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The surface reactions of ethanol over TiO, and Au/TiO, nanoparticle catalysts were systematically investi-
gated by temperature programmed desorption (TPD) and infra-red (IR) spectroscopic studies, in order to
understand the effect of adding gold on the surface chemistry. Transmission Electron Microscopy (TEM)
indicated that Au particles were mostly less than 10 nm in size; TiO, was of pure anatase form (XRD) of
about 15-20 nmin size. Ethanol TPD on H,-reduced TiO, showed that most reaction products desorbed in
one single desorption domain at ca. 660 K. The main reaction product was ethylene (with a carbon selec-

i%’words" tivity of about 70%); other minor products were acetaldehyde, butene, and crotonaldehyde in decreasing
Eth;nol—TPD order of yield. Ethanol TPD over H,-reduced Au/TiO, was considerably different. First, a large fraction of

the reaction products desorbed around 600 K; second the main desorption product was observed to be
benzene. Infrared spectroscopy indicated that at room temperature both ethanol (1262 cm~1,1310cm™!,
and 1398 cm~!; due to O-H bending, CH, wagging, and CH3 symmetric deformation modes, respectively)
and ethoxide species (1047 cm~', 1073cm~1, 1093 cm™!, and 1122 cm™!; due to the stretching modes
of CO and CC) are present with the former disappearing faster than the latter. In addition bands at 1634
and 1658 cm™! attributed to v(C-0), v(C=C) and p(CH3) of adsorbed crotonaldehyde are seen when the
ethanol dosed surface was flashed to 570 K. A scheme for the formation of the reaction products on TiO,
and Au/TiO; is proposed in which benzene is formed on Au/TiO; by successive condensation reactions.

Benzene formation
Ethanol dehydrogenation
Acetaldehyde condensation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The study of the reactions of alcohols on TiO, has many
important technological applications. Ethanol, in particular, may
be exploited as renewable energy carrier for generating hydro-
gen as well as a renewable feed for specialty chemicals. In
addition, alcohols in general can act as simple model contam-
inants to test environmental cleaning strategies, one of which
is photo-mineralization of organic contaminants to CO,. Ethanol
photo-reaction on M/TiO, (where Mis a transition metal) for hydro-
gen production has been studied in some detail over the last decade
[1-6] and it was found that Au/TiO, anatase has very high activity.
The dark catalytic and non catalytic reactions of ethanol have been
investigated previously over a wide range of model and real cat-
alytic surfaces [7-17]. These studies indicated that ethanol adsorbs
dissociatively to initially produce ethoxides and surface hydrox-
yls; the ethoxides are attached to surface metal cations while the
hydrogen ions are attached to surface oxygen anions. These ethox-
ides generally undergo dehydrogenation and dehydration to give
acetaldehyde and ethylene, respectively, depending on the nature
of the oxide [7]. The factors effecting these two reactions include
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acid/basic site density [7,8], bond energy [7], electronegativity dif-
ference [7], Madelung potential of oxygen anions and metal cations
[9], and the oxygen electronic polarisability of the oxides [10]. In
general, large metal cation-oxygen anion bond energy (i.e. a large
Madelung potential of oxygen anions), will favour dehydration over
dehydrogenation. TiO; in that regard fits these requirements and
has been shown to produce large amounts of ethylene as compared
to acetaldehyde. Other products mostly resulting from acetalde-
hyde have also been observed for the reaction of ethanol over metal
oxides. These include: crotonaldehyde (formed by [3-aldolisation
of acetaldehyde) [18], ethyl acetate (formed by dimerisation of
two acetaldehyde molecules), acetates (formed by direct oxida-
tion of acetaldehyde) [2], benzene (an intriguing reaction initially
observed on Pt/Ce0, and proposed to occur via a series of condensa-
tion steps (3-aldolisation) to give a Cg unsaturated compounds that
undergo dehydration followed by cyclisation steps to ultimately
yield the thermodynamically stable compound, benzene) [19,20],
furan [21] and butenes [7].

The deposition of gold nano-particles on TiO, for catalytic
applications has been pursued for over a decade [22-43]. Since
the pioneering work of Haruta which demonstrated the unique
catalytic activity of Au/TiO, for the selective low-temperature
CO oxidation [33], the number of reports describing the use of
Au/TiO, as heterogeneous catalyst for thermal reactions has grown
considerably. These works have elaborated how to prepare Au
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nanoparticles with a narrow size distribution strongly anchored
on the surface of TiO, nanoparticles. Au/TiO, materials also have
enormous promise as UV light driven photo-catalysts. Owing to the
extensive research that has been conducted relating to Au nano-
particles supported on different metal oxides, a general consensus
now exists on several aspects of the Au-oxide system. The size of
the gold particles substantially affects the catalytic activity, and the
gold clusters must be smaller than 5 nm for high catalytic activity
to occur. However, in a very recent study it was observed that 5 nm
limit is not needed for photo-catalytic hydrogen production from
ethanol over Au/TiO, [6].

