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Atmospheric Pressure Chemical Vapor Deposition: An Alternative
Route to Large-Scale MoS, and WS, Inorganic Fullerene-like
Nanostructures and Nanoflowers**

Xiao-Lin Li, Jian-Ping Ge, and Ya-Dong Li*"*

Abstract: Large-scale MoS, and WS,
inorganic fullerene-like (IF) nanostruc-
tures (onionlike nanoparticles, nano-
tubes) and elegant three-dimensional
nanoflowers (NF) have been selectively
prepared through an atmospheric pres-
sure  chemical vapor deposition
(APCVD) process with the reaction of

were controlled by adjusting the depo-
sition position, the deposition tempera-
ture, and the flux of the carrier gas. All
of the nanostructures have been char-
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acterized by X-ray powder diffraction
(XRD), transmission electron micros-
copy (TEM), and scanning electron mi-
croscopy (SEM). A reaction mecha-
nism is proposed based on the experi-
mental results. The surface area of
MoS, IF nanoparticles and the field-
emission effect of as-prepared WS,

chlorides and sulfur. The morphologies

Introduction

Fullerene structures of carbon were first discovered in the
1980s,'? and extensive investigations of their many applica-
tions in batteries, optics, and electronics was carried out
soon after the large-scale synthesis methods were reported.”!
Molybdenum disulfide (MoS,), tungsten disulfide (WS,),
and many other layered inorganic compounds were found to
have a comparable structure to carbon and could form inor-
ganic fullerene-like (IF) structures under appropriate condi-
tions.* !l Much effort has been devoted to the synthesis of
these novel IF materials. MoS, and WS, are versatile transi-
tion-metal sulfides and have attracted much attention due to
their distinctive properties and wide ranges of promising ap-
plications, such as solid lubricants,"” solid-state secondary
lithium battery cathodes,"” and industrial catalysts for
hydro-desulfurization of crude oil."¥ Recently, the excellent
performances of MoS, and WS, nanotubes in hydrogen stor-
age, host—guest compounds, and scanning tunnelling micro-
scope (STM) tips have been reported.['>!
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nanoflowers is reported.

The synthesis of MoS, and WS, IF nanostructures by vari-
ous routes has been reported,®2¥ such as the gas-phase re-
action between oxides and H,S/H,,'* the decomposition
of ammonium thiomolybdate or metal trisulfides, 2! the
heating of MoS, powders,”? and the catalyzed transport
method.¥ Recently, we have synthesized WS, nanotubes
from artificial lamellar structures.””

Despite the research being carried out globally on MoS,
and WS, IF nanostructures, it will be several years before
the commercial applications of these fullerene-based prod-
ucts, in areas such as catalysts, batteries, and lubricants, are
realized. To enable scientists to extensively investigate
the properties and applications of these nanostructures, a
conventional and effective method for the large-scale
synthesis of high-quality IF MoS, and WS, is a prereq-
uisite. Tenne and co-workers met the challenge and obtained
macroscopic quantities of WS, hollow onions by means of
the fluidized-bed reactor.” Recently, we reported the
simple reaction of MoOj; nanobelts and S to synthesize IF
MoS,.%! Herein we describe a novel atmospheric pressure
chemical vapor deposition (APCVD) route for the large-
scale synthesis of MoS, and WS, IF nanostructures. These
structures and elegant three-dimensional nanoflowers (NF)
were obtained by the reaction of chlorides (MoCly/WClg)
and sulfur, under controlled conditions; a reaction mecha-
nism for the synthesis of these structures is proposed, and
their surface area and field-emission properties measured.
The APCVD strategy provides an alternative method for
the large-scale synthesis of IF MoS, and WS, and might
offer better opportunities for the further investigation of
their properties and applications. It has also been explored
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as a general approach for the synthesis of other metal sul- a)
fides.

