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a  b  s  t  r  a  c  t

Bimetallic  Ru-Au/TiO2 catalysts  prepared  by deposition-precipitation  with  urea  method  were  tested  for
the first  time  in  the total  oxidation  of  methanol.  Different  Ru:Au  atomic  ratios  were  used  (1:1–0.25:1).
The  catalytic  activity  results  showed  a synergetic  effect  at low  temperature  (RT–50 ◦C),  mainly  for  the
1:1  and  0.75:1  atomic  ratio.  HAADF-STEM  and  STEM-EDS  characterization  confirmed  the interaction
between  Ru  and  Au.  TPR,  UV–vis  spectra,  XPS  and  DRIFTS-CO  results  also  confirm  this  interaction.  FTIR
eywords:
ethanol oxidation
old catalysts
imetallic
uthenium

spectra,  recorded  following  the  oxidation  of methanol  as a function  of the  reaction  temperature,  showed
that  formates  are  the  main  reaction  intermediates  in the  oxidation  of  methanol,  which  are  formed  from
RT  on  bimetallic  Ru-Au catalysts  and  are  oxidized  at lower  temperatures  compared  to  their  monometallic
Ru  and  Au  counterparts.

© 2017  Elsevier  B.V.  All  rights  reserved.

eposition-Precipitation

. Introduction

Volatile organic compounds (VOCs), which are characterized by
igh vapor pressure and low water solubility, are precursors of
zone and photochemical smog. They are emitted from outdoor
ources, such as transport and industrial processes as well as from
ndoor sources, such as household products. The most efficient and
ow-cost method for their abatement is the catalytic combustion to
O2 and H2O, preferentially at low temperatures [1,2].

Methanol is frequently employed as a model molecule for the
otal oxidation of VOCs; it has been investigated using gold cat-
lysts supported on metal oxides because gold is known to be
atalytically active in oxidation reactions when it is well dispersed
n reducible metal oxides. The most remarkable reaction is CO
xidation at temperatures lower than ambient [3–6], although it
as also been studied in VOCs oxidation using different molecules

robes as propene, benzene, hexane, ethanol, toluene and acetone
7–11]. Particularly, gold catalysts supported on metal oxides such
s Fe2O3 [12,13], CeO2 [14,15], MCM-41 (modified by V and Nb)

∗ Corresponding author.
E-mail address: rodolfo.zanella@ccadet.unam.mx (R. Zanella).

ttp://dx.doi.org/10.1016/j.apcatb.2017.01.081
926-3373/© 2017 Elsevier B.V. All rights reserved.
[16], ZnO [17] and TiO2 [18] have been investigated for the oxida-
tion of methanol. Au/Fe2O3 has shown higher catalytic activity and,
in some cases, better performance than Pt and Pd catalysts for this
reaction [12,13].

A few studies have been focused on explaining the reac-
tion mechanism of the total oxidation [15,17] and decomposition
of methanol [19,20] on Au supported catalysts, indicating that
methoxy and formate species are the principal reaction interme-
diates. The reaction between methanol and surface OH groups
producing methoxy species adsorbed on the support with elimi-
nation of water is generally agreed. This methoxy species are then
transformed into formates and also oxidized totally to CO2. The
last step is the oxidation of formates to CO2, although it has been
reported that formates can also act as a catalyst poison [17]. The
activation of oxygen has been proposed to be performed in the
periphery of the Au particle with the support [19,20], and some-
times the support can deliver some oxygen from the lattice, as in
the case of TiO2, CeO2 and Fe2O3 [12,14]. Scirè et al. [12,14] pro-
posed that highly dispersed small gold particles are able to weaken
the Ce O and Fe O bonds adjacent to the Au atom, increasing like

this the mobility of the lattice oxygen, also called metal-assisted
Mars-Van Krevelen mechanism.

dx.doi.org/10.1016/j.apcatb.2017.01.081
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2017.01.081&domain=pdf
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Bimetallic catalyst systems have been employed to improve the
ctivity, selectivity and stability, compared to their monometallic
ounterparts. It is known that the physical and chemical properties
f bimetallic particles are different from those of the monometallic
nes, including changes in their optical and electronic properties,
hich are tunable with composition and particle size. The final

omposition of these catalysts depends strongly on the method
f synthesis, interaction between metals, atmosphere and tem-
erature of activation, among others. The addition of the second
omponent may  induce significant changes in activity and selec-
ivity, attributing the enhancement of the catalytic properties to
nsemble or ligand effects [21].

It has been reported that, despite their immiscibility in bulk
tate [22,23], Au and Ru can interact in supported catalysts, show-
ng an enhancement of their catalytic properties in the oxidation of

ethanol [24,25], glycerol [23] and CO in a mixture of CO/NH3/O2
26], compared to their monometallic counterparts. Particularly,
he bimetallic Au-Ru/Fe2O3 catalyst [24] exhibited a higher hydro-
en production in the partial oxidation of methanol, compared to
he monometallic Ru and Au catalysts. The increase in activity was
ttributed to the strong metal–metal and metal-support interaction
n the catalyst. Sreethawong et al. [25] studied Au-Ru catalysts sup-
orted on Al2O3 and SiO2 observing that the interactions between
u and Ru was beneficial for the total oxidation of methanol
ecause of the creation of different types of adsorption/desorption
ites that modify the mechanism of methanol decomposition.

The aims of this work were to evaluate, for the first time, the
ffect of ruthenium in bimetallic Ru-Au catalysts supported on TiO2
n the total oxidation of methanol as a function of the Ru:Au atomic
atio and to try to elucidate the nature of the interaction between
old and ruthenium. To obtain information about the reaction
echanism, FTIR spectra were recorded following the oxidation

f methanol as a function of the reaction temperature.

. Experimental

.1. Preparation of catalysts

.1.1. Preparation of monometallic samples
Titania Degussa P25 was used as support (45 m2 g−1, non-

orous, 70% anatase and 30% rutile, purity >99.5%). Commercial
AuCl4·3H2O (Sigma) and RuCl3·3H2O (Pressure Chemical) were
mployed as gold and ruthenium precursors. Prior to preparation,
iO2 was dried in air at 100 ◦C for at least 24 h. The nominal metal

oadings in the monometallic catalysts were 3 wt.% for gold and
.56 wt.% for Ru, which is equivalent to 0.4 at.% for each sample.

