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Abstract 

Meso- and macroporous tungsten disulfide (WS2) and tungsten nitride (W2N) powders were 

successfully synthesized by reduction of [WO3/colloidal silica] composites under hydrogen sulfide and 

ammonia gases respectively. The colloidal silica, marketed as Ludox


, was used as a hard template 

and its removal from the composite led to a porosity release. The products were characterized by X-

ray diffraction, nitrogen adsorption, mercury porosimetry and electron microscopy. Well-crystallized 

samples with specific surfaces areas close to ~ 40 m
2
.g

-1
 were thus synthesized. The present approach 

might be easily extended to the synthesis of other nitrides and sulfides materials. 

 

Keywords: Tungsten disulfide; Tungsten nitride; Surface properties; Colloidal silica; Hard-Template.    
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1. Introduction 

Transition metal-based materials exhibit vast and interesting physico-chemical properties (mechanical, 

electrical, optical, electrochemical, magnetic) covering a large number of proved or suggested 

applications in diverse domains [1]. Among these compounds, the tungsten-based materials have 

attracted much attention nowadays in particular when tungsten atoms are associated to non-metallic 

species such as the pnictogenides (group 15) or the chalcogenides (group 16) of the periodic table of 

the elements. Among these compounds, the most known and investigated ones are tungsten nitride and 

tungsten disulfide noted W2N and WS2, respectively. These compounds have common unique 

properties as for instance a chemical inertia toward alkali and acid environments, a high thermal 

stability (high melting and boiling points) and interesting electronic properties (semi-conductor for 

WS2 and conductor for W2N) [2]. The tungsten nitride offers a high strength and hardness whereas the 

tungsten disulfide shows lubricating properties related to its layered structure [2, 3]. Their competitive 

electrical and ionic conductivities compared to some current electrode materials make them serious 

candidates for the development of advanced energy storage systems and fuel cells [4-6]. It has also 

been mentioned that these two tungsten-based inorganic materials would be attractive solutions in 

catalysis, in substitution of noble metal catalysts (e.g. Pt), for instance in hydrogenation and 

dehydrogenation reactions, hydrodesulphurization of crude oil and NO dissociation [7-9]. The 

performance of the materials used or considered for such applications are greatly dependant of well-

specific criteria such as morphology (0 – 3D), nanostructuring and surface properties. From these 

considerations, authors have conducted works for attempting to reach the synthesis of nanostructured 

tungsten nitride and tungsten disulfide developing specific design such as high specific surfaces areas 

with controlled porosities for optimized performances toward the above-mentioned applications.   

From the literature, syntheses of W2N and WS2 materials were early focussed on thin films 

preparation. For that, authors implemented different methods such as chemical vapour deposition 

(CVD) [10, 11] for both tungsten-based materials, atomic layer deposition (ALD) and plasma-

enhanced chemical vapour deposition (PECVD) for the tungsten nitride films [10] and laser ablation 

for the tungsten disulfide preparation [12]. Regarding bulk W2N and WS2, two approaches were 

developed in the literature based (or not) on the use of a template.  The absence of a template, oxide-
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to-nitride (nitridation) and oxide-to-sulfide (sulfidation) processes can be operated from nitrogen- and 

sulphur-containing reagents (e.g.: carbamide ((NH2)2CO), thiocarbamide ((NH2)2CS) and pure 

sulphur) mixed with various tungsten precursors (WO3, WO2.72, H2WO4, WCl4, (NH4)6W7O24.4H2O) to 

produce nanostructured W2N [13] and WS2 [14-17] materials, respectively. Others authors substituted 

solid reactants containing nitrogen and sulfur by gaseous reagents such as ammonia (NH3) and 

hydrogen sulfide (H2S), respectively, for an enhancement of the interfacial reactivity between the 

components [18-24]. With the use of a hard-template that is supposed to control the size and shape of 

