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ABSTRACT: Metal oxide plays an important role on stability
and catalytic performance of supported metal nanoparticles,
but mechanistic understanding of structure sensitivity and
optimization of the oxide supports remains elusive in
heterogeneous catalysis. Taking Ostwald ripening of platinum
nanoparticles supported on titanium dioxide (TiO2) as an
example, we reveal here a great structure sensitivity of oxide
facets and crystal phases on sintering of supported metal
nanoparticles through first-principles kinetic simulation. Total
activation energies of the Pt ripening on various pristine TiO2
surfaces of both anatase and rutile phases are calculated by
density functional theory, and Ostwald ripening under
isothermal condition and temperature programmed condition are simulated numerically. Calculated total activation energies
are found inversely proportional to the corresponding oxide surface energies, and vary considerably from 1.76 to 3.56 eV. The
Pt ripening rate on the pristine TiO2 surfaces follows the order of r(001) ≈ a(001) ≫ a(100) ≈ r(101) > r(100) > a(101) ≈
r(110). For TiO2 support exposing different facets, not only their intrinsic ripening rate but also their relative surface area
determines the overall ripening kinetics and formation of transit bimodal particle size distribution. For pristine anatase TiO2
exposing a(001) and a(101) facets, ripening starts on a(101) facets only after ripening on a(001) facets finishes due to their
order of magnitude difference in ripening rate, resulting a step-wise increase of average particle size with ripening time. For
pristine rutile TiO2 exposing r(101) and r(110) facets, ripening could proceed simultaneously on both facets due to their
modest difference in ripening rate, and the average particle size increases monotonically with ripening time. Compared to rutile
TiO2, anatase TiO2 supports are less resistant to the metal nanoparticles ripening since a(001) facets with high ripening rate is
likely to be exposed. The present work is compared to available experiments and the theoretical framework established could be
expanded to various metal and oxide systems.

1. INTRODUCTION

Metal nanoparticles (NPs) have received considerable
attentions due to the importance in various fields, especially
in heterogenous catalysis.1−3 A large number of low
coordination sites exposed increase dramatically the catalytic
activity of metal NPs with cost of stability. These NPs are
prone to sinter via particle migration and coalescence (PMC)
or Ostwald ripening (OR) by lowering the overall surface
energies, and accordingly the active surface area and particle-
size-specific properties decreases with time.4−7 The metal−
support interaction (MSI),8 among other, affects critically the
corresponding sintering kinetics.9 It was found that strong
metal particle−support interaction could suppress the PMC
process by decreasing the diffusion coefficient of supported

metal NPs,10 whereas strong metal atom−support interaction
would promote the OR process by lowering the total activation
energy of ripening.11 Mechanistic investigation of these MSIs
and their influence on the sintering kinetics are therefore
important to improve the overall stability of supported metal
NPs.
High surface area of oxide supports are often inhomoge-

neous, and composed of for instance different crystal faces and
numerous defects and imperfections.12−15 This heterogeneity
significantly impacts the MSIs, and accordingly the sintering
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kinetics and the corresponding stability of supported metal
NPs.16−18 Among others, the influence of different oxide
surfaces received particular attentions. It was found that
metallic Cu NPs were more stabilized and better dispersed on
ceria nanospheres exposing mainly (111) surfaces than those
on the ceria nanorods and nanocubes exposing mainly (110)
and (100) surfaces.19 During alternating oxidation and
reduction, Pt redispersion was found to happen only on ceria
nanocubes, rather than on ceria nanooctahedra.20 In situ
sintering investigation of Au NPs on anatase TiO2 (denoted as
a-TiO2) found that the sintering happens on (101) surfaces
(denoted as a(101)), whereas no sintering on a(001) surfaces
was observed under the same conditions.21 For CO oxidation
on a-TiO2 supported Pt NPs, a(100) and a(101) surfaces were
found to stabilize highly dispersed and active Pt species and
avoid effectively the Pt sintering, compared to a(001)
surfaces.22 Despite extensive study so far, it remains elusive
to fully uncover the influence of different oxide surfaces on
sintering kinetics.
Oxide supports could in addition exist in different crystal

phases, and their different symmetries and surface structures
could affect the corresponding catalytic activity and stability of
the supported metal NPs as well. For selective hydrogenation
of isoprene, Ni NPs supported on γ-Al2O3 had a higher
stability than that on κ-Al2O3.

23 Titanium dioxide, as the
supports of interest in the present work, could occur in
different crystal phases including rutile, anatase and broo-
kite.24−26 Their effects on stability of supported NPs have been
found in various catalytic reactions.27−32 For instance, the
particle size of Ru on a-TiO2 support was found to increase
with the calcination temperature, whereas these NPs remained
stable on the rutile phase of P25 (a mix of anatase and rutile
TiO2 with ratio of 4:1) showing similar sizes at even higher
calcination temperatures.33 Moreover, for supported Ru NPs,
pure rutile TiO2 (r-TiO2) as supports lead into not only a
smaller but also narrower particle size distribution (PSD),
compared with pure a-TiO2 supports.34 High sintering
resistancy of r-TiO2 supported cobalt particles than that on
a-TiO2 supports was also reported during Fischer−Tropsch
synthesis. The stronger MSI of r-TiO2 with metal NPs than
that of a-TiO2 supports was proposed responsible for the high
sintering resistancy observed. On the other hand, different
TiO2 phases have different types of defects, which may be
important in the MSIs and the sintering kinetics. Nevertheless,
how the crystal phase of oxide affects sintering of supported
metal NPs is largely unknown yet at the microscopic point of
view.
Previously we established an atomistic theory of OR and

