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Abstract: Three series of binary metal oxide catalysts containing Ni, Cu, or Co oxides were prepared,
fully characterized and tested in CO oxidation. The catalysts, with a constant transition metal loading
of 10 wt%, were prepared from metal nitrates and urea mixtures by a microwave-assisted solution
combustion method. The RV/OV ratio, corresponding to the stoichiometry of the reactants, calculated
from their elemental oxidizing and reducing valences, was varied. In order to modify the redox
character of the synthesis medium from the quantity of urea; an excess of urea was used for attaining
reducing conditions, while a deficit of urea shifted the medium to oxidizing conditions. Three RV/OV
ratios (0.9, 1.0, and 1.1) were selected to elaborate the different binary metal oxide catalysts, nine
oxide catalysts were synthesized. Then, the influence of the stoichiometry (RV/OV ratio) on the bulk
and surface properties of the binary metal oxide catalysts was investigated. Similarly, the influence of
the RV/OV ratio on the CO oxidation activity was discussed and the optimal value of RV/OV ratio
was identified. The results show that the increasing of the RV/OV ratio from 0.9 to 1.1, particularly
in Ni- and Co-containing catalysts, induces stronger metal-aluminum interactions, in the form of
aluminates phases, and that are correlated to the dramatic reduction of the CO oxidation activity.
The best physicochemical properties and highest catalytic activities were achieved with the catalysts
prepared in redox systems stoichiometrically balanced (RV/OV = 1). The Cu-containing catalysts
presented the best catalytic activities in CO oxidation.

Keywords: Ni; Cu; or Co oxides; CO oxidation; microwave-assisted solution combustion; influence
of the stoichiometry

1. Introduction

Metal oxides are among the most useful catalytic materials in heterogeneous redox catalysis.
In this category, the active phase can consist of a single metal oxide or a combination of metal oxides.
Metal oxide catalysts are applied in a wide range of catalytic reactions, including selective reduction
reactions, selective oxidation reactions and total oxidation reactions [1–3]. Transition metal oxides
are very interesting in heterogeneous catalysis, due to their improved and tunable acid-base and
redox properties [4–7]. Additional assets are the easy availability, the low price, the durability, the
regeneration capability, and the resistance to poisoning [8]. The most commonly used transition metal
oxide catalysts include chromium oxide, manganese dioxide, iron oxide, cobalt oxide, nickel oxide and
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copper oxide [9]. Dispersed on a porous support or mixed with other metal oxides, the combination of
two metal oxides presents higher catalytic activity than that of the constituent single oxides [9].

Metal oxide catalysts can be prepared by different methods that drive the structural, textural
and surface properties of the solid. The thermal, chemical and mechanical stability of the final solid
can be then improved, as well as the catalytic properties. Metal oxides, both simple and complex
(bulk and supported), can be synthesized by different routes. The most common methods used
are: ceramic method (solid-state reaction), wet chemical methods like co-precipitation, sol-gel and
impregnation [10–14]. Even if well established, these conventional methods still present considerable
drawbacks as they need a high number of synthetic steps, they are highly energy and time-consuming,
and they require specific equipment. Some more recent preparation routes, such as microwave-assisted
solution combustion method, have allowed to overcome these disadvantages. The advantages of
this method over conventional methods include the very short time duration, the setup simplicity
and the high reaction rates [15–23]. The solution combustion (SC) method is based on an exothermic
self-sustained redox reaction. It is carried on in a homogeneous aqueous solution containing at least
an oxidizing agent and a suitable fuel (used as reducing agent) [24–29]. Salts, like nitrates, metal
sulphates and carbonates are chosen as oxidizing agents. Nitrate salts are the preferred metal precursors
because they are low temperature oxidizer sources and have great water solubility [30]. Metal nitrates
are used at a large scale and considered essential metal precursors for the synthesis of simple and
mixed metal oxides. A suitable fuel should have a high solubility in the solvent used (in most cases
water), evolve large amounts of harmless gases, be compatible to the oxidizer leading to a controlled
combustion, be readily available and non-toxic [30]. Urea is among the most attractive fuels studied
for preparing a variety of mixed metal oxides, resulting in the formation of highly thermally stable,
pure and homogeneous product, contrary to others fuels that need further thermal treatments after the
combustion process at high temperatures to burn away residual impurities.

SC-reaction initiation is achieved through external heating of the reaction mixture up to its ignition
temperature. Different electrical heating devices, such as muffle oven, hot plate, aluminum open
cylindrical reactor, and pressure reactor [31–36] have been used for supplying the required energy for
heating the solution mixture. However, most of these traditional heating processes lead to a thermal
gradient between the interior and exterior of the heated solution, resulting in a local inhomogeneity
of the prepared material. Unlike conventional heating, microwave (MW) heating provides internal,
fast and volumetric heating of the solution, through generation of localized high temperature zones
(preferential nucleation sites) in the reaction medium by direct coupling of MW irradiation with the
water molecules [17,18]. The ability of microwaves to heat a reaction mixture very rapidly by magnetic
dipolar coupling guaranties the homogeneity of the nucleation process [37]. Improved crystal shape,
low crystal size and narrow size distributions of the final product are then obtained [38]. Other
advantages of microwave heating are the short reaction times, the improved reaction rate and the lower
operating temperatures [22,23]. Catalytic materials, whose overall properties are strongly dependent
on their synthesis routes, could benefit a great deal from MW heating.