the porosity, the fabrication of tailored tungsten-based inorganic compounds were performed by 

means of silica mesoporous templates (SBA-15, KIT-6), as nanostructurated host materials, infiltrated 

by diverse tungsten precursors such as phosphotungstic acid (PTA, H3PW12O40.xH2O) and ammonium 

metatungstate (AMT, (NH4)6(H2W12O40).xH2O) and then exposed to H2S and NH3 gaseous 

environments for the preparation of 3D-mesoporous WS2 [6, 25] and W2N [26] materials (after 

template removal), respectively. As expected, this last approach leads to the fabrication of promising 

highly ordered mesoporous tungsten nitride and suphide materials, with among the highest specific 

surfaces areas and best controlled pore sizes ever reported. Nevertheless, this multi-steps synthesis 

(silica template synthesis, impregnation/calcination stages with the metal precursor repeated at least 

twice, template leaching…) is time-consuming (> week) and generally yields to limited amount of 

materials. To limit these drawbacks, cheap and marketed silica hard template obtained from an 

evaporated colloidal silica solution is an alternative route for synthesizing tailored ceramics as recently 

demonstrated in the literature [27-30].       

Here we describe a simple method for synthesizing significant surface areas W2N and WS2 materials 

involving the use of hydrated phosphotungstic acid and commercial colloidal silica (amorphous SiO2 

beads) as tungsten and template sources, respectively. The as-synthesized tungsten nitride and 

disulfide ceramics were characterized with conventional laboratory techniques. 

 

2. Experimental section 

Phosphotungstic acid hydrate (H3PW12O40.xH2O, CAS 12501-23-4, reagent grade) and the Ludox
®
 

TM40 colloidal silica (40 wt. % suspension in H2O, CAS 7631-86-9) were purchased from Sigma 
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Aldrich. Ammonia (NH3) and hydrogen sulfide (H2S) gases were obtained from Air Liquid France. 

Hydrofluoric acid (40% in H2O, CAS 7664-39-3) was purchased from Fischer Scientific. All 

chemicals were used as-received without any further purification.  

Synthesis of the [WO3/SiO2] composite 

The synthesis of the [WO3/SiO2] composite was achieved as follows: H3PW12O40.xH2O (x ~ 24) was 

dissolved in aqueous dispersions of 22nm-silica particles (Ludox


TM40) with a [silica 

spheres/hydrate phosphotungstic acid] weight ratio of about 2/3. The weight ratio was fixed as 

function of the results discussed in [28]. The mixture was stirred for 1h, dried in an oven at 80°C 

(Heraeus, VT6025 model, Germany) to evaporate the solvent and then calcined in air at 600°C 

(2°C.min
-1

 – 2h) (Nabertherm GmbH, LT9/12/P320 model, Germany).  

Synthesis of the tungsten nitride and suphide ceramics  

The composites were heat-treated at 750°C (3h) (Carbolite Gero, GHA 12/300 model, United 

Kingdom) while exposed to a flow of H2S or NH3 gas depending of the nature of the desired ceramic; 

i.e the tungsten disulfide (WS2) or the tungsten nitride (W2N), respectively. The gas flow was fixed at 

a rate of 1.2 L.h
-1

. The resulting [WS2/SiO2] and [W2N/SiO2] composites were then treated with a 10% 

hydrofluoric acid solution to remove the silica spheres. The powders were recovered by centrifugation, 

washed several times with distilled water and acetone and finally placed in an oven at 80°C for 3h 

hours (Heraeus, VT6025 model, Germany). The grey-black tungsten-based products were denoted 

WS2 or W2N.  

Sulfidation and nitridation were also performed in the same experimental conditions on nanostructured 

WO3 material (after silica template removal) in order to assess the need of maintaining or not the hard 

template during the reduction processes. These data are reported in the supporting information part. 

