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Abstract
The drift in electrical properties (e. g., the resistivity and B-value) is vital to the practical application for negative temperature 
coefficient (NTC) ceramics. In this work, Cu-doped nickel manganite ceramics were prepared by solid-state method, to inves-
tigate the degradation mechanism of both the resistivity and B-value. Results showed that the as-prepared ceramics exhibited 
typical NTC characteristics with cubic spinel phase, and that Cu doping greatly reduced the resistivity and B-value. However, 
the increase of Cu content in system aggravated the drift in the resistivity and B-value after the samples were aged at 300 °C 
for 30 h. XPS was carried out to further clarify the change in electrical properties. It was found that the decline of properties 
was due to the decrease of  Mn4+ content in system after aging, which derived from the increase of chemical valence of Cu.

1 Introduction

Negative temperature coefficient (NTC) ceramic thermis-
tors are the temperature sensing devices characterized by 
decreased resistance as working temperature increases [1–3]. 
Because of high sensitivity and low cost, they have been 
widely used in temperature measurement and compensation, 
overheat protection, surge current suppression, etc. [4–7]. 
Among NTC materials, transition metal manganites with 
spinel structure have recently been paid much attention for 
their superior properties [8]. The two important parameters, 
i.e., room temperature resistivity and B25/85 value, are always 
employed to evaluate the external response of these materi-
als [9–11]. For oxides with spinel structure, their electri-
cal properties are strongly related to the imperfection (e. 
g., impurity defects) in crystal. Accordingly, cation doping 
has been considered as an effective method to tailor the 
room temperature resistivity and B25/85 value for transition 
metal manganites, to further meet various requirements [12], 

including Zn [13–15], Cr [16], Al [17], Mg [18], Ti [19], Fe 
[20], Ba [21], and B [22] ions.

In practical application, the drifts in resistivity and B25/85 
value due to aging or long-time use are also crucial for NTC 
materials. Until now, several strategies have been used to 
investigate the drift in electrical properties during aging 
process, such as the redistribution of cations, the dispropor-
tionation between trivalent and tetravalent Mn cations, the 
change in oxidation state of Mn cations, the reaggregation of 
cations and electronics, and the reconfiguration of electrode/
ceramic interface [23]. As a result, the drift in electrical 
properties is substantially reduced by doping with impurity 
elements, selecting suitable electrode materials, and adjust-
ing physical and chemical properties of starting materials 
[24, 25]. Here, note that large porosity and non-dense bulk 
also contribute to inferior electrical stability and repro-
ducibility of ceramics [26, 27]. In addition, Yang et al. [6] 
deposited  Ni0.6Mg0.3Mn1.5-xAl0.6+xO4 (x = 0–0.6) NTC thick 
films by developed supersonic atmospheric plasma spray, 
and identified that it was the impurity phase of  MgAl2O4 
that affected NTC properties. Moos et al. [28] reported that 
suitable heat treatment was helpful to improve aging stability 
of NTC materials.

Cu level could directly affect the electrical properties 
of nickel manganite-based NTC ceramics [11, 29], as well 
as crystal phases, microstructures and bulk densities. Puri 
et al. [11] found that the lattice parameters and grain sizes 
of  Ni1−xCuxMn2O4 (0 ≤ x ≤ 1) ceramics decreased as the 
Cu content increased, which led to reduced resistance from 
44 to 33 MΩ at 30 °C. On the other hand, although the 
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transmission process of  Cu+ to  Cu2+ greatly affected the 
transition probability of localized carriers, resulting in resist-
ance change [7, 20, 30, 31], little direct evidence has so 
far been provided on the chemical state of Cu and the ratio 
of  Cu+ to  Cu2+. Furthermore, the introduction of Cu often 
causes a remarkable resistance drift [32], which makes the 
degradation mechanism to become more complicated.

In this study, nickel manganite NTC ceramics 
 (Ni0.7Mn2.3-xCuxO2, x = 0.1–0.4) were prepared in an effort 
to elucidate the roles of Mn and Cu ions in DC resistance, 
resistance drift, and B-value. XPS was carried out to further 
distinguish the chemical states of Mn and Cu ions in system. 
And the corresponding mechanism was discussed in detail.

