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Abstract: This manuscript demonstrates the design, modification and initial investigation
of a rotary furnace for the manufacturing of inorganic fullerene WS, nanoparticles.
Different preparation methods starting with various precursors have been investigated, of
which the gas-solid reaction starting with WO; nanoparticles was the most efficient
technique. Furthermore, the influence of temperature, reaction time, and reaction gases efc.
on the synthesis of inorganic fullerene WS, nanomaterials was investigated, and these
parameters were optimised based on combined characterisations using XRD, SEM and
TEM. In addition, the furnace was further modified to include a baffled tube, a continuous
gas-blow feeding system, and a collection system, in order to improve the batch yield and
realise continuous production. This technique has improved the production from less than
1 g/batch in a traditional tube furnace to a few tens of g/batch, and could be easily scaled
up to industry level production.
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1. Introduction

Inorganic nanotubes and inorganic fullerene-like (IF) structures of WS, were first discovered by
Tenne et al. in 1992 [1], which has opened a challenging field for the synthesis and applications of
numerous such layered structures, such as WS, [1], MoS; [2,3], BN [4], NiCl, [5], and efc. Various
synthesis methods have been reported, such as the microwave treatment of W(CO)s (Tungsten
carbonyl) reacting with H,S (hydrogen sulphide) [6], ultrasonic irradiation of W(CO)s solution mixed
with diphenylmethane and sulphur followed by heating at 800 °C [6], commercial WS, activation [7],
iodine transport method [8], direct pyrolysis of WS4 and CTAB (Cetyltrimethyl Ammonium
Bromide) [9], and chemical vapour deposition [10]. Recently, IF-WS, nanoparticles and nanotubes
have also been obtained from WCl, and WO,CI, reacting with H,S [11].

These IF-WS, and IF-MoS, nanomaterials, in addition to their significant mechanical,
biocompatible and electronic properties, are excellent solid lubricants [12-20]. Accordingly, the
incorporation of these nanomaterials into a proper matrix in composites will lead to new products with
hugely improved physical and mechanical properties. Another extraordinary property of WS,
nanostructures is their superb shock absorbing performance [21-23], which suggests an important field
of application in lightweight and high performance protective composites [24]. Such applications will
obviously demand large amounts of IF-WS; supply, however their synthesis was only obtained in
gram level at the early stage, which was far too less for any practical work. More recently, Tenne’s
group has produced such IFs in large quantities by using new high tower reactors [25], hence realising
a great industrial level success in nanomaterials. Nevertheless, an alternative, simple, versatile and yet
effective process for the synthesis of such novel nanomaterials remains highly desirable.

Therefore, to develop an innovative, simple and scalable technique that is suitable for the
continuous manufacture of IF-WS, nanomaterials becomes the primary aim of this work. From
previous studies [25-27], where a deeper understanding of the formation mechanism of IF-WS,
nanoparticles has been gained, it is found that the key technical barriers for scaling up of the [F-WS;
lie in the powder agglomeration and superficial reaction, which occurs inevitably in a static gas—solid
reaction. In order to achieve a large quantity manufacturing, effective measures should be taken to
overcome these challenges.

This manuscript describes the design and modification of a rotary furnace, and the initial
investigations in scaling up manufacturing of IF-WS, nanoparticles using the rotary furnace. Several
processes starting with different precursors have been investigated, of which the gas—solid reaction
using WO; nanoparticles as the precursor was the most efficient technique. The influence of
temperature, reaction time, precursor types and reaction gases efc. on the synthesis of IF-WS;
nanomaterials will be optimised. A significantly improved batch yield and a continuous process have
been achieved.
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2. Results and Discussion
2.1. Design and Modification of the Rotary Furnace

A novel rotary reactor has been designed for the manufacturing of IF-WS; nanomaterials. The
rotary reactor was designed based on a conventional tube furnace. The furnace is 1 m long and has a
working temperature up to 1200 °C, which ensures a long enough hot zone for complete reactions at
the required temperatures.

Figure 1. Sketch of the rotary furnace. In a traditional static furnace, the WO, particles stay
still in the quartz tube at high temperature (800-900 °C), which leads to the dominance of
2H-WS; in the final products; whilst in the present furnace, the quartz working tubes are
rotating, forcing the WO; and formed WS, nanoparticles to rotate and move during the
process, resulting in better separated [F-WS, products at minimal agglomeration.

