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Abstract

The reduction of N2O with H2 and CO has been investigated on Au/TiO2, Au/Al2O3, Au/MIOx/MII Ox/Al2O3, and Au/MOx/Al2O3
(MI , MII , M = Li, Rb, Mg, Co, Mn, Ce, La, Ti). In addition, for comparison, the oxidation reactions of H2 and CO with O2 have been
studied on some selected catalysts. All the samples are highly active at low temperatures for all the reactions. The oxides added to/Al2O3
improve the catalytic performance of gold. Interesting and synergistic effects were observed when a mixture of metal oxides is
Au/Al2O3, e.g., Rb2O (Li2O) and CeOx . Possible mechanisms are proposed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The great interest in gold catalysis in the last years [1
is due to the recently found high catalytic activity of go
based catalysts for a number of important reactions s
as CO oxidation [2,4,5], WGS reaction [6,7], and hyd
genation of unsaturated hydrocarbons [8,9]. Various fac
can influence the catalytic activity of gold-supported ca
lysts and the most important ones are: (a) the gold par
size which must be in the nanometer range [3,10], and
the nature of the support or additives. Many studies dem
strated that gold becomes very active if it is supported on
promoted by, transition-metal oxides [3,11–15]. In view
the more stringent legislation regarding NOx emission from
vehicles, gold-based catalysts were also tested for NO
duction by propene in the presence of oxygen [16], by2
[17–19], and by CO [20]. Nitrous oxide is a principal pro
uct of NO reduction and is regarded as an undesired
harmful gas in automotive exhaust gases. There are not m
papers dealing with N2O decomposition and reduction o
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gold catalysts. However, the few available data show
Au/TiO2 and Au/CoOx/TiO2 are promising catalysts fo
CO/N2O reaction [21]. That reaction has been studied in
tail on Rh catalysts [11]. N2O reduction by CO on Rh/Al2O3

has been studied by McCabe and Wong [22] and the aut
proposed a reaction mechanism, which involves dissocia
adsorption of N2O. They suggested that the observed low
activity for the CO/N2O reaction compared to the CO/O2 or
CO/NO reactions is caused by slower dissociative ads
tion of N2O relative to O2 and NO. N2O dissociation migh
be the rate-determining step, as was also concluded by s
other authors [23].

In the present paper the main results described con
N2O reduction by hydrogen on several gold-based c
lysts (Au/Al2O3, Au/TiO2, Au/MIOx/MII Ox/Al2O3, and
Au/MOx/Al2O3, with MI, MII , M = Li, Rb, Mg, Co, Mn,
Ce, La, Ti). Additional information was achieved by comp
ing the behavior of Au/Al2O3 and Au/TiO2 catalysts in the
H2/O2, N2O/H2, and N2O/CO reactions. The main purpo
was to study whether the same factors that are crucial for
oxidation also hold for N2O reduction (e.g., gold particl
size and oxidic additives). For CO oxidation on multico
ponent gold catalysts, Au/MIOx/MII Ox/Al2O3, it has been
suggested that MIOx (MI, transition metal) plays an impo
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tant role in O2 activation, via aMars and Van Krevelen-type
mechanism and MII Ox (MII -alkaline earth metal) stabilize
the gold particle size against sintering [3,24]. A benefi
effect of MOx addition to Au/Al2O3 was also observed fo
CH4 oxidation [25]. More recently, our studies were focus
on the effect of oxides added to gold-based catalysts o
tal oxidation of propene [26]. It turned out that the addit
of MIOx/MII Ox to Au/Al2O3 results in a drastic increase
catalytic activity of gold catalysts.

The results for the N2O/H2 reaction presented here sho
that the catalytic activity of Au/Al2O3 increases dramat
cally by the addition of MOx or MIOx/MII Ox (MI and MII ,
transition metals or alkali metals). The most active catal
are Au/Rb2O/CeOx/Al2O3 and Au/Li2O/CeOx/Al2O3.

2. Experimental

2.1. Catalyst preparation

γ -Al2O3 (Engelhard Al-4172 P,SBET = 275m2 g−1, V p
ca. 2.8 ml g−1) and TiO2 (Eurotitania 1,SBET = 37 m2 g−1)
were used as supports. Supported MOx/Al2O3 and MIOx/

MII Ox/Al2O3 (with M, MI, MII as defined above) wer
prepared via pore volume impregnation. Driedγ -Al2O3
was placed in a flask under vacuum. Desired amount
M(NO3)x · yH2O or MI(NO3)x · yH2O and MII (NO3)n ·
mH2O were dissolved in the corresponding quantity of de
ineralized water and were added at room temperature t
support. The precursor was further dried in air at 80◦C for
at least 16 h. Subsequently, the sample was calcined i2
flow at 350◦C for 2 h.

