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Emerging electrosynthetic techniques such as electrogeneration of base, anodic oxidation,
and ac (alternating current) synthesis provide simple and inexpensive alternative routes to
the synthesis of ceramic thin films and coatings, nanoparticulate materials, and metastable
phases. In this review, we survey illustrative examples to highlight the potential application
of these techniques in meeting the goals of inorganic solid-state synthesis.
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1. Introduction

The difficulties encountered during the synthesis of
inorganic solids, on account of the limitations of diffu-
sion in the solid state have been traditionally overcome
(i) by reducing the particle size of the reactants or (ii)
by eliminating the need for diffusion altogether by the
use of solid solution or compound precursors.! These two
strategies have led to the development of a plethora of
low-temperature routes to the synthesis of inorganic
solids which have been reviewed elsewhere.?2 A third
strategy, which is applicable in the event of (i) the
diffusing species being charged and (ii) the diffusion
medium (more commonly called the host lattice) being
porous, layered, or defective, is to induce diffusion by
the application of an electric potential. This strategy can
lead to the desired product even at room temperature.
This technique, traditionally referred to as “electrosyn-
thesis” has been included among the synthetic tech-
niques available to the solid-state chemist in a number
of reviews.? The synthesis of LiyMoS, (0 < x < 1)* by
the cathodic reductive intercalation of MoS; is an
archetypical example of this approach, which has been
over the years extended to other layered chalcogenides,
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oxides, oxide-halides, hydroxides, chalcogenophosphates,
and others.> Despite its restricted application to the
reversible intercalation of H* and Li* ions, this syn-
thetic technique has yielded a large number of battery
materials. We call this technique “the electromigration
method” to distinguish it from other emerging elec-
trosynthetic techniques, which form the subject of this
review.

Two important developments have taken place over
the last 10 years:

1. On the scientific front, the introduction of the
principles of “chimie douce” (“soft chemistry”)® has
added a new dimension to solid-state synthesis with its
emphasis on rational chemical—mechanistic based ap-
proach to and Kinetic control over the reactions. While
the earlier focus was on the synthesis of thermodynami-
cally stable phases by low-temperature routes, the
possibility of exercising kinetic control over solid-state
transformations has given the chemist access to the
world of metastable materials and the exciting proper-
ties and phenomena exhibited by them.” The late
Professor M. Figlarz who propounded the concept of
metastability in the context of “chimie douce”, has
classified it into different types.® The three most rel-
evant to the present discussion are (i) topological
metastability of microporous and layered materials, (ii)
structural metastability of epitaxial films, and (iii)
morphological metastability of nanoparticulate materi-
als.

The emphasis of inorganic solid-state chemistry has
clearly shifted to the synthesis of metastable materials.

2. On the technological front, the challenge of devel-
oping oxide-based electronics® has spawned a tremen-
dous effort toward the fabrication of ceramic films
ranging in thickness from the nanometer to the mi-
crometer.

Currently, the established techniques of fabricating
ceramic thin films include pulsed laser deposition, rf
sputtering, electron beam etching, metal—organic chemi-
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cal vapor deposition, and molecular beam epitaxy.1°
Most of these techniques involve a two-step process. In
the first step, the desired ceramic material is synthe-
sized in bulk by any of the known conventional methods.
In the second step, a pressed pellet of the ceramic is
made a target for irradiation by a high-power laser, ion/
electron beam, or a rf source. The resultant plume is
captured onto a cold substrate. These techniques require
a high power source and/or an ultrahigh vacuum
system, making them extremely capital and energy
intensive. Besides, there are instances where the film
composition varies significantly from the target compo-
sition due to the different sputtering speeds of the target
constituents. These techniques are also not suited to
obtaining conformal coatings on curved substrates.
Further, these techniques are inapplicable when the
target material is a low-temperature phase, as irradia-
tion would lead to instantaneous decomposition of the
target material.

There is therefore an urgent need to develop simple
and inexpensive chemical approaches to the fabrication
of ceramic films on a variety of substrates.

2. Electrochemical Synthesis: Features

An electrochemical synthesis is achieved by passing
an electric current between two or more electrodes
separated by an electrolyte. By definition, the synthesis
takes place at the electrode—electrolyte interface. We
list below several features which distinguish electrosyn-
thesis from other synthetic methods:

(i) Electrochemical synthesis takes place close to the
electrode within the electric double layer, which has a
very high potential gradient of 10° V cm™1. Under these
conditions, the reactions often lead to products which
cannot be obtained in a chemical synthesis.

(i) The product is deposited on the electrode in the
form of a thin film or a coating. Further, a solid—liquid
interface facilitates the growth of conformal coatings on
substrates of any shape, especially if a suitably shaped
counter electrode is employed to provide uniform po-
larization.

(iii) Electrochemical synthesis is a low-temperature
technique limited by the boiling point of the electrolyte.
This can be raised by using molten salt electrolytes.

(iv) Kinetic control can be exercised by controlling the
current passed through the cell, while thermodynamic
control can be exercised by choosing the applied cell
potential.

(v) An electrochemical synthesis is an oxidation or a
reduction reaction. By fine-tuning the applied cell
potential, the oxidizing or reducing power can be
continuously varied and suitably selected—a luxury not
afforded by chemical synthesis.