disintegration of the supported metal NPs under reaction
conditions.36 Influence of MSI,11 PSD37 and reactants38 on the
ripening as well as influence of reactants on disintegration39

were studied in details. Recently, we reported a first-principles
kinetic investigation of ripening of the late transition metals on
rutile TiO2(110) surfaces.40 To address the role of the oxide
facets and crystal phase on sintering of supported transition
metal NPs described above, we present here a first-principles
based kinetic study of Pt ripening on various crystal surfaces
and morphologies of both anatase and rutile TiO2. For general
trend understanding and simplification, we neglected the PMC
process, and focused only on the pristine TiO2 without
interfering defects, imperfections and reactants etc. The key
parameter, the total activation energies of Pt ripening on
various surfaces of anatase and rutile TiO2 were calculated by

density functional theory (DFT). The evolution of PSD41−43

and average diameter of Pt NPs were explored under both
isothermal conditions and temperature programmed condi-
tions. Influence of morphology for both anatase and rutile
TiO2

44−50 were investigated in great details.

2. THEORETICAL METHOD
2.1. Ripening Kinetics. Rate equation of OR for

supported NPs was described in details by Parker and
Campbell,51 and generalized rate equation for OR and
disintegration applicable under reaction conditions can be
found in our earlier work.36 In brief, for the supported particle
with a given curvature radius R, the corresponding rate
equation under the steady state is

= − Δμ * − Δμ
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There are three parts in above equation, namely, the
prefactor A(R), total activation energy Etot and chemical
potential Δμ(R). Prefactor A(R) = XY/(X + Y) × K/R2 mainly
describes about the ripening mechanism including the
interface-limit control and diffusion-limit control, where X =
2πa0R sin(α), Y = 2πa0

2/ln[L/R sin(α)] and K = νsΩ/
[4πa0

2α1]. α is contact angle between metal NP and support.
a0 is the lattice constant of the support surface, L is the
diffusion length of the monomer, νs is the vibrational frequency
of the monomer on the support surface, Ω is the molar volume
of bulk metal atom, α1 = (2 − 3 cos α + cos3 α)/4 is
geometrical factor, kB is Boltzmann constant, T is temperature.
The total activation energy Etot of ripening is sum of the

formation energy of the metal monomer on supports with
respect to bulk metal counterpart Ef and the diffusion barrier of
the metal monomer on supports Ed. Under the steady state, Ef
determines the far-field equilibrium concentration of the
monomer on supports, and Ed determines diffusivity of
monomer on supports, both depending on MSI. The stronger
the MSI, the lower Ef, and the higher the far-field equilibrium
concentration of the monomer will be. When potential energy
surface for the monomer diffusion on supports is flat, the
corresponding diffusion barrier would be lower. All these
would increase the ripening rate.
The chemical potential of the atoms for the supported

particles with a given R, Δμ(R), indicates the extent of energy
raising with respect to the bulk metal counterpart. As a result,
corresponding equilibrium concentration of the monomer
increases. For particles with different sizes, their equilibrium
concentrations are different, and this introduces essentially a
driven force for the net flux of the monomers from the smaller
particles to the larger ones. In mean field approximation, R* is
the critical radius at which the corresponding particle will
neither grow nor shrink. When the particle of interest is larger
than R*, according to eq 1, the derivate of the curvature radius
with time has a positive sign, and corresponding particles will
grow. In present work, Δμ is approximated by Gibbs−
Thomson relation, Δμ(R) = 2Ωγ/R.52 Note that the particle
morphology,53 the particle size,54 MSI55−57 and the adsorption
of reactants on particles58 could in addition influence
corresponding Δμ. More discussion of their influences on
the ripening rate can be found in our recent studies.11,36,38,39

To simulate the ripening process, the initial average
(projection) diameter of NPs ⟨d0⟩ and the relative standard
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deviation (rsd) on all the surfaces considered were set as 3 nm
and 10% respectively, if not specified otherwise. For temper-
ature programmed aging, the initial temperature of 200 K and
heating rate of 1 K/s are used. Our recent work showed that
the influence of the contact angle α and surface energy γ of
supported NPs on ripening is much less than that of the total
activation energy Etot.

