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Investigations on gold nanoparticles in mesoporous
and microporous materials
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Abstract

The gold nanoparticles in different high surface area mesoporous and microporous materials were prepared using sol–gel and hydrothermal
crystallization methods. For investigating the characteristics behaviour of nano gold particles in the mesoporous and microporous materials,
Au-Al-MCM-41, Au-ZSM-5 and Au-LSX were prepared with different framework composition and concentrations of gold nanoparticles.
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The Au-Al-MCM-41, Au-ZSM-5 and Au-LSX samples were characterized using the BET, FTIR, ICP-MS, XAS, XPS, TEM and XRD
XPS measurements indicate that the presence of gold species in different oxidation state and concentration of gold metal species
the surfaces of as-synthesized and calcined gold containing mesoporous and microporous materials.

In these materials, the size of gold nanoparticles varied in the range of∼2–6 nm. The dispersion and size of gold nanoparticles are diffe
in the materials with MCM-41, ZSM-5 and LSX structures. The interaction of NO/CO with the nano gold materials under different r
temperatures and NO/CO pressures have been studied using in-FTIR technique. In situ high temperature XRD measurements were
over the materials in order to investigate the fate of gold nanoparticles and phase transformations at high temperatures (303–187
the mesoporous and microporous matrices.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Currently nano-materials attract considerable attention
due to a variety of novel features. New physical, chemical,
and thermodynamic properties are expected to occur in such
systems, arising from the large fraction of low coordinated
atoms at the surface and the confinement of electrons to a
rather small volume, respectively[1]. From a technical point
of view, however, the development of future applications will
need to adhere/support the nanoscaled materials on suitable
substrates in two- or three-dimensional arrangements in
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order to take advantage of their fascinating properties un
different conditions.

Gold exhibits a unique catalytic nature and acti
when it is deposited as nanoparticles on a variety of m
oxides. Currently, nano gold materials are employed
low temperature CO oxidation in hydrogen stream, C
gas sensors, selective oxidation of alkanes, olefins,
alcoholic compounds, oxidation of nitrogen-containi
compounds, selective hydrogenation of 1,3-butadie
methanol synthesis, reduction of NOx, etc. [2–9]. The
catalytic and adsorption properties are influenced by
dispersion, structure and interaction of gold nanopartic
with the support as well as by the support type[8,10–13].

The new generation microporous and mesoporous m
rials are increasingly being used in various commercial c
alysts because of their high surface area, unique pore s
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thermal stability, etc. Materials such as ZSM-5 and MCM-41
are suitably employed as catalyst/ support/adsorbents. MCM-
41 and ZSM-5 are high surface area materials with regular,
well-defined pore systems, low acidity and thermal stability.
For enhancing catalytic activities, these material properties
could be easily manipulated by inclusion of active nano metal
particles/other elements into the framework. The catalytic
properties of these materials largely depend upon the Si/Al
ratio, degree of cation exchange, extra-/framework element,
surface treatment etc[14–18]. The major problem faced by
the gold nanoparticles in the high temperature catalysis/other
applications is the particle aggregation/sintering/clustering,
thus affecting the catalytic performance and restricting their
usage at high temperatures.

The main aims of this study were to prepare and char-
acterize gold nanoparticles containing mesoporous and
microporous materials, determine the interactions towards
the air pollutants and to investigate the influence of high
temperatures on the gold nanoparticles within microporous
and mesoporous structures. So far, the in situ FTIR NO/CO
and in situ high XRD temperature studies reported on gold
nanoparticles within mesoporous and microporous catalytic
materials are limited. The gold catalysts prepared by differ-
ent methods and using different supports (MCM-41, ZSM-5,
LSX) were investigated. The advantage of using microporous
and mesoporous materials for gold nanoparticles inclusion is
t evels
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The Au-ZSM-5 catalysts were prepared by hydrothermal
synthesis of a gel consisting of active sources of gold, silicon,
aluminium, and template. The synthetic gel mixture (with the
Si/Al ratios 36, 44, 61 and Si/Au ratios 510, 89, 76) was pre-
pared by mixing appropriate amount of fumed silica, metal
salt solution, aluminium chloride solution, tetrapropylammo-
nium hydroxide (20 wt.%) for 4.0 h at room temperature. Af-
ter stirring was complete, the mixture was transferred to an
Teflon coated autoclave and heated at 433 K for 120 h. The
material was thoroughly washed with de-ionised water, dried
at 340 K for 29 h and calcined at 763 K for 18 h. The Au-LSX
was prepared according to the method reported elsewhere
[22] along with the addition of appropriate amount of dilute
gold compound solution during the gel preparation. The Au-
LSX was synthesized at 348 K for 144 h. The chemicals used
in synthesis of these materials were Catapal (aluminium oxy-
hydroxide), Aerosil (fumed silica), Ludox HS-40 (Aldrich),
tetrapropylammonium hydroxide (Aldrich), cetyl tri-methyl
ammonium chloride (CTACl) solution (Aldrich), sodium hy-
droxide (BDH), and water based gold chloride solution.

For studying the influence of high temperatures on the
properties of gold nanoparticles, the as-prepared Au-Al-
MCM-41(a) sample was heated at different temperatures
(823, 1123 and 1273 K) in an inert (helium) atmosphere.