(vi) The film composition can be controlled by varying
the bath composition.

(vii) The experiments are simple to perform and the
instruments are inexpensive and readily available.

There are, however, some disadvantages. Being an
ambient temperature technique electrosynthesis often
leads to poorly ordered products making unequivocal
structural characterization difficult. Often, the product
comes with X-ray amorphous impurities. Further elec-
trodeposition can only be carried out on conducting
substrates.
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Nevertheless, the unique features of electrosynthesis
eminently qualify it to join the ranks of “chimie douce”
techniques and offer solutions to the twin challenges of
making metastable phases and growing ceramic thin
films.

3. Designing an Electrochemical Synthesis

The success of an electrosynthetic reaction depends
on the proper choice of a number of reaction parameters:

(1) Choice of an electrode—inert or reactive
(2) Choice of an electrolyte

(3) Choice of temperature, pH, concentration, and
composition of the electrolyte solution

(4) Choice of the cell—divided or undivided

(5) Mode of electrolysis—potentiostatic or galvano-
static.

In a typical electrosynthesis, the reactant, which is
dissolved in the electrolyte is deposited as a solid
product. Consequently, the activity of the reactant
decreases as the reaction proceeds. The two important
parameters that determine the course of the reaction
are (i) the deposition current and (ii) the cell potential.
Of the two, any one can be controlled as a function of
time during the reaction.

In a galvanostatic synthesis (see Figure 1a), a delicate
control can be exercised over the rate of the reaction
leading to deposits with good adhesion and a controlled
morphology. However the cell potential drifts as the
reactant activity decreases. The drift in the cell potential
may lead to a multiplicity of products. A potentiostatic
synthesis is carried out with a three-electrode assembly
(see Figure 1b) by polarizing the electrode to a desired
potential with respect to a reference electrode. In this
case, the cell current usually decays rapidly as the
reaction proceeds, both due to low rates of diffusion of
the reactant molecules from the bulk to the electrode
surface as well as due to decrease in activity of the
reactant. However, the reaction is likely to yield a pure
single-phase product selected for by the applied poten-
tial.

In a potentiostatic synthesis, the potential to be
employed is not always known beforehand. Therefore,
a linear voltammetry is first carried out by ramping the
cell potential from an initial value, E;, to a final value
E¢ (see Figure 1c). E; and E; correspond to potentials at
which the solvent undergoes electrolysis, for instance,
the hydrogen evolution and oxygen evolution potentials
for an aqueous electrolyte solution. A potentiostatic
synthesis can be carried out if the reaction takes place
at any potential intermediate between these two values.
If the reaction potential falls outside the window
provided by E; and Es, then a suitable electrode and
solvent have to be chosen with the appropriate potential
window which includes the reaction potential. A divided
cell helps to separate the product of the cathodic
reaction from that of the anodic reaction and the
chemical composition of the product is controlled by
varying the electrolyte composition.

In an actual synthesis, one or more of these synthetic
parameters may have to be empirically selected by
performing a large number of trials, keeping in view
the product quality.
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Figure 1. A schematic representation of galvanostatic (a) and
potentiostatic (b) synthesis. The applied potential and the
current response of an electrochemical cell under a potentio-
dynamic operation (c): G, galvanostat; V, voltmeter; P, po-
tentiostat; R, recorder; RE, reference electrode; WE, working
electrode; CE, counter electrode; 1, electrochemical cell; 2,
electrolyte; 3, Lugin capillary.

4. Electrochemical Synthesis: Techniques

In Table 1, we list the various techniques of elec-
trosynthesis and the nature of products obtained from
each. Of these, the first two are well-known and
reviewed elsewhere. The first, viz. synthesis by elec-
tromigration,!! is a typical “chimie douce” technique,
highlighting kinetic control over the reaction by elec-
trochemistry. This technique involves intercalation (or
deintercalation) of a guest ion in a host lattice by
applying an electric potential between the working and
counter electrodes, where the host material (working
electrode) is prepared by a conventional high-temper-
ature route. In the second technique, i.e., electrolysis
of fused salts,’? a low-melting salt with flux, containing
the transition metal oxide, is melted and electrolyzed
at elevated temperatures using an inert Pt electrode or
a reactive metal electrode such as Fe, Co, or Ni depend-
ing on the desired product. Cathodic reduction or anodic
oxidation leads to single crystals of the product which
can be recovered by washing away the electrolyte. Single
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crystals of FeV,04, WS,, FesP, and TiS, have been
prepared by this technique. However there is no clear
understanding of the mechanism and the synthetic
conditions appear to be chosen empirically.

In this review, we focus on the remaining three
techniques, which have been developed in the last 10
years or so. Finally we examine how these techniques
have been employed for the synthesis of two classes of
speciality materials viz. the high-temperature super-
conducting oxides and nanoparticulate oxide materials.

