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temperature calcination process. The morphology, structure and composition of

© Springer Science+Business ~ TSS were characterized by scanning electron microscope, Brunauer-Emmet-

Media, LLC, part of Springer Teller surface area analyzer, X-ray diffractometer and transmission electron

Nature 2019 microscope with energy-dispersive X-ray spectrometer, respectively. Effects of
dropping conditions, introducing sulfate, pH value, calcination temperature and
holding time on the conductivity of TSS were investigated by measuring
resistivity, Zeta potential and particle size, meanwhile the calcination action and
conductive mechanism by thermogravimetric analysis, X-ray photoelectron
spectroscopy and electron spin resonance. The results revealed that the core—
shell structured TSS was formed, and the resistivity of composite powder was
below 4.0 Q cm under the optimum conditions. Our analysis indicates that the
conductive channel mechanism is the main conductive mechanism of the as-
prepared composite.

Introduction [5], soft magnetic composites [6] and targeted drug
delivery [7]. In order to exhibit extraordinary or new
properties, the research directions have been diver-

Core—shell (CS) nanoparticles (NPs) were first sifying in different shapes [8-10], multi shells [5] and

reported in early 1990’s [1], which have improved so on, ascribing to the synergism between core and

optical, catalytic, electronic, magnetic properties and shell materials. Therefore, the appropriate design of
other physicochemical properties in various applica- ~ CS-structured materials with different properties is
tions, for example, catalysis [2—4], lithium ion battery the primary objective of material investigators.
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The reported preparation methods of CS composite
powder mainly conclude mechanical aggregation
method (ball-milling dispersion [11] and ultrasonic
dispersion [12]) one-step hydrothermal synthesis [9],
polymer-pyrolysis method [13] and matrix coating
methods including co-precipitation [14-16], poly-
meric precursor method [17, 18] (Pechini route [19]),
homogeneous precipitation [2, 20, 21], etc. Among
these methods, powder coating technology has
impacts on a great variety of composite powder [22],
in which homogeneous precipitation method has
been extensively employed because it can efficiently
regulate the size and shape of particles for the syn-
thesis of superfine oxides and other composite
materials by slow hydrolysis of the precipitant in the
reaction mixture [2].

Inorganic pigment fillers have the broad use in the
production of paints, plastics, ceramics and many
other applied materials to improve, enhance and
endow new functions [23]. However, there are elec-
trostatic hazards due to impact, extrusion and friction
with each other of these materials, such as fire,
explosion and electromagnetic interference caused by
electrostatic discharge [24] as well as adsorption of
dust and product bonding resulted from electrostatic
attraction. Thus, research and development as well as
application of conductive filler are crucial. It has been
reported that the inorganic/inorganic particle-coat-
ing technology for surface modification was carried
out to improve electrical conductivity of the matrix
fillers, which was based on cheap mineral fillers, such
as kaolinite [14], talc [15], barite [16], clay [19], wol-
lastonite [25] and titanium dioxide (TiO,) [26].
Among them, pigment-grade TiO, with the particle
diameter of 200-300 nm, typically of rutile phase, has
been widely acted as the matrix of composite powder
because of its superior scattering property (compared
with all other white pigments) and unique chemical
durability as well as innocuity [27, 28]. Meanwhile,
antimony-doped tin dioxide (ATO) is well-known
transparent conductive oxide because of high con-
ductivity, optical transparency, excellent IR blocking
property, chemical and thermal stability [10, 11, 19],
while the high cost and the dark gray color of ATO
materials result in an undesirable appearance to the
final product. Hence, with TiO, as the core and ATO
as a conductive nanoshell of the coated composite,
the advantages of the two materials can be fully uti-
lized to prepare light colored conductive inorganic
composite fillers. The composite materials have a
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more great application prospect than traditional
conductive materials including metal [29], carbon
materials [30], metal oxides [31] and so on.

