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Abstract A thorough thermodynamic analysis of oxida-
tion of tin nanoparticles was performed. Solid tin oxides
SnO,, Snz04 and SnO were considered according to the
bulk phase diagram and a number of experimental results
on tin nanostructures oxidation were taken into account in
the assessment. Two equilibrium models with different
spatial configuration, namely two single-component parti-
cles and core—shell model were explored. The surface
energies for solid SnO and Sn3;04 were obtained on the
basis of DFT calculations while the interfacial energies at
SnO,(s)/Sn(l) and Sn3O04(s)/Sn(l) interfaces were assessed
using a broken bond approximation. The opposite influence
of nanosizing on stability of SnO, and SnO/Sn30, oxides is
demonstrated. It is due to the surface contribution which is
higher for SnO,(s) than Sn(l) while lower for SnO(s) and
Sn304(s) compared to Sn(l). This situation can explain
some experimental findings during oxidation of Sn
nanoparticles, namely an increased stability of SnO(s) and
Sn304(s) with respect to both liquid tin and solid tin
dioxide.
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1 Introduction

Oxidation of metal nanostructures is one of size/shape
dependent phenomena which are intensively studied now.
A huge number of experimental works as well as theoret-
ical studies on this subject have been published recently.
Equilibrium thermodynamics provides very useful tools for
studying various size/shape effects in the top-down
approach.!'! Whereas the effect of particle size and sur-
face energy on the melting point has been studied both by
experimental methods and theoretical modeling for many
systems, the phase transitions in partly open systems
involving exchange of one or more components with sur-
rounding atmosphere have been less explored. Within the
family of metal-oxide systems, Navrotsky et al.l*®! have
calculated phase equilibria in the systems Co-CoO,-O,(g),
Fe-FeO,-O,(g) and Mn-MnO,-O,(g) for bulk and
nanoparticles forms and have shown substantial influence
of nanosizing on stability of various oxide phases. The aim
of the present paper is to carry out a similar analysis for the
system Sn-SnO,-O,(g).

2 Thermodynamic Description of the bulk Sn-O
System

A thorough thermodynamic analysis of the Sn-O system
including an assessment of thermodynamic data for tin
oxides has been performed by Cahen et al.”l It should be
noted, however, that substantial differences between the
optimized and experimental values of entropy at 298.15 K
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exist for SnO, and Sn;O, oxides. The assessed value
Sin208(SN0) = 73.23 T K" mol™" is 1.4-times higher
than the experimental value 51.82 J K~' mol™' obtained
from low-temperature heat capacity measurements.”™ A
possible reason for this discrepancy may lie in a variable
oxygen stoichiometry of SnO, (oxygen vacancy formation
yielding a sub-stoichiometric SnO,_z) that may stabilize
this phase towards higher temperatures and/or lower partial
pressures of oxygen. In fact, the Sn;O,4 phase can be con-
sidered as oxygen deficient SnO,_s with rutile structure
and one-third of oxygen vacancies cumulated in (011)
planes in an ordered pattern.””! Based on the assessed
data'”! the Sn-O phase diagram was calculated using the
FactSage software!'”! as shown in Fig. 1. Three invariant
points can be identified in the temperature range
300-800 K under the conditions summarized in Table 1.

Tin sesquioxide Sn,O3 has been identified as a product of
bulk SnO disproportionation reaction!' " ! as well as a product
of nano-Sn oxidation.!"* Being an intermediate oxide between
SnO and SnO,, its stability has been examined on the basis of
first-principle calculations."'* '* Nevertheless, Sn,O5 was not
included into the present calculations due to absence of com-
plete thermodynamic data.

observed during oxidation, the most stable oxide, SnO,,
has been obtained in most cases and the resulting particles
frequently adopted a core(Sn)-shell(SnO,) structure.
Using XRD and HRTEM Huh et al.''® have observed
oxide formation on a surface of almost spherical tin
nanoparticles with an average diameter 28 nm. Oxidic
shells were composed of SnO, which was amorphous at
low temperatures while it crystallized in tetragonal rutile
structure after heating above 500 K. A metastable (high-
pressure) orthorhombic form of SnO, has been also
observed. In their subsequent study''*' they have observed
the tin particles oxidation (6-40 nm in diameter) in air
which resulted in an oxide shell composed of SnO and
Sn,O3 oxides. Using a simultaneous TG/DSC technique
combined with XRD characterization of product oxides
Song and Wen"”! have investigated the oxidation of tin
(nano)particles with average diameter 110 nm in air. Their
results reveal a two-stage oxidation process. During a
continuous heating (2-20 K min~') SnO shell is created
first at temperatures 473-523 K. The second step in the
temperature range 673-973 K results in a formation of

Table 1 Invariant points in the Sn-O system calculated with data
from!”!

