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A B S T R A C T

The conversion of ethane to ethylene by steam cracking is an energy-intensive process that also produces sig
nificant global warming CO2 emissions. An alternative process that is not as energy-intensive and produces 
significantly less CO2 emissions is the oxidative dehydrogenation of ethane to ethylene by the bulk MoVNbTe 
mixed oxide catalyst. This paper reviews the current understanding of this catalytic reaction system to determine 
the nature of the bulk and surface phases of this important catalytic reaction. Although the crystalline M1 phase 
represents the bulk active phase, much is still unknown about the catalytic active surface sites of the M1 phase 
under reaction conditions. This review extensively examines the reported studies to date and outlines the ex
periments still needed to establish a fundamental structure-activity/selectivity relationship for this catalytic 
system that will guide the development of improved catalysts.

1. Introduction

Ethylene has become one of the most essential building blocks in the 
petrochemical industry [1,2] since its discovery over three centuries ago 
[3]. Both the global production and market size of ethylene have been 
on the rise and will keep increasing as the most produced petrochemical 
feedstock [4–9]. America and China have dominated the global ethylene 
production, and the worldwide market has been growing at ~3 % per 
year [1,6]. About 80 % of the produced ethylene is utilized in the 
manufacturing of commercially essential chemicals [1] (intermediate 
polymers (polyethylene, polystyrene, polyvinylchloride) [9–11], func
tionalized hydrocarbons (ethylene glycol, acetaldehyde, ethanol, 
dichloroethane) [1,2,12], higher olefins and liquid fuels [12–14], and 
many other products [15–17]).

Conventionally, steam cracking of ethane has been widely employed 
to produce ethylene [1,13,18,19]. However, this process requires an 
elevated operational temperature (~900 ◦C) due to the endothermic 
nature of ethane dehydrogenation [13,20–22]. As a result, steam 
cracking is susceptible to deactivation by coking of the reactor tubes [1, 
18,20] and significant emission of greenhouse gases [18,20,23]. The 

amount of ethane utilized in America to produce ethylene has increased 
more than two-fold since 2010 due to the growth of shale-based natural 
gas [24–27] and is projected to further expand by ~40 % by 2030 [24, 
26–29]. In order to meet the future production demands for ethylene, 
the oxidative dehydrogenation of ethane (ODHE) presents several 
competitive advantages over traditional ethane dehydrogenation. These 
include lowered thermodynamic barrier (less energy intensive) [13, 
30–36], minimized coke formation [37–39], reduced environmental 
impact [30,37–39], and alignment with several of the United Nation’s 
2030 sustainable development goals [40]. These goals include ensuring 
a healthy living environment against hazardous chemicals and air 
pollution (goal 3), promoting advancements in clean and 
energy-efficient technologies (goal 7), and combating climate change 
and its adverse impacts on society (goal 13).

From an industrial perspective, realistic commercialization of ODHE 
reaction requires the ethane conversion higher than 65 % [38,41], which 
is higher than the typical steam cracking process (Fig. 1), and the 
ethylene yield between 65 % and 70 % [41,42]. Many different types of 
catalysts have been proposed for the ODHE reaction since the first ODHE 
publication [43]: supported vanadium oxides [30,44,45], supported 
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molybdenum oxides [46–48], bulk mixed metal oxides [38,49–53], 
supported nickel and cobalt oxides [54–56], supported alkali oxides and 
alkali chlorides [57–59]; supported rare earth metal oxides [60–62]; and 
other combinations [63–65]. Gaffney et al. have compared different 
ODHE catalysts and showed that, among these catalysts, the bulk M1 
phase of the crystalline MoVNbTe mixed oxide catalyst possessed 
impressive ODHE catalytic performance in terms of high ethylene 
selectivity and good ethane conversions [66]. Fig. 1 demonstrates some 
of the best-performing catalysts and compares them with a typical steam 
cracker’s catalytic data. At C2H6 conversions lower than 60 %, the bulk 
phase of MoVNbTe mixed oxide catalyst exhibits high selectivity to 
ethylene (more than 90 %), but this tends to drop slightly as ethane 
conversion increases. The negative correlation between ethane conver
sion and ethylene selectivity presents challenges for future studies since 
the industrial level of commercialization requires high ethane conver
sion (>65 %).

Most reported ODHE studies have characterized the bulk M1 phase 
under ambient conditions using bulk- and surface-sensitive techniques. 
Only limited in situ and operando spectroscopy information under ODHE 
operating conditions has been reported, which hinders efforts to estab
lish structure-activity/selectivity relationships of the complex bulk M1 
phase for the ODHE reaction. Furthermore, most of the research studies 
focused on propane (amm)oxidation to acrylonitrile and acrylic acid 
that was confirmed to have distinctive catalytic properties different from 
ODHE (e.g., activation energy, pre-exponential factor, rate constant, 
optimal operating temperature range, selectivity of the desired product) 
[13,31,82–84]. Consequently, the literature findings from propane 
oxidation are not directly transferable to ODHE. This paper summarizes 
and critically analyzes the progress of the bulk MoVNbTe mixed oxide 
(M1 phase) catalysts for ODHE. The findings reveal that much of the 
fundamental understanding of the bulk MoVNbTe mixed oxide M1 
phase catalyst, bulk and surface phases, is still unknown [32,85] and the 
determination of the dynamics of the catalytic active sites is critical to 
guide the rational design of the bulk MoVNbTe mixed oxide (M1) 
catalyst.