In the present work,we adopted homogeneous
precipitation to fabricate the preliminary CS precur-
sor that was subsequently calcined to obtain the CS-
structured TiO,@Sb-5nO, (TSS) composite conduc-
tive powder. We also have discussed the influence of
main factors on the structure and resistivity of the
samples based on the selection of optimal parame-
ters, including the conditions of dropping and calci-
nation, the kinds and amounts of sulfate as well as
pH value. And the conductive mechanism of com-
posite powder was finally investigated.

Experimental
Materials

All the chemicals used are of analytical grade without
further purification, including tin(IV) chloride pen-
tahydrate(SnCly-5H,0), antimony trichloride(SbCly),
sodium sulfate(Na,SO,), potassium sulfate(K;SO,),
ammonium  sulfate((NH4),SO,), urea(CON,H,),
cetyltrimethyl ammonium bromide(CTAB, C;sHjz3(-
CH3)3NBr), hydrochloride acid(HCI) and anhydrous
ethanol(C;HsOH). TiOy(Jinzhou titanium industry
Co. Ltd., China).

Preparation of TiO,@Sb-SnO, composite

TiO,@Sb-5n0O, conductive nanocomposite was pre-
pared as follows. In a typical procedure, 0.15 mol of
urea and 0.16 mmol (0.075 wt%) CTAB were dis-
solved in 80 mL deionized water and stirred for
30 min; then 0.025 mol TiO, was added under con-
tinuously stirred conditions. The suspension con-
taining TiO, (Suspension A) was ultrasound
dispersed for 1 h, and then transferred to a 250 mL
three-necked, round-bottomed flask. Meanwhile,
4.5 mmol (NH4),SO,; were taken in the flask. When
the temperature rise to 60 °C, 0.20 mol L™ mixed
hydrochloric acid solution of SnCly-5H,O and SbCl;
(Solution B, n(Sn)/n(Sb) = 12) were added dropwise
slowly to the above mixture by peristaltic pump.
After that, the seriflux was refluxed under vigorous
stirring for 6-10 h at 95 °C to pH = 5. The resulting
pale yellow precipitates were washed two to three
times with deionized water and anhydrous ethanol,
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respectively, to remove Cl™ (test by AgNOj). The
precursors were subsequently dried at 90 °C for 12 h
and were finally calcined at 550 °C for 2 h in the air at
a heating rate of 15 °C min~" to obtain TSS composite
particles. The fabrication process of conductive
composite powder is shown in Fig. 1.

Sample characterization

Surface morphology and microstructure of the sam-
ples prepared were observed with a field emission
scanning electron microscope (FESEM, S-4800, Hita-
chi Co., Japan). TEM, HRTEM and TEM elemental
mapping images were obtained from a transmission
electron microscope (TEM, JEM-2100F, JEOL Co.,
Japan) equipped with an energy-dispersive X-ray
spectrometer (EDS) analyzer. The crystal phases of
the synthesized samples were acquired with an X-ray
diffractometer (XRD, Ultima IV, Rigaku Co., Japan)
with Cu Ka radiation and 260 ranging from 10° to 80°
at a scanning rate of 0.2° s'. Surface compositions
and chemical states analysis of composite powers
were examined by X-ray photoelectron spectroscopy
(XPS, K-Alpha, Thermo Scientific Co., USA). Electron
paramagnetic resonance (ESR) studies of the uncal-
cined precursors and calcined samples were tested by
JEOL JES-FA200 ESR spectrometer. The particle size
distribution of powder and Zeta potential of diluted
samples was measured on the Nano-ZS90 particle
size analyzer. Thermogravimetric analysis (TGA)
measurements (Pyris Diamond, Perkin-Elmer Co.,
USA) were carried out on the uncalcined precursors
from 30 °C to 900 °C in the air atmosphere at a
heating rate of 10 °C min~'. The Brunauer-Emmet—
Teller (BET) specific surface area of samples was
measured at 77 K using a surface area analyzer
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brightness of different samples was measured by
CM-3600d whiteness instrument (Minolta Co.,
Japan).

