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Zusammenfassung 

 „Hydrotreating“ beeinhaltet Prozesse zur Entschwefelung (Hydrodesulfurierung, 

HDS) und zur Entstickung (Hydrodenitrifizierung, HDN) von Erdöl. Für diese Prozesse 

werden MoS2-Katalysatoren auf γ-Al2O3 verwendet, denen Kobalt oder Nickel 

beigefügt sind. Neben MoS2 wird auch WS2 aufgrund seiner guten 

Hydrierungseigenschaften benutzt. Diese Eigenschaften sind bei der tiefen 

Entschwefelung, „Deep-HDS“, und beim HDN-Prozess, bei denen eine höhere 

Hydrierungsaktivität erforderlich ist, von besonderer Bedeutung. 

 Die Herstellung von WS2-Katalysatoren beginnt mit der Imprägnierung eines 

Trägermaterials mit hoher spezifischer Oberfläche, wie z. B. γ-Al2O3, mit einer 

wässrigen Lösung von Ammoniummetawolframat oder Ammoniumparawolframat. 

Nach dem Trocknen wird die eigentliche Katalysatorvorstufe durch Kalzinierung bei 

Temperaturen von 500 bis 550°C erhalten. Die oxidische Katalysatorvorstufe wird 

durch Sulfidierung mit H2S/H2 bei Temperaturen zwischen 350 and 400°C, und hohem 

Druck aktiviert, wobei WS2 entsteht, welches die katalytisch aktive Phase ist. 

 Der Verlauf der Sulfidierungsreaktion ist bislang nicht befriedigend geklärt, unter 

anderem, weil die oxidische WO3-Phase der Katalysatorvorstufe amorph ist. Um eine 

integrale Beschreibung der Sulfidierungsreaktion bezüglich Oberflächen- und 

Festkörperreaktionen zu ermöglichen, wird folgender chemischer Modellierungsansatz 

verwendet. 

 

(1) Die kristallinen Wolframoxide m-WO3 und WO3·H2O werden als 

Festkörpermodelle für die amorphe WO3-Phase verwendet. Auf diese Weise 

können einzelne elementare Schritte der Sulfidierungsreaktionen von m-WO3 

und WO3·H2O auf der Basis ihrer Strukturen erklärt werden. 

(2) Die WOS2- und WS3-Phasen, die man durch die thermische Zersetzung von 

(NH4)2WO2S2 bzw. (NH4)2WS4 erhalten kann, werden als Modelle für 

Intermediate, die sich möglicherweise während der Sulfidierungsreaktion bilden 

können, verwendet. Während WOS2 als Modell für Oxisulfid-Intermediate dient, 

ist WS3 ein Modell für Zwischenphasen mit einer höheren Schwefel-Wolfram-

Stöchiometrie als in WS2 (S:W > 2). 

(3) Amorphe WO3-Phasen auf γ-Al2O3 als Trägermaterial dienen als 

Modellkatalysatoren. 
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Folgende Techniken wurden verwendet: Temperatur-programmierte Sulfidierung 

(TPS), Thermogravimetrie (TGA-SDTA), Pulverdiffraktometrie (XRD), Transmissions-

Infrarot-Spektroskopie (IR), Emissions-Infrarot-Spektroskopie (IRES), Raman-

Spektroskopie, Ultraviolet-Spektroskopie (UV-VIS), Röntgen-Photoelektronen-

spektroskopie (XPS), Extended X-ray Absorption Fine Structure-Spektroskopie 

(EXAFS), sowie chemische Extrusionsexperimente. 

 Es konnte gezeigt werden, dass WOS2 reduzierte Wolframzentren, W-O-W, W-S-W 

sowie W=Ot Fragmente und S2
2--Gruppen enthält. 

 Amorphes WS3 wurde mit vier verschiedenen Methoden hergestellt. Diese sind die 

thermische Zersetzung von (NH4)2WS4, das Ansäuern einer wässrigen (NH4)2WS4-

Lösung, die Reaktion von WCl6 mit Hexamethyldisilathian sowie die Reaktion von 

(NH4)2WS4 mit I2 in methanolischer Lösung, über die hier erstmals berichtet wird. 

Amorphes WS3 ist eine gemischtvalente WVI/WIV-Verbindung, enthält S2
2--Gruppen 

und besteht aus untereinander verknüpften dreieckigen {W3S4}-Bausteinen. 

Der erste Reaktionsschritt bei der Sulfidierung von m-WO3 besteht in der Reduktion 

von einzelnen Wolframzentren mit H2S unter Bildung der Wasserstoff-Wolfram-Bronze 

H0.23WO3. Erst nach dieser Reduktion kann ein Austausch von Sauerstoff mit Schwefel 

stattfinden. Bei höheren Temperaturen erfolgen diese Austauschreaktionen auf der 

Oberfläche der Partikel schneller wobei auch W-S-Redoxprozesse unter Bildung von 

S2
2--Gruppen stattfinden. Gleichzeitig geht das Innere der Bronze in das Scheroxid 

W20O58 über. Da die Oberfläche des Scheroxids Schwefel enthält, bezeichnen wir es als 

Scheroxisulfid. Weiterer Sauerstoff-Schwefel-Austausch und W-S-Redoxreaktionen 

führen zu einem Oxisulfid, das ähnliche Strukureigenschaften hat wie WOS2. Die 

Untersuchung zur thermischen Zersetzung von (NH4)2WS4 und der 

Struktureigenschaften von WS3 zeigen, dass sich bei der Sulfidierung von m-WO3 keine 

WS3-artige Zwischenphase bildet. Der letzte Schritt der Sulfidierung besteht in der 

Bildung der WS2-Struktur. 

 Der erste Schritt der Sulfidierungsreaktion von WO3·H2O verläuft analog zu dem von 

m-WO3 und besteht in der Bildung einer Wasserstoff-Wolfram-Bronze, sowie der 

Aufnahme von Schwefel. Bei höheren Temperaturen bricht die Struktur zusammen und 

es bildet sich eine HyWO3-Bronze, die sich in das Scheroxid W25O73 umwandelt. 

Weiterer Schwefel-Sauerstoff-Austausch, sowie W-S-Redoxprozesse transformieren das 
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Scheroxid über ein Scheroxisulfid in ein Oxisulfid. Der letzte Schritt ist die Bildung von 

WS2, ohne dass sich ein WS3-artiges Intermediat feststellen lässt. 

 Der allgemeine Ablauf der Sulfidierung beider Wolframoxide besteht in folgender 

Sequenz: Oxid → Bronze → Scheroxisulfid → Oxisulfid → Sulfid. Diese Sequenz stellt 

die chemische Grundlage zum Verständnis der Sulfidierung von WO3/Al2O3 zu 

WS2/Al2O3 dar. Im Falle eines Trägerkatalysators ist die Gesamtreaktion komplizierter 

als bei den oben beschriebenen kristallinen Oxiden. Der erste Schritt besteht hier in der 

Bildung einer instabilen HxWO3/Al2O3 Bronze, wobei Sauerstoff-Schwefel-Reaktionen 

bereits bei Raumtemperatur stattfinden. Die Bildung eines Scheroxisulfides ist im 

Hinblick auf die Instabilität der Bronze unwahrscheinlich. W-S-Redoxprozesse bilden 

eine Phase, die WOS2 sehr ähnlich ist und die zu WS2 reagiert. Die Bildung eines WS3 

ähnlichen Intermediates ist unwahrscheinlich, kann jedoch nicht ausgeschlossen 

werden. 
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Abstract 

 Hydrotreating is concerned with the removal of sulfur (HDS) and nitrogen (HDN) 

from crude oil. The most common catalyst for these processes is MoS2 supported on 

γ-Al2O3 in combination with nickel or cobalt as promoters. Though used less frequently 

WS2 is also applied in hydrotreating catalysis because of its good hydrogenation 

properties. These properties are important in deep HDS and HDN, where a high 

hydrogenation activity is required. 

 Tungsten-based catalysts are prepared in the form of oxidic catalyst precursors by 

impregnating a high-surface area support, such as γ-Al2O3, with an aqueous solution of 

ammonium metatungstate or paratungstate followed by calcination in air between 500 

and 550°C. During calcination an amorphous WO3-type precursor phase forms, which is 

activated by sulfidation in H2S/H2 at temperatures between 350 and 400°C and high 

pressures to form the WS2 phase. 

 The knowledge of how the sulfidation reaction proceeds mechanistically is 

fragmentary because of the amorphous nature of the catalyst precursor. In order to find 

a mechanistic description in terms of basic surface and bulk reactions, we use the 

following chemical modelling approach: 

 

(1) The crystalline tungsten oxides m-WO3 and WO3·H2O are used as solid-state 

models of the amorphous WO3 phase. In this way basic steps of the sulfidation 

reactions of m-WO3 and WO3·H2O can be resolved and explained in terms of the 

structures of the oxides. 

(2) The WOS2 and WS3 phases, which are obtained by thermal decomposition of the 

complexes (NH4)2WO2S2 and (NH4)2WS4, are used as models of intermediates 

that may be encountered in the sulfidation reaction. Whereas WOS2 serves as a 

model of oxysulfide intermediates, we use WS3 as a model of intermediates with a 

higher S:W stoichiometry than the final product WS2. 

(3) A WO3/Al2O3 precursor is used to model industrial catalysts. 

 
The techniques used are temperature-programmed sulfidation (TPS), 

thermogravimetrical analysis and single differential thermal analysis (TGA-SDTA), 

X-ray diffraction (XRD), infrared transmission (IR) and emission spectroscopy (IRES), 

Raman spectroscopy, ultraviolet-visible spectroscopy (UV-VIS), X-ray photoelectron 
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spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), 

as well as chemical extrusion experiments. 

 We could show that WOS2 contains W-O-W and W-S-W structures and reduced 

tungsten centres. The most important characteristic, however, is the presence of W=Ot 

entities and S2
2- ligands. 

 Amorphous WS3 was prepared by four different methods. These are the thermal 

decomposition of (NH4)2WS4, acidification of an aqueous (NH4)2WS4 solution, reaction 

of WCl6 with hexamethyldisilathiane and the reaction of (NH4)2WS4 with I2, which is 

presented here for the first time. Amorphous WS3 is a mixed valence WIV-WVI 

compound, contains S2
2- ligands and is built up by interconnected triangular {W3S4} 

building blocks. 

 The sulfidation reaction of m-WO3 starts at low temperatures with a reduction of 

tungsten centres due to reaction with H2S to form the tungsten bronze H0.23WO3. Only 

after this reduction does an exchange of terminal O2- ligands of the oxides for S2- take 

place. At higher temperatures oxygen-sulfur exchange processes on the surface proceed 

at a higher rate and W-S redox reactions start to occur to form S2
2- ligands. At the same 

time the H0.23WO3 hydrogen tungsten bronze transforms into the shear oxide W20O58. 

Because sulfur is present on the surface while the bulk is that of W20O58, this 

intermediate is referred to as a shear oxysulfide. Further oxygen-sulfur exchange and 

W-S redox reactions lead to oxysulfidic intermediates with structural features similar to 

that of the WOS2 model oxysulfide. The decomposition experiments with (NH4)2WS4 

and our structural characterization of WS3 show that the sulfidation of m-WO3 does not 

proceed via WS3-type intermediates. W-S redox reactions eventually transform the 

oxysulfidic sulfidation intermediate into WS2. 

 The sulfidation reaction of WO3·H2O proceeds analogously and the first step consists 

in the formation of the bronze HxWO3·H2O, followed by the incorporation of sulfur. At 

higher temperatures the structure collapses under the release of water to form HyWO3, 

which transforms into the shear oxide W25O73. Because of sulfur-oxygen exchange and 

W-S redox reactions this shear oxysulfide transforms into an oxysulfide intermediate. 

The final step is the reaction of this oxysulfide to form WS2 without the formation of a 

WS3-type of intermediate. 

 The general sulfidation sequence of both crystalline oxides is oxide → bronze → 

shear oxysulfide → oxysulfide → sulfide. This sequence provides the chemical basis for 
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understanding the sulfidation reaction of WO3/Al2O3 into WS2/Al2O3. This reaction is 

more complicated than that of both crystalline oxides. The first step is the formation of 

an HxWO3/Al2O3 bronze, which however, is not stable. Oxygen-sulfur exchange 

processes therefore already occur at room temperature. The formation of a shear 

oxysulfide is not likely because of the instability of the bronze. W-S redox processes 

lead to a phase, with structural features very similar to that of WOS2, which transforms 

into WS2. The formation of a WS3-type intermediate, however, could not be excluded. 
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List of abbreviations and denotations 

 

EXAFS Extended X-ray absorption fine structure spectroscopy  

HDN Hydrodenitrogenation  

HDS Hydrodesulfurization 

HYD Hydrogenation 

IR Infrared spectroscopy 

IRES Infrared emission spectroscopy 

SDTA Single differential thermal analysis 

TGA Thermogravimetrical analysis 

TPR Temperature-programmed reduction 

TPS Temperature-programmed sulfidation 

UV-VIS Ultraviolet-visible spectroscopy 

XANES X-ray absorption near edge structure spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

 

 

1.8 Å EXAFS distance, not phase corrected 

1.8 Å crystallographic distance  

〈WO4〉 tungsten-oxygen tetrahedron 

〈WO6〉 tungsten-oxygen octahedron 

{WS3}, {W3Sx} intermediate phase or structural fragment 

[W3Sx]4+, [H2W12O40]6- complex ions 
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1.1 Hydrotreating 

 Besides the different cyclic, acyclic and aromatic hydrocarbons there are also 

considerable amounts of sulfur and nitrogen containing heterocyclic compounds found 

in natural oil. These compounds have to be removed in the refinery because their 

combustion produces SO2 and NOx, which lead to the formation of acid rain. 

Furthermore in down-stream processes noble metal catalysts are used which are 

poisoned by these sulfur and nitrogen containing compounds. Therefore the oil is 

treated with high pressures of H2 at temperatures between 300 and 500°C in the 

presence of a catalyst. During this treatment sulfur and nitrogen are converted into H2S 

and NH3. Under these conditions also hydrogenation reactions of unsaturated 

hydrocarbons and aromatics take place. These processes are called hydrodesulfurization 

(HDS), hydrodenitrogenation (HDN) and hydrogenation (HYD) respectively and the 

general term for these processes is hydrotreating. 

 The catalysts used in industry are MoS2 and WS2 phases supported on a γ-Al2O3 

support in combination with nickel or cobalt. The last two metals are promoters because 

they increase the activity of the MoS2 and WS2 catalysts. The sulfidic catalysts are 

typically prepared by sulfidation of oxidic precursors in a mixture of H2 and a molecule, 

which contains sulfur, such as H2S or CS2. This sulfidation reaction is carried out at 

temperatures between 350 and 400°C and high pressures [1]. The oxidic precursors are 

obtained by impregnating the γ-Al2O3 support with aqueous solutions of ammonium 

heptamolybdate or metatungstate, followed by drying and calcination at temperatures of 

500-550°C to form MoO3 or WO3 phases. In a second step the promoter atoms are 

introduced by impregnation with aqueous solutions of nickel or cobalt nitrate. A 

common way of preparing the industrially used catalysts is co-impregnation, where both 

metals, i.e. molybdenum or tungsten and cobalt or nickel are introduced in one step. 

 The catalytic active sulfidic phases of molybdenum or tungsten are present on the 

γ-Al2O3 support as two-dimensional structures in which the transition metals are located 

between layers of sulfur. The layers, called slabs, are hold together by weak van der 

Waals forces (Figure 1.1). Most of the knowledge about the sulfidic hydrotreating 

catalysts has been obtained from molybdenum catalysts. 
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Figure 1.1  Structure of WS2 or MoS2. Black circles denote Mo or W, white circles s
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 However, tungsten catalysts show excellent hydrogenation properties [9, 10], which 

make them especially useful in the so-called deep HDS and HDN where hydrogenation 

of the aromatic rings is the first important step. This is the reason of a currently 

increasing interest in tungsten-based catalysts. 

 

1.2 Tungsten catalysts 

 

1.2.1 Preparation of the oxidic catalyst precursor 

 In the preparation of tungsten catalyst precursors ammonium paratungstate 

(NH4)10[H2W12O42]·xH2O and ammonium metatungstate (NH4)6[H2W12O40]·xH2O are 

used as tungsten sources (Figure 1.2). Both compounds belong to the class of 

isopolyoxotungstates, which are built up by corner-sharing and edge-sharing 〈WO6〉 

octahedra. The tungsten atoms have a formal oxidation state of 6+ and are displaced 

from the centres of the octahedra towards a corner or edge. For preparing the oxidic 

catalyst precursor (NH4)10[H2W12O42]·xH2O or (NH4)6[H2W12O40]·xH2O are dissolved in 

water and the resulting solutions are used to impregnate the support. 

 

(a) (b)

[H2W12O42]10- [H2W12O40]6-
 

 
Figure 1.2  Structures of the [H2W12O42]10- and [H2W12O40]6- anions present in ammonium 
paratungstate (a) and ammonium metatungstate (b). 
 

 Due to the complex equilibriums in aqueous isopolyoxotungstate chemistry, which 

depend both on the pH value and the concentration, several species can exist in solution 

(Figure 1.3). 
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[H2W12O42]10-

Paratungstate B

α-[H2W12O40]6-

Metatungstate
β-[H2W12O40]6-

Tungstate X

ψ’-Metatungstate [W10O32]4-

Tungstate Y

[W7O24]6-

Paratungstate A

[WO4]2-

pH

ψ-Metatungstate

pH > 7.5

pH = 4.5-7.5 pH = 4.5-7.5

pH = 3-4
pH = 1-3

pH = 1-3  
Figure 1.3  pH dependent equilibriums of isopolyoxotungstates in aqueous solution. Adapted 
from reference [11]. 
 

 Although a number of those species have been unequivocally identified [11], there is 

no common agreement in literature about the precise pH values, at which the 

isopolytungstate anions form in solution. The pH values given in Figure 1.3 refer to the 

range in which the anion exists when a WO4
2- solution (0.1 to 1 M) is acidified. 

 Each catalyst support has acid-base properties, which strongly influences the species 

that are deposited on the support surface during impregnation. Therefore, in order to 

determine the species adsorbed on the γ-Al2O3 surface, the effect of the support itself 

has to be taken into consideration. Karakonstantis et al. showed by calculation of the 

different equilibriums combined with deposition experiments, potentiometric titration 

and micro-electrophoresis that although eight different species are present in solution 

under their experimental conditions the deposition mechanism is relatively simple [12]. 

At pH values between 6 and 10, adsorption mainly occurs by: 

 

 Al-OH  +  WO4
2-          Al-O-(WO3)-  +  OH- (1-1) 

 

  2 Al-OH  +  WO4
2-          Al-O-(WO2)-O-Al  +  2 OH- (1-2) 
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 Ianibello et al. also observed the release of OH-, i.e. an increase in pH, when an 

aqueous ammonium paratungstate solution was given time to reach equilibrium in 

contact with γ-Al2O3 [13]. The adsorption of WO4
2-, formed by depolymerization of 

[H2W12O42]10-, on the basic sites of the γ-Al2O3 support was demonstrated by Raman 

and UV-VIS spectroscopy of the dried catalyst precursor. 

 At pH values between 5 and 6 two other pathways contribute as well which become 

dominant at pH values between 3 and 3.5. 

 

  Al-OH2
+ + WO4

2-          Al-OH2
+···WO4

2- (1-3) 

 

  Al-OH2
+ + [HW6O20(OH)2]5-          Al-OH2

+···[HW6O20(OH)2]5- (1-4) 

 

The work of Karakonstantis et al. shows that only Al-OH2
+ and neutral Al-OH groups 

are involved in the deposition reaction. 

 After drying the catalyst is calcined at temperatures between 500 and 550°C to form 

the WO3 phase. 

 

1.2.2 Structure of the WO3 phase in the oxidic catalyst precursor 

 Calcination of bulk ammonium paratungstate or ammonium metatungstate leads to 

crystalline WO3. If ammonium paratungstate or ammonium metatungstate is supported 

on γ-Al2O3 calcination does not lead to crystalline products. In some cases small 

amounts of crystalline monoclinic WO3 (m-WO3) have been detected as can be seen 

from the examples in Table 1.1. The identification of crystalline WO3 was based on the 

characteristic bands in the Raman spectra and in some cases also on XRD powder 

patterns [12, 14]. However, Raman spectroscopy might be misleading because of the 

relatively high Raman scattering cross-section of m-WO3 as determined by Chan et al. 

who showed that the detectable limit of m-WO3 on WO3/Al2O3 catalysts is less than 

0.1 wt% [15]. 

 The examples in Table 1.1 show that crystalline m-WO3 is only detected if 

monolayer coverage of the support is reached or exceeded. Salvati et al. determined the 

monolayer loading from the intensity ratio of the W 4f and Al 2p signals as a function 

of the W/Al bulk ratio to be 24-30 wt% of WO3 on γ-Al2O3 with a surface area of 190 

m2/g [14]. The number of tungsten atoms per unit surface area for the 24 wt% catalyst is 
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4.3 × 1018 W atoms/nm2. However, monolayer coverage depends both on loading and 

the surface area of the support. The factor determining the monolayer coverage is the 

surface density as introduced by Chan et al. [16] and is illustrated by calcination of a 

10 wt% catalyst at 950°C. The high temperature leads to the transformation of γ-Al2O3 

into θ-Al2O3 and decreases the surface area from 170 to 66 m2/g leading to a higher 

surface density. The number of tungsten atoms per unit surface area was calculated to 

be 4.0 × 1018 W atoms/nm2 and agrees well with that mentioned by Salvati et al. [14]. 

 

Table 1.1  WO3/Al2O3 catalysts with different amounts of m-WO3. The loading refers to the 
lower limit where m-WO3 was detected. 
Entry Loading WO3 [wt%] Surface area [m2/g] Tcalc [°C] Reference 

1 17 131 600 [12] 

2 24 190 550 [14] 

3 10 180 1000 [15] 

4 25  550 [17] 

5 27 200 540 [18] 

6 30 200 500 [19] 

7 45 235 500 [20] 

8 20 190 500 [21] 

9 25 180 500 [22] 

10 30 180 500 [23] 

11 25 180 500 [24] 

 

 That the major part of the WO3 phase is not present as crystalline m-WO3 is also 

indicated by the completely different reduction behaviour of γ-Al2O3 supported tungsten 

catalysts to that of m-WO3. The WO3 phase on γ-Al2O3 is very difficult to reduce as no 

change occurs in the W 4f XPS spectrum when treated with H2 at 550°C for 2 h [25]. 

Under the same conditions m-WO3 was completely reduced to tungsten metal. To 

explain this behaviour an interaction of the WO3 phase with the γ-Al2O3 support to form 

Al2(WO4)3-like structures was proposed [25]. However, crystalline Al2(WO4)3 has never 

been detected for catalysts calcined at temperatures between 500 and 550°C. Only high 

temperatures lead to crystalline Al2(WO4)3 as was shown for a 10 wt% catalyst calcined 

at 1050°C [15, 16]. Therefore it is unlikely that Al2(WO4)3 is present after calcination at 
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500-550°C. Wachs et al. showed that the reduction mechanism for the WO3 phase on 

γ-Al2O3 is different from that of m-WO3 [26]. Whereas the W 4f XPS spectra showed 

intermediates in lower oxidation states like W20O58 and WO2, the reduced WO3 phase 

only showed a W 4f signal due to tungsten metal. Salvati et al. noticed significant 

reduction of the WO3 phase on γ-Al2O3 when the theoretical monolayer coverage 

(> 24-30 wt%) was exceeded [14]. Thomas et al. studied a series of 0.7-27 wt% 

catalysts (Tcalc = 540°C, 190 m2/g) by temperature-programmed reduction (TPR). The 

non-reducibility at low loadings was attributed to a support interaction. At higher 

loadings they observed a shift to lower reduction temperatures, which was explained by 

a varying degree of aggregation of the WO3 phase [18]. 

 The above discussion shows that the major part of tungsten is present as an 

amorphous WO3 phase on the surface of the γ-Al2O3 support. Several authors have 

proposed different structural models to describe the amorphous WO3 phase on the 

γ-Al2O3 support. The discussion about the structure of the amorphous WO3 phase has 

been concerned with the question whether tungsten is tetrahedrally or octahedrally 

coordinated by oxygen. Mainly based on Raman spectroscopy several models have been 

proposed. Raman spectroscopy is considered to be a suitable tool because the 

vibrational data can be directly related to the molecular structure of the WO3 phase. 

Furthermore the γ-Al2O3 support is a weak Raman scatterer in the region below 

1000 cm-1 where the bands due to W-O vibrations of the WO3 phase occur. Before 

discussing the proposed models for the WO3 phase we will discuss the Raman 

characteristics of some reference compounds to understand the assignments made by the 

authors. 

 For the tetrahedral WO4
2- anion, group theory predicts four active Raman modes, 

which are observed at 931, 833 and 324 cm-1 [27]. Two of these are stretching modes, 

νs(W-O) = 931 cm-1 and νas(W-O) = 833 cm-1 and two degenerate bending modes, 

δ(O-W-O) = 324 cm-1. 

 For an ideal 〈WO6〉 octahedron three fundamental vibrations are expected as shown 

by the bands at 740 ν(W-O), 450 ν(O-W-O) and 360 cm-1 δ(O-W-O) in the Raman 

spectrum of Li6WO6 [28]. Crystalline m-WO3 consists of corner-sharing 〈WO6〉 

octahedra, which are distorted. These distortions lead to a lower symmetry of the 〈WO6〉 

octahedron causing more of the 15 possible fundamental modes to become Raman 
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active. The major Raman bands are found at 805, 706 and 273 cm-1 and assigned to 

stretching frequencies at 805 and 706 cm-1 and a bending mode δ(O-W-O) at 273 cm-1. 

 Tungsten-oxygen-tungsten bonds are also identified and characterized by Raman. 

The [W2O3(O2)4]2- anion, which has a structure similar to that of [Cr2O7]2-, has such a 

W-O-W linkage. The observed bands are assigned to the νas(W-O) = 750 cm-1, 

νs(W-O) = 556 cm-1 and the bending mode δ(O-W-O) = 250 cm-1 of the W-O-W bridge 

[29]. 

 The examples so far concern compounds that are composed of only 〈WO4〉 or 〈WO6〉 

units. A compound having both types of coordination is Na2[W2O7]. Its structure is built 

up from 〈WO4〉 and 〈WO6〉 units that are joined in infinite chains (Figure 1.4) [30]. 

 

 
Figure 1.4  Part of the infinite chain present in [W2O7]2- showing the corner sharing 〈WO4〉 
tetrahedra and 〈WO6〉 octahedra. 
 

Raman bands at 957 and 940 cm-1 were assigned to symmetric ν(W-O) vibration of the 

〈WO4〉 tetrahedra and the bands at 835, 763 and 598 cm-1 to ν(W-O) vibrations of the 

〈WO6〉 octahedra [31]. Strong bands between 200 and 300 cm-1 were assigned to 

δ(O-W-O) vibrations of W-O-W linkages. Although both structural units are present 

those of the 〈WO4〉 tetrahedra dominate the Raman spectrum. 

 In general 〈WO4〉 tetrahedra exhibit Raman bands at higher wave numbers than 

〈WO6〉 octahedra because of their higher bond order. However the band position is 

depending on distortions of the 〈WO4〉 and 〈WO6〉 polyhedra as can be seen from 

Table 1.2. This makes the distinction between both types of coordination difficult to 

address by Raman spectroscopy. Horsley therefore proposed to use the symmetric 

stretch νs(W-O) (vide infra) as rough guideline and only utilize the bands below 910 

and above 980 cm-1 for the assignment [32]. Most studies, however, have not taken this 

into account when assigning this band. 
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Table 1.2  The highest wave number Raman bands of tungsten oxide compounds. Adapted from 
reference [32]. 

〈WO6〉 〈WO4〉 

Compound ν [cm-1] Compound ν [cm-1] 

Li6WO6 740 CaWO4 913 

m-WO3 805 WO4
2-(aq) 931 

WO3·H2O 951 BaWO4 940 

(NH4)6[H2W10O40] 980 Al2(WO4)3 1060 

 

 All WO3/Al2O3 Raman spectra are characterized, in addition to other bands, by a 

sharp band between 960 and 990 cm-1, which is assigned to the νs(W-O) vibration of 

W=Ot structural fragments. In general this band reflects the highest bond order present 

(shortest W-O bond) in the tungsten oxide structure. The band of the νs(W-O) vibration 

of the W=Ot structures shifts when the catalyst is heated to high temperatures. This shift 

was shown to be due to the release of water as will be discussed later. 

 Table 1.3 lists the different structures proposed for the WO3 phase on Al2O3. The 

entries in italics refer to the structures proposed under dehydrated conditions. Entries 

without “H2O” in the structural proposal refer to those studies that have not taken the 

effect of water into consideration. 

 Thomas et al. proposed an “octahedral surface complex” for the WO3 phase, because 

of a Raman band at 970 cm-1. A similar band was observed for ammonium 

metatungstate, which is built up from 〈WO6〉 octahedra [33]. What the authors exactly 

meant with an “octahedral surface complex” is not clear. 

