0.1 M ethanol + 0.1 M HCIO,. Reproduced with permission from Ref. [148]. Copyright 2019 Ameri-
can Chemical Society. f CV of different catalysts measures using the solution containing 1 M KOH and 1 M MeOH at a scan rate of 50 mV s™!
for the methanol oxidation reaction. Reproduced with permission from Ref. [149]. Copyright 2019 Wiley-VCH

it was reported that the ordering degree of Pt;Sn NCbs also
impacts MOR performance [147]. Particularly, the Sn atoms
in 60% ordered Pt;Sn NCbs can be electrochemically oxi-
dized to Sn**, whereas those in 95% ordered Pt;Sn NCbs
are more resistant to this oxidation. As the resultant Sn**
ions on the catalyst surface would create more active sites
on disordered Pt;Sn NCbs than on ordered NCbs, the 60%
ordered NCbs exhibit 5.6-fold higher MOR activity than the
95% ordered NCbs as illustrated in Fig. 10d, showing the
significant impact of the atom arrangement on the catalytic
performance.

As shown in Fig. 10e, Pt—-Sm alloy concave NCbs
enclosed with high-index facets {310} are another example
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of enhancing electro-oxidation activity toward ethanol oxi-
dation reaction (EOR) compared to their counterparts, Pt
concave NCbs and benchmark Pt/C. This superior perfor-
mance is attributed to the synergy of steric and electronic
effects from the high-index faceted alloy [148]. Pd;Pb/Pt Pb
NCbs with tunable Pt composition also exhibit their sub-
stantial electro-oxidation performance toward MOR [149].
The hexagonal-structured PtPb intermetallics in the Pd;Pb/
Pt, 5,Pb catalyst show the highest performance compared to
commercial Pt/C and other studied samples (Fig. 10f).
Unlike MOR and FAOR which do not involve a breaking
of the C-C bond, the EOR is often incomplete due to the
difficulty in the C—C bond cleavage. EOR normally results in
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several types of byproducts other than the 12-electron oxida-
tion product of CO,. It was demonstrated that PtNiRh ter-
nary alloy NPs show highly promising performance toward
the electrochemical EOR [150]. Furthermore, PtNiRh
nano-octahedra (fcc alloy) exhibited excellent activity and
unachieved low onset potentials (as low as 0.1 V vs. RHE)
toward EOR, showing high selectivity to completely oxi-
dize ethanol to CO, [151]. An additional mechanistic study
using in situ FTIR reveals that a low Rh content that is well-
distributed on surface sites of the ternary {111} facets favors
the C, pathway of EOR, whereas the highest Rh content
formed as Rh shell supports the C, pathway. Recently, sin-
gle-atom catalysts (SACs) have been drawing great attention
as a new type of electrocatalyst. In SACs, a trace amount of
metal catalyst is atomically dispersed on the support and
the surfaces of metallic atoms are sufficiently utilized [152,
153]. For instance, unalloyed single atomic Rh decorated
on the Pt NCbs served as a new type of SAC catalyst, dem-
onstrating a complete EOR efficiently [154]. Although the
onsite potential (0.35 V vs. RHE) is not as low as that of
aforementioned PtNiRh octahedral nanocatalysts (0.10 V
vs. RHE), the Rh SAC sites and Pt NCbs can synergistically
promote the C—C bond cleavage and the removal of the *CO
intermediates. This study offers a unique single-atom strat-
egy on shape-controlled nanocatalysts to tune the reactivity
of other complicated catalytic reactions.

4.2.2 Oxidation Reaction in Alkaline Media

In contrast to the acidic electrolytes, small molecule oxi-
dations (including HOR) in alkaline media are more
sluggish, and the reaction rates are 2—3 orders of magni-
tude slower than those in acid [155, 156]. Therefore, it is
essential to develop highly efficient electrocatalysts for
HOR, MOR, and EOR in alkaline media, intrigued by the
anion exchange membrane fuel cells (AEMFCs). It has been
reported that in alkaline media, the H, and/or H,O/OH™ spe-
cies dominate the HOR reaction steps (Heyrovsky step and
Volmer step). Since it is well-known that Pt is active for H,
dissociation, incorporation of Pt with some exophilic com-
ponents such as Ni, Ru, or Ir would optimize the balance
between the adsorption/dissociation of H, and the adsorption
of hydroxyl species (OH, ) on the active sites, yield several-
fold higher HOR activities compared to the state-of-the-art
Pt catalysts in alkaline environments [157, 158]. The HOR

© The authors

activity on low-index facets of single crystal Pt in alkaline
media was reported as Pt(111) <Pt(100) <Pt(110) [159]. By
introducing Ni atoms into the Pt lattice, it was determined
that the HOR activity on single crystal Pt(111) in 0.1 M KOH
is affected by the Ni content, giving the following order:
Pt;Ni(111) < PtNi(111) < PtNi (111) < PtNi5(111).
Besides, Pt NCs with high-index facets possess abundant

surface

atomic steps and kinks with low-CN sites and can serve as a
promising electrocatalyst to adsorb reaction species/interme-
diates and break C—C bonds subsequently [160]. Although
it was reported that the step atoms on high-index facets of
Pt single crystal were the active sites for HOR in an acid
[161], little attention is paid to the high-index facets of Pt
or Pt-based NCs toward HOR in alkaline media, and further
investigations are expected.

S Conclusions and Perspective

Various types of shape-controlled Pt-binary NCs have been
developed. Studies have also established different relation-
ships between their structure, including the morphology,
size, composition, as well as crystallographic phase, and
remarkable catalytic properties. The associated syntheses
can be precisely controlled and optimized through in situ
implementation and/or post-treatment, whereas the proper-
ties can be achieved and tuned by the impact of the ligand
effect, ensemble effect, and strain effect. Among these, Pt-
based NCs with shape control have been well-recognized
as a typical class of promising catalysts for electrochemical
applications, and strategies for material preparation have
been progressively developed.

Despite the significant achievement in colloidal synthesis,
there is still a challenge in synthetic protocol development
and corresponding mechanistic understanding. Nucleation
and subsequent growth of NCs associated with facet evo-
lution are two critical stages in a colloidal system for the
preparation of Pt-based NCs. By employing the liquid cell
TEM technique, it is now possible to monitor the growth/
evolution and in situ catalysis of NCs, offering a direct
avenue to observe the facet development during the seed
growth as well as the morphology variation within the elec-
trocatalysis process. However, only limited cases, such as
Pt NCbs [49], Pt—Fe nanorods [53], Pd@Pt core @shell
NCbs [162], Pd@Au and Cu@ Au core—shell NCbs [163],
have been well investigated. Extensive efforts are needed
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to uncover the insight into the morphology evolution for
other metallic NC systems, especially those with high-index
facets. It is worth mentioning that the intensity of the elec-
tron beam should be appropriately adjusted when observing
the facet development using an in situ TEM because with
a high dose, electron irradiation could kinetically interfere
with the evolution of the sample [54, 164, 165]. Moreover,
the morphology control could be lost during electrocata-
lytic cycling due to the possible aggregation or shape deg-
radation, resulting in the decay of high reactivities of the
shape-controlled catalysts. Therefore, understanding this
structural degradation is critical [166, 167]. For example,
observation at an aberration-corrected STEM indicated that
during the electrochemical process, the dissolution preferen-
tially occurred at the steps and corners of Pt—Ni NCs and the
redeposition process often happened on Pt—Ni {111} planes,
leading to their disappearance and an anisotropic growth of
smaller particles [167]. These studies suggest that maintain-
ing structural stability in catalysis remains a challenge, and
that further in-depth investigations are necessary.

Concerning the synthesis of Pt-based intermetallic NCs
with morphology control, limited examples were published
compared to cases of Pt-based random alloy NCs. Three
strategies are proposed to tackle this challenge: First, to
select the Pt-based systems with a relatively low disordered-
to-ordered transition temperature, which should typically be
lower than the synthesis temperature (i.e., Pt—Sn NCbs as
discussed in Sect. 3.4); second, to adopt an epitaxial growth
pathway on a structure-ordered NC as the growth seed, fol-
lowed by a morphology-controlled “coating” direct and
develop the exposed facets as desired in a colloidal system
(e.g., the demonstrated intermetallic Pt—Co@Pt nano-octa-
hedra [114]); third, to develop novel “capping ligands” that
could tolerate a higher reaction temperature tolerance (such
as Bi, Sb, and Pb metals) for morphology control of Pt-based
intermetallic compounds during thermal annealing progress.
This could also be coupled with the improved molten salt
technology [168, 169]. Although few classes of solution-
generated Pt-based intermetallic NCs with morphology con-
trol have been reported, the success of Pt-THH development
using a solid-state protocol [80] possibly pave the way for
dealing with those disorder-to-order transitions at high tem-
peratures (> 500 °C) with shape preservation.

Acknowledgments This work was supported by the National Sci-
ence Foundation (DMR 1808383). Work done at Binghamton was

| SHANGHAI JIAO TONG UNIVERSITY PRESS

partially supported by S3IP at the State University of New York
at Binghamton.

