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Salt melt synthesis of ceramics, semiconductors and
carbon nanostructures

Xiaofeng Liu,* Nina Fechler and Markus Antonietti

Materials synthesis in the liquid phase, or wet-chemical synthesis, utilizes a solution medium in which the
target materials are generated from a series of chemical and physical transformations. Although this
route is central in organic chemistry, for materials synthesis the low operational temperature range of the
solvent (usually below 200 °C, in extreme 350 °C) is a serious restriction. Here, salt melt synthesis (SMS)
which employs a molten inorganic salt as the medium emerges as an important complementary route to
conventional liquid phase synthesis. Depending on the nature of the salt, the operational temperature
ranges from near 100 °C to over 1000 °C, thus allowing the access to a broad range of inorganic
crystalline materials and carbons. The recent progress in SMS of inorganic materials, including oxide
ceramic powders, semiconductors and carbon nanostructures, is reviewed here. We will introduce in
general the range of accessible materials by SMS from oxides to non-oxides, and discuss in detail based
on selected examples the mechanisms of structural evolution and the influence of synthetic conditions for
certain materials. In the later sections we also present the recent developments in SMS for the synthesis
of organic solids: covalent frameworks and polymeric semiconductors. Throughout this review, special
emphasis is placed on materials with nanostructures generated by SMS, and the possible modulation of
materials structures at the nanoscale in the salt melt. The review is finalized with the summary of the
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current achievements and problems, and suggestions for potential future directions in SMS.
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1. Introduction

In the past decades, many discoveries in physics and chemistry
have been triggered by the breakthrough in fabrication pro-
cedures that allowed unprecedented easy access to the desired
materials and material structures. For instance, mechanical
exfoliation of high quality graphene from graphite crystals
allowed discoveries that resulted in a Physics Nobel Prize."”
Another example is the controlled synthesis of colloidal quan-
tum dots using wet chemistry routes which unfolded the field
of physics and chemistry of quantum confined semiconductors
and resulted meanwhile in applications from optoelectronics to
the biology fields.*>™

From a chemistry point of view, material synthesis is of
course the result of chemical transformations which can be
performed in a gaseous, solid state or solution environment.
Wet chemistry methods performed in solutions are usually the
most favored, as they provide best reaction and heat control,
sufficient reversible dynamics, and thereby facile pathways for
the synthesis of diverse inorganic materials built up from metallic,
ionic and covalent bonds. Compared to that, solid-state synthesis
is dynamically very restricted, and mostly systems are driven
with partially brute force to a thermodynamically stable state by
applying high temperatures and very long reaction duration.
This process thus faces major difficulties in the synthesis
of intermediates that are only kinetically stable,°® which,
for example, is especially true for all nanomaterials and low
dimensional materials.

However, solution chemistry usually ends at around 200 °C,
and even with high boiling solvents or solvothermal processes
at around 350-400 °C (after that most solvents decompose or
turn supercritical). This simply does not allow the synthesis of all
compounds, especially not those with high covalency.” Metallic or
ionic materials crystallize easily under mild solvent conditions;
while strong covalently bonded compounds can only be synthesized
at mild temperatures at the expense of order and crystallinity.
In this regard, a non-volatile solvent family, operational at

Markus Antonietti has studied
Chemistry in Mainz and did his
doctorate with Hans Sillescu.
His habilitation about nano-
structured polymer gels in 1990
fuelled his enthusiasm for com-
plex materials. After a professorship
in Chemistry at the University of
Marburg he was appointed
director of the Department of
Colloid  Chemistry at the
Max-Planck Institute of Colloids
and Interfaces in 1993. Markus
Antonietti’s contributions to the
chemical community comprise many things, but first of all he is
interested in the creativity in research. He loves to share and
impart this passion. He likes cooking and loud music.

e

Markus Antonietti

8238 | Chem. Soc. Rev., 2013, 42,8237-8265

View Article Online

high temperatures, is desired for development of more sustain-
able chemical syntheses at high temperatures.

Solution chemistry methods on the other hand are of course
not restricted to organic solvents and water. The use of different
types of “fluxes”, including low melting metals and salts, has in
fact been extensively explored for the synthesis of metallic
and non-metallic materials in the form of either single crystals
or polycrystalline powders.'>'" Compared to solid state reac-
tions for which the rates are usually seriously limited by the
slow diffusion of the reactants, the flux method lowers
the reaction temperature as it allows faster mass transfer
transport in the liquid phase by means of convection and
diffusion. For those solvent-based synthetic routes solvation
is a crucial step, but molecular solvents hardly solvate many
inorganics like metals and oxides. However, destabilization of
metallic, ionic or covalent bonds by solvent interactions
becomes possible at high temperatures in the presence of
strong polarizing force which can be provided by salt melts -
a pool of ionized cations and anions. On the other hand, as
many salts by their nature dissolve in water, salt melt synthesis
(SMS) has the advantage of easy isolation of the product. Salt
melts have in fact a long history as a solvent in research as well
as in industry. They have been used as reaction media for
various organic and inorganic reactions,'>™* and also as flux
for crystal growth. Practically, various salt melt systems have
been widely applied as high temperature liquid electrolytes
which are used in batteries,"'® and in the electrolysis of
refractory metals."”™*°

This review here focuses on the research progress in inorganic
materials synthesis with the salt melt route. Ionothermal
synthesis in organic salts, commonly known as ionic liquids
(ILs), will not be included, as this topic has been covered by
extensive reviews.’>*' We will start from the introduction of
some physical and chemical fundamentals of salt melts and the
introduction of some useful salt melt systems, and afterwards
discuss the materials obtained by SMS, in the sequence of
oxides, non-oxides, semiconductors, covalent frameworks
and carbon nanostructures. Only a few selected outstanding
examples in each type of material will be discussed in detail,
as an exhaustive presentation of all the accessed materials is
impossible. A distinct focus lies on controlled nanostructures
and nanophase materials obtained in salt melt and their
structure modulation by SMS. The review will be finalized by
giving some potential future directions for material synthesis
by SMS.

2. General considerations for SMS
2.1 Physics and chemistry of salt melts

Before starting the SMS, it is important to select the right salt
system. Therefore, some fundamental properties of the salt
need to be discussed first, including the working temperature
range, chemical reactivity, vapour pressure, etc.

2.1.1 Operating temperature. The operational temperature
certainly should be higher than the melting point (T},,) of the
salt. The melting point can be easily retrieved from different
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Table 1 Melting points and compositions of some commonly used metal
halides, hydroxides and oxosalt systems

Salt system Composition (mol%) Melting point (°C)

Halides  LiCl/KCl 59/41° 352
NaCl/KCl 50/50 658
AlCl;/NaCl 50/50 154
KCl/ZnCl, 48/52 228
LiF/NaF/KF 46.5/11.5/42° 459
LI/KI 63/37° 286
Oxosalts NaOH/KOH 51/49° 170
LiNO3/KNO; 43/57¢ 132
Li,SO4/K,S0,  71.6/28.4% 535
Li,CO3/K,CO;  50/50 503

“ Eutectic composition.

databases containing thermodynamic phase diagrams. To
broaden the temperature range, multi-component salt systems
which have low eutectic points are more often used. In Table 1,
several typical metal halides and oxides salt systems are listed
which offer different working temperatures down to close to
100 °C. The high limit of the operational temperature depends
on many factors in addition to the boiling point: (1) the
decomposition temperatures, which for many salts are much
lower than the boiling point; and (2) vapour pressure, which
determines the rate of evaporation that causes the loss of salt.
Many salts which are of mixed ionic/covalent (rather than pure
ionic) bonding have relatively high vapour pressure, including
heavy metal halides, metal iodides and some of transition
metal halides (such as BaCl,, CsI and ZnCl,). Use of these salts
at temperatures far from their melting point should be avoided
unless the reaction is performed in closed systems.

2.1.2 Solubility. The solubility determines how much pre-
cursor the salt melt can accommodate and therefore controls
the rate of reaction. Salt melts are excellent solvents at high
temperature for metals, neutral compounds, and gases. For
systems with only van der Waals interactions, the solubility
depends on how large the free volume is generated during the
melting transition. Chemical interactions in fact very often
dominate, say through coordination of the (higher order number)
metal ions, and acid-base interaction. In the following paragraph
the solvation process of metals as well as metal compounds in
salt melts is discussed.

Most metals are soluble in their metal halides, and above a
characteristic temperature the metal-salts systems are completely
miscible. The solubility is related to many factors, including the
atom size and electronegativity. For the same group of metals,
the solubility increases with the molecular weight. For instance,
the solubility of Mg in MgCl, is only 1.1 mol%, while it increases
to 16 mol% for Ca and to 25 mol% for Sr (at 1000 °C)."> The
solubility also relates to the number of valence electrons for
some metals. This is suggested by the fact that metal salts
with a high oxidation state tend to exhibit higher solubility.
The metal ions are believed to stabilize at an intermediate
oxidation state, resulting in formation of sub-halides, such as
the case of rare earth halide. The structure of the metal-metal
halides systems is also distinct from system to system. For systems
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like Ba/BaCl,, molten metals can be present as very small
droplets in the salt melt, forming a stable colloidal solution.
For other systems, metals are believed to be ionized in the salt
melt to metal ions (or poly-ions) and free electrons, which is
supported by conductivity measurements of many rare earth
halide-metal systems. With the decrease in the metal content,
the systems undergo a steady transition from rather delocalized
to localized electronic states.””>*

Many metal compounds like oxides are also soluble in salt
melts at high temperatures, and many thermodynamic data
have become available online or are retrievable from text books.
Unfortunately, only a limited set of systems have been covered
by the open data bases. The authors recommend using the
hard-soft acid-base (HSAB) theory as a simple guidance for the
prediction of the solubility. The interactions within the HSAB
theory can be simplified as ‘hard, non-polarizable prefers hard;
soft, polarizable prefers soft”. As salt melts are in general highly
polarizing media, they prefer polarizable solutes. For instance,
MgO is difficult to dissolve in both binary and multinary
chloride systems (<0.05% at 800 °C) as it is rather hard, in
contrast the solubility of the softer CaO in CaCl, is higher than
15% at 800 °C. Strongly covalent oxides, such as SiO,, are
difficult to dissolve with metal chlorides as the Si-centres are
difficult to address by halide anions like CI". In such cases,
metal fluorides are expected to be the best solvent as fluorine
ions F~ are strongly nucleophilic. Indeed, metal fluorides dissolve
easily silica, while chlorides or bromides fail. In general, the
solvation process in salt melts is rather complicated, but
the old adage ‘“similia similibus solvuntur” nicely serves for
first trials.

2.1.3 Other factors. As a solvent only, salt melts should of
course be not directly involved in the reaction. In that sense,
chemically rather inert systems with a wider electrochemical
window like alkali metal chlorides are often employed for
synthesis of metallic and nonmetallic materials. The use of
borate, phosphate and silicate is normally avoided, as these
covalent anion groups form highly viscous liquids, and they can
easily form the vitreous phase with the reagents.

For SMS, the separation of products from the salts in the
final stage is crucial. Usually, it is performed by washing with
water, while small amounts of salt can always be present in the
final products. This is not only related to the water solubility of
the salt, but rather due to the intrinsic interactions of the salts
with the product, which even can result in intercalates or solid
solutions. This high interaction of the solvent with the product
is indeed one of the major potential drawbacks of the salt melt
synthesis which need to be considered carefully in the quality
control of the as-obtained products.

2.2 Useful salt melt systems

2.2.1 Metal halide systems. Depending on chemical char-
acteristics, the useful molten salts systems can be roughly
categorized into inert systems, such as metal chlorides, and
reactive systems, such as oxides. In order to have a lower melting
point, mixtures of two or more salts are mostly used which
provides a wider operating temperature range. In Table 1, we list
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the melting point for typical metal halide systems that are
chemically inert and are frequently used. It has to be pointed
out that “inertness” mainly means a large electrochemical
operation window, i.e. alkali or alkali earth metal halide systems
are stable in the presence of strong reducing or oxidizing
precursors, especially for fluorides and chlorides. These salts
can however join the reaction in the presence of certain cations
or anions, such that the halide anions and alkali metal cations
can also be precipitated in the products.

2.2.2 Oxosalt systems. For the synthesis of oxides, oxosalt
systems, such as metal nitrate and sulfate, become obvious
choices. Hydroxides behave the same as other oxide molten salt
when melting into mobile cations (M**) and anions (OH™); and
in practice they are indeed good solvents and reaction media
for the synthesis of oxide ceramics. In analog to the auto-
protolysis of water, a Lux-Flood (L-F) type acid-base equili-
brium is set up for molten oxide by the following reaction:*>>°

Oxobase <> Oxoacid + O*~ (1)

The oxide ion O®" is the simplest base, and the basicity of
the melt is usually expressed as pO®>~ = -log m(0®7), as an
analogue to pH. The magnitude of pO®>~ determines the reac-
tions in the salt melt. For instance, under moderate pO’>~,
precipitation of TiO, occurs through:

Ti*" + 20~ - TiO, (2)

With further increase in basicity (lower pO®~), the precipi-
tated TiO, can be re-dissolved into titanate anions:

TiO, + O~ — TiO;>~ (3)

Molten hydroxide, nitrate and sulphate can be regarded as
bases and hence they are all oxidizing, as they can provide oxide
ions O*~ in most cases.

