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ABSTRACT

This work deals with the extensive study of supported bimetallic Co-Ni catalysts for the
complete oxidation of methane. The simultaneous incorporation of nickel and cobalt
was found to enhance the redox properties by favouring the formation of nickel
cobaltite-like species and partially inhibiting the interaction between Co0304 and
alumina. In turn, this resulted in an increase of the amount of Co®*" cations in the
catalysts, which led to a more notable presence of active lattice oxygen species in the
samples. When the nickel loading was increased, the generation of less active NiO was
observed. The improvement of the redox properties resulted in a promotion of the
specific reaction rate and a shift of around 50 °C in the Tso value over the bimetallic
catalysts. The most active catalyst (25Co-5Ni) was found to be relatively stable during
prolonged operation times, but suffered an appreciable and irreversible deactivation in

the presence of water vapour.
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1. Introduction

Nowadays the transport sector is one of the most important contributors to
anthropogenic CO emissions, mainly due to the extensive use of petroleum-derived
fuels [1,2]. To solve this problem, it is clear that in the long-term future, transportation
must chiefly rely on electricity and hydrogen fuel cells for its operation. However, these
technologies are still under development and not currently ready for extensive use.
Consequently, the use of alternative fuels with lower environmental impact, such as
natural gas, can be an adequate and temporary solution since this type of fuel produces
significantly lower CO> and NOx emissions [3,4]. The use of vehicular natural gas,
however, involves the essential need to efficiently control the emissions of unburned
methane, as this greenhouse effect gas is on average 28 times more powerful than CO>
[5,6].

Compared with adsorption, condensation, membrane separation or biofiltration, thermal
and catalytic oxidation are more efficient for treating large gas flows with dilute
methane (<1%vol). Thermal oxidation is a proven technology, already in use for
removal of methane and VOCs in various applications such as biogas from landfills,
ventilation air methane and coal mine methane or deodorisation in different industries.
Thermal oxidation can treat streams with methane concentrations as low as 0.5%vol and
can be coupled with an energy recovery system. Nevertheless, the temperature required
to achieve complete thermal oxidation of methane is normally around 1,000 °C, which
means that either compression or the addition of a secondary fuel are required to
operate. Catalytic oxidation is essentially an upgrade of thermal oxidation. Since the use
of the catalyst can take the reaction temperature down to the thermal level of the
exhaust gases, this technique can be successfully implemented in vehicles and other

mobile sources.
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Traditionally, complete oxidation of methane over noble metals-based (Pd and Pt)
catalysts has been the preferred option, but the scarcity and high price of these
materials, along with their low thermal stability, are major barriers to their extensive
application [7,8]. Co304-based catalysts, however, are much more available, and exhibit
a notable activity for methane oxidation with an excellent selectivity to CO, over a wide
operation temperature range. This class of catalyst is frequently supported over a porous
media, such as gamma-alumina, to improve the typically poor structural and textural
properties of this active phase [9,10]. Nevertheless, this implies a relevant shortcoming
in the resulting catalyst since the strong cobalt-alumina interaction that frequently
occurs is widely accepted to be detrimental to the redox properties of deposited Co304,
which are essential for its oxidation ability. This interaction may provoke the
conversion of Co304 into cobalt aluminate (CoAl2Q4), an inactive species from where
cobalt cannot be easily recovered into an active form [11,12].

Several approaches have been proposed to circumvent this obstacle. The first, and most
obvious, would be to substitute the gamma-alumina with a different support.
Nevertheless, of the materials available with a high specific surface, for instance silica,
magnesia or zeolites, none of them exhibit a null interaction with cobalt. The
performance of the resulting supported catalysts is negatively affected by the formation
of inactive phases such as cobalt silicate, Co-Mg solid solutions or cobalt aluminate
[13-15]. Some other studies have opted for supports showing a very low affinity for
cobalt, namely alpha-alumina [16,17]. Unfortunately, the amount of active phase that
can be deposited over this support is limited. Another alternative to overcome this
problem would be to use a promoter to modify the gamma-alumina to tune its high
affinity for deposited cobalt. This material is either introduced into the alumina lattice

during its synthesis, with the aim of modifying its properties [18], or is deposited over
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the surface of the already-formed alumina, prior to the deposition of cobalt, to serve as a
physical barrier [19,20]. In any case, both approaches often result in a certain inhibition
of cobalt aluminate formation. However, a side effect observed in most cases is the
formation of stable mixed oxides between cobalt and the promoter, with a lower specific
activity than Co30a.

Taking all this background into consideration, it is reasonable to propose that a third,
possible strategy could be the addition of a metallic promoter directly to the cobalt
spinel phase. If cobalt and the selected promoter, intimately mixed, are deposited onto
the alumina simultaneously, then the cobalt-promoter interaction should be, in principle,
highly favoured, which would lead to a low formation of cobalt aluminate and an active
cobalt phase with improved properties. To ensure this, the promoter should be chosen
mainly on account of its ability to insert into the spinel lattice. For this reason, one of
the most appropriate candidates could be nickel, due to its similar ionic radius,
coordination and oxidation states with respect to cobalt.

Therefore, on the basis of the assumption that a cobalt-nickel catalyst will give
synergetic catalytic properties, we tried to understand the chemical and structural
characteristics of this type of bimetallic catalyst and to establish a relationship between
the catalyst properties and its activity for lean methane oxidation. The investigated
alumina-supported catalysts were prepared using co-precipitation and the total metallic
loading of the investigated catalysts was fixed at 30%wt. [21]. Since the most active
phase in these samples was expected to be predominantly cobalt oxide, the nickel
loading was limited to a maximum of 15%wt. The ultimate objective is thus to identify
the catalyst composition with a proper cobalt-nickel interaction that minimises the
formation of cobalt aluminate and enhances the redox properties of the resulting active

C0304 spinel phase.
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2. Experimental

2.1.  Synthesis of the bimetallic supported Co-Ni catalysts

The supported cobalt-nickel catalysts were prepared by a basic precipitation route with
cobalt (I1) nitrate hexahydrate (Co(NOs)2-6H20, Fluka) and nickel (II) nitrate
hexahydrate (Ni(NO3)2:6H20, Merck) on a commercial y-Al.O3 (Saint Gobain)
thermally stabilised at 850 °C for 8 hours. For each support, 5 g of y-Al,O3 were mixed
with 100 mL of a solution with adjusted concentrations of Co and Ni nitrates. Then a
solution of Na,COs 1.2M was added dropwise until the pH reached 8.5. The
temperature was kept constant at 80 °C. The selected cobalt loadings were 25, 20 and
15%wt., while the total metallic (Co+Ni) loading was 30%wt. for all samples.
Accordingly, the nickel content of the samples was 5, 10 and 15%wt., respectively.
After ageing the slurry for 30 minutes at constant temperature (80 °C) and pH (8.5), the
obtained precipitates were filtered and washed with 5 litres of deionised hot water so as
to remove traces of sodium ions from the catalyst surface [22]. The samples were
denoted as xCo-(30-x)Ni where x stands for the nominal cobalt loading. Monometallic
cobalt and nickel catalysts supported on alumina with a 30%wt. loading along with bulk
NiO, Co304 and NiC0204 were also synthesised by the same route.