Au was added to Al2O3, MOx/Al2O3, MIOx/MII Ox/

Al2O3, or TiO2 via homogeneous deposition precipitati
(HDP) using urea as precipitating agent [27]. An aque
solution of HAuCl4 · 3H2O (99.999%, Aldrich) was use
as gold precursor. The suspension was heated at ca.◦C
under vigorous stirring in order to decompose the urea
this way the pH of the solution gradually increased up to
The suspension was then cooled, filtered, and washed se
times with demineralized water in order to remove ch
rine ions. Finally, the samples were dried overnight in
at 80◦C and, subsequently, calcined in O2 flow at 300◦C
for 2 h. The supported gold catalysts had a theoretica
loading of 5 wt% and an Au:M atomic ratio of 1:5. Th
intended Au:MI:MII atomic ratio was 1:5:5 in the case
Au/MIOx/MII Ox/Al2O3.

2.2. Catalyst characterization

The gold loading was verified by atomic absorpt
spectroscopy (AAS) using a Perkin-Elmer 3100 with
air/acetylene flame. For that purpose, the catalysts w
dissolved in aqua regia and the solution was diluted w
demineralized water before the analysis was performed
al

BET surface areas of the catalysts were measured b2
physisorption at−196◦C using an automatic Qsurf M1 a
alyzer. Before each measurement the catalyst was hea
helium at 200◦C for 2 h in order to remove impurities a
sorbed on the surface.

To obtain information about the identity of the metal/o
de phases present on the catalyst, several techniques
been used, including XRD, UV–vis, TEM, and EDX. X-r
diffraction (XRD) was performed using a Philips Goniom
ter PW 1050/25 diffractometer equipped with a PW
2103/00 X-ray tube operating at 50 kV and 40 mA. The
erage gold particle size was estimated from XRD line bro
ening by using the Scherrer equation [28]. The spectra w
recorded between 2θ = 20◦and 2θ = 60◦.

Diffuse-reflectance UV–vis spectroscopy was conduc
with a commercial unit (Perkin-Elmer Spectrometer, Lam
900) over air-exposed samples. The scan was made bet
200 and 2000 nm with a band pass of 1 nm.

Transmission electron microscopy (TEM) was used to
amine in more detail the particle size distribution for so
of the samples tested. TEM experiments were performe
ing a Philips CM30UT microscope equipped with a La6
filament as the source of electrons operated at 300 kV.
samples were mounted on a micro-grid carbon polymer
ported on a copper grid by placing a few droplets of a s
pension of ground catalyst in ethanol on the grid, follow
by drying under ambient conditions. Maximum resolut
was 0.5 nm at 500k magnification. Elemental analysis
performed using energy dispersive X-ray analysis (EDX

2.3. Activity measurements

The reduction and oxidation reactions were carried
in a lab-scale fixed-bed reactor in which typically 200
catalyst was used. Prior to measurements, the catalysts
either reduced in 4 vol% H2 or oxidized in 4 vol% O2, both
in He balance, at 300◦C, and kept at that temperature f
30 min. The feed gases were controlled by mass flow c
trollers (Bronkhorst) and set to a total flow of 30 ml min−1.
All the gases were 4 vol% in He and different ratios w
used: for N2O/CO = 0.5 and 2, for N2O/H2 = 0.2 and
0.5, for CO/O2 = 2 and 1, and for O2/H2 = 1. The reac-
tion was started after stabilization at room temperature fo
least 30 min. Most of the experiments were performed
temperature programmed way: the temperature was sl
increased or decreased (5◦C min−1) between room tempe
ature and 300◦C. The temperature ramp of 5◦C min−1 was
considered to be sufficiently slow to reach at every p
a pseudo-steady state. Each experiment consisted o
heating cycles and two cooling cycles, in order to mo
tor possible hysteresis and catalyst deactivation proce
The effluent stream of the N2O/H2 reaction was analyze
by a quadrupole mass spectrometer (Balzers) by monito
every minute them/e values of 44 (N2O), 32 (O2), 30 (NO),
28 (N2), 18 (H2O), and 17 (NH3). Fragments of N2O and
H2 interfere with the signals of NO, N2, and NH3 and the
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Table 1
Fragmentation factors applied for N2O/H2 reaction

