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A B S T R A C T   

The present contribution describes the synthesis of a carbon supported VPO catalyst with a fibrous structure. The 
synthesis method is simple, low-cost, scalable and reproducible that allows the formation of the bulk mixed oxide 
(VO)2P2O7 (VPP) active phase on the carbon support material. The preparation does not require any special 
reducing thermal treatments due to the ability of the carbon support to stabilize the VPP active phase since this 
carbon-based support is stable under oxidizing conditions up to around 400ºC allowing it to be used as for 
catalytic oxidation reactions. The stability of the carbon-supported VPP catalyst under reaction conditions was 
examined with in situ Raman under oxidizing/ H2 reducing cycles and n-butane oxidation conditions under both 
wet and dry conditions. These studies confirm the dynamic character of VPO phases, which interconvert under 
different conditions, and the stability of carbon-supported VPP phase under different environments. The novel 
carbon-supported catalyst exhibits an activity behavior like that observed for commercial catalysts that suggests 
a very promising catalytic material.   

1. Introduction 

Vanadium oxide-based catalytic materials are well known as active 
and selective for partial oxidation reactions of alkanes, which are key 
industrial processes to produce energy and chemical intermediates 
[1–4]. Oxides of vanadium and phosphorus (VPO) are commercial cat
alysts for the partial oxidation of n-butane to maleic anhydride [5–8] 
that finds use for the manufacture of polyester resins, polyurethanes, 
fibers, and many other products. Several VPO phases have been iden
tified with their properties extensively discussed [6,9] in the literature 
concluding that bulk vanadyl pyrophosphate, (VO)2P2O7 (VPP), is the 
catalytic active phase [8,9]. In the VPP phase, vanadium is present as 
V4+ and the surface lattice sites are oxidized to V5+. By this manner, a 
combination of phases in which V adopts V5+ and V4+ oxidation states 
improves the catalytic behavior since V can perform redox cycles under 
reaction conditions; by this way, the surface lattice contributes all of the 
oxygen to partially oxidize the n-butane, following a Mars van-Krevelen 
mechanism. An active and selective VPO catalyst usually requires a 
support in order to mechanically stabilize the VPO mixed oxide phases 
and to increase the surface area. Additionally, the support may also 
allow these redox cycles to take place and several supports have been 

investigated [8]. One attempt was developed by Dupont that synthe
sized the VPO oxides encapsulated by a porous silica shell [10], which 
obtained good results in both fixed and fluidized bed reactors. Dupont 
also developed a technology that consisted of co-feeding pure molecular 
O2 in order to keep the catalyst’s surface lattice oxidized to maintain a 
fraction of the pyrophosphate in the V5+ oxidation state [11] that gave 
promising results. However, hot spots in the reactor were found to 
deactivate the catalysts [12]. Important deactivation issues are that 
these catalysts undergo phosphorus loss and formation of crystalline 
V2O5 during long term operation. In order to avoid this problem, 
phosphorus with water is usually added during technical operation [13]. 
This effect has been attributed to the formation of surface phosphates 
[14]. Thus, apart from a good activity, selectivity and easily available 
high surface area, a promising VPO catalytic material needs to satisfy 
these requirements: i) to be mechanically resistant to physical degra
dation under reaction conditions, ii) to be produced by a simple and 
reproducible synthesis method; iii) to show a stabile VPP phase that also 
allows the VPO phase to oxidize and reduce during reaction conditions, 
and iv) to remain stable during reaction conditions with and without 
water. The objective of the present contribution is to describe a 
carbon-supported VPP catalytic material that addresses these four 
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requirements. 
Carbon materials have shown to be promising catalyst supports for 

several catalytic active phases, including V-containing mixed oxide 
materials [15]. They are very attractive as catalyst supports since they 
are inexpensive, have high surface areas, are mechanically stable, and 
present a rich variety of surface chemical groups that can be easily 
modified [16]. In addition, if the carbon material contains phosphorous 
surface groups, easily introduced when it is prepared by chemical acti
vation with phosphorous acid, the carbon oxidation reaction is retarded 
up to higher temperatures. This enables the utilization of P-containing 
carbons under oxidizing conditions at moderate reaction temperatures 
[17]. Particularly, thermogravimetric studies have shown that these 
materials are stable under oxidizing conditions up to 380 – 390 ºC [17], 
with phosphorus surface groups preventing carbon from gasification and 
conferring a high oxidation resistance [18]. 

