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ABSTRACT: Understanding Ostwald ripening and disintegra-
tion of supported metal particles under operating conditions has
been of central importance in the study of sintering and dispersion
of heterogeneous catalysts for long-term industrial implementa-
tion. To achieve a quantitative description of these complicated
processes, an atomistic and generic theory taking into account the
reaction environment, particle size and morphology, and metal−
support interaction is developed. It includes (1) energetics of
supported metal particles, (2) formation of monomers (both the
metal adatoms and metal−reactant complexes) on supports, and (3) corresponding sintering rate equations and total activation
energies, in the presence of reactants at arbitrary temperature and pressure. The thermodynamic criteria for the reactant assisted
Ostwald ripening and induced disintegration are formulated, and the influence of reactants on sintering kinetics and redispersion
are mapped out. Most energetics and kinetics barriers in the theory can be obtained conveniently by first-principles theory
calculations. This allows for the rapid exploration of sintering and disintegration of supported metal particles in huge phase space
of structures and compositions under various reaction environments. General strategies of suppressing the sintering of the
supported metal particles and facilitating the redispersions of the low surface area catalysts are proposed. The theory is applied to
TiO2(110) supported Rh particles in the presence of carbon monoxide, and reproduces well the broad temperature, pressure, and
particle size range over which the sintering and redispersion occurred in such experiments. The result also highlights the
importance of the metal−carbonyl complexes as monomers for Ostwald ripening and disintegration of supported metal catalysts
in the presence of CO.

1. INTRODUCTION

Transition metals have been used to catalyze a wide range of
chemical reactions in heterogeneous catalysis, which plays an
important role in energy conversion, chemicals production, and
environmental protection. To be more accessible to reactants,
transition metal catalysts are usually dispersed on a high surface
area support, and corresponding size falls typically in the range
of nanometers.1 Although dispersed metal particles expose a
large number of low coordination sites which could act as the
active sites and greatly enhance the catalytic activity,2−6 a high
ratio of these low coordination sites destabilizes the dispersed
metal particles in the meantime. Thus, the metal particles tend
to agglomerate and/or sinter, either by coalescence of smaller
particles or by Ostwald ripening for the growth of a larger
particle at the expense of a smaller one.7−11 In the end, the
overall activity of the metal particles decreases with time and
eventually deactivates due to the loss of the active surface area.
To prevent the sintering, the proper supports should be
selected to stabilize the metal particles by means of the metal−
support interaction (MSI), but so far, its utilization is achieved
mainly by trial and error.12,13 To increase the lifetime of
industrial catalysts, it is important to know how to suppress the
particle sintering rate and how to redisperse the deactivated
catalysts due to the sintering. A fundamental understanding of
the sintering mechanism and kinetics at the microscopic level

would be highly valuable to provide insight into controlling
these processes.
The study of sintering is further complicated by considering

catalytic reactions usually operated at elevated temperatures
and pressures.14−17 The presence of reactants could affect and/
or induce dramatically the sintering, disruption, and dispersion
of supported metal particles,18−27 as well as the crystalline
surfaces.28−34 For instance, it was found that, under elevated
carbon monoxide (CO) partial pressures, supported Rh
particles were readily disintegrated to the mononuclear Rh-
carbonyl complexes.35−40 At higher temperature, the Rh
complexes decomposed, and the Rh adatoms released started
to agglomerate and form larger metal particles. Similarly,
reactant-assisted ripening and disintegration had also been
found when supported metal particles were exposed to
oxygen,41−47 and the reason was attributed to the formation
of volatile oxygen−metal complexes. It has also been suggested
that reactants could change the wetting behavior of metal
particles, causing them to spread out on supports when the
adsorbate−metal bond energy exceeds the difference in energy
between the metal−metal and metal−support bonding.48,49

Moreover, the strong interaction between adsorbate and metal
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particle could weaken the metal−metal bond,50 which would
facilitate the detachment of the metal adatoms from small
particles, and eventually promote sintering and disintegration.
Despite extensive studies so far, a clear mechanistic

understanding and a quantitative description of reactants on
the sintering and disintegration of supported metal particles
remains missing. Sintering kinetics of supported metal particles
and the elementary steps involved was pioneered by Wynblatt
and Gjostein (WG).7,8 Although sintering in the presence of an
oxygen environment and the formation of the oxygen−metal
complexes as the transient monomers was studied in this work,
it is unclear yet when the metal−reactant complexes rather than
the metal adatoms as dominant monomers will form under the
reaction conditions. In particular, how will the formation of the
metal−reactant complexes depend on the reaction conditions,
the metal particle size and shape, and the MSI? How will the
metal−reactant complexe formation affect the ripening kinetics
and the underlying mechanism? The formation of the metal−
reactant complexes may also be involved deeply in the reactant
induced disintegration, a fact that has been used widely to
redisperse the low surface area metal catalysts due to the
sintering.27,51−55 It is therefore important to disentangle the
role of the metal−reactant complexes in the reactant assisted
ripening and induced disintegration of supported metal
particles.
Here, we will focus on Ostwald ripening using a surface

diffusion model, for which the elementary steps typically
include detachment of the metal atoms from smaller particles to
form monomers, diffusion of monomers on supports, and
attachment toward larger particles. A major improvement of the
WG theory following the Ostwald ripening model was obtained
by Campbell and co-workers by incorporating size-dependent
surface energy in their model and using an exponential function
in the formulation of the ripening rate instead of a first-order
approximation of the associated Talyor series.11,56 It was found
that surface energy and morphology of supported metal
particles are sensitive to the reaction environments,57−59 a
fact that could affect the ripening process.60 However, a theory
of sintering and disintegration accounting for the influence of
reactant adsorption on surface energy and morphology of the
supported metal particles is not available yet.
To address these questions, an atomistic theory of Ostwald

ripening and disintegration of supported metal particles in the
presence of reactants was developed and is first presented in
section 2. We propose that the strong bonding between the
reactant and metal adatom on supports is essential for the
formation of metal−reactant complexes. Surface energy and
chemical potential of supported metal particles with adsorption
of reactants are derived, and the thermodynamic variables
describing the adsorption of reactants on adatoms and
formation of the metal−reactant complexes on support are
defined. The criteria for reactant assisted Ostwald ripening and
induced disintegration are formulated, and corresponding rate
equations are derived. The theory is applied to TiO2(110)
supported Rh particles under CO in Section 3, and most
parameters required are calculated by first-principles theory.
Influence of CO on sintering and disintegration of supported
Rh particles is studied under a wide range of particle sizes and
reaction conditions. A brief summary is given in Section 4.