The resistivity of the coated TiO, powder was
measured on the RTS-8 four-point probe resistivity
measurement system (Guangzhou, China). Because
of the powdery samples, powder density and con-
tacts among granules have influence on the measured
resistivity of samples. Therefore, the TSS powder was
pressed into sheets (d <4 mm) on 769YP-24B tablet
compressing machine (Tianjin, China) with a
(020 mm mold under 30 MPa pressure.

Results and discussion

Morphology and crystal structure of TSS
powder

The SEM images of uncoated TiO, and TSS and TEM
images of TSS are displayed in Fig. 2. The uncoated
TiO, particles are quasi-spheroid with a smooth
surface and a particle size of about 200-300 nm
(Fig. 2a). It can be observed from Fig. 2b, ¢ that the
surface of TiO, becomes rough, and there are
numerous fine nanoparticles coated upon the outer
surface of a matrix core in a dispersed state, forming
a dense and continuous ATO coating layer, while the
overall morphology of TiO, core remains unchanged.
Figure 2c shows that there is a difference between the
shell layer and core of the composite powder, and the
thickness of coating shell is roughly 15 nm. As indi-
cated by elemental mapping analysis (Fig. 2e-h), Ti,
O, Sn and Sb elements do exist and are uniformly
distributed in the powder. As shown in XPS full-
scanned spectra (Figure S1), the peaks designated to

(Autosorb-iQ-MP/RX, Quantachrome, USA). The Sn and Sb can be observed in both the precursor and
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Figure 2 SEM images of a uncoated TiO, and b TSS; ¢ TEM images of TSS; d HRTEM images of TSS; Elemental mapping of e Ti, f O,

g Sn and h Sb.

TSS composite compared with pure TiO,, which
confirms that there are Sn and Sb elements on the
surface of TiO, core again. Meanwhile, the HRTEM
image (Fig. 2d) of the selected area displays that the
crystal plane spacing at 0.333 nm and 0.262 nm cor-
responds to the (110) and (101) of SnO, (JCPDS, No.
41-1445), respectively, which further proves that the
typical core-shell structured TSS has been formed
successfully.

BET method was used to measure the specific
surface area of uncoated TiO, and TSS. The results
are shown in Table 1, in which the specific surface
area increased from 25.22 m? g~ of TiO, to 48.11 m*
g~ ' of TSS with a growth rate of 190%. It indicates
that the new tiny interface is formed in the material
with the ATO coating on the surface of TiO,, leading
to its surface becomes rough, which corresponds to
the SEM images.

@ Springer

As for the conductivity of samples, the resistivity of
pure TiO; reaches up to 45 MQ cm and that of ATO is
1.6 Q cm. After coating the conductive shell of ATO
on TiO, core by homogeneous precipitation method,
the as-prepared TSS composite has the improved
conductivity with resistivity of about 4.0 Q cm. For
another, concerning that the light colored require-
ment for the final product, the whiteness value (L*) of
three samples (TiO,, TSS and ATO) was tested by
brightness tester. L* represents the change from
bright (L* =100) to dark (L* =0) of the different
samples. The actual colors of three samples are
shown in Fig. S2. The L* of uncoated TiO, is 98.34,
almost pure white, while that of ATO with deep
green is 49.21. The L* of greyish TSS conductive
composite is reduced to 86.79, which meets the
whiteness demand of 70-95 for inorganic filler.
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Table 1 Whiteness value,

specific surface area and Sample Whiteness value (L*) Specific surface area (m”> g~ ') Resistivity (2 cm)
resistivity of different samples TiO, 08,34 2522 45 % 107

TSS 86.79 48.11 4.0

ATO 49.21 - 1.6

Figure 3 exhibits the XRD patterns of uncalcined
precursor and TSS at different calcination tempera-
ture. As shown in Fig. 3a, b, the characteristic peaks
of all samples obviously appear at 20 in 27.4°, 36.1°,
41.2°, 54.3°, 56.3° and 68.9°, which correspond to
(110), (101), (111), (211), (220) and (301) crystal planes
of rutile TiO, (JCPDS, No. 87-0920), respectively.
After calcining, diffraction peaks at (110), (101), (211)
and (200) are assigned well to the tetragonal crys-
talline phase of SnO, (JCPDS, No. 41-1445), but

