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Abstract

This article analyses the role of gold nanoparticles supported on TiO, for the gas-phase ethanol
condensation. Previously, the original P25 surface was modified for increasing the Au-Ti
interaction, in order to minimize the thermal deactivation. Catalysts were tested both in
absence and presence of hydrogen (523 - 673 K, WHSV =7.9 h'%; ygon=0.32; vy, =0-0.1; 0.1
MPa). Parent TiO, is mainly selective for dehydration reactions yielding diethyl ether (favoured
at low temperatures) and ethylene (favoured at highertemperatures). The presence of Au in
the catalyst promotes dehydrogenation pathways, yielding acetaldehyde, as well as
condensation products (mainly butanol, with selectivities close to 10%). According to DRIFT
spectroscopy results, the strong ethanol adsorption on the TiO, surface justifies the low yields
and the high relevance of side-reactions produced by inter- or intra- molecular dehydration
routes (diethyl ether, and ethylene formation). The gold addition minimizes this adsorption
and enhances the mainroute by a double role:animprovementinthe dehydrogenation rate

(yielding more acetaldehyde)and an enhancementin the hydrogenation steps.
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1. Introduction

Although gold was historically considered as anon-active noble metal in heterogeneous
catalysis, it shows interesting properties as catalyst or promoterwhenitis presented as small
nanoparticles [1,2]. Indeed, gold is able to catalyse many different reactions (oxidations,
decompositions, hydrodechlorination reactions, etc.) at lower temperatures or with higher
selectivity than other metal catalysts [3]. Supported gold materials, also promote selective
hydrogenation of olefins, being these studies aturning pointfor gold application in catalysis
[4,5]. Based on these preliminary studies, the hydrogenation of a,3-unsaturated aldehydes
using gold nanoparticles supported on TiO, and ZrO, was also studied, considering acrolein and
crotonaldehyde as probe molecules [6,7]. Following this approach, Au supported catalysts
could be interesting for other reactions, such as the ethanol-to-butanol valorisation, where

hydrogentransferreactions are relevant stepsin the reaction mechanism.

Ethanol is nowadays produced from different biomass resources in large amounts [8-
10], promoting de development of different valorisation routes. The ethanol gas-phase
condensation is one of the most interesting ones, since it allows obtaining different
compounds, such as 1,3-butadiene, 1-butanol, largeralcohols, etc., with interesting properties
as biofuels and bioplatform molecules, with main attention focused on the 1-butanol [11-13].
The ethanol condensation to obtain this molecule is accomplished by the Guerbet reaction,
using basic materials as catalysts [14]. Despite different mechanisms have been proposed,
most of the last studies consider the four-step reaction pathway as the predominant in this
complex process [15-17]. This reaction mechanism, summarized in the Scheme 1, consists of
the ethanol dehydrogenation to acetaldehyde, the acetaldehyde self-aldolization to obtain
crotonaldehyde and two hydrogenation steps to obtain crotyl alcohol and 1-butanol (main
product). The dehydration of crotyl alcohol would also produce 1,3-butadiene as, also of

industrial interest. Main efforts to achieve agood selectivities to these compounds have been



focused onthe acid-base surface properties of the catalysts (considering the aldolization step
as the key path), proposing hydroxyapatites and magnesia as good materials [15,17-18].
However, results are not very conclusive because main route is also conditioned by other steps

that involve hydrogen and water molecules [14].

Parallel studies suggest TiO, as an interesting alternative because of its good redox
propertiesthat can also be very active inaldol condensations. In such a way, it has been tested
inthe acetaldehydealdol-condensation, providing better results than othertypical materials
used for the Guerbet reaction [19-20]. However, this material has very poor performance in
reactions involving dehydrogenation steps [20], so it cannot be directly used in the ethanol
gas-phase condensation. This fact suggests that the introduction of a
dehydrogenation/hydrogenation active metal on the catalytic surface would improve the
products yields by enhancing the acetaldehyde production (reducing the a-hydrogen activation
energy of the adsorbed ethanol). Moreover, working under reductive conditions (hydrogen
feeding) in the presence of the active metal, last hydrogenations could be also favoured

[17,20].

Some authors dealt with this drawback suggesting bifunctional materials by supporting
different metals that can enhance the acetaldehyde production (reducing the a-hydrogen
activation energy of the adsorbed feeding) [21-22]. The different reaction conditions make
difficultthe direct comparison amongthese studies. However, the comparison of FTIR peaks of
ethanol adsorption when using TiO, or Au/TiO, [23], as well as the previous results reported
for hydrogenation/dehydrogenation reactions [7,24], suggest that this noble metal can be a
good candidate forthe ethanol condensation. Deposition-precipitation methods are the most
extended procedures to prepare the Au/TiO,, highlighting the good results (small particles,
gooddispersion, and high impregnation efficiency) obtained when ureaisusedas promoting

molecule (DPU process) [25,26]. These methodologies do not require any treatment at high



temperature andresultinto very active materials for reaction at soft temperatures. However,
a common disadvantage detected in these studies is the instability and sintering process
suffered by the Au particleswhen reactions are carried out at more severe conditions [26-28].
The subsequent deactivation of these materials is justified by the increase in the atom mobility
at the highesttemperatures. Due to the low surface area of titaniasupports (around 50 m?/g
for the P25) these movements produce the collapse of different particles in the same pore,
and the sintering process, reaching larger metal particle sizes that are catalytically inactive.
This disadvantage could be prevented by modifying the original TiO, structure, obtaining a
support with higher surface area, or by introducing some irregularities in the surface that
promotes a strongerinteraction between Ptand TiO, surface, limiting the natural movement

of gold particles.

This article presents the analysis of the results obtained in the ethanol gas-phase
reactions using a catalyst based on gold nanoparticles supported ona commercial P25 material
(TiO,). The original surface was modified by adding titanium isopropoxide in orderto introduce
a Ti-based monolayer on the crystalline surface, enhancing the irregularities of the original
one. This procedure has been previously reported, highlighting the good improvement
obtained in terms of thermal stability [29-31]. The effect of reductive conditions and the
analysis of the evolution of catalyticsurface by Diffuse Reflectance Infrared Fourier Transform
(DRIFT) spectroscopy highlight as the main new contributions of this study, explaining the

products distribution interms of adsorbed species and metal -support-molecules interactions.

