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Abstract The composites made of spinel-structured (Ni,
Mn)3O4 and perovskite-structured La(Mn,Ni)O3 were
investigated for potential application as negative tempera-
ture coefficient (NTC) thermistor. The composites were
prepared using the standard ceramic route. The electrical
resistivity of the composite at 25°C was found to decrease
by one to two orders of magnitude depending the amount of
the low-resistivity perovskite phase, while the thermal
constant determining the temperature sensitivity of the NTC
thermistor was still reasonably large in the range of 4,000 to
3,000 K, and the resistivity drift after annealing at 150°C for
1,000 h in air was relatively small (∼1.2%). The general
effective media model was adopted to fit the electrical
resistivity data of the composites, giving a value of 0.37 for
the percolation volume fraction of the perovskite phase. This
work demonstrates that it is possible to tune the electrical
resistivity and thermal constant of the spinel-structured oxide
through making composite with low-resistivity perovskite-
structured oxide.

Keywords NTC thermistors . Composite . Electrical
properties . Percolation

1 Introduction

Negative temperature coefficient (NTC) ceramic thermis-
tors have been widely used for temperature measurement
and compensation due to their high sensitivity to temper-
ature change and low price [1–3]. The specific resistivity ρ
of these ceramics follows the well-known Arrhenius
relation: ρ ¼ ρ0 exp Ea=kTð Þ, where Ea is the activation
energy for conduction, ρ0 the resistivity at infinite temper-
ature, k the Boltzmann’s constant and T the absolute
temperature. In practice, the NTC thermistors are charac-
terized by two parameters, B, the thermal constant (unit in
Kelvin) which is related to B=Ea/k, and ρ25, the resistivity
at 25°C.

Some applications require NTC materials with a low
electrical resistivity while possessing a large thermal
constant and a sufficient stability. For spinel-structured
manganite, a mostly used NTC material, doping is
frequently used to reduce its resistivity. Doping with Cu
can reduce the electrical resistivity significantly, but
unfortunately at the expense of the stability [4]. And
doping with Ni also reduced the electrical resistivity to
some extent, but it is difficult to reduce it to ∼1,500 Ω·cm
[5]. It has been proved very difficult to obtain the required
NTC material through doping. Therefore, we propose an
alternative approach by introducing a highly conductive
component into the spinel oxide. Perovskite-structured
LaMnO3 is a good electronic conductor with the electrical
resistivity of less than 1 Ω·cm at 25°C [6], and it may not
present a serious problem in terms of its compatibility with
the spinel manganite. This paper is to report the phase
composition, microstructure and electrical properties of the
spinel-structured nickel manganite in composite with
perovskite-structured lanthanum manganate.
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2 Experimental

For preparation of composites (Ni0.75Mn2.25O4)1− x
(LaMnO3)x (x=0, 0.1, 0.2, 0.3, 0.4, 0.5), appropriate
amounts of MnC2O4·nH2O, NiC2O4·nH2O and La2O3 were
thoroughly mixed by ball-milling for 24 h in ethanol using
ZrO2 balls, and calcined in air at 850°C for 4 h; the oxalate
used was obtained by precipitation of a nitrate solution with
oxalic acid at 25°C, and the cation content in the oxalate
was determined by the pyrogenation method [7]. The
calcined powders were blended with organic binder (PVA,
n=1,750, Shanghai Chemical Reagent Co. Ltd., China) and
sieved. Disk-shaped powder compacts of diameter 5 mm
and thickness 3 mm were formed by uniaxial pressing at
60 MPa followed by isostatic pressing at 300 MPa. The
powder compacts were heated in air to 400°C at a rate of
100°C/h and kept at that temperature for 2 h to remove the
organic binder, and then heated to 1,150°C at a rate of 150°C/
h and maintained at that temperature for 4 h for sintering, and
furnace-cooled to room temperature.

The phase composition of the composites was deter-
mined by X-ray diffraction (XRD) with Cu Kα radiation
(X’Pert Pro, Phillips, Netherlands), lattice parameters were
fitted using Powdercell software by the least squares
method [8]. The density of the sintered samples was
determined by the Archimedes method in Mercury. The
microstructure was examined by SEM (JEOL JSM-6700F)
coupled with INCA energy dispersive X-ray spectroscopy
(EDX); prior to the examination, samples were polished,
and thermally etched at 1,100°C in air for 30 min. For
electrical resistance measurements, two opposite sides of
the sintered disks were polished, coated with platinum
paste, heated at 850°C for metallization and then quenched
to room temperature. Silver wires were attached as
electrode leads. The electrical resistances were measured
at 25°C and 50°C by a two-probe technique with an
Agilent34401A digital multimeter. The thermal constant B
was calculated according to the formula B=3,853.89*ln
(R25/R50), in which R25 and R50 are the resistances at 25 and
50°C, respectively. These samples were aged by heat
treatment at 150°C in air for 1,000 h, and the aging is
characterized by ΔR/R0=(R−R0)/R0, in which R0 and R are
the resistivity at 25°C before and after the heat treatment.

