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Gold species deposited on NH+
4 - and H+-mordenites were studied by X-ray diffraction, xenon

adsorption, NMR of 27Al and 129Xe, UV-Visible spectroscopy and TPR. Mordenite ion-exchange
cations exert a significant effect on size distribution and electronic state of gold species supported
on the zeolites. AuNH4M contains larger nanoparticles of gold on its external surface than AuHM
because protonic form of zeolite has stronger sites for stabilization of gold nanospecies. In the case
of NH+

4 -mordenite, Au clusters inside zeolite channels have bigger size and fill the side-pockets com-
pletely after gold deposition due to more complete reduction of gold entities, while in H+-mordenite
only half the side-pockets are filled by gold species. H+-mordenite favors the stabilization of both
small gold clusters and cations. Even after the reduction of gold by hydrogen flow at 100 �C, some
gold species are not completely reduced and have certain effective charge (Au�+

n clusters).
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1. INTRODUCTION

The synthesis of small metal particles is very important
since nanoparticles and clusters have different catalytic
properties as compared with bulk metal. For example,
gold nanoparticles smaller than about 3 nm exhibit very
high catalytic activity in low-temperature CO oxidation.1�2

Different methods of stabilizing gold particles are used,
and the properties of dispersed gold are being studied
intensively.3 Zeolites are among the most interesting sup-
ports for gold due to their ability to stabilize metal clusters
inside the micropores.4�5

However, investigations showed that the influence of
zeolite structure and method of sample preparation on the
electronic and structural properties of gold is a complex
function, and that a whole series of different parameters
has to be considered in order to understand the real cause
of the observed effects. Our previous studies revealed that

∗Author to whom correspondence should be addressed.

the self-assembly of clusters in mordenites depends on
several factors: (1) the type of zeolite crystal structure and
chemical composition (SiO2/Al2O3 molar ratio); (2) the
acidity of the zeolite; (3) the pretreatment conditions (first
of all, reduction temperature); (4) additives of metal oxides
(Fe, Ni, Cu, etc.).5–8 The influence of the gold concentra-
tion, the time and pH of ion-exchange, and the geometry
of zeolites on the state of the gold was also investigated
in some studies.3�9�10

To control the electronic and structural properties of
nanosized gold particles is very important for the syn-
thesis of highly active catalysts because these parameters
determine the catalytic activity of gold. One of unstudied
parameters influencing gold states in zeolites is the nature
and size of zeolite cation.
The aim of the present study is to investigate the influ-

ence of the nature of the exchangeable cation of zeolite on
the formation of gold species in Au-mordenite. For such a
test we chose two types of exchangeable cations, H+ and
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NH+
4 , for the following reasons:

• the proton is the smallest and strongly acidic cation,
that is important for the stabilization of gold particles;5

• the ammonium ion, in contrast, is the largest and less
acidic cation.

2. EXPERIMENTAL DETAILS

2.1. Au/Mordenite Preparation

NH+
4 -Mordenite (NH4M) zeolite with a SiO2/Al2O3 molar

ratio of 20 was supplied by Zeolist International (USA)
and used as starting material. H+-Mordenite (HM) was
prepared from NH+

4 -mordenite by careful heating at 673 K,
according to the usual method.8–10

For the preparation of Au-mordenite samples, the zeolite
was mixed in aqueous solution with the Au(NH3�4(NO3�3
complex. Au(NH3�4(NO3�3 was synthesized by the method
of Skibsted et al.: HAuCl4 · nH2O (49.5 wt% of Au,
Alfa Aesar) was dissolved in a supersaturated solution of
NH4NO3 and water.11�12 A dilute solution of NH4OH was
added dropwise to this solution to bring it to pH∼ 7.
Then, the suspension was stirred for 24 h. After ion
exchange, the samples were filtered and washed with deion-
ized water. The washing procedure was repeated several
times to remove all Cl− ions, detected by adding AgNO3

solution to a filtrate probe. The samples were dried in air
at room temperature. The Au-zeolite samples were reduced
with H2 flow (20 ml/min) at 100 �C for 2.5 h using a tube
furnace. The samples are denoted AuHM and AuNH4M.
Gold loadings, measured by energy dispersive spec-

troscopy in a Jeol 5300 scanning electron microscope
equipped with a Kevex Superdry detector were 2.9 and
2.5 wt% for AuHM and AuNH4M, respectively.

