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ABSTRACT: Supported transition metal (TM) particles on oxides severely deactivate Onset Temperature of Ripening (K)
because of sintering. Investigation of the dependence of Ostwald ripening kinetics on /qigz(;.‘.;;%—\x,,,,,,,;,\r
the composition and size of the metal particles is essential for understanding the 1 r
sintering mechanism. On the basis of the first-principles kinetics simulation, we study " /’.Ru
here the ripening kinetics of TiO,(110)-supported late TMs (including Ni, Cu, Ru, Rh, /_P— ‘
Pd, Ag, Ir, Pt, and Au) in a wide range of particle size. Density functional theory b / i
calculations show that the total activation energies of ripening are decided by the y .
corresponding formation energy of the metal monomer on TiO,(110) and vary in the ﬁfp‘;“

range of 3 eV following the order of Ag < Cu < Pd < Au < Ni < Rh < Pt <Ru <Ir. =
Isothermal and temperature ramping kinetic simulations are performed, and the \\/_\ 2
corresponding half-life time and onset temperature of ripening are extracted, ' S;z: T ‘E e
respectively. The results show that the halflife time of ripening exponentially (nm) cwati®®

increases with the total activation energy of the metal from Ag to Ir. The onset

temperature of ripening increases more than hundreds of kelvin, which is consistent

with variation in the melting points of the bulk counterpart. The ripening rate is found to dramatically increase with the
decrease of the particle size, and the corresponding size effect increases pronouncedly with the total activation energy from Ag
to Ir. This work provides valuable insights into the ripening kinetics of oxide-supported metal particles and is helpful in
designing stable nanocatalysts.

1. INTRODUCTION stability and long-time durability, is vital for the rational
design of practical catalysts but remains a challenge.

Various oxides have been used as supports to disperse and
stabilize metal particles. Among others, titanium dioxide has
been widely used because of its strong interfacial interaction
with TMs and excellent stability under ambient conditions.*’

1 sizes.® Thoash 1 1 ] Especially, the sintering behavior of the late TMs including 3d
small sizes.” Though small particles may expose more active (N2 “and Cu®®), 4d (Ru "> Rh*** Pd***5 and

Transition metals (TMs) have attracted great attention for
their broad range of applications in surface science,’
heterogeneous catalysis,” electronic devices,’ gas sensors,”
and so forth. To increase atom utilization and save the cost, in
particular for precious group metals, TMs are often prepared in

low-coordination sites and show unique quantum size effects, Ag*), and 5d (I Pt* and Au*>*) elements
the high specific surface energy destabilizes corresponding

supported on TiO,(110) were frequently observed in experi-
particles, which tend to sinter and grow to larger ones with a

ments. Typically, sintering of Au particles on TiO,(110)

lower surface area.’"" Sintering may proceed via Ostwald during CO oxidation was believed to be dominated by the OR
ripening (OR),””"" in which large particles grow at the expense mechanism.** Scanning tunnel microscopy (STM) monitoring
of smaller ones through the migration of atoms or particle of Pt particles on rutile TiO,(110) and subsequent kinetic
migration and coalescence (PMC)"*™"* in which metal simulations suggested that the PMC mechanism is responsible
particles diffuse and coalesce with neighboring particles as a for the observed sintering process.*” The sintering behavior of
whole. Sintering kinetics depend sensitively on support surface relatively small Pd particles (less than 1 nm) on TiO,(110)
orientation'>'® and thereupon defects'” and preadsorbed
species,'® reaction atmosphere,'” metal composition,”” particle Received: August 31, 2018
morphology,”" size””*’ and spatial distribution,”* and so forth. Revised:  December 17, 2018
Investigation of sintering kinetics, in particular, thermal Published: December 19, 2018
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was also found to be dominated by the PMC mechanism
because of the observed lognormal-like particle size distribu-
tion (PSD) attributed to the PMC mechanism with a tail
toward the direction of larger size,** whereas for a relatively
large particle size,"” the evolution of PSD observed by real-
time STM indicated that the OR mechanism dominated the
sintering process. Thus, the sintering mechanism is not only
composition-dependent but also particle size-dependent.
Moreover, the particle size also affects the sintering rate, as
explored early by Wynblatt and Gjostein.*” Size effect on the
sintering of TiO,(110)-supported Au was studied based on the
OR mechanism.” Quantitative experimental study indicated
that the sintering rate of supported Pd particles with a larger
initial particle size was slower than that with smaller ones.>
Recently, we studied the influence of PSD on OR kinetics by
solving the corresponding rate equation over a wide range of
particle size and degree of dispersion.”’ It was found that
although decreasing the particle size for higher dispersion
worsens the stability severely, increasing the size monodisper-
sity could significantly improve the stability. To the best of our
knowledge, however, the influence of composition and size of
the late TM particles on rutile TiO,(110) on the OR kinetics
and their characteristic onset temperature and long-time
durability have not been investigated yet.

