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Abstract: In this work, the LDH approach was used to prepare MnCoAl mixed oxides with various
textural and structural frameworks for the purpose of enhancing the total oxidation of ethanol. Our
results showed that the catalytic activity of the MnCoAl oxides was influenced by the Mn/Co ratio
and the gas atmosphere used during synthesis and thermal treatment. Rietveld refinement was
processed to estimate the proportion of phases presented in the prepared materials. Our findings
indicated that the generation of Mn2CoO4 spinel and Mn5O8 lamellar phases improved the redox
properties and enhanced the active sites in the MnCoAl oxides. Notably, we observed that the
catalytic activity at low temperatures of the catalyst increased with the decrease in the cobalt amount.
It was also demonstrated that using an N2 atmosphere during the preparation of the materials is a
promising route to prevent the formation of undesirable phases in the LDHs and their corresponding
oxides. The presence of an O2-free atmosphere during the LDH synthesis positively affects the total
ethanol transformation to CO2 over the oxide catalysts.

Keywords: Mn–Co mixed oxides; layered double hydroxide; ethanol oxidation; synthesis atmosphere

1. Introduction

Volatile organic compounds (VOCs) are diverse groups of carbon-based chemicals that
exert a significant influence on both air quality and human health [1]. The hydrocarbon
pollutants can originate from various sources, including industrial waste, vehicle exhaust,
and processes involving solvents and paints. When released into the atmosphere, they
contribute to the formation of ground-level ozone, which leads to environmental degra-
dation [2,3]. To address the harmful impact of VOC emissions, heterogeneous catalytic
oxidation has emerged as a promising approach. One of the major factors influencing the
efficiency of the oxidation process is the choice of catalyst [4].

The most common catalysts used for the total oxidation of VOCs are supported noble
metals (platinum, palladium). However, noble metal catalysts are susceptible to poisoning
and somewhat costly [5,6]. Therefore, the emphasis is on the development of innovative het-
erogeneous catalytic materials with low manufacturing costs and high activity at moderate
temperatures. In this regard, transition metal oxides are being explored [7].

Mixed oxides may be synthesized using different methods, including co-precipitation,
auto-combustion, sol–gel, and hydrothermal procedures, as well as the thermal breakdown
of various precursors such as hydroxides, carbonates, and nitrates [8]. One intriguing
approach is the layered double hydroxide “LDH” route through metal salts co-precipitation.

LDHs with positively charged metal hydroxide layers and exchangeable interlayer
anions offer great advantages in the formation of mixed oxides. The LDH crystallites
provide a regulated and tunable framework that facilitates the incorporation of various
metal species into the structure [9,10]. LDH-based oxides enable the design of catalysts with
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specific compositions, exhibit good textural properties and thermal stability, and may be
regenerated numerous times [11]. These materials are becoming more important as catalyst
precursors for various industrially important processes, such as methanol-reforming, CO,
NO, and VOC emission reduction.

Amongst various oxides employed for VOC abatement, systems including manganese
(Mn) and/or cobalt (Co) oxides have exhibited exceptional activity for the total destruction
of a wide range of organic molecules, including aromatics, alkanes, and alcohols into CO2
and H2O. Manganese and cobalt presence in the same oxide offers a high oxygen stor-
age/release capacity due to their multivalent oxidation states [12]. The catalysts may easily
undergo fast reduction–oxidation cycles, making them suitable for VOC oxidation [13–15].
For instance, Dissanayake et al. [16] investigated the impact of the calcination tempera-
ture of cobalt oxides on the oxidation of 2-propanol, a representative hazardous alcohol
molecule. The highest activity was found in Co3O4 calcined at 350 ◦C, and it was correlated
to superior low-temperature reducibility, large pore volumes, higher Co3+/Co2+ ratios, and
abundant active surface oxygen species. In another study conducted by Castaño et al. [17],
the effect of different preparation methods of Mn–Co–Mg–Al solids on propanol oxidation
was examined. It was illustrated that the co-precipitation of Mn–Co precursors led to the
formation of active oxide catalysts with high performances.

Aguilera et al. [18] compared a Cu/Mn/Mg/Al catalyst series with those of Co/Mn/
Mg/Al samples in which the Mn/Co or Mn/Cu ratios in the solids were varied from 0 to 0.5.
The observed behavior for the ethanol oxidation reaction was related to the development
of amorphous phases and redox cycles caused by the cooperative interactions between
the active species. The highest Mn/Co proportion exhibits the best catalytic behavior. In
Kovanda et al. [19] research work, another class of Co4MnxAl(2−x) (x = 0–2) mixed oxides
catalysts synthesized through the LDH pathway was explored for ethanol oxidation. It
was illustrated that the specific activity of the catalysts was promoted when the Mn/Co
ratio in the solid phase increased. They also studied the same reaction in another study [20]
on Al2O3/Al supported Co–Mn–Al mixed oxides, and they showed that increasing the
(Mn/Co) ratio improved the catalytic activity in ethanol combustion. This observation has
been explained by high reducible component existence.

Moreover, in our recent work [21], we tested the ethanol oxidation over
MnxMg(6−x)Al2–O (x = 0–6) catalysts obtained by LDH thermal decomposition. It was
established that the ethanol transformation was influenced by the metal ratio, and the
Mn4Mg2Al2–O catalyst exhibited superior activity compared to the supported metal Pd/γ-
Al2O3. The presence of manganese species with multiple states in the bulk and on the
surface of the materials was shown to be crucial for their activity.

Given this context, this study seeks to investigate the influence of the metal ratio
and the synthesis atmosphere on the physicochemical properties and ethanol oxidation
catalytic activity of MnxCo(6−x)Al2 mixed oxides series. To begin with, this work lies in the
employment of several characterization techniques such as X-ray diffraction (XRD), N2
physisorption, and H2 temperature-programmed reduction (TPR) for the identification and
quantification of the different active phases within the catalysts, textural characteristics
determination, as well as redox couple properties, respectively. Furthermore, the ethanol
conversion and product selectivity are discussed with respect to the physicochemical prop-
erties. Finally, the influence of the catalyst synthesis and the thermal treatment atmosphere
of the catalysts on the ethanol oxidation performance were assessed.

