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Abstract
Nanocrystalline Ni1Co0.2Mn1.8O4 powders were synthesized via a gel auto-combustion process of nitrate–citrate gels. The investigation on the

gels by XRD shows that a stable sol–gel can be formed by adding ethylene glycol (EG) and adjusting the pH values. The dried gels exhibit auto-

catalytic combustion behavior. The reaction mechanism has been given by detailed studies based on DTA-DSC and XRD techniques. After being

sintered at about 1150 8C, well-densified NTC ceramics with B values higher than 3600 k were obtained. It is demonstrated that the synthesized

powder is high sinter active, and can be used for NTC thermistor application.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Complex spinel oxides based on transition metals such as Co,

Ni and Mn are of significant interest, owing to their technology

application as negative temperature coefficient (NTC) thermis-

tors for temperature measurement and control. High quality

powder of NiCoMnO4 is a very important factor to the NTC

thermistor. The powders can be synthesized by different

methods, which include the traditional solid method; the

ethylene glycol–metal nitrate polymerized complex process

[1], co-precipitation with different precipitators [2]. It is also well

known that the dried nitrate–citrate gels exhibit auto-catalytic

combustion behavior and that low-temperature combustion

synthesis has been proved to be a simple and economic way to

prepare the ultrafine powders [3]. According to current literature,

no attempt has been done to synthesize the NiCoMnO4 powder

via the nitrate–citrate gel auto-combustion process. So, we tried

to synthesize the NiCoMnO4 powder by this method. The

ultrafine powders were obtained and characterized. The powders

were used to prepare the NTC ceramics. Especially, the reaction

mechanism was studied in this paper.
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2. Experimental procedure

Analytical grade Ni(NO3)2�6H2O, Co(NO3)2�6H2O,

Mn(NO3)2(50%), citric acid, and ethylene glycol (EG) were

used as raw materials. According to the composition of

Ni1Co0.2Mn1.8O4, the appropriate amount of nitrates and citric

acid were dissolved into de-ionized water to form mixed

solutions. Ammonia was dropped into the solutions to change

the pH value from 3 to 6. In the end, appropriate amount of EG

was added into the solutions. The solutions were heated at

80 8C to form the sol, then were heated at 130 8C under constant

stirring to transform into the dried gel. Being ignited in the air at

room temperature, as-burnt powders were obtained, then, the

as-burnt powders were calcined at 300–800 8C. Ultrafine

powders were obtained. Fig. 1 gives the flow chart for preparing

Ni1Co0.2Mn1.8O4 powder.

The dried gel precursors were characterized via TG and DSC

(NETZSCH STA 449C) at a heating rate of 10 8C/min in static

air. The phase identification of the gel precursors, as-burnt

powders and as-calcined powders were performed using X-ray

diffractmeter (X’Pert HighScore) with Cu Ka radiation.

The synthesized powder was granulated using PVA as a

binder, and uniaxially pressed to form green specimens. After

binder burnt-out at 500 8C for 1 h, the specimens were sintered

in static air at 1150 8C. Compact bodies could be obtained,
d.
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Fig. 1. Flow chart for preparing Ni1Co0.2MnO4 powders by gel auto-combus-

tion process.

Fig. 2. XRD patterns of dried gels obtained at different conditions. The dried

gels related to (a–c) were prepared from the solutions without addition of EG.

The dried gels related to (d–g) were prepared from the solutions with addition of

EG.

Fig. 3. The DSC and TG curves of the dried gel.
which are named Sample (A). For the sake of comparison, NTC

ceramics specimens with the composition of Ni1Co0.2Mn1.8O4

were prepared according to the traditional solid method, using

MnCO3, Co2O3, NiO as raw materials. Compact bodies could

be obtained by traditional solid method, which are named

Sample (B). The microstructures of Sample (A) and Sample (B)

were investigated by using scanning electron microscope

(HITACHI S-570 SEM). The densities of Sample (A) and

Sample (B) were measured by Archimedes method. The

electric resistivities of Sample (A) and Sample (B) were

measured, and the constants B were calculated by using the

formula:

B ¼ 298:15� 355:15

355:150� 298:15
log

R25

R85

3. Results and discussion

3.1. Formation of the stable sol–gel

Fig. 2 shows the XRD patterns of the dried gels prepared

under different conditions. Patterns (a)–(c) are related to the

dried gels prepared from the solutions, which included nitrates,

citric acid but no EG. It can be inferred that the dried gels

include amorphous powder, NH4NO3 and citrate. It means that

the sol–gel was unstable. Curves (d)–(g) show the XRD

patterns of dried gels prepared from the solutions, which

included nitrates, citric acid and EG. We can see that the dried

gels include amorphous powder and NH4NO3; no crystalline

phase related to metal cations appeared in the dried gels

obtained at pH 3–6. The dried gels related to patterns (g)

include traces of NH4NO3. It means that NH4
+ and NO3

� were

dispersed in the gel network. With the increase of pH values, the

gel network could not contain more NH4NO3, superfluous

NH4NO3 separated out of the network.
All gels discussed below were prepared from the solution at

pH 3 with the addition of EG.

3.2. Reaction mechanism

3.2.1. The combustion and decomposition of the gels

Fig. 3 shows the DSC curve as well as the TG plot of the

dried gel. It can be deduced that the combustion process of the

dried gel can be divided into two steps. The first step is the

decomposition and the auto-combustion of gel. The combustion

and decomposition take place at about 200 8C. The second step

is combustion and decomposition of remnant carboxylate at

about 290 8C. Above 300 8C, the weight of sample kept

unchanged.

3.2.2. The formation of spinel phase

Curve (a) in Fig. 4 shows the XRD pattern of as-burnt

powder. The curves (b)–(g) show the XRD patterns of
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Fig. 4. XRD patterns of the as-burnt powder and the as-calcined powders at

indicated temperature.
as-calcined powders heated in the furnace at various

temperatures (300, 400, 500, 600, 700 and 800 8C).

The XRD patterns of powders calcined at 300 and 400 8C
were similar with curve (a) in Fig. 4, in which most peaks are

attributed to the spinel-type structure. We should pay more

attention on the XRD peak centered at 44.3 in 2u. In our study,

we cannot identify the peak of 44.3 in 2u, which may be

attributed to the trace of remnant carboxylate. The XRD pattern

of as-calcined powder at 500 8C shows that the XRD peak

centered at 44.3 in 2u has disappeared, which means that all

decomposition was accomplished, and that the single spinel

phase formed partly.

Diagram (e) in Fig. 4 shows the XRD pattern of as-calcined

powder heated at 600 8C. A new phase, NiMnO3, has formed.

The formation of NiMnO3 phase may be related to the

decomposition of the remnant carboxylate. It is plausible that

the metal oxides formed in the different steps have dissimilar

reactive activities. The diagrams (f) and (g) show that the

content of NiMnO3 decreases after being heated at 700 8C, and
Fig. 5. SEM images Sampl
eliminates after being heated at 800 8C, accompanied by the

formation of the single spinel-type phase. It is suggested that

NiMnO3 transform into the NiMn2O4. The chemical reaction

equation is:

NiMnO3þMnO ! NiMn2O4

There is no XRD pattern of MnO in the Fig. 4. Therefore, it

is deduced that the MnO was amorphous in the powders.

The lattice parameter (a) values were calculated by the well

known method. The (a) values of the spinel phase synthesized

at 500 and 800 8C were evaluated as the following:

a500 = 0.8354 nm and a800 = 0.8371 nm. We believe that the

enlargement of crystal cell was caused by the entrance of Ni2+

cation and Mn3+ cation.

In Fig. 3, we did not find any TG and DSC peaks between

500 and 800 8C. This means that no thermal effect in the

above transition was observed in our study. According to

the phase diagram of NiO and Mn2O3, one eutectic com-

pound related to NiMnO3 and NiMn2O4 can form at about

700 8C.

So, it is reasonable that the transition of NiMnO3 + M-

nO! NiMn2O4 can easily take place at about 700 8C.

3.3. The sintering activity of Ni1Co0.2Mn1.8O4 powder

Fig. 5 gives the SEM images of Sample (A) and Sample (B).

It can be seen that the crystalline grains in SEM photograph

(a) are perfect to the crystalline grains in SEM photograph (b).

The densities of samples were measured as follows: the degree

of densification of Sample (A) is 97%, while the degree of

densification of Sample (B) is 94%. The electrical characters of

Sample (A) were measured as follows: the r (25) = 2 kV cm,

B = 3600 K, while the electrical characters of Sample (B) were

measured as follows: the r (25) = 2.3 kV cm, B = 3350 K. The

electrical characters are accordant to the microstructures.

All of these demonstrate that the powders synthesized by the

gel auto-combustion process have a high sintering activity.
e (A) and Sample (B).
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