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Abstract: An important step for achieving the knowledge-based design freedom on nano- and interfacial materials is attained by 
elucidating the related surface and interface thermodynamics from the first principles so as to allow engineering the microstructures 
for desired properties through smartly designing fabrication processing parameters. This is demonstrated for SnO2 nano-particle 
surfaces and also a technologically important Ag-SnO2 interface fabricated by in-situ internal oxidation. Based on defect 
thermodynamics, we first modeled and calculated the equilibrium surface and interface structures, and as well corresponding 
properties, as a function of the ambient temperature and oxygen partial pressure. A series of first principles energetics calculations 
were then performed to construct the equilibrium surface and interface phase diagrams, to describe the environment dependence of 
the microstructures and properties of the surfaces and interfaces during fabrication and service conditions. The use and potential 
application of these phase diagrams as a process design tool were suggested and discussed. 
Key words: metal oxide; surface phase diagram; interface phase diagram; equilibrium crystal shape; first-principles; 
thermodynamics 
                                                                                                             
 
 
1 Introduction 
 

Metal oxides show a vast variety of properties, from 
insulators to semiconductors, to electronic conductors or 
even superconductors. The applications are equally 
diverse. Examples of recent applications include 
transparent conducting oxides as electrodes for 
photovoltaics [1], high-K oxides for CMOS, DRAM or 
flash memories [2], nanostructured ferroelectric and 
multiferroic oxides for spintronic devices [3], 
semiconducting and conducting oxides for thin film 
transistors [4], dielectric oxides for energy storage 
purposes [5], and etc. Particularly, the surfaces of metal 
oxides can exchange charges with a wide variety of 
adsorbed organic molecules [6], which renders them 
useful in novel organic electronics [7] and chemical 
catalysis [8]. Recently, the interfaces of metal oxides 
with metals have also become a hot research topic, for 
they dictate the integrity and reliability of many material 
systems, ranging from macroscale structural composites 

[9], to functional thin-films and coatings [10], as well as 
nanoscale electronic devices [11]. 

Metal oxide surfaces and interfaces have attracted 
considerable research attention in recent years not only 
because of their unique properties and many novel 
applications but also because of their fundamental 
interest. The metal oxide surfaces are complicated by the 
fact that the low-index planes are often polar, so that the 
clean, bulk-terminated crystal surfaces may have 
divergent electrostatic surface energies. Charge 
compensation mechanisms that lead to a finite dipole 
may result in important modifications of the surface 
geometric and electronic structure, including changes in 
the valence state of surface ions, surface reconstructions, 
surface roughening and faceting, among others. As the 
result, the microstructures (and hence the properties) of 
the surfaces vary with ambient environmental conditions 
under fabrication and service conditions [12]. For 
example, tin dioxide (SnO2) is a wide band-gap 
semiconductor with an interesting combination of low 
electrical resistance and high optical transparency, and 
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has been widely used in applications such as solar cells, 
flat panel displays, touch controls, and defrosting 
windows [13,14]. Recently, it is found that oxygen 
chemistry of SnO2 surfaces sensitively relies on the 
ambient environmental atmosphere which has      
been reflected by the measurable change of electrical 
conductivity [15], making it also attractive for new 
applications including oxidation catalysts and gas 
sensors [16]. Moreover, nanofabricated SnO2 was 
suggested as a promising alternative to the conventional 
anode materials in lithium-ion batteries [17], due to its 
high capacity as well as the low active voltage. In this 
application, the anode performance is closely related to 
the surface quality and stability of SnO2 nanoparticles. 
Undoubtedly, a fundamental understanding of these 
environment-microstructure-property interactions would 
be an essential component in the smart design and 
engineering context of SnO2 surfaces in these 
applications. 

The interfaces of SnO2 with metals, such as Ag, are 
also technologically important. Such interfaces widely 
present in oxide dispersion-strengthened (ODS) Ag 
alloys which constitute an important group of composite 
materials uniquely characterized with both improved 
strength and high thermal/electrical conductivity at 
elevated temperatures [18]. In the case of electrical 
contact materials, the ODS Ag−SnO2 alloy is the most 
promising alternative to the traditional Ag−CdO alloy 
[19−23]. These alloys are now often fabricated through 
in-situ internal oxidation of dilute alloy powders. The 
performance and reliability of these alloys are largely 
determined by the microstructure and properties of the 
internal metal−metal-oxide interfaces, which in turn, are 
dictated by internal reaction thermodynamic conditions 
and can also be significantly affected by a trace amount 
of impurities. The fundamentals governing these 
interface-related mechanisms and interrelations have 
been exemplarily clarified for the ODS Cu−Al2O3 alloy 
[9], and need also be understood for the ODS Ag−SnO2 
alloy. 

