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Abstract 

 

Supported vanadium-containing hexagonal tungsten bronze were prepared for the first time, 

thanks to the combination of a new soft synthetic procedure and fine-tuned heat treatments. 

The characterization of het-treated samples indicates that both unsupported and Al2O3-

supported materials present mainly vanadium containing crystals with hexagonal tungsten 

bronze (HTB) structure smaller in the supported materials. However, supported materials 

present smaller crystals compared to unsupported materials.  Raman, Diffuse Reflectance 

UV-vis and EPR spectroscopies results suggest the presence of different V-species 

depending on the V-loading and catalyst composition. When used as catalysts for ethane 

oxidative dehydrogenation (ODH), selected supported vanadium-HTBs show selectivity to 

ethylene as high as 80% at ethane conversion around 18%. These values position these new 

materials as one of the most active and selective catalysts so far reported in the literature for 

ethane ODH over supported vanadium oxide catalysts.  
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Introduction 

Hexagonal tungsten bronzes (HTBs) have received considerable attention in several fields 

of materials science due to their open-tunnel structure and their mixed proton and electron 

conductivity. Moreover, they are intermediates in the production of tungsten lamp filaments 

1-3 and more recently, have also found applications in catalysis.4,5 In more detail, HTBs are 

non-stoichiometric oxides closely related to the Perovskites family that can be represented 

with the general formula AnBOx, where A is a cation (e.g. Li+, Na+, Cs+, Ca2+, NH4
+, etc.), 

B is W and/or another transition-metal (e.g. V, Mo, Ti, Nb) 1-3,6,7 and x is close to, but less 

than 3. The structure of HTBs is made up of corner-sharing WO6 octahedra which position 

themselves in the three-dimensional space to form three-sided and six-sided channels that 

give rise to tunnels running along the c direction.  

Several procedures have been reported in the bibliography for the synthesis of HTBs. Solid-

state syntheses (also referred to as hard syntheses) was the first to be used in the pioneering 

works of A. Magneli et al.,8 whereas in the last three decades efforts have been made to 

develop soft methodologies carried out at milder temperatures and shorter time of 

synthesis.9  Typically, this is achieved by hydrothermal methods, which have the advantage 

of allowing a better control on the preparation of complex multi-element bronzes. 

Among the physicochemical parameters that govern the behavior of HTBs in the above-

mentioned technological applications, the specific surface area plays an important role.  For 

instance, higher surface area leads to better sensitivity to gas detection, enhanced 

electrochromic properties and higher catalytic activity. Accordingly, organic-template and 

hard-template routes have been explored to create internal porosity within the bulk oxide 

network of transition-metal oxides.10 However, a main drawback of these methods is that 
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the removal of the template molecules from the pores often requires a final calcination step 

under air at relatively high temperature. Indeed, several inorganic phases of interest are 

metastable 11 and, as in the case of HTBs,1-3 they evolve to more thermodynamically 

favored phases when calcined. Another way to increase the surface area of metal oxides is 

to deposit them on high surface area supports. Not only does this lead to a more efficient 

use of the active phase (usually much more expensive than the support), but it can also 

change the physicochemical properties of the metal oxides, as metal-support interactions 

might arise at the interface of the two solid phases.  

Conventional methods to support metal oxides are impregnation of the support with the 

active phase -or its precursor(s)- followed by thermal treatments. Hydrothermal 

preparations of supported metal oxides are usually impossible because the support typically 

dissolves under these conditions. Moreover, if it is not the case, not all the metal oxide 

anchors on the surface of the support as it likely precipitates in solution leading to a mixture 

of supported and bulk metal oxide phases. 

Alumina-supported hexagonal tungsten bronze with potassium as counter-ion (KnWOx) was 

reported in the '80s to be prepared by incipient impregnation with potassium tungstate 

followed by thermal treatment in H2.12  More recently, the formation of bulk (i.e., 

unsupported) hexagonal ammonium tungsten bronze, i.e. (NH4)nWOx, by partial reduction 

of ammonium paratungstate (APT) has been studied in detail.13  Meanwhile, our studies on 

the preparation of bulk substituted-HTBs by Raman spectroscopy revealed that vanadium 

can enter the oxide framework of h-WOx through a solid-state reaction.14,15 

With this in mind, we decided to investigate the preparation of unsupported and γ-alumina-

supported hexagonal tungsten bronzes, partially substituted with vanadium, using a soft 

synthetic procedure combined with heat-treatments at moderate temperature (600°C) and 
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short time of synthesis (3 hours). To the best of our knowledge, this is a novel method of 

synthesis of bi-metallic HTBs and the first report on the synthesis and characterization of a 

substituted HTB as a supported oxide. As an example of the possible technological 

applications, these new materials were used as heterogeneous catalysts for the oxidative 

dehydrogenation (ODH) of ethane.   

