
Journal of the Korean Chemical Society
2012, Vol. 56, No. 4
Printed in the Republic of  Korea
http://dx.doi.org/10.5012/jkcs.2012.56.4.431

-431-

Dissipative Particle Dynamics Simulation on the Formation Process of
CeO2 Nanoparticles in Alcohol Aqueous Solutions

 Qi Zhang, Jing Zhong*, Bao-Zhu Yang, Wei-Qiu Huang, Ruo-Yu Chen, Jun-Min Liao†,

Chi-Ruei Gu†, and Cheng-Lung Chen†,*

School of Petrochemical Engineering, Jiangsu Province Key Lab of Fine Petrochemical Engineering,

Changzhou University, Changzhou, 213164, Jiangsu, P.R. China. *E-mail: zjwyz@cczu.edu.cn
†Department of Chemistry, National Sun Yat-sen University, Kaohsiung, 80424, Taiwan, R.O.C.

*E-mail: chen1@mail.nsysu.edu.tw

(Received June 4, 2012; Accepted July 12, 2012)

ABSTRACT. Dissipative particle dynamics (DPD) was carried out to study the nucleation and crystal growth process of

CeO2 nanoparticles in different alcohol aqueous solutions. The results showed that the nucleation and crystal growth process

of CeO2 can be classified into three stages: nuclei growth, crystal stabilization and crystal aggregation except the initial

induction stage, which could be reproduced by collecting simulation results after different simulation time. Properly selecting

the sizes of CeO2 and water bead was crucial in the simulation system. The influence of alcohol type and content in solutions,

and precipitation temperature on the particle dimension were investigated in detail and compared with the experimental

results. The consistency between simulation results and experimental data verify that the simulation can reproduce the mac-

roscopic particle aggregation process. The effect of solvent on the nucleation and crystal growth of CeO2 nanoparticles are

different at three stages and can not be simply described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory or nucleation

thermodynamics theory. Our work demonstrated that DPD methods can be applied to study nanoparticle forming process.
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INTRODUCTION

In recent years, nanometer-sized particle of cerium dioxide

(CeO2) has been widely used in many fields, such as gas

sensor,1 electrode materials for solid oxide fuel cells,2

catalytic supports for automobile exhaust system,3 UV

absorbent and filters4 and abrasives of the chemical

mechanical polishing slurry,5 since CeO2 particle has high

stability at high temperature, high hardness and reactivity.6

Over the past decade, several techniques have been

developed to produce the CeO2 particles, such as: sol-gel

process,7 hydrothermal synthesis,8 forced hydrolysis,9

microemulsion,10 electrochemical synthesis11 and preci-

pitation.12-20 The liquid-phase precipitation method is

more attractive among these techniques because the low

cost salt precursors, simple operation and ease of mass

production.17

In general, the liquid-phase precipitation process includes

three stages: chemical reaction, nucleation, and crystal

growth.13 These stages are fast in most cases, but difficult

to control and observe in experiments. The dimension of

CeO2 particles formed in water by liquid-phase precipitation

is in the range of 10-15 nm from XRD measurement.17

Some researchers reported that adding low dielectric medium,

such as alcohols, to the aqueous solution could alter the

thermodynamics of reaction system and nucleation kinetics

in nanoparticle forming process, which lead the forma-

tion of particle with smaller size.16,18,19,21 Chen16 and Li et

al.18,19 have reported that the particle size of CeO2 decreased

to 8-10 nm by introducing the monohydric alcohols -

methanol (MeOH), ethanol (EtOH), iso-propanol (i-PrOH),

tert-butanol (t-BuOH), into the aqueous solutions. The

decrease of particle size varied with the type and quantity

of alcohols adding into the aqueous solutions, and can be

explained by the Derjaguin-Landau-Verwey-Overbeek

(DLVO) theory and nucleation thermodynamics theory

for crystal.

Chen et al.16 found that the particle size of CeO2

decreases with the increasing of alcohol content in solutions,

and the size of particle formed in 67 vol.% alcohol

aqueous solutions at 50 ºC decrease as MeOH aq > EtOH

aq > i-PrOH aq≈ t-BuOH aq. The order is directly proportional

to the dielectric constant, ε, of solvent. In Li’s work,18,19

they found the particle size of samples obtained in 75

vol.% alcohol aqueous solutions at 75 ºC decreases in the

order: i-PrOH aq > EtOH aq > MeOH aq > t-BuOH aq.
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The order, however, is not proportional to the ε value of

solvent. They also found there has a minimum particle

size with the increasing of alcohol content in solutions.

