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Abstract O

Bimetallic nangcrystals (NCs), associated with various surface functions such as ligand
effect, en e gffect, and strain effect, exhibit superior electrocatalytic properties. The
stress-ind ace strain effect could alter binding strength between the surface active
sites and r‘ﬁ

strain on cEilas been drawing great attention. The electrochemical performance of

as well as their intermediates, and the study on the influence of lattice

bimetallic be significantly facilitated by the lattice-strain modification via their

morphologi i#Zts, shell-thickness, surface defectiveness as well as compositions. In this
review, wWagr an overview of fundamental principles, characterization techniques, and
quantit ination of the surface lattice strain. Various strategies and synthesis efforts

on creating laggstrain—engineered bimetallic NCs, including the de-alloying process,
atomic yer deposition, thermal treatment evolution, one-pot synthesis, and other
efforts are also discussed. We further outline how the lattice strain effect promotes
electrochehtalysis through the selected case studies. We focus the reactions on oxygen
reduction small molecular oxidation, water splitting reaction, and electrochemical
CO, redumtions. In particular, studies of lattice strain arisen from core-shell
nanostruc defectiveness are highlighted. Lastly, we summarize the potential

challe ision the prospects of lattice-strain-based engineering on bimetallic

nanocalH our suggestion and guidance of the future electrocatalyst design.
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1. Intgpdugtion,

In thwcades, the novel metal-based nanocatalysts have undergone tremendous
advances @rly owing to their superior electrocatalytic propertiest'). Metal-based

nanocrysta ) often exhibit enhanced catalytic performance compared with their bulk

counterpa e Wb their tunable surfaces (size and morphology) linking to ligand effect,
ensemble effect; and strain effect. The ligand effect, also known as the electronic effect,

accommodates thg binding strength of adsorbates by surface electronic structures of NCs with

Ul

the electron interaction between metals'™. Typically, it is generated by introducing a second

or even a fhird metal into the NC to form a random alloy or intermetallic compound, resulting

A

in a downshift or upshift of the d-band center™. For a given transition metal NC, the
coordinati@n er (CN) of a surface atom is dependent on its neighbor atoms (so-called
“ligands” does the width of its d-band state. This means that the ligand effect caused
by the mo , size, and surface defects of a monometallic NC could dramatically affect
its surf; ctivity, providing an approach to designing monometallic catalysts. Atoms at
the edges or corners of late transition metal (more than half-filled d-shell) NCs should contain
lower CN§lin comparison with the atoms at the facets. Consequently, their d-band centers
would shift upward relative to the Fermi level to preserve the d-electron filling degree,

@ ger bond and diverse reactivity***.

resulting i

Tlﬂ effect, also known as the synergistic effect, is resulted from more than one
t

en enhances catalytic performance such as catalytic activity and

selectivHretically, if an adsorbate interacts with an ensemble of surface atoms, the

reactiv

adsorption cnergy would be some average of these involved atoms!®. In the presence of the

ensemble >the modified d-band center relative to the Fermi level should be the average
from th ach transition metal atom, where the d-band center is a general descriptor of
the surfac ivity!”). For example, the dramatic enhancement in electrocatalytic activities
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of Pt—Au NCs towards formic acid electro-oxidation and oxygen reduction reaction (ORR)

was attributed to the ensemble effect caused by the fewer Pt ensemble sites?>* .

The *am e!fect, also known as the geometric effect, is usually caused by a lattice

dstructure, or structural defectiveness. It can also alter the surface properties

eir surface atoms are restructured!”. These effects, especially the ligand effect
2, 10]
t

of NCs -wh1 et
and strain@ffec , are often combined synergistically to promote catalytic performance. In

order to ungoveakthe influence of the strain effect on a designed catalyst, various
investigat@ been conducted '), However, it is still challenging to completely isolate
the strain cffeggfgom other functions. Herein, we focus on the recent development in creating
lattice-strmmetallic NCs and the associated applications in the electrocatalytic field.

We introdsyasic concepts of lattice strain, state-of-the-art characterization techniques,

manipulati oaches, and quantitative determination methods of the surface lattice strain
on bimeta . We then outline various strategies in creating lattice strain on bimetallic
NCs and owcase their improved electrochemical catalysis via case studies, such as
ORR, smmular oxidation, water splitting reaction, and electrochemical carbon dioxide
(CO») redusti actions. Eventually, we discuss the challenges and a perspective toward the
future ol metallic nanocatalysts.

2. Fundamental principles and characterizations of surface lattice strain on bimetallic
nanostruh

2.1 Surface ;ce strain

The &face strain on NCs can be caused by several reasons, such as lattice mismatch,
lattice W particle size, structure defectiveness, and morphology”® '?. In this review,
the lattice gisiadiagis defined as the diverse distribution of the lattice parameters deriving from

lattice str interface of an NC between two different phases. The lattice mismatch

originated fr difference of the lattice parameters between two parts, which has been
intensi ied!!!o- 1131 For the lattice contraction caused by the NC size decrease in a
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spherical NC, the lattice parameter change (f,, Aa/a) is described by the Laplace-Young

equationt''?:

e 2K

=—-Z—X F
f;' 3 r stress

where the 7 represents the radius of spherical NC, a is the lattice constant, Aa is the relative
N
change ofghe lattice constant, K is the compressibility of the metal, and F. is the surface

stress.

Typicauface strain in core-shell structural NCs is created due to the lattice mismatch
between t@nd shell phases. The lattice difference percentage (f.ore/snen) for core-shell

NC can be calculated using the equation:

D —-D
fcore/shell = Dstet corel X 100%

Dcore

where the Cd D, represent the material lattice parameters of the shell and core,
respectivemretically, the lattice strain should appear only at the interface between the
11
of the i minimize the strained interface energy, especially the shell atoms, leading
to the sElacement eventuallymb’ ' Several factors could affect the surface strain,

thickness, core metal lattice parameter as well as the shell metal lattice

core and s als. In reality, however, it could generate the atomic relaxation at both sides

includi
parameter. For example, for strain generated from a lattice mismatch with a small percentage
(<1%), su Pd/Pt system, the strain can only be observed within several atomic layers
(normally@ers)[“(” B When such a percentage increases, for instance, in the case of

Cu—Pt sys 5%), the compressive strain can reach ~15 layers with a shell coverage in a

thickness 6~ [

Micrestrain M), or localized lattice strain, is caused by the dislocation or deviation of
atoms fro iinitial positions due to structural defects, such as stacking faults, twins, and

, 10c

grain boundarie ], Since the NC size could also contribute to the microstrain, Maillard

and coworkersl'*! introduced a coefficient, dispersion (D, the ratio between surface and
bulk at the microstrain based on the Montejano-Carrizales model, to better
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understand the microstrain effect caused by the structural defect. The “corrected” microstrain,
i.e. the microstrain percentage (f.), can be expressed as:

H — fmicro (%)

Je D

3
= 107 4L 5m2 4+ %m+1

p=l_3

d
m =
2\31p,

where N a @fe the numbers of total atoms and the number of surface atoms, respectively;
m corresponis ﬂhe number of atomic layers in the NCs; and rp, represents the covalent

radius of etal atom such as Pt.

-

2.2 Expanm compression of surface strain
Many factors could lead to strain in most metallic NCs. To simplify the discussion, the

h-based strain from bulk materials can be classified as tensile (expansive)

lattice
strain an essive strain. In a core-shell nanostructure, the expansion or compression in
the strain 1s dependent on the difference between the lattice parameters of core and shell

metals. If se shell lattice parameter is larger than the core lattice parameter, a compressive

by Norskov #& coworkers''®!, the adsorption energy of molecules on the NC surface

strain cou erated on the surface, which can further contribute to the variation of their

properties catalytic performance or optical properties, and vice versa. As pointed out

correlates {fo the specific lattice strain and can be optimized through tailoring the NC structure

for a particular chemical reaction, leading to their tunable d-band center. Although ligand

[9b. 130, 17] 41,

effect may*also play a significant role, in the Pt— and Pd—based bimetallic cases
compressive strafly generally gives rise to an increase of orbital overlap, expansion of the d-

bandwidth, downshift of the d-band center, and weakness of the adsorption strength between

the mo and corresponding NC interfaces. In contrast, the tensile strain usually leads to
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a decrease of orbital overlap, contraction of d-bandwidth, upshift of the d-band center, and

strength of the molecular binding on the NC.

For elam Ie, ORR catalysis on Pt-based NCs can be tuned by adjusting the surface

oxygen/oxides/anions, which limits the reaction rate of ORR, the creation of compressive
N

strain accq the d-band theory. Since the pure Pt exhibits too strong binding energy to

strain, sucs as inserting atoms of metal with a smaller unit cell parameter into the Pt lattice,
would genezallygdecrease the binding affinity between the adsorbed oxygen species and the
NC surfac@s, andifacilitate the O—O bond breaking!'®. However, the too strong compressive
strain may, ically reduce the breaking propensity of the O—O bond, weaken the binding
of adsorbm enhance the formation of bonds amongst them, promoting an H,O,

generatiorjn opposite effect was also reported when atoms of a hybrid metal with a

relatively 11 parameter were introduced into the cooperative lattice. A typical

example ﬁﬂag such tensile strain is the PtP@Pt core—shell nanoplates”” that possess a

hexagonal e consisting of intermetallic PtPb core and Pt shell. It was believed that the
resultant t ain partially facilitates the ORR performance. Consequently, precise
control of ce strain is crucial to tune the catalytic performance.

