
J Pak Mater Soc 2007; 1 (2) 

 49

Low Temperature Synthesis of Complex Refractory Oxide 
Powders From Molten Salts  
Shaowei Zhang, BEng MEng PhD, EPSRC Advanced Fellow and Lecturer, Department of Engineering Materials, University of 
Sheffield, S1 3JD, Telephone: +44 (0) 114 222 5504, Fax: +44 (0) 114 222 5943 Email: s.zhang@shef.ac.uk 
 
SUMMARY 
The procedure of molten salt synthesis (MSS) could be potentially used to synthesize a range of complex oxides 
used by the refractory industry. Two reaction mechanisms, “template-growth” and “dissolution-precipitation”, are 
involved in MSS. The former functions when one reactant is soluble but another much less-soluble in the salt, 
whereas the latter functions when the two reactants are both soluble in the salt. In the former, the more soluble 
reactant dissolves in the salt, diffuses onto the surface of the less soluble reactant, and then reacts to form the 
product particles which retain the morphologies and sizes of the less soluble reactant, whereas in the latter, the 
product phases precipitate from the salt oversaturated with the two reactants, and often show different 
morphologies and sizes from those of the reactants. By using appropriate morphologies/size of raw materials and 
salt assemblies, complex refractory oxides with desirable morphologies and sizes could be prepared at much 
lowered temperatures up to 1000oC lower than those used by the Conventional Mixed Oxide Synthesis (CMOS).  
 
INTRODUCTION 
In the refractory industry, preparation and use of 
high quality raw materials is key for 
manufacturing products with guaranteed 
properties and performance. A number of 
different oxide raw materials, either single (such 
as magnesia and alumina) or complex (such as 
magnesium aluminate (MA)) spinel oxides are 
used to fabricate refractory products.  
Complex oxides are synthesized via high 
temperature solid-solid reaction of powdered 
constituent oxide-bearing precursors such as 
oxides, hydroxides, or carbonates using 
conventional mixed oxide synthesis (CMOS). 
Since the reactions are generally controlled by a 
slow diffusion mechanism, highly reactive 
precursor powders, high temperatures (1300-
1700oC) and long times have to be used to 
complete the reaction. Moreover, the reaction 
product is often strongly agglomerated requiring 
repeated crushing and grinding to achieve the 
desired size before fabrication into refractory 
articles. Uncontrollable quantities of undesirable 
impurities from the grinding media may be 
introduced during this process. This, in many 
cases, affects the properties of the final product1. 
Another drawback of CMOS is that the 
synthesized powders have low reactivity, so 
higher sintering temperatures and longer times 
are needed. Although some of these problems 
could be partially alleviated by using 
mineralisers2-4, high levels of remnant low 
melting impurity phases in the synthesized 
materials remain a concern.   
Electro-fusion processes are sometimes used 
instead to form complex refractory oxides. 
Reactions via this route are more complete than 
by CMOS and large crystals (>1 mm), when 
desired, can be obtained. However, this process 
requires even higher temperatures (above the 
mix melting point), and so is highly energy 
intensive and thus more expensive. Furthermore, 
the solidified mass also needs to be crushed and 

ground to fine sizes before using as raw 
material powders, and the powder surface 
reactivity is even lower than that of the 
powder prepared by CMOS1.  
In recent years, the present author has 
investigated the feasibility of a low 
temperature technique, molten salt 
synthesis (MSS), in the synthesis of 
complex refractory oxide powders. The 
results revealed that if appropriate raw 
materials and salt assemblies are used, high 
quality complex refractory oxide powders 
with desirable morphologies and sizes could 
be synthesized at much lowered 
temperatures and in shorter times. In this 
paper, these results have been reviewed 
and the relevant technical issues 
highlighted.  
 
PRINCIPLE AND MECHANISM OF 
MOLTEN SALT SYNTHESIS 
Principle and Advantages 
MSS uses low melting water-solvable salts 
as fluxes. This avoids leaving high levels of 
impurities in the final product powders. The 
salt-solution medium facilitates the reactants 
to dissolve; thus enabling the achievement 
of a homogeneous mixing in the liquid 
phase. This, along with the more rapid 
diffusion of species in the liquid medium, 
means reactions are completed at a 
relatively low temperature and in a short 
time. In addition, MSS has many other 
advantages, including:  
a. in principle it can use any kind of precursor as 

starting material, including cheap natural raw 
materials 

b. the resulting powders are homogeneous and 
have high surface reactivity; 

c. particle shapes (spheroidal, platelet-shaped or 
lath/needle-shaped) and sizes (nano-scale to 
micro-scale) can be tailored and 

d. the process is easy to perform and economical.  
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After synthesis, the salts can be easily separated 
from the powder by washing with water and 
when necessary, the salts can be recycled/re-
circulated (Fig. 1). 
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Figure 1: Schematic of a typical MSS process. 
 

