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In our present work, we report the synthesis of Sb-doped SnO2-coated TiO2 (TiO2@Sb-SnO2) conductive
nanocomposites by hydrothermal method. Firstly, titanate whiskers were hydrothermally synthesized at
175 °C using sodium hydroxide and metatitanic acid as starting materials with a molar ratio of 4:1. And
then, the TiO2@Sb-SnO2 nanocomposites were hydrothermally synthesized with the use of the as-synthe-
sized titanate whiskers, tin tetrachloride, and antimony trichloride as starting materials at 185 °C. In the
hydrothermal reaction process, Sb-doped SnO2 nanoparticles enhanced the phase transition from titanate
to rutile TiO2. The oxidation states of tin and antimony elements are Sn4+, Sb5+, and Sb3+, respectively.
TEM and HRTEM analyses indicated that the Sb-doped SnO2 nanoparticles with an average particle size
of around 1.5 nm were coated on the surfaces of TiO2 nanoparticulates with an average particle size of
around 20 nm. The TiO2@(1%)Sb-(10%)SnO2 nanocomposites had a minimum electric resistivity of 5.979
103 Ω·cm. Filling of the TiO2@Sb-SnO2 nanocomposites increased the electric conductivity of waterborne
polyester films, endowing the polyester films with static electron dissipativity.

Keywords electric resistivity, polyester, rutile TiO2, titanate
whiskers, TiO2@Sb-SnO2 nanocomposites

1. Introduction

Nanocomposites with distinguished properties have been
widely used as electrical conduction materials (Ref 1-3),
sensors (Ref 4, 5), dielectric materials (Ref 6), additives in
polymers (Ref 7), catalysts in thermal and photochemical
reactions (Ref 8, 9), and pigments (Ref 10, 11). The synthesis
and application of nanocomposites have attracted a great
attention of researchers.

In the past decades, researchers found that low-cost n-type
Sb-doped SnO2 semiconductors exhibit high electrical conduc-
tivity, transparency, and band gap. The Sb-doped SnO2

semiconductors can be used as functional materials in many
fields, such as electrical conduction fillers for improving the
conductivity of polycarbonate/acrylonitrile butadiene styrene
(Ref 1), waterborne epoxy coating (Ref 2), rubber, and plastics
(Ref 3); sensors for analyzing acetone, ethanol, liquefied
petroleum gas (Ref 4), and formaldehyde (Ref 5); thermal
insulation films for blocking ultraviolet light, reflecting near-
infrared light, and maintaining visible light transparency (Ref
12-17); electrodes for degrading phenol, benzoic acid, nor-
floxacin, and tetracycline (Ref 18-21), inactivating E. coli (Ref

18), and oxidizing water (Ref 22). The Sb-doped SnO2

semiconductors can also be used as laser stealth materials
(Ref 23) and transparent electrodes for perovskite solar cell
(Ref 24).

Sb-doped SnO2 semiconductors could be synthesized by the
chemical vapor deposition (Ref 25), aerosol-assisted chemical
vapor deposition at 450 °C (Ref 26), oxygen-reactive DC and
RF magnetron sputtering (Ref 27, 28), nonaqueous sol–gel (Ref
17, 29, 30), co-precipitation (Ref 16), and hydrothermal (Ref
31) methods using tin and antimony powders (Ref 25), butyl tin
trichloride and antimony(III) ethoxide (Ref 26), Sn/Sb disk
(Ref 27), Sb2O3 and SnO2 (Ref 28), and SnCl4 (SnCl2) and
SbCl5 (SbCl3, antimony(III) acetate, and antimony(III) ethox-
ide) (Ref 16, 17, 29, 31) as starting materials.