It is prohibitive to rely solely on experiments to 
systematically explore such fundamental interrelations 
and mechanisms. The first-principle calculations have 
emerged as an indispensable tool in recent years, being 
able to single out influence factors and phenomenology 
correlated to the considered application, to provide many 
useful insights from an improved basic understanding of 
surface and interface thermodynamics and even defect 
and impurity effects. The protocol that allows such 
calculations to provide insights has been illustrated for 
CeO2 and SnO2 surfaces [12,24], and Ni−Al2O3 and 
Cu−Al2O3 interfaces [9,10,25,26]. 

In this work, we employ the same first-principles 
based calculations to investigate SnO2 surfaces and an 

Ag−SnO2 interface. From the concepts of first-principles 
thermodynamics, we first expressed the surface energy 
of SnO2 as a direct function of temperature (T) and 
oxygen partial pressure pO2

, and extended our DFT 
investigations to all non-stiochiometric (both Sn- and 
O-terminated) surfaces of (110), (101), and (100). This 
approach enabled us to construct the equilibrium surface 
phase diagram to predict and compare surface stabilities 
of SnO2 under more practical environmental conditions, 
i.e., for any given T and pO2. Moreover, the results can be 
further utilized to predict the thermal equilibrium 
morphology of SnO2 nano-particles, based on the 
Gibbs–Wulff theorem of equilibrium crystal shape (ECS). 
For the internally oxidized Ag−SnO2 interface, we first 
performed high-resolution transmission electron 
microscopy (HRTEM) to determine the basic orientation 
relation of SnO2 in Ag matrix, based on which we 
proposed various atomistic models for possible interface 
structures with considering different stoichiometry/ 
termination and coordination types. The associated free 
energies and properties (adhesion strength, wettability, 
and relative stabilities) were then evaluated from ab 
initio calculations, as a function of ambient temperature 
and oxygen partial pressure. These data were then used 
to construct the equilibrium interface phase diagram, 
through which we can describe the environment- 
microstructure-property relations of the internal 
interfaces during the process of internal oxidation. 
 
2 Computational methods 
 

All the first-principle calculations were based on 
density functional theory [27,28] as implemented in a 
plane-wave, pseudopotential code VASP (Vienna ab 
initio simulation package) [29]. The ion-electron 
interaction was described by the projector augmented 
wave method (PAW) [30] within the frozen-core 
approximation. To sample the Brillouin zone, the 
k-meshes were generated automatically using the 
Monkhorst–Pack method [31]. The electronic 
minimization algorithm for static total energy 
calculations was based on a residual minimization 
scheme-direct inversion in the iterative subspace (RMM- 
DIIS). Ground-state atomic geometries of surfaces and 
interfaces were optimized by minimizing the Hellman- 
Feyman forces using a combined blocked Davidson + 
RMM-DIIS algorithm, until the total forces on each ion 
was converged to 0.02 eV/Å. The optimal choice of 
exchange-correlation (XC) functional was based on the 
comparison of predicted bulk properties with their 
experimental counterparts. The XC-functionals tested 
include local-density approximation (LDA), the 
generalized gradient approximation (GGA) with Perdew- 
Wang-91 functional (PW91) [32], and the Perdew- 
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Burke-Ernzerhof (PBE) functional [33]. 
 
3 Results and discussion 
 
3.1 Bulk properties 

The validation of XC functionals can be performed 
by fitting the energy-volume data of crystalline materials 
to the Murnaghan’s equation of state [34] and comparing 
the predicted bulk properties with experiments. Taking 
SnO2 as an example, it has a rutile (tetragonal) structure 
(space-group 14

4hD , P42/mnm). Figure 1 presents the 
primitive cell of SnO2. The atoms are located as O at 

）（ 2/1 ,2/1 ,2/1 ;0 , , uuuu −+± and Sn at (0, 0, 0; 1/2, 1/2, 
1/2), in units (a,a,c). The results of DFT bulk 
calculations using various exchange-correlation 
functionals are summarized in Table 1. It is seen that 
PAW-GGA and PAW-PBE predict quite similar results 
for lattice parameters and bulk modulus, which is 
expectable for that the two GGA-type functionals differ 
only by a simplified exchange enhancement factor. Both 
GGAs overestimate the experimental values by ~1.8 %. 
The overestimation resulted from the gradient 
corrections has an effect of isotropic pressure on the 
crystal, thus the predicted c/a ratio and the parameter of  
 

