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Real-time atomistic simulation of the Ostwald
ripening of TiO2 supported Au nanoparticles†
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Ostwald ripening (OR), one of the major processes of nanoparticle sintering, is critical for the rational
design of functional nanomaterials. However, the atomistic mechanism of OR has not been fully understood, because the characterization of interparticle transport of atoms in real-time is challenging by
either experiments or theoretical simulations. Thus, current understandings are based on ad hoc assumptions about the OR mechanism, which have never been conﬁrmed yet at the atomic scale. Herein, we
realized all-atom kinetic Monte Carlo simulation of sintering of TiO2 supported Au nanoparticles (NPs)
through the OR mechanism at millisecond timescales. We demonstrated that the “semi-spherical”
assumption should be removed. The OR process was a stagewise process determined by diﬀerent ratedetermining steps, which is in contrast to the single-stage presumption. Au dimers, rather than monomers
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as generally assumed, were exchanged among diﬀerent NPs. Besides, we proposed a new kinetic model
for describing the determining rate of OR without presumptions. This work brings deeper insights into the
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atomistic OR mechanism and also paves the way for real-time monitoring of catalyst sintering at the
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atomic scale.

Introduction
Ostwald ripening (OR) is considered to be one of the two main
mechanisms of sintering of particles widely observed in chemistry, biology, and engineering.1–5 It is of primary interest and
importance to understand its atomistic mechanism in heterogeneous catalysis because many active catalysts are nanoparticles (NPs) less than 2–3 nm in size and they lose their
activities sharply during sintering.6,7 To which level we can
prevent catalyst sintering depends on how detailed we know
about the OR mechanism. In recent years, some advanced
techniques have been developed to characterize this process at
the atomic scale. In particular, in situ transmission electron
microscopy studies have provided insightful information by
direct visualization.8–21 However, the atomic details of OR are
still elusive because the interparticle transport of atoms on the
support surface is too fast to be observed. The consequence is
that how OR takes place at the atomic scale is unclear.
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Due to the lack of atomic details, some presumptions are
inevitably introduced in the current understanding and derivation of kinetic models for sintering: (1) the supported metal
particle is assumed to be semi-spherical during the OR
process although it is known that the small nanosized particle
is polyhedral rather than spherical; (2) OR is a single-stage
process, i.e., it is rate limited either by a detachment process
of monomers (“interface control”) or by the diﬀusion of metal
adatoms (“diﬀusion control”); and (3) NPs exchange atoms
among each other in the form of individual atoms (monomerexchange).22,23 These assumptions are also widely adopted in
recent first principle studies. For example, the energy barrier
required for the monomer to detach from NPs and its
diﬀusion energy barrier on the support surface are generally
considered to be the key parameters for estimating the sintering rate and for designing sinter-resistant catalysts.24–30
However, these ad hoc assumptions have never been confirmed
in experiments. On the other hand, recent studies have shown
that a macro-phenomenological model using presumptions,
for instance, the classical nucleation theory, cannot truly
describe a nanoscale phenomenon.31,32 Therefore, it is necessary to confirm or remove the presumptions for eﬃcient
rational design of sinter-resistant catalysts.
Atomic simulation can be an eﬃcient and useful tool to
reveal the atomic details of OR and to confirm the assumptions. In previous studies, the coarse-grained kinetic Monte
Carlo (KMC) simulation has been performed to study OR, in
which the size evolution of hemispherical islands is simulated
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by exchanging atoms through diﬀusion in a two-dimensional
(2D) lattice. In these works, the detachment rate of atoms is
treated by mean-field approximation.33,34 2D OR of Ag islands
on Ag electrodes has also been studied by KMC simulations to
understand the eﬀects of temperature and surface charge on
the rate of ripening. The results of density functional theory
(DFT) calculations were used to describe the dipole moments
and the embedded atom method was used to describe the
ripening rate on uncharged surfaces.35 Although the use of
semi-empirical potentials is possible for the atomic simulation
of OR,36,37 this approach can only be used for limited systems
because there is a lack of reliable semi-empirical or empirical
potentials for the metal–oxide interactions in many catalytically interesting systems.38 Therefore, all-atom simulation of
an OR process is still challenging, especially for oxide-supported metal NPs. Moreover, in previous studies, the discussion of the atomic details of the interparticle transport is still
missing. Here, we combined the KMC approach with the DFT
based metal–metal and metal–substrate interactions to realize
the real-time all-atom simulations of the OR processes of supported Au NPs at millisecond timescales. The simulation
results agree with previous TEM observations very well.
Through the simulations, we revealed the critical details for
understanding the OR mechanism at the atomic scale, which
is in contrast to the basic assumptions of the classical model
and diﬃcult to be obtained by experiments.