 Iannibello et al. questioned this assignment and a tetrahedral coordination of tungsten 

was proposed based on bands at 965-990 cm-1and 860-880 cm-1, which were assigned to 

the νs(W-O) and νas(W-O) vibrations of the WO4
2- anion. This was supported by 

UV-VIS spectra of the catalysts which were similar to that of Al2(WO4)3 and Na2WO4 

[13]. 

 Salvati et al. also proposed tetrahedral coordination of tungsten for catalysts with 

loading below 15% because of bands at 973 cm-1 (νs(W-O)) and 333 cm-1 (δ(O-W-O)) 

and the absence of bands due to δ(W-O-W) bending modes. However for loadings 

higher than 15% an “octahedral interaction species” was proposed because of the 
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appearance of bands due to the presence of m-WO3 [14]. Also in this case it is not clear 

what the authors mean with “octahedral interaction species”. 

 Chan et al. noticed for the first time the effect of water on the position of the 

νs(W-O) vibration of W=Ot structures. Upon removal of water this band shifted from 

990 to 1027 cm-1 on a 5.6 wt% catalyst (Tcalc = 550°C, 192 m2/g). This shift was 

reversible after exposure to water and was believed to be due to H2O molecules 

coordinated to the WO3 phase [34]. 

 

Table 1.3  Proposed structures for the amorphous WO3 phase on Al2O3. Compositions in italics 
refer to structures proposed under dehydrated conditions. 

Entry Loading WO3 
[wt%] 

Surface area 
[m2/g] 

Tcalc 
[°C] Structure Reference 

1 15  ? WO6 [33] 

2 3.05-19.6 180 550 WO4 [13] 

3 <15 190 550 WO4 

4 >15 190 550 WO6 
[14] 

5 1-30 200 500 WO4(H2O)2 

 1-30 200 500 WO4 
[19] 

6 <10 180 500 WO4+(WO4)2(H2O) 

 <10 180 500 WO4+(WO4)2 

 10  950 WO4/WO6 (H2O) 

 10  950 WO4/WO6 

[32] 

8 5 235 500 WO4 

 20.9 235 500 WO5·H2O 

 20.9 235 500 WO5 

[20] 

9 5 180 500 WO4 

 >15 180 500 WO5(O) 
[23] 

 

 Stencel et al. studied the effect in more detail and in contrast to publications before 

they did not rely on the fingerprint method to assign the Raman bands but used 18O/16O 

isotope labelling [19]. In a first approximation of a simple harmonic oscillator the 

exchange of oxygen is expected to shift the band position by a factor (16/18)1/2. Based 

on the isotope shift the bands at 960-995 cm-1 and the shoulder around 890 cm-1 were 

assigned to the νs(W-O) and νas(W-O) vibrations of a tetrahedral W-O surface species. 
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This was supported by a δ(O-W-O) bending mode at 335 cm-1 for catalysts with a 

loading of 5 wt% and higher. Upon removal of water the band of the W=Ot stretching 

vibration could be reversibly shifted by 6%. The shift of the position of the νs(W-O) 

vibration was explained by coordination of H2O molecules to tetrahedral W-O surface 

species. Coordination leads to a lowering of the bond order and the observed shift of the 

νs(W-O) vibration. A similar model was proposed to explain the effect of water on 

MoO3/Al2O3 catalysts. 
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Figure 1.5  Model to explain the shift of the W=Ot stretching vibration upon exposure to H2O. 
Adapted from reference [19]. 
 

 Horsley et al. used Raman and XANES spectroscopy to discriminate between 

tetrahedral and octahedral W-O coordination [32]. When measuring at the W LI edge a 

sharp signal is observed in the pre-edge region if tungsten is tetrahedrally coordinated. 

This pre-edge feature is due to an electronic transition from a 2s to a 5d orbital. The 

electron, however, has not enough energy to leave the atom to cause EXAFS. This 

transition is possible because of the mixing of tungsten d orbitals with oxygen p 

orbitals. In case of an octahedral coordination of tungsten the upper state has d character 

only and the state has gerade symmetry with respect to the centre of inversion of the 

octahedron. Transitions from the 2s orbital are then dipole forbidden and the pre-edge 

signal will not be observed. In this way it is possible to discriminate between octahedral 

and tetrahedral W-O coordination in the WO3 phase. A 10 wt% catalyst was prepared 

and calcined at either 500 or 950°C. Calcination at 950°C led to a decrease of the 

surface area of the support to give monolayer coverage. Below 1/3 of a monolayer 

coverage the pre-edge feature in the XANES indicated a distorted tetrahedral W-O 

coordination. This pre-edge signal became even stronger after calcination at 950°C. The 

Raman band at 990 cm-1, which shifted to 1030 cm-1 upon removal of water, was 

believed to be due to an νs(W-O) vibration of a tetrahedral surface species. Other bands 

at 880 cm-1 νas(W-O) and 325 cm-1 δ(O-W-O) were consistent with this distorted 

tetrahedral W-O coordination. Because of the presence of a band at 250 cm-1, which was 
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assigned to δ(W-O-W) vibrations of W-O-W linkages it was proposed that in the 

absence of water the WO3 phase is present as isolated and dimeric tetrahedra. 
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Figure 1.6  Structural model proposed for WO3 on Al2O3 with loadings below 1/3 of monolayer 
coverage in the absence of H2O. Adapted from reference [32]. 
 

In the presence of water, H2O molecules coordinate to these structures leading to a 

distorted octahedral environment of tungsten. This was supported by the reduced 

intensity of the pre-edge feature in the hydrated catalyst and the shift of the νs(W-O) 

vibration to lower wavenumbers upon exposure to water. Above monolayer coverage 

XANES indicated a significant fraction of tungsten present in octahedral coordination 

even after calcination at 500°C. The Raman spectrum showed bands at 250 (δ(W-O-W)) 

and 1001 cm-1, the latter shifting to 1030 cm-1 after removal of water. Although tungsten 

is mainly present in octahedral coordination the band at 1001 cm-1 was assigned to the 

νs(W-O) vibration of 〈WO4〉 units, because of the higher Raman cross-section (vide 

supra). Therefore Horsley et al. proposed the WO3 phase to be present as 〈WO4〉 and 

〈WO6〉 units joined in infinite chains close to monolayer coverage. 

 Ouafi et al. also proposed tetrahedral W-O coordination for the lower loading 

catalyst because of Raman bands at 950 (νs(W-O)) and 880 cm-1 (νas(W-O)) [20]. 

However, for higher loadings a different model was proposed. The Raman band at 

980 cm-1, which shifts to 1026 cm-1 upon water removal was assigned to the νs(W-O) 

vibration of a mono-oxo W=Ot group because also a band at 1020 cm-1 could be 

observed with IR spectroscopy for the dehydrated catalysts. Exchange with H2
18O only 

gave one new band and confirmed the presence of one W=Ot group per tungsten centre. 

In analogy to molybdenum the following model for the dehydrated catalyst was 

proposed. 
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Figure 1.7  Model proposed by Ouafi et al. for the WO3 phase on Al2O3 under dehydrated 
conditions [20]. 
 

This model explains the hydration-dehydration behaviour by coordination of a H2O 

molecule to the vacant tungsten site, which could also be shown by using dimethylether 

instead of water. 

 Kim et al. studied a series of dehydrated tungsten catalysts by Raman spectroscopy 

[23]. At high loadings they proposed a highly distorted octahedral surface structure with 

the same mono-oxo group as proposed in the model by Ouafi et al. At low loadings a 

tetrahedral surface structure was proposed. 

 Another interesting approach in determining the structure of the WO3 phase is that 

presented by Deo et al. [35]. They studied a series of vanadium catalysts on different 

supports with Raman spectroscopy and found that the structure of the vanadium oxide 

phase depends on the pH at which the surface possesses zero charge (PZC). This pH 

depends both on the support and the surface coverage of the acidic vanadium oxide 

phase. Under ambient conditions the surface of the support is hydrated and the surface 

vanadium oxide phase is essentially in aqueous medium. Therefore the authors proposed 

the structure of the vanadium oxide phase on the support to be analogues to the 

vanadium (V) oxide chemistry in aqueous solution, in other words to be a function of 

pH at PZC and the vanadium concentration. For a WO3/Al2O3 catalyst 

(Tcalc = 450/500°C, 180 m2/g) with monolayer coverage they showed that the WO3 

phase is present as WO4
2- and [W12O39]6- (metatungstate). 

 Kohler et al. studied 0.5-30 wt% WO3/Al2O3 catalyst (Tcalc = 550°C, 190 m2/g) and 

showed a decrease in pH at PZC with increasing loading [36]. For the 2 wt% (PZC = 7) 

the main species was WO4
2- whereas at higher loadings polyanions with 〈WO6〉 

octahedral coordination were present at PZC = 4.3 as confirmed by Raman. 

 Ostromecki et al. also measured a decrease in pH at PZC with increasing loading for 

their 1-25 wt% catalysts (Tcalc = 500°C, 180 m2/g) [24]. From the amount of adsorbed 

water on γ-Al2O3 and the WO3 loading the concentration of tungsten was calculated. 
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This together with the pH at PZC defined a point in the phase diagram of tungsten 

species in aqueous solution. The hydrated surface tungsten oxide species found on the 

support were WO4
2-, HW6O21

5- and ψ-metatungstate, which were confirmed by Raman 

spectroscopy. The WO4
2- anion is dominant at high pH values and the polytungstate 

species are dominant at low pH values. 

 This approach for predicting the structure of the WO3 phase on γ-Al2O3 has some 

interesting implications. Calcination temperature has no effect on the structure of the 

WO3 phase as long as it does not go along with a decrease in surface area. This would 

lead to a better coverage and a change in the pH at PZC of the surface oxide. 

Furthermore the model also predicts that the preparation method does not have an 

influence since the pH at PZC determines the final molecular structure, which depends 

on the loading only. 

 

1.2.3 Sulfidation of the oxidic catalyst precursor 

 The next step in the preparation of the active industrial catalyst is sulfidation of the 

oxidic precursor with H2S or sulfur-containing molecules like CS2 in the presence of H2. 

 Ng and Hercules sulfided a 12.6 wt% catalyst at 350°C and showed with XPS the 

presence of WS2 after 15 h [37]. At shorter reaction times oxysulfide intermediates were 

proposed which formed by exchange of oxygen for sulfur in a tetrahedral tungsten 

species. 
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Figure 1.8  Formation of oxysulfide intermediates as proposed by Ng and Hercules [37]. 
 

 Payen et al. studied the sulfidation of a hydrated and dehydrated 20.4 wt% catalyst 

(Tcalc = 500°C, 235 m2/g) by Raman spectroscopy [38]. The sulfidation of the hydrated 

catalyst proceeded faster than in the case of the dehydrated sample. The final sulfidation 

product was shown to be 2H-WS2 and the Raman spectra at shorter reaction times were 

assigned to a WS3-type intermediate mixed with an oxysulfide. 

 Temperature-programmed sulfidation data were reported by Scheffer et al. who 

studied catalysts with loadings of 10 wt% (Tcalc = 650°C) and 19.3 wt% (Tcalc = 400 and 
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900°C) [39]. An uptake of H2S was already recorded at room temperature together with 

a change of the colour of the sample, which indicated that at this temperature a reaction 

occurred. Up to 300°C only H2S consumption was measured which was assigned to the 

formation of WVI oxysulfides with a stoichiometry up to WO2.8S0.2. At higher 

temperatures a H2 uptake could be measured which was assigned to the removal of 

oxygen to create sites where the sulfidation reaction can continue. The catalysts were 

difficult to sulfide and the sulfidability was about 40% determined from the H2S uptake 

below 335°C. Sun determined the sulfidation degree of a 12.6 wt% catalyst 

(Tcalc = 500°C, 226 m2/g) after 4 h at 400°C to be 44% [40]. The low sulfidability was 

explained by polarization of tungsten by aluminium through the Al-O-W linkages. 

Those linkages were also proposed to explain the different reduction behaviour of the 

WO3 phase to that of m-WO3 as was observed in reduction studies [18, 14]. 

 Direct proof for the presence of WS2 crystallites on the γ-Al2O3 surface comes from 

high-resolution electron microscopy (HREM). The crystallites are characterized by the 

length of the slabs L and the number of layers N stacked on top of each other. The 

results for different HREM measurement are given in Table 1.4. 

 

Table 1.4  Average slab lengths L and stacking numbers N for catalysts calcined at 500°C and 
sulfided at the indicated temperatures. a dehydrated before sulfidation by heating in O2 at 425°C. 

Entry Loading WO3 
[wt% ] 

Surface area 
[m2/g] 

Tsulf  
[°C] 

Time 
[h] 

L 
[nm] N Reference

1 21.9 238 350 3 h 2.4 1.6 [41] 

2a 21.9 238 350 3 h 4.2 1.6 [41] 

3 20.9 190 480 6 h 3.5 2.2 [42] 

4 12.6 226 400 4 h 3.2 1.1 [43] 

 

 HREM only detects those WS2 crystallites with the c-axis perpendicular to the 

electron beam. The WS2 crystallites appear as thread like fringes on the HREM 

micrographs and are curved. The observed separation of 0.62 nm of stacked fringes 

agrees well with the W-W distance determined for 2H-WS2 along the c-direction. The 

effect of water present in the oxidic precursor on the size of the WS2 crystallites is 

illustrated by entry 2. Prior to sulfidation the catalyst had been calcined at 425°C in pure 

O2, to remove adsorbed water. 
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1.3 The chemical model approach 

 From the above discussion it is clear that the structure of the amorphous WO3 

catalyst precursor phase is still not known in detail and has impeded a good description 

of the sulfidation reaction. For that reason we used a chemical model approach which is 

described in the sections below. 

 

1.3.1 Crystalline oxides: m-WO3 and WO3·H2O 

 The main obstacle in understanding the sulfidation reaction of tungsten catalysts is 

the poorly defined amorphous WO3 phase, which makes it very difficult to identify 

basic reaction steps, during the transformation of WO3 into WS2. In order to be able to 

identify these basic reaction steps we focused our attention on crystalline oxides with 

different bulk structures, which we used to mimic the highly dispersed WO3 phase of 

the catalyst precursor. In particular we used the crystalline oxides m-WO3 and 

WO3·H2O, which have several important similarities with the amorphous WO3 phase of 

the oxidic precursor. In the case of catalysts with high loadings, tungsten mainly occurs 

in octahedral coordination like in the case of both crystalline oxides. Furthermore the 

oxides and the amorphous WO3 phase contain tungsten in a formal oxidation state of 6+ 

and both form WS2 as the final sulfidation product. It is therefore reasonable to assume, 

that in spite of the structural differences, the chemistry of the sulfidation process has 

similarities. 

 

1.3.2 Model of oxysulfide intermediates: WOS2 

 Since during sulfidation oxygen is replaced by sulfur at some stage of the reaction a 

WOxSy phase forms. Such oxysulfide intermediates are amorphous and in order to learn 

more about their structural properties we studied the model oxysulfide WOS2 which can 

be prepared by decomposition of the complex (NH4)2WO2S2 according to 

 

  (NH4)2WO2S2 → WOS2 + H2O + 2 NH3 (1-5) 

 

1.3.3 Model of sulfide intermediates: WS3 

 If the oxygen of the WO3 phase is stoichiometrically replaced by sulfur a {WS3} 

phase would form. Removal of sulfur from this phase would then lead to the final 

product WS2. To see if such an intermediate forms we studied the compound WS3, 
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which can for instance be prepared by thermal decomposition of the (NH4)2WS4 

complex according to  

 

 (NH4)2WS4 → WS3 + H2S + 2 NH3 (1-6) 

 

1.3.4 Final sulfidation product: poorly crystalline WS2 

 Poorly crystalline WS2 can be prepared by the thermal decomposition of WS3 

according to 

 

  WS3 → WS2 + ⅛ S8 (1-7) 

 

and is characterized by the completely random orientation of the single slabs. At 

temperatures around 1100°C the single slabs start to restack to form the structure of 

2H-WS2, which is the thermodynamically most stable sulfide of WIV [44]. 

 Hexagonal 2H-WS2 occurs in nature in the form of the mineral tungstenite [45]. It is 

the thermodynamically most stable WS2 phase and can be prepared by direct reaction of 

the elements in sealed ampoules [46, 47, 48]. It has a homogeneity range from WS1.95 to 

WS2.0 and is isotypic with hexagonal MoS2 [47]. The tungsten atoms are in a formal 

oxidation state of IV, surrounded by six sulfur atoms to form trigonal prisms. These 

trigonal prisms share their edges to build up a two-dimensional structure (Figure 1.1). In 

this way each sulfur is connected to three tungsten atoms. 

 

(a) (b)

c-axis

 
Figure 1.9  View along the (110) planes of 2H-WS2 (a) and 3R-WS2 (b), with the slabs along 
the c-axis. Open circles represent sulfur and black circles tungsten. 
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 Besides this hexagonal modification, also rhombohedral WS2 exists. The difference 

between hexagonal and rhombohedral WS2 consists in how the slabs are stacked. In 

case of hexagonal WS2 the layers are stacked anti-parallel and each layer is related to its 

neighbouring layers by a translation plus a rotation of 180° around the hexagonal axis 

(Figure 1.9a). In rhombohedral WS2 the layers are in parallel orientation and adjacent 

layers are related to each other by translation only (Figure 1.9b). Rhombohedral WS2, 

which is isotypic with rhombohedral MoS2, is metastable and is prepared by reaction of 

WO3 with sulfur in a melt of Na2CO3 [44]. 

 

1.3.5 Model catalyst: WO3/Al2O3 

 In order to see whether the elementary reactions steps as found for the crystalline 

oxides are applicable to a supported WO3 phase we also investigate the sulfidation 

reaction of WO3/Al2O3 into WS2/Al2O3. The mechanism of the sulfidation reaction of 

the WO3/Al2O3 model catalyst will provide the chemical basis for the understanding of 

the sulfidation behaviour of industrially tungsten-based hydrotreating catalysts. 

 

1.4 Scope of this thesis 

 The experimental techniques used in this thesis are listed in Chapter 2. For each 

technique a short description will be given together with the information they provide in 

relation to the work described in this thesis. 

 The characterization of WOS2 to identify structural features is presented in 

Chapter 3. The results are used as a model for the oxysulfidic intermediates encountered 

in the sulfidation reaction of m-WO3 (Chapter 5), WO3·H2O (Chapter 6) and 

WO3/Al2O3 (Chapter 7). 

 A structural proposal for amorphous WS3 which can be prepared by thermal 

decomposition of (NH4)2WS4, the acidification of aqueous (NH4)2WS4 solutions and by 

reaction of WCl6 with hexamethyldisilathiane is given in Chapter 4. A new procedure 

for the synthesis of amorphous WS3 is reported as well. Apart from the experimental 

techniques mentioned in Chapter 2 also chemical extrusion and trapping experiments 

are used for the characterization of WS3. The results are used to see whether WS3-type 

intermediates form during the sulfidation reaction of m-WO3 (Chapter 5), WO3·H2O 

(Chapter 6) and WO3/Al2O3 (Chapter 7). 
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 A mechanistic description of the sulfidation reaction of m-WO3 as well as the 

structures and properties of intermediate phases are presented in Chapter 5. The 

structural features of WOS2 (Chapter 3) are used to describe the formed oxysulfide 

intermediates and the structural properties of WS3 (Chapter 4) are used to see whether 

WS3-type phases form during the sulfidation of m-WO3. 

 In Chapter 6 the sulfidation reaction of WO3·H2O is described in terms of the 

sequence proposed for m-WO3. 

 Finally Chapter 7 deals with the sulfidation reaction of an amorphous WO3 phase on 

γ-Al2O3. The reaction is interpreted in light of the proposed general reaction sequence of 

both m-WO3 and WO3·H2O. 

 In Chapter 8 a summary of the thesis is presented. 
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2.1 Introduction 

 This chapter gives a short overview and descriptions of the techniques used in this 

thesis. The emphasis lies on describing the type of information that can be obtained with 

the respective techniques. For further details regarding the theory behind the techniques 

and the experimental details we will refer to appropriate textbooks and publications in 

literature. 

 

2.2 X-ray Photoelectron Spectroscopy (XPS)  

 In XPS spectroscopy the kinetic energy of photoelectrons emitted from a sample 

upon radiation with X-rays is measured [1]. Since the energy hν of the X-rays is known, 

the binding energy of the electron Eb can be calculated as follows  

 

 (2-1) b kinE h Eν ϕ= − −

 

with ϕ the work-function of the spectrometer. The final XPS spectrum is a plot of the 

number of electrons ejected as a function of binding energy. This binding energy is 

element specific and contains chemical information because the core electron levels 

depend on the chemical state of the atom. High oxidation states give higher binding 

energies than low oxidation states. Furthermore the binding energy increases for a fixed 

oxidation state with the electronegativity of the ligands. 

 XPS was used to study the sulfidation reaction of m-WO3 and WO3·H2O. The change 

of the formal oxidation state of tungsten from 6+ in the oxide to 4+ in the sulfide and 

the replacement of the oxygen by the less electronegative sulfur can be followed readily 

by the change in tungsten binding energy. The occurrence of a sulfur signal in the XPS 

spectrum indicates the temperature at which the sulfidation starts. Furthermore the 

sulfur binding energies can be used to discriminate between different sulfur species and 

their coordination types. The same kind of information was obtained regarding the 

thermal decomposition reactions of (NH4)2WO2S2 and (NH4)2WS4. 

 

2.3 Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) 

 In EXAFS spectroscopy the absorption of photons is measured which have enough 

energy to excite inner core electrons [2, 3]. The absorbance of the X-rays is determined 

by the linear absorption coefficient, which is a function of the photon energy. The 
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EXAFS spectrum will in general show a smooth decreasing absorption to higher 

energies. Only when the energy of the X-ray is sufficient to excite an electron a strong 

absorption is measured. At this so-called edge the electron is excited to a higher level, 

but is still bound to the atom. Only at higher X-ray energies the electron will have 

sufficient kinetic energy to leave the atom. At this point it is useful to consider the 

leaving electron as an outgoing spherical wave. When this wave leaves the atom it will 

be scattered back by the surrounding atoms. The interference of the outgoing and 

backscattered wave leads to the modulation of the final state wave function. The linear 

absorption coefficient is proportional to the transition probability of the photoelectric 

event, which is a function of the initial and final state wave functions of the electron. 

The modulation of the final state wave function therefore causes the oscillatory 

absorption after the edge in the spectrum, which is known as EXAFS. Because of this 

oscillatory pattern the absorption coefficient µ above the absorption edge is defined as 

follows: 

 

 (2-2) 0 exaf(1 )µ µ χ= + s

 
with µ0 the absorption when there would be no EXAFS. It is χexafs, the EXAFS function, 

which has to be extracted from the EXAFS spectrum, because it gives information on 

the type, number and distance to the absorber atom. 

 The most straightforward interpretation of this function is obtained by taking the 

Fourier transform, which results in a radial distribution function. The plot of the 

absolute part of the Fourier transform gives qualitatively the different neighbours as a 

function of distance R from the absorber atom. Further quantitative data can be obtained 

such as coordination number and distances by fitting the experimental EXAFS function. 

 EXAFS was used at the tungsten edge to monitor the changes in the tungsten 

surrounding of (NH4)2WS4, m-WO3, WO3·H2O and WO3/Al2O3 during the 

decomposition and sulfidation reaction. Changes in the bulk of the tungsten oxides, as 

sulfur is incorporated, can be readily detected in the Fourier transform of the EXAFS 

function. Furthermore it provides qualitative information on the degree of sulfidation of 

m-WO3, WO3·H2O and WO3/Al2O3.  
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2.4 Ultraviolet-Visible Spectroscopy (UV-VIS) 

 UV-VIS spectroscopy measures the absorption of ultraviolet or visible light as it 

passes through a solution or as reflected on a surface [4]. The interaction of the photons 

causes electronic transitions in the sample, which are characteristic and, therefore, 

UV-VIS spectroscopy can be used as a characterization technique. Quantitative 

information can also be obtained, because the Lambert-Beer law relates the measured 

absorbance A at fixed wavelength λ to the concentration c, path length l, and the molar 

absorption coefficient ε: 

  (2-3) A cλ ε= ⋅ ⋅ l
 

The absorption coefficient can be determined by measuring a solution of known 

concentration at a particular wavelength. 

 In this thesis UV-VIS spectroscopy was used for the identification and quantification 

of products, which were obtained by chemical extrusion. 

 

2.5 Infrared Transmission (IR) and Emission Spectroscopy (IRES) 

 In IR spectroscopy the interaction of infrared light with a sample is investigated [1]. 

The photon energy is sufficient to bring the sample to a vibrational excited state. If the 

photon energy matches the energy of an excited vibrational state of the sample it will be 

absorbed. To measure an IR spectrum the sample is diluted with KBr or CsI and pressed 

in a pellet. The IR spectrum is a plot of the absorption or transmission of the IR light as 

a function of the photon energy, ν, called wavenumber and expressed in the unit [cm-1]. 

 In IRES spectroscopy the IR radiation is measured that comes from a heated sample 

[5]. The thermal motion brings the sample to a vibrational excited state. When the 

sample relaxes to the ground state IR light is emitted (Figure 2.1). 

E=hνabsorbed

Eexcited

Eground

E=hνemittedT

IR IRES

 
Figure 2.1  The physical principle of infrared emission spectroscopy. 
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 If the sample would be a blackbody emitter the spectrum would obey Planck’s law. 

Real samples, however, deviate from this law and are therefore referred to as greybody 

emitters. The emission spectrum shows discrete emission lines on a greybody 

underground. In order to be able to compare the spectra from different samples at 

different temperatures this greybody underground, which depends on temperature only, 

has to be subtracted. This is done by dividing the spectrum of the sample by the 

spectrum of the IRES cell without sample at the same temperature. In this way also 

contributions of the cell are removed. The resulting spectrum is a plot of the emission as 

a function of the vibration frequency, which is expressed in wavenumbers [cm-1]. The 

resulting spectrum can be interpreted as a normal absorption or transmission IR 

spectrum. 

 In the diatomic approximation the vibration frequency depends on the masses of the 

constituting atoms, and the bond strength holding them together. 

 

  with (2-4) 
1 1
µ

1
2

kv
π µ

=
1 2

1
m m

= +

 

Because of the mass dependence vibrations of W-O and W-S structural fragments are 

readily discriminated. Since the vibration frequency only varies with bond order for a 

fixed set of atoms, a certain diatomic group will always be found within a small 

frequency window. By using appropriate reference compounds characteristic groups can 

be identified within samples of unknown composition. Furthermore the IR spectrum can 

be used for identification because it is unique for every crystalline sample. 

 For this reason IR spectra of ordered chemicals, as well as synthesized compounds, 

were measured to check the quality. Reference spectra were taken from literature and 

the measured spectra showed in all cases satisfactory agreement. 

 IRES spectroscopy was used to study the thermal decomposition reactions of 

(NH4)2WO2S2 and (NH4)2WS4. The advantage is that intermediates and final products 

can be studied at the actual temperatures at which they form during the decomposition 

reaction. 

 For the IRES measurements a cell was constructed which is schematically drawn in 

Figure 2.3. The cell consists of a stainless steel cylinder to which the heating block and 

CsI window holder (B) can be attached. The heating block consists of a metal cylinder 

with holes in which the heating cartridges (C) are fixed. The sample is applied as a thin 
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layer on a polished stainless steel disk (A), which can be attached to the heating block. 

To measure the temperature of the sample a thermocouple (F) is inserted. The heating 

block is terminated with a piece of insulating material (I) on which the connections for 

the power supply and thermocouple are fixed. The CsI window holder consists of a 

metal ring in which the window is fixed between two O-rings (G) with a metal ring (H). 

In order for the CsI window to expand at high temperature, an O-ring has been inserted 

at the sides, which leaves some freedom of movement. Both the window holder and 

heating block are attached to the stainless steel cylinder with screws (J) and O-rings to 

make the cell airtight. Circulating water is used to cool the cell (E). 

A B
C

C

D1D2

EE

F

E

E

G
H

I

J

 
Figure 2.3  Schematic drawing of the infrared emission cell (side view). 
 

To measure the IRES spectrum the cell is attached to the spectrometer and purged with 

N2 or Ar for 15 min in order to remove air. The gas enters above the surface of the 

sample holder (D1) and leaves the system at (D2). The cell is then heated up to the 

desired temperature by using a thermo controller and the emitted radiation measured. 

 

2.6 Raman Spectroscopy 

 When a sample is irradiated with monochromatic light part of the incoming light will 

be scattered. Most of the scattered radiation has the same frequency ν0 as the incoming 

beam and is called Rayleigh scattering. In addition very weak side bands are observed 

that occur in pairs around ν0 at positive ν+ (anti-Stokes lines) and negative ν- (Stokes 

lines) frequency shifts [6]. The Raman effect can be explained quantum mechanically as 
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shown in Figure 2.4. When a photon with frequency ν0 falls on a molecule Raman 

scattering is described as an excitation of the molecule from the ground state to a virtual 

excited state. Upon relaxation the molecule falls back to an excited vibrational state and 

the radiation emitted has a lower frequency ν- = ν-νint than the incident ν0, with νint the 

frequency of the vibration of the molecule. Some molecules will be in a vibrational 

excited state. Raman scattering from a vibrational excited state leaves the molecule in 

the ground state. The scattered photons appear at higher frequency ν+ = ν+νint. 