To con attice mismatch between the core and shell, an epitaxial growth, such as
seeds- owth and directly one-pot synthesis, provides an effective and reliable
strategy to generate tensile or compressive lattice strain in various types of core-shell NCs
including Setal—metal, metal-semiconductor, metal-oxide, and semiconductor-semiconductor
core-shell staagtures'™ *!). In particular, metal-metal core-shell NCs have recently been
drawing i attention due to their unique performance in electrochemical applications.
Yang and rs used cubic Pt seeds to direct the epitaxial growth of Pd, yielding
conformalRt—Pd nanocubes and nano-octahedra with a small f; of ~0.77%'**]. When this
apprannded to Au metal for lattice-mismatched core-shell synthesis, it gave
anisotropiﬁ of Au nanorods instead. Tian and coworkers demonstrated that core-shell

nanostruc 1d be achieved in Au—Pd and Au—Ag nanocube systems with an f, value of

[11

heir approach can also apply to other systems such as Au—Pt!"*& %] Ru—

] Rh—Pd!"* 2% pt_[r1?" and Au-based Pt!''® 1> 2 gystems. However, it

less than 5%
Au[24],

seems that £, < 5% is a threshold value for the epitaxial growth strategy. Shortly, it was
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reported that under optimized epitaxial growth conditions the lattice mismatch in core-shell

nanostructures could exceed this threshold limit. Typical examples include Pd—Cu (f,=

7. 1%)[2W= 10.1%)1%%3% Cu-Ag (f,= 11.5%)8", Au—Cu (f,= 11.4%)", and Pt—Cu
(= 7.9%@ nanostructures!'',
H I

2.3 Charahon technique of surface lattice strain on bimetallic nanostructures

Sevetal techBliques have been used to characterize the surface strain. The strain could be
directly observed using an aberration-corrected high-resolution transmission electron
microsco M3 or determined using X-ray techniques, including X-ray

diffractioyﬁ“L X-ray photoelectron spectroscopy (XPS)!#*), wide-angle X-ray

scattering ) techniquet”, X-ray absorption spectroscopy (XAS), and X-ray
emission s ES)!"'. In general, HRTEM is a vivid characterization technique at the
nanoscalemfy the lattice strain (especially the local strain or microstrain) in a single
NC via ab Qe correction coupled with image simulations, whereas X-ray techniques (e.g.
XRD, XPmlk tools to determine the collective information of lattice strain based on

the pe peak width, or peak intensities. By taking advantage of synchrotron X-ray

techniques (

of NC

r XES), the electronic and structural information on the surface/interface
rther achieved and quantified through a spectrum fitting refinement with

high accuracy.

2.3.1 Elec@roscopic (EM) technique

Nilss@fi and coworkers reported that a de-alloyed Pt—Cu nanostructure exhibited an outer
Pt—enri ased on the contraction variation observed using a high-angle annular
dark—ﬁMg transmission electron microscope (HAADF STEM)!''™. Shortly, Zhu and

coworkers develped a method to map the lattice strain distribution in a de-alloyed Pt-Fe

core-shell cture using aberration-corrected HRTEM associated with imaging
simulatj ig. la and 1b represent two typical HRTEM images of the de-alloyed Pt-Fe
NCs along 0] zone axis. The area (denoted as S,,;, refer to the inset of Fig. 1d) of a
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triangle unit bounded by three directions experimentally measured from the HRTEM images,
were converted to the lattice parameter (a) with an established correlation relationship. By

calculaWice strain percentage in comparison with pure Pt using the simple equation

Opt

(=2 m a 2-dimensional (2D) mapping of the lattice strain were then obtained.

From th-e nw results (Fig. 1d and 1e) of the de-alloyed Pt—Fe NCs corresponding to Fig.
la and 1bffit can be clearly seen percolated regions of lattice strain at the core colored in blue
and compreggsivglattice strain near the surface (regarded as Pt shell) colored in red. For

comparis

a NC shown in Fig. 1c¢ was electrochemically pre-treated in the same way.
The resultm13pping released random lattice contraction or expansion strain rather than
i

continuou contracted regions as shown in Fig. 1d and le. Thanks to the rapid
developm e TEM technique, the lattice strain can also be directly determined and
accuratel ed at the atomic scale on nanowires with twin or grain boundaries™”, NCs
in differe ologies[“j’ 13h, 131, 17c, 38], Pt-skinned nanoframes!' ' Unl, and core-shell

nanostruc rface”™). These identified unconventional crystallographic structures as

direct evimthe strain effect reveal the key factors of property enhancement.

=
G
=
-
<C
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Lattice contraction ™

—
@
—

babPpOW

Lattice contraction %

Lattice contraction 5%
Y]

Fig. 1. ,Wrrected HRTEM images and corresponding lattice mapping of nanostructures. (a, b)
e-alloyed Pt—Fe NCs; (c) HRTEM image of pure Pt NC; (d-f) the maps of the lattice

contraction relativeffo the bulk Pt lattice displayed in the dashed rectangles of (a-c), respectively. Adapted

with permission from Ref. **!. Copyright 2012 American Chemical Society.
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2.3.2 X-ray related techniques

Unlike the case of monolayer films for which the diffraction peak is hard to observe due
to the IWering matter unless a grazing incident X-ray diffraction (GIXRD) or in-
plane XRmed, the monolayer-coated nanostructures could give a higher density of
the scatte nd thus enhance the XRD intensity[40]. Therefore, the XRD as a
straight?ox%chnique has been wildly used for characterizing surface lattice strain'*"

core-shell ctures. According to Vegard’s law, the incorporation of additional metal

that cause§llatticdistrain should result in a shift in the diffraction peak position, uncovering a

change of the lattice parameter. Generally, the compressive strain causes a peak shift toward

a higher difi angle from its normal position, whereas the tensile strain gives rise to a
peak shift er diffraction angle. For instance, Eichhorn and coworkers confirmed the
Ru@Pt core- anostructure using their XRD profiles*”). XRD pattern of the monolayer

Pt in the Ere-shell NCs showed a relatively strong Pt(111) peak with a slight shift to
a

a higher compared with that of the pure Pt NCs. With an fcc lattice constant of

monometalhic ell above the Ru core. After the Ru@Pt NCs were annealed at 500 °C,

such a strain was released and PtRu alloy NCs were formed with a normal
lattice param .3867 nm).

Later on, similar results were also reported from Rh—Pt core-shell system by Skrabalak
and cowosers[zs], from Ag@Pt core-shell and AgPd@Pt core-shell systems by Yang and

coworkers' —, and from Au@FePt; core-shell system by Stamenkovic and coworkers'**!. Fig.

counterparts. Compared to the pattern of the Pt/C (Fig. 2a), an obvious low-angle shift of the

0.3901 nmft of Pt(111) peak indicates a compressive lattice strain generated from the

2 depicts patterns of carbon-supported Ag@Pt core-shell NCs and their

(111) difff@ction peak in the pattern of core-shell nanostructured Ag@Pt/C (Fig. 2c) can be
observed, ﬁ plyiF the tensile lattice strain generated from the Pt shell over the Ag core.
Unlike th /C, the (111) diffraction peak in the pattern of core-shell nanostructured
AgPd@Pt/C (FiSZb) was very close to that of Pt/C, indicating that incorporation of Pd into

the Ag-core couddl significantly weaken the existing tensile strain.

Un case of lattice strain originated from a core-shell structure, the microstrain or

local lattice strain leads to the XRD peak or synchrotron WAXS peak broadening rather than

This article is protected by copyright. All rights reserved.
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shifting % 216.441 The microstrain percentage (f.) can also be quantitatively calculated using
the equation given in Williamson-Hall (W-H) method!**-**:

H Bhkl

ﬁ:_

"~ 4tan@

where &HWH width at half the maximum of the XRD peak and @ is the Bragg angle.

f N\

Intensity (a.u.)

i
l
1
\
|
|
1

20 30 40 50 60 70 80
o
20 ()
Fig. 2. X s of carbon-supported nanostructures. (a) Pt/C; (b) AgPd@Pt/C; (c) Ag@Pt/C.

Adapted Esion from Ref. “* and modified. Copyright 2012 American Chemical Society.

C

XPS ;be utilized to determine the surface lattice strain and surface electronic
structur ning the photon energy correlating with the probing depth, the near-surface

compositio ostructures can be quantified, and the shell information can be collected
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11, 46] Furthermore, the strain associated with the electronic structure can be

indirectly as welll
determined by monitoring the shift of the binding energy in a high-resolution XPS#>*").
TakingWocubes with variable Pt-layers as an example!®, this core-shell
nanostrucmv\fefd1 different Pt 417, binding energies as a function of the Pt shell

thickness. ocubes with an average of 1.2 monolayers (MLs) showed the largest

shift in"Pt #EMBMding energy. As the thickness of the Pt shell increased, the binding energy

of Pt 417/, sk o lower values, indicating a reduction of the surface strain. When the shell
thickest rem4 MLs, a negligible shift of Pt 4f}; binding energy could be observed in
comparison ulk Pt, suggesting none of the surface strain in the system where the Pt

shell was wugh. By coupling with a partial-yield detector with XPS, the XES and
XAS spectra could be recorded, exhibiting the occupied bonding state and the related
antibonding stateirespectively. Strasser and coworkers observed a decrease (eventually to

zero) in thed ity of the antibonding resonance when strain increased to 3.320.3 % in de-
alloyed Pt£: :in;le—crystal model systems, corresponding to the downshift of the Pt d-band
center!''",

X-ray tion near-edge spectroscopy (XANES) and Fourier-transform extended X-
ray abs ine structure (EXAFS) spectroscopy can also be employed to further
understa alence state and atomic structure with the surface strain”®. Mukerjee and

coworkers studied Pt—-Co NCs with Pt—skin and determined a linear composition-strain-
activity relationship using in-situ XANES and Fourier-transform EXAFS spectroscopy 6b],
They conc%at the Pt—Pt bond length can serve as a valid descriptor for strain effects,
which buie bridges between strain effect and catalytic performance quantitatively.
Qiao and cOWtKers also studied the local lattice strain of Ru@Pt NCs using EXAFS and

, and observed a very broad Pt—Pt peak and a shift of both the Pt-Ru and Pt-Pt

¢ negative area in EXAFS spectra. In the Ru@Pt core-shell nanostructure, an
ite-line intensity of Pt Lyj-edge XANES was also detected in opposition to the
cases in R@s and pure Pt, indicating the highly existing compressive strained and
loosely bonde surface in the Ru@Pt NCs. In the case of the NiFe metal-organic
frame¢ where lattice strain was created, the Ni-Ni bond length similarly

associated w upshift of N1 K-edge to higher energy. The EXAFS spectra indicated that
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the Ni valence states increased with increasing lattice expansion ratios'™*. The peak of ~ 856
eV in Ni L,,_34 -edge XANES spectra shifted to a higher-energy direction, and the
corresp#k intensity enhancement as well as lattice strain increase is proportional to
the unocc tes of Ni 3d.

T@Werstand the lattice strain qualitatively and quantitatively isolated from other
effects onSe surface both at an atomic scale and large scale, these aforementioned
characteriiwchniques are normally combined to achieve a more accurate evaluation.

These cha igations could provide useful information to promote insightful catalyst

design ancmoplications.

