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Abstract. Solvothermal processes are characterized by mild temperature conditions. The
use of high pressure appears important for enhancing chemical reactivity. The roles of the
solvent and the reagents in the mechanisms governing the formation of a specific material
are underlined. Some new directions of research, at the interface with others scientific
domains, are discussed.

1. Introduction

Solvothermal processes can be described as a reaction or a transformation of precursor(s) in
presence of a solvent in a close system and at a temperature higher than the boiling
temperature of the solvent; Consequently at least autogeneous pressure parameter is involved.
Versus the respective chemical properties of the precursor(s) and the solvent such a system
can be homogeneous (if the precursors are soluble in the corresponding temperature and
pressure conditions) or heterogeneous (if the precursor is partially soluble in such conditions).
Very often in order to improve such a solubility an initial high pressure is used.

Versus the temperature, the system can be in subcritical and supercritical conditions.

The most developed solvent was water due to its presence at the surface of the earth and its
specific role in geochemistry. Different objectives have been assigned to hydrothermal
processes: (i) to investigate the elaboration of different natural materials in order to improve
the knowledge in Earth-Science [1,2], (ii) to develop hydrometallurgy for recovering ores [3],
(iii) to synthesize novel materials, very often metastable when the kinetical effects were
predominant [4-10], (iv) to prepare single crystals of oxides — in particular that corresponding
to low-temperature structural varieties [10], (v) to elaborate fine particules as micro- or
nanocrystallites [11-16].

During these last twenty years non-aqueous solvents were developed for preparing in mild
conditions oxides or non-oxides materials through solvothermal processes — mainly as fine
particles with specific size and shape for different applications.

Solvothermal reactions are governed by different factors:

- the nature of the precursors, in particular their physico-chemical properties (solubility,
thermal stability...),

- the nature of the solvent (chemical composition, physico-chemical properties
(solvatation, polarity, viscosity, ability to stabilize some complexes as intermediate
steps...),

- the thermodynamical properties used during such a process (pressure and temperature).
Pressure and temperature can play an important role, some properties of the solvent such as
density, viscosity..., changing drastically versus such parameters. Consequently the diffusion
and reactivity of chemical species can be strongly affected. In a general way, solvothermal
processes were developed in mild temperature conditions.

The main chemical reaction-types involved in solvothermal processes are: hydrolysis,
complex-formation, metathesis, oxidation-reduction...

The reaction-type governing the in — situ mechanisms is closely related to the optimization of
the three main factors governing the process. (chemical nature of the precursors, physico-
chemical properties of the solvent, thermodynamical conditions). Such an optimization



depends on the final objective: synthesis of a novel material (thermodynamically stable or
metastable), preparation of fine crystallites well defined in size and morphology, growth of
single crystal. ..

The objective of such a paper is to underline the role of the solvent and that of the reagents in
the mechanisms governing solvothermal reactions.

2. Role of the solvent in solvothermal processes

Solvent, through its physico-chemical properties, plays a key role in solvothermal processes.
Four examples can illustrate such a role: (i) the orientation of the structural form, (ii) the
development of a specific shape for nanocrystallites, (iii) the formation of specific metastable
compounds through template action, (iv) the role of the oxidation — reduction properties
characterizing the solvent.

2.1. Orientation to a metastable structural form: MnS with the wurtzite or zinc blende
structures

Using MnCly, 4H,0 and SC(NHS,); as reagents, the stabilization of a specific structural form
for MnS has been recently studied [17]. With a solvent able to form a stable Mn complex
(water or ethylediamine), the thermodynamically stable form (a-MnS with the rocksalt
structure) is prepared. With a non polar solvent as benzene the formation of the wurtzite-type
structure is observed (y-MnS). On the contrary with tetrahydrofurane (THF) the zinc-blende
structure (B-MnS$) is stabilized. If during the synthesis mechanisms the formation of a stable

complexe (Mn(HQO)g+ or Mn(en) §+) as an intermediate step leads to the stable structural

form on the contrary it appears that with benzene or THF the metastable forms (y or [3) can be
stabilized, the solvothermal reaction being kinetically control, the orientation toward wurtzite
or zinc-blende seems to be correlated in a first analysis to the polar character of the solvent.

2.2. Preparation of nanoparticles with a specific morphology: intermetallic FePt nanowires

The solvothermal preparation of FePt nanoparticles characterized by a one-dimensional (1D)
nanostructure has attracted intensive research due to its potential applications in high-density
data storage and high performance permanent magnets [18,19]. In the main developed
processes FePt particles were synthesized via thermal decomposition of Fe(CO)s, reduction of
platinum acetyl acetonate (Pt(acac),) and co-reduction of iron salt and Pt (acac), [20-23].
Unfortunately the morphology of the resulting nanocrystallites is difficult to control. Due to
the flexibility of solvothermal routes, such a process has been developed. Ethylenediamine
was selected as solvent due to its ability to form a stable complex ion with Platinum

[Pt(en) %_] then a co-reduction of such complex ion through the thermal decomposition of

Fe(CO);s led to the formation of FePt nanowire [24].

