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Question 1 
 

what is melting for nano-particles ? 
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Finite size melting in ∆T: max-solid (Tm)   
Thermodynamics: caloric curve (∆Hm) 
Order Parameter: Lindemann Index (δ) 

Tm analysis 
MD: Finite size: definition of Tm  

Alavi, Thompson, J. Phys. Chem. A  110, 1518 (2006). 
Jiang et al, Curtarolo, Phys Rev B 75, 205426 (2007) 
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the Gibbs-Thomson tricks 

Gibbs phase rule (F=C-P+2) 
•  nanoscale “shape” is another degree of freedom 
•  liquidus and solidus also for single component systems 
•  two curves 

liquid 

gas 

solid 

Tt 

Tc 

shifts by Fisher-Widom line 

pr
es

su
re

 

temperature 1/R

�T
T�

T�

viscous 

�tsmall�tbig �tavg
Tp

(�P = 0� F = C � P + 1)

4 
min(sum)!=sum(min)  =>  F=C-P+1 (get extra +1) Fisher-Widom JCP 50, 3756 (1969) 



Question 2 
 

discuss an effect of phase boundaries 
movements at the nanoscale 

HINT: catalysis of nanotubes 
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1 nm  

3 nm  

reduce size  
Tsynt increase ? 

GIBBS-THOMSON paradox:   PRL100, 195502  

MIN synthesis  Tmin-synth temperature of CVD 
nanotubes increases 

Phys. Rev. Lett. 100, 195502 (2008) 

solubility increases with T 



Interplay of 3 phases competing for stability 
active phase, poisoning phase and product. 

 

QM-Model: assumptions 

They have energy which varies with size of particle, 
and temperature populates them differently!   

Stability of various competing phases as a function of size  
(size-pressure approx. similar to Young-Laplace equation) 
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“Young-Laplace” equation 
P=2γ/R 

“Size-pressure approximation” 

Phase diagram 
for spherical 

nanoparticles of 
radius R 

Phase diagram 
for bulk system 
at corresponding 

hydrostatic 
pressure P 

RADIUS 

“Size-Pressure approximation” γ =1.23 J/m2.   True YL liquid Fe is γ ~1.85 J/m2 

[J. Campbell Smithells’ Metals Reference Booked, Kim et al., J. Mat. Res. 21 (6) 1399 (2006) DOI: 10.1557/JMR.2006.0171) 
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Reducing Size: Gibbs-Thomson Equation 

To explain shift of eutectic, there must be reduction of solubility ! 
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Fe3C has no  
solubility range 
(line compound) 
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Jiang, et al,, SC, PRB 75, 205426 (2007) 
SC et al., Physics Procedia, 6, 16-26 (2010) 

“loss of activity” 
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Question 3 
 

is loss of ergodicity good or bad ? 
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Check this out: small particle => transforms faster ?   

a)

b)

Fix time: snapshot 
ACS-NANO 4(11), 6950 (2010) 
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Question 4 
 

Can you extend the Wullf construction to 
negative surface tensions? 
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Six common shapes with (100) and (111) facets:  
Peng, Yang, Nano Today 4, 143 (2009) 
Tetrahexahedron with (730) facets: Tian et al., Science 316, 732 (2007) 
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Wulff construction 

surf tension is the key quantity 
for very small nano-crystals. 
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Wulff 

Ab Initio Insights on the Shapes of Platinum Nanocatalysts II: The extension of the Wulff construction,  14 
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Fig. 1 (A) TEM image of truncated octahedral Pd NCs synthesized by reducing Na2PdCl4 with L-
ascorbic acid in an aqueous solution.  

B Lim et al. Science 2009;324:1302-1305 

Published by AAAS 

Fig. 3 Comparison of electrocatalytic properties of the Pd-Pt nanodendrites, Pt/C catalyst (E-
TEK) (20% by weight of 3.2-nm Pt nanoparticles on carbon support), and Pt black (Aldrich) (fuel 

cell grade).  

B Lim et al. Science 2009;324:1302-1305 

Published by AAAS 
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FIG. 1: Design of Stable Pd-Pt nano-dendrites. (a)

TEM image of Pd-Pt nanodendrites synthesized by reduc-
ing Pt-feedstock in the presence of truncated octahedral Pd
nanocrystals. (b) Comparison of electrocatalytic properties
of the Pd-Pt nanodendrites, Pt/C catalyst, and Pt black: spe-
cific activity at 0.9 V versus a reversible hydrogen electrode.
Specific activities are given as kinetic current densities (jk)
normalized in reference to the electrochemically active surface
area of the metal. Figures adapted from Ref. [1].

crystal. Kinetically this was explained in terms of high
rate of autocatalytic Pt reduction from the feedstock [7].
Figure 1(a) shows an example of Pd-Pt nanodendrites,
in which the weight fraction of Pt was estimated to be
⇠85% (in line with the solubility of Pd in Pt-rich fields
[4]). The authors then compare the ORR-catalytic activ-
ity of Pd-Pt dendrites with Pt supported on porous car-
bon materials (Pt/C) and with Pt black (fuel cell grade).
The dendrites, thanks to the their multitude of highly ac-
tive non-vicinal Pt surfaces, were found to have catalytic
activity ⇠ 2 � 4 times greater than the other cases, as
shown in Figure 1(b), both at room temperature and at
60�C.