2.2.3 Other systems. Besides the metal halide and oxide
systems, other types of inorganic compounds of ionic nature
have also been frequently employed as flux for materials
synthesis. For instance, metal chalcogenide systems have also
been employed for the synthesis of complex transition metal
compounds. The role of the flux in this case is rather compli-
cated. It supplies not only chalcogen atoms but also building
blocks to the end product. On the other hand the salts are
found to play a subtle role in the control of the crystal structure
as well as the texture of the product.””*®

The use of highly oxidative anions like chlorate, although
rarely reported, can also be explored for special purposes, for
instance, to stabilize certain elements at their high oxidation
state. However, the potential danger of explosion should be
carefully evaluated before using such highly oxidizing salt in
large amounts. In addition, the use of metal metalate salt melts
can sometimes be a wise choice if the targeted compounds
contain the same (or similar) metalate anions as building units.

The salt melt can also contain more than one type of anions,
and in this sense the characteristics of the melt can be
fine-tuned. This strategy is indeed often applied for the pre-
paration of oxides in a melt containing, for instance, hydroxide
and carbonate ions. The purpose is to adjust the acid-base
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equilibrium such that the melt favors the precipitation of the
targeted products.

2.3 Economy and safety considerations

Most of the salt systems mentioned above are composed of
non-precious and abundant elements. However, the cost of the
salts still can be a relevant factor especially for large scale
production. The use of cheap salts like NaCl and KCl is there-
fore much preferred, while Li salts are expensive and can only
be applied for high value products. In such cases, the develop-
ment of a salt recycling method becomes important and
economically necessary.

Regarding the safety issue, it is known that alkali metal and
halide (except F) ions are non-toxic and direct skin-contact does
not cause harmful effects. In handling metal fluorides, extreme
care should be taken to avoid contact, as they can cause severe
damage to human tissues. Acidic salts like AICl; and alkalis like
KOH are also obvious corrosive substances. In addition, heavy
metal salts, such as BaCl,, should also be processed with care
as they are obviously harmful to the human body. After being
melted, the melt of all these salts can be potential danger, not
only because of the high temperature, but also due to the toxic
gases released from the melt, such as NO, and SO,. Therefore,
the SMS has to be carried out in the presence of continuous
ventilation; otherwise, the accumulated vapour can cause
corrosion to the nearby instruments and human beings. It is
recommended to perform SMS in specialized rooms or furnaces
which are not used for other purposes. Before starting SMS for
certain target compounds, the potential safety threat should be
thoroughly assessed in each step of the experiments. Some-
times, misuse of chemicals or the container which is corroded
by the salt melt can lead to disastrous consequences. The
potential safety threat of the salt melt should never be under-
estimated before carrying out experiments.

3. Oxide ceramic powders from SMS

For the synthesis of oxides, oxysalts are natural choices, including
hydroxide, nitrate, sulfate and carbonate anions. Oxides can in
most cases be accessed by much simpler methods, such as
hydrothermal or conventional colloid chemistry routes; the use
of the salt melt method here, however, facilitates better crystal-
linity and contributes to a special texture of the products.
Numerous types of oxides spanning from simple binary oxides
to complex porous framework materials have been synthesized
in different salt melt systems since the 1970s and have been
reported in huge number of publications. The synthesis in salt
melt for different materials may vary among different systems,
but in general starts with precursor decomposition, or Lux-
Flood acid-base reactions. We start their presentation from the
simplest binary oxide and finish with the complicated zeolitic
solids and complex oxides.

3.1 Binary oxides

Different salt melt systems have been employed as the reaction
medium for the synthesis of oxides of main group metals like Al,

This journal is © The Royal Society of Chemistry 2013
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and also transition metal oxides in the form of micro-meter
sized powders as well as low dimensional structures. Since the
reported systems differ in the types of salt, precursors and
synthetic procedures, we describe below from selected simple
metal oxides and afterwards highlight the general principles
regarding reaction mechanisms as well as texture formation in
salt melt. Metal hydroxides and phosphates, which are also
ionic combination of metal cations with non-metal anion
groups, are also classified as binary systems and described in
the following section.

3.1.1 a-Al,0;. 0-Al,O3, which is a refractory material with a
trigonal crystal structure, has been synthesized in oxysalt melt
of typical Lux-Flood bases like nitrate and nitrite, and also
in carbonate, sulfate and chemically inert chlorides.>**! The
precipitation of Al,O; in a basic melt from salts of Al is a
typical Lux-Flood acid-base reaction. For instance the forma-
tion of Al,O; from sulfate in the alkali metal nitrate salts
proceeds by:**

Aly(SO4); + 6NO;~ — Al,O; + 3504>" + 6NO, + 3/20,  (4)

It is found that the addition of stronger Lux-Flood bases,
such as Na,O, or Na,CO;, reduces the reaction temperature,
because they provide oxide ions (0®7) in the melt at lower
temperatures and therefore accelerate the reaction of AI** and
0°” to precipitate Al,O;. Al,O3 can also be precipitated from
AICl; by a similar reaction in nitrate.*® Synthesis of Al,O; in
inert salts like metal sulfate and chloride has also been carried
out using Al(OH); as the precursor. It was found that Al(OH);
releases H,O to give crystalline Al,O; in the salt melt similar to
other Al salt precursors.>®

The morphology of -Al,O; synthesized from salt melt varies
in different reports and is affected by the many processing
parameters. Since Al-O bonding is of strongly covalent nature,
the formation of well-defined Al,O; crystallites requires a high
crystallization temperature. From the transmission electron
microscope (TEM) image, the Al,O; powders obtained at a mild
temperature (450 °C) in nitrite are composed of agglomerates of
tiny crystallite of less than 5 nm in size, reflecting the sluggish
crystallization kinetics and strong covalent nature of Al,O; (Fig. 1a).
As observed by different researchers, a-Al,0; with well-defined

Fig. 1 o-Al,O3 derived from different salt systems. (a) Typical TEM image of
Al,03 synthesized in molten NaNO,/KNO; at 450 °C from Al»(SO4)s. (Reproduced
from ref. 32 with permission from The Royal Society of Chemistry.) (b) Scanning
electron microscope (SEM) image of Al,O3 platelets synthesized by seeded growth
from Alx(SO4)3 in NaySO4 at 1200 °C. (Reprinted with permission from ref. 34.
Copyright 2004 John Wiley and Sons.)

This journal is © The Royal Society of Chemistry 2013

View Article Online

crystalline morphology can be obtained at a high synthesis
temperature irrespective of the type of salt melt used. Jin et al.
synthesized o-Al,O; platelets of sub-micrometer size from
Na,SO, melt at over 1200 °C,** and they controlled the size of
the platelets by addition of o-Al,0; nanoparticles (NPs) as
seeds, whose number also determines the number of nuclea-
tion sites (Fig. 1b). Other authors observed a similar hexagonal
plate-shaped Al,O; product but in different salt melt systems
and from different precursors,*>*® implying that this morpho-
logy may relate inherently to the crystal structure of a-Al,O; and
Wulff’s rules of face exposition.

3.1.2  SnO,. Oxides of other main group metals like Mg can
be prepared in a similar fashion in salt melt from their sulfate
or chloride, while the synthesis of tin oxide by the salt method
route was carried out in a different manner, as it is chemically a
more acidic oxide as compared to Al or Mg oxide. SnO, with its
tetragonal rutile crystal structure is an important main group
oxide, which can be applied as electrode and gas sensor
materials. A salt melt approach for the synthesis of SnO, from
SnCl, can be performed for instance in nitrate, in which the
precipitation of SnO, takes place at 300 °C by the following
postulated reaction:*”

SnCl, + 2NO3;~ — SnO, + 2Cl™ + 2NO, (5)

In the presence of a stronger Lux-Flood base, such as nitrite,
the reaction is accelerated and therefore the precipitation
temperature can be reduced. In contrast, the addition of
chloride or bromide to the melt stabilizes the precursor as
the oxide ions are diluted. Depending on the types of salts as
well as other synthetic conditions, the produced SnO, can be of
different morphology. Using the salt mixture of LiNO;-LiOH
containing H,0,, Guo et al. synthesized nanocrystalline powders
of SnO, composed of agglomerates of small crystallites (5 nm) at
300 °C (Fig. 2a).>® By heating phenanthroline-capped Sn NPs in
the melt of KOAc at 320 °C,** SnO, nanowhiskers composed of
small crystallites (<10 nm) were obtained. The crystallinity can
be substantially improved by heating the same precursor in a
NaCl-KCl mixture to over 800 °C, in which highly crystalline
nanorods of 15 nm in diameter are produced, giving a capaci-
tance of 1100 mA h g~ ' as the anode for the Li-ion battery. Single
crystalline nanorods of SnO, have also been accessed with high
yield by the decomposition of SnC,0, capped with surfactants in
the melt of NaCl at over 800 °C (Fig. 2b).*® The author claimed
that the use of organic surfactant is crucial in the formation of
rod-like morphology due to preferred growth of SnO, in the
ionic melt.

With the SMS route, it is also possible to realize crystal
facet engineering for SnO, nanocrystals (NCs). In a recent
work of Wang et al. carried out in a basic organic salt, the
author observed that the outer surface of the produced
SnO, NCs evolved from low energy (like {101}) facets to
high energy facets (like {111}) through the adjustment of the
amount of organic salt. Under optimized conditions, pure SnO,
octahedrons were obtained, which exhibited a significantly
enhanced catalytic activity and selectivity for CO oxidation
(Fig. 2c and 2d).*!
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Fig. 2 SnO; nanostructures by SMS. (a) TEM image of SnO, NPs synthesized
from SnCl; in LIOH at 300 °C. (Reproduced from ref. 38 with permission from The
Royal Society of Chemistry.) (b) TEM image of SnO, nanowires produced from
SnC,04 in NaCl at 810 °C (Reprinted with permission from ref. 40. Copyright
2003 Elsevier.) (c) SEM and (d) TEM images of SnO, octahedrons synthesized
from SnCl, in tetramethylammonium hydroxide. (Reprinted with permission from
ref. 41. Copyright 2012 John Wiley and Sons.)

3.1.3 TiO,. As a close transition metal analogue to SnO, in
terms of both crystal structure and chemical character, TiO,
was also prepared with SMS. In nitrate melts, TiO, however
could not be precipitated from TiCl,, as (NO),TiCls was formed
with nitrate anions which afterwards sublimated from the melt
below 200 °C.*? TiO, with the anatase structure could however
be precipitated from the reaction of K,TiFs with nitrate by the
following reaction:

K,TiFg + 4NO;~ — TiO, + 4NO, + O, + 2K' + 6F~  (6)

In a similar fashion, increasing the basicity of the melt by
addition of basic oxides, such as Na,0,, promotes the precipi-
tation and allows the formation of TiO, at a lower temperature.
TiO, with anatase structure can also be precipitated from TiOCl,
in ammonia nitrate at a temperature of 400-500 °C by the
following reaction:**

TiO*" + 2NO;~ — TiO, + 2NO, + 1/20, (7)

In a detailed investigation by Afanasiev et al., porous TiO,
structures with the crystal size ranging from less than 10 nm to
around 30 nm were synthesized. The authors found that the
presence of a nitrogen-containing stabilizer (urea, melamine
and ammonium oxalate) added during synthesis influenced
the evolution of the morphology as well as the photocatalytic
properties of the resulting samples (Fig. 3a and b). In another
report, titanium hydroxide was used as the precursor and the
mixture of NaCl and Na,HPO,-2H,0 was employed as the salt
medium.** It was found by the authors that particles prepared
without salt are strongly agglomerated and fused, while finely
divided particles are prepared within the salt melt route. More-
over, temperature has a crucial influence on both the crystal
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Fig. 3 TEM images of TiO, NCs produced from TiOCl, in NH4NOs3 (a) without
additive, (b) in the presence of (NH4)>C504. (Reprinted with permission from
ref. 43. Copyright 2010 Elsevier.) (c) SEM image of TiO, NCs and (d) nanorods
synthesized from TiCl, in molten NaCl in the presence of NaH,PO,4 at 725 °C and
825 °C, respectively. (Reprinted with permission from ref. 44. Copyright 2008
John Wiley and Sons.)

structure as well as the morphology of the product. Anatase
particles and rods in a small fraction are obtained at a tem-
perature of 725 °C, which is below the eutectic point of the salt
system employed. At temperatures higher than eutectic, the
obtained products are of pure rutile phase with rod-like structure
(Fig. 3c and d), suggesting again a preferred growth direction in
the polar ionic melt.

