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Abstract

The effect of preparation and calcination on reducibility, dispersion and catalyst activity of Co/SiO2 catalysts was studied.

The Co/SiO2 catalysts were prepared by a gas-phase deposition technique, atomic layer epitaxy (ALE), using Co(acac)3 as

precursor and by impregnation from Co(NO3)2. The cobalt content of the catalysts varied from 5 to 20 wt.%. The cobalt

loading of the ALE catalysts was increased by repeating Co(acac)3 and air reaction sequences. Air calcination of ALE

catalysts (`calcined' catalysts) produced cobalt species at least partly in the form of silicates that were hard to reduce. The

reducibility was enhanced when the calcination step after the last Co(acac)3 reaction step was omitted (`uncalcined' catalysts).

This could be explained by a more easily reducible layer on the surface of the catalysts containing ligand residues from the

precursor. High reduction temperatures were still needed compared to the impregnated catalysts. However, the cobalt

dispersion on the uncalcined ALE catalysts was in the same range as on the calcined catalysts and clearly higher than on the

impregnated catalysts. The uncalcined ALE catalysts showed signi®cantly improved activities in toluene hydrogenation

compared to the calcined ALE and the impregnated catalyst. # 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Cobalt catalysts have been extensively used for

hydrogen transfer reactions. The most common appli-

cation is the Fischer±Tropsch reaction, in which cobalt

based catalysts are used in industrial scale [1,2]. The

wide applicability of supported cobalt catalysts makes

it important to understand the interaction between

catalytically active cobalt species and the support.

In the Fischer±Tropsch reaction, as generally in

hydrogenation reactions, the active phase is metallic

cobalt. The metal surface areas can be increased by

dispersing the cobalt precursor on high surface area

supports. For the supported catalysts the strength of

interaction between cobalt and the support surface

(metal-support interaction) has a signi®cant in¯uence

on the reduction behaviour. The reducibility of the

cobalt catalysts has been shown to be affected by the

support [3±7], the precursor [8,9], the preparation

method [6,10], the metal loading [4±7], the treatments

[8,11±13], and the ions added (modi®ers) [14±19].

The degree of reduction of cobalt is generally

higher on SiO2 than on Al2O3, especially at low cobalt

concentrations [5,7]. Cobalt is known to form alumi-

nates by migrating into the lattice sites of alumina [3].

The species formed are resistant to reduction. Silica is

considered to be more inert than alumina [20,21].

However, the formation of cobalt silicates or hydro-

silicates has recently been reported [12,22,23]. The

formation of silicates on Co/SiO2 catalyst has been

shown to increase with increasing surface area of the

support [22]. Silicates decrease the reducibility of the
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catalyst thus lowering the surface area of the active

metallic phase.

The choice of the precursor also in¯uences the

reducibility properties strongly. Supported cobalt cat-

alysts prepared from different cobalt salts but other-

wise treated similarly (e.g. calcination) exhibited

considerable differences in the degree of reduction

[8]. A calcined CoCl2 based catalyst reduced fully

while a corresponding Co(NO3)2 based catalyst

reduced only to an extent of 73%. Catalysts prepared

from Co-acetate have been shown to be extremely

dif®cult to reduce [8,24].

Direct reduction of supported cobalt precursors in

hydrogen using low heating rates has been found to

improve the dispersion [6,11]. However, reduction

without calcination has also been found to result in

decreased reducibility [8]. The reduction of nitrate

based catalysts was more dif®cult due to CoOx±SiO2

surface species formed in the reductive decomposition

of Co(NO3)2. The calcination temperature has been

found to affect the dispersion and the degree of

reduction [3,13]. Cobalt dispersion decreased with

increasing calcination temperature. Vacuum treatment

at 200±4008C prior to calcination or reduction has

been found to increase cobalt dispersion [12,13].

