Applied Catalysis B: Environmental 251 (2019) 295–304

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental
journal homepage: www.elsevier.com/locate/apcatb

Surface properties enhanced MnxAlO oxide catalysts derived from MnxAl
layered double hydroxides for acetone catalytic oxidation at low
temperature

T

Yonggang Suna,b, Xin Zhanga, , Na Lia,b, Xin Xinga,b, Hongling Yanga,b, Fenglian Zhanga,b,
⁎
Jie Chenga, Zhongshen Zhanga, Zhengping Haob,
⁎

a
b

National Engineering Laboratory for VOCs Pollution Control Material & Technology, University of Chinese Academy of Sciences, Beijing, 101408, PR China
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, PR China

ARTICLE INFO

ABSTRACT

Keywords:
Surface properties
Acetone
Layered double hydroxides
Catalytic activity
Reaction mechanism

MnxAlO mixed oxide catalysts derived from MnxAl-LDHs were prepared and tested for acetone catalytic oxidation. Detailed results indicated that the surface intrinsic and formed oxygen vacancies can induce the Mn-O
bond of structural unit [MnO6] weakened. Subsequently, it can improve the redox properties of catalysts, and
enhance the capacity of gaseous oxygen species dissociation and adsorption. Among them, Mn3AlO catalyst
displayed the best catalytic performance for acetone oxidation (T90 = 164 °C) with the production of low amount
of byproduct (< 5 ppm) and high CO2 yield (> 99%) producted. Additionally, the Mn3AlO catalyst can proceed
consecutively for 12 h reaction without notable deactivation. Furthermore, in situ DRIFT and theoretical calculations methods was adopted to explore the reaction mechanism. And η1(O)(ads) (adsorption mode of acetone),
CH2=C(CH3)=O(ads), O*, CH3CHO*, CH2O* and COO(ads) were considered as the main intermediate species
and/or transient state during the reaction process. It was revealed that the acetone and oxygen molecules were
activated by the dehydrogenation (α-H abstraction) and dissociation process over Mn3AlO catalyst, respectively,
and then the intermediate specie, CH2]C(CH3)]O and O*, were produced, which was followed by the breaking
of eCeCe bonds to produce the CH3CHO* and CH2O* species. Finally, these species were attacked by dissociated oxygen (O*) and therefore further dehydrogenation occurred, form H2O and CO2 via the COOe adsorbed species. Particularly, eCeCe bond breaking was the main rate determining step for acetone oxidation.

1. Introduction
Oxygenated volatile organic compounds (OVOCs), mainly ketone
compounds, are ubiquitous and abundant components in the environment that have received special attention due to their high reactivity
[1–3]. OVOCs can greatly influence human health and the environmental quality through the formation of ozone, secondary organic
aerosols, and ground level smog [4–6]. Among them, acetone is regarded as a typical OVOC, which is extensively used in the packaging
and printing industry, manufacture of plastics, paint thinners, and adhesives [7,8]. Therefore, it is extremely necessary and urgent to solve
the pollution of this kind VOCs as well as the high standards of environmental protection concept.
As is known, catalytic oxidation is considered as one of the most
promising and effective techniques for the removal of VOCs.
Particularly, transition metal oxide based catalysts are economic

⁎

favorites and resistant to poisoning. Hence, it is considered a promising
catalyst for the elimination of OVOCs. However, the further application
of metal oxide based catalytic oxidation acetone suffers from the disadvantage of relatively poor catalytic activity (T90 > 200 °C) associated
with unsatisfactory stability (coking effect) [9–13]. Furthermore, little
is known about the reaction mechanism and the catalyst deactivation
for acetone oxidation. As such, it is extremely important to design efficient catalysts with excellent activity, explore and elucidate the catalytic reaction mechanism to avoid and control reaction byproducts
formed.
It is known that layered double hydroxides (LDHs) are a class of
lamellar compounds that has attracted an increasing interest in various
catalytic reactions. The general formula that specifies this class of
3+
x+
materials is [M2+
[Ax/n n−]·mH2O, where x represents
(1−x)M
x(OH)2]
3+
the fraction of the M
cation. The difference values of M2+/M3+ in
brucite-like layers can result in the different distributional local
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Fig. 1. XRD patterns of MnxAl-LDH and MnxAlO samples.