Their experimental results can not be explained simply by

DLVO theory or nucleation thermodynamics theory for

crystal. In addition to this, these two experiments are not

consistent, which perhaps due to the different initial

concentration of reactants and reaction time. It is difficult

to measure the forming kinetics for CeO2 nanoparticle

because the formation process is too fast.

In addition to the experimental efforts, computer sim-

ulation is a possible way to study the phase separation and

particle aggregation. Conesa investigated the structures

and relative stabilities of several CeO2 surfaces and of

anion vacancy centers using theoretical molecular mechan-

ics (MM) method. The simulations reproduce the experimental

bulk modulus of CeO2 within ~10% error.22 Gotte et al.

simulated the bulk and (011) surfaces of reduced and

unreduced CeO2 by MD method, and concluded that the

main structural change occurring on ceria reduction are

the new equilibrium positions for the oxygen ions.23 Baudin et

al. studied the dynamics, structure and energetics of the

(111), (011) and (001) surface of CeO2 by molecular dynamics

(MD) simulation method within NPT ensemble.24 They

reported the structure and defects of ceria without considering

the forming process of CeO2 nanoparticle.

For the nanoparticle forming process with solvents and

metal-oxide molecules, the DPD method is especially

appropriate because it is capable of studying systems

containing millions of atoms in the nano-second time

domain, and can describe adequately the phase separation

process.25-28 The method was introduced by Hoogerbrugge

and Koelman in 1992.29 In our previous work, DPD have

been used to simulate phase behaviors of EO20PO70EO20

(P123) in water, ethanol/water solutions and silica sol.30

The results indicated that DPD simulation method can be

used to study the influence of template on the structure of

mesoporous material and guide the preparation of

mesoporous material. We also applied DPD to investigate

the self-assembled aggregation problems of surfactants

and a gold nanoparticle system,30,31 and found that the

major difficulty to reproduce macroscopic experimental

phase behavior by the simulation lies on the choosing of

bead size and interaction parameters. Although Groot and

Warren discussed the DPD method in detail and gave

suggestions on the selection of DPD parameters,32 some

fundamental problems still remained unclear. No consistent

protocol has been reported to determine these two important

parameters.

In this work, the growth of CeO2 nanoparticle based on

the precipitation process was simulated. The nucleation

and crystal growth of the particles were investigated by

using DPD simulation. The way to define DPD beads were

discussed in the simulation section. To be consistent with

the experimental works, various alcohol aqueous solu-

tions: MeOH aq, EtOH aq, i-PrOH aq, t-BuOH aq, were used

in the simulation. The effects of alcohol type, concentration,

and precipitation temperature on the particle dimension

were investigated. Our simulation provides a possible tool

for the investigation of the nucleation and crystal growth

of nanoparticles. 

SIMULATION METHOD

Crystal Growth Theory

The growth of crystal is always analyzed by DLVO theory

and nucleation thermodynamics theory. Based on the

DLVO theory, the interaction potential between particles

can be described as,19

(1)

where, A is Hamker constant; κ is Debye-Hückel parameter; d

is the diameter of the particle; ψ is surface potential; ε is

dielectric constant of solvents; and V is interactive

potential between particles respectively. The first and sec-

ond term in the equation represent electro-attractive and

repulsive interactions respectively. According to this equa-

tion, the electrostatic repulsion force between particles

would decrease with the decreasing of the ε values of

solvents, which leads the particles easy to aggregate and

growth. Therefore, within certain concentration range and

at certain precipitation temperature, the particle dimension is

inversely proportional to the ε values of solvents if the

electrostatic repulsion force between particles dominated

in the nanoparticle forming process.

On the other hand, the forming of particles strongly

depends on the supersaturation of solute according to the

nucleation thermodynamic theory, which can be expressed

by Kelvin equation,33

 (2)

where S is supersaturation of solute; m is the weight of

solute molecule; γ is the interfacial energy between solute

and solution phase; ρ is the density of solute; k is the Boltz-

mann’s constant; and T is the Kelvin temperature respec-

tively. Conventionally, S is defined as the ratio of solute
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concentration (C) to the equilibrium concentration of

solute (Cl) in the saturated solution.

