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Abstract One of the technologically most important

requirements for the application of supported metal nano-

particles (NPs) to the field of heterogeneous catalysis is the

achievement of thermally and chemically stable systems

under reaction conditions. For this purpose, a thorough

understanding of the different pathways underlying coarsen-

ing phenomena is needed. In particular, in depth knowledge

must be achieved on the role of the NP synthesis method,

geometrical features of the NPs (size and shape), initial NP

dispersion on the support (interparticle distance), support pre-

treatment (affecting its morphology and chemical state), and

reaction environment (gaseous or liquid medium, pressure,

temperature). This study provides examples of the stability

and sintering behavior of nanoscale systems monitored ex

situ, in situ, and under operando conditions via transmission

electron microscopy, atomic force microscopy, scanning

tunneling microscopy, and X-ray absorption fine-structure

spectroscopy. Experimental data corresponding to physical-

vapor-deposited and micelle-synthesized metal (Pt, Au) NPs

supported on TiO2, SiO2 and Al2O3 will be used to illustrate

Ostwald-ripening and diffusion coalescence processes. In

addition, the role of the annealing environment (H2, O2, water

vapor) on the stability of NPs will be discussed.

Keywords Coarsening � Sintering � Ostwald-

ripening � Diffusion-coalescence � Operando � Pt �
Au � TiO2 � SiO2 � ZrO2 � Al2O3 � Micelle �
Nanoparticle � Environment effect � Interparticle

distance � Size effect � Thermal stability �
Encapsulation � Redispersion

1 Introduction

Size-dependent changes in the binding of adsorbates [1, 2],

enhanced activity [3–10], and distinct selectivity of nano-

particle (NP) catalysts as compared to their bulk counter-

parts have been reported. Significant attention has been

dedicated to the study of sintering phenomena in nanoscale

catalysts due to the detrimental effect that the concomitant

loss of surface area has on the catalyst activity and dura-

bility [3, 11–18]. Thus, rationally engineering supported

NP systems that guarantee the stability of their active

elements in the course of a chemical reaction is funda-

mental in order to ensure their optimum performance in an

industrial setting [19]. This review describes several

parameters which are considered key players dominating

the thermal and chemical stability of NP catalysts, namely,

the NP geometry and arrangement (size, shape, interparti-

cle distance) [20–24], NP synthesis method [25], support

[23, 25–29], pre-treatment [30, 31], and environment

[30, 32–39].

Two main sintering mechanisms have been commonly

considered:[25, 40–46] (i) Ostwald-ripening, where atoms

detach from small clusters and diffuse over the support sur-

face until they find larger clusters, and (ii) diffusion-coa-

lescence, where entire NPs diffuse across the support surface

until they meet other NPs leading to coalescence. Numerous

examples of both coarsening models can be found in the

literature [20, 25, 27, 28, 30, 40–51], including the appear-

ance of both mechanisms in parallel, with the dominant

pathway being strongly dependent of the material system

under investigation [22, 27, 28, 47, 52, 53], the initial NP

size, [36–38] and specific environmental conditions

(annealing temperature, time, surrounding gas/liquid). For a

seemingly simple system, the diffusion of Ag islands on Ag

single crystal surfaces, different coarsening trends were
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observed when either Ag(111) or Ag(100) supports were

considered, with Ostwald ripenning being dominant on the

former system and diffusion-coalescence on the latter [23].

In general, Ostwald ripening has been reported to underlie

sintering phenomena taking place under oxidizing condi-

tions, while diffusion-coalescence has been more commonly

observed in reducing environments [25, 28, 47]. For

instance, Ostwald ripening was also found to be responsible

for the sintering of physical-vapor-deposited (PVD) Ag and

Au NPs on TiO2(110) under CO/O2 (2:1 ratio, 10 Torr, room

temperature) [54]. The latter observation was explained

through O2-induced Au–Au bond weakening. The formation

of mobile Au species was also reported for PVD Au NPs on

FeO(111) upon exposure to CO/O2 and CO environments at

1.5 Torr, and assigned to a CO-induced weakening of the

NP-support bond [55]. The presence of oxygen vacancies on

the support has also been suggested to strongly influence NP

mobility and sintering [27, 56–58].

The NP synthesis method and initial NP distribution on

the support also strongly influence their stability [24, 25].

Various tactics have been employed in the past to enhance

the stability of supported NP catalysts by confining them in

mesoporous matrixes, coating them with ligands, partially

over-coating the NPs with the support using atomic layer

deposition (ALD) methods, as well as through post-prepa-

ration chemical redispersion pre-treatments [10, 25, 30, 49,

59–69]. For example, under ultra-high vacuum (UHV)

conditions, micelle-synthesized Au and Pt NPs supported on

SiO2/Si(111) and TiO2(110) were found to be significantly

more stable against NP migration and ripening [1, 25, 30, 60,

68–70] than PVD NPs [71, 72]. Nevertheless, following

some of these novel synthesis approaches, challenges still

remain to ensure that the catalytically active sites remain

free from contaminants from the synthesis selected or that

the active sites are well accessible to the reactants.

Recently, attention has been paid to monitoring sintering

processes not only before and after a given thermal treat-

ment [19–22, 25–29, 73] in a given gaseous or liquid

chemical environment, but during the process itself under

in situ and operando conditions [23, 74–77]. This has been

made possible through the development of more sensitive

microscopic (i.e. environmental transmission electron

microscopy, E-TEM, or high pressure scanning tunneling

microscopy, HP-STM) and spectroscopic techniques (i.e.

X-ray absorption fine-structure spectroscopy, XAFS, or

grazing-incidence small-angle scattering, GISAXS) and

their adaptation for use under more realistic conditions (i.e.

high temperatures and pressures). For example, sintering

due to Ostwald ripening was observed via E-TEM for PVD

Pt NPs on thin SiO2 and Al2O3 films under 7.5 Torr of

synthetic air (21 % O2 ? 79 % N2) at 650 �C [50, 51]. In

contrast, enhanced stability against sintering and/or redi-

spersion was observed in situ for Pt NPs on nanocrystalline

Al2O3 via XAFS when annealed in pure oxygen under

atmospheric pressure conditions at 450 �C, or up to 650 �C

in H2 after a pretreatment in pure O2 [30]. These results

highlight that comparisons between seemly analogous

material systems can only be made if the thermal treatment

is carried out under the same conditions, namely, identical

gas content and pressure, temperature, and time. An earlier

review article by Bartholomew [78] already warned against

the common mistake of generalizing the effect of the

environment on NP sintering without considering all

experimental details. In particular, annealing highly dis-

persed (low metal loading) Pt NPs supported on alumina in

H2 at 650 �C results in more sintering as compared to

annealing in air [78]. In contrast, the exact same treatment

leads to the opposite trend when initially poorly dispersed

NPs (high metal loading) are considered.

