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Abstract The aim of the present study was the synthesis

and characterization of WO3 and WS2 nanostructures in

hexagonal phases and the evaluation of the latter as

catalyst in the dibenzothiophene hydrodesulfurization

reaction. 2H-WS2 nanostructures were obtained from a

precursor WO3 nanostructure by a two-step hydrothermal/

gas phase reaction under well-controlled conditions. All

nanostructures were characterized by X-ray powder dif-

fraction, scanning electron microscopy, transmission

electron microscopy, and the specific surface area of the

materials was measured using the BET method. The cat-

alytic activity and selectivity measurements of the result-

ing unsupported WS2 nanocatalysts are also presented.

Catalytic activity was found to be highest for the 2H-WS2

from the WO3 nanostructure sulfided at 773 K (rate con-

stant of 3 9 10-7 mol/g s).

Introduction

Transition metal dichalcogenides TX2 (T = transition

metal of group IVB, VB, and VIB, chalcogen, i.e., S, Se,

and Te) constitute a structurally and chemically well-

defined family of compounds [1]. Their uses range from

photoactive materials in photoelectrochemical solar cells,

to cathodes in solid state lithium batteries, due to their

ability to intercalate with lithium ions [1, 2], to lubricants

for tribological applications [3], and catalysts [4].

Studies on hydrodesulfurization (HDS) catalysts are

nowadays stimulated by the increase in environmental

regulations to reduce the amount of sulfur in vehicle

transportation fuels [5, 6]. Thus, HDS catalysts are required

to be ever more effective. As is well known, a common

approach to increase the number of active sites on catalysts

is to decrease their particle size to nanostructured materi-

als. For this reason, increasing research has been focused

on nanomaterials to be used as HDS catalysts [7–9]. To

date, molybdenum and tungsten sulfides are well-known

hydrotreating catalysts, used for decades in the treatment of

heavy crude oils to eliminate heteroatoms such as sulfur

and break-down aromatic molecules [10].

Various strategies have been used for the synthesis of

WS2 nanostructures. For example, WS2 tubes have been

synthesized from W18O49 rods produced by heating tung-

sten foil at high voltages under argon flow in the presence

of SiO2 [11], by the reaction of hexacarbonyl W(CO)6 as

precursor with H2S in argon in a microwave plasma [12],

by burning tungsten wire in low-oxygen-partial pressure
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atmosphere in argon gas [13], and by template self-

assembly of anionic tungstates (WS4
-2) and cationic sur-

factant molecules such as cetyl trimetyl ammonium

(CTA?) in solution under appropriate conditions [14].

Recently, WO3 was found to be a versatile precursor in the

synthesis of nanostructured WS2 [15–18]. A conventional

method to obtain this kind of material includes the con-

version of the respective oxide to sulfide by using a

reductive atmosphere such as hydrogen sulfide [4, 19]. In

this article, we describe the synthesis and characterization

of WS2 nanostructures by using WO3 in nanostructured

form as precursor and a two-step hydrothermal/gas phase

reaction method. Additionally, the catalytic properties of

this sulfide nanostructure are discussed.

Experimental

Synthesis of WO3 and WS2 nanostructures

Hexagonal WO3 nanostructures were synthesized by using

a hydrothermal route. For this, a saturated aqueous solu-

tion of ammonium metatungstate [(NH4)10W12O41 xH2O]

(0.15 mol of W) was prepared and acidified with HNO3

2.2 N (pH around 5). It was then kept in a hermetically

sealed flask with stirring for 48 h at 333 K. Subsequently,

5 mL of this aged solution were deposited into a Teflon-

lined stainless steel autoclave and heated at 473 K for 48 h.

The resulting material was filtered, washed, and dried at

room temperature.

To obtain the WS2 nanostructures, the WO3 precursor

was placed in a tubular reactor and then sulfided for 4 h

under a flow of H2S/H2 (15% H2S) at different tempera-

tures: 673, 773, and 1,073 K. Next, the samples were

cooled down to room temperature under nitrogen flow. The

nanostructures were labeled WS2-673-K, WS2-773-K, and

WS2-1073-K, according with the temperature set to obtain

the material.

