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Controllable preparation of tungsten/tungsten carbide nanowires or
nanodots in nanostructured carbon with hollow macroporous
core/mesoporous shell
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Large scale tungsten nanowires and tungsten nanodots are prepared in a controllable way. The preparation is based on
mechanisms of chemical vapor transportation and phase transformation during the reduction of ammonium metatungstate
(AMT) in Hy. The AMT is first encapsulated into the hollow core of nanostructured carbon with hollow macroporous
core/mesoporous shell (NC-HMC/MS) and forms nanorods, which are the precursors of both tungsten nanowires and tung-
sten nanodots. Just by controlling H, flow rate and heating rate in the reduction process, the AMT nanorods could turn into
nanowires (under low rate condition) or nanodots (under high rate condition). Besides, via heat treatment at 1200 °C, the
as-obtained nano-sized tungsten could convert into W, C nanorods or WC nanodots respectively. Furthermore, the diame-
ter of the as-obtained tungsten or tungsten carbide is confined within 50 nm by the NC-HMC/MS, and no agglomeration

appears in the obtained nanomaterials.
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1. Introduction

Tungsten nanowire is supposed to be an ideal reinforcing
material in high-performance tungsten contained materials.!!]
Tungsten nanowires have been used as strengthen phase for
plastic composites, bullet, shot, radiation shields,?! or used
as substitute for uranium®! along with iron and steel ma-
trix. In addition, tungsten nanowires have been used as metal
gate,* Li-ion battery catalyst,[’! pH sensitive electrodes,!6!
hydrogen sensor,!”! electron emission sources, ®! template for
nanodots,[gJ etc. For this important nanomaterial, there are
a few kinds of methods to prepare it, such as chemical

2l conventional photolithography,!! direc-

[10]

vapor deposition,!
tional solidification of eutectic alloy!'”! or vacuum pyroly-
sis/carbothermal treatment,!' !l etc. However, problems always
appeared, such as the nanowire feature of as-prepared tungsten

was uncontrollable, [10-12

I the catalyst/template was hardly to
remove,! 314 or it was difficult to realize large-scale.®*! On
the other hand, tungsten nanodot is an important part of float-

15,161 and could be an ideal

ing gate of nonvolatile memory, !
precursor of WC nanodot.
Tungsten carbide has been considered as a green cat-
alyst for diverse electron-transfer reactions!!’! since it pos-
sesses platinum-like behavior in surface catalysis.!'®! There-
fore, tungsten carbide has been widely studied as catalyst

for isomerization reactions, fuel cells, hydrogenolysis, hy-
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drogen evolution and catalytic oxidation,!!7:1%2% or used in

biology?!] (221

as artificial enzymes. However, large-scale,
nano-sized and shaped controlled preparation of tungsten car-
bide has been rarely reported as far as we know.

On the other hand, due to the high chemical and ther-
mal stability, low density, large surface area, uniform par-
ticle size and narrow pore size distribution,!?*>*! nanostruc-
tured carbon with hollow macroporous core/mesoporous shell
(NC-HMC/MS) was considered as the ideal template for

(251 and important support for catalysts.[2%-7]

nanomaterials
Most importantly, the unique hollow core and mesoporous
shell structure of NC-HMC/MS allows it to encapsulate ma-
terials in the hollow core via the mesoporous in the shell.
Therefore, it shows a great potential to be used as template or
support in fields like supercapacitor, [*8 drug delivery, > low-
threshold field emitter,3"! battery,B” electromagnetic wave
and microwave absorption materials,’2 or metal/nonmetal
nanoparticles encapsulation. 33331

Here in this paper, we propose a simple method to pre-
pare, in a controllable way, large scale, nano-sized tung-
sten nanowires or nanodots, which has adopted tubular NC-
HMC/MS (TNC-HMC/MS) as template. The obtained nano-
sized tungsten could convert into WC nanodots or W,C
nanorods via reacting with the carbon shell while being heat

treated.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experiments and characterization

2.1. Experiments

Hydrophilic group modified TNC-HMC/MS was dis-
persed into ammonium metatungstate (AMT) aqueous solu-
tion, the solid-liquid mixture was stirred for about 24 h. Af-
ter filtrating and drying, the as-obtained black powder was
reduced in Hj at 650 °C for 1 h. According to the chemi-
cal vapor transport mechanism, the H, flow rate and heating
rate are critical to the control of the final shape of nano-sized
tungsten. Therefore, the reduction conditions were changed
according to two rates. Namely, reducing under lower rate
condition (0.1 sccm for H, flow rate and 5 °C/min for heat-
ing rate) to prepare tungsten nanowires and under higher rate
conditions (0.3 sccm for Hy flow rate and 5 °C/min for heat-
ing rate, 0.1 sccm for H, flow rate, and 70 °C/min for heating
rate) to prepare tungsten nanodots. In addition, by heat treat-
ing at 1200 °C, the obtained nano-sized tungsten has reacted

with the carbon shell and converted into W, C nanorods or WC
nanodots.