By this manner, vanadium oxides supported on phosphorous con
taining carbon materials have been demonstrated as promising catalytic 
materials [17]. With the aim of overcoming the limitations of the sup
ported VPO catalytic materials that have been commercially available 
up to date, this work poses the design of a catalytic material that is 
inexpensive and stable under reaction conditions, and that additionally 
allows the V4+-V5+ redox cycle required for catalyzing n-butane to 
maleic anhydride. 

To investigate this novel approach, the main objective of the present 
work is the study of the preparation, properties and performance (ac
tivity, selectivity and stability) of new carbon-supported VPO catalysts 
with fibrous structure. Particularly, special effort is devoted to demon
strate the reversibility and stability of VPO phases, in the proposed 
material, for the catalytic conversion of n-butane. The fibrous carbon 
support can be prepared quite easily by electrospinning technique [19], 
which is quite versatile and easy to handle [20], and by using lignin as a 
renewable and low-cost carbon precursor. The fibrous morphology 
provides low resistance for internal diffusion and high surface area and 
accessibility of VPO phases. Furthermore, the effective introduction of 
surface P functionalities on the carbon support greatly increases its 
thermal stability under different conditions. 

2. Experimental 

2.1. Synthesis of materials 

The carbon supported VPO material was prepared following a pro
cedure optimized in a previous study [20]. In a first stage, a P containing 
carbon fiber material was prepared by electrospinning of a solution of 
lignin/H3PO4 (1/0.3 wt%) in ethanol, followed by a heat treatment 
(200ºC for 1 h in air and then up to 900ºC at 10º/min heating ramp in N2 
for carbonization) in a horizontal furnace with a flow of the corre
sponding gas treatment of 150 cc (STP)/min. Lignin was chosen as 
carbon source since it is a waste obtained during paper manufacture. 
Then, the obtained P-carbon fibrous material (PCF) was washed with hot 
distilled water to remove all the non-anchored species and dried in 
static-air (80ºC) overnight. In a second step, this phosphorous containing 
carbon was impregnated (in a rotatory evaporator (at 80ºC and 30 mm 
Hg) with a solution of NH4VO3 (99.99%, Sigma- Aldrich) in 0.5 M oxalic 
acid (99% Sigma Aldrich). Considering the surface area of the carbon 
fibers, 1100 m2/g, the amount of vanadium to impregnate was calcu
lated in order to obtain a material with 4 V atoms per nm2 of support, 
since a previous study [15] concluded that this is the maximum amount 
of vanadium oxide species that remain dispersed avoiding the formation 
of V2O5 crystals. Then, the V impregnated carbon fibers (V/PCF) were 
treated in flowing-air (150 cc (STP)/min) at 200ºC for 2 h. This material, 
referred to as V/PCF, has a BET surface area of 790 m2/g. 

In order to study the effect of the carbon support, a bulk oxide VPO 
material was prepared by calcination in air for 1 h (heating ramp 3ºC/ 
min) at 500ºC of V/PCF material. This calcination methodology was 
optimized in a previous study [20] in order to eliminate the carbon 

material but maintaining the fibrous morphology of the material. This 
VPO material has a BET surface area of 62 m2/g. 

2.2. Characterization 

Activity measurements were performed in a quartz microreactor 
with 9 mm of diameter with 300 mg of catalyst (particle dimensions in 
the 0.25–0.125 mm range) with on-line gas chromatograph equipped 
with two different columns. Hydrocarbons and oxygenates were 
analyzed with a FID detector whereas CO, CO2, H2O and O2 were 
analyzed with a TCD detector. Activity was measured after 30 min of 
time on stream at 380ºC. Each analysis took 40 min. The activity was 
measured during time on stream for six hours and the results remained 
stable within the error of determinations ( ± 10%). The axial tempera
ture profile was monitored by a thermocouple sliding inside a tube 
inserted into the catalytic bed. The feed composition was 2% of n- 
butane, 15% of oxygen, and balanced in He. A total flow of 30 mL/min 
of reactants fed through gas flow controllers was used. The quantity of 
catalyst and total flow were determined in order to avoid internal and 
external diffusion contributions. Butane conversion and selectivity 
values were determined based on the moles of n-butane feed and 
products, considering the number of carbon atoms in each molecule. The 
correctness of the analytical determinations was checked for each test by 
verification that the carbon balance (based on the propane converted) 
was within the cumulative mean error of the determinations ( ± 10%). 

