Published on 05 January 2015. Downloaded by RSC Internal on 15/01/2015 11:48:53.

Catalysis
Science &
Technology

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal

CrossMark
& click for updates

Cite this: DOI: 10.1039/c4cy01158a

Received 5th September 2014,
Accepted 30th December 2014

DOI: 10.1039/c4cy01158a

www.rsc.org/catalysis

Co30,4 particles grown over nanocrystalline
CeO,: influence of precipitation agents and
calcination temperature on the catalytic activity
for methane oxidationt

H. Wu,?® G. Pantaleo,® G. Di Carlo,® S. Guo,?® G. Marci,® P. Concepcion,®
A. M. Venezia® and L. F. Liotta*®

Crystalline cobalt oxides were prepared by a precipitation method using three different precipitation
agents, (NH4)>,COs, Na,COs and CO(NH,),. Cobalt oxide nanoparticles corresponding to a CozO,4 loading
of 30 wt% were also deposited over high-surface area nanocrystalline ceria by the same precipitation
agents. The effect of calcination temperature, 350 or 650 °C, on the morphological and structural proper-
ties was evaluated. Characterization by BET, XRD, SEM, TEM, Raman spectroscopy, H,-TPR, XPS and
NHz-TPD was performed and the catalytic properties were explored in the methane oxidation reaction.
The nature of the precipitation agent strongly influenced the textural properties of CozO4 and the
Co0304-CeO; interface. The best control of the particle size was achieved by using CO(NH,), that
produced small and regular crystallites of CozO, homogeneously deposited over the CeO, surface. Such a
Coz04-CeO, system precipitated by urea showed enhanced low-temperature reducibility and high surface
Co®" concentration, which were identified as the key factors for promoting methane oxidation at
low temperature. Moreover, the synergic effect of cobalt oxide and nanocrystalline ceria produced stable
full conversion of methane in the entire range of investigated temperature, up to 700-800 °C, at which
Coz04 deactivation usually occurs.

1. Introduction

Cobalt oxide catalysts have been extensively investigated
during the last two decades as possible substitutes for
precious metals due to their catalytic properties in several
oxidation reactions for waste gas abatement’' and diesel
soot combustion.'>"® Recently growing scientific attention
has been paid to Co;O4-based oxides as highly efficient cata-
lysts for the complete abatement of unburned methane
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released from natural gas vehicles (NGVs). To this aim, differ-
ent combinations of Co;0, and various oxide supports have
been proposed.>'*'* Highly dispersed Co;0, particles pro-
moted by ZrO, have been claimed as active sites for methane
oxidation over catalysts with low cobalt content.” Nanosized
C030,4/y-Al,O; catalysts with a defective structure, prepared by
a combination of wetness impregnation and combustion
synthesis, exhibited high activity for the total oxidation of
methane.'® The promotional effect on methane oxidation of
manganese doped cobalt oxides was ascribed to crystal
defects in the spinel structure of Co;O,, which probably
resulted in an increased amount of Co>" ions responsible for
the catalytic activity.'®

Co0,~CeO, systems have been widely employed in the few
last years for different applications, depending on the Co-Ce
composition, the preparation method and the nature of
pre-treatments.®'*™"® We have reported that Co;0,~CeO,
coprecipitated oxides are effective catalysts for methane oxi-
dation in the presence of a stoichiometric oxygen concentra-
tion and the best activity was attained at a Co/Ce atomic ratio
of ~1.>**' In this sample, the presence of highly dispersed
Co30, particles in good contact with CeO, was claimed as
the key factor for the improved redox properties and catalytic
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performance. High lattice oxygen mobility and formation of
surface anionic vacancies in such a Co;0,-CeO, system were
also relevant to propene and toluene oxidation activity.>***

On these grounds, Co;O,-based catalysts are definitely
good candidates for oxidation reactions; however, deactiva-
tion processes induced by high temperature, such as loss of
surface area, thermal decomposition to the less active CoO
and interactions of cobalt with the matrix leading to inactive
phases (i.e., CoAl,0,, COTiO3, C0Zr;0¢9), limit its applica-
tion at high temperatures.>>"**2°

Therefore, deposition of Co;O, active sites over a high
surface area carrier is attractive to achieve high catalytic
performance and long-term stability.

It has been reported that the properties of cerium oxide
can change drastically when the particle size is decreased to
the nanosize region, becoming a very active support that
strongly interacts with gold.>®>” It was, therefore, clear to us
that such nanocrystalline ceria would be a good candidate for
the deposition of Co;0, nanoparticles.

The preparation of Coz;O, nanocrystals with different
morphology is widely documented, with the morphology
strongly dependent on the experimental conditions, reaction
temperature, and nature of the precipitation agent.'" 3!
Synthesis of Coz;O, nanoparticles with a small diameter, in
the range of 20-40 nm, has been carried out by homogeneous
precipitation of cobalt hydroxide carbonate with urea at
110 °C starting from a cobalt nitrate precursor.”® The syn-
thesis procedures also allowed the control of the crystal
shape and crystal orientation plane which have been claimed
as key factors for the CO and CH, oxidation activity of
Co;0, nanocrystals."*!

The present work focuses on the effect of the precipitation
agents, Na,COj3, (NH,4),CO3, and CO(NH,),, on the nature of
the cobalt species, cobalt hydroxide carbonate and/or Coz0y,
detected after drying the powder at 120 °C. Their successive
thermal conversion to crystalline Co;0, spinel and the influ-
ence of the calcination temperature and duration time,
350 °C for 3 h or 650 °C for 5 h, on the physicochemical
properties were investigated. The influence of nanocrystalline
ceria as a support on the cobalt species' growth and crystalli-
zation was also investigated by preparing three mixed oxides
using sodium-, ammonium carbonate and urea with the
composition C0304(30 wt%)-CeO,. The so obtained oxides
were characterized by BET, XRD, SEM, TEM, Raman spectro-
scopy, H,-TPR, XPS and NH,-TPD techniques. The catalytic
properties were evaluated for methane oxidation in the
presence of a stoichiometric oxygen concentration.

2. Experimental

All chemicals (Sigma-Aldrich) were of analytical grade and
were used as received without further purification.

