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ABSTRACT Time-dependent powder X-ray-diffraction analyses
reveal that the conversion of WOj3 into WS, on carbon nanotube
surfaces in the presence of H;S is a one-step process. The WS»
layers grow simultaneously along the tube in the radial and axial
directions.

PACS 61.10.Nz; 61.46.+w; 61.50.Ks; 81.07.De; 81.10.Aj

1 Introduction

The production of WS, nanotubes and nanopar-
ticles, first achieved by heating WO3 nanoparticles at 800—
1000°C in the presence of H,/H,S (sulphidisation) [1],
has recently been extended to WO;_, and WC precur-
sors [2—-4]. X-ray-diffraction (XRD) studies, coupled with
high-resolution transmission electron microscopy (HRTEM),
have shown that the WO3 particle surface is first reduced to
WOs_, (x = 1 and 2), followed by conversion into hexagonal
layered WS, [3,5]. The reactant gases (H, and H,S) diffuse
through the lattice defects in the outer WS, layers in order to
continue the WO3 — WO;_, — WS, process. This ‘inward’
sequential layer growth process is terminated when the core
is fully converted into WS,. The morphology of the precursor
essentially determines that of the product, i.e. a template ef-
fect operates [5]. The diffusion of H, and H, O through defects
in the formed WS, layer is a slow process, which requires
extended periods of sulphidisation in order to complete the
WO3; — WS, conversion. Residual WO3_, is always present
in the product, as revealed by powder XRD analysis [2].
Sloan et al. showed that, by annealing WO 5_2.9, nano-
rods in the presence of Hy /H»S, other reduced tungsten oxide
phases may also be generated and encapsulated within WS,
particles [6]. HRTEM revealed that the tungsten oxide particle
surfaces were converted into layered WS;, and that WO;_,
crystalline lattice fringes were present within the core, to-
gether with numerous crystallographic shear planes and voids
between the WO3_, core and the outer WS, layers.
Recently, we produced WS;-coated multi-walled carbon
nanotubes (MWCNs) [7]. HRTEM analyses indicated that the
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‘inward’ growth mechanism is in competition with an ‘out-
ward’ growth mechanism on the MWCN surfaces. The ‘out-
ward’ process is presumably facilitated by facile diffusion
of H,S through the thin and highly defective layers of WO;
supported by the MWCNss [8]. In this paper, we probe this dir-
ect transformation of monoclinic WOj3 into hexagonal WS,,
without involving the intermediate species, i.e. WO3_.

2 Experimental

Tungstic acid (HyWO4, 250 mg) was mixed in li-
quid ammonia at —78 °C. Arc-generated MWCNs (50 mg)
were added and the mixture was allowed to attain room tem-
perature. The production of WS,-coated MWCNSs was car-
ried out in three stages. Stage I: the solid residue, remain-
ing after the excess of liquid ammonia had evaporated, was
heated at 350 °C for 15 min in an air flow (100 cm® min~!),
in order to convert the HyWO, into WO3. Stage II: the mix-
ture was annealed at 900 °C under a N, flow (50 cm?® min~!)
for 15 min. Stage I1I: H,S gas (10 cm® min~!) was then intro-
duced at 30-s intervals per min for a total of 6 min. The solid
residue was then subjected to HRTEM (Philips CM200 and
JEOL 4000EX-II) and powder XRD (Siemens Diffractometer
D5000, Cu K, = 1.5418 A).

3 Results and discussion
3.1 Stage I — amorphous WO3-coated MWCNs

The WO3-coated MWCNs were heated at 350 °C
in an air flow for 15 min, prior to sulphidisation. A typical ex-
ample of the product is shown in Fig. 1a. The coating appears
to be amorphous and is unevenly distributed over the surface
of the MWCNs. Difficulties in distinguishing between the
MWCN surface and the amorphous coating may have been
exacerbated by the loss of the WOj3 coating during TEM op-
eration. It is noteworthy that the arc-generated MWCNs are
often coated with amorphous carbon. Our MWCN sample
was annealed at 350 °C for 15 min in air, in order to remove
the amorphous carbon coating [9]. Accordingly, the MWCN
surface should be coated with WOs3, as confirmed by en-
ergy dispersive X-ray (EDX) spectra (see below). HRTEM
showed that the WO3 coating varies in thickness (from O to
2 nm) along the MWCN surface, and that the inner-core struc-
ture of coated MWCN:s is still visible (Fig. 1a, arrow). Large
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FIGURE 1
the hollow MWCN structure. b EDX profile of a WO3-coated MWCN.
¢ HRTEM image of a double-layered WS;-coated MWCN. Arrow indicates
amorphous WO3 or WO3_, coating