Recently Y. HOU et al. [25] have investigated the solvothermal growth process through TEM
observation of the corresponding samples quentched at different reaction times. Starting from
aggregated small particles with short rod morphology acting as nuclei, a continual
transformation through coarsening and ripening reactions is observed. The whole
transformation to 1D nanowires at a temperature close to 180°C can be compared to the
surface reconstruction phenomena discovered previously for Pt and its alloys at high
temperatures in presence of reactive gases (NH; and oxygen) [26,27]. Such a study underlines
the importance of the reaction mechanisms for controlling the resulting morphology and the
role of solvothermal reactions for reducing the temperature.



2.3. Formation of metastable compounds complex ions acting as template
The solvent through the formation of very stable complex ions can participate to the final
composition. Ethylediamine has a strong coordination ability towards the divalent metal ions

as Mn?", Fe?*, Co*", Ni*" and Zn?*. These complex ions (M(en)%J’) are characterized by an
octahedral geometry acting as template for the building of the resulting structure [28].

2.4. Oxidation — reduction properties of the solvent and the preparation of sulfides

S.K. PANDA et al. [29] have underlined the role of the oxidation-reduction process induces
by the solvent during the solvothermal synthesis of SnS crystallites from Sn metal and
thiourea as reagents. The first step of the reaction mechanism being the oxidation of tin (Sn’
— Sn** + 2¢"), the use of pure ethylenediamine as solvent — due to its slightly reducing
properties — does not oxidize Sn metal. The addition of few amounts of water induces the
oxidation of the Sn surface and leads to the formation of SnS through the following steps

[Sn** + nen — Sn(en) then Sn(en), 2+ 1 g> SnS].

3. Role of the reagents in solvothermal processes.

Different examples have been selected for illustrating how the physico-chemical
characteristics (chemical composition, structure, size and morphology of the reagents) can
play a key-role in the solvothermal processes.

The solvothermal synthesis of the phyllosiloxides — bidimensional oxides, isostructural of the
natural phyllosilicates as mica — was only possible through a sol-gel process using alkoxides
in a first step, the conventional Solid-State chemical processes leading to a mixture of 3D-
silicates [30,31].

The elaboration of the metastable phase Rb,HgsTes through a solvothermal process has been
investigated by Li et al. [32]. Using Rb2TC Hg,Cl,, Te and FeCl, as reagents and
ethylenediamine as solvent, the role of Fe’* as possible reducing agent seems to play an
important role for stabilizing RbyHgsTes.

During the solvothermal preparation of CdIn;S4 using CdS, InCl;.4H,O and thiourea as
reagents and water as solvent — the morphology of the final CdInyS, crystallites is strongly
correlated to that of the reagents CdS [33].

4. Main potential developments for solvothermal processes.

In addition of the conventional domains (synthesis of novel materials [4], elaboration of
single crystals [34,35], preparation of nanocrystallites [36], solvothermal reactions are able to
be developed in different scientific areas: synthesis of hybrid materials — involving not only
organic-inorganic systems but mainly in the near future bio-organic/inorganic systems -
[37,38], the decomposition and the recycling of wastes [39-41]...

For the development of such novel scientific promising domains, the mild temperature
conditions playing an important role.

Pressure parameter is able to have also a key role. Due to the low-energy developed in liquid
phase (Table) [42] such a parameter does not affect strongly the bio-organic molecules and
consequently allows the synthesis of bio-organic/inorganic hybrid systems with potential
applications in nano-energy-devices, catalysis....[43].



Table: Comparison of the energy conveyed by HIGH PRESSURES
and the energy of a CHEMICAL BOND [42]

Pressure (en bar) medium Energy (en cal/mol)
1 000 Gas 3000
1 000 Solid 1
10 000 Solid 5
100 000 Iron 20
100 000 H,O 1 000
1 Chemical reaction 20 000

In parallel pressure improving in most cases the solubility of reagents by several orders of
magnitude [44] consequently the chemical reactivity can be strongly improved.

4. Conclusions

Solvothermal processes have been investigated during these last twenty years. The recent
development of non-aqueous solvents has improved the synthesis of different materials
(chalcogenides, nitrides, ...) mainly as nanoparticles. Three different factors play an
important roles underlined: the mild temperature conditions, the improvement of the chemical
reactivity versus pressure and the limited pollution due to the equipments as close-systems
pollution. The overlap of these factors allows to consider solvothermal processes to play a
key-role in the future.