The SC method is based on the thermochemical concepts of propellant chemistry developed by
Jain et al. [39]. These concepts contribute to the estimation of the mixture ratio (RV/OV) of fuel-oxidizer
compositions. RV/OV ratio can be determined by Equation (1):

RV
OV

=

∑
Molenumbero f reducingagent× reducingvalence

(−1)
∑

Molenumbero f oxidizingagent× oxidizingvalence
(1)

The oxidizing elements present negative valences, while the reducing elements have positive
valences. Metals (positive valence), carbon (valence of +4) and hydrogen (valence of +1) are considered
reducing elements. On the other hand, oxygen is considered an oxidizing element with the valence
(−2). The elemental valence of nitrogen is zero. Hydration water does not affect the overall system
valence, so it is not involved in the RV/OV ratio calculation. The total reducing valence is calculated
by adding the elemental reducing and oxidizing valences of the fuel. On the other hand, the total
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oxidizing valence is determined by adding the elemental oxidizing and reducing valences of the
oxidizer [24,25]. When RV/OV = 1, the redox system (fuel-oxidizer mixture) is stoichiometrically
balanced, the maximum of energy is released, then ensuring the complete combustion of the fuel.
When RV/OV < 1, the redox system is in fuel-lean conditions, molecular oxygen is released. In the
third case, when RV/OV > 1, the redox system is in fuel-rich conditions, and it requires atmospheric
oxygen for the complete combustion of the fuel. The thermochemistry of the redox mixture seems to
be mainly controlled by the total composition of oxidizing and reducing elements of the mixture [25].
The properties of solution combustion-derived products are strongly influenced by the RV/OV ratio.
Generally, any deviation from the stoichiometry balance affects the maximum combustion temperature
and the volume of gases generated during the combustion reaction. These two parameters contribute
to the tuning of the crystalline phases, the particle size, the morphology, the pore size and volume,
the surface area, and the agglomeration degree [26]. Fuel-lean conditions in SC synthesis usually
bring to the decrease of the maximum combustion temperature with a consequent reduction of the
volume of gases evolved. On the other hand, fuel-rich conditions provoke the increase of the maximum
combustion temperature and of the volume of gases generated. A RV/OV value very far from the
stoichiometry can lead to an organic-rich and amorphous product, which needs a further calcination
step previous to application [24].

In our previous work [40], Ni, Cu, and Co-containing catalysts with metal loading of 10 wt%
have been prepared at a unique RV/OV ratio of 1.1 by a microwave-assisted SC method, and tested
in carbon monoxide oxidation. In the present study, the aim is to better understand the influence
of the RV/OV ratio on the physicochemical properties of binary metal oxide catalysts, prepared by
microwave-assisted SC method. The correlation between physicochemical properties of the catalysts
and their activity toward CO oxidation is also described. The comparative study of three series of
catalysts obtained at different RV/RO ratios allow to make reliable comparisons. Consequently, the
optimal synthesis conditions, in terms of RV/OV ratio, can be identified to obtain the desired catalysts’
characteristics. Moreover, the use of three different metal oxides provided insights on the influence of
the metal nature on the structural and catalytic characteristics of the binary oxide materials.

2. Materials and Methods

2.1. Catalyst Preparation

The synthesis of the three series of binary metal oxide catalysts was carried out by
microwave-assisted SC method with the same procedure described in a previous work [40].
Al(NO3)3·9H2O and CO(NH2)2 with a purity higher than 98 and 99%, respectively, were purchased
from Fluka (Steinheim am Albuch, Baden-Württemberg, Germany). Cu(NO3)2·3H2O, Ni(NO3)2·6H2O
and Co(NO3)2·6H2O with a purity higher than 99.5%, 99% and 99%, respectively, were purchased from
Merck (Darmstadt, Hessen, Germany). These reagents were used as precursors without applying any
further purification. The reducing and oxidizing valences as well as the quantities of all the reactants
used to elaborate the different catalysts are reported in Table 1.
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Table 1. Oxidizing and reducing valences and quantities of the different chemical reagents used to
prepare the different catalysts.

Reactant Elemental Valences Total Oxidizing Valence Total Reducing
Valence

Al(NO3)3·9H2O 1Al = +3; 3N = 0; 9O = −18; 9H2O =
0 −15 -

Ni(NO3)2·6H2O 1Ni = +2; 2N = 0; 6O = −12; 6H2O =
0 −10 -

Co (NO3)2·6H2O 1Co = +2; 2N = 0; 6O = −12; 6H2O =
0 −10 -

Cu (NO3)2·3H2O 1Cu = +2; 2N = 0; 6O = −12; 3H2O =
0 −10 -

CO(NH2)2 1C = +4; 4H = +4; 2N = 0; 1O = −2 - +6

Weight (g)

Sample Water Al(NO3)39H2O CO(NH2)2 Ni(NO3)26H2O Co(NO3)26H2O Cu(NO3)23H2O

10NiAl−0.9 10 16 6.135 1.197
10NiAl−1.0 10 16 6.816 1.197
10NiAl−1.1 10 16 7.498 1.197

10CoAl−0.9 10 16 6.133 1.193
10CoAl−1.0 10 16 6.815 1.193
10CoAl−1.1 10 16 7.496 1.193

10CuAl−0.9 10 16 6.106 0.918
10CuAl−1.0 10 16 6.785 0.918
10CuAl−1.1 10 16 7.463 0.918

In a typical experiment, well-defined quantities of aluminum nitrate (Al(NO3)3·9H2O) and
transition metal nitrate hydrates (M(NO3)2·xH2O, where M = Ni, Cu or Co; x = 6, 3 or 6, and represents
the number of water molecules) were dissolved in 10 mL of demineralized water and stirred for 10 min,
as described at Figure 1. Then, adjusted quantities of urea was added to the prepared solution (stirred
at 450 rpm), during 1 h at 60 ◦C, in order to reduce the quantity of water. The solution was then poured
into a 50 mL glass beaker and heated in a laboratory microwave oven operating at 700 W, 2.45 GHz.
The whole combustion process, for all samples, ended-up in less than 10 min, while the actual time of
ignition was shorter than 5 s. The powders were heated in atmospheric air in a muffle furnace at 500 ◦C
for 12 h with a heating rate of 5 ◦C min−1 to burn away the remaining urea and nitrates and increase
the purity of the catalysts. In all cases, the required amount of metal nitrates and urea were adjusted
by applying the thermochemical concepts of propellant chemistry [39], and by fixing the RV/OV ratio
at 0.9, 1.0 and 1.1. The combustion-synthesized catalysts were labelled as 10MAl−x (where M = Ni,
Cu or Co; x = 0.9, 1.0, and 1.1, and represented the RV/OV ratio).

Figure 1. Experimental setup used for the synthesis of binary oxide catalysts through microwave-assisted
solution combustion.

