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KEYWORDS Abstract The molecular sieves SBA-15 with ceria, zirconia and mixed cerium-zirconium oxides
Bimetallic catalysts; were synthesized and used as supports for gold and copper species. The materials were characterised
Gold:; using a FTIR in situ spectroscopy combined with the adsorption of methanol and oxygen as probe
Copper; molecules, which allowed the monitoring of the changes on the surface, in particular the creation of
Cerium; the intermediates species on the active sites of materials. The presence of interactions between gold
Zirconium; and copper in bimetallic catalysts was considered during the reaction of methanol oxidation. The
Methanol oxidation; goal of this work was studied the changes of intermediates adsorbed on the surface of catalysts dur-
FTIR in situ; ing the oxidation of methanol after treatment at selected temperature. The monometallic gold and

Catalyst characterisation the bimetallic copper—gold catalysts were tested in the reaction of methanol oxidation in the gas

phase in situ.
© 2017 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisisan
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction chemicals (Fig. 1) (Trejda et al., 2010). The mechanism of
methanol oxidation has been classified as a typical rake mech-
The catalytic oxidation of methanol is the subject of academic anism (Tatibouet, 1997) which can give many products. An

according to the literature data (Badlani and Wachs, 2001;
Briand et al., 2000; Busca et al., 1987; Florek-Milewska
- et al.,, 2011; Golinska-Mazwa et al., 2011; Kéihler et al.,
E-mail address: piotrkaminski2905@gmail.com 2013; Tatibouet, 1997; Trejda et al., 2006 and 2010), the first
Peer review under responsibility of King Saud University. step of methanol oxidation usually involves the formation of
methoxy species from methanol on acidic centres with the par-
ticipation of nucleophilic oxygen which plays the role of basic
centre. Methoxy species can be also formed on the basic cen-
tres. The presence of strong acid centres on the catalyst surface
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Fig. 1  The proposition of the mechanism for the reaction of methanol oxidation and dehydration based on Trejda et al. (2010).

favours the dehydration of methanol to dimethyl ether. If the
acid centres are characterised by the medium or weak strength,
the reaction can proceed by the dehydrogenation of intermedi-
ates at which nucleophilic oxygen abstracts proton from C-H
bond in methoxy species. Formaldehyde is chemisorbed on the
surface during the dehydrogenation. The adsorbing centre
must be weak enough to permit the easy desorption of
formaldehyde desorption. If the active centres are stronger,
formaldehyde molecule does not desorb from the surface and
interacts with another methanol molecule towards other prod-
ucts: methyl formate and dimethoxymethane. Total oxidation
of methanol to CO, depends on active and labile oxygen, i.e.,
high basicity of the catalyst. Above described processes run on
the different redox active centres. This is a reason, why metha-
nol oxidation is a useful test reaction for acidic-basic and oxi-
dation properties of catalysts (Badlani and Wachs, 2001;
Briand et al., 2000; Busca et al., 1987; Florek-Milewska
et al., 2011; Kdihler et al., 2013; Trejda et al., 2006, 2010).
The way of this reaction depends on the structure properties
of catalysts and the arrangement of the surface atoms
(Tatibouet, 1997). The catalytic properties of metals active in
methanol oxidation can be modified by different inorganic
additives (Pestryakov et al., 2013).

Therefore, the idea of this work was to construct the cata-
lysts containing Au and CeO, supported on SBA-15 meso-
porous molecular sieves and loaded by additives such as Cu
species and ZrO, and investigate their surface properties and
catalytic performance.

Bimetallic catalysts in which one of metals is gold in the
form of highly dispersed metallic particles were studied in
many important oxidation processes (Bond and Thomson,
1999) and this group of catalysts often exhibited better cat-
alytic performances than their monometallic analogues
(Albonetti et al., 2012; Chang et al., 2009; Llorca et al.,
2008). They are applied in catalytic partial oxidation (CPO)
towards synthesis of fine chemicals, in production of hydrogen
in autothermal reforming (ATR) and in synthesis of methanol
or liquid fuels in aqueous phase reforming (APR) (Dal Santo
et al., 2012). Different supports for bimetallic copper—gold cat-
alysts have been proposed. For example, titania was used as
the support of catalyst which was applied in propene epoxida-
tion with N,O (Llorca et al., 2008) or mixed titanium-iron
oxide in the production of hydrogen by partial oxidation of
methanol (Chang et al., 2009). The catalytic performances of
bimetallic nanoparticles are often influenced by a spectrum
of factors, such as nanostructure, surface composition, particle
size and shape (Liu et al., 2011; Miller et al., 20006).