Feeding system
{} quartz tube motorised roller

roller
/\/y” furnace
g;:%; I:I Eﬁ;=> as outlet
/ o : i Easiou

/ /
/ / Il [l | ! : .
ﬂ / L ] —>Collection system
Ar flow ﬂ rotary seal ' rotary seal

H2S+H,+Ar

—>Quartz tube

'4_ inlet zone _>|<_ hot zone ’| < outlet zone ’|
60 cm 80 cm 60 cm

As shown in Figure 1, the rotary furnace consists of several essential parts: a basic tube furnace, a
motorised driving and rolling system, an inclining system, a dynamic rotary seal system, a continuous
feeding system and a collection system. The quartz working tube can be further modified to improve
the batch yield. The working tube has inner diameter of 36 mm and outer diameter of 40 mm. Further
modification was realised by adding two small oppositely positioned quartz rod blades of @5 mm to
the inner wall (Figure S1), to provide extra forces driving the movement of powders inside the reactor.
This would further eliminate particle agglomerations.

In order to extend the batch process to a continuous production, a continuous feeding system is
required. In the current laboratory scale trial, after considering the existing screw feeding and piston
feeding mechanisms [28—30], we adopted a simple pump piston feeder, which is more cost-effective.
Actually, the current piston feeder under gravitation and gas blow works well in the current set up,
since the slight vibration of the reactor helped avoid system blocking and keep a constant feeding. In
industrial level, a proper, accurate screw feeder could be used to replace the current feeder. As shown
in Figures 1 and S2, the feeder consists of a 20 mL push pump connected to a “T” junction, acting as
the combined inlet blow gas and nanoparticle passage channel. The conceptual rotary furnace enables
us to experiment with various parameters for optimal IF-WS, manufacture. A simple collection system
has also been designed, as shown in the dashed box in Figure 1, which makes the process continuous.
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The detailed schematic drawing of the collection system is shown in Figure S3. The key features of the
practically assembled furnace are listed in Table 1.

Table 1. Key parameters of the designed furnace.

Temperature Gas supply Feeding level Speed range Inclination angle
0-1200°C  Ar,H,S,H, Upto100g* 0-350 rpm —5to0 5°

*: depending on numbers of loaded pump container.

2.2. IF-WS, Synthesis by Different Methods

Different raw materials, including WO3 and S mixture under H,, ammonium paratungstate (APT)
reacting with H,S gas, and WOj; reacting with H,S, will be tested in this section.

2.2.1. WOs5 and S Reaction under H;

The WOs3 precursor exhibits an average particle size of around 60 nm, having a monoclinic WO;
structure (JCPDS No. 43-1035), as shown in Figures S4 and S5.

For the initial trial (experiment S1, as listed in Table 2), a composite powder of WO; and S at a
molar ratio of a 1:10 was used as the precursor, and reacted under Ar/H, atmosphere at 800 °C,
following the procedure described in Experimental Section 3.3.1. SEM images in Figure 2 show that
very small nanoparticles and agglomerates were observed, with some nanoplatelets. However, the
EDX spectrum shows that although WS, has formed, WO; still dominates the products. This is also
confirmed by XRD study as shown in Figure 3. In Figure 3, the peaks labelled with a triangle matched
well with WS, (JCPDS No. 84-1398) [26], and all the other peaks labelled with a star could be
assigned to W;3O49 and W,0Oss. The highest WS, peak is at 2-theta 14.3°, corresponding to (002). The
relatively low intensity of (002) plane for WS, reveals that only a few WS, layers have formed from
the outside and leaving behind a WO, core which has been reduced from WO; to W ;3049 and W7(Osgs.
The presence of W;sOs9 and W,oOsg is in agreement with previous studies [26,31-33], in which
partially reduced WOsg and thoroughly reduced W;3O49 were formed during the oxide-to-sulphide
conversion from WOj to IF- WS,. There is no detectable S left in the products.

Figure 2. SEM images (a—c) and EDX spectrum (d) for products from experiment S1.
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Figure 2. Cont.