 
Fig. 1 Primitive tetragonal unit cell of SnO2 (Red circles: O2−; 
blue circles: Sn4+) 
 
Table 1 Calculation of bulk SnO2 in comparison with 
experiments and other calculations 

Method a/Å c/Å c/a u 
Bulk 

modulus/
GPa 

PAW-GGA(PW91) 4.819 3.242 0.673 0.306 181.8
PAW-PBE 4.823 3.243 0.672 0.306 180.4
PAW-LDA 4.731 3.197 0.676 0.306 209.9

US-GGA [35] 4.778 3.232 0.676 0.306  
B3LYP [36] 4.718 3.187 0.675 0.307  
LDA [37] 4.74 3.128 0.66 0.307 218 
GGA [38] 4.82 3.29 0.683   

Experiment [39,40] 4.737 3.186 0.673 0.306 218 

u could remain almost the same to experiment (0.673 and 
0.306, respectively). PAW-LDA prediction has a much 
improved accuracy: the lattice parameters calculated by 
PAW-LDA (a=4.731 Å, c=3.197 Å and u=0.306) is in 
almost perfect agreement with the experimental data 
(a=4.737 Å, c=3.186 Å, u=0.306), within an error of 
only ~0.5%. The bulk modulus predicted by PAW-LDA 
also agrees well, within only a 3.7% of error. We thus 
have confidence to employ the PAW-LDA for SnO2 in all 
subsequent calculations. 
 
3.2 Surface energy, stoichiometry and stability 

A stable oxide surface, that can be regarded as the 
end result of the dynamic balance of surface oxygen 
adsorption and desorption processes, must be modeled as 
in a thermal equilibrium at a certain temperature with an 
atmosphere containing a certain oxygen concentration. 
We employed the first-principle methods to explore a 
series of low-index surfaces with all possible ideal 
terminations, either stoichiometric or reduced or oxidized, 
under thermodynamic equilibrium with the ambient 
atmosphere. 

Surface energy, as a measurement of surface 
stability, can be calculated as 
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where μi is the elemental chemical potential, and Ni is the 
number of the corresponding atoms in the surface 
supercell. For a stoichiometric surface (NO=2NSn), the 
surface energy must be independent of

2Oμ , while for a 
nonstoichiometric or defective surface ( SnO 2NN ≠ ), the 
surface energy becomes a linear function of

2Oμ . 
Assuming oxygen in the ambient as an ideal gas, one can 
express the oxygen chemical potential 
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where o

O2
p  is taken to be 105 Pa; k is the gas constant, 

8.314 J/(K·mol); the superscript o represents the standard 
state of each species. Finally, the surface energy γ can be 
expressed as a function of T and 

2Op  as  
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2
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The temperature dependence of Etot,surf and 

2SnOμ  
would essentially cancel out each other in computing the 
surface energy, thus can be approximated by DFT 
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calculations at 0 K. The major contribution for the 
temperature dependence comes from the energetic terms 
of O2. Among which, )(

2O THΔ and )(
2O TSΔ can be 

referred to experimental values as tabulated in Ref. [41]. 
Table 2 summarizes the calculations of low-index 

stoichiometric surfaces in comparison with other earlier 
theoretical results. LDA predictions are 30%−60% higher 
than GGAs. The only full-potential calculation [42] 
yields surface energies that lie about half way between 
LDA and GGA results. No matter what 
exchange-correlation functional was used, the same order 
of stability was confirmed by DFT: (110)>(100)>(101)> 
(001). Due to that PAW-GGA or PBE tends to 
underestimate surface energy while PAW-LDA is 
opposite, we can predict the surface energies with error 
ranges as: γ(110)≈1.19±0.19, γ(100)≈1.31±0.24, 
γ(101)≈1.61±0.19, γ(001)≈(2.03±0.20) J/m2. We note 
that, the (101) has a surface energy much higher than that 
of the (110) and (100). However, some experimental 
studies reported that SnO2 (101) can be made stable 
under certain experimental conditions [43]. The unusual 
stability of the (101) occasionally observed in these 
experiments encourages us to further explore the 
dependence of non-stoichiometric surface stabilities 
under ambient conditions. 

