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Abstract

Nanopowder is frequently employed in the fabrication of miniaturized multilayer devices due to the advantage of small
particle size. In this work, sol-gel method was employed for the synthesis of Ba,_ g gg3l.ag 0037103 nanopowders. Abnormal
grain growth was observed in the Ba-excessive composition at a relatively low sintering temperature. This result was
inconsistent with previous reports that grain growth was suppressed in the Ba-excessive BaTiO; ceramics. Combining a
comparison study, BaCOj3, second phase in the powder with x = 1.03, was confirmed to be responsible for the abnormal
grain growth. Based on the results of SEM, XRD, TG-DTA and electrical properties, it is reasonable to speculate that
BaCO; and oxygen vacancy formed during reduction sintering together triggered the reactive liquid-phase sintering in the
Ba,.003Lag 003 TiO3 ceramics with x = 1.03. Thus abnormal grain growth occurred, meanwhile, semiconducting grains
was formed.
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Highlights

e Abnormal grain growth was observed in the Ba-excessive La-doped BaTiO; ceramics prepared from nanopowder
synthesized by sol-gel method, when sintered in N, atmosphere at a relatively low temperature.

e The BaCOs, as second phase, was found to be responsible for the abnormal grain growth.

e The BaCOj; and oxygen vacancy formed during reduction sintering together triggered the reactive liquid-phase sintering

in the Ba, o go3Lag003Ti03 ceramics with x = 1.03.

1 Introduction

Donor-doped barium titanate ceramics can be an n-type
semiconductor and exhibit a positive temperature coefficient of
resistivity (PTCR) [1-3]. They have been widely used in
electronic circuits as temperature sensors, current limiters,
heating devices and so on because of the excellent PTCR effect
[4]. Nowadays electronic elements with small volume are
urgently needed due to the demands of miniaturized electronic
products. Then the PTCR ceramics are fabricated with a
multilayer structure to scale down the volume [5]. The grain
size of the laminated PTCR ceramics is requested to be very
fine to withstand high electric field in the thin layers [6, 7].
Then, nanopowder is frequently employed and critically
desired in the fabrication of miniaturized multilayer devices
owing to the advantage of small particle size [8]. Thus, it is
important to study the microstructural evolution and electrical
properties of the PTCR ceramics prepared from nanopowder.
The techniques such as two-step sintering, spark plasma
sintering and so on have been confirmed to be effective to
suppress grain growth through reducing sintering times or
lowering sintering temperatures [8, 9]. However, high-
temperature sintering is usually needed for the formation of
semiconducting grains in the donor doped BaTiO; ceramics
[10]. Grain coarsening easily appeared during high-
temperature sintering, which is not favored in the multi-
layer PTCR ceramics [10, 11]. Other parameters, such as
sintering aids or defects, etc., may also influence the sintering
kinetics [12]. For examples, liquid phases were commonly
introduced to improve the electrical properties, which could
greatly enhance mass transportation and promote the grain
growth [13]. Besides, the multilayer PTCR ceramics should
be sintered in reducing atmosphere to prevent the oxidation
of inner Ni electrodes [14, 15]. The grain growth can be
enhanced by the diffusion of oxygen vacancies formed dur-
ing reduction sintering [12]. Therefore, the grain-size dis-
tribution depends crucially on the composition, sintering
condition and so on. Although fine-grain PTCR ceramics
have been reported by researchers [6, 8, 16], the results have
not been full satisfactory to produce fine-grain ceramics,
especially with narrow grain-size distribution. Accordingly, it
is important to further discover factors that influence the grain
growth of PTCR ceramics prepared from nanopowder.
Ba-excessive composition is favored for the fabrication
of multilayer PTCR ceramic, because it usually exhibited

fine-grain microstructure and high PTCR effect [10]. In the
present work, La-doped BaTiO; nanopowder was synthe-
sized through sol-gel method. The grain growth and elec-
trical properties were studied in the ceramics sintered at a
relatively low temperature in N, atmosphere. Abnormal
grain growth was observed in Ba-excessive ceramics, which
was contrary to previous experience. The mechanism for
this abnormal phenomenon was further investigated, toge-
ther with the electrical properties.