ODH of ethane is a reaction of great interest as it is considered as an alternative for 

industrial ethylene production.16-20 This can be mainly carried out by using four type of 

catalytic systems: i) supported vanadium oxide;20-24 ii) multicomponent Mo-V-Te(Sb)-Nb 

mixed oxides with an orthorhombic bronze structure (M1 phase);25-27 iii) promoted and/or 

supported nickel oxide;28-31 and iv) catalysts based on non-reducible metal oxides.18  To 

date, ethane ODH is still not a commercial process due to a not-yet favorable economic 

competitiveness compared to well establish technologies like ethane steam cracking. 

Nonetheless, several approaches are being investigated to improve the catalytic 

performance in the ODH of short chain alkanes some of them using supported vanadium 

oxides catalysts.17-20, 32-35 Thus, it has been proposed that the formation of two and three-

dimensional VOx species on the surface of specific catalysts improves the selectivity to 

propene during the propane ODH by decreasing the consecutive reaction,32-34 i.e. 

combustion of both propane and propene, providing new insights to narrow the gap with 

commercial technologies.27,36 
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Experimental 

Synthesis of catalysts 

Synthesis of unsupported and γ-Al2O3 supported V-substituted HTBs  

Ammonium paratungstate (APT) hydrate ((NH4)10H2(W2O7)6·xH2O, 99.99%), Vanadium 

(IV) oxide sulfate hydrate (VS) (VOSO4·xH2O, ≥99.99%), and oxalic acid (OA) (≥99.0%), 

were purchased from Sigma Aldrich. γ-Al2O3 was prepared by calcining at 700°C (ramp 

rate 1.5°C min-1, hold for 10h) Aluminum Oxide Hydroxide (Al2O3·xH2O) produced by 

Sasol (Catapal® B Alumina).  

For supported materials, the amount of tungsten precursor to be used was chosen so as to 

reach the theoretical monolayer of W-atoms, generally defined as 11.6 μmol of metal per 

m2 of support surface.37 Overall, APT (5.3 g) was dispersed in milli-Q water (20.0g). 

Oxalic acid was used as reducing agent and it was added in a 2-to-1 molar ratio respect to 

the tungsten content. Vanadyl sulfate and γ-Al2O3 were added during the synthesis, 

according to the desired molar ratios. The solution containing the APT was let boil under 

reflux for 16h. Then, oxalic acid and vanadium (IV) oxide sulfate were added under 

stirring. After 20 min Al2O3 was added. At the end of the preparation, water was removed 

by rotavapor and the materials were dried at 110°C overnight.  Initially, the catalysts were 

prepared using a V/W ratio of 0.2. 

The obtained materials were heat-treated under N2 at 600°C using a rate of 100ºC min-1 

during 3 hours. The heat-treatment temperature was chosen according to previous results,38 

which show that the HTB-phase substituted with vanadium is stable up to 600°C under 

inert atmosphere.  
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The samples, named as S-I, S-II and S-R2 were prepared from synthesis gel with a V/W 

atomic ratio of 0.2 varying the order o addition of oxalic acid, the vanadium salt and the 

reflux step. In addition, samples S-R1 and S-R3 were prepared as sample S-R2, but using 

synthesis gels with V/W atomic ratios of 0.1 and 0.3, respectively. The characteristics of 

catalysts are shown in Table 1. Unsupported samples, denoted as N-I, N-II and N-R, with a 

molar ratio V/W = 0.2, were prepared following procedures analogous to S-I, S-II and S-

R2 samples, respectively.   

 

Synthesis of reference materials 

Reference materials were synthesized and used both for characterization purposes and 

catalytic tests. Thus, a V-containing h-WO3 bronze with HTB structure (named WV-HT) 

was prepared by hydrothermal synthesis.14 Vanadium oxide supported on alumina (named 

VOx/AL), a benchmark catalyst used for the oxidative dehydrogenation of alkanes, was 

prepared by the impregnation method.22 In addition, a γ-Al2O3-supported V-W-O mixed 

oxide catalysts (named WV/AL) was also prepared by impregnation.39 A vanadium oxide 

supported on tungsten hexagonal bronze supported on alumina (named V/W/AL) was also 

prepared. Characterization of the mentioned reference materials is reported in Table S1 

(Supporting Information).  

 

Characterization of catalysts 

The BET surface area of the samples, SBET, was obtained in an automatic ASAP 2020 

system from Micromeritics, following the BET method from N2 adsorption isotherms at 

−196 ºC.  
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X-ray diffraction patterns (XRD) were collected using a Philips X’Pert diffractometer 

equipped with a graphite monochromator, operating at 40 kV and 45 mA and employing 

nickel-filtered CuKα radiation (λ = 0.1542 nm). 

Raman spectra were recorded in a Renishaw system 1000 “in via” attached to a microscope 

at ambient conditions (excited with an Ar+ line at 514 nm and operated at a power of 20 

mW). 

Diffuse reflectance (DR) spectra in the UV–visible region were collected with a Shimazdu 

UV-2010 PC spectrophotometer equipped with a reflectance attachment. 