 
Table 2 Calculated surface energies of stoichiometric SnO2 
surfaces 

Surface energy/(J·m−2) 
Method 

(110) (100) (101) (001)
PAW-LDA 1.38 1.55 1.79 2.23 
PAW-GGA 1.06 1.14 1.47 1.88 
PAW-PBE 1.00 1.07 1.42 1.83 

US-LDA [44] 1.66    
LDA [45] 1.50    

US-GGA [35] 1.04 1.14 1.33 1.72 
PAW-GGA [46] 1.01  1.44  

FP-PBE [42] 1.21 1.29 1.60  
 

According to Eq. (3), non-stoichiometric surface 
energy can no longer be a constant value but depend on T 
and 

2Op . Figure 2 plots and compares the calculated 
low-index non-stoichiometric surface energies as 
functions of 

2Op  at different temperatures. It is clear 
that at low temperatures, the stoichiometric termination 
of each surface yields the lowest surface energy over all 
the range of pressures up to 1×105 Pa, while either the O- 
or the Sn-terminated counterpart always has a higher 
surface energy. With increasing temperature, the energies 
of the O-terminated surfaces further increase to even 
higher values, while those of the Sn-terminated surfaces 
can be reduced rapidly. Eventually, a termination 
transition from the stoichiometric to the Sn-rich may take 

place at ultra-high vacuum (UHV). For instance, at T= 
1200 K, the stoichimetric-to-Sn-rich transition for the 
(101) surface occurs at ln =

2Op ~−17 (or 
2Op =    

~10−3 Pa). Below this pressure, the Sn-rich (101) would 
be the most stable facet. Our calculations can not only 
confirm, but also well explain those experimental 
observations that the (101) surface can be made stable 
under certain conditions. We also notice that the surface 
energies of (100)_Sn are very close to those of (101)_Sn 
at T>600 K. This suggests that both Sn-rich (100) and 
(101) might be expected to present as stable facets, at 
sufficiently low partial pressures and high temperatures. 
One should notice that we have only considered ideal 
terminations. In reality, such a termination transition is 
made possibly by a gradual and continuous loss of 
outermost layer oxygen atoms. But nevertheless, surface 
energy can employ Fig. 2 to estimate the critical 
pressures for termination transitions, to design or control 
the microstructure and property of an oxide surface. 
 
3.3 Surface phase diagram 

Figure 3 presents the equilibrium surface phase 
diagram constructed by replotting the transition pressure 
vs temperature data from our calculation in Fig. 2. This 
diagram contains only two regions dominated by the 
Sn-rich (101) and the stoichiometric (110) surface, 
respectively. The Sn-rich (101) is more favored under the 
conditions of high temperature and low oxygen partial 
pressures. It has been observed in Ref. [47] that simply 
increasing the oxygen partial pressure during the crystal 
growth at 1200 K could produce a branched hierarchical 
morphology of SnO2 nano-wires. This very interesting 
experimental phenomenon can be well described by  
Fig. 3. At 1200 K, the reduced (101)_Sn and (100)_Sn 
have nearly equal low surface energies at low oxygen 
partial pressures, and thus both can preferentially grow 
as free stable facets; once the oxygen partial pressure is 
increased to cross the phase boundary (see from A to B in 
Fig. 3), the growth of (101)_Sn and (100)-Sn would 
cease automatically and the stoichiometric SnO2 (110) 
starts to grow preferentially and steadily. Although the 
authors in Ref. [47] did not provide the exact values of 
oxygen partial pressures, the so-called controlled growth 
of branched hierarchical crystals with tunable 
morphology technique can be regarded as a successful 
application of our theoretically-constructed surface phase 
diagram (Fig. 3). The only direct experimental 
comparison that can be made is with the report in Ref. 
[48] (marked by C) where the {110} facets were found 
dominant in SnO2 nanorods synthesized by thermal 
evaporation at 1200 K, and also, the relative intensity of 
the {110} facets indeed increased simultaneously with 
increasing oxygen partial pressures. 
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Fig. 2 Calculated surface energies of SnO2 vs oxygen partial pressure at different temperatures: (a) 300 K; (b) 600 K; (c) 900 K;   
(d) 1200 K 
 

 
Fig. 3 Calculated surface phase diagram of SnO2 (a), experimentally observed branched growth of SnO2 nano-wires by adjusting 
ambient oxygen partial pressure at 1200 K (b) and a zoom-in view along growth direction of branches (c) (Length scales of (b) and (c) 
should be referred to Ref. [47]) 
 
3.4 Equilibrium crystal morphology 

The calculated surface energies in Fig. 2 can be 
further utilized to predict the thermal equilibrium 
morphology of SnO2 nano-particles, based on the 

Gibbs–Wulff theorem of equilibrium crystal shape (ECS) 
[49,50]. The Gibbs–Wulff theorem provides a simple 
mathematical construction that predicts the ECS of a 
single crystal or nano-particle by minimizing the total 
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Gibbs free energy of a configuration of certain preferred 
crystal planes with low surface energies at a constant 
volume. 
 