Gas Fragment Interfering with F

N2O NO NO 0.68
N2O N2 N2 0.27
H2O OH NH3 0.27

F (fragmentation factor)= relative signal ratio to original gas.

fragmentation factors listed in Table 1 were used for c
rections. These factors were calibrated by using pure
N2O in helium and for the water signal its signal intens
measured at a conversion of 100% for the N2O/H2 reaction
over a Pt/Al2O3 catalyst was used. In addition to these c
rections, subtraction of the background signal was app
The N2O/CO, H2/O2, and CO/O2 reactions were moni
tored by using a gas chromatograph (GC-2002, Chromp
equipped with a Molsieve 5 Å column, capable of detect
CO, NO, H2, O2, and N2 and a Haysep A column, cap
ble of detecting CO2. The effluent flow was analyzed eve
minute.

3. Results and discussion

3.1. Catalyst characterization

AAS measurements show that the catalyst prepara
method resulted in a gold loading close to the target lo
ing of 5 wt% (see Table 2). In the same table are also qu
the surface areas of the samples determined by BET.
most of the catalysts these values did not differ significa
from those of the bare supports (275 m2 g−1 for γ -Al2O3
and 37 m2 g−1 for Eurotitania).

To identify crystalline phases present in the cataly
XRD analysis was performed. All the samples show
the diffraction peaks that correspond to metallic gold.
several catalysts the diffraction lines corresponding to
metal oxide additives were found. However, for some s
ples the formal oxidation state of these oxides could
be identified unambiguously. Presumably, these oxides
present as mixture of oxides. From XRD line broaden
the average Au particle size was determined (see Tabl
Since the peak width at half-maximum intensity was u
to determine the average particle size, smaller crystal
were not taken into consideration. This is the limitati
of XRD to estimate the average particle size. In additi
the average crystallite size does not provide any in
mation about the particle size distribution. Table 2 sho
the beneficial role of Li oxide on the gold particle si
as is demonstrated by comparing the values ofda

Au and
db

Au of Au/Al2O3, Au/CeOx/Al2O3, and Au/CoOx/Al2O3
with those of Au/Li2O/Al2O3, Au/Li2O/CeOx/Al2O3,
and Au/CoOx/Li2O/Al2O3. Similar beneficial effects wer
reported by Grisel et al. [27] and Bethke et al. [29] for alka
earth metal oxides.
.

Table 2
Characterization of gold-based catalysts

Sample Au loading SBET da
Au db

Au
(wt%) (m2/g) (nm) (nm)

Al2O3 – 275 – –
Au/Al2O3 4.7 260 4.3± 0.1 5.9± 07
Au/MnOx/Al2O3 4.0 222 1.4± 0.3 14.5± 0.5
Au/MgO/Al2O3 4.0 224 4.0± 02 7.1± 0.6
Au/MnOx/MgO/Al2O3 4.5 265 1.1± 0.1 8.0± 0.6
Au/CeOx/Al2O3 4.5 218 2.4± 0.4 9.9± 0.4
Au/Li2O/Al2O3 4.0 278 3.3± 0.1 4.0± 0.3
Au/Li2O/CeOx/Al2O3 4.6 262 1.9± 0.5 7.2± 0.6
Au/CoOx/Al2O3 4.0 207 3.8± 0.1 6.1± 0.8
Au/CoOx/Li2O/Al2O3 4.6 247 2.0± 0.2 3± 0.2
Au/Rb2O/Al2O3 4.2 279 7.0± 0.5 11.5± 0.4
Au/Rb2O/CeOx/Al2O3 4.5 275 1.3± 0.3 7.4± 0.3
Au/TiO2 4.9 38 3.9± 0.2 6.5± 0.1
Au/TiOx/Al2O3 4.7 243 1.8± 0.1 5.1± 0.5

Average size of gold particles for fresh sampleda
Au and for spent sam

ple db
Au (XRD measurements).

Fig. 1. HRTEM image of Au/CeOx/Al2O3.

