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The thermal decomposition of pure ammonium metavanadate (AMV) and of AMV 
doped with Fe3+,Co 2+ or Ni 2+ ions was investigated by TG, DTA, IR and X-ray diffraction. 
The results obtained revealed that the presence of  these dopants enhances the formation of 
the intermediate compounds V205 solid. Some of the V 5+ ions of the V205 lattice seemed to 
be reduced to V 4+ ions. The activation energies of  the different decomposit ion stages for all 
samples  were calculated. The doped solids calcined at 450~ were characterized by the deter- 
mination of $BET and by electrical conductivity measurements.  The mechanisms by which 
these ions affect the properties of the solids produced are discussed in relation to the defect  
structure created by the doping process. 

The mechanisms of thermal decomposition of many solid substances in- 
volve a number of stages between the initial and final products [1-5]. It has 
been found [6-8] that these mechanisms depend mainly upon the atmos- 
phere in contact with the solid. On the other hand, it has been observed by 
several authors that the doping of solids can markedly influene the reaction 
rate and activation energy of solid-phase reactions [2, 3-9]. The effect of 
doping has been attributed to a change in the defect structure of the react- 
ing substances [10, 11]. The thermal decomposition of ammonium 
metavanadate (AMV) has been the subject of several investigations [3, 12- 
15]. It is known that AMV is very sensitive to the presence of different 
foreign substances [10], where the net solid products can be used effectively 
as catalysts [16]. However, the influence of Fe 3+, Co 2+ and Ni 2+ ions on the 
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thermal decomposition of AMV has received relatively little attention. The 
present investigation was devoted to a study of (i) the thermal decomposi- 
tion of pure AMV and of AMV doped with Fe 3+, Co 2+ or Ni 2+ ions, and (ii) 
the characterization of the solid products obtained throughout the course of 
the thermolysis. The techniques employed were TG, DTA, IR, X-ray  dif- 
fraction, surface area and electrical conductivity measurements. 

Experimental 

Materials 

BDH "Analar" AMV was the starting material. AMV samples doped with 
Fe 3+, Co s+ or Ni 2+ ions were prepared by adding the calculated amounts of 
Fe(OH)3, Co(OH)2 Ni(OH)2 in proportions of 0.5, 1 and 5 mo1% to AMV. 
The samples were admixed by using bidistilled water, evaporated, and then 
dried in an oven at 110 ~ to constant weight. 

Techniques 

The thermogravimetric analysis (TG) and differential thermal analysis 
(DTA) of pure AMV, and the DTA of the various doped solid samples were 
carried out with a Shimatzu Computerized Thermal Analysis System DT-40. 
The system includes programs which process data from the thermal analyzer 
with the Chromatpac CR 3 A. The rate of heating of the samples was kept at 
10 degmln -1, in an air atmosphere. A 5 mg sample of each solid was 
employed in each case. Al~O3 calcined at 1300 ~ was applied as a reference 
material. 

The IR spectra of the thermal products of AMV were recorded from 
KBr discs, with a Pye-Unicam 2000 infrared spectrophotometer.  The IR 

spectra were determined in the range 4000-250 cm -1, but only the portion 
between 1500 and 250 can -1 was considered in the present work. 

The X-ray diffraction patterns of the thermal products of AMV were ob- 
tained by using the powder diffraction pattern technique at a value of 20 be- 
tween 2 ~ and 60 ~ using a Philips Unit of type PW 2103, a Cu target and a Ni 
filter. 

The specific surface areas of pure and doped AMV were determined by 
means of N2 adsorption at -195 ~ with a conventional volumetric apparatus 

[171. 
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The electrical conductivity measurements were carried out with a 
method discussed previously [18]. 

Results and discussion 

Thermal decomposition of ammonium metavanadate 

Figure 1 presents the DTA and TG curves of undoped AMV. Three en- 
dothermie peaks are observed (curve a), with maxima at 203, 229 and 333 ~ 
The TG curve given in Fig. lb  shows that the original AMV loses weight in 
three steps when heated. The first peak, which was accompanied by an 
11.7% loss in weight, indicated the decomposition of AMV to the inter- 
mediate ammonium bivanadate (ABV), according to 

6[(NH,)20"V2Os] 162-22~ 3[(NH4)zO'2VzOs]+6NHa+3H20 (1) 
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Fig. I DTA and TG curves of pure AMV 

