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Abstract 

Methane oxidation using O2 over transition metal oxides often requires severe conditions 

(> 500 °C) to achieve detectable conversion. In this study, NO was used to transfer oxygen 

atoms from O2, through the facile gas-phase formation of NO2 at moderate conditions (0.1 MPa 

and 300 - 400 °C), to oxidize methane over silica-supported transition metal oxides (VOx, CrOx, 

MnOx, NbOx, MoOx, and WOx). In situ infrared spectroscopy measurements indicated that the 

reaction likely proceeded by the formation of surface monodentate nitrate intermediates. These 

nitrate species were formed by an interaction between adsorbed NO2 and a surface oxygen atom 

from the metal oxides. During the reaction, the oxides of vanadium, molybdenum, and tungsten 

formed formaldehyde and CO2, whereas the oxides of chromium, manganese, and niobium 

produced only CO2. These results are consistent with the known hydrocarbon oxidation 

chemistry of the elements. Contact time measurements on VOx/SiO2 indicated that formaldehyde 

was a primary product and CO2 was the final product; conversely, analogous measurements on 

MnOx/SiO2 showed that CO2 was the sole product. The formaldehyde production rate on 

VOx/SiO2, MoOx/SiO2, and WOx/SiO2, based on surface sites measured by high temperature 

oxygen chemisorption, compared favorably to oxygenate production rates for stronger oxidants 

(N2O and H2O2) reported in the literature.   
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1.  Introduction 

Catalytic selective oxidation has been extensively studied for decades, notably by Jerzy 

Haber and Robert Grasselli, because of its considerable commercial and scientific relevance 

[1,2,3]. A number of factors have been found to affect selectivity including the metal-oxygen 

bond strength, the reducibility of the catalyst, the mode of adsorbate bonding, multifunctionality 

of active sites, the effect of structure, and the role of adsorbed oxygen, among others. Discussion 

of these factors has been covered in several books [1,4,5,6] and reviews [7,8,9], with these 

concepts providing guidelines for the design of efficient selective oxidation systems [7]. For 

example, the role of adsorbed oxygen, proposed by Bielański and Haber [10,11], has been used 

to explain selectivity differences in various metal oxides. Adsorbed oxygen species are classified 

as either nucleophilic, which refers to lattice oxygen ions (O2-) and are considered to be 

responsible for partial oxidation, or electrophilic, which refers to electron deficient species [12] 

like oxide (O-), superoxide (O2
-), and peroxide (O2

2-) that generally lead to deep oxidation. 

Although this concept is not all-encompassing, Haber [13] and other researchers [14,15] have 

provided credible evidence to explain the distinct selectivity behaviors of partial oxidation (e.g. 

Bi2O3-MoO3) and complete oxidation (e.g. Co3O4) catalysts. In the present work, differences in 

reactivity of methane oxidation over a series of transition metal oxide catalysts are explained by 

the presence of various types of oxygen.  

There has been a considerable research effort on the catalytic methane partial oxidation 

behavior of metal oxides, with silica-supported MoO3 [16,17,18,19] and V2O5 [20, 21,22,23] 

catalysts being particularly common. These studies have dealt with the identity of active sites 

[16,19,20] and the effect of structure [18,22,23,24], which have provided important mechanistic 

understandings of the reaction. For example, it has been observed that Mo or V species 
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molecularly dispersed on silica support favors formaldehyde formation, and the active oxygen 

species originates from the lattice metal oxide and not from the gas-phase O2. However, these 

findings were largely obtained from investigations conducted at high temperatures (> 500 °C), 

which complicates any assessment of catalytic activity due to potential contributions from gas-

phase reactions. In contrast, the use of an NO+O2 mixture in the current work allowed for 

dissociation of O2 and detectable conversion of CH4 at moderate temperatures (≤ 400 °C), which 

enabled an examination of intrinsic surface reactivities on a series of metal oxides sans gas-phase 

reaction contributions.   

A number of researchers have studied the catalytic gas-phase oxidation of methane with 

NO/NO2 but the studies were conducted mostly at elevated temperatures (> 600 °C) 

[25,26,27,28,29]. Fierro and coworkers reported that the addition of NO to O2 increased CH4 

conversion and oxygenate selectivities on V2O5/SiO2, which was attributed to gas-phase 

reactions promoted by NO as a radical initiator [25,26]. Tabata and coworkers showed that while 

the use of NO/NO2 promoted oxygenates formation, the use of MoO3 [27] or Cu-ZnO/Al2O3 

[28,29] catalysts did not result in appreciable improvements in comparison to the blank reaction. 

These results indicate the predominance of radical reactions which are difficult to control. In this 

study, reactivity tests were conducted using a recently developed approach for methane oxidation 

[30,31,32]. These initial studies found that a mixture of NO+O2 formed NO2 (NO + ½ O2 → 

NO2) [33] which acted as an oxygen atom carrier during methane oxidation at moderate 

conditions.  Additionally, activity for partial oxidation appeared to be an innate property of the 

catalyst, irrespective of the oxidant.  
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2. Experimental 

 

2.1. Materials  

The support used in this study was fumed SiO2 (Evonik, Aerosil 380 PE, BET surface 

area 350 m2 g-1). The chemicals used were NH4VO3 (Wako, 99%), C2H2O4·2H2O (Wako, 

99.5%), Cr(NO3)3·9H2O (Strem, 99%), Mn(NO3)2·6H2O (Wako, 98%), 99%), 

Nb(HC2O4)5·xH2O (Alfa Aesar), (NH4)6Mo7O24·4H2O (Wako, 99%), and 

(NH4)6H2W12O40·xH2O (Aldrich, 99.99%). The gases used were CH4 (99.999%), 20% O2/He 

(certified mixture grade), 6% O2/He (certified mixture grade), 12% NO/He (certified mixture 

grade), Ar (99.999%) and H2 (99.999%), and all were purchased from Tokyo Koatsu Yamazaki 

Co. Ltd. 