environmental of the metal cation [14–16]. Additionally, the uniformity and dispersity of metal cations in the octahedral sites can be
adjusted and controlled on the atomic level, which is closely related to
the catalytic performance. Briefly, LDH-derived mixed oxides possess
several pivotal properties such as easy preparation, high surface area,
and tunable composition and structure. Therefore, it has attracted
particular interest for VOCs catalytic oxidation, such as aromatics
[17–19], olefins and saturated alkanes oxidation [20]. On the other
hand, the Mn element is widely applied as an active species for VOCs
removal due to multiple coordination numbers, oxidized states, high
redox potential, environmental friendliness and low cost [21–24].
Therefore, in this work, a series of MnxAlO catalysts derived from
MnxAl-LDHs were prepared, and the catalytic characteristics were examined in detail by various techniques and methods. The different influence factors of the prepared catalysts were investigated for the catalytic oxidation of acetone. The relationship between the surface
properties and catalytic performance was defined. Moreover, the catalytic mechanism, reaction pathways and rate-determining step were
tentatively proposed based on reaction detection, in situ DRIFT and
first-principle theoretical calculations.

generalized gradient approximation (GGA) parametrized by Perdew,
Burke, and Ernzerholf (PBE) [26]. Periodic (001) Mn3O4 surface slab
was proposed to simulate the adsorption process, and the vacuum layer
between neighboring models was at least 20 Å to reduce the electrostatic interactions between them. The Brillion zone was sampled by an
appropriate Monkhorst-Pack grid with a density of at least 0.03 Å−1
[27]. The bottom two layers were fixed at bulk lattice sites, the top
three ones and all adsorbates were relaxed until the charge density and
the total energy were below of 10-4 eV/Å3 and 10-5 eV, respectively.
Spin polarization calculation was employed for the identifications of
different chemical valence of Mn. To account for the vdW interactions
between molecules and solid surfaces, the vdWsurf approach was performed using the Tkatchenko and Scheffler scheme [28].
The DFT adsorption energy of the acetone and inorganic molecule,
which described the stability of the system, were calculated by

Eads = Esystem

Esubstrate

Eadsorbate

Where Esystem was the total energy for an adsorbate on Mn3O4 (001)
substrate, Esubstrate was the total energy for the Mn3O4 substrate without
adsorbates, and Eadsorbate was the total energy of an isolated adsorbate as
determined from the calculations. Furthermore, transition states for
several possible pathways of the acetone oxidation on Mn3O4 surfaces
were obtained using the nudged elastic band (NEB) method [29].

2. Material and methods
2.1. Synthesis of MnxAlO catalysts

3. Results and discussions

The co-precipitation method was used to prepare of MnxAl-LDHs
samples with different Mn/Al molar ratio. Briefly, the mixed solution of
Na2CO3-NaOH and mixed Mn-Al nitrate solution (molar ratio of Mn/
Al = 1.0, 2.0, 3.0, and 4.0) were introduced drop-wise simultaneously
to reactor under stirring and N2 atmosphere, and maintained the pH
constant (pH = 10.5). It was stirred for 3 h and then aged 12 h under N2
atmosphere at room temperature. The resulting slurry was washed and
dried at 100 °C for 24 h, it was named MnxAl-LDH, subsequently, the
MnxAlO catalysts was obtained by heat MnxAl-LDH precursors in air at
550 °C for 2 h.

3.1. Structural and texture characteristic
The XRD patterns of the MnxAl-LDH precursors are presented in
Fig. 1a. The patterns present extremely different characteristics with
the increase of Mn/Al ratio. In the case of Mn1Al-LDH, the diffraction
profile reveals the coexistence of LDH (JCPDS-NO.89-0460) structure
and Al(OH)3 (JCPDS-NO.20-0011), which can be assigned to excess
aluminum in the initial Mn-Al solution. Correspondingly, the peaks
centered at 2θ = 11.6° and 23.4° are related to MnAl- LDH, while the
peaks near 2θ = 18.8°, 20.4°, 40.5°, and 53.1° are the typical diffractions of Al(OH)3. Upon increasing the Mn/Al ratio from 2 and 3, the
pronounced peaks at 11.6°, 23.4°, 34.5° and 39.2° reveal only the presence of MnAl-LDHs. Subsequently, for the Mn4Al-LDH catalyst, the
new peak at 36.0° indicates the continued existence of Mn3O4 (JCPDSNO.24-0734). In addition, the textural parameters, adsorption-desorption isotherms, pore distributions and chemical composition of the
MnxAlO samples are listed in Table 1 and Figure S1. The MnxAlO
samples possess a typical type IV isotherm with type-H3 hysteresis
loops. The hysteresis loops indicate the presence of mesopores, similar
structural parameters of average pores diameter (˜6 nm) and pore volume (˜0.2 cm3 g−1) were observed. The average particle size (˜25 nm)