3 Oxidation of Nano-Sn Coexisting phases T (K) p(02)/p°®
SnO(s)-Sn304(s)-SnOx(s) 410.0 22 x 107%
Oxidation of n.ano—Sn as well as t'he stability of nano—SnOz Sn(1)-SnO(s)-Sn;04(s) 5453 63 x 1047
have. been §ubjects of many studies. Although some inter- Sn(1)-Sn304(s)-SnO5(s) 7145 1.6 x 10~
mediate oxides, namely SnO, Sn3O,4 and Sn,0O5, have been
Fig. 1 Phase diagram of the Sn-0
system Sn-O calculated with 1-55P
data fi Ref 7 < >
ata from Re 800 ] ‘ . ' : lFactlSage
Sn(liq) + SnO,(s)
700 1
0
9
Sn(liq) + Sn;04(s) S
600 +
g
g Sn;04(s) + SNOy(s) o
= sn(liq) + Sno(s) S
500 F 1
SnO(s) + Sn;0,(s)
400 k Sn(s) + SnO(s) i
SnO(s) + SnO,(s)
300 L ! ! |
0.4 0.45 0.5 0.55 0.6 0.65 0.7

O/(Sn+0) (mol/mol)
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SnO, coexisting with SnO. At temperatures above 1073 K,
only SnO, is present in the oxidic shell of particles. These
results have been also confirmed under isothermal heating
at various temperatures in the range 473-1173 K for 4 h. A
similar sequence of oxidation products (Sn —
SnO + SnO, — Sn0»,) has been also observed in the case
of tin nanowires."'®! Sn;0, as a product of liquid tin nan-
odroplets oxidation was identified by Mima et al.'”! who
employed TEM for an in situ analysis of Sn(l)/tin oxide
boundary during oxidation. Sutter et al.”” have studied the
size-dependent room temperature oxidation of tin
nanoparticles in air. SnO has been identified as an oxida-
tion product and using TEM images of core/shell particles
with various sizes (3-100 nm in diameter) the dependence
of SnO shell thickness on particle diameter has been found
out. It should be noted that the oxidation of tin nanopar-
ticles is influenced by a lowering of tin melting temperature
which has been observed experimentally.*'**! This
decrease in temperature can be also calculated using the
Gibbs—Thomson equation or the Pawlow equation.!”!
Using the data from Table 2 one can calculate a decrease
as low as 60 K for nanoparticles with a diameter of 5 nm.

4 Thermodynamic Modeling of Nano-Sn
Oxidation

Equilibrium relations in nanosystems are fundamentally
dependent on topology of the system under consideration,
e.g. on spatial configuration of coexisting phases. In the
following analysis we consider two different configura-
tions, namely (1) two single-component particles (analogy
to the Pawlow equation for the melting point decrease) and
(2) core—shell geometry, which are both applied on the
Sn(1)-SnO,(s) and Sn(1)-Sn304(s) equilibrium. According
to the proposed classification scheme!*” the respective
configurations represent models of the first and the second
generation. Although core—shell model is physically more
realistic, simpler two particles model is often used for the

thermodynamic modeling of equilibria in oxide systems as
well as for evaluation of structural stability of polymorphic
oxide nanoparticles.[*~% 30-3%!

4.1 Single-Component Particles

The spatial configuration of such a system is shown in
Fig. 2. The equilibrium condition for the reaction
Sn(l) + O,(g) = SnO,(s) is in detail derived in “Ap-
pendix” (Eq 23, 26 and 27) yielding Eq 1 with the
respective bulk and surface contribution given in Eq 2 and
3:

Aanp(Tvp(Oz),np) = AerUIk (Tap(Oz),np)
+ Aerurf(Tvp(Oz)mp)
=0 (Eq 1)

A.GPK (TP mp) = AGO (T, p) — RTInp0,)np

= RT Inp(o,)pux — RT Inp(o,)np

(Eq 2)
2 Vin(sn0,)7(sn0) 2 Vim(sn)V(sn)

AG™ (T, py) =
G (T, p(g) P~ o

(Eq 3)

If the stoichiometric amounts of Sn and SnO, are con-
sidered, then

Fig. 2 Spatial configuration of the two single-component particles
system Sn-O ((o) = Sn(s,1), (f) = SnO(s))

