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a b s t r a c t 

In this study, Mn3 O4 spherical particles (SPs) were synthesized by the sol-gel process, after which they were 
thermally annealed at 400 °C, and comprehensively characterized. X-ray Diffraction (XRD) revealed that Mn3 O4 

exhibited a tetragonal spinel structure, and Fourier transformed infrared (FTIR) spectroscopy identified surface- 
adsorbed functional groups. Scanning electron microscopy (SEM) and the specific surface area analyses by 
Brunauer− Emmett− Teller (BET) revealed a porous, homogeneous surface composed of strongly agglomerated 
spherical grains with an estimated average particle size of ∼35 nm, which corresponded to a large specific sur- 
face area of ∼81.5 m2 /g. X-ray photoelectron spectroscopy (XPS) analysis indicated that Mn3 O4 was composed of 
metallic cations (Mn4 + , Mn3 + , and Mn2 + ) and oxygen species (O2− , OH− and CO3 

2− ). The optical bandgap energy 
is ∼2.55 eV. Assessment of the catalytic performance of the Mn3 O4 SPs indicated T90 conversion of CH4 to CO2 

and H2 O at 398 °C for gas hourly space velocity (GHSV) of 72000 mL3 g− 1 h− 1 . This observed performance can 
be attributed to the cooperative effects of the smallest spherical grain size with a mesoporous structure, which 
is responsible for the larger specific surface area and available surface-active oxygenated species. The coopera- 
tive effect of the good reducibility, higher ratio of active species (OLat /OAds ), and results of density functional 
theory (DFT) calculations suggested that the total oxidation of CH4 over the mesoporous Mn3 O4 SPs might take 
place via a two-term process in which both the Langmuir− Hinshelwood and Mars− van Krevelen mechanisms are 
cooperatively involved. 
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. Introduction 

Methane (CH4 ), a strong greenhouse gas with a global warming ca-
acity exceeding that of carbon dioxide (CO2 ) by 30 times [ 1 ], has been
xtensively employed in numerous applications including heating and
ower generator systems. Today, the release of unburnt CH4 into the
tmosphere, mainly from transport and industrial activities powered by
atural gas, is responsible for severe environmental issues [ 2 ]. There-
ore, it is becoming increasingly urgent to lower the emission of CH4 
nto the environment. In this regard, catalytic combustion is often used
o remediate this problem by converting CH4 into CO2 and H2 O, both of
hich are less harmful. To date, research to realize the total oxidation
f CH by heterogeneous catalysis have enabled the reaction temper-
4 
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tures to be drastically lowered, and have also limited SOx , NOx , and
O emissions [ 3 , 4 ]. For this purpose, a variety of catalysts such as those
ased on precious metals and transition metal oxides (TMOs) are widely
sed for catalytic oxidation. Supported precious metal catalysts, such as
u, Pt, Pd, Rh, and Ir, have demonstrated excellent performance in CH4 
xidation reactions [ 5–7 ]. As an example, Pd-supported catalysts in par-
icular have demonstrated outstanding activity with respect to the total
xidation of CH4 at low temperatures under 400 °C [ 8–10 ]. However,
hese catalysts present major drawbacks, such as the low natural abun-
ance of precious metals, a tendency to be poisoned, and sintering at
igh temperatures, which cause the performance to deteriorate [ 11 , 12 ].
n contrast, despite being slightly less active than precious metal cata-
ysts, TMOs are naturally abundant, less expensive, more resistant to
ail.com (P.M. Kouotou). 
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oisoning (by chlorine, sulfur, etc.), and exhibit high thermal stabil-
ties and variable oxidation states [ 13 , 14 ]. Additionally, the physico-
hemical properties and catalytic activity of TMOs can be tuned using
 synthesis-doping strategy [ 15–17 ]. Among the various TMOs applied
or the catalytic oxidation of CH4 , Mn oxides such as 𝛼-MnOx , 𝛼-Mn2 O3 ,
-MnOOH, and Mn3 O4 have received much attention owing to their spe-
ific physicochemical properties [ 18 , 19 ]. Of these Mn oxide catalysts,
-MnO2 is a promising alternative to noble metals and is intensively
sed for the total conversion of CH4 to H2 O and CO2 . An extensive in-
estigation by Wang et al. and Hu et al. of the mechanism whereby CH4 
ndergoes total oxidation over MnO2 suggested that this conversion may
ollow the Langmuir− Hinshelwood (L− H) mechanism with an indirect
ars− Van Krevelen (MvK) route that involves lattice oxygen [ 19 ], and

epends on the formation of oxygen vacancies (Ovacc ). However, the
atalytic performance of MnO2 remains inferior at low temperatures,
ecause CH4 has much stronger C− H bonds (450 kJ/mol) compared to
hat of straight-chain hydrocarbons that require high temperatures to
upture [ 20 ]. Thus, the challenge lies therein to design a material that
s stable at high temperatures, yet remains active over a long period
f operation. An investigation by Tian et al. found the lattice thermal
tability limit of Mn3 O4 to be as high as 800 °C with excellent propene
xidation performance between 350 and 500 °C. Mn3 O4 is, therefore,
n appropriate catalyst for high-temperature oxidation processes such
s the total conversion of CH4 . 

In general, the Mn oxide structure and the population of Mn (III)
ons at the surface play a decisive role in the catalytic reactivity [ 21 ].
he catalytic performance of Mn oxides is strongly dependent on their
tomic configuration, crystallographic structure, morphology, and pore
tructure. Mn3 O4 has a tetragonally distorted spinel structure (due to the
ahn–Teller effect in Mn3 + ions) with Mn (II) occupying the tetrahedral
Tet) sites and Mn (III) located at the octahedral (Oct) sites of the normal
pinel structure [ 22 ]. Mn3 O4 presents diverse polymorphic structures
ith variable means of connecting with basic Oct units that deliver out-

tanding catalytic performance [ 18 ]. Despite the above-mentioned prop-
rties that favor their application as catalysts, Mn3 O4 is more often used
s a carrier for noble metal catalysts in CH4 oxidation reactions rather
han as an active phase such as MnO2 [ 23 ]. A systematic study of the
xidation of CH4 over Mn3 O4 has not yet been conducted. 

