Synthesis and formation mechanism of Zn,SiO,4 nanorods
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Zinc silicate (Zn,Si0,4) nanorods with diameters of 90—100 nm and lengths of up to 600—700 nm have been successfully prepared by a simple
hydrothermal route without the assistance of any templates or surfactants. The characterisations of the products were carried out by X-ray
diffraction (XRD), field-emission scanning electron microscopy and transmission electron microscopy technology. On the basis of XRD
and scanning electron microscopy analyses of the products at different reaction time periods, an Ostwald ripening mechanism is proposed
to elucidate the formation mechanism of the nanorod structure. The electrochemical performance of the as-prepared Zn,SiO4 nanorods
was investigated by a galvanostatic charge—discharge method. The results have shown that the Zn,SiO, nanorods exhibited a higher

discharge capacity and better cyclability than the Zn,SiO, bulk materials.

1. Introduction: In the past few decades, zinc silicate (Zn,Si04)
has attracted a great deal of attention because of its unique
chemical and physical properties, being environmentally benign
and low cost, and has been widely applied in various fields, such
as the important crystalline phase in glass ceramics [1], paints
[2], adsorbents [3], rubber mixtures [4], lithium-ion batteries
(LIBs) [5] and luminescent phosphors [6—10]. Traditionally,
Zn,Si04 or Zn,SiO4-based phosphors were prepared by a
high-temperature solid-state reaction by sintering a mixture of
appropriate oxides with silica at temperatures above 1000°C for
tens of hours [11, 12]. However, this method requires a high
reaction temperature, the morphologies of the products are usually
irregular microstructures, and the particle size distribution is uneven.

In recent years, the preparation of one-dimensional (1D) nano-
structured Zn,SiO4-based materials has attracted global interest
because of their special physicochemical properties and potential
applications in nanodevices. Among the various techniques for pre-
paring 1D nanostructures, hydrothermal synthesis has been proven
to be an efficient strategy in terms of low cost, controllable morph-
ology, narrow grain size distribution, high purity and high crystallin-
ity [13, 14]. For example, Qian’s and Wang’s groups hydrothermally
synthesised 1D Zn,SiO4 using sodium dodecyl sulphate and
cetyltrimethylammonium bromide, respectively, as structure-
directing agents [15, 16]. Xu et al. [17] reported the synthesis of
Zn,S104 rods by the hydrothermal process using the mixed solvent
of ethidene diamine and H,O. An et al. prepared Mn-doped
Zn,Si04 nanowires through a hydrothermal route followed by a
‘heat treatment process’ [18]. These Zn,SiO, products were exclu-
sively achieved by the hydrothermal process with the assistance of
an organic template, or with subsequent ‘heat treatment’, which
made the scale-up synthesis more difficult. Therefore, developing a
facile, economic and effective strategy to synthesise Zn,SiO4 1D
nanostructures is of great importance.

In this Letter, we report on a simple template-free hydrothermal
method for the large-scale synthesis of Zn,SiO, nanorods. The
as-prepared Zn,SiO, nanorods have an average diameter of about
100 nm, and the length of the nanorods is about 600 nm. An
‘Ostwald ripening’ growth mechanism has been proposed to explain
the formation process of Zn,SiO,4 nanorods based on the composition
and shape evolution. Furthermore, the electrochemical properties of
this material as an anode material have been investigated in lithium-
ion batteries (LIBs). The results have shown that the Zn,SiO4 nanorods
exhibited a higher discharge capacity and better cyclability than the
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Zn,Si0,4 bulk materials, indicating that they are promising anode
candidates for LIBs.

2. Experimental: All chemicals were of analytical grade and used
as purchased without further purification. Amorphous silica
nanoparticles were ‘prepared’ via the conventional ‘Stdber’
method [19]. To prepare Zn,SiO,; nanorods, 2 mmol silica
nanoparticles was added into 10 ml of 0.4 M aqueous solution;
the pH value of this suspension was about 4. Then, the pH of the
suspension was adjusted to about 10 using a NaOH solution (2
M). After 10 min of stirring, the precursor suspension was
transferred into a 25 ml Teflon-lined autoclave, sealed and
maintained at 220°C for 24 h. After the reaction, the autoclave
was cooled down naturally to room temperature. The obtained
products were separated by centrifugation and rinsed several
times using deionised water and ethanol, and then vacuum dried
at 60°C for 4 h. For comparison, a bulk Zn,SiO, sample was
synthesised by a traditional solid-state reaction method by mixing
ZnO and SiO, in a molar ratio of 2:1, followed by heat treatment
at 1300°C for 8 h in an air atmosphere.