SBA-15 material was applied used as a primary support in
this study. It is an ordered mesoporous silica synthesized the
first time in 1998 (Zhao et al., 1998). It is characterised by a
large surface area (720-940 m’ gfl) (Benamor et al., 2012)

and a pore diameter in the range between 5 and 30 nm, thick
pore walls and a high hydrothermal stability (Beck et al.,
1992). The introduction of different metal species to the struc-
ture of SBA-15 can generate specific acidic-basic and redox
properties. These changes of properties were applied to design
the catalysts which were active in selected processes, for exam-
ples silica modified with copper and cerium oxides was used as
catalyst in ethyl acetate oxidation (Tsoncheva et al., 2013), ace-
tone oxidation (Wang and Bai, 2011), CO oxidation (Aguila
et al., 2013), Water Gas Shift (WGS) process (Djinovic et al.,
2008), NOy reduction with NH; (Tong et al., 2011), simultane-
ous reduction of SO,/NO by CO (Pantazis et al., 2007) or pref-
erential oxidation (PROX) of CO (Reyes-Carmona et al.,
2011).

In this work SBA-15 mesoporous molecular sieves with
ceria and/or zirconia species and modified gold and/or copper
species were applied. The description of preparation of these
materials and the results of full characterization were pre-
sented in earlier work (Kaminski et al., 2015; Kaminski and
Ziolek, 2014). The aim of the study was a detailed FTIR
in situ spectroscopy analysis of the interaction of methanol
molecules with the catalysts surface, the identification of cre-
ated intermediates and the estimation of the application the
bimetallic copper—gold and monometallic gold catalysts based
on SBA-15 with ceria and zirconia in the methanol oxidation
at low temperature as well as the characterization of the activ-
ity and stability of the catalysts. The FTIR in situ spectroscopy
was applied in this work to the monitoring of changes on the
surface of materials during the increase of temperature of oxi-
dation process. This allowed to estimate the surface properties
of materials and which chemical elements play a crucial role in
the partial oxidation of methanol.

2. Experimental part
2.1. Preparation of materials

2.1.1. Modification of SBA-15 materials with cerium and/or
zirconium oxide and copper and gold

Four different supports for gold and copper were prepared.
They were CeO,, ZrO, and mixed CeZrO, (of different
Ce0,:Zr0O, atomic ratios: 1:2 and 2:1) loaded on SBA-15
molecular sieve. SBA-15 was modified with 10 wt% of a single
Ce or Zr metal oxide or with a mixture of Ce and Zr metal oxi-
des. The supports were labelled as follows: CeS, ZrS, CeZrS
(1:2) and CeZrS(2:1) for mono-metallic and bimetallic oxide
mixtures of different ratios of their content (indicated in brack-
ets), respectively. These supports were subjected at first to
functionalization with 3-aminopropyl-trimethoxysilane
(APMS), then to gold loading and finally to impregnation with
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copper species. The details of the syntheses and modifications
were described in the earlier papers (Kaminski et al., 2015;
Kaminski and Ziolek, 2014). The final monometallic catalysts
— Au/CeS, Au/CeZrS(2:1), Au/CeZrS(1:2), Au/ZrS and their
bimetallic analogues — CuAu/CeS, CuAu/CeZrS(2:1), CuAu/
CeZrS(1:2) and CuAu/CeZrS were obtained and characterised.

2.2. Characterisation of catalysts

2.2.1. The texture and structure properties

The texture and structure properties of these materials using
selected methods (ICP-OES, XRD, adsorption and desorption
of nitrogen, XPS, UV—vis, FTIR in situ combined with adsorp-
tion and desorption of NO, CO or pyridine, TEM) were stud-
ied in the earlier study (Kaminski et al., 2015; Kaminski and
Ziolek, 2014). In this paper, the most valuable information
about the FTIR in situ study will be presented. In this work
the results of the FTIR in situ measurements combined with
the adsorption of methanol vapours on the surface of catalysts
and its oxidation in the selected temperature range are shown.
TEM images, XRD patterns, XP spectra recorded for catalysts
before and after their using in methanol adsorption and its

oxidation are presented in order to show the changes in the
structure of materials during methanol oxidation.

