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Supported Metal Nanoparticles

Theoretical Investigation of Metal-Support Interactions on
Ripening Kinetics of Supported Particles
Sulei Hu ( )[a, d] and Wei-Xue Li ( )*[a, b, c]

Abstract: The stability of supported metal particles is one of

the key issues for successful industrialization of catalysts. A

theoretical study of Ostwald ripening of supported particles

and its dependence on metal-support interactions, sublima-

tion energy, and surface energy is reported. Two distinct

metal-support interactions are differentiated: metal particle-

support and metal atom-support. Although strong metal

particle-support interaction (small contact angle) stabilizes

the supported particles and improve the ripening resistance,

strong metal atom-support interactions decrease the total

activation energy and dramatically lower the onset temper-

ature and half-life time of ripening, a fact that should be

prevented. Moreover, supported particles with low surface

energy and/or high sublimation energy of supported particles

would have a high onset temperature and a long half-life

time. Compared to the metal particle-support interaction and

surface energy, the metal atom-support interaction and

sublimation energy are most influential to the overall

ripening resistance. The present work highlights the impor-

tance of interplay between two types of metal-support

interactions on the overall stability of supported particles.

Introduction

Transition metal particles on supports are widely used to

catalyse chemical reactions in heterogeneous catalysis.[1] It is

often prepared at small size for higher surface area, which is

particularly important for precious platinum group metals.[2]

Exposed numerous low coordination sites and accompanied

quantum size effect make the catalysts intrinsically more active

and selective.[3] However, the cost is rapid increase of the

specific surface energy destabilizing significantly the corre-

sponding particles. To minimize the specific surface energy,

small particles tend to sinter to the larger ones via particle

migration and coalescence[4] and/or Ostwald ripening.[5] Slowing

down the sintering rate and prolonging the life time of

supported particles under reaction conditions are vital for

industrialization of laboratory catalysts.

Sintering and stability of supported particles have been

studied extensively in past. It was found that among others,

varying surface structure and composition of supports can

effectively improve the sintering resistance.[6] Taking Pt particles

as example, the sintering occurred easily on inert alumina

support,[7] but was inhibited in a large extent on more active

ceria support.[8] Strong metal-support interaction (MSI) was

essential here to stabilize the supported particles by forming

strong Pt�O�Ce bond at the interface.[9] Recent studies indicate

that strong MSI can also promote catalytic activity through so-

called interface-confined effect[10] or electrical interaction.[11] On

the other hand, MSI could not be too strong, since it might

result in the formation of the metal-support solution, which

deactivates the catalysts otherwise.[12] For particles in confined

space, though particle migration and coalescence is prevented,

growth of the particles still happened via Ostwald ripening

through gas phase,[5,13] where corresponding sublimation en-

ergies matter. It was also reported that morphology[14] of

supported particles affects the sintering process, due to the

change of surface energy by adsorption of reactants.[15] Never-

theless, theoretical investigation of the metal-support interac-

tion, sublimation energy and surface energy on Ostwald

ripening are valuable, and quantitative study of their influence

on ripening kinetics is not reported yet.

Ostwald ripening of supported metal particles describes the

growth of the large particles with expense of the smaller ones,

which has been extensively studied. In this process, the metal

atoms detach from the smaller particles with higher chemical
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potential, diffuse on the support and attach to the larger ones

with lower chemical potential. In earlier time, Wynblatt and

Gjostein[16] generalized the Ostwald ripening theory of the

particles in solution developed by Lifshitz, Slyozov,[17] and

Wagner[18] (so called LSW theory) to the gas-solid interface.

They defined the critical radius, a key parameter describing the

ripening behaviour, under the interface-control and diffusion-

control limit. Later on, a revised theory applicable to the small

particle sizes was proposed.[19] More accurate evaluation of the

critical radius subject to the mass conservation[20] and efficient

algorithm allowing a larger time step to solve the rate

equation[21] were developed. In presence of reactants, the

ripening could be promoted significantly via the metal-reactant

complexes, and corresponding theory was derived in our

previous work.[22] In this context, formation of the metal-

reactant complexes was subject to the metal-support inter-

action, and influence of reactant adsorption on surface energy

of supported particles was included in corresponding ripening

theory as well. These provide a unique framework to explore

the influence of the metal-support interaction and surface

energy on ripening kinetics.

