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ABSTRACT: Ag/ALO; powders are highly effective catalytic materials utilized in the epoxidation of ethylene to
produce ethylene oxide. One of the critical challenges in this catalytic process is the stability of nano-sized Ag particles,
especially during high-temperature catalysis. However, this issue can be effectively addressed through in-situ reaction
synthesis. To gain a deeper understanding of the underlying mechanisms, the phase transformation process and the
thermodynamic mechanism of the oxidation reaction in the Ag/ALO; system have been investigated using first-
principles thermodynamic calculations in conjunction with traditional thermodynamic data. These calculations, whose
accuracy has been verified, provide valuable insights into the behavior of Ag and Al under different conditions. The
results indicate that, during AgAl solid-solution oxidation, Ag-containing Al preferentially forms the stable intermedi-
ate phase Ag, Al instead of undergoing direct oxidation; this pathway becomes thermodynamically more favorable at
higher Ag concentrations. With increasing temperature, Ag, Al is further oxidized to yield Agand AL Os. It is also found
that above 237°C, Ag,O and AgAlO, become unstable. The overall reaction pathway is solid solution—>Ag, Al-Ag +
AL O;. This comprehensive study provides a robust theoretical calculation basis for the development and optimization
of in-situ reaction-synthesized Ag/ALO; powder composite materials, which have significant potential for practical
applications in catalysis.

KEYWORDS: Ag/AL Os; in-situ reaction; first-principles calculations; reaction synthesis mechanism; computational
thermodynamics

1 Introduction

The catalytic reaction for the epoxidation of ethylene to produce ethylene oxide (EO) is highly
exothermic, with reaction temperatures reaching 200°C-300°C. If deep oxidation occurs, the heat released
is ten times that of EO production. Nano-sized Ag, with its high specific surface energy, can significantly
enhance the activity and selectivity in catalytic processes. However, maintaining its stability at such high
reaction temperatures is challenging [1]. Industrially, catalysts used for the production of EO and propylene
oxide (PO) (prepared by the direct oxidation of ethylene and propylene) have to typically produced by
impregnating a-AL,O; with Ag particles larger than 200 nm with the impregnation method [2]. In-situ
reaction synthesis is an effective means of solving the problem of the combination of nano-phases with the
matrix. The short diffusion path of the solute is the main theoretical basis for inhibiting the growth of nano-
phases generated by in-situ reactions. However, in-situ reaction synthesis involves phase transformations,
diffusion, volume expansion, and the interconversion of various phases within a solid-solid reaction system.
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These factors have always been the bottleneck in the development of in-situ reaction synthesis technology.
In particular, during the reaction process, thermodynamic data handbooks are only used to provide
thermodynamic data for certain specific substances with accurate stoichiometric ratios. Data for alloy solid
solutions, intermediate phases with a certain range of solute concentrations, and some compounds are
missing. No thermodynamic calculations can be carried out in the absence of accurate thermodynamic data.
The thermodynamic stability of materials is used as a key indicator to evaluate their synthetic feasibility
and potential for practical application. It is widely recognized that the Gibbs free energy change (AG), heat
of formation, and enthalpy of formation (AHs) are used for quantitative evaluation. Specifically, according
to the second law of thermodynamics, a negative AG indicates that a material can form spontaneously
under specific conditions, and the larger its absolute value, the stronger the thermodynamic driving force for
crystal formation. On the other hand, the energy stability of a compound relative to its constituent elements,
as indicated by a negative AHs value, is further revealed, providing an important basis for predicting the
material’s resistance to decomposition. In recent years, thermodynamic parameter analysis based on first-
principles calculations has become a core means for designing new functional materials (such as MAX phases
and intermetallic compounds). By quantifying energy differences, the high cost of traditional experimental
screening is avoided and the development of high-performance materials is significantly accelerated [3]. For
example, in the field of MAX phases and their derived materials, researchers have systematically calculated
AG and AHg to reveal the structure—property relationship between composition and stability. Moreover, Yang
et al. [4] found through density functional theory (DFT) calculations that the negative AG and AHg values
of TM3AIC, (TM = Ti, Zr, Hf) are highly consistent with their synthetic experimental data, confirming the
intrinsic thermodynamic stability of these materials. It should be noted that conventional DFT calculations
have certain limitations in dealing with long-range dispersion interactions. To more accurately describe
the electronic structure and thermodynamic stability of materials, researchers have introduced van der
Waals (vdW) dispersion corrections, such as vdW-DF or DFT-D [5]. These corrections consider long-
range interactions like van der Waals forces, which can more precisely simulate the binding energies and
thermodynamic properties of materials, thereby enhancing the reliability of the computational results.
Similarly, Li et al. [6] and Chen et al. [7] respectively investigated the AH¢ of the TM5Si;C (TM = Ti, Cr,
Y) and TM,Si,Ys (TM = Cr, Fe, Co, Ni) systems, revealing the regulatory mechanisms of transition metal
electronic structure on the thermodynamic stability of silicocarbon compounds. Pan et al. [8] elucidated
the influence of metal atom radius on the stability of layered carbides by comparing the formation enthalpy
differences of M, AIC (M = Cr, Mo, W). Furthermore, Sun et al. [9] demonstrated through binding energy
and AHs calculations that V/Nb doping can significantly enhance the high-temperature stability of TM5Si; B
alloys. Poulou et al. [10] also verified the potential advantages of CaM, Al intermetallic compounds as
lightweight structural materials through formation enthalpy analysis. Ma et al. [11] explored the origin
of elastic anisotropy of silica particles by combining first principles calculations and molecular dynamics
(MD) simulations, which can more accurately describe the electronic structure of materials and predict
their mechanical behavior. Mortazavi et al. [12] explored the stability, mechanical properties, lattice thermal
conductivity, piezoelectric and flexural-electric responses, as well as photocatalytic and electronic properties
of single-layer Ma2Z4 (M = Cr, Mo, W; A = Si, Ge; Z = N, P) via first-principles simulations. For the first time,
they demonstrated that machine learning interatomic potentials trained on small supercells can be used to
examine the flexoelectric and piezoelectric properties of complex structures.

