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Abstract

This publication describes the application of the direct anionic exchange method (DAE) in the preparation of gold nanoparticles supported upon
different oxide materials. Some of the metal oxides most frequently used in gold catalysis are investigated, i.e., TiO,, ZrO,, CeO, and Al,Os3, as
well as some of those less typical such as SiO, and MgO. All of these supports have been studied comparatively for their acid—base and redox
properties. It was found that the method of preparation is successful on a quantitative level for all of the supports, having an isoelectric point
between 4 and 7. The formation of gold nanoparticles was confirmed by transmission electron microscopy with particle size ranging between
1.9 and 3 nm for each catalyst. All gold catalysts were tested in the CO oxidation reaction and it was concluded that gold catalysts supported on

reducible type metal oxides such as CeO,, TiO, and ZrO, are generally more active.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For a long time, metallic gold has been considered as both a
promising and versatile catalyst, but its development and appli-
cation has been greatly impeded by difficulties in reproducing
its preparation on a large number of catalyst supports. The prin-
cipal role of any support is the stabilisation and the dispersion of
low loadings of metal particles on material of high surface area.
Equally, it must also ensure an adequate metal-support interac-
tion and high interfacial surface (specific active sites) [1,2].

The most traditional supports used in the gold catalysis have
been single or mixed metal oxides from the first row of transi-
tion metals, as well as few oxides of heavier elements such as
zirconium, indium, tin, lanthanum and cerium. Metal hydrox-
ides are less employed owing to their instability under strongly
exothermic conditions reactions, e.g., CO oxidation reaction [3].
Different types of zeolites, polymers and carbon have also been
reported [4—7]. Amongst these supports, titanium dioxide and
iron oxides are most widely used, in particular in the water-gas
shift reaction at low temperature [8—10].
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Before 2002, there are some reports of gold catalysts sup-
ported on alumina and even following this date, they have found
limited application in the reduction of nitrogen oxides [11-15].
There are even fewer publications discussing the use of ceria in
gold-based catalysts, but the research interest in this area has
increased over the last few years [16-24].

The effect of the support on the oxidation of CO over gold cat-
alysts has been investigated by Schubert et al. [25]. The authors
proposed classifying the supports in two groups: “active” and
“inert”. The gold particles supported on non-reducible and basic
oxides such as Al,O3, MgO as well as the acidic SiO are con-
sidered to be “inert”, while reducible oxides such as Fe;Os,
NiO,, CoO,, TiO; are declared “active”. The former are less
reactive for CO oxidation compared with the latter. In the case
of gold catalysts supported on “inert” oxides, Okumura et al.
[26] reported a strong dependence of the catalytic activity upon
the gold particle size.

The increase in catalytic activity over the catalysts supported
on reducible oxides has been attributed to the oxygen storage
capacity of the support [27]. Still, it has to be noted that both
types of supports yield an active catalyst, but the reaction pre-
sumably goes via different mechanisms.

The aim of the current study is to produce an active cata-
lyst for CO oxidation using novel and improved direct anionic
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exchange (DAE) method of preparation and to compare the cat-
alytic activity of both “inert” (Au/Al,O3, Au/MgO, Au/SiO)
and “active” (Au/TiO;, Au/ZrO,, Au/CeO5) systems.

2. Experimental
2.1. Catalysts preparation

A novel method of preparation have been developed in our
laboratory, based upon the direct anionic exchange (DAE) of
the gold species with the hydroxyl groups of the support, and
was reported in a previous publication [28]. Aqueous solutions
of HAuCly of concentration 10~% mol L1 (pH 3.5) were pre-
pared in order that a final Au loading of 2 wt.% is obtained.
The solution was heated to 70 °C and the commercially avail-
able powdered support (Al,O3 (Rhone Poulenc GCO 64), CeO,
(Rhone Poulenc Actalys HSA 5), TiO; (Degussa P25), ZrO;
(Degussa IRC), MgO (STREM) and SiO, (ROTH)) was added.
The slurry was filtered, washed, dried overnight in an oven at
120 °C and calcined in air at 300 °C for 4 h.