2.2. Characterization

X-ray diffraction (XRD), field emission scanning elec-
tron microscopy (FESEM) and transmission electron micro-
scope (TEM) were used to characterize the obtained nano-
sized tungsten or tungsten carbide.

3. Results and discussion

As shown in Fig. 1, the TNC-HMC/MS features meso-
porous shell which is marked by arrow and lines in Fig. 1(b).
The size of each mesopore is about 4 nm (Fig. 1(c)). These
mesopores in the shell are very important for TNC-HMC/MS
to encapsulate AMT into its hollow core, as AMT could be
encapsulated through the pore without destroying the shell.
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Fig. 1. (color online) FESEM image (a), TEM image (b), and BET/BJH result (c) of the modified TNC-HMC/MS.

Fig. 2. FESEM images of the encapsulated AMT. Panels (a) and (c)
show the secondary electron images, panels (b) and (d) present the cor-
responding backscatter electron images in panels (a) and (c) respec-
tively.

Due to the capillarity of mesopores in the shell
(Fig. 1(b)),[3%37] TNC-HMC/MS could encapsulate materi-
als through it by the wet chemical method. Therefore, AMT
can be encapsulated into the hollow core of TNC-HMC/MS
via mesoporous shell when TNC-HMC/MS is dispersed into
its solution. As shown in Fig. 2, most of TNC-HMC/MSs
are filled with AMT, and very clearly shown by compari-

son between secondary electrode and back scattering images

(Figs. 2(a)-2(d)). In addition, the diameter of the encapsulated
AMT nanorods is about 50 nm, and the length is circa several
micrometers, which are in line with the diameter and length
of TNC-HMC/MS. The approximate sizes of nanorods and
TNC-HMC/MS indicate that TNC-HMC/MS has been filled
with AMT.

After being reduced at 650 °C, the encapsulated AMT is
converted into tungsten successfully as shown in Fig. 3. How-
ever, different reduction conditions lead to different morpholo-
gies of nano-sized tungsten, which are shown in Fig. 4.

As WOs3 is the phase that destines to show up in
the reduction process of AMT, the reduction process of
WO3 would generate gaseous phase of tungsten compounds
(WOz(OH)z).[38‘40] Therefore, according to the mechanism
of chemical vapor transportation, the H, flow rate is a key pa-
rameter during reduction. On the other hand, tungsten oxide
belongs to rhombic system and tungsten belongs to cubic sys-
tem, so the phase transformation during the reduction proce-
dure can certainly occur, and if the heating rate is as fast as
possible, some phase transformation processes may be missed,

thereby perhaps obtaining different products.
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Fig. 3. (color online) XRD results of the as-obtained nano-sized tung-
sten prepared under different reduction conditions.

As shown in Figs. 4(a) and 4(b), tungsten nanodots in
the hollow core of TNC-HMC/MS are obtained from the re-
duction procedure of 0.1 sccm (H, flow rate) and 70 °C/min
(heating rate). Due to the rapid heating (70 °C/min) during re-
duction, sites where the composition is lost cannot be filled up
by the yielded tungsten immediately, and phase transition like
WOs3-t0-WO, 9 and WO, 9-to-W may be missed, hence direct
phase transformation from rhombic WO3 to cubic W has left

nanodot product.
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—
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.
Fig. 4. FESEM images of the obtained nano-sized tungsten and their
corresponding TEM images (insert). Panels (a) and (b) show the images
of tungsten reduced through 0.1 sccm and 70 °C/min procedure; panels
(c) and (d) indicate the images of tungsten obtained from 0.3 sccm and
5 °C/min reduction process; panels (e) and (f) present the images of
tungsten obtained under 0.1 sccm and 5 °C/min conditions.