Starting from the Ag-Al alloy phase diagram (Fig. S1) [13,14], this paper explores the transformation
pathways of various phases of the alloy solid solution during external oxidation. With the reactants and
products serving as the starting point, various possible reaction processes are established for thermodynamic
studies. The reaction Gibbs free energy (A;G) calculations are used to determine or exclude the reactions
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of various phases with O under heating conditions, the interconversion between intermediate phases and
elemental Ag, and the stability of phases, among other thermodynamic mechanisms of the reactions. This has
important guiding significance for determining the reaction pathways in the preparation process of solid-
phase reactions.

2 Model Construction and Calculation Method

During the reaction synthesis process for preparing nano-sized Ag/Al, O; powder composite materials,
the supersaturated Ag-Al solid solution reacts with external O, to precipitate elemental Ag while simul-
taneously forming AL O;. Given the involvement of O in the reaction, the formation of Ag-Al-O ternary
phases and their stable existence temperature ranges, the existence and stability of Ag-Al intermediate
phases, and the transformation relationships between binary and ternary phases are all encompassed in this
process. Based on phase diagram analysis, the phases that may appear during the reaction include Ag, Ag, Al,
AgAlO,, Ag,O, and ALO;. Models for each of these phases were established, and their thermodynamic
parameters were calculated. Evaluate the feasibility of the reaction by considering the Gibbs free energy and
corresponding thermodynamic parameters.

2.1 Elementary Model Construction

The space group of Ag and Al is FM-3M. The lattice parameters of Ag [15] are: a =b = ¢ = 0.40857 nm,
a=p=y=90%those of Al [16] are:a=b = c =0.40495 nm, a = f = y = 90° (obtained from the Materials
Studio model structure library). The model structures are shown in Fig. 1.
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Figure 1: Crystal structure models (a) Ag, (b) Al

2.2 Oxide Model

Ag,O crystallizes in the cubic system with a space group of PN3-MS. Its lattice parameters [17] are: a =
b =c¢=0.4720 nm, a = p =y = 90°. The model is shown in Fig. 2a.

AL O; exhibits multiple crystal structures. The thermodynamically stable structure, which is also the
most common, is corundum [18], namely a-AL,Os. The corundum structure is the ALO; involved in this
study. Its space group is R3-CH, and the lattice parameters [19] are: a = b = 0.4759 nm, ¢ = 1.2991 nm, a =
=90°, y = 120°. The model structure is shown in Fig. 2b.

The common phase of the Ag-Al-O ternary system is AgAlO,. AgAlO, exists in two structures, hexag-
onal and orthorhombic crystal structures. The orthorhombic structure differs significantly from the phase
structure in the system of this study, and it is less likely to appear from an energetic perspective. Therefore,
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the hexagonal crystal structure is adopted. Its space group is P63/MMC, and the lattice parameters [20] are:
a=Db=0.2896 nm, c = 1.2219 nm, a = p = 90°, y = 120°. The atomic position coordinates are: Ag (0.3333,
0.6667, 0.2500), Al (0, 0, 0), O (0.3333, 0.6667, 0.0765). The model structure is shown in Fig. 2c.

