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ABSTRACT

Bimetallic nanoparticles like Cu-Ni are particularly attractive due to their magnetic and catalytic
properties; however, their properties depend strongly on the structure of the alloy i.e. mixed,
core-shell or Janus. To predict the alloy structure, this paper investigates the size and shape
effects as well as the surface segregation effect on the Cu-Ni phase diagram. Phase maps have
been plotted to determine the mixing/demixing behavior of this alloy according the particle
shape. Cu-Ni nanoalloy can form a mixed particle or a Janus one depending on the synthesis
temperature. Surface segregation is also considered and reveals a nickel surface-enrichment.

Finally, this paper provides a useful roadmap for experimentalists.
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Cu-Ni is an important alloy in nanotechnology due to its new physical and chemical properties
appearing at the nanoscale and coming from the high surface-to-volume ratio and quantum
confinement'. Bimetallic Cu-Ni nanoparticles are used as catalysts in important chemical
reactions like methane decompositionz, ethanol steam reforming3, oxidation of methan014, water-
gas-shift reaction™ ®. Cu-Ni nanoparticles are also used in magnetic applications as the Cu-Ni

core shell structure exhibits ferromagnetic properties’.

There are only a few reports discussing the properties of Cu-Ni at the nanoscale and they all
focused on the liquidus/solidus curves and considered either spherical or cubic shapes. Huang
and Balbuena® applied molecular dynamics simulations using the Sutton-Chen many-body
potential to calculate the melting behavior of cubic Cu-Ni clusters (343 atoms and 1000 atoms)
at two different compositions (CugsNig7s and CugsNigs). Shirinyan et al’ used a
thermodynamical approach to calculate the entire phase diagram of a spherical nanoparticle at 60
nm. Li er al.'® studied, via molecular dynamics simulations using the general embedded atom
method, the melting behavior of Cu-Ni clusters (2243 atoms) at three different compositions
(CupgNig,, CugsNigs, Cug,Nigg). Then, the same group of authors Li et al.'' studied via the
same method the liquidus/solidus curves of two Cu-Ni clusters (682 and 1048 atoms). Sopousek
et al.'? used the CALPHAD method to calculate the liquidus/solidus curves of spherical
randomly mixed nanoparticles of 10 and 20 nm in diameter. In the present paper, we predict the
entire phase diagram for a variety of different polyhedra often met at the nanoscale (tetrahedron,
cube, octahedron, decahedron, dodecahedron, rhombic dodecahedron, truncated octahedron,
cuboctahedron, and icosahedron)'” at sizes equal to 4 nm and 10 nm. Furthermore, we also study

the surface segregation effect as function of temperature.
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A standard way to predict the solid solubility of two metals is using the empirical Hume-Rothery

14, 15
rules ™

. These rules suggest that the alloy is formed if the crystal structure, atomic radii,
valence and electronegativity of the elements are similar. The Cu-Ni alloy completely fulfills all
the Hume-Rothery rules and forms a substitutional solid solution. Indeed, both metals have the
same crystal structure (fcc), same valence (+1), similar atomic radii (size mismatch~2%), and
similar electronegativity (difference~2%). The complete miscibility and the absence of
maxima/minima in the liquidus/solidus curves (Figure 1) suggest that the Cu-Ni alloy could be
described as an ideal solution system. However, there exists a miscibility gap at low temperature
(~630K)" ' attributed to the positive values of the mixing enthalpies in the liquid and solid

17, 18

states . Therefore, to consider the chemical interactions between Cu and Ni in both the liquid

and the solid phases, we use the regular solution model (i.e. a quasi-chemical model), where the

. . . 19
solidus-liquidus curves are given by :

kThl[mJ = AH;: [1 _%j +Q1 (1 N xliquidus )2 _Qs (1 - xsolidus )2

xliquidus m

(1)

- xliquidus m

kT In LI_XMJ = AH,f (1 - %j + le;qttidtts - QSXSZOIidMS

Where T has its usual meaning. Xz (Xig4) 1 the composition of the solid (liquid) phase at
given temperature 1 . 7,’: and 7;,'? are the size-dependent melting temperature of nickel and
copper respectively. AH and AH® are the size-dependent melting enthalpy of nickel and

copper respectively. €} and €2 are the size-dependent interactions parameters in the liquid and
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solid phases respectively. The interaction parameters are related to the mixing enthalpies by the

following relationship, AH

mix,s(l)

= xCuxNiQS(Z). If the interactions parameters, Q and Q are set

to zero, we retrieve the equations describing the liquidus/solidus curves of an ideal solution.
From Figure 1, it is clear that the experimental data points®® of Cu-Ni alloy are well described by
the regular solution model. Furthermore, the deviations from the ideality in the two phases are

relatively small and of comparable magnitude.