The purpose of the present work is to study the impact of
the composition and initial average particle size on OR of the
late TM particles on rutile TiO,(110) using first-principles
ripening kinetic simulation.”’ > The late TMs considered
include Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, and Au. The
corresponding total activation energies of ripening on rutile
TiO,(110) were calculated by density functional theory
(DFT) and are discussed in detail. We analyzed the evolution
of PSD, dispersion, average particle size, and total particle
number of TiO,(110)-supported Au particles under temper-
ature-programmed aging (TPA) and isothermal condition,
from which the corresponding long-time durability and
thermal stability of ripening were derived. Influence of
composition on the onset temperature and half-life time of
ripening was examined systematically and compared with the
available experimental results. Moreover, the ripening kinetics
of supported late TMs have been investigated in a wide range
of initial average size, and the corresponding kinetic behaviors
and dependence on composition have been analyzed. An
empirical formula between the onset temperature of ripening
and the melting temperature of the bulk metal mediated by the
particle size was also proposed.

2. THEORETICAL METHODS

2.1. Ripening Kinetics. For OR of supported particles,
the atom detaches first from the small particle edge and lands
in the interfacial region between the particle and the support
(Figure 1). Subsequently, the atoms leave the interfacial region
and diffuse on the support to approach the large particles in

49,54

TiO,(110)

Figure 1. Schematic representation of supported TM particles with
contact angle @ and atoms emitting from the particle, following
migrating to the interface and further diffusing on TiO,(110).
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the neighborhood. Under the steady state, the atoms detaching
from the particle edge are equal to the atoms leaving the
interfacial region. Namely, the net flux of the atoms in the
interfacial region is zero. The resulting ripening rate equation
for a particle with a given curvature radius of R is

Au(R*) ]Xp
(1)

kyT
The equation consists mainly of three key parts, prefactor
A(R), chemical potential Au(R), and total activation energy
E. Prefactor A(R) depends sensitively on the ripening
mechanism (interface or diffusion control), geometrical factor,
and size of supported particles

XY K
X+ YR (2)

where X = 27a4R sin(a), Y = 27a,®/In[L/R sin(a)], and K =
v, Q/[4ras’a;]. a is the contact angle between the metal
particle and the support and depends sensitively on the particle
composition, size, metal particle—support interaction, and
reaction conditions.’>® a, is the lattice constant of the support
surface, L is the diffusion length of the monomer, v, is the
vibrational frequency of the monomer on the support surface
(6 x 10" s! was used in present work), Q is the molar volume
of the bulk metal atom, a; = (2 — 3 cos a + cos® )/4 is the
geometrical factor, ky is the Boltzmann constant, and T is the
temperature.

Chemical potential of the atoms in supported particles with
spherical shape Au(R) is approximated here by the Gibbs—
Thomson (G—T) relation with energy reference of the bulk
counterpart57

E

_ tot

kT

Au(R)
ky T

dt

— = A(R)(exp

A(R) =

2Qy

Au(R) 3)
7 is the surface energy of the supported metal particles, which
could be morphology-dependent,” function of the particle
size,” and sensitive to the metal—support interaction® > and
adsorption of reactants.’® The facet-dependent surface energy,
taking Rh** as an example, was reported in our previous
work.”* The G—T-like relation explicitly taking into account
the effect of supports was addressed recently.’’