Characterization of samples

A scanning electron microscope (SEM) JEOL JSM 5800

LV was used to study the morphological analysis, images

were acquired by secondary electrons and transmission

electron microscopy (TEM) Philips trade mark model

CM200 operated at 200 kV with a LaB6 filament was used

to study the microstructure and elemental composition

distribution using the scanning mode (STEM). Elemental

mapping images were obtained with spot size around 2 nm,

total time of data acquisition was around 4 min, this time

was less than the drift rate of the sample, study samples

show high stability to the electron radiation, but we do not

study in detail the damage. It is well known that the

electron irradiation technique can achieve phase transfor-

mation in alloys and compounds through unique

non-thermal processes [20–23]. Recently, electron irradia-

tion-induced phase change in tungsten was examined by in

situ high resolution electron microscopy [24]. X-ray dif-

fraction (XRD) studies was made with a Philips X Pert MPD

diffractometer, equipped with a graphite monochromator,

copper Ka radiation with wavelength k = 1.54056 Å,

operated at 43 kV and 30 mA. Specific surface area (SSA)

was determined with a Quantachrome AUTOSORB-1 model

by nitrogen adsorption at 77 K using the BET isotherm.

Samples were degassed under flowing argon at 473 K for 2 h

before nitrogen adsorption.

Catalytic activity and selectivity

In this work, the HDS of dibenzothiophene (DBT) was

performed in a 1L volume Parr model 4560 high-pressure

batch reactor equipped with magnetically driven turbine,

which allows homogeneous dispersion of the gas into the

liquid phase. One gram of the WS2 nanostructures was

placed in the reactor with a solution of 5 vol.% of DBT in

decaline (total volume 150 mL). The reactor was first

purged and then pressurized to 3.1 MPa with hydrogen and

heated to 623 K at a rate of 10 K/min, with stirring speed

of 600 rpm. After the working temperature was reached,

sampling for chromatographic analysis was performed

during the course of each run to determine conversion

versus time dependence. The reaction was followed for 5 h

with sampling of the reaction mixture every 30 min.

Reaction products were analyzed using a Perkin-Elmer

Clarus 500 gas chromatograph provided with an autosam-

pler and a 9-ft length and 0.125-in. of diameter packed

column containing 3% OV-17 as separating phase on

Chromosorb WAW 80/100.

Results and discussion

Owing to the structure of ammonium metatungstate to

convert W12O41
10- anions to neutral W12O36, excess

divalent oxygen anions must be removed during the aging

of the precursor solution and hydrothermal treating. Stoi-

chiometrically, five divalent oxygen anions per W12O41
10-

must be combined with protons from the acidic medium:

W12O41
10� þ 10Hþ ! 12WO3 þ 5H2O : ð1Þ

In reaction 1, high concentrations of both W12O41
10- and

H? shift the reaction to the right ensuring the formation of

WO3, although many intermediate steps and thus

compounds and phases may exist. The resulting oxide was

used as precursor to obtain WS2 through ex situ activation.
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The thermal transformation from WO3 to WS2 is

represented in Fig. 1, and in Eqs. 2 and 3 as follows:

WO3 þ H2 !WO2 þ H2O, ð2Þ
WO2 þ 2H2S!WS2 þ 2H2O: ð3Þ

During the sulfidation of tungsten oxide nanoparticles,

the first sulfide layer passivates the nanoparticle and

prevents coarsening of the nanoparticles into larger

platelets. In the next slow step, the partially reduced

oxide core is converted into metal-sulfide in a quasi-

epitaxial layer by a layer process [25]. It is hypothesized

that the hydrogen and oxygen may diffuse through the

layers in the radial direction, while sulfur atoms inter-

calate and diffuse easily along the WS2 layers until they

reach a dislocation, which permits them to diffuse in

the radial direction through the layer to the next inner

layer [26].

