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Abstract

In this paper the reactivity of two nanocomposite supported oxides (N§and FgOs/Co;0,4) toward methanol, was studied at
atmospheric pressure and under high vacuum conditions.

Methanol interacts dissociatively with the J&2/Co30, surface whereas only a weak interaction was revealed on N§Q/Co

It is remarkable the formation, at RT, of formic acid on the surface of the Nigidgesupported oxide. Around 323K the formation of
carbon dioxide is evident. Formic acid is very slightly bonded to the surface and can be easily removeg flyna IN the F@O5/Co30,
supported oxide is evident, besides formic acid, the formation at RT of formate species whose intensity increases with temperature.

Methanol interacts molecularly and dissociatively with both the supported oxide under HV conditions. The desorption of molecularly
chemisorbed methanol is accompanied by the decomposition and fragmentation of the alcohol; at higher temperature, in contrast, oxidation
and recombination reactions compete with the methoxy groups desorption.

The reactivity toward methanol of the pure and nanocomposite oxides was compared.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxide on Cg04. Cobalt oxides are frequently supported on
silica, alumina or silica—alumina. Our goal is, in contrast,

Co-containing mixed oxides are already widely used in to investigate the reactivity of a nanocomposite system
several commercial applications, such as the automotiveobtained depositing an active oxide on a support that is

exhausts treatmeiit] or energy conversiof2]. Moreover, an active catalyst. For this reason we have considered an
cobalt-based catalysts are under investigation for several in-oxides active in oxidation reactions: €,. Cobalt oxides
teresting applications such as DeN€atalystg3], alcohol are used as oxidation catalysts in different reactions and,
oxidation[4,5] or Fischer-Tropsch synthegz-8]. particularly, in complete oxidation reactiofis 9—11] NiO

Only few studies focus on cobalt-based mixed oxides is another component of oxidation catalyfl2] and is an
materials prepared by depositing an active oxide on a sup-interesting material for fuel celld 3,14} whereas iron ox-
porting one and so the unique properties of these compositeides have been widely used in several industrial processes
systems are far from being completely understood. More- such as dehydrogenation, oxidation and Fischer—Tropsch
over, oxide-based nanocomposite materials can be verysynthesis[15-17] In particular, our interest is devoted
interesting catalysts in oxidation reactions. to the oxidation of methanol. Methanol is an important

In this paper, we focus our attention on the interaction probe molecule being an intermediate in several oxida-
between methanol and the surface of two mixed oxides tion reactions; moreover, it is a simple organic molecule
obtained depositing small particles of nickel oxide or iron characterised by a significant acidity. It is noteworthy that

methanol can also be a promising fuel for fuel c§l8].
mspondmg author. Tel+39-049-8275196: The two mixed oxides were obtained depositing NiO and
fax: +39-049-8275161. FeO3 on Cx0O4 and choosing a submonolayer concentra-

E-mail address: antonella.glisenti@unipd.it (A. Glisenti). tion (Ni/Co and Fe/Co nominal atomic raties 0.05): this
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allows taking advantage of both the particular reactivity of Iron oxide wets the surface, and small particles (ca. 5nm)
these oxides and the nano-dimensions of the supported NiOare homogeneously distributed on the support. In contrast,
and FeOs. Nano-scaled materials exhibit very interesting bigger islands of NiO (35—-45 nm) grow on the cobalt oxide
properties in catalytic applications (higher yields, as an ex- surface. Thermal analysis, XP and DRIFT spectroscopic
ample) attributed to the higher surface area and to the polyhe-techniques indicate a significant decrease of the hydroxyl
dral morphology of the nanocrystdE9]. In a precedent pa-  groups as a consequence of the deposition of iron and nickel
per[20] the nanocomposite oxides were deeply investigated. oxide on cobalt oxide. This result suggests the interaction
In particular a different growing mechanism was observed of supported and supporting oxides by means of a con-
for the two nanocomposites; moreover, the acidic/basic densation mechanism. The grafting of the supporting and
sites analysis revealed significant differences with respectsupported oxide by hydroxyl condensation can determine
to the pure oxides. In this paper, we studied the interaction the formation of Co—O—M (M: Fe or Ni) sites.
between the nanocomposites and methanol; the reactivity of In order to get information on the reaction mechanism,
the pure oxide powders was already investigdid-23] diffuse reflectance FTIR spectra are taken with a Bruker
Methanol is chemisorbed both at atmospheric pressure (inlFS 66 spectrometer, accumulating 128 scans at a resolu-
nitrogen flow) and under high vacuum (HV) conditions; as a tion of 4 cnm . The spectra are displayed in Kubelka-Munk
matter of fact, this should allow studying surfaces that differ units[25,26] The exposure of powder samples to methanol
with respect to their active sites. The adsorption experimentin the IR equipment was done in an HTHP (high temper-
carried out at atmospheric pressure is studied by means ofature high pressure) chamber (Spectra Tech) fitted in the
the diffuse reflectance infrared Fourier transform (DRIFT) Spectra-Tech. Inc. COLLECTOR apparatus for diffuse
spectroscopy, whereas under HV conditions X-ray photo- reflectance infrared Fourier transform spectroscopy. The
electron spectroscopy (XPS) and quadrupolar mass specHTHP chamber was filled with the alcohol vapours flowing
troscopy (QMS) have been preferred. The nanocompositenitrogen through a bubbler containing the liquid. Methanol
oxides show a higher oxidation capability with respect to the used for the chemisorptions was taken from a commercial
pure oxides and a lower bent to tie reaction intermediates orsource (Sigma-Aldrich, >99.9%) and used without further
products. purification.
Prior to each experiment, 5mg of the catalyst placed in
the diffuse reflectance HTHP cell fitted with ZnSe windows

