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used ones, through which metal oxide precursors can be converted to dispersed metallic nanoparticles with a heat treatment in the reducing atmosphere.5,8,21–23 Aerogels, ﬁlms,
ﬁbers, and powders are especially suitable for this method
due to their low density, open porous structure, and high
speciﬁc surface area that allow easy diﬀusion of reducing
gases.5,8,24–26
Transition-metal NPs often have interesting properties and
important applications in catalysts, sensors, magnetic, electronic, and optical devices.25 Nickel NPs are particularly
important as catalytic, conductive, and magnetic materials.
Embedding Ni NPs into the ceramic matrix provides the
magnetic functionality, which can be used for nondestructive
evaluation of the materials condition.27 The SiO2/Ni, Al2O3/
Ni, TiO2/Ni, Y-TZP/Ni, and ZrO2/Ni ceramic/metal
nanocomposites have been studied extensively.2,4,5,25,28–30
The thermal reduction method is one of the most convenient
ways to introduce dispersed nickel NPs.4,5,28–30 Reduction
sintering of ceramics with additives of NiO or Ni2+ salts
resulted in intragranular Ni NPs of sizes between 20 and
100 nm dispersed at the grain boundaries and within the
grains of an oxide host.4,5,29
Mullite (3Al2O32SiO2) ﬁbers have excellent high-temperature strength, creep resistance, and chemical stability.31–34
Thus they have been widely used as the reinforcement in the
ceramic matrix composites.35,36 These ﬁbers can also be used
as the high-temperature thermal or electrical insulating materials.36,37 Electrospinning is a versatile processing technique
for ceramic ﬁbers, especially nanoﬁbers.38–40 In our previous
study, mullite ﬁbers have been successfully fabricated using
electrospinning.40 Controlling the precursor rheology and
spinning conditions, we obtained mullite ﬁbers with relatively
uniform microstructure and narrow diameter distributions.40
We showed that high-molecular weight polyethylene oxide
(PEO) helped to improve the controllability of ﬁber spinning.40
In this work, we present the method of synthesizing mullite–nickel nanocomposite ﬁbers using electrospinning, followed by thermal reduction. Intermediate phases such as the
spinel phase can be avoided with proper heat-treatment procedures. We found that the Ni NPs within the mullite ﬁber
has an equilibrium size of ~20 nm, while the Ni NPs on the
ﬁber surface can grow much larger. The magnetic properties
of the nanocomposite ﬁbers reﬂect this microstructure
feature.

Mullite–nickel nanocomposite ﬁbers with Ni nanoparticles of
controllable size, dispersion, and consequent magnetic properties were fabricated using sol–gel/electrospinning method, followed by thermal reduction. The ﬁbers were electrospun from
an aqueous solution containing sol–gel mullite precursor and
nickel nitrate. These ﬁbers were then heat treated in the reducing atmosphere between 550°C and 750°C to achieve ﬁne-dis
persed metallic Ni nanoparticles (NPs). After the Ni2+ was
reduced to Ni NPs at 750°C for 10 h, the ﬁbers were then
directly transformed to the mullite ﬁbers at 1000°C without the
undesirable intermediate spinel phase. In many high-temperature applications, mullite is the desired phase than spinel. If
not fully reduced, the Ni2+ cations induce early precipitation
of spinel phase before mullite can be formed. This spinel phase
was a solid solution between Al2NiO4 and Al-Si spinels, which
later reacted with the residual silica and formed a mixture of
mullite and spinel at 1400°C. The formation of spinel phase
was suppressed or fully eliminated with chemically reducing
Ni2+ to metal NPs. The average size of nickel NPs within the
ﬁbers was ~20 nm, insensitive of the Ni concentration and
reducing temperature. However, the Ni NPs on the ﬁber surface grew as large as ~80 nm due to fast surface diﬀusion. The
magnetic nanocomposites exhibited ferromagnetism with saturation magnetization (Ms) close to pure nickel of the same
nominal weight, but coercivity (Hc) much smaller than the bulk
nickel, indicating the nature of bimodal magnetic nanoparticle
distributions. The majority of small Ni NPs (~20 nm) within
the ﬁbers exhibited superparamagnetism, while the minor portion of relatively large NPs (50–80 nm) showed ferromagnetism.