Table 2 Basic

physicochemical data for tin Properties Value References

Temperature of fusion T(an‘s) (K) 505.1 24
Enthalpy of fusion AH;(SM) (J mol™) 7029.12 24
Entropy of fusion ASEI(SM) (K" mol™h 13.916 24
Molar volume of solid Vs at 7% (m® mol ™) 16.51 x 107¢ 25
Molar volume of liquid Vinsnyy at 75 (m® mol ™) 16.87 x 107° 26
Molar volume differences AV;(SH) at 7" (m® mol™") 0.36 x 107¢

Surface energy of solid sy s (MJ m™?) 660 — 0.5 x (T — TF) 27
Surface energy of liquid ysp,ig) (MJ m~?) 588 — 0.124 x (T — T%) 27
Interfacial energy solid/liquid y(spq, (MJ m~2) 66.0 28
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N(sn0,)  '(sn0y) Vim(sn)

nsn Vinsio,) T ;
Vm(SnOZ) ) /
Vm(Sn)

(Eq 4)
r(sn0,) = T(sn) (
Equation 4 can be used for substituting (02 into the

equilibrium relation resulting from Eq 1 to 3

RT 1y P©2)ap _ 2 Vin(sn0,)7(sn0) 2 Vim(sn)V(sn)

(Eq 5)

P(0,),bulk r(Sn0,) ¥(Sn)

which represents an implicit function of temperature,
oxygen partial pressure and tin nanoparticle size, F(T,
P©2nps Tsmy) = 0. It is thus possible to calculate the
dependence of poz) on r(sy) at given temperature or the
dependence of T on r(sy) at given oxygen pressure. Similar
calculations can be performed for Sn-SnO and Sn-Sn;O,4
equilibria.

Using this topology it is convenient to introduce the
standard chemical potential of a single-component
nanoparticle as

s ,bulk S
w™ (T, p°) = u ™™ (T, p°) + 1" (T, p°)
2V .
bulk 07
= Ggi,iu (T,p°) + —nTl :

T

(Eq 6)

At the temperature of tin fusion, 505.1 K, the surface
contributions for tin are: 21.787/r(nm) (kJ/mol) for solid
and 19.841/r(nm) (kJ/mol) for liquid Sn. Temperature
dependences of the molar volumes and the surface energies
were neglected in the following calculations.

The molar volumes, surface energies and surface con-
tribution for tin oxides are summarized in Table 3. Surface
energy is the crucial quantity for the surface contribution to
the Gibbs energy of nanoparticles. In the case of SnO,, the
value ysno2,sg) = 1200 mJ m 23 was chosen. This value
based on adsorption calorimetry measurements is markedly
lower than 1720 mJ m~? as previously obtained at the
same laboratory using a combination of high-temperature
oxide melt solution calorimetry and water adsorption
calorimetry.**" On the other hand ab initio calculated

values for SnO,/vacuum interface for various (hk/) surface
planes give mean values 1261 mJ m~2!
1438 mJ mfz,[%] 1407 mJ m~ 271 These mean values

were calculated according to the expression'*®!

T —_— (Eq 7)
Z(hkl)

where n means the number of (hkl) surface planes for
which 7y is calculated. Only one calculated value
Y(snO,se) = 392 m] m~2*" is available in literature for SnO
surface. As in the case of SnO, this mean value was
obtained using ab initio y, values according to Eq 7. Due
to the lack or the complete absence of surface energy data
for SnO and Sn3O, we performed DFT calculations for
slabs consisting of six and four unit cells stacked along
[001] and [010] directions, respectively, with a 15 A thick
vacuum region inserted between the slabs. The calculations
were carried out using all electron full potential method as
implemented in WIEN2k program (APW + lo basis set,
GGA-PBE96 functional, Ryt * K. in the range 7.5-8,
typical k-mesh sampling density 0.8 nm*).**! As expected,
the resulting surface energy values (see Table 3) are much
lower compared to rutile structure of SnO, due to the
layered character imposing a relatively weak cohesion
between the layers in both SnO and Sn;0Oy,.
Using Eq 5 in the form

Poymw _ 1 (zvm(SnOZ)V(SnOz)
P©y)buk  RTIn10

P (hkt)

log

_ 2 Vm(Sn,l)?(SnJ))
T(Sn,1)

(Eq8)

the ratio of O, equilibrium pressure in Sn(1)-SnO5(s)-O,.
(g) nano-system and bulk-system as a function of temper-
ature for tin nanoparticles of radius 2.5, 5, 10 and 20 nm
was calculated. As the surface term for solid SnO, is
greater than that for liquid tin, the decrease of nanoparticle
size brings about an increase of this ratio (Fig. 3).