To melt or not to melt? neither! The thermody-
namic state of a particle plays a key role in its chemical
properties. For instance, the nucleation and growth of
the nanostructure during catalytic chemical vapor de-
position (CVD) are, for the most part, controlled by

the state of the particle [8–10]. For example, a way to
grow thinner nanotubes is to reduce the size of the cat-
alyst grains, but due to the high-temperatures involved
in CVD, the Gibbs-Thomson (GT) melting point depres-
sion [11, 12] can approach, or even cross, the synthesis
temperature of the reaction. The GT depression is not
such a big issue. One can always reduce the process tem-
perature following the GT behavior and keep the cata-
lyst in its solid phase, or even tailor the size of the cata-
lyst to achieve a GT melting depression at a predefined
level. However, hic et nunc, size also brings an unex-
pected guest to the nano-game: dynamic coexistence.

Let us start from the Gibbs phase rule, F =C�P +2
where C is the number of components, P is the number
of coexisting phases, and F is the dimensionality of the
equilibrium loci [12, 14]. At constant pressure, �p = 0,
melting of a single component system is a zero dimen-
sional invariant point: F = (C = 1)� (P = 2)+1 = 0.
This formalism is too limited to describe phase coex-
istence at the nanoscale, since the thermodynamics of
phase coexistence is no longer exclusively determined by
the relative stability of two bulk phases. Surface con-
tributions may now take a dominant role, determining
the shape and size dependent relative stability of com-
peting phases. For a particle of volume V and surface S,
the surface contribution have to be taken into account
in addition to the bulk free energy of the particle core,
df

B

= E
B

dV . This contribution is a sum of the sur-
face formation energy (facets), proportional to the area,
df

�

=�dS, and the stress deformation energy of the sur-
face already created, which is a function of the shape
with a density proportional to the local curvatures K1

and K2, df
�

=�(K1 + K2)dS =2�/R · dS for a spherical
particle [15, 16] Additional contributions, e.g. corners,
which are important for determining the shape of the
particles [17, 18] are not usually relevant to the dynam-
ics of melting.

The ratio of the surface to bulk components of the
free-energy diverges as 1/R, therefore df

�

and df
�

be-
come the predominant factors determining the thermo-
dynamics of very small systems, and in particular the
phase stability in nono-particles e.g. below ⇠ 10 nm
for Fe-C and Fe-Mo-C systems [19, 20]. The total free-
energy minimization leading to thermodynamic equi-
librium di↵ers from the minimization of each compo-
nent: min
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generation exists between the various contributions and
large fluctuations �f

B

$ �f
�

, �f
�

are allowed within
the thermodynamic equilibrium. This is the framework
of the dynamic coexistence [2, 3, 21–23], in which the
multitude of di↵erent solid/liquid phases with di↵erent
surface arrangements fluctuate in time causing the par-
ticle to behave as quasiplastic (plastic-viscous nanopar-
ticles [24]) by continuously changing their state while
alternating metastable configurations and liquid states

Lim et. al.. Pd-Pt bimetallic nanodendrites with high activity, Science 324, 1302 (2009) 
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TEK) (20% by weight of 3.2-nm Pt nanoparticles on carbon support), and Pt black (Aldrich) (fuel 
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FIG. 1: Design of Stable Pd-Pt nano-dendrites. (a)

TEM image of Pd-Pt nanodendrites synthesized by reduc-
ing Pt-feedstock in the presence of truncated octahedral Pd
nanocrystals. (b) Comparison of electrocatalytic properties
of the Pd-Pt nanodendrites, Pt/C catalyst, and Pt black: spe-
cific activity at 0.9 V versus a reversible hydrogen electrode.
Specific activities are given as kinetic current densities (jk)
normalized in reference to the electrochemically active surface
area of the metal. Figures adapted from Ref. [1].

crystal. Kinetically this was explained in terms of high
rate of autocatalytic Pt reduction from the feedstock [7].
Figure 1(a) shows an example of Pd-Pt nanodendrites,
in which the weight fraction of Pt was estimated to be
⇠85% (in line with the solubility of Pd in Pt-rich fields
[4]). The authors then compare the ORR-catalytic activ-
ity of Pd-Pt dendrites with Pt supported on porous car-
bon materials (Pt/C) and with Pt black (fuel cell grade).
The dendrites, thanks to the their multitude of highly ac-
tive non-vicinal Pt surfaces, were found to have catalytic
activity ⇠ 2 � 4 times greater than the other cases, as
shown in Figure 1(b), both at room temperature and at
60�C.

To melt or not to melt? neither! The thermody-
namic state of a particle plays a key role in its chemical
properties. For instance, the nucleation and growth of
the nanostructure during catalytic chemical vapor de-
position (CVD) are, for the most part, controlled by

the state of the particle [8–10]. For example, a way to
grow thinner nanotubes is to reduce the size of the cat-
alyst grains, but due to the high-temperatures involved
in CVD, the Gibbs-Thomson (GT) melting point depres-
sion [11, 12] can approach, or even cross, the synthesis
temperature of the reaction. The GT depression is not
such a big issue. One can always reduce the process tem-
perature following the GT behavior and keep the cata-
lyst in its solid phase, or even tailor the size of the cata-
lyst to achieve a GT melting depression at a predefined
level. However, hic et nunc, size also brings an unex-
pected guest to the nano-game: dynamic coexistence.