2.1. Synthesis of nanocrystalline CeO,

A colloidal dispersion of CeO, nanoparticles was prepared by
thermolysis of an acidified Ce(NO;), solution followed by
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re-dispersion, according to a previously described method.>**’
The dispersion consisting of discrete CeO, nanoparticles
that display a spherical morphology was purified and concen-
trated using an ultra-filtration cell equipped with a 3KD
membrane. The purification was monitored by the residual
acidity of the dispersion, determined by acid titration of the
supernatant after ultra-centrifugation at 50 000 rpm for 6 h.
After evaporation in air at room temperature, the resulting
solid sample was calcined at 500 °C for 6 h using a program-
mable oven; heating in air at a rate of 1 °C min™" was
performed in order to favour complete crystallization of the
fluorite structure, according to the published procedure.>**”

2.2. Synthesis of Co304 and C0304(30 wt%)-CeO, oxides

Bare Co;0, oxides were prepared by a precipitation method
with three different precipitation agents, Na,CO3, (NH,4),CO;
and CO(NH,),, starting from Co(NOj;),:6H,O as the cobalt
precursor. In a typical preparation for obtaining 2 g of the
Co;0, oxide, Na,CO; or (NH,),CO; solution (0.5 M) was
added drop by drop, under mild heating at 80 °C, to a
suitable volume of cobalt nitrate water solution (1 M) until
pH = 8.5. The as formed precipitate was aged overnight in
the mother liquor at a constant temperature of 80 °C. The
third preparation was carried out using a homogeneous pre-
cipitation method by urea hydrolysis under stirring at 90 °C
overnight. In this method urea in excess (molar ratio: urea/
cobalt nitrate = 100) was added. The obtained solid, labeled
as Coya, Conp, and Coyrea, Was filtered and washed with dis-
tilled water several times until neutrality. Then it was dried
overnight at 120 °C in an oven, then divided into two por-
tions and calcined in static air at 350 °C for 3 h or at 650 °C
for 5 h (heating rate 3 °C min™") in order to form crystalline
Co30, spinel.

By the same precipitation method with three agents,
Co30, with a loading of 30 wt% was deposited over nanocrys-
talline CeO,. Drying at 120 °C and calcination at 350 °C and
at 650 °C were performed as described above. The obtained
oxides were labeled as Co30Cena, Co30Ceny, and Co30Ce cq-
For all samples herein discussed the drying or calcination
temperature is added as a subscript to the name label
(i.e. Conazso and Co30Ceyas3so refer to bare Coz;0, and
C0304(30 wt%)/CeO, precipitated by Na,CO; solution and
calcined at 350 °C).

2.3. Characterization

Specific surface area (SSA) measurements were performed
using a Sorptomatic 1900 (Carlo Erba Instruments), by physi-
cal adsorption of N, at the temperature of liquid nitrogen
(=196 °C), using the BET method in the standard pressure
range of 0.05-0.30 p/p,.**

X-ray diffraction (XRD) patterns were recorded with a
D5005 X-ray diffractometer (SIEMENS) using Cu Ka radiation
coupled with a graphite monochromator. The assignment of
the various crystalline phases was based on the Inorganic
Crystal Structure Database (ICSD, FIZ Karlsruhe).>® The mean
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crystallite size (d) of the Co;0, phase was calculated from the
line broadening of the most intense reflection using the
Scherrer equation.®® The estimated error was +10%.

Scanning electron microscopy (SEM) images and energy-
dispersive X-ray (EDX) analyses were obtained using a FEI
Quanta 200 ESEM microscope operating at 20 kV from the
specimens after being coated with a thin layer of gold.

TEM images were obtained with a Philips CM10 micro-
scope operating at 100 kV. A portion of the ground solid was
suspended in CH,Cl, and sonicated for 1 min. Then, a drop
was extracted under sonication and deposited onto a copper
grid and dried before observation.

Raman spectra were acquired with a Renishaw Raman
invia spectrometer equipped with a Leika DM LM micro-
scope and a 785 nm HPNIR diode laser as an excitation
source. The laser power on the sample was 30 mW. A 50x
objective of 8 mm optical length was used to focus the
depolarized laser beam onto a 3-5 um spot on the sample
surface and to collect backscattered light. The Raman scatter-
ing was collected in static-scan mode in the 100-3000 cm™
spectral region with a resolution better than 4 cm™. Ten
scans were accumulated for each spectrum during a total
scanning time of 100 s.

Temperature-programmed reduction (TPR) experiments
were carried out with a Micromeritics Autochem 2910 appara-
tus equipped with a thermal conductivity detector (TCD).
In the TPR experiments, a gas mixture H, (5 vol.% in Ar,
30 ml min™") was flowed over the sample pre-treated with O,
(5 vol.% in He) at 550 °C for 30 min, heating from room
temperature to 1000 °C (rate: 10 °C min"). In order to avoid
any influence of mass transfer effects on the shape of the
TPR profiles, the absence of inter- and intra-particle mass
transfer limitations was accurately checked.

The acidity of the oxide catalysts was determined by
temperature-programmed desorption of ammonia (NH;-TPD)
experiments by using a Micromeritics Autochem 2910 appara-
tus equipped with a thermal conductivity detector (TCD) and
a mass quadrupole spectrometer (ThermoStar, Balzers). A
sample amount of 0.3 g was pre-treated in He flow at 200 °C
for 1 h. Then, after cooling down to room temperature,
ammonia adsorption was performed by flowing 5% NH;/He
stream (30 ml min™) for 1 h. In order to remove all physically
adsorbed ammonia, the sample was purged by flowing
100 ml min™" He at 100 °C for 1 h, then after cooling down
to room temperature, ammonia desorption was started by
flowing He (30 ml min™") and heating up to 500 °C (rate:
10 °C min™"), holding time at 500 °C for 30 min. All of the
gases desorbed from the sample were monitored by online
TCD and QMS analysis. The total acidity of the catalyst was
calculated by integration of the NH; desorption profile
referred to the QM signal, at mass 17.

The X-ray photoelectron spectroscopy analyses were per-
formed with a VG Microtech ESCA 3000 Multilab, equipped
with a dual Mg/Al anode. The spectra were excited by the
unmonochromatised Al Ko source (1486.6 eV) run at 14 kv
and 15 mA. The analyser operated in the constant energy
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(CAE) mode. For the individual peak energy regions, a pass
energy of 20 eV set across the hemispheres was used. Survey
spectra were measured at 50 eV pass energy. The sample
powders were studied as pellets, mounted on double-sided
adhesive tape. The pressure in the analysis chamber was in
the range of 10™® Torr during data collection. The constant
charging of the samples was removed by referencing all of
the energies to C 1s set at 285.1 €V, arising from the adventi-
tious carbon. The invariance of the peak shapes and widths
at the beginning and at the end of the analyses ensured the
absence of differential charging. Analyses of the peaks were
performed with the software provided by VG, based on a non-
linear least squares fitting program using a weighted sum of
Lorentzian and Gaussian component curves after background
subtraction according to Shirley and Sherwood.*>*® Atomic
concentrations were calculated from the peak intensity using
the sensitivity factors provided with the software. The bind-
ing energy values are quoted with a precision of +0.15 eV and
the atomic percentage with a precision of +10%.