4.1. Electrogeneration of Base. It is well-known
that when electric current is passed through a metal—
salt solution, the metal is deposited at the cathode. This
principle is widely used by plating technologists to
obtain metal coatings. But depending upon the deposi-
tion potential, choice of the anion and the pH of the
solution various other reactions take place at the
cathode.® They include

(1) Reactions which consume H™ ions such as
(@ H"+e —HorHy,
(b)2H" +2¢e" —H, E°=0.0V

() NO;” +2H" +2¢"— NO,” + H,0
E°=0.934V

(d) NO,~ + 10H" + 8e” — NH," + 3H,0
(2) Electrolysis of water

(e) 2H,0 + 2e” — H, + 20H~ E°=-0.828 V
(3) Anion (for example, nitrate) reduction reactions

() NO,” + H,0 + 2e"— NO,” + 20H"
E°=0.01V

(9) NO,~ + 7H,0 + 8¢~ — NH," + 100H"~

All these reduction reactions cause an increase in the
pH of the electrolyte, close to the electrode either by the
consumption of H* ions or by the generation of OH~
ions. They effectively compete with the metal ion
reduction reaction

(h) M™ + ne” — M

On purely thermodynamic considerations, the reac-
tion with the most positive E° value would be preferred
over the others. Reactions of the type (f) and (g) have a
more positive E° value compared to most metal ion
reduction reactions!* (except for those of Cu?*, Ag™, and
Bi%"). As a result metal deposition does not take place
in most nitrate baths. On the other hand, the metal ion
deposits in the form of a hydroxide on the cathode as

(i) M"" + n(OH)™ — M(OH),, |

The best known application of this technique is the
synthesis of nickel hydroxide by the electroreduction of
aqueous nickel nitrate solutions.!®> Under certain condi-
tions the metastable a-modification of nickel hydroxide
is electrodeposited in preference to the thermodynami-
cally stable g-modification. This reaction is widely
employed for the fabrication of nickel hydroxide-based
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Table 1. Summary of the Electrosynthetic Techniques Employed in Inorganic Solid-State Chemistry

technique product

application

1. electromigration
of reactant species
2. electrolysis
of fused salts
3. electrogeneration of
base by cathodic reduction
4. anodic oxidation
5. alternate current
synthesis

single crystals
single crystals

cathodes for Ni—Cd, Ni—Fe, Ni—Zn, and Ni—MH (metal
hydride) batteries.

The relative importance of these three classes of
reactions in electrogeneration of base is not known. All
mechanistic investigations carried out in this regard
employ nitrate baths, implicitly assuming the over-
whelming role of nitrate reduction in electrogeneration
of base. But our own studies?® on the electrosynthesis
of Mg(OH), as a model reaction have shown that the
yield of Mg(OH); is much higher from a Mg—chloride
bath when compared to a Mg—nitrate bath under all
deposition conditions. Since the chloride ion does not
participate in any anion reduction reactions, hydrogen
evolution reactions (HER) are the only ones responsible
for electrogeneration of base in a chloride bath. It
appears that HER is as important as nitrate reduction
in the electrosynthesis of hydroxides. Extending this
technique, a-nickel hydroxide has been electrosynthe-
sized from chloride and sulfate baths!” with comparable
yields as from a nitrate bath.

4.1.1. Synthesis of Hydroxides. A number of unary
hydroxides of s-block (Mg?*), p-block (AI*"), and d-block
(Cr3f, Mn3*, Fe3* and Co?") metals!® have been syn-
thesized by cathodic reduction. However, electroreduc-
tion of the salts of Cu, TI, Bi, and Pb yielded only metal
deposits.

In an effort to electrodeposit the hydroxides of Cu,
TI, Bi, and Pb, all of which are promising precursors to
superconducting oxides, the cathodic reduction tech-
nique was extended to perchlorate baths.'® The perchlo-
rate reduction reactions have much higher E° values
than the nitrate reduction reactions:

() Clo,” + H,0 + 2e” — ClO,™ + 20H"
E°=0.36 V

(k) ClO,” + 4H,0 + 8¢~ — CI~ + 80H~
E°=0.51V

These values compare very favorably with the E° values
of metal ion reduction reactions of Cu?* (0.345 V), TI*
(—0.338 V), Bi®* (0.226 V), and Pb?* (—0.126 V). It was
therefore expected that perchlorate reduction should
yield their respective hydroxides. However these experi-
ments?8 failed to yield hydroxide deposits in the case of
these metals, showing that E° value is not the sole
determining criterion for the success of this class of
electrosynthetic reactions. Other unknown Kinetic fac-
tors also play a crucial role.

For technological applications, the electrosynthesized
coating should be crack-free, have a high adhesion
strength and form an ohmic contact with the substrate.
We have observed that reactive electrodes such as Ni
and stainless steel yield coatings with superior mechan-

polycrystalline powders/

coatings/films/powders

coatings/films/powders
layer-by-layer films/coatings

battery electrode materials
crystal growth at moderate temperature

synthesis of electrode materials for secondary

cells, fabrication of hydroxide films/coatings
synthesis of compounds with high oxidation state
synthesis of composites/solid solutions

ical properties compared to inert electrode substrates
such as Pt. Aries and co-workers!® have studied the
electrodeposition of AI(OH); on stainless steel substrates
to investigate the role of interfacial compounds in the
bonding of the hydroxide coating to the substrate. Under
the superficial layer of Al—oxide/hydroxide is found a
layer of Fe(Cr,Al),O4 oxide of the spinel structure with
a compositional gradient. Compositionally graded in-
terfacial oxide layers play a crucial role in providing
adhesion. The substrate electrode is often subjected to
electrochemical and/or chemical treatment to produce
an appropriate surface layer conducive to the adhesion
of the coating.