2.2. Characterization and evaluation of the catalysts
The catalysts characterization and evaluation section was seen in
supplementary material.
2.3. Theoretical calculation
First-principle calculations were carried with the all-electron code
Fritz-Haber Institute ab initio molecules simulations package (FHIaims) [25]. The exchange-correlation potentials were treated by the
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Applied Catalysis B: Environmental 251 (2019) 295–304

Y. Sun, et al.

spectra can be broken down into three components related to Mn4+ at
641.9 eV, Mn3+ at 642.8 eV, and the satellite of Mn3+ species at
644.1 eV, respectively. Subsequently, a quantitative analysis of the
molar ratios and contents of surface Mn4+/ Mn3+ and Mn4+ are summarized in Table 2. Among them, the Mn3AlO catalyst possesses the
most Mn4+ and highest molar ratio of Mn4+/Mn3+ (0.68) on the surface. More surface Mn4+ ions may increase the oxygen vacancies of an
oxide material, which is beneficial to the adsorption, activation and
migration of oxygen in the gas phase [31].
Upon the above results, it demonstrates that Mn was mainly existed
in the form of Mn3O4. Notably, the Mn3AlO catalyst possesses the
highest of surface Mn4+ content.

Table 1
Physico-chemical characteristics and compositions of MnxAlO catalysts.
Sample

SBET

Mn1AlO
Mn2AlO
Mn3AlO
Mn4AlO

Chemical compositione

Textural parameters
a

145.9
128.2
115.7
81.5

Dpdb

c

Vpv

6.7
6.0
6.2
7.7

0.40
0.30
0.23
0.26

Ggs

d

26.2
25.5
22.4
25.3

Mn

Al

Mole
ratio
Mn/Al

23.0
37.6
51.9
55.4

8.8
8.9
8.2
6.7

1.29
2.07
3.10
4.04

Normalized
peak areaf

1.9
2.1
2.3
1.0

a

SBET: refers to specific surface area (m2 g−1).
Dpd: refers to Pore diameter (nm).
c
Vpv: refers to Pore volume (cm3 g−1).
d
Ggs: refers to average particle size (nm), calculated from Scherrer equation.
e
Bulk chemical composition was measured by ICP-OES (wt%).
f
Normalized integrated areas results for the peaks at 585 cm−1 over Raman
spectra, the integrated areas of Mn4AlO sample was defined as one, it was as a
reference.
b

3.3. Surface oxygen properties
The capability of oxygen species transmission and migration was
expressed by O2-TPD-MS. The more accurate qualitative analysis of MS
signaling was adopted. As shown in the O2-MS (m/z = 32) profiles of
Fig. 4a, the peak at high temperature (570 °C) was assigned to the
desorption of O− and O2- species that are probably from oxygen adsorbed on the oxygen vacancy and labile lattice oxygen of metal oxides
[32,33]. The peak above 700 °C was due to the evolution of bulk lattice
oxygen [34]. The evolution of O2 was estimated by integrating the area
of the O2-MS (m/z = 32) curves, and the results are listed in Table S1.
It is worth mentioning that Mn3AlO possesses the highest O2 desorption
capacity, illustrating that the Mn3AlO catalyst contains abundant
oxygen vacancies and intrinsic loosely bound active oxygen species.
The O 1 s XPS profile also confirms the coexistence of surface chemical oxygen adsorbed on the oxygen vacancy and lattice oxygen. As
shown in Fig. 3d, the first peak at 529.3 eV was attributed to lattice O
(O2−) in a coordinately saturated environment, the second (530.9 eV)
was the characteristic of the surface adsorbed O (O22−, O2- or O-) and
oxygen defects in the unsaturated coordination modes. Among them,
the Mn3AlO catalyst had a greater amount of electrophilic, surface
adsorbed O (Oads/Olat = 1.44), which is in good agreement with the O2MS results. Therefore, the enhanced surface oxygen properties can be
enormously beneficial for the total oxidation of acetone.
Besides, the oxygen vacancy concentration can be indirectly calculated
by the Raman peak at 585 cm−1 [35,36]. The corresponding normalized
results are shown in Fig. 2a and Table 1. The oxygen vacancy concentration
follows the order Mn3AlO > Mn2AlO > Mn4AlO > Mn1AlO, significantly, as shown in Fig. 2b, the change in the Mn-O bond force constant
of the MnxAlO sample was also observed. According to Hooke's law [37],
the Mn-O bond force constant (k) was caculated as shown in follows.