2. Experimental Methods

2.1 Catalysts preparation



The modified titanium dioxide catalyst was prepared by the homogeneous precipitation
method. 3 g of TiO, P25 (>99.5 %, Sigma-Aldrich, BET surface area of 35- 65 m?-g!) were
suspendedin 20 mL of deionized water and afterthat, 6 mL of titanium(IV) isopropoxide (97 %,
Aldrich) were added dropwise and mixed at 363 K under soft agitation for 8 hours.
Isopropoxide acts as an oxide overcoating that avoids the “material gap” and “pressure gap”,
typical phenomena related to the coexistence of more than one crystalline phase. These
phenomenajustify that metal particles can experience different relative pressure because of
different coordinate states, hindering the metal impregnation [32-33]. The mixture was aged
at the aforementioned temperature for 48 hours without stirring. Thereafter, the resulting
material was dried at 373 K for 24 hours, and calcined in flowing air for 2 hours (5 K-min! of

temperature ramp) at 773 K to obtain the final modified TiO,.

Regarding to the 1.5wt% Au/TiO, catalyst, the metallic gold nanoparticles were
synthesized by the deposition-precipitation with urea method (DPU) [25]. This method was
selected considering the previous comparison among different preparation procedures
reportedinthe literature, considering the higher activity observed when usingureainstead of
the traditional impregnation and photocatalyticdeposition [3]. The modified TiO, wasdried at
373 Kfor12 hours beforeits use as supportfor the gold depositionto cleanthe surface. 0.3 g
of the modified TiO, were mixed with a mixture of 5.5 mL of an aqueous solution (4.2-10°
3 mol-L?) of the gold precursor (HAuCl,:3H,0, 99.9 %, Aldrich) and 20 mL of a urea aqueous
solution (98 %, Aldrich; 4.2-10* mol-L!). The suspension was keptunderstirringduring all the
process. The temperature of the suspension was increased to 358 K, kept constant under
agitation, and protected from light for 24 hours. The progressive decomposition of urea at that
temperature releases OH anions, which gradually increase the pH of the medium [34-35]. This
method allows a slow precipitation of Au3* cations and avoids a high and local rise of the pH,

which wouldinduce precipitationin the solution [34]. Afterthe depositiontime, the material



was recovered by centrifugation, washed sixtimes with 50 mL of deionized water, and dried at

358 K.

The resulting material was calcined at 773 K in air flow with 5 K-min of heating ramp,
keepingthe final temperaturefor2 hours. Accordingtothe literature, aheattreatment of at
least 400°C is required for the full desorption of water [36], and for ensure the complete
decomposition of urea[37]. Despite this treatmentis not usual for photochemical purposes or
whenreaction studiedis carried out at soft conditions, itis needed to guarantee a physical and
chemical stability of this materialunderthe reaction conditions, preventing any influence of

changesinthe catalyticsurface at the studied reaction temperature.

Despite the instability of the Au,0; at these conditions, the completereductionto Au®is
not ensured by heating in airflow [38-39]. In order to reduce all the gold of the material and
generate the nanoparticles (activation of the catalyst metal phase), the material was treated in
hydrogen flow at 573 K for 2 hours with a temperature ramp of 5 K-min. This treatment
allows obtaining highly crystallite phases, epitaxial growth of gold nanoparticles, formation of

faceted particles and the complete gold reduction [40].

The 1.5 wt % Au/SiO, catalyst, using fumed silica (Sigma, BET surface area of
200 * 25 m?-g'!) as support, was synthesized and activated by the same method and procedure

as the previously introduced 1.5 wt % Au/TiO, material.

2.2 Catalysts characterisation

The morphologic properties were determined by N, physisorption at 77 K in a
Micromeritics ASAP 2020 using the Brunauer-Emmett-Teller (BET) method to ascertain the
surface area, and the Barret-Joyner-Halenda (BJH) method to calculate the pore volume and

diameter. The acidity and basicity of the catalysts were analysed by temperature programmed



desorption (TPD) ina Micromeritics 2900 TPD/TPR. 50 mg of solid were pre-treatedin helium
flow and saturated with CO, or NH; to determine the basicity or acidity, respectively. The
evolution of CO, and NH; signals were followed using a Pfeiffer Vacuum Omnistar Prismamass
spectrometer as well as the temperature was increased at 2.5 K-min? from 298 to 823 K.
Signals obtained were quantitatively related to the sites concentration after the corresponding
calibration of areas obtained. The strength of these sitesisdirectlyrelatedtothe desorption
temperatures. According to our previous results (correlation between TPD and FTIRanalyses),
basic sites can be divided into weak (293 —373 K), medium strength (373 —473 K) and strong
(473 — 573 K) [41]. In the same way, according to Arena and co-workers research, acid sites
with a desorption temperature lowerthan 400 K are related to NH; physisorbed on weak sites,
whereas 473 — 603K and 653 — 773 K are related to molecules adsorbed on medium and
strongsites [42].

The crystalline phases were determined by X-ray diffraction (XRD) in a Philips PW 1710
diffractometer, using CuK, radiation (45kV, 15 mA, A = 1.54 nm). The diffractionintensity was
measured in the 20 range between 5 and 80° at a scanning rate of 0.2 °mint. The weight
percentage of the anatase and rutile phases (W,, and W, respectively) of the original TiO,
(P25) and modified TiO, (m-P25) catalysts were calculated using the following expressions:

W,=100- Tr

1+1.26-E

WR = 100 - WA
Were I, and Iz are the intensities of the strongest anatase and rutile reflections,

respectively [43]. The mean crystallite size of both anatase (L,) and rutile (Lg) phases for the

two materials were determined by the Scherrer equation.

Scanning transmission electron microscopy (STEM) analyses using the Z-contrast

technique (high-angle annular dark-field imaging, HAADF) were performedto determine the



particle size and metal dispersion of the gold particles, using a JEOL JEM-2010F equipment
operated at 200 keV. The particle size distribution and the average particle diameter were
determined by counting overone hundred of gold particles on different areas of the material
sample. The average particle diameter (d,,) was calculated using the following equation where
n;is the number of particles of d; diameter:
4 = Yn;-d}
av Zni 'd%
Thisexpression was usedinorderto ponderthe effect of having different particlessize s
ina more accurate procedure thatjustusingthe lineardiameter. This equation considers the

surface effect and it is the most recommended method to analyse particles in the range of

nano and micrometres usinginstrumental methods such as the laser particle size analyser [ 44].