 

Stokes Anti-StokesRayleigh

hν hνhν h(ν-νint) hν h(ν+νint)

Eground

Eexcited

E’excited

 
Figure 2.4  Energy diagram of a Raman spectrum. ν is the frequency of the incident photon and 
νint the vibration frequency of the molecule. 
 

 To measure the Raman spectrum the sample is pressed in a small aluminium disk and 

fixed on the sample stage of the spectrometer. The spectrum is a plot of the intensity as 

a function of the shift in the frequency of the incoming light. The advantage of Raman 

is that it provides complementary information to IR, because the selection rules are 

different. 

 Therefore the decomposition reactions of (NH4)2WO2S2 and (NH4)2WS4 were 

studied by Raman as well. Samples containing γ-Al2O3 cannot be studied with IR due to 

its strong absorption. Raman spectroscopy, therefore, provides an alternative to study 

the sulfidation reaction of tungsten catalysts because of the low Raman scattering of 

γ-Al2O3. 

 In order to study the decomposition and sulfidation reactions a cell was constructed, 

a schematic drawing of which is given in Figure 2.5. The Raman cell consists of a 

cylinder closed at one side with a quartz window (B) that is fixed with a Viton O-ring 

(C). This cylinder can be screwed to the heating block with a Viton O-ring to make the 

cell airtight. The sample (A) is pressed into a pellet and fixed to a stainless steel plate 
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(D), which contains a heating element. A thermocouple is inserted just below the 

sample (H) and two valves (F) enable to flow gas (E). To cool the cell a cylinder with 

circulating water (G) is placed around the cell. After the sample has been prepared the 

cell is cooled down and the valves closed to prevent oxidation of the sample. The cell is 

then mounted in the spectrometer for the measurements. 

A

B

C

D

E E

F

G

G

H

Laser beam

 
 
Figure 2.5  Schematic drawing of the in situ Raman cell (side view). 
 

2.7 X-ray Diffractometry (XRD)  

 The wavelength of the X-rays used in XRD is of the order of the distances between 

atoms in crystalline solids. The crystal lattice therefore acts as a grid so that the X-rays 

are diffracted. A diffraction pattern is obtained when constructive inference of the 

scattered photons occurs [7]. Bragg law when using X-rays of wavelength λ gives the 

relation between the diffraction angle θ and the separation of the lattice planes d. 

 

  (2-6) 2 sindλ θ=

 

 The powder pattern is plotted as the intensity of the diffracted photons as function of 

2θ angles and is unique for every crystalline compound. 

 XRD was used to identify changes in the bulk during the sulfidation reaction of 

m-WO3 and WO3·H2O. By comparing the obtained powder diffraction data with those 

in the JCPDS database intermediate phases can be identified. 



 33

2.8 Temperature-Programmed Sulfidation (TPS) 

 TPS is done by sulfiding a sample in H2S/H2/Ar while recording the consumption of 

both H2 and H2S as a function of temperature [8]. Ar gas is used to dilute the H2/H2S 

mixture to optimize the difference in thermal conductivity between both reactants and 

the carrier gas. Consumption and production of H2 is measured by monitoring the 

change of thermal heat conductivity (TCD) whereas H2S is measured with an UV-

detector. 

 TPS is an experimentally simple technique, which gives both qualitative and 

quantitative information. The technique is used to study the sulfidation reaction of 

hydrotreating catalysts and provides information on the temperatures where the 

sulfidation reaction starts and where it is complete. Quantification of the consumption 

of H2S and H2 enables to determine the degree of sulfidation of hydrotreating catalysts. 

 Though TPS is a highly useful technique for studying the sulfidation of hydrotreating 

catalyst, one needs to be aware that TPS only detects those reactions, which go along 

with a net production or consumption of gases. 

 TPS was used to study the sulfidation reaction of m-WO3 and WO3·H2O in order to 

obtain information at which temperature the sulfidation reaction starts and how it 

proceeds. Comparing the measured TPS profiles readily shows differences in sulfidation 

behaviour of both oxides. 

 

2.9 Thermogravimetric and Single Differential Thermal Analysis (TGA-SDTA) 

 TGA is a technique for measuring the change in weight of a substance as a function 

of temperature by means of a microbalance. The substance is heated in a crucible made 

of an inert material like Pt or α-Al2O3 while flowing a gas. If O2 has to be excluded N2 

or Ar is used to have an inert atmosphere above the sample. 

 TGA can be used qualitatively to find out at which temperature changes occur and 

when these are complete. This temperature depends both on the gas used as well as the 

heating-rate. Furthermore quantification of the weight-loss can be used for calculating 

compositional changes. 

 Additional information can be obtained when TGA is combined with single 

differential thermo analysis (SDTA). In this way the change in temperature of the 

sample is measured, which indicates if the process is exothermic or endothermic. In this 

way phase transitions, which do not go along with a change in weight, can be identified. 
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 TGA was used to monitor the compositional changes during decomposition of 

(NH4)2WO2S2, (NH4)2WS4 and amorphous WS3. SDTA provides additional information 

on the temperatures at which the compounds decompose and if the decomposition steps 

are exothermic or endothermic. 
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3.1 Introduction 

 

3.1.1 Aim 

 This chapter deals with the characterization of WOS2, by means of 

thermogravimetrical analysis and single differential thermal analysis (TGA-SDTA), 

infrared emission spectroscopy (IRES), Raman spectroscopy and X-ray photoelectron 

spectroscopy (XPS).  

 WOS2 can be obtained by thermal decomposition of (NH4)2WO2S2 in inert gas 

atmosphere. The reason for characterizing this WOS2 oxysulfide is that it will serve as a 

reference of structural features of oxysulfides. At some stages of the sulfidation of 

tungsten oxide phases, oxysulfides with the general formula WOxSy, are expected to 

form. 

 

3.1.2 (NH4)2WO2S2 

 (NH4)2WO2S2 was first isolated by Corleis in the form of yellow prismatic crystals 

by passing H2S into an aqueous basic solution of WO4
2- [1]. The formation of WO2S2

2- 

anions occurs formally by the substitution of two oxide ligands for sulfide according to 

 

WO4
2- + 2 H2S → WO2S2

2- + 2 H2O (3-1) 

 

The reaction proceeds by the formation of the WO3S2- anion as was shown with 

UV-VIS spectroscopy [2]. In principle further exchange of oxygen for sulfur in the 

WO2S2
2- anion is possible to form the WOS3

2- and WS4
2- anions. In order to stop the 

reaction at the WO2S2
2- stage the solution is cooled during the reaction so that 

(NH4)2WO2S2, due to its low solubility in cold water, precipitates once it forms. In 

addition the H2S concentration in solution is kept low. 

 

Table 3.1  Bond distances and bond angles in the WO2S2
2- anion. 

Bond d [Å] Angle [°] 

W-O 1.775 S-W-S 107.8 

W-S 2.193 O-W-O 111.9 

  S-W-O 109.1 

  S-W-O 109.5 
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3.1.3 Structure of (NH4)2WO2S2 

 Gonschorek et. al. determined the structure by means of X-ray diffraction with a 

single crystal and showed that (NH4)2WO2S2 is monoclinic and belongs to the space 

group C2/c [3]. The structure is shown in Figure 3.1. Both oxygen and sulfur surround 

the tungsten atom to form almost regular 〈WO2S2〉 tetrahedra as can be seen from 

Table 3.1. The NH4
+ cations are located between the WO2S2

2- anions and interact with 

three oxygen atoms through hydrogen bonding. 

 

 
Figure 3.1  Structure of crystalline (NH4)2WO2S2 showing eight unit cells. The tetrahedra 
represent the WO2S2

2- anions; small black circles represent the NH4
+ cations. 

 

3.1.4 IR and Raman characteristics of (NH4)2WO2S2 

 Since infrared emission and Raman spectroscopy are used in this chapter it is useful 

to discuss the vibrational characteristics of (NH4)2WO2S2. Müller and Gattow studied 

the complex (NH4)2WO2S2 by means of IR spectroscopy. An assignment of the 

fundamental vibrations was given which, however, was not unequivocal and complete 

[4]. Leroy and Kaufmann characterized (NH4)2WO2S2 by IR and Raman spectroscopy 

and gave a complete assignment of the fundamentals using normal coordinate analysis 

[5]. Raman data were later also reported by Müller et al. together with an assignment of 

the fundamentals [6]. As mentioned before the WO2S2
2- tetrahedra are maintained in the 

solid structure and are only slightly distorted. Therefore, C2v symmetry as is expected 

for a non-distorted WX2Y2 molecule was assumed in the analysis. 
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Since five atoms form the 〈WO2S2〉 tetrahedron nine fundamental vibrations are 

expected. The frequencies for the different vibrations together with the assignments are 

given in Table 3.2 and the normal modes of the WO2S2
2- anion are shown in Figure 3.2. 

 
Table 3.2  Infrared and Raman data of (NH4)2WO2S2. Bands due to NH4

+ cations are omitted. 
Values are given in cm-1. 

IR Raman Assignment Symmetry 

859 852 νs(WO) ν1(A1) 

805 805 νas(WO) ν6(B1) 

477 477 νs(WS) ν2(A1) 

468 466 νas(WS) ν8(B2) 

300 306 δ(OWO) ν3(A1) 

270 270 δ(OWS) ν9(B2) 

  and torsion ν5(A2) 

245 230 δ(OWS) ν7(B1) 

196 194 δ(SWS) ν4(A1) 

 

+ -

+ +

ν1(A1)=νs(WO) ν2(A1)=νs(WS) ν3(A1)=δ(OWO)

ν4(A1)= δ(SWS) ν5(A2)=τ(torsion) ν6(B1)= νas(WO)

ν7(B1)= δ(OWS) ν8(B2)=νas(WS) ν9(B2)= δ(OWS)  
 

Figure 3.2  The nine normal modes of WO2S2
2-. 



 41

3.1.5 Amorphous WOS2 

 Amorphous WOS2 was for the first reported by Prasad et al. who prepared it by 

thermal decomposition of (NH4)2WO2S2 in N2. [7]. Their TGA-DTA study showed that 

(NH4)2WO2S2 starts to decompose above 160°C according to: 

 

(NH4)2WO2S2 → WOS2 + H2O + 2 NH3 (3-2) 

 

The stoichiometry was confirmed by elemental analysis. Amorphous WOS2 is not stable 

and decomposes above 300°C according to: 

 

WOS2 → WS2 + ½ O2 (3-3) 

 

The initially formed WS2 is amorphous and crystallizes at higher temperatures as 

indicated by an exothermic peak in the DTA signal. The released O2 reacts to some 

extent with WS2 to WO2 as was shown by the elemental analysis of the final product: 

WO0.5S1.75. 

 

3.2 Experimental 

 

3.2.1 Synthesis of compounds 

 (NH4)2WO2S2 was synthesized according to a procedure reported by McDonald et 

al. [8]. H2WO4 (10.0 g) was dissolved in a mixture of concentrated ammonia (40 ml) 

and water (10 ml). After filtering the solution was cooled in an ice bath, and H2S was 

rapidly passed over the surface of the solution for about 5 min causing the precipitation 

of a yellow solid, which was isolated by filtration, washed with ethanol and ether and 

dried in vacuum over P4O10. 

 (NEt4)2WO2S2 was synthesized according to a procedure reported by McDonald et 

al. [8]. (NH4)2WO2S2 (6.8 g) was added to 65 ml of an aqueous solution of NEt4OH 

(10%). The formed NH3 was removed under dynamic vacuum for 1 h. To the resulting 

solution was then added 400 ml 2-propanol and 600 ml ether, which led to the formation 

of an oil. The supernatant liquid was decanted and the oil dissolved in 400 ml 

2-propanol and filtered. Precipitation of the product was achieved by the addition of 

400 ml ether. After filtering and washing with ether the product was dried in vacuum. 
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3.2.2 TGA-SDTA analysis 

 Thermogravimetric analyses were performed on a Mettler Toledo TGA/SDTA 851e 

instrument in a stream of N2 at a heating rate of 10°C/min to 600°C. STARe 5.1 

software (Mettler Toledo) was used for data evaluation. 

 

3.2.3 XPS spectroscopy 

 XPS spectra were measured with a VG Escalab 200 MK spectrometer equipped with 

a Mg Kα source and a hemispherical analyser connected to a five-channel detector. 

During measurement the base pressure of the system was around 5.0 × 10-13 bar. Spectra 

were recorded at constant pass energy of 5 eV. Computer fitting of the measured spectra 

was used to derive the binding energies. Binding energies are estimated to be accurate 

within ± 0.2 eV.  

 Decomposition of (NH4)2WO2S2 was done in a stream of He (60 ml/min) in a quartz 

reactor. The samples were heated to the desired temperature at a rate of 10°C/min, kept 

at this temperature for 15 min and then cooled to room temperature while maintaining 

the He flow. The decomposed samples were pressed into indium foil for the 

measurements. All the preparation steps were carried out under inert conditions. 

Transfer of the samples from the reactors to the ultra-high vacuum chamber of the 

spectrometer was done by using a nitrogen-operated glove box and a special inert gas 

transport vessel. 

 

3.2.4 Raman spectroscopy 

 Fourier-transform Raman measurements were carried out with a Bruker Raman 

module FRA 106/S equipped with a liquid-nitrogen cooled Ge detector (D418-S), a 

Nd:YAG laser (1064 nm, 200 mW) and a CaF2 beam splitter. The instrument was 

attached to a Bruker Equinox 55 interferometer; data collection and processing were 

controlled by the OPUS 2.2 software (Bruker). Spectra were recorded at 8 cm-1 spectral 

resolution; always 8192 scans were accumulated. 

 The decomposition reaction of the (NH4)2WO2S2 complex was performed in a 

specially designed inert gas Raman cell (Chapter 2). The samples were pressed into a 

wafer with a KBr backing (50 mg sample, 125 mg KBr), which was mounted in the cell 

and subsequently decomposed in a stream of Ar (60 ml/min) at different temperatures 
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(10°C/min). The samples were kept isothermally at these temperatures for 15 min, 

cooled to room temperature and the spectra were recorded. Under these conditions, 

neither degradation nor oxidation of the samples took place upon irradiation with the 

laser beam. The Raman spectrum of (NH4)2WO2S2 was measured with the conventional 

Bruker sample holder.  

 

3.2.5 IRES spectroscopy 

 Fourier-transform infrared spectra were obtained with a Bruker Equinox 55 

spectrometer equipped with a DTGS detector and a KBr beam splitter for the mid-

infrared region. Data collection and processing were controlled by the OPUS 2.2 

software (Bruker). The transmission infrared spectrum of (NH4)2WO2S2 was measured 

with a spectral resolution of 4 cm-1. The powdered sample was diluted with CsI and 

pressed into a self-supporting disk. 

 Infrared emission studies were conducted in a specially designed IR emission cell 

(Chapter 2) similar to those in references [9] and [10]. The samples were applied as thin 

layers on the surface of the sample holder. About 2 mg sample and 0.7 ml 2-propanol 

were shaken in a vibrating mill. The resulting suspension was spread on the surface of 

the stainless steel sample deposition area, the liquid was slowly evaporated, and the 

sample holder was mounted in the cell. For the thermal decomposition of (NH4)2WO2S2, 

the emission cell was purged with Ar and heated (10°C/min) to  different temperatures. 

The sample was kept at the respective temperature for 15 min before spectra were 

collected. Each spectrum is the sum of 512 scans with a spectral resolution of 8 cm-1. 

The spectrum of the empty sample holder at the different temperatures served as the 

background spectrum. 

 

3.3 Results 

 

3.3.1 TGA-SDTA measurements 

 Figure 3.3 shows the TGA and DTA data for the thermal decomposition of 

(NH4)2WO2S2 into WOS2 (reaction 3-2). The decomposition is an endothermic process, 

which starts at 150°C and ends at about 320°C with a maximum rate of weight loss 

around 200°C; the decrease in weight of this decomposition step corresponds to 16.2%. 

Between 350 and 460°C the WOS2 oxysulfide undergoes further decomposition. This 
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second decomposition step is slightly exothermic and goes along with a decrease in 

weight of 6.6%. It is assigned to the formation of microcrystalline WS2 (reaction 3-3) 

[7]. During the decomposition process, the colour of the sample changes from white-

yellow via brown (150-175°C) to black (>200°C). 
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Figure 3.3  TGA (a) and SDTA (b) profiles of (NH4)2WO2S2. 

 

3.3.2 XPS measurements 

 Figure 3.4 shows the W 4f and S 2p XPS spectra of the products of the stepwise 

decomposition of (NH4)2WO2S2; binding energies are given in Table 3.3. The XPS 

spectrum at room temperature shows a W 4f7/2 doublet at 35.5 eV as well as a second 

contribution at 33.5 eV. These findings point to degradation of the sample in the ultra-

high vacuum upon irradiation with the X-ray beam. XPS spectra of the more stable 

complex (Et4N)2WO2S2 (not shown) showed different intensity ratios of the two 

doublets, which supports our assumption of degradation. The XPS spectrum obtained 

after thermal treatment at 100°C contains a W 4f7/2 doublet at 35.9 eV as the principal 

component, which can also be seen in the spectra obtained after decomposition at higher 

temperatures (up to 400°C). 
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Figure 3.4  S 2p and W 4f XPS spectra of (NH4)2WO2S2 and its decomposition products as 
obtained after thermal decomposition (Ar, 15 min) at the indicated temperatures.  

 

Table 3.3  W 4f7/2 and S 2p3/2 binding energies of (NH4)2WO2S2 and its decomposition 
intermediates at different temperatures. Values given in the first row are those of starting 
material. 

T [°C] W 4f7/2 [eV] S 2p3/2 [eV]

 35.5 33.5    161.6 

100 35.9 34.0    161.6 

175 35.9  33.4   161.8 

200 35.9  33.3   161.8 

250 35.6  33.0   161.8 

300 35.9   35.0 32.3 161.8 

400 35.7   35.3 32.4 161.7 

 

At 175°C the WOS2 phase starts to form [7]. This is reflected in the W 4f spectrum by 

the occurrence of a signal at lower binding energy at 33.3 eV. The shift to lower binding 

energy is mainly due to reduction of WVI. At temperatures higher than 300°C WOS2 

starts to decompose to form WS2 and O2 according to reaction 3-3. This is clearly seen 

in the XPS spectra by the occurrence of a signal with a W 4f7/2 binding energy of 
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32.3 eV, which is typical of WIV in WS2 [11, 12]. In addition to this the W 4f7/2 signal at 

33.0 eV shifts to 35.0 eV, which we explain by a partial oxidation of tungsten in the 

formed WS2 phase due to reaction with the released O2 [7]. 

(NH4)2WO2S2 contains terminal S2--ligands only with an expected S 2p3/2 binding 

energy of 161.8 eV [13, 14]. The S 2p spectra of Figure 3.4 show a broad signal around 

161.8 eV, which hardly changes throughout the decomposition reaction. This signal can 

be either due to the above-mentioned sulfide (S2-) ligands as present in the MoS2 or the 

WS2 structure [13, 14] or to terminally bonded disulfide (S2
2-) ligands (structure 3.1). 

Due to the broadness of this signal, the presence of small amounts of bridging S2
2- 

ligands (structure 3.2), which appear at an S 2p3/2 binding energy of 163 eV, cannot be 

ruled out. 
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3.3.3 Raman measurements 

 Figure 3.5 shows the Raman spectra of (NH4)2WO2S2 and its decomposition 

products. The spectrum of (NH4)2WO2S2 in Figure 3.5a shows the characteristic bands 

of the WO2S2
2- anion (see Table 3.2) [5]. Upon decomposition, the well-defined W=O 

and W=S bonds of the complex are replaced by less-defined W-O and W-S bonds with 

different bond orders (Table 3.4). At 150°C (Figure 3.5b) a weak band at 952 cm-1 and 

shoulders at 504 cm-1 and 163 cm-1 develop. After treatment at 175°C (Figure 3.5c) the 

band at 952 cm-1 has shifted to 957 cm-1 and appears with higher intensity, while the 

bands at 901, 846 and 801 cm-1 of the complex merged into a broad signal at around 

781 cm-1. The shoulder at 504 cm-1 has grown into a strong band and the band at 

468 cm-1 of the complex has shifted to 448 cm-1. The spectrum of the WOS2 phase 

(Figure 3.5d) contains several bands due to W-O and W-S vibrations. The bands above 

600 cm-1 correspond to W-O vibrations, and they indicate that oxygen is present in 

terminal and bridging coordination types. We assign the band at 977 cm-1 to the ν(W-O) 

vibration of terminal W=Ot groups [15] and the broad and weak feature around 815 cm-1 

to the ν(W-O) vibration of W-O-W structural fragments [16], i.e. of oxygen in bridging 
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coordination types. It is important to note that the W=Ot groups in the WOS2 oxysulfide 

phase differ from the W=Ot bonds in the WO2S2
2- complex anion. 
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Figure 3.5  Raman spectra of (NH4)2WO2S2 (a) and its decomposition products as obtained after 
thermal decomposition (Ar, 15 min) at the indicated temperatures (b-d). 
 

The band at 512 cm-1 with its shoulder at 552 cm-1 indicates that redox processes have 

taken place during the decomposition reaction. The former is due to ν(S-S) vibrations of 

S2
2- ligands, formed from the S2- ligands of the starting material by oxidation according 

to  

 2 S2- → S2
2- + 2 e- (3-4) 

 

These disulfide ligands are present in two coordination modes, namely as terminal 

(512 cm-1, structure 3.1) [17, 18] and bridging (shoulder at 552 cm-1, structure 3.2) S2
2- 

ligands [19]. The Raman intensity of a bridging S2
2- ligand is in general higher than that 

of a terminal disulfide. We conclude, therefore, that most of the S2
2- ligands in the 

WOS2 phase are present in the terminal coordination mode.  
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Table 3.4  Raman data of the decomposition intermediates of (NH4)2WO2S2 at the indicated 
temperatures. (vs) = very strong, (s) = strong, (m) = medium, (w) = weak, (sh) = shoulder. 
Values are given in cm-1. 

150°C 175°C 200°C 
952 (w) 957 (m) 977 (w ) 
901 (w)   
848 (s)    
804 (m)   

  552 (sh) 
504 (sh) 504 (vs) 512 (s)  
469 (vs) 448 (m) 463 (m) 

  437 (m) 
306 (m) 330 (m) 318 (m) 
274 (m) 288 (m) 284 (m) 
236 (m)   
194 (s)    
163 (sh) 173 (vs) 173 (vs) 

 

 In principle, the band at 512 cm-1 could also be due to ν(W-S) vibrations of WIV/V=S 

fragments as present in the [W3S9]2- (structure 3.3) and [W4S12]2- (structure 3.4) 

complex anions [20, 21]. However, these WIV/V=S structures are typically not stable at 

higher temperatures and, therefore, we do not consider them. The bands at 463 and 

437 cm-1 are not characteristic to such an extent and are due to ν(W-S) vibrations of 

W-S-W [17, 18, 22, 23] structural fragments, whereas the bands at 318, 284 and 

173 cm-1 contain significant contributions of deformation modes. 
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3.3.4 IRES measurements 

 Figure 3.6 shows the infrared spectra of (NH4)2WO2S2 and its decomposition 

products at the indicated temperatures (Table 3.5). The absorption IR spectrum of 

(NH4)2WO2S2  (Figure 3.6a) shows the characteristic bands of the WO2S2
2- complex 

anion [5] (see Table 3.2) together with the δ(H-N-H) bending vibration of the NH4
+ 
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cation around 1400 cm-1 [24]. The decomposition of the complex is complete above 

200°C, as can be seen from the absence of the band due to the δ(H-N-H) bending 

vibration of the NH4
+ cation. As temperature increases the bands due to W-O stretching 

vibrations (1000 to 600 cm-1) broaden. The band at 980 cm-1 in the spectrum at 250°C is 

of particular interest, and is typically due to the ν(W-O) stretching vibration of W=Ot 

structures [15]. We assign the broad band around 800 cm-1 to the ν(W-O) stretching 

vibrations of W-O-W structural fragments [16], i.e. of oxygen in bridging coordination 

types. Upon decomposition changes also take place in the region of the W-S vibrations 

between 600 and 400 cm-1. At 250°C a band at 521 cm-1 is visible, which is typical of 

the ν(S-S) stretching vibration of S2
2- ligands in the terminal coordination mode 

[17, 18]. A weak shoulder is visible at 559 cm-1, suggesting the presence of S2
2- ligands 

in bridging coordination types [19]. This means that W-S redox processes took place, 

during which disulfide species formed by oxidation of the S2- ligands of the starting 

material according to reaction 3-4. 
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Figure 3.6  Transmission infrared spectrum of (NH4)2WO2S2 (a) and emission infrared spectra 
as obtained after thermal decomposition (Ar, 15 min) at the indicated temperatures (b-e). 
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The infrared emission spectra clearly show that the majority of the S2
2- ligands of the 

WOS2 phase are present in the terminal coordination mode. The band at 455 cm-1 is due 

to the ν(W-S) stretching vibration of W-S-W fragments [17, 18, 22, 23]. 

 

Table 3.5  Infrared emission data of the decomposition intermediates of (NH4)2WO2S2 at the 
indicated temperatures. (vs) = very strong, (s) = strong, (m) = medium, (w) = weak, 
(sh) = shoulder. Values are given in cm-1. 

100°C 150°C 200°C 250°C 

948 (m) 956 (m) 976 (m)  980 (m) 

898 (s)     

864 (vs)    

806 (vs) 802 (vs) 802 (vs) 802 (vs) 

   559 (sh) 

 520 (sh) 521 (vs) 521 (s)  

 509 (vs)   

474 (sh) 478 (sh) 478 (sh) 478 (sh) 

462 (vs) 459 (vs) 459 (s)   455 (s)   

  447 (s)   

 435 (vs)  436 (sh) 

420 (w) 424 (sh) 424 (sh)  

 405 (s)    

 

3.4 Discussion 

The results of the investigation of amorphous WOS2 can be summarized as follows: 

 

(1) XPS shows the presence of tungsten centres with a formal oxidation state lower 

than 6+. 

(2) Raman and IRES show the presence of: 

- S2
2- ligands, mainly in the terminal coordination mode. 

- W=Ot groups that are different than those of (NH4)2WO2S2. 

- W-O-W and W-S-W structures. 

(3) XPS shows that WOS2 decomposes into WS2. 
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 A simplistic view of the formation of amorphous WOS2 is a proton transfer from the 

two NH4
+ cations to one of the O2- ligands of the WO2S2

2- anion, producing NH3 and a 

neutral {S2WOH2O} intermediate. The latter is not stable, releases H2O and aggregates. 

The aggregation is clearly shown by the presence of bands due to the stretching 

vibrations of W-O-W and W-S-W structures in the IRES and Raman spectra. Such 

linkages are not present in (NH4)2WO2S2, which consists of isolated 〈WO2S2〉 

tetrahedra. 

 The protonation of the WO2S2
2- anion leads to redox processes as indicated by the 

presence of S2
2- ligands in WOS2. The electrons released during the formation of these 

S2
2- ligands reduce tungsten centres as indicated by the W 4f7/2 doublet with a binding 

energy of 33.0 eV. 

 The most remarkable and important characteristic of the amorphous WOS2 phase is 

that it contains oxygen in terminal positions, W=Ot, as indicated by the band at 977 cm-1 

(Raman) and 980 cm-1 (IRES). These W=Ot groups are different from those present in 

the WO2S2
2- anion as can be seen by comparing the position of the ν(W-O) stretching 

vibration of WOS2 with that of (NH4)2WO2S2 (Table 3.6). 

 

Table 3.6   Band position of the ν(W-O) stretching vibrations in (NH4)2WO2S2 and WOS2. 
Values are given in cm-1. 

 WOS2 (NH4)2WO2S2 

Raman 977 852 

IR 980 859 

 

 When using the diatomic approximation for the vibration frequencies, the difference 

in the ν(W-O) band position suggests that the bond order of the W=Ot bonds in WOS2 is 

higher than those of (NH4)2WO2S2. A shift to higher wavenumbers of the ν(W-O) 

vibration is also observed for WO3/Al2O3 catalysts after adsorbed water has been 

removed by calcination (Chapter 1). In the absence of water the band position of the 

ν(W-O) vibration occurs at higher wavenumber. This shift is explained by coordination 

of H2O molecules to tungsten centres present in the WO3 phase. Donation of electron 

density from the lone pairs of oxygen of the H2O molecule increases the electron 

density on the tungsten atom. This decreases the W 5d-O 2p π-π interaction and 

weakens the W=Ot bond which results in the shift of the ν(W-O) stretching vibration to 
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lower wavenumber. By coordination of H2O molecules the tungsten centres are 

coordinatively saturated to form a more stable structure than in the absence of water. 

The higher bond order in WOS2 is therefore due to the lower electron density on the 

tungsten centres and reflects the thermodynamic instability of the WOS2 structure. This 

is shown by the fact that WOS2 decomposes at higher temperatures to form the more 

stable WS2 structure. 