N2 adsoption/desorption isotherms for PCF and V/PCF calcined 
materials were obtained at − 196ºC in an ASAP 2020 Micromeritics 
Instrument. The samples were previously outgassed at 150ºC for 8 h. The 
morphology was studied by scanning electron microscopy (SEM) and by 
transmission electron microscopy (TEM). SEM images were obtained 
using a JEOL JSM-840 instrument, working at a high voltage of 20–25 
kV whereas TEM analyses were carried out in a CM200 apparatus 
(Philips). X-ray photoelectron spectroscopy (XPS) analyses of the 
calcined samples were obtained using a 5700 C model Physical Elec
tronics apparatus, with MgKα radiation (1253.6 eV). For the analysis of 
the XPS peaks, the C1s peak position was set at 284.5 eV and used as 
reference to position the other peaks while the fitting of the XPS peaks 
was done by least squares using Gaussian-Lorentzian peak shapes. 

In situ Raman spectra (532 nm laser excitation) were obtained with a 
high-resolution, dispersive Raman spectrometer system (HoribaJovin 
Yvon LabRam HR) equipped with a confocal microscope (Olympus BX- 
30), notch filter (Kaiser SuperNotch) and a 900 groves/mm grating. The 
laser excitation was generated with a Nd-YAG double diode pumped 
laser (Coherent Compass 315 M-150, output power of 150 mW, with 
sample power 10 mW). The scattered photons were directed onto a 
single monochrometer and focused onto a UV-sensitive liquid N2 cooled 
detector (HoribaJovin Yvon CCD3000-V) with a spectral resolution of 
~2 cm− 1 for the given parameters. The notch filter has a ~100 cm− 1 

cutoff for visible spectra; Raman spectra were collected above 200 cm− 1. 
The catalysts were evaluated as loose powders in an environmental 
chamber (Harrick HVC-DR2, with a CaF2 window) under the conditions 
shown below. The temperature of the environmental cell was controlled 
with a Harrick ATC temperature controller. Spectral collection times 
were typically 30 s per scan with five scans. 

2.3. Experimental procedure for catalyst reduction and reoxidation 

After heating (10 C/min) to 300 C under flowing 10% O2/Ar (30 mL/ 
min) for 1 hr, the sample was cooled to 110 C, the 10% O2/Ar replaced 
with flowing Ar (30 mL/min) and flushed with flowing Ar for 15 min. 
Subsequently, Ar was replaced with flowing 10% H2/Ar (30 mL/min), 
the sample heated to 125 C, held at 125 C for 10 min and a Raman 
spectrum recorded. The sample was then heated stepwise in 25 C in
tervals to either 175 C or 200 C and was held at each of these steps for 10 
min before a Raman spectrum was recorded. At the end of this sequence, 
the sample was cooled to 110 C under flowing 10% H2/Ar, the H2/Ar 
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replaced with flowing Ar (30 mL/min) and the sample was flushed with 
flowing Ar for 15 min. Reoxidation was carried out by replacing the Ar 
flow with flowing 10% O2/Ar (30 mL/min). The sample was heated to 
125 C, held at 125 C for 10 min, and a Raman spectrum was recorded. 
The sample was then heated stepwise in 25 C intervals to either 175 C or 
200 C and was held at each of these steps for 10 min before a Raman 
spectrum was recorded. Finally, the sample was cooled to 110 C. If 
desired, a second reduction step was carried out using the conditions 
described immediately above. 

2.4. Experimental procedure for the dehydration/oxidation cycles and 
oxidation of n-butane 

Dehydration (procedure 1, P1). The sample was heated to 100 C, 200 
C, and then 300 C (10ºC/min) under flowing (30 mL/min) 10% O2/Ar. 
Raman spectra (532 nm laser) were taken at each of those temperatures. 
The sample was maintained at 100 C and 200 C just long enough to 
record the spectrum; and heating was resumed immediately after the 
spectrum had been obtained. Upon reaching 300 C, the sample was held 
at 300 C for an hour under flowing (30 mL/min) 10% O2/Ar. In addition 
to the Raman spectrum taken when the sample reached 300 C, spectra 
were taken after 30 min and 60 min. After cooling to 110 C, a Raman 
spectrum was taken of the dehydrated catalyst while it was still under 
flowing 10%O2/Ar. As expected, the peaks were sharper and the reso
lution better at 110 C. Next, the sample was flushed with flowing Ar (30 
mL/min) for 15 min 