was analyzed by HR-TEM images (Figure S2). ICP-OES illustrates that
the bulk chemical composition was similar to the Mn/Al molar ratio of
the synthetic MnxAlO samples.
3.2. The chemical state of Mn species
The chemical state of the active phase plays a crucial role in the
catalytic reaction. The reaction rate and reaction pathway mostly rely
on the nature of the active phase. Therefore, it is important to explore
the chemical state of Mn species in the prepared catalysts. The spectra
of the LDH calcined at 550 °C are established in Fig. 1b. All the neat
spectra illustrate the complete conversion of LDH to well mixed oxide.
The pronounced diffraction peaks at 17.8°, 29.0°, and 36.1° are mainly
attributed to the spinel-like Mn3O4 phase concurrent with MnAl2O4
(JCPDS-NO.29-0880) at 36.4°.
Raman vibrational spectrum can directly probe the structure and
bonding of a transition-metal oxide complex, therefore, it can be used to
discriminate different structures. Fig. 2 shows representative Raman
scattering spectra of the MnxAlO catalyst. The spectra was dominated
by only a broad peak, which can be further divided into two peaks
centered at 650 cm−1 and 585 cm−1, respectively. Particularly, the
peaks at 650 cm-1 can be recognized as the v2 (MneO) symmetric
stretching vibration of the [MnO6] group in a Mn3O4 structure [30].
Additionally, XPS measurement was further conducted to characterize the chemical state of the Mn species in the near-surface region.
The Mn 2p3/2 and Mn 3 s XPS spectra of these catalysts are provided in
Fig. 3a-c. It can be seen that the peaks corresponding to Mn the 2p3/2

Fig. 2. Raman spectra and Mn-O bond force constant of MnxAlO catalysts for different Mn/Al molar ratio.
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Fig. 3. XPS spectra in the full spectrum, Mn2p, Mn 3 s, and O1 s region of MnxAlO catalysts.

main peaks. The low temperature peak (I, T < 350 °C) could be attributed to reduction of MnOx to Mn2O3/Mn3O4 and the high temperature reduction peak (II, T > 400 °C) is assigned to the reduction of
Mn2O3/Mn3O4 to MnO. Moreover, it is important to note that the
lowest reduction temperature was detected for Mn3AlO (Fig. 4b).
Meanwhile, it also displayed the more hydrogen consumption for Mn4+
species (0.60 mmol/g) than that observed for the other MnxAlO catalysts (Table S1). A more in-depth analysis as used to evaluate the local
differences of MnxAlO sample reducibility. The initial H2 consumption
rate was adopted. As shown in Figure S3[39], the initial H2 consumption
rate
decreased
in
the
sequence
of
Mn3AlO > Mn2AlO > Mn4AlO > Mn1AlO, indicating that more
abundant surface manganese oxide species can be in higher oxidation
states, which was constant with XPS analysis.

Table 2
Summary of the results of XPS analysis.

Surface Atomic%
Mn2p3/2
O1 s

=

1
2 c

Mn
Al
O
Mn3+/mol.%
Mn4+/mol.%
Mn4+/Mn3+
Olatt/mol.%
Oads/mol.%
Oads/Olatt

Mn1AlO

Mn2AlO

Mn3AlO

Mn4AlO

14.51
25.50
59.99
68.14
31.86
0.47
42.17
57.83
1.37

17.07
22.92
60.01
61.03
38.97
0.64
44.13
55.87
1.27

19.32
19.50
61.18
58.94
41.06
0.68
40.97
59.03
1.44

18.71
22.83
58.46
73.44
26.56
0.36
53.91
46.09
0.85

k
µ

3.5. Catalytic performances

Where σ is the Raman shift (cm−1) approximately 650 cm−1 for this model,
c is the velocity of light, and μ is the effective mass of the MneO bond.
The detailed results show that the Mn3AlO sample displayed a
minimum Mn-O force constant (k). It is well known that the weakening
of MneO bonds can lead to the increase in oxygen species mobility and
redox properties. Therefore, it likely the catalytic performance for
MnxAlO catalyst can be improved greatly due to the abundant presence
of oxygen vacancies and a weakened MneO bond.