AccV SpotMagn Det WD F————— 500nm

200KV 3.0 160000x SE 101 Hivac 1.88 2.68 31.80 4. 68 5.80 6.80 7.90 8.80 9.0010.80 11.98

Figure 3. XRD pattern for WS, from experiment S1 (reaction of WOs3, S and Hy).
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Although a molar ratio of 10:1 for S and W had been initially used, it seems that there was not
enough S to react with the reduced WO, core, because the S could not stay long enough in the hot
zone. As soon as the powders reached the high temperature zone, the S would be sublimed and blown
out of the high temperature zone, even under an optimised Ar/H, flow rate of 80 mL/min [34].
Therefore, the oxide-to-sulphide conversion could not be completed.

There are some similar works that used the same molar ratio of S:WO; = 10:1 [34], but only
achieved a yield of less than 0.1 g per batch. It is obvious that this method is unsuitable for scaling up,
as the product quality depends upon the quantity of WO;3 nanoparticles used and it is difficult to
increase this for traditional static furnaces. To avoid the S loss, another batch process has also been
reported recently [35], using solid NaBH,4 or LiAlH, as the H; releasing agent in a sealed ampoules.
Again, these processes are not suitable for continuous production.

In this context, a continuous feeding and evaporation of S was tested, to compensate for the S loss
during the reaction, as shown in Figure 1. The WO3 and S mixed powder at a molar ratio of 1:10 was
fed directly into the hot zone gradually using the pump, at elevated temperature, rather than pre-placed
inside the quartz tube (experiment S2). The XRD analyses of the powders collected from both the inlet
and hot zones have showed that only a few WS, layers formed and the majority remained as WO,, and
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S peaks were also present (peaks labelled with circle); although samples from the hot zone exhibited a
more complete oxide-to-sulphide conversion (Figure S6).

Morphologically, the blue powders collected from the inlet zone consist of both very small particles
and big aggregates, with some bright S residues, as shown in Figure 4a,b. At the relatively low
temperature inlet zone, S could not completely react with the reduced WO, thus only a few layer WS,
formed. For the hot zone samples (Figure 4c,d), some big agglomerates are visible, and they are indeed
composed of nanoparticles after ultrasonic treatment.

Figure 4. SEM images of products collected from the inlet zone (a and b), and hot-zone
(c and d) of experiment S2.
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Therefore, although this technique has the potential for scaling up based on the continuous feeding
system, the quality of the products is not high enough. Furthermore, when the temperature dropped
below its boiling point, the S vapour could block the outlet gas pipes, which could be a practical issue.
The large amounts of S consumption, although can be recycled, makes this process not cost effective.

2.2.2. APT as Precursor and H,S as Reaction Gas

Since WO3 nanoparticles were fabricated by the decomposition of APT, as described in the SI
(Supplementary Information 2.2.2, Figures S7 and S8), and were a very valuable precursor for [F-WS,
nanomaterials in previous two-step studies [1,25,26,36], i.e., first decomposition of APT to form WOs3
then via sulphidisation to create IF-WS,, it is thus interesting to combine the two steps together in our
present set-up. This would be an advantage in terms of energy saving and process efficiency.

The as-received APT particles are crystals of several tens of pm in size, with nano-sized particles
attached to the surface of these big crystals. Under high magnification, cracks and sub um sized
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particles could be observed at the corners of some damaged crystals, indicating that the APT crystals
might be agglomerates of small pieces. Thus, prior to experiment (experiment AHS1), the APT
particles were ultrasonic treated, to break the agglomerates into small pieces. The IF-WS; particles
collected from hot zone are shown in Figure 5. On average, the agglomerates are smaller (Figure 5a),
although some bigger aggregates which kept the original APT crystal shape were also observed, as shown
Figure 5a,b. Higher magnification study shown in Figure 5c and d reveals the nanostructural feature within
the agglomerates, and they are composed of both IF-WS, nanoparticles and nanoplatelets, roughly at the
same proportion. XRD study (Figure 6) reveals that the hot zone products have very high intensity of WS,
peaks, with only minor peaks of WO,. In contrary, the outlet zone products contain a high portion of WO,,
owing to the shorter reaction time than those from the hot zone.