The aim of this work is to further understand the reactions of
ethanol on titania supported Au nanoparticle catalysts. This paper
explores the effect of added Au nanoparticles on the decomposi-
tion mechanisms of ethanol on TiO; in dark conditions in order to
further probe into the specific chemical reaction pathways.

2. Experimental
2.1. Catalyst preparation

TiO, anatase nano-particles were prepared by the sol-gel
hydrolysis of Ti(IV) isopropoxide and TiO,-supported gold nano-
particle catalysts (Au loading=8wt.%) were prepared by the
deposition-precipitation method with urea as follows. Anatase
nanoparticles were prepared by the sol-gel hydrolysis of Ti(IV)
isopropoxide. Briefly, Ti(IV) isopropoxide (284.4g) was dissolved
in isopropanol at 20°C. Under vigorous stirring, milli Q water was
then added slowly dropwise to the Ti(IV) isopropoxide solution
resulting in the hydrolysis of the alkoxide and precipitation of
hydrous titanium oxides. The final molar ratio of water:Ti(IV)
isopropoxide in the reaction mixture was 55.5:1. The suspension
was then left stirring for 24 h. The particles were subsequently col-
lected by vacuum filtration, washed repeatedly with isopropanol,
and then air dried for 2 days at 20 °C. Anatase nanoparticles were
then obtained upon calcination of the dried powders at 400°C
for 2 h. The micron sized anatase powder used in this work was
obtained from BDH chemicals. Titania-supported gold nanoparticle
catalysts were prepared by the deposition-precipitation with urea
(DPU) method. Under vigorous stirring, titania (2.5g) was added
to a 250 mL aqueous solution containing HAuCl4-3H,0 (1.1 mM
for Au loadings of 2%) and urea (0.42 M). The suspensions of TiO,
particles were then heated to 85°C, and kept at this temperature
under continuous stirring for 8 h. The Au(IIl) impregnated titanias
were collected by vacuum filtration, washed repeatedly with milli
Q water, dried for 2 days at 20°C in a dessicator over silica gel, and
then calcined at 300°C for 1h to thermally reduce surface Au(III)
cations to Au metal.

Detailed account of synthesis procedures for these mate-
rials can be found in a previous work [5]. The BET surface
areas for all catalysts did not deviate from that of TiO, anatase
alone (107 £5m?2 gcyy 1), while the cumulative pore volume
0.26 cm3 g1 and average pore radius 4.0 nm typical for the anatase
TiO, support were also unchanged. XRD indicated that TiO,
was pure anatase. XPS analyses were performed on a Kratos
Axis Ultra spectrometer using mono-chromatized Al Ko X-rays
(hv=1486.6eV) and with the hemispherical electron energy ana-
lyzer operated in the hybrid lens mode. The take-off angle
with respect to the specimen surface was 90°. The charge-
compensating low-energy electron system was used to minimize
specimen charging during X-ray irradiation. The binding energy
scale was calibrated using adventitious hydrocarbon referencing
(C 1s=284.7eV). TEM data for the characterization of the sam-
ple was collected at ANSTO (Sydney, Australia) using a JEOL 2010F
TEM. Specimens were supported on carbon coated copper grids for

analysis. Details of the analyses were reported in other studies [5,6]
and will be outlined in brief below when needed to explain the
results.

2.2. Infra-red spectroscopy

Infra-red spectra were obtained using a Nicolet (Nexus) Fourier
transform spectrometer. Infrared spectra of adsorbed species were
obtained at a resolution of 4 cm~! with 256 scans per spectrum. The
adsorption of ethanol on sample catalysts was performed in a tem-
perature programmable stainless steel IR cell. The sample catalysts
were pressed into self-supporting discs (ca. 10 mm in diameter),
and mounted into a gold-plated brass sample holder in the centre
of the cell. The cell was equipped with removable CaF, windows
(32 mm diameter, 4 mm thick) sealed with Viton O-rings. A type
K thermocouple, welded into the centre of the cell in close prox-
imity to the catalyst disc, was used to monitor the temperature.
The cell was then connected to a vacuum line, and maintained at
a base pressure (ca. 10~ Torr) with a diffusion pump backed by
a roughing pump. To remove surface contaminants, the TiO, and
Au/TiO catalysts were annealed under 20 Torr of oxygen at 673 K
overnight, followed by evacuation under vacuum for 1 h while cool-
ing to 300 K. Ethanol was injected via a vacuum line connected to
the IR cell. After exposure the cell was pumped down to <103 Torr.
The surface temperature was then raised in specific increments.
When the desired temperature was reached, the cell was then
cooled to 300K before collection of a spectrum. Spectra presented
in this work are obtained by subtracting the spectrum of the catalyst
sample prior to adsorption, from that of the sample after ethanol
adsorption.

