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A facile vapor-solid strategy has been developed to prepare silica-sheathed metal micro/nanostructures with
controllable shapes. As examples, silica-sheathed nickel nanowires (diant#lerm), microcubes (edge
length £3 um), nanocubes (edge lengt200 nm) with an epitaxial tail (diameter100 nm), and 1D assembly
structures of nanoparticles (particle diametef00 nm) as well as silica-sheathed cobalt and copper micro/
nanostructures are synthesized. The possible reaction and growth mechanisms of bli&@res are
discussed. The method is expected to be applied to a wider range of metals.

1. Introduction assembly structures of nanoparticles were obtained. They were
. ) . _coated with amorphous silica during the synthesis process.

In recent years, because small size could enrich materials Withgrthermore. the method was extended to cobalt and copper
versatile chemical and physical properties of noyelty_, micro/ gng proven to be an effective approach to shape-controlled
nanostructures have become one of the most active fields bothgy yhesis of metals. To clearly describe experimental results,
in science research and practical applications. Various fabrica-ya qenote the as-prepared particles with different experimental

tion approaches have been developed and have provided MOr® arameters (Table 1) as Sample 1, Sample 2 and so on.
multiple and complex units and systems for investigatior. '

Chemical vapor deposition (CVD), which had been widely used
in preparing films, was introduced into this area and proved to
be a very effective method, characterized by many advantages
such as facility and adjustabili#- 15 In particular, atmospheric

pressure chemical deposition (APCVD) is the simplest type of

CVD, which allows for high throughput and continuous opera- dehydrated via heating in a vacuum of tens of Pa (specifically,

tion at low cost. We have successfully prepared a series °fNiCI2-6HZO and CoGJ-6H,0 were heated at 22T for 15 min
sulfide and silicate nanostructures with it and demonstrated that, | CuCl2H,0 was heated at 15T for 15 min), was put in

the chlorides are ideal candidate precursors in the APCVD
methods due to their relatively high vapor pressure and adequateooat containing silicon powders and a (110) alumina substrate

react|\_/|ty.15 n ) o was placed downstream away from the metal chloride. A smaller
During the research process of exploring the application of 4art7 tube with one end open toward the downstream direction
chloride-precursor APCVD, we found an interesting phenom- (length, 20 cm; outer diameter, 2.05 cm; inner diameter, 1.90
enon by chance that vapor NiGtould react with a Si wafer ¢’ \as selectively used as an accessory to hold the alumina
and produce a dominant phase of metal Ni with the characteristic 55 according to Table 1. The apparatus was evacuated and
dimension of less than a micrometer and small amounts of Ni j1ed with pure nitrogen. Then a nitrogen flow of 25 8TP)
silicides. Ni nanoparticles are known as a catalyst in the VLS 1:n-1 \was used as the carrier gas. The temperature of the
growth of many 1D nanostructures as well as in industrial ,hace was raised to the designated temperature from room
manufacture, and their magnetic properties endow them with yonerature at a rate of 2€/min and maintained for 60 min.
rich theoretical and practical meaninsnickel silicides are Then the furnace was cooled to room temperature naturally.
also very important electronic materiglsSo it is attractive for The location of the silicon powders and the alumina substrate
us to obtain small particles of pure Ni or its pure phase silicide the furnace center temperature and the amount of the used met,al
through investigation of the phenomenon. Luckily, after a series o, e varied as listed in Table 1. Scheme 1 illustrates the

of exp:ann:ents, V¥e suchgede dd fto Sﬁnttt?esue dlvethn?jed mlcroé apparatus setting for the preparation of Sample 1 as an example.
nanostructures of pure Ni and found the new method We US€dy gj,61d be mentioned that a (100) silicon wafer is used to

was rather general. replace silicon powders and the alumina substrate in the

_The nickel particles with well-controlled shapes from nano- - experiment for Sample 4, and its reproduction is harder than
wires, microcubes, and nanocubes with an epitaxial tail to 1D e gthers.

2. Experimental Section

The experiments were conducted in a furnace with a
horizontal quartz tube of 2.70 cm in the inner diameter and 110
cm in length. The metal chloride powders, which had been

an alumina boat in the middle of the furnace. Another alumina

- p A " p | The synthesized products were characterized by scanning
*To whom correspondence shou e addressed. E-mail: H i _di H
ydli@tsinghua.edu.cn; Tel: 86-10-62772350, Fax: 86-10-62788765. eleCtrO.n mlcrosqqpy (SEM, SII’IO_n ZOQ)‘ energy-dispersive
t Tsinghua University. analysis (EDS, Sirion 200), X-ray d|ffrac_t|or_1 (XRD, Beer D8
* Chinese Academy of Science. Advance X-ray diffractometer), transmission electron micro-
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TABLE 1: Experimental Parameters of the Discussed Samples

