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ABSTRACT

Negative temperature coefficient (NTC) thermistors are important for temper-

ature sensors and actuators. In this work, La2MO4 (M = Cu or Ni) modified NiO

composite ceramics are prepared by conventional solid-state reaction method

for NTC thermistors. All prepared composite ceramics have a main phase with a

rock-salt structure of NiO and a second phase of La2NiO4 or La2CuO4. The

introduction of La2CuO4 or La2NiO4 significantly improved the sintering ability

of ceramics and reduced the sintering temperature from 1380 �C of pure NiO

ceramic to 1250 �C composite ceramics. For the existence of highly conductive

La2CuO4 or La2NiO4, the room temperature resistivity of ceramics can be

effectively reduced, while the ceramics maintain NTC material constant higher

than 4000 K. The electrical properties of ceramics were analyzed by combining

with XRD, XPS, and complex impedance spectra. Several conduction modes

such as band conduction, polaron hopping, percolation conduction, and grain-

boundary transition of charge carriers are proposed for the electrical conduc-

tivity and NTC characteristics of NiO-based composite ceramics.

1 Introduction

Negative temperature coefficient (NTC) thermistors

are characterized by resistivity decreasing with tem-

perature increasing, especially, the resistivity

decreases exponentially with temperature rising. Due

to their high temperature sensitivity and fast

response, NTC thermistors are widely used in the

fields of electrical equipment, battery safety system,

automobiles, medical apparatus, aerospace, etc., for

suppressing impulse current, temperature

measurement, and temperature control, and so on.

Room temperature resistivity (q25) and material con-

stant (B value) reflecting temperature sensitivity are

two important parameters for an NTC thermistor.

The B value can be determined by Eq. (1).

B ¼ ln q1 � ln q2
1=T1 � 1=T2

ð1Þ

where, q1 and q2 are resistivities at temperatures T1

and T2, respectively.

Traditionally, ordinary-temperature NTC thermis-

tors are usually composed of compounds with spinel-
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or perovskite-type crystalline structures [1–5]. Where,

spinel type materials are the most widely studied and

applied ones for the NTC thermistors. In the same

series of spinel type NTC materials, a small q25 is

often accompanied by a small B value, a larger

B value is accompanied by large q25, and it is not easy

to achieve coordinated control of B value and q25. For
practical applications, there is often a need for low

resistance and high B value. The design of composite

materials can effectively solve the coordination

problem between B value and q25 [6, 7]. As reported

by Zhou et al. [6], the composite ceramics made of

spinel-structured (Ni,Mn)3O4 and perovskite-struc-

tured La(Mn,Ni)O3, q25 could be reduced by one to

two orders of magnitude depending on the amount

of the low-resistivity perovskite phase La(Mn,Ni)O3,

while the B values could still be large in a range of

3000–4000 K.

In the past years, the NTC thermistors based on

simple oxides such as SnO2, CuO, ZnO, and NiO

have been also reported [8–15], and have advantages

of easy adjustment of q25 and B values over a wide

range as well as the synergistic adjustability of both.

NiO is a typical semiconductor oxide and shows

potential applications in fields of magnetism, cataly-

sis, gas sensors, dielectrics, thermoelectric, lithium-

ion batteries, and supercapacitors [16–19]. The NTC

thermistors based on simple oxides were always

designed using the strategy of element doping and

solid solution [8–12, 14, 15], but there is little work on

the strategic approach of composite materials. La2-
CuO4 and La2NiO4 have high conductivities and

were studied for the applications of mixed ionic

electric conductors, photocatalysis, and magnetic

properties [20–23].

In this work, NiO-based NTC composite ceramics

modified by La2CuO4 and La2NiO4 were prepared,

respectively. The electrical conductivity and NTC

properties of NiO-based ceramics were studied. The

results show that both La2CuO4 and La2NiO4 can

enhance the sintering ability and reduce resistance of

composite ceramics. All prepared ceramics show

NTC material constants (B25/85 value) above than

4000 K. The phase composition, microstructure,

electrical properties, and conduction mechanisms of

the prepared NiO-based NTC ceramics were

investigated.