The diffuse-reflectance UV-Vis spectra of the gold supported overthe modified TiO, P25
material were determined with a Perkin ElImer Lambda 650 UV/Vis spectrophotometer. The
surface composition as well asthe metal loadingand the oxidation state of Au nanoparticles
was measured by X-ray Photoelectron Spectroscopy (XPS), using a SPECS system equipped with
a Hemispherical Phoibos detector operatingin a constant pass energy, using Mg-Ka radiation

(h-u=1253.6 eV).

2.3 Catalytic activity studies

Ethanol conversion tests were carried out from 523 to 673 K (50 K of interval)ina0.4 cm
i.d. U-shaped packed bed reactor located inside a controlled electric furnace. The catalyst
sample (150 mg; 250-355 um) was introducedinthe reactor where athermocouple allowsthe
temperature control. The material was pretreated at 523 K for 1 hour in flowing He before

each experimentinordertoremove any possible adsorbed compound (mainly water). Ethanol



(absolute, VWR) was injected by asyringe pump inthe 0.02 L:-min (STP) flowing H,-He mixture
(10vol % H,), obtaining a 32 vol % of ethanol, with a weight hourly space velocity (WHSV) of
7.9 h't. These conditions were chosen considering those optimized in a previous work [45]. The
outgoing gaseswere on-line analysed with a gas chromatograph (HP6890 Plus) equipped with
a flame ionization detector (FID). A TRB-5MS capillary column (30 m, 0.25 mm) was used as
stationary phase. The component identification was performed using commercial standards
and confirmed by GC-MS (Shimadzu QP-2010) using the same column and methodology as in
the GC-FID. The same set of experiments was also performed underinert conditions (He flow

instead of He-H, mixture).

Conversions were calculated from the ethanol concentration at the reactor inlet and
outlet. Selectivities were calculated as the ratio between the concentration of each compound
and the sum of the concentrations of all the identified reaction products (acetaldehyde, acetic
acid, butanal, crotonaldehyde, crotyl alcohol, diethyl ether, ethylacetate, ethylene, methane,
1-butanol, 1-hexanol, 1-octanol, 1,3-butadiene, 2-ethylbutanol, and 2-ethylhexanol)
considering the carbon atoms of each component. Carbon balances were checked by
comparingthe total amount of carbon atoms at the reactor inlet and outlet, considering only

the identified products.

DRIFT spectroscopy was carried out in a Thermo Nicolet Nexus FT-IR using the Smart
Collector Accessory and a MCT/A detector, recording with aresolution of 4 cm™and collecting
60 scan/spectrum. Samples (20 mg) were placed inside the catalytic chamber where an
internal thermocouple allows controlling the temperature of the sample. Materialswere pre-
treated at 523K for 1h in helium flow. Spectra were recorded in the 4000-650cm™
wavenumberrange, after subtraction of the background (KBr pattern). Signals were converte d
into Kubelka-Munk units to obtain semi-quantitative results. Spectrawere collected atsimilar

temperaturesand underAr-H, (10 vol % H,) flow in orderto compare the evolution of both gas



and solid phase. The same set of experiments was also carried out underinertconditions (He

flow instead of Ar-H, mixture).

3. Results and discussion

3.1 Characterization

The textural and surface chemistry properties of the TiO,, modified TiO,, and Au
supported over modified TiO, catalysts are summarized in Table 1. The corresponding CO, and
NH; TPD profiles are included as Fig. 1. As expected, if commercial and modified supports are
compared, a clear effect related to the incorporation of titanium(IV) cations in the TiO, is
observed. It causes surface defects (cleavage of the surface Ti-O bonds, and subsequent
formation of oxygen vacancies), and increases its specificsurface area, pore volume, and pore
size. These surface defects also lead to higher concentration of active sites (both acid and
basic) because of the lower coordination of the surface atoms. Thus, the hydrolysed active
gold-containing precursoris expected to condense with the hydroxyls of the supportleading to
surface-bond nucleiforthe condensation of active soluble species, obtaining a higher metal
loading with high dispersion. In good agreement to this, a decrease in the surface of Au-
material is observed, but the most relevant effect of this depositionisrelated tothe basicity.
The high decrease of the concentration of basicsitesin the gold-modified catalysts, mainly the
strongest ones, whose concentration is much lower than the commercial P25 catalyst, is
directly related to the deposition of the gold particles, on the surface anionicspecies formed
upon proton abstraction. At this point, the disappearance of the characteristic band of the
TiO,-support oxygen vacancies after the deposition of Au nanoparticles has been previously

demonstrated by Raman studies [46].
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The XRD diffraction patterns for the studied materials are shown in Fig. 2. The peaks at
20=25.3, 37.8, 48.1, 53.8, 54.9, and 62.7° indicate the presence of the anatase crystalline
phase (JCPDS 21-1272), while the peaks at 26 = 27.4, and 36.0° correspond to the presence of
rutile (JCPDS 21-1276). The intensities of the peaks at 26 =25.3 and 27.4° are considered as I
and lg, respectively, fordetermining the anatase and rutile fractions. The results of the weight
percentage phases of the mTiO, (Wa =79 %, and W; =21 %) indicate that the introduction of
the titanium(IV) cations on the catalytic surface does not modify the crystalline structure of
the initial TiO, P25 material (W, =78 %, and Wy =22 %). These values correspond to average
values of crystallite sizes of the two phases similar for both materials: L,=21.9 and 20.4 nm,
Lg=25.6 and 20.5nm, for TiO, and mTiO,, respectively. According to these values, the
modification of the support induces the expected decrease in the average value of TiO,
crystallites, which can increase the interaction between oxide and metal particles, having a
positive effectin theirthermal stability. As to the Au/mTiO, diffraction patterns, although the
gold load is low (1.5 wt %), two low-intense peaks at 26 angles of 38.2 and 44.4° related to
gold phase (JCPDS 4-784) were observed. The low resolution of these peaks prevents calculate

the crystallite size by this technique.

XPSanalyses (spectraincluded in the supplementary information as Fig.S1) demonstrate
that the structure of Au/mTiO,iscomposed by Ti, O, Cand Auelements; noother impurities
were found. The atomicweight of Au corresponds to a mass percentage of 1.01 %, a bit lower
than the theoretical one. This discrepancy is explained by a partial leaching of Au during the
preparation method (several washing cycles involved). This valueis considered as stable during
all the reaction. Ethanol condensationis studied in gas phase, no possible leachingcauses are
possible at reaction conditions. In good agreement with the literature, signalsrelated to Au 4f
where observed, located at 83.55 eV and 87.58 eV. These signals correspond to the 4f, and
4fs,,, respectively, and are consistent with the zero oxidation state of metallic Au [47-48].
These results corroborate the high efficiency of reducing procedure applied. On the other
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hand, the study of individualanalyses focused onthe O1s region clearly indicate the presence
of one peakaround 526 — 529 eV. This peakis directly related to lattice oxygeninanatase TiO,
[49]. The absence of any other oxygen peak at higher binding energies discards the presence of
H,O, Ti-OH or CO;% molecules adsorbed on the catalytic surface that could suggest an
incomplete calcination method [50]. Onthe otherhand, the evolution of binding energies of
identified Ols peakisingood agreement with the desorption temperatures observed by CO ,-
TPD. Thus, these results support the decrease inthe general strength of basicsites produced
by the modification of TiO, surface and the partial recovery of this strength by incorporating

the metal phase.

