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Abstract Colloidal 5.1 wt% Ru/c-Al2O3 catalyst was

prepared by a microwave assisted, solvothermal reduction

of RuCl3 in ethylene glycol in the presence of c-Al2O3. The

catalyst subjected to heat-treatment in hydrogen up to

700 �C, was characterized by BET, XRD, TEM and H2

chemisorption. As-prepared catalyst contained Ru nano-

particles with mean size of 1.5 nm and narrow size

distribution uniformly distributed over the support. The

nanoparticles were stable on the alumina to 500 �C, but

treatment at 600–700 �C caused some sintering of Ru due

to migration and coalescence of a part of smallest ruthe-

nium nanoparticles. However, even after H2 treatment at

700 �C, large amount of Ru nanoparticles with sizes of

1–3 nm remained in the catalyst. H2 chemisorption data

revealed decrease of Ru dispersion from 0.28 to 0.19 by

hydrogen treatment at 700 �C and were in good corre-

spondence with TEM results. On the contrary, mean

crystallite sizes obtained from XRD were strongly

overestimated.

Keywords Ru nanoparticles � Thermal stability �
XRD � TEM � Hydrogen chemisorption

1 Introduction

Ruthenium nanocatalysts have been proven to be excep-

tionally active and selective for few industrially relevant

chemical reactions including ammonia synthesis/decom-

position [1–4], the partial oxidation of methane [5–7] and

partial hydrogenation of benzene [8]. The ammonia syn-

thesis/decomposition and partial oxidation of methane are

structure sensitive reactions, hence the catalytic activity

and selectivity are strongly related to the morphology of

the supported metal particles (size and shape). We reported

recently that well-defined ruthenium nanoparticles can be

obtained by the colloid method and then deposited on the

alumina support [9]. Miyazaki et al. [3], and Balint et al.

[7, 10, 11] also prepared the Ru/Al2O3 catalysts by depo-

sition Ru nanoparticles obtained by reduction of RuCl3
precursor onto an alumina support. High resolution trans-

mission electron microscopy (HRTEM) studies showed

that the colloidal Ru/Al2O3 catalysts have smaller mean

metal particle size and narrower particle size distribution

than traditional catalysts prepared by wet impregnation

from the same RuCl3 precursor [9, 12].

The stability of metal nanoparticles deposited on oxide

support is a fundamental issue in catalysis studies. For

example, high temperature treatment can cause morpho-

logical changes of the dispersed metal particles due to

sintering and/or metal–support interactions. Till now such

studies have been done on traditionally prepared ruthenium

catalysts [13–15]. Narita et al. [13] found by XRD that Ru

particle size in Ru/SiO2 catalyst was almost constant for the

reduction temperature below 630 �C but it increased sig-

nificantly at 730 �C. Similarly, some sintering of the Ru

particles was observed in the Ru/Al2O3 system at reduction

temperatures above 630 �C [14] or in the Ru/MgO catalyst

at/or above 700 �C [15, 16]. However, systematic study of
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morphology changes of Ru in conventional catalysts is dif-

ficult due to a broad distribution of metal particle sizes and

non-uniform distribution of particles on the support [15].

In this work we investigated for the first time the sta-

bility of colloidal ruthenium nanoparticles supported on

alumina during thermal treatment in hydrogen. Such

studies are important because in the catalyst prepared by

the colloidal method, Ru particles are much weaker bond

with the support than the particles in the catalysts prepared

by conventional impregnation method [3]. Colloidal Ru

nanoparticles were prepared by a novel, microwave assis-

ted polyol reduction method in the presence of alumina

support. Thanks to much shorter heating time than that

used in traditional conductive heating, such as an oil bath

used by Balint et al. [7, 10, 11], smaller, more uniform Ru

nanoparticles were obtained. Structure of the catalysts was

characterized by BET, XRD, TEM, HRTEM and SAED.

The dispersion of Ru in the colloidal catalyst was deter-

mined by H2 chemisorption method.