∑=Δ
hkl

hklhkl AG γ                              (4) 

 
The Wulff construction is performed based on a 

mathematical shape-energy relation as 
 
( ) ),(

2OpTnr hklαγ=
r

                          (5) 
 
where ( )nr

r
 represents the radius of the crystal shape in 

the normal direction to a particular crystal surface hkl; α 
is the proportionality constant. At a distance from the 
origin numerically equal to the surface energy, hklγ , a 
normal plane is established as one potential facet of the 
ECS. Consequently, one returns to the origin and 
reiterates this process for all other crystallographic 
directions. In this way, the smallest volume enveloping 
the origin inside all these planes can be taken, in a 
geometrical sense, as the minimum-energy morphology 
for a particular crystal. 

The equilibrium crystal shape of single crystal Ag 
can be constructed as shown in Fig. 4, based on our 
calculated surface energies of Ag. The faces of the 
spherical crystal Ag mostly consist of the most stable 
(111) planes, followed by (100) and then (110). Other 
higher-index Ag surfaces cannot possibly present due to 
the much higher surface energies. In contrast to pure 
metals, metal oxides would have an equilibrium crystal 
shape that changes at the ambient conditions, by 
following the environment dependence of surface 
energies. Figure 5 presents the predicted equilibrium 
crystal shape of SnO2 at 1200 K, in a comparison with 
the experimentally observed morphologies of SnO2 
nanocrystals [51] and single crystals [42]. Different 

surface features with different electronic structures can 
thus exhibit different chemical reactivity and selectivity. 
Prediction of ECS is crucial for smart-designing of 
metal-oxide nanocrystals with desired morphologies and 
functions. 
 

 

Fig. 4 Calculated surface energies of low-index Ag surfaces, 
and corresponding equilibrium crystal shapes of single crystal 
Ag 
 
3.5 Interface structure 

HRTEM can offer the unique ability to observe an 
interface directly in real space at the atomic scale. 
Microstructure observations by HRTEM combined with 
image simulations allow to deduce the interfacial 
orientation relationships, lattice mismatch, and even 
misfit dislocations in an intuitive way. However, 
conventional HRTEM assumes the independent atom 
model in which the atoms in the images are neutral, thus 
all kinds of interatomic interactions are neglected. This 
technique might be sufficient for structural and elemental 
identification within the specimen, but cannot provide 
enough chemical information, such as chemical 
interactions at the interface and the free energetics 
associated, that is demanded for an appropriate 
assessment of the stability and properties of an interface. 
To face such challenges, the conventional HRTEM was 
first employed to determine the basic orientation relation 
of the Ag−SnO2 interface. The first-principles based 

 

 

Fig. 5 Calculated surface energies of low-index SnO2 surfaces at 1200 K (a), corresponding equilibrium crystal shapes of SnO2 under 
two different oxygen partial pressures determined by Gibbs-Wulff theorem (b) and experimentally observed morphologies of SnO2 
nano-crystals (c) and single crystals (d) [42,51]  
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strategy was then developed to provide many useful 
insights from an improved basic understanding of 
detailed interfacial structures, chemical bindings, and 
thermodynamics. 

The metal−oxide interfaces formed by in-situ 
internal oxidation are smooth and clean, which is 
particularly preferable for microscopic characterization. 
Figure 6 shows the morphology of SnO2 precipitates 
observed in Ag matrix and the high resolution 

transmission electron microscopy (Tecnai G2 F20 
S-TWIN) image of the interface along the beam axis of 
〈110〉Ag. A highly preferred growth orientation relation of 

)[010]101(]//SnO211)[111Ag( 2  was observed for those 
fine-size oxide precipitates. Based on this information, 
an atomistic model for the Ag−SnO2 interface can be 
constructed and shown in Fig. 7(a). This sandwich 
supercell is chosen to be the smallest repetitive unit in 
both x- and y-direction. Its inversion symmetry ensures a 

 

 

Fig. 6 Typical morphology of SnO2 particles observed in internal oxidized Ag(Sn) composite alloy (a), HRTEM image of Ag−SnO2 
interface (b), and fast Fourier transform (FFT) pattern (c) 
 

 
Fig. 7 Sandwich model for Ag(111)−SnO2(101) stoichiometric interface, and top views of interface model with different 
terminations (a), stoichiometric (b), O-rich (c), and Sn-rich (d) (Each termination considers two coordination types: Type I—Ag on 
top of O; Type II—Ag at bridge sites) 
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net-zero surface dipole moment across the vacuum (a 
thickness of at least 12 Å). In this model, we chose the 
lowest strains to commensuration: the Ag lattice is 
compressed by only 3.8% to match the unstrained SnO2 
for the latter has much higher elastic moduli. 