Fig. 3a shows a representative STEM-HAADF image and the histogram of particle size
distribution of the Au/mTiO, catalyst. A Gaussian distribution, mainly composed of
approximately 1.5and 5 nmsize particles, has been observed. These values are congruent with
results reported by otherauthorsforsimilar catalysts [3,47] and correspond tothe maximum
activity in the ethanol gas-phase condensation observed for gold catalysts prepared using
other supports [48]. Therefore, gold nanoparticle sizes of the catalysts used in this work are
considered as the optimal for improving the dehydrogenation steps, mainly ethanol to

acetaldehyde reaction.

The interaction of light with the metal nanoparticles produces a collective oscillation of
the conduction electrons at the interface between the metal and the dielectric medium,
creatingan electricdipole. This phenomenonis known as “surface plasmon resonance” (SPR)
effect, anditis characteristicof goldinthe metallicstate [49]. The spectrum of the Au/mTiO,
catalyst (Fig. 4) shows two absorption bands, one of them below 400 nm and anotherbetween
480 and 700 nm. The former is related to the support absorption [50], whereas the latter is
associated with the SPR absorption of the metallic gold nanoparticles (vibration of the

conduction electrons) [49]. Concerning this last one band, two contributions of different
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position (560 and 608 nm) and intensity can be observed by deconvolution. The differences
between the intensity and the position of each bandisrelated to differencesinthe size of the
nanoparticles [18], since there are mainly particles of 5 nm. Accordingto these results, the Au

particles are completely reduced, with only evidences of Au®.

In order to determine the role of the gold nanoparticles in the ethanol condensation
reaction, a silica-supported gold catalyst was prepared. As this support is chemically inert
(without surface basicand acid sites observed by TPD analyses), only catalytic effect associated
to the metal will be observed. Because of thisreason, as this material is only usedasa “blank”
test for the metal role, only analyses focused on the metal size crystalline were done. This
catalyst was also analysed by STEM-HAADF imaging. Fig.3b shows a representative
micrograph of the catalystand the particle size histogram. Eventhough the gold particles were
slightly smaller than those previously observed in the case of the Au/mTiO, catalyst, the
particle mean size (5.0 nm) were quite similar, enabling the direct comparison of both gold-
containing catalysts without taking into account structure-sensitivity aspects. XPS analysis of
this material is shown in Fig. S2. No relevant signals associated to Au 4fs,, nor 4f;, were
detected with enough resolution, being not possible the determination of the actual metal
loading. Thisresultis explained by the low amount of Au expected and the proximity of main
signals related to Si2p that can disrupt the general spectrum. The plasmon band was also
analysed forthis material, being the spectrum added to the supplementaryinformation ( Fig.
S3), in order to compare it with the SPR of Au/mTiO,. In general terms, main differences
between both materials are related to the signal position (with amaximumat522 nm for the
SiO, support) as well as the lower intensity observed for this silica. These differences are
justified by the higher dielectric constant of the surrounding medium of mTiO,. The
deconvolution of this spectrum is congruent with the particle mean size previously determined

(5nm).
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3.2 Catalytic activity

The evolution of the conversion and carbon balance closure working under reductive
conditions for the TiO,, mTiO,, and Au/mTiO, catalysts are shown in Fig.5. At working
conditions and considering the small size of both, reactant and products, the mass transfer
effects can be discarded, being the experimentalresults directly related to the catalyticactivity
of each material. This hypothesis was previously checked in same reaction at similar conditions
[45]. Both the conversion and the carbon balance follow the same trends for the three
considered materials (increasing conversions at increasing temperatures; decreasing carbon
balances). Conversions follow the order TiO, < mTiO, < Au/TiO,, being the differences more
important as temperature increases, reaching a difference of 20 % between the conversion
with the Au/TiO, and the unsupported material. These results involve an improvement
because of the metal but also an improvement because of the modification of the original
surface, introducing the irregularities needed to maximize the active sites available. Thus, the
conversion obtained with Au/TiO, at 673 K (74.2 %) is, to the best of our knowledge, among
the highest conversions reported for this reaction at these reaction conditions [51-53]. In order
to corroborate the absence of diffusional limitations, these results (the worst scenery) were
used to determine the Thiele modulus (obtainingavalue of 0.09 that corresponds to a n¢? of
5.18-:102) and the Carberry value (with a result of 1.15-10®). According to these values, both
diffusional limitations are far from the threshold values leading to relevant effects of mass
transferonthe overall kinetics. If conversions are normalized by basicsites (the activesites for
thisreaction inthe cases of the non-metallic catalysts), activity of the Au/mTiO,at523 K is 3.6
and 4.5 times higher than the corresponding to TiO, and mTiO, catalysts, respectively. This
suggests a relevant role of gold and reducing conditions in the final conversion, since the

Au/mTiO, catalyst has a lower concentration of active sites and specificsurface area (Table 1).
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The highest carbon balances closures were observed for the TiO, at all the studied
temperatures, whereas norelevant differences were observed between values obtained for
mTiO, and Au/mTiO,, except at the highest temperature studied. At these conditions, the
balance closure is significantly lower with the metallic catalyst (68.1 %, Au/mTiO, at 673 K).