3. Strate

U

reation of lattice strain on bimetallic nanostructures

Therglare challenges in the creation of surface lattice strain because lattice mismatch is

N

not a spontaneous way to form a uniform layer on the metallic substrates or seeds, as stated in
section § the past years, several strategies for constructing surface strain have been
developed, including the de-alloying evolution process electrochemically or through acidic
etching, a er deposition (i.e. galvanic replacement, underpotential deposition, ligand
excha ctly atomic deposition), and thermal annealing through surface re-construction
under different atmosphere. Strategies of fabricating metal NCs can be fundamentally
classified @into two categories: (1) the “top-down” approach and (2) the “bottom-up”
approach. The former (including the post-treatment in this review) is to remove one or
rong

techniques, including the de-alloying evolution process, thermal annealing treatment;

several co s from the NCs to induce lattice strain using physical and chemical

whereas tiig latter involves the construction of NCs via the nucleation, deposition, and self-

assembly @f atoms, molecules, or clusters during a synthesis, such as epitaxial growth and

atomic lay; sition.!*”]

Alth re have been several reviews about the lattice strain, most of them focused
on charactegi#@tion techniques, theoretical considerations, and catalytic performance
improve 122301 ‘How to create lattice strain and thus alter surface work function
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especially on bimetallic metallic NCs was seldom discussed. Consequently, in this section,
we outline various strategies of the surface lattice strain manipulations developed in recent
years aMheir details in bimetallic NCs as well as in trimetallic systems for some
cases. We 4 e discussion within the arena of metal-metal structures under this reviewed
topic althaice strain could also be created from other interfaces such as metallic

NCs sufp SHEasH oxides.[' > !

3.1 De-alluolution process

Unlilwoble metals, noble metals have positive reduction potentials and their NCs
are more ring an electrochemical treatment. Based on this differential, a “de-
alloying” processicould be applied to bimetallic NCs consisting of noble metal and 3d
transition enoted as M, such as Ni, Fe, Cu, Co) for tailoring the surface or even the
bulk compesition. The de-alloying technique commonly refers to the preferential leaching
(removal) ofgtheamore active component from a bimetallic alloy, leaving a less reactive
elemental nt (such as Pt, Pd) through an electrochemical reaction or solution-based

13a, 26, 33, 52

chemi 1. When the 3d transition metallic atoms are removed from the

bimetallic rting on their surface, the noble metal-based skin can be formed via the
surfac angement. This leads to a compressive or tensile strain due to the resultant
lattice mismatch in the new nanostructures. Such a lattice strain that existed in these de-

alloyed N@s results in a shift of the noble metal d-band center, accordingly altering their
surface wo, tion and binding affinity to the reaction species. This provides an
opportuniproving the intrinsic catalytic activity and selectivity. Fig. 3 illustrates the
format;ﬁ shell on Pt-M alloy NC in an electrochemical de-alloying process (Fig.

3a) an
atoms (Wower standard reduction potential are oxidized (M — M™" + ne™) during
potential ﬂd they migrate from the Pt—M lattice on NC surface into solution, creating

ing process (Fig. 3b), respectively. In the former case, 3d transition metal

a Pt shell. g nomenon was observed in the de-alloying of Pt—-Fe NCs shown in Fig. 1.
In the latte > the more active 3d transition metals from the surface Pt—M lattice can
directly ith acid to produce M™* and H, (M + nH* -» M™* + 2 H,), leading to
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residues of the noble Pt on the surface (Pt shell) as illustrated in Fig. 3b. In this work, recent

development in both de-alloying methods is discussed.

H I
a b
Pt M
H* M™ H P )
Pt-Malloy  py shell y ® & pshell  PeMalloy

h—
Fig. 3. S diagram illustrating the formation of Pt surface strain on Pt—M NCs by (a)
electroche lloying or oxidation etching process; and (b) acidic etching process. M is a 3d

transiti

3.1.1 Electrochemical de-alloying process

Elecwcal de-alloying with controlled cycle voltammetry (CV) is a pre-treatment
approach murface lattice strain. This process has been widely used in manipulating

Pt-M bas Cs in the past decades, including Pt—Njl " 53], Pt—Cu[“ﬂ, Pt—Fe[33], and
Pt—Col** bj stems and some ternary systems!''"***, For example, Strasser and
coworlmzed Pt-based bimetallic PtCu (or PtCo) alloy NCs and subsequently
treated Mgh an electrochemical process. From this post-treatment process, most of
the Cu— ( omponents were leached out from the surface of PtCu (or PtCo) NCs!''*>*
> Thus, i ells were fabricated with surface lattice strain. They also studied the
relationshi een the morphology/composition and particle size, concluding that the
formati -based shells was size-dependent. When the size of NCs was below 10-15 nm,
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Pt-shell could be exclusively formed through a de-alloying process; when the size is larger

than ~30 nm, porous multiple core-shell particles would be yielded.

T

3.1.2 Solu e-alloying process

Afe\m the solution-based de-alloying process is a chemical method to construct
surface la in on bimetallic alloy NCg t!!m 300 33.520.53¢.56] 'pyyically, the as-

synthesizg@l bimegallic NCs can be immersed in an acidic solution under a certain condition.
The active el€fiental component in the NCs would be dissolved initially from the surface of

NCs, leavwoble elemental metal on the surface and generating lattice strain. The shell
thickness,ﬂnolayer to multi-layers, may be controlled by the tuning of the de-alloying

conditions, such @ the acid concentration, etching time, mass transferring rate, and reaction

temperatur, mains a challenge.

Receftly; nd coworkers manipulated atomic-layer Pt on Pt;Ga intermetallic NCs.

9

“coat” -centered tetragonal- (fct-)FeCuPt@Pt, the ordered phases L1y-PtFe and L1-

They etchgd ¢ a atoms away on the first few sub-surfaces by washing the bulk NCs with

acetic acid C for 12 h "™, Sun and coworkers also reported their study on how to

PtCo wi mic layer of Pt to boost the electrochemical performance towards ORR *"
>71. The atomic layer was achieved by using HCIO; as the etching reagent. It was worthwhile

mentionir:g that the durability of resultant nanocatalysts was dramatically enhanced compared

with the t

| counterpart without surface lattice strain. As a specific example, Fig. 4

des, STEM-EELS elemental mapping, and corresponding line scans of

mismatch Between this Pt shell and the bulk L1,-FePt core.
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Hormaliped Intensity (o)

Hormalized Intensity {a.u.)

B
=
-
-
&
-
-
-]

STEM-EELS line scan of L1y-FePt NC after the acidic de-alloying process, where Fe is colored green and

Pt is colorg@ red. (G) Schematic diagram showing the formation of atomic layers Pt by the acidic de-

alloyin, . pted with permission from Ref. [210] Copyright 2018 American Chemical Society.

[11f,53a,53b,58] po

s nanostructure due to the dissolution of some contents

It sh ointed out that a de-alloying process would lead to a shrinkage of the NCs
or generat;

example, Str and coworkers developed a facile atmosphere-controlled de-alloying

the bimetallic Pt—Ni NC formation in porous nanostructures and core-shell

structures™™. FIg45a represents the relationship among the particle size, composition, and
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porosity in the as-received PtNi; NCs (in gray color), “N-leached” PtNi; NCs (in green
color), and “O,-leached” PtNi; NCs (in red color). Under N, atmosphere, the acid de-alloying
processMQSO4 solution could only produce solid core-shell Pt—Ni NCs in size

between 3mi. 5b). However, the structure of the NCs after de-alloying under O, (air

atmosphe strong size-dependent relationship (red line in Fig. 5a). When the NC
is smal¥ér e nm, the core-shell structure was observed. When the NC is larger than
~13 nm, the nanoporous structure was achieved. Fig. 5c presents the pore size (ca.
1-2 nm) o@n a typical de-alloyed PtNi; NC in the air. It was explained that the

formation O oporosity originated in the slow diffusion rate of the surface Pt atoms

fast leaching rate of the surface Ni atoms in the presence of O,, leading to

[59]

the corrosion of Ni in the core

A
100 Solid Core-Shell
d As-recieved PtNi,
= -k
% -
= 80- Leached under N,
— LII'.'I::;';I1 a ;l-:;n.l ¢ nf'll;I
8
g 404 Porous
9 Leached under Air
=
20- ""'-b.. :E"_
ﬂ -""--——-g
@
" Nnn-pnmusl Porous
T T s ! T : T : T

15 20 25 30
Particle size /nm

5 10
_

Fig. 5. (a) mns between particle size, composition, and porosity in the three catalysts, where the

horizontal epresent the average compositions; (b) HAADF-STEM image of N,—D—-PtNi; catalyst

that was chemi

STEM

¥de-alloyed in N,. All the nanoparticles exhibited nonporous structures; (¢) HAADF-
@ Air—D-PtNi; catalyst that was chemically de-alloyed in air, showing the formation of
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nanoporous particles with larger sizes. Adapted with permission from Ref. P*.. Copyright 2013 American

Chemical Society.

T

3.2 Atomirolled deposition

Studiesshamesrevealed that the strain effect caused by a few atomic layers on the surface
of metalliMssesses a strong impact on surface reactivity towards electrochemical

(182 T better understand this relationship and to quantitatively determine

performa
the lattice m#on the surface of different bimetallic NCs, a thickness-controlled preparation
ofa unifomlayer on the atomic scale is necessary. In this regard, several processing

approaches Have been established in recent years. They include but not limit to chemical
)l11s: 60

], galvanic
1o 13, 136, 1303

vapor depositionfelectrochemical deposition (underpotential deposition

replacemen +011 "and seed-mediated synthesis (with the epitaxial growth

25, 62] g

3.2.1 Building-up ultra-thin layer by galvanic replacement and electrochemical deposition

(under, eposition)

G

metal substrates. The driving force in the process is the difference between the standard

replacement is a robust method to spontaneously construct a thin layer on

reduction @otentials of two metals. When films or NCs of an active metal M; are immersed in
a solution coptaining M, metallic salt, M, could galvanically be reduced to the metal atoms

and depos surface of M under a control by the concentration of M, salt and other

factors. For instance, dropping Cu films into a deaerated solution of AgNO; would result in a
reduction @f Ag on Cu films, forming CuAg alloy with compressive strain on the surface of
. Withethe increase of the Cu d-band density, this modified electronic structure
reduces the binding energy to H and O, resulting in a suppression of hydrogen evolution

reaction (HER) rglative to the CO, reduction reaction.

Suc change” of metals could also occur reversely forced by an external voltage.

