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a b s t r a c t

The adsorption and reactions of ethanol are investigated on Au nanoparticles supported by various oxides
and carbon Norit. The catalysts are characterized by means of XPS. Infrared spectroscopic studies reveal
the dissociation of ethanol to ethoxy species at 300 K on all the oxidic supports. The role of Au is manifested
in the enhanced formation of ethoxy species on Au/SiO2, and in increased amounts of desorbed products
in the TPD spectra. The supported Au particles mainly catalyse the dehydrogenation of ethanol, to produce
hydrogen and acetaldehyde. An exception is Au/Al2O3, where the main process is dehydration to yield
ethylene and dimethyl ether. C–C bond cleavage occurs to only a limited extent on all samples. As regards
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eaction of acetaldehyde
u catalyst
eO2 support

to the production of hydrogen, the most effective catalyst is Au/CeO2, followed by Au/SiO2, Au/Norit,
Au/TiO2 and Au/MgO. A fraction of acetaldehyde formed in the primary process on Au/CeO2 is converted
above 623 K into 2-pentanone and 3-penten-2-one. The decomposition of ethanol on Au/CeO2 follows
first-order kinetics. The activation energy of this process is 57.0 kJ/mol. No deactivation of Au/CeO2 is

623 K
acti
observed during ∼10 h at
is responsible for the high

. Introduction

The demand for pure hydrogen for electric vehicles and power
tations has initiated tremendous interest in the production of
ydrogen [1–3]. Water, methane, methanol and ethanol are poten-
ial primary sources of hydrogen, and there is clearly a need for
n effective, stable and cheap catalyst for the generation of rel-
tively pure hydrogen from these compounds, all of which have
dvantages and disadvantages. In principle, its high H/C ratio would
eem to suggest methane as the best material for the production of
ydrogen [4,5]. Supported Pt metals effectively catalyse the decom-
osition of methane, but the deposition of carbon on the catalysts

eads to early deactivation [6–12]. The H/C ratio is similarly high in
ethanol, but its synthesis requires hydrogen, and its toxic nature
ust also be borne in mind. Ethanol has the advantage that it can

e manufactured by the fermentation of crops and biomass-derived

ompounds, and its storage and transportation are comparatively
asy. The C–C bond cleavage, however, demands an active catalyst.
oreover, the deactivation of Pt metals by acetate is a significant

rawback [13–15].
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ew Synthetic Methods and Characterization Techniques for High Reactivity” guest
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vity of the Au/CeO2 catalyst.
© 2010 Elsevier B.V. All rights reserved.

In an effort to replace the expensive noble metals, the cata-
lyst Mo2C prepared on multiwall carbon nanotube or carbon Norit
was found to be effective and stable in the decomposition and
reforming of ethanol [16,17], methanol [18] and dimethyl ether
[19]. The pioneering work by Haruta [20] and Hutchings [21] indi-
cated that supported Au exhibited unusually high activity in the
oxidation of carbon monoxide and in several other reactions, and
it was expected that Au nanoparticles may exhibit similar catalytic
activity in the reaction of alcohol, when oxidation of both carbon
atoms and hydrogen is necessary. Whereas a number of studies
have been devoted to the decomposition of methanol on supported
Au [22–28], only a few papers deal with the reactions of ethanol
on this catalyst. Idriss et al. [29] studied the oxidation of ethanol
on Au/CeO2, and Guan and Hensen [30] recently examined the
dehydrogenation of ethanol on Au nanoparticles deposited on var-
ious SiO2 supports. A strong influence of the Au particle size was
observed. It was noteworthy that, in the presence of oxygen, the
intrinsic activity of Au/SiO2 increased considerably.

In the present work we give an account of the decomposition
and reforming of ethanol on supported Au catalysts, with particular
emphasis on the effects of the supports.