2. THEORETICAL FORMALISM
2.1. Energetics of Supported Particles. Under operating

conditions, reactants may adsorb on supported metal particles

and affect their morphology and stability, which is closely
related to subsequent Ostwald ripening and disintegration. It is
therefore important to quantify the energetics of the supported
metal particles in the presence of reactants.
To study this, we start from the energetics of a supported

metal particle in the absence of reactants. As shown
schematically in Figure 1, a supported metal particle in a

spherical segment can be described by the radius of curvature R,
contact angle α with respect to the support, exposed surface
area of the spherical segment As = 2πR2[1 − cos (α)], and
contact interface area between particle and support Aint =
πR2sin2(α). Average energy ΔENP (per atom) with respect to
infinite size particle (bulk) can be calculated by

γΔ = + +E
N

A A A H
1

[( ) ]NP s int me int adh (1)

where N = 4πR3α1/3Ω is the number of the metal atoms in the
particle of interest, and Ω is the molar volume of bulk metal
atom, and α1 = [2 − 3 cos (α) + cos3(α)]/4. γme is surface
energy of the metal particle, Hadh = γint − γme − γox is adhesion
energy between the metal particle and support, γint is interfacial
energy between the metal particle and support, and γox is
surface energy of the support. Based on the Young equation,
cos (α)γme = γox − γint, one has Hadh = −[1 + cos (α)]γme.
Accordingly, ΔENP can be reformulated as

α γ
γ
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Considering that metal particles may expose different facets i
with surface energy γi and corresponding area ratio f i over the
whole surface area, the overall surface energy γme could be
rewritten as

∑γ γ= ×f
i

i ime
(3)

The chemical potential (differentiate energy) ΔμNP of the
supported metal particle can be derived

μ
γ

Δ = × Δ =
Ω

N
N E

R
d

d
( )

2
NP NP

me
(4)

This equation is often noted as the Gibbs−Thomson (G−T)
relation in the literature.7,11,42,61

Both the average energy and the chemical potential of the
particle defined by eq 2 and eq 4 are proportional to the
reciprocal of the radius of curvature R and the surface energy
γme. Namely, a particle with a smaller radius of curvature R and
higher surface energy would have higher energies and chemical

Figure 1. Schematic of supported metal particle in a spheric segment
with the radius of curvature R and the contact angle α between the
particle and support. γme, γox, and γint are the surface energies of the
metal particle and support, and the interface energy between metal
particle and support, respectively. d is the projected diameter of the
metal particle on support.
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potential. Dependence of 1/R comes from the fact that the
extent of destabilization is proportional to the ratio of surface
atoms over the total number of the atoms in the particle.4,62,63

We note that the MSI, which is essential to the stability of the
dispersed metal particles, is included implicitly in these
equations. To see this clearly, we consider a mass (volume)
conserved particle containing N metal atoms deposited on a
certain support. Since a different support might have a rather
different MSI, the contact angle α (and α1) could change. Based
on N = 4πR3α1/3Ω, the radius of curvature R would change,
and so on for the corresponding ΔENP and ΔμNP. Stronger MSI
(larger adhesion energy Hadh) would lead to smaller α (and α1)
and larger R, and eventually lower ΔENP and ΔμNP. When α →
0, R→∞ and thus both ΔENP and ΔμNP approach zero. In this
limit, the metal particles would wet the support forming a two-
dimensional film, and not experience the Gibbs−Thomson
effect anymore. Corresponding energetics are bulk-like, or even
lower when the interaction between the metal and support is
stronger than that of the metal−metal bond.49

Under reaction conditions, reactants may adsorb on the
metal particles, and corresponding Gibbs free energy of the
adsorption would reduce the surface energy and stabilize the
metal particles. Using CO as an example, the reduction of
surface energy Δγi on the facet i at given temperature T and
partial pressure P can be calculated28

γ θ θ μΔ = − ΔT P E T P A( , ) [ ( ) ( , )]/i i i iCO
ad

CO (5)

where θi and Ai is the coverage of adsorbed CO and surface unit
area of the facet i. ECO

ad (θi) is the average binding energy of CO
and coverage dependent. The chemical potential of CO in gas
phase is ΔμCO(T, P) = ΔμCO° (T, P°) + kT ln(P/P°), where k is
the Boltzmann constant, and ΔμCO° (T,P°) is the chemical
potential of CO at standard condition P°.64,65 For reactants at a
given T and P, the corresponding coverage θi can be
determined by

θ
θ

θ
μ=

×
= ΔE

E
T P( )
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i
CO
dif CO
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CO
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where ECO
dif (θi) is the differential binding energy of reactants.

Dependence of ECO
ad and ECO

dif on θi can be obtained from the
experiment or first-principles theory calculation.
The effective surface energy γm̅e of supported metal particles

with adsorbates (the symbol with bar represents the variables in
the presence of reactants and adopted below without mention
otherwise) becomes

∑γ γ γ̅ = + ΔT P f T P( , ) [ ( , )]
i

i i ime
(7)

By substituting γm̅e in eq 2 and eq 4, average energetics ΔE̅NP
and chemical potential Δμ̅NP of supported metal particles under
reactants can be obtained, respectively.
Equations 3 and 7 could be used to construct the equilibrium

morphology of the metal particle in the absence and presence
of reactants. By minimizing the overall surface energies, the
exposed facet i and ratio f i could be determined. It is clear that,
in the presence of reactants, the morphology of the metal
particle could change, as documented in the literature.57−59 It is
important to note that the particle surface energy and chemical
potential now becomes a function of T and P. This will affect
the sintering of the supported metal particles60 and is included
in following derivation.

2.2. Ostwald Ripening. As indicated earlier, we focus in
the present work on sintering dominated by surface Ostwald
ripening, whereby the metal atoms detach from small particles
with high chemical potential as monomers, diffuse on the
support, and subsequently attach to larger particles with a lower
chemical potential. This leads to the growth of larger particles
at the expense of smaller particles. The latest derivation of the
kinetic equation of Ostwald ripening in the absence of reactants
can be found in the work of Campbell and co-workers.11 For
completeness and consistency with the following derivation in

Figure 2. Energetic diagram of supported metal particles without (a) and with (b) the presence of reactants. Here, ΔμNP(R) and Δμ̅NP(R) are the
chemical potentials of supported metal particles, Ema

f and ΔEma
f (R) are the formation energies of monomers (the metal adatoms) on support with

respect to infinite and finite size metal particle, ΔGCO is the Gibbs free energy of adsorption of reactants (CO in present work) on the metal adatom,
and Ema

d and Ecarb
d are the diffusion barriers of monomers (the metal adatoms and the metal−reactant complexes) on support.
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the presence of reactants, we introduce here the key points with
a slightly different convention.
We start from the formation energy of the metal adatoms as

monomers on the support. Corresponding energetics not only
affect the barrier of the detachment/attachment of the metal
atoms from/toward the metal particles as discussed below, but
also determine the concentration of monomers formed, which
both are crucial for the sintering rate. The formation energy
ΔEma

f of the metal adatoms with respect to a metal particle of
radius R (see Figure 2a) is

μΔ = − ΔE R E R( ) ( )ma
f

ma
f

NP (8)

= − −E E E Ema
f

ma/ox ox B (9)

where Ema
f is the formation energy of the metal adatoms with

respect to infinite size metal (bulk like) particle, Ema/ox is the
total energy of the metal adatom on support, Eox is the total
energy of the support, and EB is the total energy of the bulk
metal. Alternatively, Ema

f can be calculated from the cost of the
sublimation enthalpy of bulk metal plus subsequent energy gain
from the adsorption of an isolated metal atom on the support.11

