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Abstract: Supported metal particles play an important role in heterogeneous catalysis. It has
been shown lately that the size of the metal crystallites in the supported metal catalysts has a
profound effect on the catalytic activity, thus necessitating the need for synthesis methods
aimed at a strict control of the metal crystallite size in these catalysts. The classical methods
used to synthesize supported metal catalysts typically yield a wide metal crystallite size dis-
tribution, and average crystallite sizes which are difficult to control. Suitable techniques have
been developed to obtain supported metal catalysts with defined crystallite size distributions,
inter alia impregnation of reverse micelle microemulsions, colloid impregnation following
reverse micelle precipitation or crystallization, and deposition–precipitation. Using these
techniques, a series of supported Ru/γ-Al2O3, Co/SiO2, Fe/γ-Al2O3, Fe/C, and Au/ZnO cat-
alysts have been prepared and characterized. 
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INTRODUCTION

Over the past 100 years or so, catalytic processing has played an increasingly important role in the pro-
duction of industrial chemicals and derivatives, and currently well in excess of 90 % of all chemical pro-
duction is catalytic—the vast majority of these processes involving heterogeneous catalysts, many com-
prising metals, in particular metals supported on suitable inorganic oxides. 

Heterogeneous catalysis is a surface phenomenon. For structure-insensitive reactions [1], the cat-
alytic activity per unit surface area, or the turnover frequency (TOF), is independent of the crystallite
size of the catalytically active material. This behavior has been shown over a limited crystallite size
range for hydrogenolysis reactions [2], methanol synthesis [3], and Fischer–Tropsch synthesis [4].
Thus, the maximum activity per unit mass of catalytically active material is obtained by reducing the
crystallite size of this material as much as possible for these types of reactions. However, it should be
kept in mind that the stability of the catalytic active phase might be reduced with decreasing crystallite
size, as shown, for instance, in the case of the Fischer–Tropsch synthesis [4,5], which sets a lower limit
on the minimum crystallite size (in the nanometer range), below which the catalytic activity decreases
due to phase change.
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Structure-sensitive reactions show a strong dependency of catalytic activity per unit surface area,
or TOF, on the crystal size of the catalytically active material. For instance, the TOF has been shown to
pass through a maximum as a function of the crystallite size in the hydrogenolysis of n-butane [6–8]
and the hydrogenation of hydrocarbons [7,8]. Structure-sensitivity has been shown most dramatically
in the case of gold-catalyzed reactions, such as CO oxidation [9–11], acetylene hydrogenation [11], and
methanol synthesis [12]. In these reactions, the TOF seems to increase or pass through a maximum with
decreasing crystallite size.

Control of the crystallite size of the catalytically active material is thus of great importance for
both structure-insensitive and -sensitive reactions. In both cases, a narrow crystallite size distribution is
needed within the nanometer range. The required mean depends on both the reaction and the catalyti-
cally active material. Classical synthesis methods, precipitation and impregnation, often result in a wide
size distribution of the catalytically active material and tuning the crystallite size distribution to obtain
the desired mean crystallite size is difficult to achieve. Hence, novel synthesis routes, such as precipi-
tation from reverse micelle (water-in-oil) emulsions [13] have been developed. 

Nanosized crystals are thermodynamically unstable and need to be stabilized by dispersing the
nanocrystals on a support. However, it is often difficult to obtain a good dispersion of the catalytically
active material over the support material while obtaining the desired mean crystallite size [14].

In this paper, we present some experimental approaches to synthesize dispersed, supported metal
catalysts with a desired mean crystallite size for application in the Fischer–Tropsch synthesis, methanol
synthesis, the water–gas shift reaction, and CO oxidation.