2. Experimental
2.1. Materials and preparation of the catalysts

The following compounds were used as supports. CeO2 (ALFA
AESAR, 50 m2/g), Al2O3 (Degussa P110 C1, 100 m2/g), MgO (DAB 6,

https://core.ac.uk/display/35345791?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.cattod.2010.05.007
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:fsolym@chem.u-szeged.hu
dx.doi.org/10.1016/j.cattod.2010.05.007
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ig. 1. (A) XPS spectra in the Au 4f region of 1% Au/CeO2, 2% Au/SiO2 and 2% Au/No
erium region: (a) oxidized at 573 K, then reduced at different temperatures, (b) 37

70 m2/g), TiO2 (Degussa P25, 50 m2/g), SiO2 (CAB-O-SiL, 198 m2/g)
nd activated carbon Norit (ALFA AESAR, 859 m2/g). Carbon Norit
as purified by treatment with HCl (10%) for 12 h at room temper-

ture. Supported Au catalysts with an Au loading of 1, 2 or 5 wt%
ere prepared by a deposition–precipitation method. HAuCl4·aq

p.a., 49% Au, Fluka AG) was first dissolved in triply distilled water.
fter the pH of the aqueous HAuCl4 solution had been adjusted to
.5 by the addition of 1 M NaOH solution, a suspension was pre-
ared with the finely powdered oxidic support, and the system
as kept at 343 K for 1 h under continuous stirring. The suspension
as then aged for 24 h at room temperature, washed repeatedly
ith distilled water, dried at 353 K and calcined in air at 573 K

or 4 h. The fragments of catalyst pellets were oxidized at 673 K
nd reduced at 673 K for 1 h in situ. The sizes of the Au nanoparti-
les were determined with an electron microscope: 2–3 nm for 1%
u/CeO2, 3–4 nm for 1% Au/SiO2, 6–7 nm for 1% Au/TiO2, 6–7 nm

or 1% Au/MgO, 5–6 nm for 1% Au/Norit.

.2. Methods

Catalytic reactions were carried out at 1 atm in a quartz tube
8 mm id) that served as a fixed-bed, continuous flow reactor. The
ow rate was in general 60 ml/min. The carrier gas was Ar, which
as bubbled through ethanol at room temperature: the ethanol

ontent was ∼9.0–10%. In general, 0.3 g of loosely compressed cat-
lyst sample was used. After reduction of the catalyst, the reactor
as flushed with Ar for 15 min, and the sample was cooled in an
r flow to the lowest reaction temperature investigated. After the
r had been replaced by the reacting gas mixture, the reactor was
radually heated to selected temperatures, at which the gases were
nalysed with an HP 5890 gas chromatograph fitted with PORA-

AK Q and PORAPAK S packed columns, or in certain cases with an
gilent 6890N gas chromatograph (column: HP Plot-Q) combined
ith an Agilent MSD 5795 mass spectrometer. In the study of the

eactions of ethanol–water mixtures of different compositions, the
eactants were introduced into an evaporator with the aid of an
) oxidized at 573 K, (b) reduced at 673 K for 1 h. (B) XPS spectra of 1% Au/CeO2 for
) 473 K, (d) 573 K, (e) 673 K and (f) 773 K.

infusion pump (MEDICOR ASSISTOR PCI flow rate: 1.0 ml liquid/h):
the evaporator was flushed with an Ar flow (36 ml/min). The
alcohol- or alcohol–water-containing Ar flow entered the reactor
through an externally heated tube in order to avoid condensa-
tion. The conversion of ethanol was calculated by taking into
account the amount consumed. To establish the efficiency of the
catalyst with regard to the production of hydrogen, the percent-
age of hydrogen formed with respect to the hydrogen content of
the ethanol decomposed was determined. This value is termed
H2 eff.

DRIFTS analyses were performed in a diffuse reflectance infrared
cell (Spectra Tech) with a CaF2 window, on a BioRad FTS-155
spectrometer with a wavenumber accuracy of ±4 cm−1. The same
instrument was used for FTIR spectroscopic measurements. Two
types of experiments were carried out. Either the reduced cata-
lyst was exposed to ethanol at room temperature for 30 min, and
the sample was then heated up during continuous degassing to
higher temperatures, where the spectra were taken, or the IR spec-
tra were registered in situ during the high-temperature reaction.
The spectrum of the sample after the reduction step was used as
background. Thermal desorption measurements (TPD) were car-
ried out in the catalytic reactor. The catalysts were treated with
ethanol/Ar containing 10% ethanol at ∼300 K for 30 min, and then
flushed with Ar for 30 min. The TPD was carried out in an Ar
flow (20 ml/min) with a ramp at 5 K/min from 300 K to ∼950 K.
Desorbing products were analysed by gas chromatography. Trans-
mission electron microscopy (TEM) images were taken with a
Philips CM 20 and a Morgagni 268 D electron microscope at 300 K.
Approximately 1 mg of catalyst was placed on a TEM grid. X-
ray photoelectron spectroscopy (XPS) images were taken with a
Kratos XSAM 800 instrument, using non-monochromatic Al K�

radiation (hv = 1486.6 eV) and a 180◦ hemispherical analyser at a
base pressure of 1 × 10−9 mbar. Binding energies were referenced
to the C 1s binding energy (BE) (285.1 eV), with the exception
of Au/SiO2, where the Si 2p core level at 103.4 eV was used as
reference.
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ig. 2. (A) FTIR spectra following the adsorption of ethanol on 1% Au/CeO2 at 300 K
d) 573 K, (e) 673 K, (f) 773 K. (B) FTIR spectra of SiO2 (a); 1% Au/SiO2 (b) and 5% Au/

. Results

.1. XPS characterization of Au samples

The XPS spectra of some supported Au catalysts are presented in
ig. 1. For quantitative evaluation of the Au 4f region, we accepted
he BEs of three Au states: 84.0 eV for Au0, 84.6 eV for Au1+ and
5.9 eV for Au3+ [29,31,32]. We used 3.65 eV for Au 4f5/2 spin–orbit
plitting, with ∼2.0 eV FWHM for the fitted peaks. Accordingly, the
P spectrum for the oxidized 1% Au/CeO2 sample in the Au 4f7/2
egion showed that most of the Au was in the Au+ and Au3+ states.
fter reduction of the sample at 673 K, the BE for Au3+ almost disap-
eared that of Au0 developed. As concerns the XPS region of CeO2

n the oxidized Au/CeO2 catalyst, the dominant peaks at 882.6 and
98.4 eV were due to Ce4+. The shoulders at 885.1 and 900.4 eV,
owever, revealed the presence of Ce3+ in the starting material
33–35]. These features became more evident after the reduction
f the Au/CeO2 at higher temperatures. After the oxidation of the
% Au/SiO2, the peaks in the Au 4f region demonstrated the pres-
nce of Au3+, Au+ and Au0. The reduction at 673 K increased the
ntensity of the peak for Au0, but, similarly as for 1% Au/CeO2, did
ot eliminate Au+ on the surface. On the oxidized Au/Norit sample,
here were equal amounts of Au3+ and Au+. After reduction, the BE
eak for Au0 also appeared, but signals for Au3+ and Au+ were still
resent.

.2. Infrared spectroscopic measurements

Fig. 2A depicts the IR spectra of ethanol adsorbed on 1% Au/CeO2
TR = 673 K) at 300 K and heated to different temperatures under
ontinuous degassing. At 300 K, intense absorption bands were

bserved at 2961, 2923, 2867 and 2712 cm−1 in the C–H stretching
egion. In the low-frequency range, absorption bands were identi-
ed at 1461, 1410, 1387, 1338, 1279, 1101 and 1054 cm−1. Heating
he sample caused the attenuation of all the bands. A new spectral
eature appeared at 1620 cm−1, the intensity of which increased up
fter subsequent degassing at different temperatures: (a) 300 K, (b) 373 K, (c) 473 K,
c) after heating the adsorbed ethanol at 300–473 K under continuous evacuation.

to 573 K, and then decreased. Virtually identical spectra were mea-
sured following the adsorption of ethanol on the CeO2, with the
difference that the band at 1620 cm−1 was missing. Similar spectral
features were found for Au/Al2O3 and Au/MgO. The results obtained
for Au/SiO2 deserve special mention. The advantage of this sample
is that ethanol adsorbs only weakly on silica and the formation of
ethoxy species is very limited [36], and it may therefore be expected
that the vibration bands observed are due to the species attached to
Au particles. In order to eliminate the absorption bands arising from
weakly adsorbed ethanol, the adsorbed layer was heated to 473 K
under continuous degassing. The TPD experiments (see next sec-
tion) indicated that this treatment is sufficient for the desorption
of ethanol. The IR spectrum for pure SiO2 revealed only very weak
bands, but the deposition of 1% Au caused significant increases
in the intensities of the bands at 2985, 2950, 2940, 2907, 2882,
1490, 1459, 1450, 1397 and 1374 cm−1. These vibrations were very
strong on 5% Au/SiO2, though their positions remained practically
unchanged. The band at 1620 cm−1 did not develop. IR spectra are
displayed in Fig. 2B. It is noteworthy that the adsorption of ethanol
on all the samples except Au/SiO2 caused the well-known negative
feature in the OH frequency range between 3600 and 3700 cm−1,
indicating that surface OH groups were consumed in the reaction
with ethanol to give the ethoxy radical:

C2H5OH(a) + OH(a) = C2H5O(a) + H2O(g) (1)

Table 1 lists the characteristic vibrations of the ethoxy species on
the different solids, and their possible assignments.