To calculate the nano-phase diagram, the size-dependent properties and parameters have to be
first evaluated. The size-dependent melting temperature, melting enthalpy and interactions

parameters are calculated by using the same relationship (equation 2)*', this is justified by

19, 21-23

quantum physics considerations where all thermodynamic quantities are approximately a

linear function of 1/p (D denotes the length edge of the polyhedron) that corresponds to the

surface-to-volume ratio of the nanoparticle.
2)

Let us note the nano-scaled property/parameter as @ and the corresponding bulk

property/parameter as P, . The shape-dependent parameter, ¢, is defined as
o =[Nswf / (N,O,X(h,d)a)}(% -7 )/ AH, . where X, (w) is @ numerical constant equal to %, *54 ,

*/—% for a 100, 110 and 111 face; Nm,f / N, is the ratio between the surface atoms number to the

total atoms number; }; and ) are the surface energies in the liquid and solid state respectively;
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G is the bulk lattice parameter. In a first approximation, the surface energies and the lattice
parameter are considered size-independent. This is justified by the fact that we restrict our
discussion to size above 4 nm where these corrections are negligible. Explicitly, the lattice
parameter is reduced by ~1% for size around 4 nm** and surface energy is reduced by ~10% for
size around 4 nm®. Generally, the solid surface energy is not well determined in contrast to the
liquid surface energy which is quite accurately accessible experimentally**. Moreover, this is the
difference between surface energies which is involved in the definition of &, meaning that in

the case of nickel (copper) if we consider a 10% size effect on the surface energies, the

difference, 7, —7;, decreases by about ~3% (~6%) compared to the bulk case, and can

therefore be considered as a second order correction.

Introducing the size-dependent properties, T, T, AH” AH’  and parameters, O, Q,

calculated at a given size (4 nm and 10 nm) by equation 2, into the set of equations (1), we can
predict the phase diagram of Cu-Ni at the nanoscale (Figure 2). All the phase diagrams at 4 nm
and 10 nm show that the liquid region is enlarged and the solid solution area is narrowed. Above
the liquidus curve, this is a one-phase field where the solution is purely liquid. In the lens-shape
region, this is a two-phase field where the liquid is at equilibrium with the solid phase. Below the
solidus curve, this is a one-phase field where the solution is purely solid. Within the solid
solution, the miscibility gap is also reduced when size is decreased due to a lower value for the
size-dependent interactions parameters. This is an illustration of the degradation of the regular
solution into an ideal solution when size decreases. This phenomenon has already been noticed

by Jiang et al."’.
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From the miscibility gap, we define the miscibility temperature as the critical temperature below
which both constituents are no more miscible. As can be seen from figure 2, the miscibility
temperature is size and shape dependent. Plotting the miscibility temperature for each
polyhedron as a function of the number of faces gives access to a phase map indicating the
mixing-demixing behavior of the Cu-Ni (Figure 3). Above the miscibility temperature, the alloy
is formed while below this temperature the Janus particle is formed. These phase maps, plotted at
sizes equal to 4 nm and 10 nm, are very informative for experimentalists who can adjust their
synthesis temperature or adjust the heating treatment after the synthesis, according the type of
nanoparticle they want to produce. Cu-Ni nanoalloy is very difficult to synthesize at room

temperature and generally requires a heat treatment” 2528

. For the tetrahedron having a side edge
length ~ 4 nm (figure 2), the miscibility gap disappears completely meaning that there is no
phase separation in the solid solution. In the case of a bimetallic alloy, it is interesting to consider
the surface segregation. Indeed, due to a higher surface-to-volume ratio®, diffusion is enhanced
in nano-alloys compared to bulk alloys leading to a possible core-shell formation. Diffusion of
atoms from the bulk to the surface is attributable to the gradient of the chemical potential

between the bulk and the surface®®. The solidus and liquidus compositions of the alloy can then

be determined at the surface by using the William-Nason’s model":

core _AH 7,
__ solidus kT
1 — xeore €
surface — solidus (3)
solidus core _AH 7,
_ solidus  ,  zkT
1+ core €
l1-x

solidus
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core _ AH 2,
liquidus zkT
1= xcore
surface __ liquidus ( 4)
liquidus — core AH, .z,
X . -
liquidus kT
1+ qcore ]
1 - xliquidus

Where x7% ~and x.° = are the bulk solidus and liquidus composition given by the set of

solidus liquidus

equations (1) i.e. when segregation is not considered. AH :‘AHV, y —AHV,B‘ is the absolute

=|AH, , - AH | is the

difference in the enthalpy of vaporization of the two pure elements. AH

sub
absolute difference in the enthalpy of sublimation of the two pure elements. z,,/z, is the fraction
of nearest neighbor atoms missing for atoms in the first layer (for atoms belonging to a 111 face
in a fcc structure, z,, / z,=0.25). Considering surface segregation on the solidus/liquidus curves,

it is clear from figure 4 that nickel is preferentially found at the surface of the nanoalloy.

