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Abstract 

Bimetallic nanocrystals (NCs), associated with various surface functions such as ligand 

effect, ensemble effect, and strain effect, exhibit superior electrocatalytic properties. The 

stress-induced surface strain effect could alter binding strength between the surface active 

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

strain on catalysis has been drawing great attention. The electrochemical performance of 

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

morphologies, sizes, shell-thickness, surface defectiveness as well as compositions. In this 

review, we provide an overview of fundamental principles, characterization techniques, and 

quantitative determination of the surface lattice strain. Various strategies and synthesis efforts 

on creating lattice-strain-engineered bimetallic NCs, including the de-alloying process, 

atomic layer-by-layer deposition, thermal treatment evolution, one-pot synthesis, and other 

efforts are also discussed. We further outline how the lattice strain effect promotes 

electrochemical catalysis through the selected case studies. We focus the reactions on oxygen 

reduction reaction, small molecular oxidation, water splitting reaction, and electrochemical 

CO2 reduction reactions. In particular, studies of lattice strain arisen from core-shell 

nanostructure and defectiveness are highlighted. Lastly, we summarize the potential 

challenges and envision the prospects of lattice-strain-based engineering on bimetallic 

nanocatalysts with our suggestion and guidance of the future electrocatalyst design. 
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1. Introduction 

In the past decades, the novel metal-based nanocatalysts have undergone tremendous 

advances particularly owing to their superior electrocatalytic properties
[1]

. Metal-based 

nanocrystals (NCs) often exhibit enhanced catalytic performance compared with their bulk 

counterparts due to 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 the binding strength of adsorbates by surface electronic structures of NCs with 

the electron interaction between metals
[2]

. Typically, it is generated by introducing a second 

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

in a downshift or upshift of the d-band center
[3]

. For a given transition metal NC, the 

coordination number (CN) of a surface atom is dependent on its neighbor atoms (so-called 

“ligands”), and so does the width of its d-band state. This means that the ligand effect caused 

by the morphology, size, and surface defects of a monometallic NC could dramatically affect 

its surface reactivity, 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 CNs in 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, 

resulting in a stronger bond and diverse reactivity
[3a, 4]

. 

The ensemble effect, also known as the synergistic effect, is resulted from more than one 

reactive site and often enhances catalytic performance such as catalytic activity and 

selectivity
[5]

. Theoretically, if an adsorbate interacts with an ensemble of surface atoms, the 

adsorption energy would be some average of these involved atoms
[6]

. In the presence of the 

ensemble effect, the modified d-band center relative to the Fermi level should be the average 

from those of each transition metal atom, where the d-band center is a general descriptor of 

the surface reactivity
[7]

. 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
[5a, 8]

.  

The strain effect, also known as the geometric effect, is usually caused by a lattice 

mismatch, twined structure, or structural defectiveness. It can also alter the surface properties 

of NCs while their surface atoms are restructured
[9]

. These effects, especially the ligand effect 

and strain effect
[2, 10]

, are often combined synergistically to promote catalytic performance. In 

order to uncover the influence of the strain effect on a designed catalyst, various 

investigations have been conducted 
[7, 11]

. However, it is still challenging to completely isolate 

the strain effect from other functions. Herein, we focus on the recent development in creating 

lattice-strain on bimetallic NCs and the associated applications in the electrocatalytic field. 

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

manipulation approaches, and quantitative determination methods of the surface lattice strain 

on bimetallic NCs. We then outline various strategies in creating lattice strain on bimetallic 

NCs and further showcase their improved electrochemical catalysis via case studies, such as 

ORR, small molecular oxidation, water splitting reaction, and electrochemical carbon dioxide 

(CO2) reduction reactions. Eventually, we discuss the challenges and a perspective toward the 

future design of metallic nanocatalysts. 

 

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

nanostructures. 

 

2.1 Surface lattice strain 

The surface strain on NCs can be caused by several reasons, such as lattice mismatch, 

lattice dislocation, particle size, structure defectiveness, and morphology
[9b, 12]

. In this review, 

the lattice strain is defined as the diverse distribution of the lattice parameters deriving from 

lattice stress on the interface of an NC between two different phases. The lattice mismatch 

originated from the difference of the lattice parameters between two parts, which has been 

intensively studied
[11o, 11p, 13]

.  For the lattice contraction caused by the NC size decrease in a 
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spherical NC, the lattice parameter change (fr,     ) is described by the Laplace-Young 

equation
[11a]

: 

    
 

 

 

 
           

where the r represents the radius of spherical NC, a is the lattice constant,    is the relative 

change of the lattice constant, K is the compressibility of the metal, and Fstress is the surface 

stress.    

Typically, surface strain in core-shell structural NCs is created due to the lattice mismatch 

between the core and shell phases. The lattice difference percentage (fcore/shell) for core-shell 

NC can be calculated using the equation: 

            
              

     
       

where the Dshell and Dcore represent the material lattice parameters of the shell and core, 

respectively. Theoretically, the lattice strain should appear only at the interface between the 

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

of the interface to minimize the strained interface energy, especially the shell atoms, leading 

to the surface displacement eventually
[12b, 14]

. Several factors could affect the surface strain, 

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

parameter. For example, for strain generated from a lattice mismatch with a small percentage 

(<1%), such as the Pd/Pt system, the strain can only be observed within several atomic layers 

(normally, 2~5 layers)
[11o, 13f]

. When such a percentage increases, for instance, in the case of 

Cu–Pt system (fr >5%), the compressive strain can reach ~15 layers with a shell coverage in a 

thickness of ~3 nm
[11f]

.  

Microstrain (fmicro), or localized lattice strain, is caused by the dislocation or deviation of 

atoms from their initial positions due to structural defects, such as stacking faults, twins, and 

grain boundaries
[9b, 10c]

. Since the NC size could also contribute to the microstrain, Maillard 

and coworkers
[10c, 15]

 introduced a coefficient, dispersion (D, the ratio between surface and 

bulk atoms), to 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 (fc), can be expressed as: 

   
         

 
 

  
  

 
 

  
  

       
  
     

      
 

  
 

 √    

 

where N and Ns are the numbers of total atoms and the number of surface atoms, respectively; 

m corresponds to the number of atomic layers in the NCs; and rPt represents the covalent 

radius of a core metal atom such as Pt. 

  

2.2 Expansion and compression of surface strain 

Many factors could lead to strain in most metallic NCs. To simplify the discussion, the 

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

strain and compressive strain. In a core-shell nanostructure, the expansion or compression in 

the strain is dependent on the difference between the lattice parameters of core and shell 

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

strain could be generated on the surface, which can further contribute to the variation of their 

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

by Norskov and coworkers
[16]

, the adsorption energy of molecules on the NC surface 

correlates to 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 

effect may also play a significant role, in the Pt– and Pd–based bimetallic cases
[9b, 13o, 17]

 the 

compressive strain 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 molecules 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 example, ORR catalysis on Pt-based NCs can be tuned by adjusting the surface 

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

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

strain, such as inserting atoms of metal with a smaller unit cell parameter into the Pt lattice, 

would generally decrease the binding affinity between the adsorbed oxygen species and the 

NC surfaces, and facilitate the O–O bond breaking
[18]

. However, the too strong compressive 

strain may dramatically reduce the breaking propensity of the O–O bond, weaken the binding 

of adsorbates, and enhance the formation of bonds amongst them, promoting an H2O2 

generation
[11b, 19]

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

relatively larger cell parameter were introduced into the cooperative lattice. A typical 

example concerning such tensile strain is the PtP@Pt core−shell nanoplates
[20]

 that possess a 

hexagonal structure consisting of intermetallic PtPb core and Pt shell. It was believed that the 

resultant tensile strain partially facilitates the ORR performance. Consequently, precise 

control of the lattice strain is crucial to tune the catalytic performance.  

To construct lattice mismatch between the core and shell, an epitaxial growth, such as 

seeds-mediated growth 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 metal-metal, metal-semiconductor, metal-oxide, and semiconductor-semiconductor 

core-shell structures
[9a, 21]

. In particular, metal-metal core-shell NCs have recently been 

drawing increasing attention due to their unique performance in electrochemical applications. 

Yang and coworkers used cubic Pt seeds to direct the epitaxial growth of Pd, yielding 

conformal Pt–Pd nanocubes and nano-octahedra with a small fr of ~0.77%
[22]

. When this 

approach was extended to Au metal for lattice-mismatched core-shell synthesis, it gave 

anisotropic growth of Au nanorods instead. Tian and coworkers demonstrated that core-shell 

nanostructures could be achieved in Au–Pd and Au–Ag nanocube systems with an fr value of 

less than 5% 
[11d]

. Their approach can also apply to other systems such as Au–Pt
[13g, 23]

, Ru–

Au
[24]

, Rh–Pt
[25]

, Rh–Pd
[13d, 26]

, Pt–Ir
[27]

, and Au–based Pt
[11q, 13o, 28]

 systems. However, it 

seems that fr  ≤ 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 (fr = 

7.1%)
[29]

, Ni–Pt (fr = 10.1%)
[10c, 30]

, Cu–Ag (fr = 11.5%)
[31]

, Au–Cu (fr = 11.4%)
[32]

, and Pt–Cu 

(fr = 7.9%) core-shell nanostructures
[11t]

.  