2.2. Washing procedures

The washing procedures were applied in order to remove the
chlorine residues from the solution, from the gold chlorohy-
droxy complexes and/or the adsorbed chlorides on the support.
The washing agents were either ammonia as an aqueous solu-
tion (NH3-H,O) with different concentration (4 and 25 mol L-! )
or distilled water. Two different procedures were employed in
the case of an ammonia wash—short wash for 20 min with
25mol L~ NH3-H,O and long wash for 1h with 4 mol L!
NHj3-H;O.

2.2.1. Caution/safety note

Contacting ammonia with the gold containing solution could
lead to the formation of gold ammonia complexes, which are
potentially explosive [29]. Therefore, the use of this procedure
is only safe if all of the gold is chemically bonded to the sup-
port as a result of the DAE and that none of the gold precursor
remains in the solution prior to the ammonia wash. It is necessary
to be certain that there is no gold in the solution before the addi-
tion of ammonia, as Cosumano [30] reported that “supported
metal catalysts which contain gold should never be prepared by
impregnation of a support with solutions which contain both
gold salts and NH4OH. The dried catalysts contain extremely
shock sensitive gold-nitrogen compounds which might explode
with the slightest touch”.

3. Characterisation

The chemical analysis of Au and Cl was performed by induc-
tively coupled plasma atom emission spectroscopy at the CNRS
Center of Chemical Analysis (Vernaison, France). The detec-
tion limit was 150 ppm for CI. The analyses were carried out
following the calcination of the catalyst. The Au weight load-
ing is expressed as the weight of Au (g) per weight of calcined
catalyst (g): wt.% Au=[may/(mau + Msupport)] x 100.

The catalysts were characterised by transmission electron
microscopy (TEM) Topcon EM002B to determine both the mor-
phology of the solid and the gold particle size distribution.

3.1. CO oxidation

The reaction was performed at atmospheric pressure using
a fixed bed quartz micro-reactor packed with 50 mg of catalyst
diluted in cordierite and a gas mixture of 1.5% CO and 5% O» in
He with a total flow rate of 50 cm® min~! (GHSV ~ 23,000h ™).
The flows were regulated using Tylan flow controllers. The tem-
perature was monitored and controlled by a Eurotherm system.
Analysis for both CO and CO, were performed by a Rosemount
Infrared analyser. The experiment was repeated several times
in order to measure the reproducibility. Before each test, the
catalyst was pre-treated at 300 °C in air for 2 h.

4. Results and discussion

Historically, the preparation of gold catalysts is based on
the precipitation of gold precursors onto an inorganic oxide at
basic pH, as extensively reviewed by Bond and Thompson [31].
Many of these methods derive from the deposition—precipitation
method (DP) initially proposed by the team of Haruta et al.
[32]. However, it has been demonstrated that the preparation
of small sized gold particles is not trivial due to complicated
experimental procedure and sintering of the gold particles. The
direct anionic exchange (DAE) eliminates the precipitation step
during which metal particle agglomeration occurs. The anionic
exchange depends on the concentration and pH of gold precur-
sor solution (HAuCly), both of which affect the hydrolysis of
the salt as well as the IEP of the support [28]. Other criteria
important when choosing the support are as follows:

e support reducibility
e acid-base properties both of Bronsted and Lewis type
e specific surface area.

The isoelectric point (IEP) of all of the supports used and their
specific surface area measured by the BET method are presented
in Table 1.

All supports except silica have an IEP higher than the pH of
gold solution of concentration 10~* mol L~! (pH 3.5). The low
IEP of silica illustrates its strong acid and non-amphoteric char-
acter. At pH higher than 2, the silica surface is negatively charged
and therefore, will only adsorb cations. That is why, in this case,

Table 1
IEP and specific surface of the supports

Support 1IEP? Specific surface (m? g_l)
CeO, ~6,7 240
v-Al, O3 7-9 200
TiO, ~6 40
ZrO, ~6,7 44
MgO 12.1-12.7 25
SiOy 1-2 528

2 By Brunelle [33].
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Table 2
Elemental analysis of gold catalysts on different support with water as washing
agent

Table 3
Elemental analysis of the gold catalysts on different support with NH3 as washing
agent

Gold concentration Support Elemental analysis (wt.%)
(molL~1)

Au Cl
10~ TiO, 1.53 482 ppm
1074 7r0, 1.63 0.2
10~ MgO 0.53 0.2
1074 Al O3 2 0.33
10~ Ce0, 1.97 0.66
1072 Si0, 120 ppm <150 ppm

a gold precursor solution of concentration of 10~2 mol L™! (pH
2) was used.