 Since the WOS2 phase has been formed by a simple thermal decomposition where no 

special reaction conditions have been applied, we infer that the presence of O2- ligands 

in bridging and terminal positions is a common structural property of tungsten 

oxysulfides as well as the presence of terminal and bridging S2
2- ligands and reduced 

tungsten centres. 

 For completeness we mention a recent publication about amorphous thin film 

tungsten oxysulfides [25]. This study reports a phase with a stoichiometry close to 

WOS2, namely WO0.9S1.9. The reported W 4f7/2 binding energies at 32.8, 34.1 and 

35.5 eV are different from our values of the WOS2 phase. This oxysulfide was prepared 

by radio frequency sputtering of WS2 in a mixture of Ar and O2. Since the starting 

materials and the reaction conditions are different, the resulting phases are expected to 

be different as well, despite their similar stoichiometry. 

 

3.5 Conclusions 

 We could show that the model oxysulfide WOS2 contains W-O-W and W-S-W 

structures. The characteristic feature of WOS2, however, is the presence of W=Ot 

groups. Furthermore S2
2- ligands are present in terminal and bridging coordination 

types. These have formed by oxidation of the S2- ligands in (NH4)2WO2S2. The presence 

of these S2
2- groups is in line with the observation of the reduced tungsten centres 

present in WOS2. The high bond order of the W=Ot groups in WOS2 indicate that the 

structure is not stable as shown by decomposition at higher temperatures into the more 

stable WS2 structure. The formed oxygen during this decomposition step is responsible 

for the partially oxidation of WS2 to WO2. 

 We will come back to the structural properties of WOS2 in Chapters 5, 6 and 7 when 

the sulfidation reactions of m-WO3, WO3·H2O and WO3/Al2O3 are discussed. 
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Structural investigation of amorphous WS3 
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4.1 Introduction 

 

4.1.1 Aim 

 This chapter deals with the characterization of amorphous WS3 and its formation by 

means of thermogravimetrical analysis and single differential thermal analysis 

(TGA-SDTA), infrared transmission (IR) and emission spectroscopy (IRES), Raman 

spectroscopy, ultraviolet-visible spectroscopy (UV-VIS), extended X-ray absorption 

fine structure spectroscopy (EXAFS) and X-ray photoelectron spectroscopy (XPS), as 

well as by chemical extrusion and trapping experiments. Whereas extrusion experiments 

yield information on building blocks present in amorphous WS3, trapping experiments 

enable to isolate intermediate species of the decomposition of (NH4)2WS4 to amorphous 

WS3. The results are discussed in light of the data available from literature and we will 

give an overall mechanistic picture of the formation of WS3 from (NH4)2WS4, as well as 

the principle structural features of the amorphous phase. 

 The reason for characterizing amorphous WS3 is to see whether a phase with this 

stoichiometry and structural features forms in the sulfidation reaction of the crystalline 

m-WO3 and WO3·H2O tungsten oxides. In the sulfidation reaction of tungsten catalysts 

such intermediates have been proposed [1, 2]. 

 

4.1.2 (NH4)2WS4 

 (NH4)2WS4 was for the first time reported by Berzelius in 1826 who obtained the 

complex by passing H2S in alkaline tungstate solution [3]: 

 

WO4
2- + 4 H2S → WS4

2- + 4 H2O (4-1) 

 

The exact chemical composition was determined in 1886 by Corleis [4]. UV-VIS 

studies showed that the formation of WS4
2- proceeds by stepwise exchange of oxygen 

for sulfur to form WO3S2-, WO2S2
2- and WOS3

2- [5, 6, 7]. With increasing sulfur atoms 

the reaction slows down because of steric hindrance. 

 

4.1.3 Structure of (NH4)2WS4 

 The crystal structure was solved by Sasvari who showed that (NH4)2WS4 is 

orthorhombic and crystallizes in space group Pnam [8]. As can be seen from the 
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structure in Figure 4.1 the WS4
2- units are present as tetrahedra which are arranged in 

such a way that every tetrahedron is linked by two of its S2- ligands through a NH4
+ 

cation to four neighbouring tetrahedra. By this linking, infinite -S-NH4-S- chains are 

built up parallel to the [001] direction.  

 
Figure 4.1  Structure of crystalline (NH4)2WS4 showing eight unit cells. The tetrahedra 
represent the WS4

2- anions; small black circles represent the NH4
+ cations. 

 

4.1.4 IR and Raman characteristics of (NH4)2WS4 

 Since IR transmission, IR emission and Raman spectroscopy are used to study the 

thermal decomposition reaction of (NH4)2WS4 it is useful to discuss the vibrational 

characteristics of (NH4)2WS4. Leroy and Kaufmann studied (NH4)2WS4 by IR and 

Raman spectroscopy and assigned the fundamental vibrations using normal coordinate 

analysis [9]. The WS4
2- anion in (NH4)2WS4 is only slightly distorted and therefore Td 

symmetry was assumed in the analysis. 

 

Table 4.1  Infrared and Raman data of (NH4)2WS4. Bands due to the NH4
+ cations are omitted. 

Values are given in cm-1. 
IR Raman Assignment Symmetry 

 485 νs(WS) ν1(A1) 

460 460 νas(WS) ν3(F2) 

185 185 δ(SWS) ν4(F2) 

 178 δ(SWS) ν2(E) 
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The frequencies for the different vibrations together with the assignments are given in 

Table 4.1 and the normal modes of the WS4
2- anion are shown in Figure 4.2. 

 

ν1(A1)=νs(WS) ν2(E)= δ(SWS) ν3(F2)=νas(WS) ν4(F2)= δ(SWS)  
 
Figure 4.2  The four normal modes of the WS4

2- anion. 
 

4.1.5 Amorphous WS3 

 Although amorphous WS3 is known for over 150 years and has been the subject of 

several investigations, only little is known about its structure. Amorphous WS3 can be 

prepared by thermal decomposition of (NH4)2WS4 in inert gas and is stable up to 340°C. 

 

 (NH4)2WS4 → WS3 + H2S + 2 NH3 (4-2) 

 

Above 340°C it decomposes to microcrystalline WS2, which is the thermodynamically 

favoured sulfide of WIV: 
 

 WS3 → WS2 + 1
8 S8 (4-3) 

 

 The decomposition reaction of (NH4)2WS4 has been studied by thermogravimetrical 

analysis by several authors [10, 11, 12]. From ESR measurements the presence of WV 

centres was concluded [13]. Based on the X-ray radial distribution functions Diemann 

[14] proposed that the long range order of WS3 is similar to that of the [W3S9]2- anion 

(structure 4.1) [15]. 
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EXAFS measurements and X-ray radial distribution function analysis led Liang et al. 

[16, 17] and Cramer et al. [18] to propose a chain-like structure in which the tungsten 

atoms are bridged by S2- and S2
2- ligands (structure 4.2) with a formal charge state of 

WV(S2)1/2S2. Later XPS [2, 19], Raman [2] and EXAFS studies on the sulfur K-edge 

[20] confirmed the presence of S2
2- ligands in WS3. 
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More recently Walton and Hibble [21] reported EXAFS data of WS3, which could not 

entirely be interpreted on the basis of this chain-like model. A satisfying fit of these 

EXAFS data was also not possible if they assumed a structure similar to that of 

amorphous MoS3, which consists of interconnected triangular Mo3Sx building blocks 

[22]. They therefore concluded that WS3 might contain both types of structural units, 

i.e. tungsten centres in a linear and in a triangular arrangement.  

 Apart from the thermal decomposition of (NH4)2WS4 three other ways to synthesize 

WS3 exist, one of which is reported here for the first time. A frequently used synthesis 

of WS3, as was reported for the first time by Berzelius [23], consists in the acidification 

of aqueous solutions of (NH4)2WS4. However, this method can lead to impure products 

(3-4% oxygen and 8% NH4Cl) as reported by Ehrlich [24]. Another way of synthesizing 

WS3 is the reaction of WCl6 with the sulfur-transfer reagent hexamethyldisilathiane in 

dichloromethane [25]. This reaction as well as the resulting WS3 phase is much less 

studied than the others mentioned above. We have developed a new route to synthesize 

amorphous WS3 by reacting (NH4)2WS4 with I2. This method offers the opportunity to 

isolate intermediate species of the decomposition reaction of (NH4)2WS4 to WS3 which 

provides important information on the mechanism of this reaction. 
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4.2 Experimental 

 

4.2.1 Synthesis of compounds 

 2H-WS2 (Aldrich) was used as supplied. 

 (NH4)2WS4 was prepared according to a published procedure [26]. H2WO4 (5.0 g) 

was suspended in concentrated ammonia (40 ml), saturated with H2S gas at room 

temperature and then heated at 60°C for 20 min. The mixture was filtered and the 

solution was then heated at 60°C while flowing H2S gas. After 8 h the mixture was 

cooled to 15°C while maintaining the H2S gas flow. The orange solid was filtered off, 

washed with 2-propanol and ether and dried in vacuum over P4O10. 

 (PPh4)2WS4 (Ph = C6H5) was prepared by adding a solution of PPh4Br in ethanol 

(2 mmol, 10 ml) to an aqueous solution of (NH4)2WS4 (1 mmol, 25 ml). The yellow 

precipitate was filtered off, washed with ethanol and ether and dried under vacuum. 

 (PPh4)2W3S9 was prepared according to a slightly modified literature procedure [15]. 

A 40% HF aqueous solution (40 ml) was added to a vigorously stirred solution of 

(NH4)2WS4 (1.2 g) in 360 ml water. After the addition of a solution of PPh4Br (0.45 g) 

in 50 ml water a brown solid precipitated, which was filtered off, washed with ethanol 

and ether and recrystallized from nitromethane. 

 W3S4(H2O)9
4+(aq) was prepared according to reference [27]. 

 Amorphous WS3 was prepared according to different methods: Methods A to C 

were taken from literature; method D is reported here for the first time. 

Method A [2, 18]. (NH4)2WS4 (500 mg) was heated (10°C/min) in a stream of N2 

(60 ml/min) to 225°C for 7 h. After this the reactor was cooled down while maintaining 

the N2 flow. 

Method B [13, 14]. (NH4)2WS4 (1.0 g) was dissolved in 25 ml degassed water. After the 

addition of 25 ml concentrated HCl (aq), a brown precipitate formed and H2S gas 

evolved. The precipitate was allowed to settle and then filtered. It was washed with 

degassed water (5 x 10 ml), methanol (3 x 10 ml), carbon disulfide (3 x 5 ml), methanol 

(3 x 10 ml) and ether (3 x 10 ml) and dried in vacuum over P4O10. 

Method C [25]. WCl6 (2.0 g) was filled into a flask (glove-box) and 120 ml freshly 

distilled dichloromethane was added under Ar. Hexamethyldisilathiane (3.0 g, 3.5 ml) 

(Me3Si-S-SiMe3, Me = CH3) was then added to the brown solution. The resulting 

suspension was stirred for one day and filtered under Ar. The brown precipitate was 
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washed with freshly distilled dichloromethane (2 x 40 ml) and then extracted in a 

soxhlet extractor for 9 h with freshly distilled acetonitrile. The brown precipitate was 

dried in vacuum over P4O10. 

Method D. (NH4)2WS4 (500 mg) was dissolved in 150 ml methanol and a solution of 

400 mg I2 in 50 ml methanol was added. The brown suspension was stirred for 3 days, 

filtered, and the residue washed with methanol (2 x 20 ml), carbon disulfide (2 x 10 ml), 

ether (2 x 20 ml) and dried in vacuum over P4O10. Analysis of the carbon disulfide 

fraction showed that it contained 32 mg (1.0 mmol, 70%) sulfur. 

 

4.2.2 Trapping experiment 

 (phen)W(O)(S2)2 (NH4)2WS4 (50 mg) and o-phenanthroline monohydrate, 

(o-C12H8N2·H2O, 712 mg, 25 eq.) were dissolved in 50 ml methanol. A solution of 

36 mg I2 in 50 ml methanol was added during 90 min to the yellow solution and a 

precipitate formed. The resulting suspension was allowed to stand over night at room 

temperature and filtered. The solid was washed with methanol (4 x 5 ml), carbon 

disulfide (4 x 5 ml), methanol (4 x 5 ml) and ether (4 x 5 ml). This yielded 45 mg of an 

orange, X-ray amorphous solid. The yellow filtrate was kept at 5°C. After one week 

orange and black particles precipitated, which were filtered off and the yellow solution 

was stored again at 5°C. After eight weeks dark-red crystals formed, which were shown 

by X-ray crystallography to be (phen)W(O)(S2)2 (structure 4.3). 

 

4.2.3 Chemical extrusion experiments 

 [W3S4(H2O)9]4+ Freshly prepared WS3 (Method A, 200 mg) was refluxed in 10 ml 

concentrated HCl (aq) for 24 h. The mixture was filtered while hot and the filtrate was 

diluted with water to a pH of 0.5. The violet solution was loaded on a 50W-Dowex-X2 

cation exchange column (3 cm × 1.5 cm) and washed with 100 ml 0.5 M HCl (aq). The 

violet band was eluted with 2 M HCl (aq), the solvent evaporated under reduced 

pressure at 50°C and the residue was dissolved in 10 ml 1.0 M HCl (aq). UV-VIS 

spectroscopy showed the presence of the [W3S4(H2O)9]4+ aqua ion [28] in a 

concentration of 2.41 mM. This corresponds to about 10% of the tungsten present in 

WS3. 
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 [W3S4(SCN)9]5- The solutions used for the UV-VIS measurements were combined 

and water was added until the total volume was 50 ml. Then 30 mg KSCN were added, 

leading to a change of colour from violet to green. After the addition of 40 mg Et4NBr 

(Et = C2H5) the solution was stored at 0°C, and within one day a green solid precipitated 

which was filtered off and dried in vacuum over P4O10. IR spectroscopy showed the 

presence of (NEt4)5[W3S4(SCN)9] (vide infra). 

 WS3 prepared by Methods B (57 mg), C (52 mg) and D (44 mg) was treated in the 

same way, but with a reaction time of 6 h. UV-VIS spectroscopy showed the presence 

of 0.329 mM (Method B), 0.820 mM (Method C) and 0.234 mM (Method D) of 

[W3S4(H2O)9]4+ aqua ion. This corresponds to 5, 13 and 4.5% of the tungsten present in 

WS3 respectively. The aqua ion [W3S4(H2O)9]4+ was isolated in the form of 

(NEt4)5[W3S4(SCN)9] (vide infra). 

 (NEt4)5[W3S4(SCN)9] KSCN (0.33 g) was added to 10 ml of a solution of 

[W3S4(H2O)9]4+ (14.2 mM) in 1 M HCl (aq). The colour of the solution changed 

immediately from blue-violet to green [28]. After the addition of NEt4Br (0.37 g) a 

green solid precipitated, which was filtered off. The green solid was washed with water 

(2 x 5 ml), ethanol (2 x 5 ml), ether (2 x 10 ml) and dried in vacuum over P4O10; yield 

230 mg (87%). The IR spectrum was in agreement with that reported for 

(NEt4)5[W3S4(SCN)9] [29], showing the following characteristic bands of the 

[W3S4(SCN)9]5- anion: 2094 (vs), 480 (m), 460 (w) and 441 (m) cm-1. 

Cs2WS4 Freshly prepared WS3 (Methods B and D, 100 mg) and KCN (140 mg) were 

dissolved in 5 ml H2O. The solutions were allowed to stand over night at room 

temperature and then filtered. After the addition of CsCl (64 mg) the solutions were 

kept at room temperature for one day and the yellow precipitate was filtered and dried 

in vacuum. Characterization of the product was done by Raman spectroscopy, which 

showed the following characteristic bands of the WS4
2- anion: 480 (s), 457 (m) and 

179 (s) cm-1. The overall yield was 5 to 7 mg, which corresponds to 2.5 to 3.5% of 

tungsten present in WS3. 

 

4.2.4 TGA-SDTA analysis 

 WS3 prepared by methods B to D was heated in a stream of N2 to 100°C and kept at 

this temperature for 2 h. Then the temperature was increased to 1000°C (10°C/min) and 

kept at this temperature for 2 h. IR and Raman spectroscopy was used to analyse the 
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products after the experiments. (NH4)2WS4 was heated in a stream of N2 at a heating 

rate of 10°C/min to 600°C. 

 Further experimental details are given in Chapter 3. 

 

4.2.5 UV-VIS spectroscopy 

 UV-VIS measurements were performed with a Cary 400 UV-VIS spectrophotometer 

in the range of 900 to 200 nm. The solid of the extrusion experiment, obtained after 

evaporation of HCl (aq), was dissolved in a known volume of 1 M HCl (aq) solution. 

This stock solution was diluted with 1 M HCl (aq) and the amount of [W3S4(H2O)9]4+ 

calculated from the absorbance and the reported extinction coefficients [28]. 

 

4.2.6 IR, IRES, Raman and XPS spectroscopy 

 The experimental details of these techniques are given in Chapter 3. 

 

4.2.7 EXAFS spectroscopy 

 The quick EXAFS measurements were carried out at the X1 (ROMO II) beamline of 

HASYLAB (Hamburg, Germany), which is equipped with a monochromator consisting 

of a pair of Si(111) crystals to measure the W LIII edge. The k range used for the 

analysis of the data was 3 to 14 Å-1. (NH4)2WS4 was mixed with carbon, pressed into a 

wafer and placed in an in situ EXAFS cell. After collecting three spectra of the samples 

in He atmosphere at room temperature, the decomposition was started. The sample was 

heated in a stream of He to 400 °C (3 °C/min) and kept at this temperature for 30 min. 

Each EXAFS scan took 6 min, which corresponds to a temperature interval of 18 °C 

during the temperature ramp.  

 The static EXAFS measurements at the W LIII edge were carried out at the Swiss 

Norwegian Beam Line (SNBL, BM1) at the European Synchrotron Radiation Facility 

(ESRF), Grenoble France. A Si(111) crystal was used as a channel-cut monochromator 

and a gold mirror was employed to reject harmonics. The k range used for the analysis 

of the data was 3 to 16 Å-1.To measure the final decomposition product, (NH4)2WS4 was 

heated to 380 °C (10 °C/min) in a He flow and kept at this temperature for 1 h. The 

sample was cooled to –196 °C and 3 scans were collected. (NH4)2WS4 and commercial 

2H-WS2 were measured in the same way. 
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The XDAP program (version 2.2.2) was used to analyse and process the data [30]. The 

pre-edge background was approximated by a modified Victoreen function, and the 

background was subtracted using a cubic spline routine. The spectra were normalized 

by the edge jump. The k3-weighted EXAFS functions were Fourier transformed. 

 

4.3 Results 

 

4.3.1 TGA-SDTA measurements 

 Figure 4.3 shows the TGA and SDTA data of the thermal decomposition reaction of 

(NH4)2WS4 into amorphous WS3 (reaction 4-2) [12]. The decomposition is an 

endothermic process, which starts at around 180°C and ends at about 310°C with the 

maximum rate of weight loss at around 250°C.  
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Figure 4.3  TGA (a) and SDTA (b) profiles of (NH4)2WS4. 

 

The decrease in weight of this decomposition step is 19.4%. A second decomposition 

step starts at 340°C with a maximum weight loss at around 360°C. At the same 

temperature an exothermic peak is observed which starts at 340°C and ends at 380°C. 

This second decomposition step is assigned to the formation of microcrystalline WS2 

(reaction 4-3) [12]. The weight loss of this step corresponds to 8.8%, corresponding to 

an overall decrease in weight of 28.2%. The weight loss for this second step is higher 

than calculated because of mechanical losses caused by the violent crystallization 
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process [12]. During the decomposition reaction the colour of the sample changes from 

orange via dark-brown (175°C) to black (> 200°C). 

 

Table 4.2  SDTA signal of the WS3 → WS2 transition. 

WS3 preparation method Temperature interval [°C] Tmax [°C] 

B 350-380 360 

C 380-420 410 

D 390-430 400 

 

 WS3 prepared according to Methods B to D show the same behaviour in TGA-SDTA 

studies (not shown). Between room temperature and 100°C a continuous weight loss 

can be seen, which is due to the release of residual solvent. After 2 h at 100°C the 

weight is stable, but starts to decrease when the temperature is increased. Between 350 

and 450°C a strong exothermic signal occurs (Table 4.2) due to crystallization processes 

(formation of WS2), which can be observed between 340 and 380°C in the thermal 

decomposition of (NH4)2WS4 (vide supra). The final product after 2 h at 1000°C is WS2 

as can be seen from the IR and Raman data in Table 4.3 and the Raman spectra of 

Figure 4.4. 

 

Table 4.3  IR and Raman data of 2H-WS2 and the decomposition products of WS3 prepared 
according to methods B, C and D after heating for 2 h at 1000°C. Values are given in cm-1. 

 Method B Method C Method D 2H-WS2 

IR 497 497 497 496 

 438 438 438 438 

 420 420 420 420 

 355 355 355 355 

Raman 418 420 420 420 

 354 354 355 355 

 310 320 310 - 

 149 157 151 - 
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Figure 4.4  Raman spectra of 2H-WS2 (a) and the decomposition products of WS3 phases 
prepared according to Method B (b), Method C (c) and Method D (d) after heating for 2 h at 
1000°C. 
 

4.3.2 XPS measurements 

 Figure 4.5 shows the XPS spectra of the stepwise decomposition of (NH4)2WS4; 

W 4f7/2 and S 2p3/2 binding energies are given in Table 4.4. The XPS spectrum at room 

temperature shows a W 4f7/2 doublet at 35.1 eV as well as a second contribution at 

32.5 eV. As observed for (NH4)2WO2S2 (Chapter 3), degradation of the sample under 

the ultra-high vacuum conditions upon irradiation with the X-ray beam takes place. The 

W 4f XPS spectrum of the more stable complex (PPh4)2WS4 (not shown) shows 

different intensity ratios of both doublets, which is in favour of our assumption of 

degradation. At 175°C the WS3 phase starts to form. This is reflected in the W 4f 

spectrum by the occurrence of a signal at lower binding energy at 33.0 eV. The shift to 

lower binding energy is due to reduction of WVI. At higher temperatures WS3 starts to 

decompose to form WS2 and S8 according to reaction 4-3 as can be seen by the 

occurrence of a signal with a W 4f7/2 binding energy of 32.3 eV, which is typical of WIV 

in WS2 [31, 32]. 
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Figure 4.5  S 2p and W 4f XPS spectra of (NH4)2WS4 and its decomposition products as 
obtained after thermal decomposition (Ar, 15 min) at the indicated temperatures. 

 

 The S 2p3/2 spectra of (NH4)2WS4 and its decomposition products consist of one 

broad peak up to decomposition temperatures of 300°C, and of a resolved doublet at 

350°C and higher. The maximum of the peak is at 163.2 eV (175 and 225°C) and at 

161.8 eV (250 and 300°C). 

 

Table 4.4  W 4f7/2 and S 2p3/2 binding energies of (NH4)2WS4 and its decomposition 
intermediates at different temperatures. Values given in the first row are those of the starting 
material. 

T [°C] W 4f7/2 [eV] S 2p3/2 [eV] 

 35.1 32.5   162.7 
175 35.0  33.0  163.2 
225 35.0  33.0  163.0 
250    32.3 161.7 
300    32.2 161.8 
350    32.2 161.8 
400    32.2 161.8 
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While the signal at 163.2 eV is typical of bridging S2
2- ligands, the signal at 161.8 eV 

can either be due to S2- ligands or to terminal S2
2- ligands. In view of the rather high 

temperature and the relative lability of terminal disulfides, this signal is very probably 

mainly due to S2- ligands. Both types of S2
2- ligands have formed by oxidation of S2- 

ligands of the starting material that is accompanied by the release of two electrons, 

which are transferred to tungsten centres. For this reason, the presence of disulfide 

ligands indicates that tungsten is partially present in formal oxidation states lower than 

6+. 
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Figure 4.6  Fourier transform of the W LIII edge k3-weighted quick EXAFS spectrum of 
(NH4)2WS4 and its decomposition intermediates (He) at the indicated temperatures. 
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4.3.3 EXAFS measurements 

 Figure 4.6 shows the quick EXAFS data of the thermal decomposition of 

(NH4)2WS4. The distances are not phase corrected so that they differ from those 

determined by crystallographic methods. In order to discriminate between 

crystallographic and the EXAFS data we will denote the distances obtained from our 

quick EXAFS experiments in italics. The quick EXAFS spectrum of (NH4)2WS4 shows 

a signal at 1.8 Å which remains at this position up to 210°C. This signal is due to the 

W=S bonds of the tetrahedral WS4
2- anion, which are found in (NH4)2WS4 between 

2.156 and 2.176 Å [8]. Above this temperature changes occur as can be seen from the 

decreasing intensity of the Fourier transform of the EXAFS signal and the appearance 

of the broad signal around 1.9 Å with a shoulder at 1.8 Å and the signal at 2.7 Å. This 

occurs in a temperature regime where WS3 is expected to form. Between 345 and 395°C 

two signals at 2.1 Å and around 3.0 Å develop, which can also be seen in the Fourier 

transform of the k3-weighted EXAFS function of (NH4)2WS4 heated at 380°C for 1 h 

(Figure 4.7b), which is practically identical with that of 2H-WS2 (Figure 4.7c). For this 

reason we assign the signals at 2.1 and 3.0 Å to the W-S and W-W contributions of 

2H-WS2 (d(W-S) = 2.41 Å, d(W-W) = 3.14 Å) [33]. 
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Figure 4.7  Fourier transform of the W LIII edge k3-weighted static EXAFS spectrum of 
(NH4)2WS4 (a), after decomposition at 380°C (He, 1 h) (b) and 2H-WS2 (c). 
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4.3.4 Raman measurements 

 Figure 4.8 shows the Raman spectra of (NH4)2WS4 and its decomposition products at 

the indicated temperatures; band positions are given in Table 4.5. After decomposition 

at 150°C the colour of the sample has changed from orange to brown but the Raman 

spectrum still shows the characteristic bands of the WS4
2- anion [9]. Changes are only 

visible at 175°C as can be seen by the appearance of the shoulder at 521 cm-1 and the 

two unresolved features around 400 cm-1. 
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Figure 4.8  Raman spectrum of (NH4)2WS4 (a) and its decomposition products as obtained after 
thermal decomposition (Ar, 15 min) at the indicated temperatures (b-f). 
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After treatment at 200°C the signal at 521 cm-1 has shifted to 525 cm-1 and becomes 

more intense, while the two bands around 400 cm-1 are more pronounced with maxima 

at 429 and 340 cm-1. The Raman spectrum at 225°C is very similar to that measured at 

250°C and shows broadening of the signals at 520, 450 and 315 cm-1. The spectrum of 

WS3 contains several bands due to ν(W-S) and ν(S-S) vibrations. The broad band 

around 520 cm-1 is due to the ν(S-S) vibrations of S2
2- ligands in the terminal 

coordination mode, formed by oxidation of S2- ligands of the starting material [34, 35]. 

Since the band at 520 cm-1 is broad, the presence of S2
2- ligands in the bridging 

coordination mode cannot be excluded which would occur between 530 and 560 cm-1 

[29]. The band around 450 cm-1 is not characteristic to such an extent and is due to 

ν(W-S) vibrations of W-S-W structures [15, 34, 35, 36], whereas the bands around 315 

and 170 cm-1 contain significant contributions of deformation modes. 

 

Table 4.5  Raman data of the decomposition intermediates of (NH4)2WS4 at the indicated 
temperatures. (s) = strong, (m) = medium, (sh) = shoulder, (br) = broad. Values are given in 
cm-1. 

150°C 175°C 200°C 225°C 250°C 

- 521 (sh) 525 (sh) 520 (br) 520 (br) 

483 (s) 483 (s) 483 (s)  - - 

456 (s) 460 (m) 429 (sh) 460 (br) 460 (br) 

- 310 (br) 310 (m)  310 (br) 310 (br) 

194 (sh) - - - - 

174 (m) 178 (s) 178 (s) 170 (br) 170 (br) 

 

4.3.5 IRES measurements 

 Figure 4.9 shows the IRES spectra of (NH4)2WS4 and its decomposition products at 

the indicated temperatures; band positions are given in Table 4.6. Whereas the Raman 

spectrum at 150°C still showed the characteristic bands of the WS4
2- anion, the IRES 

spectrum at 125°C already shows a shoulder at 520 cm-1. Between 125 and 250°C all 

the spectra show the same spectral features around 520, 490 and 460 cm-1. The 

decomposition of the complex is complete at 250°C, as indicated by the absence of the 

band due to the δ(H-N-H) bending vibration of the NH4
+ ion around 1400 cm-1 (not 

shown).  
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Figure 4.9  Absorption infrared spectrum of (NH4)2WS4 (a) and emission infrared spectra as 
obtained after thermal decomposition (Ar, 15 min) at the indicated temperatures (b-f). 

 

The band around 520 cm-1 in the IRES spectrum of WS3 is due to the ν(S-S) vibrations 

of S2
2- ligands in the terminal coordination mode [35, 36]. Since the band is broad, the 

presence of S2
2- ligands in the bridging coordination mode cannot be excluded. This 

ν(S-S) stretching vibration would occur between 530 and 560 cm-1 [29]. The band 

around 460 cm-1 (IRES) is due to ν(W-S) vibrations of W-S-W structures 

[15, 34, 35, 36]. 
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Table 4.6  IRES data of the decomposition intermediates of (NH4)2WS4 at the indicated 
temperatures. (s) = strong, (vs) = very strong, (sh) = shoulder. Values are given in cm-1. 

