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Nano-materials and nano-phases

Nano-materials are materials that contain at least one nano-phase.

A nano-phase is a phase with at least one of its dimensions
below 100 nm, but with all its dimensions above 1 nm
(to call it a phase and to avoid quantum effects).

All properties of nano-phases and nano-materials are size dependent: they depend on
the nano-sizes of its nano-phases
(in contrary the properties of macro-phases are size-independent).

Nano-phases do not have their own intrinsic properties, as their properties depend also

on the surrounding phases.
(in contrary to macro-phases that have their own intrinsic properties) ii



Molar Gibbs energy of a nano-phase

The generally accepted size-dependence:
Gmo = Gmp-o T Zo * Vino * 0o /sur

Kelvin (1869): the nano-effect is caused by large curvature:
Zod = Ko
At least 2 out of these 3 equations are wrong, but which one?

Kaptay (2012): the nano-effect is caused by large specific surface area:
Agp

Zodp = ASpCD p—
) VcD

Searcy (1970), later Lee+Kim (2014), later Wong+Wong (2025): the
nano-effect is caused by the derivative of surface area per volume:
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This talk is devoted to my friend Joonho Lee

(rememberlng his presentatrion in 2025- Calphad)
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Re-derivation of the Kelvin equation

The integrated form of the molar Gibbs energy of a bulk phase:
Gmp-o = Ump-o + 0 Vinp—o =T *Smp-o
The Laplace pressure-increase: ApL= Ko * O /sur

Kelvin (wrongly) supposed that the size-dependent term of the molar
G1bbs energy is due to the (otherwise correct) Laplace pressure:

Grmo =Unp-o+ (P + Ko 00/sur) * Vinp-o — T Smp—o

Gmno = Gnp-o T Ko Vino - Ot /sur

It 1s mathematically correct, but physically not: 1). the Laplace
pressure-increase has no influence outside the phase, so it has no |
influence on phase equilibria; i1). the surface term of Gibbs i1s ;,
,.forgotten”, etc... (see below). i
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Isaac Newton (1642 — 1727)
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The abnormal way of scientific development ESi8

(1869) | (1878)
William Thomson Josiah Willard Gibbs ..
(Lord Kelvin) 1839 - 1903 i@

1824 - 1907



What is the shape of independent droplets?

,Why Kaptay is asking stupid questions again?” (from a reviewer)

He is actually asking a question with an obvious answer to check, if
different equations are correct or not (like the ancient Greeks did).

After Searcy
After Kelvin

After Kaptay

g

2 Gm,L,cube = Gm,L,b
Gm,L,sphere = Gm,L,b + ; : Vm,L "0L/G > ~

Gm,L,cyli — Gm,L,b + ; : Vm,L " 0L/G

G‘m,a — Gm,a,b + Asp,a/G ) Vm,a "Oq/G

¢“&"o‘_
Sphere has the smallest specific surface area among 3D bodies, therefore the *
equilibrium shape of droplets is a sphere, after my equation



Re-dervation of the Searcy-equation

The fundamental equation of Gibbs (p-T = constant, 1-component phase)

G
dGy = Gpp-o * ANg + g /sur - Ao O Jsur = (—q))
0Ae -

Suppose the increase of surface area is proportional to the increase of the
amount of matter (and so also to the increase of the volume):

N = Vo dGe = | G + 0 .dAﬁ . dn
L)) Vm’q) ) m,b—® & /sur dnq) b
dv, dAg
dng = —2 dGg = (Gm,b—CD T 0o /sur * Vmeo W) - dng
Vm’q) b
dAg
dGp = Gm,Cb - dng Gm,cb = Gm,b—Cb + Odb/sur ° Vm,CI) | M

OK, but if surface area 1s not independent on amount .Q
of matter, then how surface energy 1s defined? i



Re-derivation of the Kaptay-equation (1)

Same fundamental equation of Gibbs (p-T-n = constant, 1-component):
dGq) = Gm p—od ° dnq) + Ud)/sur . qu) _ (0Gq)>
O /sur = ﬁ
dch — O'cp/sur dA P p,T.n