The reduction behaviour of cobalt catalysts is also

affected by loading. In general, the reducibility of

cobalt catalysts increases with increasing metal load-

ing [4,5,7]. Addition of modi®ers (e.g. La, Pt, Th, Zr)

has been used to increase the reducibility of Co/SiO2

catalysts [14,16,25]. A hydrogen spillover effect has

been proposed as a possible explanation for the

improvement. However, the mechanism for the

increased reducibility is not yet fully understood.

Modi®ers (Mg, Th) have also been found to decrease

the reducibility, probably due to the formation of a

solid solution between CoO and MgO or ThO2 [19].

Smeds et al. [26] have reported higher Ni dispersion

on the gas phase deposited Ni/Al2O3 catalyst than on a

commercial Ni catalyst. This was explained to be

caused by the catalyst preparation method, atomic

layer epitaxy (ALE) [27], giving an optimal dispersion

of Ni. Backman et al. [28,29] have shown that cobalt

dispersion in ALE-prepared Co/SiO2 catalysts is also

high. However, this high dispersion of cobalt on silica

was shown to lead to decreased reducibility of the

catalysts. Hence, a low activity in toluene hydrogena-

tion was observed. In this paper, the reducibility and

the effect of different treatments thereon of the

impregnated and ALE-prepared Co/SiO2 catalysts

were studied.

2. Experimental

2.1. Preparation of Co/SiO2 catalysts via the gas

phase

The support used for all catalysts was Grace 432

silica with a particle size of 0.5±1.0 mm, surface area

of 320 m2/g and a pore volume of 1.2 cm3/g. The

purity of the support has been reported earlier [30].

The Co/SiO2 catalysts were prepared via the gas phase

using ALE technique [28]. The precursor used for the

depositions was cobalt(III)acetylacetonate, Co(acac)3

(Merck, >98%). The catalyst preparation by ALE

consisted of the following separate steps: (a) preheat-

ing of the support, (b) chemisorption of the gaseous

cobalt precursor up to surface saturation, and (c)

removal of the remaining ligands by calcination in

synthetic air. To increase the cobalt content of the

catalysts several ALE cycles were repeated by alter-

nating the steps (b) and (c), Fig. 1.

The silica support was ®rst preheated in air in a

muf¯e furnace for 16 h at 6008C, and further inside the

ALE reactor at 4508C for 3 hours under a nitrogen

(AGA) atmosphere at a reduced pressure (6±10 kPa).

Co(acac)3 was evaporated at 1808C and was passed

through the silica bed at 1808C with nitrogen carrier

gas. A nitrogen purge at the same temperature fol-

lowed the reaction. The acac-ligands were removed

with synthetic air (AGA) at 4508C for 4 h. To increase

the cobalt concentration, the Co(acac)3, N2, synthetic

air, N2 phases (ALE cycles) were repeated up to ®ve

Fig. 1. Preparation of the catalysts using ALE cycles.

12 L.B. Backman et al. / Catalysis Today 43 (1998) 11±19



times. Two sets of Co/SiO2 catalysts were prepared:

so-called `calcined' and `uncalcined' catalysts. The

`calcined' catalysts were prepared using a calcination

step after each precursor deposition step. When pre-

paring the `uncalcined' catalysts the very last calcina-

tion step was omitted and the acac-ligand residues

were still present on the surface.

2.2. Preparation of Co/SiO2 catalysts via

impregnation

Reference Co/SiO2 samples were prepared by

impregnation using Co(NO3)2 as precursor [31].

The support (Grace 432 silica) was pretreated with

a volumetric 1:1 ethanol±water solution to equalise

the OH group distribution and dried (1208C/16 h, in

air and 2008C/2 h, 1±4 mbar). The precursor,

Co(NO3)2�6 H2O (Merck, p.a.), was dissolved in the

pore volume amount of deionised water and added

to the support. The catalyst was then dried (658C/2 h,

1±4 mbar) and calcined in synthetic air (AGA) at

3008C for 12 h.

