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Chemical methods of synthesis play a crucial role in designing and 
discovering new inorganic materials and also in providing better and less 
cumbersome methods for preparing known materials. We discuss here the 
various methods along with several examples, paying special attention to soft 
chemistry routes. Besides the conventional ceramic method. the methods 
examined are the precursor method, topochemical reactions, intercalation 
reactions, ion-exchange method, alkali flux method and electrochemical meth
ods. We discuss cuprate superconductors as a case study in chemical synthe
sis. 

1. INTRODUCTION 

Considerable chemical ingenuity 
is required in the synthesis of solid 
materials. Although tailor-making 
materials of the desired structure 
and properties remains the main 
goal of materials science. it is not 
always possible to do so by con ven
tional methods. Rational synthe
sis has indeed provided a variety 
of materials, SIALON. NASICON and 
the large number of microporous 
materials being typical examples. 
Rational approach to materials 
synthesis generally gives thermody
namically stable materials, but may 
miss new and novel metastable 
ones. In this presentation, we 
shall be mainly concerned with 
chemical approaches to the synthe
sis of inorganic solid materials. We 
shall discuss the various methods 
with examples and specially exam
ine soft chemistry routes. 

2. VARIANTS OF THE CERAMIC 
METHOD 

The most common method of 
preparing inorganic solid materials 
is by the reaction of the component 
materials in the solid state at high 
temperatures [1]. In some instan
ces. as in the preparation of chal
cogenides or of materials where the 
products or reactants are volatile. 
the reaction is carried out in 
sealed tubes. In preparing oxides, 
one generally pelletizes the reacting 
materials and repeats the grinding, 
pelletizing and heating operations 
several times. Yet, the completion 
of the reaction or the phasic purity 
of the product are not assured. 
The ceramic method suffers from 
several disadvantages. Various 
modifications of the ceramic tech
nique have been employed to over
come some of the limitations. One 
of these relates to decreasing the 
diffusion path lengths. In a poly-
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crystalline mixture of reactants, the 
individual particles are approxi
mately 10 }.lm in size, representing 
diffusion distances of roughly 
10,000 unit cells. By using freeze
drying, spray-drying, coprecipita
tion and sol-gel and other tech
niques, it is possible to reduce the 
particle size to a few hundred ang
stroms and thus effect a more 
intimate mixing of the reactants. 
In coprecipitation, the required 
metal cations taken as soluble salts 
(e.g. nitrates) are coprecipitated 
from a common medium, usually as 
hydroxides, carbonates, oxalates or 
citrates. In actual practice, one 
takes oxides or carbonates of the 
relevant metals, digests them with 
an acid (usually HN03) and then 
the precipitating reagent is added 
to the solution. The precipitate 
obtained after drying is heated to 
the required temperature in a 
desired atmosphere to produce the 
final product. The decomposition 
temperatures of the precipitates are 
generally lower than the tempera
tures employed in the ceramic 
method. 

3. SOFT CHEMISTRY ROUTES 

Soft chemistry routes essen-
tially employ simple reactions that 
can be carried out under mild con
ditions at relatively low tempera
tures. Generally at least one of 
the steps of the synthesis involves 
a reaction in solution. A few 
examples would help to understand 
the spirit of soft chemistry. Tour
noux et al (2] prepared a new form 
of Ti02 by the dehydration of 
H2Ti4o9.xH2o. obtained from K2Ti~
o9 by exchange of K+ by H . 
Raveau and coworkers (3) prepared 
Ti2Nb2o9 by the dehydration of 
HT1Nbo5 which in turn was prepared 

by cation exchange with ATiNb05 
(A = K, Rb). Delmas et al prepared 
Ni(OH) 2 .xH2o with a larflbe inter
sheet distances of 7.8 A by the 
hydrolysis of NaNi02 , followed by 
the subsequent reduction of NiOOH. 
Similar transformations of Fe and 
eo doped Ni(OH)2 .xHzO have been 
studied (4). IntercalatiOn and dein
tercalation reactions are soft 
chemical routes for the synthesis of 
many solids. Thus, deintercalation 
of LiVS gives vs2 which cannot be 
preparea otherwise; deintercalation 
of LiV02 similarly gives metastable 
V02. 