(3)

According to Debye-Hückle theory, Cl can be expressed

as:16

 (4)

where ε0 is the permittivity in vacuum and ε is the dielec-

tric constant in a given solution; r+ and r− represent the

radius of ions charged z+ and z− respectively; and e rep-

resents the elementary charge (e = 1.602×10-19 C).

In combination of equations (2), (3) and (4) yields,

(5)

From this equation, the particle size was directly pro-

portional to the ε value of solvents if the supersaturation of

solute controlled the nanoparticle forming process.

Based on the above analysis, a change in ε value of

solvent can alter the electrostatic repulsion forces between

particles and the supersaturation of solute in the opposite

direction.

DPD Theory

The outline of the DPD model here is based on the work

by Groot and Warren.32 Molecules are divided into beads,

and the motions of beads are governed by Newton’s

equations:

 (6)

 (7)

where , ,  are the position vector, velocity and total

force on the ith bead respectively. The total force exerted

on bead i contains three parts.

(8)

where  is the conservative force which describe soft

repulsive central force between bead i and j;  and 

are the dissipative and random forces respectively. The

significance of these terms is investigated in detail else-

where.29,32

To simulate a system, a set of interacting parameters

αij’s between different types of beads must be deter-

mined. The DPD simulation should reproduce correct

phase behaviors as observed experimentally with these

pre-determined parameters. There are several methods

suggested in the literature to evaluate interaction parame-

ters.34 We adopted Monte Carlo method to evaluate the

interaction parameters by compromising the accuracy and

computation time. The derivation of αAB is based on

Flory-Huggins mixing parameter χAB where the subscript

AB denotes type A and B beads,35 which is related to the

mixing energy by

(9)

The maximum repulsion αAB deduced from this χAB parameter

at a given particle density ρ = N/V, as suggested by Groot

and Warren.32

for ρ = 5  (10)

  for ρ = 3  (11)

The αAA term is derived from the compressibility of pure

component A (αAA = 75kBT/ρ).
32 All simulations were

performed with Cerius2 and Material Studio software

packages.36

Determination of Simulation Parameters

To carry out DPD simulation, molecular fragments are

usually treated as beads. There is no definitive way to

divide the chain molecule into fragments. In the first

attempt, the molecules of MeOH, EtOH, i-PrOH, t-BuOH,

EG, water and CeO2 are directly used as beads for DPD

simulation. The structures of these molecules were optimized

with UNIVERSAL force field (UFF).37 All atomic partial

charges of molecules were obtained from quantum mechanical

ZINDO method based on the optimized structures except

CeO2 molecule. The atomic partial charges of CeO2 molecule

was calculated by the Density Functional Theory (DFT)

with Gaussian 03 software.38 The hybrid and correlation

functionals B3LYP and SDD potential form was used.

The interacting parameter χAB was calculated by UFF.
37

These DPD simulations failed to reproduce aggregation

behavior as observed experimentally. This was because

the sizes of CeO2 and water are too much smaller than

those of alcohols. 

To generate CeO2 bead with its size comparable to the

alcohols, a small CeO2 cluster with fluorite structure

containing two CeO2 molecules was adopted to represent

CeO2 bead. Similarly, a water cluster with cubic ice crystal
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structure containing two water molecules was choosing to

represent water bead. Table 1(a) and 1(b) shows the calculated

interaction parameters αAB’s of CeO2, water bead and vari-

ous alcohols at 50 and 75 ºC.

All systems were simulated at the particle density ρ = 5.

A 3D box of size 30×30×30 DPD units with periodic

boundary conditions was adopted in the simulation. The

dissipative parameter γij was set to a value of 4.5kBT, and

the time step ∆t was set as 0.05 according to Ref. 35. 100,000

time steps were carried out for each system, and the

molar ratio of [CeO2]:[solvent] was kept at 0.20. The ini-

tial conformations and velocities were random. After

comparing many times of simulations, we found the

repeatability was good. Therefore, the parameters adopted

in our simulation are reasonable and the conclusions are

reliable. In additon, this parameterization method has

been also used in wide-range systems on DPD simula-

tion, such as: self-assembled aggregation problems of

surfactants,39,40 gold nanoparticle system,31 etc., and gives

good results.