In this study, Mn3 O4 catalysts consisting of spherical particles (SPs)
ere prepared using the sol-gel technique, and their physicochemical
roperties were systematically and comprehensively characterized us-
ng instrumental techniques including x-ray diffraction (XRD), Fourier
ransformed infrared (FTIR) spectroscopy, scanning electron microscopy
SEM), energy dispersive X ray analysis (EDX), BET method, and X-
ay photoelectron spectroscopy (XPS). Temperature-programmed reduc-
ion under a dihydrogen flow (H2 -TPR) and UV–visible (UV–vis) spec-
roscopy were used to assess the reduction properties and quantify
he optical energy band gap ( Eg 

opt ) of the Mn3 O4 SPs. Moreover, the
erformance and stability of the total conversion of CH4 were evalu-
ted. In situ diffuse reflectance infrared Fourier transform spectroscopy
DRIFTS) was used to determine the most prominent reaction mecha-
ism underlying the oxidation of CH4 on the surface of Mn3 O4 . The
atalytic performance of the Mn3 O4 SPs was correlated with the physic-
chemical characteristics. More importantly, density functional theory
DFT) calculations were performed to monitor the adsorption and dis-
ociation of CH4 molecules on the Mn3 O4 (001) catalyst surface and
dentify the reaction pathway whereby CH4 is oxidized on the surface
f the mesoporous Mn3 O4 SPs catalyst. 

. Experimental 

.1. Chemicals 

Manganese (II) sulfate monohydrate (MnSO4 ·H2 O), sodium persul-
ate (Na2 S2 O8 ), and ethanol were procured from Sigma Aldrich Pty Ltd.,
330 
Hamburg, Germany). The NaOH solution was prepared from Na2 S2 O8 
n deionized water using an ultrapure purification system. 

.2. Synthesis of the catalyst 

The Mn3 O4 (SPs) catalyst was synthesized by a sol-gel method using
anganese (II) sulfate monohydrate as the metal precursor. MnSO4 ·H2 O

0.018 mol) was dismissed in 35 mL of distilled water under vigorous
tirring with a magnetic stirrer for 10 min. Then, 15 mL of the initially
repared NaOH was added drop wise under strong magnetic stirring
or about 30 min at constant temperature of 60 °C until pH = 9. The gel
as allowed to form by maintaining the solution at ambient temperature

or 24 h. The resulting precipitate phase was filtered and washed with
istilled water and dried overnight in an oven at 100 °C. Finally, the
recipitate was thermally treated at 500 °C for 2 h to obtain Mn3 O4 
anoparticles as the final product. 

.3. Characterization of the catalyst material 

The crystal structure and phase of the Mn3 O4 SPs were studied
y XRD analysis. The X-ray diffractometer (Bruker D8 FOCUS) was
quipped with a powder diffraction tool using Cu K 𝛼 radiation oper-
ting at 𝜆 = 0.154056 nm fixed at 40 kV under 150 mA. The 2 𝜃 values
anged from 20 to 70°, which was chosen as the recording range for the
n3 O4 sample, at a scanning speed of 0.025° per second. The resulting

pectra were compared with the JCPDS (Joint Committee on Powder
iffraction Standards) database. 

The grain diameter of the Mn3 O4 SPs was calculated using the
ebye–Scherrer equation ( Eq. (1) ). 

 = 𝑘𝜆∕𝛽cos 𝜃, (1)

here D represents the average size of the crystallites, k corresponds
o the shape factor (0.9), 𝜆 is the wavelength, 𝛽 represents the line
roadening, and 𝜃 is the diffraction angle. The specific surface areas of
he samples were measured using the BET approach with N2 physisorp-
ion equipment (NOVA3000, Quantachrome) and calculated using the
ET equation. Prior to analysis, the thermally treated Mn3 O4 SPs were
eated at 250 °C under vacuum for 3 h to remove H2 O and CO2 , after ni-
rogen was adsorbed at ∼196 °C and desorbed at ambient temperature.
TIR spectroscopy (Perkin-Elmer) was used to identify the functional
roups at the surface of the catalyst in the wavenumber range of 4000–
00 cm–1 . The surface structure and morphology of the Mn3 O4 SPs were
etermined at ambient temperature using high-resolution SEM (S-4800
itachi, USA). The elemental composition (presence of Mn and O atoms
nd their oxidation states) was determined using XPS set-up, (Thermo
isher Scientific, ESCALAB 250Xi). The reducibility of the Mn3 O4 NSs
as evaluated with the aid of H2 -TPR using chemical adsorption equip-
ent (PCA-1200, Beijing Builder) equipped with a quartz reactor and a

hermal conductivity detector (TCD). 