11 Accordingly, as a good approximation,
α = 90° and γ(Pt) = 155 meV/Å259 as typical values for
supported Pt NPs are used though out the present work. Note
that for α = 90°, ⟨d⟩ = 2R.
To study the influence of oxide morphology on ripening of

support metal NPs, total activation energies of ripening on
individual facets exposed were adopted from the corresponding
pristine surfaces calculated by DFT as described below.
Moreover, the initial density of the particle number on all
facets considered was assumed same, and the monomer
diffusion crossing different facets was not considered at the
moment. Taking the morphology effect into account, the
evolution of the overall particle number was summation of the
individual facets weighted by the corresponding surface ratio

∑=N f N
i

i i
(2)

where i means the ith facet exposed, f i is the corresponding
percentage exposed. The evolution of PSD, average diameter
and normalized dispersion were derived similarly.
2.2. DFT Calculations. To calculate the total activation

energy Etot of the Pt ripening on individual oxide surfaces and
the corresponding surface energy γ of TiO2, DFT calculations
were performed using the Vienna Ab initio Simulation
Program (VASP60,61). The projector-augmented wave method
together with revised Perdew−Burke−Erzernhof exchange−
correlation functional62 was used, and the kinetic energy cutoff
for the plane wave basis set was 400 eV. The spin polarization
was not considered in the calculations due to its negligible
influence for the Pt/TiO2 system.63 The optimized crystal
parameters of bulk anatase and rutile TiO2 are a = 3.826 Å, c =
9.637 Å and a = 4.661 Å, c = 2.968 Å respectively. These
results are in good agreement with corresponding experimental
values of a = 3.872 Å, c = 9.616 Å64 and a = 4.593 Å, c = 2.958
Å.65

The total activation energy Etot is summation of Ef and Ed,
and Ef is calculated via

= − −E E E Ef ma/ox ox B (3)

where Ema/ox is the total energy of the Pt monomer on support,
Eox is the total energy of the support, and EB is the total energy
of the bulk metal. For adsorption and diffusion of the Pt
monomer on TiO2 surfaces considered, the slab thickness of
anatase and rutile TiO2 were at least 12 Å separated by a 15 Å
vacuum layer. Pt atom was adsorbed on one side of the slab,
and the top two Ti−O layers and the adsorbates were allowed
to relax and the other atoms in the bottom layers were fixed in
their bulk-truncated positions. The systems were relaxed by
using the conjugate-gradient algorithm until the Hellman−
Feynman force66 on each atom was less than 0.03 eV/Å. Here,
(3 × 3), (1 × 3), and (1 × 3) of the surface supercell are
considered for anatase (001) (denoted as a(001)), a(100), and
a(101) facets respectively, while (3 × 3), (3 × 4), (3 × 3), and
(2 × 4) of the surface supercell are considered for rutile (001)
(denoted as r(001)), r(100), r(101), and r(110) facets
respectively. The Γ point was used to sample the surface
Brillouin zone, as done in previous studies.39,67 It was well

documented that generalised gradient approximation func-
tional could not describe properties of TiO2 and Hubbard U
correction could improve the accuracy.68 To see its influence,
Ef was calculated at Ueff = U − J = 4.5 eV, and was found to
vary in maximum by 0.33 eV on r(110) surface (Figure S1).
Compared to the difference of Ef between r(110) and r(001)
by 2.74 eV, Hubbard U correction is small and not considered
in present work. The climbing image nudged elastic band69,70

method was used to calculate the diffusion barrier Ed of the Pt
monomer on surface. At least 7 images (including the initial
and final positions) were used, and the transition states
optimized were confirmed by vibrational analysis showing a
single imaginary mode. Zero-point energies and entropy
corrections were neglected in the present work.
Surface energies of TiO2 facets were calculated using (1 × 1)

slab with thickness of at least six Ti−O layers separated by a
vacuum of 15 Å. All the atoms in the slabs were relaxed.
Monkhorst−Pack k-points sampling of (6 × 6 × 1) were used
for rutile TiO2(001)-(1 × 1) surface, scaled for other surface
energies calculations. The surface energy (γ) is computed
using the following expression

γ = −
A

E nE
1

2
( )S B (4)

where Es is the total energy of the slab, EB is the bulk energy
per TiO2 formula, n is the number of TiO2 formula in the slab,
and A is the corresponding surface area of the slab.

3. RESULTS AND DISCUSSION
3.1. Total Activation Energy of Ripening from DFT.

The formation energy Ef and the diffusion barrier Ed and the
corresponding total activation energy Etot of the Pt monomer
on various TiO2 surfaces in both anatase and rutile phases are
given in Table 1. Figure 1a shows the most stable adsorption

sites of the Pt monomer on three a-TiO2 surfaces considered.
In the surface layer of a-TiO2 surfaces considered, Ti6c (six-fold
coordinated Ti atom) is not exposed in a(001), but exposed in
a(100) and a(101), while Ti5c, O2c, and O3c all are exposed in
the three surfaces considered.44 Due to the absence of the Ti6c,
a(001) has more dangling bonds and a higher surface energy γ
of 42 meV/Å2 (in Table S1). As a result, it has the strongest
adsorption of the Pt atom and the lowest formation energy Ef
of 0.74 eV. Calculated Ef on a(100) is much larger with a value
of 2.00 eV, which is still lower than a(101) with a value of 2.46
eV. This can be explained by the difference in the coordination
number of the Pt atom with the surface. Figure 1b shows the
most stable adsorption sites of the Pt monomer on the four r-
TiO2 surfaces considered. Pt atom coordinates with two