3.3. Thermal desorption measurements

TPD spectra for the various products after the adsorption of

ethanol on the Au catalysts at ∼300 K are presented in Fig. 3.
For pure CeO2 the release of adsorbed ethanol started slightly
above 300 K and peaked at ∼370–400 K. At 580 K, the desorp-
tion of a small amount of hydrogen was detected. In contrast,
the desorption of several compounds was registered from the 1%
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Table 1
IR vibrational frequencies and their assignment for ethoxy species produced following the adsorption of ethanol on cerium-based catalysts at 300 K.

Vibrational mode CeO2 [38] CeO2 [present work] Rh/CeO2 [37] Pt/CeO2 [14] Au/CeO2 [29] Au/CeO2

[present work]
Au/SiO2

[present work]

vas (CH3) 2960 2966 2981 2981 2971 2961 2985
vas (CH2) – 2927 2934 – 2933 2923 2940
vs (CH3) 2836 2896 2911 2896 2904 – 2907
vs (CH2) – 2878 2872 2875 2867 2882
ıas(CH2) 1473 1447 1478 – 1478 – 1490
ıas(CH3) – 1450 1445 1449 1461 1450
ıs(CH3) 1383 1399 1391 1399 1387 1397
ıs(CH2) – 1297 – 1264 1362 1374
ω(CH2) – – – 1333

A
d
s
d
t
a
W
s
S
a
(
m
i

3

b
w
m
b

v (OC) mono- 1107 1114 1080
v (OC) /v (CC) – 1064 –
v (OC) bi- 1057 1048 1038

u/CeO2 sample (Fig. 3A). The quantity of ethanol (Tp ∼ 340 K)
esorbed from 1% Au/CeO2 was practically the same as mea-
ured for pure CeO2. However, greater amounts of hydrogen with
ifferent peak temperatures (Tp = 425, 600 and 695 K) were regis-
ered. Acetaldehyde (Tp ∼ 530 K), carbon monoxide (Tp ∼ 540, 615
nd 675 K) and a small amount of methane were also evolved.
hen the Au content was increased to 5%, larger quantities of the

ame compounds desorbed, but with almost identical Tp values.
everal compounds desorbed from Au/SiO2: ethanol (Tp ∼ 350 K),
cetaldehyde (Tp = 460 K), hydrogen (Tp = 460 and 675 K), methane
Tp = 650 K) and ethylene (Tp = 680 K) (Fig. 3B). Control measure-

ents revealed that pure silica adsorbs ethanol only weakly, which
s released with Tp = 350 K.

.4. Decomposition of ethanol
Fig. 4A illustrates the conversion of ethanol on Au supported
y various materials. The catalytic performance of the Au catalyst
as dramatically influenced by the nature of the support. On the
ost active catalysts, Au/Al2O3 and Au/CeO2, the decomposition

egan above ∼475 K and total conversion was reached at 773 K.

Fig. 3. TPD spectra following the adsorption of ethanol
1100 1109 1101
1072 1065 1084
1042 1038

On the less active Au/MgO, the extent of decomposition was only
∼37% even at 773 K. The conversion measured in the temperature
range 573–673 K demonstrated that the efficiency of the supports
decreased in the sequence Al2O3 > CeO2 > TiO2 > Norit > SiO2 > MgO.
Fig. 4B presents the rates of formation of hydrogen, and Fig. 4C
presents the effective yields of hydrogen on the different
samples.