Similar calculations were performed for reaction 1.5
Sn(l) + O,(g) = 0.5 Sn304(s) using Eq 9

T(sn0,)

Table 3 Basic

physicochemical data for solid Oxide Properties Value References
tin oxides SnO Molar volume Vi,sno,s) at 298 K (m> mol™") 21.03 x 107° 40
Surface energy y(sno,sg at 298 K (mJ mfz) 216 This work
2Vim(sn0.,s) Y(sn0,se) at 298 K (nm kJ mol ") 9.085
Sn;0, Molar volume Visnzos.s) at 298 K (m* mol ™) 79.70 x 107° This work
Surface energy y(sn304.s¢) at 298 K (mJ m2) 23.6 This work
2Vin(sn304.5) V(Sn304.s¢) at 298 K (nm kJ mol™") 3.761 This work
Sn0, Molar volume Vipsno2.) at 298 K (m* mol ™) 21.63 x 107° 41
Surface energy 7(snoz,sg) at 298 K (mJ m~?) 1200 33
2Vin(sn02.5) Y(sn02se) at 298 K (nm kJ mol™") 51.912
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Fig. 3 The ratio of O, equilibrium pressure in Sn(1)-SnO(s)-
0,(g) nano-system and bulk-system as a function of temperature
(rsmy = 2.5, 5, 10 and 20 nm)
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Fig. 4 The ratio of O, equilibrium pressure in Sn(1)-Sn;O4(s)-

0O,(g) nano-system and bulk-system as a function of temperature
(rsmy = 2.5, 5, 10 and 20 nm)

log P(0,)np 1 ( Vm(Sn3O4)y(Sn304)

= 3 Vm(Sn,l)“/(Sn.l))
P©o,)puk  RTIn10

T(Sn,)

(Eq9)

Since the surface contributions for solid Sn;O, are
smaller than that for liquid tin, we observe an opposite
trend in this case, namely a decrease of the oxygen pressure
ratio with a decrease of nanoparticle size (Fig. 4).

Using the surface terms defined by 2V,,y, values given
in Table 3 we can calculate the Sn-O phase diagram for a
selected nanoparticle size. The calculated phase diagram
presented in Fig. 5 for tin oxides nanoparticles whose sizes
are deduced from solid tin nanoparticles of radius 5 nm
exhibits notable differences compared to the bulk version.
Indeed, the SnO and Sn;O, stability is substantially

T(Sn304)

@ Springer

enhanced at the expense of SnO, due to the size effect
(significantly larger surface energy of SnO,). Furthermore,
there is only one invariant point in the temperature range
300-800 K, namely Sn(s)-SnO(s)-Sn3;04(s) at T =460 K
and p(0,)/p° = 4.6 x 1078,

4.2 Core-Shell Topology

According to the most experimental findings, the oxidation
of Sn nanoparticles leads to a core—shell geometry. This
situation is depicted in Fig. 6. The equilibrium condition
for the reaction Sn(l) + O,(g) = SnO,(s) is derived in
“Appendix” (Eq 23, 27, 29, 30 and 31). Using a material
balance (o = (sn,1,np)» ¥ = T(Sn,lcore)):

471: 3 3
n E —— 5 — :| =nd — n
nsno, = 7 Vasno, [(r +0) —r ng, — ns
n 33
= ro— 1 Eq 10
Voo ) (Eq 10)
we obtain for the SnO, shell thickness
Vin(sn Vin(sn A
5= [ Gn0) 3 + (1 SRALLLS] 02)>r3] —r  (Eq11)
Vm(Sn) Vm(Sn)

Similarly to Eq 1, AG™(T,po2)np) = 0 at equilibrium
and

1| 2 il S Vm nov,,s 2 n VHI n
RT1n P02 =(1+x)( o) 5(5 02s5)  27(sn)Vm(s ,1))
P(0,),bulk r+ ro
+x2V(Sn/SnOZ)Vm(Sn,1)

r

(Eq12)

Equation 12 represents a relation F(T, p(o2)np» Yo, 0) = 0
and it is possible to calculate the dependence of ¢ on
temperature or oxygen pressure at a given value o ry. The x
parameter stands for the amount of unoxidized molten tin
when 1 mol of SnO, is formed as the shell of nanoparti-
cles: x = n(Sn,l,core)/(n(Sn,l,np) - n(Sn,l,core))s which can be
expressed as

1
x=— (Eq 13)

(ro/r)*~1

It should be noted that for x =0 (r - 0), Eq 12 is
identical with the previously introduced Eq 5 with
r 4 0 = risnoz.s) and 1o = Fsny.