Table 1. Calculated Formation Energy (Ef), Diffusion
Barrier (Ed) and Total Activation Energy (Etot) of the Pt
Monomer on Various TiO2 Surfaces in Both Anatase and
Rutile Phases

facet Ef/eV Ed/eV Etot/eV

a(001) 0.74 1.02 1.76
a(100) 2.00 0.94 2.94
a(101) 2.46 1.09 3.55
r(001) 0.39 1.33 1.72
r(100) 1.92 1.26 3.18
r(101) 1.45 1.54 2.99
r(110) 3.13 0.43 3.56
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surface atoms on r(110), but with four atoms on r(001),
r(100) and r(101) respectively. We note that the r(110) with
the lowest γ of 13 meV/Å2 (in Table S1) provides the least
dangling bonds to stabilize the Pt monomer among all the
calculated r-TiO2 surfaces,

71 and accordingly has the highest Ef

of 3.13 eV (Figure 2b). The more unsaturated Ti4c atoms on
the r(001) surface with more dangling bonds than that of the

Ti5c on the r(100) and r(101) surfaces,71 are in favor of the
formation of the Pt monomer, which rationalizes the lowest Ef
of 0.39 eV on r(001). While for r(100) and r(101) surfaces,
calculated Ef fall in the middle with value of 1.92 and 1.45 eV,
respectively.
For diffusion of the Pt monomer, various diffusion pathways

on given surface were considered. The results with a lower
barrier are given in Table 1, and the ones with a higher barrier
by 0.65 eV in maximum are given in Table S2. The different
barriers come mainly from the diffusion along the valley or
from one valley to nearest valley, respectively. For the former
one, corresponding transition states are shown in Figure S2. It
can be found that at most only one Pt−O and one Pt−Ti bond
are involved during the diffusion of the Pt monomer on the
TiO2 surfaces considered. This means that the corresponding
diffusion barriers would be modest and less sensitive to the
surface structures, compared to the formation energies. Indeed,
calculated Ed for a-TiO2 varies only from 0.94 to 1.09 eV, in
contrast to Ef varying from 0.74 to 2.46 eV (Figure 2a). For r-
TiO2, though calculated Ed varies considerably from 0.43 to
1.54 eV, the extent of variation remains much smaller than that
of Ef varying from 0.39 to 3.13 eV (Figure 2b). It can be found
that calculated Ef on r(110), a(100) and a(101) surfaces are at
least 1 eV larger than corresponding Ed, a fact that tells that
ripening on these surfaces are interface-limit control. Whereas
on r(001), calculated Ef are much smaller that of Ed, implying
that corresponding ripening process is the diffusion-limit
control.
From Figure 2a, it can be found that the calculated total

activation energies Etot for a-TiO2 increases from 1.76 eV for
a(001), 2.94 eV for a(100) to 3.55 eV for a(101), respectively.
Whereas for r-TiO2 (Figure 2b), Etot increases from 1.72 eV for
r(001), 2.99 eV for r(101), 3.18 eV for r(100) to 3.56 eV for
r(110), respectively. These significant numbers indicate that
the Pt ripening on both anatase and rutile phases takes place
mainly at high temperature. Moreover, calculated Etot varies
significantly in magnitude of 1.79 eV for a-TiO2 and 1.84 eV

Figure 1. Most stable adsorption sites (side view at the top panel and top view at the bottom panel) of the Pt monomer on anatase TiO2 a(001),
a(100) and a(101) surfaces (a) and rutile TiO2 r(001), r(100), r(101) and r(110) surfaces (b). Blue, gray and red balls represent Pt, Ti and O
atoms respectively.

Figure 2. Calculated formation energy Ef (blue), diffusion barrier Ed
(red) and total activation energy Etot (=Ef + Ed) of the Pt monomer
on anatase TiO2 surfaces (a) and rutile TiO2 surfaces (b). Open star
is corresponding to the surface energy (meV/Å2) from our DFT
calculations given in Table S1.
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for r-TiO2. This tells that the ripening on both TiO2 phases are
highly sensitive to the crystal surfaces exposed and/or
morphologies, as discussed in details below. In Figure 2, the
calculated surface energies are also indicated. It can be found
that the lower the surface energy, the higher the total activation
energy of the ripening monomer, which are understandable.
We note that the surfaces with higher surface energies are
prone to reconstruct and/or could be stabilized by the
reactants,72 corresponding total activation energy of ripening
would change as well. We leave these in future study and
restrict here to the pristine and unconstructed surfaces for
trend understanding.
3.2. Crystal Surface Dependent Ripening. 3.2.1. Tem-

perature-Programmed Aging. The temperature programmed
aging kinetics of Pt NPs on the r(110) (Etot = 3.56 eV) are
studied first and compared with experiments available. The
initial PSD with an average size ⟨d0⟩ = 1.7 nm extracted from
the experiment73 and rsd = 10% are used. The evolution of
PSD with a linear temperature ramp from 200 K at a rate of 1
K/s is plotted in Figure 3a. The ripening is found to ignite at
approximately 1100 K, along with the decrease in the peak
height and right shift in peak position. In line with the
evolution of PSD, the average size ⟨d⟩ increases from initial 1.7
to 1.8 nm (1100 K), 2.5 nm (1200 K) and 3.9 nm (1300 K) as
shown in Figure 3b, respectively. With increase of ⟨d⟩, the
normalized dispersion and particle number start to decrease
accordingly. Compared to the experiment,73 the calculated
growth rate is slightly faster, a fact that might come from the
neglection of the influence of oxygen vacancy, underestimating
the corresponding total activation energy.74 For convenience
of quantifying the initiation of ripening, we introduce the so-
called onset temperature Ton, corresponding to about ten
percent decrease in the total particle number.11,37 As indicated
in Figure 3b, the calculated Ton for the Pt ripening on r(110) is
1074 K.
To see the influence of the TiO2 surfaces on ripening, the