Therefore, part of the discrepancy found in the literature

on the role of O2 on sintering, with some reports describing

enhanced sintering rates under O2, [47, 50, 51, 79–83] and

others describing lack of sintering, NP redispersion and/or

loss of material, [30, 73, 84–93] might be simply assigned

to the distinct environmental conditions employed. For

instance, the partial pressure of oxygen could play a role

[82], and the use of synthetic air versus pure O2 during

annealing might favor ripening. In addition, trace amounts

of chlorine leftover from metal precursors commonly used

in the NP synthesis could also affect the coarsening

behavior of the NPs [82, 83, 94]. Finally, another crucial

factor influencing the coarsening pathway is the tempera-

ture range in which the thermal treatment is performed.

Most experiments conducted at temperatures higher than

600 �C in O2 have revealed significant sintering, [47, 50,

51, 79–81] while treatments at lower temperatures in O2

showed lower coarsening rates as compared to those in

reducing environments [30, 73]. Furthermore, for Al2O3-

supported Pt NPs, a transition from redispersion to coars-

ening has been shown to occur in O2 with increasing

temperature [87].

The following review provides some examples of the

different factors affecting NP diffusion, coalescence and

ripening processes.

2 Experimental

2.1 Sample Preparation

Size-selected Pt and Au NPs with controlled morphologies

and uniform dispersion or arrangement were synthesized

via inverse micelle encapsulation and deposited on nano-

crystalline powder (c-Al2O3, SiO2, TiO2, CeO2) and thin

film/single crystal supports [SiO2(4 nm)/Si(111), TiC/

SiO2(4 nm)/Si(001), and TiO2(110)] [7, 24, 25, 30, 56, 60,
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68, 69]. Their thermal and chemical stability against sin-

tering in O2, H2, H2O, vacuum was studied to unravel how

the environment affects the coarsening rate and pathway.

Pt/TiO2 samples prepared via PVD were compared to those

prepared by inverse micelle encapsulation in order to study

the effect of the synthesis method.

The colloidal NPs were synthesized by dissolving non-

polar-polar PS-P2VP diblock copolymers, [poly(styrene)-

block-poly(2-vinylpyridine)], in a selective nonpolar sol-

vent (toluene). The polar ends of the block copolymer

spontaneously form a cavity with nonpolar ends pointing

out into the solvent. Metallic NPs confined in nanoscale

cages were obtained by loading these micelles with metal

salts (HAuCl4 and H2PtCl6), Fig. 1a. This approach allows

the self-organized generation of monodispersed NPs with

average heights in the range of 0.5–50 nm. The NP size

was tuned in two ways: (i) by using polymers with different

head sizes (P2VP), and (ii) by changing the metal-salt/

polymer core (P2VP) ratio. The distance between NPs can

be varied by changing the length of the polymer tail (PS)

(e.g. 10–200 nm). Model catalysts consisting of hexago-

nally-arranged NPs can be obtained after substrate dip-

coating into the metal salt-micellar solution, Fig. 1b.

Subsequently, the encapsulating polymer can be removed

by an in situ O2/H2-plasma etch.

In addition to the NP films supported on single crystal

substrates, real catalysts (high surface area) were also

prepared by adding a nanocrystalline metal oxide support

(c-Al2O3, SiO2, TiO2, CeO2) to the liquid NP solution and

subsequent solvent evaporation, Fig. 1c. In this case, the

organic ligands were removed via prolonged (24 h)

annealing treatments in O2 at 375 �C. O2 pre-treatments at

higher annealing temperatures (500 �C, 2 h) were also

conducted for some of these samples to study their coars-

ening behavior. For both sample types, the removal of the

polymer was monitored by measuring the carbon-1s bind-

ing energy region via X-ray photoelectron spectroscopy

(XPS). This procedure also lead to the removal of Cl from

the seed metal salts [31].

Table 1 summarizes the parameters used in the synthesis

of the model and real catalysts described above. Relevant

morphological information, including the average NP size

and interparticle distance is also summarized in Table 2.

2.2 Sample Characterization

Morphological characterization of the model catalyst

samples was carried out in air via atomic force microscopy

(AFM) (Veeco, Nanoscope III) and in UHV via STM

(SPECS GmbH Aarhus-STM). The real catalysts (powders)

Fig. 1 a Schematic of the colloidal chemistry used to synthesize size-

selected nanoparticles. b Model catalysts: formation of NP films on

single crystal substrates and ligand removal via an O2-plasma

treatment. Examples of typical NP and sample morphologies

corresponding to Ir and Pt NPs deposited on SiO2/Si(111) and

TiO2(110) acquired via AFM (bottom left [60]) and STM (top [106]

and bottom right [69]) are shown. c real catalysts: impregnation of the

micellar NP solution on high surface area nanocrystalline supports

and polymer removal by annealing in oxygen. Examples of typical NP

and sample morphologies corresponding to Pt NPs supported on

nanocrystalline c-Al2O3 and ZrO2 acquired via HAADF-STEM

(bottom left [130]) and conventional TEM (bottom right [31]) are

shown
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were investigated via high-angle annular dark field (HA-

ADF) scanning transmission electron microscopy (STEM).

A suspension created by mixing the powder samples with

ethanol was placed on a carbon-coated TEM Cu grid.

HAADF images were acquired with a JEOL 2010F TEM

operated at 200 kV and a Tecnai F30 TEM operated at

300 kV. The probe size of STEM is about 0.14 nm.

Extended X-ray absorption fine-structure (EXAFS)

spectroscopy measurements were acquired at beamlines

18B and 19A at the National Synchrotron Light Source at

Brookhaven National Laboratory (NSLS-BNL) in trans-

mission and fluorescence modes. The powder samples were

pressed into thin pellets and placed either inside a quartz

tube surrounded by a clam-shell furnace or inside a reactor

cell with heating and cooling capabilities. The Athena and

Artemis programs from the Ifeffit software package were

used to process and analyze the EXAFS data acquired

[95–97]. Theoretical EXAFS signals were constructed with

the FEFF6 program [98] using the model structure of face-

centered-cubic (fcc) Pt.

The catalysts were also characterized via monochro-

matic XPS (Al Ka = 1,486.6 eV) at the University of

Central Florida and via high pressure XPS at Lawrence

Berkeley National Laboratory (Eht = 490 eV).

3 Results and Discussion

3.1 Influence of the Nanoparticle Synthesis Method

on Sintering

In order to obtain a more in depth view of the thermal

stability of NPs, a thorough understanding of the different

pathways underlying thermally-driven coarsening phe-

nomena, and the effect of the NP synthesis method, support

morphology, and degree of support reduction on NP sin-

tering is needed. In the following study [25], the sintering

of TiO2(110)-supported Pt NPs synthesized either via

PVD or inverse micelle encapsulation, was monitored via

STM in UHV, Fig. 2. The experimental investigation was

accompanied by simulations following the Ostwald ripen-

ing and diffusion-coalescence models, Fig. 3.