I.

Introduction

M

ANY research eﬀorts have been made to fabricate
nanocomposites with unique properties and multifunctionality enabled by the nanoscale microstructure.1–5 Novel
properties have been achieved with the ceramic-based
nanocomposites of embedded metallic nanoparticles (NPs).
Especially in the recent years, fabricating such nanocomposites has been a growing ﬁeld of materials science.3–6 Controlling the dispersion and the size distribution of the NPs is the
key to achieve optimum performance and desired properties.7
These nanocomposites can be achieved using thermal reduction, mechanical mixing, liquid phase deposition, chemical
vapor deposition, laser deposition, or sol–gel method.8–20
The thermal reduction method is one of most commonly

II.

Experimental Procedure

(1) Fabrication of Mullite Fibers with Embedded Ni NPs
Preparation of mullite ﬁbers using electrospinning was similar to our previous work, in which pure mullite ﬁbers were
fabricated.40 In this study, nickel nitrate was used as the Ni
source in the precursor. Aluminum isopropoxide [AIP; Al
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(C3H7O)3, 98%, Alfa Aesar, Ward Hill, MA], aluminum
nitrate (AN, Al(NO3)39H2O, 98%, Alfa Aesar), tetraethyl
orthosilicate [TEOS, Si(OC2H5)4, 98%, Acros Organics, NJ],
and nickel nitrate hexahydrates [Ni(NO3)26H2O, 95%,
Aldrich, St. Louis, MO] were used to synthesize the precursor. Water was used as the solvent. The molar ratio between
each component was AIP:AN:TEOS = 11:4:5. The AN was
dissolved in deionized water at room temperature by vigorously stirring for 30 min. Then AIP and TEOS were added
into the solution and stirred for 20 h. The AIP and TEOS
were dissolved completely, and clear solutions were obtained.
The obtained solution was then reﬂuxed at 80°C for 5 h.
Approximately 2/3 part of the solvent was removed using a
rotary evaporator (IKA RV 10 digital; IKA Works, Inc.,
Wilmington, NC). The obtained solutions were then set in an
oven at 80°C until viscous sols were formed. The spinnability
of these sols was determined using hand drawing with a glass
rod. A PEO (MW 1 000 000, Aldrich) solution of 2 wt% in
H2O was prepared separately as the spinning aid solutions.
The precursor sol was diluted in ethanol and mixed with
nickel nitrate at varying concentrations (0, 2, 5, and 10 wt%
of mullite yield). The volume ratio between precursor sol,
ethanol, and PEO solution was ﬁxed at 4:8:1. The ﬁbers were
electrospun under an applied electrical ﬁeld generated using a
high-voltage supply (Model PS/FC60P02.0-11; Glassman
High Voltage Inc., High Bridge, NJ). A positive voltage of
10 kV was applied to the needle of the syringe containing
e-spun solutions driven by a syringe pump (Model NE-300;
New Era Pump System Inc., Farmingdale, NY). The ﬂow
rate was set to approximately 0.5 mL/h. The needle was
placed 20 cm aside from the collector. The ﬁbers were produced at 25%–35% ambient relative humidity and collected
using a rotating collector. The rotating collector has four
grounded stainless steel bars, with a gap of ~5 cm between
each pair of adjacent bars. The ﬁbers were then cut from the
collector and collected in the form of mats. The obtained
ﬁbers were dried at 60°C for 24 h before heating.
In order to obtain the mullite phase with embedded nickel
NPs, a two-step heating sequence was applied. In the ﬁrst
step, the precursor ﬁbers were heat treated in the reducing
gas (5 vol% H2 in Ar) to a designed temperature between
650°C and 750°C and isothermally kept for 10 h to form
metallic NPs. The heating rate was set at 1°C/min below
500°C and 5°C/min above 500°C. In the second step, the
ﬁbers were heat treated and crystallized at 1000°C for 30 min
under 5% H2-Ar. Table I summarizes detailed information
for samples named with diﬀerent nickel concentration and
heat-treatment conditions.

(2) Characterization
The thermal behaviors were studied at diﬀerent heating rate
under ﬂowing air or 5% hydrogen-argon condition using DTA
(DTA7; Perkin Elmer, Waltham, MA). The crystalline phases
were identiﬁed using X-ray diﬀraction (XRD; Rigaku Co.,
Table I.