2.2.2. The FTIR in situ study combined with the adsorption and
oxidation of methanol

For methanol and oxygen adsorption, the Fourier Transform
Infrared (FTIR) spectra were recorded at room temperature
(RT) using a Nicolet Nexus Fourier Transform Infrared
6700 spectrometer (Thermo Scientific) equipped with DTGS
KBr detector and an extended KBr beam splitter at a spectral
resolution of 4 cm™' accumulating 64 scans. The sample pow-
ders were pressed into thin self-supporting pellets of ca. 7.5 mg
em ™2 (2 cm? area) and placed in a vacuum quartz cell equipped
with KBr windows, where they underwent all activation and
adsorption treatments. All spectra during methanol oxidation
in the selected temperature range (293-573 K) were recorded at
room temperature (RT). The spectrum without any sample
(“background spectrum”) was scanned and was subtracted
from all recorded spectra. Before the measurements, the sam-
ples were activated at 623 K (for 2 h, using a ramp of heating
— 3K min~") under high vacuum. The first spectrum of the
sample was recorded for a fresh sample, before the activation.
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Fig.2 FTIR spectra recorded for SBA-15 with ceria or zirconia modified with gold and copper for regions of 30502750 cm ™! (left side)
and 1520-1320 cm ™! (right side) after: a-c) the adsorption of methanol at RT: (a) the 1% dose of ~0.33 mbar; (b) the 2°¢ dose of
~0.33 mbar, 5 min after the 1°' dose; (c) the 3™ dose of ~0.33 mbar, 5 min after the 2°¢ dose; (d) 5 min after the adsorption of last dose of
methanol (total ~ 1 mbar) at RT; (e-]) after out gassing at: (e) room temperature for 10 min; (f) room temperature for 20 min; (g) after out
gassing for 30 min; (h) 323 K for 10 min; (i) 373 K for 10 min; (j) 423 K for 10 min; (k) 623 K for 1 h; (I) 623 K for 2 h.
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Pure methanol (99.9%) in the probe tube was purified by
cooling in the liquid nitrogen (for 15 min) before the admission
into a cell. Then it was adsorbed at RT. About 1 mbar of
methanol was added in three doses (each around 0.33 mbar)
and then samples was evacuated in the high vacuum at RT,
323, 373 and 423 K for 5 and 10 min (a heating ramp — 2 K
min~") and at 573 K for 1 h (the heating ramp — 2 K min~").
The details of the procedure of adsorption and desorption
were collected in the Supporting Information.

The FTIR spectrum after the out gassing in high vacuum at
573 K for 1 h was used to the subtraction in the case of the
FITR spectra recorded after the adsorption of methanol and
oxygen, the heating of gas mixture in the temperature range
323-573 K (the heating ramp — 2 K min~!) and the out gassing
at 573 K for 5 and 10 min (the heating ramp — 2 K min™"). All
presented spectra were normalised to the density of 7.5 mg
cm™?

2.2.3. Transmission electron microscopy (TEM)

For transmission electron microscopy (TEM) measurements
the catalysts before and after their using in methanol oxidation
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were deposited on a grid covered with a holey carbon film and
transferred to JEOL 2000 electron microscope operating at
80 kV.

2.2.4. X- ray diffraction (XRD)

XRD measurements were carried out on a Bruker AXS D§
Advance diffractometer with Cu Ko radiation (4 =
0.154 nm) with a step size of 0.05° in the wide-angle range
(20-60°).

2.2.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were recorded on an Ultra High
Vacuum (UHV) System. The study was conducted using X-
ray Al K, = 1486.6 eV with the following lamp parameters:
14.5kV, 20 mA. Measurements were carried out in the cham-
ber of the analyser under vacuum of approximately 2.0 - 108
mbar. The spectra were recorded for the energy range from
1100 eV to 0 eV in increments of 0.5 eV, the energy transition
CAE = 100 eV. Different regions were recorded in increments
of 0.1 eV, the energy transition CAE = 30 eV and time counts
50 ms. The number of scans in the measured range was fitted
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Fig. 3 FTIR spectra were recorded for SBA-15 with ceria and/or zirconia modified with gold and copper for the region of 2200—
2090 cm ', after: (a—c) adsorption of methanol at RT: (a—) the adsorption of methanol at RT: (a) the 1° dose of ~0.33 mbar; (b) the 2™
dose of ~0.33 mbar, 5 min after the 1** dose; (c) the 3™ dose of ~0.33 mbar, 5 min after the 2°¢ dose; (d) 5 min after the adsorption of last
dose of methanol (total ~ 1 mbar) at RT; (e-1) after out gassing at: (¢) room temperature for 10 min; (f) room temperature for 20 min; (g)
after out gassing for 30 min; (h) 323 K for 10 min; (i) 373 K for 10 min; (j) 423 K for 10 min; (k) 623 K for 1 h; (I) 623 K for 2 h.
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to the observed signal to noise ratio. The powder sample was
put on the conductive tape of carbon (graphite), which was
adhered to the carrier surface and placed perpendicular to
the axis of the analyser. The X-ray source was set at the angle
of 60° to the plane of the surface. The area of the samples anal-
ysed corresponded to the size of the aperture of the analyser
used (large area), ca. 50 mm?. Deconvolution of XP spectra
was carried out using the OMNIC 8.0™ software. Bands inten-
sities were estimated by calculating the integral of each band
after smoothing and baseline correction. Then the deconvolu-
tion parameters for the experimental curve, that is the Voigt
function, small signal sensitivity and constant base line, were
chosen in the OMNIC 8.0™ software. Atomic ratios were com-
puted from the intensity ratios normalized by the atomic sen-
sitivity factors. An estimated error of £0.1 eV can be assumed
for all measurements.