3.5.1. Effect of reaction temperature
The catalytic activity for the total oxidation of acetone as a function
of temperature is established in Fig. 5. The temperatures of 10% (T10),
50% (T50), and 90% (T90) acetone conversion at a space velocity of 18
000 mL g−1 h-1 are summarized in Table S1. As shown in Fig. 5a, the
catalytic activity increased with an increase in reaction temperature.
Importantly, the Mn3AlO catalyst is the most active among all these
catalysts, achieving T90 acetone conversion at 164 °C. The high of CO2
yield (> 99%) (Fig. 5b) and the low amount of byproduct (< 5 ppm)
(Fig. 5c) was also observed. The activity was much higher than that
reported in the literature (Table S2) [9,10]. The change in byproduct
content was very consistent with the catalytic activity, oxygen vacancy
concentration and reducibility. Specifically, the excellent catalytic

3.4. Redox properties
The reducibility of the Mn active phase, an important factor determining the activity in oxidation reactions [38], was investigated by
the H2-TPR. As shown in Fig. 4, the neat curve can be classified into two
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Fig. 4. O2-MS and H2-TPR profiles of MnxAlO catalysts.

performance of Mn3AlO was due mainly to the abundant existence of
surface oxygen vacancy and superior redox properties. Additionally, to
better understand the catalytic performance, the activation energy Ea
was also calculated. The Arrhenius plots for the oxidation of acetone are
displayed in Fig. 5d, and the Ea values are listed in Table S1. The results
indicate that lower Ea values of Mn3AlO (36.2 kJ mol−1) were obtained
than that of Mn1AlO (41 kJ mol−1), Mn2AlO (37.7 kJ mol−1), and
Mn4AlO (43.4 kJ mol−1), which confirm that acetone molecules could
proceed with easier activation on the Mn3AlO catalyst.
Besides, the catalyst stability and influence of acetone initial concentration and space velocity on the catalytic performance were also
examined over the Mn3AlO catalysts and listed in Fig. 5e-g. The results
indicate that a slightly higher reaction temperature (T90 < 191 °C) and
byproduct concentration (< 8 ppm) were required and observed for the
complete conversion of acetone when the acetone concentration was
increased to 500 ppm and the reaction space velocity increased from
18,000 mL g−1 h−1 to 54,000 mL g−1 h−1, respectively. This may be
caused by the shorter retention time of acetone and acetaldehyde in the
catalyst bed under higher space velocity. However, the catalytic activity
was still better than that of literature reports (Table S2) [9,13]. Additionally, Mn3AlO maintained high stability of the acetone removal of
approximately 99% without noticeable activity loss through a 12 h test.

reaction pathway was changed [40].
If the postulate that water competes with acetone molecules to occupy the active sites leading the decrease of catalytic performance was
viable, the water can barely influence the catalytic performance when
the reaction temperature exceeds the water desorption temperature.
Fortunately, this phenomenon was noted when the temperature was
increased to 190 °C. As shown in Fig. 6a and e, the detailed results
demonstrate that their absence or presence of water vapor in the system
cannot effect on acetone catalytic activity at 190 °C.
3.6. Reaction mechanism
Although the catalyst presented excellent catalytic activity for
acetone oxidation, however, little is known about the reaction mechanism as prepared catalyst exhibit obviously different reaction
pathway. Therefore, there is an urgently need to elucidate the catalytic
reaction mechanism to avoid and control the reaction byproduct
formed.
3.6.1. In situ DRIFT
The reaction of acetone on the surfaces of Mn3AlO was conducted
by using in situ DRIFT detecting. As shown in Fig. 7a, the in situ spectra
gradually changed with the increase of reaction time at 30 °C. The
spectra were dominated by the bands at 1698 cm−1 corresponding to
the (CH3)2CO (ads) species. Particularly, this bonding configuration of
acetone considered by the relatively electron rich carbonyl oxygen, it
donates a lone pair of electrons to form a σ bond with an MneO site
[41,42]. Importantly, a new band at 1562 cm-1 was gradually appeared
with reaction time. According to literature [43], the new band was
related to dissociatively enolate complex (CH2]C(CH3)]O) species
[44], which was thought to derive from the transform of the η1(O)
adsorption species. The bands at 1431 cm-1 and 1347 cm-1 are attributed to the carboxylate species (COOe), the band at 1369 cm-1 was
derived from the methyl (−CH3) vibration of acetone molecules, the
band at 1237 cm-l may be assigned to the carbon framework stretching
vibration of adsorptive acetone. Subsequently, as shown in Fig. 7b, the
band at 1698 cm−1 weakened, and in turn, the band at 1562 cm−1 was
strengthened significantly with the temperature rise to 70 °C. Notably,
the band at 1698 cm-1 almost vanished and the band at 1562 cm-1
governed the spectra. The bands at 1431 cm-1 and 1347 cm-1 in the
70 °C in situ spectra was strengthened more than that of 30 °C, indicating a more carboxylate species was produced by oxidation of the
surface dissociatively enolate complex. The band at 1237 cm-l was
weakened due to the decrease of the η1(O) adsorption species. When
the reaction temperature reached 110 °C, the η1(O) adsorption species
was almost completely converted to the enolate complex species (as