2. Experimental section were kept in nitrogen flow to eliminate water traces until a
stable IR spectrum was obtained (ca. 2 h). Then, the cata-
The nanocomposite oxides (NiO/gD, and FeOs/ lyst was exposed to the alcohol for 2 min. at a flow rate of
Co304) were obtained by wet impregnation of dry 4Ty, 100 mImir 1, before measurement. The background spec-
powder, as described in detail elsewh{26]. The CaOq4 trum of the sample before the adsorption was measured for
was prepared by precipitation from a basic solution of spectra correction.
Co(NG3)2-6H20 (Sigma Aldrich, 98%)22] and calcined The sample temperature was measured through a thermo-

at 573 K. The NiO/Cg0O4 nanocomposite oxide was pre- couple inserted into the sample holder directly in contact
pared by wet impregnation of the cobalt oxide powder with with the powder.
an aqueous solution containing Ni(N)fR-6H>,O (Janssen The sample for HV experiments was processed as a pel-
Chimica, 99%). The solid obtained after water evaporation let (the powder was pressed at cax20% Pa for 10 min)
was dried at 573K for 10h and calcined in air for 30h at and evacuated atx 103 Pa for 12 h. The exposures of the
973 K. pellets to methanol under HV conditions were carried out at
In a similar way, the Fg03/Co304 nanocomposite oxide  temperatures ranging from room temperature (RT) to 673K
was prepared by wet impregnation of the cobalt oxide pow- at a total pressure of c&4—5) x 10~*Pa. Alcohol vapours
der with an aqueous solution containing Fe@§0H,0 were obtained by evaporation under vacuum. The HV reac-
(Janssen Chimica, 99%). The solid obtained after water tor is directly connected to the XPS analysis chamber. The
evaporation was dried at 573K for 10 h and calcined in air temperature of the pellet was evaluated by means of a ther-
for 10h at 773 K. mocouple directly in contact with the sample holder. The
Before to investigate the reactivity with respect to surface adsorbed species were investigated by means of XPS
methanol, a careful investigation of the prepared samplesmeasurements. The modification of surface nanocomposite
was carried out by means of XPS and DRIFT spectroscopy, oxide structure and composition induced by the adsorption
X-ray diffraction (XRD), thermal analysis, atomic force can also be controlled by XPS. XPS spectra were recorded
microscopy (AFM) and transmission electron microscopy using a Perkin-Elmer PHI 5600 ci spectrometer with stan-
(TEM) [20]. Moreover, the acidic and basic sites distributed dard Al Ka and Mg Ka source (1486.6 and 1253.6 eV, re-
on the nanocomposite oxide surfaces were studied by meanspectively) working at 350 W. The working pressure was
of their interaction with test molecules (pyridine and car- less than 1x 10-8 Pa. The spectrometer was calibrated by
bon dioxide). The TEM images indicate that the growing assuming the binding energy (BE) of the Ay Afline to lie
mode on cobalt oxide is different for iron and nickel oxide. at 84.0eV with respect to the Fermi level. Extended spectra
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(survey) were collected in the range 0-1350eV (187.85eV

pass energy, 0.4eV step, 0.05s per step). Detailed spectra 147

were recorded for the following regions: C 1s, O 1s, Ni 2p 2T

and Co 2p (11.75eV pass energy, 0.1 eV step, 0.1 s per step) 5 1.0

for the sample NiO/Cg04 and C 1s, O 1s, Fe 2p and Co E 08 — I
2p (23. 5eV pass energy, 0.1 eV step, 0.1s per step) for the § 0.6 _/M\JWK M-
sample FeO3/Co304. The standard deviation in the BE val- 2 L—
ues of the XPS line is 0.10 eV. The atomic percentage, after = 04 _JJ\/\J\N\,\‘\ v_
a Shirley type background subtractifi’], was evaluated 0.2 —M Vo]
using the PHI sensitivity factof28]. To account for charg- U LI s s e e YI.“T =
ing problems, the C 1s peak was considered to be located at 2800 2900 3000 3100
285.0eV, and the peak BE differences were evaluated. Wavenumber (cm )