All precursors were dried at 110 °C for 16 hours and then calcined at 600 °C in static air
to produce the oxide catalysts. As derived by the thermogravimetric analysis of the
oxidative decomposition of a cobalt catalytic precursor (see Figure S1, Supplementary
material), this thermal treatment involved three consecutive steps at 125 °C (5 °C min™),
300°C (1 °C min™) and 600°C (5°C min?). Finally, the samples were kept at this

temperature for 4 hours [21].
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2.2.  Characterisation techniques

Wavelength Dispersive X-Ray Fluorescence (WDXRF) was employed to determine the
composition of the synthesised catalysts. A boron pearl glass was prepared with a
commercial flux agent (Spectromelt A12). Thus, a mixture with a catalyst:flux agent
mass ratio of 1:20 was melted at 1200 °C. The analysis was performed under vacuum
with a Malvern Panalytical AXIOS WDXRF spectrometer coupled with a Rh tube and
three different detectors (gas flow, scintillation and Xe sealed). The surface area, pore
volume and pore size distribution were evaluated by low-temperature N2 physisorption
with a Micromeritics TriStar Il instrument following the BET and BJH methods. Prior
to adsorption at -196 °C, the samples were subjected to degassing with flowing N2 in a
Micromeritics SmartPrep unit at 300 °C for 10 hours.

X-ray diffraction (XRD) data were collected on a X’PERT-PRO X-Ray diffractometer
using Cu Ka radiation (A = 1.5406 A) and a Ni filter at 40 kV and 40 mA. The patterns
were recorded with a step size of 0.026° and a counting time of 2.0 seconds. The cell
parameter of the Co-spinel phase was estimated by profile matching (FullProf.2k
software) of the pattern. The experimental diffraction patterns were compared with
ICDD (International Centre for Diffraction Data) database cards. Raman spectra in the
150-1200 cm™ range were obtained with a Renishaw InVia Raman spectrometer
operating with a 514 nm laser source (ion-argon laser, Modu-Laser). The samples were
additionally characterised by X-Ray photoelectron spectroscopy (XPS). Spectra were
collected with a Kratos AXIS Supra spectrometer (225 W Al Ko radiation source) with
a pass energy of 20 eV.

Scanning Transmission Electron Microscopy - High Angle Annular Dark Field (STEM-
HAADF) and High Resolution Transmission Electron Microscopy (HRTEM) images

were obtained in a CETCOR Cs-probe-corrected Titan microscope (ThermoFisher
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Scientific, formerly FEI) at a working voltage of 300 kV, coupled with a HAADF
detector (Fischione). The instrument had a normal field emission gun (Shottky emitter)
equipped with a SuperTwin lens and a CCD camera. The samples were sonicated in
ethanol and dropped onto a holey amorphous carbon film supported on a copper grid.
The TEM apparatus was also equipped for X-ray Energy Dispersive Spectroscopy
(EDS) and Electron Energy Loss Spectroscopy (EELS) experiments. Both spectroscopic
techniques, when combined with the imaging technique, were able to provide spatially
resolved elemental analysis of the samples. EDS spectra were obtained with an EDAX
detector. For EELS analysis the microscope was fitted with the Tridiem Gatan Energy
Filter. A 2k x 2k Ultrascan CCD camera (Gatan) was positioned before the filter for
TEM imaging (energy resolution of 0.7 eV). The acquisition time for the analysis was
50 ms per spectrum and the used energy dispersion was 0.2 eV pixel™.

The redox behaviour of the cobalt catalysts was examined by temperature-programmed
reduction with hydrogen (H2-TPR) with a Micromeritics Autochem 2920 equipment
with a 5%Ho>/Ar stream. Previously, the samples were treated at 300 °C for 30 minutes
with a flowing 5%0./He mixture, after which they were cooled down to 50 °C under
inert conditions. The reduction process was conducted up to 950 °C at a heating rate of
10 °C min’t with a simultaneous removal of formed water. The samples were kept at
this temperature for 10 minutes. Likewise, the mobility of oxygen species and their
ability for the activation of methane was examined by temperature-programmed
reaction (CH4-TPRe) with a 5%CHs/He mixture. The exit stream was continuously
analysed by mass spectrometry (MKS Cirrus Quadrupole Mass Spectrometer). The runs
were conducted between 50-600 °C (10 °C min™t) with a subsequent isothermal step for

30 minutes.



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

2.3.  Catalytic activity determination

The catalytic performance was examined in a Hastelloy X fixed bed reactor
(Microactivity by PID Eng&Tech S.L.). A K type thermocouple was placed in the
middle of the catalyst bed for controlling the reaction temperature. The bed was a
mixture of 1 g of catalyst (sieve fraction of 0.25-0.3 mm) diluted with 1 g of inert quartz
(sieve fraction of 0.5-0.8 mm). A gaseous stream with a total flow of (500 mL min™)
and containing CHs (1%), O2 (10%) and N2 (89%) was fed at a weight hourly space
velocity of 300 mL CH4 gt h™t under atmospheric pressure (30,000 h).

Catalytic conversion was examined between 200-600 °C in steps of 25 °C. The reaction
products were quantified with an on-line gas chromatograph (Agilent Technologies
7890N) equipped with a thermal conductivity detector. Further details on the analysis of
the exit stream are given elsewhere [21]. The absence of heat or mass transfer
limitations affecting the kinetic results was verified according to the criteria dictated by
Eurokin [23,24] (Table S1, Supplementary material). Additionally, the stability of the
most active sample with time on stream was studied at constant temperature (550 °C)
for a total reaction interval of 150 hours while under cycling dry/humid (10%vol. H20)

conditions every 25 hours.

3. Results and discussion

3.1. Characterisation of the Co-Ni catalysts

The elemental composition of the nickel-cobalt catalysts was determined by WDXRF.
Chemical analysis revealed that the amount of each deposited metal (cobalt and nickel)
on the alumina support was relatively similar to the respective nominal loading
(Table 1). The textural and structural properties of the nickel-cobalt catalysts were

investigated by N-physisorption, XRD, Raman spectroscopy, XPS, STEM-HAADF
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coupled to EELS and EDX and HRTEM. The blank gamma alumina support showed a
surface area of 139 m?g? and a pore volume of 0.56cmig? (Table 1). The
coprecipitated samples revealed a slightly lower surface, in the 113-123 m? g* range,
with a concomitant decrease in pore volume of around 30-40%. The samples revealed
type IV isotherms with H2 hysteresis loops, typically assigned to pore blocking in
materials with a wide pore size distribution (Figure S2, Supplementary material). After
metallic deposition no major alteration of the hysteresis loops was observed. According
to the BJH method the bare alumina support was characterised by a bimodal pore size
distribution centred at 90 and 150 A that became a unimodal distribution peaking at
about 90 A for the Co-Ni catalysts, probably due to the narrowing of the largest pores
(150 A) caused by the addition of the active phases irrespective of their relative
proportion. In relation to the pore volume, the lowest value (0.29 cm® g) was measured
over the 30Co sample. When Ni was present, this appreciably increased up to 0.35-
0.40 cm® g*. These larger values were assigned to the presence of a significant fraction
of large pores of around 125 and 340 A, mainly over the Ni-rich 15Co-15Ni catalyst. As
will be shown later, this increase in the pore volume could be taken as preliminary
evidence of the formation of a NiCo204-like phase in the bimetallic catalysts. Note that
this bulk oxide was characterised by wide pores with a size of around 320 A (Table 1).
TABLE 1