2 Experimental details

La-doped BaTiO; nanopowder with formula
Ba, 03Lag 003105 (x =1.00 and 1.03) was synthesized by
the sol-gel method [3, 16], using Ba(CH3COO), (>99.0%;
Sinopharm, China), La(NO3);-6H,O (99.9%; Sinopharm,
China) and Ti(OC4Hg)s (>98.0%; Sinopharm, China).
Details for the synthesis (see Fig. 1) are as follows:
Ti(OC4Hy),4 was diluted in a mixed ethanol-acetic acid sol-
vent to obtain a solution with Ti*" concentration of
1.25 mol/L and stoichiometric amount of Ba(CH;COO), and
La(NO;);-6H,0O were diluted into deionized water. After
30 min of vigorous stirring at room temperature, two clear
solutions were obtained. Then the solution containing Ba*"
and La*™ was added into the solution containing Ti*"
dropwise to avoid the rapid hydrolysis of Ti(OC4Hyg)s. The
acquired sol was aged at room temperature for 12 hours and
then dried at 90 °C to form gel. The obtained gel was pul-
verized into powder and calcined at 800 °C in air for 2 hours.

[ Ba(CH;COO0), | +[H,0|  [CH;COOH|+| C,H:OH |

&= | La(NOj3)*6H,0 ﬂ‘— Ti(OC4Hy)4

clear solution (sol)

dried
PR
calcined

Ba_Lag 003 TiO3
nanopowder

clear solution — =——

Fig. 1 Scheme of the Ba,go3Lap03TiO; nanopowder synthesis via
sol-gel route
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Tape casting method was employed to prepare green
pellets as reported previously [17]. The green ceramics were
sintered in N, atmosphere. The sintering was conducted at
temperature range from 1075 to 1150°C for 2h. The
heating and cooling rates were controlled at 300 °C/h. Then
the reduced ceramics were reoxidized at 800 °C for 2 h with
a heating rate of 300 °C/h.

Densities of the ceramics were measured by the geo-
metrical method. The X-ray diffraction technique (XRD,
XRD-7000s, Shimadzu) was used for the phase composi-
tion identification of the raw materials and obtained cera-
mics. Thermogravimetric and differential thermal analysis
(TG-DTA, STA 449F3, Netzsch) were conducted in N,
atmosphere at a heating rate of 10 °C/min for the raw
materials. Scanning electron microscope (SEM, FEI Nova
630) was employed to investigate the microstructures for
the raw materials and obtained ceramics. Resistivity-
temperature (R-T) curves were collected using a computer
controlled analyzer at temperatures ranged from room
temperature to 250 °C. The PTCR effect was defined as the
ratio of the resistivity at 250 °C to that at room temperature
(RT). Complex impedance spectroscopy was measured by
using a WK6550B impedance analyzer combined with a
temperature controller (Huace 650 T, Beijing Huace Testing
Instrument Co. Ltd., China).

3 Results and discussions

3.1 Analysis for the synthesized Ba,.q go3La9.003TiO3
nanopowders

Figure 2 shows the SEM images and XRD patterns of the
synthesized powders with a formula of Ba,_ggg3Lag 003 TiO3
calcined at 800 °C under air atmosphere. From Fig. 2a, b, a
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@ |x=10
QL
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Fig. 2 Characterization for the Ba, o og3Lag 003103 nanopowders: SEM
images of the powder with (a) x=1.00 and (b) x=1.03. ¢ XRD
patterns for the synthesized powders
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similar microstructure can be observed for the two powders
and the particle size estimated was about 60 nm. XRD
results shown in Fig. 2c suggested that a perovskite struc-
ture with a cubic symmetry was formed. Meanwhile,
BaCOj; as second phase was observed in the powder with
x = 1.03, which was also reported in previous studies [18].
It should be noted here that the solution of barium element
in BaTiOj; lattice is less than 100 ppm [19, 20], so the
excessive barium element in the powder with x=1.03
mainly existed in the form of BaCOj;.