The volatile products were characterised by means of a
quadrupo|e gas ana|yser (European Spectrometry Systemfig. 1. DRIFT spectra obtained after faxposure of the Ni@Q@opowder
ESS). The QM spectra were obtained by Subtracting from theto methanol at different temperatures: (I) RT, (1)} 323 K, (1) 373K, (IV)
. . . . 423K, (V) 473K, (VI) 523 K. C—H stretching region.
spectrum recorded after chemisorption the one obtained just
before. In the mass spectra the contribution of the alcohol
was subtracted and the assignments were made in referencgyrly chemisorbed methanol interacting with non-equivalent
to the fragmentation patterfi29].! Moreover, all mass data  gyrface active sites.
were analysed using the method proposed by Ko ¢88]. The N, flow is sufficient to remove gas-phase and molecu-
Desorption patterns were obtained from the mass spectrajarly chemisorbed methanol from the powder surface. In fact,
by plotting the intensities (partial pressures) of the different ng signals were observed after evacuation in the C-O and
masses, as a function of temperature. C—H stretching regions, confirming the rather low strength

of the Lewis acidic sites.

3. Results

3.1. Reaction with methanol under atmospheric pressure 012

conditions: the NiO/Cos0O4 supported oxide 0.10 —
2 0.08

DRIFT spectra obtained after exposing the NiOJOgp <
supported oxide to methanol at temperatures from RT to *E‘ 0.06
523 K are shown irFigs. 1 and 2vhereas infable 1the IR S oos —
data concerning liquid- and gas-phase methanol, as well as = I
methoxy species, are summarised. 0.02 —| 11—_

In all the DRIFT spectra the presence of gas-phase 0.00 “ T IIIIJ—l—ﬁ
methanol is suggested by the characteritjcQ, and R 100 1720 1740 1760 1780 1800
rotational branches in the C-O stretching region (1013, -1
1032 and 1054 cm') and is confirmed by the C—H stretch- @ Wavenumber (cm )
ing contributions[31,32] The peaks of gaseous methanol
decrease with increasing temperature. 057

The C-H stretching regionF{g. 1) shows a complex 04
shape; in accordance with Busca et [83], the peaks at _

2920, 2951, 2966 and 2980 crhmight be due to molecu- Z 034
-
- 2 024 M /

1 The contributions at 18, 31, 30 and &fle were attributed to water, 5—‘2 N Hm - A
methanol, formaldehyde, and methyl-ethyl ether, respectively. The peaks at R R ey v |
m/e 45 and 46 (remaining after subtracting the contribution of methyl-ethyl Y N V Ay Yo
ether) were assigned to dimethyl-ether rather than formic acid because 0.0 N
of the coincident signal atve 15 (expected for dimethyl-ether but not R LR LR LR R b
for formic acid). The peak atve 29 remaining after subtraction of the 1800 2000 2200 2400
contributions of methyl-ethyl ether, dimethyl-ether and formaldehyde was (b) W avenumber (Cm'l)