The standard and sophisticated instrumental techniques
such as ICP-MS (HP4500 Series 300), XRD (Bruker D8 Ad-
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. Experimental section

The mesoporous (MCM-41) and microporous (ZSM-5
aterials containing gold nanoparticles were prepared
ell-known hydrothermal crystallization methods[19–23].
he mesoporous (MCM-41) and microporous (ZSM-5)

erials containing gold particles were prepared with diffe
i/Al ratios and gold concentrations.
The Au-Al-MCM-41 catalysts were prepared by h

rothermal synthesis of a mixture consisting of dilute g
alt solution, Ludox AS-40 (40 wt.% silica in water stabiliz
ith ammonia), sodium aluminate solution, tetraethylam
ium hydroxide (20 wt.%), cetyltrimethylamonium brom
CTAB) and water. The synthetic mixture was prepared
ixing appropriate amount of Ludox, metal salt solut

odium aluminate solution, tetraethylammonium hydro
nd CTAB for 3.6 h at room temperature. In the prepara
f Au-Al-MCM-41(a), the initial Si/Al and Si/Au ratios wer
7 and 35 while in the Au-Al-MCM-41(b), the initial Si/A
nd Si/metal ratios were 27 and 230, respectively. After
ing was complete, the mixture was transferred to an Te
oated autoclave and heated at 368 K for 75 h. During
hesis, pH was maintained between 11.0 and 12.1 was
cid. The mesoporous material was thoroughly washed
e-ionised water, dried at 340 K for 29 h and calcined at 7

or 18 h.
.
ance), BET, TEM (JEOL 2010), XAS[12] were used t
haracterize the materials for their chemical composi
hase purity, structure, surface properties and particle
tc., respectively. For the ICPMS analysis, the samples
ompletely dissolved by acid digestion (hydrofluoric, a m
ure of hydrochloric and nitric acids). The surface area
icro- and total-pore volume of the materials were obta
y N2-dynamic adsorption/desorption technique (p/po = 0.3)
sing a Micromeritics ASAP2000 Instrument. Powder X-
iffraction patterns were obtained with a Bruker D8 Adva
RD (using a Ni-� filtered Cu K� X-ray source) and in sit
igh temperature attachments (HTK2000). In situ high t
erature XRD experiments were conducted under vac
PS analysis was conducted for determining the surface
entration and binding energy using a Fisons system (
ted in the constant pass energy mode of 20 eV). An Mg�
-ray source (hν = 1253.7 eV) was operated at 20 mA a
5 mV. The base pressure of the instrument was 10−9 Torr.
he intensity of the XPS band was determined using li
ackground subtraction and integration of peak areas
inding energies were determined by computer fitting
easured spectra and were referenced to the C 1s at 2
FTIR spectra were obtained using Perkin-Elmer Sys

000 equipped with deuterated triglycine sulphate
ercury cadmium telluride detectors. FTIR studies w
erformed on self-supported wafer (ca. 20 mg) fixed
ample holder of a high temperature FTIR cell fitted w
aCl windows. All samples were first activated under v
um (<10−4 Torr) at 573 K for 16 h. A high purity gases
itric oxide (with 95% nitrogen) and (ii) carbon monox
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(supplied by Linde, Australia) were used as the NO or
CO source. All FTIR spectra were background corrected.
The spectra of activated catalyst samples were used as
a background from which the adsorbed probe molecule
spectra were subtracted. FTIR Spectra were obtained in
the mid-infrared region, over the range 4000–1400 cm−1,
with 64 co-added scans at 2 cm−1 spectral resolutions. The
details of instruments utilized and characterization methods
are reported elsewhere[12,16,17,21].

3. Results and discussion

The high purity mesoporous (MCM-41 type) and micro-
porous [high silica pentasil zeolite (ZSM-5), low silica fau-
jasite (LSX)] materials containing various loading of gold
nanoparticles were prepared. These materials were chosen
because they provide high surface area, different micro-or
mesoporous structure and could help to contained the gold
nanoparticle structure, size and concentration at higher reac-
tion temperatures.

These as-prepared mesoporous and microporous materials
were highly crystalline and utilized for the characterization,
infrared adsorption and high temperature studies. Au-Al-
MCM-41 samples with two different Si/Al and Si/Au ratios
and Au-ZSM-5 samples with three different Si/Al and Si/Au
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Fig. 1. (i) Powder X-ray diffraction patterns (2θ = 35–83◦) of gold nanopar-
ticles in mesoporous and microporous materials. [a) Au-Al-MCM-41(a), b)
Au-Al-MCM-41(b), c) Au-ZSM-5(c); d) Au-ZSM-5(d); e) Au-ZSM-5(e).]
(ii) XRD patterns (2θ = 35–83◦) of the heat treated gold nanoparticles in
mesoporous materials at 1273 K [XRD measurements at room temperature].