2.3. Characterisation of the catalysts

The cobalt concentration of the catalysts was deter-

mined with instrumental neutron activation analysis

(INAA, 250 kW Triga Mk II research reactor at VTT

Chemical Technology) or atomic absorption spectro-

metry (AAS, Varian SpectrAA-600). Samples for

AAS measurements were prepared by dissolving the

catalysts in a mixture of hydrochloric, nitric and

hydro¯uoric acid. Carbon was determined using a

LECO CR 12 carbon analyser. The interaction of

Co(acac)x species with silica (ALE samples) was

studied using diffuse re¯ectance IR Fourier transform

spectroscopy (DRIFTS). The spectra were recorded at

the wave number range of 4000 to 600 cmÿ1 with a

spectral resolution of 2 cmÿ1. The details of the study

are presented in Ref. [28].

Static volumetric hydrogen chemisorption was per-

formed with a Coulter OMNISORP 100CX on cata-

lysts reduced in situ in ¯owing hydrogen at 200±

6008C for 7 h. The samples were purged with helium

at 1508C for 30 min. Thereafter, the temperature was

elevated to the reduction temperature in vacuum and

the reduction was performed. The samples were out-

gassed for 40 min at the reduction temperature before

allowing them to cool down to the chemisorption

temperature (308C). The procedure is described in

detail in Ref. [31]. The estimate for the average

particle size was calculated assuming spherical geo-

metry of the cobalt particles. These calculations were

based on the total hydrogen uptakes [6,15]. The values

obtained for dispersion and particle size were cor-

rected for the degree of reduction.

The degree of reduction of calcined ALE catalysts

was estimated using X-ray photoelectron spectro-

scopy (XPS) [29]. The samples were reduced and

transferred under inert atmosphere to the XPS mea-

surement chamber. For uncalcined ALE catalysts and

impregnated catalysts oxygen titration was used.

Determinations were made by performing static volu-

metric chemisorption measurements at 4008C using a

20 vol% O2/He gas mixture. Metallic cobalt was

assumed to fully oxidise to Co3O4 at these conditions.

Temperature programmed reduction (TPR) mea-

surements were performed with an Altamira Instru-

ments AMI-100 catalyst characterisation system. The

catalyst samples (50 mg) were ¯ushed with argon at

1508C for 30 min and cooled down to 308C. After that

the samples were heated from 30 to 8808C at a rate of

108C/min while ¯owing a 10 vol% H2/Ar mixture

(30 cm3/min) through the sample. The consumption of

hydrogen was monitored by a thermal conductivity

detector (TCD). In some of the measurements the gas

stream was also analysed at the outlet by a Balzers

MSC-200 Thermocube mass spectrometer (MS).

The transmission electron microscopy (TEM)

micrographs were obtained with a JEOL JEM-

1200EX II apparatus operated at an accelerating vol-

tage of 100 keV. The samples were ®nely ground using

an agate mortar, and were collected on a carbonised

copper-grid. Two sets of every sample were ground

separately. The samples were studied visually by

different magni®cations to con®rm the homogeneity

of the samples. The actual micrographs were obtained

using a magni®cation of 100 000 times. The lower

limit for measuring crystallite diameters with this

apparatus was about 2 nm.

A number of the catalysts were tested for toluene

hydrogenation in a tubular reactor. The activity runs

were made at atmospheric pressure with a total molar

¯ow of 0.8 mol/h and a molar ratio of hydrogen to

toluene of 7 to 1. The reaction temperature was 1708C.

The amount of catalyst used was 50±500 mg. The
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impregnated catalysts were reduced in situ at 3008C
for 7 h and the gas phase deposited catalysts were

reduced at 5508C for 7 h in ¯owing hydrogen.

3. Results

The cobalt concentration on the SiO2-supported

catalysts varied from 5 to 20 wt.%, see Table 1.