The preparation of the Au/TiO2 sample was performed by
eposition-precipitation with urea (DPU) in the absence of light,
ccording to the previously reported procedure [27,28]. In this
reparation, the HAuCl4 (4.2 × 10−3 M)  and urea (0.42 M)  were dis-
olved in 37 mL  of distilled water.. Then, 1 g of titania was  added to
his solution. The suspension was heated at 80 ◦C and kept constant
or 16 h under vigorous stirring. Afterwards, the suspension was
entrifuged, washed with water and centrifuged again four times.
he solid recovered was dried under vacuum for 2 h at 80 ◦C. The
onometallic Ru/TiO2 sample was prepared following the same
ethod, 1 g of titania was added to an aqueous solution (37 mL)

ontaining RuCl3 (4.2 × 10−3 M)  and urea (0.42 M).  The suspension
as stirred vigorously and kept at 80 ◦C for 2 h, then it was cen-

rifuged and washed four times with water, as in the case of the

u/TiO2 sample. The solid recovered in both samples was  dried
nder vacuum for 2 h at 80 ◦C and stored at room temperature in a
esiccator under vacuum, away from light in order to prevent any
lteration [29].
nvironmental 207 (2017) 79–92

2.1.2. Preparation of bimetallic samples
In bimetallic samples, the nominal gold loading was kept con-

stant (3 wt.%), whereas for ruthenium was chosen to synthesize
Ru-Au catalysts with different Ru:Au atomic ratios: 1:1, 0.75:1,
0.5:1 and 0.25:1. A sequential deposition method was used to pre-
pare these catalysts. Gold was first deposited on TiO2, according to
the DPU method described above. After being dried at 80 ◦C for 2 h,
ruthenium was  also deposited by DPU as previously described. The
same procedure of washing and drying as above was employed. The
samples were identified as Ru-Au followed by the nominal Ru:Au
atomic ratio, e.g., Ru-Au 0.75-1.

2.2. Characterization techniques

The elemental analysis of Au and Ru in the dried samples was
performed by X-ray fluorescence (XRF) using a XEPOS HE (AMETEK)
spectrometer. The Au and Ru weight loadings were expressed in
grams of each metal per gram of sample.

After ex situ thermal treatment under the same conditions as
those used for the oxidation reaction of methanol, the samples
were examined by transmission electron microscopy in a Jeol-2010
FasTem analytical microscope equipped with a high-angle annu-
lar dark-field (HAADF) detector. The average size of particles and
the histograms of particle sizes were obtained from the measure-
ment of 300–500 particles. The size limit for the detection of the
metal particles on TiO2 was  about 0.6 nm. The average particle
diameter ds was calculated with the formula: �nidi/�ni, where ni
is the number of particles of diameter di. The standard deviation
was calculated with the formula: [�(di − ds)2/�ni]1/2. High resolu-
tion Z-contrast scanning transmission electron microscopy (STEM)
imaging and STEM energy dispersive X-ray spectroscopy (EDS)
analysis were performed using a probe aberration-corrected JEOL
ARM200CF equipped with an Oxford X-Max100TLE windowless
detector. The microscope was  operated at 200 kV. The probe current
and convergent semiangle were 79 pA and 15 mrad, respectively.
The collection angle of the HAADF detector was 68–280 mrad.
The STEM-EDS maps, linescan profiles and compositions were col-
lected using the Oxford Aztec software. The quantification of the
compositions of bimetallic nanoparticles was performed by the
Cliff-Lorimer method [30] using the Aztec software.

Diffuse reflectance UV–vis spectra of the catalysts were obtained
using a CARY 5000 spectrophotometer equipped with a Praying
Mantis and a high temperature reaction chamber (Harrick). The
spectra were recorded from 300 to 800 nm during the activation
thermal treatment under hydrogen. In each experiment, approx-
imately 30 mg  of dried sample was  packed in the sample holder
and pretreated in situ under hydrogen flow (30 mL  min−1 and
5 ◦C min−1) up to 300 ◦C, followed by a 60-min plateau. A spectrum
of Teflon (from Aldrich) was  used as reference.

The hydrogen temperature programmed reduction (H2-TPR)
analysis of the dried catalysts was  performed in a RIG-150 unit
under a flow of 10% H2/Ar mixture (50 mL min−1) employing a
heating rate of 10 ◦C min−1 from room temperature to 600 ◦C. H2O
produced during the reduction process was  trapped before the TCD
detector.

CO adsorption was followed by DRIFT spectroscopy to charac-
terize the metallic surface. The experiments were carried out in
a Nicolet 670FT-IR spectrophotometer equipped with a Praying
Mantis and a low/high temperature reaction chamber (Harrick).
In each experiment, approximately 40 mg  of dried sample was
packed in the sample holder and pretreated in situ under hydrogen
flow (40 mL  min−1, heating rate 5 ◦C min−1) up to 300 ◦C followed

by a plateau of 1 h. After thermal treatment, the sample was
cooled down to room temperature under the same gas flow and
then purged with N2 before the introduction of 5% CO in N2
(40 mL min−1). A spectrum recorded under N2 was used as refer-
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Fig. 1. Light-off curves for the oxidation of methanol on monometallic Au and Ru
and  bimetallic Ru-Au catalysts with different atomic ratio activated in hydrogen at
300 ◦C.

Table 1
Temperatures of 50% and 100% methanol oxidation on the investigated catalysts.

Catalyst T50 (◦C) T100 (◦C)

Au 75 118
Ru 97 142
Ru-Au 1-1 45 104
Ru-Au 0.75-1 43 68
L.A. Calzada et al. / Applied Cataly

nce, then several spectra were recorded under the CO flow until
he band intensity was stable.

X-ray photoelectron spectroscopy (XPS) analyses were per-
ormed on a multi-technique (SPECS) equipment with a dual X-ray

g/Al source and a PHOIBOS 150 hemispheric analyzer. The spec-
ra were obtained using pass energy of 30 eV, and the Al-K� X-ray
ource was operated at 100 W.  The working pressure in the ana-
yzing chamber was less than 2 × 10−8 mbar. XPS spectra were
cquired after an in situ pre-treatment under hydrogen flow at
00 ◦C. The binding energy (BE) scale was referenced to the peak at
89.5 eV of adventitious carbon because it is not overlapped as the
sually used peak at 284.6 eV. The fitting analysis was  performed
sing CASA XPS software.

.3. Catalytic activity

The performance of the oxidation of methanol was evaluated
sing a continuous plug-flow microreactor at atmospheric pres-
ure. For each experiment, 50 mg  of powder catalyst diluted with
00 mg  of quartz (40/60 mesh) was placed in the microreactor. The
atalyst sample was first activated in situ under hydrogen flow
50 mL  min−1) with a heating rate of 5 ◦C min−1 up to 300 ◦C, fol-
owed by a temperature plateau of 2 h. After this treatment, the
ample was cooled to RT under the same gas. The reactant gas mix-
ure (2700 ppm methanol and 20 vol.% O2 balanced with He) was
ntroduced with a total flow rate of 100 mL  min−1, and a heating
ate of 5 ◦C min−1. To keep the desired concentration of methanol,

 saturator with a thermostatic bath at 5 ◦C was employed con-
ected with a He flow (3.5 mL  min−1). All the lines in contact
ith methanol were warmed to prevent condensation. The outlet

as stream was analyzed continuously with a mass spectrometer
Balzers QMG  421). The following species were scanned: CH3OH
m/e = 31), formaldehyde (m/e  = 30), CO (m/e = 28), CO2 (m/e = 44),

2O (m/e  = 18) and H2 (m/e = 2).
To determine the reaction rates, a lower amount of catalyst was

equired in order to guarantee a kinetic regime (conversion <20%).
or that purpose, 25 mg  of catalyst was diluted in 100 mg  of quartz
40/60 mesh), placed in the microreactor and tested as previously
escribed. The turnover frequencies (TOF), number of molecules
f methanol converted per surface atom of gold particles, and per
econd, were determined from the reaction rates (calculated at low
onversion) and the dispersion of the metal (number of surface
toms/total number of atoms in the particle). The dispersion of
etal was calculated with the assumption that metal particles were

uboctahedral with an hexagonal face in contact with the titania
urface.