properties, reactivity towards NO/CO and high temperature
structural effects. The XRD patterns of the mesoporous and
microporous materials were similar to those of standard
MCM-41, ZSM-5 and LSX materials and no changes in
their phase were observed. The X-ray diffraction patterns
(in the range of 2θ = 35◦–83◦) of the nano-gold particles
in the MCM-41, ZSM-5 and LSX structures are shown in
Fig. 1(i). The observed XRD peaks (at 2θ ∼38.2, 44.8, 64.8,
78 and 82) are characteristic diffraction lines of Au (1 1 1),
Au (2 0 0), Au (2 2 0) and Au (2 2 2) and mostly correspond
to FCC metallic gold diffraction. In the XRD patterns,
there were no lines related to gold chloride salt crystalline
phase indicating the reduction of gold chloride during
hydrothermal crystallization process.Fig. 1(ii) shows the
XRD pattern of the Au-Al-MCM-41(a) calcined at 1273 K
(XRD data collection at room temperature). After heating
the as-prepared Au-Al-MCM-41 at 1273 for 5 h, slight shift
and changes in the intensities of the peaks were exhibited in
the XRD pattern. This shows that gold nanoparticles remains
contained in the MCM-41 material even at the high tem-
perature of 1273 K. The particle size and nitrogen sorption
data (BET) for Au-Al-MCM-41, Au-ZSM-5 and Au-LSX
materials at different calcination temperatures are presented
in Table 2. Nitrogen sorption and XRD results indicate that
the mesoporous and microporous structure is well main-
tained after calcination at 773 K. Au-Al-MCM-41 samples
p size
d nd
Z opore
v -5
m d mi-
c ticles
o rous
atios were synthesized. The characterization of Au
CM-41, Au-ZSM-5 and Au-LSX materials by XR

onfirmed the high phase purity, structure and crystall
20–23]. The chemical analysis of gold nanopartic
ontaining mesoporous and microporous materials (Table 1)
hows that these materials contain different concentrati
old (varying from 0.166 to 2.02 mol%). It is observed fr

he results that the Si/Au ratios could be easily varied f
7 to 586 in the different (MCM-41, ZSM-5 and LSX) stru

ures as well as the structures can be prepared with si
r different Si/Al ratios. The two mesoporous (Au-A
CM-41(a, b) and microporous Au-ZSM-5(c, d)) mater
ossesses nearly same Si/Al ratios but different Si/Au ra

The mesoporous/microporous catalysts prepared
ifferent gold metal loading were used to study the the
tability, particle size effect, pore containment, sur

able 1
hemical composition of gold nanoparticles containing mesoporou
icroporous materials

aterial type Product composition (mol%)

Au Al Si Si/Au Si/Al

u-Al-MCM-41(a) 2.020 2.900 95.080 47.0 32.8
u-Al-MCM-41(b) 0.386 2.920 96.694 250.0 33.1
u-ZSM-5(c) 0.166 2.434 97.400 586.0 40.0
u-ZSM-5(d) 0.990 2.063 96.947 97.9 47.0
u-ZSM-5(e) 1.161 1.498 97.341 83.8 65.0
u-LSX(f) 0.646 48.600 50.754 120.6 1.04
CM-41 2.910 97.090 33.4
SM-5 2.160 97.840 45.3
ossess mostly mesopores as indicated by the pore
istribution from the BET results. The pure Al-MCM-41 a
SM-5 materials possess higher surface area and micr
olume than the nano gold containing MCM-41 and ZSM
aterials. The decrease in the higher surface area an

ropore volume of these materials is due nano gold par
ccupying the certain spaces in the pores of the micropo
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Table 2
Particle size and surface characteristics of the gold nanoparticles containing mesoporous and microporous materials

Material type Gold particle size (nm) Surface properties of the calcined samples

Surface area (m2/g) Micropore volume (cm3/g) Total pore volume (cm3/g)

Au-Al-MCM-41(a)a 3–6 1272 0.0050 1.350
Au-Al-MCM-41(b)a ∼3 933 0.0100 0.935
Au-ZSM-5(c)a ∼2–4 475 0.1650 0.185
Au-ZSM-5(d)a 2–5 517 0.2000 0.240
Au-ZSM-5(e)a ∼2–3 549 0.2200 0.290
Au-LSX(f)a ∼3 363 0.1550 0.170
Au-Al-MCM-41(a) (1273 K) >11 1230 0.0040 1.300
Au-Al-MCM-41(b) (1273 K) >8 899 0.0095 0.900
Au-ZSM-5(c) (1273 K) ∼3–5 396 0.1200 0.120
Au-ZSM-5(d) (1273 K) 3–6 421 0.1100 0.240
Au-ZSM-5(e) (1273 K) ∼6 445 0.2200 0.290
MCM-41 1315 0.0130 1.400
ZSM-5 575 0.2400 0.310

a As-prepared samples.

and mesoporous materials. The high temperature calcination
of these gold containing materials at 1273 K resulted into
decrease in the surface area and micropore volume by∼3%.

High-resolution transmission electron micrograph
(Fig. 2) of the as-synthesised Au-Al-MCM-41(b) shows
the spherical shape of gold nanoparticles. The particle
size of gold nanoparticles in the as-prepared meso- and
microporous materials varied between 2 and 8 nm. TEM
analysis of the high temperature treated samples (1273 K)
showed that the particle size of gold nanoparticles in the
Au-Al-MCM-41(a) and Au-Al-MCM-41(b) was drastically
increased by 81 and 33%, whereas in the Au-ZSM-5(c),
Au-ZSM-5(d) and Au-ZSM-5(e), the nano gold particle size
increased only by 25–45%, respectively, depending upon
the gold concentration in the samples. These TEM results
clearly indicate that the particle size of gold is affected by the
concentration of gold nanoparticles within the mesoporous
and microporous materials and the high temperatures.