SYNTHESIS OF SUPPORTED METAL CATALYSTS USING REVERSE MICELLE
IMPREGNATION

Classical impregnation of metal salt solutions on support materials typically yields a wide crystallite
size distribution. It has been claimed [13,15] that impregnation of a microemulsion of an aqueous phase
containing the metal salt in oil with a surfactant, will lead to a controllable, narrow crystallite size dis-
tribution. This is attributed to the confined location of a limited amount of metal salt in the nanosized
vesicles (micelles) containing the aqueous phase. The metal salt is taken up by the support upon inter-
action of these droplets with the support material. 

Synthesis and characterization of Ru/γ-Al2O3
An aqueous solution of RuCl3 (0.12 mmol/l) was prepared and contacted with a prefiltered mixture con-
taining n-hexane and polyethylene dodecyl glycol ether (PEDGE; Berol 050; Akzo Nobel). The micro-
emulsion was left under stirring overnight. Subsequently, the support material, γ-Al2O3 (Puralox SCCa
5-150; Sasol Germany; SBET = 162 m2/g; dpore = 11.5 nm) was added. The uptake of ruthenium by the
support could be monitored by loss of color of the liquid phase and a change in the color of the solid
phase from white to dark brown. The suspension was left overnight. Acetone was added to break the
micellar structure. The solid was removed from the liquid and washed further with acetone. The cata-
lyst precursor was dried in a rotary drier at 60 °C and 300 mbar for 1 h, followed by drying at the same
temperature and 50 mbar for 1 h. The catalyst precursor was subsequently calcined in air
(30 ml(NTP)/min) at 300 °C for 16 h (heating rate 2 °C/min). 

The size distribution of the metal oxide particles after calcination was determined using trans-
mission electron microscropy (TEM). Furthermore, the average crystallite size of metallic ruthenium
after catalyst reduction at 300 °C in hydrogen (30 ml(NTP)/min) for 5 h was determined using
CO-chemisorption. The average crystallite size in the calcined catalyst as determined using TEM and
the average crystallite size in the reduced catalyst as determined using CO-chemisorption were compa-
rable.

Figure 1 shows the crystallite size distribution in the calcined catalyst prepared using conven-
tional impregnation and reverse micelle impregnation as determined by counting the crystallites on
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TEM images (n = 50–100). Only a limited number of crystallites were counted, since they were highly
dispersed (3 wt % ruthenium loading). The catalyst prepared by conventional impregnation shows a
wide crystallite size distribution, which can be modeled best using a log-normal distribution. The cata-
lysts prepared by impregnation of the reverse micelle solution show a narrower, more symmetrical crys-
tallite size distribution. It may be postulated that the origin of the sharper crystallite size distribution re-
sults from the collision of microemulsion vesicles with the support and the consequent rapid uptake of
ruthenium from the solution by the support. 

A number of model catalysts with different average ruthenium crystallite sizes have been pre-
pared by varying preparation variables, such as water-to-surfactant and oil-to-surfactant ratio.

Catalytic activity of Ru/γ-Al2O3 in the Fischer–Tropsch synthesis
The reduced, supported ruthenium catalysts (reduction conditions: hydrogen (30 ml(NTP)/min) at
300 °C for 5 h) were tested in a fixed-bed reactor for their activity in the Fischer–Tropsch synthesis at
170 °C and 4 bar with a space velocity of 7.2 ml(NTP)/(min�g) and a molar of H2 to CO ratio of 2. The
obtained conversion of carbon monoxide under these conditions was less than 1 %. After 5 days on
stream, the catalyst was flushed with Ar and passivated in CO2 at room temperature. The crystallite size
distribution of the spent catalysts was determined using TEM. 