In conjunction with the IEP, the specific surface area of the
support is a crucial factor since the anionic exchange at the sur-
face depends on the number of accessible adsorption sites. There
is a fine balance between support specific surface area and the
desired gold loading. If the specific surface area of the support
is too small compared with the desired gold loading, the number
of adsorption sites is insufficient and the gold remains in solu-
tion [34]. For example, the limiting value of 3.1 wt.% gold was
found for the alumina support [35].

A summary of the elemental analyses for gold and chlorine as
a function of support in catalysts washed with water is presented
in Table 2. The nominal gold loading was 2 wt.%.

For the case of silica, the quantity of the gold deposited was
extremely low. As mentioned above, SiO, has a lower IEP and
even the use a gold solution with pH ~ 2 does not prevent the
negative charging of the support surface. This renders the DAE
method unsuitable for the preparation of gold catalysts on highly
acidic supports.

Titania and zirconia supports (IEP 6-7) exhibit strong Lewis
type acidity, which was found beneficial for a successful anionic
exchange, as reported by Manriquez et al. [36]. However, the
results here reveal a 25% loss of gold during preparation by
DAE, which could be explained by the small specific surface
area of these supports.

This is not the case for the alumina and ceria supported water-
washed samples, for which the desired quantity of gold was
obtained. This is in agreement with the larger surface areas of
the supports: 200 and 240 m? g~ !, respectively. However, the
mechanism of exchange at the surface is not the same. On the
alumina, the anionic exchange goes via the formation of Lewis
sites, a result of the low pH of the solution and is followed by
their occupation by the OH groups of the gold precursor. The
latter is dependent on the initial concentration of the gold in
the solution [28]. On ceria, the degree of hydrolysis and the
initial gold concentration appear to have no influence upon the
quantitative deposition of gold over ceria (experimental results
not shown). An interesting grafting mechanism description of
noble metals on ceria is given by Force et al. [37]. Accord-
ing to this mechanism, chloride ions from the metal precursor
are incorporated in the ceria lattice either by occupation of an
oxygen vacancy (Lewis type sites) or by an exchange of the
OH™ groups for the support (Bronsted type sites). The par-

Gold concentration
(molL~1)

Support  Washing agent
(mol L~! NH3)

Elemental analysis

Auloss Cl
(wt.%) (%) (ppm)
104 TiO, 4 1.19 22 <150
10~ Zr0, 4 1.56 4 471
1074 AL O3 4 1.38 31 <150
1074 CeO, 4 1.93 2 <150
1074 TiO, 25 1.50 2 <150
10~* 710, 25 1.34 18 329
1074 ALO; 25 1.37 32 <150
1074 CeO, 25 1.95 1 <150

ticipation of the C1™ in the mechanism of exchange explains
the large amount of chorine in the water-washed ceria sup-
ported sample (0.66 wt.%). Soria et al. have proven the exis-
tence of CeO,—Cl bonding in the Au/CeO, system by EPR
[38].

It is important to note the low quantity of chlorine found for
the water-washed gold catalysts supported on titania and zirconia
compared with that on alumina and ceria. While in the case of
ceria supported catalysts, this is due to the mechanism of the
exchange, for the case of alumina, it is probably a result of the
higher affinity of the chlorine for alumina.

The addition of MgO to the gold precursor solution led
to an increase of the pH to 9.5. This induced rapid forma-
tion of [Au(OH)4]™ species, which are unsuitable for a direct
anionic exchange [28,34]. The majority of the gold remains in
the solution and the final catalyst loading is only 0.53 wt.%
instead of the nominal 2wt.%. This result proves that this
method of preparation is not quantitative for either strongly
acidic or basic supports. The range of support IEP, during which
the direct anionic exchange method is successful lies between
4 and 7.

It should also be noted that on some occasions, the dissolution
of the mineral oxide support could occur. The solubility of the
oxide depends on its acid—base character. For amphoteric oxides,
the solubility increases at extreme pH values.

The elemental analyses for both gold and chlorine, following
the washing of all samples with aqueous NH3, as a function of
the support, as well as the calculated loss of gold are presented
in Table 3. The supports (SiO, and MgO) recording IEP values
beyond the range of 4 and 7 were excluded from this study.