Figure 2: Crystal structure models (a) Ag,O, (b) ALOs, (c) AgAIO,

2.3 Interphase Model

Ag Al has a hexagonal close-packed (hcp) crystal structure. J. P. Neumann [21] analyzed the atomic
positions in the structure of Ag,Al using X-ray scattering techniques. Therefore, the Neumann model is
adopted in this study, as shown in Fig. 3. The crystal structure of Ag, Al is hcp (space group P63/mmc), with
lattice parameters [22] a = b = 0.28779 nm, ¢ = 4.6255 nm, a = = 90°, y = 120°. The stacking sequence of
layers is ABAB.

Figure 3: Ag Al crystal structure

2.4 Solid Solution Model

Due to the low solubility of Ag in Al, its solubility is approximately 2 at% when the temperature exceeds
350°C. Considering the number of atoms in the modeling process, the Ag content is set at 12.5 at%, 6.25
at%, 3.125 at%, and 2.083 at%, which correspond to the supersaturated and saturated regions in the phase
diagram. Therefore, four solid solution models with different Ag contents are established using random
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substitution [23], namely 7Al-1Ag, 15A1-1Ag, 31Al-1Ag, and 47Al-1Ag. These models are shown in Fig. 4. The
four established Al solid solution models containing Ag are listed as follows:
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Figure 4: Al solid solution containing Ag atom structure model (a) 7Al-1Ag, (b) 15Al-1Ag, (c) 31Al-1Ag, (d) 47Al-1Ag

2.5 Calculation Method

The computational precision was set to Ultra-fine, and the geometry optimization algorithm used was
the BFGS algorithm. The convergence criteria for geometry optimization were as follows: the energy change
per atom was no more than 5 x 1072 eV/atom, the maximum force was 0.01 eV/A, the maximum stress was
0.02 GPa, and the atomic displacement change was no more than 5.0 x 10™* A. The exchange-correlation
functional was chosen as the Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gradient
Approximation (GGA). Norm-conserving pseudopotentials were used, with a plane-wave energy cutoff of
850.0 eV. The k-point spacing was set to 0.04 A~!. The pseudopotentials were described in reciprocal space,
and the SCF self-consistency cycle convergence precision was 5.0 x 107 eV/atom. According to the Ag-Al
alloy phase diagram, phases such as Ag, Al and Ag-containing Al solid solutions do not exist above 1000 K.
Therefore, when calculating thermodynamic properties, the upper temperature limit for the analysis of these
materials was set at 1000 K.

3 Results and Discussion

3.1 Reliability Verification of Castep Calculation Results

The reliability of the simulation results was verified by comparing the calculated values with the curves
obtained from the thermodynamic data handbook. As shown in Figs. 5 and 6, For AL, O3, the internal energy
obtained from simulation has been proven to be lower than the enthalpy provided in the manual data, with a
difference percentage of 1.4%, 2.3%, and 3.8% at 1200, 1600, and 2000 K, respectively. However, the simulated
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entropy has decreased compared to the reference entropy value, with a difference percentage of 1.9%, 3.2%,
and 5.3% at 1200, 1600, and 2000 K, respectively. The Helmholtz free energy calculated through simulation
has been determined to exceed the Gibbs free energy recorded in the standard thermodynamic manual,
with a difference percentage of 0.7%, 0.96%, and 1.5% at 1200, 1600, and 2000 K, respectively; For Ag,O, the
internal energy obtained from simulation is lower than the enthalpy provided in the manual data, with a
difference percentage of 7.4%, 8.3%, and 10.2% at 300, 350, and 400 K, respectively. However, the simulated
entropy has decreased compared to the reference entropy value, with a difference percentage of 0.45%, 0.87%,
and 0.93% at 300, 350, and 400 K, respectively. The Helmholtz free energy calculated through simulation
is determined to exceed the Gibbs free energy recorded in the standard thermodynamic manual, with a
difference percentage of 8.9%, 9.7%, and 10.5% at 300, 350, and 400 K, respectively. These discrepancies
arise because the thermodynamic data in the handbook are primarily based on experimental measurements,
where the actual crystals contain several defects. Additionally, in the calculation of the phonon spectrum,
the handbook uses the vibrational free energy, while CASTEP employs the quasi-harmonic approximation.
The good agreement between the calculated results and the experimental values demonstrates that the data
obtained from CASTEP are reliable and can be used as a basis for subsequent thermodynamic calculations.
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Figure 5: Comparison of ALO; thermodynamic data between manual value and computer simulation (a) AU(or H)-
Hg 298, T-S, AG(or A)-Hsz9s, (b) Cy(or p)
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3.2 Calculation of Enthalpy of Formation of Each Phase and the Change of Enthalpy with Temperature