The metal content obtained after one ALE cycle

was about 5 wt.% Co. By using additional cycles

the cobalt concentration increased almost linearly at

a rate of approx. 3.5 wt.% per cycle. The impregnated

catalysts were prepared using the desired amount of

cobalt precursor in one impregnation step.

The hydrogen uptake on the 4.6 wt.% nitrate based

reference catalyst was measured as a function of the

reduction temperature (Fig. 2) [31±33]. A maximum

uptake (0.43 cm3/gcat) was obtained after reduction at

3008C for 7 h. The use of reduction temperatures in

excess of 4008C signi®cantly decreased the hydrogen

uptake. The uptake per gram of catalyst increased with

increasing cobalt content while the uptake per gram of

cobalt remained almost constant (Fig. 3).

The effect of the reduction temperature on the

hydrogen uptake on the calcined ALE catalysts was

tested by reducing the catalysts at 500, 550 and 6008C
for 7 h. At lower reduction temperatures the hydrogen

uptake was negligible [29]. A maximum uptake was

obtained after reduction at 5508C for all cobalt load-

ings. On the 5.9 wt.% Co sample the maximum uptake

was 0.20 cm3/gcat (Fig. 2). The hydrogen uptake

increased slightly with increasing cobalt concentra-

tion. The amount per gram of cobalt decreased with

increasing metal loading (Fig. 3). The hydrogen

uptake increased signi®cantly on the uncalcined

ALE catalysts (last calcination step omitted) com-

pared to the calcined ones. The maximum hydrogen

uptake was obtained by reduction at 5508C when

cobalt concentrations were below 10 wt.% (Fig. 2).

The optimum reduction temperature was found to be

5008C at cobalt concentrations over 10 wt.%. Never-

theless, the uptakes shown in Fig. 3 are for catalysts

reduced at 5508C in order to be comparable with the

uptakes obtained for the calcined catalysts. The high

loading catalysts suffered from this high reduction

temperature. Hence, the hydrogen uptake per gram of

Table 1

Cobalt and carbon concentrations of the catalysts prepared

Catalyst Co/wt.% C/wt.% Notice

1 4.6 n.d. Impregnated

2 13 n.d. Impregnated

3 17 n.d. Impregnated

4; 40 5.9; 5.7 <0.1; <0.1 ALE, calcined

5 11 <0.1 ALE, calcined

6; 60 14; 13 <0.1; <0.1 ALE, calcined

7 17 <0.1 ALE, calcined

8; 80 20; 19 <0.1; <0.1 ALE, calcined

9; 90 5.2; 5.0 7.5; 7.0 ALE, uncalcined

10; 100 8.5; 8.4 6.4; 6.2 ALE, uncalcined

11 12 6.6 ALE, uncalcined

12; 120 15; 16 6.4; 6.5 ALE, uncalcined

13 17 5.5 ALE, uncalcined

n.d. � not determined.

Fig. 2. Hydrogen chemisorption as a function of reduction

temperature (* impregnated; } ALE calcined; & ALE uncal-

cined, all samples containing around 5 wt.% Co).

Fig. 3. Hydrogen chemisorption as a function of metal concentra-

tion, impregnated catalysts reduced at 4008C and ALE catalysts

reduced at 5508C. Open symbols represent hydrogen uptake

per gram of Co and filled symbols uptake per gram of catalyst

(* impregnated; } ALE calcined; & ALE uncalcined).
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catalyst reached a maximum at about 10 wt.%

(Fig. 3).

Dispersions and crystallite sizes calculated from the

hydrogen chemisorption measurements corrected for

the degree of reduction are shown in Table 2. The

degree of reduction of the impregnated and uncalcined

catalysts was measured by oxygen titration. The redu-

cibility of the calcined catalysts was estimated by

XPS. The reducibility of the impregnated catalysts

(85±90%) was high compared to that of the ALE

catalysts (calcined: max 30%, uncalcined: 50±60%).