3 Results and discussion

3.1 Phase composition and microstructure

Figure 1 shows the XRD patterns of (Ni0.75Mn2.25O4)1−x
(LaMnO3)x samples with x=0, 0.1, 0.2, 0.3, 0.4, 0.5 and
1.0. Clearly, the composites consist of two phases, cubic
spinel-structured oxide (JCPDS: 74-1865) and rhombohe-

dral perovskite-structured oxide (JCPDS: 86-1231). Since
element La is much larger in size than other elements Ni
and Mn [9], it does not form a spinel-structured oxide;
instead, it forms a perovskite-structured oxide with Mn and
other transition metal. This is consistent with the EDX
analysis showing that La is hardly present in the spinel
phase. Composition analysis by EDX also reveals that Ni
and Mn are present in both spinel and perovskite phases.
Therefore, it is more appropriate to consider the formula
(Ni0.75Mn2.25O4)1−x(LaMnO3)x as the nominal composi-
tion, and to describe the as-formed composite as the two-
phase assembly of (Mn,Ni)3O4 and La(Mn,Ni)O3. XRD
analysis shows that the lattice parameter of the spinel phase
increases from 8.401 to 8.433 Å with x increasing from 0.0
to 0.5. It has been also reported that for the single-phase
spinel (Mn,Ni)3O4 sample, higher Mn content corresponds
to larger lattice parameter [5]. The observed lattice expan-
sion can be explained in terms of valence and size of the
cations occupying the octahedral sites. The Mn-rich spinel is
known to possess a cationic distribution [Mn2+][Ni2+

αMn3+2−2αMn4+α]O4. According to this, when a Ni2+ ion
is replaced by a Mn3+ ion, to maintain the electrical neutral-
ity of the lattice, a Mn4+ ion has to convert to Mn3+. In
other words, annihilation of one Ni2+ ion is accompanied
by the annihilation of one Mn4+ ion and generation of two
Mn3+ ions. The sum of these two Mn3+ions in size is larger
that that of one Ni2+ ion and one Mn4+ ion, thus explaining
the larger lattice parameter observed for the Mn-rich spinel
phase [10]. As to the perovskite phase, its lattice parameters
do not vary noticeably with x. It is known that in the
perovskite structure both Ni and Mn ions takes the same
valence of 3+, and these ions are very close in size [9].
Thus, substitution of Ni by Mn does not result in significant
change in the lattice parameters of the perovskite phase.

Figure 2 shows the backscattered SEM images of the
composites sintered at 1,150°C. It can be seen that the

Fig. 1 XRD patterns of (Ni0.75Mn2.25O4)1−x(LaMnO3)x
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composites consist of two types of grains with different
gray level. It is known that La can scatter electrons much
more effectively than Mn and Ni, for the atomic number of
the former is much higher than those of the latter. Thus, the
white grains located at the boundaries of or embedded
within the black grains correspond to the perovskite phase,

while the black grains the spinel phase. The averaged grain
size of the spinel phase decreases from 7.5 to 3.5 μm with x
increasing from 0.0 to 0.5. Clearly, the presence of the
perovskite phase inhibits the grain growth of the spinel phase.
It is also noted that the grain size of the perovskite phase is
small compared with the spinel phase. And the grains of the
perovskite phase are separated by the spinel phase at low x of
0.1, and become interconnected at higher x of 0.3–0.5.

The as-prepared composites possess a dense microstruc-
ture as shown by SEM observation (Fig. 2). The density
measurement shows that all the composites prepared have a
density over 95% relative the theoretical one. The theoretical
density dth is calculated using the formula dth ¼ MpxþMs 1�xð Þ

VpxþVs 1�xð Þ ,
where x is the molar fraction of the perovskite phase, M the
molar weight, V the molar volume, subscripts s and p denote
the spinel and perovskite phase respectively. The values for
Vs and Vp are calculated using the formulas Vs ¼ Na3

8
andVp ¼

ffiffi
3

p
Na2c
12 , where a and c are the lattice parameters

derived from XRD analysis, N the Avogadro constant. After
knowing the values of Vp and Vs, the volume fraction of the
perovskite phase f is estimated using the formula
f ¼ V �

p x
.

V �
p xþ V �

s 1� xð Þ
h i

� 100%. The results of these
calculations are summarized in Table 1.

3.2 Electrical properties

Figure 3 shows the electrical resistivity of the composites at
25°C as a function of the volume fraction f of the
perovskite phase. It can be seen that the resistivity
decreases gradually with increasing f until f=∼0.3; further
increase in f leads to a rapid decrease of the resistivity,
indicating that the low-resistivity phase (perovskite) has
formed a percolative network in the high-resistivity matrix
phase (spinel). When f is increased to 0.44, the resistivity is
decreased to as low as 18.5 Ω·cm.