Table 1 lists the formation enthalpies and related computational parameters for each phase. The heat
capacity integral terms and formation enthalpy data for the five common substances—Ag, Al, O,, Ag,0O,
and Al,O;—were obtained from the thermodynamic data handbook. The heat capacity integral terms and
formation enthalpy data for Ag,Al, Ag-containing Al solid solutions, and AgAlO, were obtained through
CASTEP thermodynamic calculations. Since their formation reactions involve O,, and the absolute enthalpy
values and heat capacity curves of gases cannot be calculated by the software, the formation enthalpy data for
these reactions were obtained by adding and subtracting the other phases involved in the reaction process.

Table 1: Formation enthalpy and related parameters of each phase

Phase H, H;, Ha95-Hy Haos Hs,298
eV/Cell kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
Ag -3953.63 —381,467.57 - 4.78 —381,462.79 0.0 -
Al -57.42 —5539.73 - 4.45 —5535.28 0.0 -
Ag,O -16,672.97 —804,348.63 - 13.97 -804,334.66 -31.1 -
AL O3 -2836.56 —136,843.36 - 10.00 -136,833.36  —-1675.7 -
AgAlO, -9754.94 -470,604.18 - 12.10 -470,592.08 - —-861.47
Ag,Al —-15,929.97 -768,504.43  —-29.55 14.92 —-768,489.51 - -28.64
Al solid 7AllAg  —4355.48 —420,239.47 6.22 37.46 -420,202.01 - 773
solution 15All1Ag —-4814.79 -464,556.36 718 71.50 —464,484.85 - 712
containing 31AllIAg -5733.38 —553,186.90 12.34 144.43 —553,042.47 - 13.95
Ag 47Al1Ag -6651.77 —641,798.04 36.90 214.87 —641,583.17 - 3770

The enthalpy values of the relevant phases as a function of temperature are given in the form of curves,
as shown in Fig. S2.

3.3 The Results of the Calculation of the Function of the Free Energy of Each Phase with Respect to
Temperature

The Gibbs free energy of each substance as a function of temperature was obtained through thermo-
dynamic calculations and plotted, as shown in Fig. S3a and Fig. S3b presents the Helmholtz free energy
derived from existing thermodynamic data handbooks, while Fig. S3c to f was obtained directly from phonon
spectrum calculations using CASTEP.

As shown in Fig. S3, direct comparison of the absolute energies between different substances is
considered invalid due to the variation in atom numbers contained in each compound.However, valuable
insights can be obtained through comparison of energies between similar substances.For solid solutions,
as the Ag content decreases, the stability increases, which is consistent with expectations. To compare the
stability of different substances through energy, the calculated energy must be normalized by the number of
atoms n. Specifically. The average relative Helmholtz free energy (AA,, AG,) is defined as:

AA(G), = 2 )

In terms of energy, the stability between the different phases in Fig. 7 is AL O; > AgAlO, > Ag, O; Ag, Al
> Ag-containing Al solid solution.



4480 Comput Mater Contin. 2025;85(3)

— ——ALO,
——Ag,0 -10-
—— AgAIO,

-120
-20

-30 1

240 1 T

-40

504 TAl1Ag

-360 + —— 15A11Ag
—— 31Al1Ag

-601 —— 47Al1Ag

— AgaAl

AG, (kJ/mol)
AA, (kJ/mol)

-480

T T T T _70
0 500 1000 1500 2000 2500 0 200 400 600 800 1000
T (K) T(K)
(a) (b
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3.4 Calculation and Analysis of Free Energy of Reaction Formation

The feasibility of the reaction equations in the text is established through systematic evaluation of
both the absolute values and algebraic signs of their corresponding thermodynamic driving forces, through
which the reaction spontaneity is assessed and the preferential sequence is determined, thus enabling the
transformation pathway to be conclusively identified. The calculation of reaction free energy (AG; orAA;)
is performed based on the relative free energies of the phases involved, according to the following formulas.
The calculation process is shown in the Supporting Information (SI). The fitting results of the relative free
energy functions of each phase as a function of temperature in reaction Fig. S3 of Table S1.