Let us start from the Gibbs phase rule, F =C�P +2
where C is the number of components, P is the number
of coexisting phases, and F is the dimensionality of the
equilibrium loci [12, 14]. At constant pressure, �p = 0,
melting of a single component system is a zero dimen-
sional invariant point: F = (C = 1)� (P = 2)+1 = 0.
This formalism is too limited to describe phase coex-
istence at the nanoscale, since the thermodynamics of
phase coexistence is no longer exclusively determined by
the relative stability of two bulk phases. Surface con-
tributions may now take a dominant role, determining
the shape and size dependent relative stability of com-
peting phases. For a particle of volume V and surface S,
the surface contribution have to be taken into account
in addition to the bulk free energy of the particle core,
df

B

= E
B

dV . This contribution is a sum of the sur-
face formation energy (facets), proportional to the area,
df

�

=�dS, and the stress deformation energy of the sur-
face already created, which is a function of the shape
with a density proportional to the local curvatures K1

and K2, df
�

=�(K1 + K2)dS =2�/R · dS for a spherical
particle [15, 16] Additional contributions, e.g. corners,
which are important for determining the shape of the
particles [17, 18] are not usually relevant to the dynam-
ics of melting.

The ratio of the surface to bulk components of the
free-energy diverges as 1/R, therefore df
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and df
�

be-
come the predominant factors determining the thermo-
dynamics of very small systems, and in particular the
phase stability in nono-particles e.g. below ⇠ 10 nm
for Fe-C and Fe-Mo-C systems [19, 20]. The total free-
energy minimization leading to thermodynamic equi-
librium di↵ers from the minimization of each compo-
nent: min
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of the dynamic coexistence [2, 3, 21–23], in which the
multitude of di↵erent solid/liquid phases with di↵erent
surface arrangements fluctuate in time causing the par-
ticle to behave as quasiplastic (plastic-viscous nanopar-
ticles [24]) by continuously changing their state while
alternating metastable configurations and liquid states
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Question 5 
 

Can you control coarsening at the nanoscale ? 
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and enthalpy models) [42], and the present RNS model
offers another approach.

5.3. Dual-phase nanocrystalline

In cases where the heat of segregation is larger than the
heat of mixing, such that xgb is negative, but not sufficient
to drive the system to the amorphous limit, the free energy
surface at a given composition (Fig. 8B) supports two min-
ima where the grain boundary energy is zero; hence the des-
ignation “dual-phase nanocrystalline”. One of these
minima is the classic grain boundary segregation-stabilized
state – the solute is strongly segregated to the grain bound-
aries, and the stabilized grain size continues to decrease
with an increase in composition along the nanocrystal free
energy line; the second minimum has solute-rich grains
with the solvent segregated to the grain boundary. Because
xgb also describes the cross-interactions between the crys-
talline and grain boundary regions (recall Fig. 1), a mildly
negative value of this parameter leads the system to maxi-
mize unlike bonds crossing between these regions. This in
turn promotes a finer grain size, and in order to support
the increased grain boundary volume, the grain boundary
region must be occupied by the majority element (solvent).

Thus, the roles of solute and solvent are exchanged and the
preferred system is a “solute nanocrystalline phase”. The
composition range of such solute nanocrystalline phases
is limited by the same (Xgb, d)-space constraints as the clas-
sical “solvent” nanocrystalline phases, discussed in Sec-
tion 5.1. The solute nanocrystalline phases also follow a
composition–grain size relationship; however, as the solute
concentration decreases from the equiatomic concentra-
tion, the grain size decreases.

While we describe this case as “dual-phase nanocrystal-
line” due to the existence of two nanocrystalline phases sta-
ble against grain growth at a single composition, the solute
nanocrystalline phase is lower in free energy. Constructing
common tangents on Fig. 8 leads to the conclusion that
over a broad range of compositions the solute nanocrystal-
line phase is in equilibrium with the bulk regular solution;
on the solvent-rich side of the phase diagram, the stable
states are a solvent-rich solid solution and a solute-rich
nanocrystalline phase with grain boundary segregation.
In the middle of the diagram, the equilibrium is between
two solute nanocrystalline phases, which should be an
interesting dual-phase nanocomposite that would in gen-
eral be a true stable bimodal structure.

5.4. Dual-phase nanocrystalline/amorphous structures

In the previous two sections we have seen cases where
the nanocrystalline points compete with an amorphous
phase, or with one another (solute nanocrystalline phase).
These cases correspond to a relatively higher and lower
heat of mixing, respectively. Between these two extremes
lies a condition in which both the grain boundary free
energy curve (amorphous limit) and the terminal composi-
tions of the nanocrystalline free energy lines are stable. An
example of this situation is shown in Fig. 9, where the low
energy of the grain boundary regions places it in equilib-
rium with the bulk regular solution at low solute levels.
At higher concentrations, the amorphous limit is in equilib-
rium with the solute nanocrystalline phase defined by the
terminal structures of the nanocrystal free energy lines.

Fig. 8. (A) Free energy plot showing regular solution (solid curve),
nanocrystalline phases with solute-rich grain boundaries (circles) and
nanocrystalline phases where the solvent has become the grain boundary
element (squares). This example case has an enthalpy of mixing of
23 kJ mol!1 and enthalpy of segregation of 35 kJ mol!1. (B) Free energy
surface for a given global solute composition showing the two minima. (C)
Schematic of the nanostructure rearrangement from solvent-rich grains to
solute-rich grains.