We report here a theoretical investigation of influence of

the metal-support interaction, surface energy and sublimation

energy on Ostwald ripening of supported metal particles.

Ostwald ripening under both isothermal and temperature

programmed conditions were considered. Corresponding half-

life time and onset temperature of ripening are extracted to

quantify the dependence of the ripening resistance on the

metal-support interaction, sublimation energy and surface

energy.For metal-support interaction, we differentiate in partic-

ularly two different metal-support interactions, metal particle-

support interaction (MPSI) and metal atom-support interaction

(MASI). Surprisingly, these two MSIs present a completely

different and actually opposite influence on rate of ripening,

which is important for rational design of supported nano-

catalysts.

Results and Discussion

Ripening under (Non)Isothermal Conditions

We first studied the ripening of supported metal particles with

initial average curvature diameter <d0> = <2R0> = 3 nm and

relative standard deviation rsd0 = 16.7% under the isothermal

condition of 500 K. Etot = 2.0 eV, g= 0.094 eV/Å2 and a= 908
were used in simulation. As expected, both the maximum and

average diameter (Figure 1a) increases gradually with ripening

time. The ratio between maximum and average diameter

converges to about 1.25, consistent with the result of Ostwald

ripening with LSW distribution of 1.333.[23] There is a little

change in the standard deviation of PSD, in agreement with

literature as well.[24] Evolution of the total volume, the particle

number, and dispersion[25] (the ratio between surface atoms

exposed and the total atoms of the supported particles) are

plotted in Figure 1b. It can be found that the total volume

remains constant, indicating that the total mass is conserved in

simulation. We note that at the earlier stage of ripening, there

is a large number of smaller particles with higher chemical

potential, and the driving force for ripening is larger. As a result,

the dispersion decreases more rapidly at beginning but

becomes slowly later. Different from the dispersion, the particle

number decay faster. Specifically, at the time for 50% decrease

of dispersion, corresponding particle number drops down to

almost 10% of its initial value. The reason behind is that the

disappearance of smaller particles with less number of atoms

contributes little to the variation of dispersion. Since variation

of the particle number is more sensitive to time, corresponding

half-life time t1/2 is defined to quantify the sintering rate and

facilitate the comparison below. In this particular case, corre-

sponding half-life time is 50 days.

Ostwald ripening under temperature programmed condi-

tion tells the thermal resistance, and the corresponding results

are plotted in Figure 2. It can be found that the maximum and

average diameter remains same with its initial value before

600 K, and afterward it starts to increase rapidly with ramping

temperature (Figure 2a). Corresponding standard deviation

shows a modest increase. In line with rapid increase of the

average size, the dispersion and particle number decrease

almost linearly with ramping temperature (Figure 2b). There is

no pronounced decrease in ripening rate with further increase

of ramping time, in contrast to those under the isothermal

condition. This is because the influence from gradual increase

in ramping temperature on ripening rate overwhelms that from

the size increase. To characterize the thermal resistance, we

defined onset temperature Ton, corresponding temperature for

10% decrease of the particle number with respect to its initial

value. In this particular case, corresponding Ton is 635 K.

Figure 1. (a) Average and maximum diameter, standard deviation versus
ripening time. (b) Normalized volume, dispersion and particle number versus
ripening time, and half-life time (green star) is indicated. Thermal temper-
ature = 500 K, Etot = 2 eV, a= 908, vs = 6 � 1013 s�1, initial
<d0> = <2R0> = 3 nm, rsd0 = 16.7%, g= 0.094 eV/Å2, W= 18.27 Å3, the
ratio between diffusion length and particle radius Lr = 1.2.
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Metal Particle-Support Interaction (MPSI)

As indicates above, there are two types of metal-support

interactions (MSI), namely, metal particle-support interaction

(MPSI) and metal atom-support interaction (MASI). Both of

them affect the ripening kinetics. On homogeneous support,

MPSI and MASI are closely related, and the stronger MSI implies

strong MPSI and MASI at same time. Whereas for inhomoge-

neous support, metal particle and atom could be distributed in

different domains, MPSI and MMSI are not necessarily related.

For general purpose, we treat them here as independent

variables. This not only simplifies the analysis and also allows to

quantify their relative importance on ripening kinetics. We

applied this below for investigation of sublimation energy and

surface energy as well.