AG,0 = Z G0 (products) - Z G0 (reactants) 2)

3.4.1 Conditions for Formation of Ag,O Reaction

The reaction Gibbs free energy of Eq. (3) as a function of temperature was computed using the approach
described in the Supporting Information (SI), with the resulting data being fitted to the corresponding curve
as demonstrated in Fig. 8. From Fig. 8, it is observed that when the temperature exceeds 472.8 K, the reaction
Gibbs free energy is converted to positive values, suggesting that spontaneous progression of the reaction is
prohibited. In other words, from a thermodynamic perspective, the decomposition temperature of Ag,O is
472.8 K, which is close to the value reported in the literature [17]. This suggests that the simulation results
are relatively accurate. Therefore, reaction 3 does not exist at temperatures above 200°C.

4

AG (kJ/mol)

T T T T T
250 300 350 400 450 500 550
T(K)

Figure 8: The change of Gibbs free energy (A,G) with temperature in the reaction 3
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3.4.2 Formation Conditions of Ternary Phase AgAIO, Thermodynamic Reaction

The Ag-Al-O system comprises a variety of phases, with the most common being the hexagonal
structure of AgAlO,. Other ternary phases belong to lower crystallographic systems. Based on crystal
transformation energies, the thermodynamic stability of these ternary phases is relatively low, making their
formation less probable. Accordingly, this investigation focuses exclusively on assessing the thermodynamic
feasibility of hexagonal AgAlO, formation. Considering the oxidation of Ag, the oxidation of Al serves as
the primary driving force in this reaction process, with the quantity of Al involved in the reaction being the
basis for energy comparison. The specific possible reactions are the following reaction Eqs. (3) to (8), and
the coefficient of Gibbs free energy with temperature variation in the reaction is shown in Table S2.

2Ag +0.50, = Ag,0 (3)
Al +0.750; = 0.5A1,0; (4)
Al+Ag+ 0, = AgAlO, (5)
Ag,Al+0.750, = 0.5A1,0; + 2Ag (6)
Ag,Al+0, = AgAlO, + Ag (7)
Ag+0.5A1,0; +0.250, = AgAlO, (8)

As evidenced in Fig. 9, when the temperature exceeds 500.07 K, the reaction Gibbs free energy of
Reaction 4 becomes thermodynamically favorable compared to Reaction 5, suggesting a higher probability
for Reaction 4 to proceed within this temperature regime. This trend is consistently observed in the
comparison between Reactions 6 and 7, further confirming the thermodynamic preference for Reaction
6. Consequently, these energetic analyses demonstrate that AgAlO, lacks thermodynamic stability under
experimental conditions above 500.07 K.

-600
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AgAl0, from elemental
-640 4 — — AlLO; from Ag,Al -
~-=-= AgAIO, from Ag,Al -
~ 680 e
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g o
= -
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Ox.. ” //
< Py d
-760 P
500.07K
-800 4
-840 T T T T
200 400 600 800 1000 1200
T(K)

Figure 9: The change of Gibbs free energy (A,G) functions withs of temperature in the reaction of 4 and 5

Through the combination of Reactions 3-7, we derive Reaction 8, whose temperature-dependent
Gibbs free energy was subsequently calculated and plotted in Fig. 10. The thermodynamic analysis reveals
that Reaction 8 becomes non-spontaneous (AG > 0) at temperatures exceeding 500.07 K, precluding the
formation of AgAIlO, under these conditions.
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Figure 10: The reaction Gibbs free energy (A,G) with temperature in the reaction of 8

3.4.3 Oxidative Competition Order between Solid Solution and Ag, Al

Fig. 11 shows the Gibbs free energy functions of the two reactions. It can be seen that the reaction
Gibbs free energy for the complete oxidation pathway of Ag, Al is significantly higher than the incomplete
oxidation pathway of the Ag-containing Al solid solution (Ag-Al solid solution). This indicates that the Ag-
containing Al solid solution is more likely to undergo the non-oxidation reaction, meaning that, theoretically,
the oxidation reaction of the Ag-containing Al solid solution will occur before the oxidation of Ag, Al

-1300
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Incomplete oxidation (31A11Ag)
Incomplete oxidation (47A11Ag)
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-1600 T ; . :
200 400 600 800 1000 1200
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Figure 11: The change of Gibbs free energy (incomplete oxidation reaction in Al solid solution and complete oxidation
reaction in Ag, Al) with temperature

