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Abstract: Spinel-structured NiMn,O,4 ceramics, with different valence Ni sources, were originally
prepared using Ni,0; and NiO as raw materials, and the effects of different valence Ni sources on
their electrical properties were first investigated. XRD patterns show that both Ni,Os-based and
NiO-based NiMn,O, ceramics are single cubic spinel structures. SEM/EDS images indicate that
the NiMn,O, ceramics exhibited high density at the experiment-determined sintering temperatures.
XPS results and Raman drifts prove that the Ni valence-induced changes of Mn ions at B-sites
played a significant role in the electrical properties and thermal stability of NiMn,O, ceramics.
Compared with NiO-based NiMn,0,, the resistivity at 25 °C (p,so¢) of Ni,Osz-based NiMn,O4
increased dramatically from 3109 Qecm to 106958 Qecm, the thermal constant (B,s/s9) increased
from 3264 K to 4473 K, and the resistance shifts after annealing for 1000 h at 150 °C decreased

from 0.80% to 0.74%. The investigation of the relationship between the material properties and
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valence of Ni sources has provided a new and effective way for designing the spinel-structured
negative temperature coefficient (NTC) materials by modulating the valence of ions at A-sites in
the raw materials.
Keywords: NiMn,0y; NiO; Ni,0Os; Electrical properties; Solid-state reaction
1. Introduction

Manganese-based spinel oxide ceramics have attracted substantial research interest in the field
of NTC thermistors over the past few decades. They have been widely used for accurate
temperature measurement and control in various domestic and industrial applications owing to their
high sensitivity to temperature change, fast response, and low cost [I3]. In general, they have a
molecular formula AB,O,, in which A (generally divalent cations) and B atoms (generally trivalent
cations) usually occupy separately the tetrahedral (A-sites) and octahedral sites (B-sites), which are
formed by the close-packed array of the oxygen ions. However, some spinel oxides may change
their crystal structure into a mixed spinel structure, that is, atoms A and B can occupy both
octahedral and tetrahedral sites in the structure with a general formula of (A Bx)[AxB,.]O4 [&71.
Among them, NiMn,O, is one of the most commonly used NTC thermistors, known for its typical
mixed spinel structure influenced by the Ni*" ions. Specifically, the high octahedral preference of

the Ni** ions produces a cubic structure with a general ion composition of

(Ni2*_ Mn?*)[Ni**\Mn**, ,,Mn*,]O4 8. On the other hand, this process can also affect the

Jahn-Teller effect of Mn?" ions at B-sites, which has been credited as the main reason for the

electrical properties of manganese-based oxides [°1.

Actually, the electrical properties and the crystal structure of NTC thermistors are closely
related. Their resistances are strongly influenced by the cation distribution in the crystal structure
[10], Tn most of the earlier reports, the conducting behavior of the manganese-based spinel ceramics
has been explained with the simple hopping mechanism taking place between the Mn*" and Mn**
ions located at the B-sites in the spinel structure, which is induced by the lattice vibrations [11-14],
Therefore, extensive studies have been done to adjust the electrical properties of NiMn,0O, through

doping with different elements, such as Co, Fe, Cu, or their combination at the B-sites, which can
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directly change the concentration ratio between Mn** and Mn** [1>-18]. However, few studies have
been devoted to modifying the electrical properties of NiMn,O,4 by tuning the ions at the A-sites
according to the literature reports, especially in the raw materials used for the preparation of the
NiMn,0y spinel. In fact, the Ni ions at A-sites play an important role in the electrical properties of
NiMn,04 based on the structural features mentioned before. This inspired us to investigate the
influence of different valence Ni sources on the electrical properties of NiMn,O,. To the best of our
knowledge, NiO has been used as the most common Ni source due to its valence state (Ni**), which
is the preferred valence for the A-sites. In this work, Ni,Oz with a higher valence state of Ni** was
selected as the new Ni source, while NiO was simultaneously employed to provide a comparison.
An important relationship between the Ni sources and electrical properties and the main parameters
(specific resistivity p, thermal constant B, and the resistance shift AR/R,) had been attempted to be
established in the current research. Moreover, the synthesis conditions and sintering method also
have a direct influence on the microstructure of the NiMn,O,4 ceramics and consequently on the
electrical performance of the material. In general, the smaller the grain size, the stronger and denser
is the ceramic material, which can contribute to its high thermal stability ['°l. Therefore, the
traditional solid-state reaction and two-step sintering (TSS) methods were used to obtain
pure-phase ceramics with small grain size because there is a temperature range during the TSS,
known as the “kinetic window”, in which densification can occur without concurrent grain growth
[20-23] 'We hope that this work can provide a new perspective on the compositional and structural