3.1.4 ZnO. Transition metal oxides other than the d*>-metal Ti
have also been frequently accessed by the SMS route. Of particular
interest is the oxide of the d*° metal Zn, which is an important
wide bandgap semiconductor with numerous potential appli-
cations. ZnO stabilizes in the wurtzite structure, and again it
can be precipitated in the oxidizing nitrate melt at 200 °C from
its Lux-Flood acidic precursor like sulfate or chloride by the
following reaction:

Zn*" + 2NO;~ — ZnO + 2NO, + 1/20, (8)

Similar to the previous cases, the precipitation can be
shifted to lower temperatures through increasing the basicity
of melt via the addition of oxide ion donors, such as Na,O,.
Because of its technical relevance, SMS of ZnO was pursued
much further to obtain control of the microstructures at
the nanoscale. In the first example, Afanasiev et al. studied
the structural evolution of ZnO in the melt of KNO3/KCI at the
temperature of 500 °C. Hollow hexagonal tubes were obtained,
which were explained by oriented attachment of the intermediate
small ZnO crystallites and a Kirkendall effect (Fig. 4a-d).*
The process allowed the production of ZnO with different
structures from plates to tubular structures of controllable
length. In another example, Jiang et al. synthesized ZnO nano-
wires with unusual growth directions of (102) and (100) in the
melt of LiCl (Fig. 4e and f)."® The authors ascribed the observed

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 ZnO nanostructures by SMS. (a) Schematic illustration of the growth of
ZnO hollow nanotubes in salt melt. (b-d) SEM images of ZnO nanostructures
observed after different growth durations 0.5 h, 2 h and 8 h in KNO3/KCl melt.
(e) TEM image of ZnO nanobelts from decomposition of Zn(Ac), in LiCl at 615 °C.
(f) Structure of wurtzite ZnO viewed along the [1,0,—1.7] direction, giving the
outer planes of the nanowires. (Reprinted with permission from ref. 45 and 46.
Copyright 2012, 2005 American Chemical Society.)

abnormal growth to the interaction of the ionic species like Li"
and Cl™ with the polar crystal planes of {101} and {001}, making
them low energy faces. Moreover, the same group found that
the ZnO NCs produced in LiNO; have all the polar surfaces
exposed. This is because the surface energy for the polar surfaces
is reduced as a result of the strong electrostatic interactions
between the salt melt and the surface atoms, potentially keeping
dangling bonds.

3.1.5 Other simple oxides. Oxides of transition metals with
partially filled 3d orbitals, such as Fe and V, are application-
relevant in areas including catalysts, magnetism and energy
storage. Heavier transition metal oxides offer similar applica-
tions. The synthesis of all these oxides in principle can be
realized by the salt melt route, provided that a combination of
appropriate salt systems and precursors is found. In Table 2 we
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list selected examples of transition metal oxides synthesized
from salt melt, together with their preparation conditions.
In these reported examples, the salt-melt derived NPs or
structures can be of very different character. The interaction
of many metal compounds with oxidizing salts (such as nitrate
and carbonate) was studied systematically by Kerridge et al. by
means of thermogravimetry combined with X-ray diffraction
(XRD).*”~>* These early investigations can still provide relevant
guidelines for the design of synthesis today. For the majority of
the precipitation reaction, the metal precursors (such as sulfate
and chloride) can be considered as Lux-Flood acids which react
with the basic oxidizing melt (e.g. nitrate) to form the targeted
insoluble oxide, as illustrated in the examples above. A well-
chosen Lux-Flood acid-base equilibrium should therefore be
considered before synthesis for the precipitation of oxides in
oxosalt melt from their precursors. This equilibrium can
always be adjusted through the use of an oxidizing or inert
atmosphere or by adding oxide ion donors (like Na,O,).
Strongly basic melts prefer the deposition of oxides. This is
however not always true as some acidic metal oxides of a high
valence state can be further solubilized by forming metalate
anions in basic melt:

MO, + 0> - MO,,>~

©)

Second, metal oxides can also be synthesized through the
decomposition of unstable precursors at elevated temperatures
in salt melt. This occurs when metal organic compounds (like
metal oxalate) are used as precursors. In the third case, salt
melt sometimes only provides a high temperature liquid
environment for the crystallization of the oxide from poorly
crystalline precursors; here, no chemical reaction takes
place but only a dissolution-recrystallization mechanism is
involved.

3.1.6 Hydroxide. From a synthetic point of view, the preci-
pitation of hydroxide (and phosphate described below) is quite
similar to that of simple metal oxide through the reaction of
metal cations with anion groups like OH™. Therefore, they are
also classified as a typical binary system. To precipitate metal
hydroxide, the use of alkali metal oxide melt as the solvent and
the reactants seems to be the exclusive choice. The hydroxide
melt provides a mild liquid reaction temperature (down to
150 °C), which is essential to avoid the decomposition of the
unstable products. Hu et al. presented a nice example of the

Table 2 Examples of binary oxides produced in different molten salt systems

Oxide Precursors/salt Synthesis temperature Product characteristics Ref.
MgO MgSO, or MgCl,/NaNO;-KNO; or NaNO,-KNO, 450-600 °C NCs, 50 nm 54
o-Fe,03 Fe,03/NaCl 820 °C Single-crystalline 55
R-Fe,0O; rhombohedra
NiO NiSO,4/NaCl 820 °C Fibres, diameter: 1-2 pm, length: 100 pm 56
Ni/NaNO;-KNO, — NCs, 2.6-3.1 nm 57
Co30, Co(NO3),/LiNO; 400 °C Submicro-octahedron 58
CuO CuCl,/NaOH-KOH 200 °C Flower-shaped nanostructure 59
In,0;: Ni InOOH/LiNO;3 300-500 °C NCs, <100 nm 60
Y,0;: Er Y(NO;);/NaNO;-KNO; 500 °C NCs, <100 nm 61
CeO,:Ba Ce0,-BaCO;/NaOH-KOH 200 °C Nanowires 62
ZrO, ZrOCl,/NaNO;, KNO3 550 °C Nanowires 63

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 La(OH)3 nanobelt produced in the melt of NaOH/KOH at 200 °C from
La(Ac); observed by (a) SEM image, (b) XRD pattern, (c) TEM and (d) high
resolution TEM (HR-TEM) images. (e) XRD and (f) SEM image of the La,O3
nanobelts by thermal decomposition of La(OH)s; at 690 °C. (Reprinted with
permission from ref. 64. Copyright 2007 John Wiley and Sons.)

synthesis of La(OH); from La(CH3COO); in the melt of eutectic
NaOH/KOH at only 200 °C in a closed Teflon vessel:**

La(CH;COO), + 30H  — La(OH); + 3CH;CO0™  (10)

Interestingly, the obtained products are uniform, ultra-long
belts with a thickness of around 10 nm (Fig. 5a-d). This observa-
tion suggested preferred growth along the c-axis for La(OH); in
the hydroxide melt. More importantly, the nanobelts were nicely
retained after conversion to La,O; by calcination at high tempera-
tures (Fig. 5e and f), pointing a promising route for the production
of oxide one-dimensional (1D) nanostructures. It can be expected
that 1D hydroxides and oxides of other metals with similar chemical
characters could also be accessible in a similar fashion.

3.1.7 Metal phosphates. Phosphates of trivalent metals are
for most cases not soluble in polar solvent water and also metal
chloride salt melt. Rare earth phosphates, for instance, can be
precipitated from salt melt by the following reaction:

RE*" + PO~ — REPO, (RE: trivalent rare earth cation)
(11)

Indeed, the precipitation of LaPO, was observed at a tem-
perature higher than 350 °C for instance in the chloride melt

8244 | Chem. Soc. Rev., 2013, 42,8237-8265
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containing LaCl; and NH,H,PO,.°” Based on in situ and ex situ
solid state nuclear magnetic resonance (NMR) the authors
confirmed that the formation of LaPO, in the melt of LiCl/
KCl is not straightforward, but involved several intermediate
phases. Furthermore, the formation of LaPO, relied on a
moderate O, partial pressure, and too high or too low O, partial
pressure does not result in the desired product. Besides the
influence of O,, the obtained precipitation is also affected by
the composition of the melt. It was found that for the same RE
and phosphate precursor, LiCI/KCl favored the formation of
single phosphate REPO,, while NaCl/KCl usually results in
double alkali metal rare earth phosphate A;RE(PO,),.°® This
investigation shows that various parameters must be carefully
tuned in order to get the desired phosphates.

Similar to RE phosphate, ternary bi-metal phosphates of
different compositions have also been precipitated. In molten
nitrate, it was found that various metal phosphates can be
obtained by reacting metal salts precursors with NH,H,PO, in
sodium or potassium nitrate melt at temperatures of 400-550 °C.%®
In these systems, the components of the salt melt participate in
the reactions and provide alkali metal atoms for the final
products. Some of the technically important products syn-
thesized include KTP (KTiOPO,) and a series of ABPO, phases
(A: alkali metal, B bivalent metals). Since some of the bimetal
phosphates have a lamellar crystal structure, the salt melt-
derived samples developed in many cases show layered textures
(Fig. 6).°

Besides the above orthophosphates which do not contain
P-O-P bonds, polyphosphates must be introduced here which
can be regarded as the polymeric form of monophosphate. It is
known that the basic structure unit PO, (and SiO,) tetrahedrons
tend to condense to form polymeric anions, in which oxygen
serves as the bridge to connect adjacent PO, units.®®®® This
condensation process is controlled by many factors, such as
temperature and pH value (in aqueous solution). The chemistry
of phosphate has been extensively investigated in the last
century and it is beyond the scope of this review.”””" The process
of SMS has also provided access to some of the polyphosphates.” >
For instance, single crystal of LiNdP,0,, was synthesized
in LiPO; flux from Li,CO;, Nd,O; and NH,H,PO,. In these
reported processes for polyphosphates growth by SMS, the melt

Fig. 6 SEM images of different phosphates precipitated in NaNOs at 500 °C
from the salts of the different metal elements: (a) Na,Zr(PO,), (b) NaBaPO, and
(c) NaCaPOy,. (Reprinted with permission from ref. 67. Copyright 1999 American
Chemical Society.)

This journal is © The Royal Society of Chemistry 2013
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serves as flux and also reagent that provides building blocks for
the products.

3.2 Ternary and multinary oxides

For the past 50 years, the SMS route has been extensively
employed for the synthesis of ternary and multinary oxides
which far outnumber binary oxide systems. Since huge numbers
of reports have been published we can only pick up a few
outstanding cases to represent each catalog of materials
introduced below.

3.2.1 Perovskites. A catalog of ternary bimetal oxides of
broad interest is the ABO; family with perovskite structure;
these oxides have important applications in fields such as
ferroelectricity, magnetism, optoelectronics and energy conver-
sion. The synthesis of these oxides in the form of nano/micro
crystalline powders and defined nanoscale architectures has
been realized in different salt systems. BaTiO3, for instance,
was synthesized in a eutectic melt of NaOH/KOH (melting
point 165 °C) at moderate temperature (200 °C) from BaCl,
and TiO,.”® The product as seen from the XRD pattern and
electron microscopy (EM) is pure and highly crystalline, and
is composed of solely nanocubes of around 30-40 nm in size
(Fig. 7a-d). The reaction mechanism in the hydroxide melt was
postulated as follows:

Ba*' + TiO, + 20H™ — BaTiO; + H,0 (12)

The same oxide has been synthesized by Wong et al. in
chloride (NaCl) from a different precursor (Barium oxalate,
BaC,0,) in the presence of nonionic surfactant (nonylphenyl
ether). At the reaction temperature of 825 °C, BaTiO; nanowires
were obtained, in contrast to SrTiO; where only nanocubes
were formed; however, they have the same cubic crystal struc-
ture (Fig. 7e and f).”” At such high temperatures the organic
surfactant is completely decomposed, while the results point
out that its presence even at low temperature is relevant for the
formation of the final structure. Later, the authors synthesized
a solid solution of Ba;_,Sr, TiO; under the same conditions,
and the products were on the whole rather irregular agglo-
merate NPs (<100 nm), implying that the role of surfactant
might not be trivial.”® The results obtained by different authors
differ greatly probably due to the different salts, precursors
and processing conditions employed. In a similar salt system
(NaCl/KCI), Deng et al.”® synthesized single crystalline nano-
wires of BaTiO; from Ba oxalate and TiO, at 950 °C without the
use of surfactant (Fig. 7g and h). These authors showed that the
process can be easily extended to the synthesis of single crystal-
line nanostripes of SrTiO; and PbTiOj;. For all the references
introduced above, the authors all claimed the obtained pro-
ducts are stoichiometric ABO; compounds. However, in a
separate research carried out by Rervik et al. using NaCl as
flux,® titanium oxide-rich compounds like BaTi,Os/BaTisO;
and Na,TisO,; have been found as secondary phases in all the
received products, indicating the loss of heavy metals (Ba, Sr or
Pb) during synthesis. This is, as the authors suggest, due to the
formation of volatile heavy metal chlorides through the reac-
tion between Ba precursors and the chlorides melt. This work

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 BaTi(Sr)O3 nanostructures synthesized in different salt systems. (a—d) BaTiO3
NCs synthesized in molten NaOH/KOH at 200 °C from BaCl, and TiO,. (a and ¢) SEM
and (b and d) TEM images of BaTiO3 and BaTi;_,Sr,O3 NCs. The insets in (a and ¢)
are XRD patterns, and in (b and d) are HRTEM images. (Reprinted with permission
from ref. 76. Copyright 2006 American Chemical Society.) () SEM images of BaTiO3
nanowires and (f) SrTiO3 nanocubes synthesized in NaCl at 820 °C in the presence
of surfactant. (Reprinted with permission from ref. 77. Copyright 2003 American
Chemical Society.) (g) TEM and (h) HRTEM images of BaTiO3 nanobelts synthesized
in NaCl/KCl at 950 °C. (Reproduced from ref. 79 with permission from The Royal
Society of Chemistry.)

presents us a clear example of to what extent the evaporation
loss of precursors affects the stoichiometry of the products in
salt melt synthesis. This is indeed a serious point of considera-
tion for SMS when the targeted compound contains volatile
elements or if volatile chemicals can be evolved in the melt. The
loss of ingredients can easily occur, especially for systems
containing heavy metals.