Fig. 9. Free energy plot for a case where the amorphous limit (dashed
curve) appears below the common tangent (thin line) between the regular
solution (thick solid curve) and nanocrystalline phases (solvent nanocrys-
talline phases in filled circles; solute nanocrystalline phases in open
squares). This example case has an enthalpy of mixing of 58 kJ mol!1 and
enthalpy of segregation of 75 kJ mol!1.

H.A. Murdoch, C.A. Schuh / Acta Materialia 61 (2013) 2121–2132 2129

Murdoch, Schuh, Stability nanocrystalline alloys grain growth phase separation. Acta Mat. 61, 2121 (2013) 

Control coarsening in nanograins by alloying 
connected by a common tangent (blue line, Fig. 4) between
curves at set values of Xgb and d. This means that the sys-
tem prefers to exist at the combination of grain size and
grain boundary solute content that is the minimum of a
free energy surface for a given global composition (blue
circle).

Based on the above discussion, we can think about
nanocrystalline alloys in an equilibrium grain boundary
segregation state in the following way: we may treat the
minimum of the free energy surface at each global compo-
sition as a “stoichiometric line compound”, represented by
a point. In other words, for each composition X, there is
one preferred “compound” with a given grain boundary
concentration and grain size, (X!gb, d!). If the global com-
position is changed, there is a different preferred combina-
tion (Xþgb, d+), and the system resembles a different
“compound”. When free energy curves are plotted against
X, as is traditional in the development of binary phase

diagrams, then these points may be compared to the free
energy functions of other competing phases. This is taken
up in detail in the next section.

3.1. RNS for phase separating systems

Fig. 5 shows the general problem that is the focus of this
paper: comparing the minimum-energy nanocrystalline sys-
tem free energy curve, as developed above, with those of
competing phases. We are specifically concerned with the
case where the competing phases are the classical bulk
(i.e., non-nanocrystalline) phases, and for simplicity we
concern ourselves only with positive heat of mixing sys-
tems. Additionally, we represent the bulk solid solution
with one classical, symmetric regular solution phase that
describes both the solvent- and solute-rich solutions; a
schematic free energy curve for such a bulk system at a sin-
gle finite temperature is shown by the solid black line in
Fig. 5, with the two-phase field corresponding to the region
between the tangent points of the common tangent line
(dashed black line).

This curve, and the two phases represented by it, may be
compared with the very narrow U-shaped curve associated
with a specific nanocrystalline state, as shown schemati-
cally by the blue curves. More specifically, as described
above, we view the nanocrystalline state as a “compound”
at a specific point, denoted explicitly by a blue solid point
in Fig. 5. Depending upon the specific input parameters
used, the location of this point can fall into one of three
main regions that are delineated in Fig. 5: “stable nano-
crystalline”, “metastable nanocrystalline” and “nanocrys-
talline not supported”. Those with minima at a free
energy lower than the common tangent of the bulk regular
solution limit are labeled as “stable nanocrystalline”; those
where the minimum of the free energy surface is the trivial
case of infinite grain size and the same free energy of the
bulk (non-nanostructured) solid solution occupy the
“nanocrystalline not supported” region. Nanocrystalline
states that have a free energy lower than the bulk free

Fig. 4. (A) Blue points represent the minimum in the free energy surface at
each value of global composition. For the values of X! (dashed) and X+

(solid), the values of grain size and the grain boundary solute content that
comprise the minimum for that global composition are held constant while
the global composition is varied. The blue line shows that the minima
points are the tangents between set Xgb/d value curves. (B) Grain
boundary energy as a function of global composition for the Xgb and d
values for same two minima as denoted in (A) and Fig. 3. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. The free energy of the nanocrystalline (NC) phases can fall into
three regions that are determined by the bulk regular solution (black
curve) for the same materials parameters. If there is no minimum in the
free energy surface, it is “Not NC”. If the free energy surface has a
minimum, but its free energy falls above the common tangent of the bulk
system (denoting phase separation, dashed black line), it is “Metasable
NC”. A stable nanocrystalline system falls below the common tangent.

H.A. Murdoch, C.A. Schuh / Acta Materialia 61 (2013) 2121–2132 2125

described above. Although the heats of mixing (Eq. (6))
and grain boundary segregation (Eq. (11)) share terms
associated with the bulk interaction parameter, the grain
boundary interaction parameter is considered an indepen-
dent quantity here, and only contributes to the heat of
grain boundary segregation; the two parameters thus can
be cast as the axes of the design space, as shown in
Fig. 11. While in general the mixing parameters xc and
xgb are more fundamental to the RNS model, these axes
are more physically familiar, and therefore likely more use-
ful in placing specific binary alloy systems on the map.

Interestingly, we find that the regions separating stabil-
ity, metastability or unsuitability of a nanostructured alloy
system are demarcated by straight lines in the double-loga-
rithmic space of Fig. 11. While these lines are not of slope
unity, they correspond to a power law, and can be empiri-
cally captured by the following relationship:

DHseg

ðDH mixÞa
¼ c ð12Þ

where a is the power-law slope and c reflects the intercepts.
Both of these are in general a function of temperature; for
the map presented in Fig. 11, T = 0.35Tcr. For other tem-
peratures investigated thus far (see Table 1), the map has
the same basic form, but with shifted boundaries reflected
in the different fitted values of a and c.

