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The number of publications reporting the application of gold
to catalytic processes has increased dramatically since the
discovery in the 1980s[1, 2] that supported nanoparticles of gold
can be very active catalysts for industrially important
reactions. Since then, gold has been found to be active for a
large range of processes including hydrogenation reactions,[3]

selective oxidations,[4] hydroaminations,[5] and epoxidations.[6]

The applications reported range from environmental reme-
diation[7] to the production of bulk and pharmaceutical
chemicals.[8]

The performance of gold catalysts is closely related to the
size of the deposited nanoparticles and the properties of the
support used. Consequently, the preparation and stabilization
aspects of Au nanoparticles are vital steps in the discovery of
new and/or improved catalysts. However, the practical
application of gold catalysts has often been limited because
of low stability and irreversible deactivation during reaction
and thermal pretreatment. Many studies have investigated
the underlying causes behind the loss in activity and have
reported surface poisoning, loss of metal–support interaction,
and nanoparticle sintering as potential contributing factors.
Reactivation of the catalysts is problematic, particularly in
cases where the gold particles have increased in size, and,
therefore, if it were possible to devise an effective method to
redisperse the Au metal, this would be of significant benefit.

Redispersion of metals has been developed for platinum
group metals (PGM) through the oxychlorination process.[9]

This procedure requires temperatures above 500 8C and a
series of reduction/oxidation treatments using chlorinated
molecules such as 1,2-dichloropropane. However, depending
on the end process in which these treated catalysts are to be
used, this redispersion process can lead to further deactiva-

tion by chlorine poisoning. The temperatures used in the
oxychlorination approach can also limit its applicability
because not all conventional supports are stable under the
required treatment conditions.

Recently, Goguet et al.[10] demonstrated that large par-
ticles of gold (around 12–28 nm in size) supported on
activated carbon (Au/C) can be dispersed down to atomic
level during the carbonylation of methanol to methyl acetate
in the presence of methyl iodide.[11] The dispersion of gold
particles was attributed to the interaction of gold with the
iodine. Although this is a remarkable transformation, the
conditions utilized during the reaction are rather harsh
(240 8C and 16 bar) and required a complex reaction mixture.
This limits the general applicability of this method as a
routine procedure for the dispersion of gold. Herein we show
that gold dispersion is achievable under much milder
conditions in terms of temperature and pressure using a
simple CH3X/inert feed (X = Br or I) and the mechanism
responsible of the dispersion is demonstrated.

Goguet et al. indentified that the CH3I was the key species
in the gold dispersion process.[10] To evaluate the influence of
the presence of the reactants used in the carbonylation
reaction mixture, and the impact of the process pressure, the
possibility of achieving gold dispersion in the sole presence of
CH3I at atmospheric pressure was evaluated. Figure 1 reports
the X-ray diffraction (XRD) data recorded for the fresh Au/C
and the same catalyst exposed for 1 h to a CH3I/N2 mixture at
240 8C and atmospheric pressure. The Bragg reflections
associated with Au(111) and (200) lattice planes, which
were observable for the fresh catalyst, are essentially absent
after exposure to CH3I/N2 mixture at 240 8C for 1 h. A similar

Figure 1. XRD patterns of gold supported on activated carbon a) fresh,
after treatment with b) CH3Cl at 240 8C for 24 h, c) CH3I at 240 8C for
1 h, and d) CH3Br at 240 8C for 24 h.
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effect was found when using CH3Br (Figure 1). Interestingly,
when a similar treatment was performed using CH3Cl (or no
methyl halide, see Figure S1 in the Supporting Information),
the XRD pattern of the fresh catalyst remained unaffected
even after 24 h of exposure. The different behavior of the
alkyl halides may reflect the decrease in the C�X bond energy
enabling the catalyst to activate the molecule. Importantly,
the dispersion of the gold can be achieved in the sole presence
of either CH3Br or CH3I at atmospheric pressure. Elemental
analysis of the Au/C catalyst pre and post CH3I or CH3Br
treatments indicated that no gold was lost through leaching
during the process.

To evaluate more precisely the extent of the gold
dispersion, high angle annular dark field (HAADF) imaging
experiments were performed in an aberration-corrected
scanning transmission electron microscope (STEM) on the
fresh and CH3I treated samples. Figure 2A shows that the
fresh Au/C sample contained relatively large gold particles.

The particle size distribution shown in Figure 2B, which was
derived from analysis of multiple HAADF images, shows that
the median Au particle size is about 16 nm. After the CH3I
treatment (Figure 2C,D), the gold was essentially distributed
in the form of isolated Au atoms although a small number of
Au dimers and sub-nanometer Au clusters are also observ-
able. Closer inspection of the images obtained revealed the
presence of some atoms having lower intensity than the other
Au atoms. These features could potentially correspond to
either lower atomic number iodine atoms or Au atoms which
are at a different depth in the sample. Similar changes were

observed on exposing gold supported on graphite (Au/G) to
CH3I (see Figures S8 and S9 in the Supporting Information).

