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Abstract 

The possibility of obtaining vanadium dioxide (VO2) [wherein the vanadium ionic state is 4
+
] 

from a precursor of ammonium metavanadate (NH4VO3) bearing the ion V
5+

 is investigated.

The reduction is carried out by calcining the NH4VO3 powders in similar concentrations of 

H2 flow at varying temperatures. The resulting powders have been studied by several 

techniques including XRD, Raman spectroscopy, FTIR, TEM, BET and DSC. It is found that 

remnants of bright yellow V
5+

 still exist up to calcination temperatures of 100 
0
C after which 

the sky-blue VO2 dominates at calcination temperatures of 150 
0
C to 250 

0
C. There is a 

population surge of metastable dark-blue V6O13 (where V is in between V
4+

 and V
5+

 ionic 

states) between 250 
0
C and 300 

0
C. However above 350 

0
C the material reverts to the stable
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V
5+

 in the yellow-orange V2O5. XPS/EDS and VSM confirm the order of appearance to be

VO2(150C) V6O13(200C) V2O5 (350C). 

1. Introduction

An oxidation state is influenced by ionization energy while ionization energy depends 

on the shielding effect between the orbital electron and the nucleus of an atom. In transition 

metal elements, the electrons enter an inner-shell electron orbital as opposed to other groups 

where electrons enter the outer-shell electron orbital [1]. The substitution of electrons in the 

inner-shell in case of transition metals consequently increases the shielding effect, decreases 

the effective nuclear charge and thereby weakening the ionization energy. All transition 

metals (Ti, W, Mn, V, Cr, Pd, Pt, Co, Zn, Fe, Cd, Cu, etc.) have low ionization energy, and 

this makes it less costly to remove more than one electron from their orbitals than it is from 

compounds with completely filled 3s or 3d orbitals such as alkali metals and alkali earth 

metal elements. Vanadium is one of these transition metals, it usually presents synthesis 

difficulties due to its existence in several oxidation states by forming a variety of binary 

oxides with the following general formulas for n = 1, 2, 3... (1) VnO2n+1 e.g. V2O5, V3O7, 

V4O9, V6O13, (2) VnO2n-1 e.g. VO, V2O3, and (3) VnO2n also with VO2 and V2O4 [2]. Among 

these oxides, V2O3, VO2, V6O13 and V2O5 possess many interesting characteristics that can be 

used in various applications because of their tendency to undergo metal to insulator phase 

transition commonly known as MIT transition [3-12]. 

Vanadium dioxide (VO2) is unique among these oxides because of the abrupt changes 

in its crystal structure that usually follow the phase transition around 68 
0
C. The transition

temperature is considerably low and close to room temperature. This MIT property was first 

observed by F.J. Morin 1959 and later widely studied by Magneli, Mott Hubbard, Peirels, 
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Goodenough, Adlar, Paquet and Fujimori [3-12]. VO2 has 4
+
 oxidation state oxide of

vanadium with a monoclinic (insulating/semiconducting) before transition temperature and 

tetragonal (metallic) above the transition temperature. Changes in crystal structure explained 

by Peierls as electron-phonon interaction or coupling, or band structure shift explained by 

Mott as electron-electron correlation is usually accompanied by a number of physical 

properties [13]. Such properties are changes in electrical resistance or conductance, optical 

transmittance or reflectance, phonon frequencies from Raman spectroscopy and FTIR, 

surface plasmon resonance from absorption spectra and light scattering studies [14, 17-21]. 

The optical property of VO2 is also found to be dependent on the surface roughness by AFM 

studies [15-16].  All these properties make VO2 feasible for practical application purposes 

and have been applied in various technological devices. Such devices include smart or 

switchable window glass panes (thermo-chromic and photo-chromic property) [22-26] as 

well as gas chemical sensing (gaso-chromic property) [22, 27]. Uses of VO2 in the fabrication 

of electrochemical devices (electro-chromic property) have also been recorded [28]. 

Other oxides such as V6O13 and vanadium pentoxide (V2O5) are also relevant as they 

are close to VO2 in stoichiometry. V2O5 is a V
5+

 oxidation state oxide and is the most stable

oxide of vanadium. Its orthorhombic crystal structure usually undergoes metal to insulator 

phase transition at 375 
0
C. V2O5 is used as a passive electrode with WO3 as an active 

electrode in electro-chromic glass application [28-29]. It has been reported for gas chemical 

sensing capabilities [30] and also found applications in the lithium ion batteries [31].  V6O13 

is known as a mixed valence oxide as it exists between the V
4+

 and V
5+

 oxidation states. [32].