2.4. Catalytic tests

Methane combustion catalytic tests were performed under
stoichiometric conditions by flowing a gas reaction mixture
consisting of 0.3 vol.% CH, and 0.6 vol.% of O, in He (1 = 1).°
The experiments were carried out over 50 mg of the catalyst
(fraction sieved between 180 and 250 um) at a flow rate of
50 ml min™" (STP), equivalent to a weight hourly space
velocity (WHSV) of 60000 ml g* h™ by using a quartz
U-shaped reactor with an inner diameter of 12 mm electri-
cally heated in a furnace. The reaction temperature was
monitored by a K-type thermocouple in contact with the cat-
alytic bed (length, 12 mm). Before the catalytic tests the
samples were pre-treated “in situ” under flowing O, (5 vol.%
in He) at 350 °C for 1/2 h. The activities were measured by
increasing the temperature from 200 to 600 or 800 °C by
steps of 50 °C, a holding time of 30 min at each tempera-
ture. The catalysts calcined at 350 °C have been tested up to
600 °C, while the samples calcined at 650 °C were investi-
gated up to 800 °C. The inlet and outlet gas compositions
were analyzed by an online mass quadrupole spectrometer
(ThermoStar™, Balzers) in order to follow the evolution of
all the species, CH4, CO, CO,, H,, H,0, and O,. Moreover,
the concentration of the CO and CO, species was deter-
mined by an IR analyser (ABB Uras 14), calibrated in the
range of 0-3000 ppm for CO and 0-10 000 ppm for CO,. The
reaction products of methane oxidation were CO, and H,O;
no significant CO (max 10 ppm) was detected in the overall
range of temperature. The carbon balance was close to +5%
in all of the catalytic tests.

3. Results and discussion
3.1. Structural and textural properties of the catalysts

Fig. 1 shows the powder XRD patterns of the as-prepared
cobalt oxides species dried at 120 °C. The weak diffraction
intensities of Conaiz indicate that such a sample prepared
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Fig. 1 XRD patterns of cobalt hydroxide carbonate and/or CoszO4
species prepared by the precipitation method using three different
precipitating agents and dried at 120 °C.

by precipitation with Na,CO; solution is not well crystallized.
Coyrea1zo Shows better crystallinity and peaks characteristic
of the orthorhombic cobalt hydroxide carbonate phase,
Co(OH);.¢(C0O3).5-0.11H,0, in good agreement with the litera-
ture data.>®?' The Akl reflections shown in Fig. 1 can be
indexed perfectly to this phase. Surprisingly, diffraction
peaks typical of the Coz;0, fcc phase (space group Fd3m) at
20 = 19.0°, 31.3°, 37.0°, 38.6°, 44.9°, 55.8°, 59.4° and 65.4°,
corresponding to the (111), (220), (311), (222), (400), (422),
(511) and (440) crystal planes,*® were observed in the XRD
pattern of the Conp,120 sample. The low-crystalline features
of the cobalt hydroxide carbonate species were also identified
as the main background components. In a previous study’’
where (NH,),CO; was used as the precipitation agent, cobalt
hydroxide carbonate was obtained as the only compound.
The crystallization of Co;0, occurring under our experimen-
tal conditions could be ascribed to the longer ageing pro-
cedure at 80 °C herein employed that could favour Co*>" —
Co’* oxidation.

In Fig. 2 the powder XRD patterns of the cobalt species
precipitated over nanocrystalline CeO, and dried at 120 °C
are displayed. Compared with the powder XRD patterns of
bare cobalt hydroxide carbonate and Coz;O, compounds, the
presence of CeO, does not seem to affect the nature of such
species, especially for samples precipitated by (NH,),CO; and
CO(NH,),, wherein weakly crystalline peaks of Co;0, and of
the orthorhombic cobalt hydroxide carbonate phase were
detected, respectively. The pattern of Co30Cena120 mainly
shows CeO, signals, although small features of the cobalt
hydroxide carbonate species can be seen. By comparing Fig. 1
and 2, the effect of ceria on the dispersion of the cobalt
phases can be noted.

After calcination at 350 °C all cobalt phases crystallized
into Co;0,, as detected by XRD for the bare cobalt oxides
and as well for the Co30Ce samples. Calcination at higher
temperature, 650 °C, makes the Coz;0O, peaks sharper, in
particular, for the Cony, sample. In Fig. 3a-b, the powder
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Fig. 2 XRD patterns of cobalt hydroxide carbonate and/or CozO4
species over nanocrystalline CeO, deposited by the precipitation
method using three different precipitating agents and dried at 120 °C.

XRD patterns of the bare cobalt oxides after calcination at
350 and 650 °C are shown. The same trend is observed for
the Co30Ce catalysts after calcinations (see Fig. S1f),
although nanocrystalline ceria plays a fundamental role in
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Fig. 3 XRD patterns of bare Coz0, oxides, prepared by the

precipitation method using three different precipitating agents, after
calcination at (a) 350 °C and (b) 650 °C.
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maintaining supported Coz;O, crystallites that are better
dispersed than those obtained using bare oxides. These
results indicate that the crystal phases (cobalt hydroxide car-
bonate and/or Co;0,) formed by the precipitation method
are related to the used precipitant. Moreover, the crystallinity
is also function of the precipitation agent; the sharpest
diffraction peaks of the Co;0, spinel phase were observed for
the Conp, and Co30Ceyy, samples.

The mean crystallite sizes (d) of the Co;0, phase calcu-
lated from the (311) diffraction line are shown in Table 1 for
the Co and Co30Ce series calcined at 350 and 650 °C. For
samples calcined at 350 °C the d values range between
10 and 25 nm. For both series calcination at 650 °C caused
pronounced sintering of crystallites, in particular for samples
precipitated by (NH,),CO;z;. Those prepared by Na,CO; and
CO(NH,), maintained relatively smaller sizes, between 40
and 110 nm. Nanocrystalline CeO, stabilized significantly the
Co30, particles against sintering, in particular Co30Ceyreasso
and Co30Cey,650- Moreover, perusal of Table 1 reveals a less
pronounced increase of the d values for the Co030Cegso
samples as compared to the corresponding Cogso series,
especially for Co;0, precipitated in the presence of sodium
carbonate and urea, suggesting the highest stabilizing effect
of nanocrystalline ceria for those samples.

Similar to the trend found for the Coz;0, crystallite sizes,
the BET surface area values for the bare cobalt oxides and for
the Co30Ce samples depend on the precipitation agent and
decreased by increasing the calcination temperature from 350
to 650 °C, as shown in Table 1. All Co30Ce samples calcined
at 350 °C have a specific surface area higher than 100 m* g™
that diminished to about half for those calcined at 650 °C.
The specific surface area of nanocrystalline CeO, was equal
to 198 m? g‘l. The Co;0, oxides treated at 350 °C showed a
surface area around 30-40 m> g~* and suffered stronger ther-
mal shrinkage than the ceria-supported oxides, with the BET
values decreasing to ~5-10 m* g”* upon calcination at 650 °C.

