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1. Introduction

This review aims to highlight a promising class of reactions that
potentially provide a simple and scalable route to nanomaterials.
These processes, which we shall refer to as melt reactions, are
solventless reactions carried out by heating a precursor, often
under an inert atmosphere, to bring about its decomposition.
The melt approach has been successful in preparing a broad
range of nanomaterials including metals, metal oxides, and
metal chalcogenides. A wide range of morphologies including
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The decomposition of melts of single-source precursors has yielded a range of interesting nanocrystals.
The metal and semiconductor nanomaterials produced often display very exotic morphologies. These
solventless, self-capping reactions are exceedingly simple and potentially scalable. In this review we
survey all examples known to us of this approach to nanoparticle synthesis.

spheres,” nanorods,>* nanowires,>” nanofabrics,” and nano-

disks**® have been prepared using this process.

The dominant chemical approach to nanoparticle synthesis
is currently hot-injection.'® There is also considerable interest
in heating-up reactions, which have attracted attention because
of their scalability.™ In comparison, melt reactions are simpler
and potentially easier to scale up than most other routes. Melt
reactions are solventless: this gives the melt approach a
potential economic and environmental advantage over both
hot-injection and heating-up approaches which use high
boiling point solvents and precursors.

An interesting feature of these reactions is that they are
usually “self capping”. Capping ligands play an important role
in nanoparticle synthesis: passivating the particle’s surface,
controlling the rate of growth and, in some cases, influencing
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the shape of particles formed. In a typical hot-injection
synthesis the solvent into which the precursor is injected acts
as the capping ligand. In melt reactions, ligands produced
during the precursor’s decomposition can cap the nano-
particles. Removing the need for solvents has both economic
and environmental benefits.

Another interesting feature of melt reactions is the proposed
relationship between precursor structure and nanoproduct
shape, most convincingly observed in the thermolysis of layered
thiolate precursors.*'>** This approach is a relatively new, and
largely unexplored, way to control nanocrystal shape. Some
researchers also claim that solventless methods reduce inter-
particle collisions, ensuring growth occurs solely by monomer
addition.>® Consequently, this approach has the potential to
give high quality monodisperse products.*®

A wide range of single-source precursors have already been
developed for use in metal-organic chemical vapour deposition
(MOCVD) and hot-injection syntheses.'**> While some of these
precursors have been used in melt reactions, a huge number of
promising molecules have yet to be investigated. Fig. 1 shows
the structures of some of the ligands that have been used as
precursors in melt reactions. We hope that this review will
stimulate further investigations into this class of reactions.
There is great potential to explore a more diverse range of
precursor chemistry and gain a better understanding of how
the reaction conditions and precursor structure influence the
size, shape, and composition of the nanoproducts. Ultimately
this approach could prove to be commercially important,
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Fig. 1 Some of the ligands used as precursors in melt reactions:
carboxylic acids (a), thiols (b) xanthates (c), dithiocarbamates (d),
dithiocarboxylates (e), and thiotetrazoles (f).

providing a simple, cheap, and scalable way to mass produce
nanoparticles.

This review aims to summarise all the examples to date of
solventless nanoparticle synthesis using single-source self-
capping precursors. The review is divided into two parts; the
first concerning elemental (metals) and the second compound
materials such as sulfides or oxides.

2. Metals

2.1 Metal nanocrystals from the salts of carboxylic acids

Silver. To the best of our knowledge Abe and co-workers were
the first to demonstrate the melt approach in their synthesis of
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Fig. 2 Myristic- (a), palmitic- (b), stearic- (c) and oleic-acid (d), and
aspartame (e) have been used to synthesise silver nanoparticles.
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silver nanoparticles.* The silver salts of myristic-, stearic-, and
oleic-acid (Fig. 2a, c, and d) were heated in a nitrogen atmo-
sphere at 250 °C forming silver nanoparticles capped by alkylate
ligands.*® The particles were dispersible in non-polar liquids
such as hexane, cyclohexane and toluene suggesting the alkyl
chains of the capping ligands point outwards."**

The spherical silver nanoparticles were assembled into
hexagonally close packed two-dimensional arrays by spreading
a toluene suspension of the nanoparticles on a water surface.'®
The silver core size was found to be independent of the organic
acid used. The separation between nanoparticles was depen-
dent on the alkyl chain length; longer chains resulted in larger
gaps between particles. This correlation supports the particles
being self-capped with the precursor fatty acids.***

Further investigation of the silver nanoparticles formed by
heating the silver salts of myristic-, stearic-, and oleic-acid
under nitrogen at 250 °C for 1-2 hours showed that the prod-
ucts from all three precursors were silver nanoparticles with a
mean diameter of 4.7 &+ 0.6 nm."” High resolution TEM imaging
revealed that only ca. 2% of the particles were single crystals and
the majority contained multiple twin defects.'” The fatty acid
used in the precursor caps the nanoparticles, preventing
aggregation. It was found that these capping ligands could be
removed by heating at 210 °C in air. Thin films of silver can be
produced by coating a surface with these nanoparticles and
heating it to 250 °C."”