2 Experimental

NiO-based ceramics compound with different con-

tents of La2CuO4 and La2NiO4 were prepared by

traditional solid-state reaction processes. The selected

raw materials are basic nickel carbonate (NiCO3-

2Ni(OH)2�4H2O, C 99.0%, Xilong Technology, China),

lanthanum oxide (La2O3, C 98.0%, Xilong Technol-

ogy, China), cupric oxide (CuO, C 99.0%, Xilong

Technology, China). According to the stoichiometric

ratio of designed compounds, raw materials are cal-

culated and weighed separately. The weighted raw

materials were ground and mixed sufficiently in an

agate mortar. The mixed powders were calcined at

900 �C and 5 h for NiO, 900 �C and 10 h for La2NiO4,

and 1000 �C 10 h for La2CuO4.

In this work, ceramics of pure NiO, La2CuO4, La2-
NiO4, NiO–La2CuO4 composites, and NiO–La2NiO4

composites were, respectively, prepared by a tradi-

tional ceramic sintering technology. For NiO, La2-
CuO4, and La2NiO4 ceramics, each of related calcined

powders was granulated with appropriate amount of

ethylene glycol as a binder, and then was pressed

into green pellets with a diameter of 12 mm and a

thickness of about 2.5 mm. For NiO–La2CuO4 (or

NiO–La2NiO4) composite ceramics, the mass ratios of

0.5%, 1.5%, 3.0%, and 8.0% of prepared La2CuO4 or

La2NiO4 powder were respectively selected, and the

related samples are denoted as NiO–xLCO or NiO–

yLNO, where, x and y are 0.5, 1.5, 3.0, and 8.0,

respectively. According to the mass ratios of

designed composites, NiO and La2CuO4 powders (or

NiO and La2NiO4 powders) were weighed, mixed,

and granulated, and then were pressed into green

pellets with a diameter of 12 mm and a thickness of

about 2.5 mm. Pure NiO ceramics were sintered at

1380 �C for 1 h, the composite ceramics were sintered

at 1250 �C for 30 min. La2CuO4 and La2NiO4 ceramics

were sintered at 1080 �C and 1250 �C for 1 h,

respectively. For the measurement of electrical

properties, the sintered ceramics were polished with

sandpaper on both opposite sides and cleaned with

ethanol, and then coated with silver paste on both

sides followed by being heated to 600 �C for 5 min to

form ohmic electrodes.

The phase composition of as sintered ceramics was

characterized by X-ray diffractometer (XRD, Rigaku

D/max 2500, Japan. Cu Ka radiation,

k = 0.154056 nm) with diffraction angles (2h)
between 20� and 80� at scanning speed of 8�/min,
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and was analyzed using Jade 6.0 ? pdf 2004 soft-

ware. The ceramic microstructure was characterized

by a field emission scanning electron microscopy

(SEM, JMS-7900 F, Japan), and the analysis of ele-

ment composition and distribution in ceramics was

performed using X-ray energy dispersive spec-

troscopy (EDS) equipped with SEM. The valence

state of cations in the studied ceramics was analyzed

by X-ray photoelectron spectroscopy (XPS, K-alpha

1063, UK), high resolution spectra of elements were

fitted and deconvoluted using an Avantage software.

The temperature dependence of resistance (R–T) of

each ceramic was measured by R–T measurement

system (ZWX-C, China), in temperature range from

25 to 250 �C. Resistivity (q) was calculated according

to Ohm’s law of q = RA/h, where A is electrode area,

h is sample thickness, and R is sample resistance. To

detect the electrical stability of the composite

ceramics, aging treatment was performed at 150 �C
for 500 h in air. The aging induced resistance change

rates were defined by equation DR/R0=(R1 - R0)/R0,

where R0 and R1 are resistances before and after

aging, respectively, and were measured at room

temperature (25 �C).
The alternating current (AC) complex impedance

spectrum is obtained in the frequency range from

1 Hz to 1 MHz using an electrochemical test system

(Gamry reference 600, USA). The resistances from

grain effect and grain-boundary one of ceramics were

obtained by analyzing each complex impedance

spectrum (CIS) using a Gamry Echem analysis pro-

gram combined with an appropriate equivalent cir-

cuit. Each CIS in the frequency range of 106–1010 Hz

was further constructed by a Z-view software,

according to the equivalent circuit.

