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Revealing the fundamental mecha-

nisms governing reactant-induced

disintegration of supported metal

nanoparticles and their dependences

on the metal component and reac-

tant species is vital for improving

the stability of supported metal

nanocatalysts and single-atom cata-

lysts. Here we use first-principles-

based disintegration thermodynam-

ics to study the CO- and OH- in-

duced disintegration of Ag, Cu, Au,

Ni, Pt, Rh, Ru, and Ir nanoparticles

into metal-reactant complexes

(M(CO)n, M(OH)n, n=1 and 2) on the pristine and bridge oxygen vacancy site of TiO2(110).
It was found that CO has a stronger interaction with these considered transition metals com-

pared to OH, resulting in lower formation energy and a larger promotion effect on the disinte-

gration of nanoparticles (NPs). The corresponding reactant adsorption energy shows a linear

dependence on the metal cohesive energy, and metals with higher cohesive energies tend to
have higher atomic stability due to their stronger binding with reactant and support. Further

disintegration free energy calculations of NPs into metal-reactant complexes indicate only CO-

induced disintegration of Ni, Rh, Ru, and Ir nanoparticles is thermodynamically feasible.
These results provide a deeper understanding of reactant-induced disintegration of metal

nanoparticles into thermodynamically stable metal single-atom catalysts.
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 I.  INTRODUCTION

Keeping the operando stability and flexibility of

highly active metal nanoparticles (NPs) and even single-

atom catalysts (SACs) is crucial for energy and environ-

mental sustainment [1−5]. Under reaction conditions,

these nanocatalysts are highly dynamic and may grow

in size through Ostwald ripening mechanisms [6−10] or

disintegrate into smaller clusters or even single atoms

[11, 12]. The SACs, which have high atomic efficiency

and well-defined active sites, also tend to aggregate via

reactant-assisted nucleation and growth [13−19]. Re-

vealing the underlying fundamental mechanisms gov-

erning reactant-induced disintegration of metal

nanoparticles during the reaction remains an issue to
maintain the long-term stability of these catalysts.
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Thermodynamically, disintegration occurs when the

metal atoms have stronger bindings with surface sites or

the reactant ligands, compared to the metal-metal bind-

ings in the NPs [11, 20−23]. Disintegration greatly re-
lies on the temperature or the reactant, which may

tweak the composition and structures of the support

[23, 24] or even reverse the metal atoms back to the

larger NPs [25, 26]. The metal-support-reactant inter-

play of the SACs is vital for their trapping, stabiliza-

tion, and manipulation of the corresponding electronic

structures [27−30]. Such interplay further involves the

strain of core-shell structure [31, 32], reactant-induced

structural distortions [16], and coordination atoms ad-

justment [33]. Nevertheless, a deeper understanding of

the disintegration of NPs and the stability of SACs un-

der reaction conditions, especially the dependence on

metal-reactant interaction, is still highly desired for im-

proving the stability of these nanocatalysts.
In this work, we studied the effects of the reactant,

metal, and support defect on NPs disintegration. Densi-

ty functional theory (DFT) calculation was performed

for the surface monomers formation and NPs disinte-

gration of eight metals (M=Ni, Cu, Ag, Au, Pt, Rh, Ru,

and Ir) and their metal-reactant complex (M(CO)n and

M(OH)n, n=1, 2) on pristine and oxygen vacancy defec-

tive rutile TiO2(110). It shows the disintegration of NPs

of these metals on TiO2(110) is not thermodynamically

favored under an inert or H2O atmosphere, regardless of

the pristine or defective surface. In contrast, under CO

conditions, the disintegration of NPs and the formation

of single metal atoms is more favored, probably due to
the stronger adsorption energies of CO on supported

metal atoms. As a comparison, metals with higher cohe-

sive energies  generally show higher single atom aggre-

gation resistance under reaction conditions, because of

the stronger binding between the metal atom and reac-

tant molecules.