We describe first the influence of MPSI. MPSI can be

measured from the interface adhesion energy Eadh between

metal particle and support, and is approximately here by their

contact angle, based on Young�Dupré equation,

Eadh ¼ gð1þ cosaÞ. Though accurate determination of the

contact angle remains elusive,[26] it varies from 458 to 1358 for

typical metal-oxide combinations as summarized in Table S1.[19c]

For stronger MPSI, that contact angle is smaller, and the metal

particles tend to spread on supports and maximize their

contact area. For a particle with given volume, this means that

corresponding curvature radius would increase with gradual

increase of MPSI. In Figure 3, four spherical particles with same

volume but different contact angles of 1358, 1058, 758 and 458
are plotted, and corresponding curvature diameter (d = 2R)

increases from 3.2, 3.59, 4.69 to 8.2 nm.

MPSI influences further on the prefactor A(R) and chemical

potential term Dm Rð Þ in rate equation and therefore the overall

ripening rate. As indicated above, the prefactor (Eq. 2) is related

to the ripening mechanism (interface or diffusion control) and

geometrical factor proportional to the perimeter length

between particle and support. From Figure 4a, it can be found

that prefactor A Rð Þdecreases with the contact angle. Since

weak MPSI (large contact angle) would result in small curvature

radius, the corresponding chemical potential Dm Rð Þ increases.

This would raise the driving force of ripening, a fact that

increases the ripening rate. Variation of the chemical potential

term in rate equation versus the contact angle is plotted in

Figure 4b, and indeed it increases monotonically with the

contact angle (weakening MPSI). Compared to the prefactor

part, the change of chemical potential part is pronounced. Their

overall contribution to the ripening rate is therefore determined

mainly by the chemical potential part (Figure 4c). As a result,

stronger MPSI (small contact angle) decreases the ripening rate,

Figure 2. (a) Average and maximum diameter, standard deviation versus
ramping temperature. (b) Normalized volume, dispersion and particle
number versus ramping temperature, and onset temperature (green star) is
indicated. Temerature ramping rate is 1 K/s and from 200 K. Etot = 2 eV,
a= 908, vs = 6 � 1013 s�1, initial <d0> = <2R0> = 3 nm, rsd0 = 16.7%,
g= 0.094 eV/Å2, W= 18.27 Å3, the ratio between diffusion length and particle
radius Lr = 1.2.

Figure 3. Four supported nanoparticles with different contact angle a from
458, 758, 1058 to 1358 with the same nanoparticle volume VP = 16.76 nm3,
corresponding curvature diameter d (= 2R) = 8.2, 4.7, 3.6, 3.2 nm, respec-
tively.

Figure 4. The prefactor A Rð Þ (a), exponential term of chemical potential Dm
(b) and their product (c) versus the contact angle a for a supported particle
under the same particle volume VP = 16.76 nm3, the ratio between diffusion
length and particle radius Lr = 1.2, W= 15.33 Å3, Etot = 3 eV, vs = 6 � 1013 s�1,
initial rsd0 = 10%, g= 0.094 eV/Å2, isothermal temperature T = 800 K.
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and increases the ripening resistance, well proving physical

intuition.

Figure 5a shows the particle number evolution with ripen-

ing time for these four contact angles considered. It can be

found that with decreasing a from 1358 to 458 or strengthening

MPSI, the decay curve is right shifted and postponed. Namely,

the stronger MPSI indeed improves the ripening resistance.

Half-life time t1=2 at wide range of contact angle were calculated

and plotted in Figure 5b. For the contact angle decreasing from

1358~1058, its influence on t1=2 is modest. This is under-

standable since corresponding MPSI is weak. While with further

decrease of a, t1=2 increases gradually, as expected. In overall,

influence of MPSI on calculated half-life time falls in range of

three orders of magnitude.

Metal Atom-Support Interaction (MASI)

Metal atom-support interaction (MASI) determines the total

activation energy Etot = Ed + Ef, the summation of the diffusion

barrier Ed and the formation energy Ef (with respect to infinite

bulk counterpart) of the metal atoms on supports.[22] The

formation energy can be derived from the sublimation energy

(Esub, endothermic) of bulk metal and the binding energy of the

metal atom in gas phase on the substrate (Eb, exothermic),

namely, Ef = Esub + Eb.[19] For given metal (and so for Esub), Etot

becomes a function of Eb and Ed, which are determined

explicitly by MASI.

