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Abstract: Mullite nanowhiskers with Al-rich structure were prepared by molten salt synthesis at 1000°C for 3 h in air using silica, amor-
phous silica, and ultrafine silica as the silica sources. The phase and morphology of the synthesized products were investigated by X-ray dif-
fraction, scanning electron microscopy, energy dispersive spectroscopy, and transmission electron microscopy. A thermogravimetric and 
differential thermal analysis was carried out to determine the reaction mechanism. The results reveal that the silica sources play an important 
role in determining the morphology of the obtained mullite nanowhiskers. Clusters and disordered arrangements are obtained using common 
silica and amorphous silica, respectively, whereas the use of ultrafine silica leads to highly ordered mullite nanowhiskers that are 80−120 nm 
in diameter and 20−30 μm in length. Considering the growth mechanisms, mullite nanowhiskers in the forms of clusters and highly ordered 
arrangements can be attributed to heterogeneous nucleation, whereas disordered mullite nanowhiskers are obtained by homogenous nuclea-
tion. 
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1. Introduction 

Mullite is widely used as refractory lining and structural 
ceramic because of its attractive properties, such as 
high-temperature strength, creep resistance, and low thermal 
expansion coefficient. A study published recently [1] indi-
cates that a synthetic analogue of mullite is an efficient sub-
stitute for commercial Pt-based catalysts used to reduce the 
amount of pollution generated by diesel engines. This find-
ing will undoubtedly accelerate the development of the 
market for mullite compounds. Mullite whiskers have at-
tracted attention as a reinforcement for high-temperature 
structure materials. At present, surface-enhanced Raman 
scattering (SERS) is one of the most powerful analytical 
tools for chemical and biological detection because of its 
high sensitivity and specificity [2−5]. Usually, Au and Ag 
are conventional SERS substrates for ultra-sensitive detec-
tion [6−8]. It is well known that mullite is chemically stable 
under corrosion conditions, and therefore, highly ordered 

mullite nanowhiskers decorated with Au and Ag nanoparti-
cles can be used as a possible SERS substrate under corro-
sion conditions. 

Various methods have been applied to prepare mullite 
whiskers including the sol−gel method [9−10], high-energy 
ball milling [11−13], and the thermal decomposition of 
minerals [14]. Among these methods, molten salt synthesis 
(MSS) is widely employed to synthesize functional and 
structural ceramics because it requires low reaction tem-
peratures and leads to products with a homogeneous mor-
phology [15−16]. Mullite nanowires have been synthesized 
by MSS before [17−21]. However, the previous studies 
mainly focused on the preparation of mullite using different 
molten salt systems. It was pointed out that silica with dif-
ferent crystal structures plays an important role in determin-
ing the morphology of mullite whiskers [21], but no further 
study has been reported. 

In this paper, mullite nanowhiskers were prepared in a 
Na2SO4 molten salt system with B2O3 addition using differ-
ent silica sources, namely, common silica, amorphous silica, 
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and ultrafine silica. A reaction mechanism was proposed 
based on the experimental results. Especially, the influence 
of the silica sources on the formation of highly ordered mul-
lite naowhiskers was discussed for the first time. This re-
search will promote a new and comprehensive understand-
ing of the synthesis of highly ordered mullite whiskers by 
MSS. In addition, it will pave a way for the practical appli-
cation of mullite whiskers as substrates for SERS under 
corrosion conditions. 

2. Experimental 

2.1. Materials and methods 

Various silica sources, including common silica (SiO2, 
purity > 99%) with an average particle size of 150 μm, 
amorphous silica (SiO2, purity > 99%), and an ultrafine sil-
ica powder (SiO2, purity > 99%) with an average particle 
size of 10 μm, were employed in the experiments. Alumi-
num sulfate hydrate [Al2(SO4)3·18H2O, purity > 99%] was 
used as the alumina precursor. Sodium sulfate (Na2SO4, pu-
rity > 99%) with boric oxide (B2O3, purity > 99%) as addi-
tive was selected as the molten salt system.  

Firstly, Al2(SO4)3·18H2O (200 g) was calcined at 300°C 
for 3 h to remove the crystal water. Al2(SO4)3 and Na2SO4 
(with a mass ratio of 34:66) were mixed according to the 
Al2(SO4)3−Na2SO4 phase diagram. The mixture of silica 
source, Al2(SO4)3, and B2O3 (with a molar ratio of 6:6:1) 
was mixed with Na2SO4 by ball milling. Then, the mixture 
was put in a high-purity magnesium oxide crucible and 
heated in an electric furnace to 1000°C for 3 h under air at-
mosphere. After cooling to room temperature, the obtained 
product was washed with 90°C water to remove the sulfate 
and then etched using 20wt% hydrofluoric acid (HF) for 1 h 
to remove the residual silica. Finally, a white powder was 
obtained. 