In a similar reaction, Lee et al. heated the silver salt of oleic
acid (Fig. 2d), to produce silver nanoparticles.”*'* However,
their experiments were carried out at low pressures: they
transferred the dry silver complex to a Pyrex tube, flushed it with
nitrogen and then sealed it at 0.3 Torr. The temperature was
gradually increased at 2 °C min~" and then maintained at 290
°C for an hour before cooling back to room temperature.'®
Thermogravimetric analysis (TGA) shows that the silver-oleate
decomposes at 287 °C."™ Decomposition is believed to occur by
homolytic cleavage of the metal-carboxylate bond, forming free
radicals.” The oleate molecules act as capping ligands,
hindering addition to the surface, causing slow steady growth.
TEM images show a very narrow size distribution and inter-
particle separations of 2 nm.*®

This separation is significantly less than twice the approxi-
mate length of the oleate ligand (1.75 nm) suggesting inter-
digitation. Energy dispersive X-ray spectroscopy (EDX)
confirmed that the nanocrystals were pure silver.*®

Yang et al. produced a series of fatty acid stabilized silver
nanoparticles with different length alkyl chains.” The particles
were synthesised by heating the dry silver salts of fatty acids at
250 °C in a nitrogen atmosphere for 2 hours. A series of six acids
were used: -OOC—(CHy),,_,—CH; (m = 8, 10, 12, 14, 16, and 18).
In all cases the spherical silver nanoparticles produced were
found to be 4.7 + 0.6 nm in diameter.*

The silver salt of aspartame (Fig. 2e) has also been used in
the solventless synthesis of silver nanoparticles.”* Heating in a
furnace under a nitrogen atmosphere produces spherical silver
nanoparticles. Particle size depends on the temperature used;
185 °C for 10 minutes gave 5 £+ 2 nm particles whilst 200 °C for
10 minutes gave 45 + 10 nm particles. TGA reveals a mass loss
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starting at 185 °C and ending at 200 °C, infra red spectroscopy
(IR) reveals that this process corresponds to the loss of the ester
group. It is believed that the formaldehyde molecule released
forms H, and CO, two strongly reducing molecules, and these
species are key in reducing Ag(1) to Ag(0). The larger particle size
at 200 °C is explained as a consequence of the higher concen-
tration of these reducing molecules.**

Silver-carboxylate decomposition in the presence of an
amine has also been investigated.”>** Silver-myristate (Fig. 2a)
in triethylamine (NEt;) decomposes at the very low temperature
of 80 °C to produce highly monodisperse silver nanoparticles,
4.4 £ 0.2 nm in diameter. The precursor is insoluble in the
tertiary amine. It is proposed that an intermediate silver—
myristate-amine adduct forms and this intermediate
undergoes rapid thermal decomposition, forming myristate
capped silver nanoparticles dispersed in the amine. Gas chro-
matography and mass spectrometry confirm that the silver
nanoparticles formed are capped only with myristate and not
the amine, the interparticle separations seen in TEM images
also lend support to the view that the particles are myristate
capped.® All other reactions described in this review involve a
solid precursor being heated in a furnace to produce nano-
particles. At first glance this reaction appears to be different as it
was performed in a liquid. However, the liquid amine acts
neither as a solvent for the precursor, nor as a capping agent for
the nanoparticles formed. The myristate is a solid that
undergoes solventless thermolysis producing nanoparticles
capped by groups originating solely from the precursor. The
amine’s only role is that of a catalyst, making a reaction that was
previously performed at 250 °C take place at 80 °C.*

The approach to silver nanoparticle synthesis described in
this section may find applications in the electronics industry.
The European Union’s waste electrical and electronic equip-
ment (WEEE) legislation banned the use of lead in consumer
electronics.” This legislation prompted a shift in the electronics
industry from the use of tin/lead solders towards lead-free
alternatives.> Electrically conductive adhesives (ECAs), con-
sisting of a polymer resin combined with a metal filler, are one
alternative to lead based solders.”® Silver nanoparticles have
been incorporated into such ECAs, and the low temperature
sintering of Ag nanoparticles can lead to highly conductive
adhesives.”**

The silver salts of fatty acids are known to form silver
nanoparticles in melt reactions." These reactions have been
used in the development of new lead-free solders.”*** When
using conductive epoxy based adhesives in printed electronics,
high conductivity and short sintering times are both desirable
properties. Wong et al. describe the sintering of a composite
containing silver flakes.”® During sintering silver carboxylates
on the surface of the flakes decomposes to form silver nano-
particles. These nanoparticles sinter at temperatures well below
the bulk melting point of silver, rapidly forming metallic
bridges between the flakes, improving conductivity.”® The low-
ered melting point of silver nanoparticles has also been
exploited in the related area of screen printed thick films.** The
silver salt of palmitic acid (Fig. 2b) was heated under nitrogen at
250-270 °C for 90-120 minutes, producing silver nanoparticles

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3ta12900d

Open Access Article. Published on 09 October 2013. Downloaded on 4/8/2026 1:25:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

ranging in size from 5-50 nm. This silver nanopowder was
combined with an organic vehicle to form a conductive paste.
This paste can be screen printed onto a substrate and then
sintered. It is possible to sinter the paste at very low tempera-
tures: 250-300 °C, compared to 650-800 °C required for pastes
containing silver micropowders. The resulting films show
impressive resilience to high temperatures and high currents.”

The low sintering temperatures of silver nanoparticles mean
that melt reactions that yield silver nanoparticles may find
applications in the electronics industry. However, some
concerns remain regarding the toxicity and environmental
impact of silver nanoparticles.*

Gold. When Au(C;3H,,COO)(PPh;) is heated for 5 hours at
180 °C under a nitrogen atmosphere, spherical gold nano-
particles, 23 £ 5 nm in diameter, are formed.*' Infrared spec-
troscopy (IR), X-ray photoelectron spectroscopy (XPS), and 'H
nuclear magnetic resonance (NMR) of the nanoparticles show
that the gold cores are capped with myristate (C,3H,,COO) and
small amounts of PPh;. The liquid by-product is found to
contain myristic acid and the gold(1) complex [Au(PPh;),]". It is
proposed the reduction of Au(i) is accompanied by elimination
of PPh; that reacts with the precursor complex to give
[Au(PPh;),][C13H,,COO]. This complex does not decompose
and provides myristate ligands to cap the gold nanoparticles.
When the same reaction is carried out under atmospheric
conditions Au nanoparticle yield becomes quantitative as the
[Au(PPh;),][C,3H,,CO0] by-product is no longer formed. It is
believed that eliminated PPh; is oxidised to OPPh;. Increased
size and dispersity (70-180 nm) are seen and particle shapes
becomes non-spherical due to the absence of myristate and
PPh; to stabilize the gold nanoparticles.*® This reaction
demonstrates that the atmosphere under which a melt is per-
formed can influence the product morphology.