- OO0 OOQOOC%
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Case A Case B Case C

Pa = Pr = Pc

TJ.-:[ — TB — Tc

s = np = Ng




Re-derivation of the Kaptay-equation (2)

Same fundamental equation of Gibbs (p-T-n = constant, 1-component):
dGp = Op/sur * dAa

Take the integral with 1) Aq) =0: Gq) —= Gb,cl)g 11) Acp = A(p: Gq) = Gq):

Go = Gpo + Op/sur * Ao

V
Divide by the amount of matter in the phase: Ngp = P
Ao Vm,CD
Gm,CD — Gm,b,CID + Od /sur * Vm,cp . E
Ay
ASp’CD - E Gm,CD — Gm,b—CD T Odb /sur * Vm,(b ) Asp,CD

What took so long? Integrating? Dividing? No, these were easy. .,

What was really difficult it was to claim that Kelvin was wrong. ‘



Size dependence of properties of nano-phases

Consider any property Y of phase &: Y. Its bulk V. =
value =Y, ¢. Its surface value = Y; ¢, /. They are

|74
generally different (Y o ¢ # Y} ¢). The average Xsd = Asp,o ~m®
W
property of the phase is proportional to the ratie
of the surface atoms: Ym,P
Yo =2 Vo tAsp e - (Yso9 — Vo)
W
10
Ys,CD/]
> Nano-phases do not have their intrinsic
8 properties; their properties depend on the
\ properties of the surrounding phases.
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Size-dependence of the molar Gibbs energy + partials + Butler

This is a model equation of
interfacial energy (J/m2).

Gmao = Gm-b,e T Asp,d * Vin,e * O /w

Gm,e = z Xi(®) * Gm,i(d) Gm-ba = Z Xi@) * Gmbi@) Ymao = Zixi(cb) Vi)
1 1
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Gm,i(@) = Gm-b,i(@) T Asp,® * Vim,i(®) * i(d)/w

This is true only if the Butler equation is valid: ‘ Op/v = Oi(®)/¥ ‘



The performance of the models

Gmo = Gmp-o T Zo * Vino * 0o /sur
dAs

zg = dVe
Nano-phase Kelvin Searcy

TR
0
:
:
T

1/re 2/Tp

Experiments: inversely proportional to the characteristic size, so both

I

the Kelvin equation and the Searcy equation should be excluded.

Kineatice hae nn effeect on thermodvnamice (Searcv ie aveliided)



nucleation




Equilibrium after the Kelvin and Searcy equations

Equilibrium size after Kelvin
and Searcy coincides with the
critical radius of nucleation
after Gibbs, corresponding to
the maximum of a Gibbs
energy change. This is a clear
contradiction, meaning that
both the Kelvin and the Searcy
equations are wrong.

2
Gmp-1 = Gmp-s + *Vins * Os/L
Teq,S
2 Vips-osyt
R —
m,b—L m,b—S
2| Vs osyL
Tcr,S,Gibbs = G —G
m,p—L m,b—-S

W




Equilibrium after the Kaptay equation

Gmp-1r = Gmp-s +

Vs * Os/1L.
req,S

3- Vins Os/L

Teqs = G

m,b—L Gm,b—S

3 '\‘(m,s "Os/L

Teq,S,Gibbs —
Gm,b—\ T Gm,b—S

A,G

Equilibrium size after the
Kaptay equation coincides
with the equilibrium size of

nucleation after Gibbs,
corresponding to zero Gibbs
energy change. This is an
additional confirmation of the
Kaptay equation.
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Conclusions regarding the Kelvin equation

Gmeo = Gmp-o T Ko Vino - 0 /sur

Contradictions:

1.Derivation is wrong (the Laplace pressure has no influence outside of the phase so it
has no influence on phase equilibria + the surface term of Gibbs is ,forgotten”),

2. non-curved phases have no nano-effect? Wrong conclusion on cubic shape of nano-
droplets

3. Is really a cylinder of same radius more stable than a sphere? NO.

4. Equilibrium size coincides with critical size of nucleation after Gibbs. NO.

Please, do not use the Kelvin equation for nano-Calphad calculations.

