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1. Introduction 

 

Thermal analysis is essential during the investigation of ammonium 

polytungstates and ammonium thiotungstate, since several products can be obtained 

from them by thermal decomposition. From polytungstates (e.g. ammonium 

paratunsgtate, ammonium metatungstate, ammonium tungstate) tungsten oxides, 

tungsten carbides or tungsten metal can be prepared, all of which are significant for 

various industries (e.g. catalysts, photocatalysts, gas sensors, electrochromic coatings, 

cutting and drilling tools, lighting industry). Ammonium thiotungstate is a precursor for 

WS3, WS2 (e.g. catalysts, gas sensors, dry lubricants, lithium batteries) and different 

tetraalkylammonium thiotungstates (e.g. catalysts, WS2 precursors). 

Among the ammonium tungstates, only the thermal behavior of ammonium 

paratungstate (APT), (NH4)10[H2W12O42]·xH2O (x= 4, 6, 10) was studied in detail in 

the past decades, because it is the starting material of the tungsten industry. In contrast, 

to the best of our knowledge, the thermal decomposition of ammonium metatungstate 

(AMT), (NH4)6[H2W12O40]·nH2O (n= 1-22) and ammonium tungstate (AT), 

(NH4)2WO4 (currently not marketed) has not been investigated in detail. In the case of 

AMT, not only its thermal decomposition sequence, but also its structure and 

composition are not straightforward. Furthermore, it is currently available with 

different  CAS  registry  numbers  and  compositions.  In  the  case  of  ammonium  

thiotungstate (ATT), (NH4)2WO4, its thermal decomposition has not been studied in air, 

and also the information on the evolved gases is not clear in inert atmosphere. 

WO3 can be prepared by the thermal decomposition of APT. WO3 has a good 

solubility in concentrated alkaline and NH3 solutions; therefore, it is also used in the 

wet chemical process to produce APT. However,  it  has been unknown, how NH3 and 

H2O vapors would react with WO3, and whether it is possible to prepare APT this way. 

Various WOx-amine hybrids can be obtained by hydrothermal and solvothermal 

reactions from W precursors (APT, Na2WO4, WO3) and amines. They have great 

rigidity and thermal stability owing to the inorganic frame, and have the flexibility and 

functionality of the organic part. Thus, these materials are used in water purification, 

catalysis, electrochromic devices, electronics and medicine. However, it has been 

unknown, how ethylenediamine (EDA) and H2O vapors can react with WO3, whether it 

is possible to prepare the hybrids this way and how the product would differ from the 

ones obtained by solvothermal reactions. 



3 
 

2. Experimental 

 

The AMT (Sigma-Aldrich, CAS: 12333-11-8 and 402568-09-6) and ATT (Alfa 

Aesar) materials were characterized by powder X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). 

Then the thermal decomposition of these materials was investigated both in air and 

nitrogen atmospheres by thermal analysis (TG/DTA-MS). The decomposition 

intermediates were characterized by XRD and FTIR measurements. 

In  addition,  the  crystal  structure  of  the  AMT  was  determined,  and  the  unit  cell  

parameters were calculated. Furthermore, the composition, structure, morphology and 

thermal decomposition of the different AMT materials were compared. 

In the case of the solid-gas phase reactions, the effect of the reaction conditions 

on the products was examined: the composition (oxidized or partially reduced), crystal 

structure (monoclinic (m-WO3) or hexagonal (h-WO3)) and particle size (70-90 or 100-

300 nm) of the WO3 powder and the partial pressure of the ammonia vapor (0.15-43.4 

kPa). The precursor tungsten oxides with different compositions, structures and particle 

sizes were prepared by thermal decomposition from APT (Starck GmbH) or HATB, 

(NH4)0.33-xWO3-y, by controlling the annealing temperature and atmosphere. The 

reactions were monitored by XRD and FTIR measurements. The as-prepared APT was 

characterized by XRD, FTIR, Raman spectroscopy, SEM, transmission electron 

microscopy (TEM) and TG/DTA-MS. 