In order to have a better understanding of the morpholog-
ical and structural differences between the various samples
prepared by different precipitation agents a careful micros-
copy investigation by SEM and TEM analysis was performed
on all of the samples.

In Fig. 4 the SEM images of nanocrystalline CeO,, Co30,
and Co30Ce samples calcined at 350 °C and precipitated by
(NH4),CO; and by urea are shown. CeO, powder shows
uniform morphology and appears to be constituted of

Table 1 Mean crystallite size of the CozO,4 phase and the specific surface
area of all the prepared samples, bare Coz0,4 and Co30Ce oxides

BET surface
d (nm) area(m®g™")

BET surface

Sample d(nm) area(m®g ') Sample

Coureass() 19.0 37.0
COnazso  16.0  43.0
Conngsso  24.0  31.0
COureaBSo 110.0 8.0
Conaeso 72.0 10.0
Conm,es0 145.0 5.9

C030Ceyreasso  14.0  122.0
C030Cenass0  10.0  127.0
Co30Cenngs0  19.0  108.0
C030Ceureasso 61.0  53.0
C030Cenass0  40.0  64.0
Co30Cenmes0 121.0  47.0
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Fig. 4 SEM images of (a), (b) nanocrystalline CeO;; (c) Coyreasso:
(d) Conn,3s0: (€) Co30Cereasso; and (f) Co30Ceny,350-

nanoparticles ca. 25 nm in size agglomerated into nearly
spherical particles ca. 3 um in diameter (Fig. 4a-b). The
shape of the bare oxides, COyreazso and Conp,sso is different.
Coyreazso consists of homogeneous nanorod-shaped particles
with a size between 30 and 50 nm, while for Conpy,gaso
inhomogeneously agglomerated nanoparticles were detected
(Fig. 4c-d). SEM observation of Co30Ceeass50 evidenced that
CeO, nanoparticles are homogenously covered by nanorod-
shaped particles, indicating that precipitation by urea
ensures the controlled growth of Co;O0, nanoparticles onto
the CeO, surface (Fig. 4e). On the other hand, Co30Cenyy 350
failed to show a uniform distribution of Co;0, nanoparticles
over ceria (Fig. 4f). EDX analyses confirmed the so far
discussed data, indicating that for Co30Ceyeazs0 the average
atomic percentage of Co is slightly higher (59 + 10) than the
nominal one (48); consequently, the average atomic percent-
age of Ce (41 + 10) is slightly lower than the nominal value
(52). However, the values are quite reproducible on different
agglomerates present in a large area of ~500 um per side.
Conversely Co and Ce were quite heterogeneously distributed
from agglomerate to agglomerate for Co30Ceny 350 With the
atomic percentages of Co and Ce highly fluctuating with
respect to the nominal values. Based on the reported data,
we have considered it worthy of interest to focus our atten-
tion on the Co30Ce., sample and to investigate the effect of
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the temperature of treatment, i.e., 120, 350 and 650 °C, on
the morphological properties. In Fig. 5, the SEM micrographs
are shown. After drying at 120 °C the Co30Ceye, Sample
consists of well defined nanorods with a diameter of around
20 nm and a length ranging from 500 nm up to about
1.5 pm. Such morphology is typical of cobalt hydroxide
carbonates, as previously reported.>® The sample calcined at
350 °C maintains the rod-like morphology but the nanorods
are much shorter (maximum length ~500 nm) with a particle
size between 30 and 50 nm that further increased up to
60-80 nm after calcination at 650 °C.

Fig. 6 shows the TEM images corresponding to the
nanocrystalline CeO, support. Very small crystallites, with an
average size below 10 nm, can be observed. In Fig. 7 the TEM
images of Coy,e, calcined at 350 °C and 650 °C are displayed.
In accordance with the literature?* Co;0, shows a bead-like
structure with nanoparticles interconnected along the longi-
tudinal directions of the rods. The increase of the crystallite
size with increasing calcination temperature is clearly
evidenced and in agreement with the particle sizes (d) of
the Coz0, phase calculated by the Scherrer equation (see
Table 1).

The TEM images of Co30Ce catalysts prepared by preci-
pitation with Na,CO;, (NH,),CO; and CO(NH,), and calcined
at 350 °C are compared in Fig. 8. Co30Cey, and Co30Ceyy,
appear to be quite heterogeneous, with large agglomerations
of CeO, particles, which are not directly interacting with the
Co;0, crystallites (Fig. 8a-d). This effect is more evident in
the case of Co30Ceny, characterized by bigger Co;0, crystal-
lites (Fig. 8c-d). Both features are in agreement with the
Raman results reported below.

When the precipitation of Co;0, was carried out using
urea with calcination at 350 °C, we observed a much more
homogeneous distribution of the Co;0, and CeO, particles, a
better interaction between these oxides and a small particle
size (15-25 nm) (Fig. 8e-f). The higher degree of homogeneity
of these materials detected by TEM is in agreement with the
Raman results. After calcination at 650 °C larger Co;0, crys-
tals were obtained resulting in segregation from the ceria
support, in particular for Co30Ceyy,, undergoing sintering to
form crystallites bigger than 100 nm, while for Co30Ceyea

1

Fig. 5 SEM images of Co30Ce,, ., treated at different temperatures: (a) 120 °C, (b) 350 °C, and (c) 650 °C.
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100 nm

Fig. 6 TEM images of nanocrystalline CeO,.

the crystal size was smaller and the perimeter interface
C03;0,-Ce0,, regarded as a fundamental parameter in cataly-
sis, was still clearly detectable (see Fig. S27).

To further analyze the structure of Co;0, and Co30Ce
oxides as a function of the precipitation agent and calcina-
tion temperature, the Raman spectra have been registered. In
Fig. S31 the Raman spectra corresponding to CoOnazso,
Conm,3s50 and Coyre, calcined at 350 and 650 °C are displayed.
In all cases the five characteristic bands assigned to the
active modes of the Co;0, spinel crystalline phase®®?° were
observed. No additional bands, corresponding to other
phases, such as CoO, were found.”” Fig. S4f shows the
spectra obtained for Co30Cey,, C030Ceyny, and Co30Ceyrea
calcined at 350 °C. In order to investigate the effect of the
calcination temperature, the spectrum of Co030Ceyreasso 1S
also reported. Four different spectra are presented for each
sample, corresponding to different mappings carried out
during spectra collection, in order to show the possible
heterogeneity of the materials.