HRTEM was used to investigate the particle-size dist
ution. A typical TEM micrograph of the Au/CeOx/Al2O3
catalyst is presented in Fig. 1. The gold particles are
formly distributed on the support, a general character
of all the samples studied by HRTEM. Hence, the pre
ration method used proved to be a suitable one to ob
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Fig. 2. Size distribution of Au particles supported on CeOx/Al2O3 (black) and Li2O/CeOx/Al2O3 (gray).
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Fig. 3. UV–vis spectra for fresh and spent catalysts (N2O/H2 reaction, re-
actant ratio 0.5).

gold particles uniformly distributed on the oxide suppo
The mean gold particle size for Au/CeOx/Al2O3 was es-
timated to be∼ 4 nm (HRTEM). The distribution of the pa
ticle size for Au/CeOx/Al2O3 and Au/Li2O/CeOx/Al2O3,
as determined by HRTEM, is shown in Fig. 2. There i
good agreement between the results of XRD and HRT
measurements.

UV–vis spectra for some selected catalysts are prese
in Fig. 3. All the spectra shown were obtained after subt
tion of the support contribution. The most prominent feat
of these samples is an absorbance band at around 55
which is typically of the plasmon resonance peak of me
lic gold [30]. There is no indication that gold is present
an ionic form. The spent catalysts show similar absorba
spectra as the fresh catalysts.
d

,

Fig. 4. N2O reduction versus temperature during N2O–H2 reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. N2O/H2 = 0.2.

3.2. Comparative studies of N2O reduction by hydrogen or
CO and H2 and CO oxidation by O2 over Au/Al2O3 and
Au/TiO2 catalysts

Decomposition of N2O in the absence of a reducing g
was not observed.

The presentation of the results of N2O reduction with
H2 will be divided into: (i) N2O reduction with H2 on
Au/Al2O3 and Au/TiO2 measured following either redu
tive or oxidative pretreatment using a reactant ratio of
and (ii) N2O reduction with hydrogen on Au/MIOx/MII Ox/

Al2O3 and Au/MOx/Al2O3 (MI, MII , M = Li, Rb, Mg, Co,
Mn, Ce, La, Ti) by using a reactant ratio of 0.5. The lat
results will be described in Section 3.3.

The conversion of nitrous oxide over Au/TiO2 and
Au/Al2O3 with different pretreatments is depicted in Fig
(N2O/H2 = 0.2). The figure shows the conversion vers
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Fig. 5. CO oxidation versus temperature during N2O–CO reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. N2O/CO= 0.5.

Fig. 6. CO oxidation versus temperature during N2O–CO reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. N2O/CO= 2.

temperature as observed during the cooling stage. How
these results were almost similar to those observed a
heating stage. All the catalysts exhibited a high catalytic
tivity even at low temperatures. However, differences in
havior of the catalysts were found. In the temperature ra
between 75 and 175◦C the highest conversion is reach
over Au/TiO2-reductive pretreatment. The only detect
products were N2 and H2O. NH3 and NO were not detected

N2O/CO reaction has been studied over the same
alysts, using two different reactant ratios, with either
excess of CO (N2O/CO = 0.5) or an excess of N2O
(N2O/CO= 2). The conversion of the samples versus te
perature during the cooling stage is presented in Fig. 5
the N2O/CO ratio of 0.5 and in Fig. 6 for the ratio 2.

As can be seen from Fig. 5, all the samples are alre
active at room temperature and full N2O conversion (as in
dicated by a CO conversion of 50%) was reached aro
100◦C. There are no significant differences between
ther preoxidized or prereduced samples, or Au/Al2O3 and
Au/TiO2.

When excess N2O was used (N2O/CO = 2), the differ-
ences in activity patterns between Au/TiO2 and Au/Al2O3
and oxidative and reductive pretreatment are larger than
N2O/CO = 0.5. The results are depicted in Fig. 6. All t
,

Fig. 7. CO oxidation versus temperature during CO–O2 reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. CO/O2 = 2.

Fig. 8. CO oxidation versus temperature during CO–O2 reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. CO/O2 = 1.

samples were able to fully convert CO at temperatures be
200◦C. The sequence of increasing conversion for the in
tigated samples was similar to that found for a N2O/CO ratio
of 0.5: preoxidized Au/Al2O3 < prereduced Au/Al2O3 <

prereduced Au/TiO2 < preoxidized Au/TiO2. During re-
action the only detected products were CO2 and N2. NO
formation was not observed.