The EPR spectra were recorded at room temperature in a Bruker EMX-12 spectrometer 

working at the X band, with a modulation frequency of 100 kHz and 1 G amplitude. DPPH 

(g= 2.0036) was used as standard to measure the g values. Quantitative analysis was carried 

out by double integration of the spectra, using CuSO4 as an external standard. 

Morphological and structural characterization of catalysts was carried out by Transmission 

Electron Microscopy (JEOL, model JEM-1010) and FSEM (ZEISS Ultra-55 field-emission 

scanning electron microscope). XEDS was performed with an Oxford LINK ISIS system 

connected to a JEOL 6300 electron microscope (with the SEMQUANT program to 

incorporate ZAF correction).  

X-ray photoelectron spectroscopy (XPS) analyses were carried out in a Physical Electronics 

spectrometer (PHI 5700) with X-ray Mg Kα radiation (300W, 15 kV, 1253.6 eV) as the 

excitation source was used for high-resolution record. Measurements were conducted by a 

concentric hemispherical analyzer which operates in the constant pass energy mode at 

29.35 eV, using a 720 μm diameter analysis area. All the signals were referenced to C1s 

signal at 284.5 eV. 
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Catalytic tests 

The catalytic experiments for ethane oxidative dehydrogenation (EODH) were carried out 

in a fixed-bed tubular reactor, at atmospheric pressure, in the 350-450 ºC temperature 

range, using an ethane/oxygen/nitrogen molar ratio of 4/8/88 and a contact time, W/F, of 80 

gcat h (molC2)-1. Analysis of reactants and products was carried out by gas chromatography, 

using two chromatographic columns:39,40 (i) Carbosieve-S (2.4 m x1.8 in) to separate N2, 

O2 and CO; and ii) Porapak QS (2.0 m x 1.8 in) to separate CO2 and hydrocarbons. 

 

Results and discussion 

Catalyst characterization 

Partial thermal reduction of ammonium paratungstate (APT) into the HTB phase was 

studied in details by I. M. Szilágyi et al.13   It was demonstrated that the heating rate plays a 

pivotal role in the phase purity of the final oxide, since it controls the linking process of 

WO6 octahedra of paratungstate ions. Following this study, we carried out a preliminary 

research on the formation of the unsupported vanadium-substituted HTB phase (h-WVOx) 

as a bulk phase. To do so, an aqueous solution of APT was mixed with vanadyl sulfate 

(VS) and oxalic acid (OA) as the reducing agent,14 followed by solvent evaporation (see 

experimental section). The dried solid was then heat-treated under nitrogen at 600 ºC using 

different heating rates, specifically 3, 10 and 100 °C/min. By XRD analyses (Fig. S1, 

supporting information) it is clear that the higher amount of the HTB phase (JCPDS: 33-

1387) was obtained using a heating rate equal to 100°C min-1 (Fig. S1, patterns c-e). The 

heating time is also fundamental: holding the material at 600°C for 3 hours leads to the best 

phase purity (Fig. S1, pattern e); since at longer time, the hexagonal phase transforms into a 
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monoclinic phase (Fig. S1, pattern f). Therefore, the h-WVOx oxide were prepared under 

nitrogen flow, using a heating rate of 100 °C min-1 and holding the material at 600 °C for 3 

hours.   

The influence of the catalyst preparation procedure was studied by changing the order of 

incorporation of OA and/or VS as well as the reflux step.  Figure 1 shows the XRD patterns 

of heat-treated catalysts, i.e. unsupported (Fig. 1A) and Al2O3-supported (Fig. 1B) 

materials.  

 

 
Fig. 1. XRD pattern of unsupported (A) and Al2O3-supported (B) W-V-O oxides: a) 

Sample N-I; b) Sample N-II; c) Sample N-R; d) Sample S-I; e) Sample S-II; f) Sample S-

R2. Details reported in Table 1 and Table 2. Symbols: HTB structure (●); monoclinic WO3 

(Δ); γ-Al2O3 (■). 

 

The characteristic reflections of tungsten oxide bronze with the HTB structure (at 2θ= 14.4, 

23.0, 24.3, 27.2, 28.2º) (JCPDS no. 33-1387) are observed in samples N-II and N-R as well 
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as in sample S-R2. However, the unsupported samples (Fig. 1, pattern a) shows also the 

characteristics reflections of monoclinic WO3 with peaks at 2θ= 23.1, 24.4 and 25.6º 

corresponding to (002), (020) and (200) reflections (JCPDS no. 43-1035).38 According with 

the XRD results, γ-Al2O3 supported hexagonal bronze phase have been prepared following 

the procedure denoted as R.  To study the influence of the vanadium content on the 

formation of the hexagonal phase supported on γ-Al2O3, the V/W atomic ratios in the 

synthesis gel (Fig. S2) has been varied (V/W atomic ratio of 1, 2 3) and the samples 

characterized by a series of techniques. A hexagonal phase (peaks at 2ϴ = 14.4, 23.0, 24.3, 