3.4.4 Determination of Ag, Al Generated by Solid Solution Reaction

In metallic alloys, the Al-Ag solid solution may initially form Ag,Al intermetallic phases, followed by
subsequent oxidation to yield AL, O; through incomplete oxidation pathways. Alternatively, direct complete
oxidation to Al O3 may occur. This oxidation mechanism can be elucidated through thermodynamic analysis
of the reaction Gibbs free energies. Using the formation of 1 mol AL, O; as the reference standard, the reaction
equations of various structural solid solutions with oxygen were balanced to obtain Eqs. (9) and (10). The
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Gibbs free energy of the reaction as a function of temperature is shown in Table S3.

4 3 2
— (7Al1A -0, = —An Al + ALOs......
13( g)+2 27 13 246 + Al Us (a)
4 3 2
— (15A11Ag) + —02 = —Angl + Ale3 ...... (b)
Incompleteoxidation 249 32 ;9 (9)
— (31AI1A -0, =—AgnAl + ALO;......
61( g)+2 276 SaAl + Al Us ()
4(47AllA)+3O = 2A Al + ALO (d)
93 g 5 2 = 93 2 20U3......
2 3 2
; (7A11Ag) + 502 = ;Ag+Ale3 ...... (a)
2 3 2
— (15A11Ag) + EOZ = —Ag + Ale3 ...... (b)
Completeoxidation 125 3 125 (10)
— (31A11A -0, =—Ag+ ALO;......
31( g)+2 273 g+ Al Us (¢)
2 (47A11Ag) + 20, = — Ag + ALO ()
47 g 5 = 47 g 203 .. ...

As illustrated in Fig. 12, the four Ag-containing Al solid solutions exhibit nearly identical trends in their
reaction Gibbs free energy profiles. Thermodynamic analysis reveals that the incomplete oxidation pathway
(Eqg. (9)), leading to AL O; formation via Ag, Al intermediate phase, demonstrates significantly lower Gibbs
free energy compared to the direct complete oxidation of Al to AL Os (Eq. (10)). This energy preference
demonstrates that the intermediate phase Ag, Al is more stable than the Ag-containing Al solid solution.
The Ag-containing Al solid solution does not directly oxidize to form Ag and AL O3, but first reacts to form
the intermediate phase Ag, Al; Ag, Al then undergoes direct oxidation to form Ag and AL Os. This process
is closely related to the stability of the Ag,Al intermediate phase and the interfacial energy. The (0001)
plane of Ag, Al and the (111) plane of Al have very similar atomic arrangements and lattice parameters, a
match that can produce a phase interface with very low energy [24]. This low interfacial energy makes the
formation of the Ag,Al phase easier with a lower energy barrier, meaning that when forming the Ag, Al
phase, the system needs to overcome a smaller energy barrier. Therefore, it is easier for the Ag, Al phase to
form within the Al solid solution. Notably, the energy gap between the complete (Eq. (10)) and incomplete
(Eq. (9)) oxidation pathways diminishes progressively with decreasing Ag solid-solution concentration.
This correlation suggests that supersaturated Ag conditions thermodynamically destabilize the complete
oxidation reaction, as evidenced by the converging AG values at lower Ag contents.

Taking the solid solution 7AllAg in Fig. 12a as an example, the energy reduction upon reaction is the
greatest, indicating that the possibility of partial oxidation increases with the concentration of Ag, making
it easier to react and form the intermediate phase Ag,Al. The final reaction is complete oxidation to form
elemental Ag. As the amount of dissolved Ag decreases, as shown in Fig. 12b—d, the energy difference
becomes less pronounced, meaning that the energy reduction for direct formation of Ag and for formation
of the intermediate phase is nearly the same, and both reactions represented by Eqs. (9) and (10) are possible.

Fig. 12a demonstrates that the 7AllAg solid solution exhibits the most substantial energy reduction
during oxidation, revealing a strong correlation between Ag concentration and preferential partial oxidation.
This thermodynamic favorability promotes the formation of the intermediate Ag, Al phase through reaction
pathway 9. Subsequent complete oxidation ultimately yields elemental Ag as the final product.
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Figure 12: The change of the reaction Gibbs free energy (A, G) with temperature for incomplete oxidation reaction and
complete oxidation reaction in Al solid solutions containing Ag (a) 7Al1Ag, (b) 15Al1Ag, (c) 31Al1Ag, (d) 47All1Ag

However, systematic analysis of Fig. 12b-d reveals that this energetic advantage diminishes with
decreasing Ag solid-solution content. At lower Ag concentrations, the energy difference between the direct
formation of Ag (Eq. (10)) and the intermediate pathway (Eq. (9)) becomes statistically insignificant, indi-
cating comparable thermodynamic probabilities for both reaction mechanisms. This convergence suggests
that the oxidation pathway becomes composition-dependent, with both reactions 9 and 10 becoming equally
plausible below critical Ag concentrations.