.4. Catalytic test investigation 

The total oxidation of CH4 over Mn3 O4 SPs was investigated in a
tainless-steel fixed bed reactor system with tubular form (internal Ø,
 mm). Light-off measurements were performed with 60 mg of the cata-
yst dispersed on a 40–60 mesh, enrolled, and disposed of at the reactor
enter. The inlet gas was composed of 1 % CH4 and 20 % O2 diluted in
n Ar flow, and the total gas pressure was maintained at 1 atm. The
eaction was performed at 60 mL min− 1 (total flow rate), equivalent to
 gas hourly space velocity (WHSV) of 72000 mL3 g− 1 h− 1 and within
he temperature range of 100–550 °C. The temperature inside the re-
ctor was controlled by a k-thermocouple positioned in the center of
he reactor in direct contact with the catalyst bed. The inlet and out-
et gas were quantitatively monitored online via a gas chromatograph
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Fig. 1. XRD pattern (a) and FTIR spectrum (b) of Mn3 O4 SPs. 
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GC-2014, Shimadu) coupled with a flame ionization (FID) and TCD de-
ector. The CH4 abatement was determined using Eq. (2) : 

H4 = (C H4input −C H4output )∕ 
(
CH4input 

)
. (2) 

. Results and discussion 

.1. Crystal structures 

The results of the XRD and FTIR analyses of the sol-gel-derived
n3 O4 SPs are presented in Fig. 1 . Fig. 1 (a) presents the XRD pat-

ern of Mn3 O4 , which shows that the hkl reflections at (112), (200),
103), (121), (004), (220), (105), (303), which correspond to 2 𝜃 val-
es of 29.07, 30.97, 32.6, 35.89, 38.75, 44.1, 51.90, and 58.15°, are
n good agreement with the characteristic diffraction pattern of Mn3 O4 .
he overall diffraction peaks of the as-prepared Mn3 O4 SPs, annealed at
00 °C correspond well with the standard reference pattern (JCPDS card
o. 24–0734) characteristic of Mn3 O4 with the hausmannite structure

space group I41/amd) [ 24 , 25 ]. The absence of impurity peaks from the
RD pattern indicated the purity of the sample. The standard grain size,
stimated from the XRD results, was approximately 17 nm. 

The FTIR spectrum (400− 4000 cm− 1 ), displayed in Fig. 1 (b), pro-
ided qualitative details on the functional groups present on the surface
f the Mn3 O4 SPs, and exhibited five prominent peaks. The peaks lo-
ated at 3441 and 1693 cm− 1 are assigned to the stretching vibration
ode of OH (from H2 O) and the bending mode of H2 O molecules, re-

pectively. Moreover, the vibration frequency located at 𝜐1 = 654 cm− 1 

orresponds to the intrinsic stretching vibration of the metal ion at the
etrahedral site ( 𝜐Mtetra -O), whereas the bands at 𝜐2 = 556 cm− 1 cor-
espond to the distortion vibration of Mn–O in the octahedral environ-
ent. Finally, the third vibration signal at 462 cm− 1 is assigned to the

ibration of Mn (III) occupying the octahedral sites of Mn3 O4 [ 26 , 27 ]. 

.2. Surface morphology and EDS elemental mapping 

Figs. 2 (a)–(c) show low- and higher-magnification SEM micrographs,
s well as the particle size distribution of Mn3 O4 , respectively. The low-
agnification SEM image in Fig. 2 (a) shows that Mn3 O4 has a homo-

eneous surface covered with a large number of interconnected small
pherical grains with apparent porosity. The high-magnification SEM
mage of the Mn3 O4 sample ( Fig. 2 (b)) reveals an increase in the size
f these grains resulting from their agglomeration and the emergence of
arge particles with a spherical structure. The particle size ranged from
331 
0 to 50 nm, with an average size of ∼35 nm ( Fig. 2 (c)), and the par-
icles were randomly distributed on the Mn3 O4 surface. The presence
nd distribution of each element was confirmed with elemental map-
ing analysis (EDS). The mapping was obtained from the SEM image,
s displayed in Figs. 2 (d)(e), and the distribution of each component on
he surface of the Mn3 O4 SPs was in close agreement with that of an ear-
ier study [ 28 ]. The high density of the red dots in Fig. 2 (d) constitutes
ensely dispersed Mn atoms, whereas the blue-green color accounts for
he presence of oxygen atoms in the Mn3 O4 SPs ( Fig. 2 (e)). Such a sur-
ace morphology with a porous-like structure generally provides more
xposed surface contact for the reactant molecules, which is favorable
or catalytic activity [ 15 , 16 ]. 

.3. Porosity and BET-specific surface areas analysis 

Fig. 3 shows the N2 adsorption/desorption isotherms (BET) and
ore size distributions (Barrett-Joyner-Halenda (BJH)) of the Mn3 O4 
anospheres. As shown in Fig. 3 (a), the shape of the N2 absorp-
ion/desorption isotherm at the surface of the Mn3 O4 SPs is similar to
hat of type IV SPs with H3 -type hysteresis loops [ 29 ]. According to the
nternational union of pure and applied chemistry (IUPAC), materials
ith such features are generally classified as mesoporous materials. The

pecific surface area and pore size (PS) of the SPs were estimated to be
81.5 m2 /g, and ∼30 nm, respectively. Mn3 O4 SPs with a mesoporous
onfiguration and substantial pore volume (PV) are able to provide more
vailable active sites, which is beneficial for the catalytic process. The
xpected enhancement of the catalytic reaction was previously discussed
ith respect to the promotion of adsorption and diffusion and the de-

line of interphase mass transfer [ 30 ]. 

.4. Analysis of elemental chemical configuration and oxidation states 

The elemental chemical configuration was analyzed using XPS to
etermine the oxidation states of Mn and O in the Mn3 O4 SPs. The XPS
esults in Fig. 4 confirm the presence of Mn and O and the absence of
ther elements or impurities, which is in agreement with the XRD and
TIR analyses. The high-resolution XPS profile in Fig. 4 (a) displays the
haracteristic peaks of Mn 2p at binding energies (BEs) between 638
nd 657 eV. Because of the occurrence of spin-orbit splitting, the Mn 2p
ignal is the result of two mains signals: Mn 2p3/2 and Mn 2p1/2 located
t 641.37 and 652.87 eV, respectively. The BE difference of 11.5 eV is
n excellent accordance with the literature [ 18 , 31 ]. To determine the
ossible Mn oxidation states, both the Mn 2p3/2 and Mn 2p1/2 signals
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Fig. 2. Low- and high-magnification SEM micrographs (a)(b), particle size distribution (c), and EDX elemental maps (d)(e) of Mn3 O4 SPs. 