The concentration, cs(R), of the metal adatoms in
equilibrium with a finite size metal particle of radius R in the
far-field limit (neglecting the contribution of small vibrational
enthalpy65) is therefore written

μ
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where cs
eq = exp[−Ema

f /kT]/a0
2 is the concentration of the metal

adatoms in equilibrium with respect to the infinite size metal
particle in the far-field limit, a0 is the lateral lattice constant of
support.
Under the steady state for which the time rate of

concentration of the metal adatoms immediately adjacent to a
particle is equal to zero, the time rate equation dR/dt of the
metal particles of radius R could be derived
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and Etot is the total activation energy,

= +E E Etot ma
d

ma
f

(12)

where Ema
d is the diffusion barrier of monomers on support, K =

νsΩ/[4πa02α1], X = 2πa0R sin(α), Y = 2πa0
2/ln[L/(R sin (α))],

νs is vibrational frequency of the monomer on support, L is
diffusion length required for the monomer concentration on
support to reach its far field limit of cs(R*).
R* is the critical particle radius, which is the size of the

particle that is in equilibrium with the surrounding adatom
concentration and consequently neither grows nor shrinks due
to Ostwald ripening. Equation 11 can be rewritten for two
limiting cases, namely, interface control with slow detachment
or attachment of atoms at the surface of metal particles (Y ≫
X) and diffusion control (X ≫ Y). Depending on interface
control or diffusion control, the critical radius, R*, would be

different. A rigorous definition for both can be found in recent
work.66

For a metal particle of radius R less than the critical radius
R*, corresponding chemical potential ΔμNP(R) is higher than
that of R*. dR/dt is negative, the metal atoms leave the metal
particles to add to the support, and the metal particle size
decreases. For the metal particles of the radius R larger than R*,
dR/dt becomes positive, the metal atoms leave the support to
add to the metal particles, and the metal particle size increases.
Thus, it is the difference of ΔμNP between the metal particles of
the radius R and critical radius R* that determines the growth
direction of the individual particle of interest and the overall
evolution of the size distribution. R* is sensitive to the size and
spatial distribution of the metal particles, and would increase
gradually with time. Under extreme cases where the metal
particles have identical size and distribute homogeneously,
there will be no difference of ΔμNP between any metal particles
on the support. This leads to a zero net flux of monomers, and
Ostwald ripening will be completely suppressed, as indeed
found in recent experiments.67 The size for each individual
metal particle will neither increase nor decrease, unless the
sintering could proceed through the diffusion coalescence.
On the other hand, dR/dt also depends exponentially on the

total activation energy Etot, the sum of the formation energy of
the adatoms Ema

f and its diffusion barrier Ema
d , which both are

determined by the intrinsic interaction between the metal
adatom and support. Since the metal adatoms on the support
are often coordinate unsaturated, Ema

f is usually highly
endothermic and its absolute value is much larger than the
chemical potential ΔμNP of the metal particles. Without
considering the contribution of the diffusion barrier Ema

d , this
already tells that the absolute time rate dR/dt would be
dominated by the total activation energy. For a given metal
catalyst, to suppress the Ostwald ripening rate, the optimized
support should be the one with a higher total activation energy,
which could be achieved by modifying or choosing different
supports.
The kinetics discussed so far is based on the mean-field

approximation, assuming the metal particles are well separated
and in equilibrium with far field monomer. However, its
applicability has been subject to much debate, and the mean-
field approximation may even break down.25,46,47,56,68−72 For
instance, the long-range equilibrium may not be reached
because of the presence of the defects and large diffusion
barrier, a fact of that may lead to gradients in monomer
concentration and thus to local effects. The local effect could be
introduced in addition by the difference in size and spatial
distribution of the metal particles in local vicinity, or a higher
metal loading. In this case, the spatial separation of the metal
particles could approach the diffusion length, L, and the
particles could alter the concentration of monomers in the
vicinity of neighboring particles. These may deviate simulated
decay or growth of the metal particles based on the mean-field
approximation from the measurement. To account for these
effects, one should employ the so-called nearest neighbor
approach or local correlation approach.25,47,69−72 In this
approach, the sintering of a metal particle of interest will be
decided by its neighbor particles, and a local concentration
cs*(R) or critical radius R* varying with spatial and size
distribution of neighbor metal particles in the local vicinity
should be defined and introduced in the above kinetic
equations.
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2.3. Reactant Assisted Ostwald Ripening. Under the
reaction conditions, the metal adatoms detached from the metal
particles may be stabilized by reactants forming metal−reactant
complexes as indicated in Figure 2b, and the concentration of
the metal−reactant complexes as monomers will increase. This
would promote Ostwald ripening of the metal particles and
influence corresponding sintering behavior. To see when and
how reactants assist Ostwald ripening and take advantage of the
structural simplicity of the mononuclear metal−carbonyl
complexes, we consider the supported metal particle under
CO. The theory can, however, be extended easily to the
multinuclear complexes and different reactant gases.
To stabilize a metal adatom, reactants should be able to form

a chemical bond with the metal adatom, and corresponding
binding energy E̅CO

ad must be negative.

̅ = − − ×E E E n ECO
ad

carb/ox ma/ox CO (13)

where n is the number of CO coordinated to the metal adatom,
Ecarb/ox is the total energy of the metal−carbonyl complexes on
support, Ema/ox is the total energy of the metal adatom on
support, and ECO is the total energy of CO in gas phase. It is
evident that the strong interaction between the reactant and the
metal adatom is essential for the formation of the favorable
chemical bond. Meanwhile, the local coordination and charge
state of the metal adatom is sensitive to the support, which
would influence the interaction between the metal adatom and
the reactant. Hence, given a reactant and metal catalyst of
interest, the overall binding strength between the reactant and
the metal adatom could be mediated or tuned by modifying and
choosing different supports.
For adsorption of reactants, loss of gas phase entropy should

be taken into account. Accordingly, the Gibbs free energy of
adsorption ΔGCO should be used

μΔ = ̅ − × ΔG T P E n T P( , ) ( , )CO CO
ad

CO (14)

If the chemical potential of reactants ΔμCO is too low (low P or
high T), the energy gain from the formation of the chemical
bond cannot compensate the loss of gas-phase entropy. The
corresponding adsorption would be endothermic and ΔGCO is
positive. For an exothermic adsorption (ΔGCO < 0), higher
ΔμCO is required and must satisfy the following condition

μΔ ≥ ̅
n

E(ad)
1

CO CO
ad

(15)

The stabilization of the metal adatoms by adsorption of
reactants would lower the formation energy of the metal
adatoms by the amount of ΔGCO. Corresponding concentration
cs̅(R) of monomers in the form of the metal−reactant
complexes is

μ
̅ =

Δ ̅ −Δ⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥c R c

R
kT

G
kT

( ) exp
( )

exps s
eq NP CO

(16)