3. Results and discussion

3.1. FTIR in situ spectroscopy — study of methanol adsorption

For the interpretation of results of methanol and oxygen
adsorption using the FTIR in situ spectroscopy, the three

ranges were analyzed — 3050-2750 cm™', 2400-2050 cm !
and 1520-1320 cm~!'. They are attributed to the regions of
the stretching vibrations of bonds (vC—H) in metoxy groups,
(vC=0) in CO or CO, molecules and (vC—O) and (vO—H)
of formate, methoxide species or water molecules, respectively.
The FTIR spectra in situ after the adsorption of methanol dose
(~1 mbar) and then its out gassing from the surface of SBA-15
materials are shown in Figs. 2-4, 1S and 2S. It is worth to note,
that in the case of all studied samples, after methanol adsorp-
tion of the first dose of methanol (~0.33 mbar), new bands
were appeared, which can be assigned to the vibrations of
bonds in methanol molecules adsorbed on the surface of
SBA-15 materials (Figs. 2-4, 1S and 2S).

3.1.1. The region of the stretching vibrations of bonds C—H in
methanol molecules (3050-2750 cm™)

The C—H stretching region (3050-2750 cm™') reveals two
pathways for methanol adsorption: undissociated (molecular)
and dissociated (methoxy) species. Pairs of bands (Figs. 2, 4
6), which can be seen after methanol adsorption at around
2955 and 2848 cm ™!, they are due to the strong asymmetric
and symmetric vibrations of C—H bonds in methoxide species
—OCH;j; (Engeldinger et al., 2010; Wang et al., 2012). In the lit-

Au/CeS

Absorbance, a.u.

Absorbance, a.u.

|0.05 1473 1465 1450

1377 1350

3050 3000 2950 2900 2850 2800
Wave number, cm”

2750 1520 1500 1480 1460 1440 1420 1400 1380 1360 1340 1320

-1
Wave number, cm

Au/ZrS

2999 2959 2955

2916 2850
M

Absorbance, a.u.

Absorbance, a.u.
=y

1380 1353

1473‘1‘4651450

3050 3000 2950 2900 2850 2800
Wave number, cm”

2750 1520 1500 1480 1460 1440 1420 1400 1380 1360 1340 1320

-1
Wave number, cm

Fig. 4 FTIR spectra were recorded for SBA-15 with ceria or zirconia modified with gold for regions of 3050-2750 cm ™! (left side) and
1520-1320 cm ™! (right side) after: (a-c) the adsorption of methanol at RT: (a) the 1% dose of ~0.33 mbar; (b) the 2™ dose of ~0.33 mbar,
5 min after the 1° dose; (c) the 3" dose of ~0.33 mbar, 5 min after the 2" dose; (d) 5 min after the adsorption of last dose of methanol
(total ~ 1 mbar) at RT; (e-l) after out gassing at: (¢) room temperature for 10 min; (f) room temperature for 20 min; (g) after out gassing
for 30 min; (h) 323 K for 10 min; (i) 373 K for 10 min; (j) 423 K for 10 min; (k) 623 K for 1 h; (I) 623 K for 2 h.
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erature data (Busca, 1996), these bands were associated to the
symmetric methyl stretching mode split due to its Fermi reso-
nance with the first overtone of the corresponding symmetric
deformation. In the case of samples with gold and copper, a
band at 2848 cm ™! can be the result of adsorbed methoxy spe-
cies at different copper sites. The band located at around
3000 cm ™! could be assigned to the stretching vibrations in
C—H bond of weakly adsorbed methanol molecules (Natal-
Santiago and Dumesic, 1998). The band at around 2920-
2915cm™" can be due to one of the methyl group (—CHa)
bending mode (Bazin et al., 2012; Natal-Santiago and
Dumesic, 1998). The bands of stretching vibrations in metha-
nol molecules were disappeared after out gassing at 623 K
for 2 h.

