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A novel nanoporous tree-like SiO, film was synthesized by a sol-gel assisted electrostatic spray deposi-
tion (SG-ESD) approach. The sol-gel process employed was better to create SiO, with linear cross-link
chains for the electrostatic spray deposition. From electron microscopic study, it was found that the
as-deposited SiO, films possess nanoporous tree-like morphology in macroscale; and monodispersed hol-

low nanoporous spherical structure in microscale. The formation of the nanoporous “tree” structure is
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related to the preferential landing of droplets on the substrate and the electrostatic repulsion force
among landing droplets during the ESD process. The catalytic effect of hydrochloric acid in the sol-gel
system contributes to the formation of the hollow and porous structured SiO, spheres. The charge-dis-
charge characteristics of the porous SiO, as an anode for Li-ion batteries were briefly evaluated and good
long-term cycle performance was reached.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Porous films show anomalous optical, electronic, thermal, mag-
netic, and other properties superior to those of their bulk counter-
parts [1-3]. Of them, porous SiO, films have been drawing
tremendous research interest in the last two decades because of
their wide-range applications, such as microelectronics [4-7],
optoelectronic [8-10], multilayer pyroelectric thin-film infrared
detectors [11,12], catalysis [13], adsorption [14], sensors [15],
membranes [16], template [17], selective separation [18], etc. For
instance, porous SiO, films have been employed as a super-low
dielectric constant material to effectively decrease the intercon-
nection RC signal delay and cross talk in ultra large-scale inte-
grated circuits [6]. Porous SiO, films were also shown the
refractive index as low as 1.23 and its reflective effect can be con-
trolled by adjusting its porosity [8,12]. Furthermore, it was demon-
strated that SiO, synthesized by hydrothermal reaction [19],
reactive radio frequency sputtering [20], and laser treatment [21]
can be employed as anode material for lithium ion batteries [19-
21]. Fu et al. reported that the capacity of SiO, thin films faded with
a slow rate, accounting for about 13.7% after 100 charge/discharge
cycles [20]. It is expected that a porous SiO, film as a stress-resis-
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tant structure with high surface area as an anode can further im-
prove the cycle performance of a lithium ion battery.

Several dry and wet methods have been employed to prepare
porous SiO, films, including chemical vapor deposition (CVD)
[22], electrochemical anodized oxidation [23] and thermal oxida-
tion [24] of a silicon substrate, self-assembled soft templates [25],
sol-gel method [26], etc. Of them, CVD method and thermal oxida-
tion are widely used in semiconductor processing because their va-
por processes are more suitable for depositing dense SiO, thin films
of low porosity. Electrochemical anodized oxidation method is the
most reported wet electrochemical etching process suitable for the
formation of thin porous Si with native SiO, film. This method re-
quires a careful selection of several main experimental parameters
(such as current, density of illumination, etc.) and special type of Si
substrates. Consequently, it remains challenging in order to achieve
a precise and repeatable control of the porous structures and
dimensions of SnO, films. Moreover, the solution-based nature of
the electrochemical anodization process limits its application
resulting from the intolerable compatibility issues in some device
fabrication processes. In comparison, the sol-gel method exhibits
many manufacturing advantages such as low cost, high purity,
low processing temperature, and good controllability of the chem-
ical composition [27,28]. Hydrolysis of a silicon alkoxide precursor
such as tetraethylorthosilicate (TEOS) was previously adopted to
prepare the porous SiO, films [29]. However, decomposition of
the Si based precursor gel alone is usually difficult to precisely con-
trol the morphology and porosity of SiO, films; besides, mechanical
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problem such as cracking and peeling are likely to occur during the
post annealing process. As Lou et al. reported, the synthetic ap-
proaches of hollow structures are divided into four categories: (1)
conventional hard templating synthesis, (2) sacrificial templating
synthesis, (3) soft templating synthesis, and (4) template-free
methods [30]. The template approach is based on the silica formed
as the shell on the surfaces of the template particle via the cata-
lyzed hydrolysis and condensation of TEOS. After the silica coating,
the template particles are dissolved subsequently to form the hol-
low structure. However, the disadvantages related to high cost and
tedious synthetic procedures have impeded scale-up of the tem-
plate approach for large scale applications [30].