2.2. Catalyst Characterization

The binary oxide catalysts were characterized by X-ray diffraction (XRD), N2 adsorption-desorption,
scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) techniques. Elemental
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analyses were carried out by Wavelength Dispersive X-ray Fluorescence (WDXRF) using a Zetium
(4 kW) spectrometer (PANalytical, Eindhoven, The Netherlands).

X-ray diffraction (XRD) characterizations were carried out with an X’Pert Pro MPD diffractometer
(PANalytical, Eindhoven, The Netherlands) which operates with Cu Kα radiation (λ = 0.15406 nm at
40 mA and 45 k). X-ray patterns were recorded at 20 ◦C, using 2 theta (2θ◦) scanning range from 10 to
90◦, and a step size of 0.017◦ with a scan step time of 220 s. Data processing was then carried out using
HighScore software. Phase identification of the materials was made using database cards provided
by ICDD.

Nitrogen adsorption-desorption isotherms were recorded at−196 ◦C using an ASAP2040 apparatus
(Micromeritics, Norcross, GA, USA). Prior to measurement, the powders were outgassed under vacuum
at 200 ◦C for 10 h. Determination of physisorption isotherms and associated hysteresis loops was done
according to IUPAC classifications. Brunauer-Emmett-Teller (BET) methodology was used to evaluate
the surface area of the different materials. Barrett-Joyner-Halenda (BJH) method was used to calculate
the pore volume and the average pore diameter of the materials by exploiting the desorption branch of
the isotherm.

Scanning electron microscopy (SEM) was performed on an XL30 microscope (PHILIPS, Tokyo,
Japan) operating at 7 kV accelerating voltage, while SEM-EDX microanalysis were conducted at 15 kV
accelerating voltage. Prior to SEM measurement, the samples were deposited on a flat support covered
with a carbon tape, in order to obtain a conductive surface.

Extreme surface characterization was carried out by X-ray photoelectron spectroscopy (XPS).
A SES 2002 spectrometer (AVG Scienta, Uppsala, Sweden) equipped with a monochromatic Al Kα

X-ray radiation source (Al Kα = 1486.6 eV) was used for these analysis. A high vacuum (10−9 Pa) and
a pass energy of 100 eV were used during the experimentation. The analyzed zone has a surface of
24 mm2 and an analysis depth between 3 and 10 nm depending on the studied material. C 1s peak
(284.7 eV) was used as reference to calibrate the binding energies. Gaussian-Lorentzian functions were
used to fit XPS peaks with the XPS-CASA software (Version 2.3.18, Teignmouth, UK).

2.3. Catalyst Activity Evaluation

CO oxidation was used as model reaction (CO + 1
2 O2→CO2) to compare the catalysts performances

according to the RV/OV ratio and the material characteristics. As carbon dioxide is the only product of
the reaction, the yield of CO conversion is determined from the percentage of CO converted into CO2.
Measurements of the catalytic activity were conducted in a vertical tubular quartz reactor (internal
diameter of 16 mm), using transient (from room temperature to 500 ◦C) or stationary conditions, for all
catalysts. The experimental setup is presented in Figure 2.

Figure 2. Experimental setup used for the catalytic tests carried out with the different binary metal
oxide materials.
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Catalyst particles with a 40–60 mesh size were used to fill the reactor. Then, the reactor was
introduced in a vertical electric tubular oven, the desired temperature was reached at a range of 5 ◦C
min−1 at atmospheric pressure under nitrogen (50 NLh−1). During the catalytic experiments, CO
concentration was 0.05 vol%, O2 1 vol% in N2. A constant gas flow rate was maintained at 50 NLh−1

during the experiments. The space velocity (GHSV) was fixed at 3500 mLgcat
−1h−1. Numerical mass

flowmeters (Brooks Instrument, Hatfield, PA, USA) were used to control the gas composition inside the
reactor. The furnace temperature was also controlled in order to set the temperature in the reactor. The
outlet gas was connected to an infrared CO/CO2 gas analyzer. The gas mixture was analyzed online
with an infrared NGA 2000 gas analyser (Emerson Process Management, Hasselroth, Hesse, Germany).
The gas concentrations were recorded each minute using the MLT Analyzer software (Version 3.6.X,
Emerson Process Management, Hasselroth, Hesse, Germany), then it was possible to represent the
evolution of CO and CO2 concentrations with time. The yield of CO conversion was evaluated using
Equation (2):

CO conversion% = (([CO]in − [CO]out)/[CO]in) × 100 (2)

[CO]in is the CO inlet gas concentration.
[CO]out is the CO outlet gas concentration.

3. Results

3.1. Physico-Chemical Characterization

3.1.1. XRD

The diffractograms of the different catalysts, obtained by varying the RV/OV ratio and with
a constant metal loading of 10 wt%, are shown in Figure 3. As shown in Figure 3a, all 10NiAl−x
catalysts exhibited broad diffraction peaks of NiAl2O4 phase (JCPDS 01−078−6951) without any
obvious diffraction peaks of NiO phase. These peaks, corresponding to NiAl2O4, can be also attributed
to a defect spinel of γ−Al2.67O4 phase (JCPDS 04−005−4662), since the corresponding diffractogram
overlaps those of nickel aluminates. No clear changes were observed in the peak positions, while a very
slight variation in the peak intensities can be revealed when changing the RV/OV ratio. Compared to
previous studies carried-out on 10 wt% Ni−Al2O3 catalyst, conflicting information can be found about
the state of Ni. Formation of a defect NiAl2O4 phase has been reported by Li et al. [41] and Kiš et al. [42].
Other authors have shown that NiO and NiAl2O4 phases were the main present phases [43]. Differently,
in other studies, only γ−Al2O3 and NiAl2O4 phases were formed, and NiO species displayed to be
highly dispersed on γ−Al2O3 support by the formation of NiAl2O4 phase [44,45].