3.1.2. The region of the vibrations of bonds in methanol
molecules (1520-1320 em™)

After methanol adsorption at RT, the characteristic bands of
formate species were appeared at about 1376-1373 cm™! in
FTIR spectra recorded for samples with gold and copper
(Fig. 2a—c spectra of samples) and then their shift was observed

to about 1382-1381 cm™' in during out gassing at 623 K

(Bazin et al., 2012). These bands can be assigned to the sym-
metric stretching vibrations v(OCO) of methyl formate and
products of it decomposition on surface of catalysts
(Engeldinger et al., 2010). Bands around 1451-1450 cm ™' are
due to of C—H deformation vibration (Engeldinger et al.,
2010), bending vibration (Sun et al., 2007) and they can be
assigned to methoxy species (Natal-Santiago and Dumesic,
1998). A band at about 1465-1463 cm™! can due to the bend-
ing vibration in methanol molecules weakly adsorbed on silica
via hydrogen bonding interactions (Wang et al., 2012). An
according to the literature data (Busca, 1996), bands at
1481-1458 and around 1351-1348 cm™! are a proof on the
occurring of the methyl groups of metoxy species (—OCH5)
on the surface of materials, because are due to asymmetric (vys-
CHj;) and symmetric (v¢CH3) stretching vibrations of bonds
C—H.

3.1.3. The region of the vibrations of bonds in carbon monoxide
(2400-2050 cm™")

In the case of catalysts modified with copper and gold in the
FTIR spectra (Fig. 3.) recorded after the out gassing at RT,
the bands of vibrations in CO molecules adsorbed on weakly
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Fig. 5 FTIR spectra were recorded for SBA-15 with ceria or zirconia modified with gold and copper for the regions of 3050-2750 cm ™
(left side) and 1750-1320 cm ™! (right side) after: (a) the adsorption of methanol (~1 mbar) at RT; (b) 5 min later; (c) after the adsorption
of oxygen (~10 mbar) at RT; (d) 5 min later; (¢) 10 min later; heating for 10 min at (f) 323; (g) 373; (h) 423; (i) 473; (j) 523; (k) 573; (1) out

gassing at 623 K for 10 min.
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copper species were observed at 2142-2136 cm™!. It can sug-
gest that copper during the out gassing was reduced from
Cu®* to Cu™ and this form of copper cations could play the
role of active sites. The band at 2142-2136 cm™' can be attrib-
uted also to gold species (as like Au™). Methanol molecules
could be decomposed in the reducing atmosphere to methane,
hydrogen and carbon monoxide on these active sites. This
mechanism on copper species could run the according to chem-
ical formula:2 CH3;0H — CHyg) + Hy) + CO(y).

3.2. The FTIR in situ study — the adsorption of methanol and
oxygen at RT and the reaction of methanol oxidation at 323—
573K

3.2.1. The region of the stretching vibrations of bonds in
methanol molecules and intermediates of products (1750—
1320 em™")

The composition of the intermediates created during the
methanol oxidation on the surface of catalysts was analyzed
using the FTIR in situ spectroscopy by the recoding the spectra
in RT (Figs. 5-8 and 3S-4S). The intermediates were created
after the adsorption of methanol (~1 mbar) and oxygen

(~10 mbar) on SBA-15 materials and their heating at 323—
573 K.