Coprecipitation of trivalent metal ions along with
divalent hydroxides leads to the formation of a class of
compounds called the layered double hydroxides (LDHSs),
which have the general formula M!'";_,M'",(OH),
A" ynyH,O (MM = Mg, Co, Ni, Cu, Zn; M''I' = A, V,
Cr, Mn, Fe, Ga; A = Anion; y = 0.5—1).2° The LDHs
consist of a stacking of positively charged layers of the
composition [M'';_x M'!",(OH),]**, which then interca-
late anions and water molecules in the interlayer region
for the purposes of charge neutrality and stability. The
LDHs find application as sensors, catalysts, anion-
exchange resins, and sorbents, and as electrodes for
alkaline secondary batteries.?! For many of these ap-
plications, they are needed in the form of thin films and
coatings. We have electrosynthesized the LDHs of Ni
and Co with AT, Cr3tf, Mn3*, and Fe3™ on Pt foil
electrodes for electrochemical applications.?? The LDH
of Mg with Al, the synthetic analogue of the archetypical
mineral LDH, the hydrotalcite, has been electrochemi-
cally synthesized on a Pt electrode.

4.1.2. Synthesis of Oxides. Switzer?® introduced this
technique for the first time as a synthetic route to
oriented ceramic films as well as polycrystalline pow-
ders. Polycrystalline CeO, powder was synthesized from
a cerous nitrate solution, although the mechanism was
not well understood at that time. Further studies?* from
his group have shown that the electrosynthesized CeO;
is nanocrystalline, and sinters at a much lower tem-
perature (750 °C) than CeO; synthesized by other
conventional techniques and yield dense powders. A
recent study by Feng-Bin Li and co-workers?® gives the
chemical mechanism of the formation of CeO,. Accord-
ing to them, CeO, forms due to oxidation of Ce(lll) to
Ce(1V) by hydrogen peroxide, which is formed due to
dissolved oxygen reduction in the electrolyte as

Ho,+2H,0+2e —H,0,+ 20H"
The overall reaction is given as

(m) 2Ce*" + 40H™ + 0, + 2e~ — 2Ce0, + 2H,0
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The oxygen reduction reaction (ORR) also appears to
be an important source of electrogenerated base.

The electrochemical synthesis of precursors to poly-
crystalline powders of Zr0,,% TiO,,2” and ZrTiO4%8 and
coatings of Zr0,,2° Al,03,2%30 Al,03—Zr0,,3! and Al,O3—
Cr,03% has been reported by different groups, most
notably by that of Gal-Or from Israel. These syntheses
have been achieved by the galvanostatic reduction of
the respective mixed-metal nitrate/chloride solutions in
the presence of hydrogen peroxide at various current
densities ranging from 10 to 100 mA cm~2. Graphite or
Ti working electrodes were used. In these syntheses the
OH~ ions generated, result in the formation of colloidal
particles of the hydrolyzed compounds of Zr or Ti on the
cathode which on heat treatment yield the respective
metal oxides. This method is very useful in the prepara-
tion of fine powders and adherent coatings.

Similarly, precursors for oxides such as PbO,,33
Cr,03,%4 Nb,0s,3° Zn0,36 and WO3%” have been prepared
by electrogeneration of base. In all these syntheses, the
oxides can be obtained as adherent coatings, a few
micrometers thick, by adjusting certain parameters such
as electrolyte concentration, current density, deposition
time, electrolyte pH, and temperature.

Among the ternary oxides, those of the perovskite
structure show a wide variety of electrical and magnetic
properties. Typical examples are the dielectric oxides
BaTiO3%® and lead zirconate titanate,® thin films of
which have been prepared by cathodic reduction. Konno
and co-workers*® have made thin films of La;—,M,CrOs
(M = Ca, Sr) by heat treatment (700 °C, 10 min) of the
hydroxy-chromate precursor obtained by cathodic re-
duction of a mixed-metal nitrate solution containing
(NH4)2Cr,05. Films of LaFeO3; have been prepared by
Hombo and co-workers*! by heat treatment of an elec-
trosynthesized hydroxide precursor at 700 °C which is
much lower than the temperature (>1000 °C) used in
the conventional ceramic preparation. We have elec-
trosynthesized highly crystalline rare-earth chromates
of the formula Ln,Cr301,7H,0 (Ln = La, Pr, Nd) by
cathodic reduction of a Ln(NO3)3 solution containing K-
Cr,07 both as adherent coatings and polycrystalline
powders.*? These coatings on heat treatment (750 °C,
10 min) yielded very adherent LnCrOs coatings. The
limiting thickness of the coating was estimated to be
51 um from density data. Similarly LaMnOj3; coatings
of thickness ranging from 0.5 to 2.6 um have been
synthesized by cathodic reduction.*® LaMnO; coatings
are of importance as they exhibit the property of giant
magnetoresistance (GMR). Ferromagnetic coatings of
La;—xCayMnO3z44* have also been prepared by cathodic
reduction of nonaqueous solutions and found to exhibit
GMR behavior.