There were also marked differences between the catalysts from
the aspect of the product distribution, as illustrated for the var-
ious carbon-containing products on some selected catalysts in
Fig. 5. On the most active catalyst, Au/Al2O3, the dehydrating prop-
erty of alumina led to the production of diethyl ether, ethylene
and water. The formation of hydrogen was hardly detectable. In
contrast, following the deposition of Au on carbon Norit, which
can be considered a completely inactive material towards the
decomposition of ethanol, the major products were hydrogen and

acetaldehyde. Small amounts of carbon monoxide and methane
were also identified, mainly above 623 K (Fig. 5A). On Au/SiO2,
hydrogen, acetaldehyde, diethyl ether and ethylene were produced
at 573–623 K. At higher temperatures the amount of acetaldehyde
decreased, and those of ethylene and acetone increased (Fig. 5B).

on 1% Au/CeO2 (A), and 2% Au/SiO2 (B) at 300 K.
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ig. 4. Conversion of ethanol (A), rate of hydrogen formation (B) and the effective yie

n the less effective Au/MgO, where the decomposition was very
imited below 673 K, hydrogen and acetaldehyde were produced.

A very complex picture emerged for the CeO2-based samples.
ure CeO2 alone exhibited catalytic activity towards the decom-
osition of ethanol above 600 K, yielding H2, C2H4, CO2, CH4,

O and CH3CHO, in quantities decreasing in this sequence. The
eposition of Au on CeO2 markedly influenced the product dis-
ribution. Whereas hydrogen and acetaldehyde were formed in
he same ratio on 1% Au/CeO2 up to 573 K, above this temper-

ig. 5. Distribution of carbon-containing products (in mol.%) formed in the decompositio
t different temperatures.
2 production (C) on Au deposited on various supports as a function of temperature.

ature the ratio was altered markedly: the extent of hydrogen
formation increased dramatically, while that of acetaldehyde
decreased. New major products were acetone, ethylene, methane,
2-pentanone (C5H10O), 3-penten-2-one (C5H8O), carbon monoxide
and, in smaller amounts, ethyl acetate, 2-butanone and 2-buten-

1-ol. Trace quantities of 1,3-butadiene, toluene, ethyl-butanoate
and 2-heptanone were also identified. The evolution of water
was observed on all these catalysts, but its amount was not
determined.

n of ethanol on 1% Au/Norit (A), 1% Au/SiO2 (B), 1% Au/CeO2 (C) and 5% Au/CeO2 (D)
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We devoted some attention to the products 2-pentanone and
-penten-2-one, which were identified by gas chromatography
ombined with mass spectrometry. As shown in Fig. 5C and D,
heir formation started at ∼623 K and became more extensive
t higher temperatures. The role of the Au content in their pro-
uction is clearly seen in Fig. 5. It is important to mention that
hese compounds did not evolve on the other supported Au cat-
lysts. As the absolute and relative amounts of acetaldehyde
rastically decreased on Au/CeO2 samples at and above 623 K
ithout the formation of methane and carbon monoxide, we car-

ied out exploratory experiments on the reactions of acetaldehyde
n this catalyst. 2-Pentanone and 3-penten-2-one were formed,
ogether with hydrogen, crotonaldehyde, carbon dioxide, and ace-
one. Methane and carbon monoxide appeared only at 773 K, in
uantities of merely 2–3%.

On the 1% Au/CeO2 catalyst, we performed kinetic measure-
ents at low conversion. The partial pressure of ethanol was varied,

he total flow rate being kept at 60 ml/min by the addition of Ar bal-
ast to the system. The reaction of ethanol under these conditions
ollowed first-order kinetics. Experiments were carried out in the
emperature range 523–583 K. The ethanol conversion level ranged
etween 2.0 and 9.0%. The Arrhenius plots yielded 57.0 kJ/mol
or the activation energy of the decomposition of ethanol, and
5.6 kJ/mol for the formation of hydrogen. When the decompo-
ition was followed in time on stream on Au/CeO2 at 623 K, only
slow decay was experienced in the conversion and product dis-

ribution in ∼8 h. At 773 K, however, the deactivation was more
ronounced.

The addition of water to the ethanol decreased the conversion of
he ethanol in the lower-temperature range for the active Au/CeO2
nd Au/Al2O3, and total conversion was approached only at 773 K.
o appreciable change occurred in the product distribution. Similar
eatures were observed for the other samples. Fig. 6. In situ DRIFT spectra registered on 1% Au/CeO2 during the decomposition of
ethanol at 573–773 K. (a) 573 K, (b) 623 K, (c) 673 K, (d) 723 K, (e) 773 K.