It is monoclinic in crystal structure at both high and low temperature with a characteristic 

zigzag chain running along the b-axis with mono V
4+

 and mixed  V
4+

 and V
5+

 [32]. Its

transition temperature is -143 
0
C and finds application in lithium ion batteries.
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Ammonium meta-vanadate (AMV, NH4VO3) has been widely used as a source 

material for the syntheses of vanadium oxides by various deposition/synthesis techniques, 

such as chemical precipitation [33, 34], thermal annealing [35], spray pyrolysis [36, 37], and 

autoclave hydrothermal treatment [38]. 

In all these synthesis techniques, the phase diagram of V-O system was not followed. 

As a result, many such reports indicated either single phase VO2 or V2O5 without validation. 

In this work, we started by thermogravimetry of NH4VO3 in nitrogen. Instead of mass loss 

alone, we also observed mass increase. This prompted further systematic study of phases at 

various temperatures in hydrogen atmosphere. This paper reports the quantitative study of 

phases of VOx at various temperatures. This study sheds more light on the existing phase 

diagrams of VOx. 

2. Experimental techniques

          Ammonium metavanadate powder (NH4VO3, purity 99.99%, molecular weight of 116. 

98 a.m.u, density of 2.3 g cm
-1

and melting (or decomposition) temperature of 200 
0
C) was

purchased from Sigma-Aldrich Chemical Co. Differential scanning calorimetry (DSC) 

analysis was performed on the powder using DSC Q2000 V24.4 Build 116 to measure the 

amount of heat flow into and out of the sample relative to the reference pan with a linear 

temperature ramp under nitrogen gas. A series of heat treatments were performed for better 

understanding of the decomposition and phase change in the material. Firstly, heat treatment 

of the NH4VO3 powder was carried out for 400 and 500 
0
C in chemical vapour deposition

(CVD) reactor under nitrogen flow. This experiment was followed by the TGA measurement 

of the resulting powder (5.096 mg) and that of standard NH4VO3 (4.726 mg) to study the 

thermal decomposition process in the materials under nitrogen atmosphere. The instrument 

used is TGA Q500 V20.10 Build 36 by Anton Paar Inc. Further a comprehensive CVD 
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calcinations of NH4VO3 powder under 20 mL min
-1 

hydrogen flow was performed in two 

different sections, firstly at 100, 150, 200 and secondly at 250, 300, and 350 
0
C for 2 hours.

The powder was characterized using an X-Ray diffraction (Panalytical X’ pert Pro 

PW 3040/60 XRD equipped with Cu Kα (=0.154nm) monochromatic radiation source). 

XRD patterns were recorded in the scanning range of 5
0
-90

0
. DSC of these calcined powders

was also studied. Raman spectroscopic studies were conducted using a Jobin–Yvon T64000 

Raman spectrograph with a 514.5 nm excitation wavelength from an argon ion laser. The 

power of the laser at the sample was low enough (0.384 mW) in order to minimise localised 

heating of the sample. The T64000 was operated in a single spectrograph mode, with the 

1800 lines/mm grating and a 100x objective on the microscope, and further optical 

measurements were performed with standard spectrum 100 PerkinElmer FT-IR spectrometer. 

The microscopic studies and quantitative elemental composition studies were carried out 

using JEOL 2100 Transmission Electron Microscopy (TEM) (from Tokyo Japan) equipped 

with LaB6 filament and a Gartan U1000 camera of 2028 X 2028 pixels, and high quality 

inbuilt Energy dispersive X-ray spectroscopy (EDS). 

X-ray photo-electron spectroscopy (XPS) was also performed on a reference sample 

containing V2O5, VO2, V6O13 as well domains of WO3. EDS taken from VOx domains 

(excluding the WO3 domains) in HRTEM was also performed on the same reference sample. 

The XPS determinations of the proportion of V
3+

, V
4+

 and V
5+

 were used to calibrate the EDS

spectra and this information was then employed in the determination of the proportions of V
3+

,

V
4+

 and V
5+

 for the current set of samples. X-ray photoelectron spectroscopy analyses

were carried using a PHI 5000 Versaprobe- Scanning ESCA Microprobe. The survey scans 

were recorded with a 100 μm, 25 W, 15 kV beam using monochromatic Al Kα radiation (h = 

1486.6 eV) and for the higher resolution spectra the hemispherical analyzer pass energy was 

maintained at 514 eV to 520 eV (C 1s, O 1s, V 2p) for 50 cycles. Measurements were 
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performed using either a 1 eV/step and 45 min acquisition time (binding energies ranging 

from 0 to 1000 eV) for survey scans or a 0.1 eV/step and 20−30 min acquisition times for the 

high-resolution scans. The pressure during acquisition was typically under 1 × 10−8 Torr. 

The surfaces were also sputtered clean for 30 s using an Ar ion gun (2 kV energy ions) and 

measurements were repeated. 