125°C 150°C 175°C 200°C 250°C 

520 (sh) 520 (vs) 517 (vs) 517 (vs) 520 (s) 

- 486 (s) 486 (s) 486 (s) 486 (sh) 

451 (vs) 462 (vs) 459 (vs) 459 (vs) 459 (vs) 

 

4.3.6 IR measurements 

 The transmission infrared spectrum of the decomposition product of (NH4)2WS4 after 

7 h at 225°C is displayed in Figure 4.10a. The spectrum shows bands at 513, 459 and 

308 cm-1 (Table 4.7). The IR spectrum clearly shows the presence of terminal disulfide 

ligands (513 cm-1) [35, 36]. The band at 308 cm-1 is most likely due to the ν(W-S) 

stretching vibration of W-(S2) fragments [34, 35]. The band at 459 cm-1 indicates the 

presence of W-S-W structures [15, 34, 35, 36]. 
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Figure 4.10  Infrared transmission spectra of the WS3 phases prepared according to Method A 
(a), Method B (b), Method C (c) and Method D (d). 
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 The transmission infrared spectra of the WS3 phases prepared according to methods 

B to D are similar to that of WS3 obtained by thermal decomposition (Figure 4.10, 

Table 4.7). All the spectra contain broad features at around 515, 450 and 310 cm-1 due 

to ν(S-S) and ν(W-S) vibrations (vide supra). 

 
Table 4.7  Transmission IR data of the WS3 phases prepared according to methods A to D. 
(s) = strong, (m) = medium. Values are given in cm-1. 

Method A Method B Method C Method D 
513 (s) 517 (s) 515 (s) 517 (s) 

459 (m) 451 (m) 449 (m) 449 (m) 

308 (s) 305 (s) 295 (s) 308 (s) 

 

4.3.7 Chemical extrusion experiments 

 Upon treating WS3 with boiling concentrated HCl (aq) the aqua ion [W3S4(H2O)9]4+ 

forms and can be isolated after addition of KSCN and NEt4Br as (NEt4)5[W3S4(SCN)9]. 

Since the reaction environment, i.e. boiling concentrated HCl (aq), is destructive the 

formation of the cluster cation in the reaction mixture is unlikely. We therefore 

conclude that {W3Sx} cluster units are present in WS3 and are extruded under the 

applied reaction conditions. This shows that WS3 contains triangular {W3Sx} cluster 

units as building blocks in significant amounts. If WS3, which was prepared according 

to Method B or D, is treated with an aqueous solution of KCN the WS4
2- anion forms 

and can, by adding CsCl, be isolated in the form of Cs2WS4. 

 WS3 obtained by oxidation of (NH4)2WS4 with I2 behaves similarly (vide supra) as 

WS3 prepared according to Methods A to C. This method is a new route to synthesize 

WS3. 

 

4.3.8 Trapping experiment 

 If phenanthroline is added during the reaction of (NH4)2WS4 with I2, the compound 

(phen)W(O)(S2)2, can be isolated. This means that mononuclear species with disulfide 

ligands are intermediates in the transformation of (NH4)2WS4 to WS3. 

 

4.4 Discussion 

The results of the investigation of amorphous WS3 and its formation from (NH4)2WS4 

can be summarized as follows: 
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(1) EXAFS shows that the interatomic distances in WS3 are around 2.7 Å (W-W) 

and around 1.9 Å (W-S). Both distances are different than the respective W-W 

and W-S distances in 2H-WS2 and (NH4)2WS4. 

(2) Raman, IR and IRES show the presence of S2
2- ligands, which indicates that 

some of the W centres are present in formal oxidation states lower than 6+. 

(3) Chemical extrusion with HCl (aq) showed that WS3 contains triangular {W3Sx} 

units as building blocks. 

(4) Oxidation of (NH4)2WS4 with I2 is an alternative route to prepare WS3. The first 

step in this reaction is the oxidation of 2S2- to S2
2- as can be seen by the isolation 

of the complex (phen)W(O)(S2)2. 

(5) WS3 transforms into microcrystalline WS2 at temperatures above 340°C. 

 

 In the following discussion we will first comment on the mechanism of the formation 

of WS3 from (NH4)2WS4 and then discuss the structural features of the amorphous 

phase. 

 The main route to prepare amorphous WS3 is the thermal decomposition of the 

complex (NH4)2WS4 in inert gas atmosphere according to reaction 4-2. A simplified 

view of the first elementary reaction step of this decomposition reaction is that the 

protons of the two NH4
+ cations are transferred to the S2- ligands of the WS4

2- anion, 

producing NH3 and neutral {S2WSH2S} or {S2W(SH)2} intermediates, which are not 

stable and aggregate under release of H2S to form amorphous WS3. The release of H2S 

occurs with the formation of disulfide species by oxidation of S2- ligands of the 

intermediates as indicated by Raman, IR emission, IR transmission and XPS 

spectroscopy. The electrons released during their formation are used for the reduction of 

tungsten, so that the formal oxidation state of tungsten in the aggregated phase is less 

than 6+. This can be seen by the W 4f XPS spectrum of WS3 (Figure 4.5) that is 

characterized by two doublets at W 4f7/2 binding energies of 33.0 and 35.0 eV. The 

signal at 35.0 eV is most likely due to unreacted (NH4)2WS4, which was also observed 

by Payen et al. [2]. They decomposed (NH4)2WS4 at 227°C for 3 h in dry N2 and found 

a S : W ratio > 3, confirming that the decomposition of (NH4)2WS4 was not complete, 

even after 3 h. The signal at a W 4f7/2 binding energy at 33.0 eV is due to the presence 

of reduced tungsten centres. Since the W 4f7/2 binding energy of WIV in a sulfur 

environment is typically slightly lower than 33.0 eV (32.2 eV in WS2 [31, 32]) this 
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might indicate that the tungsten centres in WS3 are present in the 5+ state as proposed 

by several authors [13, 19]. However, the XPS spectrum of the WVI-WIV mixed-valence 

compound (PPh4)2W3S9 (structure 4.1) consists of only one doublet with a W 4f7/2 

binding energy of 32.7 eV. This value is close to that of WS3, which means that an 

unequivocal determination of the valence state of tungsten in WS3 is difficult. 

Nevertheless, it is obvious that the oxidation state is less than 6+ and corresponds to 5+ 

on average. This shows that protonation of the S2- ligands of the WS4
2- anion leads to a 

W-S redox reaction and induces the formation of amorphous WS3.  

 For this reason WS3 can also be prepared in aqueous solutions by acidification 

according to 

 

 WS4
2- (aq) + 2 H3O+ (aq) → WS3 + H2S + 2 H2O (4-4) 

 

This reaction starts by protonation of one or two S2- ligands of the WS4
2- anion as could 

be shown by the isolation of (PPh4)WS3(SH) [37] and H2WS4 [38, 39, 40, 41, 42]. In 

order to learn more about the course of the protonation, research has been focused on 

isolating intermediate species. Since the aggregation process is very fast in aqueous 

solution, organic solvents were used to decrease the reaction rates. By doing so products 

at different stages of the protonation and aggregation process could be isolated and 

characterized, such as (phen)W(O)(S2)2 [43], [W2S11]2- [36] and [W4S12]2- [44]. 

Obviously protonation initiates the W-S redox reaction while the latter is a crucial step 

in the aggregation process. This means that WS3-type phases should also form, if the 

oxidation of the S2- ligands of (NH4)2WS4 is done with a mild oxidation agent, such as 

iodine. And indeed by reacting (NH4)2WS4 with I2 in methanol at room temperature we 

obtained a phase, which is very similar to the WS3 phases prepared by the other 

methods. 

 

 (NH4)2WS4 + I2 → WS3 + 1
8 S8 + 2 NH4I (4-5) 

 

The formation of neutral sulfur could directly be shown by extraction with carbon 

disulfide (see 4.2.1). 
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If the oxidation of (NH4)2WS4 with I2 is carried out in the presence of a ligand with 

sufficiently high tendency to form complexes such as phenanthroline, the mononuclear 

complex (phen)W(O)(S2)2 can be isolated. 

 

N N
W

S
S

S
S

O

4.3  
 

The formation of this complex can be explained as follows: the oxidation of S2- ligands 

of the WS4
2- complex anion to S2

2- leads to the formation of an unstable mononuclear 

intermediate with a low coordination number at the tungsten centre. Stabilization of this 

intermediate can be either achieved by aggregation (as is the case in the formation of 

WS3) or if empty tungsten coordination sites are occupied by a bulky or chelating 

ligand. This experiment clearly shows that the redox process is the first reaction step in 

the formation of WS3 from (NH4)2WS4. The complex (phen)W(O)(S2)2 (structure 4.3) 

can also be obtained by acidification of (NEt4)2WS4 in acetonitrile followed by addition 

of phenanthroline [43]. We therefore conclude, that protonation of the S2- ligands of the 

WS4
2- anion, either by proton-transfer from the NH4

+ cations, or by acidification, is only 

a reaction step to induce W-S redox reactions. 

 The changes occurring during the thermal decomposition of (NH4)2WS4 are clearly 

seen in the quick EXAFS data. Above 210°C the signal at 1.8 Å disappears and a broad 

peak around 1.9 Å and a signal at 2.7 Å form (Figure 4.6). While the signal at 2.7 Å is 

due to W-W contributions [17, 18, 21] the broad peak indicates that the W-S distances 

in this state of the decomposition reaction are different from those in the WS4
2- anion. 

 The Raman and IRES spectra of WS3 show the presence of S2
2- ligands, which are 

mainly occurring in the form of terminal S2
2- ligands. On the other hand, XPS spectra of 

WS3 show an S 2p3/2 doublet with a binding energy of 163 eV [2, 19], which we 

assigned to bridging disulfide ligands as mentioned in the XPS results. In view of our 

extrusion experiments, which show that WS3 contains triangular W-S building blocks of 

the type {W3S4} there is also another explanation of this XPS signal. The XPS binding 

energies of the central µ3 sulfur ligand of the [Mo3S13]2- cluster anion and that of 

  



 78

bridging S2
2- ligands are equal [22], and we expect a similar XPS binding energy of the 

µ3 sulfur ligands of the [W3S4]4+ cluster cation. Therefore, the occurrence of the S 2p3/2 

doublet at 163 eV is at least partly due to the µ3-S ligand of the building blocks. 

 The EXAFS data of Liang et al. [17], Cramer et al. [18] and Walton and Hibble [21], 

support the existence of triangular W-S building blocks. These data show W-W 

distances of 2.7 Å, which are in good agreement with those found in the 

[W3S4(H2O)9]4+, [W3S4(Hnta)3]2- (nta = nitrilotriacetic acid) and [W3S4(SCN)9]5- cluster 

ions (Table 4.8) [28]. 

 

Table 4.8  W-W distances in tungsten compounds containing the triangular [W3S4]4+ core. 
Values are given in Å. Bpy = bipyridine, nta = nitrilotriacetic acid. 
Compound d(W-W) 

(CH3C6H4SO3)4[W3S4(H2O)9]·9H2O 2.707 2.713 2.704 

Na2[W3S4(Hnta)3]·5H2O 2.728 2.728 2.759 

(bpyH)5[W3S4(SCN)9]·5H2O 2.760 2.767 2.764 

 

 The preciseness of structural information about amorphous solids as obtained by 

means of chemical extrusion under destructive chemical conditions is always difficult to 

estimate. However, the extrusion of the [W3S7]4+ moiety from the polymeric crystalline 

solids W3S7Br4 [45] (structure 4.4) and W3S7Cl4 [46] can be taken as model reactions. 

 

S
S

S
S

SS S

W3S7Br4

W
Br

Br

S
S

S SW

S
S

S

S
S

S
S

W

SS S

W
Br

Br S
S

S S
W

S
S

S
W

Br

Br

SS

S
S

W S
S

S

W

Br
BrW

Br
Br

Br
W

Br

W
Br

Br

W

Br
Br

W
Br

Br

Br

Br
W

WBr

Br

4.4  
 

  



 79

By treating W3S7Br4 with HBr (aq) or W3S7Cl4 with HCl (aq), the [W3S7]4+ moiety can 

be extruded in the form of the cluster anion [W3S7Br6]2- and [W3S7Cl6]2- with a yield of 

38 and 3% respectively [29]. Although W3S7Br4 and W3S7Cl4 are entirely made up of 

[W3S7]4+ units terminated and interconnected by either Br- or Cl- ions, only a small 

portion of the central W-S building blocks can be extruded. The reason for this is not 

discussed in the original article of Fedin et al. [29]. However, in view of the chemical 

behaviour of WIV
3-S cluster species containing bridging disulfide ligands, it is likely 

that the [W3S7]4+ core (structure 4.5) degraded to the [W3S4]4+ core (structure 4.6) [47]. 
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Degradation of the [W3S7]4+ moiety to [W3S4]4+ would also take place under the 

destructive reaction conditions of our extrusion experiments with amorphous WS3, so 

that it cannot be ruled out that some of the extruded [W3S4]4+ cores are initially present 

in the form of {W3S7} building blocks, but decompose during extrusion. In any case 

their proportion would be low. Neither IR nor Raman spectroscopy provide evidence for 

the presence of bridging disulfide ligands in amorphous WS3 so that in view of the 

sensitivities of these techniques about 1.5% of the tungsten atoms of WS3 might be 

present in the form of {W3S7} building blocks. The assumption of such a small amount 

of {W3S7} building blocks would also be in line with the above-mentioned S 2p3/2 XPS 

signal at 163 eV. 

 The next point to discuss is the long-range order, i.e. the interconnection of the 

{W3Sx} building blocks. IRES, IR and Raman show bands between 515-520 cm-1 due to 

terminal S2
2- ligands. Tungsten centres with such ligands are not available for an 

interconnection of the triangular building blocks. Two tungsten centers of different 

triangular building blocks might then be connected to each other triangles via S2- 

ligands as schematically shown in structure 4.7. 
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In such an arrangement two different types of W-W distances would exist, one shorter 

W-W distance within the triangles and a longer W-W distance between two 

interconnected triangles, as was found with radial distribution function analysis by 

Liang et al. [16, 17]. However, the EXAFS results of Cramer et al. [18] and Walton and 

Hibble [21] only point to one type of W-W distance. Walton and Hibble [21] noticed 

that the absence of a W-W shell higher than 2.7 Å as proposed in the chain-like model 

of Liang et al. [16, 17] and Cramer et al. [18] would be due to a large amount of static 

disorder with the non-bonded W···W correlations. The contribution to the EXAFS signal 

would then be very low. 

 A second possibility to interconnect the {W3Sx} building blocks arises from the fact 

that the band between 515 and 520 cm-1 can not only be assigned to the ν(S-S) 

stretching vibration of terminal S2
2- ligands but also to the ν(W-S) stretching vibration 

of WIV/V=S fragments as present in the [W3S9]2- [48, 49], [W3S10]2- [50] and [W4S12]2- 

[44, 49] complex anions. It is therefore possible that two {W3Sx} units are connected by 

a “WS5” unit, which contains such W=St fragment, to give the W3S9
2- type of 

interconnection (structure 4.8) as already proposed by Diemann [14]. Again this would 

lead to two different types of W-W distances: one shorter W-W distance within a 

triangle and a longer type of W-W distance between a triangle and a “WS5” unit. 

 If only {W3S4} building blocks are considered both types of interconnection 

(structures 4.7 and 4.8) lead to stoichiometries which are slightly lower than 3S : 1W. If, 

however, a few triangular building blocks would be of the {W3S7} type the 

stoichiometry is getting closer to the expected value. 
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 Upon extrusion with HCl (aq), the {W3Sx} building blocks are cut out of the WS3 

structure by releasing the [W3S4(H2O)9]4+ cluster cation. The rather low yields of the 

extrusion reactions (Method A: 10%, Method B: 5%, Method C: 13% and Method D: 

4.5%) however imply that WS3 might contain structural units in addition to the 

triangular building blocks, that cannot be extruded with HCl (aq). For this reason we 

have also performed cyanolysis experiments by treating WS3 with aqueous solutions of 

KCN. Potassium cyanide is a more rigorous extrusion agent due to the high ligand field 

stabilization energy provided by the CN- ligand. Cyanolysis experiments have 

significantly contributed to identify the structures of the amorphous solids MoS3 

[22, 51] and Re2S7 [52]. For the cyanolysis experiments WS3 was dissolved in an 

aqueous solution of KCN and CsCl was added to the resulting solution, which led in 

case of WS3 prepared according to Methods B and D to the precipitation of Cs2WS4. 

The formation of WS4
2- can also be observed if WS3 is dissolved in aqueous alkaline 

solutions [14]. This finding points to the fact that WS3 contains metal centres in 

different chemical states. Whereas extrusion with HCl (aq) yields triangular WIV 

species, those with CN- and OH- produce a mononuclear compound of WVI.  

 How might the WS4
2- anion form upon treating WS3 with KCN? A precise 

understanding of the cyanolysis reaction is difficult. Müller et al. [52, 53] have 

investigated reactions between CN- and different types of sulfur ligands in various 

molybdenum-sulfur compounds. In the case of the sulfur ligands present in amorphous 

WS3, CN- reacts only with terminal and bridging S2
2- ligands as well as terminal S2- 

ligands under the abstraction of sulfur to form SCN-, according to 
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 (4-6) Mo S +      CN- +    SCN-n Mo
n-2

 

 

 (4-7) Mo + - Mo Mo    +    SCN
n n n

Mo
S

S
      CN

S
-n

 

 

 (4-8) Mo
S

S
+      CN- Mo S    +    SCN-n n

 

By strictly applying these rules it is not obvious which structural feature of WS3 might 

react to WS4
2- in a cyanolysis reaction, because all three reactions can be excluded. 

Reaction 4-6 involves a two-electron reduction of the metal centres, which then would 

formally lead to WII or WIII centres. WS3 does not possess significant amounts of 

bridging S2
2- ligands (vide supra), which are the reactive sites in reaction 4-7. The 

formation of WS4
2- can also not be explained on the basis of reaction 4-8, because 

structures of WVI with only terminal S2
2- ligands cannot exist for redox chemical 

reasons. For these reasons we are not able to give a satisfying interpretation of our 

cyanolysis experiments. Nevertheless WS4
2- does form during the treatment of WS3 

with CN-. The fact that Cs2WS4 cannot be isolated in the cyanolysis experiments of WS3 

prepared by Methods A and C suggests that the structures forming WS4
2- during 

treatment with CN- are either absent or present in very low amounts. Even the diffusion 

of methanol into the aqueous solutions for nine weeks did not lead to precipitation of 

Cs2WS4. However with such long times the hydrolysis of WS4
2- might become a 

competing reaction and therefore we cannot strictly rule out the presence of WS4
2- in 

WS3 prepared by methods A and C. We therefore conclude that the two types of 

extrusion experiments, i.e. the extrusion of [W3S4(H2O)9]4+ with HCl (aq) and the 

formation of WS4
2- with CN- and OH- demonstrate that WS3 contains tungsten in two 

different oxidation states, i.e. the 4+ and 6+ state. This is in line with the XPS results, 

which indicates an average oxidation state of 5+ of the tungsten centres. 

 At higher temperatures all WS3 phases decompose to WS2 according to reaction 4-2. 

This is clearly shown by comparing the Fourier transformed EXAFS functions of 

(NH4)2WS4 after thermal treatment at 380°C and 2H-WS2 (Figure 4.7). The only 

difference is the relatively lower intensity of the W-W and W-S distance as found for 
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macro crystalline 2H-WS2, which is due to the smaller crystallites in poorly crystalline 

WS2. This also shows that the weaker W-W contribution at 3.1 Å in the quick EXAFS 

data (Figure 4-6) must be due to thermal broadening at higher temperatures. The other 

WS3 phases all decompose to form poorly crystalline WS2 at temperatures below 600°C 

and a temperature of 1000°C is needed to observe the characteristic pattern of that of 

2H-WS2 in IR and Raman. However, the Raman spectra in Figure 4.4 clearly show that 

the crystallization is not complete because of the presence of other bands in addition to 

those of 2H-WS2 at 420 and 355 cm-1. The difference in the SDTA data can be 

explained by differences in particle size for the different phases. 

 

4.5 Conclusions 

 Amorphous WS3 obtained by the thermal decomposition of (NH4)2WS4 contains 

disulfide ligands (S2
2-) mainly in the terminal coordination mode and triangular {W3Sx} 

building blocks. The results are very similar for WS3 prepared by three other methods, 

i.e. the acidification of an aqueous (NH4)2WS4 solution and the reaction of WCl6 with 

hexamethyldisilathiane. A new method to synthesize WS3, consists in the oxidation of 

(NH4)2WS4 with I2 in methanol. 

The isolation of [WIV
3S4(H2O)9]4+ and WVIS4

2- upon extrusion with HCl (aq) and 

KCN (aq) shows that WS3 is a WVI-WIV mixed valence compound. 

The aggregation process to form amorphous WS3 is due to redox processes, which are 

initiated by either protonation or oxidation of a sulfide ligand (S2
2-) in (NH4)2WS4. In 

the case of the oxidation reaction of (NH4)2WS4 with I2 this could be shown by the 

isolation of the mononuclear complex (phen)W(O)(S2)2. These redox processes lead to 

triangular {W3Sx} building blocks, in which some of the tungsten centres are terminated 

by S2
2- ligands. Two local structural models of amorphous WS3 are proposed in which 

two tungsten centres within two triangular building blocks are connected to each other 

by either two sulfide ligands (S2-) or by a {WS5} fragment, the latter leading to a 

{W3S9}-type of local structure. 

 We will come back to these finding in Chapters 5, 6 and 7 when the sulfidation 

reaction of m-WO3, WO3·H2O and WO3/Al2O3 is discussed. 
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5.1 Introduction 

 

5.1.1 Aim 

 This chapter describes the stepwise sulfidation of m-WO3 into WS2 on the molecular 

level as studied by means of temperature-programmed sulfidation (TPS), X-ray 

absorption fine structure spectroscopy (EXAFS), X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS). 

 Since the amorphous nature of the WO3 phase on an Al2O3 supported catalyst 

(Chapter 1) makes it difficult to unravel basic reaction steps in the sulfidation reaction 

we studied the sulfidation of crystalline m-WO3. 

 
m-WO3 WS2

H2S/H2
(5-1) 

 

In this way we start from a well-characterized WO3-phase, which can give detailed 

information about the chemical principles involved in the transformation of m-WO3 into 

WS2. 

 

5.1.2 Crystalline WO3 

 Tungsten trioxide WO3 occurs in different polymorph structure types. All of them are 

built up by corner-sharing octahedra forming three-dimensional networks, crystallizing 

in the distorted cubic ReO3 structure. Three different types of distortion can occur: 

distortions of the 〈WO6〉 octahedra units, displacements of the W atom within these 

octahedra, and the tilting of the corner-linked octahedra units relative to each other. 

These distortions lead to five different polymorphs that are reported in literature 

(Table 5.1). 

 

Table 5.1  Polymorphs of WO3. Adapted from reference [1]. 
Phase Symmetry Space group Stability range [°C] 

α-WO3 Tetragonal P4/nmm 740 to 900 

β-WO3 Orthorhombic Pmnb 325 to 900 

γ-WO3 Monoclinic P21/n 17 to 225 

δ-WO3 Triclinic P1 -45 to17 

ε-WO3 Monoclinic Pc -273 to -43 
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 As can be seen from Table 5.1 the stable crystalline form at room temperature is 

monoclinic γ-WO3 (m-WO3). The structure has been determined by Loopstra and 

Boldrini with neutron diffraction and is shown in Figure 5.1 [2]. The tilting of the 

corner-sharing octahedra and the displacements of the W atoms from the centres of the 

WO6 octahedra can be seen clearly. These distortions lead to different W-O distances, 

which are between 1.72 and 2.16 Å. 

 

 

W
O

Figure 5.1  Structure of crystalline m-WO3. 
 

5.2 Experimental 

 

5.2.1 m-WO3 

 m-WO3 was used as supplied (Fluka, 99.99%). 

 

5.2.2 TPS 

 Temperature-programmed sulfidation was performed at atmospheric pressure in a 

plug flow reactor, described previously by Scheffer et al. [3]. About 20 mg m-WO3 was 

mixed with 80 mg alumina, diluted with 200 mg silicon carbide and poured into a quartz 

reactor. After purging the reactor with Ar, the sample was exposed to the sulfidation 

mixture containing H2S, H2 and Ar (3, 25 and 72 vol%, respectively) at a total flow rate 
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of 0.12 mol/h. After 30 min at 30°C, the temperature program was started, and the 

reactor was heated at a rate of 10°C/min. After reaching the maximum sulfidation 

temperature of 1000°C, the reactor was kept isothermally for 1 h. 

 

5.2.3 EXAFS spectroscopy 

 The quick EXAFS measurements were carried out at the X1 (ROMO II) beamline of 

HASYLAB (Hamburg, Germany), which is equipped with a monochromator consisting 

of a pair of Si(111) crystals to measure the W LIII edge. The k range used for the 

analysis of the data was 3 to 14 Å-1. m-WO3 was mixed with carbon, pressed into a 

wafer, and placed in an in situ EXAFS cell. After collecting three spectra of the samples 

in He atmosphere at room temperature, sulfidation was started. The sample was heated 

in a stream of H2S/H2 (60 ml/min) to 400°C (3°C/min) and kept at this temperature for 

30 min. Each EXAFS scan took 6 min, which corresponds to a temperature interval of 

18°C during the temperature ramp. The XDAP program (version 2.2.2) was used to 

analyse and process the data [4]. The pre-edge background was approximated by a 

modified Victoreen function, and the background was subtracted using a cubic spline 

routine. The spectra were normalized by the edge jump. The k3-weighted EXAFS 

functions were Fourier-transformed. 

 

5.2.4 XRD 

 XRD powder diffraction patterns were measured from 2θ = 5 to 60° with a Siemens 

D5000 diffractometer using CuKα radiation (λ = 1.5406 Å). Sulfidation of m-WO3 was 

done in a flow of 10% H2S/H2 (60 ml/min) in a quartz reactor. The samples were heated 

to the desired temperature at a rate of 2°C/min and kept at this temperature for 2 h, 

cooled down in the H2S/H2 gas mixture, and then flushed with Ar for 15 min. The 

powder patterns were recorded immediately under ambient conditions. 

 

5.2.5 XPS spectroscopy 

 XPS spectra were measured with a VG Escalab 200 MK spectrometer equipped with 

an Mg Kα source and a hemispherical analyser connected to a five-channel detector. 

During measurement the base pressure of the system was around 5.0 × 10-13 bar. Spectra 

were recorded at constant pass energy of 5 eV. Computer fitting of the measured spectra 
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was used to derive the binding energies. Binding energies are estimated to be accurate 

within ± 0.2 eV. 

 Sulfidation of m-WO3 was done in a stream of 10% H2S/H2 (60 ml/min) in a quartz 

reactor. The sample was heated to the desired temperature at a rate of 2°C/min and kept 

at this temperature for 2 h. After cooling in the H2S/H2 gas mixture the reactor was 

flushed with He for 10 min. The samples were pressed into indium foil for the 

measurements. All the preparation steps were carried out under inert conditions. 

Transfer of the samples from the reactors to the ultra-high vacuum chamber of the 

spectrometer was done by using a nitrogen-operated glove box and a special inert gas 

transport vessel. 

 

5.3 Results 

 

5.3.1 TPS measurements 

 Figure 5.2 shows the temperature-programmed sulfidation profile of crystalline 

m-WO3. A small but continuous H2S uptake is observed between 170 and 505°C, where 

a large H2S uptake starts with a maximum at 685°C. Above 685°C the H2S consumption 

decreases but continues until 1000°C, the final temperature of our measurement. 
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Figure 5.2  TPS profile of m-WO3. The arrows indicate the consumption of H2S and H2. 
 

Uptake of H2 starts at around 310°C with a maximum at 360°C. Then the H2 

consumption decreases until around 440°C a large uptake starts which ends around 
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880°C. The maximum of this second consumption process at 675°C coincides with the 

maximum in H2S consumption at 685°C. 

 

5.3.2 EXAFS measurements 

 Figure 5.3 shows the quick EXAFS data of the sulfidation of m-WO3. The distances 

are not phase-corrected and thus differ from those determined by crystallographic 

methods. To discriminate between crystallographic and EXAFS data, the distances 

obtained by quick EXAFS are in italics. The quick EXAFS spectrum of m-WO3 shows 

a broad signal at 1.2 Å together with two weak signals at 2.8 and 3.5 Å. The structure of 

m-WO3 is made up of distorted corner-sharing 〈WO6〉 octahedra (Figure 5.1), with W-O 

distances between 1.72 and 2.16 Å. Taking the broadness of the EXAFS signal and the 

phase shift into account, the signal at 1.2 Å can be assigned to these W-O distances. 

Even though m-WO3 has W-O distances between 3.70 and 3.86 Å, the signal at 3.5 Å 

does not correspond to these W-O distances. Because of its low atomic mass, oxygen 

does not contribute to the signal at 3.5 Å. It is therefore, only due to W-W distances, 

which are between 3.69 and 3.86 Å in m-WO3. The origin of the signal at around 2.8 Å 

is unclear, because there are no corresponding distances in m-WO3. 