3.5.2. Effect of water vapor
The emission of VOCs is often accompanied by water vapor.
Therefore, the effect of water vapor on Mn3AlO catalytic porformance
was investigated. As shown in Fig. 6a and b, the acetone conversion
decreased when water vapor was introduced into system at 150 °C.
Additionally, the CO2 yield and concentration of acetaldehyde also
decreased. However, a new byproduct of acetic acid was detected.
When the water vapor was cut off, the acetone conversion nearly recovered, the CO2 yield and the concentration of acetaldehyde also
nearly recovered, and acetic acid was no longer detected.
To investigate the water influence mechanism, the experiments of
(CH3)2CO-TPD, CO2-TPD and H2O-TPD were performed using
Micromeritics AutoChem 2720 chemisorption. As shown in Fig. 6c, all
catalysts showed only a single desorption peak in this temperature
range. Compared with the maximum of the reactant and resultant
desorption temperature and quantity, the H2O molecular desorption on
the Mn3AlO catalyst was more difficult than that of CO2 and acetone,
which suggests that the H2O desorption process may be the main factor
for acetone catalytic oxidation. As a result, the vapor water adsorption
test was also carried out to evaluate the endurance of the catalyst. The
breakthrough curves of acetone after absorption water for 60 min and
without absorption water are shown in Fig. 6d. Water and acetone
molecules competitively adsorbed on the active sites, subsequently, the
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Fig. 5. The light-off curves, conversion to CO2, byproduct concentration, Arrhenius plots for acetone catalytic oxidation at various initial concentrations and space
velocity.
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Fig. 6. Effect of water vapor on acetone catalytic oxidation at 150 °C and 190 °C for Mn3AlO catalyst, and the CO2-TPD, H2O-TPD, and CH3COCH3-TPD profiles of the
Mn3AlO catalysts.

shown in Fig. 7c). The evolution of adsorption species is displayed in
Fig. 7d. The detailed results show that the (CH3)2CO(ads) (1698 cm−1)
adsorption mode was weakened and disappeared with the temperature
increased from 30 °C to 190 °C. Alternatively, the CH2=C(CH3)=O(ads)
(1562 cm-1) and COO- (1431 cm-1, 1347 cm-1) adsorption species were
strengthened.
Comparing the in situ spectra variation with the catalytic performance, the catalytic pathway was closely related to the η1(O) adsorption species, dissociatively enolate complex (CH2=C(CH3)=O) intermediate, and carboxylate (COO−) species. While no significant
correlation was found among of these intermediate species and byproduct, the accurate catalytic mechanism was still unclear. Therefore,
first-principle theoretical calculations were applied to explore the reaction mechanism and rate determining step.

