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a  b  s  t  r  a  c  t

The  measurement  of  surface  energy  of  alloy nanoparticles  experimentally  is  still a  challenge  therefore
theoretical  work  is necessary  to estimate  its  value.  In  continuation  of  our  previous  work  on the calculation
of  the  surface  energy  of  pure  metallic  nanoparticles  we  have  extended  our  work  to  calculate  the surface
energy  of different  alloy  systems,  namely,  Co–Ni,  Au–Cu,  Cu–Al,  Cu–Mg  and  Mo–Cs  binary  alloys.  It  is
shown  that  the  surface  energy  of  metallic  binary  alloy  decreases  with  decreasing  particle  size approaching
relatively  small  values  at small  sizes.  When  both  metals  in  the  alloy  obey  the  Hume–Rothery  rules,  the
difference  in  the surface  energy  is  small  at the  macroscopic  as well  as  in  the nano-scale.  However  when
inary metal alloys
ume–Rothery rules

the  alloy  deviated  from  these  rules  the  difference  in surface  energy  is large  in the  macroscopic  and  in  the
nano  scales.  Interestingly  when  solid  solution  formation  is not  possible  at the  macroscopic  scale  according
to  the  Hume–Rothery  rules,  it is  shown  it may  form  at the  nano-scale.  To  our  knowledge  these  findings
here  are  presented  for the  first time  and  is  challenging  from  fundamental  as well  as technological  point
of  views.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanotechnology is the art and engineering of manipulating
atter at the nanoscale. Properties of materials of nanometric

imensions are significantly different from those of atoms as well as
hose of bulk materials. Decreasing material size into the nanoscale
s accompanied by a drastic increase in surface area to volume ratio

hich leads to superior physical and chemical properties including
echanical, optical, electrical, catalytic and magnetic properties of

he nanomaterial [1,2].
Metal alloys play a crucial role in modern society and a great

eal of effort is expended to learn about their synthesis, properties,
nd processing to optimize their use in a wide range of applications.
art of these applications is related to surface properties of metal
lloys which usually differ from that of the bulk and result from a
ast number of configurations and type of surface sites that multi-
omponent materials can afford. This phenomenon is referred to as
urface segregation and it is largely controlled by the surface energy
hich is one of the key properties of metallic surfaces [3]. Determi-

ation of surface energy which can be interpreted as a reversible

ork per unit area involved in creating a new surface is impor-

ant in understanding a wide range of surface phenomena including
rowth rate, formation of crystallites, sintering, catalytic behavior,

∗ Corresponding author.
E-mail addresses: fahedt@hebron.edu, ftakrori@yahoo.com (F.M. Takrori).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.208
169-4332/© 2016 Elsevier B.V. All rights reserved.
adsorption, surface segregation, and the formation of grain bound-
aries [4].

The interest in studying alloy nanoparticles is due to their myr-
iad chemical and physical properties that may be tuned by varying
the composition and atomic ordering as well as the size of the
nanoparticle clusters. Surface structures, compositions, and segre-
gation properties of nanoalloys are of interest as they are important
in determining chemical reactivity and especially catalytic activity
[5]. Structures of binary metal alloys may  be quite different from the
structures of the corresponding pure elements of the same size and
synergism is sometimes observed in catalysis by bimetallic nanoal-
loys [6]. For nanoparticles, a strong size effect of surface energy
emerges when the particle diameter is less than a few nanometers
but due to the small size of nanoparticles, it is very difficult to mea-
sure the surface energy experimentally [7]. Therefore, theoretical
models and computer simulations are needed to study the surface
energy at nanoscale.

In a previous work by Aqra and Ayyad [8] the surface energy
of metallic nanoparticles was calculated based on a simple model
assuming different shapes of particles. They found that surface
energy reduces as the number of atoms decreases and the best fit
with the reported values was observed when nanoparticles were
assumed to have spherical shape. In this work an extension of the
model is made to satisfy the requirements to theoretically calcu-

late the surface energy of alloy nanoparticles at different sizes. The
model output will be validated by comparing the obtained values
with the available theoretical and experimental data.

dx.doi.org/10.1016/j.apsusc.2016.12.208
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.12.208&domain=pdf
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Table 1
Atomic radii and Pauling electronegativity for selected metals [15].