.4. Temperature programmed oxidation of adsorbed methanol
y transmission FTIR

The adsorption of methanol and the temperature programmed
eaction with oxygen of the adsorbed species were followed
y in situ infrared Fourier transform spectroscopy (FTIR). Self-
upporting wafers of each material (25 mg,  d = 13 mm,  P = 5 t cm−2)
ere placed into a Pyrex IR cell fitted with water-cooled NaCl
indows, which was attached to a conventional high vacuum sys-

em, equipped with a manifold for gas flow operation. Before the
dsorption of methanol, each sample was pretreated in situ under
ydrogen flow (50 mL  min−1, heating rate 5 ◦C min−1) up to 300 ◦C

ollowed by a plateau of 2 h. After thermal treatment, the sample
as cooled down to room temperature under the same gas flow

nd then evacuated at room temperature. Reference IR spectra of

he clean surface sample after reduction were taken at room tem-
erature. Next, pulses of methanol (Carlo Erba RPE, 99.9%) were

njected into the cell until saturation of the surface was obtained,
s indicated by the steady state of the IR signals. Afterward, the
Ru-Au 0.5-1 50 91
Ru-Au 0.25-1 58 91

cell was  filled with 5% O2/He flow (40 mL  min−1) and heated from
RT until methanol consumption was  achieved (∼120 ◦C). IR spectra
were recorded at RT and during the heating (every 10 ◦C).

Infrared transmission spectra were acquired with a Nicolet 8700
FTIR spectrophotometer equipped with a MCT  detector (4 cm−1

resolution, 100 scans). Background correction of the spectra was
achieved by subtracting the spectra of the clean wafers after the
pre-treatment at room temperature.

3. Results

3.1. Oxidation of methanol

Fig. 1 shows the light-off curves for the combustion of methanol
on the investigated catalysts. Signals obtained by mass spectrom-
etry showed CO2 and H2O to be the only reaction products. Table 1
summarizes the temperatures required to reach 50% conversion
(T50) and 100% conversion (T100) for each catalyst. The monometal-
lic Ru catalyst began to be active to oxidize methanol at ca. 35 ◦C,
reaching 50% conversion at 97 ◦C (T50) and complete conversion at
142 ◦C (T100). The gold-titania catalyst was more active than the
ruthenium one, showing a T50 at 75 ◦C and T100 at 118 ◦C. In the
case of the bimetallic catalysts, the increase in the Ru:Au ratio led
progressively to a more active catalyst. The T50 decreased to 58, 50,
44 and 45 ◦C for the Ru-Au 0.25-1, 0.5-1, 0.75-1 and 1-1 catalysts,
respectively. Moreover, the Ru-Au 1-1 and Ru-Au 0.75-1 samples
exhibited 30% and 20% methanol conversion at 25 ◦C, respectively.
This behavior was  also observed for the temperature required to
reach 100% methanol conversion, except for the Ru-Au 1-1 catalyst,
which exhibited the lowest activity, compared to the other bimetal-

lic Ru-Au catalysts. It is important to highlight that the combination
of Ru and Au produced more active catalysts in the complete oxi-
dation reaction of methanol, with Ru-Au 0.75-1 catalyst being the
most active in the whole temperature reaction range. Table 2 shows
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Fig. 2. HAADF images and particle size distributions of the catalysts re
he specific reaction rates and TOF values for the monometallic Au
nd Ru catalysts as well as the Ru-Au 0.75-1 bimetallic one calcu-
ated in kinetic regime. It can be observed that the reaction rates
 in hydrogen at 300 ◦C: a) Au, b) Ru, c) Ru-Au 1-1 and d) Ru-Au 0.75-1.
of the monometallic catalysts are lower than the one of the Ru-Au
0.75-1 catalyst. Moreover, the TOF calculated for the 0.75-1 catalyst
is more than twice higher than the monometallic ones. This result
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Table  2
Comparison of the reaction rates for CH3OH oxidation of Au, Ru and Ru-Au 0.75-1
catalysts. The determination of the reaction rate at 60 ◦C was  performed in kinetic
regime at conversions lower than 20%.

Catalyst Dispersion Reaction rate(molCH3OH gcat
−1 s−1) TOF(s−1)

Au 0.44 5.4 × 10−7 0.007
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Ru 0.55 5.5 × 10−7 0.006
Ru-Au 0.75-1 0.41 1.7 × 10−6 0.016

onfirms the synergetic effect observed in the bimetallic system. It
s important to highlight that the combination of Ru and Au pro-
uced more active catalysts in the complete oxidation reaction of
ethanol, with the Ru-Au 0.75-1 catalyst being the most active in

he whole temperature reaction range.

.2. Elemental analysis

The theoretical metal loadings for the monometallic catalysts
ere 3 wt.% Au for Au/TiO2 and 1.56 wt.% Ru for Ru/TiO2, which

orresponded to 0.4 at.% for both samples. Table 3 shows the com-
arison between the nominal and actual metal loadings, together
ith the results for the bimetallic Ru-Au/TiO2 catalysts with differ-

nt atomic ratio. In the case of gold, all the metal was deposited
n the support in both the monometallic and bimetallic sam-
les, which is in agreement with former studies on gold catalysts
27,28,31]. Regarding ruthenium, about 90% of metal in solution
as deposited, which means that DPU is an accurate method to

ynthesize Ru catalysts supported on TiO2.

.3. Particle size

Fig. 2 shows some selected HAADF images and the particle size
istribution for the Au, Ru, Ru-Au 1-1 and Ru-Au 0.75-1 catalysts
fter activation in H2 at 300 ◦C. The average metal particle size is
eported in Table 3. The particle size for Au and Ru after thermal
reatment was 2.6 and 2 nm,  respectively, whereas for the Ru-Au
-1 and Ru-Au 0.75-1 it was 2.3 and 2.9 nm,  respectively. These
esults indicate that there was no strong difference in the particle
ize between the monometallic Au catalyst and the bimetallic ones;
owever, all of them were slightly larger than the monometallic Ru
atalyst.