 

2.3 Characterization technique of surface lattice strain on bimetallic nanostructures 

Several techniques have been used to characterize the surface strain. The strain could be 

directly observed using an aberration-corrected high-resolution transmission electron 

microscopy (HRTEM)
[11f, 33]

 or determined using X-ray techniques, including X-ray 

diffraction (XRD)
[34]

, X-ray photoelectron spectroscopy (XPS)
[25]

, wide-angle X-ray 

scattering (WAXS) technique
[35]

, X-ray absorption spectroscopy (XAS)
[36]

, and X-ray 

emission spectra (XES)
[11f]

. In general, HRTEM is a vivid characterization technique at the 

nanoscale to quantify the lattice strain (especially the local strain or microstrain) in a single 

NC via aberration-correction coupled with image simulations, whereas X-ray techniques (e.g. 

XRD, XPS) are bulk tools to determine the collective information of lattice strain based on 

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

techniques (XAS or XES), the electronic and structural information on the surface/interface 

of NCs could be further achieved and quantified through a spectrum fitting refinement with 

high accuracy. 

 

2.3.1 Electron microscopic (EM) technique 

Nilsson and coworkers reported that a de-alloyed Pt–Cu nanostructure exhibited an outer 

Pt–enriched shell based on the contraction variation observed using a high-angle annular 

dark-field scanning transmission electron microscope (HAADF STEM)
[11f]

. Shortly, Zhu and 

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

core-shell nanostructure using aberration-corrected HRTEM associated with imaging 

simulations
[33]

. Fig. 1a and 1b represent two typical HRTEM images of the de-alloyed Pt–Fe 

NCs along the [110] zone axis. The area (denoted as Stri, 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 

calculating the lattice strain percentage in comparison with pure Pt using the simple equation 

 
   –    

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

From the mapping results (Fig. 1d and 1e) of the de-alloyed Pt–Fe NCs corresponding to Fig. 

1a and 1b, it can be clearly seen percolated regions of lattice strain at the core colored in blue 

and compressive lattice strain near the surface (regarded as Pt shell) colored in red. For 

comparison, a pure NC shown in Fig. 1c was electrochemically pre-treated in the same way. 

The resultant 2D mapping released random lattice contraction or expansion strain rather than 

continuous lattice-contracted regions as shown in Fig. 1d and 1e. Thanks to the rapid 

development of the TEM technique, the lattice strain can also be directly determined and 

accurately calculated at the atomic scale on nanowires with twin or grain boundaries
[37]

, NCs 

in different morphologies
[11j, 13h, 13i, 17c, 38]

, Pt-skinned nanoframes
[11i, 11n]

, and core-shell 

nanostructural interface
[39]

. These identified unconventional crystallographic structures as 

direct evidence of the strain effect reveal the key factors of property enhancement. 
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Fig. 1. Aberration-corrected HRTEM images and corresponding lattice mapping of nanostructures. (a, b) 

HRTEM images of de-alloyed Pt−Fe NCs; (c) HRTEM image of pure Pt NC; (d-f) the maps of the lattice 

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

with permission from Ref. 
[33]

. 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 lack of scattering matter unless a grazing incident X-ray diffraction (GIXRD) or in-

plane XRD
[34]

 is applied, the monolayer-coated nanostructures could give a higher density of 

the scattering matter and thus enhance the XRD intensity
[40]

. Therefore, the XRD as a 

straightforward technique has been wildly used for characterizing surface lattice strain
[41]

 

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

that causes lattice strain 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 diffraction angle from its normal position, whereas the tensile strain gives rise to a 

peak shift to a lower diffraction angle. For instance, Eichhorn and coworkers confirmed the 

Ru@Pt core-shell nanostructure using their XRD profiles
[40]

. XRD pattern of the monolayer 

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

a higher angle (2θ) compared with that of the pure Pt NCs. With an fcc lattice constant of 

0.3901 nm, the shift of Pt(111) peak indicates a compressive lattice strain generated from the 

monometallic Pt shell above the Ru core. After the Ru@Pt NCs were annealed at 500 ⁰C, 

such a compressive strain was released and PtRu alloy NCs were formed with a normal 

lattice parameter (0.3867 nm).  

Later on, similar results were also reported from Rh–Pt core-shell system by Skrabalak 

and coworkers
[25]

, from Ag@Pt core-shell and AgPd@Pt core-shell systems by Yang and 

coworkers
[42]

, and from Au@FePt3 core-shell system by Stamenkovic and coworkers
[43]

. Fig. 

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

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

(111) diffraction peak in the pattern of core-shell nanostructured Ag@Pt/C (Fig. 2c) can be 

observed, implying the tensile lattice strain generated from the Pt shell over the Ag core. 

Unlike the Ag@Pt/C, the (111) diffraction peak in the pattern of core-shell nanostructured 

AgPd@Pt/C (Fig. 2b) was very close to that of Pt/C, indicating that incorporation of Pd into 

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

Unlike the 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 
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shifting 
[10c, 21b, 44]

. The microstrain percentage (fc) can also be quantitatively calculated using 

the equation given in Williamson-Hall (W-H) method
[44c, 45]

: 

    
    

     
 

where βhkl is the full width at half the maximum of the XRD peak and θ is the Bragg angle. 

 

 

Fig. 2. XRD patterns of carbon-supported nanostructures. (a) Pt/C; (b) AgPd@Pt/C; (c) Ag@Pt/C. 

Adapted with permission from Ref. 
[42]

 and modified. Copyright 2012 American Chemical Society.    

 

 

XPS can also be utilized to determine the surface lattice strain and surface electronic 

structure.  By tuning the photon energy correlating with the probing depth, the near-surface 

composition of nanostructures can be quantified, and the shell information can be collected 
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indirectly as well
[11f, 46]

. Furthermore, the strain associated with the electronic structure can be 

determined by monitoring the shift of the binding energy in a high-resolution XPS
[25, 47]

. 

Taking Rh@Pt nanocubes with variable Pt–layers as an example
[25]

, this core-shell 

nanostructure showed different Pt 4f7/2 binding energies as a function of the Pt shell 

thickness. Rh@Pt nanocubes with an average of 1.2 monolayers (MLs) showed the largest 

shift in Pt 4f7/2 binding energy. As the thickness of the Pt shell increased, the binding energy 

of Pt 4f7/2 shifted to lower values, indicating a reduction of the surface strain. When the shell 

thickest reached 7.4 MLs, a negligible shift of Pt 4f1/2 binding energy could be observed in 

comparison with bulk Pt, suggesting none of the surface strain in the system where the Pt 

shell was thick enough. 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 state, respectively. Strasser and coworkers observed a decrease (eventually to 

zero) in the intensity of the antibonding resonance when strain increased to 3.3±0.3 % in de-

alloyed Pt–Cu single-crystal model systems, corresponding to the downshift of the Pt d-band 

center
[11f]

. 

X-ray absorption near-edge spectroscopy (XANES) and Fourier-transform extended X-

ray absorption fine structure (EXAFS)  spectroscopy can also be employed to further 

understand the valence state and atomic structure with the surface strain
[36a]

. 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
[36b]

. 

They concluded that the Pt–Pt bond length can serve as a valid descriptor for strain effects, 

which builds up the bridges between strain effect and catalytic performance quantitatively. 

Qiao and coworkers also studied the local lattice strain of Ru@Pt NCs using EXAFS and 

XANES
[11l]

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

peaks to the negative area in EXAFS spectra. In the Ru@Pt core-shell nanostructure, an 

enhanced white-line intensity of Pt LIII-edge XANES was also detected in opposition to the 

cases in RuPt alloys and pure Pt, indicating the highly existing compressive strained and 

loosely bonded Pt surface in the Ru@Pt NCs. In the case of the NiFe metal–organic 

framework (MOF) where lattice strain was created, the Ni–Ni bond length similarly 

associated with the upshift of Ni K-edge to higher energy. The EXAFS spectra indicated that 
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the Ni valence states increased with increasing lattice expansion ratios
[48]

. The peak of ~ 856 

eV in Ni L2p→3d -edge XANES spectra shifted to a higher-energy direction, and the 

corresponding peak intensity enhancement as well as lattice strain increase is proportional to 

the unoccupied states of Ni 3d.  

To better understand the lattice strain qualitatively and quantitatively isolated from other 

effects on the surface both at an atomic scale and large scale, these aforementioned 

characterization techniques are normally combined to achieve a more accurate evaluation. 

These characterizations could provide useful information to promote insightful catalyst 

design and other applications. 

 

3. Strategies for creation of lattice strain on bimetallic nanostructures 

There are challenges in the creation of surface lattice strain because lattice mismatch is 

not a spontaneous way to form a uniform layer on the metallic substrates or seeds, as stated in 

section §2.2. Over the past years, several strategies for constructing surface strain have been 

developed, including the de-alloying evolution process electrochemically or through acidic 

etching, atomic layer deposition (i.e. galvanic replacement, underpotential deposition, ligand 

exchange, directly 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 

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

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

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

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

atomic layers deposition.
[49]

 

Although there have been several reviews about the lattice strain, most of them focused 

on characterization techniques, theoretical considerations, and catalytic performance 

improvement 
[1a, 12a, 50]

. 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 and discuss their details in bimetallic NCs as well as in trimetallic systems for some 

cases. We limit the discussion within the arena of metal-metal structures under this reviewed 

topic although the lattice strain could also be created from other interfaces such as metallic 

NCs supported on oxides.
[17b, 51]

  

 

3.1 De-alloying evolution process 

Unlike non-noble metals, noble metals have positive reduction potentials and their NCs 

are more stable during an electrochemical treatment. Based on this differential, a “de-

alloying” process could be applied to bimetallic NCs consisting of noble metal and 3d 

transition metal (denoted as M, such as Ni, Fe, Cu, Co) for tailoring the surface or even the 

bulk composition. The de-alloying technique commonly refers to the preferential leaching 

(removal) of the more active component from a bimetallic alloy, leaving a less reactive 

elemental component (such as Pt, Pd) through an electrochemical reaction or solution-based 

chemical etching 
[13a, 26, 33, 52]

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

bimetallic NCs starting on their surface, the noble metal-based skin can be formed via the 

surface atoms rearrangement. 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 NCs results in a shift of the noble metal d-band center, accordingly altering their 

surface work function and binding affinity to the reaction species. This provides an 

opportunity for improving the intrinsic catalytic activity and selectivity. Fig. 3 illustrates the 

formation of the Pt shell on Pt–M alloy NC in an electrochemical de-alloying process (Fig. 