attributed to the fragmentation/recombination reactions of methanol. The

peak ainve 28 remaining after subtraction of the contributions of methanol, Fig. 2. DRIFT spectra obtained after exposure of the NiQ@opowder
formaldehyde, methyl-ethyl ether and dimethyl-ether was attributed to CO to methanol at different temperatures: (1) RT, (II) 323K, (Il) 373K,
(incidentally the presence of air contamination was never observed in the (1Iv) 423K, (V) 473K, (VI) 523 K. (a) GO stretching region, (b) region
HV chamber). between 1700 and 2420 cth
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Table 1
IR data (cnm?) of gas and liquid methanol. The IR data observed after exposure of Nig)<Cand FeOs to methanol are also reported
Assignments Gas GJOH?P Liquid CH3OH?2 CH3OH/NiO® CH3OH/C30,¢ CH3OH/Fg03°
C-O stretching 1012, 1034 vs, 1060 1029 1060-1070 1061 1070
O-H bending 1340, 1346 m 1420 m br
CHs bending (a) & 1430 w 1420
CHjz bending (s) a 1455 m 1455 m
CHs bending (a) a 1477 m 1480 sh
CHj stretching (s) 2826, 2845 s (2844), 2869 2822 s 2821 2822
CHjs stretching (a) 2973 vs (2977) 2934 vs 2921 2927
OH stretching 3673, 3687 s (3682), 3713 3337 vs br
The IR data observed after exposure of NiO 309 and FeO3 to methanol are also reported.
2 Ref. [31].
b Ref. [32].
¢ Ref. [21].
d Ref. [22].
€ Ref. [23].
It is noteworthy that methanol dissociation is evident at 3
T > 373K on Ca0O4 and atT > 423K on NiO whereas 40x10°
it is never observed on the NiO/g@04 nanocomposite.
The rather insignificant interaction between methanol and Z 307
the NiO/CgO4 surface agrees with the low presence of &
acidic/basic sites observed in the nanocomposite mixed g‘ 20 In T C
oxide [20]. 8 11 "
Aremarkable resultis the formation, at RT, of formic acid. = 0 v -
This is suggested by the presence, on the DRIFT spectra, of AV b
three peaks at 1745, 1754 and 1766+¢nattributed to the 0 - VI
C=0 stretching vibrationK{able 2andFig. 2g. Other signals H
at 1208, 1220 and 2940 cth are due to formic acid. A 1800 2000 22?10 2400
comparison with literature dafa1,34]suggests the possible Wavenumber (cm )
formation of both monomeric and dimeric formic acid. Fig. 3. DRIFT spectra obtained after exposure of the NiQEopowder

Inspection of the spectra obtained after exposure of the to methanol and successively te Nt different temperatures: (1) RT, (1)
NiO/Co304 powder sample to methanol at increasing tem- 323K, (lll) 373K, (IV) 423K, (V) 473K, (VI) 523K: region between
peraturesKig. 2a and breveals that the peaks attributed to 1700 and 2460cm.
formic acid decrease with increasing temperature and new
signals around 2342 and 2364 chappear at 323K. These  the NiO/CgO4 surface and is not completely removed by
new peaks are attributed to the formation of carbon dioxide N2 at 323K.
suggesting that formic acid is decomposed; at about 473K
both formic acid and carbon dioxide disappear. 3.2. Reaction with methanol under atmospheric pressure

The DRIFT spectra obtained after exposing the supported conditions: the Fe;03/Co304 supported oxide
oxide powder to methanol and successively taidifferent
temperatures, are shown fiiig. 3 inspection of the spectra DRIFT spectra obtained after exposing the ®gCo304
shows that formic acid is slightly bonded to the surface and Supported oxide to methanol from RT to 473K are shown
can be removed by N CO, more strongly interacts with i Figs. 4-6

Table 2

IR data (cnm!) of monomer and dimeric formic acid

Assignments HCOOH mononfet (HCOOH),? HCOOH/FeO3° NiO/Coz044 Fe,03/Co30,49

C-O stretching 1093, 1206 vs 1030 sh, 1218 vs 1216 1208, 1220 1208, 1220

C=0 stretching 1740 vs, 1770 vs 1754 vs 1735-1745 1745, 1754, 1766 1746, 1754, 1765
C-H stretching 2940 s, 2943 2957 vs 2939 2940, 2951 2947

The data obtained after exposure of,8g¢ to formic acid are also reported as well as the values obtained in the present work upon exposing the
nanocomposite oxides to methanol.

a Ref. [32].

b Ref. [34].

¢ Ref. [35].

d This work.
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Fig. 4. DRIFT spectra obtained after exposure of thgdzéCo304 powder 020 —

to methanol at different temperatures: (I) RT, (Il) 323K, (lll) 373K, (V)
423K, (V) 473K. (a) C—H stretching region, (b) O—-H stretching region.

0.15
The DRIFT spectrum obtained at RT shows, in addi- 2
tion to the gas-phase methanol, the formation of methoxy g 010 — v
groups, as suggested by the shoulder around 1068 cm iz
(C-0 stretching) and by the peaks at 2822 and 2921cm E 005 v

(symmetric and asymmetric C—H stretchirkgg. 49 [23]. Iy NN

The peaks attributed to the methoxy species can be easily |
observed in the spectra obtained after exposing to methanol
and successively to N(Fig. 69. Several peaks centred 2300 2320 2340 2360 2380 2400
at about 1020, 1027-1040, 1057 and 1068-1075'cm © W avenumber (cm")

suggest the presence of methoxy species interacting with

non-equivalent surface active sitfs8,21] and/or with a  F19-5 DRIFT spectraobtained after exposure of the Fe; Os/Cog04 powder

different adsorption geometry. Consistently, in the O-H to methanol at different timperatu@ () R, (1) 323K, (111) 373K, (IV)

. . ) o 423K, (V) 473K. (a) C=O stretching region, (b) region between 1300

stretching region Kig. 40 several contributions at about  and 1690cm-1, (c) region between 2280 and 2410cm™L.