Ltd., Tokyo, Japan); the microstructure was characterized
using scanning electron microscopy (SEM, Hitachi S4800,
Hitachi, Ltd., Tokyo, Japan) and transmission electron microscopy (TEM, Hitachi 9500 300 kV microscope, Hitachi, Ltd.).
The average size of ﬁber diameters or Ni NPs on the ﬁber surface was calculated from the average of more than 100 randomly selected ﬁbers or NPs taken from SEM micrographs.
The magnetic properties of the composite ﬁbers were measured
by using the Alternating Gradient Magnetometer (AGM 2900;
Princeton Measurements, Inc., Princeton, NJ).

III.

Results

(1) Precursor Decomposition and Phase Identiﬁcation
With increasing nickel concentration, the solution gradually
changed from light green to dark green while remaining
transparent. The ﬁber mats with 5 wt% Ni were dark gray
after reduction, indicating the formation of metallic phase.
The ﬁbers that were heat treated in air showed a white-bluish
color.
Figure 1 shows the XRD traces of mullite–nickel ﬁbers
after heat treatment in 5% hydrogen. The detailed heat-treatment procedure for each sample code is given in Table I.
The near complete conversion of Ni2+ to Ni was reached
after thermal reduction at 750°C for 10 h. For all ﬁve samples (MN2-750R-1000, MN5-750R, MN5-750R-850, MN5750R-1000, and MN10-750R-1000), mullite and nickel were
the only two phases observed after the sample was ﬁrst
reduced at 750°C and then quenched at 850°C or crystallized
at 1000°C. No residual NiO or spinel phase was observed.
Mullite peaks of MN5-750R and MN5-750R-850 were weak.
The mullite peaks became strong for MN5-750R-1000. The
intensities of nickel peaks compared to the peaks of mullite

Fig. 1. XRD patterns of mullite–nickel nanocomposite ﬁbers with
diﬀerent Ni concentration heat treated in 5% H2-Ar for 10 h, and/or
then heated at 850°C or 1000°C for 30 min. Labeled phases:
● nickel, ○ mullite, ▲ spinel.

Materials Composition, Isothermal Reduction Temperature, and Heat Treatment Atmosphere for Diﬀerent Ni–Mullite
Fibers

Specimen codes

MN0-A
MN2-750R-1000
MN5-750R-1000
MN5-750R
MN5-750R-850
MN5-A
MN5-H2
MN10-750R-1000
MN10-700R-1000
MN10-650R-1000

Nickel
content (wt%)

Isothermal reduction
temperature (10 h)

0
2
5
5
5
5
5
10
10
10

NA
750°C
750°C
750°C
750°C
NA
NA
750°C
700°C
650°C

Crystallization temperature

Quench
1000°C
1000°C
NA
Quench
Quench
Quench
1000°C
1000°C
1000°C

between 1000°C and 1400°C
for 30 min
for 30 min
at 850°C
between 1000°C and 1400°C
between 1000°C and 1400°C
for 30 min
for 30 min
for 30 min