design of the spinel NTC materials.
2. Experimental Procedure

The single-spinel phase NiMn,0O4 powder samples from different Ni sources were synthesized
using the traditional solid-state reaction method. Stoichiometric amounts of Mn,Os; (99.99%,
Aladdin) and different Ni sources with different valence states of Ni, 1. e. Ni,0O3 (99.00%, Macklin)
and NiO (99.00%, Aladdin) were used as the raw materials. The weighed powders and ethanol (1:1
mass ratio) were ball-milled for 15 h in an agate jar using agate balls as milling media. The

obtained slurries were dried at 80 °C in an oven for 12 h. The two dried powders were ground and
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then calcined at 900 °C (Ni,O3-based) and 950 °C (NiO-based) for 2 h, then ball-milled again for
10 h and dried. The obtained single-spinel phase NiMn,O4 powders were granulated with an
organic binder (PVA420, PVOH Kuraray, Japan) and uniaxially pressed at 10 MPa, followed by
the cold isostatic pressing at 350 MPa, to form disk-shaped powder compacts with a diameter of 10
mm and thickness of 2 mm. The pressed green bodies were then sintered by the TSS approach in
air atmosphere. The Ni,O3-based samples were heated at a low rate of 1 °C/min to 600 °C and kept
at that temperature for 2 h to remove the PVA binder. After that, the samples were heated to the
first-step sintering temperature of 1280 °C at a rate of 20 °C/min, held for 15 minutes, and then the
temperature was ramped down in 3 min to the second-step sintering temperature of 1130 °C,
followed by a 15-hour dwell. After the sintering was finished, the samples were fast cooled down to
room temperature. In the case of the NiO-based samples, the first-step sintering temperature and the

second-step sintering temperature were 1300 °C and 1150 °C, respectively.

The thermo-gravimetric (TG) analysis and differential scanning calorimetry (DSC) of the
precursor powders were conducted using a synchronous thermal analyzer (STA449F3, Netzsch,
Selb, Germany) to determine the calcination temperature of the NiMn,O4 powders. To obtain the
sintering temperature of the NiMn,0O,4 ceramics, the densification behaviors were studied with a
dilatometer (Netzsch DIL 402C, Selb, Germany). The particle size of the powder samples was
tested by a laser particle sizer (LS13320, Beckman Coulter, America). The structural properties
were analyzed by an X-ray diffractometer (XRD: BRUKER D8-ADVANCE, Germany) with Cu
Ka radiation (A=1.5406A). The microstructure was examined by a scanning electron microscope
(SEM: HITACHI S-2500, Japan) coupled with the OXFORD INCA200 energy-dispersive X-ray
spectrometer (EDS). The valence states of cations were characterized by the X-ray photoelectron
spectroscopy (XPS: Thermo Fisher Scientific ESCALAB XI, America) with Al Ka radiation
(hm=1486.6 eV). To measure the electrical resistance, the sintered ceramic samples were first
coated with silver paste, annealed at 850 °C for 30 min, and then attached to silver wires as the
electrode leads. Electrical resistance was measured in the temperature range from -100 °C to
150 °C by a four-probe technique using an Agilent 34401A digital multimeter. The aging tests were

conducted by keeping the sintered samples in an oven at 150 °C in the air for 1000 h.
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3. Results and discussion