Compared to cs(R) for the metal adatoms in the absence of
reactants (eq 10, a function of ΔμNP(R) only), cs̅(R) becomes a
function of both Δμ̅NP(R) and ΔGCO(T,P). For reactants
interacting strongly with supported metal particles and the
metal adatoms, both could be stabilized. Since the adsorption
on supported metal particles occurs only at the exposed surface,
the extent of stabilization over the particle by the amount of
Δμ̅NP − ΔμNP would be much smaller than that of the
individual metal adatoms by the amount of −ΔGCO(T,P). As a

result, the concentration of the metal-reactant complexes would
increase exponentially and become the dominant monomers
with respect to the metal adatoms when ΔGCO < 0.
The increase of concentration of monomers would affect the

sintering kinetics. The corresponding time rate dR̅/dt of the
supported metal particles in the presence of reactants via
monomers in the form of the metal−reactant complexes
becomes

μ

μ

̅ = ̅
+ ̅

̅ − ̅ Δ ̅

−
Δ ̅

∗⎡
⎣⎢

⎤
⎦⎥
⎛
⎝
⎜⎜

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥
⎞
⎠
⎟⎟

R
t

XY
X Y

K
R

E
kT

R
kT

R
kT

d
d

exp exp
( )

exp
( )

2
tot NP

NP

(17)

and E̅tot is corresponding total activation energy

̅ = + + ΔE E E Gtot carb
d

ma
f

CO (18)

where Ecarb
d is the diffusion barrier of the metal−carboxyl

complexes on support. It is clearly seen that the total activation
energy becomes a function of the reaction conditions.
To see the influence of reactants on the kinetics, we note

that, similar to the kinetics in the absence of reactants, the
difference of the chemical potential Δμ̅NP of the metal particles
between R* and R determines the decay or growth direction,
whereas the total activation energy E̅tot dominates the absolute
sintering rate. For reactant-assisted Ostwald ripening, corre-
sponding total activation energy must be lower than that of the
metal adatoms as monomers in the absence of reactants,
namely

̅ <E Etot tot (19)

Considering eq 18 and eq 12, this means

+ Δ <E G Ecarb
d

CO ma
d

(20)

For an exothermic adsorption (ΔGCO < 0), the concentration
of monomers increases exponentially, and the total activation
energy would decrease by ΔGCO. However, the sintering rate
may not necessarily increase unless eqs 19 and 20 are met.
Actually, E̅tot might be larger than Etot if the corresponding
diffusion barrier Ecarb

d increases to such a value that even
counteracts the gain of ΔGCO, namely, Ecarb

d + ΔGCO > Ema
d . We

note that the reduction of the formation energy and diffusion
barrier Ecarb

d of the metal−reactant complexes could both lead to
a smaller E̅tot. Their relative values may be very different and
even reversed compared to that of the metal adatom as
monomers in the absence of reactants. This may have impact
on Ostwald ripening. For instance, for the diffusion-controlled
Ostwald ripening in the absence of reactants, if the metal−
reactant complex formed in the presence of reactants has lower
Ecarb
d , the Ostwald ripening could switch to the interface control,

and vice versa. For TiO2(110)-supported Au particles at a
diameter of 3 nm, Campbell and co-workers estimated that
corresponding total activation energy in ultrahigh vacuum was
280 kJ/mol,11 whereas under CO oxidation condition,
Goodman and co-workers found that corresponding activation
energy was about 10 ± 2 kJ/mol only.25 Though the reason for
the different activation energies is unclear, the dramatic
influence of the reaction conditions on sintering is evident.
This highlights the importance of the in situ study on the
sintering kinetics, as well documented in the literature.26,46,47,74
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2.4. Reactant Induced Disintegration. Apart from
reactant-assisted Ostwald ripening via the metal−reactant
complexes as a transient monomer whose formation should
be prevented, reactants could disintegrate supported metal
particles into the individual complexes as the final product
spreading out on support. This is likely when the metal−
reactant bond energy exceeds the difference in energy between
the metal−metal and metal−support bonds.48,49 Since a fact of
this could be used to regenerate or redisperse the low surface
area catalysts, the formation of the metal−reactant complexes
should be maximized. A rigorous thermodynamic study on this
topic is described here.
For reactant induced disintegration of a metal particle of the

radius R to the individual metal−reactant complexes, the Gibbs
free energy of adsorption of reactants on the metal adatoms
should be low enough to compensate the cost of the formation
energy of the metal adatom with respect to the metal particle of
interest. The feasibility could be described by the Gibbs free
energy of disintegration, ΔGNP

dis , of the NP into the metal−
reactant complexes using CO as an example again

Δ = Δ + − Δ ̅ −G R T P G T P E E R TS( , , ) ( , ) ( )NP
dis

CO ma
f

NP
(21)

where S is the configurational entropy75 of the complexes
disintegrated from the metal particle of interest.
To disintegrate a supported metal particle, corresponding

ΔGNP
dis must be exothermic (negative). Considering eq 9, eq 13,

and eq 14, the formula can be reformulated as

μΔ = − × Δ − Δ ̅

−

G R T P E n T P E R

TS

( , , ) ( , ) ( )NP
dis

carb
f

CO NP

(22)

where Ecarb
f = E̅CO

ad + Ema
f is the formation energy of the metal−

reactant complexes on support with respect to the infinite size
metal particle and reactants in gas phase. It can be found that
the overall value of ΔGNP

dis is decided by four parts, namely, the
formation energy of the complexes, the (average) energetics of
the metal particles, the chemical potential of reactants in gas
phase, and the configuration entropy due to the disintegration.
Their influence and implication are discussed below.
First, a lower formation energy Ecarb

f would lead a lower
ΔGNP

dis . For a given metal catalyst and support, this could be
achieved by varying the composition of reactant gases, which
interacts strongly with the metal adatoms. When the metal
catalyst and support change, the reactant gas should change
accordingly for favorable disintegration, since Ecarb

f is
determined by the overall interaction between the reactant,
metal, and support. This is indeed corroborated by a number of
experiments. To disperse the metal catalysts in experiment, the
calcination in oxidizing conditions is widely used: depending on
the catalysts and supports, different oxidizing reactants had
been adopted.27,51−55

Second, ΔGNP
dis is also sensitive to the reaction conditions and

the size of the metal particles. For a given metal particle of the
radius R, corresponding chemical potential ΔμCO(dis) of
reactants necessary for disintegration (ΔGNP

dis ≤ 0) is

μΔ ≥ − Δ ̅ −
n

E E R TS(dis)
1

( ( ) )CO carb
f

NP (23)

It is clear that higher chemical potential of reactants (higher P
and/or lower T) will be required for the complexes with higher
formation energy and the particle with lower chemical
potential. Under a given reaction condition ΔμCO, the metal

particles of the radius less than R(dis) by considering eq 2 will
be disintegrated

γ μ≤ Ω ̅ − × Δ − −R E n T P TS(dis) 3 ( ( , ) )me carb
f

CO
1

(24)

It is worth to note that the above criterion for the reactant
induced disintegration of a particle of interest is rather different
from that of the exothermic adsorption of reactant on adatoms
defined by eq 15. This can be seen from the difference of
corresponding chemical potential required between eqs 15 and
23

μ μΔ − Δ = − Δ ̅ −
n

E E R TS(dis) (ad)
1

( ( ) )f
CO CO ma NP

(25)

Since the energetics of the metal adatoms on support (Ema
f ) is

usually much higher than that of supported metal particles
(ΔE̅NP), the difference would be rather positive. In other words,
much higher chemical potential of reactant would be required
for disintegration. To regenerate the metal catalysts from the
disintegrated complexes, one should lower the chemical
potential of reactants (increase T, decrease P, or apply at
same time) to decompose the complexes. By controlling the
reducing conditions (T and P) and time, the metal adatoms
released could start to agglomerate and form cluster until the
desired size of the metal particles (thus redispersion) is
reached.