The field dependent magnetic characterization was performed using Lakeshore 735 

vibrating sample magnetometer (VSM) at room temperature. It is vital to point out that 

because this type of sample exhibits small magnetization signals, special care was taken 

during measurements as to avoid any trace magnetic contamination. Magnetic measurements 

performed on the different batches of VOx powders showed consistent and reproducible 

results demonstrating paramagnetic behaviour. 

Gas sensing properties were obtained by placing the VOx paste dispersed in ethanol 

onto inter-digitated electrodes and obtaining controlled transient readings of current in 

varying levels of analyte. The measurements were accomplished by employing a Kinosistec 

(Italy) gas sensor test instrument comprising Keithley voltage and current sources as well as 

source meters. 

3. Results and Discussions

    3.1 Thermal Analysis (DSC/TGA)        

Fig. 1 (a) shows the DSC profile of NH4VO3 recorded in the temperature range of – 47 

0
C to 350 

0
C and exothermic enthalpy change reaction of about – 38.3 mW was observed 

around 234 
0
C which may be due to the decomposition of the material. The other enthalpy 

change at the 340 
0
C is small and may be due to the formation of V2O5 phase as it occurred at 

a temperature close to its phase transition temperature (375 
0
C). Fig. 1 (b) shows TGA/DTA 

profile of NH4VO3 recorded in the temperature range of 26 – 900 
0
C. The thermogravimetry
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(c)

(a) (b)

Figure 1 (a): DSC thermogram of the starting precursor (NH4VO3) (b): TGA/DTA thermogram of the starting precursor (NH4VO3) 
(c): TGA/DTA thermogram of the sample prepared at 400 0C
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curve reveals mass loss in three regions during the scan as shown in the figure. The overall 

mass loss of 22.2% in the material was observed between 155.5 
0
C to 309 

0
C; this value is in

agreement with the one previously reported in the literatures [39-40]. 

However in this paper we have thoroughly analysed and accounted for each weight 

loss. Region one lies in the temperature range of 155.4 – 199 
0
C, which is accompanied by a

mass loss of 11.27%. The mass loss in region twois found to be 6.41% within the temperature 

range of 199 – 231 
0
C and in the third region which falls in the temperature range of 231 –

309 
0
C, the loss was found to be 4.52%.

The overall reaction occurs during the decomposition of NH4VO3 is shown in Eq. 1, 

the net mass loss of 22.2 % was observed [40]. The major mass loss occurs due to the 

evaporation of HN3 and H2O. 

    OHNHOVVONH 235234 22        (1) 

It is believed that the decomposition involve various reaction stages as shown in Eq. 2 

to 5 [40-41]. In general, decomposition of NH4VO3 initiated according to Eq 2 or 3. 

OHNHOVNHVONH 231662434 24)(6  (2) 

OHNHOVNHVONH 231142434 2)(4  (3) 

OHNHOVNHOVNH 231662411424 2)(2)(3  (4) 

OHNHOVOVNH 235216624 23)(  (5) 

The net mass loss in Eq. 2, 3, 4 and 5 are calculated as 22.2, 11.11, 4.3 and 8.7 % 

respectively. Representative calculation of mass loss in Eq. 3 is given in the supplementary 

material SM1 and the same was followed for Eq. 2, 4 and 5. However, the mass loss observed 

in region one (11.27 %) suggests decomposition of NH4VO3 initiated according to Eq. 3. 
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Thus the further decomposition of out product of Eq. 3 must follow the Eq. 4 and 5. The mass 

loss in region two (6.41 %) which is higher than the calculated value (Eq. 4). This may due to 

the simultaneous reactions according to Eq. 4 and 5. This simultaneous reaction is also 

suggested by the lower observed mass loss (4.52 %) in region three than the calculated (8.7 

%) from Eq. 5 

Fig. 1(c) is a TGA/DTA profile of the sample prepared at 400 
0
C in synthetic nitrogen 

environment. The scan was performed over the temperature range of 26 – 900 
0
C. The XRD

profile (attached in SM3) of the powder before TAG measurement reveal the presence of 

V6O13. The initial reaction below 100 
0
C shows some loss in mass of the powder which may

be due to the release of moisture absorbed by the powder. Further increase in temperature up 

to 335 
0
C reveals very small change in mass from 5.096 to 4.972 mg, which is 2.53 %. This is

due to the reduction of V6O13. The possible reduction of V6O13 is shown in Eq. 6. Since the 

calculated mass loss in Eq. 6 is 3.09 % (attached in SM2) which is very close to observed 

value. 

    22136 122 OVOOV  (6) 

Above 340 
0
C, significant mass gain was observed which was followed by the second 

stability around 440 
0
C. The increase in mass is due to the oxygenation of VO2. The oxygen

is contributed from the synthetic nitrogen flow during TGA experiment. The transformation 

is ascribed to V2O5 since it is known as a most stable oxide among vanadium oxides and 

usually formed above 340 
0
C.