One more parameter, namely the interfacial energy y(sy,
sno2) at the liquid tin/solid SnO, interface, is included in
Eq 12. It can be assessed from contact angle of Sn(1) sessile
drop on SnO,(s) substrate measurement, but such a mea-
surement has not been performed yet. Alternatively, it can
be calculated from the work of adhesion W,q for Sn(l)/
SnO,(s) interface and the surface energies of Sn(l) and
SnO,(s) as
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Fig. 5 Phase diagram of the Sn-0
system Sn-O at nanoscale (sizes 1.bar
of nanoparticles included into FactSage
the calculation are derived from 800 ' ' ' ' ' ' ' |
r(Sn,s) = 5 nm considering the
differences in molar volumes:
r(Sn,l) = 5.04 nm,
#(Sn0) = 5.42 nm, 700 T
r(Sn304) = 5.86 nm,
r(Sn0,) = 5.47 nm) _
Sn(liq) + Sn;04(s) o)
600 g al
) hd
= Sny0,(s) + SnO4(s) 3
= T
ml
500 | S -
Sn(s) + Sn;0,(s)
400 F .
Sn(s) + SnO(s) SnO(s) + Sn;0,(s)
300 1 1 I 1 |
0.4 0.45 0.5 0.55 0.6 0.65 0.7
O/(Sn+0) (mol/mol)
T, p state and there are enough Sn atoms available for bonding
® on the Sn(l) counterpart (1.22 Sn per O), we can evaluate
V(B)’ p(B) the adhesion work as W,q = = 600 mJ m~2. Let us note
that this result is in a very good agreement with the values
obtained from models'** (Woq == 688 mJ m_z) based on
"o partial molar enthalpy of oxygen dissolution in liquid tin,
v AHE’S]S[I(U = — 182 kJ mol~"."*"! Substituting our value of
(@) P(a) -

Fig. 6 Spatial configuration of core—shell system Sn-O (() = Sn(s,l),
() = SnO())

V(sn1/$n0,) = V(sn05) T V(s — Wad (Eq 14)

Some empirical estimates for the work of adhesion at
liquid metal/solid oxide interfaces or just for interfacial
energy at liquid metal/solid oxide interfaces have been
proposed in literature.'**~*%! Here we use a model based on
broken bond approximation on the SnO, interface. While
the Sn-O bond energy in bulk SnO, is 229.5 kJ mol ™'
(obtained from the cohesive energy), the value E,(Sn-
0) = 40.5 kI mol ™' assessed from the surface energy
1200 mJ m 2 (Table 3) and the number of broken Sn-O
bonds on (001) surface represents only to 18 per cent of the
bulk value. This is likely due to relaxation of both the
valence electron density and the atomic positions close to
the surface. Considering that oxygen atoms on the surface
are lacking this portion of energy to saturate their bonding

Waq into Eq 14 we obtain the corresponding interfacial
energy Y(snsnoz2) = 1190 mJ m 2.

Equation 12 was used for the calculation of the surface
oxide layer thickness 0 (expressed as o/(r + J)) as a
function of relative equilibrium O, pressure (at 7 = 800 K)
and temperature (at p(O,,np)/p(O,,bulk) = 5) for a given
initial tin particle radius rq (Fig. 7 and 8). Due to the large
interfacial energy y(sn/sno2) the core—shell structure is not a
stable configuration with respect to the complete SnO,
particle and thus the oxidation of tin particles proceeds
spontaneously under these T and p(o) conditions. This is
imposed by a descending character of the 6/(r + J) versus
log (p(O,,np/p(O,,bulk)) curve, where for a given oxygen
pressure the core—shell structure corresponding to a point
on the calculated curve has always higher Gibbs energy
compared to a single phase SnO, nanoparticle with o/
(r 4+ 0)=1. The experimentally observed core—shell
structures formed on Sn(l) oxidation are thus the result of
kinetic effects (diffusion of oxygen).

Similar calculations were performed for the shell com-
posed of Sn;O, using Eq 15

@ Springer
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SI(r+8)

0.0 , ; . ; . : : .

log (p(O,),np/p(o,),bulk)

Fig. 7 The dependence of SnO, surface layer thickness J (expressed
as o/(r + 0) as a function of relative equilibrium O, pressure in Sn(l)-
SnO,(s)-05(g) nano-system (7' = 800 K, ry = 2.5, 5, 10 and 20 nm)

1.0 . . .
——2.5nm
—=—5nm |]
0.8 —4— 10 nm |_
——20 nm
—~ 0.6
=]
+
«
=
© 0.4
0.2 -
0.0 v ; . : - ; : ; .
300 500 700 900 1100 1300

T(K)