RESULTS AND DISCUSSION

The particle sizes of CeO2 formed in different alcohol

aqueous solutions and at different simulation time were

evaluated and compared with experimental results. The

effects of volume content of alcohol in solutions and pre-

cipitation temperature on the particle sizes were also inves-

tigated. 

Growth Process of CeO2 in Alcohol Aqueous Solutions

Giving in Fig. 1 are snapshots of the CeO2 particles

formed in MeOH aq solutions at different simulation time.

The red bead represents the CeO2, and the solvent was

neglected in all Figures for clarity. The simulation tem-

perature was set at 50 ºC, and 50 vol.% MeOH aq solution

was used. The results show that CeO2 molecules can form

spherical aggregated particles at different simulation time.

The number of aggregated particles decreased with the

increasing of simulation time, but the dimension of particles

increased, which reproduced the aggregation process in

the precipitation experiments in alcohol aqueous solutions.

The relationships of particle dimension and aggregation

number are similar in other alcohol aqueous solutions.

Fig. 2 shows the dimensions of particles formed in

different 50 vol.% alcohol aqueous solutions at 50 ºC. The

particle size was calculated by averaging the radial length

of particle in x, y and z directions. According to the dimension

of molecules defined for DPD beads and the particle

density ρ = 5 used in the simulation, a DPD unit is about

0.74 nm. Then the particle size can be transferred from

DPD unit into “nm” unit.

The process of CeO2 particles formed in monohydric

alcohols (MeOH, EtOH, i-PrOH, t-BuOH) has been simulated

with the increasing simulation time. In the first 10,000

time steps, nuclei had been already formed. Between

10,000 time steps and 30,000 time steps, the dimensions

of CeO2 particles grow rapidly. This is because the particles

were near to each other. After the fast growth stage, the

Table 1. (a) Interaction parameters of beads in the simulation systems at 50 oC

aij CeO2 bead MeOH EtOH i-PrOH t-BuOH EG Water bead

CeO2 bead 15.000 76.866 79.929 80.366 80.813 64.136 64.324

MeOH 76.866 15.000 15.124 15.403 15.607 15.289 15.907

EtOH 79.929 15.124 15.000 15.029 15.135 15.327 16.587

i-PrOH 80.366 15.403 15.029 15.000 14.994 15.410 17.074

t-BuOH 80.813 15.607 15.135 14.994 15.000 15.458 17.429

EG 64.136 15.289 15.327 15.410 15.458 15.000 15.559

Water bead 64.324 15.907 16.587 17.074 17.429 15.559 15.000

(b) Interaction parameters of beads in the simulation systems at 75 oC

α ij CeO2 bead MeOH EtOH i-PrOH t-BuOH EG Water bead

CeO2 bead 15.000 72.087 74.732 75.259 75.917 60.878 60.870

MeOH 72.087 15.000 15.139 15.344 15.562 15.262 15.825

EtOH 74.732 15.139 15.000 15.062 15.149 15.294 16.452

i-PrOH 75.259 15.344 15.062 15.000 14.999 15.337 16.848

t-BuOH 75.917 15.562 15.149 14.999 15.000 15.425 17.222

EG 60.878 15.262 15.294 15.337 15.425 15.000 15.569

Water bead 60.870 15.825 16.452 16.848 17.222 15.569 15.000
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particles grow gently until 70,000 time steps; since grown

particles were already separated in distance from each

other. After 70,000 time steps, the dimensions of the par-

ticles increased rapidly. This result indicates that the

aggregation happened between those large particles.

Comparing the simulated dimension of the CeO2 particles

with the experimental measured size from XRD mea-

surement,16-19 we found that the sizes of CeO2 particles

formed within 30,000 time steps are very close to the mea-

sured sizes of CeO2 single crystal.
16,18,19 Therefore the

particles formed within 30,000 time steps have not finished the

nuclei growth. After this point, further nucleation occurred

between particles, and this stage can be classified as nuclei

growth stage. The size of particle increased gently when

the simulation time extend from within 30,000 to 70,000

time steps, which indicated that the CeO2 crystals formed

in alcohol aqueous solutions were stable in a certain period.