This was followed by the second decomposition stage, which was accom- 
panied by a 3.6% loss in weight, indicating the decomposition of ABV to the 
intermediate ammonium hexavanadate (AHV), according to 
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3[(NH4)zO'2VzOs] 225-24~ 2[(NH4)zO'3VzOs] + 2NH3 +H20  (2) 

The third peak, which was accompanied by a 7.8% loss in weight, cor- 
responded to the decomposition of AHV to V2Os: 

2[(NH4)zo'av2os] 314-352~ 6V2Os + 4NH4 + 2H20 (3) 

These results were found to be in agreement with the data reported by 
Brown et aL [15]. 
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Fig. 2 Infrared absorption spectra for A_MV (a) and its calcination products at 200 (b), 250 (c) 
and 450~ (d) 

The IR spectra given in Fig. 2 relate to the products of calcination of the 
parent AMV at 200, 250 and 450 ~ for 3 h in an air atmosphere. Curve b 
shows a decrease in the absorption intensity of the coordinated ammonium 
band at 1410 cm -1. This indicates formation of the first intermediate (ABV). 
As the calcination temperature is increased to 250 ~ (curve c), the further 
decrease in the intensity of the ammonium band indicates formation of the 
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second intermediate (AHV). Calcination of AMV at 450 ~ (curve d) indi- 

cates the complete disappearance of the absorption band at 1410 cm -1 and 
the formation of a V2Os solid lattice. Moreover, the bands at 1020 and 

840 cm -1 are assigned to the V = O and V - O - V stretching vibration 
bands [19, 20], respectively. 

Different specimens of AMV were subjected to heating in an air atmos- 
phere for 3 h at 250, 300 and 450 ~ From Fig. 3, the characteristic d-spacings 
and the corresponding relative intensities were compared with the standard 
ASTM cards [21]. The results show that the most intense lines correspond to 
the VzOs solid lattice. However, the intensities of the diffraction lines were 
found to increase on increase of the calcination temperature. 

A 
> ,  

b~.lL, . . .J  ~ - . ' ~ - " J ' ~  -- 

I I I I I D.  
50 z.0 30 20 10 
20 

Fig. 3 X-ray diffraction patterns for the calcination products of AMV 

Thermal decomposition of  A M V  doped with different proportions of  Fe 3+, Co 2 + or 
Ni 2 + ions 

Figures 4, 5 and 6 present the DTA curves of AMV and of AMV doped 
with 0.5, 1 or 5 mol% of Fe 3+, Co 2+ or Ni z+ ions, respectively. The com- 
parison of these latter curves with those for pure AMV reveals some trends 
and permits conclusions. 

(i) All the dopant ions enhance the formation of the first intermediate 
(ABV), this enhancement increasing with increase of the dopant concentra- 
tions. The maxima of the decomposition temperatures for this stage are 
given in Table 1. 
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(ii) The second stage, involving the formation of  AHV, exhibits different 
behaviour in the presence of the various dopants. In the case of  Fe 3+ ions, an 
enhancement of the formation of A H V  is observed in the presence of  
0.5 tool% Fe a+ ions. On further increase of the concentration of  Fe a+ ions, a 
new exothermic peak is observed. The appearance of this peak at 240 ~ or at 
245 ~ in the presence of 1 or 5 tool% Fe 3+ ions, respectively, may be at- 
tributed to the conversion of ferrihydroxide to a-Fe203 [22]. The addition of 
0.5 or I tool% Co 2+ ions enhances the formation of AHV, while on the addi- 
tion of 5 tool% Co 2+ an exothermic peak appears. The appearance of  this 
peak at 250 ~ may correspond to the decomposition of Co(OH)2 to Co304 
[23]. In the presence of Ni 2+ ions, a slight enhancement of  the formation of 
A H V  is observed. The new exothermic peak, located at 250 ~ corresponds to 
the decomposition of Ni(OH)2 [24]. It is worthy of mention that all the 
dopants not only enhance the formation of AHV, but also decrease its peak 
area. This indicates that the addition of these dopants to A M V  should 
retard the formation of AHV. 
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Fig. 4 DTA curves of pure A M V  and doped with different proportions of  Fe a+ ions 
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(iii) The third stage, involving the decomposi t ion of A H V  to VzOs, oc- 
curs at t empera tu res  lower by 19-23 deg" in the presence of 1 mol% of Fe 3+, 
Co 2§ or Ni z+ ions. The addi t ion of  5 mol% of dopant  causes the same effect 
as 1 tool% of Co 2+ or Ni 2+ ions, whereas for Fe 3+ ions it causes a noticeable 
decrease  in the decomposi t ion temperature  of the third stage. The exother- 
mic peaks at 245 and 265 ~ correspond to the decomposi t ion of iron 
hydroxide together  with AHV. The small endothermic  peak at 332 ~ in the 
DTA curves of all doped  samples may be a t t r ibuted to the formation of V 4+. 
In this step, some dopant  ions could be dissolved in the V z O s  lattice, form- 
ing tetravalent  vanadium ions according to the following mechanism: 