 

2.2. Catalyst preparation  

The support was calcined in flowing air (14 µmol s-1 g-1) at 500 °C (10 °C min-1) for 4 h 

and impregnated with each aqueous precursor solution by the incipient wetness impregnation 

technique. Flow rates in µmol s-1 can be converted to cm3(NTP) min-1 by multiplication by 1.5.  

The solutions were prepared by dissolving the desired metal salt (and oxalic acid in the case of 

the VOx sample) in deionized water (2 ml of water per gram of silica) using the ratios in Table 

S1 (Supplementary Information, SI). Lastly, the impregnated samples were dried in static 

ambient air at 110 °C for 15 h and then calcined in flowing air (14 µmol s-1 g-1) at 500 °C (10 °C 

min-1) for 5 h.  
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2.3. Catalyst characterization 

Surface areas were obtained by the BET method from nitrogen physisorption 

measurements at liquid nitrogen temperature using a BELSORP mini II micropore size analyzer. 

Before the measurements, the samples were degassed at 200 °C for 4 h.  X-ray diffraction (XRD) 

patterns of the calcined samples were obtained with a Rigaku RINT 2400 diffractometer using 

Cu Kα monochromatized radiation at 45 kV and 100 mA. The oxide samples were used as 

prepared following calcination at 500 °C and scanned in the 10 to 80° 2θ range with a step size 

of 0.05°.  

Temperature-programmed reduction (TPR) profiles were obtained with a TPD-1-AT 

apparatus fitted with a quadrupole mass spectrometer. Each sample (0.30 g) was pretreated at 

500 °C for 1 h in a 20% O2/He stream (41 µmol s-1), cooled to 50 °C in Ar flow, and then heated 

to 800 °C at a rate of 10 °C min-1 in H2 flow (68 µmol s-1) while monitoring the water signal (m/z 

= 18) signal. The onset of bulk reduction (Tred) was used for the pretreatment of samples before 

oxygen uptake. 

Oxygen chemisorption was measured using a standard pulse technique [34,35,36,37] with 

the same apparatus used for the TPR experiments. Prior to the measurements, 0.30 g of sample 

was treated in 20% O2/He flow (41 µmol s-1) at 500 °C for 1 h and reduced in H2 flow (68 µmol 

s-1) at Tred for 2 h. Uptakes were then determined at Tred by injecting calibrated pulses of 5% 

O2/He (6.4 µmol of O2) over the catalysts while monitoring the O2
+ signal (m/z = 32).  

 

2.4. Raman spectroscopy 

Samples for Raman spectroscopy (12 mg) were placed in a Linkam CCR1000 Raman cell 

with a quartz window. Samples were pretreated with 14 µmol s-1 synthetic air at 500 °C for 2 h, 
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then cooled to 400 °C in 14 µmol s-1 N2 and held for 1 h. Raman spectra were acquired after 

cooling to 30 °C under 14 µmol s-1 N2 flow.  

 Raman spectra were recorded using an S&I TriVista Raman microscope system 

consisting of an Olympus BX51 microscope with a 10x objective (NA 0.30) coupled to a 

Princeton Instruments 750 mm spectrograph with a CCD detector (PyLoN:100BR 100x1340 

with eXcelon coating). The excitation source was a 488 nm DPSS laser (Coherent Sapphire SF) 

with laser power reduced to 0.53 mW using neutral density filters. A Semrock edge filter 

excluded Rayleigh scattered light. The collected light was focused onto the spectrograph slit (100 

µm) by an f/4 apochromatic lens and dispersed by a 600 grooves/mm grating, giving a resolution 

of about 4 cm-1. Wavenumber accuracy was confirmed using polystyrene as a standard [38]. 

2.5. Catalyst activity studies 

The methane oxidation reaction was conducted at 101 kPa and 300 - 400 °C in a fixed-

bed quartz reactor using 0.50 g catalyst samples (600 - 1180 µm particle size). Each catalyst was 

treated in flowing 20% O2/He (68 µmol s-1) at 500 °C for 1 h before reactivity measurements. A 

mixture of CH4 (20 kPa), NO (1 kPa) and O2 (1 kPa), balanced by He and Ar, was blended in a 

manifold and introduced into the reactor at a total flow rate of 68 µmol s-1. The methane-rich 

condition was chosen to avoid the explosive regime. The effluent from the reactor was analyzed 

by a gas chromatograph (GC) equipped with a barrier discharge ionization detector (Shimadzu 

GC-2010) and a Restek Rt®-U-BOND capillary column (30 m × 0.32 mm i.d. × 10 µm film 

diameter), a GC equipped with a thermal conductivity detector (Shimadzu GC-8A) and a 

molecular sieve 5A column (3 m × 3 mm i.d), and a Fourier transform infrared (FTIR) 

spectrometer (JASCO FT/IR-6100) equipped with a long path (15 cm) gas cell and a mercury-

cadmium-telluride (MCT) detector with a resolution of 4 cm-1. The analytical units were 
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connected in parallel, and the outlet lines and connections were kept at 100 °C to prevent 

condensation of products. Measurements were taken after steady-state conditions were reached at 

the highest temperature and then at decreasing and increasing temperatures to establish catalyst 

stability.  Methane conversion (XCH4) was calculated by dividing the sum of moles of carbon-

containing products to the initial number of moles of methane fed. Total oxygen conversion was 

calculated as the ratio of the moles of oxygen reacted to the moles of oxygen fed. Nitric oxide 

conversion was calculated by dividing the moles of NO2 in the products by the moles of NO fed. 

No N2 was observed to be formed.  Catalytic activities are reported as turnover frequency (TOF) 

based on surface sites counted by oxygen chemisorption (eqn. 1) and HCHO productivity (eqn. 