Figure 1 presents the TG/DSC curves of the Ni,Os-based and NiO-based NiMn,O4 powders
mixed with PVA under air atmosphere, obtained in the temperature range from room temperature
to 1000 °C, and their particle size distributions. From Figure 1(a) and Figure 1(c), it can be seen
that the Ni,Os3-based and NiO-based NiMn,O,4 powders displayed a similar trend of TG and DSC
curves. There were generally three stages of weight loss. The first stage occurred from room
temperature to about 210 °C, with a weight loss of about 2.0%, which was associated with the
evaporation of the absorbed water and the removal of the crystallized water 4], accompanied by an
endothermic peak between 150 °C and 230 °C. The second stage, associated with the burnout of the
organic PVA binder, happened in the 540-640 °C range and was accompanied by a strong
exothermic peak centered at 600 °C. The third stage took place in the range between 780 °C and
910 °C (Ni,0O3-based) and 890 °C and 950 °C (NiO-based), accompanied by an exothermic peak
centered at 826 °C (Ni,0s-based) and 900 °C (NiO-based) in the DSC curve; this weight loss may
correspond to the oxygen loss during the formation process of the spinel structure [>31. There was no
significant weight loss and change above 900 °C (Ni,Os-based) and 950 °C (NiO-based), which
indicated the complete formation of NiMn,O, spinel structure with cations redistribution. Thus,
900 °C and 950 °C were set as the calcination temperatures of Ni,Os;-based and NiO-based
NiMn,0O4 powders, respectively. The reason for a somewhat lower calcination temperature of
Ni,0;-based NiMn,O4 may be the reduction reaction of Ni,O; from Ni** to Ni** before the
NiMn,0O, spinel formation. This reduction reaction is an exothermic process that can induce the
crystallization process to proceed earlier than that of NiO-based NiMn,04 [?6]. The calcined
NiMn,04 powders exhibited uniform and small particle size with a Gaussian distribution, as shown
in Figure 1(b) and Figure 1(d), which are the critical factors of the densification during the sintering
process. Moreover, the lower calcination temperature of Ni,Oz-based NiMn,O, produced particles

that were smaller in size compared with NiO-based NiMn,Oy,.

Figure 2 shows the XRD patterns of the NiOs;-based and NiO-based NiMn,O, powders

calcined at 900 °C and 950 °C, respectively. The two samples exhibited a single cubic spinel phase

This article is protected by copyright. All rights reserved



NiMn,04 (JCPDS: 01-1110) without any other impurity phases being detected, which indicated that
the Ni ions from Ni,O; entered completely the A-sites of the NiMn,O, spinel and thereby
demonstrated the same occupying behavior as the Ni ions from NiO. However, a slight peak shift to
higher angles of Ni,O;-based NiMn,0O, compared with the NiO-based NiMn,0O, samples can be
observed in Figure 2(b), which was more obvious in Figure 2(a), an enlarged detail in the 20 range
from 32 ° to 40 °. This means that the Ni,Os;-based NiMn,0, exhibited a lattice constriction
compared with the NiO-based NiMn,0,. This difference could result from the different valence
states of Ni sources and also the Jahn-Teller effect of Mn3*, which is common in manganese-based
spinel materials ?7]. In Ni,O;, Ni was present in Ni** valence state, however, in the presence of
Mn,03, to form NiMn,0,4, Ni3" ions have to convert into Ni2* ions. On the other hand, to maintain
the electrical neutrality, Mn>" ions, the most common form of Mn in NiMn,O,4 [?8], tend to convert
into Mn**, which will be further confirmed by the XPS analysis. As a result, a decrease of the
lattice parameter occurs because the ionic radius of Mn** (0.053 nm) is smaller than that of Mn3*

(0.0645 nm) for occupying the octahedral sites of the NiMn,O, spinel structure.

