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ABSTRACT: Dispersing isolated active metal atoms onto the surface of “inert” metal nanoparticles proves to be particu-
larly effective in improving the catalytic performance of bimetallic catalysts. In this contribution, a quantity called average 
segregation energy (SE) is proposed to predict with reasonable accuracy the structural stability of single-atom alloy (SAA) 
clusters of late transition metals. By formulating an expression for this energy on the basis of Friedel’s d-band model and 
under the tight-binding approximation, d-band filling is found to play a major role in determining the segregation behav-
ior of all late transition metals. However, magnetism and electron correlation would greatly enhance the ability of 3d 
transition metals to segregate to the alloy surface, which can be explained by an improved model that includes both the 
two perturbations. Furthermore, by using the average SEs, the effect of geometrical strain is differentiated from the elec-
tronic and magnetic contributions, which, in contrast, may help to stabilize 3d transition metals in the core region by 
minimizing the lattice mismatch. Finally, we demonstrate that the size-dependent segregation preference has its origin in 
the size dependence of the electronic and structural properties of the SAA cluster.

1. Introduction 
Singly dispersed metal atoms on solid supports such as 

metals, metal oxides, nanostructured carbon, etc.1-2 have 
recently received much attention as novel catalysts for 
heterogeneous reactions. In particular, single-atom alloys 
(SAAs) whose electronic structures can be modified by 
changing the “inert” metals surrounding the active single-
atom site exhibit adsorption and catalytic properties dis-
tinct from those of their constituent metals3. In some cas-
es, however, the active single atoms may aggregate in the 
surface4 or go into the sites beneath the outermost layer 
of the nanoparticle5, leading to reduced specific activity. 
Hence, the key to the success of the SAAs in practical ap-
plications is to maintain the integrity of their unique 
chemical structures under various conditions. 

It is generally accepted that in metal alloys the compo-
nent that has a larger cohesive/surface energy tends to 
accumulate in bulk alloy to maximize metallic bonding 
and the component with a larger atomic radius prefers to 
stay on the surface to relieve compressive strain6. Alt-
hough these generalizations are valid under most circum-
stances, such empirical observations cannot help us to 
make a reasonably reliable prediction about the segrega-
tion preference in a particular binary alloy. Furthermore, 
in light of this information, one cannot understand the 

physical origin of surface segregation without successfully 
separating the contributions from different electronic and 
structural properties of nanoparticles. 

Traditionally, the surface segregation energy (SE) is a 
measure of the energy change associated with moving an 
impurity metal atom from the core to the shell of a bime-
tallic cluster, which is routinely used to predict whether 
the minority active elements would accumulate on the 
surface of the inert host to form a thermodynamically 
stable structure7-8. The pioneering work by Ruban et al. 
presented a database of 24 × 24 SEs of transition metals in 
both close-packed9 and open surfaces10 by using the GF-
LMTO method. More recently, Wang et al.11 systematical-
ly calculated the SEs of late transition metals by the DFT-
GGA method and employing a cuboctahedral cluster 
model of 55 atoms. Comparison of the results from the 
two groups shows that, the predicted core-to-shell se-
quence of transition metals resemble each other but the 
numerical agreement is in fact quite poor, and, more im-
portantly, there are some conflicting predictions about 
the sign of the SEs. One example is the PtCu bimetallic 
cluster, which was found to adopt a Pt-shell/Cu-core 
structure if the surface was dominated by close-packed 
arrays of atoms. However, when the metal particle be-
came smaller and was surrounded by under-coordinated 
sites, as in the case of the 55 atom cuboctahedral cluster, 
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a reverse segregation was predicted, no matter which 
component served as the impurity. Since it was reported 
experimentally that the ordering of atoms in bimetallic 
nanoparticles may vary with their particle size12-14, the 
discrepancy between the two sets of data is probably due 
to the size dependence of the structural stability of the 
SAAs. 