sample starting furnace center Si powder Al,0s substrate existence of
number materials temperature location location smaller quartz tube
1 0.050 g NiC} 700°C 1.75¢cm 1.50 cm Yes
0.016 g Si
2 0.050 g NiC} 900°C 6.00 cm 6.25cm Yes
0.016 g Si
3 0.050 g NiC} 650°C 1.75cm 1.50 cm Yes
0.016 g Si
4 0.100 g NiC} 900°C 11.50 cm 11.50 cm No
(silicon wafer) (silicon wafer) (silicon wafer)
5 0.050 g NiC} 900°C 6.00 cm 6.25cm No
0.016 g Si
6 0.050 g NiC} 900°C 10.25cm 10.50 cm Yes
0.016 g Si
7 0.050 g CoCl 700°C 1.75cm 1.50cm Yes
0.016 g Si
8 0.050 g Codl 850°C 5.50 cm 5.75cm Yes
0.016 g Si
9 0.050 g Cud 700°C 1.75cm 1.50cm Yes
0.016 g Si
10 0.050 g CuGl 800°C 5.50cm 5.75¢cm Yes
0.016 g Si
SCHEME 1: Apparatus Scheme for the Preparation of Figure 2a and its inset are the SEM and TEM images of
Sample 1 as an Example Sample 2, respectively. Well-defined cubes with edge length

ranging from 1 to 3um were deposited on the (110) 8k;
substrate. No obvious silica sheath could be seen from the TEM
image, but the EDS result (Figure S1 in the Supporting
Information, obtained by analyzing one of the detached cubes
on the conductive tape from Sample 2) shows the existence of
a small amount of Sig in addition to Ni, which indicates that
a very thin layer of silica surrounds the nickel core.

XRD pattern (Figure 2b) definitely confirms these cubes are
fce nickel crystals (JCPDS, No0.04-0850). Something worthy of
note is that the Ni (2 0 0) peak greatly overwhelms the other

scopy (TEM, JEM-1200EX), and high-resolution transmission
electron microscopy (HRTEM, Tecnai G2 F20 S-Twin).

3. Results and Discussion

Intensity(a.n.)

3.1 Different Morphologies of Ni/SiO, Structures. Figure _
la presents a typical scanning electron microscopy (SEM) image
of Sample 1. The A; substrate was covered with curly
nanowires up to tens of micrometers long, which can be
identified as pure face-centered cubic (fcc) nickel with a lattice
constant ofa = 0.3523 nm (JCPDS, N0.04-0850) by the XRD
result (Figure 1b). TEM results reveal that the as-prepared
nanowires have coreshell structure with typical outer diameter
of 200 nm and core diameter of 50 nm, as the example shown
in Figure 1c. Figure 1d shows the tail part of a long nanowire.
As the nanowire goes to the end, the core becomes thinner anc
thinner while the outer diameter remains unchanged. The
selected area electron diffraction (SAED) pattern recorded from i ot
the marked region can be indexed to the same fcc phase as ha — -
been designated by the XRD result. Meanwhile, the SAED
pattern from only the shell part does not show the feature of o
crystals. So it is safe to conclude that the core is a nickel phase | j |
and the shell is noncrystalline. Additionally, the (220) direction i
of the SAED pattern is roughly parallel to the axis of the marked N s
core part, which suggests that the nickel wire should grow along ' "«’I o)\
the (220) direction in good accord with the previous literafdre. -’ i : il
Further investigation with the energy-dispersive spectrum (EDS, iy Wi mu Tk Wen G SR S o wi |
Figure 1le, obtained by analyzing the attached part on the ' '
conductive tape from Sample 1) indicates that the nanowires Figure 1. (a) Typical SEM image of Sample 1. (b) XRD pattern for
consist of Ni, O, and Si, and the ratio of Sito O is approximately gample 1. (c) Typical TEM image of Sample 1. (d) TEM image of the

1:2. Combined with the previous SAED analysis, the shell can tajl part of a long silica-sheathed nickel wire (inset: the SAED pattern
be determined to be noncrystalline $iO recorded from the marked region). (e) EDS spectrum of Sample 1.
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Figure 2. (a) SEM image of Sample 2 (inset: TEM image of a single
microcube). (b) XRD pattern for Sample 2.

Figure 4. (a) SEM image of Sample 4. (b) TEM image of 1D assembly
of nanoparticles in a nanobelt. (c) TEM image of 1D assembly of
nanoparticles or nanorods in nanotubes.