2. Results
2.1. Catalyst Characterization

The obtained diffraction patterns of the different prepared LDH precursors and their
corresponding oxides are shown respectively in Figures 1 and 2. The XRD curves of the
samples exhibited the presence of several fragments of different phases. Therefore, Rietveld
refinement was processed to assess the approximate weight percentage of the plausibly
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suggested phases (Tables 1 and 2). The JCPDS files of the crystalline phases are shown in
Figure S1 (Supplementary Materials).
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Table 1. Phase proportions from XRD analysis.

Samples LDH MnCO3 Mn(OH)2 Mn2O3 Mn3O4

Co6Al2–LDH 100 - - - -
MnCo5Al2–LDH 99.4 0.2 0.4 - -
Mn3Co3Al2–LDH 82.5 17 0.5 - -
Mn5CoAl2–LDH 53.4 44.9 - 1.7 -

Mn6Al2–LDH 16.9 48.5 - 0.2 34.4
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Table 2. Phases proportion in the different MnxCo6−xAl2–O mixed oxides obtained after thermal
treatment of the LDH from XRD analysis.

Samples Mn2CoO4 Al2CoO4 MnAl2O4 Mn2O3 Mn3O4 Mn5O8 MnO2 Co3O4

Co6Al2–O - 4.6 - - - - - 95.4
MnCo5Al2–O 1.3 48.5 11.5 0.2 1.5 1.6 - 35.5
Mn3Co3Al2–O 7.4 62.8 3 - - 1 3 25.8
Mn5CoAl2–O 15.5 26.5 - - 13.5 34.1 10.4 -

Mn6Al2–O - - 27.7 7.6 39.1 24.7 1 -

Concerning the MnCoAl–LDH XRD analysis (Figure 1), the microstructure of the
Co6Al2–LDH reveals the existence of solely pure hydrotalcite with the chemical formula
Co6Al2CO3(OH)16·4H2O (JCPDS 51-0045). In contrast, the Mn6Al2–LDH exhibits a small
proportion of Mn4Al2CO3(OH)12·3H2O (JCPDS 51-1526) LDH phase, known as charmarite,
along with a significant amount of manganese carbonate MnCO3 (JCPDS 44-1472), tetrago-
nal Mn3O4 “Hausmannite” (JCPDS 24-0734) and a slight amount of Mn2O3 phase (JCPDS
89-4836). In the case of the MnCoAl samples, a similar observation could be made. The sub-
sequent LDH phase was accompanied by the MnCO3 phase, as well as traces of Mn(OH)2
(JCPDS 73-1604). Table 1 reports the weight percent of the suggested phases for all sam-
ples. For the calculated percent of the LDH phases, the listed values are the sum of both
Co6Al2CO3(OH)16·4H2O and Mn4Al2CO3(OH)12·3H2O phases.

Overall, it was observed that increasing the Mn content leads to a lower proportion of
the LDH phase compared to MnCO3, which becomes more pronounced. No matter the
Mn loaded in the MnxCo6−xAl2–LDH sample, it induces octahedral distortion through
the Jahn–Teller effect. The big ionic radii size of Mn2+ (0.83 Å) affects the coordination
environment and prefers a 4:2 coordination with Al3+ in the octahedral layer, unlike Co2+

(0.74 Å), which only forms the LDH phase. This results in the formation of various Mn
phases to accommodate the additional Mn that cannot be incorporated into the lamellar
layers of the LDH.

In atmospheric conditions, the auxiliary Mn cations tend to form Mn(OH)2 brucite in
the presence of NaOH. Furthermore, Mn cations may easily precipitate to MnCO3 at pH = 5
to 11, which is the range of our synthesis conditions [22]. Thus, the remaining Mn(OH)2
and MnCO3 in the solution will be easily oxidized by dissolved oxygen from the air to
generate Mn3O4, which may later be targeted for further oxidation to form Mn2O3 [23–25].

X-ray diffraction (XRD) measurements were carried out on MnxCo6−xAl2–O samples
after the heat treatment of the MnxCo6−xAl2–LDH precursors in synthetic air at 500 ◦C
(Figure 2). The precursor’s thermal decomposition led to the destruction and collapse of the
lamellar structure of the LDH, which resulted in the formation of spinel-type and different
metal oxide phases (Table 2).

For the Co6Al2–O sample, it could be observed that the pure LDH phase of the
binary was almost entirely transformed into Co3O4 (JCPDS 65-3103) spinel during the heat
treatment, along with a small proportion of Al2CoO4 (JCPDS 38-0814) phase. Meanwhile,
the Mn6Al2–O displayed the presence of monoclinic Mn5O8 lamellar phase (JCPDS 39-1218)
highly abundant on Mn4+ [26], MnAl2O4 (JCPDS 29-0880) and various manganese oxide
with different proportion. As for the ternary mixed oxides, several phases were formed.
However, the increase in the Mn content raises the concentration of the Mn2CoO4 phase
(JCPDS 77-0471) and MnO2 (JCPDS 38-0814) within the catalyst’s series.

The Mn3Co3Al2–O samples revealed the presence of Al2CoO4 (JCPDS 38-0814) and
Co3O4 phases in high proportions. Meanwhile, a moderate concentration of Mn2CoO4
phase (7.4%) was observed, along with the presence of MnO2 and Mn5O8 phases. Interest-
ingly, the Mn5CoAl2–O displays the formation of a high proportion of Mn2CoO4 spinel
phase along with a large amount of MnO2 and Mn5O8 phases. This observation suggests
the presence of an Mn4+ state in the sample.
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For the MnCoAl samples, the peak intensity of the tetragonal Co3O4 at 2θ ≈ 36◦

was clearly broadened and weakened. These could be due to the formation of a Mn–Co
solid solution. The manganese ions can enter the cobalt tetragonal phase and establish an
amorphous or crystalline structure. Therefore, this may result in the creation of charge
defects and a CoMn synergistic effect, as evidenced by the presence of Mn2CoO4 spinel for
the Mn5CoAl sample [27]. It is also important to note that the absence of aluminum oxide
phases in Al-rich materials could be attributed to the high dispersion of this element or its
presence in an amorphous state.