Please, also forget the Gibbs-Thompson equation and the Freundlich-Ostwald equatlon
which are consequences of the Kelvin equation. Q



Contradictions:

1.Derivation is wrong (surface area is independent on amount of matter),
2. Thin films grown perpendicular to substrate have no nano-effect? Wrong conclusion.
3. Depending on the kinetic path different thermodynamic results follow. NO.

4. Equilibrium size coincides with critical size of nucleation after Gibbs. NO.

Please, do not use the Searcy (Lee-Kim, or Wong-Wong) equation for nano-Calphad
calculations.

Please, do not call this equation as , Gibbsian thermodynamics ” (WWong-Wong).
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Conclusions regarding the Kaptay equation

Gm,CD — Gm,b—CIJ T Od /sur ° Vm,CD ) Asp,CD

Contradictions: none.
1.Derivation is easy without any contradiction,
2. All nano-phases have a nano-effect (as they should).

3. Equilibrium size coincides with equilibrium size of nucleation after Gibbs.

Please, do use this equation for nano-Calphad calculations.

Please, put into a museum the Kelvin equation, the Gibbs-Thompson equation, the
Freundlich-Ostwald equation, and the Searcy (Lee-Kim and Wong-Wong) equation.
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H

+ macro-liquid L2

macro-liquid L2

Vina
Gm,a,cont — Gm,a,ind T v . A(A . 0')cont
a

AA-0)ipc=4 1" re. (ULZ/L — UL/G)

3
GmLinc = GmLp T v VinL * 012/1 '

It is an obvious result, proving the validity of the general method



macro-solid S

+ macro-solid S
Vm,a

Gm,a,cont — Gm,a,ind T Y - A(A - U)cont
a

A(A - 0)sess = Apjg oL +As/L (US/L — US/G) — 4T OL/G

3 2 —3-cos0 + cos30\ ">
Gm,Lsess = Gmp T » *VinL * 0L/6 4
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Adv Colloid Interface Sci 256 (2018) 163-192 (7,346/20)]



macro-liquid L

Vina
Gm,a,cont — Gm,a,ind T Y . A(A y U)cont
a

ACA - 0)fioat
_ 2
= A1, - 051, + Agic * 0516 — DAL - OLjg — 4 T-1° 05/

3 0L/G 1+ cos® ?
Gm,S,float = Gm,S,b + ; Vms Os/G 1= Os/G . 2

Adyv Colloid Interface Sci 256 (2018) 163-192 (7,346/20)]



Extension to multi-phase situations (4)

G G
G L
+ =
macro-solid macro-solid
with empty with full
nano — capillary nano — capillary
Vm,a

Gm,a,cont — Gm,a,ind + Y - A(A - O-)cont
a

A(A - U)cap = Ag/p - (US/L — US/G) —4-mw-r*- OL/G

2
Gm,L,cap — Gm,L,b — 7‘_ ) Vm,L "0L/G ° cos0
C

Adv Colloid Interface Sci 256 (2018) 163-192 (7,346/20)]
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Extension to multi-phase situations (sum)

1,5

float

Hite)z
Hile)zind

0,5

90 135 ©,deg g

— Gm,a,b + k - Asp . Vm,a "Oq/G
k =f(o)

The molar Gibbs energy and equilibria of nano-phases depends on
surrounding phases (not true for macro-phases) !