Nickel. Nickel oleate can be thermally decomposed in a
nitrogen atmosphere to give Ni nanoparticles the size of which
is strongly temperature dependent.’* At temperatures less than
333 °C no significant amounts of nanoparticles are produced, at
330 °C for 1 hour a trace of nanoparticles (with average diameter
of 5 nm) are formed, at 350 °C for an hour all precursor forms
nanoparticles with an average size of 5.1 nm, at 380 °C the
average size increases to 5.9 nm, and with 400 °C an average
diameter of 6.6 nm is seen. The temperature also influences the
crystal phase of the nanoproducts; face-centred cubic (fcc) Ni is
seen at 350 °C, at 380 °C a small amount of the hexagonal close
packed (hcp) phase is also seen and by 400 °C hcp is more
prevalent than fce. No nickel oxide is seen, even after prolonged
exposure to air, and it is believed that this is because the oleate
capping layer inhibits oxidation.**

2.2 Metal nanocrystals from the salts of thiols

Silver. The silver salts of thiols have been used as melt
precursors for silver nanocrystals.® An interesting feature of
solventless synthesis is the possibility for the crystal structure of
the solid precursor to influence the morphology of the nano-
products.”® Silver-dodecanethiolate is a layered solid which
when heated at 180 °C for 2 hours in a nitrogen atmosphere

This journal is © The Royal Society of Chemistry 2014
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forms silver nanodisks, with a diameter of about 16.1 nm and a
thickness of 2.3 nm.® It is postulated that these highly aniso-
tropic products are a consequence of the layered nature of the
precursor. Upon heating Ag(1) is reduced to Ag(0) with the cor-
responding oxidation of the thiol to a radical, leading to the
formation of a disulfide by-product (Fig. 3). The metal atoms
form a planar structure that is closely related to the layered
structure of the precursor. Interplanar diffusion of these silver
atoms will be hindered by organic chains and the large sepa-
ration between metallic layers (34.6 A). Therefore, particle
growth is primarily through in-plane diffusion of silver atoms
and is consequently anisotropic (see Fig. 4).® This approach
represents a method of control not available in solvent based
synthesis: influencing the nanoproduct’s shape through the
solid precursor’s crystal structure.™

Bismuth. Thiolates have also been used as precursors in the
solventless synthesis of bismuth nanostructures.’>**** As we
have already seen in the synthesis of silver nanodisks, layered
thiolate precursors can produce unusual product morphol-
ogies.® The bismuth thiolate Bi(SC;,H,s5); was shown by X-ray
diffraction to have a layered structure with interlayer spacing
of 31.49 A, a distance corresponding to approximately twice the
thiolate chain length. Thermolysis of this precursor was carried
out at 90 °C under vacuum." The nanoproducts produced were
shown to consist of only Bi (although heating at 250 °C under N,
gives Bi,S;, see Section 3.2). The morphology of the products
depends upon reaction time. Thermolysis at 90 °C for 2 hours
produces amorphous Bi nanofilms; these films are only 0.6 nm
(2 or 3 atoms) thick." At longer reaction times crystalline Bi
nanorhombi begin to form on the film. After 5 hours at 90 °C
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Fig. 3 The decomposition of silver thiolates to form silver metal and a
disulfide by-product.
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Fig. 4 Decomposition of layered thiolate precursors is believed to
lead to thin layers of metal atoms separated by thick layers of organic
molecules. In plane diffusion of metal atoms is encouraged while
interplane diffusion is limited, leading to asymmetric growth. This has
been seen for both silver and bismuth thiolates.?*?
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only layers of nanorhombi are present. The individual nano-
rhombi have side lengths of 21.5 nm, thicknesses of 0.9 nm,
and they form quasi close packed two dimensional arrays."
These observations give an insight into the mechanism of
solventless decomposition for layered precursors. The Bi layer
apparently inherits the layered structure of the precursor,
forming an amorphous nanofilm. Subsequently crystallisation
can occur by diffusion of metal atoms. However, the large
interlayer separation and the presence of the long alkyl chains
between layers means that the diffusivity is highly anisotropic
and diffusion is effectively confined to intralayer motion. In this
manner layered crystalline rhombi are formed.*” It is possible
that Ag nanodisks are formed by a similar mechanism, but due
to the higher reaction temperature (180 °C) crystallisation is
more rapid making it difficult to detect the nanofilm interme-
diate.® This work demonstrated the first synthesis of Bi nano-
particles below 100 °C without the use of a reducing agent;
illustrating the potential of solventless synthesis to provide
gentle and facile routes to nanoparticles."** As with silver thi-
olates it is presumed that this redox reaction involves the
reduction of Bi(ur) to Bi(0) and the oxidation of thiols to radicals
which combine to form disulfides.?®** The same Bi(SC;,Hs)s
precursor has been decomposed at higher temperatures (140-
180 °C for 3 minutes under vacuum) to give large spherical
Bi nanoparticles.** In this study it was found that increasing
the decomposition temperature reduced nanoparticle size
and improved shape regularity.** Wang et al. also studied
Bi(SC;,H,5); as a precursor for the solventless synthesis of Bi
nanoparticles.>® They were able to control product morphology
by incorporating additional capping agents into their solid
precursor. A precursor with an excess of dodecanethiol (DT) was
heated under N, for 10 hours at 120 or 135 °C to produce Bi
nanodisks. When polyvinylpyrrolidone (PVP) was added to the
Bi(SC;,H,s5); precursor, Bi nanospheres were produced by
heating under N, for an hour at 105 °C. It is suggested that the
layered nature of the DT precursor may play a role in directing
the formation of nanodisks while the PVP precursor probably
forms a colloidal system upon thermolysis leading to isotropic
growth of spherical particles.*® An alternative suggestion is that
nanodisks arise because DT binds strongly to the faces of Bi,
while PVP doesn’t adsorb preferentially on any face.*® Wang
et al. report that increasing the reaction temperature produces
larger Bi nanoparticles, in contrast to Carotenuto’s work dis-
cussed earlier.***