diffraction peaks of related antimony compounds
phases, such as Sb,O3 or Sb,Os, are not observed in
any of the samples, which indicates that Sb ions is
completely doped into the SnO, with generating
interstitial or substitutional solid solution [11].
However, the uncalcined precursor only has charac-
teristic peaks of TiO, matrix and unconspicuous
diffraction peak of SnO,. The results revealed that
TiO, is coated with amorphous precipitates during
the coating process. The peaks of SnO, became
sharper and more intense with the increase of calci-
nation temperature at the same calcination time
(Fig. 3b), indicating that there is the higher degree of
crystallinity with the calcination.

Calcination action analysis

The first process of the preparation of TSS conductive
powder was to form the precursor, whose nucleus
was coated with a layer of precipitate at low tem-
perature, in which part of Sb(Ill) in the shell layers
was transformed into Sb(V), but the doped crystalline
metal oxide was not formed [32]. Figure 4 shows TG
analysis (TGA) curves of drying precursor powders
under atmosphere of N, and air, respectively. The
weightlessness trends of the two curves are similar.
The TGA curve under air atmosphere, for example,
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shows three-step weight loss. The precursor powder
loses 1.79% of its mass below 130 °C, including
adsorbed water. The second weight loss rate is 2.93%
up to 350 °C, and there are water loss reactions,
mainly referring to Sn(OH);/SnO,-xH,O — SnO,,
Sb(OH); — SbO(OH) — Sb,O3, and pyrolysis reac-
tions of the residuals in the precursor [33]. The pre-
cursors continue to lose 1.3% of its mass when heated
from 350 to 800 °C. Mostly Sb>' transfer to Sb”"
between 400 and 600 °C, whereas Sb>* is gradually
reduced to Sb>" to some extent when the temperature
exceeds 600 °C, and Sb>" is still doped in the SnO,
lattice [34]. The particles of coating shell layer have
transformed into stable metallic oxide until 800 °C,
meanwhile there is no phase transformation with the
core remaining rutile TiO, phase. That is the reason
why the mass of samples remains unchanged above
800 °C.

Figure 5a shows that there are two fitted charac-
teristic peaks for the Ti 2p spectrum and the splitting
energy between Ti 2p;,, and Ti 2p; /, is 5.7 eV, which
indicates that Ti exists in the valence state of Ti(IV) in

J Mater Sci (2020) 55:3871-3883

the TSS [35, 36], no valence state change of Ti under
the action of calcination. The Sn 3ds,, and Sn 3d;,»
spin-orbital spectrum (Fig. 5b) of TSS composite also
presents characteristic double peaks. The separation
between them is 8.4 eV, which agrees well with the
previously reported results [11], suggesting a normal
state of Sn(IV) in the TSS composite, likewise, no
chemical state variation of Sn element.

In Fig. 5¢, there is the overlap between O 1s and Sb
3ds/; lines, including the lattice oxygen species (Oyar)
of metallic oxides (e.g., TiO, or SnO,) [37] and the
peak assigned to Sb—O. Furthermore, the fitted oxy-
gen vacancy peak can also be seen in the O 1s peak of
TSS (Fig. 5¢). It is worth noting that the indicator
value of the g peak at 2.000 corresponds to oxygen
vacancies in the SnO, lattice of ATO nanoshells [38],
whereas the uncalcined precursor has no ESR signal
(Fig. 6). Therefore, the analysis of XPS and ESR all
indicate that defect reactions occur, accompanied by
generating oxygen vacancies during the calcining
process of the precursor. Because of the close size of
ionic radius between Sb”* (0.62 A) and Sb** (0.71 A),

Figure 5 High-resolution

XPS spectra of a Ti 2p, b Sn ()
3d, ¢ O 1s and Sb 3d and d Sb

3ds,, for TSS composite.
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Figure 6 ESR spectra of TSS before and after calcining.