_ Thanks a lot for your attention
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    d G Φ =  (  G  m , b − Φ +  𝜎   Φ / s ur ∙   d  A Φ  d  n Φ ) ∙ d  n Φ


    d G Φ =  G  m , Φ ∙ d  n Φ


   n Φ =    V Φ   V  m , Φ


    d n Φ =   d  V Φ   V  m , Φ


    d G Φ =  (  G  m , b − Φ +  𝜎   Φ / s ur ∙  V  m , Φ ∙   d  A Φ  d  V Φ ) ∙ d  n Φ


   G  m , Φ =  G  m , b − Φ +  𝜎   Φ / s ur ∙  V  m , Φ ∙   d  A Φ  d  V Φ


   𝜎   Φ / s ur ≡    (   𝜕  G Φ  𝜕  A Φ )  p , T , n


    d G Φ =  G  m , b − Φ ∙ d  n Φ +  𝜎   Φ / s ur ∙ d  A Φ


    d G Φ =  𝜎   Φ / s ur ∙ d  A Φ


   𝜎   Φ / s ur ≡    (   𝜕  G Φ  𝜕  A Φ )  p , T , n


    d G Φ =  𝜎   Φ / s ur ∙ d  A Φ


   A Φ


   G Φ =  G  b , Φ


   A Φ


   A Φ


   G Φ =  G Φ


   G Φ =    G  b , Φ + 𝜎   Φ / s ur ∙  A Φ


   G  m , Φ =    G  m , b , Φ + 𝜎   Φ / s ur ∙  V  m , Φ ∙    A Φ   V Φ


   n Φ =    V Φ   V  m , Φ


   A  s p , Φ ≡    A Φ   V Φ


   G  m , Φ =    G  m , b − Φ + 𝜎   Φ / s ur ∙  V  m , Φ ∙  A  sp , Φ


  Φ


   Y Φ


   Y  b , Φ


   Y  s , Φ / Ψ


   Y  s , Φ / Ψ ≠  Y  b , Φ


   Y Φ ≅  ( 1 −  x  s , Φ ) ∙  Y  b , Φ +  x  s , Φ ∙  Y  s , Φ / Ψ


   x  s , Φ =  A  s p , Φ ∙    V  m , Φ   𝜔 Φ


   Y Φ ≅  Y  b , Φ +  A  s p , Φ ∙    V  m , Φ   𝜔 Φ ∙  (  Y  s , Φ / Ψ −  Y  b , Φ )


   Y Φ ≅  Y  b , Φ +  A  s p , Φ ∙    V  m , Φ   𝜔 Φ ∙  (  Y  s , Φ / Ψ −  Y  b , Φ )


  Y ≡  G m


   G  m , Φ ≅  G  m − b , Φ +  A  s p , Φ ∙    V  m , Φ   𝜔 Φ ∙  (  G  m − s , Φ / Ψ −  G  m − b , Φ )


   𝜎  Φ / Ψ =    (  G  m − s , Φ / Ψ −  G  m − b , Φ )   𝜔 Φ


   G  m , i ( Φ ) =  G  m − b , i ( Φ ) +  A  s p , Φ ∙  V  m , i ( Φ ) ∙  𝜎  i ( Φ ) / Ψ


   G  m , Φ =  G  m − b , Φ +  A  s p , Φ ∙  V  m , Φ ∙  𝜎  Φ / Ψ


   G  m , Φ =   ∑ i   x  i ( Φ )   ∙ G  m , i ( Φ )


     𝜎  Φ / Ψ = 𝜎  i ( Φ ) / Ψ


   G  m − b , Φ =   ∑ i   x  i ( Φ )   ∙ G  m . b , i ( Φ )


   V  m , Φ =   ∑ i   x  i ( Φ )   ∙ V  m , i ( Φ )


   r Φ


  2 /  r Φ


  2 /  r Φ


  3 /  r Φ


   a Φ


  4 /  a Φ


  6 /  a Φ


  1 /  d Φ


  2 /  d Φ


   d Φ


  2 /  d Φ


  1 /  r Φ


  1 /  r Φ + 2 /  L Φ


  2 /  r Φ


  1 /  r Φ


  2 /  r Φ


  2 /  r Φ


   𝜅 Φ


   A  s p , Φ ≡    A Φ   V Φ


    d  A Φ  d  V Φ


   G  m , Φ =  G  m , b − Φ +  z Φ ∙  V  m , Φ ∙  𝜎   Φ / s ur


   z Φ ≡


   ∆ n G =  4 3 ∙ 𝜋 ∙  r S 3 ∙    G  m , b − S −  G  m , b − L   V  m , S + 4 ∙ 𝜋 ∙  r S 2 ∙  𝜎   S / L