3 Results and discussion

3.1 Phase and microstructure

Figure 1 shows XRD patterns of NiO, NiO–xLCO

(x = 1.5 and 8.0), and NiO-yLNO (y = 1.5 and 8.0) as-

sintered ceramics. The main diffraction peaks of all

ceramics can be indexed as rock salt cubic structure,

with space group of Fm - 3 m (225) (Ref. PDF No.

47-1049, lattice parameter a = 0.4177 nm). The XRD

peaks at diffraction angles (2h) of 37.3�, 43.2�, 62.9�,
75.5�, and 79.5� correspond to (111), (200), (220), (311),

and (222) planes of the main crystalline phase NiO,

respectively. In the XRD spectra of NiO–xLCO and

NiO–yLNO composite ceramics, some diffraction

peaks can be detected except for the ones of the pri-

mary phase NiO. The NiO–1.5LCO and NiO–1.5LNO

ceramics have a diffraction peak at 2h of 31.3�. While,

the NiO–8.0LCO and NiO–8.0LNO ceramics have

additional diffraction peaks 2h at 32.8�, 47.0�, and

57.6�, which correspond to (103), (110), (200), (213)

crystal planes of La2CuO4 or La2NiO4 (Ref. PDF No.

38-0709, and PDF No. 34-0314), respectively. The

intensity of the additional diffraction peaks increases

with the increase of La2CuO4 or La2NiO4 content.

These indicate that La2NiO4 or La2CuO4 phase exists

in the related ceramics, and the prepared NiO–xLCO

and NiO–yLNO are composite ceramics. Refined by

Jade 6.0 ? pdf2004 program, lattice parameters (a) of

NiO phase in the as-sintered pure NiO, NiO–1.5LCO,

NiO–8.0LCO, NiO–1.5LNO, and NiO–8.0LNO are

0.4168, 0.4179, 0.4179, 0.4176, and 0.4178 nm, respec-

tively. The lattice parameter (a) of pure NiO is less

than that of referred PDF No. 47-1049

(a = 0.4177 nm). While, all the lattice parameters of

NiO–xLCO and NiO–yLNO ceramics are larger than

that in pure NiO ceramics. These indicate that the as-

sintered NiO ceramics are consisted of defects such

as vacancies. And partial La-ions might have substi-

tuted into NiO lattice in NiO–xLCO and NiO–yLNO

ceramics, the radius of La-ion (0.117 nm) is larger

than the one of Ni2? ion (0.069 nm), and the substi-

tution of La-ions enlarged the NiO lattice.

SEM images of calcined powders of pure NiO,

La2CuO4, and La2NiO4 are shown in Fig. S1 in the

supplementary document. The powders show

equiaxed-grain characteristics. Figure S2 provides an

Fig. 1 Analysis of XRD patterns of as-sintered ceramics
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SEM image of fracture surface in pure NiO ceramic.

The as-sintered NiO ceramic shows grown-up

equiaxed grains with an average grain size of about

1.2 lm, while the average grain size of as-calcined

powder is about 0.3 lm.

Figure 2 shows SEM observation and EDS map-

ping of elements distribution of NiO–1.5LCO com-

posite ceramic. Figure 2a is a secondary electronic

image, and Fig. 2b is a backscattered SEM image

taken from the same area as that in Fig. 2a. The

average grain size is 1.86 lm. Figure 2c–e are ele-

mental mappings of Ni, La, and O, respectively. From

Fig. 2b, one can see some areas with bright contrast

as marked by circles could be La-rich regions

according to the mapping in Fig. 2d. These La-rich

regions are Ni-lack ones as shown in Fig. 2c. Com-

bining the SEM observations with the XRD results in

Fig. 1, one can obtain that the La-rich regions should

be the La2CuO4 phase, although we could not get

much information about the Cu-distribution from

Fig. 2e for the low content and weak EDS signal.

These indicate that the prepared NiO–xLCO ceramics

are composed of NiO and La2CuO4 phases.