Funding Open access funding provided by Shanghai Jiao Tong
University.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. K.D. Gilroy, A. Ruditskiy, H.-C. Peng, D. Qin, Y. Xia, Bime-
tallic nanocrystals: syntheses, properties, and applications.
Chem. Rev. 116(18), 10414-10472 (2016). https://doi.org/
10.1021/acs.chemrev.6b00211

2. M. Zhou, C. Li, J. Fang, Noble-metal based random alloy
and intermetallic nanocrystals: syntheses and applications.
Chem. Rev. 121(2), 736-795 (2021). https://doi.org/10.1021/
acs.chemrev.0c00436

3. C.Li, S. Yan, J. Fang, Construction of lattice strain in bime-
tallic nanostructures and its effectiveness in electrochemical
applications. Small 17(46), 2102244 (2021). https://doi.org/
10.1002/smll.202102244

4. Y. Xia, Y. Xiong, B. Lim, S.E. Skrabalak, Shape-controlled
synthesis of metal nanocrystals: simple chemistry meets com-
plex physics? Angew. Chem. Int. Ed. 48(1), 60—-103 (2009).
https://doi.org/10.1002/anie.200802248

5. N.S. Porter, H. Wu, Z. Quan, J. Fang, Shape-control and
electrocatalytic activity-enhancement of Pt-based bimetal-
lic nanocrystals. Acc. Chem. Res. 46(8), 1867-1877 (2013).
https://doi.org/10.1021/ar3002238

6. A.R. Tao, S. Habas, P. Yang, Shape control of colloidal metal
nanocrystals. Small 4(3), 310-325 (2008). https://doi.org/10.
1002/sml1.200701295

7. Y. Kang, C.B. Murray, Synthesis and electrocatalytic proper-
ties of cubic Mn—Pt nanocrystals (nanocubes). J. Am. Chem.
Soc. 132(22), 7568-7569 (2010). https://doi.org/10.1021/
jal00705;j

8. Y. Kang, J.B. Pyo, X. Ye, T.R. Gordon, C.B. Murray, Syn-
thesis, shape control, and methanol electro-oxidation proper-
ties of Pt-Zn alloy and Pt;Zn intermetallic nanocrystals. ACS
Nano 6(6), 5642-5647 (2012). https://doi.org/10.1021/nn301
583g

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.chemrev.6b00211
https://doi.org/10.1021/acs.chemrev.6b00211
https://doi.org/10.1021/acs.chemrev.0c00436
https://doi.org/10.1021/acs.chemrev.0c00436
https://doi.org/10.1002/smll.202102244
https://doi.org/10.1002/smll.202102244
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1021/ar3002238
https://doi.org/10.1002/smll.200701295
https://doi.org/10.1002/smll.200701295
https://doi.org/10.1021/ja100705j
https://doi.org/10.1021/ja100705j
https://doi.org/10.1021/nn301583g
https://doi.org/10.1021/nn301583g

83

Page 24 of 30

Nano-Micro Lett. (2023) 15:83

9.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

B. Arumugam, T. Tamaki, T. Yamaguchi, Beneficial role of
copper in the enhancement of durability of ordered interme-
tallic PtFeCu catalyst for electrocatalytic oxygen reduction.
ACS Appl. Mater. Interfaces 7(30), 16311-16321 (2015).
https://doi.org/10.1021/acsami.5b03137

D. Wang, H.L. Xin, R. Hovden, H. Wang, Y. Yu et al.,
Structurally ordered intermetallic platinum-cobalt core-
shell nanoparticles with enhanced activity and stability as
oxygen reduction electrocatalysts. Nat. Mater. 12(1), 81-87
(2013). https://doi.org/10.1038/nmat3458

J. Li, S. Sun, Intermetallic nanoparticles: synthetic control
and their enhanced electrocatalysis. Acc. Chem. Res. 52(7),
2015-2025 (2019). https://doi.org/10.1021/acs.accounts.
9b00172

H.S. Chen, T.M. Benedetti, V.R. Goncales, N.M. Bedford,
R.W.J. Scott et al., Preserving the exposed facets of Pt;Sn
intermetallic nanocubes during an order to disorder tran-
sition allows the elucidation of the effect of the degree
of alloy ordering on electrocatalysis. J. Am. Chem. Soc.
142(6), 3231-3239 (2020). https://doi.org/10.1021/jacs.
9b13313

V.R. Stamenkovic, B. Fowler, B.S. Mun, G. Wang, P.N. Ross
et al., Improved oxygen reduction activity on Pt;Ni(111) via
increased surface site availability. Science 315(5811), 493—
497 (2007). https://doi.org/10.1126/science.1135941

V.R. Stamenkovic, B.S. Mun, M. Arenz, K.J.J. Mayrhofer,
C.A. Lucas et al., Trends in electrocatalysis on extended
and nanoscale Pt-bimetallic alloy surfaces. Nat. Mater. 6(3),
241-247 (2007). https://doi.org/10.1038/nmat1840

J. Greeley, L.E.L. Stephens, A.S. Bondarenko, T.P. Johansson,
H.A. Hansen et al., Alloys of platinum and early transition

metals as oxygen reduction electrocatalysts. Nat. Chem. 1(7),
552-556 (2009). https://doi.org/10.1038/nchem.367

. J. Wu, A. Gross, H. Yang, Shape and composition-controlled

platinum alloy nanocrystals using carbon monoxide as reduc-
ing agent. Nano Lett. 11(2), 798-802 (2011). https://doi.org/
10.1021/n1104094p

J. Zhang, H. Yang, J. Fang, S. Zou, Synthesis and oxygen
reduction activity of shape-controlled Pt;Ni nanopolyhedra.
Nano Lett. 10(2), 638-644 (2010). https://doi.org/10.1021/
nl903717z

Z.Ma, Z.P. Cano, A. Yu, Z. Chen, G. Jiang et al., Enhancing
oxygen reduction activity of Pt-based electrocatalysts: from
theoretical mechanisms to practical methods. Angew. Chem.
Int. Ed. 59(42), 1833418348 (2020). https://doi.org/10.1002/
anie.202003654

F. Kong, Z. Ren, M.N. Banis, L. Du, X. Zhou et al., Active
and stable Pt—Ni alloy octahedra catalyst for oxygen reduc-
tion via near-surface atomical engineering. ACS Catal. 10(7),
4205-4214 (2020). https://doi.org/10.1021/acscatal.9b05133
M. Nunez, J.L. Lansford, D.G. Vlachos, Optimization of the
facet structure of transition-metal catalysts applied to the oxy-
gen reduction reaction. Nat. Chem. 11(5), 449-456 (2019).
https://doi.org/10.1038/s41557-019-0247-4

X. Huang, Z. Zhao, L. Cao, Y. Chen, E. Zhu et al., High-per-
formance transition metal-doped Pt;Ni octahedra for oxygen

© The authors

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

reduction reaction. Science 348(6240), 1230-1234 (2015).
https://doi.org/10.1126/science.aaa8765

S.I. Choi, S. Xie, M. Shao, J.H. Odell, N. Lu et al., Synthesis
and characterization of 9 nm Pt-Ni octahedra with a record
high activity of 3.3 A/mgPt for the oxygen reduction reaction.
Nano Lett. 13(7), 3420-3425 (2013). https://doi.org/10.1021/
nl401881z

H. Frey, A. Beck, X. Huang, J.A. van Bokhoven, M.G. Will-
inger, Dynamic interplay between metal nanoparticles and
oxide support under redox conditions. Science 376(6596),
982-987 (2022). https://doi.org/10.1126/science.abm3371

Z. Luo, G. Zhao, H. Pan, W. Sun, Strong metal-support inter-
action in heterogeneous catalysts. Adv. Energy Mater. 12(37),
2201395 (2022). https://doi.org/10.1002/aenm.202201395

A. Shan, X. Teng, Y. Zhang, P. Zhang, Y. Xu et al., Interfacial
electronic structure modulation of Pt-MoS, heterostructure
for enhancing electrocatalytic hydrogen evolution reaction.
Nano Energy 94, 106913 (2022). https://doi.org/10.1016/].
nanoen.2021.106913

H. Mistry, A.S. Varela, S. Kiihl, P. Strasser, B.R. Cuenya,
Nanostructured electrocatalysts with tunable activity and
selectivity. Nat. Rev. Mater. 1(4), 16009 (2016). https://doi.
org/10.1038/natrevmats.2016.9

P. Yin, S.-C. Shen, L.-L. Zhang, X.-S. Zheng, M. Zuo et al.,
Ultra-high-temperature strong metal-support interactions in
carbon-supported catalysts. Cell Rep. Phys. Sci. 3(8), 100984
(2022). https://doi.org/10.1016/j.xcrp.2022.100984

Y.T. Guntern, V. Okatenko, J. Pankhurst, S.B. Varandili, P.
Iyengar et al., Colloidal nanocrystals as electrocatalysts with
tunable activity and selectivity. ACS Catal. 11(3), 1248-1295
(2021). https://doi.org/10.1021/acscatal.0c04403

Y. Xia, X. Xia, H.-C. Peng, Shape-controlled synthesis of
colloidal metal nanocrystals: Thermodynamic versus kinetic
products. J. Am. Chem. Soc. 137(25), 7947-7966 (2015).
https://doi.org/10.1021/jacs.5b04641

C. Wang, C. Lin, L. Zhang, Z. Quan, K. Sun et al., Pt;Co
concave nanocubes: synthesis, formation understanding, and
enhanced catalytic activity toward hydrogenation of styrene.
Chem. Eur. J. 20(6), 1753-1759 (2014). https://doi.org/10.
1002/chem.201301724