Compared with Fig. S3T we can see that the bands corre-
sponding to the spinel structure of Coz;0O, are still present,
and an additional band appears at around 460 cm ", slightly
before, or in some cases even overlapping the band corre-
sponding to the E; Raman active mode of Co;0,4. This band
has been assigned to the F,, Raman active mode of the
fluorite structure of CeO,, and its intensity is known to
decrease significantly with Co loading.**

In the case of the sample prepared by precipitation with
Na,CO;, the Co;0, bands are considerably broad, in
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Fig. 7 TEM images (a, b) of Coyes calcined at 350 °C and (c, d) Coyrea
calcined at 650 °C.

Fig. 8 TEM images of (a, b) Co30Cenazso, (¢, d) Co30Ceny, 350, and
(e, f) C03oceurea350-

accordance with the presence of small crystallites, and the
spectra differ from one map to the other (see Fig. S4at). In
fact, the Co;0, bands are almost absent in the red spectrum
corresponding to map2, whereas the green spectrum (map3)
does not present the band assigned to CeO,.

When (NH,),CO; is used as the precipitation agent
(see Fig. S4b¥), sharper and more intense bands appeared for
the Coz;0, phase, and a small CeO, peak appeared only in
one of the maps (map4).

The sample prepared by means of urea (see Fig. S4ct)
presents broad but more intense Co;O, bands than in the

This journal is © The Royal Society of Chemistry 2015
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case of Na,CO;, and the CeO, band at 460 cm™* can hardly
be detected as a shoulder of the E, Co30, phonon mode, and
only in two of the spectra (maps 2 and 3). Based on
the smaller differences between the different mappings it
can be concluded that this sample is more homogeneous.
These properties are maintained after calcination of the
C030Ceyrea50 Sample (Fig. S4dt). The above reported Raman
results confirm XRD, SEM and TEM data.

3.2. Temperature-programmed reduction

High bulk oxygen mobility (through the Mars-van Krevelen
mechanism) and formation of highly active oxygen species
activated by oxygen vacancies are widely recognized as the
main factors influencing the catalytic activity of Co;0, and
CoxCe for CO, CH, and VOC catalytic oxidation.*? In order to
gain insight into the effect of different precipitation agents
and as well the interaction between Co;0, and CeO, on the
reduction properties, H,-TPR experiments were performed on
the prepared Co;0, and Co30Ce oxides. In Fig. 9 the reduc-
tion curves are shown. With respect to the reduction process
of Coz0,, there are various controversial viewpoints. Arnoldy
and Moulijn reported one broad peak for the reduction of
C0;0,." A single reduction peak at 434 °C was also found
by Luo et al.** However, more commonly the reduction of
Co30, is described as a two-step process involving the inter-
mediate reduction of Co0.*> These different results could be
explained by considering that the reduction behaviour of
Co30, is highly dependent on the preparation method and
dispersion of the particles. Large particles are usually
reduced to metallic cobalt in a single step, while for nano-
particles a two-step process often occurs.'®*>*® Two reduc-
tion peaks, labelled as peak I and peak II, in the temperature
range of ~200-400 °C, were detected in the TPR profiles of
the prepared Co;0, oxides calcined at 350 and at 650 °C
(see Fig. 9a, b). Confirming our previous data and in agree-
ment with other literature results, peak I was associated with
the reduction of Co®" to Co®" and peak II was ascribed to the
reduction of CoO to metallic cobalt.*>*”*® For a given calci-
nation temperature, 350 or 650 °C, moving from Coy, having
small particles to Cony, characterized by bigger crystallites,
both reduction peaks shifted to higher temperature, indicat-
ing decreased reducibility. Moreover, increasing the calcina-
tion temperature from 350 to 650 °C produced a further shift
to higher temperature. Larger Coz;0, crystallites and lower
BET surface areas (Table 1) induced by the calcinations at
650 °C can account for the decreased reducibility. Indepen-
dent of the preparation method and the calcination tempera-
ture, the overall hydrogen consumption related to the area
of the two peaks (Fig. 9a, b) was equal to 370 + 5 ml. With
the theoretical H, consumption for the total reduction of
Co;0, to Co” equal to ~406 ml H, g™ (calculated at 1 atm
and 298 K) the measured value is within the experimental
error (+10%).

The TPR profiles of the Co30Ce oxides calcined at 350 °C
(Fig. 9c) are characterized by two to three main reduction
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Fig. 9 H,-TPR profiles of (a, b) bare Cos04 and (c, d) Co30Ce catalysts prepared by the precipitation method using three different precipitating

agents and calcined at 350 or at 650 °C.

peaks in the range of temperature between 150 and 600 °C.
An additional peak at about 740 °C is present in all of the
reduction profiles. The Co30Ce,.., sample exhibited the
highest reducibility at low temperature with a peak centred at
221 °C having a shoulder at 183 °C and a second intense
peak at 453 °C. For Co30Cey, the reduction occurs in a wide
range of temperature, with three broad signals centred at
275, 334 and 500 °C. For Co30Ceyy, characterized by larger
Co30, particles, reduction is completed in a shorter range of
temperature with three close peaks at 291, 345 and 382 °C. In
Fig. 9c the reduction profile of nanocrystalline ceria is also
reported for comparison. Two main hydrogen consumptions,
at 370 °C and at around 770 °C, were detected. The low
temperature peak was due to the reduction of the ceria
surface, while at high temperature the reduction of the bulk
takes place.*®

According to the literature, the following assign-
ments for the reduction of Co3;0, can be made: small peaks
below 200 °C are attributed to the reduction of surface
oxygen species adsorbed on oxygen vacancies; peaks in the
range 240-320 °C are due to the reduction of Co®" to Co>" for
Co;0, at the interface with CeO,; between 320-480 °C reduc-
tion in a single step of Co;O, to Co occurs for isolated
clusters not interacting with ceria; and finally, in the range
480-700 °C reduction of Co®>" to Co° is accomplished for
CoO, species interacting with ceria.

18,44,50,51

Catal Sci. Technol.

Moreover, it is likely that ceria reduction is in turn pro-
moted by interaction with Co;0, and therefore surface reduc-
tion could overlap with Co®* to Co** reduction, while the bulk
reduction of isolated ceria (not strongly interacting with
Co30,) takes place at around 740 °C. The so far listed assign-
ments of reduction peaks are supported by the hydrogen
consumptions listed in Table 2. The total consumption was
comparable within the experimental error for all Co30Ce
samples; however, different volumes were consumed in the
three ranges of temperature identified in Table 2.