 At sulfidation temperatures below 350°C the quick EXAFS data do not change 

significantly, i.e. the signals at 1.2 and 3.5 Å remain at the same position. The XRD data 

show the presence of the tungsten bronze H0.23WO3 in this temperature region 

(Figure 5.4). In H0.23WO3, the W-O distances (1.86-1.94 Å) and the W-W distances 

(3.73-3.88 Å) [5] do not differ significantly from those of m-WO3, which explains why 

the signals at 1.2 and 3.5 Å remain at the same positions. 

 At sulfidation temperatures above 350°C two new signals appear at 2.0 and 3.6 Å; 

their intensities increase with increasing sulfidation temperature. The signal at 2.0 Å is 

due to the incorporation of sulfur into the oxide lattice and is thus assigned to a W-S 

contribution. At this temperature, XRD shows the presence of the shear oxide W20O58 

(Figure 5.4). W20O58 contains shorter (3.28-3.33 Å) and longer (3.75-3.80 Å) W-W 

distances [6], with most of the W-W distances in the range of 3.75 to 3.80 Å. We 

therefore consider the signal at 3.6 Å to be due to W-W distances of the W20O58 shear 

oxide. This means that the structure of the sulfidation intermediate at 350°C is the same 

as that of the W20O58 shear oxide, with some of the oxygen atoms being replaced by 

  



 93

sulfur. Because of this particular structural property we refer to this phase as a shear 

oxysulfide. 

In
te

ns
ity

 [a
.u

.]

0 1 2 3 4
Distance [Å]

m-WO3

400°C

305°C

200°C

95°C

 
Figure 5.3  Fourier transform of the W LIII edge k3-weighted quick EXAFS spectra of m-WO3 
and its products during sulfidation (10% H2S/H2) at the indicated temperatures. 
 

5.3.3 XRD measurements 

 Figure 5.4 shows the X-ray powder diffraction patterns of m-WO3 and its sulfidation 

products at different sulfidation temperatures. The powder patterns obtained after 

sulfidation at 100, 200 and 300°C are similar to that of the tetragonal tungsten bronze 

H0.23WO3. At a sulfidation temperature of 200°C, reflections due to m-WO3 are also 
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visible. After sulfidation at 400°C, the powder pattern is very similar to that of the shear 

oxide W20O58. The colour of m-WO3 changes during sulfidation from yellow via grey-

blue (< 250°C), dark-blue (250-350°C), to grey-black (> 350°C). 
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Figure 5.4  XRD patterns of crystalline m-WO3 (a) and its products after sulfidation (10% 
H2S/H2, 2 h) at the indicated temperatures (b–e). 

 

5.3.4 XPS measurements 

 Figure 5.5 shows the XPS spectra of the sulfidation of m-WO3 in the temperature 

range between 50 and 650°C. W 4f7/2 and S 2p3/2 binding energies are listed in 

Table 5.2. The W 4f XPS spectrum at room temperature shows a doublet with a W 4f7/2 

binding energy around 35.5 eV, in agreement with literature data [7, 8]. This doublet is 

present in the spectra obtained after sulfidation up to 350°C. Between 50 and 250°C a 

second doublet occurs at a W 4f7/2 binding energy of 34.4 eV, indicating reduction of 

WVI to WV. 

 The S 2p XPS spectra of Figure 5.5 show that below 100°C no sulfur uptake has 

taken place, which means that the initial reduction of tungsten does not coincide with an 

incorporation of sulfur into the m-WO3 lattice. In order to determine whether or not this 
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reduction is due to a reaction of the oxide with H2 or H2S, we repeated the experiments 

at 50 and 100°C using pure H2 gas. The resulting XPS spectra (not shown) only showed 

the doublet of m-WO3 at 35.5 eV, and, as a consequence, the reduction of WVI to WV is 

attributed to reaction with H2S. We will return to this point in the discussion. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

  

  

  

  
  

  

 650°C

400°C

350°C

300°C

250°C

200°C

150°C

100°C

50°C

W 4fS 2p

168 164 160 42 36 30
Binding energy [eV] Binding energy [eV]

m-WO3

 
Figure 5.5  S 2p and W 4f XPS spectra of the sulfidation products (10% H2S/H2, 2 h) of 
crystalline m-WO3 at the indicated temperatures. 
 

The S 2p XPS spectra indicate that sulfur is significantly incorporated at temperatures 

of 150°C and higher, i.e. at temperatures at which the reduction of WVI to WV has 

already taken place. We conclude, therefore, that the reduction of a certain number of 

tungsten atoms is a necessary step before oxygen-sulfur exchange reactions can take 

place. As the sulfidation temperature increases, two other signals with W 4f7/2 binding 

energies at 33.0 eV (150-350°C) and 32.2 eV (250-650°C) emerge, the latter being 

typical of WIV in a sulfidic surrounding as found in macro crystalline WS2 [7, 8]. In the 

S 2p XPS spectra a doublet with an S 2p3/2 binding energy of 161.8 eV becomes clearly 

visible after sulfidation at temperatures of 150°C and higher. For the assignment we use 

the S 2p3/2 binding energies reported for molybdenum-sulfur compounds [9, 10]. 

According to these data, the signal at 161.8 eV can be due to either terminally bonded 
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disulfide (S2
2-) ligands or to sulfide (S2-) ligands as present in the MoS2 and the WS2 

structure. 

 

Table 5.2  W 4f7/2 and S 2p3/2 binding energies of m-WO3 and sulfidation intermediates at the 
indicated temperatures. Values given in the first row are those of the starting material.“-“: no 
sulfur present. 

T [°C] W 4f7/2 [eV] S 2p3/2 [eV] 

m-WO3 35.2     

50 35.5 34.4   - 

100 35.5 34.4   - 

150 35.4 34.3 32.8  161.7 

200 35.5 34.3 32.6  161.8 

250 35.7 34.2 33.0 32.2 161.7 

300 35.5  33.0 32.3 161.8 

350 35.5  32.9 32.2 161.8 

400    32.2 161.8 

650    32.2 161.8 
 

5.4 Discussion 

 The most important results of the sulfidation of m-WO3 can be summarized as 

follows: 

1. The initial reaction of m-WO3 is the reduction to the tungsten bronze H0.23WO3 

without incorporation of sulfur (< 100°C). 

2. H0.23WO3 undergoes oxygen-sulfur exchange reactions and subsequent W-S redox 

processes leading to further reduction of tungsten and to the formation of disulfide 

species (100-200°C). 

3. H0.23WO3 subsequently transforms into the shear oxide W20O58, and sulfur is 

incorporated into the surface of the shear oxide structure forming a shear oxysulfide 

(> 300°C) 

4. Tungsten oxysulfides (150-350°C) contain reduced tungsten centres and sulfur as 

S2- and S2
2-. 

5. Oxysulfides convert into microcrystalline WS2 (> 350°C). 
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 At sulfidation temperatures between 100 and 300°C the powder diffraction data 

clearly show that m-WO3 is transformed into the tetragonal tungsten bronze H0.23WO3, 

in which 23% of the tungsten centers are present in the 5+ state. This finding is in line 

with the XPS results. At low sulfidation temperatures m-WO3 undergoes partial 

reduction as indicated in the XPS spectra by the occurrence of a doublet at a W 4f7/2 

binding energy of 34 eV in addition to that of the oxide at 35.5 eV (Figure 5.5). 

Although this reduction is due to reactions of the oxides with H2S and not with H2, it 

does not go along with an incorporation of sulfur into the oxide lattice. The occurrence 

of the doublet at a W 4f7/2 binding energy of 34 eV is due to a reduction of WVI to WV in 

agreement with the observed change of colour of the samples from yellow to blue. The 

blue colour is typical of the presence of WV and is due to intervalence charge transfer 

transitions between WV and WVI. This demonstrates that the first step in the sulfidation 

of m-WO3 is the reduction of tungsten centres without incorporation of sulfur into the 

oxide lattice. 

 Figure 5.6 shows the structure of H0.23WO3. It consists of corner-sharing 〈WO6〉 

octahedra forming a distorted perovskite lattice, in which hydrogen atoms occupy the 

interstitial positions [5]. As can be seen from comparing the structure of m-WO3 

(Figure 5.1) with that of tetragonal H0.23WO3, the incorporation of protons into the 

structure reduces the distortion of the 〈WO6〉 octahedra. 

 Tetragonal H0.23WO3 belongs to a class of oxide bronzes (AxMOy), in which an 

electropositive metal A (or hydrogen) is inserted into the oxide lattice of a transition 

metal M. The oxide lattice is reduced by the valence electrons of the metal or hydrogen. 

Depending on the stoichiometry, i. e. the value of x, these electrons are either localized 

at the transition metal M or are delocalised in energy bands of the MOy lattice, leading 

to semi-conducting or conducting bronzes, respectively. In the case of tungsten, 

hydrogen bronzes are known up to a stoichiometry of H0.60WO3, i.e. 0 < x ≤ 0.60. With 

increasing x, changes in the crystal structures take place from orthorhombic 

(0 < x < 0.15) to tetragonal B (0.15 < x < 0.23), tetragonal A (0.33 < x < 0.50), and 

cubic (x > 0.50). Depending on the hydrogen content, the colour of the phases differ, 

e.g. blue for x = 0.23 [5] and red for x = 0.60 [11]. HxWO3-type bronzes can be 

synthesized by reactions of WO3 with H2 in the presence of Pt or Pd [12, 13, 14], with 

atomic [15] or nascent hydrogen [5, 11, 16, 17, 18] as well as by electrochemical means 

[19, 20, 21]. Tungsten bronzes with low hydrogen contents are accessible by controlled 
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oxidation of hydrogen-rich bronzes [11, 16, 22] and are very sensitive towards further 

oxidation to WO3. This might explain why XRD shows reflections due to m-WO3 after 

sulfidation at 200°C. Since the XRD patterns were obtained under ambient conditions, 

surface oxidation of the samples cannot be excluded. In order to verify this hypothesis, 

we exposed the sample obtained after sulfidation at 100°C to air for one week. The 

resulting XRD pattern is similar to that of m-WO3. 

 

 
Figure 5.6  Structure of crystalline H0.23WO3. Octahedra represent the WO6 units and the white 
open circles represent hydrogen. 
 

 Ampe et al. reported that m-WO3 reacts with H2S between 60 and 240°C to a 

greenish dark-blue product [23]. A catalytic splitting of H2S via a radical mechanism 

was assumed to be the initial reaction step. The obtained phase shows certain 

similarities with the compound H0.1WO3 in which about 10% of the tungsten atoms are 

present in the 5+ state. Frühberger et al. studied the effect of H2S on tungsten oxide 

films at 200°C with XPS and UPS [24]. They also noted the above-mentioned change of 

colour upon treatment with H2S, which turned out to be reversible after exposure to O2 

and they suggested that H2S is responsible for a partial reduction of WVI. However, the 

formation of a tungsten bronze like H0.1WO3 was ruled out because the UPS spectrum 

did not show a characteristic signal near the Fermi energy. In both cases sulfur was 

detected in the samples after reaction with H2S. According to the S 2p3/2 binding 

energies (162.0 and 168.8 eV) sulfur was apparently present in the form of sulfide (S2-) 
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and sulphate (SO4
2-) ions. The reason why we did not observe sulfur in our XPS spectra 

at low sulfidation temperatures is because we have used an H2S/H2 mixture instead of 

pure H2S. 

 From XPS we know that sulfur is incorporated into the oxide lattice only if about 

20% of the tungsten centres are reduced from WVI → WV. In contrast to the sulfidation 

of molybdenum oxides an exchange of oxygen for sulfur according to [25] 

 

  WVI=Ot + H2S → WVI=St + H2O  (5-2) 

 

cannot occur without a preceding reduction of WVI to WV. This different reactivity 

behaviour is due to the much higher tungsten-oxygen bond energy (W=O: 672±41.8 

kJ/mol, Mo=O: 560.2±20.9 kJ/mol) [26] and is also known from solution chemistry. 

The formation of the complex anion MoS4
2- from MoO4

2- proceeds under significantly 

milder conditions than the analogous reaction of the tungsten homologues [27]. It is also 

known from solution chemistry that protonation weakens the metal-oxygen bonds and 

has the effect of activating the metal coordination sphere both for substitution and 

addition [28]. 

 The positions of the hydrogen atoms in the tungsten bronzes are not been determined 

unequivocally. In view of the structures of the deuterium-containing derivatives [29], 

the hydrogen bronzes can be described as WO3-x(OH)x. This means that W=Ot 

fragments are converted into W-OH entities by protonation. The W-OH bonds are 

sufficiently reactive for exchange reactions of oxygen for sulfur to take place. 

Analogous to the chemistry in solution we propose an associative substitution 

mechanism where H2S is added to the coordination sphere of tungsten under 

simultaneous release of water according to [28] 

 

W

O
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W
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HH
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W

O

HH HH H

W

S
H

+ H2O+ H2S

 

(5-3) 

 

 

The formed W-SH fragment is not stable at higher temperatures (a general property of 

transition-metal complexes with SH- ligands [30]) and undergoes further reactions 

during which W=St and W-S-W structures are formed, depending on the coordination 
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environment of the neighbouring W centres. W-SH reacts with a W=Ot fragment to 

form W=St according to 
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(5-4) 

 

 

or with another W-SH group to form W-S-W structures [28] 
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(5-5) 

 

 

 The mechanism described thus far reflects the situation up to a sulfidation 

temperature of 300°C. Once the tungsten bronze has formed, reactions 5-3 to 5-5 

proceed on the surface of the particles, while, according to XRD (Figure 5.4), the 

interior is still that of H0.23WO3. This means that reactions of the oxidic bulk and the 

oxysulfidic surface still proceed independent of each other. While H0.23WO3 converts 

into W20O58 (vide infra), the tungsten-sulfur surface species undergo redox reactions, as 

we demonstrated by XPS: 

 

(1)  Tungsten centres at edge positions of the particles possess two terminally bonded 

S2- ligands (after oxygen-sulfur exchange), which undergo a redox process during 

which terminal disulfide ligands form: 

 

 

W

SS

W

SS
+ 2e- (5-6) 
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(2) Two neighbouring W=St fragments undergo a metal-ligand redox process, during 

which a bridging disulfide ligand forms: 

 

W WO W WO

S
S

S S

+ 2e-

 

(5-7) 

 

Both redox reactions provide two electrons, which are used for the reduction of 

tungsten. Whereas XPS spectroscopy shows that S2
2- ligands are present in terminal and 

bridging coordination types in the case of molybdenum oxysulfides [9, 10, 25] our S 2p 

XPS spectra of tungsten oxysulfides provide only evidence for the presence of terminal 

S2
2- ligands (Figure 5.5). This means that bridging S2

2- ligands either do not form at all 

during sulfidation of tungsten oxides, or they form and decompose immediately. Which 

of the two possibilities apply here can be found out if the reaction conditions and the 

chemical properties of bridging disulfide ligands are taken into consideration. In the 

case of MoO3 the oxygen-sulfur exchange reaction starts at room temperature and 

bridging S2
2- ligands can already be observed for sulfidation temperatures of 50°C and 

lower. Between 100 and 150°C the bridging S2
2- ligands react with H2 to form S2- 

according to 

 S
S

Mo Mo
+    H2

S
Mo Mo +    H2S (5-8) 

 

 

In the case of m-WO3 the oxygen-sulfur exchange reaction starts at 150°C, at a 

temperature where the release of sulfur from bridging S2
2- (reaction 5-8) has already 

taken place in the case of the molybdenum samples. Furthermore, it is well known from 

the underlying chemistry that bridging S2
2- ligands are often less stable in the case of 

tungsten compounds. For instance, the [W3S7]4+-cluster cation is less stable than the 

corresponding cluster cation of Mo, [Mo3S7]4+, so that its reaction to [W3S4]4+ is often 

very difficult to avoid (see also discussion in Chapter 4) [31]. Even in (NH4)2Sx 

solutions compounds containing the [W3S7]4+ core are not stable and react to species 

containing the [W3S4]4+-cluster cation [32]. This is one of the reasons why all efforts to 

synthesize the tungsten analogue of the [Mo3S13]2- cluster anion did not yet succeed. For 
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these reasons we conclude that bridging disulfide ligands are formed also in the case of 

the tungsten samples (reaction 5-7), but decompose immediately (reaction 5-9). 

 

 

W WO

S

+ H2SW WO

S
S

+ H2
(5-9) 

 

 

 At sulfidation temperatures above 350°C the powder diffraction pattern shows that 

H0.23WO3 has converted into the shear oxide W20O58, which is the next bulk 

intermediate in the sulfidation of m-WO3. Some of the 〈WO6〉 octahedra of shear oxides 

share edges instead of only corners [6, 33]. In this way, the highly ordered homologous 

series WnO3n-1 and WnO3n-2 are obtained instead of grossly non-stoichiometric phases. 

The structure of W20O58 is shown in Figure 5.7a. For the sake of clarity, Figure 5.7b 

shows the projection of one layer, demonstrating the edge-sharing of some of the 〈WO6〉 

octahedra. Edge-sharing and corner-sharing explain why W20O58 has shorter (edge-

sharing octahedra) and longer W-W distances (corner-sharing octahedra), as mentioned 

above. As a consequence of the oxygen deficiency, some of the tungsten atoms are 

reduced (20% in W20O58) from WVI→WV. This means that the degree of reduction of 

tungsten centres in W20O58 and H0.23WO3 is similar.  

 W20O58 as an intermediate in the sulfidation of m-WO3 was also observed by 

Massoth and Bidlack [34], who studied the sulfidation of m-WO3 in H2S/H2 between 

260 and 510°C at different pressures. After sulfidation at 510°C for 2 h, XRD revealed 

reflections due to WS2 and W20O58. These authors concluded that m-WO3 reduces 

quickly to W20O58, which then sulfides more slowly to WS2.  

The transformation of H0.23WO3 into W20O58 at sulfidation temperatures above 350°C is 

in line with the well-known instability of hydrogen tungsten bronzes, which decompose 

at higher temperatures in vacuum according to [22] 

 

 HxWO3 → p H2 + m H2O + WO3-m (5-10) 

 

with p determined by measuring the volume of released hydrogen and m by measuring 

the increase in weight after oxidation of WO3-m into WO3 (x = (p+m)/2). 
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(b)

(a)

 

W
O

Figure 5.7  Structure of crystalline W20O58 (a) and the projection of the unit cell (b) showing the 
edge-sharing of octahedra. 
 

At sulfidation temperatures of 400°C, the interior of the particles consists mainly of 

W20O58, whereas the surface is enriched with sulfur as a consequence of reactions 5-3 

to 5-7 and 5-9. The formal composition of this shear oxysulfide phase is {W20O58-xSx}. 

This structure may remain intact up to a W:S ratio of 1:1. Further incorporation of sulfur 

leads to oxysulfide intermediates with higher S:W ratios, which can no longer have a 

shear oxysulfide structure. 
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 In order to learn more about the structural properties of tungsten oxysulfides, we 

have investigated the WOS2 model oxysulfide, which we prepared by thermal 

decomposition of the complex (NH4)2WO2S2. In Chapter 3 we showed that amorphous 

WOS2 contains O2- ligands in terminal and bridging positions, i.e. in W=Ot, and 

W-O-W structures. Furthermore sulfur is present as S2- in W-S-W structures and as 

terminal and bridging S2
2- ligands. Since amorphous WOS2 was formed by a simple 

thermal decomposition without applying special reaction conditions, we infer that the 

presence of oxygen and sulfur in the states and coordination modes mentioned above is 

a common structural property of tungsten oxysulfides. It is, therefore, likely that the 

tungsten oxysulfide intermediates of the sulfidation reaction of m-WO3 with high S:W 

ratios also contain such structures. This is supported by the similar oxidation states of 

tungsten in the WOS2 phase and the sulfidation intermediates of m-WO3 as indicated by 

the signals in the W 4f spectra at W 4f7/2 binding energies of 35.5 and 33.0 eV. Bridging 

S2
2- ligands, however, are not observed in the tungsten oxysulfide intermediates of the 

sulfidation reaction of m-WO3. The reason why they can be observed in amorphous 

WOS2 but not in the sulfidation intermediates of m-WO3 is the absence of H2 during its 

formation. The decomposition reaction was carried out in inert gas so that a release of 

sulfur according to reaction 5-9 does not take place. The W=Ot groups present in the 

oxysulfide intermediates are the active sites for the sulfur-oxygen exchange reaction. 

 The assumption that the sulfidation intermediates of m-WO3 contain the same 

structures as WOS2, apart from the bridging disulfide ligands, is in perfect agreement 

with our description of the sulfidation reaction thus far: The shear oxysulfide phase 

contains oxygen in W=Ot and W-O-W structures, and sulfur is present in the form of 

W=St (reaction 5-4), W-S-W (reaction 5-9) and as terminal S2
2- ligands (reaction 5-6). 

The final step in the sulfidation of m-WO3 is the transformation of the oxysulfide 

intermediate into WS2. 

 However, some authors proposed WS3-like intermediates in the sulfidation of 

tungsten-based hydrotreating catalysts [35, 36]. This would mean that m-WO3 is first 

sulfided up to high S:W ratios, followed by an adjustment of the stoichiometry to that of 

WS2. In order to find out if this is likely, we have studied the formation of WS3 and its 

decomposition to WS2. The amorphous compound WS3 can be prepared by thermal 

decomposition of the complex (NH4)2WS4. In Chapter 4 we showed that WS3 is a 

mixed-valence compound and that the tungsten centres are present in an oxidation state 
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of 5+ on average. Furthermore WS3 is characterized by an S 2p doublet at 163 eV, 

which was assigned to bridging S2
2- ligands and the apical S2- ligands present in the 

[W3S4]4+ cluster cation. Since the S 2p XPS spectra of the sulfidation of m-WO3 do not 

show a doublet with a binding energy of 163 eV we conclude that WS3-like 

intermediates are not formed in the sulfidation reaction. This means that the final step of 

the sulfidation reaction of m-WO3 is the transformation of the oxysulfide to WS2. 

 Therefore, the final step consists of the removal of oxygen from the oxysulfide and 

the adjustment of the S:W ratio. This can proceed by means of the following reaction 

types. The first is an oxygen-sulfur exchange according to reaction 5-2 (W=Ot → W=St) 

with subsequent redox processes (reactions 5-6 and 5-7). In contrast to the W=Ot 

entities of m-WO3, those of the oxysulfide are sufficiently reactive and undergo 

reactions with H2S without additional activation of the W=Ot bond. However, direct 

reactions of W=Ot structures with H2 may also take place at these temperatures. 

 

 Wn=Ot  +  H2  →  W(n-2)  +  H2O (5-11) 

 

Such a reaction is not possible at an early stage of the sulfidation reaction due to the less 

reactive W=Ot bonds of m-WO3. At this stage, however, due to reduction of tungsten 

centres the W=Ot bonds are more reactive. This, together with the higher temperature, 

makes the W=Ot fragments of the oxysulfide susceptible to a reaction with H2 

(reaction 5-11). From a certain S:W stoichiometry and a certain degree of reduction of 

tungsten on, the WS2 structure is thermodynamically favoured and microcrystalline 

WS2 slowly forms. Terminal disulfide ligands, which are present in the tungsten 

oxysulfides but not in the WS2 bulk structure, are removed by reductive elimination 

[37, 38] 

 

 Wn-S2  →  W(n-2)  +  S2(g) (5-12) 

 

and by reactions with H2 [39] 

 

 Wn-S2  +  2 H2  →  W(n-2)  +  2 H2S(g) (5-13) 
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 The presence of microcrystalline WS2 is indicated by the quick EXAFS data. After 

30 min at 400°C the EXAFS data show a W-S contribution at 2.0 Å, which is also found 

in the (not phase-corrected) Fourier-transform of the k3-weighted EXAFS function of 

macrocrystalline 2H-WS2 (not shown). This is further supported by the XPS spectra 

above 400°C, which only show one W 4f doublet at 32.2 eV, which is typical of 

2H-WS2 [7, 8]. 

 

5.5 Conclusions 

 The initial reaction at sulfidation temperatures below 100°C is a reduction by H2S to 

form the hydrogen tungsten bronze H0.23WO3. Below 300°C, the structure of the 

tungsten bronze is still intact but oxygen-sulfur exchange reactions (reactions 5-3 to 

5-5) and W-S redox processes (reactions 5-6 to 5-7 and 5-9) take place. Above 300°C, 

reactions 5-3 to 5-7 and 5-9 take place in a more pronounced way on the surface of the 

particles, and the bulk structure changes from H0.23WO3 to that of the shear oxide 

W20O58, leading to the shear oxysulfide {W20O58-xSx}. Further incorporation of sulfur 

leads to oxysulfide intermediates with higher S:W ratios, which no longer have a shear 

oxysulfide structure and contain oxygen in terminal and bridging coordination types and 

sulfur as S2- and S2
2-. While S2- is mainly present in W-S-W structures, S2

2- ligands 

occur in the terminal coordination mode. The final step consists of the removal of 

oxygen from the oxysulfide and the final adjustment of the S:W ratio to form WS2 by 

reactions 5-11 to 5-13. 

 In general, the sulfidation reaction starts at the surface of the particles while the bulk 

is still oxidic. Because of the high W-O bond energy, rather high temperatures are 

required to break the whole structure and to form a fully sulfided particle. This is the 

major reason why full sulfidation of tungsten oxides can normally not be achieved 

below 400°C. 

  



 107

5.6 References 

 
[1] Woodward, P. M.; Sleight, A. W. J. Solid State Chem. 1997, 131, 9. 

[2] Loopstra, B. O.; Boldrini, P. Acta Crystallogr. 1966, 21, 158. 

[3] Scheffer, B.; Mangnus P. J.; Moulijn, J. A. J. Catal. 1990, 121, 18. 

[4] Vaarkamp, M.; Dring, I.; Oldman, R.; Stern, E. A.; Koningsberger, D. C. Phys.  

 Rev. B 1994, 50, 7872. 

[5] Dickens, P. G.; Hurditch, R. J. Nature 1967, 215, 1266.  

[6]  Magnéli, A. Ark. Kemi. 1950, 1, 513. 

[7] Ng, K. T.; Hercules, D. M. J. Phys. Chem. 1976, 80, 2094. 

[8] Salvati, L., Jr.; Makovsky, L. E.; Stencel, J. M.; Brown, F. R.; Hercules, D. M. J. 

Phys. Chem. 1981, 85, 3700. 

[9] De Jong, A. M.; Muijsers, J. C.; Weber, Th.; van IJzendoorn, L. J.; de Beer, V. H. 

J.; van Veen, J. A. R.; Niemantsverdriet, J. W. in “Transition-Metal Sulphides 

Chemistry and Catalysis”, Weber, Th., Prins, R., van Santen, R. A., Eds.; Kluwer: 

Dordrecht, 1998. 

[10] Muijsers, J. C.; Weber, Th.; van Hardeveld, R. M.; Zandbergen, H. W.; 

Niemantsverdriet, J. W. J. Catal. 1995, 157, 698. 

[11] Dickens, P. G.; Hurditch, R. J. in Chem. Extended Defects Non-Metal. Solids 

Proc. Inst. Advan. Study; Scottsdale: Arizona, 1970, 1969, 555. 

[12] Boudart, M.; Vannice, M. A.; Benson, J. E. Z. Physik. Chem. 1969, 64, 171.  

[13] Benson, J. E.; Kohn, H. W.; Boudart, M. J. Catal. 1966, 5, 307.  

[14] Hobbs, B. S.; Tseung, A. C. C. J. Electrochem. Soc. 1973, 120, 766.  

[15] Ebert, F.; Flasch, H. Z. Anorg. Allgem. Chem. 1936, 226, 65. 

[16] Glemser, O.; Naumann, C. Z. Anorg. Allgem. Chem. 1951, 265, 288. 

[17] Schwarzmann, E.; Birkenberg, R. Z. Naturforsch. 1971, 26b, 1069.  

[18] Glemser, O.; Hauschild, U.; Lutz, G. Z. Anorg. Allgem. Chem. 1952, 269, 93.  

[19] Chevrier, J.; Siclet, G. Bull. Soc. Chim. Fr. 1976, 1037.  

[20] Siclet, G.; Chevrier, J.; Lenoir, J.; Eyraud, C. Compt. Rend. 1973, C 277, 227.  

[21] Vondrack, J.; Balej, J. Collection Czech. Chem. Commun. 1975, 40, 272.  

[22] Dickens, P. G.; Moore, J. H.; Neild, D. J. J. Solid State Chem. 1973, 7, 241.  

[23] Ampe, B.; Leroy, J. M.; Thomas, D.; Tridot, G. Rev. Chim. Min. 1968, 5, 801. 

[24] Frühberger, B.; Grunze, M.; Dwyer, D. J. Sensors and Actuators B 1996, 31, 167. 

  



 108

 
[25] Weber, Th.; Muijsers, J. C.; van Wolput, J. H. M. C.; Verhagen, C. P. J.; 

 Niemantsverdriet, J. W. J. Phys. Chem. 1996, 100, 14144.  