J. Zhang, J. Fang, A general strategy for preparation of Pt
3d-transition metal (Co, Fe, Ni) nanocubes. J. Am. Chem.
Soc. 131(51), 18543-18547 (2009). https://doi.org/10.1021/
ja908245r

C. Wang, C. Lin, B. Zhao, L. Zhang, A. Kumbhar et al.,
High-indexed Pt;Fe nanocatalysts and their enhanced cata-
lytic performance in dual organic reactions. ChemNanoMat.
1(5), 331-337 (2015). https://doi.org/10.1002/cnma.20150
0048

C. Li, J. Pan, L. Zhang, J. Fang, Colloidal synthesis of
monodisperse trimetallic Pt—Fe—Ni nanocrystals and their
enhanced electrochemical performances. Nanotechnology
34(7), 075401 (2023). https://doi.org/10.1088/1361-6528/
aca337

Y. Kang, X. Ye, C.B. Murray, Size- and shape-selective
synthesis of metal nanocrystals and nanowires using co as a

https://doi.org/10.1007/s40820-023-01060-2


https://doi.org/10.1021/acsami.5b03137
https://doi.org/10.1038/nmat3458
https://doi.org/10.1021/acs.accounts.9b00172
https://doi.org/10.1021/acs.accounts.9b00172
https://doi.org/10.1021/jacs.9b13313
https://doi.org/10.1021/jacs.9b13313
https://doi.org/10.1126/science.1135941
https://doi.org/10.1038/nmat1840
https://doi.org/10.1038/nchem.367
https://doi.org/10.1021/nl104094p
https://doi.org/10.1021/nl104094p
https://doi.org/10.1021/nl903717z
https://doi.org/10.1021/nl903717z
https://doi.org/10.1002/anie.202003654
https://doi.org/10.1002/anie.202003654
https://doi.org/10.1021/acscatal.9b05133
https://doi.org/10.1038/s41557-019-0247-4
https://doi.org/10.1126/science.aaa8765
https://doi.org/10.1021/nl401881z
https://doi.org/10.1021/nl401881z
https://doi.org/10.1126/science.abm3371
https://doi.org/10.1002/aenm.202201395
https://doi.org/10.1016/j.nanoen.2021.106913
https://doi.org/10.1016/j.nanoen.2021.106913
https://doi.org/10.1038/natrevmats.2016.9
https://doi.org/10.1038/natrevmats.2016.9
https://doi.org/10.1016/j.xcrp.2022.100984
https://doi.org/10.1021/acscatal.0c04403
https://doi.org/10.1021/jacs.5b04641
https://doi.org/10.1002/chem.201301724
https://doi.org/10.1002/chem.201301724
https://doi.org/10.1021/ja908245r
https://doi.org/10.1021/ja908245r
https://doi.org/10.1002/cnma.201500048
https://doi.org/10.1002/cnma.201500048
https://doi.org/10.1088/1361-6528/aca337
https://doi.org/10.1088/1361-6528/aca337

Nano-Micro Lett.

(2023) 15:83

Page 25 0f 30 83

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

reducing agent. Angew. Chem. Int. Ed. 49(35), 6156-6159
(2010). https://doi.org/10.1002/anie.201003383

M. Chen, J. Kim, J.P. Liu, H. Fan, S. Sun, Synthesis of FePt
nanocubes and their oriented self-assembly. J. Am. Chem.
Soc. 128(22), 7132-7133 (2006). https://doi.org/10.1021/
ja061704x

S. Sun, C.B. Murray, D. Weller, L. Folks, A. Moser, Monodis-
perse FePt nanoparticles and ferromagnetic FePt nanocrystal
superlattices. Science 287(5460), 1989—-1992 (2000). https://
doi.org/10.1126/science.287.5460.1989

D. Xu, Z. Liu, H. Yang, Q. Liu, J. Zhang et al., Solution-
based evolution and enhanced methanol oxidation activity
of monodisperse platinum—copper nanocubes. Angew. Chem.
Int. Ed. 48(23), 42174221 (2009). https://doi.org/10.1002/
anie.200900293

G. Almeida, L. Goldoni, Q. Akkerman, Z. Dang, A.H. Khan
et al., Role of acid-base equilibria in the size, shape, and
phase control of cesium lead bromide nanocrystals. ACS
Nano 12(2), 1704-1711 (2018). https://doi.org/10.1021/acsna
no.7b08357

C. Chen, Y. Kang, Z. Huo, Z. Zhu, W. Huang et al., Highly
crystalline multimetallic nanoframes with three-dimensional
electrocatalytic surfaces. Science 343(6177), 1339-1343
(2014). https://doi.org/10.1126/science.1249061

J. Zhang, H. Yang, B. Martens, Z. Luo, D. Xu et al., Pt—Cu
nanoctahedra: synthesis and comparative study with nano-
cubes on their electrochemical catalytic performance. Chem.
Sci. 3(11), 3302-3306 (2012). https://doi.org/10.1039/C2SC2
0514A

Y. Wang, J. He, C. Liu, W.H. Chong, H. Chen, Thermody-
namics versus kinetics in nanosynthesis. Angew. Chem. Int.
Ed. 54(7), 2022-2051 (2015). https://doi.org/10.1002/anie.
201402986

N. Pradhan, D. Reifsnyder, R. Xie, J. Aldana, X. Peng,
Surface ligand dynamics in growth of nanocrystals. J. Am.
Chem. Soc. 129(30), 9500-9509 (2007). https://doi.org/10.
1021/ja0725089

R. Costi, A.E. Saunders, U. Banin, Colloidal hybrid nano-
structures: a new type of functional materials. Angew. Chem.
Int. Ed. 49(29), 4878—-4897 (2010). https://doi.org/10.1002/
anie.200906010

Y. Wang, H.-C. Peng, J. Liu, C.Z. Huang, Y. Xia, Use of
reduction rate as a quantitative knob for controlling the twin
structure and shape of palladium nanocrystals. Nano Lett.
15(2), 1445-1450 (2015). https://doi.org/10.1021/acs.nanol
ett.5b00158

V.K. LaMer, R.H. Dinegar, Theory, production and mecha-
nism of formation of monodispersed hydrosols. J. Am. Chem.
Soc. 72(11), 4847-4854 (1950). https://doi.org/10.1021/
ja01167a001

S. Xie, S.-I. Choi, N. Lu, L.T. Roling, J.A. Herron et al.,
Atomic layer-by-layer deposition of Pt on Pd nanocubes for
catalysts with enhanced activity and durability toward oxygen
reduction. Nano Lett. 14(6), 3570-3576 (2014). https://doi.
org/10.1021/n1501205j

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

G. Wulff, On the question of the rate of growth and dissolu-
tion of crystal surfaces. Z. Kristallogr. Mineral. 34, 449-530
(1901)

P.J.M. Smeets, K.R. Cho, R.G.E. Kempen, N.A.J.M. Som-
merdijk, J.J. De Yoreo, Calcium carbonate nucleation
driven by ion binding in a biomimetic matrix revealed by
in situ electron microscopy. Nat. Mater. 14(4), 394-399
(2015). https://doi.org/10.1038/nmat4193

H.G. Liao, D. Zherebetskyy, H. Xin, C. Czarnik, P. Ercius
et al., Facet development during platinum nanocube
growth. Science 345(6199), 916-919 (2014). https://doi.
org/10.1126/science.1253149

D. Li, M.H. Nielsen, J.R.I. Lee, C. Frandsen, J.F. Banfield
et al., Direction-specific interactions control crystal growth
by oriented attachment. Science 336(6084), 1014-1018
(2012). https://doi.org/10.1126/science.1219643

H. Zheng, R.K. Smith, Y.-W. Jun, C. Kisielowski, U.
Dahmen et al., Observation of single colloidal platinum
nanocrystal growth trajectories. Science 324(5932), 1309—
1312 (2009). https://doi.org/10.1126/science.1172104

P.L. Hansen, J.B. Wagner, S. Helveg, J.R. Rostrup-Nielsen,
B.S. Clausen et al., Atom-resolved imaging of dynamic
shape changes in supported copper nanocrystals. Science
295(5562), 2053-2055 (2002). https://doi.org/10.1126/
science.1069325

H.-G. Liao, L. Cui, S. Whitelam, H. Zheng, Real-time
imaging of Pt;Fe nanorod growth in solution. Science
336(6084), 1011-1014 (2012). https://doi.org/10.1126/
science.1219185

Z. Zeng, W. Zheng, H. Zheng, Visualization of colloidal
nanocrystal formation and electrode—electrolyte interfaces
in liquids using TEM. Acc. Chem. Res. 50(8), 1808-1817
(2017). https://doi.org/10.1021/acs.accounts.7b00161

X. Ye, M.R. Jones, L.B. Frechette, Q. Chen, A.S. Powers
et al., Single-particle mapping of nonequilibrium nanocrys-
tal transformations. Science 354(6314), 874-877 (2016).
https://doi.org/10.1126/science.aah4434

R. Long, S. Zhou, B.J. Wiley, Y. Xiong, Oxidative etching
for controlled synthesis of metal nanocrystals: atomic addi-
tion and subtraction. Chem. Soc. Rev. 43(17), 6288-6310
(2014). https://doi.org/10.1039/C4CS00136B