That is, a metal could be “deposited” on the surface of a less active metal by applying
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(631 The UPD process can

to an electrical potential, known as underpotential deposition (UPD)
be used as a layer-fabrication technique to generate a uniform and thin layer on a lattice plane
of the erith a layer-thickness control"'* °”). For example, a Cu monolayer was
fabricated 11) surface from CuSOy4 solution!®. Successively, such as Cu monolayer
can be gal&splaced by a Pt layered structure!''> ®¥). This technique can also be
adapted®o"BE@ttice strain on metal NCs at the nanoscale, as depicted in Fig. 6. Sarkar and
coworker ed a chemically assisted electroless UPD method to fabricate Pd@Ag
monolayemell NCs by depositing Ag on Pd NCs/C. The monolayered Ag was further
galvanical ced by Pt!®!, Pd@Pt NCs/C were successfully achieved (Fig. 6a). It should
be noticeableffhafithe reported Pd@Ag core-shell NCs only consist of half a monolayer of Pt
on Pd NCs/C based on the reaction: 2 Ag + Pt?* — 2 Ag* + Pt. Similarly, monolayer and

sub-MLs of Pt cqild be deposited on Pd NCs using the UPD/galvanic replacement process,

kS

involving e emical deposition of Cu and subsequent Cu/Pt*" galvanic replacement

il

steps (FigN\gb 646 This process can be extended to other metals such as lead (Pb). In such a
case, the P ayer deposited on Au or Cu surface can further serve as a reducing agent

layer (Fig. 6¢).17 This UPD/galvanic replacement protocol could likewise
[110]

for gener:

d

create rain although this technique is limited to small-scale production

Author M
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Pd substrate UPD of Ag Pt on Pd
%0
Pd substrate UPD of Cu Pt on Pd
° 99
u&um o22323333 333333333
Au substrate UPD of Pb Pt on Au

UPD process _ Galvanic replacement.

& Pt @ Cu @Fb

[
Ia:

Fig. 6. Sch grams illustrating the formation of (a) half a monolayer of Pt on Pd NCs or films after
UPD/galva ement with Ag; (b) a monolayer of Pt on Pd NCs or films after UPD/galvanic
replace and (c) a monolayer of Pt on Au NCs or films after UPD/galvanic replacement with

Cu.

M3

3.2.2 Ato -by-layer deposition

or

As th metal M, often generates Janus structure or self-nucleation of atoms

I?E

instead o er-by-layer epitaxial growth on the surface of the core metal M;, Mz atomic

layer-by- osition at the nanoscale in solution often has limited success®®. To

’é

overcome tacle, precise control of the deposition at the nanoscale with

thermody d kinetic considerations is necessary. Thermodynamically, the deposited

H

atoms are ha reak their M,—M, bonds at the mild condition and the capping agent on the

strate M| may also prevent M, atoms’ migration at the surface, leading to
Janus branch, isIdhd, or dumbbell structures 233, 68] Kinetically, when the M, deposition rate
This article is protected by copyright. All rights reserved.
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is slower than its diffusion rate, it could be easier to generate a uniform shell on the substrate
surfacel!'% 3% 1303- 91 Otherwise, a fast M, deposition rate would most likely result in some

heterogMctures such as Janus-, concaved, or branched structures.

Ane example of layer-by-layer deposition is the Pt@Pd core-shell work

\/

demonstrated b
] i

approach @nd successfully coated a noble metal M, on shape-controlled metal cores (M;, with

1a and coworkers!’!. They developed an atomic layer-by-layer deposition

a low latticg,migmatch) using a relatively slow deposition rate [13£, 695 711 "pyp example, Pt
precursor@troduced to Pd nanocubes (or nano-octahedra) suspensions at a relatively

slow rate ygin ot injection method, allowing the deposited Pt atoms to diffuse over the

entire sur e Pd NC to generate a uniform and conformal shell that could be precisely
controlled e to six atomic layers!''® 7%,
As illu in Fig. 7a, Pt atoms could initially be deposited at the corners at a high

temperatufg due to the high surface energy locally, and then migrated to the edges and facets

ncentration locally. The resultant core-shell NCs could be determined by
tween the Pt atom deposition rate (Vgeposision) and surface diffusion rate

(Vaigusi deposition << Vaifiusion, 1t allows most of the ad-atoms to diffuse from the initial
sites to edg
Pd@P
atoms to migrate or there is insufficient energy to overcome the barrier. As a result, Pd-Pt

NCsina c!ncave structure would be generated (Fig. 7b and 7c). The Pd@Pt core-shell nano-

acets, leading to the epitaxial growth along <100> direction and producing

. In contrast, if Vieposition >> Vaigusion, there is no sufficient time for the ad-

octahedra cg

<111>di

d.be achieved similarly through the epitaxial and conformal deposition along

an aqueous solution. It could happen at a much lower temperature under a
mild reducfy dition to control the reduction rate of Pt (II) precursort''®. To harvest the
designed ‘duct with a reasonable value of Vieposision / Vaigision, the experimental conditions
such asWature, concentration of metal precursors, and capping ligands need to be
precisely d. For example, under a normal condition, Pd nano-octahedra terminated
with exchﬁ

1} crystallographic facets have a lower surface free energy than Pd

nanocubes tegaiifited by exclusive {100} facets’?. In this case, it becomes much easier for

Ptton py itself rather than epitaxially overgrow on Pd octahedra. Such an issue can be

solved with a modification of the synthetic condition like reducing the concentration of a Pt
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precursor or adopting a weaker reducing agent!''°!. Fig. 7d represents a schematic illustration
of two different protocols for the syntheses of Pd@Pt core-shell octahedra. A relatively high
temper:

polyol-bam to yield Pd@Pt truncated octahedra, whereas conditions including a

C), weak reducing agent, and one-shot (fast) injection of Pt(II)

C) and slow injection rate of Pt(IV) precursor solution were used in the

{

low temp
precurs8r lied to the water-based protocol to produce Pd@Pt octahedra with

sharpened tel By adopting this strategy, the preparation of Pd@Pt core-shell NCs in

[13h]

other morghologi@s, such as concave decahedra and icosahedra"® i], was reported as well.

C

Author Manus
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a (i) Vdeposition < Vaitfusion
Pt atoms ( 'y
. .
L L Ty .
| I'-II'—\:.‘?I Iglgf'ﬂll?
[ {1): Atom deposition

(2); Surface diffusion

b

Q_rrv

dropwise injection of PtCl >

. =

200 °C, in EG, with AA
I 0 _

Fig. 7. cstudy of the deposition of Pt atoms on Pd nanocubes. (a) A schematic illustration
showingMon of Pt atoms on Pd cubic seeds divided into deposition and surface diffusion steps;

(b,c) trans:\lectron microscopy (TEM) images and High-angle annular dark-field scanning

one-shot injection of PtCl.*

-

95 °C, in water, with AA

transmission electrgh microscopy (HAADF-STEM) image of the Pd—Pt concave nanocubes synthesized

using the standardgarocedure at a faster injection rate (40mL/h) for the precursor; (d) Schematic diagram

theses of Pd@PtnL octahedra via two different routes involving polyol and water,

respectively. of a much lower reaction temperature results in the formation of Pd@Pt,. octahedra
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with sharper corners than the products of a polyol synthesis. Adapted with permission from Ref.s ! 31,

Copyright 2014 and 2015 American Chemical Society.

To ettice mismatch between core and shell, it is interesting to choose a

nonpreg'ow as the core template. The development of 3d transition metals (e.g. Cu, Ni,

[30a,

Fe) based @ore-shell nano-architectures is a good example.’® ™! For instance, in a recent

report!”! 1 @gtahedral core-based CuNi@Pt—Cu core-shell nanocatalysts were prepared
using a cmed-mediated method coupled with selective galvanic replacement (Fig.
8a). Consigderi e CuNi cores are subject to easy surface oxidation, the presence of an
oxidized m

(Fig. 8b). process, the challenges also include the shape-control of the 3d metallic
cores (Figm the thickness-tuning of the Pt-based shells (Fig. 8d). As depicted in Fig.
8b, in ordﬁect the intermediates from possible oxidation, a fast ramp rate of heating is

1d suppress the growth of the Pt-based alloy shell on the core template

1, too fast a heating rate (e.g. > 6 °C/min) would result in branched

necessary.

the ratio between Vaeposision and Vaygusion by optimizing the synthesis parameters such as the

capping lignd, growth temperature, and the ramp rate of heating.
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CulMi octahedra

x 1

Chodized surface Core-satellite Branched structure
slruciunre

¢ 4

Fig. 8. (a) ic illustration of the as-synthesized CuNi@Pt—Cu core-shell nano-octahedra through a
seed-media rocess; (b) Schematic illustration of the mechanistic study of the Pt atom deposition on
CuNi octahedron; (¢c) CuNi nano-octahedron core: TEM image, HADDF-STEM image and corresponding

EDX eleme @ bing; (d) CuNi@Pt—Cu core-shell nanostructures: TEM image, HAADF-STEM image,

and corresponding@ EDX elemental mapping. Adapted with permission from Ref. ! and modified. (a, ¢

and d), Eﬂ Wiley-VCH.

3.2.3 Ligand exchange for controlled synthesis of core-shell nanostructures

As sthviously, to form a uniform skin or to control the thickness of the shell
grown lay, @ er over an NC, the UPD method and direct reduction of M, precursors

approach a restricted with challenges due to the complicated control of reaction

conditionguch as heterogeneity in core size, shape, and inaccuracy in NC concentration!”,

ment in precise control of the overlayer deposition is expected®'). One of
the promising strategies to control coverage with sub-monolayer or monolayer is the colloidal
ligand exchange. i and coworkers demonstrated this method in the Au@Pd NC system!®?),

Fig. 9a illustratescolloidal ligand-exchange synthetic routes, producing sub-monolayer,

multi-layer Au@Pd core-shell NCs. In brief, the surface capping ligand on
Au NCs was xchanged from oleylamine to PdCl4* species. Once the NCs were fully
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replaced with the new capping layer, a reducing reagent was then added to reduce the
adsorbed PdCl,*". The coverage of PACl,* during the ligand exchange cannot exceed one
monolaM a single layer of the Pd precursor could be adsorbed on the seed NCs. Fig.

