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Abstract

The present paper reviews some of our recent studies concerning reactions relevant to air pollution abatement over gold based catalysts. In
particular, the following reactions will be discussed:

CO oxidation.

Total oxidation of hydrocarbons.

Reduction of NO.

Reduction of NO.

Selective oxidation of CO in an atmosphere of hydrogen, in relation to the development of polymer electrolyte fuel cell technology.
Selective oxidation of Ng

ok wWNE

Large synergistic effects have been found by combining Au@Alvith a transition metal oxide (TMO) or ceria for all the reactions studied
in our laboratory. One of the most efficient gold-based catalysts that we developed is based on alumina-supported combinations,of Au, CeO
and LLO. Our model is that most of the chemistry is taking place at the interface of gold and the partly reducible oxidEh@sfdcatalyst
CeQ, can provide the O needed for oxidation reactions. The non-reducible alkali or alkali-earth metal oxide functions as a promoter. It enables
the formation of small, highly dispersed, and thermally stable gold particlgsAlROs.

As a general conclusion, supported gold catalysts are highly active in both oxidation and reduction reactions. The selectivity can be steered
into the desired direction by using the right additive.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lysts. In general, it was believed that due to its nobility gold
would not have any future as an active component of com-
Noble metal catalysts, in particular Pt and Pd, are used al-mercial catalysts. However, because of its alleged inertness,
ready for many years with major applications in the chemical gold was considered as a useful additive to monometallic
and petroleum industry, and, in the last 25 years, automotive catalysts in order to improve the selectivity. Recent results
pollution control. The noticeable exception is gold. This no- suggest that this century may become the golden age for
ble metal has almost no applications in catalysis although it gold-based catalysts. The two areas where gold has indus-
is much more abundant than the other noble metals. Sometrial potential are:
early studies indicated that gold catalysts have some activity

for various reactiong1-3]. However, gold-based catalysts 11 Bimetallic catalysts. Gold-an inhibitor of undesired
did not exhibit any advantage over the Pt group metal cata- reactions

* Corresponding author. In particular, Sachtler and van Santdf, Sinfelt [5] and
E-mail addresses: sdlin@saturn.yzu.edu.tw (S.D. Lin), Ponec and Bond6] demonstrated that the addition of a
b.nieuwe@chem.leidenuniv.nl (B.E. Nieuwenhuys). group IB metal (Cu, Ag, Au) to a group VIII metal results
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in major selectivity effects in catalysis. It was realized that exhibit CO oxidation activity even at sub-ambient tempera-
geometric factors play a crucial role in determining selec- tures (200 K).
tivity [4,6]. For some reactions surface sites are required Following their first publications the number of papers
consisting of a number of adjacent active group VIl metal dealing with gold catalysis has grown in an exponential way.
atoms. Other reactions, however, require sites consisting oflt has been demonstrated that gold-based catalysts exhibit
just a few, or even a single active metal atom. As a conse- catalytic activity for a wide range of different reactions: NO
guence, the former reactions will be more sensitive that the reduction, CO and Cohydrogenation, NO oxidation, water
latter to inclusion of inactive atoms in the surface. Although gas shift reaction, alkene epoxidation, total oxidation of hy-
this early research regarding bimetallic catalysts was very drocarbons including methane and selective oxidation of CO
successful in terms of fundamental understanding of metaland hydrocarbons. Recently, some authors reported on the
catalysis in general, it did not yet result in the application effect of the A®/Au3t nanoparticles on CO electrooxidation
of new generations of metal catalysts based on Group VIII [12], as well as the performance of bimetallic Au-Pd/giO
and IB metals. catalysts for CO oxidatiofiL3]. For comprehensive reviews
Recently, a number of papers renewed the interest in theon gold catalysis we refer §4-3,10,11,14-16]
possible application of bimetallic catalysts consisting of an  The present paper reviews some of our recent studies con-
active metal and gold that acts as a “diluent” for the active cerning reactions relevant to air pollution abatement over
metal. Hydrogen is produced by steam reforming of natural gold based catalysts. In particular, the following reactions
gas (which is primarily methane) over a nickel catalyst: will be discussed:

CHs + H>0 = CO+ 3H, (1) [1] CO oxidation.