Element Symbol Radius (A◦) Pauling electronegativity

Magnesium Mg 1.601 1.31
Aluminum Al 1.432 1.61
Cobalt Co 1.251 1.88
Nickel Ni 1.246 1.91
Copper Cu 1.278 1.90
Molybdenum Mo 1.363 2.16

atoms becomes smaller which implies that the favorable segrega-
tion of the component with the lowest surface energy cannot be
6 F.M. Takrori, A. Ayyad / Applie

. Theory background

A simple equation to calculate the surface energy of bulk solid
etals was reported [8] and the derivation was based on the cal-

ulated surface tension of liquid metals and the predicted values
ere in good agreement with theoretical and experimental data

8,9]. The equation is:

SV = 1
ϑ

[
0.195

Es
N

]
(1)

here�SV is the surface energy of a solid metal
(
mJm−2

)
, Es is the

eat of sublimation
(
Jmol−1

)
, N is Avogadro’s number and ϑ is the

rea occupied by each metal atom
(
m2atom−1

)
and 0.195 is a semi-

mpirical fitting parameter. To calculate the surface energy of a
inary metal alloy Eq. (1) will be modified to the following form:

alloy
SV = 1

ϑalloy

[
0.195

Ealloys

N

]
(2)

here ϑalloyand Ealloys are the atomic area and sublimation energy
f the alloy calculated by using the following equations:

alloy =
√

3
2

(√
2Valloys

N

)
(3)

here Valloys is the molar volume of the alloy calculated from the
olar volumes of the two pure metals at their melting points

ccording to this equation [10]:

alloy
s = xAV

A
s + xBV

B
s (4)

here xA and xB are the mole fractions of the two metals while
A
s and VBs are the molar volumes of the two metals in their pure

orms. The dissociation energy of the alloy at each mole fraction is
alculated by the relation [11]:

alloy
s = x2

AE
A
s + x2

BE
B
s + 2xAxB

√
EAs E

B
s (5)

The derived equation used to calculate the surface energy of
anoparticles was based on a couple of assumptions, among them
hat the metallic nanoparticles are spherical in shape and the
toms are closed packed within these nanoparticles with no space
etween them [8]. The working equation that was utilized to cal-
ulate the surface energy is:

particle = �SV

[
1 − 3

4
�

�2/3
n−1/3
t

]
(6)

here �particle is the surface energy of a metallic nanoparticle, � and
 are two packing fraction parameters with the values of 0.74 and
.9 respectively and nt is the total number of atoms of the metallic
anoparticles.

. Results and discussion

Since many properties of nanoparticles are not easily measured
xperimentally, theoretical models and computational methods
re necessary to get insight into properties of these interesting
ystems including surface energy. The existing literature often con-
ains conflicting and contradictory data pertaining to the surface
nergy of metal nanoparticles and the effect of particle size on
he measured values [12]. The binary metal systems studied here
ere selected in a way that can give insight to the effect of their

elative sizes of the atomic constituents of these alloys and their

ublimation energies on the values of surface energy.

The first binary metal alloy that has been investigated con-
ists of the two metals cobalt and nickel. This system is expected
o fulfill the Hume–Rothery rules describing the conditions under
Cesium Cs 2.650 0.79
Gold Au 1.442 2.54

which a metal could dissolve in another metal to form solid solu-
tion. The two elements have similar atomic radii, crystal structure,
valence, and electronegativity so it expected the two metals form
an ideal solid solution. At the nanoscale, Miyajima et al. proposed
the replacement of electronegativity in the Hume–Rothery rules
by one based on the molar heat of vaporization, which is related
to the cohesive energy of the material [13,14]. In this work sub-
limation energy is used rather than heat of vaporization. Table 1
shows atomic radii and Pauling electronegativity for selected met-
als [15]. The surface energy of Co–Ni alloy nanoparticles at different
mole fractions is shown in Fig. 1 calculated from the working Eq.
(6). The surface energy values were very close and the inset shows
the surface energies at the macroscopic scale when the number of
atoms is in the range 103–105 to highlight the slight differences
present. Previous work on the measurement of surface tensions
of molten Co–Ni alloys experimentally showed little influence of
changing the concentration of Co on the surface tension of Ni–Co
alloys in the studied Co concentration range [16]. The weighted
average value of surface energy at mole fraction of 0.5 Ni–0.5 Co
has the value of 2161mJ/m2 which is the same value obtained
by applying Eq. (2). This means there is a slight tendency of sur-
face segregation of one of the components to be expected in this
alloy. Study of molten alloys of nickel with other metals includ-
ing cobalt showed a slight segregation of cobalt inside the molten
Co–Ni alloy [17]. The general trend is that the surface energy of alloy
decreases with decreasing size (number of atoms in the nanopar-
ticle) as can be seen in Fig. 1. The slight difference that exists in
the value of the surface energy at the macroscopic scale (when the
number of atoms is large), becomes negligible as the number of
Fig. 1. Size dependent surface energy of Co − Ni alloy nanoparticles.
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Fig. 2. Size dependent surface energy of Au − Cu alloy nanoparticles.

ifferentiated from that of the one with the slightly higher surface
nergy.