R* is the critical radius with which the corresponding
particle will neither grow nor shrink. To account properly for
the mass balance during OR, R* should be calculated
accurately. For diffusion control and interface control limit,
R* can be calculated directly as reported in ref 9. Otherwise,
R* has to be solved numerically, and the details can be found
in our recent work.” Initial PSD was assumed to follow a
Gaussian distribution f(R,t) with an average curvature radius
(R) and a relative standard deviation (rsd). In practice, the
projection diameter (d) of the spherical particle on the support
rather than the curvature of radius is used, and (d) = 2(R) for
a = 90°. During OR, the total mass and volume are conserved,
namely, 47a,/3 f CARHRY dR = V, (V, is the initial total
volume of supported metal particles). From the evolution of
f(Rt), the total particle number N(t) = [&f(Rt)dR,
dispersion, surface area, average size, and so forth could be
extracted.’">® Further, the ripening kinetic simulations under
both isothermal and temperature ramping conditions are
performed. The characteristic half-life time and onset temper-
ature of ripening are quantified.
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Recently, we studied in detail the influence of the surface
energy, the contact angle, and the total activation energy on
sintering kinetics.”®> It was found that varying the surface
energy in magnitude of 30 meV/A* (typical difference in the
surface energy between open and close-packed facets) only
changes the lifetime of ripening by a factor of 3, and varying
the contact angle of 30° changes the lifetime by a factor of 6.
Whereas the total activation energy of the TM studied in the
present submission varied in the range of 3 eV (see below),
this will change the lifetime by more than 15 orders of
magnitude. In other words, for the trend study of the late TM
ripening on supports, using the bulk surface energy® (149
meV/A? for Ni, 112 meV/A? for Cu, 190 meV/A? for Ru, 166
meV/A? for Rh, 125 meV/A? for Pd, 77 meV/A? for Ag, 190
meV/A? for Ir, 155 meV/A? for Pt, and 94 meV/A? for Au)
and a fixed contact angle of 90° would be a good
approximation and are used throughout the present work.

2.2. DFT Calculations. DFT calculations were g)erformed
using the Vienna Ab initio Simulation Program®*~" based on
the projector-augmented wave method. We used the revised
Perdew—Burke—Ernzerhof (RPBE) exchange—correlation
functional, which is believed to better describe the surface
adsorption, alleviating the potential over binding.” The kinetic
energy cutoff for the plane wave basis set is 400 eV, and the
spin polarization was considered as well. The optimized crystal
parameters of rutile TiO, bulk are a = 4.661 A and ¢ = 2.968 A,
which are comparable with the experimental values of a
4.593 A and ¢ = 2.958 A.”° A (2 X 4) surface supercell of rutile
TiO,(110) with a slab of four Ti—O layers that was separated
from its periodic images by a vacuum space of 15 A was used.
The I' point was used to sample the surface Brillouin zone, as
has been done in previous studies involving TiO,.”" For the
late TM adsorption on the surface considered [corresponding
1/8 monolayer (ML)], the top two Ti—O layers and the
adsorbates were allowed to relax while the other atoms in the
bottom layers were fixed in their bulk truncated positions.
Optimization was carried out by using the conjugate-gradient
algorithm until the Hellman—Feynman force’” on each atom
was less than 0.03 eV/A.

Total activation energy E,, for OR of supported metal
particles is the sum of the formation energy E; of the metal
monomer on supports (with respect to the bulk metal
counterpart) and the diffusion barrier Ey of the metal

monomer on supports, namely, E,. = E; + E; E; was
computed by
Ef = Ema/ox - on - EB (4)

where E_, /o Eoy and Ey are the total energy of the metal atom
on support, the support, and the bulk metal atom, from DFT.
To calculate the diffusion barrier E4, climbing image nudged
elastic band (CI-NEB) method”*”* was utilized to locate the
transition states (TSs) for the diffusion of the TM adatom on
the support surface. At least seven images (including the initial
and final states) were used, and the TSs optimized were
confirmed by vibrational analysis showing a single imaginary
mode. Zero-point energies and entropy corrections were
neglected in the present work.

3. RESULTS AND DISCUSSION

3.1. DFT Calculations. We first describe the calculated
formation energy E; of the late TM atoms (Ag, Cu, Au, Pd, Nj,
Rh, Pt, Ry, and Ir) on TiO,(110). Various adsorption sites
(Figure 2) were considered, and only the most stable
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(b)

Figure 2. Top (a) and side (b) views of the topmost TiO,(110)
surface. Gray balls represent titanium atoms, and magenta and red
balls represent upmost bridge and in-plane oxygen, respectively.

configurations optimized are shown in Figure 3. It is found
that the preferential adsorption site is composition-dependent.

Figure 3. Side view (top) and top view (bottom) for the most stable
site (IS) and corresponding TS of late TMs on TiO,(110). Gray balls
represent titanium atoms, magenta and red balls represent the upmost
bridging oxygens and lattice oxygens, respectively.