For the Co030Ceyea350 sample the low-temperature peak
corresponds to 41 ml H, g™ that exceeds the theoretical value
of about 30 ml g™ (calculated at 1 atm and 298 K) expected
for the reduction of Co** to Co®". Only a very small hydrogen
consumption was observed in the range 300-400 °C (0.8 ml g™),
while the hydrogen consumed between 400-550 and
680-820 °C accounts for the reduction of Co>" to Co® and for
the bulk reduction of ceria. On this basis, it could be inferred
that in Co30Ceea350 Ceria surface reduction occurs between
100-300 °C overlapping with Co®** reduction. Moreover, on
the basis of the values in Table 2 and in agreement with our
previous findings®’ it appears that Co;0, nanoparticles finely
dispersed over ceria catalyse the reduction of the bulk CeO,
at temperature as low as 400-550 °C. On the other hand the
good dispersion of Co;0, nanoclusters at the interface with
ceria and the absence of the independent bulk-like Co;0,4
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Table 2 H, uptakes and relative Co®" contents of the Co30Ce catalysts prepared by the precipitation method using three different precipitating agents

and calcined at 350 or at 650 °C

Range of temperature (°C)

100-300 300-400

400-550 680-820

thala
Sample Ve (mlg™) (mlg™
C030Ceyureasso 41.0 0.8 102.0 2.5 146.3
C030Cexass0 45.0 98.0 4.0 147.0
C030Cext 350 21.0 118.0 5.7 144.7
Range of temperature (°C)
200-380 400-500 680-820 v, .a
total
Sample v (mlg™) (mlg™)
C030Ceyreasso 133.0 4.0 12.0 149.0
C030Cexasso 125.0 8.5 13.0 146.5
C030Cex 650 124.0 9.5 14.0 147.5

“ All values were calculated at 1 atm and 298 K.

phase were further confirmed by the very low intensity of the
peak in the range of 300-400 °C."® The small peak at around
740 °C, corresponding to 2.5 ml H, g™, has been assigned to
the reduction of a few isolated ceria clusters.

The explanation for the reduction profile of Co30Ceyass0
is the same as for Co30Ceyeazs0, although some differences
emerge from a careful examination of Fig. 9c: the first reduc-
tion peak (at 275 °C) is shifted to higher temperature with
respect to Co30Ceea350; Moreover in the range 300-400 °C
surface reduction of ceria, not interacting with Coz;0,, occurs.

On the other hand, for Co30Cenp 350, in the range of
temperature between 300-400 °C, the contribution to the
reduction profile of the ceria surface and as well of isolated
Co30, crystallites is much more pronounced than for the
previous samples.

These findings suggest that for Co30Ce oxides the mean
crystallite size of the Co;0, phase is not the only parameter
influencing the reduction profile; in fact the Co;0,-CeO,
interaction seems to prevail.

For Co30Ce samples calcined at 650 °C, reduction fea-
tures typical of Coz0,, surface and bulk CeO, were singly
detected (Fig. 9d). Co;0, reduction was achieved in the range
200-380 °C; surface and bulk ceria reduction occurred at
around 400-440 °C and at about 740 °C, respectively. The
hydrogen consumptions listed in Table 2 are consistent
with the above assignments. The presence of two reduction
peaks at low temperature detected only for Co30Ceyreasso iS
in agreement with the presence of relatively small Co;0,
crystallites that are reduced through a two-step process.
Moreover, the hydrogen consumption registered for such a
sample between 200-380 °C is higher than the theoretical
one expected for the complete reduction of 30 wt% Co30, to
metallic cobalt (~122 ml H, g™* calculated at 1 atm and
298 K), suggesting that some ceria surface reduction is
overlapping with the reduction process from Co®" to Co**
to Co®.

Conversely, isolated clusters not interacting with CeO,
and/or larger Co;0, crystallites, such as those detected for

This journal is © The Royal Society of Chemistry 2015

C030Cenae50 and Co30Ceyp;, 650, give rise to TPR curves quite
similar to those of the bare Co;0, samples calcined at the
same temperature. Reduction of surface and bulk ceria
occurred with two distinct peaks between 400-500 °C and
680-820 °C.

3.3. X-ray Photoelectron Spectroscopy (XPS)

In order to gain more insight into the surface chemical com-
position of Co30Ce oxides as a function of the preparation
method and calcination temperature, XPS analyses were car-
ried out on samples calcined at 350 and 650 °C. The data in
terms of Co 2p and Ce 3d binding energies, Co/Ce atomic
ratio and relative surface content of Co®>" are summarized in
Table 3. For all samples, no extra detectable peaks due to
impurities, like residual sodium ions, were observed. For all
Co30Ce samples, the Co 2p XP spectra exhibited two main
peaks at about 795.0 = 0.2 and 780.0 = 0.3 eV corresponding
to the Co 2p,/, and Co 2p;3, spin-orbital peaks, respectively.
For the mixed valence Co;O, a spin-orbit splitting value of

Table 3 XPS data for the Co30Ce catalysts prepared by the precipitation
method using three different precipitating agents and calcined at 350 or
at 650 °C

Co 2p3, Ce 3ds;, Surface Co/Ce Co**/(Co® + Co™)

Sample (ev) (eV) atomic ratio® (%)

C030Ceyreasso 779.9  882.0 6.3 47.0
781.3 884.4

Co30Cenass0 779.6 8822 3.8 46.0
781.8 884.6

Co30Cenugs0 779.6 8822 1.8 45.0
780.9 884.6

C030Ceyureacse 779.7  882.4 4.3 45.0
781.5 884.8

C030Cenaes0 7799 8824 1.5 48.0
781.7 884.8

Co30Cenmes0 780.1 8819 0.8 47.0
782.0 884.3

“ The nominal value of Co/Ce is equal to 0.92.
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15.2 eV has been reported.'®>%*> Here the spin-orbit value is
15.0 + 0.1 eV close to that of Co;0,. Moreover, the shake-up
satellite with a low intensity at ca. 7.0 eV from the main Co
2psz» spin-orbit components is also characteristic of pure
C0304.>® In Fig. S5t experimental and fitted XP spectra of
two selected samples, Co30Ceyreazso and Co30Ceyy, 350, are
displayed as an example and are also representative of the
other samples.

As observed from the Co 2pj;, binding energies listed in
Table 3, no change in the oxidation state of cobalt induced
by the precipitation agent or by the calcination temperature
was observed for the Co30Ce series. The relative surface
content of Co®" (Co*'/(Co*" + Co®") (%) was ~46% for all
samples and this value was higher than that reported for the
analogous C0;0,/ZSM-5 systems.”® The results in Table 3
show that the precipitation agent plays an important role in
the surface composition in terms of the Co/Ce atomic ratio.
For instance, Co30Cena350 and Co30Ceny 350 have a relatively
low surface Co/Ce ratio (3.8 and 1.8, respectively), while for
C030Ceyea3s0 considerable cobalt enrichment (Co/Ce = 6.3)
of the surface was observed. Anyhow, according to the Co;0,
preparation method (namely precipitation over the ceria sur-
face), cobalt enrichment of the surface occurs and the surface
atomic ratios are always higher than the nominal value
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(Co/Ce = 0.92). After calcinations at 650 °C, due to Co;0,
crystallite sintering and specific surface area shrinkage the
amount of Co detected on the surface generally decreased;
the decrease was less dramatic for Co30Ce rea650-

XPS analysis was carried out also to characterize nanocrys-
talline ceria. The spectrum (not shown) was typical of a pure
ceria spectrum®® and was fitted with eight peaks correspond-
ing to four pairs of spin-orbit doublets arising from the mul-
tiplicity of the final states reached during the Ce 3d photo-
ionization process.>® In Table 3 the Ce3ds, binding energy
values are listed. Interestingly, a constant Ce**/(Ce*" + Ce*")
atomic ratio equal to ~16% was found for all samples as well
for the pure nanocrystalline ceria, which was analysed for
comparison. This high percentage of Ce®’, which was not
induced by X-ray exposure as determined by recording the
spectra after different exposure time, is indicative of high
oxygen vacancy content likely related to the peculiar nano-
crystalline structure.””