evolution of the average diameter ⟨d⟩ of the supported Pt NPs
on various TiO2 surfaces considered with temperature are
shown in Figure S3a. It can be found that for Pt NPs on a(001)
and r(001), ⟨d⟩ starts to increase at low temperature of ∼535
K, followed by a(100), r(101) and r(100), whereas on a(101)
and r(110), ⟨d⟩ starts to increase at high temperature of ∼1000
K. For r-TiO2 (Figure 3c), the calculated Ton follows the order
of r(001) (535 K) < r(101) (1001 K) < r(100) (1071 K) <
r(110) (1208 K), respectively. While for a-TiO2, it follows the
order of a(001) (540 K) < a(100) (980 K) < a(101) (1204 K).
Lower Ton on a(001) is consistent with experimental
observation of the size increase of Pt NPs on a(001) when
annealing at 670 K.75 Significantly higher Ton on a(101) and
a(100) than a(001) also rationalizes well the better stability for
highly dispersed Pt NPs and the absence of sintering on a(101)
and a(100), compared to a(001) during CO oxidation.22 At
high temperature, we note that TiO2 may transit from anatase
to rutile, or become mobile and encapsulate the metal NPs,
resulting in the so-called strong MSI.76,77

The distinct Ton tells that different crystal surfaces in both
anatase and rutile phases have very different ripening resistance
for supported Pt NPs. Irrespective to the anatase and rutile
phases considered, a perfect linear correlation between Ton and
Etot can be seen. Namely, the larger the total activation energy,
the higher the onset temperature and the higher the ripening
resistance will be, in line with our previous works.11,37,38,40

Considering the inverse relationship between Etot and γ (Figure

2), this indicates that the surface with a lower surface energy
would have a lower ripening tendency for supported metal
NPs, not unexpected. On the other hand, the supports with
lower γ may interact weakly with the metal NPs, a fact that
would make metal NPs mobile, facilitating the PMC process.
The overall stability of the supported metal NPs depends
therefore on both OR and PMC, which will be reported in our
following work.

3.2.2. Isothermal Ripening. The isothermal ripening
kinetics of Pt particles on r(110) are performed at 900 K.

Figure 3. (a) Snapshots of the evolution of particle size
distribution for Pt NPs on r-TiO2(110) and (b) evolution of the
normalized volume V (circle), dispersion D (triangle) and particle
number N (inverted triangle), and average diameter ⟨d⟩ during the
temperature ramp; initial ⟨d0⟩ = 1.7 nm and rsd = 10%, green open
star represents onset temperature Ton. (c) Calculated Ton versus the
total activation energies; ⟨d0⟩ = 3 nm, rsd = 10%, and open stars are
value of a(001) (red) and r(110) (blue) from literature.73,75 γ(Pt) =
155 meV/Å,59 α = 90°, the temperature ramp starts from 200 K at a
rate of 1 K/s.
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The initial PSD with an average size ⟨d0⟩ = 3 nm and rsd =
10% is used. Snapshots of the resulted PSDs are shown in
Figure 4a. (Influence of the PSD on ripening can be found in

our recent work for details.37) With time progressed, height of
the PSD peak decreases gradually along with the right shift in
the peak position due to the growth of the larger NPs at the
expense of the smaller ones. From Figure 4b, it can be found
that the average size increases gradually, and the corresponding
(normalized) dispersion and the particle number decrease.
While the total volume remains constant since there is no mass
loss during the ripening. In Figure 4b, half-life time t1/2 for
evolution of the particle number11,37,38,40 is indicated.

We investigate below the influence of the TiO2 surfaces on
the isothermal ripening. Considering the possible phase
transition of a-TiO2 at elevated temperature, the ripening
was simulated first at low temperature of 600 K. Evolution of
⟨d⟩ with time (Figure S3b) shows similar trend behavior found
under temperature programmed condition. The calculated
half-life time t1/2 in logarithm with respect to Etot is plotted in
Figure 4c. For r-TiO2, the calculated t1/2 follows the same
order of r(001) (∼101 s) < r(101) (∼1011 s) < r(100) (∼1013
s) < r(110) (∼1016 s), respectively. While for a-TiO2, it follows
the order of a(001) (∼101 s) < a(100) (∼1011 s) < a(101)
(∼1016 s). The difference in calculated t1/2 between a-TiO2
(001), (100) and (101) surfaces rationalized well the observed
different stability of supported Pt NPs.22 Note that the
calculated t1/2 on a(101) and r(110) fall in order of ∼1016 s.
This is extraordinary but understandable considering calcu-
lated high total activation energies (3.55 and 3.56 eV) and low
ripening temperature of 600 K considered. It can be found that
the differences of t1/2 between the surfaces considered in both
anatase and rutile phases are more than ten orders of
magnitude, which are huge too. Under realistic condition,
the oxide supports might expose different surfaces. The huge
difference in t1/2 indicates that the ripening process might
already be over on specific surfaces with lower total activation
energy, but not start yet on other facets with higher total
activation energy, which will be explored in details below.
It can be found from Figure 4c that there is again a perfect

linear correlation between t1/2 (in logarithm) and Etot, as found
for Ton in Figure 3c. This is interesting since t1/2 describes
more or less the long-term behavior of ripening under
isothermal condition, whereas Ton describes mainly the
ignition of ripening under temperature-programmed condition.
Figure 4c also includes the results at 900 and 1303 K. Since
these temperatures are already higher than the phase transition
temperature of the anatase TiO2, only the results of the rutile
TiO2 are plotted. It can be found that with increase of the
isothermal temperature from 600 K, to 900 and 1303 K, the
linearity remains but corresponding slope gradually decreases.
In other words, the difference of the ripening rate between
different facets would decrease with temperatures.