The XRD pattern of 10CoAl−x catalyst samples is shown at Figure 3b. All 10CoAl−x catalysts
exhibited diffraction peaks of a defect spinel γ-alumina (γ−Al2.67O4) (JCPDS 04−005−4662), that
coincided with the XRD spectra of stoichiometric CoAl2O4 spinel (JCPDS 00−003−0896). Then, it was
not possible to show the formation of Co3O4, as its XRD spectra coincides with the diffraction peaksof
γ−Al2.67O4 and CoAl2O4. Three explanations were possible: cobalt oxide was highly dispersed on the
surface of γ−Al2.67O4, or a spinel phases was formed by solid reaction of cobalt oxide with γ−Al2.67O4

in the lattice, or cobalt oxide was not visible due to the detection threshold of XRD (to the small size of
the oxide particles or to low concentration, below 1 wt%). A glancing view over the intensity of the
signals reveals that the intensity of the diffraction peaks gradually increases by increasing the RV/OV
value from 0.9 to 1.1. These peaks become sharper and more consistent for the 10CoAl−1.1 catalyst
sample. The increase in intensity and sharpness of the peaks may be due to the higher amount of
CoAl2O4 spinel in the catalyst. On the other hand, low amount of fuel (fuel lean conditions: R = 0.9) led
to a significant decrease in crystallinity, indicating that γ−Al2.67O4 is the major phase in 10CoAl−0.9
catalyst. Formation of cobalt aluminates spinel structure seems to be more evident in the 10CoAl−1.1
sample, probably being the solid reaction between cobalt species and alumina facilitated at higher
RV/OV ratio. Crystallinity enhancement could be attributed to the spinel formation, which might be
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promoted by the higher flame temperature reached by increasing the RV/OV ratio [46] and improving
the cations migration into the lattice. XRD results of 10CoAl−x catalyst samples are in agreement with
previous studies. Indeed, formation of cobalt aluminates is quite a common phenomenon in cobalt
oxide−alumina systems [47] regardless of their method of synthesis or cobalt metal loadings [48–50].

Figure 3c shows well-defined XRD patterns of 10CuAl−x catalyst samples. They all presented
α−Al2O3 (JCPDS 00−042−1468 and CuO (JCPDS 00−005−0661) diffraction peaks. Contrary to the
other samples, γ−Al2.67O4 or CuAl2O4 spinel phases are not detected for 10CuAl−x catalyst samples.
Moreover, the 10CuAl−1.0 catalyst sample displayed high intensity diffraction peaks of α−Al2O3, as
compared to those obtained in non-stoichiometric conditions, indicating that the 10CuAl−1.0 catalyst
presents a higher crystallinity. The XRD patterns of 10CuAl−x were different from those obtained by
Remuka [51] and Yao [52] who prepared CuO−Al2O3 catalysts with the impregnation method. The
impregnation method leads to the formation of CuO species and CuAl2O4 phase.

Figure 3. XRD patterns of (a) 10NiAl−x, (b) 10CoAl−x and (c) 10CuAl−x calcined sample.

A mixture of γ−alumina and metal aluminates (MAl2O4) were observed for 10NiAl−x and
10CoAl−x catalyst samples, while the presence of CuO and α−Al2O3 phases was found for the
10CuAl−x catalyst. These results suggest that the urea-nickel/cobalt nitrates mixtures lead to the
formation of γ−alumina and the metal oxides (NiO or CoO) that further react to form MAl2O4 in a
solid state reaction. The presence of CuO and α−Al2O3 separated phases in 10CuAl−x samples and
the existence of γ−alumina in 10NiAl−x and 10CoAl−x samples treated at high temperatures raise
questions about the nucleation and crystallization process of the different phases. Indeed, according to
the literature [53–57], the formation of well-crystallized α−Al2O3 occurs at high temperatures above
≈1100 ◦C, while γ−Al2O3 is obtained at lower temperatures (<800 ◦C). On the other hand, it is generally
acknowledged that the existence of aluminates spinel phases is detected at elevated temperatures
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≈700 ◦C. Various theories are presented in the literature to explain the spinel formation, but it is very
difficult to obtain an unambiguous knowledge on the formation process. During the combustion
process the formation of Co, Ni, and Al oxide can reasonably take part. Nevertheless, at the high
temperature reached during SC, solid state reactions can take part, and spinel phases can be formed
starting from the individual oxides by counter-diffusion of cations in the solid, as already suggested in
the ’60 by Schmalzried [47]. The same author reported on the possibility of the cations and oxygen
transfers also in the vapor phase. This mechanism was confirmed by Pettit et al. [58] that showed the
growth of the spinel phase at the NiO-NiAl2O4 and NiAl2O4-Al2O3 interfaces. A different mechanism
was reported by Nakano et al. [59] that observed the reaction of CoO and Al2O3 by inter-diffusion of
Co and Al ions through a rigid oxygen lattice to form the spinel CoAl2O4. Thanks to the use of spark
source mass spectrometry, the same group [58] was able to proposed the following mechanisms for
spinel formation from AO and B2O3 type oxides: inter-diffusion of the two cations, parallel diffusion
of A (or B) and oxygen ions, and the diffusion of electrons and A and B cations through the lattice in
presence of transport of oxygen in the gas phase. It is not possible to state which mechanisms prevails
during the formation of the binary catalyst synthesize in the present study, but the heterogeneity of
the phase distribution enlightened by TEM/EDX analysis can be related to the presence of different
reaction routes for the spinel formation. There were no changes in the phases present in the catalyst,
and no detectable peaks of NiO or CoxOy species, when varying the RV/OV ratio. These observations
suggest that the RV/OV ratio do not inhibit the spinel formation (at least in the studied RV/OV range).
Depending of the RV/OV ratio, the quantity of oxygen atoms in the reaction medium can vary (being
higher for the lowest RV/OV ratio), then the mechanism involving oxygen transport might prevail. At
high RV/OV ratio, counter- or inter-diffusion of the cations are the most reasonable mechanisms for the
formation of the spinel phase. On the other hand, the RV/OV ratio seems to affect the crystallinity
degree of the obtained phases. Indeed, in most cases, fuel-lean and fuel-rich conditions result in a
decrease of the XRD signal intensities, when compared to catalysts obtained under stoichiometric
compositions (RV/OV = 1.0) and that exhibit an optimal crystallinity. A plausible explanation can be
that the incomplete reaction between urea and metal nitrates leads to amorphous materials. Thus,
the proper combination of chemical reagents is essential for optimizing the combustion reactions.