Figure 5. SEM images of samples from experiment AHS1, exhibiting the original shape and
size of the APT (a and b), and the nanostructural feature within the agglomerates (¢ and d).
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To form WO, by decomposing APT, the temperature required will be above the melting point of
tungsten oxide, e.g., 1200 °C to form WOs3 nanoparticles and 1350 °C for micro particles [37,38]. This
allows for the tungsten oxide vapour to be brought to and deposited in the low temperature area. In the
present process, the formed nanoparticles would then play the template role during subsequent
sulphidisation, to form the IF-WS,. Because of the different temperature requirements for the two
steps, the direct IF-WS; synthesis using APT to react with H,S seems to be an unsuitable choice for the
present furnace.
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Figure 6. XRD patterns of samples collected from different areas (a, outlet and b, hot
zone) in experiment AHS]1.
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2.2.3. WOs3 and H,S Synthesis of WS, Nanomaterials

Figure 7 shows the SEM results of experiment W1. A feature of nanoparticle domination is visible,
with big agglomerates (Figure 7a). The semi-spherical IF-WS, nanoparticles exhibit different sizes
(Figure 7b): the tiny ones have diameters of <50 nm which are the same as the WOj3 precursor; whilst
the big ones are about 100—-200 nm, possibly merging from two or more nanoparticles. The presence of
nanosheets or nanoplatelets amongst nanoparticles can be seen from Figure 7c¢ (arrowed). XRD
investigation confirms that the majority of the products are IF-WS, nanoparticles, with left-shifted
(002) peak and broadened (103) and (105) peaks [3], Figure 7d. Tiny peaks at 23-25 degrees (labelled
with a star) can be assigned to WO, coreresidue. XRD comparison between the produced IF-WS, and
the commercial 2H-WS; has been presented in the Supplementary Information, as Figure S9, where
the differences between XRD pattern of the resulting [F-WS; and 2H-WS; are discussed in detail.

Figure 7. SEM images (a—¢) and XRD pattern (d) of IF-WS, synthesised using the
rotary process.
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Figure 7. Cont.

@y » A WS AIF
= WO,

Intensity

AccV Spot Magn Det WD —————— 1um 10

25.0kv 2.0 31250x SE 75 Hivac

Further TEM examination shows that the sample contains both nanoparticles and
nanosheets/nanoplatelets (Figure 8a). Indeed, the IFs exhibit the multi-layered, hollow core
characteristics, being the dominant phase. Some particles followed the original shape of their oxide
precursor, appearing in a spherical, seamless, and close-caged structure (arrows A); whilst some
displayed a peanut-like structure (arrows B) or a long elliptical shape (arrow C). These unusual
particles were possibly co-formed from adjacent WO; nanoparticles that fused together during the
heating. The continuous contour of WS, layers suggests that these particles must have fused together
first, then the oxide-to-sulphide conversion occurred. This observation can also explain the different
particle sizes observed under SEM, as shown in Figure 8b,c. The products, regardless of their different
shapes, possess a hollow core and a generally equal d(002) spacing of 0.62 nm for [F-WS,.

Figure 8. TEM images of the WS, synthesised using the rotary process (a—d; b is a
zoomed-in image of framed area in a).
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Figure 8. Cont.

These characterisations of the products have confirmed that IF-WS, is the dominant phase in the
product with high quality. This shows the great potential for the production of IF-WS, at large
quantities and high quality, using the present rotary process. Further investigations will focus on
quality assessment and quantity improvement.

2.3. Optimization of IF-WS> Synthesis from WOz Precursor and H,S Gas
2.3.1. Reaction Time

After applying fixed rotary speed and temperatures, the influence of different reaction times were
assessed, as listed in Table 3. Figure 9 shows the resulting products exhibiting similar features as
described earlier. For the 10 min product (experiment A, Figure 9a), the oxide was just about to be
reduced. Only the outer layer finished the oxide-to-sulphide conversion, whilst the inner core remained
intact, which is in line with Tenne et al.’s TEM observation [26]. For the 50 min sample (Experiment B,
Figure 9b), by analysing the intensity changes of the diffraction peaks, it is clear that the oxide
particles have mostly converted to IF-WS; and there is much less suboxide left in the core. Similarly,
after an 80 min reaction, the WO, peaks at around 23-25 degrees continued to be reduced, and more
and more [F-WS, layers formed, suggesting an almost complete conversion. Further increase of the
reaction time leads to no significant differences in the XRD profiles, and there is almost no peak
detected for any tungsten oxide. Thus, a 110 min reaction time is believed to be sufficient for a
thorough sulphidisation.