3.1.1 Physical-Vapor-Deposited Nanoparticles

(UHV Anneal)

Figure 2 shows STM images from two samples prepared

with a similar amount of Pt evaporated on pristine

TiO2(110) (S1), Fig. 2a, b, and a TiO2(110) substrate

which was coated with the same polymer used for the

micellar sample preparation (see next section) prior to Pt

evaporation (S2), Fig. 2d, e. The polymer-coated sample

(S2) was cleaned using an O2 plasma treatment, leading to

complete NP oxidation, and then both samples were

annealed stepwise from RT up to 1,060 �C. The images

shown were acquired at room temperature after annealing

at 930 �C (Fig. 2a, d) and 1,060 �C (Fig. 2b, e).

Larger NPs with lower NP surface density were

observed on the polymer-coated TiO2 substrate (S2),

Fig. 2f indicating the higher rate of coarsening as com-

pared to the NPs supported on pristine reduced TiO2,

Fig. 2c. This finding demonstrates that any leftover poly-

meric layer which might remain underneath the NPs in S2

after the pre-treatment in O2 does not act as interfacial

‘‘glue’’ to stabilize the NPs against sintering.

To better understand the coarsening behavior of the

PVD NPs, simulations were carried out following two

different coarsening models: Ostwald ripening and diffu-

sion-coalescence. A detailed description of the physical

parameters accounted for in both models is given in Ref.

[25]. Here, we have to mention that the simulation models

do not represent all the complexities of the real sample and

therefore, these theoretical results do not perfectly follow

the experimental data. Nevertheless, for both samples

(S1, S2), the best agreement between the simulation results

and the experimental data was obtained for the diffusion-

coalescence pathway, Fig. 3. In contrast, following the

Ostwald-ripening model the simulated NP size distribution

was found to be always narrower than that obtained

experimentally, suggesting that the dominant coarsening

pathway for both samples in vacuum is the diffusion-coa-

lescence route.

3.1.2 Colloidal Nanoparticles: Inverse Micelle

Encapsulation Synthesis (UHV Anneal)

In order to explore the role of the initial NP geometry and

sample morphology (NP size and interparticle distance) on

their thermal stability, model NP catalysts consisting of size-

selected colloidal NPs synthesized via inverse micelle

encapsulation were studied [25, 69]. Before annealing, this

sample (S3) was exposed to an O2-plasma treatment to

remove the polymeric ligands followed by a stepwise ther-

mal treatment in UHV up to 1,060 �C. Nevertheless, con-

trary to the analogously-treated PVD-NPs in S2, enhanced

thermal stability was observed for the micellar Pt NPs, not

showing any significant sintering at 1,060 �C, Fig. 2g, h. The

latter might be related to the initial narrower NP size distri-

bution in the micellar sample (S3), lower NP density on the

support surface with large *30 nm and regular interparticle

distances, and a stronger NP/support interface. The role of

the initial interparticle distance in coarsening phenomena is

illustrated in more detail in the next section.
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Table 1 Parameters used in the synthesis of Pt and Au NPs via inverse micelle encapsulation and PVD. Information on the NP size (height and/

or diameter) extracted from AFM, STM, and TEM measurements are also shown

Sample/characterization

method

Synthesis Treatment and characterization: NP height (h),

diameter (d), interparticle distance (IP),

all in nm

Conclusion

(a) Synthesis method

S1, Pt/TiO2(110) PVD Annealing in UHV Figure 2a–c: coarsening through

diffusion–coalescence.STM Model catalyst 930 �C (h = 0.5 ± 0.2, IP = 7 ± 3)?

1,060 �C (h = 1.0 ± 0.3, IP = 12 ± 5)

S2, Pt/polymer/TiO2(110) PVD O2-plasma treatment ? annealing in UHV Figure 2d–f: more coarsening than S1

also through diffusion-coalescence.STM Model catalyst 930 �C (h = 0.8 ± 0.3, IP = 9 ± 4)?

1,060 �C (h = 1.3 ± 0.6, IP = 13 ± 7)

S3, Pt/TiO2(110) Micelle O2-plasma treatment ? annealing in UHV Figure 2g–i: lack of coarsening.

STM Model catalyst 500 �C, 1,000 �C (h = 3.1 ± 0.6,

IP = 28 ± 5)?

1,060 �C (h = 3.0 ± 0.9, IP = 30 ± 7)

(b) Interparticle distance

S4, Au/TiC/SiO2/Si(111) Micelle Annealing in UHV at 500 �C Figure 4a, b: drastic coarsening, loss of

initial hexagonal NP arrangement.AFM Model catalyst Initial (h = 2.1 ± 0.4, IP = 27 ± 6), 5 CO

Oxidation TPD cycles (227 �C)

S5, Au/TiC/SiO2/Si(111) Micelle Annealing in UHV at 500 �C Figure 4c, d: similar size but larger

interparticle distance as compared to

S4 ? lack of coarsening.
AFM Model catalyst Initial (h = 1.9 ± 0.5, IP = 78 ± 12), 17 CO

Oxidation TPD cycles (227 �C)

S6, Au/TiC/SiO2/Si(111) Micelle Annealing in UHV at 500 �C Figure 4e, f: coarsening resulting in

bimodal NP size distribution.AFM Model catalyst Initial (h = 6.1 ± 1.0, IP = 44 ± 9) ? 5 CO

oxidation TPD cycles (bimodal

h = 2.2 ± 0.6 and 8.3 ± 1.7)

S7, Au/TiC/SiO2/Si(111) Micelle Annealing in UHV at 500 �C Figure 4g, h: larger average IP distance as

compared to S6 ? lack of coarsening.AFM Model catalyst Initial (h = 3.6 ± 0.8, IP = 76 ± 9)?

5 CO oxidation TPD cycles (h = 3.6 ± 0.8)

(c) Support effect

S8, Pt/Al2O3 (2 wt%) Micelle Annealing in O2 for 24 h at 500 �C Figure 5: larger NPs due to coarsening on

CeO2 and SiO2 and smaller NPs on

Al2O3 and ZrO2. The effect of NP-

support interaction and also the specific

surface area of the support was studied.

Lower coarsening rates were obtained

on the substrates with the highest

surface areas.

TEM Real catalyst (d = 8.7 ± 2.1)

S9, Pt/ZrO2 (2 wt%) Micelle Annealing in O2 for 24 h at 500 �C

TEM Real catalyst (d = 8.3 ± 1.6)

S10, Pt/CeO2 (2 wt %) Micelle Annealing in O2 for 24 h at 500 �C

STEM Real catalyst (d = 14.6 ± 2.7)

S11, Pt/SiO2 (2wt %) Micelle Annealing in O2 for 24 h at 500 �C

TEM Real catalyst (d = 15 ± 10)
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3.2 Influence of the Interparticle Distance on Sintering

The coarsening rate of supported NPs through the diffu-

sion-coalescence pathway is proportional to the NP density

on the support surface [25]. Furthermore, there are two

different rate-limiting regimes for the Ostwald-ripening

coarsening pathway: (i) interface-controlled, in which the

rate limiting step is detachment/attachment of individual

atoms from/to the NPs, and (ii) diffusion-controlled, in

which the rate limiting step is the diffusion of atoms from

one NP to another. In the former case, the NP density has

no effect on the coarsening rate, while in the latter an

increase in the interparticle distance would also lead to a

decrease in the coarsening rate [22, 25, 42, 43, 99].