Another problem with the determination of the segre-
gation preference in SAAs by using the tabulated segrega-
tion energies is the difficulty of memorizing their magni-
tudes and signs all. Even if the needed values are some-
times at hand, we can get lost in the details if we don’t see 
the general patterns. Thus, recognizing a pattern of the 
segregation energies for a 

 

Figure 1. Calculated cohesive energy differences of cuboctahedral and decahedral clusters from their icosahedral counterparts at 
different particle sizes. 

class of binary combinations of transition metals not only 
can free us from learning (or trying to memorize) many 
individual facts but also would give us a broader under-
standing of the key factors that influence the core-to-shell 
sequence. Inspired by “the activity series” that can be 
used to predict whether a certain metal will be oxidized 
by the ion of another metal, we suggest in this work that a 
quantity called averaged SE can be used to provide a di-
rect measure of the segregation preference in SAA clus-
ters of late transition metals. Icosahedral SAA clusters of 
13, 55, and 147 atoms of 12 late transition metals from 
group 8B to group 1B are first constructed and the SE of 
single impurities in their binary combinations is calculat-
ed by using the DFT method. The reason the late transi-
tion metals have been the focus of much research is that 
they are among the most widely used heterogeneous cata-
lysts in a number of chemical and biochemical applica-
tions. Then, the effects of magnetism, electron correla-
tion, and geometrical strain on the segregation trend is 
explored by formulating an expression for the average SE 
on the basis of Friedel’s d-band model and under the 
tight-binding approximation. Finally, we conclude by dis-
cussing the implication of our results for understanding 
the origin of the size-dependent segregation preference in 
SAAs. 

2. Computational details 
2.1 Model construction 

 

Figure 2. Illustrations of icosahedral clusters of 55 atoms with 
an impurity (a) at the center of the core and (b) at the corner 
of the shell.  

To construct a reasonable description of nanometer-
sized clusters, we first examined the structural, energetic, 
and magnetic properties of 12 late-transition-metal nano-
particles of 13, 55, and 147 atoms by the DFT method, 
where the three highly symmetrical structural motifs 
(cuboctahedron, Ino decahedron, and icosahedron) are 
taken into consideration (see Figure S1). It is generally 
accepted that icosahedral clusters are energetically favor-
able at small sizes while truncated octahedron is the pre-
ferred geometry of large metal particles, and in between 
truncated decahedra dominate15-16. This observed trend is 
a result of two competing forces. On the one hand, quasi-
spherical shape and close-packed surface would effective-
ly decrease the surface energy of small metal clusters. On 
the other hand, the internal strain in bulk metal proves to 
be the dominant factor in influencing the structural sta-
bility of large particles and crystalline structures are thus 
strongly favored.  

Figure 1 shows the calculated cohesive energy differ-
ences of the cuboctahedral and decahedral clusters from 
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their icosahedral counterparts at different particle sizes. 
The more positive the values, the energetically less stable 
are the former two structural motifs. One can see from 
the figure that there exists a thermodynamic preference 
for the late-transition-metal nanoparticles to adopt the 
icosahedral geometry at the particle sizes under consider-
ation. Previously, Baletto et al.17 compared the structural 
stability of the different motifs by performing semi-
empirical calculations and found the nanoparticles un-
dergo a transition from icosahedron to the fcc fashion at a 
crossover size of ~500 atoms, which provided evidence in 
support of our predication about the energetically favora-
ble conformation. On the other hand, according to Fer-
rando et al.18-23, the central site of icosahedron is strongly 
compressed compared to crystalline structures, which 
would destabilize the system to some extent. It is there-
fore important to note that, although icosahedron does 
not necessarily correspond to the global minimum of the 
potential energy surface constructed as a given nanoparti-

cle evolves, calculations carried out on this specific motif 
would not change the way in which the electronic and 
magnetic properties influence the segregation trend in 
SAAs. Moreover, as we will see in Sec. IIIC, this compres-
sion offers an opportunity for examining the strain effect 
on the segregation behavior of impurities of different 
atomic sizes. Hence, icosahedron is applied in this work 
to represent the geometrical and electronic structures of 
late-transition-metal alloys. 
2.2 DFT calculation 

All DFT calculations were carried out using the Vienna 
Atomic Simulation Package (VASP)24. The exchange and 
correlation in the Kohn-Sham theory was treated with the 
generalized gradient approximation in the form of the 
PBE functional25. The projector-augmented wave (PAW) 
method26-27 was used to describe the electron-ion interac-
tion and for the 

 

Figure 3. Segregation energies in 13, 55, and 147 atom icosahedral SAA clusters. The negative (positive) value indicates the impu-
rity metal is more likely to segregate to the shell (core) of the host. 

plane wave basis set a kinetic energy cutoff of 400 eV was 
applied to converge the total energy per atom to within 1 
meV. The Gaussian smearing method with an energy 
smearing of 0.05 eV was used to determine the partial 
occupancies of the orbitals (or bands). It has long been 
recognized that the magnetism of nanostructured materi-
als are greatly enhanced compared to their bulk counter-
parts. The reduced dimensions, the reduced coordination 
of atoms on the surface, and the quantum mechanical 
effects at the nanoscale dimensions not only gives rise to 
larger magnetic moments per atom in conventional mag-
netic materials but also results in the superparamag-
netism of otherwise nonmagnetic materials28-29. Hence, 

spin-polarized calculations were performed unless other-
wise specified, in which ferromagnetic ordering was 
adopted. The results shown in Figure S3 supports the idea 
that inclusion of the magnetism effect is of vital im-
portance for obtaining reasonably accurate structures and 
energetics of nanoparticles. 