3600-3750 cm! arise upon exposure to methanol at RT.

The OH signal at higher wavenumbers shows several con-

tributions: 3652, 3668 (shoulder), 3680, 3696, 3707, 3717 formation of water on the oxide surface is also confirmed

(shoulder) and 3727 cmt; some signals (3652, 3668 and by the corresponding O—H bending peak at 1640cm~1 and

3717cntl) correspond to those observed after exposure suggests a condensation mechanism between methanol and

of the a-Fe0O3 to methanol at RT[23]. The intensity of the surface hydroxyl groups.

these signals decreases with the temperature increment; af- DRIFT results indicate methanol dissociation at RT and

ter exposure to methanol at 473 K, only the peaks at 3707 agree with the formation of new acidic sites observed

and 3717 cm?, corresponding to isolated OH groups, are when nanoparticles of FexOz are deposited on CozO4

evident on the oxide surfad23,35] [20]. Methanol dissociation occurs through two different
A broad band at 30003600 cth becomes evident at  mechanisms: direct dissociation is prevalent at low temper-

higher temperatures (423 K) and agrees with the presenceature, whereas dissociation by interaction with the hydroxy!

of molecularly chemisorbed water (3400-3600¢n The groups is prevalent at high temperature [21,22].

|
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Fig. 6. DRIFT spectra obtained after exposure of the Fe,O3/Co304 powder
to methanol and successively to N at different temperatures: (1) RT, (I1)
323K, (I11) 373K, (IV) 423K, (V) 473K. (a) C-O stretching region,
(b) region between 1300 and 1690cm™1, (c) region between 2280 and
2410cm—L,

The peaks of gas-phase methanol and the signals at-
tributed to methoxy groups decrease with the temperature
increment.

At RT, the formation of formic acid is evident as on
NiO/Co304 surface. Thisresult is suggested by the presence
of three peaksat 1745, 1754 and 1765 cm~1 (C=0 stretching
vibration—Table 2 and Fig. 5a) and by the peaks at 1208,
1220cm~1 (C-O stretching) and 2947 cm~! (C-H stretch-
ing) [34,35]. The signals at 1220, 1745, and 2947 cm™1
correspond to those observed upon exposing a-Fe,O3 to
HCOOH [35].

1.4 —

1.2 —
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=
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2 111
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2
S 0.4 1

0.2 —

0.0 —

[ [ [ [ [ [ [ [
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Binding Energy (eV)

Fig. 7. Co 2p XP spectra of NiO/Co304 obtained (1) before and after the
exposure to methanol at (1) RT, (1) 423K, (1V) 573K, (V) 673K (the
spectra are normalised with respect to their maximum value).

Unlike the NiO/Co304 supported oxide, the formation of
formate speciesis evident at RT, as suggested by the peaks
a 1340-1380, 1571cm~! (Fig. 5b) and by the shoulder
at 2867cm~1 (symmetric C-H stretching—Fig. 4a) [36].
Noteworthy, only formateforms (T > 400 K) when a-Fe;O3
is exposed to methanol. The position of the observed peaks
agrees with the results obtained after exposing the a-Fe;O3
to methanol (1358, 1379 and 1583cm~1) and are dlightly
higher than those observed after adsorption of formic acid
(1371 and 1558cm~1) [35]. The different position of the
IR signals, suggests different adsorption geometry of the
formate species obtained through different pathways: as a
meatter of fact, the oxidation of methanol to formate should
proceed through the inclusion of lattice oxygen [21].

In the Fe,O3/Co304 sample formate speciesincrease with
temperature. Two new pesks at 2341 and 2362cm™—! are
present in the spectrum recorded after exposure at 373K;
these peaks, due to COo, increase with temperature and
are il evident at 473K (Fig. 5¢). The conversion to CO;
was only observed at T > 470K when formate originates
from the dissociation of formic acid on the a-FeyOs sur-
face whereas the presence of CO, was never observed in
the IR spectra obtained after exposing hematite to methanol
at increasing temperature. These results suggest a different
reactivity for formate species derived by different pathways.

Nitrogen completely removes formic acid whereas traces
of carbon dioxide, formate, and water are always present on
the Fe,O3/Co30,4 supported oxide surface (Fig. 6b and c).