Regular porous SiO, can be synthesized in the aforementioned
various approaches, but no research was reported on formation
of multi-level hollow and nanoporous SiO, with tree-like nano-
structure. It is expected that the hollow as well as tree-like nano-
structure can be beneficial to increase the effective surface area
of SiO,. Recently we attempted an approach to deposit porous
and hollow SiO, films with tree-like nanostructure by combining
sol-gel method and electrostatic spray deposition (ESD), so-called
sol-gel assisted ESD (SG-ESD). The SG-ESD technique provides a
simple and versatile method for generating a rich variety of mor-
phologies, such as thin-films, porous and fibrous matrices, and sin-
gle or multi-component films [31,32]. In this work, we
demonstrated that the SG-ESD has many advantages in precise
and repeatable fabrication of nanoporous tree-like SiO, nanofilms.
The sol-gel step produced monodispersed SiO, nanoparticles.
Moreover unipolar ions induced by the ESD technique charged
the sol-solution of low viscosity and thereby helped atomize it into
liquid droplets. In addition, the electrical field existing between the
nozzle and substrate dominantly determined the trajectories of the
droplets and thereby their locations on the substrate.

2. Experimental
2.1. Synthesis of SiO films

A sol-gel method was utilized to prepare the precursor solu-
tion: 4.46 mL Tetraethyl orthosilicate (TEOS) and 11.68 mL ethanol
(EtOH) were mixed and vigorously stirred using a magnetic stirrer
for 10 min. Then a mixture of home-made deionized water (H,0)
and hydrochloric acid (HCl) were added dropwise while stirring
to induce the TEOS hydrolysis. The final molar ratio was TEOS:E-
tOH:H,0:HCl = 1:10:4:0.05. The solution were then stirred at
40 °C for 5 h and further aged for 24 h at room temperature after
the reaction was carried out in a reflux condenser. And then the ob-
tained sol solution (10 mL) was diluted with butyl carbitol (40 mL)
to adjust the concentration and the viscosity. The porous SiO- films
were prepared via a home-made LabView controlled Electrostatic
Spray Deposition (ESD) system as shown in Fig. 1. The stainless
steel needle (Monoject250, 1.2 mm x 38.1 mm) was connected to
a syringe pump using a plastic tube. The precursor solution was
delivered by the syringe pump at a flow rate of 2.0 mL h~!. A Direct
Current (DC) power supplied with voltage of 4-5 kV between the
needle tip and a grounded nickel foam substrate. The high voltage
induced a high electrical field between the needle and the sub-
strate, while an ionized area around the tip was produced by the
high electrical potential imposed to the needle tip. When the solu-
tion was sprayed into the space between the needle tip and the
substrate, it split into tiny droplets and deposited on the substrate,
both due to the effect of the electrical field. The substrate temper-
ature was controlled at 270 °C by an electric heating module, while
the nozzle-to-substrate distance was kept at 3.5-4.0 cm. Both
deposition and cooling process took place under ambient atmo-
sphere. The sample under a shadow mask has a round shape with

a diameter of 14 mm corresponding to the coin cell diameter, while
the effect spray deposition area is much larger with a diameter of
30-40 mm, ensuring the homogeneity of the sample. The as-pre-
pared materials were subsequently annealed at 600 °C for 60 min
under argon gas.

2.2. Characterization of porous SiO; films

Thermal behavior analysis (thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC)) was carried out with
a Mettler Toledo model TGA/SDTA851e/LF1600 under Argon atmo-
sphere with a heating rate of 10 °C min~! in a temperature range of
25-700 °C. The X-ray diffraction patterns were collected using a D-
5000 diffractometer operated at 40 kV and 40 mA, using Cu-Ko
radiation (/= 0.154056 nm) with a scanning rate of 2° min~! be-
tween 10° and 90°. Field-emission scanning electron microscopy
(FESEM) was performed using a JEOL JSM-6330F SEM operated at
15 kV. High-resolution transmission electron microscopy (HRTEM)
was performed using a JEOL 4000EX TEM operated at 400 kV.