Y. Jiang, G. Zhu, F. Lin, H. Zhang, C. Jin et al., In situ
study of oxidative etching of palladium nanocrystals by lig-
uid cell electron microscopy. Nano Lett. 14(7), 3761-3765
(2014). https://doi.org/10.1021/n1500670q

Q. Zheng, J. Shangguan, X. Li, Q. Zhang, K.C. Bustillo
et al., Observation of surface ligands-controlled etching
of palladium nanocrystals. Nano Lett. 21(15), 6640-6647
(2021). https://doi.org/10.1021/acs.nanolett.1c02104
H.-D. Yu, M.D. Regulacio, E. Ye, M.-Y. Han, Chemi-
cal routes to top-down nanofabrication. Chem. Soc. Rev.
42(14), 60066018 (2013). https://doi.org/10.1039/C3CS6
0113G

M. Azharuddin, G.H. Zhu, D. Das, E. Ozgur, L. Uzun et al.,
A repertoire of biomedical applications of noble metal

@ Springer


https://doi.org/10.1002/anie.201003383
https://doi.org/10.1021/ja061704x
https://doi.org/10.1021/ja061704x
https://doi.org/10.1126/science.287.5460.1989
https://doi.org/10.1126/science.287.5460.1989
https://doi.org/10.1002/anie.200900293
https://doi.org/10.1002/anie.200900293
https://doi.org/10.1021/acsnano.7b08357
https://doi.org/10.1021/acsnano.7b08357
https://doi.org/10.1126/science.1249061
https://doi.org/10.1039/C2SC20514A
https://doi.org/10.1039/C2SC20514A
https://doi.org/10.1002/anie.201402986
https://doi.org/10.1002/anie.201402986
https://doi.org/10.1021/ja0725089
https://doi.org/10.1021/ja0725089
https://doi.org/10.1002/anie.200906010
https://doi.org/10.1002/anie.200906010
https://doi.org/10.1021/acs.nanolett.5b00158
https://doi.org/10.1021/acs.nanolett.5b00158
https://doi.org/10.1021/ja01167a001
https://doi.org/10.1021/ja01167a001
https://doi.org/10.1021/nl501205j
https://doi.org/10.1021/nl501205j
https://doi.org/10.1038/nmat4193
https://doi.org/10.1126/science.1253149
https://doi.org/10.1126/science.1253149
https://doi.org/10.1126/science.1219643
https://doi.org/10.1126/science.1172104
https://doi.org/10.1126/science.1069325
https://doi.org/10.1126/science.1069325
https://doi.org/10.1126/science.1219185
https://doi.org/10.1126/science.1219185
https://doi.org/10.1021/acs.accounts.7b00161
https://doi.org/10.1126/science.aah4434
https://doi.org/10.1039/C4CS00136B
https://doi.org/10.1021/nl500670q
https://doi.org/10.1021/acs.nanolett.1c02104
https://doi.org/10.1039/C3CS60113G
https://doi.org/10.1039/C3CS60113G

83

Page 26 of 30

Nano-Micro Lett. (2023) 15:83

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

nanoparticles. Chem. Commun. 55(49), 6964-6996 (2019).
https://doi.org/10.1039/C9CCO01741K

B.C. Steele, A. Heinzel, Materials for fuel-cell technolo-
gies. Nature 414(6861), 345-352 (2001). https://doi.org/
10.1038/35104620

J. Chen, P. Mela, M. Moller, M.C. Lensen, Microcontact
deprinting: a technique to pattern gold nanoparticles. ACS
Nano 3(6), 1451-1456 (2009). https://doi.org/10.1021/nn900
2924

G. Walters, I.P. Parkin, The incorporation of noble metal
nanoparticles into host matrix thin films: synthesis, charac-
terisation and applications. J. Mater. Chem. 19(5), 574-590
(2009). https://doi.org/10.1039/B809646E

L. Wang, D. Ma, C. Guo, X. Jiang, M. Li et al., CsPbBr 3
nanocrystals prepared by high energy ball milling in one-step
and structural transformation from CsPbB,3 to CsP,2B,5.
Appl. Surf. Sci. 543, 148782 (2021). https://doi.org/10.
1016/j.apsusc.2020.148782

Y. Wang, Y. Xia, Bottom-up and top-down approaches to
the synthesis of monodispersed spherical colloids of low
melting-point metals. Nano Lett. 4(10), 2047-2050 (2004).
https://doi.org/10.1021/n1048689j

S.E. Skrabalak, J. Chen, Y. Sun, X. Lu, L. Au et al., Gold
nanocages: synthesis, properties, and applications. Acc.
Chem. Res. 41(12), 1587-1595 (2008). https://doi.org/10.
1021/ar800018v

C. Wang, L. Zhang, H. Yang, J. Pan, J. Liu et al., High-
indexed Pt;Ni alloy tetrahexahedral nanoframes evolved
through preferential CO etching. Nano Lett. 17(4), 2204—
2210 (2017). https://doi.org/10.1021/acs.nanolett.6b04731

L. Gan, M. Heggen, S. Rudi, P. Strasser, Core—shell composi-
tional fine structures of dealloyed Pt,Ni,_, nanoparticles and
their impact on oxygen reduction catalysis. Nano Lett. 12(10),
5423-5430 (2012). https://doi.org/10.1021/n1302995z

M. Oezaslan, M. Heggen, P. Strasser, Size-dependent mor-
phology of dealloyed bimetallic catalysts: linking the nano to
the macro scale. J. Am. Chem. Soc. 134(1), 514-524 (2012).
https://doi.org/10.1021/ja2088162

L. Gan, M. Heggen, R. O’Malley, B. Theobald, P. Strasser,
Understanding and controlling nanoporosity formation for
improving the stability of bimetallic fuel cell catalysts. Nano
Lett. 13(3), 1131-1138 (2013). https://doi.org/10.1021/n1304
488q

Y.N. Tan, J.Y. Lee, D.I.C. Wang, Uncovering the design rules
for peptide synthesis of metal nanoparticles. J. Am. Chem.
Soc. 132(16), 5677-5686 (2010). https://doi.org/10.1021/
ja907454f

C.B.M.C.R. Kagan, M.G. Bawendi, Synthesis and charac-
terization of monodisperse nanocrystals and close-packed
nanocrystal assemblies. Annu. Rev. Mater. Sci. 30(1), 545—
610 (2000). https://doi.org/10.1146/annurev.matsci.30.1.545
Y. Wu, D. Wang, Z. Niu, P. Chen, G. Zhou et al., A strat-
egy for designing a concave Pt-Ni alloy through controllable
chemical etching. Angew. Chem. Int. Ed. 51(50), 12524~
12528 (2012). https://doi.org/10.1002/anie.201207491

© The authors

74

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

. J. Gu, Y.-W. Zhang, F. Tao, Shape control of bimetallic
nanocatalysts through well-designed colloidal chemistry
approaches. Chem. Soc. Rev. 41(24), 8050-8065 (2012).
https://doi.org/10.1039/C2CS35184F

Y. Wang, Z. Sun, A. Kumbhar, Z. Luo, C. Wang et al., Is CO
adequate to facilitate the formation of Pt;M (M = Fe, Ni and
Co) nanocubes? Chem. Commun. 49(38), 3955-3957 (2013).
https://doi.org/10.1039/C3CC41424H

C.-K. Tsung, J.N. Kuhn, W. Huang, C. Aliaga, L.-1. Hung
et al., Sub-10 nm platinum nanocrystals with size and shape
control: catalytic study for ethylene and pyrrole hydrogena-
tion. J. Am. Chem. Soc. 131(16), 5816-5822 (2009). https://
doi.org/10.1021/ja809936n

J. Qian, M. Shen, S. Zhou, C.-T. Lee, M. Zhao et al., Synthe-
sis of Pt nanocrystals with different shapes using the same
protocol to optimize their catalytic activity toward oxygen
reduction. Mater. Today 21(8), 834-844 (2018). https://doi.
org/10.1016/j.mattod.2018.08.005

W. Zhu, A.X. Yin, Y.W. Zhang, C.H. Yan, Highly shape-
selective synthesis of monodispersed fivefold twinned plati-
num nanodecahedrons and nanoicosahedrons. Chem. Eur. J.
18(39), 12222-12226 (2012). https://doi.org/10.1002/chem.
201201099

N. Tian, Z.-Y. Zhou, S.-G. Sun, Y. Ding, Z.L.. Wang, Synthe-
sis of tetrahexahedral platinum nanocrystals with high-index
facets and high electro-oxidation activity. Science 316(5825),
732-735 (2007). https://doi.org/10.1126/science.1140484
L. Huang, M. Liu, H. Lin, Y. Xu, J. Wu et al., Shape regula-
tion of high-index facet nanoparticles by dealloying. Science
365(6458), 1159-1163 (2019). https://doi.org/10.1126/scien
ce.aax5843

Y. Kang, J.B. Pyo, X. Ye, R.E. Diaz, T.R. Gordon et al.,
Shape-controlled synthesis of Pt nanocrystals: the role of
metal carbonyls. ACS Nano 7(1), 645-653 (2013). https://
doi.org/10.1021/nn3048439