Heat treatment atmosphere

Air
5 at.% H2 in Argon
5 at.% H2 in Argon
5 at.% H2 in Argon
5 at. % H2 in Argon
Air
5 at. % H2 in Argon
5 at. % H2 in Argon
5 at.% H2 in Argon
5 at.% H2 in Argon
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relatively enhanced with increasing nickel loading, as shown
with samples MN2-750R-1000, MN5-750R-1000, and MN10750R-1000. Coexistence of mullite, nickel, and spinel phase
was observed in samples (MN10-700R-1000) that were
reduced at 700°C for the same duration. The spinel phase
was probably a solid solution between Ni-Al spinel
(Al2NiO4) and Al-Si spinel (near SiO26Al2O3), which will be
discussed in the Discussion part. Only nickel and spinel
phase were observed in the sample that was reduced at
650°C and then heated to 1000°C (MN10-650R-1000).
The results of Fig. 1 suggest that the Ni2+ concentration
inﬂuences the crystallization behavior of mullite. To study
this eﬀect, we carried out heat treatment on MN0A and
MN5A samples in air from room temperature to 1400°C.
The XRD patterns of the specimens after calcining at diﬀerent temperatures are shown in Figs. 2 and 3. The ﬁbers without Ni2+ addition (MN0-A) remained amorphous at low
temperatures and were directly transformed to mullite after
calcining at 1000°C. No intermediate phase, such as spinel
was observed. In the fabrication of mullite using the sol–gel
processing, elimination of the spinel phase was desired but
challenging.41–43 However, when 5% Ni2+ was doped, the
spinel phase was observed in MN5-A ﬁbers after calcining at
1000°C, 1100°C, 1200°C, and 1300°C. Trace amount of mullite was observed at temperatures between 1000°C and
1300°C. After calcined at 1400°C, the obtained phases were
mullite and a-Al2O3.
The DTA scans of pure mullite and 5% Ni-doped mullite
gels under air or 5% H2 are shown in Fig. 4. The curves of
MN0-A, MN5-H2, and MN5-A are similar at low temperatures, as shown in Fig. 4(a). The endothermic peaks around
150°C and 300°C were due to loss of residual solvents and
decomposition of organic components. Diverse DTA proﬁles
were observed at temperature ranging from 900°C to
1000°C. MN0-A showed a sharp exothermic peak at around

3

980°C which was due to mullization (crystallization of mullite).40 While a broad exothermic peak corresponding to
mullization was observed in MN5-750R-H2 at around
950°C. The observation of mullite phase in XRD at relatively low temperatures (i.e., 750°C for MN5-750R and
MN5-750R-850 shown in Fig. 1) was possibly due to the
long-time annealing. MN5-A showed a broad exothermic
peak at around 930°C corresponding to the crystallization
of Al-Si spinel. No endo- or exothermic peak at temperature ranging from 900°C to 1000°C was observed in MN5H2 .

(2) Materials Microstructure
(A) Fibers: Figure 5 shows the SEM micrographs of
mullite–nickel ﬁbers after heat treatment in hydrogen. The
ﬁber showed uniform diameter and good straightness. Nickel
particles were observed on the surface of the ﬁbers. Diameters of 800 nm–1 lm were observed. A slight deviation in
ﬁber diameters was also observed.
(B) Ni NPs: Figure 6 shows the TEM images of
reduced mullite–nickel ﬁbers with 2 and 5 wt% Ni doping.
The TEM images indicate that the metallic phase NPs were
dispersed within the mullite matrix. No separation at the
boundary was observed between mullite and Ni phase which
indicates good adhesion between the metal and ceramic
phases.
The average sizes for Ni NPs observed from ﬁber surface
using SEM micrographs are summarized in Table II. We
observed generally smaller Ni NPs within the ﬁber than on
those on the surfaces. However, using TEM, it was diﬃcult
to generate a representative average particle size. Thus, here
we only present the particle sizes on the surface, which was
obtained from SEM micrographs. In the ceramic/metal
nanocomposites derived from reduction of solid solution, a
bimodal particle size distribution for the dispersed phase
was usually observed.44 Relative large particles were
observed on the surface of the ﬁbers and small particles
were embedded within the ﬁber matrix. The increasing of
Ni loading gave rise to large size for Ni NPs and range of
size distribution, which was ascribed to the increasing
amount of metal phase and coalescence of the NPs on the
surface.5
The electronic, magnetic, and catalytic properties of metal
NPs strongly depend on the particle size.45 The average crystallite size of nickel was determined by the Scherrer equation from the X-ray diﬀraction46,47:

Fig. 2. XRD traces of pure mullite ﬁbers heat treated in air.
Labeled phases: ○ mullite.

Fig. 3. XRD traces of MN5-A (5 wt% Ni loading) ﬁbers heat
treated in air. Labeled phases: ○ mullite, ▲ spinel.

Fig. 4. Curves of DTA scans at 5°C/min for pure mullite gel in air
(MN0-A), 5% Ni-mullite in 5% H2 (MN5-H2), 5% Ni-mullite in air
(MN5-A), and 5% Ni-mullite preheat treated at 750°C for 10 h
under 5% H2 (MN5-750R-H2). P1, P2, and P3 are the exothermic
peaks between 900°C and 1000°C.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. SEM images of MN2-750R-1000 [(a) & (b)], MN5-750R-1000 [(c) & (d)], and MN10-750R-1000 [(e) & (f)] mullite–nickel nanocomposite
ﬁbers after the heat treatment speciﬁed in Table I.