Fig. 3. BET measurement of Mn3 O4 SPs: (a) N2 adsorption/desorption isotherms, (b) Pore size scattering of Mn3 O4 , as calculated applying the BJH (Barrett-Joyner- 
Halenda) method. 
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ere deconvoluted by applying a Gaussian–Lorentzian function. This
evealed that the Mn 2p3/2 peak could be attributed to Mn atoms with
hree oxidation states (Mn(II), Mn(III), and Mn(IV)) with BEs of 640.82,
42.14, and 643.12 eV, respectively, whereas the corresponding signals
ontributing to the Mn 2p1/2 peak were detected at 652.53, 653.61,
nd 654.54 eV. The BE values characteristic of Mn atoms in the Mn3 O4 
Ps in the present study are in good agreement with results reported
n the literature [ 31–33 ]. In this study, hausmannite (Mn3 O4 ) has the
haracteristics of a normal spinel structure in which Mn atoms with
ifferent oxidation states are regularly distributed to occupy the Tet sites
Mn2 + ) and Oct sites (Mn3 + ), as follows: [Mn2 + ]Tet [Mn3 + 

, Mn3 + ]Oct O4 .
332 
To further assess the existence of oxygenated species at the surface
f the Mn3 O4 SPs and confirm the variation in the oxidation states of
n during the redox process, the XPS O 1s core-shell was analyzed

 Fig. 4 (b)). The XPS O 1s spectrum exhibits two strong signals at BEs
f 529 and 531 ± 0.2 eV, respectively. Both signals were resolved into
hree constituents: the signal located at 529.73 ± 0.2 was assigned to
he Mn–O–Mn surface oxygenated species (O− , O2 

− , O2 
2− ), also known

s lattice oxygen (OLat ), in the vicinity of the surface vacancies [ 34 ].
he peaks centered at 531.28 ± 0.2 and 532.68 ± 0.2 eV were ascribed
o adsorbed oxygen (OAds ) species such as hydroxyl (OH− ) and carbonyl
roups (CO 2− ) adsorbed on the Mn O surface, in close agreement
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Fig. 4. Deconvoluted XPS results of Mn3 O4 SPs: (a) Mn 2p core-shell fitted for Mn2 + and Mn3 + , (b) O 1s core-shell fitted for surface oxygenated species (O− , O2 
− , 

O2 
2− ), OH− , and H2 O. 

Fig. 5. H2 -TPR profiles of the sol-gel derived Mn3 O4 SPs catalyst. 
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ith previously reported results [ 34 , 35 ]. The variation in the relative
ntensity of the overall surface-oxygenated species (Mn–O–Mn, OH, and
O3 

2− ) was attributed to the change in the oxidation state of the Mn
toms. The detected active oxygenated species included surface oxygen
pecies and highly reactive OLat , which are generally involved in cat-
lytic oxidation. 

.5. Temperature-programmed reduction under H2 flow analysis (H2 -TPR)

The H2 -TPR was investigated in the temperature range from 50 to
00 °C, to study the reducibility of the Mn3 O4 SPs ( Fig. 5 ). The recorded
pectrum exhibits two prominent reduction signals centered at ∼268 and
333 
430 °C, respectively. Each of these signals was resolved into three dis-
inct reduction peaks centered at (200, 268, and 310 °C) and (375, 430,
nd 470 °C), respectively, which suggests that the reduction of Mn3 O4 
ccurs as follows: MnO2 → Mn3 O4 → MnO [ 36 ]. Generally, the reduc-
ion peaks in the temperature range of 210 to 298 °C can be assigned
o the MnO2 → Mn3 O4 or eventually the Mn2 O3 → Mn3 O4 conversion,
hereas those in the range of 403 to 460 °C can be ascribed to the re-
uction of Mn3 O4 → MnO, in agreement with the literature [ 36 , 37 ]. It
s worth mentioning that the signals ranging from 210 to 298 °C corre-
pond to either surface oxygen species or highly reactive OLat [ 34 ], or
he occurrence of narrow particle sizes on the Mn3 O4 SPs. The XPS and

-TPR results are in agreement and suggest that the catalytic perfor-
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Fig. 6. UV–Vis spectrum (a) and ( 𝛼hv )2 vs. hv (b) for the sol-gel derived Mn3 O4 SPs. 
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ance of Mn3 O4 could be significantly enhanced by the active species
Mn2 + /Mn3 + /Mn3 + , O− , O2 

− , and O2 
2− ) and good reducibility [ 36 , 37 ].

.6. Optical energy band gap study (Eg 
Opt ) 

The UV–Vis absorption spectrum of Mn3 O4 SPs was recorded and
he value of Eg 

Opt was estimated using the Tauc equation. A typical
pectrum is displayed in Fig. 6 , which clearly shows the characteristic
ecrease in absorption with increasing wavelength towards the visible
egion, in line with literature data [ 38 , 39 ]. The optical band gap energy
as estimated from the absorption spectra using Tauc’s law: 

ℎ𝑣 =
(
ℎ𝑣 − 𝐸𝑔 

)1∕2 
, (3)

here 𝛼 represents the absorption coefficient and h 𝜈 is the photon en-
rgy. The absorption spectrum was employed to evaluate Eg 

Opt from
he plot of ( 𝛼hv )2 vs. ( hv ), as presented in Fig. 6 (b). The estimated value
f Eg 

Opt = 2.55 eV is in accordance with the reported results [ 38 , 39 ].
 strong relationship between Eg 

Opt and the performance of transition-
etal-based oxide catalysts has been established and reported in the

iterature [ 17 , 40–42 ]. In general, catalysts based on TMOs with a lower
ptical energy band gap exhibit excellent electron mobility, which en-
ances the mobility of oxygenated species (O− , O2 

− , O2 
2− ) in the vicin-

ty of the surface voids together with the reducibility, which is a decisive
actor for the successful advancement of the catalyst. 