The two types of catalysts used in this comparative st
were quite active for CO oxidation by O2, as shown in Figs. 7
and 8 [31].

Fig. 9 presents the results of the activity experime
for H2 oxidation with O2 carried out on the same set
Au/Al2O3 and Au/TiO2 catalysts. The figure shows the h
drogen conversion during the cooling stage; the oxygen
version follows a similar pattern. The applied H2/O2 ratio
was 1 (excess oxygen). All the samples are already a
at room temperature, but an interesting feature should
noted: whereas there is no significant difference in cata
performance of Au/TiO2 and Au/Al2O3 following reduc-
tive pretreatment in the whole temperature range studied
difference between the samples after oxidative pretreatm
is significant. An oxidative pretreatment applied to Au/TiO2
causes an important decrease in its capability to convert2.
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Fig. 9. H2 oxidation versus temperature during H2–O2 reaction over
(�) prereduced Au/TiO2, (�) prereduced Au/Al2O3, (♦) preoxidized
Au/TiO2, and(�) preoxidized Au/Al2O3. H2/O2 = 1.

The general trend is that the TiO2-supported catalysts a
more active than the Al2O3-supported ones for the oxid
tion reactions of CO: CO+O2 and CO+N2O. Interestingly,
however, the Al2O3-supported preoxidized catalysts exhi
a better performance than the TiO2-supported preoxidize
catalysts for the H2+O2 reaction. For the H2+N2O reaction
the differences in behavior of the TiO2 and Al2O3-supported
catalysts are relatively small.

Prereduced Al2O3-supported catalysts are significan
more active than the preoxidized ones. For the TiO2-sup-
ported catalysts the effect of pretreatment is smaller.

It should be noted that the effect of pretreatment is
served for several subsequent runs. However, after m
runs (> 5) the effect of pretreatment disappears and the
formance of the catalyst shows a behavior intermediat
that of the prereduced and preoxidized catalyst depen
on the reactant ratio used.

A summary ofT50% (temperature needed for a convers
of 50%) for all the reactions discussed above is present
Table 3.

Although a large number of studies dealing with g
catalysis have been reported recently, the nature of a
sites and the reaction mechanisms still remain unclear. H
ever, several mechanisms have been proposed in the l
ture, in an attempt to shed more light on catalysis by g
Suggestions include a special role of sites at the m
support interface [14,32,33], the availability of low coor
nated surface atoms [34], and quantum size effects [35
-

also has been suggested that an active ensemble of Au
and metallic Au atoms may play a key role [36 and the re
ences therein]. Density functional theory calculations p
to the role of special reaction geometries available at n
sized gold particles in combination with an enhanced ab
of low coordinated gold atoms to interact with molecu
from the surroundings. O2 dissociation appears to be e
tremely facile on these gold nanoparticles [37]. Howe
DFT calculations by Liu et al. suggest that O2 dissocia-
tion on gold-particles cannot occur and that the oxida
reactions occur directly via O2 [38]. In the opinion of the
present authors, the mechanism on gold-based catalysts
be similar to that on the platinum group metal (PGM) ca
lysts [11]. In this light the elementary steps for CO oxidat
are

(1)CO→ COads,

(2)O2 → 2Oads,

(3)Oads+ COads→ CO2,

and for the H2/O2 reaction [41]:

(4)H2 → 2Hads,

(5)O2 → 2Oads,

(6)2Hads+ Oads→ H2O (via OH ads).

In this view, gold nanoparticles have the ability to disso
ate O2 and because of its low heat of adsorption, adsor
oxygen will be very reactive. Hydrogen is not dissoc
tively adsorbed on gold bulk surfaces [39] especially at
temperatures, but the dissociation might proceed on
nanoparticles. Some recent results obtained in our lab
tory support this proposal. It was found that the rate of
hydrogen–deuterium exchange reaction,

(7)H2 + D2 � 2HD,

is much faster over Au/Al2O3 catalysts than over Al2O3 [40].
The transition metal oxides and ceria may provide an a
tional route to supply Oadsand Hads.