2.2. Phase and microstructure characterization 

The crystal structure of the samples was examined by 
X-ray diffraction (XRD) on a TTRⅢ diffractometer using 
Cu Kα radiation over a 2θ range from 10° to 90° 
(M21XVHF22, Japan). The morphology of the samples was 
examined by scanning electron microscopy, SEM (ZEISS 
SUPRATM 55, Germany), and transmission electron mi-
croscopy, TEM (HITACHI H8100, Japan). Further struc-
tural characterization was performed by HRTEM (JEM 
2010, Japan) and selected area electron diffraction (SAED). 
A thermogravimetric and differential thermal analysis, 
TG-DTA (NETZSCH STA 449 C, Germany), was carried 
out to investigate the reaction mechanism. 

3. Results and discussion 

3.1. Phase and microstructure  

Fig. 1 shows the microstructures of the synthesized sam-
ples using various silica sources. As shown in Figs. 1(a) and 
1(b), for the samples obtained using common silica as the 
silica source, clusters of needlelike whiskers are formed 
with some bulk substrate enwrapped in the center. The 
length of the nanowhiskers is below 10 μm. Energy disper-
sive spectroscopy (EDS) results (inset in Fig. 1(a)) reveal 
that the whiskers are composed of Al, Si, and O. Further 
quantitative analysis shows that the atomic ratio of Al:Si is 
close to 4:1, which is very similar to the ratio in 
Al2(Al2.8Si1.2)O9.6. Regarding the composition of the core of 
the whiskers, the EDS (inset in Fig. 1(b)) reveals that it is 
composed of Si and O with an atomic ratio of O:Si of 2:1. 
Therefore, mullite clusters with undissolved silica en-
wrapped in the center are formed using common silica as 
the silica source, which is consistent with a previous study 
[21]. 

Figs. 1(c) and 1(d) display SEM micrographs and EDS 
results for the product synthesized using amorphous silica as 
the silica source. The EDS result (inset in Fig. 1 (d)) dem-
onstrates that the whiskers are mullite with an atomic ratio 
of Al:Si of about 4:1. The mullite whiskers appear to have a 
uniform microstructure morphology and their length goes up 
to more than 20 μm. However, the overall arrangement of 
the nanowhiskers is disordered. 

Figs. 1(e) and 1(f) show SEM micrographs and EDS re-
sults of samples obtained using ultrafine silica powder as the 
silica source. It can be seen that mullite whiskers with a 
preferred orientation are synthesized on a large scale. In ad-
dition, the whiskers appear to have a uniform morphology 
(inset in Fig. 1(e)). From the side view (Fig. 1(f)), it can be 
seen that the length of the nanowhiskers is 20−30 μm, with a 
highly ordered growth orientation. The EDS result (inset in 
Fig. 1 (f)) reveals that the whiskers are mullite with an 
atomic ratio of Al:Si of about 4:1. Therefore, the formula of 
the obtained product is Al2(Al2.8Si1.2)O9.6. Boron is not de-
tected in the nanowhiskers. 

XRD patterns of the as-synthesized nanowhiskers are 
shown in Fig. 2. It can be seen that mullite and quartz 
phases exist in the product when using common silica as the 
silica source (Fig. 2(a)). By contrast, only mullite is detected 
if amorphous silica or ultrafine silica are used as shown in 
Figs. 2(b) and 2(c). The characteristic peaks of mullite are 
indexed to the orthorhombic structure of Al2(Al2.8Si1.2)O9.6, a 
kind of Al-rich mullite with the cell parameters: a = 0.7588, 
b = 0.7688, and c = 0.28895 nm (PDF#79-1275). 
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Fig. 1.  SEM images and EDS results of mullite whiskers synthesized using different silica sources: (a,b) SEM images of mullite 
nanowhiskers obtained using common silica as the silica source (the insets are the EDS results of the nanowhiskers); (c,d) SEM im-
ages of mullite nanowhiskers obtained using amorphous silica as the silica source (the inset is the EDS of the nanowhiskers); (e,f) 
SEM images of mullite nanowhiskers obtained using ultrafine silica powder as the silica source (the inset in (e) is the SEM image of 
the nanowhiskers at high magnification; the inset in (f) is the EDS of the nanowhiskers). 