.7. Catalytic behavior 

.7.1. Methane total oxidation performance and structure–activity 

orrelations of the Mn3 O4 SPs 

The catalytic performance of the mesoporous Mn3 O4 with its ag-
lomerated spherical morphology was investigated ( Fig. 7 ). The CH4 
xhaust profiles and spectra displaying the formation of gas-phase prod-
cts, as well as the stability/reproducibility test during the CH4 oxida-
ion process over the Mn3 O4 NSs are displayed in Figs. 7 (a)− (c), respec-
ively. The abatement of CH4 was performed between 150 and 480 °C.
s shown in Fig. 7 (a), CH4 conversion starts from approximately 250 °C
nd progressively increases as the reaction temperature increases. The
otal oxidation of CH4 over Mn3 O4 reaches 10, 50, and 90 % conver-
ion to CO2 and H2 O at ∼324, ∼377, and 398 °C respectively. The IR
pectra ( Fig. 7 (b)) of the gas (derived from the conversion of CH4 ) pass-
ng through the outlet indicate that only 10 % of CH4 is converted at
24 °C. However, as the temperature increases, the typical doublet peak
334 
haracteristic of CO2 in the wavenumber range from ∼2205 to ∼2460
m− 1 intensifies progressively. This intensification is accompanied by
he de-intensification of the signals in the ranges 3304–2762 cm− 1 and
225–1506 cm− 1 , associated with the respective C–H stretching and C–
 deforming vibrations of the CH4 molecule. Finally, CH4 completely
isappeared at T100 = 403 °C, attesting to the total oxidation of CH4 . 

In addition, the reproducibility test, well established as an important
riterion for catalysts intended for industrial application, was conducted
nd the results are presented in Fig. 7 (c). This test was performed to eval-
ate the susceptibility of the Mn3 O4 catalysts to thermal deactivation, a
actor limiting their application at industrial scale. The Mn3 O4 SPs de-
ivered excellent CH4 total oxidation performance in three consecutive
epeated runs, confirming their excellent stability and reproducibility. A
omprehensive comparison with TMOs reported in the literature reveals
hat the performance of Mn3 O4 SPs is superior to and more promising
n terms of the catalytic combustion of CH4 , compared to TMOs and
upported noble metal catalysts, respectively (see Table 1 ). As an ex-
mple, several bulk TMO catalysts (Co3 O4 , Mn2 O3 , Cr2 O3 , CuO, and
iO) were studied by Paredes et al. to assess their performance in terms
f the total oxidation of CH4 [ 43 ]. The performance was found to de-
rease in the following order: Co3 O4 > Mn2 O3 > Cr2 O3 > CuO > NiO.
o3 O4 was thus identified as the best candidate, owing to the unfilled
d orbital of Co, the fragility of the Co–O bond, the excellent redox cy-
le frequency, as well as the low barrier for the formation of oxygen
acancies. Similar to Co3 O4 , Mn3 O4 crystalizes to form a spinel struc-
ure and the valence state of Mn also varies (Mn2 + , Mn3 + , and Mn4 + ).
n addition, the basic octahedral units are connected in non-identical
ays, the reasons for their remarkable and efficient catalytic activity

or CH4 oxidation [ 56 , 57 ]. Because of their similar chemical structures,
xidation degree, close standard reduction potentials [ E0 (Co3 + /Co2 + )
 1.92; and E0 (Mn3 + /Mn2 + ) = 1.54], the oxidation of CH4 over Mn3 O4 
Ps is expected to proceed following the same scheme as Co3 O4 . In fact,
n the CH4 catalytic oxidation process, activation is initiated and occurs
n the Mn3 O4 surface. The bound OAds (OH− and CO3 

2− groups) on
n3 O4 readily react with the surface adsorbed CH4 , thereby resulting

n more active sites for CH4 degradation. In addition, Mn4 + , known to
e easily reducible at low temperatures, is reduced to Mn3 + in the oxy-
en environment. This suggests that CH4 is activated by oxygen species
dsorbed on the surface via the Langmuir− Hinshelwood (L− H) mecha-
ism. The surface Mn4 + /Mn3 + redox cycle can produce oxygen vacan-
ies. This promotes both the adsorption and activation of O2 molecules,
hich require O in the Mars− van-Krevelen (MvK) process [ 58 , 59 ].
Lat 
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Fig. 7. (a) Light-off-curves, (b) Infrared spectra displaying the formation of gas phase products and (c) reproducibility test of the sol-gel derived Mn3 O4 SPs catalyst. 

Table 1 

Comparison of the catalytic efficiency ( T50 , T90 ) of the sol-gel derived Mn3 O4 to that of selected catalysts from the 
literature. 