Surface energies of Au–Cu alloy, which fulfills three of the four
ume–Rothery rules namely atomic radii, crystal structure and
alence, are shown in Fig. 2. The two metals are completely misci-
le in both solid and liquid phases [18–20]. As in the Co–Ni system
ll data merge to very close values when the particle size is about
00. The weighted average value of surface energy at mole fraction
f 0.5 Au–0.5 Cu has the value 1663mJ/m2 while the calculated
alue is given as 1648mJ/m2. This is an indication that Au is seg-
egated on the alloy surface. This result is confirmed by previous
orks which reported that gold in an Au–Cu alloy is the favorable

omponent to segregate on the surface as it has the lower surface
nergy value [18]. The general trend is of course as that in the case
f Co–Ni where the surface energy decreases with decreasing size.
owever due to higher sublimation energy of gold there is a consid-
rable difference in the value of surface energy at the macroscopic
cale when the number of atoms is large. This difference decreases
ith decreasing size and becomes negligible at a size of about five

toms. It is clear that the Co–Ni system has smaller differences in
ts surface energy values than the Au–Cu system.
In Fig. 3 the surface energy as a function of particle size of Cu–Li
lloy of different compositions. This system represents deviation
rom the Hume–Rothery rules where the size differences of alu-

inum and copper elements in this binary alloy differ by about 15%.

Fig. 3. Size dependent surface energy of Cu − Al alloy nanoparticles.
Fig. 4. Size dependent surface energy of Cu − Mg  alloy nanoparticles.

On such cases alloys are expected to exhibit either positive or neg-
ative deviation from Raoult’s law. Positive deviations are usually
attributed to size effect when the volume ratio of the constituent
elements is larger than 2 while positive or negative deviations are
related to heat of mixing and expected in systems in which there
are large differences of electronegativity between metals [21–23].
Although the Cu–Li elements are expected to be soluble in one
another, there is clearly a considerable difference at large parti-
cle size and small particle size (number of atoms ∼220). Below
220 atoms one can say that the present difference at larger atom
number between the surface energy values becomes negligible.
One has to say that in this system solid-solution formation is not
favorable according to Hume-Rothery rules due to the electroneg-
ativity difference [18]. However, nano-solid solution formation is
possible below a particle size of 220 atoms as seen in Fig. 3. The
surface tensions of liquid Al–Cu binary alloys at different com-
positions were investigated experimentally and theoretically and
values were monotonically decreasing with the increase in alu-
minum concentration. Surface segregation of aluminum was also
observed especially on the topmost monolayer [24].

In Figs. 4 and 5 plots of surface energy values versus particle size
for the two alloys Cu–Mg and Mo–Cs are represented. These alloys

are not favorable according Hume-Rothery rules due to size mis-
match, and the difference in electronegativities of the constituent
atoms is sufficiently large to cause phase separation. Copper and

Fig. 5. Size dependent surface energy of Mo  − Cs alloy nanoparticles.
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agnesium are known to have limited solubility in one another
nd they form an amorphous phase rather than a solid solution
15,25]. This system displays much wider differences in the sur-
ace energy values upon increasing the Mg  content both when the
umber of atoms is large and when it is small enough to be con-
idered nano. However and according to our calculation they may
orm a nano-solid solution at a very small number of atoms (∼6 − 7
toms). The differences in atomic sizes and electronegativities of
olybdenum and cesium are so extreme to the extent that no pre-

ious work reported the formation of solid solutions from these two
etals. This is technically due to the fact that the melting point

f molybdenum is much higher than the boiling point of cesium
hich means that preparing such an alloy is not possible at the
acroscopic scale. According to this work, mismatching between

he two metals is intrinsic at both micro- and macroscopic levels to
he extent that the formation of solid solution under any circum-
tances is prevented. However, the interesting finding here is that
hese two metals may  form a nano-solid solution when the num-
er of atoms in the nanoparticle is about 5–6 atoms. This may  be
chieved by evaporating the two metals separately to a substrate
n such a way that the total number of atoms is about 6 atoms. Such
nding has never been reported before and it is very interesting and
hallenging to the segment of the scientific community in ques-
ion. From this relatively simple theoretical model it turned out to
e that when solid solution formation is impossible at the macro-
copic scale things are different at the nano scale and the feasibility
f nano-solid solution formation is there. This simple finding here
ould have a fundamental as well as technical impact in the future.
owever, much more work is needed both theoretically and when
ossible experimentally.