3.2 Microstructural evolution and electrical
properties

Figure 3 shows the microstructure of the reduced Ba,
0003200031103 ceramics sintered at 1100 and 1150 °C,
respectively. The grain growth behavior is found to be dis-
tinctly different, which was closely dependent on the stoi-
chiometry. At x=1.00, the ceramics exhibited porous
microstructures and homogeneous grain-size distributions. The
average grain size increased from 60 nm to about 220 and
270 nm after sintered at 1100 and 1150 °C. On the other hand,
dense microstructure was observed in the ceramics with
x = 1.03. The average grain size abnormally increased to about
1.6 and 2.1 pm after sintered at 1100 and 1150 °C, respectively.
This result was obviously different from previous reports that
grain growth was usually suppressed in Ba-excessive BaTiO3
ceramics prepared by solid-state reaction [10, 21].

Figure 4a shows the influence of sintering temperature on
the electrical properties of the Ba, o gp3Lag003T1O3 ceramics
reoxidized at 800 °C. The RT resistivity of the ceramics with
x=1.03 was obviously lower than the ones with x = 1.00,
especially at low sintering temperature. For example, at
1075 °C, the ceramic with x = 1.00 was almost insulated and
the RT resistance was too high to be measured (> 108 Q).
However, the RT resistivity became evidently lower and a

Fig. 3 SEM images of the Ba,op3lag0o3TiO3 ceramics sintered at
different temperatures: a x=1.00, 1100°C, b x=1.00, 1150°C,
c¢x=1.03, 1100°C and d x=1.03, 1150 °C
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Fig. 4 a RT resistivity and PTCR effect for the Ba, ¢ o93La0,003TiO3 ceramics sintered at 1075—-1150 °C and reoxidized at 800 °C. b R-T curves for
the ceramics with x = 1.03. Impedance analysis for the ceramics with (¢) x=1.00 and (d) x=1.03

value of only 7.5 x 10* Qcm was obtained at x = 1.03. The
RT resistivity was able to be further decreased at an elevated
sintering temperature and the pronounced PTCR effect could
be observed as depicted in Fig. 4b.

Impedance analysis was employed to further investigate the
electrical properties and the Ba,.go3lag 003 TiO; ceramics sin-
tered at 1075 °C and reoxidized at 800 °C were selected as
representatives. Considering that the ceramic with x = 1.00 was
high resistance, it was then heated to about 500 °C to lower
its resistance and then impedance data was collected [22, 23].
In contrast, the ceramic with x = 1.03 was low-resistivity and
the impedance analysis was conducted at room temperature.
Both the ceramics exhibited typical impedance results with a
single arc [22], as presented in the insets of Fig. 4c, d.

Note here that the overall resistivity was usually domi-
nated by the grain-boundary resistivity for the PTCR cera-
mics so that the effect of semiconducting grains on the
impedance results sometimes is not easily accessible from
the -Z” vs 2’ plots [23]. The electric modulus, M “is a
persuasive demonstration to reveal the different electrical
properties between the grain and grain boundary [22, 24].
Thus the data from impedance were reprocessed and pre-
sented in the electric modulus, M ~, as following equation:
M =jwCyZ" (1)
where w is angular frequency 2nf and Cy = €pA/l. g is the
permittivity of free space, 8.854 x 10'* Fecm™'. A is the area
of the parallel plate and [ is the thickness.

Different imaginary parts of the electric modulus, M”,
were observed as shown in Fig. 4c, d. Only one peak can be
observed in both -Z” and M” plots for the ceramic with
x=1.00 at ~10°Hz, which indicated that the bulk was
electrically homogeneous and both the grains and grain
boundaries were electrically insulated [22, 23]. On the other
hand, both -Z” and M” plots for x = 1.03 showed a peak at a
relatively low frequency of ~10° Hz, which was attributed to
the high-resistance grain boundary. Besides, at higher fre-
quency, an increasing incline in the M plot suggested that a
peak existed at a frequency above 30 MHz, which origi-
nated from the contribution of semiconducting grains [24],
as depicted in Fig. 4d. Thus two peaks were expected in M”
plots, which demonstrated that the ceramic with x=1.03
was an electrically heterogeneous ceramic comprised by
semiconducting grains and insulating grain boundaries
[22, 25]. Namely, semiconducting grains were able to be
formed at a lower sintering temperature and resistant to
oxidation in the ceramics with x = 1.03.