27.2, 28.2, 33.9, 36.9, 43.1, 44.9, 49.7, 55.9 and 58.27°) (JCPDS: 33-1387) (Fig. S2), more 

evident at intermediate V/W ratio (i.e. sample S-R2; Fig. 1B-pattern f and Fig. S2-pattern 

b), is present in all cases.14 However, the phase purity of these materials is never complete, 

i.e. monoclinic phases are also likely present in the oxides (peaks at 2ϴ = 23.1, 24.4, 25.6, 

and 34.2). On the other hand, Figure S3 (supplementary information) shows the XRD 

patterns of references materials, i.e. Al2O3-supported vanadium oxide (VOx/AL), W-V-O 

mixed oxides prepared hydrothermally (WV-HT), and Al2O3-supported W-V-O mixed 

oxides (V/W/AL) samples. The diffractograms are different to those of Fig. 1, as they do 

not show the peaks typical of the HTB phase. 

To shed light on the distribution of the various phases in bulk and supported W-V-oxides, 

Raman spectroscopy was used as a characterization tool (Fig. 2A). Raman spectra of h-

WO3 and m-WO3 reference samples show peaks at 783, 692, 648, 456, 325, 300, 264, and 

185 cm-1,41 and at 805, 714, 327, 289 cm-1,41-43 respectively (Fig. S4). For V-containing 

WO3, the Raman spectra of monoclinic and hexagonal h-(WV)O3 phases prepared by 

hydrothermal synthesis give similar bands,14 although some of them are shifted due to the 

different arrangement of the atoms in the two crystalline frameworks.14,41 Particularly 
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indicative of the presence of one phase or the other is the O-W-O stretching vibrations 

which appears at higher wavenumbers (ca. 710 cm-1) in the monoclinic (m-WO3) phase 

than in the hexagonal (h-WO3) one (ca. 693 cm-1), which is probably due to the presence of 

reduced W-species (W5+/6+) characteristic of the hexagonal phase. 

 

 

 

Fig. 2.  Raman (A) and UV-Vis (B) spectra of unsupported (sample) and Al2O3-supported 

(a-c) and unsupported (d) W-V oxide bronzes. Catalysts: a) S-R1; b) S-R2; c) S-R3; d) N-

R. 

 

Raman spectra of Al2O3-supported W-V-O  with different vanadium contents (Fig. 2A, 

spectra a to c) show bands in the 600-800 cm-1 region of W-O pairs and a band at 989 cm-1 

related to the incorporation of V-species into the solids, that is, polymeric W-O-V-O-W 

entities with isolated octahedral VO6 species.44 Inspection of Figure 2A shows that phase 

purity (either completely monoclinic or hexagonal) is never obtained, although the higher 
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intensity of the band at 693 cm-1 in the alumina-supported W-V-O samples suggests a 

greater content of the hexagonal phase.41 The broadness of the band at ca. 989 cm-1 in 

sample N-R (Fig. 2A, spectrum d) may indicate that besides isolated octahedral VO6 

species, polymeric V-species could be also present as minority.   

UV-Vis spectroscopy can be used to study the local environment and oxidation state of 

transition metals. The presence of intense bands in the 200–500 nm region, attributed to 

ligand-to-metal charge transfer (LMCT), are related to presence of V5+ (d0) in the sample. 

The DR-UV-vis spectra of supported and unsupported W-V-O bronze catalysts with 

different V/W ratios are shown in Figure 2B (and those of reference catalysts in Figure S5). 

The presence of intense bands in the 200-300 nm region indicating the presence of V5+ is a 

common feature of all spectra.45 In addition to this, the spectra of unsupported W-V-O 

samples, prepared by reflux (i.e. sample N-R; Fig. 2B, spectrum d), display also two bands 

in the 550-800 cm-1 region, which are due to V4+ in pseudo-octahedral coordination.46  

In this way, it can be noticed that both V5+ (bands in the 240-350 nm range) and V4+ (bands 

in the 550-750 nm range) are observed in unsupported W-V-O bronze prepared 

hydrothermally (sample WV-HT) (Fig. S5, spectrum a), whereas mainly V5+ is observed in 

supported vanadium oxide, i.e. samples VOx/AL, V/W/AL and VW/AL (Fig. S5, spectra b 

to d, respectively).  In addition, isolated tetrahedral VOx species (band at 250 nm) is mainly 

present in Al2O3-supported vanadium oxide (sample VOx/AL) (Fig. S5, spectra b), 

whereas polymeric VOx species (band at 350 nm) are observed in both vanadium oxide 

supported on WO3/Al2O3 (sample V/W/AL) and in Al2O3-supported W-V-O (VW/AL) 

(Fig. S5, spectra c and d).  