3.4. Methane oxidation tests

The methane oxidation activity of the bare Co;0, and Co30Ce
catalysts calcined at 350 °C and at 650 °C are shown in
Fig. 10a-d in terms of CH, conversion (%) curves versus
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Fig. 10 CH,4 conversion curves versus temperature for bare Cosz0, and Co30Ce catalysts prepared by the precipitation method using three
different precipitating agents and calcined at 350 (a, b) and at 650 °C (c, d). The CH4 conversion curves of nanocrystalline ceria are also reported

for comparison (b, c).
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temperature. In Tables 4 and 5 the T5, and Ty, values
(the reaction temperature at which 50% or 90% methane
conversion is reached) are listed for samples calcined at
350 and at 650 °C, respectively. The reaction rates (umol
CHy S Zeatalyse ) calculated for conversions < 20% are also
reported in Tables 4 and 5. Among the Co;0, oxides calcined
at 350 °C and at 650 °C, the activity increased in the order
Conn, < COyrea < Cong, with the latter showing the lowest
Tso and Ty, values for methane conversion and the highest
reaction rate. XRD and BET characterization showed that
Cona has smaller crystallites and a higher surface area than
the other bare oxides. Moreover, the TPR reducibility
decreased moving from Conp, to Con,. These factors can
account for the trend of the activity, in accordance with
several literature results highlighting that the crystal size,
shape and crystal orientation planes are key factors in the
CH, oxidation activity of Co;0, nanocrystals.>**>*

Looking at the Co30Ce catalysts calcined at 350 °C and at
650 °C, the catalytic activity for methane oxidation increased
in the order Co30Ceyy, < C030Cen, < C030Cey.a (Tables 4
and 5) and seems to be not only governed by the Coz;0,
crystallite size but also by a combination of several factors,
such as the homogeneous distribution and mutual interac-
tion between Co;0,4 and CeO,. The key role of such a mutual
interaction is not surprising considering the recent results on
the peculiar structure of Coz0, crystallites encapsulated by
nanosized ceria that maximized the interaction between the
two oxides with unique redox and catalytic properties.®

Table 4 Temperatures of 50 and 90% CH,4 conversion (Tsq and Typ) and
reaction rates (r) calculated at 250 °C (conversions < 20%) for CosO,
and Co30Ce catalysts prepared by using three different precipitating
agents and calcined at 350 °C. For comparison, the values obtained for
nanocrystalline ceria are also listed

Sample Tso (°C) Too (°C) 7 (umol CH, gear ' 57Y)
COuren 371 487 0.153

Cona 354 460 0.281

Cong, 392 512 0.098

C030Ce req 343 450 0.373

C030Cena 366 490 0.215

Co30Cenm, 409 531 0.102

CeO, 526 — 0.0004

Table 5 Temperatures of 50 and 90% CH,4 conversion (Tsq and Tyo) and
reaction rates (r) calculated at 300 °C (conversions < 20%) for CozO,4 and
Co30Ce catalysts prepared by using three different precipitating agents
and calcined at 650 °C. For comparison, the values obtained for nano-
crystalline ceria are also listed

Sample Tso (°C) Too (°C) r (umol geo ' 57
COurea 472 583 0.133

Cona 449 550 0.225

Conn, 490 623 0.082

C030Ceyrea 451 549 0.266

C030Cex, 474 593 0.156

Co30Cenm, 518 649 0.082

CeO, 526 653 0.0049

This journal is © The Royal Society of Chemistry 2015
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XRD and BET characterization performed on selected
spent Cozso and Co30Ce;s, catalysts, recovered after catalytic
tests performed up to 600 °C, which is higher than that of
the calcination treatment, showed a slight increase of the
mean crystallite size, in the same trend observed for the
samples calcined at 650 °C, without any dramatic structural
and morphological change.

The catalytic data for the Co series and Co30Ce samples
herein described are in good agreement with our previous
results®*" recorded under the same WHSV conditions on
precipitated Co;O0, and Co30Ce oxides with a comparable
crystallite size and surface area. By comparison with other
literature results®® the present Co;0, catalysts apparently
have lower performance (0.225 pumol g.,. " s™* at 300 °C for
Conasso) than the Coz0,4 nanocrystals synthesized via a hydro-
thermal process and characterized by different shapes, like
nanosheets, nanobelts and nanocubes (0.544, 0.424 and
0.359 umol g, ' s, respectively, calculated at 273-284 °C).
The superior catalytic activity of such pure Co;0, nano-
crystals may be correlated with the more reactive crystal
planes exposed on their surface. On the other hand, different
specific rates of methane conversion may depend on differ-
ent experimental conditions (WHSV = 60000 ml ¢* h™" in
the present case, GHSV = 40 000 h™* (ref. 31)).

For methane oxidation on cobalt oxide-based catalysts, a
number of parameters, such as the crystallite size, specific
surface area, reducibility of the cobalt species, nature of the
support and the cobalt content on the surface, are thought to
influence the catalytic activity.>>*">*

In Fig. 11a-b, the reaction rates (umol CH, s gcatalyst_l)
versus Co3;0, wt% and versus the Co/Ce XPS atomic ratio
are displayed for the Co and Co30Ce samples. The precipita-
tion agent and calcination temperature seriously influenced
the catalytic activity. Besides the samples precipitated by
(NH,4),CO; showing relatively low activity and performing
similarly, the activity of bare Co;0, and Co30Ce oxides pre-
cipitated with the same agent significantly differed as a func-
tion of the calcination temperature and Co/Ce surface atomic
ratio. The highest activity was registered for the Co30Ce
oxides prepared by urea according to the high reducibility
observed at low temperature (Fig. 9) as well to the homoge-
neous distribution of the small Coz;0, particles over CeO,
strongly interacting with them (Fig. 8).