3.3. Crystal Morphology Mediated Ripening. Above
results show that for the ripening of Pt supported on both
anatase and rutile TiO2, a(001) and r(001) set similar lower
limit of Ton at ∼550 K. While a(101) and r(110) set similar
upper limit of Ton at ∼1200 K. Same can be found for
calculated t1/2. These imply that the ripening tendency of Pt
NPs supported on both crystal phases should be similar, if
these surfaces are exposed simultaneously with similar surface
ares. To see which surfaces would be exposed and what are
their relative ratio occupied, equilibrium morphologies of the
pristine bulk are derived and plotted in Figure S4 based on
Wulff construction and surface energies calculated by DFT
(Table S1). For a-TiO2, a(101) and a(001) are exposed,
occupying about 98 and 2% surface area, respectively. While
for r-TiO2, r(110) and r(101) are exposed, occupying about 85
and 15% surface area. These results are in good agreement
with the previous results.71,78,79 For the pristine a-TiO2, since
the exposed a(001) surface has rather low total activation
energy, corresponding oxide as supports works properly at low
temperature. Moreover, the potential phase transition from
anatase to rutile at approximately 700−900 K93,94 prevents a-
TiO2 working at high temperature as well. The pristine r-TiO2
is however very different. Though r(001) also has low total

Figure 4. (a) Snapshots of the evolution of partial size distribution
and (b) evolution of the normalized volume V (circle), dispersion D
(triangle) and particle number N (inverted triangle), and average
diameter ⟨d⟩ with time for Pt on r(110) at 900 K. Green open star
represents half-life time t1/2. (c) Calculated half-life time t1/2 of Pt on
TiO2 at 600, 900 and 1303 K, respectively. ⟨d0⟩ = 3 nm, rsd = 10%.
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activation energy, according to Wulff construction, it would
not be exposed, as found in experiment as well.80 As a result, r-
TiO2 would be a good support, not only because it is stable at
high temperature but also because it is more resistant to the Pt
ripening. This rationalizes the experimental observation of the
smaller Pt NPs on r-TiO2 than that on a-TiO2 after the
calcination at 773 K,30 and the evident growth of Pt on a-TiO2
NPs at 673 K.81 This explains the better stability and low
ripening tendency found in Ru/TiO2

33,34 and Co/TiO2 as
well.35

3.3.1. Anatase Titanium Oxide. To study explicitly the
influence of the oxide morphology on ripening of the
supported Pt NPs, we start from the anatase TiO2. As
indicated in Figure S4, corresponding equilibrium morphology
from Wulff construction consists of the a(101) and a(001)
facets. Compared to ripening on one facets, the ripening
processes take places now on two facets with different total
activation energies Etot of ripening (3.55 and 1.76 eV) and
surface area (98 and 2%). These two factors together lead into
a very different kinetics, as seen below. To better explore the
influence of the support morphology in term of the relative
surface area between two facets, we reform the optimized
equilibrium morphology from Wulff construction to four
different morphologies noted as a-I, a-II, a-III and a-IV, where
the ratio of the a(101) facets increases from 10, 40, 90 to 100%
at the expense of the a(001) facets (insets in Figure 5a−d),
respectively. This is likely thanks to the advance of the shape-
controllable synthesis method.82−87 For simplicity, the
corresponding Etot were assumed to be same with the pristine
surfaces, and the results with time under the isothermal
condition of 600 K are plotted in Figure 5.
For morphology of a-I (Figure 5a), it can be found that

when the ripening proceeds after a short period of ∼102 s,
there is already a pronounced decrease in the peak height of
the PSD. Moreover, the initial monomodal PSD becomes a
bimodal PSD. The two peaks have roughly similar height: one
is located at initial 3 nm, and another one is located at 4.8 nm.
Since the a(001) facets with a lower Etot of 1.76 eV occupy
90% of the surface area exposed, ripening on this facets is fast

and results in a new PSD peak at the larger size and a transit
bimodal PSD. As seen from Figure 5e, the average diameter
(black curve) increases initially with time on stream, but soon
becomes constant of ∼4.6 nm since ∼104 s. This is because the
ripening on the a(001) facets is already over but it does not
start yet on the a(101) facets with a much higher Etot of 3.55
eV. The transit bimodal PSD disappears and becomes
monomodal, and there is no change in the (normalized)
particle number afterward (Figure S5). Only after a while (at
∼1015 s), the average diameter starts to increase due to the
ignition of the ripening on the a(101) facets. As shown in
Figure 5e, this results in a stepwise increase of the average
diameter along with the evolution of the PSD with time on
stream.
Ripening on morphology of a-II is plotted in Figure 5b.