3.1.2. N2 Adsorption-Desorption Isotherms

The textural properties of the calcined 10MAl−x catalyst samples were determined starting from
the N2 adsorption-desorption isotherms (Figure 4). Type I isotherms were observed for 10NiAl−x
samples, which shows that these materials are microporous. The H4 hysteresis loops can be due to the
presence of narrow slit-like pores (Figure 4a). Figure 4b corresponds to the isotherms of the CoAl−0.9
and CoAl−1.0 samples. The profiles correspond to type (I+IV) isotherms, characteristic of microporous
and mesoporous solids, with H4 hysteresis loops. On the other hand, the10CoAl−1.1 sample showed
type II isotherm, corresponding to macroporous solids, with H3 hysteresis loop, associated to the
formation of aggregates with slit-shaped pores. All 10CuAl−x catalysts isotherms correspond to type
II isotherms with H3 hysteresis loops (Figure 4c).
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Figure 4. N2 adsorption-desorption isotherm of (a) 10NiAl−x, (b) 10CoAl−x and (c) 10CuAl−x
calcined sample.

Table 2 lists the transition metal loadings (Ni, Co and Cu) (wt%), determined by XRF, and the
textural properties of the 10MAl−x samples. The BET surface area of the 10NiAl−x calcined catalysts
with different RV/OV varied from 69.4 to 135.1 m2g−1; the 10NiAl−1.1 catalyst exhibited the highest
surface area. The pore volume was in the 0.04–0.08 cm3g−1 range, while the average pore diameter was
centered between 2.7 and 3.5 nm. It seems that the pore volume and the surface area are correlated,
while the decrease of pore volume induced larger average pore diameter. The increase of the RV/OV
ratio from 0.9 to 1.1 led to higher surface areas. Moreover, the meso-structures of 10NiAl−x catalysts
were sensitive to the RV/OV ratio. The pore volume increased and the pore diameter slightly decreased
when the RV/OV value rises from 0.9 to 1.1. Table 2 lists the transition metal loadings (Ni, Co and
Cu) (wt%), determined by XRF, and the textural properties of the 10MAl−x samples. The BET surface
area of the 10NiAl−x calcined catalysts with different RV/OV varied from 69.4 to 135.1 m2g−1; the
10NiAl−1.1 catalyst exhibited the highest surface area. The pore volume was in the 0.04–0.08 cm3g−1

range, while the average pore diameter was centered between 2.7 and 3.5 nm. It seems that the pore
volume and the surface area are correlated, while the decrease of pore volume induced larger average
pore diameter. The increase of the RV/OV ratio from 0.9 to 1.1 led to higher surface areas. Moreover, the
meso-structures of 10NiAl−x catalysts were sensitive to the RV/OV ratio. The pore volume increased
and the pore diameter slightly decreased when the RV/OV value rises from 0.9 to 1.1.
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Table 2. Elemental analysis and textural properties of the 10MAl−x calcined catalysts.

Sample Metal Loading 1

(wt%)
BET Surface Area

(m2g−1)
Pore Volume 2

(cm3g−1)
Pore Diameter 3

(nm)

10NiAl−0.9 9.64 69. 4 0.04 3.5
10NiAl−1.0 10 115.3 0.07 2.9
10NiAl−1.1 10.30 135.1 0.08 2.7

10CoAl−0.9 10.14 45.9 0.03 3.9
10CoAl−1.0 9.97 31.5 0.02 3.8
10CoAl−1.1 10.70 16.1 0.02 7.9

10CuAl−0.9 9.80 13.5 0.03 7.0
10CuAl−1.0 9.90 25.7 0.03 5.0
10CuAl−1.1 10.70 16.4 0.03 6.5

1 XRF elemental analysis. 2 BJH Desorption pore volume.3 BJH Desorption average pore diameter.

The surface area of the 10CoAl−x catalysts varied from 16.1 to 45.9 m2g−1 while the pore volume
was between 0.02 and 0.03 cm3g−1, and the average pore size ranged from 3.8 to 7.9 nm. The 10CoAl−0.9
catalyst presented the highest surface area as well as the highest average pore size. When compared to
the 10NiAl−x catalyst, the RV/OV ratio seems to have an opposite effect on the textural properties of
the 10CoAl−x catalyst. In fact, the surface area significantly decreased by increasing the fuel/nitrates
ratio. Meanwhile, the pore diameter increased when the RV/OV value rose from 0.9 to 1.1. On one
hand, this is probably due to the higher RV/OV ratio that can lead to a higher flame temperature, thus
promoting the sintering and the particle agglomeration, resulting in a lower surface area of the final
product. On the other hand, the cobalt aluminates formation may affect the textural properties of the
materials and consequently decreases the surface area [30,60].

The 10CuAl−x calcined catalysts presented a lower BET surface area than the nickel or cobalt
based catalysts. The 10CuAl−1.0 catalyst presented the largest surface area of 25.7 m2g−1 and the
smallest pore diameter, while the 10CuAl−0.9 catalyst exhibited the lowest surface area of 13.5 m2g−1

and the largest pore size. The pore volume remained constant when varying the RV/OV ratio.
The solution combustion method tends to form materials with low surface area. Combustion may

be at the origin of this limitation. The highest the combustion temperature is, the lowest the surface
area will be, due to particle sintering and agglomeration. Among the different samples synthesized
using various RV/OV ratios, 10NiAl−1.1 presented the highest surface area, while the 10CuAl−0.9
catalyst presented the smallest surface area. The RV/OV ratio has an important effect on the textural
properties of the various catalysts. This could be explained by the fact that the combustion behavior of
different urea/nitrates mixtures affects the exothermicity of the combustion reaction and the volume of
the gases generated during the combustion process. Both effects contribute to the tuning of the final
textural properties of the combustion-synthesized samples.

3.1.3. SEM

The SEM micrographs of the 10MAl−x samples, with various RV/OV ratios, are collected in
Figure 5. The agglomerates of the 10NiAl−x samples presented plate-like morphology, with an average
size of 50 µm. The surface of the agglomerated particles showed the presence of cracks and voids,
which reflects the inherent nature of the combustion reaction. No significant differences were observed
in the morphology of the different 10NiAl−x samples.
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Figure 5. SEM images of the 10MAl−x calcined catalysts.