Figure 4a. The silica 1D nanostructures mainly have two
types: nanobelts and nanotubes. The former can be easily found
in both the SEM image (Figure 4a) and the TEM image (Figure
4b), with width ranging from 300 to 500 nm and thickness of
about 20 nm. The latter could be clearly seen in the TEM image
(Figure 4c) with an obvious characteristic of open ends shown
by the magnified part. The assemblies of several short nanorods
are also observed. The SAED pattern (the inset of Figure 4b)
recorded from the marked nanoparticle confirms the nanopar-

Figure 3. () SEM image of Sample 3. (b) Higher magnificaiton SEM ticles are nickel. The EDS result from a large area of the as-
image of Sample 3. (¢) TEM image of Sample 3 (inset: magnified prepared 1D assembly structures demonstrates the products

image of the marked rectangular region). (d, e, f) SAED patterns of contain only Ni, Si, and O. The quantitive analysis tells us the
the marked circle regions of Figure 3c. (g) TEM image of Sample 3. ratio of Si to O is 1:2, while the corresponding value of Si to
(h, i, ) HRTEM images of the marked rectangular regions of Figure Ni is 7:1, which indicates that such assemblies in which nickel
39, scale bar 1 nm. nanoparticles are sparely embedded in the silica matrix occur
only when the amount of formed Si@ much larger than that

of formed Ni.

3.2 Reaction and Growth Mechanism.The above section
has exhibited various micro/nanostructures assembled with
nickel and silica, but a basic question of how the two kinds of
assembly units came out from the source materials Na@t
Siis still unsolved. As shown in the Experimental Section, NiCl
and Si were placed in different ceramic boats and thus a transfer
process was needed for them to contact with each other. Over
our experimental temperature range, NiCbuld be easily
vaporized giving the partial pressure of a few millibar at 650
°C while almost no Si vapor could be produced from the silicon

S e e e S ot POWIErs. When NGIgas contaced wih e S poders, n
’ 9 9 possible reaction occurred as follows:

farther from the nanocube. The edge length of the nanocubes
is estimated to be 200 nm and the diameter of the tails is less 2NiCl, + Si— 2Ni + SiCl (1)
than 100 nm. The inset of Figure 3c shows that both the 2 4

na_nocubes and their tails have a sheath. The SAED patternsrpe produced fresh Ni species existed in the vapor phase and
(Figure 3d, 3e and 3f) of the cube part, the neck part and the rapidly deposited on the ADs; substrate, the top of the Si
tail part can be indexed into the same nickel fcc structure and powders, and the nearby ceramic boat wall. At the same time,
have a uniform orientation. As shown in Figure 3d, the (111) he simultaneously formed Sig¥eadily reacted with @or H,0
direction is roughly parallel to the tail axis, indicating that the gas, which had leaked into the quartz tube or desorbed from
tail grows along (111) direction. Meanwhile, the consistence the tube wall at a high temperature (trace amount of water in

of the SAED patterns of the tail part, the neck part, and the he gehydrated chlorides may also serve as a source), giving
cube part demonstrates that the growth of the tail is an epitaxial hroqucts as shown by the equations below:

process with the (111) crystal plane of the cube as the epitaxial

f - =

ones while in powder diffraction pattern the Ni (200) peak is
only about 50% of the strongest (111) peak in intensity. It can
be explained as follows. The well-defined cubic morphology is
characteristic of single-crystalline cubic-structured Ni crystals
bound by siX{1 0 G} planes. Meanwhile, as shown by the SEM
image, almost every microcube is located with two of the six
outer facets parallel to the AD; substrate (110) surface to keep
stable. Therefore, the reflection of crystal planes corresponding
to these six equivalent facets should give rise to the dominant
(200) peak detected by XRD.

SEM images in Figure 3a and 3b portray the morphology of

plane. Figure 3h, 3i, and 3j are HRTEM images of the marked SiCl, + O,— SiO, + 2Cl, 2
regions of another cube-tail structure, clearly elucidating the
uniformly oriented (111) growth plane along the whole tail. SiCl, + 2H,0 — SiO, + 4HCI 3)

Assemblies of nickel nanoparticles/nanorods embedded in
silica 1D nanostructures were found in Sample 4, as shown in The nearly simultaneously formed Si@elative to Ni tended
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800+ S obvious silicides could be detected above 8@ (Figure 5).

1 Taking in consideration that the deposits on thg3lsubstrate
7004 . * Si had no silicides but pure nickel in any experiment listed in Table
— 600-‘ A 1, we conjectured that the silicides came from the reaction of
3 ] * Ni-silicide Ni and unreacted Si. Lee et al. reported that Ni films did not

Z 5004 - react with the silicon wafer with a native silica layer until 800
1 1 °C24 This is in good accord with our experiment facts and

*

- ‘||' 800°C sufficiently confirmed the origin of the nickel silicides.

