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ABSTRACT

Sb-modified ZnO ceramics (Zn1 - xSbxO, x = 0, 0.001, 0.003, 0.005, 0.007, 0.010,

0.015, 0.020, 0.025) were prepared by the conventional solid-state reaction pro-

cess. The phase component, electrical properties and electrical stabilities were

investigated. Zn1 - xSbxO ceramics have hexagonal wurtzite structure and show

typical characteristics of negative temperature coefficient of resistivity. The

room temperature resistivity and temperature sensitivity can be adjusted by Sb

element doping. For various contents of Sb-ions, the prepared ceramics have

temperature sensitivity of B25/85 values from 2284 to 4754 K. After aging treat-

ment at 150 �C, the ceramics have resistance change rates (DR/R0) ranging from

1.44 to 2.17%. The aging induced change of resistance mainly resulted from the

grain effect. The aging characteristics were discussed with the complex impe-

dance spectra of ceramics and the variation of valent states of Sb-ions before and

after aging.

1 Introduction

A negative temperature coefficient (NTC) thermistor

has the characteristic that its resistance decreases

with the increasing of temperature. NTC thermistors

are widely used in temperature detection and com-

pensation, surge suppression, temperature control,

etc. [1–4]. The traditional NTC thermistors are nor-

mally made of transition metal oxides with AB2O4

type spinel structure, in which spinel manganates are

the typical system such as Co0.98Mn2.02O4, NiMn2O4,

NiMn2 - xZrxO4 and Ni0.75Mn(2.25 - x - y)CrxFeyO4

[5–9]. The polaron hopping model is generally

considered to be the main conduction mechanism in

the traditional NTC thermistors, i.e., charge carriers

jump between the octahedral B-site cations such as

Mn3? and Mn4? ions in spinel manganate [10–13].

ABO3 type perovskite NTC thermistors such as

LaCrO3, LaMnO3, YFeO3 and BaTiO3, etc. are another

concerned system [14–17]. In the meanwhile, some

semiconductors with single cationic oxides such as

SnO2, CuO, NiO and ZnO have also been studied for

the applications for NTC thermistors in recent years

[16, 18–20]. Those single cationic oxides have unique

merit for that their NTC temperature sensitivity

(B value) and room temperature resistivity (q25) can
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be adjusted effectively with different type and

quantity of doping elements. For example, the work

by Yang et al. showed that q25 from 47.94 to

1.024 MX�cm and B25/85 values from 2582 to 8019 K

were achieved in NiO-based thermistors by changing

the dopant concentrations of B3?- and Na?- ions [12].

The B25/85 values ranged from 641 to 5085 K and q25
ranged from 4.77 to 48.9 MX�cm of Sb–doped SnO2

ceramics modified by Zr-ions were reported by

Ouyang et al. [21].

In the meanwhile, electrical stability is another key

property for practical application of NTC thermistors.

The electrical stability for NTC thermistors is often

characterized by the resistance drift rate (DR/R0)

after being serviced for a period of time at a certain

temperature, which is usually selected at 125 �C or

150 �C in air for the ordinary temperature NTC

thermistors. Some researchers have reported the

electrical stability of traditional spinel and perovskite

thermistors [4, 15, 22–24]. Fang et al. investigated the

aging behavior of nickel manganite NTC ceramics

and pointed out the aging mechanism basing on

model of cationic vacancy-assisted cation [23].

Recently, Gao et al. used an oxygen adsorption dis-

sociation model to explain the aging stability of Bi-

modified (Zn0.4Ni0.6)1 - xNaxO ceramics [25].

As a non-toxic and low-cost semiconductor oxide,

ZnO has attracted extensive attention due to its

potential applications in luminescence, piezoelectric,

semiconductor, photocatalytic materials and varistor

[26–30]. NTC ceramics based on Al/La/Cu modified

ZnO was reported by Li et al. and showed

adjustable q25 (0.65 * 3280 kX�cm) and B25/85 values

(2500 * 5850 K) as well as high electrical stability

with DR/R0 less than 2% [20]. This indicated that

ZnO based ceramics are a new system of potential

NTC thermistors. In the work by Li et al. [20], three

kinds of cations were used to adjust the electrical

properties of ZnO based NTC thermistors. It should

be interesting that the electrical properties of ZnO

based NTC thermistor could be adjusted with only

single cation doping. In this work, single element Sb

doped ZnO ceramics were prepared without addi-

tional sintering aids. The results show that Sb-doped

ZnO ceramics show typical NTC effect with high

B values and high electrical stability.