(a)

(b)

Fig. 6.

s¼

Ks k
b cos h

TEM images of MN2-750R-1000 (a) and MN5-750R-1000 (b) specimen.

(1)

where s is the crystallite size, Ks the dimensionless shape factor (equal to 0.9 for spherical crystallite), k the wavelength

 used in our experiment), b the full width at
of X-ray (1.54 A
half the maximum intensity (FWHM), and h the X-ray
diﬀraction angle. The s values for MN2-750R-1000, MN5750R-1000, and MN10-750R-1000 specimens were calculated
according to Eq. (1) and is summarized in Table II. The values were obtained from the peaks corresponding with [111]
plane which showed the highest intensity. The calculated s of
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Table II.

Specimen name

Particle Size of Nickel and the Magnetic Properties

Average surface
particle size
(nm)

Overall average
particle size

(A)

Saturation
Ms (Am2/kg)

Remanence
Mr (Am2/kg)

Coercivity Hc (kA/m)

Observed phase (s)

80
75
40
15
55
25

192
NA
NA
NA
204
185

4.177
3.494
0.199
0.085
1.826
0.918

1.136
0.592
0.031
0.005
0.409
0.091

6.83
4.62
2.47
1.68
4.09
1.74

Mullite and Ni
Mullite, spinel, and Ni
Spinel and Ni
Spinel and Ni
Mullite and Ni
Mullite and Ni

MN10-750R-1000
MN10-700R-1000
MN10-650R-1000
MN10-550R-1000
MN5-750R-1000
MN2-750R-1000

nickel had almost identical values of around 20 nm. The s
values were compared with the particle size evaluated from
SEM and TEM. The particle size in MN2-750R-1000 specimen was very close to the s value obtained, indicating single
crystal character for the Ni NPs. While in higher Ni loaded
samples, a signiﬁcant greater particle size was observed on
the ﬁber surface. As mentioned, the SEM and TEM studies
indicate a bimodal size distribution of Ni NPs on the surface
and within the ﬁber. The larger particle size was caused by
the coalescence of Ni crystallites on the ﬁber surface, due to
fast diﬀusion on the surface.

(3) Magnetic Properties
Nickel is one of the most important magnetic materials. The
magnetic composite ﬁbers could be attracted and lifted by a
magnet. Figure 7 shows the magnetization versus magnetic
ﬁeld plots (M–H loop) of mullite–nickel composite ﬁbers.
Notable hysteresis was observed for 5% and 10% Ni loaded
samples indicating ferromagnetism. The saturation magnetization Ms, remanence Mr, and coercivity Hc of the samples
are summarized in Table II. The measured magnetic
moments were normalized by the total weight of the composite ﬁber. The Mr and Hc values were determined by the zero
magnetic moment and magnetic ﬁeld. At 300 K, a small Ms
was measured on MN10-550R-1000 and MN10-650R-1000
ﬁbers. The Ms of MN10-700R-1000 was about 17 times of
the MN10-650R-1000. The MN10-750R-1000 ﬁbers exhibit
highest Ms of 41.8 Am2/kg and Hc of 6.83 kA/m. With the
increasing temperature for thermal reduction, signiﬁcant
increase in Ms was observed, which implied a greater portion
of Ni2+ cations were transformed into the metallic form.
The Hc value increased with increasing Ni concentration and
temperature for thermal reduction, which implied greater
particle size of Ni.
IV.

Discussion

(1) Phase Transformations with Diﬀerent Heating
Treatments
In many of the ceramic/Ni systems, the reduction of Ni2+ to
the metallic form has been found the key to achieve desired

Fig. 7.