Fig. 8 The dependence of SnO, surface layer thickness J (expressed
as o/(r + 0) as a function of temperature in Sn(l)-SnOs(s)-O,.
(g) nano-system (p(O,,np)/p(O,,bulk) = 5, ry = 2.5, 5, 10 and 20 nm)

2 o1y PO _ G N x) 29($n;04.5) Vim(Sn304.5)
D(0,) bulk 3 r+9
2 n Vm n,
—(1+x) 7(sn)) Vm(sn.))
0
2 n 1 Vm n
4 V(sn/sn;04) Vm(Sn,)) (Eq 15)

r

which was derived in the similar way as the relations for
SnO, shell (see “Appendix”). In this case it holds for the
surface layer thickness

Vin(sn Vin(sn 13
— | 2miSns04) (11— _m(Sn0y) ) 31, (Eq 16)
3 Vm(Sn)

The contribution of work of adhesion to the interfacial
energy is much smaller for the Sn(1)/Sn304(s) interface due

@ Springer

3I(r+3)

0.0 . r
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-0.8 -0.4 0.0 0.4 0.8 1.2
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Fig. 9 The dependence of Sn;0, surface layer thickness 0 (expressed
as d/(r + o) as a function of relative equilibrium O, pressure in Sn(1)-
Sn304(s)-O,(g) nano-system (7' = 800 K, ry = 2.5, 5, 10 and 20 nm)

to very low value of Y304y (Table 3). As mentioned
above, Sn;O4 exhibits a layered structure which can be
derived from rutile-SnO, by periodically inserting 1/3 of
oxygen vacancies arranged in parallel layers. Hence, only
weak Sn-Sn bonds are broken when an interface is formed
at this vacancy-rich plane, and these interactions are
assumed to be re-established on the interface with liquid
Sn. The respective interfacial energy can be thus put equal
to that of liquid tin, ysw/sn304) = V(sn,ig) = 388 mJ mol >
(Table 2). Using Eq 15 the surface oxide layer thickness o
(expressed as d/(r + 9)) as a function of relative equilib-
rium O, pressure (at 7 =800 K) and temperature (at
p(O,,np)/p(Oy,bulk) = 5) for a given initial tin particle
radius ry were calculated (Fig. 9 and 10). The same con-
clusion regarding the instability of core—shell structure
with respect to a single phase Sn;O4 nanoparticle can be
drawn as in the case of Sn/SnO, particles but with the
difference that Sn/Sn3O, core—shell structures are more
stable (closer to the equilibrium state) than the Sn/SnO,
ones.

5 Discussion

Thermodynamic calculations whose results are presented
here show a substantial influence of the considered system
topology. In the case of single-component nanoparticles the
system formed by two independent components (tin and
oxygen) has three degree of freedom (7, p(o2), (sn)) and it
is possible to formulate three distinct dependences:
T=1(po2) at [rsnl, T=1(rsy) at [po2] and poo)-
= f(r(sny) at [T]. Thus, for the constant value of ry), the
oxygen pressure p(oz) is unambiguously determined by
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S/(r+3)
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7(K)

Fig. 10 The dependence of Sn;O, surface layer thickness o (ex-
pressed as o/(r + 0) as a function of temperature in Sn(1)-Sn3Oy4(s)-
0,(g) nano-system (p(O,,np)/p(Oy,bulk) =5, ry=2.5, 5, 10 and
20 nm)

temperature (Fig. 3 and 4). On the other hand, core—shell
topology brings four degrees of freedom (7, p(o2), ro. 0)-
For a given size of tin nanoparticles ry, the thickness of
surface oxide layer 0 is determined by the oxygen pressure
(Fig. 7 and 9) at constant temperature or by the tempera-
ture (Fig. 8 and 10) at constant oxygen pressure. Our
results, which show the instability of core—shell structure,
are perhaps surprising. Using the core—shell model Vegh
and Kaptay'*” have shown that in the case of lead melting,
a core solid and a liquid shell is found in a finite temper-
ature range below the macroscopic melting point. It is a
consequence of the simple relation Yppbsg) > V(Pbs))
+ Y@bg- In analogy, if the relation Yave) > PMeMeOr)
+ Ymeox) Was satisfied, a core-shell structure might be
stable. But it is not the case for many of the liquid
metal/solid oxide interfaces including our system under
study. By contrast, in an opposite process of SnO, reduc-
tion into liquid Sn, the SnO, core—Sn(l) shell structure
would be stable for a certain range of conditions. Another
aspect that should be mentioned is the sensitivity of the
calculated results on the input parameters. While thermo-
dynamic data for pure substances are rather reliable, the
values of surface/interface energies are inconsistent. Con-
sidering two single-component particles Sn(l), 7).
= 2.5 nm, and SnO,(s) as an example, the calculated
oxygen pressures for Jsnoz) = 1720 mJ m—>P! are 2-28
times higher than those for yn02) = 1200 mJ m 2% in
the temperature range 1300-300 K. The same applies for
the interfacial energy yswsnoz2) Within the core—shell
topology. Also other approximations considered in the
calculations, e.g. spherical shape of nanoparticles and
temperature-independent molar volumes and surface/

interface energy, bring some uncertainty in the results.
Therefore, the results of these calculations must be
understood as semi-quantitative estimate rather than the
exact values.