The crystal structures of the final products were investigated by
X-ray diffraction (XRD, Bruker D8 Advance). The morphologies
and sizes of the final products were determined by field-emission
scanning electron microscopy (FESEM, Hitachi S-4800) and trans-
mission electron microscopy (TEM, JEOL 2100F).

Electrochemical tests were conducted with coin cells (type 2032).
The working electrode was fabricated by compressing a mixture of
the active materials, conductive material [acetylene black (ATB)]
and binder [polytetrafluoroethylene (PTFE)] in a weight ratio of
active material: ATB:PTFE = 8:1:1. The electrolyte was 1 M LiPF¢
in a 1:1 mixture of ethylene carbonate (EC)-dimethyl carbonate
(DMC); the separator was Celgard 2400. The cells were cycled
on a Land battery test system (CT2001A) between 0.02 and 2.5
V against Li'/Li.

3. Results and discussion: Fig. 1a shows the typical XRD pattern
of the as-prepared Zn,SiO,4 nanorods. All peaks in this pattern can
be assigned to the pure phase of Zn,SiO4 with the rhombohedral
structure (JCPDS No. 37-1485). The major XRD diffraction
peaks at 26=25.71°, 31.72°, 34.09° and 39.01° corresponding to
the (220), (113), (410) and (223) planes, respectively, can be seen
clearly. No impurity peaks from other phases were detected,
indicating the high purity of the product and completed reaction
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Figure 1 XRD, FESEM, TEM and HRTEM images of the as-prepared
Zn;»Si0,4 nanorods

a XRD pattern

b and ¢ Low and high magnification FESEM images

d and e TEM and HRTEM images

during the process. The morphologies of the products were
characterised using FESEM and TEM, the corresponding images
are shown in Figs. 1b—e. Fig. 1o shows a panoramic FESEM
image of the Zn,SiO, nanorods, which is composed of uniform
nanorods with lengths in the range of 600-700 nm. A higher
magnification image (Fig. 1¢) shows that the diameter of the rods
is in the range of 90-100 nm. Fig. 1d displays a representative
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Figure 2 XRD patterns of the products obtained at different reaction times
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Figure 3 FESEM images of the products obtained at different reaction
times
a-d1,2,6and 12h

TEM image of the as-prepared Zn,SiO,4 nanorods. It can be seen
that the surface of the Zn,SiO4 nanorods is smooth. The clearly
resolved lattice fringe in Fig. le was calculated to be about
0.26 nm, corresponding to the (410) plane of rhombohedral
structured Zn,SiOy.

To study the growth mechanism of Zn,SiO4 nanorods, time-
dependent experiments were carried out. Figs. 2 and 3 show the
XRD patterns and FESEM images of the products hydrothermally
synthesised at 220°C for 1, 2, 6 and 12 h. As shown in Fig. 2, at
the initial 1 h, all the diffraction peaks in the experimental pattern
can be assigned to the pure hexagonal phase of ZnO (JCPDS No.
36-1451). No SiO, diffraction peaks were observed, indicating
the SiO; is still amorphous. Fig. 3a shows the FESEM image of
the product synthesised at 220°C for 1 h. It is noted that the
product is composed of small irregular-shaped nanoparticles and
sphere-like particles. It is speculated that the irregular-shaped nano-
particles are ZnO and the sphere-like particles are SiO,. After 2 h of
hydrothermal reaction, the diffraction peaks for ZnO completely
vanished, all diffraction peaks can be assigned as pure thombohe-
dral Zn,Si0O,, indicating the formation of Zn,SiO,. The FESEM
image (Fig. 3b) shows that the product consists of the nanoparticles
and short nanorods. The average diameter of the short nanorods is
about 100 nm, and the length is about 200 nm. With the reaction
time extended to 6 h, the Zn,SiO, ‘peaks’ became sharper, suggest-
ing an increase in crystallinity. The FESEM shows that most of the
nanoparticles disappeared and the length of the nanorods increased
to about 300 nm (Fig. 3¢). By prolonging the reaction time to 12 h,
the Zn,Si04 nanorods grew up to about 400 nm (Fig. 3d). The
results indicate that the crystallinity and the length of the Zn,SiO,
nanorods increase with further increased reaction time, and
Zn,Si0,4 nanorods with good crystallinity and lengths of up to
about 600 nm were obtained after 24 h of hydrothermal reaction
(Fig. 10).