Gold. Nakamoto et al. used the single-source precursor
[C14H29(CH3)3N][Au(SC12H,s),] in the first solventless synthesis
of gold nanoparticles.*® The precursor was heated at 180 °C
under a nitrogen atmosphere for 5 hours. TEM images show
that the nanoparticles produced are spherical in shape and have
diameters ranging from 5 to 50 nm, with an average diameter of
26 nm. XPS was used to confirm that the nanoparticles consist
entirely of the Au(0) oxidation state, with no Au(i). XPS and
elemental analysis show that there is no S or N present,
demonstrating that thiolates and amines play no role in
capping the nanoparticles. The "H NMR spectra show that the
gold cores are capped by alkyl chains.* The organic liquid by-
product of this nanoparticle synthesis was found to consist
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primarily of the disulfide (C;,H,5S),. Trimethylamine (NMej)
was detected in the gaseous products. It is proposed that the
reaction proceeds by elimination of the thiolate radical,
reducing Au(i) to Au(0) and leading to the formation of the
disulfide by-product.*® This nanoparticle synthesis is achieved
without the need of a reducing agent, a solvent, or a capping
agent. It is suggested that the disulfide by-product plays a
stabilizing role as far larger particle sizes were seen when gold(I)
benzenethiolate precursors were used.*

A further study of this system focused on the role of the
ammonium ion; a series of precursors [RN(CH;);][Au(SC;,H;,),],
where R = CgH;, C1,H,5, and Cy4H,o were investigated.® Again,
conditions of 180 °C for 5 hours under N, were used to synthesise
spherical gold nanoparticles stabilised by alkyl groups.* It was
found that ammonium cations with one long alkyl chain are
better for nanoparticle synthesis than precursors with two long
alkyl chains on the ammonium. An ammonium ion with a single
long alkyl chain can easily eliminate trimethylamine and supply
an alkyl group to cap the gold core.®® It was found that the
addition of equimolar quantities of amine to the precursor
improved size regulation and allow the reaction to proceed at
lower temperatures.®® The exact nature of the amine used has an
effect on particle size and polydispersity. The amine, a mild
reductant, reduces Au(i) to Au(0) inhibiting the formation of
disulfide molecules. This means that thiolate ligands are present
to act as capping ligands.**

Palladium. The palladium-thiolate cluster [Pd(SC;,H,5),]s can
act as a precursor for the synthesis of Pd nanocrystals and Pd/
PdO core-shell particles (as well as PdS nanoparticles, see
Section 3.2).*” Chemically different products were obtained using
different thermolysis conditions. TGA of this precursor revealed
the loss of the hydrocarbon component at around 285 °C and the
sulfur moiety at about 325 °C. When heating is carried out in air a
small weight gain (4.5%), corresponding to oxidation, is seen
around 400 °C. This weight gain suggests partial oxidation as it is
significantly less than the value of 15% which would be expected
for complete oxidation. Unsurprisingly no oxidation is observed
if heating is carried out under an argon atmosphere.’” Ther-
molysis at 270 °C leaves the precursor unchanged whereas at a
temperature of 298 °C Pd(0) nanoparticles are formed. X-ray
diffraction (XRD) shows that these nanoparticles are not
completely crystalline and TEM imaging reveals that they are oval
in shape and range in size from 13 to 22 nm. This size poly-
dispersity is attributed to the absence of a surfactant. On heating
the precursor at 325 °C in air, core-shell Pd/PdO particles are
produced. XRD shows the fcc Pd phase and the tetragonal PdO
phase. Energy filtered TEM shows a palladium core with a PdO
shell. TEM images show a broad distribution of polygon shaped
particles 20-100 nm in diameter. Even at the higher temperature
of 425 °C complete oxidation does not occur.’”

2.3 Metals summary

The melt approach has already found application in the synthesis
of a range of metal nanoparticles. The metal salts of fatty acids
can undergo solventless thermolysis to form self-capped silver,
gold, and nickel nanoparticles. In all cases spherical particles

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3ta12900d

Open Access Article. Published on 09 October 2013. Downloaded on 4/8/2026 1:25:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

with a fairly narrow size distribution were formed; interparticle
separations, IR, and NMR support the idea that the particles are
self-capped and that the capping ligand has the same chain
length as the precursor."'** The reaction temperature appears to
play an important role in controlling particle size, with higher
temperatures generally yielding larger particles. In the case of
nickel, temperature also influences the crystal phase formed.*"**
Amines can catalyse these reactions, making them viable at
reduced temperatures.> The decomposition of silver carboxyl-
ates to form silver nanoparticles may find applications in print-
able polymer nanocomposites where the reaction leads to short
sintering times and high conductivities.?®

The metal salts of thiols have been used to synthesis silver,
gold, palladium, and bismuth nanoparticles by solventless
thermolysis. The decomposition mechanism involves the
oxidation of the thiol to a radical and the reduction of a metal
ion to its element. The radicals combine to form disulfide by-
products, which make poor capping agents explaining the
polydisperse products often seen with simple metal thiolate
precursors. In some cases thermolysis of the same precursor at
higher temperatures yields the metal sulfide product.'*?
Precursors containing an ammonium ion with one long alkyl
chain have been used in gold nanoparticle synthesis, facili-
tating the capping of particles with alkyl groups. Thiolate
precursors often adopt layered structures which can lead to
anisotropic nanoparticle growth.'>*?