The loss of gold represents the amount of gold lost during
the process of ammonia washing. The ratio between the quantity
of gold obtained after NH3 washing and the quantity obtained
after H,O washing has been calculated. Washing with NH3 has
the aim of removing the chlorine ligands from the gold chloro-
hydroxy complexes, or the chlorine directly adsorbed onto the
support, which will ultimately limit the autoreduction phenom-
ena and the growth of gold particles size [35]. For each of the
catalysts listed, with the exception of Au/ZrO;, the quantity of
the chlorine is lower than the detection limit of the ICP-AS
method.
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The TiO, and ZrO; supports react differently to the NH3
washing procedures. For titania, the loss of gold is minor when
the shorter washing procedure with the higher ammonia con-
centration is applied compared with the longer procedure (2%
rather than 22%). This suggests that the replacement of C1~ by
OH™ groups is a rapid process. As the exposure of the catalyst
to the washing agent is prolonged, the simultaneous hydrolysis
of both the support and gold complexes to [AuClL.(OH)4_,]™
(x=0-4) occurs even at low NH3 concentration. By extending
the exposure, the weakly attached gold species become trans-
formed into [Au(OH)4]~, which exhibits a low stability and a
low rate of adsorption. Therefore, the large loss of gold from the
titania supported catalyst can be attributed to the weak bonding
between the OH groups of the gold complexes and the Lewis
sites of the titania and/or the low specific surface area of this
oxide.

Contrary to the case of titania, the loss of gold in the zirco-
nia supported catalysts is small when washed with the solution
of ammonia with low concentration and it increases in parallel
with the concentration of ammonia. The quantity of chlorine is
comparable in both cases. Zirconia has high Lewis acidity, a
low hydrolysis potential and a high affinity to chlorine [36]. The
increase in the gold loss with the ammonia concentration can be
attributed to the removal of the most hydrolysed gold complexes
from the support surface (complexes attached via OH™ groups).

For ammonia treated samples supported on alumina, the loss
of gold is around 30%, independent of the mode of washing. This
loss was attributed to the removal of non-grafted gold complexes
[28].

The catalyst supported on ceria is the only one which retains
the total amount of gold loaded, which confirms again the low
sensitivity of deposited gold to the conditions of preparation and
post-preparation treatment.

Itis important to state again that the DAE method is successful
for all supports having an IEP between 4 and 7 and there seems to
be no influence of the level of reducibility of the support. ZrO;,
TiO,, Al,O3 are sensitive towards the conditions of preparation
(concentration of gold precursor salt and/or ammonia), while
CeOs, is indifferent. Taking into account this and the differences
in the mechanism of exchange for alumina and ceria, it can be
concluded that the mode of grafting on zirconia and titania is
more likely to follow the alumina pattern.

4.1. Catalytic activity

The catalysts prepared successfully by DAE were tested and
compared in the CO oxidation reaction. The rates of the reac-
tion (r, mol COmin~! g Au™"), displayed in Table 4, represent
reactions carried out at 100 °C with water-washed catalysts, at
75 °C with ammonia-washed catalysts (long wash) and at 50 °C
with ammonia-washed catalysts (short wash).

A comparison of the data presented in Table 4 can be made
only for individual catalyst sets since the reactions are carried out
at different reaction temperatures. The different reaction tem-
peratures were chosen because of the different activity of each
catalyst, namely the water-washed samples reveal low conver-
sion at temperatures 50 and 75 °C, while the catalysts washed

Table 4
Rate of reaction for the catalysts prepared by DAE as a function of support and
washing agent

Catalyst Washing agent r (mol COmin~! g Au~1)
2% Au/Al,O;3 H,0 2.58 x 100
1.97% Au/CeO, H,0 1.5 x 107
1.53% Auw/TiO» H,0 9.96 x 100
1.63% Au/ZrO, H,0 4.65 x 100
1.35% Au/Al,O3 4 mol L~! NH;3 6.43 x 10°
1.93% Au/CeO, 4mol L~! NH3 1.87 x 107
1.19% Auw/TiO» 4 mol L~! NH;3 1.08 x 107
1.56% Au/ZrO, 4molL~! NH3 3.75 x 100
1.37% Au/Al,O3 25mol L~! NH; 8.96 x 10°
1.95% Au/CeO, 25mol L~! NH3 1.72 x 107
1.50% Au/TiO, 25mol L~! NH; 7.13 x 100
1.34% Au/ZrO, 25mol L~! NH; 9.83 x 100

with 25mol L™! ammonia solution are too active at 75 and
100 °C. In this manner there is an overlapping of the conversion
degree for all the catalysts at the chosen temperature. Generally,
a positive effect in the rates is observed when the catalysts are
washed with ammonia even though the reactions are carried out
at lower temperatures. The best results are obtained for all of the
catalysts washed with 25 mol L~! ammonia solution.