2): 

 

𝑇𝑂𝐹 [s ] =
  [ ⁄ ] × 

  [ ] ×    [ ⁄ ] 
                                 (1) 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [𝑠 ] =
  [ ⁄ ] × ×  

  [ ] 
                             (2) 

 

Contact-time measurements on VOx/SiO2 and MnOx/SiO2 were carried out by varying the 

total flow rates (68 - 210 µmol s-1) while keeping the reactant gas ratio constant. The total 

pressure was 0.10 MPa, the temperature was 400 °C, and the bed volume was 1.3 cm3. The 

contact time was calculated by: 

Contact time [s] =
   [ ⁄ ] ×   [ ]

  [ ⁄ ]
                     (3) 

Measurements were taken at increasing and then decreasing contact time to be certain the 

catalyst was not deactivating during the course of the measurements. 
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2.6. In situ infrared spectroscopy 

Infrared spectroscopic measurements of VOx/SiO2 and MnOx/SiO2 were collected in situ 

using a Fourier transform infrared spectrometer (JASCO FT/IR-610) equipped with an MCT 

detector. The samples, in the form of self-supporting wafers of diameter 1.0 cm (ca. 11 mg), 

were placed at the center of an infrared flow cell equipped with KBr windows which were 

maintained at 25 °C by a circulation cooler. To minimize gas-phase interference and reduce dead 

volume inside the cell, KBr rods were placed in the free space inside the reactor. Before 

measuring the spectra, the samples were pretreated in flowing 20% O2/He (34 µmol s-1) at 

500 °C for 1 h and then cooled to 400 °C in a He flow (34 µmol s-1). The spectra were recorded 

at 400 °C in the absorbance mode by accumulating 100 scans with a resolution of 4 cm-1 and in 

the region of 4000 - 1000 cm-1. The experiments involved three parts. The first consisted of 

flowing a mixture of 1% NO, 1% O2 and 98% He (68 µmol s-1) over the catalyst with continuous 

monitoring of NOx species formation until saturation was achieved. The samples were then 

purged with He to remove gaseous and weakly adsorbed species before subsequently injecting 

10% CH4 in He (68 µmol s-1) and monitoring adsorbed species until no changes were observed 

in the spectra. The last step consisted of flowing a reaction gas mixture of 10% CH4, 1% NO, 1% 

O2 and 88% He (68 µmol s-1) and monitoring surface intermediates at reaction conditions. 

 

 

3. Results and discussion 

3.1. Catalyst characterization 

Table 1 shows BET surface areas, nominal metal oxide loadings, and calculated surface 

densities. The metal loadings corresponded to the same moles of metal (0.10 mmol g-1) in each 
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sample.  The surface densities are the number of metal atoms per unit surface area of the catalyst 

(MOx atoms nm-2): 

MO  surface density =
 × . ×

× ×
                                             (4) 

In this equation, foxide is the fractional loading of the metal oxide (using the phases in parenthesis 

in column 2 of Table 1 as the basis), SBET is the BET surface area of the catalyst (m2 g-1) before 

reaction, MWoxide is the molecular weight of the oxide (g mol-1), and 1018 is a conversion factor to 

convert m2 to nm2. The surface densities were similar (~0.2 atoms nm-2) and below reported 

monolayer surface coverages (< 2 atoms nm-2) of these oxides on silica [35,39,40]. 

 

Table 1. Metal oxide loading, BET surface area and MOx surface density of supported catalysts. 

Catalyst Metal oxide loading 
/ wt% 

BET surface area 
(SBET) / m2 g-1 

MOx surface density  
/ atoms nm-1 

VOx/SiO2
 0.9 (V2O5) 362 0.17 

CrOx/SiO2 0.8 (Cr2O3) 353 0.18 
MnOx/SiO2 0.9 (MnO2) 313 0.20 
NbOx/SiO2 1.4 (Nb2O5) 348 0.18 
MoOx/SiO2 1.5 (MoO3) 314 0.20 
WOx/SiO2 2.4 (WO3) 328 0.19 

 

Fig. S1 shows the XRD patterns of the catalysts and it can be seen that crystalline metal 

oxide phases were not detected for any of the catalysts, with the XRD patterns resembling that of 

the pure SiO2 support. These results are similar to those reported previously for SiO2-supported 

samples with low MOx surface densities (< 2 atoms of MOx per nm2) [34,39,40], suggesting that 

the supported oxides were highly dispersed.    

 Fig. 1 shows the H2O (m/z = 18) TPR traces for the supported metal oxides. The 

experiments were performed to determine the onset of reduction (Tred) of each catalyst, which is 

indicated by an arrow and corresponds to the lowest temperature at which the mass signal 
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increased sharply. Previous studies have indicated that surface reduction principally takes place 

at this temperature [34,35,40]. Fig. 1 shows that Tred increased in the order: MnOx/SiO2 (225 °C) 

< CrOx/SiO2 (320 °C) < VOx/SiO2 (369 °C) < MoOx/SiO2 (412 °C) < WOx/SiO2 (511 °C) < 

NbOx/SiO2 (588 °C). The trend showed a decrease in Tred moving across the periodic table but an 

increase in Tred moving down. These temperatures were used for oxygen chemisorption 

measurements. The peaks in each trace at temperatures below 600 °C correspond to bulk 

reduction of the oxides, with multiple peaks being attributed to sequential reduction. Features 

above 600 °C likely include contributions from dehydroxylation [40]. All the features above 

400 °C are irrelevant to the work here as they occur above the temperature range for catalyst 

testing.  
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Fig. 1. TPR traces (m/z = 18) for silica-supported metal oxides. 