C. Wang, H. Daimon, Y. Lee, J. Kim, S. Sun, Synthesis of
monodisperse Pt nanocubes and their enhanced catalysis for
oxygen reduction. J. Am. Chem. Soc. 129(22), 6974—6975
(2007). https://doi.org/10.1021/ja070440r

J. Ren, R.D. Tilley, Shape-controlled growth of platinum
nanoparticles. Small 3(9), 1508-1512 (2007). https://doi.
org/10.1002/sml1.200700135

C.-T. Lee, X. Yang, M. Vara, K.D. Gilroy, Y. Xia, Water-
based synthesis of sub-10 nm Pt octahedra and their perfor-
mance towards the oxygen reduction reaction. ChemNanoMat
3(12), 879-884 (2017). https://doi.org/10.1002/cnma.20170
0189

W. Zhou, J. Wu, H. Yang, Highly uniform platinum icosahe-
dra made by hot injection-assisted grails method. Nano Lett.
13(6), 2870-2874 (2013). https://doi.org/10.1021/n1401214d
J. Zhang, Z. Luo, B. Martens, Z. Quan, A. Kumbhar et al.,
Reversible kirkwood-alder transition observed in Pt;Cu,
nanoctahedron assemblies under controlled solvent anneal-
ing/drying conditions. J. Am. Chem. Soc. 134(34), 14043—
14049 (2012). https://doi.org/10.1021/ja304108n

https://doi.org/10.1007/s40820-023-01060-2


https://doi.org/10.1039/C9CC01741K
https://doi.org/10.1038/35104620
https://doi.org/10.1038/35104620
https://doi.org/10.1021/nn9002924
https://doi.org/10.1021/nn9002924
https://doi.org/10.1039/B809646E
https://doi.org/10.1016/j.apsusc.2020.148782
https://doi.org/10.1016/j.apsusc.2020.148782
https://doi.org/10.1021/nl048689j
https://doi.org/10.1021/ar800018v
https://doi.org/10.1021/ar800018v
https://doi.org/10.1021/acs.nanolett.6b04731
https://doi.org/10.1021/nl302995z
https://doi.org/10.1021/ja2088162
https://doi.org/10.1021/nl304488q
https://doi.org/10.1021/nl304488q
https://doi.org/10.1021/ja907454f
https://doi.org/10.1021/ja907454f
https://doi.org/10.1146/annurev.matsci.30.1.545
https://doi.org/10.1002/anie.201207491
https://doi.org/10.1039/C2CS35184F
https://doi.org/10.1039/C3CC41424H
https://doi.org/10.1021/ja809936n
https://doi.org/10.1021/ja809936n
https://doi.org/10.1016/j.mattod.2018.08.005
https://doi.org/10.1016/j.mattod.2018.08.005
https://doi.org/10.1002/chem.201201099
https://doi.org/10.1002/chem.201201099
https://doi.org/10.1126/science.1140484
https://doi.org/10.1126/science.aax5843
https://doi.org/10.1126/science.aax5843
https://doi.org/10.1021/nn3048439
https://doi.org/10.1021/nn3048439
https://doi.org/10.1021/ja070440r
https://doi.org/10.1002/smll.200700135
https://doi.org/10.1002/smll.200700135
https://doi.org/10.1002/cnma.201700189
https://doi.org/10.1002/cnma.201700189
https://doi.org/10.1021/nl401214d
https://doi.org/10.1021/ja304108n

Nano-Micro Lett.

(2023) 15:83

Page 27 0of 30 83

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

J. Ding, L. Bu, S. Guo, Z. Zhao, E. Zhu et al., Morphology
and phase controlled construction of Pt—Ni nanostructures
for efficient electrocatalysis. Nano Lett. 16(4), 2762-2767
(2016). https://doi.org/10.1021/acs.nanolett.6b00471

S. Chen, M. Li, M. Gao, J. Jin, M.A. van Spronsen et al.,
High-performance Pt—Co nanoframes for fuel-cell electro-
catalysis. Nano Lett. 20(3), 1974-1979 (2020). https://doi.
org/10.1021/acs.nanolett.9b05251

C. Xie, Z. Niu, D. Kim, M. Li, P. Yang, Surface and interface
control in nanoparticle catalysis. Chem. Rev. 120(2), 1184~
1249 (2020). https://doi.org/10.1021/acs.chemrev.9b00220
J.R. Greer, Nanoframe catalysts. Science 343(6177), 1319—
1320 (2014). https://doi.org/10.1126/science.1251865

Q. Chen, Z. Cao, G. Du, Q. Kuang, J. Huang et al., Exca-
vated octahedral Pt-Co alloy nanocrystals built with ultrathin
nanosheets as superior multifunctional electrocatalysts for
energy conversion applications. Nano Energy 39, 582-589
(2017). https://doi.org/10.1016/j.nanoen.2017.07.041

C. Cui, L. Gan, M. Heggen, S. Rudi, P. Strasser, Composi-
tional segregation in shaped Pt alloy nanoparticles and their
structural behaviour during electrocatalysis. Nat. Mater.
12(8), 765-771 (2013). https://doi.org/10.1038/nmat3668

S.E. Habas, H. Lee, V. Radmilovic, G.A. Somorjai, P. Yang,
Shaping binary metal nanocrystals through epitaxial seeded
growth. Nat. Mater. 6(9), 692—697 (2007). https://doi.org/10.
1038/nmat1957

F.-R. Fan, D.-Y. Liu, Y.-F. Wu, S. Duan, Z.-X. Xie et al.,
Epitaxial growth of heterogeneous metal nanocrystals: from
gold nano-octahedra to palladium and silver nanocubes. J.
Am. Chem. Soc. 130(22), 6949-6951 (2008). https://doi.org/
10.1021/ja801566d

T. Lv, X. Yang, Y. Zheng, H. Huang, L. Zhang et al., Control-
ling the growth of Au on icosahedral seeds of Pd by manip-
ulating the reduction kinetics. J. Phys. Chem. C 120(37),
20768-20774 (2016). https://doi.org/10.1021/acs.jpcc.6b020
22

M. Yang, W. Wang, K.D. Gilroy, Y. Xia, Controlling the
deposition of Pd on au nanocages: outer surface only versus
both outer and inner surfaces. Nano Lett. 17(9), 5682-5687
(2017). https://doi.org/10.1021/acs.nanolett.7b02578

L. Zhang, L.T. Roling, X. Wang, M. Vara, M. Chi et al,,
Platinum-based nanocages with subnanometer-thick walls
and well-defined, controllable facets. Science 349(6246),
412-416 (2015). https://doi.org/10.1126/science.aab0801

J. Park, L. Zhang, S.-I. Choi, L.T. Roling, N. Lu et al., Atomic
layer-by-layer deposition of platinum on palladium octahedra
for enhanced catalysts toward the oxygen reduction reaction.
ACS Nano 9(3), 2635-2647 (2015). https://doi.org/10.1021/
nn506387w

H. Zhang, M. Jin, J. Wang, W. Li, P.H.C. Camargo et al.,
Synthesis of Pd—Pt bimetallic nanocrystals with a concave
structure through a bromide-induced galvanic replacement
reaction. J. Am. Chem. Soc. 133(15), 6078-6089 (2011).
https://doi.org/10.1021/ja201156s

X. Wang, M. Vara, M. Luo, H. Huang, A. Ruditskiy et al.,
Pd@Pt core—shell concave decahedra: a class of catalysts for

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

the oxygen reduction reaction with enhanced activity and
durability. J. Am. Chem. Soc. 137(47), 15036-15042 (2015).
https://doi.org/10.1021/jacs.5b10059

X. Wang, S.-I. Choi, L.T. Roling, M. Luo, C. Ma et al., Pal-
ladium—platinum core-shell icosahedra with substantially
enhanced activity and durability towards oxygen reduction.
Nat. Commun. 6, 7594 (2015). https://doi.org/10.1038/
ncomms8594

X. Wang, L. Figueroa-Cosme, X. Yang, M. Luo, J. Liu et al.,
Pt-based icosahedral nanocages: using a combination of 111
facets, twin defects, and ultrathin walls to greatly enhance
their activity toward oxygen reduction. Nano Lett. 16(2),
1467-1471 (2016). https://doi.org/10.1021/acs.nanolett.
5b05140

D.S. He, D. He, J. Wang, Y. Lin, P. Yin et al., Ultrathin ico-
sahedral Pt-enriched nanocage with excellent oxygen reduc-
tion reaction activity. J. Am. Chem. Soc. 138(5), 1494-1497
(2016). https://doi.org/10.1021/jacs.5b12530

B.Y. Xia, H.B. Wu, X. Wang, X.W. Lou, One-pot synthesis of
cubic PtCu; nanocages with enhanced electrocatalytic activ-
ity for the methanol oxidation reaction. J. Am. Chem. Soc.
134(34), 13934-13937 (2012). https://doi.org/10.1021/ja305
1662

X. Tian, X. Zhao, Y.-Q. Su, L. Wang, H. Wang et al., Engi-
neering bunched Pt-Ni alloy nanocages for efficient oxygen
reduction in practical fuel cells. Science 366(6467), 850-856
(2019). https://doi.org/10.1126/science.aaw7493

F. Saleem, Z. Zhang, X. Cui, Y. Gong, B. Chen et al., Ele-
mental segregation in multimetallic core—shell nanoplates. J.
Am. Chem. Soc. 141(37), 14496-14500 (2019). https://doi.
org/10.1021/jacs. 9605197