Fig. 2 shows the DSC profiles of the samples prepared by calcination of NH4VO3

from 100 - 350 
0
C in step of 50 

0
C. The peaks at 185 and 220 

0
C for the sample calcined at

100 
0
C show exothermic reaction which may be due to the release of ammonia. Peaks at 78
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Figure 2: DSC thermograms of the samples prepared by calcination of NH4VO3 from 100 - 350 0C
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and 80 
0
C for the samples calcined at 150 and 200 

0
C may be due to the formation of VO2,

since it is close to MIT temperature and the one at 85 
0
C for samples calcined at 250 and 300

0
C may be due to the mixture of metastable phases of VO2 and V6O13. The formation of 

various phase with temperature was confirm with XRD pattern, discussed in section 3.2 and 

3.4. The development of V2O5 phase was observed for the samples calcined at 100, 150, and 

200 
0
C in temperature region 310 to 340 

0
C. The actual formation of V2O5 occurs at 375 

0
C.

Due to the limitation of DSC in terms of temperature range, we could not proceed for further 

higher temperature. Although this peak is absent in the case of sample calcined at 250 and 

300, this may due to peak shifting to the higher temperature 375 
0
C. The sample calcined at

350 
0
C show optimum population of phase of V2O5,

3.2 X-Ray diffraction Spectra 

XRD spectrum of the sample prepared at 400 
0
C depicts the monoclinic system of

V6O13 by PCPDFWIN CAS No: 72-1278 with (110) plane as the dominant peak. The peaks 

were rather sharp, which indicate relatively high crystallinity of the particles. The average 

particle size was determined with Debye-Scherrer’s model and found to be around 24 nm. 

And X-ray diffraction pattern of the sample prepared at 500 
0
C also depicts orthorhombic

system of V2O5 by PCDPDF CAS No: 89-0611 with dominant (101) planes and with 

presence of plane like (200), (310), (111), (411), (005). The average particle size of 26 nm 

was observed. 

Fig. 3 (a) shows XRD spectra of the standard precursor NH4VO3 and samples calcined 

at temperatures 100 – 350 
0
C. The XRD patterns were compared with PCDPDFWIN CAS

No: 44-0252, 72-1278 and 89-0611 for VO2, V6O13 and V2O5 respectively. Monoclinic peak 

of VO2 at 2 (diffraction angle) = 27.8 
0
 corresponding to the plane (011) (PCDPDFWIN

CAS No: 44-0252) is found to be dominant among the samples calcined at 100, 150 and 200 
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Figure 3 (a): XRD spectra of the standard NH4VO3 and of the samples prepared by calcination of NH4VO3 from 100 - 350 0C , (b): High 
resolution TEM image of sample calcined at 350 0C showing single plane corresponding to that of 101 of V2O5, insert upper corner showing 
SAED pattern of 101 lattices and insert lower corner showing the corner showing SAED pattern of 101 lattices and insert lower corner 
showing the corresponding EDS spectrum 
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0
C. Various phases of vanadium oxide were also observed except for those samples calcined 

at 250 to 350 
0
C. The sample prepared at 250 to 350 

0
C show the development of single

phase of V2O5.  Predominantly monoclinic metastable V6O13 was observed for the sample 

calcined at 250 and 300 
0
C. Orthorhombic V2O5 was observed at 350 

0
C.

3.3 Transmission Electron Microscope 

TEM images for the calcined samples at 150 
0
C, 250 

0
C and 350 

0
C were carried out.

fig. 3 (b) shows high resolution TEM image of sample calcined at 350 
0
C showing single

plane corresponding to that of (101) of V2O5. Inset upper corner showing SAED pattern and 

lower corner showing the corresponding EDS spectrum. Sample calcined at 150 
0
C reveals

sheet and rod like structure with SAED pattern of non-uniform diffraction. Single (110) plane 

of uniform diffraction corresponding to that of V6O13 was observed for the sample at 250 
0
C.

The radius is measured from ImageJ software and the lattice spacing was calculated to be 3.7 

Å which is indexed to the monoclinic V6O13 parameters (b=3.671 Å). The calculated value of 

the lattice spacing for sample calcined at 350 
0
C is 3.483 Å which is corresponding to 

orthorhombic V2O5 phase (b=3.517 Å). 

3.4 Phase Diagram 

Fig. 4 is the phase evolution diagram showing the distribution of oxides (VO2, V6O13 and 

V2O5) with temperature. XRD pattern of sample calcined at various temperatures has been 

used to developed phase diagram.  The phase analysis was carried out by calculating the area 

of Gaussian fitted XRD peaks. The percentage of phase was calculated using Eq. 7, 

......
)%(
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Figure 4: Vanadium Oxides (VO2, V6O13 and V2O5) Phase Evolution Diagram. 
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where Ax, Ay ….are the peak area corresponding to the phases x, y ….respectively [47]. It was 

observed that formation of VO2 phase dominates in temperature range 150 - 200 
0
C, whereas

V6O13 phase is the dominant around 250 – 300 
0
C.  V2O5 is found to be present for all

temperatures and optimum population at 350 
0
C.