2 Experimental

2.1 Material preparation

Sb–doped ZnO ceramics with nominal formula of

Zn1 - xSbxO (x = 0, 0.001, 0.003, 0.005, 0.007, 0.010,

0.015, 0.020 and 0.025, respectively) were prepared

via conventional solid-state reaction process. The raw

materials are zinc oxide (ZnO,[ 99.0%, Sinopharm

Chemical Reagent Co., Ltd, China), antimony trioxide

(Sb2O3,[ 99.0%, Sinopharm Chemical Reagent Co.,

Ltd, China). For each batch of experiment, the stoi-

chiometric amounts of starting materials were

weighed according to the designed composition of

Zn1 - xSbxO followed by ball milling for 1 h. The

slurry mixtures were dried at 110 8C for one day.

Then the mixture powders were calcined at 1000 �C
in air for 5 h. The calcined powders were granulated

with appropriate amount of polyvinyl alcohol solu-

tion (PVA) as binder, and then were pressed into

pellets with a diameter of 12 mm and a thickness of

about 3 mm. The green pellets were sintered in air at

1300 �C for 1 h. Both opposite sides of each as-sin-

tered ceramic were polished and coated with silver

paste followed by being heated at 600 �C for 5 min to

make ohmic electrodes.

2.2 Material characterization

Phase composition of Zn1 - xSbxO ceramics was

determined by using X-ray diffraction (XRD, Rigaku

D/max 2500, Japan) with Cu Ka radiation

(k = 0.154056 nm) with scanning rate of 8�/min. The

ceramics were broken into pieces and the fracture

surfaces were observed in a scanning electron

microscope (SEM, JEOL 7900F). Energy dispersive

X-ray spectroscopy (EDS, Oxford Ultim Max 65)

attached to the SEM was employed to analyze the

elemental distribution inside ceramics. Valence states

were analyzed by X-ray photoelectron spectroscopy

(ESCALAB 250Xi, ThermoFisher, USA).

Temperature dependence of resistance (R–T) char-

acteristics of all ceramics were tested in range of

25 * 250 �C (i.e., 298 * 523 K) by resistance tem-

perature measurement system (ZWX-C, China)

under direct current (DC) condition. Taken into

account of sample size, the resistivities (q) of each

sample were calculated according to formula q = RS/

h, where R is the resistance of the sample, S and h are

the area and thickness, respectively. The alternating
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current (AC) impedance spectra were measured by

an electrochemical measurement system (Gamry

reference600, USA) with the frequency ranging from

1 Hz to 1 MHz at different temperatures. The impe-

dance data were analyzed by Gamry analyst

program.

In order to test the aging property, samples were

heat treated at 150 �C in air for 1000 h, and their

room temperature resistances were measured after

being aged every 100 h. The room temperature

resistance was measured by a Multimeter (FLUKE,

8808A, USA), in a constant temperature room con-

trolled by air conditioner.

3 Results and discussion

3.1 Phase component and microstructure

Figure 1 shows XRD patterns of the as-sintered

ceramics of undoped ZnO, Zn0.995Sb0.005O, Zn0.985-
Sb0.015O and Zn0.980Sb0.020O. Where, the upper-right

inset shows the enlarged XRD patterns between

diffraction angles (2h) from 30� to 38�. The XRD

patterns could be indexed to the hexagonal wurtzite

structure with a space group of P63mc (186) (cited by

PDF No. 89-0511). There is no impurity phase in

undoped ZnO. While, some slight peaks as marked

by ‘‘filled square’’ in the pattern from secondary

phase in Zn0.985Sb0.015O and Zn0.980Sb0.020O ceramics

can be detected. The related peaks were analyzed to

be in accordance with the one of Zn7Sb2O12 phase

(cited by PDF No. 74-1858).