For given metal, depending on oxide surfaces, MASI might

vary considerably, and so for the binding energy and diffusion

barrier. According to density functional theory calculation on

transition metal atoms adsorption on oxide surfaces,[27] the

absolute value of Eb can be as large as a few electron volts or

so. Whereas on stoichiometric surfaces, the corresponding

diffusion barriers Ed vary modestly and falls typically around or

even less than one electron volt.[28] This is understandable since

there is much less number of bond making and breaking

involved in diffusion, compared to the binding of the metal

atom toward the oxide surfaces. Compared to Ed, Eb is decisive

and sensitive to MASI. We therefore focus below influence of Eb

on ripening for given Esub and Ed. We note that surface defects

such as vacancies and/or step edge can significantly hinder the

diffusion and even stabilize the single atoms,[29] and its

influence to the overall ripening is however beyond scope of

the present work.

Figure 6 shows calculated onset temperature Ton and half-

life time t1/2 at different binding energies. It can be found that

both the onset temperature and logarithm of half-life time

decrease linearly with increase of the binding strength.

Specifically, Ton and t1/2 decrease by about 1000 Kelvin and more

than 10 orders of magnitude. For comparison, the results at

different contact angles are plotted. By decreasing the contact

angle, calculated onset temperature and half-life time upshift

constantly. Namely, stronger MPSI does improve the ripening

resistance, as already revealed above. However, the extent of

upshift falls in range of two hundred Kelvin and three orders of

magnitude, much less than those of MASI.

Above results show firmly that compared to MPSI, MASI is

the key to the ripening. Strong MASI increases dramatically the

ripening rate, a fact that should be prevented for the overall

stability of supported particles. This is understandable since

Figure 5. (a) Particle number evolution with time at a= 458, 758, 1058, 1358
and corresponding initial curvature diameter <d> = 7.7 nm, 4.4 nm,
3.4 nm, 3.1 nm. (b) Calculated half-life time t1=2 versus the contact angle.
Initial average particle volume <VP> = 14.14 nm3, relative standard devia-
tion rsd0 = 10%, g= 0.159 eV/Å2, Etot = 3 eV, vs = 6 � 1013 s�1, isothermal tem-
perature T = 800 K.

Figure 6. Calculated onset temperature Ton and half-life t1/2 of supported
particles versus the binding energy Eb at different contact angle. Initial
average particle volume <VP> = 14.14 nm3 and rsd0 = 10%, g= 0.159 eV/Å2,
Esub = 5.64 eV, Ed = 0.5 eV, vs = 6 � 1013 s�1. Temperature ramping rate is 1 K/s
and from 200 K, isothermal temperature T = 800 K.
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MPSI mainly influences the prefactor and the difference of

exponential function of the chemical potential in rate equation,

whereas MASI determines the total activation energy and

influences exponentially the corresponding ripening rate.

Interestingly, interplay between MPSI and MASI was found

recently to play an important role on the stability of single

atom catalysts.[29]

Sublimation Energy and Surface Energy

Above results show the importance of metal-support interac-

tion on the ripening kinetics. We investigate here the influence

of metal composition and surface energy on the ripening

kinetics. The influence of the composition is represented here

by the sublimation energy Esub. Actually, sublimation energy

varies in a considerable range of value from 2.83 eV (Mn) to

8.48 eV (W), as seen from Table S2. We therefore investigated its

impact on onset temperature and half-life time by fixing other

parameters in rate equation.

As shown in Figure 7, with increasing Esub from 4 eV to 7 eV,

Ton and t1/2 significantly increase by about 1000 K and more

than 10 orders of magnitude. The sublimation energy of the

supported metal particles has great impact on the ripening

kinetics, as the binding energy of metal atom on support.

Namely, the metal with higher sublimation energy would have

a higher ripening resistance as well. At high temperature,

ripening through gas phase might play a role. In this particular

case, the catalysts with high sublimation energy become

essential, and alloying the catalysts with metal having higher

sublimation energy could be used to improve the ripening

resistance.