Ni, Cu, Ru, Ag, and Ir prefer the bridge site of two protruded
two-coordinated oxygen (O,.). Pd and Pt prefer the bridge site
of O, and in-plane fivefold coordinated Ti (Tis.), and Rh is
similar but tilted slightly toward one in-plane three-
coordinated oxygen (Os.), whereas Au prefers the top site of
O,.. The site preferences are in good agreement with the
previous calculations of Cu, Ag, Au and Ni,”® Pd,*”” pt’%7?
and Rh.*"

Calculated formation energies of TM atoms on TiO,(110)
are plotted in Figure 4 and Table 1. All these formation
energies are considerably endothermic (1.25 eV at least),
meaning that the equilibrium concentration of TM adatoms
being responsible for OR is rather low. The lowest and highest
E; calculated are Ag and Ir with a value of 1.25 and 4.11 eV,
respectively. Results for remaining TMs follow the order of Ag
(125 eV) < Cu (1.35 eV) < Ni (1.74 eV) < Pd (2.05 eV) < Au
(223 eV) < Rh (2.86 V) < Pt (3.11 eV) < Ru (3.74 eV) < Ir
(4.11 eV). We note that the calculated formation energies vary
significantly in magnitude of about 3 eV, indicating that even
for the late TMs considered here, ripening kinetics between
different TMs considered will be very different, as seen clearly
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Figure 4. Calculated total activation energy (E,,), summation of
diffusion barrier (E;), and formation energy (E;) of late TMs on
TiO,(110) as well as the corresponding cohesive energy E.(B) of bulk
metals from ref 81.

Table 1. Calculated Formation Energy E, Diffusion Barrier
E,, and Total Activation Energy E,, of Late TMs on Rutile
Ti0,(110) and Melting Temperatures of Bulk Metal®’

metal Ei/eV Ey/eV E/eV T,.(B)/K
Ni 1.74 0.60 2.34 1728
Cu 1.35 0.55 1.90 1358
Ru 3.74 0.36 4.10 2527
Rh 2.86 0.18 3.04 2236
Pd 2.05 0.17 222 1827
Ag 1.25 0.16 1.41 1235
Ir 4.11 0.63 4.74 2720
Pt 3.11 0.40 3.51 2045
Au 223 0.08 231 1338

below. We note that when the PBE functional was used, the
calculated formation energies are about 0.03—0.29 eV greater
(Table S2). Compared to the alteration of the formation
energy on different TMs considered in magnitude of about 3
eV, the effect of different exchange—correlation functionals is
small and will not influence the conclusion of the present work.

Diffusion of metal atoms along both [001] and [110]
directions was investigated to find the favorable diffusion
pathway (Table S1). The optimized TSs with a lower diffusion
barrier are plotted in Figure 3, and the corresponding barriers
are shown in Figure 4. Though the initial states (ISs) for Nj,
Cu, Ru, Ag, and Ir are the same, corresponding TSs are slightly
different: both Ni and Cu are located at the bridge site of O,
and Tis,, Ru at the hollow site of two O,. and one O;,, Ag at
the top of O, and Ir at the hollow site of two Tis. and one
Oj;.. Calculated diffusion barriers are 0.16 eV (Ag), 0.36 eV
(Ru), 0.55 eV (Cu), 0.60 eV (Ni), and 0.63 eV (Ir). The
difference could be attributed to their different composition
and TSs. For Rh, Pd, and Pt, all optimized TSs are similar,
metal atoms are located at the hollow sites of two Tig. and one
O;,, and the corresponding barriers are 0.18, 0.17, and 0.40 eV.
TS of Au is located at the bridge site of Ti;. and one Oj, and
the calculated barrier is only 0.08 eV. Compared to previous
calculations,”® the barriers calculated in the present work are
relative smaller. This is because CI-NEB was used to identify
TSs in the present work, whereas in previous literature, the
potential energy surfaces were explored using an 8 X 15
uniform grid over the supercell constructed, and only the
relaxation perpendicular to the surface was allowed to relax, a
fact that might overestimate the corresponding barrier.
Nevertheless, the calculated barriers in both works are modest
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and vary from 0.08 to 0.63 eV, indicating that the
corresponding process is facile.