The difference in reducibility between calcined and

uncalcined catalysts was most profound for the sam-

ples with the lowest cobalt content (4% and 52%,

respectively). The dispersion and crystallite size of

impregnated catalysts were near 4% and 25 nm,

respectively. For the ALE catalysts the dispersion

decreased and the crystallite size increased with cobalt

loading. At the lowest cobalt loading the dispersion

and the crystallite size were the same (24% and 4 nm,

respectively) for both calcined and uncalcined cata-

lysts. The dispersion on the uncalcined samples was

higher than on the calcined samples at increasing

cobalt loading.

TPR measurements clearly showed the differences

in reducibility of the Co/SiO2 catalysts (Fig. 4). The

impregnated catalyst showed hydrogen consumption

at two temperatures, 3008C and 3508C. The calcined

ALE catalysts consumed hydrogen mainly above

7008C. A very small peak was recorded at 3308C
for the 20 wt.% Co sample. Three broad hydrogen

consumption peaks were measured around 4008C,

6008C and 7508C for the uncalcined ALE catalysts.

At the ®rst two peaks the ligand residues were

removed from the surface. Analysis of the outlet

gas with a mass spectrometer showed evolution of

acetone at 350±4008C and mainly methane and other

light hydrocarbons above 5008C. Water was formed

mainly at the ®rst and third hydrogen consumption

peaks (Fig. 5). The relative size of the high tempera-

ture peak increased with cobalt loading.

The TEM micrographs showed round shaped cobalt

particles of about 10 nm in size on both calcined and

uncalcined catalysts for all metal loadings. Although,

the crystallite size distribution was more even on the

uncalcined samples. The micrographs of the calcined

catalyst with more than 15 wt.% Co showed some

larger agglomerates [32].

Table 2

Degree of reduction (f), dispersion (D) and crystallite size (d) on

Co/SiO2. Dispersion and crystallite sizes were corrected for the

degree of reduction. The reduction temperature for impregnated

catalysts (1±2) was 4008C, and for ALE catalysts (4±12) 5508C.

Catalysts labelling, see Table 1.

Catalyst f (%) D (%) d (nm)

1 84 4.2 23

2 87 3.7 26

4 4 24 4.1

6 23 3.5 27

8 28 3.4 28

9 52 23 4.2

10 63 14 6.7

11 54 11 8.7

12 63 5.6 17

Fig. 4. TPR spectra of impregnated, calcined ALE and uncalcined

ALE Co/SiO2 catalysts.

Fig. 5. TPR spectra of an uncalcined ALE catalyst (17 wt.% Co),

analysed with TCD and MS (mass number 18 for water and 43 for

acetone).
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The catalysts were tested in gas-phase hydrogena-

tion of toluene. The reaction rates are given in Table 3.

With Co-nitrate based catalysts the activity reached a

maximum with reduction at 3008C while reduction at

5008C resulted in almost inactive catalysts, probably

due to sintering [31]. Reduction at 4008C was not

suf®cient to reduce the calcined ALE catalysts while

reduction at 5008C gave slightly active catalysts. The

activity of the uncalcined catalysts reduced at 5508C
was signi®cantly higher than that of the calcined ones.

The observed activity was in line with the hydrogen

uptakes (Fig. 2). However, the turnover frequency

(TOF) per exposed Co atom calculated using the

hydrogen uptake data was not equal for all samples.

The TOFs for the uncalcined ALE catalysts were

about two to three times higher compared to the other

catalysts (Table 3).

4. Discussion

The chemisorption of hydrogen indicated signi®-

cant differences in the dispersions and degrees of

reduction on the catalysts studied. The hydrogen

uptake on the impregnated catalyst (4.6 wt.%) reached

a maximum after reduction at 3008C (Fig. 2). The

same trend was also indicated for higher cobalt con-

centrations. Reduction at 4508C or higher probably

induced agglomeration [12,31,34], resulting in a

severe decrease in hydrogen chemisorption capacity

(Fig. 2). The calcined ALE catalysts behaved in a

remarkably different way. The maximum uptake was

reached after reduction at 5508C (Fig. 2). Although

the uptakes increased with increasing cobalt concen-

tration (Fig. 3), they remained low compared to the

impregnated catalysts, indicating either a low disper-

sion or a very low reducibility [29]. The latter seemed

more probable considering the high reduction tem-

peratures required. In fact, XRD detected very small

crystallites even on the samples with 20 wt.% Co [29].