3.3. Reaction with methanol under HV conditions. the
NiO/Co304 supported oxide

The Co 2p and O 1s XP spectra observed before and after
exposure to methanol are shown in Figs. 7 and 8. The Co
2pz/2 peak position (780.1eV) and shape (Fig. 7) agree with
the expected values for Coz04 (780.3eV) [20,22,28,37]
and do not change after exposure to the alcohol at RT. The
chemisorption at higher temperatures, in contrast, partialy
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Fig. 8. O 1s XP spectra of NiO/Cos0O4 obtained (—) before and after
the exposure to methanol at (---) RT, (---) 423K, (-----) 573K, (---)
673K (the spectra are normalised with respect to their maximum value).

reduces the supporting oxide surface as suggested by the
intensity increment of the Co(ll) shake-up peaks in the
Co 2p region (at 787.0 and 804.0eV) [38].2 The Ni 2ps/»
peak shows several contributions characteristic of Ni(ll):
at about 854.0eV (Ni—O bonds), 855.4eV (Ni—OH bonds
and multiplet splitting of the Ni-O peak) and 861.4¢eV
(shake-up signal) [20,21,28,37]. The position and shape of
the Ni 2p pesk are not modified by the chemisorptions at
high temperatures. The O 1s peak position (529.6eV) is
due to the M—O bonds (M: Ni or Co), whereas a tail toward
the high binding energy side is indicative of M—OH bonds
[20—22,28,37]. The oxygen signal (Fig. 8) does not change
significantly upon exposure to methanol at RT. A dlight in-
crement of the high BE tail suggests the formation of new
hydroxyl groups on the supported oxide surface at 423K.
At higher temperature the tail at higher binding energy (ca.
at 531.5eV), attributed to M—OH bonds, decreases progres-
sively as a consegquence of the heat treatments under HV.
The experimental Ni/Co atomic ratio (=0.10) remains un-
changed, whereas the O/(Ni + Co) atomic ratio decreases
from 1.55 (upon exposure at RT) to 1.39 (upon exposure at
773K) confirming the reduction of the mixed oxide surface.

The QMS data (Fig. 9) show the desorption of molec-
ularly chemisorbed methanol at temperatures lower than
ca 373-423K whereas methoxy groups desorb at higher
temperatures (ca. 473K). CO, H,0, CO2 and H», as well
as fragmentation products, desorb with the molecularly
chemisorbed methanol. At higher temperatures oxidation
products prevail. Around 623K, a signal with m/e = 30
suggests the desorption of formaldehyde; the formation of
formaldehyde from methanol competes with the decom-
position of the alcohol to water and carbon oxides but in

2 The XP spectra of Co(ll) high-spin compounds, such as CoO, are
characterised by an intense shake-up satellite structure at ca. 787.0 and
804.0eV. Unlikein Co(ll) compounds, in the low-spin Co(l11) compounds,
the satellite structure is weak or missing. Co3O4, a mixed-valence oxide,
shows a weak satellite structure symptomatic of shake-up from the minor
Co(Il) component.
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Fig. 9. Desorption patterns obtained after exposure of the NiO/Coz04
powder to methanol. (a) (—) CH3OCHS3, (---) CH3CHo>, (- - -) and H2O/4;
(b) (—) COy, (---) CH3CH,OCHs.

this HV experiment the lower presence of oxygen probably
facilitates the formation of intermediate products instead of
formic acid.

3.4. Reaction with methanol under HV conditions. the
Fe,03/Co30,4 supported oxide

The XPS spectraobtained after exposing the Fe;O3/Co304
supported oxide to methanol at different temperatures, are
shown in Figs. 10 and 11. The Fe 2p3;» peak position
(711.3eV) agrees with literature data for Fe;Os as con-
firmed by the Fe(l1l) shake-up pesk at 718.9¢eV (Fig. 10)
[20,23,28,37-40]. The Fe 2p peak does not change upon
exposure to methanol at RT, whereasin the Co 2p region the
increment of the shake-up peaks (at ca. 787.0 and 804.0eV)
is evident and suggests the surface reduction of the Coz04
support (as observed for NiO/Co304) to CoO. This result
confirms that the formation of formate from methanol pro-
ceeds through the inclusion of lattice oxygen, as already
hypothesised when discussing the DRIFT data.