 II.  METHODS

The Vienna Ab  initio Simulation Package (VASP

5.4) [34] was used with the projector-augmented wave

method [35] and Perdew-Burke-Ernzerhof (PBE) func-

tional [36] for all calculations. The cutoff energy of the

plane wave basis set was set to 400 eV. The spin polar-

ization was considered. Monkhorst-Pack k-points were

set to 3×3×1. Systems were relaxed until the force on

each atom was less than 0.02 eV/Å. Optimized rutile

(110) parameters were a=4.598 Å, c=2.958 Å, which

match well with experimental values a=4.593 Å,

c=2.959 Å [37]. In this work, we used experimental co-

hesive energies [38] for the supported metal atoms and

complexes.
Adsorption structures on rutile (110) were described

by a (2×4) slab with a 15 Å vacuum layer. Four Ti-O

layers were used and the top two were relaxed for opti-

mization while the bottom two were fixed, and dipole

correction was considered. Various adsorption sites of

surface metal atoms or complexes on the pristine sur-

face were considered and illustrated in FIG. S1 in Sup-

plementary materials (SM). The preferred sites are list-
ed in Table S1 in SM. For the defective rutile (110) sur-

face, the surface bridge oxygen vacancies were consid-

ered and the spatial distribution was evaluated (see de-

tails in SM). In this work, one surface bridge oxygen

atom was removed from each supercell, leading to a 1/8

oxygen vacancy coverage. Monkhorst-Pack k-points

were set to 3×3×1. Systems were relaxed until the force

on each atom was less than 0.02 eV/Å.

Ueff = U − J = 3 eV
The effect of Hubbard U correction was evaluated.

At , the formation energy increas-

es with a maximum of 0.22 eV on rutile (110). Because

this value was small compared to the difference be-

tween metals (2.66 eV of the formation energy differ-

ence between Ir and Ni), the Hubbard U correction was

not considered in this work. For the formation energy of

a metal atom or metal-reactant complexes, the experi-

mental metal cohesive energies [38] were used.

 III.  RESULTS AND DISCUSSION

 A.  Formation energy

The aggregation of the supported metal atoms and

disintegration of the NPs into dispersed species mainly

rely on the interplay of the supported metal atoms, re-
actants, and support [39]. Analyzing this interplay to
stabilize the supported metal atoms and NPs requires to
calculate the structures and energies of the dispersed

species. In this work, we focus on surface monomers

MXn which contains only one metal atom, and X is the

reactant ligand.

Ef

Under reaction conditions, a surface monomer is

formed when the metal atom detaches from metal NPs

via the metal-reactant complex and adsorbs on the sup-

port surface. The corresponding energy change is the

formation energy  and defined as: 
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Ef = Eslab (MXn)−Eslab (oxide)−EB (M)− n×E (X)
(1)

Eslab (MXn) Eslab (oxide) EB (M) E (X)where , , , and 
are the total energies of the surface monomers MXn on

the oxide surface, the slab of the oxide surface, a bulk

metal atom, and the gaseous reactant. Since OH is not

stable as a standalone molecule, we use gaseous H2O

and H2 as references.

Ef

Ef

Ef

Ef

The structures and energies of surface monomers are

calculated for eight transition metals (M=Ag, Cu, Au,

Ni, Rh, Pt, Ru, and Ir) and their reactant complex MXn

(n=1, 2; X=CO and OH) on pristine TiO2(110). Vari-

ous possible adsorption sites on the pristine surface are

considered and shown in SM. The corresponding  are

shown in FIG. 1, where metals in the x-axis are in as-

cending cohesive energy (Ecoh). As a typical case,  for

Au atom reaches 3.42 eV (black bar), indicating that in-

dividual Au atoms are difficult to be formed without re-
actant. When CO is introduced, the corresponding 
drops to 1.03 eV (red bar in FIG. 1(a)), which suggests

that CO can greatly induce the formation of Au species

in the form of AuCO. When the ligand turns to OH, 
of AuOH becomes 3.07 eV (red bar in FIG. 1(b)), which

is only 0.35 eV lower than that of Au. This small change

shows that OH can barely induce the formation of Au

monomers.
Ef

Ef

Ef

Ef

Ef

Ef

Ef

Similarly, for other metals, their  values without

reactant are all higher than 1.5 eV (black bars), which

shows that they are difficult to be formed without the

help of reactant. Introducing the CO (FIG. 1(a)) or OH

(FIG. 1(b)), the average drop  values of  are 2.39 eV
and 0.75 eV, respectively. This result shows that both