Fig. 3 shows TEM images of samples synthesized using 
various silica sources. Figs. 3(a) and 3(b) show that the mi-

crostructure of mullite whiskers obtained using common 
silica as the silica source is single crystalline while their 
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morphology is non-uniform. The microstructure of the 
product synthesized using amorphous silica as the silica 
source is shown in Figs. 3(c) and 3(d). As shown in Fig. 3(c), 
the diameter of the whiskers is in the range of 80−120 nm. 
HRTEM images combined with SAED results (Fig. 3(d)) 
indicate that the whiskers are also single crystalline. In addi-
tion, the interplanar spacings detected from the legible lat-
tice fringes along the axis of the whisker are 0.540 nm, 
which are quite similar to that of the (110) planes of 
Al2(Al2.8Si1.2)O9.6. This indicates that the preferential growth 
direction of the nanowhiskers is parallel to the (110) planes. 
Figs. 3(e) and 3(f) show TEM images of mullite whiskers 
obtained using ultrafine silica powder as the silica source. It 
can be seen that the whiskers do not only possess a uniform 
morphology, with a diameter in the range of 80−120 nm, but 
also are single crystalline. All the SAED patterns of mullite 
nanowhiskers obtained using different silica sources can be 
indexed to the (110) and (001) planes (inset in Figs. 3(b), 
3(d), and 3(f)), verifying that the preferential growth direc-
tion of the nanowhiskers is parallel to the (110) planes. 

 
Fig. 2.  XRD patterns of products synthesized using various 
silica sources. 

3.2. TG-DTA curves 

Fig. 4 shows the TG-DTA curves of samples prepared 
using ultrafine silica at temperatures from room temperature 
to 1300°C in air. The TG curve indicates that the sample 
loses weight slightly from 100 to 400°C. The corresponding 
DTA curve exhibits a small endothermic peak at 250°C, 
which is possibly caused by the dehydration reaction. There 
are two possible reasons to explain this phenomenon. The 
first one is that Al2(SO4)3 tends to absorb moisture from the 
atmosphere, and the second one is that the dehydration of 
Al2(SO4)3·18H2O does not occur completely during the cal-
cination process. Upon increasing the temperature, an endo-
thermic peak appears at approximately 650°C due to the 

melting of Na2SO4 and Al2(SO4)3 [22]. The TG curve shows 
that the material apparently begins to lose weight at about 
800°C, which is attributed to the partial decomposition of 
Al2(SO4)3 according to the following equation: 
Al2(SO4)3 → Al2O3 + 3SO3↑  (1) 

Since the decomposition of Al2(SO4)3 (Eq. (1)) is an en-
dothermic process, the endothermic peak appears at 800°C 
in the corresponding DTA curve. If the temperature is in-
creased further, mullite is formed according to the following 
equation: 
6SiO2(l) + 12Al2(SO4)3(l) →  

5Al2(Al2.8Si1.2)O9.6(s) + 36SO3↑           (2) 
Since mullite formation is an endothermic process [23] 

with a slow reaction rate, some endothermic peaks appear at 
950−1100°C. At the same time, the sample obviously loses 
weight within this temperature range because of the forma-
tion of the gas product according to Eq. (2). At temperatures 
above 1100°C, mullite tends to decompose according to the 
following equation [23]:  
3Al2O3·2SiO2(s) + 3Na2SO4(l) + 4SiO2(l) →  

6NaAlSiO4(s) + 3SO3↑         (3) 
Therefore, mullite can be synthesized at 950−1100°C in 

Na2SO4 flux. 

3.3. Formation mechanism of mullite nanowhiskers us-
ing different silica sources 

From the above experiment, it can be seen that silica 
plays an important role in determining the morphology of 
mullite whiskers. A similar phenomenon has been reported 
in the literature for mullite synthesis through a solid-state 
reaction [21]. However, the formation mechanism for the 
MSS method has not been reported up to now. In the fol-
lowing section, we will discuss the formation mechanism 
and the effect of the silica sources on the morphology of 
mullite whiskers in Na2SO4 flux. 