2 Experimental

2.1 Catalyst Preparation

The colloidal catalyst was prepared by the solvothermal

reduction of RuCl3 � 3H2O with ethylene glycol in the

presence of c-alumina [9]. First, an appropriate amount of

the ruthenium precursor was dissolved in ethylene glycol

and then c-Al2O3 was added to form a suspension. The

reduction was carried out at 180 �C for 10 min, in a

microwave accelerated reaction system (MW Reactor

Model 02-02 ERTEC, Poland). After this time, the mixture

was rapidly cooled down in an ice-water bath. The sus-

pension was diluted with an aqueous solution of NaNO3 to

remove organic solvent. The solid product was filtered off,

washed several times with distilled water and dried under

vacuum at room temperature. Such as-prepared catalyst was

thoroughly characterized and then was heated in a quartz

tube in hydrogen flow at 500, 600 and 700 �C for 5 h.

2.2 Catalyst Characterization

The as-prepared catalyst contained 5.1 ± 0.1 wt% Ru (as

determined by the ICP-AES method) and according to XPS

and chemical analysis was free of chlorine contamination

[9]. The total surface area was determined by using the

standard BET method with the samples being degassed for

3 h at 250 �C.

The morphology and structure of the catalyst samples

after each stage of thermal treatment were studied with

Philips CM20 Super Twin microscope (TEM) at an

acceleration voltage of 200 kV. The specimens were

prepared by placing a droplet of ultrasonic dispersed sus-

pension of the sample in methanol on a standard copper

grid covered with carbon and allowing the solvent to

evaporate. The crystal structure was determined by analysis

of selected area diffraction (SAED) patterns and was

complemented by analysis of high-resolution electron

microscopy (HRTEM) micrographs. The size distribution

and mean size of Ru nanoparticles were determined on the

basis of size measurements of 400–500 particles for each

sample. The measurements were done manually using the

ImageJ program [17]. The structure of the samples was also

examined using powder X-ray diffraction (XRD) with the

use of the DRON-3 diffractometer (Ni-filtered CuKa radi-

ation). The mean crystallite size of Ru was calculated using

the Scherrer equation.

The specific active metal surface area was determined

by hydrogen chemisorption using a conventional volu-

metric apparatus [9]. Prior to the H2 chemisorption, the

catalyst sample was in-situ pre-treated with H2 (200 Torr)

at 400 �C for 2 h. It was then outgassed to *10-6 Torr for

2 h at the same temperature and cooled under vacuum to

the adsorption temperature. Isotherms of total and revers-

ible hydrogen adsorption at 100 �C on all samples were

determined using an equilibration time of 2 h for the first

dose of hydrogen and 1 h for the subsequent doses.

3 Results and Discussion

3.1 Hydrogen Chemisorption

Figure 1 presents the total and reversible isotherms of

hydrogen chemisorption at 100 �C for the as-prepared

Fig. 1 Isotherms for H2 chemisorption on as-prepared colloidal

5.1 wt% Ru/c-Al2O3 catalyst (s, d), and after treatment in H2 at

500 �C (h, j), 600 �C (D, m) and 700 �C (e, r). Open and closed

symbols represent the respective total and reversible gas uptakes at

100 �C
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colloidal 5.1 wt% Ru/c-Al2O3 catalyst and the catalyst after