As shown in the upper-right inset in Fig. 1, XRD

peaks of Zn1 - xSbxO ceramics shift first to higher

diffraction angles with increase of Sb-ion content till

x = 0.015, and then shifts slightly to lower diffraction

angles for x = 0.020. Refined by using Jade 6.0 ? PDF

2004 program, the lattice parameters of the ceramics

were obtained and are shown in Table 1. The lattice

parameters change with the increase of Sb-ion con-

centration, indicating that Sb-ions have substituted

into ZnO lattice.

The reason for the variation of lattice parameters

depending on the Sb-ion concentration can be

explained as following. Although Sb2O3 was selected

as the raw material in this work, many studies have

revealed that Sb3? ion could be oxidized to be higher

valence ions such as Sb5? ion at elevated tempera-

tures [21, 31–33]. As will be presented in the XPS

analysis in Fig. 4, Sb5? and Sb3? ions co-exist in

Zn1 - xSbxO ceramics. The ionic radii of Sb-ions

(0.060 nm for Sb5? and 0.076 nm for Sb3?) are dif-

ference from the one of Zn2? (0.075 nm), so the sub-

stitution of Sb-ions changed the lattice parameters of

Zn1 - xSbxO ceramics. With low concentration of Sb-

ion in Zn1 - xSbxO ceramics, most of Sb3? ions could

be oxidized to Sb5? ions (please also see in analysis in

Fig. 4c). The radius of Sb5? ion is smaller than that of

Zn2? ion, the substitution of Sb-ions into ZnO lattice

resulted in a decrease in lattice parameters, and the

lattice parameters decrease with the increase of Sb-

ion concentration. So, according to the Bragg’s law,

the XRD peaks shifted towards higher diffraction

angle with the increase of Sb-ion concentration. But,

when the concentration of Sb-ion in Zn1 - xSbxO

ceramics is high enough, and because there is large

difference of ionic valences between Zn2? and Sb5?

ions, the concentration of Sb-ion may excess solid

Fig. 1 XRD patterns of as-sintered Zn1 - xSbxO ceramics with

different contents of Sb-ions, the upper-right inset shows enlarged

XRD patterns of the region marked by a dash-line rectangle

Table 1 Lattice parameters (a and c) and cell volume (V) of

Zn1 - xSbxO ceramics refined from the XRD patterns as shown in

Fig. 1

x in Zn1 - xSbxO a (nm) b (nm) V (9 10–3 nm3)

0 0.3253 0.5207 47.73

0.005 0.3251 0.5202 47.60

0.015 0.3250 0.5201 47.57

0.020 0.3253 0.5205 47.68
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solubility of Sb-ions in ZnO lattice. Therefore, impu-

rity or secondary phase might occur, for example,

Zn7Sb2O12 was detected as shown in Fig. 1. Accord-

ing to the research by Park et al. [31], ZnO reacted

with Sb2O3 to form ZnSb2O6 at 700 �C and then

ZnSb2O6 reacted with ZnO to form Zn7Sb2O12 at

1000 �C. For the Sb-ion is Sb5? in Zn7Sb2O12, there

might be more Sb3? ions than Sb5? ions substituted

into ZnO lattice. Because the radius of Sb3? ion is

larger than that of Zn2? ion, the substitution of Sb-

ions into ZnO lattice should result in the increase of

lattice parameters. Therefore, the XRD peaks shifted

toward a lower diffraction angle when the content of

Sb-ion in Zn1 - xSbxO ceramics is higher, e.g., the

XRD peaks of Zn0.980Sb0.020O ceramic shifted slightly

toward left comparing to the ones of Zn0.985Sb0.015O

ceramic.