3.5 Raman Spectroscopy 

Raman spectroscopy is known to be a sensitive and reliable technique for crystal 

structure study in material science and engineering. This technique is based on the inelastic 

scattering of monochromatic light irradiated on the sample. The frequency of the scattered 

light usually collected and compared to that of the incident light. Raman spectrum of the 

sample prepared at 400 
0
C revels all Raman active modes of V6O13 [42]. A strong intense

peak at lower frequency band 137 cm
-1

 correspond Bg symmetry and the high frequency

vibration at 990 cm
-1

 corresponding to stretching of O-V-O atoms was observed. Vibration

modes such as 277, 402 and 523 cm
-1

 are resulting from the bending mode of V-O band and

686 cm
-1

 stretching mode corresponds to the motion parallel and perpendicular to ab-plane

[43]. Raman vibrations of the sample prepared at 500 
0
C show frequencies 993, 693, 527,

407, 284, 192, 140 cm
-1

 vibrations corresponds modes of V2O5 [42-43].

Figure 5 (a) shows Raman spectra of the standard and calcined NH4VO3 precursor in 

the temperature range of 100 - 350 
0
C. The presence of 194, 223, 265, 385, 600 and 628 cm

-1

vibration modes in the samples calcined at 100 – 200 
0
C shows the predominant population

of VO2 in this region [42].  The sample calcined at 250 – 350 
0
C shows peak at 137, belong to

V6O13 phase. The peak at 142 and 992 cm
-1 

belong to V2O5 phase [42, 43]. The peaks extra at

265 and 385 cm
-1 

revels the presence of VO2 phase at higher temperatures. The peak due to

ammonia vibrations is observed around 1420 cm
-1

 for precursor NH4VO3 [44].
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FT-IR is a rotational vibrational spectroscopic technique that is based on the 

absorption of photon by the molecules constituting a material. Molecule absorbs the incident 

photon and promote to higher energy state (excited state). The changes in energy of incident 

photon due to the absorption were detected. Fig.5 (b) shows the FTIR spectra of the standard 

and calcined NH4VO3 precursor in the temperature range of 100 - 350 
0
C.

The observed absorption shoulder at 715 cm
-1

 and strong peak at 972 cm
-1

 are

correspond to the VO2 [45], The shoulder at 715cm
-1

 was not observe for higher temperature

(250 – 350 
0
C) and the shift in 972 cm

-1
 peak was observed at 350 

0
C. The peak shifted to

higher frequency 1009 cm
-1

 at 350 
0
C corresponding to single polycrystalline V2O5 phase 

[45]. The presence of both shoulder and strong peak at lower temperature (100 – 200 
0
C)

reveals the higher population of VO2. The higher population of V2O5 at higher temperature 

and VO2 at lower temperature is also supported by our XRD phase calculation and Raman 

study. 

3.7 Brunauer-Emmett-Teller (BET) 

Brunauer-Emmiter-Teller theory relies on the physical adsorption (physisorption) of 

gas molecules on the surface of solid-state materials. This technique gives information about 

the specific surface area of a nano-material. This theory is an extension of Langmuir theory 

which described the amount of adsorbs molecules (adsorbate) on the surface of material 

(adsorbent) as a function of pressures or concentration [46]. BET equation is expressed below 

in Eq. (8), 

cvp

p

cv

c

p

p
v mm

1
)(

1

)1(

1

00








(8) 

where p and p0 are the equilibrium and saturation pressure of adsorbate at the temperature of 

adsorption, ѵ is the adsorbed gas quantity, vm is the monolayer adsorbed gas quantity and c is 

the BET constant. 

3.6 Fourier Transform Infrared Spectroscopy (FT-IR) 
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(a) 
(b)

Figure 5: (a): Raman spectra of the standard NH4VO3 and of the samples prepared by calcination of NH4VO3 from 100 to 350 °C (b): FT-IR of 
the standard NH4VO3 and of the samples prepared by calcination of NH4VO3 from 100 to 350 °C.
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(a) (b) 

Figure 6: (a): N2 adsorption and desorption isotherms profile of the powder calcined at 250 °C, insert is the BET plot, (b): BET surface area 
versus temperature for all the calcined powders and including NH4VO3.
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Figure 7: Proportions of V2O5, VO2 and V6O13 determined by EDS calibrated with XPS as they vary with annealing temperature.
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The BET measurements were carried out for standard and calcined NH4VO3 at various 

temperatures 100 to 350
0
C. The change in N2 adsorption with partial pressure for the sample

calcined at 250 
0
C is shown in figure 6(a). The monolayer adsorbed gas vm and BET

constant c were measure as the intercept of linear plot of 1/v(p0/p – 1) and p/p0, shown in inset 

image fig. 6(a). The BET surface area (SBET = vm.Ns/Va, where Ns is Avogadros number, V is 

molar volume of adsorbate gas and a is the mass of the adsorbent) of calcined samples were 

calculated and are shown in fig. 6 (b). The surface area is found to increase with the 

calcination temperatures.  It follows the Langmuir isotherms pattern with temperatures. 