3.2.2 Oxide cathodes for Li-ion batteries. Among numerous
ternary and multinary oxides realized by SMS, of particular
interest are a range of oxide ceramic cathode materials for
Li-ion batteries. Almost all the families of these cathode materials
have been synthesized by SMS with competitive perfor-
mance, including the LiCoO,, LiMn,0,, LiFePO, and Li,TiO,
families. In general, these compounds were obtained in the
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Fig. 8 LiCoO, nanostructures by SMS. (a and b) SEM images of LiCoO, particles
synthesized from LiCl and Co(NOs), in LiNO3 at 650 °C and 850 °C. (Reprinted
with permission from ref. 81. Copyright 2005 Elsevier.) (c and d) SEM images of
the "desert rose’’ shaped LiCoO, nanostructures synthesized in hydroxide melt at
200 °C for 24 h and 48 h. (Reprinted with permission from ref. 83. Copyright
2008 John Wiley and Sons.)

salt melt containing Li-compounds like LiCl, LiNO; or Li,CO3,
which not only serve as the component for the solvent, but
also supply Li atoms to build the targeted compounds. LiCoO,,
for instance, was synthesized by Tan et al. using the mixed
melt of LiCl-LiNO; with dissolved cobalt nitrate.** Crystalline
products of 100-500 nm in size were obtained at a temperature
of 650 °C (Fig. 8a and b), and the reaction can be simply
expressed as:

Li* + Co®>" + 3NO;~ — LiCoO, + 3NO, + 1/20,

(13)

The reaction can be promoted in the presence of a stronger
base KOH, which oxidizes Co** to Co®" and afterwards precipi-
tates LiCoO, via:

Li" + Co®" + 40H™ — LiCo0O, + 2H,0 (14)

Regarding electrochemical performance, the results indicate
that products obtained at a higher temperature (850 °C) are
larger crystals (Fig. 8b) with a higher capacity (up to 180 mAh g™ ")
due to the formation of over-stoichiometric Li;,C00,. Similar
results are confirmed for LiCoO, synthesized in a different melt
system (LiCl/Li,COj3), in which the sample treated at a higher
temperature (900 °C) showed an initial capacity of 150 mAh g *
and much better cyclic stability, as compared to only 50 mAh g™*
capacity and fast decay for the sample treated at 600 °C.%
The same compound with a “dense-rose” texture was obtained
in a pure hydroxide melt (CsOH, KOH and LiOH) at a very
low temperature (200 °C).** In this system, an interesting
microstructural evolution of the intermediates from hexagonal
plates to packed balls was observed, revealing a dissolution—
oxidation-precipitation mechanism (Fig. 8c and d). The
author thus believed this microstructure is beneficial for the
superior electrochemical performance, especially at a high
discharging rate.
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The spinel-type LiMn(Ni),0, is another important cathode
material with potentially high operating voltage. In a melt of
LiCl and LiOH,* the precipitation of LiMn,;Ni,;0, easily
occurs from the precursors of MnOOH and Ni(OH), at a
temperature of 700-900 °C. In this system, however, the for-
mation of other Mn-containing binary oxides (like Mn3;0,) is
also thermodynamically possible.*® Guiding the system to
deposit the desired Li manganite therefore requires careful
control of several parameters, including the atmosphere and
ratios of the precursors. The obtained spinel type LiMn,0,
powders are composed of primarily micrometer-sized octa-
hedral crystallites, otherwise rather typical for crystals with
cubic symmetry, which is also found in a more recent work.*®
The results indicate that the reaction temperature should be
carefully selected in order to optimize the product with respect
to electrochemical performance. Low synthesis temperature in
salt melt cannot ensure the sufficient crystallinity required
for cyclic charging-discharging stability, while high synthesis
temperature leads to densification which almost deactivates
the material. The same temperature dependence of perfor-
mance is observed also in other electrode materials and is
mechanistically understandable. In another approach, Chang
et al.” first precipitated transition metal precursor TmOOH
(Tm: transition metal) in aqueous solution in room tempera-
ture to form spherical particles, and afterwards calcined the
metal precursor within a Li salt melt (LiOH-LiNO3) up to 800 °C
to get the target spinel-type compounds. Their result showed
that the spherical morphology of the precursor is nicely
retained after synthesis, demonstrating the potential of using
a template for structural control in the salt melt.

Recently, LiFePO, has emerged as a popular and competitive
candidate cathode material for Li-ion batteries due to its lower
cost and high capacity. Since it is a quaternary oxide system,
it is difficult to control the phase composition by conventional
solid state reaction. The salt melt route provides an easy and
cost-efficient access to this compound. In an early attempt,®®
the mixture of raw materials of Li,CO3, FeC,0, and NH,H,PO,
was first sintered at 450 °C, and then the sintered powders were
used as precursor and treated in KCI at 750 °C. The obtained
product LiFePO, with the olivine structure showed spherical
morphology and near-theoretical capacity (130.3 mA h g ).
It was later revealed from another investigation that treatment
in KCI melt not only facilitates a more rapid crystal growth, but
also enhances the textural packing density of the product,
which are both beneficial for electrochemical application.®”

Apart from the previous popular families, new oxide cathodes
for Li-ion batteries with better performance are continuously
developed. From the synthetic viewpoint, salt melt can of course
provide efficient routes to access these materials, as exemplified
further by Li,TisO,, and Li,FeSi0,.°%%*

3.2.3 Other multinary oxides. The SMS route has been
indeed extensively explored for the synthesis of various ternary
and multinary oxide systems during the past half century, and
the number of the oxide systems prepared in salt melt is growing
year by year. Most of these oxides are important functional materials
which can be for instance piezoelectric/ferroelectric ceramics,

This journal is © The Royal Society of Chemistry 2013
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Table 3 Examples of multinary oxides synthesized in molten salt
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Formula Precursors Salt systems

Synthesis temperature and products Ref.

LaMO; M = Al, Sc,
Cr, Mn, Fe, CO, Ni,

(a) MSO,, La(NO3)3, La,03; (b)
transition metal oxides, nitrate

Ge or In and Lay(CO;);; (c) metal nitrate
or NaNO3/KNO;
Pb(MNDb;)O; (a) Metal oxides; (b) metal oxides;
M = Mg, Fe, Zn, (c) BaCO; and other metal oxides
Ni, Co (c) NaOH/KOH"
ReFeO; Re = La, Re oxides, and Fe(C,0,), NaOH
Pr, Nd
AeTm;,0, Metal oxides NaCl/KCl

Ae = Sr or Ba
Tm = Cr or Fe

Na(La)TaO; or (a) Na,COj3, T,0s;

(a) NaNO,/KNOs“ containing
NaNO, and Na,O, as additive;
(b) Li,CO3/Na,CO; (c) NaNO,

(a) Li,S0O4/Na,SO, or NaCl/KCl
or LiCl/NaCl; (b) NaCl/KCl;

(a) Na,SO,/K,S0y;

(a) 500-900 °C micro or nano-
crystalline powders; (b) 650 °C,
micrometer crystals; (c) 450-850 °C,
nanocrystalline powder

(a) 93 (b) 94 (c) 95

(a) 750-900 °C, nanocrystalline
powders; (b) 700-900 °C;
(¢) 350-500 °C

(a) 96 (b) 97 (c) 98

400 °C, micrometer cubic crystals 99

800-1100 °C micrometer or 100

nanocrystalline powders

(a) 900 °C, nanocrystalline powders; (a) 101 (b) 102

Na(K)TaO3 (b) NayCO3, K,CO3, Ta,05 (b) NaCl/KCl (b) 100-500 nm particles

K,;NbgO,1; NaNbO;; Nb,Os KCl, NaCl or CaCl, 800-820 °C nanorods of different 103
Ca(NbO3), length

ReTaO, Re = Gd, Metal oxides LiCl, Li,SO,, or Na,SO, 610-1200 °C 104
Y, Lu

BaTmO, BaCl,, Na,MoO, or Na,WO, or KNO; or NaNO; 400-550 °C micrometer crystals 105
Tm = Mo or W (NH4)sM0;0,4-4H,0

AeTmReOgq Metal oxides NaCl/KCl 750-800 °C 50 nm to over 1 um 106
Ae = Sr or Ba

Tm = Fe or Cr

Ca,Si0, or CazSi0; CaCOj; and SiO, NaCl 908-1140 °C micrometer crystals 107
9A1,05-2B,0; Al(OH); or Al,(SO,); and B(OH);  KCl or K,SO, ~1100 °C whiskers 108

“ Eutectic compositions.

magnets, ion conductors, phosphors, etc. In Table 3 we give
further examples in which the salt melt route is advantageous
over contemporary methods. It is not possible to list exhaus-
tively all the compounds synthesized, while based on the
understanding of the various oxides systems accessed by salt
melt synthesis, we are able to summarize general principles
behind the SMS for these systems, which are on the other hand
useful for the synthesis designing. (i) The chemistry involved in
these syntheses is rather simple as most cases can be understood
in terms of Lux-Flood acid-base reactions. (ii) The synthesis of
these oxides can be performed in both oxosalts like nitrate, or
alkali metal chlorides. Therefore, the salt melt does not play the
sole role of solvent, but sometimes it also participates in the
reactions and supplies (oxygen) atoms to the products. (iii) It
seems that the use of special precursor is completely unnecessary
because the solubility of salt melt solvents is in most cases high
enough to effectively mediate the reaction, even from simple
binary metal oxides (or carbonates). (iv) Compared with conven-
tional solid state reaction, the products are obtained at a compar-
ably lower temperature as the synthesis is performed in a liquid
medium with relatively lower melting points. Further, similar to
wet chemistry routes, salt melt synthesis as a high temperature
solvent route also enables the tuning of crystal habitus, exposed
faces and microstructure by controlling processing parameters.

This journal is © The Royal Society of Chemistry 2013

3.2.4 Complex oxides. Inorganic minerals built up from
blocks of XO, (X can be B, P, or Si) exhibit remarkable structural
complexity originating from the multiple coordinating geo-
metry of these XO, tetrahedra. The synthesis of these com-
pounds has long been challenged by the complicated structures
as well as their thermodynamic metastability. As judged by
some successful examples which appeared in recent years, the
salt melt route has shown to be a potential route capable of
producing such materials.

The first example to be introduced is the hydroxyapatite
[HAP, Ca;((PO,)s(OH),], which is a biomaterial of use in repairing
bones and teeth. Growth of crystalline HAP particles has been
realized in LiNO; at 260 °C from an intermediate precursor
prepared from CaCl, and K,HPO, in aqueous solution.'®® The
obtained powders are nanocrystalline (30-40 nm) with irregular
particle shapes. Since the salts are polar compounds and
therefore absorb microwave, the use of microwave heating
during SMS also yields HAP particles as well as micron-sized
rods.’™® In another work, it was demonstrated that in the
melt of K,SO,, NPs of HAP which served as seeds can be com-
pletely converted to whiskers with controllable size (Fig. 9a
and b).""*

Mullite is another example of a complex aluminum silicate
with strongly anisotropic crystal structure, and it always crystallizes

Chem. Soc. Rev., 2013, 42,8237-8265 | 8247
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Fig. 9 Whiskers of complex oxides by SMS. (a and b) SEM images of HPA whiskers
produced by seeded growth in K;SO,4 at 1300 °C. (Reprinted with permission from
ref. 111. Copyright 2001 John Wiley and Sons.) (c) SEM and (d) HRTEM images of
mullite whiskers synthesized in a B,O3 doped molten salts system. (Reproduced
from ref. 116 with permission from The Royal Society of Chemistry.)

into one-dimensional whiskers in a suitable environment.
Hashimoto et al. of Nagoya Tech. in Japan first'*>'** reported
the synthesis of mullite whiskers in the melt of K,SO, from
Al,(SO,); and silica. The reactions to form Mullite are believed
to occur through the following three steps:

Al,(SO,); + 3K,S0, — 2K3Al(SO,)3 (15)
K;Al(SO,); + Aly(SO,); — 3KAI(SO,), (16)
6KAI(SO,), + 25i0, — 3A1,0;-Si0, + 3K,S0, + 9S0; (17)

The product obtained at 1100 °C has a length of 2-5 um and
surface area of 136 m® g~ ', and the phase compositions as well
as microstructures are found to depend on the synthesis
temperature as well as the concentration of the precursors.
In a series of later publications, Zhang et al. found that the
mullite species obtained from the flux of Na,SO, are quite
precursor-dependent: only the combination of the amorphous
silica and the Al,(SO,); or amorphous Al,O; resulted in whisker-
structured mullite.'** *'® Moreover, the authors revealed that
the presence of a small amount of B,O; in the sulfate led to
uniform mullite nanowires of 30-50 nm in diameter and
around 1 pm in length (Fig. 9c and d).