To obtain high electric conductivity, Sb-doped SnO2

semiconductors are usually annealed at 450-550 °C (Ref 17,
26, 28-31). The electric resistivity of the annealed Sb-doped
SnO2 semiconductors ranges from 4.7910‒4 to 1.72910‒2

Ω·cm (Ref 17, 26-30). Without annealing at a high temperature,
the electric resistivity of the as-synthesized (4-30 at.%) Sb-
doped SnO2 nanoparticles is at a relative low level, ranging
from 19104 to 19106 Ω·cm (Ref 30).

To reduce the cost, Sb-doped SnO2 semiconductors could be
coated on oxides or mineral matrixes to form conductive
composites. It was reported that the electric resistivity of porous
coal slag@Sb-SnO2 (Sb/Sn molar ratio of 1:6) powders
prepared by calcination at 750 °C was 2.69103 Ω·cm (Ref
32). The electric resistivity of TiO2@(5%)Sb-SnO2 nanocom-
posites prepared by calcination at 550 °C was 3.59104 Ω·cm
(Ref 3). The electric conductivity of rod-like TiO2@Sb(10 at.
%)-SnO2 nanocomposites prepared at 75 °C was around 29105

Ω·cm (Ref 33). The support type, Sb doping extent, and
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reaction temperature significantly affect the electric conductiv-
ity of supported Sb-SnO2 nanocomposites. Although the
supported Sb-doped SnO2 nanocomposites had a larger electric
resistivity than the “naked” Sb-doped SnO2 semiconductors,
the large-sized supported conductive nanocomposites not only
decrease the cost but also facilely construct conductive
networks in polymer matrixes, which effectively improves
their electric conductivity.

In this work, we firstly synthesized sodium titanate whiskers
by the hydrothermal method starting from metatitanic acid and
sodium hydroxide. And then, the TiO2@Sb-doped SnO2

nanocomposites were hydrothermally synthesized using the
as-synthesized titanate whiskers as TiO2 precursors and SnCl4/
SbCl3 as tin and antimony precursors. The as-synthesized
TiO2@Sb-doped SnO2 nanocomposites exhibited good electric
conductivity.

2. Experimental

2.1 Materials

Hydrated metatitanic acid (H2TiO3·nH2O, 36.5 wt.% TiO2)
was purchased from the Jiangsu Taibai Group Co., Ltd. China.
Sodium hydroxide, tin tetrachloride pentahydrate
(SnCl4·5H2O), antimony trichloride (SbCl3), ammonia (28%),
and hydrochloric acid (38%) were guaranteed reagents and
purchased from the Chemical Reagent Co., Ltd. Shanghai,
China.

2.2 Synthesis of Titanate Whiskers

Titanate whiskers were synthesized according to the proce-
dures as follows. 43.5 g of hydrated metatitanic acid was
dispersed in 100 mL of deionized water at room temperature
(25 °C). After stirring for 30 min, the pH value of the
aforementioned suspension was adjusted to ca. 2 by adding a
sodium hydroxide (5 wt.%) aqueous solution. And then, a
given amount of sodium hydroxide (20 wt.%) aqueous solution
was added into the suspension under stirring at 300 rpm. The
molar ratios of NaOH to metatitanic acid (H2TiO3) were set at
1:1, 4:1, and 6:1 by changing the amount of sodium hydroxide
aqueous solution. After the reaction mixture was stirred at
300 rpm for 2 h, it was poured into Teflon-lined stainless-steel
autoclaves and hydrothermally reacted in an electric oven at
175 °C for 24, 48, 72, and 96 h, respectively. When the reaction
suspension was cooled to room temperature, the as-synthesized
titanate whiskers were filtered, washed with deionized water to
neutral, and dried at 110 °C for 12 h.