Similar to that of NiO–1.5LCO composite ceramic,

NiO–1.5LNO composite ceramic was investigated by

SEM. Figure 3a and b show the secondary electron

Fig. 2 SEM investigation of

NiO-1.5LCO ceramic,

a secondary electronic image,

b backscattered image, c–

e EDS elemental distribution

mapping of Ni, La, and Cu,

respectively
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image and backscattered electron image of fracture

surface in NiO–1.5LCO composite ceramic, and are

recorded in the same area. In the backscattered elec-

tron image (see Fig. 3b), two kinds of contrasts

(bright and gray ones) can be observed. Figure 3c, d

and e show elemental mapping of Ni, La, and O,

respectively. From Fig. 3b, one can deduce that the

areas with bright contrast, as marked by circles,

should be La-rich regions according to the mapping

in Fig. 3d. The bright contrast regions in Fig. 3b are

La-rich and Ni-lack ones (see in Fig. 3c and d). The

EDS mapping of O element in Fig. 3e implies that O

element is uniformly distributed in ceramics.

Combined with the XRD results in Fig. 1, the area

with bright contrast should come from La2NiO4, and

the ones with gray contrast are NiO. These indicate

that the prepared NiO-xLNO ceramics are composed

of NiO and La2NiO4 phases.

By comparing the distribution characteristics of

La2CuO4 and La2NiO4 in NiO–1.5LCO and NiO–

1.5LNO composite ceramics as shown in Figs. 2 and

3, respectively, one can get that La2NiO4 has smaller

grain size and is more evenly distributed in NiO–

1.5LNO composite ceramics than La2CuO4 in NiO–

1.5LCO composite ceramic. These should be related

to the melting temperatures of La2CuO4 and

Fig. 3 SEM investigation of

NiO–1.5LNO ceramic,

a secondary electron image,

b backscattered image, c–

e EDS elemental mapping of

Ni, La, and O, respectively
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La2NiO4. The liquid phase occurs at about 1025 �C in

La2CuO4, and liquid phase forms at about 1635 �C in

La2NiO4 [24, 25]. So La2CuO4 liquid phase occurred

during the sintering process of NiO–xLCO compos-

ites, and phase aggregating took place. These should

also lead the particle size in NiO–1.5LCO composite

ceramics to be larger than that in NiO–1.5LNO

composite ceramics. SEM images of NiO–8.0LCO and

NiO–8.0LNO are shown in Fig. S3.

3.2 XPS analysis of Ni-cation valence

XPS spectra of Ni element recorded for pure NiO

ceramic, NiO–1.5LCO and NiO–1.5LNO composite

ceramics were analyzed, respectively. The spectra of

Ni 2p3/2 orbits are shown in Fig. 4. These XPS spectra

were calibrated referring to the binding energy of

284.8 eV of C 1s. Each XPS spectrum consists of a

main part (see the right part) and a subsidiary part (in

the left part). The spectra were fitted and analyzed by

Gauss-Lorenz curve, deconvoluted using an Avan-

tage software. Each XPS spectrum can be fitted to be

composed of six individual peaks. The peaks near

853 eV, 855 eV, and 860 eV should come from Ni2?

cations, while 856 eV, 857 eV, and 863 eV are from

Ni3? cations [26]. These indicate that Ni2? and Ni3?

ions co-exist in the as-sintered ceramics. According to

the areas of fitted peaks, the content ratios of Ni2?

and Ni3? ions (denoted as [Ni2?]/[Ni3?]) in pure NiO

ceramic, NiO–1.5LCO and NiO–1.5LNO composite

ceramics are 2.69:1, 2.52:1 and 2.48:1, respectively.

3.3 Electrical property

The resistance-temperature characteristics of pre-

pared ceramics were investigated by measuring

resistances at different temperatures. And resistivi-

ties were calculated using the measured resistances

according to sample sizes. The electrical properties

(temperature dependence of resistivity) of pure NiO,

La2CuO4, and La2NiO4 ceramics are shown in Fig. S4.

The NiO ceramic shows a typical NTC effect with q25
of 7807 X�cm and B value of 5563 K. Both La2CuO4

and La2NiO4 ceramics have quite low q25 of 5.2 X cm

and 4.2 X cm, respectively. In the meanwhile, La2-
MO4 (M = Cu or Ni) modified NiO composite

ceramics show high stability against temperature. As

shown in Fig. S5, both NiO–1.5LCO NiO–1.5LNO

composite ceramics have the resistance change rates

lower than 0.25% after have being aged at 150 8C for

500 h.

Figure 5a and b show the resistance-temperature

characteristics of NiO–xLCO (x = 0.5, 1.5, 3.0, 8.0) and

NiO–yLNO (y = 0.5, 1.5, 3.0, 8.0) composite ceramics.