9b shows mapping on the Au@Pd core-shell NCs, exhibiting a monolayer Pd on the

Au cores. multi-layers of Pd on Au Ncs, polynuclear Pdy(OH)," clusters
generaf@d WEHAMBY hydrolysis of K,PdCly, instead of PACl4*, could be used as molecular

ligands toh the thickness of Pd-shell. As revealed in Fig. 9c, energy-dispersive X-ray
spectroscc@() mapping confirmed the multi-layers Pd in Au@Pd NCs.

g . ‘NBu
ligand 'Jf +vNBu, Cl S
exchange v reduction Cry .
AU mennnnn Au x ‘I'NB —» Au :NEU&
o, KPAC, s PN Ascorbic cr;
“, Bu,NC| i Acid Ck ,““NBu,
"r\r‘ _J ) Ii :
o = Oleylamine ~} = PdcCl;? —
Monolayer Au@Pd
Decrease ratio of Vary ratio of
1. K,PdCI :Bu,NCI 1. K,PdCI :KOH
2. Ascorbic Acid 2. Ascorbic Acid
— Cl- \“':NBUJ
Acr Submonolayer Multilayer
A s
4o B Au@pd Au@Pd
- /“NBu,
Fig. 9. (a) ic illustration of the colloidal ligand-exchange synthesis routes to generate sub-

monolayer,Wonolayer, and multilayer Au@Pd core-shell NCs; (b) EDX mapping of monolayer Au@Pd
NCs; (c) E:iX maﬁing of multilayer of Au@Pd core-shell NCs. Adapted with permission from Ref. %,

Copyright merican Chemical Society.
Akij oidal ligand exchange, the lattice strain-containing core-shell bimetallic
nanostruc uld also be in-situ modulated in a reaction system by electrolysis or
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potential cycling!”® before an electrocatalysis application. For example, Pd—Ag alloy
nanotubes with certain elemental ratios generated by galvanic displacement reaction of Ag
nanowiM salt exhibit enhanced catalytic activities towards both formic acid and

methanol ms I Except for the synergistic effect between Pd and Ag, it was believed

that this a has also resulted from the Pd skin on the Pd—Ag structure evolved from

the eledfro€RemAeal dissolution of Ag from Pd—Ag alloy nanotubes during the potential

cycling tr in acidic media prior to the catalysis performance.””

In a@ core-shell structure, the lattice strain could also be generated in other
classes of gt ructures, such as Janus>* 7% and dumbbelll”” structures (§3.2.2 and §4.1).
Concemimtal/nonmetal interface, it was also reported that SnO,—Sn Mott—Schottky
heterojunrmuld be formed from SnO, NCs that were originally grown onto carbon

cloth thro

(eCOzRRE03.[78]
3.3 T, hermmzling evolution process

drothermal process during an electrochemical CO; reduction reaction

It -Known that the thermal annealing process is an effective method for tailoring
the surface nction and catalytic properties of metal alloy NCsl?10-36¢: 39791 Thermal
anneali t under vacuum or different atmosphere environments such as

argon/hydrogen (Ar/H;), hydrogen (H;), and carbon monoxide (CO) could be employed to
modify thL

restmctur@om arrangement. Markovic and coworkers studied the surface properties
of PtCo, P

structure of NCs by altering the surface atoms by leaching a component or

PtFe polycrystalline alloys“éd]. They showed that the outermost Pt-skin

layer (knof¥n as surface strain) could be formed on the alloy surfaces through an annealing

proces
H

atom segregation on surfaces.

3.3.1 Sur, ructuring through the Mond Process
U st annealing treatments that modify the surface work function of NCs by re-
arranging sur nd sub-surface metal atoms, this Mond Process is a gas-phase de-alloying
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process through a chemical reaction between CO and the Ni component in the NCs. The

[11n

treatment of PtNi, tetrahexahedral (THH) system is a typical example ], As shown in Fig.

10, past of CO through the PtNi4y THH precursors in a tube furnace at 170 °C
resulted imon of Ni component and removal of them as a gaseous product (nickel

tetracarbo the Mond process:

H I
Q Ni + 4CO — Ni(CO),

Such a gagfphasefile-alloying protocol “leached” the PtNiys THH NCs from the surface toward
the interior ould generate the Pt-skin layer on the surface or Pt;Ni THH nano frames
(NFs) witwressive lattice strain, depending on the annealing time and temperature.
The Ni ex ion reaction in the Mond process could be anisotropic. In the case of PtNiy
THH, the previos

through C(t (100) direction''™. The Pt-layer was segregated on the surfaces of
i

report indicated that the Ni component was preferentially de-alloyed

resultant THH NFs with a compressive lattice strain. This approach provides a general
route to cr ace lattice strain and could also be widely applied to other nano-alloy
systems c@nt Ni as one of the components. In addition, this protocol may also be used
in Fe containi no-alloy to generate the lattice strain since Fe can be also leached out from
the sur§\bining CO to form a non-solid Fe(CO)s product under the controlled
anneali ture and pressure.

G
O T & ]
e
)

. . ; .
< PiNi, THH solids Pt,Ni THH frames
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Fig. 10. Annealing process under CO or air/Ar condition for achieving Pt;Ni THH frames. TEM images
inside showing the morphology of PtNis THH solids as the precursor and Pt;Ni THH nano frames as the
product. A*pted w h permission from Ref. '™, Copyright 2017 American Chemical Society.

3.3.2 Rea uced surface-restructuring by other factors

E)ﬁew, metallic NCs could experience a surface restructuring under annealing in
the presens of other gases, such as H,, O,, Ar, Ny, or even in a vacuum. In recent years, Pt—
or Pd-basegsbimgtallic NC systems have been widely studied in those aspects ['6%- 30> 392 792
81 For inmomorj ai and coworkers investigated the surface restructuring of Pd@Rh
and Pt@P ell NCs as well as Rh—Pt NCs with a homogeneous structure in oxidizing
and reducmonments using XPS under ambient pressure® **!. The Pd@Rh core-shell
and Rh—Pmeneous NCs underwent a reversible change of surface functions (i.e.
compositi hemical state) due to the preferential redox of Rh under oxidizing (by NO
or Oy) or ﬁ (by H, or CO) conditions dramatically. In contrast, no substantial change
in the dist of Pd and Pt was detected on the surface of Pt@Pd core-shell NCs.
Analysis @that different behaviors in the three types of bimetallic NCs are correlated
with the suffac@ree energy of different metals and the heat of formation in the metal oxides.
These emonstrated the importance of uncovering the nanostructure surface change
under workd nditions and also paved the way for building a new NC surface structure
with a different work function using a different annealing environment. In addition, atomic

restructurigg of Pt—Co NCs was also observed using TEM at 250 °C with O, and H, gases,

respective “Puring the oxidation in O,, Co atoms migrated to the NC surface and a
strained eoO thin layer was determined. During the reduction in H,, Co atoms
moved back¥®%he bulk, leading to a monolayer of Pt on the surface.

C@oworkers studied the surface segregation phenomena on Pt sNiy 5 alloy

NCs at Wperatures by analyzing the surface composition in different gaseous
environm uum, H,, and 0,)*". Based on the ex-situ atomic force microscopy (AFM)
and in-sit aracterizations, they found that chemical states of the surface Pt and Ni

play a pivo in their surface composition under different thermal conditions, As

g. 11, normal Ni segregation on the surface occurred in a vacuum and H; only

at low annealing temperatures (from RT to ~300 °C, Fig.11b and 11d) due to the existence of
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PtOy species, whereas an enhanced Ni segregation on the surface of NCs took place in the
presence of O, at all the annealing temperatures (from room temperature to ~500 °C, Fig. 11f
and 11 gHase in the temperature led to an inter-diffusion of Pt and Ni atoms,

resulting 1 ation of PtNi alloy (Fig. 11c) as supported by the XPS data. The presence
of H, at hi

oxides,ﬁrma PtNi alloy surface, similar to that observed in a vacuum (Fig. 11c¢).
ers reported their surface-engineered PtNi—O octahedral NCs with

mg temperatures (e.g. 500 °C, Fig.11e) promoted the reduction of the

Huang an
enriched MO onthe surface. NiO surface in 2-3 atomic layers was observed in their HRTEM

image after s-prepared PtNi nano-octahedra/C were annealed under air condition,

[79b

indicatingfthgi§egliegation of Ni from the Pt—Ni corel””). Strasser and coworkers also

>

observed tion of concave octahedral Pt-Ni NCs at various temperature and time

J

scales using an iglsiru TEMU*. Their time-resolved TEM images revealed a surface
evolution i octahedra at the nanoscale under thermal annealing. When Pt was
diffused fi

Pt-rich (1

orner/edges to the concave Ni-rich (111) surfaces at 500 °C, perfectly flat

Fl

ces with Ni-rich subsurface layers were detected. This could be another

clue for d

d

Pt—Ni catalysts with a Pt-skin.

Author M
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As prepared

Fig. 11. Sc&nunodels describing the segregation of Pt and Ni atoms in octahedral Pty sNiys NCs (a)
a

er annealing from 25 to 500 “C in the following environments: (b, ¢) vacuum (10 mbar),

as-prep
(d,e) Hy (1
2013 A

80a

(f, g) O, (1 bar). Adapted with permission from Ref. ** and modified. Copyright

ical Society.

3.3.3 Cothod between thermal annealing and solution treatment

Typic hing the active metal from binary metallic NCs in an acidic solution or

electrochetically (refer to §3.1) could produce a skeleton structure with lattice strains
(shown iniigI g'ather than a “smooth” metallic skin. This stress-containing structure could
be unstablﬁhemeral in catalysis and is detrimental to the improvement of the catalyst’s
durability. To ov@rcome this obstacle, it has been proven that a combination of acid-based de-
alloying wit

and co *‘&

Segregation of P

al annealing treatment is a successful strategy. For example, Stamenkovic
[36c]

reported a fine-tuning of Pt-bimetallic nanostructure™”™ as depicted in Fig. 12.

mooth skin in a single layer (or multi-layers) was demonstrated by de-
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alloying PtNi NCs in 0.1M HClO, at room temperature overnight, followed by annealing at
400 °C.P*! Fig. 12a shows representative HAADF-STEM images along <110> zone axis of
the priswcid-treated (middle), and acid-treated/annealed (right) PtNi NC/C. As

shown in m intensity profile along <001>direction across the single PtNi NC after

the acid tr ws 3-4 peaks stretching above the standards on both sides, implying a

Pt-rich v EFEREEA fter the annealing treatment, a reduced Pt overlayer thickness (right in

Fig. 12b) erved due to the restructuring and smoothing of surface Pt atoms. EDX

analysis fmnﬁrmed these findings. By comparison with the composition line profile of
C/C, the treated PtNi NCs/C (middle and right in Fig. 12¢) showed a

ti@n of Pt than Ni, validating the thickness of Pt-rich shell on acid treated

the pristine

broader diStri
NC/C (~1.0 nm) and on acid treated/annealed NC/C (~0.6 nm). Atomistic simulation of the
nanostructure evglution (Fig. 12d and 12¢) indicated that removal of Ni atoms from the
surface by &atment generated a Pt-skeleton overlayer (~ 3 atomic layers) and further

relaxed th@low-coordination surface atoms due to the smooth Pt-skin surface. The catalysts

treated in s ay exhibited improved activity and durability for the ORR. Similar results
were also e by Sun group when intermetallic Pt—Fe@Pt and Pt—Co@Pt core-shell
NCs w [21]

I\/E

Author
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Fig. 12. ( F-STEM images taken along the zone axis of PtNi/C catalysts; (b) background-
subtracted, normaliged intensity line profiles extracted for the regions marked in (a); (c) composition line
profiles by ene ispersive X-ray spectroscopy; (d) overview, and (e) cross-section views of the
nanost picted by atomistic particle simulation. The figure is also organized in columns for the
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as-prepared (left), acid-treated (middle), and acid-treated/annealed (right) PtNi/C catalysts, respectively.