 

  Table 2 lists the molecular oxygen uptakes and dispersions for the catalysts. The uptakes 

were measured at Tred after pretreatment of the samples at 500 °C for 1 h in flowing 20% O2/He, 

followed by reduction at Tred for 2 h in flowing H2. This procedure has been shown to give a 

reasonable estimate of the number of surface sites on a variety of supported metal oxides [34,35, 

40]. The uptakes (24 - 66 µmol g-1) were used to calculate dispersion by correcting for 
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adsorption on the SiO2 support and by assuming a stoichiometry of one oxygen atom per surface 

metal atom. Using V2O5, Cr2O3, MnO2, Nb2O5, MoO3, and WO3 as bases, the dispersion was 

calculated using the measured O2 uptakes of VOx/SiO2, CrOx/SiO2, and NbOx/SiO2, and twice 

the O2 uptakes of MnOx/SiO2, MoOx/SiO2, and WOx/SiO2. The dispersion ranged from low 

(21%) to high (100%); except for VOx/SiO2, the results suggest the presence of surface oxides, 

which were too dispersed to be visible by XRD.  

 

Table 2. Oxygen uptake on the supported metal oxides. 

Catalyst Tred = Tads
a  

/ °C 
O2 uptake  
/ µmol g-1 

Dispersion  
/ % 

SiO2
b - 13 - 

VOx/SiO2
 369 66 100 

CrOx/SiO2 320 57 84 
MnOx/SiO2 225 36 45 
NbOx/SiO2 588 24 21 
MoOx/SiO2 412 48 67 
WOx/SiO2 511 46 64 

aTred = Tads (temperature used for reduction and O2 chemisorption measurements) 
bResults from 225 °C, 369 °C and 588 °C were averaged  

 

3.2. Raman spectroscopic characterization 

Raman spectroscopy was used to aid in determining the degree of metal oxide dispersion 

on the silica surface. Fig. 2 shows Raman spectra of the samples recorded in air at 30 °C under 

N2 after dehydration at 500 °C.  
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Fig. 2. Raman spectra (λ=488 nm) of the silica-supported metal oxides (a) before and (b) after 
dehydration. 
 

The Raman spectrum of the SiO2 support shows a series of distinct bands, marked with dotted 

vertical lines in Fig. 2a, which are typical of hydrated silica [41]. The band at 986 cm-1, which is 

associated with surface silanol groups, overlaps M=O stretching vibrations assigned to several 

surface metal oxide species [41]. Although this band is not present in the Raman spectra after 

dehydration, the silica sample became highly luminescent, leading to lower spectral quality. 

Nonetheless, comparison between Raman spectra of the MOx/SiO2 catalysts and support are 

informative about the nature of the surface metal oxide species. 

The hydrated VOx/SiO2 sample shows a band at 1020 cm-1 which overlaps the silanol 

band. After dehydration the vanadium modified catalyst showed far less luminescence than the 

silica support, allowing identification of highly dispersed vanadium oxide units on the surface. A 

band at 1042 cm-1 is observed for VOx/SiO2, which is consistent with previous reports of silica 
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with low vanadium loadings [35,41,42,43,44,45,46] corresponding to a vanadyl group (V=O) 

with three bridging siloxy links to the surface.  Bands for crystalline V2O5 were not observed 

[41].  

The hydrated CrOx/SiO2 sample shows a shoulder at 977 cm-1 which overlaps the silanol 

band. The Raman spectrum of the dehydrated CrOx/SiO2 sample shows a band at 989 cm-1 which 

is associated with monomeric CrOx species [47, 48, 49].  No bands associated with α-Cr2O3 are 

observed, which would be expected with higher Cr loadings [47]. 

Before dehydration the MnOx/SiO2 sample shows a band at 660 cm-1 that may indicate 

MnOx clusters on the surface [50,51]. A second band around 615 cm-1 is expected but cannot be 

distinguished from the silica support band at 611 cm-1. After dehydration MnOx/SiO2 shows a 

distinct Raman feature at 615 cm-1 which is assigned to a Mn-O-Si bond vibration [52]. The 660 

cm-1 band become very weak after dehydration. The assignment is therefore somewhat 

ambiguous. Nonetheless, bands associated with bulk crystalline manganese oxides are not 

present [52]. 

Raman spectra of the hydrated NbOx/SiO2 sample appear nearly identical to those of the 

bare SiO2 support. Notably, no Nb2O5 bands are observed [41]. The NbOx/SiO2 sample was 

highly luminescent after dehydration. Given that no SiO2 bands could be observed under these 

conditions, it is unsurprising that bands associated with surface NbOx species could not be 

observed. These would be expected at about 980 cm-1 [53].  

Before dehydration the MoOx/SiO2 sample shows a strong peak at 982 cm-1 overlapping 

the silanol. After dehydration the band shifts to 987 cm-1 and weakens. These bands are typical 

of monomeric molybdenum oxide species [43]. A higher frequency band is expected at higher 
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loadings where oligomeric species are formed on the surface [43,54,55]. No bands related to 

crystalline MoO3 are observed under either set of conditions [41]. 

The Raman spectra of the hydrated WOx/SiO2 sample showed a shoulder at 964 cm-1 and 

a weak band at 796 cm-1 which could be indicative of highly dispersed WOx species [56]. After 

dehydration the sample was highly luminescent. The band expected for highly dispersed 

dehydrated WOx around 980 cm-1 was not observed. Bands associated with crystalline WO3 were 

not observed [41,56].  Overall, the characterization by laser Raman spectroscopy gives evidence 

for the presence of highly dispersed oxidic species on the silica surface.   

3.3. Catalyst activity 

Methane oxidation was studied at ambient pressure between 300 and 400 °C on the 

silica-supported metal oxide catalysts. Table 3 summarizes the activity at 400 °C for each 

catalyst using either O2 or NO+O2 as the oxidant. The CH4 conversions were generally very low 

because of the use of low concentrations of oxidants; a CH4/O2 ratio of 20/1 means the maximum 

conversion is 2.5% if CO2 is the only product.  Notably, when O2 alone was used as the oxidant 

only MnOx/SiO2 showed conversion. Blank measurements with the SiO2 support gave negligible 

activity.  