Figure 3 shows time-resolved XRD patterns obtained
during a CH3I treatment at 240 8C. The results obtained

showed that the diffraction peaks associated with gold
decrease over a period of 5 min and only features associated
with the carbon support were found after 15 min on stream
indicating a rapid reaction. The influence of the process
temperature was investigated to assess its impact on the
dispersion kinetics. The diffraction patterns obtained after 1 h
of exposure of the fresh catalyst at 50, 100, 150, and 240 8C are
presented in Figure 4. At all temperatures studied, a sub-
stantial decrease in the intensity of the gold diffraction peaks

was observed. Increases in temperature did increase the rate
of dispersion, as expected, with temperatures above 100 8C
being required to achieve complete disappearance of the
Au(111) and (200) reflections after 1 h. The fact that such low
temperatures may be employed suggests that only a low
energy input is required to trigger dispersion of gold
supported on activated carbon.

Table S1 in the Supporting Information reports the X-ray
photoelectron spectroscopy (XPS) data obtained for the gold
catalysts treated with CH3I at temperatures between 50 and

Figure 2. Influence of the CH3I treatment on gold nanoparticles.
A) HAADF-STEM image of gold supported on activated carbon
untreated. B) Particle size distribution of starting Au/C material.
C,D) HAADF-STEM of Au/C sample after CH3I treatment at 240 8C for
1 h. Some Au dimers and sub-nanometer Au clusters are also visible
in (D).

Figure 3. XRD patterns of gold supported on activated carbon
a) untreated and after CH3I treatment at 240 8C for b) 1, c) 5, d) 15,
e) 30, and f) 60 min.

Figure 4. XRD patterns of gold supported on activated carbon
a) untreated and after CH3I treatment at b) 50, c) 100, d) 150, and
e) 240 8C for 1 h.
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240 8C. A slight increase of around 0.6 eV is observed in the
Au 4f7/2 feature following CH3I treatment. This suggests that
the gold is associated with iodine as the binding energy of the
Au 4f7/2 feature (at 84.5 eV) is similar to that reported
previously for AuI (84.6 eV).[12] This result is corroborated by
the in situ X-ray absorption near-edge structure (XANES)
recorded at the Au LIII edge (Figures 5 and 6), where the
appearance of a low intensity white line was detected for

materials treated with CH3I. These findings are consistent
with the data obtained during the carbonylation process
which have been previously ascribed to the modification from
bulk Au0 to an oxidized form of gold (Aud+).[10, 12] It is also
noticeable that a significant decrease in the Au 4f7/2 feature
occurs during the dispersion process which may be because of
the presence of surface iodine causing shielding of the signal
from the gold (see Figure S2 in the Supporting Informa-
tion).[10]

Further analysis of the in situ Au LIII extended X-ray
absorption fine structure (EXAFS) data was performed to
determine the average coordination number of neighbors

around the central gold atom. Table 1 and Table S2 as well as
Figures S3 and S4 in the Supporting Information report the
fitted structural parameters and the variation of the Au···Au

and Au···I coordination numbers obtained as a function of
temperature and time on stream. The data from the untreated
Au/C catalyst was fitted to gold having a coordination number
of 12 at 2.85 �, and 6 at 4.06 �, corresponding to the first and
second shell spacings in the bulk metal, respectively. For all
CH3I treatment conditions, the coordination number around
the central gold atom decreased from 12 to between 2 and 3 in
agreement with the STEM data and a slight decrease in the
nearest neighbor distance to around 2.75 � was also found.
This decrease in the Au···Au distance is also consistent with a
decrease in the Au particle size. An additional feature at
around 2.5 � was also observed following CH3I treatment
which is consistent with the Au�I bond length.[13]

From the XPS and XANES data it appears that the initial
step of the dispersion mechanism involves the oxidation of
surface gold atoms through an interaction with CH3I and the
resulting formation of Au–I entities. The following stage,
leading to the atomic dispersion of the large gold particles,
could in principle proceed through two possible mechanisms,
namely:
1) The large particles would undergo rupture because of the

interaction of gold with iodine which results in its
fragmentation into smaller particles with the process
being repeated until an atomic dispersion is achieved.

2) The particle diameter would gradually shrink because of
the progressive removal of Au–I entities from the surface
of the particle.