2.3 Synthesis of TiO2@SnO2 and TiO2 @Sb-SnO2
Nanocomposites

10 g of sodium titanate whiskers synthesized with an NaOH/
H2TiO3 molar ratio of 4:1 at 175 °C for 96 h was dispersed in
50 mL of deionized water at 50 °C under stirring. Prescribed
amounts of SnCl4·5H2O and SbCl3 were dissolved in 50 mL of
hydrochloric acid (2 mol·L‒1) aqueous solution. The SnCl4/
SbCl3 mixed aqueous solution was pumped into the sodium
titanate whisker aqueous suspension with a peristaltic pump at a
feeding rate of 1 mL·min‒1 under stirring. At the same time, an
ammonia aqueous solution (5 mol·L‒1) was pumped into the
aqueous suspension to control the pH value of reaction solution

at ca. 7. After the SnCl4/SbCl3 mixed solution was added, the
reaction solution was stirred at 50 °C for 2 h. The reaction
solution was transferred into three Teflon-lined stainless-steel
autoclaves each with a capacity of 100 mL. The hydrothermal
reaction was conducted at 185 °C for 16 h in an electric oven.
After the hydrothermal reaction, the as-synthesized TiO2@S-
nO2 and TiO2@Sb-SnO2 nanocomposite samples were filtered
and washed with deionized water until there were no Cl− anions
detected in filtrate by dropping several drops of AgNO3

aqueous solution. And then, the washed samples were dried in
an electric oven at 110 °C for 12 h.

The weight percentages of Sn in the TiO2@SnO2 nanocom-
posite samples were 5-20%. For the TiO2@Sb-(10%)SnO2

nanocomposite samples, the weight percentages of Sb were set
at 1-5%. After the hydrothermal reaction, the contents of Sn
and Sb in filtrates were at a negligible extent by ICP analysis,
which indicates that Sb and Sn components were completely
deposited in the as-synthesized TiO2@SnO2 and TiO2@Sb-
SnO2 nanocomposites.

2.4 Preparation of TiO2 @(1%)Sb-(10%)SnO2
Nanocomposite-Filled Antistatic Polyester Films

TiO2@(1%)Sb-(10%)SnO2 nanocomposites were mixed
with an environmentally friendly waterborne polyester paint.
The contents of nanocomposites in the paint were set at 10-
25 wt.%. The nanocomposite-filled polyester paint was coated
on a smooth glass surface of 40940 mm by a doctor blading
coating method and dried naturally at room temperature for
24 h. The thicknesses of films were ca. 1 mm.

2.5 Characterization

The crystal structures of the titanate whisker, TiO2@SnO2,
and TiO2@Sb-SnO2 samples were determined with the use of a
powder XRD apparatus. The morphologies of the titanate
whisker, TiO2@SnO2, and TiO2@Sb-SnO2 samples were
observed on a scanning electron microscope. The microstruc-
tures of representative titanate whisker and TiO2@Sb-SnO2

samples were analyzed with the use of TEM and HRTEM
techniques. The chemical states of tin and antimony compo-
nents in representative TiO2@SnO2 and TiO2@Sb-SnO2 sam-
ples were analyzed with the use of XPS technique. The electric
resistivity of the TiO2@SnO2, TiO2@Sb-SnO2, and TiO2@Sb-
SnO2 nanocomposite-filled polyester films was measured on an
ultra-high resistance microcurrent tester.

3. Results and Discussion

3.1 Evolution of Titanate Whiskers

Figure 1 shows the XRD patterns of the samples hydrother-
mally synthesized starting from sodium hydroxide and metati-
tanic acid with different NaOH/H2TiO3 molar ratios at 175 °C
for prescribed time periods. When the molar ratio of NaOH to
H2TiO3 was 1:1 and the hydrothermal reaction was conducted
at 175 °C for 24-96 h, the XRD peaks of the as-synthesized
samples were observed at (2θ) 25.3, 37.8, 48.1, 53.9, 55.1,
62.7, 68.8, 70.3, and 75.0°, respectively (Fig. 1a). These peaks
belong to the characteristic ones of anatase TiO2 (JCPDS No.
21–1272). The XRD peak intensity increased upon prolonging
the hydrothermal reaction time, which reveals that the pro-
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longing of hydrothermal reaction time increases the crys-
tallinity of resultant anatase TiO2 samples.