Surface energy of supported particles influences the

ripening kinetics because it affects the chemical potential of

metal atoms in supported particles (Eq. 3). For large metal

particle with specific morphology, the corresponding value can

be obtained through experimental measurements.[19c] Alterna-

tively, it can be estimated via weighted summation of surface

energy of exposed facets.[22] Surface energy could depend

further on composition[30] and size.[19a] In present work, it is

input as a parameter, and we use the values from literature to

estimate the range of surface energy. As shown in Table S2, it

can be as lower as 0.056 eV/Å2 for La and as higher as 0.228 eV/

Å2 for Re.[30] The influence of surface energy on the ripening

kinetics is plotted in Figure 8. It can be found that with increase

of the surface energy from 0.01 to 0.25 eV/Å2, onset temper-

ature decreases by about 300 Kelvin and half-life time decreases

by about 3 orders of magnitude. Namely, higher surface energy

would have relative lower ripening resistance. This is under-

standable since the higher the surface energy, the higher the

chemical potential of supported particles.

Under reaction conditions, the surface energy could be

lowered due to adsorption of reactants. For Rh(111), calculated

clean surface energy was 0.172 eV/Å2, and after adsorption of

CO, it reduced considerably by 0.08 eV/Å2.[22] According to

above result, this would stabilize the corresponding particles

and improve the ripening resistance. On the other hand,

depending on the metal-reactant interaction and metal-support

interaction, the reactants might not only stabilize the supported

particles but also the metal atom on support via formation of

the metal-reactant complexes. To form favourable metal-

reactant complexes, corresponding total activation energy for

Figure 7. Calculated onset temperature Ton and half-life t1/2 of supported
particles versus the total activation energy Etot at given binding energy Eb.
Initial average curvature diameter <d> = 3.8 nm and rsd0 = 10%, a= 908,
g= 0.159 eV/Å2, Ed = 0.5 eV, vs = 6 � 1013 s�1. Temperature ramping rate is 1 K/
s and from 200 K, isothermal temperature T = 800 K.

Figure 8. Calculated onset temperature Ton and half-life t1/2 of supported
particles versus the surface energy at different binding energy Eb. Initial
average curvature diameter <d> = 3.8 nm and rsd0 = 10%, a= 908,
Esub = 5.64 eV, Ed = 0.5 eV, vs = 6 � 1013 s�1. Temperature ramping rate is 1 K/s
and from 200 K, isothermal temperature T = 800 K.
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ripening is lowered, a fact that would promote significantly the

ripening as well.[5d,31]

Based on above result, we consider explicitly the half-life

time and onset temperature with respect to the total activation

energy from 1.6 to 4.8 eV, and the results at different contact

angles of 458, 758, 1058, 1358 are plotted in Figure 9. It is clear

that the ripening kinetics is highly sensitive to the total

activation energy decided by MASI, but much less sensitive to

the contact angle decided by MPSI. We note that weak MSI

would decrease MASI and increase the total activation energy,

which is therefore effective to decrease the ripening rate. On

the other hand, weak MSI would decrease MPSI and facilitate

the particle migration and coalescence at the same time, a fact

that is undesired. How to balance these two distinct metal-

support interaction are crucial to the overall stability of

supported particles and is under investigation.

Conclusions

We studied theoretically the influence of metal-support inter-

action, sublimation energy and surface energy on ripening

risistance of supported particles. The ripening kinetics was

simulated under both isothermal and temperature pro-

grammed conditions, and trend variation of corresponding half-

life time and onset temperature of ripening at wide range of

the phase space were quantified. It is found that though the

metal particle-support interaction (small contact angle) and

lower surface energy could stabilize the supported particles,

their influence on the ripening resistance is relative modest. In

contrast, the strong metal atom-support interaction decreases

the total activation energy of ripening, worsering dramatically

the ripening resistance. Moreover, it is found that the

submlimation energy also have a great influence on the

ripening resistance. For Ostwald ripening alone, we conclude

that the metal atom-support interaction, instead the metal

particle-support interaction, is decisive, a fact that should be

prevented. The interplay between these two-distinct metal-

support interactions plays an important role in the overall

stability of supported catalysts and calls for further study in

future.

Method for Kinetic Simulation

Theory of Ostwald ripening for supported particles can be

found in earlier work,[16b,19b,22] and we brief here the key points

for convenience. For particle at a given curvature radius R,

corresponding rate equation under steady state is

exp � Etot

kT

� �� �
exp

DmNP R*ð Þ
kT

� �
� exp

DmNP Rð Þ
kT

� �� �
ð1Þ

Above equation consists of three parts, namely, the

prefactor part A Rð Þ, total activation energy part (Etot) and

exponential term of chemical potential Dm. Prefactor A Rð Þ is

related with the ripening mechanism and sensitively depends

on the shape and size of supported particles.