Characterizations techniques 

The X-Ray powder Diffraction (XRD) was conducted on a D8 Advance diffractometer (Bruker, 

Germany) using a Cu K radiation (=1.54056 Å) with a Lynxeye detector and operating at 40 kV – 

40 mA. X-ray diffraction patterns were recorded between 2 = 10-80° with a step size of 0.02° and a 

step time of 0.1 sec. Nitrogen adsorption isotherms were performed at -196°C by means of an 
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Accelerated Surface Area and Porosimetry system (ASAP 2020, Micromeritics, USA). Prior to the 

analyses, the samples were outgassed at 150°C under vacuum for 10 h. The specific surface areas 

(SBET) were calculated according to the Brunauer-Emmett-Teller (BET) method within the 0.05–0.25 

relative pressure range. The error on the measurement including the weighting mass is more or less 

2%. The pore size distributions were obtained by following the Barret-Joyner-Halenda (BJH) 

approach applied to the desorption branches. To determine the macroporosity of samples the mercury 

intrusion porosimetry technique (Autopore IV, Micromeritics, USA) was selected. It is based on the 

progressive mercury intrusion into the material pores under controlled pressure. The morphologies and 

structures of the tungsten-based ceramics were investigated from a scanning and transmission electron 

microscopes such as the Nova NanoSEM 450 and the ARM-200F of the FEI (USA) and JEOL (Japan) 

companies, respectively.  

  

3. Results and Discussion 

3.1. Characterizations of the [SiO2/WO3] composite. 

The [SiO2/WO3] composite prepared following the experimental conditions as-above described was 

analysed by using the nitrogen adsorption technique and the X-ray powder diffraction (Figure 1). The 

composite exhibits a type IV isotherm characteristic of the presence of mesopores. Owing to the large 

relative pressure value where capillary condensations take place, mesopores size could not be 

determined accurately. Their sizes are centred on 15 nm. The specific surface area and the pore 

volume were equal to 21 m
2
.g

-1
 and 0.07 cm

3
.g

-1
, respectively. The corresponding diffractogram 

(Figure 1, insert) shows reflexions of WO3 tungsten (VI) oxide phase (JCPDS No 43-1035, P21/n 

space group). No other crystalline phases were detected confirming the amorphous character of SiO2 

silica particle template.      

 

Figure 1: Nitrogen adsorption-desorption isotherm (77K) and XRD pattern (insert) of the SiO2/WO3 

composite. 
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The [SiO2/WO3] composite was then exposed to a H2S or NH3 atmosphere before the removal of the 

silica template for the preparation of the targeted tungsten disulfide and ditungsten nitride materials, 

respectively. 

 

3.2. Characterizations of the WS2 and W2N materials. 

Figure 2 shows the XRD patterns of the samples synthesized from the sulfidation (Figure 1A) and 

nitridation (Figure 1B) of the hard templated tungsten (VI) oxide, respectively. About the first pattern, 

the most intense diffraction peaks can be assigned to (002), (004), (100), (103) (006), (105), (110), 

(112) and (201) Miller planes which features a hexagonal structure (space group P63/mmc) as related 

to the WS2 material (JCPDS card No. 08-0237).  

      

Figure 2: XRD patterns of the tungsten disulfide WS2 (A) and nitride W2N (B) synthesized from colloidal 

silica as hard template. 

 

For the sample obtained after nitridation of the tungsten trioxide (Figure 1B), four well-resolved 

diffraction peaks are observed and can be indexed to the (111), (200), (220) and (311) crystal planes of 

a cubic structure (space group P-3m1) corresponding to the W2N material (JCPDS card No. 25-1257). 

The lattice parameter values of each material were calculated according to the well-known Bragg’s 

law and the metric equations. For the tungsten nitride sample, the lattice parameter a was equal to 

4.129 Å and for the tungsten disulfide a and c were equal to 3.137 Å and 12.575 Å, respectively. The 

crystallographic data are similar to the tabulated values given by the corresponding cards (aW2N = 

4.126 Å, aWS2 = 3.154 Å, cWS2 = 12.362 Å). 