Compared to a-I, the a(001) ratio decreases from 90 to 60%
but remains dominated, while the a(101) ratio increases
considerably from 10 to 40%. At t = 102 s (Figure 5b), the
bimodal PSD appears again. However, the height of the initial
PSD peak at 3 nm decreases only modestly, and is much higher
than that of the resulted new peak at 4.8 nm. This is because
the a(001) ratio is decreased, and its contribution to the
overall evolution of the PSD becomes smaller. Increase of the
average diameter is paused at ∼104 s (Figure 5e), similar with
a-I, since the ripening on the a(001) facets is over. As a result,
the bimodal PSD disappears and becomes monomodal. The
resulted average value is ∼3.4 nm, which is smaller than that of
a-I, which is understandable. When the ripening on the a(101)
facets initiates at ∼1015 s, the PSD starts to change along with
increase of the average size (Figure 5e). With continuous
decreasing the a(001) ratio, the height of the second peak in
the bimodal PSD decreases gradually. Actually, for morphology
of a-III with only 10% of the a(001) facets (Figure 5c), the
transit bimodal PSD is hardly observed. Meanwhile, there is no
stepwise increase in the average diameter with time (Figure
5e). For a-IV with 100% of the a(101) facets, the ripening
proceeds simply as on domains with same total activation
energy (Figure 5d).

Figure 5. Snapshots of the time evolution of particle size distribution at isothermal temperature of 600 K for Pt on anatase TiO2 in morphology of
(a) a-I with 10% of the a(101) facets, (b) a-II with 40% of the a(101) facets, (c) a-III with 90% of the a(101) facets (d) and a-IV with 100% of the
a(101) facets at the expense of the a(001) facets. (e) Evolution of the average diameter of Pt NPs on four morphologies with time on stream. (f)
Calculated t1/2 versus the a(101) ratio. ⟨d0⟩ = 3 nm, rsd = 10%.
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The calculated half-life time t1/2 with increase of the a(101)
ratio at the expense of a(001) is plotted in Figure 5f.
Interestingly, the calculated t1/2 shows a two-plateau depend-
ence on the a(101) ratio. When the a(101) ratio is less than
40%, corresponding t1/2 is located at a low plateau of 101 to 102

s. This is because the ripening take places first on the a(001)
facets, which has higher ripening rate. We note that by
definition of t1/2, 50% decrease in the total particle number can
be therefore realized by ripening on the a(001) facets alone
when it occupies more than 50% of surface area. However,
when the a(101) ratio is more than 50%, 50% decrease in the
total particle number cannot be achieved without initiation of
ripening on the a(101) facets. Since the rate of ripening on the
a(101) facets is much lower than that of a(001), it leads to a
steep jump of t1/2 and formation of a higher plateau of 1015 to
1016 s. It is clear that increasing the amount of the a(001)

facets in a-TiO2 would gradually deteriorate the overall
ripening resistance of the supported metal NPs, though the
presence of the a(001) facets might promote the catalytic
activity as well.45,88−90 Note that the size-dependent activation
energy for ripening monomer attachment due to support
surface heterogeneity91 and surface nucleation inhibited
growth92 for faceted NPs are also proposed to induce the
occurrence of transient bimodal distribution.

3.3.2. Rutile Titanium Oxide. We describe here the
influence of pristine r-TiO2 morphology on the ripening of
the supported Pt NPs. According to Wulff construction
(Figure S4), the pristine r-TiO2 exposes mainly the r(110)
and r(101) facets occupying 85 and 15% of surface area,
respectively. In contrast to a-TiO2, the two facets exposed have
closer total activation energies, 3.56 versus 2.99 eV. We note
that despite of their close total activation energies, ripening on

Figure 6. Snapshots of the evolution of particle size distribution at isothermal temperature of 600 K for Pt NPs on r-TiO2 in morphology of (a) r-I
with 0% of the r(110) facets, (b) r-II with 10% of the r(110) facets, (c) r-III with 40% of the r(110) facets (d) and r-IV with 90% of the r(110)
facets at the expense of the r(101) facets. (e) Evolution of the average diameter of Pt NPs on four morphologies with time on stream. (f)
Calculated t1/2 versus the r(110) ratio. ⟨d0⟩ = 3 nm, rsd = 10%.

Figure 7. Snapshots of the evolution of particle size distribution for Pt NPs on r-TiO2 in morphology of (a) r-I, (b) r-II, (c) r-III and (d) r-IV, and
(e) evolution of the average diameter of Pt NPs on four morphologies of r-TiO2 with the temperature ramp. (f) Calculated Ton with increase of the
r(110) ratio. ⟨d0⟩ = 3 nm, rsd = 10%. The temperature ramp starts from 200 K at a rate of 1 K/s.
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the r(110) facets is the interface-limit control, since
corresponding formation energy Ef is significantly larger than
diffusion barrier Ed (Table 1), whereas on the r(101) facets,
both Ef and Ed are similar. To explore the influence of the r-
TiO2 morphology on ripening, we also reform the equilibrium
morphology by increase systematically the ratio of the r(110)
facets from 0, 10, 40 and 90% at the expense of the r(101)
facets, forming four distinct morphology of r-I, r-II, r-III and r-
IV (see insets in Figure 6a−d), respectively.
The influence of the r-TiO2 morphology on ripening at