It is commonly accepted that the characterisation by XRD of gamma-alumina supported
Co,Ni-containing catalysts is often not useful for obtaining a clear picture of the nature
of the eventually present phases since Co3O4 (ICDD 00-042-1467), CoAl.O4 (ICDD 00-
044-0160), NiAl,04 (ICDD 00-078-1601) and NiCo0204 (ICDD 00-002-1074) spinel
oxides possess a virtually identical cubic (Fd-3m) crystalline structure. Note that the

existence of appreciable amounts of both amorphous cobalt aluminate and nickel
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aluminate was plausible owing to the interaction of CosO4 and NiO with y-Al.O3 at mild
temperatures (600 °C) [25,26]. Therefore, the patterns of the Co-Ni catalysts, shown in
Figure S3, Supplementary material, evidenced several signals at 26 = 31.3, 37.0, 45.1,
59.4 and 65.3°, which were consistent with the presence of one or several crystalline
spinelic phases. In addition, the bimetallic catalysts with a higher Ni loading (20Co-
10Ni and 15Co0-15Ni) along with the 30Ni sample revealed signals located at 26 = 43.9
and 62.9° attributable to the presence of segregated NiO (ICDD 00-089-7131)
crystallites with sizes of around 14-19 nm. The crystallite size of this oxide phase was
estimated from the Full Width Half Maximum (FWHM) of the characteristic peak
located at 43.9°, which corresponded to the (200) plane, by applying the Scherrer
equation. As for the 30Ni sample, it should be remarked that, although the presence of
nickel aluminate was highly probable, its diffraction pattern did not reveal individual
signals assignable to this crystalline spinel phase. As aforementioned, an unambiguous
identification of the cobalt species (Coz04 and/or CoAl204) present in the 30Co sample
was not possible. However, since it is known that the CoAl>O4 phase formed below
600 °C possesses a notable amorphous character [27,28], its signals are usually assumed
to be weaker compared with those of more crystalline Coz0a4. Therefore, although the
simultaneous presence of various spinels in the coprecipitated samples could not be
initially discerned owing to their similar diffraction patterns, it could be reasonably
expected that the observed high-intensity spinel signals should be preferentially
attributed to either Co3O4 or NiC0204 phases. In fact, an enlarged view of the main
spinel signal at 26 = 37.1° of the bimetallic catalysts (Figure 1) revealed a continuous
shift towards a lower angle value with increasing Ni loading. Thus, the signal of the
15Co-15Ni sample (20 = 37.0°) was relatively close to that of the bulk NiC0204 sample

(206 = 36.7°), thereby suggesting the favoured presence of this spinel over the Co-Ni
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catalysts. The structural change of the Co-spinel lattice was further established by
comparing the cell size of the 30Co catalyst, the bimetallic counterparts, and the as-
synthesised bulk nickel cobaltite. Results included in Table 1 indicated a gradual
enlargement of the cell parameter when nickel was present, from to 8.096 A over the
30Co catalyst to 8.109 A over the 15C0-15Ni catalyst. The growing trend towards the
limit value of bulk nickel cobaltite (8.123 A) pointed to the formation of this new oxide
phase over the bimetallic samples. On the other hand, the introduction of nickel also led
to a decrease in the crystallite size (Table 1) of the spinel-like phase, from 29 nm for the
30Co catalyst to 21-23 nm for the Co-Ni coprecipitated samples. The mean crystallite
size of this phase was calculated from the peak broadening (FWHM) of the most intense
reflection ((311) plane, 26 at 37.1°) using the Scherrer equation as well.
FIGURE 1

The structure of the samples was also examined by Raman spectroscopy. The Raman
spectra (Figure 2) of the 30Co sample displayed the typical five vibration modes of
Co30s at 196, 520 and 619 cm™? (Fag), 480 cm? (Eg) and 687 cm™ (Aig) [29].
Additionally, two shoulders at 705 and 725 cm™ related to the CoAl,O4 spinel were
observed [30,31]. On the other hand, the spectrum of the 30Ni sample suggested the
presence of both NiO and NiAl2O4 phases, in spite of the fact that the latter was not
directly observed by XRD probably due to its amorphous character. Hence, the main
signal for this sample was located at 545 cm™. This Raman mode was between the main
signals of NiO (510cm™) and NiAl,Os (574 cm™) [32,33], which evidenced a
significant presence of both nickel phases. As suggested later on by Ho-TPR analysis,
their relative abundance accounted for about 30%(NiO)/70%(NiAl>O4). Also, the
second order phonon of NiO at 1080 cm™ (not shown) and weaker signals from nickel

aluminate at 250, 746 and 835 cm™ were observed [34].
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FIGURE 2

As for the bimetallic catalysts, these only showed four (196, 480, 520 and 687 cm™) out
of the five signals assigned to the CosO4 spinel. The signal at 619 cm™ was not visible
due to the appearance of a wide vibration band in the 540-650 cm™ range, similar to that
displayed by the as-prepared bulk NiC0204. Furthermore, these Raman modes
significantly shifted towards lower values, especially for the 25Co-5Ni and 20Co-10Ni
samples. This accordingly indicated some degree of distortion of the spinel Co030s
lattice owing to the partial insertion of Ni?* cations [35], as also revealed by XRD. On
the other hand, the aforementioned shoulders of cobalt aluminate were less evident.

The surface chemical state of the bi- and monometallic catalysts was investigated by
XPS. For the sake of comparison, the bulk NiCo,04 sample was also examined. The
surface composition and the distribution of nickel, cobalt and oxygen species was
determined by deconvolution and integration of the Ni2pz, (850-870 eV), Co2ps. (777-
792 eV) and O1s (526-536 eV) spectra, respectively, as shown in Figure 3. Firstly, the
Co2paz2 spectra were deconvoluted into three main and two satellite contributions. The
first two main components, centred at 779.5 and 780.7 eV, were attributed to the
existence of Co®* and Co?* ions, respectively, while the third one, centred at 782.4 eV,
was assigned to the presence of Co?" as CoO [36]. Generally, its contribution was lower
than 10% of the total surface Co concentration. This oxide was formed due to partial
reduction of surface CosO4 species as an unavoidable consequence of being exposed to
the vacuum conditions in the XPS spectrometer. Therefore, it can be assumed that this
phase was not present in the catalyst formulation. The signals located at 785.5 and
789.5 eV were identified as the shake-up satellite peaks of the Co?* and Co®" ions,
respectively [37]. Likewise, the Ni2ps> was deconvoluted following a similar

procedure. Hence, three main peaks located at 853.9, 855.4 and 856.9 eV were noted,
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which were related to the presence of Ni** as NiO species, the existence of Ni?*
belonging to a spinel lattice and the formation of Ni** species, respectively [38,39]. The
satellite peak of the nickel spectra was dominated by an intense signal centred at
861.0 eV, characteristic of the marked presence of nickel in the +2 oxidation state, with
a small shoulder located at around 865.3 eV assignable to a relatively small amount of
Ni3* species in the samples. Finally, the O1s spectra were deconvoluted into three
components at 529.3, 531.3 and 532.6 eV. The first two peaks were attributed to lattice
and adsorbed oxygen species, respectively, while the last one was assigned to the
oxygen from various oxygen-containing groups including carbonates, water and
hydroxyl species [40,41]. The surface composition estimated from these spectra is
included in Table 2, along with the bulk composition determined by WDXRF for the
sake of comparison. As expected, the aluminium concentration on the surface was
appreciably lower. On the other hand, no marked differences in Co concentration were
observed between the surface and the bulk. By contrast, a favoured accumulation of
nickel at the surface level was evident for all the samples, with remarkably higher Ni
concentrations (almost twice as much) when compared with the loading determined by
WDXRF.
FIGURE 3
TABLE 2