[2] Total oxidation of hydrocarbons.
and the H content is increased by means of the water gas [3] Reduction of NO.
shift reaction: [4] Reduction of NO.

[5] Selective oxidation of CO in an atmosphere of hydro-
CO+H0=COz + Hz @) gen, in relation to the development of polymer elec-
trolyte fuel cell technology, using steam reforming or
partial oxidation of gasoline, methanol or natural gas
to produce hydrogen. CO oxidation is needed to reduce
the CO concentration to acceptable levels. An efficient
catalyst must be highly active in CO oxidation at tem-

Undesired side reactions on the nickel catalysts used for
steam reforming of methane results doking, the forma-
tion of a graphitic overlayer on the surface. In practice, sul-
fur compounds in the feed result in partial covering of the
Ni-surface with sulfur. In this way, the Ni catalyst surface _ ) -
is diluted by S and the side reactions resulting in coking are ~ Perature <O:ompat|ble with the operation of the PEM fuel
suppressed. Besenbacher et al. suggested an elegant way Eo cell (~70°C) and very selective to Gformation.
avoid graphite formatiof7]. The addition of a smallamount  L0] Seélective oxidation of NH.
of gold to the nickel catalyst leads to the formation of a  The oxidation of ammonia can proceed via three overall
nickel—gold surface alloy. The presence of gold “dilutes” the reactions:
nickel surface and prevents the formation of C—C bonds, the
first step in graphite formation. The bimetallic Ni-Au cata- ANH;3 + 50, — 4NO+ 6H,0 (32)
lyst has a slightly lower activity than the pure Ni catalyst. 4NH3z + 30, — 2N> + 6H,0 (3b)
However, deactivation by coking is suppressed resulting in
an improved catalyst lifetime. 4NH;3 + 40, — 2N20 + 6H0 (30)

In the forthcoming years we may expect the development  Reaction (3a) is the so-called Ostwald process used to pro-
of novel bimetallic catalysts based on the “traditional” noble duce nitric acid. Reaction (3b) is potentially an ideal tech-

metals and gold. As an example, BP Chemicals announcednology to remove ammonia from waste gases and reaction
a new process for making vinyl acetate monomer from ethy- (3c) for the production of hNO.
lene, acetic acid and oxygen using Pd/Au cataljgfs

1.2. Gold-based catalysts with gold as active component 2. Experimental and catalyst characterization

Until 15 years ago it was believed that gold is too in- The catalysts arg-alumina supported multicomponent
ert to be an active constituent of metal catalysts. However, catalysts consisting of gold (5wt.%) and one or more base
recently, gold catalysts have attracted an enormous growthmetal oxides. Various kinds of base metal oxides have been
of interest, thanks to the pioneering work of, in particular, added to the noble metal including transition metal oxides
Haruta and co-workers who showed that gold-based cata-(TMOs), rare earth metal oxides and (earth) alkali metal
lysts are extremely active in the oxidation of carbon monox- oxides.
ide if gold is present as nanoparticles on a supfi1] Details of the preparation procedure were given else-
Gold nanoparticles on partly reducible oxides were found to where [17]. Briefly, the mixed oxides MQAI,O3 or
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Table 1 L a2 e L L —
Characterization of gold-based catalysts ] .l. ‘o" s
Sample Au loading (wt.%) &, (nm) djiu (nm) ..! .'" Af"

_ .
Au/Al,03 4.7 43+ 01 554+0.2 3 075 1 . ‘
AU/MnO,/MgO/AI,03 4.5 <3 3.5+ 0.2 g kg ;
AU/CeQ,/Al ;03 45 <3 45+ 03 ) o i
Au/Li20/Al,03 4.0 33+01 3.0+02 2 050 . :
Au/Li,O/CeOx/AbO; 4.6 <3 3.0+ 0.1 5 * H
AU/Rb,O/AI;05 42 70405 75+01 o L fa
Au/Rb,O/CeQ./AI,03 4.5 <3 25+ 0.3 O (25| W A
Au/CeQ./ZrO,/AI;03 3.2 <3 6.5+ 0.1 - i
AU/ZrO,/Al 203 3.2 31+02 - | & ‘A-'
d3,: average size of gold particles of fresh catalysts (XRIY);: average 0.00 Addddddddddddddddd :_A_.An-ﬂ“ . _
size of gold particles of fresh catalysts (HRTEM). 0 100 200 300 400

reaction temperature (°C)

