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Abstract Synthesis of mullite has been achieved at a low

temperature of 600 �C by sol–gel technique in presence of

nickel and cobalt ions. Samples were characterized by

DTA, XRD, FESEM and FTIR spectroscopy. Mullite for-

mation was found to depend on the concentration of the

ions to a certain extent. Highly crystalline spherical mullite

particles of dimension 35 nm were obtained at 0.02 M

nickel or cobalt concentration.
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1 Introduction

Mullite, a highly stable ceramic has been of particular

interest to several researchers because of its exceptionally

high mechanical strength, chemical stability, low dielectric

constant, high creep resistance and low thermal expansion

co-efficient [1–8]. Conventionally, mullite formation starts

above 1200 �C completing at around 1600 �C by solid

state reaction between Al2O3 and SiO2 particles [9–15].

However, it has been well documented by many that when

mullite precursors are mixed at an atomic level the tem-

perature of mullitization can be decreased to 1000 �C.

Atomic level mixing of precursors is best achieved via sol–

gel route by using a salt of aluminium and Tetraethylor-

thosilicate (TEOS) and is the most preferred way till date

because of the chemical homogeneity of the precursors and

high purity of the end product [16–21].

The low synthesis temperature can also be attained by

adding certain mineralizers for example Kiss et al. showed

that Cu2?, Mn2? and Fe3? can induce accelerated phase

transformations in alumina and kaolinite leading to mullite

formation at low temperatures. Kong et al. used V2O5 to

accelerate mullite phase formation in solid state reaction

while B2O3 has been used by Hong et al. to the same effect

in diphasic gels. Transition metal ions generally induce

their effect by interacting with the silica layer and desta-

bilizing the aluminium–silicate matrix [22–27].

However in all the cases the mullite formation does not

occur below 1000 �C, also phase pure mullite is obtained

only at higher temperatures. We, in this work report syn-

thesis of phase pure nanocrystalline mullite via sol–gel

route at 600 �C by using Ni2? and Co2? as mineralizing

agents and also studied the effect of their concentration on

the phase transformation of mullite precursor gel.

2 Experimental

Mullite precursor gel powder was synthesized by dissolv-

ing stoichiometric amounts of Al(-O-i-Pr)3 (puriss, Spect-

rochem Pvt. Ltd., Mumbai, India) and TEOS (Merck,

Honnenbrun, Germany) in 0.5 (M) solution of Al(NO3)3�
9H2O (extra pure, Merck, Worli, Mumbai, India). The
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molar ratio of Al(-O-i-Pr)3/Al(NO3)3�9H2O was kept at 3.5

in order to form spinnable sols. The mole ratio of Al/Si was

3 and the pH of the solution was measured to be 5. After

3 h of vigorous stirring, the sol was maintained overnight

at 60 �C. Gel formation took place after 24 h and was

optically transparent. Finally, the gel was dried at 105 �C

and ground to a free flowing powder [27, 28].

Metal doped gels were prepared by adding different

concentrations of corresponding metal salt solution

(NiCl2�6H2O and (CH3COO)2Co�4H2O) to the initial

mixture before stirring and same steps were followed as

described above. The doped gel powders were colored

green and purple for Ni2? and Co2? respectively. The

composition and designation of the doped powder samples

synthesized is tabulated below (Table 1). The powdered

samples were then sintered at 600, 1000 and 1400 �C for

2 h.

Themal behavior of the gel samples were studied by a

simultaneous DTA-TG (DTG-60H, Shimadzu (Asia Paci-

fic) Pte. Ltd., Singapore) analyzer operating at the rate of

10 �C/min under N2 flow. Crystalline phases were studied

by X-ray diffractometer (Bruker AXS Inc., Madison, WI)

with 2h varying from 10 to 70 �C. Fourier Transform

Infrared (FTIR-8400S, Shimadzu) spectroscopy was car-

ried out to analyze the bending and stretching vibrations.

The samples were pelletized after mixing 1% sample with

spectroscopy grade KBr and then analyzed by FTIR using

pure KBr pellet as background from 1200 to 400 cm-1.

Morphology of the sintered gels were observed by Field

Emission Scanning Electron Microscope (FESEM) (JSM

6700F, JEOL Ltd. Tokyo, Japan).