Reduction of N2O with CO and hydrogen occurs alrea
at room temperature, both Au/Al2O3 and Au/TiO2 exhibit-
ing high catalytic activity. Since only N2 is formed as a
Table 3
Comparison of the performance of Au/Al2O3 and Au/TiO2 catalysts for the four reactions described in this paper

Reaction Ratio T50% (◦C) Au/Al2O3 T50% (◦C) Au/TiO2

Preoxidized Prereduced Preoxidized Prereduced

CO+ O2 2 100 60 <20 <20
1 60 50 <20 <20

H2 + O2 1 40 40 60 70
CO+ N2O 2 <50 <50 <50 <50

0.5 66 <50 <50 <50
H2 + N2O 5 100 80 80 100

2 110 80



A.C. Gluhoi et al. / Journal of Catalysis 219 (2003) 197–205 203

ood

,
ns

that
ing

.

t-
was
ysts
t the
the

cat-

,
ent

.
ence
up-

w-
ge-

y
osi-
ide

t

nd
ted

nd-
r

reak

orm

it
e de-
nitrogen-containing product, the reduction of N2O with CO
and hydrogen may proceed via a Langmuir–Hinshelw
mechanism, between Oads formed as a result of N2O dis-
sociation and COadsor Hadson gold:

(8)N2O→ N2Oads,

(9)N2Oads→ N2 + Oads,

(10)CO→ COads;
or

(11)H2 → 2Hads,

(12)Oads+ COads→ CO2;
or

(13)2Hads+ Oads→ H2O.

Additional experiments were carried out on Au/Al2O3 and
Au/TiO2 in order to detect possible N2O decomposition in
absence of CO or H2. Without CO or hydrogen in the system
decomposition of N2O was not observed. Possible reaso
may include a buildup of oxygen atoms on the surface
inhibit the reaction [41,42], or the absence of a promot
effect of CO and H2 on the dissociation of N2O. The Au–
N2O bond is very weak and desorption proceeds rapidly

3.3. N2O reduction with H2 over multicomponent catalysts

For the applied ratio N2O/H2 0.5 several gold-based ca
alysts were tested and the effect of different additives
studied. The catalytic activities of some selected catal
are shown in Fig. 10, where the conversion observed a
first cooling branch is depicted. During the other stages
conversion patterns were similar. Difference inT50% during
heating and cooling stages did not exceed 30◦C.

Fig. 10 shows the performance of various gold-based
alysts, viz. Au/Al2O3, Au/CeOx/Al2O3, Au/CoOx/Al2O3,
Au/Li2O/Al2O3, Au/Li2O/CeOx/Al2O3, and Au/CoOx/

Li2O/Al2O3, tested in a N2O/H2 = 0.5 reaction. Clearly
a large synergistic effect is observed for the multicompon
catalysts. In the temperature range studied (up to 265◦C)
the supports did not reveal N2O conversion higher than 5%
Hence, the measured catalytic activity is due to the pres
of gold and not because of the intrinsic activity of the s
port itself.

All the data regardingT50% andT95% conversion for the
various catalysts are summarized in Table 4.

N2O is a thermodynamically unstable molecule. Ho
ever, the thermal decomposition reaction under homo
neous conditions does occur only above 600◦C. Over gold-
based catalysts, experiments of N2O in the absence of an
reducing gas in the system did not reveal any decomp
tion products. Supported gold catalysts convert nitric ox
in the presence of hydrogen to the following products: N2O
Fig. 10. N2O reduction versus temperature during N2O–H2 reaction
over (�) Au/Al2O3, (�) Au/CeOx/Al2O3, (�) Au/Li2O/Al2O3,
(�) Au/Li2O/CeOx/Al2O3, (�) Au/CoOx/Al2O3, and (") Au/CoOx/

Li2O/Al2O3. N2O/H2 = 0.5.

Table 4
Catalytic activity of gold-supported catalysts for N2O/H2 reaction (reactan
ratio N2O/H2 = 0.5)

Catalyst T50% (◦C) T95% (◦C)

Au/Al2O3 111 265
Au/Li2O/CeOx/Al2O3 52 122
Au/Li2O/Al2O3 75 145
Au/Rb2O/CeOx/Al2O3 50 115
Au/Rb2O/Al2O3 160 265
Au/CeOx/Al2O3 56 205
Au/CoOx/Li2O/Al2O3 64 118
Au/CoOx/Al2O3 57 205
Au/TiO2/Al2O3 82 160
Au/MnOx/MgO/Al2O3 69 145
Au/MgO/Al2O3 103 225
Au/MnOx/Al2O3 140 265
Au/La2O3/Al2O3 110 206
Au/MoOx/Al2O3 179 –
Li2O/CeOx/Al2O3 >265 –

(at low temperature), N2 (at intermediate temperature), a
NH3 (at high temperature) [31,43]. It was already poin
out before that N2O reduction with hydrogen produces N2
as the only nitrogen-containing product. The N–N bo
ing (474 kJ mol−1) in the N2O molecule is much stronge
than that of N–O (161 kJ mol−1). Therefore, if a N2O mole-
cule dissociates, a reasonable assumption is that it will b
through its N–O bond (14), rather than dissociation to NOads
and Nads(15) [41]:

(14)N2O→ N2 + Oads,

(15)N2O→ NOads+ Nads.