The XRD pattern of the WO3 nanostructures is pre-

sented in Fig. 2a and was indexed based on a hexagonal

cell for tungsten trioxide (ICSD 32,001, JCPDS 33-1387;

a = 7.298 Å, c = 3.899 Å, space group P6/mm) [16, 27].

Furthermore, XRD was a suitable technique to obtain

information about the sulfidation process. In this work, we

observed that in all cases the intensity peaks for the pre-

cursor WO3 (Fig. 2a) disappear after being treated with

H2S/H2 at temperatures of 673, 773, and 1,073 K, and WS2

nanostructures were generated.

WS2 belong to the Group VI family of transition metal

dichacolgenides [28]. They form an extremely non-isotro-

pic solid with a layered-type structure. The molecular layer

S–W–S shows trigonal symmetry where the transition

metal atom is coordinated by six sulfur atoms situated at

the corner of a trigonal prism. The molecular layers can be

stacked in two ways, as a hexagonal polytype 2H with two

molecular layers, and as a rhombohedral polytype 3R. In

this case, XRD patterns of WS2 nanostructures synthesized

at different temperatures present a tungstenite-2H structure,

as reported in Fig. 2b. In previous studies, the activity of

Fig. 1 Transformation scheme

for WO3 into WS2
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Fig. 2 XRD patterns for: a WO3 nanostructure (indexation based in a

hexagonal cell of tungsten trioxide), b WS2 nanostructures synthe-

sized at different temperatures, where (002), (004), (100), (105),

(103), and (110) represent the planes from 2H-WS2 structure
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tungsten sulfide-based catalysts was shown to strongly

depend on the type of crystalline planes (sites) exposed at

the surface, owing to the different chemical environments

present in each crystallographic orientation [29]. For this

reason, it was important to determine the structure of this

kind of material. In this study, all diffraction patterns for

the 2H-WS2 phase showed a poor crystalline structure

(JCPDS-ICDD 8-237), with a (002) signal at 2h & 14�. At

this respect, the intensity of the (002) signal is represen-

tative of the ‘‘c’’ direction layer stacking. The (002) peak

for sample WS2-673-K was higher compared with that

presented by the sample WS2-773-K, and it increased

significantly at the highest activation temperature

(1,073 K). The different intensities of this peak depend on

the experimental conditions used in this work and the

activation method. As described by Chianelli [30], the

thick and the layers dimension from poor crystalline dic-

hacolgenides can be modified by varying the conditions of

preparation. In this study, a higher sulfidation temperature

(1,073 K) induced a greater degree of crystallization.

Furthermore, a broad envelope beginning approximately at

2h = 30� and continuing out to above 2h = 65� was

observed. This envelope contains the (100), (103), and

(110) reflections. The asymmetric shape of the (100)

envelope is characteristic of random layer lattice structures

in which layers are displaced randomly with respect to one

another. On the other hand, we used a procedure based on

the Williamson–Hall equation to calculate microstrain and

crystalline size of each sample. The Williamson–Hall

equation is:

BCosh ¼ Kk
t
þ 2eSinh; ð4Þ

where B is the full width at half maximum (FWHM) of the

XRD peaks, K the Scherrer constant, t the crystalline size,

k the wave length of the X-ray, e the microstrain, and h the

Bragg angle. In this method, BCosh is plotted against

2Sinh. Using a linear extrapolation to this plot, the inter-

cept gives the crystalline size and slope gives the micro-

strain [31]. The effect of synthesis temperature upon crystal

size and microstrain are presented in Table 1. At this

respect, it was observed that using a synthesis temperature

of 773 K, a decrease of average crystallite size is presented

(6 nm), compared with their 673 and 1,073 K counterparts

(7.3 and 12.8 nm, respectively). Surprisingly, a similar

effect was observed for microstrain. Thus, in this work, it

seems that temperature of 773 K partially relieve a slightly

larger amount of the internal microstrain. XRD diffracto-

grams show a shift of the (002) peak intensity, which could

be related with a lattice modification between two adjacent

WS2 slabs along the c-axis, as observed in TEM (Fig. 5d),

which is attributed to the strain in the bent layers [26]. On

the other hand, a correlation between crystal size and cat-

alytic activity might be envisaged. As it is well known, a

common approach to increase the number of active sites on

catalysts is to decrease the particle and crystal size [32, 33].