Magnetic properties of mullite–nickel composite ﬁbers.

microstructures and phases.2,4,5,29 The thermal reduction of
Ni2+ was usually performed in a crystalline matrix.2,4,5 For
instance, Sekino et al. reported the complete reduction of
Ni2+ to nickel metal in a-Al2O3/NiO mixture by the heat
treatment at 700°C.5 Consider the equilibrium condition of
NiO(s) + H2(g) ⇌ Ni(s) + H2O(g), the reaction constant is
expressed as the partial pressure of the product, PH2 O divided
by the partial pressure of the reactant, PH2 . We can relate
the equilibrium constant (K) to the reaction Gibbs energy
change at the standard state (ΔG0) by48:


DG0
K ¼ exp 
RT

(2)

where R is the gas constant and T the absolute temperature.
In our case, before reduction, NiO was dissolved in the aluminosilicate amorphous matrix and formed a homogeneous
solution without noteworthy phase separation.49,50 If we
assume that the solution is an ideal solution (for small NiO
concentration, this assumption is a good approximation), the
Gibbs energy change per mole due to forming this solution
can be derived as51:
DGmix ¼ RT½x ln x þ ð1  xÞ lnð1  xÞ

(3)

where x is the molar fraction of NiO in amorphous aluminoslicate glass. Figure 8 shows the equilibrium constant plot
for reduction of NiO dissolved in an ideal solid solution. The
standard state Gibbs energy data were obtained from
JANAF table.52 In the present experiment, dry hydrogen/
argon gas mixture was used. The vapor pressure of H2O is
estimated as ~0.12 Pa in the ﬂowing Ar condition according
to Ref. [5]. The value of lnðPH2 =PH2 O Þ is estimated to be
~10.64, which is a suﬃcient reductive atmosphere.
In our system, crystallization of mullite ahead of nickel
was not preferred since mullite phase was not observed until
the ﬁbers were heat treated to 1400°C if the spinel phase precipitated ﬁrst due to the presence of Ni2+. At the same time,
the a-Al2O3 phase was also observed as the secondary phase

Fig. 8. Equilibrium constant plot for reduction of NiO dissolved in
a solid solution (assuming ideal solution); the percentage indicates
molar fraction of NiO in the solution.
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(in Fig. 3). It was reported that the mullite phase was formed
after crystallization of Al-Si spinel and reaction with amorphous silica induced by Ni2+.53 Complete reduction of Ni2+
ahead of mullization and spinel formation is necessary to
obtain phase pure mullite.

(2) Crystallization of Matrix Phases
Depending on the homogeneity of the gel, sol–gel precursors
are usually divided into monophasic and diphasic gels. The
monophasic gel can be directly transformed to mullite phase
without intermediate phases. The diphasic gel features the
formation of intermediate phases, such as Al-Si spinel.54 For
the MN0 ﬁbers, the monophasic gel characteristics were proven by XRD and DTA results showing no metastable phases
during crystallization, which were also reported in our previous study.40 For the ﬁbers doped with nickel, the presence of
Ni2+ cation induced the formation of spinel, which suppressed the formation of mullite until above 1400°C.53
If the ﬁbers were isothermally reduced at a temperature
lower than 750°C, spinel phase, instead of mullite, was
formed at 1000°C. Table III summarizes the positions of the
top three intense X-ray diﬀraction peaks which corresponded
to 311, 400, and 440 crystalline planes of Al-Si and Ni-Al
spinels. A systematic error up to 0.1° was assumed in our
study due to the small uncertainty in sample height leveling
and peak positioning (ﬁtting). A clear trend can be seen with
an increasing 2h angle at higher isothermal reduction temperature, indicating a gradual decrease in lattice parameter.
In this study, the spinel phase identiﬁed could be a solid
solution of Al-Si spinel and Al2NiO4 spinel. The Al2NiO4
 than those of
spinel has a larger lattice parameter of 8.050 A
Al-Si spinel.55–57 In our experiment, more Ni2+ cations were
converted into metallic phase at a higher reduction temperature. This coincided with our observation that the crystal
unit cell became smaller if the ﬁbers were reduced at higher
temperatures. Therefore, we interpret that residual Ni2+
caused the formation of a solid solution Al-Si and Al-Ni
spinels.
Upon thermal reduction, metallic nickel phase ﬁrst nucleates within an amorphous Al2O3-SiO2 matrix. After the Ni2+
cations were reduced, the Al2O3-SiO2 matrix exhibited
monophasic characteristics and crystallizes at around 950°C.
This agrees well with our previous study, in which monophasic mullite devitriﬁed at ~980°C.40 The importance of retaining the monophasic characteristics is that a higher
temperature (e.g., ~1400°C) for sintering is essentially needed
to eliminate the spinel phase. This high-temperature heat
treatment is undesirable because the metallic nickel NPs
coarsens when the sintering temperature is close to the melting point of Ni (1455°C).4 In that case it is susceptible to lose
control over the size of nickel.
The mullization temperature in nickel–mullite systems
reduced at 750°C is lower than that in nondoped mullite system as showed in DTA. This shift could be explained by the
increasing number of sites available for nucleation-growth of
mullite in the presence of ﬁnely dispersed nickel NPs. The
boundary between Ni NPs and amorphous matrix tends to
Table III. Comparison of the Peak Positions of {311}, {400},
and {440} of the Spinel Phase from This Work and References
2h (°)
Specimen name