Figure 2 shows the TOF in the Fischer–Tropsch synthesis after 5 days on stream as a function of
the average crystallite size in the spent catalyst. The TOF increases with increasing average crystallite
sizes and seems to reach constant values for large crystallites. A similar effect has been previously re-
ported for the CO hydrogenation over Rh/SiO2 with a strong increase in the TOF for crystallites larger
than ca. 4 nm [16]. Ojeda et al. [17] reported an increase of the TOF in the CO hydrogenation over
Rh/γ-Al2O3 with increasing crystallite size (up to sizes of 30 nm). The origin of this increase at a spe-
cific crystallite size is currently under investigation. It might be speculated that it is caused by carbon
over-layer formation as preferentially observed on small crystallites [18] or by ruthenium loss of the
small crystallites in the catalyst (e.g., via formation of volatile ruthenium carbonyls). Alternately, it
might be assumed that chain growth steps in Fischer–Tropsch synthesis only occur on sites which con-
tain a certain minimum number of metal atoms in a certain configuration. The density of these sites
might be much lower in smaller crystallites, therefore rendering them less active [19].

The strong increase in the TOF at a specific crystallite size re-emphasizes the need to tailor cata-
lysts for their specific application and in particular the crystallite size distribution. Catalysts containing
very small crystallites with a diameter of 3–4 nm will, under these conditions, be ca. 3 times less active
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Fig. 1 Crystallite size distribution in calcined Ru/γ-Al2O3 catalysts prepared using a conventional impregnation
technique (µ = 6.9 nm; σ = 2.3 nm; n = 76) and impregnation of a reverse micelle solution (µ = 6.1 nm; σ = 1.2 nm;
n = 50).



than catalysts containing crystallites with a diameter of 7–9 nm. However, TOF is not of paramount im-
portance for industrial catalysts, where, because of the cost of the catalytically active material, the cat-
alytic activity per unit mass is key. The catalytic activity per unit mass is proportional to the reciprocal
value of the average crystallite if the TOF is constant. 

SYNTHESIS OF SUPPORTED METAL CATALYSTS USING COLLOIDAL IMPREGNATION

Supported metal catalysts with a defined crystallite size distribution can be made by a controlled pre-
cipitation step. This can either be achieved by controlling the nucleation conditions and thus attempt-
ing to control the size of the solid nuclei or by controlling the crystal growth, if larger crystallites are
desired. Subsequently, a support material can be impregnated with the colloidal suspension containing
the catalyst precursor.

Colloid impregnation of material prepared by crystallization

The crystallite size of the catalytically active material can be varied by controlled crystallization of the
desired material. It should, however, be kept in mind that a lower limit exists, the size of a nucleus, de-
pending on the material synthesized.

Synthesis and characterization of Co3O4/SiO2
Feng and Zeng [20] described a method to synthesize nanocubes of Co3O4 with a fairly narrow crys-
tallite size distribution. In a typical synthesis, 1.2 g of NaOH was dissolved in 100 ml of deionized water
in a three-necked round-bottom flask. Then, 90 g of NaNO3 was added to the solution. The three-
necked flask, with a reflux condenser mounted on top, is then immersed into an oil bath at 105 ± 0.2 °C.
An air stream was sparged through the solution. After half an hour, 20 ml of 1.0 M Co(NO3)2�6H2O
was added drop-wise within 1 min using a burette. A blue precipitate formed instantaneously. The flask
with the blue slurry was kept in the oil bath under sparging of air for further reaction. The whole process
was carried out under constant stirring by a magnetic stirrer. The slurry was cooled down to ambient
temperature and then centrifuged at 5000 rpm for 5 min. 
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Fig. 2 TOF in the Fischer–Tropsch synthesis at 170 °C and 4 bar (SV = 7.2 ml(NTP)/(min�g); H2:CO = 2) after
5 days on stream (XCO < 1 %) as a function of the average crystallite size of Ru/γ-Al2O3; catalysts prepared by
reverse micelle impregnation (x-error bars indicate width of distribution (i.e., standard deviation); y-error bars
indicate experimental error).



After removal of the supernatant, the solid was resuspended in a 2.0 M HCl solution to dis-
solve unconverted precursor compounds (β-Co(OH)2, CoII(OH)2-x(NO3)x�nH2O, and CoII

1–x
CoIII

x(OH)2(NO3)x�nH2O). The mixture was then centrifuged again. This was repeated three times to
ensure complete removal of the precursor phases. The black paste (purified Co3O4) left in the centrifuge
tubes was resuspended in deionized water and recentrifuged. This washing was also repeated three
times. The final product was dried overnight in an oven at 120 °C. Figure 3 shows the obtained, puri-
fied product.