M'0,/M"O,/Al,03 were prepared by vacuum impregna-
tion of y-Al,O3 with the corresponding nitrates. For this
purpose, the dehydrategtAl,O3 was impregnated under
vacuum with a certain volume of an aqueous solution of
the nitrates that corresponds to the pore volume of the and CO are emitted immediately following the cold start of
amount of the support used. The intended M:Al atomic engineg18].
ratio has been set to 1:15. After drying and calcination at A possible option may be the application of gold catalysts,
350°C, the mixed oxides were used as supports to depositmaking use of their superior activity in oxidation of CO and
gold. The gold catalysts were prepared by homogeneoushydrocarbons at low temperatures. This is clearly illustrated
deposition precipitation using urea as precipitating agent. in Figs. 1 and 2which indicate the conversion of CO and
The advantage of the use of alumina as support is the highpropene over various types of alumina supported catalysts:
stability of the catalysts up to relatively high temperatures.
The following techniques were used for characterization 2C0+02 —> COy 4)
of the catalysts: X-ray diffraction, high resolution trans- 2 C3Hg + 90, — 6CO, + 6H,0 (5)
mission electron microscopy with facilities for chemical
analysis by EDX, atomic absorption spectroscopy, diffuse
reflectance UV-VIS Spectroscopy ar;l-a7Au-|\/|('jssbauer size effect exists, small gO'd particles being more active than
effect spectroscopy. the bigger one$2,3,10,15] A similar size-dependency is

The reduction and oxidation reactions were carried out found for GHg oxidation. For example, Au/RID/Al>Os,
in a lab-scale fixed bed reactor. The feed gases WereWith a gOld particle size of7nm s significantly less active
controlled by mass flow controllers. All the gases were than the gOld Catalysts with smaller Au partiCIeS. In addition
4vol.% in He. The effluent stream was analysed on-line by to the effect of the Au particle size on the catalytic activity of
mass-spectrometry and/or gas chromatography. The flowAu-based catalysts, another effect appears to be extremely
rate used was 40 mlmit, GHSV 2500 h!. The gold and important: the presence of certain types of additivégs. 1
metal oxide (MO) phases are well dispersed on the alumina@nd 2clearly illustrate the presence of a large synergistic
support and the HRTEM/EDX results point to close contact
between the gold and MO phases.

The results of the various characterization methods sug-

Fig. 1. CO conversion versus temperature (C9:01:1) over prereduced
Au/Al,03 (l), Au/Al,O3 calcined at 400C (4), MnO,/Al,O3 (A) and
Au/MnO,/Al ;03 (@) (adopted from[21]).

Itis generally accepted that for CO oxidation a very strong

1

gest that the gold particles are mainly in the metallic state. . 08
. . . o

The gold loading and the average particle size of some of & 06

the catalysts used in this study are summarizetaiole 1 2
o
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B

3. Results and discussion © o2

3.1. Oxidation of CO and hydrocarbons 0

150 250 350 450

New regulations in the United States, Japan and Europe
will make it mandatory that automotive emissions decrease
substantially from current levels. Therefore, there is a strong
incentive to develop improved catalysts with better oxidation Fig. 2. synergistic effect—oxidation of propene ovel,03, CeQ./
activity at low temperatures, since most of the hydrocarbons Al,03, Au/Al,03; and Au/CeQ/Al,0O3 (adopted from[13]).

reactor temperature ("C)

=#=AI203 =#=CeOx/AI203 =@=Au/Al203 —&—Au/CeOx/AI203
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effect, i.e. the multicomponent catalysts Au/Mp@l,03 1.00

and Au/CeQ/Al»,O3 are more active than the monocom- | a

ponent ones. The presence of such a synergistic effect has 1 b)

been reported before for highly dispersed gold catalysts sup- = 0751

ported on reducible and catalytically active supports, such S c)

as FeQ, CoQ,, TiO, and MnQ, for a number of reactions @ ]