The amount of vanadyl VO2+ and/or V4+ species can be also of interest for explaining the 

catalytic performance (vide infra). This information can be gained from EPR experiments 
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(Fig. 3). The signals are characterized by key parameters, the g-factor and the hyperfine 

coupling constants (A), which in this case are related to the nature of vanadyl sites, giving 

information on the coordination geometry of the paramagnetic V4+ (d1) species. EPR is also 

a quantitative technique and allows the performance of experiments under in situ 

conditions.47-51 Different EPR signals can be observed for vanadyl VO2+ species depending 

if they are isolated or polymeric.47,48 Thus, isolated vanadyl VO2+ sites, formed e.g. in 

supported highly dispersed vanadia catalysts (low V-loading) give characteristic axial 

hyperfine structure so that the g⊥, g║, A⊥ and A║ can easily be extracted. Those splitting are 

averaged out in (VO)2P2O7 in which the VO2+ sites are connected via oxygen bridges to 

form ladder-like double chains, and broad isotropic signals due to clustered V-O-V species 

are usually obtained in supported vanadium catalysts with medium V-loading.50 Figure 3 

shows the EPR spectra of representative V-containing tungsten bronze catalysts supported 

(i.e. S-R1, S-R2 and S-R3) and unsupported (N-R sample), whereas the spectra of 

references (i.e., WV-HT, VOx/AL, V/W/AL, and WV/AL) are shown in Figure S6. Table 2 

summarizes the characteristics of the EPR signals observed for every catalyst, as well as 

their axial distortion (Δg║/Δg┴), the in-plane delocation coefficient (β2
2*) and the 

concentration of V4+ species.  

Some of these spectra have been simulated to derive the spectral parameters and also to 

calculate the relative intensity of each signal, as illustrated in Figure 3B and 3C for samples 

S-R2 and N-R, respectively (and in Fig. S7 for reference WV-HT sample). In general, the 

spectra can be simulated by considering two or three main components.   
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Fig. 3.  EPR spectra of Al2O3-supported and unsupported W-V-O oxide bronzes (A): a) S-

R1; b) S-R2; c) S-R3; d) N-R. Examples of simulation of the EPR spectra of sample S-R2 

(B) and N-R (C) with the corresponding deconvoluted spectra. The characteristics of each 

deconvoluted spectrum is also included. 

 

The spectra of supported W-V-O bronzes (see Figure 3A, spectrum b) contains two signals 

(Fig. 3B): i) one isotropic broad component assigned to VOx clusters dominant in sample 

VOx/AL;51 and ii) one axially symmetric signal A with characteristic eight-line hyperfine 

d

a

b

c

2800 3200 3600 4000
Magnetic field (G)

A

B

C

All= 185G

A⊥= 65Gg⊥= 1.97
gll= 1.92

All= 200G

A⊥= 76G
g⊥= 1.98

gll= 1.93

g= 1.96
∆Hpp≈ 447G

All= 187G

A⊥= 65G
g⊥= 1.97

gll= 1.92

g= 1.95
∆Hpp≈ 376G



16 
 

pattern due to the interaction of the unpaired electron with a 51V nucleus (I=7/2) typical of 

an isolated VO2+ species (A-site).47,48,50 

For unsupported W-V-O bronzes prepared by reflux (sample N-R2) (see Figure 3C) or 

hydrothermally (sample WV-HT, Fig. S7), the simulation of the EPR spectra shows the 

presence of two (instead of one) hyperfine structured signals with axial distortion (A- and 

B-sites) whose relative intensity depends on the catalyst.47,48,50 The results obtained here 

suggest that the amount of isolated VO2+ sites is higher in supported V-containing tungsten 

bronze catalysts, especially sample S-R2, whereas the clustered vanadyl sites are more 

abundant in sample VOx/AL. 

Finally, XPS results obtained for N-R, S-R2 and reference catalysts are summarized in 

Table 3. The BE of the V 2p3/2 peaks are in the ranges 516.2-516.5 eV and 517.2-517.6 eV 

for V4+ and V5+ species, respectively.52 The V4+/V5+ratio depends on the catalyst, being the 

highest for catalyst S-R2 and the lowest for VOx/AL sample.52-54 We must indicate that 

sample VOx/AL shows not only a peak at 517.2-517.6 eV (V5+ species) but also a peak at 

ca. 518.2 eV characteristic of highly dispersed V5+ species in supported vanadium oxide 

catalysts, as proposed previously.55 This is in agreement to DR-UV-vis spectra (Fig. 2B and 

Fig. S5) but also with EPR results (Fig. 3). 

The W 4f band can be decomposed into four peaks (two doublets) as presented in Fig. S8. 

The first doublet appears at binding energies of 35.2 and 37.4 eV for W6+ (W 4f7/2 and W 

4f5/2, respectively), and the second doublet at 33.9 and 35.7 eV for W5+.56  The highest 

W5+/W6+ ratio is observed for samples S-R2 and WV-HT and the lower W5+/W6+ ratio for 

N-R and V/W/AL. Since high W5+/W6+ ratio is characteristic of tungsten oxide bronze,14 it 

can be concluded that samples S-R2 and WV-HT contain the highest concentration of W-
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based bronze. This is in good agreement with the XRD (Fig. 1 and Fig. S2) and Raman 

(Fig. 2A and Fig. S4) results.  