3a) and acidic etching process (Fig. 3b), respectively. In the former case, 3d transition metal 

atoms (M) with a lower standard reduction potential are oxidized (            ) during 

potential cycling and they migrate from the Pt–M lattice on NC surface into solution, creating 

a Pt shell. This phenomenon was observed in the de-alloying of Pt–Fe NCs shown in Fig. 1. 

In the latter case, the more active 3d transition metals from the surface Pt–M lattice  can 

directly react with acid to produce     and    (            
 

 
   ), 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. 

 

 

 

Fig. 3. Schematic diagram illustrating the formation of Pt surface strain on Pt–M NCs by (a) 

electrochemical de-alloying or oxidation etching process; and (b) acidic etching process. M is a 3d 

transition metal.    

 

3.1.1 Electrochemical de-alloying process 

Electrochemical de-alloying with controlled cycle voltammetry (CV) is a pre-treatment 

approach to create surface lattice strain. This process has been widely used in manipulating 

Pt–M based alloy NCs in the past decades, including Pt–Ni
[13a, 53]

, Pt–Cu
[11f]

, Pt–Fe
[33]

, and 

Pt–Co
[54]

 binary systems and some ternary systems
[11i, 36a]

.  For example, Strasser and 

coworkers synthesized Pt-based bimetallic PtCu (or PtCo) alloy NCs and subsequently 

treated them through an electrochemical process. From this post-treatment process, most of 

the Cu– (or Co–) components were leached out from the surface of PtCu (or PtCo) NCs
[11f, 54-

55]
. Thus, Pt-rich shells were fabricated with surface lattice strain. They also studied the 

relationship between the morphology/composition and particle size, concluding that the 

formation of Pt-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.  

 

3.1.2 Solution-based de-alloying process  

Alternatively, the solution-based de-alloying process is a chemical method to construct 

surface lattice strain on bimetallic alloy NCs 
[11m, 30b, 33, 52a, 53c, 56]

. Typically, the as-

synthesized bimetallic NCs can be immersed in an acidic solution under a certain condition. 

The active elemental component in the NCs would be dissolved initially from the surface of 

NCs, leaving the noble elemental metal on the surface and generating lattice strain. The shell 

thickness, from monolayer to multi-layers, may be controlled by the tuning of the de-alloying 

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

temperature, but remains a challenge. 

Recently, Li and coworkers manipulated atomic-layer Pt on Pt3Ga intermetallic NCs. 

They etched the Ga atoms away on the first few sub-surfaces by washing the bulk NCs with 

acetic acid at 70 ⁰C for 12 h 
[11m]

. Sun and coworkers also reported their study on how to 

“coat” the face-centered tetragonal- (fct-)FeCuPt@Pt,  the ordered phases L10-PtFe and L10-

PtCo with an atomic layer of Pt to boost the electrochemical performance towards ORR 
[21, 

57]
. The atomic layer was achieved by using HClO4 as the etching reagent. It was worthwhile 

mentioning that the durability of resultant nanocatalysts was dramatically enhanced compared 

with the traditional counterpart without surface lattice strain. As a specific example, Fig. 4 

shows TEM images, STEM-EELS elemental mapping, and corresponding line scans of 

ordered L10-FePt NCs with carbon support before and after an acid de-alloying process. From 

the comparison, it can be seen that the de-alloying process generated a thin Pt shell (~0.53 nm 

in Fig. 4d) on the NC surface. Thus, a compressive lattice strain was created due to the lattice 

mismatch between this Pt shell and the bulk L10-FePt core.  
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Fig. 4. (A) TEM image, (B) 2D EELS elemental mapping image, and (C) STEM-EELS line scan of L10-

FePt NC before the de-alloying process. (D) TEM image, (E) 2D EELS elemental mapping image, and (F) 

STEM-EELS line scan of L10-FePt NC after the acidic de-alloying process, where Fe is colored green and 

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

alloying process. Adapted with permission from Ref. 
[21b]

. Copyright 2018  American Chemical Society.    

It should be pointed out that a de-alloying process would lead to a shrinkage of the NCs 

or generate a porous nanostructure due to the dissolution of some contents
[11f, 53a, 53b, 58]

. For 

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

method to tune the bimetallic Pt–Ni NC formation in porous nanostructures and core-shell 

structures
[58]

. Fig. 5a represents the relationship among the particle size, composition, and 

 16136829, 2021, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202102244 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [10/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

19 

 

porosity in the as-received PtNi3 NCs (in gray color), “N2-leached” PtNi3 NCs (in green 

color), and “O2-leached” PtNi3 NCs (in red color). Under N2 atmosphere, the acid de-alloying 

process in 0.5M H2SO4 solution could only produce solid core-shell Pt–Ni NCs in size 

between 3-30 nm (Fig. 5b). However, the structure of the NCs after de-alloying under O2 (air 

atmosphere) showed a strong size-dependent relationship (red line in Fig. 5a). When the NC 

is smaller than ~12 nm, the core-shell structure was observed. When the NC is larger than 

~13 nm, however, the nanoporous structure was achieved. Fig. 5c presents the pore size (ca. 

1-2 nm) observed in a typical de-alloyed PtNi3 NC in the air. It was explained that the 

formation of nanoporosity originated in the slow diffusion rate of the surface Pt atoms 

compared with the fast leaching rate of the surface Ni atoms in the presence of O2, leading to 

the corrosion of Ni in the core
[59]

.  

 

 

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

horizontal dot lines represent the average compositions; (b) HAADF-STEM image of N2–D–PtNi3 catalyst 

that was chemically de-alloyed in N2. All the nanoparticles exhibited nonporous structures; (c) HAADF-

STEM image of Air–D–PtNi3 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. 
[58]

. Copyright 2013 American 

Chemical Society.   

  

3.2 Atomic-level controlled deposition  

Studies have revealed that the strain effect caused by a few atomic layers on the surface 

of metallic NCs possesses a strong impact on surface reactivity towards electrochemical 

performance 
[11f, 16a]

.  To better understand this relationship and to quantitatively determine 

the lattice strain on the surface of different bimetallic NCs, a thickness-controlled preparation 

of a uniform shell layer 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 

vapor deposition, electrochemical deposition (underpotential deposition)
[11s, 60]

, galvanic 

replacement
[13f, 31, 61]

, and seed-mediated synthesis (with the epitaxial growth)
[11o, 13e, 13f, 13h-j, 

25, 62]
. 

 

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

(underpotential deposition) 

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

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

reduction potentials of two metals. When films or NCs of an active metal M1 are immersed in 

a solution containing M2 metallic salt, M2 could galvanically be reduced to the metal atoms 

and deposit on the surface of M1 under a control by the concentration of M2 salt and other 

factors. For instance, dropping Cu films into a deaerated solution of AgNO3 would result in a 

reduction of Ag on Cu films, forming CuAg alloy with compressive strain on the surface of 

Cu films
[31]

. With the 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) relative to the CO2 reduction reaction.  

Such an “exchange” of metals could also occur reversely forced by an external voltage. 

That is, an active metal could be “deposited” on the surface of a less active metal by applying 
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to an electrical potential, known as underpotential deposition (UPD)
[63]

. The UPD process can 

be used as a layer-fabrication technique to generate a uniform and thin layer on a lattice plane 

of the noble metal with a layer-thickness control
[11s, 60]

. For example, a Cu monolayer was 

fabricated on Pd(111) surface from CuSO4 solution
[64]

. Successively, such as Cu monolayer 

can be galvanically displaced by a Pt layered structure
[11s, 64]

. This technique can also be 

adapted to build lattice strain on metal NCs at the nanoscale, as depicted in Fig. 6. Sarkar and 

coworkers developed a chemically assisted electroless UPD method to fabricate Pd@Ag 

monolayer core-shell NCs by depositing Ag on Pd NCs/C. The monolayered Ag was further 

galvanically replaced by Pt
[65]

, Pd@Pt NCs/C were successfully achieved (Fig. 6a). It should 

be noticeable that the reported Pd@Ag core-shell NCs only consist of half a monolayer of Pt 

on Pd NCs/C based on the reaction:                     . Similarly, monolayer and 

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

involving electrochemical deposition of Cu and subsequent Cu/Pt
2+

 galvanic replacement 

steps (Fig. 6b).
[64, 66]

 This process can be extended to other metals such as lead (Pb). In such a 

case, the Pb monolayer deposited on Au or Cu surface can further serve as a reducing agent 

for generating a Pt layer (Fig. 6c).
[67]

 This UPD/galvanic replacement protocol could likewise 

create the lattice strain although this technique is limited to small-scale production
[11o]

.   
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Fig. 6. Schematic diagrams illustrating the formation of (a) half a monolayer of Pt on Pd NCs or films after 

UPD/galvanic replacement with Ag; (b) a monolayer of Pt on Pd NCs or films after UPD/galvanic 

replacement with Cu; and (c) a monolayer of Pt on Au NCs or films after UPD/galvanic replacement with 

Cu.    