Then the same solid-gas phase reaction was carried out by using EDA instead of 

NH3. In this case the effect of the composition, crystal structure and particle size of the 

WO3 powder  was  examined  beside  the  effect  of  the  presence  of  H2O vapor. The 

reactions were monitored by XRD and FTIR measurements. In addition, the same 

hybrid was prepared by a wet chemical process as-well, in this case different solvents 

were used (water, ethanol, acetone). The as-prepared WO3-EDA hybrids were 

characterized by XRD, FTIR, SEM, TEM, TG/DTA-MS, solid-state nuclear magnetic 

resonance (NMR) and elemental analysis measurements. The evolved gases were 

further analyzed by gas chromatography-mass spectrometry (GC-MS) measurements 

due to their complexity. Furthermore, the catalytic properties of the as-prepared WO3-

EDA hybrids were tested in a Knoevenagel condensation model reaction at room 

temperature. 
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3. Results 

 

3.1. The thermal decomposition and structure of ammonium metatungstate 

 

The  composition,  structure  and  thermal  decomposition  of  the  different  AMT  

materials (CAS: 12333-11-8 and 402568-09-6) were the same. However, they differed 

significantly in their morphology. The unit cell of the AMT sample was identified to be 

orthorhombic (  =  =  = 90°) with space group Pcca [No. 54]. 

The thermal decomposition of AMT involved several steps in inert atmosphere. 

In the first decomposition step (25-200 °C) a dehydrated AMT was obtained. In the 

second decomposition step (200-380 °C) an amorphous phase formed, from which 

hexagonal WO3 formed in the third decomposition step (380-500 °C). In the fourth 

decomposition step (500-600 °C) the h-WO3 transformed into the more stable m-WO3. 

During the endothermic decomposition processes water and NH3 evolved, while the 

crystallization and the phase transformation were accompanied by exothermic peaks. 

As a difference compared to inert atmosphere, in air the as-formed NH3 ignited 

resulting N2O and NO. Due to the accompanying exothermic heat effect the DTA curve 

changed significantly. Furthermore, in air a mixture of h-WO3 and m-WO3 was 

obtained instead of a pure h-WO3. This mixture transformed completely into m-WO3 

by  800  °C.  Based  on  the  TG  results  the  (NH4)6[H2W12O40]·4H2O formula was 

determined for AMT 

Previously, AMT was said to be the decomposition product of APT at 240 °C. 

However, recently it was shown that this decomposition intermediate is an ammonium 

hydrogen paratungstate, (NH4)6H4[H2W12O42]. Nevertheless, it was still unknown 

whether the decomposition of AMT would be the same as the decomposition of APT 

above 240 °C, or it would differ significantly. Based on the results the only significant 

difference was the lack of dry NH3 evolution between 170-240 °C in the case of AMT. 

 

3.2. The thermal decomposition of ammonium thiotungstate (ATT) 

 

In  order  to  investigate  the  effect  of  the  particle  size,  some  of  the  ATT  was  

powdered. The as-obtained powder decomposed in three steps in inert atmosphere. In 

the first decomposition step (30-140 °C) the absorbed water evolved from the surface 

of the particles. In the second decomposition step (170-280 °C) an amorphous, non-
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stoichiometric WS3 phase was obtained, from which a slightly crystalline WS2 phase 

formed in the third decomposition step (330-470 °C). Previously, H2 evolution  was  

reported instead of H2S in the second decomposition step; however, my results did not 

support this. 

In air in the second step an amorphous WS2 was formed instead of WS3. This 

WS2 phase still contained traces of ATT as well. Between 260-500 °C, from this 

mixture, monoclinic tungsten oxide crystallized in two steps. The thermal behavior of 

ATT crystals was similar to the powder, with some shift in the decomposition 

temperature. The main difference between them was in the XRD results, which showed 

that the WS2 formed from the ATT powder in N2 had a higher level of crystallization. 

 

3.3. Preparation of ammonium paratungstate (APT) by a solid-gas phase 

heterogeneous reaction 

 

At  first,  the  effect  of  the  composition  and  crystal  structure  of  the  precursor  

tungsten oxides was investigated. In the case of these four reactions the partial pressure 

of ammonia was 43.40 kPa.  

The intermediate and final products were the same. The crystal structure changed 

already  after  1  day,  as  new  reflections  appeared  in  the  XRD  pattern.  After  1  week  a  

multiphase mixture was obtained, and as one of the intermediate products W5O14 was 

identified. Another intermediate was supposed to be (NH4)2W2O7·0.5H2O. This 

mixture  transformed  into  APT  after  30  days  with  a  yield  of  almost  100%.  The  APT  

with the most ordered structure was obtained from the partially reduced WO3 precursor, 

while the second most ordered structure came from the h-WO3 precursor. Both 

precursors had a distorted crystal lattice, and this might be the reason why the APT 

with the most ordered structures were produced from these precursors. 

In  the  next  series  of  experiments  the  effect  of  the  particle  size  of  the  tungsten  

oxides and the partial pressure of ammonia was studied. For these six reactions, 

oxidized m-WO3 precursors were used. 