At the highest level, the map in Fig. 11 shows the trade-
off between grain boundary and bulk segregation tenden-
cies as controlling the ability to stabilize a nanocrystalline
phase. In fact, the power-law-modified ratio of the
two quantities collected on the left-hand side of Eq. (12),

DHseg/(DHmix)a represents a useful figure of merit for
binary systems’ nanostructuring ability, with higher values
lying more towards the upper-left of the stability map.

At a more nuanced level, the map is populated with
subregions that correspond to the various unique cases
delineated earlier. Specifically, the stable nanocrystalline
region (green) is divided into four subspaces denoting the
regions where the classical nanocrystalline, dual-phase
nanocrystalline , amorphous limit and dual-phase nano-
crystalline and amorphous limit, are the dominant cases.
The classical grain-boundary segregation-based stabilized
nanocrystalline state of the kind envisioned by Weissmüller
[3,4] and Trelewicz and Schuh [38] and widely sought
experimentally, represents a small sliver of the design
space. This illustrates the challenge the field can expect to
face in designing nanocrystalline alloys, at least in phase-
separating binary systems. In our previous work [39], we
briefly illustrate an example method to calculate the enthal-
pies necessary for populating the nanocrystalline design
map with potential alloy systems; further work should
aim to expand the number and types of alloys represented.

8. Conclusions

In this work, we have examined the requirements for a
binary phase separating system to support a nanocrystal-
line structure stable against both grain growth and phase
separation. The most salient results of this work include
the following:

$ In general, stable nanostructures occur at values of
DHseg that are high relative to DHmix. More specifically,
a figure of merit, DHseg/(DHmix)a, with a an exponent in
the range %0.5–1, delineates the regions of nanocrystal-
line stability, nanocrystalline metastability and bulk sta-
bility via temperature-dependent constants calculated in
the present work for several fractional temperatures.
$ Several types of nanostructures are stable, including not

only the previously predicted segregation-stabilized
nanocrystalline system, but also dual-phase nanostruc-
tures and an amorphous-type structure. These stable
states exist at compositions greater than the bulk solu-
bility limit.
$ There is a range of alloys which supports a metastable

nanocrystalline state – one in which the nanocrystalline
structure is stable against grain growth (having a grain
boundary energy of zero), but not against macroscopic
phase separation.

Fig. 11. Nanostructure stability map, presenting delineated regions of
stability (green), metastability (yellow) and no stability (red) in binary
alloys as a function of their enthalpies of mixing and segregation. The
regions of behavior within the stable nanocrystalline region are defined in
the text: dual-phase nanocrystalline (Section 5.3); amorphous and dual-
phase (Section 5.4); amorphous limit (Section 5.2); classical stability
(Section 5.1). Metastability is discussed in Section 6 and no stability is
discussed in Section 4. This map is calculated for a fixed dimensionless
temperature of 0.35Tcr. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Fitted coefficients for the nanostructuring figure of merit, Eq. (12) at three
dimensionless temperatures.

Temperature a (slope) c (intercepts)

Metastable Stable

0.35Tcr 0.757 1.7326 2.768
0.5Tcr 0.661 2.8038 3.7236
0.65Tcr 0.567 4.425 4.958

H.A. Murdoch, C.A. Schuh / Acta Materialia 61 (2013) 2121–2132 2131
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resulting segregation energy is denoted in Fig. 1 by a solid
color—red for GB-segregating solutes and blue for anti-
segregating (i.e., the GB will be enriched by solvent, with
the solute preferring the grain interior), scaled by strength.
Whenever possible, we validated Miedema’s prediction for
the chemical interaction term through comparison with
other sources of thermodynamic data. Additionally, when
a Miedema calculation of DHint

BinA was not available for
a particular binary system, or did not physically match the
most basic expectations for the material system (e.g.,
predicted a strongly negative interaction for a system with
no known ordered compounds), only other sources of data
were used and are presented in Fig. 1. Calculations with
secondary sources are indicated in the figure by a dot. If
both Miedema values and secondary sources were used to
make the calculation, the square is bisected with the upper
solid half representing Miedema values and the lower half
showing the output based on secondary sources. A fully
blacked-out square indicates that we did not find suitable
data to make the calculation.

The most common source of secondary data is
a Redlich–Kister–Muggianu (RKM) style model for a
solid solution used for CALPHAD phase diagram calcu-
lations57:

DHmix
RKM ¼ XiXj+vL

ij
v Xi " Xj
! "v

; ð11Þ

with Xi and Xj the components of the binary system and Lv
the vth fitted binary interaction parameter in the expansion.

This is a full enthalpy of mixing, fitted to experimental
data, thus necessarily encompassing all contributions to
enthalpy, i.e., chemical and elastic. To extract the DHint

BinA
term necessary for the segregation calculation of Eq. (10)
from an RKMmodel, it is set equal to theMiedemamixing
enthalpy model, Eq. (8). The critical temperature, Tcr,
which is necessary for the application of the predictive
enthalpy relation, Eq. (3), must also be calculated. In
a symmetric regular solution, the top of the miscibility gap
simply equalsDHmix/2R; for RKMmodels, asymmetry and/
or temperature dependencies in the coefficients require
a more elaborate method to calculate Tcr by examining
the free energy as a function of temperature. In some cases,
the RKM fit results in a highly skewed, unreasonable
temperature-dependent enthalpy. In these cases, our ability
to extract a comparable chemical interaction term for use in
Eq. (10) is questionable; an “x” indicates such systems in
Fig. 1. The numerical results of these calculations are in the
Supplemental Material.

