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VOPO4 is a polymorphic compound that exhibits excellent catalytic and electronic

properties. Here, formation of different VOPO4 polymorphs using two different organic

compounds as precursors is investigated for the first time using flame spray pyrolysis

as an alternative method to hydrothermal synthesis of VOPO4, the only method currently

known for its synthesis. Ammonium-based salts of vanadium and phosphorous dissolved

in aqueous solution were used as precursors for the process. The products from the

flame spray pyrolysis process were found to be hollow and amorphous particles in the

range of 2–10µmwith shell thicknesses between 200 and 300 nm. Upon calcination and

oxidation, the size of spherical particles grew in diameter and crystallization proceeded.

However, the surface of calcined particles showed it was composed of smaller grains in

the size range of 0.5–1µm. Finally, the size dependence stability of different polymorphs

of VOPO4 is discussed as well as the effect of the different precursors used to stabilize

alpha-II and Beta VOPO4 polymorphs.

Keywords: VOPO4, sensors, flame spray pyrolysis, FSP, batteries, li ion batteries, vanadium phosphate

INTRODUCTION

Vanadium phosphates (VOPO4) have gained some noted interest from researchers as functional
oxide materials due to their outstanding catalytic and electronic properties. Among their various
applications, they have been studied as catalysts for hydrocarbons (Albonetti et al., 1996; Guliants
et al., 1996; Coulston et al., 1997; Conte et al., 2006), where the +5 valence state of vanadium is
important in the extraction of hydrogen atoms from alkanes (Hutchings et al., 1998). Apart from
their applications in catalysis, vanadium phosphates also find applications as electrode materials
in lithium-ion batteries (Gaubicher et al., 1999; Kerr et al., 2000; Whittingham et al., 2005) and
sodium-ion batteries (He et al., 2016a,b), pseudo capacitors (Wu et al., 2013; Lee et al., 2015), and
sensors (Li et al., 2011; Khan et al., 2016). The variety of applications of VOPO4 can be related to
the various polymorphs exhibited by the compound.

There are seven reported polymorphs for VOPO4. Among these polymorphs, four exhibit
tetragonal structure (α1, α2, δ, and ω), two exhibit orthorhombic structure (β and γ) and one
monoclinic structure (ε) (Dupré et al., 2004). Among these polymorphs, β-VOPO4 has the lowest
energy configuration. However, these polymorphs have been synthesized using various routes;
furthermore, due to close relation in the structures of all the polymorphs and their low energy
difference, obtaining a single phase is almost impossible (Dupré et al., 2004). The various techniques
applied for synthesis of VOPO4 compounds are solvothermal synthesis (Rownaghi et al., 2009;
Allen et al., 2011), solid state interactions (Bartley et al., 2001; Sydorchuk et al., 2010), and
electrochemical synthesis (Song et al., 2005). However, all these methods either result in big particle
size or are commercially unfeasible due to their lengthy processing times.
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In this paper, we investigate the Flame Spray Pyrolysis (FSP)-
based synthesis of VOPO4 powders. FSP is the process in
which a liquid precursor is readily combusted and possesses
a high enthalpy reaction, as to sustain the flame. FSP
precursors generally consist of high-enthalpy solvents mixed
with organometallics (Strobel and Pratsinis, 2007). As such,
when the precursor droplets enter the flame zone, the organic
solvents are evaporated and can proceed through a particle
formation process. However, in cases where the enthalpy of
the solution is insufficient, the solute may not sublimate or
may partially sublimate and form particles that do not have
characteristics of FSP particles (Wang and Huang, 2016). FSP
is arguably the more popular flame aerosol technique. This
can be attributed to the gas-particle conversion that typically
results in finer particles coupled with the homogenous mixing
of gaseous elements compared to that of liquid elements (Teoh
et al., 2010). Since in an ideal FSP experiment, the particles
immediately vaporize, Brownian motion in the gas phase is
the dominant factor that determines their final morphology
(Ulrich, 1971). The methodology used to produce particles in
a laboratory-based FSP setup can be transferred to a foundry
for the bulk synthesis of the material. Aeroxide P25 Titania,
from Evonik industries, provides evidence for the scalable
oxide synthesis via flame aerosol technique. Apart from the
commercial aspect, the advantage of flame spray synthesis lies
in ease of fabrication, elimination for the use of expensive raw
materials, uniform size distribution, and high purity products.
Flame-synthesized particles have small particle sizes and high
surface area: volume ratios, which is desirable for catalysis and
electrochemical processes.