£ 136c

Reproduced with permission from Ref ®*! and modified. Copyright 2013 American Chemical Society.

3.4 Onwach for lattice strain creation

Inste @ st synthetic methods such as atomic layer-by-layer deposition that need
more tlgm one steP to create lattice strain, the one-pot wet-chemical synthesis approach could
generate GSe-shell structures in a single vessel through kinetic control of the reactions. The
major challengein this approach is the tendentious formation of a homogeneous alloy rather
than the cQke-shell heterogeneous structure. To promote the core-shell formation, various
preparationgst ies such as sequential reduction and multiple injection techniques were
developemmple, Tsang and coworkers demonstrated a successive sequential
reduction s to harvest Ag@Pd core-shell NCs™'. In this preparation, Ag-precursor
was first rg

polyvinyl ne (PVP), followed by an injection of Pd salt with an appropriate Pd/Ag
tial reduction. The subsequent reduced Pd stayed on the surface of the Ag

0 Ag NCs (seeds) in a hot ethylene glycol solution in the presence of

ratio in th
NCsasa m, achieving an Ag—Pd core-shell structure with a lattice strain. A class of

PtPb@Pt c8te | nanoplates was prepared similarly using the one-pot method™” and

exhibit ¢ biaxial strains. In this synthesis, the use of L-ascorbic acid (AA) as a weak
reducing a he second reducing step played a key role in the slow formation of the
well-o atomic layer. Except for the reducing function, AA as a weak acid could

also graduilly remove Pb on the top surface of the NCs to allow the Pt ad-atoms to diffuse,

rearrange, lly form Pt skin. This one-pot approach was also used to prepare 2D

intermeta@Pt nanoplates with ultrathin Pt shells [*4.
3.5 Oz‘h; i)./neiis methods

Therﬂitional physical vapor deposition (PVD) and electrochemical methods for

creating lattice stfain through Pt-skin in most systems. These techniques include but are not

34a]

limited to arc- a deposition (APD, also known as Ar' sputtering/annealing cycles)[ ,

n epitaxy (MBE) in ultrahigh vacuum (UHV)"®*, and battery electrode

control™!. Thes@®VD methods need UHV perhaps with a high-temperature annealing
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system to generate strain-controlled Pt shells. It was reported that the thermal treatment
would not cause Pt to completely segregate over the PtM" alloys at high content of M (=
50%). Mimit the further development of this technique!'®**. Cui and coworkers
used batteﬂode materials to directly and continuously control the lattice strain of Pt

catalysts® pressive or tensile strain of the catalysts on support (electrode) can be
preciseﬂf d by electrochemically switching the charging and discharging status on
the electrode® ting ~90% enhancement of Pt ORR activity under a compressive strain.
Consi@e crucial role of structural symmetry-breaking in determining the electronic
band struc, NCs, tremendous efforts have been devoted to breaking the asymmetry of

NCs. UnlikefSemditconductors with intrinsic asymmetry (e.g. transition metal dichalcogenide),
it is more to target the site-selected growth by breaking structural symmetry without
any drivin in the case of metallic NCs!® !, In recent years, it has attracted increasing
interest inmi‘cation of symmetrical and asymmetrical metallic NCs using seed-mediated
and site-s

the growtmn cubic Pd seeds was studied, for example, it was observed that the newly
t

owth as an effective route!®”. By controlling the reaction kinetics when
reduced A could selectively nucleate and then epitaxially grow on certain facets of
the Pd rom 1 to 6 faces), resulting in various Janus bimetallic structures. By replacing
the cubic with icosahedral Pd seeds, this site-selective growth strategy could also be

used to generate Pd—Cu Janus nanostructures!’®!.

4. Case slectrochemical applications with surface lattice strain effect

Tmalyﬁc reactions have the merits of high efficiency, good selectivity, and

enviro
attentioWed in the clean energy field, such as fuel cells (FCs) and metal-O,
batteries[iﬁ. In this section, we focus on the effect of the lattice strain in bimetallic

e following electrochemical reactions: 1) ORR, that is the cathodic

ignity. In recent decades, these reactions have been paid widespread
catalysts
reaction in d metal-O, batteries; 2) electro-oxidation of small organic molecules,

includi ethanol electro-oxidation reaction (MOR), ethanol electro-oxidation reaction
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(EOR), and formic acid electro-oxidation, taking place in the anode of some FCs; 3) water-

splitting reaction, including HER and oxygen evolution reaction (OER); 4) eCO,RR.

T

O

4.1 BimetMce strain effect on ORR

Pt an@d nanocatalysts are still considered the most promising candidates for
boosting ORRdmproton exchange membrane fuel cells (PEMFCs)™**!. However, too strong a
combinatimty between the Pt site and O-species would block the ORR reactivity.
Strategies facet-defined Pt NCs, hybrid of Pt NC with smaller metal atoms, and
constructi:m

this issue.E'nple, after Ni component is incorporated into Pt lattice, the ORR activity

ntly *. Among the low-index facets, the exceptional improvement of

pressive strain-contained catalytic surface have been proposed to tackle

increased
ORR actime Pt3Ni(111) facet makes the development of {111}-terminated Pt;Ni NCs

the most p route in terms of the material synthesis""**. Meanwhile, the d-band

[18, 90

theory n proposed to interpret this phenomenon I, As aforementioned in

section §2.2,4

t— or Pd—based system, a compressive strain could typically give rise to an
increas overlap, expansion of the d-bandwidth, downshift of the d-band center, and
weakness of the adsorption strength between the molecules and corresponding catalyst

interfaces

synthesized. The EELS line analysis of Pt and Ni elements in the individual de-alloyed and
carbon-supporte;‘t—Ni catalysts (denoted as D-PtNi, D-PtNi3;, D-PtNis NCs) was displayed

in Fig. 13a - c, rgiealing that the D-PtNi NCs has a Ni-richq/Pt-richge structure, whereas
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is the source of the compressive strain. The ORR activities of the de-alloyed and carbon-
supported Pt—Ni catalysts are illustrated in Fig. 13d - e, indicating that the D-PtNi; catalyst
exhibitMt activity. This is due to the highest lattice strain and the “suitable”

thickness m Pt-rich shell. Based on this lattice strain argument, numerous

theoretica imental studies indicate that the lattice strain effect demonstrated in the

Pt—Ni ¥st€HM§HSH1d cxist in other bimetallic catalysts, such as Pt—Co Pt-Fe, Pt—Cu, and Pd—

If 11h, 33, 92]

Cu syste , and it is worth being investigated in depth.

| D-Pi O-PiNid  D-PENiS

Fig. 13.Hn de-alloyed Pt-Ni NCs. (a-c), HAADF-STEM images and EELS line analysis of Pt
and Ni of t i, D-PtNi;, and D-PtNis NCs, respectively (the arrows crossed the corresponding NCs
showed thEﬁles directions; (d), Anodic LSV curves on the de-alloyed carbon-supported Pt-Ni
0.1 M HCIO, solution saturated with O, under 1600 rpm at 5 mVss'; (e), the

catalysts for ORd
)RR activities based on (d). Adapted with permission from Ref. ** and modified.

grican Chemical Society.
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Another strategy for improving the ORR activity of core-shell nanocatalysts is to
optimizH‘norphology and Pt-shell thickness in the past decadel''® '3 131 135931 with
consideratant lattice strain from the core morphology and shell thickness, some
Pd@Pt core®s anocatalysts have been systematically investigated, as listed in Table 1. In
generafc % to the Pd@Pt NCs that are terminated with {100} or {110}
crystallog%cets (i.e. concave cubes and nanocubes), Pd@Pt NCs that are bounded
with {111§ facets\(i.e. octahedra and icosahedra) show a higher ORR activity. Beyond the
morphology effect, the number of atomic layers can further alter the surface strain and tune
the ORR 4ctigity Significantly. As summarized in Table 1, both nanocubes and octahedra of
Pd@Pt sh igcreasing trend in terms of their ORR activities when the atomic layer
number of their SShell decreases. This indicates that the surface strain arising from the

is an abnormal phenomenon observed on the Pd@Pt icosahedral NCs, in

lattice mis etween the core and shell increases with decreasing the shell thickness.
However,

which a v pe relationship between the ORR mass activity and the shell atomic layer
was estabm\e Pd icosahedral core is constrained by its twin boundary. This unique
structu: n “optimal” number of the Pt shell atomic layers, that is, a Pt shell with 2.7
atomic layers s the highest ORR activity (~ 0.64 A/mgp). Except for Pd, other 3d
transiti an also be utilized as the cores to allow a deposition of Pt-alloy shell. With
the prevention of surface oxidation on the Ni cores, for example, Murray and coworkers
reported aWtrollable synthesis of monodisperse Ni@PtFe core-shell nanocatalysts™".
A Pt—shell i as ~ 1 nm in thickness could be achieved through a subsequent acetic acid
washing. @ ORR activity (0.49 A/mgp, for 5.8 nm Ni@Pt nanostructures) determined
from this as attributed to the surface strain derived from the lattice mismatch
betweeEe and the ultrathin Pt shell.

It Md that Au-based Janus NCs also exhibited outstanding ORR performance in
alkaline megla:: ;Chen and coworkers received bimetallic Au—Ag Janus nanoparticles (NPs)

through a ¢ exchange reaction restricted on a solid substrate surface. The resultant

AuAg@ possess asymmetrical distributions of the metal elements'** with both
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ligand effect and interface strain effect, and exhibited enhanced catalytic activity towards

ORR in 0.1 M NaOH compared to their single-metal counterparts (Ag NCs).

pt

H
Table 1. Cm‘ between the ORR mass activity of Pd@Pt,; based catalysts and their nanostructure
with differe logies and thicknesses.