Figure 4 presents FE-SEM (Fig. 4A) and TEM (Fig. 4B) images, respectively of 

unsupported and supported W-V-O oxides catalysts prepared by reflux, i.e. samples N-R 

and S-R2. The unsupported sample (N-R) shows always platelet-shaped particles 

aggregates, whereas the corresponding supported sample (S-R2) shows smaller particle 

size. 
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Fig. 4.  FE-SEM (A) and TEM (B) of unsupported W-V-O (sample N-R) and Al2O3-

supported W-V-O oxides (sample S-R2). Catalysts: N-R (a, b); S-R2 (c, d).  

 

Accordingly, 2D- and 3D-structures can be achieved depending on both the catalyst 

preparation procedure and catalyst composition.  In this way, Figure 5 shows the main V-

species observed in our catalysts: i) isolated vanadium species (A-sites) on the surface of 

small crystallites in alumina-supported W-V-O oxide bronzes; ii) isolated vanadium species 

in the bulk of relatively higher crystallites, in unsupported W-V-O bronzes, prepared by 

reflux or by hydrothermal synthesis; iii) polymeric VyOx clusters, in supported vanadium 

oxide catalysts.  
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Fig. 5. Possible structures for the species experimentally observed in V-containing 

catalysts: A- and B-sites and small VxOy clusters. 

 

Oxidative dehydrogenation of ethane 

Among the W-V-O oxides prepared, representative samples were used as catalysts for the 

oxidative dehydrogenation of ethane, a reaction that has received considerable attention in 

the last years as a viable route for the on-purpose production of ethylene from natural gas.  

When pure V-free hexagonal tungsten oxide bronze, h-WOx (either supported or as bulk 

phase), was used as catalyst, no ethane conversion was registered in the reaction conditions 

used here, i.e. reaction temperatures lower than 450ºC. However, when vanadium was 

added to the structure, ethane was converted to reaction products. The catalytic behavior of 

supported W-V-O  oxides bronzes with different V-content, i.e. samples S-R1, S-R2 and S-

R3, was studied as a function of the reaction temperature under standard conditions for 

ethane ODH (Figure 6).22,39,40 It is clear that, for similar temperatures, ethane conversion is 

higher when the V-content of catalyst increases. Overall, the selectivity to ethylene 

decreases when increasing ethane conversion, mainly in favor of CO (Fig. 6c). At low 
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ethane conversion, no remarkable differences are observed between the three catalysts, but 

as the conversion increases sample S-R2 shows a slightly higher selectivity to ethylene. 

This points out that an optimum V-content exists to increase the selectivity to ethylene, 

which is around V/W ratio of ca. 0.2. 

 

 
 

Fig. 6. Variation of ethane conversion vs. temperature (a) and variation of the selectivity to 

ethylene (b), and selectivity to CO and CO2 (c) with ethane conversion during the Ethane 

ODH over Al2O3-supported W-V-O oxide bronzes: a) S-R1; b) S-R2; c) S-R3.   
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the selectivity to CO2 is in all cases very low and almost independent to conversion of 

ethane. Accordingly, it can be proposed the following reaction network, where k1 >> k2 and 

k3 (Scheme 1). 

 
 

Scheme 1.  Reaction network for the oxidative dehydrogenation of ethane over V-

containing catalysts. 

 
 

On the other hand, Figure 7 shows a comparison of the catalytic performance of sample S-

R2, with those achieved over references: unsupported W-V-O bronze prepared by reflux 

(sample N-R) or hydrothermally (sample WV-HT), as well as for a vanadium supported 

over WOx/Al2O3 (i.e. sample V/W/AL) or over an alumina-supported vanadium oxide 

catalysts, with a V-loading of 2 wt% of V-atoms (sample VOx/AL).  

The latter are benchmark catalysts for ethane ODH.20-24 All the materials reported in Figure 

7 have a V-content ranging from 0.7 to 3.6 wt% (see Table S1). Both unsupported W-V-O 

samples (i.e. samples N-R and WV-HT) present a steep decrease in the ethylene selectivity 

as the conversion increases. Differently, when vanadium is supported on Al2O3, either as 

VOx 2-D species in samples VOx/AL or as a hexagonal W-V-O-layer in sample V/W/AL, 

the pace at which the ethylene selectivity decreases as a function of conversion is 

drastically lower.  
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For sample VOx/AL the selectivity is known to increase as a function of V-loading, as long 

as 3D-Vanadium species are not formed (up to ca. 5 wt%).17-23, 32-34,57 

 
Fig. 7.  Variation of the selectivity to ethylene (a) and CO and CO2 (b) during the ethane 