Moving to a higher order of structural complexity, zeolites are
nice examples that are thermodynamically metastable and adopt
a porous framework structure built up from SiO, and AlO, units.
For a long time, artificial zeolites of different characteristics have
been accessible by other means, such as hydrothermal methods
using templates. Park et al. showed that treatment in salt melt
converted mineral waste (fly ash) to different types of zeolites
(Fig. 10)."7"* Depending on the different combination of
alkali (NaOH, KOH) and salt (NaNO3z;, KNO3, NH,NO;, NH,F),
the obtained zeolite species can be single phase sodalite or
cancrinite, or their mixtures. Fig. 10 shows an example of phase
evolution throughout ‘“zeolitization” of fly ash in NaOH/KOH
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Fig. 10 Zeolitization of fly ash in NaOH/KNOs salt melt. (a) Phase evolution with
increasing temperature examined by XRD. C: cancrinite; M: mullite; Q: quartz;
S: sodalite. (b) TG-DTA traces of the mixture of fly ash and the salt (NaOH/KNO3).
(Reprinted with permission from ref. 119. Copyright 2007 Springer.)

from 150 °C to 350 °C. In this system the optimized range of
reaction temperature is 250-350 °C for durations from 3 h to
12 h."*® Complete conversion in this system can be reached
under those conditions, while the synthesis of single phase
zeolite is still impossible. The products are always a mixture of
sodalite and cancrinite, while the fraction of each phase is
related to many factors, such as composition of the salt and
precursors, and the processing conditions.

4. Non-oxides from SMS

Oxides can in general be precipitated in salt melt based on
simple acid-base chemistry, whereas the synthesis of non-
oxides is a different story, partly because of their different
redox chemistry as well as bonding character. They can be
divided into two groups according to the covalent bonding
strength: (i) compounds like borides, carbides and silicides,
which are built up with strong metal-nonmetal covalent bonds
which usually require a very high crystallization temperature;
and (ii) chalcogenides, which are much weaker in bonding
energy and can be in general accessed in mild temperatures.
These materials are introduced in the following sections.

4.1 Borides

Boron bonds strongly to transition metals, forming metal borides
which are usually chemically robust and mechanically strong.

This journal is © The Royal Society of Chemistry 2013
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Synthesis of borides by reaction from the elements is extremely
difficult under a moderate temperature in salt melt, because
boron is almost insoluble in most salts. To design a reason-
able synthesis route, at least one of the precursors should
be miscible with the melt to facilitate mass transport. CrB,
as an example, was synthesized in AICl; in an autoclave at
650 °C from CrCl;, Na and amorphous boron by the following
reaction:"*!

CrCl; + B + 3Na — CrB + 3NacCl (18)

Metallic sodium in the above reaction serves as the reducing
agent to generate Cr(0). Afterwards, CrB nucleates and grows
into nanorods of 10-30 nm in diameter. The samples are
nanocrystalline as indicated by the strong broadening of the
XRD peaks. In the work reported by Portehault et al.,"** nano-
crystalline borides of many transition and rare earth metals
were synthesized in salt melt of eutectic LiCl/KCI. They applied
a similar reduction-boronation process, in which metal chlor-
ides were used as metal precursors and NaBH, was used as the
boron source and also the reducing agent. The reaction that
took place in the salt can be simplified as:

MCI, + NaBH, — MB + NaCl + HCI (19)

Different nano-borides are formed under different condi-
tions. Fig. 11 shows two examples of nano-boride synthesized
using this process. Furthermore, CaBg, CeBs, M0OB,4, NbB,, HfB,,
FeB and Mn,B were synthesized, suggesting wide extendibility
of this process. Without the use of reducing agent, the prepara-
tion of boride from oxide precursors can also be accomplished
when electrons are supplied from electrodes, as exemplified by
CeBg production in molten fluoride.'*
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Fig. 11 Metal borides synthesized in LiClI/KCl from metal chloride and NaBHj.

(a) XRD pattern and (b) HRTEM image of NbB, NCs. (c) XRD pattern and (d) HRTEM

image of CaBg NCs. (Reprinted with permission from ref. 122. Copyright 2011 John
Wiley and Sons.)
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4.2 Carbides

Similar to borides, various metal carbides have also been accessed
by salt melt synthesis but based on a different chemistry. Metal
carbides, in the first place, can be synthesized directly from
carbon and metal at high temperature. Such a direct route has
been applied for W,C using the salt melt of NaCl/KClI at 1000 °C,
giving particulate products with 300-500 nm in crystal size."** In a
similar system,'* polycrystalline carbide nanofibers of Ti, Zr,
Hf, V, Nd and Ta were obtained from the reaction of metal
powders with carbon nanotubes at 950 °C in the ternary salt
melt of LiCl/KCI/KF (Fig. 12). The results confirmed the possi-
bility of use of structural templating in molten salt synthesis,
indicating very limited corrosion of the hard template by the
salt. In addition to the binary systems, starting from elemental
powders, the ternary carbide Cr,AlC was obtained in chloride
melt in a moderate temperature range (900-1200 °C).'*°

Conversion of metal oxides to carbides in the presence of
carbon is also thermodynamically possible and occurs through
the so-called carbothermal reduction.” In the salt melt sol-
vent, the reaction occurs in the same way, yet the kinetics and
the morphology of the products are greatly affected by the salt.
TiC : N micrometer powders were synthesized by Chen et al.'*®
along this path at 1300 °C; a higher synthesis temperature leads
to back oxidation of the product. For the system of TiO,-C-
NaCl, the addition of Mg helps in the formation of TiC in an
accelerated way by internal combustion which can heat the
system to over 2000 °C."*° The combustion is the result of rapid
reaction between Mg and TiO,:

TiO, + 2Mg — Ti + 2MgO (20)

TiC is formed afterwards through the reaction of Ti(0) with
carbon. The combustion synthesis of metal carbides in salt
melts was extended for the synthesis of other carbides, such
as WC."°

Fig. 12 Metal carbide nanofibers by templated synthesis using carbon nano-
tubes in LiCI/KCl. (a and c¢) SEM and (b and d) TEM images of (a and b) TiC and
(c and d) ZrC nanofibers. (Reprinted with permission from ref. 125. Copyright
2009 Elsevier.)
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4.3 Silicides

Metal silicides are of weaker covalent bonding strength com-
pared to borides and carbides, and practically they can be
accessed with much better crystallinity at mild temperatures
lower than 1000 °C. For example, VSi, was synthesized in the
melt of NaCl/MgCl, at only 650 °C, based on the following
reaction:'*"

VCl, + 2Si + 4Na — VSi, + 4NaCl (21)

Here, a strong reducing agent, again Na, is used which is
crucial for the process. The particles as observed from an electron
microscope are 40-60 nm in size and oxidation resistant. In the
second example, the silicide of Mn, Mn;Siz, was synthesized
along a different reaction:"**

5MnCl, + 3Mg,Si — Mn;Si; + 5MgCl, + Mg (22)

In this system excess MnCl, served as the reactant and also
as salt melt. The resultant silicide showed interesting structure
of nano-cages and bamboo-like nanotubes (Fig. 13), implying
that a complicated nucleation and growth mechanism involving
intermediates has been evoked.

Similar to carbides as discussed previously, metal silicides
can also be produced by the salt melt moderated combustion
synthesis. Manukyana et al.'** synthesized MoSi, by this route
using MoOs3, Si and Mg as reactants and NaCl as the salt. The
use of NaCl as a diluting agent which slows down the combus-
tion was found to play the key role in regulating the particle size
below 1 um.

4.4 Chalcogenides, polychalcogenides, thiophosphates and
beyond

Compounds of metal with chalcogens and pnictogens show
distinctive features different from oxides in their electronic and
crystal structure, thus offering intriguing new properties. Apart
from the well-known binary chalcogenide semiconductors (which
will be introduced in the following section), many chalcogenides
of transition metals are metallic conductors, which can be applied
in electronics and catalysis. Examples of simple chalcogenides
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Fig. 13 TEM images of (a and b) MnsSis nanocages and (c and d) nanotubes
synthesized from Mg,Si and MnCl,, in which MnCl, was used as both reactants
and flux. (e) Schematic illustration of the mechanism for nanocage and nanotube
formation. (Reprinted with permission from ref. 132. Copyright 2004 Elsevier.)
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accessed by the salt melt route are in fact rare. Afanasiev and
coworkers™* synthesized a set of sulfides from metal pre-
cursors and elemental sulfur in the Na,CO; (or Li,CO;) melt.
The reaction was carried out in glass reactors at mild tempera-
tures (250-400 °C). In their experiment, different sulfides were
produced depending on the type of salt and precursors. For
instance, reaction of CoCl, with S in Na,CO; resulted in single
phase CoS,, while for NiCl, under the same reaction conditions
the product is Nag ogNiS,. It was found that the alkali metal
ions intercalated easily into the final product, especially for
MoS;; in contrast C1™ anions were not detected. This is probably
due to the huge difference in the size of alkali metal cations and
halide anions.

On the other hand, metal chalcogenides exhibit rich struc-
tural variations as chalcogen atoms tend to catenate and to
coordinate with multiple metal atoms. Interesting properties
disclosed for this group of materials stimulated continuing
effort for the development of novel synthetic routes. Synthesis
of these polychalcogenides by a high temperature process, such
as solid state reaction, is impossible as the polychalcogen
anions are not stable. Metal (poly)chalcogenides with low melt
temperature represent an ideal flux which at the same time
serves as precursors in the SMS. A series of such compounds
have been grown from alkali metal polychalcogenides in the
form of single crystals. The flux in these systems did not supply
chalcogens as separated atoms, but only as polychalcogen
anions which are then refound as building blocks in the
products. Furthermore, the basicity as well as the oxidizing
powder of the salt melt has been confirmed to be important
factors which could determine the structure and phase compo-
sition of the products, for instance KAuSe,. The materials
developed from the chalcogenide melts are however not con-
strained to chalcogenide products; for instance the synthesis of
thiophosphate could be performed in a K,S melt, as reported
for ASnPS, (A=K, Rb, Cs). Discussion of the synthetic chemistry
and the crystal structure of these systems is far beyond the
scope of this review, while these works point clearly that the use
of new salt media, as exemplified here by metal chalcogenides,
could open up completely new gates for materials synthesis and
development.*3>13¢

4.5 Metal and alloy nanostructures

Salt melt synthesis also allows easy access to a range of
materials which are not included in the sections above. One
case is the synthesis of metallic materials in chemically inert salt
melt, such as fluorides or chlorides. From the chemical view-
point, the synthesis of metallic materials can be easily realized
through the reduction of metal precursors (such as oxides or
halides) with a strong reducing metal, such as Al or Mg. Indeed,
this strategy has been applied for a long time for the synthesis of
alloys and ordered intermetallic compounds,'*”**® in which the
electrons are provided by the reductants.

Contrary to our common viewpoint that oxide anions like
NO;~ are quite oxidizing, metal and alloys were also synthe-
sized in such oxidizing melts. In a recent paper, Zhao et al.'**
showed the synthesis of concave Pt NPs from tetra-amino

This journal is © The Royal Society of Chemistry 2013
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platinum oxalate (Pt(NH3),C,0,) in the melt of LiINO3;-KNO;
containing KOH. The product was observed at a temperature
below 200 °C, and the occurring reaction was described as:

Pt(NH;),C,0, + 4KOH — Pt + 4NH; + 2K,CO; + 2H,0
(23)

In the same salt melt, without the use of any reducing agent,
the author can even synthesize a nano-alloy of Pt with Cu,
which has in principle a stronger affinity for oxygen. The
as-obtained Pt,Cu,, alloy particles also showed concave contour,
and the composition could be easily tuned.’*® These results
implied the high stability and on the other hand the limits of
oxidation capability of these nitrate, hydroxide and carbonate
anions, thus implying the possibility of their application as
“inert” solvents in a broader range of synthesis.

5. Element and compound semiconductors
5.1 Group II-VI compound semiconductors

Binary metal chalcogenides are important semiconductors with
bandgaps varying from near violet to the far infrared region. As
a complementary method to the conventional wet-chemistry
routes, the salt-melt route has been consistently applied to
access these compounds, from sulfides to tellurides. Since
chalcogenides crystallize easily at mild temperatures, salt
systems with low working temperature are often applied. Here,
organic salts seem to be a natural choice, which melt below
100 °C, and they have indeed served successfully as solvents for
the growth of different chalcogenide semiconductors from bulk
to nanostructures.'*!

Inorganic salts with low melting point, such as nitrate and
hydroxide, however, have also been employed as the solvents
which can provide a suitable temperature window for the
synthesis of metal chalcogenides, irrespective of their oxidizing
nature. In a series of works, Hu and coworkers obtained
nanostructure of metal chalcogenide semiconductors by the
salt melt route, which they named the composite-hydroxide-
mediated approach.'*> The accessible materials by their
approach include sulfides (ZnS, CdS and Bi,S;), selenides (CdSe
and PbSe) and tellurides (CdTe and HgTe). These materials can
be synthesized using metal salts and element powder of S
(or Se, Te) or Na,Ch (Ch: chalcogen) as precursors at tempera-
tures below 200 °C. It was found that metal sulfides can be
generated in the hydroxide melt without the use of a reducing
agent, while for selenide and telluride reducing agents such as
hydrazine are usually needed. For different systems a similar
reaction mechanism is believed to be involved. In the first step,
a disproportionation reaction between the chalcogen and the
hydroxide anions occurs by:"*?