reactants can induce the formation of metal-reactant

complexes and the formation of CO complexes is more

favored than OH complexes, while metal NPs under the

CO atmosphere become more vulnerable than H2O con-

ditions on pristine TiO2(110). From FIG. 1(a), metal

atoms binding with two CO ligands show a lower and

usually negative  than that with one CO, and Ag and

Ru have the highest positive  (1.00 eV) and the low-

est negative  (−1.83 eV) in form of M(CO)2, repec-

tively. Comparing FIG. 1 (a) and (b), the  values of

M(OH) and M(OH)2 do not show apparent differences

under the OH environment and all are positive, indicat-

ing OH cannot facilitate the formation of a single metal

atom. Even a higher  (3.62 eV, blue bar in FIG. 1(b))

is found for Au(OH)2, compared to AuOH (3.12 eV)

and Au (3.43 eV). Metal monomers, such as Au(CO)2

or Pt(CO)2, cannot stably adsorb on TiO2(110), which

is consistent with the detachment observed in the ab
initio molecular dynamics study [40].

Eads

The formation energy includes two contributions at

the same time, one is that the metal atoms lose their

bonds with surrounding atoms, and the other is the for-

mation of new bonds with the support and reactants.
To more clearly see the contribution of the reactants

and to understand the underlying determinants, we cal-

culate the reactant adsorption energy ( ), which

measures the energy change of the reactant adsorbing

on the supported metal atom: 

Eads = Eslab (MXn)− Eslab (M)− n× E (X) (2)

Eslab (M)

Eads

where  is the total energies of surface single

metal atoms on the oxide surface. A lower (negative)

 represents a stronger binding between reactant

 

FIG.  1   Formation  energies  of  metal  atoms  or  complexes
on the pristine surface under (a) CO and (b) H2O environ-
ments (OH).
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Eads

Eads

Eads

Eads

|Eads|

and metal atoms. FIG. 2 shows how  changes with

different metals on the pristine surface. For each metal

M and reactant X combination, we choose the lower

 between MX and MX2. As shown in FIG. 2, all

monomers have negative  on the pristine surface,

indicating the reactants bind with all the metal atoms

and facilitate the formation of the corresponding metal-

reactant complexes. As Ecoh of metals increases (from

Ag to Ru),  becomes more negative for both CO

and OH. This result suggests that the binding between

reactant and metal atom is stronger for metals with a
higher Ecoh. As a result, metals with a high Ecoh tend to
combine with more ligand molecules, compared to low

Ecoh metals. The metal-reactant complexes of OH and

CO can be divided into two bands in FIG. 2 and the

complexes with OH (in red band) have a lower 
than that with CO (in grey band). This difference

shows that binding between metal atoms and OH is

much weaker compared to those with CO, which is con-

sistent with the result that CO has a relatively good

stabilizing effect on metal single atoms compared to

OH, as revealed in FIG. 1.

Ef

Under reducing atmospheres, oxygen vacancies may

form and stabilize these dispersed metal-reactant com-

plexes [40, 41]. Among the different oxygen vacancies of

TiO2(110) considered, the bridging oxygen vacancy is
energetically the most favorable. On the bridging oxy-

gen vacancies, we calculate the structures and forma-

tion energies of these eight metal monomers, as shown

in FIG. 3(a) (CO) and FIG. 3(b) (OH). Without reac-

tant, the introduction of vacancies reduces  of metal

atoms (black bars) by an average value of 0.63 eV com-

pared to the pristine surface of TiO2(110). This result

suggests that the additional coordination provided by

the vacancies is indeed beneficial for lowering the ener-

 

FIG.  2   The  reactant  adsorption  energy  of  different
monomers on the pristine surface. For a given metal-reac-
tant  combination,  the  corresponding  adsorption  energy  is
determined  by  the  lower  value  between  that  of  MX  and
MX2 (M=metal, X=OH or CO).

 

FIG.  3   Formation  energies  of  metal  atoms  or  complexes
on  the  bridging  oxygen  vacancy  of  TiO2(110) surface  un-
der (a) CO, and (b) H2O (OH). (c) Heatmap of the forma-
tion  energy  difference  between  the  pristine  and  defective
surface. For  the  formation  energy  difference,  red  or  blue
squares represent that monomers have lower formation en-
ergy on the pristine or defective surface; grey squares rep-
resent that the monomer detaches from the surface during
structure relaxation.
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Ef

Ef

gy of individual metal atoms. However, the contribu-

tion of this coordination (0.63 eV) is limited, compared

to the energy reduction brought about by reactant ad-

sorption on the pristine TiO2(110) surface (the decre-

ment of  is 2.39 eV for CO and 0.75 eV for OH in
FIG. 1). When CO and OH are involved, the average 
of all metals further drops from 2.26 eV (black bars) to
0.59 eV (MCO, red bars in FIG. 3(a)) and 2.19 eV

(MOH, red bars in FIG. 3(b)). Such difference shows

that CO complexes are more favored to form than OH

on the defective surface, similar to that on the pristine

surface.