For such oxide interfaces, similarly as we have done 
for the surfaces, we need consider both stoichiometric 
and non-stoichiometric type terminations. For each 
termination, we further consider at least two different 
coordination types by translating metal relative to SnO2, 
i.e., by placing Ag atoms on top of (Type I) or above the 
bridge sites (Type II) of the O atoms (as shown in Figs. 
7(b)−(d)). The coordination type, along with interfacial 
terminations, indicates the chemical bonding nature and 
also the thermodynamics of the interface. 

For all the considered structures, the calculations 
allow for full relaxation by varying atomic 
configurations in space until the total energy and the 
force on each atom are both minimized. The fully 
relaxed interface structures were presented and compared 
in Fig. 8. It is clearly seen that for the stoichiometric 
interfaces (the top panel), relaxation induced large lateral 
displacements of interfacial atoms, and eventually, the 

two initially different coordination structures (type I and 
II) relaxed to the same geometry. Similar relaxation 
consequence was observed for the O-terminated 
interfaces (the middle panel): the two coordination types 
relaxed to essentially the same geometry, they differ only 
by a mirror reflection but are geometrically and 
energetically identical. The resulted interfacial bonding 
is largely determined by strong covalent-ionic Ag−O 
bonds, and Ag atoms prefer to locate themselves at the 
hollow sites of neighboring O atoms (and vice versa). 
For the Sn-terminated interfaces (the bottom panel), 
interfacial atoms in both type structures only relaxed 
along the z-direction. The delocalized metallic bonds 
across the Sn-terminated interfaces well screen the 
influence of sub-layer oxygen atoms. Without being 
interfered by the surface oxygen atoms (as present in the 
stoichiometric case), Ag atoms preferentially sit at the 
bridge sites of Sn atoms. 

 
3.6 Adhesion strength and wettability 

The adhesion strength and wettability of        
the interface can be evaluated by the reversible     
work of separation (Wsep) and work of adhesion (Wed),  

 

 
Fig. 8 Different interface terminations after relaxation (from top to bottom panel: stoichiometric, O-rich, and Sn-rich, respectively. 
The Roman numbers in the brackets represent the coordination types) 
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respectively, from the first principles, as follows: 
 

AEEEW 2/)(
22 Ag/SnO

o
SnO

o
Agad −+=            (6) 

AEEEW 2/)(
22 Ag/SnO

o
SnO

t
Agsep −+=           (7) 

 
where 

2Ag SnO−E is the total energy of the interface 
ensemble at its equilibrium state; o

SnO2
E and o

AgE  are 
the total energies of the unstrained SnO2(101) and 
Ag(111) surface slab, respectively; t

AgE  is the total 
energy of the Ag(111) slab with the same strain as 
imposed in the interface ensemble, so that strain 
contributions to the energies of surface slabs can be 
dissociated from Wsep. 

Table 3 lists the calculated work of adhesion for 
different interfaces with relevant stoichiometry, to show 
the impact of chemical binding details to wettability. At 
the O-terminated interface, the extra O atoms on the 
SnO2 surface are unsaturated and are more active to form 
strong valence-ionic Ag—O bonds. The O-terminated 
interface thus has the highest Wad of ~2.9 J/m2, more than 
twice of the stoichiometric counterpart (~1.26 J/m2), 
where the surface O atoms are more saturated and the 
interfacial Ag—O bonds become more ionic and also 
weaker. The Sn-terminated interface is bonded mainly 
through metallic Ag—Sn bond. These metallic bonds are 
expected to be weak, for the valence electrons of surface 
Sn atoms have been mostly donated to sub-layer oxygen 
anions. Consequently, the Sn-terminated interface has 
the lowest value of Wad, ~0.85 J/m2, suggesting the 
lowest wettability of Sn-rich SnO2 particles in Ag matrix. 
No direct experimental analyses have been yet done for 
characterizing the chemical binding at the Ag/SnO2 
interfaces, but similar results and tendencies have been 
seen in other previous studies for Cu/Al2O3 [52] and 
Ag/ZnO [53]. 