Representative STEM-HAADF images obtained during
increasing time on stream (i.e. increasing CH3I exposure) at
240 8C are shown in Figure S7 in the Supporting Information.
After 1 min of contact time, the presence of intact (but
smaller and fewer) Au particles, Au clusters on the nanometer
scale and some isolated Au atoms were detected. With
increased time on stream (5 min) the samples displayed

Figure 5. XANES Au LIII of gold supported on activated carbon
untreated (c) and after CH3I treatment at 240 8C for 1 (– · ·),
5 (b), 15 (a), and 30 min (· · ·).

Figure 6. XANES Au LIII of gold supported on activated carbon
untreated (c) and after CH3I treatment at 50 (– · ·), 150 (b), and
240 8C (a) for 1 h.

Table 1: Structural parameters from the fitted Au LIII edge EXAFS spectra
for the Au/C catalyst before and after CH3I treatments as a function of
time and temperature.[a]

Temperature
[8C]

Time
[min]

Atom Shell
distance [�]

Coordination
number

untreated Au
Au

2.85
4.07

12.0
6.0

50 60 I
Au

2.54
2.81

2.1
1.9

100 60 I 2.54 2.4
150 60 I 2.56 3.0
240 60 I 2.55 3.0
240 1 I

Au
2.54
2.84

1.6
3.7

240 5 I
Au

2.53
2.84

1.7
2.3

240 15 I 2.55 2.8
240 30 I 2.54 2.1

[a] Full fitting parameters are summarized in Table S2 in the Supporting
Information.
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essentially gold clusters, dimers, and isolated atoms and the
Au dispersion was near to completion. This behavior is
consistent with the mechanism whereby the large particle
diameters shrink and erode because of the progressive
removal of Au–I entities from the main particles. The
following reaction may be proposed for the transformation
observed [Eq. (1)].

2 CH3Iþ 2 Au! 2 AuIþ C2H6 ð1Þ

Dispersion of the supported gold by methyl iodide has a
positive effect on the activity of these catalysts for methanol
carbonylation as shown by large increase in activity during
time on stream. However, the presence of halogen atoms on
the surface of catalysts has been found to be detrimental in
both non-gold[14] and gold-alloy systems.[15, 16] To examine
whether this process is a viable method to disperse gold for
catalytic applications the treated catalysts were tested for the
gas phase dehydrogenation of ethanol. This reaction has been
extensively studied over a range of metal based catalysts[17–23]

but only recently over gold.[24–27] Table 2 reports the catalytic

performance at 400 8C in terms of conversion and selectivities
for the various reaction products for the untreated and CH3I
treated Au/C and Au/G catalysts.

Although the untreated Au/C catalyst was found to be the
most active, all catalysts showed significant activity even after
CH3I treatment. In addition, a substantial change in the
product distribution was found following CH3I treatment
with, in each case, the dehydrogenation to ethanal being
completely suppressed and dehydration and reforming reac-
tions dominating. Interestingly, the ratio for methanal/ethene
is almost constant with respect to conversion. As shown the
activated carbon support is also active but, in both the
untreated and CH3I treated cases, is much less active than the

equivalent Au/C catalysts. Furthermore, unlike in the case of
the treated Au/C catalysts, both the fresh and treated
activated carbon supports produce ethanal as found for the
untreated Au/C catalyst. The carbon, as well as the large gold
particles, catalyze the dehydrogenation reaction and it is
thought that the change in selectivity on CH3I treatment is
due to the dispersion of the gold which then blocks the carbon
sites for dehydrogenation. In addition, the reduction in the
gold particle size also results in decreased dehydrogenation
activity which is consistent with the observation that the
optimum gold particle size for ethanol dehydrogenation has
been found to be around 5 nm with a drastic decrease in
activity as the particle size decreases.[27] These effects coupled
together result in little dehydrogenation activity following
CH3I treatment for the Au/C catalysts. Importantly, the Au/C
catalyst is still much more active than the support even after
the CH3I treatment which demonstrates that catalytic activity
of the gold is still maintained, albeit lower than the fresh
catalyst for this reaction. This decrease in activity is in
contrast to the increased activity observed for the methanol
carbonylation reaction. However, it is possible to reactivate

the catalysts following the CH3I by
a combination of hydrothermal and
reduction treatment at 190 8C for
15 min. For example, following
CH3I treatment at 190 8C for
30 min, the activity of Au/G for
the ethanol dehydrogenation reac-
tion reduced from 13.5% to 8.6%
conversion after 1 h on stream at
400 8C. Following treatment with
H2O and hydrogen at 190 8C for
15 min the catalyst activity
increased from 8.6 to 10.7%
(Table 2).

The results reported here open
up the possibility for reactivation
and modification of gold-based cat-
alysts for other reactions. In addi-
tion, it has been shown that individ-
ual gold atoms arranged as dimers
can be effective catalysts, for exam-
ple, in carbonylation reactions.
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