Ef

Ef

Ef

Ef

Ef

Ef

To specifically show the influence of oxygen vacan-

cies on  of metal under CO and H2O environment,

the difference of  between pristine and defective sur-

faces is shown in FIG. 3(c). Red or blue squares in FIG.
3(c) represent a higher or a lower  on the defective

surface than that on the pristine surface respectively,

grey squares represent that monomers are thermody-

namically unstable on either surface. Most metals (M*)

have a decreasing  (blue squares) at the vacancy

sites, compared to the pristine surface. We note that Cu

and Ni have an increasing  and the metal atoms tend

to stay at the bridge oxygen site even if oxygen vacan-

cies exist, which may be attributed to the stronger

charge transfer between these metal atoms and the

bridge oxygen atoms of the rutile surface [42]. For metal-

reactant complexes, Pt, Rh, Ru, and Ir (right half, high

Ecoh) show a lower  values than Ag, Cu, Au, and Ni

(left half, low Ecoh). This contrast suggests that the

oxygen vacancies have a stronger stabilization effect if
their metals have a higher Ecoh, considering these met-

al atoms require more and stronger surface coordina-

tion and reactant ligands to become stable when they

detach from NPs and lose their surrounding coordinat-

ing metal atoms. We also calculate the reactant adsorp-

tion energy on the defective surface and plot them in
FIG. S3 in SM. Results indicate on the defective sur-

face, adsorption of the reactant on most metal atoms

(except Ni) is weaker than those on the pristine surface.
This difference is because additional coordination and

stronger charge transfer of the oxygen vacancy with

metal atoms decrease the capability of the metal atoms

to bind with the reactant molecules.
To provide more chemical insight, the crystal orbital

overlap population (COOP) is calculated for Rh(CO)2*

and Rh(OH)2* on both pristine and defective

TiO2(110), as shown in FIG. S6 in SM. The integrated

COOP (ICOOP) up to the Fermi level is also calculat-

ed to evaluate the bonding strength. For Rh(CO)2* on

the pristine surface, most antibonding states are unoc-

cupied, leading to a strong binding between CO and Rh.
For Rh(CO)2* on the defective surface, the antibond-

ing state is largely occupied and the ICOOP value de-

creases from 0.158 to 0.077. This suggests that the exis-

tence of oxygen vacancies greatly weakens the bonding

between Rh metal atoms and reactant CO. For the

Rh(OH)2*, the antibonding are largely occupied on

both pristine and defective surface and OH barely stabi-

lizes the Rh atoms, which also matches well with the

thermodynamic results.

 B.  Disintegration free energy

If the surface monomer is thermodynamically stable

compared to metal NPs, the disintegration of NPs oc-

curs. To access the improvement of the reactant on the

NPs disintegration, we calculate the disintegration

Gibbs free energy of the complex MXn (X=CO or OH,

n=1 or 2) [22]: 

∆Gdis (R, T, p) = Ef−n×∆µX (T, p)−∆ENP (R)−TS
(3)

∆ENP (R) = (3γΩ)/R

γ Ω

∆µX

where T and R are the temperature and radius of the

particles.  is the energy differ-

ence between the given NP and the bulk metals, where

 and  are surface energy and molar volume of bulk

metals.  is the chemical potential of the reactant

molecule in the gas phase: 

∆µX (T, p) = ∆µX (T, p0) + kT ln
(

p

p0

)
(4)

∆µX (T, p0)

p0

where  is the chemical potential of reactant

X at T and standard pressure , which is obtained from

ASE library [43], and p is the partial pressure of the re-
actant. S is the configurational entropy of the complex-

es on the surface. As a typical example, for a 0.01 cover-

age of the complexes, the estimated entropy contribu-

tion is 4.83×10−4T (in eV) [44].
∆Gdis

∆Gdis

∆Gdis ∆Gdis

 describes the energy difference of the surface

monomer with respect to the NP. A negative  in-

dicates that the disintegration of the given sized parti-

cles is thermodynamically favorable under a given T
and p. To evaluate the environmental contribution to