In addition to the standard models of diffusion-coales-

cence in which the diffusion of the NPs on the surface is

completely random, it has been suggested that a directed

diffusion could also occur due to a non-uniform adatom

concentration on the support when two NPs are sufficiently

close [100, 101]. Thus, increasing the interparticle distance

could reduce the coarsening rate through most of the

coarsening pathways, namely, the diffusion-coalescence

route, the diffusion-limited Ostwald ripening, as well as the

coalescence pathway via directed NP motion.

In order to gain insight into the effect of the NP distri-

bution on the support surface on coarsening, two samples

containing Au NPs with similar average heights (*2 nm),

but with different average interparticle distances (*30 nm

Table 1 continued

Sample/characterization

method

Synthesis Treatment and characterization: NP height (h),

diameter (d), interparticle distance (IP),

all in nm

Conclusion

S12, Pt/TiO2/SiO2/Si(001) Micelle RT O2-plasma treatment, Figure 6: UHV annealing resulted in total

burial of Pt NPs in polycrystalline TiO2

while no significant morphological

change took place on Pt/SiO2. Similar

micellar Pt NPs (S3) did not become

embedded in single crystal TiO2(110).

AFM Model catalyst Initial (h = 3.3 ± 0.6, IP = 30)?

Annealing in UHV to 727 �C

S13, Pt/SiO2/Si(001) Micelle RT O2-plasma treatment

AFM Model catalyst Initial (h = 2.6 ± 0.4, IP = 30)?

Annealing in UHV up to 727 �C

(h = 1.5 ± 0.2)

(c) Pre-treatment effect

S14, Pt/c-Al2O3 (1 wt%) Micelle Ex situ: annealing in O2 at 200 �C Figure 7: pre-treatment in oxygen

resulted in higher stability of Pt NPs

against subsequent coarsening in H2 up

to 800 �C (S14) as compared to a

similar sample only exposed to H2

(S15).

HAADF-STEM, EXAFS Real catalyst Initial (d = 0.3 ± 0.1), in situ: O2 at 400 ?

in situ: H2 400–800 �C (d = 1.0 ± 0.2)

S15, Pt/c-Al2O3 (1 wt%) Micelle Initial (d = 0.3 ± 0.1),

HAADF-STEM, EXAFS Real catalyst In situ: annealing in H2 at 400 �C ?

In situ: H2 400–800 �C (d = 5.0 ± 1.5)

(d) Environment effect

S16, Pt/c-Al2O3 (1 wt%) Micelle Ex situ: annealing in O2 at 375 �C, Figure 8: similarly prepared samples

annealed for 3 h at 450 �C were found

to coarsen the most in a H2 environment

and the least under O2. The coarsening

in H2O vapor is somewhat in between

that of H2 and O2. Possible stabilizing

role of PtOx species at the NP/support

interface.

HAADF-STEM, EXAFS Real catalyst In situ: H2 at 375̊, initial (d = 0.5 ± 0.1)?

In situ: O2 at 450 �C (d = 0.6 ± 0.2)

S17, Pt/c-Al2O3 (1 wt%) Micelle Ex situ: annealing in O2 at 375 �C

HAADF-STEM, EXAFS Real catalyst In situ: H2 at 375�, initial (d = 0.5 ± 0.1)?

In situ: H2O at 450 �C (d = 0.8 ± 0.3)

S18, Pt/c-Al2O3 (1 wt %) Micelle Ex situ: annealing in O2 at 375 �C

HAADF-STEM, EXAFS Real catalyst In situ: H2 at 375�, initial (d = 0.5 ± 0.1)?

In situ: H2 at 450 �C (d = 1.2 ± 0.3)

S19, Pt/SiO2/Si(111) Micelle O2-plasma treatment, initial (h = 2.0 ± 0.5) Figure 9: material loss during heat

treatment in O2 due to volatile Pt oxide

formation and their possible quick

removal via differential pumping.

AFM, HP XPS Model catalyst In situ annealing in H2 and O2 at 100–600 �C,

(h = 1.3 ± 0.4)
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for S4 and *80 nm for S5), were synthesized using di-

block copolymer encapsulation and deposited on thin TiC

films [24]. Figure 4 shows AFM images of these samples

acquired after ligand removal by annealing at 500 �C in

UHV (a) S4 and (c) S5. Subsequently, the samples were

exposed to CO ? O2 (0.6 ? 0.3 L) at low temperature

(*95 K) and their chemical reactivity for the oxidation of

CO investigated by successive temperature programmed

desorption (TPD) cycles, Fig. 4b, d. Surprisingly, reactive

coarsening and subsequent deactivation was only observed

for the sample with the smaller initial interparticle distance

(S4). Instead, the system with the larger average interpar-

ticle distance (S5) showed higher stability against

agglomeration, no loss of active surface area, and longer

lifetime.

A similar trend was also observed for larger NPs

*6.1 nm in S6 and *3.6 nm in S7, where the non-uni-

formly and closely-spaced NPs in S6 (average interparticle

Fig. 2 STM images of a, b PVD Pt NPs/pristine-TiO2(110) (S1), d, e
PVD Pt NPs/polymer-coated TiO2(110) (S2), g–i micelle-synthesized

Pt NPs/TiO2(110) (S3). All images were acquired in UHV at RT after

in situ sample annealing at 930 �C (a, d), 1,000 �C (g) and at

1,060 �C (b, e, h) [25]. The scale bar in all images is 20 nm.

Nanoparticle height (c, f, i) extracted from the analysis of STM

images obtained at RT after annealing in UHV [25]
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distance of 44 nm) were found to be prone to reactant-

mediated (CO?O2) Ostwald ripening, Fig. 4f, leading to a

final bimodal size distribution (maxima at 2.2 and 8.3 nm).

In contrast, the more widely spaced (76 nm) NPs in S7

retained their initial size after a similar treatment, Fig. 4h.

It should be mentioned that the small features seen between

the micellar NPs in Fig. 4a ,b are not small Au NPs, but

correspond to the pearl-like structure of the TiC/SiO2/

Si(111) support obtained after the pre-treatment in UHV.

Unlike PVD prepared samples, there are no small NPs (e.g.

monomers, dimers, etc.) in between the micellar NPs.

Furthermore, in these samples NP features can be distin-

guished from substrate roughness (or small clusters/impu-

rities) based on the nearly hexagonal arrangement

displayed by the metal NPs. The slight difference in NP

density observed when comparing the images in Fig. 4g, h

is due to the drift of the AFM scanner resulting in an

expansion of the image in Fig. 4h.