4.1.3. Synthesis of Metal Phosphates. During the
course of our work on this technique we have elec-
trosynthesized a number of metal phosphates. Of special
interest is the calcium hydroxyapatite [Cas(OH)(PO4)s]
which is crystallographically similar in structure to
various calcified tissues of vertebrates. It is therefore
used as a biocompatible coating on metal endoprosthe-
ses. Conventionally this coating is fabricated by pulsed
laser deposition on account of which the metal implants
are expensive. We have fabricated Cas(OH)(PO,)s coat-
ings from an aqueous bath containing Ca(NOgs), and
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Table 2. Oxides Synthesized by Electrogeneration of
Base by Cathodic Reduction

compound technique? applications ref(s)
CeO> Pand G gas sensor, 23—-25
fuelcells
La;-xMxCrOs P electronic 40
(M = Ca, conducter
Sror Ba)
PbO- G electrode 33
material
ZrO, G ionic conductor 26, 29
BaTiO3 P dielectric 13,38
components
LaFeOs Pand G oxide coating 41
PZT Pand G dielectric and 39
piezoelectric
components
Al;O3 P corrosion-protective 19, 29
coating
Cry03 G wear and corrosion- 34
resistant
coating at
high temperatures
Mo1-xMxO3 G optical light modulators 47
(M = Co,
Cr, Ni,
W or Zn)
ZrTiOy G industrial application 28
TiO; P photocatalyst 26¢, 27
Nb,Os P ceramic oxide film 35
Nd2CuQO4 G superconductor 48
ZnO P optical and 36
electronic devices
Ln,Cr3012°7H,O0 P and G corrosion-protective 42
coatings
LaMnOg3 G GMR 44
Ni(OH), G electrode material 15, 49
hydroxyapatite G biocompatible coating 45, 46
O3 G electrochromic devices 37
Al,O3—M oxides G composites 29, 31,
32

a Abbreviations: P, potentiostatic; G, galvanostatic

diammonium hydrogen phosphate at pH 2.2.45 The
coating growth characteristics are convenient to achieve
rapid (0.5—1 h) synthesis of micrometer thick coatings
on stainless steel substrates with good adhesion. Cal-
cium hydroxyapatite coatings were also prepared at
potentials ranging from —1.3 to —1.5 V from an elec-
trolyte containing Cajo(PO4)s(OH), dissolved in 1 M
NaCl solution at pH 4.4.46 In Table 2 we list the
significant solid-state syntheses achieved by the ca-
thodic electrogeneration of base technique.

4.2. Anodic Oxidation. In this technique, a metal
ion in a lower oxidation state is oxidized to a higher
oxidation state anodically. The pH of the electrolyte is
chosen in such a way that the lower oxidation state is
stable while the higher oxidation state readily under-
goes hydrolysis to yield the metal oxide or hydroxide.

(n) MZ+ . M(Z+A)+ + Ae”

(0) MEAF + (z+A) OH™ — M(OH),,, —
MO, ay + (z+A)/2 H,0

This technique also inspires battery technologists,
who fabricate PbO, and MnO; electrodes by the anodic
oxidation of solutions containing Pb%" and Mn2" ions,
in keeping with the scheme above.5%5! Electrosynthesis
leads to the formation of defect PbO; and y-MnO; (also
called electrolytic manganese dioxide, EMD) respec-
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tively, both metastable forms which exhibit a higher
electrochemical activity compared to other polymorphic
modifications obtained by chemical synthesis.

Switzer5? deposited TI,03 films of 3 um thickness on
a titanium electrode by anodic oxidation of an alkaline
TI(1) acetate solution. At moderate current densities of
1—10 mA/cm? the Coulombic efficiency for galvanostatic
deposition was shown to be nearly 100%. A photovoltaic
efficiency of up to 13.8% was achieved for T1,03 depos-
ited on a n-Si substrate.

Co-workers in this laboratory have co-deposited MnO,
with PbO, and TI,03 in an effort to improve the
electrode performance of MnO,.53 Cyclic voltammetric
studies on composite films (MNnO,—PbO,, MNO,—TI,03,
and MnO,—PbO,—TI,03) show that the cycle life of
MnO; is improved from 5 cycles to 10 and the revers-
ibility measured by the ratio of cathodic to anodic peak
currents increases from 0.64 to 0.86 in the MnO,—PbO,
composites where as TI,03 is deleterious to the revers-
ibility of the electrode.

The research on anodic oxidation of TI(I) to TI1,03 and
Pb(11) to PbO; by Sasaki and co-workers®* resulted in a
new compound PbgTls024 with a cubic fluorite structure.
PbgTls024 was electrodeposited on a platinum plate from
an alkaline mixed-metal bath potentiostatically.

MnO,-based organic—inorganic composites can also
be deposited by this technique. Kuwabata and co-
workers®® have made composite films of MnO, and
polypyrrole under optimized conditions for application
as cathode materials for rechargeable lithium secondary
batteries. Specific energy densities of such electrodes
improved from 266 C cm™2 for pure polypyrrole to 400
C cm~2 for the MnO,-containing composite electrodes.