w 3 
Fe203 --,2Fe I V l + V204 "l- 302 (4) 

t i t  

2NiO ~ 2Ni I V [ + V204 + O= 
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Fig. 5 DTA curves of pure AMV and doped with different proportions of Co 2+ ions 
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It is known that C0304 is a spinel from CoO and C0203: 

f l l  

2CoO --) 2Co I V I + V204 + Oz (6) 

�9 3 Co203 -) 2Co I Vl + v20,  +~02 (7) 

where FeIWl~ Ni I V [", Co I V['and Co I W I'represent Fe 3+, Ni 2+, Co 2+ and 
Co 3+ replacing V 5+ in its normal lattice position. From the above 
mechanisms, it appears that the amount of V 4+ produced in the case of 
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Fig. 6 DTA curves of pure AMV and doped with different proportions of Ni z+ ions 
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C0203 is greater than that produced in the cases of Fe 3+ and Ni 2 + ions. 
This is in accordance with the experimental results. 

The calculated activation energies of the different decomposition stages 
of AMV and the doped samples are given in Table 1. 

Table 1 Ea values (kJ/mol NH4VO3) and the  maximum decomposition temperatures  (~ of  A M V  
and A M V  doped with Fe 3+, Co z+ or  Ni 2+ ions 

Samples  1st s tage  2nd s tage  3rd s tage  New peaks  

T e m p .  Ea T emp .  Ea Temp.  Ea Temp .  Ea 

A M V  203 -62 .4  229 -5.5 333 -32 .7  - - 
A M V +  0.5% Fe 3+ 195 -43.3  221 -4 .0  320 -19.4  332 -0.5 

A M V + 1 %  Fe 3+ 191 -40.8  - - 314 -13.3  240 +5 .9  

A M V + 5  % Fe 3+ 183 -17.2  . . . .  245, 265 +33.6  

A M V  + 0.5% Co 2+ 195 -40 .7  220 -2.5 315 -22.0  332 -0.5 

A M V + 1 %  Co 2+ 188 -38.1 210 -1.1 312 -21.0  332 -3.3 
A M V + 5  % Co 2+ 185 -19 .6  - -- 310 -13.4 248 +11 .8  

A M V + 0 . 5 %  Ni 2+ 197 -45.1 224 -3 .2  314 -23.8 332 -0.5 

A M V + 1 % N i  2+ 195 -46 .7  221 -2 .2  310 -22.8  332 -0 .6  

A M V + 5  % Ni 2+ 184 -34.6  216 -0.4 310 -17.8  250 +5 .3  

It appears that the activation energies of the different stages of thermal 
decomposition of AMV are in agreement with the reported data [15]. 
Noticeable decreases occur in these values in the presence of the different 
additives. The magnitude of the activation energy has often been ascribed to 
the energy barrier in the rate-limiting step. Therefore, the presence of Fe 3+, 
Co 2§ or Ni z§ ions may cause lattice deformations as well as holes [2] either 
on the surface or in the bulk, which in turn will strongly affect the thermal 
decomposition via the enhancement of the decomposition stages. Conse- 
quently, the doped samples should require a lower activation energy for 
thermolysis to be achieved. Additionally, the doping of AMV with 5 mol% 
Fe 3+, Co 2+ or Ni z+ ions is the most effective according to the energy 
released. 

It is known that the reactive solids produced during the thermal decom- 
position of AMV doped or mixed with foreign ions can be used as catalysts 
in many important reactions. However, to understand the catalytic be- 
haviour of these catalysts, some physico-chemical experiments should be 
performed. Therefore,  SBEa" and the semieonducting properties of the solids 
produced were determined. 
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Surface area measurements 

The  specif ic  surface  areas  of the t he rma l  p roduc t s  of  A M V  and A M V  
d o p e d  with Fe 3+, Co s+ or Ni z+ ions, ca lc ined at 450 ~ for  3 h in an air a tmos-  

phere ,  were  de t e rmined  by applying the B E T  equa t ion  [25] in its no rma l  
range  of applicabil i ty.  The  values of SBET are  l isted in Table 2. 