S. Zhang, Y. Hao, D. Su, V.V.T. Doan-Nguyen, Y. Wu et al.,
Monodisperse core/shell Ni/FePt nanoparticles and their con-
version to Ni/Pt to catalyze oxygen reduction. J. Am. Chem.
Soc. 136(45), 15921-15924 (2014). https://doi.org/10.1021/
ja5099066

C. Li, X. Chen, L. Zhang, S. Yan, A. Sharma et al., Synthe-
sis of core@shell Cu-Ni@Pt-Cu nano-octahedra and their
improved MOR activity. Angew. Chem. Int. Ed. 60(14),
7675-7680 (2021). https://doi.org/10.1002/anie.202014 144
G. Liu, W. Zhou, Y. Ji, B. Chen, G. Fu et al., Hydrogen-
intercalation-induced lattice expansion of Pd@Pt core—shell
nanoparticles for highly efficient electrocatalytic alcohol oxi-
dation. J. Am. Chem. Soc. 143(29), 11262-11270 (2021).
https://doi.org/10.1021/jacs.1c05856

M. Vara, X. Wang, J. Howe, M. Chi, Y. Xia, Understanding
the stability of Pt-based nanocages under thermal stress using
in situ electron microscopy. ChemNanoMat 4(1), 112-117
(2018). https://doi.org/10.1002/cnma.201700298

J.T.L. Gamler, H.M. Ashberry, S.E. Skrabalak, K.M. Koc-
zkur, Random alloyed versus intermetallic nanoparticles:
a comparison of electrocatalytic performance. Adv. Mater.
(2018). https://doi.org/10.1002/adma.201801563

J.Li, Z. Xi, Y.-T. Pan, J.S. Spendelow, P.N. Duchesne et al.,
Fe stabilization by intermetallic L1,-FePt and Pt cataly-
sis enhancement in L1-FePt/Pt nanoparticles for efficient

@ Springer


https://doi.org/10.1021/acs.nanolett.6b00471
https://doi.org/10.1021/acs.nanolett.9b05251
https://doi.org/10.1021/acs.nanolett.9b05251
https://doi.org/10.1021/acs.chemrev.9b00220
https://doi.org/10.1126/science.1251865
https://doi.org/10.1016/j.nanoen.2017.07.041
https://doi.org/10.1038/nmat3668
https://doi.org/10.1038/nmat1957
https://doi.org/10.1038/nmat1957
https://doi.org/10.1021/ja801566d
https://doi.org/10.1021/ja801566d
https://doi.org/10.1021/acs.jpcc.6b02022
https://doi.org/10.1021/acs.jpcc.6b02022
https://doi.org/10.1021/acs.nanolett.7b02578
https://doi.org/10.1126/science.aab0801
https://doi.org/10.1021/nn506387w
https://doi.org/10.1021/nn506387w
https://doi.org/10.1021/ja201156s
https://doi.org/10.1021/jacs.5b10059
https://doi.org/10.1038/ncomms8594
https://doi.org/10.1038/ncomms8594
https://doi.org/10.1021/acs.nanolett.5b05140
https://doi.org/10.1021/acs.nanolett.5b05140
https://doi.org/10.1021/jacs.5b12530
https://doi.org/10.1021/ja3051662
https://doi.org/10.1021/ja3051662
https://doi.org/10.1126/science.aaw7493
https://doi.org/10.1021/jacs.9b05197
https://doi.org/10.1021/jacs.9b05197
https://doi.org/10.1021/ja5099066
https://doi.org/10.1021/ja5099066
https://doi.org/10.1002/anie.202014144
https://doi.org/10.1021/jacs.1c05856
https://doi.org/10.1002/cnma.201700298
https://doi.org/10.1002/adma.201801563

83

Page 28 of 30

Nano-Micro Lett. (2023) 15:83

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

oxygen reduction reaction in fuel cells. J. Am. Chem. Soc.
140(8), 2926-2932 (2018). https://doi.org/10.1021/jacs.
7612829

Q. Li, L. Wu, G. Wu, D. Su, H. Lv et al., New approach
to fully ordered fct-FePt nanoparticles for much enhanced
electrocatalysis in acid. Nano Lett. 15(4), 2468-2473 (2015).
https://doi.org/10.1021/acs.nanolett.5b00320

M. Xie, Z. Lyu, R. Chen, M. Shen, Z. Cao et al., Pt-Co@Pt
octahedral nanocrystals: enhancing their activity and durabil-
ity toward oxygen reduction with an intermetallic core and
an ultrathin shell. J. Am. Chem. Soc. 143(22), 8509-8518
(2021). https://doi.org/10.1021/jacs.1c04160

J. Li, S. Sharma, K. Wei, Z. Chen, D. Morris et al., Aniso-
tropic strain tuning of L1, ternary nanoparticles for oxygen
reduction. J. Am. Chem. Soc. 142(45), 19209-19216 (2020).
https://doi.org/10.1021/jacs.0c08962

J. Li, S. Sharma, X. Liu, Y.-T. Pan, J.S. Spendelow et al.,
Hard-magnet L1,-CoPt nanoparticles advance fuel cell catal-
ysis. Joule. 3(1), 124-135 (2019). https://doi.org/10.1016/j.
joule.2018.09.016

X. Chen, S. Zhang, C. Li, Z. Liu, X. Sun et al., Composition-
dependent ordering transformations in Pt—Fe nanoalloys.
Proc. Natl. Acad. Sci. 119(14), 2117899119 (2022). https:/
doi.org/10.1073/pnas.2117899119

Y. Qin, M. Luo, Y. Sun, C. Li, B. Huang et al., Intermetallic
hcp-PtBi/fcc-Pt core/shell nanoplates enable efficient bifunc-
tional oxygen reduction and methanol oxidation electroca-
talysis. ACS Catal. 8(6), 5581-5590 (2018). https://doi.org/
10.1021/acscatal. 7604406

Q. Feng, S. Zhao, D. He, S. Tian, L. Gu et al., Strain engi-
neering to enhance the electrooxidation performance of
atomic-layer pt on intermetallic Pt;Ga. J. Am. Chem. Soc.
140(8), 2773-2776 (2018). https://doi.org/10.1021/jacs.
7b13612

L. Bu, N. Zhang, S. Guo, X. Zhang, J. Li et al., Biaxially
strained PtPb/Pt core/shell nanoplate boosts oxygen reduction
catalysis. Science 354(6318), 1410-1414 (2016). https://doi.
org/10.1126/science.aah6133

S. Maksimuk, S. Yang, Z. Peng, H. Yang, Synthesis and char-
acterization of ordered intermetallic PtPb nanorods. J. Am.
Chem. Soc. 129(28), 8684-8685 (2007). https://doi.org/10.
1021/ja071980r

H. Rong, J. Mao, P. Xin, D. He, Y. Chen et al., Kinetically
controlling surface structure to construct defect-rich inter-
metallic nanocrystals: effective and stable catalysts. Adv.
Mater. 28(13), 2540-2546 (2016). https://doi.org/10.1002/
adma.201504831

H. Yang, Y. Tang, S. Zou, Electrochemical removal of sur-
factants from Pt nanocubes. Electrochem. Commun. 38,
134-137 (2014). https://doi.org/10.1016/j.elecom.2013.11.
019

P. Godbold, G. Johnson, A.D. Obi, R. Brown, S. Hwang et al.,
Surfactant removal for colloidal nanocrystal catalysts medi-

ated by n-heterocyclic carbenes. J. Am. Chem. Soc. 143(7),
2644-2648 (2021). https://doi.org/10.1021/jacs.0c12278

© The authors

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

W.F. Fu, Y. Shi, L. Wang, M.M. Shi, H.Y. Li et al., A green,
low-cost, and highly effective strategy to enhance the perfor-
mance of hybrid solar cells: post-deposition ligand exchange
by acetic acid. Sol. Energy Mater. Sol. Cells. 117, 329-335
(2013). https://doi.org/10.1016/j.solmat.2013.06.042

Z. Zhang, M. Chi, G.M. Veith, P. Zhang, D.A. Lutterman
et al., Rational design of Bi nanoparticles for efficient electro-
chemical CO, reduction: the elucidation of size and surface
condition effects. ACS Catal. 6(9), 6255-6264 (2016). https://
doi.org/10.1021/acscatal.6b01297

M. Zhou, H. Wang, L. Zhang, C. Li, A. Kumbhar et al., Facet
impact of CuMn,0, spinel nanocatalysts on enhancement of
the oxygen reduction reaction in alkaline media. ACS Catal.
12(21), 13663-13670 (2022). https://doi.org/10.1021/acsca
tal.2c03275

R. Latsuzbaia, E. Negro, G. Koper, Synthesis, stabilization
and activation of pt nanoparticles for PEMFC applications.
Fuel Cells 15(4), 628-638 (2015). https://doi.org/10.1002/
fuce.201500023

M. Cargnello, C. Chen, B.T. Diroll, V.V.T. Doan-Nguyen,
R.J. Gorte et al., Efficient removal of organic ligands from
supported nanocrystals by fast thermal annealing enables
catalytic studies on well-defined active phases. J. Am. Chem.
Soc. 137(21), 6906-6911 (2015). https://doi.org/10.1021/
jacs.5b03333