The chemisorption of hydrogen on supported Co

catalysts is considered to be an activated process

[6,29,31]. However, the values reported here are based

on measurements obtained at 308C. Hydrogen chemi-

sorption performed at higher temperatures (1008C and

2008C) showed an increase in uptake by a factor of 1.1

for the nitrate based catalysts [31] and by a factor of

around 1.3 for the calcined ALE catalysts [29]. The

activation factors are relatively small compared to the

differences in uptakes of the studied catalysts. There-

fore, the uptakes measured at 308C can be considered

to give a good basis for comparing the amounts of

exposed Co atoms on the samples.

When the calcination after the last deposition step

was omitted (uncalcined catalysts) the uptakes

reached a maximum after reduction at 500±5508C
depending on cobalt loading. For the 5 wt.% Co cata-

lyst the hydrogen chemisorption capacity increased up

to six times (Fig. 2). The increase at higher cobalt

concentrations was less profound but still signi®cant.

The maximum uptake for both calcined and uncal-

cined catalysts (ALE) was reached at a remarkably

high reduction temperature compared to the impreg-

nated ones. The high reduction temperatures required

were possibly due to high dispersion leading to strong

interaction between the cobalt species and the support.

TEM measurements showed that the cobalt particle

size was in the same range on the calcined and

uncalcined catalysts. This ruled out the possibility

that the increase in the total hydrogen uptake was

only due to differences in cobalt particle size. The

explanation for the improvement was in the different

degrees of reduction of these catalysts. The degree of

reduction of the calcined catalysts reduced at 5508C
was estimated by XPS, and was found to be less than

30% for all catalysts [29]. Oxygen titrations showed

that the degree of reduction of the uncalcined catalysts

after reduction at 5508C was between 50% and 60%

independent of the cobalt loading (Table 2). For com-

parison, the degrees of reduction of the impregnated

catalysts (4008C/7 h) were 85±90% (Table 2). These

Table 3

Toluene hydrogenation activity of the Co/SiO2 catalysts. Catalyst

labelling, see Table 1

Catalyst Co(wt.%) Tred(8C) Reaction

ratea/10ÿ5 mol/g s

TOF/sÿ1

1 4.6 300 0.86 0.22

40 5.7 550 0.30 0.33

60 13 550 0.36 0.20

80 19 550 0.73 0.24

90 5.0 550 5.5 0.61

100 8.4 550 6.4 0.49

120 16 550 5.6 0.60

a Reaction conditions: 1708C, total molar flow 0.8 mol/h, H2/

toluene �7/1.
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are typical values reported in the literature for impreg-

nated Co/SiO2 catalysts [6,12,15,31].

The TPR measurement of an impregnated catalyst

(4.6 wt.% Co) showed a two-step reduction pro®le.

The ®rst peak at 3008C was about one third of the

second peak observed at 3508C. This two-stage pat-

tern has been explained in the literature as the reduc-

tion of Co3O4 via CoO to Co [21,35,36]. It could also

be explained by a bimodal distribution of Co3O4

particles. Okamoto et al. [9] proposed that the TPR

peak temperature increases with increasing particle

size because of diffusional limitations. This would, in

our opinion, lead to broadening of the peaks resulting

in a decrease in resolution. In addition, the reducibility

has been found to increase with particle size because

of decreased interaction with the support [4,6,37]. In

the TPR spectrum there was no hydrogen consumption

above 5008C, thus indicating that the formation of

silicates was negligible [14] or the species were in a

non-reducible (8808C) state. The TPR measurements

showed that after calcination the major part of the

cobalt was present as Co3O4.