In addition, size-dependent Ostwald ripening has been

previously reported during CO oxidation for PVD Au NPs

on TiO2(110) [54]. Therefore, the differences in the initial

average NP sizes in both samples must be considered in the

latter example. Interestingly, the larger NPs in S6 should be

more stable against coarsening as compared to the smaller

NPs in S7. In this case, the effect of interparticle distance

seems to be dominating the coarsening behavior rather than

the size effect.

Although Ostwald ripening was shown to be the main

coarsening pathway for PVD-prepared Au/TiO2(110) dur-

ing CO oxidation at low temperature (RT to 137 �C) [102],

coarsening through diffusion-coalescence cannot be ruled

out in our case due to the slightly higher treatment tem-

perature (227 �C) and different support (TiC vs TiO2 in

Ref. 102). Our indirect study does not allow us to separate

both sintering pathways. In addition, it has been shown that

in some cases both coarsening routes may coexist [100,

103], and that the dominant coarsening pathway may vary

with increasing temperature [104, 105].

The above findings illustrate the crucial role that the

rational design of a nanocatalyst, i.e. the selection of its

initial size, size distribution and dispersion on a surface

may have in its performance, stability, and durability.

3.3 Support Effects

The sintering or redispersion behavior of NPs can be

affected by a variety of support properties, such as metal-

support interaction and adhesion energy, support surface

area, surface trap sites, and support reducibility. For

example, a strong NP-support interaction would decrease

the coarsening rate through the diffusion-coalescence

pathway. However, a stronger interaction could increase

the probability of sintering via a Ostwald ripening process

in cases where the rate limiting step is the metal atom

detachment from the NPs. Surface trap sites such as

vacancies and step edges could also stabilize the NPs,

favoring the growth of trapped NPs at the expense of the

disappearance of those located at regular surface sites.

Such phenomenon could occur through both, Ostwald

ripening and diffusion-coalescence.

In order to study the support effect on the coarsening

behavior of inverse micelle prepared Pt NPs, four samples

(S8–S11) [56] were prepared with an identical micellar

solution but impregnated on different high surface area

powder supports, namely, Al2O3 (S8), ZrO2 (S9), CeO2

(S10), and SiO2 (S11) (Fig. 5). Subsequently, the samples

were annealed in air at 500 �C for 2.5 h. The NPs sup-

ported on Al2O3 and ZrO2 were found to have an average
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Fig. 3 Comparison between the Ostwald ripening and diffusion-

coalescence simulation results and the experimental size distribution

of samples S1 and S2 after annealing in UHV at 1,030 �C. The

simulations were conducted using the experimental size distributions

obtained via STM before the 1,030 �C as the initial size distributions

and following the same thermal treatment applied to samples S1 and

S2 [25]. The Ostwald ripening simulation leads to a narrower size

distribution as compared to the experimental data. A better agreement

is obtained following the diffusion-coalescence model
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Fig. 4 AFM images of micelle-

synthesized Au NPs supported

on TiC films (a, b) S4 [24], (c,

d) S5 [24], (e, f) S6 [7], (g,

h) S7 [7] acquired ex situ at

room temperature. Images (a, c,

e, g) were recorded after

annealing in UHV at 500 �C,

and (b, d, f, h) after CO

oxidation (5 TPD cycles for S4,

S6, and S7, and 17 cycles for

S5)
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size of *8.5 nm, while those supported on CeO2, and SiO2

were found to be coarsened, with an average size of

*15 nm. Such drastic difference in NP size could be

understood in terms of the support effect, since all samples

were prepared using an identical micelle solution and were

subjected to a similar thermal treatment. In the case of the

SiO2-supported NPs the main factor resulting in higher

coarsening rate is the lower surface area of the SiO2 sup-

port as compared to other samples studied here. A lower

support surface area results in higher NP surface density

and therefore increases the coarsening rate as was shown in

the previous section for model catalysts (samples S4–S7).

On the other hand, the chemical composition, stoichiome-

try, and density of defects in the support must also be

considered. The nature of the metal NP-support interaction

is more complex for reducible supports such as CeO2 and

TiO2 which are known to change dramatically upon

annealing in reducing environments and to show strong

metal-support interactions (SMSI). Such strong interactions

could result in NP encapsulation by a thin layer of the

support in case of TiO2, or atomic diffusion of metal atoms

into the support and alloy formation in case of CeO2.

As was mentioned before, the metal salt to PV2P ratio

determines the final size of the micelle-synthesized NPs.

Larger Pt NPs on c-Al2O3 were initially obtained in S8 as

compared to S16-S18 due to the use of a higher metal/

P2VP ratio (0.6 vs for S8 vs 0.05 for S16–18). In addition,

a higher metal/support weight ratio was used (2 % for S8

and 1 % for S16–18). Furthermore, before the coarsening

study, both type of samples were treated differently. In

particular, S8 was annealed in air at 500 �C for 24 h before

any ligand removal, while S16 was annealed in pure oxy-

gen at 450 �C for 4 h only after the removal of the poly-

meric ligands (pre-treatment in O2 at 375 �C for 24 h). Our

studies indicate that micellar NPs are more susceptible to

coarsening during the polymer removal annealing since the

NP/support adhesion is not established yet. In fact, a

thermal treatment that may cause NP coarsening for

micellar NPs encapsulated by the polymeric ligands, may

not result in sintering of analogous but ligand-free NPs.

Therefore, when using colloidal methods for the synthesis

of NP catalysts, special care should be taken in choosing

the proper temperature, annealing environment and time

for polymer removal treatment to avoid unwanted NP

coarsening.

To further investigate the support effect, samples S12

and S13 were prepared using identical micellar solutions

but on different supports [70]. Sample S12 was supported

on TiO2(7 nm)/Ti(6 nm), and S13 on SiO2(4 nm)/Si(001).

After subsequent in situ isochronal annealing from 70 �C

to 727 �C in UHV, no significant changes were observed

for S13 supported on SiO2, Fig. 6c. However, for S12 the

same thermal treatment resulted in reduction of the TiO2

layer into TiOx and the complete encapsulation of the Pt

NPs inside the TiOx layer, Fig. 6a, b. Interestingly, such

complete submersion of Pt NPs in TiO2 was not observed

for identical micellar NPs supported on single crystal

TiO2(110) (sample S3), even after annealing at higher

Fig. 5 TEM (a, b, d) and STEM (c) images of inverse micelle

prepared Pt NPs supported on a Al2O3, b ZrO2, c CeO2 and d SiO2

after O2 treatment at 500 �C for 2.5 h

Fig. 6 Cross sectional STEM images of Pt NPs supported on a,

b TiO2 (7 nm)/Ti(8 nm)/Si(001) and c SiO2(4 nm)/Si(001), after

a O2-plasma exposure at RT and b, c after subsequent in situ

isochronal annealing from 70 to 727 �C in UHV [70]
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temperature (1,060 �C), Fig. 2h. This example highlights

the complexity of the support effect and shows that not

only the support material but also its crystalline structure,

reduction degree and thickness should be taken into

account.