3. Compound materials

3.1 Metal sulfide nanocrystals from dithiocarbamate
precursors

The second published account of a self-capping solventless
nanoparticle synthesis came from the O’Brien group.> An asym-
metric cadmium-dithiocarbamate precursor (Fig. 5) was heated
under vacuum at temperatures ranging from 150 °C to 300 °C.
The particles synthesised at 250 °C were approximately 5-7 nm in
size. IR and NMR confirm that the particles were capped with the
amine HNMe(C;gH3,). The crystalline phase of the CdS particles
was shown to be dependent on the thermolysis temperature: at
150-250 °C XRD showed a cubic phase but at 300 °C the largest
particles adopted the thermodynamically more stable hexagonal
phase. The amount of capping agent was also shown to be
temperature dependent. The particles prepared at 300 °C had
significantly less capping agent that those prepared at 200 °C, as
reflected in XPS C/Cd ratios and the particles’ solubility in
organic solvents.> The same group later produced the bismuth
analogue of this precursor, Bi(S,CN(C;sH3,)(CH3))s, and heated it
under vacuum for an hour at a range of temperatures from 150-

Fig. 5 The Cd and Bi complexes of this asymmetric dithiocarbamate
have been used in melt reactions, yielding CdS and Bi,Ss nanoparticles
respectively.>®
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300 °C.*® Spherical particles of crystalline Bi,S; were produced.
The particles synthesised at 250 °C were approximately 8 nm in
diameter and showed a fairly broad size distribution. Like the
cadmium analogue these particles are believed to be self-capped
with HNMe(C,gH;,).>**

Somsook et al. synthesised the cadmium-dithiocarbamate
complexes shown in Fig. 6. These precursors were heated at 700
°C under an N, atmosphere.*® The thermolysis residue appeared
to contain both CdO and CdS products. Particle sizes, estimated
by the Scherrer equation, were 42 nm for the phenyl precursor
and 59 nm for the ferrocenyl precursor. Electron microscopy
showed nanofibres were produced by the ferrocenyl precursor
but not by its phenyl analogue.*

3.2 Metal sulfide nanocrystals from the salts of thiols

Bi,S;. As well as being a precursor for metal nanoparticles,"
bismuth dodecanethiol can be used to synthesise Bi,S; nano-
structures. When heated in air for an hour at 225 °C the waxy
precursor decomposes to produce Bi,S; nanowires.® These
nanowires are approximately 25 nm in diameter and many
exceed 5 um in length with some as long as 70 pm. When
additional elemental sulfur was added to the precursor Bi,S;
nanorods were produced by heating for 1 hour at 160 °C. The
nanorods are approximately 10 nm in diameter and 70 nm in
length. Both rods and wires are made of orthorhombic Bi,S;
and the elongation occurs in the [002] direction.’ It is believed
that addition of elemental sulfur reduces the barrier to Bi,S;
nucleation. More nucleation events result in Bi depletion before
extension to very long aspect ratios are reached.® Even when
elemental sulfur is added, dodecanethiol still plays an impor-
tant role: if it is not present poorly formed agglomerated
nanostructures are produced, presumably due to the lack of a
suitable capping agent.> At a higher thermolysis temperature
(240 °C) interwoven nanowire morphologies are observed.
These structures show a high degree of orientational order with
nanowires orientated perpendicular to one another forming an
interlocking square lattice described as a “nanofabric”. This

Ar S/c(
e
L3 >
~A,-S Ar
Ar S
( =S
s )
\ Ar

Ar= Phenyl or Ferrocenyl
L=NEt;

Fig. 6 Precursors used by Somsook et al. in the melt synthesis of CdS
nanoparticles and nanofibres.*®
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nanofabric makes up less than 1% of the total nanocrystal
mass. It is proposed that the fabric forms by epitaxial growth of
wires on wires.®

Cu,S. Copper thiolates can be used as precursors for the
solventless synthesis of Cu,S nanostructures with interesting
morphologies. The Cu(u) thiolate Cu(C;,H,5S), has been used in
three solventless thermolysis studies.*** When the solid
precursor is heated to 148 °C for 140 minutes hexagonal Cu,S
nanorods of relatively narrow size and shape distribution are
formed.® The nanorods are approximately 4 nm in diameter and
12 nm in length.®* The hexagonal structure of Cu,S (the most
stable phase at this reaction temperature) promotes anisotropic
growth, with the nanocrystal preferentially growing in the [110]
direction. Below 140 °C no reaction occurs and above 198 °C
spherical nanoparticles are formed. Prolonging the reaction
time undesirably broadens the size and shape distributions.?
The precursor used in this synthesis is not a pure thiolate.
Precursor synthesis involves the use of octanoate as a phase
transfer agent to solubilise copper(u) ions in an organic solvent
before addition of the thiol. The precursor is shown to contain a
mixture of thiol and carboxylate ligands.?