2.3. Temperature programmed desorption (TPD)

A detailed account of experimental procedures and the equip-
ment used in the TPD studies can be found in previous works [5].
In brief it is as follows: 50 mg of catalyst was placed in a quartz
U-shaped fixed bed reactor connected to a vacuum system with
a typical base pressure of 1 x 10~7 Torr maintained by a diffusion
pump with a liquid N, trap. The whole system was connected to
a Spectra Vision quadrupole mass spectrometer to monitor the
masses of interest. The mass spectrometer had a mass range from 1
to 200 amu, and could monitor 12 masses at one time when run in
profile mode. Linear temperature ramping at a rate of 20 Kmin~!
was achieved by using an accurate temperature ramping unit which
consisted of a Kaif digital temperature controller integrated with a
glass lined furnace and a K type thermocouple. Prior to TPD, the
catalysts were reduced under H, at 673 K for 4 h or more. A range
of different dosages of ethanol (ranging from 50 L to 0.2 pL) was
studied. It was found that 2-5 pL of ethanol are sufficient for surface
saturation. The TPD presented in this work is conducted at satura-
tion coverage. Ethanol was allowed to adsorb and equilibrate with
the catalyst surface for 15 min. The reactor was pumped down to
remove weakly adsorbed ethanol on the catalyst surface, as well
as on the walls of the reactor, for 30 min. In addition, the ethanol
mass fragment m/z=31 (CH,OH)* was monitored until the base
line is again reached. Different mass fragments were recorded as
function of temperature to monitor the desorption of products i.e.
ethanol (m/z=31, 29, 45, and 27), acetaldehyde (m/z=29, 44, 15,
and 43), ethylene (m/z=28 and 27), methane (m/z=16 and 15)
water (m/z=18 and 17), Hy (m/z=2), CO (m/z=28 and 16), CO,
(m/z=44) as a function of temperature. Relative yields of all des-
orption products were determined following references [44] for the
mass spectrometer sensitivity factor and [13,18,19] for the calcu-
lation method.

UV-Vis Spectra were performed using a Shimadzu double-
beam UV-2100 spectrophotometer. The UV spectrophotometer
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was equipped with an integrating sphere, having a 60-mm
internal diameter. Spectra were measured in the range of
240-500 nmataslit width of 2 nm. Au/TiO, and TiO, (anatase) sam-
ples were imprinted onto anhydrous barium sulfate powder, which
was used as a support for UV reflectance spectroscopy. BaSOy4 is an
inert, non-absorbing solid standard, which is an essential compo-
nent of reflectance accessory. The baseline was done using BaSOy4
as the reference.

3. Results and discussion

The Au/TiO, catalyst was characterized by TEM, XRD, XPS, BET
and diffuse reflectance UV-Vis measurements. XPS of the Au 4f
region for Au/TiO, catalyst did not show deviation with respect to
metallic Au [6] in agreement with a recent work using environmen-
tal XPS [45]. The BET surface area and pore sizes are given in Section
2 while XRD revealed the anatase phase of TiO, as well as broad
features typical for nanocrystalline Au. Diffuse reflectance UV-Vis
indicated the surface plasmon resonance of Au at ca. 560 nm similar
to those observed recently by other workers for Au/TiO, materials
[46]. TEM of Au/TiO, catalyst is presented and discussed below.

3.1. Adsorption and reactions of ethanol on Au/TiO,

3.1.1. Temperature programmed desorption studies

Ethanol TPD was performed on both the TiO, and Au/TiO cat-
alysts. Preliminary results indicated that prior treatment under
hydrogen or oxygen at atmospheric pressure slightly affected the
distribution and desorption temperature of the reaction products.
The effect was more pronounced with increasing Au loading. Reac-
tion products always desorbed at lower temperatures in the case
of oxygen treated (oxidized) catalysts as compared to hydrogen
reduced catalysts. In this study, we are interested in examining the
effect of added metallic Au on the surface reactions of ethanol on
TiO,. As a result, only results of the Hy-reduced catalysts are pre-
sented and discussed in this work while those of the O,-treated
catalysts will be provided in a separate study because of their rel-
evance to other photo-catalytic processes.

3.1.2. Ethanol reactions on TiO_y

TPD products profile following ethanol adsorption at 300K on
H,-treated TiO, (reduction ocuured at 673 K over night under about
10mL/min Hy 1atm.) is shown in Fig. 1. Based on the catalyst sur-
face area (107 m?/gc,car) and number density of 5-fold coordinated
Ti atoms on a TiO, surface (2 Ti atoms per 38.76 A2=5.16 x 108 Ti
atoms per 1 m?), the number of Ti atoms available on the surface in
50 mg of TiO; loaded in the TPD reactor is equal to ca. 3 x 1019, Since
the amount of ethanol used was 1 L (1.03 x 10'° molecules) and
assuming that all the ethanol molecules in 1 L of ethanol dosed
are adsorbed, the coverage is ca. 0.4.