All transition-metal atoms in the clusters were allowed 
to relax in a box with dimensions of 20 Å × 20.5 Å × 21 Å. 
The Monkhorst-Pack scheme was used to sample the ir-
reducible part of the first Brillouin zone and for the iso-
lated nanoparticles only the Gamma-point was required. 
Geometry optimization was considered to be converged 
when the forces on each atom were better than 0.03 eV/Å. 
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3. Results and discussion 
3.1 Trend in the surface segregation energy 

The surface segregation energy in SAAs was calculated 
as the energy difference of the clusters (see Figure 2) with 
the impurity (A) in the core and on the shell of the host 
(B): 

) ( )( ()
shell core
A B A BA B E EE −∆ =

 (1) 

Under this definition, the impurity metal tends to stay on 
the surface of the host metal if the surface segregation 
energy is negative; the greater the magnitude, the greater 
is the tendency. The use of the same structural motif and 
segregation sites ensures that local geometry of nanopar-
ticles and coordination environment of atoms have no 
effect on the trend in the calculated values (see Sec. S5 for 
details). 

It can be seen from Figure 3 that for a given host the SE 
of the impurities generally becomes more negative as we 
move from left to right in each row of the periodic table, 
indicating an increased ability to segregate to the surface 
of the host. Not surprisingly, nearly the same ordering is 
observed when comparing the SEs of a specific impurity 
metal in a series of hosts that are within the same period. 
Exceptions to the general trend may occur if the 3d transi-
tion metals are alloyed with other elements. For example, 
the SEs of the 3d transition metals in Rh12 vary in the or-
der Rh12Cu < Rh12Ni < Rh12Fe < Rh12Co. 

In textbooks of physics and chemistry, a list of metals 
arranged in order of decreasing the ease of oxidation can 
often be found, which is called the activity series and can 
be used to predict the outcome of reactions between met-
als and either metal salts or acids. Any metal on the list 
can be oxidized by the ions of elements below (or behind) 
it. Thus, the questions that could be of practical im-
portance as well as chemical interest are whether there 
exists a general core-to-shell sequence if late transition 
metals from different periods are considered altogether 
and how this sequence, if any, varies with the particle size. 
3.2 Average segregation energy 

The simplest way of predicting the segregation trend in 
binary combinations is to compare the SEs of various im-
purity metals in a given host. By varying the host, howev-
er, the resulting trends could be slightly different (see 
Figure 3), which is due to the unique features of certain 
combinations that arise from specific interactions be-
tween their constituent atoms. If we could minimize the 
disturbing influence of these interactions, then the rela-
tive abilities of impurity metals to segregate to the cluster 
surface can be probed. 

 

Figure 4. Average SEs of late transition metals in magnetic 
and nonmagnetic icosahedral SAA clusters of 13, 55, and 147 
atoms. 

Hence, we bring in the notion of average SE to quanti-
tatively measure the ability of a particular late transition 
metal to stay on the surface of alloys, which is defined as 
the mean value of the SEs of this impurity in the host of 
other late transition metals: 

( )
1

12 =

∆ ∆= ∑
Au

A
B F

B
e

AE E
 

(2) 

In this way, the two-dimensional databases of SEs that 
are commonly encountered in the previous studies9, 11 can 
be transformed into a one-dimensional list. It should be 
noted that, although the numerical value of the average 
SEs is strongly dependent on the chosen metal set, their 
relative magnitudes provide an adequate and useful de-
scription of the segregation preference in the SAAs com-
posed of the metals in the data set. In Figure 4, the transi-
tion metals are arranged in order of increasing ease of 
accumulation in the shell region of bimetallic clusters; 
that is, any metal on the list tends to segregate to the sur-
face of the metals on its left. For example, Pd is on the 
right of Cu in the six series regardless of the particle size 
and magnetic state. We therefore expect Pd to stay on the 
shell of the Pd-Cu alloy. Indeed, there is experimental 
evidence from high-resolution scanning tunneling mi-
croscopy (STM) images that isolated Pd atoms can be 
stabilized on the PdCu SAA catalysts30. Furthermore, it 
follows from the definition of the average SE that this 
quantity can be used to compare the stabilities of differ-
ent combinations of late transition metals; the greater the 
difference in the average SE between the two compo-
nents, the energetically more favorable is the resulting 
SAA cluster. 