Tench and Warren®6 extended this scheme of synthe-
sis for the first time to other systems and prepared thin
films of the oxyhydroxides of trivalent Ni, Co, Fe, and
Mn by the anodic oxidation of the respective divalent
ions dissolved in an acetate buffer of pH 6. The NiO-
(OH) exhibits a reversible charge storage redox chem-
istry and electrochromism. MnO(OH) and CoO(OH) are
highly electrically conducting. V,0s has been deposited
on various substrates such as stainless steel, platinum,
nickel, glassy carbon, graphite, woven carbon cloth, and
SnO; glass by anodic oxidation of a saturated aqueous
NH4VO3 solution by both galvanostatic and potentio-
static techniques.5” Best deposits were obtained for bath
temperatures in the range of 40—60 °C. Studies on the
insertion of H* and Lit into these electrodes resulted
in three phases of LixV,0s with various values of x.
These materials have potential applications as elec-
trodes for lithium batteries.

There are other anodic syntheses where the electrode
itself acts as a source for compound formation by
undergoing dissolution (or oxidation) during synthesis.
Examples of such syntheses are BaWQO,,%® SrwWQ,,%° and
Sr1-xCayM00,4%° which have been electrosynthesized
using W (or Mo) electrodes from the respective alkaline-
earth metal hydroxide solutions galvanostatically. These
compounds are luminescent materials. Mechanistic
studies have revealed the following pathway:
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0] WO42’ species form on the anode in an alkaline
solution

(p) W + 4H,0 — WO,2~ + 8H" + 6e~

(i) these WO, species react with M*" (Sr** or
Ba?") ions in the solution to form MWO,

(q) M*" + WO,* — MWO,

This method gives very well ordered defect-free
crystals at room temperature. This technique has
advantages over ceramic syntheses of SrWO, powders
which always contain impurity phases.

Matsumoto and co-workers®! have made important
contributions toward the anodic electrosynthesis of
perovskite oxides LnMO3; (Ln = rare earth; M = Mn,
Co, Ni). Their studies have shown that even though
Ln3* ions do not participate in any oxidation reactions,
they can be incorporated into anodically grown oxyhy-
droxide films of Mn and Co provided a high Ln®*/M ratio
(100—1000) is maintained in the electrolyte. These
precursor films on heat treatment yield LaMnO3; and
LaCoOj3; coatings. These compounds find wide applica-
tion as electrode materials for solid oxide fuel cells
(SOFCs). A similar synthesis incorporating La3" in the
NiO(OH) deposit led to the Ruddleson—Popper phase
LisNiz010.52 All these syntheses have been carried out
potentiostatically and the deposition conditions have
been determined empirically by performing a large
number of experiments. For instance, potential mea-
surements studied during the deposition of the film from
cobalt acetate, cobalt sulfate, and cobalt nitrate show
that a single-phase LaCoO3; can be obtained only at 0.95
V in the case of Co(CH3COO), solution and in the
potential region 0.70 to 0.95 V for CoSO,4 and Co(NO3);
solutions. These correspond to the formation of C0,03
where cobalt exists in Co3" state and the potential
region above this value corresponds to the formation of
Co0O; where cobalt exists in Co*" state. The precursor
in this instance has been identified to be [C0,03.2La-
(NO3)3-3H20], which on heat treatment at 500 °C yields
a LaCoOs3 coating.

The anodic oxidation technique is especially suited for
the synthesis of compounds with metal ions in unusual
high oxidation states. An example is the stabilization
of Fe(lV), Co(lV), Ni(lV), or Cu(lll) which can be
achieved only partially in complex ternary oxide systems
by conventional ceramic techniques. Hansen and co-
workers83 have synthesized LDHs of Co with Fe and
anodically oxidized them to obtain hexagonal layered
oxides of the type Co;—xFexO,H; (z < 0.4) where both
Co and Fe are stabilized in the higher oxidation state
of +4. The reaction was carried out at the ambient
temperature potentiostatically at 1.3 V versus SCE for
1h.

In Table 3 we list important anodic syntheses re-
ported in the literature.

4.3. Alternating Current Synthesis: From Layer-
by-Layer Composites to Solid Solutions. It is evi-
dent from the preceding sections that some materials
such as nickel hydroxide are deposited by cathodic
reduction, while others such as MnO, are deposited by
anodic oxidation. Our search for improved battery
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Table 3. Oxides Synthesized by Anodic Oxidation

compound technique? application ref(s)
Ni(OH),/NiOOH, P electrode material 56
Co0g, FeO,
and MnO,
PbgTl5024 P oxide coating 54
NiO(OH), Co,03 P and G alkaline water 64
electrolysis
thallic oxide G heterojunction 52
solar cells
hydrated V,0s5 G ion-selective electrode 57
Fes—«LixO4 G magnetic devices, 65
electrode material
LaCoO3 P and G oxidation and 61d

electrocatalyst

WOj3; with Co, Cr, G electrochromic devices 66

Fe, Mo, Ni,
Ru, and Zn
TiO, P photocatalyst 67
nickel oxides G electrode material 68
AgO G battery material 69
a Abbreviations: P, potentiostatic; G, galvanostatic
(a)
w1
L M, Y
iO
t
i{c
L“‘z
(b) W 72727
777777748 RN
LS - — g
A,(By Ay_; Bz

Figure 2. A square wave ac showing the possible variables.
Schematic representation of a layer by layer composite (a)
compared with that of a solid solution (b): S, substrate
electrode.

materials necessitated the simultaneous deposition of
the two.”® In principle, this can be achieved by the
pulsed electrolysis of a mixed metal nitrate bath con-
taining both Ni?* and Mn?*, by the use of alternating
current. The preferred waveform is a square wave (see
Figure 1.2a).