The dilatometer curves of Ni,Os-based and NiO-based NiMn,O, compacts are presented in
Figure 3. It can be seen that their maximum shrinkages were at 1225 °C and 1245 °C, respectively,
and the maximum shrinkage values were almost the same -7.24%. Therefore, 1225 °C and 1245 °C
can be considered as their conventional sintering temperatures. Based on these results, slightly
higher temperatures (~50 °C) than the conventional sintering temperatures, 1280 °C and 1300 °C,
were set as the first-step sintering temperatures of Ni,Os-based and NiO-based NiMn;Oy,
respectively, to help overcome the high activation energies for the matter migration or diffusion. As
their second-step sintering temperatures, 1130 °C and 1150 °C were chosen, respectively, which
were relatively below (~100 °C) the conventional sintering temperature, allowing for the
densification to proceed without a significant grain growth occurring at the same time 230, The
lower sintering temperature for Ni,0s-based NiMn,O, resulted from its smaller particle size, which

produced a larger specific surface area and provided a larger contact area between the reactants 311,

This article is protected by copyright. All rights reserved



Figure 4 presents the SEM images and EDS maps of the sintered Ni,Os-based and NiO-based
NiMn,0O, samples. Both samples exhibited dense microstructure with small grain size varying from
approximately 0.5 pum to 2.5 pum. Moreover, the EDS maps presented a uniform elemental
distribution with no significant difference in the element content. All the results proved that the
different valence states of Ni had no obvious effect on the microstructure and element distribution
in spinel NiMn,0,4. However, the content ratios of Ni/Mn for Ni,O;-based and NiO-based NiMn,04
ceramics were 24.98/46.89 and 24.11/46.34, respectively, which were similar to each other and a
little higher than that in the formula of NiMn,O,, 1/2. This mild non-stoichiometric phenomenon
should be caused by the volatilization of Mn. It is easier for Mn to volatilize than Ni because Mn
has a lower melting point (1244 °C) which is also much lower than the sintering temperature in the
first step. Zheng, et al. have confirmed that the volatilization of Mn in Cu-Al-Mn alloy can be
enhanced by increasing the time of heat treatment and the treatment temperature, and the electrical

resistance and hardness of the alloy can be adjusted by controlling the volatilization amount of Mn

[32]

Figure 5 presents the electrical properties of NiMn,O,4 ceramics with different Ni sources. Figure
5(a) and Figure 5(b) manifest that the resistivities decreased exponentially with the increasing
temperature, indicating that the prepared NiMn,0O, ceramics exhibited typical NTC characteristics.
Moreover, the relationships between Inp and 1/7 appeared perfectly linear, demonstrating that the
resistivities obey the well-known Arrhenius relation: p=pyexp(B/T), from which the thermal
constant B can be determined. B is also generally obtained from the relation B=E /k, where E,, is the
activation energy and k the Boltzmann constant. The calculated B,s/;5) values, E,, p,s, and psy of
Ni,O3-based and NiO-based NiMn,0, ceramics are listed in Table 1. By contrast, Ni from Ni,O;
can significantly increase the resistivities of NiMn,0, by two orders of magnitude and improve the
B;s/50 value by a certain amount. Such a dramatic increase of resistivity may be attributed to the
valence-induced changes in the conduction mechanism by different valence Ni sources. It is
believed that hopping conduction is the main conduction mechanism in the manganese-based NTC
thermistors 33341, In NiMn,O, thermistors, e,-electrons with higher energy in Mn3" jump into the

empty ej-orbitals of Mn*", and Mn ions change valence to produce hopping conduction. As
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explained earlier, when Ni,O; was used as the Ni source, the reduction process of Ni ions from Ni**
to Ni?" promoted the conversion of Mn3" to Mn*", resulting in the consumption of Mn3*. This
process subsequently reduced the Mn3* content that participated in the hopping conduction and also
weakened the Jahn-Teller effect of Mn*" ions, thereby increasing the resistivity. Further
investigation of the thermal stability demonstrated that Ni,O; could also reduce the aging
coefficient of the NiMn,O,4 ceramics (observed in Figure 5(c)), contributed by the Ni**-induced
decrease of Mn?'. Less Mn" in the system provided not only less variable valence ion pairs
(Mn?*/Mn3* or Mn**/Mn*") but also weakened the Jahn-Teller effect of Mn3* ions [33]. The high
thermal stability with the resistance shifts less than 0.80% enables this material to have potential

practical application.