[1-3,10,19-27]A model for the large synergistic effect will § 0501

be discussed isection 4 It should be noted thaj-Al,O3 3

support itself is not active under the conditions used in the 3 0.5 |

experiments shown in thieigs. 1 and 2 1

3.2. SHective oxidation of CO in the presence of hydrogen w bt
0 50 100 150 200 250 300

The hydrogen-air polymer electrolyte membrane (PEM) Temperature (°C)

fuel cell is potentially an attractive and clean energy source Fig. 3. CO conversion in hydrogen rich feed over AWMgO/MnO,/Al,03
for vehicle propulsion and auxiliary power units. However, 70vol.% Hz and CO + Oz (1.2vol.%) in helium (~29vol.%); Au loading
itis not practical to store hydrogen in large quantities aboard SWt.%: AuMgMn atomic ratio 1:5:5; (a) 1 = 4, (b) » = 2 and (c)
a vehicle. Hydrogen storage and distribution can be avoided” = 1 * = (O, nitid)/(2CO, initial)) (adopted from [24]).

by producing hydrogen locally (on-board) from gasoline,
methanol or natural gas via steam-reforming, or partial oxi-
dation combined with water-gas shift reaction processes. A
major problem is the presence of a few per cent of CO in the
hydrogen product stream. It decreases the efficiency of the
fuel cell by CO-poisoning of the Pt-based electrode at the
operating temperature of the fuel cell, typically 60—1Q0

The most promising approach to reduce the CO concentra-
tion to acceptable levels is by selective catalytic oxidation
(SCO) of CO, i.e. reaction (4).

Hence, an efficient catalyst must be highly active in CO (1) They exhibit an extraordinarily high activity in CO ox-
oxidation at temperatures compatible with the operation of idation in the low temperature range relevant for fuel
the PEM fuel cell and very selective to G@rmation. The cell applications.

selectivity is defined as the ratio of oxygen used for CO ox- (2) The catalysts have another unique property: the rate of
idation over the total oxygen concentration, which includes CO oxidation exceeds that of hydrogen oxidation in the

the oxygen loss due to2® formation: relevant temperature range [26,27,32].

At higher temperatures the selectivity decreases because CO
desorption enables hydrogen adsorption and oxidation.

We have studied SCO of CO over various multicompo-
nent Au-based catalysts. Some of the results obtained over
gold-based catalysts are summarized in the present paper.
For more details see references [26] and [27].

Gold catalysts are promising candidates for SCO for two
reasons:

2Hz + 02 — 2H0 ©) Fig. 3 shows results obtained for AuU/MgO/MnO,/Al>O3
For a number of reasons these catalyst requirements—higH27]- These experiments were performed in a mixture

activity in CO oxidation at 60-10@C and almost no hy- o Hz (~70vol.%) and O + CO (1.2vol.%) in helium
drogen oxidation—are hard to meet: (~29vo0l.%) using three different O:CO molar ratios (A =

1,2 and 4). The parameter X is defined as the concentration
(a) reaction (6) is faster than reaction (4) on most of the of O, in the feed divided by the concentration of O, needed

noble metal catalysts; to oxidize completely all the CO in the feed:
(b) in the relevant temperature range CO oxidation is very o
slow on Pt and Pd due to CO inhibitigh8]. ; — Oz Initid @
2CO, initia