The observed bands were identified. The FTIR bands of the
asymmetric stretching vibrations (v,;OCO) appeared at around
1584-1571 cm ™! (Engeldinger et al., 2010). The bands at about
1578 and 1640 cm™! belonged to adsorbed formate and mono-
methyl carbonate species, respectively (Engeldinger et al.,
2010). In the region of 1800-1700 cm ™' can be found the vibra-
tions of bands in formaldehyde, which can be one of products
in the selective oxidation of methanol. The bands in the region
17501700 cm ™! point to the formation of species containing
carbonyl groups. A band at about 1714-1711 cm™!, which
was observed after the heating of the studied samples at
323423 K (Figs. 5 and 3S, f-h spectra of samples with cerium,
copper and gold), in range of 373-473 K (Fig. 5, g-i spectra of
CuAu/ZrS) or at 523-573 K (Figs. 6 and 48, f-j spectra of sam-
ples modified with only gold) in the oxidised atmosphere and
in the presence of methanol. It can be assigned to the stretch-
ing vibrations (vC=0) of methyl formate species adsorbed on
catalyst surface (Wang et al., 2012). An according to the mech-
anism of methanol oxidation, the creation of reagents from
methanol molecules during its oxidation is the result of redox
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Fig. 6 FTIR spectra were recorded for SBA-15 with ceria or zirconia modified with gold for the regions of 3050-2750 cm™" (left side)
and 1750-1320 cm™! (right side) after: (a) the adsorption of methanol (~1 mbar) at RT; (b) 5 min later; (c) after the adsorption of oxygen
(~10 mbar) at RT; (d) 5 min later; (e) 10 min later; heating for 10 min at (f) 323; (g) 373; (h) 423; (i) 473; (j) 523; (k) 573; (1) out gassing at
623 K for 10 min.
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properties of active sites and compounds on the surface of cat-
alysts (Tatibouet, 1997). The presence of formaldehyde can
lead to the reduction of cationic gold to its metallic form
and this is the reason why is used as the reducing agent in
the preparation of metallic gold nanoparticles (Choma et al.,
2011). The formate species represented by formaldehyde (the
possible product of methanol oxidation) can lead also to the
reduction of copper species. It means that the presence of for-
mate intermediates on the surface of catalyst can reduced the
elements of active phase and these intermediates can play the
rule of reactive species in the selected range of temperature.
The band at 1620-1615cm™" was due to the stretching
vibrations of O—H bond mode of Lewis bound water, which
was displaced by the adsorption of methanol (Chesalov
et al., 2013; Ladera et al., 2012). These bands, which were
attributed to the stretching vibrations of O—H in water mole-
cules, were observed in the FTIR spectra recorded for the
bimetallic catalysts after their heating for 10 min at 473, 523
and 573 K. It means that methanol is combusted to carbon
dioxide and water. It is according to the observation of the
FTIR spectra recorded for the regions of 2200-2090 cm ™. In
the case of samples with gold, new bands were showed at
around 1620-1615cm™! in the FTIR spectra, which were

recorded after the thermal treatment for 10 min at 523 K
(Au/CeS, Fig. 6, j spectrum) and 573 K (Au/CeZrS(2:1) and
Au/CeZrS(1:2), Fig. 4S, k spectra). It can suggest that metha-
nol molecules adsorbed on the surface of catalysts are com-
busted to carbon dioxide and water at lower temperature
over bimetallic catalysts than catalysts with gold.

In the region (1500-1400cm™") of vibrations in C—H
bonds, the bands are attributed to (C—H) modes of methoxy
groups and undissociated methanol molecules mostly overlap.
In the FTIR spectra performed for samples after their heating
at 373-423 K were weak bands at 1437-1436 cm ™!, which were
assigned to C—H deformation in methoxy groups. After heat-
ing the samples with gold (Figs. 6 and 4S, a spectra recorded
for samples modified with only gold), a new band at around
1500 cm~" was created, which was attributed to the stretching
vibrations in methane molecules adsorbed on the surface. The
weak band at about 1465 cm ™', which disappears upon out
gassing, may be attributed to undissociated methanol species.
A band about 1420 cm™! can due to the deforming vibrations
in metoxy groups chemisorbed on copper (Wang et al., 2012).
A band at about 1451-1450 cm ™' can be assigned to metoxy
species and about 1590 cm™' was due to formate species
(Sun et al., 2007). The bands of vibrations in dimethyl ether
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Fig. 7 FTIR spectra were recorded for SBA-15 with ceria and/or zirconia modified with gold and copper for the region of 2370—
2320 cm ™' and 24002100 cm™ ! after: (a) adsorption of methanol (~1 mbar) at RT; (b) 5 min later; (c) after adsorption of oxygen
(~10 mbar) at RT; (d) 5 min later; (¢) 10 min later; heating for 10 min at (f) 323; (g) 373; (h) 423; (i) 473; (j) 523; (k) 573; (1) evacuation at

623 K for 10 min.
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Fig.8 FTIR spectra were recorded for SBA-15 with ceria and/or zirconia modified with gold for the region of 2370-2320 cm ™" after: (a)
the adsorption of methanol (~1 mbar) at RT; (b) 5 min later; (c) after the adsorption of oxygen (~10 mbar) at RT; (d) 5 min later; (e)
10 min later; heating for 10 min at (f) 323; (g) 373; (h) 423; (i) 473; (j) 523; (k) 573; (1) out gassing at 623 K for 10 min.

Table 1

The distribution of metal species (copper and cerium species) calculated from XP spectra recorded for samples before and

after the measurements using the FTIR in sitzu combined with the adsorption and oxidation of methanol molecules.