The porosity parameters of the oxide materials were evaluated and presented in
Table 3, and the N2 adsorption–desorption curves are shown in Figure 3.

Table 3. Textural properties of the MnxCo6−xAl2–O mixed oxides.

Samples SBET
(m2/g)

Pore Volume
(cm3/g)

Average Pore Size
(nm)

Co6Al2–O 110 0.675 20.04
MnCo5Al2–O 154 0.441 10.24
Mn3Co3Al2–O 167 0.419 10.16
Mn5CoAl2–O 171 0.373 8.84

Mn6Al2–O 103 0.175 8.78

Catalysts 2023, 13, 1316 5 of 19 
 

 

Samples Mn2CoO4 Al2CoO4 MnAl2O4 Mn2O3 Mn3O4 Mn5O8 MnO2 Co3O4 
Co6Al2–O - 4.6 - - - - - 95.4 

MnCo5Al2–O 1.3 48.5 11.5 0.2 1.5 1.6 - 35.5 
Mn3Co3Al2–O 7.4 62.8 3 - - 1 3 25.8 
Mn5CoAl2–O 15.5 26.5 - - 13.5 34.1 10.4 - 

Mn6Al2–O - - 27.7 7.6 39.1 24.7 1 - 

For the MnCoAl samples, the peak intensity of the tetragonal Co3O4 at 2θ ≈ 36° was 
clearly broadened and weakened. These could be due to the formation of a Mn–Co solid 
solution. The manganese ions can enter the cobalt tetragonal phase and establish an amor-
phous or crystalline structure. Therefore, this may result in the creation of charge defects 
and a CoMn synergistic effect, as evidenced by the presence of Mn2CoO4 spinel for the 
Mn5CoAl sample [27]. It is also important to note that the absence of aluminum oxide 
phases in Al-rich materials could be attributed to the high dispersion of this element or its 
presence in an amorphous state. 

The porosity parameters of the oxide materials were evaluated and presented in Ta-
ble 3, and the N2 adsorption–desorption curves are shown in Figure 3. 

 
Figure 3. N2 physisorption isotherms of the MnxCo6−xAl2–O mixed oxides. 

All the isotherms of the catalysts exhibited an IV-type behavior with H3-type hyste-
resis loops (in accordance with the IUPAC), indicating the presence of a mesoporous struc-
ture and narrow plate-like particles [28]. The specific surface area of the Co6Al2–O catalyst 
was comparable to that of the Mn6Al2–O. Nevertheless, the Co6Al2–O sample showed a 
higher pore volume and average pore size in contrast to the Mn6Al2–O material. 

The heat treatment of the co-precipitated precursors, along with the increase in the 
Mn content in the structure, resulted in a destruction of the octahedral form and interla-
mellar spacing rearrangement. The LDH structure decomposition leads to the formation 
of different neighboring aggregates separated by pores of low average diameter. 

Interestingly, the specific surface area for the ternary oxides was improved compared 
to the binary ones. Within the sample series, the surface area was increased while increas-
ing the Mn/Co ratio reversely to the size and volume of the average pores. The Mn pres-
ence enhanced the structural disorder that promoted the creation of more pores and 
changes in the textural properties of the oxide composites [29]. These observations align 
with the surface area measurements, which showed that MnCo5Al2–O (154 m2/g) pre-
sented a lower surface area compared to the Mn5CoAl2–O catalyst (171 m2/g). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

 

Relative Pressure (P/P0) 

 Co6Al2-O
 MnCo5Al2-O
 Mn3Co3Al2-O
 Mn5CoAl2-O
 Mn6Al2-O

A
ds

or
be

d 
qu

an
tit

ie
s 

(c
m

3 /g
)

Figure 3. N2 physisorption isotherms of the MnxCo6−xAl2–O mixed oxides.

All the isotherms of the catalysts exhibited an IV-type behavior with H3-type hysteresis
loops (in accordance with the IUPAC), indicating the presence of a mesoporous structure
and narrow plate-like particles [28]. The specific surface area of the Co6Al2–O catalyst was
comparable to that of the Mn6Al2–O. Nevertheless, the Co6Al2–O sample showed a higher
pore volume and average pore size in contrast to the Mn6Al2–O material.

The heat treatment of the co-precipitated precursors, along with the increase in the Mn
content in the structure, resulted in a destruction of the octahedral form and interlamellar
spacing rearrangement. The LDH structure decomposition leads to the formation of
different neighboring aggregates separated by pores of low average diameter.

Interestingly, the specific surface area for the ternary oxides was improved compared
to the binary ones. Within the sample series, the surface area was increased while increasing
the Mn/Co ratio reversely to the size and volume of the average pores. The Mn presence
enhanced the structural disorder that promoted the creation of more pores and changes
in the textural properties of the oxide composites [29]. These observations align with the
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surface area measurements, which showed that MnCo5Al2–O (154 m2/g) presented a lower
surface area compared to the Mn5CoAl2–O catalyst (171 m2/g).