3Ch + 60H~ — 2Ch?>™ + ChO,>™ + 3H,0 (24)
Afterwards, metal chalcogenides precipitate by:
Ch*" + M** —» MCh (25)

The product obtained from this approach usually showed rod
or wire-like structures, suggesting the presence of a preferred

This journal is © The Royal Society of Chemistry 2013
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Fig. 14 Metal chalcogenides semiconductor nanostructures synthesized in molten
NaOH/KOH. (a and b) SEM images of CdSe NPs and nanorods synthesized from
Cd(NO3), and elemental Se in the presence of (a) 2 mL and (b) 8 mL water at
200 °C. (Reprinted with permission from ref. 144. Copyright 2010 Elsevier.) (c and d)
SEM images of HgTe (c) nanorods and (d) microsized cubes synthesized from
Pb(NO3), and elemental Te in the presence of hydrazine. (Reprinted with
permission from ref. 146. Copyright 2009 Elsevier.) (e) SEM and (f) TEM images
of Cu,_,Se nanowires synthesized from CuCl, and elemental Se. (Reprinted with
permission from ref. 147. Copyright 2010 American Chemical Society.)

crystal growth direction."**™"” Fig. 14 presents the EM pictures
of the typical metal chalcogenides nanostructures synthesized in
hydroxide melt.

Molten nitrate (LiNO3;-KNO3) has also been employed as
solvent for the synthesis of metal chalcogenides using metal
salt and Na,S as precursors. CdS, SnS, and Bi,S; have been
synthesized by different groups using this route,"**™**! in which
the nitrate is truly a solvent that does not participate in the
reaction. These investigations suggest that both hydroxide
and nitrate in this medium are chemically quite inert and
non-oxidative for chalcogenides, which was at that point quite
unexpected.

5.2 Group VI semiconductors

5.2.1 Si and Ge NPs. Semiconductors of the group VI
elements include the two elemental semiconductors Si and
Ge and the compound SiC. All these three materials are
covalent solids built up from sp® bonds, and they show poor
crystallization kinetics at mild temperatures, thus excluding
conventional wet-chemistry routes. Recent work has proved
that the SMS route can provide a better liquid-phase access to
all these materials.

Si in its elemental form is the foundation of the current
semiconductor industry. In the nanoscale dimensional, Si could
offer a variety of new opportunities spanning from electrochemical
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energy storage to optoelectronics. Synthesis of nanoscale Si has
been consistently pursued by different physical and chemical
ways. The synthesis of Si NPs in salt melt is based on magnesio-
thermic reduction. Unlike the magnesiothermic synthesis of
Ti-B and other compounds in which drastic combustion
occurs, in the process carried out in eutectic LiCl/KCI the
reduction of silica by Mg powders proceeds in a mild manner,
thus allowing the process to be controlled at ease. The for-
mation of Si was observed at 550 °C, and crystal size grew with
reaction temperature gradually from less than 10 nm to 50 nm
at 900 °C. This crystal growth is also reflected by the change of
apparent color of the products, which is due to shift in the
optical absorption edges, reminiscent of the quantum confine-
ment effect (Fig. 15a, c-e). The particles from this route are
always attracting each other, and the agglomerates grow in size
with the increase in synthesis temperature.

The process applied for Si NPs can be easily extended to
the synthesis of Ge NPs. Due to the much weaker bonding
strength, Ge NPs were obtained at a much lower temperature
(450 °C). The color of the product changed from wine red to
black as the crystal size increased from 5 nm to over 20 nm
(Fig. 15b, f and g). This change indicates again the presence of a
quantum confinement effect for the Ge NPs. Despite that the
particles obtained are aggregated for both Si and Ge, they are in
fact easily re-dispersible in aqueous media, thus enabling
further modification of the surface characteristics. The SMS
route is expected to provide a cheap and scalable access for
Si and Ge nanostructures, which may open up large scale

View Article Online
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applications of group IV nanomaterials in fields, such as
photovoltaics."**

5.2.2 SiC nanostructures. Silicon carbide is an important
wide bandgap semiconductor and an excellent ceramic material
for application under harsh conditions. As SiC is constructed
with strong covalent bonds, crystallization of SiC normally
requires high temperatures. For instance, at over 1400 °C SiC
crystals can be synthesized based on carbothermal reduction
from SiO, and carbon. In a eutectic LiCl/KCIl melt, the syn-
thesis of SiC can be realized at much lower temperature below
700 °C.'">® The strategy was again based on the magnesio-
thermic reduction of SiO, in the presence of a carbon source.
To make the synthesis possible, it was necessary to use amor-
phous (or organic) precursors that are of higher reactivity,
because crystalline precursors (quarts and graphite) resulted
in very limited conversion. The reaction between the educts can
be simply expressed by the following two steps:

2Mg + Si0, — Si + 2MgO (26)

Si+C - SiC (27)

Through monitoring the phase evolution by XRD, it was
clear that the formation of Si occurred at a lower temperature
around 550 °C, while SiC was observed only at higher tempera-
tures (>650 °C). We attribute this minor difference to the fact
that the Si has to react with the amorphous carbon, which is
expected to be driven by non-crystalline species, in equilibrium
with the crystals at higher temperatures.

Si0, + 2Mg - Si + 2MgO
GeO, +2Mg - Ge + 2MgO
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Fig. 15 Si and Ge NCs synthesized in molten LiCI/KCl. (@ and b) XRD patterns of Si and Ge NCs synthesized at different temperatures. The insets in (a) are the
corresponding digital images of Si NCs powders and the evolution of crystal size with synthesis temperature. The inset in (b) is the digital images of the powders of the
Ge NGs. (c and d) SEM images for Si NCs synthesized at 600 °C and 800 °C. (e) HRTEM images for Si NCs synthesized at 600 °C. (f and g) TEM images of Ge NCs
synthesized at 450 °C and 500 °C. The insets are the corresponding electron diffraction patterns. (Reproduced from ref. 152 with permission from The Royal Society

of Chemistry.)
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Fig. 16 Phase and structure modulated synthesis of SiC in molten LiCl/KCl. (a) Schematic of phase transition driven by crystal growth for nanoscale SiC. (b) XRD
patterns (left) of SiC synthesized from Mg, carbon and SiO, at different temperatures. The right panel shows the dependence of phase fractions of cubic and hexagonal
structure and crystal size on synthesis temperature. (c) XRD patterns of SiC synthesized from Mg, glucose and SiO,. Only cubic SiC is observed with very small crystal size
(<5 nm). (d) TEM and (e) HETEM images of SiC NCs synthesized from Mg, carbon and SiO, at 750 °C. (f) TEM and (g) HETEM images of SiC/C hybrid synthesized using
glucose as carbon precursor. (h) SEM and (i) TEM of SiC nanospheres synthesized using silica nanospheres as templates. (Reprinted with permission from ref. 153.

Copyright 2013 American Chemical Society.)

The results further showed that the characteristics of the
produced SiC not only depend on the synthesis temperature,
but also on the types of carbon precursors. A high synthesis
temperature facilitates growth in crystal size which makes
the hexagonal form 2H-SiC more stable (Fig. 16a and b).
On the contrary, small crystals (<5 nm) stabilize with the
cubic structure (Fig. 16c¢), regardless of the different synthesis
temperatures (650-1000 °C). This result suggests that small
crystal size always favors a high symmetric structure (3C-SiC),
while bigger crystals are less dominated by surface energy
and thereby can minimize their structure differently, ie.
the phase diagram for SiC in the nanoscale region is size
dependent.

Concerning morphology, the results indicate that the use of
amorphous carbon always results in a particulate product
composed of 8-40 nm crystallites depending on temperature
(Fig. 16b, d and e). In contrast to that, the use of glucose as a
carbon precursor led to SiC crystallites of much smaller size
(<5 nm) dispersed in a carbon matrix (Fig. 16¢c, f and g). It is
shown further that a templated synthesis in a salt melt could be
realized by using silica microspheres of around 100-200 nm
(Fig. 16h and i). These results clearly indicate that in the salt
melt the control of phase as well as the microstructure for SiC is
possible.'??

This journal is © The Royal Society of Chemistry 2013

5.3 B, C, N-based light element semiconductors

5.3.1 BN crystals and thin sheets. Examples of Group III-V
semiconductors from salt melt synthesis are rare probably due
to the limited choice of solid state nitrogen precursor. In 2007,'>*
Gu and co-workers realized the synthesis of BN with the hexagonal
structure (h-BN) in LiBr melt in a protective atmosphere at a
temperature between 600-700 °C. In their work, NaBF, and
NaNH, were employed as the boron and nitrogen precursor,
respectively, and the overall reaction can be described as:

NaBF, + 3NaNH, — h-BN + 4NaF + 3H, + N, (28)

The morphology of the products sensitively depends on the
synthesis temperature. Conglomerates of NPs were obtained at
600 °C, while after increasing the temperature by another 100 °C,
lamellar structures were observed, in line with the layered crystal
structure of h-BN.

As h-BN is exactly isostructural and isoelectronic to graphite,
and stimulated by the massive progress of graphene research,
the development of a synthetic route to single or few layer
BN sheet preparation also became particularly interesting for
chemists. In a quite recent work, a molten salt process was
shown to be very effective as a chemical oxidative exfoliation
method to synthesise BN nanosheets from bulk h-BN."® In the
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work reported by Li et al., bulk h-BN was treated in a molten
NaOH/KOH at 180 °C within an autoclave, and afterwards
the bulk powders were exfoliated into thin nanosheets via this
reaction:

BN + 3NaOH — Na;BO; + NH; (29)

The resultant products are mainly few layer nanosheets of
larger than 100 x 100 nm in size. Mechanistically, the authors
suggested that the process is based on a self-curling due to
attached hydroxide anions and the following peeling off
process. However, the yield of the process as given in the paper
is only 0.2%, which implying majority of the bulk h-BN is
etched away. Despite that there is still much space for the
optimization of this process, this salt-melt based oxidative
exfoliation process may potentially be applied for the synthesis
of other inorganic two-dimensional (2D) materials from their
bulk crystals (Fig. 17).

It is known that h-BN is a semiconductor (bandgap 5.2 eV)
while graphite is a semimetal; alloying of BN and graphite
could lead to stable compounds with narrower band gap than
that of h-BN. This hybrid of BN and C could also be synthesized
in a LiCl/KCI salt melt at 600-900 °C using NaBH, as a boron
precursor and urea or guanidine as nitrogen and carbon
precursors. Through careful control of the synthesis conditions
such as temperature and raw material ratio, water-dispersible
h-BCN nanosheets and BCN NPs of around 5 nm size with
varying carbon content were obtained. It was further shown

/molten hydroxides
N

" bulkh-BN

v) (iv)

Fig. 17 Exfoliation of bulk h-BN with molten hydroxides. (a) TEM images for
the h-BN nanosheets exfoliated in NaOH/KOH melt at 180 °C. (b) Schematic
illustration of the exfoliation mechanism based on a self-curling and peeling off
process. (Reprinted with permission from ref. 155. Copyright 2013 John Wiley
and Sons.)
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Fig. 18 BCN nanostructure synthesized in LiClI/KCl with tunable bandgap.
(a and b) Atomic force microscopy (AFM) characterization of the BCN nanosheets,
(c) AFM and (d) TEM images of BCN NPs synthesized from NaBH, and urea.
(e) Photoluminescence spectra of the BCN dispersions synthesized under different
conditions. (Reprinted with permission from ref. 156. Copyright 2011 American
Chemical Society.)

that the BCN NPs are luminescent and that their emission
spectra are adjustable by simply changing the carbon content,
suggesting a possible composition-tuning of the bandgap in the
ternary BCN system (Fig. 18)."°°

5.3.2 Polymeric CN-based semiconductors. In recent years
the SMS route was also applied for the synthesis of crystalline
polymeric graphitic carbon nitride (g-C3N,), a chemically very
powerful semiconductor. It is known that carbon nitride stabi-
lizes with different structures.’® Among them, g-C;N, with a
layer structure (Fig. 19a) is an important non-metal semi-
conductor of particular interest for photocatalysis which can
be synthesized by poly-condensation of many monomers,
such as cyanamide and dicyandiamide. In the work of Bojdys
et al., the condensation of dicyandiamide (NH,C(—=NH)NHCN)
was carried out in a LiCl/KCl melt at a temperature range
of 380-600 °C,"® yielding uniform crystalline hexagonal nano-
plates at over 580 °C (Fig. 19b and c). Based on both X-ray
diffractometry and molecular modelling, the product derived
from the salt melt route was assumed to be g-C3N, which has a
layered structure based on hexagonally arranged s-heptazine
units (Fig. 19a—c). Since metal and chlorine are always present
in the product, a lamellar structure with intercalated LiCl
was suggested later by Wirnhier et al, based on thorough
NMR and diffraction studies.'®® This structural model, however,

This journal is © The Royal Society of Chemistry 2013
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Fig. 19 Polymeric carbon nitride semiconductor from SMS. (a) Proposed structure of the ideal single layer g-C3N,4 based on 2D arranged s-heptazine (C6N7) units.
(b) SEM and (c) TEM images of crystalline CN polymer synthesized in LiCl/KCl. (d) Proposed structure of the 2D poly(triazine imide) with intercalated Br synthesized
in the salt melt of LiBr/KBr. Left: c-axis view of single layer; middle: c-axis view of two-layer stack, and right: b-axis view. Carbon, nitrogen, lithium and bromide
atoms represented as grey, blue, purple and red spheres, respectively. (a—c, Reprinted with permission from ref. 158, d from ref. 160. Copyright 2008, 2013 John Wiley

and Sons.)

still seems incorrect. In a recent study, the poly-condensation
of dicyandiamide was carried out in a LiBr/KBr, instead of
LiCI/KCl. The resultant product was found to be 2D layers of
poly(triazine imide) containing intercalated Br. This structure
has still a 2D architecture but is completely different from that
of either triazine or tri-s-triazine based layer arrangements
suggested for g-C;N,. In addition, the stacking distance between
two adjacent covalent layers can be adjusted through ion
exchange of Br with F."®°

With regard to photocatalysis, it was until recently that
the salt-derived crystalline triazineimide was found to be an
efficient photocatalyst for hydrogen evolution from water.'®*
The activity was superior to that of the g-C;N, obtained by
simple condensation of precursors without salt. The enhanced
performance was ascribed to the improved crystallinity for
the products obtained by SMS as compared to that of direct
condensation.