2.2. Methods of Characterization

2.2.1. X-Ray Diffraction

The samples were studied by X-ray diffraction using a
Bruker D8 Advance Powder Diffractometer with a copper
anode tube and K� radiation. To determine the crystallite
size distributions the corresponding diffraction peaks were
measured by step scanning and analyzed by the XTL-SIZE
computer program.13�14 Sample crystallinity was estimated
from the sum of the peak areas and the area of the whole
diffractogram. No external standard was used.

2.2.2. 27Al-MAS NMR

The spectra were recorded using a Bruker ASX 300 spec-
trometer operating at a resonance frequency of 78.21 MHz.
Spectra were obtained in a 4-mm probe using short single
�/12 pulses and a recycle time of 0.5 s. The samples were
spun at 10 kHz and the chemical shifts were referenced to
a 1 M AlCl3 solution.

2.2.3. Xenon Adsorption and 129Xe NMR

Pure xenon gas was used for the 129Xe NMR experiment.
Xenon was added to the solid in a NMR tube at 298 K
and different pressures. Before xenon loading, the sam-
ples were dehydrated by gradual heating to 300 �C in
vacuum (10−4 Torr) for 8 h. 129Xe NMR spectra were
recorded between −53 and 25 �C with a Bruker DMX-
500 spectrometer operating at 138.34 MHz. Several scans
(500–1000) were collected with a delay time of 2 s. The
chemical shift was referenced to xenon gas extrapolated to
zero pressure.

2.2.4. UV-Visible Diffuse Reflectance Spectra

UV-Visible diffuse reflectance spectra (DRS) were
recorded with a Cary 300 SCAN (Varian) spectrophotome-
ter with a standard diffuse reflectance unit. The DRS spec-
tra presented below were obtained by subtraction of the
zeolite spectra from the corresponding Au-zeolite ones.

2.2.5. Thermo-Programmed Reduction

Thermo-programmed reduction with hydrogen (TPR) was
carried out using an Altamira Instruments AMI-1 equipped
with a trap to collect traces of water and ammonia at
−20 �C ahead of the thermal conductivity detector (TCD).
0.15–0.2 g of the as-prepared sample was heated at
20 �C/min from 25 �C to 550 �C in a flowing H2/Ar mix-
ture (1/9). The amount of H2 consumed for the reduction
of oxide species was measured by TCD and estimated
from the integrated areas of the peak profiles obtained
using absolute calibration of the TCD detector.

3. RESULTS AND DISCUSSION

3.1. Modification of the Zeolite Structure

Mordenite crystallinity determined by XRD decreases as
gold is incorporated (Fig. 1). The crystallinity of AuHM
and AuNH4M samples pretreated at 373 K for 2.5 h was
90% and 65%, respectively, as compared with 100% crys-
talline HM and NH4M. The 27Al MAS NMR spectra
(Fig. 2) show that loading gold into mordenite promotes the
formation of some extra-lattice octahedral aluminium (peak
close to 0 ppm) to the detriment of tetrahedral aluminium
(peak near 53.7 ppm). Furthermore, the signal due to tetra-
hedral aluminium becomes broader as gold is loaded.

3.2. Distribution of Gold Particle Size

The X-ray diffraction patterns show that in AuHM and
AuNH4M samples pretreated at 373 K for 2.5 h the peaks
corresponding to metallic gold are clearly resolved at 38.1�

and 44.5� representing the formation of large nanoparti-
cles, located on the external surface of the zeolite (Fig. 1).
AuNH4M exhibits a broad size distribution from 23 to
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Fig. 1. X-ray pattern of pure mordenite and gold loaded mordenite sam-
ples pretreated at 100 �C for 2.5 h.