The reactivity of aliphatic alcohols with TiO, powders has been
studied by using a number of different techniques and pretreat-
ments, including temperature programmed desorption [5,47,48],
and references therein]. In general, adsorption is largely dissocia-
tive yielding alkoxides and surface hydroxyl groups. In this work
ethanol is seen to desorb in the temperature domain 380-700 K
and accounted for 3.8% of the total product desorbed. The desorp-
tion profile can be de-convoluted to two peaks a small one at about
460K followed by a large desorption at about 620 K. The large peak
might be attributed to ethoxide and hydroxyl recombination on
surface oxygen defects. The most pronounced desorption signal is
that of ethylene at 665 K contributing 71.7% of the total product des-
orbed. Assuming that surface coverage was initially about 0.4, then
the number of sites involved in ethoxide conversion to ethylene is
about 0.3. Ethylene is formed by ethoxide dehydration which can
be linked to ethoxides adsorbed on oxygen defected sites. Because

Butene, m/e 56

Crotonaldehyde, m/e 70 x 10
—’______‘,./——-—’_'_’

Furan, m/e 68 x 20
S

Benzene, m/e 77

Methane, m/e 15

Ethylene, m/e 27 x 0.2

Acetaldehyde, m/e 29 A/

CO,, m/ed4x5
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Mass Spectrometer response, (A.U.)
\
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Temperature, K

Fig. 1. TPD profile of different desorption products after ethanol adsorption at room
temperature on Hy-reduced anatase TiO, nanoparticles.

the number of oxygen defects sites prior to adsorption cannot rea-
sonably exceed 30% the dehydration reaction can be due in part to
additional defects created during TPD. These defects can be created
due to the removal of surface water as follows:

CH3CH,O0H(g) + Tis-0s — CH3CH,OTis + OH(a) (1)
20H(a) — Hy0(g) + Vo (2)

(a) for adsorbed; Vg for surface oxygen vacancy; s for surface.

It is clear from the above equations that the number of Vg is at
maximum % of the number of ethoxides/ethanol(a) and therefore
can be at maximum equal to a surface coverage of 0.2. Therefore
the formation of ethylene can be liked to a combination of surface
oxygen defects created prior to adsorption and those formed during
TPD among other factors.

A smaller fraction of ethoxides gave acetaldehyde by dehy-
drogenation (4%). It has been seen numerous times that the
dehydrogenation reaction is far weaker on TiO, compared to the
dehydration reaction. One can view this reaction as due to the
removal of a hydride from the ethoxide as follows:

CH3CH,0(a) + OH(a) — CH3CHO(g) + Ha(g) + Os (3)

(a) for adsorbed; s for surface; (g) gas phase.

It is important to emphasize that the hydrogen removed from
the ethoxide is a hydride (H%-, i.e. a negatively charged H) that
recombines with the hydrogen ion (H*) of the hydroxide to form
H,. The amount of acetaldehyde desorbing is not a true indicator of
the extent of the dehydrogenation reaction on a reduced TiO, sur-
face. There are other reactions which compete with acetaldehyde
desorption. The most important of which has been observed pre-
viously on a reduced TiO, single crystal: the reductive coupling of
carbonyl compounds to olefins known as McMurry reaction. Fig. 1
and Table 1 indicate considerable desorption of butene (9.6%) that
is formed via the following reaction:

2CH;CHO + 2Vo — CH3CH=CHCH; + 20
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Table 1

Carbon% yield and selectivity from ethanol-TPD on TiO, nanoparticles, after overnight reduction at 723 K with H,.

Product Peak temperature (K) Carbon yield (%) Carbon selectivity (%)
Ethanol (380-550, 615) 0.2,3.6 -
Acetaldehyde 660 4.0 4.2
Ethylene 660 71.7 74.5
Butene 660 9.6 10.0
Methane 660 1.8 1.9
Crotonaldehyde 385-605, 665 0.02,0.4 0.02,0.42
CO, 610 0.1 0.1
Benzene 365-580, 650 0.6,7.9 0.6, 8.2
Furan 385-580, 650 0.02,0.1 0.02,0.1
Total LT, HT 0.84,95.5 0.64,99.3

LT and HT indicate total carbon% yield at low temperature and high temperature domains, respectively.
The carbon yield involves the corrected peak area of a desorbing product times its number of carbon. The carbon selectivity is the same taking away the reactant (ethanol in

this case).

Together with butene desorption there is also a small desorption
of crotonaldehyde (0.4%) via [3-aldolisation (condensation of two
acetaldehyde molecules followed by dehydration). Therefore the
true activity of TiO, to acetaldehyde is close to 20% (taking into
account reaction stoichiometry of the formation of butene and
crotonaldehyde). In other words, the ratio dehydration to dehy-
drogenation is around 3. Intriguing is a non negligible amount of
benzene formation. Benzene production was previously seen from
ethanol during TPD on other surfaces [13,19,20] but has not yet
been reported on H,-reduced TiO,. This reaction will be discussed
in more detail below in the case of Au/TiO, catalyst as the addition
of Au increases benzene formation considerably.

A small amount of methane with overall carbon selectivity of
1.9% desorbed at high temperature. CO, was seen to desorb in trace
quantities at 610 K. This latter might have come from the high tem-
perature decomposition of surface carbonates seen in IR studies
(discussed below).