2. Current understanding of the M1 phase of MoVNbTe mixed 
oxide system

2.1. Synthesis and crystalline bulk structure

The slurry method (SL) [69,73,84,86–97] and hydrothermal method 
(HT) [53,74–77,79,80,92,97–113] are the preferred approaches to 
synthesize the bulk MoVNbTe mixed oxide catalysts. The mixing pro
cedure, drying method, and calcination conditions significantly impact 
the bulk and surface structures of MoVNbTe mixed oxide catalysts 
[114]. The final pH of the slurry also influences the formation of the 
crystalline phases after heat treatment [115]. Regarding the precursors 
for V incorporation, ammonium metavanadate was preferred for the SL 
[84,94–96] while vanadyl sulfate was preferred for the HT [76,77,92, 
102–104,107,112,113]. During the SL, after the precipitation or evap
oration of water from the aqueous mother liquor, calcination in air and 
subsequent annealing under an inert environment resulted in MoVNbTe 
mixed oxide catalysts with several desired (crystalline M1) and unde
sired phases (crystalline M2 and other bulk phases) [84,95]. The HT is 
superior to the SL since it promotes interactions among the metal ions 
and facilitates rapid formation of the desired crystalline structure (e.g., 
the crystalline M1 phase) [74,101,110]. In some instances, preparation 
of the M1 phase by HT was reported to yield catalysts with an order of 
magnitude higher surface area of ~50 m2/g [74,99,106,109], which 
was attributed to the effect of oxalic acid post-treatment following the 
hydrothermal synthesis step [74,99]. Generally, the literature has 
concurred with the importance of including oxalic acid before [92,106, 
109] or after [74,99] the autoclave treatment to obtain the bulk cata
lysts with higher surface area. Otherwise, the bulk MoVNbTe mixed 
oxide catalysts synthesized by the conventional SL [73,86,88,90–92]
and the oxalic acid-free HT [53,74,75,87,89,92,98,100,102] possess low 
surface areas (<30 m2/g), which limits the types of characterization 
instruments that can be used for their investigation.

The synthesized bulk MoVNbTe mixed oxide catalysts contain two 
main bulk crystalline structures, M1 and M2 phases, and other second
ary bulk crystalline phases: V/Nb-substituted Mo5O14 [52,53,68,74,116, 
117], MoO3 [103,118,119], TeMo5O16 [53,94,103,116,118–122], and 
even metallic Te after extended operation [71,74,123]. The morphology 
of the M1 crystals consists of flattened [124] and needle-like [96,124]
particles having channels that are 0.4–0.6 nm in diameter [117,124]. 

Fig. 1. Comparison of catalytic performance of ethane steam cracker (hydrogen, methane, heavier hydrocarbons as byproducts) and the literature-reported best- 
performing bulk MoVNbTe mixed oxide catalyst, which are heated-treated at 600 ◦C under inert gas, for ODHE in terms of ethane conversion and ethylene selectivity, 
constructed from literature data points [67–81]. The data points are color-coded, reflecting different operating temperatures.
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The crystalline bulk structure of the (001) facet of the M1 phase is shown 
in Fig. 2 [124]. The orthorhombic M1 phase (Pba2), which has the 
formula Te2M20O57 (M = Mo, V, Nb), consists of pentagonal rings con
nected by corner-sharing MO6 octahedrons (M = Mo, V) to form hex
agonal and heptagonal rings with the Te-O units [68,116,120,124–129]. 
The hexagonal and heptagonal channels have pore diameters of 0.47 nm 
and 0.58 nm, respectively [69]. The Nb5+ atoms preferentially occupy 
the pentagonal rings (S9 sites) and are surrounded by a combination of 
Mo6+ and V5+ atoms [102,116,130]. The hexagonal and heptagonal 
rings are composed of assorted Mo5+/6+ and V4+/5+ atoms surrounding a 
single Te4+ atom (S12 and S13 sites) [124,128,129]. Recent studies have 
shown that vanadium atoms preferentially occupy the following bulk 
sites in the order: S2 > S3 > S7 > S4 ≈ S1 [117,131–133].

The bulk M2 phase (Pmm2) can also be present, which corresponds 
to Te0.33MO3.33 (M=Mo, V, Nb), and is composed of pseudo-hexagonal 
rings hosting Te-O units without any pentagonal or heptagonal rings 
[116,117,120,126–129] as illustrated in Fig. 3. Two structural features 
differentiating the M2 phase from the M1 phase are the lack of the 
pentagonal bipyramidal structure whose center contains an Nb5+ atom 
[102] and the absence of the V5+ centers [120] in the M2 bulk structure. 
The performance of the bulk MoVNbTe mixed oxide catalyst was 
initially proposed to be associated with the presence of the M2 and 
metal-substituted Mo5O14 phases [41,52,53,68], even though these 
species only exist as minor components in the highly active catalysts. 
Subsequently, the M1 phase was shown to be the most probable source 
of catalytic activity [41,52,66,68,69,86,89,102,117,120,134,135]. 
Therefore, the pure bulk M1 phase is preferably obtained from hydrogen 
peroxide and oxalic acid treatments to remove the M2 phase and other 
secondary metal oxide phases [74,135–137]. Later studies have found 
post-treatment with nitric acid to be sufficient for the purification of the 
M1 phase in the synthesized bulk catalyst [77,79,80,138] due to concern 
with the loss of surface vanadium by oxalic acid treatment [74].

2.2. Bulk spectroscopic characterization

Details of the bulk electronic structures and local symmetries asso
ciated with the molecular orbital energies and occupancies are acces
sible with X-ray Absorption Near-Edge Spectroscopy (XANES). The bulk 
oxidation states of the MoVNbTe mixed oxide catalysts, prepared by 
both SL and HT, have been determined using XANES, but not under 
ODHE reaction conditions [94,122,130,139–141]. The ex situ XANES 
data under ambient conditions revealed that the bulk M1 phase (HT) 
contains Nb5+, Te4+, Mo6+, and V4+ [130,140]. Confirmation of the 
presence of V4+ in the bulk MoVNbTe mixed oxide catalysts is with 
complementary Electron Paramagnetic Resonance (EPR) studies of both 
SL and HT catalysts [92,139]. Several ex situ XANES studies suggested 

that the average valence state of V in the M1 phase (SL and HT) is 
4 + and accompanied by a small fraction of V5+ [122,130,139]. 
Furthermore, XANES results of SL and HT bulk catalysts demonstrated 
that only a small fraction of the bulk Mo6+, V4+, and Te4+ cations un
dergo redox under oxidative (O2) and reducing (H2) conditions [130, 
139–141]. Comparing the XAS absorption edges of the bulk M1 phase 
(HT) and the Nb2O5 reference (Nb5+), the valence state of Nb was found 
to remain at the highest oxidation state of 5 + upon switching between 
10 % O2/He (oxidative) and 4 % H2/He (reducing) environments [140], 
suggesting it may not readily undergo redox. In situ XANES studies of the 
bulk M1 phase are only available under propane oxidation reaction 
conditions, not ODHE.