Results and Discussion

MoS, and WS, fullerene-like nanoparticles: X-ray diffrac-
tion (XRD) was used to determine the chemical composi-
tion and crystallinity of the products. Figure 1 shows the typ-
ical XRD patterns of IF MoS, and WS,. All the reflections
in Figure 1a have been indexed to the hexagonal structure T T T T y )
. . ° 10 20 30 40 50 60 70
of MoS, with lattice constants: a=3.160, c=1229 A 20 /
(JCPDS card No: 77-1716); and those of Figure 1b have

been indexed to the hexagonal phase of WS, with lattice

Intensity / a. u.

constants: a=3.153, c=12.32 A (JCPDS card No: 84-1398). DT

The (002) peaks in the images display a prominent signal in- 18

dicating the presence of a well-stacked layered structure. A 5 ]

shift in the (002) peak position of IF MoS, and WS,, which g |

is usually regarded as a key mechanism for the strain relief E s

of the folded structure, was also observed in our investiga- Z ] - EN

tion. From Figure 1a and b, it was estimated that the (002) £ | - s . =
peaks of IF MoS, and WS, were shifted by about 0.7 and a g L = £

0.8 %, values that are smaller than the corresponding value Jw

(about 2%) reported by Tenne et al.151%)

The size and morphology of the products were examined 40 50 60 70
by transmission electron microscopy (TEM). Figure 2 shows 20/°
the TEM images obtained for IF MoS, nanoparticles. On Figure 1. Typical XRD patterns of a) as-synthesized IF MoS, and b) IF
the basis of TEM, more than 95% of the samples were ful- WS,.

lerene-like nanoparticles. Figure 2a—d are the representative

-
0.62nm

10nm

Figure 2. TEM images of MoS, IF nanoparticles show the hollow, spherical, and polyhedral morphologies (a-d). HRTEM images of individual MoS, ful-
lerene-like nanoparticles show the lattice structure (e, f). The lattice fringe thickness is shown.
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low-magnification TEM images, in which IF MoS, has a
hollow spherical morphology with diameters of about
40 nm. High-resolution TEM (HRTEM) provided further
insight into the structure of the individual IF MoS, nanopar-
ticles. Figure 2e and f show the typical lattice structure. The
distance between two lattice fringes was 0.62 nm. Some IF
MoS, nanoparticles were polyhedral in shape, as seen in
Figure 3, in which it is shown that by varying the tilt-angle

15 nm

Figure 3. TEM images of an MoS, polyhedron observed at a tilt-angle of
a) 0°, and b) 30°.

of the sample in the TEM, parts of the polyhedron fringe
pattern disappear and a different fringe pattern appears on
the other side of the nanostructure. This behavior means
that either the structure is not completely closed or, as in
the case of SnS,' that the closed polyhedra are highly
faced. In addition, the shape of the MoS, polyhedron was
very irregular, as is easily verified by looking at the tilted
sample.

The low-magnification image in Figure 4a shows that the
as-synthesized IF WS, particles are irregular in shape with
diameters of about 50 nm. The HRTEM image of an indi-
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Figure 4. a) A typical TEM image of WS, fullerene-like nanoparticles.
b) A HRTEM pattern of an individual IF WS, particle. The lattice fringe
thickness is shown.

vidual WS, IF nanoparticle is shown in Figure 4b, from
which the lattice fringes were measured to be about 0.62 nm
thick.

Further observations showed that some IF MoS, and WS,
nanoparticles contained many edge dislocations; conse-
quently the layers were not fully closed, although they were
curved. The inner hollow core of some nanoparticles exhib-
ited distinct angles, some typically 90°, and some nanoparti-
cles formed octahedra. The many defects and large diame-
ters of the IF nanoparticles were believed to have relieved
some strain in the folded layers and hence the (002) peak
did not shift as much as the value reported by Tenne et
al.[4,18—19]

Energy-dispersive spectroscopy (EDS) analysis was car-
ried out on individual IF MoS, and WS, nanoparticles. The
results confirmed that the molar ratio of sulfur to the corre-
sponding metal was close to 2:1 (the spectra are not shown
here).

MoS; and WS, nanotubes and nanoflowers: By adjusting re-
action variables such as the deposition position, the deposi-
tion temperature, and the flux of the carrier gas, we ob-
tained products with different morphologies. The tempera-
ture of the deposition positions had the most important in-
fluence on the product morphologies. We investigated the
products deposited at temperatures from 400 to 850°C. The
results showed that MoS, and WS, onionlike nanoparticles
were obtained in the chlorides’ boat at about 850°C. MoS,
and WS, nanotubes were obtained at a deposition tempera-
ture of about 750°C, whereas MoS, and WS, nanoflowers
had the optimal morphology when deposited at about
650°C.