The last issue we would like to mention here is the
opposite influence of nanosizing on the stability of SnO,
and SnO/Sn;0, oxides within the two single-component
nanoparticles model. It is due to the surface contribution
which is higher for SnO,(s) than Sn(l) while lower for
SnO(s) and Sn304(s) compared to Sn(l). This situation can
explain some experimental findings during oxidation of Sn
nanoparticles, namely an increased stability of SnO(s) and
Sn304(s) with respect to both liquid tin and solid tin
dioxide.

Acknowledgments This work was supported by Czech Science
Foundation, Grant No. 17-13161S.

Appendix 1

Let us consider a closed heterogeneous system at constant
T and V. It follows for the equilibrium from basic ther-
modynamics relations

dFSySt = Zbulkphases dF(‘p) + Zinterfaces dF(g) =0,
In, T, Vo]
(Eq 17)

F is the Helmholtz energy and superscripts ¢ and ¢ stand
for coexisting bulk phases and interfaces/surfaces, respec-
tively. Let us now describe the equilibrium in the system in
Fig. 2 where the reaction Sn(l) + O,(g) = SnO,(s) takes
place ((¢) = Sn(l) and () = SnO,(s)) in terms of the con-
dition (17). The equilibrium corresponds to coexistence of
two single-component particles Sn(l) and SnO,(s) and
gaseous oxygen at temperature 7 and oxygen pressure

P02,9)-

+dFisi0,.0 (Eq 18)

dFasy = —pisnndVisn + sy (Psnn))dnsany  (Eq 19)
dF?;rlllé)zﬁs) = _p<SH02,S)dV<Sn02’S)

+ H(sn05.5) (P(5002.5) )N (500,.5) (Eq 20)

dFS) = —P0:.)4V(000) + K0,.8) (P(0:.2))d1(0, )
= P(02.0) (dV(sn) + dV(s00,5))
+ 10, ) (P(0:.2))7(0,.0)
(Eq 21)

Summation of these bulk contributions yields
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— (P(snt) = P(0s.2)) AV(snt) + Hsn) (P(sng) )dnsny)
— (P(5002.5) = P(02.2)) AV ($001.5) F H(5005,5) (P(5101.5) ) A7(500, )
+ 1(0,.0) (P(0:.2)) 410, )
(Eq 22)
Supposing incompressibility of liquid tin and solid oxide

(molar volume does not depend on pressure) and applying
material balance conditions in the stoichiometric form

np =n +vi&, (Vsany = — 1, Viozg) = — 1, V(sno2ss) = 1)
one can arrange Eq 22 as
[,U(sml) (p(Sn‘l)) - (P(Sn,l) - P(oz,g))Vm(Sn,l)}d"(Sn,l)
+ |::u(SnOQ,S) (P(sn025) — (P(s001.5) _p(Og,g))Vm(SnOZ,S)}dn(SnOZ,S)
+ (0,0 (P(02.g))d1(0,.0) = [V(Sn,wﬂ(sm) (P©..2)

+ V(3005.5) H(sn05.5) (P(0.2)) T+ V(oZ,g)Moz‘,g)(P(o:.g))} dé
= Aerulk(p(Opg))dé
(Eq 23)

The surface terms in Eq 18 can be expressed as

: dAsn) dV(sny)
AFET = 9sandAsnl) = Vs s 0 g
(snl) = V(sn4A(snl) = V(sn) AVsn1) d(sn) T(sn,))
2Vm(Sn.l)
= Yisn) ——— Vsnnd<
?(Sn,1) Fsn) (Sn,1)

(Eq 24)
dF?g;fOz,s) = y(SnOZ,s)dA(Snoz,s)

B dA(510,.,5) AV(800,.5)
= Y(Sn0y.s) av

dn s
(Sn0;,s) dn(SnOZA,s) (Sn02.5)
2 Vm(SnOg,s) (Eq 25)

= y(SnOZ,s) V(Snoz,s)dé

7(Sn0,,s)
and the summation gives

2 (st Vim(sn)