treatment in hydrogen at 500–700 �C. The total and

reversible hydrogen isotherms show a linear dependence

with pressure in the 120–230 Torr range. It is evident, that

the total and reversible hydrogen uptakes show maximum

for the as-prepared colloidal catalyst and then the uptakes

decreased slowly with rise of the temperature treatment of

the catalyst. The results of the volumetric chemisorption on

all samples are summarized in Table 1. It is interesting to

note, that the fraction of reversibly chemisorbed hydrogen

(30 lmol/g cat.) represents as much as 30% of the total

chemisorption (100 lmol/g cat.) for the as-prepared cata-

lyst and drops to about 22% for the catalyst treated at

700 �C. In this study, reversibly adsorbed hydrogen is

defined as that which can be removed from the catalyst by a

10 min evacuation at 10-6 Torr at 100�C. The nature of

adsorbed hydrogen on Ru, especially of the weakly adsor-

bed one, is still under discussion. Literature data show that

hydrogen reversibly adsorbed on the ruthenium metal phase

may exist in either a precursor state or a state of low

adsorption energy [16, 18–21]. It was proposed that such

weakly bound hydrogen is initially adsorbed at low-coor-

dination sites (edge and corner) and it is highly mobile [16,

18, 19]. Similar mechanism of hydrogen adsorption and

dissociation has been shown to be efficient at low-coordi-

nation sites on the platinum metal [22]. Sayari et al. [20]

found that at room temperature reversible H2 chemisorption

occurs in appreciable amounts on the Ru crystallites with

sizes within the limited range of 0.9–2.2 nm. Also, Yang

and Goodwin [21] reported that the fraction of reversible H2

chemisorption on dispersed Ru is a function of an average

particle size. Zupanc et al. [16] explained this finding by a

modification in the surface energetics of the Ru crystallites

with the change of their size. The authors found, that during

adsorption on Ru/MgO catalyst H2 dissociates preferen-

tially on the low-coordinated defect-like sites, producing

the very weakly bound hydrogen species. Next, these spe-

cies migrate to sites that adsorb hydrogen more strongly.

Moreover, the thermal treatment in hydrogen from 510 to

1,050 �C cause a loss of defect-like sites and the total

amount of active sites for H2 adsorption diminished by

about 50% [16]. Our chemisorption results show that the

ratio of the reversibly to irreversibly adsorbed hydrogen

decreased from 0.43 in the as-prepared Ru/c-Al2O3 catalyst

to 0.27 after treatment under H2 up to 700 �C. It is likely

that the as-prepared Ru/c-Al2O3 catalyst, obtained by the

colloid route, contained rather large amount of the low-

coordinated defect-like sites which decreased upon heating

treatment. The difference between the total and the

reversible adsorption yields the amount of strongly chemi-

sorbed hydrogen, which after extrapolation to zero pressure,

gives the capacity of a hydrogen monolayer. As shown in

Table 1, the irreversible H2 uptakes also decreased gradu-

ally on raising the treatment temperature.

Ruthenium dispersion (H/Ru) and the specific metal

surface area were determined from irreversible H2 uptakes,

assuming the chemisorption stoichiometry Hirr:Rus = 1:1

[9, 23] and the surface area occupied by one Ru atom of

8.17 Å2 [20, 21]. Calculation of a metal dispersion from the

amount of the strongly bound hydrogen was proposed by

Goodwin’s [20, 21, 23] and King’s [18, 19] groups and was

used also in our previous studies [9]. As can be seen, the

dispersion and the ruthenium surface area decreased by

about 32% after hydrogen treatment of the as-prepared

catalyst at 700 �C (Table 1). The loss of the active surface

area is usually connected with the growth of small metal

particles to more stable, large ones. The H2 chemisorption

results indicate that rather moderate metal sintering of the

colloidal Ru catalyst is induced by the heat treatment in

hydrogen up to 700 �C. BET data included in Table 1, show

that deposition of Ru nanoparticles from colloidal solution

did not change the surface area of c-Al2O3. However, the

alumina support underwent slight textural changes upon

hydrogen treatments up to 700 �C, with some loss of the

surface area, which may be responsible also for decrease in

the active surface of ruthenium due to pore closure.

3.2 Structure Characterization by XRD and TEM

Figure 2 depicts XRD patterns of the colloidal 5.1 wt%

Ru/c-Al2O3 catalyst subjected to heat treatment in hydro-

gen. The pattern of the as-prepared catalyst contains only

Table 1 BET surface area and hydrogen chemisorption on colloidal 5.1% Ru/c-Al2O3 catalyst

Catalyst

treatment

SBET
a

(m2/g)

H2 uptake (lmol/g cat.) Dispersionb

(H/Ru)