For this study, aqueous solutions with two different organic
components as precursors for FSP process are used. The obtained
powders are then characterized using XRD, TGA-DTA, SEM,
TEM with SAED, and FTIR for their crystallographic phases,
morphologies, chemical compositions, and thermal stability.

EXPERIMENTAL METHODS

FSP VOPO4 Using Aqueous Solution With
Sucrose
Precursor solution was prepared using ammonium vanadate
(1.17 g) and ammonium dihydrogen phosphate (1.15 g). The
salts were mixed in 100ml deionized water, bringing the
concentration of the solution to 0.1M. 1.5 g of sucrose was
added to the solution as an organic component. The addition of
the organic component was to produce a self-sustaining flame
during the FSP process. The solution was stirred at 600 RPM
and maintained at 60◦C using a heated magnetic stirrer until a
homogenous mixture was obtained. The solution was aged for a
day and then fed into the FSP system (Tethis NPS 10). For the
FSP process, the flame was generated using methane and oxygen,
1.5 slm methane and 3.0 slm oxygen were used, 5 slm oxygen was
used as dispersion gas and the solution feed rate was 5ml. The
particles were collected on a glass fiber filter. The powders were
calcined at 500◦C for 8 h.

FSP VOPO4 Using Aqueous Solution With
DMF
Precursor solution was prepared with the same amount of
ammonium vanadate and ammonium dihydrogen phosphate.
The salts were mixed in 80ml deionized water. The stirring and
heating of the precursor was performed the same as mentioned
earlier. A total of 20ml of DMF, which was used as the organic
compound of this solution, was added to make it 0.1M, which is
the same concentration of the other precursormade with sucrose;
then, it was fed into the FSP system. The FSP process was done
with the same parameters as mentioned in the previous part.

Material Characterization
The powders were characterized using Scanning Electron
Microscopy (SEM, LEO 1550), Transmission Electron
Microscopy (TEM, JEOL 1400) and selected area electron
diffraction was carried out on both as synthesized and calcined
samples. Thermogravimetric analysis (TGA, Perkin Elmer
Diamond) was conducted on the as-synthesized samples.
The particles, both as-synthesized and calcined, were also
characterized using XRD (Rigaku Miniflex II) and FTIR
(Thermo Scientific Nicolet 6700).

RESULTS

X-Ray Characterization
Figure 1 shows the XRD characterization of FSP-synthesized
powders. The as-synthesized particles were relatively amorphous
showing significant broad peaks; some extent of crystallinity
was obtained. The powders synthesized using a sucrose-based
solution, matched with JCPDS 36-0054 for Ammonium Vanadyl
Hydrogen phosphate hydrate (NH4VOVO2(HPO4)2.1.5H2O)
and are denoted by the letter A in Figure 1a. Figure 1a also
shows the pattern for powders synthesized using a DMF based
solution. The pattern showed a mixed system and matched with
JCPDS 36-0054 for Ammonium Vanadyl Hydrogen phosphate
hydrate(denoted by A) and JCPDS 34-1247 for tetragonal
VOPO4 system(L→ R denoted by α, 200, and 301 planes). The
tetragonal VOPO4 system was identified to be αII-VOPO4 based
on the lattice parameters (Ling et al., 2014).

Figure 1b shows the XRD characterization of calcined FSP
synthesized powders. Both the powders resulted in mixed phases.
In the case of calcined powders synthesized with sucrose-based
solutions, the peaks from the XRD pattern were found to be
orthorhombic β-VOPO4 (JCPDS 71-0859) and tetragonal αII-
VOPO4 (JCPDS 34-1247). The peaks for β-VOPO4 are denoted
by β(L→ R: 011, 002, 201, 221, 031, 400, and 040 planes) and
the peaks for αII-VOPO4 are denoted by α(L→ R: 101, 200,
220, and 132 planes). For calcined powders synthesized with
DMF-based solutions, the peaks from XRD pattern were found
to be tetragonal δ-VOPO4 (JCPDS 47-0951) and tetragonal αII-
VOPO4 (JCPDS 34-1247). The peaks for δ-VOPO4 are denoted
by δ(L→ R: 002, 111, 012, 022, 031, 214, and 106 planes) and the
peaks for peaks for αII-VOPO4 are denoted by α(L→ R: 101, 111,
200, 220, 112, 301, 311, and 420 planes).

The relative phase content was calculated using peak intensity
ratios for all the samples. Quantitative analysis for crystallite size
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FIGURE 1 | Results of XRD analysis of (A) as-synthesized and (B) calcined powders [A: Ammonium Vanadyl Hydrogen phosphate hydrate

(NH4VOVO2 (HPO4)2.1.5H2O], α: α-VOPO4, β: β- VOPO4, δ: δ- VOPO4 ).