Total activation energy E,,, summation of the formation
energy and diffusion barrier, was derived and plotted in Figure
4 (Table 1). It can be found that E, increases in the order of
Ag (141 eV) < Cu (1.90eV) < Pd (2.22 eV) < Au (2.31 eV) <
Ni (234 eV) < Rh (3.04 eV) < Pt (3.51 eV) < Ru (4.10 eV) <
Ir (4.74 eV). The lowest one is 1.41 eV of Ag, and the highest
one is 4.74 eV of Ir, with differences as large as 3.33 eV.
Obviously, the difference in E,, mainly comes from the
formation energy rather than the diffusion barrier. This
indicates that the ripening of the late TMs considered on
TiO,(110) would be interface-controlled, a fact that supports
well the previous proposals found in the ripening of supported
Ag,** Rh** Ni,* and Cu® particles. As a reference, the
cohesive energies of the TMs considered are plotted in Figure
4 as well. Not unexpected, the higher the cohesive energy, the
higher the formation energy and hence the total activation
energy of ripening.

3.2. Composition Effect. 3.2.1. Temperature Program
Aging. On the basis of the present DFT results, we first
investigated the ripening kinetics of TiO,(110)-supported Au
particles under TPA. The average size (d;) = 3.88 nm and rsd
= 25% extracted from the experiment™* were used as the initial
Gaussian PSD for Au/TiO,(110). Linear temperature ramping
starts from 200 K at a rate of 1 K/s, if not specified otherwise,
and the results are plotted in Figure S. For temperature T
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Figure 5. (a) Snapshots of PSD of Au particles on TiO,(110) with
respect to linear ramping temperature from 200 K at a rate of 1 K/s
and (b) evolution of the corresponding normalized volume V (circle),
dispersion D (triangle), particle number N (inverted triangle), and
average diameter (d). Onset temperature T, is indicated by the green
star. The contact angle a = 90°, initial (d,) = 3.88 nm, and rsd = 25%.
The diameter (d) of open squares is calculated according to the
relation between the height H and diameter (d) ({(d) = 2H + 2.52
nm) on the basis of the height from ref 84.
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lower than 700 K, a little change in the PSD and a slight
increase in the size are seen. As T rises to 800 K, the peak
height decreases about 16% and the peak position right shifts
about 0.30 nm. With T further up to 850 K, about 43%
decrease of the peak height and about 1.0 nm right shift of the
peak position are recorded. Moreover, the transformation of
the PSD shape from Gaussian to Lifshitz—Slyozov—Wagner
(LSW) distribution with a long tail toward the small particles is
seen. This originates because one larger particle grows at the
expense of a few smaller particles. Figure Sb shows the
evolution of the average size, normalized dispersion, and total
particle number. In line with the evolution of PSD, there is no
obvious change when the temperature is lower than 700 K.
The average size starts to increase rapidly only when the
temperature is sufficiently high. Specifically, the average size
(d) increases from initial 3.88 to 3.89 nm (700 K), 4.13 nm
(800 K), and 4.70 nm (850 K). With the increase of the
average size, the normalized dispersion and the total particle
number start to decrease accordingly.

To compare with experiments, we note that experiments
often report the PSD as a function of time on realistic
conditions,**>* and theoretical investigation of the influence
of reactants on ripening and also on disintegration can be
found in our previous works.>>*"*" Height evolution of
TiO,(110)-supported Au particles along with the presence of
stable TiO, islands with temperature under ultrahigh vacuum
was reported.”” By assuming (d) = 2H + 2.52 nm,** the
corresponding diameter of supported Au particles could be
estimated. Specifically, the average diameter of supported Au
particles increases from initial 3.88 nm at room temperature to
approximately 4.20 nm (800 K) and 4.72 nm (850 K) (open
squares indicated in Figure Sb), which are in good agreement
with the present calculation. Interestingly, experimental data
also indicates that the ripening initiates only when the
temperature was sufficiently high. The threshold temperature
for initiating the ripening is defined therefore as the onset
temperature, T,,, at which the particle number has decreased
to 90% of the initial value during the TPA. For Au supported
on TiO,(110) ({d,) 3.88 nm and rsd 25%), the
corresponding T, is 786 K.