Table 3 also lists M=O Raman vibrational frequencies for dehydrated samples.  Although 

limited values are available, there is no correlation of these with reactivity as pointed out by 

Haber for methanol oxidation [1].   Fig. 3 shows the CH4 conversion and HCHO selectivity as a 

function of temperature for each of the supported metal oxides using an NO+O2 mixture as the 

oxidant. All measurements of reactivity were done by raising and then lowering the temperature 

and the obtention of smooth curves indicates that there was no deactivation during the 
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experiments.  Methane conversion on MnOx/SiO2 was the highest, followed by that on 

VOx/SiO2, and then on CrOx/SiO2 (Fig. 3a). 

 

Table 3. Reactivity in methane oxidation at 400 °C. 

Samples Oxidant 
CH4 
conv. 
/ % 

Selectivity 
/ % Turnover 

rates / 
×10-3 s-1 

HCHO 
Productivity 

mol 
gcat

-1 h-1 

M=O bond  
vibration 

frequencya 
cm-1 HCHO CO2 

VOx/SiO2 
NO/O2 

0.28 33 67 
1.2 

91 
 

1042 

O2 
<0.001 - - 

- 
- 
 

CrOx/SiO2 
NO/O2 

0.18 0 100 
0.9 

0 
 

989 

O2 
<0.001 - - 

- 
- 
 

MnOx/SiO2 
NO/O2 

0.74 0 100 
2.8 

0 
 

― 

O2 
0.24 0 100 

0.9 
0 
 

NbOx/SiO2 
NO/O2 

0.11 0 100 
0.5 

0 
 

― 

O2 
<0.001 - - 

- 
- 
 

MoOx/SiO2 
NO/O2 

0.045 86 14 
0.1 

38 
 

988 

O2 
<0.001 - - 

- 
- 
 

WOx/SiO2 
NO/O2 

0.045 72 28 
0.1 

31 
 

― 

O2 
<0.001 - - 

- 
- 
 

Conditions:  CH4 (20 kPa), NO (1 kPa) and O2 (1 kPa), balanced by He and Ar at a total flow 
rate of 68 µmol s-1 

a Conditions:  N2, 30 °C, 488 nm laser, dehydrated at 500 °C. 

 

The conversions on NbOx/SiO2, MoOx/SiO2 and WOx/SiO2 were all similar and only 

detectable above 350 °C. During the reactions, CO2 and HCHO were the only carbon-containing 

products observed. The CrOx/SiO2, MnOx/SiO2 and NbOx/SiO2 catalysts gave only CO2, whereas 
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the VOx/SiO2, MoOx/SiO2 and WOx/SiO2 samples produced both CO2 and HCHO (Fig. 3b). The 

results are consistent with the known catalytic chemistry of these samples: the oxides of 

chromium, manganese, and niobium favor total oxidation, whereas the oxides of vanadium, 

molybdenum and tungsten promote partial oxidation [57,58,59].  The HCHO selectivity 

decreased with increasing temperature, likely because of overoxidation.  Past work by Haber 

[11] associated total oxidation with electrophilic oxygen (O2
2-, O2

-, O-) and partial oxidation with 

nucleophilic oxygen (O2-), and this may apply here.  
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3.  Comparison of (a) methane conversion and (b) HCHO selectivity of the supported metal 
oxide catalysts using NO+O2 mixture as the oxidant (CH4:NO:O2:inert = 20:1:1:78) at 0.1 MPa 
and 6000 L kg-1 h-1 space velocity. 

 

Fig. 4 shows CH4 conversion and HCHO selectivity versus temperature using only O2 as 

the oxidant.  In this case, only MnOx/SiO2 showed detectable conversion and only CO2 was 

formed. The results indicate that dissociation of molecular oxygen does not proceed easily on 

these samples at the conditions of this study, and NO addition was important for the increase in 

methane reactivity. This is in general agreement with findings by Fierro and coworkers on 
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V2O5/SiO2 [25,26,60], although in those studies NO was suggested to have acted as a radical 

initiator for gas-phase reactions prevalent at high temperatures (> 600 °C). In the present study 

gas-phase methane reactions were not detected due to the milder conditions used, indicating that 

NO played a different role to that observed by Fierro and coworkers.  Instead, NO reacted with 

O2 in the gas phase to form NO2, which was then able to oxidize CH4.  
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Fig. 4. Comparison of methane conversion and HCHO selectivity of the supported metal oxide 
catalysts using O2 as the oxidant (CH4:O2:inert = 20:1:79) at 0.1 MPa and 6000 L kg-1 h-1 space 
velocity. 

 

Fig. 5 shows the conversions of O2 and NO, and the selectivities of NO to NO2 and N2 as 

a function of temperature during the oxidation of methane on VOx/SiO2 (Fig. 5a) and MnOx/SiO2 

(Fig. 5b) for the same conditions as Fig. 3. Data for CrOx/SiO2, NbOx/SiO2, MoOx/SiO2 and 

WOx/SiO2 can be found in Fig. S2 (SI). The total oxygen conversion (✱) on any catalyst did not 

change appreciably within the entire temperature range. This is because O2 conversion to NO2 

(✚) was offset by O2 conversion to carbon-containing products and water (✖).  The total O2 

conversion hovered around 50% because nearly half of the initial amount of O2 fed was used for 



20 
 

the stoichiometric gas-phase NO oxidation reaction to form NO2 (NO + ½ O2 → NO2) [61,62]. 

The NO conversion (★) decreased with increasing temperature because the NO to NO2 reaction 

is disfavored thermodynamically [32] and because a fraction of NO2 is consumed in the methane 

oxidation reaction.  

During the reaction, the involvement of NO2 in functionalizing methane is evidenced by 

the differences between the results of VOx/SiO2 and MnOx/SiO2. The NO conversion and O2 

conversion to carbon-containing products and H2O changed more appreciably over MnOx/SiO2 

as temperature increased, consistent with the increase in methane conversion. For both catalysts 

NO2 was the only nitrogen-containing product formed from the NO reaction, indicating that 

reduction to N2 did not occur at any temperature on any catalyst (Fig. 5 and Fig. S2). 