The detailed q25 and B25/85 values of the composite

ceramics are listed in Table 1. All ceramics have

material constants B25/85 higher 4200 K The intro-

duction of both La2CuO4 and La2NiO4 decreased

ceramic resistivity, compared to the resistivity of

pure NiO ceramic. The q25 of NiO–xLCO composite

ceramics decreased with increase of La2CuO4 content.

While q25 of NiO–yLNO composite ceramics did not

change significantly with the La2NiO4 content. As

shown in Table 1, the room temperature resistivity of

prepared ceramics can be reduced from 7807 X cm of

pure NiO ceramic to 450 X cm of NiO–0.5LNO

composite ceramic. As displayed in Fig. S4, La2CuO4

and La2NiO4 have very low resistivities, and can

enhance the conductivity of NiO-based composite

ceramics through the percolation effect. As analyzed

in Figs. 2 and 3, La2NiO4 has a better dispersion

distribution in the composite ceramics than La2CuO4.

The more uniform La2NiO4 distributes in ceramics,

the higher the carrier migration rate is and the

smaller the resistance of composite ceramic is. On the

other hand, as discussed in XRD (see Fig. 1), the lat-

tice parameters of NiO crystal in NiO–1.5LCO and

NiO–1.5LNO composite ceramics are larger than that

in as-sintered pure NiO ceramic, indicating that some

of La-ions have substituted into NiO crystal. In the

composite ceramics, partial La3? ions substituted intoFig. 4 Analysis of XPS for Ni element in composite ceramics of

NiO–1.5LCO and NiO–1.5LNO
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NiO lattice and acted as donors for semiconductor

NiO as shown in defect reaction in Eq. (2).

La2O3 �!NiO2
La�Ni þ 2e0 þ 2OO þ 1

2
O2 ð2Þ

As result, weakly bound electrons occurred around

the point defect of LaNi and can be thermally acti-

vated to conduction band in semiconductor NiO,

further enhanced the ceramic conductivity.

In addition, the resistance–temperature plots of all

ceramics show a typical NTC characteristic that the

resistivity decreases with the temperature increases.

In the testing temperature range, the relationship

between lnq and 1000/T is not a single linear one and

can be approximated as two linear regions with dif-

ferent slopes. According to the Arrhenius law, the

lnq-1000/T plots can be expressed as Eq. (3).

qT ¼ A exp
eEa1 þ ð1� eÞEa2

kT

� �
ð3Þ

where, qT represents resistivity at temperature T, A is

a factor relating to material properties, k is the

Boltzmann constant, e (0 B e B 1) is a factor relating

to content of conduction mode and depends on

temperature, Ea1 and Ea2 are activation energies of

conduction for two conduction modes, respectively.

For example, NiO–3.0LCO composite ceramic has

activation energies of 0.15 eV at high temperature

region and 0.35 eV at low temperature region. NiO–

3.0LNO composite ceramic has low Ea of 0.09 eV at

high temperature region and high Ea of 0.36 eV at

low temperature region. The reason for the change of

activation energy in different temperature ranges

should be resulted from different conduction modes,

e.g., band conduction of a traditional semiconductor,

and other ones such as small polaron hopping

mechanism. The different conduction models may

play a different role in different temperature ranges,

and will be discussed further in next section.

AC complex impedance spectra (CIS) of NiO–

1.5LCO and NiO–1.5LNO composite ceramics were

tested at different temperatures and analyzed. The

results are shown in Fig. 6. Within the test tempera-

ture range, each CIS is composed of one partial arc.

To reveal the grain effect and grain-boundary effect,

an equivalent circuit composed of two parts elements

of (R1-CPE1)(R2-CPE2) is illustrated as inset in Fig. 6.

Where, R1 and R2 represent resistances from grain

Fig. 5 Plots for temperature dependence of resistivity of prepared

NiO-based ceramics, a NiO–xLCO composite ceramics, b NiO–

yLNO composite ceramics

Table 1 Comparison of room temperature resistivity q25 and

material constant B25/85 for NiO-based ceramics with various

contents of La2CuO4 or La2NiO4, the data were received from

Fig. 4

Composition q25 (X cm) B25/85 (K)

Pure NiO 7807 5563

NiO–0.5LCO 2520 5478

NiO–1.5LCO 845 4370

NiO–3.0LCO 671 4550

NiO–8.0LCO 514 4510

NiO–0.5LNO 450 4477

NiO–1.5LNO 461 4286

NiO–3.0LNO 458 4466

NiO–8.0LNO 460 4424
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effect (Rg) and grain-boundary one (Rgb). CPE1 and

CPE2 are the related constant phase elements. The

fitted curves according to the equivalent circuit are in

good agreement with the test data, indicating that

each CIS is composed of two parts, i.e., grain effect

and grain-boundary effect. The solid curves beyond

the experimental data are calculated with a Z-view

software according to the set-up equivalent circuit, in

frequency region up to 1010 Hz.