On the basis of the above experimental results, the formation
mechanism of the Zn,SiO,4 nanorods can be proposed. Fig. 4 sche-
matically illustrates the formation process of the Zn,SiO,4 nanorods.
Initially, Zn(OH), is formed by the rapid precipitation of the Zn*"
and OH sources at room temperature. Next, Zn(OH), decomposes
into ZnO under high-temperature and high-pressure ‘hydrothermal’
conditions. Then, Zn,SiO4 nuclei are formed with the reaction of
ZnO and amorphous SiO,, and then grow into nanoparticles. The
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Figure 4 Schematic illustration of the formation mechanism of Zn,SiO, nanorods

anisotropic growth habit of Zn,SiO, leads to the oriented aggrega-
tion, and these Zn,SiO, nanoparticles developed into rod-like
nanostructures under hydrothermal conditions. The growth mechan-
ism of Zn,SiO4 nanorods is the well-known ‘Ostwald-ripening
process’, in which the nanorods grew at the cost of the small parti-
cles, because of the energy difference in solubility between
the large particles and the smaller particles, according to the
well-known Gibbs-Thomson law [20, 21].

It was found that the pH values in the solution can influence the
morphologies of the products. Fig. 5 shows the morphologies and
XRD patterns of the products obtained at different pH values.
When the pH value of the precursor suspension was adjusted to
5, the product consisted of well-dispersed nanoparticles with size
of ~100 nm (Fig. 5a). When adjusting the pH to 14, urchin-like
microspheres with an average diameter of 6—8 um were obtained
(Fig. 5b). XRD patterns of the products obtained at pH 5 and 14
could be identified as the pure rhombohedral structure of Zn,SiO4
(Fig. 5¢).

The influence of the reaction temperature on the phase composi-
tion of the products has also been investigated. Figs. 6 and 7 show
the XRD patterns and FESEM images of the products prepared at
different temperatures for 24 h, respectively. At a lower reaction
temperature of 140°C, the phase of Zn,Si,O;(OH),"H,O was
mainly synthesised, and small amounts of Zn,SiO, appeared as
the secondary phase. The morphology of the product was shown
to be a coexistence of microrods and lots of rod-like nanoparticles
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Figure 5 FESEM images and XRD patterns of the products obtained at dif-
ferent pH values

a FESEM image at pH 5

b FESEM image at pH 14

¢ XRD patterns
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(Fig. 7a). These nanoparticles are about 100 nm in ‘diameter’ and
200 nm in ‘length’. The microrod has a diameter of about 1 um
and a length of several micrometres. With increasing the reaction
temperature to 160°C (Fig. 7b), the diffraction peaks for
Zn4Si,07(OH),'H,O completely vanished, the diffractions peaks
can be readily assigned to rhombohedral Zn,SiO4. All samples
exhibit a rod-like shape, with diameters of 90—100 nm and lengths
of 200-300 nm. The result indicates that pure rhombohedral-
structured Zn,SiO4 can be synthesised even at low a temperature
of 160°C, which is much lower than that for the conventional solid-
state reaction method. With the reaction temperature increased from
160 to 180°C, the intensity of the diffraction peaks gradually
increased and the length of the nanorods increased to about 300

nm (Fig. 7c). The result indicates that both the crystallinity and
the length of the Zn,Si0,4 nanorods increase with increasing reaction
temperature. Zn,SiO4 nanorods with good crystallinity and lengths
up to about 400 nm were obtained with increasing reaction tempera-
ture to 200°C (Fig. 7d). On the basis of the above discussion we can
‘speculate’ that Zn,Si,O,(OH),-H,O forms more readily at relative-
ly low temperatures, ‘similar results’ have also ‘been reported’ by
Yoon and Kang [6]. In contrast, at a higher temperature of 220°C,
Zn4Si,07(OH),'H,O is not detected at different reaction times,
which means that the higher temperature favours the formation of
Zn28i04.