Furthermore, full mass balances in nitrogen and oxygen were achieved. Collectively, these 

results indicate a 2NO + O2 ⇌ 2NO2 cycle, which permitted the dissociation of O2 at moderate 

conditions. This is the reason for the higher methane reactivity using the NO+O2 mixture 

compared to O2. The 2NO + O2 ⇌ 2NO2 reaction occurs readily in the gas-phase as demonstrated 

kinetically and thermodynamically [32]. 
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Fig. 5. Oxygen and NO conversion on (a) VOx/SiO2 and (b) MnOx/SiO2 using NO+O2 mixture as 
the oxidant (CH4:NO:O2:inert = 20:1:1:78) at 0.1 MPa and 6000 L kg-1 h-1 space velocity. 

 

Fig. 6 shows the turnover frequencies and HCHO production rates as a function of 

temperature on the metal oxide catalysts using the NO+O2 mixture. The rates were calculated 

with the use of the surface metal atoms from the high temperature oxygen chemisorption 

experiments. The total turnover rates follow the same trend as the CH4 conversion: MnOx/SiO2 > 
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VOx/SiO2 > CrOx/SiO2 > NbOx/SiO2 > MoOx/SiO2 ≈ WOx/SiO2 (Fig. 6a). However, the trend 

cannot be explained by differences in reducibility since it does not track with the order of the 

peak reduction temperature of the oxides. This may be because the oxide-support interaction was 

not primarily responsible for methane activation, or perhaps that reactivity was dependent on the 

activation of both methane and oxygen. The trend appears to follow the positions in the periodic 

table of the transition metal element: elements in the first row and to the right in the periodic 

table were most active. Also, as will be shown in the next section, the difference in reactivity 

could be related to reactivity of surface nitrate species. Fig. 6b shows that the HCHO production 

rates follow the order VOx/SiO2 > MoOx/SiO2 ≈ WOx/SiO2. As noted previously, only redox 

active oxides produced HCHO, which may mean that lattice oxygen is participating in the 

reaction.  Since the catalysts here are surface dispersed oxide species, lattice oxygen here is used 

to denote oxygen that is not adsorbed, and includes oxygen associated with those oxides and 

oxygen forming linkages to the support.  The involvement of lattice oxygen in the oxidation of 

methane has been confirmed by others from isotopic studies [16,63,64]; however, the manner of 

participation may be different with the NO+O2 mixture. Because methane oxidation with only O2 

on VOx/SiO2, MoOx/SiO2, and WOx/SiO2 was negligible, it can be concluded that the lattice 

oxygen had negligible reactivity at ≤ 400 °C. Thus, it is reasoned that lattice oxygen may have 

been involved in the formation of surface nitrate species which subsequently oxidized methane, 

as will be discussed in the next section.  
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Fig. 6. Comparison of (a) turnover frequencies and (b) HCHO production rates for methane 
oxidation over the supported metal oxides using NO+O2 mixture as the oxidant 
(CH4:NO:O2:inert = 20:1:1:78) at 0.1 MPa and  6000 L kg-1 h-1 space velocity. 

 

Reaction sequences may be obtained from contact time measurements [65,66].  Such 

studies of methane oxidation on MnOx/SiO2 and VOx/SiO2 were carried out at 400 °C using the 

NO+O2 mixture as the oxidant. The MnOx/SiO2 catalyst was chosen because it exhibited the 

highest total turnover rate but produced only CO2 and H2O, whereas the VOx/SiO2 catalyst was 

chosen because it displayed the highest HCHO production rate. Fig. 7 shows HCHO and CO2 

selectivities and CH4 conversions versus contact time on VOx/SiO2 (Fig. 7a) and MnOx/SiO2 

(Fig. 7b). As expected, the CH4 conversion increased with increasing contact time on both 

catalysts; however, the product selectivities differed. VOx/SiO2 formed HCHO and CO2, with the 

selectivity to HCHO decreasing from 100% to 36% as contact time increased. In contrast, 

MnOx/SiO2 produced only CO2 over the entire range of measurement, which indicates that Mn 

oxide possesses an inherent deep oxidation activity. Based on these results, reaction schemes for 

the oxidation of methane with the NO+O2 mixture were proposed: (1) VOx/SiO2: CH4 → HCHO 
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→ CO2; and (2) MnOx/SiO2: CH4 → CO2. It is important to note that these sequences are 

empirical because the formation of methanol as a primary product cannot be ruled out 

unambiguously due to its high reactivity under these conditions.  
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Fig. 7.  Effect of contact time for the methane oxidation on (a) VOx/SiO2 and (b) MnOx/SiO2 
using NO+O2 mixture (CH4:NO:O2:inert = 20:1:1:78) at 400 °C and 0.1 MPa.  

 

A substantial amount of work has been reported on the oxidation of methane by a variety 

of solid catalysts and oxidants, and the topic has been reviewed recently [67,68]. The catalysts 

include vanadium oxide, molybdenum oxide, and metal-exchanged zeolites, and the oxidants 

include O2, N2O and H2O2. The studies with O2 were conducted often at high temperature (> 

550 °C) and continuous conditions [20,69], those with N2O were performed typically at 

moderate to high temperature (300 - 600 °C) and also continuous conditions [70,71] or at low 

temperatures (< 300 °C) using a stepwise operation [72,73], and those with H2O2 were carried 

out mostly at low temperatures (<100 °C) in the liquid phase [74,75]. Unfortunately, the 
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substantial differences in conditions make direct comparisons difficult, and only a few 

investigations were conducted at the conditions of this study. For the relevant studies, the results 

are compared to the present work based on turnover frequency (TOF, mol molsurf
-1 s-1 or 

simplified as s-1). This is because the TOF represents the most fundamental comparison of 

intrinsic partial oxidation activity. The comparisons are shown in Table S2. The TOF over 