SEM micrographs obtained for undoped ZnO,

Zn0.990Sb0.010O, Zn0.985Sb0.015O and Zn0.980Sb0.020O

ceramics are shown in Fig. 2. The grains are closely

bonded to each other although some pores exist in all

samples. The measured densities (qM) and porosities

(P) of the ceramics were obtained by the Archimedes

mothed. The relative density (qr) and P of each

sample can be calculated by using the relationship of

qr = qM/qL and P = (qL - qM)/qL, respectively,

where qL is theoretical density of ZnO crystal. The

relative density of undoped ZnO, Zn0.990Sb0.010O,

Zn0.985Sb0.015O and Zn0.980Sb0.020O ceramics are

83.8%, 91.82%, 92.03% and 93.23%, and the corre-

sponding porosity is 16.2%, 8.18%, 7.97% and 6.77%,

respectively. With the increase of Sb-ion content, the

density increased and the porosity decreased. The

existence of second phase Zn7Sb2O12 might be helpful

to improve the ceramic sintering-ability through for-

mation of liquid phase [34].

The element distribution by EDS elemental mapping

was performed for Zn0.980Sb0.020O ceramic, and the

results are shown in Fig. 3. Zn and O are almost evenly

distributed (see in Fig. 3b, c). The EDS mapping of Sb

displays some segregating regions as shown in Fig. 3d,

which could be originated from the second phase

Zn7Sb2O12 according to the XRD analysis.

The full XPS spectra of Zn1 - xSbxO (x = 0.010,

0.015 and 0.020) ceramics are shown in Fig. 4a. The

characteristic peaks of Zn, O and Sb can be observed.

Some characteristic peaks were fitted by XPS PEAK

4.1 software, and the analyzed results are shown in

Fig. 4b, c. Figure 4b shows the 2p orbital energy

spectra of Zn in Zn1-xSbxO ceramics. The binding

energies (Eb) of fitted Zn 2p narrow spectra are

shown in Table 2. The peak pairs of binding energies

Fig. 2 SEM observations of

fracture surface of

Zn1 - xSbxO ceramics,

a x = 0, b x = 0.005,

c x = 0.010, d x = 0.020
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Fig. 3 EDS elemental

mapping analysis of

Zn0.980Sb0.020O ceramic,

a SEM image, b Zn

distribution mapping, c O

distribution mapping, d Sb

distribution mapping

Fig. 4 Analysis of XPS

spectra of Zn1 - xSbxO

(x = 0.010, 0.015 and 0.020)

ceramics, a full spectra, b Zn

2p narrow spectra, c Sb

3d narrow spectra

24300 J Mater Sci: Mater Electron (2021) 32:24296–24307



at about 1021 eV and 1044 eV correspond to 2p3/2
and 2p1/2, respectively [18], indicating that Zn2? ions

exist in Zn1 - xSbxO (x = 0.010, 0.015 and 0.020)

ceramics.

Considering that the binding energies of O 1s and

Sb 3d5/2 are superimposed, only the Sb 3d3/2 is

reported [35]. As shown in Fig. 4c, each Sb 3d3/2
narrow spectrum consists of two peaks of about

540 eV and 539 eV. The binding energies (Eb) of fitted

Sb 3d3/2 narrow spectra are shown in Table 2. The

two peaks are contributed by Sb5? and Sb3? ions,

respectively [35, 36]. These indicate that Sb-element

in Zn1 - xSbxO ceramics has two kinds of valence

states, i.e., Sb5? and Sb3?. Compared with the areas of

two fitted peaks, the ratios of Sb5? and Sb3? ionic

contents [(Sb5?)/(Sb3?)] were calculated to be 1.55/1

for Zn0.990Sb0.010O, 1.50/1 for Zn0.985Sb0.015O and

0.66/1 for Zn0.980Sb0.020O respectively. These indicate

that Sb5? is the dominant valence state of Sb element

in Zn0.990Sb0.010O and Zn0.985Sb0.015O ceramic, while

the Sb element in Zn0.980Sb0.020O ceramic is domi-

nated by Sb3?.