The selectivities to the different reaction products obtained withthe studied catalysts
are alsoshownin Fig. 5. Acetaldehyde selectivities are considerably higher withthe Au/mTiO,
at 523K (TiO,: 37.7%; mTiO,: 45.9%; Au/mTiO,: 68.5%) and 573 K (TiO,: 16.4%; mTiO,:
15.6 %; Au/mTiO,: 57.6 %). Although at the highest temperatures acetaldehyde selectivity is
lowerforthe Au/mTiO, thanformTiO,, the sum of the selectivities to acetaldehyde and all of
the long chain chemicals produced from acetaldehyde (crotonaldehyde, crotyl alcohol,
1-butanol, butanal and ethyl acetate) are always the highest (TiO,: 19.3 and 29.9 %, mTiO,:
25.1 and 36.9%, Au/mTiO,: 34.2 and 38.0%, at 623 and 673 K respectively). This fact
corroborates the promoting effect of the metal on the ethanol dehydrogenation step,
especially atlow temperatures. However, at highertemperatures the values of acetaldehyde
selectivities are more similar among the three different materials, because subsequent
condensation steps take place at larger extent. This fact suggests that the alcohol
dehydrogenation becomes less relevant as temperature increases, comparing to other
competitive reactions (dehydration to diethyl ether, and mainly to ethylene), masking the
effect of the metal onthe dehydrogenation reactions.

Highest selectivities to diethyl ether (side product) were observed for TiO, and mTiO,
catalysts, leading to a decrease of acetaldehyde formation (main route). This effect is more
remarkable atlowesttemperatures (72.9and 71.2 % diethyl etherselectivity at 573 K withthe
TiO, and mTiO,, respectively). These values are also higher than those reported in the
literature for other catalysts tested in this reaction (hydroxyapatites, Mg-Al mixed oxides,
MgO) [54-56]. Therefore, a strong interaction between ethanol and the surface with these

materials is suggested, as diethyl etheris produced from two ethanol molecules by reaction
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coupling followed by a dehydration. This is in agreement with the strongest interaction
between ethanol and titania, comparing with other materials (magnesiaand hydroxyapatites)
previously reported by Young and coworkers [20]. In the case of the Au/mTiO, material, the
presence of the active metal phase on the catalytic surface, which promotes the ethanol
dehydrogenation, leads to lower diethyl etherselectivity at low temperatures (94 % lower than
the mTiO,-support at 523 K). However, the diethyl ether selectivity at the highest
temperatures - especially at 673 K - are similar comparing the three catalysts (27.3, 23.0, and
26.5% with the TiO,, mTiO,, and Au/mTiO,, respectively), which is in agreement with the
faster reaction rates of dehydration steps at the highest temperature. Likewise, ethylene
selectivities increase with the temperature for the three catalysts, being lower with the
Au/mTiO, forthe considered temperaturerange, but mainly atthe lowesttemperatures (9.8,
14.0, and 6.4 % with the TiO,, mTiO,, and Au/mTiO, at 573 K, respectively). The selectivity to
ethyleneishigherwiththe mTiO, because of its higher concentration of acid and strong basic
sites. The former sites promote dehydration reactions via E, mechanism, whereas the latter
ones (related to isolated O? anions generated by the TiO, surface modification) favour
dehydrationsthrough the E;z pathway [55]. Furthermore, selectivity to ethylene (dehydration
to olefins) is favoured over the selectivity to diethyl ether (dehydration to ethers) as
temperature increases [55].

Regardingtothe 1,3-butadiene also obtained in dehydration steps, selectivities with the
TiO, and mTiO, materials are between 2.5and 5.0 timeslowerthan the 1-butanol selectivities.
Thisfact suggeststhatthese catalysts are as selective to 1-butanol as other materials testedin
this reaction (1-butanol/1,3-butadiene ratios of 2.3 and 7.6 at 673 K with magnesia and
hydroxyapatites, respectively) [51,56]. However, no butadiene was observed in the studied
temperature range when usingthe Au/mTiO, catalyst. This fact corroborates thatthe use of a
bifunctional catalyst, and hydrogen presence, promotes the hydrogenation of the C=C bond.

Similarconclusions have beenrecently reported in the selective hydrogenation of butadiene
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using an Au/TiO, catalyst [57]. Although temperatures higher than 573 K are needed for
yieldingsignificant butanolselectivities with the Au-free materials (3.2and 2.0 % at 623 K with
the TiO, and mTiO,, respectively), a significant selectivity is observed with the Au/mTiO, at
523 K (9.4 %).

The increase onthe 1-butanol selectivity observed for the Au-doped catalyst, is notonly
related with the higher amounts of acetaldehyde formed over this catalyst (special ly at the
lowesttemperatures) butalsotothe role of the metal inthe hydrogen transfersteps leading
to the formation of butanol. At the first point, it should be noted that condensation of
acetaldehyde is a relatively fast reaction at these conditions [14], but the
butanol/acetaldehyde ratios are higher for the Au/mTiO, catalyst (0.26, 0.06, and 0.37 with
TiO,, mTiO,, and Au/mTiO, at 673 K, respectively). Concerningto the promotingeffect of the
gold on hydrogen-transfer effects, it should be noted that low-size supported gold
nanoparticles can dissociate chemisorbed H, at low temperatures and catalyse hydrogenations
at ambient conditions.

In order to gain further understanding on the reaction mechanism, the formation of
minor products was analysed, being this information summarized in the Table 2. Selectivities
to butanal (obtained from crotonaldehyde C=C bond hydrogenation) are always higherfor the
Au/mTiO, catalyst (1.6, 0.5, and 2.6 % at 673 K for TiO,, mTiO,, and Au/mTiO,, respectively),
being the highest at 523 K (7.0%) according to the gold hydrogenation ability at low
temperatures. Selectivities to crotyl alcohol (formed by the C=0 hydrogenation of
crotonaldehyde) are always lower than those obtained to butanal at each temperature (0.1,
0.2, and 0.1% at 673K with TiO,, mTiO,, and Au/mTiO,, respectively). Concerning the
butanal/crotyl alcohol ratios, improvements of 57 and 400 % are reached when comparingthe
Au/mTiO, catalyst with the TiO, and mTiO,, respectively. Thisenhancementis mainly due to
the small Au nanoparticles which essentially promotes the hydrogenation of the C=Cbond [6].

Although small gold particles promote the hydrogenation of C=Cbonds versus the reduction of
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the C=0 group, Au/mTiO, seems to promote also the crotonaldehyde reductionto1-butanol.
This result suggests that this metal can also promote MPV-type hydrogen transfer reaction.
Consequently, gold nanoparticles addition over the titania catalyst surface and hydrogen
supplyingenhanceboth alcohol dehydrogenation and C=Cdouble bond hydrogenation steps
promotingthe production of 1-butanol. These effects are more marked at low temperatures at
which dehydrations are not yet favoured.