] Wi 4| There are mainly two mechanisms to explain the growth of
3004 WWMJ| * \; vl o ! y ] p ! g
Holkwhpedin Y e 1D structure in the vapor phase: vaptiguid—solid (VLS)

nanospheres indicates the VS mechanism should be responsible

200._ mechanism and vapesolid (VS) mechanism. The characteristic
if 750°C feature of VLS mechanism is the existence of a catalyst
1004 J\‘ = ?l 7 nanoparticle at the tip of the nanowire. The absence of such
LSOO BN Y S

0+———

10 20 30 4'0 : 5'0 : 6I0 : for the gr_owth of _the silica_-sheathed_ nickel nanowires. After

the reaction of NiGl and Si, Ni species were produced and
20/degree nucleated on the substrate surface when the concentration
Figure 5. XRD patterns for remained silicon powders at different reached a certain supersaturation. Then newly generated nickel
reaction temperatures. species were absorbed on the nuclear surface, and meanwhile

some outer nickel atoms of the nucleus were vaporized. The
two competitive processes made only the nickel atoms packing
on the growth crystal plane stable in the solid phase, and thus
led to the 1D prolongation of the crystal. At the same time, the
almost simultaneously formed Si@dhered to the surface of
the nickel nanowire as a sheath. Recently Zhang et al.
synthesized silica-sheathed;Bgnanowires via a CVD method
and proposed that SiQvere preferentially absorbed on some
certain FeSg surfaces and induced the 1D growth of,&&*°
Perhaps some similar roles of Sifd our method may be taken

to adsorb onto the Ni surface and form a sheath around the Nj MO consideration.
particles. Reactions 2 and 3 have been comprehensively Microcubes are also dominated by VS mechanism under the
investigated® and it has been pointed that the SiGbtained condition of much higher supersaturation of deposited product
via them is always amorphous and nanoscaled. This is consistensPecies. To achieve this, in addition to the relatively high
with our experiments. temperature, we inserted a thinner quartz tube with one closed
The chemical stability of the deposited Ni and $i® also end into the outer quartz tube to hold the ceramic boat of NiCl
confirmed by the previous researthiee et al. calculated the ~ and another one of Si powders and the substrate. Such an
ternary phase diagram of NBi—O and found that a tie line ~ accessory could restrict the gas-phase species to diffuse in a
exists between Ni and Sidindicating that the two phases will ~ smaller volume of space and thus keep higher concentrations.
coexist without any reaction. Experimentally, they found that The product (Sample 5) obtained from the experiment with the
the reactivity of Ni and Si@depends strongly on the silicon ~same parameters as Sample 2 except for the absence of the
oxide nature. The native Sidayer formed with incorporation inserted thinner quartz tube are shown in the Figure 6a, in the
of water or moisture is stable in contact with pure Ni while the shape of nanorods rather than microcubes due to the lower
thermal SiQ grown by dry oxidation will react with Nito form  concentration of deposited species. With varying the location
NiO. The growth environment of our products in the presence of Si powders and the ADs substrate from 6.00 to 10.50 cm,
of water determined that the final deposits of Ni and Si@e rods with average width of 600 nm and average length of 4.5
stable. um mixed with a small amount of microcubes (Figure 6b) were
In addition, we analyzed the Si powders with XRD after the found in Sample 6. As farther from the furnace center, the NiCl
experiment and detected nickel silicides in addition to nickel vapor concentration and the reaction temperature changed lower,
and excess silicon in some experiments, such as those forwhich usually led to low concentrations of deposited product
preparing Sample 2 and Sample 4. Correlating the appearancespecies and supplied the condition for the formation of 1D rods
of nickel silicide with the temperature of Si powders during in Sample 6. Nevertheless, the thickness of the rods as large as
the temperature maintaining period of the furnace, we found 600 nm strongly indicates that the concentration of nickel species
that no nickel silicides appeared from 650 to 750°C while was still rather high and could even supply the formation of

Figure 6. (a) SEM image of Sample 5. (b) SEM image of Sample 6.

SCHEME 2: Scheme of the Ni/SiQ Structure Formation Processes
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'b] the Supporting Information) if the experimental parameters were
properly changed. The above experimental data claim that this
simple method has certain generality in the controlled synthesis
of various silica-sheathed metal particles and is possibly

’ applicable to other metals.

4., Conclusion

200nm

= Various silica-sheathed nickel micro/nanostructures, from
Figure 7. (a) SEM image of Sample 7. (b) TEM image of Sample 7. nanowires, microcubes, and nanocubes, with an epitaxial tail
I _ to 1D assembly structures of nanoparticles, have been prepared
; ”‘T i ¥ via a simple vaporsolid strategy. The growth and reaction
mechanisms were investigated. Furthermore, the method proved
to be successful for the shape-controlled synthesis of the
neighboring elements of nickel in the periodic table (cobalt and
copper) and is possibly effective to some other metals.
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Figure 8. (a) SEM images of Sample 9 (inset: TEM image of Sample
9). Supporting Information Available: Additional spectra and
images of experimental samples. This material is available free
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supersaturation degree of the deposited species has played a
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