Figure 5 presents the typical scanning electron microscopy
(SEM) images of MoS, nanoflowers and nanotubes. Based
on SEM, more than 95 % of samples obtained at the deposi-
tion temperatures of 650 and 750°C were nanoflowers and
nanotubes, respectively. As shown in Figure 5a, MoS, nano-
flowers are three-dimensional, partly spherical, and flower-
like in appearance, several micrometers in size and com-
posed of tens to hundreds of self-assembled petals. The
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Figure 5. SEM images of MoS, a) nanoflowers and b) nanotubes.

petals emanate from one center and grow in all directions.
They slightly curve and gradually tenuate towards the edges,
resulting in 100-200 nm pieces with thin edges of about
10 nm (Figure 6a). Figure 5b shows a large amount of MoS,
nanotubes. The nanotubes have a regular column shape and
are several micrometers long. Some open-ended nanotubes
can be seen in this image.

S0nm
Figure 6. TEM images of MoS, a) nanoflowers and b) nanotubes.

TEM images of MoS, nanoflowers and nanotubes are
shown in Figure 6. Petals of MoS, nanoflowers having large
widths and thin edges can be seen in Figure 6a, which agrees
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with the SEM results. MoS, nanotubes about a micrometer
in length and having diameters ranging from 30 to 100 nm
are shown in Figure 6b.

Nanoflowers and nanotubes of WS, were also examined
by SEM and TEM measurements. Figure 7 shows the repre-
sentative SEM results. Figure 7a is a low-magnification
image of a large area of WS, nanoflowers. A more detailed
image of an individual nanoflower is shown in Figure 7b;
here tens to hundreds of petals, several micrometers in size,
can be seen assembled into the flowerlike morphology. The
WS, nanoflower petals are approximately 100-300 nm wide
and 40 nm thick. Figure 7c shows large-scale WS, nanotubes
several micrometers in length. A higher magnification SEM
image (Figure 7d) shows that the diameter of the open-
ended tube is about 40 nm. TEM images of WS, nanoflow-
ers and nanotubes are shown in Figure 8. Here it is shown
that the WS, nanoflower is composed of wide petals with
thin curving edges (Figure 8a), in agreement with the SEM
results. Figure 8b and ¢ show the typical hollow structure of
WS, nanotubes with diameters ranging from 20 to 50 nm.
The inset of Figure 8b is the SAED (SAED =selected area
electron diffraction) pattern taken on an individual WS,
nanotube. The HRTEM image (figure 8d) shows that the as-
synthesized nanotubes have thin and well-stacked walls with
lattice fringes of about 0.62 nm.

Raman study of MoS, IF nanoparticles and nanoflowers:
Taking MoS, as the example, we carried out a Raman study
of the IF nanostructure and flowerlike (FL) samples. Fig-
ure 9a shows typical Raman spectra of MoS, fullerene-like
nanoparticles and nanoflowers taken at room temperature.
These Raman patterns are enlarged at different wavenum-
bers in Figure 9b—d. IF MoS, and FL samples appeared to
have an analogous outline, however, further observation
showed that their Raman spectra were quite different, both
in peak shape and position. The frequencies of the peaks
shown in Figure 9 are listed in Table 1 and correspond well
to the symmetry modes reported in the literature.”

The Raman study of the IF structure and FL samples indi-
cated that the particle size, crystal structure, and synthesis-
specific structural modifications in these nanoparticles had
brought about great changes in the electronic states.

Reaction mechanism: Reported strategies for the synthesis
of sulfides,®??3% especially the reactions between chlo-
rides and a mixed gas of H,S and H,,** gives us a good un-
derstanding of the reaction mechanism of MoCls/WCly and
S. In the well-known reaction of MoCls and H,S/H,, H, is
used as the additional reductant [Eq. (1)].%%

2MoCl; + 4 H,S + H, — 2MoS, + 10HCI (1)

Very recently, it was reported that the reaction of MoCls
(WCly) and Na,S could self-ignite or be detonated with a
hot filament at 40-60°C.*” In that reaction system, given in
Equations (2) and (3), Na,S served as the reductant and sul-
furization agent instead of H,S and H..