Intercalation reactions involve 
the insertion of a guest species 
into a solid host lattice without 
any major rearrangement of the 
solid structure [ 1,5). There are 
many examples of intercalation re
actions, with a variety of host 
materials which include graphite, 
oxides and chalcogenides. Thus, 
Li+ has been intercalated in large 
number of hosts {VS2, Tis2. vo2, 
Fe2o~, Fe3o 4, Mno2 etc.). Deinter
calatlOn of Li + or such ions from 
the intercalated materials gives 
oxides and other materials in un
usual metastable structures. Tung
sten bronzes may be considered to 
be intercalation compounds. Chev
rel phases are also intercalation 
compounds since Cu and such ca
tions can be leached out to produce 
the chalcogenides. Novel reactions 
to prepare bronzes and Chevrel 
compounds have been described in 
recent years. Novel materials can 
be obtained by restacking single
layer Mos2 with molecular units 
included between the layers. A 
variety of organic molecules have 
been included between MoS and 
other layered chalcogenides (6l. 



The sol-gel method may be 
considered to be a soft chemical 
route. Many of the topochemical 
reactions are gentle, although some 
of them may occur entirely in solid 
state. 

4. TOPOCHEMICAL REACTIONS 

Intercalation reactions are gene
rally topochemical in nature. In 
topochemical reactions, reactivity is 
controlled by the crystal structure 
and there is orientational relation
ship between the product and the 
parent just as in martensitic reac
tions [lJ. Dehydration of 0-Ni(OH)

2 
to NiO as well as the oxidation of 
~i(OH) 2 to NiOOH are both topo
chemical (7). Y - FeOOH topochemi
cally transforms to Y -Fe2o 3 on 
treatment with an organic base. 
Dehydration of many hydrates such 
~s VOP04.2~20 and HMo02Po4 .H2o 
IS topochemiCal. The topochemical 
nature of dehydration has been 
exploited to prepare Moo3 in the 
metal stable Reo3 type structure 
[8). wo3 .1!3 H2o gives wo3 in 
different structures depending on 
the temperature of dehydration [7}. 

Topochemical reduction and 
oxidation reactions are known. 
Thus, the reduction of YBa?cu3o 7 
to YBa2cu3o 6 is topoch~emical. 
La2Ni2o 5 can only be made by the 
topochemical reduction of LaNi0 3. 

5. PRECURSOR METHODS 

The best way of reducing diff
usion distances in solid state 
synthesis, in particular by ceramic 
procedures, is to have precursors 
wherein the relevant metal ions are 
a short distance apart. Precursor 
compounds to prepare a variety of 
perovskite oxides have been known 
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for som.e tim~ (e.g. Ba[TiO(c2o 4 >2J 
for BaT103 . LI[Cr(C 0 0 4 ) 0 .(H2 o)?) for 
LiCr02 , MCr2o 4 ~from (NH4 )2 -
M(Cr04)2.6H2o and LaCo(CN) 6.5H?O 
from Lacoo3 . Hydrazinate precur
sors have been employed to prepan~ 
several complex oxides. 

Specially noteworthy are the 
carbonate solid solutions of calcite 
structure which, on decomposition, 
give the oxide with the desired 
cation ratios [9). A variety of 
complex oxides have been prepared 
by this method and many of these 
cannot be prepared otherwise. 
Hydroxide, nitrate and cyanide solid 
solutions have also been employed 
as precursors for oxides. Recently 
a precursor has been found to 
prepare Chevrel phases [101 of the 
type A Mo 6s8 by the rf?action, 
2Ax(NH41yMo3s9 + 10H2 A2xMo6s8 
+ 1 OH 2S + 2yNH!1 + yH2 . Precur
sors for the synthesis of YBa 9 cu3o..., 
have been disrussed Ill]. It ~should 
be noted that organometallic pre
cursors have been found to be ideal 
to make non-oxide ceramics such as 
Si3N4 , SiC etc. 