Oxidation of n-butane under wet conditions (procedure 2, P2). Upon 
completion of the dehydration procedure, the feed to the cell was 
switched to a mixture of 10% n-butane/nitrogen (10 mL/min) and air 
(31 mL/min), for a total flow of 41 mL/min (15% O2 in feed). By this 
way the composition in terms of butane/oxygen ratio is similar to that 
used in the fixed bed experiments. The mixed feed was passed through a 
bubbler which contained deionized water, and which was maintained at 
43 C with a heated water bath. The vapor pressure of water at 43ºC was 
64.8 mm, which gave 8.5% water in the feed. After switching to this feed 
composition, the catalyst was heated to 300 C (10 C/min). Immediately 
upon reaching 300 C, a Raman spectrum was taken. Subsequently, 
Raman spectra were recorded at intervals over 90 min. Upon completion 
of this procedure, oxidation under dry conditions was begun. Oxidation 
of n-butane under dry conditions (procedure 3, P3). The catalyst was 
maintained under the conditions of P2, with the exception that the 
bubbler was bypassed, and dry feed was introduced into the cell. Spectra 
were recorded at intervals over the next 2 hrs. As the dry reaction pro
gresses, note the reappearance of VPO features, starting with the peak at 
930 cm− 1. At the end of this time, the feed to the cell was switched to Ar 
(30 mL/min), and the cell was flushed with Ar for 15 min 

Final dehydration (procedure 4, P4). After flushing with Ar for 15 
min, the feed was switched to 10% O2/Ar (30 mL/min). Raman spectra 
were then recorded at 300 C (1 min, 30 min) and after cooling to 110 C. 

3. Results and Discussion 

3.1. Characterization of catalysts 

The BET surface areas, XPS composition of the surface regions, and 
catalytic activity performance are presented in Table 1 for both V/PCF 
and VPO materials. The formation of vanadium-phosphorus mixed oxide 

(VPO) species in these materials was confirmed by XPS (supporting in
formation (SI)). As expected, the surface area of the unsupported, bulk 
material VPO phase is much lower than that for the supported V/PCF 
catalyst. The activity results for the bulk VPO sample are like those re
ported for similar samples [21]. Table 1 data shows that at the same 
reaction temperature, supported V/PCF performs much better in terms 
of n-butane activity and maleic anhydride selectivity, showing catalytic 
results comparable to those obtained with commercial VPO catalysts 
after activation [11,13]. Thermogravimetric studies with similar sam
ples have shown that these carbon supported materials are stable under 
oxidizing conditions up to 380 – 390 ºC [20] since phosphorus surface 
groups prevent carbon gasification and thus confer a high oxidation 
resistance to these phosphorous carbon materials [21,22]. XPS results 
confirm that P is incorporated to the carbon surface during the chemical 
activation step with phosphoric acid. Previous studies have revealed 
that it forms different surface functionalities like -C-O-P, C-P-O and 
C3PO [21,22] (Fig. 1 SI). 

Fig. 1 A and 1B show SEM images of the V/PCF material, confirming 
the fibrous morphology with diameters in the 300 nm – 3 µm range. As 
can be observed in the images, the vanadium impregnation after the 
carbon fiber synthesis does not alter the fibrous morphology. The images 
(Fig. 1B) also demonstrate how the vanadium oxide is distributed quite 
uniformly over the surface of the carbon fibers. TEM (Fig. 1C) confirms 
that the sample is composed by a carbon fiber covered by a film that 
forms some clusters/aggregated, whose SAED (Fig. 1D) reveals a diffuse 
ring pattern, that could be associated with an amorphous or nano
crystalline material. 

3.2. In situ Raman: dehydration/oxidation cycles 

The supported V/PCF catalyst was examined with in situ Raman 
during dehydration/oxidation cycles following the procedure described 
in the experimental section (P1-P3). The dehydrated spectrum (Fig. 2A) 
shows the presence of the carbon support (broad Raman bands near 
1330 and 1590 cm− 1) and a band near 934 cm− 1 from the crystalline 
(VO)2P2O7 (VPP) phase [12]. When the temperature is increased under 
reducing conditions (Fig. 2A), the Raman band of (VO)2P2O7 becomes 
more intense, especially around 150ºC, as expected, since V species 
remain reduced as V4+ in (VO)2P2O7 mixed phase. Some signals near 
995 and 1090 cm− 1 can be also observed at 125 and 150ºC that are from 
the crystalline αII-VOPO4 phase. This is indicative of the dynamic 
character of VPO phases. It is well known that an active and selective 
VPO catalyst requires that these mixed oxide phases interconvert under 
different reaction conditions of temperature, atmosphere and pressure. 
The dynamic character of VPO phases in the novel V/PCF material is 
also illustrated in Fig. 2B since under a re-oxidation cycle and subse
quent reduction, the bands of the crystalline (VO)2P2O7 and αIIVOPO4 
phases are not visible under the oxidation cycle and only become visible 
under reducing conditions. (Table 2). 