Inorganics 2014, 2 323

Figure 9. XRD profiles of samples from experiments A—F, demonstrating the effect of
different reaction time at 800 °C from 10—-170 min.

a 10min

b —— 50min
- c 80min

d ——110min

e 140min
f ——170min

Intensity (a.u.)

(b)

(a)

10 20 30 40 50 60 70
20 (degree)

2.3.2. Reaction Temperatures

Of the experiments listed in Table 3, batches C and G used similar parameters, except for the
temperature which was 900 °C for batch G but 800 °C for batch C. From 900 °C, the intensity of the
resulting IF-WS, (Figure 10) is much higher than that from 800 °C (Figure 10), confirming more WS,
layers formed at higher temperatures, under the same reaction time of 80 min.

Figure 10. XRD profiles of samples from batch C (800 °C, red curve) and G (900 °C,
black curve) and their SEM images.
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2H-WS, flakes were presented in both samples (Figure 11), however there was much more 2H-WS,
formed in batch G, possibly due to the higher temperature which made agglomeration more severe.
The IF-WS, particles are also considerably larger in batch G, some of which exhibited a diameter of
300-500 nm, in contrast to 100-200 nm in experiment C. This observation accounted for the extremely
high relative intensity of the (002) peak for sample G.

Figure 11. SEM pictures of samples from batch C (a—c) and batch G (d—f).

Actually, when compared with other experiments from A—G, the quality of products from batch G
(the highest temperature used, 900 °C) are the worst of all, regardless of different reaction times. Thus,
temperature is considered to be one of the most significant parameters directly linked with
agglomeration in the present process.

2.3.3. Influence of H,

H; was introduced to some experiments (e.g., experiment H1), to promote the WO, and H;,S reaction. In
these samples, the majority of the product is IF-WS, of less than 100 nm in size (Figure 12a,b), with very
few 2H-WS,; (Figure 12c). Rod shaped WS, were also observed occasionally, as shown in Figure 12d.
Indeed, the formation of IF-WS, nanotubes was previously reported in the presence of H, in the
reaction gases [27,39,40]. The XRD profile looks identical to those without H,. Overall, the results
show a positive effect when H, was added to the reaction gas.

Similarly, many previous studies have indicated that, during the conversion from WO; to WS,, the
WOs; was first reduced to tungsten suboxide such as W5Oss, W13049 efc. From a localized view, the S
replaced the O as soon as the reduction of tungsten oxide initiated. From an overall point of view, the
reduction and sulfurization processes must have taken place in parallel [26,31-33]. Thus, the addition
of H; into the reaction gases would accelerate the reduction of tungsten oxides and speed up the
subsequent sulphidization, thereby leading to prompt formation of the WS, layers on the oxide surface.
Since the early formation of an inert WS, layer would prohibit the diffusion and agglomeration of
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neighbouring nanoparticles, H, introduction helped prevent particles from agglomeration, hence
effectively reducing the chance for the formation of 2H-WS,.

Figure 12. SEM images of samples involving H, in reaction, showing particles less than
100 nm (a—c), and the presence of nanotubes (d).
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2.4. Further Refinement and Modification
2.4.1. IF-WS, Synthesis Using a New Baffled Quartz Tube

To improve the batch yield, a new baffled quartz tube was designed and adopted for the experiment
(Figure S1). Based on previous optimal parameters, changes were made to reflect the significantly
increased precursor from 6-18 g. For example, the gas rate of H, and H,S, the reaction time and
inclination angle efc. were finely adjusted in experiments B1-B3.

For the new baffled tube, a bigger inclination angle was required at the beginning of the experiment
in order to drive the particles towards the hot zone, otherwise they would only move around rather than
move forward. As soon as all the particles marched into the hot zone, the angle could be decreased to
zero for better reaction. In a typical experiment, 18 g WOj; nanoparticles were used with an initial
inclination angle of 5 degrees, and H,: H,S: Ar ratio of 10:30:160 for the whole process. After the
experiment, 15 g out of the 18 g were collected from the hot zone. By reducing the H, gas content in
the flow in the later stage of the reaction (experiment B3), the amount of WS, nanotubes has been
dramatically decreased, and they were much shorter (compared to experiments B1 and B2), Figure 13a.
The dominant IF-WS; nanoparticles appeared to be uniform, fine and spherical, with diameters <100 nm
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(Figure 13b). Their XRD pattern is very promising, with strong WS, peaks and very tiny WOj signals,
which is again indicative of a good sulphidisation.