Catalyst” Distribution of metal species, % Molar ratio between metal species, before and after
methanol oxidation

ce*t Cce*t Cu* Cu?* Ccettjce’” Cu’/Cu®”

Before” After Before”™ After Before” After Before™ After Before After Before” After
Au/CeS 29 29 71 71 - - - 2.45 2.40 - -
CuAu/CeS 38 42 62 58 68 30 32 70 1.63 1.39 2.14 0.43
Au/CeZrS(2:1) 38 48 62 52 - - - 1.63 1.10 - -
CuAu/CeZrS(2:1) 48 27 52 73 73 81 27 19 1.08 2.73 2.71 4.35
Au/CeZrS(1:2) 30 27 70 73 — — — 2.33 2.77 -
CuAu/CeZrS(1:2) 46 42 54 56 54 47 46 53 1.17 1.37 1.19 0.90
Au/ZrS - - - - - - - -
CuAu/ZrS - - - - 64 63 36 37 - - 1.79 1.71

" S stands for SBA-15 and based on the results in Kaminski and Ziolek (2014).

couldn’t be identified, because they can give the band at about
1200 cm™!. Tt isn’t available this region in the study of the
materials based on silica.

3.2.2. The region of the stretching vibrations of bonds in CO and|/
or CO5 molecules (2400-2050 cm™")

In the case of catalysts with copper and gold, after the addition
of oxygen and methanol to the cell and the heating of samples

1

E)

at 473 K, a new band was appeared at around 2340 cm™
which is typical for the stretching vibrations in carbon dioxide
molecules — the product of methanol combustion (Fig. 7, i
spectra of samples). It is worth to note, that in the case of
CuAu/ZrS, two bands were created at 2138 cm~! after the
heating at 473 K and at 2342cm™! after heating at 523 K
(Fig. 7, j spectrum of sample), which were due to the stretching
vibrations of bonds in molecules of carbon monoxide and
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Table 2 The metal content of metallic species on the external surface of catalysts estimated using XPS method before and after the
FTIR in situ measurements combined with the adsorption and oxidation of methanol molecules.

Catalyst” Metal content (from XPS), wt.%

Au Cu Ce Zr

Before” After Before” After Before” After Before” After
Au/CeS 2.3 3.1 - - 3.8 10.4 - -
CuAu/CeS 1.8 2.6 6.2 1.1 3.9 6.7 - -
Au/CeZrS(2:1) 1.8 4.3 - - 3.6 3.6 1.7 2.5
CuAu/CeZrS(2:1) 1.7 2.3 7.1 1.1 1.8 33 0.5 1.4
Au/CeZrS(1:2) 1.8 2.4 - - 1.3 3.6 1.4 4.2
CuAu/CeZrS(1:2) 1.5 1.8 4.5 1.1 1.6 2.4 1.4 2.6
Au/ZrS 1.4 2.5 - - - - 1.9 8.0
CuAu/ZrS 1.7 2.2 5.3 1.3 - - 1.8 3.5

* Based on the results in Kaminski and Ziolek (2014).

Table 3 The distribution of gold species before and after the measurements using the FTIR in situ combined with the adsorption and

oxidation of methanol molecules.

Catalyst” Distribution of gold species, %

Before” After

Au’ Auv’t Au’ Auv’”"
Au/CeS 59 41 100 -
CuAu/CeS 59 41 100 -
Au/CeZrS(2:1) 60 40 100 -
CuAu/CeZrS(2:1) 58 42 100 -
Au/CeZrS(1:2) 60 40 100 -
CuAu/CeZrS(1:2) 60 40 100 =
Au/ZrS 59 41 100 -
CuAu/ZrS 59 41 100 -

* Based on the results in Kaminski and Ziolek (2014), the content of Au~ and Au® was assumed as the total content of metallic form of gold.

dioxide, respectively. A similar band was appeared at
2341 cm ™! in the FTIR spectrum after the heating at 523 K
of Au/CeS (Fig. 8, j spectrum of sample). In the case of Au/
CeZrS(2:1) and Au/CeZrS(1:2) (Fig. 45, k spectra of samples),
this band were observed after the heating at 573 K. The bands
around 2143 cm ™! can be due to gaseous CO, and the bands at
2342 cm ™! to CO, formed mainly during the oxidation of CO
(Pérez Vélez et al., 2012). CO molecules can be produced in the
reducing conditions from methanol and according to the reac-
tion formula:

2CH;0H — CHy4 + H, + CO.