The main band of the Co2pa/. spectra of the 30Co catalyst was located at 781.2 eV. This
position was influenced by the notable presence of Co?" species as CoAl.Oa, in line
with the results from Raman spectroscopy. In fact, the Co®*/Co?* molar ratio was as low
as 0.67. With the addition of small amounts of nickel (5%wt.) the binding energy of this
band significantly decreased to 779.8 eV. This shift was connected with a lower

abundance of Co?* species as cobalt aluminate. As shown in Figure 4, a further increase
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in Ni loading did not lead to remarkable changes in the position of the band (779.9 eV
for both 20Co-10Ni and 15Co-15Ni samples). More importantly, irrespective of the Ni
content of the catalyst, the position was close to that observed for both bulk Coz04 and
NiC0204 (779.5¢€V). Note that these two oxides were characterised by quite high
Co%*/Co?* molar ratios (1.96 and 2.10, respectively). In view of the results included in
Table 2 the presence of Co" species was most favoured for the lowest Ni content
(25Ni-5Co sample, with a Co®*/Co?" molar ratio of 1.21). However, the origin of this
considerable relative increase in the presence of Co®" species as C0304 or NiC0204
cannot be clearly assessed.

To obtain an insight into this question, the Ni2pzs; spectra were analysed in detail. As
stated earlier, the predominant nickel phases were Ni?* as NiO or in the form of either
NiAl2O4 or NiC0204. As reflected in Table 2, the presence of NiO was favoured by high
Ni loadings with the Ni?*(NiO)/Ni?*(spinel) molar ratio increasing from 0.21 over the
25C0-5Ni sample to 0.89 over the 15Co-15Ni sample. On the other hand, while no
remarkable changes were observed in the position of the Ni?*(NiO) band, some
significant alterations were evident for the band associated with Ni?* species belonging
to a spinelic lattice (Figure 4). It is noteworthy that this band was located at 855.7 eV
for the 30Ni catalyst, which only contained NiAl>O4 along with NiO. Conversely, this
band was positioned at 855.1 eV for the bulk NiCo0204 sample. Therefore, the relative
position with respect to these two reference values may be helpful in at least
qualitatively defining the nature of the spinel that was preferably formed on the
catalysts as a function of its nickel content. The trend visualised in Figure 4 pointed to a
preferred formation of nickel cobaltite over the catalysts with small amounts of nickel
while the Ni-rich samples were more prone to the generation of nickel aluminate. These

findings thus confirmed that the high Co3*/Co?" molar ratio of the 25Co-5Ni sample
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was due to the formation of NiCo204 at the expense of Co30a. Finally, data collected in
Table 2 revealed that this increase in the amount of Co®' species was in turn
accompanied by a marked presence of lattice oxygen species. These have been
considered as the active species for methane oxidation according to a Mars-van
Krevelen mechanism. As shown in Figure 5, the presence of this type of species was
optimised for the 25Co-5Ni catalyst. Also note that, regardless of the Ni content, lattice
oxygen species were more abundant, with Oads/Oiatt molar ratios in the 0.94-1.10 range,
than in the monometallic counterparts (1.41 and 1.54 for the 30Co and 30Ni samples,
respectively).
FIGURE 4
FIGURE 5

All the examined catalysts including the supported mono- and bimetallic catalysts and
the bulk NiCo,04 and NiO oxides contained a significant fraction of Ni®* species. The
corresponding Ni*/Ni?* molar ratios are included in Table 2. The assessment of the
origin of this signal is complex since Ni** may be related to the mixed Co-Ni spinel [42]
but also to Ni>O3 derived from the surface oxidation of NiO [43,44]. It was found that
Ni3* species are more abundant with the Ni loading of the supported catalysts, from 0.13
over the 25Co-5Ni sample to 0.30 over the 30Ni sample. This trend was consistent with
the increasing NiO content of the catalysts, as dictated by XRD and Raman
spectroscopy. Note that the as-synthesised bulk NiO sample exhibited a molar ratio as
high as 0.50. On the other hand, the presence of Ni®* species in the 25C0-5Ni sample
could be attributed to nickel cobaltite in view of its reduced amount of NiO.

An attempt to gain a more defined view of the surface chemical structure of the cobalt-
nickel catalysts was made by studying their elemental composition. The bimetallic

catalysts along with the monometallic 30Co and 30 Ni samples were thus characterised
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by scanning transmission electron microscopy-high-angle annular dark field (STEM-
HAADF). Moreover, EELS elemental maps (Figure 6) were obtained for certain regions
in each sample to examine the spatial distribution of both metals in the Co-Ni catalysts.
The 30Co and 30Ni catalysts were characterised by the presence of Co304 and NiO
polycrystallites with sizes ranging from 20-40 and 10-30 nm, respectively (in some
cases formed by the apparent attachment of smaller crystallites). On both samples, the
abundance of relatively large regions of less crystalline aluminates was evidenced as
well. With respect to bimetallic Co-Ni catalysts, nickel was homogeneously present and
well mixed with cobalt when the Ni content was low (5%wt.%), thus expectedly
favouring the formation of NiCo204-like species. Small Ni-containing patches assigned
to isolated NiO with a size of 10-20 nm were observed as well. For increased Ni
loadings in the catalyst (20Co-10Ni and 15Co0-15Ni samples), noticeably larger areas
(>50 nm) of Ni-rich phases (NiO and NiAl>O4) were observed.
FIGURE 6

Complementary EDX analysis was useful for giving information on the elemental
concentration of selected spots of each sample (ESVision/TIA software). About 17 spot
EDX analyses of each sample were performed, except for the 30Ni sample (4 spot
measurements). These data provided a semi-quantitative distribution of the various
species that were present on the samples as a function of the catalyst formulation. These
included alumina, Co304, NiO, Ni-Al, Co-Al, Ni-Co and Ni-Co-Al species. This
assignment was tentatively carried out as function of the relative abundance of Co, Ni,
Al and O elements. Results corresponding to the oxide phase distribution over the
monometallic and bimetallic catalysts are included in Figure 7. Figure S4,
Supplementary material includes representative images of the microstructure of the

investigated catalysts, with the EDX spectra of some selected analysed spots. In line
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with the EELS maps, the 30Co catalyst consisted of a mixture of CozO4 polycrystallites
and Co-Al entities attributable to cobalt aluminate-like species. In addition, some areas
of uncovered alumina support could be identified. Analogously, the pure nickel sample
(30Ni) presented relatively well-defined NiO crystallites and regions with nickel and
aluminium intimately in contact forming amorphous NiAl>O:s-like species.
FIGURE 7