Catalysts 
Weight 
(mg) Gas inlet 

1 WHSV 
(h− 1 ) 2 T50 T90 Mechanism 

3 Ref. 

Mn3 O4 60 1% CH4 , 20% O2 in Ar 72000 377 398 MvK TW 

Co3 O4 1000 1% CH4 , 10% O2 , 89% N2 60000 330 - MvK [ 44 ] 
𝛼-MnO2 40 0.1% CH4 in air 90000 356 463 MvK/L-H [ 45 ] 
𝛼-Fe2 O3 30 5% CH4 , 20% O2 in Ar 10000 394 - [ 46 ] 
CeO2 10 20% CH4, 20% O2 in Ar 30000 400 465 [ 47 ] 
Ni-Cu oxides – 1% CH4, 5% O2 and N2 50000 70 410 MvK [ 48 ] 
Nano-ZnCr2 O4 – 2% CH4 , 20% O2 , 78% N2 78000 300 400 L-H [ 49 ] 
Zr-Doped NiO – 1%CH4 , 10%O2 in N2 30000 380 - MvK [ 50 ] 
Sn-Cr binary oxide – 1.0% CH4 in air 20000 400 490 MvK [ 51 ] 
MnCeOx 100 1%CH4 , 25% O2 in He 30000 475 - – [ 52 ] 
Au/Co3 O4 50 0.3% CH4 , 2.4% O2 in He – 364 - – [ 53 ] 
Pd/Al2 O3 100 1% CH4 , 5% O2 in N2 10000 313 339 – [ 54 ] 
Pd/Zr0.65 Ce0.35 O 50 2% CH4 ,15% O2 in N2 75000 344 398 – [ 55 ] 

1 GHSV = Gas hourly space velocity; 2 T50 and T90 : Temperature at 50% and 90% conversion; 3 Ref.: references. 
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his indicates that it is necessary to elucidate the reaction mechanism
f the total conversion of CH4 over mesoporous Mn3 O4 SPs at the molec-
lar scale. 

.7.2. Possible reaction mechanism underlying CH4 oxidation 

Divergent opinions on the probable mechanism whereby CH4 is ox-
dized over TMO-based oxides have been reported in the literature, and
re consistent with the mechanisms shown in Fig. 8 . Some authors fa-
or the L− H mechanism, which involves the participation of surface-
dsorbed oxygen, whereas others support the MvK process, which en-
ails a strong contribution from oxygen in the lattice [ 60–64 ]. Mean-
hile, a two-term (T− T) mechanism that combines both of the afore-
entioned processes has also been proposed [ 62 , 65 ]. 

L–H mechanism ( Fig. 8 (a)): This process is proposed to proceed as
ollows: in addition to the OAds that is generally present on the surface
f the TMO catalysts, gaseous O2 , the adsorption activation energy of
hich is low compared to that of CH4 , is uniquely adsorbed onto the

atalyst surface to generate supplementary OAds . The generated OAds is
herefore likely to easily combine with the adsorbed CH4 to enable the
issociation of hydrogen via electrophilic attack, accompanied by the
estruction of the stable structure of CH4 and the production of active
ethyl radicals (∗ CH3 

–) as CH4 oxidation promoters. It is worth men-
ioning that the L− H process generally proceeds at low reaction temper-
tures ranging from 250 to 400 °C. 

MvK mechanism ( Fig. 8 (b)): Also known as the intrafacial process,
his is a redox process that involves the surface reaction of oxygen as-
335 
ociated with the migration of OLat from the bulk lattice to the surface
f the TMO catalysts. The mechanism entails the surface adsorption and
issociation of CH4 at the active sites on the surface of the catalyst to
enerate alkyl and hydroxyl groups, followed by a spillover reaction in
he presence of OLat as the oxidizing agents to generate CO2 and H2 O,
espectively. Subsequent to desorption of the reaction products, numer-
us lattice oxygen vacancies (Ovacc ) are formed upon the reduction of
he active sites. The as-formed Ovacc can be renewed by the propagation
f OLat from the bulk or by the adsorption of gas-phase O2 . The MvK pro-
ess is well established for several TMOs, including Fe2 O3 and Co3 O4 
 60 , 65 , 66 ]. Generally, reaction temperatures above 375 °C facilitate the
igration of Ovacc from the bulk to the surface of the catalyst. 

T− T process ( Fig. 8 (c)): In certain situations, the reaction pathway
ccording to which the catalytic oxidation with TMOs proceeds is diffi-
ult to represent by a single process. In this case, the cooperative process
s governed by both the L–H and MvK mechanisms, in which both sur-
ace OAds and OLat participate simultaneously in the reaction sequence
 65 ]. In practice, molecular oxygen is simultaneously adsorbed and dis-
ociated to form surface-active oxygen species, which oxidizes CH4 si-
ultaneously with the surface OLat derived from the bulk, and generates

vacc . This is later replenished by O2 from the gas phase, which is in ex-
ellent agreement with the literature [ 67 ]. 

It has been well established that the reaction mechanism of catalytic
xidation over TMO surfaces is influenced by the physicochemical prop-
rties and structure of the catalyst or the catalytic test conditions. In the
resent investigation, XRD, SEM, and BET together with XPS and H2 -
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Fig. 8. Possible reaction mechanisms underlying the oxidation of CH4 over TMO catalysts: Light-off-curves, (a) Langmuir-Hinshelwood (L− H) mechanism; (b) 
Mars-van-Krevelen (MvK) mechanism; (c) Two-terms (T-T) mechanism. 
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PR analysis showed that Mn3 O4 is mesoporous and consists of spherical
anoparticles, with a large surface specific area (81.5 m2 /g) , good re-
ox behavior (Mn2 + , Mn3 + , and Mn4 + ) and adsorbed oxygenated species
CO3 

2− , OH− ). In addition, the reaction temperature plays a decisive
ole in the reaction mechanism. In the present study, CH4 oxidation
akes place in two reaction temperature domains ( Fig. 7 ): (a) in the low-
emperature zone (250–375 °C) CH4 is stimulated by monatomic oxygen
pecies at the surface of the Mn3 O4 SPs, where easy decarboxylation and
ihydroxylation occurs to leave the catalyst surface in a stoichiometric
tage via the L–H mechanism. Above 375 °C, intrafacial dihydroxyla-
ion and decarboxylation of the catalyst stimulate the formation of the

vacc , which favors a slight reduction of the Mn3 O4 SPs surface. Then,
he Ovacc are virtually renewed by O2 , indicating the coexistence of both
he L–H and MvK processes. 