It is important to note that although arranging the late 
transition metals by average SE may lead to different or-
ders at different particle sizes and in different magnetic 
states, there do exist some general trends: 1) the average 
SEs of the 4d and 5d transition metals exhibit nearly the 
same pattern in all the six series, namely, Os > Ru > Ir > 
Rh > Pt > Pd > Au ≈ Ag, corresponding to their positions 
in the periodic table first by group from left to right and 
then by period from bottom to top; 2) although the core-
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to-shell sequence of the magnetic 3d transition metals 
varies greatly with the cluster size, their average SEs in 
the nonmagnetic state follow the same order Fe > Co > Ni 
> Cu, which means the magnetic property plays a key role 
in determining the core-shell preference of the magnetic 
metals; 3) as the cluster size increases, the discrepancy 
between the sequences obtained by the spin-polarized 
and non-spin-polarized calculations becomes smaller and 
even the same sequence can be found at the particle size 
of ~1.5 nm (147 atoms). It can therefore be deduced that 
the magnetic property of the 3d late transition metals has 
a great influence on their segregation preference in small 
clusters and the influence declines gradually as the cluster 
size is increased.  

Figure 5 illustrates the color-coded matrices that are 
created by using the SE data given in Figure 3, with the 
late transition metals arranged in order of decreasing av-
erage SE. In the matrices, the SE becomes more negative 
as we proceed toward the upper right, and the closer to 
the lower left corner, the more readily will the impurity 
go into the core region. Compared with the matrices 
where the elements are ordered in terms of atomic num-
ber (see Figure S5), the matrices in Figure 5 show clearly a 
blue-to-red gradient, indicating the average SE is of ex-
traordinary power in predicting whether a certain metal 
will segregate to the surface when alloyed with other 
metals at a particular particle size. 

 

Figure 5. Color-coded matrix of segregation energies for 13, 55, 
and 147 atom clusters. The blue (red) square indicates that 
the impurity atom tends to be in the shell (core) when al-
loyed with the host metal. 

3.3 Origin of size-dependent segregation trend 
To gain further insight into the size dependence of the 

segregation trend in SAAs and explain the origin of the 
different segregation behaviors of the 3d and 4,5d transi-
tion metals, it is advantageous to refer to Friedel’s d-band 
model 31, which has been successfully used to understand 
the variation in the cohesive energy and alloy formation 
heat of transition metals in terms of d-band bonding. In 
the context of this model, the d-band energy of a transi-
tion-metal atom is determined by the d-band width and 
d-band filling. Under the tight-binding approximation32, 
the d-band width is proportional to the square root of the 
effective coordination number of the transition-metal 

atom. Hence, if we assume to a first approximation that 
the surface-core level shift of any transition metal equals 
its d-band energy change accompanying the migration of 
the atom from the core to the shell of a cluster33, the SE in 
SAAs can be written as (A derivation of this equation is 
given in Sec. S6) 

where ,core BW  is the effective d-band width of the host 

atom in the core of the cluster and would vary with the 
particle size, shellZ  and coreZ  are the effective coordinati-
on number of the atom on the shell and in the core, 
respectively, and dµ  is a quantity characterizing the in-
teraction between the d electrons in the constituent me-

tals, which is defined as 1
10 10

d d
d

N Nµ  = − 
 

 and can be cal-

culated from the value of d-band filling ( dN ) summarized 
in Harrison’s solid-state table34. 
Then we extend the arguments to the average SE. Combi-
ning Equation 1 and Equation 2 gives 

where ,
core shell
d BE →∆  is the average value of 

, ,5 1shell
core B d B

core

ZW
Z

µ
 

− −  
 

 and ,core BW  is the average value 

of ,core BW  for all the binary alloys of the impurity A, both 

of which remain constant regardless of the chemical iden-
tity of the impurity metal. Hence, according to the equa-
tion, the variation of the average SE is determined by the 
change in ,d Aµ  and there should be a linear scaling rela-

tion between these two quantities. More importantly, 
only in this way can the ability of the impurity metal A to 
segregate to the cluster surface be correlated solely with 
its intrinsic property, which in turn helps to identify the 
key factors that influence the size-dependent segregation 
trend. 
3.3.1 Effect of magnetism and electron correlation 