The HT bulk M1 structure is preserved, before and after heating at 
400 ◦C under 0.9 mbar ethane oxidation (C2H6/O2/He = 30 %/20 %/ 
50 %) reaction conditions [123], as observed with Environmental 
Scanning Transmission Electron Microscopy (ESTEM). A High-Angle 
Annular Dark-Field (HAADF) STEM study of the Nb-free HT bulk 
MoVTe mixed oxide catalyst found that the bulk M1 structure, despite 
the absence of Nb cations, maintained its bulk structural integrity under 
various environmental conditions (including ultra-high vacuum (UHV), 
reduction by C2H6, and 1 mbar under a propane reaction mixture 
(O2/C3H8/He = 30 %/15 %/55 %) [142]. Although these studies have 
shown the M1 bulk structure to be relatively stable, the complex dy
namic catalyst changes at the atomic level and the thin surface active 
layer (~1nm) model cannot be dismissed.

X-ray Diffraction (XRD) has been extensively used to detect the 
contributions from various crystalline phases present in the bulk 
MoVNbTe structure, but only under ambient conditions [52,53,67–69, 
71,73–75,78,81,84,86,88–107,109–112,114–119,121,122,124–127, 
130,132,134–166]. The bulk M1 phase (ICSD 55097, PDF 
00–058–0789) has XRD diffraction lines at 2θ = 6.6◦, 7.7◦, 8.9◦, 22.1◦, 
and 27.1◦, while the XRD peaks of the bulk M2 phase (ICSD 55098, PDF 

Fig. 2. Crystalline bulk structure of the (001) facet of the M1 phase [124]. 
Adapted with permission from reference [124]. Copyright 2016 John Wiley 
and Sons.

Fig. 3. Schematic representation of the refined structural models of the bulk 
M2 phase (Mo4.31V1.36Nb0.33Te1.81O19.81) as 2 × 2 unit cell model [95]. 
Adapted with permission from reference [95]. Copyright 2006 Elsevier.
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00–057–1099) are located at 2θ = 22.1◦, 28.1◦ and 36.2◦ [74,75,78,81, 
91,98,99,101,138,147,156,166]. An in situ XRD study by Svintsitskiy 
et al. examined a SL bulk M1 phase [167] under an ethane-reducing 
environment (C2H6/He = 8 %/92 %), revealing initial degradation of 
this M1 bulk structure, indicating the formation of the bulk MoO2 phase 
(Mo4+), starting from 520 ◦C to complete disintegration at 560 ◦C. 
Although XRD is an excellent tool to characterize the crystalline phases 
present in the bulk MoVNbTe mixed oxide catalysts, their surface dy
namics can only be obtained through surface-sensitive techniques (see 
Section 2.3).

Raman is a complementary characterization tool to XRD to probe the 
presence of crystalline V2O5, MoO3, TeO2, and Nb2O5 nanoparticles 
given Raman’s strong sensitivity to these crystalline metal oxide phases. 
The bulk M1 phases prepared by both SL [69,71,84,95,144–146,168]
and HT [81,87,102,126,138,147,148,169] have been examined with 
Raman spectroscopy. However, in situ Raman measurements under 
ODHE are not readily available. For example, the in situ Raman spectra 
for the bulk MoVNbTe mixed oxide catalyst prepared by HT appear in 
Fig. 4. The Raman spectra of the bulk binary M0.6V1.5Ox (black line) and 
bulk MoO3 (blue line) are compared in Fig. 4, indicating that the 
structure of the bulk M0.6V1.5Ox resembles a distorted MoO3 structure, as 
evidenced by the Raman bands at 865 cm− 1 and 980 cm− 1 instead of 
812 cm− 1 and 993 cm− 1, respectively. The higher vibrational contri
bution of bulk molybdena phase than bulk vanadia phase to the Raman 
spectrum of the bulk Mo0.6V1.5Ox phase is related to the more prominent 
Raman scattering cross-section of MoO3 than V2O5 [87]. The Raman 
band at 865 cm− 1 has been associated with asymmetric vibrations of the 
bridging Mo-O-Mo and Mo-O-V stretching modes [69,81,84,87,138] and 
the shoulder band at 980 cm− 1 has been assigned to the vibrations of 
terminal Mo––O and V––O stretching modes [69,81,87,126,138]. Upon 
increasing the Mo/V ratio (black line to red and green lines in Fig. 4), 
however, a reduction in the relative Raman intensity of the 980 cm− 1 

vibration was observed [87], indicating that this band is possibly asso
ciated with V––O vibrations. As the Mo/V ratios were increased for the 
corresponding bulk tertiary Mo1V0.5Te0.16Ox (red line in Fig. 4) and 
quaternary Mo1V0.3Te0.16Nb0.12Ox (green line in Fig. 4) catalysts, their 
Raman spectra did not experience a significant change compared to that 
of the bulk binary catalyst. This is due to the overwhelming Raman 
scattering cross-section of the Mo-O vibrations and the analogous bulk 

molybdenum oxide structures present in these catalysts. The additional 
910 cm− 1 shoulder band in the Raman spectrum of the bulk Mo1V0.5

Te0.16Ox catalyst, compared to that of the bulk M0.6V1.5Ox catalyst, is 
associated with the incorporation of Te cations into the catalyst’s 
framework [95,149]. A weak shoulder at ~800 cm− 1 was present in the 
Raman spectrum of the bulk quaternary Mo1V0.3Te0.16Nb0.12Ox, unlike 
those of bulk Mo0.6V1.5Ox and bulk Mo1V0.5Te0.16Ox that can be asso
ciated with a trace amount of MoO3 nanoparticles, given the sharp band 
of crystalline MoO3 nanoparticles at 812 cm− 1. The absence of sharp 
Raman bands from separate crystalline V2O5, TeO2, and Nb2O5 phases 
[87,95,150] in the Raman spectrum of bulk Mo1V0.3Te0.16Nb0.12Ox 
confirms the incorporation of these metal oxides into the catalyst bulk 
mixed oxide structure.