Table 3 Calculated work of adhesion for interfaces with 
different terminations 

Work of adhesion/(J·m−2) 
Stoichiometric 

O-rich Sn-rich 

1.26 2.91 0.85 

 
We further calculated the Wsep, at all possible 

cleavage planes, and determined the separation plane by 
finding the minimum Wsep. This can be regarded as an ab 
initio measurement of the fracture strength of 
Ag(111)/SnO2(101). Basic work of separation results are 
summarized in Fig. 9. Corresponding to the highest value 
of Wad (2.91 J/m2), the O-terminated interface also has 
the highest Wsep of 5.61 J/m2 at the Ag−SnO2 interface, 
much higher than those of the stoichiometric (1.48 J/m2) 
and the Sn-terminated interface (0.86 J/m2). The weakest 
interlayer binding always occurs right at the interface 
between the Ag and SnO2 halves for both the 
stoichiometric and Sn-terminated interface, while for the 
strong O-terminated interface, the weakest interlayer 
binding was found between the first and the second layer 
of the Ag matrix (Wsep = ~2.80 J/m2), i.e., the fracture 
separation of this type interface tends to occur inside the 
Ag matrix, rather than exactly at the interface. 

 
3.7 Interface energy and interface phase diagram 

The interface energy can be expressed as a function 
of Sn activity, αSn, as 

 

⎢⎣
⎡ −−−= o

SnOO
o
AgAgAg/SnOI 22 2

1
2
1 μμγ NNE
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2
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Fig. 9 Calculated work of separation of Ag(111)/SnO2(101): (a) Stoichiometric; (b) O-terminated; (c) Sn-terminated 
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where 

2Ag/SnOE is the total energy of the interface 
ensemble; Ni and μi (i = Ag, SnO2, Sn) are respectively 
the number and chemical potential of each species i; the 
superscript ‘o’ refers to the pure bulk state of each 
species; the Sn activity, αSn, is the variable to link the 
thermodynamics of the Ag(Sn) composite alloy and the 
interface; A is the cross-sectional area of the interface; k 
is the Boltzmann constant; The term, ε

Ag_surfσ , accounts 
for the surface energy of the extra, strained Ag(111) in 
the sandwich model. 

The two elemental activities, αSn and αO, are related 
as 
 

)]2/(exp[)(
2SnO

2/1
SnO kTGαα Θ− Δ=             (9) 

 
where ΘΔ

2SnOG is the standard formation energy of SnO2. 
Assuming the thermodynamic equilibrium reaches on the 
alloy surface, i.e., ]O[2(g)O2 = , one can further relate 
αSn to 

2Op as 
 

)]/(exp[)(
22 SnO

1
SnO kTGαp Θ− Δ=              (10) 

 
Thus, as an alternative to Eq. (8), interface energy 

can be also expressed as a function of 
2Op . 

As suggested by Eqs. (8)−(10), the stoichiometric 
Ag/SnO2 has a constant interface energy, independent of 
αSn and 

2Op . The O-terminated interface energy would 
increase with increasing 

2Op  (or decreasing αSn), while 
the Sn-terminated interface exhibits an opposite  
tendency. Thus, a non-stoichiometric, O-rich (or Sn-rich) 
interface could be possibly more thermodynamically 
favorable at sufficiently high (or low) oxygen partial 
pressures. The dependence of interface energy on 
elemental activity (

2Op  or αSn) was calculated at 1023 
K and is presented in Fig. 10. It is predicted that at 1023 
K, the weakest Sn-terminated interface can be avoided  
by keeping 

2Op >~e−8.2 Pa, while the stoichiometric 
 

 
Fig. 10 Interface energy of Ag/SnO2 with different terminations 
at 1023 K as function of αSn and

2Op  

interface would dominate within the range from 
2Op = 

~e−8.2 Pa up to ~e1 Pa. Above 
2Op = ~e1 Pa, the most 

favored interface structure changes to the O-rich type, 
which as we predicted, has the highest adhesion strength. 