2.3. Electrochemical performance of porous SiO, films

CR-2032-type coin cells were assembled in a glove box under ar-
gon atmosphere, where as-prepared SiO, films on nickel foam were
used as working electrodes and lithium sheets as counter elec-
trodes and reference electrodes. The electrolyte was 1 M lithium
bis (perfluoroethylsulfonyl)imide dissolved in ethylene carbon-
ate:dimethyl carbonate:ethyl methyl carbonate in a 1:1:1 volume
ratio. CR-2032-type coin cells were assembled in a glove box under
a dry argon atmosphere (moisture and oxygen concentration
<1 ppm). Electrochemical impedance spectroscopy measurement
was performed using a Versatile Multichannel Potentiostat
(VMP3) coupled with a frequency response analyzer. Charge-dis-
charge characteristics were tested galvanostatically between 0.02
and 3.0V (vs. Li*/Li) at a current density of 120mA g ' at room
temperature using an NEWARE BTS-610 Battery Test System.

3. Results and discussion

Thermal behavior of SiO, gel is presented in Fig. 2a. From the
weight loss vs. temperature curve, the apparent weight loss below
200 °C is assigned to the evaporation behavior of ethanol solvent,
HCI catalyst, and deionized (DI) water, which also resulted from
the desorption of the adsorbed water molecules. In the temperature
range from 200 to 600 °C, the residual organic groups, such as hy-
droxyl and methyl, decomposed and further resulted in mass loss
[33,34]. The differential scanning calorimetry (DSC) curve shows
that the decomposition occurred at around two endothermic peaks
of 295 and 445 °C as well as an exothermic peak of 404 °C. No obvi-
ous mass change was observed when the temperature was above
600 °C, implying that the complete decomposition of organic
groups completed. According to this thermal behavior, our samples
were annealed at 600 °C as a post thermal treatment. Fig. SI-1 in
Supporting Information shows the XRD patterns of the SiO, films
before and after annealing. It is found that the as-deposited SiO,
is amorphous by nature, no matter before or after an annealing.
The crystalline SiO, can only be formed above 1600 °C [35].

The morphologies of the as-deposited SiO, films were investi-
gated using SEM and TEM. Fig. 3 exhibits the typical SEM and TEM
micrographs of SiO, films at different magnifications. As shown in
Fig. 3a and b, the as-deposited SiO, films by the SG-ESD method
has unique nanoporous tree-like morphology with self-similarity
and organized hierarchical nature. At higher magnification, spheri-
cal SiO, particles can be found with well-dispersed structures (see
Fig. 3¢c). Furthermore, it is obvious these monodispersed spherical
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Fig. 1. Schematic diagram of the formation process of nanoporous tree-like SiO, films.
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Fig. 2. TGA-DSC curves of SiO, gel.

SiO, particles with a size of 300-500 nm show hollow porous struc-
ture with a pore size of ~7.5 nm. After annealing treatment, the
nano-trees structure can still be retained without cracks (Fig. 3e-
g). It indicates that the as-deposited SiO- films have good thermal
stability up to 600 °C, even though the SiO, has more different
thermal expansion coefficient than nickel, while for the thin film
samples cracks can be generated easily after calcination process.
The TEM images before and after heat treatment (Fig. 3d and h)
corroborate the SEM observation.

In order to confirm the hollow porous structure, the thickness
mapping using energy-filtered TEM was performed from the region
in Fig. 4a. The image was obtained by dividing a bright-field elec-
tron micrograph with the corresponding zero-loss filtered image,
the ratio of which is thickness dependent [36]. The micrograph is
colorized by the color temperature method (Gatan, Pleasanton,
CA, USA) with the legend labeled on the right. In Fig. 4b, the hollow
porous structure inside SiO, particles, resembling to a cage, was
clearly revealed. Nano-tree structure can be also confirmed from
cross-sectional SEM observations (see Fig. 4c). Obviously, the
height of nano-tree SiO,, that is, the thickness of SiO, films, is
~3 pm. Energy dispersive spectrometer (EDS) was also performed
to analyze the SiO, films as shown in Supporting Information

500 nm

Fig. 3. SEM (a-c and e-g) and TEM (d and h) images of as-deposited samples before
calcining (a-d) after calcining (e-h).