3.8  XPS and EDS 

We have performed XPS on a reference sample containing known mixed V
3+

, V
4+

 and V
5+

phases of VOx as well EDS of the same reference sample. The full XPS and EDS spectra this 

reference sample was reported in our recent paper [48]. This analysis has been used to 

calibrate all EDS results for the our current samples containing V6O13, VO2 and V2O5. The 

analysis results are summarized in Table 1. First the heights and the widths of the peaks were 

determined for each peak in XPS and in EDS and areas under such peaks were calculated. 

The proportions were determined from the ratio of the area under each peak to the total of all 

peaks considered [47]. 

From Table 1 (a) the reference sample has 69% proportion of V2O5 or a contribution from 

mixed (metastable) V6O13 and the rest 31% of the photo-electrons come from VO2 with a 

small contribution from V6O13 again. EDS results of the same sample indicate 70% X-ray 

emission from VL electronic shell. This could be attributed to V2O5 and a small contribution 

from the mixed phase V6O13 as suggested by XPS in Table 1 (a). EDS This shows that XPS 
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Table 1 (a): XPS analysis for reference or standard sample containing VO2, V2O5, V6O13 and WO3.  

Orbitals Height, H (a.u) H0 (a.u.) Width, W (eV) A % V + W % of V
i+

 

W(4f)7/2, W
6+

2100 150 3 5850 51.5 

W(4f)5/2, W
6+

1600 250 3 4050 35.6 

V(2p)3/2, V
4+

3500 3200 1.5 450 3.9 30.8 

V(2p)3/2, V
5+

3975 3300 1.5 1012.5 8.9 69.2 

Table 1 (b): EDS analysis for reference or standard sample containing VO2, V2O5, V6O13 and WO3.  

Electronic shell Height, H (a.u) Width, W (eV) A % of V
i+

 

VM 500 0.2 100 15.6 

VL 1500 0.3 450 70.3 

VK 300 0.3 90 14.1 
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and EDS results are in good agreement and one can use local EDS results with this XPS 

calibration to determine the local composition of the current VOx materials. 

One can conclude the the VL shell peak in EDS can be used to mark V2O5 whereas the VM 

and VK shells are mostly for VO2 although in both cases V6O13 has a strong indeterminate 

influence. One can understand the V6O13 poses a challenge in ascertaining its exact 

contribution owing to its meta-stable nature. 

We have summarized the EDS analysis results from the VOx samples annealed at 150, 200, 

250, 300 and 350 C based on the calibration undertaken in Tables 1 (a) and 1(b). 

These 

results are summarized in Table 2. It can be observed that the proportions of the phases 

change with annealing temperature. The changes are plotted in Figure 7. The VL –

temperature profile shows a decrease from 100 C to 250 C and then increases again up to 

the annealing temperature of 350 C. This profile agrees very well with the phase diagram 

shown in Figure 4 in the previous section. Similarly, the proportions determined from VM  

peak at 150 C which is exactly the VO2 profile in the phase diagram in Figure 4 whereas the 

proportions calculated from VK shell increase to a maximum value at an annealing 

temperature of 200 C which agrees with the V6O13 profile in Figure 4. This assures us that 

the present XPS calibration of the EDS results is correct. 

3.9 Vibrating Sample Magnetometry (VSM) 

The traditional definitions of remanent magnetization (MR
+
 and MR

-
), saturation 

magnetization (MS
+
 and MS

-
) and squareness (SQ) in bulk and nano-scale magnetic materials

are schematically illustrated in Figure 8 (a and b). It should be noted that nano-materials 

display a shift of the hysteresis loop due to what is called exchange bias [48,49]. In Figure 8 
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Table 2: EDS analysis based on the calibrations in Tables 1 (a) and (b) and local composition for the VOx samples 
annealed at 150, 200, 250, 300 and 350 C 