Thus, the observed pattern is that in the Ag-containing Al solid solution, the higher the solubility of Ag,
the more likely the oxidation reaction is to form the intermediate phase Ag, Al. In contrast, in regions with
lower Ag concentrations, where the energy difference is smaller, complete oxidation reactions to precipitate
elemental Ag are more favored. This indicates that during the oxidation heat treatment process, Ag-rich
regions are the most favorable sites for the nucleation of Ag,Al. The more uniformly Ag is distributed
within Al, that is, the lower the Ag concentration, the less favorable it is for the nucleation of Ag,Al
and the more favorable for the precipitation of elemental Ag. Therefore, it is inferred that Ag, Al tends to
aggregate around the precipitated Ag. During the subsequent adsorption process, O will be adsorbed, leading
to the transformation Ag,Al — Ag. As shown in Fig. 13, with increasing Ag solubility concentration, the
difference in Gibbs free energy between complete oxidation and partial oxidation reactions becomes larger.
The rule is that the higher the solubility concentration, the greater the likelihood of incomplete oxidation. At
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higher temperatures, the difference between complete and incomplete oxidation is not significant, and both
possibilities exist.

——7AllAg
——15Al1Ag
——31AllAg
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Figure 13: The change of Gibbs difference (A,GComplete- A, GIncomplete) with temperature Al solid solution contain-
ing Ag

At the same time, the ease with which oxygen dissolves in the alloy can reflect the ease of oxidation
of the alloy to some extent. Table S4 presents the results of the binding energy and oxygen dissolution
energy calculations for the oxygen dissolution models in Al and Ag, Al. For the pure Al oxygen dissolution
model, the tetrahedral interstitial has a strong oxygen dissolution capacity, and the oxygen dissolution
capacity is stronger as the oxygen concentration decreases, which is in line with general rules; for Ag, Al, the
most expanded, most stable two Al opposite octahedral interstitial oxygen dissolution model has the best
oxygen dissolution capacity, but its oxygen dissolution capacity is less than that of the tetrahedral interstitial
oxygen dissolution model of pure Al with the same 4% oxygen concentration, and even less than that of the
tetrahedral interstitial oxygen dissolution model of pure Al with a higher oxygen concentration. Therefore,
it indicates that due to the strong oxygen dissolution capacity of pure Al, oxygen atoms are more likely to
diffuse into the Al phase during the oxidation process, and even if the O concentration in the Al phase is
higher than that in the Ag, Al phase, this diffusion will not stop, which fully explains that Al in the alloy will
oxidize before Ag, Al. Thus, it is concluded that Ag dissolved in Al - Ag, Al - Ag. This pattern is determined
from the perspective of the energy required for the solid solution to directly form various phases.

3.5 Experimental Validation

Based on the simulation results, samples were prepared with 3.125 at% Ag (equivalent to approximately
10 wt%). High-purity Al (99.99%, provided by Yunnan Aluminum Co., Ltd., Kunming, China) and
Ag (99.95%, provided by Kunming Precious Metals Institute, Kunming, China) were vacuum melted to
form a homogeneous alloy. The alloy was then atomized using a high-pressure gas atomization system
equipped with a vacuum melting device, and the resulting Ag-Al alloy powder was sieved through 50 to 100
mesh screens.

The alloy powder was placed in an agate ball mill jar with a ball-to-powder weight ratio of 20:1 (a large-
to-small ball ratio of 1:3, with large balls having a diameter of 3 mm and small balls having a diameter of
1 mm). The agate balls occupied 30% of the jar’s volume. To prevent severe oxidation of the powder during
ball milling and to avoid welding of the alloy powder, a QM-ISP2 low-temperature ball mill was employed for
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powder refinement. The mill operated at a speed of 500 r/min, with alternating forward and reverse rotations
every 30 min, for a total milling time of 15 h.

An YSL-65-1350 sintering furnace was utilized for the oxidation reaction synthesis. Oxygen was
introduced into the furnace at a flow rate of 100 mL/min. In accordance with the simulation results, the in-
situ oxidation reaction temperature was set to 400°C for 1 h (low-temperature reaction) and 600°C for 1 h
(high-temperature reaction).