The temperature dependence of the electrical resistance
was also examined in the temperature range of 25 to 85°C
for composites (Ni0.75Mn2.25O4)1−x(LaMnO3)x with x=0–
0.5. A linear relationship is observed between Lnρ and the
reciprocal of the absolute temperature as shown in Fig. 4.
From the temperature dependence, the thermal constant B is
calculated. Figure 5 shows B as a function of f. The value of
B decreases slowly from 3,937 K to 3,759 K with f
increasing from 0 to 0.16, and further increase in f to 0.34

Fig. 2 Backscatter SEM images of (Ni0.75Mn2.25O4)1−x(LaMnO3)x
with x=0.1 (a), 0.3 (b), 0.5 (c)

Table 1 The volume fraction of the perovskite phases (f), the theoretical density (dth), measured density (d) and relative density for
(LaMnO3)x(Ni0.75Mn2.25O4)1−x

X 0 0.10 0.20 0.30 0.40 0.50 1.00

F 0 0.08 0.16 0.25 0.34 0.44 1.00
dth(g/cm

3) 5.19 5.31 5.48 5.60 5.73 5.87 6.84
d(g/cm3) 4.95 5.05 5.17 5.36 5.49 5.65 6.57
d/dth(%) 95.3 95.1 95.4 95.8 95.7 96.2 96.1
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leads to an accelerated decrease of B to 2,150 K. At f of
0.44, B is decreased to 1,700 K, which is close to the value
for the single-phase perovskite LaMnO3 (1,500 K).

The composites (Ni0.75Mn2.25O4)1−x(LaMnO3)x with x=
0.1–0.5 also exhibited acceptable stability. It was found that
after annealing at 150°C in air for 1,000 h the resistivity at
25°C changed by less than 1.2%, which is slightly smaller than
that observed for the single-phase Ni0.75Mn2.25O4 (1.4%).

The transport properties of composite materials includ-
ing electrical resistivity (conductivity) have been investi-
gated with a variety of percolation models [11]. For a
composite made of conductive and insulating materials, it
follows from the statistical percolation model that σ ¼

σ0 f � fcð Þn[12], where σ is the conductivity of the
composite, σ0 and f the conductivity and volume fraction
of the conductive component, fc the critical volume
percolation fraction, n the critical exponent for percolation.
Unfortunately, this equation cannot be applied to the
present composite system, because the spinel phase in the
composite does not possesses infinitely large resistivity and
thus does not fulfill the condition required by that model. It
is also noted that the equation can only be used to describe
the electrical conduction in the percolative region (f> fc),
but not to the non-percolative region (f< fc). To describe the
electrical conduction in a composite containing a low-
resistivity phase and a high-resistivity phase in both
percolative and non-percolative range, the general effective
media model (GEM) [13, 14] has been developed. It
follows from GEM model that

1� fð Þ ρ1=tH � ρ1=t
� �

ρ1=tH þ 1�fcð Þ
fc

ρ1=t
þ

f ρ1=tL � ρ1=t
� �

ρ1=tL þ 1�fcð Þ
fc

ρ1=t
¼ 0;

where ρ is the resistivity of the composite, ρL and ρH are
the resistivities of the low-resistivity and high-resistivity
phase, respectively. For the present composite, the value of
ρL is taken from a single-phase LaMnO3 sample
(0.78 Ω·cm), and the value of ρH is obtained from a
single-phase sample Ni0.75Mn2.25O4 (1,980 Ω·cm). The
measured resistivity of the composite is thus fitted with
the GEM equation. In order to make the fitting easier, the
GEM equation is transformed to

f ¼
ρ1=tH � ρ1=t

� �
� ρ1=tL þ 1�fcð Þ

fc
ρ1=t

� �

ρ1=tH � ρ1=t
� �

� ρ1=tL þ 1�fcð Þ
fc

ρ1=t
� �

� ρ1=tL � ρ1=t
� �

� ρ1=tH þ 1�fcð Þ
fc

ρ1=t
� � :

Fig. 3 Measured and fitted electrical resistivity of (Ni0.75Mn2.25O4)1−
x(LaMnO3)x as a function of volume fraction of the perovskite phase f

Fig. 4 Arrhenius plot of resistivity for (Ni0.75Mn2.25O4)1−x(LaMnO3)x
Fig. 5 Thermal constant B of (Ni0.75Mn2.25O4)1−x(LaMnO3)x as a
function of volume fraction of the perovskite phase f
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The fitting was performed with the help of the commercial
software Originpro7.5 using the Levenberg–Marquardt
least-squares method [15]. It gives a value of −1.33±0.30
for t and 0.37±0.03 for fc, indicating that the perovskite
phase becomes percolative in the spinel matrix when its
volume fraction reaches ∼037.

4 Conclusion

Spinel-structured oxide (Ni,Mn)3O4 in composite with
perovskite-structured oxide La(Mn,Ni)O3 has been pre-
pared using the standard ceramic route. The introduction of
the low-resistivity perovskite oxide into the spinel oxide
yields a composite with reduced electrical resistivity and
the desired large thermal constant and acceptable stability.
The as-prepared composite is promising for NTC thermistor
application.
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