Figure 7 shows the plots of temperature depen-

dence of Rg and Rgb in NiO–1.5LCO and NiO–

1.5LNO composite ceramics, obtained from fitting

results in Fig. 6. Both Rg and Rgb exhibit NTC char-

acteristics. At each measured temperature, Rgb is

larger than Rg. The activation energies of conduction

of grain effect (Eg) and grain-boundary effect (Egb)

can be calculated according to the Arrhenius formula.

Eg is 0.60 eV and Egb is 0.18 eV for NiO–1.5LCO

composite ceramic, Eg is 0.78 eV and Egb is 0.16 eV

for NiO–1.5LNO composite ceramic. These indicate

that both grain effect and grain-boundary effect

contributed to the NTC effect of each composite

ceramic.

3.4 Discussion of conduction mode

NiO is a typical semiconductor oxide with band gap

of about 3.5 eV. But an ideal perfect NiO crystal is an

insulator for there is neither quasi-free electron in the

conduction band level nor hole in the valence band

level, i.e., there is no charge carrier in NiO. For

thermal activation and/or environmental impact

during material preparation process, non-stoichio-

metric compound occurs and lattice defects might be

formed. As discussed in XRD (see in Fig. 1), the

prepared NiO ceramic has rock-salt phase with lattice

parameter a less than that of referred PFD No. 47-

1049, indicating that vacancies and/or ions with

smaller ionic radius were produced in the ceramics.

Further analysis of XPS in Fig. 4 reveals that Ni2? and

Ni3? coexist in all prepared NiO-based ceramics,

indicating that the NiO phase in all ceramics should

be non-stoichiometric. These indicate that Ni-vacan-

cies formed in the NiO phase. The generation of Ni3?-

ions should be accompanied by formation of hole

charges as described in Eq. (4).

Fig. 6 Analysis of complex impedance spectra of composite

ceramics at different temperatures, a NiO–1.5LCO, b NiO–

1.5LNO

Fig. 7 Temperature dependence of resistance of grain effect (Rg)

and grain-boundary effect (Rgb) in NiO–1.5LCO and NiO–

1.5LNO composite ceramics
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NiNi þ 2OO þ 1

2
O2 �!NiO2

Ni�Ni þ V00
Ni þ 3OO ð4Þ

In NiO phase, the hole charges are weakly bound

at the acceptor level. The hole charges can be easily

excited to the valence band level and act as the charge

carriers for ceramic conduction. So the prepared pure

NiO ceramic can show good conduction.

In the meanwhile, as discussed in Eq. (2), partial

La3? ions substituted into the NiO lattice and acted as

donors for NiO phase in the composite ceramics, and

further enhanced the conductivity of NiO phase in

the composite ceramics. This doping effect reduced

the resistance of grain effect, although the existence

of La2MO4 (M = Ni or Cu) obviously decreased the

resistance of grain-boundary effect, comparing with

the results in Fig. 7 and Fig. S6. This kind of con-

ductivity of grain effect resulted from the band con-

duction mode for dopant doping.

On the other hand, for the coexistence of Ni2? and

Ni3? cations in NiO phase, in which the electronic

conduction can take place for a conduction mode as-

called polaron hopping that is always happened in

spinel compounds and other transition metal oxides

[1, 2, 12–15]. The polaron hopping conduction can be

described as Ni2??Ni3?$Ni3??Ni2? in NiO-based

ceramics. For the polaron hopping conduction mode,

temperature-dependent conductivity (r) is usually

described by the Nernst Einstein equation shown in

Eq. (5) [27].

r ¼ Ncð1� cÞNocte2d2t0
kT

� �
exp �T0

T

� �
ð5Þ

where, k is the Boltzmann constant, e is electronic

charge, d is hopping distance, m0 is hopping fre-

quency, T0 is defined as the characteristic tempera-

ture, and Noct is the concentration of octahedral sites.