5.4 COFs and CTFs

Besides nanoscopic bulk materials, also porous materials can
be synthesized in salt melts. Applications range from catalysis,
gas storage and separation, energy conversion and storage to
photonics. SMS allows constructing these porous materials
from monomers or building blocks which already contain
certain geometrical information in order to precisely control
the properties of the final product. Such a polymerization,
when carried out without solvent, on the one hand only
proceeds incompletely because of restricted diffusion of the
monomers which prohibits the formation of extended ordered
structures.’®® On the other, structures are dense, as pores
cannot spontaneously form. Salt melts can act here both as
high temperature solvent as well as porogen.

Dynamic covalent chemistry (DCC) granted access to the
synthesis of highly porous, crystalline, polymeric materials
which are denoted as covalent organic frameworks (COF)."%*"%*
This process relies on reversible reactions which allow for an

This journal is © The Royal Society of Chemistry 2013

inherent structure optimization during the formation as
ordered materials with packing are thermodynamically more
stable. Following the primary work of Yaghi and co-workers
who reported on the synthesis of the first COF using boronic
acids as precursors under standard solvothermal conditions
(e.g- COF-1), so-called covalent triazine-based frameworks (CTFs)
were only possible through the application of salt melt
synthesis.'®® Here, cheap and abundant aromatic nitriles as
precursors were mixed with zinc chloride and heated in quartz
ampules. Interestingly, ZnCl, acts here as solvent for organic
chemistry as it is capable of forming a homogeneous solution
with the precursor molecules due to strong Lewis acid-base
interactions. On the other hand, the salt melt also serves as a
catalyst for the dynamic trimerization reaction and is therefore
a highly suitable medium for the formation of extended, porous,
high surface area frameworks which are thermally and chemically
rather robust.

When 1,4-dicyanobenzene (DCB, Fig. 20a) was used as a
precursor with one equivalent of ZnCl,, a crystalline triazine-
based organic framework with sheet-like structure was obtained
as revealed by XRD (CTF-1, Fig. 20b). Nitrogen sorption measure-
ments revealed CTF-1 to possess a surface area of 791 m* g~ " and
a pore volume of 0.4 cm® g which closely resemble the values
of COF-1. Additionally, the calculated pore size of 1.2 nm is in
accordance with the theoretical model (Fig. 20c)."®®

SMS however does not only allow DCC, but also heating the
covalent product beyond its stability limit. Here, an increase in
temperature led to a strong increase of surface areas and pore
volumes up to 3300 m* ¢~ " and 2.4 cm® g~ ', respectively.'®® This
can be attributed to the occurrence of additional irreversible
reactions of the triazine frameworks, ie. a fragmentation—-
recombination mechanism which lowers the amount of nitrogen
and creates additional mesoporosity by the onset of demixing with
the salt phase. Eventually, this resulted in hierarchically structured
micro- and mesoporous materials which are better described as
nitrogen-rich carbonaceous polymer resins (Fig. 20e).
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Fig. 20 CTF-1 synthesized from DCB in molten ZnCl,. (a) Reaction scheme of the dynamic trimerization of terephthalonitrile in salt melt, leading to the formation of a
2D framework with 1.5 nm channels. (b) Observed powder XRD pattern of CTF-1 (black) and calculated powder XRD pattern from an optimized structure (eclipsed
conformation AAA) of CTF-1 calculated with MS Modeling (gray). (c) Schematic representation of the structure of CTF-1 (C gray, N black); H atoms are omitted for
clarity. (d) Nitrogen sorption isotherms of the poly-DCB prepared at different temperatures. (e) HR-TEM picture of the sample prepared at 700 °C. (a, b and e Reprinted
with permission from ref. 165. Copyright 2008 American Chemical Society. ¢ and d From 166, Copyright 2008 John Wiley and Sons.)

In a following study, Thomas and co-workers were able to
synthesize mesoporous materials through the variation of salt
amount and type of precursor, reaching pore sizes up to 20 nm
in diameter."®” In this work, it was also shown, that the porosity
is mainly governed by the degree of phase separation, ie. the
miscibility of the precursor with the salt. Following the example
of CTF-1, Bojdys and co-workers employed the compound
2,6-naphthalenedicarbonitrile as precursor under the same
reaction conditions.'®® Based on the more rigid architecture
and the relatively higher chemical stability, the introduction of
mesopores could be achieved.

The chosen examples within this paragraph to our opinion
nicely elucidate the potential of SMS, and also open the way to
high temperature organic chemistry and its otherwise inacces-
sible reaction pathways. We believe that the SMS method can
be expected to grow especially in this area of research, with
high probability of leading to a set of very unexpected observa-
tions and reaction schemes.

6. Carbon nanostructures

6.1 Porous carbon by directed carbonization of sugar in
non-reactive salt fluxes

Carbon is one of the most important materials which experi-
enced a renaissance because of its diverse architectures with a
specific nanostructure and is now pursued extensively for
different applications. Porous carbon, for instance, can be
either a catalyst support or a medium for storing energy
electrochemically. Synthesis of porous carbon can be realized
in various ways from different resources such as biomass, coal
and polymerizable molecules. Chemical activation is still the
standard technique to generate carbons with very high surface
area, but comes with different disadvantages, such as materials

8256 | Chem. Soc. Rev., 2013, 42,8237-8265

defunctionalization and mass loss due to etching. We have
recently converted glucose to porous carbons using the eutectic
salt melt LiCI/KCL'®® In the salt melt, the carbonization of
glucose proceeds gradually through the elimination of water.
This process has been monitored by spectroscopic techniques,
like XRD, FT-IR and Raman spectroscopy. The porosity of the
carbonaceous product increases with carbonization tempera-
ture and reaches a maximum value near 600 m”> g ' at 700 °C,
but then decreases notably due to graphitization and improved
sample stacking. The porosity is contributed largely by micro-
pores (pore size < 2 nm). With respect to microstructure, the
products have an irregular and hierarchical morphology (see
Fig. 23 in the following section), and synthesis temperature
exerts an obvious influence on the evolution of microstructures
as can be seen from the EM images.

The mechanism for formation of porosity in metal chloride
melt is however unclear and potentially very exciting. Contrary
to direct carbonization without salt which does not result
in meaningful porosity, in the salt melt media glucose is
carbonized from a solvated form. Several recent publications
attribute a template role to the intentionally added salt during
the synthesis of carbons and other inorganic materials.’”**"*
While in our opinion the formation of pores in our system can
be of different origins which await to be revealed in further
investigations.

Since the carbons derived from the salt at even 1000 °C
showed high sp>-hybridization, but only little graphitic domains,
it is quite natural to add transition metals which have been found
to accelerate the graphitization of carbonaceous materials.’”>™7*
Based on our results, we found that iron, regardless of its
oxidation state and chemical form, is the most active catalyst
for graphitization among the late 3-d transition metals examined.
The addition of an iron salt to a molten salt solvent, as we expect,

This journal is © The Royal Society of Chemistry 2013
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leads to completely miscible solvent. However, here we cannot
exclude the presence of spurious amounts of iron (<10 ppm) or
other transition metals in the original salt melt, as they are
natural impurities in salt stocks. In the presence of inten-
tionally added iron salts (FeCl,), the graphitization of glucose
is obviously promoted, which is indicated by the increase in
the peak intensities in XRD patterns (002 peak) and the
Raman spectra (D peak). Moreover, the added iron salt catalyst
also leads texturally to a remarkable increase in the fraction
of sheet-like structures, which are ascribed to thin graphite
stacks.'®

6.2 Carbonization of ionic liquids in salt melts to ultrahigh
surface area carbons with salts as molecular templates

As stated in Section 6.1, carbon belongs to a unique class of
materials since its diverse properties render it highly suitable
for many applications while still being economical and abun-
dant. However, it is nowadays a commonly accepted approach
that the properties of carbon materials can be improved
through the introduction of heteroatoms such as nitrogen,
boron, sulfur or phosphor, with nitrogen being the most
frequent example. Here, the foreign atoms can be attached to
the surface, which mainly influences the chemical properties,
whereas the structural incorporation of the heteroatoms alters
the physical properties of the carbons.'”>7%

Just recently, ionic liquids were presented as versatile pre-
cursors for heteroatom-doped carbons, with a negligible vapor
pressure obviating the need for special equipment while the
liquid state enables for facile handling and processing.'” "
Here, the nature of the doping atom can be controlled via the
nature of the ionic liquid and the heteroatom amount and
binding state via the adjusting of carbonization temperature.
These materials are commonly nonporous; however, for most
applications porosity and high surface areas are essential.
In this regard, we recently presented an approach we call “salt
templating” in which salt melts are used as solvents and
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porogen in this process. As many ionic liquids as ionic carbon
precursors are fully miscible with many salt mixtures, this
approach enabled the one-step synthesis of highly porous
heteroatom-doped carbons with specific surface areas up to
2000 m”* g~ " and higher."”'®* The synthesis strategy is based
on the idea of carbonizing a thermally cross-linkable salt, i.e.
the ionic liquid, in the presence of a salt melt which cannot be
cross-linked but washed out with water after completion of the
condensation reaction. As porogen salts, eutectic mixtures of
ZnCl, with LiCl (LiZ), NaCl (SZ) and KCl (PZ), respectively, were
chosen, since their melting points are within the range of onset
of the ionic liquid crosslinking, all compounds are miscible
over a sufficient temperature range and the porogen salts are
water-soluble.

The synthesis was performed with the ionic liquids 1-butyl-3-
methyl-pyridinium dicyanamide (Bmp-dca), 1-ethyl-3-methyl-imid-
azolium dicyanamide (Emim-dca) and 1-ethyl-3-methyl-imidazolium
tetracyanoborate (Emim-tcb) in order to obtain nitrogen-
and nitrogen-boron dual-doped carbons. Depending on the
porogen salt, heteroatom-doped carbons with varying morpho-
logy and porosity are recovered after simple washing with water
(Fig. 21).

The products derived from the salt melts possess signifi-
cantly distinguished morphologies and porosities, reflecting
the local structure of the different salt melts. This is nicely
illustrated by the nitrogen sorption measurements of carbon
materials which were synthesized with different ionic liquids
but the same porogen salts, all revealing comparable porosities
for the respective salt mixture (Fig. 22). Therefore, it is reason-
able to ascribe a template character to the porogen salts where
the pore size corresponds to salt clusters and their percolation
structures resulting in micro- to mesoporous materials.

Even the utilization of very high salt concentrations did not
influence the carbon yield but led to very lightweight materials
with pores of up to 12 nm in diameter and pore volumes of
2.75 em® g '. Combining carbon synthesis with inorganic

Bmp-dca_LiZ_3_1000

4

" Bmp-dca_PZ_3_1000

Fig. 21 TEM (upper row) and SEM pictures (lower row) of nitrogen-doped carbons using Bmp-dca as precursor templated with LiZ (left), SZ (middle) and PZ (right) at
equal mass ratios synthesized at 1000 °C. (Reprinted with permission from ref. 170. Copyright 2013 John Wiley and Sons.)
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Fig. 22 Upper row: nitrogen sorption isotherms of Bmp-dca (left), Emim-dca (middle) and Emim-tcb (right) derived carbons templated with LiZ, SZ and PZ at equal
mass ratios. Lower row: schematic representation of pore formation for carbons templated with LiZ (left), SZ (middle) and PZ (right) at equal mass ratios. Each left
image depictures the carbon (grey)-salt (red) composite and each left the carbon after washing. (Reprinted with permission from ref. 170. Copyright 2013 John Wiley

and Sons.)

synthesis in salt melts, many different combinations of ionic
liquids, porogen salts and metal compounds synthesized simulta-
neously in situ may be envisioned.

6.3 Converting glucose to graphene

As discussed in Section 6.1, glucose can be converted into
carbon of primarily sp> aromatic C-C bonds in salt melts at
elevated temperatures. It was surprising that sheet-like struc-
tures were observed by EM for all samples prepared even at
comparably low temperatures. The question if it is possible to
produce sp” carbons like nanotube or graphene in the salt melt
in large quantity is a plausible deduction. Initial results indeed
demonstrated that conversion of glucose in salt melt into
graphenes with significantly improved purity is possible.*®
As it was speculated that the solution process forms the
graphene sheets, while a precipitation process results in only
weakly ordered carbon, the carbonization of glucose was
carried out at a much lower concentration (glucose/salt = 1/100,
as compared to 1/10 for the normal process). Here, thin-layer
structures are notably enriched across the sample (Fig. 23),
suggesting that indeed a solution growth mechanism is
involved. This is also reflected by a change in the nitrogen
sorption isotherm which evolved from a high plateau shape
(because of microporosity) to linear volume-pressure dependence
due to the absence of porosity and sheet surface adsorption.
Using AFM, the thin layer structures are directly confirmed to
be few-layer graphenes with a thickness from 0.6 nm to 5 nm
(Fig. 23e). However, apparent in-plane structure disorder is still
present for the graphenes synthesized in salt melt as the
electron diffraction measurement by TEM revealed only a
diffuse ring structure (Fig. 23d).