WS2 and MoS2 layered transition metal dichalcogenides

have been found to form spherical and cylindrical crystals

of similar geometry to carbon fullerenes and nanotubes

[25, 26]. In materials with low-dimensional structures, the

instability of weakly bonded crystalline sheets against

folding and the saturation of dangling bonds in self-ter-

minated planes stabilize spherical or cylindrical crystal

shapes in contrast to flat geometry [34]. In this study, a

two-step hydrothermal/gas phase reaction method was used

under well-controlled conditions to obtain tungsten sulfide

nanostructures. We found that the conditions reported here

favor irregular growth of tungsten sulfide nanostructures

with a slight evidence of fullerene formation but not

throughout the structure. Figure 3a–d shows SEM micro-

graphs of WO3 and WS2 nanostructures. Nanostructure

morphology is very similar after sulfidation of hexagonal

WO3 to 2H-WS2 catalysts, as observed in Fig. 3a, c. Fig-

ure 3b, d shows higher magnification views of some par-

ticles with a high concentration of protruding ‘‘spikes’’ or

urchin-like structures formed by self-assembly of numer-

ous nanostructures.

Transmission electron microscopy micrographs of WO3

and WS2 nanostructures at different magnifications are

reported in Figs. 4a–d and 5a–h, respectively. A repre-

sentative TEM image of the tungsten oxide nanostructures

is shown in Fig. 4a. The sample consists of not very well

separated nanoparticles of rectangular and truncated shape

and lengths between 30 and 500 nm and wide from 20 to

90 nm, which aggregated because of the high surface

energy due to their nanosize. The HRTEM image of the

WO3 nanostructure shows a lattice distance of 0.39 nm,

which is very similar to the d-spacing of (001) reported for

the WO3 hexagonal cell [27]. This result confirms that the

growth of these nanostructures occurs along the c-axis

direction. Although the SEM micrographs show nanopar-

ticles of WO3 and WS2 with very similar morphology, in

TEM images the nanostructures presented a different

shape. The shape variations within a particular sample of

WS2 nanostructures were greater than shape variations

shown by different samples each prepared at a particular

sulfidation temperature (Fig. 5a, e). Typical WS2 fringes

(S–W–S layers) were visible on the samples with irregular

Table 1 Crystallite size and microstrain determined by Williamson–

Hall method

Crystallite size (nm) Microstrain (%)

WS2-673-K 7.3 2.86

WS2-773-K 6.0 2.37

WS2-1073-K 12.8 3.07
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Fig. 3 Representative SEM

images: a micrograph of WO3

nanostructures, b higher

magnification of tungsten oxide

nanostructures, c after

sulfidation a very close

morphology was observed, d
higher magnification for sample

synthesized at 773 K

Fig. 4 a and b TEM image of

tungsten oxide nanostructures, c
and d HRTEM image of WO3

nanostructure showing the

growth direction
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edges. The inter-planar spacing measured for WS2 along

the ‘‘c’’ direction was *0.62 nm, which is close to the

reported value for (002) planes (0.618 nm). The slab length

of fringes for WS2-773-K and WS2-1073-K samples in a

particular region is shown in Fig. 5c, d, g, h. Figure 5h

illustrates the WS2 multilayers, one end of which is being

cleaved. TEM images show a gradual evolution from a

smooth surface (WO3) to a rough material (WS2) present-

ing some hollows as a result of phase change during the

sulfidation process.