1

Pd@Pt NCs Shell thickness Facet Mass Activity Ref.
(A/mgpy)
m% {110}, {100} ~035 Ref. ™
Cu
Cubes 1 atomic layer {100} ~034 Ref, [13f
~ 3 atomic layers ~0.23
4 atomic layers ~0.16
L 6 atomic layers ~0.07
Octahe ~ 3 atomic layers {111} ~0.49 Ref, (170!
dO3 ~ 4 atomic layers 0.40
: ~ 5 atomic layers 0.34
Icosakw ~ 0.4 atomic layers (111} ~0.45 Ref. 131
:— 2.0 atomic layers ~0.63
2.7 atomic layers ~0.64
<: 4.0 atomic layers ~0.41
Concave ~ 2 atomic layers {100}, high- ~1.60 Ref, 13"
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decahedra index {h,k,1}

T

4.2 Electr of small organic molecules

THE | HE&®ain cffect on the electro-oxidation of small organic molecules (e.g.
methanol, iemacid, and ethanol) was mainly focused on the core-shell metal NCs. A
variety of @ic alloy systems, especially Pt—, Pd—, and Rh-based NCs, were
investigated: example, the strain effect on the MOR was studied on Ru—Pt-based NCs
with a corf-sii€ll Structure!''® *>!. Au—Pd and Cu—Pd core-shell NCs were employed to
inves‘[igat?I fEf E:ice strain effect on their formic acid electro-oxidation!' ™ *'* % The
bimetallic lattice Strain effect on the EOR was widely explored on Au-Pd, Au—Pt, and Pd—Rh

systems wﬁore-shell nanostructure!'*¢ 327
Whil eported that high-indexed crystal planes of Pt-based NCs could effectively

promote t y of formic acid electro-oxidation®™, a unique structure of Pt;Ni THH NFs
(Fig, 13a-Oygh

S

ted from a Mond process further demonstrated their electro-oxidation

behavi

as determined that the segregated Pt-skin on the Pt—Ni alloy surfaces
created lattic in and featured a down-shifted d-band center, resulting in a higher formic
acid el ion performance. In comparison with the commercial Pt/C (40 wt % Pt)
counterpart, the resultant Pt;Ni THH NFs revealed low cathodic-to-anodic scan peak ratio

(Fig. 14c) igh formic acid electro-oxidation activity (Fig. 14d), implying the presence of
compressia@ that weakened the adsorption of formic acid and corresponding

intermedi es on the Pt—skin surface. The recently published CuNi@Pt—Cu core-shell
nanostruc . 8d) showed a similar lattice strain effect on MOR!"*!. The carbon-
supporEit—Cu nano-octahedra containing an ultrathin layer of Pt—Cu shell
(thicknh) showed superior activity (specific activity: ~7.49 mA/cm?, Fig. 14¢) and
durability . Mf) towards MOR compared with the commercial Pt/C (specific activity:
~1.30 mmd previously reported Pt—Cu nanocubes (specific activity: ~4.70
mA/cm”)dg@monstrating that the shape effect and lattice strain effect originated from the
CuNi cor -based thin-shell play a crucial role in the MOR performance.
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Fig. 14. (afb), HRTEM images of THH NFs in different zone axes and their corresponding models; in (b),
the pewter and green colors represent Pt and Pt;Ni (not to the atomic ratio), respectively; (¢) Cyclic
voltammws) of Pt;Ni THH NFs/C and Pt/C (40 wt% Pt) in the N,-saturated 0.1 M HCIO4 + 0.5
M HCOO@M a scan rate of 0.1 V s™'; (d), Current density - time curves of Pt;Ni THH NFs/C and
Pt/C (40 w corded in the N,-saturated 0.1 M HCIO,4 + 0.5 M HCOOH solution 0.30 V (vs RHE).
(e) CV cu normalizing with a specific area of the three nano-catalysts (CuNi@Pt—Cu nano-

i@Pt—Cu nano-polyhedra/C, and commercial Pt/C) in Np-saturated 0.1 M HCIO, + 1 M

methanol solution at a scan rate of 50 mV/s; f) Chronoamperometry curves of the three nano-catalysts
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mentioned in (e) at 0.75V (vs Ag/AgCl) measured in N,-saturated 0.1 M HCIO4 + 1 M methanol solution.

11n]

(a-d), adapted with permission from Ref. !''™ and modified. Copyright 2017 American Chemical Society.

(e-D), reproiuced w h permission from Ref. "* and modified. Copyright 2021 Wiley-VCH.

Unli\% formic acid electro-oxidation, another major challenge in EOR is the

cC bon(:gp itting, which hinders the efficient conversion of ethanol to CO,. A typical study
of EOR a rresponding C—C bond splitting on Au@Pt core-shell nanostructures was
firstly rep@ Strasser and coworkers” . Based on the electrochemical characterization,

high-energ diffraction, pair-distribution function (PDF) analysis, determination from
in-situ scafnj neling microscopy and in-situ Fourier transform-infrared spectroscopy
(FT-IR), t osed that the moderate tensile strain on the Au@Pt NPs with monolayer Pt
was just “sui for the EOR. According to the d-band model theory, the presence of the

and thus 1

surface strad gthens the interaction and adsorption of the reactant on the catalyst surface
the EOR activity. Besides, an excessive tensile strain and a large upshift of

the d—banmowards Fermi Level make the intermediates strongly adsorb on the active

e bonding energy of water molecules and facilitating the complete ethanol

sites, wea

herefore, the balanced overall tensile strain in Au@Pt nanocatalysts

enables high ity for breaking the C—C bond. The lattice strain effect on the EOR was

also co ihvestigated on Au—Pd icosahedral nano-alloys and core-shell
nanostructures using the electrochemical method"”” by Kuo and coworkers. The HAADF-
STEM ithe icosahedral Au—Pd nano-alloys and Au@Pd core-shell nanostructures
together wa i EDX mapping and electrochemical performance were illustrated in Fig.
15.In cow@ with Pd icosahedral NCs and the commercial Pd/C catalysts, both the
icosahedr nano-alloys and Au@Pd core-shell nanostructures exhibit higher
activitiEr durability towards EOR (Fig. 15¢-d), due to the upshift of the Pd d-band
center BH/ both the tensile strain and ligand effect®”™). Furthermore, it was believed
that the su:ain arisen from the Au—Pd lattice mismatch in the core-shell nanostructures

plays a ke the enhancement of the EOR activity based on the result that the core-shell

nanostru ow higher EOR activity than Au—Pd nano-alloys""’.
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Fig. IS.MADF -STEM images; (b, e), corresponding EDX elemental mappings and (c, f), line-
scan profiles of Au®Pd icosahedral nano-alloys (a-c) and icosahedral Au@Pd core-shell nanostructures (d-
). (g), CV cosahedral Au@Pd core-shell nanostructures (C-S IH), icosahedral Au—Pd nano-alloys
(Alloy IH),4

edral Pd NCs (Pd IH), and commercial Pd (Comm. Pd) catalysts in a solution containing
0.5 M KOH; (h), Chronoamperometric curves of four catalysts described in (g) at —0.1

V. Adapted with permission from Ref. 701, Copyright 2016 American Chemical Society.
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4.3 Water-splitting reaction

Like ORR, HER in the cathode is highly associated with the binding strength between
the cataﬁfand adsorbates such as OH, H,O, or H species, which suggests that a
“suitable” @ on affinity is needed to improve HER reactivity over the strain®® "*°!. For
examplﬁ, 1t was reported that the HER activities were improved by introducing the strain
effect into!he Ru—Pt and the Au—Pd bimetallic systems!' ' '®?. The ligand effect and lattice
strain effecgenerally co-exist in bimetallic catalysts and difficult to distinguish from each
other. To @he origins of electrocatalytic activity, Qiao and coworkers isolated the
lattice effegt faoma the ligand effect successfully by studying the HER performance on the
Well-deﬁnwm core-shell nanostructures and homogeneous RuPt nano-alloys!' . Their
results sh t in the icosahedral Ru@Pt nanostructure, the presence of a compressive
strain (N;EP

ared to the homogenous RuPt nano-alloys) leads to a weak binding

strength o en and optimal interaction with hydroxyl species, promoting an overall
f HER.

apparent

The dhal in electrocatalytic water splitting is the high overpotential of OER on the
anodic side, which blocks the practical applications”™** '), To enhance the OER efficiency,

Strasser a

orkers reported an active and highly stable oxide-supported IrNiy@IrOy
nanoca erived from their as-synthesized IrNiy nano-alloys using an electrochemical
approach of Ni leaching and concomitant Ir oxidation''**!. Results showed that the

Ir'Niy@IrQg (x = 3.3 ~ 3.8) core-shell nanostructures supported on high-surface-area
mesoporciusa&lony-doped tin oxide (Meso-ATO) exhibited high OER activity (~3 times
higher tha @ the IrO,/C catalysts, Fig. 16a) and negligible degradation during a 20-hour
stability test 1n acidic media. Since the annealing process on the core-shell nanostructures
could leadto a release of the lattice strain (> 300 °C), the apparent OER activity of
IrNi,@IrQg/Mesge ATO annealed at high temperatures (400 °C - 500 °C) was dramatically
suppressedyi parison with the sample [rNiy@IrOx/Meso-ATO-180 that was annealed at
low temperatur:smo °C, 200 °C, and 300 °C, Fig. 16b). Fig. 16¢ also showed the electrode
potential of't e-shell structured IrNi,@IrOyx/Meso-ATO-180 catalysts after a period of

y test remained essentially constant and the core-shell structured

IrNi,@IrOx/MesO*ATO catalysts annealed under low temperatures still showed higher
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activity than those annealed at high temperatures after duty cycles (Fig. 16d). All these pieces
of evidence presented above demonstrated the presence of strain effect on IrNi(@IrOx/Meso-

ATO nMs and their facilitation of the OER activity and durability.
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Fig. 16. ( @ en evolution reaction (OER) activities of IrNi,@IrO, core-shell nanostructures in
comparison r NCs; (b), Ir-mass-based activity at 1=280 mV overpotential of Ir NCs supported on
carbon (Ir; SC), Ir NCs on commercial ATO (IrOx /com.-ATO), and [rNiO, /Meso-ATO-T; (c), Constant

current jometric stability measurements at a current density of 1 mA cm™; d) Potential at 1
mAcm'ZHr sweep voltammetry after duty cycles of IrO,/C and IrNiO,/Meso-ATO-T. The
temperatur the catalysts were treated is given for each data set. Measurement conditions: 25 °C,
0.05M Hza rpm. The loading of Ir was 10.2 pgem™. “Meso-ATO-T” stands “mesoporous
antimony-dopeddioxide annealed at temperature T”. Adapted with permission from Ref. °** 'l (a),

Copyri merican Chemical Society; (b-d), Copyright 2015 Wiley-VCH.
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4.4 Electrrhemi'al CO; reduction reaction (eCO,RR)

ConSLmﬁossil fuels including petroleum and coal could increase CO,

concentra tmosphere, causing environmental concerns (e.g. greenhouse effects,
and oc®n ation). To solve this problem, one of the attractive approaches is to achieve
carbon ne irectly using CO, through an electrochemical conversion protocol™ 10, 17¢.
311031 Fofexample, Wang and coworkers developed Au—Fe core-shell nanoparticles (AuFe—
CSNPs) froml Au-Fe nano-alloys after leaching out the surface Fe (Fig. 17a-c) and
demonstr%anding CO,RR performance!'®. With entirely suppression of HER at -
0.4V (vs. e AuFe—CSNPs can exclusively reduce CO; to CO. Due to the unique
structure, the AulBe—CSNPs reveal outstanding eCO,RR mass activity (48.2 mA/mg, Fig.