29 nm with a maximum at 28 nm (Fig. 3). AuHM con-
tains particles of different sizes, i.e., 7–12, 19–22 and 25–
30 nm. Therefore, AuNH4M contains larger nanoparticles
of gold on its external surface than does AuHM. We can
suppose that protonic form of zeolite has stronger sites
(H+) for stabilization of gold nanoparticles during the sam-
ple preparation.
However, it has to be emphasized that this method is

valid for nanocrystalline compounds with a concentration
higher than ca. 1% and for particle size larger than 2–3 nm,
which can be located only on the external surface of the
mordenite. For the investigation of gold clusters inside the
zeolite channels we used 129Xe NMR spectroscopy.

3.3. Gold Electronic State

DRS spectra of Au-zeolites as-prepared or pretreated in Ar
at 300 �C for 1 h are given in Figure 4. The spectra of the

250 200 150 100 50 0 –50 –100–150250 200 150 100 50 0 –50 –100–150
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AuHM

HM
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AuNH4M

NH4M
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Fig. 2. 27Al MAS NMR spectra of the samples. ∗Indicates spinning side
bands.
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Fig. 3. Gold crystal size distribution obtained from X-ray diffraction
patterns. (a) AuNH4M; (b) AuHM.

as-prepared samples, which are similar in shape, have three
peaks with maxima at 200, 290 and 380 nm for AuNH4M
and 200, 240 and 370 nm for AuHM. The band at 200 nm
can be attributed to the Au3+ ions; the peaks with maxima
at 240 or 290 and 370 or 380 nm are assumed to charac-
terize small charged or neutral gold clusters.6 These bands
can be related to two different types of clusters (variance
in nuclearity and/or charge). Gold clusters appear just after
the ion-exchange procedure, probably due to the partial
reduction of gold ions inside the zeolite channels by water6

or by the ligands of the complex.5 A similar effect of
the partial reduction of Au3+ by water inside the chan-
nels under ambient conditions was observed by Salama
et al.15 Optical spectra indicate a difference in size and
the effective charge of gold clusters in the zeolites studied.
Ion exchange proceeds inside the zeolite as well as out-
side, but the internal surface area is several hundred times
higher than the external one. Therefore, most of the small
clusters should be formed inside the zeolite channels.
In the spectra of the samples calcined at 300 �C the

peak at 200 nm is decreased and a new peak at 510–
530 nm appears. These peaks correspond to plasmon of
gold nanoparticles.16�17 Obviously reduction has occurred
during heat treatment but some gold ions still remain in
the samples. The spectra also show that the gold clus-
ters (bands at 230–290 nm) in zeolites are rather stable
to redox treatments, probably due to their encapsulation
inside the channels.
By the TPR method (Fig. 5) three peaks correspond-

ing to the different stages of gold reduction were observed
with maxima at 192, 220 (shoulder) and 312 �C for
AuNH4M, at 200, 230 �C and a broad shoulder around
312 �C for AuHM. The peaks at 192 and 200 �C are
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Fig. 4. UV-Visible spectra of Au-zeolites as-made and after treatment with Ar at 300 �C.

assigned to stepwise reduction of Au3+ to Au+ and Au+ to
Au0, respectively. The temperature difference of these two
first peaks between samples (about 10 �C) could be due to
a stronger Aun+-zeolite interaction for HM zeolite than for
NH4M. The broad peak at ca. 312 �C could correspond to
the reduction of large particles of gold oxide on the exter-
nal surface of the zeolite.18 If so, we could say that the
major part of the charged gold species is located inside the
zeolite channels. The relative contribution of gold particles
on the external surface of AuNH4M is higher than with
AuHM, as already evidenced by the XRD results.
The quantity of reduced gold, calculated from the

amount of hydrogen consumed during the TPR experiment,
was about 50% of the overall amount of gold for both
AuNH4M and AuHM. According to the literature all sup-
ported ionic gold species should be reduced at 360 �C.15

We suggest that the remainder, the 50% of the gold not
observed by TPR, is already reduced before the TPR exper-
iment. That is in agreement with the DRS data, which show
the appearance of clusters (reduced species) formed during
gold deposition by the ion-exchange method.
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Fig. 5. TPR profiles of Au-zeolites.