The analysis of the three bimetallic catalysts evidenced the presence of species with a
greater compositional variety including up to seven different oxide phases. Moreover,
remarkable changes in the relative abundance as a function of their composition were
observed. Hence, the cobalt present in the 25Co-5Ni catalyst was mainly in the form of
Ni-Co(40%), Co0304(20%), Co-Al(20%), and Ni-Co-Al(13%) entities. The Ni-Co
species, which showed a Ni/Co molar ratio ranging between 0.1 and 0.2, were ascribed
to substoichiometric nickel cobaltite. As the cobalt loading decreased, the relative
amounts of Co030s species also decreased to 17% and 6% over the 20Co-10Ni and
15Co-15Ni samples. Likewise, Ni-Co species gradually tended to be less abundant,
particularly over the 15Co-15Ni catalyst (22%). Simultaneously, Ni-rich entities such as
NiO (with a Ni/Co molar ratio higher than 3) and Ni-Co-Al were favoured with higher
Ni content in the sample, up to 22% and 33%, respectively. It is worth pointing out that
results from EDX analysis were in agreement with the conclusions derived from the
spectroscopic techniques (Raman spectroscopy and XPS) and XRD, which suggested
the favoured formation of NiCo.0s-like species over the 25Co0-5Ni catalyst, and the
generation of increasing amounts NiO over the 20Co-10Ni and 15Co0-15Ni samples.

The samples were also examined by HRTEM. Figure S5, Supplementary material
shows selected HRTEM images for the 30Co and the three bimetallic catalysts. Over

the four samples the characteristic lattice fringes with interplanar spacing of 0.244 and
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0.286 nm assignable to the {311} and the {220} planes of a spinel crystalline phase
could be observed. As stated earlier, since the crystallographic parameters of Co30a,
CoAl04 and NiCo0204 are virtually identical, it is rather difficult to distinguish them by
electronic microscopy. Conversely, the TEM images of the 30Ni sample did not reveal
the existence of the crystalline NiAl>O4 spinel. On the other hand, when analysing the
results corresponding to the 20Co0-10Ni and 15Co-15Ni samples (Figure S6,
Supplementary material) individual crystallites presenting interlayer distances of
0.209 nm attributable to the spacing of the {200} plane of NiO were also clearly
observed. Thus, the presence of segregated nickel oxide along with crystalline spinelic
phases was corroborated over the Ni-rich bimetallic catalysts, in line with XRD, XPS
and chemical mapping analysis.

The analysis of the samples by H>-TPR was adequate not only for determining their
redox behaviour but also in further corroborating the nature of the oxides phases present
in the bimetallic catalysts, as tentatively established by XRD, Raman spectroscopy,
XPS and STEM-HAADF and HRTEM. The corresponding profiles, including that of
bulk nickel cobaltite, are included in Figure 8. Firstly, the reducibility of the supported
monometallic oxides, namely 30Ni and 30Co catalysts, was discussed. As a reference,
the redox properties of the bulk pure oxides (NiO and Cos04) were also examined
(Figure S7, Supplementary material). Briefly, bulk nickel oxide showed a broad profile
with a peak reduction temperature at around 420 °C with a shoulder at 525 °C, which
was coherent with the redox behaviour of NiO crystallites with a relatively large size
(>40 nm, as determined by XRD). The profile of bulk Cos04 was in concordance with a
two-step Co*>*—Co?*—Co® reduction process peaking at 310 and 380 °C, respectively.
The shape of the reduction trace of bulk NiCo204 was similar to that of CosO4 although

the former seemed to be more easily reduced. Thus, its H> consumption started at
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significantly lower temperatures, around 180 °C (about 210 °C for Co0304). The
reduction process consisted of the reduction of Co*" to Co?* (260 °C) followed by the
simultaneous reduction of Co?* and Ni?* (at 340 °C) to the respective metallic states.
The 30Ni sample revealed an H uptake at 425 °C that was assigned to the reduction of
nickel oxide, in agreement with the profile of the bulk NiO [45]. A second noticeable
consumption was seen at 700 °C, thereby revealing that this catalyst contained a
significant amount of hardly reducible NiAl2O4 species [46]. The overall Hz uptake of
the sample was 4.5 mmol H, g2, very close to the theoretical value (4.6 mmol Hz g™).
Note that the H2:Ni reduction stoichiometry was 1:1 for both NiO and NiAl>O4. As for
the 30Co sample two reduction features were also observed. A first reduction event took
place at relatively low temperatures (in the 200-450 °C range) that corresponded to the
aforementioned two-step reduction of CozO4 to metallic cobalt, with two intermediate
temperature peaks at about 310 and 380°C [47,48]. At higher temperatures an
appreciable uptake at 660 °C was also evident, which was related to the reduction of
CoAl04 [49,50]. Accordingly, the total H2 consumption (5.2 mmol H, g1) was lower
than that expected for the exclusive presence of CoszOs in the sample (6.8 mmol H2 g™).
Recall that the H.:Co reduction stoichiometry is 4:3 for Co304 and 1:1 for CoAl20..
Therefore, the high affinity of both nickel and cobalt for alumina unavoidably induced
the formation of highly stable aluminate species, as evidenced by XPS, Raman
spectroscopy and STEM-HAADF coupled to EDX that ultimately negatively influenced
the amount of low-temperature active oxygen species.
FIGURE 8

The Hx-TPR profiles of the alumina supported Co-Ni samples are included in Figure 8.
Similarly to the 30Co sample, the bimetallic catalysts exhibited two reduction processes

at distinctly different temperature windows located at 175-500 °C and 500-900 °C. The
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H> consumption detected at the high temperature range revealed that the samples still
possessed a significant fraction of metallic oxides in the form of aluminates with a high
resistance to reduction. Another relevant finding was that the reduction process was
significantly accelerated with the presence of relatively low amounts of nickel, namely
5 and 10%wt. Thus, it started at about 175 °C over the 25Co-5Ni sample and 200 °C
over the 20Co-10Ni catalyst. However, no marked differences were observed between
the 15Co-15Ni and 30Co samples since the reduction took place at 240 °C in both cases.
As revealed earlier, the simultaneous deposition of cobalt and nickel active phases on
the surface of the alumina support resulted in the partial insertion of Ni?* cations into
the lattice of C030s4. This nickel doping led to the formation of Ni-Co mixed oxides
with a structural configuration that tended to be similar to that of nickel cobaltite. In this
sense, the similarity between the reduction traces, in terms of onset reduction
temperature (175-200°C), peak reduction temperatures at 280 and 380 °C and
narrowing of the window of the reduction process at low temperatures, of the bimetallic
catalysts and that of the as-synthesised NiC0204 bulk sample, indicated that this new
substoichiometric mixed oxide phase could be partially formed.