2MoCl; + 5Na,S — 2MoS, + 10NaCl + S 2)

www.chemeurj.org Chem. Eur. J. 2004, 10, 6163 -6171
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Figure 8. a) TEM images of WS, nanoflowers and b,c) nanotubes. The SAED pattern of an individual nanotube is shown in the inset of (b). d) A
HRTEM image of a WS, nanotube showing its lattice fringes to be about 0.62 nm.

WCl, + 3Na,S — WS, + 6 NaCl + S 3)

In our strategy, we used sulfur instead of Na,S or H,S/H,
to react with the chlorides. At elevated temperatures, sulfur
is reactive and might serve as the reductant and sulfuriza-
tion agent at the same time.” The reaction of MoCls/WCl
and S is a mixed process of self-redox and metathesis reac-

tions. Based on the experimental facts, the reactions be-
tween the chlorides and S were formulated as given in
Equations (4) and (5).

2MoCls + 14S — 2MoS, + 5ClL,S, 4)

WCl, +8S — WS, + 3CLS, (5)
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A more detailed investigation
of the reaction between chlo-
rides and sulfur was done by
choosing the reaction of MoCl;
and S as a model. A series of

IF MoS .
o2 controlled experiments were
conducted at temperatures be-
FL MoS, tween 200 and 900°C. Although

the reaction of MoCl; and S

T T T T ,
200 250 300 350 400
Raman shift / cm™

IF MoS,

began at about 300 °C, MoS, was
formed at higher temperatures.
Figure 10a shows the typical
XRD patterns of the products
obtained at 300, 450, 480, 515,
550, 615, and 850°C. As shown
in this figure, MoS, was not ob-
tained until the reaction temper-
ature was greater than 550°C. It
was found that MoS, had a
rhombohedral  structure  at
550°C and a hexagonal structure
at 850°C. At an intermediate
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Figure 9. Raman spectra of IF MoS, and nanoflowers. a) The full spectra between wavenumbers 150 to rhombohedral

T T T T )
600 650 700 750 800
Raman shift / em™

temperature of about 615°C,
MoS, consisted of a mixture of
and hexagonal

1000 cm™'; spectra enlarged at the corresponding wavenumbers of: b) 100 to 400 cm™', ¢) 400 to 500 cm™', and phases.

d) 500 to 800 cm™.

Table 1. Raman peaks observed in IF and FL MoS, samples at room

temperature and the corresponding symmetry assignments. All peak posi-

tions are in cm™.

IF MoS, FL MosS, Symmetry assignment!?!
178 177 A (M)—LA(M)
228 LA(M)

383 385 E'(T)

408 409 A(D)

416 419

453 455

460 466 2xLAM)
529 E,,(M)+LA(M)

566 571 2xE,(T)

598 600 E',(M)+LA(M)

640 643 A (M) +LA(M)

[a] LA refers to longitudinal acoustic, I' and M refer to I' and M points
in the electronic-band structure diagrams.

The reaction was environmentally benign, because sulfur
was used rather than hazardous H,S (or a mixed gas of H,S
and H,), which is toxic and corrosive. Excessive S powder
was used to create an atmosphere in which the chlorides
were sure to completely change to MoS, or WS,. The whole
reaction system was tightly sealed and protected by a flow
of argon, because traces of oxygen could cause oxidation of
the products. Furthermore, the by-product S,Cl, is a toxic
material with a pungent smell, and although the amount
produced was quite small, NaOH solution was used to
absorb the S,Cl, and convert it into innocuous materials ac-
cording to Equation (6).