A general idea of the MnCoAl mixed oxides reducibility was gathered by temperature-
programmed reduction (TPR) analysis (Figure 4). For the Co6Al2–O sample, the reduction
of the spinel phase occurred in two stages at 370 ◦C and 700 ◦C. These temperatures
correspond respectively to the Co3+/Co2+ couple and the complete reduction of Co cations
to Co (0) in the spinel phases, as observed by Lou et al. [30]. The TPR profile of the Mn6Al2–
O catalyst is more complex due to the different oxidation states of manganese species. It
could be deconvoluted into four overlapping regions. In relation to the XRD data, it was
determined that the peaks labeled A and B are related respectively to the Mn4+/Mn3+ redox
couple of MnO2 and Mn5O8 crystallites in which the phases were totally reduced to Mn2O3.
A similar trend was observed in the literature by Lamonier et al. [31]. Indeed, the first
reduction peak of MnCoAl catalysts was assigned to the reduction of Mn4+ to Mn3+ in the
lamellar phase.
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The peak labeled C is attributed to the reduction of Mn2O3 to Mn3O4, and the last re-
duction step is assigned directly to the destruction of Mn3O4 spinel to MnO [18]. Regarding
the ternary oxides, the high cobalt ratio in the solid mixture resulted in a TPR curve with
two reduction steps similar to that of the Co6Al2–O sample. The Mn3Co3Al2–O sample
exhibited three reduction steps, while the Mn5CoAl2–O solid displayed four Tmax summits.
This indicates that the redox properties of the ternary oxides are related to the active metal’s
site concentration. The peak labeled F for the oxide composite catalysts corresponds to
the destruction of the different spinel where the Co was totally reduced to form metallic
Co. The E+C region for the ternary oxides is assigned to the Mn3+/Mn2+ and Co3+/Co2+

reduction couples of the various spinel and Mn2O3 phases [32–34].
The second Tmax peak in the TPR curves of Mn5CoAl2–O and Mn3Co3Al2–O is at-

tributed to the reduction of Mn4+ to Mn3+ of the layered Mn5O8 phase and/or MnO2 phase
while the peak A for Mn5CoAl2–O sample could be associated directly to the same couple
easily reduced in the spinel Mn2CoO4 phase.

In general, the association of Mn along with Co species in a mixed oxide system affects
the F region by lowering the reduction temperature and leads to lower H2 consumption
compared to Co6Al2–O. This is mainly due to the change in the metal–oxygen bond strength
in the tetragonal spinels. The Mn–Co synergy in the calcined solids facilitates the reduction
of Co cations to metallic Co and the formation of MnO.
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Catalysts with a higher quantity of readily reducible components are, in general, more
active for VOC abatement. Therefore, the total hydrogen consumption of the different
prepared oxides at temperatures lower than 500 ◦C was recorded (Table 4). The Mn6Al2–O
sample exhibited more than 50% higher hydrogen consumption compared to the Co6Al2–O.
Moreover, it can be observed that the association of Mn and Co in the MnCoAl mate-
rials affects the content of easily reducible species (Mn4+ species), as evidenced by an
increase in H2 consumption. The main increase in H2 consumption is observed for the
Mn5CoAl2–O. This improved reducibility could be explained by the stronger interaction of
MnOx and CoOx species from the Mn2CoO4 spinel phase revealed by XRD. However, the
Mn3Co3Al2–O sample exhibited a significant decrease in the H2 consumption compared to
the Mn5CoAl2–O sample. This is mostly due to the presence of a slightly detected amount
of Mn4+-rich phases (11.4%), MnO2, Mn5O8, and Mn2CoO4.

Table 4. Hydrogen consumption over the MnxCo6−xAl2–O mixed oxides during the TPR analysis.

Samples Hydrogen Consumption at T < 500 ◦C (umol/g)

Co6Al2–O 3620
MnCo5Al2–O 3763
Mn3Co3Al2–O 4800
Mn5CoAl2–O 6110

Mn6Al2–O 5660

The characterization analysis shows that the Mn/Co ratio has a significant impact
on the formed oxides, which could influence the VOCs’ oxidation performances. The
proportion of the generated phases in the precipitate and their associated oxides are
altered by changes in the metal ratio. The findings showed that the surface reducibility
and porosity are strongly influenced by the phase composition of the bulk material. The
presence of Mn in various oxidation states enables a high oxygen storage capacity within the
crystalline lattice [35,36]. In addition, the presence of spinel phases, with their diverse cation
composition, plays a crucial role in enhancing the redox properties and the availability of
oxygen vacancies. Specifically, when Mn species are in close proximity to cobalt within the
same phases, electron exchange interactions between closely coupled pairs of manganese
and cobalt facilitate electronic mobility across the surface [27]. Furthermore, the presence
of many phases inside a solid structure encourages the formation of a large specific surface
area. The large pore sizes and volumes are advantageous during the oxidation process;
however, the same could allow the existence of distant segregates that might alter electron
density, lowering catalytic activity, which might be the case for the cobalt binary oxide.
Another factor that affects VOCs abatement, is the type and form of crystallites. The
bidimensional layers of Mn5O8 metastable phase, has an abundant interlayer defect with
surely one-fourth octahedral oxygen vacancy from the Mn ions site [37]. On the other hand,
the Mn2CoO4 spinel structure accommodates a mixed-valence oxide form (+2, +3, and +4 o)
that obviously increases the catalytic oxidation activity [38].

2.2. Catalytic Activity
2.2.1. Catalytic Oxidation of Ethanol over MnxCo(6−x)Al2–O Catalysts

The catalytic results of the ethanol total oxidation in the presence of synthetic air over
MnCoAl mixed oxides, in terms of conversion, are presented in Figure 5. The light-off
curves of all samples exhibit a similar shape, where conversion increased with increasing
temperature until total conversion was achieved. The variations in the catalytic activity
among the prepared oxides highlight the sensitivity of ethanol oxidation reaction to the
Mn/Co-active species in the oxide mixtures. Ethanol transformation was improved greatly
after the total substitution of cobalt by manganese. The temperature required for total
ethanol conversion T100 was shifted to a lower temperature by 38 ◦C from 200 ◦C for
Co6Al2–O to 162 ◦C for Mn6Al2–O.
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Figure 5. Ethanol conversion curves for MnxCo6−xAl2–O mixed oxides.

The spacing between the interlayers and the abundant unoccupied oxygen sites in
the Mn5O8 phase in the Mn binary oxide can account for this difference. In addition, it
has been observed that the Mn binary oxides contain easily reducible sites with different
oxidation states, in contrast to Co-based spinels.