XPS measurements have been carried out on all the
Au mesoporous and microporous samples. The two

as-synthesized Au-Al-MCM-41(a) and Au-ZSM-5(e) sam-
ples are given inFig. 3. The binding energy and surface
composition data of the nano gold materials are presented in
Tables 3 and 4. The C 1s line position is used as a reference
for as-synthesized samples. The binding energy (BE) mea-
sured for Al 2p, O 1s and Si 2p in the gold mesoporous and
microporous catalysts are similar to that of the tetrahedrally
coordinated Al 2p, O 1s and Si 2p in the zeolites and metal
aluminophosphates[24,25]. The observed Au 4f binding en-
ergies in most of the as-synthesised (MCM-41, ZSM-5, LSX)
catalysts corresponds to that of metallic gold as well as Au+,
Au3+ species. The observed BE of gold species are slightly
different in the mesoporous and microporous catalysts. The
XPS spectra corresponding to gold (Fig. 3) shows that there
are several gold species on the as-synthesised Au-Al-MCM-
41(a) and Au-ZSM-5(e) catalysts. The gold species present
on these two catalysts can be classified into metallic gold (Au
BE ∼83.5 eV) and ionic gold [Au3+ (BE ∼87.0 eV (Au2O3)
and (90.4–91 eV) Au(OH)2

+)] [26] (Table 3). The analysis
of the peak area data of Au and Au3+ species indicates that
the ratio of Au:Au3+ from as-synthesized Au-ZSM-5(e) is

F orous
m
Fig. 2. TEM of as- synthesized Au-mesoporous material.
ig. 3. XPS pattern of gold nanoparticles in mesoporous and microp
aterials. (a) Au-Al- MCM-41(a), (b) Au-ZSM-5(e).



D.B. Akolekar, S.K. Bhargava / Journal of Molecular Catalysis A: Chemical 236 (2005) 77–86 81

Ta
bl

e
3

X
P

S
bi

nd
in

g
en

er
gy

da
ta

on
th

e
go

ld
na

no
pa

rt
ic

le
s

co
nt

ai
ni

ng
m

es
op

or
ou

s
an

d
m

ic
ro

po
ro

us
m

at
er

ia
ls

E
le

m
en

t
S

am
pl

e

A
u-

A
l-M

C
M

-
41

(a
)a

(e
V

)
A

u-
A

l-M
C

M
-

41
(a

)b
(e

V
)

A
u-

A
l-M

C
M

-
41

(a
)

(1
27

3
K

)
(e

V
)

A
u-

A
l-M

C
M

-
41

(b
)a

(e
V

)
A

u-
A

l-M
C

M
-

41
(b

)b
(e

V
)

A
u-

Z
S

M
-

5(
c)

a
(e

V
)

A
u-

Z
S

M
-

5(
c)

b
(e

V
)

A
u-

Z
S

M
-

5(
d)

a
(e

V
)

A
u-

Z
S

M
-

5(
d)

b
(e

V
)

A
u-

Z
S

M
-

5(
e)

a
(e

V
)

A
u-

Z
S

M
-

5(
e)

b
(e

V
)

A
u-

LS
X

(f
)a

(e
V

)

A
u-

LS
X

(f
)b

(e
V

)

A
l2

p
73

.0
73

.2
73

.4
73

.0
75

.1
73

.3
74

.3
73

.1
73

.8
73

.5
74

.1
73

.6
73

.8
A

u
4f

7/
2

83
.3

84
.1

84
.3

83
.3

84
.1

83
.4

83
.5

83
.5

83
.7

83
.6

83
.7

84
.0

84
.1

A
u

4f
5/

2
87

.0
87

.8
86

.9
87

.2
87

.0
87

.2
87

.2
87

.2
87

.3
87

.4
86

.8
86

.9
A

u
4f

90
.4

91
.3

A
u

4f
92

.1
93

.1
N

1s
40

2.2
40

2.
4

40
1.

7
40

1.
7

40
1.

7
N

a
1s

10
72

10
72

O
1s

53
1.8

53
3.

0
53

2.
6

53
2.

2
53

3.
5

53
2.

3
53

3.
2

53
2.

4
53

3.
3

53
2.

5
53

3.
2

53
1.

2
53

1.
3

S
i2

p
10

2.8
10

3.
2

10
2.

9
10

2.
7

10
3.

9
10

2.
9

10
3.

8
10

2.
6

10
3.

8
10

2.
2

10
3.

6
10

1.
7

10
2.

0
K

2p
29

4.
1

29
3.

6
a

A
s-

pr
ep

ar
ed

m
at

er
ia

ls
.

b
S

am
pl

e
ca

lc
in

ed
at

77
3

K
.

less than from as-synthesized Au-Al-MCM-41(a). At higher
treatment temperature of 1273 K, all the gold species are con-
verted mostly to metallic Au. The slight shift in the binding
energies of Au is observed for all the calcined samples.