Figure 13. SEM images for samples collected from the hot zone of experiment B3,
revealing the existence of a small amount of nanotubes (a), and the fine and uniform
IF-WS; (b).
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Figure 14. TEM images for samples collected from the hot zone of experiment B3,
demonstrating the overall distribution of particle (a) and the multi-layered characteristics
of different particles (b—d).

TEM characterisation for sample B3 (Figure 14) further confirm the dominant nature of the IF-WS,,
with sizes ranging from below 50 nm to up to 100 nm. Figure 14b also demonstrates that some
particles coalesced from two or three nanoparticles, exhibiting a peanut shape (arrowed). Those single
particles are always <50 nm. Figure 14b—d show high resolution images of well-crystallised IF-WS;
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particles, which again reveal their typical hollow core and seamless shell layer features. Some particles still
possess a residue WO, core (particle A in Figure 14d). Nevertheless, the new baffled working quartz tube
was most promising, enabled a yield improvement from 5 g—15 g per batch whilst successfully maintaining
the products quality. However, as the mixing efficiency drops with the filling degree [41], a too high
amount of WOs precursor input would lead to less effective mixing and thus compromise the quality of the
final product. Thus, the batch yield and product quality are limited by the quantity of the precursors loaded
at the beginning of each batch. Further improvement is still necessary.

2.4.2. A Continuous Feeding System

In this feeding system (Figure 1), the WOs3 precursor was first stored in a pump and then introduced
to the system by gravity and gas-blow. A single long feeding tube was used to act as the extended
pathway for WO, particles directly blown into the system (as shown in Figures 1 and S2), while the
reaction gases were fed in by a separated tube. The new design was tested (FB1), and the result
showed a complete conversion of WO, into IF-WS, for particles from the hot zone (Figure S10). The
products were quite uniform, with sizes no more than 100 nm (Figure S11).

The process was further modified to simulate a real, continuous one, by immediately replacing the
empty pump with a full one (FB2). All other experimental parameters made no alteration to FB1, except
for the longer feeding time. In this case, around 50 g samples were collected from the hot zone. TEM
images of the hot zone sample from FB2 were shown in Figure 15. Majority nanoparticles of around 50 nm
in size are displayed in Figure 15a,c, some from 20 nm to almost 100 nm are exhibited in Figure 15b. A
typical [F-WS, particle with a hollow core and around 15 seamless layers is shown in Figure 15d.

Figure 15. TEM images for particles collected from the hot zone from experiment FB2,
showing overall uniformity of particles (a and ¢) and detailed closed-cage feature under
high resolution (b and d).
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To summarise, the continuous feeding system has been proven a success and has improved the yield
of IF-WS, to several tens of grams per batch, without having an obvious compromise on quality.
Technically, the feeding of precursor could be simply continued by reloading; however, a longer
reaction time would be required. In an industry environment, where a proper sample collection system
is easily available, an automated reaction would not be a limitation. This reactor is easily adaptable as
a whole continuous rotary process for the scaling up production of IF-WS, nanoparticles, using a
proper metallic working tube.

3. Experimental Section
3.1. Materials

Commercial tungsten trioxide powder used as precursor for IF-WS, nanomaterials was monoclinic
WO; powder (light yellow, with size < 100 nm, purity 99%, Sigma-Aldrich, UK). Ammonium
paratungstate (APT, (NH4)10H2(W207)6-xH20, 99.99%) particles used to produce WO, nanoparticles
were bought from Sigma-Aldrich, UK. Sulphur (S, sublimed, 100 mesh, 99.5%) was purchased from
Cole-Parmer, UK. For comparison with the produced IF-WS, nanoparticles, 2H-WS, platelets
(powder, 2 um, 99%) were also bought from Sigma-Aldrich, UK.

3.2. Experimental Set-Up

Based on the furnace shown in Figure 1, the parameters for the experiments were optimized through
a series of experiments, such as different reaction temperatures, reaction time, reaction gas atmosphere,
modification of working tube, and a new feeding system. The optimization experiments were carried
out without the feeding system, unless specifically stated. The products were collected from different
areas separately, where the central 80 cm part of the quartz tube in the heated zone was defined as hot
zone, the 60 cm part close to the gas inlet end was named as the inlet zone, and similarly the outlet
zone, as also shown in Figure 1. Note that the reaction time could be varied mostly through the
inclination of the quartz reactor, and the motor could drive the working quartz tube both clockwise and
anti-clockwise. In such a way, the particles could be moved either backwards or forwards as required,
to achieve sufficiently long reaction time.