VOx/SiO2 (3.8 × 10-4 s-1), MoOx/SiO2 (1.1 × 10-4 s-1), and WOx/SiO2 (9 × 10-5 s-1) in this work 

compares favorably to literature reports on Fe-ZSM-5 (5.6 × 10-5 s-1) [76], Fe/Ferrierite (7.0 × 10-

5 s-1) [77], FePO4 (4.5 × 10-3 s-1) [70], FePO4/MCM-41 (8.7 × 10-5 s-1) [70], and H-Cu-SSZ-13 

(3.2 × 10-5 s-1) [78] using N2O, and FeCu/ZSM-5 (3.9 × 10-6 s-1) [79] using H2O2. In contrast, the 

TOF was one to two orders of magnitude lower than that on FePO4 using O2 [80] and N2O 

[70,80] and was substantially lower than on Li/MgO using O3 [81]. These latter studies were 

either conducted in the explosive regime [80] or with high concentrations of expensive oxidant 

[70], or were aided by substantial contributions from gas-phase reactions [81]. Hence, the results 

from the present work are promising, particularly because they were achieved with O2 as the 

ultimate oxidant, whereas the rates from the cited works were obtained with activated oxidants. 

This is consistent with results from our recent work on Pt/Y2O3 [30, 31].  

 

3.4. In situ Fourier transform infrared spectroscopy (FTIR) analysis 

Infrared spectra of the VOx/SiO2 and MnOx/SiO2 samples were obtained in situ during 

exposure to various gases at 400 °C in order to characterize adsorbed species and explain 

differences in reactivity. As with the contact time measurements, these two samples were 

selected as representative catalysts for deep oxidation (MnOx/SiO2) and partial oxidation 

(VOx/SiO2). The experimental sequence consisted of dosing the catalysts with a gas mixture (1% 
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NO and 1% O2 in He) until saturation occurred, purging with He, introducing 10% CH4 in He for 

30 min, purging with He, feeding a reaction gas mixture (10% CH4, 1% NO, 1% O2 in He), and 

purging with He. These steps allowed the study of adsorbed NOx species and their reactivity, as 

well as the study of surface intermediates at reaction conditions. All spectra are shown here with 

subtraction of the catalyst background.  

Fig. 8 shows a series of spectra during NO+O2 adsorption on the VOx/SiO2 (a) and 

MnOx/SiO2 (b) catalysts as a function of time. The spectra were similar, with bands appearing 

after about 10 min of exposure: a weak doublet at 1630 and 1602 cm-1 and a more intense 

doublet at lower wavenumbers that reached maximum intensity after ca. 25 min. The weak 

doublet can be assigned to NO2 adsorbed on SiO2, which has been observed on a wide variety of 

systems, according to a comprehensive review by Hadjiivanov and coworkers [82]. The more 

intense doublet is likely associated with the metal oxides and the silica, although unambiguous 

assignment is complicated by a combination of scant infrared data for silica-supported metal 

oxides and large disagreements in the assignments of the available literature data for other 

systems [82]. The doublet is probably due to ionic NOx nitrate species (NO3
-) since they are 

considered to be the most stable species formed after NO+O2 co-adsorption on various oxides 

[82]. According to previous studies, surface nitrates are formed via the replacement of a 

monovalent surface anion by NO3
-, through the oxidation of a surface cation (Mn+ + NO2 +1/2 O2 

→ M(n+1)+-NO3
- or Mn+ + NO + O2 → M(n+1)+-NO3

-), or via the oxidation of adsorbed nitrites by 

reactive oxygen species as follows (NO2
- + O2- → NO3

- + 2e-) [82,83,84,85,86]. Thus, it is 

suggested that the lower wavenumber peaks of the doublets (1389 and 1363 cm-1 for VOx/SiO2 ) 

and (1399 and 1356 cm-1 for MnOx/SiO2) corresponds to monodentate nitrates formed by 

adsorption of NO2 on the supported metal oxide and the higher wavenumber peak of the doublets 
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(1389 cm-1 for VOx/SiO2 and 1399 cm-1 for MnOx/SiO2)  is due to monodentate nitrates formed 

on the bridging oxygen between the metal oxide and silica (M-O-Si). The adsorption of NO2 is 

weak on SiO2 and results in bands at 1686 and 1745 cm-1, which disappear after evacuation [87].   
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Fig. 8. In situ FTIR spectroscopy results for NO+O2 adsorption on (a) VOx/SiO2 and (b) 
MnOx/SiO2 with increase in time. Conditions: Flow of NO+O2 (NO:O2:He = 1:1:98, 68 µmol s-1) 
at 400 °C.  

 

Fig. 9 shows adsorbed NOx species on (a) VOx/SiO2 and (b) MnOx/SiO2 at various 

conditions. The sequence of measurements is from bottom to top, starting with (1) spectra taken 

in He of adsorbed species after NO+O2 exposure, followed by (2) spectra after CH4 introduction, 

then (3) spectra in He after the CH4 exposure, then (4) spectra during CH4, NO, and O2 reaction, 

and finally (5) spectra in He after the reaction. Fig. S3 shows the same figure at an extended 

scale. It is not possible to see bands corresponding to M-O and M-O2 bonds, which would have 

appeared at wavenumbers below the cutoff region for oxides due to self-absorption [87]. The 

weak doublet due to adsorbed NO2 on SiO2 is not visible on the spectra taken in He, consistent 

with findings that the bands disappear easily after evacuation or purging with inert gas [82]. In 

contrast, the doublet for the monodentate nitrate species can be observed on both catalysts at all 
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conditions, although with some notable differences in peak intensities depending on the 

atmosphere.  