, FIG. 4(a) shows how  of NiCO changes

with T, p, and particle size. When T decreases from
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∆Gdis

∆Gdis

1500 K to 300 K and p increases from 10−8 bar to

102 bar,  decreases more than 4 eV. This suggests

that the disintegration behavior largely depends on the

actual reaction conditions; and in order to induce the

disintegration of  NPs, lower T and high p are more fa-

vored. For the particle size effect, FIG. 4(b) shows that

 decreases drastically below 4 nm and the differ-

ence between the bulk metals and 10 nm NPs is about

0.1 eV. This indicates that small NPs are more likely to
be disintegrated into monomers and large particles have

only minor differences compared to that of bulk metals.
Experimental observations also show that a higher reac-

tant pressure and lower temperature favor the disinte-

grations of Cu and Rh, and the dispersed metal can re-
form larger particles under higher temperatures [45, 46].

∆Gdis

We then move to the disintegration behavior of dif-

ferent metal nanoparticles. FIG. 5 shows  of sur-

∆Gdis

∆Gdis

∆Gdis

∆Gdis

∆Gdis

face monomers of different metals on perfect and defec-

tive surfaces. The T, p, and particle sizes are set to

400 K, 0.1 bar, and 4 nm. For all the metals we consid-

ered, only Ni, Rh, Ru, and Ir have negative  on

both pristine and defective surfaces, which shows that

only these metals can be dispersed into single atoms on

the pristine surface under such conditions. Compared to
non-reactant conditions, when CO is involved the

decrement of  is up to 3.45 eV (from Ir to

Ir(CO)2), while for OH this value is only 1.42 eV (from

Ru to Ru(OH)2). The monomers of CO (red circles) al-

so have lower  than that of OH (blue triangles).

This indicates that CO is a good reactant for the disin-

tegration of the NPs and stabilization of the SACs on

TiO2(110), compared to OH. This reactant stabiliza-

tion effect dominates even when oxygen vacancy is in-

volved, where  of monomers at the pristine sur-

face (red solid circles) is lower or slightly higher

(0.08 eV) than that at the defective surface (red hollow

circles). For other metal-reactant combinations which

have positive , although the introduction of the

reactant still induces the formation of the metal-reac-

tant complexes, the monomers are thermodynamically

unstable on the TiO2(110) compared to the NPs. These

monomers tend to recombine with NPs and other pro-

cesses, such as Ostwald ripening, may happen. This re-
sult gives valuable suggestions about tuning the stabili-

 

FIG.  4   Temperature, pressure, and particle size effect on
the disintegration free energy. (a) Contour plot of disinte-
gration  free  energy  of  4  nm  Ni  particles vs. temperature
and CO pressure. (b) Disintegration free energy of Ni NPs
vs. the particle size. The dashed line represents the energy
of the bulk Ni.

 

FIG.  5   Disintegration  free  energy  of  different  surface
monomers on rutile  (110). The lower energy is  chosen for
monomers  between  MX and MX2 (M=metal,  X=CO and
OH). Solid  and  hollow  symbols  represent  the  energies  on
pristine and defective surfaces. The temperature, pressure,
and particle size are set to 400 K, 0.1 bar, and 4 nm, re-
spectively.
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ty of the nanocatalysts with the impact of defects and

reactants.

 IV.  CONCLUSION

We used first-principles thermodynamics calcula-

tions to study the disintegration of eight transition met-

als (Ag, Cu, Au, Ni, Rh, Pt, Ru, and Ir) into metal-re-

actant complex MXn (n=1, 2; X=CO, OH) on rutile

TiO2(110) surface. It shows that CO can effectively dis-

perse Ni, Rh, Ru, and Ir nanoparticles thermodynami-

cally, due to its strong binding with supported metal

atoms, compared to OH. Metals with higher cohesive

energies tend to have a higher atomic aggregation-resis-

tance stability due to their stronger binding with reac-

tant and support. This work provides a valuable under-

standing of the disintegration of metal nanoparticles, as

well as the preparation of stable single-atom catalysts.

Supplenmentary materials: Additional figures and ta-

bles illustrating benchmarks of the energies, distribu-

tions of oxygen vacancies, adsorption sites of

monomers, and disintegration free energies under differ-

ent conditions are available.
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