[26] Pedley, J. B.; Marshall, E. M. J. Phys. Chem. Ref. Data 1984, 12, 967.  

[27] McDonald, J. W.; Friesen, G. D.; Rosenhein, L. D.; Newton, W. E. Inorg. Chim. 

Acta 1983, 72, 205. 

[28] Harmer, M. A.; Sykes, A. G. Inorg. Chem. 1980, 19, 2881. 

[29] Dickens, P. G.; Murphy, D. J.; Halstead, T. K. J. Solid State Chem. 1973, 6, 370.  

[30] Müller, A.; Diemann, E. in Comprehensive Coordination Chemistry,  

 Wilkinson, G., Gillard, R. D., Mc Cleverty, J. A. Eds.; Pergamon: Oxford, 1987, 

Vol. 2, Chapter 16.1. 

[31] Shibahara, T. Coord. Chem. Rev. 1993, 123, 73. 

[32] Fedin, V. P.; Sokolov, M. N.; Gerasko, O. A.; Kolesov, B. A.; Fedorov, V. E.; 

Mironov, A. V.; Yufit, D. S.; Slovohotov, Yu. L.; Struchkov, Yu. T. Inorg. Chim. 

Acta 1990, 175, 217. 

[33] Magnéli, A. Pure Appl. Chem. 1978, 50, 1261. 

[34]  Massoth, F. E.; Bidlack, D. L. J. Catal. 1970, 16, 303.  

[35] Payen, E.; Kasztelan, S.; Grimblot, J.; Bonnelle, J. P. Catal. Today 1988, 4, 57. 

[36] Reinhoudt, H. R.; van der Meer, Y.; van der Kraan, A. M.; van Langeveld, A. D.; 

Moulijn, J. A. Fuel Proc. Technol. 1999, 61, 43.  

[37] Weber, Th.; Muijsers, J. C.; Niemantsverdriet, J. W. J. Phys. Chem. 1995, 99, 

9194. 

[38] Müller, A.; Weber, Th. Appl. Catal. 1991, 77, 243. 

[39] Diemann, E.; Weber, Th.; Müller, A. J. Catal. 1994, 148, 288. 

  



Chapter 6 
 

 

 

 

 

 

 

 

 

 

 

 

Sulfidation reaction of WO3·H2O 
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6.1 Introduction 

 

6.1.1 Aim 

 This chapter describes the sulfidation reaction of WO3·H2O to WS2 as studied by 

means of temperature-programmed sulfidation (TPS), extended X-ray absorption fine 

structure spectroscopy (EXAFS), X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS). 

 

3 H2O W 2
H2S/H2WO  (6-1) S

 

 The reason for studying the sulfidation reaction of WO3·H2O is its structural 

difference to that of m-WO3. WO3·H2O forms a two-dimensional (layered) structure, 

whereas m-WO3 forms a three-dimensional structure. The separate layers of WO3·H2O 

mimic to a certain extent the well-dispersed WO3 phases present on a supported 

catalyst. Therefore, from a structural point of view, WO3·H2O is a better model for the 

amorphous WO3 phase than m-WO3. 

 

6.1.2 WO3·H2O 

 Tungstite, WO3·H2O, is found in nature as a secondary mineral, which has been 

formed by oxidation of primary tungsten minerals such as Wolframite (Fe,Mn)WO4 and 

Scheelite CaWO4. WO3·H2O is found all over the world, however never in large 

amounts. Powder diffraction data showed that it is identical with synthetic WO3·H2O as 

extensively studied by Freedman [1]. Szymanski and Roberts determined the structure 

by means of single crystal X-ray diffraction [2]. The structure is shown in Figure 6.1. 

As can be seen, WO3·H2O consists of distorted 〈WO6〉 octahedra, which share their 

equatorial oxygen ligands to form layers. One of the axial positions is occupied by a 

H2O molecule, which forms a hydrogen bond with an oxygen ligand of the next layer. 

The equatorial W-O distances are between 1.83 and 1.93 Å whereas those in axial 

positions are 1.69 Å (W-O) and 2.34 Å (W-OH2). 
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Figure 6.1  Structure of crystalline WO3·H2O. 

 

6.2 Experimental 

 

6.2.1 Synthesis of WO3·H2O 

 WO3·H2O was synthesized by adding 50 ml of an aqueous 1.0 M Na2WO4 solution to 

450 ml 3.0 M HCl (aq) at 100°C [1]. The mixture was kept at 100°C for 30 min and 

cooled to room temperature. 2 L 0.1 M HCl (aq) solution were added and the mixture 

was shaken vigorously. After the precipitate settled the supernatant was decanted. This 

was repeated twice, and the resulting slurry was filtered, washed with 25 ml water and 

dried at 100°C for 2 h. 

 

6.2.2 TPS, EXAFS, XRD and XPS spectroscopy 

 Experimental details of these techniques are given in Chapter 5. 
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6.3 Results 

 

6.3.1 TPS measurements 

 Figure 6.2 shows the temperature-programmed sulfidation profile of WO3·H2O. H2S 

uptake is already observed around 160°C. A sharp peak in H2S uptake begins at around 

350°C and ends at around 410°C, reaching a maximum at 365°C. However, the shape of 

this peak suggests that it is the result of a simultaneous production and consumption of 

H2S, the latter being more significant. After the first sharp peak of H2S consumption, a 

second uptake of H2S takes place as indicated by the broad signal at 530°C. Both 

uptakes of H2S are accompanied by a consumption of H2: a sharp peak in the H2 uptake 

starting at 260°C, ending at around 420°C with a maximum at 360°C and a significant 

H2 uptake at 530°C. Furthermore, there is a small H2 consumption at 775°C. 
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Figure 6.2  TPS profile of WO3·H2O. The arrows indicate the consumption of H2S and H2. 

 

6.3.2 EXAFS measurements 

 Figure 6.3 shows the quick EXAFS data of the sulfidation of WO3·H2O. The 

distances are not phase-corrected and thus differ from those determined by 

crystallographic methods. To discriminate between crystallographic and EXAFS data, 

the distances obtained by quick EXAFS are in italics. 

The quick EXAFS spectrum of WO3·H2O shows three signals at 1.2, 1.8 and 3.5 Å. 

WO3·H2O consists of layers of 〈WO6〉 octahedra, sharing the equatorial oxygen atoms 

(Figure 6.1) [2]. The W-O distances are between 1.69 and 2.34 Å. In the axial positions, 

the W-O bond length of W=Ot is 1.69 Å and that of W-OH2 is 2.3 Å. We assign the 
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signal at 1.2 Å to the four equatorial and the axial tungsten-oxygen distances, whereas 

the signal at 1.8 Å is due to the W-OH2 distance. The signal at 3.5 Å is due to W-W 

distances at 3.72 Å.  

 Upon sulfidation, the signals at 1.2 and 1.8 Å broaden and merge, whereas the 

contribution at 3.5 Å disappears at sulfidation temperatures above 200°C. A signal at 

2.0 Å occurs at sulfidation temperatures of 350°C and higher. 
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Figure 6.3  Fourier transform of the W LIII edge k3-weighted quick EXAFS spectra of WO3·H2O 
and its sulfidation intermediates (10% H2S/H2) at the indicated temperatures. 
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While the intensity of this signal increases rapidly, the W-O contribution at 1.6 Å slowly 

disappears. The signal at 2.0 Å is due to the incorporation of sulfur and is assigned to a 

W-S distance. The incorporation of sulfur proceeds at the expense of oxygen. For this 

reason the W-O contribution at 1.6 Å decreases with increasing amounts of incorporated 

sulfur. 

 

6.3.3 XRD measurements 

 Figure 6.4 shows the powder diffraction data of WO3·H2O and the sulfidation 

intermediates at different temperatures. After sulfidation at 100°C the powder pattern is 

slightly different from that of the starting material, i.e. some reflections have shifted, 

whereas others remained at their original positions (Figure 6.5). No matching XRD 

were found in the JCPDS database. At sulfidation temperatures above 100°C, the 

powder patterns show a strong broadening of the reflections, which hinders an 

unequivocal assignment. 

10 20 30 40 50 60
2θ angle [degree]

In
te

ns
ity

 [a
.u

.]

100°C

200°C

300°C

400°C

(b)

(d)

(c)

(e)

WO3·H2O

 

 

 

 

(a)

 
Figure 6.4  XRD patterns of crystalline WO3·H2O (a) and its sulfidation intermediates 
(10% H2S/H2, 2 h) at the indicated temperatures (b–e). 
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WO3·H2O undergoes the same colour changes during sulfidation as m-WO3, i.e. the 

colour changes from yellow via grey-blue (< 250°C), dark-blue (250-300°C) to grey-

black (> 300°C). 
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Figure 6.5  XRD pattern of crystalline WO3·H2O before (a) and after sulfidation at 100°C (b). 
 

6.3.4 XPS measurements 

 Figure 6.6 shows the XPS spectra of the sulfidation of WO3·H2O in the temperature 

range between 50 and 350°C. W 4f7/2 and S 2p3/2 binding energies are given in 

Table 6.1. The W 4f spectrum of WO3·H2O contains one doublet at a binding energy of 

35.5 eV, which remains present in the spectra obtained after sulfidation up to 

temperatures of 300°C. 

 

Table 6.1  W 4f7/2 and S 2p3/2 binding energies of WO3·H2O and its sulfidation intermediates at 
the indicated temperatures. Values given in the first row are those of the starting material. “-“: 
no sulfur present. 

T [°C] W 4f7/2 [eV] S 2p3/2 [eV] 

WO3·H2O 35.5     

50 35.4 34.1   - 

100 35.4 33.9   161.8 

150 35.5 34.1 32.6  161.8 

200 35.5 34.0 32.4  161.6 

250 35.6 34.2 32.5  161.7 

300 35.5   32.2 161.8 

350    32.2 161.8 
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At temperatures between 50 and 250°C a second doublet appears around 34.0 eV, 

indicating reduction of WVI to WV. As in the case of m-WO3, this reduction is due to a 

reaction of the oxide with H2S. Again, this reduction is a necessary step before oxygen-

sulfur exchange reactions can take place. As the sulfidation temperature increases, two 

other doublets appear at 32.5 (150-250°C) and 32.2 eV (300-350°C), the latter being 

typical of WS2 [3, 4]. 

 Sulfur uptake starts at 50°C. As in the case of m-WO3 the binding energy of the 

S 2p3/2 signal does not change during sulfidation and remains at 161.8 eV. Again, this 

signal can be due to either terminal S2
2- or S2- ligands [5, 6]. 
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Figure 6.6  S 2p and W 4f XPS spectra of the sulfidation (10% H2S/H2, 2 h) of crystalline 
WO3·H2O at the indicated temperatures. 
 

6.4 Discussion 

 

 The most important results from this study can be summarized as follows.  

1. The initial reaction of WO3·H2O is the reduction of tungsten centres without a 

significant incorporation of sulfur at temperatures below 50°C. 
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2. The partially reduced oxide undergoes oxygen-sulfur exchange reactions and 

subsequent W-S redox processes leading to further reduction of tungsten and to the 

formation of disulfide species (100-200°C). 

3. Tungsten oxysulfides (150-250°C) contain reduced tungsten centres and sulfur as S2- 

and S2
2-. 

4. Oxysulfides convert into microcrystalline WS2 (> 350°C).  

 

 The XRD pattern, obtained after sulfidation at 100°C, is only slightly different from 

that of the starting material (Figure 6.5). Nevertheless, significant changes must have 

taken place, as indicated by the change of colour from yellow to blue. The blue colour 

indicates WVI ← WV intervalence charge-transfer processes, in line with the XPS 

results, which show that WVI is partially reduced to WV as indicated by the occurrence 

of a doublet at a W 4f7/2 binding energy of 34 eV in addition to that of the oxide at 

35.5 eV (Figure 6.6). The S 2p XPS spectrum shows a weak signal after sulfidation at 

50°C. Taking into account that XPS is five times more sensitive towards tungsten than 

to sulfur we conclude that sulfur is present in WO3·H2O after sulfidation at 50°C. 

However, WO3·H2O has a layered structure, which enables H2S to migrate between the 

layers. The weak signal in the S 2p3/2 spectrum is, therefore, very probably due to 

interlayer H2S, which has not been completely removed in the ultra-high vacuum. Since 

these findings are similar to those of the sulfidation of m-WO3, it is reasonable to 

anticipate that the first intermediate in the sulfidation of WO3·H2O is a tungsten bronze. 

Unfortunately, there are no data available on the interaction of H2S with WO3·H2O. 

However, two water-containing tungsten bronzes are known, i.e. H0.10WO3·H2O [7] and 

H0.12WO3·H2O [8]. Both bronzes are orthorhombic, as is WO3·H2O (Figure 6.1), with 

slight differences in their lattice parameters (Table 6.2). With respect to the positions of 

the heavy atoms, the structure of the bronzes is very similar to that of WO3·H2O; thus 

the XRD patterns also differ only slightly. We therefore propose that the first 

intermediate in the sulfidation of WO3·H2O is a water-containing tungsten bronze of the 

type HxWO3·H2O. The value of x should be of the same order as for the above-

mentioned examples. For this reason the formal composition of the first sulfidation bulk 

intermediate is HxWO3·H2O (x ≈ 0.1). 
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Table 6.2  Cell parameters of orthorhombic WO3·H2O, H0.10WO3·H2O and H0.12WO3·H2O. 
Compound  a [Å] b [Å] c [Å] Reference 

WO3·H2O 5.249 10.711 5.133 [2] 

H0.10WO3·H2O 5.256 10.659 5.222 [7] 

H0.12WO3·H2O 5.251(5) 10.62(2) 5.233(6) [8] 

 

 The next step is more difficult to unravel. The quick EXAFS data (Figure 6.3) show 

that significant structural changes take place above 200°C, which are also reflected in 

the powder diffraction data of Figure 6.4. XPS shows that sulfur is incorporated slowly 

into the surface of the oxide. Since we proposed a bronze HxWO3·H2O as the first 

intermediate this incorporation is expected to proceed according to reactions 5-3 to 5-5. 

Since this alone does not explain the changes observed with quick EXAFS and XRD, 

we conclude that, parallel to the sulfidation of the surface, the bulk structure of the 

underlying oxide changes as well. 

 HxWO3·H2O, where no oxygen is replaced by sulfur, would most likely condensate 

to an oxide with a three-dimensional structure in agreement with the work of 

Yamaguchi et al. [9]. They showed that WO3·H2O, as prepared by hydrolysis of 

W(OEt)6 (Et = C2H5), transforms into cubic WO3 (c-WO3) upon heating in air. 

 

W
O

Figure 6.7  Structure of crystalline c-WO3.  
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This phase conversion takes place between 200 and 310°C with simultaneous release of 

crystal water and the condensation of 〈WO6〉 octahedra of adjacent layers to form the 

three-dimensional structure of c-WO3, which crystallizes in the ReO3 structure and 

consists of non-distorted, corner-sharing 〈WO6〉 octahedra, as is shown in Figure 6.7. 

Such a condensation process cannot take place if surface oxygen of the layered oxide is 

partially replaced by the larger sulfur, because, in that case, neighbouring layers cannot 

be close enough. Indeed, XRD does not show the characteristic pattern of c-WO3, which 

leads to the conclusion that WO3·H2O transforms into c-WO3 at 200°C in air but not in 

an H2S/H2 gas mixture. 

 Similar arguments are valid for the HxWO3·H2O intermediate, the structure of which 

is similar to that of WO3·H2O (vide supra). A transformation of this phase into a three-

dimensional oxide structure type requires condensation of 〈WO6〉 octahedra of 

neighbouring layers and the loss of the crystal water. Whereas the quick EXAFS data 

clearly show the release of crystal water at around 200°C, complete condensation does 

not occur. This means that some parts of the resulting phase are still layered, and its 

bulk structure is, therefore, probably that of a dehydrated tungsten bronze. The amount 

of hydrogen is typically higher in the case of bronzes without crystal water as 

mentioned in Chapter 5. We propose a bulk composition of HyWO3 (y > x) for the 

intermediate of the sulfidation of WO3·H2O at 200°C. 

 Although the reflections in the powder diffraction patterns obtained after sulfidation 

at 300 and 400°C are broader than those in the patterns obtained at low sulfidation 

temperatures, the XRD pattern is in very good agreement with that of the W25O73 shear 

oxide [10]. We therefore conclude that the first intermediate (HxWO3·H2O) converts 

into a bronze of the type HyWO3, which subsequently transforms into W25O73. In this 

temperature range, the replacement of oxygen by sulfur according to reaction 5-3 to 5-5 

(p. 99-100) proceeds at a higher rate and in addition reactions 5-6, 5-7 (p. 100-101) and 

5-9 (p. 102) start to occur as well. 

 Therefore the third intermediate phase is a shear oxysulfide of the formal 

composition {W25O73-zSz}. Further incorporation of sulfur leads to oxysulfide 

intermediates with higher S:W ratios. This oxysulfide phase is indicated by the signals 

in the W 4f spectra at W 4f7/2 binding energies of 35.5 eV and 32.5 eV, which are very 

similar to those observed for WOS2. 
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 The formation of {WS3} can be ruled out since the S 2p XPS spectra of the 

sulfidation intermediates do not show a S 2p3/2 doublet with a binding energy of 163 eV. 

The final step in the sulfidation of WO3·H2O is the transformation of the oxysulfide 

intermediate into WS2 according to reactions 5-11 to 5-13 (p. 105). The presence of 

WS2 is indicated by the contribution at 2.1 Å, which is due to the W-S distance as found 

in the (not phase-corrected) Fourier-transform of the k3-weighted EXAFS function of 

macrocrystalline 2H-WS2 (not shown).  

 Finally, there is an important difference between the sulfidation reactions of m-WO3 

and WO3·H2O. Whereas the general sequence is similar in both cases, i.e. oxide → 

bronze → shear oxysulfide → oxysulfide → sulfide, the degree of sulfidation is 

different. The intensity of the W-S contribution in the quick EXAFS spectra is much 

higher in the case of WO3·H2O, which suggests a higher degree of sulfidation and may 

imply a higher sulfidation rate. An important property that determines the rate of surface 

reactions is the surface area accessible to the reagents. Dickens et al. [11] determined 

the BET surface areas of m-WO3 and WO3·H2O (prepared by the method of Freedman 

[1]) to be 4.7 and 22.1 m2/g respectively, which corresponds to average particle sizes of 

1800 and 500 Å respectively. This difference in the average particle size is reflected in 

the powder diffraction data of m-WO3 and WO3·H2O. The reflections in the XRD 

pattern of WO3·H2O are broader than those of m-WO3. Taking these data into account, 

the intrinsic rates of sulfidation are of a comparable order in both cases. 

 

6.5 Conclusions 

The first intermediate in the sulfidation reaction of WO3·H2O is a tungsten bronze with 

the form HxWO3·H2O (x ≈ 0.1), which forms at around 100°C. Below 300°C, oxygen-

sulfur exchange reactions (reactions 5-3 to 5-5 (p. 99-100)) and W-S redox processes 

(reactions 5-6, 5-7 (p. 100-101) and 5-9 (p. 102)) take place on the surface, while the 

bronze dehydrates and a new bulk structure with the formal composition HyWO3 

(0.1 << y < 0.60) forms. At 300°C, the bulk structure changes to that of the shear oxide 

W25O73 and leads to shear oxysulfide {W25O73-zSz}. Further incorporation of sulfur leads 

to oxysulfide intermediates with higher S:W ratios. The final step consists of the 

removal of oxygen from the oxysulfide and the final adjustment of the S:W ratio to 

form WS2 by reactions 5-11 to 5-13 (p. 105). 
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Sulfidation reaction of WO3 on Al2O3 
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7.1 Introduction 

 The crucial step in the preparation of the sulfidic catalyst is the sulfidation of the 

oxidic catalyst precursor. As a key to improve catalysts detailed knowledge how this 

reaction proceeds at the molecular level is necessary. 

 

WO3/Al2O3 WS2/Al2O3
H2S/H2

  (7-1) 

 

The amorphous WO3 phase, however, makes it difficult to identify basic reaction steps. 

In order to find a mechanistic description of the sulfidation reaction we used the m-WO3 

and WO3·H2O crystalline oxides as a model for the WO3 phase. The sulfidation 

reactions of m-WO3 and WO3·H2O were discussed in Chapters 5 and 6. The results 

show that sulfidation proceeds according to the following sequence: 

 

 oxide   →   bronze   →   shear oxysulfide   →   oxysulfide   →   sulfide (7-2) 

 

This finding provides the basis for understanding the chemical principles of the 

sulfidation reaction of tungsten oxides. This chapter presents the investigation of the 

sulfidation of a WO3/Al2O3 catalyst precursor into WS2/Al2O3 as studied by means of 

X-ray diffraction (XRD), extended X-ray absorption fine structure spectroscopy 

(EXAFS) and Raman spectroscopy. 

 

7.2 Experimental 

 

7.2.1 Preparation of the oxidic catalyst 

 Ammonium metatungstate (Aldrich) and γ-Al2O3 (Condea, 226 m2/g, pore volume 

0.44 ml/g) were used as received. The γ-Al2O3 extrudates were crushed and the particles 

with diameters between 90 and 63 µm were used for the catalyst preparation. The 

catalyst was prepared by the pore volume impregnation method. Prior to impregnation 

the support had been dried at 120°C for 16 h. The concentration of the impregnation 

solution was adjusted so that the final catalyst contained 16.7 wt% WO3 (13.2 wt% W). 

After drying at 120°C for 16 h the catalyst was calcined at 400°C (10°C/min) for 2 h 

under static conditions. 
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7.2.2 Raman spectroscopy 

 For the sulfidation experiments 100 mg catalyst were pressed into a wafer, mounted 

in the cell and subsequently sulfided in a stream of 10% H2S/H2 (60 ml/min) at 100, 

200, 300 and 400°C (10°C/min) and kept at the respective temperature for 1 h. After 

cooling down to room temperature in the H2S/H2 gas mixture the cell was flushed with 

N2 for 10 min and the spectra measured. 

 Experimental details of the Raman measurements are given in Chapter 3. 

 

7.2.3 EXAFS spectroscopy 

 EXAFS data at the W LIII edge were collected at the Swiss Norwegian Beam Line 

(SNBL, BM1) at the European Synchrotron Radiation Facility (ESRF), Grenoble 

France. The electron energy was 6.0 GeV and the ring current was in the range between 

90 and 200 mA. A Si(111) crystal was used as a channel-cut monochromator and a gold 

mirror was employed to reject harmonics. 

 The catalyst was pressed into a self-supporting wafer and placed in the in situ 

EXAFS cell and flushed with He for 10 min. Three spectra of the oxidic catalyst were 

recorded at -196°C. Then the catalyst was sulfided at 200 and 400°C (5°C/min) and kept 

at this temperature for 1 h. The cell was cooled down to room temperature, flushed with 

He and cooled down to –196°C and three spectra were recorded. 

 The EXAFS data were analysed using the XDAP program (version 2.2.3). In brief, 

the data reduction procedure consisted of the following steps: spectra averaging, pre-

edge subtraction, background determination, and normalization. First, three scans were 

averaged and then the pre-edge background was approximated by a modified Victoreen 

curve and the background was subtracted using a cubic spline routine. Finally, the 

spectra were normalized by the edge jump. The k3-weighted EXAFS functions were 

Fourier transformed and fitted in R space. The interatomic distance (R), the coordination 

number (CN), the difference of the Debye-Waller factor from the reference (∆σ2) and 

the correction of the threshold energy (∆E°) were treated as free parameters during the 

fitting. The quality of the fit was estimated from the values of variance and goodness of 

the fit (εν2). The variance represents the residual between the observed and calculated 

spectrum in the fitted range. For the imaginary and real parts, the variance VIM and VRE 

were calculated in R space applying the same weight factor used for the fitting. The 

  



 126

εν2 value takes the number of free parameters into account and is used to determine 

whether the addition of new parameters makes sense. Therefore, εν2 has only a relative 

meaning and enables the comparison of the goodness of the fit in the same spectra and 

same k weighting with different parameters. The smaller εν2, the better the fit. 

 Reference spectra for W-S and W-W contributions were obtained from the measured 

spectra of (NH4)2WS4 and 2H-WS2, whereas calculations using the program FEFF7 and 

the measured spectrum of m-WO3 were both used as references for the W-O 

contribution. 

 For the quick EXAFS measurements the catalyst was pressed into a wafer and placed 

in an in situ EXAFS cell. After collecting three spectra of the samples in He atmosphere 

at room temperature, sulfidation was started. The sample was heated in a stream of 

H2S/H2 (60 ml/min) to 400°C (3°C/min) and kept at this temperature for 30 min. Each 

EXAFS scan took 6 min, which corresponds to a temperature interval of 18°C during 

the temperature ramp. Further experimental details of the quick EXAFS measurements 

are given in Chapter 5. 

 

7.2.4 XRD 

 XRD powder diffraction patterns were measured from 2θ = 5 to 60° with a Siemens 

D5000 diffractometer using CuKα radiation (λ = 1.5406 Å). 

 

7.3 Results 

 

7.3.1 EXAFS measurements 

 Figures 7.1 and 7.2 show the EXAFS data of the sulfidation intermediates of 

WO3/Al2O3. The results of the fitting of the oxidic catalyst and the sulfidation products 

at 200 and 400°C are given in Table 7.1. EXAFS distances in this chapter are phase 

corrected and can, therefore directly be compared with crystallographic data. The oxidic 

catalyst is characterized by two W-O contributions at 1.77 and 2.01 Å with coordination 

numbers close to two. In the Fourier transform of the k3-weighted EXAFS function a 

weak signal at 3.2 Å (not phase corrected) can be seen. This signal is assigned to a W-W 

distance. 

 Up to temperatures of 200°C the W-O contributions hardly change and can be fitted 

with a single W-O distance. Only a weak W-S contribution at 2.14 Å appears above 
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100°C that can clearly be seen in the fitted EXAFS data of the sulfidation product at 

200°C. Only above 350°C significant changes occur as indicated by the decrease in the 

W-O contribution and the appearance of another W-S shell at 2.42 Å. At 400°C the 

W-O contribution has almost disappeared and in addition to the W-S contributions at 

2.16 and 2.42 Å two W-W contributions at 2.71 and 3.14 Å can be seen, which are in 

good agreement with the respective W-S and W-W bond distances in macrocrystalline 

2H-WS2 [1]. 
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Figure 7.1  Fourier transform of the W LIII edge k3-weighted quick EXAFS spectrum of 
WO3/Al2O3 and its sulfidation intermediates (10% H2S/H2) at the indicated temperatures. 
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The incorporation of sulfur is reflected by the lower coordination number of tungsten 

with respect to oxygen. After sulfidation at 400°C a W-O contribution is still present 

indicating that the WO3 phase is not fully sulfided after 1 h at this temperature. 
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Figure 7.2  Fourier transform of the W LIII edge k3-weighted quick EXAFS spectrum of 
WO3/Al2O3 before (a) and after sulfidation (10% H2S/H2, 1 h) at 200°C (b) and 400°C (c). 
 

 
Table 7.1  Results of the k3-weighted curve fitting in R space of the EXAFS function of 
WO3/Al2O3 and after sulfidation (10% H2S/H2, 1 h) at 200 and 400°C. Additional information of 
the fitting is provided in the appendix. 

T [°C] Shell CN R [Å] 

- W-O 2.28 1.77 
 W-O 2.28 2.01 

200 W-O 4.10 1.93 
 W-S 1.06 2.14 

400 W-O 1.47 1.88 
 W-S 0.41 2.16 
 W-S 4.24 2.42 
 W-W 0.25 2.71 
 W-W 0.86 3.14 
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7.3.2 Raman measurements 

 Table 7.2 and Figure 7.3 show the Raman data of the oxidic catalyst and of the 

sulfidation products at different temperatures. The Raman spectrum of the oxidic 

catalyst is characterized by a band at 976 cm-1, which is due to a ν(W-O) vibration of a 

W=Ot structure [2, 3, 4]. No bands due to the presence of crystalline m-WO3 can be 

seen and the spectrum shows an increase of the baseline towards lower wavenumbers. 
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Figure 7.3  Raman spectra of WO3/Al2O3 (a), after exposure to H2S for 16 h (b) and after 
sulfidation (10% H2S/H2, 1 h) at 100°C (c), 200°C (d), 300°C (e) and 400°C (f). 
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Table 7.2  Raman data of WO3/Al2O3 and sulfidation intermediates (H2S/H2, 1 h) at the 
indicated temperatures. Values are given in cm-1. 

WO3/Al2O3 100°C 200°C 
976 (w) 988 (s)  996 (w) 

 517 (m) 525 (w) 

 475 (m) 475 (w) 

 

 After sulfidation at 100°C (Figure 7.3c) the band due to the ν(W-O) vibration at 

976 cm-1 has shifted to 988 cm-1 and two other bands appear at 517 and 475 cm-1. The 

bands at 517 and 475 cm-1 can only be due to sulfur incorporated into the WO3 phase. 