3 Results & discussion

The DTA pattern shows basically two endothermic peaks

below 400 �C corresponding to evolution of volatile

components e.g. water, alcohol from the gel powder and a

sharp exothermic peak for its transformation into mullite

(Fig. 1). The native gel (without nickel or cobalt) gave the

exothermic peak at 999.2 �C but upon addition of nickel

ions a sharp exothermic peak was obtained which is shifted

to lower temperature by 10 �C. The position of this peak

further continued to shift on increasing the concentration of

nickel. At 0.5 M Ni2? concentration the gel transformed

with a much diffused peak at around 777.25 �C (Fig. 1

N3). For cobalt doped samples, the shift of the exothermic

peak was small compared to nickel doped samples and

sample C3 gives a single sharp exothermic peak at 302 �C

which corresponds to the formation of CoO phase [29–31]

(Fig. 2). This was further supported by the intense blue

coloration of the sintered sample.

The sintered gel samples were analyzed by X-ray dif-

fraction operating at 40 kV with a scan speed of 0.5 step/

sec. The raw scan data was refined by Rietveld technique

whereby preferred orientation, absorption contrast, inten-

sity aberrations and amorphous material content were taken

into account. Figure 3 shows sharp characteristic peaks of

mullite in the Ni2? doped samples at 600 �C compared to

the native gel sample. However with increasing nickel

concentration the intensity of the peaks decrease and ulti-

mately no mullite phase was detected in sample N3.

In case of cobalt doped sintered gels (Fig. 4), appre-

ciable mullite phase was detected only in case of sample

C1 in which the concentration of cobalt was lowest. Also

the amount of mullite phase was greater in N1 than C1 as

can be seen from both DTA and XRD pattern. This sug-

gests that Ni2? interacts with the aluminium silicate matrix

to a greater extent than cobalt which may be attributed to

the difference in complex forming ability of the two ions

Table 1 Sample designation

Sample Composition

G0 ANN ? Al(-OiPr3)3 ? TEOS

N1 G0 ? 0.02(M)Ni

N2 G0 ? 0.1(M)Ni

N3 G0 ? 0.5(M)Ni

C1 G0 ? 0.02(M)Co

C2 G0 ? 0.1(M)Co

C3 G0 ? 0.5(M)Co

Fig. 1 DTA pattern of nickel doped gels

136 J Sol-Gel Sci Technol (2010) 55:135–141

123



with the gel matrix. Thus at low concentration both cobalt

and nickel ions can effectively induce accelerated trans-

formation of the gels into mullite but after reaching a

critical concentration the gel cannot transform to mullite at

600 �C. In fact, at 0.5 M concentration (and at 600 �C),

nickel doped gels transforms to crystalline nickel oxide

phase rather than mullite whereas cobalt doped gels gives

cobalt oxide [31, 32]. At high enough doping concentration

the initial gel formation was inhomogeneous due to excess

metal ions and reaction primarily drives in the direction of

their corresponding oxide formation (Fig. 3 N3 and Fig. 4

C3).

Although, DTA pattern shows the exothermic peak

around 980 �C but actually mullite formation starts at

much lower temperature of 600 �C. This is due to the fact

that DTA analysis being a dynamic process can’t detect the

nanocrystalline mullite phase which is present at this low

temperature [27].

Such accelerated transformation was achieved due to

complex forming ability of the transition metal ions in the

alumino-silicate matrix [21, 23]. It has been shown in case

of copper doped sol–gel derived mullite that due to Jahn–

Teller effect a strain develops in the matrix which ulti-

mately leads to the low temperature phase transformation

of precursor gel into mullite. Also such low temperature

transformation will consequently lead to nanocrystalline

phase [27].

The observed difference in mullite formation from

cobalt and nickel may be similarly explained as follows. In

a moderately weak ligand field (here oxide) both Ni2? and

Co2? will be in high spin configuration. The unpaired

electron in the t2g orbital of Co2? (d7) will cause Jahn–

Teller distortion of CoO6 octahedra in the gel matrix which

may account for the accelerated transformation. In case of

Ni2? there will be no distortion due to symmetrically filled

e.g and t2g orbital but the comparatively small ionic radius

of high spin nickel cation may effectively increase metal–

ligand interaction resulting in development of strain

throughout the matrix and hence inducing low temperature

Fig. 2 DTA pattern of cobalt doped gels

Fig. 3 XRD pattern of nickel doped gels sintered at 600 �C for 2 h.

Marks indicate assignment of peaks: (d) Mullite, (*) Nickel Oxide

Fig. 4 XRD pattern of cobalt doped gels sintered at 600 �C for 2 h.