The overall H> uptake of the bimetallic catalysts, which was divided into two
contributions depending on the reduction temperature window, namely 175-500 °C and
500-950 °C, are listed in Table 3. The total consumption was found to be considerably
larger (5.8 and 5.7 mmol g* for 25C0-5Ni and 20Co-10Ni, respectively) with respect to
that of the 30Co catalyst (5.2 mmol g*). In the case of the 15Co-15Ni sample, its uptake
(5.2 mmol g) was virtually identical to that of the monometallic 30Co sample.
Interestingly, the H> uptake ratio at low and high temperatures increased from 0.6 over
the monometallic 30Co catalyst to 0.8-1.0 over the bimetallic catalysts. Thus, the largest

reducibility at low temperatures was found for the 25Co-5Ni sample (2.9 mmol Hz g*%)
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with the other two Co-Ni samples having a comparable behaviour with an uptake
around 2.6 mmol Hz g*. On one hand, the observed promotion of reducibility could be
attributed to the lower formation of cobalt and/or nickel aluminate. EDX analysis
showed that the relative amount of aluminate-like species decreased from 47% over the
30Co catalyst to 33% over the 25Co-5Ni and 20Co-10Ni catalysts but only to 44% over
the 15C0-15Ni sample. On the other hand, in view of the notable advance in the
reduction at low temperatures, the favoured formation of easily reducible NiC0204, as
also evidenced by EDX, over the 25C0-5Ni and 20Co-10Ni samples was responsible for
the increased H> consumption as well. In this regard, it is worth highlighting that the

specific Hz uptake of NiC0204 is 33.9 mmol Hz gco™

, markedly higher than that of
C0304 (22.6 mmol Hz gco?). In short, and more importantly, the H, uptake at low
temperatures, which is indicative of the amount of easily reducible oxygen species
related to NiCo20:-like species, Co304, and NiO, increased from 2.0 mmol Hz g* over
the 30Co sample to 2.6-2.9 mmol H, g** over the bimetallic catalysts. The contribution
of each species varied as a function of the Ni content. Thus, NiCo.04-like species
promoted the reducibility of the 25Co-5Ni catalyst while the redox behaviour of the
15Co-15Ni sample was controlled by its larger presence of NiO.
TABLE 3

As a complement of the H>-TPR analysis, the reactivity of oxygen species present in the
catalysts was evaluated by temperature-programmed reaction with methane in the
absence of oxygen (CHs-TPRe). This study can be envisaged to be more valuable than
H>-TPR analysis since, owing to the high reactivity of Hz, a more definite picture of the
behaviour of the samples in methane oxidation may be described. In other words, the

amount of oxygen species with a high activity in the target reaction could be better

determined. The evolution of CO2, CO and H, was monitored during the run by mass
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spectrometry. In general, these profiles evidenced a two-step reaction process, as shown
in Figure S8, Supplementary material. Unfortunately, the comparatively larger
formation of CO, and CO (and Hz, not shown) above 500 °C made analysis of the
obtained results in the low-temperature range rather difficult.

Accordingly, Figure 9 only shows the evolution of the CO; yield in the 200-550 °C
temperature window. As previously pointed out, this low-temperature reaction step was
attributed to the complete oxidation of methane to CO, by lattice oxygen species
bonded to Co®*" ions of NiCo20s-like and/or CosO4 species, as determined by XPS
analysis. CO and H2 were not detected during this process. Note that the amount of CO-
produced by the complete oxidation reaction over the 30Ni sample was hardly
observable. This low activity was connected to the reduced presence of highly dispersed
Ni2* cations. Secondly, the partial oxidation of methane took place above 525-550 °C
(450 °C for the 30Ni sample), where methane was activated by low-mobility oxygen
species bonded to Co?* and Ni?* ions from Cos04 and NiO, giving rise to, in addition to
CO, significant amounts of CO and H> [51]. It should be mentioned that this second
reaction step was not noticed over the 30Co catalyst, which pointed to this only being
able to take place at temperatures above 600 °C. Therefore, when comparing the
profiles of the 30Co sample and those of the bimetallic samples, it was clear that the
addition of nickel significantly improved the reactivity of the Co®* cations. This led not
only to an increase in the amount of evolved CO», and consequently in the amount of
highly active oxygen species from 0.33 mmol Oz gme for the 30Co sample to
0.83 mmol O gme™ for the 25Co0-5Ni sample (Table 2), but also a notable decrease in
the peak temperature required for the occurrence of the complete oxidation reaction,
from around 490 °C for the 30Co sample down to 420 °C for the 25Co-5Ni sample

(Figure 9). The O> uptakes were estimated by integration of the profiles. The selected
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threshold temperatures were 510, 515, 540 and 550 °C for the 25Co0-5Ni, 20Co-10Ni,
15Co-15Ni and 30Co samples, respectively.

FIGURE 9

3.2.  Behaviour of the Co-Ni catalysts in the oxidation of lean methane

The corresponding light-off curves of the synthesised Co-Ni/Al;Os catalysts operating
at 300 mL CH4 g* h? are shown in Figure 10. Three consecutive light-off tests were
carried out for each catalyst. The second and third cycles were characterised by an
identical light-off curve. For this reason, the profiles included in Figure 10 are those
corresponding to the third experiment. All studied Co-based catalysts showed 100%
CO. selectivity in the whole temperature range. Appreciable amounts of carbon
monoxide were only detected over the 30Ni sample. This resulted in CO; selectivity
values of only around 90% in the 450-600 °C temperature range.

FIGURE 10

Both monometallic catalysts (30Co and 30Ni) resulted efficient for deep methane
oxidation. The cobalt sample showed a better performance at lower temperatures (below
500 °C). However, above 550 °C, temperature at which the two catalysts attained 50%
conversion to CO2 (Table 4), their behaviour was virtually identical with an 82%
conversion at 600 °C. On the other hand, the three bimetallic Co-Ni catalysts performed
substantially better than their monometallic counterparts over the whole temperature
range with an advance in the combustion temperatures of about 50 °C. It was therefore
found that, for a total metal loading of 30%wit., the co-addition of cobalt and nickel was
suitable for producing highly active catalysts. The best results were obtained when the
nickel content was limited to 5-10%wt. These two samples, namely 25Co-5Ni and

20Co-10Ni, exhibited very close Tso values (495 and 500 °C, respectively). Slight
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differences in behaviour were noticed as the 25Co0-5Ni was more active at lower
temperatures while the opposite occurred at high temperatures. A higher Ni loading
(15%wt.) led to somewhat lower conversion values, with a Tso value of 510 °C. To
provide further insights on the kinetic behaviour of the investigated catalysts, the
reaction rate was estimated using the differential method at 425 °C, where conversion
was below 20%. The corresponding results normalised to the total amount of metal are
summarised in Table 4. Based on the values of the specific reaction rate, the activity
decreased in the following order: 25C0-5Ni (3.3 mmol CH4 guet h't) > 20Co-10Ni
(3.1mmol CHagwe* h) >  15Co-15Ni (2.9 mmol CHsgwe hY) >  30Co
(1.7 mmol CHs gme h™Y) > 30Ni (0.7 mmol CHa gme® h™%). These values showed that
the introduction of a relatively low amount of nickel was suitable for the design of
improved alumina-supported cobalt catalysts for the oxidation of lean methane.
Additional catalytic results were carried out a markedly higher weight hourly space
velocity (450mL CH4 gt h, 45,000 h't) in order to better evidence an eventually more
marked difference in behaviour of the three Co-Ni catalysts. Results are included in
Figure 11, while the corresponding kinetic results are listed in Table 4. It was found that
Tso varied from 500 °C over the 25Co-5Ni samples to 535 °C and 545 °C over the 20Co-
5Ni and 15Co-15Ni samples, respectively, under these more demanding conditions.
This difference in activy was also evidenced by the values of the specific reaction rate at
425 °C, since the 25Co-5Ni catalyst achieved 3.0 mmol CHs gme™ h™ while the 20Co-
10Ni and 15Co0-15Ni catalysts only attained 1.9 and 1.2 mmol CHsgme™ h,
respectively.
TABLE 4
The superior activity of the bimetallic catalysts was connected with their better