The reaction of monodentate nitrate species on the metal oxides with CH4 is evident 

from the appreciable decrease of the areas upon the introduction of CH4 (Nos. 1 and 2). The 

decrease was more pronounced on MnOx/SiO2, consistent with the higher reactivity of methane 

discussed earlier.  There was little change with He (No. 3).  However, there was an increase in 

the areas of the nitrates during the flow of 10% CH4, 1% NO and 1% O2 in He (No. 4), likely due 

to contributions from weakly adsorbed species. The lack of measurable consumption of the 

nitrates even in the presence of CH4 in this step reflects the low reactivity in the methane 

reaction. Recall from Table 3 that CH4 conversion on these catalysts was low (0.28% on 

VOx/SiO2 and 0.74% on MnOx/SiO2 at 400 °C).  The areas were restored after reintroduction of 

the NO+O2 mixture and purging with He (No. 5), confirming the consumption of the nitrates 

during the CH4 exposure. 

To better quantify the changes, the doublet bands were deconvoluted and are shown in 

Fig. S4 with the integrated areas reported in Table S3.  For the MnO2/SiO2 catalyst the 

deconvoluted spectra show that for the 1399 cm-1 high wavenumber peak there is a substantial 

decrease in the integrated area in going from (1) NOx in He to (2) NOx in CH4 (decrease in area 

is 83%), indicating that the NO2 associated with that wavenumber is being consumed by reaction 

with CH4.  For the 1356 cm-1 low wavenumber peak there is a much smaller decrease in the 

integrated area (decrease is 20%).  For the VOx/SiO2 catalyst the corresponding decreases in area 

of the 1389 cm-1 high wavenumber peak and the 1363 cm-1 wavenumber peak are respectively 

14% and 13%, so there appears to be no preferential use of either NO2 species in partial 

oxidation.  It is important to state that during the CH4 exposure only the vibrational band due to 
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gas-phase CH4 was observed at 3010 cm-1 (Fig. S3); no peaks due to methyl or methoxy groups 

were observed in the C-H region. This suggests that these species were highly reactive under the 

NO+O2 mixture, in agreement with our previous studies [30,31].  
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Fig. 9. In situ FTIR spectroscopy results for the reaction of adsorbed NOx species on (a) 
VOx/SiO2 and (b) MnOx/SiO2 with CH4 at 400 °C. Conditions: (1) under He after flow of 
NO:O2:He = 1:1:98 (68 µmol s-1), (2) under flow of 10% CH4 in He (34 µmol s-1) for 30 min, (3) 
under He after flow of CH4, (4) under flow of CH4:NO:O2:He = 10:1:1:88 (68 µmol s-1) for 30 
min, and (5) under He after the CH4+NO+O2+He reaction. 
 

 
On the basis of the results in this study and previous information on the mode of adsorbate 

bonding in oxidation reactions [88, 89], a reaction scheme is proposed for the selective oxidation 

of methane on VOx/SiO2 (Fig. 10).  The vanadium species is an isolated vanadyl with three 

bridging siloxy bonds to the surface, as well established [35,42,43,44].  Interaction with a gas 
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phase NO2 molecule produces a monodentate nitrate species which is the predominant adsorbed 

form with a characteristic band at 1363 cm-1.  One possibility for reaction is for the monodentate 

nitrate to rearrange to a reactive bidentate nitrate (Fig. 10).  This species can add methane, 

simultaneously releasing NO, which likely drives the reaction energetically.  The resulting 

methoxy species can undergo α-hydride elimination to vanadium and through electron 

rearrangement to form formaldehyde.  In a final step the catalytic center would be reoxidized by 

an oxygen equivalent, possibly derived from the reaction of two adjacent reduced vanadyl groups 

(not shown).  The suggested pathway involves standard organometallic reactions and is 

reasonable for several reasons:  a) there is formation of a methoxy group rather than a methyl 

group (C-O-M groups are more likely to yield selective oxidation products than C-M groups 

[89]), b) the methoxy group that is formed binds to a vanadium center rather to a siloxy group 

(leading to facile α-elimination), c) an OH group is formed on Si (leading to facile H2O 

formation), d) the known chemistry of VOx occurs because the oxygen involved in formaldehyde 

formation is a lattice oxygen atom (not adsorbed oxygen). Note that monodentate nitrate could 

form on the bridging oxygen atom not the terminal oxygen atom and a similar sequence of steps 

could be derived.  It should also be recognized that this is by no means the only possible reaction 

route.  For example, the nitrate could react with methane by abstracting a hydrogen atom and 

producing a methyl radical.  Nevertheless, the suggested sequence provides an accounting of the 

major results of this study and is consistent with past results from the literature. 
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Fig. 10. Possible scheme for the formation of HCHO during the CH4 partial oxidation by NO + 
O2 involving the terminal V=O bond and the Si-O-V bond  

 

 

4. Conclusions 

Methane oxidation using either O2 or an NO+O2 mixture as oxidants was studied over a 

series of transition metal oxides (VOx, CrOx, MnOx, NbOx, MoOx, and WOx) supported on silica 

at atmospheric pressure and temperatures ranging from 300 to 400 °C. Raman spectroscopy and 

oxygen chemisorption indicated that the metal oxides were in a highly dispersed state on the 

silica support.  Negligible CH4 conversion was obtained using only O2 on all of the catalysts 
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except for Mn, which reflected the difficulty of O2 dissociation at these conditions. Conversely, 

detectable CH4 conversion was observed using the NO+O2 mixture on all catalysts. This was 

rationalized by an NO-mediated O2 dissociation process through the facile formation of NO2. In 

situ FTIR spectroscopy indicated that the reaction proceeded through the formation of a 

monodentate nitrate species, which may have originated from an interaction between adsorbed 

NO2 and a surface oxygen atom from the metal oxide (probably O2-). The surface nitrate species 

were the likely reactive intermediates to functionalize methane. The product selectivities from 

temperature-dependent reactivity measurements were consistent with the known chemistry of the 

metal oxides: the oxides of chromium, manganese, and niobium gave selectivity to only CO2, 

whereas the oxides of vanadium, molybdenum, and tungsten gave selectivity to CO2 and HCHO. 

Contact time measurements with representative samples for partial oxidation (VOx/SiO2) and 

complete oxidation (MnOx/SiO2) gave further evidence of their intrinsic oxidation properties.    
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