3.6.2. First-principle theoretical calculations
Combined with in situ DRIFT results, detailed reaction pathways of
acetone catalytic oxidation over catalyst surfaces were investigated by
theoretical calculation method. The calculations were employed to
study three issues: (1) the activation of oxygen molecules, (2) the activation of acetone molecules, and (3) the formation of intermediate
species and byproduct. The Mn3O4 (001) surface was the most acceptable model for investigating the catalytic oxidation of acetone.
(1) Adsorption energy and modes of acetone and O2
The DFT adsorption energy and modes of the acetone and O2 molecule on Mn3O4 (001) are shown in Figure S4, respectively. The adsorption energy of O2 molecules adsorbed with Mn(III)Mn(II) bond
(-1.73 eV) and Mn(III)Mn(III) bond (-1.15 eV) was much less than that of
O2 molecules adsorbed with one Mn(II) ion forming the peroxy-ring
(-0.24 eV). Additionally, by comparing the DFT adsorption energy of
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Fig. 7. In situ DRIFT spectra of acetone catalytic oxidation for Mn3AlO catalyst at different reaction times and temperatures.

the acetone molecule, the O2 molecules were preferably adsorbed on
the Mn3O4 (001) surface since the adsorption energy of O2 was much
less than that of acetone molecule (-0.36 eV and -0.53 eV on Mn(III) and
Mn(II) top site). A detailed schematic diagram as shown in follows:
The adsorption of O2 molecules:

diagram as shown in follows:

(3) The activation of acetone molecules and intermediate species
According to the intermediate species obtained from in situ DRIFT
spectra, the detailed reaction pathways were analyzed from three
stages:

The adsorption of acetone molecules:

• α-H abstraction of the acetone molecule
According to the frontier orbital theory, the carbonyl group of
acetone showed a tendency to bond with the Mn terminals, in accordance with in situ DRIFT spectra results. After the acetone molecules
adsorbed on the catalysts surface (η1(O) adsorption species), the initial
step of dehydrogenation was the formation of CH2(CH3)CO* (0.48 eV).
This intermediate species was also detected by in situ DRIFT spectra and
the schematic diagram is shown as follows:

(2) O2 dissociation
The energy pathways for O2 dissociation on the Mn3O4 (001) surface was analyzed, as shown in Figure S5. The activation energies for
the O2 decomposition were 0.66 eV and 0.63 eV for the Mn(III)Mn(II) and
Mn(III)Mn(III) bonds, respectively. When O2 adsorbed with one Mn(II) ion
forming the peroxy-ring, its dissociation barrier was much greater
(0.72 eV) than the two formers. Therefore, O2 was preferred to dissociate and then participate in the reaction. A detailed schematic

• CeC bond breaking steps
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Fig. 8. Reaction pathways for the acetone catalytic oxidation on the Mn3O4 surface. Values for activation and reaction energies (eV) are given with respect to the
energy of the reactants into each step.

When the CH2(CH3)CO* (0.48 eV) intermediate species was formed,
which is followed by the breaking of CeC bonds to produce the
CH3CHO* species (1.36 eV) that is further dissociated and/or desorbed
to form CH2O* and/or CH3CHO(gas), CH3CHO(gas) byproduct was also
detected. Therefore, the actual situation CeC bond breaking steps was
further verified. A detailed schematic diagram is shown as follows:

of Mn3AlO catalysts were displayed. Besidies, in situ DRIFT technique
and theoretical calculations was used to study the reaction mechanism.
The main intermediate species and/or transient state, including
η1(O)(ads), CH2=C(CH3)=O(ads), O*, CH3CHO*, CH2O* and COO(ads),
was captured and predicted during the reaction progress. The main
reaction steps were tentatively elaborated as follows: α-H abstraction,
O2 molecule dissociation, and CeC bond breaking. Particularly, the
CeC bond breaking was the main limited step for acetone oxidation.
Hence, the proposed catalysts may provide an excellent project for a
wide range of environmental protection applications.
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• CH O* decomposition
2

Finally, the CH2O* group (0.54 eV) attacked by dissociated oxygen
(O*) and further dehydrogenation occurred, yielding H2O and CO2 via
the COO− adsorbed species (0.46 eV). The intermediate species were
also proved by in situ DRIFT spectra and the reaction process as follows.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcatb.2019.03.035.

Combined with in situ DRIFT and first-principle calculations, detailed reaction pathways of acetone catalytic oxidation over the catalyst
surface were investigated and shown in Fig. 8. The following major
steps were performed: O2 dissociated into oxygen atoms, acetone decomposed into CH2O* via α-H abstraction and CeC bond breaking
process, and CH2O* further decomposed into CO2 and H2O, where *
stands for an adsorption atom of the intermediates. The surface Mn
atoms acted as the active sites for the formation of atomic oxygen and
activation of acetone molecules, the high energy barrier of CeC bond
breaking was mainly the rate determining step in acetone oxidation.
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