{311}

{400}

{440}

Reference

MN10-550R-1000
MN10-650R-1000
MN10-700R-1000
Al2NiO4
Al-Si Spinel
c-Al2O3

37.36
37.36
37.45
37.01
37.81
37.71

45.7
45.7
46.2
45.0
46.0
45.9

66.56
66.65
67.10
65.55
66.65
66.46

This work
This work
This work
[57]
[56]
[56]

act as nucleation sites for mullite nucleation and growth.58
The reduced energy barrier for nucleation can be used to
explain this catalytic eﬀect and temperature shift (about
30°C) for mullization.
The activation energies for crystallization of mullite and
spinel phases can be calculated from DTA exothermic peaks
at diﬀerent heating rate using the Kissinger’s equation59:

ln

T2P
Pr



 
Ea
Ea
þ
¼ ln
 ln m
R
RTP

(4)

where Tp is the exothermic peak temperature, Pr is the heating rate, Ea is the activation energy for crystallization, R is
the gas constant, and m is the frequency factor constant.
Figure 9 shows the Kissinger’s plot for peaks 1 to 3 in
Fig. 4. This method has been reported to determine the activation energy for mullization by many authors.60–62 The activation energies for mullization, spinel crystallization are
summarized in Table IV. Okada showed that in monophasic
gels, the Ea values for mullization ranged from 800 to
1400 kJ/mol.62 The corresponding crystallization temperature
had a maximum of about 1000°C.62 We showed in our study
that the pure mullite gel is monophasic. For mullization with
the presence of Ni NPs, the activation energy was slightly
smaller (1221 kJ/mol) than that in pure mullite gel. This difference could be assigned to the error generated in determining the Tp values of the broad exothermic peaks in mullite–
nickel samples. Nevertheless, the value (1221 kJ/mol) stayed
in the range for monophasic mullization. In Fig. 4, the DTA
curve of MN5-H2 was signiﬁcantly diﬀerent from that of
MN5-750R-H2, because in MN5-750R-H2, the pre-existing
nickel nanoparticles served as heterogeneous nuclei for mullite growth. Under constant heating rate, heterogeneous
nucleation and crystallization overlapped over a wide temperature range. Thus in the DTA curve of MN5-H2, instead
of observing a strong exothermic peak, we did not observe
an obvious peak. The activation energy for spinel formation
in MN5-A specimen had been determined to be 1131 kJ/mol.
This value was slightly lower than the diphasic mullite gel
system doped with 3 wt% of nickel, of which has activation
energy of 1320 kJ/mol was reported.53

Fig. 9. Kissinger plots for crystallization peaks of P1, P2, and P3 in
Fig. 4.

Table IV. Calculation of the Activation Energy and Avrami
Constant for Nucleation and Growth of Ni–Mullite Fibers
Mullization
in MN0-A

Activation
energy
(kJ/mol)
Avrami
constant

Spinel crystallization
in MN5-A

Mullization in
MN5-750R

1403  58

1131  187

1221  282

3.156  0.438

1.143  0.063

0.773  0.031
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The crystallization mechanism could be determined from
the Avrami constant n by the Augis–Bennett equation63:
n¼

2:5RT2P
DTEa

(5)

where ΔT is the full width at half maximum of the exothermic peak. Small value of n indicates surface crystallization
mechanism instead of volume crystallization. The resulting
Avrami constants are summarized in Table IV. A relatively
greater value of n for mullite crystallization in MN0 specimen indicates a volume crystallization mechanism. This is
attributed to the high mixing level and monophasic character
of the gel. On the other hand, a small n for mullization in
MN5 specimen was determined, revealing the surface crystallization mechanism. The surface crystallization mechanism
was interpreted by the catalytic sites provided for nucleation
at the nickel–glass interface that facilitates the growth.