When the samples were hydrothermally synthesized with
the NaOH/H2TiO3 molar ratio of 4:1 at 175 °C for 24-96 h,
after washing and drying, several diffraction peaks were
observed at (2θ) 17.6, 23.9, 26.5, 29.6, 35.3, 35.8, 37.6, 47.3,
and 48.3° (Fig. 1b), which could be ascribed to those of
distorted titanate salt, Na0.98H1.02Ti4O9·3.3H2O (JCPDS No.
38–0221). The peak intensity increased with the prolonging of
hydrothermal reaction time. While the hydrothermal reaction
time was 72 h or longer, the appearance of a peak at (2θ) 17.6°
indicates that the as-synthesized titanate salt has a layered
structure.

As the molar ratio of NaOH to H2TiO3 was increased to 6:1,
the XRD peaks of the distorted titanate salt (Na0.98H1.02-

Ti4O9·3.3H2O) were obviously observed for the washed and
dried samples (Fig. 1c). The peak intensity of these samples
was stronger than that of those samples synthesized with the
NaOH/H2TiO3 molar ratio of 4:1. It is worthy to note that
increasing the molar ratio of sodium hydroxide to metatitanic
acid and prolonging the hydrothermal reaction time facilitate
the formation of titanate salt.

We suggested that at a lower NaOH/H2TiO3 molar ratio of
1:1, metatitanic acid was converted to anatase TiO2. Upon
increasing the NaOH/H2TiO3 molar ratio to 4:1 or 6:1, sodium
hydroxide could react with metatitanic acid to form layer-
structured sodium tetratitanate and water molecules could

intercalate into the layers of titanate salt. During washing
process, Na+ ions were substituted by H+ ions, which results in
the formation of Na0.98H1.02Ti4O9·3.3H2O. The evolution
procedures are illustrated by the following equations.

H2TiO3 �!NaOH=H2TiO3

175oC for 24�96 h
anatase Tio2 ðEq 1Þ

H2TiO3 + NaOH + H2O �!NaOH=H2Tio3¼4:1 and 6:1

175oC for 24�96 h
Na2Ti4O9 � nH2O

ðEq 2Þ

Na2Ti4O9 � nH2O �!Washing with deionized water

Drying at 100oC for 12 h
Na0:98H1:02Ti4O9 � 3.3H2O

ðEq 3Þ
The SEM images of the anatase TiO2 samples show that

these samples were composed of small-sized TiO2 primary
nanoparticles with the particle sizes of ca. 25 nm. The primary
nanoparticles aggregated to form secondary particles with the
sizes of ca. 1 μm (Fig. 2a1–a4).

When the titanate salt samples were synthesized with the
NaOH/H2TiO3 molar ratio of 4:1, the washed and dried
samples were composed of nanosized titanate whiskers
(Fig. 2b1-b4). Diameters and lengths of the as-synthesized
titanate whiskers increased with the prolonging of hydrothermal
reaction time periods. When the titanate whiskers were

Fig. 1 XRD patterns of the samples hydrothermally synthesized with the NaOH/H2TiO3 molar ratios of (a1-a4) 1:1, (b1-b4) 4:1, and (c1-c3)
6:1 at 175 °C for given time periods of (a1,b1,c1) 24, (a2,b2,c2) 48, (a3,b3,c3) 72, and (a4,b4,c4) 96 h. (●) anatase TiO2 (JCPDS No. 21–1272).
(■) Na0.98H1.02Ti4O9·3.3H2O (JCPDS No. 38–0221)
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Fig. 2 SEM images of the samples hydrothermally synthesized with the NaOH/H2TiO3 molar ratios of (a1-a4) 1:1, (b1-b4) 4:1, and (c1-c3) 6:1
at 175 °C for given reaction time periods of (a1,b1,c1) 24, (a2,b2,c2) 48, (a3,b3,c3) 72, and (a4,b4,c4) 96 h. (d1) HRTEM image of the repre-
sentative sample b4

Journal of Materials Engineering and Performance Volume 33(3) February 2024—1509



synthesized at 175 °C for 96 h, after washing and drying, their
average diameter and length were 320 nm and 3.0 μm,
respectively.