The systematic analysis of the Mn3 O4 SPs and the results of the cat-
lytic performance analysis suggest that the oxidation of CH4 can be
nitiated by the active oxygen species adsorbed on the surface of the
n3 O4 SPs via the L− H mechanism. The L− H pathway may involve an

ndirect oxidation scheme involving OLat (MvK process). This is in close
greement with the findings of Han et al. [ 65 ], who studied the kinetics
f CH4 combustion over 𝛼-Mn2 O3 catalysts and concluded that the pro-
ess proceeds according to the T− T mechanism. This seemed to indicate
hat the oxidation of CH4 over the Mn3 O4 SPs in the present work could
lso proceed via a concerted T− T mechanism. Density functional theory
DFT) calculations were performed to gain further insight. 

.8. Density functional theory results 

.8.1. Computational details 

The Quantum-ESPRESSO package was used to perform the DFT
alculations [ 68 ]. The interactions between the ion core and valence
lectrons were treated using ultrasoft pseudopotentials [ 69 ]. The
xchange and correlation effects were processed within the generalized
radient approximation (PBE) [ 70 ]. To describe the Mn 3d states
orrectly, a Hubbard [ 71 ] correction of U = 3.9 eV was considered. The
tructural optimization of atomic positions was performed using the
royden–Fletcher–Goldfarb–Shanno (BFGS) quasi-Newton algorithm
radient method with a force convergence threshold of 10− 5 eV Å− 1 .
 4 × 4 × 4 k-point mesh was employed to sample the Brillouin zone
f the bulk unit cells, and the electronic wave functions were expanded
sing plane-wave cut-off energy of 40 Ry. A 16 Å × 16 Å × 16 Å box
as used to simulate the CH4 , O2 , and CO2 molecules in the gas phase.
336 
.8.2. Materials systems 

Bulk. The tetragonal unit cell of Mn3 O4 consisting of 28 atoms
as used. This structure was considered because it was experimentally

hown to be stable in this work and in previous experimental studies.
ur calculated bulk lattice parameters a = b = 5.753 Å and c = 9.532 Å
gree well with those determined experimentally a = b = 5.765 Å and
 = 9.442 Å [ 72 ] and a = b = 5.757 Å and c = 9.424 Å [ 73 ], and other
alues calculated at different theoretical levels [ 74 ]. 

Surface models. The Mn3 O4 (001) surface was considered and mod-
lled using a slab made up of nine alternating –Mn2 + –Mn2 + – and –O2− –
n3 + – layers, the latter being the outermost, followed by a vacuum

egion of 18 Å in the z-direction. For adsorption studies, a (2 × 2 × 1)
upercell with dimensions of 11.51 Å × 11.51 Å × 28.4 Å was considered.
ll layers were allowed to relax with the adsorbate molecules. This ma-

erials system was used to describe the interaction of Mx Co3- x O4 (001)
pinel surfaces (M = Fe, Ni) with water and alcohols, and was in good
greement with the experiment [ 75–80 ]. 

.8.3. CH4 adsorption and oxidation to CO2 

The oxidation of CH4 to CO2 was investigated by computing the ad-
orption of a single CH4 molecule and its stepwise decomposition into
O2 , followed by subsequent analysis via two catalytic routes: the MvK
nd L− H mechanisms. At every step, the interaction between the reac-
ant molecule and surface was studied by considering all possible bond-
ng interactions between the molecule and surface for different starting
onfigurations. Fig. 9 (top and bottom) show the most stable adsorption
eometries and their corresponding binding energies following the MvK
nd L− H mechanisms, respectively. 

CH4 adsorbs to the higher-energy Mn3 + sites by forming a weak
n− C bond (2.03 Å) and by forming two weak hydrogen bonds to the

urface (2.6 Å and 2.8 Å). Considering the MvK pathway [ Fig. 10 (top)],
his results in a binding energy of − 0.11 eV. Dissociation via proton
ransfer to the surface and the subsequent formation of CH3 lowers the
inding energy and occurs at a cost of 0.08 eV. The further dissociation
f CH3 , which leads to the formation of CH2 , is strongly endothermic
1 eV) and corresponds to the rate-determining step. From there on-
ards, all processes are exothermic until the formation of CO2 . 

Along the L− H pathway, the presence of OAds as oxidizing agents re-
ults in the single and double deprotonation of CH4 to form CH3 and CH2 
ia exothermic reactions. All decomposition steps are downregulated in
nergy, except for the oxidation of CHO to CO, which corresponds to the
ate-determining step towards the complete oxidation of CH4 to CO2 .
he energy cost required to overcome this reaction step is 0.9 eV. This
nding supports the key role of O in the oxidation process, as reported in
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Fig. 9. Stable adsorption configurations during CH4 decomposition to CO2 for the Mars-van-Krevelen (top) and Langmuir-Hinshelwood (bottom) mechanisms. Mn 
(violet spheres), O (red spheres), C (cyan spheres), and H (white spheres). The system with a free surface and the CH4 and O2 molecules in the gas phase is taken as 
the reference. 
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revious studies [ 81 ]. Our findings suggest that both catalytic pathways
re involved in the oxidation of CH4 to CO2 . The L− H mechanism could
e the most prominent catalytic pathway at low temperatures, whereas
vK may prevail at higher temperatures. 