3.4 Pre-treatment Effects

Distinct activities/selectivities have been reported for NP

catalysts exposed to different chemical/thermal pre-treat-

ments [25, 30, 31, 49, 80]. Nevertheless, although the

importance of such catalyst activation pre-treatments is

widely recognized in multiple industrial applications, the

origin of the distinct catalytic performance observed is in

many cases not well understood. For example, a given pre-

treatment might influence the initial chemical state of the

catalysts [30], might lead to distinct NP geometries

(changes in NP size and shape) [25], to the removal of

residual byproducts from the synthesis process [47], to

modified NP/support interfaces (different structures, dif-

ferent contact areas, or to the presence of adsorbed/inter-

calated chemical species at the NP/support interface) [106],

and to NP redispersion [82], or sintering [82].

In this study, the thermal stability of size-selected

micelle-synthesized Pt NPs supported on nanocrystalline c-

Al2O3 was investigated in situ after different pretreatments

via EXAFS and ex situ via HAADF-STEM [30]. The

details regarding sample preparation parameters can be

found in Table 1. Significant differences in the thermal

stability of identically prepared Pt/c-Al2O3 samples (S14

and S15) exposed to two different pre-treatments were

observed, Fig. 7. In particular, exposure to O2 at 375 �C

(S14) before high temperature annealing in H2 (800 �C)

was found to result in the stabilization of the micellar Pt

NPs, reaching a maximum overall size after coarsening in

H2 at 800 �C of *1 nm, Fig. 7b. Interestingly, when an

analogous sample (identical micellar solution) (S15) was

pre-treated in H2 at *400 �C, a final size of *5 nm was

reached when subsequently annealed in hydrogen at

800 �C, Fig. 7d. These ex situ data demonstrate the

importance of the pre-treatment step in the following sta-

bility of nanosized catalysts.

Additional in situ work was conducted on this system,

specifically, on the most stable sample, S14, in order to

gain insight into the onset temperature for sintering under

hydrogen (at atmospheric pressure). Figure 7e shows

Fourier transform EXAFS spectra of S14 acquired in situ at

various temperatures in H2, together with the oxidized state

of the as-prepared sample (He data). Annealing in O2 at

375 �C leads to the formation of PtOx species, as demon-

strated by the low-r Pt–O component at *1.6 Å (phase

uncorrected). Subsequent in situ annealing at 400 �C in H2

leads to the disappearance of the former feature and

complete reduction of the Pt NPs. After NP reduction, a

decrease in the overall intensity of the Pt–Pt EXAFS signal

with increasing measurement temperature up to 650 �C is

observed, which is consistent with the effect of thermal

bond length disorder. Systematic differences were

observed among individual scans acquired at 800 �C and

therefore, three representative scans acquired at 800 �C are

shown in Fig. 7e. The sudden increase in the magnitude of

the Fourier transform main Pt–Pt component observed at

800 �C as compared to the 650 �C data can only be

explained if the growth (coarsening) of the NPs is con-

sidered. In the latter case, the increase in the 1st nearest

neighbor (NN) coordination number (CN) will compensate

the decrease in the signal induced by thermal disorder. At

the same time, the static disorder (EXAFS Debye–Waller

factor extrapolated to 0 K) is expected to decrease due to

the larger fraction of interior, bulk-like bonds within the

larger NPs, which also leads to an increase in the EXAFS

signal. From the fit of the EXAFS spectra in Fig. 7e, the

Pt–Pt distances and 1st NN CNs (NN1) were obtained at

different temperatures, Fig. 7f. The average NP sizes at

different temperatures were extracted from the 1st NN CNs

using a large database of a variety of fcc Pt NP shapes with

different sizes, Fig. 7g [30]. Figure 7f, g demonstrate lack

of sintering for S14 in H2 up to at least 650 �C, with an

increase in the average NP size only observed upon further

heating to 800 �C. Nevertheless, the final average NP size

obtained for S14 (*1.8 nm according to the EXAFS data

and *1.0 nm according to TEM) at 800 �C was signifi-

cantly smaller than that of the H2-pretreated sample (S15)

at much lower temperature. In fact, even at 400 �C in H2

(i.e. directly after the pre-treatment), a 1st NN coordination

number of 9.3 was obtained for S15 (H2-pretreated), and

only 6.9 for S14 (O2-pretreated).

3.5 Environmental Effects (H2, O2, H2O)

The beneficial role of oxygen for the stabilization of small

Pt NPs was also observed ex situ via HAADF-STEM and

in situ via EXAFS during annealing treatments in O2 at

450 �C for three hours at atmospheric pressure, Fig. 8 [30].

In particular, while NPs of 0.5 ± 0.1 nm initial average

size did not display any significant sintering in oxygen

(0.6 ± 0.2 nm final size, S16), an analogous thermal

treatment of an identical sample in hydrogen (S18) lead to

NP coarsening (1.2 ± 0.3 nm), Fig. 8b, d, respectively.

The same sample type pre-dosed and annealed in an

atmosphere containing water vapor only displayed mod-

erate sintering (0.8 ± 0.3 nm) (S17), Fig. 6c. Since STEM

is a local probe allowing sampling of relatively small

sample regions, our microscopic observations were com-

pared to ensemble-averaging data extracted from EXAFS

measurements.
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Fourier transform EXAFS data (r-space) acquired at

450 �C in the different environments revealed the presence

of a large Pt–O component from PtOx species under O2, no

Pt–O component under H2, and both, Pt–O and Pt–Pt

contributions under H2O, Fig. 8e. Subsequently, all three

samples were reduced in H2 at 375 �C and EXAFS mea-

surements acquired in H2 at RT, Fig. 8f. Interestingly, the

lowest average 1st NN coordination number was obtained

for the sample previously exposed to O2 (6.9 ± 0.4), and

the largest NN1 for that heated in H2 at 450 �C (8.3 ± 0.4),

with the sample exposed to H2O being in between

(7.3 ± 0.3). A schematic model of our experimental

observations is shown in Fig. 8g.

Since the samples displaying Pt–O bonds were the most

stable against sintering (O2 and H2O-vapor annealed), our

data suggest that PtOx species, possibly modifying the NP/

support interface, play a role in the stabilization of small Pt

NPs. An enhanced thermal stability of O2-annealed sam-

ples (400–500 �C) was also previously observed for Pt

NPs/Al2O3 [73, 107–110], and Au NPs/SiO2 [19]. The

stabilizing role of PdOx species was also discussed by

Goeke and Datye [49] for Pd NPs synthesized by electron

beam evaporation based on the comparison of SEM data

acquired after annealing in O2 at 700 �C versus an identical

treatment in an inert atmosphere (N2). The former data are

in agreement with our observations, where sample

annealing in reducing environments (e.g. hydrogen) leads

to PtOx reduction, the consequent weakening of the NP/

support bond, and NP sintering [84, 85, 111].