Most of the reported Raman spectra from the bulk MoVNbTe mixed 
oxide catalysts correspond to ambient conditions. The bulk MoVNbTe 
mixed oxide catalysts synthesized by the SL [69,71,84,146] and HT [81, 
102,126,138,147,148] procedures exhibit the same Raman spectrum: an 
intense band at ~875–880 cm− 1 coupled with two weaker shoulder 
bands at ~800–820 cm− 1 and 980 cm− 1. Comparison between the 
ambient Raman spectra of the bulk M1 and M2 phases [69] revealed that 
these bulk structures are indiscernible using only vibrational Raman 
spectroscopy. Consequently, it is necessary to collect both the Raman 
and XRD spectra to confirm if both of these phases co-exist in the 
structure of the bulk MoVNbTeOx catalyst. In situ Raman measurements 
under propane oxidation reaction conditions (C3H8/O2 = 6/1–1/1) 
demonstrated the bulk stability of the quaternary Mo1.0V0.3Te0.16N
b0.12Ox catalyst under propane reactive environments where there is no 
overall increase in the oxidation state [87]. Despite the current progress, 
in situ and operando Raman data under ODHE conditions for MoVNbTe 
mixed oxide in the literature are still rare, and the relationships between 
the crystalline MoO3 and V2O5 nanoparticles and ODHE activity also 
require further investigation.

2.3. Surface spectroscopic characterization

Low-Energy Ion Scattering (LEIS) spectroscopy monitors the 
elemental composition of the outermost surface atoms (~0.3 nm) and 
the depth profile of atoms below the outermost surface when combined 
with sputtering, but requires an UHV environment. Guliants et al. 

Fig. 4. In situ Raman spectra of bulk Mo0.6V1.5Ox, Mo1.0V0.5Te0.16Ox, Mo1.0V0.3Te0.16Nb0.12Ox under dehydrated conditions at 350◦C. The Raman spectra of the bulk 
MoO3 and V2O5 metal oxides are included for reference [87]. Adapted with permission from reference [87]. Copyright 2005 American Chemical Society.
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reported High Sensitivity-LEIS (HS-LEIS) data showing the depletion of 
V (-23 %) and Mo (-27 %) and the enrichment of Te (+165 %) and Nb 
(+55 %) in the outermost surface layer of their HT bulk MoVNbTe 
mixed oxide catalyst [151,152]. The elemental composition of the 
topmost surface layer remained relatively the same before and after heat 
treatment at 400 ◦C under UHV. Sanfiz et al. conducted a 
High-sensitivity LEIS (HS-LEIS) experiment under UHV to examine their 
SL bulk MoVNbTe mixed oxide catalyst [153]. The surface composition 
of the catalyst changed after exposure of the SL catalyst to propane 
oxidation: Te was surface-enriched, V was surface-depleted, and the 
surface Mo and Nb concentrations remained the same as in the bulk 
phase [153].

The comparison of reported bulk and surface compositions of the 
bulk MoVNbTe mixed oxide catalysts from the literature appears in 
Table 1. The XPS analyses of the surface region (~1–3 nm) of the 
crystalline MoVNbTe (M1 phase) synthesized using SL [135,139] and 
HT [74,78,98,99,118] under UHV conditions show that mixtures of 
V5+/V4+ and Te6+/Te4+ oxidation states were present in these bulk 
catalysts [74,78,98,99,118,135,139]. The percentages of surface V5+

over total surface vanadium contents were quantified by UHV XPS to 
vary from 22.5 % to 65.8 % [73,75,78,98,99,118]. Meanwhile, one XPS 
study showed that surface Te4+ accounted for the majority (65.4 %) of 
total tellurium present on the surface under UHV conditions [99]. Other 
XPS studies under UHV environments also reported detecting mixtures 
of Mo5+/Mo6+ [135,139,154]. Specifically, a small fraction of surface 
molybdenum (6–12 %) was shown to exist in the reduced state (Mo5+) 
[135,139,154]. Surface niobium was present as Nb5+ in all UHV XPS 
studies. Comparison of the EDS/ICP bulk and UHV XPS surface com
positions revealed that V is depleted in the surface region relative to Mo 
[68,73–75,86,98,118,126,135,139,141,154]. Contradictory data have 
been reported about surface enrichment/depletion of Te and Nb in 
comparison to Mo, with more frequent reports of surface-enriched Te 
and Nb concentrations [43,68,74,75,98,118,126,135,139,154]. The 
above XPS studies, however, employed UHV conditions where surface 
cations can be reduced by stimulation of the exciting X-rays and ejecting 
electrons [170] that should minimize under reactive environments 
[171]. Thus, the interpretation of XPS measurements collected under 
UHV conditions requires extreme care.

The development of Near-Ambient Pressure XPS (NAP-XPS) has 
allowed researchers to close the gap between UHV and reaction 

conditions. The dynamic nature of the surfaces of mixed metal oxides 
emphasizes the importance of performing surface analysis of the bulk 
M1 phase with NAP-XPS under ODHE conditions. In an in situ NAP-XPS 
study under several ODHE environments (molar gas ratio C2H6/O2 =

1–10/1) at 400 and 460 ◦C, Ishchenko et al. investigated a SL bulk 
MoVNbTe mixed oxide catalyst with an M1 crystallinity degree of 74 % 
[167] and demonstrated V was surface depleted, while Nb and Te were 
surface enriched at ~1.8 nm depth [167]. Additionally, upon transition 
from UHV to ODHE conditions (Fig. 5), a small amount of Mo6+ (6 % of 
total Mo) and V5+ (7 % of total V) species were reduced to Mo5+ and 
V4+, respectively, under the ODHE reaction (molar gas ratio C2H6/O2 =

1/1) conditions [167]. The oxidation states of the Nb5+ and Te4+ cations 
remain fully oxidized (Nb5+ and Te4+, respectively) under the ODHE 

Table 1 
Bulk compositions as measured by Energy Dispersive X-ray Spectroscopy (EDS) or Inductively Coupled Plasma (ICP) and surface compositions as measured by UHV 
XPS for the bulk MoVNbTe mixed oxide catalysts. All catalysts calcined under inert atmospheres (Ar or N2) at 600 ◦C for 2 hr.