The dehydration/oxidation in situ Raman study was also performed 
with bulk sample VPO in order to analyze the effect of carbon support 
and Fig. 3 shows the results. Fig. 3A shows the dehydrated sample (black 
spectrum), dominated by a sharp band near 980 cm− 1, that is attributed 
to VO(HPO4)•0.5 H2O phase [23]. This phase is stable under reducing 
conditions up to 150ºC (Fig. 3A) and at 200ºC the shape of the spectrum 
is quite different. The Raman band near 934 cm− 1 belongs mainly to the 
crystalline (VO)2P2O7 phase. In addition, bands near 1131, 1039 and 

Table 1 
BET surface area values calculated from the N2 isotherms, atomic elemental compositions (%) of the surface region determined by XPS, of calcined samples, and 
catalytic performance (n-butane conversion and selectivity to maleic anhydride, CO and CO2) after 30 min of time on stream at 380ºC.   

BET A (m2/g) C (1 s) O (1 s) N (1 s) V[2p] P[2p] CBu (%) CCO CCO2 SMA 
(%) 

V/PCF  790  79  16  1  2  2  79  18  10  72 
VPO  62  21  56  3  7  13  41  23  12  65  
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980 cm− 1 are also visible and these bands may indicate a mixture of VPO 
phases in which vanadium is present as V5+ (e.g., αIIVOPO4 (Raman 
bands near 990 and 1100 cm− 1), β VOPO4 (Raman bands near 990 and 
1070 cm− 1), γ VOPO4 (Raman bands near 938, 1032 and 1085 cm− 1) 
and δ VOPO4 (935, 1020 and 1085 cm− 1) [20]. The bands in the 600 – 
100 cm− 1 range are also attributed to a mixture of these phases [12,13, 
23]. Fig. 3B shows the spectra during re-oxidation and, as can be 
observed, the Raman band at 980 cm− 1 is restored. During a second 
reduction treatment (Fig. 3C), this band again disappears giving rise to 
the bands assigned to a mixture of several VPO phases. The Raman 
spectra confirm the dynamic character of VPO phases in VPO materials. 
The main difference with respect V/PCF sample (Fig. 2) is that in the 
case of bulk material (Fig. 3), spectra are not dominated by the Raman 
band due to (VO)2P2O7. This may indicate that carbon support is able to 
stabilize this VPP phase. 

3.3. In situ Raman under Butane Oxidation reaction 

In situ Raman spectra were recorded in order to further investigate 
the stability of the supported V/PCF catalysts under n-butane oxidation 
reaction conditions. Fig. 4A shows the dehydration treatment versus time 
on stream of V/PCF sample at 300ºC. In agreement with the results 
obtained at lower temperatures, it can be observed how during the 
thermal treatment, the VPP band (931 cm− 1) increases whereas the 
band near 992 cm− 1, assigned to VPO phases in which Vanadium species 
are as V5+, tend to disappear. Under reaction conditions (Fig. 4B), it can 

be observed how the formation of VPP phase also occurs and in a higher 
extent. After two hours under reaction conditions, other small features 
are detected in the spectrum that could be indicative that, at a minor 
extent, other VOx (Vanadium oxide dispersed species) and/or VPO 
phases may form. After reaction, the catalyst was re-oxidized (Fig. 4C) to 
further investigate its dynamic structure. Fig. 4C shows that the spec
trum of the catalysts after reaction is similar to that obtained before 
(Fig. 4A), with the Raman bands due to the carbon support (1600 and 
1330 cm− 1) and to crystalline (VO)2P2O7 (band near 930 cm− 1). These 
data clearly demonstrate that the supported V/PCF catalyst is stable 
under n-butane oxidation reaction. 