The results in Fig. 1 are interesting for their potential
use in screening systems for stable nanocrystalline states,
and we will turn our attention to this issue in the next
section. However, it is first interesting to examine some
features of the data set.

Knowing that both bulk alloy and grain boundary
thermodynamics are derived from the same chemical
interactions among the alloy species, one might expect
that DHmix and DHseg

0;M would be correlated in some way.
And while these parameters are formally independent, it is

FIG. 1. Segregation enthalpies for binary systems. Red scale (positive values) represents tendency of the solute to segregate to the grain boundary.
Blue scale describes antisegregation (depletion of solute in grain boundary). Black indicates lack of data for the calculation. A dot indicates non-
Miedema data sources, whereas an “x” indicates that these sources could not be used for the segregation calculation.

H.A. Murdoch et al.: Estimation of grain boundary segregation enthalpy

J. Mater. Res., Vol. 28, No. 16, Aug 28, 20132158

Solute segregate to  
the grain boundaries 
 
Depletion of solute  
in grain boundaries 

Murdoch and Schuh, J. Mater. Res. 28, 16, Aug (2013) 

Segregation enthalpies for binary systems (estimation) 

Phenomenological, Miedema and so on. 
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Chookajorn, Murdoch, Schuh, Design of stable nanocrystalline alloys. Science 337, 951 (2012) 

Let`s see tungsten+something 

19 



Question 6 
 

What supports nanoframes ? 

20 
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applications. Intense research efforts have been
focused on developing high-performance electro-
catalysts with minimal preciousmetal content and
cost (1–16). Specifically, alloying Pt with non-noble
metals can reduce the Pt content of electrocatalysts
by increasing their intrinsic activity (1–13).We dem-
onstrated that the formation of a nanosegregated
Pt(111)-skin structure over a bulk single-crystal
alloy with Pt3Ni composition enhanced the ORR
activity by two orders of magnitude (versus Pt/C
catalysts) through altered electronic structure of Pt
surface atoms (1). Although these materials can-
not be easily integrated into electrochemical de-
vices, their outstanding catalytic performance needs
to be mimicked in nanoparticulate materials that
offer high surface areas. Caged, hollow, or porous
nanoparticles offer a promising approach formeet-
ing these performance goals. The hollow interior
diminishes the number of buried nonfunctional
precious metal atoms, and their uncommon ge-
ometry provides a pathway for tailoring physical
and chemical properties. They have thus attracted
increasing interest in fields such as catalysis, bio-
medical materials, and electronics (5–7, 19–27).

Hollow nanostructures have been prepared by
template-directed protocol relying on the removal
of microbeads or nanobeads, treatments based on
theKirkendall effect and the galvanic displacement
reaction (19–28). Here, we present a novel class of

electrocatalysts that exploit structural evolution of
bimetallic nanoparticles; specifically, PtNi3 solid
polyhedra are transformed into hollow Pt3Ni nano-
frames with surfaces that have three-dimensional
(3D) molecular accessibility. Controlled thermal
treatment of the resulting nanoframes forms the
desired Pt-skin surface structure (1, 9). Synthesis
of Pt3Ni nanoframes can be readily scaled up to
produce high-performance electrocatalysts at gram
scale, and our protocol can be generalized toward
the design of othermultimetallic nanoframe systems.

We synthesized PtNi3 polyhedra in oleylamine
that had a uniform rhombic dodecahedron mor-
phology and size (20.1 T 1.9 nm), as observed
along three representative zone axes (Fig. 1A,
Fig. 2A, and figs. S1 and S2). The oleylamine-
capped PtNi3 polyhedra were dispersed in non-
polar solvents such as hexane and chloroform
and kept under ambient conditions for 2 weeks,
during which they transformed into Pt3Ni nano-
frames (fig. S3) with unchanged symmetry and
size (Fig. 1, Fig. 2, and fig. S4). Increasing the
solution temperature to 120°C decreased the time
needed for thismorphological evolution to 12 hours
(fig. S5). These conditions were used to trace the
entire structural and compositional evolution pro-
cess at 2-hour time intervals (fig. S6). Samples at
three representative stages (0, 6, and 12 hours)
were examined by transmission electron micros-
copy (TEM) (Fig. 1, A to C). The initially solid
nanostructures gradually eroded into hollow frames,
and the bulk composition changed from PtNi3 to
PtNi and eventually Pt3Ni, as evidenced by x-ray
diffraction (XRD) patterns and energy-dispersive
x-ray (EDX) spectra (fig. S7): All three samples
are face-centered cubic (fcc), and the three main
XRD peaks for each sample—(111), (200), and
(220)—are located between those for Pt and Ni;
during the evolution process, the peaks shifted
toward lower angle (increased d spacing), which
suggests that the nanostructures had changed from
Ni-rich to Pt-rich alloys, in accordance with the
EDX results. After dispersion of nanoframes onto
a carbon support with high surface area (Vulcan

XC-72) and subsequent thermal treatment in inert
gas (Ar) atmosphere between 370° and 400°C,
most nanoframes developed the smooth Pt-skin
type of structure (Fig. 1D).

High-resolution TEM (HRTEM) showed that
the initial PtNi3 polyhedra were fcc nanocrystals
(Fig. 2). For the hollow Pt3Ni nanoframes, high-
angle annular dark-field scanning TEM images
showed an architecture consisting of 24 edges
(width ~2 nm) of the parent rhombic dodecahe-
dron (Fig. 2B) that maintained the single-
crystalline structure (figs. S2 and S8).