Bulk composition (EDS or 
ICP) Mo/V/Nb/Te

Surface composition (UHV 
XPS) Mo/V/Nb/Te

Synthesis 
method

Mo oxidation 
states

V oxidation 
states

Nb oxidation 
states

Te oxidation 
states

Reference

1/0.14/0.17/0.19 1/0.11/0.22/0.19 HT - - - - [68]
1/0.39/0.17/0.16 1/0.31/0.10/0.16 HT - - - - [68]
1/0.23/0.14/0.13 1/0.14/0.14/0.10 SL + 6 + 4,+ 5 + 5 + 4 [73]
1/0.26/0.13/0.09 1/0.18/0.12/0.09 SL + 6 + 4,+ 5 + 5 + 4 [73]
1/0.21/0.19/0.22 1/0.13/0.17/0.29 HT + 6 + 4,+ 5 + 5 + 4,+ 6 [74]
1/0.16/0.30/0.09 1/0.11/0.38/0.11 HT + 6 + 4,+ 5 + 5 + 4,+ 6 [74]
1/0.19/0.23/0.08 1/0.10/0.29/0.11 HT + 6 + 4,+ 5 + 5 + 4 [75]
1/0.19/0.25/0.09 - HT + 6 + 4,+ 5 + 5 + 4,+ 6 [78]
1/0.25/0.24/0.12 1/0.10/0.34/0.21 HT + 6 + 4,+ 5 + 5 + 4 [79]
1/0.22/0.23/0.26 1/0.14/0.28/0.40 HT + 6 + 4,+ 5 + 5 + 4 [81]
1/0.21/0.09/0.22 1/0.12/0.29/0.10 HT + 6 + 4,+ 5 + 5 + 4,+ 6 [98]
1/0.12/0.36/0.12 - HT + 6 + 4,+ 5 + 5 + 4,+ 6 [99]
1/0.22/0.23/0.26 1/0.10/0.25/0.29 HT + 6 + 4,+ 5 + 5 + 4 [118]
1/0.25/0.37/0.27 1/0.13/0.21/0.60 HT + 6 + 5 + 5 + 4 [126]
1/0.29/0.37/0.27 1/0.14/0.24/0.53 HT + 6 + 5 + 5 + 4 [126]
1/0.31/0.39/0.38 1/0.19/0.15/0.39 HT + 6 + 5 + 5 + 4 [126]
1/0.28/0.37/0.27 1/0.15/0.24/0.56 HT + 6 + 5 + 5 + 4 [126]
1/0.32/0.38/0.28 1/0.16/0.24/0.48 HT + 6 + 5 + 5 + 4 [126]
1/0.32/0.35/0.25 1/0.16/0.18/0.45 HT + 6 + 5 + 5 + 4 [126]
1/0.26/0.12/0.11 1/0.14/0.14/0.13 SL + 5,+ 6 + 4 + 5 + 4,+ 6 [135]
1/0.26/0.15/0.09 1/0.16/0.14/0.30 SL + 5,+ 6 + 4 + 5 + 4,+ 6 [139]
1/0.23/0.14/0.13 1/0.14/-/0.10 SL + 6 + 4,+ 5 + 5 + 4 [141]
1/0.25/0.12/0.11 1/0.18/0.17/0.19 HT + 5,+ 6 + 4 + 5 - [154]

Fig. 5. Mo6+ and V5+ fractions, with respect to total Mo and V, on the outer
most surface layer of a bulk MoVNbTe catalyst under different environmental 
conditions: UHV RT (~10− 9 mbar and room temperature) and other reaction 
conditions (1 mbar and 400 or 460 ◦C). The feed C2H6/O2 ratio varied from 1/ 
1–10/1 [167]. Adapted with permission from reference [167]. Copyright 
2019 Elsevier.
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environments [167]. The currently reported NAP-XPS studies agree on 
the reduction of the V and Mo cations in the surface region of bulk 
MoVNbTe mixed oxide catalysts for ODHE, notably the apparent 
reduction of Mo6+ to Mo5+ under ODHE conditions [167] that requires 
more experimental studies to confirm.

The above NAP-XPS and LEIS studies demonstrate that the elemental 
surface composition and cation oxidation states of the unsupported bulk 
MoVNbTe mixed oxide are dynamic and dependent on environmental 
conditions requiring systematic investigations. The demanding reaction 
conditions for ODHE [13,31,83,172,173] are expected to result in a 
unique surface state of the dynamic bulk MoVNbTe mixed oxide cata
lysts. Obtaining a comprehensive understanding of the dynamics of the 
bulk MoVNbTe mixed oxide catalysts during ODHE requires additional 
in situ and operando surface spectroscopic studies.

2.4. ODHE Reaction kinetics

Valente et al. investigated the kinetics for ODHE by the SL bulk M1 
phase catalyst and found that the reaction was highly sensitive to ethane 
partial pressure with reaction orders of 1.5 for ethylene formation and 
1.33–1.8 for COx production [156]. In contrast, the O2 partial pressure 
had a minimal effect on the formation of all products, exhibiting reac
tion orders of 0.13 for ethylene formation and 0.3 for COx production 
[156]. Subsequent result showed agreement with minimal impact of 
oxygen partial pressure on reaction rates [174]. The weak dependence 
of ODHE on the partial pressure of molecular O2 suggested a Mars-van 
Krevelen mechanism involving the participation of the lattice oxygen 
from the M1 phase and that the surface active sites are present as 
moderately oxidized during the ODHE reaction. Kinetic studies have 
attempted to fit the surface reaction mechanism by suggesting that both 
CO and CO2 byproducts derive from ethane oxidation during ODHE, and 
the formation of CO from ethylene only occurs in modest amounts 
[156]. The calculated kinetic parameters showed that the overall 
oxidation of ethane to ethylene had the lowest activation energy 
(119 kJ mol–1), while the competing oxidation reactions of ethane to 
COx exhibited higher activation energies, 143 and 217 kJ mol–1 for re
actions from ethane oxidation to CO and CO2, respectively [156]. The 
higher activation energies of the progressive oxidation reactions to COx 
imply that an increase in reaction temperature favors the COx-produced 
reactions over the partial oxidation reaction of ethane to ethylene. 
Subsequent kinetic results from the same group [175], using the same SL 
bulk M1 phase catalyst, demonstrated that ethylene oxidation on bulk 
MoVNbTe to generate CO2 did play a role in the reaction scheme with 
similar high activation energies of 190 and 177.8 kJ mol− 1 for the re
action steps from ethylene to CO2 and CO, respectively [175]. Later 
studies demonstrated that ethylene oxidation on MoVTeNb mixed oxide 
catalysts generates CO2 (albeit 3–4 times less than CO), suggesting that 
the CO2 formation stems from ethane oxidation, ethylene oxidation, CO 
oxidation, or a combination of the three [175,176]. COx poisoning, due 
to competitive re-adsorption of COx at the active site [1,175,176], has a 
low probability due to the known weak CO-metal oxide interaction.