Sample Electronic shell Height, H (a.u) Width, W (eV) A % of Vi+ 

EDX 150 VM 900 0.15 135 10.5 

VL 5000 0.2 1000 77.8 

VK 750 0.2 150 11.7 

EDX 200 VM 800 0.1 80 10.0 

VL 5500 0.1 550 68.8 

VK 850 0.2 170 21.2 

EDX 250 VM 530 0.15 79.5 27.5 

VL 1700 0.1 170 58.7 

VK 200 0.2 40 13.8 

EDX 300 VM 250 0.15 37.5 22.7 

VL 720 0.15 108 65.2 

VK 100 0.2 20 12.1 

EDX 350 VM 990 0.15 148.5 15.7 

VL 3500 0.2 700 73.8 

VK 500 0.2 100 10.5 
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Figure 8: Vibrating sample magnetometry (VSM) for the VOx samples annealed at 100, 150, 200, 250, 300 and 350 °C (a) Parameters 
definition for a hysteresis loop for bulk and nano materials (b) Hystersis loops for VOx samples annealed at 100, 150, 200, 250, 300 and 350 °C and (c) A plot of the hysteresis loop parameters against annealing 
temperatures. 
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(c) we show that hysteresis loops for all VOx samples annealed at 100, 150, 200, 250, 300 

and 350 C including the precursor materials of ammonium metavanadate, NH4VO3. One can 

note that all samples show a degree of shift in the hysteresis loops which reveals that all the 

powders are nano-scale materials. As to whether these materials are ferro- or ferri- or para- 

magnetic, the loops show very small amount of squareness, of the order of 10
-2

, and a very 

small opening in the loops [typical values of Hc
+
-Hc

-
 of the order of 10

-2
]. This points to the

fact that these materials are largely para-magnetic. However, there is a finite coercivity 

(Figure 8 d and e) in samples (from 17 to 300 G) showing there is a degree of ferro-magnetic 

order in this paramagnetic matrix. 

In Table 3 we give a summary of the parameters of remanent magnetization (MR
+
 and MR

-
), 

saturation magnetization (MS
+
 and MS

-
) and squareness (SQ) as well hysteresis width and

exchange bias width obtained from the hysteresis loops given in Figure 8 (b). The hysteresis 

width has been estimated to be proportional to the loop opening in the vertical axis which 

is the difference between MR
+
 and MR

-
.

   )()( lowMhighMkMMHW RRRR

  (9)

The exchange bias width has been estimated to be half of this opening as previous done [50]. 

   )()(
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A plot of these parameters for all annealed samples is given in Figure 8 (d,e) and it is 

interesting to note that coercivity generally decreases with annealing temperature although it 

shows a high point at 300 C whereas remanent magnetization (MR
+
 and MR

-
), saturation

magnetization (MS
+
 and MS

-
) all show the lowest values at 200 C. At the former

temperature, it is interesting to note that this is a transition temperature from V6O13 to V2O5 
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Table 3 A summary of the hysteresis loop parameters of remanent magnetization (MR+ and MR-), 
saturation magnetization (MS+ and MS-) and squareness (SQ) as well hysteresis width and exchange 
bias width 

Annealing Coercivity MR MR MS MS Squareness Loop 

opening 

Exchange 

bias 

Temp oC (Hci), G Negative, 

emu/g 

Posit

ive, 

emu/

g 

Negative, 

emu/g 

Positive, 

emu/g 

emu/g emu/g 

100 231.12 -0.17 -0.11 -1.10 0.90 0.03 0.06 0.03 

150 94.32 -0.19 -0.20 -1.26 0.89 0.00 -0.01 0.00 

200 143.64 -0.31 -0.25 -2.13 1.54 0.02 0.06 0.03 

250 36.42 -0.12 -0.09 -1.58 1.15 0.01 0.04 0.02 

300 320.09 -0.20 -0.13 -1.21 0.86 0.04 0.08 0.04 

350 17.90 -0.19 -0.17 -2.06 2.05 0.00 0.02 0.01 
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Figure 9: (a) Transient profiles of current through the VOx samples in varying levels of humidity (b) Responses weighted against BET surface 
area for VOx samples as function of humidity level.
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and the latter is a transition temperature from VO2 to V6O13. VSM confirms the following 

order of appearance: VO2 V6O13 V2O5 as temperatures of annealing are elevated. 

3.10 Applications: Humidity Sensing. 

We have shown before how VO2 has been employed in sensing of hydrogen [51,52]. In this 

present report, we have also subjected the VOx samples annealed at 150 C (VO2), 250 C 

(V6O13) and 350 C to sensing of humidity. The transient profiles of the current through 

the 

sample placed on inter-digitated electrodes in the presence or absence of varying humidity 

levels are shown in Figure 9 (a). Each time the humidity level is allowed in the chamber, the 

current through the samples decreases. This means that all VOx samples gain resistance upon 

interaction with water vapour. Since all these VOx phases are known to show n-type 

conductivity, we could explain the increase in resistance as an indication of water molecules 

taking away electrons or O2- species from VOx surfaces during adsorption but releasing 

these electrons back on desorption. In Figure 9 (b) we plot response [defined as S = (Iout-

Iin)/Iin] as a function of humidity level. This plot reveals the Langmuir type of adsorption-

desorption isotherms. 