To prevent VPO catalyst deactivation by loss of phosphorous and 
subsequent V2O5 formation, addition of water in the reactants feed has 
been proposed with the aim of keeping phosphorus distributed on the 
surface of the catalysts [14,24,25]. However, this can affect the distri
bution of VPO mixed phases and subsequently the selectivity of the 
catalyst. To further investigate the addition of water under reaction 
conditions on the structure of V/PCF sample, an in situ Raman study was 
also performed under wet butane oxidation reaction according to the 
procedure described as P2 in the experimental section. During the first 
30 min under wet butane oxidation conditions (Fig. 5A) the Raman 
bands near 1609 and 1552 cm− 1 due to carbon support, and the band 
near 930 cm− 1 that belongs to VPP active phase dominate the spectrum, 
although other bands assigned to several VPO phases are also visible. To 
further analyze the effect of water on the distribution of VPO species, 
Fig. 5B compares the spectrum taken under dehydration conditions at 

Fig. 1. SEM low-magnified (A) and magnified (B) and TEM (C-D) images of V/PCF material.  
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110ºC with the spectrum obtained under wet butane oxidation condi
tions at 300ºC at the start of the reaction. These show that during the 
first minute under wet conditions, Raman bands near 1059, 987, 643, 
421, 353, 313 and 281 cm− 1 appear, in addition to the Raman band near 
930 cm− 1 due to VPP phase. As has been already discussed, these bands 
may indicate a mixture of VPO phases in which vanadium is present as 
V5+, such as αIIVOPO4 (Raman bands near 990 and 1100 cm− 1), β 
VOPO4 (Raman bands near 990 and 1070 cm− 1), γ VOPO4 (Raman 
bands near 938, 1032 and 1085 cm− 1) and δ VOPO4 (935, 1020 and 
1085 cm− 1) [20]. This could indicate that under wet conditions, vana
dium species tend to partially oxidize, and, it should be noted that for 
V/PCF sample, these VPO species with V5+ were not detected under dry 
oxidation conditions (Fig. 4). Fig. 5C shows that, after reaction under 
wet conditions and subsequent reoxidation, a spectrum similar to that of 
the dehydrated fresh sample (Fig. 5B) is obtained. This spectrum is 
dominated by the Raman bands of the carbon support and VPP phase, 

thus demonstrating that the formation of other VPO phases in addition 
to VPP in which V species are oxidized under wet conditions, is temporal 
and reversible. 

4. Conclusions 

This work describes the fabrication methodology and outstanding 
catalytic properties of new carbon-supported VPO catalysts with fibrous 
structure. The methodology is based on the preparation of P-doped 
carbon fibers, by electrospinning of lignin/H3PO4 solutions, followed by 
the effective dispersion of VPO phases. Exhaustive Raman character
ization shows that the fibrous carbon support obtained by this method is 
efficient to stabilize a highly dynamic (VO)2P2O7 (VPP) active phase 
under several reaction conditions (both dry and wet) and oxidation/ 
reduction cycles. The presence of this stabilized active phase can be 
associated to the higher n-butane conversion activity and selectivity 
towards maleic anhydride found for the proposed fibrous catalyst, as 
compared to a similar catalyst without carbon. Such extraordinary sta
bilizing effects are assigned not only to the carbon support itself, but also 
to the presence of uniformly distributed surface phosphorus groups, 
introduced by the proposed method, that confer this support with a high 
oxidation resistance. 

The obtained results highlight the benefits of using carbon materials 
as supports of VPO catalysts. Particularly, unlike most synthesis methods 
of VPP phases, the carbon-supported VPO catalyst proposed in this work 
can be easily prepared without using reductant conditions and/or 

Fig. 2. Raman spectra of V/PCF sample under different conditions. (A) Dehydration and first reduction and (B) re-oxidation and second reduction.  

Table 2 
Raman bands assigned to VPO phases (according to Ref. 23).  

Reference VPO phase Raman bands (cm− 1) 

(VO)2P2O7 (VPP) 934 
αII-VOPO4 phase 995, 1090 
β VOPO4 990, 1070 
γ VOPO4 938, 1032, 1085 
δ VOPO4 935, 1020, 1085 
VO(HPO4)•0.5 H2O phase 980  
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activation for long periods. In addition, it exhibits an excellent me
chanical stability. The used electrospinning method can be easily 
handled and scaled up at industrial scale, and the fibrous morphology 
involves several benefits in terms of catalyst surface area and accessi
bility, and internal gas diffusion. Furthermore, the utilization of lignin as 
carbon precursor is advantageous from the economic and environmental 
points of view. 
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