5. References

[1] Goranson R W 1931 4m. J. Sci. 22 481

[2] Hosaka M 1991 Prog. Crystal Growth and Charact. Materials 21 71

[3] Habashi F 2005 Hydrometallurgy 79 15

[4] Demazeau G 1999 J. Mater. Chem. 9 15

[5] Demianets L N 1990 Prog. Crystal Growth and Charact. Materials 21 299

[6] Rabenau A, Rau H 1969 Philips Tech. Rev. 30 89

[7] Rabenau A 1985 Angew. Chem. Int. Ed. Engl. 24 1026

[8] Yoshimura M 1998 J. Mater. Res. 13 796

9] Feng S, Xu R 2001 Acc. Chem. Res. 34 239

[10] Walton R 12002 Chem. Soc. Rev. 31 230

[11] Niederberger M, Garnweitner G, Buha J, Polleux J, Ba J, Pinna N 2006 J. Sol-Gel
Techn. 40 259

[12] Bocquet J F, Chhor K, Pommier C 1999 Mater. Chem. Phys. 57 273

[13] Wang C, Deng Z X, Zhang G, Fan S, Li Y 2002 Powder Technol. 125 39

[14] Chen D, Jiao X, Chen D 2001 Mat. Res. Bull. 36 1057

[15] LiWJ,ShiEW, ChenZ Z, Zhen Y Q, Yin Z W 2002 J. Solid State Chem. 163 132

[16] Wang Y W, Xu H'Y, Wang H, Zhang Y C, Song Z Q, Yan H, Wan C R 2004 Solid
State Ionics 167 419

[17] Lul, Qi P, Peng Y, Meng Z, Yang Z, Yu W, Qian Y 2001 Chem. Mater. 13 2169

[18] Weller D, Doerwer M F 2000 Annu. Rev. Mater. Sci. 30 611

[19] Sun S, Murray C B, Weller D, Folks L, Mojer A 2000 Science 287 1989

[20] Harrell W, Wang S, Nikles D E, Chen M 2001 Appl. Phys. Lett. 79 4393

[21] ZengH,LiJ, LiuJP, Wang Z L, Sun S 2002 Nature 420 395

[22] ChenM, LiuJ P, Sun S 2004 J. Am. Chem. Soc. 126 8394

[23] Guo Q, Teng X, Yang H, 2004 Adv. Mater. 16 1337

[24] Mao C B, Solis D J, Reiss B D, Kottmann S T, Sweeney R Y, Hayhust A, Georgiou
G, Iverson B, Belcher A M 2004 Science 303 213



[25] Hou Y, Kowdoh H, Che R, Takeguchi M, Ohta T 2006 Small 2(2) 235

[26] Zhang Z, Blom D A, Gai Z, Thompson J R, Shen J, Dai S 2003 J. Am. Chem. Soc. 125
7528

[27] Lyubousky M R, Barelko V V 1994 J. Catal. 149 23

[28] Lil, Chen Z, Wang R J, Proserpio D M 1999 Coordination Chem. Rev. 190-192 707

[29] Panka S K, Gorai S, Chauduri S 2006 Mater. Sci. Eng. B. 129 265

[30] Reig P, Demazeau G, Naslain R 1995 Eur. J. of Solid State and Inorg. Chem. 32 439

[31] Demazeau G, Reig P, Naslain R 1995 Mat. Tech. 10 57

[32] LilJ, ChenZ, Lam K, Mulley S, Proserpio D 1997 Inorg. Chem. 36 684

[33] HulJQ,Deng B, Zhnag W X, Qian Y T 2001 Inorg. Chem. 40 3130

[34] IwasakiF, Iwasaki H 2002 J. Crystal Growth 237-239 820

[35] Denis A, Goglio G, Demazeau G 2006 Mat. Sciences Engineer. R 50 167

[36] Rao C N R, Deepak F L, Gundiah G, Govindaraj A 2003 Progress in Solid State
Chem. 31(1) 5

[37] Umetsu M et al. ISHR-8, ICSTR-7 Joint Conference SENDAI august 2006

[38] Kono S, Oke Y, Yamasaki N ISHR-8, ICSTR-7 Joint Conference SENDAI august 2006

[39] Yamasaki N, Yasui T, Matsuoka K 1980 Environmental Science Technology 14(5)
550

[40] Park M, Komarneni S, Roy R 2000 Materials Letters 43(5) 259

[41] Kruse A, Dinjus E 2007 J. Supercritical Fluids 41 361

[42] Wentorf R H 1961 Jr. Chemical Engineering oct. 16, p 177

[43] Proceedings of the Joint Meeting of Eighth International Symposium on Hydrothermal
Reactions & Seventh International Conference on Solvothermal Reactions - ISHR &
CSTR 2006 J. Materials Science. In press (DOI 10.1007/s10853-007-2024-9)

[44] Kwauss, K.G., Dibley, M.J., Bourcier, W.L., and Shaw, H.F., 2001 Appl. Geochem. 16
1115

Achnowledgments

The organizing Committee of the joint 215 ATRAPT and 45" EHPRG Conference (Catania -
2007) for organizing a specific Session devoted to Solvothermal Reactions and the
International Solvothermal-Hydrothermal Association (ISHA) for helping the development of
such processes.