Sb°" can form Sb—O-Sn bonds in the lattice of SnO,,
resulting in certain SnO, crystal deformations [39].
The main reaction equations are as follows:

Sb,O3 + O, —2+8b,05 (2)
2Sb,052%48b,;, + 100} + V¥, 2-1)
Sb,0522%2Sby, + 30} + V3 (2-2)
Vo + Of + 25n*" «» 2Sb°" + OZ; (3)
2Sn*" + OF < V, + Of + 2Sb>" (4)
O <V, + Of + 2e” (5)

Moreover, it can be seen from the fitted peak of Sb
3d3,, (Fig. 5d) that there are two valence states of Sb
in the shell layer of TSS, and the peak area of Sb™" is
much larger than that of Sb**, which verifies that
there is the competitive reaction between Sb>" and
Sb°*, mainly Sb>" in the ATO shell. That is the reason
why the ATO-coated composite powder has con-
ductive property. The conductive process depends on
the lattice defect of the coated particles [15] and the
doped Sb>" impurity that forms the donor levels [40]
in the forbidden band of SnO, with free electron
carriers being provided to the conduction band. After
calcining, the color of samples varies from yellow to
light gray, which is ascribed to the plasma absorption
of electrons in the free conduction band [41].
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Electrical conductivity of TSS and optimal
process parameters

Electrical conductivity of TSS can be distinctly affec-
ted by preparation parameters. We mainly investi-
gated the impacts of dropping conditions,
introducing sulfate, pH value, calcination tempera-
ture and holding time on the resistivity of TSS to
select optimal process parameters in this work. The
influence of each parameter was investigated by
varying it in the case of other parameters unchanged.

Effect of dropping conditions on resistivity

The integrity of CS structure and size of particles in
the shell layer are affected by dropping temperature
(Tg) and dropping rate (v4). There is no hydrolysis of
urea when the temperature is below 60 °C. The low
concentration of OH™ in the system under this tem-
perature results in less nucleation in the early stage
and less effective coating on the surface of TiO,, so
the resistivity (p) of composite powder is higher
while adding Solution B into Suspension A at 55 °C
(Fig. 7, T4—p). Above 60 °C, the p of TSS is gradually
raised, since metal cations are not firmly adsorbed on
the surface of TiO, under higher temperature, which
contributes to part of Sn** and Sb>* self-nucleation.
In addition, the hydrolysis rate of urea increases as
raising the temperature (> 60 °C), so the growth rate
of crystal nuclei depends upon the hydrolysis rate of
urea and the temperature. In the process, the increase
of the temperature slows down the nucleation rate
together with the expedited growth rate of crystal

T, (°C)
50 60 70 80 90 100
25 T T T T
——Vv ity r350
) 2 t, —a-Ty4-p { -300
Q.) -
g vy, “VaP £250 ~
Q p =9
z LTd 200 S
& 15- )
z b F1s0
2 E J, %/ %
~ £100
10-
-50

0.0 0.2 0 s 0. 6 0.8 1.0
vyq (mL-min D)

Figure 7 Effect of dropping conditions on the resistivity of TSS.
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nuclei. Uniform particles in the coating layer are
formed, which improves the conductivity of com-
posite powder, when the nucleation rate is faster than
the growth rate of nuclei at 60 °C.

The nucleation rate is much slower than the growth
rate due to the low relative saturation of the Sn** and
Sb>* in the system under the condition of the slow
dropping rate. As a result, the particle size of the
coated layer is larger. The relative saturation of the
metal cations increases rapidly at the raising rate of
adding covered agent. The nucleation and growth of
coated particles are not completely independent,
resulting in uneven grain size and agglomeration of
particles. Effective control of drop velocity can reduce
or eliminate the occurrence of conglobation of coated
particles in the shell layer. The spherical particles
with uniform size are evenly distributed and well
dispersed, forming TSS with low p at the dropping
rate range of 0.2-0.4 mL min ' (Fig. 7, v4—p), which is
largely put down to the great consistency of the
growth of nuclei in all directions. Moreover, consid-
ering that the required time of feeding(ty) at the drip
speed of 0.2 mL min~' is much longer than that of
0.4 mL min~" (Fig. 7, vg—tg), so the optimum drop-
ping rate is 0.4 mL min~' under adding temperature
of 60 °C.