Later work looked at the decomposition of the same
precursor under different reaction conditions; the precursor
was heated in air at temperatures from 140-200 °C and with
reaction times from 10-180 minutes. At 155 °C increasing
reaction time brought about a shape evolution from small
spherical particles to larger flat platelets.” It was demonstrated
that octanoate ligand plays an important role as a capping
ligand: controlling particle growth by reducing the rate of
monomer addition. In reactions where the octanoate was not
present far larger particle sizes were seen but the shapes
remained similar. The platelet shape is probably the result of
face sensitive surface reactivity: with thiol adsorption and
cleavage occurring preferentially on {100} facets. Differential
scanning calorimetric (DSC) reveals the waxy solid precursor
melting to a viscous fluid between 43 °C and 78 °C and C-S
bond cleavage occurring at 113.5 °C.” Cu,S nanodisks syn-
thesised using the solventless method described above®*® form
self-assembled columnar structures upon evaporation. The
disks stack face-to-face forming extended linear ribbon-like
structures.* Further work demonstrated that it is relatively
easy to control the extent of polymerisation in the copper thi-
olate precursor and that the extent of polymerisation can
dramatically alter product morphologies.® The copper thiolate
precursor is synthesised in the solution phase. Viscosity can be
controlled by the speed and time of stirring during copper-
thiolate coordination. Increased stirring speed and stirring
time decreases viscosity.® By reducing the stirring speed it is
possible to increase the extent of polymerisation in the
Cu(C;,H,5S), precursor. The more viscous, highly polymerised,
precursor produces nanowires (Fig. 7¢), while a less viscous, less
extensively polymerised, analogue produces nanorods (Fig. 7b),
and even lower viscosities yield spherical nanoparticles
(Fig. 7a).>® The Cu,S nanowires produced by thermolysis at
155 °C for 120 minutes are 2-6 nm in diameter and 0.1 pm to
several pm in length. Increased annealing temperatures appear
to increase the diameter of the wires.®
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10 nm

Fig. 7 Micrographs demonstrating how the extent of polymerisation
in the Cu(CipH»5S), precursor influences Cu,S nanoproduct
morphology. All are these images are from reactions carried out by
heating the precursor in air at 155 °C for 120 minutes. Precursor
viscosities were <10 mPa s7%, 13.2 mPa s™%, and 93.5 mPa s~ for A, B,
and C respectively.® Adapted with permission from L. Chen etal., J. Am.
Chem. Soc., 2004, 126, 16334-16335. Copyright 2004 American
Chemical Society.

NiS. The nickel analogue of the copper thiolate precursor
described above has been used to synthesise NiS nanorods and
triangular nanoprisms.* The solid precursor (nickel dodeca-
nethiol with octanoate) is heated in air at temperatures from
150 to 190 °C for times between 5 minutes and 5 hours. The
researchers also experimented with the longer chain octadeca-
nethiol in some experiments.* Both the nanorod and nano-
prism products are rhombohedral. NiS, nanorods were
observed to grow in the [110] direction. XRD shows a significant
amount of Ni;S, present in the products, and TEM reveals that
this takes the form of misshapen rods. This by-product proved
difficult to remove as the Ni;S, nanorods are a similar size to the
NiS nanorods and have the same organic capping ligands.*
Fourier transform infrared spectroscopy (FTIR) revealed that
the primary capping ligand is octanoate, while there was no
evidence of free dodecanethiol in the products. Increasing the
reaction temperature from 150 °C to 190 °C (both 1.5 hours)
resulted in longer nanorods (length increasing from 19.1 nm to
33.6 nm). Reaction time is also an important parameter: at short
reaction times (e.g. 5 minutes) many of the particles were
amorphous but longer times yielded crystalline products. A
mixture of rods and triangular prisms were obtained at 190 °C
for 1.5 hours whilst 190 °C for 5 hours produced a mixture of
rods and quasi spherical particles.* The particle shapes
observed probably arise from the anisotropic crystal structure.
Studies of thiol adsorption on copper substrates suggest that
thiolate cleavage will occur at different rates on different faces
of a growing nanocrystal. While less is known about thiol
adsorption and cleavage on nickel surfaces, the authors spec-
ulate that some face-sensitive reactivity may be involved.>*

PbS. A lead dodecanethiol precursor containing octanoate
and ethylenediamine was heated at 280 °C under nitrogen
for an hour producing PbS nanowires with high aspect ratios

This journal is © The Royal Society of Chemistry 2014
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and X-shaped cross sections.” Heating at less than 240 °C gives
mostly unreacted precursor and the PbS formed is in the form of
small round nanoparticles. Increasing the temperature produces
a change from round PbS nanoparticles to octahedral nano-
crystals and PbS nanowires. The octahedral particles show a
tendency to adsorb to the surface of the X-shaped nanowires.
XRD and EDX show that the nanowires consist of pure, single
phase, PbS.” The ethylenediamine plays the role of a capping
ligand; preferential adsorption changes the growth rate of
different faces. Ethylenediamine is believed to bind preferentially
to the {111} faces of the PbS rock salt structure, diminishing
growth on the {111} faces and leading to octahedral particles with
large {111} faces or nanowires extending in the [100] direction.
Carrying out the reaction in the absence of the amine gives PbS
nanocubes. When ethylenediamine is present, the optimum
ratio of Pb to thiolate is found to be 1 : 1.6 not the expected 1 : 2
which gives uneven wires and particles. This optimum precursor
is found (from the lattice spacing of the layered solid) to contain
two lead salts: lead dodecanethiol and lead octanoate. The lead
thiolate is the source of PbS, while the lead octanoate appears to
play a role in controlling morphology.”

PdS. Heating the palladium-thiolate cluster [Pd(SC;,Hys)s]s
at 430 °C in an Argon atmosphere yields PdS nanoparticles. XRD
has shown these to be highly crystalline, adopting the tetrag-
onal phase. TEM imaging reveals they are spherical in shape
and are 9.2 £ 0.9 nm in size.*” This same precursor forms Pd
nanoparticles (see Section 1.2) when the reaction is carried out
at a lower temperature of 298 °C.