Figure 6a-f shows the average SEs of the late transition 
metals in the icosahedral SAA clusters as a function of 

,d Aµ  (The average SEs are also plotted against the surface 

energies of close-packed surfaces in Figure S11 for compar-
ison). Indeed, the plots for the 4d and 5d transition metals 
show straight lines regardless of the particle size and 
magnetic state. The positive slope of the straight lines 
means that the segregation of impurity metals to the 
surface becomes energetically less favorable as the value 
of ,d Aµ  rises. In other words, the d-band filling plays a 

major role in determining the segregation preference of 
the 4d and 5d transition metals. On the other hand, the 
least-squares fitted lines for the alloys in the nonmagnetic 
state are slightly steeper than those in the magnetic state, 

( ) ( ), , , 5 1shell
core B d A d BA B

core

ZE W
Z

µ µ∆
 

= − ⋅ − ⋅ −  
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, , ,5 1 core shellshell
A core B d A d B
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which implies that magnetism has a minor but negative 
effect on the segregation of the combinations of the 4d 
and 5d transition metals. 

As for the 3d transition metals, the dependence of the 
average SE on the ,d Aµ  exhibits a distinctly different pat-

tern. In particular, the fitted lines for the magnetic re-
sults, especially at the upper end, are curved downward 
compared to those for the 3d transition metals in the 
nonmagnetic state, which indicates that the tendency for 
the 3d transition metals to stay on the alloy surfaces is 
enhanced by the electron spin magnetism and the in-
fluence becomes greater with decreasing the d-band fil-
ling. On the other hand, although the nonmagnetic re-
sults give good straight lines, the resulting scaling relati-
ons lie above those for the 4d and 5d metals, with a much 
smaller slope. Hence, some factor other than the mag-
netic property must be at work in determining the segre-
gation preference of the 3d transition metals. 

 

Figure 6. Plots of the average SE of late transition metals as a 
function of ,d Aµ  in 13, 55, and 147 atom icosahedral clusters 

in the magnetic (a, c, and e) and nonmagnetic (b, d, and f) 
state. The data for (g) 55 atom cuboctahedral clusters and (h) 
close-packed surfaces are also presented for comparison. 

To explain the variation in the cohesive energy of the 3d 
transition metals, Friedel and Harrison refined the 
rectangular d-band model by including the contributions 
from magnetism and d electron correlation as perturba-
tions35-36. In much the same way, Equation 4 can be ex-
tended to a more general one: 

where 

where AU  and AJ  are the intra-atomic Coulomb and 
exchange interactions of the impurity A, respectively, and 

AM  is the magnetic moment. Because the band width 
and magnetic moment are known to decrease and in-
crease, respectively, as the impurity migrates from the 
core to the shell of the cluster, it follows that the mag

AE∆  
takes a negative value and causes the 3d metals to show 
more preference for the alloy surface than expected.  

In addition to the magnetic property, electron correla-
tion is of crucial importance in determining the ground-
state properties of the 3d transition metals which have a 
narrow band width compared to the 4d and 5d metals. As 
seen in Figure 6, the slope of the AE∆  vs. ,d Aµ  plot for 

the 3d metals in the nonmagnetic state is far less steep 
than that for the 4d and 5d metals. This deviation can be 
traced to the strong Coulomb correlation between the 
electrons as a result of the relatively weak spatial extensi-
on of the 3d orbitals37. The reasoning behind this remark 
is that the AU  value is no longer negligibly small and 

would give a less positive value of the 2 2
, +core B A AW U U−  

term in Equation 5. 
3.3.2 Effect of geometrical strain 

Although the improved Friedel model can successfully 
explain the deviation of the AE∆  vs. ,d Aµ  plot for the 3d 

metals from a straight line, it is still not clear why the 
fitted line lies above that for the 4,5d metals. As discussed 
in Sec. IIA, the central site of icosahedron is strongly 
compressed, and it is therefore rational to expect that the 
occupation of this site by an impurity of a large atomic 
size compared to the host may give rise to great geomet-
rical strain, thereby incurring high energy cost.  