3.2 Electrical properties

Figure 5a, b show the plots of relationship between

logarithm of resistivity (lnq) and reciprocal of abso-

lute temperature (1000/T) of Zn1 - xSbxO ceramics

for various contents of Sb-ion. The q25 values of

ceramics with various contents of Sb-ion are shown

in Table 3. When x B 0.005, q25 decreased with the

increase of Sb-ion content (see in Fig. 5a). While, q25
increased with the increase of Sb-ion content when

x C 0.005 (see in Fig. 5b). q25 of undoped ZnO and

Zn0.995Sb0.005O ceramics are 662 kX cm and 57.18

kX cm, respectively. The decrease of q25 for the

introduction of Sb-ions should result from the doping

effect of semiconductor, and the related defect reac-

tion can be shown in Eqs. (1) and (2).

Sb2O5 �!
ZnO

2Sb���Zn þ 2OO þ 3

2
O2 þ 6e0 ð1Þ

Sb2O3 �!
ZnO

2Sb�Zn þ 2OO þ 1

2
O2 þ 2e0 ð2Þ

Here, Sb2O3 and Sb2O5 act as donor for ZnO semi-

conductor. The weak binding electrons introduced by

Sb-ion doping locate in the donor level, and can be

easily thermally activated to the conduction band,

and enhanced conductivity of ZnO based ceramics.

However, the q25 increased with the increase of Sb-

ion content when x C 0.005 (see in Fig. 5b). As shown

in Eqs. (1) and (2), the concentration of electrons

increased in proportion to the content of Sb-ion in the

Zn1 - xSbxO ceramics, but one could not conclude

that the conductivity of the ceramics must increase

monotonously with the increase of Sb-ion content.

Because any semiconductor material has an appro-

priate doping concentration, at which the semicon-

ductor material has highest conductivity and

minimal q25. When the Sb-ion content is higher than

an appropriate quantity, accumulation and aggrega-

tion of the produced electrons may take place,

resulting in the increase of q25. On the other hand, the

solid solubility of Sb-ion in ZnO crystal is limited, the

excess Sb-ions might locate at grain boundaries in the

status of antimony oxides such as Sb2O3 and Sb2O5,

and might react with ZnO to form Zn7Sb2O12 second

phase. The second phase normally locates at the grain

boundaries, increases the barrier of grain boundary

and hinders the transportation of electrons. So the

grain boundary resistance of ceramics increased, and

the total resistivity of ceramics increased.

All of the Zn1 - xSbxO ceramics show typical NTC

characteristics with good linear relationship of lnq-
1000/T in the test temperature range excepting for

the undoped ZnO and Zn0.999Sb0.001O ceramics. The

linear relationship of lnq – 1000/T plots can be

described by the Arrhenius law as shown in Eq. (3).

qT ¼ q0 exp
Ea

kT

� �
¼ q0 exp

B

T

� �
; ð3Þ

where, qT is resistivity at temperature T (in Kelvin),

q0 is a constant related to material characteristic, k is

the Boltzmann constant, Ea is activation energy of

conduction, B is a parameter reflecting the tempera-

ture sensitivity of a NTC thermistor and has a unit in

Kelvin (K).

Table 2 Fitted Eb (eV) at the

peaks of XPS narrow spectra

in Zn1 - xSbxO (x = 0.010,

0.015 and 0.020) ceramics

x in Zn1 - xSbxO Eb (Zn 2p1/2) Eb (Zn 2p3/2) Eb (Sb 3d3/2, Sb
5?) Eb (Sb 3d3/2, Sb

3?)

0.010 1044.17 1021.10 540.18 539.62

0.015 1044.25 1021.17 540.03 539.49

0.020 1044.33 1021.25 539.76 539.22
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The B value and temperature coefficient of resis-

tance (TCR) are usually used to characterize the

temperature sensitivity of NTC thermistor. The B

value and TCR25 value can be calculated by Eqs. (4)

and (5), respectively.

B ¼ ln q1 � ln q2
1=T1 � 1=T2

ð4Þ

TCR25 ¼ � Ea

kT2
25

¼ �B25

T2
25

ð5Þ

where, q1 and q2 are resistivities at temperatures of T1

and T2, respectively. T1 and T2 are often chosen as

298 K (25 �C) and 358 K (85 �C), respectively. So the

B value is usually written as B25/85. The relevant B25/

85, Ea and TCR25 values of ZnO based ceramics with

different Sb-ion concentrations are listed in Table 3.