Methods
The substrate is mimicked by a flat pad with two-dimensional
periodic boundary conditions, space above which is divided
into lattice sites corresponding to the face-centred-cubic (FCC)
crystal structure. Some of the lattice sites are occupied by
metal atoms and the others are empty. The system evolves
with time by selecting a metal atom to “jump” from the occupied site i to an empty nearest-neighbour (NN) site j. The timeevolution of the system is simulated by adopting the “rejection-free” KMC algorithm. The details can be found in our previous works and in the ESI.† 39 The use of a lattice model certainly has some limitations in describing the equilibrium
structures because small Au clusters may have non-FCC equilibrium structures.40 However, in this work we study the sintering process occurring at high temperature, at which the NP
structures are normally oﬀ-equilibrium.
Fitting the metal–metal interaction (EMM) and the metal–
support interaction (EMS) with both accuracy and eﬃciency is
the key point to simulate the OR process. In a lattice model,
each atom occupies a lattice site but its precise position is not
given. Therefore, the semi-empirical potentials like the
embedded-atom methods are not suitable because their accuracy relies on the precise coordinate of each atom. Instead, a
nearest-neighbour (NN) bond model is generally adopted,
which counts the NN bonding interactions to describe
EMM.41–44 The major drawback of this model is that it cannot
describe the metal cohesive energy (Ecoh) and the surface
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energy at the same time. For example, the NN binding energy
(εM) is −0.2 eV if fitted to Au surface energies,39 but approximately −0.5 eV if fitted to Ecoh of a bulk Au atom. In our previous works, we found a very good linear relationship between
the surface energy and the number of missing NN bonds by
systemic DFT calculations considering 13 diﬀerent crystal surfaces of Pt, Pd, and Au.39 After that, we found that this
relationship generally works for other transition metals as
well.45 To ensure this linear relationship and to properly
describe the bulk cohesive energy at the same time, the corrected energy (UM) that does not change with the number of
missing NN bonds has to be added to the conventional
missing bond model. In the meantime, the boundary condition that the cohesive energy of an isolated metal atom
should be zero shall also be satisfied. Therefore, we adapt a
Hubbard-model-like definition as shown below:
EiMM ¼
Ecoh ¼

Na
X
i¼1

1
εM CNi þ U M δi ;
2

i
EMM
¼ Ebond þ UM

Na
X

ð1:1Þ
δi :

ð1:2Þ

i¼1

where CNi is the coordination number of atom i, and εM is
fitted to the metal surface energy, which has been fully confirmed in our previous works.39,45 Na is the number of metal
atoms in the system. δi equals 0 for an isolated
atom i, otherNa
P
wise it equals 1. Without an isolated atom,
δi simply equals
i¼1
Na. To fit UAu, we calculated Ecoh of 9 Au clusters
with diﬀerent
Na from 2 to 79 at the DFT level (Fig. S1†). Using εAu = −0.2 eV,
we obtained Ebond for each cluster. The diﬀerence between
Ecoh and Ebond is plotted as a function of Na, showing a linear
relationship (Fig. 1a). The fitted UAu is −1.67 eV. Substituting
this value into eqn (1.1) and setting CNi to be 12, we obtained
−2.87 eV as the Ecoh value of a bulk Au atom, which is close to
the DFT value (−2.98 eV).
For EMS, we proposed here that EiMS between the metal atom
i and the support is dependent on CNi. This assumption is
based on the two understandings, i.e., (1) the metal–oxide
surface interaction is related to the metal element’s
oxophilicity46,47 and (2) the bond strength between the metal
and oxygen atoms can be scaled to its CN.48 Thus, the

Fig. 1 (a) Diﬀerence between the cohesive energy and the nearest
neighbour binding energy as a function of the atom number of Au clusters. (b) Average adhesion energy per interfacial atom as a function of
the average coordination number per interface atom.
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adhesion energy (Eadh) of a metal cluster onto the oxide
support is calculated using the below equation:
Eadh ¼

Nint
X
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i¼1

i
EMS
¼

Nint
X
ðCNi εM þ μM Þ;

ð2Þ

i¼1

where Nint is the number of metal atoms bonding to the
surface, and εM and μM are two parameters of the scaling
relationship. We performed DFT calculations for Eadh of 8 Au
clusters ported on the TiO2 anatase (101) surface (Fig. S2†).
The corresponding Eadh/Nint values were plotted as a function
N
int
P
of
CNi =Nint (Fig. 1b). A linear relationship is fitted with the
i¼1

coeﬃcient of determination of 0.924, giving εAu = 0.073 eV and
μAu = −0.54 eV. It should be noticed that Eadh of the Au
monomer on the TiO2 surface is −0.37 eV, and so in the simulation the EMS value of monomer Au is set to be −0.37 eV
particularly.