During the TPR measurements of the calcined ALE

catalysts reduction started to occur at 7008C and

increased as the temperature was raised (Fig. 4). This

behaviour can be explained by the presence of cobalt

silicates or hydrosilicates [9,22,23,36]. With a high

cobalt loading catalyst (20 wt.%) a small amount of

hydrogen was consumed at 3308C, showing that some

Co3O4 had probably been formed.

The uncalcined ALE catalysts produced some acet-

one at 350±4008C (Fig. 5) and methane at higher

temperatures during the TPR runs, indicating the

presence of acetylacetonate-ligands on the cobalt

species [38]. The presence of acac-ligands on the

surface was shown by the DRIFTS study [28]. The

intensity of the stretching vibration of the silica hydro-

xyl group decreased compared to pure silica. This

indicated an exchange reaction between SiO2 OH-

groups and the acac-ligands of the precursor. After the

calcination step the intensity of n(Si-OH) increased,

and the spectra resembled that of a naked support. The

traces of the vibrations of cobalt hydroxide, oxide and

silicate were seen as the number of ALE cycles

increased. Considering the DRIFTS measurements

and the C to Co ratio of the uncalcined samples the

Co(acac)3 precursor has been proposed to lose one

acac-ligand and attach to the silica as Si±O±Co(acac)2

[28]. The calcination of this group could easily form

CoOx±SiO2 species (calcined catalyst) [29]. The effect

of calcination has been shown to be of great impor-

tance in determining the reducibility [8]. Direct reduc-

tion (4008C/16 h) without calcination of a 6 wt.% Co/

SiO2 catalyst prepared from nitrate gave 9% reduc-

tion. Calcination increased the degree of reduction to

73%. An increase in reducibility was also observed for

chloride and acetate based catalysts after calcination.

Rosynek and Polansky [8] proposed that the decrease

in reducibility for the nitrate based catalyst was due to

reductive decomposition of the nitrate salt forming

CoOx±SiO2 surface species that were dif®cult to

reduce. Direct reduction using low heating rates has

been found to increase the dispersion [11]. The effect

on the reducibility was not described. In our case

(calcined vs. uncalcined catalysts) the reducibility

was improved by using direct reduction thus avoiding

the extensive silicate formation during calcination.

With the uncalcined 6 wt.% Co ALE sample the direct

reduction gave some species that reduced at 7508C,

indicating formation of some CoOx±SiO2 species. The

relative amount of species reducing over 7008C on the

uncalcined catalysts increased with increasing cobalt

loading (Fig. 4). This is mainly due to calcination

between the preparation steps. The samples were

stored under air prior to the measurements and were

possibly partially oxidised. Some of the water released

during the TPR runs at 400±5508C was probably due

to this. The rest originated from the oxygen in the

precursor. The water formed above 7008C was due to

the reduction of silicates (Fig. 5).

The well-de®ned Co3O4 phase formed during cal-

cination of the nitrate based samples reduced easily, as

shown by the high degree of reduction (Table 2). The

highly dispersed CoOx±SiO2 species (silicates) on the

calcined ALE catalysts were more dif®cult to reduce.

The degree of reduction was signi®cantly higher on

the uncalcined ALE catalysts. The difference was

most profound for low cobalt loading (Table 2).

The difference in reducibility between the calcined

and uncalcined catalysts could be due to easily redu-

cible cobalt species on top of the silicate layer. The

increase in reducibility of the silicates could be

induced by hydrogen spillover from the reduced cobalt

phase [22]. From the TPR pro®les it can be seen that

the high temperature reduction peaks slightly shifted

towards lower temperatures on the uncalcined sam-
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ples. Also from the increase in degree of reduction it

can be seen that the reducible species enhances the

reducibility of previous layers (Table 2). The degree

of reduction of the one-cycle sample was only 4%

while the uncalcined two-cycle catalyst reduced to an

extent of 63%. A comparison of the increase in cobalt

content with the increase in metallic cobalt shows that

39% of the ®rst cycle had reduced on the two-cycle

sample compared to only 4% on the calcined one-

cycle sample.