Figure 6a, b shows scanning transmission microscopy

(STEM) elemental mapping images of tungsten (W),

oxygen (O), and sulfur (S) before and after sulfidation

process, respectively. Images on Fig. 6a show mapping of

Fig. 5 a–d TEM images of

WS2 nanostructures synthesized

under a flow of H2S/H2 at 773 K

and e–h at 1,073 K
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the WO3, it can be noticed the presence of W (L and M

transition) and O from the same place of the particles.

Figure 6b shows mapping image of the material after

sulfidation, these images represent W and S, respectively.

This result is clear evidence about the sulfidation process, it

means that the oxygen content was substituted by the sulfur

element and rearrange its structure as showed by XRD

study of the materials.

Pore diameter and SSAs for WS2 nanostructures are

shown in Table 2. The SSA values decreased for all

materials after conversion of WO3 to 2H-WS2 as a result of

phase change. Furthermore, all samples showed a slight

decrease in surface area after the HDS catalyst test. This

behavior may be related to pore blocking because of carbon

deposit formation on the surface, and a particle-sintering

effect caused by the temperature and pressure used in the

Fig. 6 STEM elemental

mapping by EDS for samples: a
before sulfidation and b after

sulfidation
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HDS reaction. In some cases, the structure of a catalyst

subjected to HDS experimental conditions collapses or

becomes agglomerated, as mentioned recently [35]. The

SSA of the nanostructures studied here was influenced by

the different temperatures used in the gas phase decom-

position step. WS2 nanostructures presented an average

pore diameter between 18–200 and 20–200 Å. Figure 7

shows the N2 adsorption–desorption curves corresponding

to type IV isotherms with a desorption step characteristic of

mesoporous materials above the relative pressure of 0.4

and cylindrical pores open at both sides.

Dibenzothiophene is an appropriate model compound to

be used in our experiments due to its difficulty for HDS and

because it has been widely used in the literature, which

facilitates the comparison with previously reported data. It

is known that the reactivity of sulfur compounds follows

the order:

thiophene [ benzothiophene [ dibenzothiophene:

The catalytic activity and selectivity (hydrogenative

pathway (HYD)/desulfurization pathway (DDS)) at 5 h of

reaction for all catalysts are reported in Table 3. The

experimental constant rate (pseudo-zero-order because

DBT concentration decreased linearly with time) is given

in moles of DBT transformed per second in 1 g of catalyst,

and it was calculated from the experimental slope of the

plots of DBT concentration versus time, where 34 mmol is

the initial concentration of DBT as shown in Eq. 5:

Slope 1=hð Þ½ � � h=3600 sð Þ � 1 mol=1; 000 mmolð Þ
� 34 mmolð Þ � 1=gcatalð Þ: ð5Þ

The HDS of DBT yields biphenyl (BP) through the

so-called direct DDS and cyclohexylbenzene (CHB) and

tetrahydrodibenzothiophene (THDBT) through the HYD.

THDBT is formed only by hydrogenation of one of the

aromatic rings of DBT, whereas BP is produced by direct

C–S bond cleavage from DBT. Since these two pathways

are parallel [36], the selectivity (HYD/DDS) can be

approximated calculated by the Eq. 6:

HYDð Þ= DDSð Þ ¼ CHB½ � þ THDBT½ �ð Þ= BP½ �: ð6Þ

It has also been shown that the sulfidation conditions

affect the final morphology of the product [37], that is the

stacking and the edge termination can vary according with

the synthesis conditions. The morphology changes expose

catalytically active sites, primarily those located at the

borders of the nanostructures, thus increasing catalytic

activity. A correlation between the SSA and crystal size with

the catalytic activity was observed in the present study.

A maximum of catalytic activity was observed for the WS2

nanostructure synthesized at 773 K (k = 3.0 9 10-7

mol/g s, 29.63 m2/g). This improvement in catalytic

activity might be attributed to its slightly larger SSA,

which could probably expose a higher amount of active sites.