(Fig. SI-2). The EDS analysis shows the stoichiometric ratio of C,
Si and O of the as-deposited SiO, films is 21:14:65. There is no
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Fig. 4. (a) TEM, (b) thickness mapping of the as-deposited SiO, films, and (c)
crosssectional SEM images of as-deposited samples after calcining.

carbon existence after calcining SiO, films. The stoichiometric ratio
of Si and O changed to 31:69. In order to demonstrate that the
porosity of SiO, films can be tuned by selecting different catalyst
for the hydrolysis and condensation of TEOS, we investigated the
influence of catalyst on the morphology of SiO, films by replacing

HCl acid with ammonia. The morphology results show irregular
shaped porous structure of the SiO, films with a non uniform par-
ticle size distribution (see Fig. SI-3). It is reported that both of acid
and basic as catalyst show different mechanisms for the hydrolysis
and condensation reactions of TEOS. The acid-catalyzed mecha-
nisms are preceded by protonation of ~-OCH,CH; substituent at-
tached to Si, whereas ~OCH,CH3 attacks Si directly for basic
catalyst [37]. The reaction kinetics of hydrolysis and condensation
are markedly related to the used catalysts. HCI acid catalysis re-
sults in the formation of linear structures, whereas under ammonia
conditions spherical condensation products are obtained [38]. As a
consequence, the different catalysts such as HCI acid and ammonia
strongly influence the microstructure and morphology of the resul-
tant SiO, films.

During the sol-gel process, H,O was added into TEOS ethanol
solution to induce the TEOS hydrolysis. Hydrochloric acid as the
catalyst was added into the solution because the hydrolysis rate
of the heterogeneous TEOS-water system is usually low. During
the subsequent ESD process, as it is shown in Fig. 5a, the high po-
tential at the nozzle tip induced the surrounding air ionization,
resulting in a large amount of positive ions (e.g., 0%, 0%*) with
high-velocity [39,40]. The ions then charged the diluted sol solu-
tion by their bombardment in the surrounding area of the nozzle
outlet while they moved towards the substrate. And thereby the
sol solution was atomized and dispersed into tiny droplets with
the help of electrostatic repulsion force. The resultant droplets
moved towards the substrate due to the effect of the electrical field
(see Fig. 5b). When the substrate temperature was maintained at
270 °C, there was a temperature gradient between the tip of nozzle
and substrate. The maximum saturation charge (Qumax) of the drop-
let is proportional to the square of its radius (r) and can be de-
scribed by Pauthenier limit [41]:

127eg x & x 12 X E

Qmax = & +2

(1)
where E is the electric field, & the permittivity of free space, ¢, the
relative permittivity of the droplet. During the flight of droplets to-
wards the substrate, the evaporation of solvents resulted in shrink-
age of the droplet with total charge unchanged, which increased the
charge density on the surface of droplets. Rayleigh limit can be de-
fined as the point at which coulombic repulsion of the surface
charge is equal to the surface tension of the droplets [42], which
can be expressed by [31]