 

 

3.2.2 Atomic layer-by-layer deposition  

As the second metal M2 often generates Janus structure or self-nucleation of atoms 

instead of layer-by-layer epitaxial growth on the surface of the core metal M1, M2 atomic 

layer-by-layer deposition at the nanoscale in solution often has limited success
[26]

. To 

overcome this obstacle, precise control of the deposition at the nanoscale with 

thermodynamic and kinetic considerations is necessary. Thermodynamically, the deposited 

atoms are hard to break their M2–M2 bonds at the mild condition and the capping agent on the 

surface of a substrate M1 may also prevent M2 atoms’ migration at the surface, leading to 

Janus branch, island, or dumbbell structures 
[23a, 68]

. Kinetically, when the M2 deposition rate 
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is slower than its diffusion rate, it could be easier to generate a uniform shell on the substrate 

surface
[11q, 13f, 13h-j, 69]

. Otherwise, a fast M2 deposition rate would most likely result in some 

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

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

demonstrated by Xia and coworkers
[70]

. They developed an atomic layer-by-layer deposition 

approach and successfully coated a noble metal M2 on shape-controlled metal cores (M1, with 

a low lattice mismatch) using a relatively slow deposition rate 
[13f, 69b, 71]

. For example, Pt 

precursors were introduced to Pd nanocubes (or nano-octahedra) suspensions at a relatively 

slow rate using a hot injection method, allowing the deposited Pt atoms to diffuse over the 

entire surface of the Pd NC to generate a uniform and conformal shell that could be precisely 

controlled from one to six atomic layers
[11o, 70]

.  

As illustrated in Fig. 7a, Pt atoms could initially be deposited at the corners at a high 

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

due to their high concentration locally. The resultant core-shell NCs could be determined by 

the competition between the Pt atom deposition rate (Vdeposition) and surface diffusion rate 

(Vdiffusion). When Vdeposition << Vdiffusion, it allows most of the ad-atoms to diffuse from the initial 

sites to edges and facets, leading to the epitaxial growth along <100> direction and producing 

Pd@Pt nanocubes. In contrast, if  Vdeposition >> Vdiffusion, there is no sufficient time for the ad-

atoms to migrate or there is insufficient energy to overcome the barrier. As a result, Pd–Pt 

NCs in a concave structure would be generated (Fig. 7b and 7c). The Pd@Pt core-shell nano-

octahedra could be achieved similarly through the epitaxial and conformal deposition along 

<111> direction in an aqueous solution. It could happen at a much lower temperature under a 

mild reduction condition to control the reduction rate of Pt (II) precursor
[11o]

. To harvest the 

designed product with a reasonable value of Vdeposition /Vdiffusion, the experimental conditions 

such as the temperature, concentration of metal precursors, and capping ligands need to be 

precisely controlled. For example, under a normal condition, Pd nano-octahedra terminated 

with exclusive {111} crystallographic facets have a lower surface free energy than Pd 

nanocubes terminated by exclusive {100} facets
[72]

. In this case, it becomes much easier for 

Pt to nucleate by 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
[11o]

. Fig. 7d represents a schematic illustration 

of two different protocols for the syntheses of Pd@Pt core-shell octahedra. A relatively high 

temperature (200 ⁰C) and slow injection rate of Pt(IV) precursor solution were used in the 

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

low temperature (95 ⁰C), weak reducing agent, and one-shot (fast) injection of Pt(II) 

precursor were applied to the water-based protocol to produce Pd@Pt octahedra with 

sharpened corners
[11o]

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

other morphologies, such as concave decahedra
[13h]

 and icosahedra
[13i]

, was reported as well. 

 

 16136829, 2021, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202102244 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [10/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

25 

 

 

Fig. 7. Mechanistic study of the deposition of Pt atoms on Pd nanocubes. (a) A schematic illustration 

showing the deposition of Pt atoms on Pd cubic seeds divided into deposition and surface diffusion steps; 

(b,c) transmission electron microscopy (TEM) images and High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of the Pd–Pt concave nanocubes synthesized 

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

showing the syntheses of Pd@PtnL octahedra via two different routes involving polyol and water, 

respectively. The use of a much lower reaction temperature results in the formation of Pd@PtnL octahedra 
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with sharper corners than the products of a polyol synthesis. Adapted with permission from Ref.s 
[11o]

 
[13f]

. 

Copyright 2014 and 2015 American Chemical Society.    

 

To enlarge the lattice mismatch between core and shell, it is interesting to choose a 

nonprecious metal as the core template. The development of 3d transition metals (e.g. Cu, Ni, 

Fe) based core-shell nano-architectures is a good example.
[30a, 73]

  For instance, in a recent 

report
[73]

 CuNi octahedral core-based CuNi@Pt–Cu core-shell nanocatalysts were prepared 

using a colloidal seed-mediated method coupled with selective galvanic replacement (Fig. 

8a). Considering the CuNi cores are subject to easy surface oxidation, the presence of an 

oxidized shell would suppress the growth of the Pt-based alloy shell on the core template 

(Fig. 8b). In such a process, the challenges also include the shape-control of the 3d metallic 

cores (Fig. 8c) and the thickness-tuning of the Pt-based shells (Fig. 8d). As depicted in Fig. 

8b, in order to protect the intermediates from possible oxidation, a fast ramp rate of heating is 

necessary. However, too fast a heating rate (e.g. > 6 ⁰C/min) would result in branched 

structures in the products since Vdeposition >> Vdiffusion. On the other hand, the use of the Pt-

precursor is another factor. By replacing PtCl4 precursor with Pt(acac)2, for example, “core-

satellite”-like nanostructures could be harvested. The uniform Pt-based shells (Fig. 8d) can be 

achieved with a thickness of < 1 nm on the CuNi octahedral cores through a precise tuning of 

the ratio between Vdeposition and Vdiffusion by optimizing the synthesis parameters such as the 

capping ligand, growth temperature, and the ramp rate of heating. 
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Fig. 8. (a) Schematic illustration of the as-synthesized CuNi@Pt–Cu core-shell nano-octahedra through a 

seed-mediated process; (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 elemental mapping; (d) CuNi@Pt–Cu core-shell nanostructures: TEM image, HAADF-STEM image, 

and corresponding EDX elemental mapping. Adapted with permission from Ref. 
[73]

 and modified. (a, c 

and d), Copyright 2021 Wiley-VCH.    

 

3.2.3 Ligand exchange for controlled synthesis of core-shell nanostructures 

As stated previously, to form a uniform skin or to control the thickness of the shell 

grown layer by layer over an NC, the UPD method and direct reduction of M2 precursors 

approach are still restricted with challenges due to the complicated control of reaction 

conditions such as heterogeneity in core size, shape, and inaccuracy in NC concentration
[74]

, 

and further development in precise control of the overlayer deposition is expected
[61]

. One of 

the promising strategies to control coverage with sub-monolayer or monolayer is the colloidal 

ligand exchange. Li and coworkers demonstrated this method in the Au@Pd NC system
[62]

. 

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

monolayer, and multi-layer Au@Pd core-shell NCs. In brief, the surface capping ligand on 

Au NCs was first exchanged from oleylamine to PdCl4
2-

 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 PdCl4
2-

. The coverage of PdCl4
2-

 during the ligand exchange cannot exceed one 

monolayer as only a single layer of the Pd precursor could be adsorbed on the seed NCs. Fig. 

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

Au cores. To produce multi-layers of Pd on Au Ncs, polynuclear Pdx(OH)y
n-

 clusters 

generated in-situ by hydrolysis of K2PdCl4, instead of PdCl4
2-

, could be used as molecular 

ligands to increase the thickness of Pd-shell. As revealed in Fig. 9c, energy-dispersive X-ray 

spectroscopy (EDX) mapping confirmed the multi-layers Pd in Au@Pd NCs.  

 

Fig. 9. (a) Schematic illustration of the colloidal ligand-exchange synthesis routes to generate sub-

monolayer, monolayer, and multilayer Au@Pd core-shell NCs; (b) EDX mapping of monolayer Au@Pd 

NCs; (c) EDX mapping of multilayer of Au@Pd core-shell NCs. Adapted with permission from Ref. 
[62]

. 

Copyright 2018 American Chemical Society.    

 

 Akin to colloidal ligand exchange, the lattice strain-containing core-shell bimetallic 

nanostructures could also be in-situ modulated in a reaction system by electrolysis or 
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potential cycling
[75]

 before an electrocatalysis application. For example, Pd−Ag alloy 

nanotubes with certain elemental ratios generated by galvanic displacement reaction of Ag 

nanowires with Pd salt exhibit enhanced catalytic activities towards both formic acid and 

methanol oxidation.
[75]

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

that this achievement has also resulted from the Pd skin on the Pd−Ag structure evolved from 

the electrochemical dissolution of Ag from Pd−Ag alloy nanotubes during the potential 

cycling treatment in acidic media prior to the catalysis performance.
[75]

    

 In addition to core-shell structure, the lattice strain could also be generated in other 

classes of heterostructures, such as Janus
[23a, 76]

 and dumbbell
[77]

 structures (§3.2.2 and §4.1). 