3.4. Gold Location

129Xe NMR spectroscopy is a direct method for deter-
mining the location of gold in zeolites. It is well known
now that xenon is a probe for zeolite pores with a diam-
eter greater than that of xenon (0.43 nm). The amount
of adsorbed xenon increases linearly with the xenon pres-
sure (Fig. 6). For each pressure the adsorbate concentration
is greater for HM than for NH4M, probably because of
the spatial requirements of NH+

4 . The amount of adsorbed
xenon is lower for Au-mordenites than for pure morden-
ites. This can be due to the location of gold particles inside
the channels.
Mordenite represents a two-dimensional system of

crossing channels with two different elliptic cross-sections
whose axes are: (a) 0.65 and 0.70 nm (main channels);
(b) 0.26 and 0.57 nm (side-pockets).19 In mordenites, the
side-pockets and the main channels are available for xenon
sorption.20�21 In HM at 25 �C, the spectrum contains only
one peak, due to fast exchange of xenon between the
side-pockets and the main channels (Fig. 7). In order

5472 J. Nanosci. Nanotechnol. 11, 5469–5475, 2011
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Fig. 6. Adsorption of xenon gas on mordenite samples at room
temperature.

to limit this mobility, spectra must be recorded at low
temperature. Figure 7 shows the evolution of the NMR
spectra of xenon in HM with temperature. Initially HM
was exposed at 300 Torr of xenon at room temperature.
The two peaks at ca. 205 and 141 ppm corresponding to
xenon located in side-pockets and main channels, respec-
tively, are clearly resolved at −53 �C. In addition, the
chemical shift of xenon adsorbed in the main channels
slightly increases as the concentration raises with temper-
ature decrease. The chemical shift corresponding to the
side-pockets is constant because each one can adsorb only
one Xe atom. In fact, we think that only a small fraction of
a Xe atom enters the side-pocket, because the Xe diameter
(0.43 nm) is much bigger than the small axis of the side
pocket cross-section (0.26 nm).
In the spectra of AuHM the two peaks are shifted from

205 to 238 ppm and from 141 to 150 ppm for Xe in
side-pockets and in main channels, respectively (Fig. 8).
This result indicates that gold particles are hosted in both

500 400 300 200 100 0 –100

25 °C

–33 °C

–53 °C

Chemical shift (ppm)

Fig. 7. Temperature dependence of the 129Xe NMR spectrum in
H-mordenite sample equilibrated at 300 Torr of xenon.
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AuHM

HM
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NH4M

AuNH4M

187
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209

Fig. 8. 129Xe NMR spectra recorded at −53 �C (PXe = 300 Torr).

sites. The gold entities inside the side-pocket must be
small in order to leave some space available for xenon.
Those could be cationic species of gold with radii of 0.085
and 0.137 nm for Au3+ and Au+, respectively, as well as
charged gold clusters such as Au�+n (n = 2–8). Clusters
with more than 8 atoms are not compatible with the side-
pocket dimensions.
In contrast to AuHM, the side-pockets of AuNH4M are

blocked to xenon sorption (Fig. 8). In AuNH4M sample the
formed clusters are probably bigger than those in AuHM
due to a more complete reduction of gold entities. It may
be caused by reducing properties of ammonium ions. It is
confirmed indirectly by TPR data (Fig. 5). TPR revealed,
that total portion of ionic gold is similar in both zeolites
(48 and 45 wt%). However, in contrast with AuHM in
AuNH4M significant part of gold ions is located in the
form of gold oxide particles on the external surface of
support and portion of reduced gold inside the channels
is much higher. Moreover, NH+