QG_ 30 6, i o

m 4nxrxp p r3

where Qg is maximum attainable charge density, m is the mass of
the droplet, p is the true density of the droplet, and y is the surface
tension of the liquid with respect to the surrounding gas. If the en-
hanced charge density exceeds the Rayleigh limit, droplets that con-
tain excess positive charge disintegrate into many smaller droplets.
It is believed that the coulombic repulsion among smaller droplets
prevents them from aggregating into big droplets, which is favor-
able to the formation of monodispersed nanoscaled SiO, particles.
When those charged droplets approached the substrate, they would
induce imaging charges of the same amount on the substrate. Con-
sequently, the induced imaging force would pull the droplets on the
substrate. The non-uniform surface nature of nickel foam substrate
caused non-uniform charge density distribution on its surface
(Fig. 5¢). At the beginning of deposition, some spherical SiO, parti-
cles were deposited on the special spots (with high charge density)
of nickel foam substrate (preferential landing effect) [31]. The sub-
sequent incoming droplets deposited on the initial deposited SiO,
particles on the substrate under the imaging force. With an
evolution of ESD process, several SiO, particles developed tree-like
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Fig. 5. Schematic mechanism of hollow and nanoporous SiO, with tree-like nanostructure on nickel foam synthesized by SG-ESD technique: (a) the high potential at the
nozzle tip ionizes the surrounding air and produces a large amount of positive ions; (b) under electrostatic repulsion force the precursor solution was atomized and dispersed
into tiny droplets, and the resultant droplets moved towards the substrate; (c) the deposition process of nano-tree-like SiO, films was illustrated; and (d) the morphological

and structural evolution of nano-porous SiO, particles was proposed.

structure (Fig. 5¢c). Moreover, these “nano-trees” cannot closely con-
tact even aggregate each other due to the electrostatic repulsion
force of SiO, particles with the same imaging charges. Eventually
the nanoporous tree-like SiO, films can be constructed.

In case of the catalyst of hydrochloric acid, SiO, tended to form
linear cross-link chains [43-45]. These molecular chains entangled
and easily formed branched structures during the process of ESD
[46]. The residual water and hydrochloric acid located among these
linear chains and branches. Moreover, ethanol and butyl carbitol
filled into the pores among linear chains when the sol solution
was diluted due to the needed appropriate viscosity for the ESD
process. During the flight of droplets towards the substrate, the
change from sol to gel occurred, and spherical SiO, particles
formed simultaneously. In addition, hydrochloric acid, ethanol,
water and butyl carbitol gradually evaporated. As shown in
Fig. 5d, the solvents were eliminated from the gel resulting in
the hollow porous structure. Due to the fact that the substrate tem-
perature was close to boiling point of butyl carbitol, after the drop-
lets arriving at the substrate, the remaining butyl carbitol solvent
inside the particles evaporated simultaneously, which also devel-
oped the hollow porous structure. More importantly, the gradual
evaporation of hydrochloric acid, ethanol, water and butyl carbitol
can effectively avoid the crack even collapse of hollow porous SiO,
particles.

This unique porous structured SiO, should be very interesting
for applications where requires large surface areas, such as opto-
electronic [7], catalysis [13], sensors [15], and template [17]. We
believe this special porous could be beneficial to buffer the huge
volume expansion/shrinkage during charge/discharge process as
an anode for lithium ion batteries [47,48]. In this research, the elec-
trochemical behavior of the nanoporous tree-like SiO, films on
nickel foam with a diameter of 14 mm was investigated. The elec-
trochemical impedance spectroscopy (EIS) of SiO, films is shown in
Fig. 6a at the discharge conditions. The EIS of SiO, electrode con-
sists of two depressed semicircles at high and medium frequency
domains, respectively, and a line at low frequency region. As de-
picted by the equivalent circuit in Fig. 6a insert, R, is the ohmic
electrolyte resistance, while Ry corresponds to the resistance for
Li* migration through the solid electrolyte interface (SEI) film on
the surface of SiO, and C;; denotes interfacial capacitance corre-
sponding to Ry (corresponding to the first semicircle). And the sec-
ond semicircle at lower frequency is due to the Li* insertion/
extraction into SiO,, that is, the charge transfer at interface be-
tween and electrolyte (related with double-layer capacitance (Cy)
and charge transfer resistance (R.)). Wis the finite-length Warburg
impedance that reflects the solid-state diffusion of Li* into SiO,. It
can be observed that the simulated impedance spectrum can be
well fitted with the experimental one using the equivalent circuit.
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Fig. 6. (a) Electrochemical impedance spectroscopy of the as-deposited SiO, films
on nickel foam at the discharge conditions; (b) charge/discharge profiles of as-
deposited SiO, thin films at a current density of 120 mA g~ at a voltage window of
0.02-3.00 V (vs. Li*/Li): the discharge curves (i) 1st, (ii) 2nd, (iii) 100th, and charge
curves (iv) 1st, (v) 2nd, (vi) 100th; (c) reversible charge/discharge capacity and
coulombic efficiency verse cycle numbers of the as-deposited SiO, films on nickel
foam as anode for lithium ion batteries at a current density of 120mAg ! in a
voltage range of 0.02-3.0 V (vs. Li*/Li) current density of 120 mA g~ in a voltage
range of 0.02-3.0 V (vs. Li*/Li).