At the NaOH/H2TiO3 molar ratio of 6:1, diameters and
lengths of the as-synthesized titanate whiskers also increased
with the prolonging of hydrothermal reaction time periods
(Fig. 2c1–c4). When the titanate whiskers were hydrothermally
synthesized at 175 °C for 96 h, after washing and drying, their
average diameter and length were 530 nm and 4.93 μm,
respectively. Higher NaOH/H2TiO3 molar ratio and longer
hydrothermal reaction time are beneficial to the crystal growth
of titanate whiskers.

To determine the microstructures of titanate whiskers, a
representative sample hydrothermally synthesized with the
NaOH/H2TiO3 molar ratio of 4:1 at 175 °C for 96 h was
analyzed by HRTEM. The HRTEM image shows that the as-
synthesized titanate whiskers have a layered structure
(Fig. 2d1). The layer distance is 0.766 nm, which is large
enough for the intercalating of water molecules with a diameter
of ca. 0.4 nm.

Considering that the titanate whisker sample synthesized
with the NaOH/H2TiO3 molar ratio of 4:1 at 175 °C for 96 has a
well crystal structure and small diameter, it was selected as the
TiO2 precursor for the synthesis of TiO2@SnO2 and TiO2@Sb-
SnO2 conductive nanocomposites.

3.2 Evolution of TiO2@SnO2 and TiO2@Sb-SnO2
Nanocomposites

The titanate whiskers hydrothermally synthesized with the
NaOH/H2TiO3 molar ratio of 4:1 at 175 °C for 96 h were used
as TiO2 precursors to synthesize TiO2@SnO2 and TiO2@Sb-
doped SnO2 semiconductors. When the TiO2@SnO2 samples
with 5-20% Sn were hydrothermally synthesized at 185 °C for
16 h, weak XRD peaks at 26.4 (shoulder), 34.1, and 51.9°
ascribed to cassiterite SnO2 phase (JCPDS No. 41–1445), peaks
at 25.3, 37.8, 48.0, and 62.7° ascribed to anatase TiO2 phase
(JPCDS No. 21–1272), and strong peaks at 27.3, 35.9, 39.0,
41.1, 43.9, 54.1, 56.5, 62.7, 64.0, and 68.8° ascribed to rutile
TiO2 phase (JPCDS 21–1276) were observed (Fig. 3). The

Fig. 2 continued
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XRD analysis revealed that during the hydrothermal reaction
process, SnO2 phase evolved. At the same time, titanate
whiskers were converted to both anatase and rutile TiO2. It is
worthy to indicate that at a higher SnO2 content, the peak
intensity of rutile TiO2 phase became stronger, whereas the
peak intensity of anatase TiO2 phase became weaker. It is
reasonable to propose that SnO2 crystallites could induce the
phase transition from titanate to rutile even at a mild
hydrothermal reaction temperature of 185 °C.

SEM images of the TiO2@SnO2 samples with 5-20% Sn
contents show that these samples were composed of TiO2 and
SnO2 nanoparticles (Fig. 4). The magnified SEM images show
that the particle sizes of the samples ranged from 10 to 70 nm
and their average particle sizes were ca. 30 nm. The elemental
mapping images show that the tin and titanium elements
uniformly dispersed in these samples, which indicates that the
TiO2 and SnO2 nanoparticles well dispersed in the as-synthe-
sized TiO2@SnO2 nanocomposites.