Table 2 SBET of the thermal products of pure AMV and of AMV doped with Fe 3+, Co z+ or Ni 2+ ions 

Dopants SBET, m z "g-~ 
V2Os 0.5 1 5 

Fe ~+ 6.5 7.5 8.3 10.3 
Co s+ 6.5 7.0 7.8 8.5 
Ni 2+ 6.5 8.0 9.7 12.2 

The  surface  a rea  of  V205 increases  with increasing dopan t  rat io.  This  in- 
c rease  genera l ly  resul ts  f rom the vanad ium vacancies  and  holes c r ea t ed  
dur ing  the thermolysis  of  the original  d o p e d  samples .  This  behav iour  is well  

i l lus t ra ted  by the foregoing p r o p o s e d  mechan i sms  in the following e lec t r ica l  
conduct ivi ty results. 

Electrical conductivity measurements 

T h e  e lec t r ica l  conduc tances  of  the solids p r o d u c e d  f r o m  the calc inat ion 
of  pure  A M V  and of A M V  d o p e d  with Fe 3§ Co s§ or Ni 2§ ions at 450 ~ for  3 h 

in an air a t m o s p h e r e  were  measured .  The  values of  a were  m e a s u r e d  at 250 ~ 

in an air a t m o s p h e r e  with a flow rate  of  200 ml 'mln  -1. T h e  values of  log cr 

are  dep ic t ed  in Table 3. 

Table 3 Variation in log tr with the amount of Fe 3+, Co 2 + or Ni z+ ions 

Dopant .... log o 
V205 0.5 1 5 

Fe ~+ -4.6 -5.2 -5.4 -5.8 
Co 2+ -4.6 -5.4 -5.9 -6.7 
Ni z+ -4.6 -5.1 -5.5 -6.0 

The  above  resul ts  show a dec rease  in the conduc tance  of V2Os on in- 
c rease  of  the concen t ra t ion  of dopant .  This  behav iour  would be  expec t ed  

since the doping  of V205 will dec r ea s e  the  cha rge  ca r r i e r  concen t ra t ions  
th rough  oxygen chemisorp t ion  accord ing  to the following mechan ism:  
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02 + Fe203 -~ 2Fe I V] '+  V2Os + 41 e } (8) 

~O2 +2NiO -~ 2NiIV["+V205 + 6 l e i  (9) 

02 + CozO3 ~ 2Co ] V] '+  VzOs + 4 ] e ] (10) 

3-02 +2COO 2ColV["+ V205 +61el  (11) 

where Fe I Vl~ Nil V i", Co I V I'and Co IV ["represent Fe3 +, Ni 2 +, C03 + and 

Co 2 + cations occupying V 5 + sites in the V205 lattice, and I e i is a defect 
electron. From the above meehanlsms, it appears that the concentration of 
charge carriers decreases in the sequence iron < nickel < cobalt ions. 
Moreover, these mechanisms agree with the experimental results. It is im- 
portant to mention that the creation of electron defects should decrease the 
n-type character of V205. 
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Z u s a m m e n f a s s u n g  - -  Mittels  TG, DTA, IR und R6ntgendif f rakt ion wurde die thermisehe 
Zerse tzung  yon reinem Ammoniummetavanada t  (AMV) und yon AMV, versetzt  mit Fe 3+, 
Co 2+ oder  Ni 2+, untersucht .  Die Ergebnisse zeigen, dal3 die Bildung yon Zwisehenprodukten  
und festem V205 durch die Gegenwart  dcr  Zus~itze begiinstigt wird. Einige der  VS+-Ionen 
des V205 Gi t ters  scheinen zu V4+-Ionen reduziert  zu sein. Fiir alle Proben wurde die Ak- 
t ivierungsenergie  der  verschiedenen Zerse tzungsschr i t te  berechnet .  Die versetz ten 
Feststoffe, die bei 450~ kalziniert  wurden, konnten dutch die Best immung yon SBET und 
dutch elektrisehe Leitf/ihigkeitsmessungen charakter is ier t  werden. Der  Mechanismus,  fiber 
welchen diese Ionen die Eigenschaften der  Feststoffe beeinflussen, wurde hinsichtl ich der  
hervorgerufenen Defekts t ruktur  diskutiert.  
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