Results reported in the literature show that CO can be ox-

idized in preference to hydrogen in the temperature range of The results clearly show that a large excess of hydrogen
100-200°C over AbO3 supported Ru, Rh, and Pt catalysts results in a lower CO conversion. Under these conditions
[28-31] The interesting observation is that CO oxidation is more oxygen is needed to increase the CO conversion
enhanced by the presence of hydrogen. Possible mechanismgigher 1) at the expense of the CO, selectivity. Similar
include the effect of hydrogen on the heat of adsorption of effects have been reported for Pt/AloOs3, Ru/Al,O3 and
CO and interaction of the hydroxylated8)3 support with Rh/AI>O3: an increase in hydrogen partial pressure leads
CO adsorbed on H29]. For Pt catalysts an optimum in ac- to a significant lowering of the CO, selectivity [28-31].
tivity and selectivity was found at 200-25GQ [28,29] At The addition of MnO, to Au/MgO/Al,O3 improves the CO
lower temperatures (desired temperatui®°C) CO oxida- conversion and CO» selectivity over the whole temperature
tionis rather slow due to CO inhibition of oxygen adsorption. range studied for all values of A used [26,27].
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Table 2
Tso (N2O/H2) and Tsoy and Sy, (NO/H2)
Catalyst N2O:H2 (1:2)  NO:Hz (1:1)

Tso0 (°C) Tsow (°C) S, % (T, °C)
AUAILOz 111 74 74 (185°C)
AU/CeO,/Al,05 56 73 74 (184°C)
AU/Li>O/Al,03 75 43 82 (164°C)
AU/Li,O/Ce0,/Al,0O3 52 39 86 (145°C)

3.3. Reduction of NO and NoO

The only NO reduction reactions discussed here are the
reactions with hydrogen:

2NO + Hz — NO + H20 (8)
2NO + 2H2 — Nz + 2H,0 9)
2NO + 5Hy — 2NH3 + 2H,0 (10)
N2O + Hz — N2 + HO (11

Supported gold catalysts convert nitric oxide in the pres-
ence of hydrogen to the following products: N2O (at low
temperature), N> (at intermediate temperature) and NH3 (at
high temperature). Nitrous oxide reduction over gold cata-
lysts gives N2 as the only N-containing product. The corre-
sponding temperatures of 50% conversion obtained for both
reactions are summarized in Table 2 for some selected cat-
aysts. In addition, the maximum selectivity to N> and the
temperature at which this maximum is reached are shown
for the NO/H> reaction.

For both reduction reactions the catalytic activity of
AU/AlO3 is greatly enhanced by the oxidic additives.

In the absence of any reducing gas in the system no de-
composition products of N>O and NO were formed. It is
suggested that the mechanism of N2O reduction may in-
volve hydrogen-assisted dissociative adsorption of N2O to
N2 and Ogs. The adsorbed oxygen will then react with
hydrogen to form water. The present results prove that re-
duction of N2O to N> is enhanced in the presence of ce-
ria. The presence of CeO, might create new sites for NoO
dissociation at the gold/ceria interface. A striking result is
that by addition of both an alkali metal oxide and CeO, a
dramatic increase in the catalyst performance is obtained.
The main role of the alkali (earth) metal oxide is proba-
bly to prevent sintering of gold particles and the promot-
ing effect increases with increasing basicity of the oxide
[27].

For the NO/H> reaction the selectivity strongly depends
on the reaction temperature and the nature of the support. A
temperature below 100 °C favours N2O formation; between
100 and 200°C N3 is the main product, and at higher reac-
tion temperature, NH3 isformed as a principa product. The
AU/LioO/CeO,/Al,03 catalyst is very efficient in N2O re-
duction and, hence, exhibits a higher selectivity to N> than

Table 3
NH3z oxidation by O: Tsa, maximum selectivity to N2 and N2O, Sy,
and Sy,0 and dify (nm)

Sample NH3/O, d3, (nm)
Ts0%(°C)  Sn, (%) Sny0 (%)

Al>,O3 >400 - - -
AU/Al;O3 >400 — - 43+ 0.1
Au/CeO,/Al,03 280 45 67 <3
AU/Li>O/Al,03 396 e 37 33+01
AU/Li,0/Ce0,/Al,03 243 58 80 <3
AU/CuO/Al,O3 211 94 22 <3
CuO/Al,03 268 99 - —
Li,O/CeO,/Al, O3 >400 - - -

d3 —averagesize of gold particlesfor fresh catalysts (XRD measurements).