The analysis of the minor products summarized in Table 2 reveals that Au/mTiO, also
provides significant selectivities to higher alcohols (up to 6.6 %), especially at the lowest
temperatures. Thesevalues decrease as temperature rises due to the increasing importance of
dehydration steps at the highesttemperatures. Concerningthe TiO, and mTiO,, only significant
selectivities forthe formation of diethyl ether, acetaldehyde, or ethylene were observed below
623 K. Once again, the positive effect of the metal both in terms of enhancing
dehydrogenation steps yielding acetaldehyde, and hydrogenating unsaturated C4 moieties
justify these effects. In good agreement with this second effect, acetaldehyde selectivities
decrease astemperature increases (but below 573 K) for the catalysts without gold. However,
the selectivity to acetaldehyde increases again above 573K, when hydrogen-transfer reactions
start to be important, shifting the overall reaction towards the formation of the butanol,
intermediates and acetaldehyde. In the case of the Au/mTiO, catalyst, the acetaldehyde
selectivity decreased from 523 to 623 K, but then it kept almost constant for the two highest
temperatures, being only noticed differences between diethyl etherand ethylene selectivities.
Concerning to other minor products, smaller amounts of products coming for acetaldehyde
oxidation were observed (acetic acid and ethyl acetate) which are presumably formed by
Cannizzaro-type and Tishchenko-type mechanisms [55]. It should be noted that the formation
of methane was not observed in any case, discarding that the involved active phases

participate in C-Ccleavage reactions.

18



Conversions, carbon balances, and selectivities to the main products working underinert
conditions with the three materials are shown in Figure 6. In the cases of the non Au-loaded
catalysts, all the results are almost the same that those obtained with hydrogen supplying. This
fact has sense since these materials lack the active metal sites needed to dissociate the
hydrogen molecule. Onthe otherhand, the conversions observed with the Au/mTiO, material
were much lowerthan the previously obtained in the reaction while hydrogen feeding (drop of
32 % at 673K), and even lower than those observed at high temperatures with the TiO,
catalyst. In this case (using the Au-doped catalyst), the absence of hydrogenin the gas phase
leads to lower catalytic activity. This fact suggests both, that dehydrogenation of ethanol to
acetaldehyde is not an equilibrium-limited step (in this case, the presence of hydrogen will
reverse the equilibrium), and that hydrogen transfer effects play asignificantrole in the overall
reaction. This change in the activity of the catalyst implies different product distribution,
mainly atthe lowest temperature. Thus, the acetaldehyde selectivity at 523 K was 16 % higher
than the obtained underreductive conditions. As to the 1-butanol production, no selectivity
was observed at the lowest temperature (at which the maximum value was noticed when
introducing hydrogen tothe reactor). Moreover, the selectivities to crotonaldehyde and croty|
alcohol (crotonaldehyde-to-butanolalkene intermediate) were 3.2and 1.7 % (increases of 60
and 70 % comparing with the values reached while hydrogen feeding). Theseresults suggest
that the hydrogenations are the rate-determining steps when working underinertconditions
with the Au/mTiO, catalyst at low temperatures. Thus, the hydrogen supplying has a positive
effect on the ethanol-to-butanol yield improvement when using this bifunctional catalyst.
Besides, the good performance of gold nanoparticle supported materials on selective
hydrogenation of the C=Cbond is confirmed, since the formation of crotyl alcohol isreduced in
a greaterextentthan crotonaldehyde (hydrogenation of the C=0) when hydrogenis supplied.

Concerning the results obtained at 573 K, the higher acetaldehyde formation directly

conditions the selectivity to 1-butanol (2.1%). Atthe two highesttemperatures, the product
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distribution was similarto the obtained with the TiO, and mTiO, catalysts, withthe exception
of the butanal formation through 1-butanol dehydrogenation because of the metal phase
presence (1.9% at 673 K withthe Au/mTiO,, whereas it was not produced withthe other two
materials). Low selectivities to 1,3-butadiene (< 0.8 %) were observed with the Au/mTiO,
whenever 1-butanol was formed. Furthermore, the carbon balances obtained with the
Au-doped material were higher than those observed when working with hydrogen feeding
(especially atthe highest temperature), mainly because of the lower attained conversions (less
relevance also of side reactions).

In order to determine the individual role of gold, an inert support was also used to
prepare the metal catalyst and its activity was compared at same reaction conditions. In a
preliminary test, the activity of SiO, supported (without any metal phase) was corroborated by
carryingout a blank test at same reaction conditions without observing any ethanol conversion
even at the highest temperature. As consequence, this support is chosen to individually
analyse the role of the metal phase with assurance of no disturbances. Mainresults obtained
with the Au/SiO, catalyst are shown in Figure 7. In general terms, ethanol conversions are
significantly lowerthan with the titania-based catalysts. These conversions were higher when
working under inert conditions, especially at lower temperatures. This fact suggests a high
hydrogenation activity of Au nanoparticles. This processisinvolvedinthe elementary step of
ethanol to acetaldehyde. When an acid/basic material isintroduced in the medium, the aldol
condensation of acetaldehyde is fast and displaces the equilibrium between these two
compounds. In absence of these sites, the reverse reaction (acetaldehyde hydrogenation to
ethanol) prevails over the direct one, implying final lower conversions. Furthermore, the
higher differences noticed at lower temperatures indicate that, with the supported gold
nanoparticles, dehydrogenation is favoured against hydrogenation astemperature increase.
Thisis inagreementwith the high activity shown by these materials in hydrogenation reactions

at low temperatures [3]. Carbon balance and selectivity to acetaldehydeare closeto 100 % in

20



each case (for any tested temperature and reaction conditions), confirming the
hydrogenation/dehydrogenation role of the gold phase and the negligible activity of this
material for other type of reactions promoted by the acid-base component of the catalyst

(such as aldol condensations).