17d) and remaaiagalmost the same activity after 90-hour durability test (Fig. 17e).
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Fig. 17. (a), Schematic illustration of the structural evolution from AuFe nano-alloys to core-shell
structured AuFe-CSNP after leaching out of surface Fe. (b) and (c¢), TEM image, HRTEM image, and
correspondiag EDXg element mapping of as-synthesized AuFe nano-alloys (AuFe NPs) and core-shell
stmctureNP, respectively; (d), Mass activity (in mA/mg) of the AuFe—-CSNPs and Au

5 NPs) on eCO,RR to CO performance; (e), Durability performance (up to 90 h) at £ =
AFOUCSNPs, Au-NPs, and Au foils. Adapted with permission from Ref. !'*! and
modiﬁeg pyright 2017 American Chemical Society.

Amorgriety of metal-based nanocatalysts, copper has been identified to be the

most pronffsi O;RR catalyst since, to the best of our knowledge, it is the only metal that

S

can directly pro8uce hydrocarbons!' ™™ %!, To decrease the high overpotential and to enhance

the selectivity of ®u-based nanocatalysts, efforts have been devoted to optimizing the

Ul

morphology, size, and electronic structure of the catalysts by manipulating the strain, ligand,

and other @ffects to alter the binding strengths for reaction intermediates'> ' ' ®! For

A

instance, Bell and coworkers studied the CuAg bimetallic electrodes and Cu thin-film,

uncovering t selectivity for the formation of multi-carbon carbonyl-containing

c

produc

atically enhanced on CuAg compared with the pure Cu. This improvement
was attribu he compressive lattice strain existing on the CuAg surface®'l. The surface
lattice ctfects have also been observed from the Cu overlayers with an atomic-scale
thickness on Pt!'®**. In such a system, the relative selectivity of producing ethylene increased
apparentl)gith decreasing the thickness of the Cu-layer due to the tensile strain'**. Cuenya

also demonstrated that the methane selectivity on Cu-rich CuZn nano-alloys
[11k]

and cowork

could be

gd by the tensile strain' ™ since tensile strain in the Cu lattice can stabilize
the CO, reduction reaction intermediates with a stronger CO* binding strength, leading to the
formation@f hydrocarbons. They also reported similar insights when CuCo nano-alloys were
studied"' % Sun and coworkers investigated Cu overlayers on THH Pd NCs terminated on
{310} highai facets towards eCO,RR """, By adjusting the low potential limit of CVs
during the Cu US) process, the number of Cu layers on the THH Pd NCs was determined.
Interestingly, the#u, svi/THH Pd NCs exhibited high selectivity for methanol (FEethanol =
as the Cuyv/THH Pd NCs showed high selectivity for ethanol (FEctanol =

20.4%). Althoug

the FE for both ethanol and methanol is not promising when the Cu
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overlayers on Pd NCs were increased to 1.2 MLs, this study still uncovered the presence of

lattice strain on high-index facets in the Cu/THH Pd system and demonstrated that the strain

can facwlective eCO,RR to alcohols.

More

, it has been drawing great attention to apply asymmetrical bimetallic
nanocataly O,RR due to the presence of interface strain, phase segregation, and
planar Ee ts™ ). For example, the Janus nanostructured Pd—Cu NCs, whose synthesis
strategy ibed in §3.5, were used as eCO,RR catalsysts'’®), achieving an onset

potential 4§ low a8 -0.7 Vryg, and high selectivity of ~ 51.0% at -1.0 Vryg. Compared with
108 [109

the performanceof single metal Cu nanocatalysts!'*® and their oxides!'*”’, this outstanding
catalytic ‘mce is attributed to the Pd presence on the surface, the interface strain from
Pd—Cu, a:Eain from the twin boundaries. These features facilitate the generation and

adsorptio ntermediate. This report sheds light on the site-selected growth of

asymmetrCtallic NCs as well as their corresponding catalytic perspective.

5. ConcluS$io d Perspectives

L

in bimetallic catalysts shows a promising effect to improve their
performanced erous electrochemical reactions, which is significant for designing and
synthe ectrocatalysts. Two strategies have been utilized to build up lattice strain at
the atomic scale: the top-down preparation strategy (including the post-treatment process
such as de“ and thermal annealing) and the bottom-up synthesis approach (such as the
direct ato s deposition, chemical vapor deposition, UPD, and galvanic replacement).
It should m
fabricatimﬂ1 It seldom achieves lattice strain in one-pot synthesis although several

reports

d out that lattice strain could be constructed usually by two steps in both

y shown a direct formation of lattice strain in one-pot wet-chemical
approam. Based on this survey, the thermodynamical and kinetic controls in the
one-pot sy of nanocatalysts should be further investigated to precisely create the lattice

strain in t sts. Another challenge is to develop new methodologies to remarkably

increas{m:e mismatch in bimetallic nanostructures although core-shell approaches
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have already demonstrated that low-degree lattice mismatch between the core and shell could

be realized by controlling the shell thickness at an atomic scale.

Altﬁ*ﬁ surface properties of bimetallic NCs could be adjusted by lattice mismatch,

defects a @ the resultant strains are often modulated imprecisely due to the challenges

of the sxnt es1s aBproaches. In the bottom-up strategy, the wet chemical syntheses (including
atomic la)s deposition or seed-mediated synthesis, UPD) are often powerful to create lattice
strain in NCs via thermodynamic and kinetic control, but sometimes the protocol is

(1191 Bresently, one of the challenges is mechanistic understanding and precise

complicat
control in eation and growth stages of NCs!'''!. Another obstacle blocking the lattice
strain creamle intrinsic properties of both metals (M and M,). If they possess similar
surface enmice parameters, and stronger M,—M, bonds, hybrid of the metals would

usually fa ation of thermodynamically stable alloys or intermetallics instead of

[112]

asymmetrElructures such as core-shell, dimeric structure, or other Janus structure'’ .
Although

rather th consisting of two highly miscible metals (e.g. Au-Ag, Pt—Pd)!''¥ it
g ghly g g, )

face strain was quite often observed from asymmetric nanostructures

should be p8i out that the unstable strain could be easily diminished after additional
heatin ent due to the acceleration of the atomic inter-diffusion*™ ''¥). Alternatively, it
seems that -down strategy is a relatively simple way to introduce lattice strain by
removi ponent from surfaces of NCs. Based on the differentia of elemental

intrinsic p!operties like reduction potentials, post-treatments such as acid etching or in-situ

electroch -alloying make the strain creation possible. For example, a de-alloying

process w to a cracked fragment or a porous nanostructure as described in §3.1.2.

To promote the catalytic activity, understand the unique structure, and predict the strain

stability, iflis a feasible and exciting way to design new bimetallic nano-architectures

[115]

computatilnally ' ded by theoretical simulation support'” - such as density functional theory

(DFT)! ﬂneer the catalyst surfaces by combining and optimizing these synthesis
]

strategies mentiofled above!'*".

The utili of X-ray based characterization techniques (such as XRD, XPS, XAS,
violet photoelectron spectroscopy, transmission electron microscopy, and

electrochemical evaluation can provide in-depth insight into the determination of lattice strain
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quantitatively, and uncover the relationship between the strain effect and electrochemical
performance of bimetallic nanocrystals. In the case of the lattice strain variety due to the
migratiM atoms during the electrochemical reaction, operando characterizations
will be hi irable for further understanding how the lattice strain is retained as the
reaction pmmany cases, the lattice strain is accompanied by a ligand effect in
bimetaicBYSFEMR, state-of-the-art characterizations and analyses, such as synchrotron X-ray
diffractiorh T calculations, are essential to be co-applied to the investigation!' ¥,
For examgle, in Acore-shell structure, the strain effect may be individually studied by
determinin ell thickness-dependent catalytic performance. Using such a strategy, the
strain eff ghit be “identified” from the ligand effect as the latter would gradually

decrease and banishes eventually in such a way”®®. Since the lattice effect is often associated

with ligand effec;nd ensemble effect synergistically, it will be better to coordinate these

effects s;:&ally in order to attain the insight and optimization of highly selective and

active binmigtallic nanocatalysts.

Bime ocatalysts are promising for electrochemical application especially ORR
for PEMF@g. d transition metal (Pt-M) nano-alloys comprising lattice strain and ligand

effects Co and Pt-Ni NCs, are still the promising ORR catalysts™®* """, Due to

less stability se 3d transition metals, however, inevitable leaching during the

electro talysis in PEMFCs impedes their applications. Recently studies indicated
that the ORR performance is greatly dependent on the degree of ordered (intermetallic) or
disorderem alloy) phase in the Pt-M nanostructures™™ > 1% 171" Although it has

demonstrmhe order-disorder phases of most Pt—M NCs could be converted via heat

treatment, g ordered Pt-Ni NCs that are believed excellent ORR catalysts"* *! seems
still face s as thermal annealing could lead to a self-segregation of Ni rather than an
interm i phase!™. From the application point of view, sustained retaining of

favorabwrain in catalysts during an electrochemical reaction benefits the
improvemﬂe catalytic durability. Therefore, a new catalyst design and novel synthesis
approach ing a “stable lattice strain structure” in catalysts should be a significant

research i the future.
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