Effect of introduction of sulfate ions on size and resistivity

In the preparation process of TSS, the moderate
amounts of sulfate radicals (S037) introduced can
become the induction center of nucleation within a
wide pH range during the whole process of homo-
geneous precipitation and activate the reaction pre-
cursor. Multiple sulfate radicals are connected with
each other to form two or multiple nuclei [42]. The
free-energy barrier of nucleation of Sn** and Sb>* can
be reduced by forming new nucleation complexes

with SOj . The process is illustrated as follows:
XM(H,0)“" +yOH™ + SO3™ = (xn + u — n)H,0
+ MO, (OH), -2, (H20),(SO4) ¥~

(6)
Sn(H,0)¢" + SO~ + H,O (7)
= Sn(OH);H,0(50,)*~ (7-1)

@ Springer
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4Sb(H,0)*" 4+ SO2~ + 5H,0

7-2
= Sb,0550; | +10H™" ( )

Sn(OH)4(H,0)(SO4)*” = Sn(OH), | + H,O + SO~
(8)
Sb405SO4 + Sb405C12 + 2H20 9
= 4Sb203 + HZSO4 + 2HCl ( )

Hydroxyl and chlorine ions in the system cannot be
coordinated with metal cations to form stable nucle-
ation precursor complexes without adding sulfate
inducer. There was only one nucleation outburst in
the system with rapidly producing a large number of
small nuclei. Therefore, the precursors formed are
colloidal, which makes filtration and washing diffi-
cult. There remains a large amount of chlorine ions in
the filter cake, so it gets hard after drying. The
introduction of SO  significantly improves the
above-mentioned conditions.

Considering that parts of sulfate, such as Aly(SO4)3
and ZnSO,4, will be hydrolyzed into impurity pre-
cipitates, Na,SO4, K;SO4 and (NH4),SO, are selected
as the alternatives of sulfate in this experiment. The
best mole ratio of SO;~ to Cl™ is always 25 among
these three sulfates (Fig. 8). However, the potassium
ion (K*) or sodium ion (Na*) introduced will destroy
the photoelectric performance of the product [17, 43].
Moreover, the radius of K™ is bigger than Na™, so the
destructive effects on the conductive properties of the
TSS may be stronger. Therefore, the electrical con-
ductivity of the composite powder prepared by

—-—NazSO4
——(NH,),SO,
——K SO,

N
n
1

Resistivity p (Q-cm)
[
[—)

0 1:60 1:30 1:20 1:15
n(SO¥) :n(CI)

Figure 8 Resistivity of TSS at different kinds and amounts of
sulfate.
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adding K50, is worse than that of not adding sul-
fate. As for (NH4),SO,, increasing the quantity of
ammonium ion (NH4") can inhibit the hydrolysis of
urea, and the effect of NH," is greater than that of
SO?” when adding a small amount or a large amount
of (NH4),S0O,, making the p of the TSS powder as-
prepared higher. Significant synergy effects between
NH," and SO2~ may increase the conductivity of TSS
under the proper amount of (NH,),SO,. In addition,
according to the Darjaguin, Landon, Verwey and
Overbeek (DLVO) theory, the soluble sulfate can be
used as electrostatic stabilizers, hindering the pref-
erential aggregation of coated particles on the surface
of particles [44, 45]. The electric double layer is
formed with the charge on the surface of the particles
increasing. There is electrostatic repulsion between
particles, so as to realize a stable dispersion of par-
ticles in the reaction mixture.