28,Cl, + 6NaOH — 4NaCl + 38 + Na,SO; +3H,0  (6)
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From the experiments, the re-
action of MoCls and S is be-
lieved to be a stepwise sulfuriza-

tion reaction. At first, MoCls is reduced and partially sulfur-
ized forming the intermediate product of MoS,Cl, Upon
further reaction with sulfur atoms, chlorine atoms in the in-
termediate are substituted by sulfur atoms, and the pure
MoS, phase is obtained. MoS,Cl, intermediate products
were obtained at low reaction temperatures, providing
strong evidence of this mechanism. X-ray photoelectron
spectroscopy (XPS) was carried out on the intermediate
samples and indicated that the products contained Mo, S,
and Cl atoms. The intermediate products obtained at differ-
ent temperatures had different molar ratios of Mo, S, and
Cl; for example, at 515°C, the molar ratio was about
0.35:0.42:0.24. Figure 10b and c presents the typical XPS
spectra of the Mo 3d and S 2p, corresponding to the inter-
mediate sample obtained at 515°C. In Figure 10b, the Mo
3ds, peak at 229.8 eV and the Mo 3d;, peak at 233.0eV
could be attributed to Mo** atoms.*! In Figure 10c, the S
2p spectrum primarily showed a strong peak at about
162.9 eV, the same as that for conventional MoS,. These re-
sults agree with the mechanism detailed above. We obtained
the pure MoS, phase by heating the intermediate samples to
800°C in an argon atmosphere, with or without sulfur. This
result further supported the premise of MoS,Cl, being the
intermediate product of the reaction of MoCls and S. This
reaction was very fast at high temperatures: We took sam-
ples at 850°C for different time periods, which were then ex-
amined by XRD. The results showed that MoS, had been
formed after a 2 min reaction. Thus, we failed to obtain the
intermediate products. More work is needed for a better un-
derstanding of the reaction mechanism.

www.chemeurj.org Chem. Eur. J. 2004, 10, 6163-6171


www.chemeurj.org

MoS, and WS, Nanostructures by APCVD

6163-6171

W

3 N 615

s

= Mucsmrr e W

£ 1 # #

21 R s1s
[ NN 480
I 450

300
0 20 30 40 50 60 70
20/ °
T5)
w
2 ]
T T T 1
228 230 232 234 236
E /eV
1q
2

158 160 162 164 166 168
E/evV
Figure 10. a) XRD patterns of the reaction products of MoCls and S, ob-
tained at different reaction temperatures. (Temperatures given in °C; #
and * indicate intermediate products of MoS,Cl,.) The XPS spectra of
the intermediate product obtained at 515°C: b) Mo 3d spectrum, ¢) S 2p
spectrum.

Formation of MoS, and WS, IF nanoparticles: According to
the literature®?% and our experimental results, it is be-
lieved that MoS, and WS, IF nanostructures are formed in
vapor, and the growth is dominated by the vapor—solid (VS)
mechanism. By heating the reactants directly to 850°C, the
chlorides (MoCls or WClg) and S quickly evaporate and si-
multaneously react. Similar to the reactions detailed in ref-
erences [29-31], which were highly exothermic at elevated
temperatures, ignition of the present reaction at high tem-
perature led to a very rapid and sometimes explosive reac-
tion progression. This rapid reaction might lead to a high
degree of supersaturation of the vapor and hence, to fast nu-
cleation. Thus, numerous nuclei of IF MoS,/WS, are initially
formed in the vapor phase. Some nuclei grow larger relative

Chem. Eur. J. 2004, 10, 6163-6171 www.chemeurj.org
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to others and subsequently precipitate on the substrates at
850°C. Layered structures with relatively large radii of cur-
vature (>10 nm) and thin walls form and bend, resulting in
quasi-spherical fullerene-like nanostructures.*” Thus, when
the initial clusters grow to the critical size, they bend and
form incipient IF structures. These clusters grow, crystallize,
and finally form spherical IF nanoparticles. When the di-
mensions of the nanostructures are below the critical size,
the bending energy is excessively high, and point defects
become energetically favorable. IF nanostructures with
many dislocations, partially closed layers, or faceted polyhe-
dral structures form, as has been validated by the growth of
WS, TF nanoparticles from tungsten oxide nanoparticles.!
Although in our approach, the reaction reached completion
very quickly at high temperatures, the annealing treatment
lasted for 1h. During this process, defects and amorphous
products in the IF nanoparticles grew further, resulting in
well-crystallized IF nanostructures.

Other nuclei formed initially might be transported down-
stream by the argon flow and deposited in low-temperature
regions. Because temperature plays an important role in
controlling the shape and crystallization of the products, the
clusters deposited at different temperatures must have dif-
ferent thermodynamic and kinetic growth behavior. Thus,
nanoflowers and nanotubes were obtained separately at
about 650 and 750°C.