At 1.56 kPa NH3 partial  pressure  the  precursor  with  the  larger  particle  size  

transformed into a mixture of APT·10H2O (main component) and APT·4H2O. In 

contrast, the precursor with the smaller particle size transformed only into the expected 

APT·4H2O. This  is  a  significant  result,  because  through this  reaction  a  new way was  

found to prepare the APT·10H2O. 
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Figure 1. SEM (a) and TEM 

(b) images of the as-prepared APT 

At 0.77 and 0.15 kPa NH3 partial 

pressure the reaction was too slow to induce 

significant changes in the structure. The 

precursors  with  the  smaller  particle  size  

transformed into APT to a greater extend; 

however, the sample still remained mostly m-

WO3. 

The composition and structure of the as-

prepared and commercial APTs were identical. 

However, the as-prepared APT consisted of 

100-1000 times smaller particles (Fig. 1a), 

than the commercial APT. 

In addition, APT particles were found 

with the size of 50-100 nm (Fig. 1b). This 

result is remarkable, because to the best of our 

knowledge, APT with such small particle size has not been reported previously. 

 

3.4. Synthesis, composition, structure, morphology, thermal decomposition and 

application of the tungsten oxide-ethylenediamine (WO3-EDA) hybrid 

 

Based on the previously described results (chapter 3.3.), the solid-gas phase 

reaction between WO3 powder, ethylenediamine (EDA) and water vapors was studied 

as-well with the goal of preparing WO3-amine hybrid materials. The effect of the 

reaction conditions on the products was examined: the composition, crystal structure 

and the particle size of the WO3 powder and the presence of H2O vapor. 

The composition, crystal structure and the particle size of the tungsten oxide had 

no effect on the product, in each solid-gas phase reaction the same product was 

obtained. During the reactions no intermediates were detected, the WO3 powder 

transformed directly to the WO3-EDA hybrid after 8 weeks.  The H2O vapor probably 

had some catalytic role in the reaction, since in its absence the reaction was 

significantly slower. 

Based on my results I propose a new formation mechanism for the solid-gas 

phase formation of WO3-EDA.  According  to  my  proposal  the  H2O vapor molecules 

condense and adsorb on the surface of the WO3 particles,  creating  a  thin  H2O layer. 
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Figure 2. TEM images of the WO3-

EDA hybrid obtained from the 
solid-gas phase reaction (a) and 

from the wet chemical process (b) 

Then the EDA vapor molecules dissolve in the coating, and build into the structure of 

the WO3. The intercalated EDA molecules are subsequently incorporated into the 

neighboring layers of WO6 octahedra through coordination. All of my results supported 

this proposed formation mechanism. 

The WO3-EDA hybrid product was also obtained by wet chemical process. In this 

case, the effect of the used solvent was studied. Using water or ethanol a well-ordered 

structure was obtained with a high yield. Using acetone a less-ordered structure was 

prepared with a lower yield. Ethanol was the most beneficial solvent, as the most 

ordered structure with a high yield was produced with it. A reaction was carried out in 

pure EDA without any solvent as well. In this case the powder was not dissolved, and 

the m-WO3 starting material remained 

intact. The results indicated that for the 

reaction at atmospheric pressure and 

between 50-80 °C a solvent was necessary, 

in contrast to the solvothermal reactions. 

The two methods (solid-gas phase and 

wet chemical) yielded the same products, 

the only difference was in their morphology. 

The WO3-EDA hybrid obtained from the 

solid-gas phase reaction consisted of 

nanoplates, while through the wet chemical 

process nanowires were obtained (Fig. 2). 

The preparation of nanoplates was 

significant, because previously only WO3-

EDA nanowires and nanobelts were 

reported. 

Previously, in the cases of some WO3-

amine hybrids the composition and crystal structure were determined by single crystal 

XRD measurements. However, the exact composition and the crystal structure 

specifically of the WO3-EDA  hybrid  were  not  fully  determined  before.  Thus,  the  as-

prepared WO3-EDA hybrid was thoroughly investigated by FTIR, solid-state NMR and 

elemental analysis measurements to gain more information about its composition and 

structure. Two different positions of -CH2- groups could be identified in the crystal 

structure by NMR measurements; and within the -CH2- group the two hydrogen atoms 
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were  not  equivalent.  The  NMR  results  revealed,  that  the  EDA  molecules  had  well-

ordered  structure.  Based  on  the  elemental  analysis  and  the  TG  results  in  air,  the  

WO3:EDA ratio was 1:1; thus, the WO3-EDA empiric formula was suggested instead of 

the currently used WOx-EDA formula. 