What is more, suitable (NH4);50, can also keep the
growth of the nuclei at the same rate during in dif-
ferent directions, so it is easy to obtain more regular
spherical-coated particles [45]. Figure 9 illustrates the
particle size distribution of composite particles is
narrow when the mole ratio of SO3~ to Cl™ is 25.
When not adding or introducing small amounts of
SO?, the size distribution range of composite pow-
der is larger, which can be ascribed to uncertainty of

central nuclear points formed by SOZ~ multipoint
connection. Although the kinetic salt effect becomes
very weak in neutral and acidic solution, too much

SO?™ may still cause a partial shedding of precipitate

—=-Tio,

—— 0 SO
H 2
S| —4-0.003050;
St ) 2-
| 0004550,
z| —-0.007650;
2
2
=
==

100 1000

Size d (nm)

Figure 9 Size of TSS at different addition amounts of sulfate
radical.
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and coagulation of colloids to a certain extent, so that
it leads to wide size distribution and high resistivity
of TSS. Therefore, the best molar ratio of SO~ to Cl~
is 25 with ammonium sulfate being used as the
source of sulfate radicals.

Effect of pH value on Zeta potential and resistivity

As shown in Fig. 10a, when Solution B is added
dropwise to the mixture under the temperature of
60 °C [46], the pH value of the system quickly falls to
1-2. After adding Solution B completely, the tem-
perature rises to 95 °C and is retained for 7 h. In this
condition, pH maintains at 1.5-2.5. When the reaction
time prolongs to 7.5-8 h, the pH alters to 5-6 and
reaches to 7-8 invariably as the reaction time is fur-
ther extended.

In order to maintain the same dispersion condition
as the reaction system to evaluate Zeta potential of
TiO; at different pH value, 0.075 wt% CTAB, which is
used as long-chain surfactant to generate weak
agglomerated or mono-dispersed particles due to its
steric hindrance effect [47], was added into 2.5 wt%
TiO, slurry with 4 M hydrochloric acid and 4 M
ammonia solution being added to modulate the pH
of the dispersion medium. As Fig. 10b shows, the
absolute value of £ at the pH range of 1.5-2.5 is

(a) 25

et N
[0]] [}
2 I

p—
=}
n

Resistivity p (Q-cm)
Reaction time # (h)

[0]]
2

~
=)

)

(=)
(=]
2

S
[}

204

Zeta potential (mV)

Figure 10 a Resistivity and reaction time of TSS and b Zeta
potential of TiO, at different pH value.
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greater than 30 mV [47], indicating that TiO, has
good dispersion in the aqueous solution under this
condition, which is conducive to form the uniform
coating on TiO, particles. Furthermore, the starting
pH for forming Sn(OH), is about 0.22 and the com-
plete precipitation pH of Sn(OH), is approximately
2.88. The range of precipitation pH of Sb(OH); is
from 1.60 to 4.30. Therefore, when the pH value of the
system is 1.5-2.5, Sn*" and Sb>* ions can be basically
hydrolyzed synchronously as the adsorption of
hydrolysis products on TiO, surface. Meanwhile, the
p value of the prepared composite powder is the
lowest (Fig. 10a). The p of composite powder
increases slowly with the increase of the terminal pH
value at the range of 2.5-6.5 because the absolute
value of ¢ is less than 30 mV, and TiO, powder is
easily agglomerated under the condition, leading to
the incomplete coating of the hydrolysate. Although
TiO, powder is in a good dispersion state when
pH = 45-6.5, Sn** and Sb>" ions are almost com-
pletely precipitated, the p of composite powder
changes little. The partial separation and dissolution
of the coating layer occur under the alkaline envi-
ronment [40], which is the reason why the p of TSS
increases sharply when the terminal pH varies from
approximately 6.5-8.0. Above all, the optimum to
prepare precursor composite is that the mixture is
stirred for 5.5 h at 95 °C maintaining the pH at
1.5-2.5 after adding the whole capping agent.