Wang et al. proved the electrochemical reduction of nano-SiO,
and the formation of Li4SiO4 and Li,O as well as Si in the first-dis-
charge, and proposed a possible mechanism of amorphous SiO, to
store lithium below [19]:

Si0, + 4Li* + 4e~ — Li,0 + Si (3)
25i0, + 4Li* + 4e~ — LiySiOs + Si (4)

Si+xLi* +xe” < Li,Si (x <4.4) (5)

Another possible mechanism is surface storage as proposed by
Jamnik and Maier [49]. It was proposed that excess Li can be accom-
modated at the interfaces of the nanometer-sized particles [49,50].
So-called Li surface storage can play an important role due to the in-
creased surface area in the nanoporous tree-like structured SiO,. In
our research, SiO, films were charged and discharged in a voltage
range of 0.02-3.0 V (vs. Li*/Li) at a current density of 120mA g .
The charge/discharge behavior and cycle performance are shown
in Fig. 6b and c, respectively. The observed discharge capacity in
the first cycle was 1100 mAhg~!, whereas 331mAhg™! in the
second cycle. In the first charge/discharge cycle the large capacity
loss is due to the irreversible reactions (reactions (3) and (4)) and
gradual SEI film formation on the nanoporous tree-like SiO, with
high surface area. In the 60th cycle, the discharge and charge capac-
ities of SiO, thin films were 256 and 254 mA h g~ !, respectively. As
it is shown in Fig. 6¢, SiO, films exhibit obvious capacity fade (22.7%
in comparison to that of in the 2nd cycle) in the first 60 cycles (see
Fig. 6b inset). However, there is no obvious capacity fade (only 2.3%
in comparison to that of in the 60th cycle) from the 60th to the
300th cycle (250 and 247 mAhg™! for the discharge and charge
capacities, respectively), indicating excellent reversibility and struc-
tural stability of the as-prepared nanoporous tree-like SiO-. It is be-
lieved that the nanoporous tree-like morphology is beneficial for
the maximization of contact area between the SiO, anode and the
electrolyte. Nano walls in the porous structure provide a shortened
Li* diffusion length. The nanoporous tree-like structure can effec-
tively buffer the volume change during SiO, reaction with Li*.
Therefore, our nanoporous tree-like SiO, shows better cycle perfor-
mance than other published data [19-21]. It was recently reported
that SiO, can be reduced into Si using vaporized Mg [51]. Our re-
search results at this point are very promising considering no con-
ductive additives intentionally included. Future work will be
conducted on evaluating porous Si and its composites anodes for
lithium ion batteries.

4. Conclusion

In summary, we have successfully synthesized novel nanopor-
ous tree-like SiO, films by a sol-gel assisted electrostatic spray
deposition approach. The process began with the hydrolysis and
condensation of tetraethylorthosilicate via a sol-gel method to
form SiO, based sol solution. The sol solution was atomized by a
high electrostatic field applied in the ESD and the spray was depos-
ited onto a heated substrate. It was confirmed that the SiO, films
possess porous and nanoporous tree-like morphology in macro-
scale as well as monodispersed hollow nanoporous spherical struc-
ture in microscale. Moreover, the as-deposited SiO, films have a
good thermal stability up to 600 °C. The SiO, films as anodes for
lithium ion batteries show no obvious capacity fade from 60th cy-
cle up to the 300th cycle with excellent cycle performance due to
the special porous structure.
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