The above ODHE and ethylene oxidation data were fitted to the 
overall surface reactions following the Langmuir-Hinshelwood, Eley- 
Rideal, and Mars-Van Krevelen mechanisms [175,176]. The fitted acti
vation energies indicated that the formation of ethylene from ethane 
was the most energetically favorable reaction (reaction with the lowest 
activation energies) [175,176] and that the activation energies of the 
formation of CO2 and CO from ethylene were lower than those from 
ethane regardless of the kinetic model [176,177]. The 
Langmuir-Hinshelwood mechanism achieved the best agreement among 
the proposed reaction mechanisms [175,176]. Simplifying assumptions, 
however, were required to untangle the dynamically complex reaction 
kinetics, which made it challenging to distinguish among the different 
macroscopic mechanistic approaches. The raw kinetic data plainly 
shows the relevance of the Mars-van Krevelen mechanism as described 
above. Still, by removing the complexities from the reaction kinetics, the 

Langmuir-Hinshelwood model became the most favorable.
Experimental clarification for the dominant surface reaction mech

anism for ODHE by the bulk MoVNbTe mixed oxide catalysts has still not 
appeared in the literature. Vanadia-based catalysts are known to be one 
of the most active and selective catalysts for the ODH of light alkanes 
[30]. For model supported VOx/Al2O3 and VOx/ZrO2 catalysts, isotopic 
labeling experiments indicated that C-H bond activation was the 
rate-determining step (RDS) [45]. This is relevant for the bulk MoVNbTe 
system since VOx sites might participate directly as the main redox sites 
in the ODHE process. The activation energies of ethane’s first C-H bond 
activation step were recently calculated with Density Functional Theory 
(DFT) calculations for several possible active sites: TeS12=O 
(109 kJ mol− 1), VS7=O (139 kJ mol− 1), and VS7-O-MoS4 (136 kJ mol− 1) 
that are shown in Fig. 2 [117]. These values are somewhat similar to the 
experimentally determined overall apparent activation energies for 
ODHE by the bulk M1 phase catalyst (77–115 kJ mol− 1) [117,175,176]. 
However, given the higher redox activity of the VOx sites compared to 
TeOx sites [87], the activation energies of V––O and V-O-Mo sites should 
have been lower than that of Te––O sites.

2.5. Catalytic reaction models based on bulk characterization

Early characterization studies of the bulk M1 mixed oxide phase only 
applied XRD and TEM under ambient conditions to determine the bulk 
crystalline structures and assumed that the outermost surface layer was 
just an extension of the bulk structure. For the ODHE reaction, ambient 
XRD and ambient TEM were employed to emphasize the importance of 
V/Nb-substituted the bulk Mo5O14 phase for the highest-performance 
ODHE catalysts, hinting that the catalytic active sites are associated 
with the bulk structures [53,68]. Doping niobium (Nb) into bulk VMo 
mixed oxide catalysts improved performance and selectivity for ODHE 
at lower temperatures (300–400 ◦C) [43,157–160,178]. Botella et al. 
showed that the addition of Nb enhanced the surface area of the catalyst 
and prevented MoO2 (Mo4+) formation, proposing that this results in 
higher selectivity to ethylene [157]. It has been hypothesized, without 
supporting data, that the Te cation played an indirect role in ODHE, 
eliminating non-selective Mo-containing crystalline phases and facili
tating the formation of the highly crystalline M1 phase [52,53,86]. For 
instance, the tellurium (Te)-containing bulk MoVNb mixed oxides 
exhibited significantly higher ethane conversion and selectivity to 
ethylene, ~95 % for one catalyst candidate, at 400 ◦C [52], which was 
attributed to the superior stability of the Te-containing catalyst during 
hydrothermal synthesis and the formation of the desired M1 phase [52, 
68,69,105]. XRD analysis of hydrothermally synthesized catalysts sug
gested that high crystallinity was crucial in achieving high ethane con
version and ethylene selectivity because of the superior catalytic 
performance of the orthorhombic bulk Mo3VOx phase over the other 
structures for ODHE [53,136]. There is no information at present, 
however, regarding the stability of the M1 phase under the ODHE re
action. It was also proposed that ethane ODH proceeds in the hexagonal 
channel of the M1 phase at the V5+ active site [86]. The literature has, in 
general, agreed on the importance of the Mars-van Krevelen mechanism 
based on the weak dependence of the reaction kinetics on the partial 
pressure of gaseous molecular O2 [156]. However, there is still a great 
deal of uncertainty about the exact origin of the participating lattice O* , 
whether from the outermost surface layer (0.3 nm), the surface region 
(1–3 nm), the internal channel surface sites, or the crystalline bulk 
lattice.