Effect of calcination conditions on resistivity

According to the results of TGA, the calcination
temperature was selected from 350 to 850 °C. As
shown in Fig. 2b, the crystallinity of the precursor
gets higher with the rise of calcination temperature.
As a consequence, the p of the composite powder
decreases slowly with it, and it reaches to the lower
value at the range of 550-600 °C (Fig. 11). Above
600 °C, the p of composite powder shows a slow
rising trend mainly because Sb>* begins to change
into Sb3+, which corresponds to TGA, and the coating
may burst at high temperature. Moreover, there is
also Sb segregation occurs on the crystal surface,
hindering carrier migration,

At the calcination temperature of 550 °C, the p of
TSS decreases significantly with the extension of
calcination time, whereas the p increases slowly
when the calcination time exceeds 2.5 h. In addition,
the longer calcination time make the coated particles
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Figure 11 Resistivity of TSS at different calcination temperature
and time.

get coarsened, causing the waste of energy. What is
worse, there is little significance for the improvement
of its electrical conductivity. Lower calcination tem-
perature and shorter calcination time lead to the poor
conductivity of TSS powder because only the adsor-
bed water is taken off the precursor. In other words,
there is no transformation or the incomplete trans-
formation of crystal structure, as well as a low con-
centration of Sb°* and few doping defects in coating
layer. In conclusion, the obtained TSS has excellent
conductivity, with the p of about 4.0 Q cm, when the
as-prepared precursor is calcined at the optimum
calcination temperature from 550 to 600 °C for 2.5 h.

Conductive mechanism analysis

According to the formula of composite powder
resistance [40]:

R=) Ry+> R+ Ry (10)

where Y R, and ) R. are the self-resistance and
contact resistance of conductive particles, respec-
tively, and ) R, is the interface resistance in contact
with the substrate. The self-resistance of the coated
particles is negligible. The different contact states of
particles in the shell layer correspond to three
equivalent circuit diagrams, respectively, as dis-
played in Fig. 12.

(D The conductive particles on the surface of
TiO; are discontinuous. Composite particles
can be considered as an electrical insulator
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© TiO,
Current

\ ! LATO/

Figure 12 Three contact states and equivalent circuits of coated

particles.

equivalent to the capacitor effect, which have
weak capacitive conductivity.

(I  The coated conductive particles are not com-
pletely continuous, in which the non-contact-
ing conductive particles form a current path
due to the tunnel effect, corresponding to the
resistance R, and the capacitor C, connected
in parallel and then in series with the resistor
R..

(III) ~ The particles in the coating layer contact with
each other continuously to form a current
path, which is equivalent to the current
flowing through a resistance Rc.

There may be three kinds of conductive mecha-
nisms in the TSS composite conductive materials,
including the tunnel effect [48], field emission [49]
and conductive channel [50] mechanism. Under the
condition of low content of ATO (I), the effect of field
emission mechanism on the conductivity of the
composite becomes significant. The distance between
conductive-coated particles of the as-prepared com-
posite is small, mainly forming chain-like conductive
channels (III). The conductive channel mechanism
plays a leading role. The conductive particles are
distributed on the surface of the substrate, a
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honeycomb or network of conductive networks can
be formed (Fig. 12), so the whole composite system is
conductive and the purpose of conducting current
and eliminating accumulated static charge can be
achieved.

Conclusions

In this work, we successfully prepared the core-shell
structured TSS via homogeneous precipitation with
heat treatment method using urea as appropriate
homogeneous precipitant. In the process, coating
solution containing tin and antimony ions was added
dropwise at a speed of 0.4 mL min~" into the TiO,
matrix Suspension at 60 °C. Meantime, (NH4);50,
was used as nucleating agent and electrostatic stabi-
lizers, as well as CTAB as dispersant. Following
experiment began at 95 °C for 5.5 h, controlling the
pH value of terminal point at 1.5-2.5. The obtained
precursors were finally calcined at 550 °C for 2.5 h in
the air to synthesis the composite powder with good
conductivity, whose resistivity is below 4.0 Q cm and
the specific surface area has been increased from
2522 m* g ' to 48.11 m* g '. Furthermore, the
material in a shell of the precursor was calcined to
form the shell of antimony-doped tin oxide, in which
defect reactions occurred, and Sb was doped into the
5nO; lattice with generating free electron carriers and
oxygen vacancies, while forming interstitial or sub-
stitutional solid solution. ATO particles contact with
each other on the surface of TiO, to form a conduc-
tive path. This present method provides a novel idea
for low cost preparation of TiO, or mineral-matrix
light color composite conductive powder and other
core-shell functional composite materials.
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