Some distinctions could be observed in the morphology of the different 10CoAl−x samples. For
the sample 10CoAl−0.9, the SEM images exhibited “flaky-like” morphology, similar to that obtained
for the 10NiAl−x samples. For the 10CoAl−1.0 and 10CoAl−1.1 samples, the micrographs presented
foamy agglomerated particles with plate form and a higher average size than that of 10CoAl−0.9, and
the presence of voids at the surface, originating from the combustion gases. The temperature and the
amount of evolved gas increase with the RV/OV ratio, during the combustion process, resulting in the
agglomerates growth and large holes [61,62].

The micrographs of 10CuAl−x samples showed foamy and “flaky-like” agglomerated particles.
The SEM images with magnification of ×100,000 show quasi-spherical nanoparticles, which could be
attributed to the formation of copper oxide nanoparticles (also confirmed by EDX analysis–not shown).
The size and distribution of copper oxide nanoparticles at the surface of the different samples are quite
different. For the 10CuAl−0.9 catalyst, small particle size and regional agglomeration are observed.
For the 10CuAl−1.0 catalyst, the nanoparticles are uniformly dispersed. A significantly larger particle
size and apparent agglomeration are observed on the 10CuAl−1.1 catalyst. This result can be explained
by the increase of combustion temperature with the RV/OV ratio, and then to the sintering of copper
oxides particles.



Energies 2020, 13, 3126 12 of 20

The agglomerates of the combustion-synthesized 10MAl−x catalysts presented a foamy and
“flaky-like” morphology. This morphology is commonly observed for combustion-synthesized
alumina powders [24]. Therefore, the addition of transition metal oxides to alumina induces textural
modifications without any substantial changes at the microscopic scale. The catalytic activity may
be improved by the foamy morphology which facilitates the access of bulk active sites. The surface
features of the calcined samples prepared at various RV/OV are somewhat different. The 10NiAl−x and
10CoAl−x samples presented non-defined surfaces, while 10CuAl−x samples presented quasi-spherical
nanoparticles all over the surface. The agglomeration behavior and particle size of the observed
nanoparticles were strongly affected by the RV/OV ratio. The lower the RV/OV ratio, the smaller the
particles formed. The increase of the RV/OV ratio resulted in a greater agglomeration and highly foamed
materials. These results suggested that a higher RV/OV ratio produces a higher combustion temperature
and larger volume of gaseous products. There were no clear changes in the morphology of nickel
and cobalt based catalysts, while a severe agglomeration with irregular distribution of agglomerated
particles were detected on the copper-based catalysts. Probably an uncontrolled combustion reaction
takes place by further increasing or decreasing the RV/OV ratio. Thus, it can be roughly concluded that
the control of the phase formation and of the morphologies of the products is strictly linked to the
stoichiometry of the reactants.

3.1.4. XPS

The Ni 2p3/2, Co 2p3/2 and Cu 2p3/2 XP spectra of 10MAl−x calcined samples are presented in
Figure 6. For facilitating the comparison, the electron binding energies (BE) of 10MAl−x catalyst
samples are listed in Table 3. The surface of 10NiAl−x catalysts showed a main peak corresponding to
Ni 2p3/2 located at 855.9 eV, and two satellites corresponding to Ni2+ in the NiAl2O4 spinel respectively
at 861.9 ± 0.2 eV and 866.8 ± 0.4 eV, as described in the literature. The presence of Ni(OH)2 in
10NiAl−x catalysts has been excluded due to the absence of a peak close to 861 eV, corresponding
to the asymmetry of the peak located at 855.9 eV [63–66]. In order to quantitatively compare the Ni
concentration on the surface of the different catalysts, the surface Ni/Al atomic ratios were calculated
by XPS. As shown in Figure 6a, the measured Ni/Al atomic ratios slightly vary from 0.074 to 0.086.
A higher surface Ni/Al atomic ratio was observed for the 10NiAl−1.0 sample, indicating a higher Ni
concentration on the surface of the 10NiAl−1.0 catalyst.

Figure 6. (a) Ni 2p3/2, (b) Co 2p3/2 and (c) Cu 2p3/2 XP spectra for 10MAl−x calcined samples.
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Table 3. BEs of the Ni 2p3/2, Co 2p3/2, and Cu 2p3/2 XP spectra for 10MAl−x calcined samples.

RV/OV Ratio Ni 2p3/2 (eV) Co 2p3/2 (eV) Cu 2p3/2 (eV)

0.9 856.02 781.31 933.68
1.0 855.94 781.33 933.36
1.1 855.86 781.42 933.58

The Co 2p3/2 spectra, acquired for the 10CoAl−x catalysts, showed peaks at approximately
781.31–781.42 eV with their broad satellite peaks at around 786.21, 786.32 and 786.22 eV. These peaks
can be assigned to Co2+ in CoAl2O4, based on values reported in the literature [67,68]. They suggest
that CoAl2O4 is the predominant phase present on the catalyst surfaces. Co2O3, CoO and Co3O4

phases were not detected (absence of peak at 780 eV related to these oxides) [63], as well as Co(OH)2

phase (no peak at 780.4 eV) [63]. The values of the relative ratio of Co species determined by XPS are
included in Figure 6b. Also, for the Co-containing samples, the values of Co/Al ratios were almost
constant, slightly varying from 0.068 to 0.08.

The Cu 2p2/3 signals obtained for the 10CuAl−x catalysts could be assigned to a principal peak
located at 933.36–933.68 eV and two satellites at BE of 940.88 ± 0.1 and 943.1 ± 0.2 eV, corresponding to
Cu2+ in CuO, by referring to literature values [69,70]. CuAlO2 and Cu2O phases were not detected at
the surface of the different 10CuAl−x catalysts (no peak at 932 eV and 932.4 eV) [70–73]. Likewise,
there was no peak at 935 eV, which indicates that Cu(OH)2 and CuAl2O4 phases are also absent on the
surface of these catalysts [68,69,71]. The values of the Cu/Al surface ratios calculated from XPS analysis
are included in Figure 6c. The maximum Cu/Al atomic ratio of 0.26 was achieved in the 10CuAl−1.0
catalyst obtained from stoichiometric conditions, suggesting a higher presence of Cu species over the
alumina surface.