Specific metal surface

area (m2/g cat.)
Total Reversible Irreversible

As-prepared 249 100 30 70 0.28 6.89

H2, 500 �C 241 89 23 66 0.26 6.49

H2, 600 �C 213 67 17 50 0.20 4.92

H2, 700 �C 195 62 14 48 0.19 4.72

a BET surface area of pure alumina support was 245.9 m2/g
b Dispersion of Ru—number of irreversibly chemisorbed hydrogen atoms to the total number of Ru atoms
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reflections of c-Al2O3 (JCPD File Nr. 10-0425). After

treatment at 500 �C very weak bump occured at 2h–44�,

where the strongest (101) reflection of Ru is expected. With

rising a heat treatment temperature to 600 and 700 �C

intensity of Ru (101) reflection significantly increased, and

its width decreased, indicating crystallite growth. However,

no measurable change of the c-Al2O3 reflections was

noticed. Mean crystallite sizes of Ru calculated from XRD

data are given in Table 2.

TEM images of the catalyst samples are presented in

Fig. 3. As can be seen, the as-prepared catalyst (Fig. 3a)

contains very small metal particles uniformly dispersed

over the support. Analysis of HRTEM images revealed,

that the particles are crystalline and observed lattice fringes

fit those of Ru (inset to Fig. 3a). The particles have very

narrow size distribution (97% of the particles have sizes

between 1 and 2.5 nm) and the mean size of 1.5 nm.

Recently, Bedford et al. [24] showed, by using high-energy

X-ray diffraction, that Ru particles that are only 2 nm in

size are heavily disordered. Heating at 500 �C caused some

broadening of the particle size distribution (Fig. 4b) and

increase of the mean particle size to 2.4 nm. The particles

have better developed crystal faces with no evidence of any

amorphous surface layer (inset to Fig. 3b). At higher

temperatures, 600 and 700 �C, significant broadening of

the particle size distribution occurred with formation of a

fraction of bigger particles much exceeding the mean size.

These bigger particles produced spot reflections visible in

SAED patterns (insets to Fig. 3c, d).

As was shown in the previous section the reversible H2

chemisorption represents only a fraction (30%) of the total

hydrogen held by the as-prepared catalyst. Taking into

account very narrow distribution of the particle sizes in this

sample (c.f. Fig. 4a) we cannot easily assign different kinds

of adsorption (reversible or irreversible) to particular

fraction of Ru particles. Evidently each individual particle

participates in both. The fact that after heat treatment at

high temperatures contribution of the reversible adsorption

decreases correlates well with observed change in the

particle size distribution. There is a decrease in the fraction

of the smallest, irregular particles but instead larger, well

developed particles occur (Fig. 3). The latter particles

exhibit mostly dense (0 0 1) or (1 0 0) faces with low

number of low-coordinated sites.

Table 2 summarizes the mean particle sizes calculated

from hydrogen chemisorption (irreversible uptake), TEM

and XRD techniques. The mean particle sizes were cal-

culated from the hydrogen chemisorption using the relation

d(chem) = 5/S � q, where S is the metal specific surface

area and q is the density of ruthenium [9]. The TEM, XRD

and hydrogen chemisorption data showed increase of the

mean size of Ru particles with thermal treatment of the

colloidal Ru catalyst. For the as-prepared 5.1 wt% Ru/c-

Al2O3 catalyst TEM as well as BET results indicate that the

ruthenium particles are located mostly at the surface of the

alumina grains, though some of them also inside the pores.

The later particles posses strongly restricted ability of

translational movement. TEM data confirms this view

because heating in H2 already at 500 �C caused some

agglomeration of the small Ru particles. However, only

very small change in the mean size of Ru particles was

detected by the hydrogen chemisorption. More severe

particle agglomeration was observed after heating at higher

temperatures, especially at 700 �C. It should be mentioned

however, that there are important discrepancies between

mean particle sizes calculated using various methods.