During pulsed electrolysis, the working electrode is
alternately polarized anodically for a length of time, t;
(called the on-time) and then cathodically for time, t
(called the off-time). The anodic (i) and cathodic (ic)
currents or potentials (V, and V,) can be varied, as can
the amplitude (ia + ic) or (Va + V). iaty, determines the
thickness of the anodic deposit (say A), while ict
determines the thickness of the cathodic deposit (say
B). Large values of t; and t; (low frequencies) would lead
to layer-by-layer composites of the type A«By, whereas
small values (high frequencies) can in principle lead to
a single-phase solid solution of the type A;—.B; (see
Figure 2b), where x, y, and z are determined both by
the bath composition and the Coulombic efficiencies of
the anodic and cathodic reactions. Although such syn-
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theses are conceptually feasable, to the best of our
knowledge, Switzer and co-workers,’! are the only group
to have utilized the full flexibility of this technique for
rational synthesis.

Voltage as well as current pulses (“galvanostatic
pulsing”) were used to obtain oxide films in the Pb—TI
system using a stainless steel electrode and a mixed Pb-
(IN=TI(I) bath. At low current densities, the films were
Tl-rich while at high current densities the films were
Pb-rich. Using a pulsed anodic current, Switzer and co-
workers’® synthesized compositionally modulated (Tl,-
Pb,O/TlgPb:Of) thin film superlattices. Switzer has
suggested that such compositionally modulated layers
can be synthesized only if (1) the materials are isomor-
phous (2) they can be deposited as anhydrous oxides and
(3) their composition can be varied by varying the
applied potential or current. There are very few systems
that satisfy these conditions explaining the paucity of
synthetic work in this area.

5. Electrosynthesis of High-Temperature Oxide
Superconductors

The simplicity of electrosynthesis has prompted the
widespread application of these techniques to the syn-
thesis of oxide superconductors. Different techniques
have been employed.

5.1. Control of Oxygen Content by Electrochemi-
cal Oxidation/Reduction. The superconducting prop-
erty is critically dependent on the oxygen content of the
oxide. Conventionally, the oxygen content is controlled
by high-temperature annealing of the parent oxide in
an oxygen atmosphere. The annealing conditions (tem-
perature, duration, and oxygen pressure) are optimized
by laborious systematic experimentation. Electrochemi-
cal oxidation combined with coulometry is a simple
ambient temperature alternative to control the oxygen
content of an oxide. This technique has been demon-
strated most successfully in the La,CuQO,4 system. In a
typical study, the parent semiconducting La,CuOap
phase is obtained by a ceramic preparation. A pressed
pellet of this oxide is then polarized anodically (poten-
tiostatic mode) in a mild acidic’ or alkaline’ electrolyte
which may be aqueous’™ or nonaqueous.”®> Molten ni-
trate baths can also be used.”® Bulk superconductivity
is observed after this electrochemical treatment with
remarkable consistency between oxidation state of Cu
(measured iodometrically), excess oxygen (measured
thermogravimetrically) and the coulometric data. Sev-
eral possible mechanisms such as oxygenation (by the
reaction of OH™ ions or H,0O) of the parent oxide and
anodic dissolution leading to A site or B site cation-
deficient oxides have been considered.

The electrochemical oxidation is a reversible process
and the superconducting phase can be reduced back to
the parent La,CuQ, either by proton intercalation or
by removal of excess oxygen.

Electrochemical control of the oxygen content in the
YBa,Cuz0O7— (123) system has been achieved by elec-
troreduction of the sample to achieve an appropriate x
value.”” Electroreduction is facilitated by the enhanced
diffusion of oxide ions under the influence of the applied
potential in the 123 phase.

5.2. Molten Salt Electrolysis. A typical application
of this technique is the synthesis of single crystals of
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superconducting oxides at moderate temperatures (80—
300 °C) in a single step. Further heat treatment of these
crystals (400 °C) does not improve the T, but sharpens
the transition temperature.

Single crystals of BaBiOs-derived superconducting
oxides are synthesized by anodic oxidation of molten salt
mixtures containing Ba(OH),, KOH, and Bi,O3 at
moderate temperatures (200 °C) by galvanostatic’® or
potentiostatic’® method. Millimeter-sized crystallites
with K doped in the A site with T. in the range 15—30
K could be recovered. Magnetic susceptibility measure-
ments show that single crystals doped with K are
superconducting, whereas single crystals doped with Na
are not, even though their structures are similar.

Tang and co-workers®° extended this technique to the
synthesis of La,_xNaxCuO, superconducting crystals.
Experiments conducted at various current densities
show that higher current densities do not yield a pure
phase due to insufficient La* diffusion in the electro-
lyte, similarly high La/Cu ratios improve the quality of
the product by reducing CuO formation. This compound
shows a T of 30 K.