Surface area measurement and field-emission effect: The
surface area of as-synthesized MoS, IF nanoparticles, deter-
mined by Brunauer-Emmett-Teller (BET) gas adsorption
isothermals, was found to be about 33.4 m?g !, much larger
than that of MoS, nanoflowers, usual MoS, crystals, and
some MoS, nanotube samples.*** With this large surface
area, as-synthesized IF MoS, samples were expected to have
excellent performance in areas such as catalysis, hydrogen
storage, and as catalysts carriers. Detailed measurements are
provided in the Supporting Information.

Stimulated by the field-emission effect of low-dimensional
nanomaterials,” " and the flowerlike structure with numer-
ous nanosized free-edges, we investigated the field-emission
effect of the as-synthesized WS, nanoflowers. They ap-
peared to be good field emitters, displaying current densities
of 0.01 and 0.6 mA cm ™2 at macroscopic fields of about 6.1
and 8.3 Vum™!, respectively. The Fowler-Nordheim (FN)
plots, corresponding to different separations, showed a simi-
lar linear relationship and revealed that electron emission
from WS, nanoflowers followed the FN theory. Details of
these measurements can be found in the Supporting Infor-
mation.

Conclusion

We have prepared large-scale MoS, and WS, IF nanostruc-
tures and elegant three-dimensional nanoflowers by the re-
action of chlorides and S in a designed atmospheric pressure
chemical vapor deposition route. The reaction mechanism
was proposed on the basis of the experimental facts. The
surface area of MoS, IF nanoparticles and the field-emission

— 6169


www.chemeurj.org

FULL PAPER

Y.-D. Li et al.

effect of as-synthesized WS, nanoflowers were reported.
This synthetic strategy provides an alternative method for
the large-scale synthesis of MoS, and WS, IF nanostructures,
and might offer an opportunity for the extensive investiga-
tion of their vast number of applications.

Experimental Section

Materials: The molybdenum pentachloride (MoCls), tungsten hexachlo-
ride (WCly), and all chemicals used in this work were analytical grade re-
agents. Single crystal (100) silicon wafers were used as substrates.

Synthesis: The typical synthesis process was carried out in a conventional
tube furnace at about 850°C, with an argon flow-rate of about 20 sccm
(standard cubic centimeter per minute). The MoCly/WCl, (about 2 mmol)
was loaded into a quartz boat and placed in the middle of the quartz
tube. Excessive sulfur (about 20 mmol) was loaded into another quartz
boat and placed 5 cm away from the chlorides in the upstream end of the
tube. Silicon substrates (5 x5 mm?) were arranged neatly in a quartz boat,
which was located 5 cm away from the chlorides in the downstream end
of the quartz tube. When the furnace temperature became stable at
850°C, the reactants were quickly pushed into the hot zone of the fur-
nace. After the sample had been annealed at 850°C for 1 h, it was cooled
in the furnace to room temperature in an argon atmosphere. The prod-
ucts deposited at different temperature regions were carefully collected
for characterization. In general, fullerene-like nanoparticles, nanotubes,
and nanoflowers were deposited at about 850, 750, and 650°C, respec-
tively. The total yield of MoS,/WS, was calculated to be about 95% on
the basis of Mo/W. With optimized reaction factors we could obtain more
than 90 % single-morphology product in one port.

Characterization: Powder X-ray diffraction was performed on a Bruker
D8-Advance X-ray diffractometer with Cuy, radiation (A=1.54178 A).
The 26 range used in the measurement was from 10° to 70° in steps of
0.02° with a count time of 1s. The size and morphology of as-synthesized
samples were determined by using a Hitachi model H-800 transmission
electron microscope (tungsten filament) at an accelerating voltage of
200 kV. The structure and composition of the products were character-
ized by a JEOL-2010F high-resolution transmission electron microscope
and energy-dispersive X-ray spectroscopy. SEM images were carried out
on a JSM-6301F scanning electron microscope. Raman spectra were
taken on a RM 2000 microscope and confocal Raman spectrometer
(Renishaw PLC., England), which included a 632.8 nm laser beam and a
CCD detector with 4 cm™! resolution. X-ray photoelectron spectroscopy
was carried out using a PHI-5300 ESCA.
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