Experimentally, we have synthesized Cu-Ni nanoparticles using wet chemistry methods at 250°C
(see supplementary information for details) and characterized by transmission electron
microscopy (TEM) in STEM mode. This has been carried out on a JEOL ARM200F probe
aberration corrected electron microscope operating at 200 kV. The samples for TEM
observations were prepared by dropping the colloidal solution onto gold TEM grids and drying
in air. STEM images were recorded by High Angle Annular Dark Field (HAADF) (Figure 5 a-b).
The Z-contrast images whose signal intensity depends on the atomic number, show that copper
atoms appear brighter than nickel ones, evidencing an alloyed and a Janus particle structure on
Figures 5a and 5b, respectively. The elemental distribution of Cu and Ni inside the alloy was

analyzed by Energy Dispersive X-ray Spectroscopy (EDX) with an EDAX Apollo XLT-2
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Silicon drift detector. EDX line scan taken over the Cu-Ni nanoparticles is presented in Figure
5c-d. The intensity of the copper and nickel peaks differ according the position in the particle,
confirming the Janus structure of the particle. From Figure 5, it is clear that the Cu-Ni
nanoparticles synthesized at 250°C adopt the structure of Janus particles confirming the
theoretical predictions shown on Figure 3. Furthermore, nickel surface segregation is also

observed in figure 5b confirming then the theoretical calculations.

Finally, using nano-thermodynamics theory, we confirm that mixed Cu-Ni nanoparticles are
difficult to synthesize at room temperature and require a substantial heat treatment to be
produced. By adjusting the value of the synthesis temperature, it is possible to control the
structure of the alloy. By reducing the size of the nanoparticle, the miscibility gap narrows and
the mixing/demixing behavior of the Cu-Ni nanoparticle can be predicted. It is also found that
nickel preferentially segregates at the surface of the particle. To conclude, this paper contains the
first phase map indicating the mixed or Janus structure of Cu-Ni nanoalloy according the shape
of the particle. For sure, this will help the experimentalists by guiding them in their attempts to

synthesize Cu-Ni nanoparticles with the desired structure.
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Table 1. Material Properties used to Calculate the Phase Diagrams at the Nanoscale.

Material properties Ni Cu
Crystal structure™ fcc fcc
T,. (K)” 1728 1357
AH,, . (J/mol)” 17480 13263
7, (J/m2)» 1.725 1.300
Vo (G/m2)* 2,011 1.952
Vya0 (/)™ 2.426 2.166
Voo (J/m2)* 2.368 2.237
Q, () 35 12219
Q. ) 35 11376
Atomic radii (pm)> 115 117
Electronic affinity (eV)™ 1.16 1.24
1 ionization energy (V)™ 7.64 7.73
¥, Mulliken electronegativity 4.40 4.49

11
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(eV)*

AH__, Molar heat of 369240 300700

v,0 2

vaporization (J/mol)*

*The Mulliken electronegativity is defined as the mean value between the electronic affinity and

the first ionization energy.

12
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FIGURES CAPTIONS

Figure 1. Binary phase diagram (temperature versus composition) of bulk Cu-Ni alloy. The
diagram consists of two single-phase fields separated by a two-phase field with a miscibility gap
at low temperatures. The experimental points come from Ref.*’,

Figure 2. Binary phase diagrams of Cu-Ni alloys for different shapes: a) tetrahedron, b) cube, c)
octahedron, d) decahedron, e) dodecahedron, f) truncated octahedron, g) cuboctahedron, h)
icosahedron, 1) rhombic dodecahedron.

Figure 3. Mixing-demixing phase map for nanoparticle having a side edge length equal to a) 4
nm and b) 10 nm. These phase maps represent the miscibility temperature versus the number of
facets of each polyhedron considered in this study. The squares represent the experimental data
i.e. the synthesized nanoparticles shown on Figure 5. The temperature used to synthesize these
Cu-Ni nanoparticles was 250 K as indicated by the red arrow.

Figure 4. a) Binary phase diagram of a spherical Cu-Ni nanoparticle (diameter = 15 nm) without
and with surface segregation. The solidus-liquidus curves describing the segregated nanoparticle
reveals the nickel surface enrichment. b) STEM image of a “nearly” spherical Cu-Ni
nanoparticle having a diameter around ~15nm. The red arrow indicates the scan direction. c)
EDX line scan across this particle revealing the nickel surface enrichment.

Figure 5. STEM images of Cu-Ni nanoparticles : a) HAADF image of three cubic nanoparticles,
b) HAADF image of a “nearly” decahedral nanoparticle. ¢) EDX line scan on one of the cubic
nanoparticles shown in a), illustrating the alloy behavior of the nanoparticle. d) EDX line scan on
the “nearly” decahedral nanoparticle shown in b), illustrating the Janus behavior of the

nanoparticle. The red arrows in a) and b) indicate the scan direction.
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