.4. Reducibility of gold and ruthenium in the dried samples

.4.1. H2-TPR characterization
The reducibility of the dried samples was studied by H2-TPR

Fig. 3). The results show that the monometallic Au catalyst pre-
ented a simple reduction peak between 120 and 175 ◦C with a
aximum at 141 ◦C, which is ascribed to the reduction of Au3+ to

u0 [32,33]. The monometallic Ru catalyst exhibited a peak cen-
ered at 103 ◦C (from 75 to 130 ◦C) that could be attributed to
he reduction of ruthenium species derived from hydrolysis (RuOx,
uO2 amorphous or Ru(OH)x) to Ru0 [34–36]. Another broad peak

rom 200 to 300 ◦C, with a maximum at 250 ◦C was  also observed,
hich could be related to the reduction of Ru(OH)3 species [34],

he partial reduction of TiO2 surface [37] or the reduction of RuO2
38]. The bimetallic Ru-Au catalysts showed a peak located at 106,
14, 112 and 119 ◦C for the 1-1, 0.75-1, 0.5-1 and 0.25-1 Ru-Au
tomic ratio, respectively, attributed to the reduction of the before
entioned Ru and Au species. It is interesting to note that the
aximum of the peak of the bimetallic samples was  between the

axima of the monometallic Ru and Au catalysts and that these

eaks were shifted to higher temperature when the Au atomic ratio
as increased. On the other hand, the Ru-Au 0.25-1 catalyst showed

 shoulder at ∼130 ◦C, related to the reduction of gold species.
Fig. 3. H2-TPR profiles of dried bimetallic Ru-Au catalysts, including monometallic
Ru and Au catalysts for comparison.

The presence of the first peak suggests some kind of interaction
between Au and Ru, and a promotion of gold reduction by ruthe-
nium. In the Ru-Au 0.25-1 sample, the amount of Ru might not be
enough to promote the reducibility of Au. In addition, the catalysts
with high Ru loading exhibited also the second broad peak between
200 and 300 ◦C.

3.4.2. UV–vis characterization
The Au, Ru, Ru-Au 1-1 and Ru-Au 0.75-1 samples were analyzed

by in situ UV–vis spectroscopy under H2/Ar flow from RT to 300 ◦C
(Fig. 4). The monometallic Au catalyst (Fig. 4a) developed a charac-
teristic broad band between 400–800 nm at increasing temperature
because of the surface plasmon resonance (SPR) of metallic gold
nanoparticles [39,40]. This band started to be visible and increased
from 150 ◦C, reaching a maximum intensity at 300 ◦C, located at
528 nm.  Fig. 4b shows the UV–vis spectrum of the Ru sample, a
weak and broad absorption band at ∼430 nm was present at room
temperature, which could be ascribed to a d–d transition band
[41]. With the increase in temperature, this band lost intensity
and a continuous band in the visible region, characteristic of Ru0

nanoparticles, was  observed [42–44].
The initial spectra from the bimetallic Ru-Au 1-1 and Ru-Au

0.75-1 samples are shown in Fig. 4c and d, respectively. The adsorp-
tion band at ∼430 nm was  also observed at RT; during the increase
in temperature, this band disappeared as in the monometallic Ru
catalyst, indicating the reduction of the Ru species, and a new band
started to evolve at 120 ◦C, which is related to the SPR of metallic
gold nanoparticles. Interestingly, the evolution of the gold plas-
mon  band started at lower temperatures in the bimetallic catalysts
than in the monometallic Au sample. This result indicates that gold
nanoparticles are formed at lower temperatures in the presence
of ruthenium, in agreement with H2-TPR profiles. Moreover, the
shape of the absorption band in the bimetallic catalysts was dif-
ferent to that in the monometallic Ru and Au samples, showing
a lower intensity, and shifted to a lower wavelength. In the Ru-
Au 0.75-1 sample, the plasmon band was  blue-shifted to ∼515 nm,
whereas in the Ru-Au 1-1 the sample, the band was less defined
at around 510 nm.  It is known that the shape and position of the
plasmon band depend on the particle size, shape and surrounding
environment [45–47]. Note here that the Au loading and particle

size distribution were similar in both the Ru-Au 1-1 and the Ru-
Au 0.75-1 samples. Then, these results also point out to a close
interaction between gold and ruthenium in the bimetallic catalysts.
Kumar et al. [44] prepared Au-Ru bimetallic nanoparticles by sono-
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Table 3
Composition and average metal particle size of the catalysts studied.

Catalyst Au (wt.%) Ru (wt.%) Atomic ratio actual Ru/Au Average particle size (nm)

Theoretical Actual Theoretical Actual

Au 3 3.2 – – – 2.6
Ru  – – 1.56 1.5 – 2.0
Ru-Au  1-1 3 3.1 1.56 1.4 0.88 2.3
Ru-Au  0.75-1 3 3.1 1.19 1.1 0.69 2.9
Ru-Au  0.5-1 3 3.2 0.79 0.7 0.43 Not measured
Ru-Au  0.25-1 3 3.2 0.4 0.4 0.24 Not measured
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Fig. 4. UV–vis spectra of samples reduced in

hemical reduction followed by UV–vis spectroscopy and observed
 slight decrease in the SPR originated by a Ru layer formed on the
u nanoparticles. Thus, the UV–vis spectra of bimetallic catalysts
uggest that the interaction between both metals could be ascribed
o a partial covering of gold nanoparticle by Ru.

.5. XPS results

To obtain electronic information of the activated catalysts, XPS
nalysis were performed. The observed Au 4f7/2 and Ru 3d5/2 bind-
ng energies for the monometallic references and the bimetallic
u-Au 0.75-1 catalyst are shown in Fig. 5 and reported in Table 4.
he characteristic Au 4f7/2 photoelectron peak, located at BE val-
es between 84.3 and 84.7 eV, because of the presence of metallic
old [48–50], is observed on both mono and bimetallic catalysts

Fig. 5a). The shift of the Au 4f7/2 core-level peak to higher energies,
elative to the bulk value of 84.0 eV, has been attributed to particle
ize effects [51]. Additionally, in the Ru-Au catalyst, some features
re observed at much higher BE, that is 89.39 and 86.40 eV. These
nder hydrogen at increasing temperatures.

peaks are in agreement with the presence of partially oxidized gold
species [48].

The XPS analysis in the Ru 3d region of the Ru and Ru-Au catalyst
shows two  couples of peaks that can be assigned to two different
species (Fig. 5b). Peaks close to 284.5 eV and 280.7 are assigned to
metallic ruthenium [52,53]. The couple of bands at around 286.5
and 282.0 indicate that ruthenium-oxidized species are present at
the surface of the particles. These species could be assigned to RuO2.
There is no fundamental difference between monometallic and the
bimetallic one in this XPS region.