To increase the electric conductivity of TiO2@SnO2

nanocomposites, antimony component was added into the
samples. The XRD patterns showed that at lower Sb contents of
1-2%, weak peaks at (2θ)25.2 and 37.8° ascribed to anatase
TiO2 phase (JPCDS No. 21–1272) and strong peaks at (2θ)
27.5, 35.9, 39.0, 41.1, 43.9,54.1, 56.6, 62.6, 63.9, and 69.0°
ascribed to rutile TiO2 phase (JPCDS No. 21–1276) were
obviously observed (Fig. 5). The peak intensity of rutile TiO2

phase was much stronger than that of anatase TiO2 phase,
indicating that rutile TiO2 phase dominantly formed. Further-
more, a weak peak at (2θ) 52.4° ascribed to cassiterite SnO2

(JPCDS No. 41–1445) was observed.
At larger Sb contents of 3-5%, rutile TiO2 phase existed,

whereas anatase TiO2 phase disappeared. The addition of Sb
component enhanced the phase transition from titanate to rutile
TiO2. A weak peak at (2θ) 52.4° ascribed to cassiterite SnO2

phase was also observed. There were no antimony-containing
compounds detected. It is worthy to note that with the addition
of Sb component, the XRD peaks of cassiterite SnO2 shift to
large angles by 0.5° as compared to those of the TiO2@SnO2

samples. It could be explained as that antimony ions with
smaller radius can substitute the Sn4+ ions of SnO2 crystallites.
With the increasing of substituting extent, the lattice constants
of Sb-SnO2 crystallites decrease, leading to the increase in
diffraction angle (2θ) (Ref 14).

SEM images of the TiO2@Sb-SnO2 samples show that these
samples were composed of TiO2 and Sb-doped SnO2 nanopar-
ticles (Fig. 6). The magnified SEM images show that the
particle sizes of the TiO2@Sb-SnO2 samples ranged from 10 to
70 nm and their average particle sizes were ca. 30 nm. The
elemental mapping images show that the tin, antimony, and
titanium elements uniformly dispersed in these samples, which
indicates that the TiO2 and Sb-SnO2 nanoparticles could well
disperse in the as-synthesized TiO2@Sb-SnO2 nanocomposites.

TEM and HRTEM images of the representative TiO2@
(1%,3%)Sb-(10%)SnO2 samples are shown in Fig. 7. For the
TiO2@(1%)Sb-(10%)SnO2 sample, the average particle size of
Sb-SnO2 nanoparticles was 1.5 nm. And the average particle
size and particle size distribution of TiO2 nanoparticulates were
19 and 12-70 nm, respectively. For the TiO2@(3%)Sb-(10%)
SnO2 sample, the average particle size of Sb-SnO2 nanopar-

ticles was 1.6 nm. The average particle size and particle size
distribution of TiO2 nanoparticulates were 21 and 12-33 nm.

The lattice fringes of TiO2@(1%,3%)Sb-(10%)SnO2 sam-
ples were 0.331 and 0.262 nm, which are ascribed to the lattice
spacings of (1 1 0) and (1 0 1) planes of cassiterite SnO2. And
the lattice fringes of 0.328 nm are ascribed to the lattice spacing
of (1 1 0) plane of rutile TiO2.

The TEM and HRTEM analyses reveal that the small-sized
Sb-doped SnO2 nanoparticles well anchored at the surfaces of
large-sized TiO2 nanoparticulates. The TiO2@Sb-SnO2 samples
had a core–shell structure.

The binding energies of Sn3d5/2 and Sn3d3/2 of the
representative TiO2@(10%)SnO2, TiO2@(1%)Sb-(10%)SnO2,
and TiO2@(3%)Sb-(10%)SnO2 were 486.4, 494.9; 486.6, 495;
486.6 and 495 eV, respectively (Fig. 8a). The distances between
the Sn3d5/2 and Sn3d3/2 peaks were 8.5, 8.4, and 8.4 eV. The
binding energy values and spin–orbit splitting of Sn3d5/2 and
Sn3d3/2 indicate that the tin component in the samples is at Sn4
+ oxidation state (Ref 5, 17, 32). However, the Sn3d5/2 and
Sn3d3/2 peaks of the TiO2@Sb-SnO2 samples shifted to large
values by 0.2 and 0.1 eV as compared to those of the
TiO2@SnO2 sample. And the distances between the Sn3d5/2
and Sn3d3/2 peaks of the TiO2@Sb-SnO2 samples were
slightly less than that of the TiO2@SnO2 sample. These
changes could be ascribed to the substitution of Sn4+ ions in
SnO2 crystallites by antimony ions.