To investigate the influence of composition, the ripening
kinetics of the late TMs (Ag, Cu, Pd, Ni, Rh, Pt, Ry, and Ir) on
TiO,(110) were investigated during the TPA process. The
initial PSD was assumed as Gaussian distribution with the
average particle size (dy) = 3 nm and rsd = 10%. Evolution of
the average diameter for late TMs considered with respect to
the temperature is plotted in Figure 6a. Similar evolution
behavior is seen for all TMs considered: the average diameter
increases only when the ramping temperature reaches a
threshold. The envelope shifts gradually toward higher
temperature from Ag, Cu, Pd, Au, Ni, Rh, Pt, and Ru to Ir.
Corresponding onset temperatures T, are 472 K for Ag, 664 K
for Cu, 752 K for Pd, 790 K for Au, 824 K for Ni, 1037 K for
Rh, 1207 K for Pt, 1410 K for Ru, and 1623 K for Ir. It is
striking that depending on the composition, T,, can vary by
more than 1000 K. In Figure 6b, the calculated T, is plotted
with respect to E,, and a linear correlation between T, and
E,. is established. The bigger the total activation energy, the
higher the onset temperature. When E, increases from 1.41
eV (Ag) to 4.74 eV (Ir), corresponding T, increases from 472
to 1623 K.

Although it remains difficult to extract the onset temperature
experimentally in a consistent and systematical way, we tried to
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Figure 6. (a) Evolution of the average diameter of the late TM
particles on TiO,(110) with respect to the linear ramping of
temperature from 200 K at a rate of 1 K/s and (b) corresponding
onset temperature T,,. The contact angle a = 90°, initial (d,) = 3 nm,
and rsd = 10%. The hollow stars corresponding to the metal by colors
are reference to the experiment results: Ag,88 Cu,” Pd,*” Au,** Ni,*°
Rh’' and Pt.®

correlate the above calculations with relevant experiments.
During annealing of Ag films deposited on TiO,(110) from
low temperature to 500 K for coverage of 1-2.4 ML, three-
dimensional (3D) needlelike Ag islands were observed to
occur on top of this Ag film. The ripening of small Ag clusters
was proposed to dominate the formation process of these 3D
islands.*® The annealing temperature of 500 K necessary for
this growth is close to the calculated T,, of 472 K for Ag
particles on TiO,(110). For the Pd particle growth on
Ti0,(110),*” the evolution of the size distribution observed
in real time at high temperatures by STM was consistent with
the OR mechanism. The operating temperatures of ripening at
750 K observed in the experiment is also close to the calculated
T,, of 752 K. OR of large Au clusters on TiO,(110) was
directly observed by STM at elevated temperatures of about
750 K** and 800 K,** which are in agreement with the
calculated T, of 790 K as well. For Cu,*’ Ni,”° Rh,”! and Pt*
on TiO,(110), though their sintering mechanisms remain
elusive, the observed sintering temperatures of 723, 880, 900,
and 1303 K are also close to the calculated onset temperatures
(664, 824, 1037, and 1207 K). Considering that the ripening
kinetic is sensitive to several factors, including the average
particle size, rsd,>">% defects,'” preadsorbed s.pecies,18 and so
forth, the trend agreement between theory and experiment
indicated in Figure 6b is satisfactory.

3.2.2. Isothermal Condition. Isothermal kinetic of Au/
TiO,(110) was also investigated to predict their long-time
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durability against ripening. Here, the initial Gaussian PSD is set
as {(dy) = 3.5 nm and rsd = 10% estimated from reference
(excluding the contribution from the TiO, islands),”* and
ripening simulation is performed at 750 K. The resulted PSD
(Figure 7a) is still LSW-like. Evolution of the average size (d),

@ T
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Figure 7. (a) Snapshots of PSD of Au particles on TiO,(110) with
time stream under isothermal condition of 750 K and (b) evolution of
the normalized volume V (circle), dispersion D (triangle), particle
number N (inverted triangle), and average diameter (d) with respect
to the ripening time. Green star represents half-life time t,/,. The
contact angle a = 90°, initial (dy) = 3.5 nm, and rsd = 10%.

normalized dispersion D, and total particle number N are given
in Figure 7b. As time increases, the calculated (d) increases,
whereas the corresponding D and N decrease. Qualitatively,
these are similar to the above kinetic results under TPA
condition. However, there is one thing very different from
TPA. Under isothermal condition, the rate of decay in
dispersion and particle number becomes slow with the increase
of time, whereas under TPA condition (Figure Sb), there is no
obvious decrease in the ripening rate even at the very late
stages. This is understandable since under TPA condition, the
ramping temperature increases gradually with time, and the
increase in the ramping temperature drives the ripening faster
despite the fact that the average size increases as well.