The results of bulk chemical and XPS surface (Table 4)
analysis of the as-synthesized meso- and micro porous cat-
alysts indicated that the Si:Al ratio on the surface is higher
than that in bulk. This indicates that the concentration of alu-
minium is lower on the surface of these materials. In case of
the calcined samples, the surface Si/Al ratio decreases indi-
cating that the surface concentration of aluminium increases
after the heat treatment. Comparison of the bulk and surface
Si:Au ratio in the as-synthesized Au-Al-MCM-41(a), Au-
ZSM-5(e) and Au-LSX(f) indicated that the bulk concentra-
tion of the gold metal atom is slightly lower than the surface
of these materials and gold is homogeneously distributed in
the materials. The distribution of gold metal is different on
the surface and bulk of the meso- and micro porous mate-
rials. However, after calcination of the samples at different
temperatures (773 and 1273 K), the concentration of surface
gold increases which is indicated by the decrease in surface
Si/Au ratio. This decrease is due to migration and clustering
of gold atoms at higher temperatures. The changes in the gold
particle size are confirmed by the EXAFS and TEM studies
(Table 2).

Our previous XAS results[12] showed the presence of
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nd Ueda[27] demonstrated the application of gold cataly

or the reduction of NO outperforms the other catalysts
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st conversion to nitrogen was obtained over Au/Al2O3 with
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Interaction of NO with nano gold mesoporous and mi

orous catalysts is depicted inFigs. 4–6. The nature of site
he oxidation state of the metal and the state and localiz
f the cations on the catalyst surface are usually investig
sing NO adsorption and a FTIR technique. After vacu
ehydration of the nano gold catalysts at 573 K for 1
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Table 4
XPS surface composition of the selected gold nanoparticles containing mesoporous and microporous materials

Element Sample

As-prepared Au-
Al-MCM-41(a)

Calcined
Au-Al-MCM-41(a)
(773 K)

Calcined
Au-Al-MCM-41(a)
(1273 K)

As-prepared
Au-ZSM-5(e)

Calcined
Au-ZSM-5(e)

As-prepared
Au-LSX(f)

Calcined
Au-LSX(f)

Al 2p 0.80 0.90 0.94 0.46 0.16 2.47 2.52
Au 4f7 0.30 1.24 1.90 0.13 0.44 0.05 0.10
Au 4f5 0.20 0.82 1.40 0.10
Au 4f 0.02 0.05
Au 4f 0.02 0.07
C 1s 34.30 4.60 6.70 18.50 4.00 1.73 5.85
N 1s 2.10 0.80
Na 1s 24.38 19.13
O 1s 50.48 81.44 78.86 51.79 81.90 61.15 63.25
Si 2p 11.60 11.00 10.20 28.10 13.50 5.09 4.75
Si/Al 15.13 12.22 10.85 61.08 84.37 2.06 1.88
Si/Au 23.00 5.33 3.09 80.28 30.68 101.80 47.5
Bulk Si/Au 47.00 84.00 120
Bulk Si/Al 32.8 31.60 30.10 65.00 64.20 1.04 1.05

exposure to NO resulted in more than four/five bands at-
tributed to the formation of nitrous oxide (N2O), chemisorbed
nitrogen dioxide (NO2), mononitrosyl (M-NO), dinitrosyl
[M-(NO)2], and nitrite (M-NO2) complexes. The infrared
bands assignment is consistent with the published literature
[29–35]. The reactive O− site reacts with another NO
molecule to produce a M-NO2 complex with a vibrational
band at 1630 cm−1. Nitrosyl species resulting from the
reaction between nitric oxide and nano gold catalysts are
summarized inTable 5. In case of the Au-Al-MCM-41(a),
exposure to 22 Torr NO (Fig. 4(a)) produced four bands
attributed to the formation of N2O (2240 cm−1), Au-NO
(1906 cm−1), chemisorbed NO (1690 cm−1) and Au-NO2
(1630 cm−1). In case of the Au-ZSM-5 (d), exposure to
22 Torr NO (Fig. 5(a)) produced four bands attributed to
the formation of chemisorbed NO2 (2170 cm−1), Au-NO
(1900 cm−1), Au-(NO)2 asymmetric (1850 cm−1), Au-(NO)
2 symmetric (1745 cm−1) while the Au-LSX(f) (Fig. 6(a))
exhibits infrared bands attributed to the formation of N2O,

F Au-
A orr,
2

Table 5
Infrared bands of species resulting from the adsorption of NO with the gold
nanoparticles containing mesoporous and microporous materials

NOx species Wavenumber (cm−1)

N2O ∼2240
M-NO ∼1910
M-(NO)2 (asymmetric) ∼1845
M-(NO)2 (symmetric) ∼1745
NO2 (chemisorbed) ∼2170
NO2 (chemisorbed) ∼1690
M-NO2 ∼1630
M-NO3 ∼1590

M denote active metal sites.

chemisorbed NO2 (2170 cm−1), Au-NO (1900 cm−1) and
Au-NO2 (1630 cm−1). The Au-Al-MCM-41(a) catalyst
(Fig. 4), (containing higher amount of gold) shows different
concentration distribution of NOx species than those over
the lower gold containing Au-ZSM-5(d) and Au-LSX(f)
(Figs. 5 and 6) catalysts.