carbon particles also exhibited similar amorphous coatings.
EDX analyses were conducted on both coated and uncoated
MWCNs. The uncoated MWCNs showed only the C sig-
nal, whereas coated MWCNs showed C, W and O signals
(Fig. 1b). The thickness of the WO; coating facilitates forma-
tion of up to two WS, layers on the MWCN surface, assumin
a ~ 6.2-A d spacing along the ¢ axis for WS, and a ~ 4.4-
separation between the innermost WS, layer and the outer-
most carbon layer [7].

XRD analysis of the WO3-coated MWCNs annealed at
350°C revealed the presence of several small reflections
(Fig. 2a), which makes the assignment of a crystal system to
WO; difficult. However, the peaks which appear at low angles
are correlated with monoclinic lattice arrays and are present in
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FIGURE 2 XRD profiles of a 300 °C annealed WO3-coated MWCNs and

b 900 °C annealed WO3-coated MWCNs. ¢ Simulated XRD profile for
monoclinic WO3

a predominantly amorphous sample; the 002 reflection, aris-
ing from MWCNs at ~ 26 = 26.5° (i.e. a value similar to that
previously reported for pure MWCNGs) [10], overlaps slightly
with WO3.

3.2 Stage II — annealed WOs3-coated MWCNs

Amorphous WOs-coated MWCNs were annealed
at 900 °C under N, for 15 min. At this stage the resulting solid
contains WOj3-coated MWCNs, bare MWCNs and WO; par-
ticles. The XRD profile of annealed WO3-coated MWCN5s
(Fig. 2b) shows that the WOj3 reflections mostly overlap with
MWCNSs. The only visible peak for MWCNSs is the 002 re-
flection at ~ 26 = 26.5° (Fig. 2b, arrow). XRD indicates that
the WOs structure has a well-defined monoclinic phase; re-
flection intensities are much stronger than those of stage I
and match the computer-simulated powder XRD pattern of
a WOj3 monoclinic crystal (Fig. 2¢) [11]. However, HRTEM
failed to reveal distinct lattice fringes for WO3 coating the
MWCN:ss (previously observed in pure WO3 nanocrystals) [6],
possibly for the following reasons. First, the MWCN lattice
fringes interfere with WOs3. Secondly, the crystal growth on
a planar substrate is linear with respect to the x —y and y — z
planes. The MWCN surface is curved, implying that the stack-
ing of W and O atoms to form crystal structures can only be
achieved locally on the MWCN surface. If the localised WO3
crystal domains are not well aligned to the incident beam, or
are covered by amorphous WO3, distinct WOj5 lattice fringes
will not emerge. Meanwhile, determination by HRTEM of the
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FIGURE 3 XRD profiles of sulphidisation at 0-, 2-, 4- and 6-min intervals

spacing between the WO3 and the MWCN surface is difficult.
As thin crystal layers would broaden reflection peaks, it is
therefore possible that the X-ray-diffracting domains mainly
arise from WOj3 particles, with a smaller contribution origi-
nating from the WO3 coating the MWCNs. This contention
is supported by the presence of three sharp reflections at low
angles 20 = 22-24°, i.e. a larger spacing between adjacent
crystal planes along the 200, 020 and 002 directions (see
Fig. 3). However, no other types of WOj3 crystal (e.g. hex-
agonal phase) were found in XRD profiles, which means that
the annealing of HyWO, leads preferentially to a monoclinic
WOj; phase.