3.3 Comparison study

Note here that the particle size of the synthesized
Ba,g03La9.003Ti05 nanopowder was nearly the same (see
Fig. 2), which indicated that the influence of the nano-size
particle on the grain growth was approximate. Additionally,
the Ba-solubility in BaTiO; lattice is very limited (< 100
ppm) [19, 20], which was too low to result in the abnormal
grain growth as x=1.03. Consequently, the effect of
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Fig. 5 SEM images of the ceramics with BaCO; added sintered at
different temperature: a 1100 °C and b 1150 °C. ¢ Relative density as a
function of sintering temperature

BaCOs;, second phase in the powder with x=1.03, was
taken into account. In the next experiment, an equivalent
amount of BaCO3 (3 mol%), dig=0.48 um, dso = 1.36 um,
dgo=3.39 um, was added directly to the Ba,.g gg3L.ag 003 TiO3
nanopowder with x = 1.00 to exclude the Ba-solubility but
maintain the second phase BaCOj;. The grains grew up again
to about 1.2 and 2.1pym and the densification was enhanced
as BaCO; was added into the powder with x=1.00, as
shown in Fig. 5. Both the average grain size and relative
density became close to the ceramics with x = 1.03.
Furthermore, compared with the ceramics with x = 1.00,
the electrical properties were also changed by the addition of
BaCQOs;, especially at low sintering temperature, as shown in
Fig. 6. Complex impedance was conducted to analysis the
effect of BaCOj; on the electrical property of grains and grain
boundaries shown in Fig. 6a, b. It can be found that one arc
was observed in the -Z” vs Z’ plot, but two peaks were also
expected in the electric modulus, M”, plot for the ceramics
sintered at 1075 °C and reoxidized at 800 °C, similar to the
ceramic with x = 1.03 (see Fig. 4d). This result suggested that
an electrically heterogeneous microstructure was able to be
formed at a lower sintering temperature as BaCO; was
induced. Due to the formation of semiconducting grains, the
insulating property disappeared, meanwhile, the RT resistivity
decreased to about 5.3x10° Qcm and PTCR effect was
observed as presented in Fig. 6c, d. Based on the above
narratives, it can be concluded that BaCO; should be
responsible for the abnormal grain growth and formation of
semiconducting grains at a relative low sintering temperature.

3.4 Analysis of grain growth and electrical
properties

TG-DTA was employed to analyze the thermal behavior for
the powder with x = 1.00 and 1.03 under N, atmosphere as

@ Springer

shown in Fig. 7. Clearly, different weight loss and endo-
thermic events occurred between the two powders. As
x=1.00, the smooth TG-DTA curves (Fig. 7a) indicated
that the composition was relatively thermostable under N,
atmosphere. However, two distinct endothermic peaks
(peak A and B) were observed in the DTA curve as
x = 1.03. Meanwhile, a weight loss occurred together with
the peak A at temperature above ~800 °C shown in Fig. 7b.
To further clarify this endothermic event (peak A), green
pellets were calcined at 700 and 900 °C in N, atmosphere
for 2 h, which were then pulverized into powder for phase
identification. The peak of BaCO; disappeared, meanwhile,
the peak of Ba,TiO; was observed as shown in Fig. 8.
Combining the results of TG-DTA and XRD, it can spec-
ulate that the endothermic peak A corresponds to a chemical
reaction, which was also reported pervious [26, 27]:

BaTiO; + BaCO3; — Ba,TiO4 + CO;(g) (2)

Note here that the BaCO; has a low melting point of
only 811 °C, but Valant et al. found that the grain growth
could not be promoted by BaCO; only. Because the
melted BaCOj; reacted rapidly with the BaTiO5; matrix and
then was consumed when the sintering temperature was
elevated up to the melting point as depicted in Eq. 2 [26].
However, oxygen vacancies (V'(;) can be easily created in
BaTiOs lattice during the reduction sintering through the
equation below [14]

205 — 2V{ +4€ + 0,(g) (3)

The lattice-diffusion coefficient is proportional to the
concentration of V{j, as a result, the sintering was kinetically
enhanced by the diffusion of V{j [26]. A similar low-
temperature sintering, named reactive liquid-phase sintering,
has been achieved by many authors through the incorporation
of Li" into BaTiOs lattice resulting in the formation of V¢,
[27, 28]. Namely, the BaCO; and the V(] together triggered
the reactive liquid-phase sintering leading to the abnormal
grain growth in the Ba,(gp3laggo3TiO3 ceramics with
x=1.03 at a relatively low temperature as shown in Fig. 3.