D. Li, C. Wang, D. Tripkovic, S. Sun, N.M. Markovic et al.,
Surfactant removal for colloidal nanoparticles from solution
synthesis: the effect on catalytic performance. ACS Catal.
2(7), 1358-1362 (2012). https://doi.org/10.1021/cs300219j

C. Susut, G.B. Chapman, G. Samjeské, M. Osawa, Y. Tong,
An unexpected enhancement in methanol electro-oxidation
on an ensemble of pt(111) nanofacets: a case of nanoscale
single crystal ensemble electrocatalysis. PCCP 10(25), 3712—
3721 (2008). https://doi.org/10.1039/B802708K

C. Aliaga, J.Y. Park, Y. Yamada, H.S. Lee, C.-K. Tsung et al.,
Sum frequency generation and catalytic reaction studies of
the removal of organic capping agents from Pt nanoparticles
by Uv—Ozone treatment. J. Phys. Chem. C 113(15), 6150—
6155 (2009). https://doi.org/10.1021/jp8108946

S. Shaw, X. Tian, T.F. Silva, ].M. Bobbitt, F. Naab et al.,
Selective removal of ligands from colloidal nanocrystal
assemblies with non-oxidizing He plasmas. Chem. Mater.
30(17), 5961-5967 (2018). https://doi.org/10.1021/acs.
chemmater.8b02095

J.K. Ngrskov, T. Bligaard, B. Hvolb&k, F. Abild-Pedersen, 1.
Chorkendorff et al., The nature of the active site in heteroge-
neous metal catalysis. Chem. Soc. Rev. 37(10), 2163-2171
(2008). https://doi.org/10.1039/B800260F

T. Bligaard, J.K. Ngrskov, S. Dahl, J. Matthiesen, C.H. Chris-
tensen et al., The brgnsted—evans—polanyi relation and the
volcano curve in heterogeneous catalysis. J. Catal. 224(1),
206-217 (2004). https://doi.org/10.1016/j.jcat.2004.02.034

M. Dion, H. Rydberg, E. Schroder, D.C. Langreth, B.I. Lun-
dqvist, van der Waals density functional for general geom-
etries. Phys. Rev. Lett. 92(24), 246401 (2004). https://doi.org/
10.1103/PhysRevLett.92.246401

https://doi.org/10.1007/s40820-023-01060-2


https://doi.org/10.1021/jacs.7b12829
https://doi.org/10.1021/jacs.7b12829
https://doi.org/10.1021/acs.nanolett.5b00320
https://doi.org/10.1021/jacs.1c04160
https://doi.org/10.1021/jacs.0c08962
https://doi.org/10.1016/j.joule.2018.09.016
https://doi.org/10.1016/j.joule.2018.09.016
https://doi.org/10.1073/pnas.2117899119
https://doi.org/10.1073/pnas.2117899119
https://doi.org/10.1021/acscatal.7b04406
https://doi.org/10.1021/acscatal.7b04406
https://doi.org/10.1021/jacs.7b13612
https://doi.org/10.1021/jacs.7b13612
https://doi.org/10.1126/science.aah6133
https://doi.org/10.1126/science.aah6133
https://doi.org/10.1021/ja071980r
https://doi.org/10.1021/ja071980r
https://doi.org/10.1002/adma.201504831
https://doi.org/10.1002/adma.201504831
https://doi.org/10.1016/j.elecom.2013.11.019
https://doi.org/10.1016/j.elecom.2013.11.019
https://doi.org/10.1021/jacs.0c12278
https://doi.org/10.1016/j.solmat.2013.06.042
https://doi.org/10.1021/acscatal.6b01297
https://doi.org/10.1021/acscatal.6b01297
https://doi.org/10.1021/acscatal.2c03275
https://doi.org/10.1021/acscatal.2c03275
https://doi.org/10.1002/fuce.201500023
https://doi.org/10.1002/fuce.201500023
https://doi.org/10.1021/jacs.5b03333
https://doi.org/10.1021/jacs.5b03333
https://doi.org/10.1021/cs300219j
https://doi.org/10.1039/B802708K
https://doi.org/10.1021/jp8108946
https://doi.org/10.1021/acs.chemmater.8b02095
https://doi.org/10.1021/acs.chemmater.8b02095
https://doi.org/10.1039/B800260F
https://doi.org/10.1016/j.jcat.2004.02.034
https://doi.org/10.1103/PhysRevLett.92.246401
https://doi.org/10.1103/PhysRevLett.92.246401

Nano-Micro Lett.

(2023) 15:83

Page 29 of 30 83

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

S. Linic, M. A. Barteau, Construction of a reaction coordinate
and a microkinetic model for ethylene epoxidation on sil-
ver from DFT calculations and surface science experiments.
J. Catal. 214(2), 200-212 (2003). https://doi.org/10.1016/
S0021-9517(02)00156-2

Z. Liu, Z. Zhao, B. Peng, X. Duan, Y. Huang, Beyond
extended surfaces: understanding the oxygen reduction reac-
tion on nanocatalysts. J. Am. Chem. Soc. 142(42), 17812—
17827 (2020). https://doi.org/10.1021/jacs.0c07696

Y. Chen, T. Cheng, W.A.G. lii, Atomistic explanation of the
dramatically improved oxygen reduction reaction of jagged
platinum nanowires 50 times better than Pt. J. Am. Chem.
Soc. 142(19), 8625-8632 (2020). https://doi.org/10.1021/
jacs.9b13218

F.T. Wagner, B. Lakshmanan, M.F. Mathias, Electrochem-
istry and the future of the automobile. J. Phys. Chem. Lett.
1(14), 2204-2219 (2010). https://doi.org/10.1021/jz100553m

Y. Shi, Z. Lyu, M. Zhao, R. Chen, Q.N. Nguyen et al., Noble-
metal nanocrystals with controlled shapes for catalytic and
electrocatalytic applications. Chem. Rev. 121(2), 649-735
(2021). https://doi.org/10.1021/acs.chemrev.0c00454

R.G. Chaudhuri, S. Paria, Core/shell nanoparticles: classes.
Properties. Synthesis mechanisms, characterization, and
applications. Chem. Rev. 112(4), 2373-2433 (2012). https://
doi.org/10.1021/cr100449n

Z.Zhao, C. Chen, Z. Liu, J. Huang, M. Wu et al., Pt-based
nanocrystal for electrocatalytic oxygen reduction. Adv. Mater.
31(31), 1808115 (2019). https://doi.org/10.1002/adma.20180
8115

H. Yang, J. Zhang, K. Sun, S. Zou, J. Fang, Enhancing by
weakening: electrooxidation of methanol on Pt;Co and Pt
nanocubes. Angew. Chem. Int. Ed. 49(38), 6848-6851
(2010). https://doi.org/10.1002/anie.201002888

Z. Quan, Y. Wang, J. Fang, High-index faceted noble metal
nanocrystals. Acc. Chem. Res. 46(2), 191-202 (2013).
https://doi.org/10.1021/ar200293n

C. Shen, X. Li, Y. Wei, Z. Cao, H. Li et al., PtCo-excavated
rhombic dodecahedral nanocrystals for efficient electrocataly-
sis. Nanoscale Adv. 2(10), 4881-4886 (2020). https://doi.org/
10.1039/DONA00717J

H.-S. Chen, T.M. Benedetti, J. Lian, S. Cheong, P.B. O’Mara
et al., Role of the secondary metal in ordered and disordered
Pt—M intermetallic nanoparticles: an example of Pt;Sn nano-
cubes for the electrocatalytic methanol oxidation. ACS Catal.
11(4), 2235-2243 (2021). https://doi.org/10.1021/acscatal.
0c05370

L. Wei, Y.-J. Mao, F. Liu, T. Sheng, Y.-S. Wei et al., Con-
cave cubic Pt—-Sm alloy nanocrystals with high-index facets
and enhanced electrocatalytic ethanol oxidation. ACS Appl.
Energy Mater. 2(10), 7204-7210 (2019). https://doi.org/10.
1021/acsaem.9b01168

X. Wu, Y. Jiang, Y. Yan, X. Li, S. Luo et al., Tuning surface
structure of Pd;Pb/Pt, Pb nanocrystals for boosting the meth-
anol oxidation reaction. Adv. Sci. 6(24), 1902249 (2019).
https://doi.org/10.1002/advs.201902249

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

N. Erini, S. Rudi, V. Beermann, P. Krause, R. Yang et al.,
Exceptional activity of a Pt—~Rh—Ni ternary nanostructured
catalyst for the electrochemical oxidation of ethanol. ChemE-
lectroChem 2(6), 903-908 (2015). https://doi.org/10.1002/
celc.201402390

N. Erini, V. Beermann, M. Gocyla, M. Gliech, M. Heggen
et al., The effect of surface site ensembles on the activity and
selectivity of ethanol electrooxidation by octahedral PtNiRh
nanoparticles. Angew. Chem. Int. Ed. 56(23), 6533-6538
(2017). https://doi.org/10.1002/anie.201702332

T. Zhang, Single-atom catalysis: far beyond the matter of
metal dispersion. Nano Lett. 21(23), 9835-9837 (2021).
https://doi.org/10.1021/acs.nanolett.1c02681