Concerning the metal/nonmetal interface, it was also reported that SnO2−Sn Mott–Schottky 

heterojunctions could be formed from SnO2 NCs that were originally grown onto carbon 

cloth through a hydrothermal process during an electrochemical CO2 reduction reaction 

(eCO2RR) in KHCO3.
[78]

 

 

3.3 Thermal annealing evolution process 

It is well-known that the thermal annealing process is an effective method for tailoring 

the surface work function and catalytic properties of metal alloy NCs
[21b, 36c, 39a, 79]

. Thermal 

annealing treatment under vacuum or different atmosphere environments such as 

argon/hydrogen (Ar/H2), hydrogen (H2), and carbon monoxide (CO) could be employed to 

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

restructuring the atom arrangement. Markovic and coworkers studied the surface properties 

of PtCo, PtNi, and PtFe polycrystalline alloys
[16d]

. They showed that the outermost Pt-skin 

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

process due to the atom segregation on surfaces. 

 

3.3.1 Surface restructuring through the Mond Process  

Unlike most annealing treatments that modify the surface work function of NCs by re-

arranging surface and 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 

treatment of PtNi4 tetrahexahedral (THH) system is a typical example
[11n]

. As shown in Fig. 

10,  passing a stream of CO through the PtNi4 THH precursors in a tube furnace at 170 ⁰C 

resulted in the extraction of Ni component and removal of them as a gaseous product (nickel 

tetracarbonyl) through the Mond process: 

Ni + 4CO → Ni(CO)4 

Such a gas-phase de-alloying protocol “leached” the PtNi4 THH NCs from the surface toward 

the interior and could generate the Pt-skin layer on the surface or Pt3Ni THH nano frames 

(NFs) with a compressive lattice strain, depending on the annealing time and temperature. 

The Ni extraction reaction in the Mond process could be anisotropic. In the case of PtNi4 

THH, the previous report indicated that the Ni component was preferentially de-alloyed 

through CO in the ⟨100⟩ direction
[11n]. The Pt-layer was segregated on the surfaces of 

resultant Pt3Ni THH NFs with a compressive lattice strain. This approach provides a general 

route to create surface lattice strain and could also be widely applied to other nano-alloy 

systems containing Ni as one of the components. In addition, this protocol may also be used 

in Fe containing nano-alloy to generate the lattice strain since Fe can be also leached out from 

the surfaces by combining CO to form a non-solid Fe(CO)5 product under the controlled 

annealing temperature and pressure.  
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Fig. 10.  Annealing process under CO or air/Ar condition for achieving Pt3Ni THH frames. TEM images 

inside showing the morphology of PtNi4 THH solids as the precursor and Pt3Ni THH nano frames as the 

product. Adapted with permission from Ref. 
[11n]

. Copyright 2017 American Chemical Society.    

3.3.2 Reaction-induced surface-restructuring by other factors 

Except for CO, metallic NCs could experience a surface restructuring under annealing in 

the presence of other gases, such as H2, O2, Ar, N2, or even in a vacuum. In recent years, Pt– 

or Pd–based bimetallic NC systems have been widely studied in those aspects 
[16d, 30b, 39a, 79a, 

80]
. For instance, Somorjai and coworkers investigated the surface restructuring of Pd@Rh 

and Pt@Pd core-shell NCs as well as Rh–Pt NCs with a homogeneous structure in oxidizing 

and reducing environments using XPS under ambient pressure
[80b, 80c]

. The Pd@Rh core-shell 

and Rh–Pt homogeneous NCs underwent a reversible change of surface functions (i.e. 

composition and chemical state) due to the preferential redox of Rh under oxidizing (by NO 

or O2) or reducing (by H2 or CO) conditions dramatically. In contrast, no substantial change 

in the distribution of Pd and Pt was detected on the surface of Pt@Pd core-shell NCs. 

Analysis suggests that different behaviors in the three types of bimetallic NCs are correlated 

with the surface free energy of different metals and the heat of formation in the metal oxides. 

These results demonstrated the importance of uncovering the nanostructure surface change 

under working conditions 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 

restructuring of Pt–Co NCs was also observed using TEM at 250 
o
C with O2 and H2 gases, 

respectively
[39a]

. During the oxidation in O2, Co atoms migrated to the NC surface and a 

strained epitaxial CoO thin layer was determined. During the reduction in H2, Co atoms 

moved back to the bulk, leading to a monolayer of Pt on the surface.  

Cuenya and coworkers studied the surface segregation phenomena on Pt0.5Ni0.5 alloy 

NCs at elevated temperatures by analyzing the surface composition in different gaseous 

environments (vacuum, H2, and O2)
[80a]

. Based on the ex-situ atomic force microscopy (AFM) 

and in-situ XPS characterizations, they found that chemical states of the surface Pt and Ni 

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

illustrated in Fig. 11, normal Ni segregation on the surface occurred in a vacuum and H2 only 

at low annealing temperatures (from RT to ~300  ⁰C, Fig.11b and 11d) due to the existence of 
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PtOx species, whereas an enhanced Ni segregation on the surface of NCs took place in the 

presence of O2 at all the annealing temperatures (from room temperature to ~500 ⁰C, Fig. 11f 

and 11g). An increase in the temperature led to an inter-diffusion of Pt and Ni atoms, 

resulting in the formation of PtNi alloy (Fig. 11c) as supported by the XPS data. The presence 

of H2 at high annealing temperatures (e.g. 500 ⁰C, Fig.11e) promoted the reduction of the 

oxides, producing a PtNi alloy surface, similar to that observed in a vacuum (Fig. 11c). 

Huang and coworkers reported their surface-engineered PtNi–O octahedral NCs with 

enriched NiO on the surface. NiO surface in 2-3 atomic layers was observed in their HRTEM 

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

indicating the segregation of Ni from the Pt–Ni core
[79b]

. Strasser and coworkers also 

observed the evolution of concave octahedral Pt–Ni NCs at various temperature and time 

scales using an in-situ TEM
[79a]

. Their time-resolved TEM images revealed a surface 

evolution on Pt–Ni octahedra at the nanoscale under thermal annealing. When Pt was 

diffused from the corner/edges to the concave Ni-rich (111) surfaces at 500 ⁰C, perfectly flat 

Pt-rich (111) surfaces with Ni-rich subsurface layers were detected. This could be another 

clue for designing Pt–Ni catalysts with a Pt-skin. 
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Fig. 11. Schematic models describing the segregation of Pt and Ni atoms in octahedral Pt0.5Ni0.5 NCs (a) 

as-prepared and after annealing from 25 to 500 
o
C in the following environments: (b, c) vacuum (10 mbar), 

(d, e) H2 (1 bar), and (f, g) O2 (1 bar). Adapted with permission from Ref. 
[80a]

 and modified. Copyright 

2013 American Chemical Society.    

 

 

3.3.3 Combined method between thermal annealing and solution treatment 

Typically, etching the active metal from binary metallic NCs in an acidic solution or 

electrochemically (refer to §3.1) could produce a skeleton structure with lattice strains 

(shown in Fig. 5) rather than a “smooth” metallic skin. This stress-containing structure could 

be unstable and ephemeral in catalysis and is detrimental to the improvement of the catalyst’s 

durability. To overcome this obstacle, it has been proven that a combination of acid-based de-

alloying with thermal annealing treatment is a successful strategy. For example, Stamenkovic 

and coworkers reported a fine-tuning of Pt-bimetallic nanostructure
[36c]

 as depicted in Fig. 12. 

Segregation of Pt smooth skin in a single layer (or multi-layers) was demonstrated by de-
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alloying PtNi NCs in 0.1M HClO4 at room temperature overnight, followed by annealing at 

400 
o
C.

[36c]
 Fig. 12a shows representative HAADF-STEM images along <110> zone axis of 

the pristine (left), acid-treated (middle), and acid-treated/annealed (right) PtNi NC/C. As 

shown in Fig. 12b, the intensity profile along <001>direction across the single PtNi NC after 

the acid treatment shows 3-4 peaks stretching above the standards on both sides, implying a 

Pt-rich overlayer. After the annealing treatment, a reduced Pt overlayer thickness (right in 

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

analysis further confirmed these findings. By comparison with the composition line profile of 

the pristine PtNi NC/C, the treated PtNi NCs/C (middle and right in Fig. 12c) showed a 

broader distribution of Pt than Ni, validating the thickness of Pt-rich shell on acid treated 

NC/C (~1.0 nm) and on acid treated/annealed NC/C (~0.6 nm). Atomistic simulation of the 

nanostructure evolution (Fig. 12d and 12e) indicated that removal of Ni atoms from the 

surface by acid treatment generated a Pt-skeleton overlayer (~ 3 atomic layers) and further 

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

treated in such a way exhibited improved activity and durability for the ORR. Similar results 

were also reported by Sun group when intermetallic Pt−Fe@Pt and Pt−Co@Pt core-shell 

NCs were studied.
[21]
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Fig. 12.  (a) HAADF-STEM images taken along the zone axis of PtNi/C catalysts; (b) background-

subtracted, normalized intensity line profiles extracted for the regions marked in (a); (c) composition line 

profiles by energy-dispersive X-ray spectroscopy; (d) overview, and (e) cross-section views of the 

nanostructures depicted 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. 

Reproduced with permission from Ref 
[36c]

 and modified. Copyright 2013 American Chemical Society.    