These results indicate that like previous studies on both single-
crystal rutile TiO, (110)and (001)[11,49] and TiO; polycrystalline
surfaces [5,47,48], alcohols decompose on reduced TiO, nanopar-
ticle surfaces to produce surface-bound ethoxides, which are
removed via two reaction channels during temperature pro-
grammed desorption experiments.

3.1.3. Ethanol reactions on Au/TiO,_x

Fig. 2 shows TEM images of the 8 wt.% Au/TiO, catalyst. Most
gold particles are of similar sizes, less than ca. 10 nm. As seen previ-
ously, the deposition with urea preparation method produces small
gold particles in good contact with the TiO, anatase support, even
at high Au loadings [6]. The TPD product profile following ethanol
adsorption at 300 K on H;-treated Au/TiO, is shown in Fig. 3.

In a previous study, the effect of Au loading on ethanol TPD
reaction products was conducted for a series of H,-treated Au/TiO,
(Anatase) nanoparticle catalysts with 1, 2, 4 and 8 wt.% Au loading
[50]. In general, Au loading affected the TPD desorption prod-
ucts temperature and distribution gradually. However the effect
of added Au was most pronounced on the 8 wt.% Au catalyst as is
presented here. We have previously studied this series of 0-8 wt.%
Au/TiO, (Anatase) catalysts by TEM and XPS [6]. In general Au parti-
cle sizes increase with increasing Au loading from 1 to 8 wt.% while
no change in the XPS Au 4f binding energies are seen when com-
pared to that of bulk Au metal (binding energy of the XPS Au 4f at
84.0eV).

Un-reacted ethanol (m/z 31) started to desorb at 380K very
similar to pure TiO, nano-particles, however, conversion to other
products is seen about 60K lower than in case of TiO, alone. The
overall desorption of un-reacted ethanol is found to be 12% of the
total carbon yield. Benzene was also desorbed at 380 K contribut-
ing 10.4% carbon yield at this temperature range and 50.3% at 585 K

with other desorption products at higher temperature domain.
Aside from benzene and ethanol, no other product was seen to
desorb in the 380 K temperature domain.

The majority of the products desorbed at temperatures above
580K in two desorption domains. In the case of pure TiO,, only one
desorption domain was observed. It can be noticed that Au load-
ing shifts the product desorptions in the high temperature domain
towards lower temperature. However there are still some desorp-
tion occurring due to TiO, sites not in proximity of Au. Therefore
it appears that ethoxide species close to Au particles react differ-
ently than those on TiO, alone. The carbon selectivity for products
desorbing at ~590K was found equal to 76.6% while that at 640 K
is equal to 11.7% for products desorbing. Carbon yields and carbon
selectivities at the individual desorption temperatures are sum-
marized in Table 2. It can be noticed that for the Au/TiO, catalyst,
benzene is the most dominant desorption product with a total car-
bon selectivity of 69.1%, most of which desorbed at 590K along
with ethylene (dehydration), acetaldehyde (dehydrogenation), and
other minor products including butene, crotonaldehyde and furan.
Very small amount of methane with carbon selectivity of 0.5% was
also detected. CO, was detected only at the highest temperature of
650K.

10 nm

Fig. 2. TEM image of 8 wt.% Au/TiO, anatase. The square in the main picture is mag-
nified and presented at the top right corner to highlight Au particles on top of the
TiO, support.
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Table 2

Carbon% yield and selectivity from ethanol-TPD on Au/TiO, nanoparticles, after overnight reduction at 723 K with H,.
Product Peak temperature (K) Carbon yield (%) Carbon selectivity (%) Ratio MT/HT
Ethanol 355-500, 540 39,83
Acetaldehyde 585, 640 3.9, 1.6 44,18 241
Ethylene 590, 640 7.0,4.2 8.0,4.8 1.7]1
Butene 600, 640 2.0,1.7 23,20 1.2/1
Methane 590, 640 0.5,0.5 0.5,0.5 1/1
Crotonaldehyde 600, 640 13,18 1.5,2.0 0.7/1
CO, 650 0.5 0.6
Benzene 355-477,585 104, 50.3 11.8,57.3 50/0
Furan 585 23 2.6, 2.3/0
Total LT, MT, HT 14.3,76,9.8 11.8,76.6,11.7 6.5/1

LT, MT and HT indicate total % carbon yield at low, middle and the high temperatures, respectively.

3.2. Benzene formation on Au/TiO5_y

On anatase TiO, ethylene was the major product desorbed with
overall carbon selectivity of 74% while on Au/TiO, benzene was the
major product with ~70% carbon selectivity. A simple explanation
for the latter might be that ethylene is converted to benzene by
a trimerization/dehydrgenation-type reaction. This explanation is
most likely not accurate as discussed below.