Considering the overlap of O1s and Sb3d5/2 peaks, the
Sb3d3/2 peak was used to analyze the chemical state of
antimony element in the nanocomposites. According to the
reports, the binding energies of Sb3d3/2 peaks for Sb3+ and Sb5
+ are 539.2-539.7 and 540.1-540.6 eV, respectively (Ref 3, 5,
32). To analyze the chemical state of antimony element, the
binding energies of Sb3d3/2 peaks for Sb3+ and Sb5+ were set
at 539.5 and 540.1 eV, respectively. The Sb3d3/2 peak was
separated to two peaks by using an XPS peak split software.
The peak splitting results show that the antimony element in
TiO2@(1%)Sb-(10%)SnO2 and TiO2@(3%)Sb-(10%)SnO2

samples is at both Sb5+ and Sb3+ oxidation states (Fig. 8b
and c). The ratios of Sb5+/Sb3+ estimated according to their

Fig. 3 XRD patterns of the TiO2@SnO2 samples with different Sn
contents. (●) rutile TiO2 (JCPDS No. 21–1276), (▲) anatase TiO2

(JCPDS No. 21–1272), (■) cassiterite SnO2 (JCPDS No. 45–1445)

Journal of Materials Engineering and Performance Volume 33(3) February 2024—1511



areas are 0.97:1 and 0.83:1, respectively. The XPS analysis
reveals that during the hydrothermal synthesis process, part of
Sb3+ was oxidized to Sb5+.

3.3 Electric Conductivity of TiO2@SnO2 and TiO2@Sb-SnO2
Nanocomposites

Figure 9a shows the impacts of tin contents on the electric
resistivity of TiO2@SnO2 nanocomposites. It was found that
when the tin contents were increased from 5 to 10%, the electric
resistivity of the TiO2@SnO2 nanocomposites dramatically
decreased from 2.699106 to 6.629105 Ω·cm. Further increas-
ing the tin content had no obvious effect on the electric
resistivity. We suggest that at a tin content of 10%, the SnO2

nanoparticles could be well coated at the surfaces of TiO2

matrixes. Therefore, 10% tin content in the TiO2/SnO2

nanocomposite is enough to obtain a good electric conductivity.
When antimony dopant contents were 1-2%, the electric

resistivity of the as-synthesized TiO2@Sb-(10%)SnO2

nanocomposites reached a lower level (Fig. 9b). At the
antimony content of 1%, the minimum electric resistivity of
5.979103 Ω·cm was obtained. Upon further increasing the
antimony content, the electric resistivity slowly increased.

It has been suggested that when Sb5+ is the doping
component in SnO2 crystallite, Sb5+ introduces donor state
(electron), which decreases the electric resistivity (Ref 3, 32).
On the other hand, when Sb3+ and Sb5+ are the doping
components in SnO2 crystallite, Sb

3+ introduces acceptor state
(hole) and has a compensating effect on the donor state of Sb5+,

Fig. 4 SEM images and elemental mapping of the TiO2@SnO2 samples with different Sn contents. (a1-a3) 5% Sn, (b1-b3) 10% Sn, (c1-c3)
15% Sn, and (d1-d3) 20% Sn. The inserts in a1, b1, c1, and d1 are the magnified SEM images

Fig. 5 XRD patterns of the TiO2@Sb-SnO2 samples with 10% Sn
and different Sb contents of (a)1%, (b) 2% (c) 3%, (d) 4%, and (e)
5%. (●) rutile TiO2 (JPCDS No. 21–1276), (▲) anatase TiO2