Mechanisms 
Two main mechanisms, “template-growth” and 
“dissolution-precipitation”, are involved in MSS. 
The former functions when one reactant is 
soluble but another much less-soluble in the salt, 
whereas the latter functions when the two 
reactants are both completely soluble in the salt.  
 
Table 1: Comparison of MSS and CMOS 
Mechanism Mixing Contact 

areas 
between 
reactants 

Diffusion 
& reaction

Synthesis 
temperature 

Dissolution-
precipitation 
controlled MSS 

Liquid-
Liquid  

Largest Fastest Lowest 

Template-growth 
controlled MSS 

Liquid-
Solid 

Medium Medium Medium 

CMOS Solid-
Solid 

Smallest Slowest Highest 

 

In MSS dominated by the “template-growth” 
mechanism (hereafter referred to as the 
“template-growth” controlled MSS), the soluble 
reactant dissolves in the molten salt, diffuses 
onto the surface of the much less-soluble 
reactant, and then reacts to form the product 
phase. The reaction is fast in the initial stage but 
becomes slower with the build-up of a product 
layer on the less-soluble reactant. This is 
because the species have to diffuse through the 
barrier layer to continue the reaction. The final 
product particles obtained from this type of MSS 
often retain the morphologies and sizes of the 
less-soluble reactant. Differently from this, in 
MSS controlled by the “dissolution-precipitation” 
mechanism (hereafter referred to as the 
“dissolution-precipitation”  controlled MSS), the 
product particles precipitate from the molten salt 
oversaturated with the two soluble reactants, and 
often show different morphologies and sizes 
from those of the reactants. In this type of MSS, 
mixing, diffusion and reaction all proceed in the 

liquid medium, so the reaction is faster and 
the synthesis temperature is much lower, 
compared to the “template-growth” 
controlled MSS. Table 15 compares the 
main characteristics of MSS governed by 
these two mechanisms with those of CMOS. 
According to this table, the “template-
growth” controlled MSS essentially could be 
regarded as an intermediary between the 
“dissolution-precipitation” controlled MSS 
and CMOS. The “dissolution-precipitation” 
controlled MSS can be used to maximally 
reduce the synthesis temperature, whereas 
the “template-growth” controlled MSS can 
be used to synthesize particles with 
desirable morphologies and sizes. 
 
Template-Growth Controlled Mss 
The “template-growth” mechanism is often 
involved in many MSS processes of 
complex refractory oxides, e.g., in MSS of 
MA powders in an alkali chloride salt 
because of the much lower solubility of 
Al2O3 in the salt than MgO. The scanning 
electron micrographs in Fig. 2, compare the 
microstructures of raw material Al2O3 and 
MA particles synthesized at 1150oC for 3h in 
LiCl6. It can be seen that the MA powder, to 
a large extent, retained the morphologies 
and sizes of the Al2O3, indicating that the 
Al2O3 had acted as “templates”. This can be 
further supported by the results of particle 
size distributions. As shown in Fig. 36, the 
particle size distribution of the MA was 
different from that of the MgO, but similar to 
that of the Al2O3. 

 

 
Fig. 2 SEM images of a) starting Al2O3 and b) MA synthesized 

at 1150oC for 3 h in LiCl, revealing that the MA retains 
the morphology and size of the Al2O3. 
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Figure 3: Particle size distributions of starting Al2O3 and MgO, and 

MA synthesized at 1150oC for 3 h in LiCl. 
 

The synthesis of CaZrO3 in NaCl-Na2CO3 salts is 
another example of the “template-growth” 
controlled MSS. As shown in Fig. 47, the CaZrO3 
powders synthesized in the molten salts largely 
retained the morphologies of the raw material 
ZrO2, indicating that owing to its much lower 
solubility in the salts than CaO/CaCO3,  ZrO2 had 
acted as “templates”.  
One important clue given by the above work is 
that the “template-growth” mechanism could be 
applied deliberately to the morphology 
design/control. Take the MSS of MA as an 
example, if alumina fibres or platelets are used, 
MA fibres or platelets could be readily 
synthesized in molten salts. Fig. 58, as an 
example, shows the MA platelets synthesized at 
1150oC in molten K2SO4 using Al2O3 platelets as 
templates. 

 

 
Figure 4: SEM micrographs of a) starting ZrO2 and b) 

CaZrO3 particles synthesized in molten NaCl-
Na2CO3 at 1050oC for 5h. 