2.6. Catalytic reaction models based on surface characterization

Obtaining surface data under reaction conditions is critical to the 
fundamental understanding of the bulk MoVNbTe mixed oxide catalytic 
system since the dynamics of the elemental concentrations in the near- 
surface region (~1–3 nm). The combination of bulk crystalline and 
surface data led to somewhat similar reaction models for both propane 
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ODH and ODHE reactions, but supporting data were not available under 
ODHE reaction conditions. The V5+/V4+, Mo6+/Mo5+, Te4+, and Nb5+

cation sites are present in the near-surface region of unsupported 
MoVNbTe mixed oxide catalysts, as demonstrated by in situ NAP-XPS 
[98]. Several recent UHV XPS studies suggested that the V5+ cation in 
the near-surface region acts as the surface active site due to the corre
lation with the rate of ODHE oxidation [74,98]. Additionally, the role of 
the surface Mo6+/Mo5+ mixture on the ODH of alkane has not been 
experimentally determined. It was proposed that the Te cation stabilizes 
the bulk crystalline M1 phase catalyst, without any supporting data 
[98]. A linear relationship between the rate of ethane conversion and the 
concentration of the catalyst’s surface V5+ cation (NAP-XPS) has been 
demonstrated [98], further suggesting the role of V5+ in performing the 
first hydrogen abstraction step, which is the rate-determining step (RDS) 
in alkane oxidation [119,120]. This understanding heavily relied on 
previous knowledge of the crystalline M1 phase for propane ODH [116, 
119,120], which might not apply to ODHE conditions.

The bulk M1 phase contains two surface candidates that are viable 
catalytic active sites: the external surface sites and the internal channel 
surface sites. The influence of internal and external surface sites of the 
crystalline M1 phase on the ODHE activity was also explored in both 
experiment [76,99,117,124] and theory [117,179]. DFT simulations 
suggested that, by stabilizing C2H6 molecules with van der Waals in
teractions, the M1 phase heptagonal channels perform C-H activation 
(RDS) [117]. Furthermore, the DFT calculations suggest that C-H acti
vation and C-O formation steps require interactions with terminal oxy
gens located on the (001) plane [179]. This finding contradicts the 
highest activation energy of the V––O bond [117], considering the 
prevalent evidence of VOx sites participating in the C-H cleavage step 
[74,86,98]. Comparing the activation energies between internal and 
external surface sites using two different molecules (C2H6 and C6H12) 
suggested the ODHE occurred on the internal heptagonal channels [76], 
under the assumption that C2H6 molecules enter both internal and 
external sites. However, the intrinsic rates of these molecules were 
shown not to be the same [76] and C2H6 molecules might only interact 
with the external surface sites. The use of various morphological samples 
of the M1 phase indicated that the (001) facet alone was not responsible 
for controlling the ODHE catalytic activity [124]. Growing thin M1 
phase samples perpendicular to the (001) facet was shown to increase 
catalyst performance [99]. Adjusting the number of external surface 
sites and internal surface sites on the channel walls of the crystalline M1 
phase, using oxalic acid treatment, suggested that the active sites located 
on the external surface were less active and selective for ODHE 
(C2H6/O2/He = 30 %/20 %/50 %) than the surface sites inside the wall 
channels [99]. This observation presents an alternative perspective to 
the extensive literature supporting the existence of significant ODHE 
activity on the external surface of the M1 phase [99,117,124], despite 
the absence of direct supporting evidence. This surface could be at least 
partially amorphous, as supported by ADF-STEM and HAADF-STEM 
measurements indicating the prevalence of non-crystalline amorphous 
phases in MoVNbTe mixed oxide M1 phase catalysts [124,128,129]. 
These data indicate the possible existence of a thin amorphous overlayer 
on the crystalline M1 phase [91,117,124,129,162,163] and are sup
ported by the different LEIS-determined surface compositions of 
MoVNbTe mixed oxide catalysts [151,162,164]. In summary, the cata
lytic active sites of the bulk M1 phase catalyst are proposed to be located 
within the pore channels of the crystalline M1 phase. It is also essential 
to note that the potential existence of the same catalytic active sites on 
the external surface needs to be considered because most of the litera
ture studies have not distinguished between the inside and outside 
surface regions of the crystalline M1 phase. Consequently, further sys
tematic fundamental investigations are necessary to explore the con
tributions of both the internal and external distribution of the catalytic 
active sites present for the bulk M1 phase for ODHE.

2.7. Effects of promoters

Early research indicated catalyst reducibility is a key factor in 
enhancing the performance of the ODHE reaction by the bulk M1 phase 
catalyst [165] which led to the addition of several oxide promoters for 
MoVNbTe mixed oxide catalysts that would increase their reducibility. 
Doping Bi into the M1 phase by spray-dry method resulted in a change in 
morphology (as shown by TEM) [180,181]. These Bi-doped M1 phase 
particles exhibited distorted growth patterns, non-preferential orienta
tion, and a reduction in size when compared to undoped M1 phase 
particles [180,181]. Furthermore, despite the lower M1/M2 ratio, the 
Bi-doped M1 catalysts demonstrated better ethane conversion and 
similar ethylene selectivity compared to the undoped versions [180, 
181]. This might be partially explained by the higher surface Te4+

retention [180] and higher surface V5+ (to a small extent Mo6+) in 
Bi-doped samples [181], as demonstrated by UHV XPS. Meanwhile, the 
K-doped M1 phase catalyst, with a higher M2/M1 ratio, exhibited 
significantly lower ethane conversion, which was loosely attributed to 
lower surface V5+ (UHV XPS) compared to the undoped M1 phase 
catalyst [181]. The introduction of MnOx nanoparticles lowered ethane 
conversion and selectivity to ethylene for ODHE reaction [75]. Xin et al. 
employed MnOx-free and MnOx HT M1 catalysts with the same bulk 
(ICP) and surface (UHV XPS) M/V/Nb/Te compositions [75]. The 
reduction in ethane conversion and ethylene selectivity occurred for the 
MnOx M1 catalyst despite its higher surface V5+ cation content 
compared to the MnOx-free counterpart (66 % > 56 % of total surface V) 
[75]. The SiOx-promoted SL M1 phase exhibited higher ethane conver
sion and similar ethylene selectivity as the SiOx-free M1 phase [90], 
probably due to the higher surface area of the Si-promoted M1 catalyst 
(23.8 m2/g) versus that of the unpromoted M1 catalyst (4.6 m2/g) [90]. 
Impregnation of the CeOx promoter during [147] or after [78,166] the 
HT M1 synthesis step resulted in a partially amorphous surface, as 
indicated by SEM and TEM measurements [78,147,166]. These CeOx-
promoted M1 catalysts exhibited higher ethane conversion and similar 
[147] or lower [78,166] ethylene selectivity than the CeOx-free M1 
catalyst. The corresponding UHV XPS measurements demonstrated an 
increase in the concentration of V5+ in the surface region of MoVNbTe 
catalysts [78,166] from the addition of CeOx promoter. Post-synthesis 
via physical mixing and sol-gel method to obtain the TiOx-promoted 
M1 phase was conducted by Dang et al. [77,79]. The surface areas of 
these 40 wt% TiOx-promoted M1 phase catalysts are 3–4 times larger 
than the unpromoted M1 phase catalysts [77,79]. Therefore, the 
observed enhanced catalytic activities of these TiOx-promoted M1 phase 
catalysts can arise from the increase in surface area. Adding Nd, Mn, Ga, 
and Ge via spray-drying produced positive catalytic effects for ODHE by 
the M1 phase [182]. The amount of surface V5+ and Mo6+ (UHV XPS) 
was found to vary independently of additives [182]. In general, the 
addition of promoters enhances the surface V5+ content and is typically 
associated with the increase in observed activity. However, it is difficult 
to assign this increased V5+ concentration to the catalytic enhancement 
of ODHE without a fundamental understanding of the active sites and 