Fig. 7. XPS spectra of 5% Au/CeO2 taken after the reaction of ethanol at different temperatures.
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Fig. 8. TPR spectra for 1% Au/CeO2 (A) and 2% Au/S

.5. In situ FTIR study

Fig. 6 displays DRIFT spectra registered during the decomposi-
ion of ethanol on 1% Au/CeO2 at different reaction temperatures. At
73–623 K, well-detectable bands were seen in the C–H stretching
egion, at 2964, 2930 and 2871 cm−1. In the lower-frequency range,
ntense bands were observed at 1614, 1546, 1427, 1394, 1251, 1098
nd 1047 cm−1. As the reaction temperature was gradually raised
o 673–773 K, a new absorption band developed at ∼1686 cm−1.
t 723 K, the major bands were located at 2961, 2929, 2873, 1686,
610, 1594, 1454, 1441, 1383, 1250, 1160, 1077 and 1046 cm−1.
ibration bands of carbon dioxide already appeared at 2361 and
333 cm−1 at 573 K, and became stronger above this temperature
not shown).

.6. XPS study of the catalysts in the course of the reaction

In order to obtain deeper insight into the events on the cata-
yst surface during the reaction, the decomposition of ethanol was
ollowed on supported Au in a minireactor attached to the XPS sys-
em. From time to time, the sample was degassed and introduced
nto the analyser chamber. Relevant XPS spectra are displayed
n Fig. 7. When the reaction was performed below 673 K on 5%
u/CeO2, no or very little alteration was observed in the positions
f the BEs of Au and Ce. As the temperature was elevated, the BE
f the Au 4f7/2 moved from 84.1 to 84.6 eV at 673 K and to 84.7
t 773 K, indicating partial oxidation of the Au. The intensities of
he BEs of Ce3+ at 885.1 and 900.2 eV became more pronounced,
uggesting the reduction of Ce4+ during the reaction. At the same
ime at 673–773 K, the O 1s signal decreased and the C 1s sig-
al increased markedly, pointing to a considerable deposition of
arbon-containing species on the catalyst, very likely on the CeO2
upport. The BEs for 2% Au/Norit remained practically the same

uring the catalytic reaction. A new weak O 1s signal appeared
t 533.3 eV. The decomposition of ethanol on 2% Au/SiO2 caused
shift in the position of Au 4f7/2 by 0.2 eV at 573 K. No further

hange occurred at higher reaction temperatures. In contrast, the
eaction of ethanol at 573 K resulted in an increase in intensity of
) after decomposition of ethanol at 623 K for 13 h.

the C 1s peak at 285.1 eV, which was enhanced with elevation of
the temperature.

3.7. TPR measurements

After completion of the catalytic experiments, TPR measure-
ments were carried out (Fig. 8). The amount and the reactivity of the
surface carbonaceous deposit depended on the reaction tempera-
ture. After the decomposition of ethanol on 1% Au/CeO2 at 623 K for
13 h, the surface carbon reacted with hydrogen only above 600 K,
resulting in the formation of methane, ethylene, ethane, propy-
lene and propane with Tp = 705–730 K (Fig. 8A). On 2% Au/SiO2,
larger quantities of methane, ethane and ethylene were found, with
Tp = 800 K (Fig. 8B). The reactivity of the surface carbon was much
less when the ethanol was previously decomposed on 1% Au/CeO2
at 773 K for ∼13 h. In this case, only methane, ethylene and ethane
were evolved above 700 K, without well-defined peaks.

4. Discussion

4.1. Characterization of the catalyst

Quantitative evaluation of the XPS spectra for oxidized Au sam-
ples showed that besides Au3+ a fraction of Au is in the Au1+ state.
Its formation is probably due to X-ray induced reaction. Reduction
of Au catalyst at 673 K led to the transformation of Au3+ and Au1+

to Au0, but the complete elimination of Au1+ was not achieved. The
possible reason is that Au1+ in the Au nanoparticles is stabilized by
the supports. The fact that the BE values of Ce3+ already appeared,
when Au was deposited onto CeO2 suggests a strong interaction
between Au and CeO2 resulting in the partial reduction of Ce4+.
Similar phenomenon was experienced following the deposition of
some Pt metals on CeO2 [29,35].
4.2. Adsorption, desorption and reaction of ethanol