Dispersions obtained by hydrogen chemisorption

corrected for the degree of reduction were approxi-

mately the same for calcined and uncalcined ALE

catalysts at low cobalt loading. With increasing cobalt

loading the dispersions were higher on the uncalcined

samples. However, the degree of reduction of the

calcined samples was determined by XPS while for

uncalcined catalysts it was determined by oxygen

titration. This might distort the calculated dispersion

values. The dispersion of the nitrate based samples

was low in comparison to the uncalcined ALE cata-

lysts (Table 2). High reduction temperatures induced

agglomeration on the easily reducible impregnated

catalysts, decreasing the dispersion. The thermal sta-

bility of the ALE catalysts improved due to a silicate

layer under the reduced species, and the dispersions

remained high even at high temperatures.

The ALE catalysts were prepared by using the

reaction cycles. In contrast, the impregnated catalysts

were made using enough precursor to achieve the

desired amount of cobalt on the catalyst in one step.

The repeated calcination between the deposition steps

could have affected the ALE catalyst. Already after

the ®rst preparation cycle the calcined ALE catalysts

were not reducible while the impregnated 5 wt.%

catalyst reduced to 84%. The calcination temperature

for the ALE catalysts was 4508C as compared to

3008C for the impregnated ones. However, the effect

of the calcination temperature was earlier found to be

moderate on the impregnated catalysts [31], where,

e.g. the hydrogen uptake on catalysts calcined at

5008C decreased the hydrogen uptake by less than

30%.

Despite high dispersion the hydrogenation activity

of the calcined ALE catalysts remained low for all

cobalt loadings due to low reducibility [29]. The

activity of the uncalcined catalysts was approx. 10

times higher than that of the calcined ones. The well-

dispersed and reduced cobalt gave a high metal sur-

face area available for the reaction. The activity of the

uncalcined catalysts was about six times higher than

that of the impregnated catalysts. The degree of

reduction of the impregnated catalyst was higher than

that of the uncalcined catalyst but the low dispersion

resulted in a moderate cobalt surface area. The turn-

over frequencies per surface Co atom (TOF) for the

calcined ALE catalysts and the nitrate based catalyst

were roughly the same. The TOFs for the uncalcined

ALE catalyst were about two to three times higher

compared to the calcined catalysts (Table 3).

5. Conclusions

Novel catalysts were prepared with the ALE tech-

nique using Co(acac)3 as precursor. The chemisorp-

tion of the precursor at OH sites on silica followed by

calcination forms silicate type CoOx±SiO2 species that

are hard to reduce. More silicates form during the

calcination on the well-dispersed catalysts prepared

from Co(acac)3 than on the nitrate based impregnated

catalysts. The relatively low dispersion on the impreg-

nated catalysts is probably responsible for keeping the

silicate formation at a low level. Well-dispersed redu-

cible Co/SiO2 catalysts were obtained by omitting the

last calcination step during the preparation of the

catalysts. A layer of reducible cobalt species is thus

left on the surface of the catalyst. The presence of a

more easily reducible cobalt species enhances the

reduction of the silicate species, probably due to a

hydrogen spillover effect. The catalysts are thermally

stable, i.e. the catalysts do not sinter signi®cantly at

5508C. The silicate species at the silica surface prob-

ably decrease the sintering of cobalt. The reduced

well-dispersed cobalt on the uncalcined catalysts has a

high metal surface area compared to that on the

calcined ones. The toluene hydrogenation activity is

therefore increased signi®cantly. The high thermal

stability of the catalysts could possibly result in

catalysts with long lifetimes.
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