MnCo5Al–O ternary oxides showed lower oxidation efficiency compared to the
Mn6Al2–O binary oxides. The separate (M3+/M2+) redox couple of Mn and Co in the
spinel phases is slightly less active and requires higher reduction temperatures compared
to those found in the binary oxides. Both Mn3Co3Al2–O and Mn6Al2–O samples dis-
played similar catalytic efficiency. Along with the existence of the Mn2CoO4 phase, the
Mn3Co3Al2–O catalyst possesses high textural properties, which play a crucial role in
facilitating the conversion of reactants. Consequently, these characteristics align with the
high proportion of the Mn5O8 active phase present in the binary oxide.

The optimal reaction behavior for total ethanol oxidation was observed with the
Mn5CoAl2–O catalyst, which achieved complete ethanol conversion at 152 ◦C. The sample’s
improved performance may be attributed mostly to its superior textural-structural features
compared to other catalysts. The improved VOC oxidation activity over the Mn5CoAl2–O
catalyst is attributed to the creation of redox cycles and enhanced porosity resulting from
the cooperative action of Mn and Co.

In order to investigate the relationship between catalyst reducibility and ethanol
oxidation activity, the T50 and the overall hydrogen consumed at temperatures below
500 ◦C are plotted in Figure 6. The results reveal that a highly readily reducible species on
the surface is crucial to achieve sufficient catalytic activity. A huge amount of reducible
species results in a considerable decrease in the T50 when Mn is present. The T50 is reduced
by 23 ◦C for the MnCo5Al2–O sample compared to Co6Al2–O while increasing hydrogen
consumption by less than 4%.

The T50 decreases dramatically as the amount of hydrogen employed in the ternary
oxide series increases. Meanwhile, the Mn6Al2–O sample follows the same linear allocation
of the ternary oxides and ranks second, as expected.

The exceptional behavior is revealed for the Mn5CoAl2–O catalyst. It can be attributed
to the fact that a small amount of Co can stabilize the octahedral layers and modify the
surface interaction of Mn4+ with ethanol and oxygen molecules.
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It is well known that ethanol oxidation involves a Mars–van Krevelen mechanism
that provides insights into the adsorption and breakdown processes, where metal ions and
lattice oxygen play critical roles [38]. Initially, contaminant molecules are adsorbed on the
catalyst’s surface and oxidized by surface active oxygen species, while transition metal
oxides are reduced, creating oxygen vacancies on the surface. Subsequently, the oxygen
vacancies are replenished by oxygen from the gas phase, resulting in the reactivation of
adsorbed oxygen and the reoxidation of reduced metal oxides [39,40].

It is worth mentioning that the electrical interaction between MnOx and CoOx plays an
important role in strengthening redox characteristics. The presence of Co3+ oxidizes Mn2+

to form Co2+ and Mn3+. Furthermore, electron transfer occurs between the newly formed
Co2+ and the existing Mn4+ with relatively high surface concentration, promoting the redox
cycle: Co3+–Mn3+ <--> Co2+–Mn4+, which is crucial for catalytic activity following the
formation of Co and Mn mixed oxides. Nevertheless, the role of the porosity cannot be
neglected. A higher specific area could enhance VOC oxidation activity in the ternary
oxides [41,42].

The catalytic oxidation of ethanol yields acetaldehyde as a major reaction intermediate,
with CO2 being the unique product when ethanol is completely oxidized. The carbon
balance was nearly total during all the experiments, with only water, CO2, and acetaldehyde
being the observed products. Despite the presence of hydroxyl groups, ethanol can be
completely oxidized to CO2 or converted to acetaldehyde intermediates, which are then
oxidized to CO2 (Scheme 1) [43].
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Scheme 1. Plausible ethanol oxidation reaction mechanism routes [43].

The intermediate acetaldehyde (ACO) product is more hazardous than the original
alcohol VOCs. Therefore, it is vital to be aware of the likelihood of partial oxidation
products emerging during the catalytic oxidation process [44].
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All samples showed a similar trend in terms of detected product selectivity distribution
(Figure 7); at low temperatures, acetaldehyde was the predominant product. In contrast,
at higher temperatures, CO2 became the main product. The transformed acetaldehyde
amount directly generates the same mole numbers of CO2 (Figure S2), which means that
ethanol activation and transformation are the limiting steps of the oxidation reaction.
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Figure 7. Catalytic oxidation of ethanol over the MnxCo6−xAl2–O mixed oxides: CO2 yield (solid
lines) and acetaldehyde concentration (dotted lines) versus temperature.

Initially, ethanol is transformed to acetaldehyde until a maximum is achieved, and
then at temperatures over 120 ◦C, CO2 molecules begin to form directly from ethanol or
subsequent oxidation of the ensuing acetaldehyde.

The maximum value for the reaction intermediate yield over MnxCo(6−x)Al2–O cata-
lysts varied from 500 ppm to 700 ppm. It was claimed [44] that the co-precipitation method
used for the MnCo mixed oxides preparation leads to high concentrations of acetaldehyde
intermediates during the total ethanol transformation by synthetic air. The acetaldehyde
selectivity over the different samples significantly changed with the active metals’ ratio in
the mixed oxides.

The maximum selectivity of acetaldehyde is comparable among the two binary oxides.
Nonetheless, a higher temperature is required to totally oxidize the acetaldehyde on
Co6Al2–O compared to the Mn6Al2–O sample (220 ◦C versus 174 ◦C). Regarding the ternary
oxides, the produced acetaldehyde amount decreased and shifted to lower temperatures
with increasing Mn content.

Both O2− anions and mobile oxygen are, respectively, the active sites responsible
for ethanol dehydrogenation and acetaldehyde oxidation [45]. The lack of more easily
reducible couples for both MnCo5Al2–O and Co6Al2–O catalysts increased the energy
barrier for acetaldehyde production and transformation. Meanwhile, the absence of highly
oxidized Mn states from the different detected phases in MnCo5Al2–O lowered the rate of
further transformation of the intermediate into CO2, which leads to a maximum generation
of acetaldehyde compared to other catalysts.