In contrast to other synthesis procedures for hol-
low nanostructures that involve corrosion induced
by harsh oxidizing agents or applied potential,
the method described here proceeds spontaneously
in air through free corrosion. We followed the
compositional evolution of these framed, bimetal-
lic nanostructures with x-ray photoelectron spec-
troscopy (XPS). In the presence of dissolved
oxygen, the surface Ni atoms are more suscep-
tible to oxidation than Pt atoms. The Ni 2p and Pt
4f XPS spectra of PtNi3 polyhedra obtained in
vacuum (Al Ka, hn = 1486.6 eV) show that the
majority of the surface Ni was oxidized and the
surface Pt was mainly in the metallic state (Fig. 2,
D and E). Oxidized Ni can readily form soluble
metal complexes with the oleylamine ligands (29)
and lead to a higher dissolution rate for Ni versus
Pt that drives compositional change fromNi-rich to
Pt-rich, until the stable Pt3Ni phase (30) is formed.
The intensity of Pt2+ with respect to Pt was barely
altered after the system evolved into the final stage
(Fig. 2, D and E), whereas the ratio of Nix+ at the
surface decreased substantially, implying that oxi-
dation of Ni on the surface became more difficult
in the stable Pt3Ni composition. Additionally, we
carried out in situ ambient-pressure XPS studies
to examine the changes in surface chemistry of both
PtNi3 and Pt3Ni in response to the different expo-
sure atmospheres (31), the results of which sup-
port themechanism proposed above (see fig. S10).

The corresponding morphological changes of
the solid polyhedral particles occurred through

1Department of Chemistry, University of California, Berkeley,
CA 94720, USA. 2Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, CA 94720, USA. 3Department
of Chemistry, Tsinghua University, Beijing 100084, P. R. China.
4Materials Science Division, Argonne National Laboratory,
Argonne, IL 60439, USA. 5Department of Chemical and Bio-
logical Engineering, University ofWisconsin, Madison,WI 53706,
USA. 6Division of Materials Science and Technology, Oak Ridge
National Laboratory, Oak Ridge, TN 37831, USA. 7Department
of Chemistry, Faculty of Science, King Abdulaziz University, P.O.
Box 80203, Jeddah 21589, Saudi Arabia. 8Kavli Energy Nano-
Sciences Institute at the University of California, Berkeley, and
Lawrence Berkeley National Laboratory, Berkeley, CA 94704,USA.

*These authors contributed equally to this work.
†Corresponding author. E-mail: p_yang@berkeley.edu (P.Y.);
vrstamenkovic@anl.gov (V.R.S.)

Fig. 1. Schematic illustrations
and corresponding TEM im-
ages of the samples obtained
at four representative stages
during the evolution process
frompolyhedratonanoframes.
(A) Initial solid PtNi3 polyhedra.
(B) PtNi intermediates. (C) Final
hollow Pt3Ni nanoframes. (D)
Annealed Pt3Ni nanoframes with
Pt(111)-skin–likesurfacesdispersed
on high–surface area carbon.

21 MARCH 2014 VOL 343 SCIENCE www.sciencemag.org1340

REPORTS

for OXYGEN REDUCTION REACTION 
nanoframe catalysts = 36 mass activity,   

22 specific activity, versus Pt-carbon catalyst 

Chen et al., Highly Crystalline Nanoframes Electrocatalytic, Science 343, 1339 (2014) 

We like internal erosion 



Question 7 
 

Can you find thermodynamic data on  
GOOGLE-nano-materials ? 
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AFLOWLIB.ORG: Comp. Mat. Sci. 58, 227 (2012) 

	  	  	  	  	  Consor'um	  of	  QM	  calcula'ons	  
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	  	  	  	  	  Example	  of	  QM	  calcula'on	  
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NANO is going  
CLOUD 
 
aflowlib.org 
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FINISHED 
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T>0: need S  
big: configurational ~ –k[x logx+(1-x)log(1-x)]  
small: vibrational (gas of phonons) & electrons 

Materials Thermodynamics: Phase stability 

T>0: phase’s free energies are 
“parabolas” because of 
configuration entropy: they allow 
out of stoichiometric composition. 
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•  dE=-pdV+TdS+µdX 
•  G=E+pV-TS (for  p,T,X variables) 
•  dG=Vdp-SdT+µdX 
eq: µ=dG/dX (const p,T)  

T=0: phase’s free energies are 
“energy points” (F=E-TS=E), 
points are minima of the 
“parabolas” ⇒ good 
approximation. 

solub. solub. 

constant µ 
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Reduced solubility caused by stabilization of Fe3C 

Bulk    
•  C prefers to dissolve in Fe-rich environment 
•  Fe3C unstable 

R ~ 1.4 nm, D ~ 2.8 nm    
•  Less C dissolves in Fe to form random Fe-C     
•  Fe3C unstable with high energy, never forms 
•  STEADY STATE IS POSSIBLE for big tubes ! 

R ~ 0.7 nm, D ~ 1.4 nm    
•  Lesser C dissolves to form random Fe-C    
•  Fe3C unstable with how energy, will form with T and 
saturation of C.  
•  STEADY STATE IMPOSSIBLE, SWNTs will be finite. 

R ~ 0.5 nm, D ~ 1.0 nm    
•  Fe3C  is stable 
•  No production, just nucleation of Fe3C. 