ODH on V-containing catalysts in the 450-500ºC temperature range. Characteristics of 

catalysts in Table 1 and Table S1. Reaction conditions: Ethane/oxygen/nitrogen molar ratio 

of 4/8/88 and a contact time, W/F, of 80-240 gcat h (molC2)-1. 
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The maximum yield obtained over alumina-supported vanadium oxide catalyst (VOx/AL) 

is about 16% (40% selectivity to ethylene at an ethane conversion of 40%). It must be 

stressed here the excellent performance of catalyst S-R2 compared to the best Al2O3-

supported vanadium oxide reported in the bibliography.22,23 

Interestingly, even with a relatively low V-content (1.2 wt% V), sample S-R2 outperforms 

the benchmark catalyst VOx/Al2O3: ethylene selectivity as high as 80% were recorded for 

ethane conversion around 18%. These values position the supported h-(WV)Ox catalyst 

(i.e. sample S-R2) as one of the most active and selective catalysts so far reported in the 

bibliography for ethane ODH over supported vanadium oxide catalysts,17-19,21-24  

outperformed only by the M1-phase catalysts 25-27 or some promoted NiO catalysts.28-31  

According to these catalytic results and considering the characterization results, the 

behavior of these catalysts strongly depend on the nature of the V-sites. In fact when 

comparing DR-UV-vis, it can be seen how most catalysts show both tetrahedral and 

octahedral vanadium species, except sample S-R2 in which octahedral coordination VO6 

species are predominant (Fig. 4). On the other hand, both DR-UV-vis (Fig. 2B) and EPR 

(Figs. 3) results confirm that the best supported V-W-O catalyst (sample S-R2) presents the 

higher amount of V4+, and it appears that the EPR vanadyl species of type A are associated 

to a higher ethylene selectivity (see Table 2). Accordingly, the preparation procedure and/or 

the heat-treatment (or composition) favor changes in the characteristics of vanadium 

species.  

In addition, it is possible that the relatively thin layer of V-containing hexagonal tungsten 

bronzes decreases over-oxidation since it hampers a "too fast" flow of bulk oxygen species.  
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Finally, a catalytic tests for approximately 70 hours shows that the S-R2 catalyst is stable 

over time; the catalytic results show that for a conversion of ethane of 12% the selectivity 

to ethylene is around 80%, without changes during the time in which said study was carried 

out (Fig. S9). 

 

Conclusions 

V-containing hexagonal tungsten bronze supported on alumina has been successfully 

prepared by using a soft synthetic procedure (in a reflux for 16 h) and an adequate heat-

treatment procedure (under N2 at 600ºC using a rate of 100ºC min-1). In this way, the 

structural characterization of heat-treated samples suggests that both unsupported and 

supported materials present hexagonal tungsten bronze (HTB) structure, although the 

crystal size of the HTB materials was smaller when supported on Al2O3. On the other hand, 

Raman, Diffuse Reflectance UV-vis and EPR results suggest partial substitution of V in the 

HTB structure, although different V-species are present depending on the V-loading and 

the catalyst composition. Thus, mainly isolated V-species are observed, but the proportion 

of tetrahedral and octahedral vanadium species strongly depend on the characteristics of 

catalysts. The Al2O3-supported V-W-O mixed oxides catalysts, with HTB structure, present 

an activity and selectivity to ethylene during the oxidative dehydrogenation of ethane 

higher than that observed for conventional supported vanadium oxide catalysts or 

unsupported V-containing HTB materials.  In this way, it is known that the coordination of 

V atoms have different catalytic performance in C2-C4 ODH processes,17-23,32-34,57 in which 

isolated tetrahedral V- species are relatively selective. However, in the case of ethane ODH, 

the less reactive alkane, and when working at relatively low temperature, more active V 
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sites are required in order to favor a rapid selective oxidative activation of ethane.  In this, 

and according to our results, isolated octahedra V-species in an acid environment (as it is in 

hexagonal tungsten bronze),14,38 mainly observed on the S-R2 catalyst, seems to be the 

more selective sites in the oxidative dehydrogenation of ethane, reducing the importance of 

the rate of ethene combustion.  
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Table 1. Characteristics of catalysts. 

Catalyst Support  Preparation method (step) a  V/(W+ V) ratio Surface area 

   1 2 3  Theoretical EDX b (m2 g-1) 

N-I None  OA V-salt Reflux  0.20 0.12 9.6 

N-II None  OA Reflux V-salt  0.20 0.16 n.d. 

N-R None  Reflux OA V-salt  0.20 0.20  1.1 

S-I γ-Al2O3  OA V-salt Reflux  0.20 0.17  122 

S-II γ-Al2O3  OA Reflux V-salt  0.20 0.20  n.d. 