In this work, the average crystallite size of Co3O4 was changed in this synthesis method by vary-
ing the reaction time, in which the precipitate is kept at 105 °C under sparging of air. 

Supported cobalt catalysts can be obtained by the addition of a support material in the last pu-
rification step. In this case, Aerosil was added in the last purification step as the silica source to obtain
supported Co3O4 crystals on silica. The mixture was dried overnight at 120 °C. The as-synthesized
Co3O4/SiO2 samples were analyzed using X-ray diffraction (XRD) (Cu-Kα-radiation; λ = 1.541837 Å;
instrument line broadening β1/2 = 0.159° as determined using NaCl). Figure 4 shows the XRD spectra
obtained for samples obtained after 1, 4, 8, and 16 h aging time. A TEM analysis of the supported ma-
terials was not feasible due to the low cobalt loading obtained.
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Fig. 3 Purified unsupported Co3O4 crystallites synthesized according to the method by Feng and Zeng [20].

Fig. 4 XRD evaluation of silica-supported Co3O4 crystallites synthesized according to the method by Feng and
Zeng [20] (left: XRD spectra; right: average crystallite size as determined using line width broadening for the
various diffraction planes).



This synthesis method is based on growth of the Co3O4 crystals in the solution. The size of the
crystals can be controlled by increasing the crystallization time. The constant growth rate of the Co3O4
crystals is almost independent of the reaction time, and thus the crystal size, indicating that the crystal
growth process is governed by diffusion limitation, most likely the diffusion limited arrival of oxygen
at the crystal surface [21]. 

The intrinsic limitation of this method is its inability to produce very small crystals (i.e., less than
ca. 7–8 nm), since the method is based on crystal growth. Furthermore, the obtained cobalt loadings are
presently too low to be attractive for commercial applications.

Colloid impregnation of material prepared by reverse micelle precipitation

Nanosized materials can be prepared by precipitation in a water-in-oil microemulsion (reverse micelles)
[13]. For instance, nanosized iron crystallites can be prepared by the precipitation of iron from an aque-
ous iron nitrate solution with ammonium carbonate [22]. Two microemulsions, one with an aqueous
0.5 M iron nitrate solution and one with an aqueous 2 M ammonium carbonate solution, both in
n-hexane with polyethylene dodecyl glycol ether (PEDGE; Berol 050) were prepared. The two micro-
emulsions were mixed under stirring. Due to collision and coalescence of the droplets, the metal salt is
brought into contact with the precipitation agent. The precipitate remains confined to the interior of the
microemulsion droplets until they are separated from the liquid phase by flocculating with acetone. The
precipitate is subsequently washed with acetone to remove the surfactant. The solid is subsequently
dried at room temperature for 3 h, followed by drying at 120 °C for 24 h. The precipitate is finally cal-
cined at 300 °C for 3 h in a fixed-bed reactor under flowing air (flow rate: 60 ml(NTP)/min; heating
rate: 10 °C/min). The calcined material was characterized using XRD, N2-BET, and TEM. Good agree-
ment in the average volume-based crystallite size between the three different characterization tech-
niques is obtained (see Fig. 5). The resulting average crystallite size is a function of the water-to-sur-
factant ratio. The resulting crystallites become larger with an increasing water-to-surfactant ratio,
corresponding to larger water droplets in the microemulsion, implying a precipitation and growth upon
collision of the droplets. TEM micrographs indicate that very narrow crystallite size distributions were
obtained.