4 ions partly remaining in
zeolite after ion-exchange process have larger diameter as
compared with H+ and occupy more space in channels and
side-pockets.
Another difference is observed between the spectra of

the Au-mordenites: a narrow peak assigned to xenon in
the main channels is observed in AuNH4M, but the corre-
sponding signal of AuHM is broad and asymmetric, sug-
gesting that it consists of at least two peaks (Fig. 8). This
difference suggests that the metal is more homogenously
dispersed in AuNH4M than in AuHM. This broad, asym-
metric peak could be due to a relatively wider distribution
of either the particle sizes or the gold effective charge in
various channels. Furthermore, the chemical shift of this
signal is significantly higher for AuNH4M (187 ppm) than
for AuHM (150 ppm), which means that the gold parti-
cles stabilized in the main channels of AuNH4M are either
more charged or in higher concentration.
In Figure 9 the variations of chemical shift with the

amount of Xe adsorbed in the main channel of AuHM and
AuNH4M present a slightly pronounced minimum at low

J. Nanosci. Nanotechnol. 11, 5469–5475, 2011 5473
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Fig. 9. Chemical shift of 129Xe NMR signal (at 220 K) as a function of
xenon amount adsorbed in the various samples.

Xe concentration, which indicates the interaction of Xe
with charged gold species. Slightly charged gold particles
were already detected by Xe-NMR and by IR in the case of
AuY samples.11 Non-pronounced minimum on the plots of
Figure 9 indicates that the effective charge of gold clusters
is not high as compared, for example, with extra-lattice
aluminium ions which showed very pronounced minimum
due to stronger interaction of high-charged ions Al3+ with
Xe atoms.22

Thus, a difference in the stabilization of gold species
inside the mordenite with two different types of cations
was observed. The NH+

4 cation is much larger (0.29 nm)
than H+. The size of Au(NH3�

3+
4 is about 0.7 nm. It

could be difficult for it to diffuse in the main channels
whose cross-section is 0.65× 0.70 nm containing NH+

4

ions. Thus, the Au3+ cation has to lose at least some of its
ligands to enter the channels. In the case of HM the pro-
tons do not impede diffusion of the complex. But, in this
case, decomposition of the complex could also occur due
to the strong interaction between the acidic H+ sites and
the NH3 ligands. Gold–ammonia complexes are unstable
in acidic media.12

Thus, we suggest that Au(NH3�
3+
4 loses ligands when

it enters the mordenite channels and then Au3+ could be
reduced by the ligands. Investigation of the mechanism of
these processes requires further experiments.

4. CONCLUSIONS

Comparative study of protonic (minimum cation size) and
ammonium (one of the largest cation size) mordenite forms
revealed that nature and size of cation do not influence
the portion of gold clusters (approximately a half) formed
at room temperature during ion-exchange step. However,
nature of mordenite cation exerts a significant effect on the
state of gold species located both on external surface of
the support and inside the zeolite channels, size distribution
of nanoparticles, location of clusters inside zeolite chan-
nels as well as electronic state and redox properties of gold
ions. HM favors the stabilization of small gold clusters,
cations and smaller nanoparticles because protonic form of
zeolite has stronger sites (H+� of gold stabilization than
AuNH4M (NH+

4 �, which prevent aggregation of reduced
species. As a result, AuHM contains higher contribution of

small nanoparticles of gold with size 8–10 nm on exter-
nal surface than AuNH4M; its gold clusters inside zeolite
channels have smaller size and therefore only half the side-
pockets are filled, while in AuNH4M gold clusters fill the
side-pockets completely. This can also be caused by more
complete reduction of gold cations located inside NH4M
due to reducing properties of ammonium ions in contrast
with protons in HM.
Portion of ionic gold in the fresh samples is similar in

both zeolites (48 and 45 wt%). However, according to TPR
data in AuNH4M, in contrast with AuHM, significant part
of gold ions is located in the form of gold oxide parti-
cles on the external surface of the support. Even after the
reduction of gold by H2 at 100 �C, some gold species are
not completely reduced and have certain effective charge
(Au�+n clusters).
Results obtained in this work are important for con-

trolling the electronic and catalytic properties of gold
species inside pores and channels during the preparation
of Au/zeolite catalysts.
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