The global reaction mechanisms of the tungsten oxide-to-sulfide and the tungsten oxide-to-nitride 

conversions, from sulphur- and nitrogen-rich gaseous sources, are expressed as follows: 

WO3(s) + 3H2S(g) → WS2(s) + 3H2O(g) + S(g)  (1) 

4WO3(s) + 8NH3(g) → 2W2N(s) + 12H2O(g) + 3N2(g) (2) 

A release of gaseous species such as water molecules and sulphur or nitrogen gas occurs. The 

experimental weight changes of the [WO3/Ludox

TM40] composites (48.2 wt% in WO3) recorded 
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before and after heat treatments under H2S or NH3 were compared to the theoretical ones based on the 

chemical reactions (1) and (2) given previously. Experimentally, weight variations of +6.6% and -

15.8% were noted for the sulfidation and nitridation stages, respectively. According to the reactions 

(1) and (2), the theoretical weights changes (gain or loss) were calculated as equal to +7.0% and -17.7 

%, respectively, suggesting a partial conversion of the oxide to the sulfide (95% yield) and to the 

nitride (90% yield). This discrepancy could also be related to the experimental uncertainty coupled to 

a surface oxidation of the non-oxide phases by air (after the synthesis) and in the case of the nitridation 

to the formation of an amorphous phase, that is not detected by XRD [13, 26]. 

The nitrogen adsorption-desorption isotherms of the tungsten disulfide and nitride samples, prepared 

with Ludox

TM40 as hard template, are shown in Figure 3A and 3B. Both curves exhibit type-IV 

profiles with hysteresis loops characteristic of large mesopores, according to the IUPAC classification. 

The surface properties data; i.e. the specific surfaces areas and cumulated pore volumes, for both 

prepared materials have been gathered in Table 1. The specific surface areas are high for such type of 

materials with a value close to 40 m
2
/g.  

   

Figure 3: Nitrogen adsorption-desorption isotherms and cumulative pore distribution curves (insert) of 

tungsten disulfide (A) and tungsten nitride (B) synthesized from colloidal silica as hard template.  

 

Table 1: Surface properties, determined by N2 physisorption (77K), of the nanocomposites [W-based 

ceramic/silica hard template] (1) and the W-based ceramics after the silica template removal (2). * 

determined from the BJH method for pores below 100 nm.  

 

For both non-oxides tungsten-based samples, a broad pore-size distribution was observed in the large 

mesopore – small macropore range (insert of Figures 3A and 3B) but caution should be taken 

regarding the given values since nitrogen physisorption is not accurate for such large pore sizes.  This 

type of porosity corresponds to an interparticular porosity, with an average size around 30 – 50 nm, 

that could be related to the templating process. Calculated pore volumes (BJH method) for pores 

below 100 nm (insert Figures 3) display values around 0.26 and 0.20 cm
3
/g for WS2 and W2N samples 
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respectively. Since spherical silica nanoparticles template removal is supposed to lead to spherical 

pores shape that does not fit with the cylindrical pore shape considered for pore size calculation by 

BJH model, direct comparison between pore size and silica particle diameter could not be done. 

Nevertheless, these values should be in the same order of magnitude [31]. Owing to the large 

mesopore size observed, complementary analysis was performed by Hg porosimetry. 

 

Figure 4: Cumulative pore volume and differential intrusion versus mean diameter pore size obtained by 

mercury intrusion porosimetry for WS2 (A) and W2N (B) samples.  