From Figure 7b, it can be found that the calculated (d)
increases from initial 3.5 nm to about 4 nm (0.25 h), S nm (1
h), and 6 nm (3 h) at 750 K. To compare with the experiment
of TiO,(110)-supported Au particles at 750 K,* we note that
the contact angle was not available. By assuming the
hemispherical shape with a contact angle of 90°, the particle
diameter was found to increase from initial 3.5 to 2.6—4 nm (2
h) and 3.3—5.4 nm (36—42 h). Compared to the experiment,
the calculated ripening rate is faster. The difference might
come from the uncertainty mentioned above. Moreover, the
influence of surface defects,"”*>”® which is not considered in
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the present work, might enhance the metal—support
interaction and slow down the ripening rate as well. Actually,
by increasing E,, from 2.31 to 2.52 eV, the resulting evolution
of the average size agrees much better with the estimated
experimental data.

To further study the influence of metal composition, we
calculate the ripening kinetics for the late TMs considered with
an initial PSD of (d;) = 3 nm and rsd = 10% at 500 K. Figure
8a shows the evolution of the average diameter with time on
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Figure 8. (a) Evolution of the average size for late TMs on
TiO,(110) with time in logarithm at 500 K. (b) Calculated half-life
time t,, varies with the total activation energy E, at 500 and 800 K.
The contact angle a = 90°, initial (dy) = 3 nm, and rsd = 10%.

the logarithmic scale to span a rather large time scale. The half-
life time ¢, /,, corresponding to 50% reduction of N, is defined
to facilitate the comparison. Calculated ¢, , is plotted in Figure
8b with respect to E,. The higher the total activation energy,
the longer the half-life time. Again, a perfect linear correlation
(in logarithmic scale) between t,, versus E, is found. Two
aging temperatures of 500 and 800 K are considered. It can be
found that with the increase of the aging temperature, the
corresponding slope of the half-life time with respect to the
total activation energy decreases, though the resulted differ-
ence between the metals considered remains considerably
large.

3.3. Particle Size Effect. We address here the effect of the
initial average size (d;) on ripening and how the initial size
effect is modulated by the composition of the supported TMs.
The calculated onset temperature T, and half-life time ¢, , for
(dy) from 2 to 16 nm at a given rsd = 10% are plotted in Figure
9 for Pd/Ti0,(110). It can be found that with (d,) decreasing
from 16 to 2 nm, T,, decreases from 1014 to 690 K, whereas
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Figure 9. Calculated onset temperature T, (under a linear ramping
of temperature from 200 K at a rate of 1 K/s) and half-life time t,/,
(at isothermal temperature of 500 K) as a function of the initial
average diameter (d,) for Pd on TiO,(110) and rsd = 10%.

t;, decreases from 10%® to 10*' days. The huge size effect on
the thermal stability and long-time durability, lowering T, by
about 324 K and t,/, by 5.7 orders of magnitude, is clearly
seen. As dispersion increases only by about a factor of 8, the
trade-off between stability and specific surface area should be
seriously concerned.

We note that the influence of the initial average size on the
ripening rate is not linear. For instance, when decreasing (d,)
from 16 to 6 nm by 10 nm, T, decreases by 151 K. However,
on a further decrease from 6 to 2 nm by only 4 nm, T,
decreases by 173 K, which is even larger. Similarly, with (d,)
decreasing from 16 to 6 nm, t,,, decreases by about 2 orders of
magnitude, whereas further decreasing from 6 to 4 nm by only
2 nm, the decrease of t,, is already as large as about 3.6 orders
of magnitude. Namely, the smaller the initial average size, the
higher the corresponding ripening rate. We note that though
the supported particles with smaller initial average size grow
faster, the resulting average size would not cross over those
with a large initial average size. This is because the ripening
rate will decrease rapidly with the growth of the average size. It
is worthy to mention that these results are derived based on
the assumption that the surface energy is constant with respect
to the particle size. Actually, the surface energy is size-
dependent and increases for the small particle.””*” This means

that the thermal stability and half-life time of supported
particles with a small initial average size are underestimated,
and they would suffer more severe deactivation through
ripening than the calculations indicated above.