The adsorbed oxygen then reacts with hydrogen to f
water. The experimental results obtained for the H2/O2 re-
action support this mechanism. Since decomposition of N2O
in the absence of H2 did not reveal any product formation,
is proposed that the presence of hydrogen enhances th
composition of nitrous oxide.
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The mechanism of the beneficial effects of the addit
(TMO, ceria or alkali metal oxides) is still under deba
Many researchers agree that the gold–TMO interface
play a significant role [10,33,39,44]. The present res
prove that reduction of N2O to N2 and Oads is enhanced
in the presence of a TMO or ceria, or, more general,
ides with a high capability to store and release oxygen
Fig. 10). The presence of CeOx or a TMO might create new
sites for N2O dissociation at the gold/ceria or TMO inte
face. A striking result is that by addition of both an alk
metal oxide (Li2O or Rb2O) and CeOx or a TMO, a dra-
matic increase in the catalyst performance is obtained.
can be explained by taking into consideration the alre
discussed effect of ceria on catalytic activity, in combinat
with the beneficial effect of an (earth) alkali metal oxide
the performance of gold-catalysts. The basicity of the al
metal oxide increases from Li2O to Rb2O. To the best o
our knowledge, this is the first time that such a large sy
gistic effect was found for gold catalysts by adding both
alkali metal oxide and a transition metal oxide. The eff
of alkali or alkali–earth metal oxide on Pt/Al2O3 was ex-
tensively studied by Yentekakis and co-workers [45–47]
NO reduction by propene in the presence of oxygen. In c
of Pt/Al2O3, the promoting effect of Rb2O is the bigges
one. The effect of basicity on the catalytic activity was a
observed in a hydrogen/water isotopic exchange reactio
nickel-based catalysts [48]. For gold-supported catalysts
combined actions of Rb2O (Li2O) and CeOx are very effi-
cient: sintering of gold particles is prevented by the prese
of the promoter Rb2O (Li2O) and the intrinsic catalytic ac
tivity is enhanced by the presence of the cocatalyst Cex .
The lower catalytic activity of Au/Rb2O/Al2O3 compared
with Au/Li2O/Al2O3 can be explained by the differen
in mean diameter of gold particles (as shown by XRD
HRTEM) of these two samples.

A significant synergistic effect is also found for mul
component catalysts containing both an alkali metal ox
and a TMO, in this case CoOx (Fig. 10). However, the en
hancement in activity is not as big as in the case of ceria
an alkali metal oxide.

Table 3 also presents another set of three catalysts
Au/MnOx/Al2O3, Au/MgO/Al2O3, and Au/MnOx/MgO/

Al2O3. As expected, a synergistic effect is again obser
The slightly lower conversion of N2O on this catalyst com
pared with the multicomponent Au/CeOx/Rb2O/Al2O3 can
be twofold: MgO’s basicity and the redox cycle whi
involves MnOx . However, Au/MnOx/MgO/Al2O3 was
found to be very efficient also in total CO oxidation a
selective oxidation of CO in hydrogen atmosphere [3].

4. Conclusions

Gold-based catalysts are active at low temperature
N2O/CO, H2/O2, CO/O2, and N2O/H2 reactions. The na
ture of the additives is crucial to obtain a good perf
.

mance in reduction of nitrous oxide with hydrogen or c
bon monoxide and in carbon monoxide oxidation, but is
so important for hydrogen oxidation. The active cataly
mainly contain gold in the metallic form.

During N2O reduction with H2 or CO the only prod-
ucts obtained are N2 and H2O or CO2, respectively. It is
suggested that the role of the partly reducible metal o
additive is to contribute to the formation of new active si
and increase N2O dissociation. On the other hand, alk
or alkali-earth metal oxides stabilize gold particles aga
sintering. An increasing basicity results in an increased
moting effect.
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