33 Stage II1 - sulphidised WOs3-coated MWCNs

The annealed WO3-coated MWCNs were heated at
900 °C in the presence of HyS/N, (flow rate 100 cm?® min~!;
H,S : Nj ratio ~ 1 : 4), with intervals up to a total H,S expo-
sure time of 6 min. The XRD graphs of 0-, 2-, 4- and 6-min
sulphidisation periods are displayed in Fig. 3, in which the
major reflections due to WO3, WS, and MWCN are labelled.

3.3.1 2-min sulphidisation (Fig. 3). As a result of 2-min sul-
phidisation, the intensities of all WO; reflections are reduced
by ~ 20%. A small peak, corresponding to 002 reflections of
WS,, is present at this stage, implying that H,S has begun to
replace O atoms by S in the WO3; coating and particles. Sur-
face substitution of O by S will result in the presence of partial
oxygen vacancies in the lattice arrays, and thence to mainte-
nance of a monoclinic system with low-intensity peaks [6].
This outcome is consistent with the concept that the type of
crystal lattice determines the peak distribution and that the
atomic arrangement determines the reflection intensity [12].

3.3.2 4-min sulphidisation (Fig. 3). The WOj reflections 002,
020, 200 and 222 decreased to ~ 20% of their original in-
tensity, whereas the WS, 002 reflection intensities were ~ 10

times stronger than those associated with 2-min sulphidi-
sation (blue). Due to overlap with the 100 and 101 WS,
peaks, the extent of the intensity decrease in the 220 and
022 WO3 peaks is unclear. A similar situation occurs for the
112 WO;3 peak. Other WS, peaks, including 103, 110 and
112, have become visible. The 002 MWCN peak remains
unchanged.

3.3.3 6-min sulphidisation (Fig. 3). The WOj3 reflections are
reduced to ~ 5% of their original intensity. The thin defective
WOj; coating allows H, S diffusion and would therefore facili-
tate transformation into WS,. The peaks corresponding to the
remaining WOj3 could also arise from separate WO3 structures
in the sample, which can still be detected after 10-min sul-
phidisation. However, the XRD reflections are now predom-
inantly WS,, which exhibits a well-defined crystal structure.
The WS, peak intensities and positions are strong and con-
sistent with those of pure WS, nanotubes [2]. According to
HRTEM investigations, ~ 1-5 WS, layers coat the MWCN5s
(i.e. L. is ~ 3—4 nm), which is smaller than the number found
in separate WS, particles (> 7). Therefore, the contribution to
XRD profiles mainly arises from the separate WS, nanostruc-
tures; only a small fraction of XRD originates from the WS,
coating. TEM reveals that 70% of the MWCNss are coated, the
extent of coating varying between 25% and full coverage. Fig-
ure 1c shows a double-layered WS,-coated MWCN, in which
a small amount of residual amorphous WOj3 (or WO5_) re-
mains on the WS,-coated surfaces (Fig. 1c, arrow). As a con-
sequence, insufficient W or O atoms are present within the
remaining oxide lattice; hence they are unable to form another
WS, layer or to form a reduced tungsten oxide crystalline
phase. Peaks, corresponding to a reduced tungsten oxide, are
absent in Fig. 3.

At this stage it is difficult to see how monoclinic WOj3
can be transformed into hexagonal WS, because the W-atom
sites in a monoclinic cell (Fig. 4, right) differ significantly
from those in a hexagonal unit cell (Fig. 4, left). For example,
the nearest W—W distance along the a and c axes is 0.38 nm
in a monoclinic cell, whereas in a hexagonal WS, cell the
W-W distances along the in-plane and ¢ axes are 0.31 nm
and 0.62 nm respectively. The W atoms undergo significant
movement during the WOz — WS, conversion in order to
adopt sites consistent with the hexagonal layered WS, struc-

FIGURE 4  Structures of monoclinic WO3 (right) and hexagonal WS (left)
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ture. Meanwhile, as WS, forms, the oxidation state for W in
WO; [MV! (d°)] is reduced to M'Y (d?) [13]. A previous study
demonstrated that WO3; was reduced in the initial stages of
the reaction [5]. Intermediate WO3_, species represent partial
movement of W atoms (leading to the final structure), which
have been identified by XRD and HRTEM [5, 6]. Meanwhile,
W centres have been detected in pure WS, nanostructures,
where reduction is complete [14].