Size effects on T,, and t,,, for all late TMs considered are
plotted in Figure 10a,b, respectively. Irrespective of the late
TM considered, both T, and t,/, show consistent and similar
dependence on the initial average size: the smaller the initial
average size, the lower the thermal stability and the long-time
durability. The calculated onset temperature and half-life time
for Ag/TiO,(110) are located at the bottom because it has the
lowest total activation energy E,,, (Figures 6b and 8b). With a
gradual increase of E, the curves shift upward, and the
calculated onset temperature and half-life time for Ir/
TiO,(110) with the highest E,, are located at the top, as
expected.

Depending on the metal composition, the size effect on the
ripening is however different. For Ag/TiO,(110), when
decreasing (d,) from 16 to 2 nm, T,, and t,/, decrease by
about 215 K and 5.1 orders of magnitude with the lowest E,
of 1.41 eV, respectively. For Pd/Ti0,(110) with a larger E,, of
2.22 eV, the extent of variation increases by 324 K and 5.7
orders of magnitude for the same decrease in (d,), whereas for
Ir with the highest E,, of 4.74 eV, the extent of variation
increases further to 617 K and 6.8 orders of magnitude, which
is larger than those of Pd. These results show that the extent of
the size effect on stability increases with the total activation
energy of ripening. For a given support, because the total
activation energy of ripening is proportional to the
corresponding cohesive energy of TMs (Figure 4), one can
expect that the TMs with a high cohesive energy would have
stronger size effect on the thermal stability and long-time
durability.

For the platinum group metals considered, the calculated
onset temperature could be as high as 1800 and 2100 K for Ru
and Ir with a large initial average size. In reality, no catalyst
support can survive at these temperatures. In turn, the mobility
of the oxide support will cause it to sinter and encapsulate the
metal particles long before reaching these temperatures. This
actually results in the so-called strong metal—support
interaction, which occurs typically on the platinum group
metals (e.g, Pt, Ir, and Ru) with a high melting temperature.
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Figure 10. (a) Calculated onset temperature T, as a function of the initial average diameter (d,) of late TM particles on TiO,(110) under a linear
ramping of temperature from 200 K at a rate of 1 K/s. (b) Calculated half-life time f,,, as a function of the initial average diameter (d,) at an

isothermal temperature of 500 K. rsd = 10%.
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Dependence of the thermal stability in terms of the onset
temperature on the initial average particle size could be
expressed empirically via the following formula

"
T =k T 4

©)
where T, (B) is the melting temperature of the bulk metal
counterpart®’ and listed in Table 1. k,,, d and  are the fitting
parameters. The fitted parameters and curves for different late
TMs considered can be found in Table S3 and Figures S1—S9.
Depending on the composition, k., d and g vary from 0.65 to
1.00, from 13 to 39 nm, and from 3.70 to S5.26. These
parameters could relate to the metal—support interaction,
characteristic length of ripening, and scaling behavior with
respect to the particle size. To rationalize dependence of the
onset temperature on the melting temperature of the bulk
metal counterpart, we note that the latter is decided mainly by
the corresponding cohesive energy.”” ”* As shown in Figure 4
for a given support, the total activation energy of the supported
TM scales well with the cohesive energy of the bulk
counterpart. On the other hand, the onset temperature
depends linearly on the corresponding total activation energy
(Figure 6b). As a result, the onset temperature of ripening
scales well with the melting temperature of the corresponding
bulk metal. In this context, Tamman temperature,95 half of the
bulk melting temperature, could also be used to estimate the
onset of sintering. However, as indicated in the present work
and our earlier works,”"***” onset of sintering is sensitive to
the PSD, metal—support interaction, and even the presence of
reactants, which cannot be described simply by Tamman
temperature alone.

4. CONCLUSIONS

We have used DFT to calculate the total activation energy of
OR for late TM particles supported on TiO,(110) surface. The
total activation energy increases in the order of Ag < Cu < Pd
< Au < Ni < Rh < Pt < Ru < Ir and varies from 1.41 to 4.74 eV.
The difference in the total activation energy comes mainly
from the formation energy, rather than the diffusion barrier, of
the metal monomer on supports. Ostwald ripening under
temperature program aging and isothermal condition was
explored for TiO,(110)-supported late TM particles. It is
found that the composition of supported TMs has enormous
impact on their thermal stability and long-time durability
against ripening. From Ag to Ir, the corresponding half-life
time increases exponentially with the total activation energy,
whereas the onset temperature of ripening varies more than
hundreds of kelvin in good agreement with the available
experiment. The initial average particle size significantly
impacts thermal stability and long-time durability, and the
corresponding size effect further increases for metals with
higher total activation energy.
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