To investigate the application of the as-prepared Zn,SiO,4 nano-
rods in LIBs, the products were configured as an anode to evaluate
their electrochemical properties. Fig. 8a displays the charge—dis-
charge curves of the Zn,SiO, nanorods in the first two cycles in
the voltage range of 0.02—2.5 V at a current density of 80 mA g~".
As shown in Fig. 8a, there was a wide, steady discharging plateau
at about 0.6 V (against Li'/Li) in the first cycle, followed by a
gradual voltage decrease. The discharge and charge capacities of
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Figure 6 XRD patterns of the products obtained at different temperatures
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Figure 7 FESEM images of the products obtained at different temperatures
a-d 140, 160, 180 and 200°C
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Figure 8 Discharge/charge profiles of the Zn,SiO,

a Nanorods

b Bulk materials for the first two cycles in the voltage range of 0.02-2.5 V
¢ Cycle stability of the Zn,SiO,4 nanorods and bulk materials
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the first cycle were 859 and 470 mAh g~', respectively. For the
second discharge, the potential plateau shifted upwards to near
1.0 V (against Li'/Li) with a more sloping profile accompanied by
a capacity loss. The discharge and charge capacities decreased to
473 and 454 mAh g™, respectively. The irreversible capacity loss
of the first cycle can be attributed to the formation of solid—
electrolyte interphase film onto the surface of the electrode materials.
For comparison purposes, we also evaluated the electrochemical
performance of the Zn,SiO, bulk materials obtained from the
solid-state reaction (Fig. 8b). The inset of Fig. 8b displays the
FESEM image of the bulk Zn,SiO,4, from which it can be seen
that the sample is composed of particles with typical sizes of
about 2-4 um. The initial discharge and charge capacities of the
7n,Si0, bulk materials were 797 and 353 mAh g~', respectively.
In the second cycle, the discharge and charge capacities reached
333 and 321 mAh g~'. A comparison of the cycling performance
between the Zn,SiO4 nanorods and the Zn,SiO, bulk materials
was carried out, which is shown in Fig. 8c. After 20 cycles,
the retained reversible capacity of the Zn,SiO, nanorods was
379 mAh g™!, at a current density of 80 mA g~', whereas the
Zn,Si0,4 bulk materials retained only 181 mAh g_l. Therefore,
Zn,Si04 nanorods show better discharge capacity and cyclability
to Zn,SiO,4 bulk particles. We believe the significantly improved
electrochemical properties of the nanowire electrode may result
from the following two effects. One is the relatively high specific
surface areas of nanostructured materials, which provides more
active sites for the contact between the active material and the
electrolyte and decreases the polarisation of the electrode [5, 22].
The other factor is the fast kinetics related to the unique 1D nano-
structured materials, which offer direct 1D electronic pathways,
thus leading to efficient charge transport and faster electronic
kinetics [22, 23].

4. Conclusion: In summary, Zn,SiO4 nanorods with high purity
have been successfully fabricated using a facile template-free
hydrothermal approach. The evolution of the composition and
shape of the products were studied in detail and it was found that
both reaction time and temperature play key roles in controlling
the composition and shape of the Zn,SiO4 nanostructures. The
Ostwald-ripening mechanism is proposed to explain the growth
process of the Zn,SiO4 nanorods on the basis of the shape and
phase evolution at continuous reaction time. Electrochemical
measurements revealed that the Zn,SiO, nanorods exhibited a
higher discharge capacity and better cyclability than the Zn,SiO,
bulk materials. The reversible capacity of 379 mAh g~' was
delivered after 20 cycles at a current density of 80 mA g™'.
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