TABLE 1 | Phase content and crystallite sizes for FSP VOPO4.

Sample Polymorph % phase Crystallite size (nm)

Suc- calcined β-VOPO4 45.7 26.3

αII-VOPO4 54.3 24.6

DMF- calcined δ-VOPO4 42.43 24.3

αII-VOPO4 57.57 21.7

determination was conducted using Scherrer’s formula. Table 1
lists the phase content and their crystallite sizes.

Thermal Analysis
TGA-DTAwas conducted on as-synthesized samples in the range
of RT-550◦C under oxygen atmosphere. Figure 2 shows the plot
for (a) powders synthesized using sucrose-based solution and (b)
powders synthesized using DMF-based solution.

Powders synthesized using sucrose-based solution show a
decrease in weight with increase in temperature. The weight loss
can be associated with the release of ammonia and water by
decomposition of NH4VOVO2 (HPO4)2.1.5H2O and formation
of VOPO4 structures. The DTA signals show two exothermic
changes at 260 and 540◦C; these changes can be associated with
formation of β-VOPO4 and αII-VOPO4.

Powders synthesized using DMF-based solution also show
a decrease in weight with increase in temperature. Similar to
the sucrose-based solutions, the weight loss can be associated
with the release of ammonia and water by decomposition
of NH4VOVO2(HPO4)2.1.5H2O and formation of VOPO4

structures. The weight drop stops at 420◦C and a slight spike in
weight is noticed in the range of 420–550◦C. The DTA signals
show an exothermic change at 420◦C. Since the as-synthesized
particles were a mixture of vanadyl hydrogen phosphate hydrate
& αII-VOPO4, which resulted in formation αII-VOPO4 and δ-
VOPO4, the exothermic reaction at 420◦C can be associated with
the formation of δ-VOPO4.

Fourier Transform Infrared Spectroscopy
FTIR was conducted on all the samples in the range of 500–
4,000 cm−1. The signal received below 500 was erroneous due
to significant noise; it was therefore omitted from the results.
Figure 3 shows the FTIR spectra for (a) powders obtained
from sucrose-based solution (as-synthesized and calcined) and
(b) powders obtained from DMF-based solution (as-synthesized
and calcined).

For the as-synthesized particles from the sucrose-based
solution, the peaks were obtained at 569, 1,040, 1,424, 1,654, and a
broad peak in 3,200 cm−1. The peak at 1,424 cm−1 and the broad
peak at 3,200 cm−1 correspond to the N-H bending vibrations
(Socrates, 2004). The peak at 1,654 cm−1 indicated presence of
water. The strong peak at 1,040 cm−1 belongs to P-O (Jiao et al.,
1998) vibrations and the peak at 569 cm−1 can be associated with
V-O-V rotational vibrations (Xue et al., 2010). Upon calcination,
the FTIR spectra for the calcined powders revealed peaks at 559,
673, 903, 949, shoulder at 1,080, 1,614, and a broad peak at 3,344
cm−1. The broad peak at 3,344 cm−1 and the peak at 1,614
cm−1 correspond to N-H bending vibrations (Socrates, 2004)
and signify the presence of undecomposed ammonia. The V-O-
V rotational vibrations observed at 559 cm−1 were observed at
569 cm−1 in the calcined sample. Similarly, the peak for P-O
vibrations observed at 1,040 cm−1 was observed at 1,080 cm−1.
New peaks were observed at 673, 903, and 949 cm−1. The peak at
673 can be associated with metaphosphate (Socrates, 2004). The
peaks in 903 and 949 cm−1 region belong to the V=O vibrations
(Anumula et al., 2013). The different peak position signifies a shift
in the V=O bonds, the shift can be associated with the presence
of two phases.

For the as-synthesized particles from the DMF-based solution,
the peaks were obtained at 566, 676, 879, 941, 1,064, 1,426,
and 1,644 with a broad peak at 3,200 cm−1. The peak at 1,426
cm−1 and the broad peak at 3,200 cm−1 correspond to N-H
bending vibrations as was the as-synthesized particles from
sucrose solution. Similarly, the peak at 1,644 cm−1 indicated
inclusion of water. The peak at 1,040 cm−1 belongs to P-O
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FIGURE 2 | TGA-DTA analysis for (A) FSP powders with sucrose (B) FSP powders with DMF.