2  Experimental

2.1  Ceramic preparation

Ni0.7Mn2.3-xCuxO2 (x = 0.1, 0.2, 0.3, and 0.4) NTC ceram-
ics were prepared by solid-state method. Analytically, pure 
manganese carbonate  (MnCO3), nickel trioxide  (Ni2O3), and 
copper oxide (CuO) were used as starting materials. The 
synthesis was carried out by first stoichiometrically weigh-
ing these materials. Then, the materials were mixed with 
alcohol by planetary ball mill for 12 h. Next, the as-obtained 
slurries were dried at 80 °C for 20 h. And the dried mixtures 
were fired at 800 °C for 6 h to prepare precursor powders. 
After mixed with PVA (4 wt%), the powders were pressed 
to disks with the diameter of 10 mm, which were sintered 
at 1150 °C for 4 h in air atmosphere. Finally, to measure 
electrical properties, silver paste was coated on both sides 
of ceramic samples, and then annealed at 500 °C for 0.5 h. 
In this study,  Ni0.7Mn2.3-xCuxO2 samples with different Cu 

contents (0.1, 0.2, 0.3 and 0.4) were marked as NMC-1, 
NMC-2, NMC-3, and NMC-4, respectively.

2.2  Aging process

As reported by Metz [25], the optimum aging tempera-
ture was 300 °C, and there was a significant increase in the 
resistivity during initial 24 h. Then, the drift rate tended to 
decrease drastically. Therefore, the as-prepared NTC sam-
ples were heat-treated at 300 °C with a holding time of 30 h 
in air atmosphere to investigate aging characteristic in this 
work.

3  Results and discussion

The dependence of resistance on temperature for the as-pre-
pared  Ni0.7Mn2.3-xCuxO2 (x = 0.1, 0.2, 0.3, and 0.4) ceram-
ics were measured by resistance–temperature testing system 
(ZWX-B, Huazhong University of Science and Technology, 
China). Figure 1 shows the relationship between resistance 
(R) and testing temperature, and the change in logR as a 
function of the reciprocal of temperature (1/T). As can be 
seen, the resistance obviously decreases as operating tem-
perature increases from 25 to 130 °C, reflecting typically 
NTC characteristic [6, 7]. In general, the Arrhenius formula 
could be used to express the resistivity-temperature relation-
ship of NTC ceramics [33, 34].

(1)�T = A exp
Ea

kT
= A exp

B

T

(2)ln �T = lnA +
Ea

kT
= lnA +

B

T

Fig. 1  Relationship between resistance (R) and testing temperature of  Ni0.7Mn2.3-xCuxO2 (x = 0.1–0.4) ceramics: a pristine and b after aging. 
Inset is the change in logR as a function of the reciprocal of temperature (1/T)
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where ρT is the resistivity at the temperature of T, T is the 
absolute temperature (K), A is a constant, k is the Boltzmann 
constant, Ea is the activation energy of conduction, and B is 
the thermistor constant. Accordingly, as shown in the insets 
in Fig. 1, the logR varies almost linearly with the reciprocal 
of absolute temperature (1/T) between 25 and 130 °C.

On the other hand, the resistivity at room temperature of 
NMC-1, NMC-2, NMC-3, and NMC-4 samples were calcu-
lated as 780, 144, 21 and 15 Ω cm, respectively. This means 
that the resistivity decreases as Cu content increases. The 
electrical conductivity is associated with polaron hopping 
in nickel manganite ceramics. In other words, it depends 
mainly on ion concentration and hopping distance between 
trivalent and tetravalent Mn cations in the octahedral sites 
of crystal [7, 11]. Additionally, the valence state of cations 
in octahedral sites also affects the conductivity of mate-
rial. After aged at 300 °C for 30 h in air atmosphere, it can 
be seen in Fig. 1b that all the samples have little tendency 
change in resistance. However, room temperature resistivity 
increased compared to pristine samples. The resistivity of 
NMC-1, NMC-2, NMC-3, and NMC-4 samples were calcu-
lated as 868, 166, 27, and 19 Ω cm, respectively, after aging 
at 300 °C for 30 h.