The high B25/85 values (2284 K * 4754 K) and TCR25

(- 2.57% * - 5.35%/K) indicate that Zn1 - xSbxO

ceramics are high temperature sensitivity. With the

increase of Sb-ion content, B25/85 values show

increasing trend. The high B25/85 and adjustable q25
enhance the potential application of Zn1 - xSbxO

ceramics for NTC thermistors.

3.3 Impedance spectrum analysis

The electrical properties of ceramics are generally

contributed from grain effect, grain boundary effect

and electrode polarization effect. Analysis of complex

impedance spectroscopy (CIS) is an effective way to

characterize the electrical properties of ceramics

[12–14, 18–21]. Here, CISs in Nyquist plots of

Zn1 - xSbxO ceramics were measured at room tem-

perature and analyzed as shown in Fig. 6. Each plot

looks containing one arc. In order to reveal the

characteristic of the CISs, an equivalent circuit as the

inset in Fig. 6a was selected to fit the CISs. Where, Rg

and Rgb respectively represent the resistances from

grain effect and grain boundary effect, R0 is a resis-

tance coming from the measurement system, CPEg

and CPEgb are the related constant phase elements

which is caused by internal inhomogeneity or defects

for grain effect and grain boundary effect, respec-

tively. One can see that the equivalent circuit fitted

the Nyquist plots well. The fitted results are shown in

Table 3. This indicates that each CIS is composed of

both grain effect and grain boundary effect.

It can be seen from Table 4 that, for the undoped

ZnO ceramic, Rg is much higher than Rgb. After

Fig. 5 Electrical properties of

Zn1 - xSbxO ceramics with

various contents of Sb-ions,

a temperature dependence of

resistivity for 0 B x B 0.005,

b temperature dependence of

resistivity for

0.005\ x B 0.02

Table 3 Resistivity (q25), B25/

85 value, Ea and TCR25 of the

Zn1 - xSbxO ceramics

x in Zn1 - xSbxO q25 (kX�cm) B25/85 (K) Ea (eV) TCR25 (% K-1)

0 662 3014 0.260 - 3.39

0.001 253.37 2284 0.197 - 2.57

0.003 245.73 3961 0.341 - 4.62

0.005 57.18 4103 0.354 - 4.62

0.007 127.74 4273 0.368 - 4.81

0.010 225.21 4382 0.378 - 4.93

0.015 451.13 4536 0.391 - 5.11

0.020 821.51 4754 0.410 - 5.35

0.025 2591.50 4744 0.409 - 5.34

24302 J Mater Sci: Mater Electron (2021) 32:24296–24307



doping with Sb-ions, Rg of each sample decreased

and always less than the related Rgb. When x is 0.005,

the Zn1-xSbxO ceramic has a minimum Rg of 3.03 kX
which is much lower than Rg of undoped ZnO cera-

mic. While, Rgb is higher than the related Rg in each

Sb–doped ZnO ceramic. Both Rg and Rgb increase

with the increase of Sb-ion content in the Sb-doped

ZnO ceramics when x is larger than 0.005. As shown

in Eqs. (1) and (2), substitution of Sb-ions in ZnO

lattice resulted in the occurrence of electronic charge

carriers, and enhances the conductivity of ZnO

semiconductor. While, as discussed in Figs. 1 and 3,

the solid solubility of Sb-ion in ZnO lattice should be

very small, excessive Sb-ions and the produced sec-

ondary phase of Zn7Sb2O12 might locate at grain

boundaries, resulting in the increase of grain

boundary resistance.

3.4 Electrical stability

The practical applications of NTC thermistors need

high electrical stability. In order to investigate the

electrical stability of the studied ceramics, two kinds

of test ways were conducted in this work: one is

repeated measurement of temperature dependence of

resistivity of Zn0.990Sb0.010O and Zn0.985Sb0.015O

ceramics, another is to gauge the resistance shift of

the ceramics during 150 �C aging treatment.