4. Conclusion

A few milligrams of ammonium metavanadate powders were calcined in pure hydrogen 

atmosphere at temperature of 100, 150, 200, 250, 300 and 350 C. The samples were 

characterized by TGA/DSC, XRD, TEM, Raman spectroscopy, FTIR,BET, VSM and 

XPS/EDS. All these characterization methods lead us to conclude that the progression from 

NH4VO3 to V2O5 is as follows: NH4VO3VO2+V2O5 (150-200C) V6O13 (300C) V2O5 

(above 325C). At no temperature does one find a single phase; each temperature of 

calcinations will have a major and a minor phase or a number minor phases. The total surface 
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area appears to increase with a decreasing rate as the temperature of calcinations is increased. 

A phase diagram based on XRD and Raman has been constructed for VO2, V6O13 and V2O5. 

XPS/EDS analysis agrees with this phase diagram. It is also found that VSM confirms the 

order of VO2 V6O13 V2O5 transitions as temperatures of annealing are elevated. 
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Highlights 

 Validated the theoretical mass losses at each temperature of NH4VO3 with TGA

 Confirmed mechanisms of formation of various stoichiometries of VOx from NH4VO3

 Determined the evolution of VO2, V6O13 and V2O5 with temperature.

 Phase diagram of VO2, V6O13 and V2O5 by VSM, XPS/EDS, XRD and Raman spectra

 Comparative response of VO2, V6O13 and V2O5 to humidity
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APPENDIX A SUPPLEMENTARY DATA 

SM1 

A 4.726 mg of NH4VO3 powder was introduced into TGA system, the molar mass of 

NH4VO3 is 116.98g and the number of mole based on the weight of NH4VO3 is calculated as 

4.04 x 10
-5 

mol. The decomposition mechanisms (1 – 5) in the full manuscripts were

considered with mechanism (3) found to be an applicable mechanism in our case. 

)()(2)(4 231142434 gOHgNHOVNHVONH  (3) 

Molar mass of other components (NH4)2V4O11, NH3 and H2O were estimated as 415.834g, 

17.0307g and 18.0148g respectively. 

The following calculations were performed as follows, 

Mass of (NH4)2V4O11 = (4.04 x 10
-5

/4) x 415.834     =   4.199 x 10-
3
g

Mass of NH3 =  (4.04 x 10
-5

/2) x 17.0307      = 3.44 x 10
-4

 g

Mass of H2O         =  (4.04 x 10
-5

/4) x 18.0148     = 1.819 x 10
-4

g

Total mass of all components in this mechanism is found to be 4.7249 x 10
-3

 g which

validates mechanism 3 as the process involved in our experiment.  

SM2 

TGA residual mass of V6O13 powder (fig. 1(c)) at 147.9 
0
C is recorded as 4.9702 mg and its

molar mass is found to be 513.639g. The number of mole is calculated as expressed below. 

Number of mole = 4.9702 x 10
-3

/513.639 = 9.676 x 10
-6

 mol.

Mechanism (6) in the full manuscript was proposed. 

22136 122 OVOOV  (6) 

Molar mass of other components VO2 and O2 were estimated as 82.94g and 31.998g 

respectively. 

The following calculations were performed as follows, 

Mass of VO2 = 9.676 x 10
-6 

x 6 x 82.94 = 4.818 x 10
-3

g

Mass of O2          = 9.676 x 10
-6 

x 31.998    = 1.548 x 10
-4

g

Total mass of all components is found to be 4.972 x 10
-3

g which is also correspond to the

mass at 147.9 
0
C.

The % mass loss (experimental) is calculated by subtracting the mass at 147.9
0
C from the

original mass introduce to the TGA system as express below. 
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% mass loss (experimental) = (5.093 – 4.9702) 10
-3

/ 4.9702 x 10
-3 

x 100%

= 2.53% 

The % mass loss (theoretical) is calculated by subtracting the mass of VO2 based on 

mechanism (6) from the total mass as expressed below. 

% mass loss (theoretical) = (4.972 - 4.818) 10
-3

/ 4.818 x 10
-3

 x 100%

        = 3.09% 

This show that the experimental value is close to theoretical, and that the conversion from 

V6O13 to VO2 is possible around 147.9
0
C.

SM3 

XRD pattern of the sample prepared at 400 
0
C
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SM4 

XRD pattern of the sample prepared at 500 
0
C
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SM5 

Raman spectrum of the sample prepared at 400 
0
C
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SM6 

Black line is Raman spectrum of the sample prepared at 500 
0
C. Red line spectra is for 

NH4VO3 solution (V
5+

 state) drop cast on the corning glass substrates, similar vibration

modes were achieved except 6 cm
-1

 blue shift at higher frequency modes of 993 and 987 cm
-

1
. This shows that NH4VO3 in the liquid state could be V2O5 in terms of its molecules 

vibration. 
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