. Summary

We  have extended our model to calculate the surface energy of

etallic binary alloys and found that the surface energy decreases
ith decreasing particle size. The interesting and most attrac-

ive finding is that binary metals that obey Hume–Rothery rules
ave small difference in their surface energy values at macroscopic

[
[

[

ace Science 401 (2017) 65–68

as well as the nano-scale and solid solution formation is favor-
able. When solid solution formation is not possible according to
Hume–Rothery rules at the macroscopic scale, a nano-solid solu-
tion formation may  be possible. This was  demonstrated by Co − Ni,
Au − Cu, Cu − Al, Cu − Mg  and in the extreme case by Mo  − Cs
binary alloys. This is interesting and presents a challenge to the
theoretical and technological segment of the scientific community
in concern.

References

[1] C.N. Rao, A. Müller, A. Cheetham, The Chemistry of Nanomaterials: Synthesis,
Properties and Applications, Wiley-VCH, Darmstadt, 2004.

[2] L. Zhang, T. Webster, Nano Today 4 (1) (2009) 66.
[3] S. Zafeiratos, S. Piccininb, D. Teschner, Catal. Sci. Technol. 2 (2012) 1787.
[4] H.L. Skriver, N.M. Rosengaad, Phys. Rev. B 46 (11) (1992) 7157.
[5] G. Guisbiers, R. Mendoza-Cruz, L. Bazán-Díaz, J. Velázquez-Salazar, R.

Mendoza Perez, J. Robledo-Torres, J. Rodriguez-Lopez, J.
Montejano-Carrizales, R. Whetten, M.  José-Yacamán, ACS Nano 10 (2016) 188.

[6] R. Ferrando, J. Jellinek, R.L. Johnston, Chem. Rev. 108 (3) (2008) 845.
[7] Y. Yao, Y. Wei, S. Chen, Surf. Sci. 636 (2015) 19.
[8] F. Aqra, A. Ayyad, Appl. Surf. Sci. 314 (2014) 308.
[9] F. Aqra, A. Ayyad, Appl. Surf. Sci. 257 (2011) 6372.
10] F. Aqra, A. Ayyad, F. Takrori, Appl. Surf. Sci. 257 (2011) 3577.
11] S.W. Kim, H. Eyring, Y.T. Lee, J. Chem. Phys. 51 (1969) 3967.
12] I. Vasiliev, B. Medasani, Proc. SPIE 6902 (2008).
13] K. Miyajima, N. Fukushima, H. Himeno, A. Yamada, F. Mafuné, J. Phys. Chem. A

113 (2009) 13448.
14] H. Miyajima, A. Himeno, H. Yamada, F. Mafuné, J. Phys. Chem. A 115 (2011)

1516.
15] S. Guo, C.T. Liu, Prog. Nat. Sci. 21 (2011) 433.
16] F. Xiao, L. Fang, K. Nogi, J. Mater. Sci. Technol. 21 (2) (2005) 201.
17] F. Xiao, L. Liu, R. Yang, H. Zhao, L. Fang, C. Zhang, Trans. Nonferrous Met. Soc.

China 18 (2008) 1184.
18] G. Guisbiers, S. Mejia-Rosales, S. Khanal, F. Ruiz-Zepeda, R.L. Whetten, M.

José-Yacaman, Nano Lett. 14 (11) (2014) 6718.
19] B. Argent, K. Lee, Trans. Faraday Soc. 61 (1965) 826.
20] M.  Draissia, M.  Debili, Cent. Eur. J. Phys. 3 (3) (2005) 395.
21] J. Brillo, G. Lauletta, L. Vaianella, E. Arato, D. Giurnno, R. Novakovice, E. Ricci,

ISIJ Int. 54 (9) (2014) 2115.
22] K. Kameda, Trans. Jpn. Inst. Met. 28 (7) (1987) 542.

23] J. Lee, W.  Shimoda, T. Tanaka, Mater. Trans. 45 (9) (2004) 2864.
24] J. Schmitz, J. Brillo, I. Egry, R. Schmid-Fetzer, Int. J. Mater. Res. (Formerly Z.

Metallkd.) 100 (11) (2009) 1529.
25] A. Kempen, H. Nitsche, F. Sommer, E. Mittemeijer, Metall. Mater. Trans. A 33

(2002) 1041.

http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0005
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0010
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0015
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0020
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0025
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0030
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0035
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0040
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0045
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0050
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0055
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0060
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0065
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0070
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0075
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0080
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0085
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0090
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0095
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0100
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0105
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0110
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0115
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0120
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125
http://refhub.elsevier.com/S0169-4332(16)32939-7/sbref0125

	Surface energy of metal alloy nanoparticles
	1 Introduction
	2 Theory background
	3 Results and discussion
	4 Summary
	References