CO2 formation over MnCoAl samples follows the order of ethanol conversion. Hence,
the assessment of catalyst performance is based on comparing the temperature gap between
ethanol conversion and CO2 yield (Table 5). Overall, as the conversion increases, the
temperature gap between the reactant and the final product of ethanol oxidation narrows.
At lower conversions, the ∆T in the binary oxides is greater than that of ternary oxides. This
could be explained by a larger available surface area, which favors the oxidation of ethanol
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and its intermediates. However, towards the end of the oxidation reaction, the temperature
gap was influenced by the active sites responsible for ethanol conversion. Over our best
catalyst, Mn5CoAl2–O, the ∆T20 was 25 ◦C and reduced to 13 ◦C when 50% conversion
was accomplished to demonstrate the smallest delay (8 ◦C) for T100.

Table 5. Comparison of temperature gap between ethanol conversion and CO2 yields over
MnxCo6−xAl2 mixed oxides.

Samples T20 (◦C) T50 (◦C) T100 (◦C)

Ethanol
Conversion CO2 Yield ∆T20

Ethanol
Conversion CO2 Yield ∆T50

Ethanol
Conversion CO2 Yield ∆T100

Co6Al2–O 150 190 40 168 192 24 200 220 20
MnCo5Al2–O 123 160 37 145 170 25 186 210 24
Mn3Co3Al2–O 120 150 30 138 160 22 156 179 23
Mn5CoAl2–O 110 135 25 127 140 13 152 160 8

Mn6Al2–O 112 150 38 135 155 20 162 174 12

2.2.2. Effect of the Synthesis and Heat Treatment Atmosphere

For further experimental insights, the influence of the synthesis and heat-treatment
conditions was studied in Mn6Al2–LDH and Mn5CoAl–LDH samples. Initially, the pre-
cipitation of LDH precursors was carried out under a nitrogen atmosphere instead of air
(Mn6Al2–N2–LDH, Mn5CoAl2–N2–LDH), and then the obtained solids were calcined under
air (Mn6Al2–N2–O and Mn5CoAl2–N2–O) and under an inert atmosphere (Mn6Al2–N2–N2
and Mn5CoAl2–N2–N2). The catalytic performance of the newly tested catalyst series,
expressed in terms of CO2 yield, is presented in Figure 8.
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Figure 8. Effect of the synthesis and heat treatment atmosphere for Mn6Al2 (A) and Mn5CoAl2 (B)
catalysts on CO2 yield.

As observed, ethanol oxidation over catalysts thermally treated under nitrogen
(Mn6Al2–N2–N2 and Mn5CoAl2–N2–N2) occurred at a higher temperature compared to
other catalysts. The temperature of the total ethanol transformation to CO2 increased by
more than 30 ◦C for the Mn5CoAl2 and Mn6Al2 samples. The CO2 yield curves depict that
air-calcined binary oxides prepared under nitrogen (Mn6Al2–N2–O) exhibited the lowest
temperature for the total degradation of ethanol to carbon dioxide. The change in the
synthesis atmosphere in the catalyst preparation seems to involve materials modification,
which permits the reduction in the T50 of CO2 yield by 15 ◦C, from 155 ◦C for Mn6Al2–O to
140 ◦C for Mn6Al2–N2–O.
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The differences observed in the catalytic activity can be explained by the changes in
the structural and textural parameters (Table 6). The replacement of the heat treatment gas
carrier led to a significant reduction in specific surface area. The predominant phases for
the binary and ternary oxides were balanced toward the MnO phase along with a high
proportion of the Mn3O4 phase.

Table 6. Textural and structural properties of the MnxCo6−xAl2 mixed oxides.

Textural
Properties Phases Percentage Obtained from XRD

Samples SBET
(m2/g) Mn2CoO4 Al2CoO4 Mn5O8 Mn3O4 Mn2O3 MnO2 Co3O4 MnO MnAl2O4

Mn6Al2–O 103 - - 24.7 39.1 7.6 1 - - 27.7
Mn6Al2–N2–O 146 - - 48.9 0.8 25.2 25 - - -
Mn6Al2–N2–N2 65 - - - 33.3 - - - 40.3 26.3
Mn5CoAl2–O 171 15.5 26.5 34.1 13.5 - 10.4 - - -

Mn5CoAl2–N2–O 189 46.9 31.6 0.5 - 3.3 16.7 - 1
Mn5CoAl2–N2–N2 114 5.7 21.6 0.8 26.7 1 1 2.3 39 1.8

For the Mn6Al2–N2–O sample, prepared under nitrogen and heat-treated under air,
XRD data (Table 6, Figure S3) reveals that the proportion of Mn5O8 was increased while the
Mn3O4 phase almost completely disappeared, with the formation of a significant amount
of MnO2 (25%). The synthesis of the Mn5CoAl2–N2–O material under the N2 atmosphere
hinders the formation of the Mn3O4 spinel phase. It can also be seen that the amount of the
lamellar phase Mn5O8 is negligible, while the percentage of Mn2CoO4 spinel was increased
by nearly three times.

Thus, it can be assumed that a higher proportion of lamellar Mn5O8 in the structure
enhances the specific area and the amount of oxygen vacancies. This led to an improvement
in the catalytic activity of the Mn6Al2–N2–O sample. However, for Mn5CoAl2–N2–O, the
increase in the Mn2CoO4 fraction had no significant influence on the catalytic activity. The
inclusion of the spinel phase stipulated a slight improvement in activity at low reaction
temperatures. In contrast, at higher temperatures, the presence of less amount of Mn4+

containing phases along with the exitance of Co3O4 active phase is expected to decrease
the catalytic performance for the Mn5CoAl2–N2–O sample.

The presence of nitrogen during the LDH structure formation may also impact the
structural characteristics and hence is accountable for the change in the final obtained
calcined materials. The crystallite phases formed in the catalyst series were investigated in
Figure S4, and their corresponding percentages are listed in Table 7.

Table 7. Proportion of the different phases of LDH samples from XRD analysis.