Whereas the interactions of methanol with metal single-crystal
surfaces in UHV have been the subject of extensive research [39],
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nly a few papers are available on Au surfaces [40–44]. Gong and
ullins [43] reported that, on clean Au(1 1 1), ethanol adsorbs only
eakly and desorbs molecularly, but the situation is different on

upported Au nanoparticles. As ethanol adsorbs dissociatively on
ost of the oxidic supports, it is not easy to establish the interaction

f ethanol with Au particles alone. The silica and Norit samples
rovide a possibility, as both supports adsorb ethanol only weakly.
hereas from pure SiO2 we observed only the desorption of weakly

onded ethanol (Tp = 350 K), from Au/SiO2 hydrogen, acetaldehyde,
thylene and methane were also released, suggesting the presence
f adsorbates bonded strongly to Au particles, which are converted
nto different surface species identified by IR spectroscopy (Fig. 2).
hese surface compounds decompose only at higher temperatures
ielding various products (Fig. 3). The situation was similar when
u was deposited on carbon Norit. As much larger quantities of the
roducts desorbed from Au/CeO2 in the interval 500–750 K (Fig. 3),
e assume that most of the activated ethanol resides on CeO2. From
ure CeO2, however, we detected the desorption of lower amounts
f these products, which indicates that on Au/CeO2 a fraction of the
thanol activated on the Au migrates from the Au onto the CeO2.
lternatively, the adsorption of ethanol proceeds at the Au/CeO2

nterface.
Further insight into the surface processes occurring on the Au

amples was provided by FTIR spectroscopic measurements. IR
tudy of the adsorption of ethanol on CeO2 and CeO2-based cat-
lysts has been the subject of extensive research [29,36,37,45–47].
lthough it is not easy to differentiate between molecularly and
issociatively adsorbed ethanol, in view of the results of previ-
us studies (Table 1) the major bands at 2961 and 2867 cm−1 for
u/CeO2 can certainly be assigned to the asymmetric and symmet-
ic stretches, and the peaks at 1101 and 1054 cm−1 to the �(OC)
ibrations of the ethoxy group (Fig. 2A). The presence of molec-
larly adsorbed ethanol is indicated by the absorption band at
279 cm−1, due to the ı(OH), and at 1387 cm−1, due to �(ıCH3)
f ethanol. As we obtained practically the same spectrum for CeO2,
e may infer that the identified bands are mainly due to adsorbed

thoxy attached to CeO2. The absorption bands at ∼1550 and
461 cm−1 are tentatively assigned to the �a(COO) and �s(COO)
ibrations of the surface acetate complex. The bands at 1620 and
594 cm−1, which were identified only on Au/CeO2 at 473–773 K
ay be attributed to the �(C O) and �(C C) of crotonaldehyde,
hich is formed in the reaction of acetaldehyde:

2H5O(a) = CH3CHO(a) + H(a) (2)

CH3CHO = CH3CH CHCHO + H2O (3)

It is interesting that the absorption bands at 1690–1698 cm−1,
ue to �(C O) and indicative of adsorbed acetaldehyde, did not
ppear in the spectra of Au/CeO2 taken at room temperature (Fig. 2).
his means that after its formation it is converted at once into cro-
onaldehyde (Eq. (3)). These adsorbed compounds are very stable
n Au/CeO2 as their absorption bands could not be eliminated even
fter degassing at 773 K (Fig. 2).

The role of Au in the adsorption and surface reactions of ethanol
s clearly demonstrated by the spectroscopic results for Au/SiO2
amples (Fig. 2B). The weak adsorption bands observed for pure
iO2 increased dramatically in the presence of Au. The positions of
he vibration peaks differed from those measured for Au/CeO2, and
greed very well with those determined for Rh/CeO2 [37] (Table 1),
hich were ascribed to adsorbed ethoxy species.
We may consider another pathway for the dissociation of
thanol, i.e. the cleavage of the C–O bond and formation of the ethyl
adical:

2H5OH(a) = C2H5(a) + OH(a) (4)
ay 160 (2011) 70–78 77

The characteristic vibrations of this CH fragment determined on
Rh(1 1 1) are at 2910–2920, 1420 and 1150–1180 cm−1 [48,49]. As
weak spectral features appeared at these wavenumbers in the FTIR
spectra of the Au samples, we cannot exclude the occurrence of this
dissociation process.