SWNTs with D<1.2nm CAN NOT  
be grown with Fe and CVD 

Phys. Rev. Lett. 100, 195502 (2008) Phase diagrams 
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Real calculation: thermodynamics 
dE=-pdV+TdS+µdX 
Gibbs : G=E+pV-TS (for  p,T,X variables) 
dG=Vdp-SdT+µdX 
eq: µ=dG/dX (const p,T)  tangents 
 
S= Configurational (ideal max ΔS~0.7 kB/
atom) –k[x.logx+(1-x).log(1-x)] 
vibrational (ΔS~0.1-0.2kB/atom) and 
electronic neglected 

Solubility as a function of D ! 
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What about kinetics ? (viscous state effect on the activity) 

quasi-SELF-DIFFUSION 
(Green-Kubo, autocorrelation function) 

ACS-NANO 4(11), 6950-6956 (2010) 
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Question 4 
 

Explaining weird shapes? 
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Variational Description of surface tension contribution: Pt 
Six common shapes with (100) and (111) facets: Peng, Yang, Nano Today 4, 143 (2009) 
Tetrahexahedron with (730) facets: Tian et al., Science 316, 732 (2007) 

37 

Six common shapes with (100) and (111) facets: Peng, Yang, Nano Today 4, 143 (2009) 
Tetrahexahedron with (730) facets: Tian et al., Science 316, 732 (2007) 
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Stability of competing phases as function of size (size-pressure ~ Young-Laplace) 

● µc 

● µc 

µc
B µc

γ ● ● 

µc
B µc

σ ● ● 

Ab Initio Insights on the Shapes of Pt nano-catalysts, ACS-NANO 5(1), 247-254 (2011) 

Variational Description of surface tension contribution: Pt 

We chose Platinum: unexplained experiments 



Six common shapes with (100) and (111) facets: Peng, Yang, Nano Today 4, 143 (2009) 
Tetrahexahedron with (730) facets: Tian et al., Science 316, 732 (2007) 
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Size-dependent stability of Pt nanocatalysts 

Beyond previous state of the art: Barmard, Zapol, J. Chem. Phys. 121, 4276 (2004) 

37 

Ab Initio Insights on the Shapes of Pt nano-catalysts, ACS-NANO 5(1), 247-254 (2011) 

We underestimate the thresholds a little because we neglect variational 
contribution of free energy of edges, corner (with respect to order parameter). 



Unrelaxed 

111 

511 

111 

001 
511 

766 

111 

Relaxed 

443 

~ unrelaxed ~ relaxed 

Wulff’s plot of Pt equilibrium shape 

�(lmn)(a0)
surface energy 

�(a) = �(a0) + ⇥�(a)
⇥a

���
a0

(a� a0) + · · ·
surf energy surf tension 

Variational approach to shapes, surfaces and Wulff plots for nanoparticles, submitted (2011) 
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Ab Initio Insights on the Shapes of Platinum Nanocatalysts II: The extension of the Wulff construction, submitted (2011) 

Wulff 
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Alloying ? Experiments 3 
Why Mo?  Mo was chosen because it lowers Tm of FeMo. 
And to reduce sintering of particles (Co, Resasco et al.).  

little Mo (<0.33) helps: 
length-quality-small_size of CNTs,  
lower T and enhance life of the particle 

lot of Mo, you need to go high T 
low yield, NTs with defects 

APL 90, 163120 (2007)  

stable at T=0 

lowers Tm 

empirical: Fe80%Mo20% 
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Ternary phase diagram for Fe-Mo-C 
“Size-pressure approximation” 
Fe-Mo-C phase diagram (with all competing phases) 
  - Binary phases: Fe3C, Fe2Mo, Mo2C and Fe4Mo (Fe0.8Mo0.2 my RND particle)  
  - Ternary phases: Fe2Mo4C (τ1), Fe2MoC (τ2), and Fe21Mo2C6 (τ3). 
References: Fe (bcc), Mo (bcc), and C (SWNTs) 
 

♦  Ternary convex hull is a “pyramid” 
hull with triangular facets. 

♦  Each point can be expanded as linear 
combinations of the three vertices 
containing it. 
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big 

small 

Fe2Mo decomposes in free Fe+Mo2C: Mo prefers C, nucleated Mo2C is segregated inside (γFe< γFe2Mo< γFeMo_rnd) 

little Mo (<0.33) helps 

Free Fe is released even in tiny particles  
(NO STEADY STATE, but FeMo CNTs can be smaller than Fe CNTs) 

STEADY STATE: 
Free Fe never dies 
stays in surface 

Fe lives free  
BUT dies ! 
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big 

small 

No RND Fe, some RND Mo (for a short while). Low Yield, High T required. 

more Mo does not work 

STEADY STATE: 
Free Fe never dies 
stays in surface 

Fe lives free  
BUT dies ! 

Even worse, you also form a stiff ternary carbide τ3. 
PRB 78, 054105 (2008) 

   adding Mo 
  � Mo likes C more than Fe 
  � FeMo releases free Fe 

 � more Fe with smaller size 
  � longer life of Fe 
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Conclusions 

THERMODYNAMICS rules nano-catalysts pollution. 
SIZE-PRESSURE approximation to get trends, SOLUBILITY. 
STEADY-STATE for big D (Fe and FeMo). 
RULES for nano-catalysts design. 
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Where are Mo and Fe ? 

Fe 

Fe2Mo Fe 

Fe2Mo 

Fe+C 

Mo2C 