NO adsorption experiments at different pressures were
carried out in order to study the influence of NO gas

Fig. 5. In situ FTIR spectrum of NO adsorption over the dehydrated Au-
ZSM-5(d) catalyst: (a) 22 Torr, 298 K, (b) 61 Torr, 298 K, (c) 103 Torr, 298 K,
(d) 103 Torr, 423 K, and (e) 103 Torr, 523 K.
ig. 4. In situ FTIR spectrum of NO adsorption over the dehydrated
l-MCM-41(a) catalyst: (a) 22 Torr, 298 K, (b) 61 Torr, 298 K, (c) 103 T
98 K, (d) 103 Torr, 423 K, and (e) 103 Torr, 523 K.
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Fig. 6. In situ FTIR spectrum of NO adsorption over the dehydrated LSX(f)
catalyst: (a) 22 Torr, 298 K, (b) 61 Torr, 298 K, (c) 103 Torr, 298 K, (d)
103 Torr, 423 K, and (e) 103 Torr, 523 K.

pressure on the gold–nitric oxide complexes. FTIR results
pertaining to different surface coverage of NO on the Au-Al-
MCM-41(a), Au-ZSM-5(d) and Au-LSX(f) (Figs. 4–6(a–c))
shows the changes in NO absorbance at different sites
located over the gold catalysts. In the mesoporous catalysts
(Au-Al-MCM-41(a)), the concentrations of NOx species
at the respective bands (2224,1900, 1690 and 1630 cm−1)
are significantly affected with increasing NO pressure. At
highest NO pressure of 103 Torr, an additional band appears
at 1850 cm−1, which is related to M-(NO)2 species. NO
adsorption studies on the mesoporous catalyst with lower
gold content (high Si/Au ratio 250) [Au-Al-MCM-41(b)]
exhibited similar NOx species but with low concentra-
tion to that of Au-Al-MCM-41(a). In the microporous
Au-ZSM-5(d) catalyst, the increased NO pressure (62,
103 Torr) affects the NOx species concentrations at the
respective bands (2170, 1907, 1850 and 1745 cm−1). At NO
pressure of 103 Torr, the concentration of M-NO, M-(NO)2
asymmetric and M-(NO)2 symmetric is decreased. Similar
trends were observed for the other Au-ZSM-5 catalysts with
different Si/Au ratios. Moreover, in the case of Au-LSX(f),
the concentration of Au-NO and Au-NO2 species on the
catalyst surface increased with the incremental dosage of
NO. It is interesting to note that the behaviour of gold nano
particle is different in mesoporous and microporous system
as indicated by the formation of different types NOspecies.

rent
t d Au
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s in-
v 3 and
5 nc-
t sing
t
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Fig. 7. In situ FTIR spectrum of CO adsorption over the dehydrated Au-
Al-MCM-41(a) catalyst: (a) 22 Torr, 298 K, (b) 61 Torr, 298 K, (c) 103 Torr,
298 K, (d) 103 Torr, 423 K, and (e) 103 Torr, 523 K.

concentration and distribution of NO complexes with the tem-
perature. Formation of a higher oxidation state species occurs
when the dinitrosyl complex is oxidized by NO and forms an
unstable complex with N2O and O− adsorbed species. Fur-
ther reaction with NO leads to conversion of the unstable N2O
and O− intermediates to a nitrite moieties. It is evident from
the NOx results that the reaction-interaction of NOx species
is strongly affected by the gold nanoparticles as well as their
location/distribution in the host structures.

CO oxidation has been an area of extensive research, par-
ticularly its conversion to carbon dioxide. Haruta[36] have
investigated the effectiveness of the gold cluster catalyst in
oxidation of CO. Au-based catalysts have extraordinary activ-
ity for removal of CO at room temperature and below. CO ad-
sorption technique provides information about the oxidation
and coordination state of charge balancing cations and widely
employed for analysis of active sites on nano gold materials.
Nano gold catalysts were used to investigate the interaction of
CO using the in situ FTIR technique. The interaction between
CO and Au-Al-MCM-41(a) and Au-ZSM-5(d) is presented
in Figs. 7 and 8. After dehydration of Au-Al-MCM-41(a)
in vacuo at 573 K for 18 h, exposure to CO (22 Torr) pro-
duced vibrational spectra with up to seven infrared bands

F Au-
Z 8 K,
(

x

The decomposition of adsorbed NO species at diffe
emperatures and constant pressure over the dehydrate
l-MCM-41(a) Au-ZSM-5(d) and Au-LSX(f) catalysts
hown inFigs. 4–6(c–e). Influence of temperature were
estigated at a constant NO pressure (103 Torr) and at 42
23 K for 40 min. The NOx species peak intensities as fu

ion of temperature showed interesting trends. By increa
he reaction temperature to 423 and 523 K (Figs. 4–6(d and
)), the chemisorbed NO2/M-(NO)2 moieties decomposed
ono- and dinitrosyl species. The temperature influence
Ox distribution and decomposition on the Au-ZSM-5 a
u-LSX catalysts. In case of the Au-ZSM-5(e), complete
omposition of the N2O occurred at 523 K. The changes
atios of NOx species indicated strong variation of the surf
-

ig. 8. In situ FTIR spectrum of CO adsorption over the dehydrated
SM-5(d) catalyst: (a) 22 Torr, 298 K, (b) 61 Torr, 298 K, (c) 103 Torr, 29

d) 103 Torr, 423 K, and (e) 103 Torr, 523 K.
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Fig. 9. In situ high temperature XRD analysis of gold nanoparticles in MCM-
41 mesoporous materials (a, 413 K; b, 473 K; c, 573 K; d, 673 K; e, 773 K;
f, 873 K; g, 973 K; h, 1073 K; I, 1173 K; j, 1273 K; k, 1373 K; l, 1472 K;
m, 1573 K; n, 1673 K; o, 1773 K; and p, 1873 K) (x-axis shift: 1 mm/XRD
pattern).