3. TIO2(110) SUPPORTED RH PARTICLES UNDER CO
3.1. Energetics. The formalism developed above was

applied to TiO2(110) supported Rh particles under CO,
because of its importance in CO hydrogenation and a lot of
experimental studies available for comparison.35−40 Most
energetics required are calculated using vienna ab initio
simulation package (VASP)76 unless mentioned otherwise
(see details in Supporting Information). Important data are
given in Table 1. Formation energy Ema

f of Rh adatom on

TiO2(110) at the most stable site is highly endothermic by 2.85
eV. This means a rather low concentration of Rh adatom as
monomers on TiO2(110) and high activation energy of
sintering for supported Rh particles in ultrahigh vacuum. CO
interacts strongly with Rh adatom on top with binding energy
E̅CO
ad of −2.18 eV to form monocarbonyl complexes, as shown

in Figure 3. The second CO can adsorb on Rh adatoms to form
dicarbonyl complexes with overall binding energy of −4.29 eV.
Corresponding formation energy Ecarb

f of Rh carbonyls with

Table 1. Calculated Molar Volume Ω (Å3) of Bulk Rh atom,
Formation Energy of Rh Adatom Ema

f , Binding Energy of CO
on Rh Adatom E̅CO

ad , and Formation Energy of the Rh
Carbonyl Complexes Ecarb

f for the Monocarbonyl and
Dicarbonyl Complexes on TiO2(110)

a

Rh

Ω 14.38

Ema
f 2.85

̅ECO
ad (mono) −2.18

̅ECO
ad (di) −4.29

Ecarb
f (mono) 0.67

Ecarb
f (di) −1.44

aEnergy Unit is eV.
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respect to bulk Rh are 0.67 and −1.44 eV for the monocarbonyl
and the dicarbonyl complexes, respectively. The strong binding
between CO and Rh as well as the negative formation energy
for the dicarbonyl complexes implies that the presence of CO
would have significant influence on the sintering and
disintegration, which will be discussed in detail below based
on calculated Gibbs free energy.
3.2. Surface Energy. For the surface energy, γme, of Rh,

various orientations including (111), (110), (100), (210),
(211), (221), (310), and (311) were considered. Based on the
surface energies calculated and Wulff construction, the
equilibrium morphology of infinite size Rh particle is obtained
and shown in Figure 4a. The exposed facets, corresponding

surface energies and ratio, are given in Table 2. It is found that
(111), (311), and (100) facets cover 71%, 9%, and 7% area
exposed, respectively. The average surface energy over the
equilibrium morphology is 0.119 eV/Å2. The similar surface
energy between the average surface and the (111) surface (less
than 6 meV/Å2) comes from the small difference of surface
energies between various facets exposed, and a higher ratio of
(111) surface. The average surface energies calculated agrees
well with the measured surface energy (0.125 eV/Å2) of liquid
Rh.77

To see the influence of CO adsorption on Δγme (eq 5), we
considered CO adsorption on Rh(111). First, the average
binding energies, ECO

ad , from coverage of 1/16 ML to 12/16 ML
were calculated. In view of experimental results,78 the CO
adsorption was calculated at top site when CO coverage θ is
below 0.25 ML, and at top+hollow sites when θ > 0.25 ML (see
Figure S1 in SI). The calculated result is shown in Figure 5.

From the average binding energy, the differential binding
energy ECO

dif of CO is obtained, and plotted in Figure 5 too. The
coverage θ of CO adsorbed on Rh(111) versus chemical
potential of CO in gas phase can therefore be calculated by eq
6, and plotted in Figure 6a. Based on these, the reduction of
surface energy Δγme(111) on Rh(111) due to the adsorption of CO
is obtained and plotted in Figure 6b. It can be found that, when
ΔμCO is lower than −1.52 eV, there is no CO adsorption on
Rh(111), and no change in surface energy. With increasing
ΔμCO, CO starts to adsorb and corresponding coverage
increases. Accordingly, the reduction of surface energy Δγme

(111)

increases monotonically. Under typical experimental conditions
of 300 K and 10−1 mbar (ΔμCO = −0.76 eV), corresponding
Δγme(111) is as large as −0.050 eV/Å2. In comparison to the
surface energy of bare Rh(111) γme = 0.119 eV/Å2, the great
influence of the adsorption of reactants on surface energy is
clearly seen.

3.3. Chemical Potential. Using the surface energy of
infinite-size Rh particle, chemical potential ΔμNP of the free-
standing Rh particles (eq 4) versus the diameter d = 2R was

Figure 3. Optimized most stable structures of the Rh carbonyls on
TiO2(110). The Rh of Rh(CO) sits at the hollow site coordinating
with one bridge O and one fivefold Ti5f. The Rh of Rh(CO)2 sits at the
bridge site between the two bridging O. Red: O, gray: Ti, cyan: Rh,
black: C.

Figure 4. (a) Infinite size Rh morphology from Wulff construction
based on the surface energies calculated by first-principles theory.
Optimized cuboctahedral Rh particles based on Wulff construction
containing 55 (b), 79 (c), and 201 (d) Rh atoms, and corresponding
diameters d are 11.5, 13.0, and 17.7 Å.

Table 2. Calculated Surface Energies γi and Ratio f i of
Exposed Facets of Infinite Size Rh based on Wulff
Constructiona

facet γi (eV/Å
2) f i(%)

(111) 0.113 71
(311) 0.136 9
(100) 0.136 7
(221) 0.127 6
(211) 0.131 4
(310) 0.140 3
γme 0.119
Exp. 0.125

aCalculated Average Surface Energy over Wulff Construction γme and
Experimental Value of Liquid Rh.77.