 

Mercury porosimetry performed on both samples displayed similar features: a broad pore size 

distribution in the whole pore size range explored (5 nm – 10 μm). Two main contributions of pores 

can nevertheless be observed for both samples: the first one is centered on 10 μm and could be 

attributed to inter-agglomerate porosity whereas the second is in the mesopore - small macropore 

range and was ascribed in the interparticular porosity probably templated by the silica spheres. This 

second porosity is well defined for W2N samples (upward swing around 50 nm in Figure 4B) whereas 

it is broadly distributed for WS2 sample (with may be a small maximum around 10 nm). Even if 

nitrogen physisorption is not adapted to accurately measure large mesopores and small macropores, 

Hg porosimetry data are in good agreement with N2 adsorption regarding pore volumes measured in 

their common pore size range (pore size below around 100 nm). Indeed, Hg-cumulative pore volume 

values are 0.24 and 0.21 cm
3
/g to be compared to N2-cumulative pore volume of 0.26 and 0.20 cm

3
/g 

for WS2 and W2N samples, respectively. The mesoporosity detected by both techniques evidences the 

templating effect of silica nanospheres.  

 

Figure 5 displays the transmission electron microscope views of the WS2 (Figure 5A) and W2N 

(Figure 5B) materials. 

 

Figure 5: TEM micrographs of the WS2 (A) and W2N (B) prepared from colloidal silica template. 
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The low magnifications pictures of both materials exhibit powders constituted of agglomerated 

particles with nanosized dimensions. For the tungsten disulfide (Figure 5A), the particles exhibit a 

typical layered morphology as reported in the literature [17, 24, 25] while particles with a coalesced 

sphere-shape morphology, are observed for the tungsten heminitride material having a cubic structure 

(Figure 5B). These different aspect ratios related to isotropic and anisotropic crystal growths could 

explained why only the W2N sample succeed to maintain the templated pore size in the mesoporous 

range (population of pores around 50 nm, evidenced by Hg porosimetry in Figure 4B) – while a 

broader pore size distribution is encountered in the case of WS2 (Figure 4A). The high-resolution TEM 

images (insert of each low magnification picture) clearly show that the particles are well-crystallized 

since crystallographic planes are noticed. Moreover, from these images, an approximate particle size 

may be determined; ranging from 20 to 30 nm for the tungsten nitride and 5 – 10 nm and 40 – 50 nm 

(thickness and length), for the tungsten sulfide material.  

Additional characterizations of the WS2 and the W2N were provided by scanning electron microscopy. 

Representative micrographs are shown within Figure 6A and 6B. The disulfide and nitride samples are 

featured by highly agglomerated nanoparticles exhibiting a quasi-spherical morphology.  

 

Figure 6: SEM views of the WS2 (A) and W2N (B) prepared from colloidal silica template. 

 

From a meticulous observation, the particle size ranges from 20 to 30 nm which is consistent with the 

size of the  WO3 precursor material [28] implying that no significant structural modification occurred 

during the oxide-to-sulfide and oxide-to-nitride conversions. This observation can be largely attributed 

to the presence of the siliceous hard template during the reductive treatment under hydrogen sulfide or 

ammonia environments of the [WO3/SiO2] nanocomposite. Indeed, sulfidation or nitridation of WO3 

material (obtained after the template removal of the [WO3/SiO2] nanocomposite) led to bigger 

particles (> 50 nm) which appeared more sintered (Figure 7). The specific surfaces areas of the WS2 

and W2N samples were calculated as close to 16 and 18 m
2
.g

-1
, respectively, which are nearly 2-2.5 

times lower than the values obtained for the sulfide- and nitrogen-based samples synthesized from the 

sulfidation and nitridation of the [WO3/SiO2] nanocomposites. The silica template causes a 
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confinement effect of the oxide matter during the treatment under hydrogen sulfide or ammonia thus 

limiting the growth or the sintering of the resulting particles.     

 

Figure 7: TEM views of the WS2 (A) and W2N (B) materials prepared from sulfidation and nitridation of 

WO3 material free of LudoxTM40 template. 