A Rð Þ ¼ XY

X þ Y

K

R2
ð2Þ

where X = 2pa0Rsin(a), Y = 2pa0
2/ln[L/R sin(a)] and K =nsW/

[4pa0
2a1]. a is contact angle between metal NP and support,

which reflects metal particle-support interaction (MPSI). a0 is

the lattice constant of the support surface, L is the diffusion

length of the monomer, ns is the vibrational frequency of the

monomer on the support surface, W is the molar volume of

bulk metal atom, a1 = (2�3cosa+ cos3a)/4 is geometrical factor,

k is Boltzmann constant, T is temperature. When X�Y, the

ripening is diffusion control, and when X�Y, it is interface

control.

Total activation energy Etot is the summation of formation

energy Ef of the metal atom (with respect to the bulk

counterpart) and corresponding diffusion barrier Ed on support.

This term is decided by the metal atom-support interaction

(MASI), which will be addressed in this contribution. Chemical

potential Dm part describes the growth direction of the

particles. Here, chemical potential Dm is the energy of the atom

in particle of interest with respect to the bulk counterpart. In

the present work, it is approximated by Gibbs-Thomson (G�T)

relation[16b,19b]

Dm Rð Þ ¼ 2 Wg

R
ð3Þ

g is the surface energy of supported metal particles. It is

sensitive to composition,[30b] dependent on the particle size,[19b]

Figure 9. Calculated onset temperature Ton and half-life t1/2 of supported
particles versus the total activation energy Etot at different contact angle a.
Initial average particle volume <VP> = 14.14 nm3 and rsd0 = 10%,
g= 0.159 eV/Å2, Esub = 5.64 eV, Ed = 0.5 eV, vs = 6 � 1013 s�1. Temperature ramp-
ing rate is 1 K/s and from 200 K, isothermal temperature T = 800 K.
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and could be mediated further by the metal-support inter-

action[9a,26,32] and adsorption of reactants.[22] In present work,

variation of the surface energy with the particle size in the

process of growth is neglected for simplicity.

Initial particle size distribution (PSD) of supported particles

is assumed here to follow a Gaussian distribution f(R, t) with

average size of <R> and standard deviation s. Mass conserva-

tion indicates

4

3
pa1

Z 1

0
f ðR; tÞR3dR ¼ V0 ð4Þ

where V 0 is the initial total volume of supported metal particles.

The particle number N(t) evolves with rime as below

N tð Þ ¼
Z 1

0
f R; tð ÞdR ð5Þ

For a particle at a given radius of R = d/2 (d is particle

diameter), whether it grows or shrinks is decided by the particle

at the critical radius R* depicted in Eq. 1. The particle at the

critical radius R* implies there is no net change in mass, size

and morphology etc for corresponding particle. When R>R*,

the rate is positive and the corresponding particle will grow.

Obviously, R* increases gradually with time, and should be

decided efficiently during the ripening. So far, there is no

analytic formula beyond the interface and diffusion control

limits available yet. One has to determine R* numerically.[20–21]

We note that the amount of catalysts is assumed mass

conserve, namely, there is no catalyst loss and gain. As a result,

R* should be solved under the constrain of mass conservation.

Once the critical radius is derived, a proper time step in Eq. 1

should be given for increasing or decreasing certain value of

the size for each individual particle. Too small time-step would

be time consuming, whereas too large time-step might break

the mass conservation. On the other hand, for Ostwald ripening

at lower temperature or having a higher total activation energy,

the corresponding rate is rather slow, and a larger time-step is

desirable to save the computational time. Whereas for ripening

at higher temperature or having a lower total activation energy,

the ripening process could be very fast, and the time-step could

be smaller. To meet all these requirements, we adopted an

efficient self-adapted time-step algorithm under the constraint

of the mass conservation. One unique feature of the algorithm

is that the iteration of bisection method is nested into the

iteration of self-adapt time step technology, which allows the

critical radius and the time-step can be determined simulta-

neously.

Ripening kinetics under isothermal and temperature pro-

grammed aging (TPA) condition are considered, and correspond-

ing dispersion, particle number and average size are calculated.

For the isothermal condition, the thermal temperature used in

the present work is 500 or 800 K, while for TPA, the initial

temperature is 200 K, and the temperature ramping rate is 1 K/s.
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