Previous work by our group has shown the formation of croton-
aldehyde from acetaldehyde over powder CeO- [51], reduced single
crystal UO, (111) [52], powder UO, [21], U30g [21], Al,03 [21].
Crotonaldehyde formation has also been observed, from acetalde-
hyde, over TiO single crystals as well as powders [18].Its formation
requires both coordinatively unsaturated Ti cations to act as Lewis
acid sites to bind acetaldehyde and a nearby basic site (oxygen
anion) to abstract an a-H from acetaldehyde. The abstraction of
a proton from the « position of acetaldehyde by lattice oxygen
results in the formation of a -CH,CHO(a) and a surface hydroxyl
group. The former is a nucleophilic species which can react with
the electrophilic carbonyl group of second acetaldehyde molecule
adsorbed on an adjacent Ti cation to give an adsorbed aldol. The
aldol thus formed further dehydrates to crotonaldehyde. How-
ever, the amount of crotonaldehyde desorbed during TPD is small

Butene, m/e 56 x 2 J
Crotonaldehyde, m/e 7OM

Furan, m/e 68x5 /

Benzene, m/e 77

\—
\

-

Mass Spectrometer response, (A.U.)

L LN ]

CO,, m/e 44
Methane, m/e 15 ——
Ethylene, m/e 27 \
Acetaldehyde, m/e ——
Ethanol, m/e 31 S ~———
280 380 480 580 680 780

Temperature, K

Fig. 3. TPD profile of different products after ethanol adsorption at room tempera-
ture on Hy-reduced Au/TiO,.

over the Au/TiO, catalyst. This can be explained as follows. Once
crotonaldehyde is formed, it can react with another adsorbed
acetaldehyde (via the same [3-aldolisation reaction) giving 2,4-
hexadienal (see Eq. (4)). On contact with Au it may undergo C-H
bond scission of the methyl group which after intramolecular cycli-
sation followed by H, 0 elimination may give benzene as shown in
Scheme 1.

CH3CH=CHCHO + CH3CHO — CH3CH=CHCH=CHCHO + H,0(4)

To summarize this section it is clear that Au particles had two
noticeable effects. One decreasing the overall desorption at high
temperature by up to 60°C for the 8% Au/TiO, and two shifting
the reaction selectivity from ethylene (dehydration) to acetalde-
hyde (dehydrogenation); the latter further react by condensation
to benzene. This means that the abstraction of the H atom in the
alpha position from the C-0 (as a hydride) is favoured in the pres-
ence of Au compared to that of the H atom in the beta position of
the C-0 (as a proton) in the absence of Au.

The TiO, nanoparticles used in this work, have a high surface
area (more adsorption sites) and small pore size (4 nm in size). This
provides not only more active sites for re-adsorption but also hin-
ders the diffusion of bulky molecules like 2,4-hexadienal. Reztova
et al. [53] investigated the photoreactions of ethanol and acetalde-
hyde on TiO;/carbon molecular sieve fibers (CMSF). They proposed
that small titania particles may have a stronger binding energy than
larger particles and which may stabilize acetaldehyde adsorption
and facilitate further decomposition. The stronger binding energies
of adsorbates on smaller particles compared to larger ones has been
reported for metals; for example, the binding energies of H, OH, and
CO increases with decreasing particle size for Pt [54].

3.3. IR results

Fig. 4 shows the IR spectra of ethanol adsorbed on H, reduced
Au/TiO,_y, collected after ethanol adsorption at 300 K followed by
evacuation at the indicated temperatures. At 300K, IR absorption
bands characteristic for ethanol are seen and can be divided into
three groups: bands in 1000-1200cm~! range corresponding to
C-0 and C-C stretching vibrations, bands in 1250-1500 cm~! range
correspond to CH,, CH3 and O-H bending vibrations and bands in
2800-3100 cm™! range correspond to CH,, CHs stretching vibra-
tions.

The partial decrease in intensity of the CH,, CHs stretching vibra-
tions bands with increasing temperature is due to the removal of
adsorbed ethanol from the surface. No change in position of these
bands was noticed with heating but some qualitative change was
evident in the absorption bands in the 980-1700 cm~"! range. Fig. 5
shows is magnified view of the 1690-990 cm~! region of Fig. 4.

The absorption bands found in the room temperature spectra
of this study, and a few previous studies and the corresponding
vibrational modes of ethoxide, are given and compared in Table 3.
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CHZ -
CHO

~HO

TiO,

Scheme 1. Schematic of proposed mechanism for benzene formation over Au/TiO-; 2,4-hexadienal is formed as shown in Eq. (4).