The morphology and chemical composition of the as-produced IF-WS; nanoparticles were analysed
by XRD, SEM and TEM. The TEM samples were prepared via an ultrasonic treatment of the
nanoparticles (randomly collected from hot zone) for 5 min in acetone, and the resultant uniform
suspension was pipetted onto a holey carbon coated copper grid (300 mesh, Agar).

3.3. IF-WS; Synthesis by Different Methods
3.3.1. Synthesis of IF-WS, Nanoparticles from Mixed WOs and S Powder with H,

Two typical types of experiment were carried out to synthesize the IF-WS,, starting from mixed
WO; and S powder with H, (experiments S1 and S2). In experiment S1, around 6 g WO; and S
composite powder at a molar ratio of 1:10 was placed into the inlet area. Ar gas was used to purge the
quartz tube at 50 mL/min for 30 min, after the system was properly assembled and sealed. The
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working tube started rotating from 600 °C, at which point H, (80 mL/min) and Ar (30 mL/min) gases
were also introduced. The reaction at 800 °C lasted for 1 h. Similarly, experiment S2 was carried out
by adopting a continuous S feeding system.

3.3.2. Synthesis of IF-WS, Nanoparticles from APT Precursor with H,S Gas

Six g APT were ultrasonically treated and dried before being placed into the centre of the quartz
tube for the experiment (AHS1). Ar (50 mL/min) was flushed for 30 min before the furnace was
switched on. H,S flowing was started from 550 °C till the end of the process, at a rate of 12 mL/min.
The whole reaction lasted for 2 h at 800 °C, at a fixed Ar flow rate of 100 mL/min.

Except for experiments on various reaction times (summarised separately), all other experimental
parameters are summarised in Table 2.

Table 2. Example parameters used for the synthesis of [F-WS,.

Precursor put in Gas feed Rate Reaction time  Reaction temperature

(2) (H;:H,S:Ar) (mL/min) (min) °O)

S1 6 80:0:30 60 800

S2 12 80:0:30 120 800

AHSI 6 0:12:100 120 800

Wi 6 0:12:100 90 800

H1 6 8:12:100 90 800

Bl 18 10:30:160 120 800

B2 18 20:30:100 120 800
20:30:100

B3 18 10-30:100 120 800
50:50:100

FB1 50 0: 25:100 180 800
50:50:100

FB2 100 0:25:100 300 800

3.3.3. Synthesis of [F-WS, Nanoparticles WO3; and H,S Gas

The synthesis of WS, nanomaterials from reaction of WO; and H,S gas was similar to that from
WO; and S (Section 3.3.1), except for the H, gas being replaced by H,S. The first trial was named
experiment W1 (Table 2).

Table 3. Example parameters used for the synthesis of [F-WS, with varying reaction times.

Gas feed rate (H,S:Ar) Reaction time Reaction temperature

WO; Precursor (g) (mL/min) (min) °C)
A 6 12:100 10 800
B 6 12:100 50 800
C 6 12:100 80 800
D 6 12:100 110 800
E 6 12:100 140 800
F 6 12:100 170 800
G 6 12:100 80 900
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Table 3 summarises the parameters used for a series of experiment at a fixed rotation speed of
140 rpm, with reaction time varying from 10—170 min.

4. Conclusions

Based on the built rotary system, the large scale manufacture of IF-WS, nanoparticles has been
realised. Several synthesis methods have been studied, and the process starting with WO3 precursor
and H,S reaction gas is most successful. Systematic studies have been carried out to optimise the
parameters for IF-WS, nanoparticle production, including precursor types, reaction temperatures,
reaction time and reaction gases. Further refinements by modifying the working quartz tube and the
feeding system have made the continuous manufacturing possible. This new technique, as a simple
alternative to the fluidised bed method, has improved the yield of IF production from less than
1 g/batch using a traditional tube furnace to a few tens of g/batch. This process is easily scalable to
industry production level, by incorporating existing equipment.
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