Although further work is still needed in order to clarify

the origin of the enhanced thermal stability of samples pre-

treated in O2 at moderate temperatures (375–450 �C,

samples S14 and S16), an initial O2-mediated NP redi-

spersion might contribute to this effect. Redispersion

Fig. 7 a–d HAADF-STEM

images of Pt NPs supported on

c-Al2O3 prepared using an

identical micellar NP solution

acquired (a, c) as-prepared, and

(b, d) after sequential annealing

in hydrogen from 400 to

800 �C. Images (a,

b) correspond to S14 [30] and

(c, d) to S15 [30]. These

samples differ in the pre-

treatment (as-prepared state).

Sample S14 was pre-treated in

O2 at 200 �C (a), while S8 was

only dried in air at 60 �C (c).

Subsequently, S14 was annealed

in O2 at 375 �C followed by H2

from 400 to 800 �C, while S15

was only exposed to hydrogen

at the same temperatures.

e Fourier transform EXAFS

data obtained for S14 in situ

during treatments in O2

(375 �C) and H2 (400–800 �C,

total annealing time *6 h).

f Evolution of the 1st NN

coordination number (NN1) and

g EXAFS-estimated NP size of

S14 during the different

annealing treatments. For

reference, the initial NN1 and

NP size of S15 after the

different pretreatment are also

shown
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phenomena have been noticed for Pt/c-Al2O3 after

annealing in O2 below 600 �C [84–93], while treatments at

higher temperature resulted in NP sintering [50, 84, 85,

112–114]. Moreover, such effect was only detected in

material systems where strong interactions between the

oxidized NPs and the oxide support are expected [115–

117]. Furthermore, the pre-treatment in O2 is likely to

affect the structure, chemical state, and density of defects

on the support surface (i.e. degree of hydroxylation), which

are all parameters known to influence the stability of the

NPs [10, 118, 119]. For example, adsorbate-induced NP

redispersion phenomena require the detachment of metal

oxide species from the NPs and their subsequent migration

to trap sites on the support surface. Therefore, defective

high surface area supports and low metal loadings are

crucial for this effect to occur [120].

Although the experimental results presented above

suggest the possible use of pre-treatments in O2 for the

regeneration of coarsened catalysts via redispersion, the

possible loss of Pt through the formation of volatile PtOx

species cannot be overlooked [1]. In the above examples,

by comparing the edge jump (Pt-L3) of S4 before and after

Fig. 8 a–d HAADF-STEM images of Pt NPs supported on c-Al2O3

prepared using an identical micellar NP solution acquired ex situ at

room temperature for samples in their as-prepared state (a) and after

annealing at 450 �C for 3 h in oxygen (S16) (b), in H2O vapor (S17)

(c), and in hydrogen (S18) (d). Fourier transform EXAFS data

obtained for S16–S18 in situ during treatments in O2, H2O vapor and

H2 at 450 �C (e), and on the sample samples after subsequent

reduction in H2 at 375 �C and cooling to room temperature in H2 (f).
For comparison, (f) also displays EXAFS data from the as-prepared

reduced NPs acquired before annealing. The inset in (f) displays a

typical EXAFS spectrum of S18 at RT after the annealing treatment

(450 �C in H2) together with the corresponding single-scattering fit.

The schematic model in (g) illustrates the behavior of the NPs under

the different environments
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annealing in O2 at 375 �C, no loss of Pt was evidenced.

However, such effect cannot be excluded after annealing

treatments in O2 at higher temperatures [1]. In addition, the

morphology of the support is also expected to play a key

role in the stabilization of such volatile species via re-

adsorption. Moreover, in the least advantageous cases,

sintering could then set in upon the interaction of the ini-

tially dispersed NPs with the redispersed and newly read-

sorbed atoms or cluster fragments.

In order to gain additional insight into the stability of

PtOx species and their role on NP sintering, redispersion or

loss of active catalytic material through volatilization,

model Pt NP(*2 nm)/SiO2/Si(111) catalysts (S19) were

studied in situ under H2 and O2 (0.5 Torr) via ambient

pressure XPS [39]. Figure 9a displays Pt-4f XPS spectra

from S19 acquired in O2 (red curve) and H2 (blue curve) at

the indicated temperatures. Prior to these experiments, the

sample was first cleaned by in situ annealing in 0.5 Torr O2

followed by reduction in 0.5 Torr H2 at 400 �C. Subse-

quently, the sample was measured first in H2 at 400 �C

(black), then in H2 at the indicated temperatures (blue)

followed by O2 at the same temperatures (red). No sig-

nificant difference is observed when comparing H2 data

acquired at different temperatures to those measured at

400 �C before each thermal cycle [H2(400 �C)/H2(T)/

O2(T) anneal] in terms of binding energy, peak shape and

area, Fig. 9b, c. The latter indicates that exclusive

annealing in H2 at temperatures above 400 �C does not

result in morphological or chemical changes in our sam-

ples. Nevertheless, when the annealing step in H2 was

followed by an identical treatment in O2 at temperatures

ranging from 100 to 600 �C, the subsequent XPS spectra

acquired in H2 above *450 �C were characterized by a

higher binding energy and lower spectral area. This result

indicates that irreversible changes took place during the O2

exposure. Such changes were not detected when the sample

was exposed to H2 at the same temperature. In addition to

the decrease in the peak area observed in O2 and in H2 after

O2 exposure above *450 �C, Fig. 9b, significantly larger

Pt-4f binding energies (Pt-4f7/2 = 71.7–72.0 eV) were

measured in O2 as compared to bulk metallic Pt [1, 70,

121–123], Fig. 9c, indicating the formation and stabiliza-

tion of PtOx species, in particular, PtO [1, 70, 121, 122]. It

should be noted that the lower overall Pt-4f XPS intensities

(or peak areas) observed in O2 are due to presence of

oxygen atoms in the oxide phase and possibly also to

Fig. 9 a High pressure XPS

spectra from the Pt-4f core level

region of S19 [micelle-

synthesized Pt NPs supported on

SiO2 (5 nm)/Si (111)] [39]

acquired at the given

temperatures in H2 (blue) and

O2 (red). After each of the

former thermal treatments, XPS

spectra were also recorded in H2

at 400 �C (black). Thermal

evolution of the total Pt-4f XPS

peak area (b) and Pt-4f7/2

binding energy (c) in the

different chemical

environments. AFM images

acquired at room temperature

before (d) and after (e) the

different annealing cycles

in H2/O2 are also shown
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adsorbate-driven reversible changes in the shape of the Pt

NPs in O2 [124].

The origin of the changes observed in XPS Fig. 9b, c

after annealing in O2 above 450 �C, i.e., the signal atten-

uation and increase in the metallic Pt (H2 data) and Pt2?

(O2 data) binding energies point towards the loss of mate-

rial and decrease of the NP size. In order to corroborate this

hypothesis, ruling out possible alternatives such as NP

coarsening (which would have also led to a decrease in the

spectral area), ex situ AFM images were acquired before

and after the in situ XPS experiments, Fig. 9d, e. Lack of

NP sintering via diffusion-coalescence was observed, since

similar average interparticle distances were measured for

these samples before and after the thermal treatment.