6. ION-EXCHANGE AND ALKALI 
FLUX METHODS 

Ion exchange is an important 
property of fast ion conductors 
such as 0-alumina. Ion exchange 
also provides a means of preparing 
other materials. Typical examples 
are the preparation of LiCro2 from 
NaCro2 and LiN03, AgAI02 from 
KAl02 and AgN03 and CuFeo2 from 
LiFe02 and CuCl. These reactions 
are carried out in molten state or 
in aqueous solution. It is through 
proton exchange with oxide materi
als containing alkali metal ions 
(specially Li+) that one obtains 
several materials used as precursors 
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to prepare certain complex oxides. 
We examined some examples while 
discussing soft chemistry routes. 
Another example is the conversion 
of LiNb03 and LiTao 3 to HNb03 and 
HTa03 . 

Use of strong alkaline media 
in the form of solid fluxes or 
molten solutions is helpful in 
preparing oxides, specially if one of 
the metal ions is required in a high 
oxidation state. Thus Pb2(Ru2 _x 
Pbx>o 7_ with Pb in 4+ state is 
preparel in a highly alkaline media. 
Molten alkali has been used to 
prepare superconducting La2cuo 4+o 
[ 11]. 

7. ELECTROCHEMICAL METHODS 

Electrochemistry in aqueous or 
molten media has yielded a large 
number of inorganic materials in
eluding carbides, borides, silicides, 
oxides and sulfides. Many of the 
oxide bronzes are prepared electro
chemically, just as other alkali 
metal intercalation compounds (e.g. 
LixMS2). Electrochemical method 
provides the best means of prepar
ing oxides where a transition metal 
ion is required to be in a high 
oxidation state. Thus, supercon
ducting La2cuo4+o as well as 
SrFeo3 type oxides have been pre
pared electrochemically { 12}. There 
is much to be done in the area of 
electrochemical oxidation of metal 
oxide systems. 

8. CUPRATE SUPERCONDUCTORS 

The discovery of a supercon
ducting cuprate with T c above 77K 
created a sensation in -early 1987. 
Wu et al. who announced this 
discovery first made measurements 
on a mixture of oxides containing 

yttrium, barium and copper obtained 
in their efforts to obtain the yttri
urn-analogue of La2_xBa:x.Cuo4: In 
this laboratory, we wor.Ked mde
pendently on the Y-Ba-Cu-0 sys
tem on the basis of solid state 
chemistry. We knew that Y2 cuo4 
could not be made and that substi
tuting yttrium by barium in this 
cuprate was not the way to pro
ceed. We therefore tried to make 
Y 3Ba3cu6o 14 by analogy with ~he 
known La3Ba3cu6o 14 and vaned 
the yttrium barium ratio as in 
Y 3_xBa3+xcu6o 14 I 13]. By making 
x = 1, we obtained YBa2cu3o 7 
(Tc ::::: 90K). We knew the structure 
had to be that of a defect perov
skite from the beginning, because of 
the route we adopted for the 
synthesis. 

Preparative aspects of the 
various types of cuprate supercon
ductors have been recently re
viewed Ill I. The cupra tes are 
ordinarily made by the traditional 
ceramic method (mix, grind and 
heat), which involves thoroughly 
mixing the various oxides and/or 
carbonates in the desired proportion 
and heating the mixture at a high 
temperature. The mixture is ground 
again after some time and reheated 
until the desired product is formed, 
as indicated by X -ray diffraction. 
This method may not always yield 
the product with the desired struc
ture, purity or oxygen stoichiome
try. Variants of this method are 
often employed. For example, de
composing a mixture of nitrates has 
been found to yield a better 
product in the case of the 123 
compounds by some workers; others 
prefer to use Bao2 in place of 
BaC03 for the synthesis. One of the 
problems with the bismuth cuprates 
is the difficulty in obtaining phasic 



purity (minimizing intergrowth of 
the different layered phases). The 
glass or the melt route has been 
employed to obtain better samples. 