As shown in Fig. 14, the low-temperature oxidation process yielded the intermediate phase Ag,Al,
which was gradually consumed with increasing reaction temperature, ultimately resulting in the formation of
phase-pure Ag/ALO; powder composites. The morphological characteristics of the as-synthesized powders
are presented in Fig. 15. During the experimental process, different oxidation reaction temperatures lead
to the formation of various reaction phases. The emergence of Ag Al indicates that there is an incomplete
oxidation process at both low and high temperatures, implying the presence of an intermediate process. This
intermediate process is often related to the enrichment of Ag, which is consistent with the discussions of Jug
A and others [25], and also verifies the accuracy of the theoretical methods employed.

1 ° 4500 -
4000 | | .
>
e ALO, 4000 ¢ Ag
3500 1 ® °
* Ag [3 3500 ° ®ALO,
3000 { A AgA 1
oS . 3000
> 2500 = 1
k7] = 2500
(= =
& 2000 8 1
€ j o 4 ° £ 2000 e
1500 | 1 [
1500 - ° . ®
1000 1 .
, 1000 . °
500 -] . Al 1
o |® 500 k °
0 T T T T T T T T T T T T T T T 1 0 | J L_‘A_ L‘A
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 ! ' ! ' T ! ' ) ' !

20 25 30 35 40 45 S0 55 60 65 70 75 80
2-Theta[degrees] 2-Thetaldegrees]

(@ (b)

Figure 14: XRD of Ag/AL, O3 powders prepared at 400 and 600°C/1h
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Figure 15: Morphology of Ag/Al,O; powders prepared at 600°C/1h
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4 Conclusion
(1) Calculation of Reaction Gibbs Free Energy (A;G) and Prediction of Reaction Feasibility.

The Gibbs free energy (A;G) of relevant reactions as a function of temperature was calculated using
thermodynamic formulas, and the feasibility of the reactions was evaluated based on the reaction Gibbs free
energy. The following predictions were made for possible reactions:

(1) The reaction Gibbs free energy patterns of the four Ag-containing Al solid solutions are essentially
consistent. The reaction Gibbs free energy for forming the intermediate phase Ag, Al is lower than that
for forming Ag, indicating that the formation of the intermediate phase Ag, Al from the Ag-containing
Al solid solution is thermodynamically more favorable than direct oxidation to form Ag and AL Os.

(2) The Ag-containing Al solid solution will oxidize before Ag, Al, and the higher the Ag concentration, the
easier the oxidation process. For the solid solutions 7Al-1Ag (12.5 at%), 15A1-1Ag (6.25 at%), 31Al-1Ag
(3.125 at%), and 47Al-1Ag (2.083 at%), the difference in reaction Gibbs free energy between complete
and incomplete oxidation pathways decreases with increasing temperature, indicating that at higher
temperatures, the likelihood of incomplete oxidation and complete oxidation becomes similar.

(3) Based on the calculated reaction Gibbs free energy results, the existing reaction processes were
identified. The ternary phase AgAlO, will not form at temperatures above 510.7 K, and the Ag,O phase
will not exist at temperatures above 472.8 K. The reaction synthesis process should be conducted at
temperatures above 510.7 K (237°C). At temperatures above 237°C, the following reactions are expected
to occur:

4Al + 30,—-2AL,05
AgAly(solid solution) + O, —~Ag, Al + AL O3
4Ag Al + 30,—4Ag + 2AL,0;
Ag Al (solid solution) + O,—~Ag + AL O;
(2) Guidelines for Raw Material Preparation Based on Calculation Results.

The formulation principles for raw materials were determined through computational analysis. In
Al-Ag solid solutions, increased Ag concentrations were observed to correspond with decreased reaction
temperatures, rendering the formation of the intermediate Ag, Al phase more thermodynamically favorable
compared to direct generation of Ag and AL, Os. To suppress the formation of the Ag, Al intermediate phase,
the following experimental parameters were implemented: (i) a reduced Ag concentration of 3.125 at% was
maintained in supersaturated alloy preparation, and (ii) an oxidation temperature of 600°C (below the
solidus line) was employed. Through this methodology, elemental Ag was successfully obtained directly from
the solid solution. For the practical application of catalyzing 200°C-300°C in the later stage, stability is of
great significance. The validity of the computational methodology was conclusively demonstrated through
experimental verification.
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