FIGURE 3 | FTIR images for (A) as-synthesized and calcined VOPO4 samples synthesized with DMF based precursor (B) as- synthesized and calcined VOPO4

samples synthesized with sucrose-based precursor.

vibrations, the peak at 941 belongs to V=O vibrations and
the peak at 566 cm−1 can be associated with V-O-V rotational
vibrations. The peak observed at 873 cm−1 corresponds to

orthovanadates (Socrates, 2004). Upon calcination, the FTIR
spectra for the calcined powders revealed peaks at 560, 674, 939,

shoulder at 1,020, 1,428, and 1,612 with a broad peak at 3,254
cm−1. The broad peak at 3,254 cm−1 and the peak at 1,612

cm−1 correspond to N-H bending vibrations (Socrates, 2004)
and signify slight presence of undecomposed ammonia. The V-

O-V rotational vibrations observed at 566 cm−1 were observed
at 560 cm−1 in the calcined sample. Similarly, the peak for P-O
vibrations observed at 1,040 cm−1 was observed at 1,020 cm−1,
the peak for V=O vibrations observed at 941 cm−1 shifted to
939 cm−1, the metaphosphate peak shifted from 676 cm−1 to 674
cm−1. A slight shift in peak positions and absence of new peaks

indicate that no major change occurred in the structure upon
heat treatment.

Scanning Electron Microscopy
The as-synthesized particles and heat-treated samples were
characterized by SEM and the particle morphology was
analyzed. Figure 4 shows the SEM images for as-synthesized
particles and Figure 5 compares the SEM images of the
heat-treated samples.

As-Synthesized Samples
For the particles synthesized using sucrose-based precursor
(Figures 4a–c), the particle morphology was in the form
of a sphere. Two different sizes of particles were obtained
and the large spheres were hollow and in the size range
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FIGURE 4 | Scanning electron microscopy images for as-synthesized particles from (a–c) sucrose-based solutions and (d–f) DMF-based solutions.

of 2–10µm. From high-resolution imaging (Figure 4c), the
thickness of these was found to be in the range of 100–
150 nm. The smaller spheres were solid and in the size range
of 200–300 nm. For the particles synthesized using DMF-
based precursor (Figures 4d–f), the particles were found to be
spheres. Similar to the as-synthesized particles from sucrose-
based solutions, two different size ranges were noticed. The
large spheres were found to be 2–5µm with a thickness of
50–80 nm. Smaller sized particles were obtained in the range
of 50–200 nm.

Calcined Samples
SThe calcined particles were characterized by SEM, and the
effect of heat-treatment on particle morphology was analyzed.
The particle morphology obtained for calcined particles from
sucrose solution (Figures 5a–c) was similar to that of as-
synthesized samples. The surface of hollow particles was
analyzed using a higher resolution and revealed formation
of smaller grains on the surface as opposed to an eggshell
type of structure for as-synthesized particles. High-resolution
imaging (Figure 5c) revealed the grain sizes to be in the
order of 80–150 nm. The particle morphology obtained for

calcined particles from DMF solution (Figures 5d–f) was
similar to that of as-synthesized samples. However, the grains
observed on the surface were found to represent a lamellar
structure (Figure 5f).

Transmission Electron Microscopy
As-Synthesized Particles
Transmission electron microscopy with selected area electron
diffraction was conducted on all samples. The TEM imaging
of as-synthesized particles from sucrose-based solution showed
thick spherical particles (Figures 6a,b). The particles over
1µm were hollow. SAED pattern did result in any rings
(Figure 6c), indicating the particles were amorphous,
which was already observed in the XRD pattern of the as-
synthesized samples. In case of as-synthesized particles from
DMF-based solution, solid spheres in the range of 100–
200 nm were noticed. No micron-sized particles were found;
however, thin walled shell structures were seen indicating
disintegration of hollow spheres that were noticed in
SEM. SAED pattern on solid spheres resulted in rings that
matched with JCPDS 34-1247 αII-VOPO4 (Figure 6f; 111
and 220 planes).
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FIGURE 5 | Scanning electron microscopy images for calcined particles from (a–c) sucrose based solutions (d–f) DMF based solutions.

Calcined Particles
The TEM imaging of calcined particles from sucrose-based
solution showed thin spherical disk-like particles (Figures 7a,b).
The particle sizes for these disks were in the range of 40–300 nm.
The SAED pattern on the disks resulted in rings that matched
with JCPDS 34-1247 αII-VOPO4 (Figure 7c; 200 and 112 planes).
No rings were found representing β-VOPO4; however, the
imaging showed growth of lathes on the edges of the disks which
might be associated with β-VOPO4. In case of calcined particles
from DMF-based solution, the morphology was in the form of
rectangular nanosheets. The size of these sheets was in the range
of 50–500 nm in length. The particle sizes for these disks were in
the range of 40–300 nm. SAED pattern on the disks resulted in
rings that matched with JCPDS 34-1247 αII-VOPO4 (Figures 6,
7f; 200 and 112 planes).