This stage can be classified as stabilization stage. The size

of particles after 70,000 steps is much larger than that of

single crystal from XRD results. This stage can be classi-

fied as aggregation stage. Our simulation shows that the

growth of CeO2 particle in the alcohol aqueous solutions

undergoes different stages.

Effect of Alcohol Type in Alcohol Aqueous Solutions

The dimension of particles formed at different simulation

time also depends on the type of alcohol as shown in Fig.

2. The size of CeO2 particle are in the order t-BuOH(aq) >

i-PrOH(aq) >EtOH(aq) > or≈MeOH(aq) when the simulation

time less than 30,000 time steps (in nuclei growth stage),

which is almost inversely proportional to the ε values of

alcohol solutions. The trend is quite consistent with the

results reported by both Hu et al.21 and Chen et al.16 They

studied the relationship between incubation time and

average hydrodynamic diameter of zirconia particles in

different alcohol(aq) solutions at equal concentrations of

alcohol and water (50 vol.%), and found that the nucleation

rate of zironia particles in different alcohol solutions were

in the order i-PrOH(aq) > EtOH(aq) > MeOH(aq) after the

initial induction stage. Therefore, we can deduce that the

particle growth was controlled by electrostatic repulsion

between particles in this stage because the particle dimension

Fig. 1. Simulation results of CeO2 particles at different simulation time (50
oC, MeOH/water = 50 vol.%, molar ratio of [CeO2]: [solvent]

= 0.20) (a)10,000; (b) 30,000; (c) 50,000; (d) 70,000; (e) 90,000; (f) 100,000.

Fig. 2. Dimension of CeO2 particles formed at different simulation
time (50, alcohol/water = 50 vol.%, molar ratio of [CeO2]:[solvent]
= 0.20).



Journal of the Korean Chemical Society

436 Qi Zhang, Jing Zhong, Bao-Zhu Yang, Wei-Qiu Huang, Ruo-Yu Chen, Jun-Min Liao, Chi-Ruei Gu, and Cheng-Lung Chen

was inversely proportional to the ε values of alcohol

solutions.

In the range of 30,000 to 70,000 time steps (crystal

stabilization stage), we found that the dimension of CeO2

particles grows gently independent of type of alcohol.

This indicated that electrostatic repulsion between particles

still dominant the forming of particles in the crystal stabilization

stage. 

When simulation time is more than 70,000 time steps

(crystal aggregation stage), the order of particle size changed

abruptly, which decreases as following sequence: MeOH(aq)

> i-PrOH(aq)> EtOH(aq) > t-BuOH(aq). This indicates that

the mechanism of particle formation changed in this stage.

Within this range the order of particle size is almost directly

proportional to the ε values of alcohol(aq) solutions except

the EtOH(aq), which indicated that the crystal growth of

CeO2 was controlled by the supersaturation of CeO2 in the

solutions according to the nucleation thermodynamic theory.

The order of particle size obtained in our simulation is

quite consist with the experimental results reported by

Chen et al. at the same experimental conditions,16 but the

simulated particle sizes are slightly larger than the reported

values, which perhaps due to the vigorous stirring in the

experiments inhibiting the aggregation of CeO2 particles.

The consistency of simulation results with the experimental

results in monohydric alcohol(aq) solutions indicates that

DPD simulation can describe the sequential forming process

of CeO2 nanoparticle, including nuclei growth, crystal

stabilization and crystal aggregation stages. We can also

infer that the growth of particle at the nuclei growth and

crystal stabilization stages was controlled by electronic

repulsion between particles, which can be described by

DLVO theory; and the growth of particle at the crystal

aggregation stage was controlled by the supersaturation of

CeO2 in the solutions, which can be described by nucleation

thermodynamics theory. In other words, the nuclei growth

and crystal repairing is faster for molecules in solvents

with lower ε values, and the crystal aggregation is slower

for particle in solvents with lower ε value. The two mechanisms

are effective in the whole particle growth process and

compete with each other. 