Results and discussion
Au NPs supported on an anatase TiO2(101) surface were
studied in this work. The snapshots of a typical simulation are
shown in Fig. 2. The simulation was also recorded in Movie
S1.† Initially, the smaller cubic NP contains 108 atoms
(∼1.0 nm) and the bigger one contains 256 atoms (∼1.4 nm).
They were separately placed on a 27 × 27 nm2 plane. The simulation temperature was 500 °C. The morphologies of the NPs
changed close to the truncated octahedron, the equilibrium
Wulﬀ shape of Au, very soon. Thus, the eﬀect of the initial
shapes of the NPs on the OR simulation can be excluded. This
is further confirmed by the additional simulation in which the
randomly constructed morphologies of the two NPs change to
the similar truncated-octahedron soon after starting the simu-

lation (Fig. S3†). As time went by, the sizes of the NPs changed
slowly. The smaller one was shrinking and the bigger one was
growing (Fig. 2, I–III). The atom exchanges between the two
NPs were identified from the mixing of red and blue balls. In
this stage, normally there was no more than one diﬀusing
dimer on the surface. It also shows clear mobilities of the two
NPs during the simulation, i.e., the positions of the two NPs
are far away from their initial positions. It indicates that the
initial distance between the two NPs is not crucial because the
distance changes dynamically and randomly during the simulations as shown in Fig. S4.†
When the smaller NP has less than approximately 50
atoms, it disperses into dimers and trimers on the substrate in
2–3 microseconds (Fig. 2, IV–VI). Soon after, all the dispersed
clusters attached to the larger NP, leaving a single sintered NP
on the surface. The size evolution of the smaller NP as a function of time is shown in Fig. 3. Despite the timescale diﬀerence between the experiments and our simulation caused by
diﬀerent systems, the trajectory in Fig. 3 agrees with the experimental observation of Challa et al. very well.14 Similar results
were found in simulations with diﬀerent initial sizes of the
two NPs (Fig. S5†).
Against the monomer-exchange assumption, we found, for
the Au/TiO2(101) system, Au dimers were exchanged between
the NPs for most time (Fig. 2, IV–VI). Some trimers were
observed during the dispersion of the smaller NP (Fig. 2, V–
VI). But no monomer (CN = 0) was observed in the complete
OR processes (Fig. S6†). It is understood that forming monomers causes an additional energy loss of UM. We further confirmed this by DFT calculations. The calculated formation
energy/atom of the supported Au small clusters decreased
sharply from 1.57 eV to 0.37 eV when the number of atoms
changed from 2 to 1 (Table S1†) which indicates that the stability of the monomer is much less than the clusters on the
support. We also show the energy barrier required to detach a

Fig. 2 Snapshots taken in the OR simulation of two supported Au NPs at 500 °C. Atoms originally from the smaller NP are shown in blue and atoms
originally from the bigger NP are shown in red.
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Fig. 3 Time-resolved size evolution of the smaller NP in the corresponding simulation of Fig. 2. Inset ﬁgures (a–d): snapshots from the
simulation show how a dimer was detached from the NP in one KMC
step. The white ball shows the original position of the moving atom in
the KMC step and the green ball shows the position after moving. The
rest of the Au atoms are shown in blue.

monomer on the TiO2 surface (1.25 eV) is higher than that
required to detach a dimer (0.93 eV) on the surface from the
same Au NP (Fig. S7†). At higher temperature or under certain
reaction conditions, the monomer exchange may still be
important for the OR process. But in the system we studied,
the main contribution to the OR process comes from dimers,
which was unexpected.
During the simulated OR processes, it was observed that
the morphologies of the NPs changed dynamically, leading to
two pathways for detaching the Au dimer from the NP. In the
first pathway, the detachment was carried out by the migration
of one atom of the dimer itself (Fig. 3, inset figure a and b). In
the second pathway, the dimer connected to the NP through
one Au atom. The two atoms of the dimer did not move but
the connected atom diﬀused in the NP leaving a free dimer on
the surface (Fig. 3, inset figure c and d). In both cases, the
dimer detached from the NP through an intermediate with two
or three very low-coordinated atoms (CNi ≤ 3).
In the work of Wynblatt and Gjostein, they considered that
a metal monomer leaves a particle through an intermediate
state, referred to as a “monomer on the particle”. It shows in
the late derivation that the formation rate of an isolated
monomer on the substrate depends on the energy diﬀerence
between an atom of the particle and the monomer and the
diﬀusion energy barrier of the monomer.22,23 Considering the
similar detachment pathway, we describe the formation rate of
free dimer on the surface (k) as follows:
k ¼ kdet ðNa Þkdis
¼ ϑ1 ϑ2 exp½ðENP ðNa Þ  Edimer þ ΔEdif Þ=kb T ;