To enhance the efficiency of graphene production using
the salt melt route, an iron catalyst is a good option, which
was confirmed to improve graphitization. For the synthesis
of high purity graphene, carbonization however still needs
to be carried out at low precursor concentration, and the
efficiency of this process is still steadily improved at present.

8258 | Chem. Soc. Rev., 2013, 42,8237-8265

o

Height (nm)¢

a0 a2 N

o

1 2
Distance (um)

Fig. 23 Graphene from glucose by SMS. (a) Schematic of conversion of glucose
to porous carbon (or graphene) at high (or low) glucose concentration (Cg)
in LiCl/KCl melt. (b) SEM and (c) TEM images of the porous carbon synthesized
at 800 °C with high Cy (glucose/salt = 1/10). The green arrows in (c)
point the thin-layer at the edge of the main structure. (d) TEM and (e) AFM
images for the graphene synthesized from glucose at low Cy (glucose/salt =
1/100). (Reprinted with permission from ref. 169. Copyright 2013 John Wiley
and Sons.)

Interestingly, the catalytically derived MS graphene becomes
magnetic even after washing with HCI solution, implying the
remaining iron atoms to be trapped at or intercalated in
between the graphene layers.

This journal is © The Royal Society of Chemistry 2013
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6.4 Chemical structure control of carbon materials by metal
chloride salts

Carbonaceous materials are classically activated in order to
introduce porosity by different physical and chemical routes.
Classical chemical activation is often performed with molten
alkali metal hydroxides which are oxidizing and etch out weakly
bonded carbon atoms at elevated temperatures (>500 °C).'*® Pore
generation in carbons can also be carried out in salt melts of
ZnCl,, which look at a first glance as an activation effect compar-
able to KOH or NaOH. In an early study of Caturla et al.,*®” peach
stones were selected as the raw material and were treated with
varying amounts of ZnCl,. The results revealed an increase in the
surface area but reduction in yield with increasing amount of
the ZnCl,. At the optimized condition, the surface area reached
2100 m” g~ *, and a bulk density of around 0.3 g cm ™ for a sample
carbonized at only 500 °C was found. A similar salt melt dehydra-
tion process using ZnCl, was applied later to several ligno-
cellulosic materials such as coconut shells and olive stones, and
the creation of porosity and surface area over 1000 m> g~ were
reported. In some recent work on porous polymers as well as
carbons produced from ZnCl,,**"'8%%% the role of ZnCl, being
solely a chemical activation agent was questioned, and the
authors claimed that different mechanisms are dominant. Such
mechanisms regarding the pore generation using ZnCl, have been
proposed in some early works. In the first place, acidic chlorides
like AICl; and ZnCl, are generally regarded as “Friedel-Crafts”-type
catalysts that favors the condensation (alkylation and acylation
reactions) of aromatic hydrocarbons. Moreover, it is known that
ZnCl, for cellulosic materials serves as the dehydration agent, i.e. it
removes H,O molecules from the backbone and therefore promotes
the formation of reactive double bonds of the carbon skeleton,
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and by their cyclo-addition the creation of pores."®'*" On top of
that and at higher temperatures, the reduction of ZnCl, (possibly
ZnO) should be considered in some cases. It is at least thermo-
dynamically feasible that carbon reduces zinc compounds,
which opens up the side path of an oxidative pore formation.

6.5 Reactive doping and simultaneous generation of
ultrahigh porosity by dissolved oxysalts

The carbonization of sugar described above is performed in
inert chloride salts. In order to modify chemically the carbons
using the salt melt, our group has performed the carbonization
in the presence of reactive, oxidizing salts, such as nitrate and
sulfate. As for nitrate, heating its mixture with glucose in even a
nitrogen atmosphere could lead to explosion or drastic combus-
tion, which is mechanistically the same as the combustion of
black powder. When the mixture of glucose and nitrate (LiNOj; in
our work) is diluted with a LiCI-KCI] melt, runaway combustion
does not occur, allowing capturing the carbon product in a usual
way. The samples were synthesized at different temperatures and
different nitrate/glucose ratios.’®> We found that the increase in
either nitrate/glucose ratio or reaction temperature let to the
decrease in product yield, implying continued oxidation of carbon
by nitrate in the melt. The samples showed remarkable changes
in characteristics as compared to the products obtained in only
chlorides melt without nitrate. All the samples obtained showed
very high specific surface areas. For instance, at 800 °C, the
specific surface area reaches 1800 m”> g~ (Fig. 21¢), as compared
to only around 200 m®> g~' for samples from pure LiCI/KCL
Interestingly, the samples in different salt systems all evolved to
a thin platelet morphology; that means the structure is presumably
graphitic (Fig. 24b-d). After systematic analysis of the products,
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Fig. 24 Synthesis of heteroatom doped carbon sheet in reactive molten salt. (a) Schematic of the formation of N and S-doped carbons from glucose in the salt system

of NO5s~@LiCl/KCl and $O42~ @LiCl/KCl. (b-d) SEM images of doped carbon

sheets synthesized in the salt systems of LINOs@LiCl/KCl, K;SO,@LiCl/KCl and

Na,S,03@LiCl/KCl. (e and f) Fine scanned X-ray photoelectron spectra (XPS) in N 1s region for N-doped carbon produced in LINOs@LiCI/KCl, and S 2p region for
S-doped carbons produced in A: K, SO42~@LiCl/KCl, B: Na,S$,0;@LiCl/KCl. (g) Dependence of specific surface area and pore volumes on the synthesis temperature for
the doped carbons derived from different salt systems. (Reprinted with permission from ref. 192. Copyright 2013 John Wiley and Sons.)
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it was surprising to observe that all the samples contained
significant amounts of nitrogen, which decreased from 13 wt%
(600 °C) to 2% (1000 °C). After incorporation of nitrogen in the
carbon, the (002) peak in the XRD pattern grows notably, which
is common for N-doped carbon and indicates extended aromati-
zation promoted by nucleophilic nitrogen-species. Using X-ray
photoelectron spectroscopy (XPS), the presence of different C-N
bonds was confirmed, in which N can be pyridinic, pyrrolic or
graphitic (Fig. 24e). This result demonstrates clearly that N at its
highest oxidation state of +5 in NO; ™~ was reduced to —3 nitrogen
atoms bonded to the sp> carbons.

Stimulated by the successful N doping from nitrate, the
process was extended for the doping of sulfur into carbon by
simply replacing nitrate with a sulfate (K,SO,). Indeed sulfur
doping can be realized similarly in this manner. Elemental
analysis revealed sulfur contents up to 16 wt% for samples
prepared at 600 °C. With the increase in synthesis temperature,
the sulfur concentration decreased rapidly to only 2-3 wt% at over
1000 °C; this is typical for S-doped carbons as the C-S bonds are
energetically weaker compared to C-C bonds. Based on the XPS
results, sulfur atoms are bonded to the sp” carbon network in the
primarily reduced (sulfide) form, together with a small amount of
oxidized sulfur (S-O bonds). Similar to the previous systems, the
surface area for the sulfur doped carbon prepared in this process
also shows notable increase, suggesting an activation mechanism
for both of the nitrate and sulfate anions. To achieve higher
S-content, we replaced sulfate with thiosulfate, which contained
S in the oxidation state of —2 and +6. Maximum S-content up to
30 wt% was observed for the sample obtained at 600 °C, also in
the form of primarily thiophone-S and a small amount of oxidized
sulfones. Surprisingly, the surface area of S-doped carbon synthe-
sised in the presence of Na,S,0; exceeds 3200 m> g, which is
larger than the theoretical value for completely exfoliated graphene,
and comparable to finely activated carbons.

The origin of the activation process can be understood by
considering simple thermodynamics between carbon and the
oxoanions. For instance, assuming that CO, is the oxidation
product, the reaction of carbon with nitrate can be expressed as:

5C + 4NO;~ — 5CO, + 2N, + 20>~ (30)

While the reaction of the sulfate anion with carbon occurs in
a different way as it is not as oxidizing as nitrate:

C +280,>” — CO, + 280, + 20*~ (31)

The above reactions explain the formation of porosity and
the decrease in yield with temperature, which is due to oxida-
tive etching out of carbon atoms. The question of when and
how the dopant atoms (N or S) bond to the sp” carbon remains
unclear. Mechanistic investigations in this direction are still
in progress, but have some relevance for all possible organic
chemistry in salt melts.

6.6 Carbon nanotubes and graphite/salt intercalation
compounds

In this last section of salt melt carbon synthesis, we select two
more examples which could promise broader application of the
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a f—
> Leads to power supply
~  Thermocouple
=== Graphite rod electrodes

Alumina crucible
Molybdenum quasi-reference electrode

Lithium chloride melt

Fig. 25 CNT production in molten chloride. (a) Schematic of the cell design for
the electrolysis of graphite for CNT production. (b) SEM and (c) TEM images of
CNTs produced in molten salt. (Reprinted with permission from ref. 196. Copy-
right 2012 Elsevier.)

SMS route. The first example is the synthesis of carbon nano-
tubes (CNT). CNTs have indeed been synthesized in molten
salts, electrochemically. By electrolysis of a graphite electrode
in alkali metal chlorides (LiCl and KCl), it was observed that the
solid graphite becomes disintegrated and scrolls-up to CNTs
(Fig. 25)."%7'*° The product of this process can be easily collected
from the salt melt and the efficiency of the synthesis is rather
high compared to other CNT synthesis routes, such as chemical
vapour deposition (CVD).

In the second example, graphite intercalation compounds were
formed by reacting graphite with salt. This is in fact simple, well
known intercalation chemistry between graphite and FeCl;, which
is constructed from stacking layers of 2D FeCls octahedrons
(Fig. 26). Reaction of graphite with FeCl; results in a crystal
in which carbon sp® layer(s) are sandwiched periodically in

H U
=
o -

N W w
5 = =
a o o

f [ i) znd
FeCI3—>—_ 1st
S 1st

Fig. 26 Graphite/FeCls intercalation compound. (a) Structure of a 1st stage
FeCls/graphite intercalation compound. (b) Schematic illustration of FeCls/graphite
intercalate from 1st to 5th stage.
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between the 2D FeClg octahedrons. In addition, such inter-
calation compounds can have various structures depending on
the sequence of stacking between graphene and FeCl; layers.
Up to now, graphite intercalation compounds with FeCl; of
different c-axis length have been reported.'®” %!

7. Conclusions and future directions

After almost 50 years of development, the process of SMS has
spread from the initial oxide ceramics to a wide range of
nanomaterials, including polymer processes and carbon syn-
thesis. As a high temperature ionic solvent, the strong polarizing
nature at high temperatures offers unparalleled solvation
power for oxides and covalent solids, and therefore facilitates
mass transport and nucleation processes in a continuous liquid
phase. We have reviewed here recent progress of SMS in
inorganic crystalline materials, including oxide, non-oxide,
semiconductors and carbon nanostructure. The SMS route is,
in our opinion, especially suited for the production of materials
which have traditionally suffered by slow crystallization
kinetics in conventional wet-chemistry routes. As shown here,
all metal borides, silicon and SiC which are all built up from
strong covalent bonds could be easily accessed with highly
crystalline character. The process also improves the crystal-
lization of carbon nitride, and even carbon itself can be crystal-
lized to 2D layered structures, however being presumably
polycrystalline in the planes.

Another big advantage lies in the potential of morpho-
synthesis of controlled nanostructures by SMS, where - again
due to the highly polar character of this special solvent - rather
unusual highly polar faces of the NCs are getting exposed,
which are otherwise hard to access. These faces are in many
cases also the most interesting ones, as they for instance allow
unusual catalytic activations or oriented attachment towards
delicate superstructures.

For a fundamental chemical insight into the materials
synthesis by SMS, there is however still much to be revealed,
as the process and the chemistry behind are quite different
from conventional wet-chemistry approaches. For instance,
on a molecular level the structure of ionic salt species in
many systems has not yet been unambiguously understood,
let alone the interaction of the salt cations and anions with
many dissolved reactants, the solvation thermodynamics
and the (colloidal) process of nucleation and growth and
stabilization in salt melts. Investigations towards these direc-
tions are usually more complicated, as the high reaction
temperature impedes the use of in situ structural characteriza-
tion techniques.

On the other hand, the SMS route certainly opens up many,
partly radically new possibilities for the synthesis of known
materials but also new material development, as illustrated in
many cases in this review. This route may also be a non-
topochemical approach for the oxidative delamination of
layered materials, as demonstrated for BN nanosheets. We
further believe this route may also offer new, still not accessed
possibilities to build new complex structures, such as new

This journal is © The Royal Society of Chemistry 2013
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zeolitic materials, metal organic frameworks, and polymer
chemistry by utilizing tailored salt systems.

As a final comment, SMS can usually be regarded as a quite
green process because many salts are not volatile or harmful,
and they are mostly environmentally benign and can be easily
recycled. Industrialization of this process therefore seems
attractive. Magnified lab-scale batch synthesis can be a plausible
route, which is simple and straightforward, but usually has low
efficiency in terms of energy and time. For large scale synthesis,
we may adopt a similar continuous melting method applied in
the glass industry, which is much more energy-efficient and
capable of large scale production. However, to realize such a
system for SMS, substantial technical obstacles need to be over-
come, such as the separation of products from salt melt and the
integration of salt recycling into the whole systems.
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