The O 1s peak shows three components at 530.1, 531.4
and 533.1eV; the two contributions a lower BE are at-
tributed to the M—O and M—OH bonds (M: Fe or Co),
respectively, whereas the component at 533.1€V agrees
with the presence of different M—OH bonds or chemisorbed
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Fig. 10. Fe 2p and Co 2p XP spectra of Fe;O3/Co304 obtained (1) before
and after the exposure to the methanol at (1) RT, (111) 423K, (1V) 523, (V)
673K (the spectra are normalised with respect to their maximum value).

water [20,22,23,28,37-40]. The high BE tail of the O 1s
peak attributed to the hydroxyl groups, increases after the
exposure to methanol at RT as a consequence of the alcohol
dissociation. The component at 531.4€V decreases upon
exposure at higher temperatures (as a conseguence of the
hydroxyl groups condensation), whereas the contribution at
533.0eV remains amost unchanged. The Fe/Co atomic ra-

Intensity (a.u.)

0.0 T | T T T | T T T | T T T “l : T T
528 530 532 534
Binding Energy (eV)

Fig. 11. O 1s XP spectra of Fe,O3/Co304 obtained (—) before and after
the exposure to methanol at (---) RT, (---) 423K, (-----) 523K, (—--)
673K (the spectra are normalised with respect to their maximum value).
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Fig. 12. Desorption patterns obtained after exposure of the Fe;O3/Co304
powder to methanol. (a) (—) CH3OH, (---) CO, (---) CO2 x 10; (b) (—)
CH30CH3/3, (---) CH3CH,OCH3.

tio (=0.10) is not modified by the exposure to methanol at
RT or at higher temperatures. The O/(Fe+ Co) atomic ratio
decreases, from 1.44, before the chemisorptions, to 1.30,
after the chemisorption at 673K confirming the reduction
of Co30;4.

Molecularly chemisorbed methanol desorbs (Fig. 12) at
low temperatures and the QM spectra only show the desorp-
tion of methoxy species around 373 and 523K. The peak
at 373K is accompanied by the desorption of fragmentation
reaction products (mainly dimethyl ether and methyl-ethyl
ether). At higher temperature (523K) the methoxy species
desorbs, in contrast, with the concomitant formation of water
and carbon oxides (mainly CO). Similarly to the NiO/Co304
supported oxide, is evident at 623K the presence in the QM
spectra of formaldehyde.

4, Discussion

Several mechanisms of interaction between alcohol
molecules and oxide surfaces are possible depending on
the degree of surface hydroxylation [21-23] and on the
strength of the Lewis and Bransted acidic and basic sur-
face sites. Methanol can adsorb molecularly with an oxide
surface interacting with the hydroxyl groups (by means of
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H-bonds) or with the Lewis acidic sites; the replacement of
water molecules eventually adsorbed on the oxide surface
can be another possibility. When dissociative interaction
takes place, as in Fe;03/Co304, the involved mechanisms
can be rather different. On a dehydroxylated surface the
dissociation can involve directly the Lewis acidic and basic
sites to produce hydroxyl groups and alkoxy groups. Other-
wise a condensation reaction between methanol and surface
hydroxy! groups can give rise to methoxy species and water
molecules.

In a precedent paper, we observed that the NiO/Co304
and Fe;O3/Co304 mixed oxide surfaces are only dlightly hy-
droxylated [20]. Thisis demonstrated by the DRIFT and XP
spectroscopic techniques results: the presence of hydroxyl
groups is only evidenced by XPS, as summarised in the ex-
perimental session. In such a situation the interaction mech-
anisms involving OH groups or water molecules cannot be
significant. Moreover, an increment of hydroxyl groups was
observed after the exposure of the Fe;O3/Coz04 nanocom-
posite oxide to methanol. For this surfaces, then, a direct
dissociation mechanism with the formation of hydroxyl and
alkoxy groups can be suggested; a similar mechanism was
observed on the Co304 surface exposed to methanol at 373K
[22]. A condensation mechanism is only evident at 423K.

It is noteworthy that the dissociation products are more
evident on the Fe,O3/Co304 mixed oxide surface with
respect to the CosO, surface. This result agrees with
the formation of new acidic/basic sites observed in the
Fe,O3/Co304 nanocomposite material with respect to the
supporting oxide [20]. These sites, evidenced by their in-
teraction with pyridine, are both Lewis (1621, 1630cm—1)
and Brensted (1654cm—1) acidic sites. The complex sites
congtituted by a Fe(l11) cation and its neighbouring oxygen
atom, in contrast, were observed on hematite but disappear
in the mixed oxide [24]. A different behaviour is evident
on the NiO/Co304 oxide, which shows less acidic/basic
sites than the pure CozO4: the rather weak Lewis acidic
sites observed on the CozO4 powder surface (whose inter-
action with pyridine gives rise to a pick at 1603cm~1) are
not observed on the NiO/Cosz04 nanocomposite catalyst.
For this reason the NiO/Co304 nanocomposite, shows a
very low capability to interact with methanol. Noteworthy,
the NiO/Co304 nanocomposite surface does not interact
with the formic acid or the carbon dioxide originated by
methanol oxidation and can easily release the products.