Fig. 10. The Ni NP sizes on the ﬁber surface and within mullite
versus diﬀerent Ni concentrations. The samples were heat treated at
the same temperatures.

V.
(3) Magnetic Properties
Magnetic nanocomposites with large magnetic moment and
low coercivity have been considered attractive for many
applications.64–66 The Ms, Mr, and Hc of bulk nickel at
room temperature (300 K) are about 55 mAm2/kg,
2.7 mAm2/kg, and 8.0 kA/m.67 The saturation magnetization
of nanosized particles is usually smaller than that of the
bulk materials due to the interfacial rearrangement of spins
of ferromagnetic particles.67–69 Ms of the composite ﬁbers, if
normalized by the weight of nickel, were about 70%–80%
of the bulk nickel. It is known that coercivity of the magnetic particle is sensitive to the particle size corresponding to
a single or multidomain structure. As the particle size
decreases, ﬂuctuations of the spin orientation become important and the particle behave as a superparamagnetic particle.
The critical size of a single domain Ni particle, below which
the ferromagnetic material exhibits superparamagnetic
behavior, was reported in the range between 20 and
42 nm.70–72 The small Hc observed in MN2-750R-1000 specimen indicated a stronger size eﬀect. In our experiments, the
normalized value Mr/Ms was about 0.1, the Hc of the 2%
sample being 1.74 kA/m, implying the dominance of the
superparamagnetic NPs. The suggested method to achieve
superparamagnetism was to decrease the Ni concentration
and lower the reduction temperature. A balance should be
found between the desired magnetic properties and the resultant phases.
(4) Growth of Ni NPs
In the previous literature, precipitation and growth of
metallic NPs in a refractory ceramics have been widely studied.4,5,29 The growth of metallic NPs has been thought as a
diﬀusion-limited process by the transport of either electrons
or oxygen vacancies.29 The Schmalzried model was applied
to describe the growth of Ni NPs, which starts from the
grain boundaries.29, 73 In our work, we observed signiﬁcantly diﬀerent growth behaviors on the surface and within
the ceramic host. The growth of the surface particles, which
depended on the Ni concentration, was probably controlled
by the diﬀusion process. As shown in Fig. 10, the NPs precipitated within mullite, on the other hand, were insensitive
to the concentration of Ni, which indicates a totally diﬀerent growth mechanism. It has been reported that the volume change during phase transformation can impose large
strain energy on the system and thus possibly impose a
thermodynamic energy well resulting in an equilibrium particle size.74 We can hypothesize that similar theory can be
applied to this phenomenon. The thermodynamics and
kinetics of the particle growth will be elucidated in the
future studies.

Summary

Mullite–nickel nanocomposite ﬁbers were obtained via the
reduction on heating the sol–gel/electrospinning-derived
ﬁbers. The reduction of the mullite–nickel ﬁbers resulted in
the nanocomposites with Ni NPs embedded in the mullite
host ﬁbers. With the reduction of Ni2+ at 750°C, the formation of spinel phase was prevented. Suppressing the spinel
phase formation helped to obtain only mullite phase at low
temperatures (~1000°C). Nickel NPs had a size of about
20 nm within the mullite ﬁbers, which was insensitive to the
Ni concentration. The growth of the Ni NPs on the ﬁber surfaces showed a typical diﬀusion-limited process. The surface
Ni NPs had larger sizes with higher Ni concentration at the
same heat-treatment temperatures. The presence of Ni NPs
slightly lowered the temperature for mullization, which was
ascribed to the catalytic eﬀect of secondary phase particles
providing heterogeneous nucleation growth sites at the interface between nickel NPs and matrix. The magnetic characterization of the composite ﬁbers suggested ferromagnetism. A
small coercivity close to superparamagnetic behavior was
obtained in mullite ﬁbers with Ni NPs, which was due to the
small size of nickel NPs in the matrix. Relatively large Ni
particles on the surface contributed to the ferromagnetism
widening the hysteresis loop.
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