Effect of Alcohol Content in Alcohol Solutions

The ε value of solvents can be adjusted by changing the

content of alcohol in the alcohol(aq) solutions. The addition

of alcohol into water would decrease the ε value and the

dissolvent ability of solvents. The solution is therefore

supersaturated and capable of producing finer particle.21

On the other hand the electrostatic repulsion between

particles would decreases with the decreasing of the ε

value, which leads to form larger CeO2 particles. Chen et

al.16 and Li et al.18 reported the effect of alcohol/water

ratio on the dimension of CeO2 particle in separated

works. Chen et al. found that the dimension of particle

decreases with the increasing of alcohol/water ratio.16

While Li et al. found a minimum value in particle dimension

during the increasing of EtOH(aq) ratio.18

The effect of alcohol/water ratio on the dimension of

CeO2 nanoparticle by DPD at 50 ºC was studied, and the

results are shown in Figs. 3-5. Fig. 3 gives the size of

particles formed after 30 000 simulation steps. We found

that the effect of alcohol/water ratio on the dimension of

CeO2 particle was varied with the alcohol type used in

solutions. The general trend, except EtOH(aq), is the size

of CeO2 particle decreases with the increasing of alcohol/

water ratio, but the change details are different for different

solvents. 

Fig. 3. Dimension of CeO2 particles formed in different alcohol/
water mixed solvents (50 oC, molar ratio of CeO2/solvent = 0.20,
30,000 time steps).

Fig. 4. Dimension of CeO2 particles formed in different alcohol/
water mixed solvents (50 oC, molar ratio of CeO2/solvent = 0.20,
50,000 time steps).
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For the particles formed in MeOH(aq) and t-BuOH(aq),

the change trends of particle sizes are almost consistent

when the alcohol content in solutions raised from 20 vol.%

to 50 vol.%, then decreased when the alcohol content

larger than 50 vol.% after 30,000 time steps simulation.

This indicates that the effect of electrostatic repulsion and

that of supersaturation of CeO2 reach equilibrium when

the alcohol content was in the range of 20 vol.% to 50

vol.%, but the effect of supersaturation of CeO2 become

dominant when the alcohol content in solutions larger than

50 vol.%. In i-PrOH(aq), the particle dimension decreases

with the increasing of alcohol content in the range of 20%

to 50%, and slightly increases in the range of 50 vol.% - 67

vol.%, then drop obviously in the range of 67-80 vol.%

after 30,000 time steps simulation. This indicates that the

supersaturation of CeO2 almost dominate the whole process.

The effect of electrostatic repulsion was only significant

within the range of 50 vol.% to 67vol.% alcohol content.

In the EtOH(aq), there existed a minimum point in the

curve of particle dimension vs. the alcohol content. There-

fore, the supersaturation of CeO2 control the forming of

particles in the initial particle forming stage, then the

electrostatic repulsion become dominant when the alcohol

content was larger than 67 vol.%. This trend is as same as

reported by Li et al.19 and confirmed that our simulation

can reproduce the effect of alcohol content in alcohol(aq)

solutions on the particle dimension.

When the simulation time extend to 50,000 time steps,

the sizes of particles formed in MeOH(aq) and t-BuOH(aq)

become larger when the alcohol content in alcohol(aq)

solutions raised from 20 vol.% to 50 vol.% as shown in

Fig. 4. This indicates that the equilibrium between electrostatic

repulsion and supersaturation of CeO2 at 30,000 time

steps was shifted and the electrostatic repulsion became

dominant. For other alcohols and alcohol content, the

relationship between particle size and alcohol content in

alcohol(aq) solutions is almost unchanged though the

particle size increase when the simulation steps prolonged

to 50,000 steps, This indicates that the influence of alcohol

content on the particle size is similar for nuclei growth

stage and crystal stabilization stage. 

The change of particle dimension with alcohol content

in alcohol(aq) solutions after 100,000 time steps is different

with those after 30,000 time steps and 50,000 time steps as

shown in Fig. 5. There exists the minimum or maximum

point for almost all the alcohol(aq) solutions studied in our

simulation, which indicates that electrostatic repulsion

force and supersaturation of CeO2 still compete with each

other and one of these two factors controls the aggregation.

The effect of alcohol content in alcohol(aq) solutions on

the particle dimension shows some irregular phenomena

because electrostatic repulsion forces and supersaturation

of CeO2 in solution competed with each other in different

alcohol solutions. The trend of nanoparticle in the crystal

forming stage can not be predicted by any simple theory. Our

DPD simulation, however, can reproduce the experimental

results on the dimension of CeO2 nanoparticle. The method

is adequate to investigate such problems. 