.8.4. Electronic structure 

Figs. 10 (a)− (c) show the density of states (DOS) projected onto the
d orbitals of Mn atoms belonging to the bulk and (001) free surface
f Mn3 O4 respectively. In the case of the bulk, the projected DOS of a
337 
pin-up-polarized Mn atom that is tetrahedrally coordinated ( Fig. 10 (a))
hows that the five spin-up orbitals (3dxy , 3dzx , 3dzy , 3dz 

2 and 3dx 
2 

- y 
2 )

re filled, while their spin-down counterparts are empty. A plausible
lectronic configuration for such an atom is [Ar]3d5 4s0 , which cor-
esponds to the Mn2+ ion. However, in the octahedral coordination,
he projected DOS of the spin-up-polarized Mn atoms have four filled
pin-up orbitals (3dxy , 3dzx , 3dzy and 3dz 

2 ) in addition to one spin-
p (3dx 

2 
- y 

2 ) and five spin-down (3dxy , 3dzx , 3dzy , 3dz 
2 and 3dx 

2 
- y 

2 )
mpty orbitals. For such an atom, the plausible electron configuration
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Fig. 10. (a)− (c) Löwdin DOS projected onto the 3d orbitals of Mn atoms located in the tetrahedral (Mn2 + ) and octahedral (Mn3 + ) sites of bulk Mn3 O4 and on the 
square pyramidal site of the (001) free surface of Mn3 O4 , respectively. (d)− (f) Löwdin DOS projected onto the 3d orbitals of Mn atoms located on the (001) free 
surface of Mn3 O4 for CH4 adsorption, Mars-van-Krevelen, and Langmuir− Hinshelwood, respectively. The solid and dashed lines represent the spin-up and spin-down 
DOS components, respectively. 

i  

o
 

m  

p  

a  

t  

b  

t  

t  

f  

(  

o  

i
 

c  

w  

m  

m  

s

3

 

t  

s  

e  

d  

t  

∼  

fi  

i  

a  

t  

o  

o  

[

4

 

s  

s  

o  

s  

d  

p
w  

C  

M  
s [Ar]3d4 4s0 , which corresponds to the Mn3 + ion ( Fig. 10 (b)). These
bservations are in agreement with previous theoretical results [ 74 ]. 

Regarding the (001) free surface of Mn3 O4 ( Fig. 10 (c)), only the sym-
etry sites of the Mn atoms located on the surface changed to square
yramidal, whereas the deeper atoms remained unchanged (tetrahedral
nd octahedral) and naturally maintained their oxidation states, as in
he bulk ones. This led us to only focus on one square pyramidal site
ecause all Mn atoms located on the surface are equivalent. Similar
o the case of a Mn atom in an octahedral site, the projected DOS of
he spin-up-polarized Mn atom located on the free surface also shows
our filled spin-up orbitals (3dxy , 3dzx , 3dzy and 3dz 

2 ), and one spin-up
3dx 

2 
- y 

2 ) and five spin-down (3dxy , 3dzx , 3dzy , 3dz 
2 and 3dx 

2 
- y 

2 ) empty
rbitals. Therefore, a plausible electron configuration for such an atom
s [Ar]3d4 4s0 , which corresponds to the Mn3 + ion. 

The DOS of the Mn atoms located on the surface was not observed to
hange, neither when the CH4 molecule was adsorbed ( Fig. 10 (d)) nor
hen oxidation occurred via the MvK ( Fig. 10 (e)) and L− H ( Fig. 10 (f))
echanisms. Thus, the oxidation state of the surface Mn atoms re-
ained unchanged, regardless of the mechanisms occurring on the

urface. 

.9. Stability on time-on-stream of CH4 oxidation over Mn3 O4 

The long-term stability test was performed based on the catalyst cri-
eria that are imperative for industrial applications. Herein, Mn3 O4 was
338 
ubjected to a prolonged stream time-on-stream (TOS) ( Fig. 11 ). The
xperiment was conducted under catalytic test conditions; however, the
ata were recorded when the reaction temperature reached ∼498 °C,
he temperature at which the conversion of CH4 over Mn3 O4 reached
90%. Fig. 11 shows that the conversion stabilized at ∼90% within the
rst 100 min, followed by a gradual downward shift to ∼80%. The stabil-

ty of the TOS of the Mn3 O4 SPs decreases because of the coverage of the
ctive sites by soot particles or H2 O vapor, which prohibits the adsorp-
ion of CH4 and O2 onto the Mn3 O4 surface. In addition, the presence
f less chemically active -OH groups adsorbed on the Mn3 O4 surface
ver lattice oxygen reportedly lowers the performance of TMO catalysts
 82 , 83 ]. 

. Conclusions 

Mesoporous Mn3 O4 catalysts comprising spherical particles were
uccessfully synthesized using the sol-gel technique and tested to as-
ess their methane catalytic combustion performance. Characterization
f the Mn3 O4 catalyst using XRD, FTIR, BET, XPS, SEM, and H2 -TPR
howed that the promising performance of the Mn3 O4 SPs was crucially
ependent on their larger surface area, narrow range of particle sizes,
resence of Mn4 + , and excellent low-temperature reducibility. Mn3 O4 
as shown to be an effective catalyst for the conversion of methane into
O2 and H2 O. The oxidation of CH4 over Mn3 O4 occurred via both the
vK and L− H mechanisms, with the latter being more prominent. In this
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Fig. 11. Catalytic stability of CH4 oxidation over Mn3 O4 SPs catalyst during 
prolonged TOS. 
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oncerted and cooperative process, the rate-determining step is the de-
ydrogenation of CH∗ to H∗ . In addition, the Mn3 O4 nanosphere catalyst
aintained significant stability at 400 °C for more than 16 h, confirming

ts excellent performance in the total conversion of methane. This work
emonstrated that structure-related catalytic performance can guide the
evelopment of low-cost TMO-based catalysts and their derivatives for
he total oxidation of CH4 . 
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