According to the XPS survey, nickel and cobalt oxides were present on the surface of the 10NiAl−x
and 10CoAl−x catalysts as metal aluminates surface spinels (MAl2O4), while free copper oxides were
the main phases observed at the surface of 10CuAl−x catalysts. This suggests that γ−alumina might
easily react in the solid phase with Ni- and Co- metal oxides than α−alumina with Cu-oxide. XPS also
offered interesting information about the dispersion and the proportion of the catalytic species of these
catalysts. Surprisingly, the surface M/Al atomic ratios were maximized for the samples obtained in
stoichiometric conditions (RV/OV = 1). For the 10NiAl−x and 10CoAl−x catalysts, a lower surface
M/Al atomic ratio was obtained for the 10MAl−1.1 sample. The surface M/Al ratio is expected to affect,
subsequently, the catalytic activity of the combustion synthesized catalysts.

3.2. Catalyst Activity

3.2.1. Evaluation of the Catalyst Performances through CO Oxidation

The conversion of CO on Ni, Cu and Co-containing catalysts is presented in Figure S1 (a–1,a–2,a–3)
(Supplementary Materials File) for a wide range of temperature from ambient up to 500 ◦C. The
performances of the different catalysts were estimated in steady state conditions for 30 min at specific
temperatures, defined according to the specific activity of the catalysts (between 100 and 500 ◦C).

Results are presented in Figure 7a–c. Table 4 summarizes the different values of the characteristic
temperatures corresponding to the light-off (1% of CO conversion into CO2), half and total oxidation
of CO. During the transient experiments, the oxidation of CO over the 10NiAl−0.9, 10NiAl−1.0 and
10NiAl−1.1 catalysts began respectively at 270, 254, and 301 ◦C. The CO conversion on overall 10NiAl−x
catalysts gradually increased, by increasing the temperature, without reaching the total conversion of
CO at 500 ◦C. The oxidation of CO observed at 500 ◦C with the 10NiAl−0.9, 10NiAl−1.0 and 10NiAl−1.1
catalysts was of 29%, 44% and 19%, respectively. In the 10NiAl−x series, the best activity was obtained
for the 10NiAl−1.0 catalyst, and the worst for 10NiAl−1.1. Thus, the enhancement of the RV/OV ratio
did not show any benefit for the oxidation of CO on the nickel-based catalysts. As shown in Figure 7a,
the 10NiAl−x catalysts presented low CO oxidation performances (less than 5% of conversion into
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CO2) at 300 ◦C, for the experiments performed in steady state conditions. Then, the conversion of CO
into CO2 reached 7%, 9% and 5% at 400 ◦C, for the 10NiAl−0.9, 10NiAl−1.0 and 10NiAl−1.1 catalyst,
respectively. The 10NiAl−x catalysts presented a relatively low activity in the 300-500 ◦C range, but the
CO conversion was enhanced when increasing the temperature.

Figure 7. (a, b, c) CO conversion under steady state conditions over the 10MAl−x calcined catalysts.

Table 4. Effect of RV/OV ratio on the light-off, T50 and T100 temperatures of the 10MAl−x
catalyst samples.

Sample T1 T50 T100

10NiAl−0.9 270 − −

10NiAl−1.0 254 − −

10NiAl−1.1 301 − −

10CoAl−0.9 209 412 −

10CoAl−1.0 235 406 −

10CoAl−1.1 246 497 −

10CuAl−0.9 96 190 250
10CuAl−1.0 90 170 225
10CuAl−1.1 97 180 250

The catalytic activity of the 10CoAl−0.9 and 10CoAl−1.0 catalysts in CO oxidation was higher than
that of the 10CoAl−1.1 catalyst. The oxidation of CO over the 10CoAl−0.9 and 10CoAl−1.0 catalysts
started respectively at 209 ◦C and 235 ◦C, while on the 10CoAl−1.1 catalyst, the CO conversion started
only at 246 ◦C (Figure S1 a–2). The CO conversion gradually increased to reach 50%at around 400 ◦C
over the 10CoAl−0.9 and 10CoAl−1.0 catalysts. For the 10CoAl−1.1 catalyst the half CO conversion
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was not yet achieved at 400 ◦C. The optimal CO conversion obtained at 500 ◦C for 10CoAl−0.9 and
10CoAl−1.0 catalysts was of 90%, while the 10CoAl−1.1 catalyst showed the lowest final conversion
(approximately 50%). According to Figure 7b, the 10CoAl−0.9 and 10CoAl−1.0 catalysts presented
comparable activities, with a CO conversion of approximately 50% and 90% at 400 and 500 ◦C,
respectively. Whereas, the 10CoAl−1.1 catalyst had significantly lower activity than the 10CoAl−0.9
and 10CoAl−1.0 catalysts and the CO conversion was of 15% and 50% at 400 and 500 ◦C, respectively.
It is worth pointing out that, similarly to nickel based catalysts prepared at RV/OV ratio higher than 1,
the catalytic activity of cobalt based catalysts for the oxidation of CO is lowered.

The performances of the 10CuAl−x catalysts for the oxidation of CO were characterized by a
relatively high conversion at low temperatures (less than 100 ◦C). The CO conversion sharply increased,
by increasing the temperature, to reach the maximum between 190 and 250 ◦C. The catalytic activities
of copper-based catalysts were fairly better than cobalt and nickel-based catalysts for the oxidation
of CO. The presence of CuO and bulk CuO species at the surface of these catalysts is probably at the
origin of the high conversion rate of CO in the presence of oxygen (Figure 7c). The 10CuAl−1.0 catalyst
exhibited the highest CO conversion rates with values around 5%, 40% and 98% at 100 ◦C, 150 ◦C and
200 ◦C, respectively (Figure 7). The 10CuAl−0.9 catalyst displayed the lowest CO conversion rates
with 25% and 85% at 150 ◦C and 200 ◦C, respectively.