On the other hand, accompanying with the first peak,
another endothermic peak B was presented in the DTA curve
shown in Fig. 7b, which was not observed in the BaTiOs-
BaCOj; system reported previously. According to the phase
diagram for BaO-TiO, system, the Ba,TiO4 phase was
thermostable in BaTiO; matrix indicating that no reaction
occurred between BaTiO; and Ba,TiO4 [19]. Considering
that no weight loss was observed or too small to be detected
in the TG curve in Fig. 7b, the second peak (peak B) was
possibly induced by a variation of crystal structure. Combing
with the above results that semiconducting grains could be
formed after sintered at a relatively low temperature as
x = 1.03 (see Fig. 6), it can speculate that an insulating phase



Journal of Sol-Gel Science and Technology (2023) 106:114-120 119
Fig. 6 a Impedance analysis, a c — o 10°
. 3 3
b impedance, -Z”, and modulus, 3x10° 6.0x10"
M, plot at room temperature, £ \ * =
o e [5]
¢ RT resistivity and PTCR effect £ . & , 3 {10° @
and d R-T curves for the G 2x10°r P e - 540x10°F \ b
ceramics with BaCO5 added &) o Y 2 o
! N 3 \ ,
w0l o RN I PTT LW L
0 L L 0.0 " L L - 10'
0.0 2A0X103 4__0)(103 1075 1100 1125 1150
7'/ Qcm Sintering temperature / °C
b ) 11sd  10°F
3)(10" I 0’“0 /q 00000002
L F o©
9 %990 £ . f-0-1075°C I
E oe10° 110, 810°F 5 1100°C 0~ 50" Loa”
G 2x10°t g £ G © O 09 of
G ¢ e o> pomsc L.one"
~ 9 2= 0 Moo
N / 2 v 1150°C %000
' 3 ° {05 2. o oV
1x10° 3 % 10" F pessl STV
3 o F 880000 vl
° WY
0 _Mo s 290900 0 ) , . : ;
10 10° 10° 10° 10° 10° 10 0 50 100 150 200 250
Frequency / Hz Temperature / °C
e X " : :
(Baj—,La;Ti", ,V7,/403) might be transformed into a
a semiconducting phase (Ba;_La}Ti; Ti’Os3), which can be
\4—‘ W . . . . .
100 | = described by a following simplified equation [29]:
3
R 0 | I.I‘i Bal,XLa;Tilevx/4V.i-’i';/4O3 — Ba],xLa;TilexTi;O\g + Ba,TiO4 + Oz(g)
5 ] 4)
2 <
= b o) . . . . .
<100 Weight loss ! This result was well consistent with previous studies that
~ o) semiconducting grains were usually formed along with the
u abnormal grain growth [11], which was also observed in the
o Peak A Ba,_ 00329 003 TiO5 ceramics with x = 1.03 shown in Fig. 3.
Noted here that a trace of oxygen could be released during

1 1
800 1000

Temperature / °C

1
400 600 1200

Fig. 7 TG-DTA curves for the Ba, o gp3Lag 003 TiO3 ceramics conducted
in N, atmosphere: a x=1.00 and b x =1.03

o 4 Ba2TiO4
— V BaCO3
- 2 I
: N

=] N

© S

~ — (=}

= = N

@ I

2

£
\Y% \%

10 20 30 40 50 60 70

20 / degree

Fig. 8 XRD patterns for the nanopowder with x = 1.03 calcined at 700
and 900 °C in N, atmosphere

this process, but the concentration was too low to be
detected by TG analysis as reported previously [30].

4 Conclusion

Semiconducting La-doped barium titanate ceramics were
fabricated by reduction-reoxidation method from nano-
powders synthesized by sol-gel method. Excessive barium
element in the nanopowder was mainly existed in the form
of BaCO;, which was found to be able to introduce two
endothermic peaks in the DTA curve conducted in N,
atmosphere. Combining with the results of thermogravi-
metric, X-ray diffraction, electron microscopy and electrical
measurements, it can speculate that the reactive liquid-phase
sintering was triggered in the Ba-excessive La-doped cera-
mics sintered in N, atmosphere. Then abnormal grain
growth occurred and the insulating grains transformed into
semiconducting grains during this process.
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