Moreover, the XPS analysis was also carried out to investigate the differences in the electrical
properties of NiMn,O,4 with different Ni sources. Figure 6 displays the XPS spectra of Ni,O;-based
and NiO-based NiMn,0,4 samples. Figure 6(a) and Figure 6(b) present the XPS wide-scan spectra of
Mn2p and Ni2p for the two samples. It can be seen that no obvious shift of Ni2p peaks could be
observed, while a distinct shift of Mn2p peaks from low binding energy to higher occurred between
the two samples. For example, the Mn2ps), peak shifted from 641.3 eV in NiO-based NiMn,O, to
641.8 eV in Ni,O3-based NiMn,0,. This indicated that the valence state of Ni ions in both samples
was similar to each other, while that of Mn ions was in a higher valence-state in the Ni,Os-based
NiMn,0, [3%]. In addition, the Ni2ps,, peak contained two components: Ni**, Ni3* [37-38] ag shown in
Figure 6(c) and 6(¢), and the Mn2p;,; peak contained three components: Mn?*, Mn?*, and Mn*" [27],
as shown in Figure 6(d) and 6(f), that were resolved by the curve fitting of the Ni2p;, and Mn2p;,,

lines.

The concentration of each component was also obtained from the XPS results and listed in Table
2. It was found that the concentrations of Ni ions in the two samples were also similar to each other.
And the Mn3" ions were the main ions in the NiO-based NiMn,04, which is in agreement with the
previous studies 2831 whereas Mn*" was the dominant ion form of Mn for Ni,Os-based NiMn,O,.

This significant change from Mn3" in NiO-based NiMn,O, to Mn*" in Ni,Os3-based NiMn,O, was
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consistent with the previous XRD analysis and should be caused by the different valence Ni
sources. The similar valence states and concentrations of Ni ions in both samples synthesized by
different Ni sources with totally different valence states demonstrated that there should be a
opposite process happened in the two samples, that was the Ni**—Ni*" process in NiO-based
NiMn,0, and the Ni**—Ni?* process in Ni,Os-based NiMn,O,4. Then the process of Mn**—Mn3* in
NiO-based NiMn,0,4 and the process of Mn**—Mn*" in Ni,O;-based NiMn,0O4 were promoted to
maintain the electrical neutrality, resulting in the increase of Mn3" and Mn*" in NiO-based
NiMn,0O, and Ni,Os-based NiMn,O,, respectively. Therefore, we speculate that the
valence-induced difference of Mn ions by different Ni sources, especially Mn3* (the Jahn-Teller
ions) concentration, should be directly responsible for the variation in the electrical properties of
NiMn,0O, as discussed earlier in the electrical properties. Besides, the mixed-states of Ni and Mn
ions, Ni**/Ni** and Mn?"/Mn?**/Mn**, created the possibility that some of Ni ions could occupy the

B-sites of the spinel structure and then formed a possible ion composition of
(Ni2*) o sMn2* @) [Ni2*aNi3 T Mn3* y-c-aMN* Joe{O4 3371 Moreover, the volatilization of Mn discussed

in the EDS analysis could also enhance the occupation of Ni ions at B-sites.

To further investigate the influence of different Ni sources on the electrical properties of
NiMn,0,4 by changing the concentration of different valence-state Mn ions, Raman analysis was
carried out to study the electronic structure of Mn ions and the spinel structure distortion. Previous
studies have demonstrated that Raman spectra can be an effective way to study the electronic
structure of transition metal ions 94!, The Raman spectra of NiMn,O, samples with different Ni
sources are presented in Figure 7. The strongest signals for NiO-based and NiyO;-based NiMn;Oy,
centered at 622.2 cm’! and 624.2 cm’!, respectively, should be attributed to Mn-O stretching
vibration of the [MnQOg] octahedron [4243], Moreover, the Mn-O stretching vibration in Ni,Osz-based
NiMn,0,4 had been found to shift to the higher wavenumber (blueshift) when compared with that in
NiO-based NiMn,0,, indicating an increase in frequency and bond energy of the Mn-O stretching
vibration of [MnQOg] octahedral for Ni,Oz-based NiMn,O4 [*4. Furthermore, this also indicated that