Table 3

IR vibrational frequencies and assignments for ethoxide species formed upon the adsorption of ethanol on Au/TiO, and on other catalysts.
Vibrational modes This work TiO, [5] Ce0; [59] Au/CeO, [57] Pd/CeO; [59] Pt/CeO; [19] Rh/CeO, [20]
Range, 100-1200 cm~! (C-0 and C-C stretching)
v0-C (bidentate) 1047 1050 1057 1038 1037 1037 1038
vO-C (monodentate) 1122, 1146 1100 1107 1109 1078 1081 1080
vC-C 1071, 1093 -1070 - 1065 - - -
Range, 1250-1500 cm~! (CH;, CH3 and O-H bending)
w(CHz) 1356 1356 1333 - - -
8(CHy) - - - 1362 - - -
825(CH2) 1474 1473 1473 1478 1478 1480 1478
ds(CH3) 1378 1379 1383 1399 1397 1399 1399
8,5(CH3) 1442 1447 - 1449 1451 1451 1450
d5(0OH) 1262 - - - - - -
ds(H20) 1638 - - - - - -
Range 2800-3100 cm ! (CH;, CH; stretching)
vs(CHy) 2870 2875 - 2875 2880 2878 2878
Vas(CHz) 2932 2930 - 2933 2934 2933 2934
vs(CH3) - - 2836 2904 2909 2912 2911
vas(CH3) 2972 2975 2960 2971 2982 2977 2981

We focus our discussion primarily on the C-0 stretching mode, as
this vibrational mode is directly affected by the mode of adsorp-
tion. The absorption bands in the 298 K spectrum of this study are
very similar to those observed in the previous IR measurement for
TiO, following ethanol adsorption [55,56] indicating that Au depo-
sition has either no or very small effect on ethanol adsorption at
this temperature. This is in contrast to Au/CeO, system [57] where
the v(C-0) mode of ethanol is shifted to lower wavenumbers on
adsorption on Au/CeO, compared to that observed on CeO, alone
[58,59].
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Fig. 4. FTIR spectra after adsorption of ethanol at RT on H,-reduced Au/TiO, and

subsequent heating at the indicated temperature. All spectra were recorded at room
temperature.

3.4. Molecular ethanol desorption

In the spectrum collected at room temperature, the bands
at 1262cm~1, 1310cm~!, and 1398 cm~! are due to O-H bend-
ing, CH, wagging, and CH3 symmetric deformation of C;H50H,,
respectively The intensity of these bands started to decrease with
increasing temperature and disappeared by 575K indicating that
molecular ethanol has been removed and/or converted into other
surface species; the OH bending mode was still present (albeit
attenuated) but it is most likely due to surface hydroxyls and not
to the OH mode of ethanol.

Fig. 6 presents the decay of ethanol (1398 cm~') and ethox-
ide (1122m~1) IR signals together with ethanol desorption during
TPD. No attempt was made to correct for the changes in intensity
with surface concentration as the objective of the figure is to qual-
itatively correlate desorption and surface species evolution. This
figure is explained in more detail below.

3.5. Ethoxide desorption/reactions

In the spectrum collected at room temperature, IR absorption
bands at 1047 cm~1,1073 cm~!,and 1121 cm~! correspond to C-O
and C-C stretching modes of ethoxide adsorbed on the catalyst sur-
face. Further identification of adsorption modes of ethoxides can
be made by comparing the C-C and C-O stretching frequencies
with the previous work by Wu et al. [55]. At 298K, the absorp-
tion bands for C;Hs0, are at 1047 cm~', 1073cm~1, 1093 cm™!
and 1122cm~!. Among these bands, the bands at 1047 cm~!,
1122cm!, and 1146 cm~! can be assigned to the C-O stretching
and the bands at 1071 cm~! and 1093 cm~! to the C-C stretching
of ethoxides. Among C-O stretching bands, 1047 cm~! corresponds
to bidentate while band at 1122 cm~! corresponds to a monoden-
tate ethoxide species. It is now worth comparing these results to
TPD results obtained from the same surface where some useful
conclusions could be made. The dotted line in Fig. 6 indicates the
decrease in IR peak areas of the 1121 cm~! band with tempera-
ture. It is clear that this form of ethoxide is affected very little until
500K, but above this temperature it starts to convert into other
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Fig. 5. FTIR spectra in the 1700-990 cm~! range after ethanol adsorption on Au/TiO, and subsequent heating at the indicated temperature. All spectra were recorded at room

temperature.

products. Molecular ethanol starts decreasing as soon as the tem-
perature of the surface is increased above room temperature and
is completely removed at temperatures between 500K and 575 K.
Interestingly it also appears that adsorbed ethanol molecules do
not convert to ethoxide species with increasing temperature but
instead desorb; since the intensity of ethoxide related vibrational
modes does not increase but actually gradually decrease. This may
indicate that ethanol molecules are adsorbed on sites that do not
allow for O-H bond dissociation. These sites might be adjacent to
Au clusters. It is also worth mentioning the continuous shift of the
peak at 1047 cm~!, corresponding to bidentate ethoxides on the
surface, towards lower wavenumbers with increase in tempera-
ture. This might be due to decreasing of the population of surface
adsorbates that result in slight stabilization (less dipole-dipole
repulsion). The two bands for ethoxides at 1047 and 1121 cm™! are
both attenuated with increasing temperature, but do not show the
same temperature dependence. Their ratio changes considerably
with increasing temperature. The ratio 1047 cm~! to 1121 cm~! is
1.13 at 298K then steadily decreases to become 0.6 at 575K. The
reason for this is unclear as one would expect that the monoden-
tate species (1121 cm~1) to disappear before the bi-dentate species
(1047 cm1). One possible explanation is that the mono-dentate
species at higher temperature are those of ethoxide species that
have migrated to surface oxygen vacancies as has been observed
by STM over TiO; (11 0) rutile single crystal surface [58].