   G  m , b − S −  G  m , b − L


   V  m , S


   𝜎  S / L


   r  cr , S =   2 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   r  eq , S =   3 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   G  m , b − L =  G  m , b − S +  2   r  eq , S ∙  V  m , S ∙  𝜎   S / L


   r  eq , S =   2 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   r  cr , S , Gibbs =   2 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   G  m , b − L =  G  m , b − S +  3   r  eq , S ∙  V  m , S ∙  𝜎   S / L


   r  eq , S =   3 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   r  eq , S , Gibbs =   3 ∙    V  m , S ∙ 𝜎   S / L   G  m , b − L −  G  m , b − S


   G  m , Φ =  G  m , b − Φ +  𝜅 Φ ∙  V  m , Φ ∙  𝜎   Φ / s ur


   G  m , Φ =  G  m , b − Φ +  𝜎   Φ / s ur ∙  V  m , Φ ∙   d  A Φ  d  V Φ


   G  m , Φ =    G  m , b − Φ + 𝜎   Φ / s ur ∙  V  m , Φ ∙  A  sp , Φ


   G  m , 𝛼 , c o n t =  G  m , 𝛼 , i n d +    V  m , 𝛼   V 𝛼 ∙ ∆    ( A ∙ 𝜎 )  c o n t


  ∆    ( A ∙ 𝜎 )  i n c = 4 ∙ 𝜋 ∙  r 2 ∙  (  𝜎  L 2 / L −  𝜎  L / G )


   G  m , L , i n c =  G  m , L , b +  3 r ∙  V  m , L ∙  𝜎  L 2 / L


   G  m , 𝛼 , c o n t =  G  m , 𝛼 , i n d +    V  m , 𝛼   V 𝛼 ∙ ∆    ( A ∙ 𝜎 )  c o n t


  ∆    ( A ∙ 𝜎 )  s e s s =  A  L / G ∙  𝜎  L / G +  A  S / L ∙  (  𝜎  S / L −  𝜎  S / G ) − 4 ∙ 𝜋 ∙  r 2 ∙  𝜎  L / G


   G  m , L , s e s s =  G  m , L , b +  3 r ∙  V  m , L ∙  𝜎  L / G ∙    (   2 − 3 ∙ c o s Θ +   c o s 3 Θ 4 )  1 / 3


   G  m , 𝛼 , c o n t =  G  m , 𝛼 , i n d +    V  m , 𝛼   V 𝛼 ∙ ∆    ( A ∙ 𝜎 )  c o n t


  ∆    ( A ∙ 𝜎 )  f l o a t =  A  S / L ∙  𝜎  S / L +  A  S / G ∙  𝜎  S / G − ∆  A  L / G ∙  𝜎  L / G − 4 ∙ 𝜋 ∙  r 2 ∙  𝜎  S / G


   G  m , S , f l o a t =  G  m , S , b +  3 r ∙  V  m , S ∙  𝜎  S / G ∙  [ 1 −    𝜎  L / G   𝜎  S / G ∙    (   1 + c o s Θ 2 ) 2 ]


   G  m , 𝛼 , c o n t =  G  m , 𝛼 , i n d +    V  m , 𝛼   V 𝛼 ∙ ∆    ( A ∙ 𝜎 )  c o n t


  ∆    ( A ∙ 𝜎 )  c a p =  A  S / L ∙  (  𝜎  S / L −  𝜎  S / G ) − 4 ∙ 𝜋 ∙  r 2 ∙  𝜎  L / G


   G  m , L , c a p =  G  m , L , b −  2   r c ∙  V  m , L ∙  𝜎  L / G ∙ c o s Θ


   G  m , 𝛼 =  G  m , 𝛼 , b + k ∙  A  s p ∙  V  m , 𝛼 ∙  𝜎  𝛼 / G


  k = f ( 𝜎 )