3.3. Materials characterisation after FTIR in situ study

More details about the structure of copper—gold catalysts were
shown in earlier papers (Kaminski et al., 2015; Kaminski and
Ziolek, 2014). Additionally, the results of XRD, TEM and
XPS measurements for the samples after their application in
methanol oxidation and the monitoring using the FTIR
in situ spectroscopy were performed.

The XRD patterns of catalysts before and after the FTIR
in situ measurements combined with methanol oxidation were
presented in Fig. 5S (in the Supporting Information). The posi-
tion and the intensities of reflections in the XRD patterns sug-

gest that the structure of materials is stable during the
experiments. The XRD patterns confirm the results of TEM
images (Figs. 6S and 7S in the Supporting Information) that
reaction conditions don’t change the structure properties of
support and only the slight changes of the average size of
metallic gold particles. It means that the interaction between
active phase (gold and copper species) and the elements of sup-
ports (ceria and zirconia) have got the positive effect on the
stability of structure properties during the oxidation of
methanol.

The data collected in Table 1 show that copper was mainly
in the reduced form (Cu™) on the external surface of the
bimetallic copper—gold catalysts before their using in the reac-
tion of methanol oxidation. After the measurements using the
FTIR in situ combined with the adsorption and oxidation of
methanol molecules, it was observed that the main form of
copper was oxidised copper (Cu®*) in the case of CuAu/CeS
and CuAu/CeZr(1:2). These differences can be explained by
the presence of other metals on the external surface of meso-
porous silica SBA-15 and their migration from the bulk of
materials to the externals surface (Table 2).

In the case of catalysts with cerium species, the main form
of this metal on the external surface is oxidised form (Ce*"),
but the additions of copper leads to the increase in cerium dis-
tribution its reduced form (Ce®**) (Table 1). The presence of
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cerium has positive effect on the reduction of copper species. It
can suggest that in the bimetallic copper—gold catalysts, the
modification of these materials by the reduction using NaBH,4
leads to the reduction of copper and cerium species to Cu "
and Ce®™, respectively. NaBH, was used to the reduction of
cationic gold, but it could reduce also other metals.

The results of XPS analysis confirmed that the main form
of gold in the bimetallic copper—gold and monometallic gold
catalysts was Au’ before and after the measurements using
the FTIR in situ spectroscopy combined with the adsorption
and oxidation of methanol molecules (Table 3).

The high distribution of reduced copper species (Cu ") leads
to higher methanol conversion in the reaction of its oxidation.
The results of the high activity of bimetallic copper—gold cata-
lysts in methanol oxidation were described in earlier paper
(Kaminski and Ziolek, 2014) and they can confirm that the
interaction between Cu™ and Au® species and the possibility
of electron transfer between both metals could play the crucial
role in the oxidation of methanol in the gas phase.

4. Conclusions

The achieved results show that the FTIR in situ combined with
the adsorption of methanol and oxygen can be applied in the
study of the mesoporous materials to know the mechanism
of oxidation processes in the gas phase. The bands which are
seen in the FTIR spectra recorded for copper—gold and gold
catalysts after methanol adsorption and its oxidation in situ,
can be due to the stretching vibration of bonds in the interme-
diates on catalyst surface. The selected bands are observed in
the case of bimetalic catalysts at lower temperature than anal-
ogous monometallic gold catalysts. The chemical reaction
between oxygen and the intermediates on the catalyst surface
can lead to the transformation of intermediates to fine chemi-
cals, e.g. formaldehyde, methyl formate and/or dimethyl ether
— the products of the selective methanol oxidation in the gas
phase.

The earlier study published in (Kaminski et al., 2015;
Kaminski and Ziolek, 2014) showed that the bimetallic Cu-
Au system loaded on SBA-15 modified with ceria and/or zirco-
nia can be applied as the effective catalysts for methanol oxi-
dation or others volatile organic compounds (VOCs). The
results of these studies can evidence that the application of
FTIR in situ study can be effective method for the estimation
of potential application of heterogeneous catalysts in the reac-
tion of methanol oxidation.

The position of bands which are due to the intermediates
can suggest that these intermediates can be transform to fine
chemicals during the selective oxidation of methanol
(formaldehyde and methyl formate) over bimetallic Cu-Au cat-
alysts at lower temperature (~50 K) than over analogues
monometallic gold catalysts. The final products of this reaction
at higher temperature oxidation (at 473-573 K) over the
bimetallic copper—gold and monometallic gold catalysts are
simple gaseous products — carbon mono- and dioxide and
vapour water.
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