ð3Þ

where kdet is the detachment rate and kdis is the diﬀusion rate,
ϑ1 is the vibrational frequency of the edge atoms of the NP, ϑ2
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is the vibrational frequency of the dimer on the support, kb is
the Boltzmann constant, T is the temperature, ENP(Na) (Edimer)
is the formation energy of the NP containing Na atoms (dimer)
on the surface averaged to each atom, and ΔEdif is the
diﬀusion energy barrier.
In the classical theory, the semi-spherical assumption and
the Gibbs–Thomson relation were used in the further derivation of analytical equations.22,23 However, our simulation
results show that the shape of the NP is far away from a spherical segment. Therefore, we removed the semi-spherical
assumption and used the ensemble averages from simulations
to describe ENP(Na). We placed only one NP on the surface to
perform 10 000 steps of KMC simulations at 500 °C. The formation energy of the NP was recorded every 5 steps and the
last 200 recorded data were used for the average. As shown in
Fig. 4a, we obtained the relationship between ENP(Na) and Na,
which fits to the following equation perfectly:
pﬃﬃﬃﬃﬃﬃ
ENP ðNa Þ ¼ 2:87 þ 1:64= 3 Na ;

ð4Þ

where −2.87 is the cohesive energy of a bulk Au atom predicted
by our KMC model and 1.64 is a fitted parameter. If the semispherical assumption is adopted, our fitted equation is in line
pﬃﬃﬃﬃﬃﬃ
with the Gibbs–Thomson relation because 3 Na is proportional
to the spherical radius. In addition, we calculated ENP(Na)
using the DFT data of small Au clusters and achieved perfect

Fig. 4 (a) Data of averaged formation energy/atom as a function of the
number of particle atoms shown with the ﬁtted curve and equation.
Inset ﬁgure: comparison between DFT results and ﬁtting values of averaged formation energy/atom. The atom numbers are labelled in the
ﬁgure. (b) A schematic diagram shows the mechanism of the stagewise
OR process. Yellow polygon: Au NP; red balls: detached dimer.
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Simulated sintering of multiple Au NPs on the TiO2(101) surface with diﬀerent initial sizes.

agreement with the fitted values of eqn (4) (Fig. 4a, inset
figure). As can be seen, kdet (Na) increases with the decrease of
Na. When the NP was large, (ENP(Na) − Edimer) is larger than
ΔEdif and the detachment of dimer was thus the rate-determining step, corresponding to the slow OR stage (Fig. 3, I–III).
With decreasing Na, the detachment of dimer became easier
and easier. When (ENP(Na) − Edimer) eventually became much
smaller than ΔEdif, the free dimers formed continuously on
the surface and the diﬀusion of these clusters became the ratedetermining step, corresponding to the rapid OR stage (Fig. 3,
IV–VI). The dependence of the detachment energy barrier on
the size of the particle is the physical origin of the acceleration
of size evolution and the dispersion of the small NP in the
rapid OR stage. The complete OR process can be a two-stage
process combining both “interface control” and “diﬀusion
control” models, as shown in Fig. 4b. The rate-determining
step changes during the process.
In addition, we performed simulations of sintering of multiple NPs with diﬀerent size distributions (Fig. 5, S8, and S9†).
The smaller NPs were highly dynamic. They diﬀused on the
surface by a Brownian-like motion. In a previous study, particles were considered to sinter more likely through the
migration and coalescence mechanism when they were
mobile. It is interesting to see that particles could sinter
through the ripening as well during the migration. The
random motion of the NP influenced the time of occurrence of
OR. If the smaller NP moved towards other NPs, OR occurred
earlier. If it moved/stayed away from other NPs, it took more
time for the OR process to occur. The detached dimers/trimers
were observed to join the surrounding NPs randomly.
It should be noticed that the value of UM fits the cohesive
energy of large Au clusters and Au bulk very well though, it
overestimates the cohesive energy of small clusters like dimer
or trimer. Since its main eﬀect in the simulation is on whether

19146 | Nanoscale, 2020, 12, 19142–19148

the dimer or monomer is exchanged during the interparticle
transport, to make sure that our result about the dimerexchange mechanism is solid, we performed simulations
using smaller UM (1.2 eV). The snapshots and the statistical
results are shown in the ESI (Fig. S9†). It clearly shows that
dimers are still exchanged between diﬀerent NPs during the
OR process rather than monomers.

Conclusions
In this work, we provide a kinetic Monte Carlo simulation
approach combined with well-fitted parameters from DFT calculations, which can be used for real-time monitoring of the
complete sintering process of supported NPs through the OR
mechanism at the atomic scale. Through the simulations, we
revealed new and critical atomic details of the OR mechanism
which indicate that some assumptions adopted in the current
theoretical research may need to be removed or revised. Based
on the simulation results, we provided a new kinetic model for
describing the determining rate of OR out of the “semi-spherical”, “monomer-exchange”, and “single-stage” assumptions.
This study paves the way for the rational design of sinteringresistant catalysts by direct real-time all-atom simulations.
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