Figure 5. Calculated average binding energy ECO
ab (circle) of CO on

Rh(111) versus CO coverage. The result is fitted to a quadratic
polynomial, ECO

ab = −1.46 − 0.65θ + 1.56θ2, and plotted by a solid line
for convenience of the interpolation. The dashed line is the differential
binding energy, ECO

dif = −1.46 − 1.31θ + 4.67θ2.
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calculated and plotted in Figure 7. The average energy ΔENP
(eq 2), which is a factor of 11/2 larger than that of ΔμNP, is also

plotted for reference. It can be found that, with decrease of d
from 100 to 50 Å, ΔμNP increases slowly up to 0.14 eV with
respect to infinite-size Rh. Further decrease of d will lead to a
rapid increase of ΔμNP(d), for instance, 0.23 eV at 30 Å and
0.68 eV at 10 Å.
It was reported that chemical potential of supported metal

particles at small size was underestimated if the size-
independent surface energy is used in the G−T relation (eq
4).11,56 The high ratio of the coordinate-unsaturated atoms
exposed at small size would increase the surface energy and
make it size dependent. To see the size effect on the surface
energy and chemical potential of Rh particles considered here,

we constructed three cuboctahedral Rh nanoparticles including
N = 55, 79, and 201 atoms as plotted in Figure 4b,c,d based on
above Wulff construction of infinite-size Rh. Effective diameters
d = 2R calculated by V = NΩ = 4πR3/3 are 11.5, 13.0, and 17.7
Å, respectively. The three Rh nanoparticles were fully relaxed.
The average energies calculated with respect to infinite size Rh
(ΔENP) are 1.09 (N = 55), 0.91 (N = 79), and 0.64 (N = 201)
eV/Rh atom, and the corresponding chemical potentials ΔμNP
are 0.73, 0.61, and 0.42 eV/Rh atom, which all are included in
Figure 7. For comparison, corresponding chemical potentials
from the G−T relation, using the surface energy of infinite-size
Rh, are 0.60, 0.53, and 0.39 eV. Although the result based on
the G−T relation are indeed underestimated, the difference is
only 0.13 eV/Rh atom for the smallest Rh nanoparticle (d =
11.5 Å) considered. For the Rh nanoparticle of d = 17.7 Å, the
difference already falls to 0.03 eV/Rh atom. This indicates that,
for Rh particles considered here, the size effect on the surface
energy and chemical potential is modest. To rationalize this
result, we note that the optimized surface in-plane lattice
constants of Rh particles are found to decrease on average by
about 0.08 Å (3% lateral contraction), compared to the bulk
truncated one. It is likely that, at small particle size, the decrease
of the surface energy from the smaller in-plane lattice constant
compensates the increase of the surface energy from the higher
ratio of the coordinate-unsaturated atoms exposed.
For Rh particles under CO that can adsorb, corresponding

chemical potential Δμ̅NP becomes a function of both the
diameter d and chemical potential ΔμCO of CO. For CO
adsorption, one should in principle consider all possible facets
exposed. The procedure would be rather tedious, since under
different ΔμCO, adsorption configuration could be different and
vary further on different facets. All these would change
corresponding morphology. This may be more involved by
considering the possible size effect upon CO adsorption. As an
approximation, we considered only Rh(111), thus neglecting all
other facets exposed. This approximation is rationalized by a so-
called compensation effect. First, though the different facets
may interact differently with CO, the facets with higher surface
energy would bind more strongly with CO. Second, although
the smaller particles may interact differently with CO, the
smaller particle with a higher ratio of coordinate-unsaturated
metal atoms would also bind more strongly with CO. Actually,
as indicated above, the surface energy of Rh(111) is close to the
average one from Wulff construction, and the size effect on the
chemical potential of free-standing Rh particles is also small.
The validity of the approximation is justified finally by the nice
agreement of CO induced disintegration of Rh at the broad T,
P, and d range as discussed below.
Before presenting chemical potential of supported Rh

particles under CO for following application, we note that in
experiment the size of supported particles is usually measured
by the diameter d of the projection of the particle of the radius
R on support, as indicated in Figure 1. To compare with
experiment, the d instead of R is used in the following without
mention otherwise. Considering the contact angle α, the
relation between d and R is as follows: when 0 < α ≤ π/2, d =
2R sin (α), and when π/2 ≤ α ≤ π, d = 2R. For TiO2(110)
supported Rh particles, the contact angle α can be estimated
from the experiment,37 where the height/diameter ratio of
supported Rh particles was approximately 0.3 at the coverages
considered. Corresponding contact angle α is estimated to be
π/3, and R = d/√3.

Figure 6. (a) Calculated CO coverage θ (ML) on Rh(111) versus
chemical potential ΔμCO of CO in gas phase. (b) Reduction of surface
energy Δγme of Rh(111) due to CO adsorption, and the fitted
quadratic polynomial is Δγme

(111) = −0.124 − 0.115ΔμCO −
0.0215ΔμCO2 for convenience of the interpolation. The relation
between ΔμCO and T at 10−1 mbar and P at T = 300 K is indicated in
the top panel.

Figure 7. Chemical potential ΔμNP (dashed line) and average energy
ENP (solid line) of free-standing Rh particle in the absence of reactants
versus the diameter d. The surface energy used is the average surface
energy of infinite-size Rh based on Wulff construction. The open and
solid circles are calculated energies of Rh particles (see Figure 4). The
zero reference is infinite-size Rh.
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The resulted Δμ̅NP versus the reciprocal of d and ΔμCO is
plotted in Figure 8. Under a given ΔμCO, Δμ̅NP increases

linearly with the reciprocal of d, as expected. Whereas under a
given d, Δμ̅NP decreases monotonically with increase of ΔμCO.
Namely, supported Rh particles would be stabilized gradually
with increase of chemical potential of CO (higher P or lower T)
due to the adsorption of CO, which is not surprising at all.
Interestingly, larger Rh particles under lower ΔμCO could have
the same chemical potential as those of smaller ones under
higher ΔμCO, which manifests again the stabilization of
reactants. Pronounced influence of reactants on chemical
potential of supported metal particles would affect the sintering
rate, as found in recent experiments.60 Its interplay with the
stabilization of the metal adatoms would determine the overall
effect of reactants on sintering and disintegration.
3.4. Gibbs Free Energy of Disintegration. Based on the

above energetics, the influence of T and P of CO on sintering
and disintegration of supported metal particles at given size was
studied first. In the experiment,37 the diameter of Rh particles
on TiO2(110) as prepared at the submonolayer regime of Θ =
0.01 ML falls in the range of 10−20 Å, and increased slightly at
0.05 ML. Considering the limitation of the present theory and
experimental error bar at small radius, we set the particles of the
diameter d = 20 Å in calculation. The configuration entropy S
of the formation of the individual complexes due to the
disintegration of Rh particles at Θ = 0.01 ML is 4.83 × 10−4,
and should be taken into account. Corresponding Gibbs free
energy of disintegration ΔGNP

dis (T, P) of the Rh carbonyl
complexes was parametrized accordingly

μ γΔ = − × Δ − ̅
− × −

G T P E n T P T P

T

( , ) ( , ) 3.74 ( , )