To further discuss the resistance–temperature character-
istic of  Ni0.7Mn2.2-xCuxO4 NTC ceramic, thermistor constant 
(B-value) was calculated according to Eq. (3) [35, 36].

where ρ25 and ρ85 are the resistivities of NTC ceramics at 
25 °C and 85 °C, respectively. The B-values of NMC-1, 
NMC-2, NMC-3, and NMC-4 samples were 4219, 3356, 
2646, and 2469 K, respectively. The B-value also decreases 
as Cu content increases from 0.1 to 0.4. Therefore, B-value 
can be tailored by Cu content in  Ni0.7Mn2.3-xCuxO4 sys-
tem, enabling to meet the different requirements for NTC 
ceramics.

(3)B =
ln �25 − ln �85

1

T25
−

1

T85

The resistivity and B-value drifts of  Ni0.7Mn2.3-xCuxO4 
samples after aging at 300 °C for 30 h are depicted in Fig. 2. 
Here, the drift is defined as Eqs. 4 and 5.

As can be seen, the drifts in both resistivity and B-value 
increase with increasing Cu content. The resistivity drift 
for NMC-1 sample was 13%, while the NMC-4 sample was 
up to 33%. However, after aging at 300 °C for 30 h, the 
B-value drift was 1.4%, 4.4%, 5.3%, and 9.1% for NMC-1, 
NMC-2, NMC-3, and NMC-4 samples, respectively. The 
B-value displayed higher stability than the resistivity. In 
general, B-value is associated with activation energy Ea, as 
expressed in Eq. (6).

Here, Es and Us are the formation energy and migration 
energy, respectively, and they are relatively constant for spe-
cific materials. Therefore, with less Cu content, the drift of 
B-value is extremely low for NMC-1 sample. The more con-
tent of Cu would lead to the increase of transition probability 
of localized carriers, reducing the activation energy Ea. As a 
result, the drift of B-value increases as Cu content increases.

The crystalline phases of prepared  Ni0.7Mn2.3-xCuxO4 
(x = 0.1, 0.2, 0.3, and 0.4) ceramics were analyzed by X-ray 
diffraction (XRD, D8 Advance, Bruker, Germany) over the 
2θ range from 10° to 80° at room temperature. As shown 
in Fig. 3, cubic spinel phases are successfully obtained for 
all the samples with different Cu contents, and no impu-
rity phase is found, suggesting that Cu cations possible 

(4)Rdrift =
Raging − Rorigin

Rorigin

× 100%

(5)Bdrift =
Baging − Borigin

Borigin

× 100%

(6)B =
Ea

k
=

1

k
(Us +

1

2
Es)

Fig. 2  Resistivity drift (a) and B-value drift (b) as a function of Cu content for  Ni0.7Mn2.3-xCuxO4 (x = 0.1, 0.2, 0.3, and 0.4) samples
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incorporate into the lattice. Figure 4 shows the surface 
images of samples observed by field emission scanning 
electron microscopy (FESEM, JSM-7500F, JEOL, Japan). 
It can be seen that all the prepared samples are dense and 
less porosity, with grain sizes in micron scale. As Cu content 
increases, the grain size of sample increases from 1–2 μm 
to 3–4 μm, and has a narrower distribution. It is known that 
CuO has been often used as additive to facilitate sintering 
densification and grain growth. As a whole, greater grain 
size implies less proportion of grain boundary, thus result-
ing in less energy barrier to electrical conduction. Similar 
results were obtained in the Reference [37] as well, where 
 NiMn2O4 sample with more uniform microstructure exhib-
ited lower resistivity. In this sense, the resistivity decreases 
as Cu content increases. Especially, one can see that the 
microstructures of samples do not show obvious change sub-
jecting to long-time aging. Hence, both the grain size and 
densification have little influence on the drift in resistivity 
and B-value.