Because of the low sulfidation temperature the band at 517 cm-1 can be due to the 

ν(S-S) stretching vibration of S2
2- ligands in the terminal coordination mode [5, 6] or to 

ν(W-S) vibrations of WIV/V=St fragments as present in the [W3S9]2- complex anion 

(Structure 3.3). The band at 475 cm-1 is not very characteristic and can be either due to 

ν(W-S) vibration of W=St [7] or W-S-W structures [5, 6, 8, 9]. The Raman spectrum 

after sulfidation at 200°C shows a strong broad band at 525 cm-1 which is assigned to 

the ν(S-S) vibration of terminal S2
2- ligands because WIV/V=St fragments are typically 

not stable at such temperatures. Small amounts of bridging S2
2- ligands seem to be 

present as indicated by the shoulder at 556 cm-1 [10]. The presence of S2
2- ligands 

indicates that redox processes have taken place, most likely by oxidation of S2- ligands. 

The band at 475 cm-1 is still present and the band due to W=Ot appears with lower 

intensity and has shifted further to 996 cm-1. 

 The spectra obtained after sulfidation at 300 and 400°C show broad signals and 

W=Ot structures are not present anymore. 

 

7.3.3 XRD measurements 

 The powder diffraction pattern of the WO3/Al2O3 precursor only showed the 

reflections of the γ-Al2O3 support, which suggests that WO3 is present as an amorphous, 

i.e. highly dispersed, phase on the support surface. 

 

7.4 Discussion 

 The results of the EXAFS, Raman and XRD data can be summarized as follows: 

1. WO3 is present as an amorphous highly dispersed phase on the support.  
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2. Raman shows the presence of W=Ot structures in the WO3/Al2O3 precursor. 

3. The WO3/Al2O3 precursor has a short W-W distance (3.2 Å). 

4. The Raman spectrum after sulfidation at 200°C shows the presence of S2
2- 

ligands. 

5. EXAFS shows the presence of WS2 at sulfidation temperatures above 350°C and 

a short W-W distance (2.71 Å) after sulfidation at 400°C. 

 

 The EXAFS coordination number of tungsten in the oxidic state (CN = 4.5) implies 

tetrahedral coordination. However, the large error in coordination number as determined 

by EXAFS does not justify such an assignment. Horsley et al. showed that tungsten in a 

WO3/Al2O3 catalyst precursor with a loading below 1/3 of a monolayer coverage is 

mainly present in tetrahedral coordination, whereas close to or above monolayer 

coverage tungsten occurs mainly in octahedral coordination [2]. Salvati et al. 

determined by XPS for γ-Al2O3 with a surface area of 190 m2/g monolayer coverage 

would be reached at 24-30 wt% of WO3 [3]. Accordingly, for the support used in this 

study (226 m2/g) a loading of 28.5-35 wt% of WO3 would be required to reach 

monolayer coverage. A loading of 16.7 wt%, therefore corresponds to 0.5-0.6 

monolayer coverage. For this reason it is assumed that in the present case tungsten is 

mainly present in octahedral coordination. This is supported by the weak EXAFS signal 

at 3.2 Å, which can only be explained by a WO3 phase consisting of 〈WO6〉 octahedra. 

Similar W-W distances are found in the paratungstate and metatungstate anions, which 

both consist of corner- and edge-sharing octahedra (Table 7.3). The short distance 

suggests that the WO3 phase contains edge-sharing octahedra, since the W-W distances 

in m-WO3 and WO3·H2O, which only consist of corner-sharing octahedra, do have 

significantly longer W-W distances. 

 

Table 7.3  W-W distances of different tungsten compounds. Me = CH3. 
Compound d(W-W) [Å] Reference 

(Me4N)6[H2W12O40]·9H2O 3.31-3.35 [11] 

(NH4)10[H2W12O42]·10H2O 3.25-3.49 [12] 

m-WO3 3.70-3.86 [13] 

WO3·H2O 3.72 [14] 
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Raman spectroscopy does not unequivocally answer the question whether the WO3 

phase is present with octahedral or tetrahedral coordination since the position of the 

ν(W-O) vibration is very sensitive to distortions in both coordination modes [2]. 

 The shift of the ν(W-O) vibration from 976 to 998 cm-1, is attributed to removal of 

H2O coordinated to W in the WO3 phase (Chapter 1) [4, 15, 16]. The adsorption of 

water is a typical behaviour of tungsten catalysts kept under ambient conditions. It is 

therefore reasonable to assume that the 16.7 wt% catalyst also contains adsorbed water. 

The increasing baseline to lower wavenumbers in the Raman spectrum of the oxidic 

catalyst precursor can be explained by fluorescence. This is supported by the absence of 

the increasing baseline in the Raman spectrum of the sulfidation product at 100°C, 

because during heating to 100°C the adsorbed water evaporates. 

 The Raman spectrum of the sulfidation product at 100°C clearly shows the presence 

of sulfur in the WO3 phase. The band at 517 cm-1 is either due to WIV/V=St or W-(S2) 

structural fragments. The assignment can be made when the W-S distances for both 

structure types are taken into consideration. Bond distances of WIV/V=St structural 

fragments are typical between 2.00 and 2.15 Å whereas those for W-(S2) fragments are 

around 2.35 Å (Table 7.4). The EXAFS data of the sulfidation product at 200°C shows 

a W-S distance at 2.14 Å, which is also present in the quick EXAFS data at 100°C and 

higher. Therefore the Raman band at 517 cm-1 is mainly due to ν(W-S) vibration of 

these WIV/V=St structural fragments. 

 

Table  7.4: Average W-S and W-W distances (in Å) as found in different tungsten compounds. 
Compound d(W-S2) d(W-Sb) d(WIV/V-St) d(W-W) Reference 

(PPh4)2[W2S11] 2.391 2.461 2.070 3.494 [9] 

(PPh4)2[W4S12] - 2.483 2.070 3.027 [17] 

(PPh4)2[W3S10] 2.346 2.327 2.114 2.977 [18] 

 

 The question is how sulfur is incorporated into the WO3 phase. For m-WO3 and 

WO3·H2O we could show that the first step is reduction of the oxide by H2S, which goes 

along with the incorporation of protons to form a tungsten bronze. The W-OH structural 

fragments in these bronzes are the sites where the oxygen-sulfur exchange reactions 

take place. 
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 To test if the WO3 phase can be reduced in a similar way to form a bronze the 

catalyst was exposed to H2S at room temperature for 16 h. During this time the white 

colour of the catalyst changed to yellow and orange as was also observed during 

sulfidation at 100°C. The Raman spectrum (Figure 7.3b) is very similar to that of the 

sulfidation product at 100°C. This shows that already at room temperature a reaction 

occurs between the amorphous WO3 phase and H2S. In contrast to the crystalline oxides 

the typical blue colour due to presence of WV centres in the tungsten bronze is absent 

and sulfur is already incorporated at room temperature. The absence of WV might 

indicate that in case of the supported WO3 phase sulfur oxygen exchange processes 

occur directly by reaction of W=Ot with H2S without prior reduction from WVI to WV to 

form more reactive W-OH bonds. Such a mechanism implies that the W=Ot bonds of 

the WO3 phase are more reactive than those of m-WO3 and WO3·H2O, otherwise we 

should have observed this reaction for both crystalline oxides as well. However, 

reduction studies of tungsten catalysts, calcined at 500-550°C and with loadings less 

than one monolayer, have shown that the WO3 phase is much more difficult to reduce 

than bulk m-WO3, suggesting that the W=Ot bonds of the WO3 phase are less reactive 

than those of m-WO3. This has been attributed to an interaction of the WO3 phase with 

the γ-Al2O3 support [3, 19, 20]. Despite the lower calcination temperature of 400°C 

used in the preparation of our catalyst it is reasonable to assume that there is also a 

support interaction, which makes the W=Ot bonds in the WO3 phase less reactive as 

those of the crystalline oxides. A direct exchange of oxygen for sulfur without prior 

reduction to activate the W=Ot bonds seems therefore unlikely. 

 Another explanation is to assume the formation of a bronze, i.e. a structure where 

WVI has been reduced to WV together with the incorporation of protons. To see whether 

such a reduction would be feasible we have to consider the structural requirements for 

such a reduction. For that purpose we make use of what is known from isopoly 

[MmOx]p- and heteropoly [XxMmOy]q- (x ≤ m) oxometallate chemistry. M is usually Mo 

or W in the highest oxidation state (d0) and X can be e.g. P or Si. The structures are 

mainly based on corner- and edge-sharing 〈WO6〉 octahedra. The metal atoms in these 

polyanions can be partially reduced to give the intensely coloured compounds also 

known under the general term “heteropoly blues”. However, Pope suggested structural 

limitations regarding the reducibility of both hetero and isopolyanions by drawing 

attention to the analogy of the 〈WO6〉 octahedra in the polyanions and the mononuclear 
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MOL5 and MO2L4 oxo complexes [21]. Two kinds of metal displacements are observed 

in polyanions: type I, towards one always terminal oxygen atom, and type II, towards 

two, usually terminal oxygen atoms in cis configuration (Figure 7.4). 
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Figure 7.4  Type I and type II metal displacements observed in polyanions. 
 

In case of type I MO6 octahedra and MOL5 complexes the metal centre can be reduced 

to have d0, d1 or d2 electron configurations. However in case of type II MO6 octahedra 

and cis-MO2L4 complexes only the d0 electron configuration is stable. This is explained 

on basis of the MO diagrams of the MOL5 and MO2L4 complexes. In case of MOL5 

complexes the electron will enter a nonbonding orbital, which causes only small 

structural changes, whereas in MO2L4 complexes the electron enters an anti-bonding 

orbital, which results in pronounced structural changes. This explains why cis-MO2L4 

complexes with other than d0 metal ions do not exist and that only type I polyanions can 

be reduced to form heteropoly blues. This is illustrated by heteropoly blue formation 

observed for [H2W12O40]6- and [W10O32]4- (type I) but not for [W7O24]6-, which has two 

terminal W=Ot groups per W centre (type II) as shown in Figure 7.5. 

 

 
Figure 7.5  Structure of the [W7O24]6- anion with two W=Ot groups indicated by arrows. 
 

It is interesting to note that m-WO3 and WO3·H2O, which can be reduced by H2S to 

form a bronze, also have such type I displacements. This suggests that in order to be 

able to reduce the WO3 phase it should contain type I W=Ot groups. The band at 

  



 135

976 cm-1 in the Raman spectrum of the WO3 phase has been assigned to this mono oxo 

ligand [16, 22]. Ouafi et al. proposed the WO3 phase on the catalyst, in the absence of 

water, to consist of WO5 units with one W=Ot group [16]. The WO5 units are linked to 

tungsten (W-O-W) or aluminium (W-O-Al) by the four remaining O2- ligands. In the 

presence of water a H2O molecule will coordinate to tungsten leading to a distorted 

WO5(H2O) octahedral surrounding as also found in WO3·H2O. Since tungsten is present 

in octahedral coordination in the WO3 phase (vide supra) and the stretching vibration of 

the mono oxo W=Ot group is observed we propose that the WO3 phase is reduced to 

form a HxWO3 bronze on the Al2O3 support. 

 The question is then why the blue colour is not observed during the sulfidation 

reaction and why sulfur is already incorporated at room temperature. This could be 

explained in two ways. Firstly, the HxWO3 bronze on the γ-Al2O3 support is not able to 

form a stable structure with the reduced WV centres and the incorporated protons. In 

contrast to the crystalline oxides the WO3 phase lacks the ordered oxide lattice, which is 

necessary for stabilization of the bronze. This lower stability leads to a higher reactivity 

of the bronze, which can explain the incorporation of sulfur at room temperature. 

Secondly one should also consider that the WO3 phase is present on a high surface area 

support. The reaction rate for solid-gas reactions depends on the surface area of the 

solid reactant. This was observed in the sulfidation reaction of m-WO3 and WO3·H2O. 

In case of WO3·H2O the incorporation of sulfur into the oxide lattice proceeded faster 

than in case of m-WO3 and was explained by the higher surface area of the WO3·H2O 

crystallites. Since the WO3 phase is dispersed on a high surface area support, reactions 

are expected to occur faster than in case of the bulk oxides. This higher reaction rate 

would then explain the incorporation of sulfur already at room temperature. 

 Therefore, in analogy with the crystalline oxides the first step is reduction of the 

WO3 phase by H2S to form an HxWO3 bronze. This bronze, however, is not stable and 

reacts immediately further by sulfur-oxygen exchange reactions to give W=St units. The 

immediate incorporation of sulfur explains why the blue colour is not observed. 

 After the W=St groups have been formed redox processes start to occur which is 

shown in the Raman spectrum after sulfidation at 200°C by the presence of terminal and 

small amounts of bridging S2
2- ligands. These S2

2- groups have been formed by 

oxidation of S2- ligands (reactions 5-6 and 5-7). The presence of only small amounts of 

bridging S2
2- ligands as indicated by the weak Raman feature at 556 cm-1 can be 
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explained by the instability of the S2
2- groups under the reductive reaction conditions 

(reaction 5-9). For crystalline molybdenum oxide it was shown that these Mo-(S2)-Mo 

structures react with H2 to form Mo-S-Mo structures (reaction 5-8) [23, 24]. 

It is interesting how the Raman spectrum at 200°C (Figure 7.3d) resembles that of 

WOS2 (Figure 3.5d, p. 47), which shows that the oxysulfide phase formed during the 

sulfidation reaction of the WO3 phase has similar structural features as WOS2. 

 For both crystalline oxides a shear oxysulfide, which forms by decomposition of the 

initially formed bronze, was identified. Because of the high reactivity of the formed 

HxWO3 bronze on the γ-Al2O3 support at room temperature such a transformation at 

higher temperatures to a shear oxysulfide is unlikely. This does not rule out the presence 

of edge-sharing octahedra, because these are most likely already present in the oxidic 

catalyst precursor (vide supra). 

 The formation of a WS3-type phase in case of the sulfidation reaction of m-WO3 and 

WO3·H2O was ruled out (Chapters 5 and 6). However, because of the structural 

differences between the bulk oxides and that of the amorphous WO3 phase on a support 

the formation of such an intermediate could be possible as has been claimed earlier 

[25, 26]. In Chapter 4 we discussed the structural features of the compound WS3. 
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Figure 7.6  Raman spectra of the sulfidation product of WO3/Al2O3 at 300°C (a), amorphous 
WS3 (b), the sulfidation product of WO3/Al2O3 at 400°C (c), poorly crystalline WS2 as obtained 
by thermal decomposition of (NH4)2WS4 (d) and macrocrystalline 2H-WS2 (e). 
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Figure 7.6 compares the Raman spectra of WS3 (Figure 7.6b) and the sulfidation 

product at 300°C (Figure 7.6a). Both spectra are similar which points to certain 

structural similarities. The bands in the Raman spectra of amorphous WS3 and the 

sulfidation intermediate are due to the rather unspecific ν(S-S) and ν(W-S) vibrations, 

which do not allow an unequivocal structural characterization. However, in view of the 

results of m-WO3 and WO3·H2O, the formation of such an intermediate seems to be 

unlikely. 

 After sulfidation at 400°C the EXAFS data indicate the presence of a W-W distance 

at 2.71 Å. Such a short W-W distance points to metal-metal interactions due to 

reduction of the tungsten centres. For this reason, such a distance is found in amorphous 

WS3 [27, 28, 29] and compounds containing the [W3Sx]4+ (x = 4 or 7) triangular unit. In 

Chapter 4 we assigned this distance in WS3, to the W-W distances of such {W3Sx} 

triangular units. It can, however, also be due to W-W distances as found in WV···WV 

dimers. The spin-spin pairing of the single 5d electron on each WV centre would lead to 

the observed short W-W distance. Two examples of such compounds are 

Ba[W2(O)2(µ-O)(µ-S)(µ-edta)] (structure 7.1) and [W2(µ-S)2(Et2NCS2)2(CH3O)4] 

(structure 7.2). The W-W distances of both compounds are given in Table 7.5. 
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Table 7.5  W-W distances in dinuclear tungsten compounds with WV···WV spin-spin pairing. 
Values are given in Å. edta = ethylene diamine tetra acetate, Et = C2H5. 
Compound d(W-W) Reference 

Ba[W2(O)2(µ-O)(µ-S)(µ-edta)] 2.654 [30] 

[W2(µ-S)2(Et2NCS2)2(CH3O)4] 2.791 [31] 

 

The short W-W distances observed for both compounds suggest that other structural 

fragments, which form during the sulfidation reaction, might be responsible for the 

observed short W-W distance at 2.71 Å. Amorphous WS3 is not stable at 400°C, as was 

shown in Chapter 4, and it is therefore unlikely that the short W-W distance is due to the 
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presence of WS3. However, the formation of a WS3-type of intermediate at lower 

temperatures cannot be ruled out completely. 

The final step in the sulfidation reaction is the formation of WS2 as indicated by the 

EXAFS distances at 2.41 (W-S) and 3.14 Å (W-W) in Table 7.1. The WS2 phase 

formed after sulfidation at 400°C is microcrystalline as can be seen by comparing the 

Raman spectrum (Figure 7.6c) with that of poorly crystalline WS2 (Figure 7.6d) 

prepared by the thermal decomposition of (NH4)2WS4. For the sake of completeness the 

Raman spectrum of macrocrystalline 2H-WS2 is shown in Figure 7.6e. 

 

7.5 Conclusions 

 The structure of the WO3 phase of the WO3/Al2O3 catalyst is mainly composed of 

〈WO6〉 octahedra. The first step in the sulfidation reaction of this precursor is a 

reduction by H2S to form a tungsten bronze HxWO3 on the γ-Al2O3 support as a 

transient phase, which reacts quickly further by sulfur-oxygen exchange reactions 

(reactions 5.3 to 5.5 (p. 99-100)). The immediate incorporation of sulfur explains why 

the typical blue colour of WV in the bronze is not observed. At higher temperatures the 

formed W=St entities undergo redox processes to form S2
2- ligands. This leads to an 

oxysulfide phase, which has similar structural features as WOS2. The formation of a 

shear oxysulfide-type phase at higher temperatures is in view of the reactivity of the 

proposed bronze unlikely. The formation of a WS3-type intermediate is unlikely but 

cannot be ruled out completely. The final step is the formation of a poorly crystalline 

WS2 phase. 
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8.1 Summary 

 The aim of this thesis was to provide a mechanistic description of the sulfidation 

reaction of tungsten-based hydrotreating catalysts. These catalysts are prepared by 

sulfidation of an oxidic catalyst precursor in H2S/H2 at temperatures between 350 and 

400°C and high pressures. The oxidic catalyst precursor is prepared by impregnation of 

high surface area supports such as γ-Al2O3 with aqueous solutions of ammonium 

metatungstate or paratungstate, followed by calcination at temperatures between 500 

and 550°C. After this calcination step the tungsten oxide is present as a highly dispersed 

amorphous WO3 phase on the support. 

 The amorphous character of the WO3 phase makes it difficult to identify elementary 

reaction steps of the sulfidation reaction. In order to find a mechanistic description in 

terms of basic surface and bulk reactions, we used the following chemical model 

approach. 

 

(1) The crystalline tungsten oxides m-WO3 and WO3·H2O were used as solid-state 

models for the amorphous WO3 phase. In this way basic steps in the sulfidation 

reactions of m-WO3 and WO3·H2O can be resolved and explained in terms of the 

structures of the oxides. Both WO3 and WO3·H2O oxides are good models 

because of the several important similarities with the amorphous WO3 phase of 

the oxidic precursor. In the case of catalysts with high metal loading tungsten is 

mainly present in an octahedral coordination like in the case of both crystalline 

oxides. Furthermore the oxides and the amorphous WO3 phase contain tungsten in 

a formal oxidation state of 6+ and both form WS2 as the final sulfidation product. 

It is therefore reasonable to assume, that in spite of the structural differences, the 

chemistry of the sulfidation process has similarities. 

(2) The WOS2 and WS3 phases were used as models of intermediates that may be 

encountered in the sulfidation reaction. 

Since during sulfidation oxygen is replaced by sulfur at some stage of the reaction 

a WOxSy phase forms. These oxysulfide intermediates are amorphous and in order 

to learn more about their structural properties we studied the model oxysulfide 

WOS2, which was prepared by decomposition of the complex (NH4)2WO2S2. 

If the oxygen of the WO3 phase is stoichiometrically replaced by sulfur a {WS3} 

phase would form. Removal of sulfur from this phase would then lead to the final 
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product WS2. To see if such an intermediate forms we studied WS3, as prepared 

by thermal decomposition of the (NH4)2WS4 complex and three other ways, the 

acidification of an aqueous (NH4)2WS4 solution, reaction of WCl6 with 

hexamethyldisilathiane in dichloromethane and by reacting (NH4)2WS4 with I2. 

The structural properties of amorphous WS3 were used to find out if an 

intermediate with similar stoichiometry forms during the sulfidation reaction of 

the crystalline oxides. 

(3) An amorphous WO3 phase supported on γ-Al2O3 was used as a model for the 

industrial hydrotreating catalyst. 

 

The following techniques were used: temperature-programmed sulfidation (TPS), 

thermogravimetrical analysis and single differential thermal analysis (TGA-SDTA), 

X-ray diffraction (XRD), infrared transmission (IR) and emission spectroscopy (IRES), 

Raman spectroscopy, ultraviolet-visible spectroscopy (UV-VIS), X-ray photoelectron 

spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), 

as well as chemical extrusion and trapping experiments. 

 We could show that the model oxysulfide WOS2 contains W-O-W and W-S-W 

structures. The most remarkable and important characteristic of the amorphous WOS2, 

however, is that it contains oxygen in terminal positions W=Ot. Furthermore WOS2 

contains S2
2- ligands in terminal and bridging coordination types. These S2

2- ligands 

have been formed by oxidation of the S2- ligands in the WO2S2
2- anion. The observation 

of these groups is in line with the observed tungsten centres with a formal oxidation 

state lower than 6+. Since amorphous WOS2 was formed by a simple thermal 

decomposition without applying special reaction conditions, we infer that the presence 

of oxygen and sulfur in the states and coordination modes mentioned above is a 

common structural property of tungsten oxysulfides. 

 We could show that amorphous WS3 obtained by the thermal decomposition of 

(NH4)2WS4 contains S2
2- ligands mainly in the terminal coordination mode and 

triangular {W3Sx} building blocks. The results are very similar for WS3 prepared by 

three other methods, i.e. the acidification of an aqueous (NH4)2WS4 solution and the 

reaction of WCl6 with hexamethyldisilathiane. A new method to synthesize WS3, 

consists in the oxidation of (NH4)2WS4 with I2 in methanol. The isolation of 

[WIV
3S4(H2O)9]4+ and WVIS4

2- upon extrusion with HCl (aq) and KCN (aq) shows that 
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WS3 is a WVI-WIV mixed valence compound. The aggregation process to form 

amorphous WS3 is due to redox processes, which are initiated by either protonation or 

oxidation of a sulfide ligand S2- in (NH4)2WS4. In the case of the oxidation reaction of 

(NH4)2WS4 with I2 this could be shown by the isolation of the mononuclear complex 

(phen)W(O)(S2)2. These redox processes lead to triangular {W3Sx} building blocks, in 

which some of the tungsten centres are terminated by S2
2- ligands. Two local structural 

models of amorphous WS3 are proposed in which two tungsten centres within two 

triangular building blocks are connected to each other by either two S2- ligands or by a 

{WS5} fragment, the latter leading to a {W3S9}-type local structure. 

 We could show that the initial step in the sulfidation reaction of m-WO3 is a 

reduction by H2S to form the hydrogen tungsten bronze H0.23WO3. This reduction of 

tungsten centres and the incorporation of protons lead to W-OH bonds, so that sulfur-

oxygen exchange and W-S redox processes can occur. At higher temperatures these 

reactions take place in a more pronounced way on the surface of the particles, and the 

bulk structure changes from H0.23WO3 to that of the shear oxide W20O58, leading to a 

shear oxysulfide. Further incorporation of sulfur leads to oxysulfide intermediates with 

higher S:W ratios, which no longer have a shear oxysulfide structure anymore. This 

oxysulfide contains oxygen in terminal and bridging coordination types and sulfur as S2- 

and S2
2- as could be shown by the structural similarities with that of WOS2 model 

oxysulfide. While S2- is mainly present in W-S-W structures, S2
2- ligands predominantly 

occur in the terminal coordination mode. A WS3-type of intermediate was not observed 

during the sulfidation reaction. Therefore the final step consists of the removal of 

oxygen from the oxysulfide and the final adjustment of the W:S ratio to form WS2. 

 The sulfidation reaction of WO3·H2O proceeds similarly as that of m-WO3. The first 

intermediate is a tungsten bronze with the form HxWO3·H2O (x ≈ 0.1). At higher 

temperatures oxygen-sulfur exchange reactions and W-S redox processes take place on 

the surface, while the bronze dehydrates and a new bulk structure with the formal 

composition HyWO3 (0.1 << y < 0.60) forms. The further incorporation of sulfur and the 

change in bulk structure to that of the shear oxide W25O73 leads to a shear oxysulfide. 

W-S redox processes and further sulfur incorporation lead to an oxysulfide, which 

slowly reacts to WS2. Also in this case a {WS3} intermediate could not be observed. 

 We could show that the structure of the WO3 phase on the WO3/Al2O3 catalyst is 

mainly composed of 〈WO6〉 octahedra. The first step in the sulfidation reaction of the 
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WO3 phase is a reduction by H2S to form a tungsten bronze HxWO3 on the γ-Al2O3 

support as a transient phase, which reacts quickly further by sulfur-oxygen exchange 

reactions to form W=St groups. The immediate incorporation of sulfur explains why the 

typical blue colour of WV in the bronze is not observed. At higher temperatures the 

formed W=St entities undergo redox processes to form S2
2- ligands mainly in terminal 

coordination mode. This leads to an intermediate, which has similar structural features 

as that of the model oxysulfide WOS2. The formation of a shear oxysulfide-type phase 

at higher temperatures is in view of the instability of the proposed bronze unlikely. A 

sulfidation intermediate with structural features similar to that of amorphous WS3 is in 

view of the results of the crystalline oxides unlikely but cannot be ruled out. The final 

step in the sulfidation reaction of the WO3 phase is the formation of a poorly crystalline 

WS2 phase. 

 

8.2 Conclusions 

 By applying the chemical model approach we were able to obtain a better 

understanding of the mechanism of the sulfidation reaction of WO3 phases supported on 

γ-Al2O3. By studying the sulfidation reaction of the crystalline m-WO3 and WO3·H2O 

tungsten oxides we were able to identify elementary reactions steps and give a 

mechanistic description in terms of basic surface and bulk reactions. The general 

sequence found for the sulfidation reaction of both crystalline oxides is as follows: 

 

oxide   →   bronze   →   shear oxysulfide   →   oxysulfide   →   sulfide 

 

Experimental data and theoretical considerations suggest that the sulfidation reaction of 

the model WO3/Al2O3 oxidic catalyst precursor proceeds in a similar way. 

 Therefore this thesis provides the chemical basis for the understanding of the 

sulfidation behaviour of industrially tungsten-based hydrotreating catalysts and can be 

used as a starting point for future work in tungsten catalysts research. 
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A-1  WO3/Al2O3 

 

Table A-1   Results of the k3-weighted curve fitting in R space of WO3/Al2O3. 
Shell CN R 

[Å] 
∆σ2 ×10-4 

[Å]2 
∆E° 
[eV] 

εν2 VIM VRE ∆k [Å]-1 ∆R [Å] 

W-O 2.28 1.77 -25 -6.9 

W-O 2.28 2.01 -15 -12 
0.120 0.97 0.52 3.4-15.1 0.5-2.0 
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Figure A-1.1  Experimental (—) and Fourier-filtered (····) χ(k) EXAFS function. 
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Figure A-1.2  Fourier transform of the filtered experimental data (—) and fitted data (+++). 
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A-2  WO3/Al2O3 sulfided (10% H2S/H2, 1 h) at 200°C 
 

Table A-2   Results of the k3-weighted curve fitting in R space. 
Shell CN R 

[Å] 
∆σ2 ×10-4 

[Å]2 
∆E° 
[eV] 

εν2 VIM VRE ∆k [Å]-1 ∆R [Å] 

W-O 4.10 1.93 14 1.5 

W-S 1.06 2.14 50 1.3 
0.021 0.60 0.30 3.7-15.3 0-2.1 
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Figure A-2.1  Experimental (—) and Fourier-filtered (····) χ(k) EXAFS function. 
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Figure A-2.2  Fourier transform of the filtered experimental data (—) and fitted data (+++). 
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A-3  WO3/Al2O3 sulfided (10% H2S/H2, 1 h) at 400°C 

 
Table A-3  Results of the k3-weighted curve fitting in R space. 
Shell CN R 

[Å] 
∆σ2 ×10-4 

[Å]2 
∆E° 
[eV] 

εν2 VIM VRE ∆k [Å]-1 ∆R [Å] 

W-O 1.47 1.88 -0.6 21 

W-S 0.41 2.16 -4.6 -17 

W-S 4.24 2.42 93 -4.0 

W-W 0.25 2.71 -1.1 21 

W-W 0.86 3.14 19 5.4 

0.012 0.41 0.24 3.9-17.5 0.9-3.3 
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Figure A-3.1  Experimental (—) and Fourier-filtered (····) χ(k) EXAFS function. 
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Figure A-3.2  Fourier transform of the filtered experimental data (—) and fitted data (+++). 
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