Table 2 
Literature proposals of the functions of V, Mo, Nb, Te oxide sites for ODHE for 
the bulk M1 phase catalyst from the different reported studies.

Element Proposal Reference
Mo N/A

V V5+ sites abstract a methyl-H from ethane 
Near-surface region V5+ cations act as the surface 
active sites, performing the first H-abstraction step

[86]
[74,98]

Nb Nb addition enhances the surface area of the catalyst 
and prevents MoO2 (Mo4+) formation

[157]

Te Te prevents the formation of non-selective Mo- 
containing crystalline phases 
Te cations stabilize the bulk crystalline M1 phase 
catalyst

[52,68,69, 
105]
[98]
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the ODHE reaction mechanism by the bulk MoVNbTe mixed oxide 
catalysts.

3. Conclusions

The literature review discussed above indicates that much is still 
unknown about the fundamentals of the ODHE reaction by the bulk 
crystalline MoVNbTe mixed oxide M1 phase catalyst. 

(i) The synthesis of the bulk MoVNbTe mixed oxide catalysts typi
cally employs the SL and HT methods. The HT preparation is 
preferred to the SL preparation since it results in a catalyst with a 
higher BET surface area and higher crystalline M1/M2 ratio, both 
of which are desirable. Other pre-calcination treatments for HT 
including spray-dry and sol-gel require more investigations into 
their benefits.

(ii) The bulk M1, M2, and other secondary bulk phases co-exist in the 
synthesized catalyst, which necessitates post-treatments using 
hydrogen peroxide, oxalic acid, or nitric acid to selectively 
remove the undesired components (bulk M2 and other secondary 
bulk metal oxide phases).

(iii) A residual amorphous overlayer phase on the crystalline bulk M1 
phase also appears to be present after the post-treatment. This 
could be the location of the active surface sites on the M1 phase 
catalyst, which requires surface-sensitive tools to examine.

(iv) The crystalline bulk M1 phase appears to be stable under the 
typical ODHE reaction conditions. The ability of Te to maintain 
the highest oxidation state + 4 is critical for the stability of the 
bulk M1 phase.

(v) The surface of the crystalline bulk M1 phase is dynamic and 
varies with the reaction environment.

(vi) The VOx sites in the surface region appear to undergo redox, 
suggesting that they are the catalytic active sites involved in the 
activation of ethane.

(vii) The MoOx sites in the surface region probably also undergo redox, 
but are sluggish in comparison to the VOx sites.

(viii) The NbOx and TeOx sites appear to stabilize the crystalline bulk 
M1 structure under reaction conditions.

(ix) The ODHE reaction is strongly dependent on the ethane partial 
pressure (reaction orders of ~1.3–1.8), suggesting that the 
breaking of the C-H bond of ethane is RDS.

(x) The ODHE reaction is weakly dependent on the molecular O2 
partial pressure (reaction orders of ~0.1–0.3), suggesting that 
lattice oxygen atoms participate via the Mars-van Krevelen 
mechanism.

(xi) Due to the complexity of the bulk M1 phase, involvement of DFT 
is required to untangle complex vibrational assignments using 
vibrational spectroscopy techniques (i.e., Raman, FTIR).

(xii) The lack of modern in situ and operando surface characterization 
studies of the crystalline bulk M1 phase catalyst under ODHE 
reaction conditions has prevented identifying the catalytic active 
sites (external surface sites, internal surface sites in the pores and 
the amorphous overlayer) and their roles during the ODHE re
action. The complex ODHE reaction mechanism on the bulk 
MoVNbTe mixed oxide catalyst can be established once the 
identification of the active sites is verified.

(xiii) A fundamental structure-activity/selectivity model for the ODHE 
reaction based on supporting data will also require the applica
tion of modern in situ and operando surface characterization 
coupled with DFT studies.

(xiv) For several safety and environmental concerns, ODHE with soft 
oxidants (CO2) has become popular, and further investigations 
are required for studies with the bulk M1 phase catalyst.

(xv) More efficient catalysts require a fundamental understanding of 
catalytic active sites and the ODHE reaction mechanism. 

Promoting the M1 phase with metal and metal oxides can 
improve catalytic activity and allow a longer catalyst lifetime.
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M. Vorokhta, B. Šmíd, V.M. Bondareva, NAP-XPS and in situ XRD study of the 
stability of Bi-modified MoVNbTeO catalysts for oxidative dehydrogenation of 
ethane, Appl. Catal. A Gen. 579 (2019) 141–150, https://doi.org/10.1016/j. 
apcata.2019.04.027.

[168] J.S. Valente, E. Maya-Flores, H. Armendáriz-Herrera, R. Quintana-Solórzano, J.M. 
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[175] R. Quintana-Solórzano, G. Barragán-Rodríguez, H. Armendáriz-Herrera, J. 
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