3.6. Composition of the particles

To get further insight into the nanometric interaction between
both metals, a detailed analysis of the Ru-Au 1-1 catalyst acti-

vated in hydrogen at 300 ◦C was  performed by HAADF-STEM and
STEM-EDS employing an aberration corrected STEM. A STEM oper-
ated in the mode in which the scattered electrons are collected by
means of a HAADF detector forms a Z-contrast image. Because of
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Fig. 5. XPS spectra in the 4f region of gold (a) and 3d of ruthenium (b) for the monometallic Au/TiO2, Ru/TiO2 and bimetallic 0.75-1 Ru-Au/TiO2 catalysts pre-reduced in situ
under flowing H2 at 300 ◦C. Dash lines correspond to C 1s signals.

Table 4
Binding energy values of gold and ruthenium phases on the Au, Ru and Ru-Au 0.75-1 catalysts determined by XPS measurements.

Catalyst Au 4f7/2 (eV) Ru 3d5/2 (eV)

Au (0) Au(�+) Ru (0) RuO2

86.40

t
t
t
t
p
i
t
t
f
t
a
p
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i

Au 87.96 84.28
Ru 

Ru-Au 0.75-1 88.31 84.69 89.34 

he inherent nature of the Z-contrast HAADF-STEM mode, where
he image intensity is approximately proportional to the square of
he atomic number (Z2), Au (Z = 79) and Ru (Z = 44) can easily be dis-
inguished by the intensity differences [54,55]. Consequently, Au
articles appear brighter than Ru particles in the Z-contrast STEM

mages, as shown in Figs. 6 a and 7a. According to these images,
he Ru-Au 1-1 catalyst is made up of small Ru monometallic par-
icles (∼2 nm)  and particles composed of Ru and Au in interaction,
orming different structures. The EDS mapping in Fig. 6b suggests
hat these bimetallic structures consists of two  parts, one rich in Au
nd another one rich in Ru (a kind of Janus structures). The EDS line

rofile of other structures show gold cores partially covered by Ru
Fig. 7b). These results confirm the interaction between Au and Ru
n the bimetallic particles.
284.77 280.76 286.56 281.95
 284.80 280.70 286.77 282.10

3.7. Surface composition of the catalysts by CO-DRIFTS

The surface composition of the particles in the bimetallic Ru-
Au 1-1 and Ru-Au 0.75-1 samples was studied using CO as a probe
molecule by DRIFTS after in situ activation in hydrogen performed
at 300 ◦C. The monometallic Au and Ru samples were also analyzed
for comparison.

The adsorption of CO in the Au catalyst (Fig. 8) led first to the
apparition of a band at 2100 cm−1 attributed to CO adsorbed on
low-coordinated surface Au0 atoms [56,57]. This band disappeared
slightly under the constant exposure to CO and a new one started

to evolve at 2040 cm−1, which was  ascribed to CO adsorbed on
negatively-charged gold sites (Au�−) [57–61] as a result of the cre-
ation of new adsorption sites due to the reconstruction of the gold
nanoparticles under CO exposure [62].
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Fig. 6. (a) HAADF-STEM image of the catalysts Ru-Au 1-1, showing Ru-Au metals in interaction; (b) component maps.
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Fig. 7. (a) HAADF-STEM image of the catalyst Ru-Au 1-

The monometallic Ru catalyst (Fig. 8) initially exhibited a com-
lex spectrum which was characterized by a single band located
t 2128 cm−1 and an intense broad band with a long tail in the
100–1900 cm−1 region; in addition, absorption bands at 2059 and
993 cm−1 as well as a shoulder at 2030 cm−1 were detected. With
he continue exposition to CO, all the bands increased in intensity
nd the band at 1993 cm−1 became more defined. The high fre-
uency bands situated at 2128 and 2059 cm−1 are attributed to the
dsorption of multicarbonyl species on partially oxidized Ru sites
Run+(CO)x) [63–66]. The band at 2059 cm−1 may  also contain con-
ributions from dicarbonyl species adsorbed on Ru0 (Ru0-(CO)2),
hich has been observed between 2062 and 2049 cm−1 [63,67].

he shoulder at 2030 cm−1 is attributed to linear Ru0-CO species
nd the position of this band depends strongly on the CO cover-
ge [64]. The band at 1993 cm−1 is frequently ascribed to linear
dsorbed CO on isolated Ru0 sites surrounded by partially oxidized
un+ sites [63,66], and it may  contain contributions from Run+-CO
pecies [66]. There is also an additional contribution from dicar-
onyl species formed on Ru0 in this position, according to the
esults reported by Chin et al. [63]. The long tail in the low fre-
uency band is attributed to a bridged-bonded CO of the Ru2

0-CO
ype [63,67]. There are other attributions proposed for the band
t 1993 cm−1 as the CO adsorption on Ru metal sites that inter-

ct strongly with the metal oxide support, as well as CO species
dsorbed on Ru sites located at the metal support interface [66].

The initial spectra from the bimetallic Ru-Au 1-1 and Ru-Au
.75-1 catalysts (Fig. 8) exhibited a complex broad band from 2140
wing Ru-Au metals in interaction; (b) EDS line profile.

to 1900 cm−1 with peaks located at 2061, 2029 and 1992 cm−1

for the Ru-Au 1-1 catalyst, and 2066, 2033 and 1993 cm−1 for
the Ru-Au 0.75-1 one. However, compared to the monometallic
Ru catalyst, the high frequency band at ∼2130 cm−1, attributed
to Run+(CO)x species in bimetallic samples, is not well defined
because of the overlap with the shoulder at ∼2100 cm−1. That is
due to the contribution of CO adsorption on the metallic Au sites,
whose band seems to be red-shifted showing a lower intensity
than that of the monometallic Au sample. Under continuous CO
exposure, the shoulder related to Au0-CO decreased in intensity, as
in the monometallic Au sample, whereas the bands related to Ru
enhanced their intensity.

It is important to note that the intensity of the bands related to
the CO adsorption on Ru sites in the Ru-Au 0.75-1 catalysts are
lower than in the monometallic Ru and the Ru-Au 1-1 samples
(Fig. 9), as well as the presence of the shoulder at 2100 cm−1 with
lower intensity indicating a shift in the Au0-CO band in the bimetal-
lic samples. These facts could be related to the interaction between
Ru and Au, which decreased the number of adsorption sites on the
surface and it also indicated a change in the nature of gold sites.
This idea is also supported by TEM results, which showed different
Ru-Au mixed structures. We  cannot discard the possibility that the
lower intensity of the bands in the Ru-Au 0.75-1 catalyst is due to

the decrease of Ru loading.
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Fig. 8. DRIFT spectra recorded at RT of CO adsorbed on catalysts after in situ activation in hydrogen at 300 ◦C, at different times: (a → g) 5, 10, 20, 30, 40, 50 and 60 min.
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son purposes, the spectrum of methanol adsorbed on the bare TiO
ig. 9. Comparison of the DRIFT-CO spectra of monometallic Ru and Au and bimetal-
ic Ru-Au 1-1 and Ru-Au 0.75-1 at RT.