We note that the ordering of the relative stabilities 
of interfacial terminations is actually defined by two 
threshold pressures for termination transitions, and the 
two threshold pressures vary with temperature. To 
manifest this, we further plotted the threshold points with 
respect to different temperatures (shown as solid curves) 
in Fig. 11, which can be seen as the equilibrium interface 
phase diagram of the Ag(111)/SnO2(101). The upper and 
the lower limits of the feasible oxygen partial pressure 
range (represented as dash-dotted curves) can be further 
determined by avoiding the direct oxidation of Ag and 
guaranteeing the formation of SnO2, in accordance with 
the reactions of 4Ag(s)+O2(g)=2Ag2O(S) and 

2 2Sn(s) + O (g) = SnO (s) , respectively. Environmental 
conditions defined in the region above the upper limit 
curve (the dash-dotted curve labeled as Ag2O) would 
favor undesired external oxidation, i.e., the direct 
oxidation of the Ag matrix, whereas those defined in the 
region below the lower limit curve (the dash-dotted 
curve labeled as SnO2 curve) suggest no oxidation to 
possibly occur. Only in the region between the two limit 
curves can the internal oxidation be thermodynamically 
feasible. In most industrial practices, internal oxidation 
of binary Ag-alloys is performed within the temperature 
range of 873−1073 K [54]. This practical temperature 
range is also marked by two vertical dotted lines in   
Fig. 11. 
 

 
Fig. 11 Calculated equilibrium interface phase diagram of 
Ag/SnO2 
 

The interface phase diagram (Fig. 11) is extremely 
useful to explore optimal processing parameters, to 
achieve appropriate interfacial microstructures with 
desired properties. To illustrate the utility of the diagram, 
we now focus on the formation of strong O-rich 
interfaces in Ag(Sn). Given a practical oxygen partial 
pressure, say 

2Op =e−15 Pa, to favor the formation of 
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O-rich interfaces, a relatively lower temperature (from A 
to B) seems reasonable but is not at all practical due to 
the extremely low atomic diffusivity at such a low 
temperature. Increasing temperature (from A to C) can 
certainly facilitate the diffusion of atoms and thus the 
oxidation process, but the formed oxides would likely be 
Sn-rich, with the weakest interfaces of the Ag matrix. 
Instead of changing temperature, a more effective 
solution is to simply adjust the external oxygen partial 
pressure from A to D, i.e., by increasing it across the 
upper solid curve (namely the stoichiometric-to-O-rich 
termination transition curve). 
 
4 Conclusions 
 

Taking SnO2 as an example, we demonstrated a 
systematic theoretical strategy for studying metal oxide 
surfaces and interfaces using defect thermodynamic 
modeling and first principles energetics calculations. We 
first modeled and calculated the formation energies of all 
non-stiochiometric low-index SnO2 surfaces as a function 
of the ambient temperature and oxygen partial pressure. 
With the results, we can construct the surface phase 
diagram to predict the equilibrium surface structure at 
any given T and 

2Op . The Gibbs–Wulff construction 
was further performed to predict the environment- 
dependent equilibrium morphologies of SnO2 nano- 
particles. As for the internally oxidized SnO2 interfaces 
with Ag matrix, the HRTEM analyses were first 
performed to determine the basic orientation relation, 
and based on which, various atomistic models for 
possible interface structures were proposed with 
considering different stoichiometry/termination and 
coordination types. The associated free energies and 
properties (adhesion strength, wettability, and relative 
stabilities) were then evaluated from ab initio 
calculations at any given T and 

2Op . The equilibrium 
interface phase diagram was eventually constructed, to 
enable us elucidate the environment-microstructure- 
property relations of the interfaces during the in-situ 
fabrication of Ag−SnO2 composites. Understanding the 
thermodynamics of internal interfaces and its relation 
with fabrication processing parameters is a crucial step 
towards the fundamental understanding the overall 
mechanical properties of composite materials. Our 
eventual goal is to achieve a full knowledge-based 
design freedom, to realize the capability of engineering 
the microstructures for desired properties by smartly 
choosing the processing parameters. 
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金属氧化物表面与界面的第一性原理热力学: 一个研究实例 
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摘  要：通过第一性原理计算研究，能够揭示和阐明材料相关表面与界面热力学性质，这是通向纳米和界面材料

设计自由的重要一步，即以理想性能为目标，科学设计制备工艺参数，针对性地调控材料微观结构。以 SnO2 纳

米颗粒表面和原位内氧化制备获得的 Ag−SnO2界面计算研究为例，系统介绍这一计算研究策略。基于缺陷热力学

模型，构建不同环境温度和氧分压条件下所对应的热力学平衡状态的表面和界面结构模型，计算评估其相应性能。

通过一系列的第一性原理能量学计算，进一步构建出平衡状态的表面与界面相图。这些相图能够充分描述制备和

服役过程中，工况对材料表面和界面微观结构和相应性能的影响和作用关系。介绍和讨论如何应用这些相图理解

和科学设计相应材料的制备工艺。 

关键词：金属氧化物；表面相图；界面相图；平衡晶体形状；第一性原理；热力学 

 (Edited by Xiang-qun LI) 

 
 