Figure 7a shows the plots of temperature depen-

dence of resistivity (lnq - 1000/T plots) that were

repeatedly tested for 7 times in temperature range

between 25 and 250 �C (i.e., 298 * 548 K) of a

Zn0.990Sb0.010O ceramic. Figure 7b shows the 7-times

repeatedly tested lnq - 1000/T plots of a Zn0.985-
Sb0.015O ceramic. Both of the repeatedly tested plots

Fig. 6 Analysis of complex

impedance spectra in Nyquist

plots of Zn1 - xSbxO ceramics

measured at room temperature,

a x = 0, b x = 0.005, 0.007,

0.010, 0.015, c x = 0.020,

0.025

Table 4 Fitted results of Nyquist plots of Zn1 - xSbxO ceramics

by using the equivalent circuit as the inset in Fig. 5a, grain

resistance (Rg), grain boundary resistance (Rgb) and total

resistance (Rg ? Rgb)

x in Zn1 - xSbxO Rg (kX) Rgb (kX) Rg ? Rgb (kX)

0 187.72 7.15 194.87

0.005 3.03 16.93 19.96

0.007 5.64 36.06 41.70

0.010 9.45 66.18 75.63

0.015 13.42 112.50 125.92

0.020 41.60 225.10 266.70

0.025 149.70 582.50 732.20
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show that the ceramics have high repeatability of R–T

characterization.

In the meanwhile, Zn1 - xSbxO ceramics with Ag

electrodes have also been aged at 150 �C in air. Fig-

ure 8a shows the related resistance change rates (DR/
R0) after being aged for different periods. After hav-

ing been aged for 1000 h, the DR/R0 are 1.44%, 1.77%,

1.98%, 2.09%, 2.17% for Zn0.995Sb0.005O, Zn0.990-
Sb0.010O, Zn0.985Sb0.015O, Zn0.980Sb0.020O and Zn0.975-
Sb0.025O ceramics, respectively. These indicate that

the Sb–doped ZnO NTC ceramics have good electri-

cal stability.

To further investigate the aging characteristics, the

CISs of Zn0.990Sb0.010O and Zn0.985Sb0.015O ceramics

before and after aging treatment were also analyzed

and are shown in Fig. 8b. Each sample has similar

Nyquist plots before and after aging treatment. The

Nyquist plots were fitted with the equivalent circuit

as the inset in Fig. 6a. For Zn0.990Sb0.010O ceramic, Rg,

Rgb and Rg ? Rgb are 9.87 kX, 66.85 kX and 76.72 kX
after aging, and the related resistance change rates

are 8.87%, 1.01% and 1.44%, respectively, compared

with those before aging. For Zn0.985Sb0.015O ceramic,

Rg, Rgb and Rg ? Rgb are 14.35 kX, 113.80 kX and

128.15 kX after aging, and the related resistance

change rates are 6.93%, 1.16% and 1.77%, respec-

tively, compared with those before aging. These

indicate that the total resistance change rates of the

tested samples are consistent with the results of aging

test as shown in Fig. 8a, and the aging induced

resistance change mainly comes from the grain effect

(Rg).

Figure 9a shows XPS spectra of Zn0.990Sb0.010O

ceramic before and after aging. Both XPS spectra have

not obvious difference in binding energy peaks. The

narrow spectra of Sb 3d3/2 are fitted by XPS PEAK 4.1

software and shown in Fig. 9b. The results show that

the Sb 3d3/2 narrow spectrum before aging is com-

posed of two peaks with binding energies of

540.18 eV and 539.62 eV, corresponding to Sb5? and

Sb3? ions, respectively. The Sb 3d3/2 narrow spectrum

of the aged sample can be fitted to consist with two

peaks of 540.29 eV and 539.74 eV, corresponding to

Sb5? and Sb3? ions, respectively. These indicate that

the ionic species of the ceramics did not change

before and after aging. According to the fitted peaks,

the ratio of [Sb5?]/[Sb3?] cationic contents in the

aged Zn0.990Sb0.010O ceramic is 1.52/1, which is

slightly less than that before aging (1.55/1).