5.3. Potential Cycling of a Copper Foil. The
ability of metals to form thin oxide films on potential
cycling in a suitable electrolyte has been explored to
grow superconducting thin films. Copper foils cycled in
an aqueous barium hydroxide solution have been shown
to incorporate Ba?t ions in their oxide thin film.8!
Potential cycling in a mixed-metal electrolyte compris-
ing barium hydroxide—yttrium nitrate—copper acetate
in mild acidic pH (6.5) led to the growth of thick and
porous copper oxide films incorporating both Y and Ba.
Oxygen annealing of the film resulted in the formation
of a 123 related phase with a broad transition indicated
by magnetization experiments.82

5.4. Hydroxide Precursor Synthesis by Cathodic
Reduction. Cathodic reduction of mixed-metal nitrates
in aqueous,8 or nonaqueous (containing trace water)8
medium results in the formation of mixed hydroxides
of the respective metals in the required ratio. The
hydroxide precursor is heat treated at high tempera-
tures to obtain the superconducting film.

YBa,Cu3z07— superconducting films were prepared by
cathodic reduction of a mixed-metal nitrate solution
containing Y, Ba, and Cu potentiostatically. Deposition
potential and the bath composition determine the
composition of the precursor. The superconducting films
prepared by this technique show a T. in the range of
79—-88 K.

5.5. Alloy/Metal Deposition by Cathodic Reduc-
tion. Superconducting films of different oxide systems
such as YBaCuO,8% ErBaCu0,8%® TIBaCaCuO,8>¢86 and
BiSrCaCuO®” have been synthesized by cathodic reduc-
tion of a mixture of metal nitrates in a nonaqueous
(DMSO) bath. Cathodic reduction results in the forma-
tion of an alloy precursor film with metals in the
required ratio. These films are heated at various tem-
peratures in O, atmosphere to obtain the superconduct-
ing material.

Bartlett and co-workers88 have synthesized a BiSr-
CaCu alloy precusor film at —3.25 V from a mixed-metal
nitrate bath. The samples obtained after deposition were
dried at 200 °C for 10 min and then annealed at 810 °C
in air. These films show a T, of 75—85 K. They have
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discussed the importance of the reaction temperature,
bath composition, water and oxygen contents of the
bath, experimental conditions such as stirring (during
electrodeposition), and the environment in obtaining
reproducible results.

5.6. Use of Pulsed Potentials. Alternating current
pulsing of the electrode in metal nitrate solutions
improves the quality of the films. Therefore, pulse
electrode potential (typically —1 to —4 V) has been used
in the preparation of many systems.

Cathodic deposition of the precursor film for the
YBaCuO system has been carried out from a mixed-
metal nitrate bath containing KCN as well as a com-
plexing agent. Cyanide bath® offers the advantage of a
small range of electrode cycling potential, as the cyanide
brings the reduction potential of Cu closer to that of Y
and Ba. The superconductive films obtained from a
cyanide bath show a T, ~92 K which is greater than all
other reported values for this class of superconductors,
obtained by electrochemical techniques.

6. Electrosynthesis of Nanomaterials: Oxides,
Oxysalts, and Composites

There are several motivations to synthesize nanopar-
ticulate materials: (1) The band gap of a semiconductor
can be tuned by limiting the particle size in the
nanometer range. (2) Tunneling effects begin to pre-
dominate opening up possibilities of fabricating novel
devices based on tunneling. Nanoparticulate materials—
single-phase compounds as well as composites—for
electronic applications are usually made by high-
vacuum techniques. Devising electrosynthetic routes to
such materials is an important challenge. Micrometer
thick films of semiconducting Cu,O have been elec-
trodeposited from an alkaline cupric lactate bath by
cathodic deposition within a well-defined potential (or
current) window. Outside this window, initially, Cu/
Cu,0 composites and later Cu deposition was ob-
served.®® When the deposition conditions were varied
to obtain Cu/Cu,0 composites in the nanometer range,
the band gap of Cu,O was found to shift from the bulk
value, 2.1 eV, to 2.5 eV together with a sharp increase
in the absorption coefficient, as a result of quantum
confinement effects.®® An interesting feature of the
cathodic deposition of Cu/Cu,O nanofilms is the oscil-
lation of the cell potential during electrodeposition at
constant current.®® These oscillations are attributed to
the build up and break down of the highly resistive
Cu,0 films. The resulting coating consists of alternate
layers of Cu and Cu,0O and the modulation length can
be directly measured using STM where conductivity
variation between the layers affects the tunneling
current to produce a striking contrast in the micro-
graph.%2

Compositionally nanomodulated layer-by-layer de-
posits in the Pb—TI-O system have also been elec-
trosynthesized (see section 4.3) by pulsed deposition93.94
and STM employed to probe the apparent corrugation
of the deposit.

Another element of interest in the synthesis of nano-
particles, is morphology. For a number of applications
it is desirable to have monodisperse particles having a
predetermined orientation. Switzer and co-workers®
have indeed succeeded in obtaining epitaxial deposits
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of silver oxysalts on a prefabricated oxide substrate.
Both X-ray diffraction and microscopic studies reveal
the epitaxial facetting of the deposit.

7. Conclusions

In this review, we have surveyed emerging elec-
trosynthetic routes to metal oxides and hydroxides. Our
survey is illustrative rather than exhaustive in nature.
The use of electrosynthesis in obtaining thin/thick films
and coatings, metastable phases, and nanoparticulate
morphology in a variety of oxides and hydroxides has
been demonstrated. It is hoped that the simplicity and
versatility of this technique will find it a permanent
place in synthetic solid-state chemistry.
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