 

 
 
Figure 5: SEM micrographs of a) Al2O3 platelet and b) MA 

platelet synthesized in K2SO4 at 1150◦C for 3 h. 
 

Besides the morphology design/control, 
synthesis temperatures in this case could be 
reduced to some extent (compared to 
CMOS). As illustrated in Fig. 66, even the 
relatively coarse alumina (~10µm) was used 
as starting material, the synthesis 
temperature of phase pure MA powders was 
still reduced to 1100oC which is about 200oC 
lower than that (>1300oC) used by CMOS6.   
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Figure 6: X-ray diffraction (XRD) of 

spinel samples (using 10(m 
alumina)  heated in LiCl for 3 h 
at different temperatures 
(□:spinel; ●: alumina; ○: MgO). 
Phase pure MA was obtained at 
1100oC. 
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Dissoslution-Precipitation” Controlling MSS 
As mentioned that when the two reactants are 
completely soluble in the salt, the MSS process 
will be dominated by the “dissolution-
precipitation” mechanism. This type of MSS is 
characterized by its great efficiency in the 
temperature-reduction and the morphology 
variety of the product phases.  A typical example 
is the MSS of LaAlO3 in the KCl-KF eutectic salt 
in which alumina and La2O3 are both soluble. 
Because of the “dissolution-precipitation” 
mechanism, the synthesis temperature of phase 
pure LaAlO3 was reduced to as low as 630oC 
that is about 1000 ºC lower than by CMOS, and 
close to or lower than those used by most “wet 
chemical synthesis” techniques9. The 
synthesized LaAlO3 particles showed well-
crystalline euhedral shapes, despite the use of 
spheroidal La2O3 and Al2O3 starting powders 
(Fig. 7)9.  
 

 

 

 
 
Figure 7: SEM micrographs of a) La2O3, b) Al2O3 and c) 

LaAlO3 particles synthesized for 3 h at 630 ◦C in 
the KCl-KF eutectic salt. 

 

KEY FACTORS AFFECTING REACTION 
MECHANISM & SYNTHESIS TEMPERATURE 
Several factors such as particle sizes of raw 
materials and salt types affect the MSS 
mechanism/process and thus the synthesis 
temperature. In the “dissolution-
precipitation” controlled MSS, since the two 
reactants are both soluble, relatively 
“coarse” raw materials could be used. 
However, in the “template-growth” controlled 
MSS, reducing particle sizes of raw 
materials, especially the size of the less 
soluble reactant, is crucial to the reduction 
of synthesis temperature. With reducing the 
particle size of the less-soluble reactant, the 
liquid-solid contact areas increase and the 
thickness of the barrier layer on the less-
soluble reactant decreases, which 
accelerates the reaction controlled by the 
“template-growth” mechanism. In addition, 
reducing the particle size of the less-soluble 
reactant accelerates its dissolution in the 
salt (prior to the formation of a complete 
barrier layer), which could facilitate the cycle 
of “dissolution-precipitation-re-dissolution”, 
and thus increase the contribution of the 
“dissolution-precipitation” mechanism. As a 
result, the synthesis temperature could be 
markedly reduced. 
Again, take the MSS of MA as an example. 
When “course” alumina (>10µm) was used, 
the “template-growth” mechanism was 
dominant in the MSS in chloride salts, so the 
synthesis temperature of MA was only 
reduced by about 200oC compared to 
CMOS (Fig. 6). However, with decreasing 
the grain size of alumina to <5µm, the 
synthesis temperature was further reduced 
to as low as 700oC (Fig. 8) which is about 
half the temperature (>1400oC) used by 
CMOS5.  
In addition to particle sizes of raw materials, 
salt types affect the MSS process and thus 
the synthesis temperature. To maximally 
reducing synthesis temperature, salts used 
should meet two main requirements; 
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Figure 8: XRD of MA powders synthesized (using <5(m 

alumina) in LiCl, revealing that phase pure MA 
could be synthesized at as low as 700oC which is 
half the temperature (>1400oC) used by CMOS. 
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1. The salt flux should have low viscosities at 

reaction temperatures so as to facilitate the 
diffusion of species, and 

2. The reactants should have high enough 
solubilities in the molten salts so as to 
increase the contribution from the 
“dissolution-precipitation” mechanism. At the 
same temperature, molten LiCl has a lower 
viscosity than molten KCl (or NaCl), and 
MgO and Al2O3 have higher solubilities in 
the former than in the latter, which explains 
why the synthesis temperature of MA in the 
former is lower than in the latter 5 - 6.  
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