The factor Nc(1 - c) denotes the probability that Ni2?

and Ni3? ions occupy adjacent octahedral sites,

where N is the concentration per formula unit of sites,

which are available to the charge carriers, and c can

be defined as [Ni3?]/([Ni3?]?[Ni2?]). In the prepared

ceramics, the content ratios of Ni2? and Ni3? ions

([Ni2?]/[Ni3?]) in pure NiO ceramic, NiO-1.5LCO

and NiO-1.5LNO composite ceramics are 2.69:1,

2.52:1 and 2.48:1, respectively, indicating that the

content of Ni3? ions increased for introduction of

La2MO4 (M = Ni or Cu). So the conductivity of NiO

phase may increase accordingly with the increase

contents of La2MO4 (M = Ni or Cu) which is consis-

tent with the result of Fig. 4.

At the same time, as shown in Fig. 7 and Fig. S6, the

resistance from grain-boundary effect are always the

main contributor for all NiO-based ceramics due to the

presence of unavoidable impurities with high grain-

boundary potential barrier. The charger carriers must

overcome the grain-boundary potential barrier to

transfer. The phases of La2MO4 (M = Ni or Cu) have

high conductivities as shown in Fig. S4, they disperse

inside the ceramics and can increase ceramic conduc-

tivity since the percolation conduction effect.

As discussed above, the conduction modes in the

composite ceramics should be consisted of following

factors, hopping conduction mode for the formation

of non-stoichiometric compound of NiO phase, band

conduction mode for La3? doping in NiO phase,

transition of charge carriers overcoming grain-

boundary potential barrier by thermal activation

(denoted as grain-boundary conduction mode), and

percolation conduction for the dispersed distribution

of highly conductive phases of La2MO4 (M = Ni or

Cu). Where, electrons for hopping conduction need a

certain amount of energy to get rid of the constraint

of small poles and to overcome the obstacles of lattice

potential barriers. So the activation energy of con-

duction (Ea) in the hopping conduction mode should

always be high, accompanied by main contribution to

material constants B value for NTC effect. In the band

conduction mode, the weakly bound conducive

electrons can be thermally activated easily, so this

kind of conduction mode has a small contribution to

B value of NTC effect. The grain-boundary conduc-

tion mode often contributes larger to B value for high

potential barrier. In percolation conduction mode, the

conductivity depends on the distance between high-

conduction phases (La2MO4 (M = Ni or Cu) in pre-

sent work), for the different coefficients of thermal

expansion (a), the percolation conductivity changes

with temperature increase. NiO has coefficient of

thermal expansion (a) of about 1 9 10-5 K-1, and a
La2NiO4 is 1.39 9 10-5 K-1 [28], these result in the

percolation conduction became more and more sig-

nificant as the temperature increases, accompanied

by a decrease in related conductive activation energy

and a decrease in B value. This might be the main

reason for the results as shown in Fig. 5 that the

relationship between lnq and 1000/T is not a single

linear one, the ceramics have lower B values in higher

temperature region.
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4 Conclusion

La2MO4 (M = Ni or Cu) modified NiO-based

ceramics are composed main phase of cubic NiO and

secondary phase La2NiO4 or La2CuO4. With modifi-

cation of La2CuO4 or La2NiO4, the sintering ability of

ceramics were significantly improved, and the sin-

tering temperature were reduced from 1380 �C of

pure NiO ceramic to 1250 �C composite ceramics. All

ceramics show typical NTC characteristics. For NiO-

La2CuO4 composite ceramics, room temperature

resistivity (q25) can be adjusted in the range of

500–2500 X�cm with change content of La2CuO4, and

the material constant B value can be kept in higher

than 4500 K. For NiO–La2NiO4 composite ceramics,

q25 and B value do not change much with the increase

of La2NiO4 content, q25 are around 450 X cm and

B values locate in range of 4286–4477 K. The electrical

conductivity and NTC effect of prepared composite

ceramics resulted from both grain effect and grain-

boundary effect, and the conduction modes include

band conduction, polaron hopping conduction, per-

colation conduction, and thermally activated grain-

boundary transition of charge carriers.
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