3.4 One-pot approach for lattice strain creation 

Instead of most synthetic methods such as atomic layer-by-layer deposition that need 

more than one step to create lattice strain, the one-pot wet-chemical synthesis approach could 

generate core-shell structures in a single vessel through kinetic control of the reactions. The 

major challenge in this approach is the tendentious formation of a homogeneous alloy rather 

than the core-shell heterogeneous structure.  To promote the core-shell formation, various 

preparation strategies such as sequential reduction and multiple injection techniques were 

developed. For example, Tsang and coworkers demonstrated a successive sequential 

reduction synthesis to harvest Ag@Pd core-shell NCs
[81]

. In this preparation, Ag-precursor 

was first reduced to Ag NCs (seeds) in a hot ethylene glycol solution in the presence of 

polyvinylpyrrolidone (PVP), followed by an injection of Pd salt with an appropriate Pd/Ag 

ratio in the sequential reduction. The subsequent reduced Pd stayed on the surface of the Ag 

NCs as a thin layer, achieving an Ag–Pd core-shell structure with a lattice strain. A class of 

PtPb@Pt core-shell nanoplates was prepared similarly using the one-pot method
[20]

 and 

exhibited large biaxial strains. In this synthesis, the use of L-ascorbic acid (AA) as a weak 

reducing agent in the second reducing step played a key role in the slow formation of the 

well-organized Pt atomic layer. Except for the reducing function, AA as a weak acid could 

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

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

intermetallic PtBi@Pt nanoplates with ultrathin Pt shells 
[82]

.  

 

3.5 Other synthesis methods  

There are additional physical vapor deposition (PVD) and electrochemical methods for 

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

limited to arc-plasma deposition (APD, also known as Ar
+
 sputtering/annealing cycles)

[34a]
, 

molecular beam epitaxy (MBE) in ultrahigh vacuum (UHV)
[83]

, and battery electrode 

control
[84]

. These PVD 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%). This might limit the further development of this technique
[16d, 85]

. Cui and coworkers 

used battery electrode materials to directly and continuously control the lattice strain of Pt 

catalysts
[84]

. The compressive or tensile strain of the catalysts on support (electrode) can be 

precisely controlled by electrochemically switching the charging and discharging status on 

the electrode, boosting ~90% enhancement of Pt ORR activity under a compressive strain. 

Considering the crucial role of structural symmetry-breaking in determining the electronic 

band structures of NCs, tremendous efforts have been devoted to breaking the asymmetry of 

NCs. Unlike semiconductors with intrinsic asymmetry (e.g. transition metal dichalcogenide), 

it is more difficult to target the site-selected growth by breaking structural symmetry without 

any driving forces in the case of metallic NCs
[76, 86]

. In recent years, it has attracted increasing 

interest in the fabrication of symmetrical and asymmetrical metallic NCs using seed-mediated 

and site-selected growth as an effective route
[87]

. By controlling the reaction kinetics when 

the growth of Ag on cubic Pd seeds was studied, for example, it was observed that the newly 

reduced Ag atoms could selectively nucleate and then epitaxially grow on certain facets of 

the Pd seeds (from 1 to 6 faces), resulting in various Janus bimetallic structures. By replacing 

the cubic Pd NCs with icosahedral Pd seeds, this site-selective growth strategy could also be 

used to generate Pd–Cu Janus nanostructures
[76]

. 

 

4. Case study on electrochemical applications with surface lattice strain effect 

The electrocatalytic reactions have the merits of high efficiency, good selectivity, and 

environmental benignity. In recent decades, these reactions have been paid widespread 

attention and studied in the clean energy field, such as fuel cells (FCs) and metal–O2 

batteries
[3a, 18, 85, 88]

. In this section, we focus on the effect of the lattice strain in bimetallic 

catalysts used in the following electrochemical reactions: 1) ORR, that is the cathodic 

reaction in FCs and metal–O2 batteries; 2) electro-oxidation of small organic molecules, 

including the methanol 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) eCO2RR. 

  

 

 

4.1 Bimetallic lattice strain effect on ORR 

Pt and Pt-based nanocatalysts are still considered the most promising candidates for 

boosting ORR in proton exchange membrane fuel cells (PEMFCs)
[85]

. However, too strong a 

combination affinity between the Pt site and O-species would block the ORR reactivity. 

Strategies such as facet-defined Pt NCs, hybrid of Pt NC with smaller metal atoms, and 

construction of compressive strain-contained catalytic surface have been proposed to tackle 

this issue. For example, after Ni component is incorporated into Pt lattice, the ORR activity 

increased significantly 
[3a]

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

ORR activity on the Pt3Ni(111) facet makes the development of {111}-terminated Pt3Ni NCs 

the most promising route in terms of the material synthesis
[3a, 89]

. Meanwhile, the d-band 

theory has also been proposed to interpret this phenomenon 
[18, 90]

. As aforementioned in 

section §2.2, in a Pt– or Pd–based system, a compressive strain could typically give 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 molecules and corresponding catalyst 

interfaces. 

Recent progress of research indicates that the lattice strain in Pt–Ni NCs is a key factor 

that can significantly promote the ORR activity, making the Pt–Ni system much more 

attractive 
[13a, 90-91]

. Some evidence was documented by Strasser and coworkers
[13a]

. In their 

report, a series of core-shell Pt–Ni NCs with different levels of lattice strains were 

synthesized. The EELS line analysis of Pt and Ni elements in the individual de-alloyed and 

carbon-supported Pt–Ni catalysts (denoted as D-PtNi, D-PtNi3, D-PtNi5 NCs) was displayed 

in Fig. 13a - c, revealing that the D-PtNi NCs has a Ni-richcore/Pt-richshell structure, whereas 

the D-PtNi3 and D-PtNi5 NCs possess a Ni-poorercore/Ni-enrichedshell/Pt-richshell structures. 

They believe that a subsurface Ni-rich layer is located underneath the top Pt-rich layer, which 

 16136829, 2021, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202102244 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [10/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

39 

 

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-PtNi3 catalyst 

exhibits the highest activity. This is due to the highest lattice strain and the “suitable” 

thickness of the outer Pt-rich shell. Based on this lattice strain argument, numerous 

theoretical and experimental studies indicate that the lattice strain effect demonstrated in the 

Pt–Ni system should exist in other bimetallic catalysts, such as Pt–Co Pt–Fe, Pt–Cu, and Pd–

Cu systems 
[11f, 11h, 33, 92]

, and it is worth being investigated in depth.  

 

 

Fig. 13. Evaluation on de-alloyed Pt–Ni NCs. (a-c), HAADF-STEM images and EELS line analysis of Pt 

and Ni of the D-PtNi, D-PtNi3, and D-PtNi5 NCs, respectively (the arrows crossed the corresponding NCs 

showed the line profiles directions; (d), Anodic LSV curves on the de-alloyed carbon-supported Pt–Ni 

catalysts for ORR in 0.1 M HClO4 solution saturated with O2 under 1600 rpm at 5 mV•s
-1

; (e), the 

corresponding ORR activities based on (d). Adapted with permission from Ref. 
[13a]

 and modified. 

Copyright 2012 American Chemical Society.    
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Another strategy for improving the ORR activity of core-shell nanocatalysts is to 

optimize the core morphology and Pt-shell thickness in the past decade
[11o, 13f, 13h, 13i, 93]

. With 

consideration of resultant lattice strain from the core morphology and shell thickness, some 

Pd@Pt core-shell nanocatalysts have been systematically investigated, as listed in Table 1. In 

general, compared to the Pd@Pt NCs that are terminated with {100} or {110} 

crystallographic facets (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 activity significantly. As summarized in Table 1, both nanocubes and octahedra of 

Pd@Pt show an increasing trend in terms of their ORR activities when the atomic layer 

number of their Pt–shell decreases. This indicates that the surface strain arising from the 

lattice mismatch between the core and shell increases with decreasing the shell thickness. 

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

which a volcano-type relationship between the ORR mass activity and the shell atomic layer 

was established. The Pd icosahedral core is constrained by its twin boundary. This unique 

structure leads to an “optimal” number of the Pt shell atomic layers, that is, a Pt shell with 2.7 

atomic layers gives the highest ORR activity (~ 0.64 A/mgPt). Except for Pd, other 3d 

transition metals can 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 a size-controllable synthesis of monodisperse Ni@PtFe core-shell nanocatalysts
[30a]

. 

A Pt–shell as thin as ~ 1 nm in thickness could be achieved through a subsequent acetic acid 

washing. The high ORR activity (0.49 A/mgPt for 5.8 nm Ni@Pt nanostructures) determined 

from this sample was attributed to the surface strain derived from the lattice mismatch 

between the Ni core and the ultrathin Pt shell. 

It was reported that Au-based Janus NCs also exhibited outstanding ORR performance in 

alkaline media
[94]

. Chen and coworkers received bimetallic Au−Ag Janus nanoparticles (NPs) 

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

Au–Ag Janus NPs possess asymmetrical distributions of the metal elements
[94a]

 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). 

  

 

 

 

 

 

 

 

Table 1. Comparison between the ORR mass activity of Pd@Ptnl based catalysts and their nanostructure 

with different morphologies and thicknesses. 

Pd@Pt NCs Shell thickness Facet 
Mass Activity 

(A/mgPt) 
Ref. 