.8. Oxidation of methanol followed by FTIR

.8.1. Adsorption of methanol
The adsorption of methanol was recorded by FTIR to elucidate
he species adsorbed on the catalysts. Fig. 10 shows the spectra
fter the adsorption of methanol at RT and subsequent evacua-
ion of the Ru and Au monometallic catalysts, as well as that of
Fig. 10. IR spectra after CH3OH adsorption at RT on Au, Ru, Ru-Au 1-1 and Ru-Au
0.75-1 catalysts activated under H2 at 300 ◦C.

the bimetallic Ru-Au 1-1 and Ru-Au 0.75-1 catalysts. The IR spec-
tra recorded prior to CH3OH adsorption were subtracted from the
spectra of methanol-exposed surfaces in order to isolate the surface
signals arising from the chemisorption of methanol. For compari-
2
support was also included. After exposure to methanol, molecularly
adsorbed methanol (CH3OHS) and methoxy (CH3OS) species were
formed on the surface of TiO2. The later surface groups were pro-
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uced by a reaction with OH on the surface of the metallic oxides
ith the elimination of water molecules [15,68–71]. This process

s clearly observed in the 3760–3500 cm−1 region that exhibits a
road negative band, related to the depletion of the superficial
ydroxyl species on TiO2, as well as a negative peak at 1620 cm−1,
hich is characteristic of �(H2O) vibrational mode. The �(CH)

tretching mode (3100–1700 cm−1) displayed peaks related to the
ormation of methoxy and methanol species molecularly adsorbed
n the support; nevertheless, because of the high overlapping of
he several modes of both species, this region is not useful for the
dentification of adsorbed species, whereas the �(CO) mode region
1200–1000 cm−1) is more appropriate for this purpose.

The bands at 1457, 1439 and 1153 cm−1 are attributed to
ethoxy species (CH3OS) with �as(CH3), �s(CH3) and �(CH3) vibra-

ional modes, respectively, whereas the band at 1363 cm−1 could be
scribed to carbonates. In the �(CO) region, there are signals at 1112
nd 1062 cm−1 related to mono and bidentade methoxy species,
hereas the band at 1026 cm−1 is due to methanol in gaseous phase

68,72,73].
The catalysts containing ruthenium also exhibited a single peak

t ∼2029 cm−1, which is ascribed to CO adsorbed on the metal-
ic sites of Ru (Ru0-CO). Different studies have demonstrated that

ethanol is completely dehydrogenated on Ru(0001) surfaces at
emperatures lower than RT, producing adsorbed hydrogen and
arbon monoxide species [74–76]. The intensity of the Ru0-CO peak
as much higher for the monometallic Ru catalyst, whereas the

ntensity was less pronounced in the bimetallic Ru-Au 1-1 and Ru-
u 0.75-1 catalysts, probably because of the interaction between
u and Ru, which decreased the Ru adsorption sites.

.8.2. Temperature-programmed oxidation of adsorbed methanol
Temperature-programmed oxidation of adsorbed methanol

TPSR) experiments were performed after the adsorption of
ethanol under a dynamic flow of 5% O2/He in the cell. Infrared

pectra were acquired at different temperatures to detect the evo-
ution of the species involved during the oxidation of methanol.
he catalysts analyzed were the monometallic and the bimetallic
u-Au 1-1 and Ru-Au 0.75-1 ones shown in Fig. 11. The evolution of
he intensity of some of the bands as a function of the temperature
s depicted in Fig. 12.

The admission of oxygen into the cell and the increase in
emperature in the Au catalyst (Figs. 11a and 12a) led to the con-
inuing decrease of methoxy species with mono and bidentade
oordination at 1113 and 1060 cm−1, respectively. In addition, the
volution of the bands at 1587, 1359, 1558 and 1380 cm−1, which
re attributed to the vibrational asymmetric and symmetric �(OCO)
ode (the first two for bidentade and the last two for bridged

oordination, respectively [73]), was also observed. The highest
ntensity of formates was reached at 40 ◦C remaining almost con-
tant at 50 ◦C and, upon continuous heating, they started to be
onsumed (Fig. 12a). The depletion was a little faster for bidentade
ormate species than for bridged ones, indicating that the first ones

ere more active. On the other hand, the intensity of monodentade
ethoxy decreased faster than for bidentade species (Fig. 12a). This

onsumption could be related to the production of formates (until
0 ◦C) and the complete oxidation of methoxy species. The band
elated to CO2 production (2349 cm−1) started to evolve at 40 ◦C
nd it was enhanced by increasing the temperature, which is in
greement with mass spectrometry results. At this temperature,
ormates could participate in the complete oxidation to produce
O2, which is in agreement with the decrease of the intensity of
he band ascribed to the formates at 50 ◦C, the increase in CO2 pro-

uction (60 ◦C) and the increase in the band of water (1620 cm−1).

t must also be noted that the intensity of the OH group in the
750–3500 cm−1 region, increased at ∼50 ◦C, which indicates the
estoration of the hydroxyl species adsorbed on titania, as an inter-
nvironmental 207 (2017) 79–92

mediate from the oxidation of formates. These temperatures are in
agreement with the results of the oxidation of methanol shown in
Fig. 1.

Fig. 11b shows the FTIR spectra for the monometallic Ru catalyst
after the introduction of oxygen. The rise in the temperature led to
the continuous and slow consumption of the methoxy species with
mono and bidentade coordination, peaks at 1113 and 1059 cm−1,
respectively. Next, the immediate appearance of bidentade and
bridged formate species in an overlapped peak at 1576 cm−1, con-
taining the asymmetric vibrational modes �(OCO) at ∼1587 and
∼1556 cm−1, and the symmetric ones at 1357 and 1380 cm−1, was
observed. These bands increased in intensity reaching a maximum
at 80 ◦C, and then they were consumed. Additionally, the peak
located at 2029 cm−1, attributed to CO adsorbed on the metallic
Ru sites was  consumed and split in two  new bands at 2057 and
1996 cm−1 (Ru0-(CO)2) when the oxygen flow was introduced in
the cell (Figs. 11b and 12b). The consumption of the Ru0-CO could
be related to the production of CO2 (band at 2349 cm−1) at RT.
The presence of a small band located at 2118 cm−1 (Run+(CO)x)
indicates the partial oxidation of Ru caused by the presence of
oxygen. With continuous annealing, the intensity of the split
band decreased slightly in parallel with the formation of a very
small quantity of CO2. Finally, the increase in CO2 production was
achieved at 80 ◦C, which coincides with the fast depletion of for-
mates as well as of the dicarbonyl species. Note here that the
consumption of formates and the production of CO2 at tempera-
tures above 80 ◦C (mass spectroscopy results) is in agreement with
the lower catalytic activity, as compared to pure gold, reported
before for the Ru/TiO2 catalyst.