4.83 10

NP
dis

carb
f

CO me
4 (26)

where n = 1 represents for the monocarbonyl Rh(CO) and n =
2 for the dicarbonyl Rh(CO)2.
The dependence of ΔGNP

dis (T,P) on T was studied at
experimental condition of P = 10−1 mbar.37 Calculated ΔGNP

dis

for both Rh(CO) and Rh(CO)2 are shown in Figure 9 for T in
the range 100−1000 K. It can be found that calculated ΔGNP

dis

decreases almost linearly with decrease of T, namely, lower T
(higher ΔμCO) favors the formation of the Rh carbonyl
complexes. Meanwhile, formation of Rh(CO)2 complexes

becomes energetically favorable when T < 750 K because of
relatively lower ΔGNP

dis . Accidentally, CO starts to adsorb on Rh
particles since the corresponding ΔμCO > −1.52 eV (Figure
6b). To be exothermic adsorption of CO on Rh adatoms
(criterion defined by eq 15), the corresponding ΔμCO must be
higher than −2.18 eV (T ≤ 770 K at P = 10−1 mbar) for
Rh(CO), and −2.15 eV (T ≤ 760 K) for Rh(CO)2.
Considering ΔGNP

dis for Rh(CO) and Rh(CO)2 cross at 750
K, this says that Rh(CO) complexes instead of the metal
adatoms will become the dominant monomers for T in the
range of [750, 770] K, whereas the dominant complexes will
become Rh(CO)2 for T in the range of [370, 750] K. Once the
diffusivity and barrier of the monomers (the metal adatoms and
the metal−reactant complexes) are available, the corresponding
total activation energies Etot and E̅tot can be calculated. Whether
Ostwald ripening will be assisted by CO could be justified by
eqs 19 and 20. When T ≤ 370 K, the corresponding ΔGNP

dis

crosses the zero reference, criterion defined by eq 23 is satisfied.
Rh particles of d = 20 Å will be disintegrated to the individual
Rh(CO)2, in the case of no kinetics hindrance.
Now, we turn to the influence of P on sintering and

disintegration at experimental conditions of T = 300 K,37 and
the calculated ΔGNP

dis (T, P) is plotted in Figure 10. It can be
found that ΔGNP

dis for both Rh(CO) and Rh(CO)2 decrease
almost linearly with increase of lg(P). Higher P would favor the
formation of the metal−carbonyl complexes. Similar to above,
one can find that, for P in the range of [10−25, 10−24] mbar
which could occur at most experimental conditions, Rh(CO)
instead of the metal adatoms will become the dominant
monomers, whereas for P in the range of [10−24, 10−4] mbar,
dominant complexes will become Rh(CO)2. When P > 10−4

mbar, ΔGNP
dis crosses the zero reference and becomes negative.

Accordingly, Rh particles of d = 20 Å will be disintegrated to
the individual Rh(CO)2.
To see the size dependence of the disintegration induced by

CO, T and P are fixed at the experimental condition of 300 K
and 10−1 mbar.37 Under these conditions (ΔμCO = −0.76 eV)
according to Figure 6, the reduction of the surface energy of Rh
particles due to CO adsorption is 0.050 eV/Å2, and the effective
surface energy γm̅e becomes 0.069 eV/Å

2, which is much smaller

Figure 8. Contour plot of chemical potential Δμ̅NP of TiO2(110)
supported Rh particles versus the chemical potential ΔμCO and the
reciprocal of the diameter d. The contact angle α = π/3 estimated from
the experiment37 was used here and in the following figures without
mention otherwise.

Figure 9. Temperature dependence of the Gibbs free energy of
disintegration ΔGNP

dis of the metal−reactant complexes of Rh(CO) (red
solid line) and Rh(CO)2 (blue solid line) with respect to TiO2(110)
supported Rh particle of the diameter d = 20 Å under 10−1 mbar CO.
The vertical dashed lines from right to left represent the temperature
boundary for which Rh(CO) and Rh(CO)2 complexes becomes the
dominated monomers, and the supported Rh NP of interest is
disintegrated into Rh(CO)2, respectively.
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than that of the bare bulk (0.119 eV/Å2). On the other hand,
the formation of Rh(CO)2 is thermodynamically more
favorable than that of Rh(CO) at this particular condition.
Corresponding ΔGNP

dis for Rh(CO)2 versus d was parametrized
and became only the function of d.

Δ = −G d d( ) 0.08 5.16/NP
dis

(27)

The calculated result is plotted in Figure 11. It can be found
that ΔGNP

dis decreases with decrease of d and crosses the zero

reference at about 60 Å. This tells that Rh particles of the
diameter less than this would be disintegrated into Rh(CO)2 at
T = 300 K and P = 10−1 mbar. With further decrease of the size,
the rate of the disintegration would increase due to the
dramatic drop of ΔGNP

dis providing an even larger driven force.
3.5. Discussion. The results above reproduce well the

broad T, P, and d range over which the sintering and
disintegration occurred in such experiments even on different
supports.35−40 For TiO2(110) supported Rh particles as
prepared at d in the range 10−20 Å,37 the size decrease was
indeed observed at P = 10−3 mbar and 300 K. As seen from
Figure 10, P = 10−3 mbar falls in the pressure window of
disintegration (P > 10−4 mbar). With gradual increase of P up

to 10−1 mbar, the experiment found that the rate of the
disruption of supported Rh particles as prepared increases
rapidly, and disappeared completely with time. This is
understandable because corresponding pressure falls well in
the pressure window for disintegration according to above
calculation. In a time-resolved in situ Fourier transformed
infrared adsorption spectroscopy (FT-IR) study of Al2O3-
supported Rh particles (298 K and 26.7 kPa),38 the Rh(CO)
complex was found at the initial exposure of CO, but only the
Rh(CO)2 complex was observed under the extended exposure.
This can be rationalized by the above calculations which predict
that the Rh(CO)2 complex is thermodynamically more
favorable at the experimental conditions. It is likely that the
kinetics hindrance of adsorbed CO attaching to the metastable
Rh(CO) allows it to be observed by experiment. CO induced
disintegration of Rh particles supported on planar SiO2 was also
studied by Goodman and co-workers using polarization
modulation infrared adsorption spectroscopy (PM-IRAS).40

For Rh particles of d = 16 Å on average, Rh(CO)2 PM-IRAS
signal was detected when P > 10−5 mbar at 400 K. The increase
of signal intensity with P also corroborates well with lower
Gibbs free energy of formation of the complexes with P plotted
in Figure 10.
STM experiment37 found that disintegrated Rh species from

the Rh particles of d = 10−20 Å on TiO2(110) at 10−1 mbar
CO and 300 K started to agglomerate and form small Rh
particles, when the samples was annealed up to 400 K under
the same P. Experiments found further that, when annealing T
was increased further to 600 K, the average diameter of the Rh
particles attained a value of 55 Å. In contrast, without the
pretreatment of CO, the Rh particles as prepared in the range
10−20 Å attained only the average diameter of 35 Å when the
samples were annealed at 900 K under ultrahigh vacuum. As
shown in Figure 9, when T is higher than 370 K at 10−1 mbar
CO, ΔGNP

dis becomes positive, and falls in the temperature
window dominated by Rh(CO)2 monomers. Since the
concentration of the corresponding monomers is much higher
than that of the metal adatoms in the absence of CO,
agglomeration to the larger metal particles would be promoted.
In terms of the size effect, experiments37 found that under