Replacement of O by S in WOs3 requires a 63% lattice
expansion (~ 0.24 nm) along the O—-W-0 (011) plane, and
a 15% contraction along the (002) plane in monoclinic WO3
(P21 /n1) respectively [11], in order to achieve the 0.62-nm
(002) S—W-=S basal plane spacing in WS, (Ps3/mmc) (Fig. 4,
right) [15]. The lattice expansion implies that a 1.5-nm-
thick WO3 coating may generate up to four WS, layers. The
‘inward-growth’ model means that the WO3; monoclinic lat-
tices can only expand inwards, leading to compression of the
remaining inner core. This inner core compression may result
in the crystallographic shear planes, reported previously by
Sloan et al. [6]. In our sample, the WO; shear planes are not
visible on the MWCN surfaces. Due to the thin defective WO3
coating, the H,S diffusion into the WOs lattice, which leads to
WO;3; — WS, conversion on the MWCN surface, most proba-
bly occurs simultaneously along the radial (Fig. 5, ¢) and axial
directions (Fig. 5, a). The simultaneous WS, layer formation
of WS; layers along both axes means that the inward compres-
sion can be minimised along the axial direction, and the need
for crystallographic WOj3 shear plane formation obviated. In
a previous study, we found that the WS, coating layers ex-
hibited helical structures and that the WS, tube helicity did
not correlate with MWCN lattices [7]. The absence of lattice
correlation between the WS, coating and the MWCN surface
is possibly due to the large 0.44-nm separation [7]. The WS,
helicity is unique throughout the tube structure, as revealed
by electron diffraction [7], which supports the simultaneous
WS, layer formation along the radial and axial directions on
MWCNSs. If the WS, layer formation were achieved via the
melding of localised WS, layered domains, the WS, helic-
ity is less likely to be uniform and one might expect various
sections of the WS, shells to exhibit a range of helicities. In

FIGURE 5 Simultaneous growth model of WS, layers along the carbon
nanotube radial (c) and axial (a) directions