attributed to the formation of physisorbed carbon dioxide
(CO2) (2350 cm−1), CO chemisorbed on Au+ (2180 cm−1)
and intrazeolite Au+ (2192 cm−1), CO adsorbed on Au metal
(2124 cm−1), bridged metal carbonyl complexes (Au-CO-
Au)/ Lewis acid sites (L-CO) (2004, 2024 (shoulder) cm−1).
At CO pressure of 22 Torr, the dehydrated Au-ZSM-5(d) ex-
hibited the bands related to physisorbed carbon dioxide (CO2)
(2360 cm−1), CO chemisorbed on Au+ (2182 cm−1), CO ad-
sorbed on Au metal (2124 cm−1) and encapsulated carbon
dioxide (CO2) (1632 cm−1). The band at 2182 cm−1 is inter-
preted in terms of CO attached to Au+ species with acidic Al3+

and H+ sites in zeolitic materials[37]. These infrared bands
are consistent with the reported literature for microporous
materials[16,25,29–35,38–40]. FTIR CO adsorption stud-
ies on the other Au-Al-MCM-41(b), and Au-ZSM-5(c) cat-
alysts with higher Si/Au ratios (lower concentration of gold
nanoparticles) showed similar type of CO species but with
lower concentrations of these species to that of the meso-
porous and microporous catalysts with lower Si/Au ratios
(higher concentration of gold nanoparticles). This indicates
that the type CO species formed are (up to certain extent) un-
affected by the concentration of nano gold particles in meso-
porous and microporous materials.

CO adsorption on activated gold catalysts [Au-Al-MCM-
41(a) and Au-ZSM-5(d)] at 298 K and increasing equilibrium
pressures and temperatures is depicted inFigs. 7 and 8(a–e).
I nd
r -
c u-Al-
M ty of
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c O)
w
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bridged metal carbonyl complexes (Au-CO-Au)/Lewis acid
sites (L-CO). Similar trend was observed for the Au-Al-
MCM-41(b) and Au-LSX with the different gold concen-
trations. In the Au-ZSM-5(d), the band related to CO-Au+

and CO-Au metal bands were unaffected at the high reaction
temperatures.

From the NO and CO adsorption studies, it can be seen
clearly that apart from nano gold particles, the host support
type as well as the constraint imposed by the structure on
the interaction of nano gold particle with reactant molecule
influences the formation of NOx and CO species.

The high temperature in situ XRD patterns of gold
nanoparticles in mesoporous and microporous structures
are shown inFigs. 9 and 10. Gold nanoparticles in various
forms are gaining wide spread application in catalysis and
other areas. However, the major problem faced with gold
nanoparticles is the agglomeration of gold nanoparticles
to bigger metallic particles, thus affecting the unique nano
gold properties during catalyst processing above 373 K, high
temperature catalysis and use in various high temperature
applications. The agglomeration/clustering of gold nanopar-
ticles is due to of low sublimation energy/melting point
of gold, which results into changes in the particle size and
other properties of gold nanoparticles. Apart from the gold
properties influencing agglomeration, the type and structure
of support play critical role in maintaining the structure of
n icles
s terials
w

a-
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n mi-
c f the
n The
i M-
4 ith
h ach
t CM-
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t e ob-
s e the
t -41)
p anges
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H s of
g e of
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t n the
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s he
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t rous
n case of the Au-Al-MCM-41(a) and Au-ZSM-5(d), the ba
elated to physisorbed CO2 was significantly affected by in
rease in the CO pressure. In case of mesoporous A
CM-41(a), (above 423 K), a marked increase in intensi

he CO chemisorbed on Au+, CO adsorbed on Au metal, p
sisorbed carbon dioxide and decrease in the bridged
arbonyl complexes (Au-CO-Au)/Lewis acid sites (L-C
as observed. The dominance of the CO-Au+ and CO-Au
etal bands indicates the stability of these species ove
anoparticles. So far in literature, most of the nanopart
tudies reported were based on using the support ma
ith low surface area (<100 m2/g)[5–9,27,28].
The in situ high temperature XRD (HTXRD) me

urements was undertaken to investigate the fate of
anoparticles and the influence of mesoporous and
roporous support structures on the containment o
anoparticles at different temperatures (313–1873 K).