It is well known that dissolved chemical reagents present 
in the molten salt system can easily react with each other 
and transform via precipitation [18]. According to the 
Al2(SO4)3−Na2SO4 phase diagram, the eutectic point of this 
system is 650°C. Therefore, Al2(SO4)3 can be dissolved at 
low temperatures. Upon increasing the temperature, the ma-
terial tends to decompose at about 800°C to form Al2O3 (Eq. 
(1)) [23]. Considering that the melting point of Al2O3 is 
higher than that of silica, the former material may crystallize 
from the molten system. However, the Al2O3 molecules are 
wrapped by dissolved silica, which prevents them from 
contacting each other and nucleating. Therefore, there are no 
characteristic peaks for Al2O3 in the XRD pattern (Fig. 3). 
From the above analysis, it can be concluded that Al2O3 
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molecules with high reactivity are not the limiting factor for 
mullite formation. Instead, the process is controlled by the 

dissolution rate of silica and silica further affects the mor-
phology of the mullite whiskers. 

 
Fig. 3.  TEM and HRTEM images of mullite whiskers obtained using different silica sources: (a,b) TEM images of mullite 
nanowhiskers obtained using common silica as the silica source (the inset in (b) is the SAED pattern of the nanowhiskers); (c,d) TEM 
images of mullite nanowhiskers obtained using amorphous silica as the silica source (the inset in (d) is the SAED pattern of the 
nanowhiskers); (e,f) TEM images of mullite nanowhiskers obtained using ultrafine silica powder as the silica source (the inset in (f) is 
the SAED pattern of the nanowhiskers). 
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Fig. 4.  TG-DTA curves of the powder from room tempera-
ture to 1300°C in air. 

A schematic diagram of the formation mechanism of 
mullite whiskers using common silica as the silica source is 
presented in Fig. 5. Only the outer layer of common silica is 
dissolved because of its relatively low reactivity. Owing to 
the lower nucleation barrier at the interface, mullite tends to 
nucleate at the outer layer of common silicon and grows 
along the {110} direction because it is the close-packed 
plane. After a certain time, the mullite whiskers are formed. 
Since the formation rate of the mullite whiskers is faster 
than the dissolution rate of common silica, the remaining 
silica is wrapped by mullite whiskers so that clusters of mul-
lite whiskers with undissolved silica as the core are formed, 
as shown in Figs. 2(a) and 2(b). This process can be de-
scribed as a heterogeneous nucleation. 

 
Fig. 5.  Schematic diagram of the mullite whisker formation mechanism using common silica as the silica source. 

Fig. 6 is a schematic diagram describing the formation 
mechanism of mullite whiskers using amorphous silica as 
the silica source. It is a homogeneous nucleation process 
because amorphous silica is completely dissolved in the 
Na2SO4 flux as a result of its strong dissolution capability 
[23]. At a longer time, the nucleation of mullite whiskers is 
promoted and isolated mullite whiskers form. 

A schematic diagram of the mullite whisker formation 
mechanism using ultrafine silica as the silica source is 
shown in Fig. 7. Since the dissolution rate of ultrafine silica 
is between the rates of common silica and amorphous silica, 
ultrafine silica cannot be dissolved completely at the initial 
stage. At the same time, the density of silica (2.2 g/mL) is 
greater than that of the Al2(SO4)3−Na2SO4 flux (1.68 g/mL), 

 

Fig. 6.  Schematic diagram of the mullite whisker fomation mechanism using amorphous silica as the silica source. 

 

Fig. 7.  Schematic diagram of the mullite whisker formation mechanism using ultrafine silica as the silica source. 
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and the addition of B2O3 further decreases the viscosity of 
the flux by several orders of magnitude [24]. Therefore, a 
part of the ultrafine silica particles sinks to the bottom of the 
crucible. Due to the lower barrier for nucleation at the inter-
face with silica, the mullite nuclei are likely to be initially 
formed at that interface and then grow along the {110} di-
rection. With the extension of time, silica is continuously 
dissolved in the molten salt and the concentration increases. 
This promotes the growth of mullite whiskers so that finally 
a large amount of highly ordered whiskers are synthesized. 

4. Conclusions 

Mullite nanowhiskers with Al-rich and single-crystalline 
structure are prepared by MSS at 1000°C for 3 h in air. The 
effect of various silica sources on the morphology of mullite 
is especially discussed. The results show that disordered 
mullite nanowhiskers are obtained in the samples prepared 
using amorphous silica as the silica source, whereas clusters 
of mullite nanowhiskers are obtained in the samples synthe-
sized using common silica. Many highly ordered mullite 
nanowhiskers are synthesized using ultrafine silica as the 
silica source. The formation mechanism of the disordered 
mullite nanowhiskers obtained from amorphous silica is 
based on homogeneous nucleation, whereas mullite nano-
whiskers in the form of clusters and highly ordered ar-
rangements are obtained by heterogeneous nucleation. 
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