Samples LDH MnCO3 Mn(OH)2 Mn2O3 Mn3O4

Mn6Al2–LDH 16.9 48.5 - 0.2 34.4
Mn6Al2–N2–LDH 54.2 43 - 2.6 0.2
Mn5CoAl2–LDH 53.4 44.9 - 1.7 -

Mn5CoAl2–N2–LDH 62 35.4 - 2.6 -

The use of nitrogen as a carrier gas atmosphere promotes the development of the LDH
phase while decreasing the formation of metal carbonates. The use of an inert environment
prevented Mn segregation into oxide and hydroxide during salt co-precipitation. These
findings emphasize the significance of removing undesired phases and provide fresh insight
into the synthesis processes and their influence on the physicochemical parameters and
catalytic performance of MnCoAl-based oxide catalysts for VOC abatement.

From all the above, it becomes evident that the percentage of Mn4+-based phases
significantly affects the catalytic ethanol oxidation. A relationship between T50 of CO2
yield and the sum of Mn4+-based phases (Mn2CoO4, MnO2, and Mn5O8) percentages is
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presented in Figure 9. A clear correlation is revealed between the percentage of Mn4+-based
phases and T50, especially when the proportion is less than 50%. The temperature at which
ethanol reaches half conversion decreases dramatically, from 175 ◦C in the case of Mn6Al2–
N2–N2 to 135 ◦C for the Mn5CoAl2–N2–O sample. This result highlights the important fact
that ethanol conversion is directly related to the availability of Mn4+, regardless of whether
Co is present alongside Mn. Apparently, the results reveal that for more than 45% of highly
Mn-active phases, T50 does not change significantly. This is mainly due to the saturation of
free available sites, making ethanol oxidation activity independent of the Mn4+ content at
higher proportions.
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In order to compare the efficiency of these catalysts, Table 8 reports several literature
data (T50 and T100) for various Mn- and/or Co-based oxides catalysts investigated for the
complete ethanol oxidation to CO2. Despite differences in operating conditions, our best
catalysts demonstrated exceptionally high activity under mild reaction conditions with
relatively low pollutant concentrations. The superior catalytic activity of Mn5CoAl2–O and
Mn6Al2–N2–O can be attributed to the presence of a substantial number of Mn4+/Mn3+

redox pairs, along with a high surface area, compared to the other reported catalysts. Under
identical experimental conditions, the prepared samples outperformed our previously
investigated Mn4Mg2Al2–O catalyst. At the initial reduction steps, the Mn5CoAl2 material
showed the presence of easily reducible manganese species.

From this table, it is evident that ethanol conversion is related to both the total flow
rate and ethanol concentration. The Cu–Co–Mn exhibited a low T50 for ethanol oxidation
compared to our catalysts, which can be attributed to a lower total flow rate. Similar
results were observed with the Mn1Co1 sample, where total ethanol oxidation occurred
at a relatively low temperature of 120 ◦C compared to the other mentioned catalysts.
Interestingly, the produced quantity of the undesirable intermediate ACO over Mn1Co1
was 100%, which is twice the amount obtained when using Mn5CoAl2 as a catalyst for the
total ethanol conversion to CO2.

On the other hand, the T100 of ethanol over CoMn0.5 was approximately 252 ◦C,
despite using double the mass of the catalyst compared to our conditions and even though
the sample presented the highest BET surface area among other reported catalysts. This is
mainly due to the high flow rate of the gas inlet.
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Table 8. Catalytic efficiency of various Mn/Co oxide catalysts in ethanol oxidation.

Catalyst Experimental Conditions Catalytic Results

Catalyst Mass
(mg)

[Ethanol]
(ppm)

Flow Rate
(mL/min)

SBET
(m2/g) T50 (◦C) T100 (◦C) References

Cu–Co–Mn 100 750 33 62 105 173 [44]
Co4MnAl 750 530 125 93 155 192 [45]
Mn9Cu1 300 1000 100 30 125 185 [46]

MnOx/Al2O3 300 500 100 103 200 240 [47]
CoMn0.5 200 100 200 249 198 252 [18]

Mn4Mg2Al2–O 100 1000 100 108 156 210 [21]
Mn1Co1 100 300 100 208 80 120 [48]

Mn5CoAl2–O 100 1000 100 171 140 160 This work
Mn6Al2–N2–O 100 1000 100 146 142 152 This work

3. Materials and Methods
3.1. Catalysts Preparation

The samples with varying Co and Mn contents were synthesized using a co-precipitation
method: MnxCo6−xAl2–LDH with x = 0–6 with theoretical molar ratios of 3:2. An aqueous
solution containing the required amount of divalent cations in the form of cobalt (II)
nitrates Co(NO3)2·3H2O (Thermo Fisher Scientific, IIIKIRCH CEDEX, France, 97%) or
manganese (II) nitrates Mn(NO3)2·6H2O (Thermo Fisher Scientific, IIIKIRCH CEDEX,
France, 97.5%) and trivalent cations in the form of aluminum (III) nitrates Al(NO3)3·9H2O
(1 M, Thermo Fisher Scientific, IIIKIRCH CEDEX, France, 99.5%). By steadily adding a
weak solution of NaOH (2 M, Sigma Aldrich, St-Quentin-Fallavier Cedex, France, 98%),
the pH was maintained at 9.5. After complete addition, the solution was stirred overnight
at room temperature, which is known as the maturation phase, during which the LDH
crystallization is assured gradually. The solids were then filtered and washed multiple times
with hot deionized water (60 ◦C) to remove Na+ ions, then dried at 60 ◦C. The dried solids,
therefore, were ground in a mortar and then calcined at 500 ◦C (1 ◦C min−1) for 4 h to obtain
the required mixed oxides. The obtained LDHs are named like Mn6−xCoxAl2–LDH where
x = 0, 1, or 3, and the mixed oxides obtained after calcination are denoted Mn6−xCoxAl2–O.

The synthesis of the samples under nitrogen was conducted using a sealed reactor,
where nitrogen gas was passed through a spiral tube at the center of the reactor before
the synthesis in order to purge the reactor and during the synthesis to maintain the inert
atmosphere. Only a small hole was opened to add the NaOH solution and allow the
gas to exit the reactor. The co-precipitation method described earlier was employed,
and the resulting solutions were filtered, washed, and dried in the reactor, which was
traversed by an inert gas flow and immersed in an oil bath at 60 ◦C. The obtained LDHs
were subsequently treated under air (Mn6Al2–N2–O, Mn5CoAl2–O) and inert atmosphere
(Mn6Al2–N2–N2, Mn5CoAl2–N2–O).