N —

Besides, the nanodots each have a diameter of about
50 nm, which is approximately the diameter of the hollow core
of TNC-HMC/MS, and this indicates that the TNC-HMC/MS
confines the growth of tungsten nanodots. Furthermore, as ag-
glomeration is an annoying problem of nanomaterials, the ob-
tained tungsten nanodots do not have such a problem. The
well dispersed tungsten nanodots in the hollow core of TNC-
HMC/MS indicate that TNC-HMC/MS can not only confine
the growth of tungsten but also buffer their aggregation.

Interestingly, distinct result is obtained when the heat-
ing rate is slowed down (0.1 sccm, 5 °C/min) as shown in
Figs. 4(e) and 4(f). Nanowires with a diameter of about 50 nm
and length of about several micrometers are obtained. Like
what was mentioned before, the TNC-HMC/MS also confines
the growth of nanowires and buffers their aggregation. Un-
like what has been obtained from the rapid heating procedure,
slower heating rate results in nanowires rather than nanodots.
The reason to cause this interesting result is supposed to be fact
that slower heating reduction procedure allows the reduced
tungsten to fill up the vacancy derived from phase transition
and gaseous reduction product like NHz or H,O, and no or
less WO,(OH),(g) has been transferred by H.

As mentioned before, along with gaseous NH3 and H,O,
gaseous tungsten compound is yielded through the following

reaction: 4]

WO3 (S) +H20(g) — WOQ(OH)Q(g). (1)

The unreduced WO3z would react with generated H>O(g)
according to chemical equation (1) and release gaseous
WO,(0OH;). Therefore, the higher H, flow rate (0.3 sccm)
can carry away more unreduced WO, (OH),(g) and left more
or larger vacancies. The vacancy cannot be filled up by the
yielded tungsten as soon as it is generated, since the rapid
H, flow generates another vacancy and the yielded tungsten
is too busy to fill up vacancy. On the other hand, the rapid
H, flow reduces the carried WO,(OH), at the same time, but
takes the reduction product to another side or even outside of
TNC-HMC/MS. As shown in Figs. 4(c) and 4(d), like the rapid
heat reduction, fast H, flow rate can also be used to prepare
large-scale tungsten nanodots but this is mainly based on the
mechanism of chemical vapor transportation. Moreover, the
nanodots each have a diameter of about 50 nm, and TNC-
HMC/MS play the same role, as mentioned above. In addi-
tion, the most important point is that the obtained nanowires
or nanodots are formed without catalysts, which are all self-
assembled.

The inside tungsten could react with the carbon shell at
1200 °C as shown in Fig. 5. Due to the confining of TNC-
HMC/MS, the shape of the nano-size tungsten is inherited.
Therefore, the prepared nano-sized tungsten should be ideal
precursor for nano tungsten carbide. However, the following
interesting results are obtained: the tungsten nanowires result
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in W>C and the tungsten nanodots lead to WC. In addition to
the shape retention, W nanowires provide greater W content
and W, C can be generated. In the same way, W nanodots are
converted into WC. Again, the well dispersed W,C nanorods
and WC nanodots prove the important space confinement ef-
fect of TNC-HMC/MS as mentioned before.
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Intensity
Intensity
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Fig. 5. XRD results and the FESEM images of the obtained tungsten
carbide, showing ((a), (c)) W>C nanorods, and ((b), (d)) WC nanodots.

4. Conclusion and perspectives

AMT is encapsulated into the hollow core of TNC-
HMC/MS via mesopores in its shell just by stirring. Based
on the phase transformation and chemical vapor transporta-
tion mechanism, the variation of reduction parameters of
AMT, nanorods generates different-morphology nano-sized
tungsten. That is, under the lower H; flow rate (0.1 sccm) and
lower heating rate (5 °C/min) condition tungsten nanowires
are obtained. While under the higher H, flow rate (0.3 sccm)
or rapid heating (70 °C/min) reduction conditions, tungsten
nanodots are gained. The obtained nanowires/nanodots are
self-assembled in TNC-HMC/MS without catalyst. Besides,
the tungsten nanowires/nanodots could convert into tungsten
carbide nanorods/nanodots respectively, which is a sort of im-
portant catalyst. All of the nano-sized tungsten or tungsten
carbide have a diameter of about 50 nm, which indicates that
TNC-HMC/MS plays the roles of template and confining ma-
terial growth. Furthermore, the well dispersed nano-sized ma-
terials obtained in this work indicate another important role of
TNC-HMC/MS-space confinement effect.
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