Marks indicate assignment of peaks: (d) Mullite, (*) Nickel Oxide
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phase transformation of the gel. The proposed strain

developed in the matrix will be less in case of Co2?

because contribution from Jahn–Teller distortion due to

Co2? will be very small as t2g orbital do not lie directly in

the path of the ligand in an octahedral field [33, 34]. It can

be seen from Figs. 3 & 4 that at 0.02 M and 0.1 M con-

centration, Ni2? doped gels gives much pronounced char-

acteristic mullite peaks than Co2?.

Figure 5 shows crystal phase development in N1 sin-

tered at three different temperatures. The extent of mulli-

tization is almost same in case of 600 and 1000 �C sintered

samples which indicate the role of nickel in accelerating

the phase transformation. The sharp peaks at 1400 �C are

due to complete mullitization expected at such high tem-

perature. Similar argument can be made for C1 (Fig. 6)

where cobalt doped sintered gels shows increased mullite

content with temperature. However it is to be noted that the

native gel remained amorphous at 600 �C.

The morphology of the mullite particles were investi-

gated by FESEM with samples N1 and C1 (both sintered

at 600 �C for 2 h). The micrograph for N1 shows almost

round shaped particles of mullite of average size 30–

45 nm. The large irregular particles seen in the micro-

graph are aggregations of small mullite particles [27, 35]

(Fig. 7).

Sample C1 shows more distinct spherical morphology of

mullite particles of size 30 nm embedded in the matrix.

Numerous smaller particles can also be seen along with

some amorphous aggregates (Fig. 8). The mullite content

in sample N1 is much greater than C1 as can be seen from

the more dense packing of the mullite particles. The size of

the mullite particles conforms well with the size calculated

from the X-ray diffraction data (not shown) using Debye-

Sherrer formula.

The characteristic stretching and bending modes of

vibration of chemical bonds of a sample can be effectively

evaluated by FTIR spectroscopy. Pure mullite samples

(prepared using KBr pellet method) gives characteristic

bands at wave numbers around 560, 730, 840, 1060, 1130

and 1170 cm-1 [36–39].

Figure 9 shows the FTIR spectra of the nickel doped

sintered gels. All the characteristic bands of mullite-

564(alumina octahedra), 730(alumina tetrahedra), 838(alu-

mina tetrahedra) and 1126 cm-1 (Si–O stretching mode)

appear in samples N1 and N2 but in the latter the bands are

less prominent. N3 do not show any appreciable bands,

however, it has a prominent band at around 450 cm-1

which may be due to Ni–O bond in nickel oxide phase.

Similarly, cobalt doped sintered gels also produce the

mullite characteristic bands except C3 which gives two

bands one around 570 and another at 680 cm-1 which are

characteristic vibration mode bands of Co–O bond [31, 40].

The bands obtained are weak compared to nickel doped

gels at same concentration (Fig. 10).

Fig. 5 XRD pattern of N1gel

sintered at different

temperatures for 2 h. (a) G0 at

600 �C, (b) N1 at 600 �C, (c)

1000 �C, and (d) 1400 �C for

2 h. Marks indicate assignment

of peaks: (d) Mullite

138 J Sol-Gel Sci Technol (2010) 55:135–141

123



4 Conclusion

Accelerated phase transformation of mullite precursor gel

has been achieved via sol–gel method by co-doping with

nickel and cobalt ions at 600 �C. A comparative study has

been performed relating to the dependence of mullite for-

mation on the metal ion concentration. The result shows

that maximum mullite phase is detected in the sintered gels

Fig. 6 XRD pattern of C1gel

sintered at different

temperatures for 2 h. (a) G0 at

600 �C, (b) C1 at 600 �C (c)

1000 �C (d) 1400 �C for 2 h.

Marks indicate assignment of

peaks: (d) Mullite

Fig. 7 FESEM micrograph of N1 sinterd at 600 �C

Fig. 8 FESEM micrograph of C1 sinterd at 600 �C

Fig. 9 FTIR spectra of nickel doped gels sintered at 600 �C for 2 h
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at 600 �C and at 0.02 M concentration for both ions. The

size of the mullite particle is within 40 nm approximately.

With increase in concentration of the doping ion, extent of

mullite formation decreases and is inhibited at 0.5 M. Nickel

ion induces formation of mullite phase to a higher extent than

cobalt. The low temperature formation of mullite phase and

the higher reactivity of Ni2? may be explained by the

increased metal–ligand interaction due to small high spin

Ni2? in the gel matrix. The weak Jahn–Teller distortion by

Co2? due to unsymmetrical filling of t2g orbital and com-

paratively large ionic radius (and hence consequent weak

metal–ligand interaction) is effective in inducing accelerated

transformation but to a lower extent than nickel.
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