Nevertheless, despite the strong NP adhesion to the oxide

support observed (lack of mobility), a decrease in the

average NP from 2.0 ± 0.5 nm in the as-prepared sample

to 1.3 ± 0.4 nm in the H2/O2 annealed sample was also

detected. This result is in good agreement with the pre-

dicted final NP height (*1 nm) extracted from the Beer-

Lambert equation using as input parameters the initial AFM

NP height (*2 nm) and the change in the XPS intensity

(peak area) before and after the thermal treatment [39].

Our data reveal that loss of material, likely in the form

of volatile PtOx species, took place. It is possible that for

our system the onset temperature for PtOx sublimation

[125, 126] is lower than the temperature required to

overcome the kinetic barrier for PtOx formation. Accord-

ingly, the immediate desorption of the PtOx species

formed, likely as PtO2, might have occurred. It is also

plausible that the Pt volatilization temperature is dependent

on the NP geometry (size, shape and crystalline structure),

an aspect that requires additional investigation.

The formation of volatile PtOx species in oxidizing

environments has been previously described [42, 127–129].

Nevertheless, an apparent lack of agreement on their pos-

sible involvement in coarsening phenomena can be found

in the literature. This is largely due to the different material

systems studied (i.e. single crystal vs high surface area

porous supports, different initial average NP sizes and

interparticle distances, etc.) and distinct experimental

conditions (i.e. pure O2 anneal vs synthetic air, different

gas pressures and annealing temperatures). For example,

mass loss during O2 treatments at 500 �C and low pressure

(PO2 = 2.3 9 10-4 Torr) was observed [128], while an

analogous treatment in vacuum revealed NP sintering. On

the other hand, others [42, 50, 51, 104, 107] held volatile

PtOx species responsible for coarsening phenomena

through the exchange of Pt between adjacent NPs. For

instance, coarsening of PVD Pt NPs supported on SiO2 and

Al2O3 thin films without apparent loss of Pt was observed

via environmental TEM at 7.5 Torr O2 and 650 �C [50,

51]. In our experiments, the volatile PtOx species were not

re-deposited on the support, but evacuated by the differ-

ential pumping near the sample surface. It should be noted

however that under different experimental conditions, for

NP systems with broader initial size distributions, more

closely-spaced NPs, or on distinct supports (i.e. more

porous) such material re-deposition might become signifi-

cant and might also result in Ostwald-ripening phenomena,

which were not observed here.

4 Conclusions

To unravel the complex coarsening behavior of supported

NPs, geometrical, chemical, and environmental factors

should be taken into account. The present work provides a

variety of experimental examples of sintering processes

taking place under different gaseous atmospheres, for NPs

synthesized using different approaches, with distinct initial

average size, shape, dispersion, and support.

In the first section it was shown that the NP synthesis

method can play a dominant role in the coarsening rate and

pathway through specifics of the resulting NP size, shape,

homogeneity, and chemical state (S1–S3). The effect of the

interparticle distance was also demonstrated, with larger

distances leading to enhanced NP stability against coars-

ening (S4–S7). For planar samples, a promising approach

to reduce sintering is the use of self-assembly synthesis

methods, since they guarantee that the NPs are homoge-

nously distributed on the support surface at pre-defined

distances (S3–S7, S12–S13, S19). On the other hand, for

high surface area powder supports the presence of ligands

on the NPs could prevent NP agglomeration during syn-

thesis. On such supports, it was also observed that the

larger their surface area, the smaller the NP sintering rate

due to the resulting larger interparticle distances and higher

barriers for inter-grain (support) diffusion (S8–S11).

The effect of the support material on the coarsening of

metal NPs was also illustrated using high surface area

(S8–S11) and single crystal substrates (S1–S3, S12–S13).

Different metal-support interactions could affect the

mobility of NPs and the rate of atom detachment from NPs.

Special care should therefore be taken when reducible

supports such as TiO2 or CeO2 are considered for appli-

cations under reducing environments. As it was shown

here, the degree of reduction of the support might drasti-

cally change the nature and the strength of the NP-support

interaction, which in certain cases, such as Pt/TiO2, could

result in the NPs being encapsulated by the support (S12),

and in others (Pt/CeO2) in metal atom diffusion into the

support and/or alloy formation (S10). Although a complete

encapsulation would hinder NP coarsening, it also prevents

the access of reactants to the NP surface, ultimately ren-

dering them useless for catalytic applications.

1556 Top Catal (2013) 56:1542–1559

123



Our study also describes how the catalyst pretreatment

might affect the coarsening behavior of the NPs (S14–S15).

For example, a mild annealing treatment in oxygen

(*350–400 �C) could strongly suppress the subsequent

coarsening of NPs under significantly harsher conditions,

namely, at 800 �C in H2 as compared to a similarly annealed

sample without such pre-treatment (S14–S15). At last, the

effect of the environment on the coarsening behavior of Pt

NPs was investigated by comparing three identically pre-

pared Pt/c-Al2O3 samples under O2, He ? H2O, and H2

environments at 450 �C (S16–S18). It was shown that for this

system, minimum coarsening was achieved under O2 (S16),

followed by He ? H2O (S17). The largest coarsening rate

was observed under H2 (S18). In this case, a direct correla-

tion between the oxidation state of the Pt NPs and their

resistance against coarsening was established. Adsorbate-

induced coarsening phenomena are relevant to real-world

catalytic reactions in which the presence of a variety of

adsorbates is inevitable and therefore, a better understanding

of these phenomena is of great interest for their industrial

utilization. Moreover, it was also shown that in certain

environments loss of material could be observed due to the

formation of volatile oxide species (S19). For instance, an

irreversible decrease in the size of micelle-prepared Pt NPs

supported on SiO2/Si(111) was observed after annealing in

O2 above 450 �C (S19). Such event may occur to a lesser

extent on high surface area supports in which the re-depo-

sition and dissociation of the volatile species is more likely.

Such re-deposition could be considered as a new coarsening

pathway similar to Ostwald ripening but via a gas-phase

diffusion pathway instead of the conventional surface-lim-

ited atom diffusion.

Finally, it should be stressed that in parallel to direct

microscopic and spectroscopic investigations of sintering

phenomena such as the ones described in our review,

having the ability to model and simulate such processes is

key in order to unambiguously determine the specific

coarsening pathway. In this regard, further work is needed

to improve the physical models describing coarsening

processes as well as to incorporate the complexity of real-

world catalysts, in particular, the heterogeneous nature of

the NP support, and additional environmental effects (sta-

bilizing ligands on the NPs, presence of adsorbates, etc.).

Furthermore, more efficient computational methods are yet

to be developed to more adequately handle long industri-

ally-relevant time scales. Such effort is ongoing and is

expected to lead to great progress in the rational design of

novel nanocatalysts with enhanced stability.
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