The constituent chemical states of prepared ceramics 
were investigated using X-ray photoelectron spectroscopy 
(XPS, Thermo, ESCALAB 250XI, USA). The spectra of Mn 
 2p3/2 before and after aging are shown in Fig. 5. Obviously, 
Mn  2p3/2 spectra could be deconvoluted into two peaks at 
binding energies of 641.3 eV and 642.7 eV which assign 
to  Mn3+ and  Mn4+, respectively. The conductivity of nickel 
manganite samples originates mainly from polaron hopping 
between  Mn3+ and  Mn4+, so the resistivity is closely related 
to the concentration of trivalent and tetravalent Mn ions. 
Through calculating, the ratios of  Mn3+ to  Mn4+ for NMC-1 
and NMC-3 samples are 1.11 and 0.60, respectively (Fig. 5a, 
b). Additionally, all the trivalent Mn ions did not partici-
pated in hopping process but assisted function was required 
by  Mn4+ ions [38]. Hence, doping cations at octahedral sites 
may easily disrupt the equilibrium between  Mn3+ and  Mn4+ 
ions [21]. In this work, the resistivity of sample decreased 

as Cu content increased, implying that doping Cu ions were 
apt to occupy A sites of the tetrahedral, while Mn ions par-
tially occupied both A and B sites. Jung et al. [39] reported 
that  Ni2+ mainly occupied B site. Meanwhile, when Cu 
ions occupied at A sites, a part of Mn ions at A sites would 
migrate to B sites for maintaining electric neutrality, which 
leaded to an increase in  Mn4+ concentration, contributing 
on conductivity.

XPS spectra of Mn  2p3/2 for the samples after aging are 
shown in Fig. 5c, d. The ratios of  Mn3+ to  Mn4+ for NMC-1 
and NMC-3 samples reach to 1.28 and 0.84, respectively, 
after aging. This illustrates that  Mn4+ ions content becomes 
less. The increments in the ratios for NMC-1 and NMC-3 
samples are 0.17 and 0.24, respectively. As aforementioned, 
 Mn4+ content is responsible for electrical conduction, so it 
is reasonable that the resistivity change of NMC-3 sample is 
higher than that of NMC-1 sample. The results are well con-
sistent with the resistivity-temperature relationship in Fig. 2.

Furthermore, XPS was carried out for NMC-4 samples 
before and after aging, to gain a better understand on the 
chemical states in  Ni0.7Mn2.3-xCuxO4 system, as shown in 
Fig. 6. One peak is only found which attributes to  Cu+ for 
the sample before aging. After aging, Cu  2p3/2 could be 
deconvoluted into two peaks at binding energies of 932.3 eV 
and 934.1 eV, which assign to  Cu+ and  Cu2+, respectively. 
This indicates that the chemical valence of Cu ion increases 
after aging. While the valence of Cu ion increases from + 1 
to + 2, the content of  Mn4+ ions reduces for charge balance, 
in agreement with the change in chemical states of Mn ions 
after aging. Apparently, the increase in conductivity would 
result in the greater drift in both resistivity and B-value.

4  Conclusions

Ni0.7Mn2.3-xCuxO2 (x = 0.1, 0.2, 0.3, and 0.4) NTC ceramics 
were prepared by solid-state method. And the as-prepared 
samples were heat-treated at 300 °C for 30 h in air atmos-
phere to investigate their aging characteristics. Results 
showed that the resistivities of NMC-1, NMC-2, NMC-
3, and NMC-4 samples were 780, 144, 21, and 15 Ω•cm, 
respectively. However, the drift in both the resistivity and 
B-value increased as Cu content increased. SEM observa-
tion demonstrated that the grain size and densification had 
little influence on the performance degradation. Through 
XPS analysis, it was convinced that after aging,  Cu+ ions in 
system were oxidized to  Cu2+ ions, which gave rise to the 
decrease of  Mn4+ content, contributing to the greater drift 
in resistivity and B-value. The findings indicate that stabi-
lizing the chemical state of  Mn4+ could efficiently suppress 
the degradation of electrical properties for nickel manganite 
NTC ceramics.

Fig. 3  XRD patterns of  Ni0.7Mn2.3-xCuxO4 (x = 0.1, 0.2, 0.3, and 0.4) 
ceramics



11788 Journal of Materials Science: Materials in Electronics (2020) 31:11784–11790

1 3

Fig. 4  SEM images of as-
prepared  Ni0.7Mn2.3-xCuxO4 
(x = 0.1, 0.2, 0.3, and 0.4) 
ceramics. a, c, e and g are 
pristine samples and b, d, f and 
h are aged samples correspond-
ing to x = 0.1, 0.2, 0.3, and 0.4, 
respectively
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