Because the Wigner-Seitz radius of the 3d metals is 
much smaller than that of the 4d and 5d metals38 (see Fig-
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ure S13), it is energetically unfavorable for the 4,5d metals 
to stay in the core region of icosahedral clusters of 3d 
metals. As a consequence, the average SEs of the 4d and 
5d metals lie on the same straight line, but the data for 
the 3d metals shift towards a more positive value. The 
separation between the two fitted lines naturally defines 
the geometrical strain effect and can therefore differenti-
ate this effect from the electronic and magnetic contribu-
tions. 

Then we examine if the predicted segregation trend 
holds true when clusters with other geometries or exten-
ded surfaces are concerned. The previously published SEs 
of late transition metals in 55 atom fcc cuboctahedra11 and 
close-packed surfaces9 are reconstructed and presented in 
Figure 6g and 6h, respectively, for comparison. One can 
see that the shape of the average SE curves closely re-
semble those reported in the present work, although the 
figures differ somewhat in the relative locations of the 
curves. The reason for the reduced separation between 
the two fitted lines is that there is less geometrical distor-
tion and lattice contraction in the crystalline structures 
and, consequently, the energy cost arising from the 
aforementioned lattice mismatch at the core region of the 
host 3d metals is much lower than that for icosahedron. 
In particular, the comparison between the results at the 
same particle size (see Figure 6c and 6g) provides direct 
evidence in support of the idea that the segregation pref-
erence depends strongly upon crystal structure and geo-
metrical strain9. 
3.3.3 Size dependence of segregation preference 

The last and most important information given by Figu-
re 6 is that the cluster size has a major impact on the de-
pendence of the AE∆  upon the d-band filling. First, if we 
compare our calculated results to that for the close-
packed surfaces, it is interesting to find that the AE∆  of 
the 4d and 5d impurity metals becomes less sensitive to 
the d-band filling as the particle size is raised, resulting 
from the increased effective coordination number of the 
shell atoms ( shellZ  in Equation 4). As a consequence, the 
tendency for alloys to segregate is lowered. 

Second, the plots for the magnetic 3d transition metals 
become less curved as the cluster size rises, which is due 
to the high magnetic moments in the small clusters that 
would greatly enhance the effect of magnetism on the 
segregation preference.  

Third, the difference in the slope of the linear scaling 
relations between the 3d and 4,5d metals in the nonmag-
netic state gradually decreases as we move from the 13 
through 55 and eventually to 147 atom clusters, signifying 
a weakened influence of electron correlation and hence 
an enhanced preference of the 3d metals for the core regi-
on. 

Finally, the separation between the AE∆  vs. ,d Aµ  plots 

for the 3d and 4,5d metals is decreased either as the parti-
cle size of icosahedra increases from ~0.5 nm to ~1.5 nm 
or when moving from the fcc cuboctahedra to the close-
packed surfaces. It was reported that, for icosahedra of 

less than 147 atoms and cuboctahedra, their excess energy 
with respect to a bulk solid becomes less positive as the 
Ag nanoparticle size increases21. Hence, the approaching 
of the two fitted lines, which is indicative of a weaker 
tendency for the 3d metals to stay in the core region, is a 
consequence of the decrease in the volume strain in clus-
ters with increasing particle size (which is valid for both 
icosahedra of less than 147 atoms and cuboctahedra). 

4. Conclusion 
To summarize, we have identified the average SE of late 

transition metals as a good measure of the segregation 
preference in sing-atom alloy (SAA) clusters. An expressi-
on is formulated for this quantity on the basis of Friedel’s 
d-band model and under the tight-binding approximation. 
The calculated results indicate the d-band filling plays a 
major role in determining the segregation preference of 
the 4d and 5d transition metals. In an improved model 
that includes the contributions of magnetism and elect-
ron correlation, the physical origin of the different segre-
gation behaviors of the 3d and 4,5d transition metals is 
explained. It turns out that both of these two contributi-
ons may enhance the ability of the 3d transition metals to 
segregate toward the surface. Furthermore, by using the 
average SEs, the geometrical strain effect that is not in-
cluded in the Friedel model can be differentiated from the 
electronic and magnetic contributions, which is found to 
play a beneficial role in stabilizing the 3d metals in the 
core region. As the particle size rises, the increased effec-
tive coordination number of the shell atoms and the 
weakened influences of magnetism, electron correlation, 
and geometrical strain may give rise to a lowered tenden-
cy for alloys to segregate. Our theoretical model offers an 
explanation for the size-dependent segregation prefer-
ence in SAA clusters and may serve as a guideline for ra-
tional design of stable SAA catalysts and nanoplasmonic 
dimers39. 
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