3.3 Analysis of used catalysts

Considering that deactivation because of metal sinterization is identified as the main
drawback of using Au/TiO, to catalyse reactions at severe thermal conditions, the spent
catalysts recovered after these reactions were analysed to study the behaviour of Au/mTiO,
and identify any possible improvement respect to the expected one. Electron microscopy
analysis of the spent Au/mTiO, was carried out in order to confirm if there is any relevant
change in the gold particles during all the process. A representative microscopy of this analysis,
as well as the corresponding histogram, is shown in Figure 8. In this figure, the analogous
analysis of Au/SiO, isalso plotted, in orderto compare the evolution of gold supported on an
inert or active material. Both microscopies correspond to results obtained atinert conditions
at 673 K, the worst conditions. The analysis of the other conditions revealed similar
conclusions. Despitethe relative differencesthatcanbe noticed when comparingthe particle
size distribution of both catalysts with those obtained with the fresh materials (Fig. 3), the
mean particle sizes (6.0 and 4.9 nm for Au/mTiO, and Au/SiO,, respectively) were kept in
similar values. Taking into account that sinterization was not observed after reaction at the
highest temperature tested, the possibility of changes in the metal dispersion that could

strongly condition the experimental results was discarded.
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3.3 DRIFT spectroscopy

In orderto better understand the activity results, the evolution of adsorbed species on
each material was analysed by DRIFT spectroscopy. Spectra of the materials recorded at
reactiontemperaturesin presence of ethanol and underreductive conditions, areincluded in
Figure 9. Only wavenumbers lowerthan 1800 cm™ have been considered, since these are the
bands providing information about the adsorbed bands of compounds involved in this
reaction. DRIFT spectra of the Au/SiO, material did not show any adsorption band different
from that observed by ethanol (1060 cm™), both under inert and reductive conditions. This
behaviour was expected since SiO, is an inert support and acetaldehyde is weakly adsorbed
evenonTiO,. In the case of mTiO, spectra (Fig. 9b), clearabsorption bands are observedinthe
region below 1100 cm. Within this region, two adsorption bands are distinguished: the first
one, at 940 cm’}, is related to the CO symmetric-stretching vibration mode of the diethyl ether
[58]; the second one, at 1060 cm™?, is associated with the CO stretching vibration mode of
ethoxy species and CO asymmetric-stretching of diethyl ether [58-59]. These results
demonstrate that species adsorbed on the titania surface are mainly ethoxy and diethyl ether,
especially atlow temperatures, beingin agreement with the gas phase results. There is other
region above 1200 cm™ in which different absorption bands are observed (1210 and 1390 cm-
1), related to acetate species and CH; bendingvibration mode of mainly ethoxides, respectively
[20,59]. Nevertheless, the intensity of these adsorption bands are almost negligible regarding
to those mentioned above in the firstregion.

Concerningthe parent TiO, material (Fig.9a), it can be assessed the same characteristic
adsorption bands as the mTiO, catalyst. However, their identification is more difficult than
with the mTiO, because the bands (especially 940 and 1060 cm™) are weaker. Furthermore,
theintensities of the different bands change as temperature rises without followingauniform
trend, whereas they continuously decrease when the mTiO, is used. In the non-modified

catalyst, the decrease in the spectrum intensity from 523 to 573 K is due to temperature
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increase, because desorptionisand endothermicprocess and the compounds producedinthe
reaction are the same as those obtained at 523 K. However, above 573 K, the conversion
significantly increases astemperaturerises, and 1-butanol and higheralcohols (selectivities of
5.0 and 1.2% at 673K, respectively) obtained are strongly adsorbed on the TiO,.
Consequently, the intensity of the spectra increases at the highest temperatures. This fact
does notoccurs withthe mTiO, since 1-butanol and higheralcohols are not obtainedinsuch a
largerextent (selectivities of 1.9 and 0.1 % at 673 K, respectively) leadingtoa decrease of the
bandintensities astemperaturerises. In general terms, the intensity of the spectrais higher
with the mTiO, material than with the TiO, (except at the highesttemperature because of the
heavy compound adsorption). This fact is due to the higher surface concentration of active
sites on the mTiO, catalyst, which promotes the stabilization of the starting ethanol and the
reaction products.

Regarding to the Au/mTiO, catalyst (Fig. 10c), the intensity of the absorption bands at
each temperature is lower than the observed with the other materials because of its lower
concentration of active sites and the metal phase presence. However, at the two lowest
temperatures, it can be noticed that the relative significance of the band associated to the CO
symmetric-stretching vibration mode of diethyl ether (940 cm™) is much lower than other
bands, in comparison with the TiO, and mTiO, catalysts. This is in agreement with the lower
amounts of diethyl ether observed in the gas phase when this catalyst is used at these
conditions (Fig. 6¢c). Therefore, the band appearing at 1060 cm™, associated with the CO
stretchingvibration mode of ethoxides as diethyl ether, is almost negligible with this material.
A new band at 870 cm™ related to the CH; rocking vibration mode of acetaldehyde [58] is
observed atlow temperatures, anditisstill observed even atrisingtemperatures. This band,
as well as band at 1710 cm™ (C=0 stretching vibration mode of acetaldehyde), confirm the
presence of acetaldehyde over the catalytic surface [59], endorsing the high ability of this

material to dehydrogenate ethanol because of the active metal. Atthe highest temperature,
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different bands related to molecules strongly adsorbed on the catalyst surface are observed.
Bands at 1430 cm™ start to appear at 623 K, being associated with strongly adsorbed acetate
species [20]. Other two bands at 730 and 1165 cm™ begin to be significant at the same
temperature, beingthe formerrelated to the CH, bending vibration mode of molecules with
more than four CH, groups [60], and the latter associated with the C-C stretching mode [59].
These results corroborate the production of heavier molecules at the highest temperatures,
which remain strongly adsorbed on the surface. The rise of the band at 1660-1740 cm™ (C=0
stretching vibration mode of aldehydes), suggests that these strongly adsorbed species are
mainly higheraldehydes produce by subsequent aldolcondensationsin agreement with the
high activity of this material especiallyat the highest temperatures.

Spectra recorded when working under inert conditions were similar for both TiO, and
mTiO, materials, whereas differences were observed with the Au/mTiO, catalyst. Thisisin
agreement with the results previously observed by the gas phase analyses. Figure 10 shows
the spectra collected forthe Au/mTiO,when working atinert conditions. The lower catalytic
activity and hydrogenation ability justify the differences with results atreductive conditions.
Thus, the bands associated with the long chain molecules either disappeared (730 cm™), or
were markedly reduced (1165 cm™). Furthermore, a new low-intensity band (1590 cm™)
corresponding to the stretching vibration mode of the C=C bond arose as temperature
increased [45]. This fact together with the rise of the relative significance of the band
associated with the C=0 stretchingvibration mode (1740 cm™) and the no formation of higher
aldehydes and alcoholsindicates that mainly crotonaldehyde and crotyl alcohol were adsorbed
on the Au/mTiO, catalyst when working underinert conditions.

A global analyses of all these results suggests that working with abifunctional catalyst
and with hydrogen supplying not only allows improving the C4 obtaining, butalso the stability
of the catalyst since the product adsorption on the catalyticsurface is reduced, preventingthe

deactivation of the acid-base component of the catalyst. This hypothesisisagreement with a
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work recently performed by Wang and co-workers dealing with similar C-C bond formation

reactions [61].