The FTIR spectra of the Ru-Au 1-1 and Ru-Au 0.75-1 catalysts
are shown in Fig. 11c and d, respectively. Both samples showed
a similar behavior when oxygen was admitted into the cell and
the temperature was increased. Firstly, the methoxy species in
mono- (∼1107 cm−1) and bidentade (∼1056 cm−1) coordination
lost intensity from RT. It was noticed that the monodentade coor-
dination was  more reactive than the bidentade one in the methoxy
species because at 50 ◦C the second one was  still present, whereas
the monodentade had completely disappeared (Fig. 12c and d). The
formation of CO2 was instantaneous at RT and its continuous pro-
duction when the temperature was  increased was  consistent with
the catalytic test of the oxidation of methanol and the mass spec-
trometry results. Moreover, formate species were also produced
after the introduction of oxygen. The asymmetric �(OCO) vibra-
tional mode revealed an overlapped peak in the 1600–1500 cm−1

region with a maxima at ∼1560 cm−1, which contained the con-
tribution of bidentade (∼1580 cm−1) and bridged (∼1557 cm−1)
formate species. The symmetric �(OCO) vibrational mode was
observed at ∼1380 and ∼1358 cm−1 for the bidentade and bridged
coordination. The maximum production of formates was reached
at 40 ◦C (Fig. 12c and d) and their intensity was  much lower than
that of the monometallic Ru catalyst; this fact could result from the
interaction between Ru and Au in the bimetallic samples. Then, the
intensity of both bidentade and bridged species, started to decline
in parallel (Fig. 12c and d). In the monometallic Au catalyst, the
bidentade configuration of formates was more reactive and disap-
peared faster than the bridged species; however, this behavior was
not observed in bimetallic samples, probably because the bidentade
formates were found between the �(H2O) and the bridged formate
species, which contributed to the intensity. The restoration of the
OH surface caused by the oxidation of formates was  also observed
in both samples.

As in the monometallic Ru catalyst, the complete dehydrogena-

tion of methanol could be produced in the bimetallic Ru-Au 1-1
and Ru-Au 0.75-1 catalysts, producing CO adsorbed on the Ru
metallic sites (band located at ∼2014 cm−1); nevertheless, although
the intensity was  lower than in the monometallic Ru catalyst
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Fig. 11. IR spectra with dynamic 5%O2/He flow at different tem

Fig. 13a), the split and decrease in this band was evident after
xygen introduction (Fig. 13b) which may  be related to the early
roduction of CO2 (2349 cm−1) at RT, as it was previously proposed

or the monometallic Ru catalyst. The new bands formed because
f the split of the Ru0-CO band (Fig. 13b), located at ∼2057 cm−1

nd ∼1996 cm−1, are characteristic of the Ru0-(CO)2 species. The
bsence of the band at ∼2118 cm−1 indicated that there was not
xidation of the Ru0 sites caused by the exposition to oxygen
Fig. 13b).

In addition, the comparison between the DRIFT spectra of the
onometallic Ru catalyst and the FTIR spectra of the mono and

imetallic catalysts recorded after the adsorption of methanol at
T (Fig. 13a) shows the presence of narrower peaks ascribed to the
dsorption of CO on the metallic Ru sites in the bimetallic sam-
les, indicating the absence of Run+ sites. After oxygen exposition
Fig. 13b), a band at 2118 cm−1 appeared only in the monometallic
u catalyst, whereas in the bimetallic catalysts was  absent, even
uring heating, which means that the combination of Ru and Au
revented the reoxidation of Ru caused by the oxygen exposition.

. Discussion

The sequential deposition-precipitation with urea method
llows to produce bimetallic Ru-Au particles with different struc-
ures. As it is known, Ru and Au are immiscible metals in bulk state

77]; however, when they are in the nanoscale, both metals may
nteract with each other, forming bimetallic particles [22,23]. The
TEM-EDS analysis (Figs. 6 and 7) shows that it is possible to pro-
uce bimetallic structures by employing this method, in which Au
res on a) Au, b) Ru, c) Ru-Au 1-1 and d) Ru-Au 0.75-1 catalysts.

and Ru are in contact. The interaction between both metals is also
supported by other characterization techniques. The TPR profiles
exhibit only a reduction peak that is located between the two  max-
ima  of the monometallic Ru and Au catalysts, which means that
the addition of Ru promotes the reducibility of Au compared to
the monometallic Au sample. These results are consistent with the
UV–vis spectra from the bimetallic catalysts (Fig. 4), which show
that the apparition and evolution of the SPR of Au starts at a lower
temperature than in the monometallic Au catalyst, which indicates
the earlier formation of gold nanoparticles as well as changes in the
shape of the SPR, which shows an interaction between Au and Ru. In
addition, both characterizations show that ruthenium and gold are
completely reduced at 300 ◦C. The XPS results also indicate some
changes in the 4f7/2 BE related to the Au species (Table 4), show-
ing the presence of oxidized gold despite performing the thermal
treatment at 300 ◦C in H2. On the other hand, the DRIFT spectra
also reveal the presence of bands of Au0-CO, Ru0-CO and Ru0-(CO)2
in the bimetallic Ru-Au 1-1 and Ru-Au 0.75-1 catalysts (Fig. 8),
which confirms the reduction of the nanoparticles. The interac-
tion between Ru and Au in the bimetallic catalysts can also been
confirmed by DRIFT analysis because of the decrease and shift in
the band of Au0-CO (∼2100 cm−1) in the bimetallic samples and
the bands related to CO adsorbed on different Ru sites (2056 and
1995 cm−1) in the Ru-Au 0.75-1 catalyst at RT (Fig. 9).

It is known that the O2/CH3OH molar ratio and the temperature

of reaction have an important effect on the distribution of prod-
ucts in the total oxidation of methanol [17,24,68]. At the reaction
conditions used in this work, an excess of oxygen was employed
to simulate the concentration in air, in this way  the results of mass
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Fig. 12. Evolution of the intensity of the IR bands of the surface species on a) Au, b) Ru, c) Ru-Au 1-1 and d) Ru-Au 0.75-1 catalysts, with dynamic 5%O2/He flow: b-HCOO
[vas(OCO) = 1587 cm−1], br-HCOO [vas(OCO) = 1558 cm−1], m-CH3O [v(CO) = 1112 cm−1], b-CH3O [v(CO) = 1060 cm−1], CO(a) [v(CO) = 2057 cm−1], CO(b) [v(CO) = 1996 cm−1], CO2

[v(CO) = 2349 cm−1].
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ig. 13. FTIR spectra in the 2300 cm−1–1700 cm−1 region after the adsorption of m
o  the introduction of oxygen in the cell, and b) after the introduction of oxygen in
omparison.