The catalytic results show that the performance of the different samples towards CO oxidation
was strongly affected by the reaction temperature. This classical behavior it is probably not only due
to the increasing reaction kinetics. In this case, the reaction temperature affects the interaction of the
adsorbed molecules (CO and O2) on the metal oxide surfaces (O2 adsorption is inhibited by CO at
low temperature). Then, at higher temperature, part of the CO desorbs from the catalytic sites that
free are able to adsorb the O2; CO and O2 can then react on the catalyst surface to produce CO2. It is
seen that, by increasing the RV/OV ratio from 0.9 to 1.1 for 10NiAl−x and 10CoAl−x catalyst samples,
more aluminate spinel structures are formed and lower CO conversion are observed. Among the
different synthesized catalysts, the 10NiAl−x series exhibited the largest surface areas and the worst
performances for converting CO, whereas the 10CuAl−x catalyst samples had the smallest surface areas
and the highest activities. In addition, it was found that stoichiometric compositions (RV/OV = 1.0)
lead to an optimal crystallinity and that CO oxidation is optimal for the catalysts presenting a RV/OV
ratio of 1.0. The present results suggest that CO oxidation reaction is structure sensitive and that
the alumina-metal interaction plays a crucial role on the CO oxidation activity. On the basis of the
activity results, it seems that the catalyst activity derives primarily from the extent of the interaction
between the metal oxide and alumina. The interaction of metal oxide with alumina affects the bulk and
surface chemical composition, structural properties, and active sites dispersion which further affect the
catalytic performances. Meanwhile, the presence of free bulk metal oxide is mandatory for the CO
oxidation activity.

3.2.2. Comparison of the Catalyst Performances with Similar Materials obtained with
Different Methods

Many studies have been carried out on supported copper oxide catalysts. Most of these oxide
catalysts were made by traditional synthesis methods. Pierron et al. [74] and Luo et al. [75] obtained a
CO conversion of 50% at around 270 ◦C (reaction conditions: 4.8 vol% CO in air) and 250 ◦C (reaction
conditions: 2.4 vol% CO and 1.2 vol% O2 in N2), using 10 wt% Cu−Al2O3 catalysts prepared by wet
impregnation. Renuka et al. [76] used wet impregnation method to prepare 11 wt% Cu supported
mesoporous alumina catalyst. Their results showed that the conversion of CO reached 100% at around
300 ◦C. The presence of reduced cationic species of Cu and metallic copper atoms induces a beneficial
effect on CO oxidation. Severino et al. [77] reported a study of the effect of copper concentration
(2–30 wt%) on the CO oxidation activity at 400 ◦C for 3h (reaction conditions: 5 vol% CO in air), using
impregnation method. They showed that the activity of the catalysts increases by increasing the metal
loading from 2 to 10 wt% (with a maximum CO conversion of about 85%), but the activity decreases
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at higher concentrations (>10 wt%). Alumina-supported copper catalyst, prepared by impregnation
method, was also studied by Jiang et al. [78]; 12 wt% CuO/Al2O3 catalyst showed a CO conversion
(reaction conditions: 4 vol% CO, 17 vol% O2 and 79% N2) of 50% and 99% at around 200 ◦C and 260 ◦C,
respectively [78].

Thormahlen et al. [79,80] reported a high catalytic activity of CoOx/Al2O3 system using
impregnation method and different oxidizing and reducing pretreatments prior to reaction. Pre-reduced
cobalt oxide/alumina catalyst with 20 wt% CoOx showed a CO conversion of 50% at 157 ◦C (reaction
conditions: 1 vol% CO and 0.6 vol% O2 in N2) [80]. Later, Jansson et al. [81] clearly demonstrated the
high activity of the pretreated CoOx/Al2O3 system for CO oxidation. They reported a T50 of 150 ◦C for
pre-reduced CoOx/Al2O3 catalyst compared to 80 ◦C for the pre-oxidized catalyst. Full conversion is
reached at about 265 ◦C for the pre-reduced catalyst (reaction conditions: 2 vol% CO and 1.17 vol% O2

in N2). Wang et al. [82] prepared supported cobalt catalyst on Al2O3 (5 wt% as metal Co loading) by
incipient wetness impregnation. A full conversion of CO was obtained at 300 ◦C (reaction conditions:
10 vol% O2 and 4 vol% CO in He).

In comparison to copper and cobalt based catalysts, few references can be found, dealing with the
activity of nickel-based catalysts for the CO oxidation reaction. This is essentially due to its low activity
in CO oxidation. Nickel-based catalysts were studied by El-Shobaky et al. [83–85] and Chen at al. [86]
The study of El-Shobaky et al. was mainly focused on the physicochemical properties of NiO-Al2O3

systems, prepared by co-precipitation and impregnation. In their studies [83,84] they did not observe
the formation of the spinel phase at temperatures below 850 ◦C. Higher activation temperatures (above
850 ◦C) resulted in the formation of the nickel aluminate phase. Chen et al. [86] clearly demonstrated
the low activity of nickel-based catalysts for CO oxidation. Indeed, reduced 15 wt% Ni/Al2O3 catalyst
showed full conversion of CO at around 500 ◦C.

4. Conclusions

In this study, variation of the reactant stoichiometry (RV/OV ratio) has demonstrated to be a
well-settled approach for controlling the properties of the combustion-synthesized mixed oxides
catalysts. Indeed, the stoichiometry and the nature of the metal in the nitrate precursor have
an important impact for the control of the phase composition, surface area, micro/nanostructure
characteristics, and surface chemical composition (surface M/Al atomic ratio). Based on the different
characterizations, the control of the RV/OV ratio allows improving the properties of the catalysts
prepared through the microwave-assisted SC method.

The performances of the different catalysts were correlated to their characterizations. Indeed, the
catalysts prepared under stoichiometric composition (RO/RV = 1) presented the optimal structural
properties and the best catalytic activities. At the opposite, the synthesis of catalysts with a
non-stoichiometric RV/OV ratio led to a non-controlled combustion reaction, thus resulting to poor
structural properties and lower CO oxidation activities.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/12/3126/s1.
Figure S1: (a–1, a–2, a–3) CO conversion under transient conditions over the 10MA−x calcined catalysts.
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