S-R1 γ-Al2O3  Reflux OA V-salt  0.10 0.07 118 

S-R2 γ-Al2O3  Reflux OA V-salt  0.20 0.17 119 

S-R3 γ-Al2O3  Reflux OA V-salt  0.30 0.29 127 

a) Step in which oxalic acid (OA) and Vanadyl Sulphate (VS) are incorporated to an aqueous solution of APT, as well as step in which 

the reflux of components is carried out; b) V/(W + V) ratio obtained by XEDS. 
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Table 2. Simulated parameters of the EPR spectra of W-V-based catalysts and parameters calculated thereof, (axial distortion 
of VO2+ sites), and concentration of V4+ species. 1 

Sample Site g║ g g┴ A║  ΔHpp/G A┴(G) Δg║/Δg┴ β2
2* V4+ 

(%) 
Site A 
(%) 

Selectivity 
(%)2 

N-R A 1.922  1.972 185  65 2.64 0.70 0.09 0.002  
 B 1,929  1.978 200  76 2.96 0.74    
 Singlet  1.960   447       

S-R1 A 1.919  1.972 185  64 2.70 0.74 0.10 0.09 71 
 Singlet  1.955   376       

S-R2 A 1.915  1.970 187  65 2.75 0.72 0.24 0.10 73 
 Singlet  1.954   376       

S-R3 A 1.921  1,972 185  63 2.69 0.73 0.16 0.08 67 
 Singlet  1,959   380       

WV-HT A 1.922  1.972 185  65 2.65 0.71 0.04 0.001 40 
 B 1.929  1.977 200  76 2.89 0.74    
 Singlet  1.960   490       

V/W/AL A  n.d          
 Singlet  n.d          

VOx/AL A  n.d       0.06  50 
 

1) Axial distorsion of VO2+ sites (Δg║/Δg┴); in-plane delocation coefficient (β2
2*). 

2) Selectivity to ethylene at an ethane conversion of 25%.    
3) ΔHpp is the width measured from peak to peak  

 
  



31 
 

Table 3. XPS Results of representative W-V-based catalysts. 

Sample  
Surface atomic ratio  

O/Al/W/V 

 V2p3/2  W4f7/2  Al2p 

 V4+ V5+  W5+ W6+  Al3+ 

N-R 68.12/0.0/28.80/3.08  516.2 (38.6%) 517.5 (61.4%)  35.1 (27.1%) 35.8 (72,9%)  - 

S-R2 61.90/31.79/5.87/0.44  516.3 (58.4%) 517.5 (41.6%)  35.6 (53.8%) 36,4 (46.2%)  74.5 

WV-HT 69.50/0.0/27.98/2.53  516.2 (38.7%) 517.2 (61.3)  35.4 (45.7%) 36.1 (54.3%)  - 

VOx/AL 53.28/46.04/0.0/0.68  - 
517.0 (55.0%)  

518.2 (45.0%) 
 - -  74.5 

V/W/AL 54.69/40.42/3.97/0.91  516.5 (20.8%) 517.8 (79.2%)  35.6 (33.9%) 36.5 (66.1%)  74.4 
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Caption to figures 

Fig. 1.   XRD pattern of unsupported (A) and Al2O3-supported (B) W-V-O oxides: a) 

Sample N-I; b) Sample N-II; c) Sample N-R; d) Sample S-I; e) Sample S-II; f) 

Sample S-R2. Details reported in Table 1 and Table 2. Symbols: HTB structure 

(●); monoclinic WO3 (Δ); γ-Al2O3 (■). 

Fig. 2.  Raman (A) and UV-Vis (B) spectra of unsupported (sample) and Al2O3-supported 

(a-c) and unsupported (d) W-V oxide bronzes.  Catalysts: a) S-R1; b) S-R2; c) S-

R3; d) N-R. 

Fig. 3.  EPR spectra of Al2O3-supported and unsupported W-V-O oxide bronzes (A): a) S-

R1; b) S-R2; c) S-R3; d) N-R. Examples of simulation of the EPR spectra of 

sample S-R2 (B) and N-R (C) with the corresponding deconvoluted spectra. The 

characteristics of each deconvoluted spectrum is also included.   

Fig. 4.  FE-SEM (A) and TEM (B) of unsupported W-V-O (sample N-R) and Al2O3-

supported (sample S-R2) W-V-O oxides. Catalysts: N-R (a, b); S-R2 (c, d).  

Fig. 5. Possible Structures for the species experimentally observed in V-containing 

catalysts: A- and B-sites and small VxOy clusters. 

Fig. 6. Variation of ethane conversion vs temperature (a) and variation of the selectivity to 

ethylene (b), and selectivity to CO and CO2 (c) with ethane conversion during the 

ethane ODH over Al2O3-supported W-V oxide bronzes: a) S-R1; b) S-R2; c) S-

R3.   

Fig. 7.  Variation of the selectivity to ethylene (a) and selectivity to CO and CO2 (b) 

during the ethane ODH on V-containing catalysts. Characteristics of catalysts in 

Table 1 and Table S1. Reaction conditions: Ethane/oxygen/nitrogen molar ratio of 

4/8/88 and a contact time, W/F, of 80-240 gcat h (molC2)-1. 

 

Scheme 1.  Reaction network for the oxidative dehydrogenation of ethane over V-

containing catalysts. 
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