Independently of the washing agent, the catalysts supported
on ceria are the most active, most probably due to the high oxy-
gen storage capacity of the support as proposed by Schubert et
al. [25]. For the extreme cases (water-washed Au/Al,O3 and
Au/CeQ,), the reaction rate for the ceria supported catalyst is
almost six-fold greater than that of the alumina supported one.
The ammonia treatment reduced this difference to a factor of 2
only.

Interestingly, the catalysts supported on reducible supports
such as TiO, and ZrO; revealed an intermediate behaviour to
that compared to the extreme cases—Al,O3 and CeO,, which
proved the dependence upon the preparation and pre-treatment
conditions. This clearly suggests an active participation of the
support in the CO oxidation reaction.

Therefore, the key parameters for the achievement of an
excellent activity from gold catalysts in the oxidation of CO are
the reducibility of the supports, the nature of Au/support inter-
action and the gold particle size. The size of the gold particles
has been evaluated by both XRD and TEM. For the alumina
supported samples, the gold particle size decreases as a func-
tion of the washing agent from 16 nm (water-washed) to 1.9 nm
(25 mol L~! NH3). In the case of the ceria supported samples, the
XRD patterns revealed the characteristic lines of the ceria struc-
ture, but no lines corresponding to a gold compound, and this,
independently of the pre-treatment. This is indicative of gold par-
ticles smaller than 4 nm, which corresponds to the measurement
limit of the XRD. The TEM images for the ammonia-washed
samples are presented in Fig. 1.

Difficulties in achieving a reasonable contrast makes it
impossible to distinguish the gold particles in the case of the
sample supported on ceria (Fig. 1(d)). For the remainder, a good
dispersion of gold has been observed. Furthermore, it is clear that
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(d)

Fig. 1. TEM images of ammonia-washed samples (25 mol Lh supported on: (a) TiOy, (b) ZrOy, (¢) Al,03 and (d) CeO,.

the gold particles supported on alumina are smaller than those
on both titania and zirconia. Our previous study [35] reports the
particle size distribution for the alumina supported sample. As
mentioned earlier, an average gold particle size of 1.9 nm was
found. For titania and zirconia supported catalysts, an average
size of 3 nm was calculated.

As the catalytic activity of titania, zirconia and alumina sup-
ported samples is comparable independently of the large dif-
ferences in the gold particle size, it can be deduced that the
reducibility of the support and the form of the gold particles are
the most critical factors in the CO oxidation reaction. However,
if the gold particles can be prepared as minute in size, then the
reaction rates can be significantly improved as observed in a few
examples in this study: 4 mol L~! ammonia-washed Au/Al,O3
is more active than the corresponding zirconia one, while in turn
the 25 mol L~! ammonia-washed Au/Al,O3 catalyst is more
active than that titania supported one. These final promising
results demonstrate the significant potential of alumina sup-
ported gold catalysts in view of their possible application in the
automotive exhaust industry in respect of their thermal resis-
tance to sintering at 600 °C when ammonia washing would be
employed as well as to the economic advantages of the material
[39].

5. Conclusions

The proposed method of preparation is very successful for
oxidic supports having an [EP between 4 and 7, but is not appro-
priate for the cases of extremely basic or acidic supports. The
reducibility of the supports does not have any influence on the
quantity or the dispersion of the gold deposited but has a signifi-
cant effect on the catalytic activity. Generally, the gold catalysts
supported on reducible oxides (TiO», ZrO; and in particular
Ce0,) are more active for the CO oxidation reaction. The condi-
tions of preparation and pre-treatment over Au/Al,O3, Au/TiO>
and Au/ZrO, affect the catalytic performance; the ammonia
wash, which should be used with precaution, yields catalysts
more active even at lower reaction temperatures. The smaller
gold particle size observed on alumina supported gold catalysts
makes them competitive against those the catalysts supported
on reducible oxides.
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