As in the decomposition of methanol [27], the catalytic per-
formance of the Au nanoparticles depended on the nature of the
support. In the case of Au/Al2O3, the dehydration property of Al2O3
was so dominant that the effect of Au could not be expressed. As
a result, hydrogen was not produced. On all the other Au samples,
the main process was the dehydrogenation of ethanol (Eq. (2)). This
occurred at the highest rate on Au/CeO2, where more than 30% of
the hydrogen content of the ethanol decomposed was converted
into gaseous hydrogen (Fig. 4). The slight formation of methane
and carbon monoxide, however, indicated that C–C bond cleavage
also took place. As this was observed to only a limited extent, it
is not surprising that the addition of water to the ethanol hardly
influenced the product distribution, and particularly the formation
of hydrogen.

In situ IR spectroscopic measurements on Au/CeO2 at 573–773 K
(Fig. 6) revealed the presence of adsorbed species which were
already formed during the annealing of the adsorbed ethanol
(Fig. 3): undissociated ethanol (1252 and 1383 cm−1), ethoxy
radical (2964, 2867, 1100 and 1054 cm−1), acetate (1621, 1547
and 1427–1445 cm−1) and crotonaldehyde (1620 and 1594 cm−1).
We additionally detected the formation of carbon monoxide
(1900–1910 cm−1), carbon dioxide (2361 and 2333 cm−1) and
acetaldehyde (1700–1686 cm−1), which is in harmony with the
product distribution of the catalytic reaction at high temperatures.

An important feature in the explanation of the high activity of
Au/CeO2 is the fact that pure CeO2 also catalyses the decomposi-
tion of ethanol, though only at 673–773 K. At 623 K, the conversion
of ethanol on CeO2 was only ∼15%, whereas on 1% Au/CeO2 it was
80%. All these findings clearly suggest a cooperative effect between
the Au nanoparticles and the CeO2 support. We may assume that
Au/CeO2 contains very reactive sites, one possibility being the inter-
face between the Au and the partially reduced CeOx, where an
electronic interaction occurs between the Au and the n-type CeO2
semiconductor, similar to that discovered first between Ni and n-
type TiO2 [50,51]. With regard to the ready formation of the ethoxy
radical in the adsorption and reaction of ethanol on the solids
studied (Table 1, Figs. 2 and 6), it seems very likely that the rate-
determining step in ethanol decomposition is the rupture of one of
the ethoxy C–H bonds:

C2H5O(a) = C2H4O(a) + H(a) (5)

The characteristic catalytic behaviour of Au/CeO2 was also
manifested in the product distribution. The decomposition of
acetaldehyde, the primary product in the dehydrogenation reac-
tion, to methane and carbon monoxide:

CH3CHO(a) = CH4 + CO (6)

proceeded to only a very limited extent. Instead, it was converted
into various hydrocarbons and oligomerized into 2-pentanone and
3-penten-2-one. These latter compounds were detected in small
quantities on pure CeO2 too, but their amounts were markedly
enhanced in response to increasing Au loading. Their formation has
not been reported previously on ceria-supported transition metals
[29,36,37,45–47,52,53], which effectively catalysed the decompo-
sition of acetaldehyde according to Eq. (6). It is to be emphasized

that these compounds were found only on ceria-based catalysts.
Exploratory studies on the reaction of acetaldehyde on Au/CeO2
proved that 2-pentanone and 3-penten-2-one are formed on this
sample above 623 K. Further studies are clearly required to evaluate
the role of Au/CeO2 in the reaction of acetaldehyde.
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As the dominant reaction pathway is the dehydrogenation of
thanol, C–C bond rupture resulting in the formation of carbon
onoxide and methane occurs to only a limited extent, it is not

urprising that the addition of water to the ethanol exerted only a
ery slight effect on the product distribution.

. Conclusions

(i) XPS characterization of supported Au samples reduced at 673 K
revealed the simultaneous presence of Au3+, Au1+ and Au0 on
the surfaces.

(ii) FTIR and TPD studies on pure and Au-containing SiO2 demon-
strated that the ethoxy radical is formed on the Au particles at
300 K and decomposes into various compounds above 400 K.

iii) Au nanoparticles deposited on various supports proved to be
an active catalyst for the dehydrogenation of ethanol. The for-
mation of hydrogen and the product distribution depended
sensitively on the nature of the support. The highest rate
of hydrogen evolution was observed on Au/CeO2. No deac-
tivation of the Au/CeO2 catalyst was experienced in ∼8 h at
623 K.

iv) The acetaldehyde formed on Au/CeO2 in the dehydrogenation
of ethanol is converted into various products, including C5 oxo
compounds.
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