Iron supported on activated carbon (Riedel-de Haen; SBET = 1244 m2/g; dpore = 2.0 nm) and
γ-Al2O3 (Puralox SCCa 5-150; Sasol Germany; SBET = 162 m2/g; dpore = 11.5 nm) were prepared by
addition of the support material prior to separation of the precipitate from the liquid phase by floccu-
lating with acetone. After flocculation and separation, the sample was slowly dried in a rotary drier at
40 °C and 400 mbar for 1 h, then 250 mbar until the sample appeared dry. The catalyst samples were
subsequently impregnated with an aqueous solution of potassium nitrate to obtain 5 g K per 100 g Fe
(a typical level of potassium loading in iron-based Fischer–Tropsch catalysts [23]). The slurry was
again allowed to dry slowly in a rotary drier at 75 °C and 250 mbar for 30 min, then 200 mbar for 1 h,
150 mbar for another hour and subsequently at 75 mbar until dryness. The catalyst samples were cal-
cined in a fluidized bed under argon (60 ml(NTP)/(min�g) at 350 °C for 16 h (heating rate 10 °C/min).
The catalyst samples were reduced in a fluidized bed under hydrogen (30 ml(NTP)/min�g) at 350 °C
for 16 h. The reduced catalyst was passivated in CO2 at room temperature for further characterization.
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Figure 6 shows the TEM micrographs of the calcined and reduced catalyst samples. The Fe crys-
tallites are mainly found on the support material, and not as unsupported clusters, indicating that this
method of crystallite deposition onto the support was successful. Generally, a more homogeneous dis-
tribution of crystallites was observed with alumina as a support, especially in the samples containing
small crystallites. The activated carbon has an average pore size of ca. 2.0 nm, which is too small to ac-
commodate the crystallites synthesized using the reverse micelle precipitation technique. Thus, the
crystallites supported on carbon are mainly located on the external surface of the support. The alumina
support has an average pore diameter of ca. 11.5 nm, pores which are large enough to accommodate the
smaller crystallites. Clusters of crystallites were noticed mostly with carbon-supported catalysts.

The average crystallite size remains mainly unaffected upon reduction showing the absence of se-
vere sintering during this procedure. Upon reduction, a size shrinkage due to oxygen removal of ca.
23 % was expected. The slightly larger than expected sizes obtained after reduction indicate some sin-
tering of the smaller crystallites, which was expected since the reduction temperature is above the
Hüttig temperature of metallic iron. 
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Fig. 5 Effect of the water-to-surfactant ratio on the average volume-based crystallite size of unsupported Fe2O3
crystallites prepared by precipitation from reverse micelle solutions (scale identical on each photograph).



Catalytic activity of supported iron-based catalysts in the Fischer–Tropsch synthesis
The effect of the crystallite size in iron-based Fischer–Tropsch synthesis was explored with the sup-
ported iron-based catalysts [22] (for carbon-supported catalysts: m = 0.5 g diluted with 0.45 g SiC; for
alumina-supported catalysts: m = 0.2 g diluted with 1.2 g SiC). The catalysts were in situ calcined in
argon (30 ml(NTP)/min) and subsequently reduced in hydrogen (30 ml(NTP)/min). Both treatments
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Fig. 6 TEM micrographs of some calcined (left) and reduced (right) iron-based catalysts supported on carbon (top)
and alumina (bottom).



were performed at 350 °C for 16 h (heating rates: 10 °C/min). After reduction, the catalyst was cooled
down to reaction temperature (270 °C). The Fischer–Tropsch synthesis was performed at 30 bar with a
synthesis gas (60 ml(NTP)/min) with a H2:CO ratio of 2.

Figure 7 shows the average initial integral activity per unit surface area (between 30 and 60 min
on stream) as a function of the average crystallite size of the freshly reduced catalyst. Small crystallites
with a size less than ca. 9 nm are much less active than larger crystallites. Oxidation of the small crys-
tallites may account for loss in activity as magnetite is considered to be inactive or much less active than
the active phase in the Fischer–Tropsch synthesis, iron or iron carbide [23]. Alternatively, and analo-
gous to the explanation on the results obtained on ruthenium reported above, smaller crystallites may
be intrinsically less active or they may be preferentially covered with carbon over-layers as shown for
palladium-type of catalysts [18]. 