the Mn-O group had been distorted, which could be due to the decrease in ion radius of Mn*"
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compared with Mn3*. Thus, it should be the deformation of [MnQOg] octahedron, induced indirectly
by the different Ni sources, that generated the change in electrical properties [ This deformation
of the [MnOg] octahedron could further inhibit the electron hopping to some extent resulting in high

resistivity and stability behavior 1281,
4. Conclusions

The spinel-type NiMn,0,4 ceramics with different valence Ni sources were originally synthesized
by the solid-state reaction and TSS method, using NiO and Ni,O; oxides as different valence Ni
sources. The effects of different valence Ni sources on the electrical properties of NiMn,O4
ceramics were investigated. Results show that the Ni,O3 can significantly increase the resistivity of
NiMn,0, and improve the B value and thermal stability at the same time. The p;soc, Bossso value,
and resistance shifts (4R/R) after aging for 1000 h at 150 °C were 106958 Qecm and 3109 Qecm,
4473 K and 3264 K, and 0.74% and 0.80% for Ni,O3-based and NiO-based NiMn,O,, respectively.
Moreover, the action mechanism of different valence Ni sources on the electrical properties of
NiMn,0,4 was realized indirectly by changing the concentration of different valence-stated Mn ions
at B-sites. This work demonstrates that the change of the Ni sources at A-sites can be an effective
and simple way to adjust the electrical properties of NiMn,O, ceramics, which can provide a new

pathway to the design of spinel NTC materials.
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Figure and Table Caption List:

Figure 1. The TG/DSC curves (a) and particle size distribution (b) of Ni,Os-based NiMn,0O,
calcined at 900 °C, and the TG/DSC curves (c) and particle size distribution (d) of NiO-based
NiMn, 0y calcined at 950 °C.

Figure 2. a) XRD patterns of Ni,Os-based and NiO-based NiMn,O, calcined powders and b) a
partial enlarged detail of Fig. 2(a) from 20=32 ° to 40 °.

Figure 3. The thermodilatometric curves (shrinkage versus temperature) of Ni,Os-based and

NiO-based NiMn,0, compacts measured at a heating rate of 5 °C/min.

Figure 4. SEM images and EDS mapping of the sintered samples for the different valence of Ni: (a)
Ni,Os-based NiMn,0y, and (b) NiO-based NiMn,O,.

Figure 5. Plots of the temperature dependence on resistivity in the temperature range from -100 °C
to 150 °C for Ni,Os-based NiMn,04 (a) and NiO-based NiMn,O,4 ceramics (b) (the inset images
represent the plots of the logarithm of the electrical resistivity (In p) versus the reciprocal of the
absolute temperature (1000/7)), and plots of 4R/R, and the aging time for NiO;-based NiMn,O4

and NiO-based NiMn,0, ceramics (c) sintered via the two-step sintering approach.

Figure 6. XPS spectra of NiMn,0,4 samples with different valence states of Ni sources: (a) the Ni2p
spectra, (b) the Mn2p spectra, (¢) Ni2ps, spectra of NiO-based NiMn,Oy, (d) Mn2p;,, spectra of
NiO-based NiMn,Oy,, (e) Ni2ps;, spectra of NiOsz-based NiMn,0O,4, and (f) Mn2p;, spectra of
Ni,Os3-based NiMn,0,. All peaks have been calibrated with respect to the Cls peak at 284.6 eV.

Figure 7. Normalized Raman spectra of NiMn,0O, with different Ni sources.

Table 1. Resistivity at 25 °C and 50 °C, B;s/59 constant, and activation energy of NiMn,0, ceramics

with different Ni sources.
Table 2. The relative concentrations of Ni and Mn ions in NiMn,O,4 with different Ni sources.
Tables:

Table 1
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Ni source P25 D50 B>s50 Ea

(Qecm) (Qecm) (K) (eV)
Ni,O; 106958 33468 4473 0.618
NiO 3109 1331 3264 0.451
Table 2
Sample Ni?* (%) Ni** (%)  Mn?>" (%) Mn*" (%) Mn* (%)
NiO-based NiMn,04 67.2 31.8 19.6 55.6 24.8
NiyO3-based NiMn,Oy4 65.6 344 20.3 30.7 49.0
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