pectrometry reveal only the presence of CO2 and H2O as reac-
ion products in all the catalysts studied. According to the results
f the catalytic activity in the oxidation of methanol, the addition
f Ru to the Au samples generates more active catalysts (Fig. 1). As
hown in Table 1, the temperature for both 50% and 100% methanol

onversion is lower for the bimetallic catalysts than that for the
onometallic Ru and Au ones. Particularly, the Ru-Au 0.75-1 cat-

lyst exhibited a synergetic effect in the low temperature region
RT to 60 ◦C), which is supported by the TOF values (Table 2). In
ol on the monometallic Ru and bimetallic 0.75-1 and 1-1 Ru-Au catalysts: a) prior
ell, at RT. The DRIFT-CO spectra of the monometallic Ru catalyst is also shown for

accordance with different studies, the interaction between Ru and
Au on supported oxides has a synergetic effect on different oxida-
tion reactions, such as the production of H2 by partial oxidation
of methanol [24] and the total oxidation of methanol [25]. Sreetha-
wong et al. [25] tested bimetallic Ru-Au catalysts supported on SiO2

(24–45 nm)  in the oxidation of methanol under reaction conditions
similar to those used in this work and they found better catalytic
properties in the bimetallic samples than in the monometallic ones;
nonetheless, the temperatures for 50% conversion in the bimetallic
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atalysts were much higher (>160 ◦C) than those reported in this
ork (< 60 ◦C). The lower T50 obtained in the present work can be

elated to the small particle size obtained in the bimetallic catalysts
∼3 nm), which suggests that the particle size is also an important
arameter contributing to the superior catalytic behavior. Accord-

ng to the results obtained during the in situ FTIR investigation of the
xidation of pre-adsorbed methanol, the production of formates
nd their oxidation to CO2 was promoted in the bimetallic sam-
les. The activation of oxygen at the interface of Au particles with
he support has been suggested as a key step for CO and also for the
xidation of methanol [15,17,19]. A similar behavior was reported

n the case of bimetallic Au-Ag/TiO2 catalysts for CO oxidation [31],
here it has been proposed that oxygen shows higher affinity to sil-

er than for gold. Moreover, a theoretical and experimental study of
 Ru(001) substrate with a submonolayer of Au performed by Kuhn
t al. [78] showed that the bonding interactions between Au and
u involve a redistribution of charge around the metal centers and
he formation of interface states. Therefore, in the bimetallic Ru-Au
atalysts, oxygen could be activated more easily on the Ru sites and
reate new and more active gold adsorption sites as revealed by CO
dsorption by DRIFTS.

Concerning the FTIR spectra of the adsorption of methanol and
he CH3OH + O2 reaction (Figs. 10 and 11), the following general
teps for the oxidation of methanol can be proposed:

i) Chemisorption of methanol on OH sites on the surface of TiO2
to produce methoxy (CH3OS) species (mono and bidentade
coordination) by elimination of water molecules. Part of these
methoxy groups are oxidized to formates (HCOO) adsorbed
on the titania support, possibly in the metal/support inter-
phase as reported in Au/CeO2 [15]. In addition, on the catalysts
containing Ru, the total dehydrogenation of methanol pro-
duces CO linearly adsorbed on Ru metallic sites, but not on the
monometallic gold.

ii) After exposure to oxygen at room temperature, CH3OS species
are further oxidized to HCOO species (bidentade and bridged
coordination), being the monodentade methoxy coordination
more active. Moreover, it is important to note that the bimetallic
Ru-Au catalysts can oxidize adsorbed CO on Ru to CO2. This
observation suggests the formation of new, more active, sites
able to active O2 at low temperature.

ii) Formate species are oxidized to produce CO2 and H2O (bridged
formates are more stable). The oxidation of HCOO groups is
an activated process and that depends on temperature, being
active from 40, 80 ◦C and RT for Au, Ru and bimetallic catalysts,
respectively.

The above observations can be summarized in the following
ossible reaction pathway:

) CH3OH(g) + Ti-OH → CH3O-Ti + H2O
) CH3O-Ti + OS → HCOO-Ti + H2O + VO
) HCOO-Ti + Au/Ru → Au/Ru-CO + Ti-OH
) Au-CO + O2/(Au/Ru)-O → CO2(g) (o CO3

=)
) O2/(Au/Ru)-O + VO → Au/Ru + OS

Where: Ti: site support; VO: surface oxygen vacancy.
This mechanism is in agreement with the proposal by Rousseau

t al. [15] for the oxidation of methanol on Au/CeO2, where the
ecomposition of formates in CO and OH species takes place on the
eriphery of the Au particles and the support, whereas Au oxidizes
he adsorbed CO to produce CO2. According to the FTIR spectra in

he present work, the absence of the CO-Au0 band (Fig. 11a–d) sug-
ests that formates are completely oxidized to CO2. However, we
o not discard the possibility that they were decomposed to CO on
he Au particle, as Rousseau et al. have proposed.

[

[

nvironmental 207 (2017) 79–92 91

Finally, comparing the results of the catalytic activity in the
bimetallic Ru-Au 1-1 and the Ru-Au 0.75-1 catalysts (Fig. 1), it can
be observed that the first catalyst exhibited higher methanol con-
version at RT which was decreased with the increase in the reaction
temperature. TEM images show that in bimetallic catalysts gold and
ruthenium are in interaction in the particles. Based on this fact, a
greater number of bimetallic particles was expected on the Ru-Au
1-1 catalyst due to the higher concentration of Ru in the catalyst,
causing a decrease in the active sites for oxygen activation at the
interface of Au and TiO2.

5. Conclusions

Catalytic tests showed that bimetallic Ru-Au/TiO2 catalysts
showed better catalytic performance during the oxidation of
methanol, compared to their monometallic counterparts. The opti-
mum  atomic Ru:Au ratio was  0.75:1 and had a synergetic effect
on the low temperature region. The improvement in the catalytic
activity of the bimetallic catalysts can be explained by the inter-
action of Ru and Au, as confirmed by different characterization
techniques. HAADF-STEM and STEM-EDS show the presence of
bimetallic structures composed of both Ru and Au metals, and
monometallic Ru particles. Moreover, an easier reduction of Au
in the bimetallic catalysts was  observed by TPR and UV–vis spec-
troscopy. XPS results showed a shift to higher values in the BE
related to Au in the Ru-Au 0.75-1 catalyst, indicating the presence of
gold oxidized species as result of the interaction between both met-
als. Also, DRIFT-CO spectra showed that the interaction between Ru
and Au decreased the number of adsorption sites on the surface;
they also indicated a change in the nature of gold sites due to the
decrease and shift of the Au0-CO band. The FTIR spectra showed that
formates, which are the result of the oxidation of methoxy species,
are the principal intermediates in the oxidation of methanol. They
are produced at lower temperatures and are easily oxidized on the
bimetallic catalysts.
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