3.2. Catalysts Characterization

The crystallinity of the materials was assessed at room temperature using a Bruker
D8 Advance diffractometer (Bruker AXS, Billerica, MA, USA) equipped with a CuK cop-
per anode (λ = 1.5406), a secondary monochromator, and a LynxEye detector to record
X-ray diffractograms. For all samples, scattering intensities were measured across an an-
gular range of 10◦ to 80◦ for LDH samples and 20◦ to 80◦ for oxides with a 2θ = 0.02◦

measurement step and a 2 s integration time. The diffraction patterns were indexed by
comparing them to the ICDD’s (International Center for Diffraction Data) “Joint Committee
on Powder Diffraction Standards” (JCPDS) files. The phase abundance percentages in the
solids were obtained by the Rietveld refinement of multiphase systems performed with
MAUD (Materials Analysis Using Diffraction) software ‘2.998 version’, which uses the
basic model to calculate the theoretical powder diffraction scheme based on fundamental
crystallographic principles. The software considers factors such as the symmetry of the
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cell parameters, crystal symmetry, and atomic diffusion factors. MAUD iteratively adjusts
the crystallographic parameters of the original model in order to minimize the difference
between the calculated theoretical model and the experimental data. This minimization
approach seeks to obtain the best fit between observed and calculated diffraction diagrams.

The number of iterations continues until convergence is reached, which indicates
that the refined parameters provide a better representation of the crystalline structure.
The textural properties were assessed using a Micromeritics VacPrep 061 degasser and
physisorption of nitrogen (Micromeritics, Norcross, GA, USA). The sample is pretreated at
350 ◦C for 4 h under vacuum before each analysis. The specific surface area was calculated
by the Brunauer–Emmett–Teller (BET) model, while the Barrett–Joyner–Halenda (BJH)
model was used to determine the pore diameter and specific pore volume. H2 temperature-
programmed reduction (H2-TPR) experiments were performed using a Micromeritics
AutoChem II 2920 Version Instrument (Micromeritics, Norcross, GA, USA) equipped with
a TCD detector.

The mixed oxide catalyst was first treated at 150 ◦C with Ar flow. Once cooled down,
the sample was subjected to a mixture of 10% H2/Ar gas at a flow rate of 50 mL/min, with
a heating rate of 10 ◦C/min from room temperature to 950 ◦C.

3.3. Catalytic Measurements

At atmospheric pressure, the activity of the catalyst, used in powdered form (100 mg),
was monitored in a continuous-flow U-glass reactor placed in a tube furnace at a predeter-
mined temperature.

The reactant gas was composed of 1000 ppm of gaseous ethanol balanced with syn-
thetic air (20% O2 + balance N2) with less than 5 ppm of water, which was introduced into
the reactor at a continuous flow of 100 mL min−1.

The catalyst (100 mg) was pretreated for 1 h at 350 ◦C in air (33 mL min−1). This allows
for the removal of absorbed water and physiosorbed organic contaminants that might clog
active surface areas. Before doing the catalytic tests, blanks were performed concurrently
with catalyst activation to ensure a steady initial reaction mixture (Bypass direction). After
activation, the reactant gas passed through the catalyst bed, and the tests were conducted
with a temperature drop starting from 300 ◦C to 90 ◦C in order to avoid possible adsorption
phenomena that could occur at low temperatures. The outlet gas stream concentrations
were analyzed by a micro-gas chromatograph CP-4900 (Agilent Technologies Inc., Santa
Clara, CA, USA).

The data collected can be used to calculate the conversions of the reactant X(T),
the selectivity’s Sp(T), and the yield of the products Y(T), which are specified for each
temperature T by the following relationships:

Ethanol conversion : X(T) = Ci,in−Ci,out
Ci,in

Selectivity : Sp(T) = Cp,out
ΣCp,out

Yield : Y(T) = X(T)× Sp(T)

where Ci,in represents the concentration of reactant fed to the reactor, and Ci,out and Cp,out
represent the concentrations of the reactant and product in the outlet stream, respectively.

4. Conclusions

A co-precipitation method was used to successfully prepare MnCoAl mixed metal
oxides using the LDH approach. Changes in the Mn/Co ratio led to structural and porosity
variations in LDH and their resulting oxides. The addition of manganese in ternary oxide
increases the defects in the catalyst structure, resulting in textural and structural modifica-
tions. The presence of Mn2CoO4 spinel and Mn5O8 lamellar phases in the Mn5CoAl2–O is
beneficial since they contribute significantly to catalytic activity. Furthermore, the choice of
gas carrier during precipitate preparation and heat treatment influences the total ethanol
oxidation process. Mixed oxides with a great number of highly reducible species, larger
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specific surface areas, and a higher Mn/Co synergy species exhibited superior performance.
Our best catalysts, Mn5CoAl2–O and Mn6Al2–N2–O, achieved complete ethanol conversion
to CO2 at low temperatures (160 ◦C). Mn5CoAl2–O not only enhances ethanol conversion
but also effectively controls the formation of acetaldehyde intermediates and converts them
completely to CO2 at lower temperatures. This work provides a good insight for controlling
the LDH crystallite growth and govern the generation of the desired phases in MnCoAl
mixed oorxides to eliminate ethanol VOCs at lower temperatures.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal13091316/s1, Figure S1: JCPDS files of the identified phases;
Figure S2: Products selectivity of the ethanol oxidation over MnxCo6−xAl2 mixed oxides catalysts;
Figure S3: XRD patterns of the MnxCo6−xAl2–O (x = 6 or 5) mixed oxides, effect of the heat treatment
atmosphere; Figure S4: XRD patterns of the MnxCo6−xAl2–LDH (x = 6 or 5) LDH, effect of the
synthesis atmosphere.
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