Heating oxidic materials under 
high oxygen pressures or in flowing 
oxygen often becomes necessary to 
attain the desired oxygen stoic hi-
ometry. Thus, La2cuo4 and 
La2ca1_xsrxcu2o 6 heated under 
high oxygen pressures become 
superconducting with T c values of 
40 and 60K respectively. We have 
prepared an analogous cuprate with 
two Cuo2 sheets. (T c - 60K) the 
alkali flux method. In the case of 
the 123 compounds, one of the 
problems is that they lose oxygen 
easily. It is necessary to heat 
these materials in an oxygen 
atmosphere below the orthorhombic
tetragonal transition temperature. 
Oxygen stoichiometry is, however. 
not a problem with thf; bismuth 
cuprates. The 124 superconductors 
were first prepared under high 
oxygen pressures, but it was later 
found that heating the oxide or 
nitrate mixture in the presence of 
Na2o 2 in flowing oxygen is suffi
cient to obtain 124 compounds. 
Superconducting lead cuprates, 
however, can only be prepared in 
the presence of very little oxygen. 
In the case of the electron super
conductor Nd2 _xce cuo4 , it is 
necessary to heat fhe material in 
an oxygen-deficient atmosphere. 
Many of the thallium cuprates have 
to be heated in vacuum, N2 or H2 
atmospheres to make them super
conducting. 

The sol-gel method has been 
conveniently employed for the 
synthesis of 123 and bismuth cup
rates. Materials prepared by such 
low-temperature methods have to 
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be heated under suitable conditions 
to obtain the desired oxygen stoi
chiometry as well as the character
istic high T c value. 124 cuprates, 
lead cuprates and even thallium 
cuprates have been made by the 
sol-gel method: the first two are 
particularly difficult to make by 
the ceramic method. Copnc:cipitation 
of all the cations in the form of a 
sparingly soluble salt such as 
carbonate in a proper medium (e.g. 
using tetraethylammonium oxalate), 
followed by thermal decomposition 
of the dried precipitate has been 
employed by many workers to 
prepare cuprates. Several other 
novel strategies employed for the 
synthesis of superconducting cu
p,rates were mentioned while dis-
cussing the various methods. 
Strategies where structure and 
bonding considerations are involved 
in the synthesis are generally more 
interesting. One such example is 
the synthesis of modulation-fr(~e 

superconducting bismuth cuprates. 
Special mention should be made of 
oxyanion derivatives of cuprates, 
some of which are superconducting. 
Anions such as CO~- replace the 
cuo4 units in 123 as well as other 
cuprates[l4-17]. 

9. INTERGROWTH STRUCTURES 

There are several metal oxides 
exhibiting well-defined recurrent 
intergrowth structures with large 
periodicities, rather than forming 
random solid solutions with variable 
composition. Such ordered inter
growth structures themselves how
ever frequently show the presence 
of wrong sequences. The presence 
of wrong sequences or lamellae is 
best revealed by a technique that 
is more suited to the study of local 
structure. High resolution electron 
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microscopy (HREM) enables a direct 
examination of the extent to which 
a particular ordered arrangement 
repeats itself, the presence of 
different sequences of intergrowths, 
often of unit cell dimensions. Many 
systems forming ordered intergrowth 
structures have come to be known 
in recent years (18]. These sys
tems generally exhibit homology. 
What is amazing is that such perio
dicity occurs in three-dimensional 
solids. The Aurivillius family of 
oxides of the general formula 
Bi2An_ 1Bno3 + 3 form intergrowth 
structures oP the general formula 
Bi4Am+n- 2Bm+no3({Il+n)+ 6 involv
ing alternate stackmg of two Auri-
villius oxides with different n 
values. The method of preparation 
involves simply heating a mixture 
of the component metal oxides at 
~ 1 OOOK. Ordered intergrowth struc
tures with (m,n) values of {1,2), 
(2,3) and (3,4) have been fully 
characterized. Intergrowth bronzes 
and hexagonal barium ferrites are 
also examples of ordered inter
growths. 
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