Effect of Precipitation Temperature

The increase of temperature would decrease the ε value

of alcohol,21 and increase the supersaturation of CeO2.

Therefore temperature increasing would decrease the size

of the nanoparticle. So the simulation in nuclei growth

stage (less than 30,000 time steps) was investigated in this

part.

The dimension of CeO2 particle decreases when the

simulation temperature increased from 50 ºC to 75 ºC in

alcohol(aq) solutions with 50 vol.% alcohol as shown in

Fig. 6, which consisted with the rule deduced from the

relationship between supersaturation and temperature. The

other interesting phenomenon occurred with the increasing

of temperature is that the relationship between particle

size and different alcohol solutions. The order of particle

size changed from t-BuOH(aq) > i-PrOH(aq) > EtOH(aq) >

MeOH(aq) to i-PrOH(aq) > MeOH(aq) > EtOH(aq) ≈

t-BuOH(aq) with the increasing of temperature. This

indicated that supersaturation of CeO2 also became impor-

tant for particle growth. This phenomenon become obviously

at 75 ºC and alcohol/water = 75 vol%. The dimension of

particle shows a maximum value in i-PrOH(aq) at 75 ºC

and i-PrOH(aq) = 75 vol%, which consisted with the

Fig. 5. Dimension of CeO2 particles formed in different alcohol/
water mixed solvents (50 oC, molar ratio of CeO2/solvent = 0.20,
100,000 time steps).
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experimental results reported by Li et al.19 at the same

experimental conditions. This consistency confirmed that

our DPD simulation can correctly reproduced experimental

results at different temperature. 

The effect of alcohol content in the alcohol(aq) solutions

on the particle size is also investigated at 75 ºC. After

30,000 time step, the dimension of particles formed in

MeOH(aq) decreases when the alcohol content increased

from 50 vol.% to 75 vol%; increases slightly in EtOH(aq),

and increases markedly in i-PrOH(aq); but decreases in

t-BuOH(aq). The irregular trends is similar with the

phenomena observed at 50 ºC, and can be explained by

the competition between electrostatic repulsion force and

the supersaturation of CeO2 in solutions which influence

the particle dimension contrarily. The detail in mechanism

need further study.

CONCLUSION

DPD simulation was carried out to investigate the

forming process of CeO2 nanoparticle in alcohol(aq)

solutions. The formation can be divided into nuclei growth,

crystal stabilization and crystal aggregation, which can be

observed by collecting the simulation results at different

simulation time. The nuclei growth stage within the range

of less than 30,000 time simuation steps, and the particles

grew rapidly in this stage; crystal stabilization stage is

within the range of 30,000 and 50,000 simulation time

steps, and the size of particle remains unchange in this

stage; particle aggregation is within the range after 50,000

simulation time steps, the particles further aggregate and

the dimension of particles was larger than that of single

crystal.

The dimension of CeO2 nanoparticle is inversely pro-

portional to the ε value of alcohol(aq) solutions, and elec-

trostatic repulsion force between particles controls the

forming process when the CeO2 nanoparticle is in the

nuclei growth stage; and that would change to be directly

proportional to the ε value of alcohol(aq) solutions and the

supersaturation of CeO2 in solutions controls the forming

process when the CeO2 nanoparticle has entered into the

crystal aggregation stage. The precipitation kinetics is

faster for molecules in solvents with lower ε values, and

the crystal aggregation kinetics is slower for particle in

solvents with lower ε value.

The particle dimension decreases with the increasing of

alcohol content in alcohol(aq) solutions and temperature

when the particles were in the nuclei growth stage. The

effect of alcohol content in alcohol(aq) solutions on the

CeO2 particle dimension is irregular because the two

actions − electrostatic repulsion force between particles

and the supersaturation of CeO2 in solutions would com-

pete with each other during the change of alcohol content

and influence the particle dimension contrarily. 

The simulation results produce from different type and

content of alcohol in alcohol(aq) solutions, and different

temperatures consist with the experimental data obtained

at same conditions. Our work has demonstrated that DPD

methods can be applied to the study of nanoparticle

forming process.
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č ć



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