Though the results from H2 chemisorption and TEM con-

verge, the XRD data are evidently too high. TEM data

(Figs. 3, 4) show clearly that the reason is the presence of a

large population of very small Ru particles in the samples

heated at 600 and 700 �C. About 60% and 50% of the

particles have still sizes between 1 and 2.5 nm, respec-

tively and these particles were overlooked by the XRD

method. It means that this fraction of the metal particles is

Fig. 2 XRD patterns of colloidal 5.1 wt% Ru/c-Al2O3 catalyst. a as-

prepared, b heated in H2 at 500 �C, c 600 �C, d 700 �C. Schematic

diffraction pattern of Ru standard is also shown

Table 2 The mean size of Ru particles in colloidal Ru/c-Al2O3

catalyst measured by various methods

Catalyst

treatment

as-prepared

Mean size from

irreversible

H2 uptake

(nm)

d(TEM)

(nm)

d(XRD)

(nm)

2.9 1.5 Ru not visible

H2, 500 �C 3.2 2.4 Ru not visible

H2, 600 �C 4.3 2.8 6.4

H2, 700 �C 4.4 3.2 12.8
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resistant to sintering. Some decrease in the fraction of the

smallest particles after heating in H2 at 500 �C observed by

TEM, as well as the asymmetrical broadening of the par-

ticle size distributions towards larger sizes (Fig. 4) indicate

that the particle growth occurs via a migration–coalescence

mechanism [25]. In general, such sintering mechanism of

the metal phase is favored in the systems that show a weak

metal–support interaction. In our colloidal Ru/c-Al2O3

catalyst prepared by a microwave-polyol method Ru

adsorbs at the c-alumina rather as neutral particles than as

ions. As a result, the ruthenium particles are not attached

strongly to the alumina support.

Summarizing, the results presented in this study suggest

that the colloidal 5.1 wt% Ru/c-Al2O3 catalyst prepared by

a microwave assisted, solvothermal reduction of RuCl3 in

ethylene glycol in the presence of c-Al2O3 contains two

fractions of Ru nanoparticles. Ru nanoparticles of the first

fraction, located at the outer surface of the support, have a

tendency to agglomerate. The particles of the second

fraction, deposited in the alumina pores, have strongly

limited space for movement and growth. It can be noted,

that c-alumina used in this study is highly porous, with

surface area of 245.9 m2/g, pore volume of 0.21 cm3/g and

the pore diameter of 1–5 nm. Nevertheless, the presence of

narrow and intense Ru reflections in the XRD patterns of

the catalysts heated at 600 and 700 �C, as well as the

presence of large particles in TEM images, indicate that a

significant amount of the precious metal has been lost as

catalytically active phase. It means, that possible applica-

tion of the colloidal Ru/c-Al2O3 catalysts would be limited

to the mild reaction conditions, i.e., temperatures nor

exceeding 500 �C. Very recently, Galletti et al. [26] used

successfully the colloidal Ru/c-Al2O3 catalysts for hydro-

genation of phenol to cyclohexanone at 160 �C in slurry

phase. However, in line with our data, some authors have

reported undesirable ruthenium colloid aggregation during

catalytic reactions carried out at temperatures 350–650 �C

[27] or at 400–600 �C [10, 11]. In near future, the colloidal

Ru/c-Al2O3 catalysts will be tested in our laboratory in

structural-insensitive reactions like gas-phase hydrogena-

tion of benzene.

4 Conclusions

Thermal stability of Ru nanoparticles supported on

c-Al2O3 was examined in reducing conditions, at tem-

peratures up to 700 �C. The results show that Ru

Fig. 3 TEM images of colloidal 5.1 wt% Ru/c-Al2O3 catalyst: a as-prepared, b heated in H2 at 500 �C, c 600 �C, d 700 �C. HRTEM images of

individual Ru particles (insets to a and b) and SAED patterns (insets to c and d) are also shown
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nanoparticles are stable at the surface of the alumina

support up to 500 �C, but heating in H2 at 600–700 �C

induces a migration and coalescence of certain part of the

smallest ruthenium nanoparticles. However, even after

treatment at 700 �C, large amount of small Ru particles,

with sizes similar as in the as-prepared colloidal catalyst,

remained at the surface.
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