order to determine the extent of WS, formation on MWCN
surfaces, time-dependent XRD analyses were carried out on
sulphidised WOs3-coated MWCNs in 30-s intervals (Fig. 6).
The extent of WS, layer growth along the ¢ axis versus re-
action time is also shown (Fig. 6, inset), which was obtained
from the full width at half maximum (FWHM) of the WS,
002 peak [10]. The graph of WS, layer growth along the
c axis can be divided into four regions, i.e. a (grey), b (blue),
¢ (red) and d (green). No WS, was detected between 0 s and
50s (region a), which is consistent with the real-time XRD
data; i.e. no WS, in-plane L, (e.g. 110, 100) and along the
caxis L. (e.g. 002, 103) reflections are present (Fig. 6). How-
ever, all WO; reflection intensities, e.g. 200, 020, 002, 022,
220, 222 and 112, decreased within the first 50 s. The WS,
layer begins to form after 50 s, supported by the presence
of a small WS, (002) peak (Fig. 6). Between 50 s and 120 s
(i.e. region b), the intensity of WO3 reflections continuously
decreases and other WS, reflections are still absent. It is note-
worthy that the XRD analysis shows only a slight increase
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in WS, (002) peak intensity (50-120s, Fig. 6); however the
number of WS, layers has already reached 10 (region b, in-
set). The WS, (002) peak intensity increases significantly in
the 120-200-s range, and other WS, peaks, e.g. 103, 110,
100 and 112 (Fig. 6), become visible. The number of WS,
layers within region c¢ increases by two (inset). The inten-
sity of all WO3 peaks decreases significantly in region c. The
peak intensity and number of WS, layers in region d are simi-
lar to c. Figure 6 provides useful information regarding WO3
transformation into WS, on MWCN surfaces. First, region
(a) corresponds to the diffusion of H,S into defective WO;
coating layers. In previous reports, Feldman et al. pointed
out that the 1-2 WS, layers formed rapidly on the oxide par-
ticle surface within a few seconds, inhibiting particle aggre-
gation [5, 16]. In our experiments, the absence of WS, layer
formation between 0 s and 50 s (i.e. region a) is possibly due
to insufficient hydrogen, i.e. the reducing agent arises only
from H,S (see Sect. 2), which slows the rate of reduction of
the oxide coating. The role of H, during WO3 — WS, conver-
sion has been described previously; it was found that an excess
of H, is required in order to rapidly reduce WO3 to WO,
or WO, 7 (i.e. the intermediate phase) [16]. The presence of
suboxides probably facilitates WS, formation, because the
suboxides possess octahedral structures (similar to the WS,
structure) enabling ready replacement of O by S [16]. In our
experiments, region a shows no WS, layer formation, but pro-
vides a longer time for H,S diffusion into the coating WOs3,
prior to WO3 — WS, conversion, which assists simultaneous
WS, layer growth along the ¢ (radial) and a (axial) direc-
tions (Fig. 5). Between 50 s and 120 s (i.e. region b), the rapid
increase in the number of WS, layers (Fig. 6, inset) is consis-
tent with the simultaneous WS, layer formation model along
the ¢ and a axes. Nevertheless, the WS, (002) peak inten-
sity in region b shows only a small increase, as compared
with region ¢ (i.e. 120-200 s, Fig. 6). Meanwhile, it is note-
worthy that the WS, 002 peak width in region b remains the
same as that in region c, indicating that the number of WS,
layers on the MWCN surfaces is the same for both regions.
In other words, WS, growth on MWCN surfaces has already
ceased in region b. Previous XRD profiles, based on the in-
ward growth model of WS, particles, showed that the WS,
peak intensity increases with WOj3 peak intensity, which de-
creases with time [5, 16]. The increase/decrease in WS, and
WOj; peak intensities respectively is due to the fact that more
WOs is converted into WS, layers. In our experiments, WS,
layer formation on MWCN surfaces is rapid, which means
that region b should exhibit a rapid increase/decrease in WS,
(002) and WO3 peak intensities respectively. However, this
phenomenon is not observed. According to XRD data, the
monoclinic WOj3 structure dominates in the overall sample
between 50s and 120s (i.e. region b), mainly arising from
the unreacted WO3. The question therefore arises as to what
is the actual WS, structure in regions b and c, because the
WS, 002 reflection exhibits the same peak width, with differ-
ent intensities. The XRD intensity is determined by the type
and position of the atoms within the unit cell; the larger the
crystallite, the sharper the peak [12]. A small increase in WS,
peak intensity (region b) implies that the S atoms have not yet
fully occupied O vacancies, but that the host structure (mono-
clinic phase) has already been transformed into the hexagonal
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FIGURE 7 The structure of WS, in region b

cell. Accordingly, the XRD peaks of region b mainly arise
from W atoms. As time progresses, more S atoms can occupy
the lattice vacancies and the XRD peak intensity increases.
Previous workers [16] proposed a structure consisting of two
W-centred octahedral units connected via an O atom, with
O atoms missing at the upper and lower sites of a prismatic
cell. This structure provides a preferential pathway for O—
S substitution about the W centres via the O—W-0O planes
along the b axis towards the WS, 002 planes [13]. However,
the proposed structure is based on the inward growth pro-
cess. The simultaneous formation of WS, on MWCN surfaces
provides no preferential pathway for O-S substitution, and
all W atoms need to be relocated within the cell. The struc-
ture of the W/O/S in region a is complex and remains to be
established. Figure 7 shows the corresponding structures of
WS, in region b, in which adjacent W atoms are connected
via O atoms, similar to the O—-W-O plane along the c axis
(Fig. 4, right). When O atoms are released from the lattices,
the S atoms immediately occupy the vacancies. In region b,
the O population is greater than that of S; more S atoms are
present in the lattice as the reaction time is extended (re-
gion c). The presence of a slight increase in the WS, layer
number in regions ¢ and d possibly arises from other WS, par-
ticles, not WS,-coated MWCNSs, because the H,S diffusion
and O-S substitution can still proceed on other larger WO3
particles.

In summary, the XRD study shows that the conversion of
WOj3 into WS, is a one-step process. The WS, layers grow
simultaneously along radial as well as axial directions and no
intermediate phases are involved. Time-dependent XRD pro-
files show that the WS, growth on the MWCN surfaces ceases
before 120 s have elapsed.
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