3.6. Identification of possible oxidation/coupling products

During TPD it was found that ethoxides started to convert
into other products at around 505K. These reactions mainly
include dehydration, dehydrogenation, condensation and coupling
products. The presence of the condensation product crotonalde-
hyde can be confirmed by the appearance of two distinct IR
bands at 1634 and 1658cm~! attributed to v(C-0), v(C=C) and
p(CH3) of adsorbed crotonaldehyde [19,59]. Desorption of croton-
aldehyde along with other coupling products were also noticed
around this temperature during TPD. Higher temperatures caused

ethoxide decomposition and removal from the surface indicated
by the disappearance of all its characteristic peaks and appearance
of completely new complex band structure in 1350-1650cm™!
region. The peaks in this region can be assigned to carbonate
species formed on the surface [60]. Carbonate species started
to appear at 685K and were the only species detected by IR
at temperature 727 K. During TPD the other higher carbon con-
taining products that desorbed were benzene, furan, and butene.
The absence of IR bands attributed to any of these is expected
as their desorption is reaction limited. Butene desorption occurs
via pinacolate C-O bond dissociation. It is however not possi-
ble to distinguish between pinacolate and ethoxides by IR under
the conditions of our experiments. Furan desorption from ethanol
has also been seen on other systems from ethanol [61], acetalde-
hyde [21], ethylene [62] and acetylene [63] where the reaction

P Ethoxide

T e~ _

Ethanol

Peak areas under IR bands (A.U)
Mass spectrometer response (A.U)

580
Temperature ( K)

Fig. 6. Ethanol desorption from the Au/TiO; surface. Red line: ethanol desorption
profile during TPD; solid thin line: decrease in 1398 cm~" IR band area correspond-
ing to molecular ethanol; dotted thin line: decrease of the IR band at 1121 cm™!
bands corresponding to mono-dentate ethoxide species. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Scheme 2. Reaction mechanism for the formation of ethylene on TiO, and benzene on Au/TiO; starting from ethoxide species. Other minor reactions are neglected.

mechanism has been discussed in some detail; its minor contri-
bution here does not allow us to track its formation by IR.

Owing to the presence of Au on TiO,, the presence or absence of
possible oxidation product of ethanol was carefully studied. Oxida-
tion of ethanol may result in the formation of acetic acid, acetates,
acetaldehyde and CO,. Acetic acid is represented by a 1680 cm™!
band due to carbonyl stretching and acetate is represented by
1453 and 1535cm~! bands due to ~COO- symmetric and anti-
symmetric stretching, respectively. No evidence for either of these
species was found in this work. Also, the absence of spectral fea-
tures for acetaldehyde at 1691 cm~! v(C=0), 1443 cm~! 8,5(CH3),
1377 cm~! §5(CH3), 1350cm~! indicated that the energy barrier
for its formation from ethoxide species is higher than that of its
adsorption.

Scheme 2 summarizes the main observed reaction products for
ethanol decomposition over TiO, and Au/TiO,, and gives likely
mechanisms for product formation; products derived from ethox-
ides were mainly ethylene on TiO, and benzene over Au/TiO,.

4. Conclusion

The surface reactions of ethanol on bare and Au nanoparti-
cle modified anatase TiO, nanoparticle catalysts were successfully
probed using a combination of TPD and FTIR spectroscopy. Ethanol
decomposed on the bare TiO, support to yield surface ethoxide
species, which decomposed via several reaction channels at 673 K
to yield predominantly ethylene (ca. 71.7% carbon yield), and lesser
amounts of butene (9.6%), acetaldehyde (4.0%), methane (1.8%).
Small amounts of benzene, CO, crotonaldehyde and furan were
also produced. Depositing Au nanoparticles on the surface of the
anatase TiO, support dramatically changed the surface chemistry,
surface energetics and relative distribution of these products. The
main product of ethanol decomposition on Au/TiO, was benzene
(ca. 60.7% carbon yield) which desorbed at 600 K, along with lesser
amounts of the other reaction products seen for the bare TiO,
catalyst. The high selectivity of the Au/TiO, catalyst for benzene
formation is rationalised in terms a scheme whereby 3-aldolisation
reactions of acetaldehyde create a surface 2,4-hexadienal inter-
mediate, which subsequently undergoes Au nanoparticle induced
C-H bond scission of the methyl group of 2,4-hexadienal, then
intramolecular cyclisation followed by H, O elimination to give ben-
zene. This work suggests that supported Au nanoparticle catalysts
may useful for the synthesis of aromatic molecules from aliphatic
alcohols.
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