3.3 Metal sulfide nanoparticles from dithiocarboxylate
precursors

The metal dithiocarboxylates M(S,CAr),(tmeda) (Ar = Ph, Tol)
(M = Cd, Zn, Hg) (tmeda = (CH;),NCH,CH,N(CHj3),) have been
used to synthesise metal sulfide nanoparticles by solventless
thermolysis. The precursors were heated at 350 °C for 2 hours
under nitrogen. The CdS nanoproducts adopted the hexagonal
crystalline phase, while the HgS and ZnS nanoparticles were
shown to adopt the cubic phase.*! Increased reaction tempera-
ture increased particle size; the pyrolysis of the M = Cd, Ar = Ph
precursor at 300, 400, and 500 °C gave CdS particles with
particle sizes (estimated from the Scherrer equation) of 18, 36
and 43 nm respectively.**

3.4 Metal sulfide nanocrystals from xanthate precursors

Singhal et al. used an allyl-palladium(u)-xanthate complex and
a palladium(m)-xanthate complex (Fig. 8) as single-source
precursors for PdS nanoparticle synthesis.*> The precursors
were heated in a furnace at 300 °C under an argon atmosphere.

a) b) ,
,S\ /S\ / / /S\ /
O—< Pd >—o (——Pd_ >>—0
/ N/ N/ \ N7
S S \ S

Fig. 8 Palladium—-xanthate precursors used in the solventless

synthesis of PdS nanoparticles.*?
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XRD showed the products to be crystalline tetragonal PdS. The
two complexes shown in Fig. 8a and b gave particle sizes, esti-
mated using the Scherrer equation,” of 32 nm and 16 nm
respectively.*?

3.5 Metal sulfides from the salts of thiotetrazoles

The cadmium salts of 1-substituted-5-thiotetrazoles (Fig. 1f) can
be used as a single-source precursors to form CdS nanoparticles
capped with thiotetrazoles.** Two precursor were heated at a
rate of 5 °C min~' under a flow of nitrogen gas. The ethyl
precursor was held at 250 °C for 1 hour whilst the adamantyl
precursor was held at 250 °C for 2 hours. These reactions
produced spherical CdS nanoparticles 2.5-3 nm in diameter. IR
spectroscopy confirms the presence of thiotetrazolate anions on
the nanoparticles’ surfaces. The self-capping nature of the
reaction is reflected in the solubility of the products: the ethyl
precursor gives nanoparticles that are soluble in acetonitrile but
not hexane, whilst the adamantyl gave particles soluble in
hexane but not acetonitrile.** Thiotetrazolates are potentially
useful capping ligands because they decompose to give gaseous
products. While capping ligands are vital in achieving mono-
dispersity, preventing aggregation, and making nanoparticles
dispersible in organic solvents, they are usually difficult to
remove completely. Heating tetrazolate capped nanoparticles at
250-270 °C for 1.5-2 hours gives a solid product that is insol-
uble in organic solvent. IR spectroscopy shows no tetrazolate
remains associated with the solid and it is believed that the
tetrazolate ligand decomposes to give gaseous products (RNj3,
CS,, (CN), and N,) leaving uncapped nanoparticles behind.*

3.6 Metal chalcogenides from silyl precursors

DeGroot et al. investigated the solventless thermal decomposi-
tion of four single-source precursors for zinc chalcogenide
synthesis: (1) (N,N'-tmeda)Zn(SSiMe;),, (2) (N,N'-tmeda)Zn(Se-
SiMes),, (3) (3,5-Me,-CsH3N),Zn(SSiMes),, and (4) (3,5-Me,-
CsH3N),Zn(SeSiMes),.** TGA reveals that complete thermal
decomposition of these complexes occurs at <300 °C. Unsur-
prisingly the sulfur complexes are more stable than their sele-
nium counterparts. Heating up to 700 °C achieved complete
thermolysis, producing bulk ZnE (E = S, Se). ZnS was shown to
adopt the hexagonal wurtzite phase while ZnSe adopted the
cubic sphaleritic phase. Heating to 200 °C avoided the loss of
the nitrogen donor ligands, which act as capping ligands, and
lead to the formation of nanoparticles. XRD of the 200 °C
thermolysis product shows that ZnE is produced and peak
broadening suggested that the material formed nanoparticles.
This suggestion is supported by UV spectra of the thermolysis
products of 1 and 2, which show the band gaps shifted to higher
energies relative to the bulk. However, the decomposition
products of 3 and 4 at 200 °C show no such quantum confine-
ment effects, implying larger particles.*

3.7 Metal oxide nanocrystals from the salts of carboxylic
acids

Iron(un)-oleate can be used as a precursor for solventless
synthesis of Fe;O, nanoparticles.” The solid precursor was
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placed in a Pyrex tube which was flushed with nitrogen and
sealed under low pressure. The tube was then heated to 320 °C
and held at this temperature for two hours. The resulting Fe;O,
nanoparticles were spherical in shape, highly crystalline and
showed a narrow size distribution, with an average diameter of
10.6 + 1.2 nm. The nanoparticles were found to be capped with
oleate ligands. The spherical nanoparticles can assemble into
close-packed two-dimensional arrays, the spacing between
nanoparticles was observed to be 2 nm, significantly less than
twice the length of the oleate chain, suggesting interdigitation.”
Particle size and morphology was found to depend on temper-
ature, annealing time, and pressure. Particle size increases
with reaction time and particles annealed for longer than
3 hours become irregularly shaped. TGA reveals that the
precursor decomposition temperature is pressure dependent.
The decomposition temperatures increase under higher pres-
sures. Whilst the reaction at 300 mTorr gave uniform spherical
particles, the reaction at 500 mTorr give a mixture of morphol-
ogies with spheres, trigonal prisms, rods, and ‘diamond’ shaped
particles all present.’ The authors suggest that the higher
decomposition temperature at 500 mTorr leads to slower nucle-
ation and consequently more morphological variety.*

The above reaction has also been used as the first step in a
two stage synthesis of magnetic iron nanoparticles. The Fe(u)
salt of oleic acid is heated at 400 °C under a reduced pressure of
240 mTorr for 2 hours forming oleate capped Fe;O, nano-
particles. TEM images of these particles show them to be
roughly 18 to 24 nm in diameter. The iron oxide nanoparticles
were then mixed with NaCl in a ratio of 1 : 40, ball milled to
produce a fine powder and heated at 700 °C under an Ar-H, gas
mixture. The hydrogen gas reduced Fe;O, to Fe, forming ferrite
nanoparticles.*