The differences observed in acidic/basic sites distribution
and strength can deeply influence the redox behaviour of
the samples. Formic acid is evident on both the supported
oxide surfaces at RT suggesting that new active redox sites
form on the surfaces of the nanocomposite oxides attributing
them a higher oxidation power.

In fact, a-FexOs3 givesrise to formateat 7 > 400K [23],
wheresas its presence is evident on Fe;O3/Co30, exposed
to methanol at RT. Similarly, formic acid forms at RT on
NiO/Co304 whereas methanol gives rise to formate both on
the NiO and Co304 powder samples (at 7 > 423 and 373K,

respectively) and to CO2 on NiO at 373K (in both the cases
the oxidation products are tightly bonded to the surface).
Moreover, the formation of water and carbon dioxide upon
exposing Fe;03/Co304 to methanol at increasing tempera-
ture is evident at 373K, whereas the formation of carbon
dioxide upon exposure of a-Fe;O3 to methanol was only
evident at temperatures higher than 470-500K.

Significant considerations can be drawn by the compar-
ison of the QMS results obtained in HV; under vacuum
conditions hydrocarbons form as a consequence of the ad-
sorption of methanol on Fe,O3, whereas water and carbon
dioxide are generated only when a mixture of methanol and
oxygen is used [23]. The results obtained when methanol is
adsorbed on the Fe;O3/Co304 nanocomposite oxide are, in
contrast, similar to those observed on the Co30O4 powder:
the formation of dimethyl and methyl-ethyl ethersis evident
at T < 500-600K whereas CO forms at T > 400-450K.

In the NiO/Co304 nanocomposite oxide CO; is reveaed
by QMS at T < 600-650K. The formation of methyl-ethyl
ether and dimethyl ether isevident at 7 < 500-600K in the
NiO/Co30,4 nanocomposite as well as in the NiO powder
whereas the desorption of H,O and CO; is evident in the
NiO powder sample from 550 to 700K and at 7 < 500K in
the Co30;.

These results, as a whole, could indicate that the differ-
ences in reactivity evidenced in the mixed with respect to
the pure oxides may be related to rather weak active sites
that can be destroyed by the vacuum condition. Moreover,
different oxygen mobility in the mixed oxides, probably re-
lated to structural properties, should be also considered.

5. Conclusions

In this paper, the interaction between methanol and two
nanocomposites oxides (NiO/Co3z04 and Fe,O3/Co304) was
studied and compared with the behaviour of the pure oxides.

The investigated nanocomposite oxides are characterised
by the following XPS atomic ratios: Ni/Co = 0.10 (nom-
ina atomic ratio = 0.05) and Fe/Co = 0.10 (nominal
atomic ratio = 0.05). The NiO and Fe,O3 particles de-
posited on Co304 show different sizes (diameter is5nm for
Fex03/Co304 and 35-45nm for NiO/Co30g).

The dissociation of methanol is evident on Fe;O3/Co304
whereas only a very weak interaction is observed with
NiO/Co304.

At RT, the formic acid forms on the surface of the
NiO/Co30,4 supported oxide. The peaks due to formic acid
decrease with the temperature whereas around 323K the
formation of carbon dioxide is evident. Around 473K both
formic acid and carbon dioxide are not anymore visible.
Formic acid is very dightly bonded to the surface and can
be easily removed by a N2 flow.

Formic acid also forms on the surface of the Fe;O3/Co304
supported oxide exposed to methanol at RT. Unlike the case
of the NiO/Co304 supported oxide, in this case is evident
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the formation, at RT, of formate species whose intensity in-
creases with temperature. CO, formsat 7 > 373K. Formic
acid is removed by N», whereas traces of carbon dioxide
and formate are always present.

The HV adsorption experiment shows, for the NiO/CozO4
supported oxide, the desorption of molecularly chemisorbed
methanol at temperatures lower than ca. 373K whereas
methoxy groups desorb at higher temperatures. CO, H»0,
CO7 and Hy, as well as fragmentation products desorb with
the molecularly chemisorbed methanol whereas, at higher
temperatures, the oxidation reactions prevail. Around 623 K
the dehydrogenation of methanol to formal dehyde competes
with the decomposition of the alcohol to water and carbon
oxides.

Molecularly chemisorbed methanol desorbs from the
FexO3/Co304 supported oxide at temperatures lower than
from NiO/Coz04. The desorption patterns show the pres-
ence of fragmentation/decomposition and recombination
product, similarly to the NiO/Co304 case, whereas at higher
temperatures oxidation products prevail.
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