On the other hand, a low crystal size could produce a higher

synergized effect [33]. In addition, it is probable that this

temperature of reduction (773 K) could largely prevent the

closure of the structure. This is very desirable since the

closed cage structures would only have basal planes exposed

Table 2 Specific surface area and pore diameter applying the BET method

Sample Before HDS After HDS

Specific surface area (m2/g) Pore diameter (Å) Specific surface area (m2/g) Pore diameter (Å)

WO3 35.32 18–200 – –

WS2-673-K 23.00 18–200 21.03 18–200

WS2-773-K 29.63 18–200 22.80 18–200

WS2-1073-K 21.97 30–200 20.68 23–200
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Fig. 7 N2 adsorption–desorption isotherms at 77 K of the WO3 and

WS2 nanostructures

Table 3 Reaction rate constants (k) and selectivity (HYD/DDS) at

5 h of reaction

Sample k (mol/g s) HYD/DDS

WS2-673-K 2.5 9 10-7 2.32

WS2-773-K 3.0 9 10-7 1.75

WS2-1073-K 1.6 9 10-7 1.55
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to the reactants in the catalytic activity tests, and they are well

known to be inactive in HDS reactions [38]. On the other

hand, a lower activity in the HDS of DBT was observed for

samples synthesized at 673 K (k = 2.5 9 10-7 mol/g s and

23 m2/g) and 1,073 K (k = 1.6 9 10-7 mol/g s and 21.9

m2/g). The activity of the WS2-773-K sample is very close to

that reported by Camacho Bragado et al. [7] (3.7 9

10-7 mol/g s) and by Albiter et al. [8] (3.4 9 10-7

mol/g s) in MoS2 nanostructured catalysts, tested under

similar experimental conditions as used in this report.

Furthermore, samples WS2-673-K and WS2-773-K are

more efficient catalysts than ex situ single layers of MoS2

[8]. This enhancement in catalytic activity observed for the

presently studied samples with respect to the ex situ MoS2

reference could be related to the morphology and structure

change of particles. STM studies have confirmed that special

metallic states exist at the edges of small MoS2 clusters [39]

meaning that, when particle size is restricted to a few

nanometers (where only edges are present), both the

geometric and the electronic configurations will be

different and distorted from those in bulk material. It is

expected that the nanostructures will undergo a structural

rearrangement even though they preserve a resemblance to

the macroscopic crystal. STM observations of the interaction

between molybdenum sulfide clusters and thiophene

indicate activity at the metallic edges, which seems to be

terminated by sulfur dimmers [7]. The presence of sulfur

dimmers was also discussed by Goodenough [40] as a way to

complete the coordination of the molybdenum atoms lying

on the surface of molybdenum sulfide. Concerning

selectivity, typically low HYD/HDS ratios are commonly

observed in industrial CoMo/Al2O3 catalysts, favoring the

DDS reaction pathway [8]. On the other hand, our values are

indeed higher, indicating that hydrogenation reactions occur

preferentially. Our results indicate that THDBT continues to

be produced and not enough sites may be present for the final

C–S bond cleavage to occur; therefore, not all the THDBT

can be converted to CHB. The ability of S-saturated edges to

donate and accept electrons is believed to enhance catalytic

activity, but according with Camacho Bragado et al. [7] they

do not seem to be the most favorable sites for the final C–S

bond cleavage, since the reaction intermediate (THDBT)

was not totally consumed. Since our experimental conditions

are close to those used in the industry, we believe that the

difference between HYD/DDS ratio is probably due to a

difference in the structure of WS2.

Conclusions

WS2 nanostructures with hexagonal phase were success-

fully obtained using a two-step hydrothermal/gas phase

method. Nanostructure morphology was modified after

sulfidation of hexagonal WO3 to 2H-WS2 catalysts and the

sulfidation conditions were found to affect the final mor-

phology, structure, and catalytic properties of the WS2

nanostructures. WS2-673-K and WS2-773-K nanostructures

were more efficient catalysts than ex situ MoS2 catalyst

(non-nanostructured material) evaluated under similar

conditions. All samples show a preference for the hydro-

genation (HYD) pathway (selectivity).
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