reducibility and higher mobility of oxygen species. This relationship was evidenced
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when the specific reaction rate was compared with the surface molar composition
(Co%*/Co?* and Oags/Olat molar ratios) determined by XPS and the specific O
consumption at low temperatures derived from the CH4-TPRe runs. As shown in Figure
5, a direct correlation was found, thus revealing that the most active catalysts (the
bimetallic Co-Ni samples at both 300 and 450 mL CH4 g h') exhibited larger O
consumption values with respect to the less active monometallic catalysts. Note that
these catalysts also showed higher H, uptakes in Ho-TPR analysis, as shown in Figure
S9, Supplementary material. Moreover, the influence of the Oads/Oiat molar ratio on the
specific activity showed that the origin of the active oxygen species was the spinel
lattice, and that a higher Co®*/Co?* molar ratio favoured their presence. In this sense, the
best catalyst composition (25Co-5Ni) was characterised by the highest values of both
02 consumption, and Co®*/Co?" molar ratio, thereby revealing that its superior
reducibility and enhanced lattice oxygen mobility were responsible for its promising
catalytic behaviour. In addition to the amount of active sites, which was considered to
be proportional to measure O uptake, its reactivity at low temperature was also
important, expressed as the onset temperature in the CHs-TPRe run (Figure S10,
Supplementary material). The main reason behind this improved activity seemed to be
the insertion of Ni?* ions in the CosO4 lattice and the subsequent formation of a
NiCo0204-like spinel to some extent combined with a notable presence of Co304 and a
minimal contribution of NiO and metal aluminates. The high efficiency of NiC0204 as
an active phase for the oxidation of CO [52], soot [53] and light hydrocarbons [54] has
already been reported elsewhere. Moreover, nickel cobaltite has shown an excellent
behaviour for the oxidation of lean methane as pointed out by Tao el at. [55] and Wang
et al. [56]. Both studies evidenced the role played by surface lattice oxygen species in

the formation of CH3O species after dissociation of first C-H in methane. Figure S11,
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Supplementary material, compares the light-off curves of the as-synthesised bulk
NiC0204 and Co304 catalysts evaluated under the same reaction conditions (300 mL g
L hl). It was noticed that both profiles were virtually identical at low temperature, while
the bulk nickel cobaltite was slightly more active above 450 °C. The specific reaction
rates of both samples, calculated at 350 °C, were comparable when they were calculated
based on the total metallic loading (1.1 mmol CH4gme? h™t). However, when the
specific reaction rates were estimated per gram of cobalt, NiCo.0s exhibited a
significantly higher value (1.7 mmol CHs gco™® h) than Co3O4 (1.1 mmol CHs geo™ b
1. Note that whilst the cobalt content of CosOs was 73%wt., it was 49%wt. for
NiCo204. That is, even though both active phases were equally active, the NiC0.04
phase required a smaller amount of cobalt to reach the same level of conversion.
Therefore, for a given amount of cobalt, a higher fraction of active phase could be
obtained if this were in the form of NiCo20a, rather than Co3O4. As a result, the
formation of the former oxide allowed for a more efficient use of the deposited cobalt.

On the other hand, the apparent activation energy of the catalysts was estimated by the
integral method. A Kinetic equation with a first pseudo-order for methane and a zeroth
pseudo-order for oxygen, in accordance with a Mars—van Krevelen kinetics in excess of
oxygen, was employed for this calculation [57,58]. The resulting plots from the
linearised Arrhenius equation are depicted in Figure S12, Supplementary material,
while the apparent activation energy and the pre-exponential factor of the various
catalysts are summarised in Table 4. The values for the 30Co and 25Co-5Ni catalysts
were relatively similar (82-84 kJ mol™) and close to those shown by both bulk CosOa4
and NiCo204 (75 and 76 k] mol™?, respectively). While having a comparable apparent
activation energy, the higher activity of the 25Co-5Ni sample could be explained by its

higher pre-exponential factor (7.1-10° s1) with respect to the 30Co catalyst (4.8-10° s%).
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This difference suggested the presence of a larger number of active sites on the surface
of the bimetallic sample. Over the bimetallic samples with a higher Ni content (20Co-
10Ni and 15Co0-15Ni) the values were significantly higher (89-91 kJ mol™?). This
finding was coherent with the contribution of less active NiO species, which were more
abundant on these catalysts, as revealed by STEM-HAADF-EDX. In fact, the apparent
activation energy of the 30Ni sample with NiO as the only active species was
remarkably higher (128 kJ mol™). To sum up, the kinetic analysis of the behaviour was
in accordance with the nature and intrinsic activity of each oxide phase present in a
given sample, which in turn strongly depended on the catalyst composition.
TABLE 4

Finally, the stability of the most active catalyst (25Co-5Ni) with prolonged time on
stream was investigated at a constant temperature of 550 °C for a total reaction time of
150 hours. The reaction atmosphere was switched every 25 hours between dry
(1%CHa4/10%02/89%N2) and humid (1%CH4/10%02/10%H>0/79%N.) conditions to
enable the additional analysis of the influence of hydrothermal ageing. The results
included in Figure 11 revealed that the catalyst underwent an initial thermal deactivation
where the conversion dropped from 70% to 61%. Then, conversion stabilised after
15 hours on stream. The addition of water to the feedstream provoked a drastic decrease
in conversion, down to 25%, which further decreased to a stable value of 21%. The
subsequent cut-off of steam after 50 hours on stream enabled a partial recovery of the
conversion, up to 48%, thus showing that water also induced some irreversible
deactivation over this type of catalyst. This trend was also observed at longer reaction
time intervals, with the conversion continuously decreasing after each of the successive
humid cycles. This inhibiting effect by water has also been found over noble metal-

based (Pd and Pt) catalysts. For instance, Mihai et al. [59] observed a significant
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inhibition of a Pd/Al,Os catalyst supported on a cordierite monolith operating at
30,330 h! when 5%vol. of steam was added to the feed stream, with an increase of Tso
of 200 °C with respect to dry operation. Velin et al. [60] reported a dramatic loss of
activity of a PdO/Al,O3 catalyst under wet conditions (32,000 h™') over a period of 5
hours, while only a small loss was noticed under dry conditions over a period of 24
hours. As for Pt catalysts, Abbasi et al. [61] reported an irreversible loss of the catalytic
activity of a Pt-washcoated monolith after exposure to 5%vol. of water operating at
around 28,000 h™. On the other hand, Nassiri et al. [62] observed that a monometallic Pt
catalyst supported over y-Al,Oz showed a very low conversion (<10%) in the 400-
550 °C temperature range when 5%vol.H20 was fed into the stream at 27,200 h™t. When
water admission was cut off, the conversion only increased very slightly.