(JPCDS No. 21–1272), (■) cassiterite SnO2 (JPCDS No. 45–1445)
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Fig. 6 SEM images and elemental mapping of the TiO2@Sb-SnO2 samples with 10% Sn and different Sb contents of (a1-a4)1%, (b1-b4) 2%,
(c1-c4) 3%, (d1-d4) 4%, and (e1-e4) 5%. The inserts are the magnified SEM images
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Fig. 6 continued
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which causes an increase in the electric resistivity of Sb-doped
SnO2 crystallite. Under our present hydrothermal reaction
conditions, both Sb5+ and Sb3+ ions could substitute the Sn4+

ions in SnO2 crystallites. A higher Sb5+/Sb3+ ratio at a lower
antimony content was favorable for obtaining higher electric
conductivity. The antimony doping extent affected the Sb-SnO2

crystal structure, which influences the electric conductivity.

3.4 Electric Conductivity of TiO2@Sb-SnO2
Nanocomposites-Filled Waterborne Polyester Paint
Films

The electric resistivity of TiO2@(1%)Sb-(10%)SnO2

nanocomposite-filled waterborne polyester paint films de-
creased upon increasing the nanocomposite contents (Fig. 10).

Fig. 7 TEM and HRTEM images of the representative (a1, a2) TiO2@(1%)Sb-(10%)SnO2 and (b1, b2) TiO2@(3%)Sb-(10%)SnO2 samples

Fig. 8 XPS of the TiO2@SnO2 and TiO2@(1%,3%)Sb-(10%)SnO2 nanocomposites. (a) Sn3d and (b, c) Sb 3d3/2
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At a lower conductive nanocomposite content of 10 wt.%, the
resistivity of the nanocomposite-filled polyester film was 6.59
91010 Ω·cm. The filling of conductive nanocomposite
endowed the polyester paint film with static electron dissipa-
tivity. It is reasonably suggested that the as-synthesized TiO2@
(1%)Sb-(10%)SnO2 nanocomposites could be used as effective
conduction fillers to eliminate static electron accumulation in
nonconductive polymers.

4. Conclusions

Titanate whiskers were hydrothermally synthesized at 175 °
C using sodium hydroxide and metatatanic acid as starting
materials with a molar ratio of 4:1 or 6:1. TiO2@SnO2

nanocomposites were hydrothermally synthesized at 185 °C
with the use of the titanate whiskers and tin tetrachloride as
titanium and tin precursors. The presence of SnO2 phase
promoted the phase transition from titanate to both anatase and
rutile TiO2. At 10 wt.% tin content, the electric resistivity of the
as-synthesized TiO2@(10%)SnO2 nanocomposites was 6.629
105 Ω·cm.

When the titanate whiskers, tin tetrachloride, and antimony
trichloride were used as titanium, tin, and antimony precursors,
the rutile TiO2@Sb-SnO2 nanocomposites were hydrothermally
synthesized at 185 °C. The Sb-doped SnO2 nanoparticles could
enhance the phase transition from titanate to rutile TiO2 when
the Sb content was above 2 wt.%. The TiO2@(1%)Sb-(10%)
SnO2 nanocomposites had a minimum electric resistivity of
5.979103 Ω·cm.

In the TiO2@SnO2 and TiO2@Sb-SnO2 nanocomposites,
the oxidation state of tin component is Sn4+. And the oxidation
states of antimony component are both Sb5+ and Sb3+. TEM
and HRTEM analyses show that the Sb-doped SnO2 nanopar-
ticles with an average particle size of ca. 1.5 nm were coated on
the surfaces of rutile TiO2 nanoparticulates with an average
particle size of ca. 20 nm.

The filling of the as-synthesized TiO2@Sb-SnO2 nanocom-
posites promoted the electric conductivity of waterborne

polyester paint films, which endows the polyester films with
static electron dissipativity.
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