10−1 mbar CO and at 300 K, the Rh particles of d = 10−20 Å
supported on TiO2(110) were rapidly disintegrated into
atomically dispersed species, while the process was slow for
those with d = 30−40 Å, and did not occur for those with d =
80−100 Å particles, even at higher P and extended exposure
time. These experimental results are corroborated again by our
result shown in Figure 11, which indicates that the Rh particles
of the diameter less than ∼60 Å would be disintegrated by CO,
whereas the larger one would be resistant to the disintegration.
Similar size dependence of the disintegration by CO was also
found on SiO2 supported Rh particles.40 In that work, the PM-
IRAS intensity of the Rh(CO)2 complexes disintegrated from
the Rh particles of d = 16 Å was found at 10−1 mbar and 400 K,
but no Rh(CO)2 signal was detected for the Rh particles of d =
37 Å under same conditions.
Excellent agreement between theory and experiment over the

broad range of temperature, pressure, and particle size justifies
the theory developed and approximation of surface energy of
supported Rh particles. This also shows that the formation of
the metal−reactant complexes as favorable monomers plays a
crucial role in the sintering and disintegration of supported
metal particles under reaction conditions. Depending on the
conditions, it could act not only as transient monomers to assist

Figure 10. Pressure dependence of the Gibbs free energy of
disintegration ΔGNP

dis of the metal−reactant complexes of Rh(CO)
(red solid line) and Rh(CO)2 (blue solid line) with respect to
TiO2(110) supported Rh particle of the diameter d = 20 Å at T = 300
K. The vertical dashed lines from left to right represent the pressure
boundary for which Rh(CO) and Rh(CO)2 complexes becomes the
dominated monomers, and the supported Rh NP of interest is
disintegrated into Rh(CO)2, respectively.

Figure 11. Size dependence of the Gibbs free energy of disintegration
ΔGNP

dis of the metal−reactant complexes of Rh(CO)2 with respect to
TiO2(110) supported Rh particle under 10−1 mbar CO at T = 300 K.
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Ostwald ripening, but also as the final product of the
disintegration. It is interesting to note that the calculations
based on TiO2(110) could rationalize the experimental results
of Rh disintegration on various supports. This indicates that the
overall processes considered is less sensitive to the supports,
which is understandable due to the strong interaction between
CO and Rh. The mechanism presented could apply for various
metal−oxide systems and chemical environments. For instance,
NO molecules, which interacts strongly with transition
metals,79 could also induce the disintegration of supported
Rh particles.37 The formation of Rh-nitrosyl complexes was
found in the reaction between NO and CO, and was suggested
to be responsible for the observed redispersion.24 For Pt
interacting strongly with both CO and O2, the presence of
either of them was also found to influence the corresponding
sintering and redispersion process.46,47,80

4. SUMMARY

We develop an atomistic theory of Ostwald ripening and
disintegration of supported metal particles under reaction
conditions. The influence of the adsorption of reactants on the
surface energy and chemical potential of supported metal
particles are well described. For reactant assisted Ostwald
ripening and induced disintegration, the strong interaction
between reactant and metal adatom is essential. Corresponding
thermodynamic criteria and the Ostwald ripening rate equation
are derived. When the adsorption of reactants on the metal
adatoms is exothermic, the metal−reactant complexes becomes
the dominant monomers. If the total activation energy of the
complexes as monomers is lower than that of the metal
adatoms in the absence of reactants, Ostwald ripening will be
promoted. When the formation of the complexes becomes
exothermic with respect to the supported metal particles of
interest, the metal particles will be disintegrated to the
individual complexes. The disintegrated metal−reactant com-
plexes could be subjected to further reduction for regeneration
of the catalysts with desired dispersion.
A prominent feature of the theory developed is that most of

the energetics and kinetics data required can be calculated
conveniently by first-principles theory. These would allow for a
rapid, quantitative, and systematic exploration of sintering and
redispersion of supported metal particles in huge phase space of
structures and compositions under various reaction environ-
ments. To suppress the Ostwald ripening rate under given
reaction conditions, the support with higher total activation
energies for both the metal adatoms and metal−reactant
complexes are essential. The Ostwald ripening rate could be
suppressed further by preparing the homogeneous distributed
metal particles with identical size. To facilitate the disintegra-
tion and redisperse the low surface area catalysts, one should
choose proper reactant gases and control reaction conditions
(temperature and pressure) in such a way that the
corresponding Gibbs free energy of disintegration becomes
exothermic.
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Chem. 1986, 91, 1486.
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(63) Roldań, A.; Viñes, F.; Illas, F.; Ricart, J. M.; Neyman, K. M.
Theor. Chem. Acc. 2008, 120, 565.
(64) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.;
McDonald, R. A.; Syverud, A. N. JANAF Thermochemical Tables, 3rd
ed. J. Phys. Chem. Ref. Data 1985, 14, Suppl. 1.
(65) Reuter, K.; Scheffler, M. Phys. Rev. B 2001, 65, 035406.
(66) Houk, L. R.; Challa, S. R.; Grayson, B.; Fanson, P.; Datye, A. K.
Langmuir 2009, 25, 11225.
(67) Behafarid, F.; Cuenya, B. R. Surf. Sci. 2012, 60, 908.

(68) Dadyburjor, D. B.; Marsh, S. P.; Glicksman, M. E. J. Catal. 1986,
99, 358.
(69) Theis, W.; Bartelt, N. C.; Tromp, R. M. Phys. Rev. Lett. 1995, 75,
3328.
(70) Bartelt, N. C.; Theis, W.; Tromp, R. M. Phys. Rev. B 1996, 54,
11741.
(71) Morgenstern, K.; Rosenfeld, G.; Comsa, G. Surf. Sci. 1999, 441,
289.
(72) Morgenstern, K.; Rosenfeld, G.; Comsa, G.; Sorensen, M. R.;
Hammer, B.; Laegsgaard, E.; Besenbacher, F. Phys. Rev. B 2001, 63,
045412.
(73) Datye, A. K.; Xu, Q.; Kharas, K. C.; McCarty, J. M. Catal. Today
2006, 111, 59.
(74) Larsson, E. M.; Millet, J.; Gustafsson, S.; Skoglundh, M.;
Zhdanov, V. P.; Langhammer, C. ACS Catalysis 2012, 2, 238.
(75) Reuter, K.; Scheffler, M. Phys. Rev. B 2003, 68, 045407.
(76) Kresse, G.; Furthmuller, J. Phys. Rev. B 1996, 54, 11169.
(77) Overbury, S. H.; Bertrand, P. A.; Somorjai, G. A. Chem. Rev.
1975, 75, 547.
(78) Smedh, M.; Beutler, A.; Borg, M.; Nyholm, R.; Andersen, J. N.
Surf. Sci. 2001, 491, 115.
(79) Zeng, Z. H.; Da Silva, J. L. F.; Li, W. X. Phys. Chem. Chem. Phys.
2010, 12, 2459.
(80) Chaab̂ane, N.; Lazzari, R.; Jupille, J.; Renaud, G.; Soares, E. A. J.
Phys. Chem. C. 2012, 116, 23362.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3087054 | J. Am. Chem. Soc. 2013, 135, 1760−17711771