R.T. Hannagan, G. Giannakakis, M. Flytzani-Stephanopou-
los, E.C.H. Sykes, Single-atom alloy catalysis. Chem. Rev.
120(21), 12044-12088 (2020). https://doi.org/10.1021/acs.
chemrev.0c00078

Q. Chang, Y. Hong, H.J. Lee, J.H. Lee, D. Ologunagba et al.,
Achieving complete electrooxidation of ethanol by single
atomic Rh decoration of Pt nanocubes. Proc. Natl. Acad. Sci.
119(11), 2112109119 (2022). https://doi.org/10.1073/pnas.
2112109119

L. Su, D. Gong, Y. Jin, D. Wu, W. Luo, Recent advances in
alkaline hydrogen oxidation reaction. J. Energy Chem. 66,
107-122 (2022). https://doi.org/10.1016/j.jechem.2021.07.
015

J. Durst, A. Siebel, C. Simon, F. Hasché, J. Herranz et al.,
New insights into the electrochemical hydrogen oxidation
and evolution reaction mechanism. Energy Environ. Sci. 7(7),
2255-2260 (2014). https://doi.org/10.1039/C4EE00440J]

D. Strmcnik, M. Uchimura, C. Wang, R. Subbaraman, N.
Danilovic et al., Improving the hydrogen oxidation reaction
rate by promotion of hydroxyl adsorption. Nat. Chem. 5(4),
300-306 (2013). https://doi.org/10.1038/nchem.1574

L. An, X. Zhao, T. Zhao, D. Wang, Atomic-level insight into
reasonable design of metal-based catalysts for hydrogen oxi-
dation in alkaline electrolytes. Energy Environ. Sci. 14(5),
2620-2638 (2021). https://doi.org/10.1039/DOEE03609A

T.J. Schmidt, P.N. Ross, N.M. Markovic, Temperature
dependent surface electrochemistry on Pt single crystals in
alkaline electrolytes: part 2. the hydrogen evolution/oxidation
reaction. J. Electroanal. Chem. 524-525, 252-260 (2002).
https://doi.org/10.1016/S0022-0728(02)00683-6

Z.-Y. Zhou, Z.-Z. Huang, D.-J. Chen, Q. Wang, N. Tian et al.,
High-index faceted platinum nanocrystals supported on car-
bon black as highly efficient catalysts for ethanol electrooxi-
dation. Angew. Chem. Int. Ed. 49(2), 411-414 (2010). https://
doi.org/10.1002/anie.200905413

N. Hoshi, Y. Asaumi, M. Nakamura, K. Mikita, R. Kaji-
wara, Structural effects on the hydrogen oxidation reaction
on n(111)—(111) surfaces of platinum. J. Phys. Chem. C
113(39), 16843-16846 (2009). https://doi.org/10.1021/jp907
6239

H. Shan, W. Gao, Y. Xiong, F. Shi, Y. Yan et al.,
Nanoscale kinetics of asymmetrical corrosion in core-shell

@ Springer


https://doi.org/10.1016/S0021-9517(02)00156-2
https://doi.org/10.1016/S0021-9517(02)00156-2
https://doi.org/10.1021/jacs.0c07696
https://doi.org/10.1021/jacs.9b13218
https://doi.org/10.1021/jacs.9b13218
https://doi.org/10.1021/jz100553m
https://doi.org/10.1021/acs.chemrev.0c00454
https://doi.org/10.1021/cr100449n
https://doi.org/10.1021/cr100449n
https://doi.org/10.1002/adma.201808115
https://doi.org/10.1002/adma.201808115
https://doi.org/10.1002/anie.201002888
https://doi.org/10.1021/ar200293n
https://doi.org/10.1039/D0NA00717J
https://doi.org/10.1039/D0NA00717J
https://doi.org/10.1021/acscatal.0c05370
https://doi.org/10.1021/acscatal.0c05370
https://doi.org/10.1021/acsaem.9b01168
https://doi.org/10.1021/acsaem.9b01168
https://doi.org/10.1002/advs.201902249
https://doi.org/10.1002/celc.201402390
https://doi.org/10.1002/celc.201402390
https://doi.org/10.1002/anie.201702332
https://doi.org/10.1021/acs.nanolett.1c02681
https://doi.org/10.1021/acs.chemrev.0c00078
https://doi.org/10.1021/acs.chemrev.0c00078
https://doi.org/10.1073/pnas.2112109119
https://doi.org/10.1073/pnas.2112109119
https://doi.org/10.1016/j.jechem.2021.07.015
https://doi.org/10.1016/j.jechem.2021.07.015
https://doi.org/10.1039/C4EE00440J
https://doi.org/10.1038/nchem.1574
https://doi.org/10.1039/D0EE03609A
https://doi.org/10.1016/S0022-0728(02)00683-6
https://doi.org/10.1002/anie.200905413
https://doi.org/10.1002/anie.200905413
https://doi.org/10.1021/jp9076239
https://doi.org/10.1021/jp9076239

83

Page 30 of 30

Nano-Micro Lett. (2023) 15:83

163.

164.

165.

166.

nanoparticles. Nat. Commun. 9(1), 1-9 (2018). https://doi.
org/10.1038/s41467-018-03372-z

L. Chen, A. Leonardi, J. Chen, M. Cao, N. Li et al., Imaging
the kinetics of anisotropic dissolution of bimetallic core-shell
nanocubes using graphene liquid cells. Nat. Commun. 11(1),
3041 (2020). https://doi.org/10.1038/s41467-020-16645-3
J.E. Evans, K.L. Jungjohann, N.D. Browning, I. Arslan, Con-
trolled growth of nanoparticles from solution with in situ
liquid transmission electron microscopy. Nano Lett. 11(7),
2809-2813 (2011). https://doi.org/10.1021/n1201166k

Z. Quan, Z. Luo, Y. Wang, H. Xu, C. Wang et al., Pressure-
induced switching between amorphization and crystallization
in PbTe nanoparticles. Nano Lett. 13(8), 3729-3735 (2013).
https://doi.org/10.1021/n14016705

V. Beermann, M.E. Holtz, E. Padgett, J.F. de Araujo, D.A.
Muller et al., Real-time imaging of activation and degradation
of carbon supported octahedral Pt—Ni alloy fuel cell catalysts
at the nanoscale using in situ electrochemical liquid cell stem.

© The authors

167.

168.

169.

Energy Environ. Sci. 12(8), 2476-2485 (2019). https://doi.
org/10.1039/C9EEO01185D

S. Rasouli, D. Myers, N. Kariuki, K. Higashida, N.
Nakashima et al., Electrochemical degradation of Pt—Ni
nanocatalysts: an identical location aberration-corrected
scanning transmission electron microscopy study. Nano
Lett. 19(1), 46-53 (2019). https://doi.org/10.1021/acs.nanol
ett.8b03022

X.-L. Xi, M. Feng, L.-W. Zhang, Z.-R. Nie, Applications
of molten salt and progress of molten salt electrolysis in
secondary metal resource recovery. Int. J. Miner. Metall.
Mater. 27(12), 1599-1617 (2020). https://doi.org/10.1007/
$12613-020-2175-0

S.-Q. Jiao, H.-D. Jiao, W.-L. Song, M.-Y. Wang, J.-G. Tu,
A review on liquid metals as cathodes for molten salt/oxide
electrolysis. Int. J. Miner. Metall. Mater. 27(12), 1588-1598
(2020). https://doi.org/10.1007/s12613-020-1971-x

https://doi.org/10.1007/s40820-023-01060-2


https://doi.org/10.1038/s41467-018-03372-z
https://doi.org/10.1038/s41467-018-03372-z
https://doi.org/10.1038/s41467-020-16645-3
https://doi.org/10.1021/nl201166k
https://doi.org/10.1021/nl4016705
https://doi.org/10.1039/C9EE01185D
https://doi.org/10.1039/C9EE01185D
https://doi.org/10.1021/acs.nanolett.8b03022
https://doi.org/10.1021/acs.nanolett.8b03022
https://doi.org/10.1007/s12613-020-2175-0
https://doi.org/10.1007/s12613-020-2175-0
https://doi.org/10.1007/s12613-020-1971-x

	Shape-Controlled Synthesis of Platinum-Based Nanocrystals and Their Electrocatalytic Applications in Fuel Cells
	Highlights
	Abstract 
	1 Introduction
	2 General Principles for the Design of Pt-based Functional Electrocatalysts
	2.1 Synthetic Mechanism: Thermodynamic Control vs. Kinetic Control
	2.1.1 Thermodynamic Control
	2.1.2 Kinetic Control

	2.2 Morphology Control: Growth Mechanism and Assessment

	3 General Synthetic Strategies for Pt-Based Nanocrystals
	3.1 Morphology Control of Pt NCs
	3.2 Morphology Control of Pt-Alloy NCs
	3.3 Morphology Control of Pt-Based Core@Shell NCs and Pt-Based Nanocages
	3.4 Morphology Control of Pt-Based Intermetallic Compounds

	4 Case Study: Electrocatalytic Applications of Pt-Based Nanocrystals
	4.1 Oxygen Reduction Reaction
	4.2 Small Molecule Electro-Oxidation Reaction
	4.2.1 Oxidation Reaction in Acidic Media
	4.2.2 Oxidation Reaction in Alkaline Media


	5 Conclusions and Perspective
	Acknowledgments 
	References