The characterisation of the used catalyst after the whole stability test revealed that the
observed deactivation was due to a notable decrease in specific surface area (from 113
to 97 m? g1) and pore volume (from 0.35 to 0.31 cm® g 1), along with an increase in the
crystallite size of the spinel phase (from 21 to 32 nm). Note that the absence of
carbonaceous species was verified by XRD and dynamic thermogravimetry under
oxidative conditions coupled to mass spectrometry. Likewise, the availability of active
oxygen species seemed not to be significantly affected by the long operation time or by
the presence of water vapour in the feedstream. More specifically, O, consumption at
low temperatures of the used catalyst (0.84 mmol gme™), as evaluated by CHs-TPRe,
was identical to that of its fresh counterpart (0.83 mmol gme?), although it was noted
that the low temperature reaction event for the used sample shifted around 50 °C
towards higher temperatures. Accordingly, this shift may be attributed to the loss of
specific surface area and the growth of the spinel crystallite, but not to a loss of

reducibility itself.
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4. Conclusions

A series of bimetallic cobalt-nickel catalysts supported over alumina was synthesised by
basic co-precipitation, extensively characterised (N2 physisorption, WDXRF, XRD,
Raman spectroscopy, XPS, STEM-HAADF coupled to EELS and EDX, HRTEM, Ha-
TPR and CH4-TPRe) and investigated for complete oxidation of methane under lean
conditions. The total metallic loading was 30%wt., whilst the nickel loading was varied
between 5-15%wt. For comparative purposes, additional reference catalysts including
supported monometallic samples and bulk NiO, CosO4 and NiC0204 oxides, were also
prepared following the same synthesis route. We then examined the structural evolution
of bimetallic catalysts with different compositions as well as their catalytic performance
at different temperatures and during extended time on stream under both dry and humid
conditions.

The resulting Co-Ni catalysts exhibited good textural properties, with only a slight loss
of specific surface (12-19%) with respect to the bare alumina. The metal oxides were
preferentially deposited on the largest pores of the support. Combined results from XRD
and Raman spectroscopy showed that the addition of nickel was efficient for inhibiting
the formation of CoAl.O4, which is an inactive cobalt phase. As pointed out by
chemical mapping by EELS and spot analysis by EDX, in addition to Co0304, the
formation of NiCo,04-like owing to the partial insertion of Ni?* cation into the lattice of
C0304 was favoured when relatively low amounts of nickel were incorporated. In
contrast, segregated NiO was observed for Ni loadings between 10-15%wt as

simultaneously evidenced by XRD and HRTEM.
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XPS confirmed all these findings since an increase in the Co®*/Co?" molar ratio was
noticed for the 25Co0-5Ni catalyst, which was coherent with the presence of nickel
cobaltite, where most cobalt species were as Co®", and the preferential abundance of
Ni2* species belonging to NiCo204 at the expense of NiO and NiAl,O4. The high Co®*
concentration at the surface level was in turn connected to an increased presence of
lattice oxygen species. The strong cobalt-nickel interaction that resulted in the formation
of NiCo020s, instead of C0304 and CoAl204, promoted the redox properties of the
resulting Co-Ni samples. Thus, when compared with the reference monometallic cobalt
catalyst, the reduction onset temperature was noticeably shifted to lower temperatures
and the specific Hz uptake in the low temperature range increased to a considerable
extent. Furthermore, the higher mobility of active oxygen species for the Co-Ni
catalysts, and particularly for the 25Co-5Ni sample, was also evidenced by temperature-
programmed reaction with methane.

A noticeably higher efficiency for lean methane combustion in terms of both specific
reaction rate and reaction temperatures needed for full methane conversion to CO was
found over the bimetallic catalysts in comparison with their monometallic counterparts.
In line with the characterisation results, its superior activity was associated with their
better reducibility and higher mobility of oxygen species. The optimal catalyst
composition was that given by the 25Co-5Ni catalyst, which suitably combined the co-
presence of highly active NiC0204 and Co30s4 at the expense of NiO, CoAl>04 and
NiAl.O4. While the behaviour of this catalyst was relatively stable under dry conditions,
the presence of water (10%vol.) provoked a marked partially reversible decrease in
conversion. After operation for 150 hours under cycled dry/humid conditions,

significant changes in surface area and sintering were noticed. Although these
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phenomena did not affect the amount of available oxygen species, their mobility was

appreciably inhibited.
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904  Figure 12. Evolution of methane conversion with time on stream over the 25Co-5Ni
905 catalyst under cycled dry/humid conditions at 550 °C and 300 mL CH4 g-! h-
906 L
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Catalyst Co, Ni, Ni/Co SBET, Vpore, Pore size distribution Dco-spinel, Dnio, Cell

parameter,

Yowt. Yowt. molar ratio m? gt cm®g? maxima, A nm nm A

Al2O3 - - - 139 0.56 90, 150 - - -
30Co 27.0 - 0.0 108 0.29 90 29 - 8.0960
25C0-5Ni 23.2 4.8 0.2 113 0.35 90 21 - 8.1037
20Co-10Ni 18.1 94 0.5 123 0.38 90 22 19 8.1068
15Co-15Ni 13.3 14.0 11 117 0.40 90, 125, 340 23 18 8.1087

30N - 27.1 - 128 0.37 90 - 14 -
NiC0204 49.0 24.4 0.5 11 0.06 320 17 - 8.1232

TABLE 1
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Catalyst Ni, Co, Al, Co*/Co?* Oads/Onatt Ni%*(NiO)/Ni?*(spinel) Ni®*/Ni#*
%wt. %owt. %owt. molar ratio molar ratio molar ratio molar ratio
30Co - 22.6 (27.9) 32.1(37.0) 0.69 1.41 - -
25C0-5Ni 8.2 (4.8) 25.4(23.2)  22.7(33.0) 1.20 0.94 0.26 0.13
20Co-10Ni 18.6 (9.4) 22.7(18.1)  22.5(33.6) 1.11 1.04 0.55 0.24
15Co-15Ni  27.9(14.0)  14.8(13.3)  21.7(33.7) 0.95 1.10 0.93 0.29
30Ni 40.6 (27.1) - 22.1 (34.7) - 1.54 0.71 0.30
NiC0204 315(24.4)  38.8(49.0) - 2.10 0.43 0.82 0.39

TABLE 2

Values in brackets correspond to the metallic loading as determined by WDXRF.
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H2-TPR CH4-TPRe
Catalyst  Low temperature High temperature Total Low temperature
H> uptake, H> uptake, H> uptake, O, consumption,
mmol g mmol g mmol g mmol gme™
30Co 2.01 3.16 5.18 0.33
25C0-5Ni 2.86 2.96 5.82 0.83
20Co-10Ni 2.58 3.13 5.71 0.71
15Co0-15Ni 2.64 2.52 5.16 0.64
30Ni 1.44 2.97 4.42 0.13
NiC0204 16.39 0.26 16.65 1.72
TABLE 3
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Catalyst Tso, Specific reaction Apparent activation ko(X1106), Tso, Specific reaction Apparent activation ko(X1106),
°C rate, energy, i °C rate, energy, i
mmol CHs gme™ h? kJ mol™ mmol CHas gme™ h? kJ mol™

30Co 550 1.7 82+2 47+01 nd. n.d. n.d. n.d.
25C0-5Ni 500 3.3 84 +2 7.2+0.2 500 3.0 85+1 4.7+0.1
20Co-10Ni 500 31 89+1 80+£0.1 535 1.9 89+1 55+0.2
15Co0-15Ni 510 2.9 91+2 74+0.2 945 1.2 92+1 3.5+0.1

30Ni 955 0.7 128 +3 0.1+0.02 n.d. n.d. n.d. n.d.

n.d.: not determined

TABLE 4
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