n situ HTXRD measurements on as-prepared Au-Al-MC
1(a) and Au-ZSM-5(d) were conducted in vacuum w
eating rate of 5 K/min and 1 h as a holding period for e

emperature step. In case of the mesoporous Au-Al-M
1(a) material (Fig. 9), the in situ HTXRD results showe

hat no changes in the phases of gold and support wer
erved up to the temperature of 1573 K. However, abov
emperature of 1573 K, the mesoporous support (MCM
hase changed to cristobalite phase and further no ch

n cristobalite phase was observed up to 1873 K. At
emperature (>1673 K) some minor peaks (2θ = 37.8◦, 45.5◦)
elated to Au3Si and Au2Si were observed. In case of t
icroporous Au-ZSM-5(d) material (Fig. 10), the in situ
TXRD results showed that no changes in the phase
old and ZSM-5 were observed up to the temperatur
473 K. However, the ZSM-5 phase collapsed above 15

o form the cristobalite/tridymite phases. The changes i
oncentration of gold particles with the temperature are
nteresting over the mesoporous and microporous su
tructures (Fig. 11). In Fig. 11, the relative changes in t
old peak (2θ = 38.3◦) areas with temperature shows t

he concentration of gold in mesoporous and micropo
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Fig. 10. In situ high temperature XRD analysis of gold nanoparticles in ZSM-5 microporous materials (a, 413 K; b, 473 K; c, 573 K; d, 673 K; e, 773 K; f,
873 K; g, 973 K; h, 1073 K; I, 1173 K; j, 1273 K; k, 1373 K; l, 1472 K; m, 1573 K; n, 1673 K; and o, 1773 K).

material is decreased by increase in the temperature. The
significant decline in the gold concentration in both materials
starts to occur above the temperature of 1150 K. In case
of the Au-Al-MCM-41, at 1473 K approximately 78% of
the concentration of gold is contained and 58% of gold is
contained at 1573 K. When the temperature is higher than
1573 K, the gold containment is significantly reduced to 27%
(∼1673 K), 17% (1773 K) and <5% (1873 K). In case of the
Au-ZSM-5(d), approximately 78% of the concentration of
gold is contained up to 1223 K and 59% of gold is contained
at∼1373 K while above the temperature of 1473 K, the gold
containment is significantly reduced to 19% (at 1573 K), 17%
(1773 K) and <2.7% (1673 K). Comparison of these in situ
HTXRD results shows that the containment of gold at higher
temperatures is higher in the mesoporous Au-Al-MCM-41(a)
than in the microporous Au-ZSM-5(d) material.

From in situ HTXRD results, it is observed that sub-
stantial amount of gold particles are retained within the
mesoporous and microporous materials until the meso- and

F s and
m

microstructures are collapsed at high temperatures. This
clearly indicate that the gold particle retainment is due to
the constrains created by the meso-and microstructures of
the materials. These meso- and micro- structures are very
important factors for gold particle containment. The removal
of gold nanoparticles from the meso- and microporous mate-
rials could be envisaged in the following steps: firstly, by high
temperature evaporation of gold from external surface of the
material and secondly, by the removal of gold particles from
internal surfaces (meso- and micro-pores) of these materials
because of their structure/pore system collapse at various
high temperature stages. The removal of gold particles from
external surfaces occurs at lower temperatures then the
internal surfaces of these materials, thus contributing to the
different amount of gold removal at different temperature
stages. It is interesting to note that the gold particles with sig-
nificant concentration could be effectively contained in the
mesoporous and microporous systems at higher temperatures
and these systems could be employed in various applications.

4. Conclusions

Gold nanoparticles with different size and concentration
could be easily prepared in the high surface area mesoporous
(MCM-41) and microporous (ZSM-5, X) materials. The XPS
a tallic
g s on
t nano
g rials
p

,
N tion
o ide,
c and
ig. 11. Relative changes in the gold concentration in the mesoporou
icroporous materials with the treatment temperatures.
nd XAS analysis shows the presence of oxidic and me
old species and uniform distribution of gold nanoparticle

he external and internal surfaces of these materials. The
old particles within the meso- and microporous mate
ossess higher thermal stability.

Over the Au-Al-MCM-41, Au-ZSM-5 and Au-LSX
O adsorption at room temperature leads to the forma
f different bands attributed to adsorbed nitrous ox
hemisorbed nitrogen dioxide, nitrite, mononitrosyl
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dinitrosyl complexes. CO adsorption over the Au-Al-
MCM-41, Au-ZSM-5 and Au-LSX lead to the formation
of physisorbed carbon dioxide and cationic Lewis acid
carbonyl moieties as well as transition metal carbonyl
complexes (M-CO). The distribution and formation of these
NO or CO complexes are influenced by the nano gold
particle, concentration, catalyst structure type, reaction
temperature and pressure. The type of NOx species and their
concentration are different in the nano gold mesoporous
and microporous materials. FTIR results clearly shows that
apart from nano gold particles, the microporous (ZSM-5,
LSX) and mesoporous (MCM-41) support structures as well
as the created environment influences the formation and
distribution of NOx and CO species.

The in situ XRD measurements on these materials shows
that the gold nanoparticles are contained up to very high tem-
peratures in the meso- and microporous materials. The gold
particles are released from these materials only after their
meso-/micro-structural collapse at high temperatures. The re-
sults of this study confirm the suitability of gold nanoparticles
within meso-/micro porous systems for the high temperature
applications.
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