PbCl-oleate has been used as a precursor for the solventless
synthesis of Pb;0,Cl, nanobelts.*” The solid precursor is heated
in air for an hour at 190 °C; decomposition is believed to occur
via the cleavage of the C-O bond in the oleate. The nanobelts
produced have the mendipite crystal structure. In 90% of cases
the nanobelt is elongated in the [010] direction. This elongation
reflects the underlying crystal structure: accommodating the
continuation of O,Pb; chains along the length of the nanobelt.
The belts are 29-170 nm wide, an average of 23.3 nm thick, and
>4 um long.*” The nanobelts are dispersible in non-polar
organic solvents and it seems most likely that they are capped
by alkyl groups formed in the decomposition process. The
addition of ethylenediamine to the precursor improves the yield
of nanobelts. Without this addition nanobelts elongated in the
[010] direction are still produced, but nanocrystals roughly 5 nm
in diameter are also formed.*”

Thermolysis of the molecular cluster Mn;,0,,(0,C-
R);16(H,0), gives MnO nano- and micro-products. Product size
and morphology is found to depend on the temperature and
time of thermolysis as well as the carboxylic acid employed.*®
Heating of the precursor (R = C¢Hs) at 400 °C for 10 hours gives
crystalline MnO nanoparticles 70 nm in diameter and spherical
in shape. Higher temperatures give larger structures, for
example heating at 500 °C for 10 hours produces pyramid
shaped MnO particles 0.12 pm in diameter.*®
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3.8 Compounds materials summary

Nanocrystals of ZnS, CdS, HgS, Bi,S;, Cu,S, NiS, PbS, PdS,
Fe;04, MnO, and Pb;O,Cl, have been synthesised by melt
methods. A wider range of precursor chemistry has been
applied to the synthesis of compound materials than to metals.
The metal salts of fatty acids and thiols have been successfully
used as precursors to both metal and compound nanoparticles.
For some thiol salts the same precursor can yield either the
metal or its sulfide, the compound forming at a higher reaction
temperature.>'"*” Ligands like dithiocarbamates and xanthates
are already well established as single-source precursors in hot-
injection syntheses and MOCVD.">* The successful applica-
tion of these precursors to the melt approach suggests that the
literature on MOCVD and hot-injection synthesis may contain a
rich vein of promising single-source precursors as yet unused in
melt reactions.****

The complexes used as precursors can be divided into two
classes: those where a single ligand acts as both the source of
the anion and the capping ligand; and those where the metal
ion is complexed to more than one type of ligand, one having
the role of anion source the other acting solely as a capping
agent. An example of the former would be the synthesis of CdS
nanoparticles from a cadmium-dithiocarbamate precursors;
whilst an example of the latter case would be the thermolysis of
(V,N'-tmeda)Zn(SSiMe;),, where SSiMe; provides the sulfide but
the amine is believed to cap the ZnS nanoparticles.>** In addi-
tion to conventional coordination complexes, molecular clus-
ters have also been used as precursors in melt reaction.>”**

4. Concluding remarks

Abe and co-workers were apparently the first to report the
potential practical importance of the melt approach to nano-
particle synthesis." The method attracted some attention, due
mainly to its possible commercial applications as a route to
novel silver solder,”®* but the huge potential of this approach is
yet to be more generally recognised. In the intervening years,
the range of metal, metal chalcogenide and metal oxide nano-
crystals synthesised in melt reactions has expanded, as has the
precursor chemistry used. However, in many respects this is still
a nascent field, the level of mechanistic understanding that has
been developed for hot injection and heating up approaches is
much greater.®® When compared to more established areas such
as MOCVD and the hot-injection approach, relatively few single-
source precursors have been investigated. There are also whole
classes of compounds that have yet to be synthesised by this
approach e.g. the III-V semiconductors.

Melt reactions potentially offer the chemist precise control
over a number of reaction parameters. These can be used to
influence nanoparticle size, shape and chemistry. Higher
temperatures typically lead to larger particles.**3>4148
Different temperatures can also yield different phases or
materials>***>*” and different particle shapes.>® Thiolate
precursors react via M-S bond cleavage at lower temperatures to
give metal nanoparticles whilst at higher temperatures S-C
bond cleavage occurs, giving the sulfide.>'**” Extended reaction
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time can also have a pronounced effect on morphology, for
example the evolution of nanofilms into nanorhombi® or
spheres into platelets.® In some cases changes in the atmo-
sphere under which the reaction is carried out can apparently
change product morphology.**

The melt approach also offers some novel ways in which the
size and shape of nanoproducts can be controlled. The layered
structure of silver and bismuth thiolates appear to encourage
anisotropic nanocrystal growth.*'>* In the synthesis of Cu,S
nanostructures, it has been shown that the extent of polymeri-
sation in copper-thiolate precursor dictates the product
morphology.® Work on the iron salts of fatty acids has demon-
strated that the pressure under which thermolysis occurs can
alter the morphology of the Fe;O, nanoparticles formed."

As well as offering new ways to control shape, solventless
synthesis has a number of practical advantages: the precursors
are easy to handle, the need for harsh reactants such as
reducing agents or sulfonating agents is eliminated, and the
reaction parameters (temperature and time of thermolysis) are
easily controlled. The process of heating a precursor in a
furnace should be relatively easy and cheap to scale up. The fact
that melt reactions are solventless and, often, self-capping,
means the solvents and capping agents employed in tradi-
tional nanoparticle synthesis are not needed and we note that
the yields of these reactions are often very high. For these
reasons the melt approach has the potential to provide an
economical means of mass producing nanocrystals.
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