4. CONCLUSIONS

A relevant improvement in the ethanol gas phase condensation is observed when
reactionis catalysed by gold nanoparticles supported on TiO,. The commercial P25is modified
by including extra Ti(IV) cations, resulting into a very disperse and thermal stable material.
Experimental results demonstrate an increase in the ethanol conversion (up to 74.2 %),
butanol selectivity (8.3 %) and a considerable decrease in the intramolecular and
intermolecularethanoldehydration (no butadiene observed with Au/mTiO,), reactions directly
related to undesired products. The presence of these nanoparticles plays a key role in
intermediate steps, enhancing the formation of acetaldehyde by dehydrogenation and the
hydrogenation of C4 unsaturated molecules. These positive effects are more marked in
presence of molecular hydrogen, whereas the presence of this gas has not any noticeable
effectonthe performance of the othertitania based catalysts studied in this work.

DRIFT spectra explain the activity results, showing the high decrease of the ethoxides
adsorbed over the catalytic surface when the gold nanoparticles are present over titania.
Accordingly, the undesirable strong adsorption of ethanol on titania is reduced by using
bifunctional materials. This strategy also allows working at softer conditions at which the

competitiveside reactions (dehydrations) are not favoured.
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SCHEME CAPTION
Scheme 1. Proposed ethanol condensation pathway by the four-step mechanism.
Symbols: (A) ethanol; (B) acetaldehyde; (C) crotonaldehyde; (D) crotyl alcohol; (E) butanal;

(F) 1-butanol; (G) 1,3-butadiene; (H) ethylene; (l) diethyl ether; (J) ethyl acetate.

FIGURE CAPTION
Figure 1. Characterization of basicity and acidity: (a) CO2-TPD; (b) NHs;-TPD. Symbols: P25

(continuousline); mP25 (long dashes); AumP25 (dotted line).

Figure 2. XRD diffractograms of a) TiO,, b) mTiO,, and c) Au/mTiO,. Corresponding peak’s

crystalline phase: A, anatase; R, rutile; Au, gold; planes in brackets.

Figure 3. STEM-HAADF image of the (a) Au/mTiO, and (b) Au/SiO, materials. Analysis of gold

particle size distribution.

Figure 4. Diffuse-reflectance UV-Vis spectra of the Au/mTiO, catalyst (dashed lines:

deconvolution of the gold SPRabsorption band).

Figure 5. Conversion, carbon balance, and selectivity evolution in the gas phase ethanol
condensation under reducing conditions over: a) TiO,, b) mTiO,, and c)Au/mTiO,.
(WHSV = 7.9 h'}; He-H, flow). Symbols: conversion (®), carbon balance (A). Bars: acetaldehyde
(yellow), ethylene (blue), diethyl ether (purple), 1-butanol (red), 1,3-butadiene (green), and

others(grey).

Figure 6. Conversion, carbon balance, and selectivity evolution in the gas phase ethanol
condensation underinert conditions over: a) TiO,, b) mTiO,, and c) Au/mTiO,. (WHSV=7.9 h'1;
He flow). Symbols: conversion (®), carbon balance ( A). Bars: acetaldehyde (yellow), ethylene

(blue), diethylether(purple), 1-butanol (red), 1,3-butadiene(green),and others (grey).
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Figure 7. Conversion (®), carbon balance (4A), and acetaldehyde selectivity () evolution in
the gas phase ethanol condensation over Au/SiO, under: a) reductive conditions (He-H, flow),

and b) inert conditions (He flow). (WHSV =7.9 h'?).

Figure 8. STEM-HAADF images and gold nanoparticle distributions of the spent catalysts
recovered after 8 hours of reaction under inert conditions at 673 K: a) Au/mTiO,, and b)

Au/SiO,.

Figure 9. DRIFT spectra in the gas phase ethanol condensation under reductive conditions

over:a) TiO,, b) mTiO,, and c) Au/mTiO,.

Figure 10. DRIFT spectra in the gas phase ethanol condensation over Au/mTiO, under inert

conditions

TABLE CAPTION

Table 1. Main results of the fresh catalysts characterization: morphological properties, and

density and distribution of the acid and basic sites.

Table 2. Selectivities to side compounds produced with the different catalystsin the gas-phase

ethanol condensation. (WHSV =7.9 h't; He-H, flow, 10 vol % H,).
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Table 1. Main results of the fresh catalysts characterization: morphological properties, and density and distribution of the acid and basic sites.

Morphological properties
Catalyst

Acid sites (umol-g?), [T (K)]

Basic sites (umol-g?), [T (K)]

S(m?g') D,(hm) V,(cm*g?!) Weak Medium  Strong Weak Strong
TiO, 48 19 0.3 0.4[328] 3.0[416] 5.1[523] 2.9 [318] 24.4 1653, 728]
mTiO, 72 24 0.5 0.8 [340] 5.1[434] 7.8[555] 7.7[322,350] 42.3[595, 687]
Au/mTiO, 49 21 0.3 0.9[329] 4.7[400] 5.5[502] 2.0 [291] 9.9 [664, 714]
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Table 2. Selectivities to side compounds produced with the different catalysts in the gas-phase ethanol condensation. (WHSV =7.9 h'!; He-H, flow, 10 vol %

Hz).

Selectivity (%)

Catalyst T (K) Crotonal- Crotyl 2-ethyl-

Aceticacid Ethyl acetate = Butanal 1-hexanol 2-ethylhexanol 1-octanol

dehyde alcohol butanol

523 0 0 0 0 0 0 0 0 0

Tio 573 0 0 0 0.3 0.5 0 0 0 0
z 623 0.4 0.7 0.7 0.5 0.1 0.3 0.2 0.1 0.1
673 0.8 0.9 1.6 0.2 0.1 0.5 0.5 0.1 0.1

523 0 0 0 0 0 0 0 0 0

. 573 0 0 0 0 0 0 0 0 0

mTiO,

623 0.4 0.5 0.2 0.3 0.1 0.1 0 0 0

673 0.6 0.8 0.5 0.2 0.2 0.1 0 0 0
523 0 0.8 7.0 2.0 1.0 2.9 3.0 0.5 0.2
. 573 1.3 1.6 4.2 5.9 0.8 0.9 0.8 0.8 0.8

Au/mTiO,

623 0.8 2.1 1.7 1.0 0.2 0.8 0.5 0.3 0.2
673 0.6 1.2 2.6 0.4 0.1 0.6 0.8 0.1 0.1
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