Concave 

cubes 
 {110}, {100} ~ 0.35 

Ref. 
[93]

 

Cubes 1 atomic layer {100} ~ 0.34 Ref. 
[13f]

 

 2 ~ 3 atomic layers  ~ 0.23 

 4 atomic layers  ~ 0.16 

 6 atomic layers  ~ 0.07 

Octahedra 2 ~ 3 atomic layers {111} ~ 0.49 Ref. 
[11o]

 

 3 ~ 4 atomic layers  0.40 

 4 ~ 5 atomic layers  0.34 

    

Icosahedra ~ 0.4 atomic layers {111} ~ 0.45 Ref. 
[13i]

 

 ~ 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. 
[13h]
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decahedra index{h,k,l} 

 

 

4.2 Electro-oxidation of small organic molecules 

The lattice strain effect on the electro-oxidation of small organic molecules (e.g. 

methanol, formic acid, and ethanol) was mainly focused on the core-shell metal NCs. A 

variety of bimetallic alloy systems, especially Pt–, Pd–, and Rh-based NCs, were 

investigated. For example, the strain effect on the MOR was studied on Ru–Pt-based NCs 

with a core-shell structure
[11e, 95]

. Au–Pd and Cu–Pd core-shell NCs were employed to 

investigate the lattice strain effect on their formic acid electro-oxidation
[13k, 41b, 96]

. The 

bimetallic lattice strain effect on the EOR was widely explored on Au–Pd, Au–Pt, and Pd−Rh 

systems with the core-shell nanostructure
[13e, 52a, 97]

. 

While it was reported that high-indexed crystal planes of Pt-based NCs could effectively 

promote the activity of formic acid electro-oxidation
[98]

, a unique structure of Pt3Ni THH NFs 

(Fig, 13a-b) harvested from a Mond process further demonstrated their electro-oxidation 

behaviors.
[11n]

 It was determined that the segregated Pt-skin on the Pt–Ni alloy surfaces 

created lattice strain and featured a down-shifted d-band center, resulting in a higher formic 

acid electro-oxidation performance. In comparison with the commercial Pt/C (40 wt % Pt) 

counterpart, the resultant Pt3Ni THH NFs revealed low cathodic-to-anodic scan peak ratio 

(Fig. 14c) and high formic acid electro-oxidation activity (Fig. 14d), implying the presence of 

compressive strain that weakened the adsorption of formic acid and corresponding 

intermediate species on the Pt–skin surface. The recently published CuNi@Pt–Cu core-shell 

nanostructures (Fig. 8d) showed a similar lattice strain effect on MOR
[73]

. The carbon-

supported CuNi@Pt–Cu nano-octahedra containing an ultrathin layer of Pt–Cu shell 

(thickness: < 1 nm) showed superior activity (specific activity: ~7.49 mA/cm
2
, Fig. 14e) and 

durability (Fig. 14f) towards MOR compared with the commercial Pt/C (specific activity: 

~1.30 mA/cm
2
) and previously reported Pt–Cu nanocubes (specific activity: ~4.70 

mA/cm
2
)
[99]

, demonstrating that the shape effect and lattice strain effect originated from the 

CuNi core and Pt-based thin-shell play a crucial role in the MOR performance. 
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Fig. 14.  (a, b), HRTEM images of THH NFs in different zone axes and their corresponding models; in (b), 

the pewter and green colors represent Pt and Pt3Ni (not to the atomic ratio), respectively; (c) Cyclic 

voltammograms (CVs) of Pt3Ni THH NFs/C and Pt/C (40 wt% Pt) in the N2-saturated 0.1 M HClO4 + 0.5 

M HCOOH solution at a scan rate of 0.1 V s
−1

; (d), Current density - time curves of Pt3Ni THH NFs/C and 

Pt/C (40 wt% Pt) recorded in the N2-saturated 0.1 M HClO4 + 0.5 M HCOOH solution 0.30 V (vs RHE). 

(e) CV curves by normalizing with a specific area of the three nano-catalysts (CuNi@Pt–Cu nano-

octahedra/C, CuNi@Pt–Cu nano-polyhedra/C, and commercial Pt/C) in N2-saturated 0.1 M HClO4 + 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 N2-saturated 0.1 M HClO4 + 1 M methanol solution. 

(a-d), adapted with permission from Ref. 
[11n]

 and modified. Copyright 2017 American Chemical Society. 

(e-f),  reproduced with permission from Ref. 
[73]

 and modified. Copyright 2021 Wiley-VCH. 

    

Unlike MOR and formic acid electro-oxidation, another major challenge in EOR is the 

C–C bond splitting, which hinders the efficient conversion of ethanol to CO2. A typical study 

of EOR and the corresponding C–C bond splitting on Au@Pt core-shell nanostructures was 

firstly reported by Strasser and coworkers
[97a]

. Based on the electrochemical characterization, 

high-energy X-ray diffraction, pair-distribution function (PDF) analysis, determination from 

in-situ scanning tunneling microscopy and in-situ Fourier transform-infrared spectroscopy 

(FT-IR), they proposed that the moderate tensile strain on the Au@Pt NPs with monolayer Pt 

was just “suitable” for the EOR. According to the d-band model theory, the presence of the 

surface strain strengthens the interaction and adsorption of the reactant on the catalyst surface 

and thus improves the EOR activity. Besides, an excessive tensile strain and a large upshift of 

the d-band center towards Fermi Level make the intermediates strongly adsorb on the active 

sites, weakening the bonding energy of water molecules and facilitating the complete ethanol 

oxidation to CO2. Therefore, the balanced overall tensile strain in Au@Pt nanocatalysts 

enables high activity for breaking the C–C bond. The lattice strain effect on the EOR was 

also comparably investigated on Au−Pd icosahedral nano-alloys and core-shell 

nanostructures using the electrochemical method
[97b]

 by Kuo and coworkers. The HAADF-

STEM images of the icosahedral Au−Pd nano-alloys and Au@Pd core-shell nanostructures 

together with their EDX mapping and electrochemical performance were illustrated in Fig. 

15. In comparison with Pd icosahedral NCs and the commercial Pd/C catalysts, both the 

icosahedral Au−Pd nano-alloys and Au@Pd core-shell nanostructures exhibit higher 

activities and better durability towards EOR (Fig. 15c-d), due to the upshift of the Pd d-band 

center benefited by both the tensile strain and ligand effect
[97b]

. Furthermore, it was believed 

that the surface strain arisen from the Au−Pd lattice mismatch in the core-shell nanostructures 

plays a key role in the enhancement of the EOR activity based on the result that the core-shell 

nanostructures show higher EOR activity than Au−Pd nano-alloys
[97b]

.  
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Fig. 15.  (a, d), HAADF-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-

f). (g), CVs of the icosahedral Au@Pd core-shell nanostructures (C-S IH), icosahedral Au−Pd nano-alloys 

(Alloy IH), icosahedral Pd NCs (Pd IH), and commercial Pd (Comm. Pd) catalysts in a solution containing 

0.27 M CH3OH + 0.5 M KOH; (h), Chronoamperometric curves of four catalysts described in (g) at −0.1 

V. Adapted with permission from Ref. 
[97b]

. 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 catalyst surface and adsorbates such as OH, H2O, or H species, which suggests that a 

“suitable” adsorption affinity is needed to improve HER reactivity over the strain
[9b, 79b]

. For 

example, it was reported that the HER activities were improved by introducing the strain 

effect into the Ru−Pt and the Au−Pd bimetallic systems
[11l, 100]

. The ligand effect and lattice 

strain effect generally co-exist in bimetallic catalysts and difficult to distinguish from each 

other. To unravel the origins of electrocatalytic activity, Qiao and coworkers isolated the 

lattice effect from the ligand effect successfully by studying the HER performance on the 

well-defined Ru@Pt core-shell nanostructures and homogeneous RuPt nano-alloys
[11l]

. Their 

results showed that in the icosahedral Ru@Pt nanostructure, the presence of a compressive 

strain (~3 %, compared to the homogenous RuPt nano-alloys) leads to a weak binding 

strength of hydrogen and optimal interaction with hydroxyl species, promoting an overall 

apparent activity of HER. 

The challenge in electrocatalytic water splitting is the high overpotential of OER on the 

anodic side, which blocks the practical applications
[53a, 101]

. To enhance the OER efficiency, 

Strasser and coworkers reported an active and highly stable oxide-supported IrNix@IrOx 

nanocatalyst derived from their as-synthesized IrNix nano-alloys using an electrochemical 

approach of Ni leaching and concomitant Ir oxidation
[102]

. Results showed that the 

IrNix@IrOx (x = 3.3 ~ 3.8) core-shell nanostructures supported on high-surface-area 

mesoporous antimony-doped tin oxide (Meso-ATO) exhibited high OER activity (~3 times 

higher than that of the IrO2/C catalysts, Fig. 16a) and negligible degradation during a 20-hour 

stability test in acidic media. Since the annealing process on the core-shell nanostructures 

could lead to a release of the lattice strain (> 300 ⁰C), the apparent OER activity of 

IrNix@IrOx/Meso-ATO annealed at high temperatures (400 ⁰C - 500 ⁰C) was dramatically 

suppressed in comparison with the sample IrNix@IrOx/Meso-ATO-180 that was annealed at 

low temperatures (180 ⁰C, 200 ⁰C, and 300 ⁰C, Fig. 16b). Fig. 16c also showed the electrode 

potential of the core-shell structured IrNix@IrOx/Meso-ATO-180 catalysts after a period of 

20-hour stability test remained essentially constant and the core-shell structured 

IrNix@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 IrNix@IrOx/Meso-

ATO nanocatalysts and their facilitation of the OER activity and durability.  