 

By comparison with the literature, our WS2 and W2N samples may be ranked as interesting materials 

regarding their specific surface areas (around 40 m
2
/g) and their process based on an economic and 

commercially available hard-template. For instance, tungsten disulfide was elaborated by heat 

treatment under reductive atmosphere either after a mechanical ball-milling step or by impregnation 

method (under vacuum or not) of three-dimensional ordered mesoporous silicas (hard templates) of 

SBA-15 or KIT-6 mesostructures. If in the first case, large scale fabrication can be considered, the 

specific surface appears limited (10.5 m
2
/g [14]) whereas it is no more the case regarding the second 

process that offers surface areas up to 110-120 m
2
/g [6, 25] with limited amount of material. 

Moreover, these two approaches are more energy- and time-consuming (ball-milling of 24h, silica 

template synthesis) than our investigated route. Regarding the tungsten nitride material, the amplitude 

of variation of the specific surface area value is narrower since values of 17 m
2
/g to 79 m

2
/g were 

reported [9, 19, 26, 7, 20, 13, 18, 22]. The nitrogen-based ceramic materials with the highest surface 

properties are essentially prepared from tungstic acid (WO3.xH2O) as tungsten precursor. This 

molecule is non soluble in aqueous medium that may be a potential drawback for the preparation of 

nitrides materials with well-defined morphologies (2D-, 3D-structures) by the hard-template route 

whereas for our process, the phosphotungstic acid is highly soluble in water (2 kg/L). 

 

4. Conclusions 

Meso- and macroporous tungsten disulfide (WS2) and hemitungsten nitride (W2N) powders were 

successfully synthesized by means of tungsten (VI) oxide as tungsten source and colloidal silica acting 

as hard template. The surface properties of the WS2 and W2N materials (specific surfaces areas ~ 40 

m
2
.g

-1
, pore volume of around 0.2 cm

3
.g

-1
 for pores below 100 nm) are comparable to the values given 
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in the literature where non commercial templates have been used. To sum up, colloidal silicas may be 

a competitive solution for the development of mesoporous sulfides and nitrides ceramics since the 

template is easily available in large amounts, marketed in different particle sizes and more economic 

than the classical ordered mesoporous silica matrices (M41S, SBA, FSU…), conventionally  used for 

similar research. 
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Table caption 

 
 

Table 1: Surface properties, determined by N2 physisorption (77K), of the nanocomposites [W-based 

ceramic/silica hard template] (1) and the W-based ceramics after the silica template removal (2). * 

determined from the BJH method for pores below 100 nm.  

 

Table caption



 

Ceramic 
Specific surface area  

(m
2
/g) 

Pore volume*  

(cm
3
/g) 

W2N_TM40 
(1)

 19 0.05 

W2N 
(2)

 37 0.20 

WS2_TM40 
(1)

 20 0.06 

WS2 
(2)

 38 0.26 
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Figure captions 

 

 

Figure 1: Nitrogen adsorption-desorption isotherm (77K) and XRD pattern (in insert) of the [SiO2/WO3] 

composite. 

 

Figure 2: XRD patterns of the tungsten disulfide WS2 (A) and nitride W2N (B) synthesized from colloidal 

silica as hard template. 

 

Figure 3: Nitrogen adsorption-desorption isotherms and cumulative pore size distribution curves (insert) 

of tungsten disulfide (A) and tungsten nitride (B) synthesized from colloidal silica as hard template.  

 

Figure 4: Cumulative pore volume and differential intrusion versus mean diameter pore size obtained by 

mercury intrusion porosimetry for WS2 (A) and W2N (B) samples.  

 

 

Figure 5: TEM views of the WS2 (A) and W2N (B) prepared from colloidal silica template. 

 

 

Figure 6: SEM views of the WS2 (A) and W2N (B) prepared from colloidal silica template. 

 

 

Figure 7: TEM views of the WS2 (A) and W2N (B) materials prepared from sulfidation and nitridation of 

WO3 material free of LudoxTM40 template. 
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