SYNTHESIS OF SUPPORTED Au/ZnO CATALYSTS USING MODIFIED
DEPOSITION–PRECIPITATION METHOD

Catalysis by gold has recently demonstrated the importance of the control of the crystallite size distri-
bution in the development of catalysts [9–12]. The preferred method for the preparation of supported
gold catalyst is the so-called deposition–precipitation method [9]. In this method, a powder of the ox-
idic support material is suspended in a solution containing the appropriate amount of chloro auric acid
(HAuCl4). The pH of the solution is raised to obtain the desired level in the range of 7–10, at which
Au(OH)nCl4–n

– may precipitate/adsorb on the oxidic support material [24]. Subsequently, the slurry is
aged for 1 h, after which it is washed with distilled water. Materials produced using this method yield
active catalysts with average gold crystallite sizes of less than 5 nm (in contrast to the coprecipitation
method, which yields gold crystallites with sizes between 5 and 100 nm [25]). This method may yield
a relatively wide crystallite size distribution, since the pH at which gold is deposited varies.

An alternative method was developed, in which the support material is initially suspended in
deionized water. The solution containing HAuCl4 is added simultaneously with the precipitating agent
to the slurry to keep the pH essentially constant. Relative to the method described above, this method
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Fig. 7 Initial integral activity per unit surface area over supported iron-based catalysts prepared by precipitation in
reverse micelle solutions followed by colloid impregnation for the Fischer–Tropsch synthesis at 270 °C and 30 bar
(H2:CO = 2; carbon-supported catalysts: SV = 120 ml(NTP)/(min�g), XCO = 20–75 %; alumina-supported
catalysts: SV = 300 ml(NTP)/(min�g), XCO = 6–15 %;) as a function of the average crystallite size (x-error bars
indicate width of distribution (i.e., standard deviation); y-error bars indicate experimental error).



yields an improved distribution of the nanocrystallites over the support material with a narrow crystal-
lite size distribution (see Fig. 8) and an improved loading efficiency. 

A further disadvantage of the deposition–precipitation method is the low loading efficiencies ob-
tained at high pH values (see Fig. 9). The modified deposition–precipitation method yields at the de-
sired pH value of 7–9, much higher loading efficiencies (see Fig. 9). 

D. BARKHUIZEN et al.

© 2006 IUPAC, Pure and Applied Chemistry 78, 1759–1769

1768

Fig. 8 TEM image and crystallite size distribution of a supported Au/ZnO catalyst prepared using the modified
deposition–precipitation method at pH = 8 (µ = 5.9 nm; σ = 1.1 nm).

Fig. 9 Loading efficiency of gold on ZnO prepared using the classical deposition–precipitation technique [9] and
the modified deposition–precipitation technique.



OUTLOOK

Heterogeneous catalysts need to be designed for specific applications. A particular aspect in the design
of a heterogeneous catalyst is the choice of the crystallite size distribution of the catalytically active ma-
terial. It has been shown that the crystallite size has a very important effect on the resulting catalytic ac-
tivity in a variety of reactions, and therefore needs to be considered in the catalyst design. Effects of
formation of carbon over-layers on small crystallites, effects of metal loss and crystallite phase changes,
as well as ensemble size effects have been proposed, but need to be investigated further.

Novel techniques have been developed to synthesize catalysts with the catalytically active mate-
rial in the required size range. Catalyst performance can be improved by tuning the crystallite size dis-
tribution for the required reaction. This requires a control of the crystallite size distribution and thus a
thorough understanding of the underlying principles and process variables in the synthesis of these ma-
terials. 

Here, we presented some of the new techniques developed, inter alia utilizing the reverse micelle
properties in impregnation and precipitation, and controlled crystallization and precipitation, to obtain
better control of the crystallite size distribution, which will help to understand the effect of crystallite
size in industrially applied heterogeneous catalysts. 
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