AU/Al,O3. Again, possibly, hydrogen assists in NO decom-
position. Based on the product distribution, it is suggested
that at low temperature NO partly decomposes to NoO and
Ogs- At higher temperature, the amount of NO dissocia-
tively adsorbed on the surface will increase and as a result,
more N2 will be produced via N combination. The atomic
nitrogen might be hydrogenated in the presence of hydrogen
to NH, species and NH3 isformed. The selectivity will then
depend on the relative concentrations of adsorbed species
on the surface, i.e. NO, N and NH,. A similar mechanism
has been established for PGM (Pt-group metals) [18,33].
The oxidic additives might create new sites for dissociative
adsorption of NO.

3.4. NH3 oxidation

Table 3 summarizes the Tsn, (temperature needed for
50% conversion), the maximum selectivity towards N, and
N20 (the S§& and S{,‘% correspond to different tempera-

tures) and the average gold particle size, dQ,gD, of some of
the gold catalysts tested for NH3 oxidation (NH3:O2 = 1:1).
The obtained products were: N2, NoO and NO in differ-
ent ratios. As a general trend, the catalysts that contain a
TMO or an alkali metal oxide additive show a remarkable
enhancement in catalytic activity.

The most active catalyst appears to be Au/CuO/Al»O3,
with the oxidic additive (CuO) acting as co-catalyst.
The activity and selectivity were very dependent on the
type of support used. Together with Au/CuO/Al>Os3,
AU/Li>,0/Ce0,/Al>03 isavery active catalyst for ammonia
oxidation, but it produces large amounts of NO.

FT-IR studies showed that NH3 adsorption might result
in imide-like (-NH) adspecies, in addition to NHs™ (on
Bransted acid sites) and coordinated NH3 (on Lewis acid
sites) [34]. The presence of Au enhances the band intensity
of imide-like adspecies, which may beresponsiblefor theen-
hanced SCO activity in the presence of Au. The only excep-
tion is CuO/Al,03 that shows significant SCO activity, but
imide-like adspecies were not observed on this catalyst. The
SCO on Cu-Al203 may occur viaadifferent mechanism, for
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Fig. 4. NH3 conversion versus temperature (NH3z:02 = 1, 2% NHgz in He
and 2%0; in He) over Au/CuO/Al;0s.

example via a Cu surface redox (or Mars and van Krevelen)
mechanism [35]. The higher SCO activity of Au/Cu-Al,03
compared to that of Cu/Al,O3 in ammonia oxidation may
indicate a synergistic effect of Au-promoted imide-like in-
termediate and the reactivity of CuO-phase. An illustration
of the behavior of Au/CuO/Al>O3 during ammonia oxida-
tion is presented in Fig. 4.

Interestingly, the selectivity can be steered into the de-
sired direction by using the right additives/cocatalysts. The
Cu containing catalysts are highly selective to N2 whereas
the Au/LioO/CeO,/Al203 catalyst is very selective to NoO
formation.

4. General discussion and conclusions

Large synergistic effects have been found by combining
AU/Al>O3 with atransition metal oxide or ceria for al the
reactions studied in our laboratory. One of the most effi-
cient gold-based catalysts that we developed is based on
alumina-supported combinations of Au, CeO, and Li5O.
Our model isthat for oxidation reactions most of the chem-
istry is taking place at the interface gold—CeQ,, i.e. the
boundary region between Au and the partly reducible metal
oxidethat isaccessibleto the gasphase. The cocatalyst CeO,
can provide the O needed for oxidation reactions. This sug-
gestion is consistent with literature data for CO oxidation
on Au/TiOz [36]. The non-reducible alkali or alkali-earth
metal oxide functions asapromoter. It enablesthe formation
of small, highly dispersed, and thermally stable gold parti-
cles on y-Al,0s3. The exact role of the alkali or alkali-earth
metal oxides has been speculated to be more than that of a
structural promoter. Recent density functional theory calcu-
lations of Molina and Hammer [37] suggest that the role of
MgO istwofold: (i) it acts as a structural promoter offering
low coordinated gold sites; (ii) the oxide interacts with the
adsorbates on the gold.

As a general conclusion, supported gold catalysts are
highly active in both oxidation and reduction reactions. The

selectivity can be steered into the desired direction by using
the right additive.
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