As discussed in Figs. 5 and 6 for the conductivity

characteristics, and mentioned in Eqs. (1) and (2), the

conductivity of Sb–doped ZnO ceramics is affected

by the contents and valent states of Sb-ions. The

valence change of Sb-ions induced by aging might

result from the change of electron numbers in

ceramics, for example, capturing or losing electrons

from the adsorbed gas on the ceramic surface. While,

the increases of electron carriers induced by Sb-ion

doping are due to the introduction of higher valence

ions (Sb5? and Sb3? ions) into ZnO–based ceramics,

as shown in Eqs. (1) and (2). The aging treatment was

performed in air, and it is possible that the moisture

(water) and oxygen are adsorbed on the ceramic

surface. During aging, it is possible that the electrons

at the valence band can be thermally activated into

conduction band, and electron holes (ḣ) were left at

valence band. For the suitable conduction band and

valence band positions of Sb–doped ZnO, the redox

reactions of the adsorbed water (H2Oads or OH-
ads)

as following equations form reactive species of HO�
for that the reaction energy of is 2.38 eV vs. the nor-

mal hydrogen electrode (NHE) [29, 37, 38]. These

reactions consume the holes in the valence band.

Fig. 7 lnq - 1000/T plots of

Zn1-xSbxO ceramics repeatedly

measured for seven times in

temperature range between 25

and 250 �C, a x = 0.010,

b x = 0.015
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h� þH2Oads ! HO � þHþ ð6Þ

h� þH2Oads !
1

2
O2 þ 2Hþ ð7Þ

h� þOH�
ads ! HO� ð8Þ

On the other hand, the electrons that were ther-

mally activated from valence band into conduction

band might transfer to ceramic surface, return to

valence band and be trapped by cations such as Sb5?

ions. When the electrons were trapped by Sb5? ions,

the Sb5? ions might be reduced to be Sb3? ions,

leading to the decrease of quantity of Sb5? ions. So

the quantity of electrons occurred by Eq. (1) became

less, and the whole content of charge carriers in the

ceramics reduced, leading to the increase of their

resistivity.

The [Sb5?]/[Sb3?] ratio has little change comparing

the ones before aging with that after aging, indicating

the aging process of Zn0.990Sb0.010O ceramics has little

effect on the valence states of Sb-ions. The analysis in

Fig. 9 reveals that the Sb-ions have good valent sta-

bility, resulting in high electrical stability during

ageing process. For the simple chemical composition,

adjustable resistivity and temperature sensitivity, the

Sb–doped ZnO ceramics should have good potential

for application as NTC thermistors.

4 Conclusions

Sb–doped ZnO (Zn1 - xSbxO, x B 0.025) ceramics

have the hexagonal wurtzite structure and exhibit

typical NTC effect. The ceramic resistivity is com-

posed of both grain effect and grain boundary effect.

The Zn1 - xSbxO NTC ceramics have high tempera-

ture sensitivity with B25/85 values from 2284 to

4744 K, and their room temperature resistivity can be

effectively adjusted from 57.18 to 2591.5 kX�cm by

changing the concentration Sb-ions. The studied NTC

ceramics show high electrical stability with resistance

Fig. 8 Aging characteristic of

Zn1 - xSbxO ceramics,

a resistance shift rates (DR/R0)

of Zn1 - xSbxO ceramics aged

at 150 �C for different time,

x = 0.005 * 0.025, b room

temperature Nyquist plots of

Zn0.990Sb0.010O and

Zn0.985Sb0.015O ceramics

before and after aging

Fig. 9 XPS spectra of the

Zn0.990Sb0.010O ceramic

before and after aging, a full

spectra, b Sb 3d3/2 narrow

spectra
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change rates ranging from 1.44 to 2.17% after aging

treatment at 150 �C in air for 1000 h. For the simple

chemical composition, adjustable resistivity and

temperature sensitivity, the Sb–doped ZnO ceramics

should have good potential for application as NTC

thermistors.
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