In accordance with the literature, the combustion of
methane over the cobalt oxide catalyst follows a Mars-van
Krevelen mechanism and depends on the fast migration of
oxygen ions through the lattice of cobalt oxide.>® Thus, the
oxygen buffer by release/uptake of oxygen through redox
processes involving the Ce**/Ce®* couple contributed to the
methane oxidation at high temperature. Accordingly, nano-
crystalline ceria showed appreciable activity starting from
about 450 °C giving 50% methane conversion at 526 °C
and an almost full conversion at 700 °C (see Table 5 and
Fig. 10d). Moreover, stable methane conversions were regis-
tered for all Co30Ce catalysts above 700 °C although it is
well known that at high temperature, the active phase,
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Co;0,, partially decomposes to the less active CoO oxide.>**"

In the present case, the attainment of stable catalytic conver-
sions is likely due to the co-catalytic effect of CeO, at 700 °C
(see Fig. 10d). On the other hand, for bare Co;0, catalysts an
evident CH, conversion decay was observed above 700 °C
(see Fig. 10c-d). Except for the appearance of the CoO phase
detected in the XRD patterns of the spent Co650 and
Co30Ceqs, catalysts recovered after the catalytic tests
performed at 800 °C, no sintering phenomena or morpho-
logical changes were noticed suggesting good stability under the
reaction conditions for the samples calcined at 650 °C for 5 h.

3.5. Temperature-programmed desorption of NH;

The key role of surface Lewis acidity of nanocrystalline Co;0,
oxides in the catalytic oxidation of chlorinated VOCs has
been recently demonstrated.>® A high Lewis acidity evaluated
by means of NH,-TPD analysis was found to be relevant to
the promotion of the conversion of 1,2-dichloroethane.
Moreover, Qiu et al. have proposed a close relationship
between the catalytic activity of catalysts for SCR and the
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surface adsorption level of NH,.** A direct proportion
between the NH; adsorption capacity and the abundance of
Co®" on the surface of Co;0, nanocatalysts was found.

A linear relationship between the specific reaction rates
of methane conversion and Co/Ce surface atomic ratio
(Fig. 11b) has been reported, confirming our previous results
on the catalytic role of the Co®" species in methane oxidation
activity.’*™® In order to gain further insight into the
influence of Lewis acidity on the catalytic performance of
C03;0,-Ce0, systems, NH;-TPD experiments were carried out
over selected samples, Coz;O, and Co30Ce calcined at 350
and at 650 °C. Nanocrystalline ceria has been tested for com-
parison. Some representative NH;-TPD profiles are displayed
in Fig. 12. The total acidity values expressed as mmol of
desorbed NH; per gram of the catalyst and calculated by inte-
grating the area under the TPD curves are listed in Table 6.
The most intense features were observed for Co30Ceycazso
showing a broad peak between 150-350 °C and a second and
less intense signal extended to the entire holding time at
500 °C. In accordance with the literature,® peaks at T <
200 °C can be attributed to the presence of weak acid sites,
while desorption occurring between 300-500 °C is associated
with strong acid sites. The desorption profile of Coyreasso iS
characterized by a very large and continuous peak in the
range 200-500 °C, suggesting also in this case the presence
of both weak and strong acid sites. However, by comparing
the two curves of CoOyreazso and Co30Cereaszso it is evident
that the abundance and strength of the acid sites of pure
Co30, strongly differed from those of the corresponding
Co03;0,—Ce0, oxide that in turn is much more acidic than the
parent CeO,. These findings suggest that the deposition over
ceria of regular and highly dispersed Co;0, nanoparticles by
precipitation with urea is an effective method to form
abundant Co®" ions responsible for the high NH; adsorption
capacity. In contrast to Co30Ceyreazs0, the acid capacity of

CeO, nanocrystalline

Courea350
Co30Ce,,,,.., 1500
= Co30Ce,, ;s §
c L
% -4 400 o
~ 2
- ©
n 4300 &
o Q
2 5
4200 K
-4 100
T T T T T T T T T T 0
0 1000 2000 3000 4000 5000
Time (s)

Fig. 12 NH3z-TPD profiles of selected Co30Ce and CoszO, oxides
calcined at 350 °C. The curve for nanocrystalline CeO, is reported for
comparison.
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Table 6 NHs-TPD data for selected Cos0, and Co30Ce catalysts pre-
pared by using three different precipitating agents and calcined at 350
and at 650 °C. For comparison, the values calculated for nanocrystalline
ceria are also listed

Samples Total acidity (mmol NH; gea ')
Coureassl) 0.21
C030Ceyreasso 0.35
Co30Cenm, 350 0.19
CeO, 0.09
COureaBSO 0.14
C030Ceyreasso 0.26
Co30Cenn, 650 0.10

Co30Cenp 350 was much lower. The acidity decreased for all
samples after calcination at 650 °C (see Table 6), in agree-
ment with Co;0, crystallite sintering generally observed
for bare oxides and Co30Ce samples. Co30Ce,reas50 Was the
sample that preserved a larger amount of acid sites.

Conclusions

The synthetic procedure, precipitation by (NH,),CO3, Na,CO;
and CO(NH,),, influenced the nature of the cobalt species
as determined by XRD characterization of powders dried at
120 °C (formation of cobalt hydroxide carbonate or the Co;0,
spinel species).

Upon calcination at 350 °C cobalt crystallized into the
pure Coz0, spinel phase for all samples, regardless of the
precipitation agent and chemical composition. Textural
(crystallite size and specific surface area) and catalytic proper-
ties strongly depend on the nature of the precipitation agent.
Homogeneous precipitation by Na,CO; and CO(NH,), led to
regular and controlled Co;0, particle sizes, while bigger and
heterogeneous crystals were formed with (NH,),CO;. When
the precipitation of cobalt oxides was carried out in the
presence of ceria by sodium or ammonium carbonate, the
sample mapping carried out by TEM and SEM analyses
appears to be quite heterogeneous, with large agglomerations
of CeO, particles, which are not directly interacting with the
Co30, crystallites. This effect is more evident in the case of
the sample precipitated by (NH,),CO; characterized by big
Co30, crystallites. In contrast, homogeneous precipitation
via urea appears to be the most adequate method for prepar-
ing regular nanocrystalline Coz;O, particles homogeneously
distributed over ceria and strongly interacting with them.

The peculiar structure and morphology of nanocrystalline
ceria play a fundamental role in stabilizing the Coz;0, active
phase against sintering and promoting its activity. This trend
was common to all Co;0,-CeO, mixed oxides.

The excellent catalytic activity of the Co;0,-CeO, catalyst
precipitated by urea can be attributed to a combination of
several factors, such as the small crystallite size which gives
rise to easily accessible active sites, easy reducibility of Co®"
at low temperature, and high surface Co®*" content at the
Co;0,—CeO, interface. The mutual interaction between the
two oxides guarantees full methane conversion above 700 °C.

This journal is © The Royal Society of Chemistry 2015
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