 

 

Fig. 16.  (a), Oxygen evolution reaction (OER) activities of IrNix@IrOx core-shell nanostructures in 

comparison with Ir NCs; (b), Ir-mass-based activity at η=280 mV overpotential of Ir NCs supported on 

carbon (IrOx /C), Ir NCs on commercial ATO (IrOx /com.-ATO), and IrNiOx /Meso-ATO-T; (c), Constant 

current chronopotentiometric stability measurements at a current density of 1 mA cm
-2

; d) Potential at 1 

mA cm
-2

 using linear sweep voltammetry after duty cycles of IrOx /C and IrNiOx /Meso-ATO-T. The 

temperature at which the catalysts were treated is given for each data set. Measurement conditions: 25 °C, 

0.05 M H2SO4, 1600 rpm. The loading of Ir was 10.2 μg cm
-2

. “Meso-ATO-T” stands “mesoporous 

antimony-doped tin oxide annealed at temperature T”. Adapted with permission from Ref. 
[53a, 102]

. (a), 

Copyright 2016 American Chemical Society; (b-d), Copyright 2015 Wiley-VCH. 
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4.4 Electrochemical CO2 reduction reaction (eCO2RR) 

Consumption of fossil fuels including petroleum and coal could increase CO2 

concentration in the atmosphere, causing environmental concerns (e.g. greenhouse effects, 

and ocean acidification). To solve this problem, one of the attractive approaches is to achieve 

carbon neutrality directly using CO2 through an electrochemical conversion protocol
[2, 10b, 17c, 

31, 103]
. For example, Wang and coworkers developed Au–Fe core-shell nanoparticles (AuFe–

CSNPs) from Au–Fe nano-alloys after leaching out the surface Fe (Fig. 17a-c) and 

demonstrated outstanding CO2RR performance
[104]

. With entirely suppression of HER at -

0.4V (vs. RHE), the AuFe–CSNPs can exclusively reduce CO2 to CO. Due to the unique 

structure, the AuFe–CSNPs reveal outstanding eCO2RR mass activity (48.2 mA/mg, Fig. 

17d) and remain almost 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 

corresponding EDX element mapping of as-synthesized AuFe nano-alloys (AuFe NPs) and core-shell 

structured AuFe-CSNP, respectively; (d), Mass activity (in mA/mg) of the AuFe–CSNPs and Au 

nanoparticles (Au–NPs) on eCO2RR to CO performance; (e), Durability performance (up to 90 h) at E = 

−0.50 V of the AuFe–CSNPs, Au–NPs, and Au foils. Adapted with permission from Ref. 
[104]

 and 

modified. Copyright 2017 American Chemical Society. 

 

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

most promising eCO2RR catalyst since, to the best of our knowledge, it is the only metal that 

can directly produce hydrocarbons
[11k, 105]

. To decrease the high overpotential and to enhance 

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

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

and other effects to alter the binding strengths for reaction intermediates
[2, 11t, 103b]

. For 

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

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

products was dramatically enhanced on CuAg compared with the pure Cu. This improvement 

was attributed to the compressive lattice strain existing on the CuAg surface
[31]

. The surface 

lattice strain effects have also been observed from the Cu overlayers with an atomic-scale 

thickness on Pt
[103a]

. In such a system, the relative selectivity of producing ethylene increased 

apparently with decreasing the thickness of the Cu-layer due to the tensile strain
[103a]

. Cuenya 

and coworkers also demonstrated that the methane selectivity on Cu-rich CuZn nano-alloys 

could be facilitated by the tensile strain
[11k]

 since tensile strain in the Cu lattice can stabilize 

the CO2 reduction reaction intermediates with a stronger CO* binding strength, leading to the 

formation of hydrocarbons. They also reported similar insights when CuCo nano-alloys were 

studied
[106]

. Sun and coworkers investigated Cu overlayers on THH Pd NCs terminated on 

{310} high-index facets towards eCO2RR 
[107]

. By adjusting the low potential limit of CVs 

during the Cu UPD process, the number of Cu layers on the THH Pd NCs was determined. 

Interestingly, the Cu0.8ML/THH Pd NCs exhibited high selectivity for methanol (FEmethanol = 

19.5%), whereas the Cu1ML/THH Pd NCs showed high selectivity for ethanol (FEethanol = 

20.4%). Although 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 facilitate the selective eCO2RR to alcohols. 

More recently, it has been drawing great attention to apply asymmetrical bimetallic 

nanocatalysts to eCO2RR due to the presence of interface strain, phase segregation, and 

planar defects
[87-88]

. For example, the Janus nanostructured Pd–Cu NCs, whose synthesis 

strategy was described in §3.5, were used as eCO2RR catalsysts
[76]

, achieving an onset 

potential as low as -0.7 VRHE, and high selectivity of ~ 51.0% at -1.0 VRHE. Compared with 

the performance of single metal Cu nanocatalysts
[108]

 and their oxides
[109]

, this outstanding 

catalytic performance is attributed to the Pd presence on the surface, the interface strain from 

Pd–Cu, and the strain from the twin boundaries. These features facilitate the generation and 

adsorption of CO intermediate. This report sheds light on the site-selected growth of 

asymmetrical bimetallic NCs as well as their corresponding catalytic perspective. 

 

5. Conclusions and Perspectives 

Lattice strain in bimetallic catalysts shows a promising effect to improve their 

performance in numerous electrochemical reactions, which is significant for designing and 

synthesizing the electrocatalysts. 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-alloying and thermal annealing) and the bottom-up synthesis approach (such as the 

direct atomic layers deposition, chemical vapor deposition, UPD, and galvanic replacement). 

It should be pointed out that lattice strain could be constructed usually by two steps in both 

fabrication routes.  It seldom achieves lattice strain in one-pot synthesis although several 

reports have already shown a direct formation of lattice strain in one-pot wet-chemical 

approaches
[20, 81-82]

. Based on this survey, the thermodynamical and kinetic controls in the 

one-pot synthesis of nanocatalysts should be further investigated to precisely create the lattice 

strain in the catalysts. Another challenge is to develop new methodologies to remarkably 

increase the lattice 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. 

Although surface properties of bimetallic NCs could be adjusted by lattice mismatch, 

defects and so on, the resultant strains are often modulated imprecisely due to the challenges 

of the synthesis approaches. In the bottom-up strategy, the wet chemical syntheses (including 

atomic layer 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 

complicated
[110]

. Presently, one of the challenges is mechanistic understanding and precise 

control in the nucleation and growth stages of NCs
[111]

. Another obstacle blocking the lattice 

strain creation is the intrinsic properties of both metals (Mx and My). If they possess similar 

surface energies, lattice parameters, and stronger Mx–My bonds, hybrid of the metals would 

usually favor a formation of thermodynamically stable alloys or intermetallics instead of 

asymmetric nanostructures such as core-shell, dimeric structure, or other Janus structure
[112]

.  

Although the interface strain was quite often observed from asymmetric nanostructures 

(rather than alloys) consisting of two highly miscible metals (e.g. Au–Ag, Pt–Pd)
[113]

, it 

should be pointed out that the unstable strain could be easily diminished after additional 

heating treatment due to the acceleration of the atomic inter-diffusion
[40, 114]

. Alternatively, it 

seems that the top-down strategy is a relatively simple way to introduce lattice strain by 

removing one component from surfaces of NCs. Based on the differentia of elemental 

intrinsic properties like reduction potentials, post-treatments such as acid etching or in-situ 

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

process would lead 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, it is a feasible and exciting way to design new bimetallic nano-architectures 

computationally aided by theoretical simulation support
[115]

 such as density functional theory 

(DFT)
[116]

 and engineer the catalyst surfaces by combining and optimizing these synthesis 

strategies mentioned above
[12a]

.  

The utilization of X-ray based characterization techniques (such as XRD, XPS, XAS, 

and XES), ultraviolet 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 

migration of metal atoms during the electrochemical reaction, operando characterizations 

will be highly desirable for further understanding how the lattice strain is retained as the 

reaction proceeds. In many cases, the lattice strain is accompanied by a ligand effect in 

bimetallic systems, state-of-the-art characterizations and analyses, such as synchrotron X-ray 

diffraction and DFT calculations, are essential to be co-applied to the investigation
[10c, 13k]

. 

For example, in a core-shell structure, the strain effect may be individually studied by 

determining its shell thickness-dependent catalytic performance. Using such a strategy, the 

strain effect might be “identified” from the ligand effect as the latter would gradually 

decrease and banishes eventually in such a way
[9b]

. Since the lattice effect is often associated 

with ligand effect and ensemble effect synergistically, it will be better to coordinate these 

effects synergistically in order to attain the insight and optimization of highly selective and 

active bimetallic nanocatalysts.  

Bimetallic nanocatalysts are promising for electrochemical application especially ORR 

for PEMFCs. Pt–3d transition metal (Pt–M) nano-alloys comprising lattice strain and ligand 

effects, such as Pt–Co and Pt–Ni NCs, are still the promising ORR catalysts
[88, 110]

. Due to 

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

electrochemical catalysis in PEMFCs impedes their applications. Recently studies indicated 

that the ORR performance is greatly dependent on the degree of ordered (intermetallic) or 

disordered (random alloy) phase in the Pt–M nanostructures
[3b, 21, 110, 117]

. Although it has 

demonstrated that the order-disorder phases of most Pt–M NCs could be converted via heat 

treatment, achieving ordered Pt–Ni NCs that are believed excellent ORR catalysts
[3a, 89]

 seems 

still face challenges as thermal annealing could lead to a self-segregation of Ni rather than an 

intermetallic Pt–Ni phase
[80a]

. From the application point of view, sustained retaining of 

favorable lattice strain in catalysts during an electrochemical reaction benefits the 

improvement of the catalytic durability. Therefore, a new catalyst design and novel synthesis 

approach for creating a “stable lattice strain structure”  in catalysts should be a significant 

research topic in the future. 
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