2 Y(Sn0y,s) Vm(SnOz,s):| dé

V(Sn V(Sn K
(Sn,J) F(sn) (Sn0,.5) T (5000s)
= AG™d¢
(Eq 26)
dFgys = 0 at equilibrium thus
AG™™ (pio,g) + AG =0 (Eq 27)

Somewhat more complicated is the derivation of equi-
librium condition in the system in Fig. 6 where the same
reaction Sn(l) + O,(g) = SnO,(s) takes place ((«) = Sn(l)
and (f) = SnO,(s)). The equilibrium corresponds to a
coexistence of unoxidized Sn(l) core and SnO,(s) shell in
gaseous oxygen at temperature 7 and oxygen pressure
Po2,¢)- Whereas Eq 19-23 for bulk contribution hold as in

@ Springer

the previous case, the surface contribution is qualitatively
different. Due to different interfaces of Sn(l,np) nanopar-
ticle and unoxidized Sn(l,core) the oxidation reaction
should be written as (1 + x) Sn(L,np) + Ox(g) = SnOy(-
s) + x Sn(l,core) however, the bulk properties of Sn(l,np)
and x Sn(l,core) are the same. Thus the surface contribution
should read

dFsurf — dF?g;fl,nP

) + dF?lSA:il,core) + dF(SS;fOzA,s) (Eq 28)
dFE“Sl;t,l,np) = 'V(Sn‘l)dA(Sn,l,np)

_ . dA(Sn,l,np) dV(Sn.l,np)
= V(sn)) d

dn
Visn,Lnp) d72(sn1np) (Sn,Lnp)
2 Vin(snp) 20

= Y(sn,)) V(sn,1,np)d¢

T(sn,Lnp)

dFigg:,l,core) = V(Sn/SnO2)dA(Sn,l,core)

dA(Sn,l.core) dV(Sn,l,core)
dV(SnA,lA,core) dn(Sn,l,cnre)
2 Vm(Sn,l)

= V(Sn/$n0,) dn(Sn,l,core)

= V(Sn/$n0,) V(Sn,l,core)dﬁ

(Sn,1,core)

(Eq 30)

dF’ ?lsl;foz,s) = 7($n0y,5)4A (500, 5)
B dA(510,,5) dV(core/shell)
= Visn0zs) dV(core/shell) dn(core/shell)

2 Vm(SnOZ,s)

T (sn,lcore) T O

dn (core/shell)

= V(SnOz,s) (V(Snoz,s) + V(Sn,l,core))dé

(Eq 31)

To simplify Eq 31 the difference between molar vol-
umes of Sn(l) and SnO,(s) was neglected in the derivative
dV(core/shell)/dn(core/shell)~ Since (V(Sn,l,np) = - (1 + )C),
Vsno2.s) = 1, V(sn.1corey = X) the surface contribution has got
a form

{(1 +x)

2y sn1) Vn(sn . 29(sn/sn0,) Vin(sn,1)

T(Sn,1,np) T(Sn,1,core)

+ (1 +x)

29(sn0s.9) Vm(Snoz,s)] y
T(Sn,l,core) +9 )

— [(1 + x) (2'))(5110215) Vm(SHOLS) . 2’))(Sn,l) Vm(Sn,l))
F(Sn,1,core) +0 T(Sn,1,np)

29 Vin(sn
N 7(Sn/Sn0O,) Vm(s 1):| dé = Aerurfdé

(Sn,1,core)

(Eq 32)

Equation 27 is valid and applicable for both topologies,
two single-component particles and core—shell model, with
the difference in surface term being described by Eq 26
and 32, respectively.
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Appendix 2

List of symbols

A Surface area

E, Bond energy

F Helmbholtz energy

G Gibbs energy

AG The change of Gibbs energy due to reaction
(reaction Gibbs energy)

AG° The change of standard Gibbs energy due to
reaction (standard reaction Gibbs energy)

AH%]SMI) The partial molar enthalpy of oxygen
dissolution in liquid tin

n; The number of moles of the species i

ny The initial number of moles of the species i

p Pressure

R The gas constant

r Radius of spherical nanoparticle

T Temperature

7" Temperature of fusion

Vi Molar volume

Waa Work of adhesion

0 Thickness of surface layer

Y Surface or interfacial energy

Wi The chemical potential of the species i

2 The standard chemical potential of the species

i (at pressure p°® = 100 kPa)

V; The stoichiometric coefficient of the species i

& Extent of reaction

bulk Related to bulk properties (bulk contribution)

np Related to nanoparticle

surf Related to surface properties (surface
contribution)
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