isothermal temperature of 600 K can be found in Figure 6.
First of all, as found in a-TiO2 at same isothermal condition,
when there are two different facets exposed at the same time, a
transit bimodal PSD will be formed (Figure 6b,c). Since both
the r(101) and the r(110) facets have a relative larger Etot, the
increase in the average diameters becomes considerably only
after sufficient long time (∼1010 s). Accordingly, this
postpones dramatically occurrence of the transit bimodal
PSD. On the other hand, the difference in Etot of 0.57 eV
between two facets is modest, compared to that of 1.79 eV in
a-TiO2. This means that, at the time when ripening on the
r(101) facets with a lower Etot is not over yet, ripening on the
r(110) facets with a slightly higher Etot could start. In other
words, ripening on the r(101) and r(110) facets could
contribute to the overall ripening at same time. As a result
(Figure 6e), the corresponding average diameter increases
monotonically with time, rather than the stepwise increase as
found in a-TiO2. The calculated half-life time versus the r(110)
ratio is plotted in Figure 6f. It can be found that t1/2 increases
monotonically with the r(110) ratio, due to the similar reason
indicated above.
Influence of the r-TiO2 morphology on ripening of the

supported Pt NPs under temperature programmed condition is
shown in Figure 7. For morphology of r-I exposing exclusively
the r(101) facets (Figure 7a), the corresponding PSD changes
dramatically at temperature of 1080 K. Consistent with the
evolution of the PSD, the average diameter for r-I increases
rapidly after 1080 K but becomes invariable when T > 1200 K
(Figure 7e). Whereas there is little change in PSD for
morphology of r-IV dominated by the r(110) facets at 1080 K
(Figure 7d), and corresponding average diameter increase
pronouncedly only when T > 1200 K. Along with increase of
the average diameter, the particle number decreases accord-
ingly (Figure S6). When both the r(101) and the r(110) facets
are presented in r-II (Figure 7b) and r-III (Figure 7c), the
monomodal PSD changes to a transit bimodal PSD at
temperature of 1140 K. In Figure 7f, the onset temperature
Ton for r-TiO2 is plotted with respect to the (110) ratio, and
monotonic increase of Ton from 1000 to 1200 K from r-I to r-
IV shows clearly great impact of the r-TiO2 morphology on
ripening of the supported Pt NPs.
High ripening temperatures found above comes mainly from

large total activation energies of the Pt monomer on TiO2
surfaces considered (Table 1). However, total activation
energies of ripening could be reduced in presence of reactants
by forming thermodynamically more favorable metal−reactant
complexes.38 As a result, ripening could take places at lower
temperatures. Moreover, the reactants could modify the
surface properties of supports, a fact of that affects the MSI
and total activation energies of ripening as well.11 All these
could influence the corresponding ripening behaviors. The
present work focus on the influence of oxide surfaces and
crystal phases on ripening of supported metal particles, and

their influence on PMC are unclear yet. Since sintering might
proceed through either or both PMC and OR, further
systematic investigation is necessary. By knowing the structure
sensitivity of catalytic reactions, a spatial-resolved evolution of
PSD of metal catalysts on oxide supports with various facets
exposed are expected to be very helpful for further
optimization of the catalytic activity.

4. CONCLUSIONS
In summary, we studied the influence of TiO2 pristine surfaces
and crystal phases on Pt ripening by the first-principles kinetic
simulation. For anatase and rutile TiO2 surfaces considered, it
is found that the higher the surface energy of oxide surfaces,
the lower the total activation energy will be. Calculated total
activation energies on both crystal phases are large and
sensitive to the surface orientation, it varies considerably from
1.76 up to 3.56 eV. Pt ripening on TiO2 would happen
typically at elevated temperatures and very sensitive to the
oxide morphology. Based on the calculated total activation
energies, the intinsic Pt ripening rate of the TiO2 pristine
surfaces follow the order of r(001) ≈ a(001) ≫ a(100) ≈
r(101) > r(100) > a(101) ≈ r(110). For TiO2 supports
exposing different facets, the ripening behavior is determined
by not only their intrinsic ripening rate but also their relative
surface area, which lead to characteristic transit bimodal PSD.
For pristine anatase TiO2 exposing a(001) and a(101) facets,
Pt ripening starts on a(101) facets only after ripening a(001)
facets overs, because of their order of magnitude difference in
ripening rate, resulting a step-wise increase of the average
particle size with ripening time. For pristine rutile TiO2
exposing r(101) and r(110) facets, Pt ripening initiates first
on (101) facets and later on (110) facets. Ripening could
proceed simultaneously on both facets due to their modest
difference in ripening rate, and corresponding average size
increases monotonically. Compared to the pristine rutile TiO2,
the pristine anatase TiO2 as supports is less resistant to the Pt
ripening since a(001) facets with intrinsically high ripening
rate is likely to be exposed. Great structural sensitivity of TiO2
surfaces and crystal phases as supports on ripening of Pt NPs
revealed here could be explored in general to more oxides and
transition metals, which are valuable to design more stable and
efficient catalysts.
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