To the best to our knowledge, previous thermal analytical measurements were 

used only to determine the organic content of the WO3-EDA hybrids, while the evolved 

gases and the decomposition intermediates were not characterized in detail before. 

Thermal analysis revealed that in nitrogen atmosphere the decomposition product 

of WO3-EDA  was  an  amorphous  tungsten  oxide  phase,  while  in  air  m-WO3 was 

obtained. According to the GC-MS measurements the EDA transformed into a series of 

heterocyclic aromatic compounds in both atmospheres. In nitrogen mainly pyridine 

derivates, in air mostly pyrazine derivates were the main products, while 2-

ethylpyrazine was present in great quantities in both atmospheres. 

The conversion of the Knoevenagel model reaction was around 90 % in the case 

of  both  WO3-EDA samples. The morphology of the WO3-EDA hybrid did not 

influenced significantly its catalytic properties. The as-prepared hybrids had similar 

catalytic efficiency as the hybrids obtained previously from solvothermal reactions, and 

as the modified silica gels used in similar reactions earlier. 

 

4. Applications 

 

Various tungsten products can be produced by the thermal decomposition of 

ammonium  metatungstate  (AMT)  and  ammonium  thiotungstate  (ATT).  The  results  

discussed in this study contribute to the understanding of these decomposition 

processes, which may be important in controlling the properties of the products 

prepared from AMT and ATT raw materials. 

The most important starting material of the tungsten industry, ammonium 

paratungstate (APT) was prepared by the reaction between WO3 powder,  NH3 and 

water vapor. In its current state this novel solid-gas phase heterogeneous reaction is not 

suitable for industrial production. However, in the future it can be used, since the WO3 

produced by recycling the tungsten wastes gains a greater role in the APT production. 

This solid-gas phase reaction is simple and it is not sensitive to the reaction conditions, 

unlike the currently used multi-step wet chemical process. Furthermore, the solid-gas 

phase reactions can be used to produce 50-100 nm sized APT particles. Due to its 
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greater surface area, APT nanoparticles are expected to be important in research and 

industry in the future. 

The application of the tungsten oxide-amine inorganic-organic hybrid materials is 

increasing due to their beneficial properties. The WO3-ethylenediamine (EDA) hybrid 

was prepared by two novel methods. The results presented in this study can be used by 

other research teams of this field. 
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5. Thesis statements 

 

1. In inert atmosphere during the thermal decomposition of ammonium metatungstate 

(AMT) first the crystal water evolves, then an amorphous phase forms, from which 

h-WO3 crystallizes, then the h-WO3 transforms into m-WO3. In air the evolved NH3 

combusts, resulting in N2O and NO. In addition, in air a mixture of h-WO3 and m-

WO3 was obtained instead of a pure h-WO3 phase. The crystal structure of AMT 

(CAS: 12333-11-8 and 402568-09-6) was determined: orthorhombic unit cell, Pcca, 

Nr. 54 space group, a = 33,438 Å, b = 17,425 Å, c = 14,112 Å [1]. 

 

2. In inert atmosphere during the thermal decomposition of ammonium thiotungstate 

(ATT) NH3, water and H2S evolve. The ATT decomposes into an amorphous WS3 

phase, from which a slightly crystalline WS2 forms. In air the ATT decomposes into 

an amorphous WS2 phase, from which m-WO3 crystallizes in two steps [2]. 

 

3. Ammonium paratungstate (APT) was prepared by the solid-gas phase reaction 

between WO3 powder, NH3 and water vapor for the first time. The composition and 

structure of the WO3 precursor have a great influence on the structural order of the 

product. 50-100 nm sized APT particles formed for the first time. The presence of 

W5O14, (NH4)2W2O7·0,5H2O and APT·10H2O phases was confirmed as-well [3]. 

 

4. The same WO3-ethylenediamine (EDA) hybrid was prepared by the solid-gas phase 

reaction and by the wet chemical process. WO3-EDA hybrid nanoplates were 

prepared for the first time by the solid-gas phase reaction. Furthermore, a novel 

forming mechanism is proposed for the solid-gas phase reactions. 

 

5. The -CH2- groups are in two different positions in the crystal structure; and within 

the -CH2- group the two hydrogen atoms are not equivalent. The WO3-EDA empiric 

formula was proposed instead of the currently used WOx-EDA formula. The thermal 

decomposition of the hybrid resulted an amorphous tungsten oxide phase in 

nitrogen, and m-WO3 in  air.  The  evolved  EDA  transforms  into  a  series  of  

heterocyclic aromatic compounds in both atmospheres. 
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