DISCUSSION

The resultant powders from flame spray pyrolysis (the
as-synthesized samples) contained a large amount of
NH4VOVO2(HPO4)2.1.5H2O. The formation of the compound
can be attributed to the reaction between ammonium vanadate

and ammonium dihydrogen phosphate in aqueous medium.
Also, significant difference between the particle sizes could
be observed in the as synthesized samples of the two samples
with different precursors. As mentioned in the introduction

and the experimental sections of the manuscript, the organic

components in the FSP precursor are used to produce self-
sustaining flame during the FSP process. In the FSP process,
the sustainability of the flame is very critical and small changes

would lead to drastic changes in particles sizes, morphologies,
etc. The particles formed from sucrose-based solutions were in

the micron range and hollow, which is usually inconsistent with
the results of FSP processing method since the precursor goes

through atomization. The formation of such large particles was
a result of precursors with low enthalpies coupled with high

melting/decomposition points (Teoh et al., 2010). Moreover, due
to the usage of an aqueous solution, the temperature of the flame

is significantly reduced for complete atomization of particles.

However, as it was observed in the SEM results the addition
of sucrose helped forming partial submicron sized particles,
which is the size range for FSP samples (Purwanto et al., 2011).
The formation of organometallics also led to atomization of the
precursor and formation of αII-VOPO4.
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FIGURE 6 | TEM images and corresponding SAED pattern for as-synthesized particles from (a–c) sucrose-based solutions and (d–f) DMF-based solutions.

Upon calcination of as-synthesized products, the resultant
powders were a mixture of αII-VOPO4 & β-VOPO4 and
αII-VOPO4 and δ-VOPO4 in the samples synthesized with
the sucrose-based precursors and DMF-based precursors,
respectively. According to the DFT calculations, the β-VOPO4

is the most stable configuration for VOPO4 (Ling et al., 2014;
Sun and Du, 2017). However, based on the same findings,
there is only a small difference in energy between VOPO4

polymorphs, which suggests that temperature has little effect
on phase transformation in VOPO4. However, it was reported
that a slight change in synthesis conditions could lead to the
formation of different polymorphs (Dupré et al., 2004). The
primary difference in VOPO4 structures occur in the form of V-
O bond length, which in turn leads to different crystal structures
and polymorphs.

The mixed polymorphs obtained here can be
associated with the precursor, where the formation of

NH4VOVO2(HPO4)2.1.5H2O leads to multiple polymorphs.

The precursor salt contains two valence states for VO in the
form of V(IV)O2− and V(V)O−

2 . The vanadium oxide with

+5 valence state exhibits an orthovanadate structure. Based
on the results obtained, the orthovanadate structure exhibits

similar V-O bond length to αII-VOPO4. Hence, formation of
αII-VOPO4 was observed in all the samples. The formation of
β and δ polymorphs are a result of the transformation of the
+4-valence state VO2− into a +5-valence state in an oxidative
atmosphere. The oxidation leads to formation of V-O bond,

the length of which determines the formation of either β or δ

polymorphs. The oxidation was noticed during the TGA analysis
of particles synthesized with the DMF precursor, where a slight
increase in weight was observed at 420◦C.

In case of powders synthesized using sucrose solution, the
VO2− transforms into the most stable state and thereby leads to
the formation of β-VOPO4. The synthesis of the δ polymorph
has been reported earlier from the thermal oxidation of a +4
valency vanadium hydrogen phosphate compound (Girgsdies
et al., 2009). The compound was held at 400◦C for 7 days for
successful transformation into δ polymorphs. In this study, the
lower particle size led to faster transformations.

CONCLUSION

We have successfully demonstrated the formation of different
VOPO4 polymorphs with the FSP process. The precursor based
on sucrose favors the formation of αII-VOPO4. Furthermore,
the reason behind the formation of the secondary phases was
addressed due to oxidation of lower valence state vanadium
compound in the precursor. Moreover, it was discovered that
particle size plays an important role in forming a polymorph
upon oxidation of lower valence state compound; smaller particle
size favors formation of δ polymorph, whereas large particle
sizes tend to form β polymorph. Based on these results, other
precursor compounds can be investigated toward formation of
other polymorphs for VOPO4.
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FIGURE 7 | TEM images and corresponding SAED pattern for calcined particles from (a–c) sucrose-based solutions and (d–f) DMF-based solutions.
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